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Resumen

La vacuna denominada S3Pvac esta constituida por tres péptidos denominados GK-
1, KETc-1 y KETc-12 y fue disefiada para la prevencion de la cisticercosis porcina.
La vacuna ha demostrado capacidad para reducir el numero de cerdos infectados,
asi como el numero de cisticercos por cerdo en condiciones naturales de
transmision. La proteccion se acompafa por un incremento en la proliferacion
especifica de linfocitos T y de anticuerpos 1gG especificos. EI componente GK-1 ha
mostrado ademas propiedades inmunomoduladoras a través de la activacion de
células presentadoras de antigeno. En el presente proyecto de investigacion se
evalud el papel de cada uno de los componentes de la vacuna S3Pvac de manera
independiente y en conjunto, en su capacidad para activar a macréfagos a través de
la expresion de moléculas de activacidn, oxido nitrico (NO) y la secrecion de
citocinas. Se observo que GK-1, KETc-1, KETc-12 y la vacuna S3Pvac promueven
la activacion de macréfagos derivados a partir de médula ésea. Particularmente,
encontramos que GK-1 aumenta in vitro la expresién de CD86 y CD40, ademas de
incrementar la secrecion de NO. KETc-1 induce la secrecidon de NO mientras que
KETc-12 aumenta in vitro la expresion de CD86 y NO. Finalmente, la vacuna S3Pvac
logra aumentar la secrecion de NO. Sin embargo, este estado de activacion
promovido por los péptidos y la vacuna no fue acompafiado de la secrecion de

citocinas in vitro.

Debido a la mayor capacidad de inducir una respuesta pro-inflamatoria que presenté
el péptido GK-1 se profundiz6 en las vias intracelulares implicadas en la activacion
de los macréfagos. Se observd que la activacion de macrofagos se asocia a la

fosforilacion de las MAP cinasas p38, ERK1/2, JNK 'y a la fosforilacion de 1kB con la

subsecuente activacion de NF-kB de manera dependiente de MyD88.

En resumen, en este trabajo demostramos que los péptidos GK-1, KETc-1, KETc-12
y la vacuna S3Pvac promueven la activacion de macrofagos derivados a partir de
médula Osea y particularmente GK-1 promueve esta activacion a través de
mecanismos dependientes de MyD88, probablemente involucrando a un receptor
TLR.
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Introduccioén

1.1 Biologia de los helmintos

Muchas especies de helmintos son organismos parasitarios multicelulares de
importancia médica que pueden infectar tanto a humanos como a otros animales.
Los helmintos son extremadamente diversos y se clasifican en tres grupos
taxondmicos: nematodos, trematodos y cestodos. Los nematodos adultos se
caracterizan por ser gusanos redondos; los trematodos adultos tienen forma de hoja
aplanada y finalmente los cestodos adultos se caracterizan por ser gusanos planos,
alargados, segmentados y en su estadio larvario tienen una forma quistica o solida
(1). De acuerdo con el estadio en que se encuentre el parasito puede infectar
diferentes tejidos y células de diferentes 6rganos, principalmente se pueden alojar
en tejidos tales como intestino, higado (parénquima y ductos biliares), pulmon, vasos
linfaticos, entre otros (2).

Los helmintos generalmente causan en el hospedero infecciones asintomaticas o
infecciones cronicas subclinicas, sin embargo, algunos individuos parasitados
pueden sufrir de enfermedades severas que pueden ser fatales. El curso de la
infeccién depende de factores del parasito, del hospedero y de factores ambientales.
Con respecto a los factores del hospedero se ha observado que la respuesta inmune
a la infeccidn por helmintos tanto en humanos como en modelos murinos esta
polarizada hacia una respuesta tipo Th2, caracterizada por un aumento marcado en
la produccion de IL-4, IL-5 e IL-1 (3,4). Sin embargo, en algunas infecciones
causadas por helmintos tales como filariasis linfatica, cisticercosis y equinococosis la
respuesta inmune inicial es de tipo Th1, la cual puede correlacionar con un control
rapido de la infeccidn o una baja carga parasitaria. Esta respuesta es generalmente
transitoria con un cambio rapido hacia una respuesta inmune tipo Th2 que favorece

la permanencia del helminto (5).
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1.1.1 Ciclo de vida de Taenia solium y Taenia crassiceps

Un cestodo de gran relevancia para la salud humana y animal es T. solium. Es una
de las principales causas de defuncion por enfermedades de transmision alimentaria
y es la causa del 30% de los casos de epilepsia en zonas endémicas y en zonas de
alto riesgo causa el 70% de los casos (6). Este parasito presenta en el ciclo de vida
una fase de larva (cisticerco) que afecta a humanos y a cerdos que lo adquieren por
la ingestion accidental de oncosferas a través de alimentos, aguas contaminadas o
bien por autoinfeccion debido a mala higiene del portador del gusano adulto, en este
caso el ser humano. Cuando el cisticerco se establece en el cerdo (hospedero
intermediario) y este es consumido por el humano (hospedero definitivo) en carne
mal cocida, el cisticerco puede desarrollarse en el gusano adulto en el intestino del
hospedero definitivo. El adulto maduro es capaz de producir cientos de miles de
huevos y estos huevos son liberados al medio ambiente a través de las heces.
Finalmente, el cerdo ingiere los huevos presentes en las heces, completando asi el

ciclo de vida.

En el caso de la cisticercosis causada por el cestodo T. crassiceps el hospedero
definitivo son los caninos y el hospedero intermediario son los roedores (7). Esta
taenia se ha usado como un modelo de la cisticercosis causada por T. solium
considerando la similitud antigénica y la proteccion cruzada entre ambos cestodos
(8,9).

1.1.2 Regulacion de la respuesta inmune por helmintos

Los helmintos generan una inmunidad caracterizada por la produccion de diferentes
subclases de inmunoglobulinas (Ig) como lo son IgE, 1IgG1 e IgG4, ademas de las
citocinas 1L4, IL-13, IL-5 e IL-10, las cuales ayudan a la expansion de diversas
subpoblaciones celulares como lo son eosindfilos, mastocitos, células T
cooperadoras y macrofagos. Esta respuesta inmune se ha relacionado con el
incremento en permeabilidad de la vasculatura, angiogénesis, reclutamiento celular,
contraccion del musculo liso, secreciéon de moco por las células de goblet y deposito

de colageno mecanismos que en conjunto son importantes en la defensa en contra
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de infecciones por helmintos (10). Se ha visto que las células linfoides innatas
(ILC2s), estan relacionadas también a infecciones por helmintos y una vez activadas
producen citocinas tipo Th2 (IL-4 e IL-13) en los sitios de infeccion, que promueve el
reclutamiento de eosinofilos y macrofagos. Los macrofagos reclutados al sitio de
infeccion incrementan la produccion de IL-13, IL-15, e IL-9, la producciéon de moco
por las células globet, contraccion muscular, el reclutamiento de mastocitosis, la

reparacion de tejido y la homeostasis metabdlica (11).

Particularmente, se ha reportado que T. crassiceps induce una respuesta inmune
tipo Th1 transitoria en las primeras semanas de infeccion, pero posteriormente se
desarrolla una respuesta dominante tipo Th2 en la fase crénica de la infeccién
(mayor a ocho semanas) que se asocia con un incremento en la carga parasitaria y
con la susceptibilidad a la infeccion (12). Ademas, se demostré un papel protector de
la respuesta tipo Th1 que es regulada por IL-12, TNF-a, IFN-y y NO, asi como la
participacion de los linfocitos y macréfagos durante la fase temprana de infeccion
(13). Con respecto al papel de la respuesta inmune innata contra este parasito se
han realizado diversos estudios en donde se ha visto una participacién destacada

del macrofago en las fases tempranas de la infeccidn.

1.2 La respuesta inmune de macroéfagos ante infecciones por T. crassiceps

Durante las infecciones por helmintos algunos de los productos secretados juegan
un papel fundamental como moduladores de la activacion de macrofagos, ya que
regulan el microambiente en el cual los macréfagos participan en la induccién e
instruccion de las respuestas inmune innata y adaptativa. Los productos de
secrecion (ES, del inglés, excretory/secretory antigens) se refiere a las moléculas
que son liberadas en la interconexion entre el parasito y las células del sistema
inmune y pueden ser liberadas por secrecion activa o por difusion (14). Se ha
observado que los antigenos de excrecion/secrecion de T. crassiceps (TcES, del
inglés, T. crassiceps excreted/secreted products) bloquean la produccion de IFN-y a

través de STAT-1, incrementan los niveles de IL-10 en macrofagos M2, contrarrestan
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la respuesta inflamatoria ya que hay una disminucién en la produccién de citocinas
proinflamatorias (IL-12, TNF-a e IL-6), sin embargo, no alteran la produccién de
NOS2 o Arg1l (15). Ademas de que los componentes TcES alteran el perfil
transcripcional de microRNAs que regulan vias como la metabdlica, de sefalizacion
e inflamatoria en macréfagos. Se encontré que cuatro microRNAs son inducidos por
TcES en macréfagos, miR-125a-5p, miR-762, miR-155-5p y miR-484, los cuales
estan involucrados en la regulacion de procesos inflamatorios. En particular, se sabe
que miR-125a-5p es un microRNA que reduce la produccion de las citocinas
proinflamatorias como IL-6, IL-12 y TNF-a, miR-762 regula la transcripcion de Irf7 'y
miR-484 regular la expresion de los genes Nf-kb, Statba, Irf1, Myd88, Stat1 y Il12a
(16). Por otro lado, la exposiciéon a TcS (del inglés, T. craciceps soluble antigens)
favorece el reclutamiento de macrofagos M2 caracterizados por la expresion MMR,
IL-4Ro, PDL-1y PDL-2 (17).

En la cisticercosis causada por T. crassiceps hembras de todas la cepas de ratones
estudiadas sostienen una mayor intensidad de infeccion que los machos (18),
acompafnada por el incremento en el numero de macréfagos reclutados. Estos
macrofagos se caracterizan por un aumento en la expresion de moléculas co-
estimuladoras CD80, CD86, asi como del MHC-Il, PD-L1 y PD-L2 (19). Ademas, los
macréfagos provenientes de hembras BALB/c son activados con un fenotipo M2 mas
rapidamente en una infeccion cronica por T. crassiceps, mientras que los
macrofagos provenientes de machos de esta misma cepa tienen una activacion tipo
M2 incompleta (13). De esta forma la presencia y persistencia de macréfagos M2
promueve la susceptibilidad en ratones infectados con T. crassiceps (19).

Otro factor que influye en la resistencia o susceptibilidad a la infeccion generada por
T. crassiceps es el estado de activacion que presentan los macrofagos. Los
macrofagos obtenidos durante una infeccion cronica con T. crassiceps mostraron
una habilidad pobre en inducir una respuesta proliferativa de células T CD4" y
favorecen la produccion de IL-4. Estos macrofagos expresan de manera
dependiente de STAT-6 altos niveles de MHC-Il, CD40, CD86, CD23 y CCRS,
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mientras que hay una baja produccion de IL-12 y NO (20). Sin embargo, secretan
altos niveles de IL-6 y de prostaglandina E2> de igual manera dependientes de STAT-
6. Por otro lado, en macrofagos reclutados durante las etapas tempranas de
infeccion (dos semanas) se ha observado que presentan bajos niveles de expresion
de CD86, CD23, CCRS y una alta proliferacién de células T CD4* que producen altos
niveles de IFN-y (13). Concordante con lo anterior, la infeccidn intraperitoneal cronica
con el cisticerco de T. crassiceps, ademas de polarizar la respuesta inmune hacia un
perfil Th2, se acompafa de un aumento en la expresion de genes asociados con la
activacion M2 de los macrofagos (12,20), ademas de la expresiéon de marcadores de
activaciéon como lo son Arg1, Chil3, y Retnla, MGL-1, PD-L1 y PD-L2 (21,22). Estos
estudios muestran la importancia de los macréfagos en iniciar, dirigir y regular una
respuesta protectora en contra de las infecciones causadas por helmintos,

particularmente para el cestodo T. crassiceps.

1.3 El Macréfago

Los macréfagos son células fagociticas que estan ampliamente distribuidas en el
organismo Y tienen un papel importante en una variedad de procesos fisiologicos y
patolégicos como el mantenimiento de la homeodstasis, la defensa del hospedero y
en la inflamacion cronica y aguda (23). Los macréfagos son una poblacidon de células
dinamica y heterogénea en las que mecanismos diferentes controlan su
diferenciacion, su distribucion en los tejidos y su respuesta a estimulos. Una vez
activados por productos microbianos, los macréfagos adquieren capacidad
microbicida que lleva a una inmunidad efectiva. Sin embargo, varios patdégenos han
desarrollado distintas estrategias para interferir con la activacion y asi poder modular
la respuesta del hospedero (24).
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1.3.1 Tipos de activacion en macrofagos

Los macrofagos pueden tener diferentes estados de activacion durante la respuesta
inmune, estos se han sido clasificada principalmente en dos grupos: macréfagos M1
y macrofagos M2 los cuales son extremos de diversos estados de activacion. La
activacion clasica de los macrofagos (M1) es promovida por citocinas tales como
IFN-y, moléculas patogénicas tales como LPS o LTA, induciendo funciones efectoras
que contribuyen a la eliminacién de los patogenos, dafio del tejido y a patologias
inflamatorias. Dentro de las funciones efectoras inducidas en los macrofagos
destacan la produccion de mediadores inflamatorios tales como NO, TNF-a, IL-12 e
IL-1B (25). El fenotipo M2 en los macréfagos es promovido por las citocinas IL-4, IL-
10 e IL-13. Estos macroéfagos tienen un fenotipo inmunosupresor, caracterizado por
la disminucidén en la presentacion antigénica a las células T y la produccion de
citocinas que estimulan una respuesta tipo Th2. Finalmente, los macréfagos M2
estan involucrados en reparar los tejidos, la resolucion de la inflamacion, promover el

crecimiento tumoral y ejercer un efecto anti parasitico (26,27).

A nivel metabdlico, los macréfagos M1 emplean la enzima NOS2 para sintetizar a la
L-citrulina a partir de la L-arginina produciendo como productos finales NO y ROS
(del inglés, reactive oxygen species), ambos mediadores de la actividad citotoxica en
contra de patogenos intracelulares. En contraste, los macrofagos M2 expresan Arg-
1, la cual metaboliza la L-arginina en L-ornitina, que es el principal precursor de las
poliaminas, las cuales son esenciales para la supervivencia celular. Ademas, la L-
ornitina puede ser usada en la generacion de la prolina y la hidroxiprolina, los cuales
son aminoacidos esenciales en la produccion de colageno, una proteina crucial en la

reparacion del dafio a los tejidos (28).

La polarizacion de los macrofagos esta asociada a la expresion diferencial de
distintas moléculas entre las que se encuentran factores de transcripcién, moléculas

co-estimuladoras, receptores, citocinas, quimiocinas, entre otras. Los macrofagos
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M1 utilizan los factores de transcripcion STAT1, KLF6 e IRF5 y expresan de forma
importante las moléculas co-estimuladoras CD80 y CD86. En el caso de los
macrofagos M2 los factores de transcripcion asociados a este fenotipo son PU.1,
STAT6, KLF4 e IRF4 (29). Particularmente, estos macréfagos pueden ser
distinguidos por la expresion de diversos marcadores moleculares como lo son Arg-
1, miembros de la familia quitinasa (YM-1, YM-2 y AMCase), moléculas tipo resistina
(FIZZ-1, Retnla/ Relm-a, FIZZ-2/Retnlb/Relm-B, FlZZ-3/Retn/resistin y FIZZ-
2/Retnlg/Relm-y), TGF-B y el receptor de manosa (MMR/CD206) (30).

1.4 Mecanismos de activaciéon y reconocimiento de patégenos en macroéfagos

Los macrofagos reconocen a los patégenos a través de receptores de
reconocimiento de patrones (PRRs) que detectan componentes microbianos
altamente conservados, llamados patrones moleculares asociados a patégenos,
PAMPs. Estos PAMPs representan moléculas vitales para la sobrevivencia de los
microorganismos, tales como flagelina, estructuras unicas de los acidos nucleicos de
bacterias y virus (CpG, DNA, dsRNA), LPS, LTA, PGN, entre otros (31).

Los PRRS llevan a la activaciéon de distintos factores de transcripcion tales como NF-
kB, AP-1, IRF-3 e IRF-7. La activacién de estos factores de transcripcion lleva a la
produccion de péptidos antimicrobianos, citocinas proinflamatorias, quimiocinas,
moléculas de adhesion y co-estimuladoras, ademas de la regulacion positiva del
MHC. De esta forma se logra que el sistema inmune monte la respuesta apropiada
para combatir al microorganismo. Los PRRs se componen de cuatro grupos, los
TLRs, CLRs, RLHs y NLRs (32-34).

Los receptores CLRs tienen un papel en la respuesta a infecciones por helmintos,
algunos helmintos parasitarios son reconocidos por diferentes CLRs, tales como DC-
SIGN (del inglés, dendritic cell-specific ICAM-3 grabbing integrin), MMR, MGL, y
SIGNR1 (del inglés, SIGN-related 1) que se unen a diferentes glicanos presentes en
huevos de Schistosoma mansoni (35,36). En el caso del nematodo Trichuris muris,
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este es reconocido por el receptor MMR (37). Para T. crassiceps se ha observado
que los glicoconjugados que contienen N-acetilgalactosamina y residuos de
galactosa son reconocidos a través del receptor MGL-1 y este reconocimiento juega
un papel importante en dirigir la respuesta in vivo de los macrofagos mediando la
resistencia a la infeccion, ya que el MGL-1 participa en la produccion de TNF-o y NO
(38)

1.5 Receptores tipo toll

La familia de TLRs es un grupo importante de receptores ya que tienen un papel
importante en la respuesta inmune en contra de helmintos. En este sentido, se ha
demostrado que los productos derivados de Schistosoma sp se unen al TLR2
expresado en células presentadoras de antigeno (39,40) y los receptores TLR2 y/o
el TLR3 reconocen fracciones lipidicas derivadas de S. mansoni (41). Los
polimorfismos de TLR4 han sido asociados con un riesgo mayor en
neurocisticercosis causada por el Mesocestoide corti (42). Otros estudios han
demostrado que la sefalizacién a través de TLR2 favorece una inmunidad protectora
en contra de parasitos intracelulares como lo son L. mexicana, T. gondii y T. cruzi, ya
que favorece el desarrollo de una respuesta tipo Th1 (43—45). Asimismo, se ha
observado que TLR4 interactua con carbohidratos de T. crassiceps resultando en la
produccion de citocinas proinflamatorias como IL-6 (46). T. crassiceps expresa
también lisofosfatidil colina, la misma molécula que se ha demostrado que es

reconocida por TLR2 en esquistosomiasis (47).

Por otro lado, en una infeccidn por T. crassiceps se mostré que TLR2 participa en la
resistencia a la infeccion, esto asociado a la produccion de citocinas proinflamatorias
tales como IL-12 por parte de los macréfagos, regulando negativamente la
produccion de 1gG1 e IL-4. Ademas en ratones carentes de TLR2 aumenté el
numero de macrofagos con un fenotipo M2 que expresan los marcadores Relm-q,
Arg-1, PD-L1, PD-L2 y OX40L una molécula co-estimuladora involucrada en la
polarizacion hacia un fenotipo Th2 (48). Mostrando un papel central de los TLRs en
la respuesta a la infeccion causada por T. crassiceps.

17



1.5.1 Clasificacion de TLRs

Los TLRs en mamiferos comprenden una amplia familia que consiste de 10
miembros en humanos y 13 en ratén (49), los TLR1-9 estan conservados entre
humanos y ratones (50) . La familia de los TLRs se encuentra tanto en la membrana
plasmatica (TLR1, 2, 4, 5, 6, 10 y 11) como en la membrana de los endosomas
(TLRS3, 7, 8 y 9). Esta distribucion celular influye en la naturaleza del ligando que los
activa. Por ejemplo, los receptores TLRs asociados a la membrana plasmatica
responden a componentes de la superficie de microorganismos, mientras que los
TLRs endosomales reconocen varios acidos nucleicos que son endocitados por las

células (51).

Los TLRs se caracterizan por tener un dominio extracelular LRR (del inglés, leucine-
rich repeat) requerido para el reconocimiento del ligando y un dominio citoplasmatico
TIR, el cual es necesario para la sefalizacidn intracelular. La union de agonistas a
los TLRs promueve su dimerizacion o la alteracion en la conformacion de dimeros
existentes. La asociacion de los dominios TIR forma un andamio molecular que
recluta a adaptadores moleculares a través de la asociacion con los dominios TIR y

el reclutamiento subsecuente de proteinas necesarias para la sefializacion (50).

La sefalizacion de los TLRs ocurre a través de una serie de interacciones homo y
heterotipicas entre proteinas que cuentan con un dominio TIR para promover la
oligomerizacion con el adaptador apropiado: ya sea MyD88, MAL, TRIF o TRAM.
Dependiendo del tipo de adaptador que es reclutado a través del dominio TIR, varias
cinasas (IRAK4, IRAK1, IRAK2, TBK1 e IKKe) y ligasas de ubiquitina (TRAFG6 y
pellino 1) son reclutados y activados, lo cual lleva a la activacion rio abajo de las
MAP cinasas y varios factores de transcripcioén tales como NF-xB e IRFs (52). Se
han descrito variaciones en la formacidén y composicion del complejo multifuncional
de senalizacién entre los diferentes TLRs debido a que involucran la unién de
diferentes combinaciones de los distintos adaptadores. Se han clasificado en TLRs
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dependientes o independientes de MyD88, donde MyD88 es la proteina adaptadora
reclutada por todos los TLRs, excepto el TLR3 (53). En los TLRs que se utiliza al la
proteina adaptadora MyD88, ésta interacciona rio abajo con la familia de proteinas
IRAK vy lleva a la formacion de un complejo multiproteinico, el cual es regulado por
las interacciones homotipicas de los dominios DD (del inglés, Death Domain) entre
MyD88 e IRAK4 (51). En el caso de la sefalizacion independiente de MyD88, el
receptor TLR se une al adaptador TRIF, el cual se asocia posteriormente con la
cinasa TBK1 e induce la fosforilacion y translocacion nuclear de IRF3 (54).

Existen particularidades entre los distintos TLRs en el ensamblaje de los
adaptadores, por ejemplo, la sefalizacion via TLR4 involucra a los cuatro
adaptadores, MyD88, MAL, TRIF y TRAM. El receptor TLR2 utiliza ademas al
adaptador MAL, en general MAL es utilizado por los TLRs que se encuentran en la
membrana plasmatica. Los eventos de sefializacidén independientes de MyD88 estan
controlados por TRIF tanto para TLR3 como para TLR4 (TRIF/TRAM). La proteina
adaptadora TRAM se encuentra rio arriba de TRIF y regula la produccion de IFN-

de manera independiente de MyD88 (Figura 1) (55).
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Figura 1. Mecanismo general de sefializaciéon de los TLRs. Los TLRs poseen dos vias de
activacion, MyD88 dependiente la cual activa y recluta a IRAKs y TRAFG6, que lleva a la activacién del
complejo IKK. Esta via es usada por TLR1, TLR2, TLR4, TLR5, TLR6, TLR7 y TLR9 y culmina en la
liberacion de NF-kB de su inhibidor y su subsecuente translocacion al nucleo lo que lleva a la
transcripcion de citocinas proinflamatorias. El adaptador TIRAP también estd involucrado en la
sefializacion dependiente de MyD88 para los TLRs 2 y 4. Por otra parte, TLR3 y TLR4 la activacion de
IRF3 y como consecuencia la induccién de IFN-f esta dada de manera independiente de MyD88, el
adaptador TRIF es esencial para realizar esta activacién. En este caso se activa la cinasa TBK1 e IKKe
llevando a la activacion de IRF3. Un cuarto adaptador TRAM es especifico en la activacién via TLR4
MyD88 independiente/TRIF dependiente (56).

1.6 Cascada de senalizacion de las MAPK

La via de las MAP cinasas juega una funcion esencial en la regulaciéon de la
respuesta inflamatoria inmune y regulan procesos celulares que incluyen
proliferacion, sobrevivencia, muerte y motilidad celular, ya que responden a un
amplio rango de cambios extracelulares e intracelulares cooperando con otras vias
de transduccion de sefales, traduciendo estos cambios en alteraciones en la

expresion de genes (57).
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Los mamiferos expresan al menos cuatro grupos de MAP cinasas, la cinasa
relacionada a sefales extracelulares (ERK)-1/2, la cinasa c-Jun N-terminal
(JNK1/2/3), las proteinas p38 (p38 o/P/y/6) y ERKS. La actividad de la via de las
MAPK cinasas esta regulada a través de tres bloques, los cuales estan compuestos
de las MAP cinasa (MAPK), las MAPK cinasa (MAPKK, MKK o MEK) y por ultimo de
las MAPKK cinasas (MAPKKK, MKKK o MEKK) (58). Las MAP cinasas son
activadas por MAPKK especificas: MAPKK1/2 activan a ERK1/2, MAPKK3/6 activan
a p38, MAPKK4/7 activan a JNKs (JNK1/2) y MAPKK5 activa a ERKS5. Las MAP
cinasas contienen un motivo (Thr-X-Tyr) dentro de la regién de activacion; la
fosforilacidon de estos aminoacidos treonina y tirosina por las MAPKK es esencial

para su activacion (59) (Figura 2).
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Figura 2. Cascada de sefalizacion de las MAPK. La cascada de sefializacién de las MAP
cinasas consiste en una serie de al menos tres cinasas: las MAPK cinasa cinasas (MAP3K) que activan
a las MAPK cinasas (MAP2K), las cuales posteriormente activan mediante la fosforilacion de los
residuos Thr-X-Tyr (donde X representa cualquier aminoacido) en el motivo de activacion Tomado y
modificado de (60).

