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iNTRODVCCION

La dirofilariosis cardiopulmonar causada pbBirofilaria immitis es una
parasitosis de transmision vectorial que afectasapbblaciones de canidos y félidos
domeésticos y silvestres de todo el mundo. Aderdasmmitis puede transmitirse al
hombre; de hecho, casos de dirofilariosis humandetstan con frecuencia creciente,
por lo que a la indudable importancia de la dievidsis desde el punto de vista

veterinario, hay que afiadir el interés médico derlecciones zoondsicas.

D. immitis se ha adaptado en diversos grados a sus distiogsedadores,
estableciendo con ellos un amplio espectro de iogles. Si bien existen precisas
descripciones de las consecuencias patologicaa oielccion tanto en perros y gatos
como en humanos, disponemos de mucha menos infidmacbre las moléculas y
células, tanto del parasito como de sus hospedadorglicadas en esas relaciones, asi

como de los mecanismos en los que intervienen.

Al igual que las filarias tropicales, los vermesiléms deD. immitis presentan
una gran longevidad, pese a vivir en un entorndhtastil como la sangre. Este hecho,
necesariamente, debe estar asociado a mecanisnsupel®ivencia desarrollados por
el parasito, que le permitan modificar en benefipropio su entorno inmediato,
constituido por la propia sangre y la pared artedalemas de los mecanismos
antiinflamatorios previamente estudiados por noestquipo, en la actualidad, la
activacion del sistema fibrinolitico de los hospimtas por parte de los organismos
invasores es considerada un mecanismo de superiaveave en las relaciones que se
establecen entre los patdgenos sanguineos y symedaores, ya que no solo
contribuye a mantener la hemostasia, hecho fundaingsra los patégenos hematicos,

sino que también se ha relacionado con su capairidasiva.

En la dirofilariosis cronica, el aparente equilibgue se prolonga durante largos
periodos de tiempo, beneficioso tanto ganafilaria como para el hospedador, puede
alterarse por la influencia de diversos factorasvddos tanto del parasito (presencia
fisica de los vermes, accion de sus productos miatab y la muerte de algunos de
ellos), como del hospedador (respuesta inmune forooacion del sistema vascular),
dando comienzo a la patologia vascular, cuyos esgmincipales son la aparicion de
endarteritis proliferativa y la formacion de codmulAunque se han propuesto diversos
factores desencadenantes de la formacion de \dalbess en la pared arterial durante la
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dirofilariosis animal, no existen hasta el momesdtudios experimentales orientados a
la identificacibn de los mecanismos moleculares licagos. Recientemente,
investigaciones realizadas en patologia vasculamaha han relacionado Ia
sobreproducciéon de plasmina, molécula clave delersis fibrinolitico, con la
proliferacion y migracion de las células de la paagerial, asi como con la destruccion
de la matriz extracelular. Dichos procesos presenta evidente similitud con los que

conducen a la aparicion de endarteritis prolifeeaéin la dirofilariosis cardiopulmonar.

Considerando todos estos hechos, en la presents Dextoral se han
investigado las moléculas de. immitis implicadas en la activacion del sistema
fibrinolitico con la consecuente produccion de mlas y el posible papel de esta
enzima en el desarrollo de la endarteritis praiiga durante la dirofilariosis

cardiopulmonar.

14
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1. SISTEMATICA Y FILOGENIA

Dirofilaria immitis (Leidy, 1856) es un nematodo filaroideo incluicimtio de la
familia Onchocercidae. Esta familia comprende a&esidos subfamilias, la subfamilia
Onchocercinae, con los génet@schocercaBrugia, Wuchereriay Mansonella y la
subfamilia Dirofilariinae, con los génerbgofilaria y Loa(Marquardtet al, 2000; Bain,
2002) No obstante, esta clasificacion basada en caeacteorfoldgicos ha sido
cuestionada desde el punto de vista moleculareia (1994)propusieron una relacion
mas cercana entre los génet@sm y Mansonellapor una parte, y entt®nchocercay
Dirofilaria por otra, comparando la region espaciadora del AlRbsomal 5S. Estos
resultados fueron indirectamente corroborados asgaal estudio filogenético de las
bacterias endosimbiontes del gén&olbachiapresentes en las filarigSironi et al,
1995; Bandiet al, 1998) y mas recientemente mediante andlisis filogeogtimasados
en las secuencias mitocondriales correspondientascidocromo oxidasa | y al ARN
ribosomal 12S de las propias filari@asiraghiet al, 2001; Huangt al, 2009)

2. BIOLOGIA Y CICLO DE D. IMMITIS

Los vermes adultos d2 immitisson largos, delgados, de aspecto filiforme y con
un marcado dimorfismo sexual. Las hembras mider380mm de longitud por 1-1,3
mm de diametro, mientras que los machos, mas pegueiton su extremo posterior
enrollado en espiral, miden 120-200 mm de longiwd 0,7-0,9 mm de didmetro
(Manfrediet al, 2007) Poseen un ciclo biolégico indirecto que impliaanehospedador
definitivo vertebrado y a un vectdFigura 1) Su escasa especificidad de hospedador
determina quéD. immitis pueda parasitar numerosas especies de mam(ténosga,
1982) De todas ellas, los perros y los canidos silesssirven de reservorios de la
enfermedad, al ser los hospedadores a los que sejoa adaptado el parasito. Pese a
gue se trata de un hospedador menos adecuadaupdeassrollo, el gato puede albergar
la fase adulta del parasito, mientras que el honasiondién puede verse afectado, aunque
de manera accidental y sin ninguna implicacion famteansmisiorfMcCall et al, 2008;
Simoén y Genchi, 2000En el hospedador humano, los vermes inmadur@s demitis
pueden alcanzar una rama de la arteria pulmonarded@stimulan una reaccién

inflamatoria y tromboembdlica que destruye los sy causa nédulos pulmonares
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®

(Simonet al, 2005) La poca especificidad d2 immitistambién se ve reflejada a nivel
de su hospedador intermediario. Al menos 70 espeaibie mosquitos culicidos son
consideradas como vectores potenciales del parasitmue solo se ha demostrado la
capacidad vectorial real en algunas de ellas, pecientes a los géner@ailex Aedes
Culiseta Mansoniay Coquilletidia dentro de la subfamilia Culicinae y al género
Anopheledentro de la subfamilia Anopheling€ancrini y Kramer, 2001; Cancriet

al., 2006)

e
Vermes inmaduros pueden Vermes adultos
causar nodulos pulmonares en el corazon

] ]

Vermes adultos en el corazon y
microfilarias en sangre

.

Figura 1. Ciclo bioldgico deD. immitis L3, larvas de 8 estadio; mf, microfilarias.

2.1. Desarrollo deD. immitis en los vectores

Cuando las hembras de mosquitos susceptibles reerdiéin sobre reservorios
infectados, ingieren microfilarias (larvas de pninestadio) presentes en la sangre
periférica de estos. Aproximadamente 24 horas dssjas microfilarias, que miden 290-
330 um de longitud por 5-7 um de diamétrencoet al, 2011) pasan del tubo digestivo
del vector a los tubos de Malpighi, donde comienglasiesarrollo a larvas infectantes.
Dicho proceso dura entre 10 y 15 dias, dependietelodiferentes condiciones
ambientales, principalmente de la temperatura ypcentde dos mudas. La primera da
lugar a las larvas de segundo estadio (L2) y séuse aproximadamente entre los dias

17
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8°y 10° después de la infeccion. La siguiente tigme como resultado la larva de tercer
estadio (L3) y que implica un importante aumentaatearno, tiene lugar unos 3 dias
después. Las L3 completan su desarrollo emigraada la regidon cefalica del vector.

Una vez alli, se acumulan en las piezas bucales yneculadas en el tejido subcutaneo

de un nuevo hospedador en la siguiente toma dees@ngnfrediet al, 2007)
2.2. Desarrollo deD. immitis en los hospedadores definitivos

Los mosquitos parasitados depositan una gota deliméancon las L3 durante la
toma de sangre. Estas penetran en la piel porrspgop medios mudando a larvas de
cuarto estadio (L4) entre 3 y 12 dias post-

infecciobn, con un considerable aumento

infeccién), los cuales alcanzan su localizaciq™
definitiva en las arterias pulmonares y €
ventriculo derecho del corazon entre los dias 7
y 85° después de la infeccidiigura 2) La
fecundacion comienza a partir de los 120 dis

post-infeccion, cuando se completa el desarrol

de los vermes adultos, alcanzando estos Figyra 2. Vermes adultos (macho
madurez sexugManfrediet al, 2007) Una vez hembra) d®. immitisen el corazén de |
perro con dirofilariosis(Simén et al
realizada la fecundacion, las hembras libere2o12)
microfilarias al torrente circulatorio. Estas apae en la circulacion periférica entre los
6 meses y medio y 7 meses post-infeccion. La miarefmia aumenta durante los 10
meses siguientes y se mantiene constante durants e#ios, desapareciendo después
progresivamente. La longevidad de las microfilanmsgede alcanzar los dos afios,
mientras que los vermes adultos pueden vivir 7 affogis en su localizacion definitiva
(McCall et al, 2008) Por otra parte, algunos perros infectados nceptaa microfilarias
en sangre (infecciones amicrofilarémicas), situaciuie puede deberse a distintos
factores como el envejecimiento de las hembrasc@ndnes por vermes de un solo sexo

y/o la respuesta inmune del hospedg@omon y Genchi, 2000)
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2.3. Composicién proteica dd®. immitis

El conocimiento de la composicion proteica de udgeno es esencial para poder
definir las relaciones que establece con su hosjpedanivel molecular. No obstante,
esta informacion es aun escasa en el cagn demitis La base de datos de secuencias
proteicas delNational Center for Biotechnology InformatidiNCBI) contiene 277
resultados parB. immitis un nimero escaso en comparacion con el de atroatodos
en los que se han desarrollado muchos més estatibesculares Caenorhabditis

elegans 85050 resultado®rugia malayi 34705 resultados).

Durante la década de los 80 del pasado siglo sartle a cabo los primeros
trabajos de identificacion proteica Bnimmitis con el objetivo de buscar moléculas que
pudieran ser empleadas en el diagnéstico inmurcmégile la dirofilariosis
cardiopulmonar. Se caracterizaron tanto bioquimmamo inmunologicamente
numerosos antigenos circulantes en suero de pefeatados naturalment&hrenberg
et al, 1987) asi como otros antigenos presentes en la supatédarvas L3Philipp vy
Davis, 1986; Ibrahinet al, 1989)y vermes adulto&Scottet al, 1988)

En la década siguiente, la mejora de las técniedasalogia molecular permitio
un aumento considerable de los estudios de ideaxtifin y caracterizacion proteica en
D. immitis Muchos de ellos fueron realizados por el grupodestigacion liderado por
los doctores Glenn R. Frank y Robert B. Grieddegka CorporationEEUU). Entre los
mas relevantes se encuentran la identificaciomyadion de un grupo de antigenos que
han servido para el diagnéstico de la dirofilagosardiopulmonar, como P20, P22L y
P22U(Frank y Grieve, 1991; Frardét al, 1996; Franlet al, 1999)o un inhibidor de la
aspartil proteasa (Dit33)ranket al, 1998) Ademas, llevaron a cabo la clonacion de
una proteina similar a la glutation peroxidasa gpxcretada por vermes adul{@sipp
et al, 1998) asi como la identificacion de un gran nimerortéyanos de L3 y L4 con
caracteristicas proteoliticagRicher et al, 1992) o posibles aplicaciones
inmunoprofilacticas(Grieve et al, 1992) Otros trabajos realizados en esta década
permitieron comparar los repertorios antigénicokadé 2, L3 y L4(Scottet al, 1990)o
la identificacion y clonacion molecular de la piote de choque térmico p27, una
peroxirredoxina, una paramiosina, un factor quiddtito de neutréfilos o la ciclofilina
Dicyp-3, entre otragLimberger y McReynolds, 1990; Owhastial, 1993; Lillibridge
et al, 1996; Honget al, 1998; Zipfelet al,, 1998)
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A partir del afio 2000, frente a la produccion deginas recombinantes de forma
individual, algunas con importantes funciones amtianteg Chandrashekaat al, 2000)
relacionadas con la mud&rossgroveet al, 2002) la estructurgHarris y Fuhrman,
2002) la proliferacion y diferenciaciéfSheaet al, 2004) o como posibles dianas
terapéuticagYates y Wolstenholme, 20Q4as nuevas técnicas de identificacion masiva
han permitido aumentar notablemente el conocimisobwe las proteinas @e immitis
Mediante la combinacién de electroforesis bidimemai y espectrometria de masas,
nuestro grupo ha llevado a cabo los primeros estudé protedmica en los extractos
antigénicos d®. immitis(Oleageet al.,, 2009; Gonzalez-Migueit al, 2010ay b) (Figura
3). Partiendo de un extracto proteico soluble de esriadultos y con el objetivo de
conocer qué antigenos son reconocidos por el sistemune de perros, gatos o humanos
infectados com. immitis se identificaron 39 proteinas inmundgenas deélgia(Tabla
1). Estas proteinas pertenecen principalmente accgaipos funcionales que incluyen
enzimas metabdlicas, enzimas detoxificantes o cotenpial redox, moléculas
relacionadas con respuesta al estrés y proteitrastesales. Esto sugiere la importancia
gue tiene para el parasito la generacién de enargihante procesos metabdlicos tales
como la glicolisis anaerobia, o los mecanismos ri#fes mediante el empleo de un
repertorio de enzimas relacionadas con la det@adin o la respuesta al estrés. Destaca
también el gran nidmero de proteinas que han sidagmente estudiadas en otros
parasitos por su papel como receptores del plagmim) como la actina, la enolasa, la
fructosa-bifosfato aldolasa (FBAL) o la gliceralin3-fosfato deshidrogenasa
(GAPDH) (Gonzalez-Migueet al, 2010b) Bastantes de las proteinas identificadas estan
representadas por diversas isoformas, algunassdeuédes no son reconocidas por el
sistema inmune de los hospedadores, |0 que paréicai queD. immitisposee sistemas
bioquimicos redundantes que hacen mas dificilteufarencia por el sistema inmune del
hospedadofSimonet al 2012)
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Figura 3. Electroforesis bidimensional representativa de ¢@e un extracto de proteinas somaticas de

vermes adultos de. immitis Geles de pH 5-8 y 7-10 y 12% de acrilamida tefichn nitrato de plata. Los

spotsidentificados por espectrometria de masas est@eradogOleageaet al, 2009; Gonzalez-Miguet

al., 2010ay h)

Mas recientemente, la publicacion de una base s dabre el transcriptoma de

D. immitis(Fu et al, 2012) los nuevos datos disponibles sobre el genomaatékito

Respuesta
inmune .

30, Proteolisis
3%

Desconocida
8%

Transcripcion,

Figura 4. Comparacion de la abundancia relativa de
grupos funcionales asignados a las proteind3. demitis
identificadas por LOMS en el compartimento antigén
somatico del parasitd/lorchon et al., 2014)

(Godel et al, 2012) asi como la
aparicion de técnicas mas efectivas
de identificacion estan permitiendo
completar el mapa proteico del
(2012)

identificaron 110 proteinas en el

parasito. Geary et al
secretoma dB. immitismediante la

combinacion de cromatografia en
fase liquida con la espectrometria de
masas (LC-MS). Aplicando una
metodologia similar nuestro grupo
identific6 un total de 108 y 16

proteinas, respectivamente, en los compartimeiosisco y de superficie del parasito

(Morchoénet al, 2014) Atendiendo a las funciones de estas proteinasyeo aquellas

enzimas relacionadas con el metabolismo energédtisqyrocesos redox, las proteinas

con funciones estructurales o respuesta al esteésrf las mas representadasgiura 4)
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3‘:;?0(;0 gg:e'gg ?ﬁ cBl) Proteina Especie Proceso biol6gico
1-4 AAF32254 Proteina de choque térmico Hsp 70 Wouchereria bancrofti Respuesta al estrés
5-7 CAA34719 Actina Caenorhabditis elegans Motilidad celular
8 P30162 Actina-1 Onchocerca volvulus Motilidad celular
9 CAE11787 Disulfuro isomerasa Brugia malayi Homeostasis redox
10-12 AAC24752 Precursor de transglutaminasa Dirofilaria immitis Homeostasis redox
13,14 AAV33247 Fosfoglicerato mutasa Onchocerca volvulus Glicolisis
15-17 A8NLA3 Oxidorreductasa dependiente de FAD Brugia malayi Transporte electronico
18,19 EDP29666 Glucosa fosfato isomerasa Brugia malayi Glicolisis
20 EDP37909 Inhibidor o de la disociacién del Rab  Brugia malayi Transporte proteico
GDP
21 P30163 Actina-2 Caenorhabditis elegans Motilidad celular
22 1D4X_A Cadena A de la Mg-Atp actina Caenorhabditis elegans Motilidad celular
23-28 XP_001896281 Enolasa Brugia malayi Glicolisis
29-32 XP_001670614 Proteina hipotética CBG05397 Caenorhabditis briggsae -
33-39 AAB52600 Fructosa-bifosfato aldolasa Onchocerca volvulus Glicolisis
40-42 XP_001891892 Fosfoglicerato quinasa Brugia malayi Glicolisis
43-45 XP_001900957 Fumarasa Brugia malayi Metabolismo aerébico
46-49 XP_001899850 Gliceraldehido-3- Brugia malayi Glicolisis
fosfato deshidrogenasa
50 XP_001900208 Lactato deshidrogenasa Brugia malayi Glicolisis anaerobia
51 XP_001897743 Aldo/ceto oxidorreductasa Brugia malayi Procesos redox
52-54 XP_001899521 Proteina de desorganizacion muscular Brugia malayi Adhesion celular
55 AAZ42332 Subunidad de la proteina G Caenorhabditis remanei  Transduccién de sefiales
56-59 Q27384 Precursor del inhibidor de pepsina Dit: Dirofilaria immitis -
60 NP_508842 Actina-4 Caenorhabditis elegans Motilidad celular
61 AAB08736 Proteina pequefia de choque térmico Dirofilaria immitis Respuesta al estrés
p27
62 P52033 Precursor de la Glutation peroxidasa  Dirofilaria immitis Respuesta al estrés
Di29 oxidativo
63-68 AAF37720 Galectina Dirofilaria immitis Respuesta inmune
69-72 XP_001897269 Triosafosfato isomerasa Brugia malayi Glicolisis
73 CAA73325 Glutation transferasa Brugia malayi Detoxificacion
74-75 AAD11968 P22U Dirofilaria immitis -
76-77 AAC38831 Tiorredoxina peroxidasa Dirofilaria immitis Homeostasis redox
78-81 CAA61152 Proteina pequefia de chogue térmico Brugia pahangi Respuesta al estrés
82 AA799423 Peptidil-prolil isomerasa Taenia solium Plegamiento proteico
83-88 CAA48632 Proteina OV25-1 Onchocerca volvulus Respuesta al estrés
89,90 BAA96354 Proteina de unién a Dirofilaria immitis Transduccion de sefiales
fosfatidiletanolamina
91 XP_001899662 Precursor del antigeno OV-16 Brugia malayi Transduccién de sefiales
92,93 AACA47233 Ciclofilina Ovcyp-2 Onchocerca volvulus Plegamiento proteico
94 XP_001902628 Bmcyp-2 Brugia malayi Plegamiento proteico
95,96 BAA02004 Precursor del factor quimiotactico de  Dirofilaria immitis -
neutrofilos Di-NCF
97,98 XP_001901495 Nucleédsido-difosfato quinasa Brugia malayi Metabolismo de

nucleétidos

Tabla 1. Proteinas inmunégenas Be immitisidentificadas por MALDI-TOF MSOleagaet al, 2009;
Gonzalez-Miguekt al, 2010a y h)La numeracién dspotshace referencia a su localizaciéon en el mapa
proteémico dd. immitisilustrado en ldigura 3 Se incluye el nombre de la proteina, especia gué¢ ha
sido identificada, numero de acceso a la informaci$ponible en la base datos del NCBI, y proceso
biolégico asignado a cada proteina segun las lesdatossen Ontologyhttp://www.geneontology.org)

y Swiss-Prot/Uniprothttp://beta.uniprot.org).

2.4. La bacteria simbionte intracelularWolbachia

D. immitisalberga bacterias endosimbiontes del gékéntbachia(Kozeket al.,

2007) Estas bacterias fueron descubiertas en los afiasediante el empleo de la
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microscopia electronic@icLarenet al, 1975; Vincenet al, 1975; Kozek y Figueroa,
1977) y “redescubiertas”, dos décadas después, en veamh@isos deD. immitis
permitiendo demostrar su pertenencia al géiéotbachia orden Rickettsiales (alfa 2
proteobacterias), mediante el empleo de técnicasialegia molecula(Sironi et al,
1995) Wolbachiase ha encontrado en hexapodos, crustaceos yepaelas, en los que
causa alteraciones reproductivas. No obstante, losnnematodos de la familia
Onchocercidae ha establecido una relacion simhidildigatoria al ser su presencia
crucial para la embriogénesis y la muda de lagd#amientras que estas proporcionan
aminoacidos para el crecimiento de las bactékiasibet al, 2004; Fosteet al,, 2005;
Fenn y Blaxter, 2006)

Wolbachiase transmite por via materna representando unauwenge estable de
la estructura dB. immitis al encontrarse en todas sus fases evolutivassecialmente
abundante en las larvas que se desarrollan e$petiadores vertebrados (L3 y L4), en
los cordones hipodérmicos de los adultos de andsasssy en los 6rganos genitales de
las hembragMcGarry et al, 2004) Recientemente, ha sido detectada también en las
gonadas somaticas o en la pared intestinal de sws@ecies de filarias de la familia
Onchocercidae, lo que sugiere que la relacién dasrdacterias y las filarias es mas

compleja y diversa de lo que se suponia hasta elentwm(Ferri et al., 2011)

3. IMPORTANCIA EPIDEMIOLOGICA DE LA
DIROFILARIOSIS

La dirofilariosis es una enfermedad cosmopolitaafeeta a poblaciones caninas
y felinas, tanto domésticas como silvestres desaempladas y tropicales de todo el
mundo. Ademas, en los ultimos afos la dirofilas@sta experimentando una expansion
hacia areas con climas mas frios, introduciéndogaises donde no se habia denunciado
la transmision, a la vez que aumentan las previaeren las zonas histéricamente
endémicas. Diversos factores, tanto dependientéscataportamiento humano en
relacion con las mascotas, como climaticos, puddéuair en la expansion de la
enfermedad. Entre ellos, el movimiento sin contd®d animales infectados, la
introduccidén de nuevas especies de mosquitos cambe@ctuar como vectores o el

cambio climatico, causado por el calentamiento algbel desarrollo de la actividad
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humana en nuevas areas. Todo ello provoca querdélatiosis cardiopulmonar sea
considerada actualmente un problema veterinarpideera magnitud y una enfermedad
emergente en algunas aréasnchiet al, 2009; Morchoret al, 2012a)

El conocimiento de la distribucion de la infeccidanina es fundamental desde el
punto de vista epidemioldgico, ya que la transmigié Dirofilaria en un area dada
depende de la existencia de perros parasitadosaciien como reservorios de la
enfermedadFigura 5)(Simonet al, 2012) En comparacion con los numerosos estudios
llevados a cabo en perros, la informacion dispenifbbre la distribucién de la
dirofilariosis felina es bastante escasa. No olbstdas infecciones felinas pbr immitis
tienden a detectarse en las mismas areas que dflagiosis canina, si bien con
prevalencias entre el 5 y el 20% de las que prasdot perros en las mismas areas
(Newcombe y Ryan, 2002Con respecto a la dirofilariosis humana, puest® agunos
vectores de la enfermedad se alimentan indistimtanée reservorios animales o de
humanos, en areas donde la dirofilariosis canirendémica, la dirofilariosis pulmonar
humana existe y puede suponer un problema deguentd de vista médico. Ademas,
debido tanto a su caracter asintomatico, como lacglizacién en 6rganos internos, la
revision retrospectiva de los casos publicadosrapgrciona una distribucién real de la
enfermedad. En los ultimos afios, la mejora endasmientas diagnosticas, junto con el

creciente interés de la comunidad cientifica hang&lo aumentar notablemente el

nimero de casos denunciados.

Figura 5. Distribucién geogréfica de los casos de dirofilsisccardiopulmonar canina denunciados en el

mundo.
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3.1. Distribucién de la dirofilariosis cardiopulmonar canina

3.1.1. América

La dirofilariosis canina ha sido descrita en pegrde practicamente todo el
continente americano a excepcion de Chile dondi@@ncontrada, y en la Guayana
Francesa y Uruguay donde no se han realizado est(dibarthe y Guerrero, 2005;
Guerreroet al, 2006; Leeet al, 2010) Las prevalencias varian dependiendo de la
climatologia: Canada (0,24%)locombe y Villeneuve, 1993 Costa del Golfo de
Estados Unidos (48,8%).evy et al, 2011) Estado de Amazonas en Brasil (57,6%)
(Soare=t al, 2014) Cuba (63,2%]jDumeénigoet al, 1988)o zonas rurales del norte de
Argentina (74%)Vezzaniet al, 2006)

En Estados Unidos, los mapas de incidencia reaggobr la American
Heartworm Societglesde el afio 2001 han permitido conocer, ademésmamica de la
distribucion. Se ha observado que la dirofilaricsisha extendido desde los estados de
las costas Atlantica y del Golfo hasta los masdmtiles, encontrdndose actualmente en
todos e incrementando su prevalencia en la mayte da ellos, aunque la transmision
en Alaska no ha sido bien documentédalsonet al, 2005; Guerreret al, 2006; Lee
et al, 2010)

3.1.2. Europa

La presencia del parasito en Europa ha sido hist@ente denunciada en paises
de la cuenca mediterranea y del sur, como Gredeilg,|Francia, Espafia y Portugal en
los que la enfermedad es endémica. En Grecia sddmamciado prevalencias en torno
al 10-15% por todo el territoriHaralampidis, 2003)En ItaliaD. immitis presenta
prevalencias superiores al 50% en el area hipenecedélel valle del rio Po, al norte del
pais(Genchiet al, 2001) mientras que en Francia se localiza principalmentel sur, a
lo largo de la costa Mediterran@aoby et al., 1986; Guerreret al, 1992) En Espafia la
distribucion de la dirofilariosis canina se repa@ealmente por todo el territorio, aunque
es especialmente prevalente en zonas asociadgadiag como la ribera del Tormes en
Salamanca (33,3%), delta del rio Ebro (35,8) o vudB6,7%). También se han
observado altas prevalencias en las islas, dondeflleencia marina proporciona la
humedad adecuada para las poblaciones de mosquotos, la isla de Gran Canaria
(23,87%) o Ibiza (39%()Guerrercet al, 1989; Montoyaet al., 2007; Simoret al.,, 2014)
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En Portugal se han denunciado prevalencias medlisre al 15-20% a lo largo de todo
el pais, encontrandose la mas alta en la isla dieiva(30%) Araujo, 1996; Genchet
al., 2001; Vieireet al, 2014a vy h)

Por otra parte, un gran numero de estudios llevadoabo en la Ultima década
demuestra que la dirofilariosis canina se ha exparttacia paises del centro y norte del
continente, donde anteriormente no se conocia dedsolo se habian encontrado casos
esporadicogMorchonet al, 2012a; Simoret al, 2012) Esto ha permitido denunciar
recientemente la presencia De immitis en paises como Alemania, Ucrania o Rusia
(Kartashewt al, 2011; Hameet al, 2013; Genchet al, 2014)

3.1.3. Africa

La escasez de estudios epidemioldgicos realizadebantinente africano junto
con la variedad de los métodos de diagnostico exdptey el numero de especies de
filarias existentes, no permiten conocer la distibn real de la dirofilariosis canina en
Africa (Siménet al, 2012) Datos revisados por Genahi al (2001) han permitido
reportar la presencia del parasito en Marruecosied,i Egipto, Tanzania, Kenia,
Mozambique, Malawi, Senegal, Angola, Gabdn, NigeyiaSierra Leona. Mas
recientemente se ha descrito la enfermedad enspgereonas urbanas en Ghé&nkarke
et al, 2014)

3.1.4. Asia y Australia

Un numero mayor de estudios, aunque realizadomaleera esporadica, ha
permitido localizar la presencia @ immitisen muchas regiones de Asia y Australia,
con prevalencias variables. En Iran la dirofilasasnina se reparte por todo el territorio,
alcanzando prevalencias del 51,4% en las zonashdmasdas del norté<nedri et al,
2014) y asi mismo, en la India se localiza principalreeen el noreste del pais
(Chakravarty y Chaudhuri, 1983; Patnaik, 19&%) la parte mas oriental del continente
se han denunciado prevalencias elevadas del maeasthina (21,6%B5unet al, 2012)
Taiwan (57%)(Wu y Fan, 2003)Japdn (59%)Tanakaet al, 1985) Corea del Sur
(69,5%) (Songet al, 2003)y Malasia (70%) Lok, 1988) En Australia,D. immitis es
endémica a lo largo de las areas costeras del noste, asi como en la parte oriental
de los estados de Queensland, Nueva Gales del Sigtoria (Kendall et al,, 1991;
Bidgood y Collins, 1996)
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4. LAS RELACIONES PARASITO/HOSPEDADOR EN LA
DIROFILARIOSIS

El conocimiento de los mecanismos que rigen la&sactiones entre los parasitos
y sus hospedadores, asi como la implicacion detdpdos del hospedador y sus
alteraciones patologicas es fundamental para estblas pautas adecuadas de manejo
y control de las parasitosiEstas relaciones resultan especialmente complejda e
dirofilariosis como consecuencia de dos factoeesapacidad dB. immitispara infectar
distintos hospedadores en los que el parasito naudstersos grados de adaptacion y
desarrollo; y la presencia de la bacteria simbidvitdbachiaque afecta a la inmunidad
desarrollada por el hospedador, a la patogeniagemuentemente al cuadro clinico de la
enfermedadSimon etal., 2009)

Pese a que la patologia en general y la patolaagauar en particular de la
dirofilariosis cardiopulmonar han sido ampliamedscritas, los estudios sobre las
relaciones que estableDeimmitiscon sus hospedadores a nivel molecular (mecanismos

patogénicos, respuesta inmune y estrategias devstgresia) son relativamente escasos.

4.1. Tejidos del hospedador afectados por la pat@@ vascular. La
pared arterial

Las arterias pulmonares lobares constituyen ldifazadn definitiva primaria de
los vermes adultos d@. immitis Alli los parasitos pueden sobrevivir durante d&srg
periodos de tiempo (méas de 7 afios), en nUmeropugrden variar entre uno y mas de
250 individuos. La pared arterial es, por tantotegtio del hospedador con el que el
parasito interacciona de manera inmediata, esfiehbe un amplio intercambio
molecular y causando las primeras y algunas dméssgraves alteraciones patolégicas

de la dirofilariosis cardiopulmonar.

La pared de las arterias pulmonares, cuya esteudtar sido recientemente
revisada en profundidad por Towns(€912),presenta, al igual que la de los demas vasos
sanguineos, tres capas concéntri¢gagura 6) La tunica intima esta formada por un

revestimiento de células endoteliales dispuestagitladinalmente en contacto directo
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con la sangre, la membrana basal y una regionjide tmnectivo subendotelial donde se
pueden encontrar células musculares lisas
manera esporadica. A continuacion y separa
de la intima por una lamina elastica interna ¢
encuentra la tinica media. Es la capa de may

grosor y estd compuesta principalmente pi

células musculares lisas que se dispon: Tinica intima
concéntricamente y estan embebidas en u
matriz extracelular rica en colagenos, elastin
fibrilina y proteoglicanos. Finalmente la

tunica adventicia es la capa mas alejada
\Tﬁnica

adventicia

lumen vascular y consta principalmente d

Tunica media
fibroblastos dispuestos longitudinalmente _

Figura 6. Imagen representativa de
dentro de una matriz que contiene colagenodisposicién en capas de una arteria. Toma

. : Encyclopaedia Britannica Online
lastin r | medio extern rut N .
elastina separada del medio externo por u <http://global.britannica.com/EBchecked/medi
lamina elésticdFigura 7) a/95216>

Pese a esta descripcion de la pared arterial tadsti por tres capas
estructuralmente distintas, la evidencia indica dag componentes celulares y
extracelulares de estas capas estan ampliameateanéctados, de tal manera que los
limites que se han marcado tradicionalmente sorerins. Esto es particularmente
evidente si se considera que dichas interconexjargan un papel clave en la capacidad
funcional de la pared arterial. Asi, a lo largogden parte de la red arterial pulmonar, la
lamina elastica interna se compone de membranastfadas que permiten el desarrollo
de proyecciones endoteliales hacia la tunica miadidtando la comunicacion entre el
endotelio y el musculo liso perivascular. Estasrantciones célula-célula se consideran
esenciales para la integracion local de la vasdgoci®n y de la vasodilatacion, asi como
para la coordinacién de las respuestas vascularéas e2d de vasos interconectados
(Martinez-Lemus, 2012; Townsley, 2012)
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Figura 7. Corte histologic
mostrando una arteria pulmo
normal canina. La tdnica intin
media y adventicia muestran
grosor y estructura celular norn
Tincion: hematoxilinaeosina
Aumento: 10X (Quinn y Williams,

Timica adventicia
Thinica media
Tthnica intima
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4.1.1. El endotelio vascular

El endotelio es una monocapa continua formada @atas unidas a la vez entre
siy ala membrana basal subyacente. Las célutlidediales son células polarizadas, con
un dominio apical en contacto con la sangre y uistaldbasal en contacto con el
subendoteligDejanaet al, 1995) El endotelio vascular esta considerado el praicip
organo de regulacion de numerosas funciones vassutaniendo, ademas, un papel
clave en la regulacion de la homeostasis al caoirsté interfase entre la sangre y los
tejidos. Cualquier alteracion tanto en la composicile la sangre como en el flujo
sanguineo puede convertir un endotelio sano coactafsticas antitrombaticas,
antiinflamatorias y vasodilatadoras en un tejidmdio predomine la coagulacion, la

inflamacion y la vasoconstriccigMichiels, 2003)
4.1.2. El musculo liso perivascular

El musculo liso perivascular constituye el compdeenayoritario de la tunica
media y se presenta generalmente en forma de llaceslulas musculares lisas de
apariencia fusiforme y con un nucleo alargado. Esta encuentran rodeadas de una
lamina externa e interconectadas por uniones edidma. La principal funcion de las
células musculares lisas dentro de la tunica mexlla de controlar el diametro vascular
mediante los procesos de contraccion y relajaciéinlar. Para ello se disponen
concéntrica y perpendicularmente al eje longitudited vaso(Martinez-Lemus, 2012;
Townsley, 2012)Ademas, estas células juegan un papel fundamemtairos procesos
fisiolégicos como el mantenimiento del tono vasgul@paracion, cicatrizacion y

desarrollo arterial, asi como en las principalderemedades vasculares, incluyendo la
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formacion de la placa de ateronj@chwartz, 1997)Las células musculares lisas
vasculares tienen la capacidad de modular su famatiestado de diferenciacién. Por
ello, en arterias adultas intactas, las célulascoiages son normalmente quiescentes y
presentan un estado diferenciado conocido comdifenoontractil, el cual es esencial
para la estabilidad hemodinamica. En contrastégrtaacion de lesiones derivadas de
aterosclerosis o estenosis implica la diferenciadé las células musculares lisas a un
estado conocido como fenotipo sintético. Este mmciecluye una reorganizacion
estructural visible dentro de las células que perenimentar su capacidad para proliferar,
migrar hacia la tanica intima y secretar comporsedeela matriz extracelul@upontet

al., 2005)

4.1.3. La matriz extracelular

La matriz extracelular constituye uno de los mayam@mponentes de los vasos
sanguineos, suponiendo méas de la mitad de la mea$a pared de arterias y venas
(Hungerford vy Little, 1999) Pese a estar formada principalmente por colaggnos
elastinas, otros componentes como la fibronectmarofibrillas (principalmente
fibrilinas) y abundante material soluble o amorfono proteoglicanos y glicoproteinas
pequefias ricas en leucina estan presentes entrggdasios extracelulares de la pared de
los vasos, siendo cruciales para su integri@ad-Ghariost al, 2004)

La matriz extracelular define las propiedades miee&rcriticas para una correcta
funcion del sistema vascular. Ademas, el adecuadanbe entre su produccion y
degradacion es crucial para el mantenimiento @stlaictura del tejido, asi como para su
desarrollo y reparaciof\wagenseil y Mecham, 20Q9)0s diferentes tipos celulares de
los vasos sanguineos son los encargados de laisidéelos componentes de la matriz
extracelular. Se asume que las células endotefiale$as principales responsables de la
sintesis y deposicion de los componentes de laizrattracelular de la tunica intima
(Davis y Senger, 2005En la tanica media el material extracelular,urbb el colageno
y las fibras elasticas es producido principalmeoielas células del masculo liso durante
el desarrollo, mientras que en la tanica adventaiaolageno es sintetizado y secretado
por los fibroblastos, como en otros tejidos cowesti(Bou-Gharioset al, 2004;

Wagenseil y Mecham, 20Q9)
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La degradacion de la matriz extracelular es reddizaor un grupo de enzimas
conocidas como metaloproteasas de matriz que ickolagenasas, gelatinasas,
estromelisinas, metaloelastasas, asi como cualgtiarproteina capaz de degradar
especificamente algun componente de la matrizesttriar(Galis y Khatri, 2002)Estas
enzimas, cuya sintesis es realizada por las cé&uldsteliales, musculares lisas y por los
fibroblastos, son capaces de degradar completarfeentatriz extracelular y, por tanto,
sus mecanismos de accion han de ser estrictanegnt@dogBou-Gharioet al, 2004)
Ademas, puesto que otras muchas moléculas quemarigarte de la matriz extracelular
son sustratos potenciales de las metaloproteasastisidad puede afectar a procesos
tan importantes como la migracion celular, diferacién, crecimiento, procesos

inflamatorios, neovascularizacién o apoptdgkiagaseet al, 2006)
4.2. Caracteristicas clinicas de la dirofilariosisardiopulmonar

La dirofilariosis cardiopulmonar esta descrita gpegro, principal hospedador de
D. immitis como una enfermedad grave, que potencialmenteprausar la muerte del
hospedador. Presenta un desarrollo generalmentecaronuy complejo, afectando
progresivamente al sistema vascular, al paréngpuiraonar y en sus ultimas fases, a
las cdmaras derechas del coragémlanelloet al, 1998; Venco, 2007; McCadit al,
2008) Los dafios provocados en el hospedador se atrilprcipalmente a los vermes
adultos. Estos, localizados en las arterias pulmesnanducen las primeras lesiones en
las paredes de los vasos, hecho clave para lacéolde la enfermedad y para el
desarrollo posterior de la patologia pulmonar ylizaa(Simonet al, 2012) (Figura 8)

4.2.1. Dafos vasculares

Con la llegada de los vermes a las arterias pulreen@omienzan los primeros
dafos en el tejido que esta en contacto con l@sipas, el endotelio. Como respuesta al
trauma mecanico, se producen cambios anatomictss mared arterial, aumentando el
tamanfo tanto de las células endoteliales como &sdespacios intracelulares, a la vez
que se desorientan los ejes longitudinales dedhsas(Venco y Vezzoni, 2001)La
desorganizacion del endotelio facilita la infili@ct de células inflamatorias,
principalmente neutrofilos, hacia los espaciosvaagulares. Por otra parte, la exposicion

del subendotelio favorece la activacion plaquetdroao ello desemboca en un proceso
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de endarteritis proliferativa, fendmeno de hipesjglacaracteristico de la dirofilariosis

cardiopulmonacfFigura 9)

Vaso sanguineo antes de la llegada de los vermes de D. immitis

Tunica intima (Endotelio)

¢

Tunica media (Musculo liso)

Llegada de los vermes de D. immitis Muerte de los vermes y liberacion de Wolbachia

Patologia cronica Patologia aguda

- (

Inflamacion y endarteritis proliferativa Tromboembolismos y potenciacion
de las reacciones inflamatorias

N

Edema pulmonar e hipertension Fallo cardiaco congestivo

Figura 8. Progresién de la patologia de la dirofilariosis degpulmonar. La enfermedad tiene
habitualmente un curso cronico afectando iniciabmahsistema vascular, para luego extenderségidd te
pulmonar y a las camaras derechas del corazénukeaesimultanea de un gran nimero de vermes adulto

puede desencadenar la forma aguda de la enferr{tadnet al, 2012)
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Figura 9. Imagenes representativas de la presencia de eritiafieoliferativa en la arteria pulmonar de
un perro con dirofilariosis. Se puede observarnelogelio engrosado con presencia de vellosidades y
coloracion purpurea del misngGarretonet al, 2012)

Figura 10. Endarteritis proliferativa. (A) Seccion de la aidgsulmonar de un gato con dirofilariosis donde
se pueden observar numerosas microvellosidadesla@biengrosamiento de la tunica intima y a la
hiperplasia de las células endoteliales. (B) Aaterilmonar de un gato con dirofilariosis dondemeda

un verme deD. immitisrodeado en parte por un trombo. Se observa umapgdiferacion vellosa con

infiltracion de células inflamatorias. Tincién: hatoxilina-eosingMcCracken y Patton, 1993)
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La endarteritis proliferativa esta causada por riaifpracion y migracion de
células de la pared arterial hacia el lumen vascpta lo que la pared de la arteria deja
de ser lisa y blanca y desarrolla microvellosidad&avasculares, que dan a la superficie
de la arteria pulmonar un aspecto rugoso y unditaubpurpurgVenco, 2007; Carreton
et al, 2012) Se ha descrito que este proceso va acompafuoliferacion y migracion,
tanto de células endoteliales como del musculopesivasculafAdcock, 1961; Atwell
et al, 1986; Hidakaet al, 2004; Kawabatat al, 2008) asi como de degradacion de la
matriz extracelulafWanget al., 2005) (Figura 10)

Ademas, se pierde la capacidad de contracciordoidey de la pared arterial, las
arterias lesionadas pierden elasticidad, se vudlw@mosas y aunque sufren dilatacion,
la luz disminuye debido al engrosamiento provocagar la formacion de
microvellosidades. Esto puede provocar oclusiéradearteriolas mas estrechas por
embolizaciénKaiseret al, 1989; Carretoet al, 2012)

4.2.2. Desarrollo posterior de la enfermedad

La patologia pulmonar aparece de manera secungesiaycada por los cambios
vasculares. El aumento de la permeabilidad vasdalatisminucion del calibre de los
vasos Y las obstrucciones que alteran el flujo si@eg conducen a un aumento de la
presion en la arteria pulmonar, produciéndose tepsion pulmonafVenco y Vezzoni,
2001; Venceet al, 2011) Esta, aunque suele ser moderada, puede trigieark arteria
pulmonar durante el ejercicio debido a la pérdidaethsticidad de la pared arterial
(Kittleson, 1998) Por otra parte, la salida de liquido y antiggpexsasitarios desde los
vasos dafiados hacia el parénquima pulmonar peniegagoovoca edema e inflamacion
(Figura 11A) La presencia de eosinofilos y neutrofilos confainfiltrados intersticiales
y alveolares que provocan una fibrosis irreversjtésta a su vez, la disminucién del area
de intercambio gaseoso y el aumento de la resiaterascular pulmonafRawlings,
1986) Ademas, la aparicion de enfisema y de hipertrdéda musculatura bronquial
asociada también ha sido descfitdlon et al, 1995; Vencet al, 2011)

En animales sometidos a ejercicio fisico y congraa carga parasitaria, el estado
de hipertension pulmonar provoca una dilataciorvdatriculo derecho acompanada de
hipertrofia compensatoria para mantener la altsipmede perfusion y mover la sangre a

los pulmonegVenco, 2007; Wanget al, 2005) (Figura 11B)La persistencia de la
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hipertension pulmonar, junto con el aumento deleitardiaco producido por el ejercicio
o por fendbmenos tromboembdlicos, puede generadilatacion irreversible de la parte
derecha del corazén, determinando una insuficiecaidiaca congestiva. Diferentes
complicaciones como edema miocardico, fibrosisuesgia o insuficiencia valvular
como consecuencia del agrandamiento de las canadrasventriculares o por la
presencia de los vermes en el interior del corgr@uen agravar finalmente la situacion
(Venco y Vezzoni, 2001; Venco, 2007Ademas de la patologia cardiopulmonar, la
dirofilariosis puede causar alteraciones en orgartefidos tan dispares como el rifidn,
el higado, el cerebro, la cAmara anterior del dgocavidad peritoneal, debido entre otras

cosas a localizaciones ectopicas o aberrantesadsip(McCall et al, 2008)

