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RESUMEN

Evidencia reciente muestra que las lesiones ateroscleroticas son ricas en lipoproteinas de baja
densidad oxidadas (LDLox) y lipopolisacaridos (LPS). De manera sinérgica, estas moléculas
promueven la acumulacion in situ de macrofagos productores de moléculas con actividad
proinflamatoria y quimiotactica, como la interleucina (IL)-1 beta, el receptor de quimiocinas
C-C tipo 2 (CCR2) y el receptor de quimiocinas CX3C 1 (CX3CR1). En el torrente
circulatorio, las lipoproteinas de baja densidad se encuentran mayoritariamente en forma
nativa (nLDL), en donde estan en contacto con las subpoblaciones de monocitos y podrian
alterar el reclutamiento de estas células a las placas ateromatosas para posteriormente
diferenciarse en macréfagos. Sin embargo, el efecto de las nLDL en conjunto con el LPS
sobre la expresion de IL-1 beta, CCR2 y CX3CR1 en las subpoblaciones de monocitos
todavia no ha sido estudiado. Por esta razon, realizamos una estrategia complementaria in
vitro y un modelo con donadores, en donde primeramente cultivamos células de sangre
completa de donantes sanos (n = 20) en presencia o ausencia de 100 pg/ml de nLDL y/o 10
ng/ml de LPS durante 9 horas (h). Los ensayos de citometria de flujo revelaron que el nLDL
por si sélo redujo de forma significativa el porcentaje de monocitos clasicos (CM) y aumento
el porcentaje de monocitos no clasicos (NCM). Ademas, el nLDL en conjunto con el LPS
aumento de manera significativa el porcentaje de NCM que expresaron IL-1 beta y CCR2.
Por el contrario, el nimero de NCM que expresaron CX3CR1 disminuyo de forma
significativa. Para el modelo con donadores, reclutamos 150 participantes y medimos los
niveles séricos de LDL ligado a colesterol (LDL-C) para dividir la poblacion de estudio en
dos: sujetos con LDL-C normal <100 mg/dL (n = 65), y donadores con LDL-C >100 mg/dL
(n = 85). En comparacion con el grupo control, los donadores con LDL-C >100 mg/dL
mostraron mayores niveles séricos de LPS de manera significativa, que coincidié con un
mayor porcentaje de NCM, en los niveles de IL-1 beta y en el indice de riesgo aterogénico Il
de Castelli. A través de una estrategia que combind cultivos in vitro con estudios en
donadores, este trabajo demuestra por primera vez que el nLDL actla junto con el LPS para
alterar el equilibrio de las subpoblaciones de monocitos humanos y su capacidad para
producir citocinas inflamatorias y receptores de quimiocinas con funciones cruciales en la

aterogénesis.



ABSTRACT

Increasing evidence has demonstrated that oxidized low-density lipoproteins (oxLDL) and
lipopolysaccharide (LPS) enhance accumulation of interleukin (IL)-1 beta-producing
macrophages in atherosclerotic lesions. However, the potential synergistic effect of native
LDL (nLDL) and LPS on the inflammatory ability and migration pattern of monocyte
subpopulations remains elusive and is examined here. In vitro, whole blood cells from
healthy donors (n = 20) were incubated with 100 g/mL nLDL, 10 ng/mL LPS, or nLDL +
LPS for 9 h. Flow cytometry assays revealed that nLDL significantly decreases the classical
monocyte (CM) percentage and increases the non-classical monocyte (NCM) subset. While
nLDL + LPS significantly increased the number of NCMs expressing IL-1 beta and the C-C
chemokine receptor type 2 (CCR2), the amount of NCMs expressing the CX3C chemokine
receptor 1 (CX3CR1) decreased. In the model with patients, patients (n = 85) with serum
LDL-cholesterol (LDL-C) >100 mg/dL showed an increase in NCM, IL-1 beta, LPS-binding
protein (LBP), and Castelli’s atherogenic risk index as compared to controls (n = 65) with
optimal LDL-C concentrations (100 mg/dL). This work demonstrates for the first time that
nLDL acts in together with LPS to alter the balance of human monocyte subsets and their
ability to produce inflammatory cytokines and chemokine receptors with prominent roles in

atherogenesis.



INTRODUCCION

El sindrome metabdlico se ha convertido en una entidad de alto impacto en la poblacion
mundial, ya que no so6lo predispone al desarrollo de enfermedades como Diabetes Mellitus
tipo 2 o hipertensidn, si no que por si mismo es desencadenante de enfermedad cardiovascular
catastrofica e incapacitante (Raul Carrillo Esper, Martin De Jests Sanchez Zufiga, 2006).
Uno de los componentes mas frecuentes del sindrome metabdlico en la poblacién mexicana
es la dislipidemia (Olaiz-Fernandez G, Rivera-Dommarco J, Shamah-Levy T, Rojas R,
Villalpando-Hernandez S, Hernandez-Avila M, 2006).

La dislipidemia se define como una elevacion anormal de los niveles plasmaticos de
triglicéridos, colesterol total y lipoproteinas de baja densidad (LDL), asi como disminucion
en los valores de lipoproteinas de alta densidad (HDL) (S. Grundy et al., 2004). De manera
particular, diversos estudios han demostrado que los niveles plasméaticos de LDL son un
factor de riesgo para el desarrollo de aterosclerosis y de la cardiopatia isquémica asociada

con esta condicion (S. Grundy et al., 2004).

La aterosclerosis es una forma de inflamacidn no resolutiva, cuya trascendencia en la
enfermedad cardiovascular y metabdlica ha sido discutida recientemente (Libby et al., 2014;
Viola & Soehnlein, 2015). La hiperinsulinemia esta asociada con un aumento de LDL clase
B que son particulas pequefias y densas, y mas susceptibles de ser oxidadas (LDLox) y por
lo tanto més aterogénicas (Raul Carrillo Esper, Martin De Jesus Sanchez Zufiiga, 2006). Los
niveles elevados de LDL y LDLox estan asociados con una alta expresion de moléculas de
adhesion inducidas por el factor nuclear kappa B (NF-xB), tales como E-selectina, VCAM-
1 e ICAM-1. Estas moléculas pueden mediar la infiltracion de monocitos circulantes con
capacidad de formar lesiones ateroscleroticas, una vez que se han diferenciado a macréfagos
y posteriormente a células espumosas (Gerhardt & Ley, 2015; Hansson, 2005; Jackson et al.,
2016; Tall & Yvan-Charvet, 2015; Witztum, 1994). Esta evidencia sugiere que el LDL no
solo es un componente de la dislipidemia, sino que podria jugar un papel critico como agente

inductor de respuestas inflamatorias asociadas con la aterosclerosis.



ANTECEDENTES

Dislipidemia
La dislipidemia estd caracterizada por concentraciones anormales de lipoproteinas
sanguineas que cursan de manera asintomatica y conforman uno de los componentes mas

frecuentes del sindrome metabdlico.

La busqueda intencionada de la dislipidemia es indispensable para un diagnéstico y
tratamiento oportuno, asi como para establecer tanto su etiologia como el riesgo que confiere

a un individuo de sufrir un evento cardiovascular (Consejo de Salubridad General, 2011).

El sobrepeso y la obesidad contribuyen fuertemente al desarrollo de dislipidemias. La
pérdida del 5 al 10% del peso basal mejora el perfil de lipidos en sangre e influye
favorablemente sobre otros factores de riesgo cardiovascular (Berrington de Gonzalez et al.,
2010).

Para establecer el diagnostico de dislipidemia se toman en cuenta las concentraciones
elevadas de colesterol (>200 mg/dl) o de triglicéridos (> 150 mg/dl), asi como el nivel bajo
de colesterol HDL (< 40 mg/dl en hombres y < 50 mg/dl en mujeres) (Olaiz-Fernandez G,
Rivera-Dommarco J, Shamah-Levy T, Rojas R, Villalpando-Hernandez S, Hernandez-Avila
M, 2006). La dislipidemia mas frecuente en México es la hipoalfalipoproteinemia (colesterol
HDL < 40 mg/dl). En todas las encuestas nacionales se ha informado que esta anormalidad
afecta a cerca del 60% de los adultos (55.2% en la encuesta més reciente) (Olaiz-Fernandez
G, Rivera-Dommarco J, Shamah-Levy T, Rojas R, Villalpando-Hernandez S, Hernandez-
Avila M, 2006; Romero-Martinez et al., 2016). La hipoalfalipoproteinemia es mas comin en
los hombres, en el sur del pais y se asocia con obesidad, diabetes y consumo de tabaco (Olaiz-
Fernandez G, Rivera-Dommarco J, Shamah-Levy T, Rojas R, Villalpando-Hernandez S,
Hernandez-Avila M, 2006; Romero-Martinez et al., 2016).

Historicamente, la hipercolesterolemia es el tipo de dislipidemia que ha tenido un
mayor aumento en su prevalencia. La frecuencia de hipercolesterolemia crecio de 27.1% en
1994 a 43.6% en la actualidad (INSP, Encuesta-nacional-de-salud-1994-ensa-ii, 1994 recurso
electr). De acuerdo con datos de la encuesta de salud mé&s reciente, el uso creciente de

estatinas se asocié con un decremento del 31% en la prevalencia de hipercolesterolemia en



nuestro pais (Olaiz-Ferndndez G, Rivera-Dommarco J, Shamah-Levy T, Rojas R,
Villalpando-Hernandez S, Hernandez-Avila M, 2006).

En un paciente con sindrome metabdlico, la dislipidemia es un problema a gran
escala, ya que aumenta el riesgo de desarrollar aterosclerosis subclinica. La aterosclerosis
subclinica contribuye de manera importante con el riesgo de presentar un evento
cardiovascular en 10 o 15 afios. Por lo tanto, en las guias de la ATPIII para el sindrome
metabdlico, la meta principal es disminuir el nivel de LDL en pacientes dislipidémicos (S.
Grundy et al., 2004; S. M. Grundy et al., 2001). La razon de esta meta es debida al efecto
sinérgico que existe entre la dislipidemia y la aterosclerosis, mismo que aumenta

considerablemente el riesgo de sufrir un evento cardiovascular.

Lipoproteinas de baja densidad
El LDL es una lipoproteina que se encarga de transportar colesterol preveniente de la dieta'y
de sintesis de novo a los tejidos periféricos (Michael S. Brown & Goldstein, 1986). EI LDL

estd conformado por un componente proteico y uno lipidico (Figura 1).

Unesterified cholesterol
Phospholipid
Cholesteryl ester
Apoprotein B-100

Biochemistry, Seventh Edition
2012 W. H. Freeman and Company

Figura 1. Conformacion de la LDL. Tomada de Biochemestry, seven Edition,
2012. W. H. Freeman and Company

En azul se observa la apolipoproteina B100 (ApoB100) que constituye el componente

proteico. EI componente lipidico se encuentra formado principalmente por ésteres de
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colesterol que se observan en amarillo; en verde podemos observar los fosfolipidos, mientras
que en rosa el colesterol no esterificado. Adicionalmente, la molécula de LDL puede contener

triglicéridos residuales.

Cada molécula de LDL solo tiene una particula de apoB100 ubicada en forma
extendida y que cubre la mitad de la superficie del LDL. La ApoB100 es la proteina

responsable de la unién con el receptor de LDL (LDLr), a través del dominio C-terminal.

La apoB100 solo se expresa en el higado y forma parte de las VLDL (lipoproteinas
de muy baja densidad), IDL (lipoproteinas de densidad intermedia) y LDL. La apoB100 tiene
un peso molecular de 513 KDa y consta de una sola cadena polipeptidica con 4536 residuos
de aminoacidos, lo que la convierte en una de las proteinas monoméricas mas grandes
conocidas en el organismo. Debido a sus caracteristicas fisicoquimicas, la LDL es muy
hidrofobica y sus porciones anfipaticas son consecuencia de sus escasas hélices alfa. EI gen

de la apoB esté en el brazo corto del cromosoma 2 y tiene 43 kb, con 28 intrones 'y 29 exones.

Las mutaciones en la apoB100 pueden causar una enfermedad llamada
hipercolesterolemia familiar (HF), la cual se trata de una dislipidemia hereditaria en la cual
los niveles de LDL se encuentran elevados plasmaticamente. Los pacientes con HF tienen un

riesgo mayor de debutar con enfermedades cardiovasculares a edad temprana.

LDL Monocito ‘Monocito

LDLr\

Figura 2. Los monocitos interactdan e internalizan el LDL a través del LDLYr.



El LDLr es una glicoproteina ubicada en la membrana celular, la cual es encargada
de la unién e internalizacion del LDL. EI LDLr fue descrito por primera vez por Goldstein y
a Brown en 1985, trabajo por el cual estos investigadores recibieron el premio nobel (M. S.
Brown & Goldstein, 1984). El LDLr se expresa en la gran mayoria de las células (Figura 2).
El gen del LDLr se encuentra en la region 13.2 del brazo corto del cromosoma 19 (Go &
Mani, 2012). A través del LDLr se lleva a cabo el papel regulador del LDL en el metabolismo

de los lipidos.
ot \YAYAY
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Figura 3. Homeostasis celular del colesterol por medio de la interaccién LDL-LDLY.

En la Figura 3 se muestra que el primer paso para la endocitosis del LDL es el
reconocimiento del dominio C-terminal de la proteina apoB100 por parte del LDLr y
posteriormente se une con la proteina adaptadora de LDLr (ARH) en vesiculas cubiertas de
clatrina. Enseguida inicia la internalizacion del complejo lipoproteico a pH neutro. Después,
las vesiculas recubiertas de clatrina se fusionan con endosomas, donde el pH es menor,

activando la liberacion de ligandos internalizados desde el receptor desde donde llegan al
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lisosoma donde se encuentran con enzimas que los catabolizan. Una vez finalizada la
internalizacion, los receptores se reciclan direccionandose una vez mas a la membrana

celular.

Al entrar a la célula, el colesterol activa un sistema de retroalimentacién negativa que
reduce su biosintesis, asi como la transcripcién de LDLr por medio de la inhibicién de los
elementos regulatorios de esteroles (SREBP-2). De manera paralela, la proteina convertasa
subtilisina/kexina tipo 9 (PCSK9) se une a LDLr, desencadenando un proceso que lleva al

LDLr al lisosoma para su degradacion.

Otro proceso que ocurre en respuesta al ingreso del colesterol en la célula es la
disminucion de la lipogénesis de novo por medio de la inhibicion de SREBP-1c, lo que lleva

al almacenamiento de los triglicéridos en el tejido adiposo.

Como hemos visto, el proceso de captacion vesicular del complejo LDL-LDLr es
esencial en el metabolismo de los lipidos. En respuesta a una produccion alta de lipidos el
complejo LDL-LDLr induce la represion de la 3-hidroxi-3-metilglutaril-CoA reductasa
(HMGCR) con la finalidad de evitar la biosintesis de colesterol. Ademas, este proceso lleva
al aumento de la actividad de la acil-CoA colesterol acil transferasa (ACAT) para reducir el
colesterol libre. Finalmente, la sintesis de LDLr es suprimida para que a su vez se reduzca la
captacion de LDL a través del SREBP.

La regulacion del LDLr es un proceso que se encuentra sometido a la accién de la
proteina convertasa subtilisina/kexina tipo 9 (PCSK9) en los hepatocitos. Una vez secretada
por los hepatocitos, PCSK9 experimenta una interaccion proteina-proteina con LDLr, lo que
resulta en su degradacion (Lambert et al., 2017; Zhang et al., 2016). En humanos, la ganancia
de peso corporal causa hipercolesterolemia, mientras que la pérdida de masa grasa se asocia
con disminucidn del colesterol ligado a LDL (LDL-C) y proteccién contra la aterosclerosis.
En este proceso, moléculas de &cido ribonucleico interferente (RNAI) son dirigidos a PCSK9
con la finalidad de reducir el LDL-C en plasma al prevenir la degradacion de LDLr in vivo e
in vitro (Duellman et al., 2017; Zhang et al., 2016). De manera similar, la inhibicién de
PCSK9 aumenta la expresion de LDLr en higado y reduce el LDL-C en el plasma de ratones
(Lambert et al., 2017). En resumen, LDLr es un receptor fundamental para la maquinaria

endocitica y desempefia un papel fundamental en el mantenimiento de la homeostasis del
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colesterol. El defecto en la funcidn o expresion de LDLr desencadena niveles elevados de
LDL-C y da como resultado el desarrollo de aterosclerosis subclinica que lleva a un aumento

del riesgo cardiovascular, como veremos mas adelante.

Por otro lado, dado que la regulacion a la baja de PCSK9 es fundamental para
aumentar la actividad de LDLr y disminuir el LDL-C, se han propuesto tres formas de inhibir

la produccion y/o el funcionamiento de esta proteina:

1. Manipulacion genética a través de la inhibicion del ARN mensajero encargado de la
codificacion de la proteina PCSKO.

2. Utilizacidn de péptidos miméticos que compiten con la PCSK9 en el sitio de unién con
los receptores de LDL-C.

3. Empleo de anticuerpos monoclonales contra PCSK9. Estos anticuerpos, también
Ilamados iIPCSK9, bloquean a PCSK9 y permiten que los receptores de LDL-C puedan
transportarlo al interior del hepatocito, en donde el colesterol sera metabolizado mientras
que el receptor serd reciclado para capturar nuevas moléculas de LDL-C en la superficie

del hepatocito.

Asi, muchas son las estrategias encaminadas a controlar los niveles plasmaticos de
colesterol, reduciendo de esta forma el desarrollo de enfermedades como la aterosclerosis,

gue como hemos mencionado, eleva el riesgo cardiovascular en nuestra poblacion.

LDL nativo y oxidado

En la circulacion, el LDL se encuentra predominantemente de forma nativa (nLDL). Sin
embargo, esta lipoproteina es susceptible a la oxidacion en tejidos vasculares periféricos
llevando a la formacion de LDL minimamente modificado (mmLDL) y posteriormente LDL

oxidado (oxLDL), el cual pierde su funcion al no ser reconocido por el LDLr.

Existe una gran cantidad de estudios enfocados en el papel de oxLDL durante la
aterosclerosis. Sin embargo, pocos estudios han sido enfocados en mmLDL y todavia muchos
menos en nLDL (L. Chavez-Sanchez et al., 2010; Luis Chavez-Sanchez et al., 2014;
Henning, 2014; Janabi et al., 2000; Levitan et al., 2009; Okura et al., 2000).
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Como hemos mencionado, diversos estudios muestran que conforme aumenta el nivel
de LDL-C, el riesgo cardiovascular también se incrementa de forma importante. En la Figura
4 observamos en el eje de las X los niveles de LDL, y en el eje de las Y el riesgo relativo
para enfermedad coronaria y observamos que conforme los niveles de LDL-C se
incrementan, el riesgo relativo para enfermedad coronaria aumenta, conforme a lo
establecido por la NCEP (National Cholesterol Education Program Adult Treatment Panel
[11) (S. M. Grundy et al., 2001).