Las MAPKKKs son muy diversas en su estructura y pueden ser reguladas
diferencialmente por una variedad de estimulos rio arriba. Presumiblemente cada
MAPKKK le confiere a la célula una sensibilidad a distintos estimulos, lo cual

incrementa la complejidad y diversidad de la sefalizacion de las MAP cinasas (57).
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La activacién de las MAP cinasas, la magnitud y la duracion de su activacion, asi
como la inhibicion, son eventos criticos para mediar una respuesta inmune
apropiada. Se sabe que la inhibicién de las MAP cinasas recae en una familia de
proteinas llamada MKP (del inglés, MAP Kinase Phosphatases) o DUSP (del inglés,
Dual Specificity Phosphatases), donde MKP1, DUSP2, MKP5, MKP7 y VH5 tienen
preferencia por p38/JNK y ERK es regulada por MKP3 (61).

Las sefales generadas por estas cinasas promueven cambios en la expresion de
genes que llevan al aumento de moléculas efectoras tales como citocinas y
moléculas de adhesion (62,63). Este proceso depende de la activacion de varios
factores de transcripcidon, entre los cuales AP-1, STAT1 y NF-xB juegan un papel

critico.

1. 7 El factor de transcripcion NF-xB

Los factores de transcripcion son proteinas especializadas que pueden unirse al
DNA y regular la expresion de genes. Muchos de los factores de transcripcion tienen
dominios de activacion o represiéon, ademas de que pueden funcionar como
proteinas que promueven la remodelacién de la cromatina reclutando activadores

adicionales o complejos de represion.

Los factores de transcripcion inducidos por el LPS en macrofagos pueden ser
divididos dentro de tres categorias de acuerdo en el modo de activacién y su
funcién. La primera categoria (clase |) consiste en factores de transcripcion que son
constitutivamente expresados por muchos tipos celulares y que son activados por
sefales dependientes de modificaciones post-traduccionales. En muchos casos
estos factores de transcripcion son retenidos en el citoplasma en un estado basal y
su activacion es dependiente de una sefal que involucra su translocacion nuclear.
En esta clase se incluyen proteinas que son conocidas por su papel en la
inflamacion, como es el caso de NF-«B, IRF, CREB1 (del inglés, cAMP-responsive-
element-binding protein 1), los genes que son regulados por estos factores de

transcripcion son llamados también genes de respuesta primaria.
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La segunda categoria de factores de transcripcion (clase Il) son sintetizados de novo
después de la estimulacion. Estos factores de transcripcion regulan la subsecuente
expresion génica a la respuesta primaria y estos factores pueden durar un periodo
de tiempo prolongado. Un ejemplo de estos factores es C/EBPS (del inglés,

CCAAT/enhancer-binding preotein- o).

La tercera categoria de factores de transcripcion (clase lll) consiste en reguladores
transcripcionales especificos de linaje su expresién ocurre durante la diferenciacion
de los macréfagos. Entre los miembros mas notables de este grupo se encuentran
los factores de transcripcion PU.1 (también conocido como SPI1), C/EBPf, RUNX1
(del inglés, runt-related transcription factor 1) e IRF8. Estos factores se encuentran
activos constitutivamente en los macrofagos y permiten la remodelaciéon de la
cromatina en genes inducibles y silencian genes que son asociados con destinos
celulares alternativos. En macrofagos maduros estos factores de transcripcion
regulan las respuestas especificas en los distintos tipos celulares a sehales de
inflamacién u otros estimulos, presumiblemente por conferir un estado permisivo de

la cromatina.

Los factores de transcripcion de estas tres categorias no actuan independientemente
sino funcionan coordinadamente para controlar la respuesta de los macréfagos (64).

1.7.1 NF-xB

NF-xB representa un grupo de proteinas estructuralmente relacionadas vy
evolutivamente conservadas que presenta cinco miembros en mamiferos: Rel (cRel),
RelA (p65), RelB, NF-kB1 (p105/p50) y NF-xB2 (p100/p52), siendo la forma mas
abundante en las células el heterodimero p50:p65. Esta familia de proteinas posee
un motivo conservado de 300 aminoacidos en el extremo N-terminal llamado dominio
Rel que es responsable de la dimerizacién, la unidon al ADN vy la interaccién con los
lkBs (62,65).
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Existe una variedad de estimulos que conlleva a la activacion de NF-xB, entre ellos
se encuentran citocinas tales como TNF-a, IL-1, una variedad de PAMPs como LPS,
LTA, MDP. Los eventos de sefalizacion que llevan a la activacion de NF-kB ocurren
cuando un agonista se une a su TLR (66,67), que lleva a la activacion del complejo
IKK a través de un complejo de cinasas. Este complejo IKK es responsable de la
fosforilacién de 1kB (inhibidor de NF-«xB) que promueve a través de la ubiquitinacion
su degradacion. El factor transcripcional NF-xB es entonces libre de translocar al
nucleo y por lo tanto, de iniciar la transcripcion de genes con la region promotora «B
ya sea solo o en combinacion con otros factores de transcripcidn tales como AP-1,
ETS y STAT, que pueden inducir la expresion de diversos genes (68,69).

El factor de transcripcion NF-kB regula una amplia variedad de genes entre los que
se encuentran genes que codifican para quimiocinas (IL-8, MIP-1a, MCP1 vy
RANTES), citocinas proinflamatorias (IL-1, IL-2, IL-6, IL-12, TNF-o, LTa, LTB, y GM-
CSF), moléculas de adhesién (ICAM, VCAM vy E-selectina), moléculas co-
estimuladoras, proteinas de fase aguda (SAA1 y SAA2,) y enzimas efectoras
inducibles (NOS2 y COX2), asi como genes que codifican para péptidos
antimicrobianos como defensinas. Ademas, activa genes que codifican para
proteinas que inhiben la apoptosis tales como clAP1, clAP2, A1 (Bfl1), BclXL, para
proteinas apoptéticas tales como el ligando de Fas, y genes reguladores de la
proliferacion celular como ciclina D1 y c-myc (62,63,70).

Todos estos datos nos demuestran que cuando se disefia una molécula para tratar
de contrarrestar o eliminar una parasitosis es conveniente conocer los mecanismos
moleculares de la respuesta inmune asociada con la proteccidén a la infeccion, asi
como identificar aquellos componentes del parasito que la promueven. Un ejemplo
de este disefio racional es la vacuna S3Pvac, la cual es una vacuna en contra de la
cisticercosis. En el caso de esta vacuna para su selecciéon se utilizé la identificacion
de componentes del parasito asociados con proteccion. Una vez que se identificaron
los componentes ha resultado de gran interés conocer su efecto sobre los
macrofagos considerando la participacion central de los mismos en la regulacion de

la respuesta inmune protectora en contra de la cisticercosis.
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Antecedentes

El objetivo de la vacunacion es inducir una respuesta inmune protectora en contra
del patogeno deseado sin el riesgo de adquirir la enfermedad o sus potenciales
complicaciones. Las vacunas, asi como las infecciones naturales, actuan iniciando la
respuesta inmune antigeno especifica. Cada patdégeno o vacuna expresa antigenos
que inducen la inmunidad mediada por células (71). Asi, la cisticercosis porcina
causada por el cestodo T. solium es una parasitosis vulnerable a la respuesta
inmune inducida por vacunacion. Entre las vacunas que se han desarrollado figura la
vacuna denominada S3Pvac constituida por tres péptidos (GK-1, KETc-1 y KETc-12,
de 18, 10 y 8 aminoacidos, respectivamente) que fueron identificados originalmente
en una libreria de cDNA de T. crassiceps un parasito filogenéticamente relacionado
(72). Estos componentes se expresan en diferentes estructuras anatdmicas del
gusano, del cisticerco y en la oncoesfera de T. solium (73,74). La vacuna S3Pvac ha
demostrado proteccion en contra de la cisticercosis porcina (7. solium) (75), asi
como en el modelo murino de cisticercosis por T. crassiceps. En el modelo murino
experimental de T. crassiceps se observdo que los componentes de la vacuna
S3Pvac usados de forma separada protegen de la cisticercosis (GK-1 0-70%; KETc-
1 14-55%; KETc-12 0-33%) o juntos (12-70%) (76).

La respuesta inmune inducida por la vacuna S3Pvac se ha estudiado
particularmente en ratones y se ha observado que los distintos componentes de ésta
promueven una respuesta inmune celular efectora y de memoria. Por ejemplo KETc-
1 y KETc-12 promueven un aumento en la proliferacion de los linfocitos T e
incremento en la produccion de IL-2 e INF-y, en el caso de GK-1 se sabe que se
promueve un incremento en la proliferacion de linfocitos T y un aumento en la
secrecion de IL-2, IL-4 e IFN-y (73,74). De los tres péptidos que conforman la vacuna
S3Pvac, el péptido GK-1 ha recibido especial atencion considerando su capacidad
de inducir una respuesta protectora en el modelo murino de cisticercosis por T.
crassiceps en ausencia de adyuvante. De igual forma se ha demostrado en estudios
in vitro que la re-estimulacién antigénica indujo la produccion de IFN-y (77). Todo

esto postuld la hipdtesis de que podria poseer propiedades inmunomoduladoras y
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especificamente se propuso su papel potencial como adyuvante. Al respecto, se
disefiaron experimentos para evaluar las posibles funciones como adyuvante de GK-
1, demostrando que cuando se co-administré con la vacuna de influenza aumento
los niveles de anticuerpos respecto a los inducidos en ratones que solo recibieron la
vacuna de influenza (78). En estudios in vivo e in vitro se observé un aumento en la
activacion de las células T CD4" antigeno especifico cuando células presentadoras
de antigeno fueron estimuladas con la vacuna de influenza, especificamente con
hemaglutinina del virus de la influenza en conjunto con GK-1. Por otra parte, la
estimulacion de células presentadoras de antigeno con LPS en conjunto con GK-1
indujo un aumento en los niveles de moléculas co-estimuladoras como lo son CD86
ademas de un aumento de la expresion de la molécula MHC clase I, este efecto fue
mas notable cuando GK-1 se us6 en combinacion con LPS que cuando sélo se
estimularon con LPS. En este mismo estudio se encontré que GK-1 en conjunto con
LPS tienen un efecto sinérgico en promover la secrecion de la quimiocina CCL2
(MCP-1) en células dendriticas derivadas de médula 6sea (79). En un trabajo
reciente se estudid el papel del péptido GK-1 en macrdéfagos peritoneales como
inmunomodulador. Se encontré que el péptido GK-1 tiene un impacto en el perfil de
expresion geénica, promoviendo un aumento en la expresion de genes que codifican
para marcadores M1 de activacion como IL1-B, TNF-a, IL-6, IL-12, CD38, Fpr2,
CCL2 y CCL7. También se demostrd la disminucion en la expresion de genes que
codifican para marcadores de un fenotipo M2, como lo son Arg1 a tiempos
tempranos del estimulo. Ademas, concordante con la expresion génica se observd
un incremento en la expresion de la enzima NOS2, NO, CD86, MHC-Il, SOD2, asi
como un decremento en la expresion de los marcadores del fenotipo M2 como lo son
CD206. Ademas, se identificé la sobreexpresion del mensajero que codifica a el
receptor TLR2. En este estudio se encontré6 también que GK-1 estimula la
fagocitosis, asi como la expresion de los genes CD38, Rab11fip1 y H11-M11, que
favorecen la presentacidn antigénica. Finalmente, se reportdé un aumento en la
secrecion de las citocinas IL-6, TNF-a, IP-10 (CXCL10), Mip-1a (CCL3) y MCP-1
(CCL2) (80). El conjunto de estos hallazgos posiciona a GK-1 como un inductor de
macrofagos proinflamatorios probablemente a través de un mecanismo dependiente
de un PRR.
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Con base en esta informacidn y considerando que no se conocen las vias
intracelulares que se activan en macréfagos estimulados con los péptidos GK-1,
KETc-1, KETc-12 y la vacuna S3Pvac, estudiamos el estado de activacion de los
macréfagos a través de la expresion de las moléculas de co-estimulacion CD80,
CD86 y CD40, asi como la secrecion de NO, citocinas, quimiocinas y las vias
intracelulares implicadas en su produccion, particularmente las MAP cinasas y el
factor de transcripcion NF-kB, ya que estas dos vias son esenciales en la

sefializacion rio abajo de los TLRs para la activacion de los macréfagos.
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Justificacion

Se sabe que la cisticercosis porcina generada por el cestodo T. solium es una
parasitosis vulnerable a la respuesta inmune inducida por vacunacion. Entre las
vacunas que se han desarrollado figura la vacuna denominada S3Pvac, constituida
por los péptidos GK-1, KETc-1 y KETc-12 (72). El cestodo T. crassiceps induce una
respuesta inmune tipo Th1 transitoria en las primeras semanas de infeccidén y este
fenotipo tiene un papel protector. Esta proteccion esta asociada con un incremento
en el numero de macréfagos reclutados con un fenotipo pro inflamatorio, en donde
las citocinas IL-12, TNF-a, INF-y, asi como NO durante esta fase temprana de
infeccion tiene papel central (13). Debido a que la capacidad de generar un fenotipo
proinflamatorio resulta central para el disefio de una vacuna y en este sentido se
demostré que en macréfagos peritoneales el péptido GK-1 actuia como un
inmunomodulador. El péptido GK-1 tiene un impacto en el perfil de expresion génica
aumentando la expresion de genes que codifican para marcadores clasicos de
activacion M1 y la disminucion en la expresion de genes que codifican para
marcadores de un fenotipo M2. Ademas, concordante con la expresion génica se
observé un incremento en la expresion de marcadores de activacion M1, asi como
un decremento en la expresion de los marcadores del fenotipo M2, ademas de
estimular la fagocitosis y la expresion de genes que se sabe favorecen la
presentacion antigénica y un aumento en la secrecion de las citocinas
proinflamatorias. Sin embargo, no se conocen las vias intracelulares que se activan y
participan en la activacion de macrofagos estimulados con los péptidos de la vacuna
S3Pvac y en la identificacion de posibles receptores que intervienen en la activacion
de los macrofagos. Este conocimiento de los mecanismos resulta de gran
importancia biotecnoldgica ya que nos permitiria poder utilizar estos péptidos basado

en el uso racional de sus funciones.
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Hipotesis

Los componentes de la vacuna sintética S3Pvac promueven la produccién de
mediadores inflamatorios en macrofagos de manera dependiente de la activacidon de
las MAP cinasas y del factor NF-kB (p65).

Objetivo general

Identificar los mecanismos involucrados en la activacion de macrofagos derivados de
meédula 6sea inducida por los péptidos que constituyen la vacuna S3Pvac, ya sea de

forma individual o en conjunto.

Objetivos particulares:

. Evaluar la activacion de los macrofagos derivados de médula 6sea de raton
mediante la expresion de las moléculas de co-estimulacion CD80, CD86 y CD40, asi
como de las citocinas y quimiocinas tanto pro —inflamatorias como anti —inflamatorias

inducidas por los péptidos GK-1, KETc-1y KETc-12 y la vacuna S3Pvac.

. Medir la generacion de NO en macréfagos derivados de médula 6sea de raton
inducida por los péptidos GK-1, KETc-1y KETc-12 y la vacuna S3Pvac.

. Determinar la cinética de activacion de las MAP cinasas p38, ERK1/2 y JNK
inducida por el péptido GK-1 en macréfagos derivados de médula ésea de raton.

. Determinar la cinética de activacion del factor de transcripcién NF-xB inducida por

el péptido GK-1 en macrofagos derivados de médula ésea de raton.

. Identificar la participacion del adaptador MyD88 en la activacién del factor de
transcripcion NF-xB en macréfagos derivados de meédula Osea de raton y

estimulados con el péptido GK-1.
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Métodos

6.1 Reactivos

El péptido GK-1 (GYYYPSDPNTFYAPPYSA), el péptido KETc-1 (APMSTPSATSVR)
y el péptido KETc-12 (GNLLLSCL) fueron sintetizados como un producto GMP (del
inglés, Good manufacturing practice) (98% de pureza y libre de endotoxina) por
USV, LTD, Mumbai, India (Lote RD0O001, 1456980, 1456981, respectivamente). Los
péptidos fueron solubilizados en 0.9% de solucion salina en una concentracion de
1mg/mL. Para la vacuna S3Pvac se combinaron los tres péptidos en la misma
proporcion. El LPS de Escherichia coli serotype O111:B4 fue adquirido de Sigma-
Aldrich, San Luis Misuri, USA. Los anticuerpos utilizados en este estudio fueron anti-
fosfo p38 (p-p38) de Santa Cruz Biotechnology (Santa Cruz, CA, USA); los
anticuerpos en contra de NF-kB p65, B-actina, anti-MyD88 y laminina B1 de Abcam
(Cambridge, MA, USA); anti-fosfo ERK1/2 (p-ERK1/2), anti-fosfo JNK1/2, anti-CD40-
Allophycocyanin (APC), anti-CD86-Phycoerythrin (PE), anti-CD80-PECy5, anti-
la/le—biotin, anti-CD11b-FITC, anti-F480-biotina, anti-CD16/32 y anti-CD11¢c-FITC de
Biolegend (San Diego, CA).

6.2 Ratones

Se utilizaron ratones hembra de 4-6 semanas de edad BALB/cAnN, C57BL/6j (las
cepas originales provienen de Harlan Tekland, Madison, WI) y ratones C57BL/6j
deficientes en el adaptador MyD88 (JAX stock #009088; The Jackson Laboratory).
Los ratones fueron criados en las instalaciones del Instituto de Investigaciones
Biomédicas, UNAM. Dichos animales fueron mantenidos en condiciones libres de
patogenos con un fotoperiodo de 12 horas y temperatura controlada.
Adicionalmente, los ratones fueron mantenidos en cajas con ventilacion, agua y

alimento ad libitum.
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6.3 Lineamientos éticos

Todos los procedimientos realizados en los animales en este estudio se llevaron a
cabo de acuerdo con los lineamientos institucionales, siguiendo el protocolo

aprobado por el Comité de Bioética Institucional CICUAL (numero de folio ID 152).

6.4 Obtencion del factor estimulante de colonias de macréfagos (M-CSF)

Para obtener el factor estimulante de colonias de macrofagos, la linea celular L929
se cultivo de la siguiente manera: las células fueron cultivadas en una concentracion
de 1.2X108 células/mL en medio DMEM (Gibco, Grand Island, NY) suplementado
con 5 % de suero fetal bovino inactivado por calor (Gibco, Grand Island, NY), 50 mM
de 2-mercaptoetanol (Promega Corporation, Wisconsin, USA), 1% de
penicilina/estreptomicina (Gibco, Grand Island, NY) durante 7 dias. Transcurrido el
tiempo, el sobrenadante fue retirado y se centrifugé a 300 x g durante 5 minutos a 4
°C para descartar los restos celulares, el sobrenadante se recuperé en un tubo

nuevo y se almacend a -70 °C para su uso posterior.

6.5 Macréfagos derivados a partir de médula 6sea

Se obtuvieron macrofagos de medula 6sea de dos distintos fondos genéticos,
considerando que se han encontrado variaciones de respuesta a diversos antigenos
entre distintas cepas de ratones (81,82). Para obtener macréfagos a partir de médula
O0sea se sacrificaron ratones de BALB/cAnN y C57BL/6J, ademas de ratones
deficientes en el adaptador MyD88 en e fondo genético C57BL/6J por medio de
dislocacion cervical. Una vez realizado esto se obtuvieron la tibia y el fémur.
Posteriormente se obtuvo la médula 6sea de estos huesos pasando 1mL de PBS
(NaCl 137 mM, KCI 2.7 mM, Na2HPO4 4.3 mM, KH2PO4 1.4 mM, pH 7.3) a través
de la cavidad medular y recuperandola en placa de cultivo celular. Las células
obtenidas se centrifugaron a 300 x g por 5 minutos a 4 °C. Posteriormente, se
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descartd el sobrenadante y se agregaron 3 mL de solucion de lisis (NH4Cl 155mM,
KHCO3z 9 mM y EDTA 0.12 mM) por 3 minutos con la finalidad de eliminar los
eritrocitos presentes. Se centrifugd a 300 x g durante 5 minutos a 4 °C y se
cultivaron 10x108 células en RPMI (Gibco, Grand Island, NY) suplementado con 10
% de suero fetal bovino (Gibco, Grand Island, NY), 1% de penicilina/estreptomicina
(Gibco, Grand Island, NY) con el 10% de sobrenadante de células L929 durante 3
dias a 37 °C con un 5% de CO2 y 90% de humedad. Una vez transcurrido el tiempo,
las células se lavaron con PBS y se agregdé 4mL de RPMI completo con 10% del
sobrenadante de la linea celular L929 hasta el dia 7 para su posterior estimulacion.

Al dia 7 los macrofagos se lavaron con 1mL de PBS, posteriormente se agregd 1mL
de PBS/EDTA 0.5 mM frio y las células se colectaron mediante pipeteo en un tubo
conico. Una vez hecho, las células se centrifugaron a 300 x g por 5 minutos a4 °C y
se cultivaron ya sea en placas de 3 cm o 6 cm con 1.5 o 3X108 células en 1mL o
2mL de medio RPMI completo, respectivamente. La poblacién de células que
presenta un fenotipo de macrofagos tiene una pureza >90%, evaluada mediante la
expresion de los marcadores F480*/ CD11b* por citometria de flujo.

6.6 Estimulacion celular

a) Evaluacion del estado de activacion de los macrofagos en respuesta a los
péptidos y la vacuna S3Pvac:

Las células con un fenotipo de macrofagos que se derivaron de meédula 6sea de
ratones BALB/cAnN o C57BL/6j se estimularon en 2 ml de RPMI completo con los
péptidos GK-1, KETc1, KETc12 o en conjunto en la formulacion de la vacuna
S3Pvac en una concentracion de 10 ug/mL o 100 ug/mL o bien con LPS (como
control positivo de estimulacion, en una concentracion de 100ng/mL) durante 48
horas. Después de los estimulos los macrofagos se lavaron con PBS frio y se
recuperaron agregando PBS/EDTA (0.5 mM) frio durante 20 minutos, se
centrifugaron a 300 x g durante 5 minutos y se mezclaron en 1 ml de PBS,

32



posteriormente los macrofagos se centrifugaron a 300 x g durante 5 minutos.
Posteriormente, se colectaron los sobrenadantes de cultivo y se congelaron a -70 °C
hasta su uso.

b) Evaluacion de la activacion de las vias de las MAP cinasas en macrofagos
estimulados con GK-1:

Las células con el fenotipo de macréfagos derivados a partir de médula 6sea de
ratones C57BL/6j se estimularon en 1 mL de RPMI con el péptido GK-1 en una
concentracion de 10 ug/mL o 100 pug/mL, durante 5, 10, 15, 20, 25 y 30 minutos.
Como control positivo de estimulacion se utilizo6 LPS en una concentracién de
100ng/mL, durante 20 minutos. Una vez terminado el estimulo los macrofagos se

pusieron en una cama de hielo y se lavaron con 1 mL de PBS.

¢) Evaluacién de la activacion del factor NF-xB en macrofagos estimulados con
GK-1:

Las células con el fenotipo de macréfagos derivados a partir de médula 6sea de
ratones silvestres C57BL/6j o carentes de MyD88 se estimularon en 1 mL de RPMI
con el péptido GK-1 en una concentracion de 10 ug/mL o 100 ug/mL durante 0.5, 1,
2 y 3 horas, como control positivo de estimulacion se utilizd6 LPS en una
concentracion de 100ng/mL durante 3 horas.

6.7 Determinacion del fenotipo de los macrofagos derivados de médula 6sea
de raton mediante citometria de flujo

Los niveles de expresion de F480, CD11b, CD80, CD86 y CD40 en macréfagos
derivados de medula 6sea se determinaron mediante citometria de flujo con los
anticuerpos anti-F480 (acoplado a Biotina), anti-CD11b (acoplado a isotiocinato de
fluoresceina, FITC), anti-CD86 (acoplado a ficoeritrina), anti-CD80 (acoplado a
ficoeritrina-Cy5) y anti-CD40 (acoplado a aloficocianina). Los macréfagos se
colocaron en una cama de hielo y se lavaron con 1 mL de PBS. Posteriormente, se
agregd 1 mL de PBS/EDTA 0.5 mM frio durante 20 minutos, una vez transcurrido el

tiempo los macrdéfagos se desprendieron con una espatula para mantener su
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integridad, se recuperaron en un tubo eppendorf y se centrifugaron a 300 x g durante
5 minutos a 4 °C. Los macréfagos (0.5X108) se incubaron en presencia del
anticuerpo anti-CD16/32 en una dilucién 1:100 durante al menos 20 minutos. Una
vez transcurrido el tiempo se lavaron las células dos veces con solucion de tincion
(PBS con suero fetal bovino al 2% y NaN3 al 0.02%), se adicionaron los anticuerpos
a medir 30 minutos a 4 °C en 20 ul de solucion de tincion a una dilucion final de
1:100. Al terminar se lavaron dos veces con la solucion de tincidn, posteriormente
sblo en el caso de los anticuerpos acoplados a biotina se agreg6 estreptavidina
unida a ficoeritrina o aloficocianina durante 20 minutos a 4 ° C en una dilucién 1:200.
Finalmente, las células se lavaron dos veces con solucion de tincion y finalmente las
células se fijaron con formaldehido al 2%. En todos los experimentos se incluyeron
los controles de isotipo correspondientes. Los niveles de fluorescencia se
determinaron por medio del citdmetro de flujo Attune Nxt cytometer (Thermo Fisher,
Massachusetts, USA). Los datos se analizaron con el programa Flow Jo (v.8.7).

