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RESUMEN
Los macrdéfagos clasicamente activados (M1) a través de la via de sefializacidn IFN-y/ STAT1, tienen

un importante papel en la mediacion de la inflamacién durante infecciones microbianas y
parasitarias. En algunos casos, la desregulacion de dicha inflamacion conlleva al desarrollo de dafio
tisular. En diversas infecciones por helmintos, los macrdéfagos alternativamente activados (M2),
mediante la via de sefializacidn IL-4/STATS6, tienen un papel protector contra la inflamacion excesiva,
lo cual se ha asociado tanto a la regeneracidn tisular como a la neutralizacién parasitaria. Durante
las fases migratorias de Toxocara canis (T. canis), el papel de los macréofagos M1 y M2 en la
regeneracion tisular, es aun desconocido. Para tratar de entender dicho proceso, se infectaron via
oral ratones wild-type (WT) y STAT1 y STAT6 deficientes (STAT17"y STAT67) con L2 T. canis, y se
evalud el papel de los macréfagos en la patologia pulmonar. La ausencia de STAT1 favorecié un
patrén de activacidn alternativa caracterizado por la expresion de Argl, FIZZ1 y YM1, asociado con
la resistencia parasitaria y regeneracion tisular pulmonar. En contraste, la ausencia de STAT6 indujo
la activacion de M1y produccion de iNOS, lo cual ayudo al control de la infeccidn parasitaria, pero
en su lugar indujo mayor inflamacidn, asociada con la patologia pulmonar. Para determinar la
importancia de los macrdfagos en dicho fenédmeno, fueron eliminados a través de la inoculacion
intratraqueal (it) de liposomas con PBS o liposomas con clodronato en las tres cepas de ratones,
antes de ser infectados con L2 T. canis. De dicho experimento, se encontré una reduccion
significativa de los macrofagos alveolares, que fue asociada con una mayor patologia pulmonar en
ratones WT y STAT17, mientras que los ratones STAT67- que recibieron liposomas con clodronato,
mostraron menor dafo tisular, indicando que ambos fenotipos celulares de macréfagos tienen
papeles criticos en la patologia y reparacién del tejido pulmonar. A si mismo, un balance apropiado
entre una respuesta inflamatoria y anti-inflamatoria durante la infeccion por T. canis, es necesaria
para limitar la patologia pulmonar y favorecer la regeneracién pulmonar.

Palabras clave: STAT1; STAT6; macréfagos M1-M2; dafio-reparacién tisular; resistencia parasitaria



ABSTRACT

Macrophages that are classically activated (M1) through the IFN-y/STAT1 signaling pathway have a
major role in mediating inflammation during microbial and parasitic infections. In some cases,
unregulated inflammation induces tissue damage. In many helminth infections, alternatively
activated macrophages (M2), whose activation is mainly mediated via the IL-4/STAT6 pathway, have
a significant role in mediating protection against excessive inflammation, which has been associated
with both tissue repair and parasite clearance. During the migratory lung stage of Toxocara canis
infection, the roles of M1 and M2 macrophages in tissue repair remain unknown. To achieve this
aim, we orally infected wild-type (WT) and STAT1 and STAT6-deficient mice (STAT17 and STAT67)
with L2 T. canis, and the role of M1 or M2 macrophages in lung pathology was evaluated. The
absence of STAT1 favored an M2 activation pattern with Argl, FIZZ1 and Ym1 expression, which
resulted in parasite resistance and lung tissue repair. In contrast, the absence of STAT6 induced M1
activation and iNOS production, which helped to control parasitic infection but generated increased
inflammation associated with lung pathology. To determine the involvement of macrophages in
these phenomena, macrophages were depleted by intratracheally inoculating mice with clodronate-
loaded liposomes before challenge with L2 T. canis. We found a significant reduction in alveolar
macrophages that was associated with higher lung pathology in both WT and STAT17" mice, whereas
STAT6”" mice receiving clodronate-liposomes displayed less tissue damage, indicating critical roles
of both macrophage phenotypes in lung pathology and tissue repair. Therefore, a proper balance
between both the inflammatory response and anti-inflammatory response during T. canis infection
is necessary to limit lung pathology and favor lung healing.

Keywords: STAT1; STAT6; M1-M2 macrophages; tissue damage-repair; parasite resistance



INTRODUCCION

La toxocariasis es una enfermedad olvidada a pesar de estar ampliamente distribuida, a la cual se
ha prestado poca atencién en materia de prevencidn, tratamiento y vigilancia epidemioldgica [1].
Los gusanos adultos de Toxocara canis (T. canis) viven en el intestino delgado de los perros, que
excretan los huevos en las heces, contaminando el medio ambiente [2]. Una vez en el intestino
delgado de los huéspedes intermedios (pueden ser huéspedes paraténicos, como humanos o
ratones), las larvas penetran en la pared intestinal y migran a diversos érganos, incluidos pulmones,
higado, musculos y sistema nervioso central, dando como resultado el desarrollo de inflamacién y
dafio tisular. La infeccion en el pulmdn con larvas de T. canis puede causar una afeccién de tipo
asmatico en nifios [3, 4]; induciendo hiperreactividad de vias respiratorias, inflamacién pulmonary
el aumento sistémico en los niveles de Inmunoglobulina (Ig)E; mismos signos que pueden persistir
durante meses en ratones infectados experimentalmente con T. canis [5, 6]. Por lo tanto, evaluar la
respuesta inflamatoria por parte de células como los macréfagos en la patologia después de la
infeccidén con T. canis, es fundamental para una mejor comprension de la enfermedad y el desarrollo
de terapias dirigidas.

Los macrdfagos M1 se activan principalmente mediante el interferén (IFN) -y a través de vias de
sefializaciéon como el transductor de sefial y el activador de la transcripcion 1 (STAT1), y los factores
reguladores de interferdn (IRF) 1y 8, que permiten la expansion de la respuesta inmune inflamatoria
[7, 8]. Producen citocinas inflamatorias como el Factor de Necrosis Tumoral (TNF)-a, Interleucina
(IL)-1B, IL-6, IL-12 e IL-23 y 6xido nitrico (ON) a través de la enzima éxido nitrico sintasa inducible
(iNOS) [9], y presentan una marcada expresién de moléculas co-estimuladoras CD80 y CD86 [10].
Por otro lado, durante la infeccion por helmintos, existen potentes redes antiinflamatorias e
inmuno-reguladoras que pueden limitar el dafio tisular causado por el parasito (o la respuesta
inmune contra ellos). Una caracteristica distintiva celular de la inmunidad antiparasitaria son los
macrofagos activados de manera alternativa (M2) por la IL-4 e IL-13 a través del receptor alfa de IL-
4 (IL-4Ra) y via STATS6, c- Myc e IRF4 [7, 11-13]. Por lo tanto, la activacion de M2 promueve el control
a la infeccion por helmintos y la reparacién de tejidos [14, 15]. STAT6 regula muchos de los genes
asociados con los macréfagos M2 de ratdn, incluida la arginasa 1 (Argl), moléculas tipo resistina-a
(Retnl- a, Relm a o FIZZ1), la quitinasa 3-tipo 3 (Chi3L3 o Ym1) y el receptor de manosa (MMR) o
CD206. Los macréfagos M2 tienen la capacidad de bloquear iNOS, contrarrestando el dafio tisular

causado por los macréofagos M1 [8, 10]. Ademas, los macrofagos M2 activados a través de STAT6



son una fuente importante de quimiocinas, citocinas, elastina, metaloproteinasas de matriz (MMP),
Factor de Crecimiento Tumoral (TGF)-B y otros mediadores que impulsan las respuestas celulares
después de una lesion tisular [16, 17].

Varios estudios en ratones infectados con nematodos demuestran la relevancia del equilibrio entre
los macréfagos M1 y M2 y las moléculas que liberan estas células [18]. En particular, los estudios
que involucran Heligmosomoides polygyrus [19] y Nippostrongylus brasiliensis [20], asi como los
nematodos filariales Brugia malayi y Litomosoides sigmodontis [21], y el trematodo Schistosoma
japonicum [22] destacan una respuesta inflamatoria inicial de tipo T cooperadora-1 (Th1)-M1
asociada con dafio tisular, seguido de una polarizacion Th2-M2 que promueve la reparacion del
tejido dafiado. Estd claro que los macréfagos participan en muchas funciones inmunes importantes
después de la infeccidn con helmintos que se caracterizan por la expresién de marcadores exclusivos
del perfil M2 (por ejemplo, Argl, FIZZ1 e Ym1) [23]. Sin embargo, existen datos limitados sobre la
implicacién de la activacion de macréfagos a través de STAT1 y STAT6 durante la segunda etapa
infecciosa de larvas (L2) de T. canis. Previamente, informamos que las citocinas Th2 tienen un doble
papel durante la toxocariasis. Por un lado, la activacién de STAT6 contribuye a la susceptibilidad del
huésped vy, alternativamente, la regulacion de la respuesta inmune inflamatoria reduce la
inmunopatologia inducida por la infeccidén por T. canis en los pulmones [24].

A pesar de estos hallazgos, aun quedan preguntas sin resolver. No se ha determinado si los
macréfagos M2 son las principales células involucradas en la reparacion de tejidos mediante su
activacion por STAT6. Ademas, el papel de los macréfagos M1 después de la infeccion por L2 de T.
canis sigue siendo desconocido. Para comprender mejor las posibles funciones desempeiiadas por
los macréfagos M1y M2 durante la toxocariasis aguda, utilizamos ratones deficientes en STAT1 o
STAT6. Después de la infeccién por L2 de T. canis, los ratones STAT17 favorecieron la activacion de
M2 determinada por el aumento en la expresion pulmonar de Argl, FIZZ1 e Ym1, lo que resultd en
resistencia al parasito y la reparacion del tejido pulmonar. Los ratones STAT6” mostraron evidencia
de activacion M1 y expresion de iNOS, lo que ayudd a reducir la cantidad de larvas en diferentes
tejidos, pero generd un aumento de la inflamacion y una extensa patologia pulmonar. Por lo tanto,
los macréfagos M1 y M2 estan involucrados en la patologia asociada a T. canis. Sugerimos que
durante la etapa migratoria pulmonar de T. canis es necesario un equilibrio en un momento

