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Prélogo

Quien pensaria que de un dia a otro todo iba a cambiar. “Se reportan casos de un virus
desconocido en China, pacientes mueren por virus desconocido con sintomas de
neumonia”. Esas eran las noticias internacionales en los ultimos meses del 2019, en
menos de 3 meses se escuchaban reportes de casos en otras partes del mundo,
incluyendo paises americanos, México no fue la excepcion. En febrero del 2020, la sala
de urgencias del Hospital General de México tenia pacientes aislados esperando la
confirmacion del virus por las costosas y escasas pruebas moleculares en el pais. Nunca
imagine que mi proyecto de doctorado con tema en sepsis que tanto trabajo me habia
costado planear y presentar al servicio de urgencias para tener su cooperacion, de un
dia a otro ya no se podia desarrollar. De un momento a otro, ni siquiera podiamos entrar
al hospital, solamente personal indispensable tenia acceso. Un mes en casa pensando
en que iba a ser de mi doctorado ahora sin proyecto, ¢ Cuanto tiempo tardaria todo en
regresar a la normalidad? Una noche recibi una llamada de mi tutor diciendo que el
hospital iniciaria proyectos de investigacion sobre COVID-19. Era una dificil decisién. No
solo implicaba ir al triaje a captar pacientes y procesar muestras, significaba arriesgarme
a mi y a mis seres queridos a un virus desconocido. Pero que oportunidad aquella,
contribuir con un poquito de informacion a un evento histérico. Vestir el traje de
astronauta, miles de cambios de ropa en un dia, bafios llegando a la casa, productos

desinfectantes por doquier, “jviene del hospital, no te le acerques!”. Todo valio la pena.



Resumen

Introduccion: Durante la pandemia se presentd una escasez de recursos médicos
por lo que identificar a los pacientes con coronavirus del sindrome respiratorio agudo
severo tipo 2 (SARS-CoV-2) con mayor mortalidad desde el ingreso hospitalario se
volvié primordial. Objetivo: Identificar en muestras de sangre periférica los
biomarcadores de mayor cambio en pacientes mexicanos con SARS-CoV-2 y
combinarlos con datos clinicos y demogréaficos para generar escalas de prediccién
de mortalidad. Materiales y métodos: Se incluyeron 378 pacientes con diagnéstico
de enfermedad por coronavirus 2019 (COVID-19), de los cuales 255 fueron
egresados por mejoria y 123 por defuncion. Se recabaron los datos demograficos,
clinicos y de laboratorio al ingreso, y se tomé una muestra sérica para la
determinacion de citocinas y quimiocinas. Resultados: De los pacientes reclutados,
el 63.75% fueron hombres, con una edad media 54 afios. Al conjuntar las variables
obtenidas, se encontré que el indice linfocitos/neutrdéfilos (LNR) tenia un area debajo
de la curva (AUC) de 0.832, con un punto de corte < 0.008, con una sensibilidad del
85.00% y una especificidad del 74.19%. En el caso del indice neutréfilos/monocitos
(NMR) el AUC fue de 0.890 con un punto de corte = 17.75 con sensibilidad de 89.47%
y especificidad de 80.00%. Posteriormente, el inmunoensayo multiple revel6 a la IL-
15 como mejor predictor de mortalidad con un AUC de 0.797 y al combinarla con
otros parametros de laboratorio el poder predictivo mejoro significativamente, como
en el caso de la albumina de 0.797 a 0.841 con el indice IL-15/ albumina. Discusion
y conclusiones: Los datos anteriores demuestran que el NMR y el LNR pueden ser
utilizados en la practica clinica para identificar pacientes mexicanos con COVID-19
severos con mayor riesgo de mortalidad. Ademas, parametros inmunolégicos como
la cuantificacion de citocinas séricas puede mejorar el valor predictivo de los

parametros ya utilizados en la clinica.

Palabras clave: SARS-CoV-2, COVID-19, biomarcadores séricos, mortalidad,

curvas ROC.



Abstract

Introduction: During the pandemic there was a shortage of medical resources, so it
became essential to identify the patients with severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2) with the highest mortality risk at hospital admission.
Objective: To identify the peripheral blood biomarkers with significant differences in
Mexican patients with SARS-CoV-2 and combine them with clinical and demographic
data to generate mortality prediction scores. Materials and methods: We included a
total of 378 patients diagnosed with coronavirus disease 2019 (COVID-19), 255
patients were discharged due to improvement and 123 due to death. We collected all
demographic, clinical, and laboratory data at hospital admission, and a serum sample
was taken to determine cytokines and chemokines. Results: 63.75% of the patients
recruited were men, with a mean age of 54 years old. By pooling the variables
obtained, it was found that the lymphocyte-to-neutrophil ratio (LNR) had an area
under the curve (AUC) of 0.832, with a cut-off point < 0.008, a sensitivity of 85.00%
and a specificity of 74.19%. In the case of the neutrophil-to-monocyte ratio (NMR),
the AUC was 0.890 with a cut-off point 2 17.75, a sensitivity of 89.47% and a
specificity of 80.00%. Subsequently, the immunoassay revealed IL-15 as the best
predictor of mortality with an AUC of 0.797 and when combined with other laboratory
parameters the predictive power improved significantly, as in the case of albumin from
0.797 to 0.841 with the IL-15-to-albumin ratio. Discussion and conclusions: Our
data demonstrates that the NMR and LNR can be used in clinical practice to identify
Mexican patients with severe COVID-19 with high mortality risk. In addition,
immunological parameters such as the quantification of serum cytokines can improve

the predictive value of the parameters already used in the clinic.

Keywords: SARS-CoV-2, COVID-19, serum biomarkers, mortality, ROC curves.
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CAPITULO 1: Introduccion

Marco Teodrico

1. Taxonomia del SARS-CoV-2
Orthocoronavirinae o coronavirus comprende una subfamilia muy diversa de virus de
RNA monocatenario positivo que pertenecen a la familia Coronaviridae. A su vez, la
familia Coronaviridae se subdivide en los géneros alfacoronavirus, betacoronavirus,
gammacoronavirus y deltacoronavirus.[1] El genoma de estos virus varia entre las 26 y
32 kb y las particulas virales pueden llegar a medir entre 50 y 200 nanémetros de
diametro. Una de las caracteristicas principales de estos virus son las proyecciones
desde la superficie viral que asemejan una corona solar de aproximadamente 20

nandmetros, de las cuales esta familia de virus toma su nombre.[2]

Estos virus son capaces de infectar humanos y otros mamiferos, asi como varias
especies de aves generando enfermedades del tracto gastrointestinal y/o respiratorio.[1]
Los coronavirus capaces de infectar a los humanos son conocidos desde 1966, como es
el caso de HCoV-229E y HCoV-0OC43 (alfa y betacoronavirus, respectivamente). Estos
virus circulan comunmente entre la poblacion y causan infecciones estacionales leves
del tracto respiratorio asociadas a sintomas que conjuntan un cuadro de resfriado comun
o infecciones gastrointestinales, generando diarreas virales que remiten
espontaneamente sin mayor intervencion médica. En contraste, histéricamente se han
detectado en la historia, tres tipos de coronavirus capaces de generar infecciones graves
en humanos, el coronavirus del sindrome respiratorio agudo severo (SARS-CoV, 2002-
2004), el coronavirus del sindrome respiratorio de oriente medio (MERS-CoV, 2012) y el

nuevo coronavirus tipo 2 del sindrome respiratorio agudo severo (SARS-CoV-2).[3,4]
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En diciembre del 2019 en la ciudad de Wuhan, China se reportaron los primeros casos
de neumonia causada por un virus desconocido. Los analisis bioinforméticos que se
realizaron para poder identificar y clasificar al nuevo virus concluyeron una semejanza
genética del 79.5% con respecto al ya conocido genoma del SARS-CoV. Ademas, se
encontrd una similitud del 96% con el virus del murciélago RaTG13, por lo que se sugirié
una infeccion zoonotica transmitida por el murciélago o algin otro mamifero no
identificado.[1] Pese a que su origen sigue siendo un misterio hasta la fecha, se sugiere
gue el SARS-CoV-2 pudo haber mutado a partir del RaTG13. Por lo tanto, el nuevo virus

se clasifico dentro del género betacoronavirus y recibié el nombre de SARS-CoV-2 [5].

2. Estructura del SARS-CoV-2
En cuanto a su estructura, el SARS-CoV-2 posee 4 diferentes proteinas estructurales:
pico (S, spike), envoltura (E), membrana (M), nucleocapside (N) y hemaglutinina-
esterasa (HE).[6] La proteina S se encuentra en la superficie viral y es una glucoproteina
trimérica de fusion clase |. Esta proteina estd compuesta por dos subunidades
funcionales, la subunidad 1 (S1) que permite la unién al receptor, y la subunidad 2 (S2)
que permite la fusion de membranas. La proteina E es un canal i6nico transmembranal
que facilita el ensamblaje y liberacion viral. La proteina M es una proteina
transmembranal, es la mas abundante en la membrana del viribn y provee la curvatura y
forma; también esta proteina se encuentra relacionada con el procesamiento,
modificacion y trafico de varias proteinas virales, en el ensamblaje y liberacion de
particulas virales e interfiere en la respuesta inmunoldgica bloqueando la respuesta

antiviral. Por otro lado, la N se encuentra en estrecho contacto con el material genético,
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empaquetadndolo, ademas de conferir proteccion al virion al intervenir con la via de los

interferones.[7,8]

El material genético del SARS-CoV-2 codifica 16 proteinas no estructurales
(Nsp1-16) que forman el complejo de replicacion y transcripcion, en donde 13 proteinas
citosdlicas estan implicadas en la replicacion del RNA y 3 proteinas son de tipo
transmembranal (Nsp3, 4 y 6).[3,9] Las Nsp3 y Nsp4 modifican las membranas del
reticulo endoplasmico de la célula huésped formando las vesiculas de doble membrana,
necesarias para la replicacion viral (organelo de replicacion), mientras que la Nsp 6
funciona como una proteina de comunicacion entre el reticulo endoplasmico y este
organelo de replicacion.[9] La Nspl se une especificamente a la subunidad 40 de los
ribosomas y promueve la escision endonucleolitica de RNA mensajeros del huésped, por
lo tanto impide la traduccion de multiples genes, incluidos los interferones tipo |,
permitiendo evadir la respuesta inmune innata.[8] Nsp2 modula las vias de sefializacion
de supervivencia de la célula hospedera interactuando con varias proteinas de la misma,
ademas se encuentra involucrado en la biogénesis mitocondrial y en el transporte
endosomal.[10] La proteina Nsp5 también conocida como proteasa principal hidroliza la
poliproteina 1ab, en 11 sitios distintos, produciendo las proteinas no estructurales Nsp4
a Nspl6.[8,11] Las proteinas Nsp7, Nsp8 y Nspl2 son proteinas principales en la
maquinaria de replicacion viral. La proteina Nspl2 actia como la RNA polimerasa
dependiente de RNA (RdRp). Nsp7 y Nsp8 funcionan como cofactores de la proteina
Nspl2 mediando la actividad de la RdRp, estimulando su union con la plantilla de
RNA.[11] La Nsp9 se une a oligonucleédtidos de RNA y a las cadenas sencillas de DNA,

jugando un papel importante en la formacion del complejo de replicacion y
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transcripcion.[12] Las Nspl10, Nsp14 y Nspl16 son proteinas criticas en el taponamiento
(capping) del RNA mensajero viral via metilacion, lo cual provee estabilidad y asegura la
traduccion del RNA viral.[11] La Nspll es un péptido corto de 13 amino&cidos cuya
funcion permanece poco clara.[13] La Nspl3 tiene actividad de helicasa y RNA 5'-
trifosfatasa dependiente de ATP, con esto participa en el desenrollado del DNA o RNA
durante la replicacion del RNA viral y en el primer paso del taponamiento del RNA
mensajero.[14] Al ser una enzima con doble funcion, la Nsp14 es responsable de realizar
la correccion de errores del naciente RNA, con la actividad de 3’-5’ exorribonucleasa
(ExoN), ademas de participar durante el taponamiento de RNA mensajero viral con
actividad de guanina(-N7-)-metiltransferasa.[15] La Nspl5 es una endorribonucleasa
especifica a uridina dependiente de magnesio (EndoU), tiene sitios activos y funciones
similares a las RNasas eucaridticas, por lo que al unirse a las cadenas negativas de RNA

previene la activacion de la respuesta inmunolégica.[16]

Ademéas de las proteinas anteriormente descritas, el SARS-CoV-2 codifica 9
proteinas accesorias conocidas como proteinas ORF (open reading frame), incluyendo
la ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c y ORF10. Estas
proteinas juegan un papel importante en la interaccion del virus con la respuesta
inmunolégica del huésped.[11] ORF3b, ORF6, ORF7a y ORF8 se encuentran
involucradas en la inmunomodulacion de la respuesta del huésped, al igual que impiden
la respuesta de los interferones tipo I. ORF3a esta implicada en la regulacion de las vias
de apoptosis de la célula huésped al igual que activa la tormenta de citocinas al estimular
vias de sefalizacion como NF-kB y el inflamosoma NLRP3; ademas de funcionar como

canal ionico involucrado en la liberacion de las particulas virales. Por otro lado, las
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ORF9b y ORF9c interactian con los organelos celulares generando la supresion de la

respuesta antiviral de las células infectadas.[17]

3. Mecanismos de invasion
El paso inicial de la infeccion por coronavirus comprende la union especifica de la
proteina S viral en su porcién S1 con los receptores de entrada celular, en el caso
particular del SARS-CoV-2 con la enzima convertidora de angiotensina 2 (ACE2).
Ademas, es necesaria la interaccion de la S2 con las proteasas celulares (como la serina
proteasa de superficie celular, TMPRSS2 o la catepsina en los endosomas), que median

la adhesidn de la proteina S para permitir la posterior unién de las membranas.[18,19]

Existen dos vias en las que el virus puede entrar al citoplasma celular, la primera
es mediante la fusion de la membrana viral con la membrana celular, también llamada
via temprana; la segunda via, o via tardia, consiste en la fusion de la membrana viral con
la membrana endosomal después de haber sido fagocitado.[19] En cualquiera de los dos
escenarios, el genoma viral es liberado al citoplasma de la célula huésped para
posteriormente utilizar sus ribosomas para comenzar la traduccion primaria de dos
grandes marcos de lectura abierta, ORFla y ORF1b. Lo anterior resulta en dos
poliproteinas, ppla y pplb que son posteriormente fragmentados en los 15 sitios de
unién distintos, lo que resulta en las 16 proteinas no estructurales maduras que formaran
el complejo de replicacién y transcripcion, asi como las vesiculas caracteristicas de doble
membrana u organelos de replicacion a partir de la remodelacion del reticulo
endoplasmico.[20] En el interior de estos organelos de replicacion ocurre
predominantemente la sintesis del RNA viral, conectandose al citosol de la célula

huésped para transportar los metabolitos requeridos para la sintesis del RNA.[19]
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Después, la polimerasa viral transcribe una serie de RNA mensajeros subgenémicos por
transcripcion discontinua que son traducidos en proteinas estructurales. La proteina N
forma un complejo con el naciente RNA gendmico, mientras que las proteinas S, Ey M
son insertadas en la envoltura viral proveniente del reticulo endoplasmico o el aparato
de Golgi de la célula huésped.[19] La interaccion de estas proteinas con los organelos
de la célula huésped genera un cambio en la curvatura de las membranas, permitiendo
la formacién y separacion de los viriones.[18] Los ultimos estudios sugieren que el SARS-
CoV-2 utiliza la via de exocitosis lisosomal, lo que resulta en una secrecion no litica de

los viriones.[19]

4. Respuesta inmunoldgica
La respuesta viral innata contra la infeccién por SARS-CoV-2 incluye varios componentes
del sistema humoral, incluyendo los sistemas del complemento y la coagulacion,
proteinas solubles que reconocen glicanos como las lectinas de unidbn a manosa,
interferones, quimiocinas y anticuerpos naturales.[21] Ademas, hay varios componentes
de la respuesta celular como las células NK o células T gamma delta. Normalmente,
estas respuestas son suficientes para evitar la expansion viral, activar la produccion de

citocinas e inducir el inicio de la respuesta inmune adaptativa.[22]

El virus, es capaz de limitar estas primeras lineas de defensa, particularmente la
via de los interferones, como lo mencionamos anteriormente. El bloqueo de la respuesta
temprana de los interferones tipo Il y tipo | particularmente, genera una expansion viral
rapida y favorece la colonizacion de las vias respiratorias inferiores, lo cual ha sido

correlacionado con la severidad clinica de los pacientes.[23]
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Ademas, el SARS-CoV-2 induce la secrecion de citocinas y en algunos casos logra
desregular la respuesta inmunol6gica cambiando el patron de secrecidn de citocinas. La
hipersecrecion de citocinas, también llamada tormenta de citocinas involucra
principalmente la IL-1 e IL-6 que inducen inflamacion y fiebre.[24] Otras citocinas como
la IL-2, IL-7, TNF-a, GM-CSF, IP-10 y MCP-1 también son responsables del estado
hiperinflamatorio generando dafio en las células del epitelio alveolar, asi como en el
endotelio vascular con infiltracion de neutréfilos y macréfagos en el tejido pulmonar.[25]
Este aumento en las poblaciones de fagocitos y cambio en el perfil de citocinas tienen la
capacidad de debilitar la respuesta inmunolégica enfocada en destruir al virus. Las
poblaciones de linfocitos T (tanto CD4* como CD8*) se reducen en los pacientes con
COVID-19 severa lo que correlaciona con niveles mayores de IL-6 y un mal
pronostico.[26] Finalmente, otras citocinas como el TGF-B, podrian favorecer la
remodelacion tisular y la fibrosis pulmonar contribuyendo también al compromiso del

intercambio gase0s0.[22]

5. Impacto clinico de la infeccion por SARS-CoV-2
Con respecto a la invasion viral, el receptor ACE2 se encuentra expresado en una gran
variedad de tejidos humanos: corazon, rifiones, testiculos, pulmones (neumocitos tipo |
y Il), mucosa nasal y oral, incluyendo nasofaringe, enterocitos del intestino delgado, piel,
asi como endotelios y células de musculo liso de varios 6Organos incluidos tracto
digestivo, cerebro, higado, rifiones y bazo.[27] Particularmente, se ha reportado una
mayor expresion en ceélulas epiteliales alveolares o neumocitos y en enterocitos del
intestino delgado. Lo anterior podria explicar las posibles rutas de entrada del virus, asi

como los signos y sintomas mas comunes en los pacientes.[28]
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En diciembre del 2019, la comunidad médica y cientifica comenzo a reportar casos
de neumonia asociada a la infeccion por SARS-CoV-2; estos pacientes presentaban
sintomas clasicos de una neumonia atipica como fiebre, disnea, tos, mialgias, fatiga,
entre otros. No obstante, también se reportaron otras manifestaciones clinicas ajenas al
tracto respiratorio, tales como diarrea, anorexia, nausea, vomito, dolor abdominal,
elevacién de enzimas hepaticas, pancreatitis, hematuria, proteinuria, hiperazoemia,
confusion, convulsiones, encefalitis, eventos cerebrovasculares, anosmia, ageusia,
elevacién de biomarcadores de lesion cardiaca, pericarditis, palpitaciones, dolor tor4cico,
arritmia, coagulacion intravascular, conjuntivitis, urticaria, erupciones cutaneas, todas
estas relacionadas con alteracion en el tracto digestivo, el higado, el pancreas, los
rinones, el sistema nervioso central, el sistema cardiovascular, los ojos y la piel.[28]
Debido a la gran variedad de sintomas presentes, la infeccién por SARS-CoV-2 tomo el
nombre de COVID-19 (Coronavirus Disease-2019). Desafortunadamente, cuando otros
organos estan involucrados en el proceso patoldgico, se tiene un peor prondstico que

frecuentemente resulta en hospitalizacion y/o ingreso a terapia intensiva.[27]

El cuadro clinico de los pacientes con COVID-19 es muy heterogéneo, desde
infecciones completamente asintomaticas hasta complicaciones mortales. El periodo de
incubacion en promedio toma 14 dias, con un tiempo medio de 4 a 5 dias posteriores al
contacto.[29] Dependiendo de la severidad, los cuadros de COVID-19 en adultos pueden
ser clasificados en 4 grupos. Cabe destacar que los criterios clinicos para cada categoria
se pueden traslapar o pueden cambiar durante el curso clinico del paciente. El primer
grupo se trata de pacientes asintomaticos, quienes a pesar de haber tenido una prueba

positiva para SARS-CoV-2 se encuentran sin sintomas. El segundo grupo son pacientes
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con enfermedad leve, estos pueden presentar sintomas comunes como tos, mialgias y
cefalea, ademas de diarrea, odinofagia, astenia, mialgias, alteraciones en el gusto u
olfato, congestion nasal, rinorrea o estornudos, mismos que se autolimitan en no méas de
10 dias.[30] Los cuadros moderados evolucionan generalmente dentro de los primeros
7 dias del contacto y se presentan como infeccion de vias respiratorias inferiores o
neumonia, con fiebre, tos, disnea, saturacion periférica de oxigeno (SpO2) mayor o igual
a 94% al aire ambiente al nivel del mar y/o infiltrados bilaterales en estudios de
imagen.[30] Aquellos pacientes con COVID-19 severa presentan distrés respiratorio:
SpO2 menor de 94% al aire ambiente al nivel del mar, una correlacion presion arterial de
oxigeno / fraccion inspirada de oxigeno (PaO2/FiO2) menor a 300 mmHg, una frecuencia
respiratoria mayor a 30 respiraciones por minuto o infiltrados pulmonares de mas del
50%.[30] La ultima categoria corresponde a los cuadros criticos, los cuales se definen
frecuentemente por presentar sindrome de distrés respiratorio agudo, caracterizado por
dafio alveolar difuso severo (edema, formacién de membranas hialinas, infiltrados
inflamatorios, formaciéon de micro-trombos, acumulacién de exudados fibromixoides y
fibrosis), choque séptico y/o falla organica multiple.[30]Los sintomas y gravedad de la
COVID-19 estan estrechamente relacionados con los dos principales procesos en la
patogénesis viral. La primera etapa corresponde a la replicacion viral en el huésped,
mientras que la segunda etapa parece estar relacionada a una respuesta inmunolégica

desregulada que genera dafio tisular.

Durante el primer afio en el que se detectd la presencia de un nuevo virus no
existian pruebas comerciales para detectarlo, la inica manera de hacerlo era a través de

pruebas de amplificacion de acidos nucleicos, como PCR en laboratorios especializados.
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Posteriormente, surgieron varios kits comerciales para la deteccion de antigenos y
anticuerpos que permitieron la deteccion rapida y econdémica de la infeccion.[31] En la
actualidad solamente se recomienda realizar pruebas de amplificacion de &cidos
nucleicos o pruebas rapidas de deteccion de antigenos en personas sintomaticas donde
se sospeche SARS-CoV-2 0 en personas en contacto con pacientes positivos 5 dias
posteriores al contacto.[30] La toma de muestra varia dependiendo de la recomendacion
de la empresa manufacturera, pero todas consisten en muestras del tracto respiratorio

superior (nasofaringe, cornete medio nasal, nasal anterior o saliva).[30]

Debido a la desinformacion al inicio de la pandemia, no existian guias de practica
clinica para los pacientes infectados. A lo largo de dos afios se propusieron varios
tratamientos incluyendo varios grupos de farmacos, no obstante, no se tuvo éxito con
ninguno de ellos.[32] Finalmente, se concluyé que para pacientes asintomaticos no es
necesario implementar algun tipo de manejo médico. Los pacientes con cuadros leves y
moderados deben tener un aislamiento intradomiciliario con un manejo sintomatico
individualizado (antipiréticos, analgésicos, antihistaminicos, antitusigenos, entre
otros).[30] Los pacientes con cuadros moderados, ademdas, deben ser vigilados
estrictamente para verificar la evolucién del cuadro. En estos grupos de pacientes se
deben considerar los tratamientos antivirales por el riesgo de progresion a COVID-19
severa. En orden de preferencia se sugiere: ritonavir-nirmatrelvir (Paxlovid), remdesivir o
molnupiravir.[30] En aquellos pacientes severos que requieren hospitalizacion y
oxigenoterapia por COVID-19, se sugiere administrar dexametasona, asi como en caso
de disponibilidad, se sugiere agregar al manejo baricitinib (inhibidor JAK) o tocilizumab

(anti-IL-6), ademéas de heparina en dosis profilacticas a menos de que exista
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contraindicacion para ello.[30] En cuanto a la oxigenoterapia se debera ajustar de
acuerdo con las necesidades del paciente optando por la via menos invasiva disponible
a la que el paciente responda (canulas nasales de alto flujo, ventilacion no invasiva o
intubacion y ventilacibn mecanica).[30] En aquellos pacientes con COVID-19 critica, se
deberd manejar en unidades de terapia intensiva. En relacién con la estabilidad
hemodindmica se debe optar por soluciones cristaloides balanceadas y norepinefrina
como vasopresor de primera linea para conservar la presion arterial media de 60 a 65
mmHg.[30] Solo se recomienda iniciar antibioticoterapia en aquellos pacientes en donde
se sospeche infeccion bacteriana y hacer las modificaciones pertinentes al recibir los

resultados de laboratorio confirmatorios.[30]

6. Epidemiologia Mundial y en México
Desde los primeros casos reportados en Wuhan, China, a finales del 2019, millones de
casos de COVID-19 han sido reportados en todos los continentes. A nivel mundial, para
febrero del 2023, se han registrado mas de 600 millones de casos y casi 7 millones de
muertes.[33] No obstante, se han publicado diversos estudios donde se evalla la
seroprevalencia en comparaciéon con los casos agudos positivos y se calculan hasta 10
veces mas casos en realidad.[34-36] En otro estudio publicado por un grupo de
colaboracion internacional se reporté que para noviembre del 2021, el 40% de la

poblacion mundial ya habia contraido SARS-CoV-2 al menos una vez.[37]

Al igual que otros virus el SARS-CoV-2 ha sufrido mutaciones a lo largo del tiempo
y ciertas variantes han llamado la atencién internacional. Para ser consideradas como
variantes de preocupacion deben de tener alguna de las siguientes caracteristicas:

aumento en la transmisibilidad o cambios drasticos en la epidemiologia, incremento de
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la virulencia o cambios en la presentacion clinica; o disminucion en la efectividad de las
medidas de salud publica o de los diagnosticos, medicamentos 0 vacunas
disponibles.[38] La OMS ha designado nombrarlas segun el alfabeto griego para su mejor
identificacion. Las variantes de preocupacion reportadas hasta el momento son: alfa con
los primeros casos reportados en el reino unido en septiembre del 2020, beta que inicio
en mayo del 2020 en Sudéafrica, gamma iniciando en Brasil en noviembre del 2020, delta
gue surgio en la india en octubre del 2020 y finalmente la variante de preocupacién que
circula actualmente, 6Gmicron cuyos primeros casos fueron reportados simultaneamente

en varios paises en noviembre del 2021.[38,39]

En cuanto a la transmision de este virus, el principal medio de contagio es de
persona a persona, que ocurre por contacto estrecho con un caso positivo a través de
particulas respiratorias. Los virus son liberados por las personas contagiadas en las
secreciones de tos, estornudos o incluso en microgotas de saliva que son capaces de
infectar a un nuevo individuo al tener contacto con la mucosa.[40] También el contagio
puede ocurrir al tocar superficies contaminadas y posteriormente tocar nariz, 0jos 0
boca.[41-43] El SARS-CoV-2 también ha sido detectado en otras muestras de origen
diferente al respiratorio, como heces, sangre, secreciones oculares, leche materna y
semen; no obstante, estas secreciones como vias de contagio no han sido
demostradas.[44-47] La capacidad de contagio puede iniciar antes del inicio de los
sintomas, siendo mayor durante el curso de la enfermedad y disminuyendo durante el
transcurso.[48] La transmision después de los 10 dias es poco probable en pacientes
inmunocompetentes con infecciones no severas, este tiempo se puede alargar en

pacientes inmunosuprimidos o con COVID-19 severa.[39,49,50]
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Afortunadamente, gracias a los esfuerzos multinacionales, se lograron disefiar
varias vacunas contra el SARS-CoV-2. Estas tienen diversas tecnologias, desde las ya
conocidas como fragmentos del virus, hasta nuevas tecnologias como microparticulas
con antigenos virales en superficie, virus recombinantes o RNA recombinante.[51] En el
mundo se han aplicado mas de 13 billones de dosis de vacunas, logrando cubrir
alrededor del 70% de la poblacién mundial con al menos una dosis contra el SARS-CoV-
2. Desafortunadamente aun existe inequidad en la accesibilidad a las vacunas, por lo
qgue hay paises que ya cuentan con el 100% de su poblacién vacunada mientras que

paises de bajos recursos se encuentran alrededor del 20%.[33]

En México, el primer caso reportado de COVID-19 fue el 27 de febrero del 2020. A
partir de esta fecha hasta febrero del 2023, se han reportado un total de 7,450,992 casos
confirmados y 332,986 defunciones, con una mortalidad por casos confirmados del 4.5%
considerando los datos previamente mencionados. Sin embargo, estos datos oficiales
han resultado controversiales y han variado a lo largo del tiempo, calculando hasta 9%
de letalidad para pacientes mexicanos infectados por SARS-CoV-2. No obstante,
estimando a través de célculos estadisticos, asumiendo una letalidad real del 1.5%, se
calculan un minimo de casos acumulados de 54,426,833 y un maximo de casos
acumulados de 97,968,300 asumiendo una letalidad real del 1.0%. La Secretaria de
Salud reporto varios factores de riesgo que aumentan la mortalidad por COVID-19,
dentro de los cuales destacan hipertension, obesidad y diabetes. Ademas, segun los
registros de hospitales mexicanos, se reportd mayor incidencia en hombres y en
personas alrededor de 40 afios. Afortunadamente, para febrero del 2023 se ha logrado

una buena cobertura de vacunacion en la poblacion mexicana, en total 84% con al menos
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una dosis aplicada, impactando claramente en la ocupacion hospitalaria, asi como en la
mortalidad. Considerando las cifras por grupos de edad, en personas mayores de 18
afnos se cuenta con 91% de cobertura, personas de 12 a 17 afios 64% y niflos de 5a 11

anos 61%.

7. Biomarcadores para la prediccion de mortalidad en COVID-19
Al no contar con tratamientos especificos, la evaluacion y prediccion de mortalidad fueron
herramientas prioritarias para identificar a los pacientes con mayor riesgo de fallecer por
COVID-19, asi como para administrar de mejor manera los recursos hospitalarios que
eran muy limitados. Desafortunadamente, al inicio de la pandemia no se contaba con
informacién para predecir el desenlace de los pacientes infectados por SARS-CoV-2. Los
primeros estudios epidemioldgicos tanto en México como en el mundo denotaron algunos
factores de riesgo que conferian peor prondstico como la edad (mayores de 65 afios), el
sexo (hombres) y contar con comorbilidades, como obesidad, diabetes e hipertensién o
alguna condicién causante de inmunosupresion incluyendo embarazo, enfermedad renal
cronica, enfermedad hepéatica crénica o0 pacientes bajo  medicacion
inmunosupresora.[30,52,53] No obstante, individuos de todas las edades estan en riesgo
de infeccién y enfermedad severa, por lo que identificar biomarcadores que permitieran
predecir el curso de la enfermedad se convirtioé en prioridad para la comunidad cientifica
y clinica. En este aspecto, muchos biomarcadores utilizados en otras enfermedades se

comenzaron a probar en el contexto de COVID-19.[54-59]

Actualmente, después de la publicacién de miles de observaciones en distintas
partes del mundo, se han realizado metaandlisis y revisiones sistematicas, sobre el uso

de biomarcadores en la prediccion de severidad y mortalidad de COVID-19. Los niveles
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circulantes de proteina C reactiva han demostrado correlacionar con la severidad de la
enfermedad y se han reportado niveles elevados en pacientes no sobrevivientes en
comparacién con los sobrevivientes.[60-62] De igual manera, diversos estudios han
reportado niveles elevados de IL-6, por lo que se han recomendado tratamientos
farmacoldgicos enfocados en este biomarcador.[63—-65] Otros biomarcadores tipicos de
enfermedades critica como los niveles elevados de protrombina, dimero-D,
procalcitonina y deshidrogenasa lactica se han reportado en pacientes criticos infectados
por SARS-CoV-2, ademas de ser Utiles en la prediccion de mortalidad.[66—72] Otros
parametros comunmente medidos en un contexto hospitalario, como los aportados por
la biometria hematica han sido utilizados para predecir resultados fatales, dentro de los
gue se encuentran la leucocitosis, linfopenia, neutrofilia o la trombocitopenia.[73—79]
Pese a todos los esfuerzos realizados hasta el momento, no existe una recomendacion
oficial para el uso de biomarcadores en la practica clinica cotidiana para la prediccion de

mortalidad.[30]

8. Escalas para la prediccion de mortalidad en COVID-19
Ademéas de los factores de riesgo como los demograficos y de biomarcadores
identificados para la prediccion de mortalidad en pacientes con COVID-19, se

comenzaron a evaluar los conjuntos de datos o escalas para predecir mortalidad.

Al inicio se comenzaron a evaluar escalas ya existentes para otras patologias
relacionadas, como las escalas utilizadas en pacientes con sepsis o las escalas Utiles en
el prondstico de pacientes con neumonia, entre otras. En el caso de la escala SOFA
(Sequential Organ Failure Assessment), utilizada para el diagndstico y prondstico de

mortalidad de pacientes con sepsis o0 choque séptico, su empleo se ha documentado
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para la prediccion de mortalidad a 30 o 60 dias. En la gran mayoria de ellos se ha
encontrado una buena AUC, mayor a 0.80[80-84]; no obstante, existen otros estudios
gue no recomiendan su uso por tratarse de escalas especificas de una poblacion. [85,86]
La escala qSOFA (quick SOFA), que incluye solamente tres parametros, estado de
alerta, frecuencia respiratoria y presion arterial, en la gran mayoria de estudios ha
demostrado de baja a moderada capacidad de prediccion de mortalidad, por lo que no
se recomienda su uso.[83,84,87-91] Otras escalas utilizadas en pacientes con sepsis
fueron probadas en poblaciones diferentes a la mexicana, incluyendo los criterios del
sindrome de respuesta inflamatoria sistémica (SIRS), APACHE Il y NEWS2, reportando
AUC para la prediccién de mortalidad de 0.61, 0.73 y 0.85 respectivamente.[82,88,92]
Por otro lado, de las escalas mas comunmente utilizadas en la clinica para la prediccion
de mortalidad en cuadros de neumonia son las escalas CURB-65 (tomando sus siglas
del acrénimo formado por las iniciales de los pardmetros que incluye en inglés: confusion,
urea >19mg/dL, frecuencia respiratoria = 30 rpm, presion sistdlica < 90 mmHg o diastdlica
<60 mmHg, edad =65) y PSI (Pneumonia Sverity Index). En estudios realizados en otros
paises se reportan AUC entre 0.7 y 0.9, cabe destacar que estos andlisis incluyeron no
mas de 1200 pacientes COVID positivos, ingresados en un solo centro hospitalario.[93—
100] En el caso de un estudio realizado en poblacién mexicana, por Alanis-Naranjo JM
y colaboradores, se evaluaron las escalas PSl y SOFA, en 151 pacientes ingresados. En
este estudio se reportd un AUC de 0.85 y 0.74 respectivamente. En el caso de la escala
PSI, se obtuvo una sensibilidad de 55.8% y una especificidad de 81.6%, mientras que

para la escala SOFA, ambas se encuentran alrededor de 78%.[101]
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Asimismo, con el paso del tiempo y el aumento de casos, se crearon varias
escalas especificas para el pronostico de mortalidad en pacientes infectados por SARS-
CoV-2.[102-105] Dentro de este grupo de escalas, destacan la escala de mortalidad 4C,
la calculadora de riesgo para pacientes hospitalizados con COVID-19 (CIRC) y el indice
de mortalidad por COVID-19 en la Administracion de Salud de Veteranos COVID-19
(VACO). La escala de mortalidad 4C fue originalmente disefiada en poblacién inglesa, y
posteriormente validad en distintas poblaciones alrededor del mundo incluyendo
Canada, Japén y EUA.[106—-109] Esta escala incluye 8 variables recabadas al ingreso
hospitalario: edad, sexo, numero de comorbilidades, frecuencia respiratoria, saturacion
periférica de oxigeno, estado de alerta, niveles séricos de urea y de proteina C reactiva,
con un rango de puntaje entre 0 y 21 con un punto de corte de 15, AUC entre 0.61 y
0.76.[106] La escala CIRC fue creada en el centro hospitalario John Hopkins, por el
medico Brian T Garibaldi. Se trata de una escala compleja que incluye parametros
demogréficos (edad, sexo, raza, vivienda), asi como parametros clinicos como indice de
masa corporal, la presencia de sintomas gastrointestinales, respiratorios,
constitucionales, ageusia o0 anosmia, temperatura, tasa de filtracion glomerular,
frecuencia cardiaca, niveles séricos de troponina, hemoglobina, albumina, dimero-D,
ALT, conteo total de leucocitos, conteo absoluto de linfocitos, proteina C reactiva, ferritina
y el puntaje de la escala de Charlson (disefiada para evaluar mortalidad a 10 afios en
pacientes con multiples comorbilidades).[110,111] Finalmente, la escala VACO, fue
disefiada en EUA en pacientes veteranos y posteriormente validada en pacientes no
veteranos; esta soOlo evalua las comorbilidades de base del paciente, asi como sexo y

edad. Se reportd un AUC desde 0.79 hasta 0.84 dependiendo de los puntos de corte en
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el pronéstico de mortalidad en caso de contagio.[112,113] Hasta el momento, ninguna

de estas escalas ha sido validada en poblacion mexicana.

Por otra parte, en México también se disefidé una escala, tomando en cuenta 400
pacientes en un estudio multicéntrico incluyendo 12 centros hospitalarios. Se trata de la
escala LOW-HARM, la cual contiene tanto variables demograficas como parametros
clinicos tales como linfopenia (< 800 células/ uL), saturacion de oxigeno (< 88%),
glébulos blancos (> 10,000 células/uL), hipertension, edad, lesion renal (creatinina sérica
>1.5 mg/dL) y lesiébn miocardica (valores anormales de CPK, troponina | o mioglobina).
Para esta escala los autores propusieron un punto de corte mayor o igual a 65, con un
AUC de 0.80 (1C95% 0.77-0.84), sensibilidad de 63% y especificidad de 97.5%.[114] Sin
embargo, para el disefio de esta escala se incluyé una poblacion donde el 50% de los
pacientes fallecieron, por lo que esto no es equiparable con la realidad

epidemioldgica.[115]

Justificacion

La infeccion por SARS-CoV-2 tiene una presentacion clinica muy heterogénea. Hasta el
momento se han registrado mas de 640 millones de casos y mas de 6.5 millones de
muertes a nivel mundial; México continla siendo uno de los paises con mayores tasas
de mortalidad. El sistema inmunoldgico, con altos niveles de citocinas, juega un papel
muy importante en la severidad de la COVID-19. La prediccion de mortalidad al ingreso
hospitalario permitiria la distribucién y optimizacion de recursos humanos, materiales y
de infraestructura, lo cual podria ayudar a disminuir la mortalidad. En México, aun no
existe una escala que permita predecir la mortalidad con un area debajo de la curva

(AUC) optima, mayor de 0.90. Ademas, el uso de biomarcadores en sangre periférica en
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conjunto con datos clinicos parece mejorar el rendimiento de las escalas clinicas con
AUC mayores o iguales a 0.90, por lo que desarrollar una escala que incluya datos
biométricos, clinicos y biomarcadores es fundamental para un mejor manejo de los

pacientes con COVID-19 grave.

Pregunta de investigacion

¢,Cual es el poder predictivo de mortalidad dada por el AUC, la sensibilidad y la
especificidad, de una escala que combine biomarcadores en sangre periférica, datos

clinicos y demogréficos en pacientes mexicanos con COVID-19 grave?
Hipotesis
Una escala que combine biomarcadores en sangre periférica, datos clinicos y

demograficos tendrd un mejor poder predictivo de mortalidad (AUC > 0.90), en

comparaciéon con escalas preexistentes en pacientes mexicanos con SARS-CoV-2.

Objetivos

OBJETIVO GENERAL

Identificar en muestras de sangre periférica los biomarcadores de mayor cambio en
pacientes mexicanos con SARS-CoV-2 y combinarlos con datos clinicos y demogréficos

para desarrollar una nueva escala de prediccién de mortalidad para COVID-19 grave.

OBJETIVOS ESPECIFICOS

e Describir la poblacion de pacientes con diagnostico de COVID-19 que ingresen al

HGM.
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Conocer la mortalidad de los pacientes con diagnostico de COVID-19 atendidos
en el HGM.

Caracterizar los subgrupos de sobrevivientes y no sobrevivientes para los
pacientes con diagndéstico de COVID-19, a través de variables demograficas,
clinicas e inmunoldgicas.

Identificar biomarcadores candidatos a través de suero y leucocitos de los
subgrupos de pacientes COVID-19 sobrevivientes y no sobrevivientes.

Proponer una nueva escala que combine valores clinicos, demograficos y
biomarcadores para la prediccion de mortalidad en los pacientes con infeccion

severa por SARS-CoV-2.
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CAPITULO 2: Metodologia

Estudio

Se realizé un ensayo prospectivo, longitudinal, observacional y analitico.

Poblacion

Se incluyeron pacientes con diagnéstico de infeccion por SARS-CoV-2 que acudieron a
los Servicios de Urgencias, Neumologia, Cardiologia y Terapia Médica Intensiva del
Hospital General de México “Dr. Eduardo Liceaga”, del 01 de junio del 2020 al 30 de junio

de 2021.

Tamaro de la muestra

El tamafio de la muestra se definié a partir de los datos publicados por Alharthy A 'y
colaboradores, quienes realizaron un estudio retrospectivo en pacientes criticos con
COVID-19. En este grupo de pacientes se detectaron diferencias significativas en
diversos parametros de laboratorio entre sobrevivientes y no sobrevivientes, tales como

el conteo total de leucocitos (20.1 + 3.6 vs 22.2 + 2.7 células/mm? respectivamente) [116].

A través del software G*Power 3.1.9.2, usando la féormula para comparacion de medias
para dos grupos independientes a dos colas, con un poder de prueba del 95% y un error
a = 0.05 predichos, se calcul6é un tamafio del efecto (d) = 0.66 con base en los valores
promedio del conteo total de leucocitos mencionados anteriormente. Con estos datos, se
calculé una N = 122 pacientes (61 sobrevivientes y 61 no sobrevivientes). Este valor se
ajusto considerando el 20% de pérdidas durante el seguimiento hospitalario, resultando

una N ajustada = 146 pacientes (73 pacientes por grupo). (SuprL.1)
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Criterios de seleccidn

Criterios de inclusién:

Pacientes mayores de 18 afos.

Ingreso hospitalario por COVID-19 documentado o clinicamente sospechado, con
posterior diagndstico confirmatorio para SARS-CoV-2 mediante gPCR en hisopado
nasofaringeo.

Firma del consentimiento informado (Paciente / Familiar / Representante legal).

Criterios de exclusion:

Imposibilidad de toma de muestra sanguinea.

Uso de esteroides, quimioterapia, radioterapia, anticuerpo monoclonal o farmacos
inmunosupresores en los dos meses previos.

Embarazo.

Diagnadstico conocido de inmunodeficiencia primaria o secundaria.

IMC menor o igual a 18 kg/m?2.

Criterios de eliminacion:

Pérdida del seguimiento y desconocimiento del desenlace clinico.

gPCR para SARS-CoV-2 negativa en hisopado nasofaringeo.
Documentacion de nuevo diagnéstico de infeccion por VIH, HCV o HBV.
Datos clinicos incompletos.

Retiro del consentimiento informado o de su voluntad de seguir participando.

Métodos

1. Reclutamiento de los sujetos

Durante el periodo de la pandemia se establecié un triaje respiratorio en el hospital, en

el cual se recibian casos sospechosos de COVID-19. En este servicio se evaluaban las

caracteristicas clinicas del paciente y en caso de tener un cuadro clinico compatible con

infeccion por SARS-CoV-2 se valoraba su requerimiento de ingreso hospitalario. El

35



paciente debia tener al menos uno de los siguientes criterios de gravedad para ser
hospitalizado: saturacion de oxigeno periférica (SpO2) menor de 90% al aire ambiente,
taquipnea (mas de 30 respiraciones por minuto) o una imagen pulmonar con mas del
50% afectacion. Al ingreso hospitalario, se tomaba una muestra nasofaringea para la
prueba molecular confirmatoria correspondiente por gPCR. Ademas, en este momento
se solicitaba su consentimiento informado para participar en el presente estudio (SUPL.
2). En caso de aceptar su participacion, se tomaba una muestra de sangre periférica, al

mismo tiempo que el resto de las muestras para los laboratorios hospitalarios de rutina.

