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Abstract

Abstract

The macrophage galactose type C lectin receptor (MGL) is a receptor expressed in
macrophages (M¢) and dendritic cells (CDs). mMGL is specific for terminal
galactose (Gal) and terminal N-Acetylgalactose (GalNAc) residues expressed on the
surface of T. cruzi, however, the role of MGL in immune function and activation in
Mg against infection by T. cruzi remains unknown. In the present work it is shown
that the M MGL1" infected with T. cruzi in vitro had a greater number of internal
parasites than the WT M. Likewise, the internal parasites of M@ MGL" show
higher viability, with a lower production of nitric oxide (NO), reactive oxygen
species (ROS), interleukin (IL) -12 and tumor necrosis factor (TNF) -a in comparison
with the M WT. In addition, the presence of mMGL is associated with a lower
expression of TLR-2 and TLR-4. Phosphorylation of NF-«xB through T. cruzi antigens
(AgTc) induccions was reduced in Mg mMGL~. Importantly, protein levels of the
kinase regulated by extracellular phosphorylated signals 1, 2 (p-ERK1,2), p-cjun
and p-nuclear factor (NF) -kB p65 were significantly reduced and activation of the
inflammasome NLRP3 and IL-13 were reduced in MGL1" M¢ treated with AgTc
compared to WT Mg treated with AgTc. In addition, nMGL played a key role in the
expression of MHC-II, favoring the activation of antigen-specific cells for T. cruzi
infection. Our data reveal a previously mentioned importance of MGL in the
activation of M, through the modulation of the signaling pathways of the
inflammasome NFkB, ERK1,2 and NLRP3, and the development of protective

immunity against experimental infection by T. cruzi.
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Resumen

Resumen

El receptor de galactosa tipo lectina C de macréfago (MGL) es un receptor expresado
en macrofagos (M) y células dendriticas (CDs). MGL reconoce residuos de
galactosa (Gal) y N-Acetilgalactosa terminal (GalNAc) expresados en la membrana
de T. cruzi, sin embargo, se desconoce el papel inmune que desempeia MGL en la
funcidén y activacion de los macréfagos (M) contra la infeccion por T. cruzi. En el
presente trabajo se muestra que los M deficientes para MGL1 infectados con T.
cruzi in vitro tuvieron un mayor numero de parasitos internos que en comparacion
con los M@ WT. Asi mismo, los parasitos internos de los M MGL17 muestran
mayor viabilidad relacionados con una menor produccién de éxido nitrico (NO),
especies de oxigeno reactivo (ROS), interleucina (IL) -12 y factor de necrosis tumoral
(TNF) -a en comparacién en los M@ WT. Ademas, la presencia de MGL1 es asociado
con una menor expresion de TLR-2 y TLR-4. La fosforilacién de NF-«xB a través de
los antigenos de T. cruzi se redujo en los Mg MGL1". Es importante destacar que los
niveles de proteina de la quinasa regulada por sefales extracelulares fosforiladas 1,
2 (p-ERK12), p-cjun y el factor p-nuclear (NF)-«xB p65 se redujeron
significativamente y la activacion del inflamasoma NLRP3 e IL-1f3 se redujo en M
MGL1" tratados con TcAg en comparacion con M@ WT tratado con TcAg. Ademas,
mMGL desempennd un papel clave en la expresion de MHC-II, favoreciendo la
activacion de células especificas de antigeno para la infeccion por T. cruzi. Nuestros
datos revelan que MGLI1 es importante en la activacion de M¢, a través de la
modulacién de las vias de sefializacion del inflamasoma c-jun, NFkB, ERK1,2 y
NLRP3, y el desarrollo de inmunidad protectora contra la infeccion experimental

por T. cruzi.
|
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El sistema inmune estd provisto de componentes celulares y humorales con la capacidad de
proteger al huésped contra patdgenos, sustancias extranas y dano tisular. Los macrofagos (M)
son un grupo de células importantes en la eliminacidon de parasitos, estas células provienen de
monocitos que al ser reclutados a los sitios de infecciones o lesiones se diferencian en M¢, estas
células juegan un papel decisivo en respuestas a bacterias intracelulares [1], y representan la
primeria linea de defensa de la inmune innata. Las funciones efectoras de los M@ constan de la
produccion de moléculas tdxicas, como el 0xido nitrico (NO), intermedios reactivos del oxigeno
(ROS), asi como la produccion de citocinas [2, 3]. Sin embargo, los parasitos han evolucionado
para contrarrestar las estrategias del sistema inmune del huésped para asegurar la
supervivencia dentro de este. El pardsito protozoario intracelular Trypanosoma cruzi es el agente
causante de la enfermedad de Chagas. Esta infeccion ocurre principalmente en América Latina,
no obstante en la pasada décadas se ha detectado en Estados Unidos de América, Canada, paises
europeos y paises del Pacifico occidental [4], convirtiéndose esta enfermedad un nuevo desafio

mundial.

Trypanosoma cruzi (T. cruzi)

T. cruzi pertenece a la clase kinetoplastidae, que se caracterizan por ser grupo de protozoos
parasitos con presencia de un flagelo en al menos una etapa del ciclo de vida; un inusual ADN
mitocondrial expandido llamado kinetoplasto y la presencia de variantes morfologicas a traveés
del ciclo de vida. Estos organismos estdn estrechamente relacionados con los euglenoides,
siendo parasitos en plantas, insectos y vertebrados [5]. Los protozoarios de la familia
Trypanosomatidae son agentes de enfermedades parasitarias que tienen una alta incidencia y

un impacto econdmico negativo en los paises en desarrollo. La Enfermedad de Chagas es
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causada por el parasito protozoario flagelado T cruzi; las vias de transmision son: transfusiones
sanguineas [6], trasplantes de oOrganos infectados [7], transmisién oral por alimentos
contaminados [8], congénita [9] y la manera natural de infeccion es vectorial la cual se produce
en Ameérica latina. Los vectores son insectos de la subfamilia Triatominae (chinches) portadores
del parasito causante de la enfermedad. Los triatomineos salvajes pueden dar lugar a nuevos
casos de enfermedad de Chagas humana [10]. Una caracteristica especifica de los
tripanosomatidos es el cambio de su morfologia durante su ciclo de vida, implicando la
aparicion de etapas de division e infecciosas, a través de un proceso descrito como diferenciacion
o transformacién. T. cruzi tiene un ciclo de vida digénico de hospedadores vertebrados e

invertebrados [11].

Epidemiologia de T cruzi

Se estima que en el mundo hay entre 6 y 7 millones de personas infectadas en el mundo por T.
cruzi, la mayoria de ellas en América Latina. Inicialmente, la enfermedad de Chagas estaba
confinada a la Regién de América Latina, pero se ha propagado a otros continentes, la OMS en
el ano de 2005, la reconocio en el afio como una enfermedad tropical desentendida. [12]. El
desplazamiento y la migracion de individuos de areas endémicas a no endémicas presentan un
riego en la propagacion de esta enfermedad. Por esta razon, se estiman 300,000 personas
infectadas en Estados Unidos [13]. Asi mismo, en Europa se estiman entre 59,000 y 108,000, con
un mayor numero en Espana e Italia [14]. La presencia de triatominos en la residencia es un
factor de riesgo para adquirir T. cruzi. Un estudio realizado en 990 casas rurales en la region sur
del Estado de México se encontr6 que un 28 % de los triatominos portaban T. cruzi. Los vectores
estan adaptados para vivir y reproducirse en el ambiente doméstico, mostrando asi un riesgo

potencial de transmision de la enfermedad de Chagas a los seres humanos [15].
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Fases de la infeccion

Cuando el individuo se infecta con T. cruzi puede cursar por dos fases: la primera es la fase
aguda, se caracteriza por la presencia del parasito en circulacién, ademas, algunas veces se
presenta inflamacién en el sitio de inoculacién del parasito, esta fase representa el primer
contacto entre el parasito y el huésped. La segunda fase es la fase cronica, se caracteriza por la
ausencia del parasito en circulacion. La fase crénica se subdivide en dos fases; la primera es
asintomatica, esta puede durar meses incluso anos; la segunda es sintomatica en la cual se
presenta en aproximadamente de 10-30 % de las personas que adquieren esta enfermedad. En
esta etapa pueden presentar enfermedades en el tracto digestivo como mega-eso6fago y mega-
colon, y/o presentar cardiopatias relacionadas con una gran cantidad de nidos de amastigotes
en el tejido cardiaco. La destruccion del miocardio (caracteristica de las formas clinicas cardiacas
mas severas de la enfermedad de Chagas), es causada por una reaccion inflamatoria progresiva
multifocal asociada a lesion del endotelio vascular, vaso espasmo y reduccién del flujo
sanguineo [16]. En la fase aguda se desencadena la respuesta inmunologica, dichos estos eventos
inmunoldgicos influyen en el desarrollo de la respuesta protectora y la eliminacion del parasito;
si este parasito prevalece, se desarrolla la fase cronica; En esta fase, T. cruzi se dirige a diferentes

tejidos del huésped como los tejidos linfoides periféricos y centrales[17].

Ciclo de vida de Trypanosoma cruzi
T. cruzi presenta un ciclo de vida complejo que implican etapas de desarrollo dentro de los
huéspedes vertebrados e invertebrados. Asi como en el torrente sanguineo y dentro de las

células huésped vertebradas.
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Figura 1. Ciclo de vida de Trypanosoma cruzi. (https://www.cdc.gov/parasites/chagas/es/index.html)

Triatomino

El ciclo comienza en el Triatomino de la familia Reduviidae que realiza hematofagia del
vertebrado infectado con las formas de trypomastigotes sanguineos que circulan en el torrente
sanguineo. Una vez ingerido, la mayoria de los trypomastigotes se lisan en el estomago del
insecto [18]. Los trypomastigotes sobrevivientes se transforman, en pocos dias, ya sea en
estadios esféricos (conocidos como esferomastigotes) o en estadios epimastigotes. Los
epimastigotes migran al intestino del insecto donde se dividen por fision binaria y se adhieren
a las membranas perimicrovillar presentes en las células del intestino medio posterior [19, 20].
La adhesion es importante para desencadenar el proceso de transformacion de los epimastigotes
no infecciosos en tripomastigotes infecciosos (conocidos como tripomastigotes metaciclicos). El
proceso de adhesion de epimastigotes a las membranas perimicrovilares implica la participacion

de glicoconjugados expuestos a la superficie. Los glicolinositolfosfolipidos (GIPLs) de superficie
|
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del parasito que estan involucrados en el proceso de union [20]. En la mayoria de las regiones
posteriores del intestino y en el recto, muchos epimastigotes se separan de la superficie intestinal
y se transforman en formas trypomastigotes metaciclicos que luego se liberan junto con las heces

y la orina.

Mamifero

Los trypomastigotes metaciclicos infectan a los mamiferos por inoculaciéon directa, o de manera
indirecta por el contacto de heces y la orina en la mucosa ocular o la piel lesionada por el prurito
ocasionado por la picadura del triatomino. Una vez dentro del huésped vertebrado, los
trypomastigotes metaciclicos invaden las células en el sitio de inoculacion (por ejemplo,
tibroblastos, macrofagos y células epiteliales). El ciclo de vida intracelular de T. cruzi implica
varios pasos como, el reconocimiento de la célula huésped a T. cruzi, la internalizacion del
parasito a la célula y la formacion a vacuola endocitica conocida como vacuola parasitéfora, [21].
Ahora contenidos en la vacuola parasitofora acida, la proteccion del parasito se da por la
expresion de trans-sialidasas en la superficie del parasito. El mecanismo para el escape vacuolar
es lisosoma-pH dependiente, ademds de la secrecién de una proteina formadora de poro
parecida a la proteina del complemento 9 conocida como TcTOX, ademas del factor litico LYT1.
El pH 4acido de la vacuola mediante fusion lisosomica, LYT1 y/o TcTOX, son capaces de
promover la lisis de membrana vacuolar que permite la entrada citopldsmica. El
trypomastigotes cambia a su fase replicativa conocida como amastigote, los cuales reingresan al
ciclo celular y se someten a ocho a nueve rondas de replicacion antes la diferenciacion
trypomastigotes sanguineos. Posteriormente lisan la célula huésped para viajar por torrente

sanguineo para infectar a otras células [22] (Figura 1).

Membrana citoplasmatica de T. cruzi
Existen moléculas antigénicas ancladas en la superficie de la membrana citoplasmatica de T.

cruzi, dentro estas se encuentran el glicosilfosfatidilinositol (GPI) (Figura 2) [23]. Los GPIen T.
-

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 6



CIENCIA .
BIOMEDICA Introduccién

cruzi juegan un papel activacion del sistema inmune innato del hospedero durante la infeccion,
provocando la sintesis de citocinas y quimiocinas proinflamatorias, la generacion de
intermedios reactivos del nitrégeno (RNI), asi como la expresién de moléculas de adhesion por
los M del huésped y las células endoteliales [23].La mayoria de GPIs (libres o asociadas a
proteinas) tienen en comdn una estructura de nucleo hidréfilo con un motivo conservado

definido por la secuencia Manal-2Manal-6Manal-4GlcNal-6myo-inositol-1-POa. [23].
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Figura 2. Moléculas principales ancladas de la membrana plasmatica de T. cruzi. a) Mucina; (la glicoproteina del parasito)
GIPL; glicoinositolfosfolipido. Dependiendo de la etapa de desarrollo, el niimero de estas moléculas varia de 10° a 107 cubriendo
del 60-80% de la membrana. Atomos de carbono (Azul claro), hidrégeno (blanco), oxigeno (rojo) y nitrégeno (azul oscuro
indican). Por simplicidad, los atomos de hidrégeno solo se muestran en el resto lipidico de la estructura GPI (Modificado [23]).
b) Estructura primaria de las principales moléculas de T. cruzi GPI ancladas. GPI de T. cruzi (modificado [24]).
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Respuesta inmune en la Infeccion con T. cruzi

La forma Trypomastigote sanguineo pertenece a la fase aguda infecciosa de T. cruzi, este invade
los M y otros tipos de células [25]. Los receptores presentes en las células de la inmunidad
innata, como Mg y CDs reconocen moléculas presentes en la membrana citoplasmatica de T.
cruzi, provocando una respuesta inflamatoria en tejidos infectados, controlando la replicaciéon y
propagacion de T. cruzi. Se ha demostrado que la infeccion por T. cruzi induce a la produccion
de citocinas proinflamatorias en monocitos y macrofagos tanto en humanos como en el modelo
murino de infeccion [26-28]. La produccion de IFN-vy, IL-12 y TNF-a favorece el control de la
parasitemia de T. cruzi en la fase aguda en el modelo murino [24]. La colonizacién de T. cruzi en
el huésped da lugar a una respuesta aguda sistémica del hospedero que el parasito debe superar.
T. cruzi interfiere con la funciéon de presentacion de antigeno de las células dendriticas a través
de una accidn sobre el receptor del acido sialico de tipo Ig, induciendo la supresién de las
respuestas de células T CD4*[17]. GPI-ancladas a mucinas en la membrana citoplasmatica de T.
cruzi, son glicoproteinas de los trypomastigotes, estas son responsables de la activacion del M.
La activacion del Mg es inducida por GPI-mucinas purificadas de epimastigotes y
trypomastigotes de tejidos; estimulando la sintesis citocinas proinflamatorias y 6xido nitrico
(NO) [29]. Ademas, la infeccion por T. cruzi en Mg provocd un ambiente extremadamente
oxidativo dentro del fagolisosoma, para la eliminacion del parasito[30].

El NO es una molécula con propiedades citotdxicas contra parasitos intracelulares, ésta
interacttia con oxigeno y anion superdxido para producir especies de nitrogeno reactivo (ROS),
los cuales promueven la eliminacion de parasitos intracelulares. El NO se produce por la enzima
inducible de 6xido nitrico sintetasa (iNOS) que cataliza la conversion de L-arginina a L-citrulina
produciendo NO a partir del &tomo terminal de nitrogeno del grupo guanidino de la arginina
en las células inflamatorias activadas. El promotor iNOS humano es activado por NF-«B y Stat1,
estos factores de transcripcion son activados por la via de los TLRs y del receptor de IFN-y (IFN-
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vYR) respectivamente. En células RAW 264.7 la inhibicién de las expresiones iNOS, IL-6, IL-1f y
TNF-a se deben a una regulacion negativa de la activacion de NF-kB a través de supresion de
la fosforilacion de IKK y MAP quinasa (p38, ERK1/2 y JNK) [31, 32]. Asi mismo, se han mostrado
que ERK1/2 regula positivamente la produccion de NO. La fosforilacion de p42/44 (ERK1/2)
MAPK (ERK-1/2), aumenta notablemente en las células con iNOS. Mostrando que NO
producido activa la cascada de senalizacion ERK-1/2, que regula la proliferacion del VSMCy la
regulacion positiva de la expresion p21 por NO [33]. Estudios de la red de expresion por ARN
de c-jun por microarreglos de WT y M de ratones condicionales para c-Jun han demostrado la
participacion en c-jun en unos 700 genes. Ademas, el enriquecimiento de la ontologia genética y
el analisis de conglomerados revelaron varias redes asociadas a genes pro y antiinflamatorios,
como la proliferacion de células inmunes, la regulacion de la produccion de citocina , la
sefalizacion de la respuesta inmune y la respuesta a la hipoxia, confirmaron que c-Jun es un
factor de transcripcion central durante la activacion de M¢ [34]. La etapa aguda de la infeccion
de T. cruzi es seguida por la etapa indeterminada, ésta es asociada con un perfil de citocinas

antiinflamatorias como IL-10 [35].

Toll Like Receptors

Los receptores tipo toll (TLRs) forman parte de la inmunidad innata del huésped contra T. cruzi,
son criticos para eliminacion de T. cruzi [36-38]. Los TLRs desempenar un papel importante en
la regeneracion de los tejidos [39, 40], asi como en la cardio proteccidn en sepsis experimental
[41, 42]. En células presentadoras de antigenos (CPAs) TLR-2 participa como regulador positivo
de los mecanismos de defensa durante las primeras etapas de la infecciéon de T. cruzi. Se ha
demostrado que TLR2 regula la activacion de Rab5, que es necesario para la internalizacion de
T. cruzi en M [43]. Ademas, GPI de T. cruzi que se encuentra unido a glucoproteinas de tipo
mucina (glucosilfosfatidilinositol-mucina) en la membrana de T. cruzi, es agonista del

heterodimero TLR2-TLR6. Por otra parte, glicosilfosfatidilinositol lipido (GPIL) de T. cruzi, son
I E—————
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reconocidos por el complejo TLR4-MD2 produciendo IL -12, TNF-a y NO por Me (fig. 3) [7, 43-

46].
L T. cruzi
GPl-mucyn
IFN-
GPI-TLR-2 CLR-Carbohidratos ¥
GIPL-TLR-4
Procesamiento Ag \
Presentacion Ag /
! D

Células efectoras

IL-12
TNF-a

Genes Proinflamatorios

Figura 3. Respuesta Inmune contra T. cruzi. Las moléculas GPI y GPIL de T. cruzi son reconocidas por TLR-2 y TLR-4
respectivamente. Después del reconocimiento se activa la via dependiente de MyD88 la cual culmina con la activacion del factor
de transcripcién NF-kB la cual transloca en el sitio de genes inflamatorios para la sintesis de citosinas proinflamatorias como
IL-12 y TNF-a que en conjunto con las moléculas de presentacién de antigeno (MHC-II CD-80 y CD86) activan al linfocito T
naive hacia un perfil Th1 el cual produce IFN-y para la activacion de linfocitos CD8* y la eliminacién de células infectadas. Los
receptores de tipo lectina dependientes de calcio (CLRs) pueden reconocer antigenos con carbohidratos para fagocitar y
presentar péptidos de T. cruzi.

Receptores Tipo lectinas Dependientes de Calcio

La superfamilia de receptores tipo lectina dependientes de calcio (CLRs) son grupo de proteinas
que se caracterizan por la presencia de uno o mas dominios tipo lectina de tipo C (CTLD). La
superfamilia se divide en 17 grupos basados en su filogenia y organizacion del dominio [47].
Los CLRs son un grupo de receptores que juegan papel importante en la inmunidad contra
patdgeno [48]. Estos receptores se encuentran presentes en la membrana en una forma soluble

en el plasma y tienen un o mas dominios de reconocimiento de carbohidratos (CRD) [49]. Los
|
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CLRs reconocen e internalizar antigenos de carbohidratos especificos de manera dependiente
de Ca? [50-52]; ademas, de estar implicados en diversos fendmenos, como: desarrollo
embrionario, trafico intracelular, reconocimiento de células, el homing celular, la endocitosis,
activacion del complemento, y la diseminacion metastasica de las células cancerosas [53, 54]. El
reconocimiento inicial de un patégeno por las células presentadoras de antigenos (CPAs) como
Mg o DCs es determinate para dirigir la respuesta de células T efectoras a una respuesta inmune
[49, 53].

Los CLRs desempefian un papel importante en la activacion/maduracion de CPAs al unirse con
PAMPs [55], el dominio de reconocimiento de carbohidrato (CRD) reconoce los carbohidratos
especificos de la superficie de patogenos [49, 53], ademds los CLRs solubles inducen
aglutinacion, inmovilizacién, opsonizacion mediada por el complemento y lisis [50]. El receptor
de Adhesion especifica intercelular de molécula-3-grabbing no integrina de las células
dendriticas (DC-SIGN), el receptor de manosa (MR) y el receptor de MGL (del inglés
Macrophage galactose- type C Lectin) es un CLRs importantes en el reconocimiento del parasito
Schistosoma mansoni (SEAs)[56]. De estos tres CLRs mencionados, el menos estudiado es MGL.
MGL es una glicoproteina transmembranal con un dominio de cuello y CRD formada por una
estructura con tres puentes disulfuro [57]. MGL se expresa selectivamente en DCs inmaduras y
Mg, en humano solo existe un tipo de receptor hMGL; mientras que en raton tienen dos copias;
mMGL1 y mMGL2 ambos contienen una secuencia Gln-Pro-Asp en su CDR que facilita el
reconocimiento de galactosa (Gal) o N-acetilgalactosamina (GalNAc)[52, 58]. MGL1 es
altamente especifico para el reconocimiento de estructuras Lewis X (Le¥) y Lewis A (Le*),
mientras que MGL2 tiene especificidad por Gal y GalNAc. Recientemente se ha reportado en
células dendriticas (DCs) la capacidad de mMGL para reconocer ligandos solubles
conduciéndolos por via endosoma-lisosoma para su degradacion y presentacion en moléculas
MHC-II y en consecuencia favoreciendo la activacion de células T “cooperadoras” (Tabla 1) [59].
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La membrana celular de T. cruzi presenta glicoproteinas de tipo mucina, éstas estan ancladas en
GPI y GPIL. Se ha repostado que la purificacion de estas moléculas provenientes de
tripomastigotes de T. cruzi (tGPI-mucina) activan las células del hospedero, favoreciendo la
activacion de proteinas quinasas activadas por mitégenos (MAPK) y factores de transcripcion
relacionados en M@ mostrando una fosforilacion de ERK1/2, proteina quinasa activada por
estrés (SAPK) quinasa-1 / proteina quinasa activada por mitégeno (MAPK) quinasa-4 y
p38/SAPK-2, después de 15 y 30 minutos del contacto con tGPI-mucina TNF-a e IL-12

sensibilizados con IFN-y y expuestos a tGPI [60].
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Figura 4. Motivos de internalizacion y sefializacion de CLRs. Los motivos de internalizacion se encuentran en los dominios
citoplasmicos de la lectina de tipo C y moléculas de tipo lectina tipo C. Estos motivos incluyen el grupo triacidico, un motivo de
internalizacion basado en tirosina, y un motivo de di-leucina. Solamente un motivo parcial de di-leucina esta presente dentro
de la region citoplasmatica de MGL y ASGP-R H1. Las lectinas de tipo C DCIR y Dectin-1 contienen un ITIM clasico (inhibidor)
y un ITAM parcial (activacidn), respectivamente. Langerin posee un estiramiento rico en prolina que podria servir como un
punto de acoplamiento para las proteinas que contienen el dominio SH3. El residuo de lisina cargado positivamente en BDCA-
2 facilita la asociacion de BDCA-2 con la cadena comun de FcR g. Para mayor claridad, los receptores se muestran como
moléculas individuales, mientras que en la membrana celular estos receptores pueden expresarse como oligémeros. ASGP - R,
receptor de asialoglicoproteina; BDCA - 2, antigeno de células dendriticas de sangre 2; CLEC, receptor tipo 2 similar a lectina
de tipo C; DCIR, gen inmunorreceptor de células dendriticas; DC-SIGN, nonintegrin aglutinante intercelular especifico de
células dendriticas; DEC-205, receptor de células dendriticas y epiteliales de 205 kDa; la lectina de galactosa de macrdfago
(MGL), (Imagen tomada de Van Vliet S.J. et al. 2008 [61]).
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Sin embargo, los mecanismos o vias que utiliza mMGL, para la internalizacion de los
carbohidratos no han sido completamente descritos. El receptor de tipo lectina conocido como
ASGP-R el cual contiene motivos intracelulares idénticos a mMGL y estos son fosforilados en
los residuos de serina y tirosina regulando asi la activacion del receptor, esto abre la posibilidad
de que mMGL pueda senalizar [59]. Algunos estudios sugieren que el receptor MGL se ve
implicado en la presentacion de antigenos tanto en los M¢ como en las CDs, ademas de influir

enla produccion de citocinas que modulan la respuesta inmune innata [62, 63].

Tabla 1. MGL ortologos en humano, raton y rata.

Especies Ortologos Chromosomal Patron de Especificidad de Estructura de

localizacion carbohidratos glicanos

Expresion

nomenglatura

reconocidos

Humano  ASGP-R(H1/H2) 17p13.2 Hepatocitos GlicanosTri-o tetra- om
e
antenario con 8_. o
'
-
terminal ow
; r: W g
Humano MGL 17p13.2 CDs inmaduras Terminal GalNAc omy
o=
oau
(CD301 corto) Mg CDs inmaduras  (Tn antigen, LDN) 2 : -
DC-ASGPR 17p13.2 Me No determinado 4:::)3—“
(CD301 largo) L
Raton mMGL1 (MGL1) 11 B3 CDs inmaduras Lewis X
Me Galactosa terminal o
GalNAc teminal .
Raton mMGL2 (MGL2) 11 B3 CDs inmaduras GalNAc teminal
Mg '
Rata rMGL 10q24 Me y CDs Bi-antenanay
(M-ASGP-BP) glycans con g : g a5
gal/GalNac, Lexis X, '[ : g omm
Lewis A terminal

Tabla 1. Ligandos de estructuras glicanas representativas para MGL de humano, raton y rata. Estructura tedrica de un tria-
tenaria de epitopes que contienen N-glycan terminal GalNAc. LDN, LacdiNac; o, GalNAc; o, galactosa; m, GIcNAG; <, manosa

, fucosa (tabla tomada de [61]).
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Trabajos previos realizados en nuestro laboratorio [64], han demostraron que el parasito T. cruzi
(cepa Querétaro) tiene antigenos glicosilados que pueden ser reconocidos por el receptor MGL
(especificamente Gal-NAc). Cuando ratones deficientes para el gen mgll (mMGL") fueron
infectados con T. cruzi se observd un incremento significativo en la mortalidad y esto se asocio
con una mayor parasitemia en sangre, asi como un mayor numero de nidos de amastigotes en
corazon en comparacion con ratones silvestres (WT). Ademas, M¢ peritoneales con 21 dias post
infeccion de ratones MGL1"- presentaron una produccion disminuida de dxido nitrico (NO), IL-
12, TNF-o e IL-10 en comparacion con los WT [64]. Estas evidencias apuntan a que MGL1 puede
tener un papel importante en la activacion de los M¢, células del sistema inmunitario innato,
siendo criticas para el control inicial de la infeccion por T. cruzi.

Sin embargo, aun se desconocen los detalles de la participacién de MGL1 en la activacion de los
Me. En este trabajo se aborda el estudio de MGL1 en M¢ infectados in vitro con T. cruzi con el
fin de entender el o los mecanismos de MGLI1 en la activacién de los Mg en la infeccion.
Utilizamos M de ratones MGL1" y WT que se infectaron in vitro con epimastigotes de T. cruzi,
corroboramos in vitro las observaciones previas hechas en la infeccion in vivo: los Mg de ratones
MGL1" infectados in vitro se infectan mas. Comprobamos que los M@ MGL1” expresan
significativamente menos TLR-2 y TLR-4 producen menos TNF-a e IL-12 en respuesta al LPS 6
al antigeno de T. cruzi (AgTc) y en co-cultivos de M@ MGL1" esplenocitos se observo una
deficiente produccion de TNF-o, IL-10, IFN-y, IL-4 e IL-13. Estas observaciones sugieren que
mMGL juega un papel critico en la resistencia de T. cruzi. Asi mismo, cuando M WT y ASC™
se trataron con inhibidores de caspasa-1, IL-13 o NADPH oxidasa, se descubrio que la
produccion de IL-13 por caspasa-1/ASC del inflamasoma requeria especies reactivas de oxigeno
(ROS) como sefal secundaria. Ademas, de que la IL-1p reguld la sefializacion de NF-kB. M¢

NLRP37, a pesar de la incapacidad de provocar la activacion de IL-1b y la expresion del gen de
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la citocina inflamatoria, mostraron una disminucion de 4 veces en los parasitos intracelulares en

comparacion con lo observado en los controles WT coincidentes [65].
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Justificacion

El receptor de galactosa tipo lectina C de macréfago (MGL) es un receptor expresado
en macrofagos (M) y células dendriticas (CDs). MGL1 reconoce de manera especifica
residuos de galactosa teminal (Gal) y N-Acetilgalactosa terminal (GalNAc) expresados
en la superficie de T. cruzi. Sin embargo, se desconoce el papel inmune que desempefia
MGL en la funcion y activacidon de los macrofagos (M) en la infeccion por T. cruzi.

Estos resultados nos permitiran:

1) Establecer la participacion de MGL1 en la activacion de los Me.

2) Establecer la participaciéon de MGL1 en la produccion de citocinas que

se genera en la infeccion por T. cruzi.

3) Establecer posibles vias de sefializacion que son activadas por MGL1 en

el Me.

Hipotesis

El receptor MGL1 participa de en la activacion, fagocitosis, lisis y
presentacion antigénica de los M para controlar la infeccidn in vitro por T.

cruzi
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Metas

1. Establecer si MGL1 es importante en la internalizacién y eliminacién T. cruzi en M¢ infectados in
vitro.

2. Establecer la participacion de MGL1 en la activacion de los M infectados in vitro con T. cruzi a
través de la determinacion de la expresion de TLR-2, TLR-4, CD40, CD80 y MHC-IL

3. Establecer la participacion de MGL1 en la produccién de TNF-a e IL-12 por M en la infeccion in
vitro por T. cruzi.

4. Establecer la participacion de MGL1 en la activacion (proliferacion celular) de esplenocitos en la
infeccion por T. cruzi.

5. Establecer la participaciéon de MGL1 en el tipo citocinas producidas por los linfocitos T en la
infeccién con T. cruzi.

6. Establecer las posibles vias de sefializacion de MGL1 que participan en la activaciéon de los Mg
infectados in vitro con T. cruzi.

7. Establecer la participaciéon de MGL1 en la sintesis del NLPR3 asi como la produccién de IL-1f.
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Objetivos

Objetivo General

Establecer la participacién de MGL1 en la activaciéon y funcionalidad de los M en la infeccién

in vitro por T. cruzi.

Objetivos Particulares

Determinar el porcentaje de M peritoneales WT y MGL1 infectados in vitro con T. cruzi.
Determinar la capacidad trypanocida de Mg WT y MGL1* en la infeccion in vitro con T. cruzi.
Determinar la produccién de éxido nitrico (NO), TNF-a, IL-12 e IL-10 en el sobrenadante de los
Mo MGL1" y WT infectados in vitro con T. cruzi.

Analizar la participacion de MGL1 en la activacion de los M¢ infectados in vitro con T. cruzi a
través de la determinacion de moléculas co-estimuladoras (CD40, CD80, y MHC-II), y de los
receptores TLR-2 y TLR-4.

Determinar, en un modelo in vitro de co-cultivo M-Linfocitos T, la funcionalidad de los Mg
MGL1+ y WT para la activacion linfocitos T de memoria provenientes de la infecciéon con T.
cruzi, por incorporacion de *HTdR.

Determinar, en un modelo in vitro de co-cultivo Mg -Linfocitos T, los niveles de citocinas IL-12,
IFN-v, IL-4, TNF-a e IL-10).

Determinar las posibles vias de sefializacidn activas en Mg WT y MGL- estimulados in vitro con

Ag total de T. cruzi
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Ratones. Se utilizaron ratones de 6-9 semanas de edad WT y ratones MGL-- un fondo genético
C57BL/6 (Donados por Glycomics Consortium, USA). Los ratones han estado en reproducciéon
por mas de 10 generaciones en el bioterio de la FES-Iztacala. Los ratones WT con fondo genético
C57BL/6 se adquirieron de Harlan (México) y se utilizaron como controles. Todos los estudios
con animales se apegaron a los lineamientos para el cuidado y uso de animales de laboratorio,
de la norma Mexicana NOM-062-Z00-1999, 2001.

Confirmacion de la presencia o ausencia de la molécula de MGL en ratones WT y MGL" por PCR. A
tin de confirmar que los ratones cumplan con la condicion silvestre WT o MGL", se obtuvo DNA
del apice de la cola (<0.5 cm) de cada ratén por la técnica convencional de lisis con proteinasa K
(Invitrogen) y se amplifico el gen para mmgl (mgl de raton) y neomicina por la técnica de PCR.
Los primers y condiciones usadas fueron las siguientes: mMGL-F (5'-
CTTGGTCCCAGATCCGTATC), mMGL-R (5-ATGTCATGACTCAGGATC), NEO-F (5'-
AGGATCTCCTGTCATCTCACCTTGCTCCTG) y NEO-R (5'-
AAGAACTCGTCAAGAAGGCGATAGAAGGCG) (Todos sintetizados por Sigma-Aldrich,
México). con la ADN polimerasa (Amplificasa, marca BioTecMol) 0.5 ul, y DNTP’s (Invitrogen,
0.2mM) se utilizo la temperatura de desnaturalizacion 94°C, de alineacion 55° C para NEO y

mMGL respectivamente, y de elongacion 72°C, por 35 de ciclos.
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Figura 5. Genotipo de ratones wild type y
1 2 3 4 5 ¢ 7 MGL1#. Corrimiento electroforético que
demuestra el genotipo de cada uno de los
ratones. En los carriles 2 y 3 podemos observar
la presencia del gen mmgl (633pb) en ratones
WT, los carriles 4 y 5 muestran el gen de
insercion de neomicina (492pb) en ratones MGL-
. En el carril 6 se muestra el control, es decir
unicamente los componentes de la reacciéon de
MGL1 714 pb PCR sin DNA con la finalidad de mostrar que
Neo 492pb los reactivos no se encuentran contaminados, el
carril 7 contiene DNA sin amplificar con la
finalidad de mostrar que no se encuentra
degradado.
Parasitos. En este trabajo se utilizé la cepa mexicana T. cruzi TBAR / MX / 0000 / Querétaro
perteneciente a DTU Tcl. Se cultivaron epimastigotes de T. cruzi a 28 °C en cultivo bifdsico con
caldo de infusidn de cerebro y cerebro, agar y dextrosa (Sigma-Aldrich, CDMX, MX), y en la fase
liquida con solucién salina suplementada con 5% de bovino fetal inactivado por calor. suero
(FBS, Thermo Fisher Scientific, MA, EE. UU.) con 100 U de penicilina / estreptomicina (todas de
GIBCO-BRL, NY, EE. UU.).
Antigeno soluble de lisado de T. cruzi (AgTc). Se obtuvieron epimastigotes derivados de cultivos
y se lavaron tres veces en solucion salina tamponada con fosfato (PBS) mediante centrifugacion
a 1.300 xg durante 10 min. El sedimento obtenido se sonico seis veces durante 10 segundos cada
uno a 50 W usando un Dimem-brator sonico 300 (Thermo Fisher Scientific) en presencia de
inhibidores de la proteasa (Sigma-Aldrich). La lisis de los parasitos se confirm6 utilizando un
microscopio. Los lisados de parasitos se centrifugaron a 20.000 xg durante 30 minutos a 4° C, y
los antigenos solubles en PBS se almacenaron a -70° C hasta su uso. La concentracion de proteina
se determind utilizando un kit de proteina Bradford (Sigma-Aldrich).
Determinacion de la expresion de MGL1 y MGL2 en M MGL1"y M@ WT [44, 66] . Se obtuvieron
células totales de la cavidad peritoneal (PECs) de ratones sanos WT y MGL17 por el método de

exudado peritoneal, la purificacién de M se realiz6 por el método de adherencia en placa. Los
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Me obtenidos fueron ajustados a 10° células/ml en medio DMEM suplementado con 5% de suero
tetal bovino (FCS) 1% de penicilina-streptomicina (In vitro) y sembrados en placas de 12 pozos.
Los Mg se estimularon con antigeno total de T. cruzi (AgIc) cepa Queretaro por 24 6 48h.
Posteriormente, los M fueron colectados y marcados para su analisis por citometria de flujo.
Brevemente, los M@ fueron incubados con el anticuerpo FcyR anti-ratén (CD16/CD32), para
evitar el pegado inespecifico de los anticuerpos de interés. Para identificar la poblacion de M
se utilizo el anticuerpo monoclonal especifico para raton F4/80 conjugado con FITC, para MGL1
conjugado con PE y para mMGL-2 se utilizo un anticuerpo que tiene especificidad tanto para
mMGL1 como para MGL2 conjugado con APC, esto debido a que no existe en el mercado un
anticuerpo especifico solo para mMGL2 (todos los anticuerpos de marca Biolegen). La
determinacién de su expresion se realizo en un citometro BD FACS Calibur.

Cultivo de M peritoneales e infeccion in vitro con T. cruzi. Se obtuvieron PECs de ratones WT y
MGL1" por el método descrito en la parte superior. Los M¢ obtenidos se ajustaron a 10°
células/ml en medio DMEM suplementado con 5% de suero fetal bovino (SFB) 1% penicilina-
streptomicina, se sembraron en placas de 12 pozos que contenian en el fondo del pozo
cubreobjetos circulares estériles. Una vez sembrados, se incubaron por 2h para permitir su
adherencia, se lavaron para descartar las células no adheridas. Las células adheridas fueron
infectadas con T. cruzi cepa Queretaro; T. cruzi previamente cultivados in vitro, relacion 1:10 (un
Me por cada diez parasitos). Los M@ se cultivaron durante 48 hr a 37° C en una estufa de CO?
a 5% humedad [64].

Tincion de M infectados in vitro. Para determinar el porcentaje de M¢ infectados, asi como el
numero de parasitos internalizados por célula. Se colocaron portaobjetos circulares dentro de
placas de 12 pozos; Posteriormente se depuraron M@ por el método de adherencia y se
estimularon por 24h con LPS (0.2pg/ml), IFN-y (1ug/ml) AgTc (25ug/ml) o sin estimulo
(Gtnicamente medio cultivo). Se infectaron los Mg con T. cruzi por 2 hr. Se recuperaron los
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cubreobjetos con y se fijaron con alcohol metilico, se tefiieron con colorante GIEMSA (Sigma-
Aldrich), siguiendo las especificaciones del fabricante, para su posterior observacion al
microscopio de luz (Zeiss Ax10 Vert A1l). Se conto el niumero de parésitos internos en 100 células
para cada grupo experimental, por triplicado, a doble ciego. Se analizaron dos experimentos
independientes.

Ensayo trypanocida por incorporacion de timidina tritiada (H-TdR). Se obtuvieron Mg WT y MGL1-
I~ de ratones sanos, por el método de adherencia previamente descrito. Las se ajustaron a 10°
células/ml y se sembraron en placas de 12 pozos y fueron estimuladas por 24h con estimulo de
LPS (0.2ug/ml), AgTc, 25ug/ml o sin estimulo (inicamente medio). Se infectaron relacion 1:10
con parasitos de T. cruzi, transcurridas 2 hrs de infeccion las células se lavaron 3 veces con
DMEM para eliminar los parasitos no internalizados. Las células se incubaron por 24 hrs, se
lisaron con 0.01% de duodecil sulfato de sodio (SDS) en medio de DMEM no complementado
por 10 minutos. Los amastigotes liberados se resuspendieron en 600ul de medio DMEM
complementado y se sembraron por cuadruplicado (150ul/pozo) en placas de 96 pozos y
cultivados por 72 horas a 37°C con 5% CO?. Para determinar la viabilidad y proliferacion de los
parasitos se agregd 0.5uCi/ml de 3H-TdR en 20ul de DMEM complementado por pozo 18 horas
antes de cumplir las 72h. La placa fue cosechada en papel filtro fibra de vidrio (Perkin Elmer), y
se cuantificaron las cuentas por minuto (CPM) empleando un contador de centelleo (Wallac

Trilux 1450 microbeta).

Determinacién de Oxido nitrico (NO) en sobrenadante. Se determino el NO del sobrenadante
de los cultivos de M por el método nitrato-reductasa (Greiss) (ThermoFisher scientific G7921).
La Soluciéon A, 0.1% de naphthylethylenediamine dihydrocloride en agua destilada; y la
Solucion B sulphanilamida 5% en H3PO4 al 5%). Se mezclaron la soluciéon A y B aigual volumen.
En placa para ELISA de fondo plano se colocara una curva de dilucién doble (empezando en

100 mM) de nitrito de sodio (NaNO2). Tanto la curva como las muestras se colocaran en un
|
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volumen de 100 pl y 100 ul de reactivo de Greiss. Se incub6 a temperatura ambiente por 10 min
y se leyd a 550-620nm en un lector de ELISA (Metertech S960).

Determinacion de radicales ROS en la infeccion con T. cruzi. Se utilizaron M¢ peritoneales
sembrados en cubreobjetos de se menciono anteriormente. Se usaron M en estado basal,
infectados con T. cruzi (proporcion de 1:10), estimulados con AgTc (2.5pg/900ul) y como control
a M infectadosn con Candida albicans (C. albicans) 1x50° levaduras/900pl. Previo a la infeccion
de Mg, las levaduras de C. albicans se resuspendieron en medio 900ul DMEM con SFB y se
incubaron a 37° C por 1 hr. Para observar las ROS producidas por M¢, se adicionaron 100 pl de
Tetrazolio nitro azul NBT al 0.1% para llevar los pozos a un volumen final de 1 ml. Colocar 1 ml
de la preparacion de antigeno en cada cubreobjetos incubar a 37°C por una hr. Lavar con
solucion salina y retirar el exceso dejar secar los cubreobjetos con papel absorbente. Los M se
tineron con safranina al 0.5% y se dejaron por 7 min, se lavaron agua destilada. Se retiraron los
cubre objetos de la placa de 12 pozos para secarse sobre papel absorbente. Se montaron los
cubreobjetos en los portaobjetos con resina [67].

Determinacion de citocinas de M estimulados in vitro. Se determino la produccion de las citocinas
IL-12, TNF-a, IFN-vy, e IL-10 por el método de ELISA-sandwich en el sobrenadante de los
cultivos de los Mg con los diferentes estimulos descritos en la parte superior, de acuerdo a las
especificaciones del proveedor (Peprotech-México).

Determinacion de viabilidad de M infectados con T. cruzi. Se obtuvieron Mg de ratones WT y
MGL17, se ajustaron a 1x10° de M¢/ml y se afiadieron 100yl de estos por pozos en una placa de
cultivo de 96 pozos, usandose 4 pozos por tratamiento, después de 24hr de incubacién a 37°C.
Los parasitos de T. cruzi se ajustaron a 1x10° por 200uL en DMEM suplementado por 2hr,
después se lavaron los pozos para eliminar los parasitos no internalizados. Posteriormente, a
todos los pozos se les agregd 25uL (5mg/ml) de MTT (3-[4,5 dimetilazol-2 y 1]-2,5
difeniltetrasolio bromuro) y se incubaron por un tiempo de cuatro horas a una temperatura de
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37°C. Se centrifugd la placa a 2500 rpm durante cinco minutos y se retir6 el sobrenadante,
quedandose tinicamente con la pastilla, a la cual se le agregd posteriormente 100uL de dimetil
sulfoxido (DMSO) y se dejo 15 min en obscuridad (se utilizaron como blanco tres pozos de la
placa que no contenian células a los que se le agregaron 100 uL. de DMSO). Se ley6 la absorbancia
a 492nm.

Expresion de moléculas de M in vitro. Se obtuvieron exudados de células totales de la cavidad
peritoneal (PECs) de ratones WT y MGL1" sin infeccion; se ajustaron a 10°, purificadas por el
método de adherencia y cultivados en placas de 24 pozos por 24h con estimulo de LPS
(0.2ug/ml), AgTc (25ug/ml) T. cruzi (10 parasitos/ M) o sin estimulo (inicamente medio). Los
Mg fueron recuperados y se analizo la expresion de moléculas co-estimuladoras por citometria
de flujo. Brevemente, los M se incubaron con el anticuerpo FcyR anti-ratén (CD16/CD32), para
evitar el pegado inespecifico. Para identificar la poblacion de M@ se utilizo el anticuerpo
monoclonal especifico para raton Pacific blue F4/80, PerCP/Cy5.5-CD11b, PE-TLR-4, PE-MHC-
II, FITC-TLR-2, FITC-CD40 y FITC-CD80 (Todos marca BioLegend; San Diego, CA, USA.). Se
sigui6 el procedimiento sugerido por el proveedor y se cuantificaron las muestras en el equipo
BD FACS Calibur.

Obtencion de esplenocitos. Para los co-cultivos se utilizaron ratones WT infectados con T. cruzi
21 dias post-infeccidon (dpi), se extrajeron los esplenocitos del bazo por perfusiéon utilizando
solucion salina. Las células se contaron y se ajustaron a 1x107 cel/ml.

Co-cultivos de M-esplenocitos. Se obtuvieron M MGL1” y WT provenientes de ratones sanos
por el método de adherencia descrito en la parte superior. Se contaron y ajustaron a 1x10°¢ cel/ml.
Los M se sembraron en placas de 24 pozos, incubaron por 2 h para permitir su adherencia, se
lavaron para retirar las células no adheridas y se agregd AgTc (25 pg/ml) y se incubaron por 2

h, nuevamente se lavaron al menos 3 veces para retirar el antigeno no fagocitado. Se agregaron
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los esplenocitos de ratones WT infectados en proporcion 1:10 (M¢-esplenocitos). Se cultivaron
por 72 h.

Proliferacion celular. De los co-cultivos (esplecnocitos-M¢) se afiadié (3-HTdR) (185
GBb/mmolactivity, Amersham England) 1 uCi/pozo. Las células fueron cosechadas y se
contabilizara por incorporacion de (*H)-TdR después de 72 h de estimulo.

Determinacion de citocinas de esplenocitos en co-cultivo con M. En el sobrenadante de los co-
cultivos Mg-esplenocitos se determind IL-4, IL-13, IL-10, IFN-vy, IL-12. Se utiliz6 el método de
ELISA sandwich de acuerdo a las especificaciones del proveedor (Peprotech).

Niveles de proteinas de las vias de sefializacion P38, ERK1/2, c-jun, NFxB y NLRP3 detectadas por
transferencia de Western. Los M derivados de la médula dsea murinos (BMM¢) se generaron
utilizando tibias y fémures extraidos asépticamente de ratones MGL17y WT como se describio
anteriormente [24]. En resumen, los extremos de los huesos se cortaron y se lavaron con 10 ml
de PBS estéril. La suspension celular obtenida se centrifugd a 1.300 xg durante 10 minutos a 4°C.
Las células se ajustaron a una concentracion de 4 x 10° células/ml en medio de diferenciacion de
Mg que contenia DMEM suplementado (FBS al 20%) y 50 ng/ml de factor estimulante de
colonias de M@ murinos (M-CSF) (Biotech, BG, DE). Se sembraron dos mililitros de suspension
celular en cada pocillo de una placa de 6 pocillos y se incubaron a 37 ° C en 5% de CO? Después
de 72 h, se anadio 1 ml de medio de diferenciacion a cada pocillo. Las células se dejaron
diferenciar durante 7 dias. Los BMM se lavaron dos veces, se ajustaron a una concentracion de
4 x 10° células / ml y se estimularon con LPS (100 ng / ml) o AgTc (25 pug / ml) durante 0, 5, 15y
30 minutos. La proteina BMM¢ se extrajo utilizando un tampén Laemmli (que contiene Tris 92
mM (pH 6,8), glicerol al 18%, SDS al 1,8%, azul de bromofenol al 0,02% y (-mercaptoetanol al
2% (todos de Sigma-Aldrich) con inhibidores de proteasa y fosfatasa (Roche Diagnostic, Basel
Suiza) de acuerdo con las instrucciones del fabricante. Las muestras se centrifugaron a 700 xg
durante 5 min a 4 ° C y la concentracidon de proteina se determin¢ utilizando un ensayo de
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Metodologia

Bradford (Sigma-Aldrich). Las muestras de proteina (15 ug) separados por electroforesis en gel
de dodecilsulfato de sodio y poliacrilamida (SDS-PAGE) al 12% a 80 V y se transfirieron a
membranas de inmobilon-P (0,22 uM, Millipore, MA, EE. UU.) mediante electrotransferencia.
Las membranas se bloquearon durante 2 ha temperatura ambiente. en solucién salina
tamponada con Twis-Tween 20 (TBST) suplementada con 5% p / v de albimina de suero bovino
(Sigma-Aldrich). Posteriormente, la membrana se lavo tres veces con TBST y se incubd a 4 ° C
durante la noche en una placa agitadora con siguientes anticuerpos primarios: GAPDH (como
housekeeping protein), NFkB p65, p-NFkB p65, p38 MAPK, p-p38 MAPK, p44/42 MAPK
(Erk1,2), p-p44 / 42 MAPK (p-Erkl,2) y NLRP3 siguiendo las indicaciones del fabricante
protocolo (Cell Signaling, MA, USA). Después de lavar la membrana con TBST cuatro veces, se
anadio un anticuerpo secundario conjugado con fosfatasa alcalina en TBST (dilucién 1: 5000;
Senalizacion celular) y se incub6 durante 2 horas a temperatura ambiente. La membrana se lavo
con TBST cuatro veces, la sefal se revelo utilizando Super Signal West Femto (Thermo Fisher
Scientific) y luego se escanearon y analizaron con un escaner infrarrojo fluorescente Odyssey
(LI-COR Lincoln, NE, EE. UU.).

