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RESUMEN

El cisticerco (fase larvaria) de Taenia solium es el agente causal de la cisticercosis humanay
porcina. Se desarrolla a partir de la ingestion de huevos, los cuales se activan y eclosionan en
el intestino liberando las oncosferas que migran a diferentes tejidos completando su
desarrollo. En la cisticercosis, aun se desconocen las estrategias que utiliza el parasito para
migrar a los diferentes tejidos del huésped. Sin embargo, en diferentes patdgenos se han
reportado proteinas receptoras de plasmindgeno (Plg) involucradas en el proceso de
invasion. Estudios previos en nuestro grupo mostraron que diferentes proteinas de T. solium
tienen la capacidad de unir plasmindgeno, entre ellas, la enolasa. El objetivo de este trabajo
fue identificar en el cisticerco de T. solium otras proteinas que unen plasmindgeno y evaluar
si la enolasa recombinante de T. solium (rTsEnoA) mantiene la capacidad de unir y activar
plasmindgeno humano. También se identificaron y caracterizaron las diferentes isoformas
de enolasa. Para la identificacion de las proteinas con capacidad de unir Plg, se realizo ligand
bloting en 2D-SDS-PAGE. Las proteinas correspondientes a los puntos reconocidos se
identificaron por MS/MS. Siete proteinas mostraron su capacidad de unir Plg: fascicilina-1,
fasciclina-2, enolasa, MAPK, anexina, actina y malato deshidrogenasa citosodlica. Una vez
identificadas, se profundizo en el estudio de la enolasa. Realizando una busqueda en el
genoma del pardsito se identificaron cuatro isoformas. Para comprender mejor la filogenia
de la enolasa en T. solium, se realizd un analisis de inferencia filogenética que incluyd 75
secuencias de aminoacidos de enolasa de diferentes organismos. A excepcion de Eno4, el
origen de las isoformas de enolasa de platelmintos es independiente de sus contrapartes de
vertebrados. Por lo que en este trabajo propusimos designar a las isoformas de T. solium
como A, B, Cy 4. Para determinar si la rTsEnoA unia Plg humano, se realizé un ligand bloting
y los resultados se confirmaron mediante ELISA tanto en presencia como en ausencia de un
inhibidor de la union a Plg (eACA). Los resultados mostraron que el Plg unido a rTsEnoA se
activo a plasmina en presencia del activador tisular de plasmindgeno (tPA). En conclusion, la
enolasa recombinante mostrd una fuerte actividad de union y activacion del plasmindgeno
in vitro. La enolasa de T. solium podria desempefiar un papel en la invasién del pardsito junto

con otras proteinas de unién al plasmindgeno.
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ABSTRACT

Taenia solium cysticerci (larval stage) are the causative agent of human and swine
cysticercosis. They develop after ingesting T. solium eggs, which are activated and hatch in
the host’s intestine, releasing oncospheres that migrate to different tissues, where they
transform into cysticerci. While the strategies used by the parasite to migrate to the host
tissues are still unknown, plasminogen (Plg)-receptor proteins have been reported as
involved in invasion processes for various pathogens. Previous works by our group have
demonstrated that several T. solium proteins, including enolase, are capable of binding Plg.
This work is aimed to identify other Plg-binding proteins in T. solium cysticerci, and to
evaluate whether recombinant T. solium enolase (rTsEnoA) can bind and activate human Plg.
Additionally, different enolase isoforms were identified and characterized. To identify
proteins with a capacity to bind Plg, a ligand blotting assay was performed on 2D-SDS-PAGE.
The proteins corresponding to recognized spots were identified by MS/MS. Seven proteins
showed Plg-binding capacity: fasciclin-1, fasciclin-2, enolase, MAPK, annexin, actin, and
cytosolic malate dehydrogenase. Among the proteins identified, enolase was chosen for in-
depth study. Four enolase isoforms were identified by searching in the parasite genome. To
better understand the phylogeny of T. solium enolase, a phylogenetic inference analysis was
performed including 75 amino acid sequences of enolase from various organisms. Except for
Eno4, the origin of the enolase isoforms in plathelminths is independent of their homologues
in vertebrates. Therefore, herein we propose to designate T. solium enolase isoforms as A,
B, C, and 4. To determine whether rTsEnoA bound human Plg, a ligand blotting assay was
performed, confirming the results by ELISA both in the presence and in the absence of the
plasminogen binding inhibitor (¢ACA). Our results indicate that rTsEnoA-bound Plg was
activated into plasmin in the presence of the tissue plasminogen activator (tPA). In
conclusion, recombinant enolase showed strong Plg binding and activating activity in vitro.
T. solium enolase could be playing a role in parasite invasion, along with other Plg-binding

proteins.
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IDENTIFICACION DE LAS PROTEINAS DE Taenia solium QUE UNEN PLASMINOGENO Y SU
POSIBLE RELEVANCIA EN LA INVASION DEL PARASITO A LOS DIFERENTES
TEJIDOS DEL HUESPED

1. INTRODUCCION

1.1 Taenia solium

Taenia solium es el agente causal de la cisticercosis humana y porcina. La cisticercosis, es
causa considerable de morbilidad en los seres humanos y de pérdidas econémicas en
porcinos en paises en desarrollo de Latinoamérica, Africa y Asia (Fleury et al., 2012). La
enfermedad es casi inexistente en paises desarrollados como Estados Unidos, Canads,
Europa, Australia, Japon, Nueva Zelanda y en la mayoria de los paises musulmanes. En estas
regiones los casos reportados de cisticercosis se consideran como resultado de la migraciéon
de personas provenientes de areas endémicas (Del Brutto, 2012) (Figura 1). Los cisticercos
se pueden localizar en diferentes tejidos u érganos del huésped. Cuando el cisticerco se
localiza en el Sistema Nervioso Central del humano se le denomina Neurocisticercosis (NC)

(Gonzales et al., 2016).

En México, un estudio realizado en el Instituto Nacional de Neurologia indicé que la
incidencia de la NC se mantuvo relativamente constante entre 1994 y 2004 y mencionan que
esta parasitosis continua siendo un problema de salud publica (Sciutto et al., 2000; Fleury et
al., 2011, 2012). Hay reportes que sefialan que en México la NC ya no es un problema de
salud publica (Flisser et al., 2010), aunque en zonas rurales aisladas aun se reporta alta
prevalencia de cisticercosis porcina (Fleury et al., 2012). Por otro lado, un reporte publicado
por la WHO (World Health Organization) en el 2015, menciona que la cisticercosis presenta

alta prevalencia en los estados de Yucatan, Guanajuato, Guerrero, Morelos, Puebla.
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Figura 1. Distribucion geogrifica de Taenia solium, cisticercosis. Tomada de: World Health

Organization, 2015 (http://www.who.int/taeniasis/Endemicity_Taenia_Solium_2015.jpg)

1.1.1 Ciclo de vida

Taenia solium en su ciclo de vida involucra a dos huéspedes, al cerdo como huésped
intermediario que desarrolla el cisticerco (larva) y al humano como huésped definitivo que
desarrolla la Tenia (gusano adulto). La Tenia se desarrolla en el intestino delgado del humano
a partir de la ingestion de cisticercos por el consumo de carne de cerdo infectada y mal
cocida. El gusano se adhiere a la pared intestinal a través de la doble corona de ganchos y
cuatro ventosas. La Tenia esta formada por progldtidos que se van desarrollando de manera
continua por debajo del cuello. Los proglétidos mas distales del cuello se consideran gravidos
ya que pueden llegar a contener cientos de miles de huevos con capacidad infectiva, los
cuales, son expulsados en la materia fecal. Los cerdos o de manera accidental los humanos
(por malas practicas de higiene) ingieren los huevos. Durante su paso por el tracto digestivo,
los huevos son susceptibles a los jugos gastricos e intestinales que les disgregan los bloques

embrioforales y la membrana oncosferal liberando y activando a los embriones (oncosfera).



La oncosfera atraviesa la mucosa del intestino delgado vy circula por el torrente sanguineo
hasta llegar a los diferentes tejidos del huésped, donde se transforman en cisticercos, dando
como resultado la cisticercosis porcina o humana (o bien, la NC cuando se localizan en el

sistema nervioso central) (Flisser, 2013) (Figura 2).

Figura 2. Ciclo de vida de T. solium. El pardsito alterna entre el ser humano como huésped definitivo vy el
cerdo como principal huésped intermediario. En su estado adulto (1), el platelminto habita el intestino
humano. La Tenia produce miles de huevos, que se expulsan en la materia fecal. El cerdo se infecta al ingerir
heces donde hay segmentos (proglétidos) (2) o huevos (3) del parasito adulto. Cada huevo tiene el potencial
para convertirse en un cisticerco, forma larvaria del parasito, ocasionando la cisticercosis porcina (4). El
ciclo se completa cuando el hombre consume carne de cerdo mal cocida infectada con cisticercos. Estos
ultimos se fijan en las paredes del intestino humano donde maduran hasta convertirse en gusanos adultos
(1). Laingesta accidental de huevos, puede ocasionar en el humano, la cisticercosis humana (NC) (5) (Flisser

y Ruy., 2006).



1.2 Plasmindégeno

El plasmindgeno es una glicoproteina de 810 aminodcidos, de aproximadamente 90 kDa que
se sintetiza en el higado como una glicoproteina, también conocido como Glu-plasmindgeno.
Cuando se secreta al plasma, el péptido sefial en el extremo N-terminal (19 residuos de
aminoacidos) se pierde para convertirse en la forma madura (Castellino and Powell, 1981).
El Plg se puede encontrar en dos formas: el Glu-plasmindgeno que tiene un residuo de acido
glutdmico en el extremo N-terminal y el Lys-plasmindgeno que tiene un residuo Lys77 en el
extremo N-terminal (Forsgren et al.,, 1987). Glu-plasmindgeno se convierte en Lys-
plasmindgeno una vez que la plasmina exégena elimina un péptido de 77 aminoacidos en el
extremo amino-terminal (Horrevoets et al., 1995). Los activadores fibrinoliticos activan mas
eficientemente a la Lys-Plg que a la Glu-Plg (Zhang et al., 2003; Markus et al., 1978). Ambas
formas de Plg estan formadas por siete dominios estructurales, un péptido de activacidon en
la region N-terminal conocido como dominio PAp (1-77 aa), cinco dominios kringle (KR1- 5)
y un dominio de serina proteasa SP (562- 791 aa) (Figura 3) (Law et al., 2012). Los dominios
kringle median la union de Plg mediante sitios de union a lisina, a sustratos y a receptores de
superficie celular. El dominio PAp interactla con KR4 y KR5, esta interaccidén es critica para

mantener una conformacion cerrada de Plg.

Sin embargo, el Plg también puede estar presente en su conformacion abierta (pre-
activacion), lo que sugiere que una reorganizacién conformacional expone el sitio de escision
para los activadores del plasmindgeno (AP), cuya accion dard como resultado la formacién
de plasmina, la proteasa activa (Ponting et al., 1992; Law et al., 2012). La plasmina participa
en la parte final de la cascada de coagulacién, degradando los codgulos de fibrina

(fibrindlisis).
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Figura 3. Estructura del plasminégeno humano. Los dominios son marcados en diferente color: PAp, azul;
KR1, rosa; KR2, amarillo; KR3, naranja; KR4, verde; KR5, purpura; SP, cian. Los iones de cloruro (Cl) 1y 2
estdn en la interface KR4 / PAp and KR2 / SP, respectivamente, y se muestran como esferas. Otros dos iones
de cloruro 3y 4, unen al dominio KR2 y SP, respectivamente. La posicidn del loop de activacion estd marcado
con una esfera roja. El LR de KR1 estd marcado con asterisco (*). Figura tomada y modificada de Law et al.,

2012.

1.2.1 Cascada de la coagulacidn y sistema fibrinolitico

La cascada de coagulacidon es una secuencia compleja de reacciones proteoliticas que
termina con la formacién del codgulo de fibrina. La cascada de coagulacion involucra factores
celulares (plaquetas) y proteoliticos que se activan cuando se dafia el endotelio de un vaso
sanguineo. El objetivo inmediato es detener el sangrado, facilitar y promover otros
mecanismos para el control y la reparacién de dafios. La cascada de la coagulacidon procede
en dos vias: la intrinseca, formada por los factores VI, IX, XI, XIl y la extrinseca, regulada por
la tromboplastina tisular y el factor VII. Ambas vias se fusionan a través de los factores Vy X,
gue requieren fosfolipidos de calcio y plaquetas, lo que resulta en la formacion de redes de

fibrina conocidas como coagulos (Johari and Loke, 2012).



El sistema fibrinolitico participa en la etapa final de la cascada de la coagulaciéon y su funcion
principal es la eliminacion de los codgulos depositados en los vasos sanguineos,
principalmente a través de la accion proteolitica. La reaccidn central del sistema fibrinolitico
es la activacion del Plg a plasmina (PIm) (Collen et al., 1993). La degradacién de los coagulos
depende de la unién de Plg / PIm a los residuos de lisina localizados en el extremo C-terminal
y a algunos residuos internos de lisina de las redes de fibrina (y otros receptores); la union

de Plg requiere sitios de union a lisina localizados en los dominios Kringle (Marti et al., 1997).

La plasmina es una serina proteasa de amplio espectro que degrada la fibrina, las matrices
extracelulares y el tejido conectivo a través de la participacion de otras enzimas proteoliticas,
incluidas la colagenasa (MMP-1, La metaloproteinasa-1 de la matriz) (Santala et al., 1999;
Law et al., 2013; Gonzalez-Miguel et al., 2016). Un gran numero de patdgenos, incluidos los
parasitos, expresan receptores de plasmindgeno, inmovilizdndolo en su superficie, lo que da
como resultado su activacion. Se ha propuesto que la activacion del Plg facilita la migracién
y la invasion de patdgenos a diferentes tejidos en el huésped, asi como, los mecanismos de
evasion de la respuesta inmune, principalmente a través de la activacion de la cascada del
complemento (Pancholi and Chhatwal, 2003; Marcilla et al., 2007; Xolalpa et al., 2007; de la
Torre-Escudero et al., 2010; Zhang et al., 2015; Siqueira et al., 2016).

1.2.2 Activadores e inhibidores fisioldgicos del plasminégeno/plasmina

La activacion de Plg a PIm estd mediada por la accion proteolitica de dos tipos principales de
activadores de plasmindgeno (AP), el de tipo tisular (tPA) vy el de tipo uroquinasa (UPA);
ambos activan Plg cortando especificamente entre residuos Arg560-Val561, en el dominio
SP (Rijken and Lijnen, 2009). Sin embargo, algunas bacterias secretan diferentes AP, como la
estreptoquinasa (Streptococci, grupos A, C y G), estafiloquinasa (Staphylococcus aureus
lisogénico), Pla (Yersinia pestis), PauA (secretada por Streptococcus uberis) y PadA
(Streptococcus dysgalactiae) (COLLEN et al., 1993; Wang, 1998; Rosey et al., 1999;
Lahteenmaéki et al., 2001; Singh et al., 2014; Dentovskaya et al., 2016).



Por otro lado, la fibrindlisis es un proceso altamente regulado involucrado en la hemostasia,
gue requiere la participacion de diferentes inhibidores; los mdas conocidos son la a2-
antiplasmina y la a2-macroglobulina (inhibidores de la plasmina), PAI-1, PAI-2 y PAI-3
(inhibidores de los activadores del plasmindgeno) (Novokhatny et al., 1984; Schneiderman
and Loskutoff, 1991; Rijken, 1995; Rijken and Lijnen, 2009). Ademas, se ha reportado un
analogo de lisina, el 4cido e-aminocaproico (eACA) que compite por los sitios de unién del
plasmindgeno, por lo tanto, no permite la uniény conversion del Plg a PIm por los activadores

del plasmindgeno e inhibe la actividad proteolitica de la PIm (Nahum, 1964).

1.2.3 Participacion de plasminégeno/plasmina en otros procesos celulares

Ademas de su interaccién con la fibrina, Plg / PIm puede actuar sobre otras proteinas tales
como receptores de superficie celular, componentes de la coagulacién (factores V, VIl y X),
metaloproteasas, asi como componentes estructurales de la matriz extracelular (MEC), que
incluyen laminina, fibronectina, factores de complemento (C3 y C5), vitronectina, etc. (Kost
et al., 1996; Pryzdial et al., 1999; Cesarman-Maus and Hajjar, 2005; Ogiwara et al., 2010;
Barthel et al., 2012; Hsiao et al., 2013). Por lo tanto, Plg/PIm se ha asociado a varias funciones
fisiolégicas y patoldgicas: en la fibrindlisis y la hemostasia, degradacion de la MEC,
crecimiento tumoral, invasion, migracién, remodelacion tisular, curacion de heridas,
angiogénesis y evasion de la respuesta inmune (Hsiao et al., 2013; Miles and Parmer, 2013;
Principe et al., 2017). También, en diferentes patdégenos como bacterias, hongos, protozoos
y helmintos se ha estudiado ampliamente el papel del plasmindgeno en la invasion,
establecimiento y evasidon de la respuesta inmune en el huésped, como un mecanismo de
patogenicidad. En la Figura 4 se ejemplifica las multiples participaciones del Plg/PIm en

bacterias interactuando con sus huéspedes (Sanderson-Smith et al., 2012).
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Figura 4. Mecanismos de unién de plasmindgeno/plasmina en la superficie de las células bacterianas y su
papel en las interacciones entre las bacterias y sus huéspedes. El Plg/PIm puede estar unido directamente a
la superficie celular bacteriana via célula-membrana-receptores de anclaje, receptores no anclados
asociados a la superficie celular o indirectamente a través de interacciones con fibrindgeno y receptores de
fibrindgeno en la superficie celular. El Plg/PIm de la superficie celular bacteriana estd involucrado en cuatro
procesos en general; (1) degradacion de MEC via activacién de metaloproteasas y plasmina; (2) fibrindlisis
via plasmina; (3) evasion inmune a través de plasmina-mediante la degradacién de efectores inmunes,
incluyendo componentes del complemento e inmunoglobulinas; (4) adhesién a células del huésped via
interacciones plasmindgeno-ligando con receptores de superficie celular del huésped. MEC: matriz
extracelular; IgG: inmunoglobulina G; RBC: glébulo rojo; SAK: estafiloquinasa; SEN: a-enolasa streptococcal;

Ska: estreptoquinasa; tPA: activador de plasmindgeno de tipo tisular; uPA; activador de plasmindgeno de

tipo uroquinasa. Tomada de Sanderson-Smith et al., 2012.

1.3 Receptores de Plasmindgeno

Los receptores celulares de plasmindgeno, son de distribucién ubicua, presentan alta
afinidad por su ligando, y estan altamente expresados en la superficie celular de bacterias,
hongos, protozoos, helmintos y células de mamifero. Ademas, estos receptores poseen en
el extremo C-terminal, aminoacidos con carga positiva como lisina o arginina, o bien, un sitio

interno de unién a plasmindgeno, como el reportado para la enolasa (Bernal et al., 2004;



Ghosh et al., 2011). Por lo general, las proteinas que se han reportado con esta funcién son
llamadas moonlighting (Pancholi, 2001; Figuera et al., 2013). Diferentes reportes sefialan que
las proteinas moonlighting tienen la capacidad de aumentar la virulencia en diferentes
patdgenos, ya que varias de estas enzimas son clave en el metabolismo y son capaces de
participar en procesos en los que no se habian reportado su participacidn; no cataliticos,

asociados con la adhesion al huésped (Karkowska-Kuleta and Kozik, 2014; Jeffery, 2018).

1.3.1 Receptores de plasminégeno en patégenos: bacterias y hongos

En bacterias y hongos patdgenos, el reclutamiento de proteasas del huésped a la superficie
representa un mecanismo particularmente eficaz para aumentar su invasividad. Hasta el
momento, en bacterias se han reportado mads de 50 proteinas que unen Plg (Ayén-Nufiez et
al., 2018a), las cuales participan en procesos de invasién en el huésped (Sanderson-Smith et
al.,, 2012). En hongos, el estudio de las proteinas que unen plasminégeno ha sido poco
abordado; sin embargo, aproximadamente 30 proteinas han sido identificadas (Ayon-Nufiez

et al., 2018a).

Enolasa es la proteina mas estudiada en ambos grupos de patégenos, siendo una proteina
altamente expresada y altamente antigénica. En bacterias, se han establecido diferentes
modelos de cémo el plasmindgeno participa en la invasion en su huésped. En estreptococos
del grupo A, la enolasa ha sido identificada en la superficie en forma octamérica y se ha
determinado un modelo de interaccion Plg-enolasa (Figura 5A), donde, se observa que la
interaccidn se lleva a cabo por las lisinas de la C-terminal (BS1) y un sito de unidn interno
(BS2) de la enolasa, los cuales se unen a los dominios kringle del plasmindgeno KR1 y KR5,
respectivamente (Figura 5B) (Cork et al., 2015). El Plg sufre un cambio conformacional que

deja expuesto el sitio de corte de los PAs para que se forme la plasmina.

Por otro lado, la enolasa en hongos solo se ha reportado que tiene la capacidad de unir

plasmindgeno, lo cual, ha permitido hipotetizar su papel en la patogenicidad.
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Figura 5. Docking molecular y mecanismo de unién plasmindgeno- enolasa en la superficie de Streptococcus
(SEN). (A) El plasminégeno humano KR1 interactia en la interface de SEN. Los dominios de plasmindgeno
se muestran en diferente color: PAp dominio azul; KR1 rojo; KR2 amarillo; KR3 naranja; KR4 verde; KR5
purpura; dominio serina proteasa (SP) cian. Los parches de tres residuos lineales en KR1 y KR5 implicados
en la union a lisina se muestran como esferas. Un dimero de SEN es de color verde y rosa, respectivamente,
con el octdmero restante coloreado en tonos de gris. BS1 y BS2 (sitios de unién a plasminégeno en SEM)
se muestran como esferas azules y rojas, respectivamente. (B) Modelo propuesto para la unién del
plasmindgeno por SEN que implica interacciones entre BS1y KR1, y BS2 y KR5. Sigue el esquema de colores

(A). Figura modificada de Cork et al., 2015

1.3.2 Receptores de plasmindgeno en parasitos: intracelulares y extracelulares

Hasta el momento poco se ha reportado del papel de Plg en parasitos intracelulares. Sin
embargo, existen reportes donde han identificado diferentes proteinas con capacidad de
unir plasmindgeno, entre ellas, la enolasa, lo que podria estar sefialando su posible

participacion en la invasion y migracién de ciertos parasitos (Tabla 1).
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Tabla 1. Proteinas de union a plasmindgeno en parasitos intracelulares.

Proteinas Especie de parasito Caracteristicas de union Referencias
Enolasa Leishmania mexicana | Muestra una union (Calcagno et al.,
heterogénea entre los 2002)
morfo-fenotipos de
promastigotes.
(Vanegas et al.,
Enolasa une a través de un 2007)
motivo interno
(2496AYDAERKMYas7).
LACK (Gdmez-Arreaza et
LACK une a través de un al., 2011)
motivo interno similar al de
la enolasa (260VYDLESKAV6s)
Enolasa Plasmodium yoelii Los ooquistes unen Plg. (Pal-Bhowmick et
al., 2007)
Enolasa Plasmodium La enolasa de los ooquistes (Ghosh et al.,
falciparum une Plg a través de un 2011)
Plasmodium berghei motivo interno (DKSLVK).
No Trypanosoma cruzi El tripomastigote vy el (Almeida et al.,
Identificada epimastigote unen Plg en su | 2004; Rojas et al.,
superficie. 2008)
No Trypanosoma evansi El Plg tiene una mayor (Acosta et al.,
Identified capacidad de union frentea | 2016)
otros organismos de la
misma familia.
GAPDH Trichomonas vaginalis | GAPDH nativay la (Lama et al., 2009)

recombinante unen e
inmovilizan Plg, fibronectina
y el colageno.

Abreviaturas:

LACK (Leishmania homodlogo de receptores para la C-quinasa activada) y GAPDH

(Gliceraldehido-3-fosfato deshidrogenasa).
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Por otro lado, el estudio de las proteinas que unen Plg en parasitos extracelulares ha sido
ampliamente abordado en los Ultimos afios (Figuera et al., 2013). La mayoria de los parasitos
estudiados tienen un estadio en su ciclo de vida que estd en contacto con el sistema
circulatorio en su proceso de infeccién, es decir, se encuentran en contacto con proteinas
del sistema fibrinolitico del huésped. Los parasitos han desarrollado diferentes estrategias
para evadir la respuesta inmunoldgica del huésped y una de ellas es tomar proteinas para su
beneficio, como es el caso del reclutamiento del Plg a la superficie. Dirofilaria immitis y
Schistosoma bovis son los pardsitos extracelulares mas estudiados con proteinas que unen
plasmindgeno (Tabla 2). Los gusanos adultos de D. immitis pueden sobrevivir durante varios
afios en el sistema circulatorio de los huéspedes infectados, desarrollando eventos
potencialmente mortales como los tromboembolismos, entre otros. Por lo que, los
mecanismos parasitarios, como la activacién del sistema fibrinolitico, son claves para la
supervivencia tanto de los gusanos como del huésped. En un extracto de antigenos de
excrecion/secrecion de gusano adulto de D. immitis se identificaron 10 proteinas que unen
Plg (Gonzalez-Miguel et al., 2012), asi como, en un extracto de proteinas de superficie de
gusanos adultos, se identificaron 11 proteinas, sugiriendo que éstas proteinas interactlan

con el sistema fibrinolitico del huésped durante su invasion (Gonzalez-Miguel et al., 2013).

Schistosoma bovis es un pardsito hematico de rumiantes que vive por afios en los vasos
mesentéricos del huésped, incluye también al humano. En un extracto total de proteinas de
gusanos de S. bovis se identificaron 10 proteinas que unen Plg (Ramajo-Hernandez et al.,
2007). Recientemente, se reporté que la anexina y que la enolasa recombinante de este
parasito, tienen la capacidad de unir y activar Plg, manteniendo la hemostasia alrededor de
los gusanos dentro de los vasos sanguineos de sus huéspedes (de la Torre-Escudero et al.,

2010; Figueiredo et al., 2015).
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Tabla 2. Proteinas de unidon a plasmindgeno en parasitos extracelulares.

Proteinas Especie de pardsito | Referencias

Enolasa Onchocerca (Jolodar et al.,
volvulus 2003)

GAPDH (Erttmann et al.,

2005)

GAPDH Clonorchis sinensis | (He et al., 2014; Hu

Anexina B30 et al., 2014)

Enolasa Fasciola hepdtica (Bernal et al., 2004)

HSP60, Actina-1/3, Actina, actina 4,
Transglutaminasa, GAPDH, Ov87,
LOAG 14743, Galectina and P22U

Actina-5C, Actina-1, Enolasa, Fba,
GAPDH, Protein domain MSP, MSP 2,
Beta-galactosidasa de unién a lectina,
Galectina, and Ciclofilina Ovcyp-2

Dirofilaria immitis

(Gonzalez-Miguel
etal., 2012)

(Gonzalez-Miguel
etal., 2013)

Enolasa, Actina, GAPDH, ATP:
guanidina cinasa, FBA, PGM,
Triosefosfato isomerasa, Adenilato
cinasa

Schistosoma bovis

(Ramajo-
Herndndez et al.,
2007)

Enolasa Echinostoma (Marcilla et al.,
caproni 2007)

Enolasa Taenia multiceps (Li et al., 2015)

Enolasa Taenia pisiformis (Zzhang et al., 2015)

Enolasa Taenia solium (Ayén-Nufiez et al.,

Fascicilina-1, Fasciclina-2, MAPK,
Anexina, Actina, y cMDH

2018b; Zhang et al.,
2018)

(Ayén-Nufiez et al.,
2018b)

Abreviaturas: GAPDH (Gliceraldehido-3-fosfato deshidrogenasa), FBA (Fructosa-bisfosfato aldolasa),

PGM (Fosfoglicerato mutasa), MAPK (Proteina quinasa activada por mitégenos) y cMDH (Malato

deshidrogenasa citosodlica); eACA (e- aminocaproico acido).
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1.4 Enolasa

La enolasa, es una proteina housekeeping y constitutiva tanto de eucariontes como
procariontes. Conocida como 2-Fosfo-D-glicerato hidrolasa o fosfopiruvato hidratasa, que
cataliza la deshidratacion del 2- fosfoglicerato para formar fosfoenolpiruvato, en la ruta
glicolitica (Figura 6). Esta enzima también puede catalizar la reaccion inversa, en la
gluconeogénesis, segln la concentracion de sustratos en el medio (Fletcher et al., 1976; Tovy

et al., 2010).