3.7+
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Risk

for 2.2~

Coronary 1.7-
Heart

Disease 1.34

(Log Scale) 1.0

| | | | |

40 70 100 130 160 190
LDL-Cholesterol (mg/dL)

Figura 4. Asociacion entre los niveles de LDL-C vy el riesgo para desarrollar
enfermedad arterial coronaria. Tomada de S. M. Grundy et al., 2001.

De acuerdo con la clasificacion de la ATP 111 (S. M. Grundy et al., 2001), el objetivo
terapéutico en un paciente es lograr un nivel de LDL-C menor o igual a 100 mg/dL. No
obstante, de acuerdo con la Encuesta Nacional de Salud y Nutricion, el nivel promedio de
LDL-C en México es de 131 mg/dL, encontrando un riesgo relativo de aproximadamente de
2.2 veces mas para desarrollar enfermedad arterial coronaria. Aunado a esto, un namero
importante de estudios han mostrado que junto con el aumento de LDL-C existe un
incremento de factores inflamatorios, particularmente aquellos asociados con las

subpoblaciones de monocitos humanos (Al-Sharea et al., 2016; J. Han et al., 1997; Jackson

13



et al., 2016). De hecho, diversos estudios han reportado contacto directo entre el LDL-C y
los monocitos en la circulacion, lo cual ha llevado a plantear un escenario en el que los
monocitos interactian con el LDL-C, sinergia que podria contribuir con el progreso de la
aterosclerosis. Sin embargo, esta posible interaccion entre las lipoproteinas de baja densidad

en estado nativo y las subpoblaciones de monocitos humanos todavia no ha sido estudiada.

Subpoblaciones de monocitos humanos

Los monocitos son celulas del sistema inmune que pueden llegar a medir hasta 18
microémetros y representan del 4 al 8 % de los leucocitos totales en la sangre (Loems Ziegler-
Heitbrock, 2015). Hace tiempo, se consideraba que esta poblacion de células inmunes era
homogeénea. Sin embargo, adelantos en técnicas como la citometria de flujo nos permitieron
desde el 2010 distinguir tres subpoblaciones de monocitos, de acuerdo con la expresion del
correceptor para LPS (CD14) y de FcyRIII (CD16) (Woollard & Geissmann, 2010; Loems
Ziegler-Heitbrock, 2015; Loems Ziegler-Heitbrock & Hofer, 2013).

Los monocitos clasicos expresan niveles altos de CD14 en la superficie celular y no
expresan CD16. En segundo lugar, los monocitos intermedios expresan niveles altos de
CD14 y ya expresan CD16. Por ultimo, los monocitos no clasicos expresan niveles bajos de
CD14 y conservan la expresién de CD16 (Woollard & Geissmann, 2010; Loems Ziegler-
Heitbrock, 2015; Loems Ziegler-Heitbrock & Hofer, 2013). Ademaés de distinguirse por la
expresion estos marcadores de superficie celular, las subpoblaciones de monocitos tienen
funciones diferenciales (Geissmann, 2010; L. Ziegler-Heitbrock et al., 2010; Loems Ziegler-
Heitbrock, 2015). Tanto los monocitos clasicos como los monocitos intermedios tienen
funciones orientadas hacia la migracion celular debido a su alta produccion de receptores de
quimiocinas que les permiten migrar y posteriormente diferenciarse a macréfagos en tejidos
periféricos en donde realizan funciones como la fagocitosis. Por el contrario, los monocitos
no clésicos tienen funciones orientadas al patrullaje debido a que tienen la capacidad de
permanecer en circulacion donde pueden ser activados y una vez que esto ocurre, secretar
citocinas proinflamatorias y orquestar el inicio de una respuesta inflamatoria. (Devevre et al.,
2015; Gordon & Taylor, 2005; Jakubzick et al., 2017; Loems Ziegler-Heitbrock, 2015).
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Los subtipos de monocitos no solamente han sido estudiados en condiciones
normales, sino también en el contexto de alteraciones metabdlicas como la dislipidemia, en
donde parecen contribuir al desarrollo de enfermedades con un componente inflamatorio
critico como la aterosclerosis (Geng et al., 2014; Shi & Pamer, 2011; Woollard & Geissmann,
2010). En este sentido Al-Sharea y colaboradores (Al-Sharea et al., 2016) cultivaron
monocitos en presencia de LPS + IFN-gama, en ausencia o presencia de nLDL (Figura 5).
Posteriormente, ellos diferenciaron los monocitos a macréfagos y observaron que los
macrofagos derivados de monocitos clasicos expresaban niveles mayores de TNF-alfa
cuando el LPS y el IFN-gama estaban en combinacion con el nLDL, en comparacion con las

células incubadas con LPS e IFN-gama sin nLDL.
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Figura 5. Los macrofagos derivados de monocitos clasicos expresan niveles mayores de
TNF-alfa en respuesta a nLDL, LPS e IFN-gama. Tomado de Al-Sharea (Al-Sharea et al.,

2016)

Cuando los autores estudiaron este efecto en macrofagos derivados de monocitos
intermedios y no clasicos encontraron la misma tendencia, lo cual sugiere que el nLDL, junto
con ligandos prototipicos como IFN-gamay LPS, es capaz de promover la expresion de TNF-

alfa en macrofagos derivados de las tres subpoblaciones de monocitos.

Estudios posteriores han mostrado que el nLDL no sélo afecta la expresion de
citocinas en macrofagos, sino también la produccién de receptores de quimiocinas que son
las moléculas que les permiten a los monocitos migrar a tejidos periférico o permanecer en
circulacion. Un estudio realizado por Han y colaboradores (K. H. Han et al., 1998) revel6
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que los monocitos de sujetos con LDL-C menor a 100 mg/dL mostraban una expresion menor
del receptor de quimiocinas C-C tipo 2 (CCR2) en comparacion con sujetos con LDL mayor
de 130 mg/dL (Figura 6). Este hallazgo sugiere que el LDL circulante podria estimular la
expresion de receptores de quimiocinas implicados en la migracion de los monocitos a tejido
endotelial vascular durante la aterogénesis. Es importante recalcar que todavia no se sabe
cual es el efecto del LDL circulante sobre otros receptores de quimiocinas, especificamente

en las subpoblaciones de monocitos.

LDL-C <100 mg/dl  LDL-C > 130 mg/d|

1 2 3 4 5 6 7

Figura 6. Los monocitos de sujetos con LDL-C mayor de 130 mg/dL expresan mas CCR2
que las células de sujetos con LDL menor de 100 mg/dL. Tomado de (K. H. Han et al.,
1998).

En otro estudio, Jackson y colaboradores en el 2016 (Jackson et al., 2016) cultivaron
monocitos humanos en presencia de LDL y posteriormente tifieron estas células con Lipidtox,
el cual evidencia las vesiculas lipidicas. Estos autores observaron que los monocitos CD16
negativos, que corresponden a los monocitos clasicos, incorporaron mas lipidos a la célula
en comparacién con los monocitos CD16 positivos, que corresponden a los monocitos
intermedios y no clésicos (Figura 7). Esta evidencia demuestra que los subtipos de monocitos
incorporan de manera diferencial el LDL; sin embargo, aqui no se estudio el efecto de LDL

de manera poblacion-especifica sino Gnicamente con base en la expresién de CD16.
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Figura 7. La fraccion de monocitos CD16- correspondiente a monocitos clasicos
incorporan més LDL que los monocitos CD16+. Tomado de Jackson et al., 2016.

Como se menciond previamente, el LDL ingresa a las celulas principalmente por
medio del LDLr. Sin embargo, evidencia reciente sugiere que este no es el inico mecanismo
por el cual el LDL puede incorporarse a la célula y ejercer sus funciones. En este sentido,
Jackson y colaboradores (Jackson et al.,, 2016) estudiaron los monocitos de ratones
deficientes de LDLr y encontraron que los monocitos clasicos GR1"" y los no clasicos
GR1'"" mantenian la incorporacion de LDL, aun en ausencia del principal receptor de LDL
descrito hasta ese momento (Figura 8). Esta nocién ha llevado a la propuesta de otras

moléculas que son capaces de mediar la incorporacion de LDL independientemente del

LDLr, como podria ser el caso de CD36.

CD36 es un receptor transmembranal tipo carrofiero involucrado en la internalizacion
de acidos grasos en una gran variedad de células. En el estudio realizado por Feng y
colaboradores (Feng et al., 2000), estos autores observaron la expresién de CD36 en una linea

celular de macréfagos en respuesta a prostaglandinas y, de manera interesante, oxLDL.
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Figura 8. Incorporacion de LDL (verde) en monocitos que no expresan
LDLr. Los nacleos se observan en azul. GR1, Marcador de diferenciacion
mieloide; DAPI, marcador de viabilidad; LipitTOX, marcador de gotas
lipidicas. Tomado de Jackson et al., 2016

Estos mismos autores encontraron que la expresion de CD36 en estos macréfagos aumentd
de manera dependiente de la dosis de oxLDL con el que las células fueron incubadas. Sin
embargo, cuando se us6 nLDL, el incremento en la expresién de CD36 fue mucho mas
notorio en comparacion con el observado con oxLDL. Estos hallazgos sugieren que CD36
podria comportarse como LDLr, quien pierde su capacidad de internalizar LDL cuando esta
molécula esta oxidada (Figura 9). Ademas, la regulacion que ejerce el LDL sobre la expresion
de CD36 hace recordar el mecanismo de retroalimentacién negativa descrito para un

sinnimero de complejos ligando-receptor.
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Figura 9. La expresion de CD36 aumenta de manera dependiente
de la dosis de oxLDL o nLDL en macrdfagos de linea cultivados
in vitro. Tomado de Feng et al., 2000

Asi mismo, Calvo y colaboradores (Calvo et al., 1998) realizaron un estudio en el que
incubaron células Sf 9-CD36 que expresaban CD36 pero no LDLr en presencia de
anticuerpos neutralizantes contra CD36 (Figura 10). A medida que la concentracion de
anticuerpo aumentaba, los autores observaron que la cantidad de LDL unido a CD36
disminuia, demostrando asi la participacion de CD36 en la union a lipoproteinas, en

especificoanLDL.
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Figura 10 Tomado de Calvo, Gomez-Coronado, Suarez, Lasuncion, &
Vega, 1998

El conjunto de evidencias expuestas anteriormente demuestra que existe una relacion
entre el LDL y la funcion de los monocitos humanos. En especifico, nosotros sugerimos que
el LDL es capaz de cambiar la dindmica de las subpoblaciones de monocitos, alterando su
capacidad de producir citocinas y receptores de quimiocinas involucrados en la infiltracion
de estas células al endotelio vascular durante el proceso aterogénico. Ademas, la informacion
mostrada anteriormente nos hace suponer que los efectos del LDL podrian ser a través de
CD36, y no necesariamente mediante la via clasica regulada por LDLr. Sin embargo, estas
hipdtesis todavia no se han contrastado de forma experimental y hasta el momento, el papel
del LDL vy, en especifico del nLDL, sobre la actividad inmunoldgica de los subtipos de

monocitos humanos no esta claro.
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PLANTEAMIENTO DEL PROBLEMA

La elevacion en los niveles de nLDL es la forma mas frecuente de dislipidemia en la
poblacion mexicana y uno de los factores mas importantes en la elevacion del riesgo
cardiovascular. Sin embargo, a diferencia del oxLDL, el papel que el nLDL juega en el
direccionamiento de monocitos circulantes hacia la placa ateromatosa todavia no es claro.
Estudios realizados en nuestro grupo de trabajo y por otros grupos de investigacion sugieren
que existe una asociacion entre el nLDL vy la actividad de las subpoblaciones de monocitos
humanos. Sin embargo, estas observaciones son sélo asociativas y actualmente se desconoce
el efecto del nLDL sobre las subpoblaciones de monocitos humanos, su capacidad de
estimular la produccidn de citocinas y receptores de quimiocinas, y la posible implicacion de
CD36 en estos efectos. Se ha encontrado evidencia que sugiere que sujetos obesos con
cardiopatia esclerotica muestran un aumento del complejo LBP/LPS, los cuales muestran un
proceso dislipidémico, por lo que no se ha estudiado si el complejo LBP/LPS tiene relacion

con el aumento de lipoproteinas de baja densidad.

Una estrategia combinada in vitro y con donadores puede ayudarnos a comprender el papel
del nLDL sobre las subpoblaciones de monocitos humanos durante la aterogénesis, con miras
a encontrar nuevos blancos terapéuticos que nos ayuden a disminuir el riesgo cardiovascular

en nuestra poblacion.
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HIPOTESIS

En el primer escenario in vitro, el nLDL aumenta la subpoblacién de monocitos no clasicos
y disminuye a los monocitos intermedios y clasicos, incrementando los niveles de IL-1 beta,
TNF alfa y CCR2, y disminuyendo la expresion de CX3CR1, mientras que aumenta la
expresion de CD36. En el segundo escenario con donadores, el nLDL se asocia con un
aumento de la subpoblacién de monocitos no clasicos y con una disminucion de los
monocitos intermedios y clasicos, asi como un aumento en los niveles séricos de IL-1 beta y
LBP.
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OBJETIVOS
Objetivo general

Evaluar el efecto del nLDL sobre las subpoblaciones de monocitos humanos in vitro y en
donadores, estudiando su papel sobre el perfil de expresion de citocinas y receptores de

quimiocinas, asi como el posible mecanismo molecular involucrado.

Objetivos particulares

1. Determinar el efecto del nLDL sobre el porcentaje de monocitos clasicos, intermedios y
no clésicos de forma concentracion-tiempo dependiente in vitro.

2. Estudiar el efecto del nLDL sobre la produccion intracelular de IL-1 beta, TNF alfa, y los
niveles de CCR2 y CX3CR1 en monocitos clasicos, intermedios y no clasicos in vitro.

3. Evaluar el efecto del nLDL en conjunto con LPS sobre la produccion intracelular de IL-
1 beta, TNF alfa, y los niveles de CCR2 y CX3CR1 en monocitos clésicos, intermedios
y no clasicos in vitro.

4. Examinar el papel de CD36 como un posible mediador de los efectos del nLDL sobre los
cambios en los monocitos clésicos, intermedios y no clésicos.

5. Comparar el porcentaje de las subpoblaciones de monocitos, y los niveles séricos de IL-
1 betay LBP, en sujetos con valores de LDL-C menores de 100 mg/dL y mayores de 130
mg/dL.

23



MATERIALES Y METODOS
Disefio del estudio

Los participantes del estudio fueron varones de 28 a 45 afios que acudieron como donadores
al Banco de Sangre del Hospital General de México. Los participantes del estudio tenian un
indice de masa corporal de 18.5-24.9 kg/m?, sin evidencia clinica y bioquimica de resistencia
a la insulina, Diabetes Mellitus, dislipidemia o alteraciones en la presion arterial. Los
participantes del estudio no habian tomado medicamentos inmunomoduladores durante el
ultimo mes, y no habian consumido una cantidad elevada de alimentos ricos en lipidos dos

dias antes del estudio.

Cultivo in vitro de monocitos humanos primarios

Veinte donantes de sangre, sanos, con niveles séricos de LDL-C inferiores a 100 mg/dl y
valores séricos de proteina C reactiva de alta sensibilidad (hs-CRP) de 1.35 £+ 0.26 mg/l, en
promedio, se inscribieron en el estudio. Se realizaron ensayos independientes en los que cada
participante acord6 donar 8 ml de sangre, que se recolect6 en un tubo que contenia heparina
(VacutainerTM, BD Diagnostics, Franklin Lakes, NJ, EE. UU.). Posteriormente, las muestras
de sangre total se dividieron individualmente y se colocaron en placas de cultivo celular de
6 pozos (Costar, Kennebunk, ME, EE. UU.), agregando 2 mL de sangre mas 1 mL de RPMI-
1640 (Sigma-Aldrich, St. Louis, MO, EE. UU.) suplementado con suero fetal bovino (FBS)
al 5%, L-glutamina 2 mM, HEPES 10 nM y gentamicina 50 pg/mL (GibcoTM, Grand Island,
NY, EE. UU.) por pozo. La muestra de sangre contenida en el primer pozo se designé como
control y recibio 300 uL. de RPMI-1640 durante 9 h. El segundo pozo se incubé en presencia
de 100 pg de nLDL (Sigma-Aldrich, St. Louis, MO, EE. UU.) disueltos en 300 pL. de RPMI-
1640 durante 9 h. El tercer pozo se incub6 en presencia de 10 ng/mL de LPS (Sigma-Aldrich,
St. Louis, MO, EE. UU.) disuelto en 300 uL. de RPMI-1640 durante 9 h. La muestra contenida
en el cuarto pozo se incubo en presencia de 100 pg de nLDL mas 10 ng/mL de LPS disueltos
en 300 uL de RPMI-1640 durante 9 h. El tiempo de exposicién de los cultivos in vitro se
selecciond con base en las curvas de tiempo-respuesta a las 3, 6 y 9 h, encontrando que los
monocitos muestran los cambios mas significativos a las 9 h. Las placas de cultivo celular se

incubaron a 37 °C en una atmosfera humidificada con CO2 al 5 %. Para la tincidn de citocinas
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intracelulares, los glébulos blancos (WBC) se trataron con Brefeldina A 1:1000 (BioLegend,
Inc., San Diego, CA, EE. UU.) durante las ultimas 2 h de cultivo in vitro. Todos los
participantes brindaron su consentimiento informado por escrito, previamente aprobado por
el comité de ética institucional del Hospital General de México (nUmero de registro:
D1/20/501/03/17), el cual garantiz6 que el estudio fuera conducido de manera rigurosa y de
acuerdo a los principios descritos en la Declaracion de Helsinki de 1964 y su posterior

modificacion en 2013.