Figura 11. (A) Edema pulmonar en un perro con dirofilariqgisureton et al., 2012]B) Cardiomegalia
con dilatacion de las camaras cardiacas derectamideén en un perro con dirofilariosis. Se puede
observar la presencia de vermes adultoB denmitissaliendo a través del tronco de la arteria pulmona
(Carreton et al., 2012)

4.2.3. Patologia aguda

De forma paralela al desarrollo crénico de la enéstad descrito hasta el
momento, pueden producirse procesos agudos queeupo riesgo inmediato para la
vida de los animales que los padeernco, 2007) Aparecen cuando se produce la
muerte subita y simultdnea de muchos vermes aduf®smanera natural o como
consecuencia de un tratamiento filaricida. Los gitoa vivos tienen capacidad para
controlar la formacion de trombos, pero cuando eweta liberacion masiva de

productos antigénicos al torrente circulatorio il una trombosis masiva y una
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exacerbacion de las reacciones inflamatorias endstelio vasculafvVenco y Vezzoni,
2001) (Figura 12)Los vermes muertos son arrastrados distalmenta fze arterias mas
finas, mientras que los fragmentos del parasitocaeifican y son parcialmente
incorporados a la pared de la arteria, con la posteicatrizacion y formacion de gran
cantidad de tejido conectivo fibroso. Todo ellovymoa un grave deterioro del flujo
sanguineo, hipoxia e inflamacion granulomatosaadeated arterial con un crecimiento
exagerado de las vellosidades y un aumento dertagadilidad, con la formacion de
edemas perivascularéSarretoret al, 2012)

Por dltimo, dentro de la forma

sindrome de la vena cava. Est#
variante clinica suele presentarse
animales de pequefio tamafio y co
una alta carga parasitaria, se prese
de improviso y su pronostico es dg
reservado a grave, presentando u
alta mortalidad. Consiste en |
acumulacion masiva de vermes

) _ Figura 12. Tromboembolismo (flecha amarilla
adultos en el atrio ventricular derechojocalizado en larteria pulmonar de un perro que m

de dirofilariosis cardiopulmonar (Cortesia ldeVenco
Ospedale Veterinario “Citta di Pavia”, Pavia, i
torrente sanguineo inducen dafios

Las turbulencias que aparecen en ¢

mecanicos en la pared de los eritrocitos provocaretndlisis. Ademas, la masa de
parasitos se opone al retorno venoso al corazégudéoprovoca un estado de shock

cardiocirculatorig Kitagawaet al, 1987; Furlanell@t al, 1998; Carretoet al, 2012)
4.2.4. Sintomatologia

En la dirofilariosis cardiopulmonar canina, los teimas, en general, van
apareciendo progresivamente en consonancia coasakrdllo crénico habitual de la
enfermedad. La mayor parte de los perros infectadgsesenta sintomas durante meses
0 anos, y estos dependen de la carga parasit@aneadtividad individual y el ejercicio
fisico al que son sometid@Billon et al, 1995) Cuando aparecen los sintomas, estos
incluyen tos, disnea y taquipnea, intoleranciajatcecio, pérdida de peso, sincope,
hemoptisis o0 epistaxis y ascifflSigura 13) Ademas, aparecen sonidos pulmonares en los
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I6bulos caudales, arritmias y ruidos cardiacosimirficiencia de la tricispide. Cuando
se desarrolla la insuficiencia cardiaca congediis@cha se presenta, ademas, pulso
venoso yugular e ingurgitacion de las yugularepatmmegalia, edema pulmonar y

derrame pleurglCarretoret al, 2012)

En relacion con la variante aguda de la enfermedahte la aparicion de
tromboembolismos tras la muerte masiva de vermekoasddeD. immitis los perros
pueden mostrar disnea y hemoptisis potencialmatdéesLa muerte subita es rara pero
puede sobrevenir como consecuencia de una insufiaigespiratoria, caquecsia o
fendmenos tromboembdlicos graygenco y Vezzoni, 2001El sindrome de vena cava
se manifiesta con signos de colapso cardiovascuemnea, soplo cardiaco y
hemoglobinuria debida a hemdlisis mecanica comesamrencia de las turbulencias

causadas por la masa de vermes al dificultar jol §languine@Vencoet al, 2011)

Figura 13. Ascitis en un perro con dirofilariosis (Cortesia deA. Montoya-Alonso, Facultad de
Veterinaria, Universidad de Las Palmas de Gran @arzaas Palmas de Gran Canaria, Espafia).
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4.3. Mecanismos patogénicos

Historicamente, la patogénesis de la dirofilaridsissido atribuida a la presencia
fisica de los vermes adultos en las arterias pulmesde los hospedadores. Sin embargo,
la complejidad del cuadro clinico de la dirofilai® cardiopulmonar no puede explicarse
sin otros factores relacionados con el parasitasyrsoléculas excretadas. La idea de
explicar los mecanismos patogénicos de la diradidds a través de la alteracion de la
funcién fisiolégica del endotelio causada por peids excretados por las filarias, fue
postulada en los afios 80 y 90 del pasado siglaupogquipo multidisciplinar de la
Universidad de Michigan (EEUU). Estos investigadopgopusieron que los vermes
adultos deD. immitis contribuyen a la alteracion de la capacidad dagaeiidn de las
arterias pulmonares. Dicho proceso estaria medgeiola liberacion de productos
parasitarios que cambian el comportamiento dedhgas endoteliales vasculares, pero
no del masculo liso asociado. Identificaron al é@xidtrico (NO), los productos de la
actividad de una ciclooxigenasa (que no fueronapedos), la prostaglandina D2 y la
histamina como las moléculas responsables de ditbeacion(Kaiseret al, 1989 y
1992; Mupanomundat al, 1997; Kaiser y Williams, 1998)

En el mismo sentido, no se conocen con exactitadriecanismos patogénicos
que provocan la formacion de microvellosidadesh&postulado que el dafio mecéanico
causado por la sola presencia de los vermes adeitdas arterias pulmonares podria
participar en el proceso patolégipdtwell et al, 1985) También se ha sefialado que la
pared arterial podria responder a sustancias aatifactores de crecimiento secretados
por las plaquetas que invaden el espacio perivasa@dmo consecuencia del dafio en la
superficie arterial. Otros dos mecanismos que padrontribuir a la progresion de la
endarteritis proliferativa son, en primer lugais l@acciones antigeno-anticuerpo que
activan el complemento, alterando la funcién erlddtg aumentando la permeabilidad
vascular, y, en segundo lugar, el aumento dedptgieina de baja densidad (LDL) en el
plasma, lo que contribuiria a estimular la proéifgén de las células del musculo liso
hacia la intimgFurlanelloet al, 1998; Venco, 2007; Vencst al, 2011) No obstante,
puesto que la gravedad de la proliferacion velksta directamente relacionada con la
duracién de la infeccidén y la carga parasit@vianco, 2007)es posible que productos

excretados por el parasito puedan influir en etgso.
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Otra gran parte de los hallazgos realizados salsrenecanismos patogénicos de
la dirofilariosis cardiopulmonar se han centraddeeimmunopatologia de la enfermedad
(Figura 14) Los datos obtenidos indican que los hospedadaiesstados o inmunizados
conD. immitisdesarrollan una respuesta inmune dualT (Marcos-Atxuteguket al.,
2003; Krametet al, 2005) La respuesta de tipo Tiproinflamatoria, es estimulada por
la bacteria simbiont&olbachiae induce la expresion del ARNm de la 6xido nitrico
sintasa inducible (iNOS), del interferon gamma (#HNasi como la produccion de NO
y de anticuerpos lgG2a. La respuesta de tipe, Hmtiinflamatoria, esta dirigida
preferentemente contra los antigenosDdeimmitis (Marcos-Atxuteguiet al, 2003;
Morchonet al, 2007a y h)Esta polarizacion de la respuesta inmune se sareddo
también en infecciones naturales. Una respuegtpal€hy, caracterizada por una intensa
expresion del ARNm de las citoquinas IL-4 e IL-1l@ produccion de IgG, se ha descrito
en infecciones caninas microfilarémicas. Una resjaude tipo Th caracterizada por la
ausencia de expresion de IL-10 y una intensa exjpree iNOS y la produccién de 1gG2,
predomina en las infecciones caninas amicrofilacémi Estos datos sugieren que las
microfilarias circulantes pueden estimular una uespa de tipo Th ineficiente,

permitiendo la supervivencia a largo plazo de Ersnes adultoéorchonet al., 2007b)

El descubrimiento de qu&/olbachiaes clave para el desarrollo de las reacciones
inflamatorias en la dirofilariosis ha supuesto uangavance en este aspecto. Se ha
demostrado que la mayor parte de los pacientediogiilariosis pulmonar presenta una
respuesta exclusiva de IgG1l (Jtcontra la proteina mayoritaria de la cubierta de
Wolbachia(WSP)(Simonet al, 2003; Simoret al, 2007) Otros trabajos indican que la
WSP activa la quimiotaxis de neutréfilBazzocchiet al, 2003)y que es capaz de
inhibir su apoptosim vitro, o que podria contribuir a prolongar la reacditftamatoria
(Bazzocchiet al, 2007) Ademas, se ha demostrado en otras filariosisVijakachia
interacciona con los macréfagos a través de lalitamie receptore3oll-like (TLR2,
TLR4 o TLR6)(Brattiget al,, 2004; Turneet al, 2009) Por otra parte, cultivos de células
endoteliales estimulados con WSP mostraron un atansegnificativo en la expresion de
los eicosanoides proinflamatorios, tromboxano B&ugotrieno B4, asi como en la de las
enzimas responsables de su sintesis (ciclooxigghaseb-lipooxigenasa). Ambos
eicosanoides alcanzaron niveles maximos en infeesitelinas experimentales a los 180
dias post-infeccion, momento en el que comienzarnrdacciones inflamatorias mas

graves(Morchonet al, 2007c) Ademas, el tromboxano B2 presenta elevados mivele
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tanto en infecciones cronicas caninas y felinasnaaen pacientes humanos con
dirofilariosis pulmonar, lo que se correlacionaj@ios los casos, con elevados titulos de
anticuerpos IgG anti-WSP, indicando una intensardibion deWolbachia por la
destruccion de los verm@glorchonet al, 2006, 2007c y 2009Finalmente, la expresion
de iINOS y NOS endotelial (eNOS), asi como la dasatnoléculas relacionadas tanto con
la adhesion y transmigracion de leucocitos (VCARMAM y PECAM), como con la
proliferacion celular (E-cadherina y VEGF), tamb&mnvieron aumentadas en cultivos
de células endoteliales estimulados con W8Brchonet al, 2008) No obstante, el
hecho de que muchas de estas moléculas tambi@asewtivadas en cultivos similares
estimulados con antigenos somaticos parasitégiosonet al, 2008)o que filarias que
carecen daVolbachiatambién induzcan reacciones inflamatorias, paseggrir que
ademas de las bacterias, las propias filariasggzati también en la generacion de la

patologia inflamatoria de la dirofilariosis cardibmonar(Simoénet al, 2012)
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Figura 14. Mecanismos inmunopatogénicos en la dirofilariosssdmpulmonar mediados por una
respuesta inmune dual hh,. (A) La respuesta de tipo 7 hantiinflamatoria, es estimulada por los
antigenos d®. immitisy la presencia de microfilarias. Se incrementaxXjaresion de IL-4 e IL-10, asi
como los niveles de anticuerpos relacionados coeslauesta ThigG (en perros) o IgE (en humanos). (B)
La respuesta de tipo Thproinflamatoria, es estimulada por las bactéWasbachialiberadas a partir de
vermes muertos. La proteina mayoritaria de la diggeede Wolbachia(WSP) estimula la produccién de
IFN-y, interacciona con macréfagos (probablemente @srale receptores TLR) e inhibe su apoptosis.
Wolbachiaestimula ademas la produccion de anticuerposoBpite la respuesta Tk la expresion de
mediadores proinflamatorios en células endoteliseulares. En estas mismas células los niveles de
expresién de moléculas de adhesion/transmigradi@AM, PECAM, ICAM, E-cadherina y VEGF)
también se ven aumentados. Algunos de estos estinambién son producidos por un extracto de

antigenos somaticos @ immitis(DiSA) (Simoénet al, 2012)
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4.4. Respuesta inmune

El sistema inmune es una sofisticada y complejeaheenta que ha evolucionado
para destruir a los patdgenos invaségesciet al, 2013) Sin embargo, frente a la fuerte
respuesta inmune desarrollada por los hospedagmessitados, los helmintos en
particular son capaces de persistir en el hospedgmoduciendo generalmente
infecciones de tipo crénicdloreau y Chauvin, 2010En este sentido, el desarrollo de
las larvas infectantes hasta vermes adultos arofdatiosis cardiopulmonar y el caracter
cronico en la mayor parte de la infecciones, segieia escasa eficiencia de la respuesta
inmune y/o una habilidad del parasito para evaor mecanismos de control del
hospedador. No obstante, estd generalmente acegtedel hospedador es capaz de
controlar la carga parasitaria manteniéndola desigranos limites compatibles con su
propia supervivencia, destruyendo una parte dateas adquiridas por las reinfecciones
(Simonet al, 2001 y 2012)

En la dirofilariosis los datos experimentales panedemostrar que la respuesta
inmune esta influenciada por la presencia de milari@s y por el estatus clinico de los
hospedadores infectadosSimén et al, 2012) En perros con dirofilariosis, la
microfilaremia se ha relacionado con niveles sigativamente superiores de anticuerpos
IgG antiD. immitisy anti\Wolbachiaen comparacién con lo que ocurre en infecciones
amicrofilarémicagGrieveet al, 1979; Morchoret al, 2007b; Marcos-Atxuteggt al,
2004) En el mismo sentido, una mayor respuesta deusnpos IgG antiA/olbachiafue
encontrada en la orina de perros microfilarémicoa glomerulonefritis asociada
(Morchoénet al,, 2012b) Por otra parte, comparando ambos tipos de anpios&n perros
amicrofilarémicos, la respuesta es mayor en acguetia tromboembolismos pulmonares
masivos que en los que no presentan sintomatolgianeret al, 2005; Simoret al,
2007)

En estudios llevados a cabo con gatos infectadperiementalmente se ha
observado una respuesta IgG moderada y de codaidnrsolo en los 2 primeros meses
post-infeccion contra los antigenos de L3 y unpuesta IgG intensa entre los 2 y los 6
meses post-infeccion contra los antigenos de losagadulto$Bazzocchiet al, 2000;
Prietoet al, 2001 y 2002)Esta respuesta desciende en gatos tratados emneetina,
mientras que las IgG antifolbachiase incrementan, probablemente como consecuencia
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de la muerte de las larvas y la liberacionWelbachiaal organismo del hospedador
(Prietoet al, 2002)

En las infecciones humanas, pacientes diagnossaaelairofilariosis pulmonar
presentan una respuesta de IgG o IgM frente adowlejos antigénicos somatico y
excretor, ademas de niveles elevados de IgG/dalidachia(Simonet al, 1991, Simon
et al, 2003) mientras que en seropositivos asintomaticos ridulos pulmonares)
predominan las IgE y los anticuerpos amMilbachiase mantienen en niveles mas bajos
(Satoet al, 1985; Espinozat al, 1993; Siméret al, 2003)

4.5. Mecanismos de evasion y supervivencia

Pese a la grave patologia que prodlicaémmitises capaz de sobrevivir durante
afos en el sistema vascular de su hospedador tiefiasegurando su reproduccion,
interaccionando con su entorno inmediato a travedod antigenos de la interfase
parasito/hospedador. Por ello, la larga esperamezaida deD. immitis puede ser
considerada como un reflejo de la evolucién deatsgias altamente efectivas

relacionadas con sus mecanismos de evasion y suparia.

Los pocos datos disponibles muestran que cadeefadetiva deD. immitis ha
desarrollado diferentes estrategias para evadisfauesta inmune del hospedad@mon
et al, 2001) (Figura 15)Se ha demostrado que las L3 eliminan entre gl (0% de
su contenido antigénico de superficie (constitygidocipalmente por dos moléculas de 6
y 35 kDa), no siendo repuesto posteriormente. Bsionite ofrecer un bajo perfil
antigénico dificil de detectar, en un estadio deéacduracion pero de vital importancia
para el establecimiento de la infeccion en el hdager definitivo(lbrahimet al.,, 1989)
Por su parte, los vermes adultos expresan en sufwig glicolipidos no inmundgenos,
y son capaces de retener plaquetas y adsorber iapuigG y la fraccion C3 del
complemento como mecanismo de enmascaramienteyiteiel reconocimiento de los
antigenos cuticularéScottet al, 1988; Bilgeet al, 1989; Kadispasaoglu y Bilge, 1989)
Ademas, se han detectado proteasas con capacidadighalizar anticuerpos IgG en la
epicuticula de las microfilaria§famashiroet al, 1987) En cuanto a los productos
secretados pdd. immitis se ha demostrado que la estimulacion de cultieosélulas
endoteliales vasculares con los antigenos excetseaetores del parasito produce un

aumento significativo en la produccion de prostadilsa E2 (PGE2), asi como un
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significativo descenso en la transmigracion de moas (Morchonet al, 2010) La

PGE2 es un eicosanoide derivado del acido araq@imogue produce efectos
inmunosupresores y antiinflamatorigsu y Weller, 1990) por lo que altos niveles de
esta molécula pueden relacionarse con la supewciavatel parasito, lo que ha sido

postulado también en otras especies de filétias et al, 1990; Bratticet al, 2006)

Finalmente, como se ha sefialado con anteriorida@studios protedmicos estan
generando abundante informacion sobre la compaosipidteica deD. immitis El
analisis mediante esta tecnologia de los diferentespartimentos antigénicos del
parasito parece indicar qle immitisposee un gran numero de enzimas cuyas funciones
estan directamente relacionadas con su supervaediterentes isoformas de proteinas
de choque térmico, peroxirredoxinas, moléculaoamantes y detoxificantes y enzimas
implicadas en la generacion de energia estan amgiie representadas en el repertorio
antigénico del parésit®leagaet al, 2009; Gonzéalez-Miguet al,, 2010a y b; Geargt
al., 2012; Morchoret al, 2014)

A — B 6\PGEZ ) ~~ Disminucién en la
AN Polipéptido de 35 KDa » transmigracion de
(= monocitos
— Albumina, IgG, C3y @iES )
Verme adulto plaquetas del hospedador g
< 4
- L N
= &> Polipéptido de 6 KDa 2
Tejido subcutineo Glicolipidos no —
inmunogenos Diferentes isoformas de

HSPs, peroxirredoxinas, microfilaria

antioxidantes y moléculas M

detoxificantes l

Endotelio vascular Proteasas

Figura 15. Mecanismos de evasion y supervivencia descritd3. @mmitis (A) Las larvas infectantes L3
evaden la respuesta inmune del hospedador libegmddes cantidades de dos polipéptidos de suigerfic
de 6 y 35 KDa. (B) En localizacién vascular, losmes adultos pueden enmascarar su superficie ntedian
la adsorcién de moléculas del hospedador. Adensgsgn glicolipidos no inmunégenos y un gran niimero
de isoformas de proteinas de choque térmico, peeoixinas, antioxidantes y moléculas detoxificante
En el endotelio sus productos de excrecion/seare@timulan la expresion del eicosanoide
antiinflamatorio PGE2 y la disminucion en la tramgmacion de monocitos. Las microfilarias poseen

ademas proteasas de superficie con capacidadigara dnticuerpos del hospedad6imonet al, 2012)
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5. EL SISTEMA FIBRINOLITICO

La coagulaciéon sanguinea es un complejo eventonétizo que culmina con la
formacion de una proteina insoluble de aspectmélatoso llamada fibringrigura 16)
Junto con las plaquetas, la fibrina conforma umnague evita el sangrado cuando se
produce un dafio vascular. El conjunto de mecanigmoargados de lisar el coagulo de
fibrina una vez formado y, por tanto, de restaalastado fisiol6gico normal que permita

una correcta permeabilidad vascular, constituygstééma fibrinolitico(Mosher, 1990;
Gaffney y Longstaff, 1994)

Como se ha descrito anteriormente,

D. immitis provoca un dafio vascular tanto
por procesos mecanicos como enzimaticos,
lo que sin duda estaria relacionado con una
intensa actividad de la cascada de la
coagulacion. No obstanteD. immitis
sobrevive durante largos periodos en el
sistema  vascular de  hospedadores
inmunocompetentes sin verse afectado,

aparentemente, por este proceso. Por otra

Figura 16. Glébulos rojos atrapados en | parte, cuando mueren los vermes adultos
malla de filamentos de fibrinaTomado d

Encyclopaedia Britannica Online
http:/global.britannica.com/EBchecked/topic/6 tromboembolismos que caracterizan la
9202/bleeding-and-blood-clotting#ref64585

pueden producirse los graves

patologia aguda y que comprometen de
inmediato la vida del hospedador. Por tanto, esnaale asumir que los vermes adultos
interaccionan en vida con su entorno intravascute@diante mecanismos de
supervivencia, ya que dichos fendmenos tromboertx)liademas de producir graves
consecuencias para la vida del animal parasitagedgn ser nocivos para el propio
parasito. Por ello, es probable que, como ocuratres patdgenos sanguinedsimmitis
interaccione de algun modo con el sistema fibrifvolide su hospedador.

Se revisan a continuacion las principales carattesis bioquimicas y funcionales
de los componentes mas importantes del sistemandiltico, la naturaleza de su
interaccion con diferentes grupos de patégenos, casno sus implicaciones
fisiopatoldgicas.
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5.1. Componentes del sistema fibrinolitico
5.1.1. Sistema Plasmindgeno - Plasmina

El funcionamiento del sistema fibrinolitico tienento base la conversion de un
proenzima, el plasminégeno, en su enzima proteafitente activa, la plasmina, la cual
es capaz de degradar fibrina y, asi, eliminar égato previamente formade@ollen y
Lijnen, 1991) (Figura 17)

Receptores del
Plasminogeno I
uPA / tPA PAI-1
. o2-antiplasmina,

o2-macroglobulina

Plasminégeno > Plasmina
TAFIa
Fibrina
im——————— l

Figura 17. Esquema simplificado del sistema fibrinolitico. PRI inhibidor del activador del
plasminégeno-1; PDFs, productos de la degradac®@tadibrina; TAFla, inhibidor de la fibrinolisis
activable por trombina activado; tPA, activadoulas del plasminégeno; uPA, activador del plasmémniy

de tipo uroquinasa; UPAR, receptor del activadbptiesmindgeno de tipo uroquinasa.

El plasminégeno es una glicoproteina plasmatic®2i&Da sintetizada en el
higado y formada por 791 aminoacidos enlazado2g¢quentes disulfuro, 16 de los
cuales dan lugar a 5 regiones homélogas de teptellamadakringles(Cesarman-Maus
y Hajjar, 2005) (Figura 18)Al tratarse de un zimoOgeno, su conversion a plaamin
depende de la escision, por diferentes tipos deaalcires, de un enlace peptidico Arg-
Val en la posicion 560-56Holvoetet al,, 1985) Esto libera las cadenas pesada y ligera
de la molécula de plasmina quedando unidas popweEstes disulfuro. La cadena pesada
de 65 kDa presenta los 5 dominlaggle y la cadena ligera de 25 kDa contiene el sitio

activo de Hisoz, ASpsas Yy Serao, 10 que conforma la caracteristica triada catalitie las
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proteasas de serifiadhteenmaket al, 2001) La plasmina como serina proteasa activa
es capaz de degradar eficientemente el coagulaaftongenerando productos solubles
de degradacion y logrando que la fibrina exponga msiduos de lisina carboxi-
terminales. Estos residuos son sitios de uniéro tpata los dominiokringle 1 y 4 del
plasminégeno como para los de sus activadoresydosg traduce en un incremento
significativo del proceso fibrinolitic€Cesarman-Maus y Hajjar, 200Ademas de con

la fibrina, la plasmina puede realizar su activigadteolitica sobre otros muchos
sustratos, jugando un papel importante en procesoso la invasion celular, la

quimiotaxis o la remodelacion de los tejid8yrovets y Simmet, 2003)

Figura 18. Estructura del plasminégeno. Los dominkoimgle que contienen los sitios de unién a lisina
estdn marcados como K1-K5. Se indican los aminoéajde conforman la triada catalitica ghhisAspsas

y Serag) Y el sitio de escisién para los activadores tismindgeno entre los aminoacidos #6y Valss:.
Las lineas discontinuas sefialan puentes disulfuéditeenmakiet al, 2001) PA, activadores del

plasminégeno.

El plasmindgeno esta presente en grandes cantitlattesa nivel vascular como
tisular. Debido al papel principal que cumple estalécula, no solo en el sistema
fibrinolitico, sino también en otros procesos cales, es de suma importancia que esta
gran reserva de actividad proteolitica se halleéneente regulada. Esto se logra gracias

a la actividad de diferentes activadores, inhitedor receptores.
5.1.2. Activadores del plasminégeno

Dos son los activadores fisiologicos del plasmimagédentificados hasta el

momento, el activador tisular del plasminogeno {ti?Al activador del plasminégeno de
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tipo uroquinasa (UPA). La activacion del plasmimagmediada por tPA esta relacionada
principalmente con la disolucion del coagulo deifid a nivel vascular, mientras que
uPA se une a su receptor celular especifico (uPp&@nciando la activacion del
plasmindgeno unido a célulésjnen, 2006) Ambos son capaces de reconocer y escindir

el puente peptidico Asgr-Valse1 del plasmindgeno facilitando su conversion a plaam
Activador tisular del plasmindgeno (tPA)

El tPA es una proteasa de serinas de 72 kDa giadietiprincipalmente por las
células endoteliales. Esta glicoproteina contigneocdominios estructurales entre los
cuales se incluyen ufinger tipo fibronectina, un dominio homologo del factbe
crecimiento epidérmico, dos estructurasngle homologas a las que contiene el
plasminégeno y el dominio de proteasa de seriRasinicaet al, 1983) El tPA es
sintetizado como un polipéptido de cadena serdiliaual, a diferencia de la mayoria de
los precursores monocatenarios de la familia de pgesteasas de serinas, es
enzimaticamente activo. Por otra parte, su activida fase fluida puede aumentar
mediante la hidrdlisis del puente péptidico Akgdle-7e por parte de la plasmina y su
consiguiente transformacion en proteasa de dobllenegTateet al., 1987) El principal
papel del tPA es degradar la fibrina en los vasogsineos. Pese a que la eficiencia
catalitica del tPA es intrinsecamente baja, estl@uumentar mas de 100 veces en
presencia de la propia fibrina. Esta estimulacidari@ a través de la formacion de un
complejo ternario mediante la union del tPA coplasmindgeno y la fibrina. La fibrina
no actua simplemente como sustrato, sino tambiém amfactor estimulando su propia
degradacion. En un primer momento el tPA de cadenailla inicia la activacion del
plasminégeno en contacto con la red de fibrinactataA continuacion, cuando la fibrina
se encuentra parcialmente degradada por la aceida plasmina, esta muestra nuevos
sitios de union al plasminégeno mediante la gem@ngmroteolitica de residuos carboxi-
terminales de lisina. Estos residuos interacciamamlos dominiokringle presentes en
el plasminégeno y en el tPA, aumentando notablesredmroceso fibrinolitic@Gebbink,
2011) Ademas de su papel principal en la disoluciérategulos sanguineos, estudios
recientes muestran al tPA como un importante molduldel sistema nervioso central,
jugando un importante papel en los procesos de menestrés, degeneracion neuronal
y Alzheimer(Zorio et al, 2008; Rijken y Lijnen, 2009)
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Activador del plasmindgeno de tipo uroquinasa (UPA)

El uPA es secretado como una proteina inactiveadera sencilla por una gran
variedad de tipos celulares que incluyen céluldsttiales vasculares, musculares lisas,
monocitos y macrofagos, fibroblastos, células éples, asi como células tumorales
malignas de diferente origgRuhrman, 2012)Se trata de una glicoproteina de 55 kDa
de masa molecular, constituida por un dominio hogmwlal factor de crecimiento
epidérmico, una estructukaingle homologa a la que contiene el plasminégeno y una
triada catalitica clasica del tipo de las proteagasering Cesarman-Maus y Hajjar,
2005) Diferentes moléculas como la plasmina o la ol pueden llevar a cabo su
activacion mediante la rotura del puente peptidigsiselleiss. El resultado es una
proteasa de doble cadena unida por puente disudfwya afinidad por el plasminégeno
aumenta aproximadamente 300 veces. Ademas, efoastapuede unirse a su receptor
de membrana (UPAR), lo cual esta considerado campasgo critico en la funcién de
uPA, permitiendo dicha unién focalizar la proteglilevada a cabo por uPA en el espacio
pericelular inmediat@\icholl et al, 2006) Pese a que su afinidad por la fibrina es mucho
mas baja que la que posee el tPA, uPA puede sastivador efectivo del plasminégeno
tanto en presencia como en ausencia de fifeaarman-Maus y Hajjar, 200% que
favorece la implicacion del sistema uPA/UPAR en®procesos como migracion celular,
diferenciacion, proliferacion y degradacion de cas. Por ello, uPA esta considerada
como una proteina crucial tanto en el crecimieettacheointima como en el remodelado
vascular, pudiendo ser otras moléculas, como laalopeoteasas de matriz o factores de
crecimiento, susceptibles a la actividad de su dmnproteolitico(Nicholl et al., 2006;
Fuhrman, 2012)

5.1.3. Inhibidores de la fibrinolisis
Inhibidores de los activadores del plasmindgeno (BA

El inhibidor del activador del plasmindégeno-1 (PAlesta considerado como el
principal regulador de la fibrinolisisn vivo (Loskutoff, 1991) Se trata de una
glicoproteina de 47 KDa perteneciente a la supeélitade las serpinas o inhibidores de
proteasas de serirj&chleefet al, 1989) Después de iniciada la formacion del trombo
como resultado de un dafio vascular, PAI-1 se lipergipalmente a partir del endotelio

y de las plaguetas, aunque puede ser sintetizaduines tipos celulares. En condiciones
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fisiolégicas normales, la liberacion de PAI-1 atera activacion del plasminégeno
actuando a nivel de sus activadores tPA y uPA ritryendo asi a la estabilizacion del
trombo para el mantenimiento apropiado de la d&ation de la herida y de la
permeabilidad vasculgiwaki et al, 2012) Con un menor grado de importancia, el
inhibidor del activador del plasminégeno-2 (PAI-Bsta relacionado con el
mantenimiento de la hemostasia durante el embgrakparto, mientras que el inhibidor
del activador del plasmindgeno-3 (PAI-3) se enaaesn ciertos fluidos humanos, como
los fluidos seminales y foliculares, presentanda baja actividad en plasng&orio et
al., 2008)

Inhibidor de la fibrinolisis activable por trombingdTAFI)

La generacion de residuos de lisina carboxi-terlegan la fibrina parcialmente
degradada provoca una acumulacion 30 veces mayplagmindgeno en la superficie
del coagulo y por tanto un aumento de la lisiseesdgunda fase de la fibrinolisis. El
TAFI es una glicoproteina de 60 KDa producida pdrigado, que tras su activacion por
trombina, tripsina o plasmina puede funcionar come carboxipeptidasa eliminando los
residuos de lisina carboxi-terminales de la redildena. Al actuar solamente en la
segunda fase de la lisis del coagulo, TAFI es cdemado mas bien un atenuador de la
fibrinolisis (Nesheimet al, 1997; Sakharogt al, 1997; Rijken y Lijnen, 2009)

Inhibidores de la plasmina

La fibrinolisis también puede ser regulada a ndela plasmina por la serpina
alfa 2-antiplasminé_ijnen, 2006) Esta glicoproteina plasmatica de 67 kDa es &attd
en el higado y realiza su funcion antifibrinolitecéres niveles: 1) mediante la formacion
de un complejo con la plasmina, 2) inhibiendojkcfon del plasmindgeno al coagulo de
fibrina y 3) mediante su entrecruzamiento conbaria a través del factor Xllla, lo que
hace a esta ultima mas resistente a la plas(@iagenter y Mathew, 2008fEn menor
medida, la plasmina puede ser también inhibida amelila formacion de complejos no

covalentes con la alfa 2-macroglobulif@esarman-Maus y Hajjar, 2005)
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5.1.4. Receptores del plasmindgeno

Otro de los puntos clave en la regulacién de larfitisis es la llevada a cabo por
los receptores celulares del plasmindgeno. La ud&nplasmindgeno a la superficie
celular permite, no solo dirigir la actividad proliica de la plasmina a aquellos sitios
donde es requerida, sino también aumentar sigtifacaente dicha actividad enzimatica
a nivel pericelular. Esto se debe a la existeneiaesgiduos de lisina en sus extremos
carboxi-terminales que permiten la union a residuiogle, lo que constituye la principal
caracteristica de los receptores fisiologicos dedmindgeno. Todo ello favorece, por
una parte, la localizacién conjunta y simultandgtsmindgeno y sus activadores (tPA,
uPA), y por otra la proteccion de la plasmina devaugeneracion de la accién inhibitoria
de la alfa 2-antiplasminéRijken y Lijnen, 2009; Madureirat al, 2011) Una gran
variedad de células puede expresar un elevado piseereceptores del plasmindgeno.
Entre ellos, los mejor caracterizados incluyen-eEnolasa, complejo glicoprotéico llb-
[lla, antigeno de nefritis de Heymann, integring> y anexina A2 Cesarman-Maus y
Hajjar, 2005)

Plasminogeno Plasmina

—ly

Figura 19.El tetramero de anexina A2 se expresa en la sgecklular de numerosas células funcionando
como receptor del plasmindégeno. Consta de dos miagade anexina A2 unidas por un dimero de la
proteina S100A10, el cual puede unir plasminégenBA a través de sus residuos de lisina carboxi-
terminales favoreciendo su localizacion conjuntdaemembrana celular. Esto puede favorecer la accioé
del complejo uPA/UPAR con la consecuente generat@dplasmina a nivel pericelul@vladureiraet al,
2011)
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La anexina A2 ha sido propuesta como el principaieceptor del plasmindgeno
y del tPA en las células endoteliales vasculdr&sgjar et al, 1994) Lleva a cabo su
accion cuando se expresa en la superficie celolmoaun tetramero compuesto de dos
moléculas de anexina A2 unidas por un dimero gedgeina S100A10. La anexina A2
contiene sitios de union a fosfolipidos con capattidara anclarse a la superficie de la
membrana celular, mientras que los residuos dealisarboxi-terminales de S100A10
son los encargados de unir y hacer coincidir ampladégeno con el tPA. El complejo de
membrana uPA/UPAR también puede verse beneficiagstd fijacion del plasminégeno
produciéndose, en cualquier caso, la localizacionjunta del plasminégeno y sus
activadores y la consecuente generacion de plasamingel pericelulatFlood y Hajjar,
2011; Madureirat al, 2011; Luo y Hajjar, 2013) (Figura 19)

5.2. Interaccion de los patdgenos con el sistemdrfnolitico de sus

hospedadores

La plasmina es una proteasa de serinas de ampkgtes con una gran actividad
proteolitica. Entre sus sustratos mas comunes #aooos la fibrina, pero también
diferentes componentes de la matriz extracelutsl yejido conectivo. El reclutamiento
de esta enzima por parte de cualquier patdégenoussew significaria una ventaja
evolutiva, ya que no solo supondria un mecanisneatigb para evitar su posible
inmovilizacién por la red de coagulos de fibrinipostambién una ayuda para su
diseminacién y establecimiento en el hospedadoriantxl la degradacién de los
componentes de la matriz extracelul@un, 2006; Bhattacharyet al, 2012) Otras
funciones como la degradacion de inmunoglobulinds snoléculas del complemento, la
activacion de metaloproteasas, la estimulaciéadeherencia y de la invasion, asi como
la degradacion de proteinas para la nutricibn sidmatribuidas a la interaccion entre los
patogenos y el sistema fibrinoliti@éitt y Leigh, 1997; Yavlovictet al,, 2004; Yavlovich
y Rottem, 2007; Gongt al, 2008; Chunget al, 2011; Siemenset al, 2011; Bergmann
et al, 2013)

La utilizacion del sistema fibrinolitico del hospglbr como medio para obtener
un beneficio ha sido ampliamente estudiada en @as bacterianos desde hace un par
de décadaglottenberget al, 1994) (Figura 20)Un gran numero de trabajos han

permitido relacionar el empleo de la funcién préitea de la plasmina por parte de
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diferentes especies de bacterias patdgenas cowonglolc de la hemostasia o con
mecanismos para la mejora de su diseminacion yadevasion de los sistemas de
vigilancia de la respuesta inndf2egenet al, 2007) Esta interaccidn es posible gracias
al reclutamiento del plasmindgeno en la superfceteriana mediante la expresion de
proteinas que pueden actuar como receptores fransfiormacion en plasmina mediante

la accion de activadores del plasminogéBloattacharyaet al, 2012)

Figura 20.Iméagenes captadas mediante microscopia electrdaibarrido de emisién de campo donde se
puede apreciar la degradacion de coagulos dedipriovocada pdBtreptococcupneumoniae (A) Matriz
de fibrina formada por gruesos haces formados\&spor varias fibrillas de fibrina retorcidas solsf
mismas. (B) Matriz de fibrina en degradacion tras smcubada con neumococos recubiertos con

plasmindgeno y su posterior activacion a plasmiediante uPABergmann y Hammerschmidt, 2007)

La capacidad para expresar receptores de plasnmodgesido demostrada en un
gran numero de especies de bactegftasderson-Smitkt al, 2012) Estos receptores
permiten inmovilizar el plasmindgeno facilitandoanversion a plasmina por parte de
los activadores, a la vez que evitan la funcidnbiidria de la alfa 2-antiplasmina. Entre
los mejor caracterizados se encuentran la enoldsaGAPDH identificadas en los
estreptococos de los grupos Ay C. Estas enzilipgsamente glicoliticas y con funciones
basicas para el mantenimiento celular, puedenxgeesadas en la superficie bacteriana
y llevar a cabo multitud de funcionéisahteenmékiet al, 2001; Bhattacharyat al,
2012) Ademas, la secrecion de receptores bacteriangdagenindgeno a través de
vesiculas de membrana externa también ha sidoitdescrque permitiria la protedlisis
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externa en el entorno pericelular como mecanisnna lganutricion y la mejora en la

diseminaciér(Bergmann y Hammerschmidt, 2007; Tolextal, 2012)

Tres son los principales activadores del plasmindggue han sido descritos
como proteinas secretadas o unidas a membrandesantits grupos bacterianos: la
estreptoquinasa y la estafiloquinasa, producidsiseivamente por diferentes especies
de los generoStreptococcuy Staphylococcysy la proteasa Pla identificada ¥arsinia
pestis Los dos primeros activan el plasmindgeno medinfermacion de complejos
cataliticamente activos tanto con el plasminégemacon la plasmina, mientras que
Pla es una aspartil proteasa que genera plasmitgiambe su accion proteoliti¢@egen
et al, 2007)

Mas recientemente, la capacidad para interaccaorael sistema fibrinolitico del
hospedador ha sido estudiada en organismos ewsamaisantes de enfermedades
parasitarias(Figueraet al, 2013b) Un numero limitado de trabajos ha permitido
demostrar esta interaccion en diferentes espe@esratozoos y helmintos parasitos
analizando antigenos excretados o de superficeepta@einas con capacidad para fijar
plasminégeno identificadas hasta el momento enn@eps parasitos aparecen en la
tabla 2 La mayor parte de los estudios se han llevadiba con proteinas de las que su
funcién como receptores del plasminégeno ya er@ada en especies de bacterias
(enolasa, GAPDH, actina, FBAL...), mientras que opeiteinas como la LACK o la
SMP-1 han sido relacionadas por primera vez caist#ma fibrinolitico en organismos
parasitofGomez-Arreazat al, 2011; Figuerat al, 2013a y h)

Al igual que en los trabajos llevados a cabo atdyias, la interaccion entre los
parasitos y el sistema fibrinolitico del hospedatar sido relacionada siempre con
funcionesa priori beneficiosas para el agente patégeno. Asi, senbalado la fijacion
de plasminogeno con la virulencia de los parasitosn su éxito tanto en el proceso de
infeccibn como en su establecimiento en el hospwddesto ha sido recientemente
sugerido en tripanosoma@\vilan et al, 2011) Trypanosoma cruzipuede fijar
plasmindégeno tanto en el hospedador vertebrado emel vector y utilizarlo para
atravesar tejidofAlmeidaet al, 2004; Roja®t al, 2008) Ademas, se ha postulado que
los parasitos del géneroeishmaniapueden interactuar con el plasminégeno en el
momento de su inoculacién en el hospedador definitomo promastigotes, o como
amastigotes cuando son liberados por los macréfpgos infectar otras células. La
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generacion de plasmina podria ayudar a los pasaaitceducir la matriz de fibrina
asociada a la reaccion inflamatoria y favorecemeluentro entreeishmaniay nuevos
macréfagogMaldonadoet al, 2006) Funciones relacionadas con la interaccion célula-
célula para la adherencia y penetracion han sidpuestas en la utilizacion del
plasminégeno por parte de los ooquinetoPkesmodium falciparuny P. berghei Tras

su activaciéon a plasmina podria ser utilizado pstaiar a la degradaciéon de las proteinas
de superficie de las células epiteliales del imseatctor para permitir la invasion
parasitaria(Ghosh et al, 2011) Por su parte, se ha relacionado la fijacion de
plasminégeno pofrichomonasvaginalis con su penetracion en la membrana basal lo
que permitiria su asociacion con la fibronectinanginina. Esto garantizaria el acceso
del parasito a factores de crecimiento y nutrieategribuyendo al éxito de la infeccién
(Mundodiet al, 2008) En el caso de los helmintos, funciones similaseBan propuesto
para O. volvulus cuyas microfilarias podrian utilizar la actividadoteolitica de la
plasmina unida a su superficie para facilitar sgragion a través de los tejidos del
hospedadofJolodaret al., 2003) Ademas, erschistosoma bovisielminto parasito con
localizacion intravascular, se ha relacionado Jaci#n de plasminégeno con una
regulacion del sistema hemostéatico por parte deisita para evitar la formacion de
coagulogRamajo-Hernandeet al, 2007; de la Torre-Escudeebal,, 2010)

La mayor parte de los receptores de plasminégemtifitados tanto en bacterias
como en parasitos comparten mecanismos similaresiniten con los receptores
fisiologicos de sus hospedador@giles et al, 2005; Figuereet al, 2013b) Se ha
demostrado la participacion de los residuos dedisn la interaccion de estos receptores
con el plasminégeno mediante la realizacion dey&ssaompetitivos con analogos de
este amino&cido, como el acid@amino caproico. Los residuos de lisina que padici
en la fijacion del plasmindgeno han sido identdios en los extremos carboxi-terminales
de los receptores, pero también formando parte @évos internos como el
“FYDKERKVY” descrito en la enolasa d8. pneumoniagBergmannet al, 2003)y
encontrado posteriormente con ligeras modificaga@relas enolasas de otras bacterias,

hongos o parasitd§igueraet al, 2013b)
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Proteina

Especie

Referencia

Enolasa

Leishmania mexicana
Trichomonas vaginalis
Plasmodium falciparum
Plasmodium berghei

Vanegat al, 2007; Figuerat al, 2013a
Mundodiet al, 2008

Ghoshet al, 2011

Ghoshet al, 2011

Bernalet al, 2004

Marcilla et al, 2007
Ramajo-Hernandegt al, 2007; de la Torre-
Escudereet al, 2010

Yanget al, 2010

Wanget al, 2011

Zhanget al, 2015

Jolodaret al, 2003

Lamaet al, 2009
Ramajo-Hernandezt al, 2007
Huet al, 2014

Erttmannet al, 2005

Fasciola hepatica
Echinostoma caproni
Schistosoma bovis

Schistosoma japonicum
Clonorchis sinensis
Taenia pisiformis
Onchocerca volvulus
GAPDH Trichomonas vaginalis
Schistosoma bovis
Clonorchis sinensis
Onchocerca volvulus

LACK Leishmania mexicana Gomez-Arreazat al, 2011
SMP-1 Leishmania mexicana Figueraet al, 2013a

Anexina B30 Clonorchis sinensis Heet al, 2014

Actina Schistosoma bovis Ramajo-Hernandegt al, 2007
FBAL Schistosoma bovis Ramajo-Hernandezt al, 2007

Schistosoma bovis
Schistosoma bovis

ATP: guanidino quinasa
Fosfoglicerato mutasa

Triosafosfato isomerasa Schistosoma bovis
Adenilato quinasa Schistosoma bovis
Proteina hipotética AAW24823 Schistosoma bovis
Proteina hipotética AAP06049 Schistosoma bovis

Ramajo-Hernandezt al, 2007
Ramajo-Hernandezt al, 2007
Ramajo-Hernandezt al, 2007
Ramajo-Hernandezt al, 2007
Ramajo-Hernandezt al, 2007
Ramajo-Hernandezt al, 2007

Tabla 2. Proteinas fijadoras de plasminégeno identificada®rganismos parasitos. FBAL, fructosa-
bifosfato aldolasa; GAPDH, gliceraldehido-3-fosfd&shidrogenasa.

