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La sobrecarga hospitalaria que caracterizo los primeros meses de la pandemia causada por el nuevo
coronavirus responsable del Sindrome Respiratorio Agudo Severo (SARS-CoV-2), supuso un gran reto para
la Salud Publica. Mientras algunas personas mantuvieron un curso asintomatico y sin complicaciones de la

enfermedad, otras desarrollaron sintomas moderados, graves, o incluso fallecieron.

La respuesta inmunitaria desempefia un papel esencial en la variabilidad del curso de la infeccién por el
SARS-CoV-2 y la respuesta a la vacuna frente a este virus. De este modo, la busqueda e identificacion de
biomarcadores celulares y humorales de la respuesta inmunitaria podria ser de gran utilidad para predecir
el prondstico y tratamiento del paciente. Asimismo, la evaluacion de la respuesta vacunal para determinar
la eficacia clinica y duracién de la proteccidén ha sido, y es, indispensable para controlar la pandemia de la

enfermedad causada por este virus (COVID-19).

El objetivo principal de esta tesis doctoral es el estudio de distintos componentes de la respuesta inmunita-
ria innata y adquirida en sangre en COVID-19 para buscar biomarcadores prondsticos de la enfermedad. A
su vez, los objetivos secundarios son 1) evaluar los componentes celulares y humorales de la respuesta
inmunitaria innata en pacientes con infeccidn por SARS-CoV-2 activa; 2) analizar los componentes celulares
y humorales de la respuesta inmunitaria adquirida en pacientes con infeccién por SARS-CoV-2 activa; 3)
establecer un modelo de prediccidon de los prondsticos mas desfavorables en una cohorte inicial, y validar
este modelo en una cohorte independiente de pacientes; 4) valorar la evolucion y duracion de la respuesta
inmunitaria humoral y celular T especifica frente al SARS-CoV-2 en la vacunacion de un grupo inmunocom-
petente, y otro inmunocomprometido, ya sea por inmunosenescencia o por inmunosupresion farmacoldgi-

Ca.

Para la realizacién de este estudio, incluimos dos cohortes principales de pacientes: una primera de infec-
cién activa por el SARS-CoV-2 al ingreso en el Hospital Universitario Marqués de Valdecilla (HUMV), com-
puesta por una cohorte inicial con 155 pacientes y una de validacién con 37 pacientes; y una segunda de
respuesta vacunal, compuesta por 52 sujetos de personal sanitario de este mismo hospital, 624 pacientes
institucionalizados en residencias de ancianos de Cantabria y 129 pacientes trasplantados hepaticos del

HUMV.

Se realizaron técnicas de citometria de flujo para linfocitos de sangre periférica y poblaciones de células B,
T, células linfoides innatas (ILC), subpoblaciones de monocitos y células Natural Killer (NK); se determiné la
interleucina 6 (IL-6) circulante, la expresién de proteinas de receptores tipo Toll (TLR) en células mononu-
cleares de sangre periférica (PBMCs) y la respuesta humoral especifica frente a la proteina de la espicula
del SARS-CoV-2 (S). También se analizaron diferentes pardmetros bioquimicos y se evalué la respuesta T

especifica frente al SARS-CoV-2 mediante citometria de flujo. La evaluacidn de esta respuesta celular es una
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metodologia que no estaba implementada en el Servicio de Inmunologia del HUMV, por lo que se puso a
punto para estos estudios: se cultivaron las células del paciente en presencia de la proteina S, de la nu-

cleocdpside (N) y de la membrana (M) del virus, junto con un control positivo y uno negativo sin estimulo.

En la cohorte inicial de pacientes se realizd un andlisis de regresion logistica multivariante donde se selec-
cionaron finalmente siete parametros. La edad, ferritina, dimero D, nimero absoluto de linfocitos y niveles
séricos C4 son variables que se obtienen de analisis clinicos de rutina en el HUMV. Adicionalmente, inclui-
mos dos variables inmunoldgicas nuevas: el porcentaje de los monocitos no clasicos y el de células CD8+
exhaustas. Con estos datos, desarrollamos un modelo de prediccidon capaz de identificar al 78,2% de los
pacientes con riesgo de enfermedad COVID-19 moderada-grave, con una sensibilidad y especificidad del
71,4y 72,2%, respectivamente. Posteriormente, estos datos se validaron en una cohorte independiente de
37 pacientes con COVID-19 al ingreso en el HUMV, lo cual permitié establecer un score de gravedad con las
siete variables seleccionadas para el modelo de prediccién de la cohorte inicial, para asi categorizar el ries-
go de requerimiento de oxigenoterapia de los pacientes. El modelo de validacidn identificé correctamente
al 88% de los pacientes (p<0,0001), con una sensibilidad y especificidad del 88,0 y 83,3%, respectivamente.
La identificacion de pacientes favorables sin requerimiento de oxigeno en el momento del ingreso en el

hospital podria ayudar a los clinicos a prevenir la saturacién hospitalaria en futuras olas de COVID-19.

En cuanto a la cohorte de respuesta vacunal, se comprobd que tras las dos dosis de la vacuna el personal
sanitario desarrollé una respuesta efectiva. Al mes de la vacunacién completa, el 100% de ellos obtuvieron
anticuerpos IgG, el 41,5% IgA y el 37,7% IgM. Pasados 9 meses, el 97% de los pacientes reclutados mantu-
vieron una respuesta humoral de anticuerpos IgG, el 8% de ellos tuvieron anticuerpos IgM vy el 3% IgA. La
respuesta celular T especifica de este grupo de pacientes fue de un 90% tras dos dosis de la vacuna al pri-
mer mes de la vacunacidn, disminuyendo hasta el 39,47% en los pacientes reclutados a los 9 meses. Des-
pués del analisis de poblaciones de células T y B, se identificé una posible activacién temprana de células T
gue podria ayudar a que las células B de memoria se diferenciaran en células plasmaticas productoras de

anticuerpos para asi desarrollar una respuesta protectora.

El grupo de sujetos institucionalizados en residencias de ancianos de Cantabria mostré una alta tasa de
respuesta tras dos dosis de la vacuna. Se comprobd que, tanto por medio de inmunidad humoral o celular T
especifica, la mayor parte de ellos se encontraban protegidos frente al SARS-CoV-2. A los dos meses de la
vacunacion completa, el 97,42% respondid a la vacuna sin infeccién previa por el virus. Mientras que a los
seis meses de la vacunacién completa, el 92,16% de los sujetos reclutados respondieron a la vacuna sin

infeccidn previa.
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Por ultimo, en el grupo de pacientes receptores de trasplante hepatico, se observé que tras la tercera dosis
de la vacuna frente al SARS-CoV-2, seroconvirtieron el 75% de los casos sin inmunidad humoral, reforzando

esta respuesta en casi el 98% de ellos.

Las conclusiones obtenidas en este trabajo son las siguientes:

1. La evaluacién de los componentes de la respuesta inmunitaria innata y adaptativa en sangre en pa-
cientes con infeccidn activa por SARS-CoV-2 permiten obtener biomarcadores pronésticos de la en-

fermedad COVID-19.

2. Nuestro modelo prondstico puede ayudar a la gestién de los pacientes al ingreso, mejorando su

gestion y categorizando su prondstico.

3. Sujetos inmunocompetentes desarrollan respuesta inmunitaria completa tras dos dosis de la vacu-

na.

4. Hay una alta tasa de respuesta vacunal en sujetos inmunosenescentes procedentes de residencias

de ancianos.

5. Una tercera dosis homdloga de la vacuna refuerza la respuesta inmunitaria especifica frente al
SARS-CoV-2 en pacientes con un sistema inmunitario comprometido con inmunosupresién farmaco-

légica.

6. Sujetos sin inmunidad humoral pueden estar protegidos por inmunidad celular: la evaluacién de la
respuesta celular especifica podria ser usada como herramienta para testar la respuesta inmunitaria

a la vacuna en aquellos sujetos con defecto de inmunidad humoral.
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1.1 ANTECEDENTES

En diciembre del afio 2019 en Wuhan, China, se informé de la existencia de los primeros casos de pa-
cientes ingresados en el hospital por una neumonia atipica e insuficiencia respiratoria causada por un coro-
navirus de nuevo origen. Poco después, el 30 de enero de 2020, la Organizacion Mundial de la Salud (OMS)
alertd sobre el coronavirus causante del Sindrome Respiratorio Agudo Severo 2 (SARS-CoV-2), un nuevo
coronavirus que desencadend una Emergencia de Salud Publica de Preocupacién Internacional, de manera
que en febrero de este mismo afio y tan solo dos meses después de la aparicidon de los primeros casos, la
enfermedad provocada por el SARS-CoV-2 de 2019 se designé como COVID-19. La rdpida expansién por
todo el mundo demostré una transmisibilidad altamente eficiente de persona a persona incluso en sujetos

asintomaticos (1, 2).

El primer paciente identificado como COVID-19 positivo en Espafa se conocié el 31 de enero de 2020, un
caso leve procedente de Alemania identificado en las Islas Canarias. Casi un mes después, el 27 de febrero
comenzaron a aparecer multitud de casos que afectaban principalmente a la comunidad de Madrid, Pais
Vasco y Catalufia, que en poco tiempo sufrieron un aumento exponencial hasta que, finalmente, el 11 de
Marzo la OMS declaré la COVID-19 pandemia mundial: la mayor crisis sanitaria del siglo veintiuno respon-
sable, hasta la fecha de redaccidn de este documento, de mas de 6,6 millones de muertes en todo el mun-

do (3, 4).

Durante los primeros meses de pandemia, donde el funcionamiento y peligrosidad de este nuevo virus eran
todavia una incégnita, la investigacidn ha sido, y sigue siendo, clave para resolverla. Se pudo demostrar que
la mascarilla y la distancia social, asi como el aislamiento temporal, son medidas preventivas que ayudan a
controlar la expansién y reducir las infecciones del virus en la poblacién (5). Sin embargo, debido a las limi-
taciones en las opciones terapéuticas existentes para estos pacientes, cada vez se ponian mas esperanzas,
trabajo y dedicacidn en el desarrollo de vacunas eficaces. Numerosos especialistas en multitud de discipli-
nas redirigieron sus investigaciones en curso para enfocarlas en la enfermedad causada por este coronavi-
rus, empleando todos sus esfuerzos en descubrir y compartir la constante nueva informacion sobre este
patégeno que habia revolucionado el mundo (1). Especialmente, el campo de la inmunologia cobré tal im-
portancia que el concepto de “inmunidad” hoy en dia ya es conocido por gran parte de la poblacién inde-
pendientemente de su disciplina. De hecho, a pesar de que el estudio inmunoldgico de las infecciones vira-
les por coronavirus no era una prioridad en la mayoria de laboratorios de investigacion, la llegada del SARS-

CoV-2 y su rapida expansidn por todo el mundo durante el afio 2020 ha permitido llevar a cabo estudios
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Unicos en esta especialidad, avanzando enormemente en el conocimiento de la respuesta inmunitaria inna-

ta y adaptativa humana, y en concreto frente al SARS-CoV-2 (6).

1.2 BROTE DE COVID-19

Los Coronavirus son un tipo de virus pertenecientes a la familia Coronaviridae, concretamente a una
subfamilia acido ribonucleico (ARN) monocatenario positivo llamada Orthocoronavirinae. A su vez se
subdividen en cuatro géneros distintos: Alphacoronavirus, Betacoronavirus, Gammacoronavirus y
Deltacoronavirus (7). El virién del coronavirus (CoV) presenta en la membrana viral proteinas de la espicula
(S o Spike), glicoproteinas de tipo I; de la envoltura (E), de caracter hidrofébico; y de la membrana (M), con
un ectodominio N terminal con una cola citoplasmatica. Para formar la capside helicoidal, se encuentra la
proteina de la nucleocapside (N) unida al material genético del virus. El virus también tiene otras proteinas
accesorias implicadas en distintas funciones y codificadas por varios marcos de lectura abierta (ORF, de sus

siglas en inglés) (8).

Estos virus pueden ser muy patoldgicos para los humanos, causando un amplio espectro de enfermedad:
desde resfriados comunes hasta enfermedades respiratorias de mayor calibre. Durante las dos ultimas
décadas, la poblacidon ha experimentado tres brotes principales de Coronavirus pertenecientes al género
Betacoronavirus (Figura 1) (9): SARS-CoV, el primero que causé el Sindrome Respiratorio Agudo Severo
(SARS, por sus siglas en inglés), descubierto en el afio 2002 y, aunque ya se encuentra erradicado, dejo
alrededor de 8000 casos con una mortalidad del 10% aproximadamente; MERS-CoV, causante del Sindrome
Respiratorio de Oriente Medio (MERS, por sus siglas en inglés) y, a pesar de ser una epidemia que hoy en
dia sigue vigente mayormente en la zona de oriente medio, en la actualidad hay menos de 2500 casos
diagnosticados y se le atribuyen alrededor de 800 muertes desde su identificacidn en el afio 2012 (10). Por
ultimo, en diciembre de 2019 en Wuhan (China), se detectd el SARS-CoV-2 responsable de la enfermedad
por coronavirus identificada en este mismo afio o COVID-19, término designado por OMS el 11 de febrero

de 2020 (1).
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Los tres brotes principales de Betacoronavirus

SARS-CoV MERS-CoV SARS-CoV-2

(2002) (2012) (2019)
COVID-19
8000 casos, 800 muertes < 2500 casos, 800 muertes > 535 M casos, > 6 M muertes
ERRADICADO ACTIVO ACTIVO

Figura 1. Representacion de los tres brotes principales de betacoronavirus en el mundo. El coronavirus causante del Sindrome
Respiratorio Agudo Severo o SARS-CoV ya erradicado (A), el segundo coronavirus causante del Sindrome Respiratorio Agudo Severo

SARS-CoV-2 (C) y el coronavirus causante del Sindrome Respiratorio de Oriente Medio (MERS-CoV) (B).

La infeccidon por SARS-CoV-2 tiene muchas similitudes con la provocada por SARS-CoV, como el contagio de
ambos por via respiratoria, pero también diferencias: la tasa de transmisién e infectividad del SARS-CoV-2
es mucho mayor y el periodo de incubacién (5,7 dias) es el mas extenso (1, 11). Debido a esto y a la rapida
extension por todo el mundo de este patdgeno viral, el 11 de marzo de 2020 la OMS declaré el estado de
pandemia. Todo ello ha supuesto una gran crisis mundial tanto a nivel sanitario como econémico, en la que
hasta la fecha, se han detectado alrededor de 639 millones de casos de pacientes con COVID-19 y mas de 6

millones de muertes causadas por esta enfermedad (1).

1.2.1 SINTOMATOLOGIA Y GRADOS DE GRAVEDAD

La OMS clasifica a los pacientes con la enfermedad COVID-19 en varias categorias con diferentes
grados de gravedad: enfermedad leve; enfermedad moderada, donde el paciente ya presenta neumonia;
enfermedad grave, caracterizada por una neumonia de mayor calibre; y por ultimo, enfermedad critica,
donde el paciente puede desarrollar el Sindrome de Distrés Respiratorio Agudo (ARDS, de sus siglas en
inglés) asi como sepsis o incluso shock séptico (12). El ARDS se define actualmente como la principal causa
de muerte en pacientes con neumonia provocada por la infeccién del SARS-CoV-2. Las categorias de

enfermedad grave y critica engloban también complicaciones en otros érganos (13).
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Los sintomas mas frecuentes de la COVID-19 son fiebre, tos, disnea, produccion de esputo, debilidad y
fatiga. Sintomas neurolégicos como la anosmia, y otros como la mialgia, estornudos, dolor de garganta,
rinitis, dolor de cabeza, dolor de pecho y diarrea son también sintomas comunes (14). La sintomatologia
afecta principalmente a los pulmones y a las vias respiratorias, sin embargo la infeccién por SARS-CoV-2 es
muy heterogénea y de caracter sistémico, afectando también a otros érganos como el corazén (sindrome
coronario agudo), el higado y los rifiones. En algunos casos puede incluso haber complicaciones
neuroldgicas, como enfermedades cerebrovasculares agudas, el Sindrome Guillain-Barré, encefalitis y
encefalopatias, y linfohistiocitosis hemofagociticas; y tromboinflamatorias, como son la trombosis y la
endoteliopatia (15-17). La trombosis venosa, arterial y el embolismo pulmonar son unas de las principales
complicaciones de los pacientes con infeccién por SARS-CoV-2, ya que en segun varios estudios casi el 10%
de los hospitalizados con COVID-19 las padecian, y se observé en el 79% de los fallecidos por esta
enfermedad trombosis arterial pulmonar y microangiopatia. Este tipo de pacientes con coagulopatias se

caracterizan por tener niveles elevados de dimero D (17).

Fiebre, anosmia, dolor de capgza,
otras complicaciones neurolégicas o

Rinitis

Tos seca
Dolor de garganta

Problemas circulatorios " ,
Disnea, neumonia

Sindrome coronario agudo

Disfunciones hepaticas Fatiga, mialgia

) ) -— Diarrea
Disfunciones renales )

Figura 2. Sintomas de la enfermedad COVID-19 causada por la infeccidon del virus SARS-CoV-2. Los sintomas mas frecuentes se

muestran en negrita.
Creado con BioRender.com

Aunque la mayoria de los casos de la infeccidn por SARS-CoV-2 se desarrollan de manera asintomatica y
leve, los cursos mds graves, criticos y de exitus de la enfermedad suelen corresponder al 10-20% de los
pacientes con sintomas, mayormente en la poblacién mas envejecida y, especialmente, con comorbilidades
asociadas (12). De esta manera, los factores de riesgo descritos que predisponen a un desarrollo mas grave
de la COVID-19 son: edad avanzada, sexo masculino, fumar y otras comorbilidades crénicas como obesidad,
hipertension, diabetes mellitus de tipo Il y diversas enfermedades cardiovasculares, cerebrovasculares,
respiratorias, renales y malignas (18, 19). Sin embargo, todo apunta a que la heterogeneidad de esta

enfermedad estd relacionada, mas que con el virus en si, con el entorno y el huésped, siendo este ultimo el
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factor mas importante en la gravedad de la enfermedad, tasas de infeccidn y consecuencias clinicas a largo
plazo (12).

La edad avanzada, la linfopenia y la elevacién de los niveles del dimero D, interleucina 6 (IL-6), troponina,
ferritina y lactato deshidrogenasa (LDH) se identificaron como pardmetros prondsticos de muerte poco
después de declararse el estado pandémico por la OMS (20). Estos parametros fueron seguidamente

confirmados alrededor del mundo para identificar pacientes con prondsticos desfavorables (21-26).

1.2.2 PUNTO DE ENTRADA DEL SARS-COV-2

En febrero de 2020 ya se habia descubierto el receptor funcional de entrada del SARS-CoV-2 a las
células humanas: la enzima convertidora de angiotensina 2 (ACE2, de sus siglas en inglés) (1). ACE2 se
encuentra distribuido por todo el organismo, siendo en el intestino delgado, rifiones, corazon, tiroides,
testiculos y tejido adiposo donde sus niveles son mas altos (27). Se observd que la interaccidn entre el
receptor ACE2 y el virus SARS-CoV2 se producia mediante la unién de esta molécula de superficie celular
con el dominio de unién al receptor (RBD, de sus siglas en inglés) de la proteina spike, proteina empleada
por el virus para introducir su material genético a la célula a infectar (28). El SARS-CoV-2 emplea la serina
proteasa transmembrana 2 (TMPRSS2), para la activacién o priming de la proteina S del virus, y otras
proteasas como Neuropilina 1 (NRP1) y furina han sido identificadas como cofactores. De hecho, la furina
actua escindiendo la proteina S en S1y S2 para activar la maquinaria de fusidn de S2 con la membrana de la
célula a infectar y permitir la entrada del SARS-CoV-2 (Figura 3) (29). El hecho de que ACE2 y TMPRSS2
estén altamente coexpresados en las células epiteliales nasales, podria explicar la alta tasa transmisibilidad
gue tiene este patdgeno viral. ACE2 junto con esta serina proteasa también se encuentra en los pulmones,

concretamente en las células epiteliales alveolares de tipo 1l (12).
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Entrada del SARS-CoV-2 a través de ACE2

SARS-CoV-2 Extracelular

SARS-CoV-2
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Figura 3. Entrada del virus SARS-CoV-2 en la célula a infectar a través del receptor de la enzima convertidora de angiotensina 2
(ACE2). Para introducir su material genético en la célula, el SARS-CoV-2 se une a esta molécula de superficie celular mediante el
dominio de unidn al receptor (RBD, de sus siglas en inglés) de la proteina Spike (S) presente en su propia membrana. En esta
interaccidn intervienen también la serina proteasa asociada a membrana TMPRSS2 para la activacidon o priming de la proteina S del
virus. Otras proteasas como Neuropilina 1 (NRP1) y furina han sido identificadas como cofactores. La furina actia escindiendo la
proteina S en S1y S2, de manera que S2 se fusiona con la membrana de la célula permitiendo la entrada del SARS-CoV-2 al interior

celular.

Creado con BioRender.com

1.2.3 EVOLUCION GENETICA Y VARIANTES DEL SARS-COV-2

Al igual que otros virus de ARN, el SARS-CoV-2, también se ha ido adaptando a sus huéspedes y ha
evolucionado genéticamente desde su identificacidon en diciembre de 2019. Dentro de los virus causantes
del SARS, se han identificado dos cepas con diferentes caracteristicas: SARS-CoV y SARS-CoV2. A su vez, en
una cepa podemos distinguir diferentes variantes o genomas que difieren en la secuencia. Una variante

puede tener varios cambios en la secuencia o mutaciones en su genoma (30).
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A partir de la cepa de SARS-CoV-2 se han ido identificando diferentes variantes con distintas mutaciones.
Sin embargo, no todas ellas han tenido caracteristicas como un aumento de transmisibilidad o cambio
epidemioldgico; un aumento de virulencia o diferente clinica; o una disminucién de la eficacia de las
medidas sociales y de salud publica o de los medios de diagndstico, vacunas y tratamientos. Es por ello, que
no todas han sido consideradas por la OMS como Variantes de Preocupacion (VOC, de sus siglas en inglés)
(31). Durante los primeros meses de pandemia, el SARS-CoV-2 no tuvo practicamente signos de evolucion
genética, excepto una variante con la mutacién D614G que debido a una transmisibilidad superior se
distribuyd de manera global; sin embargo, la gravedad de la infeccidn no se vio afectada. Seguidamente se
identific6 en Dinamarca otra variable que no aumenté el nivel de transmisidon. A partir de aqui hasta la
actualidad, se describieron multiples variantes, de las cuales, la OMS ha considerado como VOC las

siguientes (Figura 4):

e Alpha (linaje B.1.1.7): Identificada en el Reino Unido a finales de Diciembre de 2020. Tiene 17

mutaciones diferentes.

e Beta (linaje B.1.351): Identificada en Sudafrica en Diciembre de 2020. Tiene 9 mutaciones

diferentes.

e Gamma (linaje P.1): Identificada en Brasil a principios de enero de 2021. Tiene 10 mutaciones

diferentes.

e Delta (linaje B.1.617.2): Identificada en India en Diciembre de 2020. Tiene 10 mutaciones

diferentes.

e Omicron (linaje B.1.1.529): Identificada en Sudafrica en Noviembre de 2021. Tiene mas de 30

mutaciones diferentes.
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Figura 4. Variantes de preocupacion del SARS-CoV-2 en el mundo. Desde el inicio de la pandemia se han descrito variantes del
SARS-CoV-2 con diferentes caracteristicas a medida que el virus se ha ido adaptando entre la poblacion mundial. Sin embargo, solo
algunas de ellas se han considerado Variantes de Preocupacion (VOC, de sus siglas en inglés) por la Organizacion Mundial de la
Salud (OMS) debido a su impacto en la salud publica global: alfa (a), pertenece al linaje B.1.1.7, primeros casos identificados en el
Reino Unido en diciembre 2020; beta (B), linaje B.1.351, primeros casos en Sudafrica en diciembre de 2020; gamma (y), linaje P.1,
primeros casos en Brasil en enero de 2021; delta (6), linaje B.1.617.2, primeros casos en India en diciembre de 2020; y Omicron (o),

linaje B.1.1.529, primeros casos en Sudafrica en Noviembre de 2021.

Creado con BioRender.com

Las variantes Alpha, Beta y Gamma tienen en comun mutaciones que contribuyen a que el virus se
propague mas facilmente. Otras mutaciones identificadas en las variantes de Beta y Gamma puede afectar
a la respuesta de anticuerpos producida por nuestro organismo. La variante Delta, posee otras mutaciones
especificas que la ayudan a propagarse de una manera mucho mas fécil. Por tltimo, la variante Omicron
estd caracterizada por mas de 30 mutaciones en la proteina S que contribuyen a que pueda evadir la

proteccion proporcionada por las vacunas (32).

Otras variantes del SARS-CoV-2 que, a lo largo de la pandemia, han presentado cambios en el genoma que
pueden predecir que afectaran a la transmision, el diagndstico, los tratamientos o el escape inmunitario;
han sido la causa de un aumento de la proporcion de casos y han tenido una prevalencia y una expansion
limitada. La OMS las ha caracterizado como Variantes de Interés (VOI, de sus siglas en inglés), y son las 8
siguientes: Epsilon (linaje B.1.427 y B.1.429), Zeta (linaje P.2), Eta (linaje B.1.525), Theta (linaje P.3), lota
(linaje B.1.526), Kappa (linaje B.1.617.1), Lambda (linaje C.37) y Mu (linaje B.1.621) (31, 32).
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1.2.4 OPCIONES TERAPEUTICAS DE LA COVID-19: FARMACOS Y VACUNAS

Hay varios fdrmacos para tratar la infeccion causada por el SARS-CoV-2 que se encuentran
aprobados por la Administracion de Alimentos y Medicamentos (FDA, de sus siglas en inglés) o con la
Autorizacidon de Uso por Emergencia (EUA, de sus siglas en inglés). Antivirales como remdesivir, aprobado
por la FDA, actua inhibiendo la polimerasa viral. También se encuentran aprobados farmacos inhibidores de
citocinas, como tocilizumab que inhibe la IL-6 y es util en una fase temprana de la enfermedad
dependiendo de los niveles de IL-6; y otros que inhiben la produccidon de estas moléculas interfiriendo con
la sefializacidn inflamatoria, como un inhibidor de la Janus cinasa 1 — Janus cinasa 2 (JAK1-JAK2) llamado
bariticinib. Multiples antivirales, como la cloroquina e hidroxicloroquina, interferén y otros; y varias
terapias inmunomoduladoras entre ellas, la dexametasona, siguen bajo estudio para probar su eficacia
frente a la COVID-19 (8). Aun asi, la dexametasona ha sido un corticoide decisivo y se ha usado
ampliamente de manera rutinaria en pleno auge de la pandemia de COVID-19. Bajas dosis de este farmaco
han reducido la reaccidn inflamatoria desbocada provocada por la infeccidon del SARS-CoV-2, disminuyendo
la mortalidad en pacientes con prondstico grave. Sin embargo, no ha tenido efecto en pacientes con
prondstico mas leve e incluso ha tenido efectos nocivos en algunos casos, como su administracion a dosis
altas y en pacientes que no necesitaban soporte de oxigeno (33).

Para reducir la inflamacidn se ha utilizado una combinacion de baricitinib y tocilizumab junto con esteroides
sistémicos. También se ha comprobado que la administracion de remdesivir junto con bariticinib es una

combinacidon mucho mds efectiva que este farmaco en solitario (8).

Mads recientemente se han desarrollado otros farmacos antivirales que inhiben la replicacién de forma
especifica del virus. Lagevrio® es un farmaco llamado molnupiravir al que se le ha prestado especial
atencion, dado que ademads de inhibir la replicaciéon del SARS-CoV-2, lo elimina rapidamente, reduce la
carga viral y facilita una recuperacidon rapida del paciente (34). Por otro lado, también tenemos el
Paxlovid®: una combinacién de nirmatrelvir, un inhibidor de una proteasa implicada en la replicacién viral;
junto con ritonavir, un inhibidor del citocromo P450 3A4 utilizado convencionalemnte para potenciar la
inhibicién del virus de la inmunodeficiencia humana (VIH). La coadministracion de ambos farmacos tiene
como objetivo aumentar las concentraciones de nirmatrelvir en suero potenciando su efecto terapéutico
(35). Estos farmacos han demostrado ser seguros y efectivos reduciendo la mortalidad y las tasas de
hospitalizacién en pacientes con COVID-19, ademads de no aumentar la aparicion de efectos adversos. Aun
asi, se encuentran todavia bajo estudio, pero los datos hasta ahora parecen indicar que tienen un gran

potencial para convertirse en terapias prometedoras frente a la COVID-19 (34).
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En marzo de 2020 se comprobd que la infeccidn por el SARS-CoV-2 inducia una respuesta de anticuerpos
neutralizantes: se aislaron anticuerpos especificos de la regién RBD de la proteina S del virus en individuos
infectados. En este momento, fue también cuando empezaron a estar disponibles diferentes test comercia-
les que detectaban anticuerpos especificos del SARS-CoV-2. La proteina S comenzé a ser la diana principal
para el desarrollo de las vacunas de la COVID-19, que pasaron de concepto a realidad en apenas 10 meses
desde el inicio de la pandemia: hecho histdrico para la ciencia, y en especial para la inmunologia (8). Los
tipos de vacuna son variados y han demostrado gran seguridad y eficacia (36-40). En especial, las vacunas
de ARN mensajero (ARNm), como las desarrolladas por las farmacéuticas Pfizer y Moderna, nunca se ha-
bian utilizado en humanos hasta este momento (41). Otros tipos de vacunas han sido de vectores virales
(adenovirus), virus inactivados y subunidades de proteinas. A dia de hoy la OMS y FDA han autorizado o

dejado pendiente las siguientes vacunas (42):

Tabla 1. Fabricante, nombre, tipo y dosis necesarias de las vacunas de COVID-19 aprobadas por la Organizacién Mundial

de la Salud (OMS) y con Autorizacién de Uso por Emergencia (EUA).

Fabricante Nombre de la vacuna Tipo de vacuna Dosis

Dos. 21-28 dias entre

Pfizer/BioNTech BNT162b2 ARNm .
dosis.
Moderna ARNmM-1273 ARNmM Dos. 28 dias entre dosis
Vector adenovirus Dos. 4-12 semanas
Z ZD1222 i
AstraZeneca/Oxford A Vaxzevria (CHAOX1) entre dosis.
Vector adenovirus Dos. 4-12 semanas
Insti f Indi VISHIELD
Serum Institute of India CoviIs (CHAdOX1) entre dosis.
Janssen (Johnson & Ad26.COV2.5 Vector a.denowrus de Una sola dosis
Johnson) tipo 26
Smf)Pharm /. Beljl.ng . Coronavirus completo Dos. 21-28 dias entre
Institute of Biological Covilo / BBIBP-CorV inactivado dosis
Products (BIBP) )
. Coronavirus completo Dos. 14-28 dias entre
Sinovac CoronaVac . . .
inactivado dosis.
Bharat Biotech, India COVAXIN Coron.awru.s completo Dos. 28 dias entre dosis
inactivado
- 2 Dos. 21-28 di;
Novavax NVX-CoV 3.73 / Subunidad de proteina o8 8 '.jlas entre
Nuvaxovid dosis.
. , Dos. 21-28 di t
Serum Institute of India NVX-CoV2373 / Covovax  Subunidad de proteina 0s dosislas entre

De esta manera, el 16 de marzo de 2020 comenzd el primer ensayo clinico en fase | de la vacuna de la
COVID-19 ARNm-1273: una vacuna de ARNm frente a la proteina S desarrollada por los Institutos
Nacionales de Salud (NIH, de sus siglas en inglés) y la compafia estadounidense biotecnoldgica y
farmacéutica Moderna (43). Pfizer y BioNTech anunciaba en mayo el comienzo de las fases | y Il del ensayo

clinico de su vacuna BNT162b2 también de ARNm (44). Fue el 9 de Noviembre cuando Pfizer/BioNTech
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anunciaba que su vacuna BNT162b2 tenia una eficacia mayor del 90% (45). Pocos dias después, Moderna
anunciaba que la eficacia de su vacuna mRNA-1273 era del 94% (46). En diciembre de este mismo afio,
AstraZeneca en colaboracidn con la Universidad de Oxford, anunciaba que su vacuna ChAdOx1, que utiliza
un adenovirus como vector viral, tenia una eficacia del 70% (38). Entre diciembre y enero de 2020 estas
tres vacunas de Pfizer/BioNTech, Moderna y AstraZeneca fueron autorizadas para su uso en los Estados
Unidos de América (EE.UU), Reino Unido y Europa (1). A finales de Enero vacunas como Ad26.CoV2.S de
Janssen y NVX-CoV2373 de Novavax en el Reino Unido mostraron una eficacia del 66% y del 89,3%,
respectivamente (47, 48). Otras vacunas como Sputnik V de The Gamaleya National Center y Ad5-nCoV de
CanSinoBio aun no han sido aprobadas por la OMS ni tienen la EUA. Sin embargo, se han administrado en
Rusia y China entre noviembre y diciembre de 2020 antes de que los datos de la fase Ill estuvieran
disponibles. Ambas vacunas utilizan vectores virales: Sputnik V, vector de adenovirus humano; y Ad5-nCoV,

vector tipo 5 de adenovirus (49, 50).

Ademas de las vacunas, se emplearon otras estrategias de proteccidn pasiva frente a la COVID-19, como el
uso de plasma hiperinmune o anticuerpos monoclonales neutralizantes. Los pacientes recuperados de la
infeccion pueden someterse a aféresis para obtener plasma de convalecencia con titulos de anticuerpos
anti-SARS-CoV-2 elevados, el cual se administré a pacientes con COVID-19 grave y critico reduciendo la
mortalidad en algunos casos (51). La administracidon temprana de plasma hiperinmune se ha considerado
como un enfoque terapéutico en esta enfermedad, sin embargo, es necesario confirmar estos beneficios
con futuros estudios, sobre todo en pacientes de alto riesgo (52). Por otro lado, también se utilizaron
diversos anticuerpos monoclonales neutralizantes frente a la proteina de la espicula del SARS-CoV-2 como
terapia en pacientes con COVID-19, como tixagevimab y cilgavimab (Evusheld®), el primer cocktail disefiado
no solo para el tratamiento de la enfermedad, si no también como profilaxis (53). La combinacién de otros
anticuerpos monoclonales como casirivimab e imdevimab (Ronapreve®), y Sotrovimab (Xevudy®) se

emplearon para tratar la infeccidn viral provocada por el SARS-CoV-2 (54, 55).

1.3 RESPUESTA INMUNITARIA

La respuesta inmunitaria es la que dirige todo tipo de respuesta inflamatoria en patologias humanas
infecciosas. En cada tipo de proceso, la respuesta se dirige hacia una rama u otra de un sistema inmunitario
muy complejo y, ademas, la respuesta es pldastica y varia durante las distintas fases de la enfermedad. La
respuesta inmunitaria se compone principalmente de dos sefales. En la primera sefial, la célula
presentadora de antigeno (APC, de sus siglas en inglés) reconoce el patron molecular asociado a patégeno
o a peligro (PAMP o DAMP, de sus siglas en inglés, respectivamente) gracias a su receptor de

reconocimiento de patrones (PRR, de sus siglas en inglés), presente en este tipo de células fagociticas. Esto
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produce que la APC se active, produzca citocinas e interiorice al patdégeno para eliminarlo, y
adicionalmente, que el complejo mayor de histocompatibilidad (MHC, de sus siglas en inglés) de la
membrana de esta célula presente un péptido de ese patdgeno. Por consiguiente, el antigeno es
presentado por el MHC a células de la respuesta adaptativa, concretamente a las céulas T, que lo
reconocen gracias a su receptor (TCR) y son activados. Sin embargo, es necesaria una segunda sefal para
completar el proceso. Esta segunda sefial se caracteriza por su capacidad de coestimulacidn, y la funcién de
la APC es expresar unas moléculas coestimuladoras llamadas B7-1 (CD80) o B7-2 (CD86) que, en una fase
inicial de estimulacién de la respuesta inmunitaria se unirdn a una molécula de las células T denominada
CD28. Por el contrario, en una fase de retraccion de la respuesta, estas moléculas coestimuladoras se
uniran al antigeno 4 del linfocito T citotdxico (CTLA-4), movilizando el CD28 por su mayor afinidad por B7-1
y B7-2. La respuesta inmunitaria se encuentra regulada por un balance entre sefales coestimuladoras y

coinhibitorias (56, 57) (Figura 5).

TCR

Inhibicién
competitiva

Figura 5. Primera y segunda sefial de la respuesta inmunitaria frente a un patégeno. En una primera sefial, la célula presentadora
de antigenos (APC) reconoce por medio de su receptor de reconocimiento de patrones (PRR) al patrén molecular asociado al
antigeno o a peligro (PAMP o DAMP). A continuacion, la APC se activa y procesa el patégeno para proceder a su presentacion
antigénica a través del complejo principal de histocompatibilidad (MHC). Este antigeno es reconocido por el receptor del linfocito T
(TCR). Para completar la respuesta, en una segunda sefial, la APC expresa unas moléculas coestimuladoras (CD80 o CD86) que se
uniran, en una fase de estimulacién de la respuesta inmunitaria, a la molécula CD28 del linfocito T; y en el caso de retraccion de la

respuesta, al antigeno 4 del linfocito T citotdxico (CTLA-4), enviando una sefial de inhibicion al TCR correspondiente.

Creado con BioRender.com
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A continuacidn, como ocurre en la infeccién natural por el SARS-CoV-2 y después de que se activen y
coestimulen las células T, un subtipo especifico denominado células T foliculares colaboradoras (Tg4), tras
reconocer este antigeno viral inducen a que las células B maduras naive se desarrollen a células B
“unswitched” para a continuacion, alcanzar el estado de célula B memoria switched (SwM). Finalmente, la
célula B madura folicular resultante continda su maduracion a células B memoria de larga vida o a células
plasmaticas productoras de anticuerpos que anidaran en la médula ésea y lucharan contra una reinfeccion

(37).
1.3.1 RESPUESTA INMUNITARIA INNATA ANTI-VIRAL

La respuesta inmunitaria innata es la primera linea de defensa contra las infecciones virales y la
variabilidad de sus componentes interviene en la determinacién de prondsticos muy heterogéneos. Este
tipo de respuesta aparte de limitar la entrada viral, replicacién y ensamblaje, también identifica y elimina
células infectadas, facilitando asi también el desarrollo de la respuesta inmunitaria adaptativa, mas
especifica, que tendria lugar a continuacién y se detalla mas adelante. Sin embargo, es necesario
puntualizar que una respuesta excesiva podria provocar una inflamacién sistémica desmedida con una
tormenta de citocinas que podria desembocar en complicaciones mds graves. La respuesta inmunitaria
innata anti-viral comienza con el reconocimiento del virus mediante los PRRs, siendo unos de los mas
estudiados los receptores tipo Toll (TLR), en concreto los especializados en el reconocimiento de
estructuras virales. En esta primera etapa de la respuesta inmunitaria hay muchas oportunidades para
identificar componentes virales, especialmente durante la entrada viral y durante su replicacion.
Intervienen muchos tipos celulares, como son los neutréfilos, macréfagos, monocitos, células dendriticas
(DC, de sus siglas en inglés), células Natural Killer (NK) y las células linfoides innatas (ILC, de sus siglas en
inglés) (8, 12). De estas ultimas, hay estudios preliminares que relacionan su disminucidn en la mucosa
epitelial con casos graves de COVID-19, mientras que un aumento del subtipo dos de estas células (ILC2) se
atribuye a un mejor prondstico y recuperacién (58). Estos tipos de células tienen PRRs que se uniran a los
PAMPs o DAMPs activando diversas vias de sefializacién y favoreciendo un ambiente inflamatorio en
respuesta, en nuestro caso, a la infeccion por el SARS-CoV-2. Se ha observado que varias familias de PRRs
responden frente a esta infeccidn viral, como son los TLRs, los receptores de tipo RIG-I (RLRs, de sus siglas
en inglés), los receptores de tipo NOD (NLRs, de sus siglas en inglés) e inflamasomas. Componentes del
sistema inmunitario innato como el interferén (IFN, de sus siglas en inglés) y el sistema del complemento,

juegan un papel decisivo en la respuesta frente al SARS-CoV-2 (8).

42



Patricia Lamadrid Perojo Introduccién

1.3.1.1 Receptores de reconocimiento de patréon (PRRs) y tormenta de citocinas

Aunque los TLRs son uno de los PRRs mas estudiados, su implicacién en la activacién del sistema
inmunitario innato por infecciones virales aln se encuentra en proceso de estudio. Estos receptores se
expresan a lo largo del tracto respiratorio humano (8), y utilizan principalmente dos moléculas adaptadoras
para transducir sus sefiales (Figura 6): el adaptador de la proteina de respuesta primaria de diferenciacion
mieloide 88 (MyD88) y el adaptador con dominio TIR inductor de interferén B (TRIF, de sus siglas en inglés).
Los TLRs se expresan de manera diferente en las células inmunitarias innatas y la mayor parte de ellos
tienen una sefalizacion mediada por MyD88; aunque TLR3, presente en células NK, utiliza exclusivamente
TRIF. TLR4, frecuente en macréfagos, es la excepcidn ya que puede transducir sus senales mediante ambas
moléculas. La sefializacién por TRIF participa en la activacion del IFN e induce factores de transcripcidon
dependientes de TLR3 y TLR4, varios de ellos con actividad antiviral. La sefializacién por medio de MyD88
desencadena la activacion de moléculas como el factor nuclear kB (NF-kB, de sus siglas en inglés), proteinas
cinasa activadas por mitégenos (MAPK, de sus siglas en inglés) y factores reguladores de IFN (IRFs, de sus
siglas en inglés); estas moléculas una vez translocadas al nucleo pueden activar diversas citocinas
proinflamatorias como el Factor de Necrosis Tumoral (TNF, de sus siglas en inglés), IL-6 e IL-1, asi como
otros sensores inmunitarios innatos que ayudaran a crear este ambiente de inflamacion (59).

Otros tipos de receptores TLR, como el TLR2, detectan directamente la proteina de la envoltura del SARS-
CoV-2 contribuyendo a la inflamacién en curso (60). TLR1, TLR6, y especialmente TLR4, podrian intervenir
también en respuestas inflamatorias dependientes de citocinas al unirse a la proteina S del virus (61). Estos
dos receptores son capaces de reconocer ARN monocatenario (ARNss) localizado en genomas de
coronavirus para iniciar las respuestas de interferén (IFN, de sus siglas en inglés) | y I, las cuales han sido
detectadas en células mononucleares de sangre periférica (PBMCs, de sus siglas en inglés) de infectados
por el SARS-CoV-2 y su funcidn es limitar la infeccidn viral mediante la produccién de diferentes mediadores

proinflamatorios (62).
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Figura 6. Vias de sefializacion de los receptores extracelulares TLR1, TLR2, TLR6 y TLR4; y de los receptores intracelulares TLR3, TLR7
y TLR8. La mayoria de ellos tienen una sefializacion mediada por la proteina MyD88, excepto TLR3 que utiliza exclusivamente el
adaptador TRIF, y TLR4 que utiliza ambas vias de sefializacidn. La sefializacion por TRIF participa en la secrecién del IFN de tipo |y la
sefializacion por MyD88 desencadena la activacién de NF-kB, de esta manera ambas moléculas una vez en el nucleo participan en la
produccién de diversas citocinas inflamatorias y otros sensores inmunitarios innatos para asi favorecer la inflamacién. Abreviaturas:
TLR, Receptor de tipo Toll; LPS, lipopolisacérido; PAMP, Patron Molecular Asociado a Antigeno; ARNss, acido ribonucleico
monocatenario; ADNdSs, acido desoxiribonucleico bicatenario; MyD88, proteina de respuesta primaria de diferenciacion mieloide
88; TRIF, interferén B inductor de adaptador que contiene el dominio TIR; TNF, Factor de Necrosis Tumoral; IL, Interleucina; IRFs,
Factores Reguladores de Interferdn; IFN, Interferon.

Creado con BioRender.com

Otro grupo de PRRs, los NLRs también responden al SARS-CoV-2 produciendo IFN-lI y citocinas
proinflamatorias. En concreto, una de las subfamilias de estos receptores es la de receptores tipo NOD con
un dominio de pirina (NLRP, de sus siglas en inglés), donde particularmente, el sensor NLRP3 es capaz de
unirse a los PAMPs/DAMPs y de esta manera formar el inflamasoma NLRP3. Estos inflamasomas se
encuentran en monocitos y tejidos pulmonares de pacientes con infeccion por SARS-CoV-2, donde por
medio de las caspasas, convierten las pro-citocinas en citocinas inflamatorias como IL-1f e IL-18,
contribuyendo asi a la inmunopatologia de la COVID-19. Varias proteinas del virus, como la N y la S,

contribuyen a la activacién del inflamasoma NLRP3 y a la produccién de citocinas inflamatorias (8, 10, 63).
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Se ha comprobado que varios RLRs, como el receptor RIG-I, la proteina 5 asociada a la diferenciacion de
melanoma (MDAS5, de sus siglas en inglés) y el correceptor LGP2, se unen al RNA del SARS-CoV-2. Se ha
visto que estos RLRs son claves en la regulacion de la sefializacion del IFN: pueden generar genes
estimulados por IFN (ISGs, de sus siglas en inglés) e inhibir la replicaciéon viral. Sin embargo, el ajuste de la
respuesta de IFN es un proceso delicado que debe mantenerse en equilibrio para evitar efectos nocivos en

el huésped (64-66).

La infeccidn causante de la COVID-19 desencadena un aumento de citocinas inflamatorias (IL-1B, IL-6, TNF,
IL-12, IFN-B, IFN-y e IL-17) que ayudan en la eliminacion viral y trabajan para mantener el equilibrio (67). Sin
embargo, si esta produccién se desregula produciendo mds moléculas proinflamatorias de las necesarias,
se desencadena una tormenta de citocinas que puede provocar dafio multiorganico mediado por una
muerte celular inflamatoria, donde se activan procesos como la piroptosis, apoptosis y necroptosis
(PANoptosis). De hecho, dos citocinas clave, como son IFN-y y TNF, son capaces de desencadenar
PANoptosis en COVID-19 (68). Adicionalmente, cabe mencionar que casos de COVID-19 grave se han visto
caracterizados por un aumento de los niveles de TNF en centros germinales, limitando la maduracién de
células B, cambio de isotipo y maduracién de anticuerpos; impidiendo con ello un prondstico favorable del

paciente (69).

1.3.1.2 Respuesta a interferon (IFN)

El interferdn es un elemento clave en la defensa inmunitaria innata. En el caso de la infeccién por el
SARS-CoV-2, la célula detecta el ARN viral en el citosol y seguidamente se activa la sintesis del IFN, que
actla de dos maneras para conferir proteccidn: en el interior celular, impide la replicacion del virus
inhibiendo la sintesis de proteinas, lo que desencadena la muerte de la célula o apoptosis; y por otro lado,
es liberado al exterior celular para actuar en las células vecinas, las cuales activan genes para conferir
resistencia a la infeccién (70, 71).

Sin embargo, el IFN es un arma de doble filo en la COVID-19: protege ayudando a eliminar al virus en la fase
aguda de la infeccién, pero también puede tener el efecto contrario en casos mas graves de la enfermedad
donde la respuesta de IFN-I se retrasa, manteniendo un ambiente inflamatorio y unas condiciones que no
favorecen la resolucién de la infeccidn (Figura 7) (10). El IFN-II (subtipo y) es principalmente producido por
células T y células NK, para asi modular la inmunidad adaptativa y la inflamacién, y aunque también tiene
actividad anti viral, el subtipo de IFN que se encuentra mdas relacionado con este proceso es el IFN-|
(subtipos a y B) (1, 72). El SARS-CoV-2 tiene mecanismos de evasion de la respuesta que pueden inhibir la

produccién de estas proteinas: se ha observado que algunos pacientes con prondstico grave tenian auto-
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anticuerpos neutralizantes frente al IFN-I (73) y mientras que otros tenian mutaciones en la sefializacién e
induccion del IFN-I (74).

Se han encontrado respuestas retrasadas y persistentes de IFN por largos periodos de tiempo y sin
resolucién en pacientes con mal prondstico de COVID-19, mientras que en pacientes con un prondstico

moderado o leve la respuesta a IFN habia sido temprana y efectiva (Figura 7) (10).

(A) Respuesta IFN-I temprana (B) Respuesta IFN-I retrasada
en COVID-19 leve en COVID-19 grave

Anticuerpos
IFN-I

Respuesta
celularT

Anticuerpos

Carga viral

Carga viral

RespuestacelularT

Tiempo Tiempo

Figura 7. Respuesta a IFN-I temprana y retrasada en COVID-19 leve y grave. El momento de accion del interferdn de tipo | (IFN-I)
puede controlar la inmunidad y ser decisivo para el prondstico del paciente en la infeccidn por SARS-CoV-2. En la imagen (A) se
observa el supuesto caso de una respuesta temprana de IFN-I propia de los casos mas leves y adultos jévenes, caracterizada por
una eliminacidn viral rapida y buenas respuestas de células T y B. Mientras que en la imagen (B) se puede observar el caso de una
infeccién grave debida a una respuesta tardia de IFN caracteristica de adultos de mayor edad. En este caso la carga viral solo se
reduce de manera parcial favoreciendo la expansidn viral, y aunque la respuesta de células B sea adecuada, nos encontramos con

una marcada linfopenia incapaz de resolver eficazmente la infeccidn sin complicaciones.

Figura adaptada de Carvalho T, et al. (1).

Parece ser de vital importancia para la evolucion del paciente llevar un control preciso de la terapia con
IFN, debido a que su respuesta en el pico de replicacidn viral es peligrosa. Hay estudios que sugieren que
niveles de IFN de tipo | y lll en las vias respiratorias de pacientes con COVID-19 durante un periodo agudo
tardio, pueden desencadenar un mal prondstico al inhibir la regeneracién del epitelio pulmonar (10);
adicionalmente, estudios en ratones observaron que la administracion de IFN en el pico de replicacién viral
activaba macréfagos y monocitos contribuyendo a la inmunopatologia del IFN (75). Apoyando estos
hallazgos, en otros estudios se ha observado que la profilaxis con IFN previa a la infecciéon y en los

momentos iniciales protegidé contra las formas graves de la enfermedad. De este modo, los estudios
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parecen indicar que el momento de la administracién de la terapia con IFN es clave para determinar el éxito

o fracaso del tratamiento (8, 10).

1.3.1.3 Sistema del complemento

El sistema del complemento es un complejo inmunitario bien conservado de proteinas que actian
en cascada detectando y eliminando patdgenos y antigenos extrafios. Este complejo proteico forma parte
de la respuesta inmunitaria innata humoral y tiene funcidn protectora al comienzo de la respuesta
inmunitaria viral frente al SARS-CoV-2 (76). Sin embargo, al igual que el IFN, parece que es también clave en
la patogenia de la COVID-19: es crucial que no se desregule ni se prolongue su accién en el tiempo. Altos
niveles de proteinas del sistema del complemento como C5a y el complejo de ataque a membrana (MAC,
de sus siglas en inglés) funcionan como marcadores de gravedad en la COVID-19, siendo especialmente los
niveles de C3 un factor de riesgo de muerte (77, 78).

El SARS-CoV-2 es capaz de activar el sistema del complemento por cualquiera de sus tres vias de
sefializacion. La via clasica, se inicia por anticuerpos anti-S; la via de las lectinas, por colectinas, ficolinas y
lectinas de unién a manosa (MBLs, de sus siglas en inglés) que reconocen también la proteina N ademds de
la S; y la via alternativa, se desregula porque la proteina S se une al heparan sulfato compitiendo con un
regulador negativo de la activacién del complemento: el factor H (78-80). Todo esto, puede causar
endoteliopatia y tromboinflamacién, relacionando la activacién del complemento con las lesiones

vasculares y la hipercoagulabilidad propias de la enfermedad COVID-19 (17).

Farmacos inhibidores de la via cldsica y en concreto del factor C5, como eculizumab, han disminuido
complicaciones tromboembdlicas en pacientes con COVID-19 (81). Adicionalmente, es posible que el
sistema del complemento pueda estar implicado en los trombos asociados a ciertas vacunas. Finalmente,
cabe decir que los beneficios de la terapia frente al sistema del complemento en la infeccién por
SARS-CoV-2 dependen de la gravedad de la infeccién, del momento de inicio de la terapia y de si se estan
administrando otros farmacos al mismo tiempo. Sin embargo, todavia no hay evidencias claras que

aseguren el empleo de este tipo de farmacos en pacientes con COVID-19 grave (17).

1.3.2 RESPUESTA INMUNITARIA ADAPTATIVA

La respuesta inmunitaria adaptativa se define por ser una respuesta mucho mas especifica y
dirigida que la respuesta inmunitaria innata. La interaccion entre células APC y células T facilita el
reconocimiento de patdgenos activando vias efectoras para su eliminacién. También es la responsable de la
generacion de memoria inmunoldgica para reconocer y combatir mas eficazmente el patdgeno si se

presenta por segunda vez. Es una respuesta esencial a la hora de regular la homeostasis inmunitaria (82).
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La respuesta inmunitaria innata y adaptativa no son independientes, si no que van de la mano: una
respuesta innata eficaz con la involucracion de la respuesta del IFN-I, asi como la carga viral presente, seran
factores determinantes para el desarrollo de la respuesta inmunitaria adaptativa y la eliminacién viral. Se
ha observado en prondsticos graves de pacientes con infeccion por SARS-CoV-2 una carga viral aumentada
qgue se reducia solo parcialmente debido a una respuesta tardia del IFN, manteniendo en el tiempo el
ambiente inflamatorio caracteristico de las infecciones agudas. A pesar de que la respuesta de anticuerpos
se mantuviese elevada en este tipo de pacientes, también se ha detectado una profunda linfopenia
definiendo una respuesta celular T pobre (1) (Figura 7). Una respuesta temprana de células T es esencial
para el control de la infecciédn. De hecho, un aumento de la respuesta de células T CD8* estd relacionado
con un desarrollo leve de la infeccidn y buen prondstico (83). También, disponer de células B memoria que
reconozcan el patdgeno y sean capaces de producir una respuesta de anticuerpos rdpida y eficaz, ofrecen
una inmunidad protectora y son importantes para que el paciente tenga un prondstico favorable (84). Hay
enfermos con infeccidon por SARS-CoV-2 en los que la activacidon tanto de células T como de B parece estar
desproporcionada, caracterizando los casos graves de COVID-19, con un ambiente hiperinflamatorio,

manifestaciones clinicas graves y una respuesta inmunitaria adaptativa desregulada (85) (Figura 8).
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Figura 8. Respuesta inmunitaria innata y adaptativa frente a la infeccidn por el virus SARS-CoV-2. Después del reconocimiento del
virus por el receptor ACE2, comienza una respuesta inmunitaria innata que dura alrededor de 10 dias donde intervienen diferentes
tipos celulares (neutréfilos, macréfagos, monocitos, células NK, ILC y células dendriticas) y se producen diferentes citocinas
inflamatorias. En la infeccion por el SARS-CoV-2, esta respuesta puede sobreactivarse con una produccion excesiva de citocinas
favoreciendo un ambiente altamente inflamatorio, y formar fenotiposinmaduros celulares desencadenando una respuesta
inmunitaria innata inadecuada. Seguidamente, comienza el procesamiento y la presentacion antigénica viral a las células T. En esta
respuesta adaptativa mas especifica las células T CD4* generan una tormenta de citocinas proinflamatorias, las células B no
consiguen establecer una neutralizacién viral adecuada y la actividad citotéxica de las células T CD8* se encuentra comprometida.
Toda esta activacién linfocitaria desproporcionada conlleva una inmunidad adaptativa desregulada, que junto con la desregulacion
de la inmunidad innata, puede caracterizar los casos moderados o graves de COVID-19. Abreviaturas: ACE2, enzima convertidora de
angiotensina 2; NK, Natural Killer; ILC, células linfoides innatas; LT, linfocitos o células T; LB, linfocitos o células B; APC, Célula
Presentadora de Antigeno; TCR, Receptor de Células T, MHC, Complejo mayor de histocompatibilidad; IL, interleucina; IFN,
interferén; TNF, factor de necrosis tumoral
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Histéricamente, para evaluar la respuesta vacunal se ha medido la produccién de anticuerpos especificos
del patégeno en cuestion. Sin embargo, es importante tener en cuenta otros componentes de la respuesta
inmunitaria. De hecho, las principales vacunas desarrolladas contra la COVID-19 se centran en la respuesta
inmunitaria frente a la proteina S del virus, permitiendo evaluar la respuesta celular T especifica como la

produccién de anticuerpos especificos de la inmunoglobulina G (IgG) frente esta proteina (39). Abordar el
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estudio de ambas respuestas es esencial para caracterizar correctamente la respuesta vacunal. A

continuacioén, se detallan ambos tipos de respuesta.