especifico entre la respuesta inflamatoria y antiinflamatoria para la proteccién contra T. canis.
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1. ANTECEDENTES
1.1. Toxocara canis
T. canis es un parasito helminto perteneciente al phyllum Nematoda, el cual se caracteriza por ser
multicelular y tener forma redondeada [25]. Es el principal agente etioldgico causante de la
toxocariosis, una de las zoonosis mas comunmente reportadas en infecciones por helmintos a nivel
mundial, con una alta prevalencia en areas tropicales y poblaciones rurales [2]. Algunos factores de
riesgo asociados con la infeccidon por este pardsito son la edad, estatus socioeconémico, ingestion
de carne cruda, pobre higiene, lavado de manos inadecuado y contacto con suelo contaminado con
los huevecillos [26]. Los nifios son el grupo social con mayor riesgo debido sus actividades de
recreacion, higiene y relaciones cercanas con mascotas [27]. Las especies mas importantes
distribuidas a nivel mundial y principales causantes de dicha zoonosis son los canidos; perros, zorros,
lobos, chacales y coyotes; ya que al ser los hospederos definitivos, excretan huevos de T. canis no
embrionados a través de las heces, contaminando el medio ambiente [2]. Bajo condiciones
favorables de temperatura y humedad, los huevos pasan a ser embrionados en cuestiéon de semanas
o meses, los cuales albergan al segundo estadio infectivo del parasito (L2), y pueden permanecer en
estado infectivo en el medio ambiente por meses e incluso afios [28].
L2 de T. canis es, a menudo, ingerida de manera accidental por los humanos a través de comida,
agua o del suelo contaminados. En el intestino delgado de sus hospederos la L2 emerge del
huevecillo y migra a través de las paredes intestinales via circulacién sistémica a diferentes érganos;
los cuales incluyen higado, pulmdn, sistema nervioso central y musculo, activando respuestas
inmunes e inflamatorias que conllevan a la presentacién de sintomas como fiebre, tos, dolores de
cabeza, abdominal y de extremidades. Los sindromes clinicos asociados con la toxocariosis humana
son: larva migrans visceral (LMV), larva migrans ocular (LMO), neurotoxocariosis (NT) y larva cutanea
(CT). Los cuales son dependientes del sitio de migracion del parasito y se relacionan en gran medida
con su ciclo bioldgico [29, 30].
1.2. Ciclo bioldgico.
1.2.1. Toxocariosis en el huésped definitivo
Las formas adultas de T. canis (Figura 1a) viven en el tracto digestivo superior de sus hospederos
definitivos caninos cachorros. Las hembras gusanos pueden producir arriba de 200,000 huevos por

dia, dichos huevos son eliminados a través de las heces como huevos inmaduros y requieren de un
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periodo de incubacién en el suelo para ser embrionados [31]. La embrionacion ocurre después de
una semana de su deposicidn en el suelo, sin embargo los periodos de incubacién pueden variar
dependiendo de las condiciones medio ambientales, ya que en climas mds calidos y humedos el
proceso es acelerado, mientras que en climas frios el periodo de incubacién es mas largo. Los
huevecillos embrionados de T. canis contienen el estadio infectivo L2 (Figura 1b), los cuales pueden
permanecer en el medio ambiente por meses, e incluso afos [32]. Cuando un perro ingiere los
huevecillos embrionados, los huevos eclosionan en el intestino delgado, donde las larvas liberadas
perforan la pared intestinal, mecanismo por el cual acceden a la circulacién sanguinea y van a través
del higado y pulmdn al ventriculo izquierdo cardiaco, donde son diseminadas a todo el organismo
via circulacion sistémica. Las larvas de T. canis se pueden desarrollar a gusanos adultos en tres

semanas y liberar huevecillo en el intestino de sus hospederos para ser excretados por medio de las

heces [33].

Figura 1. Estadio adulto de Toxocara canis (a). Estadio infectivo L2 de T. canis eclosionando de su huevecillo (b). Imagen
tomada de Alessandra Nicoletti, 2013 [34].

En hembras caninas prefiadas las larvas por estimulos hormonales, que han vivido en estado de
hipobiosis, se activan y migran a través de la placenta infectando a los fetos. De hecho, se ha
observado que la mayoria de los caninos cachorros, son infectados via trans-placentaria o trans-
mamaria, los cuales resultan ser los principales diseminadores de huevecillos al medio ambiente
hasta los 24 meses de edad. Una vez que dichos cachorros alcanzan la etapa adulta dejan de ser
hospederos definitivos y pasan a ser hospederos paraténicos. No se sabe con exactitud cuales son
los mecanismos involucrados de dicho fendmeno, pero se piensa que es debido a que en los
cachorros el sistema inmunoldgico no se encuentra bien desarrollado, de tal forma que la larva
puede evadirlo de forma eficiente para poder completar su ciclo bioldgico, cosa que en caninos
adultos no es posible [35].

1.2.2. Toxocariosis en humanos y otras especies animales no caninas
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Otras especies animales, incluyendo al humano, son considerados hospederos accidentales, ya que
solo sirven como medio de transporte hasta que el pardsito encuentra a su hospedero definitivo
para poder completar su ciclo. Una vez que los huevecillos son ingeridos de manera accidental, las
L2 eclosionan en intestino delgado, pero dichos estadios presentan deficiencias para poder
completar su desarrollo al estadio adulto. En su lugar, se mantienen migrando primero por higado,
luego pulmones y de igual forma acceden a la circulacion sistémica hasta llegar a cerebro y musculo,
siendo estos dos ultimos los sitios en los que primordialmente las larvas entran en estado de
hipobiosis manteniéndose durante meses e incluso afios hasta encontrar de nuevo a su hospedero
definitivo (Fig. 2). Diversos modelos murinos han sido utilizados con la finalidad de reproducir la
infeccidon y consecuentemente poder tener un mejor entendimiento del proceso de migracién en

los hospederos accidentales.

Hospedero definitivo
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Transmisién
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y transmamaria
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. Huevecillos inmaduros
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Figura 2. Ciclo de Toxocara canis. Después de que los huevecillos larvados son ingeridos por su hospedero definitivo, estos
maduran en intestino delgado hasta estadio L4 con capacidad para reproducirse y dar origen a los huevecillos inmaduros
que son eliminados al medio ambiente a través de las excretas y bajo condiciones 6ptimas de temperatura y humedad
logran formar el estadio L2. Hospederos accidentales (humanos, roedores y otras especies no caninas) y definitivos los
ingieren de manera accidental, las L2 eclosionan de su huevecillo en intestino delgado y migran por torrente sanguineo a
diferentes 6rganos (higado, pulmdn, cerebro, musculo, ojo) en donde pueden permanecer en modo latente hasta
encontrar de nuevo a su hospedero definitivo (hospederos accidentales). O bien, hasta completar de nuevo la etapa adulta
(hospederos definitivos). Hembras caninas también pueden transmitir los parasitos a sus crias via trans-placentaria o
trans-mamaria. Imagen modificada de Alessandra Nicoletti, 2013 [34].
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1.3. Presentaciones clinicas

1.3.1. Larva Migrans Visceral

LMV es una enfermedad zoondtica causada por la migracion del segundo estadio larvario del
nematodo de T. canis a través de diversos érganos, siendo la poblacion infantil, con historial de
geofagia y convivencia cercana con cachorros en casa, la mas comunmente afectada por esta
presentacién. Los signos agudos asociados con la migracidn larvaria hepdtica y pulmonar a menudo
incluyen dolor abdominal, disminucidon del apetito, fiebre, tos, estornudo, broncoespasmos
parecidos al asma y hepatomegalia. En la fase de infeccidon, usualmente hay una marcada eosinofilia,
leucocitosis e hipergamaglobulinemia de las clases IgM, IgE e IgG. De manera mas infrecuente,
miocarditis, nefritis y el compromiso de SNC, han sido también descritos [36, 37].

1.3.2. Larva Migrans Ocular.

LMO ocurre tipicamente de manera unilateral en nifios y adultos jévenes. El sintoma mas comun
es pérdida de la visidn. La examinacion oftalmoldgica revela uveitis, endoftalmitits, papilitis, lesion
granulomatosa retinal o masas inflamatorias en la periferia del vitreo. La infeccién ocular también
puede ser subclinica y sdlo ser detectada durante examinaciones oftalmoldgicas de rutina [38, 39].
1.3.3. Neurotoxocariasis

Las presentaciones clinicas del sistema nervioso en LMV son raramente reportadas, a pesar de que
en modelos murinos de experimentacion, las larvas frecuentemente migran al cerebro y a pesar que
LMV es visto de forma frecuente en nifios, NT cominmente reportada en adultos. Esta presentacion
se caracteriza por la manifestacion de meningoencefalitis eosinofilica, meningitis, meningomielitis,
meningoencefalomielitis, encefalitis y desordenes del comportamiento. También se han asociados
cuadros epilépticos a la toxocariasis [40].

1.4. Prevalencia e incidencia de la toxocariasis.

T. canis es un parasito que se encuentra distribuido a nivel mundial, cuya incidencia es mayor en
paises subdesarrollados y en dreas rurales tanto de paises desarrollados como subdesarrollados,
debido a las pobres condiciones de higiene y acceso al agua potable que estas areas en general
presentan. Se ha asociado mayormente a paises subdesarrollados debido al clima tropical
prevalente en estos paises, ya que los huevos del parasito tienen mayor probabilidad de madurary
sobrevivir a las condiciones medioambientales propias de climas tropicales. La primera infeccidon

humana fue reportada en 1950 y desde entonces ha sido reportada en al menos 100 paises, con la
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mayoria de casos reportados en Francia, Austria, India, Japdn, Korea, China, Estados Unidos (E.U.) y
Brasil [26].

En un meta andlisis llevado a cabo para recopilar los datos de incidencia de T. canis en paises de
Norteamérica como Canadd, Estados Unidos y México; se encontraron 18 articulos referentes a
seroprevalencia, incidencia o reporte de casos para toxocariasis; de los cuales 5 reportes fueron
llevados a cabo en Canadd, 8 en Estados Unidos y otros 5 en México. El rango de prevalencia
estimada fue de 0.6% en comunidades Inuit de Canada, y hasta un 30.8% en nifios mexicanos con
asma. El rango de prevalencia estimada para Estados Unidos fue de 8.6% en nifios de 1 a 5 afios,
hasta 15.1% en nifios de 6 a 11 afios, y un rango de prevalencia de 13.9% reportada para adultos y
nifios con edades mayores a 6 afios. Un estimado de seroprevalencia reportado en México tiende a
ser mas alto que aquellos reportados en E.U. y Canad3; y los datos disponibles estan enfocados en
comparar los rangos de prevalencia en grupos de alto riesgo como pacientes psiquiatricos,
recicladores de basura y nifios asmaticos. La seroprevalencia de estos grupos de alto riesgo presenté
un rango de 4.7 en pacientes psiquidtricos hospitalizados y hasta un 30.8 en nifios con asma [41]
En México se han llevado a cabo estudios para determinar la prevalencia de T. canis en areas
recreacionales; y muestras de suelos y heces de perros han sido evaluados obteniendo rangos que
van desde un 24% hasta un 67.5% del total de las muestras obtenidas. El alto rango de
contaminacion también se ha visto reflejado en el estatus socioecondmico y nivel de sanitizacion
del area de estudio [42].