Analisis estadistico. Se utilizo el programa GraphPath Prism 6. Se aplico la prueba de “t” de

Student, long rang test y Wilcoxon segtin correspondiera a cada caso.
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Resultados

Los M de ratones MGL tiene una supresion del receptor MGL1. Los ratones tienen dos genes de
MGL, denominados MGL1 y MGL2, con distintas funciones y distribuciones. Se ha reportado
que existen niveles muy bajos de MGL2 en Mg peritoneales, mientras que MGL1 tiene una
mayor expresion. M peritoneales y diferenciados de medula ésea (BMMg) se expresa
mayormente MGL1 que MGL2 [68]. Ya que cuando se realizaron estos ratones suprimidos para
el receptor mMGL no se habia reportado la presencia de MGL2[66, 69]; nosotros medimos por
citometria de flujo la intensidad media de fluorescencia (IMF) de los anticuerpos especificos para
MGL1 y MGL2 en M (F4/80*) estimulados in vitro por 24 6 48 h con antigeno de T. cruzi (AgTc)
para determinar la supresion de MGL1, MGL2 o ambos. Como se esperaba, los ratones WT
tuvieron una expresion del receptor MGL1 y cuando se estimulan con AgTc esta
expresidnaumenta, tanto en M residentes del peritoneo como diferenciados de medula 6sea.
Los M@ MGL” muestran una disminucién en la expresion de MGL1 tanto sin estimulo como
con estimulo de AgTc en ambos tipos de M¢. Ademas, se observo la presencia de MGL2 en
ratones MGL” en estado basal en niveles iguales a los ratones WT (Fig 6. A y B). Con estos
resultados concluimos que los ratones MGL- son deficientes para MGL1, por los que a partir de

este resultado los mencionaremos como MGL1-.
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Figura 6. Expresion de MGL1 y MGL2 en Mg de ratones WT y MGL1+. (a-b) histograma de la expresién de MGL1 y MGL2
en Mg infectados in vitro con T. cruzi, linea punteada isotipo; linea negra M de ratones MGL1+; drea gris M@ de ratones Wild-
Type (WT). Grafico de barras de intensidad media de florecencia de M@ que expresan MGL1 y MGL2. n=6 ratones por grupo.

*=p<0.05.
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Resultados

Los M@ MGL1" tiene un mayor porcentaje de amastigotes de T. cruzi. mMGL ha sido descrito como
un receptor involucrado en procesos de fagocitosis. Nosotros evaluamos la participacion de
MGLI en la internalizacion de T. cruzi. Se obtuvieron M@ peritoneales de ratones WT y MGL1-
I,y se infectaron in vitro con T. cruzi. Nuestros resultados muestran que los Mg MGL1” tiene un
mayor porcentaje de M infectados, con un total de los con un 86% infectados ; siendo del 100%
de los M@ MGL1" un 33% infectados con 2 o 3 parasitos. En contraste, los Mg WT tuvieron un
48% de los M infectados, en donde se observo de un 100% de los Mg WT el 29% de los M
WT con 1 parésito, (fig. 7 8 a-d). Este resultado fue congruente con la observacion previas
realizadas por Vazquez y colaboradores en donde se menciona que los ratones MGL1"
infectados con T. cruzi in vivo desarrollaban mayor parasitemia en sangre a partir de los 21 dias

post infeccion, y sucumbian en mayor numero que los ratones WT [64].

Nuimero de amastigotes por Macroéfago

Mg infectados/
1 2-3 4 5 >6
100 células
WT 48% 29% 14% 4% 1% 0%
MGL1" 86%* 229%* 33%* 219* 7% 3%

Figura 7. Numero de parasitos internalizados. M¢ de ratones WT o MGL1" infectados in vitro con T. cruzi (proporcion 1:10)
por 2hr. 500 células contadas por grupo. Células totales de 2 experimentos independientes.
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Figura 8. Infeccion de M con T. cruzi . A-C) Fotografia en microscopio a 40X, M WT y MGL1+ infectados con T. cruzi . D)
Porcentaje de M con parasitos internos. Datos obtenidos de 2 experimentos independientes. Relacién (1:10; M-parasitos)
Kok

=p<0.0006.
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Resultados

Los M@ MGL1" tienen disminucion de activacion en respuesta a IFN-y y LPS. Debido a que los M
MGL1" presentaron un mayor numero de parasitos internos, nos cuestionamos si los procesos
para la eliminacion de T. cruzi se encontraban disminuidos en M MGL1". Estudios previos han
demostrado que la activacion de los M por IFN-y es uno de los mecanismos mas importantes
en el control y eliminacién de los parésitos T. cruzi [70, 71]. Asi mismo, se ha reportado que un
doble estimulo en Mg con IFN-y y LPS producen una mayor cantidad NO correlacionando con
mayor eliminaciéon de L. major y T. cruzi internos, en comparacion con los M@ insensible a
Interferon Gamma (miig) [72]. Nosotros usamos M WT y MGL1" y/6 estimulados con IFN-y
(1pg/ml) o LPS+IFN-y (100 ng/ml de LPS) o sin estimulo (Basal) para observar el papel de MGL
en la activacion M por 24 h. Los M se infectaron con T. cruzi marcado con CSFE por 2 h.
Nuestros resultados muestran un decremento en la cantidad parasitos internalizados en Mg WT
y M@ MGL1" cuando son estimulados con LPS o IFN-y. Sin embargo, se observan una mayor
cantidad de parasitos internos en M@ MGL17 después de la activacion con LPS o IFN-y
mostrandose diferencias significativas con los Mg WT (Fig. 9a, b). Estos resultados no dejan
claro si las diferencias entre Mp WT y M@ MGL17 después de la estimulacion con IFN-y o
LPS+IFN-y se debe a que los Mg MGL1" internalizan una mayor cantidad de parasitos. Sin
embargo, estos resultados muestran que la ausencia de MGL1 no evita la activacion del Me.
Bstos resultados concluyen que MGL1 es una molécula importante para el control de la infeccion

por T. cruzi, y tiene participacion en el proceso de activacion de los M.
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Figura 9. Infeccion de M estimulados con LPS o IFN-y e infectados con T. cruzi. M WT y MGL1" fueron infectados in vitro
con T. cruzi a una proporcion de 1:10 (M/parasitos). A) citometrias de Mg WT y MGL1", IEN-y (1ug/ml), LPS (0.2pg/ml). B)
porcentaje de M con parasitos internos. Los graficos son representativos de dos experimentos independientes* p<0.05.
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Resultados

Los M@ MGL1" tienen disminuida la capacidad de eliminar a T. cruzi. Ya que observamos que los
M@ MGL1" tenian un mayor nimero de parasitos internos después de ser estimulados con IFN-
Y, 6 IFN-y+LPS en comparacion con M@ WT, ahora quisimos saber la viabilidad de estos
parasitos internos. Se realizaron cultivos de M@ MGL1” y WT sin estimulo y con IFN-y 6
LPS+IEN-y por 24 h y posteriormente infectados con T. cruzi por 2 h, y se realiz6 el ensayo de
viabilidad para T. cruzi. Los M MGL1" tuvieron mayor cantidad de parasitos viables internos
(Fig. 10). Sin embargo, cuando los Mg MGL1" son estimulados con IFN-y estos son capaces de
eliminar los parasitos internos no mostrando diferencias significativas con el grupo WT.
Contrariamente, cuando los M@ MGL1" fueron estimulados con LPS o con un doble estimulo
de IFN-y+LPS se observo una menor viabilidad de parasitos internalizados que los mostrados
por los M@ WT. Estos resultados muestran que la ausencia de MGL1 favorece la infeccién y
proliferacién intracelular de T. cruzi, lo cual sugiere que la ausencia de MGL1 podria repercutir
en una deficiente activacion. Asi mismo, los M MGL1" no eliminaron a los parasitos internos
después de estimulos fuertes de activacion como son la combinacién del LPS+IFN-vy, el defecto
para eliminar a los parasitos de T. cruzi parece ser independiente de las vias de activacion de

IFN-y pero no de LPS.
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Figura 10. Viabilidad de parasitos provenientes de M infectados in vitro. Mg de ratones WT y MGL1" infectados in vitro
con T. cruzi, proporcion de 1:10 (Mg/parasitos) y estimulados con IFN-y (1ug/ml) y LPS+IFN-y (LPS-0.2ug/ml; IFN-y-1ug/ml),
a las 24 hrs post-infeccién. A) Numero de parasitos en sobrenadante. B) Proliferacién de parasitos internalizados en M WT'y
MGL1+ infectados T. cruzi, y lisados para determinar los parasitos internalizados por el método de incorporacién de (*H)TdR. *

p<0.05.
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Resultados

MGL1 en M@ aumenta el Estallido el Oxidativo durante la infeccion in vitro con T. cruzi. Las especies
reactivas de oxigeno (ROS) son producidas por procesos de oxidacién dentro de los Mg contra
parasitos intracelulares, formando uno de los principales mecanismos antimicrobianos que
participan en la defensa del huésped [73-75]. Nosotros quisimos saber si MGL1 favorece la
producciéon de ROS en Mg para la eliminacién de T. cruzi. Se utilizo C. albicans como control ya
que se ha reportado que induce la producciéon de ROS en M [76]. Se realiz6 la prueba de NBT
en Mo infectados con T. cruzi. Se observd que los Mg MGL1” presentaron un menor porcentaje
Me positivos para NBT que los Mg WT infectados con T. cruzi (40% y 79.7% respectivamente)
(Fig. 11 a-c). Nuestros resultados muestran que MGL1 es importante en la produccion de ROS,

mostrando un nuevo receptor en la activacion de M.

— Mo WT + T. cruzi M¢ MGL1" + T. cruzi
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Figura 11. Produccion Especies Reactivas de Oxigeno (ROS) por Mg provenientes de ratones WT y MGL- infectados con T.
cruzi. a) M de ratones WT y MGL1+ sin infeccién (Basal), infectados con C. alibicans (proporcion 10:1), parasitos de T. cruzi
(proporcion 1:10) y estimulados AgTc (25ug) 40X. b) M@ de ratones WT y MGL1 infectados con T. cruzi (proporcion 1:10) 100X.
*p<0.05 respecto al grupo Mo WT.
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Resultados

MGL1 favorece la produccion de 6xido nitrico en M infectados in vitro. Se ha reportado que el NO
es una molécula importante en la eliminacién de T. cruzi [77]. De los cultivos de M infectados
con T. cruzi (mencionado en la parte superior), se tomo el sobrenadante a las 24 h post-infecciéon
para cuantificar la producciéon de NO por la técnica de Greiss. Se observo diferencias en la
produccion de NO con un doble estimulo de IFN-y+LPS siendo menor la produccion en Mg
MGL1. Asi mismo, se observa que cuando los M¢p MGL17 son infectados con T. cruzi tienen
niveles significativamente menores de NO que los M@ WT con los diferentes estimulos (Fig 12).
Esta observacion sugiere que el receptor de MGL1 participa en el reconocimiento de T. cruzi
para la produccion de NO. Nuestros resultados muestran que MGL1 actiia de manera sinérgica
con la activacion previa de IFN-y (ya que se sabe que MGL1 reconoce a T. cruzi); de manera
contraria no se observa este fendmeno con el receptor para LPS. En conclusion, la ausencia de

MGL1 disminuye la produccion de NO con la infecciéon de T. cruzi.

By [OJuvcu”
*

121 *

NO (uM )

T.cruzi - - - - + + +
IFN-y - + - - + - +
LPS - - + + - - + +

Figura 12. Concentracion de oxido nitrico en el sobrenadante de M de ratones WT y MGL1"- infectados in vitro con T. cruzi.
Mg de ratones WT y MGL1+ estimulados con IFN-y (1ug/ml) y LPS+IFN-y (LPS 100 ng/ml; IFN-y-1ug/ml sin infeccién y con
parasitos de T. cruzi (proporcion 1:10). Gréfica de tres experimentos independientes, *p<0.05 respecto al grupo M¢e WT.
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MGL1 es importante en la produccion de IL-12, TNF-a e IL-10. La sintesis de las citocinas IL-12 y
TNE-a por los Mg es importante en control inicial de la infeccion por T. cruzi [78]. De manera
contraria, la citocina anti-inflamatoria IL-10 es permisiva a la infeccion. Se cuantificd la
concentracion de IL-12, TNF-a e IL-10 en el sobrenadante de los cultivos de M estimulados con
IFN-y LPS, IFN-y+LPS, y con infeccion de T. cruzi por 24h. Los M@ MGL1" estimulados con LPS
tuvieron una disminucion en la produccion de IL-12 en comparacion con M WT. Me MGL1+
estimulados con LPS y IFN-y+LPS e infectados con T. cruzi tuvieron una menor produccion de
IL-12 y TNF-a en comparacion con M@ WT. Fue de llamar la atencion que la produccion de la
citocina anti-inflamatoria IL-10 también mostro una disminucidn significativa en los M MGL1-
I~infectados con T. cruzi y infectados con T. cruzi estimulados IFN-y y IFN-y+LPS, comparados
con los M@ WT (Fig. 13). Estos resultados confirman una deficiente activacion de los Mg MGL1-
Iy se sugiere que MGL1 estd implicado en la expresion de los receptores de reconocimiento del
LPS y/o en la activacion de las vias de senalizacion para la sintesis de citocinas en

proinflamatorias M, como las MAPK cinasas.
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Figura 13. Concentracion de las citocinas IL-12, IL-10 y TNF-a en el sobrenadante de M ratones WT y MGL- infectados in
vitro con T. cruzi. Mg de ratones WT y MGL infectados con T. cruzi (proporcion 1:10). A) Concentracion de IL-12. B)
Concentracion de TNF-a.. C) Concentracion de IL-10. Los graficos son representativos de dos experimentos independientes,

*p<0.05 respecto al grupo Mo WT.
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Resultados

MGL1 favorece la expresion de TLR-2 y TLR-4 en M la infeccion por T. cruzi. En M los receptores
TLR-2 y TLR-4 reconocen PAMPs en T. cruzi y este reconocimiento favorece activacion de
mecanismos trypanocidas [79, 80] [81]. Con el proposito de determinar si la ausencia de MGL1
afecta la expresion de TLR-2 y TLR-4; M WT y MGL1" se estimularon con LPS, AgTc (Antigeno
de T. cruzi) y T. cruzi. Los M@ WT no presentaron diferencias significativas en el porcentaje de
expresion de TLR-2 y TLR-4 sin estimulo en comparacion con Mg MGL1. Los M WT tuvieron
un mayor porcentaje de M¢ positivos para TLR-2 con los estimulos de LPS alrededor del 61.8%,
mientras que los Mp MGL1” mostraron un porcentaje de expresion de TLR-2 de 48.9% frente al
estimulo de LPS. Pero no se observaron diferencias en la expresion de TLR-4 con el estimulo de
LPS. Estudios realizados con células epiteliales gastricas y M del epitelio gastrico, mostraron
una que la activacion de TLR-4 por Helicobacter pylori (el cual presenta en su membrana
plasmatica grandes cantidades de LPS, ligando natural del TLR4); induce la co-expresion de
TLR-2 [82]. De igual manera, M@ WT con el estimulo AgTc y con la infeccion de T. cruzi
mostraron un mayor porcentaje de M positivos para TLR2 y TLR-4, mostrando diferencias
significativas con el grupo MGL1" (Fig. 14). Los resultados observados en nuestra investigacion
sugieren que la ausencia de MGL1 afecta la expresion de TLR-2 y TLR-4 frente a la infeccion con
T. cruzi; esto se ve relacionado con una disminucién en la produccion de citocinas de tipo pro-
inflamatorias como IL-12 y TNF-q, asi como anti-inflamatorias (IL-10). Y probablemente esto
impacte en la capacidad de los Mg MGL17 como CPAs para activar de manera eficiente la

respuesta celular T (tipo Th1) importante en el control de la infeccion por T. cruzi.
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Figura 14. Expresion de TLR-2 y TLR-4 en M@ MGL1-/-y WT estimulados con LPS, AgTc e infectados con T. cruzi in vitro. Mg
provenientes de ratones MGL1-/-y WT estimulados con LPS (100ng/ml) 6 AgTc (25ng/ml) 6 infeccién con T. cruzi (10 parasitos por
1 Me) por 24 h. (a) Dot plot de M¢p estimulados. (b) Grafica de barras del porcentaje de la expresién de TLR-2. Datos representativos
de 2 experimentos. n=4. *p<0.05.
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Resultados

MGL1 participa en la expresion de MHC-II en la infeccion de T. cruzi. Diversos articulos han
demostrado que los CLRs son receptores fagociticos, ademas de participar en la presentacion de
antigenos a linfocitos (Lc-T) [47, 83, 84]; dentro de los receptores CLRs se encuentra el receptor
para MGL [44]. Nosotros realizamos una activacion de M WT y MGL" in vitro con estimulos
de LPS, AgTc y T. cruzi para observar la participacion de MGL en la expresion de MHC-II y
moléculas coestimuladoras. Se observaron diferencias significativas de la expresion MHC-II
entre grupos con los estimulos con AgTcy T. cruzi, teniendo mayor expresion los Mg WT, esto
se relaciona con la deficiencia de los M@ MGL" para la eliminacion del parasito. Asi mismo, se
observard una mayor expresion de CD40 en los M@ WT con el estimulo de LPS y T. cruzi, esto
podria deberse a que la expresion de esta molécula requiere que el parasito se encuentre vivo.
Estos resultados muestran que MGL es importante en la expresion de MHC-II, y esta se ve
implicada con la induccién de una respuesta inmune celular T, importante en contra la

enfermedad de Chagas cronica.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 41



" WT o MGL1”
+>—<
Sin- O .
estimulo LTS AgTc T. cruzi T
S11007
o 4 %
38.0% 36.5% 82.1% 64.0% 2 804 -
WT 3 al n
™ 60+ ]
+ 60 %
2 . F =
w1 —o = %
—  489% 39.7% 59.6% 51.2% 5 u =
- -
Ny 2 20
MGL1” & E
= Z o
O
e
.
o
<
A *
TR il —
2 .
WT 30.4% 70.4% 60.6% 67.4% 5 70" & I
. = -
Q60 o
= g "
5 50 = L SR
[m]
33.2% 48.9% 51.9% 47.9% -
MGLI ¢ e
A =2
@) 5 30
e
o)
O *
()
o0
52.9% 63.3% 62.7% 61.9% 5 807 I .
&
WT "o 701 E3 @ 1: u]
= 0 = &
A 60 é-:' o
48.3% 53.4% 62.8% 68.1% @) ]
/ 2 L@ 50 B
MGL1" A E
@] 5 40
—_ ) ¢ 4;\
\0
F4/80 PN W g’? o
N N
,Qa
<

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 42



Resultados

Figura 16. Expresion MHC-II y moléculas co-estimuladoras CD40 y CD80 de los M¢ estimulados con LPS, AgTcy T. cruzi.

Me WT 6 MGL1" Graficos representativos de dos experimentos independientes. Mg estimulados con AgTc (25ug/ml) 6 LPS
(100ng/ml) 6 T. cruzi (1 M/10 parasitos) y por 24 h.* p <0.05.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

43



Resultados

Los co-cultivos M MGL1” con linfocitos T de ratones WT tienen disminuida la produccion de
citocinas. Para determinar si MGL1 en M participa en la activacion y linfocitos T, se realiz6 un
sistema de presentacion de antigeno in vitro de M WT y M@ MGLI1” con esplenocitos
provenientes de una infeccion previa de T. cruzi. Se midi6 la concentracion de TNF-a e IFN-y en
sobrenadante de ya que son estas importantes en la diferenciacion de Linfocitos T hacia una
respuesta inflamatoria-Th1, confiriendo proteccién en la infeccién de T. cruzi. TNF-a es conocido
por sus propiedades de activacion de M citotdxicos productores de NO, de igual manera, IFN-
v como molécula derivada de linfocitos Thl efectores y NKs, células involucradas en la
destruccidn del parasito [85]. Se midid la concentracion en sobrenadante de IL-4 e IL-13 junto
con la IL-10 ya que son citocinas de una respuesta anti-inflamatoria Th2, son antagonistas de la
respuesta protectora Th1, tienen un papel critico, limitando la respuesta inmune inflamatoria-
Th1 hacia los patogenos para prevenir el dafo sistémico del hospedero [86]. Se observo una
produccion significativamente disminuida de TNF-a en el co-cultivo de M¢ MGLI1"
estimulados con AgTc en comparacion con los co-cultivos con M@ WT estimulados con AgTc.
La produccién de citocinas derivadas de la activacién de linfocitos mostro una menor
concentracion de IFN-y, IL-4, IL-13 e IL-10 en los co-cultivos de Mg MGL1"7 estimulados con
AgTc. Estos resultados muestran una deficiente produccion de las citocinas ambos perfiles, tanto
del perfil inflamatorio como anti-inflamatorios en los co-cultivos de los M MGL1" estimulados
con AgTc con esplenocitos WT. Esto podrian deberse a una activacion deficiente de los Mg
MGL1" favoreciendo una disminucion de la activacion de los linfocitos T. Un reporte refiere que
ratones mMGL" son altamente susceptibles a la infeccion por el helminto Taenia crassiceps,
asociada a una reduccion significativa de los niveles de las citocinas pro-inflamatorias IL-12,
IFN-y y TNF-a, asi como en la produccion de NO [87]. En nuestro estudio la ausencia de MGL1
en los Mg provoco una reduccion de citocinas pro-inflamatorias y anti-inflamatorias
significativa de los Linfocitos T, lo que concluye que MGL1 participar en la activacion de los
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Linfocitos T, esto se debe a que MGL1 favorece la expresiéon de MHC-II, asi como, la activacion

de los M@ por TLR-2 y TLR4, y la sucesiva produccion de citocinas.
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A) Predueeién concentracion de IFN-y. B) Concentracion de IL-10. C) concentracion de IL-13. C) Concentracion de IL-4. Graficos
representativos de dos experimentos independientes. *p<0.05 respecto a contraparte WT.
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MGL1 en M participa en la proliferacion de linfocitos T de memoria. La expresion de la molécula
del MHC-II se ve relacionada con una eficiencia de las CPAs en diversos procesos como: la
previa lisis intracelular del parasito en los M; la posterior carga de péptidos provenientes del
parasito en MHC-II; asi como, la expresion del MHC-II; en conjunto, con la expresion de
moléculas co-estimuladoras favorece la activacion de los linfocitos T. La proliferacion de
linfocitos T se midié por la técnica de incorporacion de timidina tritiada. Se observd un
incremento de en el valor de CPM del grupo de M WT estimulados con AgTc y co-cultivados
con linfocitos T (M¢-AgTc-Lc) en comparacion con lo Mg MGL. El conjunto de estos resultados
muestra que MGLI1 participa en la fagocitosis, procesamiento y presentacion de antigenos hacia
linfocitos T, observandose una mayor produccién de citocinas y una mayor proliferacién de

linfocitos T.
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Fig. 18. MGL1 favorece una mayor proliferacion de linfocitos T provenientes de una infeccion previa. Mo WT 6 M@ MGL"
2.5ug/ml de AgTc, (Me-AgTc), Mg co-cultivados con Linfocitos (M@-Lc y M@ estimulados con AgTc y co-cultivados con Lc
(Mq-AgTc-Lc) . los linfocitos son provenientes de un ratén WT provenientes de una infeccion de T. cruzi de 21 dias (relacién
1Me: 10 esplenocitos). ** p < 0.0028.
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Los M¢p diferenciados de Medula dsea de ratones MGL1" tiene una supresion del receptor MGL1. Ya
que realizamos experimentos para determinar la participacién de MGL1 en las vias sefializacion,
necesitamos una mayor cantidad de M, nosotros diferenciaremos M¢ a partir de medula 0sea.
Corroboraremos que los Mg diferenciados de medula dsea tienen una supresion de MGL1.
Reportes han mostrado que los M diferenciados de medula dsea (BMMgp) expresan
mayormente MGL1 que MGL2 [68]. Se midi6 por citometria de flujo la intensidad media de
fluorescencia (IMF) de los anticuerpos especificos para MGL1 y MGL2 en Mg (F4/80%)
estimulados in vitro por 24 6 48 h con antigeno de T. cruzi (AgTc); los ratones WT mostraron una
menor IMF MGL1 en niveles basales; cuando se estimulan con AgTc esta expresion aumenta, en
Me diferenciados de medula 6sea. Los Mg MGL1" no se observa una expresion de MGL1 a
nivel basal como con estimulo con estimulo de AgTc en ambos tipos de M@ (tomando como
referencia el isotipo). Ademas, se observo la presencia de MGL2 en ratones MGL” en estado

basal en niveles iguales a los ratones WT (Fig 19. a y b).
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Figura 19. Expresion de MGL1 y MGL2 en M¢ diferenciados de medula dsea de ratones WT y MGL". (a-b) histograma de la
expresiéon de MGL1 y MGL2 en Mg infectados in vitro con T. cruzi, linea punteada isotipo; linea negra M de ratones MGL1+;
area gris M@ de ratones Wild-Type (WT). Grafico de barras de la intensidad media de florecencia (IMF) M¢ que expresan

MGL1 y MGL2. n=6 ratones por grupo. *=p<0.05.
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MGL1 participa en la activacion de NF-kB, c-jun y ERK1/2. Estudios recientes han demostrado que
los CLRs tienen un papel importante en la activacion celular. Los CLRs tiene motivos de
senalizacion intracitoplasmatica, que estos pueden inducir respuestas fagocitica,
antimicrobianas asi como la producciéon de citocinas que son protectoras o producen
susceptibilidad contra microbios [88-90]. Nos preguntamos si MGL1 podria promover una via
de senalizacion que participara en la produccion de citocinas y NO. Las vias de sefializacion mas
estudiadas para la produccion de citocinas y NO son P38, ERK1/2, y los factores de transcripcion
AP-1 (cjun) y NF-xB [89, 91, 92]. Se utilizaron M¢ diferenciados de médula 6sea de ratones WT
y MGL17, se estimularon con LPS y AgTc a 5 ", 15" y 30". No se observaron diferencias
significativas en la activacion de P38 entre grupos. De manera contraria; los M@ MGL1" no
mostraron activacion en ERK1/2 después de la estimulacion con AgTc o LPS en, mostrando de
esta manera que MGL1 podria activar de manera directa a ERK1/2. De igual manera se observd
una menor activacion en c-jun y NF-«xB en el estimuloa 5"y 30" y 5"y 15" (respectivamente)
post-estimulacion de AgTc en M MGL1” (Fig. 20). Estos resultados muestran que MGL1
estimulado con AgTc juega un papel importante en la activacion de ERK-1/2 ademas de una

participacion en la activacion de c-jun y NF-«B.
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Figura 20. MGL1 ayuda en la activacion de ERK1-2, c-jun y NF-kB. A) Western blot de P-38, NF-«B, c-jun y ERK-1/2 en BMM¢
MGL* y WT estimulado con AgTc (25 pg/ml) o LPS (200 ng/ml) y estimulado por 5”7, 15”, y 30”(p-, fosforilados; t-, totales). Se
lisaron las células y se separaron 15 ug de extracto de proteina de célula completa mediante SDS-PAGE al 10% y se transfirieron
usando los anticuerpos indicados. Se usé el anticuerpo GAPDH como control de carga. Los datos mostrados son representativos
de dos experimentos independientes. Grafico de barras del porcentaje de la expresién doble de P38, NF-xB y ERK1/2 BMM¢.
Datos representativos de 2 experimentos n=>5 * P <0.05.
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MGL1 juega un papel importante en la activacion del inflamasoma. Uno de los principales factores
que desencadenan la inflamacion aguda o crénica es el inflamasoma [93]. NLRP3, es uno de los
inflamasomas mas importantes involucrados en el desarrollo del microentorno inflamatorio a
través de la activacion de caspasal produciendo la secrecion de IL-1f, creando un microentorno
inflamatorio [94]. Debido a que Mg MGL1" expuestos a LPS o AgTc exhibieron una produccion
disminuida de citocinas pro-inflamatorias y esto se correlaciona con una deficiente activacion
de cjun ERK1/2 y NF-xB, exploramos si Mg MGL1” muestran deficiente activacion del
inflamasoma NLRP3. Se utilizaron M WT y MGL" derivados de médula 0sea, se estimularon
con LPS, AgTc o LPS/AgTc durante 24 h y se realiz6é un analisis por Western blot la expresion
de la proteina NLRP3. Como se muestra en la Figura 21a, b; Mg WT estimulado con LPS, AgTc
o LPS/AgTc aumentaron la produccion de la proteina NLRP3 en comparacion con los de las
células no estimuladas. Es importante destacar que los M MGL17 en comparacion con Mo WT
no mostraron ningdn aumento en los niveles de proteina NLRP3 tras la estimulacion con
LPS/AgTc o cualquiera de los estimulos solo. Con el fin de confirmar que la actividad del
inflamasoma se altera en ausencia de MGL1, medimos la expresion de pro-caspasal, caspasal,
por western blot; encontramos que tiene una existe una activacion de caspasal en M@ WT, y no
se observa una expresion de caspasal cuando son doblemente estimulados (LPS/AgTc), y se
observa una menor expresion de caspasal en Mg MGL1" con los diferentes estimulos. De igual
manera, la produccién de IL-1p en los sobrenadantes de los mismos cultivos M@ se observo
niveles mas altos en los Mg WT estimulados con LPS, AgTc o LPS/AgTc, en contraste, M¢
MGL1" estimulado con cualquiera de los estimulos mostro niveles significativamente mas bajos
de producciéon de IL-1B que WT Mg expuesto a LPS o AgTc. Estos resultados muestran que
MGL1 es importante para la produccion de NLPR3, pro-caspasal y IL-1[3.
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Figura 21. MGL1 regula a la baja la produccion de NLRP3, Caspasal y IL-1f. (a) WT y MGL1+ Mg derivado de la médula dsea
se estimularon durante 24 h con LPS (100 ng/ml) o AgTc (25 pg /ml) o LPS + AgTc (100 ng+25 pg/ml), en lisados de proteinas
totales de M se midieron la proteina NLRP3 por Western blotting. Transferencia de Western que muestra la regulacién negativa
de la expresion de la proteina NLRP3 en MGL1#* Me. Y el analisis de densitometria para el Western blot NLRP3. (b)
Cuantificacion de IL-1§3 en el sobrenadante de cultivo celular por ELISA. Los datos de transferencia Western se normalizaron
para el control de GAPDH y son representativos de dos experimentos separados. Los datos se representan como los medios (+

SEM), n=5, * p <0.05.
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Discusion

Los CLR tienen un papel importante en el reconocimiento de glicoconjugados parasitarios [54].
Estudios identifican a los CLR como una importante familia de PRRs que participan en la
induccion de perfiles de expresion génica especificos contra patogenos, mediante la modulacion
de la senalizacion de TLR o induciendo directamente la expresion génica [89, 95, 96]. Nuestra
investigacién muestra la importancia de MGL1 para la activacion celular y subsecuentemente la
destrucciéon de T. cruzi. Resultados previos realizados en nuestro laboratorio mostraron la
participacion de MGL1 en la resistencia contra la infeccion intraperitoneal por T. cruzi,
mostrando que los ratones MGL1" desarrollaron mayor parasitemia y mortalidad que los
ratones WT [64]. En el presente trabajo mostramos resultados que describen la importancia de
MGLI1 en Mg y su participacion en la respuesta inmune innata contra T. cruzi.

Los Mg tienen tres funciones principales; 1) fagocitosis, 2) inmunomodulacién (a través de la
oxidacidn intracelular y la produccion de diversas citocinas) y 3) Presentacion del antigeno [97].
Estudios han descrito a MGL1 como una molécula que participa en la internalizaciéon de
antigeno [98]. Nuestros resultados muestran que los Mg MGL1" tenien un mayor nimero de
parasitos internos viables, pero la ausencia de este no limita la internalizacién de T. cruzi. En
este trabajo no tenemos evidencias de que los M fagocitaron a los epimastigotes, porque no
centramos nuestro estudio en esta investigacion. Sin embargo, creemos que los epimastigotes
pueden invadir los macrofagos en cultivo por la via de la fagocitosis clasica, mientras que los
pocos tripomastigotes pueden invadir los macréfagos a través de un mecanismo activo, como
se indica a continuacion. El mecanismo clasico de infeccion celular de T. cruzi se refiere a que
pocas horas después de que los tripomastigotes invaden las células, se transforman
gradualmente en amastigotes (a través de una etapa intermedia replicativa tipo epimastigote).
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Los amastigotes se dividen por fusion binaria y se diferencian nuevamente en tripomastigotes,
que se liberan después de la lisis de la célula huésped. Ademds de este proceso clasico, la
invasion activa de epimastigotes y amastigotes en las células también se ha informado [99, 100].
El mecanismo de invasion de las células fagociticas y no profesionales por T. cruzi ha
demostrado que la infeccidn de la célula podria ser por: 1) fagocitosis o 2) por penetracion activa
del parasito [101]. La distribucidon de diferentes componentes de la célula huésped durante la
invasion del parasito depende de las formas infecciosas y también de las células huésped, lo que
ha sido demostrado por el reclutamiento de componentes de la matriz extracelular, receptores
de integrina y elementos del citoesqueleto de las células HeLa y Vero [102] Barbosa y col.
sugirieron que los parasitos pueden utilizar tanto la penetracidn activa como la fagocitosis tipica
para invadir los macréfagos y las células Vero, y que ambos procesos pueden ocurrir en la
misma célula [103]. Se ha demostrado que los epimastigotes derivados de los cultivos de T. cruzi
se fagocitan, mientras que las formas del torrente sanguineo penetran activamente en los
macrofagos [104]. Finalmente, es importante senalar que el vector insecto libera epimastigotes y
tripomastigotes metaciclicos durante la defecacion [105] lo que indica que ambas formas pueden
ser infecciosas [100]. El mecanismo de invasion de T. cruzi en las células fagociticas y no
profesionales puede ser por: 1) fagocitosis o 2) por penetracion activa del parasito[106]. La
distribucion de diferentes componentes de la célula huésped durante la invasion del parasito
depende de las formas infecciosas y también de las células huésped, lo que ha sido demostrado
por el reclutamiento de componentes de la matriz extracelular, receptores de integrina y
elementos del citoesqueleto de las células HeLa y Vero [107]. De Souza y col. sugirié que los
parasitos pueden utilizar tanto la penetracion activa como la fagocitosis tipica para invadir los
macrofagos y las células Vero, y que ambos procesos pueden ocurrir en la misma célula [103].
Se ha demostrado que los epimastigotes derivados de los cultivos de T. cruzi se fagocitan,
mientras que las formas del torrente sanguineo penetran activamente en los macrofagos [104].
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Finalmente, es importante sefialar que el vector insecto libera epimastigotes y tripomastigotes

metaciclicos durante la defecacion [105], lo que indica que ambas formas pueden ser infecciosas.

Dirigimos nuestros esfuerzos para dilucidar que funciéon tiene MGL1 en la produccion de
especies reactivas de oxigeno (ROS), oxido nitrico (NO), ya que uno de los principales
mecanismos de eliminacion de los parasitos internalizados en M [98, 108]. Nuestros resultados
demostraron que MGL1 promueve la oxidacion intracelular en M; esta mediante la produccion
de ROS, posiblemente es debido a que MGL1 la induce presion de TLR- 2 y TLR-4 durante la
infeccion por T. cruzi in vitro. Se sabe que moléculas presentes en T. cruzi pueden activar a los
M, como el GIPL que es reconocido por el homodimero TLR-4, mientras que los GPI que
contienen alquilacilglicerol es agonistas de TLR-2/6 [81, 109]. Estudios demostraron la
participacion de la sefializacion de TLR-4 en la produccion de TNF-a y el 6xido nitrico (NO),
correlacionando el incremento de la expresion de TLR-4 con menores niveles de parasitemia de
T. cruzi [110]. Asi mismo, ratones C3H/He (TLR-4 no responsivos) presentaban una infeccion
cronica de T. cruzi a pesar de la expresion aumentada de ARNm de IFN-y [111]. De igual manera,
Usando células TLR-4/MD-2 CHO (forma no funcional TLR-4) y estimuladas con GIPL de T.
cruzi se demostrd que estas no indujeron la activacion del factor de transcripcion NF-«B,
causando una infeccion con cepa hipersusceptible de T. cruzi y una mortalidad mas temprana
que los ratones funcionales para TLR-4 (WT) [45]. Mostrando que el receptor TLR-4 tiene una
funcion en el reconocimiento de T. cruzi, asi como la activacion de factores de transcripcion y
tanto la produccion de citocinas, como la produccidon de NO son importantes para la resistencia
contra T. cruzi.

De igual manera la expresion de TLR-2 es importante para la eliminacién contra T. cruzi. Se ha
demostrado que M@ TLR-2" infectados por T. cruzi in vitro indujeron una menor produccion de
IL-12p40 y TNF-a que M@ WT [45]. Nuestros estudios mostraron que MGL1 en M@ es
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importante en la expresiéon de TLR-2 y TLR-4. Estos estudios se ven sustentados con los
realizados con células epiteliales gastricas en donde revelan que la sefalizacion de TLR-4
iniciada por LPS de Helicobacter pylori induce la expresion de TLR-2, y ambos TLRs trabajan
sinérgicamente para la induccion de iNOS [112]. Asi mismo, se sabe que MyD88” es una
molécula acopladora rio abajo de TLR-2 y TLR-4 que participa en la eliminacion de T. cruzi. M
de ratones MyD887 mostraron una reduccion en la fosforilacion de ERK-1/2 y p38 siendo
altamente susceptibles a la infeccion con T. cruzi en comparacion con TLR-27 [113]. Todas estas
investigaciones muestran que los TLRs tienen un papel importante en la sintesis de citocinas
proinflamatorias, asi como funciones efectoras durante la infeccién por T. cruzi in vivo. En
adicién con estos resultados, nuestros estudios concluyen que la activacion sinérgica de MGL-
TLR-4 induceda por LPS puede ayudar a la expresion cooperativa de TLR-2. Sin embargo, se
desconoce si el aumento de ROS en WT Mg es por la expresion de MGL o representa la expresion
conjunta de MGL, TLR-2 y TLR-4.

Nuestra investigacion destaca por los avances en la comprension de los CLRs; en particular
MGL1 y la cooperacion con TLRs. Este estudio muestra a MGL1 como un regulador para la
expresion positiva de los receptores TLR-2 y TLR-4, asi como la secrecion de IL-10 y TNF-a. Una
activacion combinada de varios receptores puede dar como resultado efectos sinérgicos o
antagonistas que modulan la inmunidad innata y adaptativa [114]. Para dilucidar las vias de
sefializacion que pueden estar involucradas nosotros utilizamos un doble estimulo de IFN-y y
LPS asi como antigeno total de T. cruzi (AgTc), ya que se sabe que el IFN-y y LPS activan de
manera sinérgica por dos vias diferentes para la produccion de iNOS [115]. Estudios muestran
que NO se produce en M@ de manera basal, y después de los estimulos con IFN-y+LPS estos
niveles incrementa 20 veces mas [116]. Nosotros mostramos que MGL ayuda potencializar la

respuesta de LPS por la expresion de su agonista, TLR-4. Una comprension completa del papel
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de los TLRs en la resistencia del huésped contra la infeccion requiere la "descodificacion” de
estas multiples interacciones de diversos receptores [117].

Nosotros proponemos que los proximos estudios a realizar sera importante comprender las vias
cooperativas entre los receptores TLR-CLR y el papel que ambos tiene en la formacion de la
inmunidad antimicrobiana, esto ofrecerda un gran potencial para el desarrollo futuro de terapias
para la intervencién de la enfermedad. Son pocos los estudios que ha demostrado tal
cooperacion, uno de estos trabajos, muestra la sefializacion a través de TLR2 y CLR (DC-SIGN)

la cual puede mejorar y mantener la activacion de ERK1-2 para la produccion de citocinas [90].

Si bien reconocemos que la interaccién temprana de los tripomastigotes sanguineos con los
macrofagos dicta en gran medida el resultado de la enfermedad y, por lo tanto, seria mas
informativo estimular los macréfagos con el antigeno derivado del tripomastigote, sin embargo,
esta etapa proviene de la sangre de un raton infectado, que creemos que es una desventaja
porque los parasitos ya podrian ser opsonizados por anticuerpos o por opsoninas
complementarias. Ademas, es bien sabido que los tripomastigotes expresan enzimas trans-
sialidasa para enmascarar sus antigenos con acido sialico derivado del huésped ([104]), esto
altimo puede causar que los antigenos de glucano no estén adecuadamente expuestos en la
superficie de este parasito. Por esta razon, decidimos exponer las BMM a epimastigotes
derivados de cultivos que, previamente, hemos demostrado que expresan ligandos MGL-1
(galactosa y N-acetilgalactosamina) como se revela al tenir con la lectina jacalina [64]). Por lo
tanto, la estimulacién de los macrofagos BM con epimastigotes derivados de cultivos es un
sistema confiable para estudiar los ligandos de carbohidratos derivados de tripanosoma para
MGL1. Hemos agregado esta informacion en la seccion de discusion.

En la actualidad los trabajos que describen de la importancia de los CLRs en las vias de
sefnalizacion intracelular de activacion o inhibicidn van en ascenso. Los CLRs mejor estudiados
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son aquellos con motivos de activacion basados en tirosina de inmunoreceptor (ITAM). Estos
ITAM pueden ser un componente integral de la cola citoplasmica CLR (por ejemplo, dectin-1y
DNGR1) [118]. Se ha reportado que el receptor MGL1 presenta dominios intracelulares de
tirosina, mostrandose una nula fosforilacion del dominio de tirosina en M@ MGL1" frente a la
exposicion de T. crassiceps en comparacion con M WT, asociandose la expresion de MGL1 con
una mayor produccion de TNF-a e IFN-y en células de bazo provenientes de una infeccion de
4-8 semanas por T. crassiceps y antigeno soluble de T. crassiceps (TcSol) in vivo [87]. Asi mismo,
hMGL en DC inmaduras de donantes sanos humanos estimulados por el glucopéptido
MUC19Tn (un glucopéptido con GalNAc) desencadenaron una la fosforilacion de ERK1/2 y NF-
kB, disminuyendo la fagocitosis [119]. Para dilucidar el papel de MGL murino en las vias de
senalizacidn, nosotros activamos M WT y M@ MGL" en tiempos tempranos (minutos) ya que
se ha reportado que las diferencias significativas en la expresion de los TLR se dan después de
6 horas pos-estimulo [120]. Nuestros estudios muestran que MGL1 activa vias de senalizacion
intracelulares en particular ERK1/2, c-jun y NFkB en minutos tras el estimulo con AgTc. Después
de 24 h la expresion de TLR-2 y TLR-4 incrementa, funcionando de manera colaborativa con la
expresion de MGL1 produciendo de NO, ROS y citocinas.

Otra via de senalizacion que se ha descrito es la del CLR-Receptor de Manosa (MR), el cual se
expresa en M¢, este tiene un papel anti-infamatorio. Los ligando de MR son manosa, fucosa y
N-acetilglucosamina presentes en T. cruzi, esta senhalizacion regula negativamente el JNK,
p44/p42 (ERK-1/2) y p38, aumentando la infeccion por T. cruzi in vivo [121]. Asi mismo, Ropert
y colaboradores evaluaron la capacidad de las glicoproteinas de trypomastigotes de T. cruzi
(tGPI-mucina) en M inflamatorios, mostrando una activacién de ERK-1/2, proteina quinasa
activada por estrés (SAPK), quinasa-1/proteina cinasa activada por mitégeno (MAPK) quinasa-
4 y p38/SAPK -2, (entre 15 y 30 min); mostrando que estas moléculas tiene una posible
participacion en la activacion del TNF-a y la sintesis de IL-12 [122]. Nuestros resultados abren
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la posibilidad que la activacion de ERK-1/2 mostrada por Ropert de M@ con el estimulo de AgTc
(tGPI-mucina) se deban a un previo estimulo de MGL.

Nosotros pensabamos que la posible via que activacion de MGL1 rio abajo es Raf /MEK /ERK-
1/2. Estas hipdtesis es sustentada por el estudio realizado por Terrazas y colaboradores, el cual
reporto que los receptores MGL, MR y TLR-2 tienen un papel en el reconocimiento de antigenos
excretados/secretados por T. crassiceps (TcES) y estos activan la fosforilacion de cRAF[123]. De
igual manera, se sabe que la cascada de ERK-1/2 generalmente se inicia mediante la activacion
de proteinas G (como Ras), que reclutan las quinasas Raf de la capa a la membrana
plasmatica[124]. Asi mismo, estudios reportan que la rio arriba de ERK-1/2 se encuentra Raf,
ademas la via Raf-ERK, estos puede activar factores de transcripcion rio abajo como AP-1 (c-
jun), c-Myc y Ets-1 para la produccion de citocinas [125]. Nuestros datos concluyen que MGL1
tiene un papel directo en la activacion de ERK1/2 ya que observamos un abatimiento de esta
molécula en M MGL17, sugiriendo indirectamente que MGL]1 tiene una respuesta antagonica
a MR frente a T. cruzi.

Asi mismo, nosotros mostramos que MGL1 juega un papel en potencializar la activacion de
NFxB para la produccion de citocinas, asi como NO. Estudios han mostrado que el bloqueo de
NFkB, impidiendo la translocacion nuclear de p65 y la actividad de unién de NF«xB p65/ADN
mostraron una significativamente inhibicion de NO, iNOS, asi como ROS; ademads de disminuir
la produccion de proinflamatorias como IL-6, IL-1p y TNF-a, después del estimulo con LPS
[126].De igual manera ERK1/2 se ve implicada en la produccién de TNF-o; estudios han
revelado que en células RAW264.7 al ser estimuladas con sauchinona (una molécula que aislada
de Saururus chinensis) con un previo estimulo de LPS inhibia la fosforilacién de c-Raf- MEK1/2 -
ERK1/2, ademas de la activacion de NF«kB lo cual provoca una inhibicion de la expresion de

TNF-a inducida por LPS [127]. Estos estudios nos muestran de una manera clara que la
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supresion de MGL1 en Mg inhibe la activacion de ERK-1/2 y disminuyen la activacién de NF«B;
y estas dos moléculas acttian en la sintesis de citocinas.

De igual manera la sintesis de iNOS se ve regulada por las vias MAPKSs, asi como factores de
transcripcion; dentro de estas vias de encuentra ERK-1/2 y NF«B. Estudios usando células RAW
264.7yNO(-) encontraron que la inhibicién de la ruta de ERK-1/2 reduce la expresion de TNF-a
y iNOS [115]. De igual manera otros estudios mostraron que el promotor de iNOS contiene dos
elementos para NF-kB que cuando son inhibidos evitan la expresion de iNOS y la subsecuente
produccion de NO [128]. Nuestros resultados mostraron que MGL1 fosforila ERK1/2, c-jun y
NF-«B esto provoca un aumento de NO. iNOS se expresé en Mg por la exposicion previa a LPS
y citocinas proinflamatorias, como TNF-a e IFN-y. La importancia de una activacion temprana
de los M@ puede dirigir al éxito o al fracaso contra una enfermedad parasitaria. La activacion
de hMGL (MGL de humano) en monocitos mediante una union de su ligando promueve un
aumento de la produccion de IL-10 y TNF-a para niveles elevados de ARNm de IL-10 y una
mayor estabilidad del ARNm de TNF-«a [63]. Esta activacion temprana de Mg conduce a la
produccion de citocinas proinflamatorias que son importantes para el control inicial de la
infeccion contra T. cruzi y que mantienen la respuesta inmune adaptativa posterior [129].
Como lo mencionamos previamente, una de las principales funciones de las CPAs es la
presentacion del antigeno [130]. Los M dirigen la respuesta inmune celular T por la seleccion
clonal de linfocitos T especificos al MHC-II, y con esto dirigen la inmunidad adaptativa. Las
células T tiene un papel importante en evitar el dafo fisiopatoldgico de la enfermedad de
Chagas. Se ha demostrado que el antigeno TcMuc presente en T. cruzi promueve la falta de
respuesta de las células T CD4* en ratones, ocasionando la disminuyendo la produccion de IFN-
v, IL-2, IL-4 e IL-10. Ademas, los ratones estimulados con TcMuc y posteriormente infectados
con T. cruzi desarrollaron una parasitemia sanguinea creciente en comparacion que el grupo sin
el previo estimulo [131]. Sin embargo, cuando los ratones son tratados con el antigeno de T.
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cruzi-GIPL, se observd un mayor porcentaje de linfocitos T CD4*, CD8* y linfocitos B, que
expresan el marcador de activacion CD69 en comparacion con los ratones C57BL/0ScCr TLR4"
[132]. Mostrando asi que el ligando TLR-4-GIPL es importante para la proliferacion de linfocitos
CD4, CD8" y B. De manera muy interesante, nuestros resultados muestran por primera vez el

potencial que tiene MGL1 en la activacion de linfocitos T especificos contra T. cruzi.

Investigaciones han demostrado la importancia de CD40-CD40L; en donde a epimastigotes
(cepa Y) se les transfecto con el gen CD40L murino (pTEX-CD40L), cuando estos parasitos se
inocularon en ratones se observé un nivel muy bajo de parasitemia y nula mortalidad (con la
cepa YpTEX-CD40L). Ademas, la capacidad proliferativa y la secrecion de IFN-a se preservaron
en células de bazo (5C) de ratones infectados con YpTEX-CD40L pero no en el control (YpTEX).
Estos resultados sugieren que el CD40L en la infeccién con T. cruzi transfectado esta involucrado
en la modulacion de una respuesta inmune antiparasitaria[133]. Relacionando estos resultados
con los nuestros, nosotros observamos que M@ MGL1" infectados con T. cruzi expresaron una
disminucién en la expresion de CD40 y esto se relaciona con una mayor cantidad de parasitos

internos en comparacion de los M WT.