2. Captura de datos clinicos y parametros de laboratorio
Por otro lado, al ingreso hospitalario también se completaba una historia clinica con los
datos biométricos y antecedentes médicos de relevancia para el estudio. Se incluyeron
como antecedentes personales patologicos de relevancia los siguientes: el diagndstico
previo de obesidad (IMC mayor de 30 kg/m?) o sobrepeso (IMC mayor de 25 kg/m?) por
criterios de la OMS, hipertension arterial sistémica (presién arterial promedio mayor de
135/85 mmHg al ingreso hospitalario en tres mediciones consecutivas con 20 a 30
minutos de diferencia o tratamiento farmacolégico correspondiente), Diabetes Mellitus
tipo 2 (hemoglobina glicosilada mayor a 6.5% al ingreso o tratamiento farmacoldgico
conocido), antecedente de sindrome coronario agudo conocido, neoplasia conocida,
enfermedad autoinmune o inmunosupresora conocida, infecciones latentes por virus o
bacterias conocidas, y toxicomanias (alcoholismo, consumo regular promedio de mas de
40 g/dia (3 bebidas/dia) en mujeres, mientras que en hombres mas de 60 g/dia (4
bebidas/dia); tabaquismo: consumo activo de productos con tabaco al menos 1 cigarrillo

en los ultimos 6 meses).
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En cuanto a las pruebas de laboratorio, se incluyeron biometria hematica y parametros
bioguimicos, pruebas de funcién hepatica, pancreética y renal tales como glucosa sérica,
triglicéridos, colesterol total, lipoproteinas de baja densidad (LDL), lipoproteinas de alta
densidad (HDL), alanino aminotransferasa (ALT), aspartato aminotransferasa (AST),
gamma glutamil-transferasa (GGT), fosfatasa alcalina (ALP), bilirrubinas totales,
bilirrubina directa, bilirrubina indirecta, amilasa, lipasa, creatina-fosfoquinasa (CPK),
creatina quinasa fraccion cardiaca (CK-MB), proteinas totales, albumina,
deshidrogenasa lactica (LDH), creatinina sérica, acido urico, calcio, fosforo, cloro,
potasio, sodio y magnesio. Ademas, se incluyeron los siguientes parametros de la
respuesta inmunoldégica y pruebas de coagulacion: proteina C reactiva (CRP), troponina
I, ferritina, procalcitonina, mioglobina, dimero-D, tiempo de protrombina (PT), relacién
normalizada internacional (INR), tiempo de tromboplastina parcial activada (aPTT) y
tiempo de trombina (TT). Todos los pardmetros de laboratorio fueron medidos utilizando
el analizador de quimica clinica completamente automatizado Beckman Coulter DxC 700
AU (Beckman Coulter Inc., Brea, CA, EUA), el analizador de hematologia automatizado
Coulter LH 780 (Beckman Coulter Inc., Brea, CA, EUA) y el sistema BCS ® XP (Siemens
Healthcare GmBH, Erlangen, Alemania), siguiendo estrictamente los protocolos

estandares de operacion.

Posteriormente, todos los datos recabados en la historia clinica, asi como la exploracion
fisica al ingreso y los resultados de las pruebas de laboratorio, imagen y prueba
molecular confirmatoria para infeccion por SARS-CoV-2 al ingreso fueron registrados en

una base de datos para su posterior procesamiento y analisis.
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3. Inmunoensayo multiple
Siguiendo estrictas medidas de seguridad, las muestras de sangre periférica fueron
tomadas con técnica aséptica en tubos de 5 mL con gel de polimero y activador de
coagulacion para la separacion de suero (Vacutainer® SST™, BD Diagnostics, NJ, EUA).
Las muestras fueron centrifugadas a 1500 revoluciones por minuto por 10 minutos para
la separacion del suero dentro de la primera hora después la toma. Se realizaron
alicuotas para su almacén a -80°C y el material restante fue desechado de acuerdo con

las normas de bioseguridad correspondientes.

Las muestras se analizaron utilizando el inmunoensayo mdultiple Human Cytokine
Magnetic 25-Plex Panel (Life Technologies, Carlsbad, CA, EUA). Se prepararon los
reactivos y se realizo el ensayo siguiendo el protocolo del producto. Este panel permite
la cuantificacion de las siguientes citocinas, quimiocinas y factores de crecimiento: IL-1j3,
IL-1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p40/p70), IL-13, IL-15, IL-17,
TNF-qa, IFN-a, IFN-y, GM-CSF, MIP-1a, MIP-1, IP-10, MIG, Eotaxina, RANTES, and
MCP-1 en suero humano. Los resultados fueron leidos utilizando el LuminexMagPix

(Applied Biosystems, Foster City, CA, EUA).

4. Seguimiento hospitalario y andlisis de prediccién de mortalidad
Asimismo, se realizd un seguimiento durante toda la estancia hospitalaria de los
pacientes para conocer su manejo farmacoldgico, requerimiento de ventilacion mecanica
invasiva o cuidados intensivos, ademas del desenlace clinico, ya fuera pérdida del
seguimiento (principalmente por traslado a otro centro médico), alta hospitalaria o
fallecimiento. Esto nos permiti6 agrupar a los pacientes en dos grupos de manera

retrospectiva para su posterior analisis: sobrevivientes y no sobrevivientes.
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Se realizaron los analisis y se compararon todas las variables demograficas, clinicas y
parametros de laboratorio al ingreso hospitalario, incluyendo las mediciones obtenidas a
través del inmunoensayo multiple. Utilizamos la prueba de Shapiro-Wilk para estimar el
tipo de distribucién de los datos. También, comparamos las variables cuantitativas entre
los grupos de sobrevivientes y no sobrevivientes utilizando la prueba T de Student. Se
utilizé la prueba chi-cuadrada para el analisis de variables categoricas. Se detectaron y
removieron los valores atipicos utilizando el método de Grubbs, estableciendo un

intervalo de confianza del 90%.

Para el analisis de prediccién de mortalidad se utilizaron distintos enfoques. El primero
fue a través de curvas ROC para variables individuales. Este analisis permite cuantificar
la precision con la que las pruebas de diagnostico son capaces de discriminar entre dos
estados clinicos (por ejemplo, enfermo versus no enfermo, sobreviviente versus no
sobreviviente) [117]. Para estos analisis se obtuvo el area debajo de la curva (AUC), el
intervalo de confianza del 95% (IC95%), sensibilidad, especificidad y la raz6n de momios
(OR) para cada variable con diferencias significativas entre grupos en los anlisis
descriptivos. Ademas, utilizamos el indice de Youden para calcular los puntos de corte

para las variables de interés.

Posteriormente, se analizé la dependencia lineal entre las variables cuantitativas de
relevancia, obteniendo las correlaciones de Pearson. Se eligieron las correlaciones con
coeficiente de correlacién (p) mayor o igual a 0.6, y posteriormente se seleccionaron las
correlaciones con significancia clinica para realizar indices entre dichas variables. Estos

indices se calcularon dividiendo los valores de las variables de interés. Después, estos
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valores agrupados se analizaron a través de curvas ROC para conocer la capacidad de

prediccion de mortalidad.

Igualmente, se realizaron analisis de supervivencia por curvas de Kaplan-Meier
considerando todos los parametros con significancia clinica para la prediccion de

mortalidad.

Para todos los andlisis se considerd una p igual o menor a 0.05 como significativa. Los
analisis se realizaron utilizando los siguientes softwares especializados: GraphPad Prism
6.01 (GraphPad Software, La Jolla, CA 92037, EUA), MDCalc version 20.112 (New York,
NY 10003, EUA), IBM SPSS Statistics version 26.0 (IBM, Armonk, NY, EUA), y R i386

3.5.2 terminal (Microsoft Corp., Boston, MA, EUA).
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CAPITULO 3: Resultados

Inicialmente, evaluamos 545 pacientes que cumplian con los criterios de elegibilidad, de
los cuales incluimos 378 pacientes, 255 fueron egresados por mejoria y 123 por
defuncién. (FiG. 1) Con respecto al sexo de los pacientes, no se encontraron diferencias
estadisticamente significativas con respecto a la proporcion entre ambos grupos,
teniendo una mayor cantidad de hombres con respecto a la de mujeres; mientras que,
en la edad, los pacientes no sobrevivientes tuvieron una media de casi 10 afos por arriba
del grupo de sobrevivientes (p < 0.001). En cuanto a la prevalencia de comorbilidades
en ambos grupos, no existieron diferencias significativas en diabetes mellitus,
hipertension arterial, cardiopatia isquémica o cancer. De igual manera, la prevalencia de
tabaquismo y alcoholismo en ambos grupos fue similar. En cuanto a la composicion
corporal, los grupos de pacientes sobrevivientes y no sobrevivientes tuvieron una media
de IMC correspondiente a sobrepeso, segun las recomendaciones de la OMS (25.8 + 6.7

vs 27.5 + 4.4, respectivamente) sin diferencias significativas entre grupos (TABLA 1).

Pacientes elegibles (n=545)
a) SpO, menor de 90% al aire ambiente
b) Taquipnea (mas de 30 respiraciones por minuto)
c) Imagen pulmonar con mas del 50% afectacion
d) Prueba PCR positiva para SARS-CoV-2

Criterios de exclusion:
1) Imposibilidad de toma de muestra
2) Uso de esteroides, quimioterapia, radioterapia, anticuerpo
monoclonalo farmacos inmunosupresores en los dos meses previos
3) Embarazo
4) Diagnoéstico conocido de inmunodeficiencia primaria o secundaria
5) IMC menor o igual a 18 kg/m?
6) Infeccion por VIH, HCV o HBV

Pacientes incluidos (n=378)

Colecta de parametros demograficos,
clinicos y muestra serologica

Seguimiento hospitalario
hasta el desenlace clinico

Sobrevivientes (n=255) | | No sobrevivientes (n=123) |

]

Analisis retrospectivo de predictores
de mortalidad intrahospitalaria

Fig. 1 Proceso de seleccion de pacientes incluidos en el estudio
segun los criterios de inclusién y exclusion.
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Total Sobrevivientes No sobrevivientes
(n=378) (n=255) (n=123) P
Edad (Afos) 54.06 +13.79 51.47 +13.25 58.96 £ 13.72 .000*
(49.83-53.11) (56.61-61.41)
Sexo (M/H) 137/241 97/158 40/83 .307
DM (%) 148 (39.2%) 92 (36.3%) 56 (45.3%) 119
HTA (%) 116 (30.7%) 81 (31.9%) 35(28.3%) 527
Cardiopatia (%) 12 (3.2%) 7 (2.6%) 5 (4.6%) 333
EPOC (%) 11 (2.9%) 4 (1.7%) 7 (5.5%) .054
cancer (%) 22 (5.9%) 12 (4.7%) 10 (8.3%) 198
Tabaquismo* (%) 65 (17.3%) 43 (17.0%) 22 (17.9%) .841
Alcoholismo® (%) 35 (9.4%) 21 (8.2%) 14 (11.9%) .270
IMC (kg/m?) 26.73 + 4.86 25.82 + 6.72 27.58 + 4.34 353

(23.51-28.14)

(24.24-30.91)

Tabla 1 Variables demogréficas de los pacientes incluidos en el estudio. *Tabaquismo: Consumo activo de productos
con tabaco al menos 1 cigarrillo en los Ultimos 6 meses. °Alcoholismo: Consumo regular promedio de: Mujeres > 40
g/dia (3 bebidas/dia,), Hombres >60 g/dia (4 bebidas/dia). Datos presentados en medias y DE (IC95%), diferencia de
medias por T-student. Frecuencias (%), diferencia de proporciones por X2. Las diferencias se consideraron
significativas cuando p < 0.05.

Al ingreso se recabaron ademas los signos vitales de los pacientes, encontrando
diferencias significativas en la frecuencia cardiaca, la frecuencia respiratoria y la
saturacion periférica de oxigeno. Dentro de otras variables clinicas, los pacientes que a
la postre no sobrevivieron tuvieron en promedio estancias hospitalarias mas cortas con
respecto a los sobrevivientes (7.3+5.2 vs 14.74+9.9 dias, respectivamente, p = 0.014),
mientras que el requerimiento de ingreso a las unidades de cuidados intensivos fue
mayor en el grupo de no sobrevivientes en comparacion con los sobrevivientes (68.3%

vs 23.5%, respectivamente, p < 0.001). (TABLA 2)

Total Sobrevivientes No sobrevivientes
(n=378) (n=255) (n=123)
FC (Ipm) 89 (80-98) 88.5 (77.75-95.25) 90 (86-99) .096
FR (rpm) 24 (22-26) 23 (22-25.5) 24 (22-28) .002*
Temperatura (°C) 37.0 (36.5-37.2) 37.0 (36.5-37.2) 37.0 (36.5-37.0) .527
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PAS (mmHg) 120 (110-130) 120 (110-126.5) 130 (104.5-144) 201

PAD (mmHg) 76.0 (67.25-80) 76.0 (67.25-80) 7450 (62.25-92.50) | .981
PAM (mmHag) (82.2%32.66) (82.2%32.75) (77.1%2-f§9.16) 755
SpO:2 (%) 85 (80-88) 85.5 (82-89) 81 (76-88) .099
Dias de hospitalizacion 11 (7-16) 12 (9-16) 9 (3.5-14) .043*
UCI (%) 143(37.8%) 60 (23.5%) 84 (68.3%) .000*
Dias de 10T 7 (4.25-9.00) 8 (6.25-10.25) 5.5(2.5-7.5) 035+

Tabla 2 Variables clinicas al ingreso hospitalario. Datos presentados en medianas y rangos intercuartilicos, diferencia
de medianas por U Mann-Whitney. Frecuencias (%), diferencia de proporciones por X2. Las diferencias se
consideraron significativas cuando p < 0.05.

En los valores de laboratorio medidos en los pacientes al ingreso hospitalario, los valores
de biometria hematica que mostraron diferencias significativas fueron: leucocitos totales,
conteo total de neutrdfilos, eosindfilos, linfocitos, monocitos y neutréfilos, asi como sus
respectivos porcentajes (p < 0.05) (TABLA 3). Los parametros bioquimicos que mostraron
diferencias significativas fueron: urea, colesterol total y acido urico (p < 0.05). Con
respecto a las pruebas de funcion hepética, albumina, AST, ALT y fosfatasa alcalina
exhibieron resultados significativos (p < 0.05). Por otro lado, la deshidrogenasa lactica y
la proteina C reactiva también tuvieron diferencias significativas entre sobrevivientes y
no sobrevivientes (p < 0.05) (TABLA 4). El dimero D y el tiempo de protrombina fueron los
unicos parametros de la coagulacion con diferencias significativas (TABLA 5), mientras
gue los biomarcadores cardiacos CPK, troponina | y mioglobina mostraron también
cambios significativos, especificamente una elevacion clara en no sobrevivientes. (TABLA
4) Finalmente, de las gasometrias arteriales, la presion parcial de oxigeno y la saturacién
de oxigeno fueron significativamente menores en pacientes no sobrevivientes que en

sobrevivientes al ingreso hospitalario (TABLA 5).
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Total Sobrevivientes No sobrevivientes =
(n=378) (n=255) (n=123)
Leucocitos(x103/pL) 8.2 (6.3-11.3) 7.6 (6.0-10.1) 9.25 (7.3-12.7) .000*
Neutrdfilos (x10%/uL) 6.6 (4.6-9.8) 6.0 (4.2-8.4) 7.8 (5.9-11.7) .000*
Eosindfilos (x10%/uL) .000 (.00-.00) .000 (.00-.00) .000 (.00-.00) .005*
Linfocitos (x103/pL) .90 (.60 -1.27) 1.0 (.70 -1.3) .70 (.50 -1.0) .000*
Monocitos (x103/pL) .40 (.30-.60) .42 (.30-.70) .40 (.20-.50) .001*
Neutrofilos (%) 82.8 (74.5-88.9) 78.7 (70.8-86.4) 88.5 (82.5-91.3) .000*
Linfocitos (%) 10.6 (7.0-17.3) 12.5(8.7-20.1) 7.8 (4.6-11.1) .000*
Eosindfilos (%) .000 (.000-.3) .1 (.000-.6) .000 (.000-.1) .000*
Monaocitos (%) 5.1 (3.2-7.1) 6.0 (4.1-8.0) 3.8 (2.5-4.9) .000*

145 (11.42-17.58) | 14.6 (11.72-17.48) | .922

43.8 (33.8-53.8) 966

Hemoglobina (mg/dL) 14.6 (11.57-17.63)
43.8 (34.7-52.9)

Plaquetas (x10%/L) 222 (106-338) 222.5 (107.7-337.3) 220 (100-440) 564

Tabla 3 Parametros de la biometria hematica al ingreso. Datos presentados en medianas y rangos intercuartilicos,
diferencia de medianas por U Mann-Whitney. Las diferencias se consideraron significativas cuando p < 0.05.

Hematocrito (%) 43.35 (34.15-52.55)

Total Sobrevivientes No sobrevivientes p
(n=378) (n=255) (n=123)
Glucosa (mg/dL) 148.18 148.19 148.16 995
(71.74-224.62) (56.06-240.32) (87.4-208.92)

Urea (mg/dL) 38.9 (27.9-65.5) 36.5 (26.6-55.3) 50.1(33.0-93.2) | .000*
Creatinina (mg/dL) 91 (.71-1.2) 89 (.70-1.1) 1.04 (.77-1.8) 005
Colesterol (mg/dL) 124 (73-175) 128 (74-182) 119 (82-156) 066
Triglicéridos (mg/dL) 150 (65-235) 150 (64-236) 155 (67-243) 844
Acido drico (mg/dL) 5.2(8.3-2.1) 5.1(2.1-8.1) 5.9 (1.9-9.9) .035*
f’r:g;(‘ﬁ”a Directa 19 (13-.32) 16 (12-.27) 25 (.41-.16) 000*
?rgz;ggna Indirecta 44 (19-.69) 43 (19-.67) 45 (14-.76) 424

?r:ggg”as totales 62 (.26-.98) 59 (.25-.93) 70 (16-1.24) | .019*
Albamina (g/dL) 3.3(2.9-3.7) 3.5(3.1-3.8) 3.1(2.8-3.4) 004*
ALT(IU/L) 30.0 (18.0-53.0) 31.0 (18.0-56.0) 27.5 (18.0-40.0) | .050%
AST (IU/L) 37 (4-70) 34 (32) 40 (48.35-65.76) | .048*
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ALP (IU/L)
GGT (IUL)
DHL (IU/L)

CRP (mg/L)

Procalcitonina (mg/L)

Ferritina (mg/L)

CPK (IU/L)

CK MB (IU/L)
Troponina | (ng/mL)
BNP (ng/mL)
Mioglobina (ng/mL)

89.0 (72.0-119.7)
129.8 (25.8-233.8)

400.0
(284.0-513.3)

115.0
(55.6-202.0)

1.85 (1.07-2.63)

758.49
(696.93-820.04)

20.0 (15.0-27.0)
20 (8-32)
5.5 (2.2-19.1)
39.5 (16.4-113.9)
66.4 (40.3-150.3)

83.0 (68.0-110.0)
120.29 (104)

351.0
(252.8-451.3)

89.1 (37.7-179.0)

1.6 (1.22-1.98)

729.93
(652.35-807.51)

19.0 (14.0-25.0)
19 (8-30)
3.5 (1.7-9.8)
31.2 (12.6-80.2)
56.0 (34.8-107.5)

97.5 (78.8-135.0)
149.07 (112)

494.0
(367.0-726.7)

162.0 (105.0-
285.0)

2.35 (1.03-3.67)

815.32
(714.25-916.39)

23.0 (18.0-28.0)
22 (12-32)
12.5 (5.1-123.5)
80.7 (29.8-285-4)
94.9 (58.5-189.6)

.001*
.938

.000*

.000*

.000*

.169

.013~*
.001~*
.001*
.000*
.000*

Tabla 4 Pardmetros bioquimicos séricos al ingreso hospitalario. Datos presentados en medianas y rangos
intercuartilicos, diferencia de medianas por U Mann-Whitney. Las diferencias se consideraron significativas cuando p

< 0.05.

TP (s)

TT (s)

TTPa (s)
Fibrinbgeno (ug/L)
INR

Dimero D (ug/L)

pH

pCO2 (%)

pO2 (%)

HCOs (mg/dL)
Lactato (mg/mL)
SpO2 (%)

Total
(n=378)

11.7 (10.5-12.9)
16.7 (15.7-17.9)
25.9 (19.8-32)
587 (379-795)

1(.9-1.1)
1101.0

(659.8-2540.3)
7.41 (7.33-7.49)
32.8 (25.8-39.8)
65.9 (53.7-79.9)
21 (16.3-25.7)

2.1 (1.5-2.5)

91.1 (86.2-94.8)

Sobrevivientes

(n=255)

11.7 (10.6-12.8)
16.6 (15.5-17.6)
25.65 (20.25-31.05)

567 (400-730)
1(.9-1.1)
934.0

(590.0-1871.8)
7.40 (7.34-7.46)

33.1 (26-40.2)

69.9 (56.0-83.8)
21.15 (16.85-25.45)

1.93 (1.5-2.4)

92.3 (87.8-95.4)

No sobrevivientes

(n=123)
12.1 (10.5-13.7)
17.0 (16.1-18.1)
26.8 (20.4-33.2)
609 (208-1010)

1(.8-1.2)

1913.0
(997.7-3696.3)

7.42 (7.41-7.43)
32.1 (24.2-40)
58.0 (46.5-73.3)
20.8 (15.2-26.4)
2.3 (1.9-2.9)
87.6 (80.7-93.3)

P

195
.022*
.209
167
.018*

.003*

.822
.146
.047~*
.695
.002*
.001*

Tabla 5 Tiempos de coagulacion y parametros de la gasometria arterial al ingreso. Datos presentados en medianas y
rangos intercuartilicos, diferencia de medianas por U Mann-Whitney. Las diferencias se consideraron significativas

cuando p < 0.05.
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Ademas, se realiz6 el inmunoensayo multiple identificando diferencias significativas entre
sobrevivientes y no sobrevivientes en las siguientes citocinas y quimiocinas: interleucina
(IL)-1beta, IL-2, IL-4, IL-6, IL-10, IL-15 y factor estimulante de colonias de granulocitos y

macroéfagos (GMCSF) (TABLA 6).

(pg/mL) Total Sobrevivientes No sobrevivientes p
(n=378) (n=255) (n=123)
IL-1B 14.0 (9.8-22.4) 12.7 (9.3-18.7) 18.9 (13.5-34.3) .032*
IL-1RA 1896.70 1303.05 972.51 587
(788.49-3004.90) (146.18-2459.92) (195.39-1749.63) '
IL-2 6.5 (3.7-10.9) 4.9 (8.6-2.9) 9.3 (7.1-23.1) .001*
IL-2R 764.86 577.74
(559.58-970.15) 538.22 (469.36-907.08) (333.09-1031.42) 124
IL-4 23.6 (14.6-36.37) 19.5 (13.8-26.1) 34.6 (21.5-63.9) .019*
IL-6 83.5 (28.2-149.6) 60.9 (22.7-120.3) 103.7 (60.4-295.6) .034*
IL-7 63.40
(23.09-103.71) 56.60 (18.68-94.58) 58.71 (16.63-100.79) .063
IL-8 116.58
(1.48-6840.14) 58.73 (1.48-2416.36) 71.99 (17.95-2202.53) 219
IL-10 73.6 (37.7-175.7) 56.5 (26.1-131.5) 110.1 (61.4-257.8) .023*
IL-12 1610.46 1749.91 1315.30 504
(740.79-2480.13) (922.44-2577.38) (2142.77-1950.03) '
IL-13 7.7 (4.2-11.2) 8.54 (6.32-10.76) 9.41 (5.43-13.39) 522
IL-15 279.7 .
(180.8-440.2) 230.2 (164.3-312.8) 422.3 (313.3-585.8) .000
IL-17a 14.44 (5.92-22.96) 13.03 (8.97- 17.09) 11.63 (4.28-18.98) 253
IFN-a 750.23 592.36 (177.64-
(630.88-869.58) 1007.08) 586.35 (295.62-877.08) .066
IFN-y 154.31
(86.3.222.32) 161.02 (105.8-216.24) 131.49 (76.13-186.85) 450
IP-10 4776.68 3843.13 7302.09 322
(3303.89-6249.46) (2277.22-5409.04) (76.76-14527.43) :
MCP-1 1015.83 1050.01 1203.91 364
(881.14-1195.31) (156.75-1943.27) (201.35-2206.47) '
MIG 1079.40 111.33 (12.85-209.81) | 463.56 (291.59-635.53) = .063

(823.17-1335.63)
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MIP-1a 97.79 (37.7-157.88) 94.91 (59.82-130.00) 90.50 (51.58-129.42) .208

MIP-18 | 42.46 (34.87-50.05) 41.05 (34.24-47.86) 41.55 (30.39-52.71) 208
TNF-a 24.08 (2.44-45.72) 16.00 (7.81-24.19) 16.00 (0.83-31.17) 108
Eotaxina 10792.62 699.43

(10192.45-11392.79) (246.54-1152.32) 493.79 (335.57-998.69) | .808
GMCSF 6.4 (5.8-8.5) 6.4 (5.6-7.0) 7.8 (6.0-9.8) 010*

Tabla 6 Inmunoensayo multiple, cuantificacion de citocinas y quimiocinas al ingreso hospitalario. Datos presentados
en medianas y rangos intercuartilicos, diferencia de medianas por U Mann-Whitney. Las diferencias se consideraron
significativas cuando p < 0.05.

En un primer analisis retrospectivo, se formaron dos grupos, uno con 34 pacientes
sobrevivientes y otro con 20 pacientes no sobrevivientes, en el caso de la biometria
hematica, los parametros con diferencias significativas entre sobrevivientes y no
sobrevivientes fueron el numero total de neutréfilos, siendo mas elevado en pacientes no
sobrevivientes (p = 0.003) al igual que el porcentaje de neutrdfilos (p = 0.041), mientras
gue los porcentajes de linfocitos, monocitos y eosindfilos resultaron mas bajos en este
mismo grupo con respecto a los sobrevivientes (p = 0.001, p = 0.001, p = 0.007,
respectivamente). Al correlacionar las variables a través del analisis de Pearson para la
poblacidn total, se obtuvieron correlaciones significativas para las variables en nimeros
totales: leucocitos/neutréfilos (0.970, p < 0.001) y para las variables en porcentajes se
obtuvieron las correlaciones significativas para: neutrofilos/linfocitos (-0.762, p < 0.001)
y monocitos neutréfilos (-0.728, p < 0.001). No obstante, al hacer las mismas
correlaciones por grupos, solo se conservaron las correlaciones para
neutrofilos/linfocitos y monocitos/neutroéfilos. Por esta razon, se decidié analizar dichos

cocientes para la prediccion de mortalidad.

Al realizar un cociente entre el numero total de linfocitos y neutréfilos (LNR), observamos
gue los no sobrevivientes mostraron un LNR cuatro veces mayor con respecto a los

sobrevivientes al ingreso hospitalario (p = 0.003) (FIG. 2A), mientras que el cociente del

a7



namero total de neutréfilos entre el niamero total de monocitos (NMR) fue dos veces
menor en no sobrevivientes en comparacion con sobrevivientes al ingreso hospitalario (p
=0.001) (FiG. 2B). Al realizar curvas ROC, para el LNR el &rea debajo de la curva (AUC)
fue de 0.832 (1IC95%, 0.701—-0.922), con un punto de corte obtenido por indice de Youden
de < 0.008, con una sensibilidad del 85.00%, una especificidad del 74.19% y un riesgo
relativo (RR) de 5.8933 (IC95%, 1.9661-17.6652) (FiG. 3A). En el caso del NMR el AUC
fue de 0.890 (IC95%, 0.768-0.962) con un punto de corte 217.75 obtenido por indice de
Youden, con sensibilidad de 89.47%, especificidad de 80.00% y RR 8.8542 (IC95%,

2.2864-34.2878) (FIG. 38).

A B
0.4+ P =0.003 404 P =0.001
0.3+ 30+
4 o
- 20=
Z 0.2 =
——
0.1+ 10+
0.0 0
Survivors Non-survivors

Survivors Non-survivors

Fig.2 LNR y NMR calculados en la admision hospitalaria. (A) LNR result6 de la division de la cuenta total de linfocitos
entre la cuenta total de neutréfilos en la biometria hematica. (B) NMR resultd de la division de la cuenta total de
neutrofilos entre la cuenta total de monocitos en la biometria hematica. Distribucion normal estimada por la prueba de
Shapiro-Wilk. Se ocupo la prueba T de Student para muestras no pareadas para comparar ambos cocientes entre
sobrevivientes y no sobrevivientes. Los datos se representan como medias + desviacion estandar. LNR, Lymphocyte-
to-neutrophil ratio; NMR, neutrophil-to-monocyte ratio.
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Fig. 3 Curvas ROC de LNR y NMR para la prediccion de mortalidad de pacientes con COVID-19 severa, al ingreso
hospitalario. (A) Para el LNR el mejor punto de corte resulté < 0.088, con sensibilidad del 85% y una especificidad del
74.19%; con un indice de Youden de 0.5919 (1C95%0.3380-0.7387), RR de 5.8933 (IC95%, 1.9661-17.6652) y un OR
de 16.2917 (IC95%, 3.7550—70.6837). (B) Para el NMR el mejor punto de corte resulté = 17.75, con sensibilidad del
89.47% y una especificidad del 80.00%; con un indice de Youden de 0.6947 (IC95%, 0.4349-0.8333), RR de 8.8542
(IC95%, 2.2864—34.2878) y un OR de 27.9286 (IC95%, 5.1435-151.6497). LNR, Lymphocyte-to-neutrophil ratio; NMR,
neutrophil-to-monocyte ratio; ROC, Receiver Operating Characteristic curves; AUC, area under the ROC curve; IC,
intervalo de confianza; RR, riesgo relativo; OR, Odd ratio.

Al analizar otros parametros usados en la literatura para la prediccion de mortalidad en
pacientes con COVID-19 como leucocitos totales, dimero-D, proteina C reactiva o
procalcitonina, éstos presentaron un AUC menor al observado en los cocientes LNR y
NMR (TABLA 7). Los analisis de supervivencia por curvas de Kaplan-Meier mostraron que
los pacientes con NMR = 17.75 al ingreso tienen una probabilidad de supervivencia del
50% a los 9 dias (FIG. 4A), mientras que los pacientes con LNR < 0.008 tienen una

probabilidad de supervivencia del 50% a los 12 dias (FIG. 4B).

Parametros AUC 1C95%

Leucocitos totales 0.702 0.557-0.822

Neutrofilos totales 0.746 0.605-0.857

Linfocitos totales 0.735 0.593-0.849

Monocitos totales 0.605 0.458-0.739

Dimero D 0.730 0.548-0.869 )

Ferritina 0.777 0.601-0.901 Tabla 7 Areas debajo de la curva para
= - . . . parametros hematoldgicos y bioquimicos

Proteina-C reactiva 0.750 0.569-0.884 para predecir moralidad en pacientes con

Troponina | 0.656 0.464-0.816 COVID-19 severa en la admision hospitalaria.

Deshidrogenasa lactica 0.758 | 0.618-0.867 AUC area under the ROC curve; IC, intervalo

. de confianza.
Procalcitonina 0.826 0.682—-0.924
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Fig. 4 Curvas Kaplan-Meier comparando la probabilidad de supervivencia a partir del NMR y el LNR al ingreso
hospitalario en pacientes con COVID-19 severa. (A) Pacientes con un NMR > 17.75 a la admision hospitalaria,
muestran una probabilidad de supervivencia menor del 50% a partir del dia 9 de estancia hospitalaria. (B) Pacientes
con un LNR < 0.088 al ingreso hospitalario muestran una probabilidad de supervivencia menor del 50% a partir del dia
12 de estancia hospitalaria. NMR, neutrophil-to-monocyte ratio; LNR, Lymphocyte-to-neutrophil ratio.
En este aspecto, propusimos un triaje basado en el NMR y LNR al ingreso, en pacientes
mexicanos con COVID-19 severa, lo cual podria priorizar la atencién de pacientes con

mayor riesgo de fallecer, ademéas de optimizar recursos hospitalarios y de cuidados

intensivos (FIG. 5).

Criterios de hospitalizacion:

, a) Saturacion periférica <90%
Urgencias / Consulta Externa b) FR > 30 rpm

c) Imagen con afectacion pulmonar >50%

Manejo .
ambulatorio No S
Laboratorios de ingreso:
. >
NMR 2 17.75 * # Neutrdfilos / # Monocitos (NMR)
*LNR <0.088 P .
* # Linfocitos / # Neutrdfilos (LNR)
Manejo int V}I]gllar!:;? :
intrahospitalario No Si ntrahospi 'arla
habitual estrecha;
considerar UCI

Fig. 5 Triaje al ingreso hospitalario propuesto para pacientes con COVID-19 severa usando el NMR y el LNR. Con la
biometria hematica de ingreso, se debera dividir el nimero total de neutrdéfilos entre el nimero total monocitos (NMR)
y el nimero total de linfocitos entre el nimero total de neutréfilos (LNR). En caso de que el paciente tenga un NMR =
17.75 o un LNR = 0.088 se recomienda una estrecha vigilancia hospitalaria y se debera considerar la posibilidad de
ingreso a la unidad de cuidados intensivos. FR, frecuencia respiratoria; rpm, respiraciones por minuto; NMR,
neutrophil-to-monocyte ratio; LNR, lymphocyte-to-neutrophil ratio.
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Al comprobar ambos indices en la poblacién total captada (N=378, 255 sobrevivientes y
123 no sobrevivientes), se calculé un AUC para el NMR de 0.741 (IC95%, 0.687-0.796)

y para el LNR de 0.733 (IC95%, 0.679-0.787) (SupL. 3).

Posteriormente, se analiz6 la capacidad de prediccion de los biomarcadores
inmunoldgicos obtenidos a través de inmunoensayo multiple, y sélo la IL-15 fue capaz
de pronosticar mortalidad con un AUC mayor a 0.700 (TABLA 8). Para los demas datos
de laboratorio, s6lo se tomaron en cuenta aquellas variables con diferencias significativas
entre grupos; siendo la albumina la Unica variable individual capaz de predecir mortalidad
al ingreso hospitalario con una AUC mayor a 0.700 (TABLA 9). Por esta razon se decidié
explorar la posibilidad de conjuntar los valores de albumina e IL-15 mediante el cociente

IL-15/albimina como opcion para mejor la prediccion de ambos valores por separado.

Parametros AUC 1IC95%

Eotaxina 0.606 0.402-0.810

GMCSF 0.688 0.492-0.883

IL-1 RA 0.595 0.398-0.792

IL-10 0.631 0.437-0.834

IL-12 0.682 0.480-0.883

IL-13 0.557 0.331-0.782

IL-15 0.797 0.658-0.915

IL-17a 0.606 0.379-0.833

IL-1B 0.640 0.442-0.839

IL-2 0.652 0.454-0.850

IL-2R 0.530 0.299-0.761

IL-4 0.680 0.461-0.899

IL-6 0.614 0.418-0.809

IL-7 0.534 0.323-0.745

IL-8 0.627 0.432-0.821

INF-a 0.557 0.349-0.765

INF-y 0.633 0.416-0.849 Tabla 8. Areas debajo de la curva para citocinas y

IP-10 0561 0.335-0.786 quimiocinas al ingreso para predecir mortalidad en
pacientes con COVID-19 severa. AUC area under the

MCP-1 0.561 0.347-0.774 ROC curve; GMCSF, granulocyte and monocyte colony

MIG 0.659 0.465-0.853 stimulating factor: IL, interleucina; R, receptor; INF,

MIP-1a 0.561 0.347-0.774 interferon; IP, interferon-inducible protein; MCP, monocyte

MIPAB  05d0 03230757 | genemiiacnl nech M note e

TNF-a 0.509 0.286-0.733 TNF, tumor necrosis factor; IC, intervalo de confianza.
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Parametros AUC 1C95%

Leucocitos totales 0.597 0.508-0.686

Neutrofilos totales 0.641 0.555-0.728

Linfocitos totales 0.645 0.556-0.735

Eosindfilos totales 0.526 0.434-0.619

Monocitos totales 0.564 0.471-0.657

Urea 0.569 0.473-0.664

Creatinina 0.562 0.467-0.658

Acido urico 0.542 0.443-0.642

Bilirrubina directa 0.670 0.578-0.761

Bilirrubinas totales 0.627 0.535-0.720

Albumina 0.797 0.657-0.889

ALT 0.605 0.516-0.694

AST 0.586 0.492-0.680

ALP 0.635 0.542-0.727

DHL 0.679 0.589-0.768

CRP 0.695 0.615-0.775 ; )

Procalcitonina 0.635 05490722 | Loinicos de laboratorio al ingreso para
Ferritina 0.519 0.427-0.610 predecir mortalidad en pacientes con COVID-
Dimero D 0.657 0.572-0.741 _19 severa. AUC area L_mder the ROC curve; _IC,
CPK 0.561 0.470-0.652 aminouansterasa; | AST, | aspantato
CK-MB 0.615 0.527-0.702 aminotransferasa, ALP, fosfatasa alcalina,
Troponina | 0.251 0.176-0.327 DHL,_deshidrogenas'a'léctica; CRP, proteina C
Mioglobina 0.663 0.580-0.747 péptido natriurético tipo B.

Lactato 0.662 0.575-0.749

Los pacientes no sobrevivientes mostraron valores significativamente méas bajos de
albumina sérica en comparacion con aquellos que sobrevivieron (3.0 £ 0.5 vs. 3.6 £ 0.6
g/dL, p = 0.004) (FIGURA 6A). Los niveles de IL-15 fueron casi dos veces mayores en el
caso de los pacientes no sobrevivientes en comparacion con los sobrevivientes (488.7 +
242.8 vs. 261.7 £ 137.6 pg/mL, p < 0.001) (FIGURA 6B). No obstante, las diferencias entre
sobrevivientes y no sobrevivientes fueron mas evidentes al comparar el indice IL-
15/albamina; siendo hasta 2.2 veces mayor en no sobrevivientes (167.3 £ 63.8 vs. 74.2

+ 28.5, p < 0.001) (FIGURA 6C).
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Fig. 6 Niveles séricos al ingreso de albumina (A) e IL-15 (B) en pacientes con COVID-19 severa. (C) El indice IL-
15/albumina resulté de la division del valor sérico de IL-15 entre el valor de albumina al ingreso. Los datos son
presentados como medias + desviacion estandar.

Se hizo el analisis por curvas ROC para los tres parametros anteriores, el AUC de las
variables individuales aumento significativamente de 0.797 (1C95%,0.657-0.889) para la
albimina (FIGURA 7A) y 0.797 (IC95%,0.658-0.915) para la IL-15 (FIGURA 7B) a 0.841
(IC95%, 0.725-0.922) con el indice IL-15/albamina (FIGURA 7¢). Obtuvimos un punto de
corte para este indice de mas de 105.4, con una sensibilidad del 72.73% y una
especificidad del 87.18% para la prediccion de mortalidad en pacientes con COVID-19

severay un OR de 18.13 (IC95%, 4.81-68.37).
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Fig. 7 Andlisis por curvas ROC para albumina (A), IL-15 (B) e indice IL-15/albumina (C) medidas al ingreso hospitalario
como predictores de mortalidad.

Estos datos confirman que la combinacion de biomarcadores sanguineos con
parametros clinicos y de laboratorio aumenta el poder predictivo de mortalidad en

pacientes con COVID-19.
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CAPITULO 4: Discusion

Durante la pandemia de COVID-19 se vivié una crisis sanitaria alrededor del mundo, que
requeria una rapida distribucién de los recursos tanto materiales como humanos para
evitar las elevadas cifras de mortalidad.[118] México se encontré dentro de los paises
con mayor mortalidad debidas a la infeccién por SARS-CoV-2[119]; por lo que identificar
biomarcadores prondsticos, que fueran poblacidn especificos, fue una de las prioridades

en el campo de la investigacion.

En este caso, tras realizar los analisis de la poblacién recibida con COVID-19 severa en
un hospital de referencia de la Ciudad de México, pudimos notar que los biomarcadores
inmunolégicos permiten predecir mortalidad intrahospitalaria con una gran precision en
poblacion mexicana. En primer lugar, el analisis de los pardmetros de laboratorio
tomados a los pacientes de rutina al ingreso hospitalario revelo una estrecha relacion
entre las cuentas totales de neutrdfilos, linfocitos y monocitos, ligado al prondstico de los
pacientes. Los indices que relacionan estos parametros, LNR y NMR en particular, han
sido ampliamente utilizados como predictores de los desenlaces en otras patologias que
involucran un desbalance en la respuesta inmunoldgica, como sepsis, cancer o
enfermedades autoinmunes[120-125]. En el contexto de COVID-19, se han publicado
varios articulos utilizando el LNR como predictor de mortalidad, sin embargo, ninguno en
poblacién mexicana[126—132]. En todos estos articulos se concluye que este indice o su
inverso NLR, son predictores independientes de mortalidad en pacientes infectados con
SARS-CoV-2. En este estudio, encontramos en varios casos un conteo total de linfocitos
igual a cero, por lo que se optd por elegir el numero total de neutréfilos como dividendo

y como divisor el numero total de linfocitos. Todos estos datos coinciden con nuestros
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hallazgos en la poblacién mexicana, donde el LNR menor a 0.088 es capaz de predecir

mortalidad intrahospitalaria (OR = 16.2917, 95% CI 3.7550-70.6837).

En paralelo, el NMR resulté ser mejor predictor de mortalidad en nuestro grupo de
pacientes, al tener una mejor sensibilidad y especificidad que el LNR. Ademas, el indice
NMR ha sido utilizado por otros autores para la prediccion de mortalidad y de severidad
en pacientes con COVID-19, no obstante, la utilidad y puntos de corte han resultado
controversiales [128,130]. Por esta razén, consideramos que la busqueda de
biomarcadores y/o escalas de mortalidad debe ser poblacion-especifica y adaptada a las
particularidades de un grupo de sujetos que comparten un fondo genético, alimentacion,
exposicion a factores ambientales, entre otros, como es el caso de la poblacién
mexicana. En estudios elaborados previamente en otros paises, biomarcadores como
ferritina, proteina C reactiva, dimero-D, entre otros resultaron buenos predictores de
mortalidad en pacientes infectados por SARS-CoV-2 [61,72,133]. Sin embargo, nuestro
estudio revel6 que estos biomarcadores no son tan efectivos en poblacion mexicana

como el LNR y el NMR.

La justificacion detras del uso de LNR y NMR para identificar pacientes con COVID-19
severa con mayor riesgo de mortalidad se relaciona a los diferentes roles que
desempeiian los linfocitos, monocitos y neutrofilos durante la respuesta inmune contra el
virus. En los seres humanos, los neutréfilos son el tipo mas abundante de leucocitos con
funciones destacadas como primeros respondedores en la inflamacion aguda al migrar
hacia los tejidos lesionados en respuesta a sefales quimioatrayentes como la IL-8 [134].
Los neutréfilos ahora se consideran una de las células inmunitarias mas importantes en

la defensa del epitelio de las vias respiratorias contra la infeccién por SARS-CoV-2 al
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estimular localmente la produccion de IL-1 beta, IL-6, factor de necrosis tumoral alfa
(TNF-alfa), y especies reactivas de oxigeno (ROS). Paraddjicamente, la activacion
aberrante y el reclutamiento de neutroéfilos intensifican la respuesta inflamatoria aguda,
generando aun mas dafio del tejido epitelial, lo que lleva a la progresion de la
enfermedad.[135] Por el contrario, de manera muy general, los linfocitos son encargados
de mediar la tolerancia inmunoldgica a los autoantigenos, la activacién de la inmunidad
adaptativa especifica de patégenos y, por ultimo, la orquestacion de los mecanismos
inmunomoduladores [76]. Los linfocitos, incluidas las células T y B, pueden dirigir
mecanismos inmunomoduladores a través de la produccion de citocinas antiinflamatorias
como la IL-10 y el factor de crecimiento transformante beta 1 (TGF-B1) [136].
Paralelamente, los monocitos son leucocitos que se encuentran en circulacion, en el caso
de los humanos se pueden clasificar en tres subpoblaciones segun la expresion de
marcadores de superficie celular (CD) 14 y CD16 [137]. La subpoblacién clasica de
monocitos expresa altos niveles de CD14 y carecen de CD16. Los monocitos intermedios
muestran expresion de CD14 y CD16; por el contrario, los monocitos no clasicos
expresan niveles muy bajos de CD14 acomparfiados de una alta expresion de CD16[138].
Curiosamente, la reduccion de las subpoblaciones de monocitos intermedios y no
clasicos se ha asociado recientemente con una mayor gravedad de la infeccion por
SARS-CoV-2[139]. Ademas, los monocitos también pueden diferenciarse en macrofagos
activados y resolver las respuestas inflamatorias promoviendo la reparacion de tejidos a
través de la produccion de mediadores de la resolucion como IL-10, TGF-B1, lipoxinas y
resolvinas[140,141]. En otras palabras, los neutrdfilos y las poblaciones celulares de

linfocitos y monocitos parecen tener roles antagonicos tipicos en multiples escenarios
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inflamatorios, incluido el provocado por la infecciébn por SARS-CoV-2. Por lo tanto, es
factible suponer que LNR y NMR podrian reflejar un desequilibrio entre estas células
inmunitarias que, a su vez, podria estar relacionado con una inflamacion excesiva y una
pobre supervivencia en pacientes con COVID-19 severa. Estos datos, no solo ofrecen
una opcion para predecir mortalidad intrahospitalaria en pacientes con SARS-CoV-2,
sino que permiten vislumbrar posibles lineas de tratamiento dirigidas a regular la
respuesta inmunolégica y a promover la resolucion de la inflamacion de las vias

aéreas[142,143].

Pese a que biomarcadores provenientes de la biometria hematica nos permiten
identificar con eficacia que pacientes requieren ser atendidos con prioridad, es
importante evaluar nuevas herramientas que nos ayudan a mejorar el valor predictivo de
las escalas clinicas utilizadas actualmente, tomando en cuenta el desarrollo tecnoldgico
y el avance en el conocimiento de la inmunologia detras de las enfermedades. Por
ejemplo, nosotros propusimos evaluar las citocinas séricas para Su usO como
biomarcadores de mortalidad en combinacion con los pardmetros de laboratorio ya

analizados de rutina, en particular la IL-15 y la albumina sérica.