1.3.2.1 Inmunidad humoral mediada por anticuerpos

La sintesis de anticuerpos representa uno de los mecanismos utilizados por el sistema inmunitario
adaptativo para combatir diversas infecciones. Estas proteinas denominadas “inmunoglobulinas” se
producen por las células B gracias a que su receptor (BCR, de sus siglas en inglés) reconoce el antigeno y
multiples clones de células B son capaces de activarse. La proliferacién y diferenciacién de los multiples
clones activados se realiza gracias su contacto con un tipo de célula T CD4" presente en los ganglios
linfaticos: las células Try. Posteriormente, estas células B producirdn células B de memoria y plasmaticas
productoras de anticuerpos. Sin embargo, no todos los anticuerpos producidos tendrdn la capacidad de
neutralizar al patdégeno, ya que no todos se unen a la regiéon correcta del mismo para combatir su

infectividad (86, 87).

La infeccidn por SARS-CoV-2 produce una fuerte respuesta humoral detectable en la mayor parte de los
individuos. La seroconversion de la inmunoglobulina M (IgM) y de la IgG, se produce alrededor de los 12
dias tras el inicio de los sintomas, siendo IgM la primera en producirse, e 1gG, mas especifica y potente,
posterior. La inmunoglobulina A (IgA) esta presente mediante su dimerizacion en mucosas, expresandose
por ejemplo en el epitelio respiratorio, que en el caso de la COVID-19 serd de gran utilidad a la hora de
combatir la infeccidn en las vias respiratorias superiores por su capacidad neutralizante (87). La mayoria de
los infectados tienen anticuerpos con capacidad neutralizante entre los dias 14 y 20 tras el inicio de
sintomas, pero con gran heterogeneidad: pueden ser altos, medios o bajos respondedores segun los niveles
de anticuerpos que tengan en sangre. Una vez que concluye la infeccién en curso, los niveles de
anticuerpos tienden a caer, pero en el caso concreto de la infeccién por SARS-CoV-2 los niveles de
anticuerpos neutralizantes (AcN) se mantienen detectables hasta los 4 meses aproximadamente,
prediciendo una mayor capacidad neutralizante los anticuerpos IgG contra la regién RBD de la proteina S
(IgG anti-RBD) y los 1gG anti-S. Las células B memoria especificas del virus responderan rapida y eficazmente

ante una re-infeccién produciendo IgGs especificas del virus entre las primeras 24 y 72 horas (84, 86, 88)

1.3.2.2 Inmunidad celular

Un componente esencial de la respuesta inmunitaria adaptativa es la respuesta celular mediada por
células T. El desarrollo de la respuesta estas células tiene su origen en la evolucidn de los vertebrados hace

millones de afios (89). Es una respuesta muy primaria que ha ido evolucionando su capacidad para
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reconocer y eliminar patégenos intracelulares, por lo tanto, tendra un papel de gran importancia en las
infecciones virales.

Existen evidencias de que la accién de las células T es el mecanismo mas efectivo para controlar la infeccion
de SARS-CoV y MERS (90). En la infeccién por SARS-CoV se observa que los niveles de anticuerpos
disminuyen hasta ser indetectables en un plazo aproximadamente de cuatro afos; sin embargo, la
respuesta celular se mantiene activa incluso 17 afios después (91). En el caso del SARS-CoV-2, donde se ha
comprobado con diversas variantes que las reinfecciones son un hecho, se ha estimado que una infeccidn
previa aporta una proteccion de aproximadamente un 87% hasta los 10 meses (92). Particularmente con la
variante Omicron, se han producido gran cantidad de reinfecciones, pero se ha observado que la gran
mayoria tenian respuesta de células T frente a esta variante y en consecuencia se caracterizaban por una
gravedad clinica atenuada (93).

La respuesta de las células T CD4"* frente al SARS-CoV-2 se espera que dure muchos afios, aunque parece
ser que la gravedad con la que se desarrolla la infeccion es determinante (94, 95). Es por ello, que el

desarrollo de esta respuesta celular tras la vacunacidon es muy esperanzador.

Se ha demostrado que sujetos con la reaccién en cadena de la polimerasa por retrotranscripcion (PCR-RT,
de sus siglas en inglés) negativa tras exponerse al virus del SARS-CoV-2, demostraban tener alta frecuencia
de células T reactivas “cruzadas” secretoras de IL-2 pero no de IFN-y (citocinas producidas por las células T
CD4%), lo que indica que es un fenotipo de células T pre-existente. Este fenotipo concreto de células T
corresponde con aquellas personas que han estado en contacto previo con otros coronavirus endémicos
(huCoVs). Por lo tanto, estariamos hablando de que la inmunidad cruzada, fenémeno definido por la
habilidad del TCR para reconocer mds de un péptido presentado por el MHC, es responsable de una posible
proteccion frente a la infeccidn posterior por SARS-CoV-2. Debido a la previa exposicion a otros huCoVs, se
desencadenaria una rdpida expansion de las células T de memoria que llevaria a un control temprano de la
infeccidn: las células T pre-existentes combaten al virus sin necesidad de producir anticuerpos especificos
frente a la nueva infeccion, por lo que se expanden mas rapido en sujetos virgenes a la infeccion por el
SARS-CoV-2. Adicionalmente, también se ha comprobado que las células T reactivas por inmunidad cruzada
secretoras de IFN-y protegen frente a reinfecciones de SARS-CoV-2 en sujetos con niveles disminuidos de

anticuerpos frente a la proteina S (96).

Dado que puede haber casos de pacientes que tengan una deficiencia humoral y no sean capaces de
producir anticuerpos pero que si desarrollen una respuesta celular T especifica, es de vital importancia
evaluar esta respuesta frente al virus como un parametro para determinar, tanto la respuesta a la infeccidn

viral, como la respuesta de la vacuna frente al SARS-CoV-2.
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Durante la pandemia, la sobrecarga hospitalaria ha sido un gran reto para Salud Publica. Mientras
algunos pacientes mantenian un curso asintomatico o leve de la COVID-19, otras personas infectadas por el
SARS-CoV-2 desarrollaban sintomas graves que implicaban tratamientos clinicos. En estos pacientes, la
respuesta inmunitaria frente al virus desempefia un papel esencial, ocasionando que el curso de la
infeccidn difiera de unos a otros, tanto en sujetos sanos como en pacientes con patologias previas (97). Asi
mismo, las opciones terapéuticas varian también segin el momento de la infeccién. Por ello, la versatilidad
de la infeccién del SARS-CoV-2 entre los pacientes afectados ha llevado a la hipétesis de que la busqueda e
identificacion de biomarcadores basados en la cuantificacion de componentes celulares y humorales de la
respuesta inmunitaria puede ser de gran utilidad en la definicién del prondstico del paciente o en la
decisién del tipo de tratamiento a aplicar. De este modo, la medicina personalizada ha sido y es uno de los
objetivos principales perseguido a los largo de estos afios por los clinicos para manejar especialmente
prondsticos pobres, debido a que estos pacientes tienden a necesitar terapia con oxigeno durante su
ingreso en el hospital, y es probable que sean derivados a la Unidad de Cuidados Intensivos (UCI) (21, 98).
La utilizacidon de un modelo prondstico que ayude a identificar los casos mas graves de COVID-19 podria ser

de gran ayuda a la hora de establecer tratamientos personalizados para estos pacientes.

Por otro lado, la evaluacién de la respuesta inmunitaria humoral y celular frente a las vacunas contra el
SARS-CoV-2 es de gran importancia para determinar su eficacia clinica, asi como el nivel y duracién de la

proteccion frente a este virus, para asi poder controlar la pandemia de la COVID-19.

A continuacidn, se detallan los objetivos principales de la presente tesis doctoral:

e Objetivo principal: estudio de distintos componentes de la respuesta inmunitaria innata y

adquirida en sangre en COVID-19 para buscar biomarcadores prondsticos de la enfermedad.

e Objetivos secundarios:

o Evaluar los componentes celulares y humorales de la respuesta inmunitaria innata en

pacientes con infeccién por SARS-CoV-2 activa.

o Analizar los componentes celulares y humorales de la respuesta inmunitaria adquirida en

pacientes con infeccidon por SARS-CoV-2 activa.

o Establecer un modelo de prediccidn de los prondsticos mas desfavorables en una cohorte

inicial y validar este modelo en wuna cohorte independiente de pacientes.
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o Valorar la evolucién y duracion de la respuesta inmunitaria humoral y celular T especifica
frente al SARS-CoV-2 en la vacunacion de un grupo inmunocompetente, y otro
inmunocomprometido, ya sea por inmunosenescencia 0 por inmunosupresion

farmacolégica.

54



3. MATERIAL Y METODOS







Patricia Lamadrid Perojo Material y Métodos

3.1 ANTICUERPOS MONOCLONALES EMPLEADOS EN CITOMETRIA DE FLUJO

En la Tabla 2 se muestran los diferentes anticuerpos monoclonales utilizados en este estudio, asi

como sus fluorocromos, clones e isotipos correspondientes.

Tabla 2. Anticuerpos monoclonales empleados en la técnica citometria de flujo. Se incluye el
anticuerpo monoclonal, el fluorocromo asociado, el clon y su isotipo, la casa comercial y el niUmero

de referencia correspondiente.

CcD8 FITC B9.11 1gG1 de ratén

CD127 FITC A7R34 IgG2a, K, de rata

IgD FITC IA6-2 IgG2a de ratdén

CD183 (CXCR3) FITC GO25H7 IgG1, k, de ratdn

CD183 (CXCR3) AF488 GO25H7 IgG1 de ratén

CD16 PE 3G8 1gG1 de ratén

CD25 PE B1.49.9 IgG2a de ratdén

HLA-DR PE Immu-357 1gG1 de ratén
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CD14 PE RMO52 IgG2a de ratén

TLR4 PE HTA125 1gG2a, Kk, de raton

TLR3 PE TLR 3.7 IgG1, K, de ratdn

TLR7 PE 533707 IgG2a de ratén

TLR8 PE 44C143 IgG1 de ratén

CD14 ECD RMO52 IgG2a de ratén

CD8 ECD SFCI21Thy2D3 %6 22 23 IgG1 de ratén

CD62-L ECD DREG56 IgG1 de ratén

CD38 ECD LS198.4.3 IgG1 de ratén

CD19 PC5.5 J3-119 I1gG1 de ratén

CD27 PC5.5 1A4CD27 IgG1 de ratén

CD19 PC7 J3-119 IgG1 de ratén
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CD25

CD196 (CCR6)

CD56

CD38

CD19

CD16

CD20

PD-1

CD45-RA

CD294

CD4

CD3

CD45

PC7

PC7

PC7

APC

APC

APC

APC

APC-700

APC-700

APC-A750

APC-Vio770

Pacific Blue dye

Krome Orange

2A3

B-R35

N901 (NKH-1)

LS198-4-3

J4.119

3G8

B9E9 (HRC20)

EH12.2H7

2H4LDH11LDB9 (2H4)

BM16

VIT4

UCHT-1

J.33

IgG2a de ratén

IgG2a, K, de raton

IgG1 de ratén

IgG1 de ratdn

IgG1, K, de ratén

IgG1 de ratdn

IgG2a de ratdén

IgG1, k, de ratén

1gG1 de ratén

IgG2a, K, de rata

IgG2a, de ratén

IgG1 de raton

IgG1, K, de ratén

Abreviaturas: k, cadena kappa; 1gG1, subclase 1 de la Inmunoglobulina G; 1gG2a, subclase 2a de la

Inmunoglobulina G.

3.2 REACTIVOS

Los reactivos empleados en este estudio han sido los siguientes:

e Medio de cultivo TexMACS (Miltenyi Biotec).

e Sulfoxido de dimetilo (DMSO) al 0,1%.

e (CD3/CD28 activador T humano Dynabeads (Gibco Thermo Fisher Scientific).

e PepTivator SARS-CoV-2. Proteina S, My N (1u/mL) (Miltenyi Biotec).

e PepTivator SARS-CoV-2. Proteina S B1.1.1.529 (Omicron) (1p/mL) (Miltenyi Biotec).

e  Ficoll Histopaque 1077 Hybri-Max (Sigma Aldrich).

e Formaldehido al 4%.

e Solucién de lavado: Tampon Fosfato Salino (PBS).
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e Solucién permeabilizadora FACs (BD Bioscience).

e  Kit ELISA para la deteccidn de IL-6 (Enzo Life Sciences, Inc).

e ELISA protocolo IrsiCaixa: M6x-His Tag Antibody (MA1-21315) (ThermoFisher Scientific), PBS 1x +
1% de albimina de suero bovino (BSA), S2+RBD (Sino Biologicals), anticuerpos de deteccidn anti-

IgG, -IgA e -IgM conjugados con peroxidasa (Jackson Immunoresearch) (99).

3.3 INSTRUMENTACION
La instrumentacion empleada en este estudio ha sido la siguiente:
e Citometro de flujo CytoFLEX y Navios EX (Beckman Coulter).
e (Citémetro de flujo volumétrico AQUIOS CL (Beckman Coulter).
e Incubadora de Heracel 150i CO2 (Thermo Scientific).
e Campana de flujo laminar Bio Il Advance Plus (Telstar).
e (Centrifuga 5810 R (Eppendorf).
e  Microscopio binocular (Zeiss).

e (Camara de Neubauer-improved (Marienfeld Superior).

Cubreobjetos (Knittel-Glaser).

3.4 MATERIAL BIOLOGICO NECESARIO
El material biolégico empleado en este estudio ha sido el siguiente:

e Tubos BD Vacutainer de 4 mL de sangre periférica anticoagulada con heparina sédica. (Becton

dickinson).

e Tubos BD Vacutainer de 4 mL de sangre periférica con acido etilendiaminotetraacético (EDTA)

(Becton dickinson).

e Tubos de suero BD Vacutainer de 10 mL con gel separador (Becton Dickinson).
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3.5 TECNICAS

3.5.1 CITOMETRIA DE FLUJO PARA LOS LINFOCITOS PRINCIPALES DE SANGRE PERIFERICA

Se han estimado las frecuencias y nimeros absolutos de CD3*, CD4*, CD8*, CD19*, CD16*/56" y
CD3*/CD16*/56" usando el citémetro de flujo volumétrico AQUIOS CL. Este instrumento emplea un enfoque
volumétrico para enumerar poblaciones celulares sin necesidad de referencia. De manera automatica el
equipo marca 50 pL de sangre completa con anti-CD45-FITC, anti-CD4-PE, anti-CD16-CD56-PE, anti-CD8-
ECD, anti-CD19-ECD y anti-CD3-PC5.

3.5.2 CITOMETRIA DE FLUJO PARA POBLACIONES DE CELULAS T Y B, LINFOIDES INNATAS, NATURAL
KILLER Y SUBPOBLACIONES DE MONOCITOS.

A partir de sangre completa, las PBMCs se han obtenido por centrifugacién de gradiente con Ficoll
Histopaque 1077 y posteriormente se han lavado con 2 mL PBS durante 5 minutos a 1500 revoluciones por
minuto (rpm) a 21°C. Las PBMCs se han diluido con 800 pL de PBS, se han marcado directamente en fresco
y se han procesado de la siguiente manera:

- Para identificar las células T, B, linfoides innatas, NK, y los monocitos, las PBMCs se han marcado
con diferentes anticuerpos monoclonales durante 30 minutos. Después se han lavado con 2 mL de

PBS durante 5 minutos a 1500 rpm a 4°C y por ultimo se han adquirido en el citdmetro de flujo

Navios EX.

e Dentro de los linfocitos se han analizado diferentes subpoblaciones de células T
colaboradoras (Th o T helper), T citotéxicas (Tc) y B. También se han analizado distintas
subpoblaciones de monocitos y células NK. Se han utilizado cuatro tubos con 100 pL cada

uno de los PBMCs diluidos.

o En el primer tubo se ha marcado con anti-CXCR3 (FITC), anti-CXCR5 (PE), anti-
CD45RO (ECD), anti-CD4 (PC5.5), anti-CCR6 (PC7), anti-CD19 (APC), anti-PD1
(APC700), anti-CD294 (APC750), anti-CD3 (PB) y anti-CD45 (KrO).

o En el segundo tubo se ha marcado con anti-CD28 (FITC), anti-HLA-DR (PE), anti-CD8
(ECD), anti-CD27 (PC7), anti-CD38 (APC) y anti-CD3 (PB).

o En el tercer tubo se ha marcado con anti-CD21 (FITC), anti-IgD (PE), anti-CD38
(ECD), anti-CD27 (PC5.5), anti-CD19 (PC7), anti-CD20 (APC) y anti-CD3 (PB).
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o En el cuarto tubo se ha marcado con anti-CD8 (FITC), anti-CD14 (PE), anti-CD62L
(ECD), anti-CD56 (PC7), anti-CD16 (APC), anti-CD45RA (APC700) y anti-CD3 (PB).

o En el quinto tubo se ha marcado con anti-CD127 (FITC), anti-CD25 (PE), anti-CD3
(ECD), anti-CD4 (PC5.5).

e Para identificar las ILCs y sus subclases se han marcado 300 pL de la dilucién de PBMCs con
anti-CD45 (PC5), Lin- (anti-CD3, anti-CD19, anti-CD14, anti-CD56) (FITC), anti-CD127 (PC7),
anti-CD117 (PE), anti-CD336 (APC) y anti-CD294 (APC-750).

Las estrategias de gateado para identificar las subpoblaciones de células T colaboradoras, T citotdxicas, By

monocitos se describen en las Figura 9,Figura 10Figura 11Figura 12 respectivamente.
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(F)

CD62L-ECD

SSINT

[Ungated] FS INT / SS INT

[CD4+]
CD45RA-APC700 / CD62L-ECD

0°

0

CD4+ Naive

+ TEM CD4+ TEMRA
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CD45RA-APC700

[Linfocitos] CD4-PC5.5 / CD3-PB

10'
CD45RO-ECD

[preTH2 MEM]
CD294-APC750 / CD3-PB

Th2MEM
R @

2

CD3-PB

0 2 10' 100

CD294-APC750

10’

[CD4+] CD28-FITC / CD27-PC7

(G) Th27+28] | [Th27+28+

CD27-PC7

Th 27-28+

0 10° 10'

CD28-FITC

( ) 0 [CD4+] FITC CXCR3 / PC7 CCRé
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CD3-PB

20 2 10' 100
CD294-APC750

Figura 9. Estrategia de gateado de las diferentes subpoblaciones de células T colaboradoras (Th o T helper). Los linfocitos se han

gateado segun la intensidad de dispersion frontal (FS INT) y lateral (SS INT) (A). De esta poblacion se han seleccionado las células Th

(CD3*CD4*) (B), de las cuales se han identificado distintas poblaciones de memoria (CD45R0*) (C) mediante los marcadores CXCR3 y

CCR6 (D): Thl memoria (CXCR3*CCR6°), Th17 memoria (CXCR3-CCR6*), Th1+17 memoria (CXCR3*CCR6*) y Th2 memoria (CXCR3-

CCR6- CD294*) (E). De este modo, también se han gateado las mismas subpoblaciones (Th1, Th2, Th17 y Th1+17) directamente de la

poblacion de células CD4* (H, I). De las células Th se han gateado otras subpoblaciones en funcién de diferentes marcadores:

enfrentando CD27 y CD28 nos encontramos las células CD4* activadas (CD27+CD28*), anérgicas (CD27-CD28") y las positivas simples

(CD27+CD28 0 CD27-CD28*) (G); mientras que con los marcadores CD62L y CD45RA se han diferenciado los distintos estadios

madurativos de las células T CD4* (F): CD4* Naive (CD62L*CD45RA*), CD4+ efectoras de memoria recientemente activadas o TEMRA

(CD62L-CD45RA*), CD4* efectoras de memoria o TEM (CD62L-CD45RA") y CD4* centrales de memoria o TCM (CD62L*CD45RA").
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[Tc] FITC CD28 / PC7 CD27

10*
( H ) Tc27+28- Tc27+28+|

[Ungated] FS INT / SS INT

CcD27

Tc27-28+

[ 10°
CcD28

10'

I ) [Tc] CXCR3 / CCR6
[Tc] DR / CD38 :

CD8+HLADR+CD38+

CCR6

[TCMEM] FITC CXCR3 / PC7 CCR6

[CD8+

]
(G ) CD45RA-APC700 / CD62L-ECD

U CD8+ TCM CD8+ Naive

CD62L-ECD

i T CD8+ TEMRA

0 10° 10 10
CD45RA-APC700

Figura 10. Estrategia de gateado de las diferentes subpoblaciones de células T citotdxicas (Tc). Los linfocitos se han gateado segun
la intensidad de dispersion frontal (FS INT) y lateral (SS INT) (A). De esta poblacién se han seleccionado las células Tc (CD3*CD8*)
(B), de las cuales se han identificado distintas poblaciones de memoria (CD45R0*) (C) mediante los marcadores CXCR3 y CCR6 (D):
Tcl memoria (CXCR3*CCR6°), Tc17 memoria (CXCR3-CCR6*), Tc1+17 memoria (CXCR3*CCR6*) y Tc2 memoria (CXCR3-CCR6- CD294+)
(E). De este modo, también se han gateado las mismas subpoblaciones (Tcl, Tc2, Tcl7 y Tcl+17) directamente de la poblacién de
células CD8* (I, J). De las células Tc se han gateado otras subpoblaciones en funcion de diferentes marcadores: las células CD8*
sobreactivadas son positivas para los marcadores HLA-DR y CD38 (F); enfrentando CD27 y CD28 nos encontramos las células CD8*
activadas (CD27+*CD28*), anérgicas (CD27-CD28) y las positivas simples (CD27+CD28 o CD27-CD28*) (H); mientras que con los
marcadores CD62L y CD45RA se han diferenciado los distintos estadios madurativos de las células T CD8* (G): CD8* Naive
(CD62L*CD45RA*), CD8* efectoras de memoria recientemente activadas o TEMRA (CD62L-CD45RA*), CD8* efectoras de memoria o
TEM (CD62L-CD45RA") y CD8* centrales de memoria o TCM (CD62L*CD45RA").
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Figura 11. Estrategia de gateado de las diferentes subpoblaciones de células B. Los linfocitos se han gateado segun la intensidad de

dispersion frontal (FS INT) y lateral (SS INT) (A). De esta poblacién se han gateado las células B CD19*CD20'"¥ (B), y posteriormente

se ha seleccionado el porcentaje positivo para los marcadores CD27 y CD38 (C) para identificar la poblacion de plasmablastos (D).

Por otro lado, de la poblacidn total de las células B CD19*(E) se han caracterizado las foliculares (CXCR5*PD1*) (F) y sus distintos

estadios madurativos (G): B Naive (CD27-1gD*), B Switched (CD27*IgD") y B Unswitched (CD27+*IgD*).
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Figura 12. Estrategia de gateado de las diferentes subpoblaciones de monocitos. Intensidad de dispersion frontal (FS INT) y lateral
(SS INT) (A). Se han gateado las células CD3- (B) y las células CD14* (C) enfrentando estos marcadores con la SS INT. A continuacion,
se ha realizado un gateado booleano con las poblaciones de B y C, para asi caracterizar las tres subclases diferentes de monocitos

(D): monaocitos clésicos (CD14*CD167), monocitos intermedios (CD14*CD16*) y monocitos no clasicos (CD14'°¥CD16*).

3.5.3 EXPRESION DE PROTEINAS TLR EN PBMCS

También se ha estimado la expresidn de los TLR involucrados en el reconocimiento de antigenos o
componentes virales, como el receptor de superficie celular TLR4 y los receptores intracelulares TLR3 y
TLR7 en PBMCs. A partir de sangre completa, se han aislado las PBMCs mediante centrifugacion de
gradiente con Ficoll Histopaque 1077 y posteriormente se han lavado con 2 mL PBS durante 5 minutos a
1500 rpm y 21°C. Las PBMCs se han diluido en 160 uL de PBS, y se ha realizado un marcaje extracelular en
fresco previo al marcaje especifico de los TLRs con 3 pL de anti-CD14 (ECD), 3 pL de anti-CD19 (PC7) y 3 uL
de anti-CD3 (PB) en cada una de las muestras. Posteriormente, se ha incubado durante 20 minutos a 21°Cy
en oscuridad. Tras la incubacidn se ha realizado un lavado con 2 mL de PBS durante 5 minutos a 1500 rpm y
21°C. A continuacién, se han resuspendido las PBMCs en 200 pL de PBS, y se han utilizado 100 pL para el

marcaje de los TLRs de superficie y los otros 100 uL para el marcaje de los TLRs intracitoplasmaticos.
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o Citometria de TLRs de superficie: se han afiadido 100 uL de PBS a los 100 pL separados para el
marcaje de los TLRs superficiales. Se ha repartido 100 pL de muestra en cada uno de los dos tubos
utilizados, donde previamente hemos afadido 1,5 pL de anti-TLR4 en uno de ellos, y 1,5 puL de su

control de isotipo IgG2a en el otro.

e Citometria de TLRs intracitoplasmaticos: se han afiadido 300 pL de BD-FACS-Perm (1x) a los 100 pL
separados para el marcaje de los TLRs intracitoplasmaticos. Se ha incubado durante 10 minutos, a
21°Cy en oscuridad, y se ha realizado un lavado con 2 mL de PBS-BSAqs% durante 5 minutos a 1500
rom vy 21°C. Después, se ha resuspendido la muestra en 600 pL repartiendo 100 uL para cada uno
de los 4 tubos donde previamente se ha afiadido 1,5 pL de anti-TLR3, anti-TLR7 y de sus

correspondientes controles de isotipo (IgG1 e IgG2a, respectivamente).

A continuacion, se han incubado los TLR de superficie y los intracitoplasmaticos durante 20 minutos a 21°C
y en oscuridad. Tras la incubacién, se ha realizado un lavado con 2 mL de PBS durante 5 minutos a 1500
rpm y 21°C. Finalmente, la expresiéon de los TLRs y de sus controles de isotipo se ha adquirido en el

citdmetro de flujo Navios EX.

3.5.4 EVALUACION DE LA RESPUESTA T ESPECIFICA FRENTE AL SARS-COV-2 MEDIANTE CITOMETRIA DE
FLUJO

La evaluacién de la respuesta T especifica frente al SARS-CoV-2 es una metodologia que no estaba
implementada en el servicio y que hemos puesto a punto para estos estudios. El procedimiento se ha
validado por la Sociedad Espafiola de Inmunologia (SEl) y se ha basado en la expresién de los marcadores
inducidos tras activacidon (AIMs, de sus siglas en inglés) tras la exposicidén a los antigenos especificos del
SARS-CoV-2 (100). Las PBMCs aisladas de tubos con sangre heparinizada fueron aisladas por gradiente de
Ficoll y cultivadas a una concentracién de 10° células/mL en medio TexMACS durante 24 horas a 37°C en
placas de 96 pocillos de fondo plano a 0,1% de DMSO, con distintos antigenos del virus (PepTivator SARS-
CoV-2 Prot S, Prot M y Prot N, Miltenyi Biotec) y con un estimulo policlonal como control positivo
(Dynabeads Human T activator CD3/CD28, Gibco Thermo Fisher Scientific). Tras la estimulacion, las PBMCs
fueron marcadas con los anticuerpos monoclonales anti-CD3 (FITC), anti-CD134 (PE), anti-CD8 (ECD), anti-
CD25 (PC7) y anti-CD4 (APC-Vio770), lavadas con 150 pL de PBS y centrifugadas durante 5 min a 4°Cy 1800
rom. Finalmente, y antes de adquirir las muestras por el citdmetro de flujo CytoFLEX, se ha afiadido 2 pL del
marcador de viabilidad celular 7-aminoactinomicina D (7-AAD) y 90 uL de PBS. Entre los anticuerpos
utilizados se encuentran los que reconocen los AlMs, de los cuales en un comienzo se han utilizado los
siguientes: anti-CD134, anti-CD25, anti-CD137 y anti-CD154. Sin embargo, a medida que se fueron

analizando los resultados se comprobd que tras las 24 horas de incubacidn solo se alcanzaba el pico de
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activacion de manera consistente para CD134 y CD25, de manera que el resto de los marcadores se

descartaron en la realizacion de esta técnica.

La estrategia de gateado utilizada para evaluar la respuesta T especifica frente a los diferentes pools de

péptidos del SARS-CoV-2 se muestra en la Figura 13.
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Figura 13. Estrategia de gateado de la respuesta T especifica frente al antigeno S del SARS-CoV-2. En un principio, los linfocitos se
han gateado segun la dispersién frontal (FSC) y lateral (SSC) (A). A continuacidn, se seleccionaron las células T (CD3*) (B) y a partir
de estos, las T colaboradoras (CD4*) y las T citotdxicas (CD8*) (C). Finalmente, en la subpoblacion de células CD4+, se han propuesto
tres condiciones diferentes bajo el nivel de expresion de los marcadores inductores de activacion (AIMs): un control negativo no

estimulado (D), un control positivo CD3+/CD28+ (E) y la estimulacion de las células con el antigeno correspondiente (S, N o M) (F).

Los resultados fueron expresados como el ratio de la frecuencia de expresién de los AlIMs (CD25"y CD134%)
obtenidos tras la activacion especifica con respecto al control negativo no estimulado. Un ratio >3 en uno
de los péptidos especificos del SARS-CoV-2 ha sido considerado como reaccién positiva. En la Figura 14 se
muestra un ejemplo de lo que seria una reaccidn positiva especifica frente a uno de los antigenos del SARS-

CoV-2.
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Figura 14. Ejemplo de una representacion de la respuesta T especifica frente a uno de los antigenos del SARS-CoV-2. En las graficas
Ay B se encuentran los controles empleados en esta técnica: un control negativo (A), que muestra la actividad basal e inespecifica
de las células T; y un control positivo estimulado con CD3/CD28 (B) donde se observa la actividad policlonal de estas células. En las
graficas C y D encontramos un ejemplo de un resultado negativo (C) debido a que el cociente de su porcentaje entre el porcentaje
del control negativo de referencia (A) da lugar a un ratio inferior a tres, correspondiendo con un sujeto que no ha tenido contacto
con el virus; mientras que en la grafica D observamos que el cociente de su porcentaje entre el de A es igual a un ratio
significativamente superior a tres, lo cual corresponde con un sujeto que si ha tenido contacto con el virus y desarrollaria una

respuesta positiva estimulando a las células T.
3.5.5 DETERMINACION DE LA IL-6 CIRCULANTE

Dada la utilidad clinica en pacientes recién ingresados con COVID-19, se ha medido la IL-6 humana
mediante la técnica de ELISA (Enzo Life Sciences, Inc) siguiendo las instrucciones del fabricante. La

sensibilidad de los niveles de IL-6 sérica fue 0,057 pg/mL. La variabilidad intra e interensayo fue de 4,38% vy

9,6%, respectivamente.

3.5.6 DETERMINACION DE RESPUESTA HUMORAL ESPECIFICA FRENTE A LA PROTEINA SPIKE DEL SARS-
Cov-2

La determinacion de anticuerpos del SARS-CoV-2 se ha realizado mediante dos metodologias.
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Por un lado, la deteccién de la presencia o ausencia de los anticuerpos IgG, IgA e IgM anti-S1, anti-RBD y
anti-S2 frente al virus se ha realizado mediante la técnica ELISA siguiendo el protocolo publicado IrsiCaixa
(101). Las muestras de suero se han diluido previamente 1:100 en PBS. Las placas Nunc MaxiSorp de 96
pocillos se han recubierto con concentraciones optimizadas de 2 pg/mL del anticuerpo de captura MA1-
21315 diluido con PBS durante toda la noche a 42C. Las placas recubiertas han sido lavadas y se les ha
afiadido el buffer de bloqueo, PBS 1x + 1% de albumina de suero bovino (BSA), durante dos horas a
temperatura ambiente. Tras lavar las placas con PBS, se ha afiadido la solucidn del antigeno (S2 + RBD
diluido en un buffer de bloqueo) a la mitad de la placa y buffer de bloqueo a la otra mitad, después se ha
incubado durante toda la noche a 42C. Posteriormente, se han afiadido las muestras de suero y se han
incubado durante una hora a temperatura ambiente. Después, se ha incubado con anticuerpos de
deteccién anti-IgG, -IgA e -IgM conjugados con peroxidasa durante 30 minutos a temperatura ambiente.
Los anticuerpos especificos de antigeno de unién se han detectado afiadiendo la solucién de sustrato. La
absorbancia se ha medido a 492 nm. La sefial especifica asociada con cada muestra se calculé mediante

sustraccion de fondo de la siguiente manera: sefal especifica de OD = OD (+Ag) — OD (-Ag).

Por otro lado, se han recogido datos de la cuantificaciéon de anticuerpos IgG anti-S1, anti-RBD y anti-N del
SARS-CoV-2 en muestras de suero por la técnica de inmunoensayo de microparticulas quimioluminiscente
(CLIA, de sus siglas en inglés), utilizando el SARS-CoV-2 IgG Il Quant Assay on the Alinity | y siguiendo las
instrucciones del fabricante gracias al departamento de Microbiologia en el Hospital Universitario Marqués
de Valdecilla. Los resultados han sido expresados con unidades arbitrarias (AU) por mL (AU/mL). Valores
superiores de 50 AU/mL para anticuerpos anti-S1 y por encima de 1,5 AU/mL para anticuerpos anti-N se

han considerado positivos.

3.5.7 ANALISIS DE PARAMETROS DE LABORATORIO

Se han cuantificado diferentes variables bioquimicas para comprobar si se encontraban
significativamente alteradas. Entre ellas estan los niveles de proteina C reactiva (PCR), dimero D, troponina,
ferritina, LDH vy el porcentaje de saturacién de O, al ingreso del paciente en el Hospital Universitario
Marqués de Valdecilla. También se ha realizado un hemograma donde se han recogido datos de distintas
poblaciones celulares, como el porcentaje de linfocitos, neutrdéfilos y monocitos, asi como el recuento total
de estas mismas poblaciones. Por ultimo, se han cuantificado distintos factores inmunitarios del suero
como la IgG, IgM, IgA, y los componentes 3 y 4 del complemento (C3 y C4). Todos estos parametros se

encuentran reflejados junto a sus valores de referencia en la Tabla 3.
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3.5.8 ANALISIS ESTADISTICO

El analisis estadistico se ha realizado utilizando el software SPSS (versidon 19.0), el software Graph
Pad Prism (versidon 6.0) y el software RStudio (versién 1.3.959). La distribucién de las variables continuas se
ha evaluado mediante los test de Kolmogorov-Smirnov/Shapiro-Wilk. Los resultados se han expresado
como media + desviacién estdndar para variables paramétricas o mediana (rango intercuartilico o RIC) para
variables no paramétricas. Para comparaciones entre las variables se ha aplicado el test T-Student y U-
Mann-Whitney, y para comparaciones de varios grupos ANOVA y Kruskal-Wallis. Un valor de p < 0,05 se ha

considerado estadisticamente significativo.

Para identificar variables asociadas con prondsticos clinicos moderados-graves, al ingreso hospitalario se
realizé un andlisis de regresion logistica. Tras el anadlisis univariante con las variables potencialmente
independientes, se ha calculado el odds ratio (OR) con el estadistico de Wald. En un posterior analisis
multivariante, se incluyeron en el modelo aquellas con un valor de p < 0,25 en el analisis univariante,
siguiendo los criterios propuestos por Hosmer y Lemeshow (102), y respaldados por otros autores de
referencia (103). Para la seleccidon del modelo se utilizdé el procedimiento del método de retroceso para
realizar automaticamente la seleccién de variables. Se ha realizado una curva de la caracteristica operativa
del receptor (ROC, de sus siglas en inglés) para evaluar la capacidad predictiva del modelo, y se ha medido
el drea bajo la curva (AUC, de sus siglas en inglés). Posteriormente, se ha validado este modelo en una
cohorte independiente de pacientes al ingreso calculando un score de gravedad. Para ello, se ha expresado
el modelo de regresion logistica en el modo “logit”. El logit se ha calculado a partir del resultado de la suma
de una constante (C=3,411343368) y el producto de cada variable por el coeficiente B correspondiente

obtenido del andlisis de regresion logistica. La férmula modelo empleada se corresponde con la siguiente:
Logit = C + (Variable 1*B'°"¢1) + (Variable 2*B "*"®"'¢2) + (Variable 3*B Vriebe3) + etc...

A partir de la aplicacion de esta férmula matematica se ha obtenido un valor numérico que se ha
transformado en probabilidad mediante el uso de la ecuacién “e'€%/1+e"¢™ A continuacidn, se ha
calculado el indice de Youden para obtener el punto de corte empleado en la interpretacién de los valores

de probabilidad obtenidos, y se ha realizado la curva ROC correspondiente.

También se ha realizado una curva ROC para calcular el punto de corte de los niveles de anticuerpos anti S-
RBD tras vacunacion y poder discriminar correctamente el riesgo de PCR-RT positiva post vacunacion

(PPPV).
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3.6 COHORTES

En la presente tesis doctoral se han analizado dos cohortes principales: una cohorte de infecciéon por
SARS-CoV-2 al ingreso al hospital, compuesta por una sub-cohorte inicial y otra de validacién; y una
segunda cohorte de respuesta vacunal, compuesta por personal sanitario, sujetos institucionalizados en
residencias de ancianos y receptores de trasplante hepatico. Las muestras analizadas se representan

temporalmente en la Figura 15, distribuidas segun el grupo al que correspondan.

——Cohorte inicial ==—Cohorte de validacion Personal sanitario ——Residencias ——Trasplantados hepaticos
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Figura 15. Representacion gréafica temporal cuantitativa de las muestras de las diferentes cohortes de pacientes analizadas en el
laboratorio de Inmunologia del Hospital Universitario Marqués de Valdecilla (HUMV). La linea azul representa las muestras de
COVID-19 activo de la cohorte inicial; la roja, las de la cohorte de validacién; la verde, las del personal sanitario; la morada, las de
los sujetos institucionalizados en residencias de ancianos de Cantabria; y la naranja, las de los receptores de trasplante hepatico.
Las dos primeras lineas se encuentran dentro de la cohorte de infeccién, mientras que las tres ultimas se encuentran dentro de la

cohorte de respuesta vacunal.

3.6.1 COHORTE DE INFECCION POR SARS-COV-2 AL INGRESO

En esta primera cohorte se estudiaron 192 pacientes al ingreso en el Hospital Universitario
Marqués de Valdecilla (HUMV) con infeccién activa por SARS-CoV-2. El Comité de Etica regional de la
Investigacion con medicamentos (CEIm, cédigo interno 2020.167, 14 de Mayo de 2020) aprobd el protocolo
para los pacientes incluidos en el estudio de esta cohorte. En el momento de ingreso los pacientes, o un

representante legal, otorgaron el consentimiento informado que se ha incluido en el historial médico. Los
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criterios de inclusion fueron tener una edad superior a 18 afios y demostrar COVID-19 con un test PCR
positivo para el SARS-CoV-2.

Se establecidé un score clinico en funcién de las necesidades terapéuticas: pacientes leves, sin necesidad de
oxigenoterapia; moderados, con gafas nasales y mascarillas Venturi (Ventimask); graves, con ingreso en la
Unidad de Cuidados Intensivos (UCI) y algunos de ellos fallecidos. Dentro de esta cohorte de infeccién, se

encuentran la cohorte inicial y la cohorte de validacién.

3.6.1.1 Cohorte inicial

La cohorte inicial, reclutada entre los meses de abril y diciembre del afio 2020, se compone de un
total de 155 pacientes estudiados al ingreso en el HUMV. Los pacientes de esta cohorte se han
categorizado segun el requerimiento de oxigeno en leves o moderados-graves. Esta Ultima categoria
incluye grados muy heterogéneos de gravedad con necesidades de oxigeno muy variadas: la mayoria de los
pacientes requirieron oxigenoterapia con gafas nasales o Ventimask, mientras que pocos necesitaron UCl e
incluso menos fallecieron. Los pacientes leves, 73, no requirieron oxigeno; mientras que los 82 pacientes

moderados-graves si que necesitaron oxigenoterapia, cuidados intensivos o fallecieron (20).

3.6.1.2 Cohorte de validacion

A partir de diciembre de 2020 se comenzd a reclutar una cohorte de validacién para corroborar la
utilidad de los marcadores prondsticos identificados en la cohorte inicial. Esta segunda cohorte estd
compuesta por otros 37 pacientes al momento del ingreso en el HUMV reclutados hasta febrero de 2021. El
estudio de esta cohorte ha permitido que se pueda desarrollar un score estadistico de gravedad para

categorizar a los pacientes evaluando su prondstico.

3.6.2 COHORTE DE RESPUESTA VACUNAL

En una segunda cohorte principal encontramos diferentes grupos de pacientes vacunados frente al
SARS-CoV-2. Hemos estudiado la evolucion de su respuesta vacunal humoral y celular T especifica frente al
virus en inmunocompetentes (personal sanitario), inmunosenescentes (sujetos institucionalizados en
residencias de ancianos de Cantabria) y pacientes con inmunosupresion farmacolégica (trasplantados

hepaticos).
3.6.2.1 Personal sanitario

Un total de 52 trabajadores sanitarios (con una mediana de edad de 42,5 afios y un rango
intercuartilico o RIC de 30,5-54,2) han sido reclutados para este estudio después de otorgar consentimiento

informado, de los cuales 41 son mujeres (78,8%). Este estudio se ha realizado de acuerdo a la declaracion
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de Helsinki y se ha aprobado por el Ceim (cédigo interno 2020.167). Ninguno de los sujetos tenia registro
de haber padecido la COVID-19 y se vacunaron con el mismo lote (EK9788) de la vacuna BNT162b2 (Pfizer-
BioNTech). La primera dosis fue inoculada entre el 4 y el 8 de enero del afio 2021, y la segunda dosis entre
el 27 y el 30 de enero de este mismo afio. Se ha analizado la respuesta vacunal entre dosis, recolectando las
muestras a los 20 dias después de la primera dosis, al mes (30 dias) de la segunda dosis para comprobar la

tasa de respuesta temprana (37), y a los 9 meses, para comprobar cuando decaia la respuesta inmunitaria.

3.6.2.2 Sujetos institucionalizados en residencias de ancianos

Se ha realizado un muestreo de todas las residencias de Cantabria (Espafia), un estudio en
colaboracién con Salud Publica y la Unidad de Seguimiento Epidemiolédgico de Cantabria. Estos sujetos de
residencias han sido vacunados entre enero y marzo del afo 2021 siguiendo las recomendaciones de Salud
Publica y las pautas europeas. Los sujetos incluidos en el trabajo tienen una media de edad de 80,56 afios +
13,51, de los cuales el 67,6% son mujeres. La gran mayoria presentan diversas comorbilidades como

hipertension arterial (HTA), Diabetes Mellitus (DM) y dislipemias, entre otras.

El total de sujetos institucionalizados en residencias de Cantabria al comienzo del estudio fue de 6598, del
cual se calculé el tamafio muestral para cubrir el 85% de |la poblacion con un intervalo de confianza del 95%
y una precision de +/- 3%. Aproximadamente el 10% del total, 641 sujetos, se incluyeron en el estudio, pero
de 17 de ellos no fue posible obtener muestras. Finalmente, la evaluacidon temprana de la respuesta
vacunal a los 2 meses de la vacunacion ha sido realizada en un total de 624 residentes seleccionados,
cubriendo todos los puntos de la region repartidos en 57 residencias. Todos los sujetos han recibido la
vacuna BNT162b2. Mas adelante, se ha evaluado la respuesta inmunitaria tras 6 meses de la vacunacion en
un subgrupo compuesto por 558 sujetos de residencias, en los que se realizd un estudio de anticuerpos

anti-S y anti-N posterior. El disefio del estudio se muestra en la Figura 16.
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Figura 16. Disefio del estudio de los sujetos institucionalizados en residencias de ancianos de Cantabria. Un total de 624 sujetos de
residencias han sido elegidos para el estudio. Se han definido dos grupos principales de sujetos con las dos dosis de la vacuna

BNT162b2: uno con infeccidon previa y otro sin ella. Abreviaturas: PCR, Reaccién en Cadena de la Polimerasa (de sus siglas en inglés).

Se ha realizado PCR secuencial en tiempo real cada dos semanas a los sujetos del grupo sin infeccion previa
para monitorizar posibles infecciones. Ademas, en aquellos pacientes con sospecha de infeccidn o contacto
estrecho se les ha hecho un test de antigenos; si el resultado era negativo se les ha realizado un test PCR
posterior (104).

El Sistema de Gestion de Laboratorios Unificados en Cantabria (LISCAN) integrado con una plataforma de
residencias (GesCARE) y un sistema de citacion unificado (TiCARES) fueron esenciales para determinar en

tiempo real el diagnéstico de cada paciente.
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3.6.2.3 Receptores de trasplante hepatico

El 7 de septiembre de 2021 la Autoridad Sanitaria recomendd administrar la tercera dosis de la
vacuna frente al SARS-CoV-2 a todos los receptores de drgano sdlido. Esta recomendacidn se debe a que,
segln varios estudios, mas del 50% de estos pacientes no habian desarrollado respuesta humoral de
anticuerpos que les protegiera contra la COVID-19, y en consecuencia, podrian estar en riesgo de infeccién,

especialmente al tratarse de pacientes inmunocomprometidos por inmunosupresion farmacoldgica (105).

De esta manera, se ha realizado un andlisis de la respuesta humoral en 129 pacientes receptores de
trasplante hepdatico de la Unidad de Trasplante de Higado del Hospital Universitario Marqués de Valdecilla,
los cuales tenian una historia desfavorable frente a la COVID-19 y estaban vacunados con ambas dosis de la
vacuna ARNm-1273 frente al SARS-CoV-2. Cuatro meses después se les administré una tercera dosis de esta
misma vacuna entre el 27 de septiembre y el 10 de octubre de 2021. Los anticuerpos IgG anti-S1 del SARS-
CoV-2 se han cuantificado mediante la técnica de CLIA con una mediana de 43 dias (37-49 dias) después de
ser administrada la segunda dosis, y con una mediana de 30 dias (30-33,7 dias) después de ser inoculada la
tercera.

Los grupos han sido definidos basados en los niveles de anticuerpos IgG anti-S1 cuantificados tras la
administracién de la segunda dosis de la vacuna: seronegativos, con niveles inferiores a 50 AU/mL;
respondedores bajos, con niveles entre 50 y 4,159 AU/mL; y respondedores altos, con niveles superiores o

iguales a 4160 AU/mL.

A los pacientes receptores de trasplante hepatico seronegativos se les ha evaluado la respuesta T especifica
frente al SARS-CoV-2 mediante citometria de flujo para comprobar si, a pesar de no tener inmunidad

humoral, tenian inmunidad celular.

Este estudio se ha aprobado por el CEIm (cédigo interno: 2021.391) y se han seguido las pautas de Buena

Practica Clinica y la Declaracién de Helsinki.
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4,1 COHORTE DE INFECCION POR SARS-COV-2

Se han estudiado 192 pacientes con infeccidn activa por SARS-CoV-2 al ingreso en el Hospital
Marqués de Valdecilla, estableciendo también un score clinico en funcién de las necesidades terapéuticas:

sin oxigenoterapia, gafas nasales, Ventimask, ingreso en UCl y fallecimiento.

4.1.1 COHORTE INICIAL

En esta cohorte se han incluido 155 pacientes positivos en COVID-19 al ingreso en el Hospital Uni-
versitario Marqués de Valdecilla, la mediana de dias de ingreso fue de 1 dia (RIC, 1-2). La mediana entre el
inicio de los sintomas y el ingreso al hospital fue de 6 dias (RIC, 3-9).

Se ha clasificado a los pacientes de esta cohorte segln su evolucion clinica posterior al ingreso en dos gru-
pos: 73 pacientes leves sin necesidad de oxigenoterapia y 82 pacientes moderados-graves con requerimien-
to de terapia con oxigeno. Los pacientes con COVID-19 moderado-grave tenian una edad significativamente
mas avanzada y una saturacidn de oxigeno menor en el momento del ingreso que el grupo de enfermedad
leve. También se ha observado que los pacientes moderados-graves tenian significativamente aumentados
los niveles de diversos pardmetros, como la proteina C reactiva, troponina, ferritina, LDH, C4 e IL-6 en com-
paracién con aquellos que no necesitaban oxigenoterapia. Los niveles de dimero D también estaban au-
mentados en este grupo, pero no significativamente. En cuanto a las concentraciones de inmunoglobulinas
en suero (IgG, I1gA e IgM), no se han observado diferencias al ingreso entre ambos grupos, y la concentra-
cion de las mismas se ha mantenido dentro de los valores de rango normal, establecido por el servicio de

Inmunologia del Hospital Universitario Marqués de Valdecilla.

La siguiente tabla representa un resumen de los principales pardmetros clinicos, analiticos y demograficos

comparando ambos grupos de pacientes (Tabla 3).
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Tabla 3. Parametros demograficos, analiticos y clinicos de los 155 pacientes de la cohorte inicial analizados al ingreso en el Hospital
Universitario Marqués de Valdecilla. Para las variables paramétricas y no paramétricas, se muestra la media + desviacién tipica, y la
mediana (rango intercuartilico, RIC), respectivamente. Para las comparaciones entre las variables, se han utilizado los test t-Student

y U-Mann Whitney. Para la comparacién de frecuencias se ha utilizado el test Chi-cuadrado.

Moderados-graves Valores de
Leves (n=73) Valor p
(n=82) referencia

Edad (afios) 59 (47-77) 72 (63-79) < 0,001 NA

Comorbilidades

Diabetes tipo II 11 (15,07%) 17 (20,73%) NS (0,360) NA

Enfermedad respiratoria 6 (8,22%) 8(9,76%) NS (0,739) NA

Parametros bioquimicos

Ferritina (ng/mL) 203,5 (105,5-603) 535 (224-1135) < 0,001 10-291

Troponina (ng/mL) 5(3-14) 11 (6-21) 0,006 0-40

Saturacién de Oz al ingreso

(%)

97 (96-98) 95 (93-97) <0,001 NA

Linfocitos (%) 23,40 (16,00-32,75) 16,65 (10,80-24,90) 0,001 20,0-50,0

Monocitos (%) 8,70 (6,85-11,85) 7,05 (4,70-10,00) 0,003 2,0-13,0

Neutréfilos (x10%) 3,45 (2,30-4,90) 4,15 (2,70-5,90) NS (0,077) 1,4-7,5

78



Patricia Lamadrid Perojo Resultados
Monocitos (x10%) 0,53+0,27 0,45+0,26 0,051 0,2-1,0
Factores inmunitarios del
suero
Inmunoglobulina G (IgG)
1094,91 + 351,20 1096,39 + 344,30 NS (0,979) 734-1486
(mg/dL)
Inmunoglobulina M (IgM)
98,18 (73,85 -134,31) 82,68 (51,42-133,88) NS (0,078) 41-201
(mg/dL)
Inmunoglobulina A (IgA)
262,36 £ 155,21 279,47 + 135,86 NS (0,454) 49-401
(mg/dL)
C3 (mg/dL) 131,50 + 33,02 133,32 + 30,60 NS (0,724) 77-203
C4 (mg/dL) 31,04 (25,26-37,02) 35,44 (27,86-40,22) 0,019 7,7-50,5
Interleucina 6 (IL-6) (ng/dL) 26,68 (8,12-54,20) 33,88 (7,46-125,0) 0,048 0-30

Abreviaturas: NA, no aplicable; NS, no significativo; O, oxigeno; C3 y C4, componentes 3 y 4 del complemento.

4.1.1.1 Poblaciones del sistema inmunitario innato al ingreso

El sistema inmunitario innato desempefia la primera fase de cualquier infeccion viral (8, 12) y sus

componentes celulares principales detectables en sangre periférica son los neutréfilos, monocitos, células

NK e ILC. En los pacientes con COVID-19 activo incluidos en este estudio se han identificado diferentes

patrones celulares inmunitarios innatos en el grupo de pacientes leves y en el de moderados-graves. De

acuerdo con otras investigaciones (106, 107), en este estudio aquellos pacientes con un fenotipo mas grave

presentan una frecuencia de neutréfilos en sangre aumentada y de monocitos totales disminuida en el

momento del ingreso (Figura 17 y Tabla 3, respectivamente). Especificamente, se ha observado un

aumento significativo en la frecuencia relativa de monocitos no clasicos (CD14°"CD16"¢") en el grupo de

enfermedad leve (p= 0,01; Figura 18 A). También se ha observado un aumento en el nimero absoluto de

células linfoides innatas de tipo 3 (ILC3) (p < 0,001; Figura 18 C) asi como en la frecuencia relativa de

células NK con fenotipo regulador (CD3'CD56"¢"CD167/%) (p = 0,016; Figura 18 B) en el grupo de los leves.

El resultado del resto de subpoblaciones de monocitos, células NK e ILC se encuentran en la Tabla 4.
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Figura 17. Numero absoluto de neutrdfilos en pacientes con COVID-19 leve y moderado-grave al ingreso en el Hospital
Universitario Marqués de Valdecilla (HUMV). Se ha utilizado el test U Mann-Whitney para comparar medianas. Abreviaturas: ns, no

significativo.

Células NK reguladoras C) Células linfoides innatas
CD56highCD16low tipo 3
*

* Kk

A) Monocitos no clasicos B)

* K

w
o
1=

o0

0.100- 0.300-

0.100-
< -}
P é E o030-
O 0.010- 0.030- 8
0.10-
0.010~
0.03-
0.001- 0.003- o
Leves Moderados-Graves Leves Moderados-Graves Leves Moderados-Graves

Figura 18. Frecuencia relativa de monocitos no clasicos (A) y células Natural Killer (NK) con fenotipo regulador (B), y nimero
absoluto de Células Linfoides Innatas de tipo 3 (ILC3) (C) en pacientes con COVID-19 leve y moderado-grave al ingreso al Hospital
Universitario Marqués de Valdecilla (HUMV). Se ha utilizado el test de Mann-Whitney para comparar medianas en A, B y C.