5.3. Fisiopatologia de la fibrinolisis

El gran nimero de sustratos sobre los que pueealizar su funcion los
componentes con actividad proteolitica del sistébranolitico, requiere una estricta
regulacion del sistema para evitar una protediisiéscriminada(Draxler y Medcalf,
2015) En caso contrario podria producirse un esceratologico, debido a que la
plasmina y los activadores del plasmindégeno estigliGados en procesos como la
proliferacion, migracion, inflamacion y degradacdimla matriz extraceluléFigura 21)
Esto ha permitido relacionar la sobreactivacionsiltema fibrinolitico con situaciones
patologicas tan importantes como el crecimientdadplaca arterial, la aterosclerosis
cronica, sindromes coronarios agudos, restenagisirodelacion vascular e incluso con
el cancer, provocando que la plasmina sea condi@eratualmente como una diana
terapéutica potencialmente interesante desde dwegygntos de vistéNicholl et al,
2006; Zorioet al., 2008)
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Un gran numero de trabajos llevados a cabo en tigaegdn cardiovascular
relacionada con humanos, algunos realizados medikntutilizaciéon de ratones
deficientes en componentes del sistema fibrinolitiban permitido relacionar la
activacion del plasminégeno con la proliferaciommigracion de células vasculares
humanas, asi como con la degradacion de matricescigaplasmaticagNicholl et al.,
2005 y 2006; Yanet al, 2005; Rottet al, 2006; Hayashet al, 2009) Del mismo modo
se ha podido medir un incremento en los nivele®8e uPA y/o plasmina en diferentes
situaciones patologicas, que tienen en comun algantodos los mecanismos
anteriormente citadg$yrovets y Simmet, 2004; Nichalt al, 2006; Draxler y Medcalf,
2015) Incluso a altas concentraciones, se ha desangolay plasmina puede provocar
desorganizacion tanto del endotelio como del mad@o perivascular e iniciacion de la
apoptosis celular si la estimulacion persigtessignolet al, 2006; Ho-Tin-Noeet al,
2009; Doeuvreet al, 2010)

Plasmindégeno
PAI-1
tPa N\
uPa J oy
N
Plasmina
Proliferacion - ) Degradacion de
Migracion Inflamacion matriz extracelular

= — =

Enfermedad vascular

Figura 21. Esquema de lisiopatologia de la fibrinolisis.

Por otra parte, la plasmina puede unirse a unavgrégdad de células, incluyendo
monocitos, macrofagos, células dendriticas y ofrérgyvés de receptores de baja afinidad
provocando agregacion de neutroéfilos, degranulaplaquetaria y liberacion de acido
araquidonico desde las células endoteliales. Estiza una relacién directa entre la
plasmina y la activacion proinflamatoria a granagscincluyendo la liberacion de
mediadores lipidicos y especies reactivas del owigguimiotaxis y expresion de

citoquinas, asi como la induccion de la expresiénottos genes proinflamatorios
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(Syrovets y Simmet, 2004).a plasmina juega, por tanto, un papel centréh easpuesta

inmune celular, ayudando a la eliminacion de osgans infecciosos. No obstante, su
activacion excesiva en enfermedades autoinmunaffamiatorias de tipo crénico puede
exacerbar la estimulacion de células inflamatoyigsor tanto, la patogénesis de la

enfermedadSyrovetset al, 2012)

Todos estos datos han permitido evidenciar la oapion de la activacion
fibrinolitica en enfermedades tan graves como eceda Se ha demostrado que la
sobreexpresion constitutiva del gen de uPA es arecteristica de la progresion maligna,
lo que conduce a altos niveles de uroquinasa wideceptor y por tanto, a una excesiva
activacion del plasminégeno. La plasmina unida ambrana, protegida de los
inhibidores circulantes, es capaz de degradarrtasipas de la matriz extracelular tales
como laminina y fibronectina, asi como activar aanmetaloproteasas de la matriz, lo
gue contribuye alin mas a la degradacion de lazreattiacelular. La plasmina generada
en la superficie de las células tumorales es cermi, por lo tanto, como un evento
clave en la invasion tumoral y la metastéSishmittet al., 1997; Andreaseet al, 2000;

Syrovets y Simmet, 2004)

6. DIAGNOSTICO Y MANEJO DE LA DIROFILARIOSIS

El diagndstico de la dirofilariosis es un aspectodamental dentro del cuadro
general del manejo de la parasitosis. Dadas laBcapnes que tiene la enfermedad,
tanto en su aspecto clinico veterinario y humaamacen los estudios epidemiologicos,
el diagnostico constituye el primer paso en el e la zoonosis. Por otra parte, las
complicaciones derivadas de la muerte masiva dedioees adultos d&. immitisen el
circuito vascular precisa de un numero suficiemdétnicas diagndsticas que permita
valorar la gravedad de cada situacion y la intexsle la parasitacion, para seleccionar
la pauta correcta de tratamiento que evite o digyairel riesgo de tromboembolismos en
el animal afectad@night, 1995)

6.1. Diagndstico de la dirofilariosis cardiopulmonacanina

En el perro, los métodos diagndésticos se basaa &leihtificacion de antigenos

circulantes del parasito adulto en suero y entiecd&n de microfilarias en muestras de
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sangre. Existen test comerciales basados en métodasocromatograficos capaces de
detectar proteinas secretadas por el tejido ovéedas hembras adultas Beimmitis
Este diagndstico presenta una alta especificidad abservarse reacciones cruzadas con
otras filarias caninas, coni repenso Acanthocheilonemeeconditum Su sensibilidad
también es grande pese a que pueden producirses falsgativos en infecciones
prepatentes (de menos de 5 meses), cuando lagiorfes estan producidas por un
namero muy escaso de vermes, o0 en infecciones dagsalo por machad/cCall,
1992) La deteccion de microfilarias esta consideradoacon método complementario
pero necesario, ya que se estima que un 30% dddasiones caninas par. immitisen
areas endémicas son amicrofilarémi@@swlingset al, 1982) Este método se realiza
habitualmente por examen microscépico despuésateger a la concentracion de las
microfilarias mediante el test denott o similares(Venco et al, 2011) (Figura 22)

Debido a la existencia de otras especies

de filarias que pueden aparecer en sangre
periférica, esta técnica debe de ir
acompafiada de la determinacion
especifica de las microfilarias mediante
diferenciacion morfologicdCarretonet

al., 2012) tincién histoquimica de las
zonas anatdémicas con actividad fosfatasa
(Chalifoux y Hunt, 1971; Peribanetal,
Figura 22. Observacion de microfilarias mediant 2001)o mediante amplificacion del ADN

test de Knott En la imagen puede verse . ]
microfilaria de D. immitis tefiida con azul ¢ POrlareaccion en cadenade la polimerasa

metileno (40X)(Carreton et al., 2012)

(Faviaet al, 1996) En cualquier caso, la
positividad de una muestra a los test de micradigay de antigenos indicaria sin duda
una infeccion microfilarémica p@. immitis La forma amicrofilarémica de la infeccion
se revela por un test negativo de microfilariasngzafiado de un test positivo de
antigenos, mientras que la negatividad en el tesardigenos y positividad en el de
microfilarias, mostraria una infeccion por una espédistinta &. immitis(Simonet al,
2012)

Ademas de estos test, existen otros complementado® la radiografia toracica,
la ecocardiografia o la electrocardiografia, queden aportar datos interesantes sobre la

situacion clinica de cada paciente y resultar dehminterés a la hora de establecer un
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correcto protocolo de tratamiento. El examen radifbcp de torax no permite estimar la
carga parasitari@Vencoet al, 2003) pero puede ser de utilidad en estadios avanzados
de la enfermedad, poniendo de manifiesto ensaneinéosi de las arterias pulmonares,
anomalias del patron pulmonar y en los casos ne&gsgjrcardiomegalia derechéenco

et al, 2011) La ecocardiografia, en cambio, si permite realizaa estimacion
aproximada del numero y localizacion de las figrilp que le aporta cierto valor
diagnéstico. Los vermes @e immitisaparecen como dos lineas paralelas hiperecégenas,
en el lumen de las camaras del corazon y vasosopalres/Atkins et al, 1996; Venco

et al, 1998) La ecocardiografia asociada a impulBagppler permite ademas evaluar
con precision la gravedad de la hipertension pungor lo que esta prueba es altamente
recomendable cuando las caracteristicas cliniqasliplogicas sugieren una infecciéon
grave (Venco et al, 2011) En perros que se encuentran en la fase termmdad
enfermedad, el analisis electrocardiografico permévelar alteraciones tanto del eje

como del ritmo eléctrico del coraz@viencoet al., 2011)

Recientemente, se ha investigado la utilizaciomdkculas liberadas a la sangre
como consecuencia del dafio celular en los vasok gorazéon, de una perfusion
inadecuada o de la lisis de trombos, como biomareadempranos en la dirofilariosis
cardiopulmonar. Esto permitiria realizar una mejaluacion del estado clinico del perro
infectado, establecer un prondstico y monitorizaratamiento elegido. Los resultados
iniciales sugieren la posibilidad de usar la trapan cardiaca y la mioglobina como
marcadores de dafio cardiaco y el dimero-D comarénta de apoyo en el diagndstico

de tromboembolismos pulmonarE&zarreton, 2013)

6.2. Tratamiento y prevencion

Las reacciones secundarias resultantes de la desmmumasiva de los vermes
adultos deD. immitisen el circuito sanguineo complican en gran medideatamiento
de la dirofilariosis cardiopulmonar, desaconsej&eden ciertos pacientes. En cualquier
caso, se debe evaluar la situacion de cada antorajderando factores tales como el
namero de parasitos, edad y tamafo del perro, daavée la enfermedad pulmonar vy el
tipo de restriccion de la actividad fisica al cpakde ser sometido el animal antes de
establecer un correcto tratamielftencoet al, 2004) En funcion de estos factores la
dirofilariosis se clasifica actualmente en dos g@ati&s o niveles de graved@dcCall et
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al., 2008) El primer nivel comprende los perros con bajegtee de complicaciones
tromboembdlicas e incluye los animales asintomsdticon baja carga parasitaria,
ausencia de lesiones de la vasculatura o parénguilmenar, que presenten radiografias
toracicas normales, bajo nivel de antigenos cintefa ausencia de parasitos en
ecocardiografia, sin enfermedades concomitanten pasibilidad de limitar su actividad
fisica durante el tratamiento. En el grupo de altesgo de complicaciones
tromboembdlicas se incluyen los perros que cum@hmenos, una de las siguientes
condiciones: sintomas relacionados con la enferthdtias, lipotimias y ascitis),
radiografias toracicas anormales compatibles codirafilariosis, elevado nivel de
antigenos circulantes, visualizacion de los parasimediante ecocardiografia,
enfermedades concomitantes o imposibilidad de dima actividad fisica del animal
(Vencoet al, 2011)

El tratamiento adulticida debe realizarse exclusigate con clorhidrato de
melarsomina. El protocolo clasico consiste en adhnar dos inyecciones por via
intramuscular separadas por un intervalo de 24stemalosis de 2,5 mg/kg. No obstante,
la American Heartworm Societgcomienda un protocolo diferido afladiendo uneeter
inyeccion con una dosis similar de melarsominmeios un mes antes de estas dos. Este
protocolo resulta mas eficaz al eliminar los veregslitos de forma escalonada [50% de
los adultos (90% machos y 10% hembras)] con lagraninyeccién y el resto con la
segunda y tercera, y mas seguro al dar suficiert®b a los pulmones para recuperarse
del tromboembolismo causado por la muerte de lose®en la primera inyeccion. Hay
que tener en cuenta que el tromboembolismo es onaecuencia inevitable del
tratamiento adulticida. Por ello, es esencial cgte gaya acompafado de la restriccion
del ejercicio durante un mes desde la administnaciél farmaco adulticida para
minimizar las complicaciones derivadas de la muddgdos parasitos. Ademas, para
controlar los sintomas del tromboembolismo pulm@eapuede administrar prednisona
a 0,5 mg/kg/12 h la primera semana y 0,5 mg/kg/@drante la segunda semana, seguido
de 0,5 mg/kg/48 h durante 1 6 2 semaftasretonet al, 2012; Simoret al, 2012)
Puesto que la melarsomina no puede eliminar fdam&nores de 4 meses de edad, el
tratamiento debe comenzar con la administraciériad®nas macrociclicas a dosis
preventivas durante los dos o tres meses previasglininar las larvas migratorias y las
microfilarias. Por otra parte, la liberacion masdeaWolbachiadurante el tratamiento

adulticida y su implicacion en la patogénesis denfermedad debe ser controlada. Por
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ello, el tratamiento con tetraciclinas del tipo @otina a dosis de 10 mg/kg/12 h durante
4 semanas antes de la administracion del adultesda@comendable, ya que elimina un
90% de la poblacién d@/olbachiay provoca un debilitamiento y disminucién en la
fertilidad de las filarias adultg¥encoet al, 2011; Carretoet al, 2012; Simoret al.,
2012)

En perros en los que no es recomendable |la aplitde una terapia causal, puede
llevarse a cabo un tratamiento sintomatico queuyclla administracion de diversos
farmacos (corticosteroides, digoxina, opiaceos.aygstriccion de la actividad fisica por
confinamiento en jaul@Dillon et al, 1995) La terapia quirdrgica puede aplicarse en
perros con sindrome de vena cava, emple&ietable Alligator Forcep®, introducidos
a través de la vena yugular. Este instrumento perexitraer los vermes adultos De
immitis localizados en el ventriculo derecho y arteriammiar con un riesgo de
mortalidad intraoperatoria muy bajo y con una tadga supervivencia y curacion
directamente proporcional al porcentaje de vermégieos (Ishiharaet al, 1990)
(Figura 23)

Teniendo en cuenta la gravedad de la enfermedadifitaltad a la hora de
clasificar a los perros infectados y los riesgostsoembalicos derivados de la terapia
elegida, la profilaxis constituye una alternativa tundamental importancia. El
tratamiento profilactico de eleccién se basa eadministracion mensual de lactonas

macrociclicas como ivermectina,

milbemicina oxima, moxidectina o
selamectina (McCall et al, 1986;

McTier et al, 1992) Se recomienda que
los cachorros de zonas endémicd
comiencen la profilaxis cuanto antes
nunca mas tarde de los dos meses

edad, iniciandose esta un mes antes g

comienzo del periodo de transmision

finalizando un mes después de que esFigura 23. Verme adulto d®. immitisextraido de |
cavidad cardiaca derecha de un gato con dirofdesrio
a través de la vena yugular empleanéexible
Heartworm Society, 2012) Alligator Forcep®© (Venco y Vezzoni, 2001)

termine (Atkins, 2011; American
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HiPOTESIS Y OBJETiVOS

Uno de los hechos clave de la dirofilariosis cgrdimonar es el desarrollo de
endarteritis proliferativa, un proceso hiperplaside la pared arterial, de gran
importancia para el desarrollo posterior de la lpgia pulmonar y cardiaca. Pueden
producirse, ademas, graves tromboembolismos casigamtola muerte de los vermes
adultos deDirofilaria immitis, que ocurren, de forma natural 0 como consecueleia
un tratamiento filaricida. Puesto que los mecansuoh® estas alteraciones no son bien
conocidos, es necesario estudiarlos, ya que smdinteento puede facilitar el manejo
de estas situaciones por los clinicos veterinadostribuyendo a mejorar la calidad de
vida de los animales afectados. Dada la capacidatipgervivencia dB. immitisen sus
hospedadores y el hecho de que los tromboembolispaecen cuando mueren los
vermes, nuestra primera hipétesis fue que el garésintrola y modifica el habitat
sanguineo para facilitar su supervivencia a tradésmoléculas presentes en sus
productos antigénicos, generando un estado netooamtotico mediante la utilizacion

de productos profibrinoliticos.

Por otra parte, la supuesta activacion del sisti@miaolitico a largo plazo por
parte del parasito podria generar una sobreprogluc® plasmina, producto final de
esta ruta. Este fendmeno ha sido relacionado evs atontextos con situaciones
patologicas graves que incluyen proliferacion y nagon de las células de la pared
arterial, asi como destruccion de la matriz exttdae Dada la aparente similitud entre
estos procesos patologicos y los que se producamteuel desarrollo de la endarteritis
proliferativa en la dirofilariosis cardiopulmonaryestra segunda hipotesis fue que la
sobreactivacion de la ruta fibrinolitica por pade D. immitis estaria directamente
relacionada con la aparicion de dichos procesasquatos en la pared vascular de los
animales afectados. Para demostrar ambas hipptegissimos los siguientes objetivos

dentro de la presente Tesis Doctoral:

1. Analizar la interaccion de los antigenosdémmitiscon el sistema fibrinolitico
de su hospedador en relacion con los mecanismasuplervivencia a nivel
vascular.

2. Estudiar si la activacion del sistema fibrinolitipor parte del parasito tiene
influencia en los procesos patolégicos descritosl elesarrollo de la endarteritis

proliferativa en la dirofilariosis cardiopulmonar.
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Resumen

Dirofilaria immitis es el agente causal de la dirofilariosis cardimomar canina
y felina. El parasito puede sobrevivir durante ¢grgeriodos de tiempo (7 aflos o mas)
en el sistema circulatorio de los reservorios inomompetentes, produciendo
generalmente una enfermedad vascular inflamatordmica. Ademds, la muerte
simultdnea de grupos de vermes adultos puede dekarar una patologia aguda
caracterizada por la exacerbacion de las reaccioiileenatorias y la aparicion de
tromboembolismos graves. En el contexto de lacimeiasD. immitighospedador, el
objetivo de este trabajo fue investigar la intei@tc entre los antigenos
excretores/secretores de los vermes adultosDdammitis (DIES) y el sistema
fibrinolitico del hospedador. Mediante el empleo de enzimoinmunoensayo
demostramos que el extracto DIES es capaz depfgamindgeno y generar plasmina,
aunque este hecho requiere la presencia del astivesdilar del plasmindgeno (tPA).
Por otra parte, establecemos que el extracto DiSeata la expresion de tPA en
cultivos de células endoteliales vasculares. Ad@limente, 10 proteinas fijadoras de
plasminégeno del extracto DIES fueron identificages espectrometria de masas
(HSP60, actina-1/3, actina, actina 4, transglutasan GAPDH, Ov87, LOAG_14743,
galectina y P22U). Los datos sugieren que los antig del extracto DIES interaccionan
con el entorno del parasito regulando la activacitah sistema fibrinolitico del

hospedador e implicando al endotelio vascular gmaaeso.
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Abstract

Dirofilaria immitis is the causative agent of canine and feline heanw
disease. The parasite can survive for long permfdéme (7 years or more) in the
circulatory system of immunocompetent reservoirspdpcing usually a chronic
inflammatory vascular disease. In addition, theusiameous death of groups of adult
worms can trigger an acute disease characterizetidogxacerbation of inflammatory
reactions and the emergence of serious thromboémdants. In the context of thz
immitighost relationships, the aim of this study was ngestigate the interaction
between the excretory/secretory antigens fl@mmmitis adult worms (DIES) and the
fibrinolytic system of the host. Using an enzymaéd immunosorbent assay we
showed that DIES extract is able to bind plasminoged generate plasmin, although
this fact requires the presence of the tissue ptasyen activator (t-PA). Moreover, we
established that DIES extract enhances t-PA exioress cultured vascular endothelial
cells. Additionally, 10 plasminogen-binding proteiftom DIES extract were identified
by mass spectrometry (HSP60, actin-1/3, actin,nadti transglutaminase, GAPDH,
Ov87, LOAG_14743, galectin and P22U). The data ssgthat DIES antigens interact
with the environment of the parasite regulating alb@vation of the fibrinolytic system

of the host with involvement of the vascular enétthm in the process.

Keywords: Dirofilaria immitis, excretory/secretory antigens, plasminogen binding,
PA, endothelial cells, mass spectrometry.
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Highlights

> Excretory/secretory antigens frdin immitisadult worms (DIES) bind plasminogen.
> Plasminogen is activated by this extract and piassrgenerated.

> DIES extract stimulate t-PA expression in vascaltatothelial cell cultures.

> We identify 10 plasminogen-binding proteins of DiE&gract.

Graphical Abstract
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1. Introduction

Heartworm disease (HD) is a serious and potentfatiyl disease caused by the
filaroid nematodeDirofilaria immitis that affects dogs and cats all over the wéild
The adult worms lodge in the pulmonary arteries thiedright ventricle of infected hosts
where they can live for yeaf&], causing a chronic inflammatory pathology. Inlgial
the damages affect the arteries (endarteritis @mygscular inflammation), spreading
later to the lung parenchyma and the right heaatrdderd3]. In addition, when groups
of worms die naturally or as a consequence ofidide treatment, very serious
alterations occur, with the exacerbation of inflaatony reactions and the formation of
massive thromboembolisnm4] that put the life of the infected animals in imnatd

risk.

Since D. immitis can survive in the long term in the vascular systef
Immunocompetent hosts, it is reasonable to asshateatult worms interact with their
intravascular environment, modulating the immunespomse and the associated
pathology by means of the action of their metabpiimducts [excretory/secretory (ES)
antigens], as it occurs in other parasitic infewi®,6]. A key point of vantage in blood
parasites is the hemostasis, which is closely @&sgacto fibrinolysis, inflammatory
reactions and angiogene$i§. During the fibrinolysis, plasminogen binds to cfie
receptors together with activators of the process fwhich the most important is the t-
PA that is mainly synthesized and secreted by émtiat cells. This binding determines
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the transformation of plasminogen into serin pre¢eplasmin, which is the enzyme that
lyses the fibrin[8], degrading it into soluble products including tBedimer [9].
Moreover, the activation of the plasminogen—plassyatem plays a key role in the
degradation of extracellular matric€s0] that has been related to cell invasion and
intra-organic migration of different pathogefis,12] Plasminogen and t-PA bind to
receptors present on cells in the fibrin clotsammexin-A2 of vascular endothelial cells
and integrinaMB2 of leukocytes[8]. Activation of plasminogen by binding to
molecules secreted by bacteria with which it focomplexes has also been described
[13]. Related to parasites, several molecules assddiatthe surface of protozoa and
helminths [14-19] as well as molecules of the ES produ¢i®,20] that bind
plasminogen, have been identified. Additionally, hidas been described that such
interactions are mediated by carboxyl-terminal dgsiresidues of the plasminogen

receptorg21].

We have previously observed some facts that sugbestinteraction ofD.
immitis with its vascular environment: (i) DIES promoteswdilation, stimulating the
expression of prostaglandin E2 by vascular endithedells, also limiting the
transmigration of monocytes to the perivasculasugg2?2]. (i) In another study we
found that serum levels of D-dimer are significartigher in the 47% of dogs with HD
analyzed than in the healthy dogs used as continollicating the presence of

thromboembolisms and their degradatj@a].

Although D. immitisis able to survive in the circulatory system f litosts for
years, there are no data on the interaction oft adadms with the fibrinolytic system of
their hosts. The aim of this study was to demotestiiaat the DIES antigens can bind
plasminogen, generate plasmin, and stimulate ttrease of t-PA synthesis by vascular
endothelial cells. Additionally, we identified sonmasminogen binding proteins of

DIES extract using immunoproteomic techniques aadsyspectrometry (MS).

2. Materials and Methods
2.1. Collection of ES extract of proteins fronD. immitis adult worms

DIES were prepared as previously descrif#&] with minor modifications and
stored at —80 °C. In brief, live worms (25) obtalrfeom a naturally infected dog were
washed in sterile phosphate-buffered saline salu(leBS) pH 7.2 and incubated for
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24 h in 50 ml of Eagle's minimum essential medidBMEM) supplemented with
50 U/ml penicillin and 5@g/ml streptomycin at 37 °C. A cocktail of proteasieibitors
was added to the medium following the methodologgctdibed by Maizels et dR4].
The medium was dialyzed against water for 24 hfdweded through an Amicon YCO05
membrane (Millipore). The protein concentratiorDOES was measured by DC protein
assay commercial kit (Bio-Rad). DIES was tested ttoe presence of endotoxin
contamination using a quantitativémulus amebocyte lysate test (BioWhittaker). The
endotoxin quantity was under the sensitivity lewél cell stimulation (<0.4 U/mg

protein).

2.2. Plasminogen binding assay

To determine whether plasminogen would bind coreptsof the DIES extract,
an enzyme-linked immunosorbent assay (ELISA) watpeaed. Multiwell microplates
(Costar) were coated withpiy/well of DIES extract diluted in carbonate buffeH 9.6,
overnight at 4 °C. The wells were blocked with 19%Ain PBS and incubated
successively with increasing amounts (fromgOto 3ug) of human plasminogen (Acris
Antibodies), with a sheep anti-human plasminoged (@cris Antibodies) at 1:2000
dilution and then with a peroxidase-conjugated d@gnlanti-sheep IgG (Sigma) at
1:4000 dilution. All incubations were performed foh at 37 °C and between each step
washed three times with PBS wash buffer (PBS comgi0.05% Tweesn). Ortho-
phenylene-diamine was used as a chromogen. Oplecasities (OD) were measured at
492 nm in an Easy Reader (Bio-Rad). In parallaigetition assays were performed by
including 50 mM of the lysine analogue-aminocaproic acid ¢ACA) during
plasminogen incubation. Some wells coated with B8@Ay were used as negative

controls.

2.3. Plasminogen activation assay

Plasminogen activation assay was performed in avelsime of 10Qul by
measuring the amidolytic activity of generated pias[15]. In each well 219 of
human plasminogen (Acris Antibodies) were incubaiedPBS with 3ug of the
chromogenic substrate S-2251 (Sigma) in the presehd g of DIES. Activation of
plasminogen was initiated by addition of 15 ng -6fA (Sigma). In parallel, plasmin
generation was also measured in the absence of RRfes were incubated at 37 °C for
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2 h and the hydrolysis of the chromogenic substve&s monitored by measuring
absorbance at 405 nm every 30 min. Each samplamadgzed in triplicate.

2.4. Cell culture and stimulation of endothelial cis

Vascular endothelial cells HAAE-1 from ATCC (LGCdarochem) were grown
and treated as previously descrily2d]. In brief, endothelial cells were grown in Ham's
F12k medium (ATCC) supplemented with 2 mMylutamine, 10% fetal bovine serum
(FBS) (ATCC), 50 U/ml penicillin, 5@g/ml streptomycin, 0.1 mg/ml heparin (Sigma)
and 0.03 mg/ml endothelial cell growth supplemeBCGS) (Sigma). Plates were
precoated with 0.1% pig gelatine (Sigma). Cellsenaultured at 37 °C in a humidified
atmosphere in the presence of 5%.€%%% air. Medium was changed every 3 days.
Endothelial cells (1Dcells/plate) were plated on 100 mm culture platesd grown for
4 days to obtain confluent cultures and treatedh Witig/ml of DIES for 24 h. Non-

stimulated cells were used as controls under thme $DNditions.

2.5. Two-dimensional electrophoresis (2-DE) of DiE8xtract

The 2-DE of DIES was performed as described bebyeus for the somatic
antigen of adult worms db. immitis[25]. Briefly, DIES extract was purified with the
ReadyPrep 2-D Cleanup Kit (Bio-Rad) and resuspemdeehydration buffer 2-D (7 M
urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimgammonio]-1-propanesulfonate
(CHAPS)). The samples were divided into 12%liquots (containing 6Qg of protein)
and stored at —20 °C until use. When they were IBE® aliquots were supplemented
with ampholytes and DTT, incubated and centrifuggecemove all particulate material,
and then applied to 7-cm IPG strips (Bio-Rad) Witlkear pH ranges of 3-10, 5-8 and
7-10, using a Protean IEF Cell (Bio-Rad) for iso&le focusing (IEF). After IEF,
strips were reduced and alkylated, and second diimerseparation was done in 12%
acrylamide gels. Gels were then silver stained \thh PlusOne Silver Staining Kit,
Protein (GE Healthcare) or transferred to nitradeBe membranes for their
immunoblot analysis. The 2-D images were scanndt thie GS-800 Densitometer
(Bio-Rad) and analyzed with the Quantity One Sofema4.6.5 (Bio-Rad).

2.6. Immunoblot assays
To determine which proteins of DIES extract binédgshinogen, they were
electrotransferred from 2D gels to nitrocellulosemiranes at 20 V for 30 min using a
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Trans-Blot SD Semi-Dry Transfer cell (Bio-Rad). Blavere blocked with 2% BSA in
PBS wash buffer, for 1 h at room temperature. Dia8mbranes were incubated
overnight at 4 °C with 1Qg/ml of human plasminogen. Then, the blots werehated
with a sheep anti-human plasminogen IgG (Acris Badies) at 1:1000 dilution and
with a peroxidase-conjugated donkey anti-sheep (I§@ma) at 1:2000 dilution, each
incubation for 90 min. All incubations were perfad at 37 °C with shaking and
between each step washed three times with waslhifigridor 5 min per wash. Protein
bands were revealed with 4-chloro naphthol. Negatontrols were also used in which
the plasminogen had been omitted. In addition, aitipn assays were performed by
including 50 mMeACA during plasminogen incubation. Membranes weigitided
with the scanner GS-800 Densitometer (Bio-Rad) guighre Quantity One Software
v.4.6.5 (Bio-Rad). Matching of 2-D gels with thenhologous Western blot to identify
plasminogen-binding proteins, the assignment of eadar weights (MW) and
isoelectric points (pl) of each protein were anatyrnsing the PDQuest Software v.8.0.1
(Bio-Rad). All assays were performed in triplicadteassess the reproducibility of the

spot pattern.

Western blot analysis for the t-PA expression wagigpmed as previously
described22]. Treated and non-treated vascular endotheliad eadre lysed in ice-cold
lysis buffer. Protein samples (20Q) were separated by SDS—-PAGE under reducing
conditions and blotted onto polyvinylidine diflude membranes. Membranes were
blocked before incubation with the primary antibodhbbit anti-t-PA (Santa Cruz
Biotechnology) at 1:1000. After incubation with HRBnjugated anti-rabbit secondary
antibody at 1:20,000 dilution, bands were visuaizgy a luminol-based detection
system with p-iodophenol enhancement. Antitbulin antibody (Oncogene Research
Products) was used to confirm loading of comparabt®unt of protein in each lane.
Protein expression was quantified by densitometiggiScion Image Software.

2.7. MS and protein identification

In gel digestion of proteins and MS analysis wawee as described before by us
[25]. The spots containing plasminogen-binding protewese excised manually from
the gels and sent to the Unit of Proteomics of@leatro Nacional de Investigaciones
Cardiovasculares (Madrid, Spain) for MS analys. peptide mass fingerprinting and

the acquisition of LIFT TOF/TOF spectra, an aliqobthe digestion of each spot was
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deposited onto a 600 AnchorChip MALDI probe (Bruker-Daltonics). Peptignass
fingerprint spectra were measured on a Bruker flitxaTOF/TOF MALDI mass
spectrometer (Bruker-Daltonicg26] in positive-ion reflector mode. The measured
tryptic peptide masses were transferred throughM&eBioTools program (Bruker-
Daltonics) as inputs to search the National CefareBiotechnology Information non-
redundant database (NCBInr) using Mascot softwdiar{x Science). When necessary,
MS/MS data from the LIFT TOF/TOF spectra were cameli with MS peptide mass

fingerprint (PMF) data for database searches.

2.8. Statistical analysis

The results from the plasminogen binding assaysmpilaogen activation assay
and Western blots for the t-PA expression wereyaedl with the Studenttstest. The
results were expressed as the mean + SD of at 3emstependent experiments. In all
experiments, a significant difference was definedp-value of <0.05 for a confidence
level of 95%.

3. Results
3.1. Proteins of DIES extract bind plasminogen

The binding level of plasminogen to DIES extractsveaudied by ELISA. This
test showed that the DIES extract binds plasminageh that this binding is directly
proportional to the amount of plasminogéng. 1). The negative control consisting of
wells coated only with BSA showed some non-spediincling activity, but always in a
value significative lower than that shown by th&Biextract§ < 0.05). To determine
whether or not lysine residues are involved in lngd a competition experiment
including 50 mMeACA was carried out. In this case the binding betw®IES extract
and plasminogen was inhibited about 70%, resultingjightly higher optical densities

than the negative contr(fig. 1)

3.2. Plasminogen is activated by proteins of DIEX#&act and plasmin is generated
The ability to activate plasminogen by DIES extract to generate plasmin was
assessed by measuring the amidolytic activity esmiin generated in the presence of
the antigenic extract and plasminogen. This effeas measured in the presence or
absence of a physiological activator of the procefA, to observe the ability of the
DIES extract proteins of activating plasminogen their own. Negative controls
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replacing DIES for BSA or t-PA were also used. Aswn inFig. 2 the generation of
plasmin by t-PA is enhanced by DIES reaching optdensity values significative
higher < 0.05) than the negative controls in the presasfcePA. However, DIES

extract is unable to generate plasmin without t#i@gulting in optical density values

identical to the negative control.
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Figure 1. Plasminogen binding to g of DIES extract ofD. immitis measured over a range of
plasminogen amounts per cavity using a microtitatepmethod. ) Incubation with increasing amounts
of plasminogen, 0—8g. (¢) Competition assay with 50 mMACA included during plasminogen
incubation. (¢) Negative control consisted of wells coated onithvBSA. Each point is the mean of

three replicates £ SD. The asterisk (*) designaigsificant ¢ < 0.05) differences.
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Figure 2. Plasminogen activation and plasmin generation lgSDextract ofD. immitis (o) 15 ng of t-
PA was added to mixtures containing@ of human plasminogen andi§ of the chromogenic substrate
S-2251 (Sigma) in the presence or absencepaf df DIES (or BSA as negative control) in a tesivoe
of 100ul. (m) No t-PA were added to reaction mixtures. Eachiisi the mean of three replicates + SD.

The asterisk (*) designates significapt< 0.05) differences.
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3.3. DIES extract stimulate t-PA expression in vastar endothelial cell cultures

D. immitis is an intravascular parasite for which we previpusbserved
interactions of DIES antigens with the vascular ahdlium. Additionally, the DIES
extract activates the transformation of plasminogerplasmin in a t-PA-dependent
manner. Thus, the objective of this experiment wadetermine whether or not DIES
enhances the synthesis of t-PA in vascular endathedlls (HAAE-1). Proteins from
DIES-treated vascular endothelial cell extracts eveeparated by SDS-PAGE and
analyzed by Western blotting using anti-t-PA andypoAs shown inFig. 3 DIES
induced a significative increase in t-PA < 0.05) protein expression after 24 h of

stimulation.

DiES + - 25 N
2
t_PA - 5 ‘{
N
]_ m
0
DiES +

Figure 3. Effect of DIES on the expression of t-PA in humescular endothelial cells. Protein extracts
from lysed DIES treated or untreated confluent celtures were analyzed by Western blot for t-BA.
tubulin served as a protein control. Results wergressed as the mean + SEM of at least 3 indepénden
experiments. The asterisk (*) designates significgm< 0.05) differences from control cellso)(

Stimulated endothelial cellsa) Non-treated control cells. AU, arbitrary units.

3.4. Two-dimensional analysis of DIES extract

To obtain an overall view of all the proteins oétBIES, this extract were first
electrofocused using 3-10 linear immobilized pHdgrat strips. Silver nitrate staining
of these 2-D gels revealed about 570 spots in xteeme ofD. immitis with pls
between 5 and 9.8, and a broad range of MWs (10kDa). Only 24 spots were
observed with pl < 5 (not shown).

In order to improve spot resolution and detectionge the spot MW and pl
ranges were determined, the DIES extract wererefecused in 5-8 and 7-10 IPG

strips. With these new conditions, silver stainiagealed a total of 636 spots, most of
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them (594) located between pH 5 and 8. The remgidéhspots had pls between 8 and
9.8 Fig. 4A and B.
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Figure 4. Representative 2-DE of @ of the DIES extract from adull. immitisworms. The gels were
in the 5-8 and 7-10 pH ranges, 12% polyacrylamitk silver-stained (A and B). Plasminogen-binding
spots revealed on ligand blots from gels A and Bu(@ D). Reference molecular masses are indicated o

the left. The plasminogen-binding spots analyze®Syare circled and numbered.

3.5. Identification of plasminogen-binding proteins
To identify plasminogen-binding proteins, ligan@tiihg of 2D gels of 5-8 and
7-10 pH with plasminogen was performed, after ed@@nsfering them to

nitrocellulose membranes.

As shown inFig. 4CandD, 81 plasminogen-binding spots were revealed. This
represents a binding rate of 12.73% of total spet®aled in the excretome @&f.
immitis. Most of them 1§ = 60) were resolved in a narrow range of MWs am&l p
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(between 37 and 150 KDa, and 5.2 and 7.2, resdgtivn the control blots, in which
plasminogen incubation was omitted, the anti-plasgen antibody did not reveal any

spots (not shown). In the competition experimetit®, inclusion of 50 mMeACA

inhibited plasminogen binding to DIES demonstratthg specificity of the reaction

(Fig. S1)
MW Sequence
=gt Accesion code Protein definition ~ Species (kDa) pl cogerage G
number theor/exp score
theor/exp (%)
23 ACY25666 Chaperonin-like Brugia malayi 61.4/67.1 5.7/5.6 11 130
protein HSP60
27 AF121264 1 Chaperonin protein Onchocerca 64.5/67.0 5.7/5.8 17 145
HSP60 volvulus
28 AF121264_1 Chaperonin protein Onchocerca 64.5/65.2 5.7/5.8 16 130
HSP60 volvulus
31 ACT1_CAEEL  Actin-1/3 Caenorhabditis  42.1/65.2  5.3/5.9 11 41
elegans
32 XP_001894819 Actin Brugia malayi 42.1/43.3 5.3/5.8 4 64
33 NP_508842 ACTin family Caenorhabditis  37.5/39.4  5.4/6.0 17 142
member (act-4) elegans
37 AAC24752 Transglutaminase Dirofilaria 57.6/61.0 5.7/6.3 19 91
precursor immitis
66 XP_001899850 Glyceraldehyde 3- Brugia malayi 32.1/40.8 8.5/7.5 20 207
phosphate
dehydrogenase
67 XP_001899850 Glyceraldehyde 3- Brugia malayi 32.1/40.7 8.5/7.8 25 292
phosphate
dehydrogenase
69 AAD00843 Ov87 Onchocerca 36.7/36.4  8.9/8.2 24 161
volvulus
71 AAD00843 Oov87 Onchocerca 36.7/36.5 8.9/9.0 16 157
volvulus
72 XP_003150284 Hypothetical Loa loa 13.3/33.7 6.7/6.3 11 94
protein
LOAG_14743
73 AAF37720 Galectin Dirofilaria 32.2/30.1 6.0/6.6 11 118
immitis
78 AAD11968 P22U Dirofilaria 24.4/22.0 8.9/9.2 66 499
immitis
79 AAD11968 P22V Dirofilaria 24.4/22.0 8.9/9.4 62 458
immitis
80 AAD11968 P22V Dirofilaria 24.4/22.0 8.9/9.6 62 489
immitis
81 AAD11968 P22U Dirofilaria 24.4/22.0 8.9/9.8 54 201
immitis

Table 1 Plasminogen-binding protein spots of DIES extragntified by MALDI-TOF MS. Exp,

experimental; theo, theoretical.

The matching of spots revealed by ligand-blottinghvtheir homologous spots

in the silver-stained 2-D gels allowed to seletbtal of 81 plasminogen-binding spots

of D. immitis which were manually excised from 2-D gels andhsitted to analysis by
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MS. Table 1shows the identity of these proteins and their MA@ pls (theoretical and
experimental), the NCBI accession number, the sempeoverage and the Mascot
score. Seventeen of 81 spots were identified (24#6) corresponded to 10 different
proteins. The proteins identified were chaperompiregein HSP60, actin-1/3, actin, actin
4, transglutaminase precursor, glyceraldehyde &peate dehydrogenase (GAPDH),
Ov87, hypothetical protein LOAG_14743, galectin aR@2U. Between 1 and 4
isoforms of each protein were identified. Most pim$s were identified by their
similarity to homologous proteins from other speaié filarial worms. Thus of the 17
spots identified 9 corresponded to other filariedtpins Brugia malayj Onchocerca
volvulusandLoa log), while 6 spots corresponded to 3 protein®ofmmitisdeposited
in databases (transglutaminase precursor, galacthP22U). The 2 remaining spots

corresponded to proteins from the nematGdenorhabditis elegans

4. Discussion

D. immitis infections are typically characterized by the [sesice of adult
worms in vascular location for years in which treeg exposed to multiple aggression
mechanisms from the host and where their presesuases severe and sometimes fatal
pathological changes. One of these mechanisme iggheration of thromboembolisms.
This process is physiologically regulated by thogifiolytic system which is able to lyse
fibrin clots. Its activation by molecules &f. immitis could have beneficial effects for

the survival of the parasite in the circulatorytsys.

In this study we demonstrate in an in vitro systdrat DIES antigens bind
plasminogen. This binding is dependent on the peEsef lysine residues, as it is
inhibited by e-aminocaproic acid. We also demonstrate that Dikfaet activates
plasminogen and generate plasmin in a t-PA-depéndanner. All this is consistent

with experimental studies carried out in bactgrratozoa and helminttj&7,19,27,28]

We also demonstrated that DIES antigens signifigastimulate the basal
production of t-PA by vascular endothelial cellstared in vitro. This is consistent also
with the key role of vascular endothelium in thguiation of haemostasjg] and with
the intravascular niche d. immitis We have previously shown that DIES antigens
interact with the vascular endothelium, stimulatingsodilatation and reducing
leukocyte transmigration, which highlights the impace of the endothelium in the
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activation of mechanisms that likely promote paeasurvival, also limiting the damage
to the hos{22].

On the other hand, plasmin produced by plasminegémation is also involved
in the lysis of extra-cytoplasmic matric€9], which is interpreted as a mechanism
related to cell invasion and intra-organic migratiof different parasite§l2,14] As
many molecules involved in the binding of plasmieoegre multifunctional, we cannot
rule out that though the activation of the fibriyicd system has predictable beneficial
effects, both for the parasite and for the hostpes@f the molecules involved in the
process can exert other activities, contributinght® generation of damage on the host.
A consequence of the arrival of tBe immitisadult worms into the pulmonary arteries
is the appearance of proliferative endarteritisseduby the proliferation and migration
of smooth muscle cells of the vascular wall inte thmen[3]. It has been shown that
the over-expression of t-PA in damaged endothelivnduces proliferation and
migration of smooth muscle cells in humdB$§]. Since we have observed an over-
expression of t-PA by vascular endothelial ceilmstated by DIES, it will be necessary
to study in the future if the proliferative endaitis is associated with over-expression
of t-PA by endothelial cells and therefore the\ation of the fibrinolytic system of the
host byD. immitisadult worms.

The proteomic analysis of DIES extract also allowesl to identify 17
plasminogen-binding spots by MS, which corresponded 10 proteins. Their
identification was possible by the existence of igniicant amount of available
information on the filarial worms. Of the proteimdentified in the DIES, HSP 60,
different proteins of the family of actins and GARRre among the best characterized
binding-plasminogen molecules. The HSP 60 is aibgqgrotein belonging to the
family of heat shock proteins. Its plasminogen-bigdactivity has been demonstrated
in bacteria[31,32], in which this activity has been associated witsruption of the

extracellular matrix of tissues and invas|8&].

Three proteins of the actin family binding plasngea (actin-1/3, actin and
actin-4) have been identified in the DIES extrddte interaction between actin and
plasminogen is well known, as well as the fact thaecific binding occurs through
lysine residues which stimulate the tPA-dependé&dmin generatiof33]. In addition,
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its function as plasminogen receptor has been dstrated on the surface of
endothelial celld34] and in the tegument @&chistosoma bovigl7]. The glycolytic
enzyme GAPDH is a multifunctional molecule whosasphinogen-binding activity has
been observed in different pathogens such as Iemcterd fungi[35,36] blood
helminths such aS. bovig17] and tissue helminths lik. volvulug16].

The other proteins identified in our study (tramggiinase precursor, Ov87,
galectin, P22U and LOAG_14743) have been relatedldaesminogen binding for the
first time. However, there is evidence that som¢heim are associated with nearby or
related fibrinolysis processes. It has been dematest that galectin-1, which belongs to
the family of galectins (like galectin and Ov87 t@ios identified here) acts as receptor
of t-PA and is the responsible for the increaseathlytic activity that occurs in the
pancreatic cance37]. Moreover, the LOAG_14743 is a hypothetical pnotef the
annexin family. Within this family, annexin-A2 isne of the best-characterized

plasminogen receptors on endothelial cglfy.