La glicdlisis se lleva a cabo en el citoplasma de la célula y convierte la glucosa en fructosa-
1,6-bisfosfato, la cual es convertida en intermediarios de 3 carbonos, utilizados para la
generacion de adenosin trifosfato (ATP), la produccion de piruvato y nicotinamida adenina
dinucledtido reducido (NADH) para el ciclo de acido citrico (Figura 6). La enzima enolasa,
participa en el penultimo paso de la glicdlisis catalizando la deshidratacion reversible del 2-

fosfo-D-glicerato al fosfoenolpiruvato (Fletcher et al., 1976; Brewer et al., 2003; Chai et al.,

2004).
Glucosa e l Gliceraldehido 3-
fosfodeshidrogenasa
01 Hexoquinasa 1,3 Bisfosfoglicerato
Glucosa 6-fosfato el Fosfoglicerato quinasa
9 l Fosfofrutoquinasa 3 Fosfoglicerato
Fructosa 6-fosfato el Fosfoglicerato mutasa
e Fosfofrutoisomerasa .
2- Fosfoglicerato
Fructosa 1,6-bifosfato el Frolasa
0 Aldolasa
% Fosfoenolpiruvato
Triosa fosfato isomerasa Piruvato quinasa
Dihidroxiacetona ¢==) Gliceraldehido 3- @l
fofato @ fofato )
Piruvato

Figura 6. Enolasa en la via de la Glicélisis. Enolasa participa en la via de la glicdlisis realizando la catalisis de

la reaccién 9, donde el 2- fosfoglicerato se convierte a fosfoenolpiruvato.
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La actividad catalitica de enolasa es dependiente de la presencia de cationes divalentes en el
sitio activo de la enzima, preferiblemente magnesio Mg?*. Aunque otros cationes, como Zn?*,
Mn?*, Fe(ll)?*, Cd?*, Co?* y Ni?* pueden activar a la enzima (en forma decreciente segun el
orden presentado) para catalizar la reaccién e inclusive poseen mayor afinidad por la enzima

gue el magnesio (Pancholi, 2001).

1.4.1 Estructura de enolasa

La mayoria de las enolasas caracterizadas hasta el momento tienen un peso molecular de
aproximadamente de entre 40 y 50 kDa por subunidad. Normalmente se agregan en
dimeros, de peso molecular de entre 80 a 100 kDa, aunque han sido reportadas enolasas
octaméricas, compuestas de tetrdmeros de dimeros en Streptococcus pneumoniae,
Streptococcus suis, y Streptococcus pyogenes (Ehinger et al., 2004; Kornblatt et al., 2011; Lu
et al., 2012).

En vertebrados, la enolasa esta codificada por cuatro genes: ENO1, ENO2, ENO3 y ENO4, lo
gue da como resultado diferentes isoenzimas mediante combinaciones de las subunidades
o, Byy (Pearce et al., 1976; Schmechel et al., 1978; Ueta et al., 2004). En humanos, se han
reportado cuatro isoenzimas de enolasa tejido especificas: enolasa no neuronal (aa 0 ENO1),
enolasa especifica neural (yy o ENO2), enolasa especifica muscular (BB o Eno3) y enolasa
esperma especifica (ENO4) (Edwards and Grootegoed, 1983; Nakamura et al., 2013). En
invertebrados, las enolasas han sido poco estudiadas (Tracy and Hedges, 2000), pero se han
identificado en parasitos helmintos como Onchocerca volvulus (Jolodar et al., 2003), Fasciola
hepatica (Bernal et al., 2004), Echinostoma caproni (Marcilla et al., 2007), S. bovis (de la
Torre-Escudero et al., 2010), y recientemente en Taenia multiceps (Li et al., 2015), Taenia

pisiformis (Zhang et al., 2015) y T. solium (Ayén-Nufiez et al., 2018b; Zhang et al., 2018).
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1.4.2 Enolasa: proteina de unién a plasmindgeno

Como se menciond anteriormente, en diferentes patégenos se ha propuesto que el Plg/PIm
del huésped es capaz de unirse a diferentes proteinas de la superficie del patégeno, degradar
coagulos de fibrina y componentes de la matriz extracelular, permitiendo que el patdogeno
pueda invadir y establecerse en los diferentes tejidos del huésped (Pancholi and Chhatwal,
2003; Sanderson-Smith et al., 2012; Figuera et al., 2013; Gonzélez-Miguel et al., 2013). Una

de las proteinas de union a plasmindgeno mas estudiada es la enolasa.

Debido a su participacién en diferentes procesos bioldgicos y dependiendo de su localizacién
en la célula, la enolasa ha sido clasificada como una proteina moonlighting, (Pancholi, 2001;
de la Torre-Escudero et al., 2010; Figueiredo et al., 2015). Recientemente, en Taenia
pisiformis y Taenia multiceps se reportd que la enolasa une plasmindgeno humano (Li et al.,
2015; Zhang et al., 2015). En T. solium, la enolasa fue identificada como una de las proteinas
que se expresan de manera importante en el cisticerco de T. solium (Tsai et al., 2013).
También fue una de las proteinas reportadas en el proteoma de las oncosferas activadas
(Santivafiez et al., 2010). Ademas, esta proteina ha sido identificada como una proteina de
excrecion-secrecion (Victor et al.,, 2012), caracteristicas relevantes de proteinas con

capacidad de unir plasminégeno.
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2. ANTECEDENTES

En un estudio realizado anteriormente en el laboratorio, identificamos y evaluamos la
capacidad de enolasa de cisticercos de T. solium de unir plasmindégeno humano (Ayéon-Nufiez
D.A., 2014, Tesis de Maestria). En este estudio se observd que ademas de la enolasa, existen
diferentes proteinas de T. solium con capacidad de unir plasmindgeno que no habian sido

identificadas (Figura 7).

PM 3 PI 10 3 PI 10
97.4 w A B
66.2 e

14.4

Figura 7. Ensayo de unién al plasminégeno en un extracto total de proteinas de cisticercos de T. solium por
2D SDS-PAGE. Las proteinas se transfirieron a una membrana de PVDF. Las membranas se incubaron con
plasminégeno humano en ausencia (A) o presencia (B) del acido e-aminocaproico, inhibidor de

plasmindégeno. (PM) marcadores de peso molecular.
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3. JUSTIFICACION

En T. solium se han realizado numerosos estudios enfocados en el control, el diagndstico, su
biologia y la relacion con su huésped (Garcia et al., 2003; Esquivel-Velazquez et al., 2011;
Flisser, 2013; Bobes et al., 2014; Navarrete-Perea et al., 2016; Rajshekhar, 2016). Los posibles
mecanismos que utiliza el pardsito para su invasién y establecimiento en diferentes tejidos
del huésped, desde musculo-esquelético hasta del sistema nervioso central, son escasos. Por
lo que, estudiar las proteinas de T. solium con capacidad de unir plasminégeno y activar
plasmina, podria sugerir un mecanismo que coadyuve en la invasion y establecimiento del

parasito en los diferentes tejidos del huésped.
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4. PREGUNTA

éQueé proteinas del cisticerco de Taenia solium tienen la capacidad de unir plasminégeno y

cual seria su papel en la invasidn del parasito a los diferentes tejidos del huésped?

5. HIPOTESIS

Taenia solium expresa proteinas que tienen la capacidad de unir plasmindgeno y que

participan en la invasion de los tejidos del huésped.

6. OBJETIVOS

6.1 Objetivo general

Identificar qué proteinas de cisticerco de Taenia solium tienen la capacidad de unir
plasmindgeno y dilucidar su posible participacién en la invasion del parasito a los diferentes

tejidos del huésped.

6.2 Objetivos especificos

1. ldentificary caracterizar las diferentes proteinas que unen plasmindgeno humano en
cisticerco de T. solium.

2. Seleccionary expresar algunas de las proteinas que unen plasmindgeno con base en
las reportadas en el proteoma de las oncosferas activadas.

3. Evaluarsila enolasa recombinante tiene la capacidad de unir y activar plasminogeno
humano.

4. l|dentificar qué isoformas de enolasa expresan los cisticercos aislados de musculo

esquelético y de cerebro de cerdos infectados naturalmente
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7. MATERIALES Y METODOS

7.1 Obtencioén de cisticercos de Taenia solium

Los cisticercos de T. solium se obtuvieron de musculo esquelético y cerebro de cerdos
infectados naturalmente (proporcionados por la Doctora Nelly Villalobos, del departamento
de Parasitologia de la Facultad de Medicina, Veterinaria y Zootecnia, UNAM). Los cisticercos
se lavaron cuatro veces con PBS 1X (pH 7.4), algunos se mantuvieron en congelacién a - 70

°C y otros se fijaron en parafolmaldehido al 10%.

7.2 Obtencién de extracto soluble de proteinas

Se prepard un extracto soluble de proteinas totales de cisticercos de T. solium utilizando un
buffer de lisis (7 M urea, 2 M tiourea, 4% CHAPS, 10 mM tris, 12.5 mM EDTA) con inhibidores
de proteasas (12 mM EDTA, 1 mM PMSF, 0.1 mM leupeptina, 0.3 uM pepstatina A).
Brevemente, los cisticercos se colocaron en un tubo de 1.5 ml y se les agregd buffer de lisis
1:3 (volumen/peso). Posteriormente, se maceraron de manera mecanica. El macerado se
incubd en hielo durante 10 min y después se centrifugd a 14 000 x g por 15 min. El
sobrenadante se recuperd (extracto soluble de proteinas) descartando el pellet. Por ultimo,
las proteinas del extracto se cuantificaron con el kit colorimétrico 2-D Quant (GE Healthcare

Life Sciences, Amersham-UK), siguiendo las instrucciones del fabricante.

7.3 Separacion de proteinas solubles por electroforesis en doble dimensién (2D-SDS-PAGE)

Para separar las proteinas de T. solium que unen plasmindgeno humano se realizaron geles
2D-SDS-PAGE con el fin de realizar un ensayo de ligand blotting. Para la primera dimension,
150 ug de extracto de proteinas de cisticerco se resuspendieron en buffer de rehidratacion
(7 M urea, 2 M tiourea, 4 % CHAPS, 0.86 M DTT, 2 % de anfolinas y 0.1 % de azul de

bromofenol) a un volumen final de 125 pul. Posteriormente, una tira IPG no lineal de 7 cm con
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gradiente inmovilizado de pH 3-10 (BioRad, CA-USA, Cat. 163-2002) se rehidraté con el
extracto durante 16 hrs. Las tiras fueron cubiertas con 1 ml de aceite mineral DryStrip Cover
Fluid (GE Healthcare Life Sciences, Amersham-UK Cat. 17133501) para evitar la evaporacién
de la muestra. El isoelectroenfoque se realizd por electroforesis horizontal en un sistema
Protean IEF Cell (Bio-Rad Laboratories Cat. No. 165-4000) con las siguientes condiciones:
temperatura 20 °C; maximo 50 pA/tira; paso 1, 250 V por 20 min; paso 2, 4 000 V por 2 h; y
paso 3, 4 000 V por seis horas hasta que alcanzaron los 10 000 V. Una vez terminado el IEF,
las tiras se retiraron del equipo y se elimind el exceso de aceite. Para realizar la segunda
dimensidn, las tiras se incubaron en 10 ml de solucion de equilibrio (1 % DTT, 6 M urea, 50
mM Tris-Cl pH 8.8, 30 % glicerol, 2 % SDS y 0.1 % de azul de bromofenol) por 15 min,
transcurrido el tiempo se incubaron en 10 ml de solucion de equilibrio (2.5 % iodoacetamida,
6 M urea, 50 mM Tris-Cl pH 8.8, 30 % glicerol, 2 % SDS y 0.1 % azul de bromofenol) por 15
min. Las tiras se colocaron en geles de poliacrilamida desnaturalizantes con SDS al 12%. Las
proteinas se separaron por peso molecular a una diferencia potencial constante de 200 volts.
Por ultimo, las proteinas se transfirieron a una membrana de PVDF (Bio-Rad CA-USA, Cat.

1620177).

7.4 Ligand blotting de plasmindgeno humano

Para realizar este ensayo, se utilizaron las membranas de PVDF transferidas. El Plg humano
(Roche Germany, Cat. 10874477001) se prepard en una solucién de BSA al 3% w/v en buffer
PBS con 0.05% del detergente Tween20 (Sigma-Aldrich St. Louis-USA, Cat. 1706531) (PBS-T).
Cada membrana se incubd con Plg 1:500 pg/ml durante 1 h a temperatura ambiente en
presencia o ausencia de 500 mM €ACA (Sigma-Aldrich St. Louis-USA, Cat. A2504). Después,
se realizaron tres lavados a la membrana con PBS-T para eliminar el Plg unido
inespecificamente. Se incubd nuevamente durante 1 hr a temperatura ambiente con un
anticuerpo policlonal comercial producido en cabra contra Plg humano (anti-Plg) (Acris
antibodies Germany, Cat. R1598) diluido 1:1000 en la solucién de BSA PBS-T. Se lavo

nuevamente con PBS-T y se incubd posteriormente con el anticuerpo secundario Anti-1gG de
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cabra policlonal (Sigma-Aldrich St. Louis-USA, Cat. A5420) diluido 1:3500. Posteriormente, la
membrana se incubd con una solucion de revelado que contenia 1 pl/ml de peréxido de
hidrogeno al 30% en PBS-T y 0.4 mg/ml de 3-3 diaminobencidina (Sigma-Aldrich St. Louis-
USA, Cat. D8001). Tres ensayos se realizaron en presencia y ausencia de €ACA (e-acido

aminocaproico/analogo de lisina) que es un inhibidor competitivo de plasmindgeno.

7.5 Identificacién de proteinas que unen Plg por espectrometria de masas MS/MS (MALDI

TOF/TOF)

Los puntos identificados en el ligand blotting, fueron cortados manualmente de los geles.
Posteriormente, fueron destefiidos con ACN: NH4HCO3 50mM (50:50 v/v). La digestién
proteica se llevé a cabo durante 18 horas a 37 °C con tripsina grado masas (Promega USA,
Cat. V528A). Los péptidos obtenidos de la digestion se extrajeron (ACN: H20: acido férmico
50:45:5 v/v), y se disminuyé el volumen de la muestra en un concentrador (Eppendorf
Hamburg-Germany, 5301). La muestra se desald utilizando una columna C18 (EMD Millipore,
ZipTipC18). Posteriormente, las muestras se colocaron por sextuplicado en la placa utilizando
como matriz a-ciano-4-hidroxicinaminico. Por ultimo, las muestras se analizaron en un
MALDI TOF/TOF 4800.

Para la identificacién de las proteinas, con los espectros de MS/MS obtenidos se realizé una
busqueda con el algoritmo de busqueda Paragon del software ProteinPilot

(http://www.uniprot.org), con un porcentaje de confianza del 66%.
P P g), P ]

7.6 Analisis bioinformatico de las isoformas de enolasa de T. solium

Con el fin de identificar las isoformas de enolasa, se realizd una blsqueda extensiva en el

genoma de T. solium, utilizando la base de datos GeneDB

(http://www.genedb.org/homepage).
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Para dar continuidad a la identificacion de las isoformas, se realizaron alineamientos de las
secuencias de enolasa de organismos relacionados a T. solium, obtenidas de las bases de
datos disponibles en GenBank y GeneDB. Los alineamientos se realizaron utilizando
herramientas  bioinformaticas  (http://multalin.toulouse.inra.fr/multalin/multalin.html).
Ademas, se realizé un estudio filogenético con 77 secuencias de aminoacidos de enolasas de
46 organismos diferentes. Las secuencias se descargaron de las bases de datos GenBank y
GeneDB (http://www.genedb.org/homepage). Las secuencias de enolasa de T. crassiceps se
obtuvieron de una base de datos no publicada. Utilizando el software Clustal W se alinearon
las secuencias (Thompson et al., 1997).

Para el estudio filogenético, donde se incluyeron las secuencias seleccionadas, se realizé un
analisis de maxima verosimilitud (ML) utilizando el software RAXML v.7.0.4. (Stamatakis,
2006). Se selecciond el modelo de sustitucién GTRGAMMAI para los analisis de ML, con

10.000 réplicas de bootstrap.

7.7 Expresion de las isoformas de enolasa de cisticerco. RT-PCR

Para iniciar la caracterizacidon de las enolasas de T. solium, primero se estudid la expresion
de las isoformas identificadas por RT-PCR. Para ello, RNA total de cisticerco de T. solium se
purificé con Trizol-cloroformo (Invitrogen ™), siguiendo las indicaciones del comerciante.
Oligonucledtidos especificos se disefiaron basados en las secuencias de nucledtidos de
TsEnol (previamente diseflados en Ayén-Nufiez et al., 2018), TsEno2, TsEno3, y TsEno4
(Tabla 3). Los oligonucledtidos se disefiaron con 15 bases complementarias del vector
PET23a incluyendo las enzimas de restriccidn, con el fin de utilizarlos posteriormente para la
clonacioén, utilizando el kit In-Fusion® HD Cloning. Se realizé la retrotranscripciéon del RNA,
una vez obtenido el cDNA, se amplificaron los genes de enolasa por PCR con la HotStar® Taq
Plus Master Mix Kit (Qiagen, Venlo, Netherlands) bajo las siguientes condiciones: Activacion
inicial @ 95 °C por 5 min, seguida por 35 ciclos de desnaturalizacién a 94 °C por 60 s,

alineamiento por 15sa 64 °C para Enol, 58 °C para Eno2 y Eno4, 60 °C para Eno3, y extension
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final a 72 °C por 60 s. Los amplicones fueron resueltos en geles de agarosa al 1% para su

visualizacion.

Tabla 3. Oligonucledtidos para la amplificacion (PCR) de las isoformas de enolasa.

TsEnol Fw: 5’ AATGGGTCGC/GGATCC/ATGTCCATCCAAAAGATTCATGC
Rev: 5’ TGCTCGAGT/GCGGCCGC/CAAAGGATTGCGGAAGTGCTC
TsEno2 Fw: 5’ AATGGGTCGC/GGATCC/ATGGCGATGCTAAGAATTGTG
Rev: 5’'TGCTCGAGT/GCGGCCGC/TTTGATAGGGTTTAATATGTGC
TsEno3 Fw: 5’AATGGGTCGC/GGATCC/ATGAAATCTATCATTGCACGCC
Rev: 5'TGCTCGAGT/GCGGCCGC/AGGATGGCGGAAATTTTCGC
TsEno4d Fw: 5’AATGGGTCGC/GGATCC/ATGAAACAACAGTTCGATAATG
Rev: 5" TGCTCGAGT/GCGGCCGC/CTCACATTTCACCCAGAGG

7.8 Clonacién, expresion y purificacion de las enolasas de T. solium

Se procedid con la clonacion de cada enolasa amplificada: TsEnol, TsEno3 y TsEno4. Para
ello, se utilizé el kit “In-Fusion® HD Cloning Kit” (Clontech® Laboatories, Inc. CA-USA, Cat.
639649) siguiendo las indicaciones del fabricante. Brevemente, los genes de interés se
amplificaron con los oligonucleétidos previamente disefiados, utilizando la polimerasa
CloneAmpTM DNA del kita 98°C 10 seg, 55 °C15segy 72°C 10 seg, 35 ciclos, a latemperatura
requerida para cada par de oligonucledtidos . La clonacion se realizd utilizando el Protocolo-
Il especificado en el Kit (Clontech® Laboatories, Inc). Después, las células competentes
“Stellar TM Competent Cells” E. coli HSTO8 se transformaron con 1 pl de la reaccion de
clonacién antes realizada siguiendo el protocolo PT5055-2 (Clontech® Laboatories, Inc).
Posteriormente se sembraron en placas con medio LB (Luria-Bertani) mas ampicilina y se
incubaron a 37 °C toda la noche. Transcurrido el tiempo de incubacion, se seleccionaron
cuatro colonias al azar y se purificé el pldsmido (PET23a-TsEno). Los plasmidos se analizaron
en geles de agarosa al 1% y se enviaron a secuenciar con oligonucledtidos especificos para

el vector PET23a.
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Las células competentes E. coli XL-Blue se transformaron con el PET23a-TsEno. Se indujo la
expresion en presencia de 1ImM de IPTG a diferentes tiempos (0, 2, 4, 6y 24 h) a 37 °C. Por
ultimo, las enolasas recombinantes de T. solium (rTsEnoA, rTsEnoCy rTsEno4) se purificaron
por cromatografia liquida en el equipo AKTAprime™ plus (GE Healthcare Bio-Sciences,
Uppsala-Suecia) por columna de afinidad a niquel (GE Healthcare Life Sciences, Amersham-

UK Cat. 17524701).

7.9 Ensayo de unidn a plasminégeno humano en microplaca

Microplacas de poliestireno (Corning Costar, Sigma-Aldrich) se recubrieron con 1 pg de
rTSEnoA, rTsEnoC, rTsEno4 o 3 ug de CE por pozo mediante incubaciéon durante toda la noche
a 4 °C, utilizando un buffer de bicarbonato / carbonato 0,05 M, pH 9,6. Luego, las placas se
lavaron tres veces con PBS-T y se bloquearon con PBS-T- 1% de gelatina (PBS-T-Gel) durante
1 hora a 37 ° C. Después se realizé otro lavado, luego se incubaron con 4 g de Plg humano
durante 1 h. Pasado el tiempo de un nuevo se realizaron lavados y se incubo durante 1 h con
antisuero anti-Plg policlonal de cabra (Acris Antibodies) 1: 1000. Posteriormente de hacer
lavados, los pozos se incubaron durante 1 h con anticuerpo policlonal IgG anti-cabra
conjugado con peroxidasa (Sigma) 1: 1500. La actividad de la peroxidasa se reveld con 3,3 ',
5,5'-tetrametilbenzidina (TMB) (Thermo Fisher Scientific, Waltham, MA); La reaccién se
detuvo agregando 100 pl de acido clorhidrico 1N y se midié en un espectrometro a una D.O.
de 450 nm. El ensayo se realizd en presencia y ausencia de 40 mM de €ACA. El ensayo se

realizd por triplicado.

7.10 Ensayo de activacién de plasmindgeno con rTsEnoA en solucién

Para evaluar si el plasmindgeno humano se activa en presencia de la rTsEnoA, se midié la
actividad de la 4-nitroanilina de la plasmina generada en solucion usando el activador de
plasmindgeno tipo tisular (tPA). En placas de microtitulacion (Thermo Scientific, Cliniplate

Labsystem, Cat. 28298-602) se incubaron 10 pg de rTsEnoA en 100 ul de 4 ug de
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plasmindgeno por 1 h a 37°C. Posteriormente, a cada pozo se le adiciond 1.5 ug/mL de tPA
(Calbiochem, Cat. 612200) y 0.4 mM de chromozym PL (Roche Germany, Cat. 10378461001)
ajustado a un volumen final de 200 ul con 50 mM de Tris buffer pH 7.4. La reaccion se midié
a una densidad 6ptica (D.0.) de 405 nm a temperatura ambiente durante 24 h. El ensayo se
realizd en presencia y ausencia de €ACA, con los diferentes controles, en ausencia de

rTSEnoA, plasmindgeno, tPA y chromozym PL.

7.11 Medicion de la actividad enzimatica de rTsEnoA, rTsEnoC y rTsEno4

Este estudio se realizé con el fin de determinar si las enolasas recombinantes de T. solium
(rTsEnoA, rTsEnoC vy rTsEno4) tenian la actividad enzimatica caracteristica y/o habia
diferencia entre ellas.

La actividad se evalud por reaccion directa, dando lugar a la formacion del fosfoenolpiruvato
acoplado con piruvato cinasa y lactato deshidrogenasa. Donde se cuantifica la oxidacion de
NADH vy la produccién de NAD. Para evaluar la actividad enzimatica, se realizaron cinco
cultivos independientes de bacterias de 500 mL, utilizando las condiciones ya establecidas
(Saavedra et al., 2005). Después, la proteina se purific6 de manera independiente de cada
cultivo y se guardd a -70 °C en glicerol al 50%. La reaccion se realizé en presencia de buffer
pH 7.0 (50mM de imidazol; Mes, Tris, 10mM de acetato, pH 7 a 37°C), 5 mM MgCl,, 10 mM
NADH, 10 pl pK-LDH, 0.1 mM ADP, proteina recombinante (rTsEnoA, rTsEnoC o rTsEno4)y la
reaccion inicia cuando se agrega 1 mM 2PG. Por ultimo, la actividad enzimatica de las

enolasas se midié en un espectrofotémetro.

7.12 Produccién de anticuerpos anti-rTsEnoA, anti-rTsenoC y anti-rTsEno4

Para la produccidn de anticuerpos policlonales en contra de rTsEnoA, rTsEnoCy rTsEno4 de
T. solium, se inmunizaron conejos (New Zealand, de 2-3 meses y de 2-3 kg) con cada proteina
recombinante. Se realizaron tres inoculaciones, la primera con adyuvante completo de Freud

y dos con adyuvante incompleto de Freud (Figura 8). Preparacién del indculo: previamente,
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las proteinas recombinantes se dializaron en PBS 1X y se cuantificaron. 100 ug/mL de las
proteinas recombinantes se homogenizaron en una dilucion 1:1 con el adyuvante
manteniendo la mezcla a 4°C. Antes de inmunizar a los conejos se le extrajeron 3 mL de
sangre, con el propdsito de obtener el suero preinmune (se almacend a -70 °C). El primer
inéculo con el adyuvante completo de Freud se realizd por via intradérmica en la nuca con
una jeringa de 5 mL. Las siguientes dos inoculaciones se realizaron de la misma manera pero
con adyuvante incompleto de Freud. Por ultimo, obtuvimos una muestra de sangre de los
conejos para evaluar los titulos de anticuerpos por ELISA. Finalmente, los conejos fueron
sangrados a blanco, se separd el suero y se almacend a-70 °C. Todos los procedimientos de
inmunizacién fueron realizados por médicos veterinarios de la Unidad de Modelos

Bioldgicos, del IIB.

100 ug rTsEno + 100 pg rTsEno + 100 ug rTsEno +
Adyuvante completo Adyuvante incompleto  Adyuvante incompleto
de Freud de Freud de Freud
14 24 3a Sacrificio
: | | @ eusa
0 15 30 45 Dias

Figura 8. Esquema de inmunizacién. Los conejos fueron inmunizados con 100 ug de rTsEnoA, rTsEnoC o

rTsEno4 con adyuvante completo e incompleto de Freud.

7.13 Inmunolocalizacidon de enolasa en cisticerco de Taenia solium

Con la finalidad de conocer la localizacién de enolasa en el cisticerco de T. solium, los
cisticercos previamente fijados en parafolmaldehido se incluyeron en blogues de parafina.
Se realizaron cortes de 3 micras de grosor. Los cortes de tejido se desparafinaron
incubandolos a 50 °C por 30 min., y se deshidrataron en graduaciones decrecientes de
alcoholes. Posteriormente, los cortes de tejido se bloguearon con 1 % de albumina sérica
bovina (BSA) en PBS 1% con 0.05 % de Tween20 por 10 min e inmediatamente se incubaron

con anticuerpo anti-enolasa policlonal hecho en cabra 1:50 (Santa Cruz, CA-USA, Cat. Sc-
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7455) o anti-a-enolasa monoclonal 1:50 por 1 h y/o anti-rTsEnoA policlonal producido en

conejo 1:10 por toda la noche.

Transcurrido el tiempo de incubacion, los cortes se lavaron tres veces con PBS-Tween y se
incubaron con el anticuerpo secundario anti-lgG peroxidado (correspondiente para cada
anticuerpo primario) 1:1000 a temperatura ambiente por 30 min. Finalmente, los cortes de
tejido fueron revelados usando 3 mg/mL de 3,3-diaminobenzidina (Sigma-Aldrich St. Louis-
USA, Cat. D8001) en PBS-Tween y 30% de perdxido de hidrogeno diluido 1:1000 vy
contratefiidos usando hematoxilina. Todos los cortes de tejido se fijaron con resina sintética,
para ser visualizados en el microscopio. Como control, en paralelo, cortes de tejido se

incubaron en ausencia del anticuerpo primario.
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8. RESULTADOS

8.1 Identificacidon de las proteinas de T. solium que unen plasminégeno humano

La identificacion de las proteinas de cisticerco de T. solium que unen plasminégeno humano

(Figura 9A) se realizd por MS/MS (MALDI TOF/TOF). Se identificaron siete proteinas:

Fasciclina-1, Fasciclina-2, enolasa, proteina cinasa activada por mitégenos (MAPK), anexina,

actinay la malato deshidrogenasa citosodlica (Tabla 4). No se lograron identificar 5 puntos del

2D-SDS-PAGE (17, 18, 19, 20 y 21, Figura 9A) debido a la baja concentracion de proteina

obtenida.
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Figura 9. Identificacién de las proteinas que unen plasmindgeno por MS/MS (MALDI TOF/TOF). A) Ensayo de union

a plasmindgeno (ligand blotting). B) 2D-SDS-PAGE de extracto de proteinas de cisticerco de T. solium, revelados

con azul de Coomassie. Los numeros representan los puntos que se enviaron a identificar.
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Tabla 4. Proteinas de Taenia solium que unen plasminégeno humano.