Abreviaturas: *, p < 0,05; **, p <0,01; y ***, p <0,001.

Los TLRs son receptores inmunitarios innatos que juegan un papel importante a la hora de
reconocer particulas virales. Entre los TLRs descritos en humanos, TLR3 y TLR7 se han visto implicados en la
respuesta inmunitaria frente al SARS-CoV-2 (108, 109). De esta manera, se ha medido la expresién de TLR3,
TLR7, y TLR4 como control. Sin embargo, no se han encontrado diferencias en la expresion de TLRs entre los

dos grupos de pacientes (Tabla 4).
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Tabla 4. Comparacion de parametros inmunitarios innatos en pacientes con COVID-19 leve y moderado-grave al ingreso al Hospital
Universitario Marqués de Valdecilla (HUMV). Para variables paramétricas y no paramétricas, se muestra la media + desviacion
tipica, y la mediana y rango intercuartilico (RIC). Para las comparaciones se han utilizado los test de t de Student y de Mann-

Whitney, respectivamente. La expresion de los TLR ha sido calculada como el ratio de la intensidad de fluorescencia de la mediana

(MFI) del control de isotipo/anticuerpo monoclonal del TLR.

Leves Moderados-graves Valor p
(n=73) (n=82)
Monocitos
Clasicos (% CD14*CD16) 70,34 (55,9-79,6) 71,1 (49,5-82,2) NS (0,896)
Intermedios (% CD14*CD16%) 27,9 (17,4-39,9) 27,0 (15,2-42,9) NS (0,677)
No clésicos (% CD14"°%CD16"eh) 3,4 (1,2-6,6) 1,5 (0,6-3,5) 0,010
Expresion de TLR3 1,1(0,8-1,7) 1,1(0,9-1,6) NS (0,956)
Expresion de TLR4 2,1(1,0-3,1) 1,7 (1,1-2,6) NS (0,593)
Expresion de TLR7 1,4 (1,0-2,3) 1,3 (1,0-2,1) NS (0,631)
Células NK
% CD56/16 totales 13,77 (10,71-23,1) 17,25 (11,7-25,9) NS (0,097)
% NKT (CD567CD3¥) 5,05 (3,205-10,945) 4,52 (3,76-9,25) NS (0,746)
#CD16/56 169 (114-277) 159 (98-230) NS (0,205)
# NKT 59 (32,5-130) 44 (30-71) 0,019
% CD56*CD16™ (NK reguladoras) 4,2 (2,5-9,7) 3,2 (1,6-5,1) 0,014
% CD56*CD16" (NK citotdxicas) 95,8 (90,3-97,5) 96,8 (94,8-98,3) 0,014
ILC1 (Lin"CD127*CD117°CD294") 2,33 (1,33-4,64) 1,66 (0,94-3,88) NS (0,198)
ILC2 (Lin"CD127*CD117CD294" 0,32 (0,13-0,73) 0,25 (0,11-0,44) NS (0,497)
ILC3 (Lin"CD127*CD117*CD294") 0,28 (0,14-0,60) 0,11 (0,06-0,21) 0,00028

Abreviaturas: TLR, receptor tipo Toll; NK, Natural Killer; NKT, Células T Natural Killer; #, recuento absoluto (Células/uL); ILC, células

linfoides innatas; NS, no significativo.
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4.1.1.2 Poblaciones del sistema inmunitario adaptativo al ingreso

Como se observa en la Figura 19, el grupo de pacientes moderados-graves presenta una marcada

linfopenia.
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Figura 19. Numero absoluto de linfocitos en pacientes con COVID-19 leve y moderado-grave al ingreso al Hospital Universitario

Marqués de Valdecilla (HUMV). Se ha utilizado el test U Mann-Whitney para comparar medianas. Abreviaturas: ***, p < 0,001

Se han evaluado especificamente las frecuencias relativas para evitar los sesgos en la interpretacién con los
numeros absolutos. Dentro de los grupos principales de linfocitos, el porcentaje de células T al ingreso
estaba aumentado en el grupo de pacientes leves, mientras que las células B y NK se encontraban
disminuidas en este mismo grupo comparado con el de los graves (Tabla 4 y Tabla 5). No se observaron

diferencias en las frecuencias de células T CD4*y CD8* (Tabla 5).
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Tabla 5. Comparacién de los principales grupos de linfocitos expresados como frecuencias relativas y numeros

absolutos en sangre periférica en pacientes con COVID-19 leve y moderado-grave al ingreso al Hospital

Universitario Marqués de Valdecilla (HUMV). Los valores se muestran como mediana y rango intercuartilico

(RIC), y media * desviacidn tipica. El test de U-Mann-Whitney y T-student se han aplicado cuando ha

correspondido.

Moderados-graves

Leves (n=73) (n=82) Valor p
%CD3 70,30£10,79 65,81+13,11 0,022
%CD4 45,33+13,2 42,02412,93 NS (0,118)
%CD8 21,76+11,74 20,18 £11,60 NS (0,403)
Ratio CD4/CD8 2,15 (1,39-3,74) 2,32 (1,36-3,83) NS (0,498)
%CD19 10,56+6,29 11,94410,30 NS (0,324)
#Linfocitos 1249 (836-1909) 904 (639-1216) 0,001
#CD3 866 (534-1406) 619 (367-839) < 0,001
#CD4 553 (383-857) 358 (228-544) < 0,001
#CD8 227 (122-476) 156 (86-297) 0,007
#CD19 105 (62-200) 82 (45-122) 0,762

Abreviaturas: #, recuento absoluto (Células/uL); NS, no significativo.

Dentro del subgrupo de células T CD4*, se ha observado un aumento de las frecuencias de las Thl
(CD4*CXCR3*CCR67), Th1/Th17 (CD4'CXCR3*'CCR6') y Thl de memoria (CD4"'CD45RO* CXCR3'CCR6) en el
grupo de pacientes leves (p= 0,057, p= 0,039 y p=0,030, respectivamente) en comparaciéon con los
moderados-graves (Tabla 6, Figura 20 A).

Adicionalmente, se ha encontrado una ligera disminucién de la frecuencia de células T con un fenotipo

regulador (Tregs) en el grupo de pacientes moderados-graves (p= 0,063) respecto a los leves (Tabla 6).

En nuestro estudio, se ha observado una frecuencia aumentada de células CD8* activadas (CD8*CD38*HLA-
DR*) (Tabla 6 y Figura 20 B) y exhaustas (CD8*CD27'CD28") circulantes en el grupo de los pacientes
moderados-graves comparado con el de los leves (Tabla 6 y Figura 20 C) (p= 0,028 y p= 0,019,
respectivamente).

Las frecuencias de las poblaciones CD8 naive CD8*CD62L"CD45RA* y CD8*CD27*CD28* se han visto aumen-
tadas en el grupo de pacientes leves (p=0,026 y p= 0,004, respectivamente) respecto a los moderados-

graves (Tabla 6).
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Las frecuencias en sangre de las poblaciones Tcl (CD8*CXCR3*CCR67) y Tc1/Tc17 (CD8*CXCR3*CCR6"Y) y Tc17
de memoria (CD8*CD45R0O*CXCR3"CCR6%) se han encontrado aumentadas en el grupo de pacientes leves al
ingreso comparado con el grupo de moderados-graves (p= 0,043, p= 0,0003 y p= 0,0003, respectivamente),
mientras que la frecuencia de Tc1/Tc17 de memoria (CD8*CD45RO*CXCR3*CCR6") se ha encontrado ligera-
mente aumentada en el grupo de pacientes leves al ingreso respecto a los moderados-graves (p= 0,0002)
(Tabla 6).

Finalmente, se ha confirmado una alta proporcién de plasmablastos (CD19*CD20°CD27"¢"CD38"e") en el

grupo de pacientes moderados-graves (p= 0,002) en comparacidn con los leves (Tabla 6, Figura 20 D).
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Tabla 6. Comparacién de las frecuencias de los subgrupos de células T y B entre el grupo de pacientes leves y el de los
moderados-graves con COVID-19 al ingreso al Hospital Universitario Marqués de Valdecilla (HUMV). Los valores se muestran
como mediana (rango intercuartilico) para las muestras que no siguen una distribucidon normal; y media * desviacién estandar

para las muestras con una distribucion normal. Para las comparaciones se ha utilizado T-student y el test de U-Mann Whitney.

Moderados-graves

Leves (n=73) (n=82) Valor p
% Subgrupos de T helper (CD4+)

CD4*CD27*CD28* 86,7 (73,9-93,9) 87,1(75,2-93,6) NS (0,782)
CD4*CD27:CD28* 4,8 (3,1-8,1) 4,3 (2,5-7,2) NS (0,695)
CD4*CD27*CD28& 0,6 (0,3-1,0) 0,8 (0,3-1,2) NS (0,724)
CD4*CD27CD28& 6,5 (1,0-16,8) 6,7 (2,0-13,6) NS (0,927)

CD4*CXCR3*CCR6 (Th1) 23,9 (18,3-34,8) 20,1 (15,3-30,0) 0,057

CD4*CXCR3*CCR6* (Th1/Th17) 12,6 (8,7-16,0) 9,6 (7,1-14,0) 0,039
CD4+CXCR3°CCR6* (Th17) 12,3+5,0 12,4+5,2 NS (0,907)
CD4* CXCR3'CCR6CD294* (Th2) 1,0(0,7-1,7) 0,8 (0,4-1,3) NS (0,830)
CD4*CD45R0O* (Th memoria) 62,8 (50,4-71,9) 58,1 (40,2-72,0) NS (0,064)
CD4*CD45ROCD62L* (Naive) 19,7 (12,7-29,3) 18,5 (9,9-31,3) NS (0,290)
CD4*CD45R0O*CD62L* (TCM) 46,4+ 13,9 48,3 + 15,8 NS (0,234)
CD4*CD45R0O*CD62L (TEM) 24,5 (17,8-38,5) 21,3(11,5-42,8) NS (0,252)
CD4*CD45ROCD62L (TEMRA) 1,4 (0,5-3,8) 1,3 (0,6-3,9) NS (0,957)

CD4*CD45R0O*CXCR3*CCR6" (Th1 memoria) 32,2 (26,9-44,4) 28,7 (24,0-38,0) 0,030
CD4*CD45RO*CXCR3*CCR6™ (Th1/Th17 memoria) 19,4 (16,1-25,2) 23,2 (17,5-26,0) NS (0,137)
CD4*CD45RO*CXCR3'CCR6* (Th17 memoria) 21,1+8,7 18,5+7,9 NS (0,098)
CD4*CD45RO*CXCR3°'CCR6'CD294* (Th2 memoria) 1,4 (1,0-2,7) 1,4 (0,7-2,6) NS (0,769)
CD4* CXCR5* PD1* (Tkn) 0,2 (0,1-0,4) 0,3 (0,1-0,5) NS (0,153)
CD4*CD127°CD25* (Tregs) 6,4 (5,5-7,5) 5,7 (4,3-7,2) NS (0,063)

% Subgrupos T citotoxicos (CD8+)
CD8*CD27+CD28* 57,1(31,4-71,1) 37,6 (21,5-53,2) 0,004
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CD8CD27*CD28& 10,2 (7,4-16,2) 12,0 (6,5-19,0) NS (0,219)

CD8*CXCR3*CCR6™ (Tc1) 57,7+2,4 50,9+2,4 0,048

CD8CXCR3°CCR6" (Tc17) 2,8(1,0-8,1) 2,9(1,0-5,7) NS (0,738)

CD8*CD45RO* (Tc memoria) 42,9 (34,9-57,7) 42,2 (35,2-57,6) NS (0,749)

CD8*CD45RO*CD62L* (TCM) 15,0 (10,0-19,2) 14,1 (8,8-21,7) NS (0,942)

CD8*CD45ROCD62L" (TEMRA) 21,0 (11,8-34,4) 26,1 (14,3-38,1) NS (0,125)

CD8*CD45RO*CXCR3*CCR6* (Tc1/Tc17 memoria) 2,5(1,4-6,6) 2,8(1,2-5,1) 0,0002

CD8* CD45R0O*CXCR3'CCR6'CD294* (Tc2 memo-

i) 1,6 (0,6-4,3) 1,5 (0,6-4,3) NS (0,875)

% Células B

B Unswitched (CD27*IgD*) 15,4 (9,0-23,4) 11,5 (8,3-21,5) NS (0,196)

Plasmablastos (CD19* CD20"°*CD27" CD38") 1,9 (0,8-5,8) 5,3(1,6-9,7) 0,002

Abreviaturas: Th, linfocito T helper; TCM, células T de memoria centrales; TEM, células T de memoria efectoras; TEMRA, células
T diferenciadas terminalmente; Tregs, células T reguladoras; Tc, células T citotdxicas; Ty, células T helper foliculares; NS: no

significativo.
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Figura 20. Frecuencia de células Th1 memoria (A), células T citotdxicas HLA-DR*CD38* (B), células T citotoxicas CD27-CD28 (C), y
plasmablastos (D) en pacientes leves y moderados-graves con COVID-19 al ingreso al Hospital Universitario Marqués de Valdecilla

(HUMV). Se ha utilizado el test de Mann-Whitney para comparar medianas en A, B, Cy D. Abreviaturas: *, p < 0,05; y **, p <0,01.

4.1.1.3 Respuesta de células T especifica del SARS-CoV-2 en la enfermedad de COVID-19

La caracterizacion fenotipica de las células inmunitarias puede que no refleje su funcién y
especificidad. Se ha evaluado la respuesta T especifica frente a pools de péptidos de la fosfoproteina N, y
las glicoproteinas M y S del SARS-CoV-2 a través de la activacién de las PBMCs en un grupo de pacientes
leves y en otro de moderados-graves. La respuesta se ha evaluado mediante la frencuencia de expresion de
los AIMs (CD134 y CD25) tras 24 horas de estimulacién. La estimulacion policlonal de células T se ha
realizado con beads anti-CD3/CD28 y se ha empleado como control positivo, mientras que un medio sin
estimular ha actuado como control negativo. El indice global de estimulacién para los antigenos del SARS-
CoV-2 no ha mostrado diferencias significativas comparando ambos grupos de pacientes; leves vy

moderados-graves (Tabla 7).
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Tabla 7. Expresion de CD134 y CD25 tras la estimulacion con los antigenos especificos del SARS-CoV-2: N, My S en
pacientes con COVID-19 leve y moderado-grave al ingreso al Hospital Universitario Marqués de Valdecilla (HUMV).
Los valores se muestran como mediana y rango intercuartilico (RIC). Para las comparaciones se ha empleado el test

U-Mann Whitney.

Leves (n=38) Moderados-Graves (n=42) Valor p
CD4; mediana (RIC)
N 1,43 (0,82-2,96) 1,67 (1,04-2,80) NS (0,305)
S 1,61 (0,83-3,20) 1,94 (1,62-3,01) NS (0,551)
M 1,64 (0,99-3,11) 1,77 (1,03-2,90) NS (0,380)

Abreviaturas: N, proteina de la nucleocdpside; S, proteina de la espicula; M, proteina de la membrana; NS, no

significativo.

4.1.1.4 Evaluacién de los parametros inmunitarios como factor prondstico

Una vez realizado el analisis univariante con todas las variables identificadas en este estudio, se ha
llevado a cabo una regresion logistica multivariante donde se han seleccionado finalmente siete
pardmetros. La edad, concentracién sérica de ferritina, dimero D y C4 junto con el nimero absoluto de
linfocitos son variables que se obtienen de los analisis clinicos de rutina en el HUMV. Adicionalmente,
hemos incluido dos variables inmunoldgicas nuevas: el porcentaje de los monocitos no clasicos y células
CD8* exhaustas sanguineas. Ambos analisis estan resumidos en la Tabla 8. El modelo de regresion logistica
se ha realizado siguiendo las pautas detalladas en el apartado 3.5.8 de Material y Métodos. El modelo es
capaz de identificar al 78,2% de los pacientes con riesgo de enfermedad COVID-19 moderada-grave, con

una sensibilidad y especificidad de 71,4 y 72,2%, respectivamente (Figura 21).

Tabla 8. Analisis univariante y multivariante de los siete parametros incluidos en el modelo de regresion logistica.

Parametros Univariante Multivariante

Valor p OR IC Valor p OR IC
Edad <0,001 1,033 1,013-1,053 0,015 1,038 1,007-1,069
Ferritina <0,001 1,001 1,001-1,002 0,021 1,001 1,001-1,002
Dimero-D 0,226 1,000 1,000-1,000 0,010 1,000 1,000-1,001
# Linfocitos 0,002 0,999 0,999-1,000 0,023 0,999 0,998-1,000
ca 0,016 1,041 1,007-1,075 0,110 1,036 0,992-1,082
% CD8'CD27CD28 0,023 1,017 1,002-1,031 0,701 1,004 0,985-1,023

% Monocitos no clasicos

. 2 1 -29,82 1,712 -0,0001
(CD14™*CD16M") 0,288 0,18  0,000-29,826 0,908 )7 0,000-0,000149

Abreviaturas: IC, Intervalo de Confianza; OR, odds ratio; #, nimero absoluto; C4, componente 4 del complemento.
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Figura 21. Analisis de curva ROC del modelo de regresion logistica para la prediccion de prondsticos de COVID-19 moderados-
graves. Se representan anadlisis del area bajo la curva (AUC, de sus siglas en inglés) superpuestos (linea gruesa azul) e
independientes de las variables incluidas en el modelo de regresidn logistica. El AUC de la probabilidad combinada se ha obtneido

del modelo predictivo en la linea gruesa azul, calculado segun las pautas seguidas del apartado 3.5.8 de Material y Métodos.

4.1.2 COHORTE DE VALIDACION

Para poder corroborar los resultados obtenidos en la cohorte inicial, se ha analizado una cohorte
independiente de validacién compuesta por 37 pacientes con infeccién por SARS-CoV-2 activa al ingreso en
el Hospital Marqués de Valdecilla, momento en el que se han recogido los datos de las siete variables del

modelo de prediccion.

Estos datos han permitido calcular un score de gravedad, un valor obtenido del resultado de la férmula
estadistica detallada en el apartado 3.5.8 de Material y Métodos incluyendo las siete variables

seleccionadas para el modelo (Figura 21). La formula corresponde con la siguiente:

Logit (requerimiento de terapia con oxigeno)= C + (Edad*B £9°%) + (Ferritina*B Feitina) +
(Dimero D*B ™ P) + (Linfocitos*B t"fecitos) + (C4*B ) + (CD8*CD27 CD28 *B P8+*P27-D28') 4 (Monocitos

no CIéSiCOS *B Monocitos no cldsicos )
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El valor resultante del logit (102) se ha transformado en probabilidad, con un rango entre cero y uno, segun
la férmula “e'°€"/1+e'°¢"” E| punto de corte obtenido con el indice de Youden ha sido 0,35.

De este modo, se han categorizado los pacientes con mas probabilidades de requerir terapia con oxigeno
durante los siguientes dias: aquellos con un score mds cercano a “1” han tenido un prondstico mas
desfavorable, necesitando gafas nasales o mascarillas de oxigeno para contrarrestar su saturacidon de
oxigeno disminuida. Todos los parametros incluidos en el modelo asi como el score obtenido se encuentran

detallados en la Tabla 9.

Finalmente, este modelo de regresién logistica ha conseguido predecir el requerimiento de la terapia con
oxigeno en el 88% de los pacientes de la cohorte de validaciéon con una sensibilidad y especificidad del 88,0
y 83,3% respectivamente (Figura 22). Finalmente, cabe decir que podria ser un modelo facilmente

transferible debido a que los parametros incluidos pueden ser medidos en la mayoria de los hospitales.

CurvaROC
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p <0,0001
0,2
00 T T T T
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1 - Especificidad

Figura 22. Andlisis de curva ROC con una cohorte independiente de 37 pacientes para la validacion del modelo de prediccién
realizado en la cohorte inicial. El punto de corte obtenido con el indice de Youden ha sido 0,35. El modelo ha predicho el
requerimiento de oxigeno con un drea bajo la curva (AUC) de 88%, un valor de p < 0,0001, y un intervalo de confianza del 95% (del

73,4 al 100%) y una sensibilidad y especificidad del 88,0 y 83,3%, respectivamente.
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Tabla 9. Parametros detallados de la cohorte independiente de 37 pacientes al ingreso en el Hospital Universitario Marqués de
Valdecilla (HUMV) con COVID-19 confirmado. Esta tabla muestra variables como la edad, varios parametros facilmente detectables
en sangre (ferritina, dimero D, C4, niUmero absoluto de linfocitos y el porcentaje de células CD8*CD27-CD28" y monocitos no clasicos
CD14'ewCD16heh), la probabilidad del requerimiento de terapia con oxigeno, y el requerimiento de terapia oxigeno en el modelo de

validacion y en la vida real.

s 3 ¢ £ £g S S
s 3 £ 3 =z 35 8§ 23 93 35 i=
: § £ £ 3 23 8 28 £ s §¢@
s =z £ 9 E 53 & 5%, g ES  ES
& § £ § 3 FT S 33 g 8§ 52
- £ s £E g g
i (®) s = o o
1 44 181 252 26.2 1012 0.7667 0.0141 0.18034 0 0
2 76 1641 460 25.58 538 0.2110 0.0257 0.834183 1 1
3 64 385 2223 32.22 646 0.5914 0.0096 0.634646 1 1
4 72 966 2023 16.04 1366 0.0728 0.0084 0.53404 1 1
5 53 896 583 38.33 193 0.1085 0.0043 0.692017 1 1
6 79 425 6753 35 1645 0.6610 0.1119 0.84663 1 1
7 92 1244 2150 32.96 1151 0.4806 0.0054 0.879898 1 1
8 85 186 687 27.33 633 0.1377 0.0312 0.628695 1 1
9 35 24 1396 36.42 968 0.0980 = 0.218145 0 0
10 75 346 9061 33.78 1522 0.0133 0.0832 0.900825 1 0
11 58 1074 458 39.67 336 0.1444 0.0071 0.74181 1 1
12 51 1676 184 19.05 1388 0.6018 0.0125 0.408566 1 1
13 44 392 223 28.54 617 0.2115 0.0329 0.298009 0 0
14 94 1263 3940 521 558 0.1721 0.0117 0.897028 1 1
15 71 150 285 22.65 1738 0.8523 0.1724 0.223678 0 1
16 102 397 2821 30.82 687 0.8357 0.3187 0.902219 1 1
17 83 903 902 50.3 761 0.9905 0.1411 0.880856 1 1
18 41 376 468 37.86 946 0.9181 0.0908 0.299852 0 0
19 48 240 738 17.87 1724 0.9436 0.0906 0.111857 0 0
20 69 148 843 15.28 805 0.9643 0.1236 0.35644 0 0
21 91 56 620 17.48 875 0.5329 0.0429 0.508285 1 1
22 86 226 6946 34.72 987 0.7611 0.0377 0.914988 1 1
23 62 1621 2847 29.14 268 0.0577 0.0132 0.894929 1 1
24 56 282 2056 26.02 707 0.3155 0.0471 0.461751 1 1
25 22 356 426 26.62 2062 0.1167 = 0.044941 0 0
26 82 190 624 16.54 1493 0.4686 0.0051 0.313619 0 1
27 81 699 2386 31.28 328 = 0.0081 0.858002 1 1
28 69 1260 524 35.39 683 0.5169 0.0063 0.768364 1 1
29 46 1491 2693 26.24 647 0.3607 0.0175 0.716718 1 1
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30 54 275 272 27.03 686 0.5761 0.0287 0.329853 0 1
31 88 167 396 31.66 1026 0.6056 0.1152 0.592519 1 0
32 52 1013 476 26.63 528 0.5354 0.0131 0.535491 1 1
33 28 100 661 25.62 1744 0.0509 0.1005 0.062117 0 0
34 64 82 473 15.87 1896 0.2469 0.1510 0.128265 0 0
35 86 421 6319 24.08 767 0.6924 0.0341 0.901145 1 1
36 64 60 275 34.71 1309 0.2100 0.0039 0.295851 0 0
37 76 587 455 39.52 385 0.7451 0.0191 0.766261 1 1

Abreviaturas: C4, componente 4 del complemento; 0, no requerimiento de terapia con oxigeno; 1, requerimiento de terapia

con oxigeno.

4.2 COHORTE VACUNAL

La cohorte vacunal corresponde con el segundo grupo principal analizado. Se han realizado estudios
de la inmunidad humoral y celular en dos grupos diferentes de participantes: inmunocompetentes (sujetos
de personal sanitario) e inmunocomprometidos. Dentro de este Uultimo grupo tenemos sujetos
inmunosenescentes (sujetos institucionalizados en residencias de ancianos) e inmunosuprimidos

farmacolégicamente (pacientes receptores de trasplante hepatico).

4.2.1 ESTUDIO DE LA INMUNIDAD EN PERSONAL SANITARIO

En este grupo de sujetos se ha estudiado la respuesta inmunitaria de células T, la respuesta celular

T especifica de antigenos del SARS-CoV-2 y la respuesta de céulas B y produccion de anticuerpos.

4.2.1.1 Respuesta inmunitaria de células T entre dosis y al mes de la vacunacion en personal

sanitario

Historicamente, la evaluaciéon de la respuesta vacunal se ha basado principalmente en la
produccidn de anticuerpos especificos. Sin embargo, es importante tener en cuenta que las células T
especificas deben activarse previamente para inducir la maduracidon de las células B en los centros
germinales. Es por ello que se ha comparado la frecuencia de diferentes subpoblaciones de células Th tras
la primera y segunda dosis de la vacuna BNT162b2. La frecuencia de la subpoblacién de células Th memoria
(CD3*CD4*CD45R0") fue significativamente mayor tras la segunda dosis, p= 0,008 (Figura 23 A). A su vez, la
proporcién del subtipo Thl de memoria (CD4*CD45RO*CXCR3*CCR6’) ha aumentado también tras la
segunda dosis (p < 0,0001) (Figura 23 B). Por otro lado, las células Th foliculares o Try (CD4*CXCR5*PD1")
estan involucradas en el cambio de clase y maduracién de la afinidad de las células B en los centros
germinales. Estas células pueden identificarse en sangre periférica y definirse como células pTes. En los
sujetos estudiados se ha observado un aumento significativo en la frecuencia de las células pTen de

memoria (CD4*CD45R0O*CXCR5*PD1") tras la primera y segunda dosis de la vacuna (p = 0,032) (Figura 23 C).
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Figura 23. Evaluacidn de la respuesta inmunitaria de células T helper (Th) antes, durante y después de la vacunacién en personal
sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se encuentra representada la frecuencia de células Th de
memoria (TWMEM) (A), Thl de memoria (ThIMEM) (B), y Th foliculares periféricas (pTes) de memoria (C), antes de la inmunizacion
o pre-dosis (izquierda), y después de la primera (12, centro) y segunda dosis (22, derecha). Se ha utilizado el test de Kruskal-Wallis
para comparar medianas en A-C. Las medianas y rango intercuartilico de las poblaciones en situacion de pre-dosis, después de la 12
y 22 dosis, respectivamente, han sido: 40,6 (39,6-42,8), 37 (30,5-43,2) y 40,8 (36,5-49,1) (A); 14,1 (11,2-19,7), 12,2 (8,5-14,2) y 17,3
(15,5-21,2) (B); y 22,4 (19,5-24,4), 26,8 (23-32,4) y 26,3 (21,7-29,6) (C). Abreviaturas: *, p < 0,05; **, p < 0,01; y ***, p < 0,0001.

Ademas, se ha detectado un aumento significativo en la frecuencia de los subtipos pTen1 Y pTrv2 de memoria
entre la primera y segunda dosis (p < 0,0001) (Figura 24 A yFigura 24 B). Por el contrario, se ha observado
una notable disminucién en de las células pTen17y de memoria tras la primera dosis de la vacuna (p < 0,0001)

(Figura 24 C).
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Figura 24. Evaluacion de los subtipos de células T helper foliculares periféricas (pTes) de memoria después de la vacunacion en
personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se encuentra representada la frecuencia de los
subtipos de células de memoria pTen1 (A), pTenz (B), ¥ pTeu17 (C) después de la primera (12, izquierda) y segunda dosis (22, derecha).
Se ha utilizado el test de U-Mann—Whitney para comparar medianas en A-C. Las medianas y rango intercuartilico de las poblaciones
después de la 12 y 22 dosis, respectivamente, han sido: 27,2 (22-31,9) y 34,6 (28,4-40) (A); 24,2 (20,6-29) y 35,9 (30,5-41,9) (B); y
32,5(28,2-37) y 22,7 (19-25,3) (C). Abreviaturas: ***, p < 0,0001.
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4.2.1.2 Respuesta inmunitaria celular T especifica de antigenos del SARS-CoV-2 en personal sa-

nitario vacunado

Como se ha descrito previamente en el apartado 3.5.4 de Material y Métodos, para evaluar la
respuesta inmunitaria celular T especifica, las PBMCs se han incubado con péptidos de SARS-CoV-2

utilizando también un control negativo y beads anti-CD3/CD28 como control positivo.

4.2.1.2.1 Entre dosis de la vacunacion y un mes después de la segunda dosis

Treinta de cincuenta y dos sujetos (57,7%) presentaron una reaccion especifica positiva frente al
pool de péptidos de la proteina S tras la primera dosis de la vacuna. Mientras que, tras la segunda dosis, 45
de 52 (86,6%) desarrollaron una respuesta T especifica frente a esta proteina. Tras la primera dosis de la
vacuna, la mediana y rango intercuartilico del porcentaje de dobles positivos de los AIMs frente al antigeno
S con respecto al control fue 3,3 (2-4,4), y tras la segunda aumentd significativamente hasta 5,0 (3,9-7,2)
(p < 0,0001). El punto de corte establecido para considerar un resultado positivo fue de 3,0 (100). Como era
de esperar, al no estar dirigida la vacuna de la COVID-19 frente a los antigenos N ni M, la respuesta celular T
CD4* que se pueda producir frente a estos antigenos no se debe a la vacuna. Los casos positivos frente a
alguno de estas proteinas podrian indicar un posible contacto previo al andlisis, o entre dosis, con el virus

del SARS-CoV-2 (Figura 25).

Respuesta T especifica frente
a péptidos del SARS-CoV-2

. Pre-dosis
ks ¢ 3 12 dosis
mm 2?2 dosis

10-
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N
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Figura 25. Evaluacién de la respuesta celular T especifica frente a péptidos del SARS-CoV-2 antes, durante y después de la
vacunacion en personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Ratio de las células T CD4* tras la
estimulacién con el pool de péptidos de la proteina de la nucleocapside (N), de la espicula (S) y de la membrana (M) del SARS-CoV-2

en personal sanitario. En los diagramas de caja, el color gris representa el estado previo a la inmunizacién, y el blanco y el negro
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corresponden al estado después de la primera y segunda dosis, respectivamente. El punto de corte para considerar una respuesta T

CD4+ especifica positiva se ha establecido en un ratio >3 (linea punteada).

En la Figura 26 se puede observar la evolucién entre dosis de la respuesta inmunitaria celular T especifica
frente a cada uno de los péptidos N, S y M del SARS-CoV-2 por separado en los sujetos del personal
sanitario.

Al igual que en la Figura 25, la repuesta frente al antigeno S (Figura 26 C) aumenta tras el “boost” de la
segunda vacuna en la mayoria de los sujetos (p=0,0001). La respuesta anti-N (Figura 26 A) no ha resultado
tener diferencias significativas, y la correspondiente al antigeno M (Figura 26 B) sufre una disminucién
significativa (p=0,0003) debido probablemente a que con la administracién de la segunda dosis de la vacuna
se han estimulado células T especificas anti-S mas que frente a otros antigenos. El hecho de que, después
de la segunda dosis tres sujetos positivicen la respuesta anti-M, se podria explicar por un posible contacto

con el virus entre dosis.
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Figura 26. Evolucidn de la respuesta celular T especifica frente a los antigenos S, N y M del SARS-CoV-2 entre la primera y segunda
dosis de la vacunacion completa en personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se representa el
ratio de las células T CD4* tras la estimulacion con el pool de péptidos del SARS-CoV-2 en personal sanitario. Los puntos conectados
por una linea negra representan la evolucidn de la respuesta celular T especifica entre dosis de cada sujeto frente a la proteina de
la nucleocapside (N) (A), de la membrana (M) (B), y de la espicula (S) (C). Los puntos de color rojo corresponden a ratios de células
CDA4* positivos, debido a que el punto de corte para considerar una respuesta T especifica positiva se ha establecido en un ratio >3

(linea punteada). Abreviaturas: ns, no significativo; ***, p < 0,0001.

4.2.1.2.2 Alos nueve meses de la segunda dosis de la vacuna

Nueve meses después de recibir las dos dosis de la vacuna, se ha podido reclutar a 38 de los 52
sujetos totales de personal sanitario.
Dentro de estos 38 sujetos, 34 (89,5 %) han tenido respuesta celular T CD4* significativa frente al antigeno S
al mes de la vacunacidn, mientras que posteriormente el porcentaje de respondedores se ha reducido
hasta el 39,5 %: 15 sujetos de 38 han desarrollado una respuesta celular T especifica anti-S 9 meses
después de recibir la pauta de vacunacidon completa (Figura 27 A).
El estudio de la respuesta celular T especifica frente a los otros dos antigenos del virus (Figura 27 B y Figura
27 C) nos muestra que, una vez pasados 9 meses de la administracion de segunda dosis, la respuesta que

desarrollan los sujetos frente a estos péptidos parece ser por causa de un contacto con el virus de SARS-
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CoV-2 durante ese tiempo previo al analisis. En el caso del antigeno N, encontramos una respuesta celular T

especifica significativa al mes de la segunda dosis y a los 9 meses.
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Figura 27. Evaluacion de la respuesta celular T especifica frente a los antigenos S, N y M del SARS-CoV-2 al mes y a los nueve meses
de la segunda dosis en sujetos de personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se representa el ratio
de las células T CD4* después de uno y nueve meses de la vacunacidn completa en 38 sujetos del personal sanitario tras la
estimulacién con la proteina de la espicula (S) (A); de la nucleocapside (N) (B); y de la membrana (M) (C) del SARS-CoV-2. Los
puntos de color rojo corresponden a ratios de células CD4*superiores a 3, considerado punto de corte (linea punteada) para que
una respuesta T especifica sea positiva. Se ha utilizado el test de Wilcoxon para comparar medianas. Las medianas y rango
intercuartilico del porcentaje de dobles positivos de los AIMs con respecto al control después de uno y 9 meses de la vacunacion
completa, respectivamente, han sido: 5,7 (4-7,8) y 2,4 (1,7-4,4) (A); 1,2 (1,1-1,6) y 1,5 (1,0-2,3) (B); y 1,4 (1-1,7) y 1,2 (1-1,7) (C).

Abreviaturas: ns, no significativo; *, p = 0,01; ***, p <0,0001.

4.2.1.3 Respuesta inmunitaria de células B y anticuerpos en personal sanitario vacunado

Para evaluar la respuesta inmunitaria vacunal humoral B especifica frente al SARS-CoV-2, en un
primer lugar, se ha estudiado la frecuencia de células B de sangre periférica sin encontrar diferencias
significativas entre la frecuencia de células B (CD19") tras la primera y segunda dosis de la vacuna. En un

segundo lugar, se ha estudiado el estadio de maduracion de células B basado en la expresion del marcador
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de superficie CD27 e IgD. Se han cuantificado las células SwWM (CD19*CD27*IgD*) observando un aumento
significativo en su frecuencia después de la segunda dosis comparado con la primera (p = 0,0054)
(Figura 28).
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Figura 28. Evaluacion de la respuesta vacunal especifica de células B frente al SARS-CoV-2 antes, durante y después de la
vacunacion en personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se muestra la frecuencia de las células B
de memoria switched CD19* en sangre periférica antes de la inmunizacion (pre-dosis), y después de la primera y segunda dosis (12 y

22 dosis, respectivamente). Se la utilizado el test de Wilcoxon para comparar medianas. Abreviaturas: **, p < 0,01.

Una vez estudiadas las subpoblaciones de células B, se han evaluado los perfiles seroldgicos especificos
(IgG, IgA e IgM) después de la vacunacién con BNT162b2. Se han detectado anticuerpos IgG anti-S en 50
(94,34%), 1gA anti-S en 10 (18,67%) e IgM anti-S en 13 (24,53%) de los 53 sujetos totales tras la primera
dosis. Cabe mencionar que uno de los tres participantes no seroconvirtid a anticuerpos IgG especificos
aunque si produjo anticuerpos IgM. Al mes de la segunda dosis, todos los sujetos de este grupo de personal
sanitario desarrollaron anticuerpos I1gG (100%), y la frecuencia de los sujetos seropositivos para los otros
dos isotipos también aumentd notoriamente: 22 (41,51%) tuvieron anticuerpos IgA y 20 (37,74%) 1gM

(Figura 29).
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Figura 29. Evaluacién de la respuesta vacunal especifica de células B frente al SARS-CoV-2 al mes de la vacunacién en personal
sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se muestra la frecuencia de los anticuerpos I1gG, IgA e IgM

especificos frente al SARS-CoV-2 antes de la inmunizacidn (pre-dosis), y después de la primera y segunda dosis.

A los 9 meses de la segunda dosis de la vacuna, se evaluaron de nuevo los perfiles serolégicos especificos
de 1gG, IgA e IgM en los 38 sujetos de personal sanitario que se pudieron reclutar de los 52 totales. En un
andlisis cualitativo, el 97% de los pacientes reclutados mantuvieron una respuesta humoral de anticuerpos

IgG, el 8% de ellos tuvieron anticuerpos IgM y un 3% IgA (Figura 30).
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Figura 30. Evaluacién de la respuesta vacunal especifica de células B frente al SARS-CoV-2 nueve meses después de la segunda
dosis de la vacuna en personal sanitario del Hospital Universitario Marqués de Valdecilla (HUMV). Se muestra la frecuencia de los
anticuerpos anti-IgG, IgA e 1gM especificos frente al SARS-CoV-2. Abreviaturas: IgG, inmunoglobulina G; IgM, inmunoglobulina M;

IgA, inmunoglobulina A.
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4.2.2 ESTUDIO DE LA INMUNIDAD DE SUJETOS INSTITUCIONALIZADOS EN RESIDENCIAS DE ANCIANOS

Se analizd la evolucidn de la respuesta inmunitaria frente al SARS-CoV-2 en un grupo especialmente
sensible por su avanzada edad y diversas patologias asociadas: personas institucionalizadas en residencias
de ancianos. Para evaluar la respuesta a la vacuna, se descartaron aquellos sujetos que habian tenido con-
tacto previo al analisis con el virus, ya sea por la presencia de anticuerpos IgG anti-N o por haber tenido una

PCR positiva.

Estudiamos la inmunidad en estos sujetos dos y seis meses después de la administracion de las dos dosis de
la vacuna BNT162b2. De los 624 sujetos totales con ambas dosis, se definieron dos grupos diferentes: uno
con infecciéon previa por el SARS-CoV-2, compuesto por 152 sujetos y descartado para el estudio de inmu-
nidad; y otro sin infeccion previa, compuesto por 472 sujetos. De este grupo sin infeccion previa se estable-
cid a su vez un subgrupo compuesto por 17 personas con PCR positiva después de la segunda dosis: dos de
ellos tempranos, con una mediana de 89 dias después de la administracion de la segunda dosis; y quince

tardios, seis meses después, con una mediana de 209 dias.

4.2.2.1 Estudio de lainmunidad de sujetos institucionalizados en residencias de ancianos a los

dos meses de segunda dosis de la vacuna

Dos meses después de la segunda dosis de la vacuna, de los 472 sujetos del grupo sin infeccidn pre-
via por el SARS-CoV-2, 448 (94,9%) desarrollaron respuesta humoral de anticuerpos, mientras que 24 de
ellos fueron seronegativos. De estos 24 sujetos sin inmunidad humoral detectable (5,1%), se comprobd que
la mitad tenia respuesta celular T especifica a pesar de no tener proteccion humoral, mientras que la otra

mitad no disponia de ningun tipo de proteccién, ni humoral ni celular (Figura 31).

448 con anticuerpos
624 472 (94,9%)

sujetos SIN infeccidn previa 12 con respuesta

celular T especifica

24 seronegativos
(5,1%)

152

CON infeccion
previa

SIN PROTECCION

Figura 31. Evaluacién de la respuesta inmunitaria a los dos meses de la segunda dosis de la vacuna en sujetos institucionalizados en

residencias de ancianos de Cantabria.
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Se ha comprobado que, a los 2 meses de la segunda dosis, el 97,42% de estos sujetos respondieron a la

vacuna sin infeccidn previa al analisis por el SARS-CoV-2.

Para caracterizar correctamente los niveles de anticuerpos anti-S1, se definieron diferentes grupos (110):
seronegativos, <50; respondedores bajos, 50-1050; moderados, 1050-4160; y respondedores altos, >4160
AU/mL. Adicionalmente, hemos evaluado el riesgo de infeccidén post vacunacioén, analizando los niveles de
anticuerpos anti-S1 a los dos meses en el grupo de sujetos sin infeccién previa al analisis por el SARS-CoV-2.
La mediana y RIC de los niveles de anticuerpos anti-S1 en el grupo de sujetos infectados con PCR positiva
tras la vacunacidn disminuyd en comparacién con el grupo total de sujetos sin infeccion previa (p = NS): 662
(536-3515) y 1611 (570,9-4219), respectivamente. A continuacidn, después de un analisis de la curva ROC,
identificamos 715 AU/mL como un valor por debajo del cual los sujetos podrian estar en riesgo de infeccion
tras la vacunacion (p=0,069), con una sensibilidad del 70,5% y una especificidad del 66,7%. El grupo de
sujetos infectados con PCR positiva tras la vacunacién se describe mas detalladamente en el apartado

4.2.2.3.

En la Figura 32 se observa un aumento significativo de los niveles de anticuerpos IgG anti-S1 en el grupo
con infeccidn previa al analisis, con una mediana y RIC de 19.669 (8.534-40.000) AU/mL comparado con el
grupo sin infeccion previa con 1.611 (570,9-4.219) AU/mL. Como se refleja en la Figura 35, los niveles de

anticuerpos se mantienen también elevados a los 6 meses de la vacunacién.
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Figura 32. Comparacidon de los niveles de anticuerpos IgG anti-S1 a los dos meses de la segunda dosis de la vacuna BNT162b2 en
sujetos institucionalizados en residencias de ancianos de Cantabria. Los circulos representan el grupo de sujetos con infeccién
previa al analisis por SARS-CoV-2 y los cuadrados el grupo sin infeccion previa. Los niveles de anticuerpos anti-S1 por debajo de la

linea roja (50 AU/mL) indican los sujetos identificados como seronegativos, mientras que aquellos por debajo la linea verde (715

CON infeccién previa

SIN infeccidn previa

AU/mL) podrian encontrarse en riesgo de infeccidn. Abreviaturas: ***, p < 0,0001; AU, unidades arbitrarias.

4.2.2.2 Estudio de lainmunidad de sujetos institucionalizados en residencias de ancianos a los

seis meses de la segunda dosis de la vacuna

A los 6 meses de la segunda dosis de la vacuna, se reclutaron 558 sujetos de los 624 totales. De
ellos, 137 tuvieron infeccién previa por el SARS-CoV-2, mientras que 421 no la presentaron. De estos 421
sujetos, 371 (88,12%) tuvieron respuesta humoral frente a la vacunacion, mientras que 50 fueron seronega-

tivos (11,88%). Dentro de los sujetos seronegativos sin anticuerpos detectables, se comprobd que 17 de

ellos (34%) desarrollaron respuesta celular T especifica y 33 fueron negativos (Figura 33).

102



Patricia Lamadrid Perojo Resultados

371 con
558 ” anticuerpos
. . 4 ., . (88,12%) 17 con respuesta
sujetos SIN infeccidn previa -
celular T especifica
50 seronegativos (34%)
(11,88%)

CON infeccién
previa

SIN PROTECCION

Figura 33. Evaluacion de la respuesta inmunitaria a los seis meses de la segunda dosis de la vacuna en sujetos institucionalizados en

residencias de ancianos de Cantabria.

Se ha comprobado que a los a los 6 meses de la segunda dosis, el 92,16% de los sujetos de residencias res-

pondieron a la vacuna sin infeccién previa al analisis por el SARS-CoV-2.

Comparando los niveles de anticuerpos IgG anti-S1 a los 2 y 6 meses de la segunda dosis con BNT162b2, se
ha comprobado que los niveles de estos disminuyen significativamente en el grupo de sujetos sin infeccién
previa una vez pasados 6 meses, con una mediana y RIC de 252 (101,3-560) AU/mL (Figura 34 y Figura 35),
mientras que el grupo de sujetos con infeccidn previa al andlisis siguen manteniendo niveles elevados de

anticuerpos IgG anti-S1 con una mediana y RIC de 3.964 (1.721-12.910) AU/mL (Figura 35).
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Figura 34. Comparacion de los niveles de anticuerpos anti-S1 a los dos y seis meses (2M y 6M, respectivamente) en el grupo de
sujetos institucionalizados en residencias de ancianos de Cantabria con las dos dosis de la vacuna BNT162b2 sin infeccion previa al
analisis por el SARS-CoV-2. La linea roja punteada representa un nivel de anticuerpos anti-S1 de 50 AU/mL que se ha establecido
como punto de corte minimo para considerar anticuerpos IgG anti-S1 detectables, de manera que los sujetos con niveles de anti-S1
por debajo de este valor se han identificado como seronegativos. Abreviaturas: AU, unidades arbitrarias; 2M, 2 meses; 6M, 6

meses.
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Figura 35. Comparacién de los niveles de anticuerpos IgG anti-S1 a los seis meses de la segunda dosis de la vacuna BNT162b2 en
sujetos de residencias de ancianos de Cantabria. Los circulos representan el grupo de sujetos con infeccidn previa por SARS-CoV-2
(P1) y los cuadrados aquel con una evaluacién completa de la vacunacion (FVA). Los niveles de anticuerpos anti-S1 por debajo de la
linea roja (50 AU/mL) indican los sujetos de residencias identificados como seronegativos, mientras que aquellos por debajo la linea

verde (715 AU/mL) podrian encontrarse en riesgo de infeccidn. Abreviaturas: ***, p < 0,0001; AU, unidades arbitrarias.
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A los sujetos seronegativos a los seis meses, como se muestra en la Figura 33, se les ha realizado una

evaluacidn de la respuesta celular T especifica (Figura 36).
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Figura 36. Niveles de anticuerpos IgG anti-S1 a los dos y seis meses en el grupo de sujetos institucionalizados en residencias de
ancianos de Cantabria con las dos dosis de la vacuna BNT162b2 sin infeccién previa por el SARS-CoV-2 que han resultado ser
seronegativos a los seis meses, y evaluacion de su inmunidad celular T CD4* especifica (derecha). La linea roja punteada representa
un nivel de anticuerpos anti-S1 de 50 AU/mL que se ha establecido como punto de corte minimo para considerar anticuerpos IgG
anti-S1 detectables, de manera que los sujetos con niveles de anti-S1 por debajo de este valor se han identificado como
seronegativos. A continuacion, a los sujetos seronegativos a los seis meses se les ha evaluado inmunidad celular T CD4+* especifica.
Los circulos verdes representan una respuesta celular T especifica positiva, mientras que los circulos blancos muestran a aquellos
sujetos sin inmunidad celular T CD4* especifica a la vacunacion. Abreviaturas: AU, unidades arbitrarias; 2M, dos meses; 6M, seis

meses.

Para comprobar esta disminucién de los valores de los anticuerpos anti-S1 entre los dos y seis meses
después de la vacunacion, se ha realizado un analisis de regresion logistica. El punto de corte obtenido con
el indice de Youden para clasificar a los sujetos segun su nivel de anticuerpos anti-S1 como seronegativos o
no, ha sido 469,9 AU/mL. Es decir, aquellos sujetos con niveles inferiores a este valor a los dos meses tienen

un riesgo muy elevado de ser seronegativos (<50 AU/mL) a los seis.

Finalmente, este modelo ha conseguido predecir correctamente, en un 96,8% de los sujetos
institucionalizados en residencias de ancianos a los dos meses de la segunda dosis de la vacuna sin
infeccidn previa, la ausencia o presencia de seronegatividad en los niveles de anticuerpos anti-S1 a los seis

meses, con una sensibilidad y especificidad del 91,6% y 94,3% respectivamente (Figura 37).
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Figura 37. Andlisis de la curva ROC para evaluar el riesgo de seronegativizar los niveles de anticuerpos anti-S1 a los seis meses de la
segunda dosis de la vacuna en los sujetos institucionalizados en residencias de Cantabria. El punto de corte obtenido con el indice
de Youden ha sido 469,9 AU/mL. La significacion (p) ha sido < 0,0001, con un intervalo de confianza del 95% (del 94,4 al 99,1%) y

una sensibilidad y especificidad del 91,6% y 94,3%, respectivamente. Abreviaturas: AUC, area bajo la curva.

4.2.2.3 Riesgo de infeccidn por el SARS-CoV-2 en sujetos institucionalizados en residencias de

ancianos tras la segunda dosis de la vacuna

De los 472 sujetos totales del grupo sin infeccidn previa, diecisiete tuvieron una PCR positiva: dos
de ellos entre los dos y seis meses de la segunda dosis, y el resto después de los seis meses. De estos
diecisiete, doce fueron asintomaticos, mientras que cinco tuvieron sintomas y fueron hospitalizados. Sin
embargo, cuatro de estos cinco sujetos con sintomatologia se recuperaron, mientras que uno de ellos

fallecid por otras patologias ajenas a la COVID-19 (Figura 38).
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Figura 38. Esquema explicativo del grupo de sujetos institucionalizados en residencias de ancianos de Cantabria sin infeccion previa

con PCR positiva posterior a la segunda dosis de la vacuna BNT162b2. Abreviaturas: PCR, reaccidon en cadena de la polimerasa.

Como se ha detallado en el apartado 4.2.2.1, después de un analisis de la curva ROC, identificamos 715

AU/mL como un valor por debajo del cual los sujetos podrian estar en riesgo de infeccidn.

Los niveles de anticuerpos anti-S1 a los dos meses de la segunda dosis de la vacuna que tenian estos
diecisiete sujetos con PCR positiva del grupo sin infeccidon previa, se muestran en la Figura 39, con una

mediana y RIC de 1250 (543,2-2451).
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Figura 39. Niveles de anticuerpos anti-S1 a los dos meses de la segunda dosis del grupo de sujetos institucionalizados en
residencias de ancianos de Cantabria sin infeccidn previa por el SARS-CoV-2 con PCR positiva posterior a la vacuna BNT162b2. Los
triangulos corresponden a los sujetos con PCR positiva entre dos y seis meses de la segunda dosis, mientras que los cuadrados
representan aquellos con PCR positiva tras seis meses de la segunda dosis. Los niveles de anticuerpos anti-S1 por debajo de la
linea roja (50 AU/mL) indican los sujetos de residencias identificados como seronegativos, mientras que aquellos sujetos por
debajo la linea verde (715 AU/mL) podrian encontrarse en riesgo de infeccién. Abreviaturas: PCR, reacciéon en cadena de la

polimerasa; AU, unidades arbitrarias.
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4.2.3 ESTUDIO DE LA INMUNIDAD EN RECEPTORES DE TRASPLANTE HEPATICO

Otro grupo sensible a la vacunacién frente al SARS-CoV-2 son los trasplantados de érgano sdlido.
Este tipo de pacientes se encuentran en una posicion delicada debido a la medicaciéon inmunosupresora
gue reciben para evitar el rechazo del érgano trasplantado. En este trabajo se han reclutado 129 pacientes
receptores de trasplante hepatico de la Unidad de Trasplante de Higado del Hospital Universitario Marqués
de Valdecilla. Son pacientes que tienen un nivel de inmunosupresién mas bajo que otros trasplantados de
rindn o de pulmdn de forma habitual. En estos pacientes se ha comprobado que tras dos dosis de la vacuna
MRNA-1273 SARS-CoV-2 la mediana y RIC de 1gG anti-S1 es de 3594 (644—11.515) AU/mL, mientras que tras
la tercera dosis aumenté hasta 29.783 (10.726,5-40.287,5) AU/mL (Figura 40 A).
En esta cohorte se quiso evaluar el efecto de una tercera dosis de la vacuna. Para ello se establecieron gru-
pos en funcidn de la respuesta a la segunda dosis a partir de los niveles de anti-S1 antes de la tercera dosis:
respondedores altos (niveles > 4160 AU/mL), respondedores bajos (niveles entre 50 - 4159 AU/mL) y sero-
negativos (niveles < 50 AU/mL) (Figura 40 A). Tras dos dosis de la vacuna, dieciséis receptores de trasplante
hepatico fueron seronegativos (12,4%); cincuenta y uno, respondedores bajos (39,6%); y sesenta y dos,
respondedores altos (48%). Tras la tercera dosis se encontraron solo cuatro seronegativos (3,1%) y ocho
respondedores bajos (6,2%), mientras que fueron ciento diecisiete los que tuvieron una respuesta alta
(90,7%) (Figura 40 B). Dentro de los cuatro pacientes seronegativos, uno de ellos (25%) desarrollé una res-
puesta celular T especifica frente a la vacuna tras recibir la tercera dosis.
Después de la tercera dosis, se detecté una respuesta inmunitaria funcional en 126 de los 129 receptores

de trasplante hepatico totales (97,67%).
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Figura 40. Respuesta humoral después de la tercera dosis de vacunacion en receptores de trasplante hepdtico del Hospital
Universitario Marqués de Valdecilla. Se representa el nivel de anticuerpos IgG anti-S1 tras la segunda y tercera dosis de la vacuna

mRNA-1273 SARS-CoV-2 en la cohorte de receptores de trasplante hepatico. Las lineas punteadas horizontales representan los
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distintos niveles de respuesta: bajo la linea inferior estarian los seronegativos, entre las dos lineas los respondedores bajos, y por
encima de la linea superior los respondedores altos (A). En la figura B se representa el porcentaje de receptores de trasplante

hepatico segun la respuesta después de la segunda y tercera dosis de la vacuna mRNA-1273 SARS-CoV-2.

Tras la tercera dosis seroconvirtieron el 75% de los casos seronegativos para la segunda dosis. También, los
pacientes con respuesta baja aumentaron sus niveles de anticuerpos significativamente, aunque algunos de
ellos se mantuvieron por debajo del umbral que se ha definido como estado de respondedor alto. Los res-
pondedores altos también aumentaron sus niveles de anticuerpos de manera significativa. Adicionalmente,
uno de los cuatro sin respuesta humoral, tuvo respuesta inmunitaria celular T especifica tras la tercera do-

sis (Figura 41).
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10000 100000 100000
1000
10000
100
10000
10
1000
1 4
0.1 T T 100 T T 1000 T T
Antesde  Después de Antes de Después de Antes de Después de
la32dosis  la32dosis la32dosis  la 32 dosis la32dosis  la32dosis

Figura 41. Niveles de anticuerpos IgG anti-S1 tras la segunda y tercera dosis de la vacuna mRNA-1273 SARS-CoV-2 en receptores
trasplante hepatico del Hospital Universitario Marqués de Valdecilla (HUMV). Estos pacientes se encuentran divididos en diferentes
niveles de respuesta humoral: seronegativos (izquierda), respondedores bajos (centro) y respondedores altos (derecha). Cada
paciente estd representado por 2 circulos con una linea que los conecta. La linea punteada representa el limite de anticuerpos anti-

S1 por debajo de la cual los pacientes son seronegativos.