La combinacién de valores séricos de citocinas con parametros de laboratorio surgi6
recientemente como un enfoque prometedor para estimar el prondstico en pacientes con
infeccion por SARS-CoV-2. Un estudio realizado en China demostrd que el uso de IL-2R
mejora la precision del recuento de linfocitos para predecir el riesgo de desarrollar
COVID-19 severa a critica[144]. Asimismo, la combinacion entre IL-6 y el conteo de
células T CD8+ mejora la prediccién de mortalidad en pacientes con COVID-19, con un

mejor desempefio que otras herramientas de prediccion clinica, como la puntuacion
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CURB-65 [145]. De acuerdo con la evidencia anterior, nosotros demostramos que la
combinacion de IL-15 con albimina a través de una simple divisibn mejoro
considerablemente la capacidad para identificar a los pacientes con mayor riesgo de
mortalidad. Ademas, la IL-15 no ha sido el Unico biomarcador combinado con la albumina
para mejorar su poder predictivo de mortalidad en COVID-19, otras combinaciones se
han reportado en la literatura, como el indice neutrofilos/albumina (AUC 0.736),

BUN/albumina (AUC 0.809) y CRP/albumina (AUC 0.807) [146-148].

Dado que el uso del indice IL-15-albumina actia como un predictor preciso de
mortalidad, creemos que es de gran importancia discutir los posibles mecanismos a
través de los cuales estas moléculas pueden contribuir a la progresion y gravedad de la
COVID-19. La disminucion de la albumina sérica es una de las alteraciones de laboratorio
mas comunes en pacientes con COVID-19 que requieren hospitalizacion [149]. La
hipoalbuminemia también es un componente central de mdultiples afecciones, como el
cancer, la cirrosis, los traumatismos y la sepsis [150-153]. De hecho, la albimina sérica
baja es un predictor de mortalidad en pacientes criticos con sepsis y shock séptico [152].
Por lo tanto, creemos que es crucial comprender los posibles mecanismos por los cuales
algunos elementos fisiopatol6gicos de COVID-19 contribuyen a la disminucién de los
niveles de albumina sérica. En primer lugar, la disminucién de la produccion de albumina
hepatica se asocia con una mayor liberacion de mediadores proinflamatorios
pertenecientes a la tormenta de citocinas relacionada con la COVID-19, como proteina
C-reactiva, la IL-6 y el TNF-a [150]. En la infeccion por SARS-CoV-2, Huang y
colaboradores informaron una correlacion inversa entre la IL-6 y la albumina sérica en

pacientes con menor probabilidad de supervivencia [149]. Ademas, la IL-6 recombinante
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humana induce una disminucién dependiente de la dosis y el tiempo en los niveles de
ARNmM de albamina en células HepG2 cultivadas in vitro [154]. Esta informacién se vuelve
mas significativa en pacientes con COVID-19, en los que los niveles elevados de TNF-
alfa e IL-6 pueden disminuir directamente la produccion de albumina y provocar
hipoalbuminemia. En segundo lugar, varias enfermedades inflamatorias agudas
muestran que el contenido sérico de albumina puede redistribuirse al espacio intersticial
debido al aumento de la permeabilidad vascular y la fuga capilar, lo que lleva a una
disminucién de los valores de albumina sérica [150,155]. Esta informacién concuerda
con el hecho de que la COVID-19 se caracteriza por la liberacion de potentes mediadores
de la permeabilidad vascular, como los metabolitos del &cido araquidonico, la IL-8 y la
quimiocina MCP-1, los cuales podrian contribuir a la fuga capilar de albumina [156]. De
esta manera, ambos mecanismos, tanto una disminucion en la produccién, como una
fuga capilar pueden actuar en sinergia disminuyendo los niveles séricos de albumina
detectados en pacientes con COVID-19, ambos mecanismos siendo mediados
principalmente por la tormenta de citocinas generada por la infeccion viral. Especulamos
gue estos mecanismos fisiopatolégicos podrian estar detras de la correlacién entre la

hipoalbuminemia y la severidad y mortalidad en COVID-19.

En paralelo, existe poca evidencia que respalde el posible papel de la IL-15 en la
progresion y mortalidad de COVID-19. La IL-15 es una citocina inmunorreguladora
conocida por sus propiedades antivirales y es expresada por células mieloides para
contribuir en la respuesta de las células T, activar las células NK y modular la inflamacion
[140,157]. En los linfocitos, la union de la IL-15 con su receptor heterodimero IL-2/15RBy

induce su activacion, resultando en el aumento en la proliferacion, asi como en el
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aumento de su supervivencia [158,159]. En estudios previos sobre el papel de la IL-15
en patologias pulmonares, se ha demostrado que la IL-15 inhibe la produccién de
citocinas proinflamatorias, reduce la hiperplasia de las células caliciformes y regula la
obstruccion de las vias respiratorias inducida por alérgenos en ratones mediante la
induccién de células T reguladoras productoras de IFN-y e IL-10 [160]. En otro estudio
en un modelo murino de fibroinflamacion crénica pulmonar, se demostré que el
tratamiento con IL-15 mejora el desenlace a través de la induccion de células NK [161].
Ademas, se demostr6 que la IL-15 mejora la actividad de las células NK, mientras que el
blogueo de la IL-15 enddgena retrasa la entrada de las mismas células en las vias
respiratorias en ratones infectados con influenza, dando como resultado una replicacion
viral incontrolada [162]. La IL-15 regula tanto la respuesta innata como la adaptativa
contra la infeccion por influenza controlando la replicacion viral temprana [157]. De igual
manera, en humanos se demostré que los niveles plasmaticos de IL-15 aumentan en
pacientes infectados con MERS-CoV, lo que ademas se asocia a un aumento en el
conteo de células NK 'y T CD8+ [163]. En monocitos humanos, la unién de la IL-15 con
su receptor de alta afinidad IL-2RB/IL-15Ra induce la liberacion de IL-8 y MCP-1,
reclutando neutréfilos y monocitos en el espacio bronqueo alveolar contribuyendo al dafio
tisular y por lo tanto a la insuficiencia respiratoria[164]. También, la actividad autocrina
de la IL-15 en macr6fagos promueve la liberacién de TNF-a, citocina que se ha visto
relacionada con la activacion de vias apoptoticas en células endoteliales aumentando las
lesiones endoteliales y la permeabilidad vascular [165,166]. Todos estos mecanismos
fisiopatoldgicos mediados por la IL-15 podrian estar relacionados con la severidad y/o

progresion de la COVID-19. De acuerdo con esta idea, en un estudio se realiz6 el analisis
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de biomarcadores solubles en 175 pacientes con infeccion grave por SARS-CoV-2; en
este, se reveld que la IL-15 aumenta en la misma proporcion que la mortalidad [167]. Un
estudio transversal mostré que los pacientes con COVID-19 con niveles séricos elevados
de IL-15 al ingreso hospitalario, experimentan una estancia hospitalaria mas larga [168].
En conjunto, esta informacion revela un papel fundamental de la IL-15 en la progresién
de la infeccion por SARS-CoV-2 y respalda el uso de esta citocina como predictor de
mortalidad intrahospitalaria en pacientes con COVID-19. Sin embargo, se requieren mas
estudios para develar los mecanismos moleculares subyacentes especificos que
correlacionen la albumina, la IL-15 y la supervivencia en pacientes infectados por SARS-

CoV-2.

Otro fendbmeno captado en el desarrollo de la tesis fue el hallazgo inesperado de que no
hubo diferencia entre los sobrevivientes y los no sobrevivientes por género e IMC. Los
primeros estudios documentaron que la tasa de letalidad de los casos de COVID-19 era
mayor en los hombres que en las mujeres. Sin embargo, algunos estudios han
encontrado que una vez que se desarrolla una COVID-19 severa, el riesgo de morir es
similar en mujeres y hombres [169]. De esta manera, todos los pacientes con criterios de
hospitalizacion que incluimos en el estudio, no encontramos diferencias significativas en
la mortalidad entre hombres y mujeres, lo que concuerda con los hallazgos mas
recientes. Los hombres tienen mas probabilidades de ser hospitalizados que las mujeres;
sin embargo, la mortalidad es similar en ambos sexos una vez que se presenta la
enfermedad grave. Del mismo modo, aunque notamos que el IMC y la prevalencia de la
obesidad tendian a ser mas altos en los no sobrevivientes que en los sobrevivientes; no

obstante, no encontramos diferencias significativas en la mortalidad por COVID-19. De
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acuerdo con nuestros hallazgos, varios estudios han informado que el IMC o la obesidad
no son necesariamente predictores independientes de mortalidad hospitalaria en COVID-
19 [170-172]. Podemos tratar de explicar esta aparente controversia considerando que,
en el momento de la hospitalizacion, todos los pacientes incluidos en nuestro estudio
habian desarrollado la forma severa de la COVID-19, incluyendo dificultad respiratoria y
neumonia. Sin embargo, debemos considerar estos hallazgos con precaucion, pues se
necesita mas investigacion para comprender los roles del sexo y la obesidad en la

mortalidad por COVID-19 dentro de la poblacion mexicana.
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CAPITULO 5: Limitaciones y perspectivas

Dentro de las limitaciones en la elaboracion de esta tesis se encuentra el tamafo de la
muestra, ya que para validar los resultados obtenidos se requiere evaluar los indices
encontrados en una n mayor. De la misma forma, para su aplicacion en el campo clinico
real, se deberan incluir en el analisis pacientes inmunolégicamente comprometidos,
como mujeres embarazadas o con enfermedades autoinmunes, cancer, infeccion por
VIH, VHB o VHC, que en este caso fueron excluidos ya que al ser pacientes vulnerables
tienden a ser hospitalizados con mayor frecuencia por COVID-19. Finalmente, los
primeros indices, LNR y NMR, obtenidos a través de parametros simples como la
biometria hematica son de facil acceso en contextos de recursos limitados. Para el caso
del indice IL-15/albumina, se deben desarrollar tecnologias para su cuantificacién rapida,
eficaz y a bajo costo en un escenario clinico como el que ofrecen los hospitales del tercer

nivel de atencion.

Durante la pandemia nos enfrentamos al desconocimiento completo del manejo de los
pacientes infectados; la inexistencia de tratamiento especifico llevdo a muchos paises,
incluido el nuestro, a una crisis sanitaria. Los biomarcadores son herramientas eficaces
gue nos permiten identificar a los pacientes con peor prondéstico para dirigir y distribuir
los recursos disponibles de la mejor manera posible. En este contexto y para futuros
eventos epidemiologicos, el presente trabajo de tesis demuestra que conjuntar
biomarcadores comunmente utilizados en la clinica puede ser un excelente primer
recurso para identificar pacientes en riesgo. Sin embargo, para lograr un mayor poder
predictivo se debe considerar el uso de nuevas estrategias y tecnologias diferentes a la

practica clinica habitual, como en este caso el uso de un inmunoensayo multiple.
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Ademads, la cooperacion interdisciplinaria es clave para el rdpido avance del
conocimiento. Por esta razon, es importante sensibilizar al personal clinico sobre la
importancia de la investigacion traslacional. Asi como facilitar el acceso a los datos
clinicos y muestras biologicas al personal de investigacion (biélogos, quimicos,
bioinformaticos, etc.) desde el inicio es clave para agilizar la produccién del conocimiento

gue permita mejorar el manejo clinico y desenlace de los pacientes.
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CAPITULO 6: Conclusiones

En conclusion, este estudio apoya la idea de estudiar biomarcadores en poblaciones
especificas para una mejor prediccion de mortalidad hospitalaria, particularmente en
pacientes con COVID-19 severo. Esto permitira la distribucion adecuada de recursos en
caso de encontrarnos con otra crisis sanitaria como la que se vivié durante los primeros
afos de la pandemia. La presente tesis muestra dos indices que correlacionan tres
paradmetros obtenidos de una biometria hematica rutinaria al ingreso hospitalario para la
prediccién de mortalidad en pacientes infectados por COVID-19, el LNR con un punto de
corte inferior a 0.088 y el NMR con un punto de corte superior a 17.75. Asimismo, se
muestra como parametros inmunologicos no medidos rutinariamente son capaces de
mejorar la prediccion de mortalidad de biomarcadores ya utilizados en la clinica. El indice
IL-15/albumina fue capaz de mejorar el AUC = 0.797 de la albumina individualmente a
0.841 conjuntando ambos valores. Los mecanismos moleculares que correlacionan
todos estos biomarcadores con la mortalidad y severidad de la COVID-19 permanecen
aun sin ser comprendidos por completo, por lo que estudios que revelen su relaciéon aln
son necesarios ya que podrian convertirse en potenciales blancos terapéuticos si se

conocen los mecanismos subyacentes.
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Abstract: There is a deep need for mortality predictors that allow clinicians to quickly triage
patients with severe coronavirus disease 2019 (Covid-19) into intensive care units at the time of
hospital admission. Thus, we examined the efficacy of the lymphocyte-to-neutrophil ratio (LNR) and
neutrophil-to-monocyte ratio (NMR) as predictors of in-hospital death at admission in patients with
severe Covid-19. A total of 54 Mexican adult patients with Covid-19 that met hospitalization criteria
were retrospectively enrolled, followed-up daily until hospital discharge or death, and then assigned
to survival or non-survival groups. Clinical, demographic, and laboratory parameters were recorded
atadmission. A total of 20 patients with severe Covid-19 died, and 75% of them were men older than
62.90 + 14.18 years on average. Type 2 diabetes, hypertension, and coronary heart disease were more
prevalent in non-survivors. As compared to survivors, LNR was significantly fourfold decreased
while NMR was twofold increased. LNR < 0.088 predicted in-hospital mortality with a sensitivity of
85.00% and a specificity of 74.19%. NMR > 17.75 was a better independent risk factor for mortality
with a sensitivity of 89.47% and a specificity of 80.00%. This study demonstrates for the first time
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that NMR and LNR are accurate predictors of in-hospital mortality at admission in patients with
severe Covid-19.

Keywords: SARS-Cov-2; Covid-19; mortality predictor; in-hospital death risk; lymphocyte; monocyte;
neutrophil; intensive care unit

1. Introduction

The outbreak of coronavirus disease 2019 (Covid-19) is an ongoing global pandemic caused by
the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) that has affected the lives
of millions of people worldwide [1]. Although more than 85% of patients with Covid-19 show a
self-limiting illness with symptoms such as mild fever, dry cough, and fatigue, some patients develop
severe pneumonia that can progress to acute respiratory distress syndrome, multiple organ failure,
and death [2]. Mortality rates directly attributed to severe Covid-19 ranges from 3% in countries
like China to 10% in countries like Spain [3,4]. However, mortality rates above 10% have been
alarmingly reported in other countries like Italy, UK, and Mexico [4-6]. In particular, a 145% excess
mortality associated with severe Covid-19 has been recently estimated for some Mexico’s cities, which is
presumably associated with higher prevalence of comorbidities such as obesity, type 2 diabetes (T2D),
and hypertension in our population [7]. Thus, it is of great importance to develop novel tools that help
us to estimate the mortality risk at admission in patients with severe Covid-19 that need hospitalization,
with the aim of quickly triaging them into intensive care units.

Clinical features of patients with Covid-19 have revealed a number of potential biochemical
markers associated with in-hospital mortality. In particular, the blood levels of D-dimer, ferritin,
C-reactive protein (CRP), troponin I, lactate dehydrogenase (LDH), and procalcitonin have been
extensively studied due to their apparently good accuracy to discriminate patients with the most severe
courses of the disease [8-13]. In parallel, numerous studies have also proposed the use of hematological
markers such as lymphocyte, monocyte, and neutrophil counts that seem to associate with increased
severity and mortality in patients with Covid-19 [14,15]. Actually, it has been consistently demonstrated
that, in seriously ill patients with Covid-19, the blood count of lymphocyte and monocyte populations
decreases whereas neutrophil counts increase [15]. However, total counts of these white blood cells
(WBC) are merely associated with severity and mortality of Covid-19 but fails to predict death risk in
clinical practice [14]. For this reason, a growing body of evidence has now proposed that ratios among
lymphocytes, monocytes, and neutrophils are more accurate to predict mortality than cell count of
lymphocytes, monocytes, and neutrophils by itself [16,17]. As a matter of fact, numerous reports have
previously shown that the lymphocyte-to-neutrophil ratio (LNR) and the neutrophil-to-monocyte ratio
(NMR) are markers associated with poorer survival in acute lung bacterial infection, sepsis, and many
solid tumors including gastroesophageal, colorectal, pancreatic, prostate, and breast carcinoma [18-20].
Nevertheless, NLR and NMR have been scarcely explored as mortality predictors in patients with
severe Covid-19, especially in countries with a disproportionate number of deaths related to this
disease, such as Mexico.

For this reason, our main goal was to assess the efficacy of LNR and NMR as predictors of mortality
at admission in adult patients with severe SARS-CoV-2 infection that met hospitalization criteria.

2. Material and Methods

2.1. Subjects

A total of 54 Mexican patients of both sexes aged 18 years or older, with severe Covid-19,
admitted to the Department of Intensive Medical Therapy of the General Hospital of Mexico,
were retrospectively enrolled in the study from 23 March 2020 to 26 June 2020. The diagnosis
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of Covid-19 was confirmed by specific detection of the SARS-CoV-2 in nasopharyngeal swabs using
quantitative polymerase chain reaction (qPCR) according to the World Health Organization (WHO)
technical guidance [21]. Patients seriously ill with Covid-19 that needed hospitalization were enrolled
in the study if they met at least one of the following criteria: oxygen saturation level (SpO,) < 93%
on room air, respiratory distress > 30 breaths/min, and/or > 50% lung involvement on imaging.
Patients were excluded from the study if they had previous diagnosis of cancer, end-stage kidney
and/or liver failure, endocrine disorders, infectious diseases, and/or autoimmune disease. We also
excluded from the study human immunodeficiency virus (HIV), hepatitis C virus (HCV), and hepatitis
B virus (HBV)-seropositive individuals, patients under long-term immunomodulatory medication
including non-steroidal anti-inflammatory drugs, unconscious patients that had lost ability to respond,
and pregnant or lactating women. All participants provided written informed consent, previously
approved by the institutional ethical committee of the General Hospital of Mexico (registration number
of the ethical code approval: DI/20/501/03/17), which guaranteed that the study was conducted in
rigorous adherence to the principles that were described in the 1964 Declaration of Helsinki and its
posterior amendment in 2013.

2.2. Data Collection

Laboratory and clinical data were collected at hospital admission from all patients enrolled in
the study using the digital version of the electronic health record of the General Hospital of Mexico.
Demographic data and medical history including previous diagnosis of obesity (body mass index
(BMI) > 30 kg/m?), T2D (glycated hemoglobin (HbA1c) > 6.5% or medication to treat T2D), high blood
pressure (>130/80 mm Hg or medication to treat hypertension), and coronary heart disease (CHD)
were personally recorded at the Department of Intensive Medical Therapy. Furthermore, the need
for invasive mechanical ventilation (IMV) with an oral endotracheal tube attached to a mechanical
ventilator, time to extubation, inpatient days up to the main outcome, and drug regimen to treat
Covid-19 were personally recorded at the Department of Intensive Medical Therapy. All patients
were followed-up with daily, until hospital discharge or death, and then were assigned to survival or
non-survival groups, respectively.

2.3. Laboratory Measures

Laboratory measures included biochemical parameters, liver function tests, and kidney function
test as follows: blood glucose, triglycerides, total cholesterol, low-density lipoproteins (LDL),
high-density lipoproteins (HDL), alanine aminotransferase (ALT), aspartate aminotransferase (AST),
gamma glutamyl transferase (GGT), alkaline phosphatase (ALP), total bilirubin, direct bilirubin, indirect
bilirubin, amylase, lipase, creatinine phosphokinase (CPK), creatinine kinase myocardial band (CK-MB),
total protein, albumin, LDH, serum creatinine, uric acid, calcium, phosphorus, chloride, potassium,
sodium, and magnesium. Additional measures also included hematological and immune parameters,
and coagulation tests as follows: WBC count, red blood cell (RBC) count, lymphocytes, monocytes,
eosinophils, basophils, band cells, neutrophils, hemoglobin, hematocrit, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), red blood cell distribution width (RDW), platelet count,
mean platelet volume, CRP, troponin I, ferritin, procalcitonin, myoglobine, D-dimer, fibrinogen,
prothrombin time (PT), international normalized ratio (INR), activated partial thromboplastin time
(aPTT), and thrombin time (TT). LNR resulted of dividing the total lymphocyte count by the total
neutrophil count. NMR resulted of dividing the total neutrophil count by the total monocyte count.
All laboratory parameters were measured using the Beckman Coulter DxC 700 AU Chemistry Analyzer
(Beckman Coulter Inc., Brea, CA, USA), the Coulter LH 780 Hematology Analyzer (Beckman Coulter
Inc., Brea, CA, USA), and the BCS® xp System (Siemens Healthcare GmbH, Erlangen, Germany)
following strict adherence to the standard operating procedures.
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2.4. Statistics

All laboratory parameters were recorded at hospital admission and then analyzed retrospectively.
Normality of data distribution was estimated by the Shapiro-Wilk test. The unpaired Student’s T-test
was used to compare age, BMI, blood glucose, triglycerides, total cholesterol, LDL, HDL, ALT, AST,
GGT, alkaline phosphatase, total bilirubin, direct bilirubin, indirect bilirubin, total protein, albumin,
LDH, serum creatinine, uric acid, calcium, phosphorus, chloride, potassium, sodium, magnesium,
WBC count, RBC count, lymphocytes, monocytes, eosinophils, basophils, band cells, neutrophils,
hemoglobin, hematocrit, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular
hemoglobin concentration, RDW, platelet count, mean platelet volume, CRP, troponin, ferritin,
procalcitonin, D-dimer, fibrinogen, PT, INR, aPTT, TT, time to extubation, inpatient days, LNR,
and NMR between survival and non-survival groups, and data are expressed as mean + standard
deviation. The chi-squared test was used to compare the prevalence of obesity, T2D, hypertension,
coronary heart disease, the number of patients that required IMV, and the sex ratio in survival and
non-survival groups, and data are expressed as absolute values or percentages. Receiver operating
characteristic (ROC) curves were conducted to calculate area under the curve (AUC) and 95% confidence
interval (95% CI) for LNR and NMR. ROC curves together with the Youden index was used to calculate
optimal cut-off points, sensitivity, specificity, Relative Risk (RR), Odd Ratio (OR), and 95% CI for LNR
and NMR. The sensitivity, specificity, and OR were also calculated for LNR and NMR together by
means of the chi-squared test. Multiple regression analysis was performed to estimate the effect of
potential confounding variables including obesity, T2D, hypertension, CHD, age, and gender on the
accuracy of LNR and NMR as predictors of in-hospital death. Survival analyses were performed for
LNR, NMR, and other potential mortality predictors by the Kaplan-Meier method. Differences were
considered significant when p < 0.05. Statistical analyses were performed by means of the GraphPad
Prism 6.01 software (GraphPad Software, La Jolla, CA 92037, USA), the MDCalc Software (New York,
NY 10003, USA), the IBM SPSS Statistics version 26.0 (IBM, Armonk, NY, USA), and the R i386 3.5.2
terminal (Microsoft Corp., Boston, MA, USA).

3. Results

Figure 1 shows the selection process of patients enrolled in the study based on the inclusion and
exclusion criteria.

After hospital admission, 63% (n = 34) seriously ill patients with Covid-19 survived, whereas
nearly 37% (n = 20) patients with a severe course of this disease died (Table 1). Among non-survivors,
75% (n = 15) of patients were men (p = 0.002). Patients in the non-survival group were, on average,
about 9 years older than individuals in the survival group (62.90 + 14.18 versus 54.06 + 12.43 years,
respectively) (Table 1). In contrast, there were no significant differences between survivors and
non-survivors for BMI (28.24 + 4.60 versus 27.88 + 4.05 kg/mz, respectively). Furthermore, there
were no significant differences between survivors and non-survivors with respect to the prevalence of
obesity (p = 0.277). On the contrary, the prevalence of T2D (p = 0.037), hypertension (p = 0.006), and
CHD (p = 0.033) was significantly increased in the non-survival group as compared to the survival
group (Table 1). The need for intubation was significantly greater in the non-survival group than in the
survival group (83.33 versus 30.43%, respectively) with no significant differences with respect to the
time to extubation, number of days that patients spent in hospital, and the five-drug regimen used for
treating patients that included aziythromycin, ceftriaxone, enoxaparin sodium, dexamethasone, and
acetaminophen (Table 1).

72



Microorganisms 2020, 8, 1560

Eligible patients (n=117)
a) SpO2 < 93% on room air, and/or
b) Respiratory distress > 30 breaths/min, and/or
) >50% lung involvement on imaging, and
d) Specific detection of SARS-CoV-2 by qPCR

Exclusion criteria:

1) Di i for cancer,

d-st.

respond

4) Pregnancy or lactation

gnosis

Kidney or liver disease, autoimmune dise
endocrine disorders, HIV, HCV, HBV.

2) Long-termimmunomodulatory therapy.

3) Unconscious patients that had lost ability to

8
ase,

I Patients enrolled in the study (n=54) I

Collection of laboratory and
clinical data at admission

Following-up until hospital
discharge or death

| survivalgroup@=34) | [ Non-survivalgroup (n-20) |

!

Retrospective analysis of in-hospital mortality
predictorsin seriously ill patients with Covid-19

50f17

Figure 1. Schematic flow chart showing the selection process of patients enrolled in the study
based on the inclusion and exclusion criteria. SpO,, oxygen saturation level; SARS-CoV-2, novel
severe acute respiratory syndrome coronavirus-2; qPCR, quantitative polymerase chain reaction;
HIV, human immunodeficiency virus; HCV, hepatitis C virus; HBV, hepatitis B virus; Covid-19,
coronavirus disease 2019.

Table 1. Demographic and clinical characteristics in hospitalized patients with severe Covid-19.
Abbreviations: W, women; M, men; BMI, body mass index; T2D, type 2 diabetes; IMV, invasive
mechanical ventilation. Normality of data distribution was estimated by the Shapiro-Wilk test.
The unpaired Student’s T-test was used to compare numerical variables and data are presented as mean
+ standard deviation. The chi-squared test was used to compare categorical variables and data are

expressed as absolute values or percentages. * Differences were considered significant when p < 0.05.

Survivors Non-Survivors
Parameters (n=34) (n=20) p Value
Gender (W/M) 21/13 5/15 0.002 *
Age (years) 54.06 +12.43 629 +14.18 0.020*
BMI (kg/m?) 28.24 + 4.60 27.88 +4.05 0.903
Obesity prevalence (%) 5217 41.66 0277
T2D prevalence (%) 43.47 75.00 0.037 *
Hypertension prevalence (%) 17.39 58.33 0.006 *
Coronary heart disease (%) 8.69 33.33 0.033 *
IMV (%) 30.43 83.33 0.001 *
Time to extubation (days) 243 +0.79 3.66 + 0.82 0.167
Inpatient days (days) 15.65 + 3.13 8.41 + 1.66 0.060

Drug regimen

Aziythromycin, ceftriaxone, enoxaparin
sodium, dexamethasone, and acetaminophen
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At hospital admission, there were no significant differences between survivors and non-survivors
with respect to serum glucose, creatinine, uric acid, triglycerides, total bilirubin, indirect bilirubin,
ALT, ALP, total protein, amylase, lipase, CPK, CK-MB, phosphorus, magnesium, sodium, potassium,
chlorine, and calcium (Table 2). On the contrary, blood levels of urea (p = 0.004), total cholesterol
(p = 0.010), HDL (p = 0.015), LDL (p = 0.012), direct bilirubin (p = 0.012), AST (p = 0.021), GGT (p = 0.015),
albumin (p = 0.001), and LDH (p = 0.001) showed statistically significant differences between survivors
and non-survivors at hospital admission (Table 2).

Table 2. Biochemical parameters, kidney function tests, and liver function tests at admission in
hospitalized patients with severe Covid-19. Abbreviations: HDL, high-density lipoproteins; LDL,
low-density lipoproteins; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP,
alkaline phosphatase; GGT, gamma glutamy] transferase; LDH, lactate dehydrogenase; CPK, creatinine
phosphokinase; CK-MB, creatinine kinase myocardial band. Normality of data distribution was
estimated by the Shapiro-Wilk test. The unpaired Student’s t-test was used to compare numerical
variables and data are presented as mean + standard deviation. * Differences were considered significant

when p < 0.05.
Survivors Non-Survivors
Parameters (n=34) (n=20) p Value
Glucose (mg/dL) 148.19 +92.13 148.16 + 60.76 0.999
Urea (mg/dL) 42,05 + 37.06 91.07 + 77.16 0.004 *
Creatinine (mg/dL) 0.995 +1.18 1.85+2.79 0.133
Uric Acid (mg/dL) 5.65+2.81 7.39 + 4.09 0.097
Total Cholesterol (mg/dL) 151.77 + 34.98 126.06 + 20.85 0.010 *
Triglycerides (mg/dL) 166.04 + 67.93 169.75 + 54.89 0.853
HDL (mg/dL) 34.30 +10.88 23.92 + 12.09 0.015*
LDL (mg/dL) 95.30 + 30.14 70.38 + 18.69 0.012 *
Total bilirubin (mg/dL) 0.684 + 0.401 0.804 + 0.315 0.349
Direct bilirubin (mg/dL) 0.185 + 0.133 0.323 + 0.215 0.012*
Indirect bilirubin (mg/dL) 0.492 + 0.254 0.498 + 0.153 0.939
ALT (IU/L) 3542 +26.29 41.47 + 2892 0465
AST (IU/L) 3474 £ 22.86 59 +£47.74 0.021*
ALP (IU/L) 91.00 + 27.22 125.29 + 120.86 0.134
GGT (IU/L) 69.54 +43.07 124.33 + 101.26 0.015*
Total Protein (mg/dL) 6.59 + 0.525 6.31 +0.627 0.099
Albumin (mg/dL) 3.59 +0.479 2.94 +0.409 0.001 *
LDH (IU/L) 320.63 +132.11 475.63 + 195.83 0.001 *
Amylase (IU/L) 46.1 +35.39 56.83 + 26.93 0.429
Lipase (IU/L) 116.00 + 304.00 52.36 + 52.27 0.502
CPK (IU/L) 101.52 + 97.49 699.57 + 1937.82 0.114
CK-MB (IU/L) 23.80 +11.90 44.43 £ 59.39 0.099
Phosphorus (mg/dL) 3.89 +2.01 425+ 1.67 0516
Magnesium (mg/dL) 2.74 +3.53 242 +£0.629 0.698
Sodium (mEq/L) 136.00 + 6.56 13853 + 6.31 0.182
Potassium (mEq/L) 556 + 6.67 447 +0.719 0484
Chlorine (mEq/L) 100.28 +7.19 101.84 + 6.49 0.441
Calcium (mg/dL) 8.63 +0.686 814 +1.20 0.076

There were no significant differences between survivors and non-survivors for prothrombin time,
INR, thrombin time, aPTT, fibrinogen, troponin I, and myoglobine (Table 3). On the other hand,
non-survivors showed significantly higher values of D-dimer (p = 0.017), ferritin (p = 0.012),
CRP (p = 0.014), and procalcitonin (p = 0.037) than survivors at the time of admission (Table 3).
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Table 3. Coagulation and immune parameters at admission in hospitalized patients with severe
Covid-19. Abbreviations: INR, international normalized ratio; aPTT, activated partial thromboplastin
time; CRP, C-reactive protein. Normality of data distribution was estimated by the Shapiro-Wilk test.
The unpaired Student’s t-test was used to compare numerical variables and data are presented as mean

+ standard deviation. * Differences were considered significant when p < 0.05.

Survivors Non-Survivors
Parameters (n=34) (n=20) p Value
Prothrombine time (s) 11.97 + 249 12.96 + 1.55 0.237
INR 0.995 + 0.246 1.10 £ 0.167 0.216
Thrombin time (s) 16.76 + 1.61 1778 +1.42 0.085
aPTT (s) 26.18 £ 6.99 26.36 +5.68 0.941
Fibrinogen (mg/dL) 637.23 +222.29 703.75 + 206.92 0.400
D-dimer (Ug/L) 975.33 + 477 .81 8260.33 + 13354.39 0.017 *
Ferritin (ng/mL) 522.62 +451.93 937.00 + 415.09 0.012 *
CRP (mg/L) 129.43 +90.10 221.07 + 108.32 0.014 *
Troponin I (ng/mL) 37.68 + 63.57 68.458 +112.73 0.338
Myoglobine (ng/L) 9449 + 107.76 254.38 + 353.69 0.089
Procalcitonin (ng/mL) 0.220 + 0.256 2.01 £4.07 0.037 *

No significant differences between survivors and non-survivors were found for most of the
hematological parameters including total cell counts of leukocytes, lymphocytes, monocytes, eosinophils,
basophils, and RBC (Table 4). However, there were significant differences between survivors and
non-survivors with respect to the percentage of neutrophils (p = 0.041), lymphocytes (p = 0.001) monocytes
(p =0.001), and eosinophils (p = 0.007), and the neutrophil count (p = 0.003) (Table 4).

Table 4. Hematological parameters at admission in hospitalized patients with severe Covid-19.
Abbreviations: MCV, mean corpuscular volume; MHC, mean corpuscular hemoglobin; RDW, red blood
cell distribution. Normality of data distribution was estimated by the Shapiro-Wilk test. The unpaired
Student’s t-test was used to compare numerical variables and data are presented as mean + standard

deviation. * Differences were considered significant when p < 0.05.

Survivors Non-Survivors
Parameters (n=34) (n=20) p Value
Leukocytes (x103/uL) 13.48 +25.44 13.19 + 6.34 0.960
Neutrophil percentage (%) 7395 +1719 84.72 + 18.89 0.041*
Lymphocyte percentage (%) 16.79 +11.35 7.48 + 5.65 0.001 *
Monocyte percentage (%) 5.96 +2.54 3.35+1.42 0.001 *
Band cells (%) 0.000 + 0.000 0.08 +0.358 0.217
Eosinophil percentage (%) 0.739 + 0974 0.110 + 0.281 0.007 *
Basophil percentage (%) 0.429 +1.23 0.085 + 0.123 0.221
Neutrophils (x103/uL) 7.39 +444 11.93 £ 5.99 0.003 *
Lymphocytes (x103/uL) 209 +£440 0.750 + 0.426 0.181
Monocytes (><103/uL) 0519 + 0.256 0.450 + 0.276 0.364
Eosinophils (x103/uL) 0.096 + 0.272 0.015 = 0.049 0.193
Basophils (x10°/uL) 0.339 + 1.87 0.000 + 0.000 0423
Erythrocyte (x100/uL) 4.71 + 0.893 475 + 1.09 0.884
Hemoglobin (g/dL) 14.17 +2.56 1442 +3.11 0.756
Hematocrit (%) 4240 +7.58 42.82 +9.44 0.863
MCV (fL) 90.54 +5.88 91.35 +4.15 0.597
MCH (pg) 30.34 +2.73 30.42 +1.64 0.905
RDW (%) 15.07 £3.38 14.72 £2.07 0.685
Platelets (x10%/uL) 266.61 +111.11 240.25 + 113.83 0416

Onaverage, LNR showed a significant fourfold decrease in non-survivors as compared to survivors
(p = 0.003) (Figure 2A). In parallel, NMR exhibited a significant twofold increase in non-survivors with
respect to survivors (p = 0.001) (Figure 2B).

75



Microorganisms 2020, 8, 1560 8of 17

A B
0.49 P =0.003 405 P =0.001
0.3+ | 30+
14
4
- = 20+
3 0.2 s
-1
0.1 10
0.0 o 5 .
Survivors Non-survivors Survivors Non:survivors

Figure 2. LNR and NMR at admission in hospitalized patients with severe Covid-19. (A) LNR showed
a significant fourfold decrease in non-survivors as compared to survivors. LNR resulted of dividing
the total lymphocyte count by the total neutrophil count. (B) NMR exhibited a significant twofold
increase in non-survivors with respect to survivors. NMR resulted of dividing the total neutrophil
count by the total monocyte count. Normality of data distribution was estimated by the Shapiro-Wilk
test. The unpaired Student’s t-test was used to compare LNR and MNR between survivors and
non-survivors, and data are presented as mean + standard deviation. Differences were considered
significant when p < 0.05. LNR, Lymphocyte-to-neutrophil ratio; NMR, neutrophil-to-monocyte ratio.

The area under the ROC curve of LNR was 0.832 (95% CI, 0.701-0.922, p < 0.001) (Figure 3A).
At hospital admission, the best cut-off point for LNR was < 0.088 with a sensitivity of 85.00% and
a specificity of 74.19% (Youden index = 0.5919, 95% CI 0.3380-0.7387). The RR and OR for LNR
was 5.8933 (95% CI, 1.9661-17.6652) and 16.2917 (95% CI, 3.7550-70.6837), respectively (Figure 3A).
LNR was less than 0.088 in 91% of patients with severe Covid-19 that died, whereas only 20% of
patients with severe Covid-19 that survived showed LNR < 0.088. Simultaneously, the area under
the ROC curve of NMR was 0.890 (95% CI, 0.768-0.962, p < 0.001) (Figure 3B). The best cut-off value
for NMR was > 17.75 with a sensitivity of 89.47%, specificity of 80.00%, and Youden index of 0.6947
(95% CI, 0.4349-0.8333). The RR and OR for NMR was 8.8542 (95% CI, 2.2864-34.2878) and 27.9286
(95% CI, 5.1435-151.6497), respectively (Figure 3B). NMR was greater than 17.75 in 95% of patients
with severe Covid-19 that died, whereas only 10% of patients with severe Covid-19 that survived had
NMR > 17.75. Additionally, LNR < 0.088 together with NMR > 17.75 predicted in-hospital mortality in
seriously ill patients with Covid-19 with a sensitivity of 81.48%, specificity of 83.33%, and OR of 22.00
(95% CI, 4.556-106.238). The accuracy of LNR and MNR as independent risk factors for in-hospital
death was not modified after adjusting by comorbidities, gender, or age in multiple regression analysis.
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Figure 3. ROC curves for LNR and MNR to predict in-hospital mortality at admission in patients with
severe Covid-19. (A) For LNR, the best cut-off point to predict in-hospital death was < 0.088 with AUC
of 0.832 (95% CI, 0.701-0.922), sensitivity of 85.00%, specificity of 74.19%, Youden index of 0.5919 (95%
CI0.3380-0.7387), RR of 5.8933 (95% CI, 1.9661-17.6652), and OR of 16.2917 (95% CI, 3.7550-70.6837).
(B) For NMR, the best cut-off point to predict in-hospital death was > 17.75 with AUC of 0.890 (95% CI,
0.768-0.962), sensitivity of 89.47%, specificity of 80.00%, Youden index of 0.6947 (95% CI, 0.4349-0.8333),
RR of 8.8542 (95% CI, 2.2864-34.2878), and OR of 27.9286 (95% CI, 5.1435-151.6497). LNR resulted of
dividing the total lymphocyte count by the total neutrophil count. NMR resulted of dividing the total
neutrophil count by the total monocyte count. Statistical analyses were performed by means of the
MDCalc Software (New York, NY 10003, USA) and the IBM SPSS Statistics version 26.0 (IBM, Armonk,
NY, USA). Differences were considered significant when p < 0.05. LNR, Lymphocyte-to-neutrophil
ratio; NMR, neutrophil-to-monocyte ratio; ROC, Receiver Operating Characteristic curves; AUC, area
under the ROC curve; CI, confidence interval; RR, relative risk; OR, Odd ratio.

Table 5 confirmed that LNR and NMR are more accurate to predict mortality in Mexican patients
with severe Covid-19 than WBC count by itself. In this sense, the area under the ROC curve of the
total leukocyte count was 0.702 (95% CI, 0.557-0.822) (Table 5). The area under the ROC curves
for neutrophil, lymphocyte, and monocyte counts were 0.746 (95% CI, 0.605-0.857), 0.735 (95% CI,
0.593-0.849), and 0.605 (95% CI, 0.458-0.739), respectively (Table 5). LNR and MNR were also
better predictors for in-hospital mortality than the serum levels of several biochemical and immune
parameters. As a matter of fact, the area under the ROC curves for D-dimer, ferritin, CRP, troponin I,
LDH, and procalcitonin were 0.730, (95% CI, 0.548-0.869), 0.777 (95% CI, 0.601-0.901), 0.750 (95% CI,
0.569-0.884), 0.656 (95% CI, 0.464-0.816), 0.758 (95% CI, 0.618-0.867), and 0.826 (95% ClI, 0.682-0.924),
respectively (Table 5).
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Table 5. Area under the ROC curves for hematological, biochemical, and immune parameters to predict
in-hospital mortality at admission in patients with severe Covid-19. Statistical analyses were performed
by means of the MDCalc Software (New York, NY 10003, USA) and the IBM SPSS Statistics version 26.0
(IBM, Armonk, NY, USA). Differences were considered significant when p < 0.05. Abbreviations: CRP,
C-reactive protein; LDH, lactate dehydrogenase; ROC, Receiver Operating Characteristic curves; AUC,
area under the ROC curve; CI, confidence interval.

Parameters AUC CI 95%

Total leukocyte count 0.702 0.557-0.822
Neutrophil count 0.746 0.605-0.857
Lymphocyte count 0.735 0.593-0.849
Monocyte count 0.605 0.458-0.739
D-dimer 0.730 0.548-0.869
Ferritin 0.777 0.601-0.901
CRP 0.750 0.569-0.884
Troponin I 0.656 0.464-0.816
LDH 0.758 0.618-0.867
Procalcitonin 0.826 0.682-0.924

Survival analysis revealed that patients seriously ill with Covid-19 showing NMR greater than 17.75
at admission have 50% survival probability after 9 days of hospitalization (Figure 4A). Patients with
LNR less than 0.088 show 50% survival probability after 12 days of hospitalization (Figure 4B).
When using the cut-off points for total leukocytes > 114 x 10°/uL, neutrophils > 6.3 x 10°/uL,
lymphocytes < 0.8 x 10°/uL, and monocytes < 0.3 X 10°/uL separately, the survival probability
significantly decrease in patients with severe Covid-19 after 12-20 days of hospitalization (Figure 4C-F,
respectively). Despite LDH values significantly differing between survivors and non-survivors
(320.63 + 132.11 versus 475.63 + 195.83, p = 0.001, respectively), patients with LDH > 362 IU/L show
a significant decrease in the probability of survival up to 27 days after hospitalization (Figure 4G).
In contrast, patients with severe Covid-19 and procalcitonin values greater than 0.1 ng/mL exhibit a
50% decrease in the survival probability after 12 days of hospitalization (Figure 4H).

Taking these results into account, we propose a new triage based on the use of NMR and LNR to
assist clinicians to estimate in-hospital death risk in critically ill patients with Covid-19, with the aim of
quickly admitting them into intensive care units and reducing the number of fatalities related to this
disease (Figure 5).
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Figure 4. Kaplan-Meier curves for comparing the survival probability of different clinical predictors
of in-hospital mortality at admission in patients seriously ill with Covid-19. (A) Patients with
severe Covid-19 that show NMR > 17.75 at admission show 50% survival probability after 9 days
of hospitalization. (B) Patients with LNR < 0.088 at admission show 50% survival probability after
12 days of hospitalization. (C) Patients with total leukocyte count > 11.4 x 103/uL at admission exhibit
a significant decrease in the survival probability up to 20 days after hospitalization. (D) Patients with
total neutrophil count > 6.3 x 103/ at admission have 50% survival probability up to 13 days after
hospitalization. (E) Patients with total lymphocyte count < 0.8 x 10%/uL at admission show a significant
decrease in the survival probability up to 14 days after hospitalization. (F) Patients with total monocyte
count < 0.3 x 10%/uL at admission exhibit a significant decrease in the survival probability up to 23 days
after hospitalization. (G) Patients with LDH > 362 IU/L at admission show a significant decrease
in the probability of survival up to 27 days after hospitalization. (H) Patients with procalcitonin
values > 0.1 ng/mL at admission exhibit a 50% decrease in the survival probability after 12 days of
hospitalization. Cut-off points for each marker are described at the top of the corresponding panel.
Receiver operating characteristic (ROC) curves together with the Youden index was used to calculate
optimal cut-off points for all markers. NMR resulted of dividing the total neutrophil count by the
total monocyte count. LNR resulted of dividing the total lymphocyte count by the total neutrophil
count. Survival analyses were performed by means of the Kaplan-Meier method using the GraphPad
Prism 6.01 software. NMR, neutrophil-to-monocyte ratio; LNR, Lymphocyte-to-neutrophil ratio; LDH,
lactate dehydrogenase.
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Triage of patients with severe Covid-19 in the intensive care unit based on NMR and LNR
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Figure 5. Proposal of triage based on NMR and LNR for patients seriously ill with Covid-19 that meet
hospitalization criteria. At hospital admission, the neutrophil count should be divided by the monocyte
count (NMR) and the lymphocyte count by the neutrophil count (LNR). If NMR > 17.75 or LNR < 0.088,
the patient should be quickly admitted into the intensive care unit.

4. Discussion

The search for reliable, sensitive, and specific markers that can help us to discriminate patients with
the most severe forms of Covid-19 at the time of hospital admission is still a matter of great urgency.
In this sense, the analysis of routine laboratory results has revealed a strongly interdependent
relationship among neutrophils, lymphocytes, and monocytes that is linked to the severity of
Covid-19 [22].

To date, six retrospective clinical studies examining the potential use of NLR as a prognostic
marker for severe Covid-19 have been published; none in Mexican patients until now [22-27]. All these
clinical studies consistently conclude that NLR is an independent risk factor of mortality in critically ill
patients with Covid-19. Concurring with this information, our results indicate that a LNR less than
0.088 at hospital admission is effective to early predict mortality of patients with severe Covid-19
(OR =16.2917, 95% CI 3.7550-70.6837).