YEGHPTLAENFAK; LEAIAASHVSAGLK, YGGNSQAVGYHIAK;
AFASKPTEIAR; IFEDVPIEGHEH; ELEFDYR; QVDEEYR;
FYTITAPTSDSWSSLR; IGYDELPR; NLYLVTTDDGWIDPR;
NNYLYETTYFTK; SGLIHIIR; VVEYNIPGR
YEGHPTLAENFAK; IGYDELPR; NNYLYETTYFTK; DIFEDVPIEGHEH;
ELEFDYR; EQLEAIAASHVSAGLK; FQVDEEYR;
Fasciclina 1 2 Ts_000655200 214 14 FYTITAPTSDSWSSLR; HNGNLANIPDFSGHTDGHR;
IYGGNSQAVGYHIAK; NLYLVTTDDGWIDPR;
QNGQPYTIFVPLPEGGGDLDR; SGLIHIIR; VVEYNIPGR
DFTVFVPEQDTSSQTIR; EPDISNLIVDGR; AGFGSILNR;
Fasciclina 2 3 Ts_000825900 84 4 DKENAYGPGQLR

Fasciclina 1 1 Ts_000655200 17.9 13

DFTVFVPEQDTSSQTIR; GALDCLANGPDPELR;
Fasciclina 2 4 Ts_000825900 10.5 4 LQDDPDLSAFTADIPTDLR; EPDISNLIVDGR

DFTVFVPEQDTSSQTIR; GALDCLANGPDPELR;

Fasciclina 2 5 Ts_000825900 85 & LQDDPDLSAFTADIPTDLR
6 76.44 14 ND

Enolasa
7 54.97 13 ND

Enolasa

YNQLLR; AGTVTGTMRFMAPEL; FPVIIFLGSLSFLL; GDREKALSIIK;
IADFGASKRLGGLIRK; LITKDDLWRLGLR; LLKSTIRNATVTPNPK;

Mitogen activated protein kinase kinase QVAKPDETPEAEAPLR; RLGGLIR; RNAYPLR;

(MAPK) 8 Ts_000212400 106 6 SSLSLNDVLAPSALGVGK: TISAGQRMHLETGRHVPPR:
VDRETLKDDELREKLRK
m‘zgf(") LN TIEES 5 o % A YNQLLR; ALNRRNGKGDR; LGLRGGSVLRIWGAVCNLRR;
= : QVAKPDETPEAEAPLR: RLGGLIR; WRLGLR
VLSRIVLNSK: CFNANEDAQELEK: DPIGTVADMLYR:
Anexina 10 t|Q4ZGZ6 17.4 5 ETSGDYEKVLSR; ILAHSEDNLR
LVSPELAR: RLVSPELAR: HIIRHPLLPR; ASKPTEIAR:
. HPLLPRSGLGNMDK; KNLYLVTTDDGWIDPR: KVIDSCGETHEFIDK:
Fascicinail UL ]X20553 do:t 13 NGNLANIPDFSGHTDGHR: PLLPRSGLGNMDK: QLGKRLVSPELAR:
SGLGNMDKSSVMSLLR: SSVMSLLRSNPETR: YEGHPTLAENFAK
_— i r1Q4zGZ6 o . VLSRIVLMSK: SMKGAGTKDDSLIRI; AHVNAAAALQKANK;
AQYGKDLKER: CFNANEDAQELEK: GIGTDEATIIDVLANR
e o 11042676 o8 5 VLSRIVLMSK: KRVLVALLQAR
QEYDESGPGIVHR; SYELPDGQVITIGNER;
Actina 14 sp|P68555 17.8 VAPEEHPVLLTEAPLNPK: GYSFTTTAER: AGFAGDDAPR
5
QEYDESGPGIVHR: SYELPDGQVITIGNER:
— 5 p|PBE555 507 . VAPEEHPVLLTEAPLNPK; GYSFTTTAER: AGFAGDDAPR;

AVFPSIVGR

IILHLLDIPEAK; QFPDLAHAVVTK; NVCIWGNHSNK;
Malato deshidrogenasa citosolica 16 Ts_000048200 237 7 AIVDQMHDWWEFGTK; ITADELVDER; PDLAHAVVTKGGK;
VLVVGNPANTNCLIMSK

Como parte de uno de los objetivos de este trabajo, se selecciond la enolasa para ahondar
en su evaluacién, porgue ya habiamos observados en estudios previos, que la proteina del
cisticerco de T. solium une plasmindgeno (Ayon-Nufiez D.A., 2014, Tesis de Maestria).
Ademas, fue una de las proteinas identificadas en el proteoma de las oncosferas activadas,
lo que sugiere que participa en el proceso de migracion del parasito a los diferentes tejidos
del huésped. Por otro lado, ya se ha demostrado que la enolasa estd involucrada en la
migracion de diferentes patégenos. Ademas, se seleccionaron dos proteinas mas: la

fasciclina 2, la cual, se clond y expresé (Figura suplementaria 1) y la malato deshidrogenasa
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citosolica (previamente clonada en el laboratorio). Sin embargo, debido a que es complicada

su expresion y purificacion, se decidid enfocar el estudio en la proteina enolasa.

8.2 Caracterizacion de las isoformas de enolasa de Taenia solium

En vertebrados se han identificado cuatro genes de enolasa (Enol, Eno2, Eno3 y Eno4) que
dan lugar a diferentes isoformas (alfa-enolasa, beta-enolasa, gama-enolasa y Eno4). Sin
embargo, en invertebrados no han sido caracterizadas las isoformas de enolasa. Realizando
una busqueda en el genoma de T. solium y gusanos relacionados (T. crassiceps, E.
multilocularis, E. granulosus), encontramos cuatro isoformas de enolasa: Enol, Eno2 y Eno3,
con un porcentaje de identidad entre ellas mayor al 65%; y Eno4 mas pequefia (26 % de
identidad) y que solo conserva los sitios de union a sustrato, caracteristica que la define como
enolasa. Para T. solium, Enol es la proteina que hemos estado evaluando en este estudio y
esta conformada por 433 aa. Por su parte, Eno2 contiene 438 aa, Eno3 450 aay Eno4 250 aa

(Figura 10).
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Figura 10. Alineamiento de las isoformas de enolasa identificadas en el genoma de T. solium. El recuadro en
negro, indica el motivo putativo que une a plasmindgeno; en rosa el motivo que caracteriza la proteina; el
recuadro azul muestra los motivos de unién a Mgy en el recuadro verde los motivos de unién a sustrato.
Las secuencias, de color rojo indican los aminoacidos idénticos, y de color azul los aminodcidos que difieren
entre las secuencias. Ident (%): porcentaje de identidad de las secuencias de aminodcidos con respecto a

Enol.
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Con el fin de conocer si las isoformas de enolasa identificadas en el genoma de T. solium son
homologas a las isoformas descritas en vertebrados, se realizd un analisis filogenético con
enolasas de diferentes organismos. Se incluyeron 77 secuencias de aminoacidos de enolasas
de 46 organismos diferentes, secuencias de bacterias, hongos, arqueobacterias, vertebrados
(a, B, vy Eno4), asi como 19 secuencias de aminodcidos de 7 especies de gusanos (Figura

11).

Los resultados del analisis filogenético demostraron que las secuencias de aminoacidos de
las isoformas de Tenias, con la excepcion de Eno4 no son ortdlogos de las isoformas de
vertebrados. Por lo tanto, el origen de las variantes de secuencias de aminodacidos en
vertebrados e invertebrados no son monofiléticos. Las isoformas alfa, beta y gama de
vertebrados, no corresponden a Enol, Eno2 y Eno3 de invertebrados. Ademas, claramente
se observa que la Eno4 pareciod ser la mas ancestral. Teniendo en cuenta estos resultados, se
decidid nombrar a las proteinas de este grupo de pardsitos como: EnoA, EnoB, EnoC,
conservando la Eno4 con el mismo nombre para vertebrados (Figura 11). Para el caso de T.

solium, se le agregd Ts al inicio de la abreviatura: TsEnoA, TsEnoB, TsEnoC y TsEno4.
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Figura 11. Arbol filogenético de enolasa incluyendo las enolasas de Taenia solium. Se usé una distancia

corregida gamma (a = 1,05) con el método de neighbor-joining.
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8.3 Evaluacién de la capacidad de la enolasa recombinante de T. solium (rTsEnoA) de unir y

activar plasminégeno humano

Para evaluar la capacidad de unién y activacién del plasmindgeno humano de la enolasa
recombinante de T. solium A (rTsEnoA), primero se indujo con 1ImM de IPTG, encontrandose
la maxima expresién a las 6 h de tratamiento, como previamente se describe (Ayén-Nufiez
D.A., 2014, Tesis de Maestria). Posteriormente, la rTsEnoA se purificé por afinidad a

columnas de Niquel obteniéndose 10 ml con una concentracién de 690 pg/ml (Figura 12A).

Se observd que la proteina purificada correspondia a la rTsEnoA por Western blot con
anticuerpos anti-histidina y anti-enolasa comerciales (Figura 12B, linea 2 y 3
respectivamente). En la figura, se observan tres bandas, una de 47 kDa (peso molecular

esperado), otra de 40 kDa y otra mas de 100 kDa, aproximadamente.

En seguida se evalud si la rTsEnoA une plasminégeno humano mediante ligand blotting en
presencia y ausencia de €ACA (Figura 12C). El ligand blotting mostré que la rTsEnoA une
plasmindgeno humano (Figura 12C, linea 2) y que la unidon es inhibida en presencia de eéACA

(Figura 12C, linea 3).

La union del plasmindgeno a la enolasa recombinante de T. solium se confirmd mediante
ELISA (Figura 13- barra lila). Sin embargo, la inhibicién en presencia de eACA fue de 25% con
respecto a la unién de plasmindgeno (Figura 13- barra lila claro). El ELISA se realizé con
extracto soluble de proteinas de cisticerco de T. solium como control positivo y con gelatina

como control negativo en presencia y ausencia de €ACA.
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Figura 12. Enolasa recombinante de Taenia solium. A) rTsEnoA purificada. Linea 1, BL21 inducidas al tiempo
cero. Linea 2, induccién a las 6 horas. Linea 3, rTsEnoA purificada. B) Western Blot anti-histidina 1:4000 y
anti-enolasa 1:700. Linea 1, rTsEnoA purificada tefiida con Coomassie. Linea 2, western blot anti-histidina
1:4000. Linea 3, Western blot anti-enolasa 1:700. C) Ensayo de unidn a plasmindgeno con rTsEnoA. Linea 1,
rTsEnoA purificada tefiida con Coomassie. Linea 2, Ligand blotting. Linea 3, Ligand blotting en presencia de

€ACA. PM, marcador de peso molecular en kDa. Flechas azules sefialando la rTsEnoA.
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Figura 13. Ensayo de unién a plasminégeno con enolasa recombinante de Taenia solium. Ctrl: Control
negativo, Gelatina en presencia de plasmindgeno. Ctrl-E, gelatina en presencia de plasmindgeno y EACA.
rTsEnoA, es la enolasa recombinante de T. solium en presencia de plasmindgeno. rTsEnoA-E, en presencia
de plasmindgeno mas EACA. ET, extracto de proteinas totales de T. solium en presencia de plasmindgeno.
ET-E, en presencia de plasminégeno mas EACA. Las barras representan la media y la desviacion estandar.

***P<0.001 y **P<0.05 comparado con el control (GraphPad Prism 7).
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Considerando los resultados, se procedié a realizar la activacion de plasmindgeno en
presencia de la rTsEnoA, a fin de observar el efecto que muestra la rTsEnoA sobre la
activacion del plamindgeno. La primera posibilidad es que la enolasa active a su ligando. Para
analizar esa posibilidad se incubd plasmindgeno en presencia de la rTsEnoA y se comparé el
efecto observado durante 24 h con el provocado por el activador de plasminégeno de tipo
tisular (tPA) (Figura 14). Donde se mostrd que hay una activacién basal del plasmindgeno en
ausencia de el tPA (linea azul), al igual, que sin Chromozym PL (linea roja) y sin Plg (linea
verde), lo cual, no muestra que la rTsEnoA active al plasmindgeno por si sola. Sin embargo
en presencia del tPA, el plasmindgeno muestra una activacion maxima a las seis horas (linea
morada- Flecha). En presencia de ¢ACA (linea morada tenue) se observa que la inhibicion se
lleba a cabo durante la maxima activacién de Plg. Tambien, en la figura podemos observar
que el control sin rTsEnoA (linea amarilla) muestra la activacion basal del plasmindgeno, el

cual, decae hasta las 15 hrs.

1.6000 ‘

1.4000
———
1.2000 S
£ 1.0000 \
c
8 0.8000
g o
(@]
0O 0.6000
0.4000
””/‘
0.0000
15 30 1h 2h 3h 4h 5h 6h 7h 8h 9h 10h 15h 20h 24h
min  min
— 5 /tPA =S /Chromozym PL s/Plasminogeno
e Activacion Inhibicion 100 mM EACA s/rENOTs

e tPA+Chromozym PL

Figura 14. Cinética de activacidon de plasmindgeno con tPA en presencia de rTsEnoA. La actividad de la
plasmina se determiné midiendo la produccién de 4-nitroanilina. El ensayo se realizd en solucidon en placa
en presencia del tPA. La flecha indica la maxima activacion del plasmindgeno en presencia de rTsEnoA. La
flecha indica la maxima activacion del plasmindgeno.
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En la Figura 15, se graficd la activacion del plasmindgeno a la seis horas con sus respectivos
controles, donde, de manera mas clara se observé que la rTsEnoA potencia la activacidon de
plasmindgeno ya que el control sin rTsEnoA mostré densidades opticas mas bajas con
respecto a las obtenidas en presencia de rTsEnoA, siendo estadisticamente significativo.

Ademads, de una ligera inhibicidn de la activacion en presencia de eACA.
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Figura 15. Ensayo de activacién de plasmindgeno con tPA en presencia de rTsEnoA a las 6 h. La actividad de
la plasmina se determiné midiendo la produccion de 4-nitroanilina. El ensayo se realizd en ausencia y
presencia de 100 mM de EACA. Las letras (a, b, c) en la parte superior de cada barra indican diferencias
significativas P <0.05 (Kruskal Wallis -Test, ANOVA no paramétrico), n= 3.

8.4 Evaluacion de la expresion de las isoformas de enolasa en cisticerco de T. solium

Como se menciond, se identificaron cuatro isoformas de enolasa en el genoma de T. solium.
Por lo tanto, se disefiaron oligonucledtidos especificos para cada isoforma y se amplificaron
los cDNAs especificos a partir de RNA total de cisticerco de T. solium, como control se utilizd
el cDNA de la TsEnoA amplificado anteriormente (Figura 16). Los cisticercos expresaron tres
de las cuatro isoformas identificadas, la TsEnoA, TsEnoC y TsEno4. Para TsEnoA se observo
una banda mas intensa (mayor expresion) y para TsEno4 menos intensa (menor expresion).
Sin embargo, TsEnoB no se amplificd. Teniendo en cuenta lo anterior, procedimos a clonary

expresar TsEnoC y TsEno4, a fin de poder evaluar sus posibles funciones en el cisticerco.
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Figura 16. Amplificacion de las isoformas de
enolasa en cisticerco de T. solium. Gel de
agarosa al 1% de RT-PCR de las isoformas de

enolasa. PB: pares de bases.

8.5 Clonacidn y expresion de TsEnoCy TsEno4

Las isoformas de enolasa de T. solium TsEno3 (TsEnoC) y TsEno4, se clonaron en el pldsmido
pET23a (Figura 17). El tratamiento con las enzimas de restriccion BamH1 y Not1 liberd los
cDNAs clonados en los tamafios esperados (TsEnoC 1293 pb y TsEno4 753 pb), en cuatro
clonas bacterianas distintas (excepto la clona del carril 6). La clonacién se confirmé por

secuenciacion.

Figura 17. Clonacion de TsEno3 y TsEno4. Linea 1- pET23a purificado. Linea 2- pET23a linearizado. Linea 3-
6 clonacién vy liberacién del inserto de TsEno3. Linea 7- 10 clonacidn y liberacion del inserto de TsEno4. El

inserto liberado se sefiala con la flecha azul.
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Las proteinas recombinantes se obtuvieron de cultivos de E. coli estimuladas con 1 mM de
IPTG a diferentes tiempos (Figura 18), obteniéndose una produccién maxima a las 6y 4 horas
para rTseEnoC y rTsEno4, respectivamente. La fraccién soluble y la fraccién insoluble se
procesaron para ambas proteinas, observando que la rTsEnoC se encuentra expresada en la

fraccidn soluble (Figura 18A) mientras que la rTsEno4 en la fraccion insoluble (Figura 18B).
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Figura 18. Expresion de rTsEnoC y rTsEno4. A) SDS-PAGE de rTsEnoC. B) SDS-PAGE de rTsEno4. La induccién
se realizé con 1 mM de IPTG tomando una alicuota alas 0, 2, 4, 6, 24 horas. El extracto soluble y el extracto
insoluble se sefialan con corchetes. Los geles se tifieron con azul de Coomassie. Las flechas indican las

proteinas en el peso esperado.

Por dltimo, se realizd la purificacién de las proteinas recombinantes por cromatografia
liguida de afinidad, en columna de niquel (Figura 19). La identidad de las proteinas rTsEnoC

y rTsEno4 se confirmd por Western blot con anticuerpos anti-histidina (Figura 20).
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Figura 19. Purificacién de rTsEnoCy rTsEno4. A) rTsEnoC. Extracto soluble a las 6 horas de induccién con 1 mM
de IPTG. B) rTsEno4. Extracto insoluble a las 4 horas de inducciéon con 1 mM de IPTG. Las flechas largas indican

la banda de la proteina esperada y las flechas cortas indican la fraccion con la proteinas mas pura.
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Figura 20. Western blot de rTsEnoC y rTsEno4 en presencia de anticuerpo anti-Histidina. A) Western blot de
rTsEnoC. B) Western blot de rTsEno4. Linea 1: Marcador de peso molecular y Linea 2: Proteina recombinante
tefiidos con azul de Coomassie. Linea 3: Western blot anti-Histidina 1:1000. Las flechas indican a la proteina

en el peso esperado.
8.6 Evaluacion de la capacidad de rTsEnoC y rTsEno4 de unir plasmindgeno humano

Con el propdsito de estudiar si rTsEnoC y rTsEno4 unen plasmindgeno, se realizé un ligand
blotting en ausencia y presencia de €ACA. En la Figura 21, se muestra que rTsEnoC une

plasminégeno y rTsEno4 no.
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Figura 21. Ligand blotting de plasmindgeno en presencia de rTsEnoC y rTsEno4. El ensayo se realizé en
presencia (3) y ausencia (2) de €ACA y con sus respectivos controles sin plasmindgeno (4) y control del
anticuerpo secundario (5). Las flechas negras indican el peso molecular de las proteinas. (1) KDa (peso

molecular).

Los resultados anteriores se confirmaron por ELISA. En la Figura 22 se observa que rTsEnoA
y rTsEnoC unen plasmindgeno en cantidades similares. Por su parte, rTsEno4 no une

plasmindgeno.
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Figura 22. ELISA de unién a plasmindgeno en presencia de rTsEnoA, rTsEnoCy rTsEno4. El ensayo se realizé
en presencia (barras azul claro) y ausencia de EACA (barras azul oscuro). Usando gelatina como control
negativo (GEL). Las barras representan la desviacidon estandar. ***P<0.001 y **P<0.08 comparado con el

control.
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8.7 Actividad enzimatica de rTsEnoA, rTsEnoCy rTsEno4

Para investigar qué actividad presentan las proteinas recombinantes se midio la oxidacién de
NADH vy la produccién de NAD durante la formacion del fosfoenolpiruvato acoplando las
reacciones de la piruvato cinasa y la lactato deshidrogenasa. La actividad enzimatica
especifica de rTsEnoA es de 36 + 5 U/mgy su Km de 27 + 7 uM (Figura 23A) y la de rTsEnoC
fue de 50 + 12 U/mg y su Km 57 + 28 uM (Figura 23B). La rTsEnoC mostré alta variabilidad
de su Vmaxy Km, lo cual, podria indicar que es mas inestable que la rTsEnoA. Por otro lado,

rTsEno4 no mostré actividad enzimatica en ninguna de las muestras analizadas.
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Figura 23. Actividad enzimdtica de rTsEnoA, rTsEnoC. A) rTsEnoA. B) rTsEnoC. La actividad enzimatica se
midié en cinco experimentos individuales Para el analisis estadistico se tomaron tres muestras

representativas. Las graficas representan un ejemplo de las muestras evaluadas.

8.8 Evaluacion de los anticuerpos anti-rTsEnoA, anti-rTsEnoC y anti-rTsEno4

Como se muestra en la Figura 24 se obtuvo un titulo bajo de anticuerpos anti-rTsEnoA, anti-
rTsEnoC y anti-rTsEno4. Se observd que el antisuero para cada proteina recombinante
reconoce a la enolasa en una dilucién 1:20. Por Western blot observamos el reconocimiento
especifico del anticuerpo utilizando proteina recombinante de cada isoforma (Figura 25A).
Ademas, para corroborar la especificidad de los sueros realizamos un Western blot cruzando

los antisueros, es decir, la rTsEnoA la incubamos con el suero anti-rTsenoC y anti-rTsEno4 y
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asi para cada proteina (Figura 25B). Lo que demostro la especificidad de los antisueros para

cada proteina, ya que no se observé reaccién cruzada.
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Figura 24. Titulacidon de anticuerpos anti- rTsEnoA, rTsEnoC y rTsEno4 hechos en conejo. Los pozos se
sensibilizaron con 1 pg de rTsEnoA, rTsEnoC o rTsEno4. Posteriormente se incubaron con diferentes
diluciones de los anticuerpos anti- rTsEnoA, rTsEnoC o rTsEno4 (sueros hiper-inmunes), respectivamente.
Por ultimo, se incubd con anticuerpo anti- IgG de conejo 1:1500 y se reveld con TMB. Como control se
utilizé una muestra de suero pre-inmune. El ensayo se realizd por triplicado, en la grafica se muestra el

promedio de los tres experimentos.
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Figura 25. Western blot con anticuerpos anti- rTsEnoA, rTsEnoCy rTsEno4 hechos en conejo. A) Western blot
con anticuerpos anti-enolasas. 1- Marcador de peso molecular. 2- Western blot de rTsEnoA en presencia
de suero anti-rTsEnoA. 3- Control del anticuerpo secundario anti-IgG de conejo. 4- Western blot de rTsEnoC
en presencia de suero anti-rTsEnoC. 5- Control del anticuerpo secundario anti-IgG de conejo. 6- Western
blot de rTsEno4 en presencia de suero anti-rTsEno4. 7- Control del anticuerpo secundario anti-IgG de
conejo. B) Western blot de las enolasas recombinantes en combinacion de sueros. 1- Marcador de peso
molecular. 2- Western blot de rTsEnoA en presencia de suero anti-rTsEnoC. 3- Western blot de rTsEnoA en
presencia de suero anti-rTsEno4. 4- Western blot de rTsEnoC en presencia de suero anti-rTsEnoA. 5-
Western blot de rTsEnoC en presencia de suero anti-rTsEno4. 6- Western blot de rTsEno4 en presencia de

suero anti-rTsEnoA. 7- Western blot de rTsEnoA en presencia de suero anti-rTsEnoC.

8.9 Inmunolocalizacidn de enolasa en cisticerco de Taenia solium

Para conocer la localizacion de la isoforma EnoA de T. solium, utilizamos el anticuerpo
producido en conejo en contra de la proteina rTsEnoA. En la Figura 26B se observa el
reconocimiento especifico del anticuerpo, donde se muestra que la TSEnoA se encuentra
ampliamente distribuida en el cisticerco, en tegumento y el tegumento del canal espiral.
También, utilizando un anticuerpo comercial anti-alfa enolasa (isoforma de vertebrados),
observamos un reconocimiento especifico de igual manera que el anticuerpo anti- rTsEnoA

(Figura 26D).
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anti-rTseEnoA anti- a enolasa

Figura 26. Inmunolocalizaciéon de TsEnoA en cisticerco. A y C) Control de anticuerpo secundario. B)
Inmunohistoquimica utilizando el anticuerpo anti- rTsEnoA. D) Inmunohistoquimica utilizando el anticuerpo
anti- alfa enolasa (a-enolasa). Imagenes con barras de 100um y 50um. T: tegumento, TCP: tegumento de

canal espiral.

45



9. DISCUSION

En infecciones por bacterias, por hongos o por parasitos es importante conocer las vias de
migracién y establecimiento del patdgeno en los tejidos y drganos blanco de su huésped, lo
que podria ser fundamental para establecer métodos de diagndstico, tratamiento y
erradicacion del patdgeno. En el caso particular de la cisticercosis humanay porcina, causada
por Taenia solium, ésta informacidn es crucial para idear estrategias para su control y
tratamientos. Hay que considerar en ésta parasitosis que la localizacion del parasito en las
distintas regiones del sistema nervioso central del huésped determina la patogenia vy las

intervenciones necesarias para destruirlo.

Poco se conoce acerca de los mecanismos utilizados por Taenia solium en sus etapas iniciales
de infeccion para migrar y establecerse en los diferentes tejidos del huésped.
Recientemente, se ha reportado en un grupo de patégenos el papel del
plasmindgeno/plasmina, el cual, se une a la superficie de los patégenos y les permite migrar
y establecerse en los tejidos del huésped (Ghosh et al., 2011; Gonzélez-Miguel et al., 2016).
El plasminégeno/plasmina degrada las redes de fibrina y componentes de la matriz
extracelular, barreras con las que estan en contacto los patégenos, lo que permitiria la
migracién de los mismos (Bergmann and Hammerschmidt, 2007; Sanderson-Smith et al.,

2012; Figuera et al., 2013; Ayon-Nuiiez et al., 2018a).

En este proyecto de investigacion, identificamos por ligand blotting en 2D que los cisticercos
de T. solium expresan varias proteinas con capacidad de unir Plg (Figura 9A). Este fendmeno
se ha observado en otros organismos como bacterias y parasitos (Xolalpa et al., 2007,
Gonzélez-Miguel et al.,, 2012, 2013). Por MS/MS en 2D/SDS-PAGE identificamos siete
proteinas que unen Plg: fasciclina 1 y fasciclina 2, MAPK (proteina quinasa activada por

mitégenos), malato deshidrogenasa citosdlica, anexina, actina y enolasa (Tabla 4).

Las fasciclinas son proteinas poco estudiadas, son glicoproteinas asociadas a membranas,
pertenecientes a la superfamilia de moléculas de adhesion celular (CAM), se identificaron
por primera vez en un subconjunto de axones fasciculantes en el sistema nervioso central

en Drosophila melanogaster (Hortsch and Goodman, 1990; Wang et al., 1993; Garcia-Alonso
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et al., 1995). En T. solium, se identificaron también por 2D/SDS-PAGE un conjunto de puntos
entre 65 y 83 kDa nombrados fasciclina-like (TsMFas1), encontrando que se expresaba
constitutivamente en estadios de metacestodo y adulto, con localizacién preferencial en el
escolex. La TsMFas1l mostré que puede ser Util para el diagnostico diferencial de la NC
crénica, especialmente donde prevalecen tanto la NC como otras granulomatosis cerebrales
infecciosas (Bae et al., 2014). Sin embargo, hasta el momento no hay ningln reporte que
evalle su papel como proteina de unién a Plg, siendo este trabajo el primero donde se
demuestra esta propiedad. Lo mismo sucede con la proteina MAPK, que se conoce que
participan en la transduccion de sefiales rio abajo de los receptores con actividad de cinasas

de tirosina (ZHANG and LIU, 2002; Shilo, 2014).

Hasta la fecha, la malato deshidrogenasa citosélica como proteina de unidn a Plg ha sido
reportada solamente en Mycobacteruim tuberculosis, (Xolalpa et al., 2007); sin embargo, no
se ha profundizado en su estudio. Nuestro hallazgo en T. solium es el primer reporte en
parasitos helmintos y sugiere que la malato de estos parasitos une el plasminégeno, lo que
contribuiria a la migracion y establecimiento en el huésped. Un trabajo previo en cisticercos
de T. solium, donde caracterizaron a esta enzima, reportd que la enolasa podria estar
jugando un rol importante en la relacién huésped-parasito, ayudando al pardsito a superar
el estrés oxidativo desarrollado por la respuesta inmune del huésped, lo que le permitiria
sobrevivir durante largos periodos de tiempo, como lo que se observa en individuos

asintomaticos (Nava et al., 2011).