Los receptores de trasplante hepatico que no han desarrollado una respuesta humoral de anticuerpos tras
la tercera dosis, recibieron una dosis mayor de micofenolato mofetil y tenian una filtracidn glomerular infe-

rior.
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Una respuesta inmunitaria adecuada frente al SARS-CoV-2 es determinante en el aclaramiento de la
infeccidn y en la ausencia de complicaciones. Precisamente, el estado hiper-inflamatorio que caracteriza a
los casos mds graves de COVID-19 puede conllevar consecuencias fatales. Asi, poco después del comienzo
del estado pandémico declarado por la OMS, ya se habian identificado diferentes parametros prondsticos
de muerte, como la edad avanzada, y otros asociados a inflamacién, como la linfopenia y la elevacidon de los
niveles del dimero D, IL-6, troponina, ferritina y lactato deshidrogenasa (LDH) (20). La neutrofilia (111) y el
aumento de subpoblaciones de monocitos (112) también se han observado en pacientes ingresados por
COVID-19. Por otro lado, se han visto alteradas en estos pacientes con sintomas graves otras poblaciones
celulares del sistema inmunitario adaptativo, como las células T citotdxicas activadas y exhaustas (113), asi

como un aumento de la poblacién de plasmablastos (106).

Al analizar el perfil inmunoldgico completo de los pacientes de la cohorte de infeccidn del presente estudio,
se han obtenido resultados comparables a investigaciones previas (112, 113) (Tabla 4 y Tabla 6). Dentro de
las diferencias encontradas en el sistema inmunitario innato entre pacientes con COVID-19 leves y graves,
se encuentra un sesgo disfuncional en la poblacién de neutréfilos descrita por Schulte-Schrepping et al
(114). En nuestra cohorte encontramos una marcada neutrofilia en el grupo de pacientes con mal
prondstico que podria relacionarse con un proceso denominado “mielopoyesis de emergencia”. Este
proceso parece ser propio de infecciones complicadas en donde se reponen granulocitos funcionales y
otras células hematopoyéticas movilizando células mieloides inmaduras que, a su vez, se relacionan con
funciones inmunosupresoras favoreciendo un curso mas grave de la infeccion (114). Por otro lado, en una
infeccidn de este calibre cabria esperar que estos pacientes se caracterizaran por una linfocitosis para
combatir al patégeno, sin embargo, lo que hemos observado ha sido una marcada linfopenia ya descrita en
pacientes con COVID-19 grave. En las infecciones virales existen varios mecanismos para desencadenar esta
reduccidn linfocitaria en sangre. En el caso concreto de la infeccidon por SARS-CoV-2 parece que la infeccion
viral podria inducir linfopenia mediante procesos de muerte celular, inhibiendo la linfopoyesis dafiando
drganos linfoides, “secuestrando” este tipo de células en drganos diana especificos (alveolos pulmonares,
tracto gastrointestinal u drganos linfoides), aumentando moléculas co-inhibidoras, provocando desérdenes
metabdlicos como el aumento de 4cido lactico, y aumentando citocinas (IL-6), quimiocinas y otros factores
de crecimiento (115, 116). Sin embargo, la IL-6 es una citocina que merece mas investigacion, ya que
aunque para la infeccidn grave por SARS-CoV-2 tiene propiedades pro-inflamatorias, también tiene otras
caracteristicas de cardcter anti-inflamatorio promoviendo la diferenciacion y maduracién de las células Ty
B y estimulando la produccién de inmunoglobulinas por parte de estos ultimos (117). La IL-6 parece tener
una funcién protectora en distintos prondsticos de COVID-19: durante las infecciones asintomaticas,
combatiendo la replicacién viral; durante infecciones leves o moderadas, modulando la liberacién de

granzimas y citocinas; y en casos criticos de la enfermedad, aportando propiedades homeostaticas para
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facilitar la reparacion tisular (118). De hecho, se ha observado que la IL-6 se encuentra aumentada en
monocitos de pacientes criticos que han sobrevivido a la infeccién (119). De este modo, los inhibidores de
esta citocina, en concreto los anticuerpos monoclonales frente al receptor de la IL-6 (IL-6R) como el

tocilizumab, solo serian efectivos en casos graves de COVID-19 (118).

Por otro lado, encontramos una frecuencia aumentada de los monocitos no cldsicos en el grupo de los
pacientes leves comparado con el de los graves (120), lo cual podria indicar que estos sujetos se
encuentran en un proceso de eliminacidn viral: este subtipo de monocitos esta relacionado con la
restauracion del equilibrio inflamatorio y recuperacion tisular (121). De hecho, el marcador CD16,
especifico de los monocitos no clasicos, se ha identificado como predictor de mortalidad en pacientes

criticos de COVID-19 (119).

El papel de las ILCs en la respuesta inmunitaria antiviral, en concreto el de las ILC1, se encuentra descrito en
estudios previos (58, 122), y aunque la reduccidon de ILC1 que observamos en los pacientes con peor
prondstico de la cohorte inicial no es significativa, coincide con lo descrito por Garcia et al.(122) donde se
describe a este subtipo celular como importante a la hora de la eliminacidn del citomegalovirus en ratones.
Adicionalmente, a pesar de no encontrar tampoco diferencias significativas en las ILC2, valores bajos de
este subtipo celular sugieren un prondstico mas grave de la enfermedad COVID-19; de hecho, desempefian
un papel importante en la reparacion tisular pulmonar durante la infeccién por influenza A en ratones.
Ambos subtipos de ILC requieren mas investigaciones en humanos para esclarecer su papel en la infeccion
por SARS-COV-2 (122). En comparacidén con estos subtipos celulares, las ILC3 existen principalmente en
tejido mucoso intestinal, y actian manteniendo la homeostasis y contribuyendo a las respuestas
inflamatorias. Aunque su papel en la mucosa respiratoria no estd del todo claro y nuestros hallazgos son en
sangre periférica, hemos observado una reduccidn de esta poblacién en los pacientes graves al ingreso con
COVID-19. Adicionalmente, la relacién entre la ILC3 tisular y sanguinea no estd establecida por el momento

y requiere mas investigacion (123).

La funcidn de los TLRs ha sido estudiada extensamente en las infecciones virales. En concreto, TLR3 y TLR7
se han visto implicados en la respuesta inmunitaria frente al SARS-CoV-2 (108, 109), siendo clave en las
infecciones por los virus de tipo ARN (124). El TLR4 se ha visto implicado en la hiperinflamacién propia de la
COVID-19, ya que el SARS-CoV-2 se une a este receptor para activarlo y aumentar la expresion de ACE2
para facilitar la entrada del virus a la célula (125). También, se han estudiado variantes del TLR7 con pérdida
de funcién (126). Cabe decir que nuestro grupo de pacientes con COVID-19 grave, a pesar de no tener

diferencias significativas con el grupo de los leves en la expresidn de los receptores TLR, se compone de

112



Patricia Lamadrid Perojo Discusion

pacientes con una edad avanzada con comorbilidades asociadas que pueden no haberse detectado, como

podria ser una pérdida de funcién de uno de estos receptores.

Tanto el IFN de tipo | como el de tipo Il tienen actividad antiviral y un papel importante a la hora de
combatir la infeccidn. El IFN-I juega un papel importante en la activacién de la respuesta mediada por IFN I,
de hecho, hay evidencias que muestran que el IFN-I y otras interleucinas son capaces de inducir la
produccién de IFN-y (IFN-II) por parte de las células NK, lo cual explica que la administracion de IFN-I sea
una estrategia para el tratamiento del COVID-19 temprano (127). En linea con estas observaciones,
Ruetsch, C. et al. (128) ha comprobado también que en casos de COVID-19 moderado y grave las células
inmunitarias innatas producian menos IFN |, y en consecuencia las células NK producian menos IFN Il. De
hecho, estas deficiencias en la producciéon de IFN-I estan casualmente ligadas al menos al 13,7% de las

infecciones con riesgo de muerte en infecciones agudas de SARS-CoV-2 segun Bastard et al. (129).

Meckiff et al. (130) ha estudiado el papel que pueden tener los subtipos celulares reguladores en la COVID-
19, y han observado en pacientes con mal prondstico un sesgo en el patrén de expresion de las células T
CD4" especificas del SARS-CoV-2, con un desequilibrio en las células Treg. Las células Treg son capaces de
regular o suprimir la respuesta inmunitaria y de inducir la reparacion tisular, es por ello que ejercen una
funcidén antiviral esencial en los infectados por SARS-CoV-2 (131). En nuestros resultados hemos observado
en el grupo de pacientes graves una reduccién de la frecuencia de las células Treg, y de otras poblaciones
como las células NK con fenotipo regulador o NK bright en comparacién con el grupo leve, lo que podria
explicar que estos pacientes fracasen a la hora de formar una respuesta inmunitaria adecuada, incapaces
de controlar la replicacidn viral y la inflamacién (132). Adicionalmente, en las células Ten, identificadas como
un subtipo de células T CD4*independiente y caracterizado por la expresidn constitutiva del receptor del
foliculo de células B (CXCRS5), se ha descrito una disminucion en los pacientes con un prondstico mas grave,
coincidiendo con los resultados de nuestra cohorte inicial a pesar de no encontrar diferencias significativas.
También encontramos relacién entre la falta de respuesta de las células Ten de pacientes con COVID-19
grave y la disminucion de los centros germinales observada en los nédulos linfaticos de estos pacientes.
Esto podria explicarse porque las Tey estan involucradas en la diferenciacion de células B a células
plasmaticas para dar lugar a anticuerpos neutralizantes de alta afinidad y combatir el virus, en linea con
esto, estudios relacionan directamente el fenotipo de estas células con la produccion anticuerpos de
memoria de larga duracién (133). Por ello, la pérdida de funcidén de estas células es posible que resulte en

una inmunidad humoral desregulada en la infeccién por SARS-CoV-2 (134).

En cuanto a las respuestas de los subtipos de células Th, encontramos que en nuestra cohorte inicial de

infectados por COVID-19 las subpoblaciones Thl y Thl de memoria se encuentra aumentadas en el grupo
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de pacientes leves en comparacién con el grupo moderado-grave, lo que podria indicar una activacion
temprana de este subtipo celular productor de IFN-y implicado en la inmunidad celular. Esto coincide con lo
comentado anteriormente en el apartado 1.3.1.2 de la Introduccién: una respuesta al IFN temprana
favorece un desarrollo leve de la enfermedad COVID-19. Adicionalmente, estudios previos en
subpoblaciones Th en COVID-19 han mostrado que pacientes con subtipos Th sin diferenciar (135), o con

subtipo Th2 (136), se asociaban a prondsticos mas graves.

Dentro de la respuesta inmunitaria adaptativa anti-viral, las células T citotdoxicas son las principales
implicadas. Tras realizar el inmunofenotipado, las células CD8* han sido clasificadas por su estado de
maduracién y también de activacién. El fenotipo de activacidon temprano de las células CD8* se define por la
expresion de CD38 y HLA-DR (137), de hecho, se ha confirmado recientemente un aumento de la frecuencia
de las células CD8*CD38*HLADR* en pacientes con prondsticos graves de COVID-19 (138, 139). Esto coincide
con nuestros resultados, donde la frecuencia de este subtipo celular se encuentra aumentada en el grupo
de pacientes moderados-graves respecto a los leves. Por otro lado, para determinar el fenotipo exhausto o
inmunosenescente de estas células, se ha analizado la expresion de los marcadores CD27 y CD28 (113). De
acuerdo con esto, hemos observado que los pacientes moderados-graves de nuestra cohorte inicial tenian

aumentada la frecuencia de estas células CD8*CD27°CD28', al igual que lo descrito en la bibliografia (140).

Por ultimo, en los casos graves y criticos de COVID-19 también nos encontramos una frecuencia aumentada
de plasmablastos (119, 141). El aumento de estas células B inmaduras en el grupo de pacientes con peor
prondstico coincide con nuestros resultados. De hecho, andlisis post-mortem del ganglio linfatico y el bazo
de casos muy graves de COVID-19 han revelado casi una completa ausencia de centros germinales, lo que
hace muy complicado que estos pacientes desarrollen respuestas humorales efectivas con anticuerpos de
memoria de larga duracién (133). Por ello, tiene sentido que se encuentren aumentados los plasmablastos
con el objetivo de proporcionar una proteccién inmediata, la cual, desgraciadamente, serd poco duradera
debido a la produccién por estas células de anticuerpos tempranos y débiles, IgM en su mayoria (142).
Adicionalmente, varios estudios muestran que pacientes con COVID-19 grave que han sobrevivido a la
infeccidn presentan expresion de ISGs en los plasmablastos, coincidiendo con la respuesta tardia a IFN que

caracteriza a los pacientes con este tipo de prondstico (10, 119).
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CASOS MODERADOS-GRAVES DE COVID-19

+ Linfopenia
» Neutrofilia

« Monocitos no clasicos
« |LC3

* T reguladoras — ‘
* NK reguladoras (CD3-CD56**CD16")
+ Th1y Th1 de memoria

. CD8'CD38'HLADR (activadas) |
+ CD8*CD27-CD28 (exhaustas) — t
« Plasmablastos ]

Figura 42. Poblaciones celulares inmunitarias innatas y adaptativas desreguladas en pacientes de la cohorte inicial con COVID-19

grave. Se muestran las poblaciones celulares con diferencias significativas entre los grupos de pacientes leves y moderados-graves.

Las células inmunitarias circulantes y componentes inmunitarios solubles pueden ser detectados en sangre
periférica y ser consecuencia directa de la infeccién por el SARS-CoV-2 o biomarcadores de patologia tisular
en la enfermedad de COVID-19. La utilizacién de un modelo que incluya parametros inmunoldgicos
facilmente cuantificables en sangre periférica para predecir el pronéstico de los pacientes mas graves,
podria servir de ayuda a los clinicos a la hora de gestionar diferentes opciones terapéuticas (20). Es por ello,
qgue hemos realizado un modelo de prediccion para identificar a los casos mas graves de COVID-19.

Las siete variables incluidas finalmente en nuestro modelo predictivo han sido las siguientes: edad,
ferritina, dimero D, C4, nimero de linfocitos absolutos, monocitos no cldsicos (CD14°*CD16"e") y las células
citotoxicas exhaustas (CD8*CD27°CD28") (Figura 21). Dentro de ellas, hemos comprobado que dos variables
mejoraban especialmente la capacidad predictiva del modelo: los monocitos no cldsicos y las células
citotoxicas exhaustas (CD8"CD27°CD28°). También cabe decir que hay otros parametros descritos que se
asocian a mal pronéstico en la enfermedad de COVID-19, como es la carga viral (143). Sin embargo, una
limitacion de este estudio ha sido la ausencia de datos de la carga viral o del umbral de ciclos (Ct) en
nuestro modelo.

Finalmente, hemos comprobado que nuestro modelo predictivo mejora con estas siete variables en
conjunto mas que con cada una por separado, demostrando que los parametros innatos y adaptativos
podrian ayudar a determinar el requerimiento de terapia con oxigeno del 78% de los pacientes y

mejorando la gestidn terapéutica de los mismos al momento del ingreso.

Posteriormente, los datos obtenidos mediante el andlisis de la cohorte inicial se han validado en una

cohorte independiente de pacientes. De este modo, hemos podido comprobar que nuestro modelo predice
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correctamente el requerimiento de oxigeno del 88% de los pacientes, permitiendo incluso calcular un score
de gravedad que ha ayudado a estratificar el riesgo de los mismos. Este modelo podria ser facilmente
transferible a aquellos hospitales que tengan las herramientas para estudiar los pardmetros incluidos. La
identificacion de pacientes con un pronéstico favorable que no tengan requerimiento de oxigeno en el
momento del ingreso en el hospital, podria ayudar a los clinicos a anticiparse a los sintomas que pudiera
tener el paciente en los préximos dias, y de este modo prevenir la saturacién hospitalaria en futuras olas de
COVID-19. Sin embargo, es necesario especificar que aplicar este modelo de prediccion seria posible en
futuras olas de COVID-19 con la variante especifica que abundaba en marzo de 2020, la 20e (EU1), la mas
mortifera hasta el momento, que pudo originarse en Espafia y extenderse rapidamente por Europa a partir
de junio tras la apertura de fronteras y reanudacién de los viajes (144). En aquel momento, la variante de la
COVID-19 era diferente a las que estan activas hoy en dia. Ademas, es posible que el efecto beneficioso

demostrado por las vacunas influya en la gravedad de la COVID-19 (145).

La eficacia de las vacunas en los ensayos clinicos ha sido definida segun la frecuencia de los casos
infectados y sobre todo, la hospitalizacidon de esas personas tras ser vacunadas (146). Sin embargo, todavia
no hay una evaluacidn detallada de la respuesta inmunitaria, y en concreto, los datos sobre las células
especificas del centro germinal reactivo son todavia escasos en la bibliografia.

De manera similar a nuestro estudio en el personal sanitario del Hospital Marqués de Valdecilla, otros
autores también han estudiado las respuestas humoral y celular post vacunacién, como es el caso de la
vacuna de la gripe estacional (147), donde tras la administracién de las dos dosis de la vacuna también
aumentaban las células Tey, y Bentebibel et al. observé que este aumento se encontraba relacionado con el
desarrollo de anticuerpos especificos. Ambas respuestas inmunitarias tras la vacunacién frente al SARS-
CoV-2 se encuentran mas interconectadas de lo que parece: las respuestas coordinadas de tipo Ty B
generan conjuntamente una inmunidad adaptativa superior que cada una por separado, produciendo
respuestas fuertes y duraderas (148). La diferenciacién de las células Th al subtipo Th1, permite estimular
fagocitos, células T CD8" citotdxicas y células Try para promover respuestas de anticuerpos de alta afinidad
y larga duracién en las reacciones del centro germinal (133).

En este grupo de trabajadores sanitarios hemos observado que los niveles de células B SwM, Tey
periféricas, Th de memoria y en concreto las Thl de memoria estaban aumentados. Como se ha
comentado anteriormente, una activacion temprana de las células Thl de memoria es esencial para
combatir la infeccion sin complicaciones. Hemos observado también que las subclases Teu1 ¥y Tenz, a
expensas de Tegy17, aumentan tras la segunda dosis de la vacuna BNT162b2 en el personal sanitario
estudiado. Estd documentado que aunque las células de memoria pTei1 NO son capaces de ayudar a las
células B naive in vitro, pueden inducir que las células B memoria se diferencien en células plasmaticas; y

que las células de memoria pTrHz, a través de la produccién de IL-21, sean capaces de ayudar a las células B
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de memoria a producir anticuerpos y a realizar el cambio de clase induciendo la reaccién del centro
germinal (147, 149). Todos estos hallazgos nos confirman que la respuesta celular experimenta un boost
tras la segunda dosis de la vacuna BNT162b2 frente a la COVID-19, resultando esencial para combatir la
infeccidon. Por otro lado, pacientes inmunosuprimidos por enfermedades, con inmunodeficiencias o
personas con edad avanzada como pacientes de residencias, pueden no desarrollar de manera adecuada
las respuestas inmunitarias humoral y celular debido a un sistema inmunitario deteriorado, es por ello que

estos grupos de riesgo deberian priorizarse a la hora de recibir la pauta de vacunacion (104, 150, 151).

Hasta donde sabemos, este es el primer estudio en donde las células periféricas Tryde memoria se han
descrito como subpoblaciones relevantes implicadas en el desarrollo de una respuesta inmunitaria tras la
vacunacion frente al SARS-CoV-2. Un aumento en el nivel de estas células tras la segunda dosis de la vacuna
podria ayudar a demostrar una vacunacion efectiva en personas en riesgo de desarrollar naturalmente una
respuesta inmunitaria debilitada. Sin embargo, si hubiera una falta de respuesta después de administracion
de dos dosis de la vacuna, podria tratarse de una sefial de alarma por falta de proteccién frente al virus, y

habria que considerar la administracién de dosis adicionales para obtener una respuesta efectiva.

Como se ha mencionado anteriormente, las vacunas de ARNm no se han utilizado en la poblacién hasta la
llegada de la COVID-19. Sin embargo, si que se habia empleado anteriormente para modelos primates una
vacuna de la gripe basada en ARNm para estudiar las respuestas inmunitarias celular y humoral, donde
también se confirmaba el aumento en sangre periférica de las células Teqtras la administracién de la vacuna
completa (152). El desarrollo de anticuerpos especificos post vacunacién es la manera mas clara de poder
demostrar una sensibilizacion vacunal en este tipo nuevo de vacunas, y en concreto la produccion de
anticuerpos neutralizantes frente al SARS-CoV-2 que es en lo que se basan algunos estudios. Teniendo esto
en cuenta, sabemos que una de las limitaciones de este estudio es que no medimos especificamente
anticuerpos neutralizantes. Sin embargo, al detectar mediante el método ELISA anticuerpos anti-S2 y anti-
RBD, se podria asumir que la mayoria de los anticuerpos desarrollados por estos pacientes son

neutralizantes (153).

La mayor parte de los sujetos incluidos en el grupo de personal sanitario (94%) desarrollaron anticuerpos
especificos anti-S 20 dias después de la primera dosis. La diferencia en la produccidn de anticuerpos con el
ensayo clinico de la vacuna BNT162b2 donde la eficacia fue de un 52%, puede deberse a las diferencias en
la edad de los sujetos estudiados. Como se menciona en el apartado de Material y Métodos, nuestros
sujetos del personal sanitario tenian una mediana de edad de 42,5 afios (30,5-54,2), por lo que la respuesta
inmunitaria frente a una primera dosis de la vacuna se espera que sea mas fuerte que en un estudio en el

gue se incluyan sujetos de mayor edad.
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A pesar de que el curso natural de una respuesta inmunitaria es una primera respuesta celular T y B para
generar células especificas implicadas en la produccidn de anticuerpos, la respuesta humoral ha sido detec-
tada de manera previa a la respuesta celular. Esto puede explicarse porque este estudio no esta basado en
la deteccién de subpoblaciones de células T en los drganos linfoides secundarios, si no en sangre periférica,
lo cual puede generar un sesgo a la hora de evaluar esta respuesta por el mayor tiempo de deteccion. Por
otro lado, aunque la produccién de la mayoria de anticuerpos depende de las células plasmaticas que han
sufrido hipermutacidon somatica y maduracidn de la afinidad en el centro germinal, no se debe pasar por
alto la posibilidad de que parte de la respuesta humoral haya sido a causa de respuestas extrafoliculares de
células B, los cuales se diferencian y activan muy rdpidamente secretando grandes cantidades de IgM y en
ocasiones de IgG, son poco especificos y tienen una vida media corta sin sufrir cambio de isotipo ni generar
memoria inmunoldgica. Este tipo de células tienen la finalidad de contener la replicacion de los microorga-
nismos y eliminarlos, si es posible, mediante la activacidon del complemento y otros procesos (154, 155).
Entre otras limitaciones que nos podemos encontrar estd la ausencia de marcadores que permiten diferen-
ciar las células pTenactivadas y quiescentes, como son PD1 y CCR7. También, el hecho de que se haya con-
siderado la deteccidn de anticuerpos especificos de SARS-CoV-2 como una variable dicotdmica en este gru-
po de personal sanitario, no nos ha permitido establecer una relacidn entre la presencia de estos anticuer-
pos vy el nivel de las subpoblaciones de células T.

Adicionalemente, el mayor porcentaje de sujetos con inmunidad humoral a los nueve meses comparado
con aproximadamente el 40% que mantienen inmunidad celular, no solo se podria justificar por limitacio-
nes en el método de deteccién empelado para evaluar la respuesta de células T, si no que la técnica de
ELISA para medir respueta humoral en sujetos de personal sanitario tiene una sensibilidad especialmente
elevada al detectar anticuerpos no solo frente a la region S1 y RBD de la proteina de la espicula del SARS-

CoV-2, si no también frente a la S2.

Los sujetos institucionalizados en residencias de ancianos fueron uno de los primeros grupos en re-
cibir la vacuna frente al SARS-CoV-2 al ser un grupo especialmente vulnerable por su avanzada edad y posi-
bles comorbilidades asociadas. Algunos paises utilizaron sus propias estrategias de vacunacion, como el
Reino Unido que administré una primera dosis a toda la poblacién aumentando el tiempo entre las dosis
para lograr una mayor inmunizacién en menor tiempo. Sin embargo, meses después se comprobd que la
inmunidad celular y humoral en estos sujetos mostraba una respuesta de anticuerpos retrasada, sugiriendo
gue una administracién mas temprana de la segunda dosis de la vacuna BNT162b2 seria mas adecuado
(156).

En esta cohorte de pacientes inmunosenescentes, los individuos con contacto previo con el SARS-CoV-2
tenian niveles aumentados de anticuerpos anti-S1 a los dos meses de recibir la segunda dosis de la vacuna

BNT162b2, coincidiendo con los resultados de otros estudios a pesar de la diferencia en la media de edad;
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80 afios en este estudio frente a 41,9 (157). A medida que ha ido avanzando la pandemia la inmunidad de
rebafio ha ido perdiendo sentido: las nuevas oleadas de transmisién, las reinfecciones y otras causas han
llevado a los especialistas a plantearse el papel de la inmunidad hibrida, aquella que se adquiere al vacu-
narse e infectarse. De hecho, nuestros resultados van en linea con esto, ya que los niveles de anticuerpos
de los sujetos de residencias con infeccidn previa se mantienen elevados incluso a los seis meses post va-
cunacion.

El 96,16% de los sujetos de residencias de ancianos de Cantabria analizados en este estudio han desarrolla-
do una respuesta humoral, ya sea por infeccidn previa o por recibir dos dosis de la vacuna, lo que mejora

incluso el 93% de la tasa de respuesta humoral de otro estudio a las 5-6 semanas de la vacunacion (158).

Al igual que en el grupo de personal sanitario, una limitacién en la evaluacién de la respuesta inmunitaria
en los sujetos de residencias es la falta de un ensayo de neutralizacién. Sin embargo, se ha identificado
4160 AU como un nivel de anticuerpos con capacidad neutralizante (159), lo que puede aportar informa-
cion adicional a nuestros resultados. Por otro lado, en otros trabajos no se ha realizado una evaluacion del
riesgo de infeccidn post-vacunacidn. Sin embargo, en este estudio hemos identificado 715 AU/mL como un
valor por debajo del cual los sujetos de residencias estarian en riesgo de infeccion por el SARS-CoV-2.
Adicionalmente, comparando los niveles de anticuerpos anti-S1 entre los dos y los seis meses tras la segun-
da dosis de la vacuna, hemos observado que por debajo de un nivel de 470 AU/mL a los dos meses, existe
un riesgo alto de seronegativizar a los seis. De este modo, niveles de anticuerpos anti-S1 por debajo de
estos valores podrian sugerir una tercera dosis de la vacuna, tanto para minimizar el riesgo de infeccién
post vacunacion, como para evitar que los niveles decaigan y el sujeto se vuelva seronegativo. Cabe desta-
car la dificultad de comparacién de unidades de anticuerpos para el diagnéstico de la infeccién por SARS-
CoV-2. Se ha intentado estandarizar la unidad de medida "unidades de unién a anticuerpo por mililitro"
(BAU/mL, de sus siglas en inglés), un estandar internacional propuesto por la OMS que se utiliza para ensa-
yos seroldgicos que detectan anticuerpos especificos frente a SARS-CoV-2. Sin embargo, aun no queda clara
su utilidad clinica porque este estandar internacional no define un valor de corte claro de proteccion ante
una infeccién natural o vacunal (160, 161). Por lo tanto, los valores que proponemos son los propios de

nuestro método (AU/mL) y en ningln caso extrapolables a otras unidades de medida.

Aun asi, hasta ahora hemos hablado en este grupo solo de la inmunidad humoral, lo cual podria ser una
limitacion. La inmunidad celular T especifica se desarrolla con anterioridad ante una infeccién y tendria
sentido que fuera evaluada previamente antes de decidir administrar una dosis adicional a estos sujetos de
residencias. Para ello se ha realizado una evaluacién de la inmunidad celular a los dos y seis meses en los
pacientes que carecian de una respuesta de anticuerpos minima para considerar una respuesta humoral,

en la que la tasa de respuesta a la vacuna BNT162b2 sin infeccién previa aumenté hasta el 97,42% vy
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92,16%, respectivamente. Estos resultados podrian indicar que aunque algunos sujetos no desarrollen in-
munidad humoral de anticuerpos IgG frente al SARS-CoV-2, pueden estar protegidos por una inmunidad
celular previamente desarrollada y posiblemente no detectada con una serologia de rutina (110, 162). De
hecho, solo 17 personas tuvieron una PCR positiva post-vacunacion, con un 1,06% de pacientes hospitaliza-
dos, lo cual confirma la reduccidon de las infecciones, hospitalizaciones y muertes en pacientes con la pauta
de vacunaciéon completa.

Los sujetos que no llegaron a desarrollar ningun tipo de inmunidad detectable, humoral ni celular, es posi-
ble que estuvieran en riesgo de infeccidén al no contar con proteccién frente al virus. Sin embargo, este gru-
po de personas con edad avanzada y comorbilidades asociadas tiene una respuesta vacunal particularmen-
te heterogénea (162), es por ello también que el tener niveles altos de anticuerpos no tendria por qué exi-
mirles de una infeccién. Todo ello, les convierte en un grupo candidato para futuros estudios de la respues-
ta inmunitaria a nivel global.

Teniendo todo esto en cuenta, consideramos que aquellos sujetos con anticuerpos IgG anti-S1 ya tenian la
inmunidad celular especifica de células T necesaria para producir 1gG en el centro germinal, por ello solo en
aquellos que fueron seronegativos se realizd una evaluacion de la respuesta celular T CD4+ especifica. A
pesar de todo, en este estudio no podemos confirmar en este estudio la evaluacidn de la respuesta celular
como una técnica para identificar sujetos de residencias en riesgo de infeccién post vacunacion debido a
gue no hemos encontrado diferencias significativas en la incidencia de COVID-19 entre respondedores celu-
lares y no respondedores.

Por ultimo, cabe decir que otra limitacién en el estudio de este grupo de sujetos de residencias ha sido no
haber evaluado la respuesta celular de aquellos respondedores bajos con niveles de anticuerpos inferiores
a 715 AU/mL, debido a que durante el estudio fijamos como punto de corte para realizar el ensayo celular
50 AU/mL, valor establecido en la rutina del laboratorio que reflejaba el nivel de anticuerpos minimo para

considerar respuesta humoral.

Finalmente, en el Ultimo grupo estudiado en la cohorte de respuesta vacunal nos encontramos a
pacientes trasplantados hepaticos, que al igual que los sujetos de residencias, se encuentran con un siste-
ma inmune comprometido, aunque en este caso, por inmunosupresion farmacoldgica. Para otros recepto-
res de trasplante de drgano sdlido, se han documentado los beneficios de una tercera dosis de la vacuna en
la inmunogenicidad y la seroconversién, sin embargo, pocos de estos sujetos eran trasplantados hepaticos
(163). De hecho, en estos pacientes, el 75% de los casos seronegativos tras dos dosis de la vacuna mRNA-
1273 seroconviertieron después de que se les administrase una tercera dosis. Adicionalmente, aquellos con
una respuesta baja de anticuerpos también aumentaron sus niveles, aunque no a un nivel tan alto como
para llegar a ser altos respondedores (4160 AU/mL). Estos niveles, como se mencionado anteriormente en

este apartado, se encuentran relacionados en la bibliografia con la presencia de anticuerpos neutralizantes
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(159). A los pacientes que seguian siendo seronegativos tras tres dosis de la vacuna se les realizé una eva-
luacion de la respuesta celular T especifica, y un 25 % de estos (1/4) obtuvo respuesta, siendo un total del
97,67% los pacientes que desarrollaron respuesta inmunitaria detectable frente al SARS-CoV-2 después de

tres dosis de la vacuna mRNA-1273.

Dentro de las limitaciones en el estudio de este grupo de receptores de trasplante hepatico, nos encontra-
mos un numero de pacientes pequefio, la ausencia de un estudio de estos pacientes entre las dosis de la
vacuna y, al igual que en otros grupos, la falta de evaluacién de anticuerpos neutralizantes. Y aunque final-
mente no se pueda corroborar solo con este estudio que la inmunidad humoral mejorada en estos pacien-
tes esté en relacidn con proteccidn clinica, los datos obtenidos sugieren que una tercera dosis homéloga de
la vacuna refuerza la respuesta inmune especifica frente al SARS-CoV-2 en casi el 98% de los pacientes con

un sistema inmune comprometido por inmunosupresion farmacoldgica.

Todo esto lleva a tener en gran consideracién la evaluacidn de la respuesta celular T especifica en
cualquier paciente con niveles de anticuerpos insuficientes para desencadenar una respuesta humoral, esto
no exime de tener la capacidad de desarrollar una respuesta T especifica competente que provoque una
respuesta inmune eficaz contra el virus. Aun a pesar de contar con limitaciones en la evaluacién de la res-
puesta celular, como el haberla analizado solo en células CD4* y en sangre periférica, hemos encontrado
porcentajes significativos de pacientes sin inmunidad humoral pero con proteccion T CD4* especifica, lo
cual corrobora el valor de este tipo de analisis a la hora de determinar la inmunidad protectora frente a un
patégeno viral. La evaluacidn de este tipo de respuesta Unicamente por el resultado de estimulacidn de los
AlMs en las células CD4* no significa que el paciente no tenga células T citotdxicas CD8* especificas del vi-
rus. Sin embargo, decidimos centrarnos en las células CD4* porque la sensibilidad que se ha obtenido al

estudiar estos AIMs en las células citotdxicas ha sido muy baja y proporcionaban muy pocos positivos.

La cuantificacidon de anticuerpos anti-S especificos del SARS-CoV-2 es una forma objetiva y directa de eva-
luar la eficacia de la vacuna, sin embargo, aunque el estudio de componentes de la respuesta de células T
no esté todavia implementado en la rutina diagndstica, seria una herramienta muy valiosa que podria apor-
tar mucha informacion, sobre todo en grupos de riesgo especificos como usuarios de residencias o pacien-
tes inmunodeprimidos por distintas enfermedades o tratamientos. La dificultad principal en estudiar esta
respuesta es la falta de medios para analizar de forma masiva respuesta de células T. Sin embargo, recien-
temente se han desarrollado métodos que lo permiten basados en una combinacién de incubacién con
péptidos del SARS-CoV-2 y PCR cuantitativa (qPCR, de sus siglas en inglés), para cuantificar produccion de

guimiocinas como IP-10 (164).
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La conclusidn general de la presente tesis doctoral se puede resumir en que la valoracion de la respuesta
inmunitaria tiene una gran utilidad, tanto a nivel fenotipico como a nivel funcional, para determinar el pro-
nostico de la infeccion por el SARS-CoV-2 causante de la COVID-19, asi como a la hora de tomar decisiones
de Salud Publica en campafias de vacunacién, y en la frecuencia y necesidad de la administracién de dosis

de refuerzo.
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Las conclusiones obtenidas en este estudio han sido las siguientes:

1.

La evaluaciéon de los componentes de la respuesta inmunitaria innata y adaptativa en sangre en pacien-
tes con infeccién activa por SARS-CoV-2 permiten obtener biomarcadores prondsticos de la enfermedad

COVID-19.

Nuestro modelo prondstico puede ayudar a la gestién de los pacientes al ingreso: los pardmetros humo-
rales y celulares de la respuesta inmunitaria innata y adaptativa podrian ayudar a determinar una pato-
logia mas grave al ingreso en el hospital, mejorando su gestidon y categorizando el prondstico de los pa-

cientes.

Sujetos inmunocompetentes desarrollan respuesta inmunitaria completa tras dos dosis de la vacuna

gue se mantiene a los 9 meses, especialmente la humoral.

Hay una alta tasa de respuesta vacunal en sujetos inmunosenescentes de residencias: y la mayor parte

la mantuvo a los 6 meses.

Una tercera dosis homéloga de la vacuna refuerza la respuesta inmunitaria especifica frente al SARS-
CoV-2 en pacientes con un sistema inmunitario comprometido con inmunosupresion farmacolégica,

como son los receptores de trasplante hepatico.

Sujetos sin inmunidad humoral pueden estar protegidos por inmunidad celular: la evaluaciéon de la res-
puesta celular especifica podria ser usada como herramienta para testar la respuesta inmunitaria a la

vacuna en aquellos sujetos con defecto de inmunidad humoral.
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The coronavirus infectious disease 2019 (COVID-19) pandemic has hit the world, affecting
health, medical care, economies and our society as a whole. Furthermore, COVID-19
pandemic joins the increasing prevalence of metabolic syndrome in western countries.
Patients suffering from obesity, type Il diabetes mellitus, cardiac involvement and
metabolic associated fatty liver disease (MAFLD) have enhanced risk of suffering severe
COVID-19 and mortality. Importantly, up to 25% of the population in western countries is
susceptible of suffering from both MAFLD and COVID-19, while none approved treatment
is currently available for any of them. Moreover, it is well known that exacerbated innate
immune responses are key in the development of the most severe stages of MAFLD and
COVID-19. In this review, we focus on the role of the immune system in the establishment
and progression of MAFLD and discuss its potential implication in the development of
severe COVID-19 in MAFLD patients. As a result, we hope to clarify their common
pathology, but also uncover new potential therapeutic targets and prognostic biomarkers
for further research.

Keywords: MAFLD, NASH, COVID-19, SARS-CoV-2, innate immunity, adaptive immunity

INTRODUCTION

The coronavirus infectious disease 2019 (COVID-19) pandemic caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has emerged as a global challenge, affecting
health and medical care but also economies and society. In an unprecedented way, researchers have
unraveled its main clinical and epidemiological features, its pathogenesis and the mayor ways of
transmission in record time. Knowledge and improved diagnostics and treatments are increasing
day by day. It is not the aim of this review to summarize all these data, available elsewhere (1, 2), but
we should highlight that SARS-CoV-2 infection is determined by the interaction of its spike protein
with angiotensin converting enzyme 2 (ACE2) and further needs of transmembrane protease serine
2 (TMPRSS2) to initiate fusion and cell infection (3), although other receptors and proteases have
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been also involved (3-9). From here on, COVID-19 pathogenesis
could evolve in several ways resulting in a wide range of
symptoms and severity - from fully asymptomatic to death -
(1). Host immune response is key in the course of the disease:
immunodeficiency states can facilitate a more aggressive course
with progression to severe COVID-19 characterized by a
deregulated immune response resulting in the so-called
“cytokine storm” (10) and complement-induced coagulopathy
(2). Moreover, accumulating data are pointing out that COVID-
19 is not just a respiratory disease, but a multi-organ dysfunction
(11), in which a “bradykinin storm” starting in the lungs may
have a pivotal role (12).

Regarding the digestive system, it is noteworthy that both
adult and pediatric COVID-19 patients reported gastrointestinal
symptoms including diarrhea, vomiting and abdominal pain
during course of the disease. The gut symptoms correlate with
markers of liver damage (13). Liver injury in patients with
COVID-19 is frequent, although mild in nature, with a
hepatocellular rather than cholestatic pattern (14). However,
severe COVID-19 is accompanied by higher serum
transaminases levels (15). In addition to the respiratory system,
the gastrointestinal tract is a major infection site of SARS-CoV-2,
as ACE2 is highly expressed in proximal and distal enterocytes
(16) and viral nucleocapsid protein has been visualized in the

cytoplasm of gastric, duodenal, and rectum glandular epithelial
cells from a COVID-19 patient (17). Hepatocytes also express
detectable amounts of both ACE2 and TMPRSS?2, thus they are
susceptible of SARS-CoV-2 infection (18). Furthermore, the liver
is constantly expose to foreign antigens entering the bloodstream
from the gut and keeps a fine balance between the activation of
the immune cells for the detection and clearance of pathogens
and tolerance towards non-damaging antigens. Due to this
reason, the liver has special immune functions and contains
the largest number of permanent macrophages, the well-known
Kupffer cells (KC). Among their functions, KC are in charge of
the clearance of senescent neutrophils and other activated host
cells, thus limiting the potential of these cells to produce
inflammatory mediators (19).

Older age, male sex, type II diabetes mellitus (DM2) and
obesity are mayor risk factors for the development of critically
ill COVID-19 (20). Most patients suffering from metabolic
associated fatty liver disease - MAFLD, previously known as
non-alcoholic fatty liver disease (21) - have all these
characteristics (22, 23). Although full description of the
mechanisms accounting for DM2 and obesity implication in
COVID-19 development have been discussed already (24, 25),
Figure 1 summarizes main contributions of MAFLD, obesity,
DM2 and COVID-19 to the overall pathogenesis observed in

MAFLD
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severe COVID-19 patients. MAFLD includes a spectrum of liver
disease defined by an excessive accumulation of fat in hepatocytes,
ranging from hepatic steatosis to non-alcoholic steatohepatitis
(NASH), liver cirrhosis, and hepatocellular carcinoma (HCC).
Whereas steatosis is reversible, later stages cannot be cured and
current treatment is limited to lifestyle interventions. Disease
progression is characterized by increasing lymphocyte
infiltration and inflammation in the liver together with fibrosis
and reduced liver function. Recently, new factors contributing to
MAFLD have been described, such as gut microbiome alterations,
changes in intestinal permeability and bacterial antigen
translocation (26, 27). MAFLD prevalence is increasing world-
wide together with the pandemic of obesity and metabolic
syndrome, affecting already 25% of the adult population globally
(23). Moreover, it has been shown that liver fat content is
determinant of higher risk of severe COVID-19 in obese
patients (28) and the risk of obesity to COVID-19 severity is
greater in those with MAFLD than in obese patients without
MAFLD (29). Increasing evidence is supporting that MAFLD
patients are at risk of developing severe COVID-19 (30-32), even
in the absence of its common comorbidities (33) and especially in
younger patients (34). Patients with MAFLD had a higher risk of
disease progression, higher likelihood of abnormal liver function
and longer viral shedding time compared to patients without
MAFLD (30). Meta-analysis further confirmed that a high
percentage of patients with COVID-19 had MAFLD, and
MAFLD increased the risk of disease progression among
patients with COVID-19 (35, 36). Liver fibrosis by itself has
emerged as a risk factor for severe COVID-19 illness (32, 37)
and patients with cirrhosis+COVID-19 had a higher mortality rate
compared with those with COVID-19 alone (38, 39). Therefore,
we want to focus attention on the high percentage of the
population who will suffer from both MAFLD and severe
COVID-19 without treatment for any of the diseases and the
need to prioritize vaccination of these patients. This review is
aimed at summarizing current knowledge about the role of the
immune system in the establishment and progression of MAFLD
and to discuss its potential implication in the development of
severe COVID-19 in MAFLD patients. As a result, we hope to
clarify their common pathology, but also uncover new potential
therapeutic targets and prognostic biomarkers for further research.

ALTERATIONS OF THE INNATE
IMMUNE RESPONSE

Role of Innate Immune Response

in MAFLD

There are many components of the innate immune response
implicated in the MAFLD pathogenesis and development.
Inflammation is an important factor to look out for, due to its
capacity to go further and develop HCC, among other tumors
(40, 41). Due to the relevant role of innate immunity in MAFLD,
in the following sections we will discuss the implication of its
different components in MAFLD progression.

Complement and Contact Systems

The complement system is activated, among other stimuli, after
liver injury, contributing to the development of NASH and HCC
(42). Thus, this liver damage reduces the majority of soluble
complement proteins levels which lead to an increase of
activation markers, and finally, inflammation. Moreover, some
complement proteins, like C3 and C4, can act as acute-phase
reactants, increasing the systemic inflammation response by
50% (43).

The synthesis of C3 is clearly enhanced in liver pathogenesis
(44) and Clq has also been involved in HCC development (45).
Other complement proteins that accumulate around hepatocytes
with steatosis, such as iC3b, C3d, C4d and C5b-9, are related to
some proinflammatory signals such as neutrophils recruitment
and cytokine release (46). Therefore, it can be concluded that the
inhibition of a permanently activated complement system may
ameliorate the liver damage in NASH disease (47).

The contact system is composed of coagulation factors XI
(FXI) and XII (FXII), plasma prekallikrein, and high molecular
weight kininogen. The final product of the contact system
activation cascade is bradykinin, which has vasodilator and
pro-inflammatory properties (48). Because of the majority of
coagulation factors are formed in the liver and MAFLD has
important metabolic implications, a study showed MAFLD
patients seem to have increased coagulation factors levels. It
suggested a link between the liver fat content and insulin
resistance which may be related to FIX and FXI activities. The
increase of FXII in murine models could trigger FIX and FXI,
which favors thrombosis appearance and propagation in
MAFLD (49).

Pattern Recognition Receptors (PRR)

The Toll-Like Receptor family (TLR) is an important and well
characterized class of cell surface or intracellular PRRs, which are
highly expressed in many liver cells under metabolic stress, such
as KC, hepatic stellate cells, biliary epithelial cells and sinusoidal
endothelial cells (40, 41). Some members of the TLR family
(TLR2, TLR4, TLR5, TLR6, TLR7 and TLR9) have been
associated to MAFLD pathogenesis. The TLR signal triggers
inflammatory pathways in fat tissue and liver, activating
transcription factors such as NF-xB and IRFs (Interferon
Regulatory Factors) and also several inflammatory cytokines
(40, 50, 51). TLR4 is remarkably associated to MAFLD. It
binds to the Myeloid Differentiation factor 2 protein (MD-2),
and this association confers responsiveness to LPS (52). Actually,
both animal models and clinical studies have noticed increased
levels of circulating LPS in MAFLD due to the intrinsic
endotoxemia caused by factors such as intestinal microbiota,
intestinal permeability and high fat and/or sugar diet (HFD) (53—
55). This last factor could explain the reason why free fatty acids
regulate TLR4 positively in presence of high glucose levels (56).
In addition, the TLR4-LPS pathway has also been implicated in
MAFLD progression to HCC (57). In HFD, gut microbiota is
enriched with gram positive bacteria (58, 59). Taking into
account that TLR2 recognizes peptidoglycan, a gram positive
bacterial component, its blockade in animal models has also a
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protective effect in developing insulin resistance, closely related
to MAFLD pathogenesis. Actually, some studies have shown that
mice with TLR2 deficiency express decreased proinflammatory
cytokines by unchaining the inflammasome in KC (50). TLR2
usually forms heterodimers with TLR6, another extracellular
receptor increased in NASH patient’s hepatocytes. This
heterodimer is also present in lobular inflammation. Therefore,
TLR6 has been proposed as a potential biomarker in the
development of NASH in MAFLD obese patients (60). TLR7
has also been associated with liver fibrosis (61), although its role
in MAFLD is not completely elucidated. According to a study,
the presence of TLR7 or its agonists can avoid experimental
MAFLD development. An autophagy activation marker seems to
be regulated by TLR7 and this process can improve steatosis in
MAFLD by stimulating lipid degradation. TLR7 stimulation
could be a potential therapeutic target to prevent the
consequences of MAFLD, but as it is mentioned before, further
investigation is required to clarify TLR7 function in this disease
(51). Finally, it should be said that TLR9 is the only intracellular
receptor involved in MAFLD pathogenesis. Animal model
studies have shown that its activation results in IL-1[
production so, along with TLR2 and TLR4, it is strongly
involved in NASH and liver fibrosis (50).

The NOD-Like Receptors (NLRs) can form inflammasomes
and lead to cell death. NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3) is an intracellular protein
complex which plays a key role in the innate immune system
triggering several inflammatory components. It has been
demonstrated that the lack of NLRP3 inflammasome reduces
hepatocyte pyroptosis and, in consequence, inflammation and
fibrosis in animal models with NASH. Also, some studies in
humans and murine models with liver damage have shown
increased levels of NLRP3, caspase 1, IL-1B and IL-18. These
facts could play a part in terms of NASH pathogenesis (40, 62).

Innate Immune Cells

Signals stimulate several cellular receptors which can activate
different cells types in the liver. Around 15% of them are KC (40).
After activation, KC can polarize into two phenotipically
different forms or also express both at the same time: one
more pro-inflammatory (M1) and other mostly characterized
by its immunoregulatory properties (M2). Some studies have
shown in mice that a HFD benefits the presence of M1
phenotype and the inflammatory response, while the up-
regulation of the peroxisome proliferator-activated receptor
gamma (PPAR-Y) induces the M1 phenotype polarization to a
M2 immunoregulatory phenotype. This fact could prevent the
progression of MAFLD disease (63). LPS and other bacterial
products activate KC recognition by TLRs and trigger M1
phenotype, which produces several pro-inflammatory cytokines
(TNF-o, IL-1B, IL-12), chemokines (CCL2 and CCL5) and
damage-associated molecular patterns (DAMPs). These
DAMPs promote liver damage through KC activation by TLR
pathway, repeating this inflammation process and leading to
hepatocyte injury. The accumulation of other products like
several free fatty acids, oxidized lipoproteins and other lipids is

a very important fact to take into account in experimental
MAFLD/NASH pathogenesis because of its involvement in KC
activation, causing a bigger response to LPS and therefore,
disease progression (40).

Alteration in antigen presenting cells, like dendritic cells
(DQC), is also relevant in NASH, but its role in this disease
is complex and not entirely defined. This could be due to the
fact that the two subtypes of conventional DC have opposite
roles in terms of NASH activity. A recent study showed that, in
patients, cDC2 were positively associated with NASH, and both
HLA-DR+CD123-CD11¢c+CD141+ ¢DC1 and HLA-DR+
CD123+ plasmacytoid DC were inversely correlated with
NASH and glucose levels (64).

Natural Killer (NK) cells have a controversial function in
NASH pathogenesis: some studies link its activation by different
cytokines and ligands to MAFLD/NASH, while others show a
reduction in its cytotoxic activity in NASH (65, 66). Additionally,
NK T cells (NKT) include two distinct subtypes of cells. Thus,
type I NKT is activated by lipid accumulation and may play a
pro-inflammatory role in MAFLD, while type II NKT could have
an opposite function protecting against liver damage (67, 68).
Actually, another study performed on patients showed that the
level of liver NKT cells was positively associated with disease
stage (69).

These apparently opposite effects of innate immune cells
could be due to the plasticity of the immune response and it
highlights the need to evaluate changes in phenotype and
function longitudinally during liver injury.

Cytokines and Other Immune Cells

Inflammatory Products

Studies in animal models have shown the involvement of several
cytokines in MAFLD, including IL-1f (70), IL-6 (71), TNF-o
(71-73) and IFN-o. (74). These results are further supported by
clinical findings, although some controversy is still present. IL-1f3
and IL-6 levels were significantly higher in patients with NASH
compared with MAFLD and control group, but this study failed
in detecting increased levels of TNF-a (75). Serum IL-6 levels
were increased in patients with advanced fibrosis compared to
patients with mild/no fibrosis (76) and they predict the
development of DM2 in women (77). TNF mRNA expression
was found increased in hepatic and adipose tissue of NASH
patients (78). For instance, TNF-0, among others, featured a
clear correlation with transaminase levels and histological
severity of MAFLD patients and has been proposed as
biomarker of disease progression (79). In contrast, early studies
in humans exploring TNF-a. blockade as a therapeutic target in
metabolic diseases did not show beneficial effects. However,
those trials were not well conducted and the clinical designs
had some drawbacks such as dosing, duration or presence of
confounding factors, among others (80). A recent study has
found that levels of circulating pro-inflammatory cytokines were
variable in MAFLD patients with or without obesity, but when
patients were distributed by the presence of circulating bacterial
antigens, a statistically significant increase was observed in serum
TNF-o and IL-6 levels in MAFLD patients (26).
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Several nuclear transcription factors and some intracellular
signaling pathways are involved in MAFLD pathogenesis, but
Nuclear factor-kappa B (NF-xB) and c-Jun N-terminal kinase
(JNK) are especially remarkable in NASH pro-inflammatory
pathways (81, 82). NF-xB is activated by TLRs and triggers the
transduction of IL-1B, IL-2, IL-6 and TNF-o (83). JNK
overactivation is highly involved in the development of MAFLD
and the subsequent liver damage (84). Furthermore, the activation
of these pathways links MAFLD and extra-hepatic comorbidities
such as insulin resistance and cardiovascular disease (85, 86).

Innate Immunity and COVID-19 Severity in
MAFLD Patients

At this point in the research on COVID-19, it is clear that
dysregulated and excessive innate immune responses towards
SARS-CoV-2 cause immune damage to the human body. Siddiqi
et al. elegantly defined COVID-19 pathogenesis in three phases:
early infection, pulmonary phase, and hyperinflammation phase
(87). The third and most severe phase is defined by a cytokine
storm, which results from a sudden acute increase in circulating
levels of different pro-inflammatory cytokines and other related
proteins including IL-1PB, IL-7, IL-8, IL-9, IL-10, FGF, G-CSF,
GM-CSF, IFN-y, IP-10, MCP-1, MIP-1A, MIP1-B, PDGF, TNE-
o, VEGF, C-reactive protein, ferritin and D-dimer (87, 88).
MAFLD is associated with chronic, low-grade inflammation in
the liver that causes systemic effects, detectable by alterations in
circulating immune cells and humoral factors (85). Thus, this
precondition would ease the progression of COVID-19 into its
severe manifestations, as described hereafter.

Complement and Contact Systems

As we already mentioned, the complement system is crucial to
trigger an innate immune response to several microorganisms
(89) and thus to COVID-19. Actually, some soluble complement
proteins, such as C3a and C5a, have proinflammatory functions
and they are in charge of immune cell recruitment which can
contribute to lung damage in COVID-19 pathogenesis. Although
the complement action is not entirely clear about its protection
or pathogenicity, a recent study proved the efficacy of a
monoclonal antibody against C5/Cb5a, called eculizumab, in
order to ameliorate the pulmonary dysfunction due to
COVID-19 (90). Additionally, it has been noticed increased
levels of C5a in bronchioalveolar fluid of COVID-19 patients
with the most severe symptoms, pointing out the role of this
protein in the enhanced inflammation developed in severe
COVID-19 patients. Taking this into account, and due to the
fact that C5a receptor 1 (C5aR1) levels are also increased in lung
neutrophils of severe COVID-19 patients, a study showed anti-
C5aR1 therapeutic monoclonal antibodies can fight against C5a
action and avoid the infiltration of human myeloid cells in
damaged organs, preventing the inflammation developed in
severe COVID-19 patients (91). Another study also proved
that C3 knockout mice showed lower levels of inflammatory
immune innate cells, such as neutrophils and monocytes, leading
to reduced SARS-CoV pulmonary injury and suggesting that this
virus may activate the complement system (92). As mentioned

before, liver injury induces complement activation markers in
MAFLD, and due to the fact that this liver damage pattern is also
present in COVID-19 (93), MAFLD patients coexisting with
COVID-19 infection could have an increased complement
function exacerbating the inflammation. The contact system is
also an important part of the innate immune defense against
viruses. Actually, it has been shown that SARS-CoV-2 penetrates
the cell via ACE2. Thus, it has been suggested a target therapy
consisting of ACE2 direct activation, which avoid SARS-CoV-2
protein S binding to ACE2 (94-96). Moreover, ACE2 has the
capacity of degrading des-Arg bradykinin, which is the ligand of
the bradykinin receptor type 1 (B1). Once activated, B1 signaling
leads to pulmonary angioedema. SARS-CoV-2 infection impairs
ACE2 function; therefore, des-Arg bradykinin is accumulated,
producing pulmonary angioedema in COVID-19 patients (97).
B1 blocking is also a potential strategy to ameliorate pulmonary
complications in COVID-19. The complement system, as well as
the contact system, seems to be important player in the
progression of COVID-19 and, as we mentioned before, their
function is altered in MAFLD patients. Although eculizumab is
the only approved treatment for humans that inhibits
complement cascade at the moment (96), anti-C5aR1
monoclonal antibodies blocking this receptor are a promising
and more specific treatment in severe COVID-19 patients due to
the fact that C5a is a chemoattractant factor that facilitates the
adherence of leukocytes to the endothelium (91).