Inparallel, we also wanted to explore if the apparent relationship between neutrophil and monocyte
counts might be used to evaluate death risk in seriously ill patients with Covid-19. Unexpectedly,
our data demonstrate that NMR is even more sensitive and specific than LNR to predict in-hospital
mortality of Mexican patients with Covid-19. Indeed, our results demonstrate that having a NMR
greater than 17.75 (OR = 27.9286, 95% CI 5.1435-151.6497) at the time of hospital admission is an
independent risk factor for in-hospital mortality in patients with severe Covid-19, even after adjusting
for comorbidities, gender, and age. Interestingly, the specificity of NMR slightly increases when
using together with LNR, although the sensitivity significantly decreases and its possible clinical
implementation should be made taking into account this information. Another important aspect
that supports the possible implementation of NMR in clinical practice is the fact that this in-hospital
mortality marker may assist in the early identification of patients with Covid-19 that will require a more
aggressive clinical management. As a matter of fact, survival analyses revealed that using NMR > 17.75
at admission, clinicians might identify patients with severe Covid-19 at higher risk of experiencing
50% reduction in the probability of survival in 9 days. In contrast, identification of patients with
poorer survival probability takes longer when using other markers such as lymphocyte count, LDH or
procalcitonin. In other words, the use of NMR may help to clinicians to quickly identify patients at
higher risk of in-hospital mortality with the aim of giving them priority into intensive care units.

As far as we know, this is the first study showing that NMR can be used as a cheap, fast, and reliable
marker of in-hospital mortality in severe Covid-19. Hongmei Zhang and coworkers recently reported
that NMR was significantly higher in patients with the most severe forms of Covid-19 as compared to
those with mild and moderate courses of the disease [28]. However, these authors also found that NMR
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failed to predict which patients had higher risk of developing a more severe form of Covid-19 [28].
This apparent controversy in the accuracy of NMR to discriminate patients at higher risk of death might
be explained by understanding the impact of ethnicity on the development and clinical presentation of
Covid-19. In this sense, several groups mostly from China have proposed that the serum levels of
D-dimer, ferritin, CRP, troponin I, LDH, and procalcitonin are good predictors of mortality in patients
with severe Covid-19 [8,9,13]. However, our study shows that in Mexican patients these biochemical
and immune parameters exhibit poorer ability to predict mortality than that found for LNR and
NMR. Again, these controversial findings may be related to differences in the genetic background
and prevalence of comorbidities between Mexican-Mestizo subjects of the south-central region of
Mexico and East Asian population. For all these reasons, we firmly believe that searching for markers
associated with the most severe courses of Covid-19 should be conducted in a population-specific
manner. In other words, LNR and NMR seem to be sensitive and specific markers of in-hospital
mortality for severe Covid-19 in Mexican patients but no other populations such as Chinese people.
Therefore, the clinical use of these ratios in patients with severe Covid-19 that require hospitalization
should be carried out with caution in a population-specific manner.

The rationale behind using LNR and NMR to identify patients with severe Covid-19 at higher risk
of death is probably given by the differential roles that lymphocytes, monocytes, and neutrophils play
during immune response. In humans, neutrophils are the most abundant type of peripheral WBC with
prominent functions in the acute inflammatory response by migrating toward injured tissues in response
to chemoattractant signals such as interleukin (IL-) 8 [29]. Neutrophils are now considered one of the
most important immune cells in defending the airway epithelium against the SARS-CoV-2 infection
by locally stimulating the production of IL-1 beta, IL-6, tumor necrosis factor-alpha (TNF-alpha),
and reactive oxygen species (ROS) [30]. Paradoxically, neutrophil hyperactivation and recruitment
intensify the acute inflammatory response and worsen epithelial tissue damage thus leading to disease
progression [30,31]. On the contrary, lymphocytes are very important leukocytes in charge of mediating
immune tolerance to self-antigens, activation of pathogen-specific adaptive immunity, and, last but not
less important, orchestration of immunomodulatory mechanisms [32,33]. Lymphocytes, including
T and B cells, are able to orchestrate immunomodulatory mechanisms via IL-10 and transforming
growth factor-beta 1 (TGF-beta 1) production, a couple of cytokines with key anti-inflammatory and
wound-healing actions [34]. In parallel, monocytes are circulating leukocytes that in humans can be
sorted into three subpopulations based on the cell surface expression of the cluster of differentiation
(CD) 14 and CD16 [35]. The classical monocyte subpopulation expresses high CD14 levels with no
CD16 expression. Intermediate monocytes show CD14 and CD16 expression; in contrast, non-classical
monocytes express very low CD14 levels accompanied by CD16 expression [36]. Intermediate
and non-classical monocytes have been shown to produce high levels of IL-1 beta in response to
lipopolysaccharide and in patients with metabolic syndrome [37,38]. Interestingly, reduction in both
intermediate and non-classical monocyte subpopulations has been recently associated with increased
severity of the SARS-CoV-2 infection [39]. Additionally, monocytes can differentiate into alternatively
activated macrophages and prevent inflammatory responses by promoting tissue repair via IL-10
and TGF-beta 1 production, which may also play a pivotal role in regulating hyperactivation of the
inflammatory response described in patients with severe Covid-19 [40]. In other words, neutrophils and
the cell populations of lymphocytes and monocytes seem to have typical antagonistic roles in multiple
inflammatory scenarios including that provoked by the SARS-CoV-2 infection. Thus, it is feasible to
assume that LNR and NMR might reflect an imbalance among these immune cells that in turn could be
related to excessive inflammation and poorer survival in patients with severe Covid-19. For this reason,
present results do not only offer novel mortality markers for severe Covid-19 but also reveal potential
lines of treatment aimed to decrease neutrophil hyperactivation and increase lymphocyte and monocyte
numbers by means of administering drugs as tofacitinib, reparixin, buspirone, and/or lanimostim.
However, the possible efficacy of the aforementioned drugs in patients with severe Covid-19 should
still be prospectively examined in randomized, placebo-controlled clinical trials.
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Finally, concurring with previous literature [41], our study demonstrates that except for obesity,
the prevalence of T2D, hypertension, and CHD was higher in the non-survival group than in patients
with severe Covid-19 that survived. Likewise, patients in the non-survival group more frequently
required IVM than surviving patients. In this way, our results confirm that the presence of previous
non-communicable diseases such as T2D, hypertension, and CHD clearly aggravates disease severity
and increases the number of fatalities related to Covid-19. So, the SARS-CoV-2 pandemic remarks again
the urgency of more effective politics of public health aimed to control the incidence of noncommunicable
diseases in countries like Mexico, which is facing a terrible disproportion in the number of deaths
related to Covid-19.

This study has some limitations, including the sample size and exclusion of patients with previous
diagnosis of other pathologies such as cancer, autoimmune disease, and/or other viral infections such
as HIV and HCV. Improvement of these limitations may help to strengthen our findings and extend
the use of LNR and NMR to predict in-hospital mortality in patients with high clinical heterogeneity.

5. Conclusions

This study demonstrates for the first time that an LNR less than 0.088 and an NMR greater than
17.75 at the time of admission can accurately predict in-hospital mortality of patients with severe
Covid-19. Indeed, NMR is significantly more sensitive and specific than LNR to estimate the mortality
risk in patients with Covid-19 that meet hospitalization criteria. In Mexican adult patients, both NMR
and LNR are better predictors for in-hospital death related to severe Covid-19 than other markers
such as D-dimer, ferritin, CRP, troponin I, LDH, and procalcitonin. Together with the presence of T2D,
hypertension, CHD, male gender, and increased age (>63 years), NMR and LNR should be considered
as independent risk factors for mortality in Mexican patients seriously ill with Covid-19. Simply by
dividing the neutrophil count by the monocyte count, or the lymphocyte count by the neutrophil
count, at the time of hospital admission, clinicians can have cheap, fast, and reliable predictors for
in-hospital death in patients with Covid-19. In practical terms, we propose a new triage based on
the use of NMR and LNR to assist clinicians to estimate in-hospital death risk in critically ill patients
with Covid-19 with the aim of quickly admitting them into intensive care units and reducing the
number of fatalities related to this disease (Figure 5). For this reason, we encourage other clinical
research groups to assess the efficacy of these mortality predictors not only in Mexicans but also other
Latin-American populations.
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Abstract: Laboratory parameters display limited accuracy in predicting mortality in coronavirus
disease 2019 (COVID-19) patients, as with serum albumin. Emerging evidence suggests that cytokine
serum values may enhance the predictive capacity of albumin, especially interleukin (IL)-15. We thus
investigated whether the use of the IL-15-to-albumin ratio enables improving mortality prediction
at hospital admission in a large group of COVID-19 patients. In this prospective cross-sectional
study, we enrolled and followed up three hundred and seventy-eight patients with a COVID-19
diagnosis until hospital discharge or death. Two hundred and fifty-five patients survived, whereas
one hundred and twenty-three died. Student’s T-test revealed that non-survivors had a significant
two-fold increase in the IL-15-to-albumin ratio compared to survivors (167.3 + 63.8 vs. 74.2 + 285),a
difference that was more evident than that found for IL-15 or albumin separately. Likewise, mortality
prediction considerably improved when using the IL-15-to-albumin ratio with a cut-off point > 105.4,
exhibiting an area under the receiver operating characteristic curve of 0.841 (95% Confidence Interval,
0.725-0.922, p < 0.001). As we outlined here, this is the first study showing that combining IL-15
serum values with albumin improves mortality prediction in COVID-19 patients.

Keywords: IL-15; albumin; COVID-19; SARS-CoV-2; mortality; prognosis

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the causal agent
of coronavirus disease 2019 (COVID-19), a global pandemic that has affected more than
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two hundred and thirty-five countries with nearly four million deaths up to June 2021 [1].
Clinical manifestations of COVID-19 are highly heterogeneous, ranging from asymptomatic
or mild disease to severe or critical illness in patients who develop acute respiratory distress
syndrome (ARDS), sepsis, and multiple organ failure [2]. Case fatality rates of COVID-19
vary depending on the geographical area; however, the vast majority of countries report
mortality rates of around 2-4% [3]. Conversely, the case fatality rate of COVID-19 in Mexico
is as high as 9.2%, revealing the deep need for novel markers to identify patients at higher
risk of death in a timely manner [4].

The combined use of laboratory parameters with inflammatory markers increases the
ability to identify COVID-19 patients at a higher mortality risk, as with serum albumin,
C-reactive protein (CRP), and neutrophilia. In this sense, the CRP-to-albumin ratio better
predicts the severity of COVID-19 than CRP or serum albumin separately [5]. Likewise, the
combination of the neutrophil count with serum albumin values improves the area under
the receiver operating characteristic (ROC) curve for predicting mortality in COVID-19
patients compared to those found when the neutrophil count or serum albumin are used
separately [6]. However, emerging evidence suggests that combining laboratory parameters
with markers significantly involved in the cytokine storm may also help to predict the
mortality risk in COVID-19 patients, mainly albumin and interleukin (IL)-15 [7-9].

Albumin is a plasma protein produced in the liver that exerts multiple physiological
functions in blood transport and anticoagulation. Serum albumin is also related to the
severity of COVID-19; in fact, patients with the most severe forms of SARS-CoV-2 infection
display lower albumin values than patients with the mild-to-moderate disease [10]. Serum
albumin is also associated with increased mortality in COVID-19 patients [11]. However,
most studies concur that the accuracy of albumin as a mortality predictor in SARS-CoV-2
infection is still limited.

IL-15 is a pleiotropic cytokine expressed by numerous immune and non-immune
cells, including monocytes, macrophages, dendritic cells, neurons, epithelial cells, and
fibroblasts [12]. IL-15 has a significant role in initiating inflammatory responses against
microbial pathogens by modulating innate and adaptive immune cells [13]. A recent study
showed that IL-15 serum levels increase in the same proportion as COVID-19 mortality [14].
The use of neutralizing antibodies anti-IL-15 as a potential immunotherapy for patients
with severe SARS-CoV-2 infection was recently proposed [15]. Nevertheless, the combined
use of IL-15 values with albumin to predict mortality in COVID-19 is unexplored, even
though hypoalbuminemia is a common laboratory finding in patients with severe illness,
and IL-15 belongs to the cytokine storm that is frequently associated with disease lethality.
Thus, the purpose of this study was to examine whether the use of the IL-15-to-albumin
ratio allows predicting mortality at hospital admission in a large group of patients with
severe SARS-CoV-2 infection.

2. Materials and Methods
2.1. Patients

Three hundred and seventy-eight patients admitted to the Emergency Department of
the General Hospital of Mexico from 30 November 2020 to 9 July 2021, were enrolled in this
prospective cross-sectional study. Patients of both sexes were enrolled in the study if they
met the following inclusion criteria: 18 years and older, COVID-19 diagnosis confirmed
by detection of SARS-CoV-2 specific ribonucleic acid (RNA) in nasopharyngeal swabs
using quantitative polymerase chain reaction (qQPCR), respiratory distress (>30 breaths
per minute), hypoxia (peripheral oxygen saturation <92% on room air), or >50% lung
involvement on imaging. Patients were excluded from the study if they had a previous
diagnosis of human immunodeficiency virus (HIV), hepatitis C virus (HCV), hepatitis
B virus (HBV), cancer, endocrine disorders, or autoimmune disease. Pregnant or lac-
tating women and patients under long-term immunomodulatory medication, including
non-steroidal anti-inflammatory drugs, were also excluded from the study. All study
participants provided written informed consent previously approved by the institutional
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ethical committee of the General Hospital of Mexico (registration number of the ethical
code approval: DI/20/501/03/17). The study rigorously met the principles described in
the 1964 Declaration of Helsinki and its posterior amendment in 2013. This cross-sectional
study met the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) Statement: guidelines for reporting observational studies.

2.2. Data Collection

We collected demographic and clinical data from the Emergency Department of the
General Hospital of Mexico at admission. We also recorded clinical evolution, drug regimen,
and inpatient days up to hospital discharge or death. Demographic and clinical data
included sex, age, and previous diagnosis of obesity (body mass index (BMI) > 30 kg/m?),
type 2 diabetes (T2D), hypertension, coronary heart disease (CHD), chronic kidney disease
(CKD), and chronic liver disease (CLD).

2.3. Laboratory Parameters

We collected laboratory data at admission using the digital version of the electronic
health record of the General Hospital of Mexico. Laboratory parameters included albumin,
blood glucose, lipid profile, liver function tests, kidney function tests, coagulation markers,
hematic biometry, CRP, troponin I, ferritin, procalcitonin, myoglobin, and D-dimer. We
measured all laboratory parameters within sixty minutes of the patient’s arrival in the
hospital using the Beckman Coulter DxC 700 AU Chemistry Analyzer (Beckman Coulter
Inc., Brea, CA, USA), the Coulter LH 780 Hematology Analyzer (Beckman Coulter Inc.,
Brea, CA, USA), and the BCS® XP System (Siemens Healthcare GmbH, Erlangen, Germany),
following standard operating procedures.

2.4. IL-15 Serum Levels

At hospital admission, 4 mL blood samples were drawn from all participants and
collected in pyrogen-free tubes (Vacutainer™, BD Diagnostics, NJ, USA) at room tempera-
ture. After a centrifugation step at 1000 g/4 °C for 30 min, we obtained serum samples
for measuring IL-15 in triplicate by the Enzyme-Linked ImmunoSorbent Assay (ELISA)
(PeproTech, Cranbury, NJ, USA). We measured IL-15 serum levels within 180 min of the
patient’s arrival in the hospital.

2.5. Statistics

We collected all demographic, clinical, laboratory, and immune parameters at hospital
admission. We followed up with patients until hospital discharge or death. Then, we
formed two groups of patients according to the primary outcome: survival or non-survival.
In this way, we analyzed and compared all demographic, clinical, and laboratory param-
eters retrospectively. We used the Shapiro-Wilk test to estimate the normality of data
distribution for numerical variables. We compared numerical variables between survival
and non-survival groups using unpaired Student’s T-tests, showing data as mean + stan-
dard deviation. We used the chi-squared test to analyze categorical variables, showing data
as absolute values and percentages. We analyzed ROC curves by obtaining the area under
the ROC curve (AUROC) and 95% confidence interval (95% CI), sensitivity, specificity,
and odds ratio (OR) for IL-15, serum albumin, and the IL-15-to-albumin ratio as potential
mortality predictors. We used the Youden index to calculate optimal cut-off points for
IL-15, serum albumin, and the IL-15-to-albumin ratio as potential mortality predictors.
The IL-15-to-albumin ratio resulted from dividing the serum levels of IL-15 by albumin.
We detected and removed outliers using Grubbs’ test. We considered a p value < 0.05
as significant. We used the GraphPad Prism 6.01 software (GraphPad Software, La Jolla,
CA 92037, USA), the MedCalc Software (New York, NY 10003, USA), and the IBM SPSS
Statistics version 25.0 (IBM, Armonk, NY, USA) for statistical analyses.

88



Microorganisms 2021, 9, 2159 40f11

3. Results

Figure 1 shows an overview of the selection process of eligible participants. After
applying the inclusion and exclusion criteria, we enrolled three hundred-sixteen patients
in the study. After hospital discharge or death, we retrospectively assigned COVID-19
patients to survival (n = 255) or non-survival (n = 123) groups (Figure 1).

Elegible patients (1 = 894)
a) SpO, <90% on room air, and/or
b) tachypnea >30 breaths/min, and/or
€)>50% lung involvement on imaging, and
d) specific detection of
SARS-CoV-2 by gPCR

Patients enrolled in the study (n = 378)

Measurement of serum IL-15 and
collection of laboratory and
clinical data at hospital admission

Follow-up until hospital
discharge or death

Survival (n = 255) Non-survival (1 = 123)

Retrospective analysis of the IL-15-
to-albumin ratio as a mortality
predictor in COVID-19

Figure 1. Schematic flow chart illustrating the selection process of eligible patients. SpO2, peripheral oxygen saturation;
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; qPCR, quantitative polymerase chain reaction; HIV, human
immunodeficiency virus; HCV, hepatitis C virus; HBV, hepatitis B virus; COVID-19, coronavirus disease 2019.

There were no significant differences between survivors and non-survivors concerning
the proportion of women and men (p = 0.3) and BMI (p = 0.35) (Table 1). Patients in the
survival group were, on average, seven years younger than those in the non-survival group
(51.4 + 13.2 versus 58.9 £ 13.7 years, p < 0.0001, respectively) (Table 1). There were no
significant differences between survivors and non-survivors with respect to the prevalence
of obesity, T2D, hypertension, CHD, CKD, and CLD (p=0.8,p=0.1,p=0.5,p =0.3,p = 0.6,
and p = 0.3, respectively). Body temperature and mean arterial pressure showed no changes
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between survivors and non-survivors (p = 0.3 and p = 0.1, respectively). Conversely, there
were significant differences between survivors and non-survivors for heart rate, breathing
rate, and peripheral oxygen saturation (p = 0.005, p = 0.001, and p < 0.001, respectively)
(Table 1). Sixty-eight percent (1 = 84) of non-survivors required admission to the inten-
sive care unit (ICU) for invasive mechanical ventilation, whereas only 23.5% (1 = 60) of
survivors needed ICU admission (p < 0.001) (Table 1). The number of inpatient days
was, on average, greater for survivors than non-survivors (14.7 & 9.9 vs. 7.3 & 5.2 days,
p =0.014, respectively) (Table 1). All patients enrolled in the study received the same
drug regimen: azithromycin, ceftriaxone, oseltamivir, enoxaparin sodium, dexamethasone,
and acetaminophen.

Table 1. Demographic and clinical characteristics of patients enrolled in the study. Data are expressed as media + standard
deviation or absolute values and percentages. * Differences were considered significant when p < 0.05. We only show clinical
data that significantly differed between groups. W, women; M, men; BMI, body mass index; T2D, type 2 diabetes; ICU,

intensive care unit.

Parameters Total (n = 378) Survival (n = 255) Non-Survival (n = 123) p Value

Gender (W/M) 137 /241 97/158 40/83 0.3
Age (years) 54 +13.7 514+ 132 589+ 13.7 <0.001*

BMI (kg/m?) 267 +4.8 258 + 6.7 275+ 4.4 03
Heart rate (bpm) 89+ 132 87.7+129 92+ 135 0.005 *
Breathing rate (bpm) 241+41 236 +39 252 +45 0.001 *
Oxygen saturation (%) 83+95 845+ 87 798+125 <0.001 *
ICU needing (%) 143 (37.8) 60 (23.5) 84 (68.3) <0.001*
Inpatient days 121:4£9.2 147 £9.9 73+52 0.014*

Hematological parameters had no significant differences between survivors and non-
survivors, except for the neutrophil count, which was 1.7-fold higher in the non-survival
group (p < 0.001) (Table 2). Overall, there were no significant differences between survivors
and non-survivors for most laboratory parameters, including CRF, procalcitonin, fibrino-
gen, ferritin, and D-dimer. As compared to survivors, non-survivors showed substantial
increases in the values of urea, uric acid, aspartate aminotransferase (AST), alkaline phos-
phatase (ALP), lactate dehydrogenase (LDH), creatinine kinase-MB (CK-MB), and brain
natriuretic peptide (BNP) (Table 2).

Table 2. Laboratory parameters of patients enrolled in the study. Data are expressed as media + standard deviation.
Differences were considered significant when p < 0.05. We only show laboratory parameters that significantly differed
between groups. AST, aspartate aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; CK-MB,
creatinine kinase myocardial band; BNP, brain natriuretic peptide.

Parameters Total (n = 378) Survival (n = 255) Non-Survival (n = 123) p Value
Neutrophils (x10%/mL) 8.6+ 5.6 6.7 +39 12+67 <0.001
Urea (mg/dL) 59.8 +547 351+ 14.1 96.8 + 70.8 <0.001
Uric Acid (mg/dL) 62+3.1 5:2+71.7 8+43 0.001
AST (IU/L) 372119 33+153 46 + 23 0.008
ALP (IU/L) 93.3 +£332 84.8 +283 109.9 + 36.4 0.003
LDH (IU/L) 393.3 + 2249 311.2 + 1444 539 + 268.2 0.001
CK-MB (IU/L) 21+78 198 +5.6 27+9.9 0.002
BNP (pg/mL) 151.2 + 304.6 191+ 115 291.4 + 396.4 0.004

Non-survivors exhibited significantly lower serum values of albumin than those
found in survivors (3 & 0.5 versus 3.6 £ 0.6 g/dL, respectively, p = 0.004) (Figure 2A).
IL-15 serum levels showed a significant 1.8-fold increase in non-survivors as compared to
survivors (488.7 4= 242.8 versus 261.7 + 137.6 pg/mL, respectively, p < 0.001) (Figure 2B).
However, it is worth mentioning that differences between survivors and non-survivors
were more evident when circulating values of IL-15 were divided by serum albumin. The
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Albumin (mg/dL)

Sensitivity %

IL-15-to-albumin ratio was 2.2-fold higher in non-survivors than in survivors (167.3 + 63.8
vs. 74.2 4 28.5, respectively, p < 0.001) (Figure 2C).

B C
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Figure 2. Serum levels of IL-15 and albumin in COVID-19 patients. (A) Serum albumin levels in survivors and non-survivors.
(B) Serum IL-15 levels in survivors and non-survivors. (C) The IL-15-to-albumin ratio in survivors and non-survivors. The
IL-15-to-albumin ratio resulted from dividing IL-15 serum values by serum albumin. Data are presented as mean + standard
deviation. We considered a p value < 0.05 as significant.

The AUROC for albumin was 0.797 (95% CI, 0.678-0.915, p < 0.001), with a cut-off
point < 3.3 g/dL, a sensitivity of 90.91%, a specificity of 61.54%, and an OR of 11.31 (95% IC,
2.84-45.06) (Figure 3A). The AUROC for IL-15 was 0.797 (95% CI, 0.675-0.889, p < 0.001),
with a cut-off point < 364.6 pg/mL, a sensitivity of 68.18%, a specificity of 84.60%, and an
OR of 9.79 (95% IC, 2.91-32.98) (Figure 3B). Conversely, a combination between the values
of IL-15 and albumin significantly improved the ability to predict mortality in COVID-19
patients. In fact, the AUROC for the IL-15-to-albumin ratio was 0.841 (95% CI, 0.725-0.922,
p <0.001), with a cut-off point > 105.4, a sensitivity of 72.73%, a specificity of 87.18%, and
an OR of 18.13 (95% IC, 4.81-68.37) (Figure 3C).

Albumin B IL-15 c IL-15-to-albumin ratio
100+ 100 100
80 80 80 -
= ®
60 2 60 2 60|
= =
40 2 40 2 40|
@ Q
» 7]
20+ AUC = 0.797 (95%Cl 0.678-0.915) 20 AUC =0.797 (95%CI 0.675-0.889) 20+ AUC = 0.841 (95%Cl 0.725-0.922)
p <0.001 p<0.001 p<0.001
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100 - Specificity % 100 - Specificity % 100 - Specificity %

Figure 3. The area under the receiver operating characteristic curves for albumin, IL-15, and the IL-15-to-albumin ratio.
(A) AUROC for albumin. (B) AUROC for IL-15. (C) AUROC for the IL-15-to-albumin ratio. We considered a p value < 0.05
as significant. AUROC, area under the receiver operating characteristic curves; AUC, area under the curve; CI, confi-
dence interval.

The use of IL-15 serum values improved the predictive accuracy of albumin and
several clinical and laboratory parameters. For instance, oxygen saturation showed an
AUROC of 0.795 (95% CI, 0.647-0.902) for mortality prediction (Figure 4A); however, the
combined use of IL-15 values with oxygen saturation exhibited an AUROC of 0.823 (95% IC,
0.705-0.909) (Figure 4B). Likewise, the use of IL-15 significantly increased the AUROC
values of the neutrophil count, blood urea, AST, and CRP, among others (Figure 4).
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Figure 4. IL-15 serum values improved the area under the receiver operating characteristic curves of clinical and laboratory
parameters. (A) AUROCs for oxygen saturation, the neutrophil count, blood urea, AST, and CRP. (B) AUROCs for the
IL-15-to-oxygen saturation ratio, IL-15-to-neutrophil ratio, IL-15-to-urea ratio, IL-15-to- AST ratio, and IL-15-to-CRP ratio.
We considered a p value < 0.05 as significant. AUROC, area under the receiver operating characteristic curves; AUC, area
under the curve; CI, confidence interval; AST, aspartate aminotransferase; CRF, C-reactive protein.

4. Discussion

The case fatality rate of COVID-19 has continued to increase in the last few months,
especially in countries with slow vaccination rates, such as Mexico [1,4]. Thus, there is
still a deep sense of urgency to find novel strategies to help improve our ability to identify
COVID-19 patients at high mortality risk. Routine laboratory tests can be measured easily,
quickly, and at a low cost, making them good candidates to estimate prognosis after
hospital admission. However, the accuracy of laboratory parameters to predict mortality
in COVID-19 patients remains limited [16,17]. In this sense, we show that combining
laboratory markers’ values with serum cytokines is an excellent strategy to improve the
early recognition of COVID-19 patients with an increased risk of death, mainly albumin
and IL-15.

Combining cytokine serum values with laboratory parameters recently emerged as
a promising approach to estimate prognosis in patients with SARS-CoV-2 infection. A
recent study conducted on COVID-19 patients from China demonstrated that the use of
IL-2R enhances the accuracy of the lymphocyte count to predict the risk of developing
severe-to-critical illness [18]. Likewise, the combined ratio between IL-6 and the T CD8 cell
count improves mortality prediction in COVID-19 patients, performing better than other
clinical prediction tools, such as the CURB-65 score [19]. In line with previous evidence, we
now report for the first time that combining IL-15 with albumin in a single prognostic ratio
considerably improved our ability to identify COVID-19 patients at a much higher mortality
risk. This trend was observed not only for albumin but also for other clinical and laboratory
parameters. In terms of accuracy, the use of IL-15 seemed to enhance the predictive accuracy
of albumin concerning that reported using other clinical and inflammatory parameters. A
study conducted in 144 COVID-19 patients showed that the neutrophil count-to-albumin
ratio (NAR) is an independent predictor of mortality with an AUROC of 0.736 [6]. In
parallel, a study conducted in a large group of COVID-19 patients reported that the blood
urea nitrogen-to-albumin ratio (BAR) could predict mortality with an AUROC of 0.809 [20].
Likewise, the CRP-to-albumin ratio (CAR) can predict mortality in COVID-19 patients with
an AUROC of 0.807 [5]. As we have shown here, the IL-15-to-albumin ratio can predict
mortality in COVID-19 patients with an AUROC of 0.841, which improves the predictive
accuracy of NAR, BAR, and CAR. Nevertheless, it is crucial to consider that although the
IL-15-to-albumin ratio appears to have higher predictive accuracy than other scales, the
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measurement of routine laboratory parameters is more accessible than IL-15 quantification.
We will discuss this notion as part of the limitations of this study.

Since the combined use of the IL-15-to-albumin ratio acts as an accurate mortality pre-
dictor, we believe that it is of great importance to discuss the possible mechanisms through
which these molecules may contribute to the progression and severity of COVID-19. De-
creased serum albumin is one of the most common laboratory alterations in COVID-19
patients that require hospitalization [16,17]. Hypoalbuminemia is also a central component
of multiple conditions, such as cancer, cirrhosis, trauma, and sepsis [21-24]. As a matter of
fact, low serum albumin is a mortality predictor in critically ill patients with sepsis and
septic shock [25]. Thus, we believe it is crucial to understand the possible mechanisms by
which some pathophysiological elements of COVID-19 may down-regulate serum albumin
levels. First, decreased hepatic albumin production is associated with increased release of
proinflammatory mediators belonging to the COVID-19-related cytokine storm, such as
IL-6 and tumor necrosis factor-alpha (TNF-alpha) [26]. Interestingly, injection of Chinese
hamster ovary cells transfected with the human gene encoding TNF-alpha into nude mice
decreases albumin synthesis [27]. In SARS-CoV-2 infection, Huang and coworkers reported
an inverse correlation between IL-6 and serum albumin in patients with poorer survival
probability [16]. Moreover, human recombinant IL-6 induces a dose- and time-dependent
decrease in the mRNA levels of albumin in in vitro cultured HepG2 cells [28]. This infor-
mation becomes more significant in patients with COVID-19, wherein increased levels of
TNF-alpha and IL-6 may directly decrease albumin production and lead to hypoalbumine-
mia. In the second place, several acute inflammatory diseases show that serum content of
albumin can be redistributed to the interstitial space due to increased vascular permeability
and capillary leakage, leading to decreased serum albumin values [26,29]. This information
is in line with the fact that COVID-19 is characterized by the release of potent vascular
permeability mediators such as arachidonic acid metabolites, IL-8, and monocyte chemoat-
tractant protein-1 (MCP-1), all of which might contribute to the transvascular leakage of
albumin [30]. As we have outlined here, the cytokine storm and vascular permeability may
act in synergy with SARS-CoV-2 to decrease serum albumin levels in COVID-19 patients,
information that might partially explain why hypoalbuminemia appears to be an excellent
contributor to mortality prediction in this disease.

In parallel, there is little evidence supporting the possible role of IL-15 in the pro-
gression and mortality of COVID-19. After binding to the high-affinity IL-2Rf3 /TL-15R«
receptor, IL-15 induces the release of IL-8 and MCP-1 in human monocytes [31]. In severe
SARS-CoV-2 infection, IL-8 and MCP-1 can recruit neutrophils and monocytes to the bron-
choalveolar space and contribute to tissue damage and respiratory insufficiency [32,33].
In human macrophages, IL-15 can autocrinally promote the release of TNF-alpha, which
in turn can induce apoptosis of human coronary artery endothelial cells and bovine pul-
monary artery endothelial cells [34,35]. TNF-alpha-induced endothelial cell apoptosis is
also associated with endothelial injury, vascular permeability, and systemic capillary leak
syndrome, all of which contribute to the progression of COVID-19 [36-38]. Thus, IL-15
appears to orchestrate a two-hit deleterious action characterized by an exaggerated inflam-
matory response and increased endothelial cell apoptosis that together may contribute to
the severity of COVID-19. Consistent with this idea, the analysis of 66 soluble biomarkers
in 175 patients with severe SARS-CoV-2 infection revealed that IL-15 increases in the same
proportion as mortality [14]. A recent cross-sectional study showed that COVID-19 patients
with increased serum levels of IL-15 at admission experience a longer duration of hospital-
ization [39]. Altogether, this information reveals a pivotal role of IL-15 in the progression of
SARS-CoV-2 infection and supports using this cytokine as a mortality predictor in COVID-
19 patients. As we have outlined here, hypoalbuminemia and IL-15 may share a common
pathophysiological mechanism mediated by the cytokine storm, which in turn appears to
favor vascular permeability and neutrophil infiltration and leads to increased mortality
risk. However, we should further explore the exact molecular mechanism through which
albumin and IL-15 worsen survival prognosis in COVID-19.

93



Microorganisms 2021, 9, 2159

9of 11

Another phenomenon captured in our study involves the unexpected finding that
there was no difference between survivors and non-survivors for gender and BMI. Most
studies have documented that the COVID-19 case fatality rate is commonly higher in men
than women [40]. However, a few studies have found that once severe COVID-19 occurs,
the risk of dying is similar in women and men. We found no significant differences in the
case fatality rate between female and male patients in line with this evidence. Men are
more likely to be hospitalized than women; however, mortality is similar in both sexes
once severe disease occurs. Likewise, although we noticed that BMI and obesity prevalence
tended to be higher in non-survivors than survivors, we found no significant effects on the
COVID-19 case fatality rate. Concurring with our findings, several studies have reported
that BMI or obesity are not necessarily independent predictors of in-hospital mortality
in COVID-19 [41-43]. We can explain these controversial findings since, at the time of
hospitalization, all patients enrolled in this study had developed the most severe form
of COVID-19, including respiratory distress and pneumonia. As mentioned above, most
of the studies concur that once severe COVID-19 occurs, the potential contribution of
variables such as gender and BMI to mortality rates tends to decrease [40,43]. However, we
should consider these findings with caution, and further research is needed to understand
the roles of gender and obesity in COVID-19 mortality in a population-specific manner.

Limitations of the study include: (1) the exclusion of HIV, HCV, or HBV seropositive
individuals and COVID-19 patients with mild-to-moderate disease, which restricts our
findings to a specific group of patients, and (2) the measurement of IL-15 serum levels
may not be as easy in primary care. To improve these limitations, we are now conducting
additional prospective studies to enroll patients with infectious diseases and other comor-
bidities. We are also developing rapid IL-15 tests to measure the levels of this cytokine
quickly and affordably.

5. Conclusions

As we have outlined here, as far as we know, this is the first study demonstrating that
the combined use of the IL-15-to-albumin ratio improves mortality prediction in COVID-
19 patients that meet hospitalization criteria. Overall, the combination of IL-15 serum
values with other clinical and laboratory parameters significantly increased our ability
to identify patients at higher mortality risk. The mechanisms through which IL-15 and
albumin contribute to mortality in COVID-19 remain to be elucidated. Although albumin
measurement appears to be easier than IL-15 quantification in primary care, IL-15 serum
levels can be detected quickly and affordably in tertiary healthcare centers, where most
patients with severe COVID-19 are admitted. For this reason, we suggest the use of the
IL-15-to-albumin ratio with cut-off point >105.4 to triage COVID-19 patients with increased
mortality risk, which becomes more relevant in countries with slow vaccination rates. We
encourage other research groups to study the impact of combining cytokine serum values
with laboratory parameters in the early identification of COVID-19 patients at a much
higher mortality risk.
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The coronavirus family has tropism for the Central Nervous System (CNS), however, there is no solid evidence demonstrating that the neurological
effects of COVID-19 result from direct viral infection or systemic inflammation. The goals of this study were to examine the cytokine profile and
the presence of SARS-CoV-2 messenger ribonucleic acid (mRNA) in cerebrospinal fluids (CSF) from two patients with cercbrovascular disease
and COVID-19. Although the SARS-CoV-2 mRNA was not detected in CSF of both patients, we found abnormally high levels of numerous pro-
inflammatory cytokines and chemokines, especially IL-8 and MCP-1. Since these chemokines mediate activation and recruitment of neutrophils,
monocytes, and macrophages, it is feasible that cercbrovascular disease related-neuroinflammation found in both patients results from an exac-
erbated inflammatory response instead of SARS-CoV-2 direct invasion to CNS. These results suggest that neuroinflammation plays a key role in

cerebrovascular disease and COVID-19.

Key words: SARS-CoV-2, COVID-19, Cerebrospinal fluid, Cerebrovascular disease, [L-8, MCP-1

INTRODUCTION

The coronavirus disease 2019 (COVID-19) is a respiratory tract
infection caused by the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). Besides the lungs, COVID-19 also affects

other organs such as kidneys, liver, heart, and brain [1]. Neurologi-
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cal alterations associated with SARS-CoV-2 infection include an-
osmia, headache, loss of consciousness, ischemic stroke, meningo-
encephalitis, and microhemorrhage [2]. The coronavirus family has
tropism for the Central Nervous System (CNS) [3]. However, there
is not yet solid evidence demonstrating that the neurological effects
of COVID-19 result from direct viral infection or neuroinflamma-
tion associated with systemic inflammation and cytokine storm.
Herein, we examine the cytokine profile of cerebrospinal fluids
(CSF) from two patients with cerebrovascular disease concurrent
with COVID-19, admitted to the Neurosurgery Department of
the General Hospital of Mexico. We found high levels of numer-
ous proinflammatory cytokines, especially interleukin (IL-) 8 and
monocyte chemoattractant protein-1 (MCP-1). Although the pres-
ence of SARS-CoV-2 was confirmed in the airway epithelium by

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commenrcial License
(http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is propenly cited.
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IL8 and MCP1 in CSF of COVID-19 Patients

real time-polymerase chain reaction (RT-PCR), we did not detect

expression of viral particles in CSF of both patients.
CASES REPORT

Case 1

A 54-year old female, with no metabolic disorders or previous
surgeries reported, and medical history of chronic obstructive
pulmonary disease of 12 years of evolution, treated with nebu-
lized salbutamol as needed. The relatives reported she had mild
to moderated headache the last four days, balance impairment,
and generalized weakness, although the presence of neurological

symptoms associated to COVID-19 such as anosmia and dys-

A

geusia were denied. She was admitted to emergency room with
sudden loss of consciousness with the following vital signs: BP
(110/80 mmHg), HR (80 bpm), BF (18 bpm), body temperature
(36.1C),and a Glasgow Coma Scale (GCS) of 6 points (eye open-
ing: 2 points, verbal response: 2 points, and motor response: 2
points) so we started airway management. The cranial computed
tomography (CT) scan revealed cerebrovascular disease (CVD)
characterized by acute intra-axial hemorrhage in the left cerebellar
hemisphere associated with peripheral edema, which obliterated
cortical subarachnoid spaces and cisternae of the posterior fossa
and bulges the tentorium (Fig. 1A); hemorrhage extended into the
fourth ventricle, which were displaced and compressed to the con-

tralateral direction (Fig. 1A). Likewise, the hemorrhage extended

Fig. 1. Cranial and chest CT of patients with cerebrovascular disease and COVID-19. (A) cranial CT in sagittal reconstruction scan showing acute
]]L‘n]("'l‘hﬂgc m t]\L‘ ]Cﬁ (CI'CbL‘“A\I' hk‘nlihphk‘l't‘ \\'l(h f&‘lll'll] \'Cntl'l(lk‘ ((‘n\Pl'On“SC Jnd bl\\ﬂl cisternae ()bln(['dll()n, difﬁlsg‘ (CI'L‘[\I'JI C({Cn]l\, ()bln(['dlk‘d \llb'
arachnoid space in posterior fose,and intraventricular hemorrhage. (B) Chest CT scan in Axial lung window showing several nodules with well-defined
and irregular borders. (C) Cranial CT scan, at hospital admission, showing diffuse subarachnoid hemorrhage, spreading through both lateral sulcus
predominantly to right side, and the perimesencephalic cisterns; incipient level in hematic range is also observed in the left ventricular inferior horn. (D)
Chest

scan in axial lung window showing homogenous lung parenchyma. Red arrows show sites of hemorrhage (A, C) and pulmonary infiltration (B)
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to the choroid plexuses of the supratentorial ventricles and led to
obstructive hydrocephalus. The cortical subarachnoid spaces and
supratentorial basal cisterns were obliterated (Fig. 1A). Measure-
ment of laboratory parameters showed high leucocyte and neutro-
phil counts, whereas lymphocyte and monocyte counts decreased.
She also presented high serum levels of glucose, total cholesterol,
indirect bilirubin, gamma glutamyl transferase (GGT), creatinine
kinase myocardial band (CK-MB), fibrinogen, D-dimer, and pro-
calcitonin. There was no concluding evidence of COVID-19 in
chest CT scan (CO-RADS III) (Fig. 1B), and then the presence of
SARS-CoV-2 mRNA was confirmed by RT-PCR in nasopharyn-
geal swabs. Urgent right-sided precoronal ventriculostomy was
performed. The patient presented clinical findings concurring
with brain death immediately after postoperative period, and she

died 24 hours later because of cardiopulmonary arrest.

Case 2

A 45-year-old male, with no metabolic disorders or previous
surgeries, and medical history of ankylosing spondylitis diagnosed
23 years ago, under treatment with acetaminophen, diclofenac,
and methylprednisolone. After reporting an undefined seizure
accompanied by psychomotor agitation and disorientation one
hour after awakening, he was admitted to the emergency room
with vital signs at admission: BP (130/90 mmHg), HR (90 bpm),
BF (20 bpm), and body temperature (36.5C) and GCS of 14
points (eye opening; 4 points, verbal response: 4 points, and motor
response: 6 points). The relatives reported that the patient did not
present any neurological symptom associated with COVID-19
such as anosmia or dysgeusia. The cranial computed tomography
(CT) scan revealed CVD characterized by diffuse subarachnoid
hemorrhage (Fisher IV), with WENS I and HUNT & HESS I (Fig.
1C). The cerebral parenchyma was heterogeneous due to the pres-
ence of hyperdense areas in the hematic range, the subarachnoid
space, and the grooves of the parietal lobes that extended into
the predominantly right Silvio fissures. The CT scan also showed
increased density of interhemispheric fissure and round mor-
phology image. The ventricular system was predominant at the
temporal level, wherein incipient periventricular hypodensity and
density in the hematic range on the left side were found. In digital
cerebral angiography, a saccular aneurysm in the right Al segment
was evidenced. Twelve hours later, he presented sudden neurologi-
cal impairment, thus we decided to perform a second cranial CT
scan in which we found left middle cerebral artery stroke with
areas of hemorrhage of acute-subacute stage at the left temporopa-
rietal level and the body of the ipsilateral caudate nucleus. Hematic
density inside the left lateral ventricle, at the level of the occipital
horn was observed. Laboratory parameters revealed leukocytosis,
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lymphopenia, accompanied by high levels of fibrinogen and D-
dimer concurring with SARS-CoV-2 infection (Table 1). Chest
CT scan showed no typical anomalies (CO-RADS I) (Fig. 1D);
however, RT-PCR in nasopharyngeal swabs confirmed the pres-
ence of SARS-CoV-2 mRNA. After two weeks of having received
conservative treatment, the patient exhibited a negative RT-PCR
test result for SARS-CoV-2. Then, left-sided pterional craniotomy

Table 1. Biochemical and immunological parameters of the patients

Parameters Case 1 Case 2 Refex:ence
range in CSF

Glucose (mg/dl) 161.00 122.00 74-106
Total cholesterol (mg/dl) 236 175 <200
Triglycerides (mg/dl) 96 157 <150
Indirect bilirubin (mg/dl) 0.42 0.36 <02
GGT (IU/L) 50.00 57.00 M<535W<38
CK-MB (IU/L) 58.00 9.00 <24
Fibrinogen (mg/dl) 383.00 562.00 200-400
Dimer-D (Ug/L)* 14,760 4,304 0-550
Procalcitonin (ng/ml) 0.06 0.06 <0.01
Leucocytes (x10e3/ul) 1210 15.70 45-10
Neutrophils (x10e3/ul) 11.30 14.20 3-7
Lymphocytes (x10e3/ul) 0.70 0.9 1-3
Monocytes (x10e3/ul) 0.100 0.500 03-08
IL-1pB (pg/ml) 1895 10.00 <4
IL-10 (pg/ml) 32.38 9.79 2.82-5.30
IL-13 (pg/ml) 9.76 6.11 Undetectable
IL-6 (pg/ml) 202.88 2448 1.11
1L-12 (pg/ml) 32299 1587 358
RANTES (pg/ml) 261.50 45.15 5.43-226.8
Fotaxin (pg/ml) 75.47 55.06 0.849
1L-17 (pg/ml) 2329 5.06 1-6
MIP-1a (pg/ml) 317.46 25.00 10.62+6.85
GMC-SF (pg/ml) 6.84 566  Undetectable
MIP-1f (pg/ml) 58.06 10.0 469/10.3
MCP-1 (pg/ml)* 15,000 33751 160
IL-15 (pg/ml) 296.44 45.00 3.51
IFN-y (pg/ml) 11.90 10.0 <03
TFN-a(pg/ml) 2,129.62 95.29 2.14
IL-1RA (pg/ml) 38211 1671 25.00
TNF-a (pg/ml) 16.00 12.00 <4/1.51-2.11
IL-2 (pg/ml)* 451 3.00 70.62+1.1
L7 (pg/ml) 89.26 6340 1.35
IP-10 (pg/ml) 468.07 5197 2.46-407
IL-2R (pg/ml) 56.68 7.11 282432
MIG (pg/ml) 20.46 9.99 6
1L-4 (pg/ml) 3L19 387  Undetectable
IL-8 (pg/ml )& 62,680.36 377.67 67.5-96.4

*The most apparent differences between cases and reference range are
shown.

GGT, gamma-glutamyl transpeptidase; CK-MB, creatine kinase MB; IL,
interleukine; MIP 1o/, Macrophage Inflammatory Protein 1-Alpha/Beta;
GMC-SE Granulocyte Macrophage Colony-Stimulating Factor; MCP-1,
monocyte chemoattractant protein-1; IFN-y/a, interferon gamma/alpha;
TNF-q, tumor necrosis factor-alpha; IP-10, interferon gamma-induced
protein 10; MIG, monokine induced by interferon-gamma.
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and aneurysm clipping surgery was performed. He was hospital
discharged due to improvement two weeks after surgery, with nor-
mal vital signs as follows: BP (120/70 mmHg), HR (70 bpm), BF (18
bpm), and body temperature (36.5C).