Por ultimo, anexina, actina y enolasa son las proteinas que han sido ampliamente estudiadas
con la funcién de unir Plg en diferentes patdgenos, incluyendo células cancerigenas. Anexina
y actina son proteinas que han sido identificadas en la de membrana de estos organismos,
por lo que interactlan con una gran variedad de proteinas, participando activamente en la
relacion huésped-parasito (Zhang et al., 2007; Roberto Dominguez and Kenneth C. Holmes,
2011). En T. solium, la anexina ha sido reportada como una proteina candidata para
inmunodiagndstico (Diaz-Masmela et al., 2013) y la actina como una proteina importante del

citoesqueleto (Campos et al., 1990; Ambrosio et al., 2003). Con los hallazgos de este trabajo
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de investigacion demostramos que ademas de las propiedades mencionadas también tienen

la capacidad de unir Plg.

Como se menciond anteriormente, la enolasa ha sido la proteina mas estudiada en relacion
a su capacidad de unir plasmindgeno y de su activacion a plasmina en un nimero amplio de
patégenos. Se ha demostrado que las enolasas de organismos eucariotas son proteinas
multifuncionales (Pancholi, 2001). También, existen reportes que varios gusanos planos
expresan la enolasa en el tegumento (Jolodar et al., 2003; de la Torre-Escudero et al., 2010;
Figueiredo et al., 2015; Zhang et al., 2015). Es importante tener en cuenta, que la enolasa ha
sido reportada como una proteina de excrecion/secrecién (E/S) en varios gusanos planos,
incluyendo T. solium (Bernal et al., 2004; Hewitson et al., 2009; Victor et al., 2012; Virginio
et al., 2012). En cualquier caso, ya sea como productos E/S o como proteina de superficie, la
enolasa se ha asociado a la unidn y activacién de Plg durante la invasion de parasitos a los

tejidos del huésped (Ghosh and Jacobs-Lorena, 2011; Gonzalez-Miguel et al., 2012, 2015a).

La enolasa, al igual que otras proteinas metabdlicas (GAPDH, FBP, PGK, FBA, etc.) o
estructurales (anexina y actina) ha sido incluida en un grupo de proteinas llamadas
moonlighting que ademas de su funcidn principal, dependiendo de su localizacion, llevan a
cabo otras funciones como son: la degradacién de MEC y/o modulacién de la respuesta
inmune (inhibiendo el complemento y/o activando la cascada de coagulacién) importantes
en la relacion huésped-parasito (Karkowska-Kuleta and Kozik, 2014), entre otras. En este
estudio se describen nuevas proteinas (fasciclina 1y 2, la MAPK y la malato deshidrogenasa
citosdlica) con otra funcién, la de unir plasmindgeno que podrian formar parte de este grupo
de proteinas importantes en la relacién huésped-parasito. Hasta el momento los reportes
relacionados a estas proteinas moonlighting, indican que contribuyen con la virulencia de
bacterias, hongos, protozoos y helmintos (Karkowska-Kuleta and Kozik, 2014; Wang et al.,

2014).

En este estudio, confirmamos que la enolasa de T. solium muestra una amplia distribucion
en los tejidos del cisticerco (Figura 2 suplementaria) (Ayon-Nufiez et al., 2018b). Se observd

en el tegumento y en los citones subtegumentales donde se encuentran productos E/S.
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También se identificd en el escolex invaginado; la enolasa se expresa claramente en el
tegumento del canal espiral y otros compartimentos celulares. Esta distribucién tisular
extendida es compatible tanto con una enzima con un papel metabdlico como con una

proteina involucrada en la interaccion huésped-parasito.

En estudios recientes en T. multiceps y T. pisiformis , también se ha reportado que la enolasa
tiene la capacidad de unir plasmindgeno (Li et al., 2015; Zhang et al., 2015). Por lo que se ha
propuesto que podria estar desempefiando un papel importante en la relacion huésped-

parasito a través de su capacidad de activacién de Plg.

Teniendo en cuenta nuestros resultados, profundizamos en la caracterizacién de la enolasa
de T. solium. Como se menciond anteriormente, se identificaron cuatro isoformas, mismas
gue no habian sido reportadas y caracterizadas en este grupo de parasitos. En vertebrados
se han sido descrito cuatro genes de enolasa: Enol, Eno2, Eno3 y Eno4 (Pearce et al., 1976;
Schmechel et al., 1978; Ueta et al., 2004). Sin embargo, pocos estudios se han realizado
acerca de la filogenia de esta proteina (Tracy and Hedges, 2000; Harper and Keeling, 2004;
Piast et al., 2005). Ademas, para la realizacion de estos estudios se incluyeron pocos ejemplos
de enolasas de invertebrados. Hasta donde sabemos, no existe evidencia disponible sobre Ia

relacion entre las isoformas de enolasa de vertebrados e invertebrados.

Realizando una busqueda en el genoma de T. solium y de organismos invertebrados
relacionados, identificamos también cuatro genes de enolasa: Enol, Eno2, Eno3 y Eno4. El
analisis filogenético se realizé con 75 secuencias de aminodcidos de enolasa de organismos
pertenecientes a seis reinos, incluyendo las cuatro secuencias de T. solium. Analizando la
topologia del arbol concluimos que el origen de las isoformas de enolasa en vertebrados, a
excepcion de Eno4, es independiente de las isoformas de enolasa en invertebrados (Figura
11). Por lo que proponemos una nueva designacion (EnoA, EnoB, EnoCy Eno4) para enfatizar
gue las isoformas de enolasa de invertebrados no son ortélogos de sus contrapartes de

vertebrados.

Tres de las isoformas de enolasa de T. solium (TsEnoA, TsEnoB y TsEnoC) tienen entre 433-

450 residuos de aminodcidos, mientras que TsEno4 es aproximadamente un 40% mas
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pequefia (250). En vertebrados las enolasas reportadas no muestran diferencia significativa
en la composicién de aminoacidos (Pearce et al., 1976; Schmechel and Marangos, 1978; Ueta
et al., 2004; Nakamura et al., 2013). Ademas de las lisinas identificadas para la unién de
plasmindgeno, en la enolasa ha sido identificado un motivo interno (24sFYDKERKVY2s6), que
ha sido reportado que interviene en la unién (Bergmann et al., 2003; Bernal et al., 2004;
Ehinger et al., 2004; Vanegas et al., 2007; Ghosh et al., 2011). Este motivo (251FYQDGKYNL2s9)
fue identificado en tres de las isoformas reportadas en este trabajo TsEnoA, TsEnoB y TsEnoC,
pero no se identificd en TsEno4 (Figura 10). Estudios posteriores se tendrian que realizar para

confirmar que el motivo identificado esta participando en la unién a plasminégeno.

Con respecto al nivel de expresién de las isoformas, los ensayos de RT-PCR, mostraron que
TsEnoA, TsEnoC y TsEno4 se expresan claramente, mientras que no se detectd TsEnoB,
posiblemente porque se podria estar expresando en otra etapa del ciclo de vida del parasito,

como la oncosfera o el gusano adulto (Figura 16).

En vertebrados, las isoformas de enolasa son tejido especificas: ENO1- enolasa no neuronal,
ENO2- enolasa neuronal especifica, ENO3- enolasa especifica del musculo y ENO4- enolasa
especifica de espermatozoides (Pearce et al., 1976; Schmechel and Marangos, 1978; Ueta et
al., 2004; Nakamura et al., 2013). Seria interesante estudiar la expresion de las enolasas de
T. solium en cortes de los diferentes estadios de vida del pardsito para conocer su

localizacion.

Como se observa en la Figura 16, TsEnoA resultd ser la enolasa con mayor expresion, lo que
se puede relacionar con los resultados de secuenciacion de cDNA en el genoma de 7. solium
(Tsaietal., 2013), donde de 75 000 ETS de cisticercos y gusano adulto; 674 se identificaron
para TsEnoA, mientras que solo se encontrd un transcrito para Eno4 (datos no mostrados).
Por otro lado, la alta expresion de TsEnoA podria deberse también a su participacion en la
glicdlisis, un proceso metabdlico clave para T. solium, ya que es bien conocido que este

parasito es un alto consumidor de glucosa (Willms et al., 2005).

Como observamos en la Figura 22, las enolasas recombinantes rTsEnoA y rTsEnoC, tienen la

capacidad de unir Plg, lo que concuerda con los resultados obtenidos de los ligand blotting
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realizados con el extracto crudo de cisticercos. Sin embargo, rTsEno4 no mostré esta
propiedad, lo que era de esperarse si nos basamos en el andlisis de la secuencia de
aminodcidos, donde claramente se observa que esta enolasa carece del motivo interno de
union a Plg. Hasta el momento, en otros organismos relacionados solamente se ha
determinado la unién de Plg en una enolasa (posiblemente refriéndose a la Enol), (Figuera

et al., 2013; Ayon-Nuiez et al., 2018a).

Por otro lado, en este trabajo demostramos que rTsEnoA aumenta mas de dos veces la
activacion de Plg en presencia de tPA, lo que sugiere que la enolasa potencia la accidon de
este activador fisioldgico del plasmindgeno (Grafica 3). Sin embargo, cuando se afiadié a la
mezcla de reaccion el inhibidor competitivo eACA, se observd una ligera disminucion en la
activacion, lo que sugiere que la union de Plg y la activacion por rTsEnoA no involucra los
residuos de lisina y si al motivo interno de la proteina. Claramente, éACA no es un inhibidor
adecuado para rTsEnoA, resultados similares se obtuvieron por otro grupo de trabajo con la

enolasa de T. solium (Zhang et al., 2018).

Con el fin de continuar indagando en la caracterizacion de las enolasas de T. solium, se evalud
la actividad enzimatica de cada isoforma. Los resultados muestran una actividad de 36 + 5
U/mg, Km de 27 + 7 uM para rTsEnoA; y de 50 £ 12 U/mgy Km 57 + 28 uM para rTsEnoC. De
acuerdo con los resultados de las Kms se determiné que la rTsEnoC es mas inestable que la
rTsEnoA, debido a que muestra variaciones en la medicién de la Vmax y Km (con desviaciones
estandar altas). Este resultado nos podria estar indicando que la TsEnoA podria tener un
papel primordial en la glicolisis y ante la deficiencia o silenciamiento de esta enzima, podria
estar actuando la TsEnoC. Las actividades enzimaticas obtenidas fueron similares a las de
otras especies de helmintos como por ejemplo: Clonorchis sinensis (36.5 + 0.3 U/mg), S.
japonicum (35.8 + 2.0 U/mg), T. multiceps (46.91 U/mg) y T. pisiformis (30.71 + 2.2 U/mg)
(Yang etal., 2010; Wang et al., 2011; Li et al., 2015; Zhang et al., 2015).

Por otro lado, la rTsEno4 no mostré actividad enzimatica, por lo que podriamos decir que es
una enolasa-like ya que se agrupa en la familia de estas proteinas, como se observo en el

estudio filogenético, pero no lleva a cabo la funcion principal. Analizando la secuencia de
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aminoacidos de la TsEno4 podemos observar que no muestra el sitio catalitico de la enzima,
motivo por el cual no es una enzima que este participando en la glicolisis. En organismos
relacionados con T. solium como C. sinensis, Schistosoma haematobium, Echinops telfairi se
ha reportado la Eno4 como Eno4-like, o bien, no se ha identificado como por ejemplo, en T.
asidtica, Echinostoma caproni, Schistosoma margrebowiei, etc. Aunque considerando que
solo se determind por el analisis de la secuencia de aminodcidos y no se ha profundizado en
su estudio (datos obtenidos de la base de datos de NCBI) este resultado no es concluyente.
En contraste, en humanos la Eno4 es especifica de espermatozoides, tiene los motivos que
caracterizan a la proteina y es funcional, participando en la glicolisis (Nakamura et al., 2013).
Posiblemente, TsEno4 esté realizando otro tipo de funcién en T. solium, funcién en la que se

tendria que indagar en un futuro.

Por ultimo, como parte de en este trabajo, se produjeron anticuerpos policlonales
especificos para las proteinas recombinantes de cada isoforma (rTsEnoA, rTsEnoCy rTsEno4).
Por Western blot se demostré la especificidad de los anticuerpos para cada isoforma (Figura
25). Sin embargo, utilizando un extracto total de tejido de cerebro y musculo esquelético de
cerdo, se observd reaccion cruzada entre el anticuerpo anti-rTsEnoA y anti-rTsEnoC (datos
no mostrados), lo cual, era de esperarse por que las proteinas tiene un alto grado de
identidad. Sin embargo, no hubo reconocimiento cuando se utilizé el anticuerpo anti-
rTsEno4 seguramente debido a que esta proteina tiene un bajo porcentaje de identidad con
las enolasas de mamiferos. Utilizando el anticuerpo especifico para rTsEnoA comprobamos
gue la proteina se expresa ampliamente en el cisticerco, en el tegumento y el tegumento del
canal espiral (Figura 26B). Asimismo, cuando utilizamos un anticuerpo comercial anti a-
enolasa de vertebrados pudimos observar un reconocimiento similar (Figura 26D), lo que nos
indica que hay reconocimiento del anticuerpo en las mismas zonas del cisticerco, aunque
filogenéticamente no se agrupen. Sin embargo, para determinar diferencias en la localizacion
de las isoformas falta concluir con las inmunohistoquimicas con los anticuerpos anti- rTsEnoC

y anti-rTsEno4.

En resumen, en este trabajo, se reportan por primera vez las proteinas de T. solium con

capacidad de unir plasmindgeno, dentro de las cuales, se identificaron las diferentes
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isoformas de enolasa, en las que se ha profundizado su estudio. Es bien conocido que en
otros organismos la enolasa participa en multiples funciones dependiendo de su localizacién,
cuando se expresa en la superficie se ha reportado que participa degradando los coagulos
de fibrina y componentes de la matriz extracelular (MEC) facilitando la migracion e invasion
de los organismos a los diferentes tejidos del huésped (Bergmann and Hammerschmidt,

2007; Figuera et al., 2013; Ayon-Nufiez et al., 2018a).

La informacién sobre el mecanismo por el cual los parasitos promueven la degradacion de la
MEC es limitada (McKerrow et al., 1983; Lenzi et al., 1991; Lu and Lai, 2013; Thibeaux et al.,
2014). Se ha sugerido que la interaccién de plasmindgeno-plasmina con proteinas de
microorganismos, incluidas las bacterias, desempefian un papel clave en la degradacién de
la MEC, actuando sobre varias proteinas como, la fibronectina, laminina y trombospondina,
entre otras (Bergmann et al., 2005; Bhattacharya et al., 2012; Singh et al., 2012; Grossi et al.,
2016). También en parasitos, se ha propuesto que la degradacion de los codgulos de fibrina
y la MEC puede facilitar la migracion a los tejidos del huésped durante las primeras etapas
de la infeccidn, asi como su establecimiento en su localizacion final (Gonzélez-Miguel et al.,

2015; Singh et al., 2015).

Tomando en cuenta lo anterior, podemos especular que la degradacién de la MEC podria
permitir que el cisticerco crezca y sobreviva en el tejido del huésped. La interaccién enolasa-
plasmindgeno podria ser uno de los mecanismos que estaria utilizando T. solium, entre otros,
como la utilizacion de las proteasas (White et al., 2006; Singh et al., 2015; Zhang et al., 2016).
En este estudio, se demostrd la union y activacion de Plg en presencia de enolasa de
cisticerco de T. solium. Tomando en cuenta el reporte de (Santivafiez et al., 2010), donde
identificaron a la enolasa en el proteoma de oncosferas activadas, podriamos especular que
en conjunto con otras proteinas también identificadas en nuestro trabajo con capacidad de
unir plasminégeno, como la actina y la anexina, facilitarian la migracion de las oncosferas a
los diferentes tejidos del huésped. La oncosfera tiene que pasar varias barreras fisicas para
llegar a su destino final, degradar componentes de la MEC y del torrente sanguineo como
son las redes de fibrina (codgulos). Por lo que seria interesante evaluar la unién enolasa-

plasminégeno en las oncosferas activadas de T. solium, lo que permitiria demostrar que este
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mecanismo es un factor importante en la migracién y establecimiento del parasito a los
tejidos del huésped en etapas tempranas. También seria interesante estudiar si las isoformas
de T. solium identificadas, podrian estar jugando un papel mas protagdnico en este proceso.
Este trabajo abre la pauta para el estudio de los receptores de plasmindgeno en la relacion

huésped-parasito en infecciones causadas por T. solium.
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10. CONCLUSIONES

Taenia solium expresa proteinas que tienen la capacidad de unir plasminégeno. En este
estudio identificamos siete: fascicilina-1, fasciclina-2, enolasa, MAPK, anexina, actina y

malato deshidrogenasa citosodlica. De las cuales, abordamos el estudio de la enolasa.

Se identificaron cuatro isoformas de enolasa (EnoA, EnoB, EnoCy Eno4) en Taenia solium.
La enolasa (rTsEnoA) potencia la activacién del plasmindgeno (a plasmina), sugiriendo su
posible participacién en la degradacion de coagulos de fibrina y componentes de la matriz

extracelular, barreras fisicas con las que esta en contacto el huevo-cisticerco de T. solium,

durante el proceso de invasién en el huésped.
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11. PERSPECTIVAS

e Realizar inmunohistoquimica utilizando los anticuerpos anti-rTsEnoC y anti-rTsEno4
para observar su localizacién en el cisticerco de T. solium.

e Evaluar el papel de la enolasa(s) de T. solium en la migracién y degradacion a través
de ensayos indirectos.

e Continuar con la caracterizacion de las isoformas de enolasa de T. solium.

e Estudiar que funcién tiene Eno4 en T. solium.
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13. FIGURAS SUPLEMENTARIAS
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Figura suplementaria 1. Clonacion y expresion de Fasciclina-2 de Taenia solium. A. Amplificacion
de Fasciclina-2 con primers especificos para la proteina. 1) Amplificado del gen de fasciclina 2
(Flecha azul). B. Clonacién de Fasciclina-2 en PET23a. 1) PET23a purificado. 2) PET23a linearizado
con las enzimas Hind Il y Xho I. 3 y 5) Clonas con el inserto (fasciclina-2). 4 y 6) Liberacién del
inserto (flecha azul). C. Expresiéon en bacterias E. coli en la fraccién soluble. D. Expresién en
bacterias E. coli en la fraccion insoluble. La induccién se realizé con 1 mM de IPTG tomando una
alicuotaalas 0, 2, 4, 6, 24 horas. La flecha sefiala la proteina.
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Figura suplementaria 2. Inmunolocalizacidon de enolasa en cisticerco de T. solium. (A, B) Control
secundario, las secciones se incubaron solo con un anticuerpo policlonal anti- IgG de cabra
acoplado a la peroxidasa. (C, D) Los cortes se incubaron con anticuerpo policlonal anti-enolasa
hecho en cabra. Imagen Ay C barras: 100um. Imagen B y D barras: 50um. T: tegumento, SPC:
canal espiral. STC: citones subtegumentales.
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ABSTRACT
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The larval stage of Taenia soliwn (cysticerci) is the causal agent of human and swine cysticercosis. When ingested
by the host, T. solium eggs are activated and hatch in the intestine, releasing oncospheres that migrate to various
tissues and evolve into cysticerci. Plasminogen (Plg) receptor proteins have been reported to play a role in
migration processes for several pathogens. This work is aimed to identify Plg-binding proteins in T. solium
cysticerci and determine whether T. solium recombinant enolase (rTsEnoA) is capable of specifically binding and
activating human Plg. To identify Plg-binding proteins, a 2D-SDS-PAGE ligand blotting was performed, and
recognized spots were identified by MS/MS. Seven proteins from T. solium cysticerci were found capable of
binding Plg: fascidlin-1, fasciclin-2, enolase, MAPK, annexin, actin, and cytosolic malate dehydrogenase. To
determine whether rTsEnoA binds human Plg, a ligand blotting was performed and the results were confirmed
by ELISA both in the presence and absence of eACA, a competitive Plg inhibitor. Finally, rTsEnoA-bound Plg was
activated to plasmin in the presence of tPA. To better understand the evolution of enolase isoforms in T. selium, a
phylogenetic inference analysis including 75 enolase amino acid sequences was conducted. The origin of flat-
worm enolase isoforms, except for Eno4, is independent of their vertebrate counterparts. Therefore, herein we
propose to designate tapeworm protein isoforms as A, B, C, and 4. In conclusion, recombinant enolase showed a
strong plasminogen binding and activating activity in vitro. T. solium enolase could play a role in parasite in-
vasion along with other plasminogen-binding proteins.

1. Introduction

(cysticercus) (Flisser, 2013).
Like many other pathogens, cysticerci developed strategies to favor

Taenia solium is the causative agent of human taeniasis/cysticercosis
and porcine cysticercosis, a major health problem and a veterinary
economic challenge in developing countries of Latin America, Africa,
and Asia. In Mexico, approximately 500 human neurocysticercosis cases
were reported in neurological centers between 1994 and 2004 (Sciutto
et al., 2000; Fleury et al., 2011, 2012).

Little is known about the molecular mechanisms underlying the
early infection events that lead to cysticercus establishment in the host
tissues. While pigs are obligate intermediate hosts in the life cycle of T.
solium when they are infected with the larval stage of the worm (cy-
sticerci), humans can also be infected by cysticerci; after being ingested
by the host, eggs are activated and hatch in the intestine, releasing an
hexacanth embryo (oncosphere); the latter crosses the intestinal wall
and migrates to several tissues, where it evolves into the larval form

their establishment and permanence in the host tissues, such as coating
its tegument surface with host immunoglobulins (Willms and Arcos,
1997) or modulating host inflammatory and immune responses through
various parasite-secreted factors (Damian, 1997; Alvarez et al., 2008;
Bobes et al., 2014); furthermore, a host-parasite molecular crosstalk
mediated by signaling molecules has been described (Tedford and
McConkey, 2017; Singh and Chitnis, 2017; Brehm and Koziol, 2017).
Recent reports indicated an extensive uptake of host proteins by T.
solium cysticerci; these host proteins could play some role in the worm
physiology, and this role could be analogous to the one they play in host
tissues (Navarrete-Perea et al., 2014).

Binding and activation of plasminogen (Plg) has been proposed as a
strategy to favor the migration and establishment of several pathogens
(Sanderson-Smith et al., 2012; Verhamme et al., 2015; Figuera et al,,

* Corresponding author at: Dept. of Immunology, Institute for Biomedical Research, Universidad Nacional Auténoma de México, Mexico City, 04510, Mexico.

E-mail address: rbobes@biomedicas.unam.mx (R.J. Bobes).

https://doi.org/10.1016//].actatropica. 2018.02.020

Received 29 August 2017; Received in revised form 13 February 2018; Accepted 15 February 2018

Available online 18 February 2018
0001-706X/ © 2018 Elsevier B.V. All rights reserved.

70



D.A. Ayon-Niifiez et al

2013). Plasmin (the activated form of Plg) is an enzyme whose primary
function is to degrade fibrin clots produced by the coagulation system
(fibrinolysis) to maintain vascular permeability (Lihteenmiki et al.,
2001). Plasmin has also been involved in extracellular matrix (EMC)
degradation, immune response modulation (Barthel et al., 2012), and
its direct participation during invasion in several parasite infections has
been proposed (Jolodar et al., 2003; Ghosh and Jacobs-Lorena, 2011;
Figuera et al., 2013).

Enolase is a dimeric, multifunctional glycolytic enzyme that cata-
lyzes the interconversion of 2-phospho-p-glycerate and phosphoe-
nolpyruvate in the cell. In some vertebrates, enolases are usually coded
by four genes: Enol, Eno2, Eno3, and Eno4, resulting in different iso-
enzymes through combinations of a, f, and y subunits (Pearce et al.,
1976; Schmechel et al., 1978; Ueta et al., 2004). In humans, four tissue-
specific enolase isozymes have been reported: non-neuronal enolase
(aa or Enol), muscle-specific enolase (Bp or Eno3), neuron-specific
enolase (yy or Eno2), and sperm-specific enolase (Eno4) (Edwards and
Grootegoed, 1983; Nakamura et al., 2013). Enolases have received less
attention in invertebrates (Tracy and Hedges, 2000), but they have
been found in helminth parasites such as Onchocerca vobvulus (Jolodar
et al., 2003), Fasciola hepatica (Bernal et al., 2004), Echinostoma caproni
(Marcilla et al., 2007), Schistosoma bovis (De la Torre-Escudero et al.,
2010), and more recently in Taenia multiceps (L1 et al., 2015) and T.
pisiformis (Zhang et al., 2015). The existence of isoforms in flatworms is
still debated.

Enolases are members of a group of proteins that have been in-
volved in other entirely distinct functions, known as moonlighting
proteins (Pancholi, 2001). For instance, enolase has been reported to
play a role as plasminogen receptor on the surface of several pathogenic
bacteria (Xolalpa et al., 2007; Sanderson-Smith et al., 2012), fungi
(Verhamme et al., 2015), and protozoa (Vanegas et al., 2007; Ghosh
et al., 2011). Enolases have raised interest as inducers of protective
immunity and are considered as potential vaccine candidates in two
tapeworm infections (Yang et al., 2010; Chen et al., 2012). The initial
goal of this study was to evaluate whether enolase from T. solium binds
and activates Plg. Our results demonstrated that at least seven T. solium
proteins, including enolase, are able to bind Plg. An exhaustive analysis
in silico of the genome database of T. solium and other Taeniids showed
at least four enolase genes. After a detailed phylogenetic analysis,
herein we propose to designate the tapeworm protein isoforms as EnoA,
EnoB, EnoC, and Eno4, to emphasize that they are not orthologous to
their mammalian counterparts. EnoA was cloned, characterized and
expressed in bacteria (rTsEnoA). This recombinant enolase showed a
strong Plg binding and activating activity in vitro. The potential role of
enolases in the host-parasite relation in cysticercosis is discussed.

2. Material and methods
2.1. Parasites and protein extracts

Taenia solin cysticerci were dissected from the skeletal muscle of
naturally infected pigs from endemic areas. Cysticerci were washed five
times with sterile phosphate buffered saline pH 7.2 (PBS). Three protein
extracts were prepared from cysticerci: cysticercus crude extract (CE),
tissue extract (bladder wall and scolex) (TE), and vesicular fluid (VF) as
previously described (Navarrete-Perea et al., 2014). Briefly, five cysti-
cerci were sectioned with a scalpel in a Petri dish to separately collect
parasite tissue and VF. Pooled VF samples were mixed (1:1v/v) with
lysis buffer and centrifuged at 16,000 x g for 15min, whereas cyst
tissue and whole cysticerci were mixed 1:3 with lysis buffer. CE and TE
were homogenized with a Teflon homogenizer and centrifuged at
16,000 x g for 15 min. The supernatants of all extracts were recovered;
protein content was quantified by a 2-D Quant kit (Amersham Bios-
ciences, Little Chalfont, UK) and frozen at =70 “C until used.
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2.2. 1D and 2D/SDS-PAGE

For 1D/SDS-PAGE, 30 pg of each protein extract were dissolved in
0.5mM Tris-HCl, pH 6.8, 25% glycerol, 10% SDS, 1% [-mercap-
toethanol, and 1.5% bromophenol blue at 96°C for 10 min.
Electrophoresis was carried out on 12% polyacrylamide gels. Gels were
run in a Mini-Protean TI1 (Bio-Rad, Hercules, CA) at a constant current
and a 100-V potential. Then, proteins were transferred to PVDF mem-
branes (Millipore, Bedford, MA). For 2D/SDS-PAGE, 150pg of each
proteins extract were precipitated with sodium deoxycholate and tri-
chloroacetic acid; the protein pellet was solubilized and adjusted to a
final volume of 125 mL in 8 M urea, 2% CHAPS, and 0.5% IPG buffer
pH 3-10 NL (GE Healthcare, Little Chalfont, UK), and 20 mM DTT. The
sample was applied on immobilized pH 3-10 linear gradient strips
(7 cm, Bio-Rad) for 16h after rehydration at room temperature, fol-
lowing the manufacturer’s instructions. Focusing started at 300V for
1h; then, voltage was increased to 1000V for 30 min, and finally to
5000V for 2h in an Ettan IPG-phor I electrophoresis unit (GE
Healthcare). After focusing, strips were equilibrated for 20min in
sample buffer (2% SDS, 50 mM Tris-HCI pH 8.8, 6 M urea, 30% gly-
cerol, 0.002% bromophenol blue, and 0.5% DTT). Strips were then
overlaid onto a 12% SDS-PAGE and proteins were transferred to PVDF
membranes for Western and ligand blotting.