Pattern Recognition Receptors (PRR)

One of the first mechanisms linking COVID-19 severity and
MAFLD affects the most basic elements of innate immunity:
physical barriers. Several authors suggest that the increased risk
observed in MAFLD patients is driven by SARS-CoV-2 infection
of the gut, which exacerbates an existing state of intestinal
permeability and mucosal inflammation, increasing the
transmission of pathogen-associated molecular patterns to the
liver and affecting systemic immune response (98-101).
Supporting data is preliminary, but some authors have already
shown that COVID-19 patients have altered fecal microbiota
(102-105) and plasma markers of gut leakage and inflammasome
activation are increased in COVID-19 patients, especially in
those with cardiac involvement (106).

Some evidence also pointed out at TLR signaling as possible
impaired mechanisms in severe COVID-19. On one hand,
bioinformatics studies have shown that SARS-CoV-2 genome
possess multiple single-stranded RNA sequences probably
recognized by TLR7 and 8 (107). A case-series article identified
four young men from two families carrying rare and inactivating
mutations in TLR7 who suffered from severe COVID-19 in the
absence of common comorbitidies (108). Although these mutations
are unlikely to be an explanation for severe COVID-19 in the
general population, other mechanisms accounting for TLR7
signaling impairment could result in a similar situation.
Accordingly, some authors hypothesize that chronic stimulation
of TLR7 by intrinsic substrates could lead to a desensitization of
TLR?7 signalling. Therefore, the immune response in those patients
will be delayed upon viral infection, but when resensitization finally
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occurs, it leads to an overwhelming TLR7 response (109). As
mentioned before, TLR7 seems to perform a protective role in
liver injury (61) and MAFLD (51), but it has been also described
that liver injury can promote pulmonary inflammation through the
activation of TLR7/8 in alveolar macrophages. Based in human
samples and animal models, authors found that injured hepatocytes
release miRNA-122, which is preferentially transported to the lungs
where it triggers TLR7/8 signaling eliciting macrophage
inflammatory responses (110). On the other hand, TLR3 and
TLR4 knock-out mice have shown its relevance in preventing
SARS-CoV lethal infection, in which TRIF adaptor protein has a
central role (111). In this sense, a small study analyzed PBMCs
transcriptomics in patients with COVID-19 and observed that the
expression of TLR4 and downstream signaling molecules were
significantly upregulated. These authors also showed that SARS-
CoV-2 proteins increased the expression of the TLR4 ligand
S100A8/A9 in PBMCs in vitro, proposing that SARS-CoV-2
infection can product a feed-forward loop through TLR4
activation that sustained the inflammation in COVID-19 patients
(112). As mention before, MAFLD patients have increased intestinal
permeability, resulting in increased circulating levels of LPS (113).
In conclusion, patients suffering from MAFLD could suffer a
chronic stimulation of TLR7/8 and TLR4 in the alveolar
macrophages, which make them more vulnerable to severe
COVID-19.

Finally, SARS-CoV-2 is able to induce NRPL3 inflammasome
(114-116), which is also a major contributor to hepatocyte death in
NASH. Recently, it has been shown that the magnitude and course
of NRPL3 activation has an important role in the clinical outcome
of COVID-19 patients during their hospitalization period. NRPL3
presence in PBMCs of these patients, together with high levels of
casplp20, among others, support this statement and suggest
inflammasome can act not only as a marker of severity, but also
prognosis and even as a therapeutic target (117).

Innate Immune Cells

The innate immune system appears to have an opposite role to
adaptive responses in SARS-COV?2 infections; several innate
immune cells sometimes contribute to the progression of the
disease (118). Actually, lung inflammation caused by COVID-19
can be aggravated because of macrophage activation syndrome and
its production of several inflammatory cytokines (IL-6, IL-7, TNF),
chemokines (CCL2, CCL3, CXCL10) and the soluble form of o-
chain of the IL-2 receptor (119, 120). In COVID-19 patients,
hepatocellular liver damage is apparently frequent, and knowing
that liver macrophages are able to produce a great variety of
cytokines, it could be suggested a leaning towards Ml
macrophages polarization of these immune cells thus contributing
to the development of COVID-19 in MAFLD (93). Not only
macrophages take part in COVID-19 pathogenesis, other immune
innate cells such as monocytes and neutrophils are involved, and
their levels in COVID-19 patients were found increased (121).
Severe COVID-19 patients showed high levels of two essential
monocyte recruitment chemokines: CCL2 and CCL7 (122). In
another study of COVID-19 patients who needed ICU
hospitalization, a remarkable CD14+CD16+ monocyte levels that

also produce IL-6 were noticed (120). The inflammatory
environment induced by these cells cause an excessive
inflammation which could be even more dangerous than the
virus infection itself (121). Additionally, the sex differences in
COVID-19 patients are an interesting fact because they could be
related to hormonal dependency: some immune innate cells such as
neutrophils, macrophages, DC and NKs depend on estrogen and
testosterone to mature and differentiate, without forgetting they can
be modulated by individual variability and genetic background
(123). Interestingly, a recent published study reported that
MAFLD could also have sex specific preferences: several
metabolic pathways and other inflammatory processes in the liver
are regulated by estrogen receptors (124).

Cytokines and Other Immune Cells Inflammatory
Products
As already mentioned, cytokines emerged as key players in severe
COVID-19, correlating directly with lung injury and multiorgan
failure. Actually, serum IL-6 level has been widely accepted as
prognostic marker in COVID-19 as its elevation is the most
frequently reported (88). For this reason, tocilizumab, a
humanized anti-IL-6-receptor monoclonal antibody, has been
proposed as a treatment for severe COVID-19 and used as an
emergency and compassionate treatment (125, 126). It is currently
under evaluation in clinical trials, with promising preliminary
results (127, 128). Several clinical trials are also evaluating the
efficacy of IL-1f inhibitors, such as anakinra and canakinumab, in
preventing COVID-19 pneumonia and its associated cytokine
storm; but, for now, the only evidence came from CAN-COVID
interim analysis, in which canakinumab has failed to meet primary
endpoints (129). Nonetheless, the cytokine storm involves lots of
different pro-inflammatory cytokines; therefore, general
immunosuppression could be even more effective. At this regard,
corticosteroids have also been evaluated for the treatment of severe
COVID-19 and, although earlier meta-analysis conclude with
negative results (130), CoDEX clinical trial showed increased
ventilator-free days in treated patients (131) and the WHO
REACT Working Group further support lower 28-day all-cause
mortality in critically ill COVID-19 patients receiving systemic
corticosteroids (132). An important issue in the context of
cytokine inhibition is to determine the right timing for
treatments. For instance, IFN has been recommended as first-line
antiviral in SARS-CoV-2 infection, although evidence is weak for
now (133). Taking into consideration that MAFLD patients have
increased basal levels of circulating cytokines, these patients may
benefit for early intervention with immunosuppressive therapy.
However, liver functions may be compromised in MAFLD
patients and, accordingly, any therapeutic intervention should
consider that drug metabolism could be impaired and further
result in liver injury (134, 135). On the other hand, as mentioned
previously, the immune response is dynamic and it is possible that
many of the failed anti-cytokine therapies in COVID-19 may relate
to the time of introduction of the treatment in the course of
the disease.

Figure 2 summarizes the main concepts discussed in
this section.
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ALTERATIONS OF THE ADAPTIVE
IMMUNE RESPONSE

Role of Adaptive Immune Responses and
Innate-Adaptive Interplay in MAFLD

Although the implication of innate immune response and
inflammation in MAFLD progression seems clear, recent
findings have also uncovered a role of adaptive immune
responses. As stated before, lipid accumulation in hepatocytes
is an early finding in MAFLD and ROS generation is considered
one of the main drivers of the diseases. In this sense, oxidized
phospholipids and reactive aldehydes generated during lipid
peroxidation form antigenic adducts with cellular
macromolecules known as oxidative stress derived epitopes
(OSEs) (136). These epitopes trigger both humoral and cellular
adaptive immune responses. Much of the role of adaptive
immunity in MAFLD is supported by the results obtained
from different experimental models, including obesity related
MAFLD (mice under different types of HFD) and NASH
development in lean individuals (such as mice in methionine
and choline deficient diet or similar diets, MCD). In this sense,
comparison between mice living in specific pathogen-free (SPF)
conditions with those housed on non-SPF showed that the latter
had higher memory and effector T cells both under normal and
HFD. These results were also observed in the liver: more than 95
and 85% of CD4+ and CD8+ T cells, respectively, expressed the

effector memory T cell phenotype in non-SPF mice on HFD,
which was accompanied by severe steatosis, lobular
inflammation, hepatocellular ballooning and destroyed lobule
structure while only some SPF mice displayed a mild fat
accumulation in the liver (137). On the other hand, mice
following a HFD showed reduced antigen-specific humoral and
cellular immune responses after receiving hepatitis B vaccine due
to diminish antigen processing and presentation (138). Recently,
it has been also reported that follicular T helper cells are
impaired in patients with advanced liver cirrhosis due to
increased IL-2 signaling (139). These results give an early
notion that adaptive immunity activation directly impact on
MAFLD severity and, at the same time, MAFLD and cirrhosis
result in impaired adaptive immunity activation towards other
antigens. In this sense, exploring the immune response to SARS-
CoV-2 vaccination seems mandatory in MAFLD and
comparison between obese and non-obese patients.

Elevated titers of IgG anti-OSEs such as malondialdehyde
adduct with human serum albumin (MDA-HSA), arachidonic
acid hydroperoxide adduct with human serum albumin (AAHP-
HSA) and oxidized cardiolipin (Ox-CL) have been found in
MAFLD patients compared with controls. Moreover, 29-39% of
total MAFLD patients had anti-OSEs IgG titers above the 97.5™
percentile in controls, which defines a positive titer. MAFLD
patients with positive anti-MDA-HSA antibodies had a threefold
higher risk of having advanced fibrosis or cirrhosis compared with
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patients whose antibody titers were within the control range (140).
Similar results were observed in pediatric MAFLD patients; in this
case, authors found that 63% of patients had circulating IgG
against anti-MDA-HSA above the control threshold. At the
histology, patients with elevated anti-MDA-HSA antibodies
showed higher scores of lobular inflammation than subjects with
antibodies within control range (141). In an independent and
more recent study, humoral immunity against OSE was confirmed
by measuring circulating IgG anti-MDA adducts. They found that
43% of MAFLD/NASH patients had titers of anti-OSE IgG above
the control threshold. The prevalence of advanced fibrosis or
cirrhosis was higher among the subjects with elevated anti-OSE
IgG (142). In this line, studies with MCD fed mice showed that the
extension of liver injury and lobular inflammation paralleled the
development of anti-MDA IgG antibodies and CD4+ and CD8+
T-lymphocytes responsive to the same antigens. Besides, further
treatment with MDA-adducted bovine serum albumin stimulated
transaminase release, lobular inflammation, and the hepatic
expression of proinflammatory cytokines in MCD-fed mice,
involving liver recruitment of the Thl cells (143). These studies
point out the early implication of humoral immunity in the
recruitment of immune cells to the liver in MAFLD and the
sustained autoimmune response as a factor contributing to disease
progression. On the contrary, in a smaller cohort, Hendrikx et al.
described no differences in plasma IgG anti-OSEs titers in MAFLD
patients and healthy controls. Besides, they found decreased IgM
anti-OSEs titers in MAFLD patients, although only IgM titers
towards the specific malondialdehydeacetaldehyde P1 mimotope
remained significant after adjusting for total IgM levels. They also
showed that IgM titers against P1 mimotope inversely correlate
with markers of obesity, systemic inflammation and liver damage,
gaining a protective role (144). Moreover, low anti-adipocyte IgG
antibodies have been observed in MAFLD patients in comparison
to controls, whereas anti-adipocyte IgM antibodies were increased
and correlated with portal inflammation (145). Finally,
autoimmune hepatitis and common autoantibodies are more
prevalent in MAFLD patients than in the general population
(146-149), although its relevance in disease progression is
unclear (149, 150). Thus, humoral response in human MAFLD
is still controversial and deserves further research.

Cellular adaptive responses have been also described in
MAFLD patients. 63% of MAFLD/NASH patients showed
CD20+ B-cell and CD3+ T-cell aggregates in liver biopsies as
determined by immunostaining (151). B and T lymphocyte
infiltration in the liver of experimental models of MAFLD has
been widely described (152-157). Patients with high B-/T-cell
infiltration had elevated anti-OSE IgG titers as well as higher
scores of lobular inflammation and fibrosis than the subjects with
low/mild infiltration. The number and size of lymphocyte
aggregates positively correlated with circulating IFN-y levels,
lobular inflammation score and fibrosis staging (142). NASH
patients showed increased serum B-cell Activating Factor
(BAFF) (158). Although little is known about the role of B
lymphocytes in MAFLD pathogenesis, in mice receiving the
MCD diet, hepatic B2-lymphocytes significantly declined in
parallel with the onset of steatohepatitis and increasing titers of

circulating anti-OSE IgG, accompanied by increased markers of
lymphocyte activation and plasmablasts and cells expansion.
Selective depletion of B2-lymphocytes resulted in reduced liver
plasma cell maturation, anti-OSE IgG production, impaired liver
recruitment of T lymphocytes, ameliorated lobular inflammation
score and the prevalence of necrotic foci without affecting the
extension of steatosis upon the induction of NASH. B-cell
responses in NASH were associated to the up-regulation in the
liver of BAFF. Thus, BAFF neutralization also ameliorated
histological scores for steatosis and lobular inflammation as well
as ALT release, liver triglycerides and hepatic expression of pro-
inflammatory mediators (142). Moreover, B lymphocytes seemed
to infiltrate earlier in the liver of HFD mice than T cells (159).
On the contrary, T cell alterations both in peripheral blood
and intrahepatic infiltrates from MAFLD patients have been
widely described. In this sense, several lines of evidence suggest
that NASH should be considered a Th1-polarized disease (64, 74,
160-164). Circulating CD4+ cells rose in adult NASH patients
(160, 162), together with an increased proportion of memory
CD45RO+ cells and decreased of naive CD45RA+ (151, 160).
Similarly, CD8+CD45RO+ subpopulation was increased while
CD8+CD45RA+ declined (151, 160). In pediatric NASH,
whereas CD45RO and CD45RA subpopulations were similarly
distributed among circulating CD4+, CD8+CD45RO and CD8+
CD45RA subpopulations were found simultaneously increased
in patients, which refers to a greater pool of CD8 T cells
undergoing activation (161). Moreover, a higher frequency of
IFN-y-producing Th1 lymphocytes was observed as well as CD8+
cells retaining a cytotoxic phenotype (160, 161). In liver biopsies,
IFN-y-producing CD8+ cells were also increased both in adult and
pediatric NASH (64, 160, 161). CD8+ T lymphocytes localized
within inflammatory foci in close proximity to steatotic and
ballooned hepatocytes and showed associations with lobular
inflammation, ballooning and hepatic genes related to cytotoxic
and IFN-y responses, T helper differentiation and TNF-o
signaling, strongly suggesting the presence of a local cytotoxic
response in the liver (64). Other authors have observed that also
the frequency of IL-4+ Th2 cells among CD4+ T cells was
significantly elevated in patients with MAFLD and NASH in
comparison with controls (151, 162). Moreover, analysis of
intrahepatic lymphocytes showed significantly higher frequencies
of intrahepatic IL-17, IL-4, and IFN-y-producing T cells compared
with peripheral blood. The greatest difference between
intrahepatic and peripheral T cells was seen for the frequency of
IFN-y + cells among CD4+ T cells both for MAFLD and NASH. In
livers from MAFLD and NASH groups, up to 44% of CD4+ T cells
expressed the activation marker HLA-DR, thus contributing
actively to pathogenesis in situ. However, Th17 cells were more
frequent in the liver of patients with NASH in comparison with
hepatic tissue from patients with MAFLD, which could
differentiate disease stage (162). Regarding regulatory T-cells
(Tregs), MAFLD patients showed a significantly lower frequency
of naive Tregs (CD4+CD45RA+CD25++) among CD4+ T cells in
peripheral blood in comparison with controls, while NASH
patients had an even lower frequency of these cells. The opposite
was true for activated Tregs (CD4+CD45RA-CD25+++), suggesting
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increased turnover/consumption of Tregs in patients as a result of
increased activation of the naive Tregs (162). Another study
reported that Foxp3+ Tregs are increased in the liver of NASH
patients and its frequency among T cells correlated to higher
NASscore (165). Moreover, oral treatment with anti-CD3
monoclonal antibodies improved serum transaminases and fasting
plasma glucose in a small cohort of NASH patients through
increasing circulatory Tregs (166). Although evidence is still
scarce, we can hypothesize that Tregs may get activated and
infiltrate to the liver in MAFLD patients as a compensatory
mechanism for the enhanced local immune response, which in
the context of sustained liver damage could favor the development
of liver cancer (167). On the contrary, studies in the liver of HFD fed
mice have shown that percentages of CD4+IFN-y+ Thl cells and
CD4+IL-17+ Th17 cells were increased remarkably, while CD4
+CD25+Foxp3+ Treg cells were decreased significantly (168, 169),
which parallels the imbalance in T cell activation in the mesenteric
lymph node. Chemotaxis of CD4+ from mesenteric lymph nodes to
the liver was demonstrated, thus linking gut immunity alterations
and MAFLD (168, 170). In this sense, although lymphocyte
infiltration in the liver is mainly associated with bad prognosis in
MAFLD, several studies in experimental models have shown that
CD4+ T cell depletion could increase the risk of HCC development
(171-173). On the contrary, maintained CD8+ cytotoxic responses
seem to favor carcinogenesis (156, 157).

On the other hand, conflicting results have been reported. For
instance, no differences between control, MAFLD and NASH in
B cell or T cell populations have been described (174). Other
studies have shown a reduction of circulating CD8+ T cells in
MAFLD patients in comparison to control healthy subjects (151)
or between steatosis stages (175). Moreover, circulating Th2 cells
were observed increased while Thl cells, Th17 cells and Tregs
cells had similar frequencies in MAFLD patients compared to
healthy controls (151). These contradictory results could be due
to the common comorbidities associated to MAFLD, namely
DM2 and obesity, and its different representation in the cohorts.
Thus, several authors have analyzed the different immune
response in MAFLD, DM2 and obese patients. Regarding the
humoral response, MAFLD patients diagnosed with diabetes or
hyperlipidemia were found to have significantly lower levels of
anti-adipocytes IgG antibodies when compared with MAFLD
patients with none of the comorbidities. Furthermore, anti-
adipocytes IgM correlated positively and significantly with
body-mass index while the contrary was true for anti-
adipocytes IgG (145). After multiplex determination of
cytokines in obese patients, Vonghia et al. concluded that DM2
patients showed a disturbed Th1/Th2 balance towards Thl
polarization, but, at the intrahepatic level, a mixed Thl and
Th2 impairment occurred and Th2 response was common to
DM2 and NASH. Moreover, patients with advanced fibrosis
showed higher intrahepatic INF-y and IL-1fB, which can
stimulate the cells towards a pro-inflammatory Th1 phenotype
(176). Besides, other authors stated that the hepatic expression
levels of several mediators of the immune response are modified
in all morbidly obese patients, regardless steatosis or

inflammation, while NASH appears preferentially associated
with a better antigen presentation and a Thl response,
highlighting again the relevance of adaptive immunity in
MAFLD progression (163). Finally, authors analyzed the
association of differentially expressed genes and immune cell
populations in a large cohort of obese patients showing common
metabolic comorbidities. IL-10+ CD4 T lymphocytes and
cytotoxic CD8 T were positively associated with lobular
inflammation, ballooning and glucose levels, thus linking
NASH activity and DM2. Th2 lymphocytes and Tregs were
mostly negatively associated with NASH and glucose
parameters (64).

Adaptive Immunity and COVID-19 Severity
in MAFLD Patients

Lymphopenia is a common feature of severe COVID-19,
characterized by drastically reduced absolute numbers of CD4+
and particularly CD8+ T cells which correlates with COVID-19
severity and associated mortality (177, 178). Levels of T cell surface
molecules (CD4, CD8 and CD2), T cell migration stimulators
(DDP4), TCR signaling kinases (ZAP70, LCK and FYN) and
MHC class II molecules (HLA-DRA, HLA-DRB1, HLA-DRB4
and HLA-DRB5) were also significantly lower in patients with
severe disease (179). Peripheral CD8+ T cells from patients with
COVID-19 express high levels of exhaustion markers, including
programmed cell death protein 1 (PD1) and T cell immunoglobulin
mucin-3 (TIM3); of note, this expression pattern was more
pronounced among patients who required intensive care than in
patients with mild disease (180). Analyses of circulating B cells
showed expansion of oligoclonal plasmablasts and reduced memory
B cell frequencies in patients with severe COVID-19 compared with
responses in patients with mild disease or healthy individuals (181,
182). Taking all together, severe COVID-19 patients show a global
impairment in the adaptive immune response. As stated before,
adaptive immune responses towards auto-antigens in NASH result
in lymphocyte infiltration in the liver, with a pro-inflammatory Th1
phenotype and increased consumption of Tregs. These mean a basal
increased exhaustion of the adaptive immune system in NASH
patients in comparison with healthy people, which could lead to a
worse adaptive response towards SARS-CoV-2 infection. Thl
phenotype is also observed in lungs during SARS-CoV-2
infection, as macrophage phagocytosis of infected alveolar
epithelial cells stimulate T cells to secrete IFN-y and favors alveoli
inflammation, forming a detrimental positive loop for severe
COVID-19 (134). Moreover, a preliminary study with a Chinese
cohort of COVID-19 patients showed that patients with MAFLD
and increased neutrophil-to-lymphocyte ratio on admission are at
substantially higher risk of severe COVID-19, irrespective of age, sex
and metabolic comorbidities, indicating that the inability to transit
from innate immune responses to adaptive ones is determinant in
the progression of COVID-19 in MAFLD patients (183).
Nonetheless, evidence is still very scarce and mechanisms
underlying the pathophysiological links between metabolic
syndrome and COVID-19 are mainly unproven. Figure 3
summarizes the main concepts discussed in this section.
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FIGURE 3 | Involvement of adaptive immune system in MAFLD and SARS-CoV-2 infection. Lipid accumulation in metabolic associated fatty liver disease (MAFLD)
causes oxidative stress and lipid peroxidation, generating oxidative stress derived epitopes (OSEs). These products lead to adaptive immune stimulating T cells
toward Th1 proinflammatory phenotype and activating T CD8 cells which express interleukin 2 (IL-2) receptor to develop a cytotoxic response. These events,
together with SARS-CoV-2 infection lead to an impaired adaptive immune response. Regulatory T cells (Tregs) infiltrate to the liver as a compensatory mechanism for

OTHER FACTORS INVOLVED IN MAFLD
AND COVID-19 PATHOPHYSIOLOGY

Other factors could be responsible for the high incidence of
severe COVID-19 in MAFLD patients. For instance, ACE2 is
normally expressed in low amounts in cholangiocytes and
hepatocytes, but it is increased in chronic liver damage and in
experimental set-ups of diet-induced MAFLD, where it may
exert anti-obesity and anti-inflammatory effects. Therefore,
liver injury could lead to increased viral load and worsened
effects of COVID-19 (184). In this line of research, SARS-CoV-2
entry factors are differently affected by DM2 and MAFLD in the
liver of obese patients. While obese women with DM2 have lower
expression of ACE2 and TMPRSS2 than obese normoglycemic
women, obese men with NASH show markedly higher levels of
these genes (18), which may explain the higher risk of severe
COVID-19 in these patients (29). Very preliminary data suggest
that liver injury in COVID-19 is more likely due to the
exacerbated immune responses than for direct viral infection,
but, to affirm this, postmortem liver biopsy was only performed
in one patient (30).

Furthermore, it has been shown that COVID-19 severe
patients also have downregulation of some classes of
metabolites as well as dysfunctional metabolic processes,
leading to a loss of important circulating nutrients. This fact,
together with high cytokine levels and a proinflammatory

environment, contribute to a possible hepatic dysfunction
worsening the patient condition (185).

As mentioned before, the liver has special immune
characteristics. Besides, its role as a secretory organ, particularly
with respect the regulation of coagulation and hemostasis, makes it
indispensable for intertissue communication. The steatotic and
injured liver could therefore produce hepatokines that may alter
the function of other systems, making MAFLD a multi-systemic
disease. These molecules have been implicated in the development
of increased adipocity, kidney injury, DM2 and cardiovascular
disease (186). All these comorbidities are risk factors for severe
COVID-19, and therefore evaluating the role of hepatokines in the
progression of COVID-19 would be reasonable, but no attempts
have been performed until day.

CONCLUSION

Increasing evidence is confirming an enhanced risk of severe
COVID-19 in MAFLD patients, together with other common
comorbidities of this disease such as DM2 and obesity. In this
sense, a well-established paradigm in MAFLD pathogenesis is the
chronic low-grade inflammation, which is the perfect niche for
the development of a cytokine storm upon SARS-CoV-2
infection. As discussed along the text, TLR signaling might be
sustained in MAFLD and COVID-19, leading to a
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hyperactivation of neutrophils and macrophages that produce
large systemic levels of proinflammatory molecules. Not only
regarding cytokines, the dysfunction of the innate immune
response is key in both diseases, affecting the integrity of
physical barriers, especially in the intestine; and the
complement and contact systems, which are also responsible
for the severe and long-lasting manifestations of COVID-19.
Furthermore, the needed transition between innate and adaptive
immune responses seems to be impaired in severe COVID-19.
The dysregulation of adaptive responses is already present in
MAFLD patients, who also have a proinflammatory T cell
response and exhaustion of Tregs. Besides, humoral responses
are activated towards auto-antigens in some cases. In this setting,
proper adaptive immunity could not be expected.

Taking into consideration all these pathological mechanisms,
several therapeutic approaches have been proposed. ACE2 direct
activation has been considered to prevent SARS-CoV?2 infection.
Additionally, the efficacy of anakinra and canakinumab (IL-18
inhibitors) in preventing COVID-19 pneumonia and its
associated cytokine storm is also being tested in several clinical
trials; but, for now, canakinumab has failed to meet primary
endpoints. To keep combating the inflammation, eculizumab is
at the moment the only medication approved for humans to
prevent the complement cascade in order to ameliorate the

REFERENCES

1. Machhi ], Herskovitz ], Senan AM, Dutta D, Nath B, Oleynikov MD, et al.
The Natural History, Pathobiology, and Clinical Manifestations of SARS-
CoV-2 Infections. J Neuroimmune Pharmacol (2020) 15(3):359-86. doi:
10.1007/511481-020-09944-5

2. Perico L, Benigni A, Casiraghi F, Ng LFP, Renia L, Remuzzi G. Immunity,
endothelial injury and complement-induced coagulopathy in COVID-19.
Nat Rev Nephrol (2021) 17:46-64. doi: 10.1038/s41581-020-00357-4

3. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen
S, et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271-
80.e8. doi: 10.1016/j.cell.2020.02.052

4. Amraie R, Napoleon MA, Yin W, Berrigan ], Suder E, Zhao G, et al
CD209L/L-SIGN and CD209/DC-SIGN act as receptors for SARS-CoV-2
and are differentially expressed in lung and kidney epithelial and endothelial
cells. bioRxiv (2020). doi: 10.1101/2020.06.22.165803

5. Zang R, Gomez Castro MF, McCune BT, Zeng Q, Rothlauf PW, Sonnek
NM, et al. TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of
human small intestinal enterocytes. Sci Immunol (2020) 5(47):eabc3582. doi:
10.1126/sciimmunol.abc3582

6. Ou X, Liu Y, Lei X, Li P, Mi D, Ren L, et al. Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity
with SARS-CoV. Nat Commun (2020) 11(1):1620. doi: 10.1038/s41467-020-
15562-9

7. Simmons G, Gosalia DN, Rennekamp AJ, Reeves JD, Diamond SL, Bates P.
Inhibitors of cathepsin L prevent severe acute respiratory syndrome
coronavirus entry. Proc Natl Acad Sci U S A (2005) 102(33):11876-81.
doi: 10.1073/pnas.0505577102

8. Cantuti-Castelvetri L, Ojha R, Pedro LD, Djannatian M, Franz J, Kuivanen S,
et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity. Science
(2020) 370(6518):856-60. doi: 10.1126/science.abd2985

9. Matsuyama S, Nao N, Shirato K, Kawase M, Saito S, Takayama I, et al.
Enhanced isolation of SARS-CoV-2 by TMPRSS2-expressing cells. Proc Natl
Acad Sci U S A (2020) 117(13):7001-3. doi: 10.1073/pnas.2002589117

pulmonary dysfunction due to COVID-19, but also specific
C5aR1 blockade is a very promising therapy to fight against
severe COVID-19. General immunosuppression, through
inhibition of NF-«xB or treatment with corticoids reduces the
cytokine storm, helping to diminish the inflammatory
environment created by both MAFLD and COVID-19 diseases.

Last of all, immune independent mechanisms can also
account for the increased risk of severe COVID-19 in MAFLD
patients, but current studies are very limited.

AUTHOR CONTRIBUTIONS

Conceptualization, JC and ML-H. Writing—original draft
preparation, PL and MA-P. Writing—review and editing, DS,
MA-L, JC, and ML-H. All authors contributed to the article and
approved the submitted version.

FUNDING

This research received funding by the ISCIII (COV20/0170 and
PI119/01509) and Cantabria Goverment (2020 UIC22-PUB-0019)
to ML-H.

10. Ye Q, Wang B, Mao J. The pathogenesis and treatment of the 'Cytokine
Storm’ in COVID-19. ] Infect (2020) 80(6):607-13. doi: 10.1016/
j.jinf.2020.03.037

Wu T, Zuo Z, Kang S, Jiang L, Luo X, Xia Z, et al. Multi-organ Dysfunction
in Patients with COVID-19: A Systematic Review and Meta-analysis. Aging
Dis (2020) 11(4):874-94. doi: 10.14336/AD.2020.0520

Garvin MR, Alvarez C, Miller J1, Prates ET, Walker AM, Amos BK, et al. A
mechanistic model and therapeutic interventions for COVID-19 involving a
RAS-mediated bradykinin storm. Elife (2020) 9:¢59177. doi: 10.7554/
eLife.59177

Pan L, Mu M, Yang P, Sun Y, Wang R, Yan J, et al. Clinical Characteristics of
COVID-19 Patients With Digestive Symptoms in Hubei, China: A
Descriptive, Cross-Sectional, Multicenter Study. Am ] Gastroenterol (2020)
115(5):766-73. doi: 10.14309/ajg.0000000000000620

Xie H, Zhao J, Lian N, Lin S, Xie Q, Zhuo H. Clinical characteristics of non-
ICU hospitalized patients with coronavirus disease 2019 and liver injury: A
retrospective study. Liver Int (2020) 40(6):1321-6. doi: 10.1111/liv.14449
Xu L, Liu J, Lu M, Yang D, Zheng X. Liver injury during highly pathogenic
human coronavirus infections. Liver Int (2020) 40(5):998-1004. doi:
10.1111/1iv.14435

Liang W, Feng Z, Rao S, Xiao C, Xue X, Lin Z, et al. Diarrhoea may be
underestimated: a missing link in 2019 novel coronavirus. Gut (2020) 69
(6):1141-3. doi: 10.1136/gutjnl-2020-320832

Xiao F, Tang M, Zheng X, Liu Y, Li X, Shan H. Evidence for Gastrointestinal
Infection of SARS-CoV-2. Gastroenterology (2020) 158(6):1831-3.e3. doi:
10.1053/j.gastro.2020.02.055

Fondevila MF, Mercado-Gomez M, Rodriguez A, Gonzalez-Rellan MJ,
Iruzubieta P, Valenti V, et al. Obese patients with NASH have increased
hepatic expression of SARS-CoV-2 critical entry points. ] Hepatol (2020) 73
(3):717-18. doi: 10.1016/j.jhep.2020.09.027

Kubes P, Jenne C. Immune Responses in the Liver. Annu Rev Immunol
(2018) 36:247-77. doi: 10.1146/annurev-immunol-051116-052415
Maffetone PB, Laursen PB. The Perfect Storm: Coronavirus (Covid-19)
Pandemic Meets Overfat Pandemic. Front Public Health (2020) 8:135. doi:
10.3389/fpubh.2020.00135

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1007/s11481-020-09944-5
https://doi.org/10.1038/s41581-020-00357-4
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1101/2020.06.22.165803
https://doi.org/10.1126/sciimmunol.abc3582
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1073/pnas.0505577102
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1073/pnas.2002589117
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.1016/j.jinf.2020.03.037
https://doi.org/10.14336/AD.2020.0520
https://doi.org/10.7554/eLife.59177
https://doi.org/10.7554/eLife.59177
https://doi.org/10.14309/ajg.0000000000000620
https://doi.org/10.1111/liv.14449
https://doi.org/10.1111/liv.14435
https://doi.org/10.1136/gutjnl-2020-320832
https://doi.org/10.1053/j.gastro.2020.02.055
https://doi.org/10.1016/j.jhep.2020.09.027
https://doi.org/10.1146/annurev-immunol-051116-052415
https://doi.org/10.3389/fpubh.2020.00135
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lamadrid et al.

Immunity Anti-SARS-CoV-2 in MAFLD

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eslam M, Sanyal AJ, George J, Panel IC. MAFLD: A Consensus-Driven
Proposed Nomenclature for Metabolic Associated Fatty Liver Disease.
Gastroenterology (2020) 158(7):1999-2014.el. doi: 10.1053/j.gastro.
2019.11.312

Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez
M, et al. A new definition for metabolic dysfunction-associated fatty liver
disease: An international expert consensus statement. | Hepatol (2020) 73
(1):202-9. doi: 10.1016/j.jhep.2020.07.045

O’Hara J, Finnegan A, Dhillon H, Ruiz-Casas L, Pedra G, Franks B, et al.
Cost of non-alcoholic steatohepatitis in Europe and the USA: The GAIN
study. JHEP Rep (2020) 2(5):100142. doi: 10.1016/j.jhepr.2020.100142
O’Rourke RW, Lumeng CN. Pathways to Severe COVID-19 for People with
Obesity. Obesity (Silver Spring) (2020). doi: 10.1002/0by.23099

Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mellitus: from
pathophysiology to clinical management. Nat Rev Endocrinol (2021) 17
(1):11-30. doi: 10.1038/s41574-020-00435-4

Gomez-Hurtado I, Gallego-Duran R, Zapater P, Ampuero J, Aller R, Crespo
J, et al. Bacterial antigen translocation and age as BMI-independent
contributing factors on systemic inflammation in NAFLD patients. Liver
Int (2020) 40(9):2182-93. doi: 10.1111/liv.14571

Sookoian S, Salatino A, Castafio GO, Landa MS, Fijalkowky C, Garaycoechea M,
et al. Intrahepatic bacterial metataxonomic signature in non-alcoholic fatty liver
disease. Gut (2020) 69(8):1483-91. doi: 10.1136/gutjnl-2019-318811
Roca-Fernandez A, Dennis A, Nicolls R, McGonigle ], Kelly M, Banerjee R.
High Liver Fat Associates With Higher Risk Of Developing Symptomatic
COVID-19 Infection - Initial UK Biobank Observations. medRxiv (2020).
2020.06.04.20122457. doi: 10.1101/2020.06.04.20122457

Zheng KI, Gao F, Wang XB, Sun QF, Pan KH, Wang TY, et al. Letter to the
Editor: Obesity as a risk factor for greater severity of COVID-19 in patients
with metabolic associated fatty liver disease. Metabolism (2020) 108:154244.
doi: 10.1016/j.metabol.2020.154244

Ji D, Qin E, Xu J, Zhang D, Cheng G, Wang Y, et al. Non-alcoholic fatty liver
diseases in patients with COVID-19: A retrospective study. ] Hepatol (2020)
73(2):451-3. doi: 10.1016/j.jhep.2020.03.044

Zhou Y], Zheng KI, Wang XB, Sun QF, Pan KH, Wang TY, et al. Metabolic-
associated fatty liver disease is associated with severity of COVID-19. Liver
Int (2020) 40(9):2160-3. doi: 10.1111/liv.14575

Targher G, Mantovani A, Byrne CD, Wang XB, Yan HD, Sun QF, et al. Risk
of severe illness from COVID-19 in patients with metabolic dysfunction-
associated fatty liver disease and increased fibrosis scores. Gut (2020) 69
(8):1545-7. doi: 10.1136/gutjnl-2020-321611

Gao F, Zheng KI, Wang XB, Yan HD, Sun QF, Pan KH, et al. Metabolic
associated fatty liver disease increases coronavirus disease 2019 disease
severity in nondiabetic patients. ] Gastroenterol Hepatol (2020) 36(1):204-7.
doi: 10.1111/jgh.15112

Zhou YJ, Zheng KI, Wang XB, Yan HD, Sun QF, Pan KH, et al. Younger
patients with MAFLD are at increased risk of severe COVID-19 illness: A
multicenter preliminary analysis. J Hepatol (2020) 73(3):719-21. doi:
10.1016/j.jhep.2020.04.027

Pan L, Huang P, Xie X, Xu J, Guo D, Jiang Y. Metabolic associated fatty liver
disease increases the severity of COVID-19: A meta-analysis. Dig Liver Dis
(2021) 53(2):153-7. doi: 10.1016/j.d1d.2020.09.007

Sharma P, Kumar A. Metabolic dysfunction associated fatty liver disease
increases risk of severe Covid-19. Diabetes Metab Syndr (2020) 14(5):825-7.
doi: 10.1016/j.dsx.2020.06.013

Taylor RS, Taylor R], Bayliss S, Hagstrom H, Nasr P, Schattenberg JM, et al.
Association Between Fibrosis Stage and Outcomes of Patients With
Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-
Analysis. Gastroenterology (2020) 158(6):1611-25.e12. doi: 10.1053/
j.gastro.2020.01.043

Bajaj JS, Garcia-Tsao G, Biggins SW, Kamath PS, Wong F, McGeorge S, et al.
Comparison of mortality risk in patients with cirrhosis and COVID-19
compared with patients with cirrhosis alone and COVID-19 alone:
multicentre matched cohort. Gut (2021) 70(3):531-6. doi: 10.1136/gutjnl-
2020-322118

Marjot T, Moon AM, Cook JA, Abd-Elsalam S, Aloman C, Armstrong MJ,
et al. Outcomes following SARS-CoV-2 infection in patients with chronic

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

liver disease: an international registry study. ] Hepatol (2021) 74(3):567-77.
doi: 10.1016/j.jhep.2020.09.024

Arrese M, Cabrera D, Kalergis AM, Feldstein AE. Innate Immunity and
Inflammation in NAFLD/NASH. Dig Dis Sci (2016) 61(5):1294-303. doi:
10.1007/510620-016-4049-x

Cai J, Zhang X]J, Li H. Role of Innate Immune Signaling in Non-Alcoholic
Fatty Liver Disease. Trends Endocrinol Metab (2018) 29(10):712-22. doi:
10.1016/j.tem.2018.08.003

Rezae N, Aghamohammadi A and Notarangelo LD. (eds.). Primary
Immunodeficiency Diseases. Berlin, Heidelberg: Springer (2017).

Gabay C, Kushner I. Acute-phase proteins and other systemic responses to
inflammation. N Engl ] Med (1999) 340(6):448-54. doi: 10.1056/
NEJM199902113400607

Jia Q Li C, Xia Y, Zhang Q, Wu H, Du H, et al. Association between
complement C3 and prevalence of fatty liver disease in an adult population: a
cross-sectional study from the Tianjin Chronic Low-Grade Systemic
Inflammation and Health (TCLSIHealth) cohort study. PloS One (2015)
10(4):¢0122026. doi: 10.1371/journal.pone.0122026

Lee JH, Poudel B, Ki HH, Nepali S, Lee YM, Shin JS, et al. Complement C1q
stimulates the progression of hepatocellular tumor through the activation of
discoidin domain receptor 1. Sci Rep (2018) 8(1):4908. doi: 10.1038/s41598-
018-23240-6

Rensen SS, Slaats Y, Driessen A, Peutz-Kootstra CJ, Nijhuis J, Steffensen R,
et al. Activation of the complement system in human nonalcoholic fatty liver
disease. Hepatology (2009) 50(6):1809-17. doi: 10.1002/hep.23228

Segers FM, Verdam FJ, de Jonge C, Boonen B, Driessen A, Shiri-Sverdlov R,
et al. Complement alternative pathway activation in human nonalcoholic
steatohepatitis. PloS One (2014) 9(10):e110053. doi: 10.1371/journal.pone.
0110053

Nicola H. The role of contact system in septic shock: the next target? An
overview of the current evidence. ] Intensive Care (2017) 5:31. doi: 10.1186/
540560-017-0228-x

Kotronen A, Joutsi-Korhonen L, Sevastianova K, Bergholm R, Hakkarainen
A, Pietildinen KH, et al. Increased coagulation factor VIII, IX, XI and XII
activities in non-alcoholic fatty liver disease. Liver Int (2011) 31(2):176-83.
doi: 10.1111/§.1478-3231.2010.02375.x

Arias-Loste MT, Fabrega E, Lopez-Hoyos M, Crespo J. The Crosstalk
between Hypoxia and Innate Immunity in the Development of Obesity-
Related Nonalcoholic Fatty Liver Disease. BioMed Res Int (2015)
2015:319745. doi: 10.1155/2015/319745

Kim S, Park S, Kim B, Kwon J. Toll-like receptor 7 affects the pathogenesis of
non-alcoholic fatty liver disease. Sci Rep (2016) 6:27849. doi: 10.1038/srep27849
Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate
immunity. Cell (2006) 124(4):783-801. doi: 10.1016/j.cell.2006.02.015
Creely SJ, McTernan PG, Kusminski CM, Fisher F, Da Silva NF, Khanolkar
M, et al. Lipopolysaccharide activates an innate immune system response in
human adipose tissue in obesity and type 2 diabetes. Am J Physiol Endocrinol
Metab (2007) 292(3):E740-7. doi: 10.1152/ajpendo.00302.2006

Douhara A, Moriya K, Yoshiji H, Noguchi R, Namisaki T, Kitade M, et al.
Reduction of endotoxin attenuates liver fibrosis through suppression of
hepatic stellate cell activation and remission of intestinal permeability in a
rat non-alcoholic steatohepatitis model. Mol Med Rep (2015) 11(3):1693—
700. doi: 10.3892/mmr.2014.2995

Pendyala S, Walker JM, Holt PR. A high-fat diet is associated with
endotoxemia that originates from the gut. Gastroenterology (2012) 142
(5):1100-.€2. doi: 10.1053/j.gastro.2012.01.034

Dasu MR, Jialal I. Free fatty acids in the presence of high glucose amplify
monocyte inflammation via Toll-like receptors. Am ] Physiol Endocrinol
Metab (2011) 300(1):E145-54. doi: 10.1152/ajpendo.00490.2010

Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, et al.
Promotion of hepatocellular carcinoma by the intestinal microbiota and
TLR4. Cancer Cell (2012) 21(4):504-16. doi: 10.1016/j.ccr.2012.02.007
Taira R, Yamaguchi S, Shimizu K, Nakamura K, Ayabe T, Taira T. Bacterial
cell wall components regulate adipokine secretion from visceral adipocytes. J
Clin Biochem Nutr (2015) 56(2):149-54. doi: 10.3164/jcbn.14-74

Raman M, Ahmed I, Gillevet PM, Probert CS, Ratcliffe NM, Smith S, et al.
Fecal microbiome and volatile organic compound metabolome in obese

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1016/j.jhep.2020.07.045
https://doi.org/10.1016/j.jhepr.2020.100142
https://doi.org/10.1002/oby.23099
https://doi.org/10.1038/s41574-020-00435-4
https://doi.org/10.1111/liv.14571
https://doi.org/10.1136/gutjnl-2019-318811
https://doi.org/10.1101/2020.06.04.20122457
https://doi.org/10.1016/j.metabol.2020.154244
https://doi.org/10.1016/j.jhep.2020.03.044
https://doi.org/10.1111/liv.14575
https://doi.org/10.1136/gutjnl-2020-321611
https://doi.org/10.1111/jgh.15112
https://doi.org/10.1016/j.jhep.2020.04.027
https://doi.org/10.1016/j.dld.2020.09.007
https://doi.org/10.1016/j.dsx.2020.06.013
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1053/j.gastro.2020.01.043
https://doi.org/10.1136/gutjnl-2020-322118
https://doi.org/10.1136/gutjnl-2020-322118
https://doi.org/10.1016/j.jhep.2020.09.024
https://doi.org/10.1007/s10620-016-4049-x
https://doi.org/10.1016/j.tem.2018.08.003
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1056/NEJM199902113400607
https://doi.org/10.1371/journal.pone.0122026
https://doi.org/10.1038/s41598-018-23240-6
https://doi.org/10.1038/s41598-018-23240-6
https://doi.org/10.1002/hep.23228
https://doi.org/10.1371/journal.pone.0110053
https://doi.org/10.1371/journal.pone.0110053
https://doi.org/10.1186/s40560-017-0228-x
https://doi.org/10.1186/s40560-017-0228-x
https://doi.org/10.1111/j.1478-3231.2010.02375.x
https://doi.org/10.1155/2015/319745
https://doi.org/10.1038/srep27849
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1152/ajpendo.00302.2006
https://doi.org/10.3892/mmr.2014.2995
https://doi.org/10.1053/j.gastro.2012.01.034
https://doi.org/10.1152/ajpendo.00490.2010
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.3164/jcbn.14-74
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lamadrid et al.

Immunity Anti-SARS-CoV-2 in MAFLD

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

humans with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol
(2013) 11(7):868-75.e1-3. doi: 10.1016/j.cgh.2013.02.015

Arias-Loste MT, Iruzubieta P, Puente A, Ramos D, Santa Cruz C, Estébanez
A, et al. Increased Expression Profile and Functionality of TLR6 in
Peripheral Blood Mononuclear Cells and Hepatocytes of Morbidly Obese
Patients with Non-Alcoholic Fatty Liver Disease. Int ] Mol Sci (2016) 17
(11):1878. doi: 10.3390/ijms17111878

Roh YS, Park S, Kim JW, Lim CW, Seki E, Kim B. Toll-like receptor 7-mediated
type I interferon signaling prevents cholestasis- and hepatotoxin-induced liver
fibrosis. Hepatology (2014) 60(1):237-49. doi: 10.1002/hep.26981

Wan X, Xu G, Yu G, Li Y. Role of NLRP3 Inflammasome in the Progression
of NAFLD to NASH. Can ] Gastroenterol Hepatol (2016) 2016:6489012. doi:
10.1155/2016/6489012

Luo W, Xu Q, Wang Q, Wu H, Hua J. Effect of modulation of PPAR-y
activity on Kupffer cells M1/M2 polarization in the development of non-
alcoholic fatty liver disease. Sci Rep (2017) 7:44612. doi: 10.1038/srep44612
Haas JT, Vonghia L, Mogilenko DA, Verrijken A, Molendi-Coste O, Fleury
S, et al. Transcriptional Network Analysis Implicates Altered Hepatic
Immune Function in NASH development and resolution. Nat Metab
(2019) 1(6):604-14. doi: 10.1038/s42255-019-0076-1

Ganz M, Szabo G. Immune and inflammatory pathways in NASH. Hepatol
Int (2013) 7 Suppl 2:771-81. doi: 10.1007/s12072-013-9468-6

Tian Z, Chen Y, Gao B. Natural killer cells in liver disease. Hepatology (2013)
57(4):1654-62. doi: 10.1002/hep.26115

Kumar V. NKT-cell subsets: promoters and protectors in inflammatory liver
disease. | Hepatol (2013) 59(3):618-20. doi: 10.1016/j.jhep.2013.02.032
Martin-Murphy BV, You Q, Wang H, De La Houssaye BA, Reilly TP,
Friedman JE, et al. Mice lacking natural killer T cells are more susceptible to
metabolic alterations following high fat diet feeding. PloS One (2014) 9(1):
€80949. doi: 10.1371/journal.pone.0080949

Tajiri K, Shimizu Y, Tsuneyama K, Sugiyama T. Role of liver-infiltrating
CD3+CD56+ natural killer T cells in the pathogenesis of nonalcoholic fatty
liver disease. Eur | Gastroenterol Hepatol (2009) 21(6):673-80. doi: 10.1097/
MEG.0b013e32831bc3d6

Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD, Van Rooyen
DM, et al. NLRP3 inflammasome blockade reduces liver inflammation and
fibrosis in experimental NASH in mice. ] Hepatol (2017) 66(5):1037-46. doi:
10.1016/j.jhep.2017.01.022

Henning JR, Graffeo CS, Rehman A, Fallon NC, Zambirinis CP, Ochi A,
et al. Dendritic cells limit fibroinflammatory injury in nonalcoholic
steatohepatitis in mice. Hepatology (2013) 58(2):589-602. doi: 10.1002/
hep.26267

Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, et al.
Neutrophils mediate insulin resistance in mice fed a high-fat diet through
secreted elastase. Nat Med (2012) 18(9):1407-12. doi: 10.1038/nm.2885
Miura K, Yang L, van Rooijen N, Brenner DA, Ohnishi H, Seki E. Toll-like
receptor 2 and palmitic acid cooperatively contribute to the development of
nonalcoholic steatohepatitis through inflammasome activation in mice.
Hepatology (2013) 57(2):577-89. doi: 10.1002/hep.26081

Luo XY, Takahara T, Kawai K, Fujino M, Sugiyama T, Tsuneyama K, et al.
IEN-y deficiency attenuates hepatic inflammation and fibrosis in a
steatohepatitis model induced by a methionine- and choline-deficient
high-fat diet. Am ] Physiol Gastrointest Liver Physiol (2013) 305(12):
G891-9. doi: 10.1152/ajpgi.00193.2013

Hadinia A, Doustimotlagh AH, Goodarzi HR, Arya A, Jafarinia M.
Circulating Levels of Pro-inflammatory Cytokines in Patients with
Nonalcoholic Fatty Liver Disease and Non-Alcoholic Steatohepatitis. Iran
J Immunol (2019) 16(4):327-33. doi: 10.22034/1J1.2019.80284

Kar S, Paglialunga S, Jaycox SH, Islam R, Paredes AH. Assay validation and
clinical performance of chronic inflammatory and chemokine biomarkers of
NASH fibrosis. PloS One (2019) 14(7):€0217263. doi: 10.1371/
journal.pone.0217263

Pradhan AD, Manson JE, Rifai N, Buring JE, Ridker PM. C-reactive protein,
interleukin 6, and risk of developing type 2 diabetes mellitus. JAMA (2001)
286(3):327-34. doi: 10.1001/jama.286.3.327

Crespo J, Cayon A, Fernandez-Gil P, Hernandez-Guerra M, Mayorga M,
Dominguez-Diez A, et al. Gene expression of tumor necrosis factor alpha

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

and TNF-receptors, p55 and p75, in nonalcoholic steatohepatitis patients.
Hepatology (2001) 34(6):1158-63. doi: 10.1053/jhep.2001.29628

du Plessis J, Korf H, van Pelt ], Windmolders P, Vander Elst I, Verrijken A,
et al. Pro-Inflammatory Cytokines but Not Endotoxin-Related Parameters
Associate with Disease Severity in Patients with NAFLD. PloS One (2016) 11
(12):¢0166048. doi: 10.1371/journal.pone.0166048

Ofei F, Hurel S, Newkirk J, Sopwith M, Taylor R. Effects of an engineered
human anti-TNF-alpha antibody (CDP571) on insulin sensitivity and
glycemic control in patients with NIDDM. Diabetes (1996) 45(7):881-5.
doi: 10.2337/diabetes.45.7.881

YuJ, Ip E, Dela Peiia A, Hou JY, Sesha J, Pera N, et al. COX-2 induction in mice
with experimental nutritional steatohepatitis: Role as pro-inflammatory
mediator. Hepatology (2006) 43(4):826-36. doi: 10.1002/hep.21108

Brenner DA, Seki E, Taura K, Kisseleva T, Deminicis S, Iwaisako K, et al.
Non-alcoholic steatohepatitis-induced fibrosis: Toll-like receptors, reactive
oxygen species and Jun N-terminal kinase. Hepatol Res (2011) 41(7):683-6.
doi: 10.1111/§.1872-034X.2011.00814.x

Dev A, Iyer S, Razani B, Cheng G. NF-xB and innate immunity. Curr Top
Microbiol Immunol (2011) 349:115-43. doi: 10.1007/82_2010_102

Czaja MJ. JNK regulation of hepatic manifestations of the metabolic
syndrome. Trends Endocrinol Metab (2010) 21(12):707-13. doi: 10.1016/
j.tem.2010.08.010

Gehrke N, Schattenberg JM. Metabolic Inflammation-A Role for Hepatic
Inflammatory Pathways as Drivers of Comorbidities in Nonalcoholic Fatty
Liver Disease? Gastroenterology (2020) 158(7):1929-47.6. doi: 10.1053/
j-gastro.2020.02.020

Francque SM, van der Graaff D, Kwanten WJ. Non-alcoholic fatty liver
disease and cardiovascular risk: Pathophysiological mechanisms and
implications. ] Hepatol (2016) 65(2):425-43. doi: 10.1016/j.jhep.2016.04.005
Siddiqi HK, Mehra MR. COVID-19 illness in native and immunosuppressed
states: A clinical-therapeutic staging proposal. ] Heart Lung Transplant
(2020) 39(5):405-7. doi: 10.1016/j.healun.2020.03.012

Ragab D, Salah Eldin H, Taeimah M, Khattab R, Salem R. The COVID-19
Cytokine Storm; What We Know So Far. Front Immunol (2020) 11:1446.
doi: 10.3389/fimmu.2020.01446

Li G, Fan Y, Lai Y, Han T, Li Z, Zhou P, et al. Coronavirus infections and
immune responses. ] Med Virol (2020) 92(4):424-32. doi: 10.1002/jmv.25685
Campbell CM, Kahwash R. Will Complement Inhibition Be the New Target
in Treating COVID-19-Related Systemic Thrombosis? Circulation (2020)
141(22):1739-41. doi: 10.1161/CIRCULATIONAHA.120.047419

Carvelli ], Demaria O, Vély F, Batista L, Chouaki Benmansour N, Fares J,
et al. Association of COVID-19 inflammation with activation of the C5a-
C5aR1 axis. Nature (2020) 588:146-50. doi: 10.1038/s41586-020-2600-6
Gralinski LE, Sheahan TP, Morrison TE, Menachery VD, Jensen K, Leist SR,
et al. Complement Activation Contributes to Severe Acute Respiratory
Syndrome Coronavirus Pathogenesis. mBio (2018) 9(5):01753-18. doi:
10.1128/mBi0.01753-18

Lefere S, Tacke F. Macrophages in obesity and non-alcoholic fatty liver
disease: Crosstalk with metabolism. JHEP Rep (2019) 1(1):30-43. doi:
10.1016/j.jhepr.2019.02.004

Rodriguez-Puertas R. ACE2 activators for the treatment of COVID 19
patients. ] Med Virol (2020) 92(10):1701-2. doi: 10.1002/jmv.25992

Li W, Moore MJ, Vasilieva N, Sui ], Wong SK, Berne MA, et al. Angiotensin-
converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature (2003) 426(6965):450-4. doi: 10.1038/nature02145

Maglakelidze N, Manto KM, Craig TJ. A Review: Does Complement or the
Contact System Have a Role in Protection or Pathogenesis of COVID-19?
Pulm Ther (2020) 6(2):169-76. doi: 10.1007/s41030-020-00118-5

Milewska A, Falkowski K, Kalinska M, Bielecka E, Naskalska A, Mak P, et al.
Kallikrein 13: a new player in coronaviral infections. bioRxiv (2020).
2020.03.01.971499. doi: 10.1101/2020.03.01.971499

Monkemiiller K, Fry L, Rickes S. COVID-19, coronavirus, SARS-CoV-2 and
the small bowel. Rev Esp Enferm Dig (2020) 112(5):383-8. doi: 10.17235/
reed.2020.7137/2020

Assante G, Williams R, Youngson NA. Is the increased risk for MAFLD
patients to develop severe COVID-19 linked to perturbation of the gut-liver
axis? ] Hepatol (2021) 74:469-90. doi: 10.1016/j.jhep.2020.05.051

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1016/j.cgh.2013.02.015
https://doi.org/10.3390/ijms17111878
https://doi.org/10.1002/hep.26981
https://doi.org/10.1155/2016/6489012
https://doi.org/10.1038/srep44612
https://doi.org/10.1038/s42255-019-0076-1
https://doi.org/10.1007/s12072-013-9468-6
https://doi.org/10.1002/hep.26115
https://doi.org/10.1016/j.jhep.2013.02.032
https://doi.org/10.1371/journal.pone.0080949
https://doi.org/10.1097/MEG.0b013e32831bc3d6
https://doi.org/10.1097/MEG.0b013e32831bc3d6
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.1002/hep.26267
https://doi.org/10.1002/hep.26267
https://doi.org/10.1038/nm.2885
https://doi.org/10.1002/hep.26081
https://doi.org/10.1152/ajpgi.00193.2013
https://doi.org/10.22034/IJI.2019.80284
https://doi.org/10.1371/journal.pone.0217263
https://doi.org/10.1371/journal.pone.0217263
https://doi.org/10.1001/jama.286.3.327
https://doi.org/10.1053/jhep.2001.29628
https://doi.org/10.1371/journal.pone.0166048
https://doi.org/10.2337/diabetes.45.7.881
https://doi.org/10.1002/hep.21108
https://doi.org/10.1111/j.1872-034X.2011.00814.x
https://doi.org/10.1007/82_2010_102
https://doi.org/10.1016/j.tem.2010.08.010
https://doi.org/10.1016/j.tem.2010.08.010
https://doi.org/10.1053/j.gastro.2020.02.020
https://doi.org/10.1053/j.gastro.2020.02.020
https://doi.org/10.1016/j.jhep.2016.04.005
https://doi.org/10.1016/j.healun.2020.03.012
https://doi.org/10.3389/fimmu.2020.01446
https://doi.org/10.1002/jmv.25685
https://doi.org/10.1161/CIRCULATIONAHA.120.047419
https://doi.org/10.1038/s41586-020-2600-6
https://doi.org/10.1128/mBio.01753-18
https://doi.org/10.1016/j.jhepr.2019.02.004
https://doi.org/10.1002/jmv.25992
https://doi.org/10.1038/nature02145
https://doi.org/10.1007/s41030-020-00118-5
https://doi.org/10.1101/2020.03.01.971499
https://doi.org/10.17235/reed.2020.7137/2020
https://doi.org/10.17235/reed.2020.7137/2020
https://doi.org/10.1016/j.jhep.2020.05.051
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lamadrid et al.