6.8 Obtencion de extractos proteinicos para Western blot

6.8.1 Extractos totales para evaluar la activacion de las MAP cinasas:

A los macrofagos derivados a partir de médula 6sea de raton una vez estimuladas se
les agregaron 100 uL de amortiguador de lisis (Tris 20mM pH 7.4, NaCl 250mM,
EDTA 2mM pH 7.4, Tritdn X100 1% y glicerol 10%) con inhibidores de fosfatasas y
proteasas (NaF 25mM, NaPPi 1mM, NavVO4 1mM, PMSF 1mM, pepstantina A
0.1mg/mL, leupeptina 0.1mg/mL, antipaina 0.1mg/mL, aprotinina 0.1mg/mL y DTT
25mM) (todos de Sigma Aldrich, San Luis Misuri, USA), las células se lisaron, se
pasaron a un tubo eppendorf y se incubaron durante 15 minutos en hielo.
Transcurrido el tiempo se centrifugaron durante 10 minutos a 15,600 x g. el
sobrenadante se recuperod y se guardé a -70 °C hasta su uso posterior.

6.8.2 Extractos nucleares para evaluar la translocacion de NF-xB:

Los extractos nucleares se prepararon de acuerdo con el protocolo previamente

reportado por (83). Una vez terminado el estimulo, los macréfagos se colocaron en
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una cama de hielo y se lavaron con 1 mL de PBS. Posteriormente se agregé 1 mL
de PBS/EDTA 0.5 mM frio durante 20 minutos, los macréfagos se desprendieron con
una espatula para mantener su integridad, se recuperaron en un tubo eppendorf y se
centrifugaron a 300 x g durante 5 minutos a 4 °C. Transcurrido el tiempo se descarto
el sobrenadante y se agregd 1 mL de PBS, se centrifugaron a 10,000 x g durante 20
segundos a 4 °C y se descarto el sobrenadante. Los macrofagos se mezclaron en
200 pl de amortiguador de lisis hipotonico (Hepes 10 mM pH 7.6, KCL 10mM, EDTA
0.1 mM, EGTA 0.1 mM) suplementado con inhibidores (PMSF 1mM, aprotinina
0.1mg/mL, leupeptina 0.1mg/mL, pepstantina A 0.1mg/mL, NaVO4 1mM, DTT 1 mM)
(todos de Sigma Aldrich, San Luis Misuri, USA) y se incubaron durante 15 minutos
en hielo. Las células se lisaron anadiendo 25 pul de NP40 al 10% agitando
vigorosamente durante 10 segundos. Se centrifugaron a 13,000 x g durante 40
segundos, los nucleos se extrajeron incubando en un amortiguador de extraccion
nuclear (Hepes 20 mM pH 7.6, NaCl 0.4 M, EDTA 1 mM, EGTA 1 mM)
suplementado con inhibidores (PMSF 1 mM, aprotinina 0.1mg/mL, leupeptina
0.1fmg/mL, pepstantina A 0.1mg/mL, NavVO4 1mM, DTT 1 mM), se agitaron
vigorosamente durante 15 minutos a 4 °C y posteriormente se centrifugaron a
13,000 x g durante 5 minutos, los sobrenadantes se recuperaron y se congelaron a -

70 °C para su posterior analisis.

6.9 Western blot

Las proteinas fueron cuantificadas por el método de Lowry (84) y se separaron
electroforéticamente 40 ug de proteina de extractos totales y 10 ug para extractos
nucleares por SDS-PAGE a 30 mA durante 75 minutos. Se transfirieron a una
membrana de polivinilideno (PVDF) de 0.45 um en amortiguador de transferencia
(Tris 25 mM, glicina 200 mM y metanol al 20%) a 100 Volts durante 90 minutos.
Posteriormente, las membranas fueron bloqueadas con leche descremada al 5% en
TBS-T (Tris/HCI 20 mM ph 7.5, NaCl 150 mM, Tween 20 0.1%) o BSA (albumina
sérica bovina) al 5% en TBS-T durante 1 hora a temperatura ambiente.
Subsecuentemente, las membranas se incubaron con el anticuerpo primario en BSA

al 5% o leche al 5% en TBS-T durante toda la noche a 4 °C con agitacion suave.
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Posteriormente, las membranas se lavaron 3 veces durante 5 minutos con TBS-T y
se agrego el anticuerpo secundario diluido 1:5,000 en leche al 5% en TBS-T durante
1 hora a temperatura ambiente. Las membranas se lavaron 3 veces con TBS-T
durante 5 minutos. La union del anticuerpo fue detectada mediante la solucién
SuperSignal™ West Dura (Thermo Fisher, Massachusetts, USA). En todos los
casos, las bandas se escanearon y analizaron con el software ImagedJ. Los valores

se normalizaron con respecto a las bandas del control de carga (actina o laminina)

6.10 Immunology Multiplex Assay

Las concentraciones de citocinas, quimiocinas y factores de crecimiento se
determinaron en los sobrenadantes de los macrofagos derivados a partir de médula
O0sea de ratdn previamente estimulados. Se utilizé6 un panel comercial de 20 analitos
(Mouse Cytokine Magnetic 20-Plex panel: FGF Basic, IL-1p, IL-10, IL-13, IL-6, IL-12,
IL-17, MIP-1a, GM-CSF, MCP-1, IL-5, VEGF, IL-1a, INF-y, TNF-q, IL-2, IP-10, MIG,
KC, IL-4). El ensayo se realizé de acuerdo con las instrucciones del fabricante (EMD
Millipore Corporation, Massachusetts, USA). Primero se afiadieron 200ul de solucion
de lavado a cada pozo de una placa de 96 pozos. La placa se sell6 y se mezcld en
un agitador por 10 minutos a temperatura ambiente (20-15 °C). Una vez terminado el
tiempo se decantd la solucidén de lavado y los residuos se eliminaron de los pozos
invirtiendo la placa. Posteriormente a los pozos correspondientes se afiadieron 25 pl
de estandares, controles y muestras diluidos en “solucion de ensayo”. Una vez
hecho esto se afadio 25 pul de la mezcla de perlas a cada pozo. La placa se cubridé y
se incubd en agitacion durante toda la noche de 2-8°C. Una vez transcurrido el
tiempo se removid el contenido de los pozos con la ayuda de un magneto y se lavd
dos veces la placa utilizando la solucién de lavado. Posteriormente, se afiadieron 25
ul de anticuerpos de deteccion a cada pozo, la placa se cubridé con papel aluminio y
se puso en agitacion durante 1 hora a temperatura ambiente. Una vez transcurrido el
tiempo, se anadieron 25 ul de estreptavidina-ficoeritrina a cada pozo. La placa se
cubrié con papel aluminio y se incubd en agitacion durante 30 minutos a temperatura
ambiente. Transcurrido el tiempo, se removi6 el contenido de los pozos con la ayuda

de un magneto y se lavd dos veces con la solucion de lavado. Una vez realizado, se
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le agregaron a la placa 150 ul de la “solucion trabajo” a todos los pozos. Las perlas
se mezclaron durante 5 minutos. La placa se leyd utilizando el sistema MagPix

Luminex (Xponent Software).

6.11 Cuantificacion de o6xido nitrico mediante Reaccion de Griess

La cantidad de nitrito (NO?) presente en el sobrenadante celular se evalué mediante
la reacciéon de Griess, el cual es uno de los dos principales productos de NO, el cual
es estable y no volatil. Para ello se prepar6é una curva estandar en el medio RPMI
completo en el cual los macrofagos se cultivaron. En el caso de la curva se
agregaron 50ul de RPMI completo y posteriormente se afiadio la solucidn de nitrito
estandar y realizaron las diluciones correspondientes (100, 50, 25, 12.5, 6.25, 3.13 y
1.56 uM), para el caso del blanco sélo se agregaron 50ul de medio RPMI completo.
En el caso de las muestras se afadieron por duplicado 50ul al pozo correspondiente,
posteriormente se afadieron 50ul de la solucion de sulfanilamida a todos los pozos,
asi como a la curva. Se incubd durante 5-10 minutos a temperatura ambiente
protegido de la luz. Una vez transcurrido el tiempo se agregaron 50ul de solucién de
NED a todos los pozos incluyendo la curva y se incubaron durante 5-10 minutos
protegidos de la luz. Posteriormente se leyo la placa en un rango de 520 a 550nm.

6.12 Analisis de resultados.

Se utilizé una prueba de normalidad (D°Agostino-Pearson) para determinar la
distribucion normal de los grupos experimentales. Los datos fueron comparados con
una ANOVA de una via seguido por una prueba de comparacion multiple o un
student’s t no paramétrico usando el software GraphPad versiéon 6 para Mac. Los
datos se reportan en promedio + SEM vy la significancia estadistica fue aceptada con

una p < 0.05.
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Resultados

7.1 Los péptidos GK-1 y KETc-12 componentes de la vacuna S3Pvac inducen
un aumento en la expresiéon de moléculas co-estimuladoras en macréfagos
derivados de médula 6sea a partir de ratén

El estado de activacién de los macrofagos derivados a partir de médula 6sea de la
cepa C57BL6J se analiz6 mediante la expresion de las moléculas de co-estimulacion
CD80, CD86 y CD40 utilizando citometria de flujo. Los macréfagos estimulados con
el péptido GK-1 en concentraciones de 10 y 100 ug/mL durante 48 horas mostraron
un aumento significativo con respecto al control en el porcentaje de células que
expresan de CD86, asi como en la expresion de CD40 con la dosis de 100 pg/mL
(Figura 3a). Se observé también un aumento significativo en la expresion de CD86
(Intensidad Media de Fluorescencia) tanto en la dosis de 10ug/mL como en la
100pg/mL de GK-1, asi como en la expresion de CD40 cuando fueron estimulados
con 100ug/mL del péptido GK-1 (Figura 3b). Como se aprecia en la Figura 3, el LPS
(control positivo) indujo el incremento de células que expresaron CD40 y CD86
(Figura 3a) asi como un aumento en los niveles de expresion de CD40 y CD86

(Figura 3b), pero no de CD80, de manera muy similar a como lo hizo GK-1.

En el caso de la estimulacion de los macrofagos con el péptido KETc-1 no se
observd un aumento significativo con respecto al control en el porcentaje de células
(Figura 3c) o en la expresion (Figura 3d) de ninguna de las moléculas co-
estimuladoras evaluadas en ambas dosis. Sin embargo, cuando los macréfagos
fueron estimulados con LPS se observd un aumento significativo en el porcentaje de
células que expresan las moléculas co-estimuladoras asi como en el nivel de

expresion de éstas.

Con respecto al efecto de la estimulacién con el péptido KETc-12 los macréfagos no
mostraron un aumento significativo con respecto al control en el porcentaje de
células que expresan las moléculas co-estimuladoras (Figura 3e). Sin embargo, los
macroéfagos al ser estimulados con KETc-12 mostraron un aumento significativo en

la expresion de CD86 en la dosis de 100 ug/mL (Figura 3f). Finalmente, los
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macrofagos al ser estimulados con la vacuna S3Pvac no mostraron un aumento
significativo en el porcentaje de expresion (Figura 3g) o en la expresion de las
moléculas co-estimuladoras (Figura 3h).

Es relevante sefialar que en todos los casos se observdo que los macréfagos
expresan mayores niveles de CD86 que de las otras moléculas co-estimuladoras sin

importar la condicion experimental a la que fueron sujetos.
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Figura 3. Los macroéfagos derivados a partir de médula 6sea de la cepa C57BL/6J
en presencia de los péptidos muestran un aumento significativo en el porcentaje
de células que expresan CD86. Macrofagos derivados a partir de médula ésea de la cepa
C57BL/6J fueron estimulados por 48 horas con los péptidos a,b) GK-1; c¢,d) KETc-1; e,f) KETc-12 y
g,h) la vacuna S3Pvac en las dosis de 10ug/mL y 100ug/mL o como control positivo LPS en la
concentracién de 100ng/mL, posteriormente se analizé el porcentaje de células que expresan CD80,
CD86 y CD40 mediante citometria de flujo. Los datos corresponden a GK-1 (n=4); KETc-1 (n=3);
KETc-12 (n=3); S3Pvac (n=3) experimentos independientes. Los datos fueron comparados mediante
un ANOVA de una via y posteriormente una prueba T-test. *p < 0.05, **p<0.01 o ***p<0.001 con
respecto a las células no estimuladas (NS). Anexo 1: Dot plots representativos de las graficas.
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7.2 Los péptidos GK-1, KETc-1, KETc-12 y la vacuna S3Pvac aumentan la
produccioén de éxido nitrico en macréfagos

El NO es un compuesto altamente reactivo y un radical libre en forma de gas que es
producido por la oxidacién de la L-arginina a citrulina mediado por la enzima NOS2
el cual es tox ico para muchos patdgenos, incluidos patdogenos intracelulares y
extracelulares (85). Con el fin de caracterizar si los componentes de la vacuna (GK-
1, KETc-1 y KETc-12) y la vacuna S3Pvac inducen la produccion de NO como parte
de sus propiedades inmunoestimuladoras, se estimularon macrofagos derivados a
partir de médula 6sea de la cepa BALB/cAnN y C57BL/6J con cada uno de los
péptidos o con la vacuna S3Pvac por 48 horas. Una vez realizado el estimulo se
observo mediante la reaccion de Griess la liberacion del NO. Como se observa en la
Figura 4, el péptido GK-1 induce un aumento significativo en la produccion de 6xido
nitrico tanto en la dosis de 10ug/mL como en la dosis de 100ug/mL en los
macrofagos de la cepa BALB/c (Figura 4a) y de la cepa C57BL6J (Figura 4b),
mientras que KETc-12 indujo la expresion de NO en la dosis de 10 ug /mL en
BALB/c y en la dosis de 100 pug /mL en C57BL/6J. Para el caso de KETc1, éste solo
indujo la produccién de NO a dosis de 100 ug /mL en la cepa C57BL/6J. Finalmente
para el caso de la vacuna S3Pvac se puede observar que solo tuvo una tendencia
en la produccion de NO al ser administrada a una dosis de 100 pg /mL y solo en la
cepa C57BL/6J. Estos resultados sefalan que los péptidos, asi como la vacuna son
capaces de inducir la activacion de los macrofagos promoviendo un posible fenotipo
M1.
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Figura 4. Los péptidos GK-1, KETc-1, KETc-12 asi como la vacuna S3Pvac inducen
un aumento en la secrecion de NO. Macrofagos derivados a partir de médula ésea de la cepa
a) BALB/cAnN o b) C57BL/6J fueron estimulados por 48 horas con los péptidos GK-1, KETc-1, KETc-
12 y la vacuna S3Pvac en las dosis de 10ug/mL y 100ug/mL, como control positivo se empled LPS en
la dosis de 100ng/mL. Posteriormente se analizd la presencia de NO™ en el sobrenadante celular
mediante la reaccion de Griess. Los datos corresponden a BALB/c n=4; C57BI/6, n=7 experimentos
independientes. Los datos fueron comparados mediante un ANOVA y posteriormente una prueba t-test
*p < 0.05, **p<0.01 o ***p<0.001 con respecto a las células no estimuladas (NS).

7.3 Efecto de GK-1 sobre la secrecion de citocinas y quimiocinas por
macroéfagos derivados de médula 6sea de ratones BALB/c y C57BL/6

Como se observa en la Figura 5, los macréfagos derivados de la médula 6sea de
ratones BALB/cANN al ser estimulados con el péptido GK-1 no aumentaron de forma
significativa la produccion de citocinas. Para las citocinas IL-10, IL-6, IP-10, KC,
MCP-1 y TNF-a solo los macréfagos estimulados con LPS muestran un incremento
de su expresion (Figura 5a). De igual manera los macrofagos de la cepa C57BL/6J al
ser estimulados con GK-1 no mostraron un aumento significativo en la expresion de
ninguna de las citocinas evaluadas en este estudio en ninguna de la dosis, mientras
que el control positivo de LPS logré un aumento significativo con respecto al control
de las citocinas IL-6, KC, MCP-1, MIP-1a y TNF-a (Figura 5b).
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Figura 5. Niveles de citocinas liberadas por macréfagos en presencia de GK-1.
Macréfagos derivados a partir de médula 6sea de la cepa a) BALB/cAnN y b) C57BL/6J fueron
estimulados durante 48 horas con el péptido GK-1 en las dosis de 10ug/mL y 100pg/mL o como control
positivo LPS en la concentracion de 100ng/mL, posteriormente se analizé el aumento de la secrecion
de IL-1a, IL-10, IL-6, IP-10, KC, MCP-1, MIP1-a. y TNF-a. mediante MAX PIX. Promedio + EE de 3
experimentos independientes. Los datos fueron analizados mediante una prueba T-test. *p < 0.05,
**p<0.01 o ***p<0.001 con respecto a las células no estimuladas.

7.4 Efecto de KETc-1 en la secrecidn de citocinas y quimiocinas por
macroéfagos derivados de médula 6sea de ratones BALB/cAnN y C57BL/6j

Los macrofagos de la cepa BALB/cANnN al ser estimulados con el péptido KETc-1 no
mostraron un aumento significativo en la expresion de las citocinas evaluadas con
respecto al control. El control positivo con LPS aumentd significativamente la
secrecion de las citocinas IL-10, IL-6, IP-10, KC, MCP-1 y TNF-a (Figura 6a).
Resultados similares se observaron en los macrofagos de la cepa C57BL/6J que al
ser estimulados con KETc-1 no mostraron un aumento significativo en la expresion
de ninguna de las citocinas evaluadas en ninguna de la dosis, mientras que el
control positivo de LPS logré un aumento significativo con respecto al control de las
citocinas IL-6, KC, MCP-1, MIP-1a y TNF-a (Figura 6b).
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Figura 6. Los macrofagos de la cepa BALB/cAnN en presencia de KETc-1 no
mostraron un aumento significativo en la secreciéon de las citocinas. Macréfagos
derivados a partir de médula 6sea de la cepa a) BALB/cAnN y b) C57BL/6J fueron estimulados por 48
horas con el péptido KETc-1 en las dosis de 10ug/mL y 100ug/mL o como control positivo LPS en la
concentracion de 100ng/mL, posteriormente se analizé el aumento de la secrecion de IL-1a, IL-10, IL-
6, IP-10, KC, MCP-1, MIP1-a y TNF-a. mediante MAX PIX. Promedio + EE de 3 experimentos
independientes. Los datos fueron analizados mediante una prueba T-test. *p < 0.05, **p<0.01 o
***n<0.001 con respecto a las células no estimuladas.
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7.5 Efecto de KETc12 sobre la secrecion de citocinas y quimiocinas por
macroéfagos derivados de médula 6sea de ratones BALB/cAnN y C57BL/6J.

Los macréfagos de la cepa BALB/cANnN al ser estimulados con el péptido KETc-12
mostraron una disminucion significativa con respecto al control de las citocinas IL-10
y MCP-1 en la dosis de 100ug/mL, el control positivo de LPS logré incrementar
significativamente la secrecion de las citocinas IL-10, IL-6, IP-10, KC, MCP-1 y TNF-
o con respecto a los macrofagos incubados con RPMI (control negativo) (Figura 7a).
Los macrofagos obtenidos a partir de médula 6sea de ratones de la cepa C57BL/6J
al ser estimulados con KETc-12 tanto en la dosis de 10ug/mL como de 100pg/mL no
aumentaron significativamente la expresion de las citocinas. Para el caso de los
macréfagos estimulados con LPS se observd un aumento significativo en la
expresion de las citocinas IL-1a, IL-6, KC, MCP-1, MIP-1a y TNF-a con respecto al
control (Figura 7b).

a)

15000+

control
10 pug/mL
B 100 ugimL

10000+ Il 100ng/mLLPS

50004

*
: ‘
4 -
2000
1500+
1000+
500+ *
T
0"""""'! ™ ™ T
IL-6

IL-1a IL-10

Jl|| I i|||

IP-10 K

pg/mL

[l
L

MCP-1 MIP-1a TNF-a

45



b)

*
200004
15000+ *
*
100004 ; **
*k
5000+ '
< . . " .
§ 2000+ g .
15004
10004
500+
*
| i
0- T T 7T T T T 7T T T 17T T 7T
IL-1a IL-10 IL-6 IP-10 KC MCP-1 MIP-1a TNF-a

Figura 7. Los macrofagos de la cepa BALB/c en presencia de KETc-12 mostraron
una disminucién significativa en la secrecion de las citocinas IL-10 y MCP-1.
Macrofagos derivados a partir de médula 6sea de la cepa a) BALB/cCAnN y b) C57BL/6J fueron
estimulados por 48 horas con el péptido KETc-12 en las dosis de 10pug/mL y 100pug/mL o como control
positivo LPS en la concentracion de 100ng/mL, posteriormente se analizé el aumento de la secrecion
de IL-1a, IL-10, IL-6, IP-10, KC, MCP-1, MIP1-a. y TNF-a. mediante MAX PIX. Promedio + EE de 3
experimentos independientes. Los datos fueron analizados mediante una prueba T-test. *p < 0.05,
**p<0.01 o ***p<0.001 con respecto a las células no estimuladas.

7.6 Efecto de la vacuna S3Pvac sobre la secrecién de citocinas y quimiocinas
por macrofagos derivados de médula 6sea de ratones BALB/cAnN y C57BL/6J

Los macrofagos de la cepa BALB/cANnN al ser estimulados con la vacuna S3Pvac
mostraron una disminucion significativa en la secrecion de la citocina IL-10 en las
dosis de 10ug/mL y 100ug/mL, de igual manera las citocinas IL-6, IP-10, MIP-1a y
TNF-a en la dosis de 100ug/mL disminuyeron significativamente con respecto al
control. Sin embargo, observamos un aumento en la secreciéon de MIP-1-a en la
dosis de 10ug/mL con respecto al control, finalmente macréfagos estimulados con
LPS aumentaron significativamente la secrecion de las citocinas IL-10, IL-6, IP-10,
KC, MCP-1 y TNF-a (Figura 8a). Para los macrofagos de la cepa C57BL/6J se
observa que al ser estimulados con la vacuna S3Pvac no mostraron un aumento

significativo en la expresion de las citocinas mientras que el control positivo de LPS
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logré un aumento significativo de las citocinas IL-6, KC, MCP-1, MIP-1a. y TNF-a con

respecto al control (Figura 8b).
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Figura 8. Los macréfagos de la cepa BALB/c en presencia de S3Pvac mostraron
una disminucién significativa en la secrecién de las citocinas IL-10, IL-6, IP-10 y
un aumento de la secrecion de la citocina MIP-1a. Macréfagos derivados a partir de
médula 6sea de la cepa a) BALB/cAnN y b) C57BL/6J fueron estimulados por 48 horas con el péptido
KETc-12 en las dosis de 10pug/mL y 100pg/mL o como control positivo LPS en la concentracion de
100ng/mL, posteriormente se analiz6 el aumento de la secrecion de IL-1q, IL-10, IL-6, IP-10, KC, MCP-
1, MIP1-a y TNF-a mediante MAX PIX. Promedio + EE de 3 experimentos independientes. Los datos
fueron analizados mediante una prueba t-test. *p < 0.05, **p<0.01 o ***p<0.001 con respecto a las
células no estimuladas
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7.7 El péptido GK-1 induce la fosforilacion de las MAP cinasas p38, ERK1/2 y
JNK en macréfagos de la cepa C57BL/6J

Considerando que los principales hallazgos previos entre estos el aumento en la
secrecion de NO, el aumento en la expresion de CD86 y CD40 se observaron con el
péptido GK-1 se decidié continuar la caracterizacion de las vias intracelulares
implicadas en la activacion de los macrofagos solo con este péptido, aunado a que
se han demostrado propiedades inmunomoduladoras y antitumorales (80,86). Lo
primero que evaluamos fue la activacion de las MAP cinasas, ya que se sabe que la
via de las MAP cinasas tiene un papel esencial en la regulacion de la respuesta
inmune. Con el fin de determinar si las MAP cinasas se encontraban activadas por la
accion del péptido GK-1 nos propusimos evaluar la posible fosforilacion de las MAP
cinasas p38, ERK1/2 y JNK1/2 como medida indirecta de su activacion mediante
western blot. Como se aprecia en la Figura 8a, los macréfagos de la cepa C57BL/6J
al ser estimulados con 10 pg/mL del péptido GK-1 mostraron un aumento en la
fosforilaciéon de la MAP cinasa p38 desde los 10 minutos hasta los 30 minutos,
mientras que la dosis de 100ug/mL indujo un aumento en la fosforilaciéon a los 5 y
hasta los 30 minutos de ser estimulados. En el caso de ERK1/2 no se observo un
aumento significativo en la fosforilacion de ERK1/2 (Figura 9b). Finalmente, GK-1
promueve la activacion de la MAP cinasa JNK a los 25 minutos de estimulo con la

dosis de 10 pg/mL (Figura 9c).
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Figura 9. Los macrofagos de la cepa C57BL/6J en presencia de GK-1 induce la
fosforilacion de la MAP cinasa p38. Macréfagos derivados a partir de médula 6sea de la cepa
C57BL/6J fueron estimulados por 5, 10, 15, 20, 25 y 30 minutos con el péptido GK-1 en las dosis de
10pg/mL y 100ug/mL, y como control positivo LPS en la concentracion de 100ng/mL por 20 o 30
minutos, posteriormente se analizé la fosforilacion de las MAP cinasas a) p38, b) ERK1/2 y ¢) JNK, asi
como la expresion de actina mediante western blot. Los datos se muestran como el promedio + SEM
de 3 experimentos independientes. Los datos se analizaron mediante una prueba T-test *p<0.05,
**p<0.01 0 ***p<0.001, 1 p=0.006 con respecto a las células no estimuladas (NS).