To conclude, we have demonstrated that DIES argigervitro activate the
plasminogen binding and plasmin production, invadvihe vascular endothelium in the
regulation of this process through the stimulugh&f expression of t-PA by vascular
endothelial cells. These facts demonstrate theaatien ofD. immitiswith its vascular
environment through his metabolic products, prongtmechanisms for its own
survival. Ten plasminogen binding molecules of ThES extract have been identified
by proteomic analysis and MS, suggesting thaimmitis adult worms use different
molecules to maintain the balance of the vascutairenment. Future studies are
needed to obtain a complete understanding of tleisggs during HD and to elucidate if
molecules of the plasminogen binding process arelved in other mechanisms related

to the occurrence of pathological changes in thepnary arteries.

Acknowledgements

This research was supported by Agencia de DesarEaibnémico de Castilla y
Ledn (cofinanced with FEDER funds), Junta de astil Ledn (grant SA090/A09),
Spain.

101



PRiMER CAPITVLO

References

1. Genchi C, Kramer LH, Prieto G. Epidemiology of icesnand feline dirofilariasis: a
global view. In: Simon F, Genchi C, editors. Heantw infection in humans and
animals, Espafa: Ediciones Universidad de Salamao€d, p. 121-34.

2. Quiroz-Romero H. Parasitologia y enfermedades fparas de los animales
domésticos. México: Dimusa S.A.; 1984, p. 620-27.

3. Venco L. HeartwormDjirofilaria immitis) disease in dogs. In: Genchi C, Ronaldi L,
Cringoli G, editors.Dirofilaria immitis and D. repensin dog and cat and human
infections, Italia: Rolando Editore; 2007, p. 115-2

4. McCall JW, Genchi C, Kramer LH, Guerrero J, VencoHeartworm disease in
animals and humans. Adv Parasitol 2008;66:193-285.

5. Dzik JM. Molecules released by helminth parasiteslived in host colonization.
Acta Biochim Pol 2006;53(1):33-64.

6. Bennuru S, Semnani R, Meng Z, Ribeiro JM, Veens$a Nutman TB.Brugia
malayi excreted/secreted proteins at the host/parasiterfage: stage- and
genderspecific proteomic profiling. PLoS Negl T 2009;3:e410.

7. Becker BF, Heindl B, Kupatt C, Zahler S. EndotHhelimnction and hemostasis. Z
Kardiol 2000;89(3):160-7.

8. Cesarman-Maus G, Hajjar KA. Molecular mechanisms fibfinolysis. Br J
Haematol 2005;129(3):307-21.

9. Goggs R, Benigni L, Fuentes VL, Chan DL. PulmondmpmboembolismJ Vet
Emerg Crit Care (San Antonio) 2009;19(1):30-52.

10.Stephens RW, Vaheri A. In: Kreis T, Vale R, editoGuidebook to the
Extracellular Matrix and Adhesion Proteins, New K.oOxford University Press;
1995, p. 81-82.

11.Jong AY, Chen SH, Stins MF, Kim KS, Tuan TL, Hua®lg. Binding ofCandida
albicans enolase to plasmin(ogen) results in enhanced imwasf human brain
microvascular endothelial cells. J Med MicrobioD3(62:615-22.

12.Bernal D, de la Rubia JE, Carrasco-Abad AM, ToleddMas-Coma S, Marcilla A.
Identification of enolase as a plasminogen-bindingtein in excretory-secretory
products ofasciola hepaticaFEBS Lett 2004;563(1-3):203-6.

13.Bergmann S, Hammerschmidt S. Fibrinolysis and hesponse in bacterial
infections. Thromb Haemost 2007;98(3):512-20.

102



PRiMER CAPITVLO

14.Jolodar A, Fischer P, Bergmann S, Buttner DW, Harmsolenidt S, Brattig NW.
Molecular cloning of an alpha-enolase from the harilarial parasiteOnchocerca
volvulus that binds human plasminogen. Biochim Biophys A2{03;1627(2-
3):111-20.

15.Almeida L, Vanegas G, Calcagno M, Concepcion JLjlakw L. Plasminogen
interaction withTrypanosoma cruzMem Inst Oswaldo Cruz 2004;99(1):63-7.

16.Erttmann KD, Kleensang A, Schneider E, Hammerschi@jdButtner DW, Gallin
M. Cloning, characterization and DNA immunizatioh am Onchocerca volvulus
glyceraldehyde-3-phosphate dehydrogenase (Ov-GAPBl8chim Biophys Acta
2005;1741(1-2):85-94.

17.Ramajo-Hernandez A, Pérez-Sanchez R, Ramajo-Mdrt@leaga A.Schistosoma
bovis plasminogen binding in adults and the identifmatof plasminogen-binding
proteins from the worm tegument. Exp Parasitol 2005(1):83-91.

18.Vanegas G, Quifiones W, Carrasco-Lépez C, ConceptipAlbericio F, Avilan L.
Enolase as a plasminogen binding protei@mshmania mexicanaParasitol Res
2007;101(6):1511-6.

19.Mundodi V, Kucknoor AS, Alderete JF. Immunogeniadgplasminogen-binding
surface-associated alpha-enolase ®fichomonas vaginalis Infect Immun
2008;76(2):523-31.

20.Marcilla A, Pérez-Garcia A, Espert A, Bernal D, MafAntoli C, Esteban JG, et al.
Echinostoma caproniidentification of enolase in excretory/secretgrgoducts,
molecular cloning, and functional expression. EgpaBitol 2007;117(1):57-64.

21.Plow EF, Herren T, Redlitz A, Miles LA, Hoover-Pladl. The cell biology of the
plasminogen system. FASEB J 1995;9(10):939-45.

22.Morchén R, Gonzélez-Miguel J, Mellado I, Velasco Bodriguez-Barbero A,
Simén F. Adult Dirofilaria immitis excretory/secretory antigens upregulate the
production of prostaglandin E2 and downregulate oegte transmigration in an "in
vitro" model of vascular endothelial cell cultur&et Parasitol 2010;170(3-4):331-
5.

23.Carretén E, Corbera JA, Juste MC, Morchon R, SireRgrMontoya-Alonso JA.
Dirofilaria immitis infection in dogs: Cardiopulmonary biomarker lesveNet
Parasitol 2011;176(4):313-6.

103



PRiMER CAPITVLO

24.Maizels RM, Blaxter ML, Robertson BD, Selkirk MEaRsite antigen parasite
genes: a laboratory manual for molecular paragifoldcCambridge: Cambridge
University Press; 1991.

25.Gonzalez-Miguel J, Rosario L, Rota-Nodari E, Momeh®, Simon F. Identification
of immunoreactive proteins @irofilaria immitis andD. repensrecognized by sera
from patients with pulmonary and subcutaneous itlrdsis. Parasitol Int
2010;59(2):248-56.

26.Suckau D, Resemann A, Schuerenberg M, Hufnagetd®zEn J, Holle A. A novel
MALDI LIFT-TOF/TOF mass spectrometer for proteomidnal Bioanal Chem
2003;376:952—65.

27.Avilan L, Calcagno M, Figuera M, Lemus L, Puig hdRguez AM. Interaction of
Leishmania mexicangromastigotes with the plasminogen-plasmin systital
Biochem Parasitol 2000;110(2):183-93.

28.Xolalpa W, Vallecillo AJ, Lara M, Mendoza-Hernand&z Comini M, Spallek R,
Singh M, Espitia C. Identification of novel bactrplasminogen-binding proteins
in the human pathogeMycobacterium tuberculosig’roteomics 2007;7(18):3332-
41.

29.Vassalli JD, Sappino AP, Belin D. The plasminogetivator/plasmin system. J
Clin Invest 1991;88(4):1067-72.

30.Yang Z, Eton D, Zheng F, Livingstone AS, Yu H. Effeof tissue plasminogen
activator on vascular smooth muscle cells. J Vasg 3005;42(3):532-8.

31.Schaumburg J, Diekmann O, Hagendorff P, Bergmann Ra&hde M,
Hammerschmidt S, et al. The cell wall subproteorhé.isteria monocytogenes.
Proteomics 2004;4(10):2991-3006.

32.Dudani AK, Mehic J, Martyres A. Plasminogen andias@tin interact with heat
shock proteins. Mol Cell Biochem 2007;300(1-2): 795.

33.Lind SE, Smith CJ. Actin accelerates plasmin ger@raby tissue plasminogen
activator. J Biol Chem 1991;266(26):17673-8.

34.Dudani AK, Ben-Tchavtchavadze M, Porter S, Tackabét. Angiostatin and
plasminogen share binding to endothelial cell sigfactin. Biochem Cell Biol
2005;83(1):28-35.

104



PRIMER CAP{TVLO

35.Crowe JD, Sievwright IK, Auld GC, Moore NR, Gow NA&ooth NA. Candida
albicans binds human plasminogen: identification of eigh&sminogen-binding
proteins. Mol Microbiol 2003;47(6):1637-51.

36.Bergmann S, Rohde M, Hammerschmidt S. Glyceraldet3yghosphate
dehydrogenase dbtreptococcus pneumoniae a surface-displayed plasminogen-
binding protein. Infect Immun 2004;72(4):2416-9.

37.Roda O, Ortiz-Zapater E, Martinez-Bosch N, Gut&@allego R, Vila-Perell6 M,
Ampurdanés C, et al. Galectin-1 is a novel funalomeceptor for tissue
plasminogen activator in pancreatic cancer. Gasteoelogy 2009;136(4):1379-90.

38.Dassah M, Deora AB, He K, Hajjar KA. The endothetall annexin A2 system
and vascular fibrinolysis. Gen Physiol Biophys 2@8920-8.

Supplementary material

KDa

250 -
150 -
100 -
75 -

KDa

250 -
150 -
100 -

75-

50-

37-

25-

20-
20-

Supplemental Figure S1.Competition assay of DIES-plasminogen immunobla@lgsis. The assay was
performed by including 50 mMACA during plasminogen incubation. The membranegevie the 5-8
and 7-10 pH ranges. Reference molecular massesdioated on the left. As shown in Figure S1 the
inclusion of 50 mMeEACA inhibit plasminogen binding to DIES.
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Resumen

La dirofilariosis cardiopulmonamDrofilaria immitis) se caracteriza por eventos
aparentemente contradictorios, como la supervigemacilargo plazo de los vermes
adultos en el sistema circulatorio de los hospedsdmfectados y el desarrollo de
procesos potencialmente mortales como la aparidérnromboembolismos. Por lo
tanto, mecanismos desarrollados por los parasibmsocla activacion del sistema
fibrinolitico, son un punto clave para la supervigia tanto de los vermes como del
hospedador. El objetivo de este trabajo fue ingastia interaccion entre los antigenos
asociados a la superficie de los vermes adultoB.dienmitis (DiSAA) y el sistema
fibrinolitico del hospedador. Se demostré que dlaexo DISAA es capaz de fijar
plasmindégeno y generar plasmina, ocurriendo estmallde un modo dependiente del
activador tisular del plasmindégeno (tPA). Adicianahte, 11 proteinas fijadoras de
plasminégeno del extracto DISAA fueron identificadanediante protedmica y
espectrometria de masas (MS): (actina-5C, actinaiglasa, fructosa-bifosfato
aldolasa, GAPDH, dominio proteico MSP, MSP 2, letide uniéon a beta-
galactosidasa, galectina, proteina contenedora ddehinio inmunoglobulina | y
ciclofiina Ovcyp-2). Debido a que en un trabajoeypo hemos demostrado la
interaccion positiva entre los antigenos excretseesetores dB. immitis (DIES) vy el
sistema fibrinolitico del hospedador y a que mua®tas moléculas identificadas aqui
son compartidas por ambos compartimentos antiggnise propone que DiSAA
coopera en la activacion del sistema fibrinoligggomoviendo la lisis de los coagulos

de fibrina.
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Abstract

Cardiopulmonary dirofilariosisirofilaria immitis) is characterized by apparent
contradictory events, like the long-term survivBadult worms in the circulatory system
of the infected hosts and the development of hiedtening events like
thromboembolisms and others. Thus parasite mecahanisike the activation of
fibrinolytic system, are key to the survival of hahe worms and the host. The aim of
this study was to investigate the interaction betwg. immitis adult worms surface-
associated antigens (DiSAA) and the fibrinolytisteyn of the host. We demonstrate that
DISAA extract is able to bind plasminogen and gateeplasmin, with the latter occurring
in a tissue plasminogen activator (t-PA) dependemnner. Additionally, 11
plasminogen-binding proteins from DISAA extract eedentified by proteomics and
mass spectrometry (MS) (actin-5C, actin-1, enoldsestose-bisphosphate aldolase,
GAPDH, MSP domain protein, MSP 2, beta-galactogdanding-lectin, galectin,
immunoglobulin I-set domain-containing protein aydlophilin Ovcyp-2). Because in a
previous work we have shown the positive interacbetween the excretory/secretory
antigens oD. immitis(DIES) and the host fibrinolytic system and mahthe molecules
identified here are shared by both antigens, wetngsize that DISAA cooperate in host

fibrinolytic system activation promoting the fibrafot lysis.

Key words: Dirofilaria immitis; surface associated antigens; fibrinolysis; plasmgen

binding.
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1. Introduction

Dirofilaria immitis is the causative agent of canine and feline cptdimonary
dirofilariosis and human pulmonary dirofilariosisis a vector-borne transmitted disease
with a cosmopolitan distributiaiisenchi et al., 2001D. immitisadult worms can survive
for years (7 or more) in the pulmonary arteries agtit ventricle of doggQuiroz-
Romero, 1984)causing a chronic vascular disease mainly agsacwith inflammatory
reactions. Moreover, the simultaneous death offgg@fi adult worms can trigger an acute
pathology characterized by the exacerbation of ittikammatory reactions and the
occurrence of serious thromboembolisivisnco, 2007that poses an immediate risk for

the life of the affected hosts.

The fibrinolytic system activity is based on thengersion of plasminogen into
plasmin, the enzyme responsible of fibrin clotsdy€esarman-Maus and Hajjar, 2005)
This process is regulated by the t-PA, mainly sgsided by vascular endothelial cells. It
has been recently demonstrated that the metabadupts excreted bE. immitis “in
vitro” stimulate the host fibrinolytic system. Flaermore, this stimulation causes an over-
expression of t-PA in vascular endothelial celiSonzalez-Miguel et al., 2012)
suggesting the existence of regulatory mechanisimtieothromboembolisms by this
parasite in its intravascular habitat. On the othend, parasite-surface molecules have
been widely linked to key roles related to the hpzstsite relationship§-etterer and
Rhoads, 1993and some of them have been related to the plagmmbinding activity
in protozoa(Almeida et al., 2004, Vanegas et al., 2007 and dédn et al., 2008and
helminth parasite€lolodar et al., 2003, Erttmann et al., 2005 anch&a-Hernandez et
al., 2007) In this work we demonstrate that different suefassociated molecules Df
immitis adult worms bind plasminogen and generate plasm@tivating the host

fibrinolytic system.

2. Materials and Methods

2.1. Collection of surface associated antigens froB. immitis adult worms (DISAA)
DiSAA extract was obtained following the methodplo described by

Wedrychowicz et al(1994)with minor modifications. In brief, live worms (fptained

from a naturally infected dog were washed and thwubated in saline solution

containing 0.25% CTAB with a cocktail of proteas@ibitors (Maizels et al., 1991t

37 °C for 4 h. The worms were separated from detdrgnd extracted proteins were
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precipitated with sodium acetate 0.002 M with nmodumes of 96% ethanol, at —20 °C
for 48 h followed by centrifugation (10,000gx 10 min). The resulting pellets were re-
suspended in PBS pH 7.2 and stored at —80 °CusdilPreviously, protein concentration

of DiISAA was measured by DC protein assay commikiigBio-Rad).

2.2. Plasminogen binding assay

To determine whether the plasminogen would bindase components db.
immitisan ELISA test was carried out as described preWoizonzalez-Miguel et al.,
2012) In brief, multiwell microplates (Costar) were tee with 1ug/well of DiISAA
extract, blocked and then incubated with increaamgunts (from Qg to 3ug) of human
plasminogen (acris antibodies). After incubatiothwhe corresponding antibodies and
with a chromogen, the optical density was measatetb2 nm in an easy reader (Bio-
Rad). In parallel, competition assays were perfarimge including 50 mM of the lysine

analogue-aminocaproic acideACA) during plasminogen incubation.

2.3. Plasminogen activation assay

Plasminogen activation assay was performed in avasime of 100ul by
measuring the amidolytic activity of generated pias(Gonzalez-Miguel et al., 2012)
In each well 2ug of human plasminogen (acris antibodies) werebated in PBS with
3 ng of the chromogenic substrate S-2251 (Sigma) enpitesence of g of DiISAA
extract. Activation of plasminogen was initiateddmdition of 15 ng of t-PA (Sigma). In
parallel, plasmin generation was also measureceénabsence of t-PA. Plates were
incubated at 37 °C for 2 h and the hydrolysis ef¢hromogenic substrate was monitored

by measuring absorbance at 405 nm every 30 mir &aople was analyzed in triplicate.

2.4. Two-dimensional electrophoresis (2-DE) of DiSA extract and immunoblot
assay

The 2-DE of DiSAA extract was performed as describefore by ugGonzalez-
Miguel et al., 2012) Briefly, DISAA extract aliquots were supplementedth
ampholytes, incubated and centrifugated, and tppheal to 7 cm IPG strips (Bio-Rad)
with linear pH ranges of 3-10, 5-8 and 7-10, usirgrotean IEF Cell (Bio-Rad) for
isoelectric focusing (IEF). After IEF, strips wereduced and alkilated, and second
dimension was done in 12% acrylamide gels. Gel®ween silver stained with the
PlusOne silver staining kit, protein (GE Healthgare
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To determine which proteins of DiISAA extract bindgminogen an immunoblot
was performed(Gonzélez-Miguel et al., 2012)The 2-D gels were transferred to
nitrocellulose membranes which were blocked and theubated overnight at 4 °C with
10pg/ml of human plasminogen. After incubating the rbesmes with the corresponding

antibodies, proteins were revealed with 4-chlorphtlaol.

The 2-D gels and membranes were scanned and adalyttethe quantity one
software v.4.6.5 (Bio-Rad). Matching of 2-D gelgwihe homologous Western blot to
identify plasminogen-binding proteins was analyasohg the PDQuest Software v.8.0.1
(Bio-Rad).

2.6. MS and protein identification

In gel digestion of proteins and MS analysis weyealas described before by us
(Gonzalez-Miguel et al., 201.2)he spots containing plasminogen-binding proteiase
excised manually from the gels and sent to the ohiProteomics of the Centro de
Investigacion Principe Felipe (Valencia, Spain) M& analysis. For peptide mass
fingerprinting and the acquisition of LIFT TOF/TQBectra, an aliquot of the digestion
of each spot was deposited onto a @@0ANnchorChip MALDI probe (Bruker-Daltonics).
Peptide mass fingerprint spectra were measureBounkaer Ultraflex TOF/TOF MALDI
mass spectrometer (Bruker-Daltonics) in positive-reflector mode. The measured
tryptic peptide masses were transferred throughMi&eBioTools software (Bruker-
Daltonics) as inputs to search the National CefutrdBiotechnology Information non-
redundant database (NCBInr) using Mascot softwdiar{x Science). When necessary,
MS/MS data from the LIFT TOF/TOF spectra were cameldi with MS peptide mass
fingerprint data for database searches.

2.7. Statistical analysis

The results from the plasminogen binding assaypéamminogen activation assay
were analyzed with the Studertt®st. The results were expressed as the meandf SD
at least 3 independent experiments. In all experigjea significant difference was

defined as @-value < 0.05 for a confidence level of 95%.
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Results
3.1. Proteins of DISAA extract bind plasminogen

The binding capacity of plasminogen to DiISAA extraas measured by ELISA.
The test showed that DiSAA binds plasminogen obtgioptical densities statistically
higher < 0.05) than those of the control wells (coately avith BSA) (Fig. 1) This
binding is also directly proportional to the amoahplasminogen. The competition assay
showed that the inclusion of 50 mMMCA inhibits the plasminogen-binding-ig. 1),

demonstrating that this union is dependent on &/sasidues.

0.05

0 0.5 1
ug of Plasminogen

2
5]

Figure 1. Plasminogen binding to g of DiSAA extract ofD. immitis measured over a range of
plasminogen amounts using a microtiter plate metHadl Incubation with increasing amounts of

plasminogen, 0—8g. (#) Competition assay with 50 mBMACA included during plasminogen incubation.
(4) Negative control consisted of wells coated onlthBSA. Each point is the mean of three replicates

+SD. The asterisk (*) designates significgm&(0.05) differences.

3.2. The plasminogen-binding activity of DISAA extact generates plasmin

The ability to activate plasminogen by DiSAA extrand to generate plasmin
was assessed by measuring the amidolytic activiplasmin generated in the presence
of the antigenic extract and plasminogen. Thisotffeas measured in the presence or
absence of t-PA, to observe the ability of the DASAxtract proteins of activating
plasminogen on their own. Negative controls replig@®@iSAA by BSA or t-PA were also
used. As shown irfrig. 2, the generation of plasmin by t-PA is enhancedifiyAA

reaching optical density values significative higfge< 0.05) than the negative controls.
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Furthermore this effect is inhibited by 50 nelfCA, indicating the involvement of lysine
residues in the process. However, DISAA extracinable to generate plasmin without

t-PA resulting in optical density values identitakhe negative control.

0D 0.3 -

0.1 A I

DiSAA+ DiSAA DiSAA+ DiSAA+ BSA+ BSA
t-PA t-PA+ sACA t-PA
sACA

Figure 2. Plasminogen activation and plasmin generation [8ABi extract ofD. immitis (o) 15 ng of t-
PA was added to mixtures containingu@ of human plasminogen, 8y of S-2251 (Sigma) and g of
DiSAA extract (or BSA as negative control) in thegence or absence of 50 mMeBICA in a test volume

of 100pl. (w) No t-PA was added to reaction mixtures. Eachtpsithe mean of three replicates £SD. The

asterisk (*) designates significaqt € 0.05) differences.

3.3. Two-dimensional analysis of DISAA extract

To obtain an overall view of all the proteins o thiSAA, this extract were first
electrofocused using 3-10 linear immobilized pHdgrat strips. Silver nitrate staining
of these 2-D gels revealed about 315 spots inDthenmitis surface proteome, many
sparsely settled, with isoelectric points (pls)ween 5 and 9.7, and a broad range of
molecular weights (MWSs) (10-145 kDa). Only 4 spaire observed with pl5 (not
shown). In order to improve spot resolution andediébn, once the spot MW and pl
ranges were determined, the DISAA extract werettacused in 5-8 and 7-10 IPG
strips. With these new conditions, silver stainiagealed a total of 347 spots, most of
them (318) located between pls 5 and 8. The remgi2® spots had pls between 8 and
9.8 (Fig. 3A and B)
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Figure 3. Representative 2-DE of @ of the DiISAA extract from aduld. immitisworms. The gels were
in the 5-8 and 7-10 pH ranges, 12% polyacrylamidk silver-stained (A and B). Plasminogen-binding
spots revealed on ligand blots from gels A and Bu(@ D). Reference molecular masses are indicated o

the left. The plasminogen-binding spots analyzedi®yare circled and numbered.

3.4. Identification of plasminogen-binding proteins

To identify plasminogen-binding proteins, a ligavdtting with plasminogen of
2D gels of 5-8 and 7-10 pH was performed. As shawing. 3CandD, 61 plasminogen-
binding spots were revealed (17.58% for total spetealed in the surface proteome).
Most of them K = 42) were resolved in a narrow range of MWs alsdIpetween 40 and
100 kDa, and 5.4 and 8, respectively). In the abnbtots, in which plasminogen

incubation was omitted, the anti-plasminogen amljbdid not reveal any spots (not
shown).

The matching of spots revealed by ligand-blottinthwheir homologous in the
silver-stained 2-D gels allowed us to select d witd3 plasminogen-binding spots Df
immitis, which were manually excised from 2-D gels andnsitiled to analysis by MS.
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Table 1shows the identity of these proteins and their Mays pls (theoretical and
experimental), the number of access to similar rmftion available in the NCBI
database, the sequence coverage and the MasaatSoaeen of 53 spots were identified
(30.18%) and corresponded to 11 different protddetween 1 and 4 isoforms of each
protein were identified. Most proteins were iddstifby their similarity to homologous
proteins from other species of filarial worms. Thof the 16 spots identified 14
corresponded to other filarial proteigrggia malayj Onchocerca volvuluandLoa loa).
The 2 remaining spots corresponded to a protem ftee nematod&richinella spiralis
(actin-5C) and to a protein from the free-livingtist parasitéAcanthamoeba castellanii
(actin-1).

MW

=gl Accesion code  Protein definition Species (kDa) pl QUETES - [EEEe:
number theor/exp  matched score
theor/exp
17 EFV54220 Actin-5C Trichinella 41.8/54.1 5.3/5.7 4 154
spiralis
18 P02578 Actin-1 Acanthamoeba  41.7/52.8 5.4/5.8 6 190
castellanii
20 XP_001896281 Enolase Brugia malayi 47.5/59.6  6.0/6.3 6 248
22 Q7YZX3 Enolase Onchocerca 47.1/55.5 6.0/6.6 8 64
volvulus
26 AAB52600 Fructose- Onchocerca 39.2/405 7.7/7.7 8 247
bisphosphate volvulus
aldolase
42 AAB52600 Fructose- Onchocerca 39.2/39.0 7.7/7.9 2 59
bisphosphate volvulus
aldolase
28 P48812 GAPDH Brugia malayi 36.1/40.0 7.7/7.2 13 128
30 P48812 GAPDH Brugia malayi 36.1/39.8 7.7/7.4 17 259
32 P48812 GAPDH Brugia malayi 36.1/37.4 7.7/7.8 11 84
46 P48812 GAPDH Brugia malayi 36.1/36.0 7.7/8.0 9 71
35 XP_001900868 MSP domain protein Brugia malayi 18.1/40.1 5.5/6.0 2 64
with Glu-rich
domain
60 P13263 Major sperm protein Onchocerca 14.3/15.7 7.8/8.8 18 265
2 volvulus
37 AAA20541 Beta-galactosidase- Onchocerca 32.0/33.6  6.0/6.6 20 143
binding-lectin volvulus
38 XP_001900812 Galectin Brugia malayi 31.8/30.3 6.4/7.8 3 68
39 XP_003139445 Immunoglobulin I- Loa loa 225242 6.6/7.6 8 307
set domain-
containing protein
58 AAC47233 Cyclophilin Ovcyp-  Onchocerca 18.5/20.9 8.3/9.4 1 71
2 volvulus

Table 1.Plasminogen-binding protein spots of DISAA extragmntified by MALDI-TOF MS. GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase; Expriegmaal; theo, theoretical.
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4. Discussion

Cardiopulmonary dirofilariosis is caused by thegdgarm presence &. immitis
adult worms in the pulmonary arteries and righttkiele of their definitive host. In this
location, worms are exposed to the effector medmasiof the host immune system.
Moreover, the death of the adult worms triggers esgmathological processes that
immediately threat the host's life, the thromboelsbts being one of the most serious.
However,D. immitiscan survive through different mechanisms of botmune evasion
and modulation of its vascular environm€atmon et al., 2012)n the live worms there
are two antigenic compartments participating in pgaasite/host relationships, the
excreted metabolic products (DIES antigens) andstittace-associated antigens, many
of which are also excreté®mith, 1991)taking part in the excretory/secretory antigens.
In this study we demonstrate that the DISAA bindsphtinogen and stimulate plasmin
generation. Surface-associated antigens have aea kelated to the plasminogen
recruitment in both bacteriglBergmann and Hammerschmidt, 20080d parasitic
infections(Jolodar et al., 2003 and Ghosh and Jacobs-Lo&41l) It has also been
postulated that plasmin produced by plasminogeivamn plays a key role in the
degradation of extracellular matrices, migratiomotiyh the tissue$Bergmann and
Hammerschmidt, 2007gnd evasion of the immune respofBarthel et al., 2012)For
the conversion of plasminogen into plasmin t-PAasessary, being mainly synthesized
and secreted by the vascular endotheliGmsarman-Maus and Hajjar, 2006jven that
it has been previously shown that the DIES causesar-expression of t-PA in cultured
vascular endothelial cell§$sonzalez-Miguel et al., 2012t is possible that a combined
action of both compartments (DIES and DiSAA) coeist. ThuD. immitisworms are
not only capable of activating the fibrinolytic sy in order to avoid clot formation in
the systemic level by action of the DIES, but atstheir immediate environment by the
action of the DISAA. This combined action would dfegreat importance as a parasite

survival mechanism.

The combination of proteomic, immunomic and MS tegbes allowed us to
identify a total of 16 spots of the DISAA extrabat corresponded to 11 plasminogen-
binding proteins. These were identified using t&lable information of filarial proteins
in databases. Among them, various enzymes frongtbep of actingDudani et al.,
2005 and Ramajo-Hernandez et al., 20@nplasgJolodar et al., 2003, Marcilla et al.,
2007 and Mundodi et al., 20Qdyuctose-bisphosphate aldolagé&gamajo-Hernandez et
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al., 2007 and de la Paz Santangelo et al., 2@) GAPDH (Erttmann et al.,
2005 and Ramajo-Hernandez et al., 200&@ye been extensively studied due to their
interaction with the fibrinolytic system in diffemetypes of pathogens. Furthermore, 3
isoforms of actin, 2 of GAPDH and the galectin wielentified as plasminogen-binding
proteins on the DIES antigen&onzalez-Miguel et al., 2012)The other proteins
identified in our study (MSP domain protein, magperm protein 2, beta-galactosidase-
binding-lectin, immunoglobulin I-set domain-contaig protein and cyclophilin Ovcyp-
2) have been identified as plasminogen bindinggimstfor the first time. These proteins
are involved in different biological processes sashstructural activity (MSP domain
protein and MSP 2), carbohydrate binding (betagjatadase-binding-lectin) or protein
folding (cyclophilin Ovcyp-2). Further studies areeded to know the real effect of the

identified plasminogen-binding proteins on the stalmechanisms dD. immitis

In summary, we have demonstrated the “in vitroérattion between the surface-
associated antigens @f. immitis and the host fibrinolytic system, supplementing th
already demonstrated fibrinolytic activity of the&ceetory/secretory antigens of this

species.
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La gliceraldehido-3-fosfato deshidrogenasa y la gadtina asociadas a la superficie
deDirofilaria immitis potencian la activacion del sistema fibrinoliticalel hospedador
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Resumen

La dirofilariosis cardiopulmonar es una enfermedadmopolita causada por
Dirofilaria immitis, un parasito filaroideo cuyos vermes adultos viserante afios en el
sistema vascular de su hospedador. Estudios prédwsdemostrado gue. immitis
puede utilizar sus antigenos excretores/secrefBf®sy de superficie para potenciar la
fibrinolisis, lo que podria limitar la formacién deédgulos en su entorno. Ademas, varias
isoformas de la gliceraldehido-3-fosfato deshidnaga (GAPDH) y la galectina (GAL)
fueron identificadas en ambos extractos antigénicoso proteinas fijadoras de
plasmindégeno. El objetivo de este trabajo es eatudiinteraccion de la GAPDH y la
GAL de D. immitiscon el sistema fibrinolitico del hospedador. Estidio incluye la
clonacion, secuenciacion y expresion de las forrmesmbinantes de la GAPDH vy la
GAL de D. immitis (rDiIGAPDH y rDIGAL) y el andlisis de sus capacidadcomo
proteinas fijadoras de plasminégeno. Los resultattisan que rDIGAPDH y rDIGAL
son capaces de fijar plasmindgeno y estimular tei@eion de plasmina mediada por el
activador tisular del plasminégeno (tPA). Estariateién necesita la implicacion de
residuos de lisina, muchos de los cuales se errandntalizados externamente en ambas
proteinas como se demuestra con el modelado matedelsus estructuras secundarias.
Ademas, mostramos que rDIGAPDH y rDIGAL aumentaexpresion del activador del
plasmindgeno de tipo uroquinasa (UPA) en cultivsé@lulas endoteliales caninas y que
ambas proteinas se expresan en la superficl®. demitis en contacto directo con la
sangre del hospedador. Estos datos sugiere® guemitispodria utilizar la GAPDH y
la GAL asociadas a la superficie como receptor@sldigicos del plasmindégeno para
modificar el equilibrio fibrinolitico hacia la gerseion de plasmina, lo que podria
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constituir un mecanismo de supervivencia para elatdormacion de coagulos en su

habitat intravascular.
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Surface-displayed glyceraldehyde 3-phosphate dehydrogenase and @Cwssmk
galectin from Dirofilaria immitis enhance the activation of the
fibrinolytic system of the host

Javier Gonzalez-Miguel**, Rodrigo Morchén?, Mar Siles-Lucas”, Ana Oleaga®,
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Cardiopulmonary dirofilariosis is a cosmopolitasehse caused yirofilaria
immitis, a filaroid parasite whose adult worms live foaggein the vascular system of its
host. Previous studies have shown aimmitiscan use their excretory/secretory (ES)
and surface antigens to enhance fibrinolysis, whalid limit the formation of clots in
its surrounding environment. Moreover, several asolk of the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and galectin (G#kje identified in both
antigenic extracts as plasminogen-binding protélihg aim of this work is to study the
interaction of the GAPDH and GAL dd. immitis with the fibrinolytic system of the
host. This study includes the cloning, sequencing expression of the recombinant
forms of the GAPDH and GAL oD. immitis (rDIGAPDH and rDiGAL) and the
analysis of their capacity as plasminogen-bindimgtgins. The results indicate that
rDIGAPDH and rDIGAL are able to bind plasminoger atimulate plasmin generation
by tissue plasminogen activator (tPA). This intéacneeds the involvement of lysine
residues, many of which are located externallyathlproteins as have been shown by
the molecular modeling of their secondary strucgurkn addition, we show that
rDIGAPDH and rDIGAL enhance the expression of tlekinase-type plasminogen
activator (uPA) on canine endothelial cells in grdt and that both proteins are
expressed on the surface@fimmitisin close contact with the blood of the host. These
data suggest thdd. immitis could use the associated surface GAPDH and GAL as

physiological plasminogen receptors to shift thbrifiolytic balance towards the
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generation of plasmin, which might constitute avaxal mechanism to avoid the clot

formation in its intravascular habitat.

Key words: Dirofilaria immitis; glyceraldehyde 3-phosphate dehydrogenase; galecti

plasminogen; fibrinolysis.

Abbreviations

ES, excretory/secretory; GAPDH, glyceraldehyde Bgpihate dehydrogenase;
GAL, galectin; rDIGAPDH, recombinant form of the ®RH of D. immitis rDiGAL,
recombinant form of the GAL dD. immitis tPA, tissue plasminogen activator; uPA,
urokinase-type plasminogen activator; OP, opti@isity; éACA, lysine analogue-
aminocaproic acid; CnAOEC, canine aortic endothek#ls; DIES, excretory/secretory

antigens fronD. immitisadult worms.

Highlights

v" TheDirofilaria immitis GAPDH and GAL were cloned and sequenced.

v' IDIGAPDH and rDiGAL bind plasminogen and generatlasmin activating
fibrinolysis.

v" Plasminogen activation by rDIGAPDH and rDIiGAL rems tPA and lysine
residues.

v tDIGAPDH and rDiGAL enhance the expression of uRAanine endothelial cells.

v' IDIGAPDH and rDiGAL are located exposed to the hostthe surface obD.

immitis.
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1. Introduction

Fibrinolysis is one of the main anticlotting mecisams of the hemostatic
system. Its key molecule is plasminogen, an abundamponent of blood and
zymogen of serine protease plasmin, enzyme redgerfsir degrading fibrin clots. The
conversion of plasminogen into plasmin is reguldigdinding to receptors via its five
kringle domains, which have affinity for lysine idses and plasminogen activators
(tPA and uPA)Cesarman-Maus and Hajjar, 2005)

In order to maintain and propagate in the circulagystem, many bloodborne
pathogens not only require adaptations to evadadheity of the host immune system,
but also need to prevent blood clotting througlenattion with the fibrinolytic system
(Mebius et al., 2013)Cardiopulmonary dirofilariosis is a chronic anotgntially fatal
parasitic disease that affects dogs and cats artendorld(Genchi et al., 2001)t is
characterized by the presencelafimmitisadult worms in the pulmonary arteries and
right ventricle of the infected hosts, where thew dive for years causing a chronic
inflammatory pathologyVenco, 2007) In previous studies, we have demonstrated the
ability of D. immitis to bind plasminogen, enhancing plasmin generabiprnPA by
using two antigenic compartments (ES and surfatehiin vitro system. We have also
observed that the ES antigens are able to inducavarexpression of the fibrinolytic
activator tPA in vascular endothelial cells in ovdt. Additionally, we have respectively
identified a total of 10 and 11 plasminogen-bindprgteins in the ES and surface
extracts of the parasite, which included differéstforms of GAPDH and GAL
(Gonzalez-Miguel et al., 2012 and Gonzéalez-Miguelle 2013)

GAPDH has historically been regarded as a “hougmhkgé protein. However,
its involvement in numerous cellular processes dditeon to glycolysis has been
recently demonstrated. These include DNA repaiNARxport, membrane fusion and
transport, cytoskeletal dynamics and cell de@thstan et al., 2011)Moreover its
relationship with the fibrinolytic system has beeidely studied being identified as
plasminogen-binding protein in bactefighattacharya et al., 201,Zungi (Crowe et al.,
2003)and parasiteErttmann et al., 2005, Ramajo-Hernandez et aDy20hd Lama et
al., 2009) GAPDH is one of the most studied plasminogen p&gs in parasites
together with enolase, which has been reportedassnmogen-binding protein for the
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related filariaOnchocerca volvuluglolodar et al., 2003)r Schistosoma bovi®amajo-
Hernandez et al., 2007 and de la Torre-Escudeab,&t010)among others.

Galectins arg¥-galactoside-binding proteins characterized byhitgh level of
evolutionary conservation, having been identifiadmnany species from nematodes to
mammals. Galectins have a wide range of biolodigattions in different processes
including homeostasis, apoptosis, and vascular ysgkenesis and in pathological
conditions such as pre-eclampsia, inflammationbeties, atherosclerosis and cancer
(Astorgues-Xerri et al., 2014)Related to filarial worms, onchocercal molting L3
strongly express GAL, being this protein proposed gwod target for protective
responsesgJoseph et al., 2000The interaction between this molecule and plasgen
has not yet demonstrated. However, the link betw&&h-1 expression and cancer cell
invasion with the demonstration of a direct intéat between tPA and GAL-1 in
pancreatic cancer cells and stromal fibroblastsosmding the tumor has been recently
shown. This interaction enhanced tPA proteolytittivitg and increased cell migration
and invasior{Roda et al., 2009)

The aim of this study was to perform the molecukand functional
characterization of th®. immitis GAPDH and GAL showing their capabilities as
plasminogen-binding proteins, their relationshipghwthe endothelium-dependent
components of the fibrinolytic system and confirgitheir presence on the surface of

the parasite.

2. Materials and methods
2.1. Parasite material

Adult worms of D. immitis were obtained from hearts of infected dogs from
Gran Canary (Canary Islands, Spain) through thalgugrein using Flexible Alligator

Forceps.

2.2. RNA isolation, RT-PCR, and cloning of GAPDH ad GAL cDNA

Total RNA from adult worms was extracted using MigcleoSpin RNA I kit
(Macherey-Nagel) according to the manufacturesgructions. First-strand cDNA was
synthesized fronD. immtisadult worms RNA using the first-strand cDNA syrdisekit
(Roche) as recommended by the manufacturer. TheAcBadguence of th®. immitis
GAPDH and GAL were amplified using the followingmers:
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GAPDHFwd (5"-ATGAGCAAACCAAAGATTGGAATC)
GAPDHRev (5-TTATCTGCTGGCGATGTAAGAG)
GALFwd (5"-ATGCACCACAACGAATATGAAACGAATTAC)
GALRev (5"-CTAGTGCATTTGAATACCGCTCACTTC)

The primers from GAPDH were designed on the consessquence resulting
after the alignment of GAPDH cDNA sequences fr@Gmvolvulusand Brugia malayi
(GenBank accession numbers U96177.1 and U18133pkctvely). The primers from
GAL were designed on the sequence of GAL cDNA segee fromD. immitis
(GenBank accession number AF237485.1). PCR wasrnpeefl in 1 cycle at 94 °C for
5m, 35 cycles at 94 °C for 1 m, 46 °C for 46 s Z8dC for 1 min 30 s, and 1 cycle at
72 °C for 5 m. The PCR products were electropharé@sen agarose gel and the bands
were purified from the gel using the StrataPrep DE& Extraction kit (Stratagene) as
recommended by the manufacturers. The GAPDH and BBR products were cloned
into the pSC-A vector using the StrataClone PCR@ip kit (Stratagene) following the
manufacturer's instructions. Both clones were mdifwith the Machery-Nagel

NucleoSpin Plasmid Kkit.

2.3. Expression and purification of the rDIGADPH ard rDIGAL

PCR products containing the whole rDIGADPH and rBiCcoding sequences
were cloned into the TOPO vector (Gateway Systemvjtrbgen) following the
manufacturer's instructions. The recombinant pldsmivere transformed into the
Escherichia coli XL1B. Transformed cells were grown in LB-agar pktwith
ampicillin (100ug/ml) overnight at 37 °C. Three colonies for eacbleuoule were
grown in liquid LB plus ampicillin overnight at 3 in agitation, and cells were
harvested for plasmid extraction. Extracted plasmwdre digested witBcoRI to check
the insert presence. The TOPO vectors containiagrdgments of interest were used
for a ligation reaction with the pDEST7 vector (8afy System, Invitrogen) following
the manufacturer's instructions. Ligation reactiaas transformed into XL1B cells and
grown in LB-agar plates with ampicillin (1Q®/ml) overnight at 37 °C. Three colonies
for each molecule were grown in liquid LB plus aniin overnight at 37 °C in
agitation, and cells were harvested for plasmidaetion. Extracted plasmids were
digested withEcoRI to check the insert presence. Vectors containireg inserts of

interest were sequenced with the T7 primer (Sedngn8ervice of the Salamanca
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University) to check for the correct reading fraribe vectors containing the molecule
of interest in reading frame were used to transfBirr21 expression cells. These were
grown in liquid LB plus ampicillin (10@g/ml) overnight at 37 °C in agitation. Cultures
were diluted 1:20 in fresh medium and further gtowntil reaching an optical density
(OD) of 0.5 at 600 nm. Then, expression of the mdmoant proteins was induced by
adding L-arabinose at a final concentration of 0% further growing at 37 °C for 4 h
in agitation. The induced cells were harvested soicated in a buffer containing
50 mM NaPQ;, 300 mM NaCl and 10 mM imidazole, pH 8 for rDIGABRand 8 M
urea, 100 mM NabPQyw and 10 mM Tris—Cl, pH 7.9 for rDiGAL. After a 20im
centrifugation step at 10,0000 the supernatant was applied to a HIS-S&lalitkel
Affinity Gel (Sigma) for affinity purification of e histidine-tagged rDIGADPH and
rDIGAL, according to the manufacturer's instruciobrea was eliminated for rDIGAL
by washing the column with wash buffer (100 mM N, and 10 mM Tris—CI pH
6.3) containing decreasing concentrations of ufeam( 6 M to 0 M). Then, the
recombinant proteins were eluted with elution butE mM NahPQ;, 300 mM NaCl
and 250 mM imidazole, pH 7.9). The eluted rDIGAPBRt rDIGAL were dialyzed in
PBS for 24 h at 4 °C and stored at —80 °C until e purity and yield of each protein
obtained after purification were assessed in 12¥%agpoylamide gels using Coomasie
blue staining. The densitometry was calculated withPDQUEST program (Bio-Rad).

2.4. Bioinformatic analyses

The deduced amino-acid sequence of rDIGAPDH an&GARi were analyzed
using the following bioinformatic tools: BLAST seaing of the homologous
sequences in the NCBI and Swissprot/Uniprot datsbésttp://www.ncbi.nlm.nih.gov/,
http://www.uniprot.org/); analysis of conserved dons with SMART
(http://smart.embl-heidelberg.de); theoretical isokic point (p) and the molecular
weight (MW) calculations (http://www.expasy.org/tefpi_tool.html); prediction of
transmembrane domains with the TMHMM Server V. 2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0); predat of signal peptides with
SignalP 3.0Bendtsen et al., 2004http://www.cbs.dtu.dk/services/SignalP); seammh f
glycosyl-phosphatidyl anchors in the sequence thighbig-P1 PredictofEisenhaber et
al.,, 2000) (http://mendel.imp.ac.at/sat/gpi/gpi_server.html)nultiple sequence
alignment with ClustalW 2.1 (http://www.ebi.ac.ukls/msa/clustalw2/) and

prediction of the secondary structures and thresedsional modeling with the Swiss-
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Model server Arnold et al., 2006http://swissmodel.expasy.org/) using as templttes
X-ray crystal structure of a GAPDH froB. malayi(code pdb: 4K9D) for DiIGAPDH
(identity of 96.76%) and the crystal structureTafxascaris leoningSAL (code pdb:

4HLO) for DIGAL (identity of 90.11%). The 3-D modelwere visualized with the

RasMol software v. 2.7.5.2.