Una de las proteinas intracelulares que se ha demostrado tener un efecto contra la infeccion de
T. cruzi es el inflamasoma. Gongalves y colaboradores demostraron que la infeccion por T. cruzi
induce la produccién de IL-1(3 de forma dependiente de NLRP3 y caspasa-1. Mostrando que los
ratones NLRP3” y caspasal’ exhibieron un alto namero de parasitos T. cruzi en sangre, con una
magnitud de parasitemia pico comparable a los ratones MyD887/- e iNOS”; indicando que la
participacion del inflamasoma NLRP3 es importante en el control de la fase aguda de la
infeccion por T. cruzi. Tomados en conjunto, nuestros resultados demuestran un papel para el
inflamasoma NLRP3 en el control de la infeccion por T. cruzi e identificamos la produccién de
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NO mediada por NLRP3, dependiente de caspasa-1 e independiente de IL-1R como un nuevo
mecanismo efector para estos receptores innatos [134]. la maquinaria general del inflamasoma
es deficiente en los M deficientes en MGL1. la expresion de Pro-caspasel/Caspasel, se reduce
en las células MGL17, lo que significa que hay una mayor proporcion de caspasa activa.

A la luz de los resultados proporcionados, esta seria la fuente mas probable para la expresion
reducida de IL-168 madura. Hablar sobre la activacion de la procaspasa 1 no es realmente precisa.
Finalmente, creo que los resultados son indicativos de una expresion reducida de todos esos
componentes.

El conjunto de nuestros resultados muestra que MGL1 tiene una funcion critica contra T. cruzi
favorece la expresion de TLR2 y TLR4 tiene un papel en la produccion de ROS, NO vy citocinas,
desencadenando no solo la secrecién mejorada de IL-10, sino también aumentd la produccion
de TNF-a después del reconocimiento concomitante de TLR y la union de MGL-GalNAc. Asi
mismo mMGL mostrd la capacidad de transportar estos antigenos a los y cargarlos a moléculas
de MHCH-II para luego ser presentados al TCR de los linfocitos T especificos y asi poder activar
los linfocitos T CD4*.

Estamos evaluando la absorcion de 3H-timidina en epimastigotes que provienen de los
amastigotes sobrevivientes después de la estimulacion de macrofagos.

Parece contradictorio que en ausencia de MGL1 en macréfagos presenten mas parasitos, si MGL
era la forma en que los parasitos solian ser internalizados. En este trabajo no respondemos si
MGL1 es la forma de internalizacidon, encontramos que en ausencia de macrofagos MGL tienen
una activacion deficiente de algunos de los mecanismos tripanociticos. Esta activacion deficiente
depende de la interaccion de los receptores MGL1 con los antigenos glucosilados de este

parasito.
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La internalizaciéon de T. cruzi a través de MGL es un tema a resolver en el futuro. Por lo tanto,
hemos modificado un poco nuestro modelo hipotético mediante la introduccidon de un signo

interrogativo sobre el papel de MGL1 asociado con la fagocitosis de este parasito.
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Figura 19. Papel de en MGL1 en M contra T. cruzi. a) La uniéon de MGL1-T. cruzi produce la fagocitosis del parasito llevado
al compartimiento fagocitico para su degradaciéon en el fagolisosoma. Se genera la degradacion del parasito para en la protedlisis
intravacuolar ayudada por la previa generacién de choque respiratorio asi como ROS, generando péptidos que se unen a
moléculas principales de MHC-II, que luego se desplazan a la superficie de la célula para mediar en la presentacién de péptidos
de T. cruzi a células T CD4 +. Las células T efectoras y de memoria proliferan después del reconocimiento de antigenos por el
MHCII-TCR, presentes desarrollen la secrecion de citocinas efectoras. b) Los ligados de T. cruzi, que incluyen glicolipidos,
glicolpéptidos y proteinas, son reconocidos por los receptores MGL1 y TLR-2 y 4 para la generacién de la activaciéon que
promueve la fosforilaciéon a NF-«B, y dirige a ERK1-2 promoviendo las citocinas. Al mismo tiempo, MGL1 promueve la
expresion de TLR-2 y 4, MHC-II y CDA40. El receptor de lectina de tipo C MGL1 pueden desencadenar vias de sefializacién que
resultan en la activacion de las funciones celulares. Esta via comienza cuando MGL1 reconoce a su ligando, y esto inducen vias
de activacion a través de motivos de activacion basados en tirosina de inmunoreceptor ITAM). La subsecuente sefalizacion de
ERK1/2. Asi mismo, ERK-1/2 puede activar a los factores de transcripcion c-jun y NF-«B, y de manera cooperativa las vias de
MGLI1-TLRs transcriben genes proinflamtorios. Se sabe los factores de transcripcion como AP-1 (c-jun) y NF-kB aumentan la
expresion de TLR-4 [135]. El promotor de TLR4 murino tiene sitios de union de los diferentes factores de transcripcion
potencialmente AP-1, NF«B, STAT1 y GR, para la expresion de TLR4 inducida por TNFa[120]. La fosforilacion y la acetilacion
de la subunidad p65 de NF-«B, aumentando de ese modo las respuestas proinflamatorias.
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Conclusiones

* Lapresencia de MGL1 reduce la cantidad de parasitos internos.

* La presencia de MGL1 y el estimulo de IFN-y+LPS en la infeccion ayuda a una mayor
produccién de NO y ROS.

* MGL1 promueve la produccion de citocinas.

* MGL1 frente a la infeccion de T. cruzi ayuda a la expresion de TLR-2 y TLR-4.

* MGL1 aumenta la expresion de MHC-II después del contacto con T. cruzi.

* MGL1 promueve la proliferacion y produccién de citocinas le linfocitos T de memoria.
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APENDICE I: ARTICULOS RELACIONADOS CON MGL Y LA

INFECCION POR TRYPANOSOMA CRUZI.

Articulo 1: Alicia Vazquez, Juan de Dios Ruiz-Rosado, Luis I. Terrazas, Imelda Juarez, Lorena Gomez-
Garcia, Elsa Callejal, Griselda Camacho, Ana Chavel, Miriam Romero, Tonathiu Rodriguez1, Bertha
Espinoza3 and Miriam Rodriguez-Sosal. 2014. Mouse Macrophage Galactose-type Lectin (nMGL) is
Critical for Host Resistance against Trypanosoma cruzi Infection. International Journal of Biological
Sciences. IF 4.067
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Abstract

The C-type lectin receptor mMGL is expressed exclusively by myeloid antigen presenting cells
(APC) such as dendritic cells (DC) and macrophages (M®), and it mediates binding to glycopro-
teins carrying terminal galactose and a- or [B-N-acetylgalactosamine (Gal/GalNAc) residues.
Trypanosoma cruzi (T. cruzi) expresses large amounts of mucin (TcMUC)-like glycoproteins. Here,
we show by lectin-blot that galactose moieties are also expressed on the surface of T. cruzi. Male
mMGL knockout (-/-) and wild-type (WT) C57BL/6 mice were infected intraperitoneally with 10*
T. cruzi trypomastigotes (Queretaro strain). Following T. cruzi infection, mMMGL-/- mice developed
higher parasitemia and higher mortality rates compared with WT mice. Although hearts from T.
cruzi-infected WT mice presented few amastigote nests, mMMGL-/- mice displayed higher numbers
of amastigote nests. Compared with WT, M@ from mMGL-/- mice had low production of nitric
oxide (NO), interleukin (IL)-12 and tumor necrosis factor (TNF)-a in response to soluble T. cruzi
antigens (TcAg). Interestingly, upon in vitro T. cruzi infection, mMMGL-/- M@ expressed lower levels
of MHC-Il and TLR-4 and harbored higher numbers of parasites, even when mMGL-/- M@ were
previously primed with IFN-y or LPS/IFN-y. These data suggest that mMGL plays an important role
during T. cruzi infection, is required for optimal M@ activation, and may synergize with
TLR-4-induced pathways to produce TNF-a, IL-1p and NO during the early phase of infection.

Key words: mMGL, Trypanosoma cruzi, Proinflammatory cytokines, C-Type lectin receptor, Mac-
rophages receptors.

Introduction

Chagas disease, also known as American trypa-  and 60-80 million more are at risk (1, 2). The natural
nosomiasis, is a disease caused by the protozoan par-  transmission of the T. cruzi parasite to humans and
asite Trypanosoma cruzi. This parasitic infection affects =~ other mammals depends on the triatomine insect be-
approximately 7-12 million people in Latin America, longing to the family (Reduviidae), known as the

http://www.ijbs.com

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 67



Int. J. Biol. Sci. 2014, Vol. 10

910

kissing bug (3). Inside the host, the parasite is inter-
nalized in the cells of the innate immune system. After
multiplication by binary fission, the amastigotes are
transformed into blood trypomastigotes, which are
released into the bloodstream by cell lysis. This stage
can infect a wide range of host cells or be taken up by
the insect vector through its mouthparts, closing the
life cycle (4).

Once an individual has acquired the infection, a
progressive disease develops. The acute phase is
characterized by a high number of trypomastigotes in
the blood as well as, fever and hepatomegaly. The
chronic phase presents fewer parasites in the blood.
Many patients infected with T. cruzi remain asymp-
tomatic. However, 10-20 years after the initial infec-
tion, 5-10% of people develop anatomical and func-
tional abnormalities in the esophagus and colon,
while approximately 30% develop myocarditis, lead-
ing to heart failure or sudden death (4).

The outcome of the immune response depends
on the capacity of Antigen Presenting Cells (APCs) to
sensing foreign molecular configurations, also known
as pathogen-associated molecular patterns (PAMPs),
through pattern recognition receptors (PRRs) ex-
pressed on the surface of macrophages (M) or den-
dritic cells (DC). Activation of PRRs leads to intracel-
lular signals that activate innate immunity and or-
chestrate the development of an acquired immune
response, which is necessary for protection against
re-infection (5, 6). Some of these highly specialized
receptors include Toll-like receptors (TLRs) and
C-type lectin receptors (CLRs) (6).

In phagocytic cells from both mouse and human,
the molecule glycosylphosphatidylinositol (GPI) an-
chors to T. cruzi trypomastigotes, and is recognized as
a potent activator of TLR2 (7-10). The glycoinositol-
phospholipids (GIPLs) and unmethylated CpG motifs
on DNA that are present in all stages of the T. cruzi life
cycle are recognized by TLR4 (11, 12) and TLR9 (13),
respectively. For activation of TLR2 and TLRY, the
nonsaturated fatty acid chains and periodate-sensitive
components from the GPI anchor covalently linked to
mucin-like glycoproteins are required to trigger the
production of inflammatory cytokines by APCs (11,
14-17).

In contrast to TLRs, CLRs recognize and inter-
nalize specific carbohydrates by lectin-glycan interac-
tions. It has been suggested that CLRs work as medi-
ators of microbial recognition and initiators of im-
mune responses (5). The most important molecules
from the CLR family include macrophage galactose
type C-lectin (MGL), specific for mannose or fucose
dendritic cell-specific intercellular adhesion mole-
cule-3-grabbing non-integrin (DC-SIGN), the man-
nose receptor (MR), DEC205, and Dectin-1 (18). Some

of these receptors may function as adhesion, signaling
or antigen-uptake receptors (19-21). Moreover, CLRs
have been shown to contribute to the loading of en-
docytosed antigens on MHC class I or class II, thereby
facilitating effective antigen-specific CD4* and CD8*
T- cell responses (22, 23).

The CLRs are able to trigger distinct signaling
pathways that modulate APC functions through the
expression of specific molecules and cytokines. In
most cases, CLRs promote antigen presentation and
determine the polarization of T cells (24-26). Howev-
er, most evidence about how CLRs shape the immune
response and trigger signaling pathways has emerged
using viral and bacterial pathogens, fungi or peptides
(18). There is no clear evidence that parasites interact
with CLRs and activate a specific signaling pathway.

The MGL molecule is a member of the CLR fam-
ily. Human MGL (hMGL) is a type II C-Type lectin,
which is selectively expressed in APCs such as im-
mature dendritic cells (iDC) and Mg and is overex-
pressed in subsets of DCs with tolerogenic functions
and alternatively activated M@. MGL recognizes
Gal/GalNAc residues of N- and O-glycans carried by
glycoproteins and /or glycosphingolipids and it
promotes endocytosis (27).

It is well-known that endogenous functions for
MGLs include pattern recognition of tumor antigens,
foreign glycoproteins derived from helminth para-
sites, and cleaning of apoptotic cell embryos (28). The
mechanisms or pathways used for internalizing car-
bohydrates by MGL have not been fully described,
but has been reported that phagocytic cells are able to
endocytose antigens through MGL, which them are
transported along the endosomal-lysosomal pathway
and presented in MHC-II molecule (29). Mice have
two homologous copies of hMGL, MGL1 and MGL2,
while humans and rats have only one copy (30, 31).
Mouse MGL (mMGL) is a transmembrane glycopro-
tein of 42KD that recognizes Gal/GalNAc and Lewis
X and Lewis A structures (30, 32).

In this work, we investigated the role of mMGL
in immune response to an acute T. cruzi infection us-
ing mMGL knockout mice (mMGL-/-). Our results
demonstrate that mMGL plays an important role in T.
cruzi infection and may be useful to prevent T. cruzi
invasion and to induce inflammatory cytokines and
NO production by macrophages.

Materials and Methods

Trypanosoma cruzi lysate antigen. Epi-
mastigotes of T. cruzi that had been maintained at
28°C by sequential culture in a liver infusion tryptose
medium (LIT) with 25 mg/I of hemin supplemented
with 10% heat inactivated fetal bovine serum (FBS)
and 100 U of penicillin/streptomycin were isolated,
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kissing bug (3). Inside the host, the parasite is inter-
nalized in the cells of the innate immune system. After
multiplication by binary fission, the amastigotes are
transformed into blood trypomastigotes, which are
released into the bloodstream by cell lysis. This stage
can infect a wide range of host cells or be taken up by
the insect vector through its mouthparts, closing the
life cycle (4).

Once an individual has acquired the infection, a
progressive disease develops. The acute phase is
characterized by a high number of trypomastigotes in
the blood as well as, fever and hepatomegaly. The
chronic phase presents fewer parasites in the blood.
Many patients infected with T. cruzi remain asymp-
tomatic. However, 10-20 years after the initial infec-
tion, 5-10% of people develop anatomical and func-
tional abnormalities in the esophagus and colon,
while approximately 30% develop myocarditis, lead-
ing to heart failure or sudden death (4).

The outcome of the immune response depends
on the capacity of Antigen Presenting Cells (APCs) to
sensing foreign molecular configurations, also known
as pathogen-associated molecular patterns (PAMPs),
through pattern recognition receptors (PRRs) ex-
pressed on the surface of macrophages (M@) or den-
dritic cells (DC). Activation of PRRs leads to intracel-
lular signals that activate innate immunity and or-
chestrate the development of an acquired immune
response, which is necessary for protection against
re-infection (5, 6). Some of these highly specialized
receptors include Toll-like receptors (TLRs) and
C-type lectin receptors (CLRs) (6).

In phagocytic cells from both mouse and human,
the molecule glycosylphosphatidylinositol (GPI) an-
chors to T. cruzi trypomastigotes, and is recognized as
a potent activator of TLR2 (7-10). The glycoinositol-
phospholipids (GIPLs) and unmethylated CpG motifs
on DNA that are present in all stages of the T. cruzi life
cycle are recognized by TLR4 (11, 12) and TLR9 (13),
respectively. For activation of TLR2 and TLRY, the
nonsaturated fatty acid chains and periodate-sensitive
components from the GPI anchor covalently linked to
mucin-like glycoproteins are required to trigger the
production of inflammatory cytokines by APCs (11,
14-17).

In contrast to TLRs, CLRs recognize and inter-
nalize specific carbohydrates by lectin-glycan interac-
tions. It has been suggested that CLRs work as medi-
ators of microbial recognition and initiators of im-
mune responses (5). The most important molecules
from the CLR family include macrophage galactose
type C-lectin (MGL), specific for mannose or fucose
dendritic cell-specific intercellular adhesion mole-
cule-3-grabbing non-integrin (DC-SIGN), the man-
nose receptor (MR), DEC205, and Dectin-1 (18). Some

of these receptors may function as adhesion, signaling
or antigen-uptake receptors (19-21). Moreover, CLRs
have been shown to contribute to the loading of en-
docytosed antigens on MHC class I or class II, thereby
facilitating effective antigen-specific CD4* and CD8*
T- cell responses (22, 23).

The CLRs are able to trigger distinct signaling
pathways that modulate APC functions through the
expression of specific molecules and cytokines. In
most cases, CLRs promote antigen presentation and
determine the polarization of T cells (24-26). Howev-
er, most evidence about how CLRs shape the immune
response and trigger signaling pathways has emerged
using viral and bacterial pathogens, fungi or peptides
(18). There is no clear evidence that parasites interact
with CLRs and activate a specific signaling pathway.

The MGL molecule is a member of the CLR fam-
ily. Human MGL (hMGL) is a type II C-Type lectin,
which is selectively expressed in APCs such as im-
mature dendritic cells (iDC) and Mg and is overex-
pressed in subsets of DCs with tolerogenic functions
and alternatively activated M¢. MGL recognizes
Gal/GalNAc residues of N- and O-glycans carried by
glycoproteins and /or glycosphingolipids and it
promotes endocytosis (27).

It is well-known that endogenous functions for
MGTLs include pattern recognition of tumor antigens,
foreign glycoproteins derived from helminth para-
sites, and cleaning of apoptotic cell embryos (28). The
mechanisms or pathways used for internalizing car-
bohydrates by MGL have not been fully described,
but has been reported that phagocytic cells are able to
endocytose antigens through MGL, which them are
transported along the endosomal-lysosomal pathway
and presented in MHC-II molecule (29). Mice have
two homologous copies of hMGL, MGL1 and MGL2,
while humans and rats have only one copy (30, 31).
Mouse MGL (mMGL) is a transmembrane glycopro-
tein of 42KD that recognizes Gal/GalNAc and Lewis
X and Lewis A structures (30, 32).

In this work, we investigated the role of mMGL
in immune response to an acute T. cruzi infection us-
ing mMGL knockout mice (mMGL-/-). Our results
demonstrate that mMGL plays an important role in T.
cruzi infection and may be useful to prevent T. cruzi
invasion and to induce inflammatory cytokines and
NO production by macrophages.

Materials and Methods

Trypanosoma cruzi lysate antigen. Epi-
mastigotes of T. cruzi that had been maintained at
28°C by sequential culture in a liver infusion tryptose
medium (LIT) with 25 mg/1 of hemin supplemented
with 10% heat inactivated fetal bovine serum (FBS)
and 100 U of penicillin/streptomycin were isolated,
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washed three times in PBS, and centrifuged at 20,000 g
for 15 min (33). Protease inhibitors were added (0.1 to
2 pg/ml apotinin, 0.5 to 2 mM EDTA, 1 to 5 mM
phenylmethyl fluoride, 1 pg/ml pepstatin, 50 pug/ml
TLCK (a-p-tosyl-L-Lysine chloromethyl Ketone)
(Sigma, St. Louis, MO), and parasites were sonicated
six times for 10 s each at 50 W using a sonic Dimem-
brator 300 (Fisher). Parasite destruction was con-
firmed using a microscope. Parasite lysates were then
centrifuged at 20, 000 g for 30 min to separate the
soluble fraction, which was stored at -70°c until use.
Total protein content was determined in the soluble
fraction (34).

SDS-PAGE and Lectin-Blotting. Sodium do-
decyl sulphate (SDS)-polyacrylamide gel electropho-
resis (PAGE) and lectin blotting were performed by
standard techniques. Briefly, antigen extracts in non-
reducing sample buffer were boiled for 5 min at 95°C
and separated on 12% polyacrylamide gels at a con-
centration of 40 pg/well. Separated proteins were
transferred to a nitrocellulose membrane (Amersham,
Piscataway, NJ, USA) using a Western blotting unit
(Bio-Rad). The membrane was blocked overnight at
4°C with 2% (w/v) bovine serum albumin in PBS pH
7.2, washed thoroughly with PBS/Tween 0.1% and
incubated with Arfocarpus integrifolia lectin (Jaca-
lin)-Peroxidase (Sigma-Aldrich), a lectin specific to
Gal residues, for 3 h. After washing, bound peroxi-
dase on the membrane was developed with 1: 1000
PBS/ H and diaminobenzidine at a concentration of 2
mg/ ml.

Mice. Eight to ten week-old male C57BL/6 mice
were purchased from Harlan (México City, Mexico).
The generation of mMGL-deficient mice from
C57BL/6 mice by a disruption in mMGL exons 2 and
3 has been previously described (35). mMGL-/- mice
on a C57BL/6 background were donated by
Glycomics Consortium. All mice were genotyped by
PCR. Briefly, total DNA was extracted from the tails
of the mice (36), and DNA amplification was
performed using 1 pug of DNA, oligo(dT) and specific
primers for 35 cycles of 30 sec at 65°C. Oligos for the
mMGL gene were (5'-ATGTCATGACTCAGGATC-3
and 5-CTTGGTCCCAGATCCGTATC-3’), and for the
neomicine gene (Neo), 5-AGGATCTCCTGTCATCT
CACCTTGCTCCTG-3" and 3'-AAGAACTCGTCAAG
AAGGCGATAGAAGGCG-5". A PCR fragment of 633
bp to mMGL and 492 bp to Neo were visualized to
identify WT or mMGL-/- mice, respectively. Wild
type C57BL/6 purchased from Harlan (México) were
used as control mice. All animal studies were
performed according to the guidelines for the Care
and Use of Laboratory Animals, as adopted by the
U.S. National Institutes of Health and the Mexican
Regulation of Animal Care and maintenance

(NOM-062-ZO0O-1999, 2001).

Parasites and experimental infections. The
Mexican T. cruzi TBAR/MX/0000/Queretaro strain
belonging to DTU Tcl was used in this work. Experi-
mental infections of male mMGL-/- and WT mice
were induced by intraperitoneal (i.p.) injection with
104 blood trypomastigotes that were obtained from
previously infected mice, counted, and suspended in
100 pl of sterile phosphate-buffered saline (PBS). Par-
asitemia was determined every week by using he-
mocytometer counts of parasites in the blood diluted
1:10 in PBS with 3.8% sodium citrate.

Histopathology. Non-infected and T. cruzi in-
fected hearts from mMGL-/-and WT mice were fixed
overnight in formaldehyde and embedded in paraffin
blocks, after which 5-p-thick transverse sections were
mounted on slides, stained with hematoxylin and
eosin (H&E), and scored as previously described (37).
The presence of inflammatory cells was scored as (0) -
absent/none, (1) - focal or mild with <1 foci, (2) -
moderate with >2 inflammatory foci, (3) - extensive
with generalized coalescing of inflammatory foci or
disseminated inflammation and (4) - severe with dif-
fused inflammation, interstitial edema, and loss of
tissue integrity. The foci of pseudocysts (Tc nests)
were scored as (0) absent, (1) 0-1 foci, (2) 1-5 foci, and
(3) 5 foci. Using an Olympus BX51 microscope
(Olympus American, Melville, NY) equipped with a
digital video camera, 4 mice per group with 10-slides
per mouse were evaluated for each group.

Isolation of macrophages and activation. Peri-
toneal exudate cells (PECs) were obtained from the
peritoneal cavity at 0, 21, 28 and 35 days post T. cruzi
infection of mMGL-/- and WT mice under sterile
conditions using 10 ml of ice-cold Hank’s balanced
salt solution (Microlab, Meéxico). Following two
washes with Hank’s solution, red blood cells were
lysed by resuspending the cells in Boyle’s solution.
After two washes, viable cells were counted by trypan
blue exclusion (routinely over 95%) with a Neubauer
hemocytometer. PECs were adjusted to 5x10¢ cells/ml
in DMEM medium supplemented with 10% fetal calf
serum (FCS), 100 U of penicillin/streptomycin, and 2
mM glutamine (all from Gibco-BRL, Grand Island,
NY) and were cultured in 24-well plates (Costar,
Cambridge, MA, USA). After 2 hours at 37°C and 5%
CO», non-adherent cells were removed by washing
with warm supplemented DMEM medium. Adherent
cells (M) were removed from the plate by washing
with 5 mM EDTA in warm PBS and were then read-
justed to 1x10¢ cells/ml. Viability was checked again
at this point (>90%), and samples were analyzed by
FACS using the macrophage marker F4/80 (M¢ pu-
rity was estimated as >85%). One milliliter of M¢ was
plated on 12-well plates (Costar), left untreated or
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stimulated with LPS (0.5 pg/ml; Escherichia coli
0111:B4 Sigma-Aldrich), or Poly:IC (25 pg/ml; Poly-
inosinic-polycytidylic acid potassium salt), or 25
ng/ml of total T. cruzi antigen (TcAg). M¢ were in-
cubated for 48 hours at 37°C and 5% CO,. Superna-
tants were collected for quantification of cytokine
production. Cytokine levels (IL-12, IFN-y, TNF-o,
IL-10, IL-4, and IL-13) were measured using the
sandwich ELISA method according to the manufac-
turer’s instructions (Preprotech, México).

Reverse transcriptase-PCR. Total RNA was ex-
tracted from Mg obtained as described above from
untreated or in vitro T. cruzi infected (21 days after
infection) WT or mMGL-/- mice, using the TRIzol
reagent (Sigma). cDNA was prepared using a first
strand synthesis superscript II kit (Invitrogen) from 5
pg of total RNA. cDNA samples were standardized
based on the content of the housekeeping gene
Glyceraldehyde-3-Phosphate Dehydrogenase
(GAPDH) cDNA. The primers for GAPDH were
F-CTC ATG ACC ACA GTC CAT GC and R-CAC
ATT GGG GGT AGG AAC AC (201 bp). The primers
for Arginase-1 were F-CAG AAG AAT GGA AGA
GTC AG and R-CAG ATA TGC AGG GAG TCA CC
(250 bp). The primers for Ym1 were F-TCA CAG GTC
TGG CAA TTC TTC TG and R-TTT GTC CTT AGG
AGG GCT TCC TC (436 bp). The primers for
TNF-a were F-GGC AGG TCT ACT TTG GAG TCA
TTG C and R-ACA TTC GAG GCT CCA GTG AAT
TCG (307 bp). The primers for inducible nitric oxide
synthase were F-CTG GAG GAG CTC CTG CCT CAT
G and R-GCA GCA TCC CCT CTG ATG GTG (449
bp). The primers for IL-18 were F-GAG TGT GGA
TCC CAA GCA AT and R-CTC AGT GCA GGC TAT
GAC CA (500 bp). The primers for TLR-4 were ACC
TGG CTG GTT TAC ACG TC and R-CTG CCA GAG
ACA TTG CAG AA (201 bp). The primers for TLR-3
F-CCC CCT TTG AAC TCC TCT TC and R-TTT CGG
CTT CIT TTG ATG CT. The primers for TLR-2
F-AAG AGG AAG CCC AAG AAA GC and R-CGA
TGG AAT CGA TGA TGT TG (199 bp). Polymerase
chain reaction (PCR) was performed in a total volume
of 50 pL in PCR buffer in the presence of 10
mM dNTPs, 15 pM each primer, and 1.5 U of kappa
TagDNA polymerase (kapabiosystems Boston M.A,
USA) using a XP-cycler (Bioer, Switzerland). After 35
cycles of amplification, the PCR products were sepa-
rated by electrophoresis on a 1.5% agarose gel and
visualized by ethidium bromide staining.

In vitro T. cruzi infection and flow cytometry
analysis of macrophages. One milliliter (1x10°) of Mg
obtained as described above from WT or mMGL-/-
mice was plated, and infected in vitro with epi-
mastigores of T. cruzi (ratio 1: 10) for two hours. Fol-
lowing infection, parasites were washed off. Mg were

incubated at 4°C for 15 minutes in blocking buffer and
2% FCS, 10 pg/ml anti-CD16/32 in FACS buffer (PBS
supplemented with 2mM EDTA and 0.5% BSA), fol-
lowed by staining for 20 minutes on ice with the an-
tibodies (Ab) of interest at the appropriate dilution as
determined by titration. Abs included
APC-conjugated anti-F4 /80, FITC-conjugated MHC-II
and PE-conjugated TLR-4 as well as appropriate iso-
type control Abs (all Abs from Biolegend, San Diego,
CA, USA).

For infection analysis; 1x10® Mg obtained from
WT or mMGL-/- mice were plated, and infected in
vitro with epimastigores of T. cruzi (ratio 1: 10) for two
hours. For infection analysis, epimastigotes of T. cruzi
were washed in PBS and resuspended at 1x107/ml in
5 mM carboxyfluorescein succinimidyl ester (CFSE) in
serum-free DMEM for 15 min at 370C. Following in-
fection, parasites were washed off, and Mg infected
and not infected were incubated in DMEM medium
supplemented with 10% FCS for 2, 6, 12 or 24 hours at
370C and 5% CO2.

For infection analysis on activated Mg, 1x106
thioglycollate-elicited M@ were left untreated or
treated for 24 h with IFN-y or IFN-y/LPS. Cells were
washed and infected with CFSE labeled epimastigotes
of T. cruzi for 2 h (10:1 parasite to M¢ ratio), after this
the parasites were washed off.

All cells described in this section were washed 3x
in FACS buffer and fixed in 0.8% paraformaldehyde
before acquisition and analysis (BD FACStation and
FlowJo software).

Statistical analysis. Comparisons between WT
and mMGL-/- groups were made by using Student’s
unpaired ¢ test. P values of < 0.05 were considered
significant. For survival assays, a log-rank test was
used with the Graph Pad computer program (Graph
Pad 6, San Diego, CA).

Results

Intact carbohydrates on total antigens of T.
cruzi are rich in glycoproteins bearing galactose
residues. Given that T. cruzi parasites are rich in car-
bohydrates (38), we developed a PAGE (Fig. 1A) and
lectin-blot analysis (Fig. 1B) to determine whether the
T. cruzi Queretaro strain contained glycoproteins
bearing terminal Gal and GalNAc sugars, which are
recognized by mMGL with high affinity. According to
the lectin-blot analysis (Fig. 1B) the total soluble anti-
gens of T. cruzi were highly recognized by Jacalin lec-
tin, indicating the presence of Gal residues, similar to
other reports with different T. cruzi strains (39).

mMGL-/- mice develop high parasitemia levels
and increased mortality to T. cruzi infection. To in-
vestigate the role of mMGL in immunity to T. cruzi,
mMGL-/- and WT mice were i.p. infected with 10*
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metacyclic trypomastigotes of T. cruzi, and para-
sitemia was monitored weekly. T. cruzi-infected
mMGL-/- mice developed significantly higher blood
parasitemia levels than similarly infected WT mice,
which contained nearly four-fold fewer parasites in
their blood by days 21 to 35 post infection (pi) (Fig.
2A, P <0.05). Both groups developed blood para-
sitemia on day 14 pi, but on day 28 pi, mMGL-/- mice
displayed significantly greater levels of parasitemia,
which peaked at day 28 pi and was positively de-
tected until day 42 pi (Fig. 2A). In contrast, the max-
imum peak of parasitemia in WT mice was observed
on day 21 pi, and these mice controlled the infection
by day 42. Furthermore, mMGL-/- mice succumbed
to T. cruzi infection as early as day 23 pi, and only 37%
of them survived to day 42, whereas 80% of the WT
mice survived throughout the infection (Fig. 2B).
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Figure |. Total T. cruzi antigen is rich in glycoproteins bearing galactose (Gal)
and N-acetylgalactosamine (GALNAc). TcAg were separated by SDS-PAGE and
transferred to NC sheets that were used to detect N-linked glycans with horseradish
peroxidase (HRP)-conjugated Jacalin. T. cruzi antigen lectin blood, SDS-page A); Jacalin-Blot
B). Antigens were from different infected mice. MWV indicates the molecular weight markers
in kilodaltons (kDa).

intense inflammatory reaction (Fig. 3A at 21 and 28
dpi and 3B), with a marked increase in amastigote
nests (Fig. 3C) accompanied by severe heart injury
due to large necrotic lesions. These results suggest
that mMGL-/- mice succumb to the classical patho-
physiology of the infection, which is typical of the
severe acute phase of experimental Chagas’ disease.
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Figure 2. mMGL-/- mice succumb to acute T. cruzi infection. WT and mMGL-/-
mice were infected with 10* T. cruzi parasites. Parasitemia A), data shown represent the
mean +SE of at least 2| mice per data point corresponding to three independent experi-
ments (7 mice per experiment). Survival rate B), data shown represent the mean +SE of 15
mice corresponding to three independent experiments (5 mice per experiment). Both
experimental groups were monitored every week until seven weeks p.i. *P<0.05 with
respect to WT. Student’s t test, and log rank test for parasite load and survival were used
respectively (Graph Pad Prism 6).

T. cruzi-infected mMGL-/- mice develop severe
heart pathology. The heart is one of the main target
organs affected by T. cruzi infection, therefore we
evaluated whether the higher mortality of mMGL-/-
mice was associated with heart damage. We found
that on day 21 pi, the hearts of WT mice showed low
tissue parasitism with moderate inflammatory mon-
onuclear cell infiltration and no major histopatholog-
ical signs of lesions (Fig. 3A at 21 and 28 days post
infection -dpi and 3B). In contrast, heart histopathol-
ogy sections from infected mMGL-/- mice showed an

mMGL-/- Mg from T. cruzi infected-mice have
impaired pro-inflammatory cytokine expression.
Given that the inflammatory immune response is a
well-defined mechanism to control early T. cruzi dis-
semination (16, 40), we decided investigate the
pro-inflammatory profile of Mg obtained from
mMGL-/- and WT mice during acute T. cruzi infec-
tion. Peritoneal Mg from uninfected and T. cruzi in-
fected mice at 21 and 35 dpi were left untreated or
treated for 48 hours with LPS, POLY:IC or TcAg, and
supernatants were recovered for cytokine detection
by ELISA. As expected, uninfected M¢ (day 0) from
mMGL-/- or WT mice showed similar levels of NO,
TNF-a, IL-12 and IL-10 in response to all stimuli (Fig.
4A-D). As the infection progressed, mMGL-/- M¢ left
untreated exhibited lower levels of NO at 21 and 35
dpi (Fig. 4A) and lower levels of TNF-a, IL-12 and
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IL-10 at day 21 post-infection, compared with their  similar WT Mg (Figure 4A).
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Figure 3. Hearts from mMGL-/- mice display higher T. cruzi parasitism and inflammation compared with WT mice. Histology of hearts post-T. cruzi infection A). Quantitative
scoring of heart inflammation from H&E-stained tissue sections B). Number of amastigote nests in 25 histopathological fields C). Representative H&E images of heart tissue sections shown
myocyete fibers cut in longitudinal (blue: nuclear, pink: muscle/cytoplasm/keratin) (arrows indicate parasite nests) (magnification: 40X, Olympus BX5| microscope). Data are expressed as the
means +SE of the means (n 4 to 5 animals per group). Mice were killed at 0, 2| and 28 days p.i. Arrows point to parasite nests. *P¢ 0.05 with respect to WT values obtained the same day.
Student’s t test was used (Graph Pad Prism 6).
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Figure 4. NO2-, TNF-a, and IL-12 production are reduced in response to LPS or TcAg in mMGL-/- M@ compared with WT M@. Naive or infected M@ from WT or mMGL-/-
mice were recovered after 21, 28 and 35 days post T. cruzi infection. M@ were left untreated or treated for 48 hours with LPS (0.5 ug/ml), POLY: IC (25 pg/ml) or TcAg (25 ug/ml) as indicated.
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Supernatants were recovered and the levels of IL-12 A), TNF-a. B), IFN-y C) were measured by ELISA sandwich. Results are shown as the means of replicate samples +/- SEM and are

representative of three experiments. *P<0.05 by Student’s t test (GraphPad Prism 6).

LPS is considered a Thl activating signal that
favors inflammatory cytokine production by Me (41).
Here, we show that in response to LPS, mMGL-/- Mg
from 21 or 35 days after infection displayed impaired
production of NO, TNF-a and IL-12 but not IL-10
compared with WT Mg (Fig. 4B). In response to TcAg,
mMGL-/- Mg produced lower levels of NO, IL-12
and IL-10 only at 21 dpi (Fig. 4D), whereas no differ-
ences were observed with POLY:IC stimulation (Fig.
4C). These results indicate that mMGL-/- M¢ coming
from T. cruzi infected animals may less activated, or
may display an alternative activation M¢ (AAMg)
phenotype.

mMGL-/- Mg from 21 days post-T. cruzi infec-
tion display a defect in their activation more than a
phenotype switch. Signals encountered by develop-
ing M@ during migration determine the development
of highly divergent M¢ phenotypes with specific
functional properties at the site of inflammation or
infection (42). Classically activated (CA)Mg, activated
by Thl-type signals such as IFN-y, produce high levels
of nitric oxide (NO), enhancing antimicrobial and
cytotoxic properties (43, 44). AAM¢ are dependent on
the products of activated Th2 cells, such as IL-4 and
IL-13, and play important roles in allergy and the re-
sponse to parasitic infection (45, 46). AAM¢@ express
secretory lectin Ym-1 and Arginase-1 (Arg-1) over
NO. Recently, mMGL has also been considered a
marker for AAMg elicited on M¢ and DCs during
infection with Trypanosoma brucei or Taenia crassiceps
(47, 48). In contrast, CAM¢ produce high levels of NO
from inducible nitric oxide synthase (iNOS), and they
do not express Ym1 and Arg-1(41).

In order to determine whether the impaired in-
flammatory cytokine production in mMGL-/- Mg
was due to a phenotype switch from CAMg to
AAMg, we analyzed the gene expression of Arg-1,
Ym-1 and iNOS as Mg phenotype markers, TNF-a
and IL-1 as inflammatory markers, and TLR-2, TLR-3
and TLR-4 as activation markers. Peritoneal Mg re-
covered from mMGL-/- and WT mice 21 days after
infection and Mg from non-infected mice were left
untreated (media) or treated overnight with LPS,
POLY:IC or TcAg for gene expression analysis by
RT-PCR. We found that non-infected mMGL-/- Mg
showed high Arg-1, Ym-1 and TLR3 expression in
response to LPS (Fig. 5 B, C and H). High Arg-1 and
TLR3 expression was observed in response to TcAg
(Fig. 5 B, H), but similar mRNA levels of TNF-a, iN-
OS, IL-1B, TLR-4 and TLR-2 in response to LPS com-
pared with WT-Mg (Fig. 5D, E, F, G and I). No or low
mRNA expression of Ym-1, IL-1f and TLR-4 was ob-

served in response to TcAg compared with WT-M¢g
(Fig. 5 C, Fand G).

Untreated (media) mMGL-/- Mg from 21 dpi
showed similar expression of Arg-1, Ym-1,
IL-1B, TLR3 and TLR2 (Fig. 5 B, C, F, H, and I -media)
but low expression of iNOS, TNF-a. and TLR-4 in
these basal condition (Fig 5 D, E, G -media). In re-
sponse to LPS, 21 day post-infection M¢ showed sim-
ilar mRNA expression of Arg-1 and Ym-1 (Fig 5B, C)
but low mRNA expression of iNOS, TNF-a, IL-1f and
TLR-4 (Fig. 5D, E, F, G). In response to POLY:IC, low
mRNA expression of Arg-1, iNOS and TNF-a. was
observed (Fig. 5B, E, D, F and G -21 dpi). In response
to TcAg, mMGL-/- Mg showed high Ym-1 expression
(Fig. 5C -21 dpi), similar levels of iNOS, TLR3 and
TLR-2 (Fig. 5E, H and I -21 dpi), and no or low levels
of Arg-1, TNF-o, IL-1p and TLR-4 compared with WT
Mg (Fig. 5B, D, F, and G. -21 dpi).

mMGL-/- Mg display deficiencies in MHC-II
and TLR-4 cell surface activation markers during in
vitro infection with T. cruzi. In order to rule out the
possibility that altered activation status could be pre-
sent in mMGL-/- Mg, we studied the surface expres-
sion of MHC class II (MHC-II), co-stimulatory mole-
cules CD80 (B7.1), CD86 (B7.2) and TLR-4. Peritoneal
naive M@ from WT or mMGL-/- mice were infected in
vitro with trypomastigotes of T. cruzi at a ratio of 1:10
and marker expression was monitored in uninfected
Mg (0 hpi) and T. cruzi-infected M¢ at 2, 6, 12 and 24
hpi. Uninfected mMGL-/- Mg expressed similar lev-
els of MHCHII (Fig. 6A, 0 hpi), CD80 (data not shown),
CD86 (data not-shown) and TLR-4 (Fig. 6B, 0 hpi).

Upon T. cruzi infection, the percentage of all
markers was increased in both mMGL-/- and WT-M¢
from two hours until 24 hpi. Similar expression levels
of CD80 and CD86 were observed, but significantly
less expression of MHC-IT and TLR-4 was observed on
mMGL-/- Mg at 2, 6, 12 and 24 hpi compared with
WT Mg (Fig. 6 A and B, respectively).

Next, we asked whether on the altered activation
of mMGL-/- Mg could reflect their ability to control
T. cruzi infection. To address this question, T. cruzi
epimastigotes were labeled with CFSE and used to
infect Mg from healthy mMGL-/- and WT mice in
vitro, then M@ were recovered and analyzed by flow
cytometry. This allowed the comparison of parasite
uptake between mMGL-/- and WT Mg. Interestingly
mMGL-/- Mg harbored significantly more parasites
after 2, 6, 12 and 24 hours post-infection (hpi) (Fig. 7
A) than their WT counterparts, which suggested that
the presence of mMGL is important in delaying the
entry of parasites into the host cell.
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To investigate whether the Thl activating sig-
nals, like IFN-y or IEN-y/LPS could alter the mMGL-/-
Mg activation. Thioglycollate-elicited M¢p mMGL-/-
and WT were left untreated o treated 24 h with IFN-y
or LPS/IEN-y, infected with CFSE labeled epi-
mastigotes of T. cruzi and analyzed by cytometry. As
expected, both stimulus IFN-y and LPS/ IFN-y act to
reduce the parasite uptake on WT as mMGL-/- M.
However, this effect was significantly lesser on
mMGL-/- Mg, which showed higher number of par-
asites compared with WT Mg (Fig. 7 B). This result
demonstrates that mMGL is important to IFN-y or
LPS/IFN-y stimulus works to activate efficiently Me.

Discussion

New evidence has recently emerged about the
role of CLRs in modulating the activation and func-
tion of APC (18, 49, 50). Some of these studies suggest
that MGL improves DC antigen presentation and
triggers distinct signaling pathways that regulate
APC functions through the expression of specific
molecules and cytokines that modulate the innate and
adaptive immune response (24, 51). This hypothesis
has been driven by the knowledge that MGL works as
a molecular target for Gal/GalNAc or Tn-carrying
tumor-associated antigens on DCs (24, 25, 52) and is
supported by subsequent data showing that mMGL
recognizes Gal/GlalNAc residues carried by glyco-
proteins and/or glycosphingolipids present on the
helminth Schistosoma mansoni inducing phagocytosis,
endocytosis, enhancing parasite  glycopeptide
presentation and promoting the polarization to Th2
responses (27, 53). Despite evidence pointing to a role
for MGL in the immune response to these parasites,
the function of MGL in the host defense against pro-
tozoa or other helminth parasites rich in Gal/GalNAc
residues has not been determined. Therefore, in this
study, we evaluated the in vivo role of mMGL in T.
cruzi infection using MGL-/- and WT mice.

First, we demonstrated by Jacalin-Peroxidase
lectin blotting that a pathogenic T. cruzi strain
(Queretaro) has Gal residues on its membrane anti-
gens that can be recognized by mMGL receptors on
APCs. This observation is in line with previous re-
ports from other T. cruzi strains which demonstrated
that this parasite displays highly glycosylated mem-
brane proteins related to the invasion of host cells
through recognition by CLRs (31, 54), mainly DEC205
and SIGN (18, 55). However, the role of CLRs in vivo
has not been determined. Here, we used mMGL-/-
mice to demonstrate for the first time that the CLR
mMGL plays a critical role in the recognition of and
resistance to a protozoan infection. We showed that
mMGL-/- mice are highly susceptible to experimental
T. cruzi infection, harboring prolonged and higher

parasitemia levels, severe cardiac immunopathology
and increased mortality. These findings indicate that
mMGL plays a major role in the host defense against
acute T. cruzi infection.

Mg, specifically CAM¢, mediate microbial de-
struction and play an important role in controlling
parasite replication during the acute phase of T. cruzi
infection by enhancing their microbicidal activity by
increasing NO and the proinflammatory cytokines
IL-12, TNF-0. and MIF (56, 57). We showed that the
peritoneal Mg population generated at 21 days after
T. cruzi infection in mMGL-/- mice produced signifi-
cantly less NO, TNF-a, IL-12 and IL-10. Moreover,
this M@ population did not respond as expected to ex
vivo proinflammatory stimuli (LPS) or to TcAg, but
they did respond efficiently to POLY:IC. The lack of
proinflammatory cytokines and NO production in
early infection in response to ex vivo stimuli with LPS
or TcAg in mMGL-/- Mg could be explained by the
following: 1) The development of different Mg phe-
notypes in mMGL-/- compared with WT infected T.
cruzi mice. However, this possibility was discarded
because we did not observe a phenotype switch in
mMGL-/- Mg. 2) Inadequate M¢ activation that
could be dependent on a surface receptor because
with POLY:IC stimuli, a ligand to intracellular TLR-3,
the mMGL-/- Mg produced similar levels of cyto-
kines compared with WT M¢. Thus, mMGL may be
required for the efficient production of NO, TNF-a,
IL-12 and IL-10 in innate immunity against T. cruzi
infection.

These observations suggest there was no clear
phenotype switch in mMGL-/- M¢ toward an AAM
profile. However, our data may reflect a less mature
activation state in mMGL-/- Mg, independently of
whether the M¢ come from T. cruzi infected mice,
which suggests that mMGL-/- M@ may require sig-
naling through a pathogen recognition receptor such
as mMGL before becoming responsive to LPS or
TcAg.

The current model states that ligand binding to
CLRs elicits signaling cascades that modulate im-
mune responses. Some CLRs, such as Dectin-1 and
CLEC9A/DNGR-1, clearly promote immunity
through ITAM-like motifs within their cytoplasmic
tails, leading to the production of several inflamma-
tory cytokines (49). Strikingly, DC-SIGN and DCIR do
not seem to act individually, as their signaling path-
ways require co-triggering of a TLR molecule for their
effects to become apparent. Also, MGL induces IL-10
secretion after antibody crosslinking stimulation (58)
and has been reported to trigger the phosphorylation
of extracellular signal-regulated kinase 1, 2 (ERK1, 2)
and nuclear factor-xB activation. However, this find-
ing has not been tested with “natural ligands” but
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with strong activation such as direct antibody stimu-
lation.

On the other hand, MGL engagement improved
DC performance as antigen-presenting cells, promot-
ing the up-regulation of maturation markers
(HLAII-DR, CD83, CD86, CD40), enhancing motility,
and increasing antigen-specific CD8+ activation (25).
Recently, the capacity of MGL to modulate TLR-2
signaling has been reported (51). In accordance with
this, we showed that upon in vitro T. cruzi infection,
mMGL-/- Mg displayed significantly less expression
of MHC-II and TLR-4. This is consistent with previous
studies showing that MCH-II and TLR-4 expression is
essential to develop “activated” M with the ability to
kill T. cruzi parasites (10). Because TLR4-mediated
responses to T. cruzi have been reported as one of the
main pathways for inducing early cytokine produc-
tion (12), the low expression levels of TLR-4 on
mMGL-/- Me may explain the low proinflammatory
cytokine production by these cells. It is possible that
mMGL engagement may couple to TLR-4 signal
transduction for increased TNF-a and IL-1f secretion
by Me during T. cruzi infection. Consistent with this,
mMGL-/- Mg were infected more than WT Me. This
defect on mMGL-/- Mg was persistent even when
mMGL-/- Mg were previously primed with IFN-y or
LPS/IFN-y. The ability of WT Mg under IFN-y or
IFN-y/LPS stimulation are able to control parasite
number more effectively than mMGL-/- M¢ may be
explained by signals that WT Mg encounter with T.
cruzi or IFN-y/LPS causing the upregulation of TLR4.
Interestingly, no changes were observed in CD80,
CD86, TLR-3 and TLR-2 expression, which suggests
that the role of mMGL in upregulating costimulatory
molecules may depend on the type of triggering lig-
and and the time of exposure.

These results, together with the finding that
mMGL-/- mice were more susceptible to T. cruzi in-
fection, suggest that mMGL is required for optimal
M@ activation and may synergize with
TLR-4-induced pathways to produce TNF-a, IL-1B
and NO during the early phase of T. cruzi infection.
These observations contribute to the understanding of
the inflammatory properties of the mMGL molecule,
pointing to its potential role as an important modu-
lator of the immune response during T. cruzi infection,
and perhaps in other parasitic diseases. Moreover,
mMGL may act as a CLR that plays a critical role in
determining the quality of the adaptive immune re-
sponse to this parasite. A better characterization of the
effects of mMGL on APCs involved in innate and
adaptive immunity in response to parasitic diseases is
therefore of great interest.
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Abstract: Macrophage galactose-C type lectin (MGL)1 receptor is involved in the recognition of
Trypanosoma cruzi (T. cruzi) parasites and is important for the modulation of the innate and adaptive
immune responses. However, the mechanism by which MGL1 promotes resistance to T. cruzi remains
unclear. Here, we show that MGL1 knockout macrophages (MGL17/~ M) infected in vitro with
T. cruzi were heavily parasitized and showed decreased levels of reactive oxygen species (ROS),
nitric oxide (NO), IL-12 and TNF-« compared to wild-type macrophages (WT Md). MGL17/~
M¢ stimulated in vitro with T. cruzi antigen (TcAg) showed low expression of TLR-2, TLR-4 and
MHC-II, which resulted in deficient splenic cell activation compared with similar co-cultured WT
M. Importantly, the activation of p-ERK1/2, p-c-Jun and p-NF-«B p65 were significantly reduced in
MGL17/~ M exposed to TeAg. Similarly, procaspase 1, caspase 1 and NLRP3 inflammasome also
displayed a reduced expression that was associated with low IL-B production. Our data reveal a
previously unappreciated role for MGL1 in M¢ activation through the modulation of ERK1/2, c-Jun,
NF-«kB and NLRP3 signaling pathways, and to the development of protective innate immunity against
experimental T. cruzi infection.