Citometria de flujo para expresion de citocinas y receptores de quimiocinas

Después de la exposicion a nLDL y/o LPS, colectamos las muestras de sangre completa y las
centrifugamos a 500 x g durante 10 min. Después, los glébulos blancos se separaron con una
micropipeta y se resuspendieron en 1 ml de PBS1X (Sigma-Aldrich, St. Louis, MO, EE.
UU.). Después de un paso de centrifugacion adicional y la eliminacion del sobrenadante, el
botdn celular se resuspendio en 50 pL de solucion de tincion celular (BioLegend, Inc., San
Diego, CA, EE. UU.). Los glébulos blancos se incubaron con 5 pl de True-Stain Monocyte
BlockerTM (BioLegend, Inc., San Diego, CA, EE. UU.) durante 10 min en hielo. Luego, los
glébulos blancos se incubaron con anti-CD14 PE/Cy7, anti-CD16 PE/Cy5, anti-CCR2
AF647, anti-CX3CR1 BV510, Zombie UVTM Fixable Viability Kit (BioLegend, Inc., San
Diego, CA, EE. UU.), anti-CD36 PE y anti-HLA-DR BUV661 (BD Biosciences, San Jose,
CA, EE. UU.) durante 20 min en la oscuridad a 4 °C. Posteriormente, los glébulos blancos
se incubaron con 100 pl de medio de fijacion A (kit de permeabilizacion celular FIX &
PERMTM) (InvitrogenTM, Carlsbad, CA, EE. UU.) durante 20 min a temperatura ambiente.
Después de enjuagarse con Cell Staining Buffer (BioLegend, Inc., San Diego, CA, EE. UU.),
las células mononucleares de sangre periférica (PBMC) se incubaron con 100 pL. de medio
de permeabilizacion B (FIX & PERMTM Cell Permeabilization Kit, InvitrogenTM,
Carlsbad, CA, UU.) anti-TNF alfa FITC y anti-1L-1 beta Pacific Blue (BioLegend, Inc., San
Diego, CA, EE. UU.) durante 20 min en la oscuridad a temperatura ambiente. Después de
enjuagarse con Cell Staining Buffer (BioLegend, Inc., San Diego, CA, EE. UU.), las PBMC
se adquirieron en un citometro de flujo BD Influx (BD Biosciences, San Jose, CA, EE. UU.)
utilizando el software BD SortwareTM 1.2, adquiriendo 20 000 eventos por ensayo por

triplicado.
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Estrategia de andlisis celular

Para la estrategia de seleccidn, los leucocitos se seleccionaron primero en un diagrama de
densidad de dispersion temporal/lateral y, a continuacién, se seleccionaron en la poblacion
de células negativas UV Zombie para la deteccién de células vivas. Posteriormente, las
células vivas se seleccionaron para singletes en un diagrama de densidad de dispersion frontal
(FS)/anchura de pulso de activacién. Los monocitos fueron reconocidos en el cuadrante
especifico de HLA-DR. Luego, los monocitos se seleccionaron utilizando la estrategia de
seleccion rectangular en la poblacion CD14+/CD16+ para la identificacion de monocitos
clasicos (CM, CD14++CD16-), monocitos intermedios (IM, CD14++CD16+) y monocitos
no clasicos (NCM, CD14+CD16+). La intensidad de fluorescencia mediana (MFI) para IL-
1 beta, TNF alfa, CD36, CCR2 y CX3CR1 se obtuvo considerando poblaciones de células
positivas y negativas para cada marcador. El porcentaje de células positivas para cada
marcador se obtuvo utilizando controles de fluorescencia menos uno (FMO). Los controles
de compensacion se realizaron mediante UltraComp eBeadsTM (InvitrogenTM, Carlsbad,
CA, EE. UU.) para cada fluorocromo. Los datos se analizaron mediante el software FlowJo
10.0.7 (TreeStar, Inc, Ashland, OR, EE. UU.).

Modelo con donadores

Se incluyeron en el estudio 150 voluntarios de ambos sexos, mayores de 18 afios, con ayuno
de 8 h que acudieron al Banco de Sangre y al Departamento de Medicina Interna del Hospital
General de México. Se registraron el sexo, la edad, el indice de masa corporal (IMC), la
circunferencia de la cintura, el porcentaje de grasa corporal y los niveles séricos de glucosa,
insulina, proteina C reactiva (PCR), colesterol total, triglicéridos, HDL-C, y LDL-C en todos
los participantes. EI IMC resulté de dividir el peso corporal por la altura al cuadrado. La
circunferencia de la cintura se midi6 en el punto medio entre el margen inferior de la costilla
y la cresta iliaca usando una cinta métrica. El porcentaje de grasa corporal se obtuvo mediante
un analizador de composicién corporal (TANITA® Body Composition Analyzer, Modelo
TBF-300A, Tokio, Japén). La PCR se midi6 por triplicado mediante inmunoturbidimetria

(Randox Laboratories, Meenmore, Irlanda). La glucosa serica, el colesterol total, los
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triglicéridos, el HDL-C y el LDL-C se midieron por triplicado mediante ensayos enzimaticos
(Roche Diagnostics, Mannheim, Alemania). La insulina sérica se midio por triplicado
mediante el ensayo inmunoabsorbente ligado a enzimas (ELISA) (Abnova, Corporation,
Taipei, Taiwén). La estimacion de la resistencia a la insulina se calculd individualmente
utilizando la evaluacion del modelo homeostéatico de la resistencia a la insulina (HOMA-IR)
multiplicando la concentracion de glucosa (mM) por la concentracion de insulina (mU/L) y
luego dividiéndola por 22.5. Todos los participantes recibieron una evaluacion médica
completa y dieron su consentimiento informado por escrito, previamente aprobado por el
comité de ética institucional del Hospital General de México (numero de registro del codigo
de aprobacion ética: DIC/11/UME/05/029), que garantizaba que el estudio se realizo
siguiendo rigurosamente los principios descritos en la Declaracion de Helsinki de 1964 y su
posterior enmienda en 2013. Los voluntarios fueron excluidos del estudio si tenian un
diagnostico previo de diabetes tipo 1 (T1D), T2D, enfermedad coronaria, enfermedad
hepatica aguda o cronica, enfermedad renal aguda o cronica, cancer, trastornos endocrinos,
enfermedades infecciosas, enfermedades inflamatorias cronicas y/o trastornos autoinmunes.
También excluimos del estudio a donadores seropositivos para el virus de la
inmunodeficiencia humana (VIH), el virus de la hepatitis C (VHC) y/o el virus de la hepatitis
B (VHB), a mujeres embarazadas o lactando y a sujetos bajo tratamiento con anti-
inflamatorios o inmunomoduladores, incluidos los medicamentos antiinflamatorios no
esteroideos (AINE).

Efectos de LDL sobre LBP e IL-1 beta en subpoblaciones de monocitos en el modelo

con donadores

De acuerdo con las pautas clinicas del Panel de expertos sobre deteccidn, evaluacion y
tratamiento del colesterol alto en sangre en adultos (Panel de tratamiento de adultos I11) del
Programa Nacional de Educacién sobre el Colesterol (NCEP), los participantes del estudio
se dividieron en dos grupos de concentraciéon de LDL-C, de la siguiente manera: sujetos con
concentracion optima de LDL-C < 100 mg/dL e individuos con concentracion elevada de
LDL-C > 100 mg/dL [25]. Posteriormente, se cuantificaron y compararon entre ambos
grupos el IMC, la circunferencia de la cintura, el porcentaje de grasa corporal, la glucosa, el
HOMA-IR vy el perfil lipidico. Ademas, se calcul6 el indice de Riesgo de Castelli 11 a través
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de la formula CRI Il = LDL/HDL. Se obtuvieron muestras de sangre (6 ml) de todos los
voluntarios para el posterior aislamiento de los globulos blancos. Los globulos blancos se
incubaron con anti-CD14 PE/Cy7 y anti-CD16 FITC, adquiriendo 20 000 eventos por prueba
por triplicado en un citdmetro de flujo BD Influx (BD Biosciences, San Jose, CA, EE. UU.)
utilizando el software BD SortwareTM 1.2 y FlowJo 10.0 .7 software (TreeStar, Inc,
Ashland, OR, EE. UU.), como se describié anteriormente. En todos los participantes, la IL-
1 beta sérica (Peprotech, Ciudad de México, México) y la proteina de union a LPS (LBP)
(InvitrogenTM, Carlsbad, CA, EE. UU.) se midieron por triplicado mediante ELISA y se

analizaron segun los niveles de LDL-C.

Analisis estadistico

La normalidad de la distribucion de datos se estimé mediante la prueba de Shapiro-Wilk.
Para los ensayos in vitro, se utilizo ANOVA de una cola, seguido de una prueba de Tukey
post-hoc, para comparar los porcentajes de CM, IMy NCM, y la expresion de IL-1 beta, TNF
alfa, CCR2, CX3CR1 y CD36 en los grupos celulares designados como control, nLDL, LPS
y nLDL + LPS. Para los ensayos con donadores, se uso la prueba t de Student no pareada
para comparar sujetos con LDL-C sérico < 100 mg/dL e individuos con LDL-C sérico > 100
mg/dL en términos de sexo, edad, IMC, circunferencia de la cintura, porcentaje de grasa
corporal, glucosa en ayunas, insulina, HOMA-IR, CRP, colesterol total, triglicéridos, HDL,
porcentajes de CM, IM y NCM, IL-1 beta sérica y niveles de LBP circulante. Las diferencias
se consideraron significativas cuando p < 0.05. Todos los anélisis estadisticos se realizaron
mediante el software GraphPad Prism 7 (GraphPad Software, San Diego, CA, EE. UU.).
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RESULTADOS

Para la estrategia de seleccion, los glébulos blancos se seleccionaron primero en un grafico
de tiempo vs densidad de dispersion lateral (observando la complejidad o granularidad
celular). Este grafico fue necesario para observar que los eventos se hubieran leidos
adecuadamente en el citometro de flujo. Posteriormente se selecciond la poblacion de células
negativas a Zombie UV para la deteccion de glébulos blancos vivos (Figura 11, panel
superior). Posteriormente, los glébulos blancos se seleccionaron en singletes en un diagrama
de densidad de ancho de pulso de activacion y dispersion frontal (FS). Después de eso, las
células se seleccionaron en la poblacion HLA-DR+ para el reconocimiento de monocitos. A
continuacién, los monocitos se seleccionaron en la poblacion CD147/CD16* para la
identificacion de CM, IM y NCM. Luego, los subconjuntos de monocitos se seleccionaron
en las poblaciones IL-1B+, TNFa+, CCR2+, CX3CR1+y CD36+ para evaluar los efectos de
nLDL y LPS en la actividad inmunitaria de estas células (Figura 11, panel inferior).
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Figura 11. Estrategia de activacién para caracterizar subconjuntos de monocitos humanos. Los
glébulos blancos se seleccionaron primero en un diagrama de densidad de tiempo/dispersion
lateral (SS), y luego se seleccionaron en la poblacion de células negativas Zombie UV para la
deteccidn de células vivas. Posteriormente, las células vivas se seleccionaron para singletes en un
diagrama de densidad de dispersién frontal (FS)/anchura de pulso de activacién. Se reconocieron
los monacitos en la seleccion HLA-DR+. Luego, los monocitos se seleccionaron en la poblacion
CD14+/CD16+ para la identificacion de CM (CD14++CD16-), IM (CD14++CD16+) y NCM
(CD14+CD16+). La expresion de IL-1 beta, CCR2 y CX3CR1 se midi6 en todos los subconjuntos
de monocitos. SSC, dispersion lateral; FSC, dispersion frontal; HLA-DR, isotipo de antigeno
leucocitario humano-DR; CM, monocitos clasicos; IM, monocitos intermedios; NCM, monocitos
no clasicos; IL-1 beta, interleucina 1 beta; CCR2, receptor de quimiocinas C-C tipo 2; CX3CR1,
receptor de quimiocinas CX3C 1.
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Figura 12. € Efectos de nLDL y LPS sobre los porcentajes de las subpoblaciones de
monocitos humanos. Se muestran graficos de puntos que muestran de forma
representativa los porcentajes de CM, IM y NCM en respuesta a las condiciones control
(A), nLDL (B), LPS (C) o una combinacion de nLDL + LPS (D). El nLDL disminuyo
significativamente el porcentaje de CM y aumenté la cantidad de NCM en comparacion
con las células control (E y G, respectivamente). EI LPS, solo o en combinacién con el
nLDL, aumento significativamente el porcentaje de CM y disminuy0 la cantidad de IM y
NCM (E, F y G, respectivamente). Los datos se expresan como media = desviacion
estandar. Los datos se compararon mediante ANOVA de una cola seguido de la prueba
post-hoc de Tukey. Las diferencias se consideraron significativas cuando p < 0.05. * = p
<0.05; ** = p <0.01; *** = p <0.001; **** =p < 0.0001. CM, monocitos clasicos; IM,
monocitos intermedios; NCM, monocitos no clasicos; nLDL, lipoproteinas de baja
densidad nativas; LPS, lipopolisacérido.

La Figura 12 muestra los graficos representativos en donde se pueden observar los
porcentajes de CM, IM y NCM tratados con nLDL o LPS (Figura 12A-D). En comparacién
con las células control, el porcentaje de CM se redujo significativamente cuando se trat6 con
100 pg/ml de nLDL (Figura 12E). Mientras que el porcentaje de IM no cambi¢ (Figura 12F),
el porcentaje de NCM exhibio un aumento significativo del 20% cuando se expuso a 100
pg/mL de nLDL con respecto al encontrado en células no tratadas (Figura 12G). Las
subpoblaciones de monocitos también respondieron diferencialmente al LPS. EI LPS, solo o
en combinacién con nLDL, aumenté de forma significativa el porcentaje de CM (Figura
12E). Por el contrario, IM y NCM no mostraron cambios significativos cuando se trataron
con LPS o nLDL + LPS con respecto a lo encontrado en las células control (Figura 12F, G,
respectivamente). Los porcentajes de CM, IM y NCM mostraron un comportamiento similar
enrespuestaa LPS o nLDL + LPS, lo que sugiere que este efecto fue mediado principalmente

por LPS (Figura 12E-G, respectivamente).
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La exposicion de las células a nLDL y LPS no solo afecto6 el equilibrio entre las
subpoblaciones de monocitos, sino también su capacidad para producir IL-1 beta, una
citocina con acciones proinflamatorias muy importantes. La exposicion de los monocitos a
100 pg/mL de nLDL no tuvo efectos significativos en la produccion de IL-1 beta en todas
las subpoblaciones de monocitos (Figura 13A). EI LPS aumentd significativamente la
produccion de IL-1 beta en CM, IM y NCM, y este aumento fue aln mas evidente cuando
las células se expusieron a LPS en combinacion con nLDL (Figura 13A). Paralelamente, los
porcentajes de CM, IM y NCM que expresaron IL-1 beta también tendieron a disminuir en
respuesta a nLDL (Figura 13B). El LPS, solo o en combinacién con nLDL, aumentd
significativamente el nimero de células IL-1 beta+ en todas las subpoblaciones de monocitos
con respecto a las células no tratadas (Figura 13B). Similar a IL-1 beta, la exposicién de los
monocitos a 100 pg/mL de nLDL no tuvo efectos significativos en la produccion de TNF
alfa en todas las subpoblaciones de monocitos (Figura 13C). ElI LPS aumento
significativamente la produccion de TNF alfa en CM, IM y NCM. Sin embargo, cuando las
células se expusieron a LPS en combinacion con nLDL se observo una disminucion de la
produccion de TNF alfa, la cual solo fue significativa en los monocitos clasicos (Figura 13C

panel izquierdo).
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Figura 13. Efectos del nLDL y LPS en la produccién de IL-1 beta y TNF alfa en subpoblaciones de
monocitos humanos. Aunque no se encontraron diferencias significativas, el nLDL tendi6 a disminuir la
produccion de IL-1 beta en CM, IM y NCM (paneles A, izquierdo, medio y derecho, respectivamente). El
LPS, solo 0 en combinacién con nLDL, aumento significativamente la expresion de IL-1 beta en CM, IM
y NCM (paneles A, izquierdo, medio y derecho, respectivamente). Aunque no se encontraron diferencias
significativas, el nLDL tendi6 a disminuir los porcentajes de células IL-1 beta+ en todos los subconjuntos
de monocitos (paneles B, izquierdo, medio y derecho, respectivamente). EI LPS, solo 0 en combinacion con
nLDL, aumento significativamente la cantidad de células IL-1 beta+ en todas las subpoblaciones de
monocitos (paneles B, izquierdo, medio y derecho, respectivamente). EI LPS en combinacién con nLDL,
disminuyo significativamente la expresion de TNF alfa en CM (panel C, izquierdo). Los datos se expresan
como media * desviacion estandar. Los datos se compararon mediante ANOVA de una cola seguido de la
prueba post-hoc de Tukey. Las diferencias se consideraron significativas cuando p < 0.05. * = p < 0.05; **
=p<0.01; ***=p<0.001; **** =p<0.0001. CM, monocitos clasicos; IM, monocitos intermedios; NCM,
monocitos no clasicos; nLDL, lipoproteinas de baja densidad nativas; LPS, lipopolisacarido; IL-1 beta,
interleucina 1 beta; TNF alfa, Factor de necrosis tumoral alfa.
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Ademas de la expresion de IL-1 beta, también se ha demostrado que los subconjuntos
de monocitos expresan diferencialmente los receptores de quimiocinas. En este sentido, la
expresion de CCR2 fue claramente mayor en CM que en IM y NCM; sin embargo, CM no
expresd diferencialmente CCR2 en respuesta a nLDL, solo o en combinacién con LPS
(Figura 14A). En general, el porcentaje de CM e IM que expresan CCR2 no cambio en
respuesta a nLDL o LPS (Figura 14B, paneles izquierdo y central, respectivamente). Por el
contrario, nLDL + LPS aumento significativamente la cantidad de NCM que expresa CCR2
en comparacion con la que se encontr6 cuando las células solo se expusieron a nLDL (Figura
14B, panel derecho). La expresion de CX3CR1 fue significativamente mayor en IM y NCM
que en CM (Figura 14C). Ademas, el nLDL indujo una disminucion en la expresion de
CX3CR1 que fue incluso mas evidente en NCM que en CM e IM (Figura 14C, panel
derecho). La exposicién de las células a LPS, solo o en combinacién con nLDL, disminuy0
la expresion de CX3CR1 en todas las subpoblaciones de monocitos (Figura 14C).
Curiosamente, el porcentaje de NCM que expresé CX3CR1 disminuy6 significativamente en
respuesta al nLDL (Figura 14D, panel derecho), mientras que el LPS junto con el nLDL
tuvieron el mismo efecto sobre IM y NCM (Figura 14D, paneles medio y derecho,

respectivamente).
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Figura 14. € Efectos de nLDL y LPS en la expresion de CCR2 y CX3CR1 en las subpoblaciones
de monocitos humanos. Aungque no se encontraron diferencias significativas entre las
condiciones experimentales para cada condicion, la expresion de CCR2 fue claramente mayor
en CM que en IM y NCM (A, paneles izquierdo, medio y derecho, respectivamente). El
porcentaje de células CCR2+ era mayor en el subconjunto CM en comparacién con las
subpoblaciones IM y NCM (paneles B, izquierdo, medio y derecho, respectivamente). En el
subconjunto de NCM, el LPS actud junto con nLDL para aumentar la cantidad de células
CCR2+ en comparaciéon con las células tratadas sélo con nLDL (B, panel derecho). La
expresion de CX3CRL1 era mayor en IM y NCM en comparacion con CM (paneles C, izquierdo,
medio y derecho, respectivamente). En NCM, el nLDL disminuy6 significativamente la
expresion de CX3CR1 en comparacion con las células control (C, panel derecho). EI LPS, solo
0 en combinacion con nLDL, disminuyd la expresion de CX3CR1 en CM, IM y NCM (paneles
C, izquierdo, medio y derecho, respectivamente). En IM, el LPS disminuy0 el porcentaje de
celulas CX3CR1+ en comparacion con las células control (D, panel central). En NCM, el nLDL
y el LPS disminuyé significativamente el porcentaje de células CX3CR1+ en comparacion con
las células control (D, panel derecho). Los datos se expresan como media + desviacion estandar.
Los datos se compararon mediante ANOVA de una cola seguido de la prueba post-hoc de Tukey.
Las diferencias se consideraron significativas cuando p < 0.05. * = p < 0.05; ** = p < 0.01; ***
= p < 0.001; **** = p < 0.0001. CM, monocitos clasicos; IM, monocitos intermedios; NCM,
monocitos no clasicos; NnLDL, lipoproteinas de baja densidad nativas; LPS, lipopolisacarido;
CCR2, receptor de quimiocinas C-C tipo 2; CX3CR1, receptor de quimiocinas CX3C 1.
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Figura 15. Efectos de nLDL y LPS en la expresion de CD36 en las subpoblaciones de
monocitos humanos. Se observaron diferencias significativas en la expresion de CD36, la
cual disminuy6 en presencia de LPS y LPS en combinacion nLDL en CM (A, panel
izquierdo). También, en NCM (A, panel derecho) la presencia de LPS incrementd los
niveles de CD36 en comparacion con la condicion control, se observé una menor expresion
de CD36 en nLDL en comparacion con el LPS. Y al colocar LPS en combinacion con
nLDL se observo un aumento significativo de la expresion de CD36 en comparacion de
nLDL. Los datos se expresan como media * desviacion estandar. Los datos se compararon
mediante ANOVA de una cola seguido de la prueba post-hoc de Tukey. Las diferencias se
consideraron significativas cuando p < 0.05. * = p < 0.05; ** = p < 0.01; *** = p < 0.001;
**** = p < 0.0001. CM, monocitos clasicos; IM, monocitos intermedios; NCM, monocitos
no clésicos; nLDL, lipoproteinas de baja densidad nativas; LPS, lipopolisacérido; CD36,
receptor scavenger tipo B.