7.8 Activacion de NF-xB en ratones silvestres C57B6/J y mutantes para la
molécula MyD88

Con el fin de continuar caracterizando las propiedades inmumoduladoras del péptido
GK-1 evaluamos la activacion de la via del factor de transcripcién NF-xB. Primero
caracterizamos la fosforilacion del inhibidor IkxB, el cual una vez fosforilado es
ubiquitinado y degradado permitiendo la translocacion de p65 al nucleo (87). En este
caso encontramos que GK1 induce la fosforilacion de IkB a los 15 minutos de
estimulo con la dosis de 10 ug/mL (Fig. 10a). Por otra parte, evaluamos la
translocacion al nucleo de la subunidad p65 del factor de transcripcion NF-xB y
encontramos que la dosis de 10 ug/mL y 100 pg/mL del péptido GK-1 inducen un
aumento significativo en la translocacion al nucleo de NF-«xB (p65) a 1, 2 y 3 horas
de estimulacién. Finalmente, evaluamos la posibilidad de que el péptido GK-1
sefalizara a través de un receptor TLR utilizando macréfagos provenientes de
ratones carentes del adaptador MyD88 ya que este adaptador es utilizado por todos
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los TLRs con excepcion de TLR3 para senalizar rio abajo y activar tanto a MAP
cinasas como al factor de transcripcidon NF-«xB. En este caso encontramos que la
translocacién al nucleo inducida por el péptido GK-1 se pierde en ratones KO para el
adaptador MyD88 (Figura 10b)
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Figura 10. La activaciéon de NF-xB (p65) en los macré6fagos de la cepa C57BL/6J es
inducida por GK-1. a) Macréfagos derivados a partir de médula 6sea de la cepa C57BL/6J fueron
estimulados por 5, 10,15, 20, 25 y 30 minutos con el péptido GK-1 en las dosis de 10ug/mL y
100pg/mL, como control positivo LPS en la concentracion de 100ng/mL durante 20 minutos.
Posteriormente en extractos totales se analizo la fosforilacion de 1kB, asi como la expresiéon de actina
mediante Western blot. b) Macréfagos derivados a partir de médula ésea de la cepa C57BL/6J(1 y
Knock out ¢ para MyD88 fueron estimulados por 0.5, 1, 2, y 3 horas con el péptido GK-1 en las dosis
de 10ug/mL y 100ug/mL, como control positivo en la concentracion de 100ng/mL por 2 horas,
posteriormente en extractos nucleares se analizé la translocacion de p65, asi como la expresion de
laminina mediante Western blot. Los datos se muestran como el promedio + SEM de 4 experimentos
independientes analizado mediante la prueba de t-test pareada. a p > 0.05, b p<0.05 con respecto a
las células no estimuladas (NS). *p < 0.05 entre los grupos wt y KO en el mismo periodo de
estimulacion.
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Discusién

En estudios previos se observd que la vacuna S3Pvac, asi como sus componentes
(GK-1, KETc-1 y KETc-12) promueven la activacion de los linfocitos T. En particular,
esta activacion se caracteriza en el caso de los péptidos KETc-1 y KETc-12 por un
incremento en la produccion de IL-2 e INF-y mientras que el péptido GK-1 favorece
la secrecion de IL-2, IL-4 e INF-y (73,74). Sin embargo, no se ha descrito la
respuesta inicial mediada por los macrofagos hacia esta vacuna y sus componentes,

que llevaria a la activacion de los linfocitos T.

En este trabajo evaluamos la activacion de macrdéfagos derivados a partir de médula
O0sea de ratones mediada por los diferentes péptidos, asi como por la vacuna
S3Pvac a través de la expresion de las moléculas de co-estimulacion CD80, CD86 y
CDA40, la secrecidn de NO, la secrecion de citocinas y quimiocinas. Adicionalmente,
evaluamos la activacion de las MAP cinasas y el factor de transcripcion NF-xB
medida por GK-1.

Los macréfagos en presencia de cada uno de los péptidos, asi como de la vacuna
S3Pvac expresaron un aumento en la secrecion de NO, sugiriendo una polarizacion
hacia un fenotipo M1 clasico. La produccién de NO se ha asociado a la habilidad de
los macrofagos para eliminar patdégenos intracelulares y extracelulares (88)
permitiéndoles contender contra infecciones, ademas de regular la actividad de
muchos tipos celulares como los linfocitos T, mastocitos, células presentadoras de
antigeno, neutrodfilos y células NK (89). Asi, el aumento en la expresion de NO
plantea la posibilidad de que los macrofagos tengan capacidad antiparasitaria y
puede estar relacionada con la proteccion inducida por la vacuna S3Pvac contra la
cisticercosis (73,74,90). Otra caracteristica que puede mediar la actividad de NO, es
su capacidad citotoxicas a través de diferentes mecanismos. Una vez producido el
NO puede reaccionar con el superdxido llevando a la formacion de peroxinitrito el
cual es altamente reactivo. El peroxinitrito puede causar varios tipos de dafo al ADN
como por ejemplo la desaminacién de las bases nitrogenadas que lleva a
mutaciones y a rupturas de la hebra del ADN (91) ademas de activar vias de muerte

celular, mientras que los niveles bajos de peroxinitrito estan involucrados en la
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nitracion de residuos de tirosina que produce pérdida de funcion o ganancia de

funcién en las proteinas (92,93).

El efecto antiparasitario del NO ha sido demostrado con los trematodos del género
Schistosoma, como lo es S. mansoni, en donde el NO limita el dafio hepatico
inducido por TNF-o. que induce apoptosis (94), ademas de tener efectos anti-
fibroticos y asi reducir la patologia que provoca S. masoni (95). En el caso del
nematodo Trichinella spiralis la produccion de NO se asocié con el desarrollo de
dafio al intestino y este dafio se consider6é necesario para la proteccion ya que se
postula que favorece la expulsion del gusano. Para la filariasis linfatica causada por
los nematodos del género Brugia o Wuchereria el NO secretado por los macréfagos
protege al hospedero eliminando al parasito (96,97). Como ya se ha mencionado, se
sabe que el NO es importante para restringir el crecimiento de T. crassiceps, debido
a la capacidad de nitrosilacion de proteinas que contienen cisteinas, ya que se ha
demostrado que tanto T. solium como T. crassiceps liberan a las cisteina proteasas
que favorecen la sobrevida del parasito por lo cual la produccion de NO de los
macréfagos podria ayudar a la proteccion en contra de la cisticercosis (98). Estas
observaciones nos permiten considerar que el NO tendria un papel importante en
inhibir la actividad de estas cisteina-proteasas, que se sumarian a las propiedades

citotoxicas contra del parasito.

Ademas de la secrecion del NO, el fenotipo M1 en los macrofagos se caracteriza por
la expresion de los marcadores de superficie CD86, CD80 y CD40 (27). En este
estudio encontramos que los macréfagos aumentan la expresion del marcador CD86
y CD40 en presencia de los péptidos. El aumento en la expresién de las moléculas
CD86 y CD40 inducido por el péptido GK-1 y CD86 por el péptido KETc-12, nos
sugiere que los péptidos al activar a los macréfagos podrian promover la activacion
de las células T a través de la unién a CD28 (CD80 y CD86), CD40L (CD40). Se
sabe que los receptores CD80, CD86 y CD40 son moléculas co-estimuladoras de la
activacion de los linfocitos T, que lleva a un aumento en la proliferacion, la
produccion de IL-2 y un aumento en la sobrevida (99,100). Estudios previos

realizados en nuestro grupo de investigacion han mostrado que la inmunizacion con
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los componentes de la vacuna S3Pvac induce un incremento en la proliferacion y la
activacion de los linfocitos T (73,74), activacion que podria ser promovida por el
aumento en la expresion de estas moléculas co-estimuladoras que se inducen en las
células presentadoras de antigeno como por ejemplo los macrofagos. Sin embargo,
en este trabajo no encontramos en los macréfagos un aumento en la expresion de
CD80, una molécula que junto con CD86 participa en la activacién de las células T,
pero cuando las células presentadoras de antigeno no expresan estos receptores las
células T entran en un estado de anergia (101). No obstante, se describié que CD80
y CD86 tienen efectos diferentes en la respuesta inmune tanto in vitro como en
modelos in vivo (99,102). En un estudio se encontr6 que las propiedades de
sefializacion de CD28 y CTLA-4 consisten en: primero CD86 se une 13 veces mas
débilmente a CTLA-4 que CD80 y segundo CD86 se une a CD28 de dos a tres
veces mas eficientemente que CD80 (103). Esto correlaciona con un modelo murino
de alotransplante en donde CD80 y CTLA-4 son necesarios para inducir la tolerancia
mientras que CD86 es necesario para la activacion de las células T aloreactivas
(104). De igual manera en un modelo de alergia al cacahuate se mostr6 que CD86
pero no CD80 es mas importante para inducir la respuesta de IgE (105). Nuestros
estudios plantean que el aumento en la expresion de CD86 en los macréfagos
derivados a partir de médula ésea inducido por los péptidos es probablemente
suficiente para promover una adecuada activacion del linfocito T y ademas poder
disminuir o retrasar la inhibicién del linfocito T al no estar CD80 presente y no unirse
al receptor CTLA-4.

Al igual que las moléculas co-estimuladoras, las citocinas son un componente critico
en la unién del sistema inmune innato y adaptativo. Las citocinas proinflamatorias
que son producidas por los macréfagos M1 son componentes importantes de la
defensa del hospedero. Los macréfagos M1 producen altos niveles de IL-12, IL-1, IL-
6 e IL-23 y han sido asociados con el desarrollo y expansion de células T (106). En
contraste, los macrofagos M2 producen altos niveles de IL-10 y bajos niveles de IL-
12 (107). En este sentido un estudio previo encontr6 que macrofagos peritoneales
estimulados con GK-1 aumentaban la expresion de diversos mARN, entre los que se
destacan il1b, Tnf, 1I6, Ill1a, Ccl3, Ccl2 (80). Sin embargo, en este estudio

encontramos que en macrofagos derivados a partir de médula 6sea de raton
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tratados con los péptidos o con la vacuna S3Pvac hay una disminucion en la
secrecion de las citocinas IL-6, MCP-1 (CCL2), MIP1-a (Ccl3) y TNF-a, IP-10 (Cxcl-
10) e IL-10 y solo para el caso de la vacuna S3Pvac hay un aumento en la expresion
de MIP-1a, una citocina que participa en la quimiotaxis celular la cual promueve la
respuesta inflamatoria. Estas diferencias entre los macrofagos peritoneales y los
macrofagos derivados a partir de médula 6sea podrian deberse al estado en el que
los macrofagos son expuestos a los antigenos vacunales, ya que los macréfagos
peritoneales llevan a cabo su diferenciacion in vivo, mientras que los macréfagos
derivados de médula ésea se diferencian in vitro con la ayuda de los factores de
crecimiento M-CSF o GM-CSF y dependiendo del tipo que se utilice puede haber
cambios en el fenotipo de los macrofagos. (108). En el caso del factor de crecimiento
M-CSF, el cual se utilizé6 para realizar este estudio, se ha reportado que M-CSF
promueve la formacion de un fenotipo M2 en los macréfagos diferenciados en su
presencia (109). Por lo que postulamos que los péptidos y la vacuna logran revertir
parcialmente el fenotipo M2 del cual parten los macrofagos, ya que a pesar de la
disminucién en la expresion de citocinas proinflamatorias logran promover la
expresion de CD86, CD40 y la liberacion de NO. Cabe considerar la capacidad
versatil de los macréfagos en intercambiar la expresion de su fenotipo. Mientras que
el intercambio del fenotipo M1 a M2 protege al organismo de una inflamacion
excesiva, el intercambio entre un fenotipo M2 a M1 protege al organismo de
reacciones alérgicas y asmaticas, ademas de la disminucion en sus propiedades
bactericidas. ElI concepto actual propone que el fenotipo M1 puede ser
reprogramado a un fenotipo M2 y viceversa, proponiendo incluso nuevos fenotipos
de activacion como lo son el fenotipo M3 e incluso un fenotipo M4 (110).

El fenotipo M3 se define como un estado de intercambio que se divide en dos
subtipos, el subtipo M1/2 que intercambia su fenotipo M1 a M2 y el subtipo M2/1 el
cual cambia su fenotipo M2 a M1. Los datos experimentales indican la existencia in
vivo del fenotipo M3, estos estudios han mostrado que siete vias de sefalizacion
estan involucradas en la reprogramacion de los macrofagos especificamente las vias
de JNK, PI3K/Akt, Notch, JAK/STAT, TGFB/SMAD/no-SMAD, TLR/NF-«xB vy las vias
de hipoxia (111).
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De igual manera el fenotipo M4 muestra similitudes con los fenotipos M1 y M2, ya
gue se encontraron marcadores relacionados a ambos fenotipos, pero en el fenotipo
M4 estan sobre expresados CCL18 y TNFSF10. En particular este fenotipo se
encontr6 asociado a lesiones ateroescleroticas en humanos y parecen tener
relevancia pato fisiolégica en la ateroesclerosis (112). Asi nuestros resultados
sugieren que los péptidos y/o la vacuna podrian estar induciendo uno de estos
estados intermedios de activacién en los macréfagos, por lo cual es importante
explorar la posible participaciéon de un fenotipo intermedio en la respuesta de los
macrofagos hacia los péptidos y la vacuna S3Pvac.

De los tres péptidos que conforman la vacuna S3Pvac, el péptido GK-1 ha mostrado
actuar como un péptido inmunomodulador, teniendo efectos directos en células del
sistema inmune incrementando moléculas de activacidén en células dendriticas (79) y
en macrofagos peritoneales (80), ademas de poseer propiedades anti-tumorales
(78,86,113). Por consiguiente, consideramos relevante ahondar en las vias
intracelulares que se activan en macréfagos estimulados con GK-1 que podrian estar
asociadas con la produccion de las moléculas efectoras. Para ello evaluamos la
activacion de las MAP cinasa p38, ERK y JNK mediante su fosforilacion en
macroéfagos tratados con GK-1, considerando su relevancia en la activacion de los
macrofagos. En este estudio encontramos que GK-1 fue capaz de activar a la MAP
cinasa p38 y a la MAP cinasa JNK. Se ha reportado que la MAP cinasa p38 y JNK
estan involucrados en el aumento de la expresion de las mendajeros de NOS2 e IL-
1B y la produccion de NO después de la estimulacion de TLR4 o TLR5 (114). Ya que
en nuestro trabajo encontramos que GK-1 induce la activacion de las vias de p38 y
JNK posiblemente la produccion de NO sea consecuencia de esta activacion, sin
embargo, GK-1 no inducen la secrecion de citocinas. Un fenomeno similar se ha
descrito en la activacion del receptor Dectina-1 (un CLR) y el adaptador CARD9 en
DCs y macrofagos derivados a partir de médula 6sea. La unidon del ligando a
Dectina-1 lleva a la activacién de la MAP cinasa p38 MAPK, pero es acompanada
por una reduccién en la produccién de TNF-q, siendo este fendmeno dependiente de
CARDS9 (115). La activacion de las MAP cinasas a travées de CARD9 no sélo ocurre

por medio de Dectina-1 ya que CARD9 también funciona como adaptador en la via
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de los TLRs (116), por lo que GK-1 podria utilizar a un receptor CLR o TLR y al

adaptador CARD9 para llevar a cabo sus funciones.

Se sabe que una vez que el ligando se une a un TLRs inicia una cascada de
sefalizacion compleja que resulta en la activacion de las MAP cinasas ademas de la
activacion del factor de transcripcidon NF-«xB a través de la proteina TAK1 de una
forma dependiente de MyD88 con excepcion de TLR3 (114,117). La translocacion al
nucleo del factor de transcripcion NF-xB depende de que el complejo fosforile a 1kB,
lo que lleva a la ubiquitinacidon y subsecuente degradacion de kB y esto libera a NF-
kB permitiendo su translocacion al nucleo. En nuestro trabajo, demostramos la
fosforilaciéon del inhibidor IkB inducido por el péptido GK-1 en los macrofagos
derivados a partir de médula 6sea. Ademas, este hecho correlacioné con que el
péptido GK-1 induce la translocacion al nucleo de NF-kB (p65). Interesantemente, la
translocacion de NF-kB al nucleo es de manera dependiente del adaptador MyD88,
lo que sugiere que el péptido GK-1 podria utilizar a un receptor TLR para inducir la
activacion de los macrofagos. En estudios previos en nuestro laboratorio se observo
que GK-1 induce en macrofagos peritoneales el aumento de la expresion del gen
que codifica para TLR2 (80), aunado a que el péptido se internaliza a las células
mediante un mecanismo dependiente de energia y mediado por un receptor (118)
observaciones que respaldan la propuesta del posible papel de algun miembro de la
familia de los TLR como receptor para GK-1.

De igual manera a lo que encontramos en este estudio, se han descrito diversos
péptidos que inducen la activacidon de células presentadoras de antigeno. Un
ejemplo es un péptido de 18 aminoacidos de longitud llamado Hp91, cuya secuencia
corresponde a una porcion de la proteina HMGB1 (del inglés, High Mobility Group 7).
Este péptido potencia la respuesta inmune humoral y celular especifica al antigeno
Hp91 in vivo (119). Esto debido a que la proteina HMGB1 es un potente estimulador
de DCs de origen humano y tiene la habilidad de generar una respuesta inmune tipo
Th1 in vitro, mientras que el péptido Hp91 muestra esos mismos efectos inmuno-
estimuladores en las células dendriticas y macrofagos mediante la activacion de la

MAP cinasa p38 y el factor de transcripcion NF-kB. La activacion de las DC y
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macrofagos por el péptido Hp91 lleva a la produccion in vitro de IL-6, de manera
dependiente de TLR4, IFNapR y MyD88, sin embargo, in vivo se ha reportado que
no se necesita del adaptador MyD88 para la activacion de la respuesta de las
células CD8" citotoxicas (120).

Existen otros péptidos de diversas longitudes que al igual que GK-1 y Hp91
despiertan la respuesta inmune en células presentadoras de antigeno, como es el
caso del péptido CATCHZ2 que puede activar la expresion de quimiocinas y citocinas
tales como MCP-1, TNF-qa, IL-6 e IL-13 en monocitos, macrofagos y DCs, de igual
manera con el péptido TP5 un pentapéptido correspondiente a la posicion 32-36 de
la timopoyetina que tiene actividad biolégica sobre la diferenciacion de los linfocitos
T y se ha visto que se une al receptor TLR2 (121). Otro caso es el péptido Nap-
DEDEDFEDYp que estimula la expresion de CD80 y CD86 ademas de promover la
muerte en células cancerigenas (122,123) o el péptido DP7 que combinado con CpG
promueve la produccion de MCP-1 y la expresidon de las moléculas co-estimuladoras
CD40, CD80 y CD86 en PBMCs y BMDCs, respectivamente. El péptido DP7 activa
las vias de senalizacion ERK1/2 y NF-xB ademas este péptido comparte la

caracteristica junto con los otros péptidos de suprimir el crecimiento tumoral (124).

Finalmente, como se mencion6 anteriormente el péptido GK-1 posee propiedades
anti-tumorales (78,86,113) y es capaz de inducir la expresion de NO. Se sabe que el
NO tiene multiples papeles como antiparasitario, pero otra funcion importante radica
en su capacidad de eliminar células tumorales o inhibir el crecimiento tumoral (125).
Muchas de estas acciones se deben a la capacidad de NO de unirse directamente al
hierro de la hemoglobina que posee la guanilato ciclasa en su forma soluble (126).
Se ha visto que el co-cultivo de macréfagos activados inhibe la sintesis de ADN en
las células tumorales y promueve la pérdida de hierro lo cual induce citotoxicidad
celular (127).

Aunado a esto, en este estudio no encontramos que los macrofagos secreten

citocinas proinflamatorias caracteristicas de un macrofago M1, como lo son IL-12, IL-

6, IL-1 o TNF-a. Sin embargo, se sabe que la activacion de TLRs no solo lleva a la
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activacion de NF-xB sino también a la activacion del factor de transcripcion IRF
dando como resultado la produccidén de interferones tipo I, en el caso de algunos
TLRs esta activacion es dependiente de MyD88 (128). Los interferones de tipo | han
sido usados ampliamente en el tratamiento de varios tipos de cancer, provocando
disminucion en la tumorigénesis y en la capacidad metastasica de los tumores. Estos
estudios sugieren que los interferones de tipo | inhiben la angiogénesis y actua sobre
las células dendriticas para aumentar su habilidad en la presentacién cruzada de
antigenos hacia las células CD8+ para promover la respuesta citotoxica de los
linfocitos (129). Por lo que es importante evaluar en estudios posteriores el posible
papel de INF tipo | secretado por los macrofagos en regular la capacidad anti-
tumoral de GK-1.

Asi todos estos datos nos muestran que los inmunoestimuladores o las vacunas
basadas en péptidos han demostrado tener la habilidad de inducir la repuesta del
sistema inmune en contra de enfermedades infecciosas o tener capacidad anti-

tumorales, esto a través de la activacion de receptores PRR.

Conclusién

Los péptidos GK-1, KETc-1, KETc-12 y la vacuna S3Pvac activan a macréfagos
derivados a partir de médula 6sea promoviendo la secrecién de NO, MIP-1a y un
aumento en la expresion de las moléculas co-estimuladoras CD86 y CD40. Mientras
que GK-1 induce la activacion de las MAP cinasas p38, JNK y la activacion del factor

de transcripcion NF-«xB de manera dependiente de MyD88.
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Anexos

1. Dot plots e histogramas representativos de
estimulacion en macroéfagos derivados a partir de médula 6sea estimulados
con los péptidos GK-1, KETc-1, KETc-12 y la vacuna S3Pvac.

a) Dot-plots de las moléculas co-estimuladoras CD80 y CD86
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b) Histogramas de la molécula co-estimuladora CD40
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Anexo 1. Los macréfagos derivados a partir de médula 6sea de la cepa C57BL/6J
en presencia de los péptidos muestran un aumento significativo en el porcentaje
de células que expresan CD86. Macréfagos derivados a partir de médula 6sea de la cepa
C57BL/6J fueron estimulados por 48 horas con los péptidos GK-1, KETc-1, KETc-12 y la vacuna
S3Pvac en las dosis de 10ug/mL y 100pug/mL o como control positivo LPS en la concentraciéon de
100ng/mL, posteriormente se analizd el porcentaje de células que expresan a) CD80, CD86 y b) CD40
mediante citometria de flujo. Los datos corresponden a GK-1 (n=4); KETc-1 (n=3); KETc-12 (n=3);
S3Pvac (n=3) experimentos independientes.

2. Articulos publicados durante el trabajo de tesis

* Derivado de los resultados presentados en este trabajo se publicé el siguiente articulo que
muestra la participacion del péptido GK-1 en la activaciéon de macréfagos y células
dendriticas derivados a partir de médula 6ésea de manera dependiente del adaptador
MyD88.
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ARTICLE INFO ABSTRACT

Keywords: GK-1 is an immunomodulatory, 18-aa-long peptide that has been proved to promote the activation of mouse
GK-1 peptide peritoneal macrophages and LPS-pulsed mouse bone marrow-derived dendritic cells (BM-DCs). This study is
Macro}’hages aimed to explore the mechanisms underlying the activation of these antigen-presenting cells (APCs) by GK-1. In
3‘2‘;::“ cells our study, GK-1 up-regulated in vitro the expression of CD86 and CD40, and it increased the secretion of NO in
NF-B bone marrow-derived macrophages (BMDMs). In BM-DCs, GK-1 upregulated the expression of MHC class II and

CD86. Additionally, GK-1 was found to be involved in the phosphorylation of MAPK p38, JNK and ERK 1/2 and
in Myd88-dependent activation of NF-kB in both antigen-presenting cell types. In vivo, GK-1 increased the
secretion of IL-15, CCL2, and IL-6 through a Myd88-dependent mechanism. This study demonstrated that GK-1
promotes the activation and effector activity of APCs through a mechanism dependent on Myd88, probably

involving a Toll-like receptor as a target.

1. Introduction

The innate immune system plays a crucial role in the host defense
against several pathogens, by recognizing pathogen-associated molec-
ular patterns (PAMPs) through a restricted repertoire of receptors
[Janeway and Medzhitov, 2002]. The differential expression of these
pattern recognition receptors (PRRs), including Toll-like receptors
(TLRs) in various cell types, especially antigen-presenting cells (APCs),
allows the host to show a differential response against pathogens [Akira,
2001; Medzhitov, 2001]. Macrophages (Mas) exert multiple functional
activities depending on environmental stimuli; phagocytosis, one of
their main functions, plays a central role in killing invading microor-
ganisms and tumor cells, but also in favoring antigen presentation to
lymphoid cells. Macrophages also act indirectly, by releasing soluble
mediators which can activate other cells, or by repairing damaged tis-
sues [Botelho and Grinstein, 2011; Classen et al., 2009; Xaus et al.,
2001].

On the other hand, dendritic cells (DCs), another specialized antigen-
presenting cell type, undergo transcriptional changes that lead to their
maturation, increasing the expression of chemokine receptors and co-
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stimulatory molecules that will favor their migration for an efficient
presentation of antigens in lymphoid organs [Buckwalter and Albert,
2009; Mortellaro et al., 2009].