2.3. Ligand affinity blotting with Plg

To characterize the Plg-binding ability of proteins in CE, PVDF
membranes obtained as described above were incubated for 1 h at room
temperature with human Plg (Roche), 1:500 in PBS-0.05% Tween-20
(PBS-T) added with 3% BSA, either in the presence or absence of
500 mM e-aminocaproic acid (eACA; Sigma, St. Louis, MO), previously
determined as the optimal concentration by a series of dose-response
experiments (data not shown). Afterwards, the membranes were wa-
shed with PBS-T and incubated for 1h with a goat polyclonal anti-Plg
antibody (Acris antibodies, GmbH, Herford, Germany) diluted 1:1000.
Then, membranes were incubated for 1 h with peroxidase-conjugated
anti-goat IgG polyclonal antibody (Sigma) diluted 1:3500. The mem-
branes were treated with 3 mg/mL of 3,3-diaminobenzidine (Sigma) in
PBS-T and 30% hydrogen peroxide diluted 1:1000 to develop color.
Negative control reactions were carried out either without Plg or anti-
Plg. Plg-binding proteins were identified by MS/MS MALDI TOF,/TOF.

2.4. Mass spectrometry MS/MS (MALDI TOF/TOF)

To identify Plg-binding proteins in T. solium CE, proteins were di-
gested and identified as described elsewhere (Navarrete-Perea et al.,
2016). Briefly, the selected protein spots were manually cut from a 2D
gel stained with Bio-Safe Coomassie G-250 (Bio-Rad). Staining was
removed using ACN:NH,HCO; 50mM (1:1 v/v) and digested for 18 h at
37°C with mass spectrometry-grade trypsin (V528A, Promega Cor-
poration, Madison, WI). The peptides thus obtained were extracted in
ACN:H,0:formic acid (50:45:5v/v) and the volume was reduced in a
concentrator (Mod. 5301, Eppendorf, Hamburg, Germany). The sample
was desalted in a C18 column (ZipTip C18, Millipore, Burlington, MA).
Desalted peptides were spotted using o-cyano-4-hydroxycinnamic as a
matrix (10 mg of matrix were dissolved in a solution containing 70%
ACN, 29.9% H,0, and 0.1% TFA). The peptides were spotted twice by
triplicate (three samples were processed with CID in mode ON and all
other samples with CID in mode OFF) and analyzed using a MALDI-
TOF-TOF 4800 instrument (ABSciex, Framingham, MA). The instru-
ment was operated in positive ion mode and calibrated with standards
ranging from 900 to 3600 Da (ABsciex TOF/TOF). Laser power was set
to 2500-2800 for MS and 3500-3800 for MS/MS acquisition. The
fragmentation of automatically selected precursors was performed In
MS-positive reflector mode using 25 laser shots at a collision energy of
2kV, using air as collision gas (at 2 x 10~ °® Torr) with an accumulation
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of 400 shots for each spectrum. MS spectra were acquired in the range
800-4000 m/Z. The parental ion of Glu'-Fibrino-PeptideB was used for
internal calibration at m/Z = 1570.690Da diluted in the matrix
(1.3 pmol/pL/spot). Up to 16 of the most intense spot signals with a S/N
ratio > 20 were selected as precursors for MS/MS acquisition. Peptide
and protein identification was performed with the Protein Pilot™ soft-
ware version 2.0 (AB Sciex), using the Paragon algorithm as the search
engine. Each MS/MS spectrum was searched against the T. solium
genome database. Searches were run using the carbamidomethyl
modification of cysteine residues as a fixed setting. The detected protein
threshold unused protscore (confidence) was set to 0.47 to achieve a
66%-confidence.

2.5. Immunolocalization studies

For immunochistochemical localization of enolase in tissue, cyst-
cerci were fixed in paraformaldehyde to be included in paraffin blocks.
Serial 5-pm-thick sections were obtained and fixed onto microscope
slides. Tissue sections were deparaffinized by incubation at 50 °C for
30 min, followed by two baths in xylene and decreasing ethanol gra-
duation. Then, sections were blocked with 0.1% bovine serum albumin
in PBS-T for 10 min. A goat polyclonal anti-human a-enolase antibody
(C-19, Santa Cruz Biotechnology, Dallas, TX), diluted 1:50 was added to
tissue sections at room temperature for 1 h. After three washings with
PBS-T, sections were incubated for 1h with horseradish peroxidase-
conjugated anti-goat IgG polyclonal antibody (Sigma) diluted 1:2000
for 30 min. The reaction was developed using 3 mg/mL of 3,3-diami-
nobenzidine (Sigma) in PBS-T and 30% hydrogen peroxide diluted
1:1000, and counterstained with hematoxylin/eosin. Finally, all sec-
tions were mounted with synthetic resin to be observed and photo-
graphed under a light microscopy. Serial sections of each tissue sample
were incubated in parallel without primary antibody to check for un-
specific binding of the secondary antibody.

2.6. Enolase immunologic identification by Western blot

Proteins blotted on PVDF membranes from 1D and 2D/SDS-PAGE
were blocked with 3% BSA in PBS-T for 1.5 h, washed with PBS-T, and
incubated for 2h with goat polyclonal anti-enolase antibody (Santa
Cruz Biotechnologies) 1:500 both for 1D/SDS-PAGE and 2D/SDS-PAGE.
The membranes were washed with PBS-T and incubated for 1h with
horseradish peroxidase-coupled anti-goat IgG polyclonal antibody
(Sigma) diluted 1:2000. The reaction was developed as described
above. Control membranes, incubated without anti-enolase antibody,
were also included.

2.7. T. solium enolase cloning, recombinant expression, and purification

The In-Fusion Cloning Kit HD (Clontech Laboratories, Mountain
View, CA) was used to clone the T. solium enolase coding sequence
TsEnol, following manufacturer instructions. Briefly, the pET-23a (+)
vector (Novagen, Madison, WI) was linearized by restriction-enzyme
digestion. Fifteen-base-pair primers homologous to vector ends, in-
cluding restriction sites for BamHI and Notl (Table 1) were designed
and synthetized to amplify the coding sequence for enclase. Total RNA
was isolated from T. solium cysticerci using Trizol (Invitrogen, Carlsbad,
CA). Superscript IT RNase H-—reverse transcriptase (Invitrogen) was
used for RT with a 1-pg RNA sample. The coding sequence for enolase
was amplified by PCR and bound to a plasmid vector with the cloning
kit. BL21 competent cells were transformed with the recombinant
plasmid, and the expression of recombinant T. solium enolase (rTsEnoA)
was induced with 1 mM IPTG at 37 °C for 6 h. Induced cells were har-
vested and lysed in a buffer containing 50mM Tris-HCl pH 8.0,
100 mM NacCl and 1 mM EDTA. Histidine-tagged rTsEnoA was purified
by affinity chromatography in an AKTAprime plus system (GE Health-
care Life Sciences). Finally, rTsEnoA recognition was assessed by
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Table 1
Primer pairs for the PCR amplification of enolase isoforms.

TsEnol F: 5’AATGGGTCGC/GGATCC/ATGTCCATCCAAAAGATTCATGC
R: 5TGCTCGAGT/GCGGCCGC/CAAAGGATTGCGGAAGTGCTC
TsEno2 F: 5’AATGGGTCGC/GGATCC/ATGGCGATGCTAAGAATTGTG
R: 5TGCTCGAGT/GCGGCCGC/TTTGATAGGGTTTAATATGTGC
TsEno3 F: 5’AATGGGTCGC/GGATCC/ATGAAATCTATCATTGCACGCC
R: 5TGCTCGAGT/GCGGCCGC/AGGATGGCGGAAATTTTCGC
TsEno4 F: 5’AATGGGTCGC/GGATCC/ATGAAACAACAGTTCGATAATG

R: 5TGCTCGAGT/GCGGCCGC/CTCACATTTCACCCAGAGG

Western blot as described above, using mouse monoclonal antibody
(Roche Diagnostics, Basel, Switzerland) directed to the hiss-tag of the
recombinant product, diluted 1:4000, as well as a goat anti-enolase
antibody (see above) diluted 1:1000.

2.8. Plasminogen binding assays (rTsEnoA)

Polystyrene microplates (Coming Costar, Sigma-Aldrich) were
coated by overnight incubation at 4 °C with either 1 pg of rTsEnoA or
3ug of CE per well, using a 0.05M bicarbonate/carbonate buffer pH
9.6. Then, the plates were washed three times with PBS-T and blocked
with PBS-T added with 1% gelatin (PBS-T-Gel) for 1h at 37 °C. Aftera
second wash with PBS-T, 4 pg of human Plg in 100 pL of PBS-T-Gel were
added to each well and incubated for 1h. Microplates were washed
three times with PBS-T, incubated for 1 h with goat polyclonal anti-Plg
antiserum (Acris Antibodies) (1:1000), and then incubated for 1 h with
peroxidase-conjugated anti-goat 1gG polyclonal antibody (Sigma)
1:1500. Peroxidase activity was revealed with 100 L of 3,3’,5,5"-tet-
ramethylbenzidine (TMB) single solution (Thermo Fisher Scientific,
Waltham, MA); the reaction was stopped by adding 100pl of 1N hy-
drochloric acid. The plasminogen inhibitor eACA was added to some
assay mixtures at a final concentration of 40 mM. Negative controls
included plates without rTsEnoA or CE, as well as coated with gelatin
only (1 pg per well, the same as rTsEnoA). Every condition was assayed
in duplicate and all assays were repeated at least three times.

2.9. Plg activation assays (rTsEnoA)

Plg activation was assessed by measuring the production of 4-ni-
troaniline using Chromozym PL (Roche Diagnostics) as a substrate for
plasmin. To determine whether Plg was activated by rTsEnoA, poly-
styrene microplates were coated with either 10 pg of rTsEnoA or 4 pg of
CE in bicarbonate/carbonate buffer pH 9.6. After washing as described
above, wells were blocked with PBS-T-Gel for 1 h at 37 °C. Then, 4 pg of
Plg in 100 pL of PBS-T-Gel were added to each well and incubated for
1h at 37 °C. Wells were rinsed three times and incubated with 15 ng of
tPA (Calbiochem, San Diego, CA) and 0.5 mM Chromozym PL in 200 pL
(final volume) of 50 mM Tris buffer pH 7.4. Absorbance at 405 nm was
determined at room temperature at 15 and 30 min, and thereafter every
hour for 24 h. The plasminogen inhibitor tACA was added to some
assays at a final concentration of 40 mM. Control assays either without
Chromozym PL, Plg, rTsEnoA, or tPA were included. Every condition
was assayed in duplicate and all assays were reproduced at least three
times.

2.10. Phylogenetic analysis

Enolase isoform sequences were downloaded from the GenBank and
GeneDB datasets (http://www.genedb.org/homepage). T. crassiceps
sequences were obtained as unpublished data and were deposited in
GenBank; all sequences and accession numbers are provided in Supp.
Fig. 2. The sequences were aligned using the Clustal W software
(Thompson et al, 1997). A maximum likelihood (ML) analysis was
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performed using the RAXML software v.7.0.4. (Stamatakis, 2006). A
GTRGAMMALI substitution model was selected for ML analyses, with
10,000 bootstrap replicates.

2.11. Enolase isoform cysticercus expression determined by RT-PCR

Total RNA from T. solium cysticerci was purified as deseribed above.
Appropriate primers were designed based on the TsEno2, TsEno3, and
TsEno4 nucleotide sequence (Table 1) for specific RT-PCR analysis for
each enolase gene. Enolase genes were amplified by PCR with the
HotStar” Taq Plus Master Mix Kit (Qiagen, Venlo, Netherlands) under
the following conditions: Initial activation at 95 “C for 5 min, followed
by 35 denaturation cycles at 94 °C for 60 s, annealing for 155 at 64 °C
for Enol, 58 °C for Eno2 and Eno4, 60 °C for ENO3, and a final exten-
sion at 72 °C for 60s. Amplicons were resolved in 1% agarose gels for
visualization.

2.12. Sratistical analysis

Differences between groups were evaluated using a Kruskal-Wallis
test, nonparametric ANOVA. Differences were considered as statisti-
cally significant for P < 0.05. All analyses were performed with the
InStat software (GraphPad, La Jolla, CA).

3. Results
3.1. Plg-binding T. solium proteins

A Plg-CE ligand blotting was carried out. Initially, protein extracts
were resolved by 2D/SDS-PAGE and transferred to PVDF membranes.
About 300 protein spots were detected in CE by Coomassie blue
staining (Fig. 1A). At least 48 reactive Plg-binding spots were detected;
since these assays were performed by triplicate, only those Plg-binding
spots that were positive in all three assays were considered as valid. A
representative image is shown in Fig. 1B. Ligand blot assays were also
performed in the presence of eACA, a Plg competitive inhibitor, at a
final concentration of 500 mM. eACA decreased significantly the in-
teraction of several positive spots with Plg (Fig. 1C). Twenty-one spots
were manually cut from the 2D gel and analyzed by mass spectrometry.
Seven proteins were identified (Table 2): fasciclins 1 and 2, enolase,
mitogen activated protein kinase (MAPK), annexin, actin, and cytosolic
malate dehydrogenase. Two 47-kDa spots with identical sequences and
high coverages (55 and 76%) were identified as enolase by blastp
searches in public databases (see below). To confirm that these 47-kDa
spots correspond to enolase, 1D and 2D Western blot assays were per-
formed with the three cysticerci protein extracts, using a polyclonal
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Table 2
Identification of plasminogen-binding proteins in Taenia solium cysticerci by MS/MS
(MALDI TOF,/TOF).
Protein Spot No. Fig. 2 Access TD % Cov No. Peptides
Fasciclin 1 1 TsM_000655200 17.9 13
Fasciclin 1 2 TsM_000655200 21.4 14
Fasciclin 2 3 TsM_000825900 8.4 4
Fasciclin 2 4 TsM_000825900 10.5 4
Fasciclin 2 5 TsM_000825900 8.5 3
Enolase 6 TsM_000595600 76.44 14
Enolase 7 TsM_000595600 54.97 13
MAPK 8 TsM_000212400 10.6 6
MAPK 9 TsM_000212400 3.9 8
Annexin 10 TsM_000024300 17.4 5
Fasciclin 1 11 TsM_000655200 15.1 13
Annexin 12 TsM_000024300 26.1 7
Annexin 13 TsM_000024300 6.8 2
Actin 14 TsM_000781200 17.8 5
Actin 15 TsM_000781200 20.2 6
<MDH 16 TsM_000048200 23.7 7

Note. MAPK: Mitogen activated protein kinase, cMDH: Malate dehydrogenase cytosolic.
No. Number. Cov: Coverage.

antiserum directed to alpha-, beta-, and gamma-enolase. A single 47-
kDa band was identified in the 1D blots (Supp. Fig. 1); moreover,
several spots in 2D blots were aligned with the two sequenced 47-kDa
spots (6 and 7, Table 2). Both findings suggest the presence of isoforms
or post-translationally modified enolases in crude cysticercus extracts.

Initially, the blastp searches in public databases suggested that the
amino acid sequence determined by MS corresponded to T. solium en-
olase. However, an exhaustive analysis in silico of the enolase gene in T.
solium genome database and in databases for other Taeniid tapeworms
revealed at least four enolase genes; initially designated as Enol, Eno2,
Eno3, and Eno4, they are orthologues of the four genes were also
identified for T. crassiceps, Echinococcus multilocularis, and E. granulosus.
Finally, orthologues for Enol and Eno4 were also identified for
Hymenolepis microstoma.

3.2. Phylogenetic analysis of enolases

To better understand the evolution of enolase isoforms, a phyloge-
netic analysis of 75 sequences representing 46 taxa, including flat-
worms, bacteria, fungi, plants, invertebrates, and vertebrates, was
performed (Supp. Fig. 2). The phylogenetic analysis yielded a single
(most likely) tree (Fig. 2) with a length —In of 24279; vertebrate and
invertebrate Eno4 sequences were clustered as sister group for all other
enolases. Within vertebrates, the order of emergence of enolase iso-
forms was a (Enol), p (Eno3), and y (Eno2); among invertebrates, the
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Fig. 1. Plasminogen-binding assay on a crude extract (CE) from T. solium cysticerci. After 2D SDS-PAGE (IP: 3-10), proteins were transferred to PVDF membranes. (A) Coomassie blue
staining after 2D SDS-PAGE; other membranes were incubated with human plasminogen either in the absence (B) or presence (C) of rACA. Plasminogen-binding proteins indicated by

numbers were identified by MS/MS MALDI TOF/TOF. Left lanes show MW markers.
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Fig. 2. Maximum likelihood tree inferred for enolase isoforms. Bootstrap support values are shown near the nodes. Bootstrap support of 75-100% are marked with a dot. All sequences

and accession numbers used in this phylogenetic analysis are shown in Suppl. Fig. 2.
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order of emergence was Enol, Eno2, and Eno3. Another clade included
a different enolase isoform from Eubacteria, Archaeabacteria, Protist,
Fungi, and Plants. In addition, T. solium and its sister species, T. cras-
siceps, expressed four enolase isoforms.

The phylogenetic analysis (Fig. 2) showed that, except for Eno4, the
tapeworm enolase amino acid sequences were not orthologues of the
vertebrate isoforms; thus, enolase isoforms in vertebrates and in-
vertebrates are not monophyletic. Therefore, to differentiate vertebrate
from invertebrate enolase isoforms we propose to designate the proteins
coded by orthologue genes for Enol, Eno2, and Eno3 as A, B, and C,
respectively. Because Eno4 in all tapeworms was orthologue to verte-
brate Eno4 genes, we propose to keep this term. It should be noticed
that TsEnoA was 433 amino acid residues long, TsEnoB was 438-aa-
long, and TsEnoC was 450 aa-long, whereas TsEno4, as well as other
tapeworm orthologues were around 250 residues long, an atypical size
compared with mammalian orthologous isoforms. With respect to the
identity in amino acid sequence among the four enolase isoforms in T.
solium, EnoC was 74% identical to EnoA; EnoB was 67%; and Eno4 was
26% identical, as shown in Supp. Fig. 5.

3.3. T. solium enolase isoforms gene expression

To explore the expression of T. solium enolase isoform genes, RT-
PCR assays on total cysticercus RNA were performed, using specific
primer pairs for each isoform. TsEnoA (1299 bp) was strongly detected
in cysticercus total RNA, while detection of TsEnoC and TsEno4 (1293
and 753 bp, respectively) was less intense (Supp. Fig. 3). In contrast, no
amplification product was detected for TsEnoB (1314 bp).

3.4. Plasminogen-binding motif in TsEnoA and immunolocalization in T.
solium cysticercus tissues

Since TsEnoA seemed to be the enolase isoform with the highest
expression in cysticerci, all subsequent enolase-Plg characterization
studies were performed on this isoform. The amino acid sequence of
TsEnoA was aligned using the MultAlin tool (http://multalin.toulouse.
inra.fr/multalin/multalin.html) with other available enolase sequences:
T. multiceps, T. pisiformis, E. granulosus, E. multilocularis, Schistosoma
bovis, and F. hepatica (Fig. 3). All sequences showed identity values
higher than 70%, indicating highly conserved sequences among flat-
worm enolases. Additionally, the Plg-binding motif reported for en-
olases from many organisms, including parasites and bacteria (Bernal
et al., 2004; Ehinger et al., 2004; Bergmann et al., 2005; Vanegas et al.,
2007), was also found in T. solium (25, FYQDGKYNL5g). This motif can
vary in position along the enolase amino acid sequence among different
organisms (Ehinger et al., 2004; Figuera et al., 2013).

Immunolocalization studies using polyclonal antiserum against en-
olases were conducted. As shown in Fig. 4, an intense positive signal for
enolase was detected in bladder wall tegument, as well as in the spiral
canal of invaginated scolex. Additionally, positive staining was also
observed in subtegumental cytons of the bladder wall.

3.5. Cloning, recombinant expression and purification of rTsEnoA

The complete coding sequence for TsEnol was PCR amplified and
ligated into the expression vector PET23a. After sequencing the inserted
DNA fragment to verify that the reading frame was in phase within the
plasmid, BL21 cells were transformed. Transformed cells were induced
to express by treatment with IPTG, and the recombinant poly-his-
tagged rTsEnoA, representing about 50% of the total protein in induced
bacteria (as estimated by densitometry of dry gels) was purified by
Ni** -binding affinity chromatography from a soluble extract. Purified
1TsEnoA was resolved at 47 kDa in SDS-PAGE, consistent with the ex-
pected molecular mass (Supp. Fig. 4A). Purity of the isolated re-
combinant product was higher than 90%. Western blotting with poly-
clonal antibodies recognizing all isoforms of mammalian enolases, as
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well as antibodies directed to the histidine tag (Supp. Fig. 4B), de-
monstrated the recognition of two protein bands in the gels; the major
one, at 47 kDa, apparently corresponded to monomeric rTsEnoA, and a
second and less intense band at 90kDa might correspond to dimeric
rTsEnoA.

3.6. Plg-binding and activation by rTsEnoA

Ligand blots and ligand-ELISA were performed to determine whe-
ther purified rTsEnoA retained the ability to bind Plg as previously
observed in T. solium cysticercus crude extracts (see above). According
to the ligand assay on 1D gels, the anti-Plg antiserum used to detect Plg
binding strongly reacted with the 47-kDa band. Again, the use of eACA
in the ligand blotting greatly reduced Plg-rTsEnoA binding (Fig. 5A).
Parallel ELISA testing using rTsEnoA to coat microplate wells also de-
monstrated Plg binding (Fig. 5B). Although the results from both assays
are not comparable in terms of quantity, both suggested that the Plg-
1TsEnoA binding was specific. Competition with eACA seemed to be
more efficient in the ligand blotting assays; this discrepancy could be
explained considering that the spatial arrangement of rTsEnoA is dif-
ferent when attached to ELISA plates and the PVDF membrane. It is
possible that lysine residues on rTsEnoA, that are essential for Plg
binding, are differentially exposed in both assays, resulting in differing
inhibition levels by eACA.

To determine whether Plg-rTsEnoA binding resulted in the pro-
duction of plasmin, assays were performed with immobilized rTsEnoA.
1TsEnoA-bound Plg became slightly activated to plasmin in the pre-
sence of tPA (Fig. 5C).

4. Discussion

Cysticerci located in host tissues are exposed to several effector
mechanisms of the immune system (Flisser et al., 1986; Sciutto et al.,
20005 Amit et al., 2011; Singh et al., 2013). In addition, the extensive
uptake of host proteins by cysticerci has led to the proposal that these
proteins could play a role in the worm physiology. A striking example is
porcine serum haptoglobin, which seems to modulate the host-parasite
relation in T. solium cysticercosis (Navarrete-Perea et al., 2014, 2016).
The survival of T. solium metacestode in host tissues depends on several
mechanisms to evade or modulate the host immune response (Baig
et al., 2005; Sciutto et al, 2007; Terrazas, 2008; Mendlovic et al,
2015). Little is known about the mechanisms used by T. solium to mi-
grate in early stages of infection and establish in different host tissues.
The establishment of T. solium cysticerci in the central nervous system
may represent an advantage for the survival of the parasite in this tissue
with a privileged immune status (Garcia et al, 2004; Sciutto et al,
2007). Understanding the role that several cysticercus proteins play in
parasite migration and establishment will provide us with a more
comprehensive view of the survival mechanisms applied by cysticerci
lodged in host tissues. Enolase, a glycolytic enzyme, has been recently
described as a potential vaccine candidate (Yang et al., 2010; Chen
et al., 2012), since it is highly expressed in cysticercus tegument, and
has been proposed to play a role in the maintenance of host-parasite
relation through its Plg-activating ability, already described for T. pi-
siformis (Zhang et al., 2015).

Four enolase genes have been described for vertebrates: Enol, Eno2,
Eno3, and Eno4 (Pearce et al., 1976; Schmechel et al., 1978; Ueta et al.,
2004). However, invertebrate enolase gene diversity has not been
characterized. Four tapeworm enoclase genes were identified in public
genome databases. Coincidently, four genes have also been described in
vertebrate organisms. However, few studies on enolase evolution are
available (Tracy and Hedges, 2000; Harper and Keeling, 2004; Piast
et al., 2005), and these studies included few examples of invertebrate
enolases. Thus, to the best of our knowledge, no evidence on the rela-
tion between vertebrate and invertebrate enolase isoforms was avail-
able. This fact led us to conduct a new phylogenetic analysis that
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Fig. 3. Alignment of the amino acid sequences of enolase A from Taenia solium (AHB59732.1) with related parasites. Taenia multiceps (ACX56268.1), Taenia pisiformis (ACX56268.1),
Echinococcus granulosus (ACY30465.1), Echinococcus multilocularis (ACY30465.1), Schistosoma bovis (ACC78611.1), and Fasciola hepatica (CAK47550.1). The gray background shows the
plasminogen-binding putative motif (Bergmann et al., 2003); the box shows the motif characteristic of enolases; metal binding sites are marked with stars; circles show well characterized

substrate-binding residues.

included 75 enolase amino acid sequences from organisms belonging to
six kingdoms. ML phylogenetic analysis showed that T. solium and other
tapeworms have four enclase isoforms (Fig. 2). The topology of our tree
showed that the origin of enolase isoforms in vertebrates, except for
Enod, is independent of the enolase isoforms in invertebrates (Fig. 2).
Herein we propose a new designation (EnoA, EnoB, EnoC, and Eno4) to
emphasize that invertebrate enolase isoforms are not orthologues of
their vertebrate counterparts.

Three of the T. solium enolase isoforms (TsEnoA, TsEnoB and
TsEnoC) were 433-450 amino acid residues long, whereas TsEno4 was
about 40% smaller: 250 residues long. It is noteworthy that this enolase
lacks the Plg-binding motif. Studies to determine whether this isoform,
clearly expressed in cysticerci, retains its Plg-binding activity are cur-
rently underway. With respect to the gene expression level of the en-
olase isoforms in T. solium cysticerci, RT-PCR assays using primer pairs
specific for each isoform showed that TsEnoA, TsEnoC and TsEno4 were
clearly expressed, while no TsEnoB was detected, possibly because it is
expressed in another stage of the parasite life cycle, like the oncosphere
or the adult worm. A line of evidence supporting a high expression of
TsEnoA is given by a random sequencing of 75 000 ESTs from T. solium
cysticerci and adults (Tsai et al., 2013, http://www.genedb.org/
Homepage/Tsolium); 674 hits for TsEnoA were recorded in cysti-
cercus ESTs, whereas only one hit was reported for Eno4 (data not
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shown). The high expression of TsEnoA could be due to its involvement
in glycolysis, a key metabolic process for T. solium, since this parasite is
well known for its high glucose consumption (Willms et al., 2005).

In agreement with the evidence on the Plg-binding function of ta-
peworm enolases, eukaryotic enolases have been shown to be multi-
functional proteins, with other activities besides their role as glycolytic
enzymes (Pancholi, 2001). In this respect, several flatworms have been
proved to express enolase as a tegumentary protein; its exposure on the
external surface has also been suggested (Jolodar et al., 2003; De la
Torre-Escudero et al., 2010; Wang et al., 2011; Figueiredo et al., 2015;
Zhang et al., 2015). Other reports have found enolase as an excretion/
secretion (E/S) protein in several flatworms, including T. solium (Bernal
et al., 2004; Hewitson et al., 2009; Virginio et al., 2012; Victor et al.,
2012). In any case, either as E/S products or as surface proteins, en-
olases have been associated to Plg binding and activation during
parasite invasion of the host tissues (Ghosh and Jacobs-Lorena, 2011;
Gonzalez-Miguel et al., 2012, 2015). In this study, we confirmed that T.
solium enolase shows a widespread distribution in cysticercus tissues
(Fig. 4); in the bladder wall, enolase was detected in the tegument and
in subtegumental cytons that are assumed to elaborate E/S products to
be sent to the tegument; in the invaginated scolex, enolase was clearly
present in the tegument of the spiral canal and other cellular com-
partments. This widespread tissue distribution is compatible with both
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Fig. 4. Immunohistochemical localization of enolase
on tissue sections of T. solium cysticerci. (A, B) As a
secondary control, sections were incubated only with
an anti-goat IgG polyclonal antibody coupled to
horseradish peroxidase. (C, D) Sections were in-
cubated with goat polyclonal anti-enolase antibody,
followed by anti-goat IgG polyclonal antibody cou-
pled to horseradish peroxidase. Tmage A, C bars:
100 pm. Image B, D bars: 50 pm. T: tegument, SPC:
spiral canal. STC: subtegumental cytons.

an enzyme with a metabolic role and a protein involved in host-parasite
interplay. The antibody used in immunolocalization studies clearly re-
cognized TsEnoA, as demonstrated by mass spectrometry and Western
blot assays. In contrast, it failed to recognize TsEno4, and this was then
confirmed by Western blot. However, the possibility of cross-reaction at
least with TsEnoC cannot be ruled out, considering that TsEnoB did not
seem be expressed in cysticerci.