2.5. Plasminogen binding assays

To determine whether the rDIGAPDH and rDiGAL wollichd plasminogen an
ELISA test was carried out as described previoySlynzalez-Miguel et al., 201.2)n
brief, multiwell microplates (Costar) were coatedthw0.5ug/well of each protein,
blocked and then incubated with increasing coneéintis (from O to 3@g/ml) of
human plasminogen (Acris antibodies). After incutatwith the corresponding
antibodies and with a chromogen, the OD was medsair&92 nm in an easy reader
(Bio-Rad). In parallel, competition assays werefgrened by including 50 mM of the

lysine analogue-aminocaproic acideACA) during plasminogen incubation.

2.6. Plasminogen activation assays
Plasminogen activation assay was performed in aviesime of 10Qul by

measuring the amidolytic activity of generated pias(Gonzalez-Miguel et al., 2012)
In each well 21g of human plasminogen (Acris antibodies) were lratad in PBS with
3ug of the chromogenic substrate D-Val-Leu-Lys 4eatrilide dihydrochloride
(Sigma) in the presence ofufy of rDIGAPDH or rDiGAL. Activation of plasminogen
was initiated by addition of 15 ng of tPA (Sigmbj.parallel, plasmin generation was
also measured in the absence of tPA. Plates wewdated at 37 °C for 2 h and the
hydrolysis of the chromogenic substrate was moaitdoy measuring absorbance at

405 nm every 30 min. Each sample was analyzedpictte.

2.7. Cell culture and stimulation of endothelial cis

Canine aortic endothelial cells (CnAOEC) (Cell Apgtions, Inc.) were grown
in canine endothelial growth mediums (Cell Applicas, Inc.). Plates were precoated
with an attachment factor solution (Cell Applicait$y Inc.) and cells were cultured at
37 °C in a humidified atmosphere in the presencB%fcarbon dioxide and 95% air.
Medium was changed every 3 days. Endothelial ¢&l8 cells/plate) were plated on
100 mm culture plates and grown for 4 days to obtanfluent cultures and treated
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with 1 pg/ml of rDIGAPDH or rDIGAL for 24 h. Non-stimulatedells were used as

controls under the same conditions.

2.8. Cell lysates and Western blot analyses

Western blot analysis was performed as previousscdbed(Morchon et al.,
2010)with slightly modifications. Treated and contrahAOEC were lysed in ice-cold
lysis  buffer (20mM  Tris-HCI (pH 7.5), 140 mM NaCl, 10 mM
ethylendiaminetetraacetic acid, 10% glycerol, 1%phk) CA-630, aprotinin, pepstanin,
pepstatin, and leupeptin atu@j/ml each, 1 mM phenylmethylsulfonyl fluoride, and
1 mM sodium orthovanadate). Protein samplesuff)Owere separated by SDS-PAGE
under reducing conditions and blotted onto polylithge difluoride membranes.
Membranes were blocked before incubation with thegry antibodies anti-tPA and
anti-uPA (Santa Cruz Biotechnology, Inc.) accordirig the manufacturer's
recommendations. After incubation with HRP-conjegasecondary antibodies, bands
were visualized by a luminol-based detection sysiath p-iodophenol enhancement.
Anti-a-tubulin antibody (Oncogene Research Products)usasd to confirm loading of
comparable amount of protein in each lane. Proeipression was quantified by

densitometry using Scion Image Software (Scion).

2.9. Generation of an anti-rDIGAPDH and anti-rDIGAL antisera

Antisera againdD. immitisrtGAPDH and rGAL were generated by subcutaneous
immunization of four New Zealand female rabbitshwiiree doses of each protein in
0.2% saponin solution. First dose of 1 mg at thgirbeng of the experiment, plus two
doses of 50Qug 7 and 10 days later. Rabbits were bled 20 dags #ife last dose. Sera
were collected, serially diluted and titred by EAIS he reactivity and specificity of the
sera were also assessed by Western blot on rDIGAPDIBAL or on ES extract from
D. immitis adult worms (DIiES) containing the correspondingveaproteins. In brief,
recombinant proteins (29 each) and DIES (10g) were electrophoresed on 12% SDS—
PAGE gels, electrotransferred onto nitrocellulosenthranes, blocked with 2% BSA
and incubated with the antisera against rDIGAPIOPGAL or with a negative control
serum at 1/500 dilution. After washing, immunobletere incubated with 1/2000
diluted peroxidase-labeled anti-rabbit IgG and ade@ with 4-chloro naphthol. Images
were digitized with the scanner GS-800 Densitom@a-Rad) using the Quantity One
Software v.4.6.5 (Bio-Rad).
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2.10. Immunolocalization of proteins inD. immitis adult worms

Immunolocalization assays were carried out in ni@re-cut Sum sections
after dehydrate and embed in paraffinimmitisadult worms. The sections were placed
on microscope slides, deparaffinized in xyleneydeated and blocked with 1% BSA in
PBS. Then, sections were firstly incubated with améi-rDIGAPDH or anti-rDiGAL
rabbit antisera or with a negative serum (rablkagirpnune serum), all of them diluted
1/50 in blocking buffer. Secondly, samples wereubated with an anti-rabbit 19G
antibody conjugated to Alexa Fluor 594 (Invitrogetiluted 1/400 in blocking buffer
containing phalloidin-Alexa Fluor 488 (Invitrogedijluted 1/200, which binds to actin
microfilaments. All incubations were carried out foh at 37 °C in a humid chamber
and between each step, three washes of 5 min i@ ¢dntaining 0.05% Tween-20
were performed. Finally, the samples were washen fones, mounted in antifade
reagent (Prolong Gold, Invitrogen) and analyzedhwdt Leica TCS-NT confocal

microscope.

2.11. Statistical analysis

The results from the plasminogen-binding assaysmpiaogen activation assay
and Western blots for the tPA and uPA expressiorevaealyzed with the Students
test. The results were expressed as the mean £fS&t teast three independent
experiments. In all experiments, a significant etiéince was defined aspavalue of

<0.05 for a confidence level of 95%.

3. Results
3.1. Amplification, cloning, sequencing, and exprason of D. immitis GAPDH and
GAL

Amplification of D. immitis GAPDH and GAL cDNA by RT-PCR resulted in a
PCR product of around 1000 and 850 bp respectivdlgse were cloned into the pSC-
A vector and fully sequenced. BLAST analysis of #eguence demonstrated its
identity as glyceraldehyde 3-phosphate dehydrogeaad galectin. The GAPDH new
sequence was deposited in the Gen-Bank under amecersnber JQ780095.1. The full
D. immitis GAPDH and GAL cDNA contained 1020 and 846 nuchkkxdj encoded
proteins of 339 and 280 amino acids, with a thécakmolecular weight of 36,179 and
32,085 Da, andlpof 7.11 and 6.08 respectively.
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The bioinformatics analyses of the deduced amimd sexuences did not reveal
a signal peptide, transmembrane helices or glygaisgsphatidyl inositol anchors. The
percentage identity between DIGAPDH and homologsasijuences from other
organisms Q. volvulus S. bovis Candida albicansStreptococcus pyogend3acillus
anthracisandTrichomonas vaginaljswhose GAPDH had been previously related with
plasminogen-binding activities was analyzed usingtiple sequence alignment with
the ClustalW prograniFig. 1). The analysis revealed a range of identities betwibe
94.99% of the filariaO. volvulus and the 43.07% of the protozog vaginalis
Additionally, seven conserved lysine residues intla¢ sequences were found and
highlighted. Amino-acid conservation of DIGAPDH amiGAL was analyzed by
alignment with homologous sequences from other gi@sa(Figs. S1 and S2)
DIGAPDH and DiGAL revealed a strong identity witethomologous sequences from
other filarial nematodesB( malayj O. volvulus Loa loa and Wuchereria bancrof}i
ranging from 97.46% and 94.99% in the case of DiIGARFig. S1)and from 96.79%
and 94.81% in the case of DIGA(Fig. S2) These sequences also showed high
identities in the alignment with proteins from atheon-filarial parasitic helminths.
DIGAPDH revealed identities of 87.61%, 76.33% ald8% with the GAPDH from
Ascaris suumS. mansoniand Fasciola hepatica(Fig. S1) and DIGAL revealed
identities of 88.13 and 82.73 with GAL froA suumandHaemonchus contortu§ig.
S2) Conserved lysine residues of DIGAL were also hgted. In silico three-
dimensional modeling of the molecules predicted3bestructures showing in the case
of DIGAPDH a homo-tetramer with 1&-helices and $-sheetsFig. 2A). Molecular
modeling of DiIGAL showing a monomer with the preserof 2a-helices and 26-
sheetqFig. 2B). Conserved lysine residues were highlighted ane wisualized on the

outside of the proteins.

TheD. immitisGAPDH and GAL cDNA were cloned into the expressiector
TOPO/pDEST. After induction of expression . coli the hexahistidine-tagged
recombinant proteins were purified under denatugogditions using nickel affinity
chromatography. The purified recombinant proteidsGAPDH and rDiGAL had
molecular weights of 38.6 kDa and 34.6 kDa in potylamide gel.
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D.immitis MEKPKIGINGFGRIGRLYLEAAVEK—NTVINVVAVNDPFINIDYMVYMFEYDSTHGRFEG 58
Q.wolvulus MEKPEIGINGFGRIGRLVLRAAVEE==DTVEVVAVHNDOPFINIDYMVYMFEYDSETHGRFEG 58
5.bovls MSRARVGINGFGRIGRLVLEAAFQK--NTVDIVSVNDPFINLEYMVYMIKRDSTHGHFQG 58
C.albicans ~MAIKIGINGFGRIGRLVLEVALGR--KDIEVVAVNDPFIAPDYAAYMFEYDSTHGRYKG 57
E.pyogenes =MVVEVGINGFGRIGRLAFRR IQN] ==EGVEVTRIND=LTDFNMLAHLLEYDTTQGRFDG 56
B.anthracis ==MTRVAINGFGRI GRMVEROQATIKE-=-SAFEIVATINASY PSET-LAHLIEYDTVHGRFDG 55
T.vaginalis = =——c—c—eacaa RIGRLVFRAC HHL'J’PHDIQWI\.I HE- I.GﬂlKTNVYLLK‘I’L‘ITHHImE PE 47
- - = * ey sesh e .
D.immitis NVSAEGGE==LVVTHGOTTHH I SVHNSKD=PAET PHGVDGAEYVVESTGVF T==s=ma=xa 107
O.valvulus HVSAEGGE - - LIVTNGETTHO TAVHNEK - PAE T PWGVEGAEYVWESTGV - ——————— 107
S.bavis EVSAEDGK--LKVNG-——-KLISVHFERD-PRNI PWDKDGAEYVVESTGVFT--=~=—— 103
C.albicans EVTASGDD-=-1L¥ING=-—-HETEVFQERD=-PANT PWGKSGYDYVIESTGVFT=—-==—=—~ 102
S pyogenes TVEVEEGG==FEVNG====NFIKVSAERD=-PENIDWATDGVE IVLEATGFFA======== 101
B.anthracis VEAFEDH--LLVDG----EMIRLLNNRD-PEELPWTDLGVEVV IEATGEFN--—-———- 100
T.vaginalis PVTVDLRKDE.E TWGEEGADEWVY HSlthLFP'EG'L.FHKELGI DVVLESTGIFRTHKAEKDAE 107
- - - .o - & . e b - .
D.immitis ===TTEKASAHLEGG-AKEVI ISAP-SADAPM~-FVMGVNNETYDKANNHI ISNASCTTNC 161
O.walvulus —--HTEKASAHLEGG-AKEVI I SAP-SADAPM-FVMGVNNDEYDKANNHI ISHASCTTHNC 161
S.bovis === DAAKAHTENNRAKEVI ISAP=-SADAPM=-FVWVGVNENSY DES-MEVVENASCTTHNG 157
C.albicana === KVEGAQKHI DAG=ARKVI I TAP=SADAPM=-FVVGVNEDKY TPD=-LEI ISNASCTTHC 155
S.pyogenas ==-HKKEAAEKHLHANGAEEVV I TAPGGNDVET-VVFNTHHDILDGT-ETVISGASCTTNG 156
B.anthracls ===AKEKAILHVEAG-AKEVILTAPGENEDVT=IVVGVNEDQLDITEHTVISNASCTTHC 155
T.wvaginalis GEIKKDGYDGHLVSG-ARKVVLEVPSADE IECTLVLGVNDEDLEPE-TECISHASCTTHC 165
- L R - - - - . TR
D.immitis LAPLARY IHDEFGIIEGLMTTVHATTATORTVDGPS -GRLWRDGRGAGON I IPASTGAAK 220
O.volyvulus LAPLAKVIHOKFGI IEGLMTTVHATTATOKTVDGPS~-GEKLWRDGRGAGONT IPASTGAAK 220
S.hbovis LAPLAKVIHDHNFEIVEGLMTTVHSFTATORVVDGPS-SKLWRDGRGAMONI IPASTGARAE 216
C.albicans LAPLAKVVNDTFGIEEGLMTTVHS ITATORTVDGPS-HEDWRGGRTASGNI T PSSTGAAK 214
S.pyogones LAPMAKALHDAFGIOEGLMTTITHAYTGDOMT LDGPHRGGDLERARAGAANIVPNSTGRAAK 216
B.anthracis LAPVVEVLDEQFGIENGLMTTVHAYTNDOEN I DNPH--KDLERARACGOSITPTTTGARK 213
T.waginalis LGPVAKTLNNAFGI RNGFMTTVHSYT NE:QWM‘#‘[’MH--KDLRRHI{A.&&HN ITPTSTGAAL 223
n-_.t:_i-___: L R RS L - =g (W m R
D.immitis AVGEVIPOLMGE-LTGMAFEVPTPDVEVVELTCRLOEGATMDE I KAAVEEAAA-GPHEGT 278
O.volvalua AVGENV T PDLNGE-LTGMASEVEPTPINVESVVDLTCRLOKGASMDE TKAAVEEARR-GEFMEGT 278
E.bovis AVGEVIPALNGK-LTGMAFREVETPOVSVVDLTCRLGEEATY DOIKAVVEAAAS-GFMEG]L 274
C.albicans AVGEVIPELNGR-LTGMSLELPTTDVSVVDLTVRLEKANS YEELAPAIRKASE-GPLEGY 272
S.pyogencs AIGLVIPELNGE-LDGAAQRVEVETGSVTE LVVTLDENVSVDE INAAMEAASN-DSFG-- 272
B.anthracis ALAEVLPHLNGE-LHGMALRVPTPRNVSLVDLVVDVERDVTVEAINDAFETVAN-GALKGI 271
T.vaginalie ALPEVCHGLPRFESLDGFALRVPTITGSLVDLT VWNAKVTKE EVNMI KKA'E‘FFL..':! KGI 283
* " - * ke @ & Ak s w e
P.immitis LEYTEDOVY S EDFIGDAHSST FOALACTSLNPN=———— FVELTAWYDNEYGYSNEVVDLI 333
Ciwolvulus LEYTEDOVVSSDFVGDPHSSIFDALACTISLNFN= === FVELTARYDMEYGYSNRVVDLI 333
S.bovis LEYSDDEVVSSDFIGNSSSSIFDAKAGI S LNDN =~~~ FYELISWYDNEFGYSCRVVDLI 329
C.albicans LGYTEDAVVSTDFLGSSYSSIFDERAGI LLSPT——-—- FVELISWYDNEYGYSTEVVDLL 327
S.pyogenes —=YTEDPIVSESDIVGVESYGELFDATOTEVMEVEGSD - - LVEVVESRWYDNEMSYTAQLVRTL 328
B.anthracis VEFSEEPLVSIDFNTNTHSAT I DGLESTMVMGDR == === EVEVLAWYDNEWGYSREVVDLY 326
T.vaginalis MTYVTDPIVSSDIIGCOYSSIVOALST H‘JLI‘NPE.UQ(J TLVEVLEWYDNENMYSCRCADIF 343
H H bl b: _::_i ii-:: w ok kR i-: - I a
dnntit %)
D.immitis SYIASR=======m=m= 339 -
Govolvulua SYNASK-———=m=mm= 339 94.99
S.bovis THMHEVDHA-—-——-—-— 338 T5.74
C.albicans EHVA===eemm————— 331 67.98
5, pyogenes EYFAKIAK======== 136 4G.90
B.anthracis TLVVDELAEQENVOHI 342 44,94
T.vaglnalla HRLEKYL-——————— 350 43.07

Figure 1. Alignment of theD. immitisGAPDH sequence (AFL46382) with the GAPDH fr@nvolvulus
(CAA70607),S. bovis(ACC78613),C. albicans(AAC49800),S. pyogene$AAK33348), B. anthracis
(AIF58743) andT. vaginalis(AAA30325), which have previously been associatgth plasminogen-
binding activities. The percentage of sequencetityjehetweenD. immitis sequence and the others is
indicated. The amino acids conserved in all theisages are labeled with asterisks, and conservatige
semiconservative substitutions are labeled with @va one point, respectively. Conserved lysine

residues are shaded in yellow.

133



TERCER CAPITVLO

Figure 2. Molecular modeling oD. immitis GAPDH (A) and GAL (B). The secondary structuretiod
proteins were predicted with the Swiss-Model webvese (http://swissmodel.expasy.org/) by analogy
with the X-ray crystallography available models.eTthree-dimensional models of the molecules were
visualized with the RasMol application v. 2.7.5Chnserved lysine residues of proteins were higlaidh

as red balls.

3.2. rDIGAPDH and rDiGAL bind plasminogen

The binding level of plasminogen to rDIGAPDH and@®@BL was assessed by
ELISA (Fig. 3) Analyses showed that both recombinant proteind plasminogen and
that this binding is directly proportional to theaunt of plasminogen. Comparing the
results obtained by both recombinant proteins, ARGH showed higher plasminogen-
binding capacity than rDIGAIFig. 3) The negative control consisting of wells coated
only with BSA showed some non-specific binding \atyi but always with values
significantly lowers than those obtained by rDIGARRNd rDIGAL (< 0.05). To
determine whether or not lysine residues are irahn binding, a competition
experiment including 50 mMMACA was carried out. In this case the binding was
inhibited about 90% in the case of rDIGAPDH andragpnately 70% in the case of
rDIGAL, resulting in slightly higher optical denigs than the negative conti@lig. 3).
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pg of Plasminogen pg of Plasminogen

Figure 3. Plasminogen binding to 0.5 pg of rDIGAPDH (A) ori@AL (B) measured over a range of
plasminogen concentrations using a microtiter platethod. &) Incubation with increasing
concentrations of plasminogen, 0—-30 pg/ndl) (Competition assay with 50 mBACA included during
plasminogen incubations) Negative control consisted of wells coated onithvBSA. Each point is the

mean of three replicates + SD. The asterisk (*)gieges significanty < 0.05) differences.

3.3. rDIGAPDH and rDiGAL enhance the activation ofplasminogen by tPA

In order to assess the ability of rDIGAPDH and rBiGo activate plasminogen
and generate plasmin on their own, the amidolyiovdy of plasmin generated in the
presence or absence of tPA was measured. Negabwerols replacing each
recombinant protein for BSA or tPA were also uséd). 4 shows the capacity of
rDIGAPDH and rDiGAL to stimulate plasmin generatitwy tPA obtaining optical
densities significantly higher than the negativentoas (@ < 0.05). Both proteins
obtained similar results and plasminogen-activatiimhnot occur in the absence of tPA.
Furthermore this effect is inhibited by 50 mdCA, indicating the involvement of

lysine residues in the process.

3.4. rDIGAPDH and rDiGAL enhance the expression ouPA and not of tPA in
canine endothelial cells

To study the possible effect of rDIGAPDH and rDiGAbL the expression of the
main activators of fibrinolysis (tPA and uPA), tharasitic proteins were employed to
stimulate CnAOEC in culture. Proteins from rDiGAPDBIGAL-treated or untreated
vascular endothelial cell extracts were separatgdSBDS-PAGE and analyzed by
Western blotting using anti-tPA or anti-uPA antilesd As shown inFig. 5 both

proteins induced a significant increase in UuPA girotexpression after 24 h of
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stimulation p < 0.01), being this increase higher in the cas®dEAPDH stimulation.

None of the proteins led to significant differenaeshe protein expression of tPA.

oD 0.2 4 oD 0.2 -
* *
0.1 0.1 -
GAPDH GAPDH GAPD]-I GAPDH BSA + GAL+ GAL GAL+~ GAL+ BSA+
+tPA +fPA+ +eACA  tPA tPA fPA+ eACA  tPA
cACA sACA

Figure 4. Plasminogen activation and plasmin generation iAPDH (A) and rDIGAL (B). @) 15 ng

of tPA was added to mixtures containing 2 pg of honplasminogen, 3 pg of D-Val-Leu-Lys 4-
nitroanilide dihydrochloride (Sigma) and 1 pg otleaecombinant protein (or BSA as negative control)
in the presence or absence of 50 mMeACA in a test volume of 100 plmf No tPA was added to
reaction mixtures. Optical densities measured &t @ after 120 min of incubation. Each point is the

mean of three replicates + SD. The asterisk (*)giheges significant < 0.05) differences.

1
12
0.8 =
0.8
0.4 -
0.4

0

o>
vy,

tPA
(Arbitrary Units)
uPA
(Arbitrary Units)

Negative rDiGAPDH rDiGAL Negative rDIGAPDH DiGAL

Figure 5. Effect of rDIGAPDH and rDIiGAL on the expression t#A and uPA in canine vascular
endothelial cells. Protein extracts from lysed rBRDH or rDIiGAL treated or untreated confluent cell
cultures were analyzed by Western blot for tPA aR@é\. a-tubulin served as a protein control. Results
were expressed as the mean * SD of at least 3 endept experiments. The asterisk (*) designates
significant (p<0.05) differences from control cell@) Stimulated endothelial cells with 1pg/ml of

rDIGAPDH or rDIGAL. (@) Non-treated control cells.
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3.5. Immunolocalization of DiIGAPDH and DiGAL

In a first step, antisera against rDIGAPDH and rBiGwere generated. The
reactivity and specificity of these antisera wassted in ELISA and Western blot prior
to their use in the immunolocalization studies. @hébody titers of these antisera were
higher than 1/500, with an OD of 1.12 and 1.07peesively, while a negative serum
showed an OD of 0.12 and 0.16 at the same dilufitve. anti-rDIGAPDH and anti-
rDIGAL antisera reacted strongly and specificallithathe recombinant proteins and
with the native GAPDH and GAL proteins in the DiEeStract in the Western blot
analyses. The negative sera showed no reactivity any of the proteins tested (data

not shown).

The anatomical localization of DIGAPDH and DIGAL svacarried out in
histological sections dD. immitisadult worms by immunofluorescence using the rabbit
polyclonal antisera previously generated. As showifig. 6 all sections showed green
fluorescence throughout the soma of the parasgeaaesult of the binding of
phalloidin-Alexa Fluor 488, actin ligand which sesvas a positive control of the
technique. Sections incubated with the anti-rDIGAPDr anti-rDiGAL antisera
showed, in addition, specific reactivity (in redjainst the parasitic GAPDH and GAL,
respectively. Both proteins are located scattedegbughout all the soma, being
especially abundant in the cuticle (reflected by aange color in the overlay of
Phalloidin-Alexa Fluor 488 + Alexa Fluor 594 imayeSections incubated with a rabbit

negative serum showed no specific red fluorescénoe recombinant proteins.

4. Discussion

Two recent in vitro studies demonstrated the padtoon of the ES and surface
antigens oD. immitisin the activation of the fibrinolytic system. ladldition, some of
the antigens responsible for this enhancement wergified (Gonzalez-Miguel et al.,
2012 and Gonzalez-Miguel et al., 2013pking into account these previous data and
the importance of the anticlotting mechanismsdommitis a parasite that survives for
years in the pulmonary arteries of its host, theaive of this work was to investigate
the participation of theD. immitis GAPDH and GAL in the fibrinolytic system
activation using recombinant forms of both proteifisis involves knowing whether or
not these proteins are able to bind plasminogemukite plasmin generation, interact
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with the expression of the main fibrinolytic actives and express in an antigenic
compartment of the parasite in contact with thedlof the host.

Negative Anti-tDiGAPDH Anti-tDiGAL
serum serum serum

Alexa
Fluor
488

Alexa
Fluor
594

Alexa
Fluor
488+594

Transmitted
Light

Figure 6. Immunolocalization of DIGAPDH and DiGAL in sectiorfeom D. immitis adult worms.
Images of parasite sections incubated with phatiefdexa Fluor 488 (in green, specific binding to
Actin) plus the negative or the anti-rDIGAPDH ortianDiGAL rabbit sera and an anti-rabbit IgG-Alexa

Fluor 594 (in red). Corresponding transmitted ligh&iges are also adressed. Magnification 4X.

Two peptide sequences of 339 and 280 amino acids respectively obtained
by cloning and sequencing of tBe immitisGAPDH and GAL cDNAs. The subsequent
bioinformatics analysis have highlighted the higlgite of evolutionary conservation
of these proteins, both in the structural charésties of their 3D models, and in the
multiple sequence alignments carried out with hagolus proteins from other
helminth parasite species. On the other hand, nbties two proteins showed structural

138



TERCER CAPITVLO

motifs for their transport or expression on thel celirface (signal peptide,
transmembrane motifs or GPI anchors). However, potteins have been identified by
immunoproteomic techniques in the ES and surfateaets ofD. immitis (Gonzalez-
Miguel et al., 2012 and Gonzalez-Miguel et al., 201This may be related to
unconventional mechanisms of protein transporfpaexample with the association of
these proteins with exosome-like secretion vesicldss has been postulated as an
extracellular transport mechanism both for glydolgnzymes from several groups of
parasite§Gomez-Arreaza et al., 201dhd for galectingNickel, 2003)

Both the rDIGAPDH and rDiGAL showed ability to biptasminogen (higher in
the case of rDIGAPDH) and to stimulate plasmin gaten in an in vitro system.
Plasminogen activation occurred only in the presaidhe tPA, as observed previously
using the ES and surface antigens frdn immitis (Gonzalez-Miguel et al.,
2012 and Gonzalez-Miguel et al., 201&) GAPDH from different bacteria, fungi or
parasites specidseviewed by Figuera et al., 2013) addition, to our knowledge, this
is the first time that GAL is proposed as a phymyadal receptor of plasminogen.
Competition assays with theACA acid revealed the involvement of lysine regsu
from both proteins in the binding of plasminogeheTinteraction between plasminogen
and their receptors has been related to the presdrmarboxyl-terminal lysine residues
(Plow et al., 1995) DiIGAPDH alignment with homologous sequences frother
organisms that have been related to plasminogafifigractivities(Figuera et al., 2013)
shows that the carboxyl-terminal domain of thess#gins are not highly conserved, and
that in some cases domains lack lysiriese Fig. 1) However, there are highly
conserved internal lysine residues in the amina agquences of DIGAPDH and
DIGAL. Therefore, it is possible that conservecemngl lysine residues are involved in
the binding of plasminogen to these proteins &astbeen postulated for the enolase of
Streptococcus pneumoni@ehinger et al., 2004)in addition, after viewing the spatial
location of the conserved internal lysine residoethe DiIGAPDH and DiGAL in their
3D models, these residues seem to be located alyein these molecules, which

would facilitate the accessibility of plasminogen.

rDIGAPDH and rDIGAL did not cause a stimulationlmdsal tPA production in
canine endothelial cell cultures. However, it hasrbshown that wholB. immitisES

antigens are able to produce an overexpressiohi®ffibrinolytic activator in human
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endothelial cells in culturéGonzalez-Miguel et al., 2012)This suggests that other
molecules oD. immitisare responsible for this process. On the othed hdGAPDH
and rDiGAL produced a significant stimulation oketbasal uPA production in canine
endothelial cells in culture. To our knowledgestls the first time that the relationship
between a parasitic antigen and the overprodudian activator of fibrinolysis in an
in vitro system has been demonstrated. This coanle Iparticular relevance since uPA,
in addition to its role as activator of fibrinolgsiplays a key role in tissue remodeling
inducing proliferation and cell migratiofNicholl et al., 2005g)and high levels in its

expression are related to cardiovascular disgadgerman, 2012)

In order to ascertain whether the ability of rDI@AR® and rDiGAL to bind
plasminogen may have relevance in vivo, it is neass that these proteins are
expressed and/or located in tissues of the parisitkose contact with the host blood
(Hawley et al., 2000)Immunofluorescence study indicates that DIGAPDId BIGAL
are especially abundant on the surfac® oimmitis in addition to have an intracellular
localization which is expected for a glycolytic gnee and a lectin. In the case of the
GAPDH, this is consistent with the results of aergcstudy in which it was identified as
one of the five most abundant proteins in the @itaf D. immitis (Morchon et al.,
2014)

The ability of these molecules to enhance the attim of fibrinolysis could be
an important survival mechanism fd@. immitis in its intravascular environment.
However, overstimulation of the plasminogen/plasmsystem has been related to
cellular invasion and intra-organic migration inffeient pathogengJong et al.,
2003 and Bernal et al., 2004In addition, the overproduction of plasmin hasrbe
linked with the proliferation and migration of vasgar cells and with the degradation of
extracellular matrices in humafsicholl et al., 2005b; Yang et al., 2005; Rothaét
2006 and Hayashi et al., 20097his suggests a possible involvement of the over-
activation of the fibrinolytic system byD. immitis antigens in the long-term
development of the pathogenic mechanisms that octuing cardiopulmonary

dirofilariosis.

In conclusion, we have shown tHatimmitisGAPDH and GAL are able to bind

plasminogen and enhance plasmin generation by tR#A thve involvement of lysine
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residues. In addition, these proteins stimulatesttpgression of the fibrinolytic activator
uPA on canine endothelial cells in culture and thegy expressed on the surface of the
worms. Therefore, DIGAPDH and DiGAL could be usgdlb immitisto stimulate the
activation of the fibrinolytic system through th&agminogen binding to its surface or
excreted molecules, as a mechanism to avoid bldod formation in its close

environment.
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Supplementary material

D.immtis VBKPKI G NGFGRI GRLVLRAAVEKNTVDVVAVNDPFI NI DYMWYMFKYDSTHGRFKGNV 60
L.l oa VBKPKI G NGFGRI GRLVLRAAVEKDTVDVVAVNDPFI NI DYMWYMFKYDSTHGRFKGNV 60
W bancrofti - --------- FGRI GRLVLRAAVEKDTVDVVAVNDPFI NI DYMWYMFKYDSTHGRFKGSV 50
B. mal ayi MBKPKVG NGFGRI GRLVLRAAVEKDTVDVVAVNDPFI NI DYMVYMFKYDSTHGRFKGSV 60
Q. vol vul us VBKPKI G NGFGRI GRLVLRAAVEKDTVEVVAVNDPFI Nl DYMWYMFKYDSTHGRFKGHY 60
A. suum MBKPKVAE NGFGRI GRLVLRAAVEKDTVEVVAVNDPFI NI DYMWYMFKYDSTHGRFKGDV 60
S. mansoni MBRAKVG NGFGRI GRLVLRAAFLKNTVDVVSVNDPFI DLEYMVYM KRDSTHGTFPGEV 60
F. hepatica MBKPKVG NGFGRI GRLVLRAAVERGTVEVVAVNDPFI DLNYMVYMFKYDSTHGTFKGDV 60
Dimitis SAEGGKLWTN- GQTTHHI SVHNSKDPAEI PWGVDGAEYWVESTGVFTTTEKASAHLKGG 119
L.l oa SAEGGKLWTN GKRTHHI SVHNSKDPAEI PWGVDGAEYVWVESTGVFTTTEKASAHLKGG 119
W bancrofti SAEGEKLVWWTN- GKTTHH SVHNSKDPAEI PWGVDGAEYVVESTGVFTTTDKASAHLKGG 109
B. mal ayi SAEGGEKLI VTN- GKTTHHI SVHNSKDPAEI PWGVDGAEYVWVESTGVFTTTDKASAHLKGG 119
Q. vol vul us SAEGGKLI VTN- GKTTHQ AVHNSKDPAEI PWGVEGAEYVWVESTGVFTHTEKASAHLKGG 119
A. suum HAEGCKLWSTPGKATHHI TVHNSKDPSEI AWSADGAEYVWVESTGVFTTVEKASAHLKGG 120
S. mansoni STENGKLKVNG- - - - - KLI SVHCERDPANI PWDKDGAEYVVESTGVFTTI DKAQAHI KNN 115
F. hepati ca SVHDKKLCI NG - - - - MRl SVYNERSPETI PW\DKDSAEYVVESTGVFTTVEKAQAHLKNN 115

. * * * * * -'************ :** ** *
Dimitis - AKKVI | SAPSADAPNMFVMGVNNET YDKANNHI | SNASCTTNCLAPLAKVI HDKFA | EG 178
L.l oa - AKKWVI SAPSADAPMFVMGVNNDKYDKANNHI | SNASCTTNCLAPLAKVI HDKFA | EG 178
W bancrofti - AKKVI | SAPSADAPMFVMGVNNDKYDKANNHI | SNASCTTNCLAPLAKVI HDKFA | EG 168
B. mal ayi - AKKVI | SAPSADAPMFVMGVNNDMYDKANNHI | SNASCTTNCLAPLAKVI HDKFA | EG 178
Q. vol vul us - AKKVI | SAPSADAPMFVMGVNNDKYDKANNHI | SNASCTTNCLAPLAKVI HDKFA | EG 178
A. suum - AKKVI | SAPSADAPMFVMGVNEDKYDGANNHVI SNASCTTNCLAPLAKVI NDKFA VEG 179
S. mansoni RAKKVI | SAPSADAPMFVVGVNENSYEKSMS- VWSNASCTTNCLAPLAKVI HDKFEI VEG 174
F. hepatica RAKKVI | SAPSPDAPMFVVGVNHDKYDKCMN- VWSNASCTTNCLSPLAKVLHENFG EEG 174

**** ***** ****** *** *' -:********** ***** * * k%
D.immtis LMITVHATTATQKTVDGPSCKLWRDGRGAGONI | PASTGAAKAVGKVI PDLNGKLTGVAF 238
L.l oa LMITVHATTATQKTVDGPSGKLWRDGRGAAQNI | PASTGAAKAVGKVI PDLNGKLTGVAF 238
W bancrofti LMITVHATTATQKTVDGPSGKLWRDGRGAGONI | PASTGAAKAVGKVI PDLNGKLTGVAF 228
B. mal ayi LMITVHATTATQKTVDGPSCKLWRDGRGAGNI | PASTGAAKAVGKVI PGLNGKLTGVAN 238
Q. vol vul us LMITVHATTATQKTVDGPSCKLWRDGRGAGNI | PASTGAAKAVGKVI PDLNGKLTGVAS 238
A. suum LMITVHATTAT QKTVDGPSGKQNRDGRGAGONI | PASTGAAKAVGKVI PQLNGKLTGVAF 239
S. mansoni LMITVHSFTAT QKVVDGPSSKLWRDGRGAMONI | PASTGAAKAVGKVI PALNGKLTGVAF 234
F. hepati ca LMITI HSYTATQRVVDGPSVKLWRDGRGAAQNI | PASTGAAKAVGKVI PDLNCGKLTGVAF 234
Dimitis RVPTPDVSVVDLTCRLQKGATMDEI KAAVKEAAAGPMKG LEYTEDQVVSSDFI GDAHSS 298
L.l oa RVPTPDVSVVDLTCRLQKGATMVDEI KAAVKEAANGPVKG LDYTEDQVVSTDFVGDTHSS 298
W bancrof ti RVPTPDV S - - - - - s m e m e e e e e e e e i 236
B. mal ayi RVPTPDVSVVDLTCRLQKGATMVDEI KAAVKEAANGPVKG LEYTEDQVVSTDFTGDTHSS 298
Q. vol vul us RVPTPDVSVVDLTCRLQKGASMDEI KAAVKEAAAGPMKGE LEYTEDQVVSSDFVGDPHSS 298
A. suum RVPTPDVSVVDLTARLEKAATNMDEI KAAI KEAAAGPMKG LGYTEDSVVSTDFVGDSHSS 299
S. mansoni RVPTPDVSVVDLTCRLGKGASYEEI KAAVKAAASGPLKG LEYTEDEVVSSDFVGSTSSS 294
F. hepati ca RVPTPDVSVVDLTCKLSRPTTYDQ KAALKAAAEGPVKG LEYTEDQVVSNVDFRGCSASS 294
* k k ok k ok ok ok
Identity (%

D.immtis | FDALACI SLNPNFVKLI AWYDNEYGYSNRVVDLI SYI ASR- - - 339 -
L.l oa | FDALACI SLNPNFVKLI AWYDNEYGYSNRVVDLI SYI ASR- - - 339 97. 46
Wbhancrofti = s eme e 96. 46
B. mal ayi | FDSLACI SLNPNFVKLI AWYDNEYGYSNRWVDLI SYI ASR- - - 339 95. 58
Q. vol vul us | FDALACI SLNPNFVKLI AWYDNEYGYSNRVVDLI SYNASK- - - 339 94. 99
A. suum | FDANACI SLNPHFVKLI SWYDNEFGYSCRVVDLI AYlI SKH- - - 340 87.61
S. mansoni | FDAKAG SLNNNFVKLVSWYDNEFGYSCRVVDLI THVHKVDHA 338 76. 33
F. hepatica | FDAGAGLALNDTFVKI VAWYDNEYGYSCRVI DLI NHVHTI DHL 338 73. 96

Figure S1.Alignment of theD. immitis GAPDH sequence (AFL46382) with the GAPDH framloa
(EJD75047), W. bancrofti (EJW73626), B. malayi (P48812), O. volvulus (O01360), A. suum
(BAB68543), S. manson{P20287) and-. hepatica(AIE44418). The percentage of sequence identity
betweerD. immitissequence and the others is indicated. The amids aonserved in all the sequences
are labelled with asterisks, and conservative amiconservative substitutions are labelled with ol

one point, respectively.
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Dimitis MHHNEYETNYPVPYRSKL TESFEPGQTLLVKGKTAEDSVRFTI NLHNTSADFSGNDVPLH 60
B. mal ayi - MPNEYETI YPVPYRSKLTESFEPGQILLVKGKTAEDSVRFTI NLHNTSADFSGNDVPLH 59
Q. vol vul us - MTNEYETNYPVPYRSKLTESFEPGQTLLVKGKTAEDSVRFTI NLHNTSADFSGNDVPLH 59
L.l oa - MANEYETNYPVPYRSKL TETFDPGQTLLVKGKTAEDSVRFTVNLHNTSADFSGNDVPLH 59
W bancrof ti = s mm e e e e e

A. suum - - - MATETSYPVPYRSKLTEPFEPGQTLI | KGKTAEDSVRFTI NLHNTSADFSGNDVPLH 57

H. contortus

- - - MAFETNYPI PYRSKL TEPFEPGQTL TVKGKTGEDSVRFTI NLHNSSADFSGNDVPLH

Dimmtis I SVRFDEGKI VFNTFSKGEWEKEERKSNPYKKGDDI DI RI RAHDSKYT! YVDQKEVKEYE 120
B. mal ayi | SVRFDECGKI VFNTFSKGEWEKEERKSNPYKKGDDI DI RI RAHDSKYTI YVEQKEVKEYE 119
O vol vul us | SVRFDECGKI VFNTFSKGEWCKEERKSNPYKKGDDI DI RI RAHDSKYTI YVDQKEVKEYE 119
L.loa | SVRFDECGKI VFNTFSKGEWCKEERKSNPYKKGDDI DI RI RAHDSKYTI YVDQKEVKEYE 119
W bancrofti ~ --------- I VENTFSKGEWGKEERKSNPYKKGDDI DI Rl RAHDSKYTI YVDOQKEVKEYE 51

A. suum I SVRFDEGKI VFNTFSKGEWGKEERKSNPYKKGDDI DI Rl RAHDSKFSI SVDQKEVKEYE 117

H. contortus

VSVRFDEGKI VCNSFAKGEWGKEERKSNPYKKGDDI DI RI RAHDSKFQ FVDQKELKEYE

EE R IR R R R R EEEEEEEEEEEEEEEEEEEESESEESSEN * ks kkk kkkk

117

Dimmtis HRVPLSS- TRFSI DGDI LVTYl HWGGKYYPVPYESGLSGEGLVPGKSLLI FATPEKKGKR 179
B. mal ayi HRVPLSSVTHFSI DGDVLVTY! HWGEKYYPVPYESGLSGESLMPGKSLLI FATPEKKGKR 179
O vol vul us HRVPLSAVTHFSI DGDVLVTY! HWGGKYYPVPYESGLSGEGLVPGKSLLI FATPEKKGKR 179
L.1oa HRVPLSSVTHFSI DGDVLVTYl HWGGKYYPVPYESGLSGEGLVPGKSLLI FATPEKKGKR 179
W bancrof ti HRVPLSSVTHFSI DGDVLI TYlI HWGGKYYPVPYESGLSGDGLVPGKSLLI FATPEKKGKR 111
A. suum HRVPLSSVTHFSVDGDI LI TYI HAGGKYYPVPYESGLAGDGLAPGKSLLI FATPEKKGKR 177

H. contortus

HRLPLSSVTHFSI DGDVLI TYI HWGGKYYPVPYESGLAGEGLAPGKSI FLYGVPEKKGKR

kkokkke ke kkekhkko ke khkhhhhhhhhhhhhhkhe k. * *kkk+ o *kkkkkkk

177

Dimitis FHI NLLKKNGDI ALHFSPRFDEKAI VRNSLI AGEWGNEEREGKM LEKG GFDLEI KNEE 239
B. mal ayi FHI NLLKKNGDI ALHFNPRFDEKAI VRNSLI AGEWGNEEREGKM LEKG GFDLEI KNEE 239
Q. vol vul us FHI NLLKKNGDI ALHFNPRFDEKAI VRNSLI AGEWGNEEREGKM LEKA GFDLEI KNEE 239
L.l oa FHI NLLKKNGDI ALHFNPRFDEKAI VRNSLI AGEWGNEEREGKM LEKA GFDLEI KNEE 239
W bancrofti FHI NLLKKNGDI ALHFNPRFDEKV- = = = = = = = o e e e e e e e e e e e e oo - 135
A. suum FHI NLLKKNGDI ALHFNPRFDEKAI VRNSL I SGEWGNEEREGKNPLEKG GCDLEFRNEE 237
H. contortus FHI NLLKKNGDI ALHFNPRFDEKAVVRNSL| SNEWGNEEREGKMPFEKAVG-DLEI KNEE 237
Identity (%

Dimitis YAFQ FI NSERYATYAHRLDPHEI NGLQ GGDLEVSA QWH 280 -

B. mal ayi YAFQ FI NSERYATYAHRLDPHEI NGLQ GGDLKVSA QVH 280 96. 79

Q. vol vul us YAFQ FI NGERYATYAHRLDPREI NGLQ GGDLEVSAE QvH 280 96. 07

L.l oa YAFQ FI NSERYATYAHRVDPHEI NGLQ GGDLEVSAE QVR 280 96. 07
Wbhancrofti = cremm e e 94. 81

A. suum YAFQ YVDGERFATYAHRLDPHDI NGLQ GGDVEVTA QW 278 88. 13

H. contortus YAFQ MVNGERFASYAHRLEPHELNGLQ GGDVEI TA QLH 278 82.73

Figure S2.Alignment of theD. immitisgalectin sequence (AAF37720) with the galectinsnfB. malayi
(QINGYO0), O. volvulus(Q25597),L. loa (EFO26688),W. bancrofti(EJW74751)A. suum(F1KZZ8)
andH. contortus(AAD11972). The percentage of sequence identitwbeenD. immitissequence and the
others is indicated. The amino acids conservedllintha sequences are labelled with asterisks, and
conservative and semiconservative substitutions labelled with two and one point, respectively.

Conserved lysine residues are shaded in yellow.
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“Can the activation of plasminogen/plasmin systédihe host by metabolic
products oDirofilaria immitis participate in heartworm disease endarteritis?”
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¢,Puede la activacion del sistema plasmindgeno/plaisra del hospedador por los
productos metabdlicos deDirofilaria immitis participar en la endarteritis de la

dirofilariosis cardiopulmonar?