After pathogen recognition through TLR recognition, both Mas and
DCs modulate the arrival and activation of other cells of the innate
system such as neutrophils, monocytes, NK cells and eosinophils by
producing cytokines, chemokines, or other inflammatory mediators that
according to their repertoire may activate several signaling pathways
[Buckwalter and Albert, 2009; Mosser and Edwards, 2008; Schlitzer and
Ginhoux, 2014]. Thus, TLR ligands and agonists have been progressively
exploited to develop new adjuvants. Among them, TLR4 and TLR5 ag-
onists favor the production of IL-12p70 through the MAPK p38 and JNK
signaling pathways, while TLR2 agonists favor the activation of ERK1/2,
triggering the induction of Th2 cytokines [Bell, 2004]. The character-
ization of the mechanisms involved in T cell polarization could lead to
develop new formulations to synergize TLR signaling towards the
required immune response.

The 18-aa-length peptide GK-1 significantly improved the immune
protection when co-administered as an adjuvant with the human influ-
enza vaccine, by increasing anti-influenza IgG levels and mononuclear
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cell infiltration into the lung parenchyma [Segura et al., 2006]. A higher
expression of MHC-II and co-stimulatory molecules on DCs, along with
increased activation and proliferation levels of anti-influenza specific
CD4 + T cells and the secretion of pro-inflammatory cytokines (e.g.
TNF-a and CCL2) were associated with GK-1 administration [Segura
et al., 2009]. Additionally, GK-1 was found to promote the activation of
peritoneal macrophages (PMas) along with an increased expression of
the chemokines CCL3 and CCL2, the proinflammatory cytokines IL-6
and TNF-a, and the levels of nitric oxide (NO) [Sanchez et al., 2018].
All these features may explain the adjuvant properties of GK-1 when
co-administered with other antigens.

This panorama highlights the relevance of determining the mecha-
nisms that underlie the activation of antigen-presenting cells by GK-1.
The activation state of both bone marrow-derived macrophages
(BMDMs) and dendritic cells (BM-DCs) treated with GK-1 was herein
evaluated. The possible participation of the MAPK and NF-«kB pathways,
as well as the potential role of TLR signaling in mediating this response
in Myd88-deficient mice were also explored.

2. Materials and methods
2.1. Mice

Female C57BL/6 J mice, 6-8 weeks-old, were used in all experi-
ments. Mice were originally purchased from the Jackson Laboratory
(Bar Harbor, ME, USA) and subsequently bred at the Instituto de
Investigaciones Biomédicas, Universidad Nacional Auténoma de México
(UNAM). Myeloid differentiation factor 88- (Myd88-) KO mice (JAX
stock #009088) were purchased from the Jackson Laboratory. All pro-
cedures performed on animals in this study were conducted in accor-
dance with institutional guidelines, following a protocol approved by
the Institutional Bioethical Committee (approval number ID 95).

2.2. Reagents

The GK-1 peptide (GYYYPSDPNTFYAPPYSA) was synthesized under
c¢GMP (98 % purity, endotoxin-free) by USV, LTD, Mumbai, India (batch
RD0001). The peptide was dissolved in 0.9 % saline solution (ISS) at the
concentration required for each test. Recombinant murine granulocyte-
macrophage colony-stimulating factor (GM-CSF) was purchased from
Peprotech (Rocky Hill, NJ, USA). Lipopolysaccharide (LPS) from
Escherichia coli serotype 0111:B4 was purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Anti-phospho-p38 (p-p38) and anti-phospho
JNK (p-JNK) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA); antibodies against NF-kB p65, p-actin, anti Myd88, and
laminin B1 were purchased from Abcam (Cambridge, MA, USA); anti-
phospho IkB was purchased from Cell Signaling Technology; anti-
phospho-ERK1/2 (p-ERK1/2), anti-CD40-allophycocyanin (APC), anti-
CD86-phycoerythrin (PE), anti-CD80-PECy5, anti-Ia/Ie—biotin, anti-
CD11b-FITC, anti-F480-biotin, anti-CD11c-FITC, anti-IL-6, anti-TNF-a,
and anti-IL-12(p40) antibodies were obtained from Biolegend (San
Diego, CA, USA).

2.3. Cell line

The L929 fibroblast cell line, used as a source of macrophage colony-
stimulating factor (M-CSF) [Genovesi et al., 1989], was cultured in
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with penicillin (100 U/mL), streptomycin (100 pg/mL) and 10
% (v/v) fetal bovine serum (FBS, Gibco). Supernatants were recovered
every week and kept at —70 °C until used.

2.4. Bone marrow cell generation

Single bone marrow cell suspensions were obtained from mouse fe-
murs and tibias and depleted of erythrocytes by incubating with an
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NH4Cl/KHCO3/EDTA solution (erythrocyte lysis solution). For BMDMs,
cells were re-suspended at a concentration of 2.5 x 10° cells/mL in RPMI
1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with
penicillin (100 U/mL), streptomycin (100 pg/mL), 10 % (v/v) FBS
(Gibco), and 10 % of supernatant of the murine cell line L929 (previ-
ously titrated). Fresh complete medium containing M-CSF was added on
the day 3 of culture. The cells were collected for the experiments on day
7 and re-plated at a concentration of 2 x 10° cells/well. For BM-DCs, the
cells were re-suspended at a concentration of 10° cell/mL in RPMI 1640
medium (Invitrogen) supplemented with 50 pM 2-mercaptoethanol
(Gibco), 10 mM HEPES (Promega, Madison, WI, USA), gentamicin (20
pg/mL), 5% (v/v) FBS (Gibco), and 20 ng/mL of recombinant GM-CSF.
The medium was replaced with fresh complete medium containing the
recombinant GM-CSF on day 3 of culture, and the cells were harvested
for the experiments on day 6.

2.5. Invitro treatment of bone marrow-derived cells

On day 8 of culture, BMDMs (purity > 80 %, as assessed by CD11b+/
F480+ expression determined by flow cytometry) were either left un-
treated or stimulated with GK-1 (10 or 100 pg/mL) or LPS (100 ng/mL)
for 48 h.

On day 7, BM-DCs (purity > 70 % as assessed by CD11c+/Iale+
expression, determined by flow cytometry) were either left untreated or
stimulated as mentioned above for BMDMs. Additionally, BM-DCs were
treated with LPS for 4 h, washed and then stimulated with GK-1 at both
doses for a further period of 10 and 24 h, respectively.

For MAPK activation analysis, BM-derived cells were stimulated with
either GK-1 (10 or 100 pg/mL) or LPS for 5, 10, 15, 20, 25, or 30 min,
and total protein extracts were obtained. For NF-«xB activation analysis,
BM-derived cells were treated with GK-1 (10 or 100 pg/mL) or LPS for
0.5, 1, 2, or 3 h, and cell nuclei lysates were obtained.

2.6. Flow cytometry

BMDMs and BM-DCs (5 x 10° each) were blocked with anti-FcR
antibody (CD16/32) for at least 20 min at 4 °C in 20 pL of PBS with
5% FBS and 0.02 % sodium azide (staining buffer); then they were
stained with any of the following antibodies: anti-CD40-
allophycocyanin (APC), anti-CD86-phycoerythrin (PE), anti-CD80-
PECy5, anti-Ia/Ie—biotin, anti-CD11b-FITC, anti-F4/80-biotin, or anti-
CD11c-FITC. Isotype controls were included in all experiments. The
cells were then washed with staining buffer and fixed in 1% formalde-
hyde in PBS. Data were acquired in an Attune Nxt cytometer (Thermo
Fisher Scientific) and analyzed with the FlowJo software (v.8.7, Ash-
land, OR, USA).

2.7. Measurement of NO release in BMDMs

Macrophages were stimulated with either GK-1 or LPS for 24 or 48 h.
Nitrite concentration, an indirect measure of NO production, was
determined by the Griess reaction. Briefly, 50 pL of supernatant were
mixed with an equal volume of Griess reagent (1 % sulfanilamide, 5 %
phosphoric acid, and 0.1 % N-(1-naphthyl)-ethylenediamine); the
mixture was incubated at room temperature for 10 min. Absorbance was
measured at 540 nm in a microplate reader (Epoch, BioTek, Winooski,
VT, USA). Nitrite concentration was then calculated from a sodium ni-
trite standard curve.

2.8. Protein extracts

For total protein extracts, BMDMs or BM-DC plates were lysed by
incubating with ice-cold RIPA lysis buffer (20 mM Tris, pH 7.4; 150 mM
NaCl, 1 mM EDTA, pH 7.4; 0.5 % Triton X-100, 0.1 % SDS, 0.5 % sodium
deoxycholate), using a phosphatase and protease inhibitor cocktail (25
mM sodium fluoride (NaF), 1 mM sodium pyrophosphate (NaPPi), 1 mM
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sodium vanadate (NaVPO4), 1 mM phenylmethylsulfonyl fluoride
(PMSF), 0.1 mg/mL pepstatin A, 0.1 mg/mL leupeptin, 0.1 mg/mL
antipain, 0.1 mg/mL aprotinin) (Sigma-Aldrich) for 15 min.

For nuclear proteins, BMDMs or BM-DC plates were incubated with
ice-cold PBS-0.05 mM EDTA for 20 min. The cells were scraped off the
plates and centrifuged at 134 x g for 5 min at 4 °C. The pellet was
resuspended in lysis buffer A (10 mM HEPES, 10 mM KCl, 0.1 mM EDTA,
0.1 mM EGTA, 1 mM DTT), using a phosphatase and protease inhibitor
cocktail for 15 min on ice. Thereafter, a 10 % Nonidet P40 solution was
added, vortexed for 10 s and centrifuged at 15,600 x g for 1 min. The
nuclei pellet was resuspended in nuclear lysis buffer (20 mM HEPES, 0.4
M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT) using a phosphatase and
protease inhibitor cocktail, vortexed for 15 min at 4 °C, and finally
centrifuged at 15,600 x g for 5 min.

The proteins in the supernatant were quantified by the Lowry’s
method [Lowry et al., 1951].

2.9. Immunoblotting

Ten-micrograms of total protein were separated by SDS-PAGE in 10
% acrylamide gels, and electro-transferred to a polyvinylidene difluor-
ide (PVDF) membrane (Merck, Darmstadt, Germany). For MAPK anal-
ysis, the membranes were blocked for 1 h in blocking buffer TBS-T (Tris-
buffered saline containing 0.05 % of Tween-20) with 2 % BSA or 5 %
milk. Blotting was performed with phospho-p38 MAP kinase Ab,
phospho-ERK1/2 MAP kinase Ab, phospho-JNK MAP kinase Ab or
B-actin Ab. NF-xB activation in BM-cells was assessed through IxB
phosphorylation using a phospho-IkB Ab. Bands were visualized with
secondary HRP conjugated goat anti-mouse (Thermo Scientific), anti-
rabbit (Abcam), or donkey anti-goat (Santa Cruz) antibodies, respec-
tively and the Super Signal West Dura Extended Duration Substrate
solution (Thermo Scientific). The bands were analyzed using the ImageJ
software (National Institute of Health, Bethesda, MD, USA) using the
anti-actin signal for data normalization.

NF-kB activation in BM-cells was assessed through the early trans-
location to the nucleus of NF-«xB p65. Ten-micrograms of nuclear protein
were separated by SDS-PAGE in 10 % acrylamide gels, and electro-
transferred to a polyvinylidene difluoride (PVDF) membrane (Merck,
Darmstadt, Germany). The membranes were blocked for 1 h in blocking
buffer TBS-T with 2 % milk. Thereafter, the membranes were incubated
overnight at 4 °C with NF-kB p65 Ab or HRP laminin B1 Ab, and bands
were visualized with secondary HRP anti-rabbit IgG (Abcam). Antibody
binding was detected with the Super Signal West Dura Extended Dura-
tion Substrate solution. The bands were analyzed using the ImageJ
software, using the laminin B1 signal for data normalization.

2.10. Cytokine analysis

The production of the cytokines IL-1p, IL-6, IL-12 (p40 or p70), IL-18
and TNF-o was measured in BM-DC or BMDMs cell culture supernatants
24 or 48 h after the stimulus, respectively, by ELISA (Biolegend).

Wild-type (WT) C57BL/6 or Myd88-KO mice were injected intrave-
nously (i.v.) with 0, 10, or 100 pg of GK-1 dissolved in ISS in the tail vein.
Blood samples were obtained after 6, 10, and 24 h by retroorbital
puncture. Serum was separated by centrifugation at 3500 x g for 10 min
and stored at —70 °C until used. The levels of pro-inflammatory cyto-
kines (IL-6, IL-12 (p40), IL-12 (p70), IL-15, TNF-a) and chemokines
(CCL2, CCL4, and CXCL10) were measured by the Magpix system
(Luminex Corp., Austin, TX, USA) and analyzed with the Xponent soft-
ware following the manufacturer’s instructions. On the other hand,
spleens were excised 24 h later and homogenized in a high-pressure
homogenizer (Polytron, Elkhart, IN, USA) for 15 s in ice-cold lysis
buffer containing 1 mM PMSF in a 1:5 (w/v) ratio. The homogenates
were centrifuged at 15,600 x g at 4 °C for 10 min and the supernatants
were recovered to measure cytokine levels by ELISA (Biolegend).
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2.11. Statistical analysis

A normality test (D’Agostino-Pearson) was performed to determine
the normal distribution in our experimental groups. Data were
compared either by one-way ANOVA followed by a Dunn’s multiple-
comparison test or unpaired Student’s t-test using GraphPad Prism
version 5.03 for Windows. Data are reported as mean + SEM and the
statistical significance was accepted at P < 0.05.

3. Results

3.1. Invitro activation of bone marrow-derived macrophages (BMDMs)
by GK-1

It was previously reported that treatment with GK-1 increased the
expression of CD86 and MHC-II in peritoneal macrophages [Sanchez
et al., 2018]. In this study, the up-regulation of CD86 expression in
BMDMs were confirmed at the two doses of GK-1 tested (10 and 100
pg/mL). GK-1 increased the percentage of CD86+ (Fig. 1A) and
up-regulated CD86 expression (Fig. 1B) at both doses tested. A slight
significant increase in the levels of BMDMs/CD40+ and the expression
of CD40 was found when macrophages were stimulated with 100 pg/mL
of GK-1 (Fig. 1A and B), despite there was a tendency p = 0.0945
(Fig. 1A) and p =0.1190 (Fig. 1B) on CD40 expression for the lower dose
used. However, the expression levels of CD80 and MHC class II were not
modified after incubation with GK-1 (Fig. S1).

To evaluate the production of the inflammatory mediator NO in
BMDMs, the stable product of NO (nitrite) was measured in culture su-
pernatants of cells treated with different doses of GK-1 at 24 and 48 h
post-stimulus. As shown in Fig. 1C, the lower dose of GK-1 induced a
significant increase in the production of NO at both time-points studied,
whereas the dose of 100 pg/mL induced a clear increase in NO pro-
duction 48 h after the stimulus. Fig. 1C also shows that NO production is
more efficient 24 h after GK-1 stimulus than at 48 h.

To gain insight into the mechanism of action of GK-1, we investi-
gated the role of the MAP kinase and NF-kB pathways, two common
downstream pathways for TLR signaling [Kawai and Akira, 2006], since
they are key regulators in several immune cell functions, including the
production of inflammatory mediators [Jeffrey et al., 2007].

GK-1-stimulated BMDMs significantly increased the phosphorylation
of MAPK p38 at both doses employed (Fig. 1D) and MAPK JNK at the
lower dose used (10 pg/mL) (Fig. 1F). Meanwhile, no increases were
obtained for ERK1/2 phosphorylation at Thr202/Tyr204 (Fig. 1E).

We also evaluated the involvement of NF-kB (the transcription factor
directly linked to its canonical activation mediated by the TLR signaling)
in two different ways. We evaluated if IkB become phosphorylated,
showing that GK-1 stimuli significantly increased the IkB phosphoryla-
tion after 15 min only when the low dose was used (Fig. 2A). Besides,
NF-kB activation was evaluated in both WT and Myd88-KO BM-derived
cells. After treating WT BMDMs with the GK-1 peptide there was a time-
dependent increase in the accumulation of the NF-kB p65 subunit in the
nucleus, reaching a maximum 1-2 h after treatment at the lower GK-1
dose used (10 pg/mL) and at 1—-3 h after treatment at the higher dose
(Fig. 2B). Interestingly, in BMDMs from Myd88-KO mice treated with
GK-1, LPS, or medium alone (NS), no significant nuclear accumulation
of p65 was observed (Fig. 2B), indicating the involvement of this
mediator in the translocation of NF-kB into the nuclei.

3.2. GK-1 enhances the in vitro activation of BM-DCs

To evaluate the effect of GK-1 on BM-DC activation, three analysis
were conducted using two stimulation schemes: The effect on the level
of MHC-II expression in CD11c+ cells, the percentage of CD11c+/MHC-
I + cells that express CD86, and its level of expression when stimulated
with either GK-1 alone or with GK-1 plus a 4h LPS pulse for 10 or 24 h.
As shown in Fig. 3, GK-1 at a dose of 100 pg/mL induced CD86 (Fig. 3C)
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Fig. 1. Stimulation with GK-1 induced an efficient activation in BMDMs. BMDMs were incubated with culture medium (NS), the GK-1 peptide at a dose of 10 or 100
pg/mL, or LPS (100 ng/mL) for 48 h. The cells were stained for CD86 and CD40 and the percentage of expression (A) and MIF (B) was analyzed with the FlowJo
software v.8.7. Data are expressed as mean + SEM of 4 independent experiments. *p < 0.05; **p < 0.001 compared with cells incubated with NS. (C) BMDMs were
incubated with culture medium (NS), the GK-1 peptide at a dose 10 or 100 pg/mL, or LPS (100 ng/mL) for 24 or 48 h. Nitrite concentration was determined by the
Griess reaction. Data are expressed as mean + SEM of 5 and 9 independent experiments, respectively. *p < 0.05 compared with cells incubated with NS. BMDMs were
incubated with culture medium (NS), the GK-1 peptide at a dose of 10 or 100 pg/mL, or LPS (100 ng/mL) for the periods indicated. The cells were lysed in sample
buffer, analyzed by SDS-PAGE and then blotted onto PVDF membranes and probed with anti-phospho-p38 (D), anti-phispho-ERK1/2 (E) and anti-phospho-JNK (F).
The spots were analyzed by densitometry after staining of p-p38, p-ERK1/2 and p-JNK. The ratio of MAPK with respect to a-actin was determined, and the values
were expressed in arbitrary units. Data are expressed as mean + SEM of 3 independent experiments. *p < 0.05 or } tendency (p > 0.05) with respect to NS group.
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upregulation at 24 h after stimulus meanwhile, a slightly increase (p =
0.09) for MHC class II (Fig. 3A) and percentage of CD86 (Fig. 3B) was
obtained. A significant increase in cell surface levels of both molecules
was observed at both doses tested when BM-DCs were treated with GK-1
plus a LPS pulse for 4 h (Fig. 3A-C).

With regard to the MAPK pathway, GK-1 stimulus resulted in a
markedly enhanced phosphorylation of MAPK p38 with respect NS cells
(p < 0.05) at both doses employed (Fig. 3D) . A clear decrease in p38
phosphorylation was observed 20 min after the stimulus, which tend to
be restored at later times. As shown in Fig. 3E, GK-1 stimulus led to a
slight activation of MAPK ERK1 (p44) at earlier times (5 min) post-
stimulation with the higher dose, an increase that tends to remain at
later times. Respect with the JNK phosphorylation, Fig. 3F shows that
this MAPK was significantly phosphorylated when both doses of the GK-
1 stimuli were used.

Regarding the effect of GK-1 upon the NF-xB pathway in BM-DCs, as

observed in Fig. 4A, IxB was preferentially phosphorylated at the lower
dose used. Furthermore, when used at both doses, GK-1 induced the
nuclear translocation of the p65 subunit in WT BM-DCs 30 min after
treatment, and it remained increased until 3 h after stimulus (Fig. 4B).
Interestingly, in Myd88-KO BM-DC cells treated with GK-1 peptide or
LPS, a significantly reduced accumulation of p65 was observed (Fig. 4B).
The diminished on the nuclear translocation was more significant for the
lower dose used (10 pg).

3.3. Myd88-dependent production of pro-inflammatory mediators in GK-
1-treated mice

Wild-type BM-DCs and BMDMs were incubated with different doses
of the GK-1 peptide for 24 or 48 h, respectively, and the secretion of pro-
inflammatory cytokines in the supernatants was quantified. No secretion
of the cytokines IL-1p, IL-6, IL-12 (p40 or p70), IL-18, nor TNF-a was
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Fig. 3. GK-1 stimulation induced an efficient
activation in BM-DCs. BM-DCs were incubated
with culture medium (NS), the GK-1 peptide at
a dose of 10 or 100 pg/mL, LPS (100 ng/mL), or
LPS for 4 h plus GK-1 at both doses, for 10 or 24
h. (A) The expression of MHC class II on the
surface of CD11c + cells was determined in an
Attune Nxt cytometer and expressed as the
mean intensity fluorescence per cell (MIF/cell).
Data are expressed as mean + SEM of 5 inde-
pendent experiments. *p< 0.05 with respect to
NS cells or p value between groups indicated.
The expression rate of CD86 in CDllc +
MHC"#" cells (B) or MIF (C) of CD86 on CD11c
+ MHC"8" cells are expressed as mean (+ SEM)
after analysis with the FlowJo software. Data
are representative of 4 to 5 independent exper-
iments. *
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observed in both BM cells stimulated in vitro with GK-1 (Fig. S2).

Wild-type mice were intravenously inoculated with GK-1 at two
doses, and the levels of pro-inflammatory cytokines and chemokines in
serum were determined after 6, 10, or 24 h. As shown in Fig. 5, increased
levels of IL-6 and CCL2 were found in mice at 10 h post-stimulus at both
GK-1 doses tested. GK-1 also enhanced the levels of the chemokine CCL2
at early times at the higher dose, as well as the levels of IL-15 24 h after
stimulus.

To assess the possible Myd88-dependent pro-inflammatory proper-
ties of GK-1 in vivo, the levels of the cytokines IL-6, TNF-a, IL-12 (p40),
and IL-12 (p70) were measured in spleen supernatants after intravenous
injection of GK-1 to C57BL/6 J (WT) and Myd88-KO mice. A signifi-
cantly decreased secretion of IL-6 was observed in Myd88-KO mice with
respect to WT mice at both GK-1 doses tested (10 and 100 pg/mL)
(Fig. 6). TNF-a and IL-12 (p40) were not detected in the spleen of WT nor
Myd88-KO mice (Fig. S3).

GK-1 (100 pgimL]
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4. Discussion

GK-1 has been proved to act as an immunomodulatory peptide,
exerting a direct effect on innate immune cells by increasing the
expression of activation molecules on dendritic cells [Segura et al.,
2009] and peritoneal macrophages [Sanchez et al., 2018]. Herein, the
effects of GK-1 on bone marrow-derived Mas and DCs using the doses
which have demonstrated an effective adjuvant and antitumoral re-
sponses and the involvement of the MAPK and NF-kB pathways in their
activation were studied.

We found clear evidences that GK-1 induces phenotypic maturation
on BM-DCs and BMDMs. In BMDMs, the peptide increased the expres-
sion of CD86 and CD40, as well as NO production, resembling a classical
M1 phenotype [Mantovani et al., 2004; Quero et al., 2017], as previ-
ously reported in PMas [Sanchez et al., 2018]. With respect to NO
production, higher nitrite levels were observed at early times (24 h) after
GK-1 stimulation than at 48 h. This may be related with the controlled
inflammatory stimulus induced by this peptide.

In dendritic cells, GK-1 at a dose of 100 pg/mL induced changes in
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Fig. 4. Stimulation with GK-1 induced an efficient activation of
NF-kB pathway in BMDCs. (A) BMDCs were incubated with
culture medium (NS), the GK-1 peptide at a dose of 10 or 100
pg/mL, or LPS (100 ng/mL) for the periods indicated. The cells
were lysed in sample buffer, analyzed by SDS-PAGE and then
blotted onto PVDF membranes and probed with anti-phospho-
IxB. The spots were analyzed by densitometry after staining of
p- IkB. The ratio of p-IkB with respect to a-actin was deter-
mined, and the values were expressed in arbitrary units. Data
are expressed as mean + SEM of 3 independent experiments. *p
< 0.05 with respect to cells incubated with NS group. (B) BM-
DC— from wild-type (WT, [J) or Myd88-knockout (M) mice
were exposed for the time indicated to 10 or 100 pg/mL of GK-
1, and cell nuclei lysates were obtained. Blots were probed with
anti-NF-kB (p65) and laminin control antibodies. The ratio of
p65 with respect to laminin was calculated and the values were
expressed in arbitrary units. Data are expressed as mean + SEM
of 3 independent experiments. Letters (a,b) indicate significa-
tive differences with respect to cells incubated with culture
medium (NS). *p < 0.05 between WT and KO groups in the
same stimulus period.
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the expression of CD86. An increased at both doses in MHC and CD86
molecules were evident when BM-DCs were exposed to LPS as a previous
pulse for DC maturation. It was previously reported that GK-1 partially
enhanced these surface markers in BM-DCs at dose of 10 pg/mlL,
although this effect was statistically significant only when GK-1 was
used in combination with LPS or TNFa [Segura et al., 2009; Pinon et al.,
2015]. Other molecules have been used to promote the activation of
innate immune cells in order to improve immunity against infections or
overcome tumoral suppression [Dong and Kobinger, 2013; Ohadian and
Nowroozi, 2019]. Such is the case of Transferon®, an immunomodulator
composed by a mixture of low-molecular-weight peptides. It has shown
to increase CD80 and CD86 expression, but only when THP-1 cells are
exposed to Transferon® and LPS together [Jiménez et al., 2019]. This
increase indicates a clear switch from a steady state to a mature state,
probably due to a synergy or priming between TLR agonists, where DCs
are more efficient in antigen presentation [Bagchi et al., 2007; Hémont
et al., 2013; Pérez et al., 2017]. This in accordance to previous reports
where BM-DC treated in vitro with GK-1 increased the proliferative
response of HA-specific CD4 T cells [Segura et al., 2009]. On the other
hand, it has been described that DC undergo a complex maturation
process that changes across the time, being the molecules of the major
histocompatibility complex the first to be expressed on the surface of an
APC, followed by  costimulatory = molecules  expression
(CD80-CD86-CD40) and cytokines production [Banchereau and

28
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Steinman, 1998; Macagno et al., 2007], findings that are in accordance
with our results.