A si mismo estudios de seroprevalencia en nifios han reportado rangos de 22.22% en México y
estudios realizados para detectar respuesta inmune en modelos murinos infectados previamente
con larvas de T. canis han revelado la activacidn de células Th2, respuesta encargada de activar
todos los procesos inmunoldgicos asociados con la reparacidn tisular en donde las citocinas IL-4, e
IL-10 propios de una respuesta inmune antiinflamatoria se observan incrementadas tanto en suero
como en lavados de tejido pulmonar, asi como la activacidn de células B productoras de anticuerpos
IgG1 e IgE. A su vez también se ha observado que las infecciones por este nematodo se caracterizan
por generar una marcada eosinofilia; todo ello en respuesta a la presencia del parasito [5, 42-44].
1.5. Respuesta inmune durante la infeccion por T. canis.

La infeccion por helmintos induce una respuesta inmune Th2, tipicamente reflejada en la secrecién
de IL-4, IL-5 e IL-13, citocinas que estdn involucradas en la activacidon de mastocitos, eosinéfilos y

macroéfagos; asi como la produccién de altos niveles de IgE. La activacion de la respuesta Th2
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normalmente coincide con la modulacidon descendente de la respuesta inflamatoria Th1, reduciendo
la expresion de TNF-a, IFN-y e IL-17 [45, 46]. Sin embargo, normalmente el sistema inmune organiza
un cuidadoso equilibrio entre las respuestas pro y antiinflamatorias para funcionar eficientemente
contra la infeccidon por T. canis, aunque la supervivencia crénica de las larvas en huéspedes
paraténicos indica que esto no siempre puede tener éxito en la erradicacidn de todos los gusanos.

En los hospedadores paraténicos, como los humanos y los ratones, las larvas de T. canis no se
desarrollan hasta la etapa adulta, sino que migran a través del tejido somatico y persisten como L2
durante largos periodos. En este contexto, la infeccion experimental en ratones, que imita la
biologia de la infeccién humana, podria ser relevante para una mejor comprension de la toxocariasis
humana [47-49]. Infecciones experimentales con T. canis en ratones revelaron eosinofilia elevada
con altos titulos de IgE después de la infeccion [44]. Ademas, los altos niveles plasmaticos de IL-6 e
IFN-y se correlacionaron con lesiones pulmonares [50], y en las infecciones crdénicas por T. canis, se
informd un predominio de la respuesta inmune Th2 caracterizado por un incremento en la
produccidn de citocinas como IL-4, IL-13, IL-5 e IL-10 [51-53] respuesta que es la encargada de la
activacion de macrdéfagos alternativos [17, 54, 55].

1.6. Los macrofagos

Los macréfagos se originan de los monocitos circulantes, los cuales durante procesos de
homeostasis e inflamacién dejan el torrente sanguineo para migrar hacia los tejidos donde se
diferencian a macrdfagos debido a su exposicidon a factores de crecimiento locales, citocinas del
microambiente y productos anti-microbianos [56, 57]. Los macréfagos tienen multiples funciones
como fagocitosis, presentacion antigénica, y la produccién de diferentes citocinas [58]. Son
esenciales para el control de enfermedades infecciosas, remocion de debridados y células muertas,
promoviendo la regeneracion tisular y la cicatrizacidon, ademds contribuyen a la patologia y dafio
tisular durante enfermedades inflamatorias e infecciosas [59, 60].

Los macrdfagos son células con mucha plasticidad que pueden cambiar de un fenotipo a otro, cuya
polarizacidn se lleva a cabo a través de un cambio de fenotipo y una respuesta funcional especificos
de acuerdo al estimulo micro-ambiental y de sefializacién [61]. Dos principales sub-poblaciones de
macrofagos con diferentes funciones son los macréfagos clasicamente activados o inflamatorios
(M1) y los macréfagos alternativamente activados o anti-inflamatorios (M2). Este fendmeno de dos
diferentes fenotipos (M1/M2) es referido con el término “polarizacion de los macréfagos” [62-64].

1.6.1. Macrdéfagos M1

16



Los macréfagos M1 son tipicamente inducidos por citocinas tipo Thl como IFN-y a través de la via
STAT-1. Una vez activados pueden producir y secretar altos niveles de citocinas inflamatorias como
TNF-q, IL-1a, IL-1B, IL-6, IL-12 e IL-23 y tienen una alta expresiéon de moléculas co-estimuladoras
CD80 y CD86. Funcionalmente participan en la eliminacion de patdgenos durante diversas
infecciones a través de la activacién del sistema de oxidaciéon fosfato dinucleotido adenin-
nicotinamida (NADPH) y en consecuencia la produccidn de la enzima iNOS y activacion de especies
reactivas de oxigeno (ROS). De esa forma los M1 tienen una robusta actividad anti-microbiana y
anti-tumoral mediada por iNOS y ROS induciendo dafio (Figura 3), retraso en la regeneracion y
cicatrizacion de tejidos. Para proteger a los tejidos de dicho dafio la respuesta inflamatoria crénica
es inhibida por mecanismos regulatorios que conllevan a la activacién de macroéfagos anti-

inflamatorios M2 [62, 63]
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Figura 3. Al entrar el organismo en contacto con agentes patdgenos intracelulares se inicia la activacién de una respuesta
inmune inflamatoria de tipo Th1 induciendo la produccion de IFN-y, el cual se une a receptores de IFN (IFNGR-1y 2) en la
superficie de las células para la activacion de la via de sefializacidon de STAT1, estos receptores que son trans-membranales
entran en contacto con las proteinas JAKs 1y 2 que se encuentran de manera constitutiva en el citoplasma de las células,
forman dimeros que son fosforilados y de esa forma se internalizan al ndcleo de las células para la activaciéon y
transcripcion de genes de M1 y amplificacion de la respuesta Thl. Una vez activados los M1 por la via de sefializacion
STAT1, tienen la capacidad de producir citocinas como IL-12, 23, 6, 1 y TNF-a para la amplificacion de la respuesta inmune
Th1, y expresar marcadores de superficie como CD86 y MHCII, asi como la produccién de iNOS enzima que induce la
produccién de especies reactivas de oxigenos y oxido nitrico, para la eliminacién de parasitos intracelulares, procesos que
generan dafio e inflamacion tisular. Imagen modificada de Martinez FO y Gordon S [65].
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1.6.2. Macrdéfagos M2

Los macrdéfagos anti-inflamatorios M2 son polarizados por citocinas tipo Th2 IL-4 e IL-13 via STAT-6
por IL-4Ra). Asi mismo los M2 tienen un perfil anti-inflamatorio, el cual se caracteriza por la
produccidn de citocinas como IL-10 y TGF-f3, también se caracterizan por la expresion de la enzima
Arginasa-1, proteinas de la familia de las quitinasas YM1, YM2 y AMCase, moléculas tipo resistina
como FIZZ1/Retnla/Relma, FIZZ2/Retnlb/Relmp, FIZZ3/Retn/Resistina y FIZZ4/Retnlg/Relmy [66] y
MMR/CD-206. Todos estos factores actian en conjunto para promover la inmunidad en contra de
parasitos helmintos y modular la inflamacion (Figura 4). Funcionalmente tienen una potente
capacidad fagocitica para la remociéon de debridados y células apoptdticas, promoviendo la

reparacion y cicatrizacién tisular, a través de angiogénesis y fibrosis [67, 68].
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Figura 4. Al entrar el organismo en contacto con parasitos helmintos se inicia la activacion de una respuesta inmune anti-
inflamatoria de tipo Th induciendo la produccién de IL-4 e IL-13, las cuales se une a receptores de la cadena a de IL-4 y yc
en la superficie de las células para la activacién de la via de sefializacién STAT6, estos receptores que son trans-
membranales entran en contacto con las proteinas JAKs 1y 3 que se encuentran de manera constitutiva en el citoplasma
de las células, forman dimeros que son fosforilados y de esa forma se internalizan al nicleo de las células para la activacion
y transcripcion de genes de M2 y amplificacién de la respuesta Th2. Una vez activados los M2 por la via de sefalizacion
STATS, tienen la capacidad de producir citocinas como IL-10, TGF-B e IL-1 para la amplificacion de la respuesta inmune
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Th2, y expresar marcadores de superficie como FIZZ1, YM1, MMR y MHCII, asi como la produccién de Arginasa-1 enzima
que ayuda en la activacion de los procesos de regeneracion tisular como depdsito de colageno, elastina, produccion de
poliaminas y; junto con FIZZ1; en la produccién de moco para la eliminacion de helmintos. Imagen modificada de Martinez
FOy Gordon S [65].

1.6.3. Activacion de macrofagos cldsicos y alternativos via STAT1 y STAT6

Las proteinas STATSs, originalmente descubiertas como proteinas de unidon a DNA, son factores de
trascripcion latentes en el citoplasma de las células, activados por ligandos de sefiales extracelulares
como citocinas, factores de crecimiento y hormonas. Las STATs son activadas mediante su
fosforilacién en el citoplasma de las células por las janus cinasas (JAKs) una familia de tirosin cinasas
(TKs). Estas vias de sefializacion tienen funciones bioldgicas diversas que incluyen un papel en la
diferenciacion celular, proliferacion, desarrollo, apoptosis e inflamacion [69].

Debido a que existen cuatro tipos diferentes de moléculas JAK (JAK 1, 2, 3y TYK 2) y siete miembros
de la familia de las STATs (STAT1, 2, 3, 4, 53, 5b y 6), combinaciones especificas de un receptor de
citocina y la activacién de las JAK/STATs puede llevar a una respuesta celular especifica [70].

Las STATs en el citoplasma de las células se encuentran en forma de mondmeros, una vez
fosforiladas por las JAKs forman dimeros para ser traslocadas al nucleo y unirse al DNA de la célula
e iniciar la transduccidn de genes especificos dependiendo del tipo celular [71].

Asi linfocitos cooperadores tipo (Th)-1 son diferenciados a través de la fosforilacion de STAT-1 por
JAK1 y JAK2 o JAK1 y TYK3 moléculas activadas por la unién de IFN-y a su receptor presente en la
membrana celular, citocina que ademas también es producida por los mismos linfocitos Th1 una vez
activados [70, 72].

Mientras que la fosforilacion de STAT-6 por la activacion de JAK1 y JAK3 a través de la unidon de IL-4
e IL-13 a su receptor yC comun en la membrana de las células, induce la diferenciacién de linfocitos
Th-2, que a su vez también son capaces de producir dichas citocinas una vez activadas [70, 72].