Keywords: C-type lectin-like receptors; macrophage galactose-C type lectin; mouse MGL; Trypanosoma
cruzi; PRRs; innate immunity response

1. Introduction

The C-type lectins are a superfamily of more than 1000 proteins that are identified by having
one or more characteristic C-type lectin-like domains (CTLDs) [1,2]. These molecules were originally
named for their ability to bind carbohydrates in a calcium (Ca*)-dependent manner through conserved
residues within the CTLDs. However, the CTLDs of many C-type lectins lack the components required
for Ca?*-dependent carbohydrate recognition and can recognize a broader repertoire of ligands,
including proteins, lipids and inorganic molecules [3].

In mammals, C-type lectins are found as secreted molecules or as transmembrane proteins known
as transmembrane C-type lectin receptors (CLRs). Traditionally, it is widely accepted that CLRs that are
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expressed in antigen presenting cells (APCs) play an important role in the recognition, internalization
of self (endogenous) and non-self (exogenous) ligands and regulate the routing of the internalized
antigens to MHC-I or MHC-II-loading compartments for their further presentation to T cells, thereby
creating a specific immune response [4,5]. However, it has recently been shown that CLRs also play
an important role in promoting diverse physiological functions, such as the modulation of cellular,
developmental, homeostatic and immunological responses [6,7].

Protozoa parasites possess numerous glycosylated structures that are capable of activating the
innate immune response by binding to pattern recognition receptors (PRRs), such as toll like receptors
(TLRs) and CLRs such as the mannose receptor (MR), dendritic cell-specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN), MGL and Dectin-1, among others [2,8]. Previous
reports have shown that CLRs cooperate with TLRs to activate intracellular signaling pathways upon
sensing pathogen-derived antigens [9-11]. For example, Dectin-1 and MR expressed in M¢ play a
crucial role in the microbicidal response by inducing reactive oxygen species (ROS) production against
the protozoan Leishmania infantum [12]. Despite their importance, many of the CLRs involved in
cellular activities are poorly characterized, and their contribution and underlying mechanism remain
incompletely understood.

Macrophage galactose-C type lectin is a CLR that is selectively expressed as a homo-oligomer
on APCs such as immature dendritic cells (DC) and M¢ in humans and mice [11]. The carbohydrate
recognition domain of MGL binds with high affinity to glyproteins expressing terminal galactose (Gal)
and N-acetylgalactosamine (GalNAc) residues [13,14]. In mice, there are two homologs of human MGL,
MGL1 and MGL2 [15]. MGL1 shares significant sequence homology with human MGL, recognizes
terminal Gal and Lewis X structure residues and can mediate glycoprotein endocytosis [16,17], whereas
MGL2 recognizes x-and 3-GalNAc and does not interact with Lewis X structures [18]. The variation
and distribution of MGL1 and MGL2 in healthy mouse cells shows a significant portion of the MGL1
single positive cells in bone marrow (BM), peritoneal and spleen cells. Specifically, a portion of
conventional DC (cDC) co-express MGL1 and MGL2, while another portion of cDCs and plasmocytoid
DCs (pDC) only express MGL1 (mostly ¢cDC). The peritoneal exudate M¢ (PE-M¢) and BMM¢
expresses significant levels of MGL1, while MGL2 expression is low in PE-M¢ and almost absent in
BMM¢ [19].

The intracellular parasite Trypanosoma cruzi is the causative agent of Chagas’ disease, an important
health problem in Latin America that is becoming an emerging global public health problem as a
result of migration and global climate change [20]. Abundant amounts of mucin-like glycoproteins are
present on this parasite’s surface. These glycoconjugates contain approximately 60% carbohydrates,
most of which are anchored to glycosylphosphatidylinositol (GPI)- and glycoinositolphospholipid
(GIPL)-mucin molecules [21]. We have previously reported that most TcAg bind to lectin Jacalin,
which recognizes Gal residues; therefore, TcAg are glycosylated with Gal residues. In addition, we
showed that MGL17/~ mice were highly susceptible to T. cruzi infection, and they developed higher
parasitemia and mortality rates than WT mice [22]. Since TcAg contains Gal residues and MGL17/~
M¢ showed an impaired ability to eliminate this parasite, we hypothesized that MGL1 could play
an important role in optimal M¢ activation. The mechanism by which the MGL1 receptor works has
not been identified; therefore, we aimed to clarify the mechanism by which the MGL1 activates M¢
against T. cruzi infection.

Here, we show that the absence of MGL1 led to impaired M¢ activation and we also provide
additional evidence to support that MGL1~/~ M had significantly reduced phosphorylation of subunit
p65 of nuclear factor (p-NF)-«B, extracellular signal-regulated kinase 1/2 (p-ERK1/2) and transcription
factor c-Jun (p-c-Jun), and decreased expression levels of the nucleotide-binding domain leucine-rich
repeats family protein (NLRP3) in T. cruzi infection.
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2. Materials and Methods

2.1. Mice

Six- to eight-week-old male MGL17/~ mice on a C57BL/6 genetic background (donated by
Glycomics Consortium, USA) were backcrossed for more than 10 generations [23]. WT C57BL/6
background mice were purchased from Harlan (Invigo, Mexico City, Mexico). Mice were maintained
in a pathogen free environment at the FES-Iztacala, UNAM animal facilities. Genotyping of MGL17/~
mice was routinely performed on DNA isolated from tail snips using a polymerase chain reaction
(PCR) procedure [24]. The PCR were performed using the following primers: MGL1: forward
5'-CTTG GTCCCAGATCCGTATC-3’ and reverse 5'-ATGTCATGACTCAGGATC-3’; Neomycin (NEO):
forward 5'-AGGATCTCCTGTCATCTCACCTTGCTCCTG-3" and reverse 5-AAGAACTCGTCA
AGAAGGCGATAGAAGGCG-3’ (All synthesized by Sigma-Aldrich, Mexico City, Mexico). PCR
for the amplification of MGL and NEO was performed with Taqg DNA polymerase (Ampliqon,
Bioreagents and Molecular Diagnostics) following the manufacturer’s instructions. A PCR fragment of
714 bp, corresponding to MGL, or 492 bp, corresponding to NEO, was visualized to identify WT or
MGL17/~ mice, respectively. The PCR products were analyzed by electrophoresis on a 1.5% agarose
gel and were viewed under UV light (Bio-Rad, Mexico City, Mexico).

All experimental procedures using animals were designed to minimize suffering and the number
of subjects used. These studies were conducted in accordance with the ethical standards approved and
carried out under strict accordance with the guidelines for the Care and Use of Laboratory Animals
adopted by the U.S. National Institutes of Health, and the Mexican Regulation of Animal Care and
maintenance (NOM-062Z00-1999, 2001). And it was revised and approved by the Ethics Committee
at FES-Iztacala, UNAM (CE/FESI/062019/1311).

2.2. Parasites

The Mexican T. cruzi TBAR/MX/0000/Queretaro strain belonging to DTU Tcl was used in this work.
Epimastigotes of T. cruzi were cultured at 28 °C in biphasic culture with brain heart infusion broth,
agar and dextrose (Sigma-Aldrich, Mexico City, Mexico), and in the liquid phase with saline solution
supplemented with 5% heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham,
MA, USA) with 100 U of penicillin/streptomycin (all from GIBCO-BRL, Grand Island, NY, USA).

2.3. Soluble T. cruzi Lysate Antigen (TcAg)

Culture-derived epimastigotes were obtained and washed three times in phosphate buffered
saline (PBS) by centrifugation at 1300x g for 10 min. The obtained pellet was sonicated six times for
10 s each at 50 W using a sonic Dimem-brator 300 (Thermo Fisher Scientific, Waltham, MA, USA) in
the presence of protease inhibitors (Sigma-Aldrich). Parasite lysis was confirmed using a microscope.
Parasite lysates were then centrifuged at 20,000x g for 30 min at 4 °C, and PBS-soluble antigens were
stored at —70 °C until use. The protein concentration was determined using a Bradford protein kit
(Sigma-Aldrich).

2.4. Cell preparations and T. cruzi Infection In Vitro

Peritoneal exudate cells (PECs) were obtained from the peritoneal cavity of MGL1~7/~ and WT
mice under sterile conditions using 10 mL of ice-cold Hank’s balanced salt solution (Microlab,
Mexico City, Mexico). Following two washes with Hank’s balanced solution, red blood cells were
lysed by resuspending the cells in Boyle’s solution (0.17 M Tris and 0.16 M ammonium chloride,
all from Sigma-Aldrich). The viable cells were counted using the trypan blue exclusion method
(routinely exceeding 95%) with a Neubauer hemocytometer (Sigma-Aldrich). PECs were adjusted to
a concentration of 5 x 10° cells/mL in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 U of penicillin/streptomycin, and 2 mM glutamine (all from GIBCO-BRL), and
cultured in 24-well plates (Costar, Bedford, MA, USA). After 2 h at 37 °C and 5% CO,, non-adherent
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cells were removed by washing with warm DMEM. Adherent cells (PE-M¢) were removed from
the plate by washing with 5 mM ethylenediaminetetraacetic acid (EDTA) in warm PBS and then
adjusted to a concentration of 1 x 10° cells/mL. PE-M¢ were allowed to adhere on coverslips in 24-well
flat-bottomed culture plates for 2 h and then were infected with culture-derived epimastigotes at a
ratio of 10:1 (parasites: M) in supplemented DMEM. After 2 h of incubation, cells were washed
with DMEM to remove the extracellular parasites; coverslips were removed, and stained with Giemsa
(Sigma-Aldrich). A minimum of 100 cells in different microscopic fields were examined by a light Zeiss
AXIO Vert Al microscope (Carl Zeiss, Berlin, Germany), and the percentage of infected cells and the
number of amastigotes per infected cell were determined in triplicate in a double-blind manner. Five
independent experiments were analyzed. Supernatants were collected and stored at —70 °C until use
for the quantification of NO and cytokine production (IL-13, IL-10, IL-12 and TNF-«).

2.5. Reactive Oxygen Species Activity Assay

PE-M¢ from MGL1~/~ and WT mice grown on coverslips as mentioned above were exposed to
culture-derived epimastigotes at a ratio of 10:1 (parasites: 1 M) or Candida albicans (C. albicans) (5 x 10°
cells/mL) for 2 h at 37 °C and 5% CO,. Next, ROS production was measured by the nitrobluetetrazolium
(NBT) test, by adding 100 pL of 0.1% NBT (Sigma-Aldrich) to a final volume of 1 mL per well with
DMEM. The resting plate was incubated at 37 °C for 1 h. The coverslips were rinsed with saline to
wash away excess NBT. M¢ were stained with 0.5% safranin for 7 min and washed with distilled water.
Finally, the coverslips were mounted on glass slides with resin, and 100 cells in different fields were
examined under a light microscope (Zeiss AXIO Vert Al microscope; Carl Zeiss, Berlin, Germany); the
percentage of ROS positive cells was determined in a double-blinded fashion.

2.6. Detection of Nitric Oxide and Cytokines Production

PE-M¢ from MGL17/~ and WT mice were grown in 24-well flat-bottomed plate, as mentioned
above, were left untreated or treated with lipopolysaccharide (LPS; 100 ng/mL, Escherichia coli 0111:B4,
Sigma-Aldrich), IFN-y (10 U/mL, Peprotech, Mexico City, Mexico), or LPS+IFN-y (100 ng/mL +
10 U/mL) for 24 h. Then, they were infected with culture-derived epimastigotes at a ratio of 10:1
(parasites: M) for 2 h at 37 °C and 5% CO,. Cells were washed with DMEM to remove the extracellular
parasites, and the plates were incubated for an additional 24 h. Supernatant from MGL17/~ PE-Md
and WT PE-M¢ cultures, were assayed for nitric oxide (NO) production by the Griess reaction adapted
for 96-well plates (Costar) [25]. Briefly, 50 uL of culture supernatant was mixed with an equal volume
of Griess reagent and incubated for 10 min at room temperature in the dark. The concentration was
determined by extrapolating the optical density from each sample to a standard curve of sodium
nitrite. The absorbance was measured at 570 nm in Epoch microplate spectrophotometer (BioTEk,
Winooski, VT, USA). To determine IL-12, TNF-«, IL-10 and IL-1f levels by using commercially
available enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer’s instructions
(Peprotech, Mexico City, Mexico). The optical density (OD) was measured using an Epoch microplate
spectrophotometer (BioTEk) at 405 nm.

2.7. Viability of Internalized T. cruzi

To test the trypanocidal capacity of both MGL17/~ and WT M¢, parasite proliferation was
examined as previously described [26]. Briefly, M from MGL17/~ and WT mice were obtained
as described in Section 2.4 and adjusted to 1 x 10° cells/mL. These cells were seeded in 24-well
flat-bottom culture plates, and incubated for 2 h at 37 °C and 5% CO,. M¢ were washed with DMEM,
and divided into groups as follows: non-stimulated or stimulated with LPS (100 ng/mL), IFN-y
(10 U/mL) or LPS+IFN-y (100 ng/mL + 10 U/mL) for 24 h. Then, M¢ were infected with culture-derived
epimastigotes at a ratio of 10:1 (parasites: M) in supplemented DMEM. After 2 h, M¢$ were washed
twice with DMEM to remove non-internalized parasites, and fresh supplemented DMEM was added
to the culture and M¢ were incubated for another 24h. After this time supernatants were collected
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and stored at —70 °C until use for NO quantification and cytokine production (IL-1§3, IL-10, IL-12
and TNF-x). M¢ were lysed using 0.01% sodium dodecyl sulfate (SDS) in 100 mL of warm PBS for
30 min and pipetted up and down 5-10 times. Released amastigotes from the M¢ were harvested
and centrifuged at 1300x g. The pellet was resuspended in 600 uL of supplemented DMEM medium,
and aliquots (150 uL) of suspension were seeded into 96-well flat-bottom culture plates (Costar) at 37
°C and 5% CO, for 72 h. Eighteen hours prior to culture termination, 0.5 uCi of tritiated thymidine
(PH]TdR, 185 GBb/mmol activity; Amersham, Aylesbury, UK) was added to each well. The cells
were harvested on fiberglass paper (PerkinElmer, Billerica, MA, USA), and the counts per minute
(CPM) were quantified using a liquid scintillation counter Trilux 1450 Microbeta (Tomtec, Hamden, CT,
USA). The M¢ trypanocidal activity was measured as a reduction in the incorporation of [PH]TdR by
surviving amastigotes recovered from the M¢ that become into epimastigotes in the cell-free medium.

2.8. Flow Cytometry Analysis

PE-M¢ from MGL1~/~ and WT mice were obtained and stimulated with TcAg (25 pg/mL) for 24
or 48 h. These cells were incubated with anti-mouse FcyR antibody (CD16/CD32) in staining buffer
(1x PBS, 2% FBS, 1% NaN3) for 15 m, followed by incubation for 30 m at 4 °C with FITC-conjugated
anti-F4/80, PE-conjugated anti-MGL1 and APC-conjugated anti-MGL2 antibodies (BioLegend, SD, CA).
For quantification of costimulatory molecule expression, MGL17/~ and WT PE-M¢ and BMM¢ were
stimulated in vitro with LPS (100 ng/mL) or TcAg (25 ug/mL) for 24 h or infected with culture-derived
epimastigotes for 2 h (ratio 1:10). The cells were incubated with the following fluorochrome-conjugated
Abs: Pacific blue anti-F4/80, PerCP/Cy5.5 anti-CD11b, PE anti-TLR-4, PE anti-MHC-II, FITC anti-TLR-2,
FITC anti-CD40 and FITC anti-CD80 (all from BioLegend), as well as the negative control. M¢ were
washed three times with FACS buffer and fixed in 0.8% paraformaldehyde before acquisition and
analysis (Attune NXT, Thermo Fisher Scientific, Waltham, MA, USA).

2.9. Co-culture of M and Splenic Cells

To examine the antigen presenting capacity of MGL17/~ M, M were co-cultured with splenocytes
as follows: PE-M¢ from MGL17/~ or WT mice were obtained and adjusted to 1 x 10° cells/mL as
described above. PE-M¢ were seeded (100 pL) in 96-well flat-bottom culture plates (Costar) and
stimulated with 100 pL of TcAg (25 pg/mL) at 37 °C and 5% CO,. Two hours later, PE-M¢ were
washed three times to remove the non-phagocytosed antigen. Splenocytes from WT mice infected with
T. cruzi for 21 days were added at a ratio of 1:10 (M¢: splenocytes; 100 uL of splenocytes adjusted to a
concentration of 10 x 10° cells/mL). Co-cultures were maintained at 37 °C and 5% CO, for 72 h, and
then 0.5 uCi/well of [3H]—thymidine (185 GBb/mmol activity; Amersham, Aylesbury, UK) was added
and incubated for additional 18 h. The plate was harvested on fiberglass paper (PerkinElmer) using a
96-well harvester (Tomtec, Toku, Finland), and CPM were quantified using a liquid scintillation Trilux
1450 Microbeta counter (Tomtec).

2.10. Protein Levels of NF-xB, P38, ERK1/2 and NLRP3 Signaling Pathways Detected by Western Blotting

Murine BMM¢ were generated using tibias and femurs aseptically removed from MGL17/~
and WT mice as previously described [27]. Briefly, bone ends were cut and flushed with 10 mL of
sterile PBS. The obtained cell suspension was centrifuged at 1300x g for 10 min at 4 °C. Cells were
adjusted to a concentration of 4 x 10° cells/mL in M differentiating medium containing supplemented
DMEM (20% FBS) and 50 ng/mL murine macrophage colony-stimulating factor (M-CSF) (Biotech, BG,
DE). Two milliliters of cell suspension was seeded into each well of a 6-well plate and incubated at
37 °Cin 5% CO,. After 72 h, 1 mL of differentiating medium was added to each well. Cells were
allowed to differentiate for 7 days. BMM¢ were washed twice, adjusted to a concentration of 4 x 10°
cells/mL and stimulated with LPS (100 ng/mL) or TcAg (25 pg/mL) for 0, 5, 15 and 30 min. BMMd
protein was extracted using Laemmli buffer (containing, 92 mM Tris (pH 6.8), 18% glycerol, 1.8%
SDS, 0.02% bromophenol blue and 2% (3-mercaptoethanol (all from Sigma-Aldrich) with protease
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and phosphatase inhibitors (Roche Diagnostic, Basel Switzerland) according to the manufacturer’s
instructions. The samples were centrifuged at 700x g for 5 min at 4 °C, and the protein concentration
was determined using a Bradford assay (Sigma-Aldrich). Protein samples (15 pg) were separated
by 12% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis at 80 V and were
transferred to immobilon-P membranes (0.22 uM, Millipore, Bedford, MA, USA) by electroblotting.
The membranes were blocked for 2 h at room temperature in Tris-buffered saline-Tween 20 (TBST)
supplemented with 5% w/v bovine serum albumin (Sigma-Aldrich). Subsequently, the membrane was
washed three times with TBST and incubated at 4 °C overnight on a shaker plate with the following
primary antibodies: GAPDH (as housekeeping protein), NF-kB p65, p-NF-«B p65, p38 MAPK, p-p38
MAPK, p44/42 MAPK (ERK1/2), p-p44/42 MAPK (p-ERK1/2) and NLRP3 following the manufacturer’s
protocol (Cell Signaling, Danvers, MA, USA). After washing the membrane with TBST four times,
an alkaline phosphatase-conjugated secondary antibody in TBST was added (dilution 1:5000; Cell
Signaling) and incubated for 2 h at room temperature. The membrane was washed with TBST four
times, the signal was revealed using Super Signal West Femto (Thermo Fisher Scientific) and then
scanned and analyzed using a fluorescent Odyssey infrared scanner (LI-COR, Lincoln, NE, USA).

2.11. Statistical Analysis

Comparisons between the WT and MGL17/~ groups were made using the unpaired Student’s
t-test or one-way ANOVA followed by Dunnett’s multiple comparisons test using GraphPad Prism
Program version 6.0 (GraphPad Software, La Jolla, CA, USA). All data are shown as the mean +
standard error of the mean (SEM) for at least two or three independent experiments. A value of p < 0.05
was considered significant.

3. Results

3.1. Trypanosoma cruzi Antigens Induce High Expression of MGL1 and Moderate Expression of MGL2
in PE-M¢

To verify the expression of MGL1 and MGL2 receptors, PE-Md (F4/80*) from WT and MGL17/~
mice were analyzed by flow cytometry after stimulation in vitro for 24 and 48 h with TcAg. As Denda-
Nagai et al. reported [19], WT PE-M¢ showed surface expression of the MGL1 and no expression of
MGL2 receptors at baseline (Figure 1a,b; WT-M¢, non-stimulated, gray shadow). After stimulation
with TcAg for 24 or 48 h, MGL1 expression increased significantly while MGL2 expression increased
moderately (Figure 1a,b; WT-M¢, gray shadow). These observations indicate that MGL1 receptor is
highly expressed, and it is mostly induced by the TcAg in WT PE-M¢, compared to MGL2 expression.

PE-M¢ from MGL17/~ mice did not show expression of MGL1, but moderate levels of MGL2
expression were observed at baseline (Figure 1la,b; MGL17~ Mo, non-stimulated, solid line).
Importantly, after TcAg stimulation, MGL1~7/~ PE-M¢ did not show expression of MGL1, whereas
MGL2 was slightly elevated (Figure 1a,b; MGL1~~ M¢, solid line). These results demonstrate that
PE-M¢ from MGL17/~ mice are unable to upregulate significantly MGL2 in response to TcAg.

3.2. The MGL1 Receptor Plays a Role in Controlling T. cruzi PE-Md Infection

Pathogens can be recognized by CLRs, and some receptors play a major role in pathogen
internalization. We previously demonstrated that MGL1 binds TcAg, and MGL17/~ mice were found
to be more susceptible to in vivo T. cruzi infection [2]. Herein, we explored whether the MGL1 receptor
plays arolein vitro internalization of T. cruzi parasites by PE-M¢. To address this question, PE-M¢ from
MGL17/~ and WT mice were infected with culture-derived epimastigotes of T. cruzi. The percentage
of infected M was determined 2 h after co-incubation. We observed that MGL1~/~ M¢ exhibited a
higher percentage of infected M (86%) than WT M¢ (48%) (Figure 2a, p < 0.05). Importantly, MGL1~/~
M also exhibited a higher number of internalized parasites per cell. Specifically, 33% of MGL17/~
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M¢ showed 2-3 amastigotes per M¢, while 14% of WT M¢ showed 2-3 amastigotes per M¢ (Table 1,
p < 0.05; and Figure 2b).
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Figure 1. Expression of MGL1 and MGL2 in M¢ in response to T. cruzi antigen. PE-Md (F4/80+) from
WT or MGL17/~ mice were stimulated for 24 or 48 h with TcAg (25 pg/mL). Representative histogram
and bar chart of the percentage of PE-M¢ expressing MGL1 and MGL2 are shown in (a) and (b),
respectively. Dotted line, isotype; gray area, PE-M@ from WT mice; solid line, PE-M¢ from MGL17/~
mice; n = 6 mice per group; * p < 0.05 and ** p < 0.002.

Table 1. The numbers of M¢ that exhibit at least one amastigote, and the number of intracellular

amastigotes per M.

Number of Amastigotes Per Macrophage

M Infected/100 cells 1 2-3 4 5 >6
WT 48% 29% 14% 4% 1% 0%
MGL1/~ 86%* 22%* 33%* 21%* 7%* 3%

Values of * p < 0.05 were considered statistically significant compared to WT M¢. These are representative of three
independent experiments.

As LPS/IFN-y-treatment induces classically activated M¢, which are involved in the control
of T. cruzi infection, we asked whether pre-activated MGL1~/~ Md could control T. cruzi infection.
To address this question, culture-derived epimastigotes of T. cruzi were used to infect untreated
MGL17~ and WT M¢ or treated with IEN-y, LPS and LPS/IFN-y for 24 h. Parasite survival after
24 h was determined by measuring [*H]thymidine incorporation as a marker of parasite proliferation.
Untreated WT PE-M¢ displayed greater [*H]thymidine uptake, indicating parasite proliferation
(Figure 2c). As expected, treatment with IFN-y, LPS or both, IFN-y and LPS resulted in a significant
reduction in parasite survival, as reduced [*H]thymidine uptake was observed in this WT PE-M¢
(Figure 2c). Interestingly, untreated MGL1~/~ PE-M¢ harbored more surviving T. cruzi parasites than
untreated WT PE-Md, as shown by the significantly increased uptake of [*H]thymidine (p < 0.05%).
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Despite being treated with IEN-y, LPS or both, MGL17/~ PE-M¢ showed higher levels of parasite
proliferation compared with WT PE-M¢. MGL1/~ PE-M¢ therefore displayed an impaired ability to
eliminate these parasites, as they maintained a higher [*H]thymidine uptake than their WT PE-Md
counterparts. These results suggest that MGL1~/~ PE-M¢ have impaired trypanocidal ability compared

to WT PE-Mo.
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Figure 2. MGL17/~ PE-M¢ take up more T. cruzi parasites. (a) Percentage of PE-M¢ with internal
parasites in two hours after infection. (b) A representative image of parasites internalized in PE-M¢;
WT and MGL1~/~ PE-M¢ infected with T. cruzi (arrows point to parasites), magnification 40x. (c) M¢
from MGL17/~ and WT mice not treated or treated overnight with IFN-y, LPS or IFN-y/LPS followed
by exposure to T. cruzi at a 10:1 parasite/M¢ ratio. Parasites that were not taken up were removed at
2 h post-infection, and parasite infection was determined by lysis of the M$ and the measurement of
parasite proliferation by [*H]thymidine incorporation. The results are shown as the means of replicate
samples (+ SEM) and are representative of three experiments; * p < 0.05.

3.3. MGL17/~ PE-M¢ Have a Deficient Oxidative Burst, as well as Nitric Oxide and Proinflammatory
Cytokine Production during T. cruzi Infection

Reactive oxygen species (ROS) are reactive molecules that include oxygen ions, free radicals and
peroxides. ROS are produced as a result of the enzymatic activity that is acquired by the phagosome
during its formation. Indeed, the superoxide burst in M¢ against intracellular parasites represents one
of the main antimicrobial mechanisms involved in host defense [28]. To determine whether the MGL1
receptor was associated with ROS production, we performed the NTB test in MGL17/~ and WT M¢
infected for 2 h with culture-derived epimastigotes of T. cruzi or C. albicans as a positive control.

We observed a similar increase in ROS production in both MGL17/~ and WT PE-M¢ infected
with C. albicans. However, when PE-M¢ from WT mice were infected with T. cruzi, they displayed
a significant increase in ROS production, whereas T. cruzi-infected M from MGL1~~ mice did not
(Figure 3a).
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Figure 3. MGL17/~ PE-M¢ have a deficient ROS, as well as NO and proinflammatory cytokine
production during T. cruzi infection. (a) WT and MGL17/~ PE-M¢ were infected for 2 h with
culture-derived epimastigotes of T. cruzi or Candida albicans (as positive control), and ROS production
was analyzed. (b) PE-M¢ from MGL17/~ and WT mice were not treated or treated for 24 h with IFN-y,
LPS or IFN-y/LPS followed by infection with epimastigotes of T. cruzi at a 10:1 parasite/M¢ ratio.
Non-internalized parasites were removed at 2 h post-infection; supernatants were taken for NO and
(c) cytokine IL-12, TNF-o and IL-10 quantification. The results are representative of three experiments;
*p <0.05.

In addition to ROS production, M¢ also produce reactive nitrogen species, specially nitric oxide

(NO), that, together with IL-12 and TNF-«, plays an important role in controlling the initial infection

by T. cruzi [21,29]; in contrast, the anti-inflammatory cytokine IL-10 is associated with susceptibility in

T. cruzi infection [30]. Thus, we tested NO and cytokine production in MGL17~ and WT PE-M¢ treated
I E—————
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with LPS, IEN-y or LPS/IFN-y for 24 h. These primed PE-M¢ were later infected with epimastigotes of
T. cruzi for 2 h, they were washed to remove the extracellular parasites and incubated for an additional
24 h. Supernatants were collected for NO and cytokine quantification.

As expected, WT PE-M¢ produced slightly elevated NO after IFEN-y stimulation, moderate levels
of NO in response to LPS and high levels of NO production in response to LPS/IFN-y with or without
T. cruzi infection. However, the MGL17~ PE-M¢ did not produce NO in response to T. cruzi infection.
Indeed, we observed that MGL1~/~ PE-M¢ stimulated with LPS, or LPS/IFN-y displayed a deficient
production of NO with or without T. cruzi infection compared with WT PE-M¢ (Figure 3b).

The proinflammatory cytokines such as IL-12 and TNF-« were induced in response to IFN-y, LPS
or LPS/IFN-y in WT PE-M¢ without or with T. cruzi infection. Non infected PE-Md from MGL1~/~
mice showed similar levels of IL-12 and TNF-« in response to IFN-y stimulus. Interestingly, the same
MGL17/~ PE-M¢ displayed decreased production of IL-12 and TNF-« in response to LPS. Upon T. cruzi
infection, MGL1~/~ PE-M¢ stimulated with IEN-y showed a decreased production of IL-12, and similar
levels of TNF-& compared with WT PE-M¢ (Figure 3c).

IL-10 production showed similar levels in non-infected WT and MGL17/~ PE-M¢ supernatants,
after treatment with IFN-y, LPS or LPS/IEN-y. The production of IL-10 increased slightly in WT PE-M¢
only with infection or with infection + IFN-y. However, no induction of IL-10 was detected in the
MGL™~ PE-M¢ in T. cruzi infection, or with any other stimulus (Figure 3c). These results together
support the hypothesis that MGL1 favors the production of ROS, NO and inflammatory cytokines
during T. cruzi infection.

3.4. MGL17~ PE-M¢ Exhibit Deficient Activation of T. cruzi Antigen-Specific Lymphocytes

Next, we analyzed the expression of TLR-2, TLR-4, MHC-II, CD40 and CD80 in MGL17/~ and
WT PE-M¢ stimulated in vitro with LPS or TcAg or infected with epimastigotes of T. cruzi parasites
(Figure 4).

Consistent with previous reports that demonstrated that MGL can modulate TLR activation [22,31],
we observed significantly lower expression levels of TLR-2 and TLR-4 in MGL1~/~ PE-M¢ compared
to WT PE-M¢ treated with TcAg or T. cruzi parasites (Figure 4a,b). Importantly, we also found
reduced expression of MHC-II and CD40 in MGL17/~ M¢ (Figure 4c,d). However, no significant
differences were observed in other costimulatory molecules such as CD80, between MGL17~ and WT
M¢ treated with TcAg or T. cruzi parasites (Figure 4e). We hypothesized that the deficiency of these
molecules could impair the performance of M¢ as antigen-presenting cells and decrease T. cruzi-specific
lymphocyte activation. Thus, PE-M¢ from WT or MGL17/~ mice were pre-loaded with TcAg to activate
T. cruzi-specific splenocytes (coming from sensitized mice) in co-cultures. Splenocytes co-cultured with
MGL17~ PE-M¢ displayed significantly lower proliferation than splenocytes co-cultured with WT
PE-M¢ (Figure 5). These results suggest that lack of MGL1 may also modulate the adaptive response
against T. cruzi.

3.5. Trypanosoma cruzi Antigens Induce High Expression of MGL1 and Low Expression (Almost Absent) of
MGL2 in BMM¢

It was previously reported that BMMd express significant levels of MGL1, while MGL2 is absent
in these cells. Therefore, to determine whether the recognition of TcAg by MGL1 could mediate the
activation of M, we decided to use BMM¢ to establish a possible route of activation.

We first, search for the expression of MGL1 and MGL2 in WT BMM¢ non-stimulated or stimulated
with TcAg by 24 or 48 h. WT BMM¢ showed expression of the MGL1 and almost absent expression
of MGL2 at baseline (Figure 6a,b; WI-M¢, non-stimulated, gray shadow). After stimulation with
TcAg, MGL1 expression increased significantly, while MGL2 expression did not (Figure 6a,b; WI-Md,
gray shadow). These observations suggest that TcAg may be recognized by MGL1 and favors its
up-regulation, whereas MGL2 seems does not participate in this interaction.
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Figure 4. The absence of MGL1 results in reduced expression of TLR2, TLR4, MHCII and CD40 in
PE-M¢. (a—e) PE-M¢ from WT and MGL1~/~ mice were stimulated in vitro with LPS (100 ng/mL) or
TcAg (25 ug/mL) or infected with epimastigotes of T. cruzi (ratio 1:10) for 24 h. The cells were stained
with anti-F4/80, anti-TLR-2, anti-TLR-4, anti-MHC-II, anti-CD80 and anti-CD40. The dot plot and bar
charts are representative of three independent experiments; * p < 0.05.
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Figure 5. MGL17/~ PE-M¢ induce a deficient activation of T. cruzi antigen-specific lymphocytes.
PE-M¢ from MGL17/~ or WT mice were stimulated with TeAg, two hours later M¢$ were washed to
remove the non-phagocytosed antigen. Splenocytes from 21 days-infected WT mice were added at
ratio of 1:10. After 5 days, cell proliferation was assessed by [*H]thymidine incorporation. Data are
representative of three separate experiments and are plotted as the means of triplicate wells (+ SEM),
n=7%p<0.05.
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Figure 6. Expression of MGL1 and MGL2 in BMM¢ in response to TcAg. BMM¢ (F4/80+) from WT or
MGL17/~ mice were stimulated for 24 or 48 h with TcAg (25 ug/mL). Representative histogram and bar
chart of the percentage of BMM¢ expressing MGL1 and MGL2 are shown in (a) and (b), respectively.
Dotted line, isotype; gray area, M from WT mice; solid line, M from MGL1~/~ mice; n = 6 mice per
group; and * p < 0.05.

Next, the MGL1 and MGL2 expression was examined using BMM¢ from MGL17/~ mice. As show
in Figure 6, the absence of expression of MGL1 and MGL2 was confirmed on BMM¢ from MGL17/~
mice at baseline (Figure 6a,b; MGL17/~ M¢, non-stimulated, solid line). After TcAg stimulation,
MGL17/~ BMM¢ did not show expression of MGL1, neither MGL2 (Figure 1a,b; MGL17/~ Mo, solid
line). These results demonstrate that BMM¢ from MGL17/~ mice are unable to upregulate MGL2 in
response to TcAg, suggesting that there is not a compensatory hyperexpression of this CLR in the
absence of MGL1.
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3.6. MGL1 Deficiency in BMM¢ Results in Reduced Activation of the NFx-B and ERK1/2 Signaling Pathways
in Response to T. cruzi Antigen

The activation of M¢ by infectious and non-infectious insults is usually triggered by the recognition
of the antigen by receptors on the surface of M@; this leads to the activation of the NF«-B and c-Jun
transcription factors, which play key roles in modulating the expression of many proinflammatory
genes and innate immune response signaling [32-34]. Consequently, IL-10, TNF-«, and NO production
by M¢ correlates with the strength of NFk-B activation. Moreover, it is well established that the MAPK
cascade also controls the post-transcriptional regulation of TNF-« [35]; the kinases ERK and P38 are
notable members of the MAPK family. Therefore, to investigate the role of MGL1 in the activation of
ERK1/2, p38, c-Jun and NFk-B; WT and MGL1~/~ BMM¢ were stimulated for 5, 15 and 30 min with
LPS or TcAg, and the phosphorylation of these proteins was measured.

MGL17~ M¢ showed a significant reduction in the phosphorylation of ERK1, 2, c-Jun and NFk-B
after LPS or TcAg stimulation compared with that of WT M¢. In contrast, comparable levels of
phosphorylated p38 were observed between WT and MGL1~/~ M¢ (Figure 7a,b). These results suggest
that the MGL1 may be signaling trough the ERK1/2 ¢-Jun and NFk-B axis in response to TcAg, but not
p38, thus MGL1 is critical for the optimal activation of M¢ during T. cruzi infection and consequently
favor secretion of proinflammatory cytokines.

3.7. MGL1 Regulates the Expression of the NLP3 Sensor

One of the main factors that trigger acute or chronic inflammation is the inflammasome [36].
Assembly of PRRs-mediated inflammasomes, such as the NLRP3 sensor, one of the most important
inflammasomes involved in the development of the inflammatory microenvironment through the
activation of caspase-1, results in the secretion of IL-1§3, which ultimately creates an inflammatory
microenvironment [37]. Because MGL17/~ M¢ exposed to LPS or TeAg exhibited decreased production
of proinflammatory cytokines, which also correlated with deficient ERK1/2, c-Jun and NFk-B activation,
we explored whether MGL17/~ M¢ may display deficient expression of the NLRP3 receptor. WT
and MGL1~/~ BMM¢ were stimulated with LPS, TcAg or LPS/TcAg for 24 h. After incubation, total
protein was extracted, and western blot analysis was performed to quantify protein expression levels
of NLRP3, procaspase-1 and caspase-1.

As shown in Figure 8a,b; WT BMM¢ stimulated with LPS, TcAg or LPS/TcAg displayed increased
NLRP3 protein expression levels compared to non-stimulated cells. Importantly, compared to WT
BMMd, MGL17~ BMM¢ did not show any increase in NLRP3 protein levels neither procaspase-1, or
caspase-1 upon stimulation with LPS/TcAg or either stimulus alone. Interestingly, MGL17/~ BMM¢
also displayed reduced IL-1p production in response to LPS, TcAg or LPS/TcAg compared to those
levels found in WT BMM¢ exposed to the same stimuli.
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Figure 7. MGL17/~ BMM¢ exhibit reduced activation of ERK1/2, c-Jun and NFk-B signaling pathway
in response to TcAg. (a) WT and MGL17/~ BMM¢ were stimulated for 5, 15 and 30 min with LPS
(100 ng/mL) or TcAg (25 ug/mL). In total protein lysates of M¢ were measured the phosphorylation
of ERK1/2, p38 and NFkB by western blot analysis. Western blotting for the indicated proteins.
(b) Densitometry analysis for the indicated proteins as described above. Results are representative of at
least three separate experiments each with three biological replicates. Densitometry analysis of the
indicated proteins was normalized first, to GAPDH protein, and next to total protein expression as
appropriate. Data shown are mean + SEM (n = 6), *p < 0.05.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 94



Apendice [

Cells 2020, 9, 108 15 of 22
BwT O mGL1”
ony
[a)]
[
<
9
o)
[
WT MGL1- M
Non- ‘A LPS/ Non- A LPS/ Z
stimul. LPS TeAg TeAg stimul. LPS TeAg TeAg
NLRP3 - - S - e —
o *
@ 2 *
GAPDH b awn ows goun Gl S s e 5 3 —
3 8
p50 — — - ?_ g
Procaspasel @D
P37 - & é
Caspasel(p20) i w 0 8 - 2 g @
= ¢
g2 oL P s ”
B-Actin N G S S - — — A \3\“:’ N <& <& 0
& &
_.“\_\
<
(a) (b)
80001
*
E 60004
B
= 4000
= 20001
0-
RS NG G
& o
<8 <
o
(V]

Figure 8. MGL1 is required for proper expression of NLRP3, pro-caspasel/caspasel and IL-1f3
production. WT and MGL17/~ BMM¢ were stimulated for 24 h with LPS (100 ng/mL) or TcAg
(25 pug/mL) or LPS+TcAg (100 ng + 25 pug/ mL), in total protein lysates of M$ were measured NLRP3,
pro-caspasel and caspasel by western blot. (a) Western blot showing down-regulated NLRP3,
pro-caspasel and caspasel protein expression in MGL17/~ M, and (b) the densitometry analysis
for the NLRP3 and the fold expression of pro-caspasel/caspase 1. (c¢) ELISA quantification of IL-13
in the cell culture supernatants. The western blot data were normalized to GAPDH control and are
representative of two separate experiments. The data are plotted as the means (+ SEM), n =5, * p < 0.05.

4. Discussion

Recent evidence suggests that MGL plays an important role that goes beyond the sensing
and elimination of dead and dying cells [38]. For example, MGL is able to recognize abnormal
glycosylation patterns, a common characteristic of malignant cells, which allows the interaction of
cancer cells with platelets, leukocytes and endothelial cells, facilitating tumor invasion, metastasis
and the immunosuppressive response [39]. Therefore, GalNAc-carrying tumor-associated antigens or
anti-MGL antibodies have been used as ligands to identify the role of MGL in the activation of DCs

in vitro l9i31i4042 .
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The generation of MGL1~/~ mice allows for investigating the immunological functions of MGL1
separately from that of MGL2 at the cellular level; using these mice, it has been possible to establish that
MGL1 is capable of recognize glycosylated structures expressed in parasites including protozoa and
helminths [8,22]. Our previous studies, conducted in a mouse model, demonstrated that the interaction
of MGL1 with highly glycosylated structures of T. cruzi (as a natural ligand) plays an essential role in
immunity by increasing M¢ activation and parasite killing during in vivo T. cruzi infection [22,43].
Despite this evidence pointing to a role for MGL1 in the immune response, how MGL1 modulates
the immune response against this pathogen remains unclear. In the current study we demonstrated
that in PE-M¢ and BMM¢ from MGL1~/~ mice, MGL1 is totally absent, while the MGL2 expression is
very low or absent, respectively. Thus, using MGL1~/~ BMMd, we provide important insights into the
mechanism by which the MGL1-TcAg interaction activates M¢ against T. cruzi infection.

Having demonstrated that MGL1~/~ M¢ infected in vitro with T. cruzi presented greater numbers
of internalized parasites than WT M¢ [22], we extended this observation by showing that internalized
parasites in MGL1/- M¢ remain alive. Moreover, following overnight incubation of MGL1/- Mo
with IEN-y, LPS or both, there was not a significant reduction in the number of intracellular parasites, as
occurred in the WT M¢. This activation deficiency of MGL17~ M¢ was accompanied by a remarkable
downregulation of ROS and NO production, as well as by a reduction in the levels of IL-12 and TNF-«,
which are important for controlling parasite infection and replication [44,45]. These observations
suggest that MGL1 may recognize T. cruzi and favors a cross-talk between MGL1 signalling pathway
and other important pathways for M¢ activation that helps to activate the oxidative burst.

We previously observed that MGL17/~ M¢ infected in vitro with trypomastigotes of T. cruzi
(extracellular and infective blood form) had a negatively regulated expression of MHC-II and TLR4 [22].
We asked whether this phenomenon also occurred in MGL1~/~ M¢ treated with TcAg or epimastigotes
of T. cruzi (a form of transition found in crops and in the insect vector). We decided to expose M¢ to
culture-derived epimastigotes and not to blood trypomastigotes due to the fact that this later stage
could be opsonized and major antigens neutralized [46]. Moreover, T. cruzi epimastigotes share
GPI-anchored antigens with trypomastigotes [47], and we have previously shown that epimastigotes
express MGLL1 ligands (Galactose and N-Acetylgalactosamine) as revealed by staining with the lectin
Jacalin [22]. Here, we demonstrate that MGL17/~ M¢ exposed to TcAg or live epimastigotes of T. cruzi
displayed downregulated expression of TLR4, MHC-II and CD40, but not CD80 expression, which
correlated with a deficiency in TcAg presentation to activate antigen-specific T cells. This finding is
consistent with a previous report by Napoletano et al., who showed that the interaction of MGL with
tumor-associated antigens or an anti-MGL antibody in DCs improved the performance of DCs as
antigen-presenting cells, promoting the positive regulation of markers of maturation and increasing
the activation of antigen-specific CD8 T cells [41]. In contrast, van Vliet et al. observed that anti-MGL
antibody treatment combined with TLR stimulation did not affect the expression of CD80, CD83,
CD86 or MHC-II [31]. This discrepancy may suggest that the expression of costimulatory molecules,
driven by MGL, is different depending on the stimulus. For instance, the MGL17/~ PE-M¢ infected
with the fungi C. albicans displayed similar ROS production compared to WT PE-M¢, indicating a
MGL1-independent recognition of this pathogen as well as an efficient oxidative burst. In line with this
idea, our previous report demonstrated that MGL17 “PE-M¢ exposed to POLY: IC, a TLR-4-independent
stimulus, induced high levels of NO and inflammatory cytokines [22]; indicating that M¢ activation is
intact if the insult is independent of the interaction with MGL1, TLR4 or both.

T. cruzi parasites have abundant amounts of glycosylated molecules such as GPI- and GIPL-mucins,
which are potent activators of TLR-2 and TLR-4, respectively [48]. Although M¢ stimulated with
GPI-mucin were found to produce TNF-«, IL-12 and NO via TLR-2 [49], M¢ from TLR-27/~ mice
displayed partial phosphorylation of ERK1/2, detectable levels of TNF-« and reactive nitrogen
intermediate production, compared to the completely unresponsive Myd88~/~ (myeloid differentiation
factor 88; an essential signal transducer for TLRs) M¢, indicating that T. cruzi parasites activate an
alternative inflammatory pathway independent of TLR-2 [44]. Monocytes stimulated with GIPL-mucin
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induce NFk-B activation via TLR-4, whereas TLR-4/MD-2 CHO cells (TLR-4 non-functional monocytes)
do not [50]. Importantly, in DCs the costimulation of MGL with agonistic antibodies or carbohydrate
ligands augments TLR-2-mediated responses, favoring IL-10 and TNF-« secretion [31]. Here, we
showed that MGL17/~ M infected in vitro with epimastigotes of T. cruzi or exposed to TcAg showed
reduced expression of TLR-2 and TLR-4, consequently, MGL17/~ M¢ displayed a poor response to
LPS. This support that MGL1, in coordination with TLR-4, is involved in T. cruzi recognition and M¢
activation, which could explain the defective production of TNF-& and IL-12, as well as the reduced
ROS and NO production observed in MGL17/~ M¢.

Furthermore, we found reduced phosphorylation of ERK1/2 and NFx-B in MGL17/~ M¢ stimulated
with TcAg compared to similarly exposed WT M¢. These observations are consistent with previous
reports demonstrating that MGL engagement with GalNac-carrying tumor-associated antigens or
anti-MGL antibodies induced the phosphorylation of ERK1/2, c-Jun and NFk-B activation in human
DCs [31,41]. Thus, our results reveal that the possible recognition of T. cruzi by MGL1 activates
intracellular signaling cascades that modulate the innate immune response, and this role requires the
simultaneous activation of TLR molecules for its immune effects.

Although it is well known that TLRs profoundly influence the M¢ inflammatory response, this
is not the only way by which the inflammatory response can be activated. Studies have shown that,
through both direct and indirect mechanisms, CLRs such as Galectin-3 and Dectin-1 can activate the
NLRP3, NLRC4 or caspase-8 inflammasomes, leading to the production of IL-1f3 [51,52]. Our study
provides evidence for the first time that the MGL1 receptor contributes to NLRP3 inflammasome
expression in response to both LPS and TcAg.

Inflammasome activation is crucial for host defence in the acute phase of T. cruzi infection. In
a previous report, mice lacking NLRP3 or caspase-12 genes exhibited increased numbers of T. cruzi
parasites [53]. Moreover, TcAg or LPS increase NLRP3 activation in M¢ from WT mice [54]. However,
we observed that MGL17/~ M¢ had a diminished ability to produce IL-1B most likely as a result of the
impaired inflammasome activation, in response to LPS and TcAg. In T. cruzi infection, the processing
of IL-1f3 into its bioactive form requires two stimuli: first, the recognition of the pathogen that induces
pro-IL-13 gene transcription, then ROS elicited by T. cruzi infection serve as the second signal for
caspase-1 induction that triggers pro-IL-1f3 cleavage to active IL-13 [54,55]. It seems that the lack of
interaction between TctAg and MGL1 in our model inhibits the expression of the inflammasome NLRP3,
consequently, also the canonical pathway of caspase-1. This suggests that overall the inflammasome
machinery is dampened in MGL1-deficient M¢, probably because T. cruzi is not fully recognized in
the absence of MGL1. We detected some IL-1f3, even in the absence of ROS, suggesting that there
is a compensatory mechanism or NLRP3-independent release of IL-13 bioactive, which could be
an interesting topic for a future study. Whether the non-canonical (caspase 11-mediated) NLRP3
inflammasome pathway is altered in MGL1~/~ M¢ remains to be confirmed. Our findings are in line
with those previously reported showing that other lectins, such as galectin-3, are able to trigger NLRP3
activation in the context of liver diseases and influenza infection [52,56].

Based on the results generated in this work, we propose a hypothetical model to explain the role
of MGL1 in M¢ activation, in response to T. cruzi infection (Figure 9).
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induce NF«-B activation via TLR-4, whereas TLR-4/MD-2 CHO cells (TLR-4 non-functional monocytes)
do not [50]. Importantly, in DCs the costimulation of MGL with agonistic antibodies or carbohydrate
ligands augments TLR-2-mediated responses, favoring IL-10 and TNF-« secretion [31]. Here, we
showed that MGL17/~ M infected in vitro with epimastigotes of T. cruzi or exposed to TcAg showed
reduced expression of TLR-2 and TLR-4, consequently, MGL1~/~ M¢ displayed a poor response to
LPS. This support that MGL1, in coordination with TLR-4, is involved in T. cruzi recognition and M
activation, which could explain the defective production of TNF-« and IL-12, as well as the reduced
ROS and NO production observed in MGL17/~ M.

Furthermore, we found reduced phosphorylation of ERK1/2 and NFk-B in MGL1~/~ M¢ stimulated
with TcAg compared to similarly exposed WT M. These observations are consistent with previous
reports demonstrating that MGL engagement with GalNac-carrying tumor-associated antigens or
anti-MGL antibodies induced the phosphorylation of ERK1/2, c-Jun and NFk-B activation in human
DCs [31,41]. Thus, our results reveal that the possible recognition of T. cruzi by MGL1 activates
intracellular signaling cascades that modulate the innate immune response, and this role requires the
simultaneous activation of TLR molecules for its immune effects.