En bdsqueda de otras moléculas que pudieran intervenir en la entrada de nLDL al
interior de la célula examinamos a CD36 como un posible mediador de los efectos de LDL
sobre los cambios en la proporcion de monocitos clasicos, intermedios y no clasicos. De esta
manera observamos que en presencia de nLDL habia una tendencia a disminuir la expresion
de CD36, pero sin cambios significativos, sobretodo en monocitos clasicos (Figura 15, panel
izquierdo). En monocitos no clasicos se observan diferencias estadisticamente significativas
cuando el LPS incremento los niveles de CD36 en comparacion con la condicion control. De
la misma forma se encontré una diferencia significativa, observando una menor expresion de
CD36 en nLDL en comparacion con el LPS. Asimismo, al colocar LPS en combinacion con
nLDL se observé un aumento significativo de la expresién de CD36 en comparacion de

nLDL por si solo (Figura 15, panel derecho).
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In vitro, nLDL y LPS no sélo cambiaron el equilibrio de los subtipos de monocitos,
sino también el patron de expresién de moléculas que se han asociado previamente con la
respuesta inflamatoria en la aterogénesis. Por lo tanto, decidimos confirmar estos resultados
realizando experimentos similares, pero ahora con un modelo en donadores con niveles
plasmaticos elevados de LDL-C. La Tabla 1 resume las diferencias en los factores de riesgo
relacionados con el sindrome metabolico entre sujetos con niveles séricos de LDL-C
normales y elevados (76.53 + 4.1 contra 128.7 £ 3.6, respectivamente). No hubo diferencias
significativas entre sujetos con valores de LDL-C por debajo y por encima de 100 mg/dL con
respecto a la proporcion de sexo, edad, IMC, circunferencia de cintura, porcentaje de grasa
corporal, triglicéridos, HDL-C, insulina y glucosa en ayuno, HOMA-IR , y PCR (Tabla 1).
Por el contrario, el colesterol total y el indice de riesgo cardiovascular 1l de Castelli son

significativamente mayores en sujetos con LDL-C superior a 100 mg/dl (Tabla 1).
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Sexo (F,M)

Edad (afios)

BMI (kg/m?)

Circunferencia de cintura (cm)
Porcentaje de grasa corporal (%)
Colesterol (mg/dL)
Triglicéridos (mg/dL)

LDL (mg/dL)

HDL (mg/dL)

Insulina (MU/L)

Glucosa (mmol/L)

HOMA-IR (a.u.)

indice de Riesgo de Castelli Il

LDL

<100 mg/dL

28/37

47.2 +1.056
28.22+1.172
91.58 £2.94
31.87 £ 1.696
166.7 £ 7.079
242.6 £ 41.08
76.53 + 4.156
42.13 + 3.44
14.43 +1.057
5.104 + 0.2653
3.299 + 0.3261
1.966 + 0.1827

>100 mg/dL

41/44

49.49 + 1.031
28.05 + 0.9035
96.73 = 2.002
31.91+2.614
220.7 £4.723
186.4 + 11.14
128.7 + 3.653
47.06 + 2.226
13.52 + 0.8046
5.346 + 0.2502
3.126 + 0.1866
2.892 +0.1294

valor de P

0.2650
0.1913
0.9155
0.1696
0.9909
<0.0001
0.0769
<0.0001
0.2332
0.5208
0.5675
0.6290
0.0002

Tabla 1. Parametros antropométricos y bioquimicos de los sujetos de estudio. Los
participantes del estudio se dividieron en dos grupos de concentracién de LDL-C, de la
siguiente manera: sujetos con concentracion optima de LDL-C < 100 mg/dL e individuos
con alta concentracion de LDL-C > 100 mg/dL. EIl colesterol total y el indice de riesgo
aterogénico de Castelli son significativamente mayores en donadores con LDL-C superior
a 100 mg/dL. Abreviaturas: F, femenino; M, masculino; IMC, indice de masa corporal;
LDL-C, lipoproteinas de baja densidad; HDL-C, lipoproteinas de alta densidad; HOMA-IR,
modelo homeostatico de evaluacion de la resistencia a la insulina; PCR, proteina C reactiva;
a.u., unidades arbitrarias. Los datos se presentan como media + desviacion estandar. Las

diferencias se consideraron significativas cuando p < 0.05.
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Confirmando nuestros resultados in vitro, el porcentaje de CM fue significativamente
menor en sujetos con LDL-C > 100 mg/dL (Figura 16A). Aunque el porcentaje de IM no
mostro diferencias (Figura 16B), el porcentaje de NCM fue significativamente superior 1.5
veces mas en individuos con LDL-C mayor a 100 mg/dL (Figura 16C). Los niveles séricos
de IL-1 beta fueron significativamente mayores en sujetos con valores de LDL-C superiores
a 100 mg/dL (Figura 16D). Ademas, los niveles de LBP fueron claramente mayores en
sujetos con LDL-C > 100 mg/dL, lo que denota la presencia de valores séricos de LPS

anormalmente altos en estos individuos (Figura 165E).
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Figura 16. € Niveles de CM, IM, NCM, IL-1 beta y LBP en sujetos con niveles séricos
optimos y elevados de LDL-C. (A) El porcentaje de CM es significativamente menor en
donadores con LDL-C sérico > 100 mg/dL (n = 85) en comparacion con los controles (n =
65). (B) No hubo cambios significativos entre sujetos con concentracion Optima y alta de
LDL-C para el porcentaje de IM. (C) El porcentaje de NCM es significativamente mayor
en donadores con LDL-C séerico > 100 mg/dl en comparacion con los controles. (D) Los
niveles séricos de IL-1 beta son significativamente superiores en donadores con LDL-C
sérico > 100 mg/dl en comparacion con los controles. (E) Los niveles séricos de LBP son
significativamente mayores en donadores con LDL-C sérico > 100 mg/dl en comparacion
con los controles. Los datos se expresan como media * desviacion estdndar. Los datos se
compararon utilizando la prueba t de Student para datos no apareados. Las diferencias se
consideraron significativas cuando p < 0.05. * =p < 0.05; ** =p < 0.01; **** = p < 0.0001.
CM, monocitos clésicos; IM, monocitos intermedios; NCM, monocitos no clésicos; IL-1
beta, interleucina 1 beta; LBP, proteina de union a LPS; LDL-C, lipoproteinas de baja

densidad.
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DiscusiON

Se considera que los macrofagos y las LDLox son los principales contribuyentes a la
formacion de células espumosas y la infiltracion de células inflamatorias en las lesiones
aterosclerdticas [18]. Sin embargo, el hecho de que los monocitos y las nLDL puedan
interactuar en el torrente sanguineo ha planteado la cuestién de si estos precursores también
podrian desempefiar un papel fundamental en la aterogénesis. En este sentido, la
administracion intraperitoneal de lipoproteinas ricas en triglicéridos disminuye el nimero de
monocitos no clasicos Ly6C/Grllow en ratones. Del mismo modo, la dislipidemia con
niveles elevados de LDL o de lipoproteinas de muy baja densidad (VLDL) aumenta los
subconjuntos de monocitos tanto Ly6C/Grlhigh clasico como no clasico Ly6C/Grllow en
ratones alimentados con una dieta rica en grasas. De acuerdo con esta evidencia, nuestros
resultados demuestran que nLDL puede alterar el equilibrio de las subpoblaciones de
monocitos humanos al disminuir directamente a los monocitos clasicos y aumentar al subtipo

de monocitos no clasicos in vitro y en nuestro modelo con donadores.

El mecanismo a través del cual las nLDL inducen el desequilibrio de los subconjuntos
de monocitos aun no esta claro y probablemente involucre la expresion de CD14 y CD16.
Como se menciond, la expresion de CD14 y CD16 es la caracteristica principal que define
las subpoblaciones de monocitos en humanos. CD14 es una proteina transmembrana que
forma el complejo del receptor LPS junto con el receptor tipo Toll 4 (TLR4) y el factor de
diferenciacion mieloide 2 (MD-2). El complejo trimérico CD14/TLR4/MD-2 desencadena la
via de sefializacion dependiente del factor nuclear kappa B (NFkB) encargada de regular la
expresion de citocinas inflamatorias como I1L-6, TNF-alfa e IL-1 beta. La expresion de CD14
esta regulada por la proteina de especificidad 1 (Sp1), un factor de transcripcion gue se activa
a través del promotor del LDLr. Este cuerpo de evidencia apoya la idea de que nLDL podria
disminuir la proporcion de monocitos clasicos y aumentar el porcentaje de monocitos no
clasicos al regular la expresion de CD14, probablemente a través de LDLr-Spl. CD16 es un
receptor Fc-gamma que reconoce microorganismos recubiertos de IgG y complejos
inmunitarios. La evidencia reciente ha demostrado que la expresion de CD16 esta bajo el
control postranscripcional del microARN (miR)-218 en las células asesinas naturales (NK)

humanas. In vitro, las oxLDL son capaces de disminuir la expresion de miR-218 en células
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endoteliales microvasculares cardiacas de ratas. In vivo, la expresion de miR-218 se
correlaciona inversamente con los niveles de oxLDL en pacientes con enfermedad arterial
coronaria (EAC). En este sentido, el aumento de monocitos no clasicos CD14+CD16+ vy la
disminuciéon de monocitos clasicos CD14+CD16— que encontramos pueden estar
probablemente relacionados con la supresion de miR-218 que a su vez favorece la expresion
de CD16, promoviendo la conversién de monocitos clasicos en monocitos no clasicos en
respuesta a nLDL. Por lo tanto, la nLDL circulante puede inducir un desequilibrio de las
subpoblaciones de monocitos humanos mediante mecanismos capaces de regular la
expresion de CD14 y CD16, como los orquestados por LDLr, Spl y miR-218; sin embargo,

esta hipétesis queda por dilucidar en estudios posteriores.

Diversas lineas de investigacion han demostrado que los subconjuntos de monocitos
humanos muestran acciones inflamatorias importantes expresando preferentemente I1L-1 beta
en respuesta a LPS. El LPS es un componente de la membrana externa de las bacterias Gram-
negativas que puede translocarse a través de la pared intestinal hacia la circulacién portal
hepética, donde se une a LBP. El complejo LPS/LBP se considera un desencadenante
inflamatorio clave para monocitos y macrofagos y se ha encontrado que esta aumentado en
sujetos obesos con cardiopatia aterosclerotica, entre los cuales también esta aumentado el
nLDL. Tras el reconocimiento, el LPS induce la sintesis de pro-I1L-1 beta dependiente de
NFkB, que a su vez es escindida proteoliticamente por el inflamasoma de la proteina 3 que
contiene el dominio de pirina, NOD y LRR (NLRP3) para formar IL-1 beta en forma madura.
La IL-1 beta tiene mdltiples funciones en la aterogénesis. En las células endoteliales
microvasculares humanas, la IL-1 beta estimula la expresion de la molécula de adhesion
intracelular 1 (ICAM-1) y la molécula de adhesion de células vasculares 1 (VCAM-1), que
tienen la capacidad de reclutar leucocitos en la capa interna de las arterias. En las células del
musculo liso de la aorta humana, la IL-1 beta induce la expresion de la proteina
quimioatrayente de monocitos-1 (MCP-1), que a su vez contribuye a la migracion de células
mononucleares hacia el endotelio vascular. La IL-1 beta también promueve directamente la
formacion de lesiones ateroscleréticas al estimular la produccién de factor de crecimiento
derivado de plaquetas, una molécula con la capacidad de inducir la proliferacion de células
de masculo liso vascular en el ateroma. Curiosamente, la exposicion de las células

endoteliales y las células del masculo liso vascular a LPS aumenta la liberacion de IL-1 beta
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en las placas aterosclerdticas de pacientes con niveles elevados de LDL. Nuestros datos
amplian este cuerpo de evidencia al demostrar por primera vez que el LPS actla en sinergia
con el nLDL para aumentar la sintesis de IL-1 beta en monocitos humanos cultivados in vitro,

especialmente en los subconjuntos de monaocitos clasicos e intermedios.

En el modelo con donadores, nuestros resultados confirman que los sujetos con
niveles elevados de LDL-C en suero también muestran un indice aterogénico elevado, asi
como niveles mas altos de IL-1 beta y LBP que los que se encuentran en individuos con
concentraciones Optimas de LDL-C. Sin embargo, vale la pena mencionar que adn
necesitamos evaluar el efecto potencial del nimero y tamafio de particulas de LDL en la
dindmica de las subpoblaciones de monocitos humanos y su capacidad para producir I1L-1
beta, lo que puede ampliar el conocimiento sobre las maltiples acciones del nLDL en la

respuesta inflamatoria asociada con la aterosclerosis.

Sorprendentemente encontramos que TNF alfa al contrario de lo que se espera,
disminuyo en presencia de nLDL, pero solo en presencia LPS y nLDL y en monocitos
clasicos fue cuando hallamos una diferencia estadisticamente significativa. Por otro lado,
Mukherjee y colaboradores encontraron que disminuia la expresion de TNF alfa en
monocitos no clésicos a las 6 horas de cultivo (Mukherjee et al., 2015); lo que nos habla de
una dindmica muy diferente en comparacion con IL-1 beta, camino que se debe continuar

investigando.

Cuando examinamos a CD36 como un modificador en la entrada de nLDL al interior
de la célula, nos enfrentamos a un resultado parcial; en el cual no se modifica la expresion
de CD36 en presencia de nLDL, LPS y nLDL + LPS. Por lo que en un futuro es necesario
evaluar la expresion de CD36 cuando se bloqueé el ingreso de nLDL a través de anticuerpos;
1) anti-LDLr, 2) anti-CD36, 3) anti- LDLr + anti-CD36. De manera paralela se debera
calcular la cantidad de nLDL que entro a la célula, asi como la modificacién de los
porcentajes en las subpoblaciones de monocitos y la expresion de citosinas y quimiocinas

por parte de estas.

El nLDL y el LPS no sélo mostraron efectos sinérgicos en la distribucion de los
subconjuntos de monocitos humanos y su capacidad para producir IL-1 beta, sino que
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también afectaron el patron de expresion de receptores de quimiocinas como CCR2 vy
CX3CR1. CCR2 es un receptor de quimiocinas C-C expresado principalmente en células
mononucleares que media la migracion de monocitos a tejidos inflamados en respuesta a
MCP-1. CX3CR1 es el receptor celular de fractalcina, una quimioquina con la capacidad de
inducir la retencion de monocitos en circulacién, preferiblemente aquellos que expresan
CD16 como los monocitos intermedios y no clasicos. En nuestro estudio, el namero de
monocitos no clasicos CCR2+ aument6 en respuesta a nLDL y LPS, lo que puede actuar a
favor de promover el reclutamiento de estas celulas al endotelio vascular. De acuerdo con
estos hallazgos, un trabajo seminal realizado por Han et al. inform6 que la expresion de CCR2
aumenta en monocitos primarios de donadores con valores séricos de LDL-C elevados con
respecto a los controles con niveles normales de colesterol. Ademas, la exposicion de
monocitos THP-1 a nLDL induce un aumento significativo tanto en la expresion de CCR2
como en la respuesta quimiotactica in vitro a MCP-1, lo que sugiere que el nLDL podria

incrementar el reclutamiento de monocitos a la lesién aterosclerotica.