Both patients were admitted to the emergency department be-
cause of neurological symptoms rather than respiratory complica-
tions associated with SARS-CoV-2 infection. The relatives of the
patients provided written informed consent, previously approved
by the Institutional Ethical committee of the General Hospital of
Mexico, which guaranteed that the study was conducted in rigor-
ous adherence to the principles described in the 1964 Declaration
of Helsinki and its posterior amendment in 2013. Cranial and
chest CT scans were obtained from the Carestream Viu Motion
software v.12.1.5.7 from the digital electronic file of the General
Hospital of Mexico.

The CSF sample was obtained during surgery by ventricular
shunt for case 1, whereas the CSF sample was obtained by lumbar
puncture at admission for case 2. Viral particles of SARS-CoV-2
including spike S1 protein (S), nucleocapsid (N), envelope (E),
and RNA-dependent RNA polymerase (RdRp) were analyzed
in CSF by RT-PCR using the next primer sequences: S (forward:
GCTGGTGCTGCAGCTTATTA; reverse: AGGGTCAAGTG-
CACAGTCTA ), N (forward: CAATGCTGCAATCGTGCTAC;
reverse: GTTGCGACTACGTGATGAGG ), E (forward: TTCG-
GAAGAGACAGGTACGTTA; reverse: AGCAGTACGCACA-
CAATCG ), RdRp (forward: AGAATAGAGCTCGCACCGTA;
reverse: CTCCTCTAGTGGCGGCTATT), 18S (forward: CGGC-
TACCACATCCAAGGAA; reverse: GCTGGAATTACCGCG-
GCT). All tests were performed following the next thermocycling
steps: 95C for 10 minutes, 95C for 15 seconds, 60~63C for 30
seconds (depending on the primer sequence), 72°C for 45 seconds,
and a final extension step of 72°C for 7 minutes, after reaching 50
cydes.

Although RT-PCR test in nasopharyngeal swabs confirmed
the SARS-CoV-2 infection in Case 1 (CT=35.09) and Case 2
(CT=35.17), the expression of S, N, E, and RdRp RNA was not de-
tected in CSF from both patients.

The cytokine analysis was performed using the Human Cytokine
Magnetic 25-Plex Panel (Life technologies, Frederick, MD, USA)
following the manufacturer’s instructions. Results were analyzed
in the MILLIPLEX" Analyst 5.1 Flex software. CSF samples from
both patients revealed that levels of IL-6, IL-12, eotaxin, IL-17,
MIP-1a, GMC-S, MIP-1b, MCP-1, IL-15, IFN-y, IFN-a, TNF-a,
IL-7, MIG, and IL-8 were dramatically higher than those found
in reference values. However, IL-8 and MCP-1 showed the most
impressive elevations in Case 1 as compared to Case 2. In fact, the
Case 1 exhibited 166- and 44-fold increases in IL-8 and MCP-1,

https://doi.org/10.5607/en21009

respectively, with respect to Case 2.1L-2 was the only cytokine be-
low reference values (Table 1).

DISCUSSION

Cases with SARS-CoV-2 infection-related neurological com-
plications are increasing; thus a thorough evaluation of the CNS
should be considered in patients with COVID-19. Therefore,
patients should provide CSF biopsy, which is a minimally inva-
sive form to obtain a CNS tissue sample. The presence of SARS-
CoV-2 in CSF has been documented only in a few COVID-19
patients with neurological symptoms [4]. In this sense, Meinhardt
and coworkers proposed that SARS-CoV-2 may enter the CNS
via the neural-mucosal interface in olfactory mucosa in the nose,
allowing its detection in CSF by means of RT-PCR [5]. In parallel,
another study in mice reported that spike S1 protein can cross the
blood brain barrier, reaching the CSF of the CNS [6]. However,
in this study we were not able to detect the SARS-CoV-2 in CSF
by RT-PCR, even though the same molecular test in nasopharyn-
geal swabs confirmed the presence of SARS-CoV-2 in the airway
epithelium of both patients. Nevertheless, the fact that we did not
detect SARS-CoV-2 mRNA in CSF samples does not confirm the
absence of the virus in the CNS and further studies are needed.
On the contrary, the cytokine storm was clearly evidenced in CSE
which presumably associates with the neurological symptoms ac-
companying COVID-19 [7].

Recently, Mousa-Ibrahim and cols [8] reported intracranial
hemorrhage as well as thrombosis within six COVID-19 patients.
Moreover, in an exceptional review study, Pramitasuri and cols.
show that ischemic stroke is more frequent than intracerebral
hemorrhage in SARS-CoV-2 patients. However, ischemic stroke in
the context of SARS-CoV-2 infection more frequently evolved to
hemorrhage than conventional ischemic stroke, which associates
with increased mortality and worst outcome [9].

The relationship between SARS-CoV-2 infection and CVD lies
in the ability of the virus to lead to hypercoagulable states that in
turn increases fibrin deposition and D-dimer elevation [10]. Upon
binding to the angiotensin-converting-enzyme (ACE2) receptor
in brain capillary endothelial cells, SARS-CoV-2 causes cerebral
endothelial damage that in turn leads to the development of in-
tracranial hemorrhage, release of subintimal collagen, and platelet
aggregation associated with clot production [11]. In the present
study, we did not evaluate directly the brain capillary endothelium;
however, we found no evidence of SARS-CoV-2 mRNA in CSF
from both patients by RT-PCR. Therefore, it is feasible that cere-
brovascular events observed in these patients were caused by an
exacerbated proinflammatory response in the CNS. In this sense,
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our data show that both patients had intracranial hemorrhages
presumably related to COVID-19, characterized by increased CSF
levels of cytokines associated with CNS inflammation such as IL-
1B, IL-6, TNF-a and IFN-y, and extremely high concentrations of
IL-8 and MCP-1.

IL-8 also referred to as CXCLS, is an important chemoattractant
of neutrophils with the ability to eliminate cells infected with
virus or bacteria, which in turn leads to collateral tissue injury.
In a normal physiological state, IL-8 is scantly expressed in the
CNS; however, IL-8 increases in several neurological pathologies
such as ischemic brain injury, stroke, and traumatic brain injury.
After ischemic brain damage, IL-8 increases first in CSE induc-
ing elevation of this cytokine in plasma, which results in systemic
inflammation and persistent damage to CNS [12]. Likewise, MCP-
1 also referred to as CCL2, is an important chemokine with the
ability to recruit a wide variety of leukocytes such as macrophages
and monocytes toward damaged tissues [13]. Similarly to IL-8, in-
creased MCP-1 levels have been involved in neurological patholo-
gies such as multiple sclerosis (MS), cerebral stroke, and traumatic
brain injury [12].

Previous studies in Alzheimer Disease (AD) show that brain mi-
crovessels can release high levels of thrombin and IL-8, promoting
the formation of neutrophil extracellular traps (NETs). In cerebral
capillaries of AD patients, thrombin induces the expression of
IL-8, thus contributing to the intravascular NETosis. Likewise,
the MCP-1/CCR2 axis promotes migration of monocytes to the
vascular endothelium of the CNS with the aim of clearing amyloid
peptides in AD patients [14]. Despite the function of IL-8 and
MCP-1 in the COVID-19-related cytokine storm has been widely
studied, the role of these cytokines in the neurological dysfunction
associated with COVID-19 is not fully elucidated.

Neutrophilia is a recurrent hallmark of acute infection in CO-
VID-19 patients that leads to the formation of NETs, which are
composed by networks of DNA, histones, and proteolytic enzymes
that normally function in response to pathogens. Histones of
NETs activate the coagulative kallikrein-kinin system and platelets,
which present the High Mobility Group protein BI (HMGBI) to
neutrophils, stimulating NET formation. Once NETS bind to the
endothelium, they compromise its integrity by the recruitment of
more neutrophils, producing endothelial damage [15, 16].

Interestingly, in patients with ischemic strokes due to COVID-19
the role of NETS has a pivotal importance. Additionally, it is be-
lieved that neuroinflammation observed in stroke-related CO-
VID-19 associates with the cytokine storm, wherein IL-1p appears
to play a pivotal role. IL-1f is able to induce the expression of IL-17
and IL-6, which in turn can interact with astrocytes, microglia, and
neurons, intensifying the cytokine storm and favoring the recruit-
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ment of neutrophils and macrophages to cerebral parenchyma
via HMGBI protein [17]. In this scenario, IL-8 and MCP-1 might
also contribute to neuroinflammation by recruiting neutrophils
and macrophages to the vascular endothelium of the brain, favor-
ing endothelial damage, NET formation, and the hypercoagulable
state.

Despite we cannot precise whether high levels of IL-8 and MCP-
1 are a cause or consequence of CVD in COVID-19 patients, this
information supports the role of these cytokines in aggravating the
severity of the intracranial hemorrhages in patients with SARS-
CoV-2 infection.

Identification of the cytokine profile in CSF of patients with
CVD concurrent with COVID-19 may allow starting a timely
anti-inflammatory pharmacological approach. The use of drugs
that inhibit the IL-8 and MCP-1-dependent signaling pathways
may help reduce exacerbation of the inflammatory response in
patients with COVID-19, thus decreasing the magnitude of the
neurological damage. For this reason, we propose to conduct dini-
cal trials aimed to test the efficacy of Tofacinitib and Reparaxyn
in hyper-inflamed COVID-19 patients. Tofacinitib is an inhibitor
of the JAK-STAT signaling pathway that indirectly obstructs the
action of proinflammatory cytokines and chemokines such as IL-
6,1L-8, MCP-1, MMP3, and MMP2/9 [18]. In parallel, Reparaxyn
is an inhibitor of CXC chemokines receptor types 1 (CXCR1) and
2 (CXCR2), which becomes more relevant in patients with CO-
VID-19 that show marked neutrophilia.

In conclusion, we outlined the cytokine profile in CSF of patients
with CVD concurrent with COVID-19. Our findings suggest
that CNS damage may result from the excessive inflammatory
response mediated by IL-8 and MCP-1, instead of being caused by
direct infection of SARS-CoV-2 to the CNS.
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Abstract: Health care workers (HCW) are at high risk of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) infection. The incidence of SARS-CoV-2 infection in HCW has been examined
in cross-sectional studies by quantitative polymerase chain reaction (qPCR) tests, which may lead to
underestimating exact incidence rates. We thus investigated the incidence of SARS-CoV-2 infection
in a group of HCW at a dedicated coronavirus disease 2019 (COVID-19) hospital in a six-month
follow-up period. We conducted a prospective cohort study on 109 participants of both sexes working
in areas of high, moderate, and low SARS-CoV-2 exposure. qPCR tests in nasopharyngeal swabs
and anti-SARS-CoV-2 IgG serum antibodies were assessed at the beginning and six months later.
Demographic, clinical, and laboratory parameters were analyzed according to IgG seropositivity
by paired Student’s T-test or the chi-square test. The incidence rate of SARS-CoV-2 infection was
considerably high in our cohort of HCW (58%), among whom 67% were asymptomatic carriers. No
baseline risk factors contributed to the infection rate, including the workplace. It is still necessary
to increase hospital safety procedures to prevent virus transmissibility from HCW to relatives and
non-COVID-19 patients during the upcoming waves of contagion.
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1. Introduction

The global outbreak of coronavirus disease 2019 (COVID-19) was caused by the novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. The SARS-CoV-2 is
highly transmissible to humans, and health care workers (HCW) attending to COVID-19
patients are at a much higher risk of infection than the general population [2,3]. A study
conducted at Rutgers University and two affiliated university hospitals reported that the
prevalence of SARS-CoV-2 infection is dramatically higher in HCW than in non-health
care professionals (7.3% versus 0.4%, respectively) [4]. A cross-sectional study conducted
at the Hospital Universitario of Fuenlabrada in Spain informed a SARS-CoV-2 infection
rate of 19.9% in HCW [5]. Kenan Rodriguez and colleagues conducted a cross-sectional
descriptive study in two health departments belonging to the Spanish National Public
Health System, finding an incidence of SARS-CoV-2 infection of 9.7% in HCW [6]. Likewise,
another study reported a SARS-CoV-2 infection prevalence of 14.8% in HCW employed
in a large tertiary community hospital in New York City [7]. This information suggests
that the SARS-CoV-2 infection rate appears reasonably low in health care personnel who
faced at least two COVID-19 waves. However, most reports examining the incidence of
SARS-CoV-2 infection in HCW were conducted in cross-sectional studies using quantitative
polymerase chain reaction (qQPCR) tests to detect positive cases. Since qPCR amplifies the
virus’s genetic material, this methodology can only identify active infection cases, which
may lead to underestimating asymptomatic patients and incidence rates among health
care professionals [8]. For this reason, we believe the SARS-CoV-2 infection incidence in
HCW should be assessed by conducting prospective, longitudinal cohort studies measuring
specific IgG antibodies against the virus to detect all personnel exposed to the infection,
irrespective of whether they showed symptoms or not.

At the pandemic’s beginning, the Ministry of Health switched the General Hospital of
Mexico (GHM) from a tertiary care center to a dedicated COVID-19 hospital. For this reason,
we conducted a prospective cohort study to investigate the incidence rate of SARS-CoV-2
infection in HCW of the GHM by examining anti-SARS-CoV-2 IgG antibody serum titers at
the beginning of the study and six months later. We also explored risk factors potentially
contributing to infection rates in our study cohort, such as comorbidities and working in
areas of high, moderate, and low viral exposure.

2. Materials and Methods
2.1. Trial Design and Ethical Considerations

This prospective cohort study consisted of enrolling doctors, nurses, researchers,
clinical lab technicians, psychologists, rehabilitators, and administrative personnel from
the GHM, one of the largest hospitals of the Ministry of Health, designated for treating
COVID-19 patients in Mexico City. The study was approved by the Ethics and Clinical
Research committees of the GHM (Approval No: DI/20/501/04/32) and was conducted in
strict adherence to the principles of the 1964 Declaration of Helsinki and its posterior amend-
ment in 2013. The enrollment and follow-up of participants took place from August 2020 to
January 2021. This study met the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) statement guidelines for reporting observational studies.

2.2. Selection of Participants

We invited volunteers to participate in the study with no previous diagnosis of SARS-
CoV-2, evidenced by a negative quantitative PCR (qPCR) test in oropharyngeal swabs
and negative IgG antibodies against the virus, aged 18 years and above, and with no
previous COVID-19 vaccination. All HCW that agreed to take part in the study signed an
informed consent form and received a full explanation of the purposes and procedures
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of the study. Personnel developing administrative tasks were considered to have low
SARS-CoV-2 exposure within hospital facilities. Personnel handling and processing blood
samples without having contact with COVID-19 patients were believed to have moderate
SARS-CoV-2 exposure within the hospital. Personnel working in the emergency room and
intensive care units were supposed to have high SARS-CoV-2 exposure within hospital
facilities. We chose six months to follow up with all participants based on previous
studies examining the COVID-19 incidence in HCW [4,9]. All HCW enrolled in the study
agreed to receive weekly monitoring via a phone call interview to register any suggestive
COVID-19 symptoms and attend at least two appointments for medical consultation,
clinical evaluation, and blood sampling. We provided all HCW enrolled in the protocol
with the same N95 respirators, disposable surgical gowns, disposable surgical caps, and
face shield masks as personal protection equipment (PPE) throughout the study. We also
confirmed that all HCW correctly wore PPE independently of working in low, moderate, or
high SARS-CoV-2 exposure areas within the hospital. We labeled a participant as positive
for SARS-CoV-2 exposure if the IgG test was positive at the end of the study.

2.3. Sample Size Estimation

The number of workers employed at the General Hospital of Mexico is approximately
seven thousand. At the pandemic’s beginning, two thousand aged workers were instructed
to lock down at home. At this time, we initially estimated a sample size considering that
the number of active personnel was five thousand. Based on previous studies [4,5], we
expected that 13% of workers were at higher risk of SARS-CoV-2 infection (1 = 650). Using
the equation for population proportion n =z2 (p x q)/e2 + (z%(p % q))/N, with a margin of
error of 10% and a confidence level of 99%, we obtained n = 84. We considered 25% losses
and finally found a sample size of n = 105 health care professionals.

2.4. Clinical Evaluation of Volunteers

Demographic, anthropometric, clinical, and laboratory parameters were collected
from all study participants. The workplace within the hospital and any current symptoms
concurring with SARS-CoV-2 infection were also registered. At the beginning of the study,
we took from all participants an initial oropharyngeal swab for the qPCR test and a 4 mL
blood sample for specific IgG antibody detection of anti-SARS-CoV-2. According to the
World Health Organization (WHO) technical guidance [10], when participants described
any symptoms concurring with COVID-19, they were subjected to another qPCR test with
nasopharyngeal swab for SARS-CoV-2 detection. At the end of the study, all participants
agreed to donate another 4 mL blood sample for specific IgG antibody detection.

2.5. IgG Seroprevalence Analysis

Specific IgG antibody levels against the SARS-CoV-2 nucleocapsid (N) protein were
measured in triplicate by the Enzyme Linked-ImmunoSorbent Assay (ELISA) by a stan-
dardized kit from Abcam (Abcam, ab274339, Cambridge, UK), using a microplate reader
at 450 nm.

2.6. Statistics

We estimated the normality of data by the Shapiro-Wilk test. At the beginning and
the end of the study, clinical, anthropometric, and laboratory data were analyzed by paired
Student’s T-test. We estimated differences in sex proportion by the chi-square test and

considered differences significant when p < 0.05. We performed statistical analyses using
the SPSS version 22 (IBM, Armonk, NY, USA).

3. Results

Figure 1 illustrates the selection process of participants enrolled in the study based on
the inclusion and exclusion criteria (Figure 1).
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Eligible participants (1 = 115)
(1) Above 18 years
(2) No previous diagnosis of COVID-19
(3) IgG seronegative for SARS-CoV-2
(4) Negative qPCR test for SARS-CoV-2
(5) Acceptance to sign the informed consent

Exclusion criteria:
(1) Pregnancy o lactation
(2) Concurring symptoms of COVID-19

Participants enrolled in the study (1 = 109)

I Six-month follow-up I—

| Participants who completed the follow-up (12 = 109) I

! l

I IeG seropositive (11 = 64) I I 1gG seronegative (n = 45) I

Establishment of the incidence of SARS-CoV-2 infection in HCW
and retrospective analysis of possible contributing factors

Figure 1. Schematic flow chart showing the selection process of participants enrolled in the study
based on the inclusion and exclusion criteria. We conducted the enrollment of participants in strict
adherence to the principles of the 1964 Declaration of Helsinki and its posterior amendment in
2013, meeting the STROBE guidelines for reporting observational studies. Abbreviations: IgG,
immunoglobulin G; qPCR, quantitative polymerase chain reaction; SARS-CoV-2, severe acute respi-
ratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; STROBE, Strengthening the
Reporting of Observational Studies in Epidemiology; HCW, health care workers.

At the end of the study, 64 participants showed specific IgG antibodies against the
virus, denoting a 58% incidence of SARS-CoV-2 infection (Table 1). Among IgG seroposi-
tive participants, 21 (33%) were symptomatic and presented symptoms concurring with
COVID-19, including fever, headache, fatigue, body pain, anosmia, and dysgeusia. More-
over, three (14%) of the symptomatic participants needed non-invasive respiratory support.
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In parallel, 67% (1 = 43) of the IgG seropositive participants were asymptomatic carriers
and reported no COVID-19 symptoms during the six-month follow-up. All symptomatic
participants were confirmed by a qPCR test, and all of them showed serum titers of IgG
antibodies anti-SARS-CoV-2 at the end of the study.

Table 1. Demographic, anthropometric, clinical, laboratory, and working characteristics of HCW.

IgG Seropositive n = 64 IgG Seronegative n = 45

Fammeter Baseline A Final € PAvs. C Baseline B Final P pBys.D P Avs. B
Demographic characteristics
Age, years (X £ SD) 40 +10 - - 43+11 - - 0.21
Men, 1 (%) 22 (34) - - 14 (31) - - 0.83
Women, 1 (%) 42 (66) - - 31 (69) - - 0.44
Working exposure level
High, n (%) 37 (64.9) - - 20 (44.4) - - 0.19
Moderate, 1 (%) 22 (52.4) - - 20 (47.6) - - 0.38
Low, 1 (%) 5 (50) - - 5 (50) - - 0.39
Use of PPE, 1 (%) 60 (94) - - 39 (87) - - 0.28
Prevalence of comorbidities
Sedentary lifestyle, 1 (%) 35 (55) - - 31 (69) - - 0.20
Obesity, 1 (%) 25 (39) - - 21 (47) - - 0.57
Diabetes Mellitus, 1 (%) 3(5) - - 409 - - 0.37
Hypertension, 1 (%) 0 - - 5(11) - - 0.01
Anthropometric and clinical parameters
Breathing frequency, (X + SD) 15+ 3 18+ 10 0.03 16+3 20+13 0.13 0.16
Temperature, °C (X & SD) 36 36 + 0.6 0.20 36 36 + 0.1 0.02 0.55
Weight, kg (X + SD) 69 +12 70 £12 0.02 72+16 73+ 16 0.07 0.37
BMI, kg/m? (X + SD) 26 +46 27 + 4 0.04 28+52 27 + 6.7 0.88 0.21
Waist, cm (X & SD) 88 + 10 8 +9 0.10 91 + 14 91.+12 0.49 0.23
Hip, em (X £ SD) 101+9 102+ 8 0.61 103 + 11 104 + 10 0.06 0.41
Laboratory parameters

Glucose, mg/dL (X + SD) 90 +11 SETHN2 0.09 93 + 16 96 + 35 0.44 0.19
Urea, mg/dL (X + SD) 3N+7 T 0.61 3+1 34+9 0.62 0.18
Creatinine, mg/dL (X & SD) 08+0.1 071 0.01 0.8 +0.15 0.7+ 0.15 0.01 0.77
Uric acid, mg/dL (X + SD) S Bkl 092 831172 53414 0.76 0.35
Cholesterol, mg/dL (X =+ SD) 181 + 37 186 + 36 0.21 183 + 30 178 + 47 0.35 0.77

At the end of the six-month follow-up, we found that the SARS-CoV-2 infection rate in our cohort of HCW was
58% (n = 64), and 67% (n = 43) of the IgG seropositive participants were asymptomatic carriers. We used paired
Student’s T-test to compare numerical variables and presented data as mean =+ standard deviation. We used the chi-
squared test to compare categorical variables and expressed data as absolute values or percentages. We considered
differences significant when p < 0.05. * and P indicate characteristics of IgG seropositive and seronegative
participants, respectively, at the beginning of the study. © and ? indicate characteristics of IgG seropositive and
seronegative participants, respectively, at the end of the study. Abbreviations: IgG, immunoglobulin G; PPE,
personal protection equipment; BMI, body mass index; HCW, health care workers; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2; X, mean; SD, standard deviation.

At the beginning of the study (baseline), a retrospective analysis revealed no sig-
nificant differences between participants who further showed positive or negative IgG
serum titers for demographic, anthropometric, and laboratory parameters (Table 1). For
comorbidities, hypertension was significantly higher in IgG seronegative participants than
in IgG seropositive subjects, with no differences in the prevalence of obesity and Diabetes
Mellitus (Table 1). Furthermore, there were no differences between IgG seropositive and
seronegative participants concerning the correct use of PPE throughout the study (Table 1).

In participants working in hospital areas of low exposure, the incidence of SARS-
CoV-2 infection was 50% (Table 1). A similar trend was found in participants working in
areas of moderate exposure, wherein the incidence of SARS-CoV-2 infection was 52.5%
(Table 1). Conversely, participants working in areas of high viral exposure tended to
have the highest incidence of SARS-CoV-2 infection (64.9%) without showing significant
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differences (Table 1). We found no differences in the correct use of PPE among participants
working in low, moderate, or high SARS-CoV-2 exposure areas within the GHM.

4. Discussion

Herein, we found that the incidence of SARS-CoV-2 infection was as high as 58% in
our study sample of HCW. Most studies examining the incidence of SARS-CoV-2 infection
in HCW have reported incidence rates of 5-29% [4,5,11,12], which significantly differ from
our results. These apparently controversial findings can be explained since most studies
assessing the incidence of SARS-CoV-2 infection use the qPCR test in either cross-sectional
or prospective studies, which may lead to underestimating actual incidence rates [13,14]. As
far as we know, this is one of the first prospective cohort studies reporting a high incidence
of SARS-CoV-2 infection in a cohort of HCW by examining titers of anti-SARS-CoV-2 IgG
antibodies in a six-month exposure time. A study conducted on a group of HCW from a
tertiary care center in Japan showed that almost half of the overlooked infection cases by
the qPCR test could be identified when measuring anti-SARS-CoV-2 serum antibodies [15].
Therefore, we think the incidence of SARS-CoV-2 infection in HCW should be assessed by
IgG antibody measurement in prospective cohort studies as a strategy that can help identify
the personnel exposed to the virus irrespective of having presented COVID-19 symptoms or
not. However, it is feasible that converting the GHM into an entirely dedicated COVID-19
care center could have impacted the SARS-CoV-2 infection rate in our study compared to
other reports [4,5,11,12]. Therefore, our findings may not necessarily apply to all health
care settings admitting COVID-19 patients.

In line with previous studies [16-18], we found that neither demographic and an-
thropometric characteristics nor laboratory parameters at the beginning of the follow-up
were related to the incidence of SARS-CoV-2 infection in HCW of the GHM. However,
we observed that hypertension was higher in IgG seronegative participants than in IgG
seropositive volunteers. It is feasible that participants recognizing themselves as a vulnera-
ble population with comorbidities such as hypertension had more safety procedures than
volunteers without known comorbidities, even though our data show that both groups
followed the minimal requirements of PPE.

We found that the workplace within the hospital was not significantly related to the
incidence of SARS-CoV-2 infection when all health care professionals were wearing PPE
correctly. HCW at the frontline, including emergency room and intensive care units, had
similar infection rates to those working in moderate- and low-exposure areas such as
hospital administration and medical social work. Our results align with previous studies
reporting that the risk of SARS-CoV-2 infection in HCW is not necessarily associated with
the workplace but with other factors such as community exposure and contact with family
members who are COVID-19 asymptomatic carriers, and the inaccurate use of PPE [17,18].

Finally, our results indicate that only 33% of IgG seropositive participants presented
COVID-19 symptoms, which means that two in three subjects were asymptomatic carriers.
Abdulla A. Damluji and colleagues found 4.8% of asymptomatic carriers among HCW [19],
while another study reported that 40% of HCW with SARS-CoV-2 infection did not develop
any symptoms concurring with COVID-19 [20]. Altogether, our protocol shows many
SARS-CoV-2 asymptomatic carriers among HCW, which may contribute to increasing
transmissibility of the disease within the hospital and in the community.

We are inclined to point out some strengths and limitations to the study. The sample
size (1 = 109) could be a limitation considering that more than seven thousand employ-
ees work in the General Hospital of Mexico. However, besides sample size estimation
suggesting that 105 participants were enough for statistical analysis, the number of HCW
enrolled allowed us to monitor any suggestive COVID-19 symptoms individually for six
months, including weekends, strengthening our ability to estimate infection rates and
identify asymptomatic carriers. Furthermore, the fact that we conducted this study in one
single care center could also be a limitation, considering that a multicenter trial provides an
increased number of patients from different geographic places and socioeconomic statuses.
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Nevertheless, the General Hospital of Mexico is one of the largest tertiary care centers in the
country, attending nearly 200,000 low- and middle-income patients from the south-central
region of Mexico per year. Therefore, our findings reflect, to some extent, the exposure
levels of HCW working in dedicated COVID-19 hospitals in Mexico and may help consider
effective strategies to face emerging health threats like SARS-CoV-2.

5. Conclusions

This prospective study shows, for the first time, in a cohort of HCW followed-up for
six months, that the incidence rate of SARS-CoV-2 infection was as high as 58%, among
which 67% were asymptomatic carriers. There were no risk factors contributing to the
increase in the infection rate, including the workplace within the hospital. There is still
a considerable need to increase safety procedures in COVID-19 hospitals, where HCW
exposed to SARS-CoV-2 infection can increase virus transmissibility to other health care
professionals, relatives, and patients.
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Direct bilirubin and the neutrophil-to-monocyte ratio timely
predict intensive care unit admission in patients with severe
acute respiratory syndrome coronavirus-2 infection (COVID-19)
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Abstract

Objective: Intensive care units (ICUs) collapsed under the global wave of coronavirus disease 2019 (COVID-19). Thus, we
designed a clinical decision-making model that can help predict at hospital admission what patients with COVID-19 are at
higher risk of requiring critical care. Methods: This was a cross-sectional study in 119 patients that met hospitalization cri-
teria for COVID-19 including less than 30 breaths per minute, peripheral oxygen saturation < 93%, andlor = 50% lung in-
volvement on imaging. Depending on the need for critical care, patients were retrospectively assigned to ICU and non-ICU
groups. Demographic, clinical, and laboratory parameters were collected at admission and analyzed by classification and
regression tree (CRT). Results: Forty-five patients were admitted to ICU and 80% of them were men older than 5713 +
12.80 years on average. The leading comorbidity in ICU patients was hypertension. The CRT revealed that direct bilirubin
(DB) > 0.315 mgldl together with the neutrophil-to-monocyte ratio (NMR) > 15.90 predicted up to correctly in 92% of the
patients the requirement of intensive care management, with sensitivity of 93.2%. Preexisting comorbidities did not influence
on the tree growing. Conclusions: At hospital admission, DB and NMR can help identify nine in 10 patients with COVID-19
at higher risk of ICU admission.

Keywords: COVID-19. Severe acute respiratory syndrome coronavirus-2. Direct bilirubin. Neutrophil-to-monocyte ratio. Clinical
decision-making model. Classification and regression trees.

studies have consistently reported that near 30% of
patients with severe SARS-CoV-2 infection requires
critical care, which alarmingly overwhelmed intensive
care units (ICUs) during the first global wave of
COVID-19 and is expected to happen now during the
second wave of this infectious disease®.

Quick admission to ICU clearly decreases mortality

Introduction

Coronavirus disease 2019 (COVID-19) is an infec-
tious illness caused by the novel severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2) that was
first identified in Wuhan, China, and has rapidly spread
to the rest of the world". The vast majority of patients
with COVID-19 experience a mild disease that self-lim-

72

its in < 2 weeks, however, up to 15% of patients can
develop severe forms of the disease including respira-
tory failure, multiple organ failure, and death2. Several
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rates of patients seriously ill with COVID-19%. For this
reason, there is a deep need for simple decision-mak-
ing models that allow clinicians predicting from the very
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first moment of hospital admission what patients with
severe SARS-CoV-2 infection might be ICU candidates.
Recently, we demonstrated that risk factors such as the
neutrophil-to-monocyte ratio (NMR) at admission can
accurately predict in-hospital mortality in patients seri-
ously ill with COVID-19 without having yet explored their
utility in prioritizing ICU admission®.

Classification and regression trees (CRTs) are pre-
dictive algorithms that provide decision-making models
based on analyzing the influence of several indepen-
dent numerical variables on a target variable®. More-
over, CRT can also model the potential influence of
categorical variables on the main clinical outcome,
which has recently popularized the use of these deci-
sion algorithms in clinical research’®. In addition, CRT
algorithms are able to predict a clinical outcome as-
suming that the relationship between dependent and
independent variables occurs in a non-linear form, as
previously reported for the development of complex
human diseases®. Thus, we hypothesize that CRT
might be a powerful tool in developing a clinical deci-
sion-making model that can help clinicians predict ICU
admission in patients with severe SARS-CoV-2 infec-
tion. The purpose of this study was to analyze the most
important demographic, clinical, and laboratory risk
factors for designing a clinical decision-making model
that can predict at hospital admission the need for crit-
ical care in patients with severe COVID-19.

Materials and Methods
Patients and study design

It was a cross-sectional, prospective, and analytical
study in 119 individuals of both sexes, aged 18 years
and older that met at least one of the following criteria
of severe COVID-19: oxygen saturation levels (Sp0O,) <
93% on room air, respiratory distress > 30 breaths per
minute, and/or 2 50% lung involvement on imaging.
Diagnosis of COVID-19 was confirmed by quantitative
polymerase chain reaction following the World Health
Organization technical guidance'®. All eligible patients
were originally admitted to the Emergency Department
from October 5, 2020, to February 26, 2021, and de-
pending on the clinical evolution were transferred to the
ICU for ventilatory support. Patients were retrospective-
ly grouped into two different clusters depending on the
need for invasive mechanical ventilation in ICU accord-
ing to the Clinical Care Guidelines for Influenza and
SARS-CoV-2 of the Centers for Disease Control and
Prevention'’. Patients that met criteria of severe

COVID-19 were enrolled in the study if they agreed to
provide written informed consent previously approved
by the Institutional Ethical Committee with registration
number of the ethical code approval: DI/20/501/03/17.
The study was conducted in rigorous adherence to the
principles described in the 1964 Declaration of Helsinki
and its posterior amendment in 2013. This study is re-
ported in compliant with the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
guidelines. Patients were excluded from the study if they
had previous diagnosis of chronic liver disease, endo-
crine disorders, and infectious diseases. Patients un-
able to provide written informed consent and pregnant
or lactating women were also excluded from the study.

Demographic, clinical, and laboratory data

Demographic information, clinical data, and laborato-
ry measurements were recorded at hospital admission.
Demographic data included gender and age. Clinical
data included previous diagnosis of obesity with body
mass index > 30 kg/m?, Type 2 diabetes (T2D), high
blood pressure = 130/80 mmHg, chronic kidney disease
(CKD), coronary heart disease (CHD), autoimmune dis-
ease, cancer, smoking, alcoholism, peripheral oxygen
saturation, breath rate, heart rate, body temperature,
odynophagia, chest pain, diarrhea, inpatient days, date
of discharge or death, and drug therapy for COVID-19.
Laboratory data were collected using the digital version
of the electronic health record of the hospital and in-
cluded blood glucose, lipid profile, liver function tests,
kidney function tests, coagulation markers, hematic bi-
ometry, C-reactive protein, troponin |, ferritin, procalci-
tonin, myoglobin, and D-dimer. NMR resulted of dividing
the total neutrophil count by the total monocyte count.

Statistics and CRT

Assessment of normality was performed using the
Shapiro-Wilk test. Categorical variables were analyzed
by the Chi-square test and are expressed as absolute
values and percentages. Numerical variables were an-
alyzed by the unpaired Student's t-test and are ex-
pressed as mean + standard deviation. These statisti-
cal analyses were performed using the GraphPad
Prism 6.01 software (GraphPad Software, La Jolla, CA
92037, USA) and differences were considered signifi-
cant when p < 0.05. Numerical variables were used to
build a CRT considering ICU admission as dependent
variable. Then, the CRT was explored by categorical
variables such as gender, obesity, T2D, hypertension,
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Exclusion criteria:

provide informed consent.
4) Pregnancy or lactation.

b) Respiratory distress > 30 breaths/min, and/or
¢) >50% lung involvement on imaging, and
d) Specific detection of SARS-CoV-2 by qPCR

1) Diagnosis chronic liver disease, endocrine
disorders, HIV, HCV, and HBV.
2) Long-term immunomodulatory therapy.
3) Unconscious patients that had lost ability to

Following-up

Retrospective analysis of predictors of ICU
admission in patients with severe COVID-19 by

Eligible patients (n= 194)
a) Sp02 < 93% on room air, and/or

Patients enrolled in the study (n=119)

Collection of demographic, laboratory
and clinical data at admission

A 4

ICU (n=45) Non-ICU (n=74)

classification and regression tree

Figure 1. Schematic flowchart showing the selection process of patients enrolled in the study based on the inclusion
and exclusion criteria. Sp0,,: oxygen saturation level; SARS-CoV-2: novel severe acute respiratory syndrome
coronavirus-2; qPCR: quantitative polymerase chain reaction; HIV: human immunodeficiency virus; HCV: hepatitis C
virus; HBV: hepatitis B virus; COVID-19: coronavirus disease 2019.

CKD, and CHD that may influence the decision algo-
rithm. The CRT was performed with the minimum num-
ber of cases in the parent node of 20% of the sample
size, stopping rule for terminal nodes of 10%, 10-fold
cross-validation, and tree pruning with a maximum ac-
ceptable difference in risk between the pruned tree and
the sub-tree of 1 standard error. The CRT contained a
root node, four terminal nodes, and three levels. Cutoff
point, sensitivity, specificity, odds ratio (OR), and 95%

confidence interval were calculated for each predicting
variable of the CRT using the IBM SPSS Statistics Ver-
sion 26.0 (IBM, Armonk, NY, USA).

Results

The selection process of patients enrolled in the study
is shown in figure 1. After being admitted to the Depart-
ment of Pneumology, 37.8% (n = 45) of patients with
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Table 1. Demographic, clinical, and laboratory parameters in patients with severe COVID-19

Parameters Total (n = 119) Non-ICU (n = 74) m

Gender (W/M) 33/86 24/50 9/36 0.142
Age (years) 54.46 + 11.98 52.84 + 11.24 57.13 + 12.80 0.058
Obesity prevalence (%) 60 (50.4) 37 (50) 23 (51.1) 0.920
Comorbidities prevalence (%) 81 (68.1) 53 (71.6) 28 (62.2) 0.286
T2D prevalence (%) 62 (52.1) 40 (54.1) 22 (48.9) 0.584
Hypertension prevalence (%) 36 (30.3) 29(392) 7(158) 0.006*
Chronic kidney disease (%) 5(4.2) 5 (6.8) 0(0) 0.075
Coronary heart disease (%) 2(1.7) 0(0) 2(4.4) 0.067
Autoimmune diseases (%) 3(2.5) 1(1.4) 2(4.4) 0.297
Cancer (%) 1(0.8) 1(1.4) 0(0) 0.434
Smoking (%) 27 (22.7) 17 (23.0) 10 (22.2) 0.807
Alcoholism (%) 16 (13.4) 10 (13.5) 6(133) 0.978
Peripheral oxygen saturation (%) 82.61 + 6.54 84.08 + 5.62 80.18 + 7.26 0.001*
Temperature (°C) 36.99 + 0.562 37.01 £ 0577 36.94 + 0.539 0.513
Heart rate (breaths/min) 90.18 + 12.24 88.30 + 12.13 93.29 + 11.91 0.030%
Breath rate (beats/min) 24.50 +3.72 23.95 + 3.97 2542 +3.11 0.035*
Dyspnea 106 (89.1) 64 (86.5) 42 (93.3) 0.246
Cough 102 (85.7) 62 (8338) 40 (88.9) 0.440
Fever (237.3°C) 100 (84.0) 59 (79.7) 41(91.1) 0.100
Myalgia 81 (68.1) 56 (75.7) 25 (55.6) 0.022*
Headache 48 (40.3) 31(419) 17 (37.8) 0.657
Odynophagia 50 (42.0) 30 (405) 20 (44.4) 0.676
Chest pain 23 (19.5) 13 (17.6) 10 (22.7) 0.494
Diarrhea 34 (28.6) 23 (31.1) 11 (24.4) 0.437
Neutrophils (x10%uL) 7371+ 325 6.87 + 3.02 8.19 + 347 0.030*
Lymphocytes (x10%/ul) 0913 + 0.425 0.992 + 0.439 0.784 + 0.371 0.009*
Monocytes (x10%/ul) 0439 + 0.231 0.467 + 0.238 3922 +0.213 0.086
Neutrophil percentage (%) 81.86 +9.29 80.00 + 9.73 849377 0.005*
Lymphocyte percentage (%) 12.27 +7.62 13.66 + 8.25 9.99 + 5.86 0.010%
Monocyte percentage (%) 5.56 + 3.39 6.16 + 3.65 457 + 2.68 0.012%
Total bilirubin (mg/dL) 0.744 + 0.461 0.641 £ 0.283 0913 + 0.625 0.002*
Direct bilirubin (mg/dL) 0.278 + 0.285 0.212 £ 0.169 0.388 + 0.388 0.001*
Indirect bilirubin (mg/dL) 0465 + 0.214 0.429 + 0.164 0525 + 0.269 0.017*
AST (IU/L) 47.48 + 3059 42.87 + 25.33 54.96 + 36.69 0.037*
LDH (IU/L) 450.61 + 185.87 417.43 + 14439 505.16 + 230.59 0.012*
Prothrombin time (s) 11.82+1.29 11.63 + 1.04 12.12 + 1.59 0.045%
(Continues)
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Table 1. Demographic, clinical, and laboratory parameters in patients with severe COVID-19 (Continued)

Parameters ‘ Total (n = 119) Non-ICU (n = 74) mm

Base excess —-3.18:413 —3.86+3.63 —207 £ 468 0.021*
NMR 23.77 + 23.06 19.44 + 14.13 30.88 + 31.81 0.008*
Inpatient days 1479 £+ 9.23 12.66 + 5.99 18.29 £ 12.22 0.001*
Mortality 43 (36.1) 12 (16.2) 31(68.9) 0.000%
Drug regimen Azithromycin, ceftriaxone, oseltamivir, parin sodium, d h and

acetaminophen

Parameters were recorded at hospital admission. Laboratory parameters with significant differences are shown. Normality of data distribution was estimated by the
Shapiro-Wilk test The unpaired Student's t-test was used to compare numerical variables and data are presented as mean + standard deviation. The Chi-squared test
was used to compare categorical variables and data are expressed as absolute values and percentages.

*Differences were considered significant when p < 0.05.

W: women; M: men; T2D: type 2 diabetes; AST: aspartate aminotransferase; LDH: lactate dehydrogenase; NMR: neutrophil-to-monocyte ratio.

severe COVID-19 needed being transferred to ICU (Ta-
ble 1). Among patients admitted to ICU, 80% (n = 36)
were men (Table 1). Patients that required critical care
were, on average, 5 years older and showed lower hy-
pertension prevalence than patients treated in non-ICU
facilities (Table 1). There were no significant differences
between non-ICU and ICU patients with respect to
dyspnea, cough, headache, chest pain, diarrhea, pe-
ripheral oxygen saturation, and body temperature
(Table 1). In contrast, heart rate significantly increased
in ICU patients as compared to non-ICU patients
(Table 1). Function liver tests including conjugated and
unconjugated bilirubin and AST were significantly high-
er in ICU patients than non-ICU patients. Similarly,
there were significant differences between non-ICU
and ICU patients with respect to LDH, prothrombin
time, and cell counts of lymphocytes, monocytes, and
neutrophils (Table 1). Notably, NMR was 1.5-fold in-
crease in ICU patients as compared to non-ICU pa-
tients (Table 1). Hospitalization days were longer in
patients admitted to ICU, who also showed higher
in-hospital mortality than patients treated in non-ICU
facilities. There were no significant differences between
non-ICU and ICU patients with respect to the six-drug
regimen used to treat them that included azithromycin,
ceftriaxone, oseltamivir, enoxaparin sodium, dexameth-
asone, and acetaminophen (Table 1).

The CRT decision algorithm for prioritizing ICU ad-
mission of patients with severe COVID-19 is shown in
figure 2. The root node contains the total of 119 pa-
tients, where 37.8% (n = 45) required being admitted to
the ICU. From the analysis of 59 parameters used to
build the CRT, the value of direct bilirubin (DB) at hos-
pital admission was the most important risk factor to
allocate patients with severe COVID-19 to the ICU. In

fact, the node 1 shows that DB with cutoff point >
0.315 mg/dI can initially help to triage up to 46% (n = 21)
of patients with COVID-19 to the ICU with sensitivity of
46.7%, specificity of 89.2%, and OR of 7.219 (95% CI,
2.823-18.458) (Fig. 2). The node 2 indicates that pa-
tients who apparently did not meet ICU admission cri-
teria by having DB < 0.315 mg/dl can be additionally
explored using the value of NMR with cutoff point >
15.90 at hospital admission (Fig. 2). The node 3 shows
that NMR > 15.90 can be used as a complementary risk
factor to triage another 46% (n = 21) of patients from
the total population at risk of requiring ventilatory sup-
port (Fig. 2). In this way, the node 4 shows that values
of DB and NMR at hospital admission allow predicting
up to 92% (n = 116) of patients with severe COVID-19
that might require critical care, with sensitivity of 93.2%,
specificity of 26.7%, and OR of 5.018 (95% ClI, 1.633-
15.422) (Fig. 2). Neither gender nor comorbidities such
as obesity, T2D, hypertension, CKD, and CHD had an
influence on the tree growing (data not shown).

Discussion

The first global wave of COVID-19 reached a peak in
the months of March, April, May, and June of this year
with thousands of patients admitted to critical care units
across Europe, America, and the rest of the world'?®.
Nowadays, the entire world is experiencing a second
wave of COVID-19 that once again is alarmingly over-
whelming ICUs™®8. For this reason, there is a strong
sense of urgency to develop simple clinical models that
allow predicting what patients with severe COVID-19
are at higher risk of requiring critical care with the
aim of increasing patient’s survival and optimizing ICU
resources.
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Total

ICU admission
ONo 74 (62.2%)
M Yes 45 (37.8%)
119 (100%)

ootnode |

(Improvement = 0.077)

NMR
|

= 0.1315 > 0.?15
ICU admission ICU admission
ONo 66 (73.3%) ONo 8 (27.6%)
M Yes 24 (26.7%) HYes 21 (72.4%)
Total 90 (75.6%) Total 29 (24.4%)
Node 2 | jode 1

(Improvement = 0.047)

T 1
= 15.90 > 15.90
| |
ICU admission ICU admission
ONo 38 (92.7%) ONo 28 (57.1%)
HYes 3 (7.3%) M Yes 21 (42.9%)
Total 41 (34.5%) Total 49 (41.2%)
Node 4 ode 3

Figure 2. CRT decision algorithm for predicting ICU admission in patients with severe COVID-19. The root node
contains the total of 119 patients, where 37.8% (n = 45) required being admitted to the ICU. The node 1 shows that DB
with cutoff point > 0.315 mg/dl can initially help to triage up to 46% (n = 21) of patients with COVID-19 to the ICU. The
node 2 indicates that patients who apparently did not meet ICU admission criteria by having DB < 0.315 mg/dl can be
additionally explored using the value of NMR with cutoff point > 15.90 at hospital admission. The node 3 shows that
NMR > 15.90 can be used as a complementary risk factor to triage another 46% (n = 21) of patients from the total
population at risk of requiring ICU admission. The node 4 shows that values of DB and NMR at hospital admission
allow predicting up to 92% (n = 116) of patients with severe COVID-19 that might require critical care with high
sensitivity. Neither gender nor comorbidities such as obesity, T2D, hypertension, CKD, and CHD had an influence on
the tree growing. The CRT was performed with the minimum number of cases in the parent node of 20% of the sample
size, stopping rule for terminal nodes of 10%, 10-fold cross-validation, and tree pruning with a maximum acceptable
difference in risk between the pruned tree and the sub-tree of 1 standard error, using the IBM SPSS Statistics Version
26.0 (IBM, Armonk, NY, USA). NMR resulted of dividing the neutrophil count by the monocyte count.