Although it is well known that TLRs profoundly influence the M¢ inflammatory response, this
is not the only way by which the inflammatory response can be activated. Studies have shown that,
through both direct and indirect mechanisms, CLRs such as Galectin-3 and Dectin-1 can activate the
NLRP3, NLRC4 or caspase-8 inflammasomes, leading to the production of IL-1f [51,52]. Our study
provides evidence for the first time that the MGL1 receptor contributes to NLRP3 inflammasome
expression in response to both LPS and TcAg.

Inflammasome activation is crucial for host defence in the acute phase of T. cruzi infection. In
a previous report, mice lacking NLRP3 or caspase-12 genes exhibited increased numbers of T. cruzi
parasites [53]. Moreover, TcAg or LPS increase NLRP3 activation in M from WT mice [54]. However,
we observed that MGL1~/~ M¢ had a diminished ability to produce IL-13 most likely as a result of the
impaired inflammasome activation, in response to LPS and TcAg. In T. cruzi infection, the processing
of IL-14 into its bioactive form requires two stimuli: first, the recognition of the pathogen that induces
pro-IL-1 gene transcription, then ROS elicited by T. cruzi infection serve as the second signal for
caspase-1 induction that triggers pro-IL-1p cleavage to active IL-1 [54,55]. It seems that the lack of
interaction between TcAg and MGL1 in our model inhibits the expression of the inflammasome NLRP3,
consequently, also the canonical pathway of caspase-1. This suggests that overall the inflammasome
machinery is dampened in MGL1-deficient M¢, probably because T. cruzi is not fully recognized in
the absence of MGL1. We detected some IL-13, even in the absence of ROS, suggesting that there
is a compensatory mechanism or NLRP3-independent release of IL-13 bioactive, which could be
an interesting topic for a future study. Whether the non-canonical (caspase 11-mediated) NLRP3
inflammasome pathway is altered in MGL1~/~ M¢ remains to be confirmed. Our findings are in line
with those previously reported showing that other lectins, such as galectin-3, are able to trigger NLRP3
activation in the context of liver diseases and influenza infection [52,56].

Based on the results generated in this work, we propose a hypothetical model to explain the role
of MGL1 in M¢ activation, in response to T. cruzi infection (Figure 9).
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Figure 9. Functions of MGL1 in macrophage response to T. cruzi infection. (a) MGL1 recognizes
glycosylated molecules and may mediate the uptake of T. cruzi through phagocytosis, inducing
antimicrobial effector mechanisms such as respiratory burst and NO production. This leads to the
induction of MHC-II and co-stimulatory molecules and increased antigen presentation to CD4+T cells.
(b) The recognition of extracellular T. cruzi by MGL1 in M¢ induces intracellular signaling through
the activation of ERK1/2 and NF«B, as well as the expression of TLR2 and TLR4, that result in the
transcription of proinflammatory cytokines, such as TNF-o and IL-12, although anti-inflammatory
cytokines such as IL-10 are also produced. (c) Moreover, MGL1 appears to favor the active form of the
NLPR3 inflammasome; consequently, the assembled of pro-caspase 1, which in turn, by autoproteolysis,
generates caspase 1 responsible for the cleavage pro-IL-1f to its active form of IL-1f3. d) Dashed lines
indicate incomplete understood mechanisms.

5. Conclusions

In conclusion, here, we showed that MGL1 engagement with TcAg enables M¢ to perform APC
functions and provide additional evidence to support the hypothesis that MGL1 can upregulate Md
activation. Another novel finding was that MGL1 synergizes with TLR-2 and TLR-4 to upregulate
ERK1/2, c-Jun, NFk-B-dependent expression of proinflammatory factors. Furthermore, we provided
the first evidence that MGL1 contributes to the innate immune response via the NLRP3 inflammasome
expression and ROS production in response to TcAg and LPS. Finally, our data offer insight into the
mechanisms involved in controlling T. cruzi infection by MGL1, although more details of this early
response have yet to be described.
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Dry eye disease (DED) is the most common ocular disease and affects millions of individuals worldwide. DED encompasses a
heterogeneous group of diseases that can be generally divided into two forms including aqueous-deficient and evaporative DED.
Evidence suggests that these conditions arise from either failure of lacrimal gland secretion or low tear film quality. In its
secondary form, DED is often associated with autoimmune diseases such as Sjégren’s syndrome and rheumatoid arthritis.
Current treatment strategies for DED are limited to anti-inflammatory medications that target the immune system as the source
of deleterious inflammation and tissue injury. However, there is a lack of understanding of the underlying pathogenesis of DED,
and subsequently, there are very few effective treatment strategies. The gap in our knowledge of the etiology of primary DED is
in part because the majority of research in DED focused on secondary autoimmune causes. This review focuses on what is
currently understood about the contribution of innate and adaptive immune cell populations in the pathogenesis of DED and
highlights the need to continue investigating the central role of immunity driving DED.

1. Introduction evaporative dry eye disease. The former is often associated

with autoimmune Sjogren’s syndrome (ssDED) and is char-

1.1. Definition and Diagnosis of DED. Dry eye disease (DED)
is a multifactorial condition involving the ocular surface, lac-
rimal glands, and meibomian glands leading to abnormal
tear film quantity and/or quality. Characterized by discom-
fort and visual disturbance, DED may lead to loss of vision
caused by exposure of the ocular surface to excessive desic-
cant stress. Due to the high prevalence of DED worldwide,
it is a critical public health issue [1-3].

The Dry Eye Workshop (DEWS) has divided DED into
two major classes: aqueous tear-deficient dry eye disease and

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

acterized by dysfunction of both lacrimal and salivary glands
resulting in reduced tear secretion rate and/or volume. In
evaporative DED, there is excessive fluid loss from the
exposed ocular surface in the presence of normal lacrimal
secretory function. The development of evaporative DED
has also been associated with intrinsic factors such as meibo-
mian oil deficiency, disorders of the eyelid, and low blink rate.
Extrinsic factors that can also influence DED onset include
vitamin A deficiency, topical drug preservatives, contact lens
wearing, certain prescription drugs, and seasonal allergies [4].
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Accurate diagnosis of DED requires completion of the
ocular surface disease index (OSDI) questionnaire that
addresses potential risk factors as well as clinical tests to assess
tear production and elimination, tear stability, and ocular
surface integrity [5, 6]. Advanced tools including confocal
microscopy, vision function, and conjunctival cytology can
also be applied to improve diagnostic accuracy of DED [7-9].

1.2. Dry Eye Disease Immunobiology. Studies have described
certain immunomodulating factors involved in maintenance
of the ocular surface that may be disrupted during DED.
Recently, it was identified that retinoic acid, a metabolite of
vitamin A, is critical for induction of Foxp3™ T regulatory
cells and contributes to the immune privilege of the eye
[10]. Additionally, tear hyperosmolarity, hormonal changes,
and mechanical irritation can also contribute to the onset of
DED pathology [11-14]. Studies have shown that an imbal-
ance of tear film components such as higher concentrations
of sodium can result in increased osmolarity of the tear film
and lead to inflammation with the potential to damage the
ocular surface in part due to goblet cell apoptosis [15-17].
Persistent hyperosmolarity is further sustained by increased
concentration of inflammatory cytokines and matrix metal-
loproteinases (MMPs) [18].

Therefore, inflammation associated with the eye has
attracted interest from researchers worldwide in an effort to
understand the immunological processes associated with
the development of DED.

As in many chronic diseases, sustained or dysregulated
inflammation consisting of increased proinflammatory cyto-
kine levels and infiltration of immune cells has been identi-
fied. Therefore, targeting immune cells or inflammatory
mediators may have therapeutic potential. Unfortunately,
little is known about the specific pathogenic cell populations
in DED.

In this review, unless stated otherwise, we are indicating
DED as independent from autoimmune Sjogren’s syndrome.
We have summarized the available evidence for the role of
both innate and adaptive cell populations as well as cyto-
kines, chemokines, and their respective receptors in the
pathology of DED.

2. Search Methodology

The following keywords were used to search the Pubmed
database: dry eye disease, desiccant stress, ocular surface
inflammation, and non-autoimmune. Papers published from
2000 to 2017 were reviewed. Limited focus was placed on
Sjogren’s syndrome-associated DED since there are already
excellent reviews published [19, 20].

3. Innate Immunity Is a Driving Force in the
Pathogenesis of DED

The innate inflammatory response is required to eliminate
potential harmful pathogens and can contribute to tissue
remodeling after injury. However, if dysregulated, this type
of immune response may lead to sustained inflammation
resulting in compromised host organ functions. Thus,
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understanding the inflammatory pathways activated during
DED may provide insight to potential therapeutic targets.

3.1. Neutrophils. Neutrophils are short-lived polymorphonu-
clear cells (PMNs) predominantly associated with frontline
resistance against pathogens. In addition to their ability to
phagocytize potentially harmful antigens, neutrophils can
activate potent antimicrobial defense mechanisms such as
the release of reactive oxygen species (ROS) and extracellular
neutrophilic DNA traps (NETs) [21-23].

Neutrophils have been detected on the ocular surface in
patients with DED and are often colocalized with histone,
neutrophil elastase, and extracellular DNA (eDNA) consis-
tent with NET release. However, whether their presence is
pathogenic or regulatory remains untested [24]. A recent
study evaluating the presence of DNAse 1 in the lacrimal
gland compared between a cohort of patients with symptom-
atic, tear-deficient DED, and asymptomatic individuals with
normal tear production. The authors observed a significant
decrease in the concentration of nucleases present in the tear
fluid from patients with DED compared to healthy individ-
uals. In addition, patients with DED had greater accumula-
tion of eDNA on their ocular surface compared to the
healthy controls. It is possible that the lack of nucleases and
accumulation of eDNA and NETs on the precorneal surface
may contribute to ocular surface inflammation in these
patients (see Figure 1). This report is the first to suggest that
by-products of neutrophil activation may contribute to DED
in patients; however, further investigation is required to con-
firm these observations [24].

Previously, it has been established that tear hyperosmo-
larity can trigger DED; however, whether this alters neutro-
phil responses is not completely understood. Tibrewal et al.
reported that hyperosmolar stress, generated by increasing
concentration of NaCl, induced NETosis compared to cells
incubated in isoosmolar media. Furthermore, neutrophils
exposed to hyperosmolar media exhibited morphological
changes such as larger and rounded nuclei occupying the
majority of the cell. In order to confirm the impact of hyper-
osmolar conditions on NET formation, the authors restored
isoosmolar conditions, and subsequently, NET formation
decreased. Furthermore, the addition of NET formation
inhibitors (i.e., staurosporine and anti-32 integrin) resulted
in lower numbers of NETs under hyperosmolar conditions.
An association between hyperosmolarity and NET formation
has been demonstrated and suggests that there may be a
potential benefit of NET inhibition during DED [25].

Neutrophils are known for eliciting a robust immune
response by responding to chemokines and inducing the
release of proinflammatory mediators. In a mouse model of
DED involving corneal damage by alkali burn, an increased
production of inflammatory mediators such as interleukin
(IL)-1f, IL-6, and matrix metalloproteinases (MMPs) and
CXCL1 chemokine in whole corneal homogenates was
observed. Analysis of myeloperoxidase (MPO) activity in
corneal lysates suggested a significant increase in neutrophils
(see Figure 2). When the mice were topically treated with
either dexamethasone (Dex) or doxycycline (Doxy), there
was a reduction in tissue injury and inflammatory mediators.
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FIGURE 1: Schematic view of humoral and cellular inflammatory components found increased in patients with DED. Abbreviations:
En: corneal endothelium; CEp: corneal epithelium; Cs: corneal stroma; IFN: interferon; iNOS: inducible nitric oxide synthase; NETs:

neutrophil-derived extracellular traps; TNF: tumor necrosis factor.

While both treatments attenuated the degree of inflamma-
tion, a differential effect was observed, that is, Dex treatment
significantly decreased IL-6; MMPs —1, -3, =9, and —13;
and TIMP-1 but enhanced MMP-8 transcripts up to
1000-fold. In contrast, Doxy treatment showed greater sup-
pression of IL-6, MMP-8, MMP-9, and MMP-13. More-
over, Dex-treated corneas had a significant decrease in
Grl" cell counts as compared to vehicle-treated corneas at
days two and five postinjury. Therefore, corneal opacity
was associated with neutrophil infiltration, most likely,
CXCL-1 mediated [26].

Sex-associated changes in neutrophils influencing the
susceptibility to DED have also been identified in mouse
models. Inhibiting lacrimal gland function using scopolamine
in female mice resulted in more severe DED and lower

numbers of lipoxin A4- (LXA4-) producing PMNs in the
corneal limbus, lacrimal gland, and cervical lymph nodes
compared to male mice. This also correlated with heightened
expansion of IFN-y- and IL-17-producing CD4" T cells
and a significant decrease in Foxp3™ regulatory T cells (see
Figure 2). Additionally, when neutrophils were depleted by
intraperitoneally delivered anti-Ly6G antibodies, levels of
LXA4 decreased concomitantly with uncontrolled prolifera-
tion of Thl and Th17 CD4" cells. Interestingly, topical and
systemic administration of LXA4 restored numbers of
Foxp3™" regulatory T cells and drastically suppressed Thl
cells and to a lesser degree Th17 cells resulting in attenuated
DED. Thus, a previously unknown sex-specific, T regulatory-
promoting function via LXA4 release in neutrophils was
uncovered [27].
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metalloprotease; NETs: neutrophil-derived extracellular traps; PMN: plymorphonuclear; TNF: tumor necrosis factor.

Sjogren’s syndrome is an autoimmune-mediated eye
pathology where one of the main identified autoantigens is
the 48KDa ribonucleoprotein, also known as antigen B.
Interestingly, antigen B is expressed in the nucleus and sur-
face membrane of human neutrophils which is released when
neutrophils undergo apoptosis. Whether targeting neutro-
phils worsens disease outcome has not been explored; how-
ever, it has been shown that antigen B activates the MAP
kinase pathway and induces IL-8 output from a donor
neutrophil and a neutrophil cell line [28].

Growing evidence demonstrates that neutrophil infiltra-
tion occurs in patients with DED as well as in experimental
murine models with potentially deleterious outcomes. To
date, a role for early infiltrating neutrophils has been shown.
However, further research is required to clarify if early versus
late cellular recruitment of neutrophils can drive differential
function within the tissue. Understanding more about the
neutrophil phenotypes similar to other innate immune cells
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like macrophages is required to direct future development
of therapeutic targets.

3.2. Macrophages. Macrophages are innate immune cells with
a wide variety of functions ranging from recognition and
clearance of pathogens to activation and polarization of
adaptive immune cells. Other macrophage features include
tissue repair and secretion of growth factors promoting
angiogenesis [29]. Macrophages are highly plastic cells as
evidenced by differential responses exerted by these cells
depending on encountering either Thl- (IFN-y-) or Th2-
(IL-4-) dominated environments. Macrophages contribute
to the spectrum of immune responses by acquiring polarized
phenotypes that can be broadly classified as classically
activated (M1) or alternatively activated (M2) macrophages
[30, 31]. The role of macrophages has recently been
addressed in DED particularly associated with immune-
mediated eye injury.
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In Sjogren’s syndrome, both lacrimal and salivary glands
can become severely damaged. Manoussakis et al. found that
when comparing patients with DED, macrophage infiltration
in the periepithelial area was greater in samples from patients
with Sjogren’s syndrome than patients without. In contrast,
dendritic cell (DC) distribution was mostly intraepithelial
with consistently higher numbers in patients with Sjogren’s
syndrome. Interestingly, periepithelial CD68" macrophages
were found to also be positive for IL-18, which positively cor-
related with glandular inflammation [32]. In a separate study,
minor salivary gland (MSG) biopsies from patients with pri-
mary Sjogren’s syndrome (pSS) had increased numbers of
CD68" macrophages that correlated with the grade of inflam-
mation and neovascularization [33]. Therefore, in the case of
autoimmune Sjogren’s syndrome, there appears to be a role
for macrophages to infiltrate the ocular tissue and contribute
to eye inflammation.

Due to the plastic nature of macrophages, You et al.
evaluated the presence and polarity of macrophages during
desiccant stress-induced DED in the cornea and conjunctival
epithelium. The authors did not detect any significant
changes in the number of macrophages over time in either
the cornea or conjunctiva. Measurement of canonical
markers of macrophage activation in conjunctival tissue
demonstrated that M1-associated marker iNOS expression
was increased and paralleled IL-18 high levels on day 10 post-
injury; however, arginase-1 remained unchanged. This data
suggests that there may be a time-dependent effect on macro-
phage phenotypes in DED [34]. In line with this, others have
also reported M1-like cells in the salivary gland during exper-
imental Sjogren’s syndrome [35]. However, care should be
taken in interpreting differences in macrophages during
DED as Zhou et al. have shown increased macrophage infil-
tration in the corneal limbus in AIRE-deficient mice, a sys-
temic autoimmune model affecting the lacrimal glands.
They reported substantial infiltration of macrophages into
the cornea, and when depleted with locally delivered
clodronate-loaded liposomes, corneal tissue thickness and
opacity were attenuated. Others have also reported that mac-
rophage depletion attenuates experimental models of DED
predominantly by decreasing inflammatory mediators (e.g.,
IL-1f, IL-6, IL-17, and CCL5) and CD4" T cells [36]. Taken
together, this data suggests that macrophages likely contrib-
ute to inflammation present in autoimmune-mediated DED
whereas the data is not as consistent for nonautoimmune
cases of DED [37].

Changes in circulating monocytes have also been
observed during DED. In a report by Hauk et al, they
showed that CD14" monocytes isolated from peripheral
blood in patients with pSS had reduced ability to phagocy-
tize apoptotic salivary gland epithelial cells compared to
monocytes from healthy donors. The monocytes exhibited
heightened expression of vasoactive intestinal peptide
(VIP) receptor 2 (VPAC2) but not VPAC1. However, when
testing monocyte response to VIP, neither phagocytic ability
nor inflammatory mediator release (TNF-a) was altered in
the presence of recombinant VIP [38]. Authors highlight
the fact that VPAC2 overexpression in monocytes might
reflect compromised monocyte features upon apoptotic cell
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clearance (i.e., aberrant secretion of TNF-a rather than
TGEp release).

3.3. NK Cells. Natural killer (NK) cells are a group of innate
lymphocytes with cytotoxic function including secretion of
membrane-disrupting granzyme and perforin largely aimed
at clearing transformed and infected host cells [39-41].
Furthermore, they have proven to influence the immune
response by secreting large amounts of cytokines, mainly
IFN-y, resulting in activation of neighboring cell populations
such as macrophages and T cells. NK cells have been widely
studied under a variety of pathologies ranging from infec-
tious to autoimmune [42-45]. Although the role of NK cells
has been explored in Sjogren’s syndrome, little is known in
regard to their role in DED outside of an autoimmune disease
context. A cohort of 106 patients with DED was evaluated to
determine the expression of inhibitory receptors for NK cells
known as KIRs. It was found that the inhibitory NK cell
receptor KIR2DS2 in combination with HLA-C1 allele, but
not other KIRs, was frequently associated with patients suf-
fering from severe DED compared to healthy donors suggest-
ing an underlying genetic link between NK cells and DED
susceptibility in patients [46]. In a pioneering study, Chen
et al. reported an early increase in NK1.1 transcript expres-
sion in conjunctival samples from chemically induced DED
in mice that was later confirmed by flow cytometry ruling
out the contribution from NKT cells (NK1.1* TCRB"). The
percentage of conjunctival NK cells was three-fold higher in
mice with DED than control mice (see Figure 2). In contrast,
there was no difference in the number of NK cells present in
draining lymph nodes between mice with DED and control
mice; however, the number of IFN-y-producing NK cells iso-
lated from the lymph nodes was higher in DED mice as com-
pared to control mice. Authors also found that neither NK
cell depletion nor IFN-y immunoneutralization correlated
with lower corneal surface injury and decreased levels of
TNF-a and IFN-y cytokines in mice with DED. Interestingly,
mice lacking NK cells exhibited lower levels of costimulatory
molecules (CD80, CD86, and MHCII) on APCs. In the con-
text of nonautoimmune DED, NK cell conjunctival infiltra-
tion and disease promotion are possibly driven by IFN-y
secretion and ultimately impact APC maturation and disease
outcome [47].

A further role for NK cells contributing to DED was
described by Zhang et al. Intraepithelial NK cells were found
to reside in the conjunctival tissue and are further expanded
upon desiccant stress caused by scopolamine administration
and airflow exposure (see Figure 2). Subsequent depletion of
NK cells results in lower numbers of IL-17A-producing
CD4" T cells in the ocular surface and cervical lymph nodes
five days after desiccant stress exposure. Furthermore, in the
absence of NK cells, authors noticed reduced expansion of
CD11b"MHCII" and CD11¢"MHCII" antigen-presenting
cells (APCs). In order to confirm a central role for NK cells
in Th17 expansion, Th17 cells from the spleen and cervical
lymph nodes were harvested and transferred into nude mice
depleted of NK cells, which later were protected against dis-
ruption of the corneal barrier. In contrast, the transfer of
Th17 cells in the presence of intact NK cells developed ocular

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

110



surface injury in mice. This report highlights the important
role for NK cells in modulating APC activity leading to polar-
ization of pathogenic Th17 cells involved in ocular surface
inflammation [48].

4. Adaptive Immunity in DED

4.1. Conventional CD4" T Lymphocytes. T cells and antibody-
producing B cells are the main constituent cells of the adap-
tive immune system. T lymphocytes can be further divided in
numerous subsets including the two best characterized sub-
populations CD4" T helper cells and cytotoxic CD8" T cells.
As such, these cells are considered drivers and effectors in
ongoing immune responses. Although their role is central
in resistance to pathogens, both CD4" and CD8" T cells have
been implicated in numerous autoimmune and autoinflam-
matory diseases. A critical role for subsets of CD4" T cells
has been described in DED as well as Sjogren’s syndrome.

The recruitment of T lymphocytes into inflamed con-
junctival tissue from patients with moderate to severe DED
has been characterized. Although the number of infiltrating
CD4" and CD8" T cells was similar between patients with
as Sjogren’s syndrome DED and nonautoimmune DED,
markers of T cell recruitment and activation were upregu-
lated only in patients with nonautoimmune DED. In addi-
tion, ICAM expression was upregulated in conjunctival
epithelial cells. This data suggests an important role for
CD4" T cells and integrins contributing to peripheral T cell
migration and proliferation in patients with DED [15].

Ethnicity may also play a role in the differences between
T lymphocytes in autoimmune and nonautoimmune DED.
In a cohort of patients from Korea, authors reported a more
severe phenotype of Sjogren’s syndrome DED patients as
compared to nonautoimmune DED patients [49]. In addi-
tion, the patients had increased CXCL11 protein levels in tear
samples and CD4"CXCR3" Thl lymphocytes assayed by
flow cytometry in conjunctival tissue. Thus, despite of differ-
ences in the autoimmune or nonautoimmune origin of DED,
reports consistently demonstrate abundant infiltrating CD4*
T cells in ocular tissue suggesting that T cell infiltration might
be a requisite to maintain the inflammatory process observed
in DED.

An extensive analysis of T cells in conjunctiva samples
from healthy individuals and patients with DED in Singapore
was recently conducted. Bose et al. characterized T cells from
healthy donors by collecting impression cytology samples
(noninvasive biopsy of the conjunctival surface) and identi-
fied a clear CD8" T cell dominance over CD4" T cells. In
addition, healthy conjunctivae were found to contain a resi-
dent population of CD8*/CD69*/CD103*/CCR7" T lympho-
cytes. Using an array of T cell-specific surface markers,
authors further characterized different T cell subsets present
on the ocular surface from 52 patients with DED. Using these
markers, patients were able to be clustered into different cat-
egories. Cluster 1 DED patients had high ocular redness and
increased conjunctival CD8" (Tepiral Memory) Cells whereas
cluster 2 DED patients had increased tear instability and
higher proportions on conjunctival CD4" (Tygector Memory)
cells. Interestingly, most of the patients were grouped in
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cluster 2; however, when grouped based on DED subtype
(i.e., aqueous deficient, evaporative, or mixed), 21% of
patients did not fall into either cluster due to a unique DED
phenotype with unaltered canonical DED tests (Schirmer’s
and break up time test) [50]. Thus, it was shown that the
complex nature of DED may lead to a redistribution of T cell
populations compared to T cells from samples of healthy
ocular tissue.

Murine models of DED including the scopolamine-
induced desiccant stress model have been employed to study
the relationship between T lymphocytes and ocular inflam-
mation. Niederkorn et al. reported that the transfer of
CD4" T cells from the spleen and lymph nodes of sensitized
mice into nude mice resulted in a strong ocular-specific
inflammatory response characterized by inflammatory foci
in the cornea, conjunctiva, and lacrimal gland along with a
significant decrease in the number of goblet cells and tear vol-
ume. Transfer of CD4" T cells elicited inflammation on both
the ocular surface and lacrimal gland even in the absence of
airflow and desiccant stress. This study demonstrated that
ocular surface-specific T cells are rapidly generated upon sco-
polamine sensitization and have the ability to induce DED in
mice lacking T cells, suggesting the emergence of autoreac-
tive CD4" T cells. In addition, authors found that cotransfer
of CD25" T regulatory cells lead to a protective effect whereas
this protection was lost upon depletion of Tregs during the
transfer. The protective effect of T regulatory cells was also
associated with a reduction in neutrophil infiltration [51].

4.2. CD4" Th17 Lymphocytes. A tremendous focus has been
placed on the Th17 response in numerous inflammatory dis-
eases [52-54]. In the case of DED, De Paiva et al. observed a
strong expression of the IL-23/Th17 axis including the Th17-
promoting cytokines IL-6, IL-23R, TGFf32, and RORyt tran-
scription factor (expressed by committed Th17 cells) in DED
patients. In confirmation, using the scopolamine-induced
DED mouse model, authors found increased levels of 1L-17
in tear samples from mice with DED and abundant ocular
surface IL-17-producing cells. Neutralization of IL-17 led to
an attenuation of DED in mice; however, the cellular source
of IL-17 was not conclusively determined [55].

More recently, the presence of Th17 cells and their role in
driving DED were addressed by means of chemically induced
experimental DED. Dohlman et al. demonstrated significant
expansion of IL-17-secreting CD4" T cells rather than Thl
(IFN-y-secreting T cells) in draining lymph nodes from ani-
mals receiving desiccant stress for 12 days. In addition,
authors confirmed the presence of CCR6 chemokine receptor
on the surface membrane of IL-17-secreting CD4" T cells.
The authors further quantified the expression of the CCR6
ligand CCL20 on corneal and conjunctiva tissue. Functional
assays aimed to test the importance of the CCR6-CCL20 axis
in DED were conducted by immune neutralization of
subconjunctival-delivered blocking anti-CCL20 antibody
which resulted in reduced numbers of Th17 cells in both
draining lymph nodes and conjunctival samples. Moreover,
this later correlated with improved clinical signs in DED
mice (reduced corneal epitheliopathy) and decreased mRNA
expression of inflammatory mediators such as IL-6, MMP3,
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and IFN-y in corneal and conjunctival tissues [56]. The
impact of Thl- and Thl7-specific chemokine receptors,
CXCR3 and CCR6, respectively, in DED outcome was also
measured. The authors found a high percent of CCR6"CD4"
T cells in both cervical lymph nodes and the ocular surface
five days after desiccant stress induction whereas CXCR3™
CD4" T cells are seen increased only on the ocular surface.
The role of these CCR6 and CXCR3 chemokine receptors
was tested in mice lacking either receptor. Unlike wild-type
mice that exhibited compromised corneal integrity associ-
ated with increased conjunctiva infiltrating CD4" cells and
reduced goblet cell hyperplasia, mice lacking either CCR6
or CXCR3 were found to have preserved corneal integrity
alongside a suppressed CD4" cell response and unaltered
goblet cell density. Additionally, IL-17 and IFN-y responses
were high in cervical lymph nodes but suppressed in the ocu-
lar surface in the absence of both chemokine receptors
(CCR6 and CXCR3). To test the reduced pathogenicity
attributed to T cells lacking either of the chemokine recep-
tors, adoptive transfer experiments were carried out in T
cell-deficient RAG-1 mice. Lymphocytes harvested from
DED mice were transferred into naive RAG-1 recipient
animals and disease assessed. Transfer of chemokine
receptor-deficient T cells inhibited the infiltration of CD4*
T cells into the conjunctival epithelium and preserved goblet
cell density. When inflammatory cytokine expression was
assayed, authors found that mice transferred with chemokine
receptor-deficient T cells displayed a clear inhibition of virtu-
ally all the cytokines (IL-6, IL-13, IL-17, and IFN-y) and
MMP 3 and 9 tested in corneal and conjunctival tissue [57].

Recently, it was identified that GM-CSF released by Th17
cells promotes recruitment and activation of CD11b" mye-
loid cells in experimental DED. Analysis of cornea and con-
junctiva tissues showed heightened mRNA expression and
protein levels of GM-CSF upon DED induction. Intracellular
flow cytometry confirmed double positive staining for IL-17
and GM-CSF. To test the putative role of GM-CSF on DED
pathogenesis, CD11b" myeloid naive cells were exposed to
supernatants harvested from anti-CD3-stimulated purified
CD4" T cells from DED mice with or without anti-GM-
CSF antibody. Only CD11b" cells incubated with superna-
tants in the presence of isotype control antibody displayed
significant high levels of MHCII and Ki67 antigens indicating
activation and proliferation, respectively, as compared to
those cells incubated with supernatants in the presence of
anti-GM-CSF-neutralizing antibodies. When anti-GM-CSF
treatment was given locally to assess the in vivo impact
on myeloid cells during DED development, authors
reported that the treatment caused diminished infiltration
of CD11b*MHCII™ cells into the ocular surface and low
numbers of Th17 cells in draining lymph nodes paralleled
with attenuated clinical signs as gauged by improved corneal
integrity [58]. Also, IL-17 itself has been proven to be an
important growth factor for B cells in the context of DED
as recently described by Subbarayal et al. This study provided
evidence that Th17 cells obtained from DED animal cervical
lymph nodes had the ability to induce B cell proliferation and
antibody switch in a contact-independent IL-17-dependent
manner. Therefore, the pathogenic mechanisms displayed

Apendice I1

by Th17 may impact the humoral response by targeting B
cells [59]. Evidence generated from different groups points
out to a highly pathogenic role of infiltrating Th17 cells via
its interaction with both innate and adaptive cells.

5. B Lymphocytes

B cells also contribute to the adaptive immune response.
These cells are pivotal given their ability to secrete cytokines
and as APCs; however, their key role as antibody-producing
cells places them as central players in immune surveillance as
well as in response to pathogen invasion. For ocular surface
homeostasis, it has been reported that plasma cells are abun-
dant in the human diffuse conjunctiva-associated lymphoid
tissue (CALT) and the lacrimal drainage-associated lym-
phoid tissue (LDALT) and in the lacrimal glands [60].
Plasma cells residing in the ocular surface continuously
release secretory IgA which is one of the most important
humoral components in mucosal protection. IgA is thought
to be responsible for limiting ocular microbiota invasion into
deeper tissues [60]. The presence of B cells in human samples
under sterile conditions is well documented; however, in con-
trast, mouse studies reported B cells (B220"CD3") as one of
the least prevalent cell populations in the ocular surface [48].

B cells have been studied in eye diseases from autoim-
mune origins including Sjégren’s syndrome [61] and uveitis
[62]. B cell depletion therapy using anti-CD20 antibodies
has also been used as a treatment in eye diseases [63] suggest-
ing an important role for B cells in the immunopathogenesis
of several autoimmune diseases in the eye. However, the
exact role of B cells in terms of either experimental or clinical
DED is unclear. Although it has been reported that plasma
cells reside in the human eye-associated lymphoid tissue
(EALT) [60], one study of patients with DED found no
change in the number of B cells; rather, it showed changes
in CD4 and CD8 T cells and epithelial cell activation [64].

In terms of experimental DED, several reports have
attempted to dissect the role of B cells. Stern et al. described
that anti-kallikrein 13 antibodies arise upon desiccant
stress-induced DED [65]. Also, when whole serum or puri-
fied IgG from DED mice were transferred into mice lacking
T cells, this resulted in complement-dependent DED in
recipient mice, suggesting activation of autoreactive B cells
in donor mice [65]. To date, whether a late autoimmune
response is triggered in human DED is unknown. Also, it
was determined that mice naturally developing DED are a
consequence of aging reflected by increased numbers of B
cells in the lacrimal gland and severe ocular alterations
[66]. Interestingly, it has also been found that by using the
same DED mouse model (i.e., pharmacological inhibition of
the lacrimal gland), no changes in B cell population were
observed at 5 and 10 days upon DED induction while other
intraepithelial cells like T cells and NK cells are more repre-
sented in this microenvironment [66].

More recently, Subbarayal et al. showed that IL-17, which
has been described as a highly pathogenic cytokine in DED,
can also target B cells leading to their proliferation. Further-
more, neutralizing IL-17 reduced germinal center formation
and the pathogenicity of transferred B cells [59]. Therefore,
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it was shown that B cells can actively participate in promot-
ing experimental DED.

Although B cells reside in the EALT, there is no clear con-
sensus in regard to their specific participation in the immu-
nopathology of DED. One can speculate that discrepancies
between human and mouse DED mostly rely on the stage
of DED, given that most of the mouse studies have addressed
this in the context of acute DED (no more than 10 days post-
scopolamine administration) whereas human studies are
conducted in individuals being affected for longer periods
of time by DED.

6. The Unexplored Role of EALT-Resident
Granulocytes in DED

Due to the contact between mucosal surfaces and the envi-
ronment, certain immune cells are strategically positioned
to rapidly respond to pathogenic threats. Early study of the
ocular surface in rodents found that mast cells are present
on the ocular surface and that their presence early in prenatal
development may possibly contribute to the normal mor-
phogenesis of corneal tissue [67, 68]. However, mast cells
may also have a pathogenic role in allergic disorders, uveitis,
and viral infections [69-71]. Although it has been shown that
mast cells may play a dual role (i.e., contributing in corneal
morphogenesis and promoting eye type 2 inflammatory reac-
tions), no data yet exists for the possible role of mast cell pop-
ulations on DED development.

Pioneering studies on resident leukocyte populations in
the conjunctiva demonstrated that eosinophils are absent in
the healthy eye, but during an allergic reaction, eosinophils
can infiltrate the ocular surface and contribute to a Th2
inflammatory response [72]. Eosinophils have been widely
studied in allergic ocular reactions including giant papillary
conjunctivitis and vernal conjunctivitis where it was observed
that these cells contribute to the inflammatory responses by
releasing histamine and cationic proteins. In addition, cor-
neal and conjunctival fibroblasts, endothelial cells, and mast
cells have the ability to express eosinophil-attractant chemo-
kines like eotaxin 1 [69, 73]. In the absence of basophils, there
can be impaired infiltration of eosinophils into the ocular
surface suggesting that basophils also promote eosinophil
trafficking into the eye [74].

Although basophils have been poorly studied in the set-
tings of inflammatory ocular disorders, recently, Sugita et
al. reported an important role played by early-produced type
2 cytokines (i.e., IL-33 and thymic stromal lymphopoietin
(TSLP)) but not IL-25 in promoting calpain-induced eye
inflammation. The authors showed that ocular damage is
attenuated in the absence of both IL-33 and TSLP, such
phenomenon correlated with a low number of infiltrating
basophils whose depletion also diminished eosinophil infil-
tration [74]. Thus, although little is known about the role of
basophils, these findings put basophils as an additional
disease-promoting innate cell population, in part, via modu-
lating eosinophil responses.

Strikingly, the relevant role of innate cells like the above-
mentioned granulocytes in other inflammatory ocular dis-
eases suggests that these cells are, most likely, also involved

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

Apendice I1

Mediators of Inflammation

in generating tissue injury in response to desiccating stress,
however, evidence still awaits to be shown.

7. Common Inflammatory Mediators in DED

Immune cell trafficking and activation employ soluble medi-
ators that enable cells to infiltrate sites of tissue injury and
modulate the immune response through receptor-ligand
interactions. As immune system messengers, cytokines are
key players in the stages of the inflammatory response. Exam-
ination of samples from patients with DED has revealed a
pattern of inflammatory mediators associated with disease.
Research groups have also identified a set of common medi-
ators that can be detected in animal models of DED. A sum-
mary of these shared inflammatory mediators are shown in
Table 1. Research to date demonstrates that Thl and Th17
lymphocyte-associated mediators are predominant drivers
in DED.

8. Future Directions

The eye contains numerous immune cells strategically posi-
tioned at the ocular surface with the primary goal of keeping
the microenvironment tolerogenic to prevent unwanted tis-
sue injury. In addition, resident immune cells also contribute
to preserving the function of highly specialized cells involved
in transduction of light stimuli into brain cells and conver-
sion into images accomplishing the central function of the
eye. Recently, reports have underscored the complex pattern
of resident innate and adaptive immune cells interacting with
ocular surface cells such as corneal and conjunctival epithe-
lial cells, goblet cells, and stromal cells to maintain tear film
integrity and corneal transparency which ultimately pro-
motes ocular homeostasis. When ocular homeostasis breaks
down, there is potential for the tolerogenic programs in resi-
dent cells to be altered and result in inflammatory processes
that compromises both the tear film and ocular surface integ-
rity. The triggers and mechanisms by which ocular tolerance
disappears are starting to be understood, specifically in the
context of DED.

The challenge to come is to better define the factors
behind the onset of DED. Environmental factors such as
exposure to temperature controlled air, low humidity, con-
tact lens use, extended exposure to LED-based technologies,
and recently diet and excessive antibiotic use are all being
considered. Growth in our knowledge of the microbiome
may also become a prominent area of study. Conjunctiva-
resident bacteria have been linked to modulating DED, and
efforts have been made to profile conjunctiva-resident micro-
biota under homeostatic conditions [75]. Starting to emerge
is its potential as a biologic agent inhibiting pathogen prolif-
eration due to colonization resistance [76]. Knowledge of
bacterial communities promoting tolerance on ocular sur-
faces provides a potential new therapeutic alternative based
on the success so far treating recurrent C. difficile infections
and obesity [77]. Uncovering potential dysbiosis in ocular
microbiota and the contribution to the pathogenesis of
DED is required before implementation of novel therapies.
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TaBLE 1: Cytokines correlated with ocular inflammatory DED.

Inflammatory mediators on the ocular

Host Infiltrated immune cells References
surface
Human (15 NS-KCS patients) CD4" and CD8" 1 ICAM-1 17
Human (5 moderate DED patients) CEC T nondlfferzr;c;slgllgi\}[f > 11-8, IL-6, 69
Human (30 dysfunctional tear syndrome patients) ND 1 IL-6, IL-8, and TNF-« 3
Human (23 evaporative-type DED patients (46 eyes)) ND 1 IL-1Ra, IL-6, and CXCL/IL-8 70
Human (17 DED patients) CD4* 1 CXCLY, 10, 11, and CXCR3 48
Human (35 aqueous-deficient dry eye DRY-aq patients,
36 lipid layer-deficient DRYlip patients, and 34 in ND 1 IL-18, IL-6, IL-8, TNF-a, and IFN-y 71
combination of both (DRYaplip))
Human (DED patients) ND 1 IL-1p, IL-6, INF-y, and TNF-« 72
Human (70 patients) ND 1 IEN-y 73
Human (34 DED patients with HIV infection and ND 1 EGF, IFN-gamma-inducible protein 74
32 DED patients without HIV infection) 10 (IP-10, CXCL10)
a1 dtet it i DD w g
Human (15 samples in non-S$ patients) ND 1 IL-6, IL-17-A, and IL-23 76
Human (DED) CD4" and CD8 ", 1 CCR7 Tgy 49
Human (32 patients severe DED) ND 1 IL-17 and TNF-« 77
Murine (BALB/c, T cell-deficient nude BALB/c Neutrophil, mononuclear ND 2
(BALB/cByJHfH11<v>), and C57BL/6) cell, and CD4*
Murine (C57Bl/6) CD4* 1 IL-6, IL-17 mRNA 78
Murine (C57BL/6 desiccating stress) CD4"IL-17* T TNF-a, IL;rllg’IILITgiFN_Y’ IL-23, 53
Murine (C57BL/6) Cb1 irb“;’ gDD::IILL:IH;?I v 1 CCR6, CCL20, and IL-17A 54
Murine CD11b" and CD4'IL-17" 1 IL-17A and GM-CSF 56

Murine (C57BL/6)

CD4"CXCR3™ T cells

1 IL-1p, 1I-6, TNF-a, IFN-y, and ROS 79

DED: dry eye disease; ND: nondetermined; Mo: macrophages; non-SS: non-Sjogren syndrome; EGF: epidermal growth factor and IFN-gamma-inducible
protein 10 (IP-10, CXCL10); CEC: conjunctival epithelial cells; NS-KCS: non-Sjogren’s syndrome keratoconjunctivitis sicca; Ty, resident memory T cells,

Ty effector memory T cells; ROS: reactive oxygen species.

Future treatment strategies may also be developed based
on existing therapeutic options for autoinflammatory dis-
eases such as inflammatory bowel disease (IBD). In the case
of IBD, application of cytokine-targeting therapies including
anti-TNF-« therapy may have the potential to reduce DED
clinical signs. Thus, identifying key cytokines driving ocu-
lar inflammation may guide the development of novel
cytokine-based targeted therapies. Specifically, we recently
found that the absence of macrophage migration inhibitory
factor (MIF) protects against decreased tear volume and
preserves tear’s mucin patterns and goblet cell numbers
in a scopolamine-induced DED mouse model (unpublished
data). In addition, targeting nonimmune cells like goblet cells
that are central in keeping tolerance through TGFJ release
and mucin production opens the possibility of exploiting
goblet cell expansion as another way to attenuate ocular sur-
face inflammation.

9. Concluding Remarks

We presented numerous studies describing the complex
manner for how the eye is activated upon desiccating
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environmental stimuli and it also has the ability to further
amplify such aggressive reactions observed in immunopatho-
genesis of experimental and human DED. Currently, anti-
inflammatory drugs and artificial tears are the most often
used treatment for DED demonstrating the importance of
immune response during this disease. Unfortunately, the
immunological landscape is not completely understood
which limits the development of new therapeutic agents.
Further, DED itself is a multifactorial idiopathic disease
which makes it even more complicated to treat. New thera-
peutics directed at counteracting DED symptoms and dele-
terious effects caused by sustained inflammation on ocular
surface are required.

In summary, inflammatory cellular infiltrate is a promi-
nent characteristic of DED and it has been described that
both innate and adaptive cells transmigrate and trigger
DED. Continued examination is needed to reveal novel tar-
gets for development of effective therapeutics.
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ARTICLE INFO ABSTRACT

Keywords: Human macrophage migration inhibition factor (MIF) is a protein with cytokine and chemokine properties that
Macrophage migration inhibitory factor regulates a diverse range of physiological functions related to innate immunity and inflammation. Most research
MIF has focused on the role of MIF in different inflammatory diseases. D-dopachrome tautomerase (DDT), a different
I;-]:IT R molecule with structural similarities to MIF, which shares receptors and biological functions, has recently been
m);fa reported, but little is known about its roles and mechanisms. In this review, we sought to understand the si-

milarities and differences between these molecules by summarizing what is known about their different struc-

tures, receptors and mechanisms regulating their expression and biological activities with an emphasis on im-

munological aspects.

1. Introduction

MIF is a cytokine that has an important role as a modulator of innate
immunity produced by the pituitary gland and many different cell
types. MIF expression and release are regulated by different mechan-
isms in response to danger and inflammatory signals [1-4]. D-dopa-
chrome tautomerase (DDT, also referred to as MIF-2) and DDT-like
protein (DDTL) are MIF family members products of the DDT and DDTL
genes, which are homologous to MIF [5,6]. DDT shows 34% sequence
identity with MIF and close three-dimensional structural homology
(Fig. 1), including the presence of the MIF superfamily canonical NH2-
terminal proline. The genes encoding all MIF family members are lo-
cated in the 22q11.23 locus [5], where some copy number variants
have been identified [7].

Recent years have seen considerable advances have made in our
understanding of the role and functions of MIF in mammalian immunity
and homeostasis. Although DDT shares some structural and genetic
similarities with MIF, the biological function of DDT has received little
attention, even though there is growing evidence that DDT may have
different roles than MIF. Therefore, the existence of different regulatory
mechanisms for MIF and DDT should be explored.

Here, rather than providing an exhaustive description of each mo-
lecule, we summarize our current knowledge in a broad overview,
citing examples where relevant, and specifically focus on recent

discoveries concerning the DDT molecule. We subdivided this review
into a brief description about the complex relationships between these
two molecules, their structure, receptors, general functions, anti-
microbial immunity, roles in autoimmunity and cancer, and an abstract
of some redundant and nonredundant activities.

2. Protein structure

The active forms of MIF and DDT are homotrimers, each forming a
barrel-like structure (Fig. 1). This quaternary structure is highly similar
between both proteins and conserved among species. The third and
most recently reported member of the family, DDTL, has a putative
lyase activity and shares an identical portion of its primary sequence
with DDT. DDTL has no reported crystal structure; however, modelling
of its structure using the DDT quaternary structure as a reference is
possible due to their high homology (Fiz. 1). Apparently, the non-
identical 23 amino acids (positions 96-118 in both sequences) and the
16 extra amino acids in the c-terminal may not interfere with the as-
sembly of trimers.

Differences in functional motifs can be found by comparing the
structures of MIF family members. MIF contains a pseudo (E)LR do-
main, which is tial for its ch kine function, while DDT does
not. DDT also lacks the CXXC redox motif present on MIF; this motif is
important in sensing redox signals by thiol-based regulators and is

* Corresponding author at: Unidad de Biomedicina, FES-Iztacala, UNAM, Av. De los Barrios 1, Los Reyes Iztacala, Tlalnepantla, Edo de México 54090, Mexico.
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Fig. 1. MIF, DDT and DDTL. A. Comparison of
MIF, DDT and DDTL amino acid sequences.
Identical regions are highlighted (red), as well as

MIF

high (vellow) and low similarity regions (green);

DTT

lack of similarity is represented with a black line. B.
Monomer and C. trimer structures of the MIF family

DTTL

typical of disulfide reductases [6,8-10]. As we will further explain,
these different redox and chemotactic capacities are central to under-
stand the similarities and differences between MIF and DDT.

2.1. Post-translational modifications

Another important difference is that MIF has several post-transla-
tional modifications that produce changes on its own activity [12],
while DDT has fewer modifications that have been described so far. For
example, a cysteinylated MIF form mainly produced by CD4 + CD25-
cells, has been linked to an inhibitory effect on IL-4 expression in
CD4 + T cells and to IgE antibody response suppression in vitro [13,14].

MIF glycosylation produces an O-GlcNAcylated form, and the
modified MIF is secreted and bind to EGFR, blocking EGFR ligand
binding activation. In the context cancer setting, activation of EGFR is
associated with ERK-1/2 and c-Jun signalling cascades and it promotes
tumour progression [15]. O-GlcNAcylated MIF acts as an antitumour
molecule by inhibiting this activation.

The only post-translational modification known for DDT is also
shared by MIF and is the removal of the N-terminal methionine and
exposure of a proline residue, which is necessary for enzymatic activity
[16,17]. In MIF this residue can bind isothiocyanate, which results in
loss of tautomerase activity and its capacity to bind CD74 [18,19].

2.2 Oxidized forms of MIF

Three different oxidized forms of MIF have been described. A re-
versible oxidized form created by covalent binding of sulfhydryl-re-
active compounds to C81, which is referred to as oxMIF, results in a
conformational change due to a P-sheet content reduction [20,21].
oxMIF was found to be selectively expressed under a variety of in-
flammatory conditions, and treatment with specific antibodies directed
against this oxidized form did not affect systemic MIF levels but re-
duced inflammation in mouse models of chronic and acute enterocolitis
[21]. Imalumab (BAX69), a recombinant human antibody directed
against this oxidized form of MIF demonstrated modest antitumour
activity alone or in combination with other treatments [22,23]. A dif-
ferent post-translational modification directed to the same residue, C81

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ
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proteins were rendered in UCSF Chimera, based on
MIF and DDT crystal structures available in RCSB
Protein Data Bank (PDB ID: 1MIF and 1DPT), and
DDTL structure was predicted with RaptorX [11].

S-nitrosylation, impedes MIF’s interaction with the c-Jun activation
domain-binding protein-1 (JAB1) and has demonstrated cardioprotec-
tive activity mediated by CD74 and the AMPK pathway [24]. Further
research on this matter is needed considering that these modifications
may either lead to similar structural modifications or be mutually ex-
clusive.

Myeloperoxidase-derived ROS production by activated neutrophils
results in oxidation of the MIF N-terminal proline to a proline imine.
This second form of oxidized MIF loses its tautomerase activity, but
maintain proinflammatory cytokine induction and antiapoptotic activ-
ities [25]. Interestingly, MIF and DDT are indirectly involved in im-
portant chemotactic functions for neutrophils through the activation of
resident macrophages and the secretion of IL-8 [26]; however, this
modified MIF without terminal proline may not be capable to stimulate
the production of superoxide by neutrophils [27] or the expression of
MMP-related genes [28]. This suggests a regulatory mechanism for MIF
in neutrophil -related acute inflammation to limit the damage caused by
ROS (Fig. 2).

Recently, oxidation of an unidentified MIF residue was reported in
brains with early Alzheimer’s disease. This modification impeded tau-
tomerase activity but did not affect redox capabilities [29]. Considering
DDT similarities with MIF and that all oxidized MIF forms were iden-
tified and obtained under different conditions, the possibility that DDT
has an oxidized form is likely, even though DDT lacks redox cap-
abilities, and this may comprise functional and regulatory differences
between the two proteins.

The effect of post-translational modifications and oxidized forms on
the MIF family activity has not been fully considered in the design of
therapies based on MIF/DDT inhibitors or specific antibodies. The ra-
tionale is usually based on the canonical function of MIF alone and does
not consider the c ] es of blocking the other roles that both
proteins possess, even those that could be beneficial to the patient.