En linea con la idea de un mayor reclutamiento celular, nuestros datos muestran que
el nLDL y el LPS también redujeron la cantidad de monocitos no clasicos que expresaban
CX3CR1. En este sentido, Nielsen y colaboradores encontraron una alteracion en la
expresion de TNF-alfa y CX3CR1 en monocitos primarios de pacientes con
hipercolesterolemia familiar en comparacion con sujetos con niveles normales de LDL-C.
Curiosamente, la expresién de TNF-alfa y CX3CR1 se correlacion6 positivamente con un
mayor grosor de la intima-media y la PCR de alta sensibilidad, ambos marcadores de
aterosclerosis y riesgo cardiovascular. Paralelamente, Geng et al. demostraron que la
administracion de LPS a ratones ApoE-/- aumenta el reclutamiento de monocitos y la
acumulacién de macréfagos en las placas ateroscleroticas aorticas, 1o que coincide con un
aumento del deposito de lipidos en el ateroma. En conjunto, estos hallazgos respaldan la idea
de que el nLDL y el LPS pueden contribuir directamente a la aterogénesis al alterar el patron
de expresion de las citocinas inflamatorias y los receptores de quimiocinas en los monocitos,
lo que puede promover el reclutamiento de estas células hacia el ateroma. Sin embargo, esta
idea aun debe probarse en enfoques experimentales in vivo centrados en caracterizar como el
nLDL y el LPS afectan el patron de reclutamiento de monocitos productores de IL-1 beta,

CCR2 y CX3CRL1 en lesiones ateroscleroticas.
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Como hemos sefialado aqui, el nLDL parece tener funciones proinflamatorias
adicionales en la aterogenesis que difieren de las descritas clasicamente para el oxLDL.
Ademas, los efectos del nLDL sobre la capacidad inflamatoria de las subpoblaciones de
monocitos humanos se ven potenciados por el LPS, lo que confirma evidencia previa que

sugiere que lanLDL y el LBP forman un circulo vicioso que contribuye a la aterosclerosis.
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CONCLUSION

En conclusion, utilizando ensayos complementarios in vitro y en donadores, este trabajo
demuestra por primera vez que el nLDL tiene un efecto directo sobre el equilibrio de los
subconjuntos de monocitos humanos. Este efecto esta dado por un aumento de la poblacion
de monocitos clasicos y la disminucién de monocitos no clasicos, asi como su capacidad para
producir citocinas inflamatorias, evidenciado por el aumento intracelular de IL-1 beta, asi
como niveles séricos de IL-1 beta mayores en sujetos con valores de LDL-C superiores a 100
mg/dL. Asimismo, el efecto del nLDL podria estar mediado por un aumento en la expresion
y el porcentaje de CX3CR1+ en NCM. Por otro lado, la expresion de CD36 no se ve afectada
por nLDL. Estos efectos fueron potenciados por el LPS. Finalmente, se encontré que los
niveles de LBP fueron claramente mayores en sujetos con LDL-C > 100 mg/dL, lo cual
confirma los hallazgos in vitro sobre el efecto del nLDL sobre las subpoblaciones de
monocitos humanos.
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Figura 17. € Conclusion Grafica. CM, monocitos clasicos; IM, monocitos intermedios; NCM,
monocitos no clasicos; nLDL, lipoproteinas de baja densidad nativas; LPS, lipopolisacarido; CX3CR1,
receptor de quimiocinas CX3C 1; IL-1 beta, interleucina 1 beta; LBP, proteina de unién a LPS.
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PERSPECTIVAS

A partir de los estudios y discusiones presentados en esta Tesis Doctoral, las perspectivas de
trabajos futuros se dividen en observar no sélo el incremento de citocinas y de receptores de
quimiocinas a tiempos cortos en cultivo, sino que también a tiempo largos (24 hrs en
adelante) confirmando la presencia de estos por citometria de flujo y evaluando por medio
de LipiodTox laincorporacion de LDL después del cultivo. Ademas, aun es necesario evaluar
la expresion de CD36 cuando se bloguee el ingreso de LDL. Ademas, estos resultados abren
un panorama para el estudio de nuevos enfoques terapéuticos que disminuyan tanto los
niveles de nLDL como de LPS/LBP, y asi contribuyan a un menor desarrollo de

aterosclerosis subclinica y clinica.
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Abstract: The differential contribution of monocyte subsets expressing the C-C chemokine receptor 2
(CCR2) to subclinical atherosclerosis in girls and boys is unclear. In this pilot study, we compared
classical, intermediate, and nonclassical monocyte subsets expressing CCR2 in 33 obese children
of both sexes aged 8 to 16 divided by carotid intima-media thickness (IMT), considering values
above the 75th percentile (p75) as abnormally high IMT. Obesity was defined as body mass index
above the 95th percentile according to age and sex. Flow cytometry analyses revealed that boys but
not girls with IMT = p75 displayed increased CCR2" cell percentage and CCR2 expression in the
three monocyte subsets, compared to boys with IMT < p75. The CCR2* cell percentage and CCR2
expression in the three monocyte subsets significantly correlated with increased IMT and insulin
resistance in boys but not girls, where the CCR2" nonclassical monocyte percentage had the strongest
associations (r = 0.73 and r = (.72, respectively). The role of CCR2" monocyte subpopulations in
identifying an abnormally high IMT shows a marked sexual dimorphism, where boys seem to be at
higher subclinical atherosclerosis risk than girls.

Keywaords: CCR2; nonclassical monocytes; children; intima-media thickness; insulin resistance; obesity

1. Introduction

Obesity is a risk factor for coronary heart disease. Cardiovascular diseases cause nearly
70% of deaths among persons with a high body mass index (BMI) [1]. Coronary artery
disease, also known as atherosclerosis, is the most common heart disease characterized by
the accumulation of cholesterol esters-ingesting macrophages in the subendothelial space
of coronary arteries [2].

During obesity, cholesterol levels considerably increase and adhere to the vascular
endothelium, triggering the local release of reactive oxygen species and the recruitment of
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macrophages, which can expand vascular injury and promote atherogenesis [3,4]. Therefore,
the atherosclerotic process originates with endothelial damage and dysfunction that lead
to the recruitment of circulating monocytes with the ability to adhere to and infiltrate the
injured arterial wall [5]. There, monocytes differentiate into macrophages that actively
uptake cholesterol esters by phagocytosis, resulting in foam cell formation and further
vessel wall inflammation. Foam cells contribute to intima-media thickening (IMT), a
condition correlating with increased insulin resistance in children with obesity who can
become individuals with advanced atherosclerosis in adult life [6-9]. In fact, insulin
resistance that reflects the progressive loss of the action of insulin on target tissues is also
an independent risk factor for developing systemic inflammation that often accompanies
atherosclerotic cardiovascular disease [10].

Monocytes are divided into three subpopulations according to CD14 and CD16
expression as follows: classical monocytes (CD14**CD167), intermediate monocytes
(CD14*+CD16"), and nonclassical monocytes (CD147CD16%). The infiltration of monocyte
subsets into artery vessels occurs in response to the C-C chemokine receptor 2 (CCR2), a
G protein-coupled receptor whose ligands include the monocyte chemoattractant protein
(MCP) family [11].

A recent study reported an increase in intermediate monocytes expressing CCR2 in
adults with atherosclerosis [11]. CCR2 expression also elicits the adhesion of classical and
nonclassical monocytes to the vascular endothelium during atherosclerosis [12]. Another
study showed that these monocyte subsets could even help predict an impaired endothelial
dysfunction in patients with atherosclerosis in a sex- and age-dependent fashion [13].

Currently, there is evidence of the influence of sex in the risk of developing atheroscle-
rosis. Premenopausal women display less pro-atherogenic lipid profiles than men [14].
Ischemic cardiovascular disease resulting from atherosclerosis occurs more often in men
than women. At an early age, male children and adolescents show higher IMT than
girls [15]. Sexual dimorphism also influences the CCR2-MCP-1 axis. Petty and colleagues
found that African American male adolescents present higher MCP-1 serum levels than
females [16], confirming further evidence, indicating that MCP-1 is elevated only in male
mice fed a high-fat diet (HFD) [17]. Verweij and coworkers expanded this body of evidence
by showing that being a man significantly contributes to an elevated CCR2 expression in
circulating monocytes, mostly classical monocytes [18].

Although increasing evidence in adults indicates that monocyte subsets expressing
CCR2 contribute to atherosclerosis in a sex-dependent fashion, there is still scant informa-
tion on girls and boys with obesity. Herein, we conducted a pilot study to analyze CCR2*
monocyte subpopulations in children of both sexes with obesity, examining the association
of these immune cells with cardiovascular risk factors, such as IMT and insulin resistance
in a sex-dependent fashion.

2. Materials and Methods
2.1. Participants

Initially, 40 children fulfilled the inclusion criteria. After the first biochemical analysis,
we identified three volunteers with abnormally high blood cholestercl levels and removed
them from the study. Another four volunteers did not agree to provide 6 mL of venous
blood, and we withdrew them from the study. In the end, we enrolled 33 children with
obesity aged 8 to 16 years in this pilot study. We included all study participants from
the Childhood Obesity Clinic at the General Hospital of Mexico between 2017 and 2019.
All volunteers agreed to participate in the study by signing the informed consent and
assent letters. We excluded from the study participants with a diagnosis of familial hyperc-
holesterolemia, hypertriglyceridemia, or diabetes mellitus, as well as children consuming
alcohol or any drug interfering with metabolism and immune response to avoid potential
confounding effects on parameters of subclinical atherosclerosis and CCR2 expression in
monocyte subpopulations.
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We conducted this study after getting approval from the Research, Ethics, and Biosafety
Committees for Human Research of the General Hospital of Mexico (registration number:
DI/17/311/03/028), following the ethical guidelines of the 1975 Declaration of Helsinki
and its posterior amendment in 2013. According to the clinical practice guidelines of the
Pediatric Endocrine Society, we used BMI > 95th percentile according to age and sex to
diagnose obesity in the studied children [19,20]. We calculated BMI by dividing weight in
kilograms by the square of the height in meters.

2.2. Anthropometric Measurements

A group of two trained pediatricians and a nutritionist performed all anthropometric
measurements in the study population. We measured body weight and composition
using the Body Composition Analyzer Model IOI 353 scale (to 0.1 kg). Moreover, we
used a stadiometer board mounted on the wall to register height (to the nearest 0.1 cm).
We measured waist circumference (WC) using tape in a horizontal line at the midpoint
between the lowest rib and the iliac crest. We registered blood pressure with a digital
sphygmomanometer, following a fifteen-minute rest. We assessed pubertal development
according to the Tanner stages.

2.3. Biochemical Markers

We obtained blood samples after 12 h fasting to measure metabolic markers, including
glucose, insulin, uric acid, triglycerides, and liver function tests. We measured glucose,
aminotransferases, total cholesterol, high density lipoprotein (HDL) cholesterol, low density
lipoprotein (LDL) cholesterol, and triglycerides by enzymatic assays, using the Beckman
Coulter DxC 700 AU Chemistry Analyzer (Beckman Coulter Inc., Brea, CA, USA). We
determined serum insulin by ELISA (Abnova, Corporation, Taipei City, Taiwan).

We calculated the Homeostasis Model Assessment of insulin resistance (HOMA)
by multiplying fasting glucose (mg/dL) by fasting insulin (mU,/L) divided by 405. We
considered children with insulin resistance as having HOMA values > 3.4 [21,22].

2.4. Ultrasound Measurements

We used the Siemens Accuson 2000 ultrasound with high resolution (2 and 12 MHz)
to get all ultrasound images. We measured abdominal fat by calculating the preperitoneal
fat area (PFA). We placed a linear probe perpendicular to the skin of the median upper
abdomen, moving the probe longitudinally from the xiphoid process to the umbilicus along
with the midline to obtain an image that contained the maximum preperitoneal fat thickness.
We considered the PFA as the full height of the triangular-shaped area in the transversal
image. We measured the total preperitoneal area starting from the position of the maximum
preperitoneal thickness over a distance of 20 mm in the caudal direction [23]. We evaluated
the vascular structure as the intima-media thickness (IMT). We measured IMT in a supine
position, with the neck extended and the probe in the anterolateral place in a longitudinal
plane on the far wall of the left internal carotid artery 1 cm from the carotid bulb. A senior
expert radiologist performed five measurements on each study volunteer, using the average
IMT value for further analyses. We evaluated the inter-observer variability by calculating
Cohen’s kappa index, finding a k = 0.89, which suggests a high reproducibility when
measuring IMT. Depending on age and sex, we defined a high-risk IMT value when it fell
above the 75th percentile (p75), based on Bohm et al. [15].

2.5. Total Leukocyte Isolation and Flow Cytometry

We obtained 6 mL of venous blood from all study participants and placed them in
vacutainer tubes treated with EDTA. Immediately after, we centrifuged blood samples
at 1200 rpm for 10 min and took the layer of white blood cells to transfer it to 2.5 mL
Eppendorf tubes. We removed red blood cells using 1 mL ACK erythrocyte lysis buffer for
7 min at 4 °C. After centrifuging at 2000 rpm /4 °C for 5 min, we discarded the supernatant
and obtained the leukocyte fraction. Later, we rinsed the cells with phosphate buffer saline
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1X (PBS 1X), and after a centrifugation step at 2000 rpm/4 °C for 5 min, we transferred
the cell pellet to 0.6 mL Eppendorf tubes. We counted cells using a Neubauer chamber
by the Trypan blue exclusion test to determine the number of viable cells [20]. Next, we
transferred leukocytes to an additional 0.6 mL Eppendorf tube at a density of 2 x 10° cells
to incubate them with anti-CD14-PECy7 (BD Biosciences, Franklin Lakes, NJ, USA), anti-
CD16-PECy5 (BD Biosciences, Franklin Lakes, NJ, USA), and anti-CCR2-Alexa Fluor 647
(BioLegend, San Diego, CA, USA) for 20 min at 4 °C in the absence of light. Then, we rinsed
leukocytes with PBSIX and centrifuged samples at 2000 rpm/4 °C for 5 min. After that, we
discarded the supernatant and suspended the cell pallet in 200 uL. PBS. We acquired cells
using the BD FACS Canto II, acquiring 10,000 monocyte events in triplicate. We categorized
monocyte subsets according to CD14 and CD16 expression: CD147*CD16~, classical
monocytes; CD14"+CD167, intermediate monocytes; CD14*CD167, nonclassical monocytes
(Figure 1). Whereas the percentage of positive cells reflects the number of cells expressing
the target molecule, the mean fluorescence intensity (MFI) indicates how much the target
molecule is produced in a specific cell population. For this reason, we obtained the MFI for
CCR2, considering positive and negative cell populations for this marker. We obtained the
percentage of positive cells for CCR2 using proper fluorescence minus one (FMO) controls,
using UltraComp eBeads™ (Invitrogen™, Carlsbad, CA, USA) as compensation controls.
We performed flow cytometry assays in the same controlled-temperature cell culture room
between 9 and 11 in the morning to avoid procedural variations. We analyzed monocyte
subpopulations using the FlowJo software version 10.0.
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Figure 1. Gating Strategy. We first gated total leukocytes on a time/side scatter density plot and
selected the Zombie UV negative cell population for detecting living cells. Next, we gated living cells
for singlets on a forward scatter/trigger pulse width density plot. After recognizing cells by size
and granularity, we selected monocytes on the HLA-DR gate. Then, we gated monocytes using the
rectangular gating strategy on the CD14" /CD16* cell population to identify CD14**CD16~ cells as
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classical monocytes, CD147*CD16" cells as intermediate monocytes, and CD14*CD16" cells as
nonclassical monocytes (Figure 1). We obtained the median fluorescence intensity (MFI) for CCR2 by
considering both positive and negative cell populations. We got the CCR2" cell percentage using
fluorescence minus one (FMO) control. For each fluorochrome, we used compensation controls
through UltraComp eBeads™ (InvitrogenTM, Carlsbad, CA, USA). We analyzed data by the Flow]o
10.0.7 software (TreeStar, Inc., Ashland, OR, USA).

2.6. Statistics

We show data as mean =+ standard deviation (SD). According to IMT stratification,
nine obese girls showed an IMT value above the p75, whereas IMT fell above the p75
in seven obese boys. We used the unpaired student T-test to compare demographic,
cardiometabolic, and immune variables between girls and boys with and without increased
IMT. We used the Pearson correlation test to calculate correlation coefficients with 95%
confidence intervals between monocyte subsets and cardiometabolic outcomes. We used
the rank-based inverse-normal transformation to estimate the interaction levels in the
regression for sex, considering age and other metabolic and cellular variables. We adjusted
data by sex, age, and sex—age interaction in multiple regression analysis, considering a
minimum of ten subjects per variable to estimate regression coefficients, standard errors,
and confidence intervals. Kappa calculation for IMT measurements was used to evaluate
reproducibility of the data. We considered a p value < 0.05 as significant. We analyzed data
using SPSS version 22.0 and the GraphPad Prism 6.01 software (GraphPad Software, La
Jolla, CA 92037, USA).

3. Results
3.1. Participants Characteristics

We enrolled 33 children with obesity with an average age of 10.9 4 2.1, where 57.5%
were females. According to sex, we found differences in body composition, where fe-
males showed a significant 4.6% increase in body fat percentage (BFP), compared to males
(p = 0.008). Conversely, males presented 33.4% more visceral fat adiposity (VFA), compared
to females (p = 0.002) (Table 1). There were no differences between females and males for
BMI, WC, blood pressure, and PFA (Table 1). Children of both sexes presented similar
pubertal stages and glucose homeostasis, showing similar blood glucose values, glycosy-
lated hemoglobin, insulin, and HOMA (Table 1). Furthermore, there were no differences
between females and males for uric acid, lipid profile, and liver function tests (Table 1).
Children of both sexes also displayed similar IMT values, even after adjusting data by sex,
age, or the interaction between these two variables (adjusted R square = 0.252).

Table 1. Demographic, anthropometric, biochemical, and cardiovascular characteristics of the study

participants.
All Participants Girls ® Boys P avs. b
(1 =33) (n=19) =19 r
Anthropometric variables

Age (years) 109+ 21 11.0+24 107 £1.7 0.741
Weight (kg) 59.1 £15.1 57.8 £14.9 60.9 +£15.8 0.559
Height (cm) 147.6 +£10.8 1455 +11.32 1504 +9.8 0.210
BMI (kg/m?) 26.6 +3.3 26.8 + 2.9 264 +£3.8 0.786
Waist (cm) 86.5 +10.3 842483 89.7 £12.2 0134
SBP(mmHg) 1033 +9.8 1015 £9.7 105.6 + 9.8 0.247
DBP (mmHg) 68.7 £ 87 66.6+7.0 715 +£10.1 0118
BEP (%) 314 450 333438 287 £54 0.008
VFA (em?) 86.5 £34.5 713 £22.9 107.1 £37.5 0,002

PEA (cm?) 46+1.6 45+19 46+1.1 0.860
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Table 1. Cont.
All Participants Girls 2 Boys b ave. b
(n=33) (n=19) =14 v
Puberty Stages
Tam‘e{ Stage 133% 33.3% 583%
2 20% 16.7% 25%
3 10% 5.6% 26.7% 0111
4 23.3% 38.9% 0%
5 3.3% 5.6% 0%
Glucose Homeostasis
Glucose (mg/dL) 88.6 + 84 88.9 + 8.7 86.8 +8.2 0.493
HbAlc 53402 52401 53+0.2 0.183
Insulin (mg/dL) led +14 169+£72 156 £10.2 0.687
HOMA 37+1.9 404+17 34+23 0.403
Biochemical variables
Uric acid (mg/dL) 57 +1.0 58 +1.0 56+1.1 0.958
TG (mg/dL) 138.5 + 54.5 1334 +£45.3 145.4 + 663 0.567
ALT (UI/L) 248418 228485 2754+133 0.235
AST (UI/L) 281+72 263 + 6.8 305+ 6.8 0.105
GGT (UI/L) 16.2 £ 0.9 149 £3.7 18.0+6.5 0.134
Cardiovascular variables
Tot Chol (mg/dL) 163.7 £ 21.0 162.0 £ 18.6 166.0 & 24.5 0.603
HDL (mg/dL) 4004+78 40.0 £ 8.0 39.9+78 0.965
LDL (mg/dL) 107.2 +17.9 107.0 + 16.5 107.5 + 203 0.938
LDL/HDL Ratio 27 +01 2.7 £ 06 27+07 0.924
IMT (mm) 0.56 + 0.1 0.58 + 0.10 055 +0.11 0.399

Values are expressed as mean (standard deviation) for normal distribution. T-test analysis, Bold data are p
values < 0.05. BMI: body mass index, SDB: systolic blood pressure, DPB: diastolic blood pressure, Tot Chol:
total cholesterol, HbAlc: glycated hemoglobin, HOMA: homeostasis model assessment, HDL: high density
lipoprotein cholesterol, LDL: low density lipoprotein cholesterol, TG: triglycerides, ALT: alanine aminotransferase,
AST: aspartate aminotransferase, GGT: gamma glutamyl transferase, BFP: body fat percentage, VEA: visceral fat
adiposity, PFA: preperitoneal fat area, IMT: intima media thickness. “3” and “P“ are placed to represent gitls and
boys and identify that the p value is the result of the comparison of both.