De tal forma que la sefializacion por STAT1 estd estrechamente relacionada no sélo con la activacion
de la respuesta inmune Th-1 sino que también con la activacién de M1 mediante la produccién de
IFN-y, y en los cuales STAT1 también se encuentra de forma latente en el citoplasma para su
diferenciacion y transcripcion de genes. Y de Igual forma la sefializacion de STAT6 se lleva a cabo en
células M2 para la transcripcidn de genes asociados con esta poblacidon celular.[73-75].

1.7. Papel de los macrofagos durante diversas infecciones por helmintos

1.7.1. Nippostrongylus brasiliensis.
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Este nematodo como muchos otros tiene una fase tisular, la cual migra de forma transitoria a través
de pulmdn ocasionando hemorragia e inflamacion. El papel de la respuesta inmune en el control del
dafio pulmonar agudo se ha estudiado a través de un modelo de infeccién experimental con N.
brasiliensis en ratones BALB/c, en el cual se encontré que la IL-17 contribuye en el proceso de
inflamacidn, mientras que la sefializacion a través del receptor de IL-4 (IL-4R) reduce los niveles de
IL-17, incrementando la expresidn del factor de crecimiento tipo insulina 1 (IGF-1) e IL-10, con la
consiguiente activacion de M2, lo cual contribuyd a la rapida resolucién del tejido dafiado. Dicho
estudio apunta hacia un papel esencial de la respuesta inmune Th2 y de M2 en la mediacién del
dafio pulmonar [76]. En otro estudio usando los biomarcadores de FIZZ/Retn de los macrofagos
alternativos, se observé que ratones Retnla” infectados con N. brasiliensis y S. mansoni presentaban
una patologia pulmonar y hepatica intensificada, que indujo un proceso de fibrogénesis
descontrolado derivado de la migracién de los parasitos, asi como disminuciéon de la carga
parasitaria a nivel intestinal e incremento de citocinas IL-4 e IL-13 de la respuesta inmune Th2,
concluyendo que contrario a lo que se esperaba, el gen de Retnla inducido por la respuesta inmune
Th2 suprime resistencia a la infeccion por nematodos gastrointestinales y fibrosis por regulacién
negativa dependiente de la respuesta inmune Th2, en donde la fibrosis puede estar asociada a un
proceso de reparacién descontrolado por la ausencia de FIZZ-1 [77]. En cuanto al papel de Ym1 en
la infeccion por N. brasiliensis, biomarcador también de los M2, se observé que Ym1 inducia
neutrofilia y dafio pulmonar agudo caracterizados por destruccién alveolar y hemorragia asociados
a la presencia de neutréfilos, ya que al inyectar anti-Ym1 a ratones BALB/c la poblacion de
neutréfilos tanto en lavados pulmonares como en tejido pulmonar disminuia de manera
considerable al dia 2 y 4 posteriores a la infeccién, asi como la patologia pulmonar, lo cual se asocié
a un incremento en la poblacién de macréfagos al dia 4 consistente con la disminucién del dafo
pulmonar, dichos datos sugieren que aun en ausencia de Ym1 los M2 siguen ejerciendo su papel
reparador que podrian estar llevando a cabo a través de sus diversos mecanismos independientes
de Ym1 [78], otros estudios también han confirmado la importancia de los neutréfilos como células
implicadas en la mediaciéon de la reparacién de tejido ademas de la neutralizacién de parasitos, ya
gue su presencia se ha asociado a la activacién de M2 [79]. También se ha estudiado la importancia
de la IL-9 en la activacion de las células linfoides de la inmunidad innata de tipo 2 (ILC2s) y de estas
a su vez en la reparacién de tejido pulmonar durante la infeccion por N. brasiliensis, ya que ratones

IL-9R deficientes mostraron disminucién en la poblacion celular de ILC2s y de anfiregulina; un
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miembro de la familia del factor crecimiento epidermal el cual promueve regeneracion de epitelio
bronquio alveolar; dando como resultado decremento en produccion de IL-5 e IL-13 y como
consecuencia deficiencia en la restauracion del tejido danado, todo ello desencadenado por la
ausencia de IL-9. Esta incapacidad de regeneracion tisular se asocié a una produccién disminuida de
los factores involucrados en la reparacion de macrofagos Arg-1, Retnlay Ym1/Chi3l3. De esta forma
las células de la inmunidad innata juegan un papel importante para la posterior reparacién tisular
por parte de los macréfagos, que de nuevo demuestran ser importantes para que dicho proceso se
lleve a cabo de forma adecuada [80]. Sin embargo también las ILC2s estdn implicadas en la
reparacion de tejido de forma directa ya que se ha visto que expresan Arginasa-1 de manera
constitutiva con capacidad de inducir regeneracidn tisular durante procesos de inflacion pulmonar
en ausencia de M2 [81].

1.7.2. Schistosoma mansoni.

Durante la infeccion por este nematodo se demostré que AAM son esenciales durante la
esquistosomiasis para la proteccién contra el dafio tisular a través de la disminucién en la
inflamacidon desencadenada por la presencia de huevos de S. mansoni en tejido hepatico. Para
probar este efecto se usaron ratones LysMeIL-471°¢ e |L-4 deficientes, los cuales mostraron una
incapacidad en la activacion de AAM, con polarizacion de macréfagos hacia un perfil cldsico
productores de NOS2, que indujeron formacidon de granulomas hepaticos mas grandes en
comparacién con ratones WT, los cuales presentaron una activacion alternativa de macréfagos
predominante, con produccion de Arginasa-1y formacion granulomas hepaticos mas pequenios [65]
y resultados muy similares fueron encontrados por Kevin M. y col que usando la cepa de ratones IL-
4Ra"¥LysM®e, demostraron que AAM son requeridos para suprimir la respuesta patogénica
Th1/CAM, pero sin tener un impacto significativo en el desarrollo de la fibrosis a pesar de que
aparentemente la fibrosis si fue mayor en ratones deficientes [82]. Aunque estos datos son
contrarios a unos publicados anteriormente, en los cuales a nivel pulmonar la induccién de IL-4 e IL-
13 produce formacién de granulomas que se encuentran rodeando los huevos de S. mansoni; que
comparados con los granulomas formados en ausencia de IL-4 e IL-13; resultan ser mas grandes.
Estos datos sugieren que un estimulo exacerbado de la respuesta inmune Th2 puede estar
involucrada en el desencadenamiento de dafio tisular mas que en la reparacidn, pero de manera
interesante este dafio se encuentra asociado a un incremento en el reclutamiento de eosindfilos,

implicandolos como las principales células en generar el dafio pulmonar ocasionado por la
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formacién de granulomas, sin hacer correlacién alguna con los M2, a pesar de que este tipo celular
es también un componente importante durante la activacion de la respuesta inmune Th2 [83]. En
este aspecto se llevd a cabo otro estudio en tejido pulmonar en el que los resultados confirman una
vez mas que los M2 siguen teniendo una funcién benéfica. Usando ratones FHL2-knockout;
siendoFHL2 una proteina inducida en macroéfagos bajo el estimulo de citocinas como IL-4 e IL-10;
los macréfagos derivados de médula dsea (BMMs) mostraron un fenotipo alternativo reducido, aun
bajo el estimulo de IL-4, asi como incremento en el numero de granulomas pulmonares, con
decremento en la expresion de marcadores alternativos y en consecuencia una respuesta Thl
exacerbada, concluyendo que FHL2 es importante para a activacién de M 2y en consecuencia para
la reparacién del dafio ocasionado por la presencia de S. mansoni en tejido pulmonar, del mismo
modo se ha visto que la activacion de M2 dependiente de IL-13, es importante para la resolucion
de fibrosis e inflamacién pulmonar [84, 85].

A nivel intestinal se ha visto que la Arginasa-1 producida por M2 juega un papel crucial en los
procesos inflamatorios inducidos por la presencia de los huevos de S. mansoni. En este estudio la
ausencia de IL-4Ra ocasiono decremento en la produccidn de Arginasa-1 a nivel intestinal, la cual
parece ser importante para reducir el daino intestinal ya que al administrar BEC a ratones WT; un
inhibidor competitivo que especificamente bloquea las funciones de Arg-1 y 2; presentaron
incapacidad para eliminar los huevos de S. mansoni y por consiguiente la patologia intestinal
incremento, lo cual se vio reflejado en un incremento de mortalidad y morbilidad en comparacion
con ratones no tratados. Para poder medir de forma directa la importancia de Arg-1 en la patologia
intestinal se infectaron ratones Arg-17", los cuales desarrollaron diversas lesiones hemorragicas
dentro de la mucosa intestinal, en comparacién con ratones WT que no las desarrollaron. Los datos
de este estudio en conjunto sugieren que la produccion de Arg-1 por parte de los macréfagos es
importante para la neutralizacion de los huevos de S. mansoni y en consecuencia para disminuir la
patologia intestinal por la ausencia del parasito, ya que la ausencia de Arg-1 también indujo
polarizacidn de la respuesta inmune hacia un perfil inflamatorio desencadenando mayor patologia
[86]. También al inhibir la respuesta Th1l durante la infeccidon con S. mansoni, se ha visto que la
poblacién de AAM y sus mecanismos de reparacion resultan mas eficientes, ya que al usar ratones
CD14 deficientes; correceptor de TLR4 que desencadena la respuesta Thl y activacién de CAM; la
poblacién de AAM incremento de manera significativa, asi como de células CD4+IL-4, IL-5, e IL-13+

y CD4+Foxp3+IL-10+, en los cuales la formacién de granulomas hepaticos resultaron ser mas
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pequenos; asociado con un incremento en el depdsito de coldgeno; comparados con los granulomas
de ratones WT infectados. Tales efectos se relacionaron con un incremento en la sefializacion de
STAT-6, sugiriendo que la ausencia de CD-14 tiene un efecto en la via IL-4Ra/STAT-6 para la
polarizacion de macrdfagos durante la infecciéon por este nematodo. [87, 88]. Otros estudios han
confirmado este papel reparador de los macrdfagos, que resulta ser poco benéfico para el
hospedero al inhibir alguna citocina o factor caracteristico de los M2 y en los cuales los resultados
obtenidos demuestran que la presencia de esta poblacién celular y sus factores son indispensables
para la adecuada resolucion de lesiones ocasionadas por la formacion del granuloma de los huevos
de S. mansoni en los diferentes érganos a través de los cuales migra [89, 90].