3. Receptors
3.1. CD74 and CD44

Both MIF and DDT bind to the type Il transmembrane protein CD74
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[9,30], the plasma membrane form of the invariant chain of MHC class
II. CD74 features shorts cytoplasmatic and intermembrane domains,
and a long extracytoplasmic region [31].

MIF signalling through CD74 requires CD44, a glycoprotein in-
volved in cell-to-cell interactions, adhesion and migration. MIF binds to
the extracellular portion of CD74 but does not bind to CD44. After
binding CD74, MIF activates the PI3K-Akt and ERK-1/2 signalling
pathways [32,33]. The CD74-MIF complex can also be endocytosed
through a B-arrestin-mediated and clathrin-dependent process, re-
sulting in the sustained activation of ERK-1,2 [34], and downregulation
of glucocorticoid-induced leucine zipper (GILZ) and mitogen-activated
protein kinase (MAPK)-phosphatase 1 (MKP-1) expression [35-37].
GILZ and MKP-1 are intracellular proteins that inhibit targets such as
NF-xB, AP1, Rafl, Ras and the MAPK ERK-1,/2 pathway [35-38]. CD74
is also necessary for MIF and DDT cooperative activation of JNK
pathway and c-Jun phosphorylation, which results in subsequent acti-
vation of AP1 and expression of IL-8, a chemotactic, prophagocytic and
proangiogenic inflammatory factor [39].

MIF was thought to be the only ligand of CD74 until it was shown in
2011 that DDT also binds to it. DDT-CD74 complexes have different
association/dissociation constants compared to those of MIF, which
results in a faster and more frequent association. The binding induces
internalization of CD74, although it does not always trigger a signalling
cascade [9]. In some cases DDT-CD74-CD44 binding in macrophages
triggers several cell-survival mechanisms, such as activation of the ERK-
1/2 MAPK pathway or upregulation of NF-xB [30,40].

Expression of CD44 is independently induced by DDT and MIF
[41,42], and similar to MIF, ERK-1/2 activation by DDT requires both
CD74 and CD44 in macrophages [9]. However, in Simpson-Golabi-
Behmel syndrome cells, a human preadipocyte cell line, it was found
that DDT induces IL-6 expression through CD44-independent ERK-1,/2
activation [43]. This suggests that the mechanism for ERK activation
through CD74 may vary depending on the cell population.

A soluble form of CD74 (sCD74) lacking the transmembrane and
intracellular regions has been recently described [44]. sCD74 is nor-
mally found in serum, macrophages secrete it after MIF stimulation, its
serum levels increase after lung and skin injury, and it can bind MIF and
DDT, thus blocking their interaction with cell surface CD74 [44-46].
Therefore, secretion of sCD74 could reg a self-regul
chanism.

CD74 is also a dormant transcription factor; it undergoes regulated
intramembrane proteolysis (RIP) after MIF binding, liberating a 42 re-
sidue-long peptide (CD74-ICD) that translocates into the nucleus and
activates p65, resulting in activation of antiapoptotic signals [47,48].
Although possible, it is not clear whether CD74-1CD and sCD74 are
produced at the same time.

)Ty me-
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Fig. 2. MIF family neutrophil driven regula-

tion in acute inflammation. (1) MIF and DDT

are released by epithelial cells and bind the re-

& ceptor CD74 on macrophages, activating the se-

cretion of CXCL1 and CXCL2. (2) The chemo-

kines CXCL1 and (XCL2 attract neutrophils, and

i MIF enhances their superoxide production. (3)

Neutrophil-produced ROS oxidize MIF N-term-

inal proline, causing the loss of the tautomerase

@ activity. (4) Oxidized MIF retains the ability to

bind CD74 in peripheral mononuclear blood

cells (PBMCs) inducing IL-1B and [L-18 secre-

tion. (5) Oxidized MIF cannot stimulate neu-
trophil superoxide generation secretion.

3.2. CXCR2, CXCR4 and CXCR7

MIF is considered a noncognate ligand for CXCR2 and CXCR4. It
induces chemotaxis and arrest of monocytes, primary B cells and T cells
under atherogenic or inflammatory conditions [8,49]. MIF also has a
moderate CXCR2-dependent chemotactic effect on neutrophils even
when they do not express CD74 [8], and it induces eosinophil chemo-
taxis through CXCR4 [50].

Hypoxia induces both DDT and MIF secretion [51,52]. The latter
recruits endothelial progenitor cells (EPCs) in a CXCR4-dependent
manner, and interestingly, EPCs have angiogenic and vasculogenic ac-
tivity and secrete MIF, generating positive feedback [53,54]. Lyso-
phosphatidic acid is a bioactive lipid mediator with a prominent role in
cancer that induces the expression of hypoxia inducible factor-1a (HIF-
1a), which in turn induces the transcription of MIF and DDT
[52,55,56]. Conversely, HIF-1a is stabilized by interactions with MIF
and JAB1 (Fig. 3) [55].

DDT is regulated by HIF1-a and HIF2-a in a similar fashion [52],
but there is no evidence of DDT carrying out the same chemotactic
activities; furthermore, DDT lacks the pseudo (E)LR domain of MIF,
which is essential for its interaction with CXCR2. This may imply a
fundamental difference in the roles of DDT and MIF on recruiting
monocytes and lenkocytes [6,8,9].

It has also been reported that MIF interacts with CXCR7, a receptor
involved in cellular adhesion and proliferation involved in different
diseases such as multiple sclerosis, rheumatoid arthritis, atherosclerosis
and cancer [57,58]. MIF binding to CXCR7 in platelets induces acti-
vation of the PI3K-Akt pathway and inactivation of the proapoptotic
protein BAD, effectively promoting cell survival. However, the binding
of MIF to CXCR4 induces internalization of the latter but not activation
of the ERK-1,/2 pathway, which is dependent on CD74 [59]. There is no
evidence of DDT binding to CXCR4 or CXCR7.

The diverse capacities of DDT and MIF to bind their receptors are
the principal difference between them. DDT is a more specific ligand for
CD74, as it cannot bind CXCR2 [9] nor possibly CXCR4 or CXCR7. The
chemotactic activity of MIF, apparently absent in DDT, may be central
to understanding their role in different diseases and should be con-
sidered when evaluating them as possible therapeutic targets or bio-
markers.

3.3. Intracellular proteins

After binding CD74 and CXCR4, MIF can be endocytosed through a
clathrin-dependent mechanism [60]. Once intermnalized, several in-
tracellular proteins can bind MIF, including JABl1. The MIF-JAB1
complex participates in cell cycle arrest, inhibits the activation of AP1,
stabilizes P27 and aids in arresting the cell in G1 phase [61,62]. JAB1
also stabilizes, and increases the activity HIF-1la [632], which in turn
induces MIF gene expression (Fig. 3).
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MIF promoter is differentially hypomethylated in cells with high MIF
transcription activity [82]. Also, histones associated to the MIF pro-
moter are affected by histone deacetylase inhibitors, whose action re-
sults in the inhibition of MIF expression in a variety of cell lines [83].
Considering that all the genes of the MIF family are found in the same
CpG island and locus, it is probable the same mechanisms affect the
expression of DDT.

Many different roles for MIF have been demonstrated, including its
functions as a proinflammatory cytokine, hormone, chemokine and
activation factor of monocytes, macrophages and dendritic cells
[1,85-87], and even as an enzyme with tautomerase and redox activity
[88,89]. MIF also favours cell proliferation by inhibiting p53-dependent
apoptosis [65] and delays cell senescence in murine embryonic fibro-
blasts [90].

4.2. General DDT and DDTL functions

DDT shares with MIF some catalytic and immune functions, such as
counter-regulating glucocorticoid anti-inflammatory activity and trig-
gering proinflammatory cascades by activating ERK-1,/2 MAP kinases.
DDT and MIF levels are increased in keratinocytes when exposed to UV
rays, and at least the latter regulates melanogenesis [91-93]. DDT is
also expressed constitutively, it is found at similar plasma levels to MIF

Lysophosphatidic acid (LPA) favours the transcription of HIF-1a by i 1g
the binding of positive regulators to the HIFIA gene promoter while decreasing
the binding of negative regulators (p53). (2) The transcription factor HIF-1a is
bound and stabilized by internalized MIF and JAB1. (3) HIF-1a is translocated
into the nucleus, inducing MIF and DDT transcription. Once MIF protein is
synthesized, it can form MIF-JAB-HIF-1a complexes or be secreted. (4) Once
outside the cell, MIF family binding to CD74 promotes cell proliferation, sur-
vival and expression of proinflammatory cytokines. (5) MIF induces the re-
cruitment of monocytes, B cells, T cells and neutrophils by binding to CXCR
receptors and inducing the expression of proinflammatory cytokines.

Members of the MIF family are negative regulators of the tumour
suppressor p53 [64,65]. MIF and DDT cooperatively inhibit the phos-
phorylation, stabilization and activity of p53 in lung carcinoma [66].
However, this inhibition is reduced by the intracellular protein NME1,
which binds MIF and other p53 inhibitors [67,68]. Similarly, MIF can
bind and inhibit the activity of TXNIP, an intracellular inhibitor of NF-
xB [69].

It is not known whether DTT also binds or is affected by any of these
proteins, and binding is unlikely because DDT lacks both the CXXC and
pseudo (E)LR motifs [6,9], representing another important difference
between MIF family members. Additionally, the complex mutual in-
hibition between p53 and the MIF family, which includes several in-
tracellular proteins and redox conditions, suggests the existence of a
delicate but dynamic equilibrium between the molecules.

4. Functions
4.1. General MIF functions

MIF was originally identified as a lymphokine produced by T cells
[70.711, and it was subsequently found to be secreted by a wide variety
of immune and non-immune cells [72,73]. Importantly, it is con-
stitutively expressed, stored in intracellular pools and secreted in a
nonclassical manner independent of the endoplasmic reticulum and
Golgi, which allows it to be rapidly released under stress conditions,
inflammation and infections [73,74]. It is expressed in several cell types
and released under different stimuli such as exotoxins of Gram-positive
bacteria, lipopolysaccharides (LPS), hypoxic conditions, psychological
stress or tissue damage [51,75-78]. Glucocorticoids induce the release
of MIF by T cells [79,80], even though the proinflammatory properties
of MIF antagonize the action of glucocorticoids [81] (Fig. 4). Histone
acetylation and DNA methylation also regulate MIF expression. The
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in di such as ovarian cancer (~15 ng/mL) [9] and multiple
sclerosis (~2 ng/mL) [94], and it is higher in critically ill patients
(MIF = 133 vs. DDT = 292 ng/ml) [95]. This is remarkable con-
sidering that macrophages release 20 times more MIF than DDT upon
LPS stimulation [9]. MIF and DDT levels also show important age-de-
pendent variations; MIF is more abundant in foetuses (48.9 vs. 29.6 ng/
mL) and 0-day-old newborns (82.6 vs. 52.0 ng/mL), while DDT is more
abundant in 4-day-old newborns (109.5 vs. 121.6 ng/mL), infants be-
tween 1 and 12 months old (7.4 vs. 14.6 ng/mL) and healthy adults (5.7
vs. 7.1 ng/mL) [96,97].

Both, MIF and DDT are functional tautomerases that catalyse the
conversion of D-dopachrome to 5,6-dihydroxyindole-2-carboxylic acid
[89], DDT also shows decarboxylase activity, converting it to 5,6-di-
hydroxyindole [98]. A caveat when considering the enzyme activity of
both molecules is that D-dopachrome does not exist in mammals. Re-
gardless of their similarities, MIF and DDT seem to play different,
sometimes even antagonistic, roles. For example MIF and DDT have
different roles in adipogenesis [99], and MIF levels are positively cor-
related with obesity while DDT is negatively correlated [43,100].
Therefore, the existence of different regulatory mechanisms for MIF and
DDT in adipose tissue is expected. Moreover, the absence of MIF and
administration of DDT increases insulin sensitivity and glucose uptake
[101]. Additionally, DDT accelerates wound healing when MIF is si-
multaneously neutralized with antibodies [102].

Evidence suggesting the existence of the DDTL protein is scarce.
RNA-seq studies have detected DDTL transcripts in many types of as-
sayed of tissue with the highest levels in the liver, kidney and fat tissue;
this is similar to DDT and in contrast to MIF, which was found to be
most highly expressed in the liver, prostate and colon tissues [103].

DDT and DDTL proteins have been reported in prostatic-secreted
exosomes in human urine; interestingly, they were found to be down-
regulated in prostate cancer patients compared to healthy controls
[104]. To our knowledge, the only other available reports of DDTL
protein are proteomic studies in choroid-retinal pigment epithelium,
red blood cell cytoplasm and corpus callosum of schizophrenia patients.
In the last study, DDTL was even found to be differentially phos-
phorylated [105-107].

4.3. MIF and DDT roles in infectious diseases
MIF binding to CD74 leads to ERK phosphorylation and activation

of Elk-1, a transcription factor of the Ets family that is necessary for
TLR4 expression, a central molecule in the response to gram-negative
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Fig. 4. Mechanisms of MIF proinfl tory and anti-glucocorticoid activities. A. Mechanisms driven by eytosolic MIF. (1) MIF binding to the cell membrane

receptor CD74 in the presence of the CD44 receptor results in rapid PI3K/Akt and ERK-1/2 pathway activation. (2) Activation of the PI3K/Akt pathway leads to the
phosphorylation of FOXO03, which is retained in the cytosol and/or degraded. (3) MIF competes with Glucocorticoid Receptor (GR) to bind the chaperone HSP90; GR
not bound to HSP90 remains inactive and cannot bind ghicocorticoids [84]. (4) Inhibition of GR and FOXO3 activity leads to do lation of an ti-infl

genes such as IKB, GILZ and MKP-1, (5) which in turn results in the upregulation of proinflammatory, antiapoptotic and adhesion-related genes by NF-xB and the
PI3K /Akt and ERK-1/2 pathways. B. Mechanisms driven by MIF-CD7 4 complex internalization. (6) MIF can be internalized after binding to CD74 and CXCR4 through
a clathrin-dependent and B-arrestin-mediated mechanism. (7) Inter ion allows ined activation of the PI3K/Akt and ERK-1/2 pathways. (8) CD74 can
undergo regulated intramembrane proteolysis (RIP), liberating its intracellular domain (CD74-ICD), (9) which is translocated to the nucleus where it favours NF-xB-

1atory

induced transcription.

bacteria. Coincidently, MIF has been shown to upregulate TLR4
[4,108]. This coordinated action helps activate immune cells such as
macrophages, and initiates the proinflammatory response, making MIF
a constitutive element of host antimicrobial defences. Therefore, MIF
has been implicated in the response against gram-negative bacteria
such as Escherichia coli, Klebsielln pneumoniae and Salmonella typhi-
murium [4,109]. However, it is also necessary for the efficient activa-
tion of macrophages in the response to Mycobacterium tuberculosis [110]
and parasites such as Trypanosoma cruzi [111], Toxoplasma gondi
[85,112], Leishmania major [113] and Taenia crassiceps [114].

MIF does not always function in protecting the host against infec-
tion. An excessive MIF-mediated inflammatory response and recruit-
ment of monocytes and neutrophils have been associated with liver
injury in trypanosomiasis [115], increased malaria severity [116] and
lung damage in infection by respiratory syncytial virus [117]. Ad-
ditionally, Leishmania benefits from many of MIF activities: monocyte
recruitment and conversion into macrophages, survival of infected
macrophages and depleting protective CD4+ T cells [118,119]. Inter-
estingly, DDT also attracts different subsets of macrophages to the site
of infection, but only those attracted by MIF were found to be related to
lethality in the context of polymicrobial sepsis [120]. Indeed, high le-
vels of MIF are related to disease severity, adrenal response dysregu-
lation and early death in gram-negative sepsis [121].

In fact, both DDT and MIF are elevated in sepsis patients, with DDT
expression almost double that of MIF according to Pohl et al. (326 vs.
170 ng/mlL) [95], inverse to the report by Merk et al. (55.5 vs.
111.0 ng/mL) [9]. The importance of MIF family is underscored by the
fact that both molecules are found at even higher levels in non-sur-
viving sepsis patients compared with survivors (MIF: 237 vs. 67 ng/mL,
DDT: 375 vs. 336 ng/mL) [95]. Additionally, administration of anti-MIF
antibodies and nanobodies mitigated lethality in murine models of
endotoxaemia [73,122], and MIF knockout mice are resistant to its
lethal effects [123]. Likewise, administration of MIF inhibitor (S,R)-3-
(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester
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(IS0-1) [124] or MIF-blocking murine and humanized antibodies confer
protection against experimental sepsis [125,126].

The importance of MIF and DDT in infectious diseases depends on
their modulation of the innate immune response as well as their in-
volvement in multiple steps of pathogenesis. Diverse pathogens induce
MIF expression or produce their own orthologue because they benefit
from mechanisms such as MIF-induced autophagy and immune cell
recruitment. Even though most reports have focused on MIF, DDT
should not be ignored. Many of the mechanisms reported above are
dependent on ERK, and DDT can activate this pathway. This could be
crucial in cases where DDT is even more upregulated than MIF.

4.4. MIF and DDT regulatory functions on autoimmune diseases

The cell activation and proinflammatory action that make MIF a
constitutive element of the host antimicrobial defences, contribute
significantly to various immunopathologies as a result of excessive in-
flammation and autoimmunity [127,128]; such as arthritis [129,130],
diabetes [131-133], systemic lupus erythematosus [134-136], auto-
immune liver disease [44] and multiple sclerosis [137] among others.

Recent studies have shown that DDT is also increased in several
inflammatory and autoimmunity diseases, and suggest that its expres-
sion varies in different cell types. For instance, DDT was found to be
transcriptionally upregulated in rheumatic patients in peripheral blood
mononuclear cells (fold change 2.4) [138]. Nevertheless, MIF is in-
creased in synovial fluid and blood serum in these patients, but appears
to be mainly produced by synovial cells [130]. Moreover, MIF and DDT
levels are elevated in male patients with multiple sclerosis with the
progressive disease phenotypes, while the CD74 receptor is over-
expressed in female patients with high disease severity; however, the
molecular mechanisms behind these sex-specific differences are yet to
be described [139]. The pathogenic role of the MIF family in multiple
sclerosis seems to be related to regulation of their receptors, as ex-
periments on human B cells demonstrated the existence of a reciprocal
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negative regulation of CD74 and CXCR4 expression. Blocking CD74 and
consequential increase in CXCR4 expression led to augmented cell
proliferation and suppressed expression of the death receptor Fas [140].

In diabetes the MIF-CD74 axis is recognized as being central for the
development of autoimmune diabetes [141], MIF-deficient mice did not
develop clinical signs in a streptozotocin-induced diabetes model [142].
Interestingly, MIF absence and exogenous DDT administration increase
insulin sensitivity [101]. Additionally, experiments on MIF and DDT
knockout mice indicate that DDT-deficient mice develop less
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Moreover, COX-2 regulates DDT-dependent B-catenin stabilization, thus
forming a positive regulation loop between the molecules [158].
Coincidently, MIF has been implicated in tumour growth, regulatory
T cell (T-reg) proliferation and IL-2 production in a murine model of
CAC induced by injecting CT26 cancer cells in MIF knockout mice
[160]. In contrast, we found that MIF knockout mice develop a greater
number of tumours than wild-type mice in a chemically induced CAC
murine model [161]. Considering that in the first case the model uses
well stablished cancer cells, while spontaneous cancer development is

autoimmune encephalomyelitis than wild-type mice and later than the
MIE-deficient group, with higher activation of monocytes and memory
T cells but less inflammatory cell migration [139]. In summary, these
results suggest that DDT and CXCR4 do somehow interact and affect
cell migration, but this is yet to be described.

MIF and DDT participation in pathogenesis is mainly attributed to
their anti-glucocorticoid activity and induction of molecules such as
TNF-a, IL-18, VEGF and IL-8 [130]. These mechanisms are dependent
on the regulation of transcription factors such as NURR1 and MKP1
[143] and sustained ERK-1/2 activation through MIF/CD74,/CD44 re-
ceptor complex [42]. Nevertheless, eosinophils are chemotactic targets
for MIF and their migration can be inhibited by CXCR4 antagonists or
MIF inhibitors such as ISO-1. This process is relevant to diverse auto-
immune diseases, as eosinophilic inflammation is essential for patho-
genesis [50]. Importantly, this second mechanism is not shared by DDT.

Other factors that may contribute to pathogenesis are the functional
polymorphisms that affect MIF expression [144-146], and have been
implicated in autoimmune di such as rh toid arthritis, cystic
fibrosis, multiple sclerosis and autoimmune hepatitis
[137,144,147-149]. Interestingly, one of these polymorphisms affects
the expression of both DDT and MIF [150].

Both MIF and DDT have a role in autoimmune diseases; however,
existing evidence suggests many different mechanisms including those
dependent on CD74 that can be elicited by both proteins and others
expected to be differently regulated, such as those dependent on TLR4
and chemotaxis. Their shared importance is highlighted in those few
studies considering both DDT and MIF: in autoimmune en-
cephalomyelitis DDT deficiency results in diminished immune cell mi-
gration and a late disease onset compared to MIF deficiency [139] and
in rheumatoid arthritis both molecules are needed for immune cells
expansion and infiltration in tissue [151].

4.5. MIF and DDT activities in cancer

Two of the main functions of the MIF family are directly related to
cancer development: induction of an inflammatory environment and
the antiapoptotic activity [65]. Additionally, MIF family members are
highly expressed by cancer cells and are involved in angiogenesis, tu-
mour growth and metastasis [152-154]. Hence, MIF has recently been
highly studied as a possible therapeutic target for many cancers. While
this paper was being written, clinicaltrials.gov listed studies related to
MIF-based therapy for colon and rectal carcinoma, ovarian cancer,
acute myeloid leukaemia and glioblastoma.

MIF and DDT often play similar roles in cancer; for example, both
induce cell survival, tumour growth and cell migration in renal cancer,
but DDT is a more potent tumour inducer [52]. Both DDT and MIF can
activate AMPK in non-malignant cells [100,155]; however, in non-small
cell lung carcinoma they antagonize AMPK activation, and have a JNK-
mediated proangiogenic role [39,156]. In pancreatic ductal adeno-
carcinoma MIF and DDT act together to promote ERK-1/2 and AKT
phosphorylation and reduce p53 expression, hence promoting cell
proliferation [157].

In colitis-associated colorectal cancer (CAC), both proteins have
been shown to induce COX-2 transcription, which catalyses the synth-
esis of eicosanoids and prostaglandins with antiapoptotic and proan-
giogenic properties [158,159]. DDT induces COX-2 expression by two
different mechanisms, dependendy and independently of B-catenin.
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induced in the second, these disparate effects -if confirmed and ex-
tended in different cell types- would indicate that the role of the MIF
family may differ according to the temporal progression of tumour-
igenesis.

MIF and DDT receptor CD74 also presents disparate effects in
cancer. High expression of MIF and CD74 is correlated to aggressiveness
of prostate cancer cell lines [162]. Differently, CD74 expression has
been implicated in better survival in melanoma [163] as well as good
prognosis in breast cancer and pleural mesothelioma patients
[164,165], while MIF was negatively correlated or did not show any
correlation [163,165,166]. None of the studies described above in-
cluded data on DDT or the soluble form of CD74 that may antagonize
MIF and DDT activities.

There have been many studies on MIF in the cancer context. This is
understandable considering that many tumours are MIF producers and
MIF participates in multiple tumour-related mechanisms such as in-
flammation, cell proliferation, angiogenesis, cell survival and chemo-
taxis. However, little attention has been paid to DDT, which shares
many of its cancer-related activities. Furthermore, the MIF family may
not always favour tumour development and is central to other cellular
and immune mechanisms not related to cancer that should be con-
sidered when they are used as targets.

5. Clinical approaches

Members of the MIF family are useful as targets for small molecule
inhibitors and antibodies and as prognostic or diagnostic biomarkers,
but unfortunately several studies have focused only on MIF. Modified
protein forms should also be considered, but their individual or col-
lective utility is not known. Additionally, antibodies and inhibitor ef-
ficacy is highly variable; they act by different mechanisms, inhibit
different MIF or DDT activities, and may target either both or only one
MIF family member. Their multiple and shared or nonredundant ac-
tivities (Table 1) are a major issue regarding their potential use in
therapy.

5.1. Biomarkers

MIF and DDT have been proposed as biomarkers in diseases as di-
verse as endometriosis, systemic sclerosis, tuberculosis and Alzheimer’s
[94,174-176]. For example, MIF can be detected in urine and is a
biomarker for kidney related diseases such as paediatric purpura ne-
phritis [177], proliferative primary glomerulonephritis [178] and in-
fection-derived pyelonephritis [179]. Urine MIF can also be used to
identify cystitis/bladder pain syndrome patients [180], and the CXCL2/
MIF-CXCR2 axis is considered a potential predictor and therapeutic
target in bladder cancer [181]. Plasma MIF is used as biomarker for
other cancer types such as head and neck squamous cell carcinoma and
ovarian and gastric cancer [182-184]. It has been tested for CAC di-
agnosis in combination with carcinoembryonic antigen (CEA) with
promising results [185].

Serum DDT has been proposed and tested as a prognostic biomarker
in extensive skin burn and liver injury [186] and is correlated to
mortality and organ damage in post-surgical, bum and sepsis patients in
critical conditions [95]. MIF has also been implicated in mortality in
experimental mice models [122,124-126] and patients [121,187]. In
fact, MIF is central in the development of sepsis and endotoxaemia
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Table 1
Differences and coincidences between DDT and MIF.
Feature /Activity/Interaction DDT MIF References
CXXC and pseudo (E)LR motifs No Yes [6,9,167,168]
Oxidized form Unknown  Yes [21,25,20]
Induced by LPS Yes Yes 19,771
Induced by UV rays in keratinocytes Yes Yes [91,92]
Mediates melanogenesis Unknown  Yes [93]
Tautomerase activity Yes Yes [89,98]
Target for HIF1-a transcription factor Yes Yes [52,56]
Regulated by NF-«B Unknown  Yes [169]
Regulated by AMPK — FOXO1/mTOR Yes Unknown  [101]
axis
Decarboxylase activity Yes No [98]
CD74 binding Yes Yes [9.30]
ERK sustained activation Yes Yes [9,108]
ERK transient activation Unknown  Yes [170]
JNK activation (cooperative) Yes Yes [39]
CXCR2 binding/related chemotactic No Yes [8.,9]
activity
CXCR4/7 binding/related ch tic Un Yes [8,58]
activity
JAB1/NME1,/TXNIP binding No Yes [61,67,68]
Inhibited by PAG product Unknown  Yes [171]
Inhibition of p53 (sinergically) Yes Yes [65,66]
Necessary for insulin folding Unknown  Yes [172]
Produced by different cells in response to stimuli [9,130,138]

Tissue-dependent abundance [103]
Different and age-dependent plasma concentration [96]
Opposing effects on adipocytes insulin resistance [100,173]
Mumally interfering activities on fibroblast wound healing [10z]

[73,123], and both MIF and DDT are increased in sepsis patients [9,95].

MIF family expression increases after heart injury, especially in
events of ischaemia reperfusion [188,189]. This seems to be due to
tissue damage and not an inflammatory process [190] and is protective
by activating AMPK pathway and controlling oxidative stress while
inhibiting apoptosis and myocardial fibrosis [155,191-193]. However,
DDT and MIF are difficult to categorize as favourable or unfavourable
cardiac prognostic markers. High DDT levels have been correlated with
survival of heart failure patients but also with organ dysfunction
[192,194]. For MIF, high plasma levels are related to poorer recovery
and lower survival of patients with infarction but are also inversely
related to posterior adverse events [195,196].

MIF family members may be useful as biomarkers in diverse con-
texts, but the presence of sCD74 and post-translational modifications
should be considered. Levels of the MIE/DDT-inhibiting sCD74 are
elevated in the context of tissue injury [45,186,194], while activity
modifiers such as MIF S-nitrosylation or oxidation have been identified
in ischaemia reperfusion [24], neurodegeneration [29,197] and cancer
[198].

High levels of MIF family members may also be indicative for per-
sonalized therapies. Nonsteroidal anti-inflammatory drugs (NSAIDs)
and glucocorticoids are widely used and both MIF and DDT antagonize
their action [81]. Additionally, MIF is the target of different inhibitors
and antibodies. Evaluation of MIF family levels may be used for fine-
tuning these therapies or assessing their viability.

5.2 Antibodies and inhibitors

Current clinical studies targeting MIF family include specific anti-
bodies and small molecule inhibitors [146]. Monoclonal oxMIE-specific
antibody Imalumab is the only MIF family-directed antibody with de-
monstrated safety, although with modest effectivity [22,23]. However,
MIF is also likely responsible for the effect of humanized recombinant
anti-CD74 antibody Milatuzumab (hLL1) [199,200]. Phase I clinical
trials showed that this antibody is well tolerated alone or in combina-
tion with other treatments, and had positive effects in refractory
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multiple myeloma, B-cell non-Hodgkin lymphoma and chronic lym-
phocytic leukaemia [201-203]. Importantly, Milatuzumab may affect
all CD74-mediated mechanisms of both DDT and MIF, while Imalumab
activity is limited to a single modified form of MIF.

Small molecule inhibitors have recently been actively studied [204].
Ouertatani-Sakouhi et al. [205] divided MIF inhibitors into three
classes depending on their mechanism of action: (1) covalent modifiers
of the catalytic site at the N-terminal proline residue, (2) molecules that
noncovalently bind the catalytic site and (3) disrupters of the trimeric
structure of MIF,

Class 1 and 2 inhibitors impede both enzymatic and anti-gluco-
corticoid MIF activities [205], but modification of the N-terminal pro-
line by the class 1 inhibitor 4-iodo-6-phenylpyrimidine (4-IPP) also
results in partial loss of the chemotactic recruitment activity of MIF and
DDT in lungs [26]; however, it is not known if all class 1 inhibitors
induce this effect.

Three anti-inflammatory drugs already tested in clinical trials were
found to bind and inhibit MIF, 2-phenyl-1,2-benzoselenazol-3-one
(ebselen) [205], 2-methyl-1-[2-(propan-2-yl)pyrazolo[1,5-a]pyridin-3-
yllpropan-1-one (ibudilast) [206] and N-(7-(Methylsulfonamido)-4-
o0x0-6-phenoxy-4H-chromen-3-yl)formamide (iguratimod) [207]. Eb-
selen is a neuroprotective agent for patients with aneurysmal sub-
arachnoid hemorrhages and the only known member of the third in-
hibitor class, which disrupts MIF trimers and induces aggregation
through cysteine residues. Trimer dissociation inhibits the catalytic and
ligand-binding activities of MIF, strongly favouring its chemotactic
activity and suggesting that trimers are not req d for ch taxis
[205,208]. Iguratimod is used to treat rheumatoid arthritis. It binds MIF
through an unknown mechanism and inhibits MIF tautomerase activity,
but has no apparent effect on MIF knockout mice, therefore it probably
cannot bind DDT [207,209]. Ibudilast is used to treat asthma and al-
lergic conjunctivitis and has been shown to be effective in progressive
multiple sclerosis. It binds non-competitively to an allosteric site near
the tautomerase active site, resulting in decreased chemotactic and
enzymatic activity [206,210].

The only known DDT specific inhibitor, 4-(3-carboxyphenyl)-2,5-
pyridinedicarboxylic acid (4-CPPC), acts by binding the DDT c-terminal
and changing its conformation in a reversible fashion, inhibiting the
binding and activation of CD74 [46,211]. Importantly, the 4-CPPC and
ibudilast mechanisms are different than those described for the three
classes described above.

Class 1 and 2 MIF inhibitors target the tautomerase active site and
effectively interfere with MIF induction of the inflammatory response
[205]. However, it is not clear whether any MIF and DDT functions are
dependent on their tautomerase activity. A tautomerase-inactive MIF
knock-in mouse model revealed no alterations in growth regulation
[212], the loss of enzymatic activity by oxidation did not alter its im-
munomodulatory functions [25], and the class 2 MIF inhibitor 1SO-1
does not affect MIF’s role in insulin folding [172]. These antecedents
suggest that the ability to block receptor binding instead of tautomerase
activity would better define these inhibitors.

Inhibitors have been tested in diverse disease models. ISO-1 in-
creases survival in experimental murine sepsis [124], greatly inhibits
LPS-induced proliferation in gastric cancer cells [213], suppressed tu-
mour growth in the presence of IFN-y in a murine melanoma model
[166] and decreases the severity of murine autoimmune en-
cephalomyelitis [214]. 4-IPP, a class 1 inhibitor of both MIF and DDT
[26,215], inhibits proliferation and induces apoptosis and mitotic cell
death in thyroid carcinoma [216], and sensitizes multiple myeloma
cells to chemotherapy in vitro [217]. Ebselen has been used in cancer
therapy for its ability to protect against cisplatin-induced ne-
phrotoxicity [218]; however, it also suppresses invasion of pancreatic
and renal cancer cell lines in vitro [219].

A different and insufficiently explored approach is agonists, which
showed promising results in protection against tissue injury in a
ischaemia reperfusion mouse model [220]. However, these agonists
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were developed and tested before evidence suggesting that DDT also
has protective potential was published [188,192], and no DDT-specific
agonist has been reported.

Antibodies and small molecule inhibitors directed at the MIF family
have great potential for clinic use, as the correct selection and dosage
may modulate any or all activities of the family, and have corre-
sponding risks and benefits.

6. Conclusion

The MIF family members and its receptors are affected by multiple
biochemical regulatory mechanisms, but they also participate in many
processes including inflammation, cell chemotaxis, proliferation and
survival, and angiogenesis. As described above, MIF and DDT share
several activities and may possibly back up each other when inhibited
or downregulated, but this has led to a research bias. MIF remains the
maost studied, and DDT is often omitted even when activity differences
have been identified by the few studies considering both proteins.
Additionally, they are expressed and secreted by different cell types in
response to stimuli.

Added complexity stems from the existence of post-translationally
modified MIF species with altered activities and from the regulatory
mechanisms affecting DDT that may or may not affect MIF and vice
versa. Current therapeutic, diagnostic and prognostic use of MIF does
not fully consider these intricate relationships. Prior to clinical use of
inhibitors and antibodies, the entire MIF family and receptors should be
considered as blocking a single mechanism may be ideal for certain
diseases or insufficient for others, while abrogating all activities can be
hazardous.

The known mechanisms of the MIF family should be further ex-
plored to fully understand the differences between these proteins. DDT
is a more specific CD74 ligand than MIF, with fewer non-related ac-
tivities. This does not make DDT less important; it implies that DDT
may be a safer target for certain therapies, and that therapies directed
at MIF-exclusive activities should ideally not inadvertently affect DDT.
MIF has great potential in clinical research, but the complete MIF fa-
mily may have greater potential.
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Abstract: In recent years, there has been a significant increase in the study of own and foreign human
factors favoring the development of different types of cancer, including genetic and environmental
ones. However, the fact that the immune response plays a fundamental role in the development
of immunity and susceptibility to colorectal cancer (CRC) is much stronger. Among the many cell
populations of the immune system that participate in restricting or favoring CRC development,
regulatory T cells (Treg) play a major role in orchestrating immunomodulation during CRC. In this
review, we established concrete evidence supporting the fact that Treg cells have an important role in
the promotion of tumor development during CRC, mediating an increasing suppressive capacity
which controls the effector immune response, and generating protection for tumors. Furthermore,
Treg cells go through a process called “phenotypic plasticity”, where they co-express transcription
factors that promote an inflammatory profile. We reunited evidence that describes the interaction
between the different effector populations of the immune response and its modulation by Treg cells
adapted to the tumor microenvironment, including the mechanisms used by Treg cells to suppress
the protective immune response, as well as the different subpopulations of Treg cells participating
in tumor progression, generating susceptibility during CRC development. Finally, we discussed
whether Treg cells might or might not be a therapeutic target for an effective reduction in the morbidity
and mortality caused by CRC.

Keywords: regulatory T cells; colorectal cancer; animal models; clinical trial; phenotypic plasticity

1. Introduction

Traditional treatments to reduce the mortality of cancer, such as surgery, radiotherapy,
or chemotherapy, have shown limitations in their effectiveness. In recent years, emphasis has been
placed on the importance of the immune response as an orchestrator of resistance for different types
of cancers [1]. Inmunotherapy is a way of reducing the mortality caused by cancer [2], for example,
the adoptive transfer of antigen-specific T cells, which has been shown to generate a positive immune
response in metastatic melanoma [3]. The use of monoclonal antibodies directed against specific
molecular and cellular targets, as well as the use of immunotherapy based on T cell clones in gastric
cancer, are now relatively affordable [2,4]. It has been shown that the use of NK cells activated
with IL-2 during acute myeloid leukemia can generate complete remission in 26% of patients [5].
The use of anti-PD-1 and programmed cell death ligand 1 (PD-L1) antibodies have shown long-lasting

responses in non-small cell lung cancer, with a favorable safety profile and manageable side effects [6].

Cancers 2020, 12, 1888; doi:10.3390/cancers12071888 www.mdpi.com/fjournal/cancers
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During colorectal cancer (CRC), some immunotherapy clinical trials have demonstrated a potential
benefit, but most of them remain as experimental options. Vaccines directed against overexpressed
peptides in mucosal tissues of patients with CRC, which can induce tumor antigen-specific immune
response with a lower risk of inducing autoimmunity, have been used [7]. Dendritic cell transfer pulsed
with tumor epitopes or tumor cell lysates have been used to induce immunity to gastric cancer [7].
As mentioned above, some immunologic strategies have been used as treatment against some types of
cancers, showing effectiveness, but continuous research development is necessary for a clear panoramic
understanding of the role of the immune response during CRC.

2. Regulatory T Cells: Brief Summary
Since regulatory T (Treg) cells were described in 1995 by Shimon Sakaguchi, they have been

protagonists in most immunological processes caused by self or non-self antigens in parasitic,
autoimmune, inflammatory, and oncological diseases [8]. First, Treg cells were described as a
subpopulation of T cells that suppressed the immune response, avoiding autoimmunity, and were
characterized by the expression of the alpha chain receptor for IL-2 [9], also called CD25, which had
previously been found expressed on activated T cells [10,11]. After a long race to determine if a specific
marker for Treg cells exists, it was shown that the forkhead box p3 transcription factor (Foxp3) is
the molecule conferring suppressor activity on Treg cells [12,13]; thus, Foxp3 is the master regulator
of Treg cells [14]. Mice and humans with a mutation in the Foxp3 gene display a T cell-dependent,
lymphoproliferative immune disorder manifested by some diseases, such as type-1 diabetes, thyroiditis,
splenomegaly, and lymphadenopathy [15].

Treg cells use several mechanisms to suppress immune responses, such as deprivation of IL-2
by its IL-2 (CD25) high-affinity receptor (Figure 1A) [16-19], the use of CD39 and CD73 ectoenzymes
for the release of extracellular adenosine (Figure 1A), which is a strong immunosuppressant [20-22],
the secretion of suppressor cytokines such as IL-10 [23], TGF-p [24,25] and IL-35 [26,27] (Figure 1B),
the manipulation of antigen-presenting cells by inducing a “tolerant phenotype” through Cytotoxic
T-Lymphocyte Antigen 4 (CTLA-4), and the Lymphocyte Activation Gene-3 (LAG-3) to induce the
Indoleamine 2,3-dioxygenase (IDO) enzyme, which in turn reduces the availability of tryptophan
in the environment along the kynurenine pathway (Figure 1C) [28-30]. In humans, it has also been
reported that Treg cells use granzyme and perforin-like molecules as a suppressive mechanism
(Figure 1D) [31,32].

A Metabolic disruption

molecules

Figure 1. Natural regulatory T (Treg) cells and their main suppressive mechanisms. (A) Metabolic
disruption of IL-2 caused by an increased expression of CD25 (high-affinity IL-2 receptor) in Treg cells,
also caused by the release of extracellular adenosine. (B) Secretion of cytokines such as IL-10, TGE-j,
and [L-35. (C) Manipulation of antigens presenting cells for a tolerant phenotype. (D) Secretion of
granzyme and perforin.
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Besides the expression of CD25 and the Foxp3 transcription factor, Treg cells also display some
molecules associated with activation in their surface, which confer on them a higher suppressive capacity,
such as Glucocorticoid-Induced Tumor Necrosis Factor receptor (GITR), Cytotoxic T-Lymphocyte
Antigen 4 (CTLA-4), Inducible T-cell Costimulator (ICOS) [33], Programmed cell Death protein 1
(PD-1) [34], and T-cell immunoglobulin and mucin-domain containing-3 (Tim-3) [35] (Figure 2A).
All these features make Treg cells a versatile immune population with a wide range of mechanisms
that could be manipulated either for or against the protection of health.

A

“Less suppressive” “Highly suppressive”
Treg cells Treg cells

Natural Treg cells

IL-10
ass
&

CTLA4 ‘:,}tIL-BS

“itors

Colorectal cancer progression

Figure 2. Phenotype of Treg cells in the progression of CRC. As mentioned in the text, adenomas are the
precursors of CRC, arising from the adenoma-carcinoma sequence. (A) When the intestinal tissue has a
normal condition, natural Treg cells display a regular phenotype, but the genetic, epigenetic, and mainly
the immunological alterations that end in the formation of adenomas, modify the phenotype in Treg
cells, which confers different roles, depending of the grade of alterations during CRC. We included
these subpopulations of Treg cells in 2 groups: (B) “less suppressive” Treg cells which are associated
with an immunological protection against tumor formation, and (C) “Highly suppressive” Treg cells,
whose phenotype is associated with tumor progression and a poor protective immune response
against CRC.

3. Treg Cells during CRC in Clinical Cases: An Overview

Colorectal cancer is one of the most common and fatal cancers in the world [36], being the
third most common cancer worldwide, and the second most deadly, just behind lung cancer [37].
The incidence rates are higher in developed countries, but the mortality rate is much higher in
developing ones [38-40]. CRC has different origins: hereditary, sporadic, and colitis-associated colon
cancer (CAC). Only 5% of CRC cases are hereditary, whereas 75% are sporadic, being associated
with environmental factors, and the remaining 20% are associated with dysregulated inflammatory
responses in the colon [41]. An aggressive and prolonged inflammation generates adenomas in colon
tissues [42]. Colorectal adenomas are lesions with dysplastic epithelium, characterized by being benign
in general, and dysplasia that could be either low or high is mainly determined by abnormal nuclear
morphology [43]. However, adenomas are the precursors of CRC, arising from the adenoma-carcinoma
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sequence; the risk of malignancy increases along with polyp size and degree of dysplasia [43].
Both genetic and epigenetic alterations contribute to the formation of immunogenic tumor-specific
and tumor-associated antigens [44], which allow the identification and elimination of CRC by the
immune response [45,46]. However, some cells of the immune response play a role in the initial
inflammation, resulting from tumor initiation up to metastasis during CRC. For example, myeloid cells,
such as monocytes, macrophages, and neutrophils, secrete cytokines and express immunomodulatory
molecules in their surface, which may promote the development of the tumor and avoid its elimination,
through the induction and maintenance of an immunosuppressive microenvironment [47,48].

Similarly, aiming to induce immunosuppression, Treg cells have been associated with tumor
progression during CRC (Figure 2) [49]. Interestingly, CRC patients display Treg cells with a higher
expression of several molecules that correlate with suppression, such as Tim-3, LAG-3, TGF-j, IL-10,
CD25, and CTLA-4 [50], and by the BLIMP-1 transcription factor expression in the tumor [51].
The infiltration of Treg cells into the colon is significantly higher in CRC than in a healthy colon, as well
as in patients with limited disease (Union for International Cancer Control (UICC) criteria I and II) than
in metastatic (UICC criteria Il and IV) ones [52]. This was also associated with the frequency of Foxp3*
cells in patients with lymphatic invasion [53]. The increase in Foxp3 expression in colorectal tissues
and peripheral blood correlates with an increasing degree of tumor malignancy and lymph-node
metastasis [54]. It was also demonstrated that patients with CRC had increasing percentages of Treg
cells in the peripheral blood and mesenteric lymph nodes compared to either healthy controls or patients
with inflammatory bowel disease. Additionally, in this study, it was observed that when Treg cells
from CRC patients were depleted in peripheral blood, CD4* cells produced IFN-vy in a specific-antigen
shape against the tumor antigen 5T4 but not in the control samples [55]. Therefore, Treg cells can
inhibit an anti-tumor specific immune response in patients with CRC. Another study showed that
the density of Treg cells was dramatically higher in tumor-draining lymph nodes than in peripheral
blood or tumor-infiltrating lymphocytes, and these data were correlated with the staging of the disease.
Furthermore, the CD8" T cell function was restored after Treg depletion [56]. More recently, it was
found that patients with colon adenocarcinoma displayed an accumulation of Treg cells overexpressing
PD-1, which impaired CD8* T cells activity in situ [57]. Treg cells in tumor patients are specific for
a limited repertoire of tumor antigens, suggesting that these cells exert strong T cell suppression in
an antigen-selective manner during CRC, and the effector/memory T cell response against antigens
recognized by Treg cells strongly increases after Treg cell depletion [58]. Thus, the evidence for a role
of Treg cells as part of the immunosuppressive microenvironment that promotes the development of
tumors during CRC has been described, and it suggests that the frequency of sub-populations of Treg
cells may provide a useful tool with possible prognostic value for the treatment of CRC.

4. Treg Cells during CRC in Murine Models

The use of animal models is a tool that grants easier access to samples, for the quantity of samples
and for the short period of time it takes to obtain results. Many ideas applied in the clinic came from
experiments designed and performed in murine models. With this in mind, the study of Treg cells
has been applied to CRC in murine models. One model of CRC in mice was described by Tanaka in
2003, where azoxymethane (AOM) and dextran-sodium sulfate (DSS) were used. Mice were injected
with AOM (which exerts colonotropic carcinogenicity), 12.5 mg/kg; then, 7, 29, and 51 days after AOM
injection, 2% DSS (for colitis induction) was added to the drinking water for 7 days. This model is
called CAC and it displays many similarities to CRC in humans, but with the advantage of obtaining
results faster. It has been demonstrated that at the final stage of CAC development [59], Treg cells
increase in number and exhibit a phenotype of activation defined by the expression of CD103, Receptor
Glycoprotein-A Repetitions Predominant (GARP), CTLA-4, and IL-10 (Figure 2C) [60]. This is in
accordance with the idea that a correlation between Foxp3 expression and tumor progression during
CRC exists [61]. The transient ablation of Treg cells using depletion of Treg cells (DEREG) mice,
which express the diphtheria toxin receptor under the Foxp3 promotor [62], suppressed colon tumor
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size; however, the mortality rate for these mice increased [60]. In our lab, we were interested in the
dynamic behavior of Treg cells during the development of CAC, focusing not only on the final phase
of tumor formation but also on all the phases of its development. Using transgenic FoxPSEGFP mice
and the CAC model, we observed a reduced percentage of Treg cells in blood and spleen during early
CAC development, and an increased percentage of these cells was shown at late stages of CAC in
mesenteric lymph nodes (MLIN) [63]; these observations have been confirmed in patients with CRC [64].
Conversely, at early stages of CAC, a higher percentage of activated T cells (Tact) were observed, but as
CAC progressed it was detected that Tact cells were significantly reduced. Interestingly, Treg cells
from late stages of CAC displayed an activated phenotype featured by increased expression of PD-1,
Tim-3, and CD127 molecules in their membranes (Figure 2C). Moreover, these Treg cells from CAC
mice obtained from MLN suppressed CD4* and CD8* T-activated cells in a more efficient way than
healthy wild-type mice. Thus, with the idea of inhibiting the accumulation of Treg cells during CAC
development, we used the PC61 monoclonal antibody (anti-CD25) during the early phase of CAC
development to reduce the percentage of Treg cells; this early intervention guarantees the reduction
mainly in Treg and not in Tact cell population [63]. Reduction of 50% of Treg cells resulted in a better
prognostic value by a significant reduction in the tumor load, which was associated with an increased
percentage of both CD4* and CD8* T-activated cells in MLN in CAC mice receiving immunotherapy
with the monoclonal antibody PC61. All these results suggest that Treg cells play a critical role by
suppressing the immune response in the early stages of CAC development [63].

The inoculation of colorectal carcinoma tumor cells has also been used for the study of Treg cells
during CRC development in mouse models. In this orthotopic mouse model, it has been reported that
Treg cell depletion using PC61 antibody before the inoculation of colorectal carcinoma tumor cells CT26
resulted in protective immunity mediated by CD8" cytotoxic T cells; thus, the specificity of cytotoxic
responses to tumor antigens can be suppressed by Treg cells [65]. As mentioned above, Treg cells
express the ecto-enzyme CD73, which together with CD39 can hydrolyze the extracellular ATP in
adenosine, a strong immunosuppressant. It is known that extracellular adenosine is accumulated in the
tumor microenvironment, suppressing the anti-tumor immune response (Figure 2C). Adenosine levels
can increase in response to chronic inflammation, which is a characteristic of CRC. Thus, CD73 ablation
significantly suppressed the growth of the MC38 colon cancer cell line, in a CD8* T cell-dependent
pathway. This effect was associated with an increased level of both antigen-specific CD8* T cells and
IFN-y production in peripheral blood and locally in the tumors [66].