3.2. CCR2* Monocyte Subsets in Boys and Girls with Obesity and High Risk IMT

Among all study participants, seven boys and nine girls showed IMT values above
the p75. We found an overall increase in both CCR2* monocyte percentage (37.3 & 17.4%,
p = 0.017) and CCR2 expression (20.2 &= 4.3%, p = 0.017) in male obese children, compared
to females. The CCR2" classical monocyte percentage was 14.7 + 9.47% higher in male
obese children with subclinical atherosclerosis risk than in boys with IMT < p75 (p = 0.039).
Moreover, CCR2 expression in this monocyte subset was 20.3% =+ 1.02% higher in male
obese children with IMT > p75 than in boys with IMT values below the p75 (p = 0.029)
(Figure 2).

The intermediate monocyte subpopulation displayed similar behavior, where the
CCR2* cell percentage was 50 & 36.7% higher in male children with IMT > p75 than in
boys with IMT below the p75 (p = 0.044). The CCR2 expression was 16.1% =+ 6.5% higher
in intermediate monocytes from boys with IMT > p75 than in male children without
subclinical atherosclerosis risk (p = 0.047) (Figure 3).

The proportion of nonclassical monocyte expressing CCR2 was 92.34 80.1% higher in
male children with IMT > p75 than in those without a high-risk IMT (p = 0.037) (Figure 4).
Moreover, the CCR2 MFI was 23.1 & 8.4% higher in nonclassical monocytes from male
children with high cardiovascular risk than in males with normal IMT (p = 0.020) (Figure 4).
We found no differences in obese girls with IMT below the p75.
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Figure 2. Evaluation of (A) the proportion of CCR2 in classical monocytes and intima media thickness
(IMT) and (B) expression of CCR2 in classical monocytes and intima media thickness (IMT) by sex.
We considered a high-risk IMT > p75 and compared differences by the student T-test, considering a
p value < 0.05 as significant.
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Figure 3, Evaluation of (A) the proportion of CCR2 in intermediate monocytes and intima media
thickness (IMT) and (B) expression of CCR2 in intermediate monocytes and intima media thickness
(TMT} by sex. We considered a high-risk IMT = p73 and compared differences by the student T-test,
considering a p value < 0,05 as significant.
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Figure 4. Evaluation of (A) the proportion of CCR2 in nonclassical monocytes and intima media
thickness (IMT) and (B) expression of CCR2 in nonclassical monocytes and intima media thickness
(IMT) by sex. We considered a high-risk IMT > p75 and compared differences by the student T-test,
considering a p value < 0.05 as significant.

3.3. Correlation between CCR2*™ Monocyte Subsets and Children with Obesity and High Risk IMT

Furthermore, we explored potential associations of classical, intermediate, and non-
classical monocytes expressing CCR2 with cardiovascular and metabolic risk factors, such
as HOMA and IMT. Interestingly, we noticed that males but not females displayed a strong
positive correlation of CCR2" circulating monocytes with IMT > p75 (Table 2). We also
found that CCR2* classical, intermediate, and nonclassical monocyte percentage and CCR2
expression in these three monocyte subsets correlated with higher IMT values in males
but not females (Table 2). The CCR2* nonclassical monocyte percentage had the strongest
association with IMT in males but not females ( = 0.72, p < 0.01). Additionally, we observed
a strong correlation of CCR2* nonclassical monocytes with insulin resistance (r = 0.80,
p < 0.01) in males with IMT > p75 but not females with the same criterion for subclinical
atherosclerosis (Table 2). We did not observe significant correlations between monocyte
subsets expressing CCR2" with IMT or insulin resistance levels in female children, even
those with IMT > p75 (Table 2).

Table 2. Correlation of monocyte subsets expressing CCR2 with IMT and HOMA in boys and girls
with obesity.

CCR2 % CCR2MFI
IMT = p75 HOMA >34 IMT = p75 HOMA > 3.4
oM gqys (n=14) r= 0.567* 0.07-0.85) r=0.21(-045-072) r=0.,61* (0.20-0,86) r= 0.22_(—0.45—0‘701
Girls (2=19) r=—0.05 (—0.68-0.58) ¥ =—0.11 (—0.72-0.60) ¥=022 (—0.36-0.72) ¥=-021(-0.88-0.42)
™ Boys (n =14) *=0.62% (0.17-0.88) r=041(—0.12-088) r=0.62%(0.19-0.91) r=10.52 (—0.00-0.86)

Girls (1 =19) r=0.27 (~0.27-0.88) r =003 (—0.62-0.80) r = —0.04 (—0.60-0.48) ¥ =007 (—0.68-0.50)
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Table 2. Cont.
CCR2% CCR2 MFI
IMT > p75 HOMA >34 IMT > p75 HOMA > 34
NCM Boys (n=14) r=0.72 ** (0.38-0.91) + = 0.80 ** (0.60-0.93) r=0.73 ** (0.45-0.91) r=0.70 **{0.40-0.90)
Girls (12 = 19) 7 = 0.15 (—0.39-0.74) = —0.22 (—0.71-0.40) 7= —0.21 (—0.75-0.33) 7= —0.20 (—0.69-0.37)

CCR2 (%) indicates the percentage of monocytes expressing CCR2, while CCR2 (MFI) denotes how big CCR2 is
expressed in each monocyte subset. We considered children with IMT > p75 to have a higher risk for subclinical
atherosclerosis. We considered HOMA > 34 as a higher risk for insulin resistance. The number of gitls we
analyzed was 19, whereas we incorporated 14 boys into the study. The table shows correlation coefficient values (7}
that we calculated by Pearson’s correlation coefficient with 95% confidence intervals written between parentheses.
We considered significant values when p < 0.05, indicating them in bold as follows: * p <0.05, * p < 0.001. CM,
classical monocytes; IM, intermediate monocytes; NCM, nondassical monocytes; MFI, mean fluorescent intensity;
IMT, intima-media thickness; HOMA, homeostasis model assessment for insulin resistance.

4, Discussion

The contribution of sexual dimorphism in synergy with monocyte subpopulations
expressing CCR2 to the development of atherosclerosis, since early ages is still unclear.
Studies in animal models and human adults show that CCR2 expression in monocytes is
associated with increased arterial wall inflammation and atherosclerosis progression, where
males exhibit more robust CCR2 expression than females [15]. Herein, we used IMT > p75
adjusted by sex and age as an early surrogate marker of subclinical atherosclerosis and
cardiovascular risk in children with obesity instead of using a cutoff value of IMT that
could lead us to bias and data misinterpretation [15]. In this scenario, we found that only
boys with IMT > p75 showed increased CCR2 expression in classical, intermediate, and
nonclassical monocytes, compared to girls that also exhibited considerably high IMT values.
In line with our results, two independent studies previously reported that compared to
ferales, male adolescents display higher circulating levels of MCP-1, a CCR2 ligand whose
interaction stimulates monocyte mobilization toward damaged tissues [16,24]. Simoes and
coworkers observed that boys with obesity showed increased serum amyloid A (SAA)
values, compared to girls; SAA induces MCP-1 production in monocytes and is associated
with a higher risk of atherosclerosis [25,26]. These findings suggest that the atherosclerotic
process may begin early in childhood in a sex-dependent fashion, resulting from the inter-
action between obesity, monocyte activation, and intima-media progressive thickening. As
mentioned, the binding of the chemokine MCP-1 to CCR2 in circulating monocytes is one
of the earliest steps in atherogenesis and is intimately linked to IMT continuing enlarge-
ment [27,28]. Okumoto and coworkers reported that monocytes expressing CCR2 correlate
with increased IMT and are an independent risk factor promoting atherogenesis [29]. In this
study, we observed a strong positive correlation of CCR2 expression in all monocyte subsets
with IMT in male children but not in girls. Notably, nonclassical monocytes from boys
with elevated IMT exhibited the highest increment in CCR2 expression, compared to male
children with average IMT values and girls with and without IMT > p75. Nonclassical and
classical monocytes are recruited to vascular fatty streaks to form the atherosclerotic plaque,
where classical monocytes migrate into the vascular wall, and nonclassical monocyte sub-
sets remain in the lumen exerting patrolling functions [30]. It is feasible that the increase in
nonclassical monocytes expressing CCR2 may reflect an attempt of these immune cells to
repair the injured vascular endothelium, a notion suggesting the use of these cells as an
early marker of subclinical atherosclerosis in cbese boys.

The sexual dimorphism we saw in this work is supported by other studies in adults
where monocyte subsets are linked to increased IMT in a sex-dependent fashion. Cannon
and coworkers observed a positive correlation between IMT and nonclassical monocytes,
where men showed a higher nonclassical monocyte percentage than women [31]. Feinstein
and coworkers recently reported in male adults but not females that nonclassical monocytes
correlate with IMT expansion during a ten-year follow-up [32]. Rogacev and coworkers
found a higher classical monocyte percentage in male patients subjected to coronary an-
giography than in women facing the same procedure [33]. Altogether, this information
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expands the knowledge behind the increased risk of developing atherosclerosis in males
with obesity, compared to overweighed females, where monocyte subsets dynamically con-
tribute to plaque formation. Studies in adult subjects found that classical and intermediate
monocytes could predict adverse cardiovascular events [33,34]. Feinstein and coworkers
reported that nonclassical monocytes could be an early biomarker of pre-atherosclerotic
vascular lesion formation [32]. Larger studies in children are needed to evaluate the use of
circulating monocyte subpopulations as accurate predictors of subclinical atherosclerosis.

Insulin resistance is defined as a reduce response of insulin-target tissues, such as the
liver, skeletal muscle, and visceral fat to insulin action [35]. Insulin resistance leads to per-
sistent hyperglycemia and is a risk factor intimately linked to atherosclercsis development.
In an insulin-resistant setting, a reduced nitrite oxide (NO) bicavailability induces vascular
damage, increasing the expression of adhesion molecules and inflammatory cytokines with
the ability to promote monocyte recruitment and infiltration to the blood vessel wall [36].
It was our rationale behind estimating insulin resistance in our cohort of obese children,
analyzing potential associations of monocyte subsets, expressing CCR2 with IMT and
insulin resistance. Other studies in adult individuals looked for similar correlations be-
tween circulating monocytes and markers of altered glucose homeostasis associated with
atherosclerosis progression. Poitou and coworkers observed that nonclassical monocytes
were independently associated with fasting glycemia [37]. Mine and coworkers found
increased CCR2 expression in circulating monocytes from diabetic patients, compared
to control subjects, informing a direct correlation of CCL2 serum levels with glycated
hemoglobin (HgAlc) [38]. Gallego-Suarez and coworkers reported a positive correlation of
classical monocytes with HOMA in children with high BMI [39]. In line with these findings,
we found a strong positive correlation of CCR2 expression in nonclassical monocytes with
insulin resistance only in male children with IMT » p75. We encourage other research
teams to assess whether the interaction between monocyte subsets expressing CCR2 and
insulin resistance, as surrogate markers of subclinical atherosclerosis, can help understand
the development of subclinical atherosclerosis early in life. Recently, research in this field is
gaining attention because of novel therapeutic approach that blocks the CCL2-CCR2 axis
and may improve atherosclerosis disease [40].

Due to the increasing obesity rates, cardiovascular events are still the leading cause
of mortality worldwide, above all in men. Ischemic cardiovascular disease caused by
atherosclerosis is more prevalent and often occurs earlier in men than in women [14].
Cardiovascular diseases are linked to insulin resistance and T2D, which are more prevalent
in males than females [41]. Our findings in obese boys with IMT above average values indicate
that sexual dimorphism can appear early in life. Sex differences in body composition exist
even before exposure to gonadal hormones [42]. Males cumulate more visceral adipose tissue
(VAT), whereas females amass more subcutaneous adipose tissue (SAT) [43]. Numerous lines
of research have consistently reported that VAT gain triggers low-grade inflammation and
monocyte activation, increasing the risk of developing insulin resistance, T2D, atherosclerosis,
and ischemic heart disease [44]. In line with these findings, we observed that male children
with obesity had more VAT than females, which could partially explain the increase in CCR2
expression in circulating monocytes from boys with IMT > p75.

This pilot study has some limitations. First, although statistically acceptable, the
sample size appears small to estimate whether potentially confounding variables, such
as sex or sexual development, may impact the measurement of intima-media thickness.
To lessen the effect of this limitation, we adjusted data by age, sex, and the interaction of
sex with age in multiple regression models, finding that only age but not sex appears to
influence IMT. Another limitation of the study is that we analyzed body composition using
a Body Composition Analyzer Model [O] 353 scale suitable for examining the pediatric
population, However, if available, we would have liked to evaluate body composition
using dual-energy X-ray absorptiometry (DEXA) or magnetic resonance imaging (MRI).
Conversely, a strength of the work is that children enrolled in the study had no previous
pharmacological treatment that could influence CCR2 expression, monocyte subset dy-
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namic, or IMT values. We are now working on increasing the number of children enrolled
in the study to clarify the contribution of circulating monocytes expressing CCR2 and other
chemokine receptor repertoires to atherosclerosis development in a sex-dependent fashion.

5. Conclusions

In conclusion, CCR2 expression in circulating monocyte subsets is associated with elevated
IMT and insulin resistance in male children with obesity. Circulating monocytes expressing
CCR2, mostly nonclassical monocytes, may contribute to atherosclerotic plaque formation in a
sex-dependent fashion, where boys appear to be at increased cardiovascular risk.
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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
multivle 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 pattern 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
lioopolysaccharide. 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 pattern 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 ancsmia. 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 stimull, 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-18 compared to mild cases. Likewise, CD14++CD16- classical and
CD14+CD16+ non-classical monocytes lost their ability 1o produce IFN-alpha in
respense 1o 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 o 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 dinical 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 dlinical 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, induding the programmed cell death
protein 1 (PD-1) (13-15). In parallel, the ability of classical and non-
classical 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 secking 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 (HBYV), 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 Analyzer (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-2 in in vitro culture settings, using the SARS-CoV-2
recombinant spike $1 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
(Sp02) 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 pl 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 Wl supplemented RPMI-1640 for 2 hours. The subsequent three
wells had 200 pl blood plus 400 pl 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 pl
blood plus 1.2 ml supplemented RPMI-164¢ 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 81 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 pg/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. Immediately 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 5x1 0° 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) (Invitrogenm, 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, Invitrogenm, 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 compensation controls for each fluorochrome by
UltraComp eBeads™ (Invitrogenm, Carlsbad, CA, USA). We
analyzed data using the FlowJo 10.0.7 software (TreeStar, Inc,
Ashland, OR, USA).

Total IlgG 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
satnples for posterior serum isolation and measurement of anti-
SARS-CoV-2 1gG 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 GOVID-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
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FIGURE 1 | Schermatic flow chart showing the selection process of eligible participants. SpOZ, oxygen saturation level; SARS CoV 2, severe acute raspiratany
syndrome coronavirus type 2; qPCR, guantitative polymerase chain reaction; COVID-18, coronavirus disease 2018,

exhibited specific TgG serum antibody titers against the SARS-
CoV-2 N protein (n = 7) or got the Pfizer-BioNTech COVID-19
vaccine (n = 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 comorbidilies 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
afler 9-12 days (Table 2). Conversely, one woman and five men
developed severe COVID-19 characterized by the symptoms
mentioned above, plus respiralory disiress (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 patticipants 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
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baseline characteristics nor the dlinical 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

Supplemenlary Figure 2A illusitrales the galing stralegy lor
analyzing IL-2, IFN-gamma, and PD-1 expression in
CD3+CD4+ T cells stimulated with anti-CD3, anti-CD28, poly
I.C, and SARS-CoV-2 recombinant spike $1 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 1L-2 in blood
samples (realed with polyclonal slimuli [rom participants who
developed mild or severe COVID-19 during the follow-up
(Figure 2A). In response Lo pelycenal i vifro stimulation, the
percentage of CD3+CD4+TL-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 CD34CD4+ T
cells expressing [FN-gamma in whole blood samples exposed to
polyclonal molecules from participants who experienced mild or
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TABLE 1 | Bassline characteristics of the stucly participants.