1.7.3. Heligmosomoides polygyrus.

Diversas poblaciones celulares, citocinas, vias de sefializacidn, factores quimiotdcticos, etc. se han
asociado con la activacién de M2 para que puedan cumplir con sus funciones de reparacién, sin
embargo un estudio reciente ademads vinculé la importancia de la produccién de anticuerpos en la
activacion de M2. Dicho estudio se llevé a cabo durante la infeccidon con Heligmosomoides polygyrus
bakeri (Hp), en el cual se observd que anticuerpos especificos para Hp dependientes del
complemento y FcRy inducian adherencia de macréfagos a las larvas de Hp in vitro, dando como
resultado completa inmovilizacién de los parasitos. También se observé que los anticuerpos tenian
la capacidad de reprogramar a los macréfagos para la expresidon de genes asociados a los procesos
de reparacion. Ambos mecanismos pudieron llevarse a cabo de manera independiente de la
sefializacion de IL-4Ra, dando como resultado un nuevo mecanismo de activacion alternativa de los
macréfagos dependiente de anticuerpos y como mediadores del efecto antihelmintico y de
reparacion de los macréfagos [91]. Como la gran mayoria de los helmintos H. polygyrus tiene la
capacidad de migrar a través de diversos drganos y un estudio en particular se enfocé en identificar
la densidad, estatus de la polarizacién y distribucidn de los macréfagos en tejido cardiaco, ya que si
bien es sabido que los macréfagos residentes en los diversos tejidos tienen un papel homeostatico
muy importante; en tejido cardiaco no es del todo claro. Para poder dilucidar esta cuestidn se hizo
un reto inmunolégico con H. polygyrus en ratones, los cuales mostraron una polarizacién de la
poblacién de macrdéfagos hacia un fenotipo alternativo caracterizado por la expresion de receptores
como Ym-1, RELM-a y CD206 (receptor de manosa), seguido de un incremento en el depdsito de
colagena, que bajo condiciones normales, es decir; sin infeccion; no habia un predominio en la

poblacién de macréfagos, ya que expresaban marcadores tanto de un perfil clasico (IL-1B, TNF,
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CCR2) como alternativo (Ym1, Argl, RELMa e IL-10) y con funcién fagocitica; pero no fue sino hasta
que se hizo el reto inmunoldgico que se diferenciaron hacia el fenotipo alternativo, que condujo
hacia fibrosis del tejido cardiaco. Estos datos indican que la polarizacién de los macréfagos
residentes de tejido cardiaco, depende del estimulo inmunoldgico que se les dé y que no hay una
predominancia en condiciones basales. Por otro lado aun falta estudiar mas a fondo el papel
reparador de AAM en tejido cardiaco, debido a que el efecto observado después de su activacion
fue la fibrosis, mecanismo a través del cual M2 ejercen su funcién reparadora, pero no se determiné
si este efecto era positivo o negativo para el hospedero [92].

1.7.4. Trichinella spiralis.

Los macrdfagos tienen una alta plasticidad y heterogeneidad, sus funciones se llevan a cabo con
base a los requerimientos del microambiente y los procesos de obesidad son conocidos como un
tipo de inflamacidn del tejido adiposo que en muchos casos conlleva a resistencia a la insulina y
descontrol de la glucosa, en este aspecto los M2 tienen una funcién muy importante mediando
dichos procesos inflamatorios. Durante la infeccién con T. spiralis M2 son activados en respuesta a
la infeccidn y su presencia tiene un efecto benéfico al disminuir la tolerancia a la glucosa en ratones
obesos, los cuales muestran un decremento de la glucosa en sangre periférica, seguido de un
incremento en la expresion de marcadores de activacién alternativa como Argl, CD206 e IL-10 y
muerte de adipocitos; de tal forma que la presencia de los M2 activados por este parasito en
procesos de obesidad tiene un efecto benéfico; comprobando una vez mas la eficaz funcionalidad
de los M2 en la mediacién de los procesos inflamatorios y de reparacidn, pero ahora en tejido
adiposo [93]. Durante otros procesos inflamatorios como la colitis, se ha demostrado que las
proteinas de excrecidn-secrecion (SE) de los parasitos juegan un papel importante en los procesos
de inmunomodulacién, en donde rTsP53 (proteina recombinante de 53k Da de T. spiralis) un
componente de las proteinas de ES de T. spiralis, tiene efectos inmunoldgicos en la polarizacion de
la respuesta inmune hacia Th2 durante la colitis experimental en ratones. La induccién de la colitis
experimental, seguida del tratamiento con rTsP53; ademds de la polarizacién de la respuesta
inmune, conlleva a un decremento de la inflamacién del colén y expresion de marcadores de
activacion alternativa Argl, FIZZ1, TGF-f e IL-10, que en conjunto disminuyen los procesos
patolégicos derivados de la inflamacién del coldn, teniendo la activacién de los M2 y la expresidon
de sus factores una implicacién muy importante en dichos efectos anti-inflamatorios [94].

1.7.5. Taenia crassiceps.
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Otro nematodo en el cual se han estudiado ampliamente sus efectos durante la colitis experimental
y el cancer asociado a colitis, es el cisticerco de T. crassiceps, cuya infeccidn se ha visto que al igual
que rTsP53 de T. spiralis, tiene efectos inmunomoduladores que ayudan a disminuir los efectos
inflamatorios y tumorigénicos asociados a la colitis y al cancer asociado a colitis; en donde los M2
tienen un papel central en la mediacién de dichos procesos. Los efectos inmunomodulares de la
infeccion con el cestodo de T. crassiceps han demostrado tener una implicacidon importante en la
disminucién de ambas patologias en donde M2 tiene un papel activo induciendo la expresion de sus
factores reparadores Argl, Ym1 y Fizz1 y por consiguiente el depdsito de colagena en intestino;
pero sin producir fibrosis ni incremento en la patologia intestinal. También se observé una reduccién
importante del infiltrado inflamatorio del colén y de la hemorragia ocasionada por la colitis durante
lainfeccidn con T. crassiceps [95, 96]. De forma muy similar se han observado estos efectos durante
la induccion de la encefalitis autoinmune experimental (EAE), patologia inflamatoria de sistema
nervioso central, que en presencia del cisticerco de T. crassiceps disminuye de manera considerable
y s6lo 50% de los ratones infectados mostraron sintomas de EAE, que fueron significativamente
menos severos comparados con ratones no infectados. La ausencia o disminucién de la
sintomatologia en los ratones infectados se asocid principalmente a la produccién de citocinas anti-
inflamatorias, asi como a una alta expresion de marcadores de activacion alternativa [97].

1.7.6. Trichuris muris.

Poco se ha estudiado en cuanto al papel de M2 durante la infeccion por el nematodo intestinal de
Trichuris muris, pero se sabe que también tiene la capacidad de inducir una respuesta inmune Th2
y por consiguiente la activacion de esta poblacién de macrdéfagos; aunque a diferencia de otras
helmintiasis, este tipo de respuesta inmune genera resistencia a la infeccién por, asociada también
a la presencia de M2. En cuanto a los efectos reparadores de M2 se demostré que Argl no es
esencial para que sean llevados a cabo, ya que su ausencia no produjo cambios importantes en la
patologia intestinal. Sin embargo, siempre es importante recordar que existen otros mecanismos a
través de los cuales se llevan a cabo los procesos de reparacién y que no fueron tomados en cuenta
en este estudio, asi como tampoco se profundizo en, si el efecto reparador de los macréfagos este
siendo la condicionante para que la eliminacidn de los pardsitos no se lleve a cabo de manera
adecuada [98].

1.7.8. Toxocara canis.
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Para determinar la respuesta inmune que se desencadena durante la infeccion por T. canis se han
llevado a cabo diversos estudios, en los cuales se ha observado la activacidon de una respuesta
inmune tipo Th2 caracterizada tanto por un incremento en la produccion de citocinas IL-4, IL-5, IL-
13 y anticuerpos IgG-1a, IgG4a e IgE, asi como de eosindfilos en sangre periférica y formacion de
granulomas eosinofilicos a nivel pulmonar y hepatico [5]. A pesar de que T. canis tiene la capacidad
de migrar por diversos érganos y de que la respuesta inmune desencadenada es la encargada de
activar a M2 es poco lo que se ha estudiado de este nematodo en cuanto a reparacion del tejido por
parte de esta poblacién celular en comparacién con N. brasiliensis y s6lo se ha llevado a cabo un
estudio en tejido pulmonar. En dicho estudio usando ratones deficientes en la molécula de STATS,
se asocio la persistencia de inflamaciéon y lesiones hemorrdgicas pulmonares ocasionadas por la
migracion de las larvas de T. canis, a una débil respuesta inmune Th2 dependiente de la via de
sefializacién de STAT6, ya que ratones STAT6** BALB/c infectados con T. canis desarrollaron una
fuerte respuesta inmune Th2 produciendo altos niveles de IgG1la, IgE e IL-4, y en consecuencia
reclutamiento de M2 mostrando una patologia pulmonar moderada. Mientras que ratones STAT67
BALB/c montaron una débil respuesta Th2, sin reclutamiento de M2 y en consecuencia el desarrollo
de una patologia pulmonar mas severa; lo cual se asocid principalmente a la ausencia de dicha
poblacién de macréfagos, que en otras infecciones por helmintos se ha visto que tienen un efecto
reparador [24].

A pesar de que los M2 podrian jugar un papel importante en la reparacion de tejido durante la
infeccion por T. canis, estudios en pacientes infectados han demostrado que se desencadenan
reacciones inflamatorias y de hipersensibilidad crénicas en vias respiratorias, lo cual se ha asociado
principalmente con la presencia de eosinéfilos, encargados de rodear a las larvas formando
granulomas alrededor de ellas con la finalidad de neutralizarlas, pero desencadenando efectos
daninos que resultan ser desfavorables para las personas [99-101], mientras que los M2 no tienen
una implicacién en dichos procesos tanto como los eosinéfilos, ya que su papel no se ha estudiado
ampliamente durante la infeccidén por T. canis y en otras helmintiasis en general se ha centrado en

la reparacion de tejidos.
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2. JUSTIFICACION
Al ser T. canis un pardsito que genera una importante zoonosis en humanos y el desarrollo de
patologias pulmonares con un alto impacto en la salud de las personas infectadas es imprescindible
conocer los mecanismos asociados con la patologia pulmonar y la subsiguiente regeneracion del
tejido, asociados con la respuesta inmune desencadenada durante la infeccién, para lo cual
proponemos a los macréfagos como una de las principales células encargadas de sobrellevar dichos
procesos. Por un lado se espera que los macrdfagos M1, sean las principales células involucradas en
procesos patoldgicos desencadenados a nivel pulmonar, mientras que los M2 serdn los encargados
de contrarrestar sus efectos, de tal forma que un balance entre ambas poblaciones celulares

promovera la éptima regeneracion tisular del tejido pulmonar.