Ligand blotting assays demonstrated that T. selium cysticerci ex-
pressed several proteins with Plg-binding properties (Fig. 1B). Plg li-
gands have been reported as involved in the pathogenesis of other
parasites (Ghosh et al., 2011; Gonzalez-Miguel et al., 2013). The role of
T. solium enolase as a Plg-binding protein was initially suggested by its
identification in Plg-binding spots in the 2D/SDS-PAGE, by MS
(Table 2). The high coverage of the amino acid sequence determined by
MS for spots 6 and 7 allowed identification of TsEnoA. In contrast,
TsEnoB, TsEnoC, and TsEno4 were not detected. The other Plg-binding
proteins found in T. solium cysticerci (fasciclins 1 and 2, MAPK, anexin,
actin, and cytosolic malate dehydrogenase) require detailed char-
acterization studies for their involvement on Plg activation.

TsEnoA contains 433 amino acid residues in a sequence that shows
high identity with enolases from other Taeniid parasites (T. multiceps:
99%, T. pisiformis: 96%, E. granulosus: 95%, and E. multilocularis: 94%);
identity rates with other platyhelminths like Fasciola spp. and
Schistosoma spp. ranged from 78 to 72%. This highly conserved amino
acid sequence was expected, considering the crucial metabolic role of
this and other glycolytic enzymes (Pancholi, 2001).

Previous studies on enolase sequences, including helminth parasites,
have proposed that Plg binding involves an internal motif such as
24sFYDKERKVY 5, described for bacteria (Bergmann et al., 2003;
Ehinger et al., 2004; Bernal et al., 2004; Vanegas et al., 2007; Ghosh
et al, 2011). A putative Plg-binding motif was also identified in
TSEnoA: ;5 FYQDGKYNL,sq (Fig. 3).

Equivalent ligand blotting assays (Fig. 5A) and other determinations
confirmed the Plg-binding ability of rTsEnoA (Fig. 5B). The competitive
inhibitor eACA also apparently decreased Plg-enolase binding. rTsEnoA
was also demonstrated to increase Plg activation by tPA more than
twice, suggesting that enolase potentiates the action of this physiolo-
gical plasminogen activator (Fig. 5C). Only a small decrease in Plg
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activation by tPA was observed when the competitive inhibitor eACA,
that blocks Plg binding to exposed lysine residues, was added to the
reaction mixture, suggesting that Plg binding and activation by
rTsEnoA did not significantly involve lysine residues. Clearly, eACA is
not an adequate Plg binding inhibitor for TsEnoA, in agreement with
reports about enolase in other pathogenic organisms (Rojas et al., 2008;
Floden et al., 2011; Zhang et al., 2015). Exploration through directed
mutagenesis could shed some light on this possibility.

Information on the mechanism by which parasite infections pro-
mote ECM degradation is limited (McKerrow et al., 1983; Andrade,
1994; Lu and Lai, 2013; Thibeaux et al., 2014). The interaction of
plasminogen-plasmin with proteins of microorganisms, including bac-
teria, has been suggested to play a key role in the degradation of ECM,
acting on several ECM proteins including fibronectin, laminin and
thrombospondin (Bergmann et al., 2005; Bhattacharya et al,, 2012;
Singh et al., 2012; Grossi et al., 2016). Also in parasites, it has been
proposed that loosening the ECM can facilitate parasite migration in the
host tissues during early stages of infection, as well as its establishment
in a final location (Singh etal., 2015; Gonzilez-Miguel et al., 2015). We
can speculate that degradation of the ECM could allow the cysticercus
to grow and survive. The enolase-plasminogen interaction could be one
(among others) of the mechanism used by the parasite. While the pre-
sence of enolase binding and activating Plg (in the presence of tPA) was
documented in this study for the larval stage of T. solium, enolases and
other promoters of Plg activation could also be present in the human
infective stage (oncosphere), which could reach several host tissues and
develop into the larval stage. Previous studies showed that enolase,
among other proteins, are expressed in the proteome of T. solium acti-
vated oncospheres (Santivafez et al., 2010). Studies to ascertain whe-
ther enolase is involved in the degradation of extracellular matrices are
ongoing. If involved, they could be a major factor contributing to the
parasite establishment in host tissues. It is also conceivable that one of
the isoforms of enolase in T. solium could be more involved than others
in Plg-binding.
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Fig. 5. Plasminogen-binding and activation by rTsEnoA. (A) Ligand blotting with rTsEnoA incubated with plasminogen and developed with a polyclonal anti-Plg antibody (Lane 1).
Ligand blotting assay in the presence of 500 mM £ACA (Lane 2). Control mixture in the absence of plasminogen (Lane 3). (B) Plasminogen-binding to rTsEnoA using a microtiter plate
method. rTsEnoA was adsorbed to the microtiter plate followed by incubation with Plg and then with a polyeclonal anti-Plg antibody in the presence of cACA. Crude eysticercus extract
(CE) was employed as a positive control. Negative controls included plates without either rTsEnoA or CE, as well as coated only with gelatin (Gel). (C) Plasminogen activation assays in
presence of rTsEncA and tPA. Plasmin activity was determined by measuring 4-nitroaniline production. Letters on top of each bar indicate significantly different at P < 0.05 (Kruskal-

Wallis test, nonparametric ANOVA).
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Pathogens have developed particular strategies to infect and invade their hosts. Amongst
these strategies’ figures the modulation of several components of the innate immune system
participating in early host defenses, such as the coagulation and complement cascades, as
well as the fibrinolytic system. The components of the coagulation cascade and the fibri-
nolytic system have been proposed to be interfered during host invasion and tissue migra-
tion of bacteria, fungi, protozoa, and more recently, helminths. One of the components that
has been proposed to facilitate pathogen migration is plasminogen (Plg), a protein found in
the host’s plasma, which is activated into plasmin (PIm), a serine protease that degrades fib-
rin networks and promotes degradation of extracellular matrix (ECM), aiding maintenance of
homeostasis. However, pathogens possess Plg-binding proteins that can activate it, there-
fore taking advantage of the fibrin degradation to facilitate establishment in their hosts.
Emergence of Plg-binding proteins appears to have occurred in diverse infectious agents
along evolutionary history of host-pathogen relationships. The goal of the present review
is to list, summarize, and analyze different examples of Plg-binding proteins used by infec-
tious agents to invade and establish in their hosts. Emphasis was placed on mechanisms
used by helminth parasites, particularly taeniid cestodes, where enolase has been identified
as a major Plg-binding and activating protein. A new picture is starting to arise about how
this glycolytic enzyme could acquire an entirely new role as modulator of the innate immune
system in the context of the host—parasite relationship.

Introduction
Infectious agents migrate to their predilection sites in the host tissues, sometimes requiring to trespass
physical barriers of the host such as epithelia, extracellular matrices (ECM), basement membranes, or cir-
cumvent several effector systems along their journey through the bloodstream [1-3]. They evade innate
and adaptive host’s immune responses, involving the participation of multiple proteins, including prote-
olytic enzymes, receptors, immunomodulatory molecules, amongst many other factors that facilitate their
dissemination and establishment in host’s tissues [4-8]. Infectious agents can uptake and use host proteins
for their benefit [9-11]. In particular, it has been proposed that they can take advantage of the host’s co-
agulation cascade through the activation of plasminogen (Plg) to be converted into an active proteolytic
enzyme (plasmin (Plm)). Plm participates indirectly in the degradation of ECM proteins and cell-junction
proteins, thus facilitating invasion and establishment [12,13].

The goal of the present review is to list, summarize, and analyze different examples of Plg-binding
proteins used by infectious agents to invade and establish in its host. These appear to be adap-

30 August 2018

Version of Record published: tive mechanisms of those infectious agents taking advantage of host’s proteins. To facilitate the anal-
2 October 2018 ysis, the review was divided in bacterial and fungal infectious agents and protozoal and helminth
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Figure 1. Relationship of coagulation and complement cascades with the fibrinolytic system

The coagulation cascade has two pathways: the intrinsic and the extrinsic. Both pathways merge through factors V and X, resulting
in the formation of clots. The fibrinolytic system relates with the final stage of the coagulation cascade, and its primary function is
the proteolytic elimination of clots on blood vessels. Complement C5 can be activated by several coagulation enzymes (thrombin,
factor IXa, factor Xa, factor Xla, and kallikrein). PIm can also activate complement through C5 degradation.

parasites. A short section also considers tumor cells as invasive agents. Special emphasis was given to the mecha-
nisms that helminth parasites, particularly cestodes, use to migrate and establish into predilection tissues in the host.
Understanding these mechanisms might result in strategies for the prevention and control of infectious pathogens.

Coagulation, complement, and fibrinolysis

The coagulation cascade and the fibrinolytic system

The coagulation cascade is a complex sequence of proteolytic reactions that ends with the formation of the fibrin
clot. The coagulation cascade involving cellular (platelets) and proteolytic factors is activated when the endothelium
of a blood vessel is damaged. The immediate goal is to stop bleeding, facilitating and promoting other mechanisms
for damage control and repair. The coagulation cascade proceeds in two pathways: the intrinsic, formed by factors
VIIIL IX, XL, XII and the extrinsic, regulated by tissue thromboplastin and factor VII (Figure 1). Both pathways merge
through factors V and X, that require calcium and platelet phospholipids, resulting in the formation of fibrin networks
known as clots [14,15].

The fibrinolytic system participates in the final stage of the coagulation cascade and its primary function is the
elimination of clots deposited in the blood vessels mainly through proteolytic action. The central reaction of the
fibrinolytic system is the activation of Plg to Plm [16]. Degradation of clots depends on the binding of Plg/Plm to lysine
residues located at the C-terminal end and to some internal lysine residues in fibrin networks (and other receptors);
Plg binding requires lysine-binding sites (Figure 1) located in Kringle domains [17].

Plm is a broad-spectrum serine protease that degrades fibrin, ECM, and connective tissue through the participation
of other proteolytic enzymes, including metalloproteases and collagenase [3]. A large number of pathogens including
parasites express Plg receptors that immobilize Plg on their surface resulting in its activation; it has been proposed
that the activation of Plg facilitates migration and invasion of these pathogens to different tissues in the host, as well
as evasion mechanisms of the immune response, mostly through activation of the complement cascade [18-23].

2 (@) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY)
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Figure 2. The structure of human Plg

Domains are labeled and colored as follows: Pap, blue; KR1, pink; KR2, yellow; KR3, orange; KR4, green; KR5, purple; SP, cyan.
The chloride ions (Cl) 1 and 2 are in the interface KR4/PAp and KR2/SP, respectively, and are shown as spheres. Two other chloride
ions 3 and 4, bind to the KR2 and SP domain, respectively. The position of the activation loop is marked with a red sphere. The LR
of KR1 is marked with an asterisk (). Figure taken from Law et al. (2012) [38].

The coagulation cascade and the complement system

The coagulation and complement cascades are closely associated. A number of studies have demonstrated that coagu-
lation and complement share several activators and inhibitors [24-28]. The complement cascade activation occurs by
three distinct but interrelated pathways: the classical, the lectin, and the alternative (Figure 1). The classical pathway
is initiated by immune complexes, the lectin pathway is initiated through the binding of the mannose-binding protein
(MBP) to bacterial surfaces, and the alternative pathway is initiated by bacterial endotoxin present in the outer sur-
face of bacteria and yeasts [29]. All pathways merge at the level of the C3 convertase before resulting in the formation
of the membrane attack complex (C5b-9 or MAC) and the release of several active anaphylatoxins, opsonins, and
other active molecules. The complement C5 can be activated by several coagulation enzymes including thrombin,
factor IXa, factor Xa, factor XIa, and kallikrein (Figure 1). Plm can also activate complement but degrade C5, thereby
preventing C5b deposition and MAC formation, which is a powerful lytic agent in bacterial infections. Both cascades
contain a sequence of serine-proteases present in the plasma and serve important roles in innate host defense and
hemostasis.

Structure of Plg

Plg is synthesized in the liver as a glycoprotein of 810 amino acids and approximately 90 kDa, also known as Glu-Plg.
When secreted into plasma, the signal peptide in the N-terminal end (19 amino acid residues) is lost to become the
mature form [30]. Plg can be found in two forms: the Glu-Plg that has a residue of glutamic acid at the N-terminal
end and the Lys-Plg having a Lys” residue at the N-terminal end [31]. Glu-Plg is converted into Lys-Plg by exoge-
nous Plm that removes a 77 amino-terminal peptide [32]. Lys-Plg is more efficiently activated by fibrinolytic activa-
tors than Glu-Plg [33,34]. Both forms of Plg are made up of seven structural domains, an activation peptide in the
N-terminal region known as the PAp domain (1-77 aa), five Kringle domains (KR1-5), and an SP serine protease do-
main (562-791 aa) (Figure 2) [35,36]. The Kringle domains mediate Plg-binding by lysine-binding sites (see above),
to substrates and to cell surface receptors. The PAp domain interacts with KR4 and KR5, this interaction is critical to
maintain a closed conformation of Plg. However, Plg can also be present in its open conformation (pre-activation),
suggesting that a conformational rearrangement exposes the cleavage site for the Plg activators (PAs), whose action
will result in the formation of Plm, the active protease [36,37].
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Activators and physiological inhibitors of Plg/Plm

The activation of Plg to Plm is mediated by the proteolytic action of two major types of PAs, the tissue-type (tPA)
and the urokinase-type (uPA); both activate Plg by cutting specifically between Arg®’-Val**! residues, in the SP
domain [38]. However, some bacteria secrete different PAs, such as streptokinase (Streptococci, groups A, C, and G),
staphylokinase (Staphylococcus aureus lysogenic), Pla (Yersinia pestis), PauA (secreted by Streptococcus uberis),
and PadA (Streptococcus dysgalactiae) [39-44]. On the other hand, fibrinolysis is a highly regulated process involved
in hemostasis, requiring participation of different inhibitors; best known are «2-antiplasmin and a2-macroglobulin
(Plm inhibitors), PAI-1, PAI-2, and PAI-3 (inhibitors of Plg activators) [45-49].

Participation of Plg/PIm in other cellular processes

In addition to its interaction with fibrin, Plg/Plm can act on other proteins such as cell surface receptors, coagula-
tion components (factors V, VIII, and X), metalloproteases, as well as structural components of the ECM, including
laminin, fibronectin, complement factors (C3 and C5), vitronectin etc. [13,50-54]. Therefore, Plg/Plm have been as-
sociated with several physiological and pathological functions in fibrinolysis and hemostasis, degradation of ECM,
tumor growth, invasion, migration, tissue remodeling, wound healing, angiogenesis, and evasion of the immune re-
sponse [13,55,56].

Role of Plg receptors in sterile and non-sterile conditions

Plg receptors in cancer

Cellular Plg/Plm receptors are ubiquitous, show high affinity for their ligand, and are usually expressed on cell surfaces
[1,57,58]. Neoplastic cells behave in several aspects like infectious agents, indeed, Plg-binding proteins have also been
involved as a mechanism to evade the innate response against tumor cells. Degradation of ECM is a crucial step
in tumor cell invasion and thus, in metastasis. Plg is one of several proteases that facilitate tumor cell motility by
disrupting the basement membrane and stromal barriers [59,60]. The presence of actin, enolase-1, cytokeratin 8, and
annexin 2 have been associated with poor prognosis and resistance to chemotherapy of malignant tumors in patients.
These proteins are overexpressed in cancer cells and have the ability to bind Plg/Plm, making them good diagnostic
and prognostic markers, for example in breast, lung, and pancreas carcinomas [58,61]. The critical role of the Plg/Plm
system in cancer biology is supported by in vitro and in vive studies; x-enolase has been identified as a potentially
useful candidate for diagnosis and prognosis as well as for therapy using antibodies [55]. Inn vitro treatment of lung
and bone cancer cells with antibodies against «-enolase, as well as with shRNA plasmids, appears to be a promising
approach to suppress tumor metastasis, as it inhibits ECM degradation and invasion of cancer cells [13,55]. Moreover,
in vivo studies of cancer utilizing Plg-deficient mice, demonstrated a markedly reduced angiogenesis and decreased
metastatic potential [62-64].

Plg receptors in bacteria

Recruitment of host proteases on the bacterial surface represents a particularly effective mechanism for increasing
invasiveness [65]. One of the protease systems involved is the Plg/Plm; for which over 40 binding proteins have been
reported in bacterial species (Table 1) [57]. These proteins include metabolic enzymes, components of signaling path-
ways, structural proteins, amongst others. In Mycobacterium tuberculosis 13 proteins have been reported, 11 in Bor-
relia burgdorferi,and 13 in Leptospira interrogans, to mention a few examples. Several models have been proposed
in bacterial infections to explain the involvement of these proteins during invasion [2,57]. The degradation of ECM
proteins in different bacteria was also evaluated, for example: in Lepfospira, bound Plg is converted into PIm by uPA,
for degradation of fibronectin and laminin, as evaluated by ELISA [66]. Also, Leptospiraenolase-bound Plg has been
described to degrade vitronectin [12]. Several examples of Plg receptors have also been described for Mycoplasma
species [67,68].

Plg/Plm regulates both, coagulation and complement cascades in bacterial infections; interaction with the comple-
ment system may help bacteria to evade host’s immune system, facilitating invasion. Plm cleaves human complement
proteins C3b and C5 in the presence of L. interrogans proteins: LigA and LigB [69]. Moreover, Lsa23 can block acti-
vation of both, alternative and classical pathways of complement. PLG bound to Lsa23 could be converted into Plm,
which in turn degrades C3b and C4b [70]. These results suggest that Lsa23 might be involved in complement evasion
processes by acting on three different mechanisms and could assist Leptospira to overcome lysis promoted by the
MAC.
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Table 1 Plg-binding proteins in pathogenic bacteria
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Plg-binding proteins Bacterial species References
Type 1 fimbriae Escherichia coflf [71]
OspA Borrelia burgdorferi [72]
BBATO [73]
OspC 74
CRASP-1,3,4,and 5 [75]
ErpP, ErpA, and EmpC [76]
ErpB3 Borrslia spiglmanii [77]
Dnak, GroES, GinAl, Ag85 complex, Mpts1, Mpt6d4,  Mycobactenum tuberculosis [78,79]
PrcB, MetK, SahH, Lpd, Icl, Fba, and EF-Tu
LenA Leptospira interrogans [80]
Leptospiral surface adhesion, LsaB8 and Lp30 [81]
LIC12238, LIC10494, LIC12730, LipL32, LipL40, Lp29, [82]
Lp49, Lsa20 and Lsab
EF-Tu [83]
Lsad4 and Lsadb [B4]
GAPDH Group A streptococei [85]
Streptococcus pneumonias [86,87]
Bacillus anthracis [88]
Lactobacillus crispatus [B9]
Lactobacillus plantarum [90]
Clostridium perfringens [e1]
Erysipslothrix rhusiopathias [92]
Rismeralla anatipestifar [93]
Escherichia colf [94]
Enolase Neisseria meningitidis [95]
Borrelia burgdorferi [96]
Mycoplasma gallisspticum [67]
Trichomonas vaginalis [97]
Candida albicans [98]
Lactobacillus crispatus [89]
Lactobacillus plantarum [99]
Leptospira interrogans [12]
Mycobacterium tuberculosis [100]
Mycoplasma prieumoniae [101]
Triosephosphate isomerase Staphylococcus aursus [102]
Phosphoglycerate kinase Group B Stretococcus [103]
Fructose 1,6-bisphosphate aldolase Mycobacterium tuberculosis [78,79]
Neisseria meningitidis [104]
DNaK and Peroxiredoxin Neissaria meningiticis [105]
PdhA-C, GAPDH-A, Ldh, Pgm, Pyk, and Tkt Mycoplasma preumoniae [68]
Skizzle Streptococcus agalactiae [108]

Abbreviations: Antigen 85, mycolyltransferase, Fn binding protein, Ag85A, Ag85B, and Ag85C; DnaK, heat shock protein 70 or protein chaperone Dnak;;
EF-Tu, iron-regulated elongation factor TU; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GInA1, glutamine synthetase Al; GroES, 10-kDa
chaperonin; CRASF, surface protein that acquires the complement regulator; Icl, isocitrate lyase; Ldh, lactate dehydrogenase; LHF, dihydrolipoamide
dehydrogenase; MetK, methionine adenosyltransferase; Mpt51, related AgB5 complex protein, with mycolil transferase, Fn binding protein D; Mpt64,
immunogenic protein: OspA, outer surface protein A; OspC, outer surface protein C; PdhA-C, pyruvate dehydrogenases A to C; Pgm, phosphoglycerate

mutase; PrcB, proteasome B subunit;Pyk, pyruvate kinase; Tkt, transketolase.

Plg receptors In fungi

Several fungal pathogenic species express molecules that interact with host proteins during pathogen invasion, col-
onization, and growth. The ability to interact with host components, including blood, ECM proteins, and human
complement regulators, appears to be essential for pathogen survival. Fungal parasite species express Plg-binding
proteins (Table 2). Candida species have been reported to exhibit numerous Plg-binding proteins: eight proteins have

(€) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 5

License 4.0 (CC BY)

85



« = PORTLAND
09 priss

Bioscience Reports (2018) 38 BSR20180705
https://doi.crg/10.1042/BSR20180705

Table 2 Plg-binding proteins in pathogenic fungi

Plg-binding proteins Fungi species References

Pgm, alcohol dehydrogenase, thioredoxin Candida albicans [107]
peroxidass,catalase, transcription elongation factor,

GAPDH, phosphoglycerate kinase, and fructose

bisphosphate aldolase

Prat [114]
Pgm [115]
CPRAR2_404780, CPARZ_404800, Ssa2, and Candida parapsilosis [108]
B-phosphogluconate dehydrogenase 1
Fructose 1,6-bisphosphate aldolase Paracoccidioides sp. [11§]
Enclase Aspergillus nidulans and Candida albicans [110]
Paracoccidioides brasiliensis [111,112]
Pneumocystis canni [113]
Thicredoxin-dependent peroxide reductade, heparinase Trichosporon asahif [117]
Triosephosphate isomerase Cryptococcus neoformans [118]
Not identified [119]
Hsp70, CpnB0, glucose-8-phosphate isomerase, ATP [109]

synthase subunit B, Pyk, ATP synthase subunit «,
respense to stress-related protein, phosphoglycerate
kinase, putative uncharacterized protein, ATP synthase
vy chain, ATP synthase & chain, Putative uncharacterized
protein, ketol-acid reductoisomerase, Transaldolase,
inorganic diphosphatase, dihydrolipoyl dehydrogenase,
fructose-bisphosphate aldolase, giutamate
dehydrogenase, enalase

Abbreviations: Cpn60, heat shock protein 80; Hsp70, heat shock protein 70; Pgm, phosphoglycerate mutase; Pyk, pyruvate kinase.

been reported in Candida albicans: phosphoglycerate mutase, alcohol dehydrogenase, thioredoxin peroxidase, cata-
lase, the transcription elongation factor, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate ki-
nase, and fructose bisphosphate aldolase [107]; four proteins have been reported in C. parapsilosis: CPAR2_404780,
CPAR2_404800, Ssa2, and 6-phosphogluconate dehydrogenase 1 [108]. In the case of Cryptococcus neoformans,
18 proteins have been identified as capable of binding host’s Plg system to allow the fungus to cross tissue barriers,
supporting the hypothesis that Plg binding may contribute to trespass the blood-brain barrier [109]. The role of eno-
lase in pathogenicity has also been studied in fungal parasites including Aspergillus nidulans, C. albicans [110],
Paracoccidioides brasiliensis [111,112], and Pneumocystis carinii [113]. However, only the role of enolase in the
processes of invasion and dissemination of fungal infections has been hypothesized, since no functional studies have
been done yet.

Plg receptors in protozoan parasites

The role of Plg for intracellular parasites has been less documented (Table 3). However, involvement of Plg in inva-
siveness and pathogenesis of some parasites has been clearly shown. For example, it has been reported that binding
of Plg/Plm contributes to virulence in Leishmania mexicana. Furthermore, Plg binding has been shown to be highly
heterogeneous amongst different morpho-phenotypes of promastigotes, including a Plg-binding increase related to
the differentiation of the promastigotes [120]. The course of the infection was also evaluated in a Plg-deficient mice,
demonstrating that Plg has an effect on the distribution pattern of these parasites in the lesion produced by L. mex-
icana, but does not have an effect on the dissemination of the parasite to other organs [121]. L. mexicana enolase
has been described to interact with Plg on the surface of the parasite through an internal motif: 2 AYDAERKMY
[122,123]. An activated C-kinase (LACK, Leishmania homolog of receptors for activated C-kinase) also binds Plg;
this is a homologous receptor of Leishmania sp. that binds and activates Plg in the presence of tPA through an internal
motif similar to that in enolase (**VYDLESKAV?%®); this being a new function of the protein that could contribute
to the invasiveness of the parasite [124].
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Table 3 Plg-binding proteins in protozoan parasites

PORTLAND
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Proteins Parasite species Binding characteristics References

Enclase Leishmania mexicana - Heterogeneous binding between the [120,122]
morpho-phenotypes of promastigotes
- Enolase binds through an internal maotif
(249 AYDAERKMY?57)

LAGK LACK binds through an internal motif [124]
similar to that of enclase
(P50VYDLESKAV?SE)

Enclase Plasmodium yosli The oocysts bind the Plg [125]

Enclase Plasmodium falciparum The enolase of the cocysts binds Plg [128]
Plasmodium berghei through an internal motif (DKSLVK)

Not identified Trypanosoma cruzi The trypomastigote and epimastigote [127.128]
bind Plg on its surface

Not identified Trypanosoma evansi The Plg have greater bonding capacity  [129]
compared with others from the same
family

GAPDH Trichomonas vaginalis Natural GAPDH and the recombinant [130]
bound to immobilized Plg, FN, and
collagen

On the other hand, Trypanosoma cruzi during its life cycle alternates between different morphological types:
epimastigote, metacyclic trypomastigote in the insect vector, amastigote, and the blood trypomastigote in the mam-
malian host. The trypomastigote and the epimastigote thrive outside a host cell, which means that they interact di-
rectly with host fluids; both show the ability to interact with Plg [127]. This has also been demonstrated and quan-
titated in epimastigotes [129]. However, T. evansi possess receptors with higher Plg-binding affinity, unlike T. cruzi
and other parasites of this family [121].

In the Plasmodium species, the oocysts play an important role in the host’s invasion. The oocysts have to trespass
two physical barriers in the insect host: the peritrophic matrix and the midgut epithelium [126]. Enolase in Plas-
modium yoelii is associated with nuclear elements, cell membrane, and cytoskeleton, suggesting that it may play
non-glycolytic functions such as participating in the host invasion through Plg binding [125]. It was recently re-
ported that the superficial enolase of the P. berghei and P. falciparum oocysts appear to facilitate attachment of the
oocysts to the midgut epithelium in the insect, as well as of recruiting Plg through binding to an internal enolase motif
(DKSLVK); this interaction is essential for the invasion of the parasite (activated Plg) and for the formation of oocysts
[126]. In addition, other components of the fibrinolytic system have been involved in the infection of P. falciparum,
such as uPA, which binds on the surface of malaria-infected erythrocytes and could be involved in the merozoite
release process [131]. The uPA has also been involved in Toxoplasma gondii infection through a specific receptor
(uPAR: uPA receptor), which could be implicated in macrophage rolling and infection through the expression and
secretion of MMP-9 metallopeptidase complexes [132].

Plg receptors in helminth parasites

The study of Plg-binding proteins in helminth parasites has been addressed in recent years (Table 4). Most of the stud-
ied parasite diseases have a life stage in the circulatory system, in contact with proteins of the fibrinolytic system of the
host. Parasites have developed different strategies to evade the immune response of the host; one of them appears to be
the recruitment of Plg on the worm’s surface. Plg-binding has been studied in Dirofilaria immitis; an E/S antigen ex-
tract of adult worms allowed identification of ten Plg-binding proteins: HSP60, actin-1/3, actin, actin 4, transglutami-
nase, GAPDH, Ov87, LOAG 14743, galectin, and P22U [7]. Moreover, an extract of surface proteins from adult worms
of D. immitis identified eleven proteins, including only two of the abovementioned group: actin-5C, actin-1, enolase,
fructose-bisphosphate aldolase, GAPDH, MSP protein domain, MSP 2, 3-binding lectin-galactosidase, galectin, pro-
tein containing the immunoglobulin I-set domain, and cyclophilin Ovcyp-2. It has been suggested that they interact
with the host’s fibrinolytic system during invasion [8]. GAPDH and galectin (rDiGAPDH and rDiGAL) recombinants
of D. immitis were analyzed as Plg-binding proteins. Results indicated that rDiGAPDH and rDiGAL are able to bind
Plg and stimulate the generation of Plm by tPA; this interaction requires participation of lysine residues. They also
increased the expression of uPA in canine endothelial cells in culture, which suggests that they promote a favorable
habitat free of clots in the intravascular environment of the parasite [133].
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Table 4 Plg-binding proteins in helminth parasites

Parasite
Proteins species Binding characteristics References
Enolase Onchocarca Ov-ENO binds Plg [134]
GAPDH volvilus Ov-GAPDH [135]
GAPDH Clonorchis sinensis  rCsGAPDH and rCsANXB30 were able to interact with human Plg ina [136]
Annexin B30 dose-dependent manner. The interaction could be inhibited by lysine a7
Enolase Fasciola hepatica Present in the E/S products [138]
HSPE0, actin-1/3, actin, actin 4, transglutaminase, Dirofilaria immitis In an extract of excretion/secretion antigens of adult worm of D. immitis  [7]
GAPDH, Ov87, LOAG 14743, Galectina and P22U
Actin-5C, actin-1, enclase, Fba, GAPDH, protein domain In a surface protein extract of adult worms [t2]]

MSP, MSP 2, B-galactosidase binding lectin, Galectina,
and cyclophilin Cveyp-2

Enolase, Actin, GAPDH, ATP: guanidine kinase, Fba, Schistosoma bovis  In a total extract of worm proteins [139]
Pgm, Triosephosphate isomerase, adenylate kinase

Enolase Echinostoma Present in the E/S products [20]
caproni

Enolase Taenia multiceps TmEnao is a Plg receptor [140]

Enclase Taenia pisiformis rTpEne could bind to Plg and could be converted into active Fim using [22]

host-derived activators. Its binding ability was inhibited by e ACA

Enolase Taenia solium Plg-binding proteins of cysticerci; TsEnoA is a Plg receptor [141,142]

Fascicilin-1, Fasciclin-2, MAPK, Annexin, Actin, and [142]

cMDH

Abbreviations: cMDH, cytosolic malate dehydrogenase; Fba, fructose-bisphosphate aldolase; MAPK, mitogen-activated protein kinase; Pgm, phos-
phoglycerate mutase; sACA, s-aminocaproic acid.