It is well known that the binding of specific ligands to TLRs initiate
complex signaling cascades which result in the activation of NF-xB and
MAPKs through the TAK1 adaptor in a Myd88-dependent manner
[Banerjee and Gerondakis, 2007; Peroval et al., 2013].

In concordance with this, we found that GK-1 phosphorylates ERK,
JNK and p38 MAPK, albeit in distinct ways, being more sustained in BM-
DCs than in BMDMs, depending on the dose and time of stimulus as well.
The differential response between BM-DCs and BMDMs with the same
receptor stimulation has been previously observed [Goodridge et al.,
2009]. The authors found a differential response induced by Dectin-1
signals via CARD9 in BMDMs and BM-DCs, in which BMDMs CARD9
recruitment contributes to p38 MAPK activation accompanied by a
reduced production of TNF-a, whilst in BM-DCs it promotes NF-«kB
activation, favoring TNF-a expression, a response that is associated to
different levels of CD37 expression among macrophage/DC populations.
Thus, it is possible that different regulatory mechanisms may account for
the observed differences between BM-DC and BMDMs upon stimulation
with GK-1. Respect to the differences observed in MAPK activation in
macrophages after stimulation, it has been reported that TLR2 and TLR4
agonists (Pam3CSK4 and LPS, respectively) activate ERK1/2 and p38 in
a similar manner, but the activation of these MAPKs is slightly stronger
in M2 than in M1 macrophages [Quero et al., 2017], highlighting the
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Fig. 5. GK-1 induced the production of IL-6, IL-15, and CCL2 in vivo. C57BL/6 J mice were injected i.v. in the tail vein with GK-1 (@ 10 or 100 pg) or ISS (o) as
vehicle. Blood samples were taken after 6, 10, and 24 h after stimulus and serum was obtained for further analysis by Luminex Magpix. Data are expressed as
representative individual mice per group (mean and SEM are plotted). *p < 0.05 respect to ISS group.
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Fig. 6. GK-1 induced IL-6 secretion in vivo. C57BL/6 J (@) or Myd88-knockout (M) mice were injected i.v. in the tail vein with GK-1 (10 or 100 pg), ISS (o) as a
vehicle, or the TLR agonist Pam3CSK4 (10 pug). Spleen protein extracts were obtained 24 h after stimulus and IL-6 was quantified by ELISA. Data are expressed as

individual mice per group (mean and SEM are plotted). *p < 0.05 between groups.
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link between GK-1 stimulation and a M1 phenotype. Peroval et al.
(2013) reported the role of MAPK in the wupregulation of
pro-inflammatory mediators upon exposing macrophages to TLR ago-
nists; the authors of this study found that p38 and JNK were involved in
the upregulation of iNOS and IL-1p mRNAs and in NO production after
TLR4 or TLR5 stimulation. Moreover it has been reported that p38 and
JNK in response to TLR activation promotes the expression of inflam-
matory cytokines such as TNF-a, IL-1, and IL-12; consistent with this
idea, myeloid cell-specific deletion of JNK also decreased the expression
of several M1 macrophages-specific genes in BMDMs that have been
stimulated with INF-y or LPS (the classical stimuli to induce an M1
macrophage phenotype in vitro [Dong et al., 2002; Martinez et al.,
2009]. In our study, we found that GK-1 efficiently induced NO pro-
duction upon stimulation, activating the p38, JNK and ERK signaling
pathways, suggesting the possible participation of a TLR receptor in
GK-1 recognition.

We have previously shown that exposing APCs to GK-1 in vitro results
in the secretion of inflammatory cytokines [Sanchez et al., 2018; Segura
et al., 2009]. To examine the immunomodulatory properties of GK-1 in
vivo, the cytokine response was measured in serum samples and spleen
supernatants after i.v. administrating the peptide to mice. We found that
GK-1 induced the production of IL-6, IL-15, and CCL2 but no induction
of IL-12 nor TNF-a was observed (Fig. S4). The production of IL-6 may be
related with the activation of the MAPK and NF-xB pathways, as it has
been observed with other immunostimulatory peptides, like Hp91 and
IDR-1002 [Nijnik et al., 2010; Saenz et al., 2014], a finding associated to
neutrophil recruitment. In previous studies, we also found that the
administration of GK-1 increases neutrophil levels, therefore favoring
the recruitment of inflammatory cells; this effect may underly, among
other actions, its immunomodulatory properties [Cervantes et al., 2019;
Pérez et al., 2013].

With regard to IL-15 and CCL-2, both are known to be key mediators
of inflammatory processes.. IL-15 is a cytokine produced by many cell
types, like monocytes, macrophages, DCs, fibroblasts, epithelial cells,
and skeletal muscle cells. It acts as a growth factor and promotes the
survival of T, B, and NK cells by preventing apoptosis through the
upregulation of anti-apoptotic and the downregulation of pro-apoptotic
factors. It transforms monocytes into DCs and activates DCs and mac-
rophages. IL-15 is not only cytokine involved in the maintenance of
nave, effector, and memory T cells, but it also plays a dominant role in
the generation and reactivation of these cells and modulates T-cell
migration, which is a critical requirement to fight infection. IL-15 pro-
motes the survival of naive and memory CD8 + T cells and enhances the
cross-priming of CD4+ and CD8+ T cells, as well as the proliferation of
TEM cells and CD44hi or CD122hi memory CD8 T cells. In addition,
over-expression of IL-15 or the administration of rIL-15 protects mice
from various infections [Guo et al., 2017]. Thus, GK-1 promotes in vivo
the production of a potential master regulator in the immune response.
With respect to CCL2, it is produced by a wide array of cell types,
including monocytes, macrophages, endothelial cells, smooth muscle
cells, fibroblasts, epithelial cells, mesangial cells, astrocytic cells and
microglial cells [Bianconi et al., 2018]. It is known as a key mediator of
circulating blood monocyte chemotaxis into sites of inflammation and
T-lymphocyte differentiation, in addition to its monocyte chemotactic
activity, MCP-1/MCAF was shown to activate monocytes for tumor cell
killing which would explain the antitumor properties that we find in the
peptide [Torres et al., 2017].

IL-12 is an important cytokine secreted by DCs and tissue-resident
macrophages in response to either endogenous or exogenous stimuli to
promote the development of Thl cells [Hedhli et al., 2009; Teng et al.,
2015]. However, it has been reported that ERK1/2 activation by
Pam3CSK4 leads to a negative regulation of IL-12(p70) production
[Dillon et al., 2004]. Thus, the slight failure to induce IL-12 could be
associated to the ERK1 phosphorylation induced by GK-1, particularly in
BM-DCs. On the other hand, in a particular microenvironment, we have
found that GK-1 increases intratumor levels of IL-12 [Pérez et al., 2015;
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Torres et al., 2017]. Thus, the effect of GK-1 on the induction of this Th1
cytokine may depend on several signals imposed by the inflammatory
and tumoral recruited cells. Considering that IL-18 increases the pro-
duction of IFN-y along with IL-12 to promote an antitumor response
[Mak and Saunders, 2006; Telusma et al., 2006], we evaluated whether
GK-1 could induce IL-18 production in BM-derived cell culture super-
natants. No increase in IL-18 levels was detected, showing that the
immunomodulatory activity of GK-1 is not associated to inflammasome
activation, since it also failed to increase IL-1p.

With respect to the lack of TNF-a production in both BM-derived Mas
and DCs upon in vitro stimulation with GK-1, it may be due do the
activation of p38; a recent study reported that the increase in p38 or
MK2 activation abolishes TNF-a production in a stimulus-dependent
manner [Menon and Gaestel, 2018]. TNF-a is an inflammatory cyto-
kine that is well known to promote necrosis, apoptosis, and high levels of
ROS production. Thus, its expression must tightly controlled. In this
sense, it should be noted that GK-1 exerts an effective immunomodu-
latory response without triggering an exacerbated production of
pro-inflammatory cytokines [Sanchez et al., 2018; Segura et al., 2009],
which may lead to uncontrolled inflammation, with severe conse-
quences for the host.

On the other hand, we showed that stimulation with GK-1 induced
the translocation of NF-kB p65 into nuclei from both WT BM-derived
Mas and DCs. This transcription factor plays a central role in the in-
flammatory response [Peroval et al., 2013]. In non-stimulated cells,
proteins of the NF-xB family are found as inactive complexes in the
cytoplasm, until certain proinflammatory events or pathogen products
promote their translocation into the nucleus, where it regulates the
transcription of proinflammatory mediators, leading to inflammation
[Kawai and Akira, 2011; Vora et al., 2010]. Thus, the production of
inflammatory products such as IL-6 and NO may depend on the trans-
location of NF-kB into the nucleus. The IKK complex phosphorylates IkB,
which leads to its ubiquitylation and subsequent degradation, this al-
lows NF-xB to translocate to the nucleus. In our study, we demonstrated
the translocation of p65 as a consequence of activation of IkB.

Except for TLR3, the pathway universally involved in NF-kB activa-
tion by all TLR/IL-1R members depends on Myd88 [Kaisho and Akira,
2001]. Thus, the possible role of TLR signaling in mediating the response
to GK-1 was evaluated in this study by using Myd88-KO mice. As
observed, the translocation of NF-kB p65 was reduced in both BMDMs
and BM-DC antigen presenting cells, suggesting a Myd88-dependent
activation. Furthermore, Myd88-deficient cells also failed to produce
the modulatory IL-6 cytokine upon stimulation with GK-1.

The observed dependence on the Myd88 adaptor for the induction of
pro-inflammatory events reinforces the notion of the role of a TLR family
member as a receptor for GK-1; this could explain the observed effects,
as well as the increased expression of the transcript for TLR2 induced in
peritoneal macrophages stimulated with GK-1 [Sanchez et al., 2018].

5. Conclusions

In conclusion, this study demonstrates that GK-1 activates antigen
presenting cells through a Myd88 dependent mechanism, involving the
activation of the MAPK and NF-kB signaling pathways. These findings,
along with the feasibility of synthetizing GK-1 under cGMP and its safety
demonstrated in preclinical studies [Cervantes et al., 2019], support its
potential use to modulate both the innate and acquired immunity,
improving antitumor and/or anti-infectious immunity.
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Abstract

Cancer exhibits adaptive features typical of complex systems, like resilience and robust-
ness to environmental challenges through the emergent co-evolution of its components.
These events promote carcinogenesis through dynamic interactions among numerous
components and subsystems, including the immune system. During the past decade, our
research group has provided substantial evidence that the peptide GK-1 has important
immunomodulatory properties. In elderly mice, GK-1 acts as a potent adjuvant of the
influenza vaccine through a mechanism that involves the activation of antigen-present-
ing cells (APCs) and an increased production of pro-inflammatory cytokines and chemo-
kines (IFN-y, TNFa, CCL2). To date, there is solid evidence supporting the antitumoral
properties of GK-1 in murine cancer models. First, a lower occurrence and smaller size of
spontaneous bronchiolar adenomas were found in elderly GK-1-treated mice compared
to paired untreated mice. In two independent studies, GK-1 treatment reduced tumor
growth and increased mouse survival in a murine model of melanoma and breast tumor.
In the former model, a synergy between GK-1 and anti-PD-L1 treatment was observed,
while in the latter, GK-1 alone controlled the metastatic burden. The effective activation
of APCs induced by GK-1, restoring the antitumor-specific immunity, may underlie
some of its antineoplastic effects.

Keywords: GK-1 peptide, melanoma, breast cancer, immunomodulator, antitumor
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1. Introduction

1.1. Immunomodulation

Immunosurveillance comprises interactions between the immune system and cancer cells
that take place even before the tumor formation [1, 2]. This process includes the recognition
and control of transformed cells through antitumor immune responses, with three related
outcomes: elimination, equilibrium, and escape [1-5]. In this regard, stimulating the innate
immune system by immunogenic cells plays a role in the removal of incipient tumors, activat-
ing cells from the adaptive response like T and B cells, as well as promoting acute inflamma-
tion due to the concomitant production of immunostimulatory cytokines. Nevertheless, some
transformed cells may not be eliminated. This escape phase of immunosurveillance is charac-
terized by tumor growth promotion through a phenomenon called tumor-induced tolerance,
which involves an increased expression of immunosuppressive components such as myeloid-
derived suppressor cells (MDSC), regulatory T cells (Tregs), as well as T cell exhaustion and
the production of immunosuppressive soluble factors [6, 7]. Indeed, some of these cells could
be used as prognosis factors, since increased numbers of Treg and MDSC cells are related to a
poorer outcome in cancer patients [8-13]; by contrast, a Th1 response is associated with a good
prognosis in melanoma, breast, head, neck, colorectal, prostatic, and renal cancer [14-16].

The immune response can be modulated by compounds capable of enhancing (immunopo-
tentiation) or diminishing (immunosuppression) the immune response, either in an antigen-
specific or in a nonspecific manner; the latter implies that the immune system requires to be
stimulated to restore the patient’s immunocompetence. Inmunomodulators are biological or
nonbiological substances that can modify one or more components of the immunoregulatory
network to achieve a specific antitumor immunity, such as inducing effector tumor-specific
cytotoxic T lymphocytes (CTLs), activating macrophages and natural killer (NK) cells, and/or
promoting the production of inflammation mediators [17-21].

Immunomodulators include adjuvants, vaccines, and immunoglobulins used to prevent or
treat infectious diseases. They are characterized by their ability to activate cells of the innate
immune system, mainly dendritic cells (DCs) and macrophages. Some examples of this type
of agents are pathogen-associated molecular patterns (PAMPs) and molecules like squalene,
aluminum salts, and peptides, which are often used as adjuvants in vaccines [21, 22].

1.2. Peptide-based therapies

Anticancer strategies based on peptides have several advantages over other chemotherapeu-
tic approaches, like being nongenotoxic or possessing adjuvant properties; they also have
a strong specificity, high affinity, good tissue penetration, and low toxicity with respect to
small-molecule drugs and monoclonal antibodies [23-26]. Examples of anticancer peptides
are (1) necrotic peptides (some of them are expressed in a wide diversity of species, includ-
ing insects, fish, amphibians, and mammals, e.g., cecropins A and B found in mammals and
various insects) [27]; (2) apoptotic peptides, cationic peptides known as host defense peptides
(HDP) such as the bovine lactoferricin, magainin 2, hCAP109-135 (comprising the C-terminal
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domain of human CAP18), and BMAP-28 from bovine myeloid cathelicidin [28-31]; (3) block-
ing peptides; (4) receptor-interacting peptides; (5) peptides that bind to cell-adhesion pro-
teins; (6) protein kinase inhibitors; (7) protease inhibitors; (8) peptides with antiangiogenic
properties; and (9) peptides with immunostimulatory activity [27].

With regard to receptor-interacting peptides, compounds like CpG, imiquimod, poly L:C (toll-
like receptor (TLR) agonists), a-GalCer (glycolipid ligands), GM-CSF, IL-2, and IFNa/B have
antitumoral activity, as well as adjuvant properties [32-34]. These compounds are capable of
directly or indirectly enhancing APC functions and T effector activity. In this sense, some of the
most employed immunotherapeutic agents in polytherapy induce the effector function of tumor
microenvironment (TM)-associated T cells and macrophages [35-38]. For instance, CpG was a
promising cancer immunotherapy adjuvant due to its capacity to induce a Th1 immune response
and activate APCs through TLR9 signaling [35-38]; however, it failed to stimulate the immune
response in clinical trials [39]. The identification of new adjuvants showing low toxicity and
capable of stimulating a cellular Th1 response in humans would be a great advancement in the
development of vaccines for infectious and noninfectious diseases such as cancer [40].

Unfortunately, several immunostimulators have failed to revert the immunosuppressive
conditions in TM. For example, IL-2, IL-12, GM-CSF [41-44], and immunological adjuvants
administered with highly immunogenic antigens like incomplete Freund’s adjuvant, bacil-
lus Calmette-Guerin [BCG], and MF59 have shown disappointing results [43, 44]. Moreover,
these compounds have been associated with toxic effects [45—47].

2. Identification of the GK-1 peptide

Based on the nonspecific reactivity and immunopotentiator properties of GK-1, our group
has been studying it as a promising adjuvant for cancer immunotherapy. This 18-amino acid
peptide was first derived from the KETc7 protein, isolated from a Taenia crassiceps cysticercus
cDNA library [48]; KETc7 is part of a broad family of proteins associated with membrane pro-
cesses [49]. When searching for T cell epitopes in silico, GK-1 exhibited a strong association with
MHC-I and, to a lesser extent, with MHC-II [49]. The immunomodulatory properties of GK-1
are associated with an efficient activation of cells involved in antigen presentation (such as DCs)
by promoting the expression of the costimulatory molecules CD86 and MHC-II, as well as the
secretion of soluble pro-inflammatory factors like IFN-y, TNF-a, and CCL2 [50]. GK-1-treated
DCs enhanced the proliferative response of antigen-specific CD4+ T cells both in vivo and in
vitro [50]. GK-1 also induced the proliferation of CD8+ T cells and higher IFN-y levels [51] even
in the absence of adjuvant [52]. Considering that this peptide can promote APC function and
enhance Thl cell effector pathways, its capacity as an adjuvant of the influenza vaccine was
evaluated. GK-1 increased the levels of specific IgG antibodies in vivo, before and after infection,
in a murine model of influenza in elderly mice [53], favoring virus clearance after infection in
both young and aged mice, which could be associated with an early infiltrate of mononuclear
cells (lymphocytes and macrophages) to the lung parenchyma following the GK-1 peptide co-
administration. Furthermore, lung histological examination showed better preserved alveolar
spaces and less congested alveolar walls with respect to the vaccine-only animals [53].
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3. GK-1 as an anticancer immunotherapy

In neoplasms, the host is often immunocompromised due to the presence of immunosuppres-
sive cells and molecules in the TM, to prevent the removal of cancer cells [2]. This highlights
the relevance of stimulating the host immune response against cancer antigens by administer-
ing immunoadjuvants along with chemotherapy, radiotherapy, or surgery [54]. In this regard,
small peptides with a nonspecific immunostimulatory response like GK-1, long known to act
as vaccine adjuvants, are potentially useful in cancer therapy. The antitumor effect of GK-1
has been studied in melanoma and breast cancer murine models.

3.1. GK-1 in a mouse melanoma model

Melanoma is the most malignant form of skin cancer, mainly affecting the Caucasian popula-
tion [55, 56]. Until recently, systemic therapy for metastatic melanoma had been inefficient,
with a 5-year survival rate for patients (<30%) [57, 58]. However, new therapies were recently
approved to treat melanoma, such as pegylated-interferon-a2b (IFN-a2b) in the adjuvant set-
ting; ipilimumab, an anti-CTLA4 monoclonal antibody, for metastatic disease; vemurafenib,
an oral BRAF inhibitor indicated for patients with metastatic melanoma harboring BRAFV600
mutations, and more recently antibodies against PD-1 like pembrolizumab [59-61] and anti-
bodies blocking PD-L1 pathways, as well as inhibitors of the mitogen-activated protein kinase
(MAPK) pathway. Additionally, nonspecific immunomodulation by several cytokines (IL-2,
IL-12, TNF-«, and IFN-y) and TLR ligands [62-64] in addition to adoptive transfer approaches
have been widely used [65]. For over a decade, DCs have also been used in immunother-
apy against various types of cancer [66-68] as an alternative to chemotherapy, by vaccina-
tion with DCs loaded with tumor peptides (i.e., MAGE-AX [69-72] and/or with necrotic or
apoptotic tumor cells to induce effector tumor-specific T cells [73, 74]). The efficacy of this
immunotherapeutic approach was also evaluated against murine melanoma, using GK-1 as
an immunostimulant.

GK-1 has been reported to increase the mean survival and significantly delays tumor growth
in a melanoma model with B16-F10 cells, showing more necrotic areas along with the pres-
ence of numerous neutrophils (Figure 1). Neutrophilia inside pulmonary blood vessels was also
observed, without evidence of macroscopic or microscopic metastasis. In a melanoma lung met-
astatic model, GK-1 decreased lymphocyte count, while increased the number of neutrophils
and decreased the serum levels of IFN-y; on the other hand, an increase in the levels of IFN-y
and IL-12 in the intratumor (lung metastases) environment, along with a decrease in IL-17, IL-4,
IL-22, and IL-23 was also observed [75, 76]. The antitumor activities of IL-12 have been estab-
lished in preclinical studies against various tumor cell lines; the increased concentration of the
antitumor cytokine IL-12 found in primary tumors may enhance the damage to tumor cells,
limiting the number of cancer cells detaching from the primary tumor [77-79]. Its antitumor
activity is also mediated by the induction of IFN-y [67, 78, 80], which upregulated the expression
of MHC-I and -II by B16 cells in vitro, favoring a cytolytic response in MHC-I-restricted CTL
(Figure 1) [81]. There is a consensus that the induction of a Th1 profile or the release of cytokines
like IFN-y and TNF-a by T cells is essential for an effective antitumor immune response in
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Figure 1. GK-1 in a preclinical mouse melanoma model. In a melanoma murine model with B16-F10 cells, GK-1 led to
an increase in neutrophils with the increase of IFN-y and IL-12 cytokines, along with a decrease in IL-17 and IL-23. On
the other hand, the MAGE-AX/GK-1 treatment showed an increase in areas of cell death, characterized by eosinophilic
regions and production of IFN-y by CD8+ T-cells.

melanoma [82-84]. In fact, IFN-y released from CTLs has been considered as a potent mediator
of the antitumor response in bulky melanoma tumors [17, 85]. In contrast, IL-17 was proved
to directly promote tumor growth and angiogenesis [86-88]. Indeed, it has been shown that
IL-17 can promote tumor growth by a direct effect on IL-6 induction, which in turn activates
STAT3 in both tumor and nontransformed cells in the TM [89]. Finally, IL-23 is an important
molecular driver of Th17 cells in humans; IL-23 is increased in several tumors, and the expres-
sion of this cytokine antagonistically regulates local inflammatory responses in the TM, as well
as the infiltration of epithelial lymphocytes [80]. Thus, the intratumoral subexpression of IL-17
and IL-23 in GK-1-treated mice could explain the reduced tumor progression (Figure 1).

69



70  Cancer Survivorship

Considering the capacity of GK-1 to enhance DC activation [50], BMDCs matured with TNF-a
and stimulated with GK-1 and MAGE-AX were administrated to tumor-bearing mice in the
melanoma model with B16-F10 cells; the treatment with MAGE-AX/GK-1 increased survival
rates, while mice receiving GK-1 alone had a smaller increase in survival. Moreover, the
combination MAGE-AX/GK-1 significantly delayed tumor growth and increased cell death
areas, characterized by eosinophilic regions within melanomas. Similarly, both GK-1 alone
and MAGE-AX/GK-1 increased the production of IEN-y-producing CD8 cells, while GK-1
increased the percentage of IL-10 producing CD8+ T-cells [90]. The effect of MAGE-AX/GK-1
could be associated with higher levels of CD8+ lymphocytes in peritumoral lymph nodes,
which have been correlated with the survival of patients suffering from melanoma and other
cancer types [67, 91, 92].

Vera-Aguilera et al. [79] hypothesized that a combined GK1/anti-PD-L1 therapy could
synergize and maximize the individual antitumor effect and extend survival. An increased
survival was observed in mice treated with GK1/anti-PD-L1, as well as in mice treated with
GK-1 or PD-L1 alone. Animals treated with GK1/anti-PD-L1 had smaller tumor masses.
Additionally, GK1/anti-PD-L1 decreased the serum levels of IL-4, IL-5, IL-6, and IL-10. The
mechanism by which the combined GK1/anti-PD-L1 treatment improved survival rates
remains to be determined; however, the expression of PD-1 on T cells has been proved to be
upregulated by IL-6 through the signal transducer and activator of transcription 3 (STAT3)
[93], a point of convergence for several oncogenic signaling pathways leading to the expres-
sion of immunosuppressing molecules [94]. Similarly, the expression of PD-L1 and PD-L2 is
also upregulated by numerous mechanisms, including the production of IL-4 and GM-CSF
[93]. All these findings point to a possible synergistic mechanism associated with the rever-
sion from an exhausted phenotype.