Javier Gonzalez-Miguel, Rodrigo Morchén, Elena €&m, José Alberto Montoya-

Alonso, Fernando Simén
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Resumen

Antecedentes: La endarteritis proliferativa es uno de los mes@s
patolégicos clave en la dirofilariosis cardiopulragnuna parasitosis cosmopolita
causada poDirofilaria immitis y que afecta a perros y gatos de todo el munddaSe
demostrado que los antigenos excretores/secraterles vermes adultos @e immitis
(DIES) fijan plasminégeno (PLG) y activan la fibolisis, lo que puede suponer un
mecanismo de supervivencia para el parasito emteun® intravascular. Sin embargo,
la sobreproduccion de plasmina (producto final aeuta) ha sido relacionada con
procesos patologicos similares a los descritos emdiarteritis proliferativa. El objetivo
de este trabajo es relacionar la aparicion decestdicion patoldgica con la activacion

del sistema PLG/plasmina del hospedador por DIES.

Métodos: La proliferacion celular a través de la técnich aestal violeta, la
migracion celular mediante un ensayo de cicatriwade heridas y la destruccién de la
matriz extracelular mediante la medicion de la ddgcion del colageno y los niveles
de metaloproteasas de matriz, fueron estudiadas emodelan vitro utilizando células
endoteliales y musculares lisas vasculares de .pEstas células fueron tratadas con
una mezcla de DIES + PLG. Células sin tratar, eslelstimuladas solamente con DIES
0 con PLG, o con una mezcla de DIES + PLEA€A (un inhibidor de la conversion
PLG-plasmina) fueron empleadas como controles. Aderal efecto de DIES en la
expresion de los activadores fibrinoliticos tPARAY el inhibidor PAI-1 y el receptor

de PLG Anexina A2 fue analizado en ambos tiposuiterzos porwestern blat
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Resultados: La plasmina generada por la union de DIES + PL&lyp un
aumento significativo en la proliferacién y migm@eicelular de las células endoteliales
y del muasculo liso, asi como un aumento en la destin de la matriz extracelular
basada en una degradacion mayor del colagenoaeé yien un nivel incrementado de
la metaloproteasa de matriz-2. DIES también inducaumento en la expresion de tPA
y UPA en los cultivos de células endotelialescagio una disminucion en la expresion

de PAI-1 en ambos tipos de células.

Conclusiones: Nuestro estudio muestra una interrelacion entrglésmina
causada por la activacion de la fibrinolisis pa pwoductos metabolicos @e immitis
y la aparicion de procesos patoldgicos similardgsadescritos en la aparicion de la

endarteritis proliferativa en la dirofilariosis daypulmonar.
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Can the activation of plasminogen/plasmin
system of the host by metabolic products of
Dirofilaria immitis participate in heartworm
disease endarteritis?

Javier Gonzélez-Miguel", Rodrigo Morchon', Elena Carretén?, José Alberto Montoya-Alonso?
and Fernando Simén

Abstract
Background

Proliferative endarteritis is one of the key patigital mechanisms of
cardiopulmonary dirofilariosis, a cosmopolitan [gt@sis caused birofilaria immitis
affecting dogs and cats around the world. It hanlshown that the excretory/secretory
antigens fromD. immitis adult worms (DIES) bind plasminogen (PLG) and \ext@
fibrinolysis, which can lead to a survival mechamifr the parasite in its intravascular
environment. However, overproduction of plasmimgfiproduct of the route) has been
related to pathological processes similar to thaescribed in proliferative endarteritis.
The aim of this study is to relate the appeararidbis pathological condition with the
activation of the PLG/plasmin system of the hosDhiyS.

Methods

Cell proliferation through the crystal violet teatpme, cell migration by wound
healing assay and degradation of the extracelloatrix by measuring collagen
degradation and levels of matrix metalloproteinagese studied in anii vitro” model
using canine vascular endothelial and smooth musdle. These cells were treated with
a mixture of DIES+ PLG. Untreated cells, cells only stimulated withEBior with PLG,
or with a mixture of DIES- PLG+ ¢ACA (an inhibitor of the PLG-plasmin conversion)
were employed as controls. In addition, the effgicDIES on the expression of the
fibrinolytic activators tPA and uPA, the inhibitBAl-1 and the PLG receptor Annexin
A2 was analyzed in both types of cultures by wesldot.
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Results

Plasmin generated by DIESPLG binding produced a significant increase in the
cell proliferation and migration of the endothebald smooth muscle cells, as well as an
increase in the destruction of the extracellulatrimdased on a further degradation of
Type | Collagen and an increased level of matrixathgproteinase-2. DIES also induce
an increase in the expression of tPA and uPA irot#rgdial cells in culture, as well as a

decrease in the expression of PAI-1 in both tyge®its.

Conclusions

Our study reports an interrelationship betweenmiascaused by fibrinolysis
activation by metabolic products bf immitisand the appearance of pathological events
similar to those described in the emergence ofifprative endarteritis in the

cardiopulmonary dirofilariosis.

Key words: Dirofilaria immitis; excretory/secretory antigens; fibrinolysis; plasm

endothelial cells; smooth muscle cells; prolifaratendarteritis.
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1. Background

Dirofilaria immitis is the filaroid nematode that causes the canirtk faline
cardiopulmonary dirofilariosis, a vector-borne [&i@sis with cosmopolitan distribution.
D. immitisis also responsible for the human pulmonary danfsis, a clinical entity
characterized by the formation of benign lung neduthat may be confused with
carcinomas in radiologpi .

The dog acts as definitive host and reservoir efghrasite. The adult worms
lodge in its pulmonary artery and right ventriclé the heart causing a chronic
inflammatory pathology at vascular ley&]. One of the key factors of the disease is the
appearance of proliferative endarteritis, which hasulted in the formation of
intravascular microvilli. This process has previgudeen described as being
accompanied by an increase and migration of tleziaktwall cells[3-6], as well as the
destruction of the extracellular matrix (ECIF). These changes cause disorganization
of the endothelium and reduction of the vasculardn in the pulmonary arteries, with
the consequent extension of pathology to the putmoparenchymg3]. On the other
hand, the simultaneous death of groups of adulimsocan trigger an acute disease
characterized by the exacerbation of the inflammnyateactions and the emergence of
serious thromboembolic events threatening theofithe affected hos{9]. HoweverD.
immitis possesses the ability to regulate these pathalbgiechanisms and survive for
long periods (over 7 years) in their intravascidarvironment. Recently, it has been
shown that both excretory/secretory and surfaceess®d antigens @. immitisinteract

with the fibrinolytic system of the host binding Bland generating plasmijh0O,11].

PLG is a glycoprotein predominantly released by liwer into the blood
circulation. After its activation PLG becomes aisermrotease (plasmin), whose main
target are the fibrin clots. Under physiologicahditions, this process is strictly regulated
at the vascular level for the complex formed byepors that bind PLG through
carboxyterminal lysine residues (Annexin A2, amarthers) and activators [tissue
plasminogen activator (tPA) and urokinase-type mlasgen activator (uPA)], whose

activity is inhibited primarily by the plasminogewtivator inhibitor-1 (PAI-1]12,13].

The activation of the fibrinolytic system bE. immitis antigens and the

consequent maintenance of haemostasis, a pricgfibe for both the parasite and host,
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could have pathological consequences. An over-aotiv of the PLG/plasmin system
has been related to cell invasion and intra-orgamigration of different pathogens
[14,15] In addition, in human cardiovascular researclotrerproduction of plasmin has
also been linked with the proliferation and migvatiof human vascular cells and with
the degradation of extracitoplasmatic matridé$-19]. These mechanisms have
similarities with those that cause the formationnatrovilli in the cardiopulmonary
dirofilariosis, although their molecular aspectsénaot been conveniently studied to date

in this parasitosis.

The objective of this work is to demonstrate thegt overproduction of plasmin
by the antigens d. immitismay relate to the mechanisms described in thedtom of
microvilli at the vascular level in cardiopulmonatirofilariosis. For this purpose, cell
proliferation and migration, degradation of the E@GMI expression of some components
of the fibrinolytic system were studied in caniresgular endothelial and smooth muscle

cells in culture stimulated with the parasitic getis and PLG.

2. Methods
2.1. Cell culture

Canine endothelial cells (CnAOEC) and canine smpuihkcle cells (ChnAOSMC)
from Cell Applications, INC were respectively growncanine endothelial and canine
smooth muscle cell growth mediums (Cell ApplicaipiNC). ChAOEC plates were
precoated with an attachment factor solution (@eblications, INC). Cells were
cultured at 37°C in a humidified atmosphere inphesence of 5% carbon dioxide and
95% air. Medium was changed every 3 days. Expangamcarried out by trypsinizing
the cells, (Trypsin/EDTA, Cell Applications, INCgnd re-plating them when the
proliferating cells had reached a sufficient dgnstassaging was performed at ratios of
1:6 (CnAOEC) or 1:3 (CnAOSMC). Cell counts werefpaned using the equipment
Countess® Automated Cell Counter (Invitrogen) failog the manufacturer’s

instructions.

2.2. Reagents and stimulation of CnAOEC and CnAOSMC
DIES were prepared as previously descrifigt] with minor modifications and
stored at —80°C. In brief, live worms (25) obtairfeain a naturally infected dog were

washed in sterile phosphate-buffered saline sal(BS) pH 7.2 and incubated for 24 h
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in 50 ml of Eagle’s minimum essential medium (EME8ipplemented with 50 U/ml
penicillin and 5qug/ml streptomycin at 37°C. A cocktail of proteaskibitors was added
to the medium following the methodology describgdMaizelset al [20]. The medium
was dialyzed against water for 24 h and filtereadlgh an Amicon YC05 membrane
(Millipore). The protein concentration of DIES waseasured by DC protein assay
commercial kit (Bio-Rad). DIES extract was testent the presence of endotoxin
contamination using a quantitatitémulus amebocyte lysate test (BioWhittaker). The

endotoxin quantity was under the sensitivity lesfedell stimulation (<0.4 U/mg protein).

For stimulations, CnAOEC and CnAOSMC were grown 4odays to obtain
confluent cultures and were treated withgml of DIES[21], 10 ug/ml of PLG (Acris
Antibodies)[17] or with a mixture of both treatments. Untreateliscend cells treated
with DIES+PLG+50 mM of the lysine analogueaminocaproic acideACA) as an

inhibitor of PLG activation were used as contrdicander the same conditions.

2.3. Cell proliferation assay

Cells were plated on 24-well plates to a density®BfCnAOEC/well or 1.5 x 1D
CnAOSMC/well and allowed to attach overnight. Afsémulation cell proliferation was
analyzed by crystal violet nuclei staining overdEys to determine the number of viable
cells, as previously describgeR]. Briefly, every two days, cells were rinsed witBF,
fixed with 4% formaldehyde for 10 min and staineithvd.2% crystal violet for 30 min
at room temperature. After several rinses with PB®, cells were allowed to dry
overnight and crystal violet bound to cells wasa&oted by incubation with 2 ml/well of
10% acetic acid. The absorbance of the samplestheas measured at 595 nm and
transformed to “number of viable cells” using awauthat correlated absorbance and

number of endothelial or smooth muscle cells presiypdetermined.

2.4. Cell migration assay

Cell migration was assessed by quantifying the gregege of wound closure in
the wound-healing ass@&3]. In brief, CnAOEC and CnAOSMC were cultured inno
plates (3 x 19 cells/plate) and allowed to attach overnight beferound creation.
Confluent monolayers were wounded using a steipetfe tip and the medium was
exchanged for fresh medium before cell stimulatmremove cellular debris. The extent
of wound closure of the treated and control celdswnonitored over a time course by
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microscopy and determined along 8 hours by calogathe migrated distance/total

wound distance.

2.5. Collagen degradation assay

The concentration of collagen in the supernatards analyzed by ELISA.
Treated and control cells were cultured with mediom48 hours. Then the culture
supernatants were collected, filtered and addednudti-well plates (Costar). After
incubation overnight at 4°C, wells were blockedwli®# BSA in PBS and incubated with
a rabbit anti-Type | Collagen antibody (1:2500) fi&cAntibodies), followed by a
peroxidase-conjugated goat anti-rabbit IgG (Sigaia):500 dilution. All incubations
were performed for 1 h at 37°C and between eaghvadished three times with PBS wash
buffer (PBS containing 0.05% Twegh Ortho-phenylene-diamine was used as a
chromogen. Optical densities (OD) were measuretbatnm in an Easy Reader (Bio-
Rad).

2.6. Matrix metalloproteinases (MMPSs) levels assays

The levels of the MMP-2 and MMP-9 metalloproteirsasethe culture media of
the different experimental groups were analyzedddgtin zymography according to the
methodology described by Marangoet al [24]. Media samples employed in the
collagen degradation assays were electrophoresed di0% polyacrylamide gel
copolymerized with 1% gelatin (Sigma) together watiViMP marker (Cosmobio) as a
positive control. The gels were washed for 1 hou2.6% Triton X-100 and incubated
for 20 hours at 37°C in agitation in an enzymattivation buffer ph 7.5 (50 mM Tris;
200 mM NaCl; 5 mM CacCl2; 0,2% Brij-35). The gels revefinally stained with
Coomassie blue. The positivity was assessed asaappe of clear bands on a dark
background with molecular weights of 72 kDa (MMP&t)d 92 kDa (MMP-9). The
levels of the MMPs were calculated after measutirggdensity of the existing bands,

which is directly proportional to the amount of @& degraded into the gel.

2.7. Cell lysates and Western blot analyses

Western blot analyses were performed as previadessgribed21] with slight
modifications. CnAOEC and CnAOSMC previously treatth 1 ng/ml of DIES for
24 h were lysed inice-cold lysis buffer (20 mMsSHHCI (pH 7.5), 140 mM NacCl, 10 mM
ethylendiaminetetraacetic acid, 10% glycerol, 1%phkj CA-630, aprotinin, pepstatin,
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and leupeptin at ig/ml each, 1 mM phenylmethylsulfonyl fluoride, ahanM sodium
orthovanadate). Non-stimulated cells were usedoagras under the same conditions.
Protein samples (10g) were separated by SDS-PAGE under reducing donditand
blotted onto polyvinylidine difluoride membranes.eMbranes were blocked before
incubation with primary antibodies: anti-tPA, anfA, anti-Annexin A2 and anti-PAI-1
(Santa Cruz Biotechnology Inc) according to the afiacturer's recommendations. After
incubation with HRP-conjugated secondary antibqdiends were visualized by a
luminol-based detection system with p-iodophenblgitement. Anti-tubulin antibody
(Oncogene Research Products) was used to confadinig of comparable amount of
protein in each lane. Protein expression was dgiieshtby densitometry using Scion
Image Software (Scion).

2.8. Statistical analysis

Cell proliferation and migration, collagen degraodiat and MMP levels
significance measurements (comparisons betweerpgyavere performed by ANOVA
and corrected for repeated measurements when apgieopf ANOVA revealed overall
significant differences, individual means were eatéd post hoc using Bonferroni’s
procedure. The results from the Western blotsHertPA, uPA, annexin A2 and PAI-1
expression were analyzed with the Studettést. All the results were expressed as the
meant SD of three experiments performed with duplicates.all experiments, a

significant difference was defined as a p-valug@D5 for a confidence level of 95%.

3. Results
3.1. DIES produce proliferation of ChAOEC and CnAO3/C via PLG/plasmin
system

The effect of DIES and PLG on the proliferatioreafiothelial and smooth muscle
cells was quantified using the crystal violet tege in a period of 10 day&igure 1)
Both cultures showed typical curves of cell growthall experimental groups with a
progressive growth between days 0 and 8 post-texdtraxperiencing cell death and an
evident decrease of viable cells between days 8l@ndost-treatment. Crystal violet
staining showed an increase significantly greaterthe number of viable cells in
CnAOEC and CnAOSMC in culture stimulated with DEBLG than that showed by
other experimental groups on day 8 post-treatmprt0(05), indicating that this
treatment stimulates the proliferation of ChnAOE@ &nAOSMC.
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Figure 1. Cell proliferation assay performed by the crystalet technique measuring cell viability over a
10 days period. The experiment was carried outamine endothelial (A) and smooth muscle cells (B)
untreated & ) or treated with 1 pg/ml of DIES + Xl of PLG (= ), 1 pg/ml of DIES< ), 10 pg/ml of
PLG (@), or with 1 pg/ml of DIES + 10 pg/ml of PL&50 mM of theeACA (= ).Results are expressed
as number of viable cells (x 10,000). Each poithésmeart SD from three independent experiments. The

asterisk (*) designates significant{®.05) differences between DIiBESPLG treatment and control groups.

3.2. DIES produce migration of ChnAOEC and CnAOSMC Ya PLG/plasmin system

Wound Healing assay was performed to assess migratf endothelial
(Figure 2A)and smooth muscle cellsigure 2B) The quantification was carried out by
measuring the distance of migration in comparisdh megative control (untreated cells)
up to 8 hours post-treatment. In both CnAOEC and@8MC cultures a significant
increase of cell migration after stimulation withH3+ PLG with respect to the other
experimental groups @0.05) occurred, this increase was most pronouncedltured
endothelial cells.

3.3. DIES produce ECM degradation of ChnAOEC and Cn®SMC via PLG/plasmin
system

To examine ECM degradation, Type | Collagen in th#ure supernatant of
treated and untreated CnAOEC and CnAOSMC were meddty ELISA(Figure 3) A
lower concentration of Type | Collagen and therefafurther degradation of the secreted
collagen by the cells was observed in the CnAOEG @nhAOSMC stimulated with
DIES+PLG than that obtained by the control cells<@05). In addition, the same
culture media from treated and untreated cellsamatyzed with gelatin zymography for
MMP-2 and MMP-9 leveléFigure 4) Density of the bands was measured by the Quantity
One Software (Bio-Rad). The results show a sigauifity higher level of MMP-2 in the
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CnAOEC and CnAOSMC treated with DIEFPLG than that obtained in the control cells
(p<0.05). No significant differences in the MMP-9 l&s/evere observe(-igure 4)
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Figure 2. Cell migration by Wound-Healing assay. Conflueell cultures were wounded post-treatment
and migration distances were measured at 8 hotes.eXperiment was carried out in canine endothelial
(A) and smooth muscle cells (B) untreated ( ) oated with 1 pg/ml of DIES + 10 pg/ml of PL&( ), 1
pg/ml of DIES (= ), 10 pg/ml of PLGa( ), or with 1 {ng of DIES + 10 pg/ml of PLG + 50 mM of the
eACA (=).The results were expressed as percentagieeamigration ability of the negative control cells
(100%). Each point is the mearsD from three independent experiments. The astéf)skesignates
significant (p< 0.05) differences between DiESPLG treatment and control groups.
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Figure 3. Type | Collagen degradation assay measured inreuiupernatants from canine endothelial (A)
and smooth muscle cells (B) untreated ( ) or treatitd 1 pg/ml of DIES + 10 pg/ml of PLG=( ), 1
pg/ml of DIES (= ), 10 pg/ml of PLGs( ), or with 1 {ng of DIES + 10 pg/ml of PLG + 50 mM of the
eACA (=).The results were expressed as percentagieecf ype | Collagen concentration in the culture
supernatant from negative control cells (100%).hEpoint is the meaa SD from three independent
experiments. The asterisk (*) designates signifi¢pr 0.05) differences between DIBSPLG treatment

and control groups.
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Figure 4. Representative zymography of culture supernatfnota canine endothelial (A) and smooth
muscle cells (B) untreateds( ) or treated with 1nplgdf DIES + 10 pg/ml of PLG= ), 1 pg/ml of DIES
(=), 10 pg/ml of PLG& ), or with 1 pg/ml of DIES10 pg/ml of PLG + 50 mM of theACA (=). Note
the gelatinolytic bands associated with MMP-2 (7RaX and MMP-9 (92 KDa) levels. The results are
expressed as percentage of the MMPs levels inulthgre supernatant from negative control cells (AP0
Each point is the meanSD from three independent experiments. The astéf)sitesignates significant
(p<0.05) differences between DIBEFPLG treatment and control groups.
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3.4. Effect of DIES on the fibrinolytic system compnents (tPA, uPA, Annexin Il and
PAI-1) expression in ChnAOEC and CnAOSMC

To determine the effect of DIES on some of the meamponents of the
fibrinolytic system, proteins from DIES-treated wmtreated CnAOEC and CnAOSMC
extracts were separated by SDS—PAGE and analyzéetern blotting using anti-tPA,
anti-uPA, anti-Annexin A2 and anti-PAI-1 antibodi€ES induced a marked increase
in the expression of the main fibrinolytic activetdPA and uPA in cultured endothelial
cells (p<0.05)Figure 5A and B)as well as a slight decrease in the expressidheof
main fibrinolytic inhibitor PAI-1 in both types otultures (p<0.05)(Figure 5D)
Significant differences in the expression of tPAl a®A in CnAOSM(QFigure 5A and
B) and in the expression of Annexin A2 in both cgpds between DIES-treated or

untreated cultures were not fouftdgure 5C)
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Figure 5. Effect of DIES on the expression of tPA (A), uF3),(annexin A2 (C) and PAI-1 (D) in canine
vascular endothelial (EC) and smooth muscle c8MQ). Protein extracts from lysed DIES untreated or
treated confluent cell cultures were analyzed bg¥ta blot for tPA, uPA annexin A2 and PAlettubulin
served as a protein control. Results were expresséte mean SD of at least 3 independent experiments.
The asterisk (*) designates significant<(p.05) differences from control cells=)(Non-treated control

cells. @) Stimulated endothelial or smooth muscle cell$viig/ml of DIES.
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4. Discussion

Plasmin is the serine protease responsible faaimg the fibrinolytic process
through the lysis of the fibrin clots. Apart frons ipivotal role in the maintenance of
haemostasis, plasmin possesses exceptionally Bpedificity for target substrates
playing important physiological and pathologicalleso in tissue remodeling, cell
migration, wound healing, angiogenesis, inflamnraaod degradation of ECM5]. In
addition, plasmin is also upregulated in chroniflammatory diseases, including
atherosclerosis and arthrifig6]. The cardiopulmonary dirofilariosis is a chronisahse
with an important inflammatory component at thecuéar level in which the interaction
between the excretory/secretory and surface argigeits aetiologic agenD( immitig
and the overproduction of plasmin has been recshttyvn[10,11]. The objective of this
work was to establish a relationship between thigraction and the mechanisms
responsible for the formation of intravascular milli in the cardiopulmonary
dirofilariosis. Similar lesions have been previgustplained through mechanical damage
caused by the sole presence of the adult wornteeipalmonary arterig27]. However,
the pathogenic mechanisms causing the proliferandgarteritis at the molecular level

have not been described in cardiopulmonary dinodiss.

Firstly, we have developed am*vitro” model of canine endothelial and smooth
muscle cells to study the relationship betweenekeretory/secretory antigens of the
parasite and the different cell types of the caranterial wall. Our data show that
stimulation of both types of cultures with DIE®LG cause the proliferation and
migration of ChAOEC and CnAOSMC. Cells treated safsy with DIES or PLG did
not generate growth curves or migration distanggsfeantly different from non-treated
cells. In this sense, Morch@tal [22] observed that the stimulation of human endothelial
cells in culture with somatic antigensfimmitis(DiSA) did not alter cell proliferation.
Finally, the inhibition of both effects by includjrthe 50 mMeACA in the stimulations
demonstrates the participation of plasmin generétedIiES+PLG binding on the
proliferation and migration of ChnAOEC and CnAOSMC.

Two facts reveal the involvement of plasmin gerestdiy DIES+ PLG binding
in the degradation of the ECM. First, this treathfen48 h causes a significant increase
in the degradation of the Type | Collagen in thdtwe media of ChnAOEC and

CnAOSMC. This molecule represents the main compioofehe ECM of elastic arteries.

161



CVARTO CAPITVLO

Its alteration has been associated with vascutmadie and its degradation products with
the proliferation and migration of smooth muscliésc@ remodelling arterie®8]. These
results are consistent with that obserwedvivo by Wanget al. [7] who reported a
significantly lower amount of collagen in heartwemfected dogs than in clinically
normal dogs. The degradation of the ECM is alsateel to the increase in the levels of
MMPs. Our results show a significantly higher leeéIMMP-2 or gelatinase A in the
culture media of ChAOEC and CnAOSMC treated witkE®+ PLG for 48 h, than that
obtained from the other control groups. The MMPaa digest a large number of the
ECM molecules including Type |, 11, 1lI, IV, V andl collagens, laminin, aggrecan core
protein, etc[29]. In addition, the pathophysiological study of #tion of gelatinases
shows that an increase in its activity can be nesipte for tissue remodeling,

hypertrophy, angiogenesis and chronic inflammaitiay.

All these data are consistent with previous stydwbsch relate the over-activation
of the PLG/plasmin system with different processesell proliferation and migration,
as well as the degradation of the EQM-19]. However, none of them linked these
pathogenic processes with the plasmin generateddhrthe interaction of a blood-borne
pathogen with its host fibrinolytic system. To cdetp the knowledge of this interaction
we analyze the participation of DIES in the basaldpction of the main components of
the fibrinolytic system secreted by the cells & #irterial wall. Our results show that
DIES increases the expression of the fibrinolyttvators tPA and uPA in ChAOEC
during the first 24 h of stimulation, an effecttti@not observed in ChnAOSMC cultures.
These data are consistent with those obtained quslyi where an increase in the basal
production of tPA in human endothelial cells intavt was demonstratgdO]. In
addition, the presence of tPA is required for tbevation of PLG in various parasites,
including D. immitis [31]. The increase in the expression of uPA could repexial
significance since, in addition to its functionaasactivator of fibrinolysis, it plays a key
role in tissue remodeling inducing cell prolifecatiand migration32], and high levels
in its expression are related to cardiovasculagatig[33]. DIES causes a significant
reduction in the production of PAI-1 in CnAOEC a@dAOSMC in culture. PAI-1 is a
member of the serine protease inhibitor (SERPIN)esiamily and is the primary
physiological inhibitor of the tPA and uPA activity4]. Finally, DIES does not cause

significant changes in the expression of Annexin PIZG receptor. However, it has
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recently been shown thBt immitisis able to excrete numerous antigens which caw car
out similar functions as PLG-binding protejis)].

Conclusions

In conclusion, the data obtained in this study ssg¢hat metabolic products of
D. immitismay tip the fibrinolytic balance towards the geten of plasmin, and that
this fact is related to the appearance of pathoddgihenomena similar to those described

in the formation of intravascular microvilli in @iopulmonary dirofilariosis.
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Resumen

La interaccion entre los patdogenos sanguineos fipiaolisis es uno de los
mecanismos mas importantes que intervienen ernvégsiion y en el establecimiento de
los agentes infecciosos en sus hospedadores. Shargm la sobreproduccion de
plasmina (producto final de la ruta) ha sido relaada en otros contextos con la
proliferacion y migracion de las células de la paaeterial y con la degradacién de la
matriz extracelular. Recientemente hemos identificantigenos con capacidad para
activar la fibrinolisis pertenecientesharofilaria immitis, un parasito sanguineo cuyo
proceso patoldgico clave (la endarteritis prolifiwsd se produce por mecanismos
similares a los indicados anteriormente. El obgetie este trabajo es estudiar como dos
de estos antigenos [la actina (ACT) y la fructo$askato aldolasa (FBAL)] altamente
conservados en los patdgenos, activan la fibriisoji®stablecer una relacién entre esta
activacion y el desarrollo de la endarteritis geoéitiva durante la dirofilariosis
cardiopulmonar. Se demostré que ambas proteir@s fijasmindgeno, potencian la
generacion de plasmina, estimulan la expresiorosledttivadores fibrinoliticos tPA y
uPA en cultivos de células endoteliales y que seeamtran en la superficie del verme en
contacto con la sangre del hospedador. Técnicaazigmoinmunoensaywestern bloe
inmunofluorescencia fueron utilizadas para estepdsito. Adicionalmente, la
implicacion de residuos de lisina en esta inteacse analiz6 mediante bioinformatica.
La participacion de la plasmina generada por ladrunie la ACT/FBAL vy el
plasminégeno en la proliferacion y migracion celuési como en la degradacion de la
matriz extracelular se demostré en un modehatro de cultivos de células endoteliales
y del musculo liso. Los resultados obtenidos imligae la ACT y la FBAL d®. immitis

activan la fibrinolisis, o que podria ser utilizagor el parasito como un mecanismo de
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supervivencia para evitar la formacion de coaguas.embargo, la sobreproducciéon a
largo plazo de plasmina puede desencadenar progegokgicos similares a los

descritos en la aparicion de la endarteritis peddifiva. Procesos similares podrian ocurrir
en otros patdgenos sanguineos debido al alto gladmnservacion evolutiva de estos

antigenos.
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Abstract

The interaction between blood-borne pathogensianddlysis is one of the most
important mechanisms that mediate invasion ancst@blishment of infectious agents
in their hosts. However, overproduction of plasifiinal product of the route) has been
related in other contexts to proliferation and raigm of the arterial wall cells and
degradation of the extracellular matrix. We haveengly identified fibrinolysis-
activating antigens fronDirofilaria immitis, a blood-borne parasite whose key
pathological event (proliferative endarteritispr@duced by similar mechanisms to those
indicated above. The objective of this work is tady how two of this antigens [actin
(ACT) and fructose-bisphosphate aldolase (FBAL)Yhhy conserved in pathogens,
activate fibrinolysis and to establish a relatiapshetween this activation and the
development of proliferative endarteritis duringrdiapulmonary dirofilariasis. We
demonstrate that both proteins bind plasminogemamce plasmin generation, stimulate
the expression of the fibrinolytic activators tPAdauPA in endothelial cell cultures and
are located on the surface of the worm in contaitt the host’s blood. ELISA, western
blot and immunofluorescence techniques were emgléyethis purpose. Additionally,
the implication of lysine residues in this interantwas analyzed by bioinformatics. The
involvement of plasmin generated by the ACT/FBAILd glasminogen binding in cell
proliferation and migration, and degradation ofél&acellular matrix were shown in an
“in vitro” model of endothelial and smooth musckls in culture. The obtained results
indicate that ACT and FBAL fror®. immitis activate fibrinolysis, which could be used
by the parasite like a survival mechanism to aubl clot formation. However, long-
term overproduction of plasmin can trigger pathalabevents similar to those described
in the emergence of proliferative endarteritis. Roghe high degree of evolutionary
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conservation of these antigens, similar processag otcur in other blood-borne
pathogens.

1. Introduction

The interaction between pathogens and their hastsokecular level is the key
point that mediates invasion and establishmerti@frtfection. One of these events is the
prevention of blood clotting through interactiorttnihe hemostatic system, which is used
by many blood-borne pathogens as a survival meshddi]. The fibrinolytic system,
one of the main anticlotting mechanisms of the h&at@ system, is composed by
plasminogen (PLG), an abundant component of blowdzymogen of serine protease
plasmin, enzyme responsible for degrading fibriotscl The conversion of PLG into
plasmin is regulated by binding to receptors v&five kringle domains, which have
affinity for lysine residues and PLG activators$tie plasminogen activator (tPA) and
urokinase-type plasminogen activator (uPRJ} On the other hand, plasmin is believed
to play an important role in a number of physiotadiand pathophysiological processes
such as tissue remodeling, wound healing, angia®ener inflammation [3].
Overproduction of plasmin has been also linked whih proliferation and migration of
human vascular cells and with the degradation efetktracellular matrix (ECMY—6].
In addition, plasmin is also upregulated in chromftammatory diseases, including
atherosclerosis and arthrifig).

Activation of fibrinolysis by pathogen antigens leen widely studied in bacteria
where the expression of fibrinolytic receptors ansidered an effective system for
invasion and disseminatidg8]. In addition, the ability to interact with the fibolytic
system has been recently found in many eukaryotithqgens causing parasitic
infections, such akeishmania mexican@lasmodium falciparugmFasciola hepatica
Schistosoma bovisr Onchocerca volvulufd]. Dirofilaria immitis is a zoonotic filaria
responsible for canine and feline cardiopulmonargfidariasis and human pulmonary
dirofilariasis[10]. These are chronic pathological processes thairadhe pulmonary
arteries, wher®. immitisadult worms survive for long periods (over 7 y¢aesising an
inflammatory and thrombotic disease. Its key fadsothe appearance of proliferative
endarteritis, which results in the formation ofravascular microvilli. It has been
described that this process is accompanied by @ease and migration of the cells of

the arterial wal[11-14] as well as the destruction of the ECM]. These changes cause
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disorganization of the endothelium and reductiothefvascular lumen in the pulmonary
arteries, with the consequent extension of pathylodghe pulmonary parenchymes].

In previous research, we have studied the intenactbetween the
excretory/secretory (ES) and surface antigeri3. ahmitisand the fibrinolytic system of
the host. The ability of these antigenic completeebind PLG, generate plasmin in a
tPA-dependent manner and to induce an overexpressithe fibrinolytic activator tPA
in vascular endothelial cells in culture was dematsd. Additionally, we have
respectively identified a total of 10 and 11 PL@ebng proteins in the ES and surface
extracts of the parasite, which included differisaforms of highly conserved proteins
like ACT and FBAL[17,18].

Despite the fact that the pathogenic mechanismeridesl in the formation of
intravascular microvilli during cardiopulmonary dlilariasis are similar to those
associated with the pathophysiology of plasminelationship between plasmin over-
production duringDirofilaria infection and their pathological implications hast yet
been established. The aim of the present work ssudy the participation of two highly
conserved proteins @. immitis (ACT and FBAL) in the activation of the fibrinolgt
system of the host and to establish its relatignstith the proliferative endarteritis

pathogenic mechanisms in the cardiopulmonary dizadisis.

2. Materials and methods
2.1. Parasite material

Adult worms ofD. immitis were obtained from hearts of naturally infectedsio
from Gran Canary (Canary lIsland, Spain) through jtrgular vein using Flexible
Alligator Forceps. The surgeries were carried oytvbterinarians at the Veterinary
Medicine Service of Las Palmas de Gran Canaria égity (Canary Island, Spain) as
part of a routine practice for treating animalse fet owners were adequately informed

and gave their verbal consent to the use of thekasnmn the study.

2.2. RNA isolation, RT-PCR, and cloning of DIACT ad DiFBAL cDNA

RNA isolation, RT-PCR and cloning of the cDNA frahe selected proteins were
carried out as described in detail previoudl9]. Total RNA from adult worms was
extracted using the NucleoSpin RNA 1l kit (Macheféggel) according to the
manufacturer’s instructions. Then, first-strand éDWas synthesized fror®d. immtis
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adults worms RNA using the first-strand cDNA symsiBekit (Roche) as recommended
by the manufacturer. The cDNA sequence ofhanmitisactin (DIACT) and fructose-

bisphosphate aldolase (DiFBAL) were amplified udimg following primers:

ACTFwd (5"-ATGTGTGACGACGACGTTGCGG)
ACTRev (5"-CTAGAAACATTTGCGATGAACAATTG)
FBALFwd (5"-ATGACCTCTTACTCACAGTTTCTG)
FBALRev (5-TTAGTATGCATGATTAGCAATGTAG)

The primers from DIACT were designed on the congesgquence resulting after
the alignment of ACT cDNA sequences frdroa loa and Brugia malayi (GenBank
accession numbers XM_003146804.1 and XM_001894 #@4dectively). The primers
from DiIFBAL were designed on the consensus sequesstdting after the alignment of
FBAL cDNA sequences from®. volvulus B. malayi andL. loa (GenBank accession
numbers AF155220.1, XM_001894495.1 and XM_003138rGéspectively). PCR
amplifications were performed in 1 cycle at 94°€3amin, 35 cycles at 94°C for 1 min,
46°C for 46 sec, and 72°C for 1 min 30 sec anddecgt 72°C for 5 min. The PCR
products were finally electrophoresed in an agagesand the bands were purified using
the StrataPrep DNA Gel Extraction kit (Stratageriéd)e DIACT and DiFBAL PCR
products were cloned into the pSC-A vector using 8trataClone PCR Cloning kit
(Stratagene) following the manufacturer’s instroiet. Both clones were purified with
the Machery-Nagel NucleoSpin Plasmid kit.

2.3. Expression and purification of the rDIACT andrDiFBAL proteins

PCR products containing the whole DIACT and DiFBédding sequences were
cloned into the TOPO vector (Invitrogen) followitige manufacturer’s instructions. The
recombinant plasmids were transformed into Eseherichia coliXL1B. Transformed
cells were grown in LB-agar plates with ampiciitO0ug/ml) overnight at 37°C. Three
colonies for each molecule were grown in liquid pBs ampicillin overnight at 37°C in
agitation, and cells were harvested for plasmidaetion. Extracted plasmids were
digested with EcoRI to check the insert presencandformed vectors were used for a
ligation reaction with the pDEST vector (Invitrogemhigation reaction was used for
transformant selection as above-mentioned. Veatordaining the inserts of interest
were used to transform BL-21 cells. These were growiquid LB plus ampicillin (100
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ug/ml) overnight at 37°C in agitation. Cultures welikited 1:10 in fresh medium and
further grown until reaching an optical density (O&f 0.5. Then, expression of the
recombinant protein was induced by 0.2% L-arabir¥é at 37°C for 4 h in agitation.
The induced cells were harvested and sonicateduffar containing 8M urea, 100mM
NaH.PQy and 10mM Tris-Cl, pH 7.9. After a 20 min centrifdigpn step at 10.000 x g,
the supernatant was applied to a HIS-Select Nigikehity Gel (Sigma) for affinity
purification of the histidine-tagged rDIACT and HRBAL, according to the
manufacturer’s instructions. Urea was eliminatedwashing the column with wash
buffer (100mM NaH2PO4, and 10mM Tris-Cl pH 6.3) t@ning decreasing
concentrations of urea (from 6M to OM). Then, theambinant proteins were eluted with
elution buffer (50mM NakPQs;, 300mM NaCl and 250mM imidazole, pH 7.9). The
eluted rDIACT and rDiFBAL were dialysed in PBS 4 h at 4°C and stored at -80°C
until use. The purity and yield of each proteinadtéd after purification were assessed

in 12% polyacrylamide gels using Coomasie bluensigi

2.4. Bioinformatic analyses

The deduced amino-acid sequence of rDIACT and rBiE®ere analysed using
the following bioinformatic tools: BLAST searchind the homologous sequences in the
NCBI and Swissprot/Uniprot databases (http://ww\vimdm.nih.gov/,
http://www.uniprot.org/); analysis of conserved dons with SMART
(http://smart.embl-heidelberg.de); theoretical Isoiic point (pl) and the molecular
weight (MW) calculations (http://www.expasy.org/tepi_tool.html); prediction of
transmembrane domains with the TMHMM Server V. 2.0
(http://www.cbs.dtu.dk/servicess TMHMM-2.0); predat of signal peptides with
SignalP 3.0 [20] (http://www.cbs.dtu.dk/services/SignalP); searctr fglycosyl-
phosphatidyl anchors in the sequence with the big-Predictor [21]
(http://mendel.imp.ac.at/sat/gpi/gpi_server.htmijultiple sequence alignment with
Clustalww 2.1 (http://www.ebi.ac.uk/Tools/msa/cllsi@/) and prediction of the
secondary structures and three-dimensional modelith the Swiss-Model servéz?2]
(http://swissmodel.expasy.org/). The 3-D models eveisualized with the RasMol

software v.2.7.5.2.
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2.5. PLG binding assays

The ability of rDIACT and rDiFBAL to act as plasnoigen-binding proteins was
assessed by ELISA. Following the methodology dbedriby Gonzalez-Miguel et al.
(2012) multiwell microplates (Costar) were coatathwd.5ug/well of each recombinant
protein. Then, plates were blocked and incubated wcreasing amounts (fromu@ to
3 ug) of human PLG (Acris antibodies). After incubatiovith the corresponding
antibodies and with a chromogen, binding was rexcehly measuring OD at 492 nm in
an Easy Reader (Bio-Rad). Between each incubatiates were washed three times with
PBS containing 0.05% Twegn(PBST). In order to study the involvement of lysin
residues in this binding, competition assays weréopmed by including 50 mM of the
lysine analogue-aminocaproic acideACA) during PLG incubatiofl7].

2.6. PLG activation assays

The participation of rDIACT and rDiFBAL in plasmigeneration was studied
following the methodology previously descrijéd]. In brief, 2ug of human PLG (Acris
antibodies) were incubated in PBS witln@ of the chromogenic substrate D-Val-Leu-
Lys 4-nitroanilide dihydrochloride (Sigma) in theepence of 1ig of each recombinant
protein in a final volume of 100l. Activation of PLG was initiated by addition o hg
of t-PA (Sigma), however, plasmin generation in dbsence of tPA was also analyzed.
After incubation of the plates (1 h at 37°C) theltojysis of the chromogenic substrate,
which is directly proportional to the amidolytic taity of generated plasmin was

revealed by measuring absorbance at 405 nm. Eagblesavas analyzed in triplicate.

2.7. Generation of an anti-rDiIFBAL antiserum

Antiserum against rDIFBAL was generated by subcemas immunization of two
New Zealand female rabbits with 3 doses of prateid.2% saponin solution. First dose
of 1 mg at the beginning of the experiment, pludoges of 50Qug 7 and 10 days later.
Rabbits were sacrificed by an intravenous overadggentobarbital and bled 20 days
after the last dose. Serum was collected, seriiliyted and titred by ELISA. The
reactivity and specificity of the serum was alssessed by Western blot. Animal
procedures for this purpose complied with the SgfaiReal Decreto RD53/2013) and
the European Union (European Directive 2010/63/Eg)idelines on animal
experimentation for the protection and humane uUsklworatory animals, and were

conducted at the accredited Animal Experimentati&acility (Servicio de
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Experimentacion Animal) of the University of Salama (Register number:
PAE/SA/001). Procedures were approved by the Etha@smittee of the University of
Salamanca and all efforts were made to minimiziegnf). These included good practice

for housing and care minimizing discomfort, distrasd pain in animals.

2.8. Immunolocalization of DIACT and DiFBAL in D. immitis adult worms

Confocal microscopy studies were carried out ortadorm sectionsD. immitis
adult worms were fixed in 10% buffered formalin aachbedded in paraffin. For
immunofluorescence, Gum-thick sections were placed on polylisinated d&jde
deparaffinised in xylene (2x8 min each), and rehigli. Sections were then blocked with
1% BSA in PBST for 1 h at 37°C, after which theyrgvmcubated with the anti-rDiIFBAL
rabbit serum diluted 1:50 in blocking buffer fohlat 37°C. Samples were washed three
times with PBST and incubated at 4°C overnight wath anti-rabbit IgG antibody
conjugated to Alexa Fluor 594 (Molecular Probedutdd 1:400 in blocking buffer
containing phalloidin-Alexa Fluor 488 (Molecular dPes) diluted 1:200, which
specifically binds to ACT microfilaments. The saeglvere then washed four times and
mounted in an antifade reagent (Prolong Gold, MdbeedProbes). Negative controls were

carried out by serum from a non-immunized rabbit.

2.9. Cell culture

Canine endothelial cells (CnAOEC) and canine smouathcle cells (CnAOSMC)
from Cell Applications, INC were respectively growncanine endothelial and canine
smooth muscle cell growth mediums (Cell ApplicatipiNC). CnAOEC plates were
precoated with an attachment factor solution (@eblications, INC). Cells were
cultured at 37°C in a humidified atmosphere inphesence of 5% carbon dioxide and
95% air. Medium was changed every 3 days. Expans@s done by trypsinizing the
cells (Trypsin/EDTA, Cell Applications, INC) andplating them when the proliferating
cells had reached a sufficient density. Passagagjdene at ratios of 1:6 (CnAOEC) or
1.3 (CNAOSMC). Cell counts were performed usinggfaipment Countess Automated

Cell Counter (Invitrogen) following the manufactusanstructions.

2.10. Reagents and stimulation of ChnAOEC and CnAOSH
For stimulations, CnAOEC and CnAOSMC were grown 4odays to obtain
confluent cultures and were treated witihdgiml of rDIACT or rDiFBAL, 10ug/ml of
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PLG (Acris Antibodies)4] or with a mixture of both treatments (rDIACT + PLds
rDIFBAL + PLG). Untreated cells and cells treatedhwDIACT/rDiFBAL + PLG + 50
mM of eACA as an inhibitor of PLG activation were usedantrol cells under the same

conditions.