Immunity Anti-SARS-CoV-2 in MAFLD

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Cardinale V, Capurso G, Ianiro G, Gasbarrini A, Arcidiacono PG, Alvaro D.
Intestinal permeability changes with bacterial translocation as key events
modulating systemic host immune response to SARS-CoV-2: A working
hypothesis. Dig Liver Dis (2020) 52(12):1383-9. doi: 10.1016/j.d1d.2020.09.009
Belancic A. Gut microbiome dysbiosis and endotoxemia - Additional
pathophysiological explanation for increased COVID-19 severity in
obesity. Obes Med (2020) 20:100302. doi: 10.1016/j.0bmed.2020.100302
Zuo T, Zhang F, Lui GCY, Yeoh YK, Li AYL, Zhan H, et al. Alterations in
Gut Microbiota of Patients With COVID-19 During Time of
Hospitalization. Gastroenterology (2020) 159(3):944-55.e8. doi: 10.1053/
j.gastro.2020.05.048

Gu S, Chen Y, Wu Z, Gao H, Lv L, Guo F, et al. Alterations of the Gut
Microbiota in Patients with COVID-19 or HINI Influenza. Clin Infect Dis
(2020). doi: 10.1093/cid/ciaa709

Zuo T, Liu Q, Zhang F, Lui GC, Tso EY, Yeoh YK, et al. Depicting SARS-
CoV-2 faecal viral activity in association with gut microbiota composition in
patients with COVID-19. Gut (2020) 70:276-84. doi: 10.1136/gutjnl-2020-
322294

Zuo T, Zhan H, Zhang F, Liu Q, Tso EYK, Lui GCY, et al. Alterations in Fecal
Fungal Microbiome of Patients With COVID-19 During Time of
Hospitalization until Discharge. Gastroenterology (2020) 159(4):1302-
10.e5. doi: 10.1053/j.gastro.2020.06.048

Hoel H, Heggelund L, Reikvam DH, Stiksrud B, Ueland T, Michelsen AE,
et al. Elevated markers of gut leakage and inflammasome activation in
COVID-19 patients with cardiac involvement. J Intern Med (2020) 5. doi:
10.1111/joim.13178

Moreno-Eutimio MA, Lopez-Macias C, Pastelin-Palacios R. Bioinformatic
analysis and identification of single-stranded RNA sequences recognized by
TLR7/8 in the SARS-CoV-2, SARS-CoV, and MERS-CoV genomes.
Microbes Infect (2020) 22(4-5):226-9. doi: 10.1016/j.micinf.2020.04.009
van der Made CI, Simons A, Schuurs-Hoeijmakers J, van den Heuvel G,
Mantere T, Kersten S, et al. Presence of Genetic Variants Among Young Men
With Severe COVID-19. JAMA (2020) 324(7):663-73. doi: 10.1001/
jama.2020.13719

Englmeier L. A theory on SARS-COV-2 susceptibility: reduced TLR7-activity
as a mechanistic link between men, obese and elderly. J Biol Regul Homeost
Agents (2020) 34(3):1125-9. doi: 10.23812/20-221-L-49

Wang Y, Liang H, Jin F, Yan X, Xu G, Hu H, et al. Injured liver-released
miRNA-122 elicits acute pulmonary inflammation via activating alveolar
macrophage TLR7 signaling pathway. Proc Natl Acad Sci U S A (2019) 116
(13):6162-71. doi: 10.1073/pnas.1814139116

Totura AL, Whitmore A, Agnihothram S, Schifer A, Katze MG, Heise MT,
et al. Toll-Like Receptor 3 Signaling via TRIF Contributes to a Protective
Innate Immune Response to Severe Acute Respiratory Syndrome
Coronavirus Infection. mBio (2015) 6(3):e00638-15. doi: 10.1128/
mBio.00638-15

Sohn KM, Lee SG, Kim HJ, Cheon S, Jeong H, Lee J, et al. COVID-19
Patients Upregulate Toll-like Receptor 4-mediated Inflammatory Signaling
That Mimics Bacterial Sepsis. ] Korean Med Sci (2020) 35(38):e343. doi:
10.3346/jkms.2020.35.e343

Carpino G, Del Ben M, Pastori D, Carnevale R, Baratta F, Overi D, et al.
Increased Liver Localization of Lipopolysaccharides in Human and
Experimental NAFLD. Hepatology (2020) 72(2):470-85. doi: 10.1002/
hep.31056

Shi CS, Nabar NR, Huang NN, Kehrl JH. SARS-Coronavirus Open Reading
Frame-8b triggers intracellular stress pathways and activates NLRP3
inflammasomes. Cell Death Discov (2019) 5:101. doi: 10.1038/s41420-019-
0181-7

Nieto-Torres JL, Verdia-Baguena C, Jimenez-Guardenio JM, Regla-Nava JA,
Castano-Rodriguez C, Fernandez-Delgado R, et al. Severe acute respiratory
syndrome coronavirus E protein transports calcium ions and activates the
NLRP3 inflammasome. Virology (2015) 485:330-9. doi: 10.1016/
j.virol.2015.08.010

Siu KL, Yuen KS, Castaiio-Rodriguez C, Ye ZW, Yeung ML, Fung SY, et al.
Severe acute respiratory syndrome coronavirus ORF3a protein activates the
NLRP3 inflammasome by promoting TRAF3-dependent ubiquitination of
ASC. FASEB ] (2019) 33(8):8865-77. doi: 10.1096/1j.201802418R

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Rodrigues TS, de Sa KSG, Ishimoto AY, Becerra A, Oliveira S, Almeida L,
et al. Inflammasomes are activated in response to SARS-CoV-2 infection and
are associated with COVID-19 severity in patients. ] Exp Med (2021) 218(3):
€20201707. doi: 10.1084/jem.20201707

Paces J, Strizova Z, Smrz D, Cerny J. COVID-19 and the immune system.
Physiol Res (2020) 69(3):379-88. doi: 10.33549/physiolres.934492
McGonagle D, O’Donnell JS, Sharif K, Emery P, Bridgewood C. Immune
mechanisms of pulmonary intravascular coagulopathy in COVID-19
pneumonia. Lancet Rheumatol (2020) 2(7):e437-e45. doi: 10.1016/S2665-
9913(20)30121-1

Merad M, Martin JC. Pathological inflammation in patients with COVID-19:
a key role for monocytes and macrophages. Nat Rev Immunol (2020) 20
(6):355-62. doi: 10.1038/s41577-020-0331-4

Yao X, Ye F, Zhang M, Cui C, Huang B, Niu P, et al. In Vitro Antiviral
Activity and Projection of Optimized Dosing Design of Hydroxychloroquine
for the Treatment of Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2). Clin Infect Dis (2020) 71(15):732-9. doi: 10.1093/cid/ciaa237
Zhou Z, Ren L, Zhang L, Zhong ], Xiao Y, Jia Z, et al. Heightened Innate
Immune Responses in the Respiratory Tract of COVID-19 Patients. Cell Host
Microbe (2020) 27(6):883-90.¢2. doi: 10.1016/j.chom.2020.04.017

Jaillon S, Berthenet K, Garlanda C. Sexual Dimorphism in Innate Immunity.
Clin Rev Allergy Immunol (2019) 56(3):308-21. doi: 10.1007/s12016-017-
8648-x

Della Torre S. Non-alcoholic Fatty Liver Disease as a Canonical Example of
Metabolic Inflammatory-Based Liver Disease Showing a Sex-Specific
Prevalence: Relevance of Estrogen Signaling. Front Endocrinol (Lausanne)
(2020) 11:572490. doi: 10.3389/fendo.2020.572490

Price CC, Altice FL, Shyr Y, Koff A, Pischel L, Goshua G, et al. Tocilizumab
Treatment for Cytokine Release Syndrome in Hospitalized Patients With
Coronavirus Disease 2019: Survival and Clinical Outcomes. Chest (2020) 158
(4):1397-408. doi: 10.1016/j.chest.2020.06.006

Morrison AR, Johnson JM, Griebe KM, Jones MC, Stine JJ, Hencken LN,
et al. Clinical characteristics and predictors of survival in adults with
coronavirus disease 2019 receiving tocilizumab. ] Autoimmun (2020)
114:102512. doi: 10.1016/j.jaut.2020.102512

Perrone F, Piccirillo MC, Ascierto PA, Salvarani C, Parrella R, Marata AM,
et al. Tocilizumab for patients with COVID-19 pneumonia. The single-arm
TOCIVID-19 prospective trial. J Transl Med (2020) 18(1):405. doi: 10.1186/
512967-020-02573-9

Ramiro S, Mostard RLM, Magro-Checa C, van Dongen CMP, Dormans T,
Buijs J, et al. Historically controlled comparison of glucocorticoids with or
without tocilizumab versus supportive care only in patients with COVID-19-
associated cytokine storm syndrome: results of the CHIC study. Ann Rheum
Dis (2020) 79(9):1143-51. doi: 10.1136/annrheumdis-2020-219534
Novartis. Novartis provides update on CAN-COVID trial in hospitalized
patients with COVID-19 pneumonia and cytokine release syndrome (CRS)
Basel: Novartis. (2020). Available at: https://www.novartis.com/news/media-
releases/novartis-provides-update-can-covid-trial-hospitalized-patients-
covid-19-pneumonia-and-cytokine-release-syndrome-crs, [Press release].
Pei L, Zhang S, Huang L, Geng X, Ma L, Jiang W, et al. Antiviral agents,
glucocorticoids, antibiotics, and intravenous immunoglobulin in 1142 patients
with coronavirus disease 2019: a systematic review and meta-analysis. Pol Arch
Intern Med (2020) 130(9):726-33. doi: 10.20452/pamw.15543

Tomazini BM, Maia IS, Cavalcanti AB, Berwanger O, Rosa RG, Veiga VC,
et al. Effect of Dexamethasone on Days Alive and Ventilator-Free in Patients
With Moderate or Severe Acute Respiratory Distress Syndrome and COVID-
19: The CoDEX Randomized Clinical Trial. JAMA (2020) 324(13):1307-16.
doi: 10.1001/jama.2020.17021

Sterne JAC, Murthy S, Diaz JV, Slutsky AS, Villar J, Angus DC, et al.
Association Between Administration of Systemic Corticosteroids and
Mortality Among Critically Ill Patients With COVID-19: A Meta-analysis.
JAMA (2020) 324(13):1330-41. doi: 10.1001/jama.2020.17023

Yu C, Kang L, Chen ], Zang N. Evaluation of safety, efficacy, tolerability, and
treatment-related outcomes of type I interferons for human coronaviruses
(HCoVs) infection in clinical practice: An updated critical systematic review
and meta-analysis. Int Immunopharmacol (2020) 86:106740. doi: 10.1016/
j.intimp.2020.106740

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1016/j.dld.2020.09.009
https://doi.org/10.1016/j.obmed.2020.100302
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1053/j.gastro.2020.05.048
https://doi.org/10.1093/cid/ciaa709
https://doi.org/10.1136/gutjnl-2020-322294
https://doi.org/10.1136/gutjnl-2020-322294
https://doi.org/10.1053/j.gastro.2020.06.048
https://doi.org/10.1111/joim.13178
https://doi.org/10.1016/j.micinf.2020.04.009
https://doi.org/10.1001/jama.2020.13719
https://doi.org/10.1001/jama.2020.13719
https://doi.org/10.23812/20-221-L-49
https://doi.org/10.1073/pnas.1814139116
https://doi.org/10.1128/mBio.00638-15
https://doi.org/10.1128/mBio.00638-15
https://doi.org/10.3346/jkms.2020.35.e343
https://doi.org/10.1002/hep.31056
https://doi.org/10.1002/hep.31056
https://doi.org/10.1038/s41420-019-0181-7
https://doi.org/10.1038/s41420-019-0181-7
https://doi.org/10.1016/j.virol.2015.08.010
https://doi.org/10.1016/j.virol.2015.08.010
https://doi.org/10.1096/fj.201802418R
https://doi.org/10.1084/jem.20201707
https://doi.org/10.33549/physiolres.934492
https://doi.org/10.1016/S2665-9913(20)30121-1
https://doi.org/10.1016/S2665-9913(20)30121-1
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1093/cid/ciaa237
https://doi.org/10.1016/j.chom.2020.04.017
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.1007/s12016-017-8648-x
https://doi.org/10.3389/fendo.2020.572490
https://doi.org/10.1016/j.chest.2020.06.006
https://doi.org/10.1016/j.jaut.2020.102512
https://doi.org/10.1186/s12967-020-02573-9
https://doi.org/10.1186/s12967-020-02573-9
https://doi.org/10.1136/annrheumdis-2020-219534
https://www.novartis.com/news/media-releases/novartis-provides-update-can-covid-trial-hospitalized-patients-covid-19-pneumonia-and-cytokine-release-syndrome-crs
https://www.novartis.com/news/media-releases/novartis-provides-update-can-covid-trial-hospitalized-patients-covid-19-pneumonia-and-cytokine-release-syndrome-crs
https://www.novartis.com/news/media-releases/novartis-provides-update-can-covid-trial-hospitalized-patients-covid-19-pneumonia-and-cytokine-release-syndrome-crs
https://doi.org/10.20452/pamw.15543
https://doi.org/10.1001/jama.2020.17021
https://doi.org/10.1001/jama.2020.17023
https://doi.org/10.1016/j.intimp.2020.106740
https://doi.org/10.1016/j.intimp.2020.106740
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lamadrid et al.

Immunity Anti-SARS-CoV-2 in MAFLD

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Fisher CD, Lickteig AJ, Augustine LM, Ranger-Moore J, Jackson JP,
Ferguson SS, et al. Hepatic cytochrome P450 enzyme alterations in
humans with progressive stages of nonalcoholic fatty liver disease. Drug
Metab Dispos (2009) 37(10):2087-94. doi: 10.1124/dmd.109.027466

Naik A, Beli¢ A, Zanger UM, Rozman D. Molecular Interactions between
NAFLD and Xenobiotic Metabolism. Front Genet (2013) 4:2. doi: 10.3389/
fgene.2013.00002

Papac-Milicevic N, Busch CJ, Binder CJ. Malondialdehyde Epitopes as
Targets of Immunity and the Implications for Atherosclerosis. Adv
Immunol (2016) 131:1-59. doi: 10.1016/bs.ai.2016.02.001

Sbierski-Kind J, Kath J, Brachs S, Streitz M, von Herrath MG, Kiihl AA, et al.
Distinct Housing Conditions Reveal a Major Impact of Adaptive Immunity
on the Course of Obesity-Induced Type 2 Diabetes. Front Immunol (2018)
9:1069. doi: 10.3389/fimmu.2018.01069

Miyake T, Akbar SM, Yoshida O, Chen S, Hiasa Y, Matsuura B, et al.
Impaired dendritic cell functions disrupt antigen-specific adaptive immune
responses in mice with nonalcoholic fatty liver disease. ] Gastroenterol (2010)
45(8):859-67. doi: 10.1007/s00535-010-0218-4

Basho K, Zoldan K, Schultheiss M, Bettinger D, Globig AM, Bengsch B, et al.
IL-2 contributes to cirrhosis-associated immune dysfunction by impairing
follicular T helper cells in advanced cirrhosis. ] Hepatol (2021) 74(3):649-60.
doi: 10.1016/j.jhep.2020.10.012

Albano E, Mottaran E, Vidali M, Reale E, Saksena S, Occhino G, et al.
Immune response towards lipid peroxidation products as a predictor of
progression of non-alcoholic fatty liver disease to advanced fibrosis. Gut
(2005) 54(7):987-93. doi: 10.1136/gut.2004.057968

Nobili V, Parola M, Alisi A, Marra F, Piemonte F, Mombello C, et al.
Oxidative stress parameters in paediatric non-alcoholic fatty liver disease. Int
J Mol Med (2010) 26(4):471-6. doi: 10.3892/ijmm_00000487

Bruzzi S, Sutti S, Giudici G, Burlone ME, Ramavath NN, Toscani A, et al. B2-
Lymphocyte responses to oxidative stress-derived antigens contribute to the
evolution of nonalcoholic fatty liver disease (NAFLD). Free Radic Biol Med
(2018) 124:249-59. doi: 10.1016/j.freeradbiomed.2018.06.015

Sutti S, Jindal A, Locatelli I, Vacchiano M, Gigliotti L, Bozzola C, et al. Adaptive
immune responses triggered by oxidative stress contribute to hepatic
inflammation in NASH. Hepatology (2014) 59(3):886-97. doi: 10.1002/hep.26749
Hendrikx T, Watzenbock ML, Walenbergh SM, Amir S, Gruber S, Kozma
MO, et al. Low levels of IgM antibodies recognizing oxidation-specific
epitopes are associated with human non-alcoholic fatty liver disease. BMC
Med (2016) 14(1):107. doi: 10.1186/s12916-016-0652-0

Karrar A, Stepanova M, Alaparthi L, Lingam S, Younoszai Z, Zheng L, et al.
Anti-adipocyte antibody response in patients with non-alcoholic fatty liver
disease. | Gastroenterol Hepatol (2015) 30(5):900-8. doi: 10.1111/jgh.12856
Loria P, Lonardo A, Leonardi F, Fontana C, Carulli L, Verrone AM, et al.
Non-organ-specific autoantibodies in nonalcoholic fatty liver disease:
prevalence and correlates. Dig Dis Sci (2003) 48(11):2173-81. doi: 10.1023/
B:DDAS.0000004522.36120.08

Adams LA, Lindor KD, Angulo P. The prevalence of autoantibodies and
autoimmune hepatitis in patients with nonalcoholic Fatty liver disease. Am |
Gastroenterol (2004) 99(7):1316-20. doi: 10.1111/j.1572-0241.2004.30444.x
Vuppalanchi R, Gould R], Wilson LA, Unalp-Arida A, Cummings OW,
Chalasani N, et al. Clinical significance of serum autoantibodies in patients
with NAFLD: results from the nonalcoholic steatohepatitis clinical research
network. Hepatol Int (2012) 6(1):379-85. doi: 10.1007/s12072-011-9277-8
Cotler S§J, Kanji K, Keshavarzian A, Jensen DM, Jakate S. Prevalence and
significance of autoantibodies in patients with non-alcoholic steatohepatitis.
J Clin Gastroenterol (2004) 38(9):801-4. doi: 10.1097/01.mcg.0000139072.38580.a0
Niwa H, Sasaki M, Haratake ], Kasai T, Katayanagi K, Kurumaya H, et al.
Clinicopathological significance of antinuclear antibodies in non-alcoholic
steatohepatitis. Hepatol Res (2007) 37(11):923-31. doi: 10.1111/j.1872-
034X.2007.00150.x

Diedrich T, Kummer S, Galante A, Drolz A, Schlicker V, Lohse AW, et al.
Characterization of the immune cell landscape of patients with NAFLD. PloS
One (2020) 15(3):¢0230307. doi: 10.1371/journal.pone.0230307

Sutti S, Albano E. Adaptive immunity: an emerging player in the progression
of NAFLD. Nat Rev Gastroenterol Hepatol (2020) 17(2):81-92. doi: 10.1038/
s41575-019-0210-2

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Ni Y, Nagashimada M, Zhuge F, Zhan L, Nagata N, Tsutsui A, et al
Astaxanthin prevents and reverses diet-induced insulin resistance and
steatohepatitis in mice: A comparison with vitamin E. Sci Rep (2015)
5:17192. doi: 10.1038/srep17192

Inzaugarat ME, De Matteo E, Baz P, Lucero D, Garcia CC, Gonzalez Ballerga
E, et al. New evidence for the therapeutic potential of curcumin to treat
nonalcoholic fatty liver disease in humans. PloS One (2017) 12(3):e0172900.
doi: 10.1371/journal.pone.0172900

Alchera E, Rolla S, Imarisio C, Bardina V, Valente G, Novelli F, et al.
Adenosine A2a receptor stimulation blocks development of nonalcoholic
steatohepatitis in mice by multilevel inhibition of signals that cause
immunolipotoxicity. Transl Res (2017) 182:75-87. doi: 10.1016/
j.trsl.2016.11.009

Wolf MJ, Adili A, Piotrowitz K, Abdullah Z, Boege Y, Stemmer K, et al.
Metabolic activation of intrahepatic CD8+ T cells and NKT cells causes
nonalcoholic steatohepatitis and liver cancer via cross-talk with hepatocytes.
Cancer Cell (2014) 26(4):549-64. doi: 10.1016/j.ccell.2014.09.003

Nishida T, Tsuneyama K, Fujimoto M, Nomoto K, Hayashi S, Miwa S, et al.
Spontaneous onset of nonalcoholic steatohepatitis and hepatocellular
carcinoma in a mouse model of metabolic syndrome. Lab Invest (2013) 93
(2):230-41. doi: 10.1038/labinvest.2012.155

Miyake T, Abe M, Tokumoto Y, Hirooka M, Furukawa S, Kumagi T, et al. B
cell-activating factor is associated with the histological severity of
nonalcoholic fatty liver disease. Hepatol Int (2013) 7(2):539-47. doi:
10.1007/512072-012-9345-8

Wu Z, Xu J, Tan ], Song Y, Liu L, Zhang F, et al. Mesenteric adipose tissue B
lymphocytes promote local and hepatic inflammation in non-alcoholic fatty liver
disease mice. ] Cell Mol Med (2019) 23(5):3375-85. doi: 10.1111/jcmm.14232
Inzaugarat ME, Ferreyra Solari NE, Billordo LA, Abecasis R, Gadano AC,
Chernavsky AC. Altered phenotype and functionality of circulating immune
cells characterize adult patients with nonalcoholic steatohepatitis. J Clin
Immunol (2011) 31(6):1120-30. doi: 10.1007/s10875-011-9571-1

Ferreyra Solari NE, Inzaugarat ME, Baz P, De Matteo E, Lezama C, Galoppo
M, et al. The role of innate cells is coupled to a Thl-polarized immune
response in pediatric nonalcoholic steatohepatitis. J Clin Immunol (2012) 32
(3):611-21. doi: 10.1007/s10875-011-9635-2

Rau M, Schilling AK, Meertens ], Hering I, Weiss J, Jurowich C, et al.
Progression from Nonalcoholic Fatty Liver to Nonalcoholic Steatohepatitis Is
Marked by a Higher Frequency of Th17 Cells in the Liver and an Increased
Th17/Resting Regulatory T Cell Ratio in Peripheral Blood and in the Liver.
J Immunol (2016) 196(1):97-105. doi: 10.4049/jimmunol.1501175

Bertola A, Bonnafous S, Anty R, Patouraux S, Saint-Paul MC, Iannelli A,
et al. Hepatic expression patterns of inflammatory and immune response
genes associated with obesity and NASH in morbidly obese patients. PloS
One (2010) 5(10):e13577. doi: 10.1371/journal.pone.0013577

Li Z, Soloski MJ, Diehl AM. Dietary factors alter hepatic innate immune
system in mice with nonalcoholic fatty liver disease. Hepatology (2005) 42
(4):880-5. doi: 10.1002/hep.20826

Soderberg C, Marmur J, Eckes K, Glaumann H, Sillberg M, Frelin L, et al.
Microvesicular fat, inter cellular adhesion molecule-1 and regulatory T-
lymphocytes are of importance for the inflammatory process in livers with
non-alcoholic steatohepatitis. APMIS (2011) 119(7):412-20. doi: 10.1111/
j.1600-0463.2011.02746.x

Lalazar G, Mizrahi M, Turgeman I, Adar T, Ben Ya’acov A, Shabat Y, et al.
Oral Administration of OKT3 MADb to Patients with NASH, Promotes
Regulatory T-cell Induction, and Alleviates Insulin Resistance: Results of a
Phase Ila Blinded Placebo-Controlled Trial. J Clin Immunol (2015) 35
(4):399-407. doi: 10.1007/s10875-015-0160-6

Swiderska M, Jaroszewicz J, Stawicka A, Parfieniuk-Kowerda A, Chabowski
A, Flisiak R. The interplay between Th17 and T-regulatory responses as well
as adipokines in the progression of non-alcoholic fatty liver disease. Clin Exp
Hepatol (2017) 3(3):127-34. doi: 10.5114/ceh.2017.68466

SuL, WuZ, ChiY, Song Y, Xu J, Tan J, et al. Mesenteric lymph node CD4.
Cell Immunol (2019) 337:33-41. doi: 10.1016/j.cellimm.2019.01.005

He B, Wu L, Xie W, Shao Y, Jiang J, Zhao Z, et al. The imbalance of Th17/
Treg cells is involved in the progression of nonalcoholic fatty liver disease in
mice. BMC Immunol (2017) 18(1):33. doi: 10.1186/s12865-017-0215-y

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1124/dmd.109.027466
https://doi.org/10.3389/fgene.2013.00002
https://doi.org/10.3389/fgene.2013.00002
https://doi.org/10.1016/bs.ai.2016.02.001
https://doi.org/10.3389/fimmu.2018.01069
https://doi.org/10.1007/s00535-010-0218-4
https://doi.org/10.1016/j.jhep.2020.10.012
https://doi.org/10.1136/gut.2004.057968
https://doi.org/10.3892/ijmm_00000487
https://doi.org/10.1016/j.freeradbiomed.2018.06.015
https://doi.org/10.1002/hep.26749
https://doi.org/10.1186/s12916-016-0652-0
https://doi.org/10.1111/jgh.12856
https://doi.org/10.1023/B:DDAS.0000004522.36120.08
https://doi.org/10.1023/B:DDAS.0000004522.36120.08
https://doi.org/10.1111/j.1572-0241.2004.30444.x
https://doi.org/10.1007/s12072-011-9277-8
https://doi.org/10.1097/01.mcg.0000139072.38580.a0
https://doi.org/10.1111/j.1872-034X.2007.00150.x
https://doi.org/10.1111/j.1872-034X.2007.00150.x
https://doi.org/10.1371/journal.pone.0230307
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.1038/s41575-019-0210-2
https://doi.org/10.1038/srep17192
https://doi.org/10.1371/journal.pone.0172900
https://doi.org/10.1016/j.trsl.2016.11.009
https://doi.org/10.1016/j.trsl.2016.11.009
https://doi.org/10.1016/j.ccell.2014.09.003
https://doi.org/10.1038/labinvest.2012.155
https://doi.org/10.1007/s12072-012-9345-8
https://doi.org/10.1111/jcmm.14232
https://doi.org/10.1007/s10875-011-9571-1
https://doi.org/10.1007/s10875-011-9635-2
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.1371/journal.pone.0013577
https://doi.org/10.1002/hep.20826
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1111/j.1600-0463.2011.02746.x
https://doi.org/10.1007/s10875-015-0160-6
https://doi.org/10.5114/ceh.2017.68466
https://doi.org/10.1016/j.cellimm.2019.01.005
https://doi.org/10.1186/s12865-017-0215-y
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Lamadrid et al.

Immunity Anti-SARS-CoV-2 in MAFLD

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Hu Y, Zhang H, Li ], Cong X, Chen Y, He G, et al. Gut-derived lymphocyte
recruitment to liver and induce liver injury in non-alcoholic fatty liver
disease mouse model. ] Gastroenterol Hepatol (2016) 31(3):676-84. doi:
10.1111/jgh.13183

Ma C, Kesarwala AH, Eggert T, Medina-Echeverz ], Kleiner DE, Jin P, et al.
NAFLD causes selective CD4(+) T lymphocyte loss and promotes
hepatocarcinogenesis. Nature (2016) 531(7593):253-7. doi: 10.1038/nature16969
Brown ZJ, Fu Q, Ma C, Kruhlak M, Zhang H, Luo J, et al. Carnitine
palmitoyltransferase gene upregulation by linoleic acid induces CD4. Cell
Death Dis (2018) 9(6):620. doi: 10.1038/s41419-018-0687-6

Coia H, Ma N, Hou Y, Permaul E, Berry DL, Cruz M], et al. Theaphenon E
prevents fatty liver disease and increases CD4+ T cell survival in mice fed a
high-fat diet. Clin Nutr (2021) 40(1):110-9. doi: 10.1016/j.cInu.2020.04.033
Stiglund N, Strand K, Cornillet M, Stal P, Thorell A, Zimmer CL, et al.
Retained NK Cell Phenotype and Functionality in Non-alcoholic Fatty Liver
Disease. Front Immunol (2019) 10:1255. doi: 10.3389/fimmu.2019.01255
Adler M, Taylor S, Okebugwu K, Yee H, Fielding C, Fielding G, et al.
Intrahepatic natural killer T cell populations are increased in human hepatic
steatosis. World ] Gastroenterol (2011) 17(13):1725-31. doi: 10.3748/
wig.v17.413.1725

Vonghia L, Magrone T, Verrijken A, Michielsen P, Van Gaal L, Jirillo E, et al.
Peripheral and Hepatic Vein Cytokine Levels in Correlation with Non-
Alcoholic Fatty Liver Disease (NAFLD)-Related Metabolic, Histological, and
Haemodynamic Features. PloS One (2015) 10(11):e0143380. doi: 10.1371/
journal.pone.0143380

Tan L, Kang X, Ji X, Li G, Wang Q, Li Y, et al. Validation of Predictors of
Disease Severity and Outcomes in COVID-19 Patients: A Descriptive and
Retrospective Study. Med (N Y) (2020) 1(1):128-38.e3. doi: 10.1016/
j.medj.2020.05.002

Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, et al. Functional exhaustion
of antiviral lymphocytes in COVID-19 patients. Cell Mol Immunol (2020) 17
(5):533-5. doi: 10.1038/541423-020-0402-2

LiJ, Guo M, Tian X, Wang X, Yang X, Wu P, et al. Virus-Host Interactome
and Proteomic Survey Reveal Potential Virulence Factors Influencing SARS-
CoV-2 Pathogenesis. Med (N Y) (2021) 2(1):99-112.e7. doi: 10.1016/
j.medj.2020.07.002

180.

181.

182.

183.

184.

185.

186.

Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, et al. Reduction and
Functional Exhaustion of T Cells in Patients With Coronavirus Disease 2019
(COVID-19). Front Immunol (2020) 11:827. doi: 10.3389/fimmu.2020.00827
Mathew D, Giles JR, Baxter AE, Oldridge DA, Greenplate AR, Wu JE, et al.
Deep immune profiling of COVID-19 patients reveals distinct immunotypes
with therapeutic implications. Science (2020) 369(6508):eabc8511. doi:
10.1126/science.abc8511

Wilk AJ, Rustagi A, Zhao NQ, Roque J, Martinez-Colon GJ, McKechnie JL,
et al. A single-cell atlas of the peripheral immune response in patients with
severe COVID-19. Nat Med (2020) 26(7):1070-6. doi: 10.1038/s41591-020-
0944-y

Targher G, Mantovani A, Byrne CD, Wang XB, Yan HD, Sun QF, et al.
Detrimental effects of metabolic dysfunction-associated fatty liver disease
and increased neutrophil-to-lymphocyte ratio on severity of COVID-19.
Diabetes Metab (2020) 46(6):505-7. doi: 10.1016/j.diabet.2020.06.001

Prins GH, Olinga P. Potential implications of COVID-19 in non-alcoholic
fatty liver disease. Liver Int (2020) 40(10):2568. doi: 10.1111/liv.14484

Su Y, Chen D, Yuan D, Lausted C, Choi J, Dai CL, et al. Multi-Omics
Resolves a Sharp Disease-State Shift between Mild and Moderate COVID-19.
Cell (2020) 183(6):1479-95.€20. doi: 10.1016/j.cell.2020.10.037

Meex RCR, Watt MJ. Hepatokines: linking nonalcoholic fatty liver disease
and insulin resistance. Nat Rev Endocrinol (2017) 13(9):509-20. doi:
10.1038/nrendo.2017.56

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lamadrid, Alonso-Pefia, San Segundo, Arias-Loste, Crespo
and Lopez-Hoyos. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

March 2021 | Volume 12 | Article 651728


https://doi.org/10.1111/jgh.13183
https://doi.org/10.1038/nature16969
https://doi.org/10.1038/s41419-018-0687-6
https://doi.org/10.1016/j.clnu.2020.04.033
https://doi.org/10.3389/fimmu.2019.01255
https://doi.org/10.3748/wjg.v17.i13.1725
https://doi.org/10.3748/wjg.v17.i13.1725
https://doi.org/10.1371/journal.pone.0143380
https://doi.org/10.1371/journal.pone.0143380
https://doi.org/10.1016/j.medj.2020.05.002
https://doi.org/10.1016/j.medj.2020.05.002
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1016/j.medj.2020.07.002
https://doi.org/10.1016/j.medj.2020.07.002
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1126/science.abc8511
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1016/j.diabet.2020.06.001
https://doi.org/10.1111/liv.14484
https://doi.org/10.1016/j.cell.2020.10.037
https://doi.org/10.1038/nrendo.2017.56
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

' [ ] [ ) [ )
Wl hiomedicines
(<o =]

Article

Immune Assessment of BNT162b2 m-RNA-Spike Based
Vaccine Response in Adults

David San Segundo 1209, Alejandra Comins-Boo

1,2 1,2 1,2

, Juan Irure-Ventura , Monica Renuncio-Garcia /%,

Adriel Roa-Bautista 1’2, Elena Gonzalez-Lépez 12, David Merino-Fernandez 2, Patricia Lamadrid-Perojo 2,

Marta Alonso-Peifia 2

Marcos Lépez-Hoyos 1/2*

check for

updates
Citation: San Segundo, D.;
Comins-Boo, A.; Irure-Ventura, J.;
Renuncio-Garcia, M.;
Roa-Bautista, A.; Gonzélez-Lépez, E.;
Merino-Fernéndez, D.;
Lamadrid-Perojo, P.; Alonso-Pefia, M.;
Ocejo-Vinyals, ].G.; et al. Immune
Assessment of BNT162b2
m-RNA-Spike Based Vaccine
Response in Adults. Biomedicines 2021,
9,868. https://doi.org/10.3390/
biomedicines9080868

Academic Editor: Marjorie Pion

Received: 2 June 2021
Accepted: 21 July 2021
Published: 22 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Javier Gonzalo Ocejo-Vinyals 1, Maria Gutiérrez-Larrafiaga 12, Sandra Guiral-Foz 1'2 and

Immunology Department, University Hospital Marqués de Valdecilla, 39008 Santander, Spain;
david.sansegundo@scsalud.es (D.S.S.); alejandra.comins@scsalud.es (A.C.-B.); juan.irure@scsalud.es (J.1.-V.);
monica.renuncio@scsalud.es (M.R.-G.); adrielantonio.roa@scsalud.es (A.R.-B.);

elena.gonzalez@scsalud.es (E.G.-L.); javiergonzalo.ocejo@scsalud.es (J.G.O.-V.);

maria.gutierrezl@scsalud.es (M.G.-L.); sandraguiral5@gmail.com (S.G.-F.)

Autoimmunity and Transplantation Research Group, Research Institute “Marqués de Valdecilla” (IDIVAL),
39011 Santander, Spain; david.merino@hotmail.com (D.M.-E); plamadrid@idival.org (P.L.-P.);
malonso@idival.org (M.A.-P.)

*  Correspondence: marcos.lopez@scsalud.es

Abstract: Vaccine efficacy is based on clinical data. Currently, the assessment of immune response
after SARS-CoV-2 vaccination is scarce. A total of 52 healthcare workers were immunized with
the same lot of BNT162b2 vaccine. The immunological response against the vaccine was tested
using a T-specific assay based on the expression of CD25 and CD134 after stimulation with anti-
N, -S, and -M specific peptides of SARS-CoV-2. Moreover, IgG anti-S2 and -RBD antibodies were
detected using ELISA. Furthermore, the cell subsets involved in the response to the vaccine were
measured in peripheral blood by flow cytometry. Humoral-specific responses against the vaccine
were detected in 94% and 100% after the first and second doses, respectively. Therefore, anti-S
T-specific responses were observed in 57% and 90% of the subjects after the first and second doses
of the vaccine, respectively. Thirty days after the second dose, significant increases in T helper 1
memory cells (p < 0.001), peripheral memory T follicular helper (pTrg) cells (p < 0.032), and switched
memory (p = 0.005) were observed. This study describes the specific humoral and cellular immune
responses after vaccination with the new mRNA-based BNT162b2 vaccine. A mobilization of Ty
into the circulation occurs, reflecting a specific activation of the immune system.

Keywords: SARS-CoV-2; vaccines; T-specific response; B-specific response; T follicular helper cells

1. Introduction

Vaccination against SARS-CoV-2 seems to be a unique and effective way to control
the pandemic outbreak. Several clinical trials have been performed to assess safety and
efficacy before general use in the population [1-4]. Most of the vaccine trials focused on the
clinical effect (i.e., protection against COVID-19). The production of specific SARS-CoV-2
antibodies, and specific CD4 and CD8 T cells has also been analyzed in subgroups of
patients included in the clinical trials and, more recently after the conditional approval of
vaccines, in specific groups of patients and populations [5]. However, such an immune
response is not usually evaluated between the first and second doses of the vaccine and is
not used for immune assessment of the response before clinical effect.

The average clinical efficacy range is more than 90% after two doses. However, there
are differences in vaccine designs: the mRNA-1273 SARS-CoV-2 and BNT162b2 vaccines
are designed based on SARS-CoV-2 Spike-mRNA, whereas Gam-COVID-Vac is a combined
vector vaccine, based on rAd type 26 (rAd26) and rAd type 5 (rAd5), and ChAdOx1
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nCoV-19 is a chimpanzee adenovirus-vectored vaccine [6]. At the moment of this study, no
inactivated or attenuated vaccine has been approved in Europe for wide use.

The SARS-CoV-2 virus has several core units, such as nucleocapsids and the mem-
brane, and uses the S protein to enter human cells by binding to the ACE2 receptor [7]. The
described vaccines are based on an S-protein and would induce a specific response against
it, while those whole-virus designed vaccines induce a wide immune response against
different parts of the SARS-CoV-2 virus.

The specific-vaccine response involves germinal center activation in secondary lym-
phoid organs. Different cells interact in an activation as demonstrated in natural COVID-19
infection; first, T follicular helper cells (Try) are activated by antigen-presenting cells
with their specific antigen. Subsequently, after antigen recognition, naive mature B cells
develop to unswitched B cells before their B cell receptor’s affinity maturation to achieve
the switched memory B cell (SwWM) stage. Finally, follicular B cells mature to long-lived
memory B cells or antibody producing-plasma cells [8]. Very recently, the induction of
long-lived bone marrow plasma cells has been demonstrated up to 11 months after natural
infection [9].

In order to assess the vaccine response in the community, specific antibody production
against pathogens is measured. However, other immune response components could be
evaluated. All of the currently approved vaccines for SARS-CoV-2 allow for assessing
specific-S protein response in the vaccinated population, measuring both S-specific T cell
responses and S-specific IgG antibody production [10,11].

However, to better characterize the immune response elicited by the vaccine, both
cellular and humoral components should be tested. Here, we describe the differences
observed in T and B lymphocytes after completing each dose of the BNT162b2 vaccine, and
we focus on the induction of peripheral T follicular helper (pTry) cells and the production
of specific antibodies.

2. Materials and Methods
2.1. Subjects

A total of 52 healthcare workers (median age 42.5 years and interquartile range
30.5-54.2) were recruited for the study after giving written consent, of which 41 were
females (78.8%). The study was addressed following the Helsinki declaration and assessed
by the Regional Ethics Committee (CEIm, internal code 2020.167). All subjects had not
evidenced prior COVID-19 infection with a negative PCR-specific test of SARS-CoV-2
prior immunization and were vaccinated with the same lot (EK9788) of BNT162b2 vaccine
(Pfizer-BioNTech). The first dose was inoculated within 4-8 January 2021, and the second
dose was inoculated within 27-30 January 2021. The samples were collected after 20 days
of the first dose and after 30 days of the second dose.

2.2. Flow Cytometry for B and T Cell Subsets

Peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll Histopaque 1077
(Sigma Aldrich, St. Louis, MI, USA) gradient centrifugation. In brief, PBMCs were freshly
stained and processed following standard procedures [12,13]. The following monoclonal
antibodies were used to identify the pTry and the different T lymphocyte subsets: CD45-
Krome orange (KrO) clone ]33, CD3-pacific blue (PB) clone UCHT1, CD4-phycoerythrin-
cyanine 5.5 (PC5.5) clone 13B8.2, CD45RO-ECD clone UCHL1, (Beckman Coulter, Brea, CA,
USA), CXCR3-FITC clone G025H7, CCR6 (CD196) phycoerythrin-cyanine 7 (PE Cy7) clone
GO034E3, and CXCR5-PE clone J252D4 (BioLegend, San Diego, CA, USA).

The different B lymphocyte subsets were identified using the following monoclonal
antibodies: CD19-PC7 clone J3-119, anti-IgD-FITC clone 1A6-2, and CD27-PC5.5 clone 1A4
(Beckman Coulter, Brea, CA, USA).

The gating strategy used for the different B and T cell subpopulations is depicted in
Figure 1. Lymphocytes were gated based on CD45 pan-leukocyte marker. Afterwards,
B and T lymphocytes were classified as CD19" and CD3", respectively. Within the T
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population, T helper (Th) cells express CD4. This subpopulation was further divided in Th
memory (ThMEM) that express CD45RO surface marker and T follicular helper (Trg) cells
with the expression of CXCR5. Within the ThMEM subset, the ThiIMEM subpopulation,
characterized by the expression of CXCR3 marker, was evaluated. Moreover, from the
ThMEM subset, the memory pTry cells were identified based on CXCR5 expression and
based on CXCR3 and CCR6, and memory pTrH1, pTra2, and pTrH1y were classified [14].
Table 1 shows the phenotypic markers used to characterize each T and B cell subset shown
in Figure 1.

[Th Lymphocytes]
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Figure 1. Gating strategy of T and B cell analysis explained in the text.
Table 1. Phenotypic characterization of the T and B cell subsets.
Cell Subsets Phenotypic CD Markers

T cell subsets

T helper 1 (Thl)
Th memory (ThMEM)

Th1l memory (ThIMEM)
Memory T follicular helper (Tgg)
Memory T follicular helper 1(Tgg)
Memory T follicular helper 1(Tgpp)
Memory T follicular helper 1(Try17)

CD45*CD3*CD4*CXCR3*CCR6~
CD45*CD3*CD4*CD45RO*
CD45"CD3*CD4*CD45RO*CXCR3*CCR6™
CD45*CD3*CD4*CD45RO*CXCR5*
CD45*CD3*CD4"CD45RO*CXCR5*CXCR3*CCR6~
CD45*CD3*CD4*CD45RO*CXCR5*CXCR3~CCR6™
CD45*CD3*CD4*"CD45RO*CXCR5*CXCR3~ CCR6*

B cell subsets

Switched memory B (SwM) CD45*CD19*CD27*IgD~

2.3. SARS-CoV-2 T-Specific Response Assessment by Flow Cytometry

The procedure was validated by the Spanish Society of Inmunology and based on
activation-induced marker (AIM) expression after exposure with specific SARS-CoV-2
antigens [15]. Briefly, PBMCs from heparinized blood were isolated by Ficoll gradient and
cultured at 10°/mL in TexMACS medium (MiltenyiBiotec, Bergisch Gladbach, Germany)
during 24 h at 37 °C in a flat-bottom 96-well plate in 0.1% DMSO, PepTivator SARS-CoV-2
Prot S, Prot M and Prot N (1 ug/mL) and Dynabeads Human T activator CD3/CD28
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(Gibco Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) as a positive control.
After incubation, the PBMCs were washed and stained with the following monoclonal
antibodies: anti-CD3 (FITC) clone UCHT 1 (Inmunotech SAS Beckman Coulter, Marseille,
France), anti-CD4 (APC-Vio 770) clone VIT4 (MiltenyiBiotec, Bergisch Gladbach, Germany),
anti-CD8 (ECD) clone SFCI21Thy2D3 (Beckman Coulter, 737659, Brea, CA, USA), anti-
CD134 (PE) clone 134-1 (Cytognos, Salamanca, Spain), and anti-CD25 (PE-Cy7) clone 2A3.
The stained PBMCs samples were washed with 150 uL pf PBS and centrifuged 5 min
at 1800 rpm. Finally, 2 puL of 7-Aminoactinomycin D (7-AAD) staining solution (Tonbo
Biosciences, San Diego, CA, USA) and 90 pL of PBS were added before the samples were
acquired on the CytoFLEX Flow Cytometer (Beckman Coulter). The results were expressed
as the frequency in the AIM (CD257CD134%) ratio obtained after specific activation to
negative non-stimulated control. A ratio >3 in one of the specific SARS-CoV-2 peptides
was considered positive.

The gating strategy used for AIM assay is shown in Figure 2. First, lymphocytes were
gated based on forward and side scatter. Then, T lymphocytes were obtained using CD3
and divided in T helper (Th) and T cytotoxic (Tc) cells by the expression of CD4 and CDS,
respectively. Finally, within the CD4 subpopulation, the three conditions were displayed:
non-stimulated negative control, CD3/CD28 positive control, and S-antigen stimulated.
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Figure 2. Gating strategy of the T-specific response against S-antigen of SARS-CoV-2 as explained in the text.

2.4. SARS-CoV-2 Anti-S Antibodies Detection

The detection of IgG, IgA, and IgM antibodies against SARS-CoV-2 by ELISA was
performed following the IrsiCaixa published protocol [16]. Briefly, serum samples were
previously diluted 1:100 in phosphate buffer saline (PBS). Nunc MaxiSorp96-well plates
(ThermoFisher Scientific, Waltham, MA, USA) were coated with optimized concentrations
of 2 pg/mL of capture antibody (MA1-21315, ThermoFisher Scientific) diluted with PBS
overnight at 4 °C. Coated plates were washed and blocked with PBS 1x + 1% bovine
serum albumin (BSA) for two hours at room temperature. After washing the plates, antigen
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solution [S2 + RBD (Sino Biologicals, Wayne, PA, USA) diluted in blocking buffer] was
added to one half of the plate and blocking buffer to the other half and incubated overnight
at 4 °C. Serum samples were added and incubated for one hour at room temperature.
Then, incubation with peroxidase-conjugated anti-IgG, -IgA, and -IgM detection antibodies
(Jackson Immunoresearch, West Grove, PA, USA) was carried out for 30 min at room
temperature. Bound antigen-specific antibodies were detected by adding the substrate
solution. Absorbance was read at 492 nm. The specific signal associated with each sample
was calculated by background subtraction as follows: OD specific signal = OD (+Ag)
— OD (—Ag).

2.5. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism software 6.0 version. The
distribution of continuous variables was assessed using Kolmogorov-Smirnov /Shapiro—-
Wilk tests. The results were expressed as median (interquartile range (IQR)). Comparisons
were based on the Kruskal-Wallis and U-Mann-Whitney tests, correspondingly. A two-
sided p-value < 0.05 was considered statistically significant.

3. Results
3.1. T-Cell Immune Response after Vaccination

The evaluation of the vaccine-response has been mainly based on the specific anti-
body production. However, specific T cells should be previously activated to induce B
cell maturation in germinal centers. The frequency of total Th lymphocytes was com-
parable after the first and second doses. Nevertheless, the frequency of memory Th
subset (CD3"CD4+*CD45RO") was significantly increased after the second dose, p = 0.008
(Figure 3A). Most of the memory Th cells were Th1 (CXCR3*CCR67), and their proportion
was also increased after the second dose, p < 0.0001 (Figure 3B). Within the Th cell com-
partment, those involved in class-switch and B cell affinity maturation in germinal centers
are defined as peripheral T follicular helper cells (pTry). These cells can be identified in
peripheral blood as CD4*CD45RO*CXCR5* cells (memory pTry), and after vaccination,
a significant increase of the frequency of memory pTry cells was observed, p = 0.032
(Figure 3C). Furthermore, a significant increase of memory pTry; and pTrr between
the first and the second doses was detected (p < 0.0001) (Figure 4A,B). On the contrary,
a significant reduction of memory pTryi7 was observed after the first dose (p < 0.0001)
(Figure 4C).

B) C)

Ty/MEM Memory pTegy

. — = | - B

% of CD4*
% of CD4*CD45RO"*

2nd dose Pre-dose 1stdose 2nd dose Pre-dose 1stdose

Figure 3. T-specific SARS-CoV-2 vaccine assessment. The frequency of memory T helper (THMEM) (A), memory T helper 1
(T MEM) (B), and memory peripheral T Follicular helper (pTry) (C), prior immunization (Pre-dose) after the first and the
second doses (1st and 2nd dose, respectively) are depicted. Kruskal-Wallis test was used to compare medians in (A-C) *
(p <0.05) and **** (p < 0.0001).
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Figure 4. Memory peripheral T follicular helper subset assessment. The frequency of memory peripheral T Follicular helper
1 (pTrm1) (A), memory peripheral T Follicular helper 2 (pTgrp) (B), and memory peripheral T Follicular helper 17 (pTgr17)
(C) after the first and the second doses (1st and 2nd dose, respectively) are depicted. U-Mann-Whitney test was used to

compare medians in (A-C), *** (p < 0.0001).

3.2. Specific T-Cell Immune Response

To examine the specific T-cell response, PBMCs were exposed to anti-SARS-CoV-2
peptides using an unstimulated negative control and CD3/CD28 as positive control, as
previously showed in the Material and Methods section. Thirty out of fifty-three (56.6%)
subsets presented a positive specific reaction against the Spike pool peptides after the
first dose. Meanwhile, after the boost, 45 out of 53 (90%) were identified as Spike-specific
responses. The AIM produced with the specific S antigen after the first dose was 3.3
(1.99-4.41) and, in parallel with the frequency, significantly increased after the second dose
to 5.0 (3.89-7.22), p < 0.0001. A cutoff of 3.0 was considered to set up a result as positive [15].
As expected, since there are no N or M antigens in the vaccine, no responses were detected
for both the first and second doses (Figure 5).

T-specific response against
SARS-CoV-2 peptides

. Pre-dose
12 ° [ 1stdose
mm 2nd dose

104

Ratio
I

N
N

é el gl

N s M

Figure 5. The ratio of specific CD4*CD25*CD134" cells after Nucleocapside-pool (N), Spike-pool (S),
and Membrane-pool (M) of SARS-CoV-2 peptide stimulation is shown. Grey (before immunization),
white (after the first dose), and black (after the second dose) whisker-box plots are shown, and the
cutoff to consider T-specific positive response was set at ratio >3 (dotted line).
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3.3. B Cell and Antibody Response

To assess the humoral compartment of the immune response, first, the peripheral
blood B cell frequency was evaluated and there was no significant difference between
the frequency of B cells (CD19* cells) after the first and the second doses. Second, B
cell maturation stage was studied based on the surface expression of CD27 and IgD.
Switched memory B cells (SwM) (CD19*CD27*IgD"), considered a further stage of the B
cell development, were quantified. We observed a significant increase in the SwM B cell
frequency after the second dose compared with the first one (p = 0.0054) (Figure 6A). After
studying the B cell subpopulations, ELISA tests were performed following the protocol
shown in the Material and Methods section to evaluate the specific serological profiles
(IgG, IgA, and IgM) after BNT162b2 vaccination. Importantly, we detected IgG antibodies
in 50 of 53 (94.34%), IgA in 10 (18.67%), and IgM in 13 (24.53%) of the cases after the first
dose. It is noteworthy that one of the three participants did not seroconvert to IgG-specific
antibodies but produced IgM antibodies. After the second boost, all volunteers developed
anti-IgG antibodies (100%), and the frequency of seropositive subjects for the other two
isotypes also increased: 22 (41.51%) had IgA and 20 (37.74%) had IgM (Figure 6B).

A) B)

Pre- dose
Switched-memory B cells

IgG

IgA

0
Prodore nitdow 2nd dors IgMm

% of CD19

Figure 6. B-specific SARS-CoV-2 vaccine assessment. The frequency of switch-memory B cells (A) within CD19+ cells in
peripheral blood, prior immunization (Pre-dose), after the first and the second doses (1st and 2nd doses, respectively) is
depicted. The frequency of specific anti-SARS-CoV-2 IgG, IgA, and IgM antibodies before immunization (Pre-dose), after
the first and the second doses (1st and 2nd dose, respectively) is shown (B). Wilcoxon test was used to median comparison
in A and B, ** (p < 0.01).