3.2. GK-1 in a breast cancer model

Considering the evidence described above, it is now clear that changes in the microenvi-
ronment could induce an antitumor response against the primary tumor and reduce the
metastatic disease, which could allow us to control cancer progression. In this regard, immu-
nomodulators like GK-1 can be used as anticancer therapies. In 2017, GK-1 was evaluated in
a murine model of invasive breast adenocarcinoma, which spontaneously metastasizes to the
lungs, liver, brain, and bone, similarly to breast cancer in humans [95-98]. GK-1 was associ-
ated with an increased survival in 4T1 tumor-bearing mice and a reduction in the primary
tumor volume rate, which was accompanied by an increase of tumor cell death areas with
morphologic features associated with necrosis (pyknosis, karyorrhexis, and karyolysis) and
apoptosis (apoptotic bodies) at the primary tumors. These findings, along with an increase in
IL-12 concentration in the primary tumor, denote deep changes in the TM induced by GK-1
[98], which could involve the infiltration of TCD8+, NK, and NKT cells in the primary tumor
[77, 99, 100] (Figure 2). As described in the previous section, IL-12 has been associated with
antitumor and antiangiogenic activities [100, 101], due to its capacity of inducing the infiltra-
tion of TCD8+ cells within tumor tissues [100]. In fact, it has been reported that a combined
treatment with tamoxifen and IL-12 enhanced tumor inhibition due to an increase in apopto-
sis, and reduced tumor growth in a 4T1 cancer murine model [100].
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Those changes suppose a TM that could reduce the tumor growth rate, and the concomitant
reduction of cancer cell egress by detachment from the primary tumor, which allows them to
invade the stroma and break the basement membrane. These changes could explain the reduc-
tion of pulmonary metastasis associated with the GK-1 treatment [98]. Additionally, changes in
lung microenvironment associated with the GK-1 treatment have been reported. In this sense,
a reduction in the concentration of b-FGF, CCL-3, GM-CSF, CCL-2, TNF-a, and CXCL-9, along
with an increased concentration of IL-6 has been found [98] (Figure 2). These changes could
reduce metastasis development, possibly by inhibiting the proliferation of cells that are essen-
tial for the growth of secondary tumors, such as macrophage-associated metastasis (MAM) and
MDSC [102, 103]. Considering these results, GK-1 could change the tumor microenvironment,
inducing an active antitumoral immune response that could lead to a decrease in cancer burden.

Lung Metastasis A

Tumor Cell
4T1

NK cell

CD8+ T-cell

IL-12 NKT cell

APC

Figure 2. GK-1 in a breast cancer model. GK-1 was associated with an increased IL-12 concentration in the primary
tumor, which could involve the infiltration of CD8+ T-cells, NK, and NKT cells. IL-12 is a cytokine produced principally
by APC, such as monocytes, macrophages, and dendritic cells. This cytokine can induce specific CD8+ T-cells that are
primed against tumor antigens and could serve as a tumor-specific CTL. Additionally, in the lungs, the GK-1-treatment
induces a reduction in the concentration of b-FGF, CCL-3, GM-CSF, CCL-2, TNF-a, and CXCL-9, along with an increased
concentration of IL-6, which correlates with a minor lung-metastatic burden.
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4. Discussion

The ability of the GK-1 peptide to increase survival, significantly to delay tumor growth, and
to reduce metastasis is discussed in this review. Considering that the immune system plays
a crucial role in the outcome of cancer, orchestrating the response that may lead either to the
control or dissemination of tumors [8, 78, 104], understanding the mechanisms that underlie
the efficient response to the peptide is imperative.

It has been reported that the production of pro-inflammatory cytokines both by tumor and
surrounding cells, along with the production of growth factors and chemokines, can promote
the development of neoplasia by facilitating carcinogenesis programs, inducing a sustained
cellular proliferative rate, inhibiting apoptosis and stimulating angiogenesis [105, 106]. As
described above, GK-1 therapy contributed to decrease the levels of IL-4, IL-10, b-FGF, and
GM-CSF; these chemoattractants, along with hypoxia, promote macrophage shift from a M1
to a M2 phenotype. M2-like tumor-associated macrophages (TAM) stimulate immunosup-
pression and increase blood vessel density, favoring angiogenesis. In a breast cancer model,
lower CCL2 and CCL3 levels in the lungs of mice treated with GK-1 could be decreasing the
migration of inflammatory monocytes such as MAM and MDSC, which promote metastasis
[8, 13, 102, 107]. These changes in the microenvironment seem to contribute to control tumor
burden and metastasis.

On the other hand, M1-like macrophages can contribute to tumor regression by recruiting
cytotoxic CD8+ T (CTL) and NK cells [108-110]. In this regard, IL-12 induction by APCs could
be contributing to the increase in the proliferation of CD8+ and CD4+ lymphocytes and the
induction of a Thl response, as previously reported [51, 52, 111]. Several studies have sug-
gested a correlation of higher density levels of cytotoxic (CTL) and memory T lymphocytes
(CD3+ CD45R0O+) infiltrated in the primary tumor with increased survival rates of patients
with different types of neoplasms [91, 112-116].

According to recent findings, the GK-1 peptide can induce a M1 phenotype and promote the
efficient activation of DCs, which could be leading to the maintenance of an effector response
against tumor growth, capable of counteracting the immunosuppressive response due to T
cell exhaustion or DC dysfunction.

5. Conclusions

Considering the possible mechanisms of action of GK-1 and the information available, we pro-
pose that this peptide can decrease tumor growth and metastasis by changing the tumor micro-
environment. GK-1 appears to reactivate the immune system affected by the tumor-associated
suppressive microenvironment, thereby allowing immune cells to become activated. Although
more studies focusing on the anticancer effect of GK-1 are required, this research gives new
evidence on the possible clinical uses of GK-1 beyond its well-established adjuvant effect.

These results have also provided us with the rationale to evaluate the effectiveness of the
GK-1 immunotherapy to revert the exhaustion of peripheral T-cells in several types of cancer.
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CTLA-4 cytotoxic T-lymphocyte antigen 4
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LAG-3 lymphocyte-activation gene 3
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ARTICLE INFO ABSTRACT

Keywords: Purpose: The synthetic peptide GK-1 potentiates protective immunity elicited by the influenza vaccine in mice.
GK-1 In order to understand its adjuvant properties, this study was designed to determine the impact of GK-1 on gene
Adjuvant expression and phagocytosis of peritoneal macrophages (PMa).

Macrophages Methods: Increased gene expression of chemokines involved in leukocyte recruitment and of pro-inflammatory
sﬁ:;;’;];r;issswn mediators was detected by microarray analysis of control and GK-1 treated PMa macrophages. The expression

profile was subsequently confirmed by Multiplex Immunoassays analysis to measure cytokines levels, flow
cytometer to describe M1/M2 surface markers and an assay to evaluate their phagocytic activity.

Results: Treatment of PMa with GK-1 results in development to the classically activated M1 functional macro-
phage subpopulation with increased expression of the CCL3 and CXCLO2 chemokines, IL-6 and TNF-a proin-
flammatory cytokines with a concomitant increase in the levels of NO, accompanied by the expression of
modulatory factors that downregulate the inflammatory phenotype. GK-1 treated PMa significantly increased
their phagocytic activity.

Conclusion: GK-1 classical activated with enhanced phagocitic capacity may underlie in the increased specific

immunity induced when concomitant administered with other antigens.

1. Introduction

Despite the clear positive impact of vaccination on global protection
against infectious diseases, there are an estimated 44 million cases of
life threatening diseases occurring in 219 nations. The development of
new tools to improve vaccine efficiency is one realistic alternative to
deal with the magnitude of this task. Indeed, a better understanding of
the relevance of innate immunity in controlling the acquired immune
response offers rational approaches for immunomodulation in order to
improve the limited efficiency and undesirable effects of the available
adjuvants [1].

Adjuvants may act at different levels of the immune system.
Depending on their biochemical nature, they can selectively inhibit or
enhance the functional differentiation of the different cell populations
comprising the immune system (i.e. lymphocytes, neutrophils, NK killer
cells, dendritic cells and macrophages) [1,2]. Between them,

macrophages play a pivotal role in activating and directing both innate
and acquired immunity through their variable cytokine responses to
different modes of antigen presentation. These, together with cytokines
and chemokines secreted by other cells early in the innate immune
response, not only affect monocytes at sites of infection, but also create
the cytokine “milieu” that guides the differentiation of monocytes to
macrophages and similarly dictates the functional activities of existing
macrophages. Their high functional heterogeneity and plasticity high-
lights macrophages and monocytes as a pivotal target for modulation by
adjuvants.

Two major macrophage phenotypes derived from monocytes have
been operationally defined, the classically activated M1 and the alter-
natively activated M2 macrophages. The M1 cells are induced by IFNy
and/or TNFa or bacterial lipopolysaccharide (LPS) and have the fol-
lowing properties: the killing of intracellular parasites and tumor cells,
the secretion of pro-inflammatory cytokines and chemokines, the

Abbreviations: CFSE, Carboxyfluorescein succinimidyl-ester; FDR, False discovery rate; LPS, Lipopolysaccharide; IP-10, Interferon Gamma-Induced Protein 10; MIG,
Monokine induced by gamma interferon; MIP-1, Macrophage Inflammatory Proteins
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Fig. 1. Gene expression profiling of PMa treated with GK-1. Unsupervised hierarchical clustering of transcriptional profiles (fold-change > 2.0), displayed as a
heat map of log-transformed expression values, from CD11b + F4/80+ peritoneal macrophages of mice untreated or after 4 (A) and 18 h (B) treatment with GK-1.
The top ten pathways differentially induced by GK-1 and derived from enrichment analysis are presented as the green bars, and the red bars represent the genes
differentially down-regulated by GK-1. The yellows bars represent the statistically important changes induced by GK-1 compared with the control at 4h (C) and 18 h
(D). The analysis was done using Affymetrix® Transcriptome Analysis Console (TAC) Software. Data are representative of three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

production of nitric oxide (NO), an increased expression of MHC class
II, CD80, CD86 molecules, and antigen presentation associated with
Th1 cells [3,4]. In contrast, the M2 alternative activated macrophages
are involved in the resolution of inflammation and tissue homeostasis
and have been further subdivided into at least three different over-
lapping sub-phenotypes (M2a, b, c), a classification which will almost
certainly be revised, given more information; for example, it has been
observed that the phenotype of macrophages activated through IL-4
overlap partially with those induced by IL-13, IL-10, TGFf and gluco-
corticoids [5,6]. Similarly, human monocytes differentiated to macro-
phages in the presence of IL12 and IL18 are distinct from either M1 or
M2 phenotypes [7].

Peritoneal macrophages, cells generated and maturated within the
body in a dynamic compartment as the peritoneum offer an accurate
tool to study ex vivo, the effect of GK-1 [8]. In this study, therefore, we
focus on the impact of GK-1 on murine peritoneal macrophages. This
peptide, belongs to the Taenia crassiceps cysticercus recombinant pro-
tein KETc7 [9] and has being shown to enhance the protection induced
by human influenza vaccine in both young and old mice [10,11]. In
addition, GK-1 used as adjuvant provided some degree of protection
against experimental murine melanoma and mammary cancers [12].
Perhaps relevant to its adjuvant properties GK-1 promoted the activa-
tion of dendritic cells, increasing the expression of CD80,/86, MHC class
11, and the secretion of IFN-y, TNF-a, and CCL2 (MCP-1), resulting in an
increase in CD4 + T cell proliferation [10,13]. Considering that the
plasticity of macrophages can result in awake the adaptative immunity,
we extend our studies evaluating GK-1 effect on in vivo matured
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peritoneal macrophages towards the identification of other possible
players that may underlie GK-1 adjuvant properties.

2. Materials and methods
2.1. Mice

BALB/cAnN female mice 6-8 weeks-old were used. Stocks were
originally purchased from Charles River, USA, and produced in a pa-
thogen-free facility at our Institute. Food and water were allowed ad
libitum. All housing and experimental procedures were conducted
under the guidelines established by the Committee on the Care and Use
of Experimental Animals of the Instituto de Investigaciones Biomédicas
(IBM) at the Universidad Nacional Auténoma de México (UNAM).
Mouse experimentation protocols were approved by the animal safety
committee of the IBM, UNAM, and manipulated following to the’
Principles of Laboratory Animal Care” (NIH publication #85-23, re-
vised in 1985). Mice were anesthetized with sevoflurane by inhalation
(ABBOTT USA.) before being sacrificed by cervical dislocation.

2.2. Isolation of peritoneal macrophages

Peritoneal macrophages (PMa) were harvested from the peritoneum
of BALB/cAnN mice by IP lavage with PBS. Cells were placed in a
15 mm plates at 2.5 X 10° per 2 ml of RPMI medium 1640 (Gibco BRL,
USA) supplemented with 5% of Fetal Bovine Serum (FBS) (Gibco BRL,
USA) and 1% antibiotics solution (100 units/ml of penicillin, 100 mg/
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Table 1

List of top 50 genes up-regulated by GK-1, 4h and 181, in mouse PMa.
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Gene symbol

Description

Fold change (up regulated) (GK-1 4h vs.
control 4 h)

Fold change (up regulated) (GK-1 18 h vs.
control 18 h)

Ptgs2
“1b
Clec4e
Cxcll
1fi205
“Cxcl2
Mirl55
Cxcl3
Tnfsf9
Tnf
Slamf1
Rab11fipl
Marco
Fprl
Nlrp3
H2-M2
Il1la
Jak2
Ptges
Pla2g4a
116
Nfkbiz

Len2
Casp4
“Ccl3
Cxcl5
Cd40
Cxcll3
Sod2
“Nos2
C3
Clec4al
Irgl
Osgin2
Nfib
Nr4a3
Lox
Nfkbib

1112b
Nfkbia

Ifrdl
“H2-M2
Nfib
118
Cd38
Irfl
Icam1l
Cdc42ep2
Tlr2
Olrl
Fas
Irak3
117ra
Traf5
Cd69
Cerl2
Nfkb2

Olrl
Cflar
Nfkbl

Cavl
Ccl2
Siglece

prostaglandin-endoperoxide synthase 2

interleukin 1 beta

C-type lectin domain family 4, member e

chemokine (C-X-C motif) ligand 1

interferon activated gene 205

chemokine (C-X-C motif) ligand 2

microRNA 155

chemokine (C-X-C motif) ligand 3

tumor necrosis factor (ligand) superfamily, member 9
tumor necrosis factor

signaling lymphocytic activation molecule family member 1
RAB11 family interacting protein 1 (class I)

macrophage receptor with collagenous structure

formyl peptide receptor 1

NLR family, pyrin domain containing 3

histocompatibility 2, M region locus 2

interleukin 1 alpha

Janus kinase 2

prostaglandin E synthase

phospholipase A2, group IVA (cytosolic, calcium-dependent)
interleukin 6

nuclear factor of kappa light polypeptide gene enhancer in B cells
inhibitor, zeta

lipocalin 2

caspase 4, apoptosis-related cysteine peptidase

chemokine (C-C motif) ligand 3

chemokine (C-X-C motif) ligand 5

CDA40 antigen

chemokine (C-X-C motif) ligand 13

superoxide dismutase 2, mitochondrial

nitric oxide synthase 2, inducible

complement component 3

C-type lectin domain family 4, member al
immunoresponsive gene 1

oxidative stress induced growth inhibitor family member 2
nuclear factor I/B

nuclear receptor subfamily 4, group A, member 3

lysyl oxidase

nuclear factor of kappa light polypeptide gene enhancer in B cells
inhibitor, beta

interleukin 12b

nuclear factor of kappa light polypeptide gene enhancer in B cells
inhibitor, alpha

interferon-related developmental regulator 1
histocompatibility 2, M region locus 2

nuclear factor I/B

interleukin 18

CD38 antigen

interferon regulatory factor 1

intercellular adhesion molecule 1

CDCA42 effector protein (Rho GTPase binding) 2

toll-like receptor 2

oxidized low density lipoprotein (lectin-like) receptor 1

Fas (TNF receptor superfamily member 6)

interleukin-1 receptor-associated kinase 3

interleukin 17 receptor A

TNF receptor-associated factor 5

CD69 antigen

chemokine (C-C motif) receptor-like 2

nuclear factor of kappa light polypeptide gene enhancer in B cells 2,
p49/p100

oxidized low density lipoprotein (lectin-like) receptor 1
CASP8 and FADD-like apoptosis regulator

nuclear factor of kappa light polypeptide gene enhancer in B cells 1,
p105

caveolin 1, caveolae protein

chemokine (C-C motif) ligand 2

sialic acid binding Ig-like lectin E

39.11
25.46

19.78
14.61
14.44
12.39
11.22
9.69
9.19
7.28
6.87

6.48

5.45
4.99
4.81
4.79
4.45
4.42

4.36
4.3
4.11
4.11
4.1

3.84

3.79
3.73
3.67
3.47
3.47
3.4

3.19
3.15

3.02
2,99
2,92
2.85
2.81
2.81
2.78
2.72

2.69

2.66
2.62
2.62
2.58
2.56

2.52
2.52
2.45

2.41
2.4

291
7.59

6.82

6.55

6.33
2.27

2.97

6.77

4.03
3.9

3.82

3.42
7.1

3.36

2.76

2.7

2.66

2.23

# Confirmed expression of mediators of inflammation by immunoassay and/or flow cytometer.
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Fig. 2. Identification of gene expression changes specifically associated with the time of treatment. Venn diagram of down-regulated (A) and up-regulated (B)
genes contrasting the treatments of 4 h vs18h, in CD11b + F4/80+ peritoneal macrophages, taking into account the genes inherent in the controls: Red circles are
the controls, green circles are treatment with GK-1 at 4 h and purple circles are treatment with GK-1 at 18 h. The number of genes in each part is shown in parentheses
and the genes that cross-link between the conditions are shown inside the circles. Fold-change (FC) = 2, P < 0.05 with FDR, diff > 100 for microarray data. FC-rank
plots of genes detected as differentially between 4-and 18 h. The data is representative of 3 independent experiments. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

A

(2c),
B8 Cell |4
[cTeTe]
.

antibodies

Inflammatory Response

Lymphocyte Actvated
Kitier Cells (LAX)

antibodies

[
R C T T

Inflammatory Response

Fig. 3. Network analysis defines stimulus-associated programs of macrophage activation. Pathway representation network of transcriptional regulation of
mediators of inflammation 4 h (A) and 18 h (B) after treatment CD11b + F4/80+ peritoneal macrophages with GK-1 (FC > 2.0) identified by microarray analysis
using Affymetrix® Transcriptome Analysis Console (TAC) Software. The data are representative of 3 independent experiments.

ml of streptomycin) (Gibco BRL, USA). Adherent cells were harvested
from the plates after 2 h of culture, using cold 1X PBS buffer at 4 °C for 3
to 5min and then scraping them off using a rubber policeman.

2.3. Peptides

GK-1 was purchased as a synthetic 18-aa peptide (GYYYPSDPNTF-
YAPPYSA) from USV, LTD, Mumbai, Maharashtra, India (batch
RDO0001). The peptide was 95% pure as determined by high pressure
liquid chromatography using a reverse-phase C;g column. A non-related
peptide (NP) from random sequence (STLSPGSSTYTSYTTL) was em-
ployed as a negative control.

2.4. Treatment of peritoneal macrophages

PMa were cultured either in complete supplemented medium with
GK-1 (10 pg), or as negative controls without the peptide or with the

23

non-related (NP) peptide (10 ug) described above. Cells cultured with
LPS (5ng/ml, Sigma-Aldrich) served as a positive control.

Further experiments were conducted with PMa cells treated with
recombinant mouse IFNy (5ng/ml Biolegend) or IL-4 (5ng/ml
Biolegend) for 24, 48 and 72 h to polarize macrophages to the M1 or M2
phenotype, respectively [14]. The supernatants of all cultures were
harvested for cytokine analysis and the cells were washed once prior to
surface staining and subsequent flow cytometry.

2.5. Gene expression induced by GK-1

For evaluation of gene expression, we used the Affimetrix mouse
GeneChip MouseGene 1.0s.t microarray containing the complete
transcriptome of Mus musculus. RNA was extracted from 2.5 x 10°
peritoneal macrophages treated with GK-1 at 4, and 18 h. A non-related
peptide (NP) was used as a negative unspecific control in the experi-
ments to evaluate nitric oxide. In other experiments (microarrays, flow
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Fig. 4. GK-1 induces the secretion of proinflammatory mediators by PMa. Profile of inflammation mediators produced by CD11b + F4/80+ peritoneal mac-
rophages stimulated in vitro with GK-1 (A: 18 h; B: 72 h, dark gray bars). Positive control LPS (gray bars). Mock conditions RPMI (white bars). GK-1 induced a
statistically significant increase in MCP-1, MIP1a, IL-6, and TNF-a at 18 h (A) and in KC and MIP1a at 72h (B) using the ANOVA test. {Mean * SD. *P < 0.05,

**P < 0.005, and ***P < 0.0005.

cytometry and phagocytosis) RPMI without peptide served as negative
control. RNA extraction was performed using RNeasy plus mini kit
(Qiagen) following the manufacturer’s protocol. Concentrations of RNA
samples were quantified using the NanoDrop 2000spectrophotometer
(Thermofisher) and the sample were stored at —70 °C. The quality of
the RNA was assessed in an Agilent 2100 Bioanalyzer system prior to
subsequent hybridization to the Affymetrix GeneChip MouseGene
1.0 st, following the standard Affymetrix protocol.

From the microarray dataset, the changes in normalized gene ex-
pression intensities was analyzed and compared. Genes considered to
be differentially expressed between the treated and untreated samples
were categorized when their change was greater than or equal to 2-fold.
The statistical parameter used to define significant change (P) was less
than 0.001, and the difference between signal intensities compared to a
given gene was over 200. The gene expression analysis was focused on
genes related to macrophage activation, the immune response and re-
levant inflammatory processes.

Pairwise comparisons were performed between GK-1stimulated
cells and control non-stimulated cells in order to determine the number
of genes significantly induced by the GK-1 stimulation and the relative
fold changes of these genes. To do this, the two-class unpaired analysis
was employed with a false discovery rate (FDR) with a cut-off of 1% and
the condition that genes must have at least a two-fold change. This
stringent FDR cut-off was chosen in order to focus on genes most highly
induced or repressed by each condition. We treated the two time points,
independently to identify genes that were consistently up or down-
regulated after 4 and 18 h of co-culture.

2.6. Gene expression analysis by PCR

A PCR was performed to evaluate the expression of the Nos2 gene
that was found up-regulated in PMa co-cultured with GK-1. Total RNA
was prepared as described above, and the cDNA synthesis was per-
formed with a Gibco kit according to the manufacturer's instructions.

24

2.7. Analysis of secreted inflammatory mediators

The cytokine levels for activated macrophages (M1) IL-12, IL-1, IL-
6, and TNF-a and for (M2) IL-10, IL-4, TGF-} were measured in the
supernatants of cultured macrophages following the protocol provided
by the commercial Kit of 20 analytes (MILLIPLEX®). Concentrations
were given in pg/ml of cultured macrophage supernatants using the
Luminex Magpix (Xponent Software) system. The commercial panel of
20 analytes (Magnetic Mouse Cytokine 20-Plex Panel) included Basic
FGF, IL-1p, IL-10, IL-13, IL-6, IL-12, IL-17, MIP-1, GM-CSF, MCP-1, IL-5,
VEGF, IL-1, IFN-y, TNFa, IL-2, IP-10, MIG, KC, and IL-4.

2.8. Macrophage activation membrane markers

Single cell suspensions of peritoneal macrophages treated with GK-1
or with a Non-related peptide (negative control) or with LPS (positive
control), with or without IFNy or IL-4 (activating M1 and M2 stimu-
lants, respectively) were first treated with 1pg/100 uL of anti-mouse
FcR antibody (CD16/CD32 BioLegend) for 30 min at 4 °C in order to
“block” Fc receptors, and then surface stained with antibodies to
CD11b, CD80, CD86, MHC-II, CD206, CD36 antibodies (BioLegend).
Appropriate isotype controls were always included. Finally, cells were
fixed with 1% paraformaldehyde in PBS and processed using a
FACSCalibur flow cytometer and the Cell-Quest Pro software.

2.9. Nitric oxide

Nitrite is the primary and nonvolatile breakdown product of NO
degradation. Thus, NO production was assessed in the supernatants of
the macrophages cultured under the different treatments tested using
the Griess reagent (Promega, Madison, WI) following the manu-
facturer’s instructions. Briefly, the supernatants were mixed with an
equal volume of the Griess reagent. Nitrite concentrations were de-
termined by comparison with standard solution of NaNOs The plate
was analyzed at 540nm or in range from 520 to 550nm by the
fluorometry method to determine free oxygen radicals.
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Fig. 5. GK-1 induces the overpression of iNOS and the synthesis of NO by PMa. A) RT-PCR for iNOS and actine expression of macrophages culture in RPMI alone
or with GK1 or LPD. B) Quantification using the ANOVA test of NO synthesis by CD11b + F4/80+ peritoneal macrophages stimulated by GK1 (light grey bar) or LPS
(grey bar) for 24, 48 and 72h in vitro. There was no significant increase in NO in cultures incubated with non-related-peptide (black gray bar) or under “mock”
stimulation (white bar). fMean + SD. *P < 0.05, **P < 0.005, and ***P < 0.0005. C) Western Blot for iNOS and arginase-1 expression in peritoneal macro-

phages cultured with GK1, LPS, or RPMI alone for 72 h. The graph to the right shows the mean *

2.10. Immunoblotting

Macrophages previously stimulated with either GK-1 or LPS for 72h
were lysed for 10 min in lysis buffer (10 mM Tris pH 7.4, 150 mM NacCl,
1% TrironX-100, 0.1% sodium deoxycholate, 0.1% sodium dode-
cylsulfate (SDS), 5mM EDTA supplemented with 1mM phe-
nylmethylsulfonyl fluoride, 1 mM sodium vanadate, 1 mM sodium
fluoride), on ice. Protein concentration was determined by the Lowry
method [15]. Lysates were snap-frozen and stored at —80 °C. Equal
amounts of protein lysates were resolved by gel electrophoresis and
transferred to polyvinylidene fluoride (PVDF) membranes (Inmobilon®,
Millipore). Membranes were blocked for 1 h at room temperature in 5%
milk or BSA-TBST (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH
7.5). Membranes were probed overnight for SOD2 (A-2) [sc-133134]
(Santa Cruz Biotechnology, Santa Cruz, CA); 3-actin [ab8229] (Abcam);
iNOS [GTX130182], Arginase-1 [GTX634200] (Genetex). On the next
day, membranes were washed with 1x TBST for three times and in-
cubated with horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA) diluted in 5% milk or TBST
for 1h at room temperature. Bound antibodies were detected by the
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific).
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SD of three independent experiments.