2.11. Cell lysates and Western blot analyses

Western blot analyses were performed as describetbtailed previously23]
with slightly modifications. ChnAOEC and CnAOSMC pieusly treated with lg/ml of
rDIACT or rDiFBAL for 24 h were lysed in ice-colgdis buffer (20mM Tris—HCI (pH
7.5), 140mM NacCl, 10mM ethylendiaminetetraacetid at0% glycerol, 1% Igepal CA-
630, aprotinin, pepstatin, and leupeptin ag/inl each, 1mM phenylmethylsulfonyl
fluoride, and 1mM sodium orthovanadate). Non-stated cells were used as controls
under the same conditions. Protein samplesi¢)Qvere separated by SDS-PAGE under
reducing conditions and electrotransferred ontonpoylidine difluoride membranes.
Then, membranes were blocked before incubation théhfollowing primary rabbit
polyclonal antibodies: anti-tPA and anti-uPA (Sa@taz Biotechnology Inc) according
to the manufacturer's recommendations. After intabawith HRP-conjugated anti-
rabbit secondary antibodies, bands were visualzea luminol-based detection system
with p-iodophenol enhancement. Artitubulin antibody (Oncogene Research Products)
was used as control to confirm loading of compaahount of protein in each lane.
Protein expression was quantified by densitomesiggithe PDQuest Software v.8.0.1
(Bio-Rad).

2.12. Cell proliferation assay
Cells were plated on 24-well plates to a density@fCnAOEC/well or 1.5 x 1D

CnAOSMC/well and allowed to attach overnight. Afsgimulations cell proliferation
was analyzed by crystal violet nuclei staining o¥@rdays determining the number of
viable cells as previously describgd]. Briefly, every two days, cells were rinsed with
PBS, fixed with 4% formaldehyde for 10 min and s¢a with 0.2% crystal violet for 30
min at room temperature. After several rinses WBS, the cells were allowed to dry
overnight and crystal violet bound to cells wagsa&oted by incubation with 2 ml/well of
10% acetic acid. The absorbance of the samplestheas measured at 595 nm and
transformed to “number of viable cells” using awauthat correlated absorbance and

number of endothelial or smooth muscle cells presiypdetermined.
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2.13. Cell migration assay

Cell migration was assessed by quantifying the gregege of wound closure in
the wound-healing ass&35]. In brief, CnAOEC or ChnAOSMC were cultured in 66nm
plates (3 x 19 cells/plate) and allowed to attach overnight beferound creation.
Confluent monolayers were wounded using a steipetfe tip and the medium was
exchanged for fresh medium before cell stimulatmremove cellular debris. The extent
of wound closure of the treated and control celdswnonitored over a time course by
microscopy and determined along 8 hours by calingathe migrated distance/total

wound distance.

2.14. Collagen degradation assay

The concentration of collagen in the supernatards analyzed by ELISA.
Treated and control cells were cultured with mediiam48 hours. Then the culture
supernatants were collected, filtered and addednhudti-well plates (Costar). After
incubation overnight at 4°C, wells were blockedwli®# BSA in PBS and incubated with
a rabbit anti-Type | Collagen antibody (1:2500) &cAntibodies), and then with a
peroxidase-conjugated goat anti-rabbit IgG (Sigaia):500 dilution. All incubations
were performed for 1 h at 37°C and between eaghwéshed three times with PBST.
Ortho-phenylene-diamine was used as a chromoges vige measured at 492 nm in an
Easy Reader (Bio-Rad).

2.15. Matrix Metalloproteinase (MMP) levels assays

The levels of MMP-2 and MMP-9 metalloproteinasethi@ culture media of the
different experimental groups was analyzed by gelatmographyf26] according to the
methodology described by Marangoni et al. (2J2). Media samples employed in the
collagen degradation assays were electrophoresed di9% polyacrylamide gel
copolymerized with 1% gelatin (Sigma) together vatiViMP marker (Cosmobio) as a
positive control. The gels were washed for 1 hau2.6% Triton X-100 and incubated
for 20 hours at 37°C in agitation in an enzymattvation buffer ph 7.5 (50 mM Tris;
200 mM NaCl; 5 mM CaGJ 0,2% Brij-35). The gels were finally stained wiflmomassie
blue. The positivity was assessed as appearamteasfbands on a dark background with
molecular weights of 72 kDa (MMP-2) and 92 kDa (MM} The levels of MMPs were
calculated after measuring the intensity of thestaxy bands, which is directly

proportional to the amount of gelatin degraded theogel[28].
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2.16. Statistical analysis

The results from the PLG binding assay, PLG adtwaassay and Western blots
for the tPA and uPA expression were analyzed viaghStudent’s t-test. Cell proliferation
and migration, collagen degradation and MMP leveignificance measurements
(comparisons between groups) were performed by AN@Xd corrected for repeated
measurements when appropriate. If ANOVA revealedralV significant differences,
individual means were evaluated post hoc using &ooifi’'s procedure. All the results
were expressed as the mean + SD of three expesrmeniormed with duplicates. In all
experiments, a significant difference was defined g-value of <0.05 for a confidence
level of 95%.

3. Results
3.1. Amplification, cloning, sequencing, and exprason ofD. immitisACT and FBAL
Amplification of D. immitis ACT and FBAL cDNA by RT-PCR respectively
resulted in PCR products of around 1100 and 100@\fipr their cloning into the pSC-
A vector, fragments were fully sequenced and tigeintities demonstrated as actin and
fructose bisphosphate aldolase by BLAST analysis.flew sequences were respectively
deposited in the Gen-Bank under accession numkEf8QD93.1 and JQ780094.1. The
full cDNA respectively contained 1131 and 1092 eotides, encoded a protein of 376
and 363 amino acids, with a theoretical moleculeigitt of 41.820 and 39.423 Da, and
pl of 5.29 and 7.65.

The bioinformatics analyses of the deduced amimb equences did not reveal
a signal peptide, transmembrane helices or glygaisgsphatidyl inositol anchors. The
percentage identity between DIACT/DIFBAL and honguas sequences from other
organisms was analyzed using multiple sequencaraigt with the ClustalW program
(Figs 1 and 2)The analysis revealed that DIACT and DiFBAL arghly conserved
proteins. Thus, in the alignment of these sequenwdbshomologous proteins from other
filarial nematodesWuchereria bancroftiO. volvulus B. malayiandL. loa) DIACT and
DIFBAL respectively obtained identities of 100% aathge of identities between 94.21
and 96.69%. These identities also obtained highegahen DIACT and DiFBAL were
aligned with homologous proteins from other pamaditelminthes(Figs 1 and 2)
Aditionally, a PLG-binding domain to actin withinméno acids 56 to 70
(GDEAQSKRGILTLKY) and 19 and 12 conserved lysinsidees in the DIACT and
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DIFBAL alignment were respectively found and highlied. In silico three-dimensional
modelling of the molecules predicted the 3D strretishowing in the case of DIACT a
monomer with 2Qi-helices and 18-sheetgFig 3A). Molecular modelling of DiFBAL
showing a homo-tetramer with the presence ai-bélices and 18-sheetgFig 3B). The
PLG-binding domain (GDEAQSKRGILTLKY) and the conged lysine residues were
highlighted and were visualized on the outsidenefiroteins.

The D. immitis ACT and FBAL cDNA were cloned into the expressiattor
TOPO/pDEST. After induction of expressiontncoli, the recombinant proteins were
purified under denaturing conditions using nickifinity chromatography. The purified
rDIACT and rDiFBAL respectively had molecular wetglof 43.6 kDa and 41.6 kDa in

polyacrylamide gel.

3.2. rDIACT and rDiFBAL bind PLG

An ELISA was carried out to determine the bindiagdl of PLG to rDIACT and
rDIFBAL (Fig 4). Analyses showed that both recombinant proteind BILG in a similar
way and that this binding is directly proportionalthe amount of PLGFig 4). Wells
coated only with BSA, used as negative controlwstb some non-specific binding
activity, but always with values significantly lovgethan those obtained by rDIACT and
rDIFBAL (p<0.05). The addition of 50 mMACA respectively resulted in the inhibition
of about 70% and 90% of the binding level of rDIAGAd rDiFBAL, demonstrating the

involvement of lysine residues in the procéss 4).
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D.immitis MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQRKDSYVGDERDQ 60
W.bancrofti MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQOKDSYVGDEAQ 60
0.volwvulus MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQEDSYVGDEAQ 60
B.malayi MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHOGVMVGMGQOKDSYVGDERAQ 60
L.loa MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQ 60
A.suum MCDDDVAALVIDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHOGVMVGMGQKDSYVGDEAQ &0
H.sapiens ~MDDDIAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQ 59
S.bovis MADEEVQALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQ 60
e ***:*‘k**w***w*******ww*******************************
D.immitis SKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 120
W.bancrofti SERGILTLEYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREEM 120
O.volvulus SKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 120
B.malayi SKRGILTLRYPIEHGIVTNWDDMERIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 120
L.loa SKRGILTLRYPIEHGIVTNWDDMERIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 120
A.suum SKRGILTLRYPIEHGIVTNWDDMERKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 12
H.sapiens SKRGILTLKYPIEHGIVTNWDDMERIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREKM 119
S.bovis SKRGILTLEYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPVLLTEAPLNPKANREEM 120
e e e ok e o oo o ok ok sk ke ek e ke ek ko sk ok ok sk ok sk ke e ok ok ok
D.immitis TQIMFETENTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVTHTVPIYEGYALFHAILRLD 180
W.bancrofti TQIMFETENTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVIHTVPIYEGYALPHAILRLD 180
O.velvulus TQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVTHTVPIYEGYALPHATILRLD 180
B.malayi TQIMFETENTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVTHTVPIYEGYALPHAILRLD 180
L.loa TQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVTHTVPIYEGYALPHATLRLD 180
A.suum TQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVLDTGDGVTHTVPIYEGYALPHAILRLD 180
H.sapiens TQIMFETFNTPAMYVAIQAVLSLYASGRTTGIVMDSGDGVTHTVPIYEGYALPHATILRLD 179
S.bovis TQIMFETFNTPAMYVGIQAVLSLYASGRTTGIVLDSGDGVIHTVPIYEGYALPHAILRLD 180
Fhkdkhhrhdkhhhdhhdd dhdhrhddhahdhhddbh o ohhhrddhrhdhddrhddbrhddhhksk
D.immitis LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
W.bancrofti LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
0.volwvulus LAGRDLTDYLMKILTERGYSEFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
B.malayi LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
L.loa LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
A.suum LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
H.sapiens LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 239
S.bovis LAGRDLTDYLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAASSSSLEKS 240
khdhhkhhhddbhbdbdbhhbdhbhrbdbhbbrdbhrbdbrbd bbb bbb bbb dbrbhb bbb bddd
D.immitis YELPDGQVITIGNERFRCPEALFQPSFLGMESTGIHETTYNSIMKCDVDIRKDLYANTVL 300
W.bancrofti YELPDGQVITIGNERFRCPEALFQPSFLGMESTGIHETTYNSIMKCDVDIRKDLYANTVL 300
O.velvulus YELPDGQVITIGNERFRCPEALFQPSFLGMESTGIHETTYNSIMKCDVDIRKDLYANTVL 300
B.malayi YELPDGQVITIGNERFRCPEALFQPSFLGMESTGIHETTYNSIMKCDVDIRKDLYANTVL 300
L.loa YELPDGQVITIGNERFRCPEALFQPSFLGMESTGIHETTYNSIMKCDVDIRKDLYANTVL 300
A, suum YELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETTYNSIMKCDVDIRKDLYANTVL 300
H.sapiens YELPDGQVITIGNERFRCPEALFQPSFLGMESCGIHETTFNSIMKCDVDIRKDLYANTVL 299
S.bovis YELPDGQVITIGNERFRCPEALFQPSFLGMESAGVHETTFNSIMKCDVDIRKDLYANTVL 300
L
D.immitis SGGTSMFPGIADRMOKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISK 360
W.bancrofti SGGTSMFPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISK 360
0.velvulus SGGTSMFPGIADRMOKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOQMWISK 360
B.malayi SGGTSMFPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISK 360
L.loa SGGTSMFPGIADRMOKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISK 360
A.suum SGGTSMFPGIADRMQREITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQOMWISK 360
H.sapiens SGGTTMYPGIADRMQKEITALAPSTMKIKIIAPPERKYSVWIGGSILASLSTFQQMWISK 359
S.bovis SGGTTMFPGIADRMQKEITALAPSTMKIKIVAPPERKYSVWIGGSILASLSTEQOMWISK 360
****:i:*****i*&****i*{********:*t***************************
Identity (%)
D.immitis QEYDESGPSIVHRKCF 376 =
W.bancrofti QEYDESGPSIVHRKCF 376 100
O.volvulus QEYDESGPSIVHRKCE 376 100
B.malayi QEYDESGPSIVHRKCF 376 100
L.loca QEYDESGPSIVHRKCFEF 376 100
A.suum QEYDESGPSIVHRKCF 376 98,73
H.sapiens QEYDESGPSIVHRKCFEF 375 97.60
S.bovis QEYDESGPGIVHRKCF 376 96.54

kkkkohokk  kkdkohkkk

Fig. 1. Multiple sequence alignment of DIACT with lomologous proteins Alignment of theD. immitis
ACT sequence (I3WTW3) with the ACT froi. bancrofti (EJD75047),0. volvulus (EJW73626) B.
malayi (P48812),L. loa (001360),Ascaris suumBAB68543), Homo sapiengP20287) andS. bovis
(AIE44418). The percentage of sequence identitwéenD. immitis sequence and the others is indicated.
The amino acids conserved in all the sequencesladraled with asterisks, and conservative and
semiconservative substitutions are respectivelgllat with two and one point. Conserved lysinedess
are shaded in yellow. The PLG-binding domain (GDESAMRGILTLKY) are shaded in grey.
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D.immitis = = =  —memmmmmmmm e MTSYSQFL 8
O.volvulus = =  —--mmmmm e MISYSQFL 8
L.lca MQPNFFTKYYVISGDTSSTAKHLVDEGNSSAVNATSDTTAVDAEATAAVVEKMTISYSPFL 60
B.malayi MTISYSQFL 8
W.bancrofti MISYSQFL 8
A.suum MASYSQYL 8
H.contortus MASHSQYL 8
S.japonicum MPRFPPYL 8
Taoan
D.immitis TEAQKDELRQIANQIVAPGKRGILAADESVGSMDEKLKPIGLENVEENRRLYRQLLFTAGD 68
O.volvulus TDAQKDELRKIANQIVTPGKGILAADESTGSMDKKLKPIGLENVEENRRLYRQLLFTAGD 68
L.loa TQAQKDELRQIANQIVAPGKGILAADESTGSMDKKLKPIGLENVEENRRLYRQLLFTAGD 120
B.malayi TDAQKDELRQIANQIVTPGKGILAADESTGSMDEKLKPIGLENVEENRRLYRQLLFTAGD 68
W.bancrofti TEAQKDELRQIANQIVTPGKRGILAADESTGSMDKKLKPIGLENVEENRRLYRQLLFTAGD 68
A.suum TKAQEDELRQIAQAIVAPGKGILAADESTGSMDEKLKPIGLENVEENRRLYRQILFTSSD 68
H.contortus TKEQEDELRGIANATVAPGKGILAADESTGSMDKKMONIGTENTEEQRRKYRQLLFTASPE 68
S.japonicum TEAQEDDLRQIAQAICAPGKGILAADESTATMGKRLQQIGVENNEENRRLYRQLLFSADH 68

* kakedkk khka ok schkkkakhkkhdkohk ek ke es kk kd hdkekk khkakhoe s

D.immitis EMSKYISGVIMFHESFYHEADDGTPFVQILQKKGILPGIKVDKGVVPMAGTVGEGTTQGL
O.volvulus EMSKYISGVIMFHETFYQKGDDGTPFVQILQKKGILPGIKVDKGVIPMAGTVGEGTTQGL 1
L.loa EMSKYISGVIMFHETFYQKGDDGTPEVQILQKKGILPGIKVDEGVVPMAGTVGEGTTQGL 1
B.malayi EMSKYISGVIMFHETFYQKADDGTPFVQVLOKKGILPGIKVDKGVIPMAGTVGEGTTQGL
W.bancrofti EMSKYISGVIMFHETFYQKADDGTPFVQVLOKKGILPGIKVDKGVIPMAGTVGEGTTQGL
. suum EISKHISGVIMFHETFYQKTDDGTPFVEVLKEKGIIPGIKVDKGVVPMAGTIGEGTTQGL
H.contortus EMSKHISGVIMFHETFYQRTDDGTRFVDVLEKQGVIPGIKVDKGVVPMAGTVGEGT TQGM
S.Jjaponicum KLAQNISGVILFEETLHQKSDDGKTLPTLLAERHIIPGIKVDKGVVPLAGTDNETTTQGL
s hkkkk ek kpasaik kkk | s sk pn kR kkkAkRk gk gkkk ok kkkky
D.immitis DDLNSRCAQYKKGGAQFAKWRCVHRIGATTPSHMALVEIAEVLARYASICQOHGLVPIVE 1
O.volvulus DDLNSRCAQYKKDGAQFAKWRCVHKIGATTPSHMALVEIAEVLARYASICQQOHGLVPIVE 1
L.loa DDLNSRCAQYKKDGAQFAKWRCVHKIGATTPSHMALVEIAEVLARYASICQOHGLVPIVE
B.malayi DDLNNRCAQYKKDGAQFARKWRCVHKIGATTPSHMALVEIAEVLARYASICQQHGLVPIVE 18
W.bancrofti DDLNNRCAQYKKDGAQFAKWRCVHKIGATTPSHMALVEIAEVLARYASICQQHGLVPIVE
A.suum DDLNARCAQYKKDGAQFAKWRCVHRKIGATTPSHMALVEIAEVLARYASICQQHGLVPIVE 1
H.contortus DDLNARCAQYKKDGAQFAKWRCVHKISATTPSHMALVEIAEVLARYASICQONGLVEIVE
S.japonicum DDLASRCAEYRKLGCRFAKWRCVLKISSHTPSYQAMLENANVLARYASICQONGLVPIVE 18
dokk kkk ek ok ok aokkkkkhkdk kk 4 kkky ha ok ke kdkkkkhkkkka bk ok bk kk
D.immitis PETLPDGEHDVHRCQKVIELVLSYTYKALIDHHVYLEGTLLKPNMCMPGMQFKG-QCSHE 247
O.volvulus PETLPDGEHDVHRCQKVTELVLSYTYKALIDHHVYLEGTLLKPNMCMPGMQFKG-QCSHE 247
L.loa PETLPDGEHDLHRCOKVTELVLSYTYKALIDHHVYLEGTLLKPNMCMPGMOFKG-QCSHE 299
B.malayi PETLPDGEHDLHRCOKVTELVLSYTYKALIDHHVYLEGTLLKPNMCMPGMQYKG-QCSHE 247
W.bancrofti PETLPDGEHDLHRCQKVTELVLSYTYKALIDHHVYLEGTLLKPNMCMPGMQYKG-KCSHE 247
A.suum PETLPDGDHDLDRCQKITEAVLSYTYKALIDHHVFLEGTLLKPNMVTPGMQGP--KVSHE 246
H.contortus PEILPDGEHDIHRCQKITETVLSYCYRALNDHHVYLEGTLLKPNMVTAGQAFKGTKESHD 248
S.Jjaponicum PEVLPDGDHDLLTAQRVTEEVLSFVYKALADHHVYLEGTLLKPNMVTAGQACKK-AYTPQ 247
gk kkkk g kok Lkrrkk kkw. ki kk Rk ks kkkkdkkkkd A
D.immitis EIARATVTALRRTVPVAVPGIVFLSGGQSEEDATLNLNAINQFSGKRKPWALTFSYGRALQ 307
O.velvulus EIARATVTALQRTVPVAVPGIVFLSGGQSEEDATLNLNAINQFPGKKPWALTESYGRALY 30
L.loa DIARATVTALQRTVPVAVPGVVFLSGGQSEEDATLNLNAINQFPGKKPWALTFSYGRALQ 35
B.malayi DIARATVTALQRTVPVAVPGIVFLSGGQSEEDATLNLNAINQFPGKKPWALTFSYGRALQ 307
W.bancrofti DIARATVIALQRTVPVAVPGIVFLSGGQSEEDATLNLNAINQFPGKKPWALTFSYGRALQ 307
A.suum EIARATVTCLORTVPVAVPGIVFLSGGQSEEDATLNLNAINQYQGKKPWALTFSYGRALQ 306
H.contortus EIALATVTALQRAVPAAVPGVVFLSGGOSEEDATLNLNAMNKLOTKKPWALTFSYGRALQ 308
S.Jjaponicum ENALATVRALORTVPPAVPGITFLSGGQSELDATKNLNEINKIPGPEKPWALTESFGRALQ 307
*  kdkk .*:-l-:** ****:.******** ddkk khkk :*: i*******:****i
Identity (%)
D.immitis ASALARWGGKPENIQAAKEAFLKRAEANSLAQLGKYTGG-AGSGAAGENLYIANHAY 363 -
O.volvulus ASALAAWGGKPENIQAAKEAFLKRAQANSLAQLGKYTGG-AGSGAAGENLYIANHAY 363 96.69
L.loa ASALARWGGKPENIQAAKEAFLKRAQANSLAQLGKYTGG-AGSGARAQNLYVANHAY 415 95.59
B.malayi ASALAAWGGKLENIQAAKEAFLKRAQANSLAQLGKYAGG-AGSGAAAQNLYVANHAY 363 94.49
W.bancrofti ASATAAWGGKLENIQAAKEAFLEKRAQANSLAQLGKYAGG-ADSGARARQNLYVANHAY 363 94.21
A.suum ASVLAAWGGKKENEEAAKAAFLKRAQANGLAALGKYTGG-GAGSAAGQSLYIANHAY 362 85.64
H.contortus ASAMAKWSGKDENVPAAKAVEMORAQANSLAALGKYSGDENADKAASQSLFVANHAY 365 77.41
S.Jjapenicum ASVLATWQGKKENVHSAQEEFLKLAKANGAAAVGKFEGD-MGTALGDKSLFVANHAY 263 63.64

kk ok ok kk ko sk ke kekk * akks * sk s kkEkAk

Fig. 2. Multiple sequence alignment of DiFBAL withhomologous proteinsAlignment of theD. immitis
FBAL sequence (I3WTW4) with the FBAL from®. volvulus (QOU9R9),L. loa (JODRR2),B. malayi
(ABP3ES), W. bancrofti (J9EVQ4), A. suum (ULM5S0), Haemonchus contortu$R4H2V1) andS
japonicum(C1LB95). The percentage of sequence identity ®enld. immitis sequence and the others is
indicated. The amino acids conserved in all theisages are labelled with asterisks, and conseevatid
semiconservative substitutions are respectivelgllat with two and one point. Conserved lysinedess

are shaded in yellow.
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¥ GDEAQSKRGILTIKY ™
Plasminogen-binding domain

Fig. 3.Molecular modelling of D. immitis ACT and FBAL. The secondary structure of the proteins was
predicted with the Swiss-Model web server (httpiigsmodel.expasy.org/) by analogy with the X-ray
crystallography available models. The three-dinmai models of DIACT (A) and DiFBAL (B) were
visualized with the RasMol application v. 2.7.5Chnserved lysine residues of proteins were higtdigh
as red balls. The PLG-binding domain (GDEAQSKRGIKM) is highlighted in yellow.

A

oD 1A
0.8 -
0.6 -
0.4

0.2 4

ug of Plasminogen ug of Plasminogen

Fig. 4. PLG binding assay of rDIACT and rDiFBAL. PLG binding to 0.jug of rDIACT (A) or rDiFBAL

(B) analyzed over a range of PLG amounts usingcaatiier plate methodm{ Incubation with increasing
amounts of PLG, 0—3g. (A) Competition assay with 50 mBACA included during PLG incubatione)
Wells coated with BSA used as negative control.hHaaint is the mean + SD from three independent

experiments. The asterisk (*) designates signifi¢pr0.05) differences.

3.3. rDIACT and rDiFBAL enhance the activation of -.G by tPA
In order to determine the ability of rDIACT and ABAL to activate PLG and

generate plasmin on their own, the amidolytic distiof plasmin generated in the
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presence or absence of tPA was measured. Negatils replacing each recombinant
protein for BSA or tPA were also usdég 5 shows the capacity of rDIGAPDH and
rDIGAL to stimulate plasmin generation by tPA obiag ODs significantly higher than
the negative controls (p<0.05). Both proteins atgdisimilar results and PLG activation
did not occur in the absence of tPA. In addititws effect is inhibited by 50 mMACA,
indicating the involvement of lysine residues ie ffrocessFig 5).

OD 0.2 + A 0.2 B

% %=

1

0.1 + g =]
0 . I . - . = 3 l 0 ‘ I . i I . - l

ACT+ ACT ACT+ ACT+ BSA+ BSA FBAL + FBAL FBAL +FBAL + BSA+ BSA

tPA tPA+ =ACA tPA tPA tPA+ =ACA tPA
sACA eACA

Fig. 5. PLG activation assay of rDIACT and rDiFBAL. PLG activation and plasmin generation by
rDIACT (A) or rDIFBAL (B). (o) 15 ng of tPA was added to mixtures which contadi@eig of human
PLG, 3ug of D-Val-Leu-Lys 4-nitroanilide dihydrochlorid&igma) and Lug of each recombinant protein
(or BSA as negative control) in the presence oeatxs of 50 mM ofACA in a test volume of 100l. (m)
Reaction mixtures in absence of tPA. Each poithésmean + SD from three independent experiments.

The asterisk (*) designates significant (p<0.0%fedénces.

3.4. Effect of rDIACT and rDiFBAL on the fibrinolyt ic system activators (tPA and
uPA) expression in CnAOEC and CnAOSMC

To complete the study of the effect of rDIACT amdRBAL on the fibrinolytic
system activation, proteins from rDIACT or rDiFBAteated or untreated CnAOEC and
CnAOSMC extracts were separated by SDS-PAGE anlyzethby Western blotting
using anti-tPA and anti-uPA antibodies. rDIACT aridiFBAL induced a marked
increase in the expression of the main fibrinolgativators tPA and uPA in cultured
endothelial cells (p<0.05Fig 6A and 6C) This increase was greater in the case of the
uPA expression and significantly higher in cellsnsiated with rDiFBAL (Fig 6C)
Significant differences in the expression of tPAdamPA in CnAOSMC between
rDIACT/rDiFBAL-treated or untreated cultures werat flound(Fig 6B and 6D)
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Fig. 6. Effect of rDIACT and rDiFBAL on the fibrino lytic system activators expressionEffect of
rDIACT and rDiFBAL on the expression of tPA (A aBiland uPA (C and D) in canine vascular endothelial
(A and C) and smooth muscle cells (B and D). Pnogeiracts from lysed rDIACT or rDiFBAL treated or
untreated confluent cell cultures were analyzed\MBstern blot for tPA and uPA-tubulin served as a
protein control. Data are shown as representatmagés or means + SD from three independent
experiments. The asterisk (*) designates signifi¢pr0.05) differences from control celle.)(Stimulated

cells with 1pg/ml of rDIACT. ) Stimulated cells with 1pg/ml of rDiFBALm} Non-treated control cells.

3.5. Immunolocalization of DIACT and DIiFBAL in secions from D. immitis adult

worms
Immunolocalization of proteins was carried out hg tuse of a commercially

available high-affinity ligand (in the case of ACand a rabbit polyclonal antisera (in the

case of FBAL). The reactivity and specificity of¢fantiserum was tested in ELISA and
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Western blot prior to their use in the immunolozation studies. The antibody titers of
this antiserum were higher than 1/500, with an GQ[1.@5 while the negative serum
showed an OD of 0.13 at the same dilution. Thed@i&BAL antiserum reacted strongly
and specifically against the recombinant proteihilevthe negative serum showed no

reactivity in the Western blot analysis (not shown)

The anatomical localization of DIACT and DIFBAL wasarried out in
histological sections dd. immitisadult worms by immunofluorescence. As showRim
7, all sections showed green fluorescence througtheusoma of the parasite, as a result
of the binding of phalloidin-Alexa Fluor 488, ACTgh-affinity ligand which serves also
as a positive control of the technique. Sectionsulated with the anti-rDIFBAL
antiserum showed, in addition, specific reactifityred) against the parasitic FBAL due
to the binding of the anti-rabbit IgG antibody aaggted to Alexa Fluor 594. Both
proteins are located scattered throughout all timeas being especially abundant in the
cuticle (reflected by an orange color in the owed&Phalloidin-Alexa Fluor 488 + Alexa
Fluor 594 images). Sections incubated with a rabdgative serum showed no specific

red fluorescence from recombinant proteins.

3.6. rDIACT, but not rDIFBAL, produces proliferatio n of CnAOEC and CnAOSMC
via PLG/plasmin system

The effect of rDIACT or rDIFBAL and PLG on the piferation of endothelial
and smooth muscle cells was quantified using tistak violet technique in a period of
10 days(Fig 8). Both cultures showed typical curves of cell griowt all experimental
groups with a progressive growth between days O Gt 8 post-treatment in the
CnAOEC or CnAOSMC cultures, experiencing cell deatidl an evident decrease of
viable cells from there until the end of the expent (day 10 post-treatment). Crystal
violet staining showed an increase significantlgager in the number of viable cells in
cultures stimulated with rDIACT + PLG than that sleal by other experimental groups
on days 4 and 6 post-treatment (CnAOEC) or day 8t-reatment (CnAOSMC)
(p<0.05), indicating that this treatment stimulatke proliferation of ChAOEC and
CnAOSMC in culture. Significant differences in cgiroliferation between cells
stimulated with rDIFBAL + PLG and other experimdrgeoups were not found in both

types of cultures.
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Fig. 7. Immunolocalization of DIACT and DiFBAL in sections from D. immitis adult worms.
Representative images from three independent erpats of parasite sections incubated with phalhidi
Alexa Fluor 488 (in green, specific binding to AQJlys the negative or the anti-rDiFBAL rabbit saral

an anti-rabbit IgG-Alexa Fluor 594 (in red). Copesnding transmitted light images are also addressed

Magnification 4X.
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Fig. 8. Cell proliferation assay performed by the ystal violet technique measuring cell viability oer

a 10 days periodThe experiment was carried out in canine endahgli and C) and smooth muscle cells
(B and D) untreatec=( ) or treated with 1 pg/mIBIACT or rDIFBAL + 10 pg/ml of PLG < ), 1 pg/ml
of rDIACT or rDIFBAL (m), 10 pg/ml of PLG+{ ), or wit 1 pg/ml of rDIACT or rDiFBAL + 10 pg/ml of
PLG + 50 mM of theACA (=). Results were expressed as number of vieblls (x 10,000). Each point
is the mean = SD from three independent experimdrite asterisk (*) designates significant (p<0.05)

differences between rDIACT + PLG treatment and cdmgroups.

3.7. rDIACT and rDiFBAL produce migration of ChAOEC and CnAOSMC via
PLG/plasmin system

A Wound Healing assay was performed to assess tiograf endothelia(Fig 9)
and smooth muscle cel{ig 10) The quantification was carried out by measurimg t
distance of migration in comparison with negatiwatcol (untreated cells) to 8 hours
post-treatment. In both CnAOEC and CnAOSMC cult@esgnificant increase of cell
migration after stimulation with rDIACT or rDiFBAK PLG with respect to the other
experimental groups (p<0.05) occurred, being titsgase most pronounced in cultured
smooth muscle cells. After comparing the effectboth parasitic proteins, rDIACT
showed higher values of migration ability in bogipes of cell cultures with respect to
those obtained by rDIFBAL.
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Fig. 9. CnAOEC migration by Wound-Healing assay.Confluent cell cultures were wounded post-
treatment and migration distances were measur&dhaturs. The experiment was carried out in canine
endothelial cells untreatee ( ) or treated with fonpl of PLG (=), 1 ug/ml of rDIACT/rDIFBAL { # ), 1
pg/ml of rDIACT/rDIFBAL + 10 pg/ml of PLG={ = ) or wih 1 pg/ml of rDIACT/rDiFBAL + 10 pg/ml of
PLG + 50 mM of the ACA (=/=). The results were expressed as percentageonigration ability of the
negative control cells (100%). Data are shown gsesentative images or means + SD from three

independent experiments. The asterisk (*) designsigmificant (p<0.05) differences between rDIAQT o
rDIFBAL + PLG treatment and control groups.

3.8. rDIACT and rDIFBAL produce ECM degradation of ChnAOEC and ChnAOSMC
via PLG/plasmin system

To examine ECM degradation, Type | Collagen in thdture supernatant of
treated and untreated CnAOEC and CnAOSMC were meddly ELISA(Fig 11) A
lower concentration of Type | Collagen and therefafurther degradation of the secreted
collagen by the cells was observed in the cultueglimmof CnAOEC and CnAOSMC
stimulated with rDIACT/rDIFBAL + PLG than that olteed by the control cells (p<0.05).
In addition, the same culture media from treatedl @mireated cells were analyzed with
gelatin zymography for MMP-2 and MMP-9 levélsg 12) Density of the bands was
measured by the Quantity One Software (Bio-Radafiment with rDIACT or rDIFBAL
+ PLG shows a significantly higher MMP-2 level hnetCnAOEC and CnAOSMC culture
media and MMP-9 level in the CnAOEC culture medhant that obtained by the other
treatments (p<0.05). In addition, treatment witiRBAL + PLG shows an activation of
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the latent form of the MMP-9 in the CnAOSMC cultunedia (show by a clear band of
82 kDa), which does not appear with other treats1e@do significant differences in the
MMP-9 levels in the culture media of CnAOSMC weliservedFig 12)
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Fig. 10. CnAOSMC migration by Wound-Healing assayConfluent cell cultures were wounded post-
treatment and migration distances were measur&dhaturs. The experiment was carried out in canine
smooth muscle cells untreated ( ) or treated withugnl of PLG ¢ ), 1 pg/ml of rDIACT/rDiIFBAL
(=/=), 1 pg/ml of rDIACT/rDIFBAL + 10 pg/ml of PLG=(w) or with 1 pg/ml of rDIACT/rDiFBAL + 10
pg/ml of PLG + 50 mM of theACA (=/m). The results were expressed as percergédiee migration
ability of the negative control cells (100%). Dar@ shown as representative images or means +ddD fr
three independent experiments. The asterisk (*)gdates significant (p<0.05) differences between
rDIACT or rDIFBAL + PLG treatment and control graaip
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Fig. 11.Type | Collagen degradation assayCollagen degradation measured in culture supertsatiam
canine endothelial (A) and smooth muscle cellsui@yeated+ ) or treated with 10 pg/ml of PLG= (1),
pg/ml of rDIACT/rDIFBAL (= /=), 1 pg/ml of rDIACT/rDIBAL + 10 pg/ml of PLG # ) or with 1 pg/ml

of rDIACT/rDIFBAL + 10 pg/ml of PLG + 50 mM of theACA (~/=). The results were expressed as
percentage of the Type | Collagen concentratiothé culture supernatant from negative control cells
(100%). Each point is the mean = SD from three peaelent experiments. The asterisk (*) designates
significant (p<0.05) differences between rDIACTrDiFBAL + PLG treatment and control groups.
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Fig. 12. MMP-2 and 9 levels assayRepresentative zymography of MMP-2 (solid bars) 8MP-9
(hatched bars) levels in the culture supernatanta £anine endothelial (A) and smooth muscle d&8)s
untreated < ) or treated with 10 pg/ml of PLS ( )u@/ml of rDIACT/DIFBAL (=/=), 1 pg/ml of
rDIACT/rDIFBAL + 10 pg/ml of PLG ¢ & ) or with 1 pg/hof rDIACT/rDiFBAL + 10 pg/ml of PLG +

50 mM of theeACA (=/=). Note the gelatinolytic bands associatethwiMP-2 (72 KDa) and MMP-9 (92
KDa) levels, as well as with the MMP-9 activatethiiqdmarked with a white asterisk at 82KDa. The ltssu
were expressed as percentage of the MMPs levdleiulture supernatant from negative control cells
(100%). Data are shown as representative image®ans + SD from three independent experiments. The
asterisk (*) designates significant (p<0.05) difieces between rDIACT or rDIFBAL treatment and contr
groups.
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4. Discussion

The main finding of this study lies in relating htve activation of the fibrinolytic
system by two proteins of the blood-borne pard3itenmitis (a priori beneficial for both
the parasite and host), may cause long-term pajlualiceffects based on the participation
of generated plasmin in the emergence of a prafgssliferative endarteritis. This study
was conducted with the ACT and FBAL DBf immitis highly conserved proteins that
were selected among parasite antigens that haditeetified as PLG-binding proteins
in previous workg$17,18]. Both proteins have previously been linked to fibanolytic
activities. The interaction between actin and PE®ell known, as well as the fact that
specific binding occurs through lysine residues,ciwhstimulate the tPA-dependent
plasmin generatiof29]. In addition, its function as PLG receptor hasrbéemonstrated
on the surface of endothelial celB)] and in the tegument & bovis[31]. Meanwhile,
FBAL has been identified as PLG-binding proteintle bacteriumMycobacterium
tuberculosis[32], the fungal pathogen€andida albicans[33] and Cryptococcus
neoformang34] and in the helminth parasi8&bovis[31].

In this paper, two peptide sequences of 376 an@f680o acids were respectively
obtained by cloning and sequencing of teimmitis ACT and FBAL cDNAs. The
subsequent bioinformatic analyses based on thepleuequence alignments carried out
with homologous proteins from other helminth paessand the homology modelling of
their 3D structures have highlighted their high réegof conservation. None of the
proteins showed structural motifs for their transpo expression on the cell surface
(signal peptide, transmembrane motifs or GPI arg)hdespite the fact that both proteins
have been previously identified in the secretonteanthe surface @. immitis[18,35]
This may be related to unconventional mechanism@atein transport, as for example
with the association of these proteins with exostikeesecretion vesicles. This fact has
been recently postulated as an extracellular t@hspechanism for glycolytic enzymes
from several groups of parasi{és].

In order to assess the interaction of these proigith the host fibrinolytic system
we study their abilities to bind PLG, enhance plasgeneration, stimulate the production
of the fibrinolytic activators tPA and uPA, as wadl their locations in the adult parasite.
Both proteins rDIACT and rDiFBAL showed ability bond PLG and stimulate plasmin

generation by tPA, which are capabilities medidigthe participation of lysine residues,
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as it has been demonstrated by competition assayiea out withcACA. Interaction
with PLG has been historically associated withpghesence of carboxyl-terminal lysine
residues in their receptof37]. However, conserved internal lysine residues hmean
more recently described as PLG-binding domains raghe case of enolase of
Streptococcus pneumoni@éB] or human beta-actin, in which a PLG-binding domain
within amino acids 55 to 69 (GDEAQSKRGILTLKY) hasdn identified indicating that
Lys®! and Ly$® are essential for this acti¢®9]. This domain has been conserved in the
ACT of D. immitis (see Fig 1) In addition, after viewing the spatial locatioh the
conserved lysine residues of the DIACT and DiFBAltheir 3D models, these residues
seem to be located externally in these moleculbgshwvould facilitate the accessibility
of PLG.

Despite the fact that the generation of plasminrDVACT and rDiFBAL is
dependent on tPA availability, we demonstrate bwih proteins produce a significant
stimulation of the basal production not only ofsthbrinolytic activator, but also of uPA
in canine endothelial cells in culture. This resalhforces the pro-fibrinolytic condition
of these proteins, since the participation of tP@ aPA in fibrinolysis is essential in the
effective activation of PLE40]. On the other hand, high levels in the expressfdroth
tPA and uPA have been related to several physicdbgnd pathological processes like
tissue remodeling and chronic inflammatory diseasash as atherosclerosis and arthritis
[41,42] Finally, immunolocalization studies showed th&OT and DiFBAL, as well
as having an intracellular location, they are patéirly abundant in the cuticle @.
immitis This fact is essential, so that the interactibthese proteins with the fibrinolytic
system may have relevance in vivo, it is necesbatyDIACT and DIFBAL are expressed
in tissues in direct contact with the blood of huest[43].

Secondly, in order to study the effect of plasnasutting from the fibrinolytic
activation by DIACT and DiFBAL on the proliferativendarteritis in the canine arterial
wall, we have developed an “in vitro” model of aamiendothelial and smooth muscle
cells. Our data demonstrate that stimulation Wit ACT + PLG causes the proliferation
of ChAOEC and CnAOSMC, and treatments with rDIAGTDIFBAL + PLG enhance
migration of both types of cells. This would be swstent with the formation of
intravascular microvilli occurring during dirofilasis, which is result of the

multiplication and migration of the arterial wadllts[44]. In addition, the binding of both
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proteins to PLG causes a significant increaseerdétgradation of collagen type | and in
the levels of MMP-2 in the culture media of ChnAOBQI CnAOSMC, as well as in the
levels of MMP-9 in the culture media of ChnAOEC. Mover, the binding of rDIFBAL
and PLG seems to induce an activation of the |dtam of the MMP-9 in the culture
media of ChAOSMC. These facts highlight the papation of the rDIACT/rDIFBAL +
PLG interaction in the degradation of the ECM nelde the formation of intravascular
microvilli. Type | Collagen represents the main gmment of the ECM of elastic arteries.
Its alteration has been associated with vascutmadie and its degradation products with
the proliferation and migration of smooth muscliésce remodeling arteriegl5]. These
results are consistent with those observed in biwdVang et al. (2005) who reported a
significantly lower amount of collagen in heartwemfiected dogs than in clinically
normal dogg$15]. On the other hand, MMPs function in the extradatl environment of
cells and degrade ECM molecules from the tissueodgrthem, Gelatinases (MMP-2
and MMP-9) can digest a large number of the ECMemdes including type IV, V and
XI collagens, laminin, aggrecan core protein, 8tbP-2, but not MMP-9, also digests
collagens I, 1l and 1ll[46]. In addition, the pathophysiological study of thetion of
gelatinases shows that an increase in its actaitybe responsible for tissue remodeling,
hypertrophy, angiogenesis and chronic inflammatin|. Finally, inhibition of all
positive results by including the 50 MM CA in the stimulations demonstrates the final
participation of plasmin generated by binding betw®iACT or DIFBAL and PLG on
the proliferation and migration of ChnAOEC and CnAXS, as well as the degradation
of the ECM.

These results seem to indicate tBaimmitis could use DIACT and DiFBAL to
shift the fibrinolytic balance towards the genearatof plasmin, which might constitute a
survival mechanism to avoid the clot formationtsintravascular habitat. On the other
hand, in long-term infections as cardiopulmonanmpfilariasis, this overproduction of
plasmin could be related to pathological phenoméescribed in the emergence of
proliferative endarteritis. These findings conttdto understand a very complex part of
the host-pathogen relationships of dirofilariasispwing how a process related to the
survival of the parasite and the host can lead fmaogenic mechanism of great
importance. Since the ability to bind PLG and emiegolasmin generation of proteins of
many pathogens has been shown, and that ACT andLFBA highly conserved

pathogenic antigens, similar events could occustiver infections caused by vascular
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pathogens developing chronic processes. The kngeletithese mechanisms could be

critical for the treatment and prevention of dig=asaused by infectious agents.
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CONCLVSIONES

1. Dirofilaria immitis activa el sistema fibrinolitico de su hospedad@diante la
accion conjunta de sus antigenos excretores/seesegade superficie. Esto podria
ser utilizado por el parasito para desplazar elilibgo fibrinolitico hacia la
generacion de plasmina, lo que supondria un menani® supervivencia para el

parasito al controlar la formacion de coagulosiehabitat intravascular inmediato.

2. Se identifican 10 y 11 proteinas fijadoras de pladégeno, respectivamente, en los
compartimentos antigénicos excretor/secretor yupersicie del parasito. De ellas,
se han producido en su forma recombinante la adtinetosa-bifosfato aldolasa,
gliceraldehido-3-fosfato deshidrogenasa y galectiad. immitis demostrando
individualmente sus propiedades profibrinoliticedas ellas, en mayor o menor
medida, son capaces de fijar plasmindgeno y paeteigeneracion de plasmina a
través de la implicacidén de sus residuos de ligha@mas, son capaces de estimular
la expresion de activadores fibrinoliticos en ool de células endoteliales caninas
y se localizan en la interfafe immitishospedador.

3. La plasmina, producto de la activacion fibrinoBticausada por los antigenosiie
immitis participa en la generacién de los procesos Eitmé descritos en la
aparicion de la endarteritis proliferativa en laofliariosis cardiopulmonar. Esto
incluye la proliferacion y migracion de las célutdes la pared arterial, asi como la
degradacion de la matriz extracelular, demostréndestos hechos mediante la
utilizacion tanto de los antigenos excretores/$exas del parasito, como de las dos
proteinas con mayor capacidad profibrinoliticaet#s estudiadas (actina y fructosa-

bifosfato aldolasa) en un modefovitro.