In the adenomatous polyposis coli (APC) animal model of human familial adenomatous polyposis
(FAP), mice develop numerous polyps in the intestinal tract due to a truncation in the APC gene [67,68].
This model has been used as a tool for the evaluation of anticancer, chemo-preventive agents, and also
for the study of the immune response against CRC [67,68]. During the CRC development in the
APC™%+ mouse model, CD4*Foxp3™ Treg cells accumulate in the adenomas, which match with
lower frequencies of conventional T and B cells in situ [69], indicating a downmodulation of the local
immune response against CRC. Furthermore, in this model, adenomas displayed an altered chemokine
profile with high levels of CCL17 and low levels of CXCL11 and CCL25, and their Treg cells did not
express CXCR3 [69]. By breeding APC™+ mice with DEREG mice (see above), it was possible to
selectively deplete Treg cells in tumor-bearing mice. This exclusive depletion of Treg cells increased
the frequency, infiltration, and proliferation of T cells in the tumors, which correlated with increased
expression of CXCR3™ T cells and IFN-y production [70,71]. CXCR3 and its ligands are differentially
expressed at sites of inflammation and within the CRC tumors; CXCR3 is functionally expressed on
Treg cells and also induces the differentiation of peripheral T cells into Treg cells, suggesting that a
CXCR3 molecule could be an indirect Treg cell target with therapeutic potential during CRC [72]. Inan
APC™* myurine model, it was demonstrated that the oral administration of IL-10 encapsulated in
microparticles reduces polyposis and increases the survival rate, apparently this controversial IL-10
effect can be explained given that IL-10 has a neutralization effect over Foxp3*RORyt*IL-17* Treg cells
that promote the disease and a positive effect on the restauration of Foxp3*RORyt"IL-17" Treg cells,
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which are protective (Figure 2C) [73]. Recently, in the APCmin/+/DEREG mouse model, it was shown
that Treg cells specifically suppressed the TCRx* CD8* T cell population in colon tumors; when Treg
cells were depleted, an increased amount of granzyme B and IFN-y was observed in CD8* T cells [74].
In another study, it was demonstrated that the adoptive transfer of T cells secreting IL-10 attenuated
microbial-induced inflammation, suppressing polyposis in APCA458 mice. In contrast, the ablation of
IL-10 specifically in T cells produced pathologies like in systemic IL-10 deficient mice, increasing the
number and growth of colon polyps. Treg cells and T cells are the major source of IL-10 in healthy
colons and in colons containing polyps in this model [75]. Additionally, mice receiving broad-spectrum
antibiotics presented a reduction in the microbiota, inflammation, and polyposis, suggesting that
polyposis is fueled by a high number of microbes that accumulate in the colon, which in turn activate
the inflammatory response; this inflammation is suppressed by IL-10 secreted by T and Treg cells [75].
It is clear that Treg cells play a role in the promotion of tumor development and in the reduction in an
efficient immune response, but the results described above, where IL-10 from Treg cells play a role in
the reduction in colon damage [73,75], are remarkably contrasting. These controversial findings could
probably be explained by the fact that many subpopulations of Treg cells secreting different kinds of
cytokines have different roles during CRC in both clinical and mouse models. However, these models
highlight the importance for the microbiota in the context of CRC and Treg cells, because the higher
densities of microbes that accumulate within polyps trigger local inflammatory responses, which are
suppressed by IL-10 derived from both T and Treg cells. All these results suggest a close relationship
between Treg cells and microbiota promoting tumor development during CRC.

5. Subpopulations of Treg Cells during CRC

In the past, evidence was collected suggesting that once a CD4* T-lymphocyte acquired Tyl
(mainly secreting IFN-y and inflammatory cytokines) or Ty2 (mainly secreting IL-4, and inhibitory
Tu1 cytokines, promoting the antibody secretion) phenotypes, it was permanent during the functional
life-span of the CD4* T cell [76]. However, some years ago evidence emerged supporting the idea that
CD4* T cells actually can change their phenotype and function, being more flexible than expected in
the production of cytokines [77]. This is because transcription factors such as T-bet, GATA-3, RORyt,
and Foxp3 are expressed transiently, or because the CD4* T-cells can express more than one transcription
factor at the same time [78]. This kind of phenotypic plasticity was not only described in CD4* T cells
but also proposed in myeloid cells, including macrophages, mast cells, and neutrophils [79]. Treg cell
phenotypic plasticity has also been suggested during CRC development, where an increased number
of Treg cells Foxp3* expressing IL-17 during human CRC was shown. These Treg cells also expressed
CCRé6* TGF-B* and IL-6" (Figure 2C). This population, called Foxp3*IL-17* Treg cells, was more
suppressive against CD8* T-activated cells, and surprisingly, this suppression was reversed in the
presence of an anti-IL-17 blocking antibody [80]. Foxp3*IL-17* Treg cells are selectively accumulated in
the colonic microenvironment associated with colon carcinoma, and these types of Treg cells also favor
inflammatory cytokine production in colon tissues. These data suggest that Foxp3*IL-17* Treg cells
probably facilitate a chronic inflammatory pathological microenvironment in the colon, thus promoting
tumor development [81]. In line with this evidence, a preferential expansion of a Foxp3*RORyt*
subpopulation of Treg cells emerges in human CRC. These cells show a potent suppressive capacity
but with an anti-inflammatory compromised ability (Figure 2C). These Foxp3*RORyt" Treg cell
populations with the same suppressor abilities were shown in both a mouse model of hereditary
polyposis [82] and an AOM/DSS CAC model [83]. The specific ablation of RORyt gene in Foxp3*
T cells improved the polyp-specific immune surveillance and attenuated the polyposis, indicating
the inflammatory activity of these cells. Interestingly, the ablation of IL-6, IL-23, or IL-17 reduced
the number of polyps but not in the same way that ablation of the RORyt gene did [84]. It was
demonstrated that Wnt/B-catenin signaling in T cells promotes the expression of RORyt, which in
turn promotes Th17-mediated inflammation (Figure 2C). In addition, the expression of B-catenin is
increased in Treg cells from both mice and patients with CRC. The activation of B-catenin only in Treg
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cells was enough to generate inflammation and carcinogenesis [85]. This evidence supports the idea
that a subpopulation of Treg cells with a Ty17-like profile may exert both powerful inflammatory
damage and strong immunosuppression during CRC development.

We previously mentioned that some studies on Treg cells are controversial, because the presence
of Treg cells and their suppression mechanisms are involved in either a better or worse prognosis
during CRC [73,75,86]. Due to this evidence, we think that some subpopulations of Treg cells
likely have different roles at the same time. In fact, it has been demonstrated that during CRC
development, Treg cells could be classified into two subpopulations by the grade of Foxp3 expression
in Foxp3!© or Foxp3h. The Foxp3!® Treg cells are not suppressive (Figure 2B), and do not express
the CD45RA receptor but secrete inflammatory cytokines. CRC patients with abundant Foxp3'° Treg
cells showed a significantly better prognosis [87]. In another study, it was demonstrated that most of
the intra-tumor CD4*Foxp3™ Treg cells have a Helios*, CTLA-4*, and CD39* phenotype, but 30% of
CD4*Foxp3~ cells also expressed markers associated with regulatory functions, including CD25, LAG-3,
and latency-associated peptide (LAP) (Figure 2B). This adaptive Treg subpopulation also produced
IL-10 and TGF-B, and it was 50 times more suppressive than CD4*Foxp3* Treg cells [88]. Helios is a
member of the Ikaros transcription factor family and is preferentially expressed in Treg cells. It has
been suggested that Helios is a marker for thymus natural Treg cells and not for induced Treg cells [89].
He]_ioslowFoxp3+ Treg cells are enriched both in peripheral blood and at the tumor site (Figure 2B),
but only Helios"Foxp3* Treg cells accumulate significantly and specifically in tumors (Figure 2C) and
produce IL-17 during CRC. CD4*Foxp3*Helios™ Treg cells co-expressed the suppressive molecules
PD-1, CTLA-4, and CD39, suggesting that the phenotype of these Treg cells in the tumor of CRC
patients is highly suppressive (Figure 2C) [90]. The manipulation of subpopulations of Treg cells,
such as ]:'o:l(p31‘:‘,.-"]:'o:l(pShi Treg cells co-expressing Helios, LAP, or another molecule associated with
immunosuppression, could be useful targets to develop a strategy for an effective fight against CRC.

Another molecule directly associated with the suppressive activity of Treg cells is the IL-35 cytokine,
which confers regulatory activity on naive CD4* T cells and also suppresses T-cell proliferation [26,27].
Interestingly, IL-35 levels have been found to be elevated in both serum and tumors in patients with
CRC, and they were correlated with tumor metastasis. Moreover, Treg cells from CRC patients were
also capable of secreting high levels of IL-35 (Figure 2C) [91].

The chemokine receptor CCR5 has been involved in the recruitment of systemic Treg cells
during CRC, and CCR5/~ mice have a delayed tumor growth because a reduced number of Treg
cells are infiltrated in the tumors [92]. In human CRC, functional CCR5 was highly expressed in
tumor-infiltrating Treg cells, and Treg cells expressing high levels of CCR5 are more suppressive;
however, the pharmacological inhibition of CCR5 failed to reduce the tumor-infiltrating Treg cells,
suggesting that other chemokine receptors are probably involved in the recruitment of Treg cells into
the tumor during CRC development [93]. Perhaps a combined immunotherapy seeking to block two
or more targets may favor a better prognosis against CRC in the clinic, but the establishment of more
feasible therapeutic targets to improve the immunomodulation in CRC is clearly necessary.

6. Immune Molecules and Cells Promoting or Inhibiting Treg Cell Activity during CRC

We have described above the different suppression modes of Treg cells during CRC and how Treg
cells are classified into subpopulations with specialized immunosuppressant features (Figure 2). Next,
we are going to establish that Treg cells and several molecules and immune cells are involved in the
promotion or inhibition of Treg cells during CRC in animal models and in clinical trials.

6.1. TGF-g1, Runt-Related Transcription Factor (RUNX) 3, and GARP

TGF-pB1 is essential for the maintenance of inflammatory homeostasis; loss of its signaling is
involved in malignant tumor formation [94]. RUNX is a family of proteins that participate down-stream
of TGF-1 signaling, and their loss is involved in severe inflammation and tumor formation in the
gastrointestinal tract [95]; RUNX3 is involved in the differentiation of CD8 and NK cells; thus, Runx3~/~
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mice develop immunodeficiency by the absence of these cells [96]. Using stylish experiments with
chimeric mice, it has been demonstrated that the loss of RUNX3, specifically in T cells, resulted in an
impaired suppressive ability of the Tregs, as well as a reduction in the numbers of induced Treg cells
by TGF-B stimulation (Figure 3A). This lack of activity of Treg cells caused colitis and the development
of tumors in the large intestine and cecum, when animals were housed in a conventional animal
facility. In the same way, no tumor was detected when CD8* T or Treg cells from WT origin were
transferred into chimeric mice; however, the tumor formation was completely blocked by housing
animals in a pathogen-free condition, suggesting that microbiota is involved in tumor development [97].
These results are controversial with data where Treg cells are involved in the promotion of tumor
growth and reduced immune response, which leads to the development of CRC. Probably these data
represent an example of a subpopulation of Treg cells acting against tumor formation. The GARP
molecule expressed on the surface of Treg cells is involved in the activation of TGF-p signaling; thus,
the specific absence of GARP in Treg cells in a CAC model improved anti-tumor immunity [98].

A Cells and molecules promoting B Cells and molecules inhibiting
Treg cells during CRC Treg cells and reducing their
Mast Cells suppressor capacity
cD4* : NK cells

microenviroment

Figure 3. Different molecules and cells either promoting or inhibiting Treg cell activities during
CRC. (A) As described in the text, some cells, such as mast cells, T cells, and TAMSs, are involved
in the induction of Treg cell population during CRC development. Additionally, the same tumor
microenvironment produces molecules to induce a more suppressive population of Treg cells. (B) On
the other hand, cells such as NK, CD4, and CD8 T cells, are involved in the inhibition of the suppressor
capacity of Treg cells during CRC.

6.2. IL-33 Receptor

Another interesting molecule is the IL-33 receptor (5T2 or IL1RL1), which is involved in the
stimulation of the suppressive functions of Treg cells in physiological and pathological conditions [99].
ST2 is highly expressed in tumors of CRC patients, which correlates with an increased expression of
Foxp3 in both adenoma and CRC tissues. A higher density of ST2 expression in tumor samples is
associated with increased dysplasia [100].
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6.3. Vascular Endothelial Growth Factor (VEGF)

A molecule involved in Treg cell promotion is VEGE which is both secreted and abundant in the
tumor microenvironment and suppresses anti-tumor immunity. Its receptor, VEGFR2, is expressed
selectively in intra-tumor Treg cells with high expression of Foxp3 (Figure 3A) [101], and it is proposed
that both VEGFR2 and Foxp3 may be better predictive markers for recurrence and survival in patients
with CRC [101].

6.4. Indoleamine 2,3-Dioxygenase (IDO)

In different types of tumors, the IDO enzyme expression has been found to be increased in
tumor tissue and in draining lymph nodes, and it is believed that it plays a role in tumor evasion
by suppressing the immune response [28]. Ido1~ mice (Idol is a paralog enzyme involved in the
degradation of tryptophan) either bred with APC™%* mice or in the CAC model did not lead to
significant differences in the size and number of colon tumors. However, Ido] deficiency altered the
immune response in the tumor microenvironment with increased levels of pro-inflammatory cytokines
and a reduced number of Treg cells (Figure 3A). Thus, the exclusive elimination of IDO is not sufficient
to reduce the progression of colon cancer [102].

6.5. CD39

As previously mentioned, CD39 is an ecto-enzyme that mediates the generation of immunosuppressive
adenosine [20,21]. Treg cells from CRC patients express high levels of CD39 [103], which may increase
the amount of adenosine available in the tumor microenvironment. Adenosine reduces the capacity of
monocytes to activate the endothelium, which indirectly affects T cells’ recruitment to reach the site of
the tumor. Thus, Treg-derived adenosine acts on monocytes and not only helps reduce trans-endothelial
activation, but also affects the migration of effector T cells during CRC (Figure 3A) [104]. Moreover,
the gene expression profiles in CD4+CD25+F0xp3+CD127|°"" Treg cells was described in patients
with CRC. The genetic profiling analysis led to the identification of 61 immune-related genes in
Treg cells. Most of these genes were involved in cytokine/chemokine mediators of inflammation,
chemokine receptors, lymphocyte activation, and TCR receptor signaling pathways, CCR1, CCR2,
IL-10, and SOCS3 [105] being the most relevant. Thus, molecules such as IDO, VEGFR, Runx3,
and TGF-p contribute to the promotion of Treg cells during CRC.

6.6. Tumor-Associated Macrophages (TAMs)

TAMs are an important cell component in the microenvironment of various types of solid tumors;
in CRC, TAMs are involved in tumor initiation and metastasis [47,48]. Moreover, CD60TINOS~ TAMs
that infiltrated tumors of CRC patients have been associated with increased CD8* Foxp3™ Treg cells in
the tumor stroma, being a negative prognostic factor in patients with CRC (Figure 3A) [106]. Moreover,
TAMs can recruit CCR6* Treg cells through CCL20 production and promote CRC in an orthotopic
mouse model [107]. There are also other cell interactions with Treg cells, for example, Treg cells
and mast cells are abundant in both human CRC and murine APC2468 tumors, and the interaction
between Treg-mast cells generates a suppressive-inflammatory Treg cell population that produces IL-17,
which favors the expansion and degranulation of mast cells [108]. Taken together, these interactions
between myeloid cells and Treg cells indicate an unfavorable prognostic.

6.7. Natural Killer (NK) Cells

On the contrary, NK cells have a cytotoxic role during myeloid leukemia, but their role in solid
tumors is controversial because NK cells have limited infiltration [109]. It has been shown that CRC
patients have an increased percentage of circulating Treg cells and reduced expression of NKp44 and
NKp46 on both NK and NKT cells [110]. In chimeric mice lacking T cells and developing spontaneous
intestinal tumors, it was demonstrated that the adoptive transfer of Treg cells and the NK cell depletion
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6.3. Vascular Endothelial Growth Factor (VEGF)

A molecule involved in Treg cell promotion is VEGE which is both secreted and abundant in the
tumor microenvironment and suppresses anti-tumor immunity. Its receptor, VEGFR?2, is expressed
selectively in intra-tumor Treg cells with high expression of Foxp3 (Figure 3A) [101], and it is proposed
that both VEGFR2 and Foxp3 may be better predictive markers for recurrence and survival in patients
with CRC [101].

6.4. Indoleamine 2,3-Dioxygenase (IDO)

In different types of tumors, the IDO enzyme expression has been found to be increased in
tumor tissue and in draining lymph nodes, and it is believed that it plays a role in tumor evasion
by suppressing the immune response [28]. Ido1~/ mice (Idol is a paralog enzyme involved in the
degradation of tryptophan) either bred with APC™"* mice or in the CAC model did not lead to
significant differences in the size and number of colon tumors. However, Ido] deficiency altered the
immune response in the tumor microenvironment with increased levels of pro-inflammatory cytokines
and a reduced number of Treg cells (Figure 3A). Thus, the exclusive elimination of IDO is not sufficient
to reduce the progression of colon cancer [102].

6.5. CD39

As previously mentioned, CD39 is an ecto-enzyme that mediates the generation of immunosuppressive
adenosine [20,21]. Treg cells from CRC patients express high levels of CD39 [103], which may increase
the amount of adenosine available in the tumor microenvironment. Adenosine reduces the capacity of
monocytes to activate the endothelium, which indirectly affects T cells’ recruitment to reach the site of
the tumor. Thus, Treg-derived adenosine acts on monocytes and not only helps reduce trans-endothelial
activation, but also affects the migration of effector T cells during CRC (Figure 3A) [104]. Moreover,
the gene expression profiles in CD4+CD25+F0xp3+CD127|°"" Treg cells was described in patients
with CRC. The genetic profiling analysis led to the identification of 61 immune-related genes in
Treg cells. Most of these genes were involved in cytokine/chemokine mediators of inflammation,
chemokine receptors, lymphocyte activation, and TCR receptor signaling pathways, CCR1, CCR2,
IL-10, and SOCS3 [105] being the most relevant. Thus, molecules such as IDO, VEGFR, Runx3,
and TGF-p contribute to the promotion of Treg cells during CRC.

6.6. Tumor-Associated Macrophages (TAMs)

TAMs are an important cell component in the microenvironment of various types of solid tumors;
in CRC, TAMs are involved in tumor initiation and metastasis [47,48]. Moreover, CD60TINOS~ TAMs
that infiltrated tumors of CRC patients have been associated with increased CD8*Foxp3* Treg cells in
the tumor stroma, being a negative prognostic factor in patients with CRC (Figure 3A) [106]. Moreover,
TAMs can recruit CCR6* Treg cells through CCL20 production and promote CRC in an orthotopic
mouse model [107]. There are also other cell interactions with Treg cells, for example, Treg cells
and mast cells are abundant in both human CRC and murine APC2468 tumors, and the interaction
between Treg-mast cells generates a suppressive-inflammatory Treg cell population that produces IL-17,
which favors the expansion and degranulation of mast cells [108]. Taken together, these interactions
between myeloid cells and Treg cells indicate an unfavorable prognostic.

6.7. Natural Killer (NK) Cells

On the contrary, NK cells have a cytotoxic role during myeloid leukemia, but their role in solid
tumors is controversial because NK cells have limited infiltration [109]. It has been shown that CRC
patients have an increased percentage of circulating Treg cells and reduced expression of NKp44 and
INKp46 on both NK and NKT cells [110]. In chimeric mice lacking T cells and developing spontaneous
intestinal tumors, it was demonstrated that the adoptive transfer of Treg cells and the NK cell depletion
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increased dramatically both the number and size of tumors with a decreased survival rate; this correlates
with an impaired systemic production of IFN-y (Figure 3B) [111]. Thus, there probably exists an
interference of Treg cells over NK cells during CRC. This was demonstrated recently in a phase-1
clinical trial of adoptive transfer of expanded NK cells in combination with IgG1 antibody in patients
with CRC and gastric cancer, in which this combinatory immunotherapy enhanced IFN-y production
and reduced peripheral Treg cells, and some patients showed an overall decrease in tumor size [112].

6.8. Invariant NK T Cells (iNKT Cells)

iNKT cells have an anti-tumor function and participate in the control of tumor metastasis through
the secretion of IFN-y [113]. Controversially, the absence of iNKT cells decreased the number of
intestinal polyps in APC™+ mice, correlating with a reduced frequency of Treg cells. Additionally,
Ifn-y and Nos2 genes were increased in polyps with increased frequencies of CD4* and CD8* T cells,
suggesting that iNKT cells promote polyp formation in the intestine [114]. Different roles between
either NK or iNKT cells have been demonstrated during CRC, and both impacted Treg cell activities.

7. Are Treg Cells a Good Target for Inmunotherapy during CRC?

Depletion of Treg cells has been a target in clinical trials for some types of cancer with contrasting
results. In melanoma, the administration of an IL-2/diphtheria toxin fusion protein to eliminate
Treg cells apparently did not eliminate these cells or cause regression of metastatic melanoma [115].
However, the same protein fusion IL-2/diphtheria toxin significantly reduced the number of Treg
cells in peripheral blood of patients with metastatic renal carcinoma and abrogated Treg-mediated
immunosuppressive activity in vivo [116]. Some basic and clinical trials render strong evidence to
show that Treg cells are therapeutic targets during CRC development. For example, low doses of
an adenovirus expressing the IL-12 gene mediated a potent anti-tumor effect against subcutaneous
colorectal carcinomas in mice in an immunosuppressive environment; this is caused by a direct
effect on Treg cells, inhibiting in vitro secretion of IL-10 and TGF-B. Moreover, the treatment with
the adenovirus-expressing IL-12 gene decreased the number of myeloid-derived suppressor cells
(MDSC) and generated specific CD4*IFN-y* cells that were involved in the eradication of tumors
(Figure 3B) [117]. Our own research suggests that Tim-3 is over-expressed in Treg cells in the CAC
model [63]. It has also been suggested that Tim3*Foxp3™* Treg cells represent specialized tumor resident
Foxp3™* cells that probably have a role in T cell dysfunction [35,118,119]. Supporting this last idea,
it was demonstrated that Tim-3 is expressed on CD8* tumor-infiltrating lymphocytes isolated from
patients with CRC; these CD8" T cells also co-expressed PD-1 and exhibited an exhausted phenotype
because they did not secrete cytokines. Combined targeting of both Tim-3 and PD-1 with monoclonal
antibodies increased the frequencies of [IFN-y and TNF-« and the proliferation of antigen-specific
CD8* T cells (Figure 3A). Additionally, with the use of these monoclonal antibodies, a decrease in Treg
cells was observed [120]; thus, using either monoclonal antibodies or inhibitor molecules against Tim-3
could induce a protective response against CRC. The LAG-3 receptor is overexpressed in Treg cells from
patients with CRC and liver metastasis, and an antibody blockade of LAG-3 increased the proliferation
and effector cytokine production of intratumor T cells [121]. Another immunologic target is the CTLA-4,
a molecule involved in the negative regulation of activated T cells; in Treg cells, its loss or inhibition
results in reduced Treg cell function [122]. In a murine model, the use of anti-CTLA-4 antibody
with IgG2a isotype exhibits enhanced antitumor activity in the colon adenocarcinoma tumor model;
this effect was associated with a significant reduction in Treg cells at the tumor site, and, consequently,
an expansion of activated CD8* T cells was observed [123]. It has been demonstrated that low doses of
cyclophosphamide target Treg cells in humans and animal models. In a clinical trial, 55 patients with
metastatic CRC received 2 week-long courses of low-dose cyclophosphamide. An increased number of
absolute T-cell numbers was found with a reduction in the percentage and absolute number of Treg,
B, and NK cells. In addition, an increased amount of IFN-y* tumor-specific T cells and granzyme B
were displayed, which was associated with a significant delay in tumor progression (Figure 3B) [124].
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Together, these data strongly suggest that Treg cells are an immunotherapeutic target for CRC. We must
also consider that immune-targeting Treg cells during CRC may affect some important oncogenes
influencing the microenvironment of colorectal tissue such as p53, APC, or Kirsten Rat Sarcoma Viral
(KRAS). Some recent studies have shown, for example, that patients with CRC microsatellite stable
(MSS) disease do not respond effectively to PD-1Immune Checkpoint Blockage (ICB), and this is caused
by mutations on the oncogene KRAS, which induces the recruitment of MDSC and Treg cells [125].
Tumor cells carrying mutations in KRAS induce highly suppressive Treg cells and over-expression of
KRASG12V gene-induced Treg cells [126]. APC deficiency in the mouse model reduces the presence
of Nuclear Factor of Activated cells (NFAT) specifically in Treg cells, reducing differentiation and
suppressive capacity [127]. Furthermore, it was suggested that p53 mutations in patients with CRC
tumor recurrence is caused by a correlation between p53 and IL-10 from Treg cells [128]. All these
observations make it difficult to believe that Treg cells by themselves are a unique suitable therapeutic
target. Some studies in murine models and patients attempted to directly or indirectly narrow Treg
cells to try to reduce the impact of tumorigenesis in either CRC or gastric cancer development, but these
studies have failed because they suggested that CRC tumors are immuno-silent and hypo-responsive to
ICB treatment [129-131]. For example, it was demonstrated that during gastric cancer, PD-1 blockade
promoted an increased proliferation and suppressive activity of Treg cells [130]. To reduce this negative
impact and to improve the efficacy of treatments in solid tumors, we and others have proposed the
use of combined immunotherapy. For example, the use of Oxaliplatin (Folfox) in combination with
anti-PD-1 antibodies in a murine model of CRC and in samples of patients reduced the number of
tumors, which does not happen if these compounds are used individually [132]. The reduction in the
number of tumors is caused by PD-1*CD8*T-bet* cells infiltrating the tumor. Likewise, the protective
immune response in the combined therapy of ICBs with Folfox was confirmed in another murine model
of CRC, where the protection was CD8* T-cell-dependent [133]. In the mouse CAC model, it was
recently shown that the lack of STAT-6 transcription factor reduced the inflammation and generated
protection; however, when STAT-6 activity was inhibited with a chemical drug (AS1517499), a partial,
but significant, reduction in tumor development was observed [134]. Consequently, it is clear that a
combined therapy using more than one target probably offers improved protection against the tumor
generation during CRC, or at least has an increased likelihood of stopping CRC development. In fact,
in a recent work targeting STAT-6 together with the inflammatory response and at the same time
receiving the classical treatment of the drug 5-Fluorouracil, the authors were able to reverse previously
established colon tumors using the CAC model [135]. These findings support the idea that targeting
multiple molecules may be the best way to defeat this type of cancer.

8. Conclusions

There is strong evidence supporting the fact that the immune response plays a major role in CRC
development, and some immunological interacting mechanisms create a complex network that leads to
the development of polyps, adenomas, and tumors. Some years ago, we learnt lessons about complex
immunological networks triggered during infectious diseases. We also learnt how to manipulate the
host immune system for a better response during vaccine treatment. Now, we are applying these
lessons to the development of cancer and, surprisingly, the facts that were described as having a role
in the correct adaptation of parasites to the host are very similar to the causes of the development
of tumors that lead to cancer. During CRC, tumors promote immune cell populations that favor
immunosuppression; thus, tumors can be established without selective pressure. It is necessary to
learn how we can manipulate this immunosuppressive microenvironment to choose the correct and
timely action to modulate the immune response, which could probably (and hopefully) eradicate the
tumor. We also need to learn how the reversion of immunosuppressive microenvironments during
cancer would not cause autoimmunity or dangerous inflammatory responses. Here, the participation
of Tregs appears to be crucial, but it is still controversial, given that removing Tregs may likely produce
one of two disparate results: on the one hand, it could improve the anti-tumor immune response and
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accelerate tumor rejection; on the other hand, it could promote tumor establishment by releasing a
long-lasting inflammatory response. The series of contrasting reports regarding Tregs in colon cancer
described here tell us that we do not have enough information to determine which molecules associated
with Tregs should be removed during CRC development, and whether they should be removed at the
beginning or at advanced stages of CRC. Perhaps a combination of therapies that focus on different
targets in either the same or another subpopulation of immune cells could be a first step to begin to
win the battle against CRC.

Author Contributions: ].E.O. collected the data, ].E.O., LM.-A. and T.R. developed the images, ].E.O.,, M.R.-5. and
L.LT. wrote the first draft with contributions from [.M.-A. and T.R. All authors reviewed and worked in the final
version. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by CONACYT grant number A1-5-37879 and DGAPA-PAPIIT-UNAM grant
number [A209720. The APC was funded by CONACYT A1-5-37879.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, M,; Yin, B.; Wang, H.Y.;; Wang, RE. Current advances in T-cell-based cancer immunotherapy.
Immunotherapy 2014, 6, 1265-1278. [CrossRef] [PubMed]

2. Yang, Y. Cancer immunotherapy: Harnessing the immune system to battle cancer. ]. Clin. Investig. 2015, 125,
3335-3337. [CrossRef] [PubMed]

3. Rosenberg, 5.A.; Yannelli, ].R.; Yang, ].C.; Topalian, 5.L.; Schwartzentruber, D.J.; Weber, ].S.; Parkinson, D.R.;
Seipp, C.A.; Einhorn, J.H.; White, D.E. Treatment of patients with metastatic melanoma with autologous
tumor-infiltrating lymphocytes and interleukin 2. |. Natl. Cancer Inst. 1994, 86, 1159-1166. [CrossRef]
[PubMed]

4. Niccolai, E.; Taddei, A.; Prisco, D.; Amedei, A. Gastric cancer and the epoch of immunotherapy approaches.
World |. Gastroenterol. 2015, 21, 5778-5793. [CrossRef]

5. Berrien-Elliott, M.M.; Romee, R.; Fehniger, T.A. Improving natural killer cell cancer immunotherapy.
Curr. Opin. Organ Transplant. 2015, 20, 671-680. [CrossRef]

6. Anagnostou, VK.; Brahmer, ].R. Cancer immunotherapy: A future paradigm shift in the treatment of
non-small cell lung cancer. Clin. Cancer Res. 2015, 21, 976-984. [CrossRef]

7.  Xiang, B.; Snook, A.E.; Magee, M.S.; Waldman, S.A. Colorectal cancer immunotherapy. Discov. Med. 2013, 15,
301-308.

8.  Vignali, D.A.; Collison, LW.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8,
523-532. [CrossRef]

9.  Sakaguchi, S.; Sakaguchi, N.; Asano, M.; Itoh, M.; Toda, M. Immunologic self-tolerance maintained by
activated T cells expressing IL-2 receptor alpha-chains (CD25). Breakdown of a single mechanism of
self-tolerance causes various autoimmune diseases. |. Immunol. 1995, 155, 1151-1164.

10. Ashwell, ].D.; Robb, R.J.; Malek, T.R. Proliferation of T lymphocytes in response to interleukin 2 varies with
their state of activation. J. Immunol. 1986, 137, 2572-2578.

11. Lenardo, M.]. Interleukin-2 programs mouse alpha beta T lymphocytes for apoptosis. Nature 1991, 353,
858-861. [CrossRef] [PubMed]

12.  Fontenot, ].D.; Gavin, M.A; Rudensky, A.Y. Foxp3 programs the development and function of CD4*CD25%
regulatory T cells. Nat. Immunol. 2003, 4, 330-336. [CrossRef] [PubMed]

13. Hori, S.; Nomura, T.; Sakaguchi, 5. Control of regulatory T cell development by the transcription factor
Foxp3. Science 2003, 299, 1057-1061. [CrossRef] [PubMed]

14.  Josefowicz, S.Z.; Lu, LE; Rudensky, A.Y. Regulatory T cells: Mechanisms of differentiation and function.
Annu. Rev. Immunol. 2012, 30, 531-564. [CrossRef]

15. Gambineri, E.; Torgerson, T.R.; Ochs, H.D. Immune dysregulation, polyendocrinopathy, enteropathy,
and X-linked inheritance (IPEX), a syndrome of systemic autoimmunity caused by mutations of FOXP3,
a critical regulator of T-cell homeostasis. Curr. Opin. Rheumatol. 2003, 15, 430-435. [CrossRef]

16. Fontenot, ].D.; Rasmussen, ].P; Gavin, M.A.; Rudensky, A.Y. A function for interleukin 2 in Foxp3-expressing
regulatory T cells. Nat. Immunol. 2005, 6, 1142-1151. [CrossRef]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 143



Apendice I1

Cancers 2020, 12, 1888 13 of 19

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

35.

Pandiyan, P; Zheng, L Ishihara, S.; Reed, J.; Lenardo, M.J. CD4*CD25"Foxp™* regulatory T cells
induce cytokine deprivation-mediated apoptosis of effector CD4* T cells. Nat. Immunol. 2007, 8, 1353-1362.
[CrossRef]

Salinas, N.; Olguin, ].E.; Castellanos, C.; Saavedra, R. T cell suppression in vitro during Toxoplasma gondii
infection is the result of IL-2 competition between Tregs and T cells leading to death of proliferating T cells.
Scand. . Immunol. 2014, 79, 1-11. [CrossRef]

Setoguchi, R.; Hori, S.; Takahashi, T.; Sakaguchi, S. Homeostatic maintenance of natural Foxp3* CD25*
CD4* regulatory T cells by interleukin (IL)-2 and induction of autoimmune disease by IL-2 neutralization.
J. Exp. Med. 2005, 201, 723-735. [CrossRef]

Borsellino, G.; Kleinewietfeld, M.; Di Mitri, D.; Sternjak, A.; Diamantini, A.; Giometto, R.; Hopner, 5.;
Centonze, D.; Bernardi, G.; Dell’Acqua, M.L.; et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg
cells: Hydrolysis of extracellular ATP and immune suppression. Blood 2007, 110, 1225-1232. [CrossRef]
[PubMed]

Deaglio, 5.; Dwyer, KM.; Gao, W.; Friedman, D.; Usheva, A.; Erat, A.; Chen, ].E; Enjyoji, K.; Linden, J.;
Oukka, M.; et al. Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory T cells
mediates immune suppression. |. Exp. Med. 2007, 204, 1257-1265. [CrossRef] [PubMed]

Kobie, ].].; Shah, PR.; Yang, L.; Rebhahn, J.A.; Fowell, D.].; Mosmann, TR. T regulatory and primed
uncommitted CD4 T cells express CD73, which suppresses effector CD4 T cells by converting 5'-adenosine
monophosphate to adenosine. |. Immunol. 2006, 177, 6780-6786. [CrossRef] [PubMed]

Saraiva, M.; O’Garra, A. The regulation of IL-10 production by immune cells. Nat. Rev. Immunol. 2010, 10,
170-181. [CrossRef] [PubMed]

Huber, S.; Schramm, C.; Lehr, HA.; Mann, A.; Schmitt, S.; Becker, C.; Protschka, M.; Galle, PR.; Neurath, M.E;
Blessing, M. Cutting edge: TGF-beta signaling is required for the in vivo expansion and immunosuppressive
capacity of regulatory CD4*CD25" T cells. J. Immunol. 2004, 173, 6526-6531. [CrossRef] [PubMed]
Nakamura, K.; Kitani, A.; Fuss, L; Pedersen, A.; Harada, N.; Nawata, H.; Strober, W. TGF-beta 1 plays
an important role in the mechanism of CD4*CD25* regulatory T cell activity in both humans and mice.
J. Immunol. 2004, 172, 834-842. [CrossRef]

Collison, LW.; Pillai, M.R.; Chaturvedi, V.; Vignali, D.A. Regulatory T cell suppression is potentiated by target
T cells in a cell contact, IL-35- and IL-10-dependent manner. |. Immunol. 2009, 182, 6121-6128. [CrossRef]
[PubMed]

Collison, L.W.; Workman, C.J.; Kuo, T.T,; Boyd, K.; Wang, Y.; Vignali, KM.; Cross, R.; Sehy, D.; Blumberg, R.S.;
Vignali, D.A. The inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature 2007, 450, 566-569.
[CrossRef]

Mellor, A.L.; Munn, D.H. IDO expression by dendritic cells: Tolerance and tryptophan catabolism.
Nat. Rev. Immunol. 2004, 4, 762-774. [CrossRef]

Schneider, H.; Valk, E.; da Rocha Dias, S.; Wei, B.; Rudd, C.E. CTLA-4 up-regulation of lymphocyte
function-associated antigen 1 adhesion and clustering as an alternate basis for coreceptor function. Proc. Natl.
Acad. Sci. USA 2005, 102, 12861-12866. [CrossRef]

Tang, Q.; Boden, EK.; Henriksen, K.J.; Bour-Jordan, H.; Bi, M.; Bluestone, J.A. Distinct roles of CTLA-4 and
TGF-beta in CD4*CD25" regulatory T cell function. Eur. J. Immunol. 2004, 34, 2996-3005. [CrossRef]

Cao, X.; Cai, 5.E; Fehniger, T.A.; Song, J.; Collins, L.L; Piwnica-Worms, D.R.; Ley, T.]. Granzyme B and
perforin are important for regulatory T cell-mediated suppression of tumor clearance. Immunity 2007, 27,
635-646. [CrossRef]

Grossman, W].; Verbsky, ].W,; Barchet, W.; Colonna, M.; Atkinson, ].P.; Ley, T.]. Human T regulatory cells can
use the perforin pathway to cause autologous target cell death. Immunity 2004, 21, 589-601. [CrossRef]
Miyara, M.; Sakaguchi, 5. Natural regulatory T cells: Mechanisms of suppression. Trends Mol. Med. 2007, 13,
108-116. [CrossRef]

Bardhan, K.; Anagnostou, T.; Boussiotis, V.A. The PD1:PD-L1/2 Pathway from Discovery to Clinical
Implementation. Front. Immunol. 2016, 7, 550. [CrossRef]

Sakuishi, K.; Ngiow, S.F; Sullivan, ] M.; Teng, M.W.; Kuchroo, VK.; Smyth, M.].; Anderson, A.C.
TIM3*FOXP3* regulatory T cells are tissue-specific promoters of T-cell dysfunction in cancer. Oncoimmunology
2013, 2, e23849. [CrossRef]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

144



Apendice I1

Cancers 2020, 12, 1888 14 0f19

36. Tariq, K.; Ghias, K. Colorectal cancer carcinogenesis: A review of mechanisms. Cancer Biol. Med. 2016, 13,
120-135. [CrossRef]

37. Sharma, R. An examination of colorectal cancer burden by socioeconomic status: Evidence from GLOBOCAN
2018. EPMA . 2020, 11, 95-117. [CrossRef]

38. Jemal, A.; Center, M.M.; DeSantis, C.; Ward, E.M. Global patterns of cancer incidence and mortality rates and
trends. Cancer Epidemiol. Biomark. Prev. 2010, 19, 1893-1907. [CrossRef]

39. Jemal, A; Siegel, R; Xu, ].; Ward, E. Cancer statistics, 2010. CA Cancer |. Clin. 2010, 60, 277-300. [CrossRef]

40. Siegel, R.; Desantis, C; Jemal, A. Colorectal cancer statistics, 2014. CA Cancer |. Clin. 2014, 64, 104-117.
[CrossRef]

41. Jess, T.; Frisch, M.; Simonsen, ]. Trends in overall and cause-specific mortality among patients with
inflammatory bowel disease from 1982 to 2010. Clin. Gastroenterol. Hepatol. 2013, 11, 43-48. [CrossRef]

42.  Terzic, J.; Grivennikov, S.; Karin, E.; Karin, M. Inflammation and colon cancer. Gastroenterology 2010, 138,
2101-2114.e5. [CrossRef]

43. Resch, A.; Langner, C. Risk assessment in early colorectal cancer: Histological and molecular markers.
Dig. Dis. 2015, 33, 77-85. [CrossRef]

44, Rooney, M.S,; Shukla, S.A.; Wu, C].; Getz, G.; Hacohen, N. Molecular and genetic properties of tumors
associated with local immune cytolytic activity. Cell 2015, 160, 48-61. [CrossRef]

45.  de Vries, N.L.; Swets, M.; Vahrmeijer, A.L.; Hokland, M.; Kuppen, P]. The Immunogenicity of Colorectal
Cancer in Relation to Tumor Development and Treatment. Int. |. Mol. Sci. 2016, 17, 1030. [CrossRef]

46. Schreiber, RD.; Old, L.]J.; Smyth, M.]. Cancer immunoediting: Integrating immunity’s roles in cancer
suppression and promotion. Science 2011, 331, 1565-1570. [CrossRef]

47. Biswas, 5.K.; Mantovani, A. Macrophage plasticity and interaction with lymphocyte subsets: Cancer as a
paradigm. Nat. Immunol. 2010, 11, 889-896. [CrossRef]

48. Galdiero, M.R.; Bonavita, E.; Barajon, I.; Garlanda, C.; Mantovani, A.;Jaillon, S. Tumor associated macrophages
and neutrophils in cancer. Immunobiology 2013, 218, 1402-1410. [CrossRef]

49. Ling, Z.A; Zhang, L].; Ye, ZH.; Dang, YW.; Chen, G.; Li, R.L.; Zeng, ].]. Immunohistochemical distribution
of FOXP3* regulatory T cells in colorectal cancer patients. Int. ]. Clin. Exp. Pathol. 2018, 11, 1841-1854.

50. Ma, Q.; Liu, J.; Wy, G; Teng, M.; Wang, 5.; Cui, M.; Li, Y. Co-expression of LAG3 and TIM3 identifies
a potent Treg population that suppresses macrophage functions in colorectal cancer patients. Clin. Exp.
Pharmacol. Physiol. 2018, 45, 1002-1009. [CrossRef]

51. Norton, S.E.; Ward-Hartstonge, K.A.; McCall, ].L.; Leman, ].K.H.; Taylor, E.5.; Munro, E; Black, M.A;
Fazekas de St Groth, B.; McGuire, H.M.; Kemp, R.A. High-Dimensional Mass Cytometric Analysis Reveals
an Increase in Effector Regulatory T Cells as a Distinguishing Feature of Colorectal Tumors. |. Immunol. 2019,
202, 1871-1884. [CrossRef]

52. Loddenkemper, C.; Schernus, M.; Noutsias, M.; Stein, H.; Thiel, E.; Nagorsen, D. In situ analysis of FOXP3*
regulatory T cells in human colorectal cancer. |. Transl. Med. 2006, 4, 52. [CrossRef]

53. Xu, W; Liu, H,; Song, |.; Fu, HX; Qiu, L.; Zhang, B.E; Li, HZ.; Bai, ].; Zheng, ].N. The appearance of Tregs
in cancer nest is a promising independent risk factor in colon cancer. |. Cancer Res. Clin. Oncol. 2013, 139,
1845-1852. [CrossRef]

54. Liu, Z,; Huang, Q,; Liu, G; Dang, L.; Chu, D.; Tao, K.; Wang, W. Presence of FOXP3* Treg cells is correlated
with colorectal cancer progression. Int. . Clin. Exp. Med. 2014, 7, 1781-1785.

55. Clarke, S.L.; Betts, G.].; Plant, A.; Wright, K.L.; El-Shanawany, T.M.; Harrop, R.; Torkington, J.; Rees, B.L;
Williams, G.T.; Gallimore, A.M.; et al. CD4*CD25*FOXP3* regulatory T cells suppress anti-tumor immune
responses in patients with colorectal cancer. PLoS ONE 2006, 1, e129. [CrossRef]

56. Deng, L.; Zhang, H.; Luan, Y.; Zhang, J.; Xing, Q.; Dong, S.; Wu, X,; Liu, M.; Wang, S. Accumulation of foxp3*
T regulatory cells in draining lymph nodes correlates with disease progression and immune suppression in
colorectal cancer patients. Clin. Cancer Res. 2010, 16, 4105-4112. [CrossRef]

57. Fujimoto, H,; Saito, Y.; Ohuchida, K.; Kawakami, E.; Fujiki, 5.; Watanabe, T.; Ono, R.; Kaneko, A.; Takagi, 5.;
Najima, Y.; et al. Deregulated Mucosal Immune Surveillance through Gut-Associated Regulatory T Cells
and PD-1* T Cells in Human Colorectal Cancer. |. Immunol. 2018, 200, 3291-3303. [CrossRef]

58. Bonertz, A.; Weitz, ].; Pietsch, D.H.; Rahbari, N.N.; Schlude, C.; Ge, Y.; Juenger, S.; Vlodavsky, L; Khazaie, K_;

Jaeger, D.; etal. Antigen-specific Tregs control T cell responses against a limited repertoire of tumor antigens
in patients with colorectal carcinoma. J. Clin. Investig. 2009, 119, 3311-3321. [CrossRef] [PubMed]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

145



Apendice I1

Cancers 2020, 12, 1888 150f 19

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Tanaka, T.; Kohno, H.; Suzuki, R.; Yamada, Y.; Sugie, 5.; Mori, H. A novel inflammation-related mouse colon
carcinogenesis model induced by azoxymethane and dextran sodium sulfate. Cancer Sci. 2003, 94, 965-973.
[CrossRef]

Pastille, E.; Bardini, K.; Fleissner, D.; Adamczyk, A.; Frede, A.; Wadwa, M.; von Smolinski, D.; Kasper, 5.;
Sparwasser, T.; Gruber, A.D.; et al. Transient ablation of regulatory T cells improves antitumor immunity in
colitis-associated colon cancer. Cancer Res. 2014, 74, 4258-4269. [CrossRef]

Grimmig, T.; Kim, M.; Germer, C.T.; Gasser, M.; Waaga-Gasser, A.M. The role of FOXP3 in disease progression
in colorectal cancer patients. Oncoimmunology 2013, 2, e24521. [CrossRef] [PubMed]

Lahl, K.; Loddenkemper, C.; Drouin, C.; Freyer, ].; Amason, ].; Eberl, G.; Hamann, A.; Wagner, H.; Huehn, J.;
Sparwasser, T. Selective depletion of Foxp3* regulatory T cells induces a scurfy-like disease. |. Exp. Med.
2007, 204, 57-63. [CrossRef] [PubMed]

Olguin, J.E; Medina-Andrade, I; Molina, E; Vazquez, A.; Pacheco-Fernandez, T.; Saavedra, R;
Perez-Plasencia, C.; Chirino, Y.L; Vaca-Paniagua, F.; Arias-Romero, L.E.; et al. Early and Partial Reduction in
CD4*Foxp3* Regulatory T Cells during Colitis-Associated Colon Cancer Induces CD4* and CD8* T Cell
Activation Inhibiting Tumorigenesis. |. Cancer 2018, 9, 239-249. [CrossRef]

Kazama, K.; Otake, ].; Satoyoshi, T.; Shiozawa, M.; Sugano, N.; Sato, 5.; Atsumi, Y.; Kano, K.; Murakawa, M.;
Maezawa, Y.; et al. Distribution of Regulatory T-Cells and Other Phenotypes of T-Cells in Tumors and
Regional Lymph Nodes of Colorectal Cancer Patients. In Vivo 2020, 34, 849-856. [CrossRef]

James, E.; Yeh, A.; King, C.; Korangy, E; Bailey, L; Boulanger, D.5.; Van den Eynde, B.].; Murray, N.; Elliott, T.].
Differential suppression of tumor-specific CD8* T cells by regulatory T cells. |. Immunol. 2010, 185, 5048-5055.
[CrossRef]

Stagg, ].; Divisekera, U.; Duret, H.; Sparwasser, T.; Teng, M.W.; Darcy, P.K.; Smyth, M.]. CD73-deficient
mice have increased antitumor immunity and are resistant to experimental metastasis. Cancer Res. 2011, 71,
2892-2900. [CrossRef] [PubMed]

Moser, A.R.; Pitot, H.C.; Dove, W.E. A dominant mutation that predisposes to multiple intestinal neoplasia in
the mouse. Science 1990, 247, 322-324. [CrossRef]

Niho, N.; Takahashi, M.; Kitamura, T.; Shoji, Y.; Itoh, M.; Noda, T.; Sugimura, T.; Wakabayashi, K.
Concomitant suppression of hyperlipidemia and intestinal polyp formation in Apc-deficient mice by
peroxisome proliferator-activated receptor ligands. Cancer Res. 2003, 63, 6090-6095.