Parameter Baseline characteristics in the entire study population Baseline char istics onlyin Ref ranges P value®“s "
participants who developed
COVID-19
Mile® Severe®
Gender (W/M) 41/64 2/4 1/5 - 0.505
Age fyears) He+11.2 473 +£10.3 45 £ 9.6 - 0.343
BMI fkg/m®) 273+48 2616 255+1.1 <250 0.458
Obesity (VM) 14410 0/0 oA - 1.000
D prevalence (%) 6 0 0 - 1.000
Hypertension prevalence (%) 8.6 0 0 - 1.000
Coronary heart disease (%) 1.7 0 0 - 1.000
Heart rate (beats per minute) 75.4 +10.8 725 +59 705 +52 60-100 0.550
Breathing rate fopm) 157 £33 165 +256 156 +28 15-20 0.609
Body temperature {°C) 36.2+02 361 +£0.2 361 +04 =375 =0.999
Systolic hlood pressure {mmHg) 1286 + 183 1245 +11.5 1258 +7.2 <130 0.816
Diastdlic blood pressure (mmHg) 821 +£11.3 785 +9.3 801 +6.3 <85 0725
Peripheral oxygen saturation (%) 95822 956 1.0 9.1 +2.7 =01 0.682
Leukosytes (x10%ul) 63+12 61+08 69+18 4.00-11.00 0.213
Neutrophil percentage (%6) 583 886 56.2 £10.4 572+7.2 37.00-80.00 0.367
Lymphocyte percentage (%) 31572 33896 27441 10.00-50.00 01086
Menosyte percentage (%6) 5808 6303 7418 0.00-8.00 0.084
Band cells (%) 004 £003 0.08 £ 0.08 0.00 +0.00 0.00-7.00 0.216
Hemoglobin {g/dl) 167 1.0 162 1.4 169 £ 0.7 13.1-18.00 0173
Platelets (x10%ul) 2193 £246 180 £ 22.9 2086 £ 26.5 150 -400 0.053
Glucose {mg/dl) 963 £7.4 83.4 £ 61 92 £ 9.7 70.0-126.0 0.447
Urea {mg/d)) 302 =886 286 £4.9 39.2 £10.5 20.00-40.00 0.059
Creatinine fmgy/dl) 1102 09«01 08+0.1 0.60-1.30 0.180
Total Cholesterol fmg/dl) 207.9 £48.0 178.8 £ 18.3 171.4 £37.5 50.0-200.0 0.350
Triglycerides (mgy/d) 180.5 £ 826 196.8 £ 104 134.8 £ 59.1 20.0-200.0 0.140
HDL {mg/dl) 44.7 £85 406 £10.8 41+94 <45.00 0.475
LDL {mgy/cly 1106 £34.2 114.6 £33.3 1178 +28.4 <116.00 0437
Total bilirubin {(mg/dl) 09«01 07«02 0702 0.00-1.00 0.423
Direct bilirubin {mg/dl) 0.2 <01 0.2+01 01 +0.086 0.00-0.30 0.211
Indirect bilirubin (mg/dl) 05+02 05£02 06+0.2 0.20-1.00 0.421
ALT QU 304 £89 276 £96 24+£99 30-65 0.288
AST QU 282 £56 236 £68 194 £3.6 15-37 0129
ALP (U7 515 £14.1 176 168 59.2 £ 15.7 50-136 0.116
GGT (U1 31.2£19.7 36.4 £31.0 357 £17.4 5-40 0.485
Total Protein fmg/cll} 7101 7.2£01 7102 6.50-8.20 0.275
Alburmin fmg/dl) 4804 429 £02 4403 3.50-5.00 0.267
LDH Uy 1942 £17.0 1792 £47 162.6 £ 25.0 100-190 0.118
Amylase (U} 51.3+1586 455 £13.2 474 171 25-115 0.430
Lipase (UM} 374 £14.8 285125 248 +£10.8 12-70 0324

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-T18,
coronavirus disease 2019; W, wommen; M, men; BMI, body mass index; D, type 2 diabetes: bprn, breaths per minute; HDL, high-density fipoproteins: LOL, low-density fipoproteins; ALT,

afanine aminotransferase; AST, aspartat Tinotranst

s ALP, allkatine phosphatase: GGT, gamma glutamy! transferase; LDH, lactate dehydrogenase.

We show demographic, efical, and biochemical basefing parameters in af participants and those whe 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 expetienced
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
Mild COVID-1¢# Severs COMD-19P Reference AvsP
ranges
Fever (Yes/No) 4/2 51 <37.5°C 1.000
Anosmia (Yes/No} 4/2 33 - 1.000
Headache (Yes/No}) &/0 6/0 - 1.000
Myalgia (Yes/Noj 4/2 51 - 1.000
Arthralgia {Yes/No} 24 15 - 1.000
Diarrhea fYes/Noj 33 24 - 1.000
ICU admission (Yes/No) o/6 24 - 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 fopm) 19.8 +3.0 3BHx£31 15-20 <0.0001
Peripheral oxygen saturation (%) 951 1.7 TA0£78 =91 <0.0001
Leukocytes & 10%u) 5614 11.0+56 400-11.00 0.066
Neutrophil percentage (%) 486 =142 80.1 =156 37.00-80.00 0.044*
Lymphocyte percentage (%) 409 =130 1238 +£1438 10.00-50.00 0.043"
Monocyte percentage (%) 7301 5817 0.00-8.00 0.200
Band cells {%) 0.0+00 00«00 0.00-7.00 >0.999
Hemoglobin (g/dl) 167 =0.7 145+17 13.1-18.00 0.088
Platelets (><103/|,1\) 2735 +16.2 283.4 £1125 150-400 0.444
Glucose (mgrdl) 89.0 =127 208.9+921 70.00-100.00 0.088
Urea {(mg/dl) 348125 58.9 + 68.6 20.00-40.00 0.355
Creatinine {mg/dl) 0.9+00 16+23 0.80-1.30 0.354
Total Cholesterol fmg/dlly 1940=+424 67 =211 50.00-200.00 0.071
Triglycerides {mg/dl) 3445 +86.9 1628 £81.6 30.00-150.00 0.142
HOL {(mgr/dl) 325+7.7 270+82 =45.00 0.428
LDL fmg/clly 1180 +268 793 +£277 =115.00 0.142
Total bilirubin {(mg/dl) 08+03 05«01 0.00-1.00 0.500
Direct bilirubin (mg/dl) 0100 0100 0.00-0.30 >0.999
Indirect bilirubin (mg/dl 06«02 0.4 +01 0.20-1.00 0.500
ALT QU 375£275 492 £37.8 30-65 0.711
AST (UMY 235+6.3 485 +32.5 15-37 0.133
ALP QU 80028 993 £17.0 50-136 0.044*
GGT (U/) 46.0 £24.4 56.7 £27.3 5-40 0.755
Total Protein fmg/dl) 7.4+00 6.7 £0.6 6.50-8.20 0.166
Alburmin {mg/dl) 46+00 38+04 3.50-5.00 0.044*
LDH (U 1625 £ 388 354.6 £ 1465 100-190 0.088
Amylase (IU/) 450 £ 9.8 650 £ 66.8 25-115 0.700
Lipase (UM 440141 453 £ 456 12-70 0.810

We recorded data from alf COVID-19 participants at the anset 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 dlinical 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 < (00.05. The asterisks represent significant differences. COVID-19, coronavirus disease 2079 ICU, intensive care unit; bpm,
breaths per minute; HDL, high-density lipoproteins; LDL, low-density fpoproteins; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, afialine phosphatase; GGT,

gamma glutarmy! transferase; [ DH, factate 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, IFN-
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 GO3+CD4+ T cells in response to polyclonal stimuli i viro. {A) Representative daot-plots llustrating the

cormparisen of CO3+CD4+ T cells expressing IL-2 in blood samples treatec with polyclonal stimuli from particizants who developed mild cr severe COVID-19 during
the follow up. (B) Percentage of CD3+CD4+ T gells expressing IL 2 {C) Mean fluorescence intensity of IL 2 in CD3+CD4+ T gells. (D) Reprasentative dot plots
exemplifying the contrast of CD3+C04+ T cells expressing IFN-gamma in whole blood samples exposed 1o polyclonal molecules from participants who experienced
milo or severe COVID 19 throughout the fnllow up. (E) Parcantage of CD3+CD4+ T cells expressing IFN gamma. {F) Maan fluorescence infensity of IFN gamma in
CD3+CD4+ T cells. {G) Represertative dot-plots ilustrating the comparison of CO3+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. (H) Percentage of CD3+CD4+ T cells expressing PD-1. (1) Mean flucrescence
intensity of PD-1 in CD3+CDA+ T cells. {J) Representative dot-plots exemplifying the contrast of CD3+CD+ T oslls 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-18 throughout the: follow-up.

(K} Percentage of CD3+CD4+ T cells producing both IL 2 and IFN gamma aepanding on P01 exprassion. Prior to infection, we obtained whole blood samples
from all participants enrolled in the study and culturea thern with polyclonal stirnuli, incluaing anti-CO3, anti-CD28, poly 1:C, and SARS-CoV-2 recombinant spike S1
protein for two hours, We then acquired CD3+C04+ T cells on a BD FAGS Cante Il Flow Cytometer, acquiring 10,000 events per test in triplicate and storing data
until a participant got SARS-CoV-2 infection. Upen infection and dependling 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 milo COVID-19 group. Gray bars represent the severe COVID-19 group. We expressed data as mean +
standard deviation. We comparsd data using the unpaireo Student's T-test or two-way ANOVA and considersd differences significant when P < 0.05. IL-2
interleukin-2; IFN-gamma, interferon-gamme; PD-1, programmed cell death protein 1; MFI, mean fluorescence intensity; COVID-19, corcnavirus aiseass 2018,

SARS CoV 2, sevare acule respirafory syndrome coronavirus type 2

participants developing severe COVII>-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 Lo polyclonal melecules [rom participants
who experienced mild or severe COVID-19 throughout the
follow-up (Figure 3D). The percentage of CD3+CD8+IFN-

gamma+ 1" 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, 1FN-
gamma expression significantly decreased in the cylotoxic 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 CO3+CD8+ T cells in respanse to polyclonal stimuliin viiro, (A) Representative dot-plots ilustrating the
compariscn of CD3+CDE+ T calls expressing IL-2 in blood samples treateq with polyclonal stimuli from participants who developed mild or severe COVID-18 during
the follow-up. (B) Percentage of CD3+CD8+ T cells expressing IL-2. {€) Mean fluorescence intensity of IL-2 In CD3+CD8+ T cells. (D) Representative dot-plots
exemplifying the contrast of CD3+CD8+ T cells expressing IFN-gamma in whole blood samples exposed to polyelonal moleculss from particicants who experienced
milo or severe COVID- 1% throughout the follow-up. {E) Percentage of CD3+CD8+ T cells expressing IFN-gamma. {F) Mean fluorescence intensity of IFN-gamma in
CD3+CDa8+ T cells. {G) Representative dat-plots ilustrating the comparison of CO3+CD8+ T cells expressing PD-1 in blood samples freated with palyclonal stimuli
from participants who developed mild or severe COVID-19 during the tollow-up. (H) Percentage of CD3+CD8+ T cells expressing PD-1. (1) Mean fluorescence
intensity of PD-1 in CD3+CD&+ T cells, {J) Representative dot-plats exemplifying the contrast of CD3+CD&+ 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-18 throughout the: follow-up.

(K} Percentage of CD3+C08+ T cells producing both IL-2 and IFN-gamma aepending on PO-1 exprassion. Prior to infection, we obtained whole blood samples
from all participants enrclied in the study and cultured them with polyclonal stimuli, incluaing anti-CD3, anti-CD28. poly I'C, and SARS-Cal-2 recombinant spike 51
protein for two hours, We then acquirsd CD3+C08+ T cells on a BO FACS Canto || Flow Cytorneter, acquiring 10,000 events per test in tiplicats and storing data
until a participant gat SARS-CoV-2 infection. Upon infection and depending on the clinical course of the dizease, we analyzed flow cytometry data as part of the mild
or severe GOVID-19 growps. Black bars represent the mila SOVID-19 group. Gray bars represent the severe COVID-19 group. We expressed data as mean =
standard deviation. We compared data using the unpaireo Student's T test or two-way ANCVA and considered diferences significant when 2 < 0.05. IL-2
interleukin-2; IFN-gamma, interferon-gamma; PD-1, programmed cell death protein 1; MFI, mean fluorescenos intensity; COVID-19, coronavirus oisease 2018,

SARS-CoV-2, severe acute respiratory syndrame coronavirus type 2

comparison of CD3+CD8+ T cells expressing PD-1 in blood
samples treated with polyclonal stimuli [rom 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 Lo polyclonal molecules [rom
participants who experienced mild or severe COVID-19
throughout the follow-up (Figure 3J). However, PD-1
expression conditioned TL-2 and TFN-gamma production in
cytotoxic T cells, which expressed higher T1.-2 and TFN-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 LC, and recombinant spike S1
protein {data not shown).

IFN-Alpha Production in Monocyte
Subpopulations

Supplementary Figure 3 illustrates the galing sirategy for
cvalualing IEN-alpha expression in classical, intermediate, and
non-classical monocytes exposed to SARS-CaV-2 recombinant
spike S1 protein, poly T:C and LPS in whole blood in vitre
cultures (Supplementary Figure 3). Representative dot-plots
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illustrate the comparison of CD14++CDI16- classical
monocytes expressing 1FN-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 TFN-
alpha expression in this monocyte subset (Figure 4C).
Represenlalive dot-plols exemplily the conlrast of CD14+
+CD16+ intermediate monocytes expressing [FN-alpha in
whole blood samples exposed Lo polyclonal molecules [rom
participants who experienced mild or severe COVID-19
throughout the follow-up (Figure 4D}). Neither the percentage
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FIGURE 4 | IFN-glpha expression in classical, intermediate, and non-classical monocyte subpopulations in response ta polyclonal stimuli in vitro. {A) Representative
dot-plots ilustrating the comparison of GD14++CD16- classical monocytes expressing IFN-alpha in blood samples treated with polyclonal stimuli from participants
who developed milo or severe COVID-19 during the follow-up. (B) Percentage of CD14++CD16- classical monocytes expressing IFN-alpha. (C) Mean flucrescence
intensity of IFN-alpha in CD14++CD16- classical manocytes. (D) Representative dot-plots exemplifying the contrast of CD14++CD16+ intermediate monacytes
expressing IFN-alpha in whole bleod samples exposed to polyclonal malecules from participants who experienced mild or severe COVID-18 throughout the follov-
up. {E) Pargentage of CO14+4+C016+ Intermediate monacytes expressing IFN alpha. (F) Mean flucrescence intensity of IFN alpha in CD14++CD16+ intermediate
monocytes, {G) Representative dot-plots ilustrating the comparison of CO14+CD16+ non-classical monocytes exprassing IFN-alpha in blood samples treatsd with
palyclonal stimuli from participants who developed mild or severe COVID 19 during the fallow up. {H) Percantage of CD14+CD168+ non classical monocytes
expressing IFN-alpha. () Mean fluorescence intensity of IFN-alpha in C014+CD18+ non-classical monocytes. Prior to infection, we obtained whole blood samples
from all partigipants enrglied in the study and culturea them with polyclonal stimuli, inclucing poly 1:C. SARS CoV 2 recombinant spike $1 protein, and LPS. for two
hours. We then acquired monocyte cells on a BD FACS Canto || Flow Cytorneter, acquiing 10,000 events per test in triplicate and storing data until a participant got
SARS-CoV-2 infection. Upon infection and oepencing on the clinical course of the disease, we analyzed flow cytometry data as part of the mild or severe COVID-189
groups. Black bars represent the milkd COVID-18 group. Gray bars repressnt the severs COVID-19 group. We expressed data as mean + standaro deviation. We
compared data using the unpaired Student’s T-test and considered oifferences significant when P < 0.05. We defined classical monocytes as CO14++C0 18-,
intermediate menceytes as CO14++GD16+, and nen classical monceytes as CD14+CD18+. IFN alpha, interferon alpha; MFI. mean fluorescence infensity;
COVID-18, corenavinus disease 2019, LPS, lipopolysaccharide: SARS-CaV-2, severe acute respiratory syndrome coronavirus type 2.
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FIGURE 5 | Total lyG and neutralizing antibodies anti-SARS-CoV-2 in the
stuay participants. (A) Total IgG serum antibodies against the N protein of the
SARS-CoV-2 in participants who developea mild or severe COVID-19 during
the follow-up. (B) Percentage of neutralizing antibodies anti- SARS-CoV/-2 in
participants whao devsloped mild or severs COVID-18 during the follow-up.
We measured total |gG or neutralizing antibocies one month after clinical
recavery of participants. Black bars represent the mild COVID-18 group. Gray
bars represent the severe COVID-19 group. We expressed data as mean o
standard deviation. We compared data using the unpairea Student's T-test
ano considered differences significant when P = 0.05, 193, irmmunoglobulin G;
SARS CoV 2, severe acule respiratary syndrome coronavirus type 2;
COVID-19, corcnavirus 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 [FN-alpha in
blood samples treated with polyclonal stimuli from
parlicipants 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
wheo 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 parlicipants
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%06.4, respectively, P = (.886)
(Figure 5B). Thus, defective expression of IL-2, IFN-gamma, and
1FN-alpha in 1" lymphocytes and monocytes did not affect the
production of either total IgG or neulralizing 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 [ormed 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
cxperienced mild COVID-19 symploms exhibil a diflerent
immune expression paltern 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 siimuli intimately associated with
COVID-19 progression, wherein CD4+ and CD8+ T cells fail

Fromtiers in Immunolegy | e trontiersinog

July 2022 | Volurme 13 | Article 897985

79



Viurcos-Sanabria et al.

Celular Immunity in COVID-19 Severity

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 il 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

Frontiers in Immunology | wwwfrontiersin.org

July 2022 | Volume 13 | Article 897995

80



Viurcos-Sanabria et al.

Celular Immunity in COVID-19 Severity

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 §
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 paositive 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. Moreovet, 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 detectIL-2 production in CD3
+ T cels. 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 productionin CD3
+ T cells. IFN-gamma production peaked after 2 hours on in vitro culture and
showed no significant diferences 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 CDH 4+ monocytes. IFN-alpha production peaked after 2 hours on in
vifro culture and showed no significant differences at 8, 12, and 24 hours. We
expressed data as mean + standard deviation. We compared the production of IL-
2,IFN-gamma, andIFN-aloha at 0, 1, 2, 6, 12, and 24 hours using one-way ANOVA
and considered differences significant if # < 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+ lymphooyte subsets and measuring IL-2, IFN-
gamma, and PD-1 precisely. {B) Gating strategy for selecting primary human CD3+CD8
+ lymphocoyte 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.
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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 [L-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 11.-15-to-albumin ratio compared to survivors (167.3 & 63.8 vs. 74.2 £ 28.5), a
difference that was more evident than that found for [L-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: [1.-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/ mz),
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, CRE, 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 (VacutainerTM, 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 (AURQOC) 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.
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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) 5p0, <90% on room air, and/or
b) tachypnca >30 breaths/min, and/or
) »50% lung involvement on imaging, and
d) specific detection of
SARS-CoV-2 by qPCR
Exclusion criteria:
1) Diagnosis or treatment for cancer,
autoimmune disease, HIV, HCV, HBV
2) Long-term immunomodulatory
Therapy
3) Pregnancy or lactation

Patients envolled in the study (1 = 378)

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

Follow-up until hospital
discharge or death

Survival (1 = 255) Non-survival (12 = 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=05,p=03,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 (# = 84) of non-survivors required admission to the inten-
sive care unit (ICU) for invasive mechanical ventilation, whereas only 23.5% (n = 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 (# =123) p Value

Gender (W/M) 137/241 97/158 40/83 0.3
Age (years) 54 +13.7 514 +13.2 589 +13.7 <0.001 *

BMI (kg/m?) 267 + 4.8 258+ 6.7 275+ 44 0.3
Heart rate (bpm) 89 £13.2 877 £12.9 924135 0.005 *
Breathing rate (bpm) 241441 23.6 £3.9 252+45 0.001 *
Oxygen saturation (%) 83+ 95 845+ 87 798 £12.5 <0.001 *
ICU needing (%) 143 (37.8) 60 (23.5) 84 (68.3) <0.001 *
Inpatient days 121492 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; BND, brain natriuretic peptide.