ICU: intensive care unit; DB: direct bilirubin; NMR: neutrophil-to-monocyte ratio.

Here, we propose a clinical decision-making model
based on the values of DB and NMR at admission that
allows predicting up to 92% of the total patient popula-
tion with severe COVID-19 that might need ICU admis-
sion (Fig. 3). Bilirubin is a waste product of hemoglobin
catabolism whose water-soluble fraction is secreted
into the bile in the form of conjugated bilirubin or DB.
Serum levels of DB have been shown to elevate in pa-
tients with HBV or HCV and associate with increased
liver inflammation and fibrosis'®2. In addition, DB se-
rum values can increase as a result of systemic infec-
tion in patients with sepsis-induced cholestasis?'. This
previous information demonstrates that DB is a

biochemical marker that elevates by hepatotropic viral
infections and sepsis, both conditions highly frequent
in critical patients with the most severe forms of
COVID-19%2%, In this study, DB serum levels signifi-
cantly increased in critical patients with SARS-CoV-2
infection. In parallel, the clinical decision algorithm re-
vealed that DB was the most important risk factor for
considering admission of patients with severe COVID-19
to ICU. Cholangiocytes have been shown to highly ex-
press the angiotensin-converting enzyme 2 receptor
that acts as the SARS-CoV-2 entry point through Spike
protein S1 that, in turn, leads to DB accumulation and
liver dysfunction in these patients?25. Considering all
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Hospital Admission Criteria:
a) Pulse oximetry at room air <93%
b) Respitarion rate > 30 breaths/min
<) Imaging with >50% lung involvement

Self-isolation

and outpatient e——— No Yes

monitoring
Direct Bilirrubin > 0.315 mg/dL
NMR > 15.90] No Yes

No
In-hospital

floor
management

Consider ICU admission

Figure 3. Clinical decision-making model based on the
values of DB and NMR at admission for predicting ICU
admission in patients with severe COVID-19. At hospital
admission, the levels of direct bilirubin and NMR should
be measured in patients with severe COVID-19
confirmed by qPCR that also shows pulse oximetry at
room air < 93%, respiratory rate > 30 breaths per minute,
and/or = 50% lung involvement on imaging. If direct
bilirubin > 0.315 mg/dL or NMR > 15.90, the patient
should be considered for being admitted to the intensive
care unit. NMR resulted of dividing the neutrophil count
by the monocyte count.

NMR: neutrophil-to-monocyte ratio.

the above information, it is feasible to assume that BD
plays a pivotal role in worsening the severity of
COVID-19 and can be used as marker of critical con-
dition in this viral infection. However, we cannot dismiss
that some patients with critical SARS-CoV-2 infection
might also have an undiagnosed liver condition that, in
turn, may increase DB levels and aggravate COVID-19.
For this reason, we propose that patients seriously ill
with COVID-19 should be fully explored in terms of any
hepatic disorder that may increase DB levels and de-
crease patient’s survival probability.

As we previously reported, NMR accurately predicts
in-hospital mortality in patients with severe SARS-CoV-2
infection®. Now, our clinical decision-making model indi-
cates that NMR with a different cutoff value can be used
to complement identification of patients seriously ill with
COVID-19 at risk of requiring critical care. Neutrophils
play a pivotal role in defending epithelial cells of the lung
against the SARS-CoV-2 invasion by secreting pro-in-
flammatory cytokines and orchestrating immune cell re-
cruiting through chemokine production?. However, neu-
trophils also appear to be a double-edged sword in

COVID-19-related pneumonia by mediating a pro-inflam-
matory cytokine storm that intensifies both neutrophilia
and lesions in the lungs of patients infected with SARS-
CoV-2?7. On the other side, monocytes are white blood
cells that can be sorted in three different subpopulations
according to the cell surface expression of the cluster of
differentiation (CD) 14 and CD16. In this way, circulating
monocytes expressing high CD14 levels without showing
CD16 expression are identified as classical monocytes
and comprise the largest monocyte subset in humans
(~75-80%)?2. In parallel, monocytes that express CD14
and CD16 are called intermediate monocytes, while
monocytes that show CD16 expression with low CD14
production are referred to as non-classical monocytes?.
Classical monocytes are not only the largest monocyte
subpopulation in blood but also the main monocytic
source of interleukin (IL-) 10, a cytokine with potent an-
ti-inflammatory actions®*%. Besides playing anti-inflam-
matory functions by producing IL-10, classical mono-
cytes also exert important roles in wound healing and
tissue repair®’. Altogether, these are the main reasons
behind the idea that monocytopenia is associated with
the most severe forms of COVID-19%2. Thus, increased
neutrophilia and monocytopenia reflect the marked im-
balance between pro-inflammatory and anti-inflammato-
ry immune responses in patients critically ill with
COVID-19%, Concurring with this idea, our clinical deci-
sion algorithm indicates that in patients with severe
COVID-19, the ratio between neutrophils and monocytes
is a better predictor of ICU needing than the cell count
of neutrophils or monocytes separately.

Clinical decision-making models are a useful tool to
predict important clinical outcomes based on studying
the relationship between dependent and independent
variables that behave in a non-linear form as occurs in
disease onset and progression®. Here, we offer a clin-
ical decision-making model based on CRT analysis that
allows predicting what patients with severe SARS-CoV-2
infection will require ICU admission, as early as they
arrive to the hospital. In this sense, Izquierdo et al. re-
cently reported in a large cohort study that age
> 40 years, fever > 39°C, tachypnea, and respiratory
crackles are accurate predictors of ICU admission in
patients with COVID-19%. However, it has been report-
ed that only 43.8% of patients with COVID-19 present
fever at hospital admission, whereas 88.7% can devel-
op increased body temperature after several days of
hospitalization®. Similarly, tachypnea and dyspnea can
appear in a few percent of patients with COVID-19,
which may also lead to underestimate the real number
of patients at risk of requiring ICU admission in the
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upcoming days®. To this respect, our study shows that
DB and NMR can predict ICU needing at hospital ad-
mission without necessarily waiting a long time to see
disease worsening, a notion that might help optimizing
ICU resources with the aim of reducing mortality risk.
Another work conducted in a large cohort study report-
ed that the National Early Warning Score can predict
ICU admission with sensitivity of 71.4%%. In this re-
gard, our clinical decision-making model is able to pre-
dict ICU admission of patients with severe COVID-19
with sensitivity of 93.2%, thus increasing the chance of
accurately identifying patients at risk of requiring critical
care. Although our model presents low specificity, other
relevant tools have been historically used with low
specificity and high sensitivity, as the Glasgow-Blatch-
ford scale for survival and need for intervention
predictions in upper gastrointestinal bleeding, permit-
ting hospital resources administration®. In the same
way, in COVID-19 context, chest computed tomography
has presented low specificity but a very high sensitivity
for diagnosis, allowing to accurately identify infected
patients with typical symptoms who had a negative RT-
PCR result*. Moreover, a recent study proposes the
use of the ABC-GOALS score that consists of different
variables such as arterial pressure, obesity, glucose,
and X-ray image, among others, to predict ICU admis-
sion in patients with severe COVID-19%'. Besides this
study reports sensitivity values below 90%, we consid-
er that clinical models of critical care triage should be
as simple and fast as possible with the aim of timely
improving ICU admission of patients with severe SARS-
CoV-2 infection. In this sense, DB and NMR can be
quickly measured at hospital admission with the inten-
tion of timely predicting what patients are at risk of
requiring critical care soon. In addition, we encourage
the testing of other molecules or methods at admission
to predict ICU needing to augment specificity and pre-
serve high sensitivity.

The sample size was a limitation of this study. De-
spite having enrolled more than 100 patients with se-
vere SARS-CoV-2 infection (n = 119), the number of
patients requiring ICU admission was, in some sense,
small (n = 45). A larger sample size may help strength-
en our observations with the aim of increasing their
accuracy in a clinical scenario.

Conclusions

This study proposes for the 1% time a clinical deci-
sion-making model where DB with cutoff point
> 0.315 mg/dl and NMR with cutoff point > 15.90 at

admission can quickly predict the need for critical care
in patients seriously ill with COVID-19 (Fig. 3). This
clinical decision-making model based on CRT analysis
allows predicting in an easy manner what patients with
severe COVID-19 are at risk of requiring critical care
with sensitivity of 93.2%. The search for clinical models
to timely predict ICU admission is of great importance
during the second global wave of COVID-19 and might
allow optimizing ICU resources and decreasing in-hos-
pital mortality rates.
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The contribution of the cellular immune response to the severity of coronavirus disease
2019 (COVID-19) is still uncertain because most evidence comes from patients receiving
multiple drugs able to change immune function. Herein, we conducted a prospective
cohort study and obtained blood samples from 128 unvaccinated healthy volunteers to
examine the in vitro response pattem of CD4+ and CD8+ T cells and monocyte subsets to
polyclonal stimuli, including anti-CD3, anti-CD28, poly I:C, severe acute respiratory
syndrome coronavirus type 2 (SARS-CoV-2) recombinant spike S1 protein, and
lipopolysaccharide. Then, we started a six-month follow-up and registered 12
participants who got SARS-CoV-2 infection, from whom we retrospectively analyzed
the basal immune response pattem of T cells and monocytes. Of the 12 participants
infected, six participants developed mild COVID-19 with self-limiting symptoms such as
fever, headache, and anosmia. Conversely, six other participants developed severe
COVID-19 with pneumonia, respiratory distress, and hypoxia. Two severe COVID-19
cases required invasive mechanical ventilation. There were no differences between mild
and severe cases for demographic, clinical, and biochemical baseline characteristics. In
response to polyclonal stimuli, basal production of interleukin-2 (IL-2) and interferon (IFN-)
gamma significantly decreased, and the programmed cell death protein 1 (PD-1)
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increased in CD4+ and CD8+ T cells from participants who posteriorly developed severe
COVID-19 compared to mild cases. Likewise, CD14++CD16- classical and
CD14+CD16+ non-classical monocytes lost their ability to produce IFN-alpha in
response to polyclonal stimuli in participants who developed severe COVID-19
compared to mild cases. Of note, neither the total immunoglobulin G serum titers
against the virus nor their neutralizing ability differed between mild and severe cases
after a month of clinical recovery. In conclusion, using in vitro polyclonal stimuli, we found a
basal immune response pattern associated with a predisposition to developing severe
COVID-19, where high PD-1 expression and low IL-2 and IFN-gamma production in
CD4+ and CD8+ T cells, and poor IFN-alpha expression in classical and non-classical
monocytes are linked to disease worsening. Since antibody titers did not differ between
mild and severe cases, these findings suggest cellular immunity may play a more crucial

role than humoral immunity in preventing COVID-19 progression.

Keywords: T cell, monocyte, SARS-CoV-2, COVID-19, PD-1, IL-2, IFN-gamma, IFN-alpha

INTRODUCTION

The severe acute respiratory syndrome coronavirus type 2 (SARS-
CoV-2) is the causal agent of coronavirus disease 2019 (COVID-19)
(1). The clinical presentation of COVID-19 has caught the attention
of the scientific community around the globe because of its
enormous heterogeneity, ranging from mild and moderate self-
limiting viral infection to severe and critical illness (2). However, the
mechanisms involved in COVID-19 progression and severity are
still a matter of debate (3). A growing body of evidence has pointed
out advanced age, male gender, and comorbidities such as
hypertension and type 2 diabetes (D) as leading risk factors for
developing severe COVID-19 (4-7). Nevertheless, several studies
have consistently reported that mild COVID-19 can present even in
advanced-age men with comorbidities (2, 6), bringing to light the
need to understand additional factors explaining how severe
disease develops.

Numerous studies have informed that an exacerbated
inflammatory response worsens the clinical course of SARS-CoV-
2 infection by increasing the local and systemic levels of tumor
necrosis factor-alpha (TNF-alpha), interleukin (IL-) 1 beta, and IL-6
(7-9). However, emerging evidence suggests that a defective cellular
immunity may also accelerate COVID-19 progression (10).
Compared to patients developing mild symptoms, CD4+ and
CD8+ T cell populations from COVID-19 patients admitted to
intensive care units (ICU) show reduced production of IL-2, a
cytokine with major functions in enhancing T and B cell
proliferation (11, 12). Furthermore, CD4+ T cells also express
interferon-gamma (IFN-gamma), a cytokine able to inhibit viral
replication; however, seriously ill COVID-19 patients show reduced
IFN-gamma-producing CD4+ T cells compared to convalescent
individuals (10). CD4+ and CD8+ T cell populations from COVID-
19 patients in need of hospitalization also show increased expression
of cell exhaustion markers, including the programmed cell death
protein 1 (PD-1) (13-15). In parallel, the ability of classical and non-
dassical monocytes to release the antiviral cytokine interferon-alpha
(IFN-alpha) decreases as COVID-19 severity increases in patients

critically ill compared to those developing mild-to-moderate disease
(16). Of note, even though T cells and monocytes appear to lose the
capacity of producing key antiviral cytokines, patients with severe
COVID-19 exhibit similar neutralizing antibody titers to those
found in subjects with mild symptoms (10). This whole evidence
emphasizes the idea that impairment in cellular immunity may play
a crucial role in worsening SARS-CoV-2 infection.

Although this information suggests that cellular immunity
plays a role in COVID-19 progression by stimulating T cells and
monocytes to release crucial antiviral cytokines, most of this
evidence comes from cross-sectional clinical studies with
polytreated patients, making it challenging to correct data
interpretation. We hypothesize that cytokine production
mediated by cells such as T lymphocytes and monocytes
against the SARS-CoV-2 has basal response patterns with the
ability to predispose a patient towards the development of either
mild or severe disease. However, this question is hard to respond
to in infected patients receiving multiple drug schemes and
therapeutic maneuvers able to modify the immune response
pattern during the COVID-19 course.

For this reason, we conducted a prospective, longitudinal follow-
up for six months in 105 family members of medical staff caring for
COVID-19 patients, exploring their immune response pattern to in
vitro polyclonal stimuli simulating the exposure to SARS-CoV-2.
After grading disease severity in the participants resulting infected
during that period, we retrospectively examined how CD4+ and
CD8+ T cells and monocyte subpopulations responded in vitro to
anti-CD3, anti-CD28, poly I:C, spike protein, and
lipopolysaccharide (LPS) in seeking a basal immune pattern that
could associate with the development of mild or severe COVID-19.

MATERIALS AND METHODS

Participants and Ethical Disclosures
We invited 128 healthy adult women and men to participate in
the study. We enrolled participants if they met the following
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inclusion criteria: family members of health care professionals
working at a dedicated COVID-19 hospital in Mexico City, aging
18-65 years old, negative testing for SARS-CoV-2 by
quantitative-polymerase chain reaction (qPCR), and
seronegative to anti-SARS-CoV-2 IgG antibodies. We excluded
subjects from the study if they had the previous diagnosis of the
human immunodeficiency virus (HIV), hepatitis C virus (HCV),
hepatitis B virus (HBV), chronic kidney or liver disease, cancer,
autoimmune diseases, endocrine disorders, and infectious
diseases. We also excluded pregnant or lactating women and
patients taking immunomodulatory medication for the last six
months. We eliminated participants from the study if they
received any vaccine against COVID-19 within six months of
enrollment. All study participants provided written informed
consent previously approved by the institutional ethical
committee of the General Hospital of Mexico (registration
number of the ethical code approval: DI/20/501/03/17). The
study rigorously met the principles described in the 1964
Declaration of Helsinki and its posterior amendment in 2013.

Study Design

This prospective, longitudinal study with retrospective data
analysis took place from December 2020 to September 2021.
All family members of health care professionals who agreed to
take part in the study signed the informed consent and received a
full explanation of the purposes and procedures of the study.
We collected demographic, clinical, and biochemical data from
all 128 participants at the enrollment. Demographic and
clinical data included sex, age, and previous diagnosis of
obesity (body mass index (BMI) > 30 kg/m2), type 2 diabetes
(D), hypertension, coronary heart disease (CHD), and
hypercholesterolemia. Biochemical data included serum
albumin, total proteins, blood glucose, lipid profile, liver and
kidney function tests, hematic biometry, C-reactive protein
(CRP), and lactate dehydrogenase (LDH). We measured all
laboratory parameters using the Beckman Coulter DxC 700 AU
Chemistry Analyzer (Beckman Coulter Inc., Brea, CA, USA),
the Coulter LH 780 Hematology Analgzer (Beckman Coulter
Inc., Brea, CA, USA), and the BCS™ XP System (Siemens
Healthcare GmbH, Erlangen, Germany). We collected 6 ml
venous blood samples from all 128 healthy participants at the
enrollment, using tubes containing sodium heparin
(VacutainerTM, BD Diagnostics, NJ, USA). After whole
blood in vitro exposure to polyclonal stimuli, we performed
flow cytometry staining for cell surface and intracellular
markers of T cells and monocytes, storing flow cytometry
data. Polyclonal stimuli were used to simulate the exposure to
SARS-CoV-2in in vitro culture settings, using the SARS-CoV-2
recombinant spike S1 protein (the main surface antigen of the
virus), Poly I:C (a double-stranded RNA widely used to mimic
viral infections in vitro), anti-human CD3 and anti-human
CD28 (co-stimulatory signals that enhance T cell expansion
and activation in vitro), and LPS (an endotoxin that enhances
monocyte activation). We weekly followed-up to all
participants by phone calls for six months, asking for the
occurrence of symptoms such as headache, fever (body
temperature > 37.5°C), dry cough, tiredness, myalgia,

arthralgia, nasal congestion, runny nose, anosmia, dysgeusia,
sore throat, diarrhea, shortness of breath, chest pain, and blue-
colored skin or lips. After reporting at least one of the above
symptoms, participants attended the General Hospital of
Mexico for SARS-CoV-2 infection confirmation by qPCR in
nasopharyngeal swabs. Then, we started a daily follow-up on
each participant confirmed for SARS-CoV-2 infection,
recording relevant clinical and biochemical data at the
symptom onset and seven days after, and categorizing the
development of COVID-19 as mild-to-moderate or severe-to-
critical disease. We classified the level of COVID-19 severity
according to the World Health Organization (WHO) criteria as
follows: mild COVID-19 cases showed headache, fever, dry
cough, tiredness, myalgia, arthralgia, nasal congestion, runny
nose, anosmia, dysgeusia, sore throat, and/or diarrhea that
participants handled at home without needing of oxygen
supply or hospitalization; severe COVID-19 cases presented
at least one of the above symptoms plus oxygen saturation level
(SpO,) “92% on room air, respiratory distress > 30 breath per
minute, and/or *50% lung involvement on imaging that
required either hospitalization or mechanical ventilation.
Once we confirmed the clinical outcome of COVID-19, we
retrospectively analyzed flow cytometry data for mild or severe
groups in seeking a basal immune response pattern to in vitro
polyclonal stimuli that could associate with the disease severity.

Cell Cultures

We collected 6 ml venous blood samples from all participants at the
enrollment, using tubes containing sodium heparin (VacutainerTM,
BD Diagnostics, NJ, USA). Immediately after, we divided each
whole blood sample into 24-well ultra-low attachment surface cell-
culture plates (Costar, Kennebunk, ME, USA), adding 200 ul blood
plus 400 pl RPMI-1640 (Sigma Aldrich, St. Louis, MO, USA)
supplemented with 5% fetal bovine serum (FBS), 2 mM L-
glutamine, and 10 nM HEPES buffer (GibcoTM, Grand Island,
NY, USA) per well in triplicate. We designated the first three wells
as unstimulated T cell culture control containing 200 pl blood plus
400 pl supplemented RPMI-1640 for 2 hours. The subsequent three
wells had 200 pl blood plus 400 ul supplemented RPMI-1640
incubated in the presence of 0.5 pg/ml SARS-CoV-2 recombinant
spike S1 protein (Arigo Biolaboratories, Hsinchu City, Taiwan), 100
pg/ml Poly I:C (Sigma Aldrich, St. Louis, MO, USA), and 10 ng/ml
anti-human CD3 and anti-human CD28 (BioLegend, Inc., San
Diego, CA, USA) for 2 hours. We designated the following three
wells as unstimulated monocyte culture control containing 600 ul
blood plus 1.2 ml supplemented RPMI-1640 for 2 hours. The last
three wells had 600 pl blood plus 1.2 ml supplemented RPMI-1640
incubated in the presence of 0.5 pg/ml SARS-CoV-2 recombinant
spike S1 protein (Arigo Biolaboratories, Hsinchu City, Taiwan), 100
pg/ml Poly I:C (Sigma Aldrich, St. Louis, MO, USA), and 10 ng/ml
LPS (Sigma Aldrich, St. Louis, MO, USA) for 2 hours. We incubated
cell cultures at 37°C in humidified 5% CO, atmosphere for 2 hours.
We selected a 2-hour stimulation based on time-response curves
(Supplementary Figure 1). We treated whole blood cultures for
intracellular staining with 1:1000 Brefeldin A (BioLegend, Inc., San
Diego, CA, USA) and 1 ug/ml monensin (BioLegend, Inc., San
Diego, CA, USA) for 45 min before the culture’s ending,
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Immunostaining and Flow Cytometry

After incubation, we collected whole blood samples into 5 ml
falcon tubes (BD, Bedford, MA, USA), centrifuged tubes at 500 g
for 10 min, and washed cell pellets with 200 pl PBS 1X (Sigma
Aldrich, St. Louis, MO, USA) twice. Inmediately after, we added
5 ml ammonium-chloride-potassium (ACK) lysing buffer to each
cell pellet, mixed gently and incubated for 10 min at room
temperature. After centrifuging each tube at 500 g for 10 min, we
discarded the supernatant and resuspended the white blood cell
(WBC) pellet in 1 ml PBS 1X (Sigma Aldrich, St. Louis, MO,
USA). After an extra washing step, we resuspended 5x10° WBCs
in 50 pl cell staining buffer (BioLegend, Inc., San Diego, CA,
USA). For monocyte cultures, we incubated WBCs with 5 pl
True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego,
CA, USA) for 10 min on ice. Then, we added anti-CD14 APC
Fire 750, anti-CD16 PE/Cy5, and anti-HLA-DR PE (BD
Biosciences, San Jose, CA, USA) for 20 min in darkness at 4°C.
For T cell cultures, we incubated WBCs with anti-CD3 APC Fire
750, anti-CD4 BV 510, anti-CD8 APC, and anti-PD-1 PE for
20 min in darkness at 4°C. Afterward, we incubated WBCs with
100 pl Fixation Medium A (FIX & PERMTM Cell
Permeabilization Kit) (Invnmgen , Carlsbad, CA, USA) for
20 min at room temperature. After rinsing WBCs with Cell
Staining Buffer (BioLegend, Inc., San Diego, CA, USA), we
incubated cells with 100 pl Permeabilization Medium B (FIX &
PERM TM Cell Permeabilization Kit, Invitrogen™, Carlsbad,
CA, USA) plus anti-IFN-gamma Pacific Blue and anti-IL-2 PE/
Cy7 for T cell cultures or IFN-alpha AF 647 (BioLegend, Inc., San
Diego, CA, USA) for monocyte cultures during 20 min in
darkness at room temperature. After rinsing the cell pellets
with cell staining buffer (BioLegend, Inc., San Diego, CA,
USA), we acquired cells on a BD FACS Canto II Flow
Cytometer (BD Biosciences, San Jose, CA, USA), acquiring
10,000 events per test on CD3+ or HLA-DR+ cells, respectively
in three different and individual staining.

Gating Strategy

After we confirmed the severity of COVID-19, we retrospectively
analyzed flow cytometry data for mild COVID-19 cases or severe
COVID-19 participants. For T cells, we first gated single cells on
a forward scatter (FSC-H)/side scatter (SSC-A) density plot.
Afterward, we gated cells on a time/side scatter density plot to
visualize how well the flow of cells was during acquisition. We
recognized the lymphocyte population on a side scatter (SSC-A)/
forward scatter (FSC-A) plot. Then, we gated lymphocytes using
the CD3 expression, acquiring 10,000 events on this gate for
posterior analyses. After that, we obtained CD4+ and CD8+ T
cells through a rectangular gating strategy using CD4 and CD8
expression. Finally, we analyzed IFN-gamma, IL-2, and PD-1
expression on the CD4+ and CD8+ T cell populations
(Supplementary Figures 2A, B, respectively). For monocytes,
we first gated single cells on a forward scatter (FSC-H)/side
scatter density plot. Then, we gated cells on a time/side scatter
density plot. Afterward, we recognized monocytes using HLA-
DR expression, acquiring 10,000 events on this gate for posterior
analyses. Then, we obtained total monocytes on a CD14/CD16

density plot and subsequently identified gates for classical
monocytes (CD14++CD16-), intermediate monocytes (CD14+
+CD16+), and non-classical monocytes (CD14+CD16+).
Finally, we analyzed IFN-alpha expression on each monocyte
subset (Supplementary Figure 3). We obtained the Median
Fluorescence Intensity (MFI) for IL-2, IFN-gamma, PD-1, and
IFN-alpha, considering both positive and negative cell
populations for each marker, as shown in Supplementary
Figure 4. We obtained the percentage of positive cells for each
marker using proper fluorescence minus one (FMO) controls.
We performed compensatxon controls for each fluorochrome by
UltraComp eBeads (lnvntrogen Carlsbad CA, USA). We
analyzed data using the Flow]Jo 10. 0.7 software (TreeStar, Inc,
Ashland, OR, USA).

Total IgG and Neutralizing Antibodies
Anti-SARS-CoV-2

One month after clinical recovery of the twelve patients who
developed mild or severe COVID-19, we collected venous blood
samples for posterior serum isolation and measurement of anti-
SARS-CoV-2 IgG total antibodies and neutralizing antibody
percentage in triplicate by the Enzyme Linked-ImmunoSorbent
Assay (ELISA). For total antibodies, we measured IgG antibody
serum levels against the SARS-CoV-2 nucleocapsid (N) protein
using a kit from Abcam (Abcam, ab274339, Cambridge, UK) and
a microplate reader at 450 nm. For neutralizing antibody
percentage, we used the anti-SARS-CoV-2 Neutralizing
Antibody ELISA Kit and a microplate reader at 450 nm
(Thermo Fisher Scientific, BMS2326, Vienna, Austria). We
calculated the neutralization percentage for unknown samples
as follows: neutralization (%) = 1 - (absorbance of unknown
sample/absorbance of negative control) x 100.

Statistics

We evaluated the normality of data by the Shapiro-Wilk test. For
in vitro assays, we compared the basal expression of IL-2, PD-1,
IFN-gamma, and IFN-alpha between mild COVID-19 cases and
severe COVID-19 cases by the unpaired Student’s T test. We
compared the amount of IFN-gamma+IL-2+ double-positive
cells in helper and cytotoxic T cells expressing or not PD-1
from mild COVID-19 cases and severe COVID-19 cases by two-
way ANOVA. We compared the anti-SARS-CoV-2 IgG total
antibodies and neutralizing antibody percentage between mild
COVID-19 cases and severe COVID-19 cases by the unpaired
Student’s T test. We considered differences significant when P <
0.05. We performed all statistical analyses using the GraphPad
Prism 7 software.

RESULTS

Demographic, Clinical, and Laboratory
Parameters in the Study Population

We show the selection process of participants enrolled in the
study in Figure 1. After meeting inclusion and exclusion criteria,
we eliminated 23 participants from the study because they

Frontiers in Immunolog www.frontiersin.org
gy g

July 2022 | Volume 13 | Article 897995

123



Viurcos-Sanabria et al.

Cellular Immunity in COVID-19 Severity

Eligible patients (n = 128)

informed consent signature
SAYS-CoV-2 seronegativity

seoow

i

) Negative QPCR test for SARS-Cov-2

it a)  Va
i b) Withdrawal of informed consent

) Family members of health care workers
s

Exdlusion criteria:
“Diagniosis of cancer, end-stage
kidney or liver disease, endocrine
disorders, immunodeficiency or
any infectious disease

n
*Immunomodulatory therapy for
thelast 6 months.

Elimination criteria
ceination against SARS-Cov-2 (n = 16)

) Seropositivity for SARS-CoV-2 {n=7)

Participants enrolled (n = 205)

Follow-up for sixmonths (n = 105)
a}  Clirical data collection and laboratary test

b)  Blood sample collection

) Whole blood culture for T celis and monocytes
treatedwith polycional stimulifor 2 hours
d) immunostainingand flow cytometry

€} Datastorage

Mild COVID-19
ever “Myalgia
«Cough  sDiarrhea
“Headache  snosmia
“Artihralgia  Dysgeusis

a

Identification of participants with COVID-19
symptoms and SARS-CaV-2 confirmation by gPCR

Severe COVID-19
Mild symptams plus:
«Hypaxia (SpO2 <92% on raom air)
*Respiratory distress (>30 breaths per minute)
+350% lung involvement by image

Totallg6 serum antibodies and neutralizing
percentage against SARS-CoV-2 one month
afterclinical recovery

Retrospective analysis of flow
cytometrydata and antibody titers

FIGURE 1 | Schematic flow chart showing the selection process of eligible participants. SpO2, oxygen saturation level; SARS-CoV-2, severe acute respiratory
syndrome coronavirus type 2; gPCR, quantitative polymerase chain reaction; COVID-19, coronavirus disease 2019.

exhibited specific IgG serum antibody titers against the SARS-
CoV-2 N protein (n = 7) or got the Pfizer-BioNTech COVID-19
vaccine (1 = 16). One hundred and five volunteers completed the
six-month follow-up without getting vaccinated (Figure 1). At
the beginning of the follow-up, the whole study population
consisted of 41 women and 64 men that were 41.6 + 11.2 years
on average and showed a low prevalence of comorbidities such as
obesity, type 2 diabetes, hypertension, coronary heart disease and
average values of routine biochemical tests (Table 1). After
grading COVID-19 severity in participants who got SARS-
CoV-2 infection during the six-month follow-up, we registered
two women and four men only experiencing a self-limiting
disease with mild symptoms such as fever, anosmia, headache,
myalgia, and arthralgia, resolved without specific drug treatment
after 9-12 days (Table 2). Conversely, one woman and five men
developed severe COVID-19 characterized by the symptoms
mentioned above, plus respiratory distress (36.6 + 3.1 breaths
per minute), hypoxia (74.0 + 7.6%), and pneumonia (Table 2).
Two participants developing severe COVID-19 required ICU
admission for invasive ventilatory support (Table 2). Of note, the
baseline clinical characteristics did not differ between
participants who developed mild or severe COVID-19 during
the follow-up (Table 1). Except for neutrophil and lymphocyte
percentages, ALP, and serum albumin, there were no differences
between participants who developed mild or severe COVID-19
for the values of hematic biometry, blood glucose, lipid profile,
renal parameters, and liver function tests seven days after
symptom onset (Table 2). As we have outlined here, neither

baseline characteristics nor the clinical presentation of COVID-
19 allowed predicting the disease severity in the participants who
got SARS-CoV-2 infection during the follow-up.

IL-2, IFN-Gamma, and PD-1 Production in
Helper T Cells

Supplementary Figure 2A illustrates the gating strategy for
analyzing IL-2, IFN-gamma, and PD-1 expression in
CD3+CD4+ T cells stimulated with anti-CD3, anti-CD28, poly
LI:C, and SARS-CoV-2 recombinant spike S1 protein in whole
blood in vitro cultures at the beginning of the follow-up, when all
healthy participants were initially enrolled in the study
(Supplementary Figure 2A). Representative dot-plots illustrate
the comparison of CD3+CD4+ T cells expressing IL-2 in blood
samples treated with polyclonal stimuli from participants who
developed mild or severe COVID-19 during the follow-up
(Figure 2A). In response to polyclonal in vitro stimulation, the
percentage of CD3+CD4+IL-2+ T cells showed a significant 4-fold
decrease in the group that during the follow-up developed severe
COVID-19 compared to participants experiencing mild
symptoms (P = 0.0085) (Figure 2B). IL-2 expression behaved in
the same way as observed in cell percentage, displaying a
significant 2-fold diminution in helper T cells from participants
that after SARS-CoV-2 infection developed severe COVID-19
compared to the mild disease group (P = 0.0075) (Figure 2C).
Representative dot-plots exemplify the contrast of CD3+CD4+ T
cells expressing IFN-gamma in whole blood samples exposed to
polyclonal molecules from participants who experienced mild or
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TABLE 1 | Baseline characteristics of the study participants.

Parameter Baseline characteristics in the entire study
Gender (W/M) 41/64
Age (years) MNB£11.2
BMI (kg/m?) 27.3+48
Obesity (W/M) 14/10

D prevalence (%) 6
Hypertension prevalence (%) 86
Coronary heart disease (%) YL
Heart rate (beats per minute) 75.4 £10.8
Breathing rate (bpm) 15.7+3.3
Body temperature (°C) 36.2+0.2
Systolic blood pressure (mmHg) 1286 +18.3
Diastolic blood pressure (mmHg) 821113
Peripheral oxygen saturation (%) 958 +£2.2
Leukocytes (x10%/ul) 63+1.2
Neutrophil percentage (%) 583 +8.6
Lymphocyte percentage (%) 31572
Monocyte percentage (%) 58+0.9
Band cells (%) 0.04 £ 0.03
Hemoglobin (g/d) 16.7 + 1.0
Platelets (x10%/l) 219.3 + 24.6
Glucose (mg/d) 96.3+7.4
Urea (mg/dl) 302 +8.6
Creatinine (mg/dl) 1.1 +02
Total Cholesterol (mg/dl) 207.9 +48.0
Triglycerides (mg/dl) 180.5 + 82.6
HDL (mg/dl) 447 £85
LDL (mg/dl) 110.6 + 34.2
Total bilirubin (mg/dl) 0901
Direct bilirubin {mg/dl) 02+0.1
Indirect bilirubin (mg/d) 05+02
ALT (U 30.4 +8.9
AST (UA) 282 +56
ALP (L) 51.5 + 14.1
GGT (U/) 31.2+£19.7
Total Protein (mg/dl) 71 041
Albumin (mg/d) 4.8 +0.4
LDH (/1) 194.2 £ 17.0
Amylase (1UA) 513+ 156
Lipase (IU/]) 37.4 £148

only in ranges P value®¥s®
participants who developed
COoVID-19
Mig® Severe®

2/4 1/5 - 0.505
47.3+10.3 45+96 - 0.343
26+ 1.6 255+ 1.1 <25.0 0.458
0/0 on - 1.000
0 0 - 1.000
0 0 - 1.000
0 0 - 1.000
725+59 705+5.2 60-100 0.550
165+25 156+28 15-20 0.609
36.1+0.2 36.1 £ 0.1 <375 >0.999
1245+115 1258+7.2 <130 0.816
785+9.3 80.1+6.3 <85 0.725
956+ 1.0 961 +2.7 >01 0.682
6.1+08 6918 4.00-11.00 0.213
56.2+10.4 572+72 37.00-80.00 0.367
33.8+96 274 £ 4.1 10.00-50.00 0.106
6.3+0.3 74+186 0.00-8.00 0.084
0.08 +0.08 0.00 +0.00 0.00-7.00 0.216
16.2+1.4 169+ 0.7 13.1-18.00 0.173
180+229 208.6 + 26.5 150 -400 0.053
834 +6.1 92+97 70.0-126.0 0.447
286+4.9 39.2+10.5 20.00-40.00 0.059
09+0.1 08+0.1 0.60-1.30 0.180
1788 +18.3 171.4 £ 37.5 50.0-200.0 0.350
196.8 + 104 134.8 + 59.1 30.0-200.0 0.140
40.6 +10.8 41 +£94 <45.00 0.475
114. 6 +33.3 117.8+ 284 <116.00 0.437
0.7+0.2 0.7+0.2 0.00-1.00 0.423
0.2+0.1 0.1 £ 0.06 0.00-0.30 0.211
05+0.2 06+02 0.20-1.00 0.421
276+96 24 +9.9 30-65 0.288
236+6.8 194 +3.6 16-37 0.129
176+ 16.8 59.2 +15.7 50-136 0.116
36.4 +31.0 357174 5-40 0.485
72+01 71+0.2 6.50-8.20 0.275
429+02 44+03 3.50-5.00 0.267
1792 +4.7 162.6 + 25.0 100-190 0.118
455+ 13.2 47.4+171 25-115 0.430
285+125 248+10.8 12-70 0.324

Reference values are shown according to the Clinical Laboratory of the General Hospital of Mexico. We expressed data as mean + standard deviation. We retrospectively compared
baseline characteristics between mild and severe groups using the chi-square test or the unpaired Student's T-test and considered differences significant when P < 0.05. COVID-19,
ooronavirus disease 2019; W, women; M, men; BMI, body mass index; D, type 2 diabetes; bpm, breaths per minute; HDL, high-density lipoproteins; LDL, low-denstty fipoproteins; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, gamma glutamy! transferase; LDH, lactate dehydrogenase.

We show demographic, clinical, and biochemical baseline parameters in all participants and those who developed COVID-19 during the six-month follow-up.

severe COVID-19 throughout the follow-up (Figure 2D). The
percentage of CD3+CD4+IFN-gamma+ T cells displayed a
significant 4-fold reduction in the severe COVID-19 group
compared to participants developing a mild disease (P = 0.0034)
(Figure 2E). Likewise, IFN-gamma production significantly
decreased in helper T cells from participants experiencing severe
COVID-19 compared to those found in individuals with mild
symptoms (P = 0.0369) (Figure 2F). Representative dot-plots
illustrate the comparison of CD3+CD4+ T cells expressing PD-1
in blood samples treated with polyclonal stimuli from participants
who developed mild or severe COVID-19 during the follow-up

(Figure 2G). The percentage of CD3+CD4+ T cells expressing PD-1
exhibited a significant 2-fold increase in the severe COVID-19
group compared to the mild disease group (P = 0.0416)
(Figure 2H). There were no significant changes between severe
and mild COVID-19 participants for PD-1 expression in the
population of helper T cells (Figure 2I). Representative dot-plots
exemplify the contrast of CD3+CD4+ T cells simultaneously
expressing IL-2, IFN-gamma, and PD-1 in whole blood samples
exposed to polyclonal molecules from participants who experienced
mild or severe COVID-19 throughout the follow-up (Figure 2J).
Interestingly, PD-1 expression was intimately related to IL-2 and
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TABLE 2 | Clinical and biochemical characteristics of participants who developed mild or severe COVID-19 during the six-month follow-up.

Parameter Onset of symptoms P value
Mid COVID-19* Severe COVID-19° Reference 2w ®
ranges
Fever (Yes/No) 4/2 51 <37.5°C 1.000
Anosmia (Yes/No) 4/2 3/3 - 1.000
Headache (Yes/No) 6/0 6/0 - 1.000
Myaigia (Yes/No) 4/2 51 - 1.000
Arthralgia (Yes/No) 2/4 1/5 - 1.000
Diarrhea (Yes/No) 3/3 2/4 - 1.000
ICU admission (Yes/No) 0/6 2/4 - 0.227
Clinical characteristics seven days after symptom onset
Heart rate (beats per minute) 69.1+6.3 81.3+89 60-100 0.021
Breathing rate (bpm) 19.8+3.0 36.6 +3.1 15-20 <0.0001
Peripheral oxygen saturation (%) 95.1+1.7 740+76 >91 <0.0001
Leukocytes (x10%/pl) 56+14 11.0+£56 4.00-11.00 0.066
Neutrophil percentage (%) 48.6 + 14.2 80.1+156 37.00-80.00 0.044*
Lymphocyte percentage (%) 40.9+13.0 138+ 148 10.00-50.00 0.043"
Monocyte percentage (%) 7.3+0.1 58+1.7 0.00-8.00 0.200
Band cells (%) 0.0+0.0 0.0+£0.0 0.00-7.00 >0.999
Hemoglobin (g/dl) 16.7+0.7 145+ 1.7 13.1-18.00 0.088
Platelets (x10%/pl) 2735+ 16.2 2834+ 1125 150-400 0.444
Glucose (mg/d) 89.0+127 208.9+92.1 70.00-100.00 0.088
Urea (mg/dl) 34.8+125 58.9 + 686 20.00-40.00 0.355
Creatinine (mg/dl) 0.9+0.0 16+23 0.80-1.30 0.354
Total Cholesterol (mg/dl) 194.0+42.4 116.7 +21.1 50.00-200.00 0.071
Triglycerides (mg/d) 344.5 + 86.9 162.8 + 816 30.00-150.00 0.142
HDL (mg/dl) 325+7.7 27.0+82 <45.00 0.428
LDL (mg/dl) 118.0+26.8 793+27.7 <115.00 0.142
Total bilirubin (mg/dl) 08+0.3 05+0.1 0.00-1.00 0.500
Direct bilirubin (mg/dl) 0.1+0.0 0.1+£0.0 0.00-0.30 >0.999
Indirect bilirubin (mg/d) 06+0.2 04+0.1 0.20-1.00 0.500
ALT (L) 37.5+275 49.2+378 30-65 0.711
AST (IU/) 235+6.3 485+ 325 15-37 0.133
ALP (L) 60.0+28 99.3+170 50-136 0.044*
GGT (u/) 46.0 + 24.4 56.7 £27.3 5-40 0.755
Total Protein (mg/dl) 7.4+00 6.7+0.6 6.50-8.20 0.166
Albumin (mg/dl) 4.6+0.0 3.6+04 3.50-5.00 0.044*
LDH (U/1) 162.5+38.8 354.6 £ 146.5 100-190 0.088
Amylase (IUA) 45.0+98 65.0+66.8 25-115 0.700
Lipase (IU/) 41.0+ 141 453+ 456 12-70 0.810

We recorded data from all COVID- 19 participants at the onset of symptoms and seven days after. Reference values are shown according to the Clinical Laboratory of the General Hospital
of Mexico. We expressed data as mean + standard deviation. We compared clinical and biochemical data between mild and severe groups using the chi-square test or the unpaired
Student's T-test and considered differences significant when P < 0.05. The asterisks represent significant differences. COVID-19, coronavirus disease 2019; ICU, intensive care unit; bpm,
breaths per minute; HDL, high-density lipoproteins; LDL, low-density lipoproteins; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT,

gamma glutamy! transferase; LDH, lactate dehydrogenase.

IFN-gamma production in the population of helper T cells. In this
sense, participants who developed mild symptoms showed that PD-
1+ T cells expressing both IL-2 and IFN-gamma decreased 4-fold
compared to PD-1 negative helper T lymphocytes (P = 0.0001),
indicating that PD-1 expression inversely associated with IL-2 and
IFN-gamma production (Figure 2K). Nevertheless, we did not
observe this expected behavior in participants developing severe
COVID-19 after SARS-CoV-2 infection, whose helper T cells
exhibited similar IL-2 and IFN-gamma expression patterns
independently of expressing or not PD-1 (Figure 2K).
Additionally to cell percentages, we show the corresponding
absolute numbers of CD3+CD4+ T cells expressing IL-2, TFN-
gamma, and PD-1 in Supplementary Figure 5. We found no
detectable IL-2, IFN-gamma, and PD-1 expression in CD3+CD4+ T
cells cultured in the absence of anti-CD3, anti-CD28, poly I.C, and
SARS-CoV-2 recombinant spike S1 protein (data not shown).

IL-2, IFN-Gamma, and PD-1 Production in
Cytotoxic T Cells

Supplementary figure 2B shows the gating strategy for examining
IL-2, IFN-gamma, and PD-1 expression in CD3+CD8+ T cells
exposed to polyclonal stimuli in vitro (Supplementary
Figure 2B). Representative dot-plots illustrate the comparison
of CD3+CD8+ T cells expressing IL-2 in blood samples treated
with polyclonal stimuli from participants who developed mild or
severe COVID-19 during the follow-up (Figure 3A). In response
to anti-CD3, anti-CD28, poly I:C, and SARS-CoV-2
recombinant spike S1 protein, whole blood cultures revealed
that the percentage of CD3+CD8+IL-2+ T cells exhibited a
significant 5-fold decrease in the group that posteriorly
developed severe COVID-19 compared to participants with
mild symptoms (P = 0.0085) (Figure 3B). As expected, IL-2
production significantly reduced in cytotoxic T cells from
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FIGURE 2 | IL-2, IFN-gamma, and PD-1 expression in CD3+CD4+ T cells in response to polyclonal stimuli in vitro. (A) Representative dot-plots illustrating the
comparison of CD3+CD4+ T cells expressing IL-2 in blood samples treated with polyclonal stimuli from participants who developed mild or severe COVID-19 during
the follow-up. (B) Percentage of CD3+CD4+ T cells expressing IL-2. (C) Mean fluorescence intensity of IL-2 in CD3+CD4+ T cells. (D) Representative dot-plots
exemplifying the contrast of CD3+CD4+ T cells expressing IFN-gamma in whole blood samples exposed to polyclonal molecules from participants who experienced
mid or severe COVID-19 throughout the follow-up. (E) Percentage of CD3+CD4+ T cells expressing IFN-gamma. (F) Mean fluorescence intensity of IFN-gamma in
CD3+CD4+ T cels. (G) Representative dot-plots illustrating the comparison of CD3+CD4+ T cells expressing PD-1 in blood samples treated with polyclonal stimuli
from participants who developed mild or severe COMD-19 during the follow-up. (H) Percentage of CD3+CD4+ T cells expressing PD-1. (I) Mean fluorescence
intensity of PD-1 in CD3+CD4+ T cells. (J) Representative dot-plots exemplifying the contrast of CD3+CD4+ T cells simuftaneously expressing IL-2, IFN-gamma, and
PD-1 in whole blood samples exposed to polyclonal molecules from participants who experienced mild or severe COVID-19 throughout the follow-up.