4. Discussion

The efficacy of vaccines in clinical trials has been described based on the frequency of
infected cases and hospitalization after vaccination [17]. However, a detailed evaluation of
the immune response is not fully described, and data on specific germinal center reaction
cells are still scarce. In some studies, such as the Sputnik vaccine [3], Logunov et al.
performed immunogenicity analysis studies in less than 10% of the subjects included in
the trial.

Similarly to our findings, both cellular and humoral responses after the seasonal
influenza vaccine have been studied [18], and an increase in memory Ty cells after the
second dose has been described. The authors observed an increase in Tgy cells after the
seasonal flu vaccine was correlated with specific antibody development. Likewise, there
is an increase in memory pTry; and pTry cells after the second dose of the BNT162b2
vaccine. As previously described, memory pTr cells lack the capacity to help naive B
cells in vitro while being capable of inducing memory B cells to differentiate into plasma
cells [18]. Moreover, memory pTFH2 cells are able to induce naive B cells to produce
Igs and to switch isotypes through IL-21 secretion [19]. All these findings contribute to
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explaining the interrelation between the humoral and cellular responses after vaccination
against SARS-CoV-2.

Before COVID-19, no mRNA-based vaccine had been approved for human use. How-
ever, in non-human primate models, mRNA-based influenza vaccine was assessed to
elucidate cellular and humoral immune responses. This vaccine also elicited an increase of
Try cells in peripheral blood after the last dose [20]. With the introduction of new mRNA-
based vaccines directed to SARS-CoV-2, the main way to demonstrate sensitization against
SARS-CoV-2 is based on specific antibody development. The same response level against
SARS-CoV-2 after one dose in convalescents and after two doses in no-SARS-CoV-2-contact
subjects was demonstrated [21]. This work is based on neutralizing antibodies, and one of
the limitations in our cohort is the lack of information on neutralizing antibody production.
Since our ELISA method detects anti-5-2 and -RBD antibodies, we assume that we mainly
detect neutralizing antibodies [22].

First-line healthcare workers and elders were included within the first group in vacci-
nation programs across Europe. Here we focused in healthcare workers without known
comorbidities and under 65 years old. In this group an increase in SwM B, memory Th1
and memory pTrg has been demonstrated. Within memory pTgy, three subsets have been
identified, and an specific increase of both memory pTrry; and pTri, at the expense of
pTrH17 was observed. This finding could be explained because after the second dose there
is an enhancement of both a cellular immune response mediated by memory pTrp; [18]
and an induction of germinal center reaction mediated by memory pTrip [18,19]. However,
potential sensitive groups, i.e., such as patients with primary and secondary immunod-
eficiencies or patients under immunosuppression treatment, could also be prioritized.
The patients under hemodialysis treatment have impaired immune systems [23], and a
reduction in their humoral response after the BNT162b2 vaccine compared with controls
has been observed [24]. Moreover, residents of long-term care facilities developed a weak
humoral response after one dose of BNT162b2 [25]. However, up until now, there is a
lack of data about the cellular immune response induced after vaccination in these groups
of immunosuppressed patients. Unlike the clinical trial-derived data for the BNT162b2
vaccine, where the efficacy after the first dose was reported as 52%, most of the subjects
included in our cohort (94%) developed anti-S-specific antibodies 20 days after the first
dose. This variability in the production of antibodies could be explained due to differences
in the age of the subjects included in both studies. In our study, the median age was
42.5 years (interquartile range 30.5-54.2). Therefore, the immune response is expected
to be strong enough to induce a specific response with only one dose. In clinical trials,
efficacy has been based on a lack of infection after the vaccination. Similarly, in our cohort,
no infections were reported, and the immune response assessment has been used as a tool
to test efficacy.

The efficacy of vaccinations is measured through incidence of infection, which seems
to be very low (<5%) with mRNA COVID-19 vaccines [1,4]. However, in some specific
disease groups, such as solid organ transplant recipients, a lack of protection against
symptomatic COVID-19 has been described [26]. The measurement of anti-S SARS-CoV-2
antibodies is an objective and a biological way of assessing vaccine efficacy. Thus, a weaker
humoral response in transplanted patients has been demonstrated [27-30]. The use of T cell
response components in the assessment of vaccine protection is not routinely implemented,
but it could be a valuable tool in specific disease or octogenarian groups.

To our knowledge, this is the first study in which peripheral blood memory T follicular
helper cells have been described as relevant subpopulations implicated in the development
of an immune response after SARS-CoV-2 vaccination. The higher induction of these cell
subsets after the second, but not after the first, dose could help to demonstrate an effective
vaccination in the weaker groups of patients indicated in the previous paragraph. A lack
of response after such a second dose could be an alarm signaling to protect them and to
think about the need for an additional dose to obtain an effective response.
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Despite the natural course of an immune response involving the cooperation between
T and B cells to generate specific cells implicated in antibody production, a humoral
response has been detected before the cellular response in the present study. This finding
can be explained because our study is not based on the assessment of T cell subpopulations
present in secondary lymphoid organs but in the peripheral blood instead, which takes
longer to be detected. On the other hand, we cannot exclude the possibility of extrafollicular
responses in our cohort, although it is supposed that the production of the majority of
antibodies depends on plasma cells that have undergone the somatic hypermutation and
affinity maturation in the germinal center response [9].

Among the limitations of the present work, the absence of PD1 and CCR7 as markers
that allow for differentiating quiescent and activated pTry cells stands out. Moreover, the
identification of anti-SARS-CoV-2-specific antibodies as a dichotomous variable did not
allow us to establish a correlation between the presence of these antibodies and the level of
T cell subsets.

In summary, this study describes the specific immune response after vaccination with
the new mRNA based BNT162b2 vaccine, measuring the production of specific antibodies
and the development of a specific T cell response. Moreover, mobilization of T follicular
helper and B follicular cells into the circulation occurs, with both populations implicated in
the post-germinal center secondary immune response, reflecting a specific activation of
the immune system after vaccination. Such an approach can help in the management of
populations with some degree of immunosuppression or immunosenescence.
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Abstract: During the COVID-19 pandemic, many studies have been carried out to evaluate different
immune system components to search for prognostic biomarkers of the disease. A broad multipar-
ametric antibody panel of cellular and humoral components of the innate and the adaptative im-
mune response in patients with active SARS-CoV-2 infection has been evaluated in this study. A
total of 155 patients were studied at admission into our center and were categorized according to
the requirement of oxygen therapy as mild or severe (the latter being those with the requirement).
The patients with severe disease were older and had high ferritin, D-dimer, C-reactive protein, tro-
ponin, interleukin-6 (IL-6) levels, and neutrophilia with lymphopenia at admission. Moreover, the
patients with mild symptoms had significantly increased circulating non-classical monocytes, in-
nate lymphoid cells, and regulatory NK cells. In contrast, severe patients had a low frequency of
Thl and regulatory T cells with increased activated and exhausted CDS8 phenotype
(CD8*CD38*HLADR* and CD8*CD27-CD28;, respectively). The predictive model included age, fer-
ritin, D-dimer, lymph counts, C4, CD8*CD27-CD28-, and non-classical monocytes in the logistic re-
gression analysis. The model predicted severity with an area under the curve of 78%. Both innate
and adaptive immune parameters could be considered potential predictive biomarkers of the prog-
nosis of COVID-19 disease.

Keywords: SARS-CoV-2; flow cytometry; innate immunity; adaptive immunity; immunological
profile; predictive model

1. Introduction

COVID-19 is an infectious disease induced by the novel coronavirus SARS-CoV-2
first detected in December 2019, causing acute respiratory distress syndrome (ARDS).
Due to its high rate of transmission, it has reached pandemic status. The clinical picture
of the infection ranges from asymptomatic or mildly symptomatic to lethal, mainly affect-
ing the elderly population and those with associated comorbidities [1,2].

Early after COVID-19 breakout, different parameters were identified as prognostic
markers of death, such as serum D-dimer, IL-6, troponin, ferritin, lactate dehydrogenase
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(LDH), and lymph count [3]. Subsequently, several groups worldwide confirmed these
parameters and proposed new factors at admission to identify those patients with poor
outcomes [4-8].

The variability of the antiviral immune response in healthy subjects might underlie
the diverse array of clinical manifestations. Moreover, therapeutic approaches, primarily
based on previous SARS, MERS, and inflammatory disorders associated with the cytokine
storm, demonstrate different efficacies.

Considering that SARS-CoV-2 is a foreign invader in our organism, the immune re-
sponse seems vital in clearing the infection. Furthermore, a dysregulated immune re-
sponse appears to play a crucial role in the second phase of the disease, which manifests
itself in intensive care units and might result in death [9].

Circulating immune cells and soluble immune components can be detected in pe-
ripheral blood and may be direct consequences of infection or biomarkers of tissue pa-
thology in COVID-19 [10,11].

The early identification of patients with poor prognoses would help clinicians to
manage the clinical therapeutic options. Here, we propose a model including easily meas-
urable immunological parameters to predict the patients at risk of worse outcomes.

2. Materials and Methods
2.1. Patients and Blood Sampling

The Regional Ethics Committee (CEIm, internal code 2020.167, 14 May 2020) ap-
proved the protocol for the patients included in the study. Patients at admission or, if not
possible, a legal representative gave oral informed consent, which was expressed in the
medical records. The inclusion criteria included subjects over the age of 18 years who
demonstrated COVID-19 with positive RT-PCR for SARS-CoV-2. Disease severity was as-
sessed based on their clinical records. The cohort was divided based on oxygen therapy
requirements during their follow-up into those with no requirement (mild) and those who
required oxygen therapy or intensive care or were deceased (moderate-severe). Blood
was collected in sodium heparin tubes for flow cytometry and functional studies or tubes
without additives for serum parameters at admission into the hospital.

2.2. Flow Cytometry for Main Peripheral Blood Lymphocytes

Frequencies and absolute numbers of CD3*, CD4+, CD8*, CD19+, CD16*/56*, and
CD3+/CD16*/56* were estimated using AQUIOS CL. (Beckman Coulter, Brea, CA, USA)
volumetric flow cytometer. The instrument employs a volumetric approach for enumer-
ating specific cell populations without the need for reference beads. Fifty microliters of
whole blood from EDTA tubes was stained with CD45-fluorescein isothiocyanate (FITC),
CD4-RD1, CD16-CD56-RD1, CD8-ECD, CD19-ECD, and CD3-phycoerythrin-cyanine 5
(PC5) (Beckman Coulter). After lysis, the sample was acquired in the automated “load
and go” flow cytometer.

2.3. Flow Cytometry for B and T Cell Subsets and Monocyte Subpopulations

Peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll Histopaque
1077 (Sigma Aldrich, St. Louis, MI, USA) gradient centrifugation. Briefly, PBMCs were
freshly stained and processed following standard procedures. The following monoclonal
antibodies were used to identify the different T lymphocyte subsets: anti-CD8-FITC clone
B9.11 (Beckman Coulter), CD127-FITC clone R34.34, CD28-FITC clone CD28.2, CXCR3-
FITC clone G025H7 (BioLegend, San Diego, CA, USA), CD25-phycoerythrin (PE) clone
B1.49.9 (Beckman Coulter, Brea, CA, USA), HLA-DR-PE clone Immu-357, CD62L-ECD
clone DREG56, CD45RO-ECD clone UCHLI1, CD4-phycoerythrin-cyanine 5.5 (PC5.5)
clone 13B8.2, CD27-phycoerythrin-cyanine 7 (PC7) clone 1A4CD27, CD38-allophycocya-
nin (APC) clone LS198-4-3, CD45RA-Alexa fluor 700 (AF700) clone 2H4LDH11 LDB9,
CD3-pacific blue (PB) clone UCHT1, and CD45-Krome orange (KrO) clone ]33.
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The different B-lymphocyte subsets were identified using the following monoclonal
antibodies: anti-IgD-FITC clone IA6-2 (Beckman Coulter), CD27-PC5.5 clone 1A4CD27,
CD19-PC7 clone J3-119, and CD45-KrO clone J33.

The following monoclonal antibodies were used to identify the different monocyte
subpopulations: anti-CD14-PE clone RMO52 (Beckman Coulter), CD16-APC clone 3GS8,
and CD45-KrO clone J33.

2.4. TLR Protein Expression in PBMCs

The cell-surface expression of TLR4 and the intracellular expression of TLR3, TLR?,
and TLR8 were assessed in different PBMC subpopulations including T lymphocytes, B
lymphocytes, and monocytes by flow cytometry, as previously shown [12]. PBMCs col-
lected into EDTA tubes were isolated by Ficoll Histopaque 1077 and stained with CD3-PB
clone UCHT1 (Beckman Coulter), CD19-PC5.5 clone J3-119, and CD14 ECD clone RMO52
to identify T lymphocytes, B lymphocytes, and monocytes, respectively, and with PE-con-
jugated anti-human TLR4 (eBioscience, San Diego, CA, USA) or PE mouse IgG2a isotype
control for 20 min in the dark. To determine the intracellular expression of TLR3 (Mil-
tenyiBiotec, Bergisch Gladbach, Germany), TLR7 (Abcam, CA, USA), and TLRS, cells were
permeabilized with FACS permeabilizing solution (BD Bioscience, San Jose, CA, USA)
and stained with PE-conjugated anti-human TLR or mouse isotype control for 20 min in
the dark. Expression of TLRs was assessed by flow cytometry (Navios, Beckman Coulter).

2.5. SARS-Cov2 T-Specific Response Assessment by Flow Cytometry

The procedure was validated by the Spanish Society of Immunology and based on
activation-induced marker (AIM) expression after exposure to specific SARS-CoV-2 anti-
gens [13]. Briefly, the PBMCs from heparinized blood were isolated by Ficoll gradient and
cultured at 106 cells/mL in TexMACS medium (MiltenyiBiotec) for 24 h at 37 °C in a flat-
bottom 96-well plate in 0.1% DMSO; PepTivator SARS-CoV-2 Prot S, Prot M, and Prot N
(1 ug/mL); and Dynabeads Human T activator CD3/CD28 (Gibco Thermo Fisher Scientific
Baltics UAB, Lithuania) as a polyclonal stimulus. After incubation, the PBMCs were
washed and stained with the following monoclonal antibodies: anti-CD3 (FITC) clone
UCHT 1 (Inmunotech SAS Beckman Coulter, Marseille, France), anti-CD134 (PE) clone
134-1 (Cytognos, Salamanca, Spain), anti-CD8 (ECD) clone SFCI21Thy2D356,22,23 (Beck-
man Coulter), anti-CD25 (PE-CyTM?7) clone 2A3, and anti-CD4 (APC-Vio 770) clone VIT4
(MiltenyiBiotec, Bergisch Gladbach, Germany). The stained PBMC samples were washed
with PBS 150 uL and centrifuged for 5 min at 1800 rpm. Finally, 2 uL of 7-Aminoactino-
mycin D (7-AAD) staining solution (Tonbo Biosciences, San Diego, CA, USA) and 90 uL
of PBS were added before the samples were acquired on the CytoFLEX Flow Cytometer
(Beckman Coulter). Results were expressed as the ratio of the frequency in the AIM ob-
tained after specific activation to negative non-stimulated control. A ratio >3 in one of the
specific SARS-CoV-2 peptides was considered as a positive reaction.

2.6. Determination of Circulating IL-6

Human IL-6 was measured by ELISA (Enzo Life Sciences, Inc., Farmingdale, NY,
USA) following the manufacturer’s instructions. The sensitivity of IL-6 serum levels was
0.057 pg/mL. Intra- and interassay variability were 4.38% and 9.6%, respectively.

2.7. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism software. The distribution
of continuous variables was assessed using Kolmogorov-Smirnov/Shapiro-Wilk tests
where indicated. Results were expressed as mean * standard deviation or median + inter-
quartile range (IQR) for continuous variables and percentages for categorical data. Com-
parisons were based on the unpaired T-Student test or U-Mann-Whitney U test for para-
metric and nonparametric continuous data, respectively. Welch correction was applied
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when appropriate. A two-sided p-value < 0.05 was considered statistically significant. In
order to identify variables associated with moderate-severe clinical outcomes, logistic re-
gression analysis was performed. After univariate analysis with the potentially independ-
ent variables, the odds ratio was calculated with Wald’s statistic. In a further multivariate
analysis, those with p < 0.25 value in the univariant analysis, following the proposed Hos-
mer and Lemeshow criteria [14], and supported by other reference authors [15] were in-
cluded in the analysis. For the model selection, the backward method procedure was used
to perform automatically variable selection. To assess the predictive capability of the
model, the area under the curve (AUC) was used.

3. Results
3.1. Patient Demographics and Baseline Characteristics at COVID-19 Onset

One hundred and fifty-five COVID-19-positive patients recruited during the first
days after hospital admission (mean of 1.0, interquartile range (IQR) (1-2) days of admis-
sion) were included in the study from April-October 2020. The median of days between
the onset of symptoms and admission was 6 days (IQR 3-9).

The cohort was divided according to their clinical progression after admission into
two groups: patients without oxygen therapy (73 included in the mild disease group) and
those with oxygen therapy requirements (82 included in the severe disease group). The
patients with severe disease were significantly older and had lower oxygen saturation at
admission than the mild-disease group. The levels of C-reactive protein (CRP), troponin,
ferritin, lactate-dehydrogenase (LDH), C4, and IL-6 were significantly higher in severe
patients. The D-dimer levels were also increased in the severe group, although not signif-
icantly. No changes in serum concentration of immunoglobulins (IgG, IgA, and IgM) at
admission were observed between mild and severe groups, and the concentration re-
mained within the normal range values. Table 1 summarizes the main demographic, an-
alytical, and clinical parameters compared between groups.

Table 1. Demographic, analytical, and clinical parameters.

Moderate-Severe

Mild (n =73) (n = 82) p-Value Reference Values
Demographic
Age (years) 59 (47-77) 72 (63-79) <0.001 NA
Gender (% female) 43 (58.90%) 26 (31.71%) 0.001 NA
Comorbidities
Hypertension 30 (41.10%) 43 (52.44%) NS (0.158) NA
Type II diabetes 11 (15.07%) 17 (20.73%) NS (0.360) NA
Heart disease 12 (16.44) 20 (24.39%) NS (0.222) NA
Respiratory disease 6 (8.22%) 8 (9.76%) NS (0.739) NA
Obesity 12 (16.44) 11 (13.41%) NS (0.597) NA
Biochemical parameters
C-reactive protein (mg/dL) 2.9 (0.9-6.6) 6.5 (3.0-10.7) 0.001 0.1-0.5
Ferritin (ng/mL) 203.5 (105.5-603) 535 (224-1135) <0.001 10-291
D-dimer (ng/mL) 540 (313-992) 702 (389-1309) NS (0.199) 0-500
Troponin (ng/mL) 5 (3-14) 11 (6-21) 0.006 040
LDH (IU/L) 227 (173-277) 274 (223-362) <0.001 120-246
O2 saturatlo(r;/a)t admission 97 (96-98) 95 (93-97) <0.001 NA
Complete blood count
23.40 (16.00-

Lymphocytes (%)

32.75) 16.65 (10.80-24.90) 0.001 20.0-50.0
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4. 4.35—
Neutrophils (%) 6 87521(:0)35 74.00 (65.30-81.40) <0.001 42.0-75.0
Monocytes (%) 8.70 (6.85-11.85) 7.05 (4.70-10.00) 0.003 2.0-13.0
Lymphocytes count (x10%) 1.20 (0.80-1.80) 0.90 (0.70-1.20) 0.001 1.2-5.0
Neutrophils (x10%) 3.45 (2.30-4.90) 4.15 (2.70-5.90) NS (0.077) 1.4-7.5
Monocytes (x103) 0.53 +0.27 0.45+0.26 0.051 0.2-1.0
Serum immune factors
IgG (mg/dL) 1094.91 + 351.20 1096.39 + 344.30 NS (0.979) 734-1486
IgM (mg/dL) 98'1? 4(2?;)8 > 82.68 (51.42-133.88) NS (0.078) 41-201
IgA (mg/dL) 262.36 + 155.21 279.47 + 135.86 NS (0.454) 49-401
C3 (mg/dL) 131.50 + 33.02 133.32 +30.60 NS (0.724) 77-203
C4 (mg/dL) 31'%47(35)'26_ 35.44 (27.86-40.22) 0.019 7.7-50.5
IL-6 (ng/dL) 26.68 (8.12-54.20) 33.88 (7.46-125.0) 0.048 0-30

Abbreviations: LDH: lactate dehydrogenase; NA: not applicable; NS: not significant. For parametric and nonparametric
variables, mean + SD and median (interquartile range) are shown. For comparison, T-Student and U-Mann-Whitney test,
respectively, were used. The comparison of frequencies was addressed by the Chi-square test.

3.2. Innate-Immune Compartment Assessment at Admission

The innate immune system is involved in the first stage of any viral infection, includ-
ing COVID-19 disease [16]. The main cellular components of the innate immunity to be
measured in peripheral blood are neutrophils, monocytes, NK, and innate lymphoid cells
(ILC). In patients with active COVID-19 disease, different innate immune signatures have
been identified from mild to severe disease [16,17]. Those patients with a more severe
phenotype had increased neutrophil and reduced monocyte frequency at admission
[18,19]. In our cohort, these data are confirmed (Table 1, Figure 1A). Moreover, a signifi-
cant increase in the percentage of non-classical monocytes in the mild group was observed
(p = 0.01; Figure 2A). In addition, within the innate lymphoid cells (ILC), a significant in-
crease in both the frequency of regulatory NK (CD3-CD56ig"CD16ow) cells (p = 0.016, Fig-

ure 2B) and the absolute number of ILC type-3 (p < 0.001) in the mild group was observed
(Figure 2C).

A) Neutrophils B) Lymphocytes
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Mildt Severe Mild

'
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Figure 1. Absolute count of neutrophils (A) and lymphocytes (B) in mild and severe patients. U Mann—-Whitney test was
used to compare medians in A and B. ***: p <0.001. ns: not significant.
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Figure 2. Frequency of non-classical monocytes (A) and regulatory NK cells (B), and absolute count of innate lymphoid
cells type-3 (C) in mild and severe patients. U-Mann-Whitney test was used to compare medians in A, B, and C, * p <0.05,
**p<0.01, and *** p < 0.001.

Toll-like receptors (TLRs) are important innate immune receptors in recognizing vi-
ral particles and play an essential role in the induction of the first line of immune re-
sponses. Among the TLRs described in humans, TLR3 and TLR7 have been involved in
the immune response against SARS-CoV-2 [20,21]. Therefore, the expression of TLR3,
TLR7, and TLR4, as control, was measured. However, no differences in TLR expression
between the two groups of patients were found (Table 2).

Table 2. Comparison of innate immunity parameters in mild and moderate-severe COVID-19 patients.

Mild (n=73) Moderate-Severe (1 = 82) p-Value
Monocytes
Classic (% CD14*CD16") 70.34 (55.9-79.6) 71.1 (49.5-82.2) NS (0.896)
Intermediate (%CD14*CD16%) 27.9 (17.4-39.9) 27.0 (15.242.9) NS (0.677)
Non-classic (% CD14-CD16") 3.4 (1.2-6.6) 1.5 (0.6-3.5) 0.010
TLR expression
TLR3 1.1 (0.8-1.7) 1.1 (0.9-1.6) NS (0.956)
TLR4 2.1 (1.0-3.1) 1.7 (1.1-2.6) NS (0.593)
TLR7 1.4 (1.0-2.3) 1.3 (1.0-2.1) NS (0.631)
NK cells
%CD16/56 13.77 (10.71-23.1) 17.25 (11.7-25.9) NS (0.097)
%NKT 5.05 (3.205-10.945) 4.52 (3.76-9.25) NS (0.746)
#CD16/56 169 (114-277) 159 (98-230) NS (0.205)
#NKT 59 (32.5-130) 44 (30-71) 0.019
CD56*CD16 4.2 (2.5-9.7) 3.2 (1.6-5.1) 0.014
CD56*CD16* 95.8 (90.3-97.5) 96.8 (94.8-98.3) 0.014
ILCs
ILC1 (LinCD127+CD117-CD294") 2.33 (1.334.64) 1.66 (0.94-3.88) NS (0.198)
ILC2 (LinCD127+CD117+CD294") 0.32 (0.13-0.73) 0.25 (0.11-0.44) NS (0.497)
ILC3 (LinCD127+CD117+CD294") 0.28 (0.14-0.60) 0.11 (0.06-0.21) 0.00028

Abbreviations: TLR: Toll-like receptor; NK: natural killer; NKT: natural killer T cells; #: absolute count (cells/uL); ILC:
innate lymphoid cells; NS: not significant. For parametric and non-parametric variables, mean + SD and median (inter-
quartile range) are shown. For comparison, T-Student and U-Mann-Whitney tests, respectively, were used. All TLR ex-
pression was calculated as the ratio of MFI of specific TLR monoclonal Ab/isotype control. See Materials and Methods for
details.

3.3. Adaptive Immune Compartment Assessment at Admission

As previously described [22,23], marked lymphopenia in severe patients was con-
firmed (Table 1). To avoid skew interpretation in absolute counts, only relative frequen-
cies were evaluated. In the main lymphocyte subsets, a significantly higher percentage of
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T lymphocytes at admission with a reduction of B and NK cells in mild patients was ob-
served compared with the severe group. No differences were observed in the frequency
of CD4 and CD8 T cell subsets (Table S1). Within the CD4 T cell compartment, an increase
in the frequencies of both total Thl (CD4*CXCR3*CCR6) and memory Thl
(CD4*CD45RO*CXCR3*CCR6") T cells in the mild group was observed (p = 0.057 and p =
0.030, respectively, Table 3, Figure 3A). Notably, the frequency of peripheral blood T cells
with a regulatory phenotype (Tregs) in mild patients was slightly higher than in severe
patients (p = 0.063) (Table 3).

Conversely, the CD8* T cells are cytotoxic antiviral lymphocytes, and an increased
proportion of activated and exhausted CD8* T cells has been described in COVID-19 [24].
Accordingly, we found a significantly increased frequency of CD8*CD38*HLA-DR* (Fig-
ure 3B) and CD8*CD27-CD28- in the severe group compared with the mild group (Table
3, Figure 3C). On the other hand, the frequency of naive CD8 populations
CD8&CD62L*CD45RA* and CD8*CD27+CD28* increased in the mild group. Finally, the fre-
quency of effector population CD8*CXCR3*CCR6* and memory CD8*CD45RO*CXCR3-
CCR6* were increased in the mild group at admission (Table 3).

In addition, as previously described [19], a significantly high proportion of plas-
mablasts (CD19+CD20-CD27highCD38high) in the severe group was confirmed (Table 3, Fig-
ure 3D).

Table 3. Comparison of frequencies of T and B lymphocyte functional subsets between groups.

Moderate-Severe (n =

Mild (n = 73) 82) p-Value
T helper subsets (CD4+)
CD4+CD27+CD28* 86';;793)"9_ 87.1 (75.2-93.6) NS (0.782)
CD4+CD27-CD28* 4.8 (3.1-8.1) 4.3 (2.5-7.2) NS (0.695)
CD4+CD27+CD28- 0.6 (0.3-1.0) 0.8 (0.3-1.2) NS (0.724)
CD4+CD27-CD28- 6.5 (1.0-16.8) 6.7 (2.0-13.6) NS (0.927)
CD4+CXCR3*CCR6™ (Thl) 23'2 4(185;‘3_ 20.1 (15.3-30.0) 0.057
CD4+*CXCR3* (Th1/Th17) 12.6 (8.7-16.0) 9.6 (7.1-14.0) 0.039
CD4+CXCR3-CCR6+ (Th17) 12.3+5.0 124+52 NS (0.907)
CD4+*CD45RO* (Memory Th) 62'3 1(59(;'4_ 58.1 (40.2-72.0) NS (0.064)
19.7 (12.7-
CD4+*CD45RO-CD62L+ (Naive) ? 5 9( 3) 18.5 (9.9-31.3) NS (0.290)
CD4+CD45RO*CD62L+ (TCM) 46.4+13.9 48.3+15.8 NS (0.234)
CD4+CD45RO*CD62L- (TEM) 24'? 8(15?8_ 21.3(11.5-42.8) NS (0.252)
CD4+*CD45RO-CD62L- (TEMRA) 1.4 (0.5-3.8) 1.3 (0.6-3.9) NS (0.957)
2.2 (26.9-
CD4*CD45RO*CXCR3*CCR6-(Memory Th1) 3 44( 46)) ? 28.7 (24.0-38.0) NS (0.030)
19.4 (16.1-
CD4+*CD45RO*CXCR3* (Memory Th1/Th17) 25.) 23.2 (17.5-26.0) NS (0.137)
CD4*CD45RO*CXCR3-CCR6* (Memory Th17) 21.1+87 185+7.9 NS (0.098)
CD4* CXCR3CCR6:CD294* (Th2) 1.0 (0.7-1.7) 0.8 (0.4-1.3) NS (0.830)
CD4+CD45RO*CXCR5*PD1+ (Tth) 0.2 (0.1-0.4) 0.3 (0.1-0.5) NS (0.153)
CD4+CD127-CD25* (Tregs) 6.4 (5.5-7.5) 5.7 (4.3-7.2) NS (0.063)
T cytotoxic subsets (CD8*)
7.1 (31.4-
CD8+CD27+CD28* 571 37.6 (21.5-53.2) 0.004

71.1)
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CD8+*CD27-CD28* 2.1(1.2-3.7) 22(1.1-3.7) NS (0.580)
CD8+CD27+CD28" 10.2 (7.4-16.2) 12.0 (6.5-19.0) NS (0.219)
CD8+*CD27-CD28- 27';;115;8_ 445 (24.4-63.2) 0.019

CD8*CXCR3* (Tc1/Tc17) 4.9 (3.2-9.5) 3.0 (1.8-4.6) 0.0003
429 (34.9-
CD8+*CD45RO" (Memory Tc) 27(37) ? 42.2 (35.2-57.6) NS (0.749)
CD8*CD45RO-CD62L* (Naive) ZS'Z 0(1;'8_ 19.2 (10.3-28.8) 0.026
15.0 (10.0-
CD8+*CD45RO*CD62L" (TCM) > (l) 9( 2(; 0 14.1 (8.8-21.7) NS (0.942)
9 (23.9-
CD8*CD45RO*CD62L- (TEM) 30 z 8( 7:; ? 31.6 (22.6-44.6) NS (0.780)
21.0 (11.8-
CD8+*CD45RO-CD62L- (TEMRA) 34.4) 26.1 (14.3-38.1) NS (0.125)
CD8*CD45RO*CXCR3* (Memory Tcl/Tcl7) 2.5(1.4-6.6) 2.8 (1.2-5.1) 0.0002
CDS8DR*CD38* 11.2 (5.3-20.5) 13.8 (8.8-25.6) 0.028
B lymphocytes
65.3 (47.8-
B naive (CD27-IgD*) 75( 5) 63.8 (48.3-75.0) NS (0.656)
B unswitched (CD27+IgD) 15.4 (9.0-23.4) 11.5 (8.3-21.5) NS (0.196)
B switched (CD27+IgD-) 15.9 (8.5-24.1) 17.0 (9.8-25.5) NS (0.478)
Plasmablasts (CD19+ CD20owCD27" CD38h) 1.9 (0.8-5.8) 5.3 (1.6-9.7) 0.002

Abbreviations: Th: helper T cell; TCM: central memory T cells; TEM: effector memory T cells; TEMRA: terminally differ-
entiated T cells; Tregs: regulatory T cells; Tc: cytotoxic T cells; Tfh: T follicular helper cells; NS: not significant. For para-
metric and non-parametric variables, mean + SD and median (interquartile range) are shown. For comparison, T-Student
and U-Mann-Whitney tests, respectively, were used.
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Figure 3. Frequency of memory Thl cells (A), cytotoxic T lymphocytes HLADR*CD38* (B), cytotoxic T lymphocytes CD27-
CD28- (C), and plasmablasts (D) in mild and severe patients. U-Mann-Whitney test was used to compare medians in A,
B, C,and D. * p <0.05 and ** p <0.01.

3.4. SARS-CoV-2 Specific T Cells Response in Active COVID-19 Disease

Phenotypic characterization of immune cells may not reflect their function and spec-
ificity. The specific T cell response against overlapping peptide pools of the nucleocapsid
phosphoprotein (“N”), the membrane glycoprotein (“M”), and the surface glycoprotein
(“S”) of SARS-CoV-2 through activation of PBMC in both mild and severe groups was
assessed. The response was evaluated by expressing activation-induced markers (CD134
and CD25) after 24 h of stimulation, as previously shown [13]. Anti-CD3/CD28 monoclo-
nal antibody stimulation was used as a positive control, while medium without additives
was used as a negative control. The global stimulation index with any SARS-CoV-2 anti-
gen was comparable between groups at admission (Table S2).

3.5. Assessment of the Immune Parameters as a Prognosis Factor

Within all the evaluated immune parameters included in this study, those with sig-
nificant differences at admission were selected in order to investigate their independent
role in the prognosis of the patients. The univariate and multivariate analyses are summa-
rized in Table 4. The logistic regression model was performed as described in Materials
and Methods, and the parameters finally included in the model were: age, ferritin, D-di-
mer, absolute counts of lymphocytes, C4, CD8*CD27-CD28-,and non-classical monocytes.
The area under the curve was 78.2%, with a sensitivity and specificity of 71.4 and 72.2,
respectively (Figure 4).
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Table 4. Univariate and Multivariate analysis of the parameters included in the logistic regression model.

Parameter Univariate Multivariate
P Odds CI p Odds CI
Age <0.001 1.033 1.013-1.053 0.015 1.038 1.007-1.069
Ferritin <0.001 1.001 1.001-1.002 0.021 1.001 1.001-1.002
D-dimer 0.226 1.000 1.000-1.000 0.01 1.000 1.000-1.001
Absolute lymphocyte count 0.002 0.999 0.999-1.000 0.023 0.999 0.998-1.000
C4 0.016 1.041 1.007-1.075 0.110 1.036 0.992-1.082
% of CD8*CD27-CD28- 0.023 1.017 1.002-1.031 0.701 1.004 0.985-1.023
% of non-classical monocytes 0.288 0.18 0.000-29.826 0.908 1.712 0.000-0.000149

Abbreviations: CI: confidence interval.
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Figure 4. ROC curve analysis of the logistic regression model for prediction of moderate-severe outcomes. Superposed
and independent AUC analyses of the variables included in the logistic regression model are depicted. The AUC of the
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merged probability is calculated from the predictive model in bold blue line as shown in the Materials and Methods
section.

4. Discussion

The COVID-19 disease has been divided into two well-differentiated stages, firstly
an inflammatory step and subsequently a hyper-inflammatory step. The inflammatory
response is conducted by innate immune components early after SARS-CoV-2 infection.
An average of 10 days has been estimated for this response, followed by the induction of
an efficient adaptive specific response in mild disease. However, if this immune response
is overcome, a further hyper-inflammatory response is mounted. This hyper-inflamma-
tory response has been associated with severe and poor clinical outcomes [25-27].

Different immune profiles at admission have been associated with clinical outcomes,
underlining the presence of lymphopenia [10], neutrophilia [11], and an increase in mon-
ocyte subsets [28]. Furthermore, alterations in adaptive immune system components, in-
cluding activated and exhausted phenotypes in cytotoxic T cells, have been confirmed
[29]. Moreover, increased levels of plasmablasts in severe patients have been observed
[19].

A comprehensive immune profile was created in the present work, and the obtained
results were comparable with those described in previous studies [28,29] (Tables 2 and 3).
Among differential features in the innate immune system in severe versus mild COVID-
19 patients, a dysfunctional neutrophil skew was observed in severe cases [30]. This emer-
gency myelopoiesis could be associated with an increased frequency of neutrophils and
lymphopenia, as observed in our cohort. Moreover, non-classical monocytes were ex-
panded within the monocyte compartment in the mild group compared with severe cases
[31]. This monocyte subset has been involved in inflammation restoration and tissue re-
covery [32], whereas its increased frequency in mild patients could be related to virus
clearance [33].

The role of total ILCs and specifically ILC1 in antiviral immune response has been
previously shown [34,35]. A reduction of ILC1 in severe COVID-19 patients has been re-
cently described by Garcia et al. [35]. Our results confirmed the reduction of this cell sub-
set in severe COVID-19 patients, although no significant differences were observed.

In contrast, the role of ILC3 in respiratory viral infections has not been described yet.
ILC3 exist mainly in the intestinal mucosal tissue, playing an important function in mu-
cosal homeostasis and inflammatory responses. Nevertheless, we observed a significant
reduction of this subpopulation in severe COVID-19 patients at admission. The function
of ILC3 in the intestinal mucosa is well described [36]. Their role in respiratory mucosa
remains to be elucidated. Nonetheless, our finding was in peripheral blood, and the rela-
tionship between circulating and tissue ILC3 is not established yet.

TLR signaling in viral infections has been thoroughly studied. Specifically, TLR-3,
TLR-7, and TLR-8 exert a key role in infections by RNA viruses, such as SARS-CoV-2.
Functional studies have identified rare loss-of-function variants of the X-chromosomal
TLR7 in severe COVID-19 patients [37]. In our cohort, the patients with severe disease
were older and had several comorbidities that could go unnoticed, such as a loss-of-func-
tion effect, since no significant differences in the expression of TLR-3 and TLR-7 consider-
ing the severity of COVID-19 patients were observed.

The potential role of regulatory subsets in COVID-19 prognosis was studied by
Meckiff et al. [38]. They observed a skew towards a reactive gene expression pattern of
SARS-CoV-2-specific CD4* T cells with impairment of Tregs in severe patients. In our co-
hort at admission, the severe patients had reduced Treg frequency and CD3-CD56+CD16
NK cells compared with the mild group [39].

The Th1 response is involved in cellular immunity throughout IFN-y production. In
our cohort, an increase in Th1 and memory Th1 cells was observed in the mild group. This
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observation points to an early activation compared with the severe group. Previous stud-
ies on Th subsets in COVID-19 have shown poor outcomes related to undifferentiated Th
subsets in patients [40] or with a skew towards Th2 cells [41].

The cytotoxic T cell is the main subset in adaptive antiviral response. After immuno-
phenotype analysis, the CD8 compartment has been classified in detail not only by matu-
ration stage but also activation status. The early activation phenotype in CD8 is defined
by CD38 and HLA-DR expression [42]. Recently, an increase in the frequency of
CD8+*CD38*HLADRY cells in patients with COVID-19 disease and fatal outcomes has been
confirmed [43,44]. In the present work, the severe group presented an increased frequency
of CD8*CD38*HLADR" cells at admission. In terms of the functional status of CD8 cells,
severe patients had an exhausted or immunosenescence phenotype [45]. We used CD27
and CD28 to identify a CD8 exhausted phenotype [29], and accordingly, a significant in-
crease in the CD8*CD27-CD28-exhausted phenotype in the severe group was found.

This exhausted phenotype of CD8* T cells was included in the predictive model to
establish the risk of severe disease. Together with age, IL-6, ferritin, D-dimer, IgM, C4,
absolute lymphocyte count, ILC type-3 count, and percentage of plasmablasts, Thl,
memory Thl, Treg, CD8‘CD38‘HLA-DR*, non-classical monocytes, and CD3
CD56+CD16% NK cells, the predictive model showed an AUC of 78%. Several predictive
models have been published based on demographic, biochemical, and immunological pa-
rameters [39,46—49]. The main prognostic factors were neutrophil and lymphocyte counts,
whereas NK subsets and CD4 levels were only partially confirmed. Notably, other asso-
ciated parameters with poor prognosis in COVID-19 patients such as SARS-CoV-2 viral
load have been demonstrated [50]. A limitation of the study was the absence of the viral
load or the cycle threshold (Ct) data in our model.

Easily measurable immune parameters, such as CD8*CD27-CD28- and non-classical
monocytes, improve the predictive value of our model. However, the cross-sectional de-
sign is a limitation of the study, and further validation cohorts should be assessed to con-
firm the model’s predictive capability.

Although our model was not developed to predict fatal outcomes, both innate and
adaptive immune parameters could help determine the oxygen therapy requirement of
78% of the patients and could be helpful in improving the therapeutic management of the
patients at admission.
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Abstract: Nursing home residents (NHR) have been targeted as a vaccination priority due to their
higher risk of worse outcome after COVID-19 infection. The mRNA-based vaccine BTN2b2 was
first approved in Europe for NHRs. The assessment of the specific vaccine immune response (both
humoral and cellular) at long term in NHRs has not been addressed yet. A representative sample
of 624 NHR subjects in Northern region of Spain was studied to assess immune response against
full vaccination with BTN2b2. The anti-S1 antibody levels and specific T cells were measured at two
and six months after vaccination. 24.4% of NHR had a previous infection prior to vaccination. The
remaining NHR were included in the full vaccination assessment group (FVA). After two months, a
94.9% of the FVA presented anti-S1 antibodies, whereas those seronegative without specific cellular
response were 2.54%. At long-term, the frequency of NHR within the FVA group with anti-S1
antibodies at six months were 88.12% and the seronegative subjects without specific cellular response
was 8.07%. The cellular immune assays complement the humoral test in the immune vaccine response
assessment. Therefore, the cellular immune assessment in NHRs allows for the fine tuning of those
seronegative subjects with potential competent immune responses against the vaccine.

Keywords: mRNA vaccine; SARS-CoV-2; cellular-immune response; nursing home residents; public health
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1. Introduction

The Nursing home residences have been sensitive locations where the SARS-CoV-2
(COVID-19) virus has spread rapidly [1]. The subjects with worse prognosis and higher risk
of mortality were those with associated comorbidities and the elderly, this latter group being
a priority in the vaccination strategies [2]. However, the different vaccination rates within
different groups as students [3] and NHRs [4] could compromise the vaccination success.
The vaccination against SARS-CoV-2 with BNT162b2 is safe and effective, conferring a 95%
protection against COVID-19 in subjects over 16 years old [5], and reducing hospitalization
and mortality.

New SARS-CoV-2 variants have emerged and, despite vaccination, virus isolations
in nursing home residences have been detected. Thus, despite vaccination, susceptible
subjects should be identified early in order to proceed with new strategies of prevention
and immunization. Strategies for public health control have been proposed, such as a third
vaccine dose, despite evidence that the two dose strategy continues to be most effective
against variants of concern. However, no deep immunological studies have been addressed
in order to identify those fully vaccinated elderly subjects at risk of infection. The aim
of this strategy is to identify low responders within patients with impaired immunities
such as immunodeficiency, autoimmunity, cancer, transplantation or immunosenescence.
The most precise way to measure immunological response to vaccination would include
both cellular and humoral specific responses. Recently, the utility of both cellular and
humoral immunity assessment to identify low responders within kidney [6], liver and heart
transplant recipients [7], in addition to hematologic malignancies [8], autoimmunity [9]
and the elderly [10] has been demonstrated.

The assessment of humoral immune response after the BNT162b2 vaccine in NHR has
been recently published [11]. This group observed 30% of low post-vaccine anti S-RBD
antibody levels, and importantly 3% of NHR remained seronegative after six weeks of
the second shot. However, neither data about cellular immunity nor risk evaluation for
symptomatic COVID-19 was performed. As far as we know, no studies of both humoral
and cellular immune responses to the SARS-CoV-2 virus vaccine in NHRs have been
previously addressed.

In this study, to detect a possible break in the protection from vaccination, we per-
formed early and medium-term assessments of specific BNT162b2 vaccine immune re-
sponses (including both humoral and cellular immunity) in NHR. Moreover, a risk as-
sessment of positive PCR post-vaccination (PPPV) was evaluated. The detection of fully
vaccinated NHRs without humoral and cellular response could further suggest the need to
boost vaccine dose to enhance immune response.

2. Materials and Methods
2.1. Data Collection

Nursing home residents (NHR) in the Cantabrian region (North of Spain) were vacci-
nated following both the public health recommendations and European guidelines [12]
from January 2021 to March 2021. The total NHRs at the moment of the study in the
Cantabrian region were 6598 subjects. The sample size was calculated to estimate 85% of
the population with a confidence interval of 95% and an accuracy of +/—3%. A total of
641 subjects were enrolled in the study, but 17 subjects were not feasible to get samples.
Finally, the early assessment of immune vaccine response was conducted in a sample of
624 residents selected for the study, covering all residents in the region (57 nursing home
residences), and all the subjects received two doses of the BNT162b2 vaccine. Further
long-term assessments after six months of vaccination was performed in a subgroup of
558 NHR. The study design is summarized in Figure 1. The sample size was chosen by
simple random sampling from among the total NHR population.
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Figure 1. Study design. A total of 624 nursing home residents (NHR) were eligible for the study. Two
different groups were defined: previous infection (PI) and full vaccination assessment (FVA).

Sequential real time PCR was performed every two weeks after full vaccination to
monitor potential infections. Moreover, in those patients with suspicion of infection or
close contact a PCR or antigen test was performed; in the case of negative results, a further
PCR test was undertaken.

Our Unified Laboratory Management System in Cantabria (LISCAN) integrated with
a nursery home platform (GESCARE) and a unified citation system (TICARES) were
instrumental to determine in real time the appropriate diagnostic path to be followed for
each patient.

2.2. SARS-CoV-2 Anti-S Antibodies Detection

Serum samples were evaluated after two and six months of complete BNT162b2
for the detection of anti-SARS-CoV-2 S1 (RBD) protein-targeting (anti-S51) and specific
anti-N IgG antibodies by chemiluminescent microparticle immunoassay (CLIA) using the
SARS-CoV-2 IgG II Quant Assay on the Alinity I (Abbott, Chicago, IL, USA) following
the manufacturer’s indications. Results were expressed as arbitrary units (AU) per mL
(AU/mL). Values higher than 50 AU/mL for anti-S1 and higher than 1.5 AU/mL for anti-N
were considered positive.
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2.3. SARS-CoV-2 T-Specific Response Assessment by Flow Cytometry

The specific cellular immune response against vaccination was assessed as previ-
ously described [13]. Briefly, peripheral blood mononuclear cells (PBMCs) from sodium-
heparinized blood were isolated by Ficoll gradient and cultured at 10°/mL in TexMACS
medium (MiltenyiBiotec, BergischGladbach, Germany) during 24 h at 37 °C in a flat-bottom
96-well plate in 0.1% DMSO, PepTivator SARS-CoV-2 Prot S, Prot M and Prot N (1 ug/mL)
and Dynabeads Human T activator CD3/CD28 (GibcoThermo Fisher Scientific Baltics
UAB, Lithuania) as a positive control. After incubation, the PBMCs were washed and
stained with the following monoclonal antibodies: anti-CD3 (FITC) clone UCHT 1 (In-
munotech SAS Beckman Coulter, Marseille, France), anti-CD4 (APC-Vio 770) clone VIT4
(MiltenyiBiotec, BergischGladbach, Germany), anti-CD8 (ECD) clone SFCI21Thy2D3 (Beck-
man Coulter, 737659, Brea, CA, USA), anti-CD134 (PE) clone 134-1 (Cytognos, Salamanca,
Spain), and anti-CD25 (PE-Cy?7) clone 2A3. The stained PBMCs samples were washed with
phosphate buffer saline (PBS) 150 pL and centrifuged for five minutes at 1800 rpm. Finally,
2 uL of 7-Aminoactinomycin D (7-AAD) staining solution (Tonbo Biosciences, San Diego,
CA, USA) and 90 puL of PBS were added before the samples were acquired on the CytoFLEX
Flow Cytometer (Beckman Coulter). The results were expressed as the frequency in the
activation induced molecules (CD25*CD134") ratio obtained after specific activation to
negative non-stimulated control. A ratio > 3 in one of the specific SARS-CoV-2 peptides
was considered positive as previously described [13], and representative examples are
summarized in Figure S1.

2.4. Statistical Analysis

Statistical analysis was performed using SPSS version 19.0 (Chicago, IL, USA) and
Graph Pad Prism (software 6.0 version). The distribution of continuous variables was
assessed using the Kolmogorov-Smirnov/Shapiro-Wilk tests. Comparisons were based
on U-Mann Whitney and the Student’s t test, as corresponded. Results were expressed as
median (interquartile range, (IQR) or mean =+ standard deviation, as appropriate. Receiver
operation characteristic (ROC) analysis was performed to calculate the cutoff value of
anti S-RBD levels after vaccination to better discriminate the risk of PPPV. A two-sided
p-value < 0.05 was considered statistically significant.

3. Results
3.1. NHR Participants

The mean age of the NHR cohort was 80.56 years (standard deviation, SD, 13.51), of
which 67.6% were female. All residents were fully vaccinated with the BNT162b2 vaccine
between January and March 2021. The second dose was administered three weeks after the
first dose, independently of previous COVID-19 infection.

The NHR cohort was divided into two groups in order to assess the sensitization
status (Figure 1). First was the previous COVID19 infection (PI) group, which included a
total of 152 subjects, and 133 of them had positive PCRs before administration of the first
vaccine dose. Five were PCR positive between the first and the second dose. In this group,
we have also included 14 residents who presented detectable anti-N antibodies as a marker
of prior infection.

Secondly, the remaining subjects (1 = 472) without previous infection were included
in the full vaccine assessment (FVA) group. From this group, a total of 17 residents had
a positive PCR (FVA+), two early (median 89 days) and 15 late (at six months, median
209 days) after second dose. Twelve out of 17 (70.6%) subjects from the FVA+ group were
asymptomatic, whereas five subjects with symptoms required hospitalization (1.06% of
the FVA group), and one of them died without a clear association with COVID-19 disease
(non-compatible radiologic signs).
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3.2. Early Assessment of Quantitative Humoral Vaccine Response in NHR Cohort

To assess the vaccine response in NHR, the level of anti-S1 antibodies was measured.
A wide range of detection was observed (<50 to >40,000 AU/mL) in the NHR cohort.
An increased level of anti-S1 antibodies in PI group compared with FVA group (median,
(IQR): 19,669 (8534-40,000) vs 1611 (570.9-4219), respectively (p < 0.001) was observed after
two months of vaccination (Figure 2).
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Figure 2. Comparison of anti-S1 antibody levels after two months of BNT162b2 full vaccination in nursing home residents

(NHR). The anti-S1 antibody level in the previous infection group (white circles) and full vaccination assessment group (white
squares) is depicted. The anti-S1 levels below the red line at 50 AU/mL indicates those NHR identified as seronegative after
full vaccination. Whereas a value below 715 AU/mL of anti-S1 antibody level (green line) after two months of vaccination
shows patients at risk of infection (red squares). The mean differences were assessed by Student’s f-test.

To fully characterize the anti-S1 antibody level, different groups were defined based
in anti-S1 levels as previously described [9] in seronegative: <50; low responders: 50-1050;
moderate: 1050-4160; and high responders: >4160 AU/mL. The PI group demonstrated
higher levels since the frequency of anti-S1 antibody levels in each group was = 0%; 6.25%;
4.86% and 88.89% respectively, whereas in the FVA group it was = 4.80%; 32.78%; 36.32%
and 26.10%, respectively (Chi square test, p < 0.001).

Subsequently, to assess the potential risk of infection post-vaccination, the analysis
of anti-S1 antibody levels was addressed in the FVA group. The median (IQR) of anti-
S1 antibody levels in the FVA+ group was decreased compared with the FVA- group
(662 (536-3515) vs 1611 (570.9-4219), p = NS). However, after ROC analysis a value of
715 AU/mL identified those patients with risk of infection after vaccination (with a 70.5%
and 66.7%, sensitivity and specificity, respectively), the hazard ratio of 1.023 (0.993-1.054),
p = 0.069 (Figure 2).

3.3. Early Evaluation of Immunization Status in NHR

All NHR were fully vaccinated despite previous COVID-19 contact. The assessment
of humoral response was performed two months after the second dose. A total of 600 NHR
out of 624 had anti-S1 antibodies, reflecting a specific response against SARS-CoV-2 and/or
vaccination in 96.2% of the NHR cohort. The remaining 24 patients (3.8%) had neither
anti-S1 nor anti-N antibodies after full dose vaccination.
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The level of anti-S1 antibodies was significantly higher in the PI group with respect to
the FVA (Figure 2), and to eliminate the potential bias of a previous contact with the virus
and to perform a strict vaccine assessment, only the FVA group was further investigated.

Twenty-four subjects of the FVA group (24/472, 5.08%) did not show specific antibody
response, neither anti-S1 antibodies nor anti-N antibodies after two months of full vaccina-
tion. In these seronegative residents, a specific CD4+ T cell immune test was performed to
assess the vaccine response. Twelve out of twenty—four (50%) did not show any specific
cellular immune response (complete non-responders) against the SARS-CoV-2 peptide pool
(anti-S, anti-M or anti-N). The clinical parameters of these early non-responders are sum-
marized in Table S1. Overall, the vaccine responders (anti-S1 antibodies and/or specific
cellular immune test) within the FVA group were 97.42%.

To assess the potential utility of cellular specific immunity against SARS-CoV-2 in
order to identify break of protection of vaccine in seronegative subjects, the risk of infection
should be assessed within complete non-responders’ subjects. In our cohort, none of the
non-responders within the FVA group had a positive PCR after vaccination (Figure 2).

3.4. Immunization Status in NHR at 6 Months after Full Vaccination

Finally, in order to investigate the degree of immunization in fully vaccinated NHR, a
subgroup of the initial cohort (N = 558) was tested for anti-S1 antibodies. A total of 137/558
were of the PI group, the remaining 421 were in FVA group. Fifty out of 421 FVA (11.88%)
NHR were seronegative at six months of vaccination, 16 of them were also seronegative at
two months of vaccination. In 17 out of the remaining 34 NHR who become seronegative,
a specific cellular immunity was maintained (50.0%) at six months post vaccination. In
Figure 3a, the level of anti-S1 antibodies after two and six months of vaccination are shown.
Those NHR seronegative in each timepoint were tested for specific cellular immunity to
fully investigate specific immune response against the SARS-CoV-2. Full negative specific
immune response to the coronavirus peptides was observed in 12/624 (1.92%) and 33/558
(5.91%) of the NHR cohort at two and six months, respectively (Figure 3b). Considering
only those included in the FVA group, the frequencies of subjects without vaccination
response were 12/472 (2.54%) and 34 /421 (8.07%) at two and six months, respectively. The
clinical parameters NHR seronegative at 6 months are summarized in Table S2.
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Figure 3. Comparison of anti-S1 antibody levels and cellular immunity after two and six months of BNT162b2 full
vaccination in nursing home residents (NHR) included in Full Vaccination Assessment (FVA) group. The level of anti-S1
antibodies was compared in NHR at two and six months after full vaccination in the FVA group. The red line shows the
anti-S1 levels at 50 AU/mL, subjects with anti-S1 values below this line were identified as seronegative (a). All seronegative
NHR after six months of vaccination were assessed for cellular immunity; the green circles show positive specific cellular
immunity whereas the white circles show those without a cellular-specific response to vaccination (b).
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4. Discussion

The NHR subjects have been especially vulnerable to COVID-19. Public health au-
thorities have to design strategies to protect them [12]. With the approval of a vaccine, the
NHR were the first group to get vaccinated. However, different strategies were carried out
in different countries. In the UK a single dose was established to reach higher numbers
of vaccination in less time. Recently, the humoral and cellular immune response to a
single dose of BNT162b2 in residential care homes showed delayed antibody responses
in those infection—naive residents, suggesting that giving a second dose early would be
required [14].