Parameters Total (# = 378) Survival (n = 255) Non-Survival (# =123) p Value
Neutrophils (x10%/mL) 8.6+ 5.6 6.7 +£39 12467 <0.001
Urea (mg/dL) 59.8 £54.7 351 +14.1 96.8 +70.8 <0.001
Uric Acid (mg/dL) 62+3.1 52+17 8+43 0.001
AST (IU/L) 372+19 334153 46 £+ 23 0.008
ALP (IU/L) 93.3 +£33.2 84.8 4+ 28.3 109.9 £ 36.4 0.003
LDH (U/L) 3933 + 2249 311.2 + 1444 539 4 268.2 0.001
CK-MB (IU/L) 2214+78 19.8+5.6 27 £9.9 0.002
BNP (pg/mL) 151.2 + 3046 19.1 £11.5 291.4 £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 &+ 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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Sensitivity %

Albumin (mg/dL)

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

B
40+ p =0.0004 600 - p < 0.0001 200 p < 0.0001
35 180 o
500 o
304 £ 100
- = 1404
25 £ 400 =
all S % 120
2.0+ % 300 2 100
154 et S 80
= 2004 S g
1.0 5
= 4
100 =
05 20
0.0 T T [ T T 0 T T
Survivors Non-survivors Survivors Non-survivors Survivaors Non-survivors

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+ e v 100 A Y 100 a
o r_r_r_rw.—..l
80 - 4
d 80 g
{ = =
60 b 2 60 2 60 }-(
e g £
4014 2 a0 2 40
@ 2 £
Il (] w 1§
204} AUC = 0.797 (95%Cl 0.678-0.915) 204 AUC = 0.797 (95%Cl 0.675-0.889) 204 - AUC =0.841 (95%Cl 0.725-0.922)
i p<0.001 p<0.001 P <0.001
Q T T T T Q T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100 - Spegcificity % 100 - Specificity % 100 - Specificity %

Figure 3. The area under the receiver operating characteristic curves for albumin, [L-15, and the IL-15-to-albumin ratio.
(A) AUROC for albumin. (B) AUROC for IL-15. (C) AUROC for the [L-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; Cl, confi-
dence interval.

The use of [L-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 1L-15 significantly increased the AUROC
values of the neutrophil count, blood urea, AST, and CRF, 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
[L-15-to-oxygen saturation ratio, [L-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; C, 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
laberatory 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-2R3 /TL-15R«x
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, [L-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 [L-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 [L-15 worsen survival prognosis in COVID-19.
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Another phenomenon captured in our study involves the unexpected finding that
there was no difference between survivers and non-survivors for gender and BMIL 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 notbe 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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Abstract: Increasing evidence has demonstrated that oxidized low-density lipeproteins (oxLDL) and
lipopolysaccharide (LPS) enhance accumulation of interleukin (IL)-1 beta-producing macrophages
in atherosclerotic lesions. However, the potential synergistic effect of native LDL (nLDL) and LPS
on the inflammatory ability and migration pattern of monocyte subpopulations remains elusive
and is examined here. In vitro, whole blood cells from healthy donors (n = 20) were incubated with
100 pg/mL nLDL, 10 ng/mL LPS, or nLDL + LPS for 9 h. Flow cytometry assays revealed that
nLDL significantly decreases the classical monocyte (CM) percentage and increases the non-classical
monocyte (NCM) subset. While nLDL + LPS significantly increased the number of NCMs expressing
IL-1 beta and the C-C chemokine receptor type 2 (CCR2), the amount of NCMs expressing the CX3C
chemokine receptor 1 (CX3CR1) decreased. In vivo, patients (n = 85) with serum LDL-cholesterol
(LDL-C) >100 mg/dL showed an increase in NCM, IL-1 beta, LPS-binding protein (LBP), and
Castelli’s atherogenic risk index as compared to controls (n = 65) with optimal LDL-C concentrations
(<100 mg/dL). This work demonstrates for the first time that nLDL acts ih synergy with LPS to alter
the balance of human monocyte subsets and their ability to produce inflammatory cytokines and
chemokine receptors with prominent roles in atherogenesis.

Keywords: atherogenesis; monocyte subpopulations; native LDL; LPS; IL-1 beta; CCR2; CX3CR1; LBP

1. Introduction

Atherosclerosis is a chronic inflammatory disease of the arteries and a leading cause
of death worldwide [1]. Atherogenesis is the pathological process through which athero-
matous plaque is formed in the inner layer of the arteries, leading to vessel thickening,
arterial remodeling, and potential obstruction of blood flow at the site of the lesion [2].
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Atherosclerotic plaque formation is a highly dynamic process involving the adhe-
sion of circulating monocytes to the tunica intima, wherein these cells differentiate into
macrophages [3]. Then, monocyte-derived macrophages can migrate to the subendothelial
space and turn into foam cells after ingesting oxidized low-density lipoproteins (oxL.DL),
triggering an inflammatory response that injures endothelial cells and promotes arterial
remodeling [4]. In this scenario, the role of macrophages and oxL.DL in atherogenesis
appears to be clear [5]; however, monocytes and native LDL (nLDL) might also contribute
to atherosclerosis by mechanisms that are not yet fully understood.

In the blood stream, human monocytes are sorted into three subsets based on the
cell surface expression of CD14 and CI216 [6]. Classical monocytes (CMs) express high
CD14 levels but do not express CID16 (CD14++CD16—). Intermediate monocytes (IMs)
exhibit CD16 expression and high CD14 levels (CD14++CD16+), while non-classical mono-
cytes (NCMs) also express CD16 but show low CD14 levels (CD14+CD16+) [7]. Upon
lipopolysaccharide (LP'S) stimulation, human monocyte subpopulations differentially re-
spond to produce interleukin (IL)-1 beta, a proinflammatory cytokine with key roles in
atherosclerosis [8]. Monocyte subsets also differentially express the C-C chemokine re-
ceptor type 2 (CCR2) and the CX3C chemokine receptor 1 (CX3CR1), each of which are
chemokine receptors with prominent functions in cell migration and endothelial adhesion
during atherosclerosis [9,10].

The immune function of monocyte subpopulations is regulated by prototypical fac-
tors such as LPS, double-stranded ribonucleic acid (dsRNA), and tumor necrosis factor
alpha (TNF-alpha) [11,12]. However, emerging evidence suggests that non-prototypical
immunometabolic ligands can also influence the cytokine and chemokine expression profile
in these cells. In this sense, excess glucose increases TNF-alpha expression in in vitro cul-
tured primary human monocytes [13]. Free-fatty acids induce IL-1 beta secretion in in vitro
cultured THP-1 cells and primary human monocytes [14]. Furthermore, immunometabolic
agents can also act in synergy with prototypical immune factors to regulate the activity of
monocyte subsets. In this regard, low concentration of high-density lipoproteins (HDL)
increases IL-1 beta expression in NCMs stimulated with LPS and in subjects with high
serum levels of LPS-binding protein (LBP) [15-17]. On the contrary, the study of the action
of LDL in monocytes has been restricted to its role as oxLDL [4,5], even though accumu-
lating evidence also suggests that monocytes and nLDL could interact in circulation, thus
contributing to atherosclerotic plaque formation [18,19]. In this sense, elevated circulating
nLDL levels are associated with an increment in the percentage of CMs that can migrate
into endothelial tissue by mainly expressing CX3CR1 and CCR2 in ApoE~/~ mice, an animal
model of atherosclerosis [20]. In parallel, LPS directly increases lipid deposition in primary
human adventitial fibroblasts, inducing secretion of molecules with prominent roles in
atherosclerosis such as monocyte chemoattractant protein 1 (MCP-1), the main ligand for
CCR2 [21]. Interestingly, consumption of Western-style high-fat diets is associated with
increased serum LPS levels in humans [22,23]. However, the potential contribution of nLDL
and LPS to the inflammatory activity of human monocyte subsets during atherogenesis
remains unclear.

The main goal of this study was to examine the effect of nL.DL on the immune function
of human monocyte subpopulations in in vitro LPS-stimulated primary monocytes and in
patients with high LDL-cholesterol (LDL-C) and LBP serum levels.

2, Materials and Methods
2.1. In Vitro Culture of Primary Human Monocyles

Twenty healthy blood donors with LDL-C serum levels less than 100 mg/dL and
high-sensitive C-reactive protein (hs-CRP) serum values of 1.35 & 0.26 mg/L, on average,
were enrolled in the study. Each participant agreed to donate 8 mL of blood, which was
collected into a tube containing heparin (VacutainerTM, BD Diagnostics, Franklin Lakes, NJ,
USA). Subsequently, whole blood samples were individually divided and placed in 6-well
cell-culture plates (Costar, Kennebunk, ME, USA), adding 2 mL of blood plus 1 mL of

97



Biomolecules 2021, 11, 1169

30f15

RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 5% fetal bovine serum
(EFBS), 2 mM L-glutamine, 10 nM HEPES buffer, and 50 ug/mL gentamicin (GibcoTM, Grand
Island, N'Y, USA) per well. The blood sample contained in the first well was designated as
the control and received 300 1l of RPMI-1640 for 9 h. The second well was incubated in the
presence of 100 ug nLDL (Sigma-Aldrich, St. Louis, MO, USA) dissolved in 300 uL of RPMI-
1640 for 9 h. The third well was incubated in the presence of 10 ng/mL LPS (Sigma-Aldrich,
St. Louis, MO, USA) dissolved in 300 uL of RPMI-1640 for 9 h. The sample contained in the
fourth well was incubated in the presence of 100 ug nLDL plus 10 ng/mL LPS dissolved
in 300 uL of RPMI-1640 for 9 h. Exposure time of in vitro cultures was selected based on
time-response curves at 3, 6, and 9 h, finding that monocytes show the most significant
changes at 9 h. The cell-culture plates were incubated at 37 °C in humidified 5% CO,
atmosphere. For intracellular cytokine stain, white blood cells (WBCs) were treated with
1:1000 Brefeldin A (BioLegend, Inc., San Diego, CA, USA) for the last 2 h of in vitro culture.
All of the participants provided written informed consent, previously approved by the
institutional ethical committee of the General Hospital of Mexico (registration number of
ethical approval code: DI/20/501/03/17), which guaranteed that the study was conducted
in rigorous adherence to the principles described in the 1964 Declaration of Helsinki and
its posterior amendment in 2013.

2.2. Flow Cytometry

After incubation, whole blood samples were collected and centrifuged at 500x g
for 10 min. Immediately afterwards, WBCs were separated using a micropipette and
resuspended in 1 mL PBS1X (Sigma-Aldrich, St. Louis, MO, USA). After an additional
centrifugation step and removal of the supernatant, each cell pellet was resuspended in
50 pL cell staining buffer (BioLegend, Inc., San Diego, CA, USA). WBCs were incubated
with 5 uL True-Stain Monocyte Blocker™ (BioLegend, Inc., San Diego, CA, USA) for 10 min
onice. Then, WBCs were incubated with anti-CD14 PE/Cy7, anti-CD16 PE/Cy5, anti-CCR2
AF647, anti-CX3CR1 BV510, Zombie ultraviolet (UV) Fixable Viability Kit (BioLegend,
Inc., San Diego, CA, USA), and anti-human leukocyte antigen-DR (HLA-DR) BUV661
(BD Biosciences, San Jose, CA, USA) for 20 min in darkness at 4 °C. Afterwards, WBCs
were incubated with 100 uL Fixation Medium A (FIX & PERM™ Cell Permeabilization
Kit) (InvitrogenTM, Carlsbad, CA, USA) for 20 min at room temperature. After being
rinsed using Cell Staining Buffer (BioLegend, Inc., San Diego, CA, USA), peripheral blood
mononuclear cells (PBMCs) were incubated with 100 pl. Permeabilization Medium B
(FIX & PERM™ Cell Permeabilization Kit, InVitrogenTM, Carlsbad, CA, USA) and anti-
IL-1 beta Pacific Blue (BioLegend, Inc., San Diego, CA, USA) for 20 min in darkness at
room temperature. After being rinsed using Cell Staining Buffer (BicLegend, Inc., San
Diego, CA, USA), PBMCs were acquired on a BD Influx flow cytometer (BD Biosciences,
San Jose, CA, USA) using the BD Sortware™ goftware 1.2, acquiring 20,000 events per test
in triplicate. For the gating strategy, WBCs were first gated on a time /side scatter density
plot, and then gated on the Zombie UV negative cell population for detection of living cells.
Afterwards, living cells were gated for singlets on a forward scatter (FS) / Trigger Pulse
Width density plot. Monocytes were recognized on the HLA-DR gating. Then, monocytes
were selected using the rectangular gating strategy on the CD14+/CD16+ population for
identification of CMs (CD14++CD16—), IMs (CD14++CD164), and NCMs (CD14+CD16+),
as previously reported [24]. The median fluorescence intensity (MFI) for IL-1 beta, CCR2,
and CX3CRI1 was obtained by considering both positive and negative cell populations for
each marker. The percentage of positive cells for each marker was obtained using proper
fluorescence minus one (FMO) controls. Compensation controls were performed by means
of UltraComp eBeads™ (InvitrogenTM, Carlsbad, CA, USA) for each fluorochrome. Data
were analyzed by means of the Flow]Jo 10.0.7 software (TreeStar, Inc., Ashland, OR, USA).
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2.3. Subjects for In Vivo Assays

One hundred fifty volunteers from both sexes, aged 18 years or older, with 8 h fasting
who attended the Blood Bank and the Department of Internal Medicine of the General Hos-
pital of Mexico were included in the study. A group of three trained physicians registered
gender, age, body mass index (BMI), waist circumference, body fat percentage, and the
serum levels of glucose, insulin, C-reactive protein (CRP), total cholesterol, triglycerides,
HDL-C, and LDL-C in all participants. BMI resulted from dividing weight by height
squared. Waist circumference was measured at the midpoint between the lower rib margin
and the iliac crest using a tape. Body fat percentage was obtained by means of a body
composition analyzer (TANTTA® Body Composition Analyzer, Model TBF-300A, Tokyo,
Japan). CRP was measured in triplicate by immunoturbidimetry (Randox Laboratories,
Meenmore, Ireland). Serum glucose, total cholesterol, triglycerides, HDL-C, and LDL-C
were measured in triplicate by enzymatic assays (Roche Diagnostics, Mannheim, Germany).
Serum insulin was measured in triplicate by the Enzyme-Linked Immunosorbent Assay
(ELISA) (Abnova, Corporation, Taipei City, Taiwan). The estimate of insulin resistance
was individually calculated using the homeostatic model assessment of insulin resistance
(HOMA-IR) by multiplying glucose concentration (mM) by insulin concentration (mU/L)
and then dividing by 22.5. All of the participants received full medical evaluation and
provided written informed consent, previously approved by the institutional ethical com-
mittee of the General Hospital of Mexico (registration number of ethical approval code:
DIC/11/UME/05/029), which guaranteed that the study was conducted in rigorous ad-
herence to the principles described in the 1964 Declaration of Helsinki and its posterior
amendment in 2013. Volunteers were excluded from the study if they had a previous
diagnosis of type 1 diabetes (T1D), T2D, coronary disease, acute or chronic liver or renal
disease, cancer, endocrine disorders, infectious diseases, chronic inflammatory disease,
and /or autoimmune disorders. We also excluded from the study human immunodeficiency
virus (HIV), hepatitis C virus (HCV), and hepatitis B virus (HBV)-seropositive patients,
pregnant or lactating woman, and subjects with anti-inflammatory or immunomodulatory
medication, including non-steroidal anti-inflammatory drugs (NSAIDs).

2.4. Effects of LDL and LBP on Monocyte Subpopulations and I1-1 Betg In Vivo

According to clinical guidelines of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III), the study participants were divided in two
groups of LDL-C concentration, as follows: subjects with optimal concentration of LDL-C
< 100 mg/dL, and individuals with high concentration of LDL-C > 100 mg/dL [25]. Then,
BMI, waist circumference, body fat percentage, glucose metabolism, HOMA-IR, and lipid
profile were registered and compared between both groups. Blood samples (6 mL) were
obtained from all volunteers for posterior isolation of WBCs. WBCs were incubated with
anti-CD14 PE/Cy7 and anti-CD16 FITC, acquiring 20,000 events per test in triplicate on a
BD Influx flow cytometer (BD Biosciences, San Jose, CA, USA) using the BD Sortware™
software 1.2 and the Flow]o 10.0.7 software (TreeStar, Inc., Ashland, OR, USA), as described
above. In all participants, serum IL-1 beta (Peprotech, Mexico City, Mexico) and LBP
(InvitrogenTM, Carlsbad, CA, USA) were measured in triplicate by ELISA and analyzed
according to LDL-C levels.

2.5, Statistics

Normality of data distribution was estimated by the Shapiro-Wilk test. For in vitro
assays, one-way ANOVA, followed by a post-hoc Tukey test, was used to compare per-
centages of CMs, IMs, and NCMs, and expression of IL-1 beta, CCR2, and CX3CR1 in the
cell groups designated as control, nL.DL, LPS, and nLDL + LPS. For in vivo assays, the
unpaired Student’s t-test was used to compare subjects with serum LDL-C < 100 mg/dL
and individuals with serum LDL-C > 100 mg/dL in terms of gender, age, BMI, waist cir-
cumference, body fat percentage, fasting glucose, insulin, HOMA-IR, CRP, total cholesterol,
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triglycerides, HDL, percentages of CMs, IMs, and NCMs, serum IL-1 beta, and circulating
LBP levels. Differences were considered significant when p < 0.05. All of the statistical
analyses were performed by means of the GraphPad Prism 7 software (GraphPad Software,
LaJolla, CA 92037, USA).

3. Results

For the gating strategy, WBCs were first gated on a time/ side scatter (55) density plot, and
then gated on the Zombie UV negative cell population for detection of living WBCs (Figure 1,
top panel). Afterwards, WBCs were gated for singlets on a forward scatter (FS)/Trigger
Pulse Width density plot, and after that gated on the HLA-DR+ population for monocyte
recognition. Monocytes were then gated on the CD14+/CD16+ population for identification
of CMs (CD14++CD16—), IMs (CD14++CD16+), and NCMs (CD14+CD16+). Monocyte
subsets were then gated on the IL-1 beta+, CCR2+, and CX3CR1+ populations for assessing
the effects of nLDL and LPS on the immune activity of these cells (Figure 1, bottom panel).
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Figure 1. Gating strategy for characterizing human monocyte subsets. White blood cells were first gated on a time/side
scatter (55) density plot, and then gated on the Zombie UV negative cell population for detection of living cells. After-
wards