4. Los resultados obtenidos en la presente Tesis Edaontribuyen al conocimiento
de una parte muy compleja de las relaciones pafidsgpedador a nivel molecular
en la dirofilariosis cardiopulmonar, mostrando poimera vez cOGmo un proceso
relacionado con la supervivencia del parasito pugelencadenar mecanismos
patogénicos de gran importancia. Puesto que lecgmhpara unir plasminoégeno y
potenciar la generacion de plasmina ha sido deaussten proteinas de muchos
patégenos y debido al alto grado de conservaci@ugva de algunos de los
antigenos estudiados, mecanismos similares poddarir en otras infecciones

provocadas por patdgenos sanguineos que desapodessos cronicos.

202



ABSTRACT



UNIVERSITY OF SALAMANCA
FACULTY OF BIOLOGY

DEPARTMENT OF ANIMAL BIOLOGY, PARASITOLOGY,
ECOLOGY, EDAFOLOGY AND AGRICULTURAL CHEMISTRY

b he &
==l

VNiVERSiDAD
P SALAMANCA

CAMPUS OF INTERNATIONAL EXCELLENCE

DOCTORAL THESIS

The role played by plasmin in the survival of
Dirofilaria inmitis and in the vascular pathology of

the host during cardiopulmonary dirofilariosis

Javier Gonzalez Miguel

Salamanca, 2015



ABSTRACT

INTRODUCTION, MAIN THESIS AND KEY GOALS

Dirofilaria immitis is the causing filaroid nematode of canine andnéeli
cardiopulmonary dirofilariosis, a vector-borne sanitted parasitosis with cosmopolitan
distribution.D. immitisis, furthermore, responsible of human pulmonarpfdariosis,

a clinical entity characterized by the formationke&hign pulmonary nodules, which
could be wrongly taken for carcinoma during radigisessiongSimon et al., 2012)
The dog acts as definitive host and reservoir ef parasite. In it, adult worms can
survive inside the pulmonary arteries and in tgatrventricle of the heart for 7 years or
more, causing a chronic inflammatory pathology owaacular level(Venco et al.,
2011). One of the key facts about this pathology is thpearance of proliferative
endarteritis, which has as a consequence the farmat intravascular microvilli. It has
been reported that this process goes hand in hahdhe proliferation and migration of
cells belonging to the arterial wall towards theerior of the blood vessels, alongside
the destruction of the extracellular matfidcook, 1961; Atwell et al., 1986; Hidaka et
al., 2004; Wang et al., 2005; Kawabata et al., 2008

The aforementioned alterations cause the lack ojarozation of the
endothelium and the reduction of vascular lumenhm pulmonary vessels, with the
subsequent apparition of hypertension and edema Asnsequence of the damages
reported during the late stages of the diseasec#éindiac function can be affected,
leading to the apparition of hypertrophy and cardiangestive failure. Besides this
chronic development, acute processes involvingraneddiate life-risk for the infected
animals may appear. They emerge when the suddesiandtaneous death of many
adult worms occurs, either in a natural way or asresequence of a filaricide treatment.
The massive liberation of antigenic products ofapdes and their symbiotic bacteria
Wollbachiato the circulatory system is responsible of thecexiaation of inflammatory
reactions in the vascular endothelium and the faéonaof thromboembolisms of
different entity(Venco, 2007)However,D. immitispossesses mechanisms enabling the
regulation of these pathological processes, caiutirip to its survival in the

intravascular habitat during several years.

With the aim of maintaining and spreading to theod vessels, many pathogens
not only require adaptations in order to avoiddhsvity of the host’s immune system,

205



ABSTRACT

but they must also hinder the coagulation of blélmebugh the interaction with the
fibrinolytic system(Mebius et al., 2013)Fibrinolysis is one of the most important
anticoagulant mechanisms of the haemostatic sys@ne of its key elements is
plasminogen, a single-chain glycoprotein with a ewvalar mass of 92 KbDa.
Plasminogen is produced in the liver, and is preselood and other extravascular
fluids. Plasminogen is a pro-enzyme, which is tfamsed into plasmin (the serine
protease responsible for the degradation of thenfiresent in clots) after its activation.
The transformation of plasminogen into plasmin egulated by its binding to the
receptors through its five “kringle” domains witHfimity for lysine residues and
plasminogen activators [tissue plasminogen activai®A) and urokinase-type
plasminogen activator (uPA)JCesarman-Maus and Hajjar, 2009he plasminogen
receptors are present in the fibrin net and alsaliuerse types of cells, such as
monocytes, macrophages, endothelial and neurorlld, didbroblasts, platelets and
tumor cells(Hawley et al., 2000)These have also been identified on the surface of
diverse bacteria, fungi, protozoa and helmintisattacharya et al., 2012; Figuera et al.,
2013)

Given that the mechanisms of these alterationsnatecompletely known in
cardiopulmonary dirofilariosis, their study is ofaramount importance, as its
understanding could facilitate the management ekéhsituations by clinical vets,
contributing to a considerable improvement in tife duality of the affected animals.
Due to the survival capacity oD. immitis in its hosts, and also because
thromboembolisms appear when the worms die, owt faypothesis was that the
parasite controls and modifies the sanguine habtairder to facilitate its survival
through molecules present in its antigenic produgemerating a clear anti-thrombotic

effect through the use of pro-fibrinolytic products

On the other hand, the activation of the fibritiglysystem through the
participation of the antigenic extracts Bf immitisas plasminogen receptors and the
subsequent maintenance of the haemostasis, whpior has beneficial results for
both the parasite and the host, could have patlwotmgnsequences. An over-production
of the plasminogen/plasmin pathway has been relatell invasion and to the intra-
organic migration of diverse pathogefi$ong et al., 2003; Bernal et al., 2004)

Furthermore, cardiovascular research conducted wmahs has linked the over-
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production of plasmin with the proliferation andgmation of vascular cells and the
degradation of the extracellular matfiXicholl et al., 2005; Yang et al., 2005; Roth et
al., 2006; Hayashi et al., 20099hese mechanisms are similar to those observétkin
formation of microvilli in cardiopulmonary dirofitéosis, but its molecular aspects have
not been hitherto conveniently studied in this paiadisease. As a result of this, our
second hypothesis was to consider the over-aaivaif the fibrinolytic route byD.
immitis as directly related to the apparition of such plathic processes in the vessel
wall of the infected animals. In order to demortstitaoth hypotheses, we proposed the

following objectives of the present doctoral dissgon:

1. Analyze the interaction of the antigensixfimmitiswith the fibrinolytic system

of its host in relation to the survival mechanismnsa vascular level.

2. Study if the activation of the fibrinolytic systelmy the parasite has an influence
on the pathological processes described on thelajfewent of proliferative

endarteritis in cardiopulmonary dirofilariosis.
RESULTS

1. Collection of excretory/secretory and surface asciated extracts of proteins

from D. immitis adult worms

As a first step, in order to perform the proposdgjectives, we start by
developing excretory/secretory (DIES) and surfassoaiated (DiSAA) extracts of
proteins fromD. immitis adult worms. DIES and DiSAA extracts were respetyi
prepared following the methodology described by &hdn et al. (2010) and
Wedrychowicz et al(1994)with minor modificationsProteins were extracted in saline
solution mixed with a cocktail of protease inhilog@nd their concentration measured

by DC protein assay commercial kit (Bio-Rad).

2. Proteins of DIES and DiSAA extracts bind plasmiaogen and enhance its

activation by tPA

To assess the capability of the antigenic extrat®. immitisto interact with
the host fibrinolytic system, their ability to binglasminogen and stimulate plasmin

generation was analyze@he binding capacity of plasminogen to DIES and AAS
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extracts was measured by ELISA. Multiwell micropk&fCostar) were coated with 1
ung/well of DIES or DISAA extracts. The wells werlmtked with 1% BSA in PBS and
incubated successively with increasing amountsm(frOug to 3ug) of human

plasminogen (Acris Antibodies), with a sheep amtiran plasminogen IgG and then
with a peroxidase-conjugated donkey anti-sheep Ig®&mpetition assays were
performed by including 50 mM of the lysine analoguaminocaproic acideACA)

during plasminogen incubation. Some wells coateth VBSA only were used as

negative controls.

The test showed that DIES and DiSAA bind plasmimogbtaining optical
densities statistically higher (p < 0.05) than tho$ the control wells (coated only with
BSA) (Figure 1) This binding is also directly proportional to themount of
plasminogen. The competition assay showed thanhttesion of 50 mMeACA inhibits
the plasminogen-bindingFigure 1) demonstrating that this union is dependent on

lysine residues.

OD 0.7 OD 0.3

0.6 0.25 -

0.5 1
0.2 1
0.4
0.15 1
0.3 A

0.1 1
0.2 1

o1 4 0.05 -

0 0.5 1 2 3 0 0.5 1 2 3
pg of Plasminogen pg of Plasminogen

Figure 1. Plasminogen binding to dg of DIES (A) or DISAA (B) extracts dD. immitismeasured over a
range of plasminogen amounts using a microtitelepi@ethod. §) Incubation with increasing amounts of
plasminogen, 0-3g. (#) Competition assay with 50 mMACA included during plasminogen incubation.
(A) Negative control consisted of wells coated onithvBSA. Each point is the mean of three replicates

+ SD. The asterisk (*) designates significant (p.85) differences.

The ability to activate plasminogen by DIES or DiSAxtracts and to generate
plasmin was assessed by measuring the amidohtildtpof plasmin generated in the

presence of the antigenic extracts and plasminogkis. effect was measured in the
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presence or absence of a physiological activatathefprocess, tPA, to observe the
ability of the DIES and DiSAA extracts proteins activating plasminogen on their
own. Negative controls replacing DIES or DiSAA b$M8 or t-PA were also used. As
shown inFigure 2 the generation of plasmin by tPA is enhanced iy3and DiSSA

reaching optical density values significative higfe< 0.05) than the negative controls
in the presence of tPA. However, DIES and DiSAAractis are unable to generate

plasmin without tPA resulting in optical densitylvas identical to the negative

controls.
*
I OD 0.3
OD 03 -
A . B

02 0.2

0.1 0.1 I H
0 . . . r . . . 0 I I l

DiES+t-PA DiES BSA+t-PA  BSA t-PA DiSAA+ DiSAA DiSAA+ DiSAA+ BSA+
t-PA t-PA+ cACA  t-PA

eACA

Figure 2. Plasminogen activation and plasmin generation BySD{A) and DISAA (B) extracts db.
immitis (o) 15 ng of t-PA was added to mixtures containinggdf human plasminogen, @) of S-2251
(Sigma) and 1.g of DIES or DiSAA extracts (or BSA as negative troh) in the presence or absence of
50mM of¢ACA in a test volume of 100l. (w) No t-PA was added to reaction mixtures. Each tusithe

mean of three replicates + SD. The asterisk (*)gieges significant (p < 0.05) differences.

3. Effect of DIES on the fibrinolytic system compoants (tPA, uPA, Annexin A2
and PAI-1) expression in CnAOEC and CnAOSMC

The study on the interaction between the antigems D. immitisand the host
fibrinolytic system was completed by analyzing #ftect of DIES on the expression of
the fibrinolytic activators tPA and uPA, the inhiyi PAI-1 and the plasminogen
receptor Annexin A2 in vascular cell cultures. Bus purpose, we have developed an
“in vitro” model of canine endothelial (CnAOEC) andmooth muscle cells
(CnAOSMC).
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Confluent cultures of CnAOEC and CnAOSMC were poasly treated with 1
pug/ml of DIES for 24 h and lysed in ice-cold lysiafter. Non-stimulated cells were
used as controls under the same conditions. Egtiagtoteins from DIES-treated or
untreated CnAOEC and CnAOSMC extracts were sephrate SDS—-PAGE and
analyzed by Western blotting using anti-tPA, afiAl anti-Annexin A2 and anti-PAI-1
antibodies. DIES induced a marked increase in gpeession of the main fibrinolytic
activators tPA and uPA in cultured endothelial £€p<0.05) (Figure 3A and 3B)as
well as a slight decrease in the expression ofntle fibrinolytic inhibitor PAI-1 in

both types of cultures §0.05) (Figure 3D) Significant differences in the expression of
tPA and uPA in CnAOSMCFigure 3A and 3Band in the expression of Annexin A2 in
both cell types between DIiES-treated or untreatétiies were not foun(Figure 3C)
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Figure 3. Effect of DIES on the expression of tPA (A), uF3),(annexin A2 (C) and PAI-1 (D) in canine
vascular endothelial (EC) and smooth muscle c8MQ). Protein extracts from lysed DIES untreated or
treated confluent cell cultures were analyzed bystte blot for tPA, uPA annexin A2 and PAIld-.
tubulin served as a protein control. Results weq@ressed as the mean + SD of at least 3 independent
experiments. The asterisk (*) designates signifigan< 0.05) differences from control cellas)(Non-

treated control cellsm) Stimulated endothelial or smooth muscle cellh\iig/ml of DIES.
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4. Two-dimensional analysis of DIES and DiISSA extcds and identification of

plasminogen-binding proteins by mass spectrometry

Two-dimensional electrophoresis of DIES and DiSAdracts were performed
in order to obtain an overall view of all the piateof both extracts. In order to improve
spot resolution and detection, once the spot MW @nnges were determined, both
extracts were electrofocused in 5-8 and 7-10 IP@sstWith these conditions, silver
staining respectively revealed a total of 636 add Spots in the DIES and DiSSA
extracts proteomg$igures 4A, 4B, 5A and 5B)
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Figure 4. Representative 2-DE of 60 ug of the DIES extremtnfadultD. immitisworms. The gels were
in the 5-8 and 7-10 pH ranges, 12% polyacrylamia@ silver-stained (A and B). Plasminogen-binding
spots revealed on ligand blots from gels A and Bu(@ D). Reference molecular masses are indicated o

the left. The plasminogen-binding spots analyze®&yare circled and numbered.
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Next, to determine which proteins of DIES and DiSAéxtracts bind

plasminogen an immunoblot was performed. The 2-Os geere transferred to

nitrocellulose membranes which were blocked and tiheubated with plasminogen.

After incubating the membranes with the correspogdantibodies, proteins were

revealed with 4-chloro naphthol and spots analymedg the PDQuest Software v.8.0.1

(Bio-Rad).
Spot . . A . LA pl SELEEE Mascot
Accesion code Protein definiton  Species (kDa) coverage
number theor/exp score
theor/exp (%)
23 ACY25666 Chaperonin-like Brugia malayi 61.4/67.1 5.7/5.6 11 130
protein HSP60
27 AF121264_1 Chaperonin protein Onchocerca 64.5/67.0 5.7/5.8 17 145
HSP60 volvulus
28 AF121264 1 Chaperonin protein Onchocerca 64.5/65.2 5.7/5.8 16 130
HSP60 volvulus
31 ACT1_CAEEL  Actin-1/3 Caenorhabditis  42.1/65.2  5.3/5.9 11 41
elegans
32 XP_001894819  Actin Brugia malayi 42.1/43.3 5.3/5.8 4 64
33 NP_508842 ACTin family Caenorhabditis  37.5/39.4  5.4/6.0 17 142
member (act-4) elegans
37 AAC24752 Transglutaminase Dirofilaria 57.6/61.0 5.7/6.3 19 91
precursor immitis
66 XP_001899850 Glyceraldehyde 3- Brugia malayi 32.1/40.8 8.5/7.5 20 207
phosphate
dehydrogenase
67 XP_001899850 Glyceraldehyde 3- Brugia malayi 32.1/40.7 8.5/7.8 25 292
phosphate
dehydrogenase
69 AAD00843 Oov87 Onchocerca 36.7/36.4  8.9/8.2 24 161
volvulus
71 AAD00843 Oov87 Onchocerca 36.7/36.5 8.9/9.0 16 157
volvulus
72 XP_003150284 Hypothetical Loa loa 13.3/33.7 6.7/6.3 11 94
protein
LOAG_14743
73 AAF37720 Galectin Dirofilaria 32.2/30.1 6.0/6.6 11 118
immitis
78 AAD11968 P22U Dirofilaria 24.4/22.0 8.9/9.2 66 499
immitis
79 AAD11968 P22V Dirofilaria 24.4/22.0 8.9/9.4 62 458
immitis
80 AAD11968 P22U Dirofilaria 24.4/22.0 8.9/9.6 62 489
immitis
81 AAD11968 P22U Dirofilaria 24.4/22.0 8.9/9.8 54 201
immitis

Table 1 Plasminogen-binding protein spots of DIES extragntified by MALDI-TOF MS. Exp,

experimental; theo, theoretical.
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As shown inFigures 4C 4D, 5C and5D, 81 and 61 plasminogen-binding spots
were revealed in the DIES and DISAA membranes.him ¢ontrol blots, in which
plasminogen incubation was omitted, the anti-plasgén antibody did not reveal any
spots (not shown). The matching of spots revealgdlig|and-blotting with their
homologous in the silver-stained 2-D gels allowesl to select a total of 53
plasminogen-binding spots &f. immitis which were manually excised from 2-D gels
and submitted to analysis by mass spectrometryer§egn spots corresponded to 10
different proteins and 16 spots corresponded tdifférent proteins were respectively
identified in the DIES and DISAA 2-D gelsables 1land2 show the identity of these
proteins and their MWs and pls (theoretical andeexpental), the number of access to

similar information available in the NCBI databaskee sequence coverage and the
Mascot score.
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Figure 5. Representative 2-DE of 60 pg of the DiISAA extraoind adultD. immitisworms. The gels
were in the 5-8 and 7-10 pH ranges, 12% polyacriganand silver-stained (A and B). Plasminogen-
binding spots revealed on ligand blots from gelsi#l B (C and D). Reference molecular masses are

indicated on the left. The plasminogen-binding sgotalyzed by MS are circled and numbered.
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Spot . . L . L4 pl Queries  Mascot
number Accesion code  Protein definition Species (kDa) theor/exp  matched  score
theor/exp
17 EFV54220 Actin-5C Trichinella 41.8/54.1 5.3/5.7 4 154
spiralis
18 P02578 Actin-1 Acanthamoeba 41.7/52.8 5.4/5.8 6 190
castellanii
20 XP_001896281 Enolase Brugia malayi 47.5/59.6  6.0/6.3 6 248
22 Q7YZX3 Enolase Onchocerca 47.1/55.5 6.0/6.6 8 64
volvulus
26 AAB52600 Fructose- Onchocerca 39.2/405 7.7/7.7 8 247
bisphosphate volvulus
aldolase
42 AAB52600 Fructose- Onchocerca 39.2/39.0 7.7/7.9 2 59
bisphosphate volvulus
aldolase
28 P48812 GAPDH Brugia malayi 36.1/40.0 7.7/7.2 13 128
30 P48812 GAPDH Brugia malayi 36.1/39.8 7.7/7.4 17 259
32 P48812 GAPDH Brugia malayi 36.1/37.4 7.7/7.8 11 84
46 P48812 GAPDH Brugia malayi 36.1/36.0 7.7/8.0 9 71
35 XP_001900868 MSP domain protein Brugia malayi 18.1/40.1 5.5/6.0 2 64
with Glu-rich
domain
60 P13263 Major sperm protein Onchocerca 14.3/15.7 7.8/8.8 18 265
2 volvulus
37 AAA20541 Beta-galactosidase- Onchocerca 32.0/33.6  6.0/6.6 20 143
binding-lectin volvulus
38 XP_001900812 Galectin Brugia malayi 31.8/30.3 6.4/7.8 3 68
39 XP_003139445 Immunoglobulin I- Loa loa 225242 6.6/7.6 8 307
set domain-
containing protein
58 AAC47233 Cyclophilin Ovcyp-  Onchocerca 18.5/20.9 8.3/9.4 1 71
2 volvulus

Table 2. Plasminogen-binding protein spots of DiISAA extrigentified by MALDI-TOF MS. GAPDH,
Glyceraldehyde 3-phosphate dehydrogenase; Expriegr@al; theo, theoretical.

5. Amplification, cloning, sequencing, and expressn of D. immitis actin, fructose-

bisphosphate aldolase, glyceraldehyde 3-phosphateltydrogenase and galectin

Among the plasminogen-binding proteins identifigdnibass spectrometry in the
D. immitisantigenic extracts, four proteins were selectedHe following experiments
based on the availability of homologous sequenoa® fother filarial parasites, their
evolutionary conservation and if they had been iptesly related with plasminogen-
binding activities. We select actin (ACT), fructdsisphosphate aldolase (FBAL),
glyceraldehyde 3-phosphate dehydrogenase (GAPDdHyalectin (GAL).

After designing the primers of the proteins, thaajee material was amplified

and isolated. DNA fragments were inserted in a RSsIaning vector, and the obtained
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sequences were developed in their recombinant forthe TOPO/pDEST expression

system.

Amplification of D. immitis ACT, FBAL, GAPDH and GAL cDNAs by RT-
PCR respectively resulted in 4 PCR products of riloldl 00, 1000, 1000 and 850 bp.
After their cloning into the pSC-A vector, fragmenwere fully sequenced and their
identities demonstrated as actin, fructose-bisphatep aldolase, glyceraldehyde 3-
phosphate dehydrogenase and galectin by BLAST sisalffhe ACT, FBAL and
GAPDH new sequences were respectively depositédeirGen-Bank under accession
numbers JQ780093.1, JQ780094.1 and JQ780095.1fullhB. immitis ACT, FBAL,
GAPDH and GAL cDNAs respectively contained 1131,920 1020 and 846
nucleotides, encoded proteins of 376, 363, 339 28tamino acids, with theoretical
molecular weights of 41820, 39423, 36179 and 32085and pls of 5.29, 7.65, 7.11
and 6.08.

The bioinformatics analyses of the deduced amimd seuences did not reveal
a signal peptide, transmembrane helices or glygaisgtphatidyl inositol anchors. The
percentage identity between recombinant proteirgs lmomologous sequences from
other organisms was analyzed using multiple sequatignment with the ClustalWw
program. The analysis revealed that DIACT, DiFBADGAPDH and DiGAL are
highly conserved proteins. Additionally, a plasngan-binding domain to actin within
amino acids 56 to 70 (GDEAQSKRGILTLKY) and 19, I2and 16 conserved lysine
residues in the DIACT, DIFBAL, DIGAPDH and DiGALighments were respectively

found as possible plasminogen-binding sites.

Prediction of the secondary structures and threeedsional modelling were
done with the Swiss-Model server (http://swissmadglasy.org/). In silico three-
dimensional modelling of the molecules predictesl 3D structures showing in the case
of DIACT a monomer with 2u-helices and 19-sheets(Figure 6A) Molecular
modelling of DIFBAL showing a homo-tetramer withetpresence of 1d-helices and
13 B-sheetgFigure 6B) DIGAPDH appeared as a homo-tetramer withudtelices and
4 B-sheets(Figure 6C) whereas modellling of DIGAL showed a monomer wiitie

presence of &-helices and 2@-sheetgFigure 6D) The plasminogen-binding domain
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(GDEAQSKRGILTLKY) and the conserved lysine residwesre highlighted and were

visualized on the outside of the proteins.

Proteins were finally purified under denaturing @ibions using nickel affinity
chromatography. The purified rDIACT, rDiFBAL, rDiGADH and rDIiGAL
respectively had molecular weights of 43.6 kDap&Da, 38.6 kDa and 34.6 kDa in

polyacrylamide gel.

Plasminogen-binding domain

Figure 6. Molecular modelling oD. immitisACT, FBAL, GAPDH and GALThe secondary structure of
the proteins was predicted with the Swiss-Model webver (http://swissmodel.expasy.org/) by analogy
with the X-ray crystallography available modelseTthree-dimensional models of DIACT (A), DIFBAL
(B), DIGAPDH (C) and DIiGAL (D) were visualized witthe RasMol application v. 2.7.5.2. Conserved
lysine residues of proteins were highlighted as rdéglls. The PLG-binding domain
(GDEAQSKRGILTLKY) is highlighted in yellow.
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6. rDIACT, rDIFBAL, rDIGAPDH and rDIGAL bind plasmi nogen and enhance its
activation by tPA

To analyze the ability of recombinant proteins Esminogen-binding proteins,
experiments performed on antigenic extract® oimmitisdescribed in section 2 of this
abstract were repeated. After performing the cpoeding ELISAS, these showed that
rDIACT, rDIFBAL, rDIGAPDH and rDiGALDbind plasminogen and that this binding is

directly proportional to the amount of plasminogen.

A

oD 1 . 3 oD 1

0.8

0.6

0.4 4

(8]
2

0 0.5 1
ug of Plasminogen

0 0.5 1 2 3
ng of Plasminogen ug of Plasminogen

Figure 7. Plasminogen binding to 0.5 pg of rDIACT (A), rDIFBAB), rDIGAPDH (C) or rDIGAL (D)
analyzed over a range of plasminogen amounts wsingjcrotiter plate methoda) Incubation with
increasing amounts of plasminogen, 0-3 4g) Competition assay with 50 mMACA included during
plasminogen incubations} Wells coated with BSA used as negative contraktEpoint is the mean *

SD from three independent experiments. The astéfislesignates significant (p < 0.05) differences.

217



ABSTRACT

Comparing the results obtained, rDIACT and rDiFBAthowed higher
plasminogen-binding capacity than rDIGAPDH, beiyGAL the protein with less
binding capacityFigure 7) The negative control consisting of wells coatedly avith
BSA showed some non-specific binding activity, biways with values significantly
lowers than those obtained by recombinant protgrs0.05). To determine whether or
not lysine residues are involved in binding, a cetitjpn experiment including 50 mM
¢ACA was carried out. In this case, the binding wdsbited about 90% in the case of
rDIFBAL and rDIGAPDH and approximately 70% in thase of rDIACT and rDiGAL,
resulting in slightly higher optical densities thie negative contrgFigure 7)
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% *®
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ACT+ ACT ACT+ ACT+ BSA+ BSA FBAL + FBAL FBAL +FBAIL + BSA+ BSA
tPA tPA+ ©cACA tPA tPA tPA+ =ACA {PA
tACA cACA
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Figure 8. Plasminogen activation and plasmin generation b@D (A), rDIFBAL (B), rDIGAPDH (C)

or rDIGAL (D). (o) 15 ng of tPA was added to mixtures which contdifgqig of human plasminogen, 3
png of D-Val-Leu-Lys 4-nitroanilide dihydrochloridé&igma) and 1 pg of each recombinant protein (or
BSA as negative control) in the presence or abseh& mM ofcACA in a test volume of 100 plmj
Reaction mixtures in absence of tPA. Each poithésmean + SD from three independent experiments.

The asterisk (*) designates significant (p < 0.@&ferences.
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In order to assess the ability of rDIACT, rDIFBAIDIGAPDH and rDiGAL to
activate plasminogen and generate plasmin on their, the amidolytic activity of
plasmin generated in the presence or absence oivii8Ameasured. Negative controls
replacing each recombinant protein for BSA or tPé&evalso used:igure 8shows the
capacity of rDIACT, rDiFBAL, rDIGAPDH and rDIGAL tostimulate plasmin
generation by tPA obtaining optical densities digantly higher than the negative
controls (p < 0.05). rDIACT and rDiFBAL obtainedghier optical densities than those
obtained by rDIGAPDH and rDiGAL and plasminogeniaation did not occur in the
absence of tPA. Furthermore this effect is inhibilyy 50 mMMegACA, indicating the

involvement of lysine residues in the process.

7. Effect of rDIACT, rDiFBAL, rDIGAPDH and rDIiGAL o n the fibrinolytic system
activators (tPA and uPA) expression in ChnAOEC

To study the possible effect of rDIACT, rDIFBAL, iGAPDH and rDiGAL on
the expression of the main activators of fibrindy$tPA and uPA), the parasitic
proteins were employed to stimulate CnAOEC in geltérollowing a similar procedure
to that described in section 3 of this abstract. otdtns from
rDIACT/rDIFBAL/rDIGAPDH/rDIGAL-treated or untreatedrascular endothelial cell
extracts were separated by SDS-PAGE and analyz&ddsyern blotting using anti-tPA
or anti-uPA antibodies. rDIACT and rDIFBAL induced significant increase in the
expression of the main fibrinolytic activators tiAcultured endothelial cells ¢p0.05)
(Figure 9A) being this increase slightly higher in the cadestmulation with
rDIFBAL. Significant differences in the expressiai tPA in CnAOEC between
rDIGAPDH/rDIGAL-treated or untreated cultures weret found(Figure 9B) On the
other hand, all the proteins induced a marked asmein the expression of uPA in
CnAOEC cultures (pc 0.05)(Figures 9C and 9DJrhis increase was greater in the case
of the rDIFBAL stimulation, rDIACT and rDIGAPDH skeed similar optical density
values, whereas rDIGAL showed the lowest difference
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Figure 9. Effect of rDIACT, rDiFBAL, rDIGAPDH and rDiGAL on hie expression of the fibrinolytic
system activators tPA (A and B) and uPA (C andrDanine vascular endothelial cells. Protein exdrac
from lysed rDIACT, rDiFBAL, rDIGAPDH or rDiGAL treted or untreated confluent cell cultures were
analyzed by Western blot for tPA and uRAtubulin served as a protein control. Data are shaw
representative images or means + SD from threepenident experiments. The asterisk (*) designates
significant (p < 0.05) differences from control Isel(~) Stimulated cells with 1pg/ml of rDIACT =}
Stimulated cells with 1pg/ml of rDiIFBAL.m) Stimulated cells with 1pg/ml of rDIGAPDH.m)
Stimulated cells with 1ug/ml of rDIGAL={ Non-treated control cells.
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8. Immunolocalization of DIACT, DIFBAL, DiIGAPDH and DiGAL

The immunolocalization of proteins was conductedider to know if these
were localized in tissues in contact with the bl@bdhe host. This fact is essential, so
that the interaction of these proteins with theifiblytic system may have relevance “in

Vivo”.

Negative Anti-rDIFBAL Anti-rDiIGAPDH Anti-rDiGAL
serum serum serum serum

Alexa
Fluor
488

Alexa
Fluor
594

Alexa
Fluor
488+594

Transmitted
Light

Figure 10.Immunolocalization of DIACT, DiIFBAL, DiGAPDH and @IAL in sections fronD. immitis
adult worms. Representative images from three iadéent experiments of parasite sections incubated
with phalloidin-Alexa Fluor 488 (in green, specifiinding to ACT) plus the negative or the anti-
rDIFBAL, anti-rDIGAPDH or anti-rDiGAL rabbit serurand an anti-rabbit IgG-Alexa Fluor 594 (in red).

Corresponding transmitted light images are alsoesdeéd. Magnification 4X.
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Thus, the anatomical localization of selected pnstewas carried out in
histological sections oD. immitis adult worms by immunofluorescence using a
commercially available high-affinity ligand (in thease of DIACT) and rabbit
polyclonal antiserum (in the case of DIFBAL, DIGARADand DiGAL). As shown in
Figure 10 all sections showed green fluorescence througth@usoma of the parasite,
as a result of the binding of phalloidin-Alexa RI88, actin high-affinity ligand which
serves also as a positive control of the techni@extions incubated with the anti-
rDIFBAL, anti-rDiIGAPDH or anti-rDIGAL antiserum regctively showed, in addition,
specific reactivity (in red) against the paras®BAL, GAPDH or GAL due to the
binding of the anti-rabbit IgG antibody conjugatedAlexa Fluor 594. All proteins are
located scattered throughout all the soma, beimgpaslly abundant in the cuticle
(reflected by an orange color in the overlay of IPIdin-Alexa Fluor 488 + Alexa
Fluor 594 images). Sections incubated with a rabbgative serum showed no specific

red fluorescence from recombinant proteins.

9. Reagents and stimulation of ChnAOEC and CnAOSMC

To analyze the effects of plasmin generated byirttezaction of plasminogen-
binding proteins ofD. immitis with the fibrinolytic system of the host on the
proliferation and cell migration, as well as thestdaction of extracellular matrix
(ECM), we use the previously optimized CnAOEC andAOSMC cultures. In
addition, the excretory/secretory extract of preromD. immitis (DIES) and the two
recombinant proteins, whose optical density levelsexperiments of binding of
plasminogen, enhancement of plasmin generationsamdilation on the expression of
the fibrinolytic activators had been higher, wemgpéoyed.

CnAOEC and CnAOSMC were grown for 4 days to obtonfluent cultures
and were treated with 1 pg/ml of DIES, rDIACT onFBAL, 10 pg/ml of plasminogen
(PLG) (Acris Antibodies) or with a mixture of botireatments (DIES + PLG, rDIACT +
PLG or rDiIFBAL + PLG). Untreated cells and cells edted with
DIES/DIACT/rDIFBAL + PLG + 50 mM of¢éACA as an inhibitor of plasminogen

activation were used as control cells under theesaonditions.
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10. DIES and rDiACT, but not rDIFBAL, produces proliferation of CnAOEC and
CnAOSMC via PLG/plasmin system

Cell proliferation was analyzed by crystal violaictei staining over 10 days
determining the number of viable cells. Cells welaged on 24-well plates to a density
of 10* CnAOEC/well or 1.5 x 10CnAOSMC/well, allowed to attach overnight, rinsed,
fixed and stained. After staining, the absorbancéhe samples was measured at 595
nm and transformed to “number of viable cells” gsia curve that correlated

absorbance and number of endothelial or smooth leastis previously determined.

Both cultures showed typical curves of cell growihall experimental groups
with a progressive growth between days 0 and 6 pos3-treatment, experiencing cell
death and an evident decrease of viable cells fheare until the end of the experiment
(day 10 post-treatmentjFigure 11) Crystal violet staining showed an increase
significantly greater in the number of viable cehlscultures stimulated with DIES +
PLG (on day 8 post-treatment, p < 0.05) and witlPA@I + PLG [on days 4 and 6
post-treatment (CnAOEC) or day 8 post-treatmentA@8MC), p < 0.05] than that
showed by other experimental groups, indicating thase treatments stimulates the
proliferation of CnAOEC and CnAOSMC in culture. Biigcant differences in cell
proliferation between cells stimulated with rDiIFBAL PLG and other experimental
groups were not found in both types of cultui@gure 11)

11. DIES, rDIACT and rDiFBAL produce migration of ChAOEC and CnAOSMC

via PLG/plasmin system

A Wound Healing assay was performed to assess tagraf endothelial
(Figure 12)and smooth muscle cellgigure 13) The quantification was carried out by
measuring the distance of migration in comparisath wegative control (untreated
cells) to 8 hours post-treatment. In both CnAOE@ @nAOSMC cultures a significant
increase of cell migration after stimulation withHS + PLG, rDIACT + PLG or
rDIFBAL + PLG with respect to the other experimémgeoups (p < 0.05) occurred.
This increase was higher in cultured endothelidiscen the case of DIES + PLG
treatment and in cultured smooth muscle cells endhse of rDIACT/rDIFBAL + PLG
treatment. After comparing the effect of both pai@agroteins, rDIACT showed higher
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values of migration ability in both types of celllures with respect to those obtained
by rDiFBAL.
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Figure 11.Cell proliferation assay performed by the crysialat technique measuring cell viability over
a 10 days period. The experiment was carried oagaitine endothelial (A, C and E) and smooth muscle
cells (B, D and F) untreated-( ) or treated withdgirmpl of DIES, rDIACT or rDiFBAL + 10 pg/ml of
PLG (=), 1 ug/ml of DIES, rDIACT or rDIFBAL £ ), 10giml of PLG (= ), or with 1 pg/ml of DIES,
rDIACT or rDIFBAL + 10 pg/ml of PLG + 50 mM of theACA (= ). Results were expressed as number
of viable cells (x 10,000). Each point is the mea®D from three independent experiments. The asteri
(*) designates significant (p < 0.05) differencestvieen DIES/rDIACT + PLG treatment and control

groups.
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Figure 12. CnAOEC migration by Wound-Healing assay. Conflueell cultures were wounded post-
treatment and migration distances were measur&dhaturs. The experiment was carried out in canine
endothelial cells untreated or treated with 10 d@h®LG, 1 ug/ml of DIES/rDIACT/rDIFBAL (A/B/C),

1 pg/ml of DIES/DIACT/(DIFBAL + 10 pg/ml of PLG (#B/C) or with 1 pg/ml of
DIES/rDIACT/rDIFBAL + 10 pg/ml of PLG + 50 mM of #heACA (A/B/C). The results were expressed
as percentage of the migration ability of the nigatcontrol cells (100%). Data are shown as
representative images or means + SD from threepentdent experiments. The asterisk (*) designates
significant (p < 0.05) differences between DIESADIT/rDiIFBAL + PLG treatment and control groups.
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treatment and migration distances were measur&dhaurs. The experiment was carried out in canine
endothelial cells untreated or treated with 10 dl@M®LG, 1 ug/ml of DIES/rDIACT/rDIFBAL (A/B/C),

1 pg/ml of DIES/DIACT/'DIFBAL + 10 pg/ml of PLG (#/C) or with 1 pg/ml of
DIES/rDIACT/rDIFBAL + 10 pg/ml of PLG + 50 mM of #hieACA (A/B/C). The results were expressed
as percentage of the migration ability of the nigatcontrol cells (100%). Data are shown as
representative images or means + SD from threepemntdent experiments. The asterisk (*) designates
significant (p < 0.05) differences between DIESADIT/rDIFBAL + PLG treatment and control groups.
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12. DIES, rDIACT and rDIFBAL produce ECM degradation of CnAOEC and
CnAOSMC via PLG/plasmin system

To examine ECM degradation, Type | Collagen in thdture supernatant of
treated and untreated CnAOEC and CnAOSMC were meaddy ELISA(Figure 14)
A lower concentration of Type | Collagen and therefa further degradation of the
secreted collagen by the cells was observed i€t ®OEC and ChAOSMC stimulated
with DIES + PLG, rDIACT + PLG or rDIFBAL + PLG thathat obtained by the control
cells (p < 0.05). There were no large differencestwben these treatments
(DIES/rDIACT/rDIFBAL + PLG) but always a further deadation of Type | Collagen
in cultured smooth muscle cell$igures 14B and 14Djhan in endothelial cells
(Figures 14A and 14Gyas found.
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Figure 14. Type | Collagen degradationeasured in culture supernatants from canine ealiaitiA and

C) and smooth muscle cells (B and D) untreatedreatéd with 10 pg/ml of PLG, 1 pg/ml of
DIES/rDIACT/fDIFBAL, 1 pg/ml of DIES/rDIACT/rDIFBAL + 10 pg/ml of PLG or with 1 pg/ml of
DIES/DIACT/rDIFBAL + 10 pg/ml of PLG + 50 mM of theACA. The results were expressed as
percentage of the Type | Collagen concentratiothé culture supernatant from negative control cells
(100%). Each point is the mean = SD from three preaelent experiments. The asterisk (*) designates

significant (p < 0.05) differences between DIESADIT/rDiIFBAL + PLG treatment and control groups.
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In addition, the same culture media from treated @mtreated cells was analyzed
with gelatin zymography for metalloproteinase-2 (MM) and metalloproteinase-9
(MMP-9) levels(Figure 15) Media samples employed in the collagen degradassays
were electrophoresed on polyacrylamide gel copotyrad with gelatin. The gels were
washed in 2.5% Triton X-100, incubated at 37 °Ggitation in an enzymatic activation
buffer and stained with Coomassie blue.
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Figure 15. Representative zymography of MMP-2 (solid bars) BidP-9 (hatched bars) levels in the
culture supernatants from canine endothelial (A @péind smooth muscle cells (B and D) untreated or
treated with 10 pg/ml of PLG, 1 pg/ml of DIES/rDIAGDIFBAL, 1 pg/ml of DIES/rDIACT/rDiFBAL

+ 10 pg/ml of PLG or with 1 pg/ml of DIES/IDIACT/iBBAL + 10 pg/ml of PLG + 50 mM of the
eACA. Note the gelatinolytic bands associated witMRt2 (72 KDa) and MMP-9 (92 KDa) levels, as
well as with the MMP-9 activated form (marked wighwhite asterisk at 82KDa. The results were
expressed as percentage of the MMPs levels in tifteire supernatant from negative control cells
(100%). Data are shown as representative imag@seans + SD from three independent experiments.
The asterisk (*) designates significant (p < 0.@8jerences between DIES/rDIACT/fDIFBAL + PLG
treatment and control groups.
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The positivity was assessed as appearance of lodgats on a dark background
with molecular weights of 72 kDa (MMP-2) and 92 kKDMMP-9). The radius of the
MMPs levels was calculated after measuring the itlen$ the existing bands, which is
directly proportional to the amount of gelatin dedgd into the gel. Treatment with DIES,
rDIACT or rDIFBAL + PLG shows a significantly highéMMP-2 level in the CnAOEC
and CnAOSMC culture media (p < 0.5)jgure 15) The results also show a significantly
higher level of MMP-9 in the CnAOEC treated withiATT or rDIFBAL + PLG than that
obtained in the control cells (p < 0.0%)gure 15C) In addition, treatment with rDIFBAL
+ PLG shows an activation of the latent form of k&P-9 in the CnAOEC culture media
(show by a clear band of 82 kDa), which does ngeap with other treatmen{&igure
15C). No significant differences in the MMP-9 levelstire culture media of both types of
cultures in the case of DIES experimé@rigures 15A and 15B9r in smooth muscle cells

cultures in the case of recombinant proteins erpanis(Figure 15D)were observed.
CONCLUSIONS

D. immitis produces chronic infections characterized by thesipience of its
adult worms in the vascular system of its host.réhéhe parasites are exposed to a
wide range of defense mechanisms which are higidyessive for their integrity. One
of these mechanisms is the generation of thrombobsnts, a process physiologically
regulated by the fibrinolytic system, whose finaboguct, plasmin, is capable of

degrading fibrin clots.

In the present doctoral dissertation, we demotestrawD. immitisis capable of
modifying this route towards the generation of plas through the use of different
antigens of the host/parasite interface. This Wamild imply a benefit for both the host
and the parasite, as it would enable them to mairda antithrombotic state in the
immediate vascular medium Bf. immitis.Due to this fact and given that plasmin has
been related with the lysis of extra-cytoplasmictrimas, a fact which has been
interpreted as a mechanism related to cell invasioth intra-organic migration, the
activation of fibrinolysis has been historicallynsidered as a beneficial mechanism for

the survival of blood-borne pathogens and alsdatéanvasive capacity.

Nevertheless, the great number of substrata oochyplasmin can carry out its
proteolytic function has shown, in other conteittg, implication of the activation of the
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fibrinolytic system in different pathological pragses on a vascular level. We
demonstrate a direct relationship between the prasierived from the pro-fibrinolytic
capacity of the antigens &f. immitiswith the proliferation and migration of the host’s
cells located in the arterial wall; as well as tlegradation of the extracellular matrix in
an “in vitro” model. These mechanisms are directBlated with proliferative
endarteritis, a key pathological process in thesttjppment of the subsequent pulmonary
and cardiac pathology in cardiopulmonary diroftbais, resulting in the formation of

intravascular microvilli.

From the findings obtained in the present doctdiasertation, we derive the

following conclusions:

1. D. immitisactivates the fibrinolytic system of its host thgbuhe joint action of
its excretory/secretory and surface antigens. €bigd be used by the parasite
to displace the fibrinolytic balance towards thengmation of plasmin, which
would imply a change of the survival mechanism led parasite in order to
control the formation of clots in its immediateratascular habitat.

2. Ten and 11 plasminogen-binding proteins are resmdgtidentified in the
excretory/secretory and surface antigenic compantsnef the parasite. Of these,
actin, fructose-bisphosphate  aldolase, glyceraldehy 3-phosphate
dehydrogenase and galectin &f. immitis have been produced in their
recombinant form, individually demonstrating thpno-fibrynolitic properties.
All of them, in a greater or lesser extent, areatédg of binding plasminogen and
enhancing the generation of plasmin through theligafion of its lysine
residues. Furthermore, they are capable of stimmglathe expression of
fibrinolytic activators in cultures of canine enldelial cells, and are located in

the hostD. immitisinterface.

3. Plasmin, a product of the fibrinolytic activatioaused by the antigens X
immitis, participates in the generation of the patholqmizcesses described in
the apparition of proliferative endarteritis in dimpulmonary dirofilariosis. This
includes the proliferation and migration of theeadl! wall cells, as well as the

degradation of the extracellular matrix, all thefsets being demonstrated
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through the use of both the parasite’s excretocygtery antigens and the two
studied proteins with a higher pro-fibrinolytic @ity in an “in vitro’model.

. The results obtained in the present doctoral dissen contribute to the
understanding of a very complex part of the retegiops between parasite and
host on a molecular level in cardiopulmonary diesfosis, demonstrating for
the first time how a process related to the suivofahe parasite can unleash
pathogenic mechanisms of great importance. Givanttie capacity of binding
plasminogen and enhancing the generation of plabasrbeen demonstrated in
the proteins of many pathogens, and taking intmwaetc the high degree of
evolutionary conservation of some of the studietigens, similar mechanisms
could occur in other infections caused by bloodakopathogens capable of

developing chronic processes.
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