3. HIPOTESIS
La ausencia de STAT1 estard asociada a una pronta involucion de lesiones pulmonares, derivada de
la activacion oportuna de macréfagos M2, mientras que en ausencia de STAT6 estara asociada a la
persistencia de lesiones tisulares y reparacion tardia del tejido pulmonar por la presencia de M1 en

la infeccidn por T. canis.
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4. OBJETIVOS

4.1. Objetivo general

Determinar si la reparacion de tejido pulmonar se encuentra asociada a la produccion de factores

de activacién alternativa de los macréfagos cuya activacion es dependiente de STAT-6, y si la

persistencia de lesiones hemorragicas se asocia a la produccion de factores de activacién clasica de

los macrofagos, cuya activacién es dependiente de STAT-1.

4.2. Objetivos particulares

Cuantificar el nUmero de parasitos en los diferentes érganos por los cuales migra el parasito,
con la finalidad de establecer el modelo de infeccién en ratones WT, STAT17 "y STAT-67"
Evaluar a través del estudio macroscépico de tejido pulmonar las diferencias en la
presentacién de lesiones hemorragicas derivadas de la migracién del pardsito por este
érgano en ratones STAT17"y STAT-67 en comparacién con ratones WT.

Confirmar si el mismo patrén de las lesiones hemorragicas es también observado a nivel
histolégico en las diferentes cepas de ratones.

Determinar si el infiltrado inflamatorio en tejido pulmonar, ademds de la migracién del
parasito, puede estar asociado con la persistencia de lesiones hemorragicas en ratones
STAT-67, o con la reparacién temprana del tejido en ratones STAT-17" comparados con
ratones WT.

Determinar si el proceso temprano de reparacién del tejido pulmonar en ratones STAT-17-
podria estar asociado con el desencadenamiento de una respuesta inmune antiinflamatoria
relacionada con la activacién de AAM y en ratones STAT-67" a la respuesta inmune pro-
inflamatoria con la activacion de CAM.

Medir la expresidn de factores de activacion alternativa y/o clasica de los macrdfagos en las
diferentes cepas de ratones relacionados con la reparacidon o persistencia de lesiones
pulmonares.

Confirmar si los macréfagos AMM son las células involucradas en el proceso de reparacion

y los CAM las células asociadas al dafio de tejido pulmonar a través de su eliminacién.
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5. MATERIALES Y METODOS
5.1. Animales
Ratones machos de 8 a 10 semanas de edad de las cepas WT, STAT17"y STAT6”" con fondo genético
BALB/c, fueron obtenidos del centro de recursos de laboratorio animal Jackson y mantenidos en un
ambiente libre de patdgenos, en las inmediaciones del bioterio de la FES-Iztacala UNAM, de acuerdo
con los lineamientos establecidos en la NOM-062-Z00-1999, 2002.
5.2. Obtencion de huevecillos e infeccion
Gusanos adultos de T. canis fueron obtenidos de intestinos de cachorros infectados de manera
natural. Las hembras de los gusanos fueron diseccionadas para aislar huevecillos inmaduros del
Utero y mantenidos en agua destilada. Posteriormente se realizaron 2 lavados de diez minutos en
una solucién de NaHCl al 1% y se centrifugaron a 1500rpm. Se retird el sobrenadante y el sedimento
fue lavado 2 veces mas con agua destilada y los huevecillos fueron mantenidos en cajas Petri a 28°C
durante un mes, con agitacion diaria hasta que se desarroll6 el segundo estadio larvario de T. canis,
dicho proceso de maduracién fue monitoreado bajo la luz del microscopio y una vez confirmado, los
ratones antes mencionados fueron infectados con 500 huevos larvados, administrados de forma
intragastrica mediante una sonda para neonatos tipo Foley
5.3. Cinética de migracion del pardsito
Los animales fueron sacrificados a 0 (no infectados), 2, 4, 7, 14, 21, 28 y 60 dias post infeccion (dpi).
Pulmones, higado, musculo y cerebro se cortaron en trozos pequefios y se colocaron en tubos que
contenian acido clorhidrico al 1% (J.T. Baker; Edo. De Mex, México) y pepsina al 3% (Sigma Aldrich;
St Louise; EE. UU.). Para facilitar la liberacidn de pardsitos L2 de los diferentes érganos, los tejidos
se incubaron durante 48 horas a temperatura ambiente en agitacidn. Después de la incubacién, las
muestras se centrifugaron a 1500 rpm durante 10 minutos, el sedimento se recuperé, se
reconstituyo y se fijé con formalina al 10% (Sigma Aldrich; Ciudad de México, México), y el nimero
de L2 se cuantifico bajo el objetivo 10x de un microscopio éptico (Motic B5 Serie Profesional).
5.4. Estudio microscdpico.
Se tomaron pulmones completos de los ratones, se lavaron con solucién salina, se fotografiaron con
un objetivo 4x usando un microscopio estereoscépico (ZEIGEN), y se contaron las lesiones
hemorrdgicas en la superficie de los pulmones.

5.5. Histologia y tincion de Hematoxilina-Eosina (H&E)
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Los pulmones se perfundieron a través de la trdquea y se fijaron con alcohol absoluto, seguido de
su inclusién en parafina, se hicieron cortes de 4 um de espesor y se tifieron con H&E para su andlisis
histolégico. Las caracteristicas morfoldgicas se evaluaron utilizando un microscopio éptico (LAS
V4.9, Leica), y se realizé un andlisis morfométrico con el programa Leica para determinar la
superficie total y calcular el area de infiltrado inflamatorio por umz2.

5.6. Inmunohistoquimica (IHQ) e Inmunofluorescencia (IMF)

Se desparafinaron secciones de pulmén de cuatro micras de grosor y se incubaron con 10x DIVA
Decloaker (Biocare Medical; CA, EE. UU.) para la recuperacion antigénica a una dilucién 1:10. Para
IHQ, los portaobjetos se lavaron con PBS (3x 5 min) y la inhibicidon de la peroxidasa se realizé con
peréxido de hidrégeno al 10% durante 30 min, los portaobjetos se lavaron con PBS (3x 5 min) y se
bloquearon con PBS BSA al 3% de durante 1 hora a temperatura ambiente. Los portaobjetos se
incubaron con el anticuerpo primario purificado anti-elastina hecho en conejo a una dilucién 1: 200
(Abcam; MA, EE. UU.) o anti-MMP9 hecho en cabra a una dilucién 1: 100 (Santa Cruz; CA, EE. UU.) a
4 ° Cdurante la noche. A continuacidn, los portaobjetos se lavaron con PBS (3x 5 min) y el anticuerpo
secundario anti-conejo hecho en ratén a una dilucion 1: 1,500 (Biolegend; CA, EE. UU.) o anti-cabra
hecho en ratén a una dilucién 1: 1,500 (Biolegend; CA, EE. UU. ) fue afiadido, dejandose incubar
durante 1 hora a temperatura ambiente. Los portaobjetos se lavaron e incubaron durante 5 minutos
con 50 pl de kit de cromdgeno de diaminobencidina (DAB) (Biocare Medical; CA, EE. UU.) de acuerdo
con las instrucciones del fabricante. Finalmente se realizé una contratincién con hematoxilina de
Harris. Las fotografias se obtuvieron con un microscopio éptico (Axio Vert. Al, Carl Zeiss) con el
objetivo 40x y se analizaron con el programa Imagel. Para IF, los portaobjetos se lavaron con PBS
(3x 5 min) y la permeabilizacién de membranas se realizé con PBS Tritén al 2% (Reasol; Ciudad de
México, México). Las secciones se lavaron con PBS (3x 5 min) y se bloquearon con PBS BSA al 3%
durante 1 hora a temperatura ambiente. Se incubaron diferentes secciones de tejido con
anticuerpos cargados con el fluorocromo FITC hecho en conejo anti-iNOS a una dilucion 1: 100 (Cell
Signaling; MA, EE. UU.) o conejo anti-Ym1 a una dilucién 1: 100 (Stem Cell, CA; Canadd) toda la noche
a4 ° C. A continuacion, los portaobjetos se lavaron con agua destilada y se montaron con una gota
de medio de montaje Fluoroshield con DAPI (Abcam; MA, EE. UU.) por seccién de tejido. Las IF se
analizaron utilizando un microscopio Axio Vert Al (Zeiss).

5.7. ELISA
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Se colecté sangre periférica de la vena lateral de la cola de los ratones, se centrifugd a 2500 rpm
durante 10 minutos y se obtuvo el suero en el cual se analizd la produccién de anticuerpos
especificos IgG1 e 1gG2a anti-T. canis en placas previamente sensibilizadas (1 ug/ml) con antigenos
excretados-secretados de T. canis, obtenidos de acuerdo a los protocolos ya descritos [102].
Después de la incubacidn durante la noche a 4 ° C, las placas se lavaron con PBS Tween-20 al 0,05%
(Sigma; St. Louise, EE. UU.) y se bloquearon con PBS BSA al 1% (Biowest). Se hicieron diluciones en
serie 1:100 de las muestras de suero. Los anticuerpos unidos se detectaron después de la incubacién
con IgG1 o IgG2a anti-ratdn de rata conjugados con HRP (Zymed; San Francisco, EE. UU.) y se leyeron
en un lector de microplacas a 405 nm (Multiskan Ascent, Thermo Labsystems). Los resultados se
expresan como la dilucion maxima de suero en la que se detectd la densidad dptica (DO). Los niveles
séricos de IFN-y, TNF-a, IL-4, IL-13 e IL-10 se midieron por ELISA (Peprotech; Ciudad de México,
Meéxico) de acuerdo con las instrucciones del fabricante.

5.8. RT-PCR

Los pulmones se colocaron en tubos Eppendorf de 1,5 ml que contenian TRIzol (Invitrogen; CA, EE.
UU.) y perlas de éxido de circonio de 0,5 mm de diametro (Next Advance) para su procesamiento
en un digestor de tejiddos (Next Advance). El ARN se extrajo mediante la técnica del cloroformo;
una vez cuantificado, 1 pg del producto se transcribié inversamente usando el kit Superscript Il First
Strand Synthesis (Invitrogen; CA, EE. UU.). Los genes utilizados para su amplificacién y las
temperaturas de fusion se describen en la Tabla 1. Los productos obtenidos se mezclaron con buffer
de carga que contenia SYBR Green para su amplificacidon y observacién en un gel de agarosa al 1,5%
(certificado por IBI Scientific en biologia molecular) con un sistema de documentacién de gel DocTM-
EZ. Las imagenes se analizaron con Imagel y los valores de expresién fueron normalizados con

dehidrogenasa gliceraldehido 3-fosfato (GAPDH), como control.