In our cohort, 22% of NHR had previous contact with the COVID-19 virus. Due to
natural immunity, the boost after mRNA vaccination increased anti-S1 antibody levels
as previously described [11]. Individuals with previous contact before vaccination had
increased levels of anti-S1 antibodies after full dose BNT162b2 vaccination [15]. In our
cohort of NHR we have corroborated these data, despite the difference in the mean age of
the subjects (80 years in the present study vs 41.89 [15]. This is in line with the generation
of the hybrid immunity [16].

Moreover, the anti-S1 antibody levels maintained increased in the PI group after
6 months of vaccination (data not-shown). Another work studying the immune response
after a single dose of BNT162b2 in elderly subjects showed a humoral response in 93%
at 5-6 weeks of vaccination [17]. All the subjects in our NHR cohort were vaccinated
following the FDA and EMA recommendations, and after two-doses a total of 96.16% NHR
had humoral response.

However, not all the antibodies are equal. The neutralizing antibodies have been
described as involved in minimizing virus infection [18]. It has been previously demon-
strated humoral response after vaccination with BNT162b2 [19]. A limitation of the present
study is the lack of neutralization assay. Nevertheless, an indirect approach suggests an
association between antibody levels and capability to neutralize [20,21], where a value of
4160 AU was identified as a neutralizing capability.

In the work of Blain et al [11], no assessment of post vaccination risk infection was
performed. Here, the subjects with antibody levels at 2 months of vaccination lower than
715 AU/mL showed a higher risk of positive PCR after vaccination. This level of anti-S1
antibody would correspond to the low-responder group. Nevertheless, the measurement of
humoral immunity alone could be limited since a specific T cell response has to be elicited
before humoral immunity.

In our cohort, only 17 subjects were positive PCR after full vaccination, with a total of
1.06% hospitalizations. These results confirm the reduction of infections, hospitalizations
and deaths described in full-vaccinated subjects [22].

The study of specific T cell response could identify patients who developed immu-
nity against the vaccine despite the lack of serologic level of IgG antibodies [6—10]. The
assessment of both humoral and cellular immune response after vaccination has allowed
establishing groups of patients with an impaired immune system regarding the ability
to respond to the vaccine. Therefore, no responders could be at risk of infection. More-
over, in the elderly, the immune response to vaccination is heterogeneous [10] and, given
that the NHR population is elderly for the most part, it makes this group of particular
interest to study the immune response globally. This approach (study of cellular and
humoral response to the vaccine in NHR) is the one that has been taken into account in the
present study to identify non-responding NHRs. We considered that those with anti-S1
IgG antibodies already had specific T cell immunity necessary to produce IgG switching in
the germinal center, and only those seronegative for anti-S1 IgG were further studied for
specific CD4+ T cells response. Here we describe how the NHR without previous contact
before vaccination with total immunity reaches 97.42%. In this study, we cannot confirm the
utility of the specific cellular assessment as a tool for identifying NHR at risk of infection
after vaccination since there were no significant differences in COVID-19 incidence between
cellular responders and non-responders. Another limitation of the study was the lack of a
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cellular test in those subjects with less than 715 AU/mL. This cutoff value was set after
statistical analysis but testing of cellular function was not performed during the study since
we only considered the value established by routine laboratory at 50 AU/mL.

5. Conclusions

After 6 months of full vaccination, 11.88% of NHR subjects were seronegative, however,
34.0% of them retained a detectable specific cellular immune response. In summary, a
total of 94.09% of NHR maintained a detectable immune response after six months of
vaccination. Moreover, the specific cellular immune assessment could potentially be
used as a second-line tool to test the vaccine immune response in those subjects without
humoral response.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vaccines9121429/s1, Figure S1: SARS-CoV-2 specific T cell assessment, Table S1: Demographic
and clinical records of the non-S1 antibodies (seronegative) subjects at 2 months after full vaccination.
Table S2: Demographic and clinical records of the non-S1 antibodies subjects after 6 months after full
vaccination.
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Myeloid-derived suppressor cells (MDSC) represent a heterogeneous group of myeloid
regulatory cells that were originally described in cancer. Several studies in animal
models point to MDSC as important players in the induction of allograft tolerance
due to their immune modulatory function. Most of the published studies have been
performed in animal models, and the data addressing MDSCs in human organ
transplantation are scarce. We evaluated the phenotype and function of different MDSCs
subsets in 38 kidney transplant recipients (KTRs) at different time points. Our data
indicate that monocytic MDSCs (Mo-MDSC) increase in KTR at 6 and 12 months
posttransplantation. On the contrary, the percentages of polymorphonuclear MDSC
(PMN-MDSC) and early-stage MDSC (e-MDSC) are not significantly increased. We
evaluated the immunosuppressive activity of Mo-MDSC in KTR and confirmed their
ability to increase regulatory T cells (Treg) in vitro. Interestingly, when we compared the
ability of Mo-MDSC to suppress T cell proliferation, we observed that tacrolimus, but
not rapamycin-treated KTR, was able to inhibit CD4* T cell proliferation in vitro. This
indicates that, although mTOR inhibitors are widely regarded as supportive of regulatory
responses, rapamycin may impair Mo-MDSC function, and suggests that the choice of
immunosuppressive therapy may determine the tolerogenic pathway and participating
immune cells that promote organ transplant acceptance in KTR.

Keywords: kidney transplantation, mTOR inhibition,
immunosuppression
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INTRODUCTION

Kidney transplantation is a treatment option for patients with
end-stage renal disease (ESRD). Although immunosuppressive
protocols have clearly reduced the incidence of acute rejection,
transplant patients continue at high risk of treatment side effects,
and long-term allograft survival has not improved significantly
(1). As a consequence, the main goals in transplantation are to
predict the risk of developing rejection and to find biomarkers
of tolerance to allow immunosuppression withdrawal in order
to minimize the adverse effects of the currently available
immunosuppressive regimens.

An increasing field of research is focused on the study of
immune cells with regulatory and/or suppressive function.
Among them, myeloid-derived suppressor cells (MDSCs)
have gained attention in the last years. The MDSCs are a
heterogeneous group of myeloid cells able to suppress adaptive
and innate immune responses and have been suggested as
potential biomarkers for allograft tolerance. They were initially
described in cancer, and several studies have pointed out MDSC
to play an important role in the regulation of immune responses
in other clinical setting, such as organ transplantation, infection,
and autoimmune diseases (2-4).

Myeloid-derived suppressor cells were first described in
mice as CD11b"T Grl™ cells, and experimental transplant
models demonstrated that MDSCs have an important role
in the induction of tolerance (5). On the contrary, evidence
on their role in human transplantation is scarce and non-
conclusive. In renal transplant patients, Luan et al. observed
MDSC, defined as CD33" CD11bTHLA-DR™, able to expand
T regulatory cells (Treg) in vitro and correlate with Treg cell
numbers in vivo (6). These data were confirmed by Meng
et al. who associated MDSC numbers with less tissue injury
and longer allograft survival (7). Human MDSCs are divided
into three main subsets: monocytic MDSC (Mo-MDSCs:
CD337CD11b*CD14THLA-DR™), polymorphonuclear MDSC
(PMN-MDSCs: CD33TCD11bTCD15"HLA-DR™), and a
population lacking both differentiation surface markers classified
as early-stage MDSC (e-MDSCs: CD33THLA-DR™CDI15~
CD147) (8). Since these phenotypic markers are not exclusive
of MDSCs and they are present in other myeloid cells such
as monocytes, macrophages, and granulocytes, MDSC cells
are further defined upon demonstration of their suppressive
function (9).

Due to the paucity of the MDSC data in clinical organ
transplantation and that different immunosuppressants may
have a distinct effect on MDSC, we monitored circulating
MDSC subset frequencies in kidney transplant recipients (KTRs).
The main goal of the study was to compare transplant
recipients receiving standard triple therapy to those maintained
on a regimen including rapamycin and evaluate the effect

Abbreviations: 7AAD, 7-amino-actinomycin D; CNI, calcineurin inhibitors;
e-MDSC, early-stage MDSCs; HC, healthy controls; KTRs, kidney transplant
recipients; MDSCs, myeloid-derived suppressor cells; Mo-MDSCs, monocytic
MDSCs; mTOR, mammalian target of rapamycin; PBMC, peripheral
blood mononuclear cells; PBS, phosphate-buffered saline; PMN-MDSCs,
polymorphonuclear MDSCs.

of each therapeutic arm on MDSC in relation to kidney
transplant outcomes.

MATERIALS AND METHODS
Study Design

A total of 38 consecutive KTRs were enrolled in the study after
giving consent while they were listed for kidney transplantation
in the Hospital Universitario Marqués de Valdecilla in 2016.
The study was approved by the Hospital Universitario Marqués
de Valdecilla Ethics Committee. The mean follow-up time was
459 days. The clinical and immunological features of the KTR are
summarized in Table 1. Clinical data were collected from patient
records, and blood was drawn at baseline/day 0, 180, and 360 days
after transplantation. The clinical and immunological features of
the KTR are summarized in Table 1.

Monoclonal Antibodies and Flow
Cytometry Analysis

The PBMCs or isolated MDSCs were stained with the
following monoclonal antibodies: anti-CD33-APC (clone
D3HL60.251), anti-CD3-FITC (clone UCHT1), anti-CD14-ECD
(clone RMO52), and anti-CD11b-PE-cyanin (clone Bearl)
(Beckman Coulter, Marseille, France); anti-CD16-APC-Cy7
(clone 3G8) and anti-CD56-FITC (clone HCD56 and anti-
HLA-DR-Brilliant Violet 510 (clone L243) (Biolegend, San
Diego, CA, United States); anti-CD19-FITC (clone 4G?7),
anti-CD14-FITC (clone M@P9), anti-CD25-PE (clone 2A3),
and anti-FoxP3-Pacific Blue (clone 206D) (BD Biosciences);
anti-CD15-CF Blue (clone MCS-1) (Inmunostep, Salamanca,
Spain); and anti-CD4-APC-Vio770 (clone REA623) from
Miltenyi Biotech. The cells were incubated for 20 min,
washed with phosphate-buffered saline (PBS), and acquired
in a Cytoflex® flow cytometer (Beckman Coulter). MDSCs
were quantified by flow cytometry following the gating
strategy proposed by Bronte et al. (8) to characterize MDSC
subsets: Mo-MDSCs (CD33TCDI11bTHLADR~- CDI14"
CD157), PMN-MDSC (CD33TCD11bTHLADR~ CDI15%
CD147), and e-MDSC Lin~ (CDI14TCD56TCD3TCD19")
CD33TCDI11bTHLADR™ CD14~CD15~. Total MDSCs were
defined as CD33TCD11bT*HLADR™ cells. Fluorescence minus
one control was used to identify HLA-DR" and HLA-DR™ cells.

Isolation and Sorting of MDSC

Human peripheral blood mononuclear cells (PBMCs) were
isolated from bufty coats from healthy donors and from KTR by
Ficoll density gradient centrifugation. To isolate CD33" HLA-
DR~ and CD33% HLA-DR™ CDI147% cells (Mo-MDSC), the
CD33" cells were first sorted by magnetic-automated cell sorting
using CD33-positive separation microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. Further isolation of CD33THLA-DR™ cells and
CD33THLA-DR™ CD14% was performed by sorting enriched
cells on a FACS-ARIA II (BD Biosciences, San Jose, CA,
United States). The purity of the cell sorting was tested after
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TABLE 1 | Main features of study population (N = 38).

Recipients: Age, mean, years 51.88 (SD13.23)
49.61 (SD12.63)
46.17 (SD11.85)

18 (47.37%)

Donors: Age, mean, years
Healthy controls: Age, mean, years
Recipient Sex (% female)

Donor sex (% female) 19 (50%)
Dialysis post kidney transplant 10 (26%)
Preexisting anti-HLA antibodies 13 (34.21%)
Class | antibodies 10 (26%)

Class Il antibodies 8 (21.05%)
Rejection 6 (15.78%)
RT 11 (28.94%)

Induction treatment

None 21 (55.26%)
ATG 12 (31.57%)
Basiliximab 5 (13.156%)
Both 0 (0.00%)

Immunosupressive protocol
Calcineurin inhibitor
mTOR inhibitor

33 (86.84%)
0 (0.00%)

Both 5 (13.15%)
ABDR mismatches

>3 24 (63.15%)
=3 14 (36.84%)
Class Il mismatches

0 8 (21.05%)
1 17 (44.73%)
2 13 (34.2%)

Renal disease

Glomerular 11 (28.94%)
Others 1(2.63%)
Congenital 7 (18.42%)
Sistemic 10 (26.31%)
Vascular 2 (5.26%)
Interstitial 5 (13.15%)
Unknown 2 (56.26%)

Peripheral blood creatinine
Cr 7 days post trasplant 2.28 (SD1.70)
1.90 (SD1.39)
1.40 (SD0.45)

1.40 (SD0.48)

Cr 30 days post transplant
Cr 120 days post transplant
Cr 180 days post transplant

SD, standard deviation; ESRD, end stage renal disease; 1stT, first transplant; RT,
retransplant patients.

each experiment, and >98% efficiency was considered acceptable
for the study. The experimental conditions were replicated at
least four times.

Whole Blood Cultures

Whole blood culture was performed as follows: fresh blood
anticoagulated with lithium-heparin was diluted 1:4 in
Gibco™ DMEMF/12 GlutaMAX™  supplement medium
(Thermo Fisher Scientific) containing 100 U/ml penicillin
(Lonza) and 100 mg/ml streptomycin (Lonza). Cells were
stimulated throughout the cultures with 5 ng/ml recombinant
human monocyte colony stimulating factor (rhM-CSF; R&D

Systems, Wiesbaden-Nordenstadt). For some experiments,
human CD14% monocytes were isolated from Ficoll density
gradient centrifugation of PBMC followed by positive
selection using anti-CD14 microbeads (Miltenyi, Bergisch-
Gladbach, Germany). Isolated CDI14t monocytes were
stained with Cell Tracker™ Green CMFDA Dye (Thermo
Fisher Scientific) at 2 nM and then added back into whole
blood cultures at 10° cells/tube (Falcon® 5 ml round bottom
polystyrene test tube) diluted 1/4 in Gibco™ DMEMEF/12
GlutaMAX™ supplement medium (Thermo Fisher Scientific)
and supplemented with 100 U/ml penicillin (Lonza), 100 mg/ml
streptomycin (Lonza), and rhM-CSF (R&D Systems, Wiesbaden-
Nordenstadt) at 5 ng/ml carried on 0.1% human albumin.
Purity of sorted cells was tested after isolation, and >95%
efficiency was considered acceptable for the study. Cells were
collected, and location was analyzed at baseline and 1 and
2 days after culture.

In vitro Evaluation of MDSC Suppressor

Function

CD4™ T cells were isolated from healthy donors or KTR PBMC
by immunomagnetic depletion using EasySep™ Human CD4*
naive T Cell Isolation Kit (Stemcell Technologies, Grenoble,
France) and incubated with carboxyfluorescein succinimidyl
ester (CFSE). The CFSE-labeled T CD4% cells (5 x 10°)
were stimulated with Dynabeads human T-activator CD3/CD28
(Life Technologies AS, Oslo, Norway) in U-bottomed 96-
well plates with complete Roswell Park Memorial Institute
(RPMI) media supplemented with 10% human AB + serum.
Proliferation was determined using flow cytometry. Autologous
Mo-MDSCs were added to the culture at 1:2 ratio (CD4"
T cells: MDSCs), and proliferation was determined at day 5.
Proliferation assays from blood donors were performed five
times. These same functional assays were also carried out
with MDSC from four renal transplant receptors: four patients
under calcineurin inhibitor (tacrolimus) and four patients under
mTOR inhibitor treatment (rapamycin) with at least 24 months
of IS treatment.

In vitro Expansion of Treg Generation
peripheral blood mononuclear cells were obtained from KTR
under maintenance immunosuppression with tacrolimus. CD4™"
T cells were sorted from the PBMC as described above.
CD4" T cells (5 x 10°) were polyclonally stimulated and
cultured with CD33THLA-DR~CD14" (Mo-MDSC) at different
concentrations. Treg generation was determined at day 5 by
staining with the monoclonal antibodies indicated above and flow
cytometry analysis.

Western Blot

Gel electrophoresis and immunoblotting were performed as
described elsewhere (10).

Statistical Analysis
Non-parametric Mann-Whitney U test and Student’s t-test
were used to compare two groups, as appropriate. More than
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two groups were compared using the parametric analysis of
variance (ANOVA), the non-parametric Kruskal-Wallis (not
matching), or Friedman (repeated measures) test. Comparisons
between two paired groups were performed using the Student’s
t-test for paired data or the Wilcoxon signed-rank test when
data were or not normally distributed, respectively. Multiple
comparisons were assessed using Dunn or Tukey’s tests.
Statistical analyses were performed using GraphPad software
version 6.01 (GraphPad Inc., San Diego, CA, United States). To
examine the relationship between bivariate variables, the Pearson
correlation was calculated using SPSS Statistics version 24.

RESULTS

Monitoring MDSC in Kidney Transplant

Patients

We hypothesized that MDSC subset frequencies might
serve as useful biomarkers of clinical outcome after kidney
transplantation. Therefore, we first quantified Mo-MDSC,
PMN-MDSCs, and e-MDSC in peripheral blood from KTRs
at 0, 180, and 360 days after transplantation. We found
an increase in total CD33THDL-DRI° MDSC frequency at
180 days after transplantation [median, 11.5%; interquartile
range (IQR), 6.2-17.0%] (Figures 1B, 2A) in comparison with
patients on the day of transplantation (median, 8.8%; IQR,
5.0-16.4%) (Figures 1A, 2A). MDSC frequency at 360 days
posttransplant was also increased but not significantly (median,
11.2%; IQR, 4.9-17.8%; Figures 1C, 2A). Next, we examined
changes in MDSC subset distribution after transplantation
(Figure 2 and Supplementary Figures S1, S2). Mo-MDSC
frequencies were significantly increased at 180 and 360 days
posttransplant (median, 22.71%; IQR, 6.75-57.56% and median,
25.48%; IQR, 8.85-56.58%) in comparison to patients on the
day of transplantation (median, 10.56%; IQR, 3.18-37.55%)
(Figures 1A-C, 2B). PMN-MDSC and e-MDSC frequencies
were lower at 180 days after transplantation (median, 41.71%;
IQR, 12.67-62.79% and median, 5.5%; IQR, 1.9-10.87%)
compared to patients on the day of transplantation (median,
54.6%; IQR, 29.4-84.95% and median, 6.15%; IQR, 3.9-13.5%),
and they remained lower 360 days posttransplantation (median,
43.14%; IQR, 10.28-63.02% and median, 4.09%; IQR, 2.11-8.2%)
(Figures 1A-C, 2C,D). Despite these changes, we did not find
any association between the MDSC subsets, and the clinical data
are summarized in Table 1 for patients included in the present
work. Importantly, all the KTRs were receiving tacrolimus
(Table 1) as main immunosuppressant during the first 360 days
after transplantation shown.

MDSC From Transplant Patients Induce

the Production of Tregs in vitro

Treg expansion is one of the main mechanisms by which MDSCs
exert suppressive function (11, 12). Hence, we evaluated the
capacity of Mo-MDSC from healthy donors and KTR to boost
Tregs in vitro. We observed a significant increase in the frequency
of Tregs recovered from the culture when CD4™ T cells were

stimulated with Mo-MDSC from cells from KTR at 360 days
after transplantation, confirming their suppressive function
(Figure 3).

MDSC From Tacrolimus Treated KTR
Effectively Suppress T Cell Proliferation

in vitro

The T-cell-suppressive capacity of Mo-MDSC from healthy
controls, tacrolimus, and rapamycin-treated KTR was compared
using an in vitro assay of polyclonally activated T cell
proliferation. Sorted Mo-MDSC were added at a 1:2 ratio
to autologous CD3/CD28-stimulated CD4% T cells. Four
patients under long-term tacrolimus treatment and four patients
under long-term rapamycin maintenance therapy were analyzed
(Figure 4). Results indicate that Mo-MDSC obtained from
tacrolimus treated KTR were significantly suppressive in
comparison with rapamycin treated KTR. This suggests that
Mo-MDSC from transplant patients exhibit different suppressive
function in vitro, according to the immunosuppressive therapy
that KTRs receive.

Rapamycin Inhibits the Function of
in vitro Generated Myeloid Suppressor
Cells

Following-up our observation of Mo-MDSC obtained from
rapamycin-treated KTRs, we next investigated the effect of
rapamycin on myeloid suppressor cells that were generated
in vitro from whole blood cultures. First, we developed a
flow cytometry panel that allowed us to reliably detect Mo-
MDSC from human whole blood cultures according to their
CD45% CD33% Lin~ HLA-DRP CD14%t CD15~ phenotype
(Figure 5A). Using whole blood cultures, we next investigated
whether CSF1-stimulated human monocytes acquire a Mo-
MDSC phenotype (CD33% Lin~ HLA-DR CD14+ CD157)
in vitro. When cultured for 48 h, we observed an increase
in Mo-MDSC frequency in whole blood cultures from healthy
donors (Figure 5B). Next, we investigated the effect of rapamycin
on Mo-MDSC in whole blood cultures and observed that
rapamycin led to accumulation of HLA-DR® CD14* Mo-
MDSC over 48 h (Figure 5C). This suggests that mTOR
inhibition promotes Mo-MDSC development. Surprisingly, we
found that rapamycin exposure substantially reduced the T-cell-
suppressive capacity of Mo-MDSC (Figure 5D). It has been
previously shown that T cell suppression by human-monocyte-
derived Mo-MDSC is in part mediated by the expression of
the immunosuppressive molecule indoleamine 2,3-dioxygenase
(IDO) (13). Our results confirm that rapamycin blocked the
expression of IDO (Figure 5E), suggesting that the suppressive
effect of Mo-MDSC from rapamycin-treated KTR may be
compromised due to the impaired expression of IDO.

DISCUSSION

Myeloid-derived suppressor cells represent a varied group of
myeloid regulatory cells that were originally studied in cancer
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(14). Several studies demonstrating their immunoregulatory
action in animal models point to a potential role of MDSC
in the induction of tolerance after transplantation (2). As
most of the published studies were performed in animal
models, there is a paucity of data addressing MDSC features
and their role in human transplantation. We found that
absolute numbers of circulating total MDSC were increased
in KTR and in the short term after transplantation, whereas
they declined to baseline levels 1 year after transplantation.
We also observed an increase in Mo-MDSCs frequencies
in the short term after transplantation and 1 year after
transplantation. Luan et al. found that peripheral blood MDSCs
were increased in KTR (6). Hock et al. also reported that
renal transplant recipients had elevated frequencies of circulating
MDSC (15), but they further found that MDSC numbers
had returned to normal levels 12 months posttransplantation
(16). However, in their previous study, long-term KTR had
increased MDSC numbers, suggesting that MDSC recover and
even expand in the long term, as graft acceptance progresses.
These observational studies suggest that MDSC numbers
increased rapidly and peaked following immunosuppressive
therapy. Whether these increases are the result of potential
differences between the two immunosuppressive regimens used
(tacrolimus and mTOR inhibitors) or whether MDSC subsets are

differentially regulated by local conditions or treatments is still a
matter of debate.

Studies developed in mice suggest that MDSCs have an
important role to induce T regulatory cells (Treg) after transplant
(11, 12), but their role in human transplantation is still unclear.
In KTR, Luan et al. observed that CD33" CD11b" HLA-DR™
MDSC are capable of expanding Treg, and they correlate with
Treg increases in vivo (6). Consistent with this view, Meng
et al. (7) found that MDSCs isolated from transplant recipients
were also able to expand regulatory T cells and were associated
with longer allograft survival. Okano S. et al. also found a
positive correlation between MDSC and Treg in intestinal
transplant patients (17), and we report here an increase in Treg
expansion after Mo-MDSC coculture. However, there was no
significant linear association between MDSC absolute numbers
and percentage Treg when we examined the relationship between
total MDSC subsets and CD41TCD25" Foxp3™ Treg in vivo.

Myeloid cell surface markers define potential MDSC, but
the lack of unique phenotypic markers obliges to perform
functional studies to identify MDSC subsets. We tested the
suppressive capacity of MDSCs from KTR under calcineurin
(tacrolimus) or mTOR (rapamycin) inhibition at 360 days
of immunosuppressant maintenance therapies. Our results
demonstrate that MDSC from healthy donors display marginal
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suppression of polyclonal T CD4" responses. In contrast,
Mo-MDSCs from KTR exhibit potent suppressive function.
The results are consistent with previous data demonstrating
that CD11bT™CD33THLA-DR™ myeloid cells from human KTR
inhibit T cell proliferation, but they found no inhibition when
CD11b*tCD33tHLA-DR™ cells were obtained from healthy
donors (6). Moreover, we observed that Mo-MDSC from KTR
under tacrolimus treatment had increased suppressive activity
compared to rapamycin, and this immune inhibitory function
may be related to the upregulation of inducible nitric oxide
synthase (iNOS) (18).

On the other hand, rapamycin downregulates iNOS
expression in MDSC, and the suppressive activity and
MDSC numbers are significantly reduced after rapamycin
treatment in an allogeneic skin transplant model (19). Our
results are consistent with this hypothesis, and we attribute
loss of suppressive function to diminished IDO expression
in rapamycin-exposed Mo-MDSC. However, other studies
demonstrated that rapamycin prolongs cardiac allograft survival
through the enhancement of MDSC migration and suppressive
activity (20). Chen X. et al. showed that mTOR signaling

is a negative determinant of MDSC function in immune-
mediated hepatic injury (IMH) diseases. In the context of IMH,
the blocking of mTOR with rapamycin or mTOR-deficient
CD11b"Gr1™ MDSC mediated the protection against IMH
(21). Another study addressing the murine MDSC response
to acute kidney injury demonstrated that MDSC reduced the
injury, and the effect was potentiated by MDSC induction and
enhancement of the immunosuppressive activity promoted
by mTOR (22). More recently, a previously unrecognized
mechanistic pathway associated with organ rejection identifies
the expression of mTOR by graft infiltrating macrophages at
the center of epigenetic and metabolic changes that correlate
with graft loss (23). This novel functional mechanism involves
non-permanent reprogramming of macrophages and has
been termed “trained immunity” (24). Therefore, it seems
that, while mTOR inhibition may prevent trained immunity
and inflammatory pathways in myeloid cells (25, 26), it
may also interfere with tolerogenic programming and the
ability of myeloid cells to expand Treg and suppress T-cell-
mediated immune responses. This dual effect of mTOR
inhibition (immunogenic vs. tolerogenic) and the resulting

Frontiers in Immunology | www.frontiersin.org

April 2020 | Volume 11 | Article 643


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

Iglesias-Escudero et al. MDSC in Organ Transplantation

A
CD45* singlets ——> CD33* Linn ——> CD33* Lin- CD15
— E ‘0117 o oy 0:
g T 9 & - Q.
] ; O <
a ] ; w
> 1 o @ T :
c W ﬂ i
= 3 i ]
@ o
(] '
I 0 10 10" 10° 10" 10° 10°
CD33
B . C
Lin- CD33* CD14* CD15- CMFDA*
Day 0 Day 1 Day 2
x * 3 p=0.029
[a)
! 10%
i 50
T w 2 w0 .
10° D"- -
<
- 304 —_—
I
+ o
3 204 :
o 10 10° o [e]
= O
L 10% w— 10 -5
10 10% o
o X o
Du 10° 10" 10/ °© 0-
< -
f 10° 10° 100
T 0 10° 10 e 10 0 0 100 1 10 0 PR T ) . CSF1
» CD45 » CSF1 + Rapamycin
D E
CD4* T cells
/\ Unstimulated T cells IDO
//\\\ /\ PHA-stimulated T cells
A CSF1-cultured monocytes B-actin
\ Rapamycin-treated .
N CSF1-stimulated monocytes - + Rapamycin
e N
0o 10° 100 10 10
CFSE ———»
FIGURE 5 | Rapamycin prevents the suppressive function of CD33+HLA-DR~/low myeloid cells. (A) Gating strategy for the identification of CD33THLA-DR~/low
myeloid cells obtained from healthy control (HC). Fluorescence minus one (FMO) controls were used to define HLA-DR expression (not shown). (B) Colony
stimulating factor 1 (CSF1) induces the accumulation of CD33+HLA-DR~/low myeloid cells in vitro. CD14+ cells were isolated from peripheral blood, labeled with
CFDMA and cocultured with CSF1 for 2 days. CD33THLA-DR~/low phenotype was analyzed in CFDMA™ cells at day 0, 1, and 2 after culture. FMO controls were
used to define HLA-DR expression. (C) CD33"HLA-DR~/low myeloid cell frequencies after 48 h in WB cultures treated with or without rapamycin. Differences
between groups were assessed by paired t-test. (D) Rapamycin-treated CSF1-stimulated monocytes are less effective than untreated monocytes in suppressing
phytohemagglutinin (PHA)-stimulated proliferation of allogeneic human CD4* T cells in 1:1 direct cocultures (n = 3). (E) Western Blot analyses indicate that
rapamycin-treated CSF1-derived CD33+HLA-DR~/low myeloid cells prevents the expression of IDO.

Frontiers in Immunology | www.frontiersin.org 8 April 2020 | Volume 11 | Article 643


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

Iglesias-Escudero et al.

MDSC in Organ Transplantation

dominant pathway in vivo is likely to determine the outcome
of the transplanted organ. Taken together, the effects of distinct
immunosuppressive drugs on MDSC development and function
need to be better characterized in KTR.

Understanding the effect of immunosuppressive drugs on
MDSC in clinical transplantation is important to develop
strategies to promote tolerance. While there are many
unanswered questions regarding the development and function
of MDSC human transplantation, we conclude that MDSCs
are increased in KTR early after transplantation and that Mo-
MDSC subsets from KTR are able to suppress immune responses
in vitro. How immunosuppressive therapy may enhance or
impair MDSC numbers and function is not clear, and additional
prospective studies in KTR are required to establish if the
long-term transplant tolerance by immune modulation is
dependent on MDSC.
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Lung transplantation remains as a primary treatment for end-stage lung diseases.
Although remarkable improvement has been achieved due to the immunosuppressive
protocols, long-term survival for lung transplant recipients (LTR) is still limited. In the last
few decades, an increasing interest has grown in the study of dysregulation of immune
mechanisms underlying allograft failure. In this regard, myeloid-derived suppressor cells
(MDSCs) could play an important role in the promotion of graft tolerance due to their
immune regulatory function. Here, we describe for the first time circulating subsets
MDSCs from LTR at several time points and we evaluate the relationship of MDSCs
with sort-term lung transplant outcomes. Although no effect of MDSCs subsets on short-
term clinical events was observed, our results determine that Mo-MDSCs frequencies are
increased after acute cellular rejection (ACR), suggesting a possible role for Mo-MDSCs in
the development of chronic lung allograft dysfunction (CLAD). Therefore, whether MDSCs
subsets play a role as biomarkers of chronic rejection remains unknown and requires
further investigations. Also, the effects of the different immunosuppressive treatments on
these subpopulations remain under research and further studies are needed to establish
to what extend MDSCs immune modulation could be responsible for
allograft acceptance.

Keywords: lung transplantation, immunosuppression, rejection, myeloid derived suppressor cells, tacrolimus
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INTRODUCTION

Lung transplantation remains the primary treatment option
for patients with end stage lung failure. Despite the advance in
the handling of lung transplant recipients, in contrast to heart,
liver and kidney transplantation, 5-year survival in lung
transplant recipients (LTR) remains limited (1) by post
transplant development of bronchiolitis obliterans syndrome
(BOS) which is the prime source of chronic allograft failure
(2, 3).

Due to this, predicting the risk of developing chronic lung
rejection is one of the most important aims in lung
transplantation. However, the current understanding of the
unbalanced regulatory mechanisms underlying chronic lung
rejection is incomplete and identifying potential prognostic
markers is necessary to achieve this aim.

In the last few years, there has been an increasing interest in
the field of research of myeloid-derived suppressor cells
(MDSCs) due to their ability to suppress immune responses.
MDSCs immunoregulatory role in transplant has been
highlighted in previous studies performed in animal models
that led to suggest them as potential biomarkers for promoting
allograft tolerance (4, 5). MDSCs were initially described in
cancer more than 10 years ago, but their value has been
enhanced more recently due to the studies that point their role
as important regulators in different clinical settings, such as
transplant rejection, infection and autoimmunity (6-10).

In a first report of MDSCs in mice, these cells were described
as a CD11b* Gr1* subpopulation and additional experimental
models demonstrated their role in the induction of tolerance (5,
11). In renal transplant patients Luan et al. (12) featured
MDSCs, as CD33" CD11b" HLA-DR' cells. Those cells were
capable of promoting a Treg phenotype in vitro and correlated
with the percentage of Treg in vivo. Meng et al. (13), found that
MDSCs were related to increased graft survival and those
MDSCs obtained from transplant recipients were also able to
expand regulatory T cells (14). Taking together, these studies
point out MDSCs as main players involved in tolerance
processes. Within the human MDSCs population, three main
subsets have been identified: monocytic-MDSCs (Mo-MDSCs:
CD33"CD11b" HLA-DR™ CD14"), polymorphonuclear-
MDSCs (PMN-MDSCs: CD33*CD11b* HLA-DR™ CD15"),
and a population lacking linage surface markers described as
early-stage MDSCs (e-MDSCs: CD33"HLA-DR' CD15 CD14)
(15). Because of the current deficiency of specific markers,
MDSCs definition needs demonstration of their regulatory
function (16). Some studies have shown that MDSCs
differentiation and function are affected by existing
immunosuppressive drugs (14, 17, 18) but due to the scarce
data regarding MDSCs in clinical organ transplantation, further
investigations are required to determine their role in graft

Abbreviations: 7AAD, 7-amino-actinomycin D; CNI, Calcineurin Inhibitors; e-
MDSC, early stage MDSCs; HC, healthy controls; LTR, Lung Transplant
Recipients; Mo-MDSCs, Monocytic MDSCs; MDSCs, Myeloid Derived
Suppressor Cells; PBMC, Peripheral Blood Mononuclear Cells; PBS, Phosphate
Buffer Saline; PMN-MDSCs, Polymorphonuclear MDSCs.

acceptance and their potential use as biomarkers in order to
assess their therapeutic potential in transplantation. Here, we
monitored the MDSCs in LTR and assessed their function in
association with tacrolimus treatment and also with early
clinical events after lung transplantation.

MATERIALS AND METHODS
Study Design

Blood was drawn from 82 patients on the waiting list for lung
transplantation in the Hospital Universitario Marques de
Valdecilla since 2016. The study was approved by the Hospital
Universitario Marqués de Valdecilla Ethics Committee (CEIC),
the patients received the informed consent and agreed to enroll
in the study. The mean follow-up time was 239 days. The main
immunological and clinical features of the lung transplant
recipients (LTR) are summarized in Table 1. A protocol biopsy
21 days after lung transplantation was performed in all
recipients. Acute rejection was assigned based on ISHLT
guidelines (19). Clinical data were collected from patient
records and blood was drawn at day 0 (n=82), 7 (n=52), 21
(n=73), 90 (n=67), 180 (n=61) and 360 (n=50) days after
transplantation. Importantly, all the LTR were receiving a
Tacrolimus-based triple immunotherapy during the first 360
days after transplantation (Table 1).

TABLE 1 | Main features of study population.

LTP N =82

Age, mean, years 56.38 (SD 10.34)

Female 27 (32.93%)
PGD 22 (26.82%)
Preexisting anti-HLA antibodies 22 (26.83%)
Class | antibodies 22(26.83%)
Class II antibodies 3 (3.65%)
Rejection 30 (36.58%)
Basal Disease

Bronchiectasis/Cystic fiorosis 8(9.74 %)
In-tur-STISH-ul 44 (53.65 %)
COPD 22 (26.8 %)
PPH 5 (6.09 %)
Others 3(3.65 %)
Intubation time

<3 days 66 (80.48 %)
>3 days 16 (19.51 %)

Infection (first month)
Induction treatment

30 (36.58 %)

Basiliximab 82 (100%)

Immunosupressive protocol

Calcineurin inhibitor 82 (100 %)
ABDR Mismatches

>3 68 (82.92 %)
<3 14 (17.08 %)
Class Il Mismatches

0 3 (3.66%)

1 35 (42.68%)
2 44 (53.66%)

SD, standard deviation; PGD, primary graft dysfunction; In-tur-STISH-ul diffuse intersticial;
COPD, chronic obstructive pulmonary disease; PPH, primary pulmonary hypertension.
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Monoclonal Antibodies and Flow
Cytometry Analysis

The following monoclonal antibodies were used to stain
peripheral blood mononuclear cells (PBMCs) or isolated
MDSCs: anti-CD3-Fluorescein isothiocyanate (FITC) (clone
UCHT1), Anti-CD33-Allophycocyanin (APC) (clone
D3HL60.251), anti-CD11b-Phycoerytrin (PE)-cyanin 7 (Cy7)
(clone Bearl) and anti-CD14-Phycoerytrin-Texas Red- (ECD)
(clone RMO52) (Beckman Coulter, Marseille, France); anti-
HLA-DR-Brilliant Violet 510 (BV510) (clone L243), anti-
CD16-(APC)- Cy7 (clone 3G8) and anti-CD56-FITC (clone
HCD56) (Biolegend, San Diego, CA); anti-CD14-FITC (clone
M@P9) and anti-CD19-FITC (clone 4G7) (BD Biosciences); anti-
CD4-APC-Vio770 (clone REA623) from Miltenyi Biotech
(Bergisch Gladbach, Germany) and anti-CD15-Pacific Blue
(PB) (clone MCS-1) (Inmunostep, Salamanca, Spain). PBMCs
or the cells collected after culture were incubated during 20 min,
washed with Phosphate Buffer Saline (PBS) and acquired in a
Cytoﬂex® flow cytometer (Beckman Coulter). Total MDSCs
were defined as CD33"CD11b"HLADR cells as previously
described (14). Further, the gating strategy suggested by Bronte
etal. (15) was used to analyze MDSC:s subsets by flow cytometry:
Mo-MDSCs (CD33*CD11b*HLADR™ CDI14* CD157), PMN-
MDSCs (CD33"CD11b*HLADR™ CDI15* CDI14°) and e-
MDSCs Lin~ CD33"CD11b*HLADR™ CD14 CD15".
Fluorescence Minus One controls were used to assess the HLA
DR* and HLA DR'™" populations. The gating strategy is
summarized in Supplementary Figure 1.

Cell Isolation and Sorting

To test the suppressive capacity of human MDSCs in vitro,
human PBMCs were isolated from buffy coats obtained from
both Healthy Controls (HC) and LTR (under calcineurin
inhibitor treatment during at least 2 years) by Ficoll density
gradient centrifugation. To sort CD33" HLA-DR™ CD14" cells
(Mo-MDSCs), in a first step, the CD33™ cells were isolated from
PBMCs by magnetic-automated cell sorting (positive selection)
Microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions. Secondly, Mo-
MDSCs were isolated from the CD33" enriched fraction by
fluorescence activating cell sorting on a FACS-ARIA II (BD
Biosciences, San Jose, CA). The purity of the cell sorting was
tested, and > 98% efficiency was accepted for the study.

In Vitro Evaluation of MDSCs Function

CD4" T cells were obtained from HC PBMCs by
immunomagnetic isolation using EasySepTM Human CD4
+naive T Cell Isolation Kit (Stemcell Technologies, Grenoble,
France) and incubated with CarboxyFuorescein Succinimidyl
Ester (CFSE). The CFSE-labeled T CD4" cells (5x10°) were
stimulated with Dynabeads Human T-activator CD3/CD28
(Life Technologies AS, Oslo, Norway) in U-bottomed 96-well
plates (Thermo Fisher Scientific, Hvidovre, Denmark) with
complete RPMI media supplemented with 10% human AB+
serum. In order to determine the suppressive function of MDSCs
subsets, autologous Mo-MDSCs were added to the culture at 1:2

ratio (CD4'T cells:MDSCs) and proliferation was analyzed after
5 days of culture by flow cytometry. These experiments were
repeated five times for each donor. The same functional assays
were replicated at least four times using blood from different
donors and at least two times using blood from LTR.

Statistical Analysis

To test if the variables followed a Gaussian distribution we
performed Kolmogorov Smirnoff test. For those non-
parametric unpaired variables, Mann-Whitney U test was used
to compare two groups and Kruskal-Wallis (not matching) or
Friedman (repeated measures) test were used to compared more
than two groups. To check parametric unpaired variables
Student’s t test was used to compare two groups and more
than two groups were compared using the parametric analysis of
variance (ANOVA) as appropriate. Differences between two
paired groups were assessed using the Student’s t-test for
paired data or the Wilcoxon signed-rank test when data were
or not normally distributed, respectively. Multiple comparisons
were assessed using Dunn or Tukey's tests. Statistical analyses
were performed using Graphpad software version 8.4.3
(GraphPad Inc. San Diego, CA). To examine the relationship
between variables, the Pearson correlation was calculated by
using SPSS Statistics version 24.

RESULTS

Monitoring MDSCs in Lung

Transplant Patients

Theoretically, MDSCs frequencies might serve as convenient
biomarkers to predict clinical outcome after lung
transplantation. Therefore, we quantified total MDSCs and
MDSCs subsets: Mo-MDSCs, PMN-MDSCs and e-MDSCs in
peripheral blood from end-stage lung disease (ESLD) and lung
transplant recipients (Figures 1-3). Paired comparisons of
MDSCs subsets frequency in different timepoints are shown in
Supplementary Figures 1, 2.

We found that total MDSCs frequencies from ESLD patients
and from short-term after transplantation patients remain at
baseline levels but they are increased 90 days after
transplantation up to a year follow up [ESLD (median 8.49%
IQR 4.05%-21.05%) vs 90 days after transplantation (median
18.21%, IQR 12.41%-33.60%) (p=0.0002), ESLD vs 180 days after
transplantation (median 22.29, IQR 12.83%-30.21%) (p<0.0001),
ESLD vs 360 days after transplantation (median 22.25% IQR
11.06%-39.14%) (p<0.0001)]. (Figure 2A, absolute numbers in
Figure 3A, paired tests in Supplementary Figures 1A and 2BA).

Similarly, we examined changes in MDSCs subsets allocation
after transplantation. The evaluation of Mo-MDSCs frequencies
revealed that percentages were increased promptly after
transplantation and decreased progressively recovering basal
levels during the time course follow up [ESLD (median
26.45%, IQR 4.96%-67.41%) vs 7 days post transplantation
(median 61.16% IQR 34.12%-79.39%) (p=0.0002), 7days vs 21
days after transplant (median 40.86 IQR 23.73%-65.37%)
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FIGURE 1 | Characterization of MDSCs subsets by flow cytometry. CD33* CD11b"HLA-DR™ myeloid cells were selected from live cells after doublets and
debris exclusion (CD11b expression not shown). To define monocytic (Mo-MDSCs), early-stage (e-MDSCs) and polymorphonuclear (PMN-MDSCs) MDSCs, the
CD14 and CD15 expression was analyzed on cells selected from CD33"HLA-DR™ MDSCs. Representative flow cytometry data of MDSCs from (A) patients on
the day of transplantation (day 0); lung transplant recipients on days (B) 7, (C) 21, (D) 90, (E) 180 and (F) 360 post-transplantation is shown. % subsets

calculated from total MDSCs.

(p<0.0001), 7days vs 90 days after transplantation (median
13.56% IQR 5.41%-34.47%) (p<0.0001), 7days vs 180 (median
12.63% IQR 5.22%-31.02%) (p<0.0001) and 7days vs 360 days
after transplant (median 15.27%, IQR 6.26%-33.39%)
(p<0.0001)] (Figure 2B, absolute numbers in Figure 3B,
paired tests in Supplementary Figures 1B and 2B).

On the other hand, PMN-MDSCs frequencies on the short-term
after transplantation were significantly lower up to 90 days; then
they stayed increased during the time course follow up [7 days after
transplantation (median 29.03%; IQR 12.22%-49.03%) vs 90 days
(median 69.95% IQR 39.99%-81.04%) (p< 0.0001), 7 days vs 180
days (median 58.28% IQR 33.93%-81.47%) (p=0.0007). 21 days
(median 26.19% IQR 11.95%-45.58%) vs 90 days (p<0.0001), 21 vs
180 days (p<0.0001) and 21 vs 360 days (median 59.38% IQR

22.34%-73.13%)(p=0.0184)] (Figure 2C, absolute numbers in
Figure 3C, paired tests in Supplementary Figures 1C and 2C).

The effect of transplantation on e-MDSCs frequencies was
calculated as well. We observed e-MDSCs basal levels are low at
baseline and post transplant compared to PMN-MDSCs and Mo-
MDSCs. Nevertheless, 21 days after transplantation there is an
increase (median 7.742%; IQR 2.5%-19.63%) compared to pre
transplant levels (median 3.92%; IQR 1.35%-8.06%) (p=0.0375)
and 7 (median 2.04%; IQR 0.84%-3.93%) (p<0.0001) (Figure 2D,
absolute numbers in Figure 3D, paired tests in Supplementary
Figures 1D and 2D).

No significant differences were found when comparing
MDSCs frequencies from ESLD and HC (n=59) matched by
sex and age (data not shown).
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MDSCs From Tacrolimus Treated

LTR Effectively Suppress T Cell
Proliferation In Vitro

Because of the lack of specific markers, MDSCs need to be
identified upon demonstration of their regulatory function.
Then, we determined the cell-suppressive ability of MDSCs
from healthy controls and tacrolimus treated LTR. Moreover,
as LTR were under Tacrolimus treatment, it is important to
evaluate the potential effect of the immunosuppressive treatment
on MDSCs.

The suppressive capacity of Mo-MDSCs was analyzed using
an in vitro assay of polyclonally-activated T cell proliferation.
Sorted Mo-MDSCs were added at a 1:2 ratio to autologous CD3/
CD28-stimulated CD4" T cells. Two patients under long-term
tacrolimus treatment and four HC were tested (Figure 4).
Results indicate that Mo-MDSCs obtained from tacrolimus
treated LTR were significantly more suppressive in comparison
with HC. This suggests that Mo-MDSCs from transplant patients
exhibit potent suppressive function in vitro despite of the
immunosuppressive treatment.

MDSCs and Clinical Events

To evaluate if MDSCs can modulate the balance between
rejection and graft acceptance, we next examined the effect of
MDSCs subsets frequency on clinical events. In our cohort, we
found no association between MDSCs levels and acute cellular
rejection (ACR). In spite of this, we observed an immediate
increased of Mo-MDSC post ACR (90 days posttransplant ACR:
n=23, median 22.58 IQR 8.96- 83.74; No ACR: n=44, median
10.63 IQR 5.15-20.63) (p=0.0336) and 180 days post-transplant:
ACR: n=23, median 17.8 IQR 6.82- 46.28; No ACR n=36, median
8.6 IQR 4.53-20.02) (p=0.0342) (Figure 5). Whether this effect is
a consequence of the rejection itself or it is produced by the
treatment, remains unknown. We found no differences when we
studied MDSCs subsets from patients previously sensitized,
primary graft disfunction (PGD), primary disease
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FIGURE 5 | Frequency of Mo-MDSCs and acute rejection. Comparison of
median frequency of Mo-MDSCs in lung transplant recipients with rejection
(white squares) and no rejection (white circles). At 90 and 180 days post-
transplant Mo-MDSCs percentages were lower in patients who do not reject
compared to those who reject. Box represents median and 25th and 75th
percentiles and whiskers were calculated by the Tukey method; “p < 0.05.

(Supplementary Figure 3), sex or gender. No correlation was
observed when we studied tacrolimus levels in peripheral blood
and MDSCs frequencies (data not shown).

DISCUSSION

MDSCs represent a varied group of myeloid regulatory cells
known for their role in immune regulation (20, 21). Previously
published studies performed in animal models that point to them
as potential players in the induction of graft acceptance in
transplantation (22, 23). Although some studies about MDSCs
in human organ transplantation have been reported (6, 12, 13,
18, 24, 25), this is the first study concerning the monitoring of
MDSCs in human LTR. In the current study, MDSCs frequencies
in 82 LTR were analyzed at multiple time points over the first
year after transplantation. In our cohort, we found that total
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FIGURE 4 | Suppressive function of MDSCs. Sorted CD4 * T cells were stained with carboxyfluorescein-succinimidyl ester (CFSE) and cultured under polyclonal
activation alone or with autologous monocytic-myeloid-derived suppressor cells (Mo-MDSCs). Representative flow cytometry plots of two independent experiments
with Mo-MDSCs from healthy volunteers (A) and two lung transplant recipients under tacrolimus treatment (B) are shown. The summary of % of proliferation
stimulated (black squares) and with MDSCs (black triangles) of 4 healthy controls (top panel) and 2 LTR with tacrolimus treatment (bottom panel).
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MDSCs percentages increase 3 months post lung transplant up
to a year follow up. When we evaluated the changes on MDSCs
subsets, we observed increased percentages promptly after
transplantation that decreased gradually during the
monitoring. On the other hand, the frequencies of those cells
with PMN-MDSCs phenotype decreased in the short-term post
transplantation and increased during the follow up, although no
changes were observed compared to pre-transplant levels. E-
MDSCs were significantly increased after transplant compared to
ESLD. Previously, we examined the function and the dynamic
changes in the frequencies of MDSCs in a cohort of 38 kidney
transplant recipients (KTR) at different time-points. Our
previous data indicate that Mo-MDSCs frequencies increase at
6 months and remain increased up to a year of follow up (14).
Agreeing with our results, Luan et al. (12) reported that MDSCs
frequencies were elevated from 3 to 12 months after transplant.
Utrero-Rico et al. (24), described Mo-MDSCs cells counts were
increased within the first days after transplant in KTR, in spite of
the use of induction and immunosuppressive therapy and these
cells counts remained high for one year after transplant.

Hock et al. showed that MDSCs subsets increased promptly after
transplant in KTR and then underwent some variations during the
first year of follow-up (6). Interestingly, in a different study from the
same group, the authors found that most of those patients with long
term transplants had increased MDSCs numbers, which suggests
that MDSCs expand on the long term (26). Taken together, these
reports point towards an increase in the frequency of MDSCs
rapidly after transplantation, peaking after immunosuppressive
therapy administration. Furthermore, when MDSCs from donors
who had undergone parallel surgical methodologies to the recipients
were analyzed, the evidence suggested that the changes observed in
KTRs were likely due to the immunosuppressive therapy rather
than the inflammation caused by the surgery (26). Aligned with
these results, the release of neutrophils from the bone marrow
secondary to glucocorticoids is well established (27) and the
induction of anti-inflammatory monocytes resembling MDSCs
(28, 29) in response to glucocorticoids has also been described. In
essays performed in the immunomonitoring group in the Hospital
Klinikum (HKR) in Regensburg (30) it was observed a reduction in
HLA-DR expression in monocytes after dexamethasone exposure.
As a consequence, after dexamethasone treatment these monocytes
acquired a Mo-MDSCs phenotype. This supports the hypothesis
that corticosteroids are increasing Mo-MDSCs population in
peripheral blood rapidly after transplantation. In addition, these
increases suggest that MDSCs numbers are not negatively affected
by the tacrolimus-based maintenance therapy.

In a previous report from our group we evaluated the function of
MDSCs obtained from KTR under calcineurin (tacrolimus) or
mTOR (rapamycin) inhibition at 360 days of immuno-suppressant
maintenance and we observed that MDSCs from tacrolimus, but
not rapamycin treated KTR, were able reduce effectively CD4" T
cell proliferation in vitro (14). Calcineurin inhibitors are
immunosuppressive drugs regularly used in transplantation
primarily to prevent T cell activation and expansion, hence
understanding their effect on MDSCs is critical to develop
strategies to promote allograft acceptance in transplantation. In a

mouse model of skin transplant, cyclosporine A (CsA) treatment
increased the expression of indoleamine 2,3-dioxygenase (IDO) and
enhanced the suppressive function of MDSCs in allograft recipients
(30). Here, we report that the suppressive capacity of cells with a Mo-
MDSCs phenotype obtained from long-term tacrolimus treated LTR
is enhanced compared to the suppressive function of MDSCs
obtained from healthy donors.

Heigl et al, featured MDSCs in LTR to determine if MDSCs
can serve as a potential target in the field (25). They showed
functional G-MDSCs obtained from LTR and described a mild
correlation with CNI levels, as previously reported (17, 31).

It has been described that FK binging protein (FKBP) is
expressed in MDSCs and PMN-MDSCs from tumoral animal
models and modulates their suppressive function (32).
Altogether, studies on the functional activity and number of
MDSCs in transplantation, suggest that immunosuppressive
treatments such as glucocorticoids and CNI are able to
modulate mobilization and function of MDSCs.

Mycophenolic acid (MPA) is a non-competitive inhibitor of
inosine monophosphate dehydrogenase widely used in
immunosuppression regimens. MPA avoids the conversion of
inosine monophosphate to guanine monophosphate. Thus, by
blocking the de novo synthesis of purines, MPA acts as a potent
inhibitor of the proliferation of lymphocytes (33). Among its
anti-inflammatory effects, the effects of MPA on monocyte-
macrophage lineage cells have been described (34): decreased
recruitment of monocytic lineage cells into sites of graft rejection,
decreased production of IL-1B and increased production of the
IL-1 receptor antagonist (35). However, although mycophenolic
acid is likely to be involved in MDSCs development, this effect
has not been explored in this report. Also, other limitation of the
present study is that our cohort of LTR was under the same
immunosuppressive treatment, and differences in the effect of
immunosuppressive drugs can not be assessed to stablish to what
extend the drugs are modulating MDSCs eftects differentially.

As MDSCs frequencies could serve as biomarkers to predict
clinical outcome after lung transplantation, we collected data
regarding the presence of some clinical events and we examined
those clinical outcomes in relation to MDSCs frequencies. In
contrast to some studies (13, 24), we describe here that the
frequencies of Mo-MDSCs 90 and 180 days post-transplant are
higher in patients that suffered acute cellular rejection (ACR) of
the graft compared to those who did not.

Similarly to previous results, when Mo-MDSCs were treated with
dexamethasone (30), Okano et al. (18) reported that MDSCs
numbers increased to 6 times in an intestinal transplant patient on
day 3 after methylprednisolone treatment for ACR. Hence, these post
transplant changes in MDSCs frequency related to clinical outcomes
might be reflecting changes in glucocorticoid treatment.
Interestingly, in a long-term retrospective study, in those patients
with more than 10-year standing kidney grafts and low
immunosuppression, Mo-MDSCs were significantly higher than in
short-term renal recipients, and Mo-MDSCs levels correlated with
survival rates (36, 37). According to previous mentioned studies that
point out MDSCs are regulated by immunosuppressive treatments
such as CNI, we also found slightly higher levels of tacrolimus in
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peripheral blood of patients with rejection, suggesting that MDSCs
frequencies could also be modulated by the tacrolimus-based
maintenance therapy.

In summary, the results of this study demonstrate that
mobilization of MDSCs subsets is differentially regulated by yet
undetermined stimulus, but immunosuppressive therapy is likely
involved in the modulation of MDSCs numbers and function
after transplant.

Also, the increases in Mo-MDSCs after acute rejection raise
the question whether MDSCs could be implicated in the
development of chronic lung allograft dysfunction (CLAD).
This study confirms the ability of Mo-MDSCs subsets from
tacrolimus treated LTR to suppress T cell proliferation and
raise the possibility that MDSCs may play an important role in
suppressing allogeneic immune responses.
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