2.11. Phagocytosis assay

Phagocytosis assay was performed by co-incubation of PMa with
fluorescently-labeled Saccharomyces cerevisiae for 120 min at 37 °C at
1:5 ratio in the presence of absence of BALB/cAnN inactivated mouse
serum. Yeasts were stained with CFSE (10 mM) (carboxyfluorescein
succinimidyl-ester) following the procedure previously described. After
incubation, the yeasts cells were centrifuged (5 min, 800 X g), and wa-
shed with PBS X3. Yeasts were heat-inactivated at 60 °C for 20 min A
total of 2 x 10° yeasts per well was incubated with 5 x 10° macro-
phages previously cultured with or without GK-1 (30 min, 37 °C) in
Chamber Slides (Nunc Lab- Tek ™). The macrophages were stained for
10 min with the vital dye FM4-64 (Invitrogene™) in order to have
contrast with the yeasts. The cells were washed three times with PBS at
room temperature, counterstained with DAPI (4/,6-diamino-2-pheny-
lindole) (1 ug/ml). Phagocytosis of fluorescent yeasts was measured by
confocal microscopy (Nikon A1R + STORM) and by epifluorescence
microscopy (Nikon Labophot) 2 by counting the number of macro-
phages with more than three yeasts in a total of 500 cells in three in-
dependent experiments.
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Fig. 6. GK-1 increases the expression of membrane-associated activation markers in PMa. Mean

SD of the median fluorescence intensity. In vitro-treatment

of CD11b + F4/80+ peritoneal macrophages with GK-1 significantly increases the expression of CD86 (A) at 24, 48 and 72 h, MHCII (B) at 24, 48 h. CD36 (C) at
48,72 h and CD206 (D) at 72 h. Synergistic effect of GK-1/IFN-y or GK-1/IL-4 treatment on expression of PMa surface membrane markers. Cells were treated with GK-
1 and IFN-y or GK-1 and IL4 and the cell surface expression of CD86, MHCI], CD36 and CD206 was evaluated by cell surface staining and FACS. Combined treatment
of GK-1 / IFN-y (dark gray), GK-1 (gray), IFN-y (light gray), and the mock conditions (white), are shown in A to D. Similarly, after treatment with GK-1 / IL-4 (dark
gray), GK-1 (gray), IL-4 (light gray), and the mock conditions (RPMI, white), are presented in E to H. All treatments were for 24, 48 and 72 h. The values represent the

mean Medium Fluorescence Intensity (MFI) of three different experiments. The data are mean + SD. The statistical analysis was done) using the Kruskal-Wallis test.

fMean * SD. *P < 0.05, **P < 0.005, and ***P < 0.0005.

2.12. Statistical analysis

The statistical analysis of the inflammatory mediators and the ex-
pression of membrane phenotypes was performed with PRISM Version
5.0 software. All analyses were performed in three independent ex-
periments. Quantitative data were presented as mean *= S.D. and
compared using ANOVA test. A P-value < 0.05 was considered as sta-
tistically significant.

3. Results
3.1. GK-1 induced differential gene expression of peritoneal macrophages

A detailed transcriptional profile of peritoneal macrophages treated
with GK-1 at 4h at 18 h was subjected to gene expression profiling
analysis with whole genome microarrays (Fig. 1A, B). Unsupervised
hierarchical clustering analysis showed a differential expression be-
tween control and GK-1 treated macrophages that allowed us to per-
form the comparison between the heat-maps resulting from each ex-
posure time of 4 and 18 h to GK-1.

Of the total of 28,944 genes included in the microarray, 503 were
differentially expressed by cells treated with GK-1 for four h. Of these,
312 genes were up-regulated and 191 were down-regulated. A lower
number of genes (90) remained differentially expressed 18 h after
treatment, with 61 genes being up-regulated and 29 down-regulated
(Table 1).
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3.2. Identification of genes specifically associated with the time of treatment

A summary of genes that are differentially up or down regulated,
with a fold-change > 1.0 at different times is presented in Venn dia-
grams constructed with Partner Illuminates microarray program (Fig. 2
A and B). Comparing at 4 and 18h after treatment with GK-1, 2797
genes were up-regulated and 2777 were down-regulated, with 40%
approximately of the genes implicated in immune-inflammatory re-
sponses.

3.3. Network analysis defines stimulus-associated programs of PMa
activation

Treatment of GK-1 resulted in increased and/or decreased differ-
ential expression of genes involved in pro-inflammatory mediators. In
Fig. 3 we present a summary of transcriptional regulation of mediators
of inflammation at 4 and 18 h after treatment with GK-1.

These changes were grouped into clusters of key genes regulating
inflammatory pathways, for example, interleukins and chemokines
signal pathways. Four hours after treatment there was an increased
expression of genes that code for cytokines such as IL-12(3, IL-6, IL-1a,
IL10, IL-1B, TNF-a and for chemokines such as CXCL1, CXCL2 and
CXCL3 (Fig. 3A). Some of these (IL-1a, IL-1p, TNF-a, IL-10, CXCL1 and
CXCL3) continued to be overexpressed 18 h later together, with the
overexpression of some additional cytokines (IL15 and TGF-f) (Fig. 3B).
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Fig. 7. Increased phagocytosis in PMa cultured with GK-1. CD11b + F4/80+ peritoneal macrophages were cultivated for 24 h with GK-1 and then cultured
30 min with S. cerevisiae labeled with Carboxyfluorescein succinimidyl ester (CFSE) (green label) in medium containing either inactivated or complete mouse sera.
Thereafter, macrophages were stained with FM4-64 (red) and a nuclear marker DAPI (blue). Merged images (A) of cells treated with media, GK-1 or LPS without or
with BALB/cAnN inactivated mouse serum. The phagocytosed yeasts were quantified by counting 500 macrophages in triplicate per condition in each experiment. B.
Mean = SD of the number of macrophages with three or more yeasts of three independent experiments. *Significantly different at P < 0.05 using the ANOVA test.
C: A 3D image z stacks in confocal microscopy that demonstrates the internalization of yeasts by macrophages. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

3.4. GK-1 induces the expression of pro-inflammatory mediators and NO in
PMa

To confirm the microarray results, the level of inflammatory med-
iators was measured in the supernatants of control and GK-1 stimulated
macrophages. PMa cultured with GK-1 secreted significantly increased
levels of IL-6, TNF-a, IP-10 (CXCl10), Mip-laa (CCL3) and MCP-1
(CCL2), compared to control cultures. Similarly, high levels of IL-1f, IL-
12, IL-6, CXCL10, CCL3, CCL2 and TNF-a were detected in the super-
natants of LPS-treated macrophages (Fig. 4).

Importantly, GK1 induced a very small increase in iNOS expression
after 4h of culture, which slightly increased 18h later (Fig. 5A), as
reflected by an increase in NO production by macrophages stimulated
for 24h with GK-1. This increase in NO was maintained at 48h but
decreased at 72 h. A similar trend was observed in the LPS stimulated
cultures, in contrast to the low level of NO in the un-treated cultures
(Fig. 5B). To evaluate whether the decrease in NO levels at later times
was associated with the polarization of M1 macrophages towards a M2
phenotype, both iNOS and arginase-1 expression were determined at
72 h of culture. As shown in Fig. 5C, iNOS expression remained slightly
increased, but arginase-1 expression levels were not different from
those in control macrophage cultures, which constitutively expressed
this enzyme.

3.5. Changes in PMa surface markers induced by GK-1

Peritoneal macrophages cultured with GK-1, were evaluated for
their expression of surface markers by FACs analysis, specifically, CD69,
CD40, CD80, CD86, MHCII (M1), CD36 and CD206 (M2). Expression of
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CD86, MHC-II and CD36 was significantly increased at 24h in PMa
stimulated with GK-1 and remained increased up to 72 h for MHC-II and
CD36 (Fig. 6A-D), consistent with an M1 macrophage phenotype. In
contrast, the M2 marker CD206 was expressed at low levels at 24 h by
GK1 stimulated macrophages compared to cells cultured with medium.
There were no significant differences in the expression of CD69, CD40
and CD80 found at any time (data not shown).

Stimulation of PMa with IFN-y plus GK-1 resulted in significantly
increased expression of CD86 and MHC-II compared to GK-1 alone after
24 h, but not after 72 h (Fig. 6A). In comparison with control cultures,
incubation with IFN and GK-1 resulted in a moderately low expression
of CD36 (Fig. 6C), but once again no effect was observed in the ex-
pression of CD206 (Fig. 6D).

When PMa were treated with IL-4/GK-1 (Fig. 6E-H), there was an
increased expression of CD36 and CD206 at 24, 48 and 72 h compared
to GK-1 alone (Fig. 6G,H), As expected IFN-y induced a high expression
of CD86 and MHC-II from 24 to 72h (Fig. 6A, B), together with a re-
duced expression of CD36 and CD206 (Fig. 6C, D) (except for CD36 at
72h, where an increase was observed, Fig. 6C). Finally, IL4 induced a
considerably high expression of CD36 and CD206 (Fig. 6G, H), a dis-
crete increase of MHC-II (Fig. 6F), but no impact on the expression of
CD86 was observed (Fig. 6E).

3.6. SOD2 gene expression

It is very well known that the oxidative stress that accompanies NO
production is a signal of danger to the cells. Since one of the main
antioxidative enzymes whose genes were overexpressed in peritoneal
macrophages cultured with GK1 was superoxide dismutase 2 (SOD2),
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Fig. 8. Western Blot for SOD-2 expression in peritoneal macrophages cultured
with GK1, LPS, or RPMI alone for 72h. The graph shows the mean *= SD of
three independent experiments.

we probed the effectivity of GK1 in inducing its production. As shown in
Fig. 8, both LPS and GK1 induced an overexpression of the SOD2 pro-
tein.

3.7. GK-1 increased phagocytosis activity of PMa in vitro

To evaluate the functional effects of GK-1 on cultured macrophages
a phagocytosis assay was employed. The level of phagocytosis in PMa
cultured with the fluorescent yeast and GK-1 was significantly increased
when an inactivated serum was added (Fig. 7A-C).

4. Discussion

Macrophages play a key role in tissue homeostasis, inflammation,
immunity, and disease pathogenesis. The wide spectrum of macrophage
activities is reflected in an equally complex range of functionally dis-
tinct populations differentiated from monocytes according to the pre-
vailing cytokine “milieu”, created as a result of the early inflammatory
response to a pathogen.

Historically, those macrophages differentiated in the presence of
IFNy, LPS, or GMCSF were defined as the M1 inflammatory population,
whereas those differentiated in the presence of IL-4, IL-13, or M-CSF
were defined as the M2 anti-inflammatory population [5,14]. Now,
however, it is clear that there is a wide spectrum of functional macro-
phage subpopulations, and a more rational classification based on gene
expression profiles is now in progress [16]. Moreover, macrophages
display a remarkable phenotypic plasticity, i.e. they are able to change,
their functional phenotypes according to varying environmental stimuli
[5,14]. Thus, macrophages and their progenitors, the monocytes, are
key cells in the interconnecting pathways that lead to the induction of
an acquired response, thereby providing a rational basis for the de-
velopment of novel adjuvants.

This work is aimed to understand the immunomodulatory activities
of the highly stable synthetic GK-1 peptide [24], specifically, 1) its
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proven utility as an adjuvant for immunization with the influenza
vaccine [10,13], its significant antitumoral effect on 4T1 mouse
mammary carcinoma [12]. Here, therefore, and considering the im-
portant role of macrophages in immunomodulation, we present our
findings on the impact of GK-1 on the function and gene and cell surface
marker expression of peritoneal macrophages.

The differential impact of GK-1 on gene expression profiles was
analyzed through hierarchically clustered profiles related to in-
flammatory processes such as Toll-like receptor (TLR2) (Fig. 3 and
Table 1). Our results showed an overexpression of genes encoding for
M1 macrophage classical markers (IL1f3, TNFa, IL6, IL123) and a down-
regulation of genes encoding for M2 markers (Argl) in GK-1-treated
macrophages [17]. Recently, a study analyzing transcriptional mRNA
profiling data identified other markers for the M1 phenotype (CD38,
Gprl8, Fpr2) [5] and, interestingly, the microarray assay also showed a
GK-1 peptide induced expression of CD38, Fpr2, CCL2, and CCL7.

The observed increased expression of the transcript for TLR2 in GK1
treated cells may indicate an involvement of GK-1 in TLR2 activation, a
possibility consistent with the observed and concomitant up-regulation
of NF-kB, the major downstream target of TLR2 signaling [18]. This, in
turn, could predict an increased production of inflammatory cytokines
(i.e. IL1, IL6, TNFa) and chemokines (MIP-1alpha, MCP1, etc.) as well
as inducible enzymes such as COX-2 and iNOS [19]. Significantly
therefore, an increase in most of these cytokines and chemokines was
confirmed by multiplex gene expression analysis. In addition, GK-1-
treated peritoneal macrophages produced NO and overexpressed the
CD86 co-receptor and MHC-II. GK-1 treated macrophages also pro-
duced increased levels of iNOS (Fig. 5A and C) and NO (Fig. 2B), which
can be involved in increasing phagocytic activity in macrophages
(Fig. 7). Interestingly, GK-1 reduced the effect of the oxidative response
by overexpressing SOD2 (Fig. 8), an essential mitochondrial antioxidant
enzyme that can restore macrophage homeostasis.

After 72 h of GK-1 treatment, however, the cells had largely lost the
M1 phenotype and exhibited an increased expression of CD36, in-
dicating a shift towards an alternatively activated M2 phenotype per-
haps as a strategy to control possible adverse inflammatory reactions. In
relation to this possibility, when peritoneal macrophages were treated
with GK-1 plus IL-4, there was a synergistic increase of the CD36 re-
ceptor, reinforcing the idea that GK-1 might interact with the CD36
receptor [20]. Also, it should be noted that peritoneal macrophages
cultured in RPMI medium alone showed a constitutive expression of
arginase-1, an enzyme that competes with iNOS for arginine and whose
expression was not modified when macrophages were incubated with
GK1. Being arginase-1 a classical M2 enzyme, its preponderance over
iNOS after 72h of culture with GK1 could help to shift the M1 phe-
notype to an M2 one [19].

Another result that merits comment is the synergistic effect induced
by GK-1 and INF-y in promoting the polarization of the peritoneal cells
toward the M1 phenotype, as evidenced by the increased expression of
CD86 and MHCIL Finally, GK-1 treatment resulted in a decreased ex-
pression of the M2 marker CD206 by IL-4 stimulated cells.

Macrophages are professional phagocytes, playing a central role in
tissue maintenance and host defense, first by engulfing and killing pa-
thogens [21], and second through their subsequent role as antigen
presenting cells. Phagocytosis, therefore, is regarded as an indicator of
macrophage activity [22] representing the first essential step for the
immunological defense system and a rational target for adjuvants. Thus,
the observed stimulation of phagocytosis by GK-1, and the concomitant
increased expression of the CD38, Rabl1fipl, and HII-MII genes, may
favor antigenic presentation and contribute to the adjuvant properties
of GK-1 [23].

In conclusion, this study demonstrates that GK-1 promotes sig-
nificant phenotypic changes in peritoneal macrophages, including the
polarization to the M1-classical phenotype and an increased phagocitic
activity, both phenomena that may underlie its demonstrated adjuvant
effects.



L. Sdnchez-Herndndez et al.

Ethical approval

All applicable international, national, and/or institutional guide-
lines for the care and use of animals were followed.

This article does not contain any studies with human participants
performed by any of the authors.

Conflict of interest
The authors declare that they have no conflict of interest.
Acknowledgments

This work was supported by CONACyT project No. 253891 and the
Program of Research for the Development and Optimization of
Vaccines, Immunomodulators and Diagnostic Methods of the
Biomedical Research Institute from National Autonomous University of
Mexico (UNAM).

References

[1] J. Bayry, Regulatory T cells as adjuvant target for enhancing the viral disease
vaccine efficacy, Virus Dis. 25 (2014) 18-25.

A. Fernandez, L. Oliver, L.E. Alvarez, K.P. Lee, C. Mesa, Adjuvants and myeloid-
derived suppressor cells: enemies or allies in therapeutic cancer vaccination, Hum.
Vaccin. Immunother. 10 (2014) 3251-3256.

S. Gordon, P.R. Taylor, Monocyte and macrophage heterogeneity, Nat. Rev.
Immunol. 5 (2005) 953-964.

A. Mantovani, A. Sica, S. Sozzani, P. Allavena, A. Vecchi, M. Locati, The chemokine
system in diverse forms of macrophage activation and polarization, Trends
Immunol. 25 (2004) 677-686.

S.A. Amici, J. Dong, A.M. Guerau, Molecular mechanisms modulating the pheno-
type of macrophages and microglia, Front. Immunol. 10 (2017) 1-18.

D.M. Mosser, The many faces of macrophage activation, J. Leukoc. Biol. 73 (2003)
209-212.

L. Darwich, G. Coma, R. Pena, R. Bellido, E.J.J. Blanco, J.A. Este, M. Bofill,
Secretion of interferon-gamma by human macrophages demonstrated at the single-
cell level after costimulation with interleukin (IL)-12 plus IL-18, Immunology 126
(2009) 386-393.

A. Cassado A dos, M.R. D’Império, K.R. Bortoluci, Revisiting mouse peritoneal
macrophages: heterogeneity, development, and function, Front. Immunol. 19
(2015) 1-9.

K. Manoutcharian, G. Rosas, M. Hernandez, G. Fragoso, A. Aluja, N. Villalobos,
L.F. Rodarte, E. Sciutto, Cisticercosis: identification and cloning of protective re-
combinant antigens, J. Parasitol. 82 (1996) 250-254.

V.R. Segura, T.A. Pérez, G. Rosas, A. Toledo, M. Restelli, E. Acosta, R. Corral,

F. Rosetti, G. Fragoso, S. Grinstein, E. Sciutto, A novel synthetic adjuvant effectively
enhances the immunogenicity of the influenza vaccine, Vaccine 20 (2006)
1073-1080.

G. Fragoso, G.F. Esquivel, M.A. Santana, R.J. Bobes, B. Hernandez, J. Cervantes,
R. Segura, F.A. Goldbaum, E. Sciutto, G. Rosas, Heterologous prime-boost oral
immunization with GK-1 peptide from Taenia crassiceps cysticerci induces protec-
tive immunity, Clin. Vaccine Immunol. 18 (2011) 1067-1076.

D. Torres-Garcia, A. Perez-Torres, K. Manoutcharian, U. Orbe, R. Servin-Blanco,
G. Fragoso, E. Sciutto, GK-1 peptide reduces tumor growth, decreases metastatic
burden, and increases survival in a murine breast cancer model, Vaccine 35 (2017)
5653-5661.

V.R. Segura, G. Fragoso, E. Sciutto, A. Sarukhan, Towards identification of the
mechanisms of action of parasite-derived peptide GK-1 on the immunogenicity of
an influenza vaccine, Clin. Vaccine Immunol. 16 (2009) 1338-1343.

F.O. Martinez, S. Gordon, The M1 and M2 paradigm of macrophage activation,
F1000Prime Rep. 6 (2014) 1-13.

O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with the
Folin phenol reagent, J. Biol. Chem. (1951) 265-275.

C. Porta, E. Riboldia, A. Lppolitoa, A. Sica, Molecular and epigenetic basis of
macrophage polarized activation, Semin. Immunol. 27 (2015) 237-248.

C. Porta, M. Rimoldi, G. Raes, L. Brys, P. Ghezzi, D. Liberto, F. Dieli, S. Ghisletti,
G. Natoli, P. De Baetselier, A. Mantovani, A. Sica, Tolerance and M2 (alternative)
macrophage polarization are related processes orchestrated by p50 nuclear factor
kappa B, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 14978-14983.

Y. Liu, Y. Wang, M. Yamakuchi, S. Isowaki, E. Nagata, Y. Kanmura, I. Kitajima,

I. Maruyama, Upregulation of toll-like receptor 2 gene expression in macrophage
response to peptidoglycan and high concentration of lipopolysaccharide is involved
in NF-kappa [ activation, Infect. Immun. 69 (2001) 2788-2796.

M. Triantafilou, F.G. Gamper, R.M. Haston, M.A. Mouratis, S. Morath, T. Hartung,
K. Triantafilou, Membrane sorting of toll-like receptor (TLR)-2/6 and TLR2/1 het-
erodimers at the cell surface determines heterotypic associations with CD36 and
intracellular targeting, J. Biol. Chem. 13 (2006) 31002-31011.

H.T. Aung, K. Schroder, S.R. Himes, K. Brion, W. van Zuylen, A. Trieu, H. Suzuki,

[2]

[3]

[4]

[5]
[6]

71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[21]

29

Immunology Letters 201 (2018) 20-30

Y. Hayashizaki, D.A. Hume, M.J. Sweet, T. Ravasi, LPS regulates proinflammatory
gene expression in macrophages by altering histone deacetylase expression, FASEB
J. 20 (Jul (9)) (2006) 1315-1327.

J.W. Kang, F.T. Nguyen, N. Lue, R.R. Dasari, D.A. Heller, Measuring uptake dy-
namics of multiple identifiable carbon nanotube species via high-speed confocal
Raman imaging of live cells, Nano Lett. 12 (2012) 6170-6174.

C.Y. Lai, D.P. Strange, T.A.S. Wong, A.T. Lehrer, S. Verma, Ebola virus glycoprotein
induces an innate immune response in vivo via TLR4, Front. Microbiol. 8 (2017)
1571.

J. Cervantes-Torres, R. Segura-Velazquez, P. Padilla, E. Sciutto, G. Fragoso, High
stability of the immunomodulatory GK-1 synthetic peptide measured by a reversed
phase high-performance liquid chromatography method, J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 5 (2017) 97-102.

[22]

[23]

[24]

Lisandro Sanchez Hernandez PhD. Biomedical sciences
student Biomedical research institute National Autonomous
University of Mexico, UNAM Work areas Development of
adjuvants.

Laura Montero Leon PhD. Biomedical sciences student
Biomedical research institute National Autonomous
University of Mexico, UNAM Work areas Development of
adjuvants

Rail Mojica Espinosa MSc. Ascription: Subdirection of
development of clinical applications Position: Head of
Department in Medical Area B National Institute of
Genomic Medicine of Mexico

Juan Pablo Reyes Grajeda PhD. PhD. Biomedical sciences
National Autonomous University of Mexico, UNAM
Associate Researcher in the Medical Proteomics Unit
National Institute of Genomic Medicine of Mexico Work
areas Expert in the purification and biochemical char-
acterization of proteins, as well as in crystallogenesis and
crystallography.

Jacquelynne Cervantes Torres PhD. Biomedical sciences student Biomedical research
institute National Autonomous University of Mexico, UNAM Work areas Development of
adjuvants, expert in vitro and in vivo testing of several biological molecules involved in
cell differentiation and activation.


http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0005
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0005
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0010
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0010
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0010
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0015
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0015
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0020
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0020
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0020
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0025
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0025
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0030
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0030
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0035
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0035
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0035
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0035
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0040
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0040
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0040
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0045
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0045
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0045
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0050
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0050
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0050
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0050
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0055
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0055
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0055
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0055
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0060
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0060
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0060
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0060
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0065
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0065
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0065
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0070
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0070
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0075
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0075
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0080
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0080
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0085
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0085
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0085
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0085
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0090
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0090
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0090
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0090
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0095
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0095
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0095
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0095
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0100
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0100
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0100
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0100
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0105
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0105
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0105
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0110
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0110
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0110
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0115
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0115
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0115
http://refhub.elsevier.com/S0165-2478(18)30217-7/sbref0115

L. Sdnchez-Herndndez et al.

Michael Parkhouse PhD. Biochemistry University of
London, United Kingdom (UK) Researcher of the
Department of Infections & Immunity Gulbenkian Institute
of Science Work areas Infectious organism and its host

Gladis Fragoso Gonzalez PhD. Researcher of Department
of Immunology Biomedical Research Institute National
Autonomous University of Mexico, UNAM Work areas
Immunoparasitology. Neuroinflammation Identification of
antigens and protective epitopes against
cysticercosis.Diagnosis of human and porcine cysticercosis
Development of adjuvants

30

Immunology Letters 201 (2018) 20-30

Edda Lydia Sciutto Conde PhD. Researcher of Department
of Immunology Biomedical Research Institute National
Autonomous University of Mexico, UNAM Work areas
Immunoparasitology. Neuroinflammation.Identification of
antigens and protective epitopes against
cysticercosis.Diagnosis of human and porcine cysticercosis
Development of adjuvants



	Portada
	Índice
	Resumen
	Introducción
	Antecedentes
	Justificación
	Hipótesis   Objetivos
	Métodos
	Resultados
	Discusión
	Referencias
	Anexos