Akeus, P; Langenes, V.; von Mentzer, A; Yrlid, U.; Sjoling, A.; Saksena, P.; Raghavan, 5.; Quiding-Jarbrink, M.
Altered chemokine production and accumulation of regulatory T cells in intestinal adenomas of APC(Min/+)
mice. Cancer Immunol. Immunother. CII 2014, 63, 807-819. [CrossRef]

Akeus, P; Langenes, V; Kristensen, |.; von Mentzer, A.; Sparwasser, T.; Raghavan, S5.; Quiding-Jarbrink, M.
Treg-cell depletion promotes chemokine production and accumulation of CXCR3" conventional T cells in
intestinal tumors. Eur. |. Immunol. 2015, 45, 1654-1666. [CrossRef]

Akeus, P; Szeponik, L.; Ahlmanner, E; Sundstrom, P.; Alsen, S.; Gustavsson, B.; Sparwasser, T.; Raghavan, 5.;
Quiding-Jarbrink, M. Regulatory T cells control endothelial chemokine production and migration of T cells
into intestinal tumors of APC(min/+) mice. Cancer Immunol. Immunother. CII 2018, 67, 1067-1077. [CrossRef]
[PubMed]

Abron, ].D.; Singh, N.P.;; Murphy, A.E.; Mishra, M.K_; Price, R L.; Nagarkatti, M.; Nagarkatti, P.5.; Singh, U.F.
Differential role of CXCR3 in inflammation and colorectal cancer. Oncotarget 2018, 9, 17928-17936. [CrossRef]
[PubMed]

Chung, AY,; Li, Q.; Blair, 5].; De Jesus, M.; Dennis, K.L.; LeVea, C; Yao, J.; Sun, Y.; Conway, T.E;
Virtuoso, L.P; et al. Oral interleukin-10 alleviates polyposis via neutralization of pathogenic T-regulatory
cells. Cancer Res. 2014, 74, 5377-5385. [CrossRef]

Szeponik, L.; Akeus, P.; Rodin, W.; Raghavan, 5.; Quiding-Jarbrink, M. Regulatory T cells specifically suppress
conventional CD8alphabeta T cells in intestinal tumors of APC(Min/+) mice. Cancer Immunol. Immunother. CII
2020. [CrossRef] [PubMed]

Dennis, K.L.; Wang, Y.; Blatner, N.R.; Wang, S.; Saadalla, A.; Trudeau, E.; Roers, A.; Weaver, C.T.; Lee, .].;
Gilbert, J.A.; et al. Adenomatous polyps are driven by microbe-instigated focal inflammation and are
controlled by IL-10-producing T cells. Cancer Res. 2013, 73, 5905-5913. [CrossRef] [PubMed]

Romagnani, 5. The Th1/Th2 paradigm. Immunol. Today 1997, 18, 263-266. [CrossRef]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

146



Apendice I1

Cancers 2020, 12, 1888 16 of 19

77. Lee, YK, Mukasa, R.; Hatton, RD.; Weaver, C.T. Developmental plasticity of Th17 and Treg cells.
Curr. Opin. Immunol. 2009, 21, 274-280. [CrossRef]

78.  O’Shea, ].].; Paul, W.E. Mechanisms underlying lineage commitment and plasticity of helper CD4* T cells.
Science 2010, 327, 1098-1102. [CrossRef] [PubMed)]

79. Galli, 5.].; Borregaard, N.; Wynn, T.A. Phenotypic and functional plasticity of cells of innate immunity:
Macrophages, mast cells and neutrophils. Nat. Immunol. 2011, 12, 1035-1044. [CrossRef]

80. Ma, C; Dong, X. Colorectal cancer-derived Foxp3* IL-17% T cells suppress tumour-specific CD8" T cells.
Scand. |. Immunol. 2011, 74, 47-51. [CrossRef]

81. Kryczek, L;Wu, K ; Zhao, E.; Wei, S.; Vatan, L.; Szeliga, W.; Huang, E.; Greenson, J.; Chang, A.; Rolinski, ].; et al.
IL-17* regulatory T cells in the microenvironments of chronic inflammation and cancer. |. Immunol. 2011,
186, 4388-4395. [CrossRef] [PubMed]

82. Li, L,; Boussiotis, V.A. The role of IL-17-producing Foxp3* CD4* T cells in inflammatory bowel disease and
colon cancer. Clin. Immunol. 2013, 148, 246-253. [CrossRef] [PubMed]

83. Rizzo, A.; Di Giovangiulio, M.; Stolfi, C.; Franze, E.; Fehling, H.].; Carsetti, R.; Giorda, E.; Colantoni, A.;
Ortenzi, A.; Rugge, M.; et al. RORgammat-Expressing Tregs Drive the Growth of Colitis- Associated Colorectal
Cancer by Controlling [L6 in Dendritic Cells. Cancer Immunol. Res. 2018, 6, 1082-1092. [CrossRef] [PubMed]

84. Blatmer, N.R.; Mulcahy, M.E; Dennis, K.L.; Scholtens, D.; Bentrem, D.J.; Phillips, ].D.; Ham, S.; Sandall, B.P;
Khan, M.W.; Mahvi, D.M.; et al. Expression of RORgammat marks a pathogenic regulatory T cell subset in
human colon cancer. Sci. Transl. Med. 2012, 4, 164ra159. [CrossRef] [PubMed]

85. Keerthivasan, 5.; Aghajani, K.; Dose, M.; Molinero, L.; Khan, MW.; Venkateswaran, V.; Weber, C;
Emmanuel, A.O.; Sun, T.; Bentrem, D.J.; et al. beta-Catenin promotes colitis and colon cancer through
imprinting of proinflammatory properties in T cells. Sci. Transl. Med. 2014, 6, 225ra228. [CrossRef] [PubMed]

86. Ward-Hartstonge, K.A.; McCall, ].L.; McCulloch, T.R.; Kamps, A.K.; Girardin, A.; Cretney, E.; Munro, EM,;
Kemp, R.A. Inclusion of BLIMP-17 effector regulatory T cells improves the Immunoscore in a cohort of
New Zealand colorectal cancer patients: A pilot study. Cancer Immunol. Immunother. CII 2017, 66, 515-522.
[CrossRef] [PubMed]

87. Saito, T.; Nishikawa, H.; Wada, H.; Nagano, Y.; Sugiyama, D.; Atarashi, K.; Maeda, Y.; Hamaguchi, M.;
Ohkura, N.; Sato, E.; et al. Two FOXP3*CD4" T cell subpopulations distinctly control the prognosis of
colorectal cancers. Nat. Med. 2016, 22, 679-684. [CrossRef]

88. Scurr, M.; Ladell, K.; Besneux, M.; Christian, A.; Hockey, T.; Smart, K.; Bridgeman, H.; Hargest, R.; Phillips, 5.;
Davies, M.; et al. Highly prevalent colorectal cancer-infiltrating LAP* Foxp3™ T cells exhibit more potent
immunosuppressive activity than Foxp3* regulatory T cells. Mucosal Immunol. 2014, 7, 428-439. [CrossRef]

89. Shevach, EM.; Thornton, A.M. tTregs, pTregs, and iTregs: Similarities and differences. Immunol. Rev. 2014,
259, 88-102. [CrossRef]

90. Syed Khaja, A.S.; Toor, S.M.; El Salhat, H.; Ali, B.R; Elkord, E. Intratumoral FoxP3*Helios™ Regulatory T Cells
Upregulating Immunosuppressive Molecules Are Expanded in Human Colorectal Cancer. Front. Immunol.
2017, 8, 619. [CrossRef]

91. Ma, Y,; Chen, L; Xie, G.; Zhou, Y;; Yue, C; Yuan, X.; Zheng, Y.; Wang, W.; Deng, L.; Shen, L. Elevated level
of interleukin-35 in colorectal cancer induces conversion of T cells into iTr35 by activating STAT1/STAT3.
Oncotarget 2016, 7, 73003-73015. [CrossRef] [PubMed]

92. Chang, LY.; Lin, Y.C,; Mahalingam, J.; Huang, C.T.; Chen, TW,; Kang, CW.; Peng, HM.; Chu, Y.Y,;
Chiang, ] M.; Dutta, A.; et al. Tumor-derived chemokine CCL5 enhances TGF-beta-mediated killing of CD8*
T cells in colon cancer by T-regulatory cells. Cancer Res. 2012, 72, 1092-1102. [CrossRef] [PubMed]

93. Ward, 5.T; Li, KK_; Hepburn, E.; Weston, C].; Curbishley, 5.M.; Reynolds, G.M.; Hejmadi, R.K.; Bicknell, R.;
Eksteen, B.; Ismail, T; et al. The effects of CCRS5 inhibition on regulatory T-cell recruitment to colorectal
cancer. Br. J. Cancer 2015, 112, 319-328. [CrossRef] [PubMed]

94. Markowitz, S.; Wang, ].; Myeroff, L.; Parsons, R.; Sun, L.; Lutterbaugh, J.; Fan, R.S5.; Zborowska, E.;
Kinzler, KW.; Vogelstein, B.; et al. Inactivation of the type II TGF-beta receptor in colon cancer cells with
microsatellite instability. Science 1995, 268, 1336-1338. [CrossRef]

95. Taniuchi, L; Osato, M.; Egawa, T.; Sunshine, M.].; Bae, 5.C.; Komori, T; Ito, Y.; Littman, D.R. Differential
requirements for Runx proteins in CD4 repression and epigenetic silencing during T lymphocyte development.
Cell 2002, 111, 621-633. [CrossRef]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 147



Apendice I1

Cancers 2020, 12, 1888 17 of 19

96.

98.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

Sato, T.; Ohno, S.; Hayashi, T.; Sato, C.; Kohu, K.; Satake, M.; Habu, 5. Dual functions of Runx proteins for
reactivating CD8 and silencing CD4 at the commitment process into CD8 thymocytes. Immunity 2005, 22,
317-328. [CrossRef]

Sugai, M.; Aoki, K.; Osato, M.; Nambu, Y.; Ito, K.; Taketo, M.M.; Shimizu, A. Runx3 is required for full
activation of regulatory T cells to prevent colitis-associated tumor formation. |. Immunol. 2011, 186, 6515-6520.
[CrossRef]

Salem, M.; Wallace, C.; Velegraki, M.; Li, A.; Ansa-Addo, E.; Metelli, A.; Kwon, H.; Riesenberg, B.; Wu, B;
Zhang, Y.; et al. GARP Dampens Cancer Immunity by Sustaining Function and Accumulation of Regulatory
T Cells in the Colon. Cancer Res. 2019, 79, 1178-1190. [CrossRef]

Hatzioannou, A.; Banos, A.; Sakelaropoulos, T.; Fedonidis, C.; Vidali, M.S.; Kohne, M.; Handler, K.; Boon, L.;
Henriques, A.; Koliaraki, V.; et al. An intrinsic role of [L-33 in Treg cell-mediated tumor immunoevasion.
Nat. Immunol. 2020, 21, 75-85. [CrossRef]

Cui, G,; Yuan, A; Li, Z.; Goll, R.; Florholmen, J. 5T2 and regulatory T cells in the colorectal adenoma/carcinoma
microenvironment: Implications for diseases progression and prognosis. Sci. Rep. 2020, 10, 5892. [CrossRef]
Suzuki, H.; Onishi, H.; Morisaki, T.; Tanaka, M.; Katano, M. Intratumoral FOXP3+VEGFR2* regulatory T
cells are predictive markers for recurrence and survival in patients with colorectal cancer. Clin. Immunol.
2013, 146, 26-33. [CrossRef] [PubMed]

Takamatsu, M.; Hirata, A.; Ohtaki, H.; Hoshi, M.; Ando, T.; Ito, H.; Hatano, Y.; Tomita, H.; Kuno, T;
Saito, K.; et al. Inhibition of indoleamine 2,3-dioxygenase 1 expression alters immune response in colon
tumor microenvironment in mice. Cancer Sci. 2015, 106, 1008-1015. [CrossRef] [PubMed)]

Strasser, K.; Birnleitner, H.; Beer, A; Pils, D.; Gerner, M.C.; Schmetterer, K.G.; Bachleitner-Hofmann, T.;
Stift, A.; Bergmann, M.; Oehler, R. Immunological differences between colorectal cancer and normal mucosa
uncover a prognostically relevant immune cell profile. Oncoimmunology 2019, 8, e1537693. [CrossRef]
[PubMed]

Sundstrom, P; Stenstad, H.; Langenes, V.; Ahlmanner, E; Theander, L.; Ndah, T.G.; Fredin, K.; Borjesson, L.;
Gustavsson, B.; Bastid, J.; et al. Regulatory T Cells from Colon Cancer Patients Inhibit Effector T-cell Migration
through an Adenosine-Dependent Mechanism. Cancer Immunol. Res. 2016, 4, 183-193. [CrossRef] [PubMed]
Johdi, N.A ; Ait-Tahar, K.; Sagap, I.; Jamal, R. Molecular Signatures of Human Regulatory T Cells in Colorectal
Cancer and Polyps. Front. Immunol. 2017, 8, 620. [CrossRef]

Waniczek, D.; Lorenc, Z.; Snietura, M.; Wesecki, M.; Kopec, A.; Muc-Wierzgon, M. Tumor-Associated
Macrophages and Regulatory T Cells Infiltration and the Clinical Outcome in Colorectal Cancer. Arch. Immunol.
Ther. Exp. 2017, 65, 445-454. [CrossRef]

Liu, J.; Zhang, N.; Li, Q.; Zhang, W.; Ke, E; Leng, Q.; Wang, H.; Chen, ].; Wang, H. Tumor-associated
macrophages recruit CCR6% regulatory T cells and promote the development of colorectal cancer via
enhancing CCL20 production in mice. PLoS ONE 2011, 6, e19495. [CrossRef]

Blatner, N.R.; Bonertz, A.; Beckhove, P; Cheon, E.C.; Krantz, S5.B.; Strouch, M.; Weitz, ].; Koch, M.;
Halverson, A.L.; Bentrem, D.].; et al. In colorectal cancer mast cells contribute to systemic regulatory T-cell
dysfunction. Proc. Natl. Acad. Sci. USA 2010, 107, 6430-6435. [CrossRef]

Coppola, A.; Arriga, R.; Lauro, D.; Del Principe, M.L; Buccisano, E; Maurillo, L.; Palomba, P.; Venditti, A.;
Sconocchia, G. NK Cell Inflammation in the Clinical Outcome of Colorectal Carcinoma. Front. Med. 2015,
2, 33. [CrossRef]

Krijgsman, D.; de Vries, N.L.; Skovbo, A.; Andersen, M.N.; Swets, M.; Bastiaannet, E.; Vahrmeijer, A.L.;
van de Velde, C.]. H.; Heemskerk, M.H.M.; Hokland, M.; et al. Characterization of circulating T-, NK-,
and NKT cell subsets in patients with colorectal cancer: The peripheral blood immune cell profile.
Cancer Immunol. Immunother. CII 2019, 68, 1011-1024. [CrossRef]

Janakiram, N.B.; Mohammed, A.; Bryant, T.; Brewer, M.; Biddick, L.; Lightfoot, 5.; Lang, M.L.; Rao, C.V.
Adoptive transfer of regulatory T cells promotes intestinal tumorigenesis and is associated with decreased
NK cells and IL-22 binding protein. Mol. Carcinog. 2015, 54, 986-998. [CrossRef]

Ishikawa, T.; Okayama, T.; Sakamoto, N.; Ideno, M.; Oka, K.; Enoki, T.; Mineno, ].; Yoshida, N.; Katada, K ;
Kamada, K.; et al. Phase I clinical trial of adoptive transfer of expanded natural killer cells in combination
with IgG1 antibody in patients with gastric or colorectal cancer. Int. |. Cancer 2018, 142, 2599-2609. [CrossRef]
[PubMed]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

148



Apendice I1

Cancers 2020, 12, 1888 18 of 19

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Bellone, M.; Ceccon, M.; Grioni, M.; Jachetti, E.; Calcinotto, A.; Napolitano, A.; Freschi, M.; Casorati, G.;
Dellabona, P. iNKT cells control mouse spontaneous carcinoma independently of tumor-specific cytotoxic T
cells. PLoS ONE 2010, 5, e8646. [CrossRef] [PubMed]

Wang, Y.; Sedimbi, S.; Lofbom, L.; Singh, A.K.; Porcelli, S.A.; Cardell, 5.L. Unique invariant natural killer T cells
promote intestinal polyps by suppressing TH1 immunity and promoting regulatory T cells. Mucosal Immunol.
2018, 11, 131-143. [CrossRef] [PubMed]

Attia, P.; Maker, A.V.; Haworth, LR.; Rogers-Freezer, L.; Rosenberg, S.A. Inability of a fusion protein of [L-2
and diphtheria toxin (Denileukin Diftitox, DAB389IL-2, ONTAK) to eliminate regulatory T lymphocytes in
patients with melanoma. |. Immunother. 2005, 28, 582-592. [CrossRef] [PubMed]

Dannull, ].; Su, Z.; Rizzieri, D.; Yang, B.K.; Coleman, D.; Yancey, D.; Zhang, A.; Dahm, F.; Chao, N.; Gilboa, E.;
et al. Enhancement of vaccine-mediated antitumor immunity in cancer patients after depletion of regulatory
T cells. |. Clin. Investig. 2005, 115, 3623-3633. [CrossRef]

Malvicini, M.; Ingolotti, M.; Piccioni, E; Garcia, M.; Bayo, ].; Atorrasagasti, C.; Alaniz, L.; Aquino, ].B.;
Espinoza, J.A.; Gidekel, M.; et al. Reversal of gastrointestinal carcinoma-induced immunosuppression and
induction of antitumoural immunity by a combination of cyclophosphamide and gene transfer of IL-12.
Mol. Oncol. 2011, 5, 242-255. [CrossRef]

Das, M.; Zhu, C.; Kuchroo, V.K. Tim-3 and its role in regulating anti-tumor immunity. Immunol. Rev. 2017,
276, 97-111. [CrossRef]

Sakuishi, K.; Apetoh, L.; Sullivan, ].M.; Blazar, B.R.; Kuchroo, VK.; Anderson, A.C. Targeting Tim-3 and PD-1
pathways to reverse T cell exhaustion and restore anti-tumor immunity. |. Exp. Med. 2010, 207, 2187-2194.
[CrossRef]

Liu, J.; Zhang, 5.; Hu, Y,; Yang, Z; L4, ].; Liu, X,; Deng, L.; Wang, Y.; Zhang, X; Jiang, T.; et al. Targeting
PD-1 and Tim-3 Pathways to Reverse CD8 T-Cell Exhaustion and Enhance Ex Vivo T-Cell Responses to
Autologous Dendritic/Tumor Vaccines. J. Immunother. 2016, 39, 171-180. [CrossRef]

Zhou, G.; Noordam, L.; Sprengers, D.; Doukas, M.; Boor, P.P.C.; van Beek, A.A.; Erkens, R.; Mancham, 5.;
Grunhagen, D.; Menon, A.G,; et al. Blockade of LAG3 enhances responses of tumor-infiltrating T cells in
mismatch repair-proficient liver metastases of colorectal cancer. Oncoimmunology 2018, 7, e1448332. [CrossRef]
[PubMed]

Wing, K.; Onishi, Y.; Prieto-Martin, P.; Yamaguchi, T.; Miyara, M.; Fehervari, Z.; Nomura, T.; Sakaguchi, S.
CTLA-4 control over Foxp3* regulatory T cell function. Science 2008, 322, 271-275. [CrossRef]

Selby, M.].; Engelhardt, ].].; Quigley, M.; Henning, KA ; Chen, T; Srinivasan, M.; Korman, A.]. Anti-CTLA-4
antibodies of Ig(G2a isotype enhance antitumor activity through reduction of intratumoral regulatory T cells.
Cancer Immunol. Res. 2013, 1, 32-42. [CrossRef]

Scurr, M.; Pembroke, T.; Bloom, A.; Roberts, D.; Thomson, A.; Smart, K.; Bridgeman, H.; Adams, R;
Brewster, A.; Jones, R.; et al. Low-Dose Cyclophosphamide Induces Antitumor T-Cell Responses,
which Associate with Survival in Metastatic Colorectal Cancer. Clin. Cancer Res. 2017, 23, 6771-6780.
[CrossRef] [PubMed]

Hanggi, K.; Ruffell, B. Oncogenic KRAS Drives Immune Suppression in Colorectal Cancer. Cancer Cell 2019,
35, 535-537. [CrossRef]

Zdanov, 5.; Mandapathil, M.; Abu Eid, R.; Adamson-Fadeyi, S.; Wilson, W.; Qian, ].; Carnie, A.; Tarasova, N.;
Mkrtichyan, M.; Berzofsky, ].A.; et al. Mutant KRAS Conversion of Conventional T Cells into Regulatory T
Cells. Cancer Immunol. Res. 2016, 4, 354-365. [CrossRef] [PubMed]

Aguera-Gonzalez, S.; Burton, O.T,; Vazquez-Chavez, E.; Cuche, C.; Herit, E; Bouchet, ].; Lasserre, R;
Del Rio-Iniguez, I; Di Bartolo, V.; Alcover, A. Adenomatous Polyposis Coli Defines Treg Differentiation and
Anti-inflammatory Function through Microtubule-Mediated NFAT Localization. Cell Rep. 2017, 21, 181-194.
[CrossRef] [PubMed)]

Bueter, M.; Gasser, M.; Schramm, N.; Lebedeva, T.; Tocco, G.; Gerstlauer, C.; Grimm, M.; Nichiporuk, E.;
Thalheimer, A.; Thiede, A.; et al. T-cell response to p53 tumor-associated antigen in patients with colorectal

carcinoma. Int. J. Oncol. 2006, 28, 431-438. [C] )
Dammeijer, E; Lau, S.P; van Eijck, C.HJ.; van d Nttp://dx.doi.org/10.1158/2326-6066.CIR-15

to improve efficacy of immune checkpoint blockade in solid tumors. Cytokine Growth Factor Rev. 2017, 36,
5-15. [CrossRef]

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

149



Apendice I1

Cancers 2020, 12, 1888 19 of 19

130.

131.

132.

133.

134.

135.

Kamada, T.; Togashi, Y.; Tay, C.; Ha, D.; Sasaki, A.; Nakamura, Y.; Sato, E.; Fukuoka, 5.; Tada, Y.;
Tanaka, A.; et al. PD-1* regulatory T cells amplified by PD-1 blockade promote hyperprogression of cancer.
Proc. Natl. Acad. Sci. USA 2019, 116, 9999-10008. [CrossRef]

Liao, W.; Overman, M.].; Boutin, A.T.; Shang, X.; Zhao, D.; Dey, P.; Li, ].; Wang, G.; Lan, Z.; 1j, J.; et al.
KRAS-IRF2 Axis Drives Immune Suppression and Immune Therapy Resistance in Colorectal Cancer.
Cancer Cell 2019, 35, 559-572.€7. [CrossRef]

Dosset, M.; Vargas, TR.; Lagrange, A.; Boidot, R.; Vegran, E; Roussey, A.; Chalmin, E; Dondaine, L,;
Paul, C.; Lauret Marie-Joseph, E.; et al. PD-1/PD-L1 pathway: An adaptive immune resistance mechanism to
immunogenic chemotherapy in colorectal cancer. Oncoimmunology 2018, 7, €1433981. [CrossRef]

Guan, Y.; Kraus, 5.G.; Quaney, M.].; Daniels, M.A.; Mitchem, ].B.; Teixeiro, E. FOLFOX Chemotherapy
Ameliorates CD8 T Lymphocyte Exhaustion and Enhances Checkpoint Blockade Efficacy in Colorectal
Cancer. Front. Oncol. 2020, 10, 586. [CrossRef] [PubMed]

Leon-Cabrera, 5.A.; Molina-Guzman, E.; Delgado-Ramirez, Y.G.; Vazquez-Sandoval, A.; Ledesma-Soto, Y.;
Perez-Plasencia, C.G.; Chirino, Y.I; Delgado-Buenrostro, N.L.; Rodriguez-Sosa, M.; Vaca-Paniagua, F; et al.
Lack of STAT6 Attenuates Inflammation and Drives Protection against Early Steps of Colitis- Associated
Colon Cancer. Cancer Immunol. Res. 2017, 5, 385-396. [CrossRef] [PubMed]

Mendoza-Rodriguez, M.G.; Sanchez-Barrera, C.A.; Callejas, B.E.; Garcia-Castillo, V.; Beristain-Terrazas, D.L.;
Delgado-Buenrostro, N.L.; Chirino, Y.I; Leon-Cabrera, 5.A.; Rodriguez-Sosa, M.; Gutierrez-Cirlos, E.B.; et al.
Use of STAT6 Phosphorylation Inhibitor and Trimethylglycine as New Adjuvant Therapies for 5-Fluorouracil
in Colitis- Associated Tumorigenesis. Int. |. Mol. Sci. 2020, 21, 2130. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
|@ | article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ

150



Referenciasl

Referencias

1. Weiss, G. and U.E. Schaible, Macrophage defense mechanisms against intracellular bacteria.
Immunological reviews, 2015. 264(1): p. 182-203.

2. Koo, S.-j., et al., Macrophages promote oxidative metabolism to drive nitric oxide generation in response
to Trypanosoma cruzi. Infection and immunity, 2016. 84(12): p. 3527-3541.

3. Chavez-Galan, L., et al., Much more than M1 and M2 macrophages, there are also CD169+ and TCR+
macrophages. Frontiers in immunology, 2015. 6: p. 263.

4, RassiJr, A., A. Rassi, and J.A. Marin-Neto, Chagas disease. The Lancet, 2010. 375(9723): p. 1388-1402.

5. David Sibley, L., Invasion and intracellular survival by protozoan parasites. Immunological reviews, 2011.
240(1): p. 72-91.

6. Fearon, M.A,, et al., A case of vertical transmission of Chagas disease contracted via blood transfusion in
Canada. Canadian Journal of Infectious Diseases and Medical Microbiology, 2013. 24(1): p. 32-34.

7. Kransdorf, E.P., P.C. Zakowski, and J.A. Kobashigawa, Chagas disease in solid organ and heart
transplantation. Current opinion in infectious diseases, 2014. 27(5): p. 418-424.

8. Shikanai-Yasuda, M.A. and N.B. Carvalho, Oral transmission of Chagas disease. Clinical Infectious Diseases,
2012. 54(6): p. 845-852.

9. Carlier, Y., et al., Congenital Chagas disease: an update. Memorias do Instituto Oswaldo Cruz, 2015.
110(3): p. 363-368.

10. Abad-Franch, F., et al., On palms, bugs, and Chagas disease in the Americas. Acta tropica, 2015. 151: p.
126-141.

11. de Souza, W., T.M.U. de Carvalho, and E.S. Barrias, Review on Trypanosoma cruzi: host cell interaction.
International journal of cell biology, 2010. 2010.

12. Salud, 0.M.d.l., La enfermedad de Chagas (tripanosomiasis americana). Organizacion Mundial de la Salud,
2017.

13. Bern, C., et al., Trypanosoma cruzi and Chagas' disease in the United States. Clinical microbiology reviews,
2011. 24(4): p. 655-681.

14. Angheben, A, et al., Chagas disease in Italy: breaking an epidemiological silence. Euro Surveill, 2011. 16:
p. 6-13.

15. Medina-Torres, |., et al., Risk factors associated with triatomines and its infection with Trypanosoma cruzi
in rural communities from the southern region of the state of Mexico, Mexico. The American journal of
tropical medicine and hygiene, 2010. 82(1): p. 49-54.

16. Machado, F.S., et al., Pathogenesis of Chagas disease: time to move on. Frontiers in bioscience (Elite

edition), 2012. 4: p. 1743.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 151



Referenciasl

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Flavia Nardy, A., C.G. Freire-de-Lima, and A. Morrot, Immune evasion strategies of Trypanosoma cruzi.
Journal of immunology research, 2015. 2015.

Castro, D.P., et al., Trypanosoma cruzi: ultrastructural studies of adhesion, lysis and biofilm formation by
Serratia marcescens. Experimental parasitology, 2007. 117(2): p. 201-207.

Alves, C.R., et al., Trypanosoma cruzi: attachment to perimicrovillar membrane glycoproteins of Rhodnius
prolixus. Experimental parasitology, 2007. 116(1): p. 44-52.

Nogueira, N.F., et al., Trypanosoma cruzi: involvement of glycoinositolphospholipids in the attachment to
the luminal midgut surface of Rhodnius prolixus. Experimental parasitology, 2007. 116(2): p. 120-128.

de Carvalho, T.M.U. and W. de Souza, Early events related with the behaviour of Trypanosoma cruzi within
an endocytic vacuole in mouse peritoneal macrophages. Cell structure and function, 1989. 14(4): p. 383-
392.

Epting, C.L., B.M. Coates, and D.M. Engman, Molecular mechanisms of host cell invasion by Trypanosoma
cruzi. Experimental parasitology, 2010. 126(3): p. 283-291.

Almeida, I.C. and R.T. Gazzinelli, Proinflammatory activity of glycosylphosphatidylinositol anchors derived
from Trypanosoma cruzi: structural and functional analyses. Journal of leukocyte biology, 2001. 70(4): p.
467-477.

Ropert, C., et al., Macrophage signaling by glycosylphosphatidylinositol-anchored mucin-like glycoproteins
derived from Trypanosoma cruzi trypomastigotes. Microbes and Infection, 2002. 4(9): p. 1015-1025.

Aoki, M.P., et al., Nonimmune cells contribute to crosstalk between immune cells and inflammatory
mediators in the innate response to Trypanosoma cruzi infection. Journal of parasitology research, 2012.
2012.

Silva, J., et al., Tumor necrosis factor alpha mediates resistance to in mice by inducing nitric oxide
production in infected IFN-y-activated macrophages. Infect. Immun, 1995. 63: p. 4862-4867.

Aliberti, J., et al., IL-12 mediates resistance to Trypanozoma cruzi infection in mice and is produced by
normal murine macrophages in response to live trypomastigote. Infect. Immun, 1996. 64: p. 1961-1967.

Van Voorhis, W.C., Coculture of human peripheral blood mononuclear cells with Trypanosoma cruzi leads
to proliferation of lymphocytes and cytokine production. The Journal of Immunology, 1992. 148(1): p. 239-
248.

Ropert, C. and R.T. Gazzinelli, Signaling of immune system cells by glycosylphosphatidylinositol (GPI)
anchor and related structures derived from parasitic protozoa. Current opinion in microbiology, 2000. 3(4):
p. 395-403.

Cardoso, M.S., J.L. Reis-Cunha, and D.C. Bartholomeu, Evasion of the immune response by Trypanosoma
cruzi during acute infection. Frontiers in Immunology, 2016. 6.

Xie, Z., M. Singh, and K. Singh, ERK1/2 and JNKs, but not p38 kinase, are involved in reactive oxygen species-
mediated induction of osteopontin gene expression by angiotensin Il and interleukin-18 in adult rat cardiac
fibroblasts. Journal of cellular physiology, 2004. 198(3): p. 399-407.

Deng, Y.T., H.C. Huang, and J.K. Lin, Rotenone induces apoptosis in MCF-7 human breast cancer cell-
mediated ROS through JNK and p38 signaling. Molecular Carcinogenesis, 2010. 49(2): p. 141-151.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 152



Referenciasl

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.
48.

49.

Kibbe, M.R., et al., Inducible nitric oxide synthase (iNOS) expression upregulates p21 and inhibits vascular
smooth muscle cell proliferation through p42/44 mitogen-activated protein kinase activation and
independent of p53 and cyclic guanosine monophosphate. Journal of vascular surgery, 2000. 31(6): p.
1214-1228.

Hannemann, N., et al.,, The AP-1 Transcription Factor c-Jun Promotes Arthritis by Regulating
Cyclooxygenase-2 and Arginase-1 Expression in Macrophages. ) Immunol, 2017. 198(9): p. 3605-3614.

Dutra, W.0,, et al., Immunoregulatory networks in human Chagas disease. Parasite immunology, 2014.
36(8): p. 377-387.

Campos, M.A. and R.T. Gazzinelli, Trypanosoma cruzi and its components as exogenous mediators of
inflammation recognized through Toll-like receptors. Mediators of inflammation, 2004. 13(3): p. 139-143.
Tarleton, R.L., Immune system recognition of Trypanosoma cruzi. Current opinion in immunology, 2007.
19(4): p. 430-434.

Kayama, H. and K. Takeda, The innate immune response to Trypanosoma cruzi infection. Microbes and
infection, 2010. 12(7): p. 511-517.

Jiang, D., et al., Regulation of lung injury and repair by Toll-like receptors and hyaluronan. Nature medicine,
2005. 11(11): p. 1173.

Zhang, Z. and H. Schluesener, Mammalian toll-like receptors: from endogenous ligands to tissue
regeneration. Cellular and Molecular Life Sciences CMLS, 2006. 63(24): p. 2901-2907.

Li, C., et al., Modulating Toll-like receptor mediated signaling by (1> 3)-8-D-glucan rapidly induces
cardioprotection. Cardiovascular Research, 2004. 61(3): p. 538-547.

Hua, F., et al., Protection against myocardial ischemia/reperfusion injury in TLR4-deficient mice is
mediated through a phosphoinositide 3-kinase-dependent mechanism. The Journal of Immunology, 2007.
178(11): p. 7317-7324.

Maganto-Garcia, E., et al., Rab5 Activation by Toll-Like Receptor 2 is Required for Trypanosoma cruzi
Internalization and Replication in Macrophages. Traffic, 2008. 9(8): p. 1299-1315.

Singh, S.K., et al., Characterization of murine MGL1 and MGL2 C-type lectins: distinct glycan specificities
and tumor binding properties. Mol Immunol, 2009. 46(6): p. 1240-9.

Oliveira, A.-C., et al., Expression of functional TLR4 confers proinflammatory responsiveness to
Trypanosoma cruzi glycoinositolphospholipids and higher resistance to infection with T. cruzi. The Journal
of Immunology, 2004. 173(9): p. 5688-5696.

Pellegrini, A., et al., The role of Toll-like receptors and adaptive immunity in the development of protective
or pathological immune response triggered by the Trypanosoma cruzi protozoan. Future microbiology,
2011.6(12): p. 1521-1533.

Kerrigan, A.M. and G.D. Brown, C-type lectins and phagocytosis. Inmunobiology, 2009. 214(7): p. 562-75.

Vajjhala, P.R., et al., The molecular mechanisms of signaling by cooperative assembly formation in innate
immunity pathways. Molecular immunology, 2017. 86: p. 23-37.

West, I. and O. Goldring, Lectin affinity chromatography. Protein Purification Protocols, 1996: p. 177-186.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 153



Referenciasl

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Sancho, D. and C. Reis e Sousa, Signaling by myeloid C-type lectin receptors in immunity and homeostasis.
Annual review of immunology, 2012. 30: p. 491-529.

Dam, T.K. and C.F. Brewer, Lectins as pattern recognition molecules: the effects of epitope density in innate
immunity. Glycobiology, 2009. 20(3): p. 270-279.

Van Kooyk, Y., C-type lectins on dendritic cells: key modulators for the induction of immune responses.
2008, Portland Press Limited.

Duverger, E., et al.,, Carbohydrate—lectin interactions assayed by SPR. Surface Plasmon Resonance:
Methods and Protocols, 2010: p. 157-178.

Vazquez-Mendoza, A, J.C. Carrero, and M. Rodriguez-Sosa, Parasitic infections: a role for C-type lectins
receptors. BioMed research international, 2013. 2013.

Chiffoleau, E., C-Type Lectin-Like Receptors As Emerging Orchestrators of Sterile Inflammation Represent
Potential Therapeutic Targets. Frontiers in immunology, 2018. 9: p. 227.

van Liempt, E., et al., Schistosoma mansoni soluble egg antigens are internalized by human dendritic cells
through multiple C-type lectins and suppress TLR-induced dendritic cell activation. Molecular immunology,
2007. 44(10): p. 2605-2615.

Raes, G., et al., Macrophage galactose-type C-type lectins as novel markers for alternatively activated
macrophages elicited by parasitic infections and allergic airway inflammation. J Leukoc Biol, 2005. 77(3):
p. 321-7.

Kumamoto, Y., et al., Identification of sialoadhesin as a dominant lymph node counter-receptor for mouse
macrophage galactose-type C-type lectin 1. ) Biol Chem, 2004. 279(47): p. 49274-80.

van Vliet, S.J., et al., MGL-mediated internalization and antigen presentation by dendritic cells: a role for
tyrosine-5. Eur J Immunol, 2007. 37(8): p. 2075-81.

Ropert, C., et al., Requirement of mitogen-activated protein kinases and | kappa B phosphorylation for
induction of proinflammatory cytokines synthesis by macrophages indicates functional similarity of
receptors triggered by glycosylphosphatidylinositol anchors from parasitic protozoa and bacterial
lipopolysaccharide. ) Immunol, 2001. 166(5): p. 3423-31.

van Vliet, S.J., E. Saeland, and Y. van Kooyk, Sweet preferences of MGL: carbohydrate specificity and
function. Trends Immunol, 2008. 29(2): p. 83-90.

Firestein, G.S., A new murine CD4+ T cell subset with an unrestricted cytokine profile. J. Immunol., 1989.
143: p. 518-525.

van Vliet, S.J., et al., MGL signaling augments TLR2-mediated responses for enhanced IL-10 and TNF-a
secretion. Journal of leukocyte biology, 2013. 94(2): p. 315-323.

Vazquez, A, et al., Mouse macrophage galactose-type lectin (mMGL) is critical for host resistance against
Trypanosoma cruzi infection. Int J Biol Sci, 2014. 10(8): p. 909-20.

Dey, N., et al., Caspase-1/ASC inflammasome-mediated activation of IL.-16—ROS—NF-kB pathway for
control of Trypanosoma cruzi replication and survival is dispensable in NLRP3-/- macrophages. PLoS One,
2014.9(11): p. e111539.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 154



Referenciasl

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

Tsuiji, M., et al., Molecular cloning and characterization of a novel mouse macrophage C-type lectin,
mMGL2, which has a distinct carbohydrate specificity from mMGL1. Journal of Biological Chemistry, 2002.
277(32): p. 28892-28901.

Munoz, R. and W. Alfaro, Estandarizacion de la técnica de reduccion del NBT mediante lectura en placas
de microELISA. Revista Médica del Hospital Nacional de Nifios Dr. Carlos Saenz Herrera, 2000. 35(1-2): p.
29-39.

Denda-Nagai, K., et al.,, Distribution and Function of Macrophage Galactose-type C-type Lectin 2
(MGL2/CD301b) EFFICIENT UPTAKE AND PRESENTATION OF GLYCOSYLATED ANTIGENS BY DENDRITIC
CELLS. Journal of Biological Chemistry, 2010. 285(25): p. 19193-19204.

Onami, T.M., et al., Generation of mice deficient for macrophage galactose-and N-acetylgalactosamine-
specific lectin: limited role in lymphoid and erythroid homeostasis and evidence for multiple lectins.
Molecular and cellular biology, 2002. 22(14): p. 5173-5181.

Stahl, P., et al., Trypanosoma cruzi evades the protective role of interferon-gamma-signaling in parasite-
infected cells. PLoS One, 2014. 9(10): p. e110512.

Lykens, J.E., et al., Mice with a selective impairment of IFN-gamma signaling in macrophage lineage cells
demonstrate the critical role of IFN-gamma-activated macrophages for the control of protozoan parasitic
infections in vivo. ) Immunol, 2010. 184(2): p. 877-85.

Lykens, J.E., et al., Mice with a Selective Impairment of IFN-y Signaling in Macrophage Lineage Cells
Demonstrate the Critical Role of IFN-y—Activated Macrophages for the Control of Protozoan Parasitic
Infections In Vivo. The journal of immunology, 2009: p. ji_0902346.

Bogdan, C., Nitric oxide and the immune response. Nature immunology, 2001. 2(10): p. 907-916.

Hibbs Jr, J.B., Infection and nitric oxide. The Journal of infectious diseases, 2002. 185(Supplement_1): p.
S9-517.

Nathan, C. and M.U. Shiloh, Reactive oxygen and nitrogen intermediates in the relationship between
mammalian hosts and microbial pathogens. Proceedings of the National Academy of Sciences, 2000.
97(16): p. 8841-8848.

Machado-Silva, A,, et al., How Trypanosoma cruzi deals with oxidative stress: antioxidant defence and DNA
repair pathways. Mutation Research/Reviews in Mutation Research, 2016. 767: p. 8-22.

Panis, C., et al., Trypanosoma cruzi: effect of the absence of 5-lipoxygenase (5-LO)-derived leukotrienes on
levels of cytokines, nitric oxide and iNOS expression in cardiac tissue in the acute phase of infection in mice.
Exp Parasitol, 2011. 127(1): p. 58-65.

Rodrigues, A.A., et al., IFN-gamma plays a unique role in protection against low virulent Trypanosoma
cruzi strain. PLoS Negl Trop Dis, 2012. 6(4): p. e1598.

Campos, M.A,, et al., Activation of Toll-like receptor-2 by glycosylphosphatidylinositol anchors from a
protozoan parasite. ) Immunol, 2001. 167(1): p. 416-23.

Campos, M.A. and R.T. Gazzinelli, Trypanosoma cruzi and its components as exogenous mediators of
inflammation recognized through Toll-like receptors. Mediators Inflamm, 2004. 13(3): p. 139-43.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 155



Referenciasl

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Rodrigues, M.M., A.C. Oliveira, and M. Bellio, The Immune Response to Trypanosoma cruzi: Role of Toll-
Like Receptors and Perspectives for Vaccine Development. J Parasitol Res, 2012. 2012: p. 507874.

Uno, K., et al., Toll-like receptor (TLR) 2 induced through TLR4 signaling initiated by Helicobacter pylori
cooperatively amplifies iNOS induction in gastric epithelial cells. Am J Physiol Gastrointest Liver Physiol,
2007. 293(5): p. G1004-12.

Zelensky, A.N. and J.E. Gready, The C-type lectin-like domain superfamily. FEBS J, 2005. 272(24): p. 6179-
217.

van Kooyk, Y., C-type lectins on dendritic cells: key modulators for the induction of immune responses.
Biochem Soc Trans, 2008. 36(Pt 6): p. 1478-81.

Gutierrez, F.R,, et al., The effects of nitric oxide on the immune system during Trypanosoma cruzi infection.
Mem Inst Oswaldo Cruz, 2009. 104 Suppl 1: p. 236-45.

Holscher, C., et al., Defective nitric oxide effector functions lead to extreme susceptibility of Trypanosoma
cruzi-infected mice deficient in gamma interferon receptor or inducible nitric oxide synthase. Infect Immun,
1998. 66(3): p. 1208-15.

Montero-Barrera, D., et al., The macrophage galactose-type lectin-1 (MGL1) recognizes Taenia crassiceps
antigens, triggers intracellular signaling, and is critical for resistance to this infection. Biomed Res Int,
2015. 2015: p. 615865.

Geijtenbeek, T.B., et al., Self-and nonself-recognition by C-type lectins on dendritic cells. Annu. Rev.
Immunol., 2004. 22: p. 33-54.

Guo, W., et al., Imperatorin attenuates LPS-induced inflammation by suppressing NF-kB and MAPKs
activation in RAW 264.7 macrophages. Inflammation, 2012. 35(6): p. 1764-1772.

Hoving, J.C., G.J. Wilson, and G.D. Brown, Signalling C-Type lectin receptors, microbial recognition and
immunity. Cellular microbiology, 2014. 16(2): p. 185-194.

Arce, F., et al., Selective activation of intracellular signalling pathways in dendritic cells for cancer
immunotherapy. Anti-Cancer Agents in Medicinal Chemistry (Formerly Current Medicinal Chemistry-Anti-
Cancer Agents), 2012. 12(1): p. 29-39.

Ganesan, L.P., et al., FcyR-induced production of superoxide and inflammatory cytokines is differentially
regulated by SHIP through its influence on PI3K and/or Ras/Erk pathways. Blood, 2006. 108(2): p. 718-725.

Sayan, M. and B.T. Mossman, The NLRP3 inflammasome in pathogenic particle and fibre-associated lung
inflammation and diseases. Particle and fibre toxicology, 2015. 13(1): p. 51.

Lawlor, K.E. and J.E. Vince, Ambiguities in NLRP3 inflammasome regulation: is there a role for
mitochondria? Biochimica et Biophysica Acta (BBA)-General Subjects, 2014. 1840(4): p. 1433-1440.

Gringhuis, S.I., et al., Dectin-1 directs T helper cell differentiation by controlling noncanonical NF-kB
activation through Raf-1 and Syk. Nature immunology, 2009. 10(2): p. 203-213.

Rogers, N.C., et al., Syk-dependent cytokine induction by Dectin-1 reveals a novel pattern recognition
pathway for C type lectins. Immunity, 2005. 22(4): p. 507-517.

Fujiwara, N. and K. Kobayashi, Macrophages in inflammation. Current Drug Targets-Inflammation &
Allergy, 2005. 4(3): p. 281-286.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 156



Referenciasl

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Ng, W.C,, et al., The macrophage galactose-type lectin can function as an attachment and entry receptor
for influenza virus. Journal of virology, 2014. 88(3): p. 1659-1672.

Kessler, R.L., et al., Recently differentiated epimastigotes from Trypanosoma cruzi are infective to the
mammalian host. Molecular microbiology, 2017. 104(5): p. 712-736.

Stahl, P., et al., Trypomastigotes and amastigotes of Trypanosoma cruzi induce apoptosis and STAT3
activation in cardiomyocytes in vitro. Apoptosis, 2013. 18(6): p. 653-663.

Ley, V., et al., Amastigotes of Trypanosoma cruzi sustain an infective cycle in mammalian cells. Journal of
Experimental Medicine, 1988. 168(2): p. 649-659.

Procdpio, D.O., et al., Trypanosoma cruzi: effect of protein kinase inhibitors and cytoskeletal protein
organization and expression on host cell invasion by amastigotes and metacyclic trypomastigotes.
Experimental Parasitology, 1998. 90(1): p. 1-13.

Barbosa, H.S., Why studies on invasion of host cell by Trypanosoma cruzi using stablished cell lines or
primary cell cultures give conflicting results? 1999.

Kipnis, T., V. Calich, and W.D. da Silva, Active entry of bloodstream forms of Trypanosoma cruzi into
macrophages. Parasitology, 1979. 78(1): p. 89-98.

Andrade, L.O. and N.W. Andrews, The Trypanosoma cruzi—host-cell interplay: location, invasion, retention.
Nature Reviews Microbiology, 2005. 3(10): p. 819.

Ley, V., et al., Amastigotes of Trypanosoma cruzi sustain an infective cycle in mammalian cells. ) Exp Med,
1988. 168(2): p. 649-59.

Procopio, D.O., et al., Trypanosoma cruzi: effect of protein kinase inhibitors and cytoskeletal protein
organization and expression on host cell invasion by amastigotes and metacyclic trypomastigotes. Exp
Parasitol, 1998. 90(1): p. 1-13.

Bogdan, C., Nitric oxide and the immune response. Nat Immunol, 2001. 2(10): p. 907-16.

Soares, R.P., et al., Intraspecies variation in Trypanosoma cruzi GPI-mucins: biological activities and
differential expression of a-galactosyl residues. The American journal of tropical medicine and hygiene,
2012. 87(1): p. 87-96.

Oliveira, A.-C., et al., Impaired innate immunity in Tlr4—/— mice but preserved CD8+ T cell responses against
Trypanosoma cruzi in Tir4-, Tlr2-, TIr9-or Myd88-deficient mice. PLoS Pathog, 2010. 6(4): p. e1000870.

Silva, R.R., et al., Interferon-gamma promotes infection of astrocytes by Trypanosoma cruzi. PloS one,
2015. 10(2): p. e0118600.

Uno, K., et al., Toll-like receptor (TLR) 2 induced through TLR4 signaling initiated by Helicobacter pylori
cooperatively amplifies iNOS induction in gastric epithelial cells. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 2007. 293(5): p. G1004-G1012.

Campos, M.A,, et al., Impaired production of proinflammatory cytokines and host resistance to acute
infection with Trypanosoma cruzi in mice lacking functional myeloid differentiation factor 88. The Journal
of Immunology, 2004. 172(3): p. 1711-1718.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 157



Referenciasl

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Timmermans, K., et al., Blueprints of signaling interactions between pattern recognition receptors:
implications for the design of vaccine adjuvants. Clinical and Vaccine Immunology, 2013. 20(3): p. 427-
432.

Chan, E.D. and D.W. Riches, IFN-y+ LPS induction of iNOS is modulated by ERK, INK/SAPK, and p38 mapk
in @ mouse macrophage cell line. American Journal of Physiology-Cell Physiology, 2001. 280(3): p. C441-
C450.

Schmidt, H., et al.,, Regulation and subcellular location of nitrogen oxide synthases in RAW264. 7
macrophages. Molecular pharmacology, 1992. 41(4): p. 615-624.

Trinchieri, G. and A. Sher, Cooperation of Toll-like receptor signals in innate immune defence. Nature
reviews. Immunology, 2007. 7(3): p. 179.

Brown, G.D., J.A. Willment, and L. Whitehead, C-type lectins in immunity and homeostasis. Nature Reviews
Immunology, 2018: p. 1.

Napoletano, C., et al., Targeting of macrophage galactose-type C-type lectin (MGL) induces DC signaling
and activation. European journal of immunology, 2012. 42(4): p. 936-945.

Nufiez, R.D.P., Regulacion de la expresion del Receptor Tipo Toll 4 (TLR4) por el Factor de Necrosis Tumoral
a y Glucocorticoides.

Garrido, V.V., et al.,, The increase in mannose receptor recycling favors arginase induction and
Trypanosoma cruzi survival in macrophages. International journal of biological sciences, 2011. 7(9): p.
1257.

Ropert, C., et al., Requirement of MAP kinases and 1kB phosphorylation for induction of proinflammatory
cytokines by macrophages indicates functional similarity of receptors triggered by
glycosylphosphatidylinositol anchors from parasitic protozoa and bacterial LPS. J Immunol, 2001. 166: p.
3423.

Terrazas, C.A., et al., Helminth-excreted/secreted products are recognized by multiple receptors on DCs to
block the TLR response and bias Th2 polarization in a cRAF dependent pathway. The FASEB Journal, 2013.
27(11): p. 4547-4560.

Shaul, Y.D. and R. Seger, The MEK/ERK cascade: from signaling specificity to diverse functions. Biochimica
et Biophysica Acta (BBA)-Molecular Cell Research, 2007. 1773(8): p. 1213-1226.

Chang, F., et al., Signal transduction mediated by the Ras/Raf/MEK/ERK pathway from cytokine receptors
to transcription factors: potential targeting for therapeutic intervention. Leukemia (08876924), 2003.
17(7).

Jung, D.-H., et al., Diosgenin inhibits macrophage-derived inflammatory mediators through
downregulation of CK2, INK, NF-kB and AP-1 activation. International immunopharmacology, 2010. 10(9):
p. 1047-1054.

Bae, H.-B., et al., Sauchinone, a lignan from Saururus chinensis, reduces tumor necrosis factor-o production
through the inhibition of c-raf/MEK1/2/ERK 1/2 pathway activation. International immunopharmacology,
2010. 10(9): p. 1022-1028.

Korhonen, R., et al., Nitric oxide production and signaling in inflammation. Current Drug Targets-
Inflammation & Allergy, 2005. 4(4): p. 471-479.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 158



Referenciasl

129.
130.

131.

132.

133.

134.

135.

Takeuchi, O. and S. Akira, Pattern recognition receptors and inflammation. Cell, 2010. 140(6): p. 805-820.

van Vliet, S.J., et al., MGL-mediated internalization and antigen presentation by dendritic cells: A role for
tyrosine-5. European journal of immunology, 2007. 37(8): p. 2075-2081.

Nunes, M.P., et al., Inhibitory effects of Trypanosoma cruzi sialoglycoproteins on CD4+ T cells are
associated with increased susceptibility to infection. PloS one, 2013. 8(10): p. e77568.

Medeiros, M.M.,, et al., Toll-like receptor 4 (TLR4)-dependent proinflammatory and immunomodulatory
properties of the glycoinositolphospholipid (GIPL) from Trypanosoma cruzi. Journal of leukocyte biology,
2007. 82(3): p. 488-496.

Chamekh, M., et al., Transfection of Trypanosoma cruzi with host CD40 ligand results in improved control
of parasite infection. Infection and immunity, 2005. 73(10): p. 6552-6561.

Gongalves, V.M., et al., NLRP3 controls Trypanosoma cruzi infection through a caspase-1-dependent IL-1R-
independent NO production. PLoS neglected tropical diseases, 2013. 7(10): p. e2469.

Geijtenbeek, T.B. and S.I. Gringhuis, C-type lectin receptors in the control of T helper cell differentiation.
Nature Reviews Immunology, 2016. 16(7): p. 433.

MARIO ALBERTO TONATHIU RODRIGUEZ HERNANDEZ 159



	Portada

	Índice

	Resumen

	Introducción

	Justificación   Hipótesis

	Metas

	Objetivos

	Metodología

	Resultados

	Discusión

	Conclusiones

	Apéndices

	Referencias