On the other hand, in a total protein extract of Schistosoma bovis adult worms, ten Plg-binding proteins were
identified: enolase, actin, GAPDH, ATP: guanidine kinase, fructose bisphosphate aldolase, phosphoglycerate mutase,
triosephosphate isomerase, adenylate kinase and two hypothetical proteins of S. japonicum [139]. Recombinant an-
nexin and enolase possess the ability to bind and activate Plg, suggesting that they play a role in the maintenance of
hemostasis within the blood vessels [21,143]. In the case of cestodes, seven Plg-binding proteins were identified in
Taenia solium cysticerci: fascicilin-1, fasciclin-2, enolase, mitogen-activated protein kinase (MAPK), annexin, actin,
and cytosolic malate dehydrogenase [142]. Recombinant enolase was characterized and showed a strong Plg-binding
and activating activity in vitro, suggesting that enolase could play a role in parasite invasion [141,142].

Other examples of helminth infections where parasite proteins have been involved in Plg/Plm binding as an evasion
mechanism of the host’s innate defensive response are Clonorchis sinensis, in which GAPDH [136] and annexin
B30 have been reported as Plg-binding proteins [137]. Enolases have also been reported as Plg-binding proteins in
Onchocerca volvulus [134], Fasciola hepatica [138], Taenia multiceps [140], and T. pisiformis [22].

Plg-enolase interaction

Enolase is perhaps the most studied Plg-binding protein in different organisms. Enolase has been identified as an
octamer on the surface of group A streptococci; molecular docking analysis have revealed the fine detail of the
Plg-enolase binding. Interaction with KR1 and KR5 domains of Plg occurs through lysine residues located at the
C-terminal end of enolase, as well as on another internal binding site. Plg undergoes a conformational change to
expose the cut site for PAs in order to induce Plm formation [144].

Molecular docking studies have not been carried out for Plg-enolase in parasites; putative Plg-binding sites have
been proposed by their similarity with described bacterial binding sites. T. solium enolase (TsEnoA) has been shown
to bind Plg [142]; apparently, the internal site of Plg is involved but not the lysine residues at the C-terminal end.
This idea is supported by results of assays using £-aminocaproic acid (¢ACA), a synthetic inhibitor of the Plm-Plg
system which binds to accessible lysine residues. In order to find out the spatial distribution of Plg-binding sites on
TsEnoA, we used the amino acid sequence to predict the protein structure using Swiss-Model and RasMol programs.
The lysine residues at the C-terminal end were not exposed (Figure 3A), in contrast with the internal site that appears
entirely accessible (Figure 3B).

(€) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. Molecular modeling of T. solium enolase A (TsEnoA) showing Plg binding sites
(A) Identification of the C-terminal lysine residues are shown in green; (B) identification of the internal Plg-binding motif of T. solium
enolase (also shown in green). The modeling was done in: http://www.openrasmol.org/.

Modulation of Plg/PIm function by enolase as a mechanism
against host’s innate responses in taeniid parasites

Parasites have developed an intimate molecular relationship with their hosts through evolution, thus requiring a
number of host proteins for survival, for example to complement their metabolism [10,133]. It is also well known
that although parasites have a vast repertoire of proteases [145,146], they also appear to take advantage of host’s
proteases. We have localized TsEnoA binding of Plg/Plm on the surface of T. solium cysticerci [141,142]. As Plm has
been involved in the degradation of fibrin clots and ECM, we proposed that binding and activation of Plg might help
the parasite to colonize host tissues. Recruitment and activation of Plg has been proposed as a mechanism involved
in survival or establishment for other helminths [7,8,139].

Human and porcine cysticercosis is acquired by ingestion of T. solium eggs. Poor hygiene conditions and domestic
management of human feces and especially, cohabitation with an adult-worm carrier are factors that facilitate trans-
mission of the disease. Eggs contain hexacanth embryos surrounded by an impermeable and highly resistant envelope
called embryophore, which allows survival under adverse environmental conditions. Once in the host’s gut, prote-
olytic enzymes and bile salts trigger the release and activation of the hexacanth embryo (also known as oncosphere).
Activated embryos trespass the host intestinal wall and reach lymphatic and blood capillaries, through which they
are distributed to a wide variety of predilection organs and tissues (subcutaneous tissue, skeletal and cardiac mus-
cle, brain, eyes etc.) [147]. Although events occurring after embryos trespassing the intestinal wall remain mostly
unexplored, it is known that few weeks are required for an oncosphere to transform into a metacestode known as cys-
ticercus. The mechanisms by which the parasite reaches a predilection tissue, like the central nervous system, where
cysticerci causes neurocysticercosis, are also unknown.

Taeniids possess adhesion molecules and metalloproteases able to degrade ECM [148]. Two previous reports have
shown that enolase from T. muiticeps and T. psiformis bind and activate Plg [22,140]. Enolase of T. solium was
also found to be Plg-binding and activating protein [141,142]. Therefore, it appears that binding and activation of
Plg might help early larval forms colonize host tissues, as Plm could aid degradation of fibrin clots and ECM. An
interesting experiment would be to test treatment of T. crassiceps cysticerci embedded in Matrigel, using antibodies
against a-enolase or shRNA plasmids to find out if cysticerci degrade ECM, following a similar strategy to that cur-
rently being tested against cancer treatment [13,55]. Thus, the role of parasite proteins that can bind and activate Plg,
along with the extensive expression of proteases such as a chymotrypsin-like peptidase, trypsin-like and cathepsin
B-like peptidases [149], could be more related to the capacity of parasites to enter through the intestinal mucosa and
invade host tissues. We can speculate that Plm can exert an initial role during parasite invasion to host tissues; once
established, it is possible that Plm and other proteases could participate in ECM degradation, allowing parasite estab-
lishment, growth, and development, as it has been reported for bacteria, protozoan, and helminth parasites. Moreover,
no proteases capable of degrading fibrin clots have been found in parasites. T. solium being the only taeniid reach-
ing the CNS, shows the expression of adhesion molecules specific for brain ligands that might be the main factors
involved in this tissue-specific parasite invasion.

T. solium and other taeniids possess at least four enolase genes [142]. Except for TsEno4, tapeworm enolase amino
acid sequences are not orthologs of vertebrate isoforms; thus, the origin of enolase isoforms in vertebrates and inver-
tebrates is not monophyletic. TsEnoA has been characterized and expressed in bacteria showing a strong Plg-binding
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and activating activity in vitro. TsEno4 is considerably smaller: 28 compared with 46-49 kDa of the other three T.
solium enolases. Preliminary results have shown that TsEno4 lacks enolase activity as well as Plg-binding activity
(Ayon-Nunez et al,, unpublished). As TsEnod is the ancestral enolase in cestodes, the fact that it lacks enolase activ-
ity suggests that other isoforms fulfilled the need for a glycolytic enzyme function; TsEno4 lost its enzyme activity
and perhaps is now involved in other moonlighting functions that are relevant for the parasite. Our current efforts
are directed to explore this possibility. Regardless of the TsEno4 case, as Plg has also been implicated as a modula-
tor of fibrinolysis, complement or even the immune response involved in the survival of a number of pathogens, a
tantalizing question would be if this is also an adaptive mechanisms in taeniid parasites.

Conclusion

Plg/PIlm seems to play a relevant role in several examples of infectious agent relationships, including bacteria as well
as protozoan, helminth, and perhaps taeniid parasites; possibly involved in the invasion and migration of the parasites
through the tissues of the host. Understanding the interactions of different Plg-binding proteins in parasites will allow
realizing a new mechanism of invasion, migration, and/or establishment that has not been addressed.

Author contribution
D.AA-N., G.F, R.J.B. and J.P.L. participated intellectually, practically and approved this manuscript for publication through a one
semester special course. D.A.A.-N., R.J.B. and J.PL. edited the paper.

Competing interests
The authors declare that there are no competing interests associated with the manuscript.

Funding

This work was supported in part by the Consejo Nacional de Ciencia y Tecnologia (CONACYT) [grant number 61334]; the
PAPIIT-Universidad Nacional Autonoma de México (UNAM) [grant numbers IN 213711, 1G200616 (to J.PL.), IN211217 (to R.J.B)];
D.A.AN. is a doctoral student at Programa de Doctorado en Ciencias Biomédicas with fellowship No. 280263 from CONACYT.

Abbreviations
ECM, extracellular matrix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MAC, membrane attack complex; PA, plas-
minogen activator; Plg, plasminogen; PIm, plasmin; tPA, tissue-type PA; uPA, urokinase-type PA.

References

1 Figuera, L., Gomez-Ameaza, A. and Avilan, L. (2013) Parasitism in optima forma: Exploiting the host fibrinolytic system for invasion. Acta Trop. 128,
116-123, htips://doi.org/10.1016/).actatropica.2013.06.023

2 Raymond, B.B. and Djordjevic, S. (2015) Exploitation of plasmin(ogen) by bacterial pathogens of veterinary significance. Vet. Microbiol. 178, 113,
hitps://doi.org/10.1016/j.vetmic.2015.04.008

3 Gonzalez-Miguel, J., Siles-Lucas, M., Kartashev, V., Morchan, R. and Simon, F. (2016} Plasmin in parasitic chronic infections: friend or foe? Trends
FParasitol. 32, 325-335, https://doi.org/10.1016/.pt.2015.12.012

4 Hansell, E., Braschi, S., Medzihradszky, K.F., Sajid, M., Debnath, M., Ingram, J. et al. (2008) Proteomic analysis of skin invasion by blood fluke larvae.
PLaS Negl. Trop. Dis. 16, 8262, hitps://doi.org/10.1371/journal.pntd.0000262

5  Hamett, W. (2014) Secretory products of helminth parasites as il vdulators. Mol. Biochem. Parasitol. 195, 130—138,
https://doi.org/10.1016/j.molbiopara.2014.03.007

B Yang, Y., Wen, Y.J., Cai, YN, Vallée, |, Boireau, P., Liu, M.Y. et al. (2015) Serine proteases of parasitic helminths. Korean J. Parasitol. 53, 1-11,
https://doi.org/10.3347/kjp.2015.53.1.1

7  Gonzalez-Miguel, J., Morchén, R., Mellado, 1., Carreton, E., Montoya-Alonso, J.A. and Simon, F. (2012) Excretory/secretory antigens from Dirofilaria
immitis adult worms interact with the host fibrinolytic system involving the vascular endothelium. Mol. Biochem. Parasitol. 181, 134140,
https://doi.org/10.1016/j.melbiopara.2011.10.010

8 Gonzalez-Miguel, J., Morchan, R., Carreton, E., Montoya-Alonso, J.A. and Simon, F. (2013) Surface associated antigens of Dirofilaria immitis adult
worms activate the host fibrinolytic system. Vet. Parasitol. 196, 235-240, https://doi.org/10.1016/j.vetpar.2013.01.028

9 Counihan, N., Chisholm, S.A., Bullen, H.E., Srivastava, A., Sanders, PR., Jonsdottir, TK. et al. (2017) Plasmodium falciparum parasites deploy RhopH2
into the host erythrocyte to obtain nutrients, grow and replicate. Elife 6, 23217, https://doi.org/10.7554/eLife.23217

10 Navarrete-Perea, J., Toledano-Magana, Y., De la Torre, P., Sciutto, E., Bobes, R.J., Soberdn, X. et al. (2016) Role of porcine serum haptoglobin in the
host-parasite relationship of Taenia solium cysticercosis. Mol. Biochem. Parasitol. 207, 6167, https://doi.org/10.1016/j.molbiopara.2016.05.010

11 Aldridge, J.R., Jennette, M.A. and Kuhn, R.E. (2006) Uptake and secretion of host proteins by Taenia crassiceps metacestodes. J. Parasitol. 92,
1101-1102, hitps://doi.org/10.1645/GE-835R.1

1 0 (€ 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY)



Bioscience Reports (2018) 38 BSR20180705 .

hitps://doi.org/10.1042/BSR20180705

20

21

22

23

24

25

26

27

28

32

33

35

37

.2 PORTLAND
®.® prEss

Salazar, N., Souza, M.C., Biasioli, A.G., Silva, L.B. and Barbosa, A.S. (2017) The multifaceted roles of Leptospira enclase. Res. Microbiol. 168,
157164, hitps://doi.org/10.1016/).resmic.2016.10.005
Hsiao, K.C., Shih, N.Y., Fang, H.L., Huang, T.5., Kuo. C.C., Chu, PY. et al. (2013) Surface «-enclase promotes extracellular matrix degradation and
tumor metastasis and represents a new therapeutic target. PLoS ONE 19, e69354, https://doi.org/10.1371/journal.pone.0069354
Hoffman, M. (2003) Remodeling the blood coagulation cascade. J. Thromb. Thrombolysis 16, 17-20,
hitps://doi.org/10.1023/B:THRO.0000014588.95061.28
Chapin, J.C. and Hajjar, K.A. (2015) Fibrinolysis and the control of blood coagulation. Blood Rev. 29, 17-24,
hitps://doi.org/10.1016/.blre.2014.09.003
Collen, D., Van Hoef, B., Schiott, B., Hartmann, M., Guhrs, K.H. and Lijnen, H.R. (1993) Mechanisms of activation of mammalian plasma fibrinolytic
systems with streptokinase and with recombinant staphylokinase. Eur. J. Biochem. 216, 307-314,
hitps://doi.org/10.1111/1.1432-1033.1993.th 18147 .x
Marti, D.N., Hu, G.K., An, S.5., von Haller, P., Schaller, J. and Llinas, M. (1997) Ligand preferences of kringle 2 and homologous domains of human
plasminegen: canvassing weak, intermediate, and high-affinity binding sites by 1H-NMR. Biochemistry 30, 11591-11604,
hitps://doi.org/10.1021/bi971316v
Pancholi, V. and Chhatwal, G.S. (2003) Housekeeping enzymes as virulent factors for pathogens. Int. J. Med. Microbiol. 293, 391401,
hitps://doi.org/10.1078/1438-4221-00283
Xolalpa, W., Vallecillo, A.J., Lara, M., Mendoza-Hernandez, G., Comini, M., Spallek, R. et al. (2007) Identification of novel bacterial
plasminogen-binding proteins in the human pathogen Mycob. ium tuberculosis. Pr ics 7, 3332-3341,
hitps://doi.org/10.1002/pmic. 200600876
Marcilla, A., Pérez-Garcia, A., Espert, A., Bernal, D., Mufioz-Antoli, C., Esteban, J.G. et al. (2007) Echinostoma caproni: identification of enolase in
excretory/secretory products, molecular cloning, and functional expression. Exp. Parasitol. 117, 5764,
hitps://doi.org/10.1016/j.exppara.2007.03.011
De la Torre-Escudero, E., Manzano-Roman, R., Pérez-Sanchez, R., Siles-Lucas, M. and Oleaga, A. (2010) Cloning and characterization of a
plasminegen-binding surface-associated enclase from Schistosoma bovis. Vet. Parasitol. 173, 76-84, hitps://doi.org/10.1016/j.vetpar.2010.06.011
Zhang, S., Guo, A., Zhu, X., You, Y., Hou, J., Wang, Q. et al. (2015) Identification and functional characterization of alpha-enolase from Taenia
pisiformis metacestode. Acta Trop. 144, 3140, hitps://doi.org/10.1016/j.actatropica.2015.01.007
Siqueira, G.H., Atzingen, M.V, de Souza, G.0., Vasconcellos, S.A. and Nascimento, A.L. (2016) Leptospira interrogans Lsa23 protein recruits
plasminogen, factor H and C4BP from normal human serum and mediates C3b and C4b degradation. Microbiology 162, 295-308,
hitps://doi.org/10.109%/mic.0.000217
Huber-Lang, M., Sarma, J.V., Zetoune, F.5., Rittirsch, D., Neff, T.A., McGuire, S.R. et al. (2006) Generation of C5a in the absence of C3: a new
complement activation pathway. Nat. Med. 12, 682—687, https://doi.org/10.1038/nm1419
Krarup, A., Wallis, R., Presanis, J.S., Gal, P. and Sim, R.B. (2007) Simultaneous activation of complement and coagulation by MBL-associated serine
protease 2. PLoS ONE 18, 623, hitps://doi.org/10.1371/journal.pone.0000623
Amara, U., Flierl, M.A., Rittirsch, D., Klos, A., Chen, H., Acker, B. et al. (2010) Molecular intercommunication between the complement and coagulation
systems. J. Immunol. 185, 5628-5636, https://doi.org/10.4049/immunol.0903678
Gulla, K.C., Gupta, K., Krarup, A., Gal, P, Schwaeble, W.J., Sim, R.B. et al. (2010) Activation of mannan-binding lectin-associated serine proteases
leads to generation of a fibrin clot. immunology 129, 482495, hitps://doi.org/10.1111/j.1365-2567.2009.03200.x
Kanse, 5.M., Declerck, P.J., Ruf, W., Broze, G. and Etscheid, M. (2012) Factor Vil-activating protease promotes the proteolysis and inhibition of tissue
factor pathway inhibitor. Arferioscler. Thromb. Vasc. Biol. 32, 427-433, hitps://doi.org/10.1161/ATVBAHA.111.238394
Amara, U., Rittirsch, D., Flierl, M., Bruckner, U., Klos, A., Gebhard, F. et al. (2008) Interaction between the coagulation and complement system. Adv.
Exp. Med. Biol. 632, 71-79
Castellino, F.J. and Powell, J.R. (1981) Human plasminogen. Methods Enzymol. 80, 365378, hitps://doi.org/10.1016/50076-6879(81)80031-6
Forsgren, M., Raden, B., Israelsson, M., Larsson, K. and Hedén, L.0. (1987) Molecular cloning and characterization of a full-length cDNA clone for
human plasminogen. FEBS Left. 213, 254-260, https://doi.org/10.1016/0014-5793(87)81501-6
Horrevoets, A.J., Smilde, A.E., Fredenburgh, J.C., Pannekoek, H. and Nesheim, M.E. (1995) The activation-resistant conformation of recombinant
human plasminogen is stabilized by basic residues in the amino-terminal hinge region. J. Biol. Chem. 270, 1577015776,
hitps://doi.org/10.1074/jbc.270.26.15770
Zhang, L., Gong, Y., Grella, D.K., Castellino, F.J. and Miles, L.A. (2003) Endogenous plasmin converts Glu-plasminogen to Lys-plasminogen on the
monogcytoid cell surface. J. Thromb. Haemost. 1, 1264-1270, https://doi.org/10.1046/).1538-7836.2003.00155.x
Markus, G., Evers, J.L. and Hobika, G.H. (1978) Comparison of some properties of native (Glu) and modified (Lys) human plasminogen. J. Biol. Chem.
253, 733-739
Novokhatny, V.., Kudinov, S.A. and Privalov, PL. (1984) Domains in human plasminogen. J. Mol. Biol. 179, 215-232,
hitps://doi.org/10.1016/0022-2836(84)90466-2
Law, R.H., Caradoc-Davies, T., Cowieson, N., Horvath, A.J., Quek, A.J., Encarnacao, J.A. et al. (2012) The X-ray crystal structure of full-length human
plasminogen. Cell Rep. 1, 185190, https://doi.org/10.1016/j.celrep.2012.02.012
Ponting, C.P, Marshall, J.M. and Cederholm-Williams, S.A. (1992) Plasminogen: a structural review. Blood Coagul. Fibrinolysis 3, 605614,
hitps://doi.org/10.1097/00001721-199210000-00012
Rijken, D.C. and Lijnen, H.R. (2009) New insights into the molecular mechanisms of the fibrinolytic system. J. Thromb. Haemast. 7, 413,
hitps://doi.org/10.1111/].1538-7836.2008.03220.x

() 2018 The Authoris). This is an open access article published by Portland Press Limited on behalf of the Biochemical Seciety and distributed under the Creative Commons 1 1
Attribution License 4.0 (CC BY).

91



= PORTLAND

09 rress

12

39

40

#

42

43

44

5
46

47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Bioscience Reports (2018) 38 BSR20180705
https://doi.org/10.1042/BSR20180705

Lahteenmaki, K., Kuusela, P. and Korhonen, TK. (2001) Bacterial plasminogen activators and receptors. FEMS Microbiol. Rev. 25, 531-552,
https://doi.org/10.1111/.1574-6976.2001.tb00590.x

Collen, D., Van Hoef, B., Schlott, B., Hartmann, M., Guhrs, K.H. and Lijnen, H.R. (1993) Mechanisms of activation of mammalian plasma fibrinolytic
systems with streptokinase and with recombinant staphylokinase. Eur. J. Biochem. 216, 307-314,

https://doi.org/10.1111/1.1432-1033.1993.tb 18147 x

Wang, X., Lin, X., Loy, J., Tang, J. and Zhang, X. (1998) Crystal structure of the catalytic domain of human plasmin complexed with streptokinase.
Science 281, 1662-1665, hitps://doi.org/10.1126/science.281.5383.1662

Dentovskaya, S.V., Platonov, M.E., Svetoch, T.E., Kopylov, P.K., Kombarova, T.l., Ivanov, S.A. et al. (2016) Two isoforms of Yersinia pestis plasminogen
activator Pla: intraspecies distribution, intrinsic disorder propensity, and confribution to virulence. PLoS ONE 11, e0168089,
https://doi.org/10.1371/journal.pone.0168089

Rosey, E.L., Lincoln, R.A., Ward, P.N., Yancey. R.J. and Leigh, J.A. (1999) PauA: a novel plasminogen activater from streptococcus uberis. FEMS
Microbiol. Lett. 180, 353

Singh, S., Bhando, T. and Dikshit, K.L. (2014) Fibrin-targeted plasminogen activation by plasminogen activator, PadA, from Streptococcus
dysgalactiae. Protein Sci. 23, 714-722, hitps://doi.org/10.1002/pro.2455

Kruithof, E.K. (1988) Plasminogen activator inhibitors. Enzyme 40, 113121, https://doi.org/10.1159/000469153

Rijken, D.C. (1995) Plasminogen activators and plasminogen activator inhibitors: biochemical aspects. Baillieres Clin. Haematol. 8, 291-312,
https://doi.org/10.1016/80950-3536(05)80269-0

Pawse, A.R. and Tarachand, U. (1997) Clot lysis: role of plasminogen activator inhibitors in haemostasis and therapy. indian J. Exp. Biol. 35, 545-552
Nichall, 5.M., Roztocil, E. and Davies, M.G. {2006) Plasminogen activator system and vascular disease. Curr. Vasc. Pharmacol. 4, 101-116,
https://doi.org/10.2174/1570161067 76359880

Rijken, D.C. and Lijnen, H.R. (2009) New insights into the molecular mechanisms of the fibrinolytic system. J. Thromb. Haemost. 7, 4-13,
https://doi.org/10.1111/1.1538-7836.2008.03220.x

Kost, C., Benner, K., Stockmann, A., Linder, D. and Preissner, K.T. (1996) Limited plasmin proteolysis of vitronectin. Characterization of the adhesion
protein as morphoregulatory and angiostatin-binding factor. Eur. J. Biochem. 236, 682—688, hitps://doi.org/10.1111/j.1432-1033.1996.0682d.x
Pryzdial, E.L. et al. (1999) Plasmin converts factor X from coagulation zymogen to fibrinolysis cofactor. J. Biol. Chem. 274, 8500-8505,
https://doi.org/10.1074/jbc.274.13.8500

Cesarman-Maus, G. and Hajjar, K.A. (2005) Molecular mechanisms of fibrinolys. Br. J. Haem. 129, 307-321,
https://doi.org/10.1111/1.1365-2141.2005.05444.x

Ogiwara, K., Nogami, K., Nishiya, K. and Shima, M. (2010) Plasmin-induced procoagulant effects in the blood coagulation: a crucial role of coagulation
factors V and VIIl. Blood Coagul. Fibrinofysis 21, 568-576, https://doi.org/10.1097/MBC.0b013e32833c9a%f

Barthel, D., Schindler, S. and Zipfel, PF. (2012) Plasminogen is a complement inhibitor. J. Biol. Chem. 287, 1883118842,
https://doi.org/10.1074/jbc.M111.323287

Principe, M., Borgoni, S., Cascione, M., Chattaragada, M.S., Ferri-Borgogno, S.. Capello, M. et al. (2017) Alpha-enolase (ENO1) controls alpha v/beta 3
integrin expression and regulates pancreatic cancer adhesion, invasion, and is. J. Hematol. Oncol. 10, 16,
https://doi.org/10.1186/513045-016-0385-8

Miles, L.A. and Parmer, R.J. (2013) Plasminogen receptors: the first quarter century. Semin. Thromb. Hemost. 39, 329-337,
https://doi.org/10.1055/5-0033-1334483

Sanderson-Smith, M.L., De Oliveira, D.M., Ranson, M. and McArthur, J.D. (2012) Bacterial plasminogen receptors: mediators of a multifaceted
relationship. J. Biomed. Biotechnol. 2012, 272148, https://doi.org/10.1155/2012/272148

Didiasova, M., Wujak, L., Wygrecka, M. and Zakrzewicz, D. (2014) From plasminogen fo plasmin: role of plasminogen receptors in human cancer. nt.
J. Mol. Sci. 15, 21229-21252, https://doi.org/10.3390/ijms151121229

Kwaan, H.C. and McMahon, B. (2009) The role of plasminogen-plasmin system in cancer. Cancer Treat. Res. 148, 43-66,
https://doi.org/10.1007/978-0-387-79962-9°4

Godier, A. and Hunt, B.J. (2013) Plasminogen receptors and their role in the pathogenesis of inflammatory, autoimmune and malignant disease. J.
Thromb. Haemost. 11, 26-34, hitps://doi.org/10.1111/jth.12064

Ceruti, F., Principe, M., Capello, M., Cappello, P. and Novelli, F. (2013) Three are better than one: plasminogen receptors as cancer theranostic targets.
Exp. Hematol. Oncol. 2,12, https://doi.org/10.1186/2162-3619-2-12

Oh, C.W,, Hoover-Flow, J. and Plow, E.F. {2003) The role of plasminogen in angiogenesis in vivo. J. Thromb. Haemost. 1, 1683—1687,
https://doi.org/10.1046/).1538-7836.2003.00182.x

Perides, G., Zhuge, Y., Lin, T., Stins, M.F., Bronson, R.T. and Wu, J.K. (2006) The fibrinolytic system facilitates tumor cell migration across the
blood-brain barrier in experimental melanoma brain metastasis. BMC Cancer 6, 56, https://doi.org/10.1186/1471-2407-6-56

Almholt, K., Juncker-Jensen, A., Leerum, 0.D., Johnsen, M., Remer, J. and Lund, L.R. (2013) Spontaneous metastasis in congenic mice with
transgenic breast cancer is unaffected by plasminogen gene ablation. Clin. Exp. Mefastasis 30, 277-288,
https://doi.org/10.1007/510585-012-9534-9

Martinez-Garcia, S., Rodriguez-Martinez, S., Cancino-Diaz, M.E. and Cancino-Diaz, J.C. (2018) Extracellular proteases of Staphylococcus epidermidis:
roles as virulence factors and their participation in biofilm. APMIS 126, 177185, https://doi.org/10.1111/apm.12805

Vieira, M.L., Atzingen, M.V, Oliveira, R., Mendes, R.S., Domingos, R.F, Vasconcellos, S.A. et al. (2012) Plasminogen binding proteins and plasmin
generation on the surface of Leptospira spp.: the contribution to the bacteria-host interactions. J. Biomed. Biotechnol. 2012, 758513,
https://doi.org/10.1155/2012/758513

(€) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

92



Bioscience Reports (2018) 38 BSR20180705
https://doi.org/10.1042/BSR20180705

67

69

70

m

72

73

74

75

76

78

7

80

81

82

83

84

85

86

87

88

89

N

Chen, H., Yu, 8., Shen, X., Chen, D., Qiu, X., Song, C. et al. (2011) The Mycoplasma gallisepticum oc-enolase is cell surface-exposed and mediates

adherence by binding to chicken plasminogen. Microb. Pathog. 51, 285-290, https://doi.org/10.1016/j. micpath.2011.03.012

Griindel, A., Friedrich, K., Pfeiffer, M., Jacobs, E. and Dumke, R. (2015) Subunits of the pyruvate dehydrogenase cluster of Mycoplasma pneumoniae

are surface-displayed proteins that bind and activate human plasminogen. PLoS ONE 10, 0126600, https://doi.org/10.1371/journal.pone.0126600

Castiblanco-Valencia, M.M., Fraga, T.R., Pagotto, AH., Serrano, S.M., Abreu, PA., Barbosa, A.S. et al. (2016) Plasmin cleaves fibrinogen and the

human complement proteins C3b and C5 in the presence of Leptospira interrogans proteins: a new role of LigA and LigB in invasion and complement
evasion. [ biology 221, 679-689, https://doi.org/10.1016/].imbio.2016.01.001

Siqueira, G.H., Atzingen, M.V, de Souza, G.0., Vasconcellos, S.A. and Nascimento, A.L. (2016) Leptospira interrogans Lsa23 protein recruits

plasminogen, factor H and C4BP from normal human serum and mediates C3b and C4b degradation. Microbiology 162, 295-308,

hitps://doi.org/10.109%/mic.0.000217

Kukkonen, M., Saarela, S., Lahteenmaki, K., Hynonen, U., Westerlund-Wikstrom, B., Rhen, M. et al. (1998) Identification of two laminin-binding

fimbriae, the type 1 fimbria of Salmonella enterica serovar typhimurium and the G fimbria of Escherichia coli, as plasminogen receptors. Infect.