Tabla 1. Genes utilizados y sus respectivas secuencias para determinar respuesta inmune y activaciéon de macréfagos

Gen Temperatura (°C) [Ciclos |Secuencia
Control
GAPDH 54 35 F- CTC ATG ACC ACA GTC CAT GC

R-CAC ATT GGG GGT AGG AAC AC

Citocinas Thl
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IFNy 57 35 F-AGC GGC TGA CTG AACTCA GAT TGT AG
R-GTC ACA GTT TTC AGC TGT ATA GGG

TNFa 59 35 F-GGC AGG TCT ACT TTG GAG TCA TTGC
R-ACA TTC GAG GCT CCA GTG AAT TCG

Citocinas Th2

IL-4 58 35 F-CGAAGA ACA CCA CAG AGA GTG AGCT
R-GAC TCA TTC ATG GTG CAG CCT ATCG

IL-10 56 35 F-ACC TGG TAG AAG TGA TGC CCC AGG CA
R-CTA TGC AGT TGA AGA TGT CAA A

Marcadores M2

Argl 54 35 F-CAG AAG AAT GGA AGA GTC AG
R-CAG ATA TGC AGG GAG TCA CC

F1ZzZ1 62 35 F-GGTCCCAGTGCATATGGATGAGACCATAGA
R-CACCTCTTCACTCGAGGGACAGTTGGCAGC

Ym1l 56 35 F-TCACAGGTCTGGCAATTCTTCTG
R-TTTGTCCTTAGGAGGGCTTCCTC

TGF-3 60 35 F-GCCCTTCCTGCTCCTCAT
R-TTGGCATGGTAGCCCTTG

Marcadores M1

iNOS 65 35 F-CTGGAG GAG CTC CTG CCT CATG
R-GCA GCA TCC CCT CTG ATG GTG

F, forward; R, reverse primer.

5.9. Citometria de flujo

Los pulmones obtenidos a 7 dpi se perfundieron con solucién salina para la obtencién de células. Se
lisaron los glébulos rojos y se contaron las células vivas por exclusién con azul de tripano (Countess
Il FL ThermoFisher). Las células se tifieron para la expresion de marcadores de superficie usando los
siguientes anticuerpos: anti-F4/80-Pacific blue o APC, anti-CD86-PE/Cy7, anti-CD206 (MMR)-PerCP

o FITC y anti-ILARa-PE (todos de Biolegend; CA, EE. UU.). Las muestras se incubaron durante 30
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minutos a 4°C en buffer de FACS (BD®). Las muestras se adquirieron con FACSAria Fusion (BD®) o
Attune NXT (ThermoFisher) y se analizaron con el software FlowJo (version 10.0.7).

5.10. Deplecion de macrofagos

Deplecion de macrdéfagos con liposomas de clodronato.

Administramos liposomas cargados de clodronato por via intratraqueal de acuerdo con las
instrucciones del fabricante (Formumax; CA, EE. UU.) para eliminar los macréfagos de tejido
pulmonar. Dos dias después del tratamiento con liposomas, los ratones se infectaron como se
describié antes. Al dia cuatro después del primer tratamiento, se administré una segunda dosis de
100 pl de liposomas cargados con clodronato o con PBS al grupo correspondiente. Al dia 4 pi, los
animales fueron sacrificados.

5.11. Andlisis estadistico

Las diferencias entre los grupos se determinaron mediante la prueba t de Student no pareada de
dos vias o el analisis de varianza de dos vias (ANOVA), y una post prueba de Holm-Sidak multiple, y
se tomaron como las medias * SEM. Todos los analisis estadisticos se determinaron utilizando
GraphPad Prism v 6.0, con un valor de "P" o menos de 0.05 considerado significativo (* P <0.05).

Todos los experimentos se llevaron a cabo de manera independiente al menos dos veces.
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6. RESULTADOS

6.1. Carga parasitaria y cinética de migracion

Para evaluar la susceptibilidad (presencia) o resistencia (ausencia) a las larvas de T. canis, ratones
WT, STAT17" y STAT67" fueron infectados via oral con 500 huevecillos larvados y se determind la
cinética de la carga parasitaria en higado, pulmadn, cerebro y musculo. Los ratones WT mostraron la
mayor carga de parasitos en higado y pulmones al inicio de la infeccidn (4 dpi; Figura 5a, b) la cual
disminuyd posteriormente. En cerebro y musculo resulté ser menor a los 4 dpi pero con un
incremento gradual durante los siguientes 56 dpi (Figura 5c, d). Aunque los ratones STAT17"y STAT6
"/~ mostraron los mismos patrones de migracién larval que los ratones WT, la carga parasitaria en
ambas cepas fue menor en comparacion con los ratones WT. Estos datos sugieren que la ausencia
de STAT1 y STAT6 no afectd el patron de migracion de las larvas y que ambas moléculas de STAT son

cruciales para eliminar las etapas tisulares de T. canis, lo que hace que los ratones STAT1”"y STAT6

/- sean menos susceptibles a Infeccién por L2 de T. canis.

O WT @ STAT1” @ STAT6"" 5

&

g
(=1
o

Figura 5. Cinética de la migracidon de
parasitos. Después de la infeccién con
500 L2 nematodos de T. canis, los
parasitos se contaron en higado (a),
pulmén (b), cerebro (c) y muasculo (d), de
2 4 7 14 21 28 60 ratones WT (circulos blancos sdélidos),
STAT1”" (circulos grises sélidos) y STAT6"

/- (circulos negros sélidos) a 2, 4, 7, 14,

9 4 i 21, 28 y 60 dpi. Las flechas rojas indican
7 la presencia de larvas en cada tejido

durante el recuento. Los datos se
muestran a partir de dos experimentos
independientes como la media + SEM (n
= 6 por grupo); ANOVA de dos vias con
2 post prueba de Tukey; * P <0.05
g comparando ratones WT versus STAT17-
~’Z§ 2 4 7 14 21 28 60y STAT6”, y STAT17 versus STAT67, a

o

Nimero total de larvas en higado
Numero total de larvas en pulmén
[42]

S

2 4 7 14 21 28 60

Numero total de larvas en cerebro

2 4 7 14 21 28 60 / ,
Dias post infeccién Dias postinteccion los mismos tiempos de infeccién.

6.2. Lesiones hemorrdgicas e infiltrado inflamatorio en tejido pulmonar
Una vez confirmada la migracién de L2 T. canis a través de los pulmones, se evalué la patologia
pulmonar durante la infeccion aguda. Observamos el desarrollo de numerosas lesiones

hemorrdgicas en el parénquima pulmonar de ratones WT a 4 y 7 dpi, que disminuyeron
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gradualmente con el tiempo (Figura 6a, b). Después de la infeccién con L2 T. canis, los ratones STAT1
“/ mostraron menos y mas pequefias lesiones en los pulmones a 4 y 7 dpi en comparacién con los
ratones WT; las lesiones pulmonares no fueron detectables a 28 dpi en los ratones STAT1” (Figura
6a, b). Sin embargo, los ratones STAT67", a pesar de tener menos larvas que los ratones WT (y similar
a la carga parasitaria de los ratones STAT17"), mostraron numerosas lesiones hemorragicas en los
pulmones que persistieron hasta 60 dpi (final del experimento) (Figura 5a, b). El examen histoldgico
de los pulmones revelé inflamacidn peribronquial y perivascular durante la infeccién aguda (4-7 dpi)
que disminuyé a medida que la infeccién progresaba en ratones WT y STAT17". La presencia de
eritrocitos en el espacio alveolar y de larvas rodeadas de infiltrado inflamatorio (Figura 5c-e) se
correlacionaron con las lesiones hemorragicas observadas en el estudio macroscopico.
Curiosamente, el analisis histolégico de los pulmones de ratén STAT6” revel un marcado infiltrado
inflamatorio que persistié por mas tiempo (4 a 60 dpi), lo que sugiere un proceso de regeneracion
retardada, a pesar de la eliminacién del parasito. Estos hallazgos sugieren que la regeneracién rapida
o tardia de los pulmones en ratones STAT1”" o STAT67, respectivamente, se asocié con el tipo de

respuesta inmune desencadenada, y no con la presencia de L2 T. canis.
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Dias post infeccion 4 7 14 21

Dias post infeccion

Figura 6. Lesiones hemorragicas e infiltrado inflamatorio en tejido pulmonar. Los pulmones recolectados se lavaron con
PBS, se fotografiaron de 0-60 dpi (a) y se contaron las lesiones hemorrdgicas macroscépicas en ratones WT (barras
blancas), STAT1” (barras grises) y STAT67 (barras negras) (b). Secciones en parafina de 4 um de grosor del tejido pulmonar
fueron llevadas a cabo y se tifieron con H&E, observandose infiltrado inflamatorio y lesiones hemorragicas a la luz del
microscopio dptico (objetivo 40x) a 0, 4, 7, 14 y 21 dpi en las tres cepas de ratones (c). Imagen representativa del L2 T.
canis rodeada de infiltrado inflamatorio (objetivo 60x) (d). El infiltrado inflamatorio se cuantificé a partir de imagenes
tomadas con un objetivo de 40x en microscopio 6ptico (e) en ratones WT (barras blancas), STAT1” (barras grises) y STAT6’
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/- (barras negras). Los datos se muestran a partir de dos experimentos independientes como la media + SEM (n = 6 por
grupo); ANOVAde dos vias con post prueba de Tukey. *P <0.05 comparando WT versus STAT17"y STAT67, y STAT17- versus
STAT6” ratones en el mismo punto de infeccidn.

6.3. Respuesta inmune asociada al dafio pulmonar

Para determinar si una respuesta inmune inflamatoria o antiinflamatoria estd asociada con la
recuperacion tardia del tejido pulmonar en ratones STAT67, citocinas y anticuerpos IgG especificos
anti-T. canis se midieron en suero de sangre periférica. Las citocinas inflamatorias como IFN-y
(Figura 7a) y TNF-a (Figura 7b), asi como IgG2a (Figura 7c), aumentaron en ratones STAT67
infectados con T. canis en comparacion con ratones WT y STAT1” (Figura 7a-c). Las citocinas Th2,
IL-4 (Figura 7d), IL-10 (Figura 7e) e IL-13 (Figura 7f) e 1gG1 (Figura 7g), aumentaron en ratones WTy
STAT1” pero no en ratones STAT67".

Respuesta inmune inflamatoria
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Figura 7. Respuesta inmune asociada con dafio al tejido pulmonar durante la infeccién por T. canis. Citoquinas y
anticuerpos de una respuesta inmune inflamatoria (IFN-y (a), TNF-a (b), IgG2a (c)) y antiinflamatoria IL-4 (d), IL-13 (e), IL-
10 (f), 1gG1 (g) se midieron en suero a 0-60 dpi en ratones WT (barras blancas), STAT17" (barras grises) y STAT67 (barras
negras). Los datos se muestran de dos experimentos independientes como la media + SEM. Para las citocinas: (n = 4-6 por
grupo); t no pareada con una post prueba Holm-Sidak. Para anticuerpos: (n = 6 por grupo); ANOVA de dos vias con una
post prueba de Tukey. *P <0.05 comparando WT versus STAT17"y STAT6-/-, y STAT17 versus STAT67 ratones en el mismo
punto de infeccion.