(K) Percentage of CD3+CD4+ T cells producing both IL-2 and IFN-gamma depending on PD-1 expression. Prior to infection, we obtained whole blood samples
from all participants enrolled in the study and cultured them with polyclonal stimuli, including anti-CD3, anti-CD28, poly I:C, and SARS-CoV-2 recombinant spike S1
protein for two hours. We then acquired CD3+CD4+ T cells on a BD FACS Canto Il Fow Cytometer, acquiring 10,000 events per test in triplicate and storing data
until a participant got SARS-CoV-2 infection. Upon infection and depending on the clinical course of the disease, we analyzed flow cytometry data as part of the mild
or severe COVID-19 groups. Black bars represent the mild COVID-19 group. Gray bars represent the severe COVID-19 group. We expressed data as mean +
standard deviation. We compared data using the unpaired Student’s T-test or two-way ANOVA and considered diferences significant when P < 0.05. IL-2,
interleukin-2; IFN-gamma, interferon-gamma; PD-1, programmed cell death protein 1; MFI, mean fluorescence intensity; COVID-19, coronavirus disease 2019;

SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2.

participants developing severe COVID-19 compared to those
found in subjects experiencing mild disease (P = 0.0002)
(Figure 3C). Representative dot-plots exemplify the contrast of
CD3+CD8+ T cells expressing IFN-gamma in whole blood
samples exposed to polyclonal molecules from participants
who experienced mild or severe COVID-19 throughout the
follow-up (Figure 3D). The percentage of CD3+CD8+IFN-

gamma+ T cells showed a significant 3-fold diminution in the
severe COVID-19 group compared to participants experiencing
mild symptoms (P = 0.0025) (Figure 3E). In parallel, IFN-
gamma expression significantly decreased in the cytotoxic T
cell population of participants who developed severe COVID-19
compared to that found in subjects with mild symptoms (P =
0.0232) (Figure 3F). Representative dot-plots illustrate the
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FIGURE 3 | IL-2, IFN-gamma, and PD-1 expression in CD3+CD8+ T cells in response to polyclonal stimuli in vitro. (A) Representative dot-plots illustrating the

comparison of CD3+CD8+ T cells expressing IL-2 in blood samples treated with polyclonal stimuli from participants who developed mild or severe COVID-19 during
the follow-up. (B) Percentage of CD3+CD8+ T cells expressing IL-2. (C) Mean fluorescence intensity of IL-2 in CD3+CD8+ T cels. (D) Representative dot-plots
exemplifying the contrast of CD3+CD8+ T cells expressing IFN-gamma in whole blood samples exposed to polyclonal molecules from participants who experienced
mild or severe COVID-19 throughout the follow-up. (E) Percentage of CD3+CD8+ T cells expressing IFN-gamma. (F) Mean fluorescence intensity of IFN-gamma in
CD3+CD8+ T cells. (G) Representative dot-plots illustrating the comparison of CD3+CD8+ T cells expressing PD-1 in blood samples treated with polyclonal stimuli
from participants who developed mild or severe COVID-19 during the follow-up. (H) Percentage of CD3+CD8+ T cells expressing PD-1. (I) Mean fluorescence
intensity of PD-1 in CD3+CD8+ T cells. (J) Representative dot-plots exemplifying the contrast of CD3+CD8+ T cells simuftaneously expressing IL-2, IFN-gamma, and
PD-1 in whole blood samples exposed to polyclonal molecules from participants who experienced mild or severe COVID-19 throughout the follow-up.

(K) Percentage of CD3+CD8+ T cells producing both IL-2 and IFN-gamma depending on PD-1 expression. Prior to infection, we obtained whole blood samples
from all participants enrolled in the study and cultured them with polyclonal stimuli, including anti-CD3, anti-CD28, poly I:C, and SARS-CoV-2 recombinant spike S1
protein for two hours. We then acquired CD3+CD8+ T cells on a BD FACS Canto Il Fow Cytometer, acquiring 10,000 events per test in triplicate and storing data
until a participant got SARS-CoV-2 infection. Upon infection and depending on the clinical course of the disease, we analyzed flow cytometry data as part of the mild

or severe COVID-19 groups. Black bars represent the mid COVID-19 group. Gray bars represent the severe COVID-19 group. We expressed data as mean +
standard deviation. We compared data using the unpaired Student’s T-test or two-way ANOVA and considered diferences significant when P < 0.05. IL-2,
interleukin-2; IFN-gamma, interferon-gamma; PD-1, programmed cell death protein 1; MA, mean fluorescence intensity; COVID-19, coronavirus disease 2019;

SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2.

comparison of CD3+CD8+ T cells expressing PD-1 in blood
samples treated with polyclonal stimuli from participants who
developed mild or severe COVID-19 during the follow-up
(Figure 3G). Contrary to what we expected, neither the
percentage of CD3+CD8+PD-1+ T cells nor PD-1 production
itself exhibited significant differences between the mild and
severe COVID-19 groups (Figures 3H, I, respectively).
Representative dot-plots exemplify the contrast of CD3+CD8+

T cells simultaneously expressing IL-2, IFN-gamma, and PD-1 in
whole blood samples exposed to polyclonal molecules from
participants who experienced mild or severe COVID-19
throughout the follow-up (Figure 3J). However, PD-1
expression conditioned IL-2 and IFN-gamma production in
cytotoxic T cells, which expressed higher IL-2 and IFN-gamma
levels in PD-1 negative cells than CD3+CD8+PD-1+ T cells
independently of having been analyzed in participants that
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posteriorly developed either mild or severe COVID-19
(Figure 3K). In addition to cell percentages, we provide the
corresponding absolute numbers of CD3+CD8+ T cells
expressing IL-2, IFN-gamma, and PD-1 in Supplementary
Figure 5. We observed no detectable IL-2, IFN-gamma, and
PD-1 expression levels in CD3+CD8+ T cells cultured without
anti-CD3, anti-CD28, poly I:C, and recombinant spike S1
protein (data not shown).

IFN-Alpha Production in Monocyte
Subpopulations

Supplementary Figure 3 illustrates the gating strategy for
evaluating IFN-alpha expression in classical, intermediate, and
non-classical monocytes exposed to SARS-CoV-2 recombinant
spike S1 protein, poly I:C and LPS in whole blood in vitro
cultures (Supplementary Figure 3). Representative dot-plots
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illustrate the comparison of CD14++CD16- classical
monocytes expressing IFN-alpha in blood samples treated with
polyclonal stimuli from participants who developed mild or
severe COVID-19 during the follow-up (Figure 4A). In
response to polyclonal in vitro stimulation, the percentage of
classical monocytes expressing IFN-alpha showed a significant 3-
fold decrease in the group who developed severe COVID-19
during the follow-up compared to participants with mild
symptoms (P = 0.0013) (Figure 4B). There were no significant
changes between mild and severe COVID-19 group for IFN-
alpha expression in this monocyte subset (Figure 4C).
Representative dot-plots exemplify the contrast of CD14+
+CD16+ intermediate monocytes expressing IFN-alpha in
whole blood samples exposed to polyclonal molecules from
participants who experienced mild or severe COVID-19
throughout the follow-up (Figure 4D). Neither the percentage
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FIGURE 4 | IFN-alpha expression in classical, intermediate, and non-classical monocyte subpopulations in response to polyclonal stimuli in vitro. (A) Representative
dot-plots illustrating the comparison of CD14++CD16- classical monocytes expressing IFN-alpha in blood samples treated with polyclonal stimuli from participants
who developed mild or severe COVID-19 during the follow-up. (B) Percentage of CD14++CD16- classical monocytes expressing IFN-alpha. (C) Mean fluorescence
intensity of IFN-alpha in CD14++CD16- classical monocytes. (D) Representative dot-plots exemplifying the contrast of CD14++CD16+ intermediate monocytes
expressing IFN-alpha in whole blood samples exposed to polyclonal molecules from participants who experienced mild or severe COVID-19 throughout the follow-
up. (E) Percentage of CD14++CD16+ intermediate monocytes expressing IFN-alpha. (F) Mean fluorescence intensity of IFN-alpha in CD14++CD16+ intermediate
monocytes. (G) Representative dot-plots illustrating the comparison of CD14+CD16+ non-classical monocytes expressing IFN-alpha in blood samples treated with
polyclonal stimuli from participants who developed mild or severe COVID-19 during the follow-up. (H) Percentage of CD14+CD16+ non-classical monocytes
expressing IFN-alpha. (I) Mean fluorescence intensity of IFN-alpha in CD14+CD16+ non-classical monocytes. Prior to infection, we obtained whole blood samples
from all participants enrolled in the study and cultured them with polyclonal stimuli, including poly 1:C, SARS-CoV-2 recombinant spike S1 protein, and LPS, for two
hours. We then acquired monocyte cells on a BD FACS Canto Il Flow Cytometer, acquiring 10,000 events per test in triplicate and storing data until a participant got
SARS-CoV-2 infection. Upon infection and depending on the clinical course of the disease, we analyzed flow cytometry data as part of the mild or severe COVID-19
groups. Black bars represent the mild COVID-19 group. Gray bars represent the severe COVID-19 group. We expressed data as mean + standard deviation. We
compared data using the unpaired Student’s T-test and considered diferences significant when P < 0.05. We defined classical monocytes as CD14++CD16-,
intermediate monocytes as CD14++CD16+, and non-classical monocytes as CD14+CD16+. IFN-alpha, interferon-alpha; MFI, mean fluorescence intensity;
COVID-19, coronavirus disease 2019, LPS, lipopolysaccharide; SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2.
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FIGURE 5 | Total IgG and neutralizing antibodies anti-SARS-CoV-2 in the
study participants. (A) Total IgG serum antibodies against the N protein of the
SARS-CoV-2 in participants who developed mild or severe COVID-19 during
the follow-up. (B) Percentage of neutralizing antibodies anti-SARS-CoV-2 in
participants who developed mild or severe COVID-19 during the follow-up.
We measured total IgG or neutralizing antibodies one month after clinical
recovery of participants. Black bars represent the mid COVID-19 group. Gray
bars represent the severe COVID-19 group. We expressed data as mean +
standard deviation. We compared data using the unpaired Student’s T-test
and considered differences significant when P < 0.05. IgG, immunoglobulin G;
SARS-CoV-2, severe acute respiratory syndrome coronavirus type 2;
COVID-19, coronavirus disease 2019.

of intermediate monocytes expressing IFN-alpha nor IFN-alpha
production itself displayed significant differences between the
mild and severe COVID-19 groups (Figures 4E, F, respectively).
Representative dot-plots illustrate the comparison of CD14
+CD16+ non-classical monocytes expressing IFN-alpha in
blood samples treated with polyclonal stimuli from
participants who developed mild or severe COVID-19 during
the follow-up (Figure 4G). The percentage of non-classical
monocytes expressing IFN-alpha exhibited a significant 2.5-
fold reduction in participants developing severe COVID-19
compared to that found in individuals experiencing mild
symptoms (P = 0.0033) (Figure 4H). Conversely, there were
no significant changes between mild and severe COVID-19
groups for IFN-alpha expression in this monocyte subset
(Figure 4I). Besides showing cell percentages, we present the
corresponding absolute numbers of classical, intermediate,
and non-classical monocytes expressing IFN-alpha in
Supplementary Figure 5. We found no detectable IFN-alpha

Cellular Immunity in COVID-19 Severity

expression in classical, intermediate, and non-classical
monocytes cultured without recombinant spike S1 protein,
poly I:C, and LPS (data not shown).

Total IgG and Neutralizing Antibodies
Anti-SARS-CoV-2

The production pattern of IL-2, IFN-gamma, and IFN-alpha
suggested that helper and cytotoxic T cells and monocyte
subpopulations show a basal defective cellular response against
polyclonal stimuli, which is probably associated with
predisposing to the development of severe COVID-19 after
SARS-CoV-2 infection. To know whether a possible
impairment in the cellular immune response led to defective
antibody production, we decided to measure the total
concentration of IgG serum antibodies and the percentage of
neutralizing antibodies against the SARS-CoV-2 in participants
who developed either mild or severe COVID-19. Unexpectedly,
the total IgG serum titers against the N protein of the SARS-
CoV-2 showed no significant changes between participants
developing mild or severe COVID-19 (X = 92.8 +15.1 andX =
77.9 +£16.8,P = 0.137, respectively) (Figure 5A). Likewise, the
neutralizing antibody percentage against the virus did not differ
between participants who developed mild or severe COVID-19
(x=89.6+7.1and X= 90.2+6.4, respectively,P = 0.886)
(Figure 5B). Thus, defective expression of IL-2, IFN-gamma, and
IFN-alpha in T lymphocytes and monocytes did not affect the
production of either total IgG or neutralizing antibodies against
the SARS-CoV-2.

DISCUSSION

The mechanisms of the cell-mediated immunity contributing to
worsening the severity of COVID-19 remain unclear (17, 18).
For this reason, we formed a cohort of healthy individuals who
were family members of health care professionals working at a
dedicated COVID-19 hospital and obtained more than 120
whole blood samples. Then, we exposed T cells and monocytes
to polyclonal stimuli in vitro to characterize a cytokine response
pattern that we could link to the severity of COVID-19 only in
those participants resulting infected during a six-month follow-
up. We found that participants who got infected and posteriorly
experienced mild COVID-19 symptoms exhibit a different
immune expression pattern in response to polyclonal stimuli
than that observed in subjects that developed severe COVID-19.
Participants that responded to polyclonal stimuli by increasing
IL-2 and IFN-gamma production and decreasing PD-1
expression in CD4+ and CD8+ T cells tended to develop mild
COVID-19 symptoms. Conversely, subjects with decreased IL-2
and IFN-gamma expression and increased PD-1 production in
CD4+ and CD8+ T cells in response to polyclonal stimuli tended
to display the most severe form of COVID-19, including
respiratory distress and mechanical ventilatory support
needing. These findings reveal a basal immune response
pattern to polyclonal stimuli intimately associated with
COVID-19 progression, wherein CD4+ and CD8+ T cells fail
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to produce IL-2 and IFN-gamma but show an increased ability to
express PD-1.

At the pandemic’s beginning, most studies informed that
more than 80% of patients seriously ill with COVID-19 tended to
exhibit a marked lymphocytopenia at hospital admission (19-
21). After that, several lines of evidence confirmed that severe
COVID-19 was not only related to a reduced number of
circulating lymphocytes but also decreased T cell activity,
especially cytokine production such as IL-2 and IFN-gamma
(22, 23). IL-2 plays a decisive role in preventing
lymphocytopenia by promoting CD4+ T cell proliferation via
the Janus kinase 1/Signal transducer and activator of
transcription 5 (JAK1/STATS) (21, 24). In fact, the use of
recombinant IL-2 stimulates lymphocyte count recovery and
systemic inflammatory response amelioration in patients with
severe COVID-19 pneumonia (25). This body of evidence makes
it feasible to think that subjects with a low number of IL-2-
producing CD4+ T cells in response to in vitro polyclonal stimuli
display increased susceptibility to severe COVID-19 after SARS-
CoV-2 infection. IFN-gamma’s primary function in the anti-viral
response is acting directly on CD8+ T cells to boost their
abundance and reduce viral load (26). IFN-gamma-producing
CD8+ T cells considerably decrease in patients with severe
COVID-19 compared to patients experiencing mild symptoms
(27). What is also relevant is that IFN-gamma is considered an
independent risk factor of mortality in COVID-19 patients (28).
All this information concurs with our findings and supports the
idea that a basal deficiency in IFN-gamma-producing CD8+ T
cells, as revealed when we used unspecific polyclonal stimuli,
may increase the risk of exacerbating viral load and developing
severe COVID-19 after SARS-CoV-2 infection. However, CD8+
T cells are not only able to secrete IFN-gamma but also molecules
with potent cytotoxic activity such as granzyme and perforin,
which are crucial components in the recognition and lysis of
infected cells. Therefore, we still must characterize the
production of cytotoxic molecules in CD8+ T cells exposed to
polyclonal stimuli to draw significant conclusions regarding the
possible role of the cytotoxic activity of CD8+ T lymphocytes in
COVID-19 progression.

PD-1 has a pivotal role in preventing exacerbation of immune
responses by modulating the activity of T cells via apoptosis
promotion, cell proliferation arrest, and cytokine secretion
inhibition (29). In COVID-19, the function of PD-1 is still a
matter of debate because some research teams have consistently
reported that CD4+ and CD8+ T cells from COVID-19 patients
express high PD-1 levels and are exhausted (13, 30). In contrast,
other working groups have informed that cytotoxic T cells retain
their anti-viral functions against the SARS-CoV-2 despite
expressing PD-1 (31). We may attribute these controversial
findings to the fact that most investigations assessing PD-1
expression in COVID-19 have studied patients treated with
several drug cocktails, including cyclooxygenase (COX)-
inhibitors, dexamethasone, anticoagulants, among others (32,
33). These drug schemes aim to treat and prevent COVID-19
complications but can also alter the expression of cytokines such
as IL-2 and IFN-gamma and immune checkpoints as occurs with

PD-1. For instance, Kailin Xing and colleagues previously
demonstrated that dexamethasone increases PD-1 expression
and decreases IL-2 and IFN-gamma production in human
primary T cells in a dose-dependent fashion (34). Likewise,
celecoxib and aspirin, two COX-inhibitors widely used in
COVID-19 patients, can increase PD-1 expression in CD4+
and CD8+ chimeric antigen receptor T cells in vitro (35). This
information illustrates why trying to clarify the contribution of
immune cells and mediators such as CD4+ T cells, CD8+ T cells,
IL-2, IFN-gamma, and PD-1 to COVID-19 progression is
extremely hard in polytreated patients already hospitalized.
From a different perspective, our strategy involving unspecific
polyclonal stimuli prior to infection allows us to expand on the
body of evidence supporting that PD-1 expression increases as
IL-2 and IFN-gamma production decreases in severe COVID-19.
In other words, our results suggest that a group of individuals
may have CD4+ and CD8+ T cells with a basal predisposition to
express high PD-1 levels and low IL-2 and IFN-gamma amounts
in response to either polyclonal stimuli or SARS-CoV-2. This
notion might partially explain why participants that showed
helper and cytotoxic T cells with increased PD-1 expression and
decreased IL-2 and IFN-gamma production in response to
polyclonal stimuli tended to develop severe COVID-19 once
infected. Furthermore, these findings support the idea that
failure in mounting an adequate T cell-mediated immune
response at the beginning of the SARS-CoV-2 infection is
associated with increased viral load, systemic inflammatory
response occurrence, and death (36, 37). The molecular
mechanisms behind this intriguing hypothesis remain to be
elucidated, which will positively contribute to expanding our
knowledge regarding the very heterogeneous immune responses
of humans to pathogens, above all if they are emerging public
threats as occurred with SARS-CoV-2.

Besides the response mediated by CD4+ and CD8+ T cells,
monocyte subpopulations play a crucial role in the anti-viral
immune response by providing the first cell-virus interaction
that will lead to antigen presentation and cytokine release (38).
Several research teams have shown that monocyte subsets
display dynamic changes in COVID-19, including an increase
in classical and non-classical monocyte subpopulations and
impaired cell ability to express cytokines with anti-viral
functions (16, 39, 40). In response to polyclonal stimuli, we did
not observe any alteration in the monocyte subset balance;
however, we found that classical and non-classical monocytes
lost their ability to produce IFN-alpha in subjects that once
infected developed severe COVID-19. A study conducted in
COVID-19 patients reported that IFN-alpha serum levels
considerably decreased as the severity of the disease increased
(16). Vanessa Chilunda and coworkers characterized the
transcriptional profile of CD16+ monocyte subsets from
COVID-19 patients. They informed that intermediate and
non-classical monocytes exhibited down-regulation of
numerous interferon response-related genes in severe cases
compared to subjects that experienced the mild disease (41). In
line with these reports, our findings indicate that an apparent
susceptibility of classical and non-classical monocytes to express
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low IFN-alpha levels in response to polyclonal stimuli might be
associated with a higher risk of developing severe COVID-19
after SARS-CoV-2 exposure.

Cellular immunity mediated by monocytes and T cells
provides the first immediate response to pathogens via antigen
presentation and cytokine release while stimulating B cells to
initiate humoral immunity through antibody production. Often,
a defective cellular immunity leads to decreased memory B cell
expansion and impaired antibody production, as occurs with
HIN1/09 influenza vaccine non-responders where failure in
CD4+ T cell stimulation and IL-2 secretion concurs with a low
percentage of IgG antibody-secreting cells (42). However, the
apparent link between cellular and humoral immune responses is
still not clear in COVID-19. A recent study reported that PBMCs
from severe COVID-19 patients show less CD4+ and CD8+ T
cell activation and IFN-gamma production than PBMCs from
mild cases in response to in vitro stimulation with M, N, and S
viral proteins (43). Nevertheless, the neutralizing ability of anti-
SARS-CoV-2-specific antibodies remained the same between
severe and mild COVID-19 patients after a month of having
been diagnosed by PCR test (43). Likewise, Irene Cassaniti and
colleagues informed that CD4+ and CD8+ T cells from mild
COVID-19 patients produce higher IFN-gamma concentrations
than those found in T cells from severe cases in response to viral
peptides (44). However, the authors reported no correlation
between the in vitro T cell response and anti-SARS-CoV-2
antibody titers (44). In line with this body of evidence, we
observed a group of subjects with a robust cellular immunity
mediated by T cells and monocytes in response to polyclonal
stimuli. This immune response pattern concurred with the
development of mild COVID-19 symptoms after SARS-CoV-2
exposure. Conversely, we found another group of individuals
that responded to polyclonal stimuli by showing a defective
cellular immune activation associated with the development of
severe COVID-19 once infection took place. Of note, we
detected no changes between mild and severe COVID-19
patients for serum anti-SARS-CoV-2 IgG antibody titers
or their neutralizing ability after a month of the symptom
onset. Altogether, these findings lead us to suppose that a
basal impairment in cellular immunity activation may play a
more critical role in preventing COVID-19 worsening than
the humoral response mediated by antibodies. We are now
working on characterizing the possible mechanisms involved in
stimulating PD-1 expression and impairing IL-2 and
IFN-gamma production in CD4+ and CD8+ T cells and IFN-
alpha secretion in classical and non-classical monocyte
subsets, including differential methylation patterns and
polymorphic variants.

Finally, we found a SARS-CoV-2 infection rate of around 11%
in our study population, among who 50% developed a severe
form of COVID-19. The Mexican government officially reported
an accumulated number of SARS-CoV-2 positive cases of
725,346 for Mexico City from December 2020 to September
2021 (https://datos.covid-19.conacyt.mx). The official number of
inhabitants in Mexico City was around 9,209,944 in 2021. These
numbers suggest that about 8% of the general population living

in Mexico City got SARS-CoV-2 infection when we conducted
the study. Moreover, a recent study indicated that nearly 39% of
SARS-CoV-2 positive cases in Mexico were hospitalized due to
the COVID-19 severity (45). These data reflect, to some extent,
what we found in our study if we consider the limited number of
SARS-CoV-2 detection tests available during that period and the
remarkable underestimation of the most severe COVID-19 cases
in Mexico.

In conclusion, using in vitro polyclonal stimuli, we found two
basal immune response patterns associated with a predisposition
to developing mild or severe COVID-19 once SARS-CoV-2
infection occurs. The pattern linked to severe COVID-19 is
characterized by high PD-1 expression, low IL-2 and IFN-
gamma production in CD4+ and CD8+ T cells, and poor IFN-
alpha expression in classical and non-classical monocytes.
Conversely, low PD-1 synthesis and high IL-2 and IFN-gamma
expression in helper and cytotoxic T cells and an increased IFN-
alpha production in classical and non-classical monocyte subsets
are related to a basal predisposition to developing mild COVID-
19 symptoms after SARS-CoV-2 exposure. Since the serum anti-
SARS-CoV-2 IgG antibody titers or their neutralizing ability did
not differ between mild and severe COVID-19 cases, these
findings suggest that cellular immunity may play a more
crucial function than humoral immunity in preventing
COVID-19 progression.
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Supplementary Figure 1 | Time-response curves. (A) Based on time-response
curves, we selected the earliest in vitro culture time to detect IL-2 production in CD3
+ T cells. IL-2 production peaked after 2 hours on in vitro culture and showed no
significant differences at 6, 12, and 24 hours. (B) Based on time-response curves,
we selected the earliest in vitro culture time to detect IFN-gamma production in CD3
+ T cells. IFN-gamma production peaked after 2 hours on in vitro cutture and
showed no significant differences at 6, 12, and 24 hours. (C) Based on time-
response curves, we selected the earliest in vitro culture time to detect IFN-alpha
production in CD14+ monocytes. IFN-alpha production peaked after 2 hours onin
vitro culture and showed no significant diferences at 6, 12, and 24 hours. We
expressed data as mean + standard deviation. We compared the production of IL-
2, IFN-gamma, and IFN-alpha at 0, 1, 2, 6, 12, and 24 hours using one-way ANOVA
and considered differences significant if P < 0.05. IL-2, interleukin-2; IFN-gamma,
interferon-gamma; IFN-alpha, interferon-alpha; MFI, mean fluorescence intensity.

Supplementary Figure 2 | Gating strategy for T cells. (A) Gating strategy for
selecting primary human CD3+CD4+ lymphocyte subsets and measuring IL-2, IFN-
gamma, and PD-1 precisely. (B) Gating strategy for selecting primary human CD3+CD8
+ lymphocyte subsets and measuring IL-2, IFN-gamma, and PD-1 precisely. FSC-H,
forward scatter height; FSC-A, forward scatter area; SSC-A side scatter area; IL-2,
interleukin-2; IFN-gamma, interferon-gamma; PD-1, programmed cell death protein 1.

REFERENCES

1. Hu B, Guo H, Zhou P, Shi ZL. Characteristics of SARS-CoV-2 and COVID-

19. Nat Rev Microbiol (2020) 19:141-54. doi: 10.1038/s41579-020-00459-7

Li J, Huang DQ, Zou B, Yang H, Hui WZ, Rui F, et al. Epidemiology of

COVID-19: A Systematic Review and Meta-Analysis of Clinical

Characteristics, Risk Factors, and Outcomes. ] Med Virol (2021) 93:1449-

58. doi: 10.1002/jmv.26424

. LiX, XuS, YuM, Wang K, Tao Y, Zhou Y, et al. Risk Factors for Severity and
Mortality in Adult COVID-19 Inpatients in Wuhan. ] Allergy Clin Immunol
(2020) 146:110-8. doi: 10.1016/j.jaci.2020.04.006

. Nandy K, Salunke A, Pathak SK, Pandey A, Doctor C, Puj K, et al.
Coronavirus Disease (COVID-19): A Systematic Review and Meta-Analysis
to Evaluate the Impact of Various Comorbidities on Serious Events. Diabetes
Metab Syndr Clin Res Rev (2020) 14:1017-25. doi: 10.1016/j.dsx.2020.06.064

2

v

'S

Supplementary Figure 3 | Gating strategy for monocyte subsets. Gating
strategy for selecting primary human HLA-DR+ monocyte subsets and measuring
IFN-alpha precisely. FSC-H, forward scatter height; FSC-A, forward scatter area;
SSC-A, side scatter area; HLA-DR, human leukocyte antigen-DR isotype;
IFN-alpha.

Supplementary Figure 4 | Representative spectra of mean fluorescence
intensity for IL-2, IFN-gamma, PD-1, and IFN-alpha in T cells and monocyte
subsets. (A) Representative histograms show the comparison of CD3+CD4+ T cells
expressing IL-2 in blood samples treated with polyclonal stimuli from participants
who developed mild or severe COVID-19 during the follow-up. (B) Representative
histograms show the comparison of CD3+CD8+ T cells expressing IL-2 in blood
samples treated with polyclonal stimuli from participants who developed mild or
severe COVID-19 throughout the follow-up. (C) Representative histograms show
the comparison of CD3+CD4+ T cells expressing IFN-gamma in blood samples
treated with polyclonal stimuli from participants who developed mild or severe
COVID-19 during the follow-up. (D) Representative histograms show the
comparison of CD3+CD8+ T cells expressing IFN-gamma in blood samples treated
with polyclonal stimuli from participants who developed mild or severe COVID-19
throughout the follow-up. (E) Representative histograms show the comparison of
CD3+CD4+ T cells expressing PD-1 in blood samples treated with polyclonal stimuli
from participants who developed mild or severe COVID-19 during the follow-up.
(F) Representative histograms show the comparison of CD3+CD8+ T cells
expressing PD-1 in blood samples treated with polyclonal stimuli from participants
who developed mild or severe COVID-19 throughout the follow-up.

(G) Representative histograms show the comparison of CD14++CD16- classical
monocytes expressing IFN-alpha in blood samples treated with polyclonal stimuli
from participants who developed mild or severe COVID-19 throughout the follow-
up. (H) Representative histograms show the comparison of CD14++CD16+
intermediate monocytes expressing IFN-alpha in blood samples treated with
polyclonal stimuli from participants who developed mild or severe COVID-19 during
the follow-up. (I) Representative histograms show the comparison of CD14+CD16
+ non-classical monocytes expressing IFN-alpha in blood samples treated with
polyclonal stimuli from participants who developed mild or severe COVID-19
throughout the follow-up. In all cases, control indicates the spectra of MFI from
unstimulated cells. IL-2, interleukin-2; IFN-gamma, interferon-gamma; PD-1,
programmed cell death protein 1; IFN-alpha, interferon-alpha; MFI, mean
fluorescence intensity; COVID-19, coronavirus disease 2019.

Supplementary Figure 5 | Absolute cell numbers for percentages of T cells and
monocyte subsets. We show absolute cell numbers for percentages of CD3+CD4+
T cells expressing IL-2, IFN-gamma, and PD-1 on top. We show absolute cell
numbers for percentages of CD3+CD8+ T cells expressing IL-2, IFN-gamma, and
PD-1 in the middle. We show absolute cell numbers for percentages of classical,
intermediate, and non-classical monocytes expressing IFN-alpha on the bottom.
We defined classical monocytes as CD14++CD16-, intermediate monocytes as
CD14++CD16+, and non-classical monocytes as CD14+CD16+. We expressed
data as mean + standard deviation. We compared data using the unpaired
Student’s T-test and considered differences significant when P < 0.05. IL-2,
interleukin-2; IFN-gamma, interferon-gamma; PD-1, programmed cell death protein
1; IFN-alpha, interferon-alpha; COVID-19, coronavirus disease 2019.

5. Viurcos-Sanabria R, Escobedo G. Immunometabolic Bases of Type 2 Diabetes
in the Severity of COVID-19. World ] Diabetes (2021) 12:1026-41.
doi: 10.4239/WJD.V12.17.1026

Salinas-Escudero G, Carrillo-Vega MF, Granados-Garcia V, Martinez-
Valverde S, Toledano-Toledano F, Gardufio-Espinosa J. A Survival Analysis
of COVID-19 in the Mexican Population. BMC Public Health (2020) 20:1-8.
doi: 10.1186/s12889-020-09721-2

Chi Y, Ge Y, Wu B, Zhang W, Wu T, Wen T, et al. Serum Cytokine and
Chemokine Profile in Relation to the Severity of Coronavirus Disease 2019 in
China. ] Infect Dis (2020) 222:746-54. doi: 10.1093/infdis/jiaa363

Conti P, Ronconi G, Caraffa A, Gallenga CE, Ross R, Frydas I, Kritas SK.
Induction of Pro-Inflammatory Cytokines (IL-1 and IL-6) and Lung
Inflammation by Coronavirus-19 (COVI-19 or SARS-CoV-2): Anti-
Inflammatory Strategies. / Biol Regul Homeost Agents (2020) 34:327-31.
doi: 10.23812/CONTI-E

o

o

*®

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 897996

133



Viurcos-Sanabria et al.

Cellular Immunity in COVID-19 Severity

b

Zhang C, Wu Z, Li JW, Zhao H, Wang GQ. Cytokine Release Syndrome in
Severe COVID-19: Interleukin-6 Receptor Antagonist Tocilizumab may be
the Key to Reduce Mortality. Int | Antimicrob Agents (2020) 55:105954.
doi: 10.1016/j.ijantimicag 2020.105954
Ni L, Cheng ML, Feng Y, Zhao H, Liu J, Ye F, et al. Impaired Cellular
Immunity to SARS-CoV-2 in Severe COVID-19 Patients. Front Immunol
(2021) 12:603563/BIBTEX. doi: 10.3389/FIMMU.2021.603563/BIBTEX
. Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H, et al. Clinical and
Immunological Features of Severe and Moderate Coronavirus Disease 2019. J
Clin Invest (2020) 130:2620-9. doi: 10.1172/JCI137244
Zheng HY, Zhang M, Yang CX, Zhang N, Wang XC, Yang XP, et al. Elevated
Exhaustion Levels and Reduced Functional Diversity of T Cells in Peripheral
Blood may Predict Severe Progression in COVID-19 Patients. Cell Mol
Immunol (2020) 17:541-3. doi: 10.1038/s41423-020-0401-3
. 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
. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al.
Engagement of the PD-1 Immunoinhibitory Receptor by a Novel B7 Family
Member Leads to Negative Regulation of Lymphocyte Activation. ] Exp Med
(2000) 192:1027-34. doi: 10.1084/JEM.192.7.1027
Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et al.
Restoring Function in Exhausted CD8 T Cells During Chronic Viral Infection.
Nature (2006) 439:682-7. doi: 10.1038/NATURE04444
Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier ], Smith N, et al. Impaired
Type I Interferon Activity and Inflammatory Responses in Severe COVID-19
Patients. Sci (80- ) (2020) 369:718-24. doi: 10.1126/science.abc6027
Brodin P. Immune Determinants of COVID-19 Disease Presentation and Severity.
Nat Med 2021 271 (2021) 27:28-33. doi: 10.1038/s41591-020-01202-8
Velikova TV, Kotsev SV, Georgiev DS, Batselova HM. Immunological Aspects
of COVID-19: What do We Know? World | Biol Chem (2020) 11:14-29.
doi: 10.4331/WJBC.V11.I2.14

30. Bellesi S, Metafuni E, Hohaus S, Maiolo E, Marchionni F, D'Innocenzo S, et al.
Increased CD95 (Fas) and PD-1 Expression in Peripheral Blood T
Lymphocytes in COVID-19 Patients. Br | Haematol (2020) 191:207-11.
doi: 10.1111/BJH.17034

Rha MS, Jeong HW, Ko JH, Choi §J, Seo IH, Lee JS, et al. PD-1-Expressing
SARS-CoV-2-Specific CD8 + T Cells Are Not Exhausted, But Functional in
Patients With COVID-19. Immunity (2021) 54:44-52.e3. doi: 10.1016/
JIMMUNI.2020.12.002

van de Veerdonk FL, Giamarellos-Bourboulis E, Pickkers P, Derde L, Leavis
H, van Crevel R, Engel JJ, Wiersinga W], Vlaar APJ, et al. A Guide to
Immunotherapy for COVID-19. Nat Med 2022 281 (2022) 28:39-50.
doi: 10.1038/541591-021-01643-9

Baghaki S, Yalcin CE, Baghaki HS, Aydin SY, Daghan B, Yavuz E. COX2
Inhibition in the Treatment of COVID-19: Review of Literature to Propose
Repositioning of Celecoxib for Randomized Controlled Studies. Int ] Infect Dis
(2020) 101:29. doi: 10.1016/].1]1D.2020.09.1466

Xing K, Gu B, Zhang P, Wu X. D h Enhances P d Cell
Death 1 (PD-1) Expression During T Cell Activation: An Insight Into the
Optimum Application of Glucocorticoids in Anti-Cancer Therapy. BMC
Immunol (2015) 16:1-9. doi: 10.1186/512865-015-0103-2/FIGURES/6

Yang M, Wang L, Ni M, Neuber B, Wang S, Gong W, et al. Dual Effects of
Cyclooxygenase Inhibitors in Combination With CD19.CAR-T Cell
Immunotherapy. Front Immunol (2021) 12:670088. doi: 10.3389/
FIMMU 2021.670088

Hasan A, Al-Ozairi E, Al-Bagsumi Z, Ahmad R, Al-Mulla F. Cellular and
Humoral Immune Responses in Covid-19 and Immunotherapeutic
Approaches. ImmunoTargets Ther (2021) 10:63-85. doi: 10.2147/
ITT.S280706

Melenotte C, Silvin A, Goubet AG, Lahmar I, Dubuisson A, Zumla A, et al.
Immune Responses During COVID-19 Infection. Oncoimmunology (2020)
9:1807836. doi: 10.1080/2162402X.2020.1807836
Nikitina E, I a I, Choi v E, Kzhyshkowsk

3L

32,

33.

34.

35.

36.

3

N

38. J. Monocytes and

M. h

. Tan L, Wang Q, Zhang D, Ding ], Huang Q, Tang Y-Q, et al. Lymphop
Predicts Disease Severity of COVID-19: A Descriptive and Predictive Study. Signal
Transduct Target Ther 2020 51 (2020) 5:1-3. doi: 10.1038/541392-020-0148-4
Lombardi A, Trombetta E, Cattaneo A, Castelli V, Palomba E, Tirone M, et al.
Early Phases of COVID-19 Are Characterized by a Reduction in Lymphocyte
Populations and the Presence of Atypical Monocytes. Article (2019)
11:560330. doi: 10.3389/fimmu.2020.560330
Shi H, Wang W, Yin ], Ouyang Y, Pang L, Feng Y, et al. The Inhibition of IL-2/
IL-2R Gives Rise to CD8+ T Cell and Lymphocyte Decrease Through JAK1-
STATS5 in Critical Patients With COVID-19 Pneumonia. Cell Death Dis 2020
116 (2020) 11:1-8. doi: 10.1038/s41419-020-2636-4
Tjan LH, Furukawa K, Nagano T, Kiriu T, Nishimura M, Arii J, et al. Early
Differences in Cytokine Production by Severity of Coronavirus Disease 2019. /
Infect Dis (2021) 223:1145-9. doi: 10.1093/infdis/jiab005
Kim M-H, Salloum S, Wang JY, Wong LP, Regan J, Lefteri K, et al. Type I, II,
and III Interferon Signatures Correspond to COVID-19 Disease Severity.
J Infect Dis (2021) 224:777-782. doi: 10.1093/infdis/jiab288
Hope JC, Campbell F, Hopkins §]. Deficiency of IL-2 or IL-6 Reduces Lymphocyte
Proliferation, But Only IL-6 Deficiency Decreases the Contact Hypersensitivity
Response. Eur ] Immunol (2000) 30:197-203. doi: 10.1002/1521-4141
Zhu M-E, Wang Q, Zhou S, Wang B, Ke L, He P. Recombinant Interleukin-2
Stimulates Lymphocyte Recovery in Patients With Severe COVID-19. Exp
Ther Med (2021) 21:1-1. doi: 10.3892/ETM.2021.9658
Whitmire JK, Tan JT, Whitton JL. Interferon-y Acts Directly on CD8+ T Cells
to Increase Their Abundance During Virus Infection. /| Exp Med (2005)
201:1053-9. doi: 10.1084/JEM.20041463
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 175
(2020) 17:533-5. doi: 10.1038/s41423-020-0402-2
Gadotti AC, de Castro Deus M, Telles JP, Wind R, Goes M, Garcia Charello
Ossoski R, de Padua AM, de Noronha L, et al. IFN-y is an Independent Risk
Factor Associated With Mortality in Patients With Moderate and Severe
COVID-19 Infection. Virus Res (2020) 289:198171. doi: 10.1016/
J.VIRUSRES.2020.198171
. Dong Y, Sun Q, Zhang X. PD-1 and its Ligands are Important Immune
Checkpoints in Cancer (2017) (Accessed April 27, 2021).

20.

2L

2

L

24.

25.

26.

27.

2

%

phages as Viral Targets and Reservoirs. Int ] Mol Sci 2018 Vol 19 Page
2821 (2018) 19:2821. doi: 10.3390/[]MS19092821

Qin §, Jiang Y, Wei X, Liu X, Guan J, Chen Y, et al. Dynamic Changes in
Monocytes Subsets in COVID-19 Patients. Hum Immunol (2021) 82:170-6.
doi: 10.1016/J HUMIMM.2020.12.010

Matic S, Popovic S, Djurdjevic P, Todorovic D, Djordjevic N, Mijailovic Z,
etal. SARS-CoV-2 Infection Induces Mixed M1/M2 Phenotype in Circulating
Monocytes and Alterations in Both Dendritic Cell and Monocyte Subsets. PloS
One (2020) 15:¢0241097. doi: 10.1371/JOURNAL.PONE.0241097

Chilunda V, Martinez-Aguado P, Xia LC, Cheney L, Murphy A, Veksler V,
et al. Transcriptional Changes in CD16+ Monocytes May Contribute to the
Pathogenesis of COVID-19. Front Immunol (2021) 12:665773. doi: 10.3389/
FIMMU 2021.665773

Pallikkuth S, Kanthikeel SP, Silva SY, Fischl M, Pahwa R, Pahwa S. Innate
Immune Defects Correlate With Failure of Antibody Responses to HIN1/09
Vaccine in HIV-Infected Patients. J Allergy Clin Immunol (2011) 128:1279-
85. doi: 10.1016/J.JACI.2011.05.033

Lafon E, Diem G, Witting C, Zaderer V, Bellmann-Weiler RM, Reindl M, et al.
Potent SARS-CoV-2-Specific T Cell Immunity and Low Anaphylatoxin Levels
Correlate With Mild Disease Progression in COVID-19 Patients. Front
Immunol (2021) 12:684014. doi: 10.3389/FIMMU.2021.684014

Cassaniti I, Percivalle E, Bergami F, Piralla A, Comolli G, Bruno R, et al.
SARS-CoV-2 Specific T-Cell Immunity in COVID-19 Convalescent Patients
and Unexposed Controls Measured by Ex Vivo ELISpot Assay. Clin Microbiol
Infect (2021) 27:1029-34. doi: 10.1016/].CM1.2021.03.010
Martinez-Martinez MU, Alpizar-Rodriguez D, Flores-Ramirez R, Portales-
Pérez DP, Soria-Guerra RE, Pérez-Vazquez F, et al. An Analysis COVID-19 in
Mexico: A Prediction of Severity. ] Gen Intern Med (2022) 37:624-31.
doi: 10.1007/s11606-021-07235-0

39.

40.

41.

42.

43.

4

-

45.

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

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 897995

134



Viurcos-Sanabria et al.

Cellular Immunity in COVID-19 Severity

1 BT

Carrillo-Ruiz, Gonzilez-Chavez, Leon-Pedroza, Flores-Mejia, Rodriguez-Cortés and

the publisher, the editors and the reviewers. Any product that may be
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Viurcos-Sanabria, Manjarrez-Reyna, Solleiro-Villavicencio,
Rizo-Téllez, Méndez-Garcia, Viurcos-Sanabria, Gonzdlez-Sanabria, Arroyo-Valerio,

Escobedo. 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

July 2022 | Volume 13 | Article 897996

135



https://doi.org/10.5607/en21049
Exp Neurobiol. 2022 Aug;31(4):270-276.
PISSN 1226-2560 « eISSN 2093-8144

Case Report Experimental Neurobiology

Blood-brain Barrier Damage is Pivotal for SARS-CoV-2
Infection to the Central Nervous System
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Transsynaptic transport is the most accepted proposal to explain the SARS-CoV-2 infection of the CNS. Nevertheless, emerging evidence shows
that neurons do not express the SARS-CoV-2 receptor ACE2, which highlights the importance of the blood-brain barrier (BBB) in preventing virus
entry to the brain. In this study, we examine the presence of SARS-CoV-2 messenger ribonucleic acid (mRNA) and the cytokine profile in cerebro-
spinal fluids (CSF) from two patients with a brain tumor and COVID-19. To determine the BBB damage, we evaluate the Q- albumin index, which
is an indirect parameter to assess the permeability of this structure. The Q-albumin index of the patient with an intraventricular brain tumor sug-
gests that the BBB is undamaged, preventing the passage of SARS-CoV-2 and pro-inflammatory molecules. The development of brain tumors that
disrupt the BBB (measured by the Q-albumin index), in this case, a petroclival meningioma (Case 1), allows the free passage of the SARS-CoV-2
virus and probably lets the free transit of pro-inflammatory molecules to the CNS, which leads to a possible activation of the microglia (astrogliosis)

and an exacerbated immune response represented by I1L-13, IFN-y, and IL-2 trying to inhibit both the infection and the carcinogenic process.

Key words: Blood-brain barrier, SARS-CoV-2, COVID-19, Cerebrospinal fluid, Brain tumor

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) affects the pulmonary apparatus primarily [1]. Neverthe-
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infection are headache, anosmia, and dizziness; however, some pa-

vulsions, status epilepticus, and necrotizing encephalopathy that in
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Several studies suggest that neurological symptoms in coro-
navirus disease 2019 (COVID-19) patients result from systemic
inflammatory mediators that do not necessarily involve direct
infection of the CNS. However, emerging evidence confirms that
SARS-CoV-2 may also enter the brain through different routes
[4]. The most accepted way for SARS-CoV-2 entry into brain tis-
sue is via nasal mucosa [5], wherein SARS-CoV-2 binds to motor
proteins along olfactory nerves by retrograde axonal transport and
is transported to the brain [6,7]. A second possible way is a hema-
togenous route, wherein after entering the respiratory tract, SARS-
CoV-2 may spread to multiple tissues and organs such as the CNS.
However, this hypothesis lacks support due to the blood-brain
barrier (BBB), which is a semi-permeable barrier that protects the
CNS from a wide variety of toxins, molecules, and microorgan-
isms found in blood, making it difficult for the free passaging of
pathogens such as virus to the brain [8].