Immun. 66, 4965—4970

Fuchs, H., Wallich, R., Simon, M.M. and Kramer, M.D. {1994) The outer surface protein A of the spirochete Borrelia burgdorteri is a plasmin (ogen)

receptor. Proc. Natl. Acad. Sci. U.5.A. 91, 1259412598, hitps://doi.org/10.1073/pnas.91.26.12594

Koenigs, A., Hammerschmidt, C., Jutras, B.L., Pogoryelov, D., Barthel, D., Skerka, C. et al. (2013) BBA70 of Borelia burgdorferi is a novel

plasminogen-binding protein. J. Biol. Chem. 288, 2522925243, hitps://doi.org/10.1074/jbc.M112.413872

Onder, 0., Humphrey, PT., McOmber, B., Korobova, F., Francella, N., Greenbaum, D.C. et al. (2012) OspC is potent plasminogen receptor on surface of

Borrelia burgdorferi. J. Biol. Chem. 287, 16860-16868, https://doi.org/10.1074/jbc.M111.290775

Hallstrém, T., Haupt, K., Kraiczy, P., Hortschansky, P., Wallich, R., Skerka, C. et al. (2010) Complement regulator-acquiring surface protein 1 of Borrelia

burgdorferi binds to human bone morphogenic protein 2, several extracellular matrix proteins, and plasminogen. J. Infect. Dis. 202, 490498,

hitps://doi.org/10.1086/653825

Brissette, C.A., Haupt, K., Barthel, D., Cooley, A.E., Bowman, A., Skerka, C. et al. (2009) Borrelia burgdorferi infection-associated surface proteins

ErpP, ErpA, and ErpC bind human plasminogen. Infect. Immun. 77, 300-306, https://doi.org/10.1128/1A1.01133-08

Seling, A., Siegel, C., Fingerle, V., Jutras, B.L., Brissette, C.A., Skerka, C. et al. (2010) Functional characterization of Borrelia spie/manii outer surface

proteins that interact with distinct members of the human factor H protein family and with plasminogen. Infect. Immun. 78, 3948,

hitps://doi.org/10.1128/A1.00691-09

Xolalpa, W., Vallecillo, A.J., Lara, M., Mendoza-Hernandez, G., Gomlm M., Spallek, R. et al. (2007) Identification of novel bacterial plasminogen

binding proteins in the human path Mycob: ium tuberculosis. Proteomics 7, 3332-3341, hitps://doi.org/10.1002/pmic.200600876

De la Paz Santangelo, M., Gest, PM., Guenn M.E., Coingon, M., Pham, H., Ryan, G. et al. (2011) Glycolytic and non-glycolytic functions of

Mycobacterium tuberculosis fructose-1,6-bisphosphate aldolase, an essential enzyme produced by replicating and non-replicating bacilli. J. Biol.

Chem. 286, 4021940231, hitps://doi.org/10.1074/jbc.M111.259440

Verma, A., Brissette, C.A., Bowman, A.A., Shah, 5.T., Zipfel, PF. and Stevenson, B. (2010) Leptospiral endostatin-like protein A is a bacterial cell

surface receptor for human plasminogen. Infect. Immun. 78, 20532059, https://doi.org/10.1128/1A1.01282-09

Oliveira, R., Maria de Morais, Z., Gongales, A.P., Romero, E.C., Vasconcellos, S.A. and Nascimento, A.L.T.0. (2011) Characterization of novel OmpA-like

protein of Lepiospira interroegans that binds extracellular matrix molecules and plasminogen. PLoS ONE 6, 21962,

hitps://doi.org/10.1371/journal.pone.0021962

Vieira, M.L., Atzingen, M.V, Oliveira, T.R., Oliveira, R., Andrade, D.M., Vasconcellos, S.A. et al. (2010) in vitro identification of novel

plasminogen-binding receptors of the pathogen Leptospira interrogans. PLoS ONE 5, e11259, htips://doi.org/10.1371/journal.pone.0011259

Wolff, D.G., Castiblanco-Valencia, M.M., Abe, C.M., Monaris, D., Morais, Z.M., Souza, G.0. et al. (2013) Interaction of Leptospira elongation factor Tu

with plasminogen and complement factor H: a metabolic leptospiral protein with moonlighting activities. PLoS ONE 8, 81818,

hitps://doi.org/10.1371/journal.pone.0081818

Femandes, L.G., Vieira, M.L., Alves, |.J., de Morais, Z.M., Vasconcellos, S.A., Romero, E,C. et al. {2014) Functional and immunological evaluation of

two novel proteins of Leptospira spp. Microbiolegy 160, 149—164, https://doi.org/10.1099/mic.0.072074-0

Pancholi, V. and Fischetti, V.A. {1992) A major surface protein on group A streptococci is a glyceraldehyde-3-phosphate-dehydrogenase with multiple

binding activity. J. Exp. Med. 176, 415426, https://doi.org/10.1084/jem.176.2.415

Bergmann, S., Rohde, M. and Hammerschmidt, S. (2004) Glyceraldehyde-3-phosphate dehydrogenase of Streptococcus pneumoniae is a

surface-displayed plasminogen-binding protein. Infect. lmmun. 72, 2416-2419, https:/doi.org/10.1128/1A1.72.4.2416-2419.2004

Moreau, C., Terrasse, R., Thielens, N.M., Vernet, T., Gaboriaud, C. and Di Guilmi, A.M. (2017) Deciphering key residues involved in the

virulence-promoting i ions between p p iae and human plasminogen. J. Biol. Chem. 292, 2217-2225,

hitps://doi.org/10.1074/jbc.M116.764209

Matta, S.K., Agarwal, S. and Bhatnagar, R. (2010) Surface localized and extracellular Glyceraldehyde-3-phosphate dehydrogenase of Bacillus

anthracis is a plasminogen binding protein. Biochim. Biophys. Acta 1804, 2111-2120, https://doi.org/10.1016/j.bbapap.2010.08.004

Hurmalainen, V., Edelman, S., Antikainen, J., Baumann, M., Lahteenmaki, K. and Korhonen, T.K. (2007) Extracellular proteins of Lactobacillus crispatus

enhance activation of human plasminogen. Microbiology 153, 11121122, https://doi.org/10.1099/mic.0.2006/000901-0

Glenting, J., Beck, H.C., Vrang, A., Riemann, H., Ravn, P., Hansen, A.M. et al. (2013} Anchorless surface associated glycolytic enzymes from

Lactobacillus plantarum 299v bind to epithelial cells and extracellular matrix proteins. Microbiol. Res. 168, 245-253,

https://doi.org/10.1016/.micres.2013.01.003

Matsunaga, N., Shimizu, H., Fujimoto, K., Watanabe, K., Yamasaki, T., Hatano, N. et al. (2018) Expression of glyceraldehyde-3-phosphate

dehydrogenase on the surface of Closiridium perfringens cells. Anaerobe 51, 124-130, https://doi.org/10.1016/].anaerobe.2018.05.001

() 2018 The Authoris). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commans
Attribution License 4.0 (CC BY).

> PORTLAND

13

93



® Bioscience Reports (2018) 38 BSR20180705
'... EROE%ELAND https://doi.org/10.1042/BSR20180705

92 Zhu, W, Zhang, Q., Li, J., Wei, Y., Cai, C., Liu, L. et al. (2017) Glyceraldehyde-3-phosphate dehydrogenase acts as an adhesin in Erysipelothrix
rhusiopathiae adhesion to porcine endothelial cells and as a receptor in recruitment of host fibronectin and plasminogen. Vet Res. 48, 16,
https://doi.org/10.1186/513567-017-0421-x

93 Gao, J.Y, Ye, C.L,, Zhu, L.L., Tian, Z.Y. and Yang, Z.B. (2014) A homolog of glyceraldehyde-3-phosphate dehydrogenase from Riemerella anatipestifer
is an extracellular protein and exhibits biological activity. J. Zhejiang Univ. Sei. B. 15, 7T76—787, hitps://doi.org/10.1631/jzus.B1400023

94 Aguilera, L., Ferreira, E., Giménez, R., Fernandez, F.J., Taulés, M., Aguilar, J. et al. (2012) Secretion of the housekeeping protein
glyceraldehyde-3-phosphate dehydrogenase by the LEE-encoded type Ill secretion system in enteropathogenic Escherichia coli. Int. J. Biochem. Cell
Biol. 44, 955-962, https://doi.org/10.1016/].biocel.2012.03.002

95 Knaust, A., Weber, M.V.R., Hammerschmidt, 5., Bergmann, S., Frosch, M. and Floden, 0.K. (2007) Cytosolic proteins contribute to surface plasminogen
recruitment of Neisseria meningitides. J. Bacteriol. 189, 3246-3255, https://doi.org/10.1128/JB.01966-06

96 Floden, AM., Watt, J.A and Brissette, C.A. (2011) Borrelia burgdorferi enclase is a surface-exposed plasminogen binding protein. PLoS ONE 6,
e27502, hitps://doi.org/10.1371/journal.pone.0027502

97 Mundodi, V., Kucknoor, A.S. and Alderete, J.F. (2008) Immunogenic and plasminogen-binding surface-associated «-enolase of Trichomonas vaginalis.
Infect. Immun. 76, 523-531, htips://doi.org/10.1128/1A1.01352-07

98 Jong, A.Y., Chen, 8.H., Stins, M.F, Kim, K.S., Tuan, T.L. and Huang, S.H. (2003) Binding of Candida albicans enolase to plasmin {ogen) results in
enhanced invasion of human brain microvascular endothelial cells. J. Med. Microbiol. 52, 615-622, https://doi.org/10.1099/jmm.0.05060-0

99 Vastano, V., Capri, U., Candela, M., Siciliano, R.A., Russo, L., Renda, M. et al. (2013) Identification of binding sites of Lactfobacillus plantarum enolase
involved in the interaction with human plasminogen. Microbiol. Res. 168, 65—72, https://doi.org/10.1016/j.micres.2012.10.001

100 Rahi, A., Matta, S.K., Dhiman, A., Garhyan, J., Gopalani, M., Chandra, S. et al. (2017) Enolase of Mycobacterium tuberculosis is a surface exposed
plasminogen binding protein. Biochim. Biophys. Acta 1861, 3355-3364, https://doi.org/10.1016/].bbagen.2016.08.018

101 Thomas, C., Jacobs, E. and Dumke, R. (2013) Characterization of pyruvate dehydrogenase subunit B and enolase as plasminogen-binding proteins in
Mycoplasma pneumoniae. Microbiology 159, 352-365, https://doi.org/10.1099/mic.0.061184-0

102 Furuya, H. and lkeda, R. (2011) Interaction of triosephosphate isomerase from Staphyit aureus with plasminogen. Microbiol. Immunol. 55,
855-862, httpsu/doi.org/10.1111/.1348-0421.2011.00392.x

103 Boone, T.J. and Tymell, G.J. (2012) Identification of the actin and plasminogen binding regions of group B streptococcal phosphoglycerate kinase. J.
Biol. Chem. 287, 29035-29044, https://doi.org/10.1074/jbc.M112.361261

104 Shams, F., Oldfield, N.J., Lai, S.K., Tunio, S.A., Wooldridge, K.G. and Turner, D.P.J. (2016) Fructose-1,6-bisphosphate aldolase of Neisseria meningitidis
binds human plasminogen via its C-terminal lysine residue. Microbiol. Open 5, 340-350, https://doi.org/10.1002/mbo3.331

105 Knaust, A., Weber, M.V.,, Hammerschmidt, S., Bergmann, S., Frosch, M. and Kurzai, 0. (2007) Cytosolic proteins contribute fo surface plasminogen
recruitment of Nefsseria meningitidis. J. Bacteriol. 189, 3246-3255, https://doi.org/10.1128/JB.01966-06

106 Wiles, K.G., Panizzi, P., Kroh, HK. and Bock, PE. (2010) Skizzle is a novel plasminogen- and plasmin-binding protein from Sireptococcus agalactiae
that targets proteins of human fibrinelysis to promote plasmin generation. J. Biol. Chem. 285, 21153-21164,
https://doi.org/10.1074/jbc.M110.107730

107 Crowe, J.D., Sievwright, L.K., Auld, G.C., Moore, N.R., Gow, N.A. and Booth, N.A. (2003) Candida albicans binds human plasminogen: identification of
eight plasminogen-binding proteins. Mol. Microbiol. 47, 1637-1651, https://doi.org/10.1046/].1365-2958.2003.03390.x

108 Karkowska-Kuleta, J., Zajac, D., Bras, G., Bochenska, 0., Rapala-Kozik, M. and Kozik, A. (2017) Binding of human plasminogen and
high-molecular-mass kininogen by cell surface-exposed proteins of Candida parapsilosis. Acta Biochim. Fol. 64, 391-400,
https://doi.org/10.18388/abp.2017 1609

109 Stie, J., Bruni, G. and Fox, D. (2009) Surface-associated plasminogen binding of Cryptococcus neof: 15 promotes
PLoS ONE 4, 5780, hitps://doi.org/10.1371/journal. pone.0005780

110 Funk, J., Schaarschmidt, B., Slesiona, S., Hallstrom, T., Horn, U. and Brock, M. (2016) The glycolytic enzyme enolase represents a
plasminogen-binding protein on the surface of a wide variety of medically important fungal species. Int. J. Med. Microbiol. 306, 5968,
https://doi.org/10.1016/}.ijmm.2015.11.005

111 Marcos, C.M., de Fatima da Silva, J., de Oliveira, H.C., Moraes da Silva, R.A., Mendes-Giannini, M.J. and Fusco-Almeida, A.M. (2012)
Surface-expressed enolase contributes to the adhesion of Paracoccidivides brasiliensis to host cells. FEMS Yeast Res. 12, 557-570,
https://doi.org/10.1111/].1567-1364.2012.00806.x

112 Nogueira, S.\, Fonseca, F.L., Rodrigues, M.L., Mundodi, V., Abi-Chacra, E.A., Winters, M.S. et al. (2010) Paracoccidioides brasiliensis enclase is a
surface protein that binds plasminogen and mediates interaction of yeast forms with host cells. Infect Immun. 78, 40404050,
https://doi.org/10.1128/A1.00221-10

113 Fox, D. and Smulian, A.G. {2001) Plasminogen-binding activity of enolase in the oppertunistic pathogen Pneumocystis carinii. Med. Mycol. 39,
495-507, https://doi.org/10.1080/mmy.39.6.495.507

114 Luo, S., Poltermann, S., Kunert, A., Rupp, S. and Zipfel, P.F. (2009) Immune evasion of the human pathogenic yeast Candida albicans: Pral is a factor
H, FHL-1 and plasminogen binding surface protein. Mol. Immunol. 47, 541-550, https://doi.org/10.1016/.molimm.2009.07.017

115 Poltermann, S., Kunert, A., von der Heide, M., Eck, R., Hartmann, A. and Zipfel, PF. (2007) Gpm1p is a factor H-, FHL-1-, and plasminogen-binding
surface protein of Candida albicans. J. Biol. Chem. 282, 3753737544, hitps://doi.org/10.1074/jbc.M707280200

116 Chaves, E.G., Weber, 5.5, Bao, S.N., Pereira, L.A., Bailao, A.M., Borges, C.L. et al. (2015) Analysis of Paracoccidioides secreted proteins reveals
fructose 1,6-bisphosphate aldolase as a plasminogen-binding protein. BMC Microbiol. 27, 53, htips://doi.org/10.1186/512866-015-0393-9

117 Ikeda, R., Ichikawa, T., Miyazaki, Y., Shimizu, N., Ryoke, T., Haru, K. et al. (2014) Detection and characterization of plasminogen receptors on clinical
isolates of Trichosporon asahii. FEMS Yeast Res. 14, 11861195, https://doi.org/10.1111/1567-1364.12215

llular matrix invasion.

1 4 (€) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Bioscience Reports (2018) 38 BSR20180705

.
https://doi.org/10.1042/BSR20180705 -... PORTLAND

PRESS

118 lkeda, R. and Ichikawa, T. (2014) Interaction of surface molecules on Cryptococcus neoformans with plasminogen. FEMS Yeast Res. 14, 445450,
hitps://doi.org/10.1111/1567-1364.12131
119 Stie, J. and Fox, D. (2014) Blood-brain barrier invasion by Cryptococcus neoformans is enhanced by functional interactions with plasmin. Microbiology
158, 240-258, https://doi.org/10.1099/mic.0.051524-0
120 Calcagno, M., Avilan, L., Colasante, C., Berrueta, L. and Salmen, S. (2002) Interaction of different Leishmania mexicana morphotypes with
plasminogen. Parasitol. Res. 88, 972-978, https://doi.org/10.1007/s00436-002-0688-2
121 Maldonade, J., Calcagno, M., Puig, J., Maizo, Z. and Avilan, L. (2006) A study of cutaneous lesions caused by Leishmania mexicana in
plasminogen-deficient mice. Exp. Mol. Pathol. 80, 289-294, hitps://doi.org/10.1016/].yexmp.2005.06.005
122 Vanegas, G., Quinones, W., Carrasco-Lopez, C., Concepcion, J.L., Albericio, F. and Avilan, L. (2007) Enclase as a plasminogen binding protein in
Leishmania mexicana. Parasitol. Aes. 101, 1511-1516, hitps://doi.org/10.1007/500436-007-0668-7
123 Quinones, W., Pena, P, Domingo-Sananes, M., Caceres, A., Michels, PA., Avilan, L. et al. (2007) Leishmania mexicana: molecular cloning and
characterization of enolase. Exp. Parasitol. 116, 241-251, https://doi.org/10.1016/j.exppara.2007.01.008
124 Gomez-Arreaza, A., Acosta, H., Barros-Alvarez, X., Concepcion, J.L., Albericio, F. and Avilan, L. (2011) Leishmania mexicana: LACK (Leishmania
homolog of receptors for activated C-kinase) is a plasminogen binding protein. Exp. Parasitol. 127, 752-761,
https://doi.org/10.1016/].exppara.2011.01.008
125 Bhowmick, |.P., Vora, H.K. and Jarori, G.K. (2007) Sub-cellular localization and post-translational modifications of the Plasmodium yoelii enolase
suggest moonlighting functions. Malar. J. 18, 45, https://doi.org/10.1186/1475-2875-6-45
126 Ghosh, A.K., Coppens, |, Gardsvoll, H., Ploug, M. and Jacobs-Lorena, M. (2011) Plasmodium ookinetes coopt mammalian plasminogen to invade the
mosquito midgut. Proc. Natl. Acad. Sci. U.5.A. 108, 17153—17158, https://doi.org/10.1073/pnas.1103657108
127 Almeida, L., Vanegas, G., Calcagno, M., Concepcién, J.L. and Avilan, L. (2004) Plasminogen Interaction with Trypanosoma cruzi. Mem. Inst. Oswaldo
Cruz. 99, 63-67, https://doi.org/10.1590/50074-02762004000100011
128 Rojas, M., Labrador, |., Concepcidn, J.L., Aldana, E. and Avilan, L. (2008) Characteristics of plasmi binding to Tryp cruzi epimastigotes.
Acta Trop. 107, 54-58, https://doi.org/10.1016/j.actatropica.2008.04.013
129 Acosta, H., Rondon-Mercado, R., Avilan, L. and Concepeion, J.L. (2016) Interaction of Trypanosema evansi with the plasminogen-plasmin system. Vet.
Parasitol. 226, 189197, https://doi.org/10.1016/j.vetpar.2016.07.016
130 Lama, A., Kucknoor, A., Mundodi, V. and Alderete, J.F. (2009) Glyceraldehyde-3-phosphate dehydrogenase is a surface-associated, fibronectin-binding
protein of Trichomonas vaginalis. Infect. Immun. 77, 2703-2711, https://doi.org/10.1128/1A1.00157-09
131 Roggwiller, E., Fricaud, A.C., Blisnick, T. and Braun-Breton, C. (1997) Host urokinase-type plasminogen activator participates in the release of malaria
merozoites from infected erythrocytes. Mol. Biochem. Parasifol. 86, 49-59, hitps://doi.org/10.1016/S0166-6851(97)02848-X
132 Schuindt, S.H., Oliveira, B.C., Pimentel, P.M., Resende, T.L., Retamal, C.A., DaMatta, R.A. et al. (2012) Secretion of multi-protein migratory complex
induced by Toxoplasma gondii infection in macrophages involves the uPA/uPAR activation system. Vef. Parasitol. 186, 207-215,
https://doi.org/10.1016/].vetpar.2011.11.035
133 Gonzalez-Miguel, J., Morchén, R., Siles-Lucas, M., Oleaga, A. and Simon, F. (2015) Surface-displayed glyceraldehyde 3-phosphate dehydrogenase
and galectin from Dirofilaria immitis enhance the activation of the fibrinolytic system of the host.. Acta Trop. 145, 816,
https://doi.org/10.1016/].actatropica.2015.01.010
134 Jolodar, A., Fischer, P., Bergmann, 8., Biittner, D.W., Hammerschmidt, 5. and Brattig, N.W. (2003) Molecular cloning of an alpha-enolase from the
human filarial parasite Onchocerca volvulus that binds human plasminogen. Biochim. Biophys. Acta 1627, 111120,
https://doi.org/10.1016/50167-4781(03)00083-6
135 Erttmann, K.D., Kleensang, A., Schneider, E., Hammerschmidt, S., Biittner, D.W. and Gallin, M. {2005) Cloning, characterization and DNA immunization
of an Onchocerca volvulus glyceraldehyde-3-phosphate dehydrogenase (Ov-GAPDH). Biochim. Biophys. Acta 1741, 85-94,
hitps://doi.org/10.1016/).bbadis. 2004.12.010
136 Hu, Y., Zhang, E., Huang, L., Li, W., Liang, P, Wang, X. et al. (2014) Expression profiles of glyceraldehyde-3-phosphate dehydrogenase from Clonorchis
sinensis: a glycolytic enzyme with plasminogen binding capacity. Parasitol. Res. 113, 45434553, hitps://doi.org/10.1007/500436-014-4144-x
137 He, L., Ren, M., Chen, X., Wang, X., Li, S., Lin, J. et al. (2014) Biochemical and immunological characterization of annexin B30 from Glomorchis
sinensis excretory/secretory products. Parasitol. Res. 113, 2743-2755, https://doi.org/10.1007/500436-014-3935-4
138 Bemal, D., de la Rubia, J.E., Carrasco-Abad, A.M., Toledo, R., Mas-Coma, S. and Marcilla, A. (2004) Identication of enolase as a plasminogen-binding
protein in excretory/secretory products of Fasciola hepatica. FEBS Leit. 563, 203206, https://doi.org/10.1016/50014-5793(04)00306-0
139 Ramajo-Hernandez, A., Pérez-Sanchez, R., Ramajo-Martin, V. and Oleaga, A. (2007) Schistosoma bovis: plasminogen binding in adults and the
identification of plasminogen-binding proteins from the worm tequment. Exp. Parasitol. 115, 83-91, https://doi.org/10.1016/].exppara.2006.07.003
140 Li, WH., Qu, Z.G., Zhang, N.Z., Yue, L., Jia, W.Z., Luo, J.X. et al. (2015) Molecular characterization of enolase gene from Taenia mulficeps. Res. Vet.
Sci. 102, 53-58, https:/doi.org/10.1016/j.rvsc.2015.06.013
141 Zhang, S., You. Y., Lue, X., Zheng, Y. and Cai, X. (2018) Molecular and biochemical characterization of Taenia solium cc-enolase. Vet. Parasitol. 254,
3642, hitips://doi.org/10.1016/].vetpar.2018.02.041
142 Ayon-Nunez, D.A., Fragoso, G., Espitia, C., Garcia-Varela, M., Soberon, X., Rosas, G. et al. (2018) Identification and characterization of Taenia solium
enolase as a plasminogen-binding protein. Acta Trop. 182, 6979, https://doi.org/10.1016/j.actatropica.2018.02.020
143 Fgueiredo, B.C., Dadara, A.A., Oliveira, S.C. and Skelly, P.J. (2015) Schistosomes enhance plasminogen activation: the role of tegumental enolase.
PLoS Pathog. 11, 1005335, https://doi.org/10.1371/journal.ppat. 1005335
144 Cork, A.J., Ericsson, D.J., Law, R.H., Casey, LW., Valkov, E., Bertozzi, C. et al. (2015) Stability of the octameric structure affects plasminogen-binding
capacity of streptococeal enolase. PLoS ONE 10, e0121764, hitps://doi.org/10.1371/journal.pone.0121764

(€) 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Socisty and distributed under the Creative Commons 1 5
Attribution License 4.0 (CC BY)



L J
. PORTLAND
9

16

Bioscience Reports (2018) 38 BSR20180705
PRESS https://doi.org/10.1042/BSR20180705

145 Akpunarlieva, 8., Weidt, S., Lamasudin, D., Naula, C., Henderson, D., Barrett, M. et al. (2017) Integration of proteomics and metabolomics to elucidate
metabolic adaptation in Leishmania. J. Proteomics 155, 8598, https://doi.org/10.1016/].jprot.2016.12.009

146 White, Jr, A.C., Molinari, J.L., Pillai, AV. and Rege, A.A. (1992) Detection and preliminary characterization of Taenia solium metacestode proteases. J.
Parasitol. 78, 281-287, https:/doi.org/10.2307/3283475

147 Flisser, A., Rodriguez-Canul, R. and Willingham, Ill, A.L. (2006) Control of the taeniosis/cysticercosis complex: future developments. Vet. Parasifol.
139, 283-292, https://doi.org/10.1016/j.vetpar.2006.04.019

148 Singh, S.K., Singh, AK., Prasad, K.N., Singh, A., Singh, A., Rai, R.P. et al. {2015) Expression of adhesion molecules, chemokines and matrix metallo-
proteinases (MMPs) in viable and degenerating stage of Taenia selium metacestode in swine neurocysticercosis. Vet Parasitol. 214, 59-66,
hitps://doi.org/10.1016/j.vetpar.2015.09.017

149 Zimic, M.J., Infantes, J., Lopez, C., Velasquez, J., Farfan, M., Pajuelo, M. et al. (2007) Comparison of the peptidase activity in the oncosphere
excretory/secretory products of Taenia solium and Taenia saginata. J. Parasitol. 93, 727-734, https://doi.org/10.1645/GE-959R.1

(C) 2018 The Authoris). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Atfribution
License 4.0 (CC BY)

96



	Portada

	Índice General

	Resumen

	1. Introducción

	2. Antecedentes

	3. Justificación

	4. Pregunta   5. Hipótesis   6. Objetivos
	7. Materiales y Métodos

	8. Resultados

	9. Discusión

	10. Conclusiones

	11. Perspectivas 

	12. Bibliografía

	13. Figuras Suplementarias

	14. Anexos