To this respect, several studies have proposed three mechanisms
through which the SARS-CoV-2 may enter the CNS via the BBB:
transcellular migration, wherein the virus infects endothelial cells
of the BBB via the Angiotensin-Converting-Enzyme 2 (ACE2), the
primary cell receptor described for SARS-CoV-2; paracellular mi-
gration, characterized by viral invasion of tight junctions between
endothelial cells of the BBB; and the so-called “Trojan horse strat-
egy’, wherein the virus infects macrophages, dendritic cells, and
neutrophils that in turn can migrate across the BBB to the CNS [5].
However, all these hypotheses lack support due to the BBB integ-
rity, and we propose that structural damage to the BBB elicits the
SARS-CoV-2 infection to the CNS. Herein, we present the case re-
ports of two patients with a brain tumor and COVID-19. Interest-
ingly, we detected viral particles in Cerebrospinal Fluid (CSF) only
from the patient with petroclival meningioma and an elevated Q-
albumin index (an indirect parameter used to determine the BBB
permeability), suggesting a possible BBB damage which highlights
the importance of this structure in preventing SARS-CoV-2 infec-
tion to the CNS. Moreover, the direct infection of CNS showed an
exacerbated cytokine response represented by interleukin (IL)-13,
IFN-y, e IL-2, compared to the CSF sample from the patient with
an intraventricular tumor where we did not find viral particles.

CASES PRESENTATION

Case 1

Case 1 was a 43-year-old female patient with no previous chron-
ic or metabolic disorders diagnosis. One month before hospital
admission, she presented progressive onset of severe headache,
nausea, and drowsiness. She was assessed by neurosurgery ser-

vice, where a cranial magnetic resonance imaging was performed

https://doi.org/10.5607/en21049

and allowed to conclude right petroclival meningioma. She was
programmed one week later for a surgical procedure. At hospital
admission, she had the following vital signs: blood pressure (BP)
(120/80 mmHg), Heart Rate (HR) (78 bpm), Breath Frequency
(BF) (17 bpm), body temperature (36. 3C),and Glasgow Coma
Scale (GCS) of 13 points eye-opening: 4 points, verbal response: 4
points,and motor response: 5 points. Laboratory parameters at ad-
mission suggested total blood cell count abnormalities, including
high leucocyte and neutrophil count and low monocyte count. Af-
ter discarding any probable infection, ceftriaxone was given as an-
tibiotic prophylaxis. We calculated the Q-albumin index by divid-
ing the cerebrospinal fluid albumin by serum albumin and used
itasa parameter of BBB damage (0.0341 g/dl/4.62 g/dI=7.3x10 ).
Retrosigmoid craniotomy with partial resection of petroclival me-
ningioma (Fig. 1A) and high-pressure valve ventriculoperitoneal
shunt system colocation was performed without any complication.
After surgery, the patient was transferred to the intensive care unit
(ICU) with advanced airway management. A day after, a cranial
computer tomography (CT) was performed, revealing the persis-
tence of the tumor accompanied by cerebral edema. The CT scan
was extended to chestimaging with consistent data of SARS-CoV-
2-related pneumonia (Fig 1B). The next day, she presented fever
(386C)and purulent respiratory secretions; bacterial cultures and
SARS-CoV-2 specific detection through bronchoalveolar lavage
were performed. Ceftriaxone was suspended, and an empirical
antibiotic scheme was started with meropenem and vancomycin;
dexamethasone was also added to the treatment. Quantitative
polymerase chain reaction (qQPCR) confirmed SARS-CoV-2 infec-
tion the same day,and Acinetobacter baumannii was isolated from
cultures one week later, so the antibiotic scheme was changed to
colistimethate. She remained with leukocytosis, fever, and neuro-
logical impairment during the next days. After 28 days of hospital-

ization, she died because of cardiopulmonary arrest.

Case 2

Case 2 was a 43-year-old male patient with a previous diagnosis
of hypertension one year ago and treatment with ACE inhibitors.
Three months before hospital admission, he began with progres-
sive, intense headaches in the frontal region without medical treat-
ment. After one month, he developed vomiting and syncope with
progressive gait abnormalities and decreased alertness. Then, he
was assessed in a primary care center, and cranial magnetic reso-
nance imaging revealed a round and well-defined tumor in the
fourth ventricle, causing a cerebrospinal fluid blockage (Fig. 1C).
The patient started treatment with prednisone and dexamethasone
and was referred to our hospital for neurosurgery assessment. He
was admitted with the following vital signs: BP (130/70 mmHg),
271
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A

Fig. 1. Cranial and chest CT of patients with a brain tumorand COVID-19.(A) Case 1 magnetic resonance T1 sequence contrasted sagittal section pet-
roclival lesion extending to a protuberance, enhancing the contrast medium compatible with meningioma. (B) Case 1 chest computed tomography (CT)
with data suggestive of SARS-CoV-2 pneumonia. (C) Case 2 simple CT scan of the skull in coronal section showing lesion to the cerebellar vermis and
right cerebellar hemisphere causing hydrocephalus. (D) Chest CT at admission showing severe pneumonia of Case 2.

HR (75 bpm), BF (18 bpm), body temperature (36.0C),and GCS  ration of 89% were also documented, and SARS-CoV-2 specific
of 13 points (eye-opening: 3 points, verbal response: 4 points,and  qPCR detection was performed, resulting positive. The relatives
motor response: 6 points). Anosmia and peripheral oxygen satu-  reported neurological impairment three days before admission,
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Fig. 2. Analysis of qPCR detection of SARS-CoV-2 viral particles. (A) Determination of viral infection in Case 1 by naso/oropharyngeal swab where N

(CT=18.01) and ORF1lab (CT=19.6) SARS-CoV-2 genes were detected as well as the IC gene (CT=20.49). (B) Confirmation of C

RS-CoV-2 infec-

tion by the mnplifimtion of Gene N (CT=37.85) and the IC gene (CT=22.62). (C) Case 2 determination of viral infection by naso/oropharyngeal swab
where N (CT=23.21) and ORFlab (CT=24.86) SARS-CoV-2 genes were detected as well as the IC gene (CT=30.87). (D) Viral infection was not deter-

mined in CSF of Case 2; the IC gene amplification was CT=18.05.

without associated respiratory symptoms. Laboratory parameters
revealed high leucocyte and neutrophil counts, whereas lympho-
cyte and monocyte counts decreased. For case 2, we found a Q-
albumin index of 0.0016 g/dl/3.01 g/dl=5.3x]0'*. Fig. 1D shows a
chest CT at admission revealing severe pneumonia. He was hos-
pitalized in the pneumology department for COVID-19 manage-
ment with supplemental oxygen therapy at 2 liters per minute us-
ing a nasal cannula, and oxygen saturation improved up to 95%. A
high-pressure valve ventriculoperitoneal shunt system was placed
the next day without any procedural complication. Ten days later,
the patient was discharged with neurological improvement, GCS
of 14 points (eye-opening: 4 points, verbal response: 4 points, and
motor response: 6 points), and no supplemental oxygen needed.
The Institutional Ethical Committee of the General Hospital of
Mexico guaranteed that the study was conducted in rigorous ad-
herence to the principles described in the Declaration of Helsinki.
Their relatives signed written informed consent. Both patients ar-
rive at the emergency department because of neurological symp-
toms rather than respiratory complications associated with SARS-
CoV-2 infection. The Carestream Viu Motion software v.12.1.5.7
from the digital electronic file of the General Hospital of Mexico

https://doi.org/10.5607/en21049

was used to obtain cranial and chest CT scans.

The ORFlab and N genes of SARS-CoV-2 were detected by the
kit for 2019 Novel Coronavirus (DADA0930-DA0932, DAAN
Gene Co,, Guangzhou, China) in naso/oropharyngeal swabs fol-
lowing the manufacture instructions. SARS-CoV-2 infection was
confirmed in both patients by amplification of the N gen in Case 1
(CT=18.01) and Case 2 (CT=23.21), and the Orflab gene in Case
1 (CT=19.6) and Case 2 (CT=24.86), respectively. The internal
control gene (IC) amplified at CT=20.49 in Case 1 and CT=30.87
in Case 2 (Fig.2A,2C respectively).

Both patients gave CSF samples at the beginning of the surgery
by ventricular shunt. The serum of the patients was taken at ad-
mission for blood biochemistry analysis. The analysis of SARS-
CoV-2 detection in CSF was performed following the instructions
of the Gene Finder Kit"™ COVID-19 Plus RealAmp Kit (Cat.
Number IFMR-45, Gyeonggi-do, Korea), which can detect the
presence of the E, N, and RdRp genes of SARS-CoV-2 and consid-
eringamplification of at least one of those genes as a positive result.
Amplification of the N gene was detected only in Case 1 (N Gen
CT=37.85 and endogenous gene CT=22.62) (Fig. 2B, 2D). CSF and
serum were evaluated using the Beckman Coulter DxC 700 AU
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Chemistry Analyzer (Beckman Coulter Inc., Brea, CA, USA) in
adherence to the standard operating procedures to determine the
values (g/dl) of albumin in both samples. Q-albumin index results
from dividing the value of albumin in CSF by the albumin value in
serum.

The CSF sample was centrifuged to 13,500 g for 60 minutes at
4. The RNA from mononuclear cells was isolated with TRIZOL
reagent (Ambion by life technologies, Carlsbad USA Cat number
15596018) following the manufacturers instructions. Total RNA
samples were quantified and synthesized to complementary DNA
(cDNA) using the kit M-MLV Reverse Transcriptase (Life Tech-
nologies, Carlsbad, USA Cat number: 28025-013). cDNA samples
were used for amplification by gPCR (CFX96™ Real-Time Sys-
tem, BIO-RAD) with SYBR Green Master Mix (Jena Bioscience,
Jena Germany Cat number PCR-372L) according to the manu-
facturer’s instructions. Specific primers for the cytokines were
designed using the Primer-BLAST software from the National
Center for Biotechnology Information, U.S. National Library of
Medicine, following the thermocycling scheme: denaturation at
95C for 30's,annealing at 61T for 30 s, elongation at 72C for 45s,
40 thermal cycles. The expression of the cytokines was normal-
ized using the housekeeping gene control 18 s. The expression
was reported as 2**". We used a control CSF sample taken by a
ventricular shunt from a patient with non-communicating hy-
drocephalus and Wallenberg Syndrome. The control case had a
negative nasopharyngeal exudate test for SARS-CoV-2 at the time
of sample collection. We found an exacerbated cytokine response
in Case 1with petroclival meningioma where we found viral par-
ticles. IL-13, [FN-y, and IL-2 represented overexpressed cytokines.
The expression of IL-13 increased by 2-fold in Case 2; meanwhile,
in Case 1, this expression raises 19-fold compared to the Control
Case. However, the expression of IFN-y was 14-fold increased
in Case 1 and decreased 0.6-fold in Case 2. mRNA levels of IL-2
increased in both patients 13 and 4.7-fold in Case 1 and Case 2,
respectively. Similarly, the expression of TGF-p increased to 8 in
Case 1 and 2.82 in Case 2. Finally, the IL-4 expression was 7-fold
higher in Case 1 and slightly less in Case 2 (0.93-fold) compared to
the Control Case. Cytokines such as IL-12, IL- 1B, TNF-o, and IL-6
increased considerably (5-fold approximately) in Case 1, and the
expression of these cytokines (exceptionally TNF-a) decreased in
Case 2 to 0.3-fold compared to the Control Case (Fig. 3).

DISCUSSION
Several respiratory viruses such as HCoV-OC-43 and HIN1

can infect the CNS via transsynaptic transport. For this reason, a
few studies suggested that SARS-CoV-2 could similarly reach the
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CNS. However, recent studies reported that ACE2 expresses in
endothelial vascular cells, pericytes,and macrophages but not neu-
rons [7], which reduces the chances of the transsynaptic transport
as the main route of SARS-CoV-2 entry to the CNS. Moreover,
the inability to detect viral particles in CSF from COVID-19 pa-
tients despite high titers of anti-SARS-CoV-2 antibodies [9, 10]
remarks the possibility that BBB integrity plays a crucial role in
SARS-CoV-2 neuroinfection. The BBB is an essential physiologic
structure that selectively prevents the passage of pathogens such as
viruses to the CNS. Consequently, it is feasible that SARS-CoV-2
can invade the CNS only after structural damage to the BBB.

Brain tumors can disrupt the BBB by releasing proinflamma-
tory mediators, vasoactive cytokines, and growth factors with the
ability to affect tight junctions and increase permeability, leading
to edema and hemorrhage. Numerous studies have shown down-
regulation of tight junction protein expression such as claudin-1
and claudin-3 in specific brain tumors, including astrocytomas
and glioblastoma multiforme [11]. Measurement of proteins typi-
cally found in serum but not in CSF unless BBB presents damage
is an indirect method to estimate BBB integrity. When calculating
the Q-albumin index, we obtained 7.3x10~ g/dl for Case 1 and
5.3x10" g/dl for Case 2. Although reports indicate that a Q-albu-
min index >8x10~ g/dl indicates BBB dysfunction [12], no patients
exceeded this value. It is worth mentioning that the presence of a
brain tumor triggers an inflammatory process where activation of
microglia could decrease albumin levels due to albumin uptake
fromastrocytes [ 13]. However, the order of magnitude of the Q-al-
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Fig. 3. Cytokine expression in CSF of patients with a brain tumor and
COVID-19.IL-13, IFN-y, and IL-2 represented the most overexpressed
cytokines. These cytokines were more expressed in Case 1 (grey bars)
compared to Case 2 (dark gray bars) and Control Case (black bars). The
expression of cytokines such as TGF-p, IL-4, IL-6, IL-1f, TNF-a, and IL-

12 was overexpressed around 5-fold in Case 1; meanwhile, in Case-2,

these cytokines were under-expressed by 0.6-fold, except for TNF-a.
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BBB Damage is Necessary for SARS-CoV-2 Infection

bumin index between patient 1 is greater than patient 2, where we
assume BBB integrity. Although Q-albumin is considered a valid
parameter to evaluate the BBB permeability, it is indirect evidence
which we considera limitation of this study. Hence, the results pre-
sented in this manuscript should be taken with a reserve, and more
studies should be conducted to determine the role of BBB in CNS
infection by SARS-CoV-2.

In this study, we found viral particles in CSF only in the patient
with petroclival meningioma, which causes BBB disruption as
suggested by the Q-album index. Meanwhile, we did not find viral
particles in the CSF of the patient with an intraventricular tumor,
which is in line with our data in two patients with cerebrovascular
disease [14]. Several authors, such as Bellon and cols., demon-
strated that neurological symptoms in COVID-19 patients were
not related to SARS-CoV-2 in CNS [10]. Conversely, they found
intrathecal IG synthesis and signals of BBB disruption. These re-
sults suggest that virus invasion of the CNS may occur in patients
with BBB damage. Moreover, the hypothesis of the neurological
manifestations associated with COVID-19 are not necessarily
supported by direct invasion of the CNS but through systemic in-
flammation that precedes the infection [15].

As mentioned earlier, the presence of a brain tumor activates
the astrocytes surrounding the tumor-promoting the secretion of
growth factors and cytokines trying to repair the damage. Astro-
cytes can also sense stimuli related to viral infection by expressing
a cluster of proinflammatory genes in maladaptive reactive astro-
gliosis [16].In this study, it is impossible to determine the observed
inflammation source. This response could be due to the tumoral
development, the infection by SARS-CoV-2, or by the BBB disrup-
tion allowing the free transit of proinflammatory molecules to the
CNS. However, the patient with petroclival meningioma, positive
for viral particles in CSF who probably had BBB damage, presents
a higher expression of proinflammatory cytokines, which can be
attributed to local viral infection. It is likely that the CNS infec-
tion by SARS-CoV-2 causes a more pronounced local (gliosis)
immune response. Cytokine overexpression in these patients was
represented by IL-13, IFN-y, and IL-2, which have been used as
imnumotherapy to treat brain tumors, mainly in gliomas trying to
inhibit tumor proliferation and angiogenesis. High levels of IL-13
were expected since the overexpression of the IL-13 receptor is an
essential feature in brain tumors [17].

Moreover, recently IL-13 was recognized as the “driver” of COV-
ID-19 severity, which neutralization in mice reduced both severity
and death without affecting viral load [18]. Besides, IFN-y s a cen-
tral antiviral immune mediator that is abnormally downregulated
in brain tumor cells. So, the overexpression of this cytokine could

be exclusively due to viral infection. Initially, it was detected in

https://doi.org/10.5607/en21049

respiratory swabs from COVID-19 patients with type I TFN genes
(IFN alpha and omega) but not type II IFN genes (IFN-y) [19].
However, recently was demonstrated that high levels of IFN-y have
a pivotal role in SARS-CoV-2 infection, inducing the expression
of ACE2 in epithelial colonic organoid cells and enabling a higher
virus replication; therefore, it is proposed that the pharmacological
interference of IFN-y may be a treatment for severe COVID-19
[20]. As well as IFN-y, IL-2 is downregulated in brain tumors [21],
butitis overexpressed in COVID-19 convalescent individuals [22].
Therefore, the overexpression of these cytokines seems to be a set
of immune responses due both to tumor development and direct
infection of CNS by SARS-CoV-2, specifically in Case 1. Since
the CD4+ T lymphocytic origin of IL-2 and IFN-y (helper and
cytotoxic T cells) as a response to viral infection in the pulmonary
epithelium, these cytokines or their producing cells may migrate
to the CNS, allowed by the BBB damage, however more studies
are needed to determine the source of these cytokines in the CNS
in patients with a brain tumor, COVID-19, and their relationship
with the integrity of BBB.

It is feasible that BBB damage is necessary for virus entry to the
CNS, either through binding to ACE2 in endothelial cells or peri-
cytes of the BBB. Due to ACE2 is not expressed in neurons, the
integrity of the BBB would play a central role in allowing the pas-
sage of SARS-CoV-2 or infected immune cells to the CNS. Further
studies are needed to examine ACE2 expression in other brain tis-
sue cells that can host the virus. Accordingly, COVID-19 patients
with documented structural disruption or suspected permeability
of the BBB due to other diseases such as brain tumors should
undergo a specific medical follow-up to monitor possible neuro-
logical effects associated with the presence of SARS-CoV-2 in the
CNS. In conclusion, this study shows the presence of SARS-CoV-2
particles in the CSF only after damage to the BBB measured
indirectly by the Q-albumin index, favoring the inflammatory
response regulated by IL-13, IFN-y, and IL-2, which highlights the
possiblekey role of BBB integrity in SARS-CoV-2 infection.
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Abstract

The novel coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Mor-
tality attributable to COVID-19 remains considerably high, with case fatality rates as high as 8-11%. Early medical intervention in
patients who are seriously and critically ill with COVID-19 reduces fatal outcomes. Thus, there is an urgent need to identify bio-
markers that could help clinicians determine which patients with SARS-CoV-2 infection are at a higher risk of developing the most
adverse outcomes, which include intensive care unit (ICU) admission, invasive ventilation, and death. In COVID-19 patients expe-
riencing the most severe form of the disease, tests of liver function are frequently abnormal and liver enzymes are found to be
elevated. For this reason, we examine the most promising liver biomarkers for COVID-19 prognosis in an effort to help clinicians
predict the risk of ARDS, ICU admission, and death at hospital admission. In patients meeting hospitalization criteria for COVID-19,
serum albumin < 36 g/L is an independent risk factor for ICU admission, with an AUC of 0.989, whereas lactate dehydrogenase
(LDH) values > 365 UIL accurately predict death with an AUC of 0.943. The clinical scores COVID-GRAM and SOFA that include
measures of liver function such as albumin, LDH, and total bilirubin are also good predictors of pneumonia development, ICU
admission, and death, with AUC values ranging from 0.88 to 0.978. Thus, serum albumin and LDH, together with clinical risk scores
such as COVID-GRAM and SOFA, are the most accurate biomarkers in the prognosis of COVID-19.

Keywords: Albumin. Lactate dehydrogenase. Bilirubin. Prognosis. COVID-19. SARS-CoV-2.

interventionin seriously and critically ill COVID-19 patients
may reduce fatal outcomes®. Therefore, there is an ur-
gent need for novel biomarkers that can help clinicians
identify patients with poorer prognosis. Early implemen-
tation of more aggressive drug regimens in these pa-
tients could not only increase survival rates but also
optimize intensive care unit (ICU) resources.

Due to the extensive extrapulmonary manifestations

Introduction

Since the coronavirus disease 2019 (COVID-19)
outbreak began in December 2019, the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has
quickly spread worldwide'. COVID-19 presentation is
heterogeneous and ranges from asymptomatic disease
to severe illness characterized by pneumonia, acute

respiratory distress syndrome (ARDS), and sepsis that
may eventually lead to death®. Despite the concerted
efforts of health systems around the globe, mortality
attributable to COVID-19 remains considerably high with
case fatality rates as high as 9-11%°. Early medical
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of COVID-19, evaluation of patients typically includes
comprehensive blood panels that allow the clinician to
simultaneously estimate the effects of the disease on
multiple organ systems®. Liver function tests (LFT) are
commonly included in laboratory analyses and
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measure a variety of molecules such as transaminases,
alkaline phosphatase, gamma-glutamyl transferase, bil-
irubin, and albumin® that indicate the global function
and integrity of the liver.

Large-scale descriptive studies have been conducted
to examine the relationship between altered liver func-
tion and SARS-CoV-2 infection, but only a few of them
describe factors that might be used to predict the most
adverse outcomes of COVID-19, including ARDS devel-
opment, ICU admission, and/or death”®. Herein, we
summarize the most promising liver biomarkers for
COVID-19 prognosis in an effort to help clinicians rap-
idly, easily, and inexpensively predict the risk of ARDS,
ICU admission, and death at hospital admission.

Serum albumin

Serum albumin (SA) is the most abundant protein in
human blood (35 to 50 g/L)'°. SA is synthesized in he-
patocytes as preproalbumin and then released to the
rough endoplasmic reticulum, where an N-terminal
peptide is removed to facilitate the conversion of the
protein to proalbumin. Proalbumin is in turn processed
in the trans-Golgi apparatus to form mature albumin
that is subsequently released into circulation™. SA
plays multiple physiological roles, including regulation
of plasma colloid oncotic pressure, transportation of
endogenous and exogenous molecules, anticoagula-
tion, and antioxidation responses‘o. In clinical practice,
SA level is commonly used as an indicator of mortality
risk in severely ill patients such as those experiencing
sepsis, trauma, or cancer'?,

Numerous studies support the use of SA as a bio-
marker of poor prognosis in COVID-19 patients, espe-
cially those at much higher risk of ICU admission or
death. Three meta-analyses that evaluated several lab-
oratory parameters reported decreased SA at admis-
sion in patients with severe COVID-19 (3.50 g/dL, 95%
Cl 3.26-3.74 g/dL) as compared to non-severe patients
(4.05 g/dL 95% Cl 3.82-4.27 g/dL)'>'6. Hypoalbumin-
emia (SA < 30 g/L) also correlates with the severity of
COVID-19 (p < 0.0001) in patients from Italy'”. Two
additional meta-analyses showed that SA levels cor-
relate with disease severity but fail to find associations
among other liver parameters®®.

When considering these liver markers in the context
of critical care, it is noteworthy that ICU patients with
COVID-19 generally have lower SA values at admission
than patients admitted to regular hospital floors (31.3 +
5.2 g/L versus 36.5 + 5.7 g/L; p = 0.001). In fact, SA
predicts ICU admission with a HR score of 1.87, 95%

Cl 1.05-3.32, p = 0.034'®. A study conducted in 63
COVID-19 patients from Turkey revealed that SA at
admission predicts ICU admission with a cutoff point of
<36 g/L, AUC of 0.989 (95% CI 0.924-1.00; p < 0.001),
sensitivity of 96.7%, and specificity of 93.9%'°. On the
other hand, a study of 128 COVID-19 patients from
Dubai showed that SA failed to predict ICU admission
(AUC 0.256, 95% CI 0.146-0.366)%. Thus, the use of
SA as a predictor of ICU admission in seriously ill pa-
tients with COVID-19 should be performed with caution,
and clinicians must take into account the genetic back-
ground and variability among the patient populations
with which they work.

Regarding mortality, a meta-analysis evaluating elev-
en studies predominantly conducted in China indicated
that SA values tend to be lower in non-survivors than
survivors (-3.7 g/L, 95% CI -5.3 — -2.1; p < 0.00001)2".
A separate study conducted on 207 patients from ltaly
showed that hypoalbuminemia correlates with death in
COVID-19 patients (p = 0.003)". Another study in
319 patients from Italy concluded that SA < 32 g/L is a
risk factor for mortality, with HR of 2.48 (95% CI 1.44—
4.26; p = 0.001)®. Concurrently, two additional studies
conducted in COVID-19 patients from China revealed
that decreased SA at admission was an independent
risk factor for mortality (OR = 1.929, 95% CI 1.199-
3.104, p = 0.007, and OR, 6.394; 95% Cl 1.315-31.092,
p = 0.021, respectively)??. This evidence supports the
idea that SA is an independent risk factor for ICU ad-
mission and death in patients that meet hospitalization
criteria for COVID-19. As we have shown, critical con-
sideration of SA levels may help clinicians identify pa-
tients with SARS-CoV-2 infection who are at much
higher risk of developing adverse outcomes than other
patients. Having a reliable and easy-to-detect biomark-
er at their disposal would enable clinicians to provide
these high-risk patients with more aggressive medical
treatments that will increase their probability of
survival.

Bilirubin

Bilirubin derives from the breakdown of the heme
group in hemoglobin, which occurs in the spleen, bone
marrow, and liver®. In these tissues, heme oxygenase,
an enzyme found in macrophages, can catalyze iron
release to form carbon monoxide and biliverdin. Biliver-
din is in turn reduced to form unconjugated bilirubin,
also referred to as indirect bilirubin, which is poorly
water soluble?*. The 200-300 mg of bilirubin produced
by the human body per day is typically excreted.
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Excretion of bilirubin occurs when indirect bilirubin
(IBIL) is released into the plasma, where it binds albu-
min that is in turn transported to the liver®. Then, bili-
rubin is conjugated to uridine diphosphate sugars (UDP)
via UDP-glucuronyltransferase. This increases IBIL sol-
ubility and allows its excretion through the bile. Conju-
gated bilirubin, also referred to as direct bilirubin (DBIL),
is broken down into urobilinogens by intestinal bacteria.
At this point, a small quantity of DIBIL can be deconju-
gated and re-absorbed by intestinal epithelial cells?.
Any increase in the rate of release of the heme group
or failure to completely excrete bilirubin leads to a con-
comitant elevation of total bilirubin, direct bilirubin, or
indirect bilirubin depending on the step of bilirubin me-
tabolism that is impaired?®.

Common clinical laboratory tests include measures
of total bilirubin (TBIL), IBIL, and/or DBIL, which can
help establish the cause of hyperbilirubinemia®. Eleva-
tion of bilirubin in patients with SARS-CoV-2 infection
is not common. However, among COVID-19 patients
who do show abnormal liver function test results during
hospitalization, TBIL levels have been found to be ele-
vated as high as 18%%2627. A large study conducted in
5771 patients from China suggested that TBIL values
are independent of the severity of COVID-19%. Indeed,
the average values of TBIL, DBIL, and IBIL fell within
normal ranges of values in all patients enrolled in this
study (10.4 umol/L, IQR 7.9-14.1, 3.0 umol/L, IQR 2.1-
4.4, and 74 pmol/L, IQR 5.2-10.3, respectively)®.

Conversely, emerging evidence now supports the
use of bilirubin values at hospital admission to esti-
mate a patient’s risk of developing severe COVID-19.
Seriously ill patients have higher TBIL and DBIL levels
at admission than non-severe patients (for TBIL, 10.6
umol/L, IQR 7.9-15.0 versus 10.3 umol/L, IQR 7.9-14.0,
p = 0.053, respectively; for DBIL, 3.3 umol/L, IQR 2.2-
5.2 0 versus 2.9 umol/L, IQR 2.0-4.20, p < 0.001, re-
spectively)?®. In addition, the peak of TBIL correlates
with mortality risk, where TBIL maximum values of
21-63 umol/L confer a 3-fold increased mortality risk
(HR 3.28 95% Cl 2.47-4.35; p < 0.001), while patients
with TBIL greater than 63 umol/L show 8-fold increased
mortality risk (HR 7.98 95% CI 3.88-16.41; p < 0.001)%%.
Higher TBIL levels also confer ~3-fold increased risk
of developing severe COVID-19 (OR 2.94, 95% CI
2.18-3.97)%°. Likewise, TBIL values are elevated in ICU
patients relative to non-ICU patients (15.8 + 6.8 umol/L
versus 9.1 + 3.6 umol/L, p = 0.0082, respectively)3°.
In a population of pediatric COVID-19 patients, Wang
and collaborators also reported higher TBIL values in
seriously ill patients than in non-severe individuals

(10.13 pmol/L versus 6.40 umollL, p = 0.05,
respectively) with OR of 1.316, 95% CI 0.575-3.014,
p = 0.516)*. These studies suggest that bilirubin can
be used to estimate the risk of mortality or ICU admis-
sion in adult and pediatric patients with COVID-19,
especially TBIL and DBIL®'.

Lactate dehydrogenase

Lactate dehydrogenase (LDH) is a ubiquitous en-
zyme in human cells. LDH consists of four polypeptide
chains that constitute five different isoforms located in
the cytosol and mitochondria®. In the cytosol, LDH
catalyzes the conversion of lactate to pyruvate by trans-
ferring a hydride group from NAD+ to NADH®. In the
mitochondria, LDH catalyzes the conversion of lactate
to pyruvate by transferring a hydride group from ferri-
cytochrome ¢ to ferrocytochrome c. Release of LDH
into cells occurs primarily as a result of necrosis®>®.
Serum LDH is elevated in a variety of clinical scenarios
including hemolysis, infection, sepsis, infarction, liver
and kidney diseases, pancreatitis, bone fracture, rhab-
domyolysis or myositis, hypoxia, shock, and cancer.

LDH elevation is one of the most commonly reported
laboratory anomalies in COVID-19 patients around the
world. In fact, 50-80 percent of patients with SARS-
CoV-2 infection show abnormally high LDH levels'.
Numerous studies report a strong positive correlation
between LDH levels and COVID-19 severity, with higher
levels present in severe or critical patients. A study
conducted in 548 patients reported 250 U/L and
> 445 U/L as two cutoff values for LDH that can help
distinguish non-severe patients from critically ill pa-
tients who are at a much higher risk of death. Patients
with LDH > 445 U/L at admission were at a 4.4-fold
increased risk of developing severe COVID-19 (OR, 4.4,
95% Cl 2.6-7.6) and a 2-fold increased risk of death
(HR 2.0, 95% CI, 1.2-3.3; p = 0.007)*°. In a meta-anal-
ysis of 19 papers that gathered clinical information from
more than 3000 patients, LDH elevation at admission
carried an 8-fold increased risk of developing severe
COVID-19 (OR 8.28, 95% Cl 4.75 - 14.46). LDH values
were higher in patients who required ICU admission,
with an OR of 5.78 (95% Cl 1.65 — 20.28; p < 0.001)%.
Numerous studies and meta-analyses report signifi-
cantly increased LDH levels in non-survivors with re-
spect to survivors (p < 0.001)%. This increase in LDH
also associates with mortality risk, with OR values
ranging from 4.09 to 10.88 depending on the
study (p < 0.001)*". In line with this, a study conducted
in 375 COVID-19 patients from China reported that LDH
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Table 1. Liver biomarkers as predictors of pneumonia development, intensive care unit admission, and death in

patients with COVID-19

Liver biomarker m Clinical outcome

AUC (95% IC)

Sensitivity (%), Country (Reference)

Especificity (%)

HSA <36 gL ICU 0.989 (0.924-1.00) 96.7, 939 Turkey (Uyar et al.)
admission
NA ICU 0.256 (0.146-0.366) NA United Arab Emirates
admission (Hachim et al.)
LDH > 365 U/L Death 0.943 (NA) NA China (Yan et al.)
> 303 U/L Death 0.829 (0.745-0.895) NA China (Feng et al.)
> 3535 U/L Death 0.949 (NA) 94.4, 89.2 China (Dong et al.)

AST/ALT ratio >1.38 Death 0.71 (0.67-0.74) NA China (Qin et al.)

> 1.49 Death 0701 (0.603-0.787) 74,70 ltaly (Zinellu et al.)

> 1.65 Death 0.713 (0.618-0.807) 57.5, 82.3 Turkey

(Medetalibeyoglu et al.)

>1.26 ICU 0.636 (0.564-0.709) 64.9, 604

> 1.55 Pneumonia 0.577 (0.529-0.625) 61.0, 55.6
Fibrinogen/ < 0.0883 Pneumonia 0.730 (NA) NA China (Bietal.)
Albumin Ratio
COVID-GRAM Pneumonia 0.88 (0.85-0.91) NA China (Liang et al.)
LDH > 365 U/L Death 0.978 (NA) NA China (Yan et al.)
CRP <41.2 mg/L
Lymphocyte > 14.7%
SOFA score >3 Death 0.890 (0.826-0.955) 90.00, 83.18 China (Liu et al.)

Summary of the most accurate liver biomarkers for prognosis in COVID-19. Liver biomarkers are accompanied by specific cutoff value, main clinical outcome, AUC,

sensitivity, specificity, and country of origin.

NA: non available; AUC: area under the curve; Cl: confidence interval; ICU: intensive care unit admission; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
SA: serum albumin; LDH: lactate dehydrogenase; CRP: C reactive protein; SOFA: sequential organ failure assessment.

> 365 U/L predicts mortality with an AUC of 0.943.
Similarly, Feng and coworkers found that LDH > 303
U/L predicts death with an AUC of 0.829. Finally, an-
other study conducted in 119 severe-to-critical
COVID-19 patients estimated that LDH > 353.5 U/L
predicts mortality with an AUC of 0.949, sensitivity of
94.4%, and specificity of 89.2%%. As we have outlined
here, LDH appears to be a reliable independent risk
factor for mortality in patients who meet hospitalization
criteria concurrent with severe-to-critical COVID-19.

Ratios and clinical scores based on
measures of liver function

Liang and coworkers proposed the use of the COVID-
GRAM score to predict the development of critical
COVID-19. The assessment takes into account such
factors as lactate dehydrogenase, direct biliru-
bin, chest radiography, age, hemoptysis, dyspnea,

unconsciousness, cancer history, neutrophil-to-lym-
phocyte ratio, and number of comorbidities 3%. This
score has an AUC of 0.88 (95% CI 0.85-0.91) for pre-
dicting the proportion of patients at higher risk of need-
ing critical care for COVID-19%.

Notably, Yan and collaborators proposed a score
based on LDH > 365 U/L, C reactive protein <41.2 mg/L,
and lymphocyte count > 14.7% that was shown to reli-
ably predict mortality in COVID-19 patients, with an
AUC of 0.978. In fact, use of this score permitted 100%
accurate prediction of a patient’s outcome ten days
prior its occurrence®.

Another score based on LDH, procalcitonin, smoking
history, oxygen saturation, and lymphocyte count pre-
dicts ICU admission of COVID-19 patients with an AUC
of 0.761 (95% ClI 0.71-0.81; p < 0.001), sensitivity of
10.5%, and specificity of 99.2%. Likewise, the combined
use of LDH, procalcitonin, history of chronic obstructive pul-
monary disease (COPD), oxygen saturation, heart rate,
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and age predicts mortality in COVID-19 patients with an
AUC of 0.87 (95% CI 0.83-0.92; p < 0.001), sensitivity
of 7.1%, and specificity of 100%%.

Finally, the Sequential Organ Failure Assessment
(SOFA) is commonly used to predict mortality in seri-
ously ill patients with sepsis®’. The SOFA score in-
cludes oxygenation index, mean arterial pressure, the
Glasgow coma scale, creatinine or urine volume, plate-
lets, and TBIL%. Liu and collaborators found that SOFA
score at admission predicts mortality of COVID-19 pa-
tients with a cutoff point 2 3 points, AUC of 0.890 (95%
Cl 0.826-0.955), sensitivity of 90.00%, and specificity
of 83.81%*. This information supports the idea that
scores that take parameters of liver function into ac-
count are better predictors of pneumonia, ICU admis-
sion, and death in patients with COVID-19.

Conclusion

As we have outlined here, liver impairment is com-
monly reported in COVID-19 patients, especially those
with severe or critical disease who frequently experi-
ence the worst outcomes®. The cause of abnormal
liver function in these cases remains unclear, although
several hypotheses have been proposed. Firstly, he-
patocytes, cholangiocytes, and endothelial cells ex-
press the angiotensin-converting enzyme 2 (ACE2)
receptor that acts as the main SARS-CoV-2 entry
point*! into cells. Upon SARS-CoV-2 infection, liver
cells may undergo necrosis and/or apoptosis. This can,
in turn, contribute to inflammation and lead to hepatic
damage. It is also believed that ARDS, hypoxia, and
coagulation disorders might contribute to liver damage
by increasing hepatic isquemia®2. Further, exacerbation
of the inflammatory response directly contributes to the
cytokine storm often observed in severe COVID-19 cas-
es, which in turn promotes multiple organ failure, in-
cluding failure of the liver*. Finally, the use of
hepatotoxic drugs such as acetaminophen might also
alter liver function tests in patients with COVID-19244,

In terms of liver function tests, serum albumin and
LDH are better predictors of ICU admission and death
than levels of transaminases, ALP, bilirubin, and GGT*.
Clinical scores that include indicators of liver function
such as albumin, LDH, and total bilirubin are also ac-
curate predictors of the most adverse outcomes, includ-
ing pneumonia, ICU admission, and death, in patients
with SARS-CoV-2 infections. Therefore, prognosis in
COVID-19 should be assessed using scores that take
liver function tests such as albumin and LDH into ac-
count, together with other demographic or clinical

parameters. Liver function tests greatly enhance the
ability of clinicians to identify patients at higher risk of
developing the most severe cases of COVID-19, which
could help increase survival rates and optimize hospital
resources throughout the current pandemic.
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Suplementos

SUPLEMENTO 1 G*POWER OUTPUT Y GRAFICA DE DISTRIBUCION

G*Power Version 3.1.9.6

t tests - Means: Difference between two independent means (two groups)

Analysis: A priori: Compute required sample size
Input: Tail{s) = Two

Effect size d = 0.6559663

o err prob = 0.05

Power (1-f errprob) = 0.95

Allocation ratio N2/N1 = 1
Output:Noncentrality parameter & = 3.6447830

Critical t = 1.9759304

Df = 120

Sample size group 1 = 61

Sample size group 2 = 61

Total sample size = 122

Actual power = 0.9510832

critical t = 1.97993
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SUPLEMENTO 2 CARTA DE CONSENTIMIENTO INFORMADO

T Be—————

Protocoo de Invesigackin "'ESTUDIO DEL PERFIL DE CITOCINAS SERICAS EN PACIENTES
CON DIAGNOSTICO DE COVID1%"

CARTA DE CONSENTIMIENTO INFORMADO

El objetivo prncpal ce esie protocolo es estudar un tpo de molkdculas en la sangre Hamacas
clocinas, que pusden desencadenar una famacion muy fuerie en los padenies gue han sido
diagnosticadas con Covid-19. Actuaiments, se cree que la sevendad de esta enfermedad esta
ascoiada con un aumenio de dtocnas iInflamatorias en & sangre. Sin embargo. esta Informacion
todavia no ha sido demosrada ¥ su particbaoon en este proyecio serd do enorme ayuda para
entenderia, beneficiando a muchas personas gue puedan confraer esla endermedad a raves de un
tratamienio personailzado y eficaz.

1. He sido mvitada(o) a participar en este prolocolo de Fwvestigacion clinkca que lleva por 1itulo
“Estudio del perfl de cliocinas séricas en pacienies con dagndsiico de Covd-18".

2. Me han expicado y enendo gue mi parScipacion en este peolocolo consisie en donar 3 mi de
sangre, obdenida medante i Insercion de una pequania agua en ¢l brazo derecho O guterdo.
He 5ido emferadaio) que no pagaré of procesamienio de esias muesTas y gue podré lemer
acceso a foda & Normacikon que se genere con respecio a mi salud.

3. Me han explcaco y entiendo gue a .oma de sangre pusde producir un igero moreton en el
brazo, que desaparecera £n uno 0 dos 0Rs Sin NINgUNA consecuencia parn mé sakud.

4. He sido enferadalo) de que los Fvestigadores y Médicos responsables do esie estudio meadran
la cantidad de moléculas Iamadas codnas en mi Sangre y gue 2530 No iandra ningdn costo para
mi, ni repercusionss para mi saiud o mi atencion futura en esie centro hospitatario.

5. He sido enteradalo) que los Investigadores y Médicos responsabies de este estudio estan
clspuesios a responder cuaiquier pregunta o adaradon acerca del procedimienio, resgos,
beneficios y oros asunios refacionados con fa Fwvestigacon en cudiguler momento gque yo lo
Cesee.

6. Me han eapicado y enfiendo gue jengo lbertad de no queser particpar en o estudo sl asi lo
deseo, O de reSrar mi consentimientio en cualquier momento ¥ dejar de participar en ol estudio
sin que efio alecte por NINgen Mmolvo mi salud o alencion madica futura en el Hospital General de
Meéxico “Dr. Eduardo Uceaga”™

7. He sido Informadao) gue o Dr. Eustacio Galleo Escobedo Gorzalez estard pendierte de mi
sakud y seguridad, durante y después de la toma de s muestas de sangre y que en caso de
presentarse algon evento adverso durante este procecimiento, &l se hara cargo de mi seguridad,
asi como de mantenarmme Informadalo) sobre cudiquier cosa refacionada con mi salud, adn sl
es0 repercution en mi deseo ce segulr particpando en o estudio,

0. He sido enleradajo) y entiendo gue jos resultados de este estudio seran fotaimenie
confidenchies y que mi nombre serd resguardade en oo momento, medianie el uso de una
clave gue Gnicamente &l Invesigador princip ¥ YO ConoCeramos.

8. Esloy de acuerdo en que os resultados de esie estudio sean publicacdos con fines clentificos,

10. He sid0 Informadaio) gue esie estudo se levara 2 cabo en ol Laboratono de Proleomica y
Metabolomica del Hospital General de México “Dr. Eduardo Liceaga™ y en el Servico de
Infectologia del mismo centro hospRakrio

11. Asl mismo, he s5ido Informada(o) ¥ entiendo gue 1 realzacon de este asiudio No tendra ningoan
beneficio econdmico drectio para los iInvesgadores responsables del mismo, y que mi
participacion es completamente voluntaria con la fmaldac de contribuk con o desamolo de
mejores esquemas ce atendion madica y hospitaiana.
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(7 SALUD ofsifiit FaMe

- L

Frotocolo de Inwvestgacion ‘ESTUDID DEL PERFIL DE CITDCIMAS SERICAS EM PACIEMTES
CON DIAGHOSTICD DE COVID-197

1Z. Me han aconsejado gus no dsho paricipar en mes de dos proyecios al mismo tempo, debido a
mil condicion clinica v &n benefico de mil sabkad.

13, Manifesio gues mi decision de paficipar &n ssie estudio &5 oompletamesnie soluntara y ee de
COEnchn y oo o,

‘II-.I-I-uﬂ:I:h'h-rrn-ld.llulq.uhmmmmmmmmﬂwdEMun
Inemsligacion, garantizara mi bemestar asl como el respelo de mis derschos humsarcs. doranbe mi
pariicipacon en el sshadlo, supendsanco gue =l desarmollo del prolooolo esié apegado a la Ley
Ganeral de Salud, ¥ gus mil identdad sea respetada § mamtsnida e forme confid enciall

15 Lo Investigadores v Medicos resporsables del proyectio me han informado que sl fnviess
pregunias sobres esie esiudio, peedo oomunicarme en cualiquier momenis con & Or.  Galleo
Emllmmmlimﬂm.uﬂ.Mnmhmm
Carvanies Bamos (Presidenta del ComBs de Etica) al sléfono S32T08-2000, ax. 1104.

Yo, he leido ¥ comprendido B imdommackan anberionr
¥ mis pregunias Fan sido respondidas de mansra sabistacioria. He sido informadado) v entesndo gue
Ios dalos obbenddos &n =l esiudio pueden ser publicados o difundidos con fines cdenificos. Por o
Eamio, oorrvengo solunianamsnie &n paricipar en esle eshudio de Fveshgacion.

Hombre del Pacenb Frma o husil digital
MNombrs de= Tesligo 1 ¥ Farenlesco Mombre de Tesigo 2 ¥ Pareniesoo
Direccion y Telélono de Testigo 1 Oirecoion y Tekedono de Teshgo T
Fecha:
He explicado & lajalj Sra.(Sr.) la maburalsra y los

proposios de I reshigacion, asi como oS resgos ¥ bensdcics. que mpica su parlicipacion. He
conlesiado 3 s preguritas &n la mesdda de o posibés v he preguniado = Sens alguna duda. Acegio
U= he keido ¥ conozoco la normathidad cormespondients para realtzar evestigacian oon Seres
harmarios § me anesgo a ela

DOr. Eustatio Galllzo Escobedo Gonzdler

Ineestigador Resporsabie
Tel Of. X32T082000, exdl. 3848, Tel mowvil 3330534450 Comeo-= gescobedodfunamoma
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SUPLEMENTO 3 CURVAS ROC PARA NMR Y LNR AL INGRESO HOSPITALARIO PARA LA
PREDICCION DE MORTALIDAD EN PACIENTES CON COVID-19 SEVERA.

A NMR B LNR
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2 60+ z
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LNR, Lymphocyte-to-neutrophil ratio;, NMR, neutrophil-to-monocyte ratio; ROC, Receiver Operating Characteristic
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