Para evaluar la respuesta inmune local, las citocinas de ambos perfiles inmunoldgicos se midieron
por RT-PCR en fragmentos de tejido pulmonar. Los ratones STAT6” infectados con T. canis tenfan
una mayor expresion de IFN-y (Figura 8a) y TNF-a (Figura 8b) al mismo tiempo que se observaron

lesiones hemorragicas macroscépicas en los pulmones. Por otro lado, los ratones STAT17- mostraron
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una mayor expresion de IL-4 (Figura 8c) e IL-10 (Figura 8d y e), coincidiendo con el nimero reducido
de lesiones macroscopicas en los pulmones. Estos resultados respaldan la hipdtesis de que la
recuperacion retardada en el tejido pulmonar de ratones STAT6” podria estar asociada con un perfil
proinflamatorio, mientras que una pronta recuperacién en ratones STAT1”" puede estar asociada

con un perfil antiinflamatorio durante la infeccion de L2 de T. canis.
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6.4. Marcadores de activacion de los macrofagos M1y M2 en tejido pulmonar durante la infeccion
por T. canis.

IFN-y es fundamental para la activacién de macréfagos M1y la expresion de iNOS [7, 9]. IL-4 e IL-13
son importantes para la diferenciacion de macréfagos M2 y la expresion de Argl, FIZZ1 e Ym1 [17].
Por lo tanto, el ARNm para estos marcadores M1y M2 se midié en muestras de pulmdn por RT-PCR.
La expresion de ARNm de iNOS aumentd notablemente en ratones STAT67 infectados con T. canis
(Figura 9a) dato que coincidié con la aparicién de lesiones macroscdpicas en los pulmones. En
contraste, los ARNm de Argl, FIZZ1 e Ym1 aumentaron en los pulmones de los ratones WT y STAT1"

/- (Figura 9b-e).
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Para confirmar estos hallazgos, secciones de pulmén fueron evaluadas por inmunofluorescencia. Se
sabe que la activacion de STAT6 regula negativamente la expresién de iNOS en macréfagos [10]. De
acuerdo con esto, iNOS se expresé desde los 4 dpi, y se mantuvo al menos hasta 14 dpi en ratones
STAT6”" (Figura 10a y b). En contraste, los ratones STAT1” presentaron una expresién reducida de
iNOS, mientras que los ratones WT mostraron una expresion discreta de iNOS, particularmente a 4
dpi (Figura 10a y b). Con respecto a la expresidon de Ym1, que se ha asociado constantemente con la
reparacion de tejidos [103], encontramos que su expresidon temprana en los pulmones dependia en
gran medida de la sefializacion de STAT6, dado que la expresion de Ym1 se redujo significativamente
en los pulmones de ratones STAT67, mientras que células Ym1+ fueron abundantes en ratones WT

y STAT17, especialmente a los 4 y 7 dpi (Figura 10c y d).
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Figura 10. Evaluacién de marcadores de
activacion M1 y M2 en tejido pulmonar
por inmunofluorescencia. Secciones de
pulmén de ratones WT, STAT17 y STAT6
a los 4, 7 y 14 dpi, marcados con el
colorante de unién al ADN (DAPI) en azul e
iNOS (@) o Yml (b) en verde.
Cuantificacion de la intensidad de
fluorescencia de iNOS (c) y Ym1 (d) de las
secciones de pulmoén teiidas en b y ¢
respectivamente, en ratones WT (barras
blancas), STAT17 (barras grises) y STAT67-
(barras negras). Las fotografias fueron
tomadas con un objetivo de 20x. Los datos
se muestran a partir de dos experimentos
independientes como la media + SEM (n =6
por grupo). ANOVA de dos vias con post
prueba de Tukey. * P <0.05 comparando
ratones WT versus STAT17" y STAT67, y
STAT1/- versus STAT67:a los mismos
tiempos de infeccion.

Para confirmar la presencia de macroéfagos y determinar un probable papel en el dafio o la

reparacion del tejido pulmonar, se evalué por citometria de flujo la presencia de células F4/80-CD86

doble positivas sugestivas de activacion M1 y células F4/80-IL4Ra y F4/80-MMR doblemente

positivas para una activacién M2 (Figura 11). Los ratones STAT67" mostraron un mayor porcentaje

de células F4/80+CD86+ que no se observé en ratones WT o STAT1” (Figura 11b) a los 7 dpi. Sin
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embargo, los ratones WT y STAT17 mostraron un mayor porcentaje de células F4/80+IL4Ra+ y

F4/80+MMR+ (Figura 11c-d) después de la infeccion por T. canis.

Estrategia de analisis
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En conjunto, estos datos sugieren que la deficiencia de STAT6 promueve la activacion de macréfagos
M1y el dafio al tejido pulmonar, mientras que la ausencia de STAT1 se asocia con la polarizacion de
macréfagos M2 y la reparacién temprana del tejido pulmonar durante la toxocariasis aguda.

6.5. Expresion diferencial de moléculas asociadas con regeneracion tisular y fibrosis.
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Preguntdndonos si los mecanismos de reparacién contribuyeron a la generacidon de fibrosis, se
evaluaron factores asociados con el desarrollo de la fibrosis y la reparacion de tejidos elastina, MMP-
9 y TGF-B. La elastina, un factor de reparacion de heridas, aumenté en todas las cepas de ratones a
21 dpi. Los ratones STAT67 infectados con T. canis tuvieron un aumento menor en elastina en
comparacién con los ratones WT y STAT17 a 4 dpi (Figura 12a y c). MMP9, una enzima que degrada
la elastina, alcanzd el pico de expresidn mas alto a 14 dpi en todas las cepas de ratones. Sin embargo,
los ratones STAT17" y STAT67" mostraron niveles mas altos de MMP9 a 4 y 7 dpi (Figura 12b yd).
Mientras que el ARNm de TGF-f, un factor asociado con la reparacidon del tejido producido por los
macréfagos M2 [18] se expresé modestamente en ratones WT, se incrementd significativamente a
diferentes dpi en ratones STAT1”"y los ratones STAT6” no lograron mejorar la expresién de TGF-B
en el tejido pulmonar (Figura 12e y f). Estas observaciones sugieren que ninguno de los grupos

experimentales de ratones promueve una mayor fibrosis.

a) ELASTINA b) MMP-9

WT STAT1 STATé6™ WT STAT1”- STATé6"-

DO A
D4 3 4 y ‘ ta, :F,_‘ Figura 12. Moléculas asociadas con
N S g e N » reparacion de tejidos vy fibrosis. Se
" 3 procesaron secciones de tejido pulmonar
D7 3 ' X < ABRE en parafina para medir elastina (panel
4 : & ) izquierdo) y MMP9 (panel derecho) por
- 5% L . B 8 IHQ como marcadores de fibrosis. Se
DI14[s& .« 3 i N AW QI oA ( fotografiaron imagenes representativas
H | & BYae R | s i 5 de secciones de tejido pulmonar con el
LEa] . 3 ) “ objetivo 60x (a, b), y se midid el
b2l L= b Sl S e ala 3 . porcentaje de células positivas para
' ¢ wa Elastina y MMP9 (marcas marrones

sefialadas por flechas) a diferentes dpi en

Owr W stati” W STAT
’ ratones WT (barras blancas), STAT17

C
)E d): e) (barras grises) y STAT67- (barras negras)
£ 50 £ 60 2 (c, d). La expresion de ARNm de TGF-B
840 . I ;}40 " g : como marcador de reparacioén tisular se
330 I b 3 f ll - a 9 midié por RT-PCR (e) y se muestra su
22 I o0l I 5 : respectivo gel de electroforesis (f). Los
g 2 H lﬂ f =0 datos son de dos experimentos
290 1 7 12 ; 0 4 7 14 21 0 4 7 14 independientes presentados como la
f) Dias post infeccién Dias post infeccion media + SEM (n =56 por grUpO); prueba
T - . s = R T = de t no pareada con post prueba de Holm-
ol il it il i £ | 2| Sidak; * P <0.05 comparando ratones WT
SISl el Sl 2 2|88l elE|8 gl & | &  versusSTATI ySTAT6, y STAT17 versus
Z|alal 2l 0|6 Z |a|® = IR R B I N - . R
GAPDH STAT67- a los mismos tiempos de
’ infeccion.
[ESWEEE | - -~ [ A AN - === 5|

Dia 0 Dia 4 Dia 7 Dia 14 Dia 21

41



6.6. La deplecion de macrofagos altera los procesos de la inflamacion y reparacion durante la
toxocariasis aguda.

Para examinar si los macréfagos estaban involucrados en un proceso temprano de reparacién del
tejido pulmonar durante la infeccion aguda por L2 T. canis, los macréfagos fueron eliminados a
través de la administracién intratraqueal de liposomas con clodronato. Los ratones infectados WTy
STAT17 tratados con PBS-liposomas mostraron lesiones hemorragicas bien definidas, mientras que
los que recibieron liposomas con clodronato mostraron lesiones graves y grandes que eran mas
difusas y extendidas a través de todo el parénquima pulmonar (Figura 13a). En ratones STAT67
infectados con T. canis tratados con liposomas PBS, las lesiones hemorragicas eran obvias,
numerosas y ampliamente distribuidas por todo el pulmdn, en comparacién con los ratones WT y
STAT1” (Figura 13a). Por el contrario, los ratones STAT6” infectados tratados con liposomas con
clodronato desarrollaron menos lesiones hemorragicas en comparacién con los ratones STAT67
infectados con T. canis y los ratones WT que recibieron liposomas con PBS. En particular, la
administracién de liposomas cargados de clodronato en ratones STAT67 redujo las lesiones
hemorragicas, y la apariencia de los pulmones fue similar a la de los ratones WT y STAT1” infectados
con T. canis (Figura 13a), lo que sugiere que los macréfagos pueden mediar el control de la
hemorragia y la inflamacidn causadas por el segundo estadio pulmonar de este helminto de una
manera dependiente de STAT6. De acuerdo con estos hallazgos, el infiltrado inflamatorio se observo
claramente afectado por la eliminacién de los macréfagos. Por lo tanto, los ratones WT infectados
con T. canis tratados con liposomas con clodronato mostraron infiltrados inflamatorios aumentados
en comparacién con los ratones WT infectados con T. canis que recibieron liposomas con PBS. De
manera similar, la eliminacién de macréfagos en ratones STAT1”" infectados con T. canis dio como
resultado un mayor infiltrado inflamatorio en los pulmones. En contraste, los ratones STAT67
infectados con T. canis tratados con liposomas con clodronato mostraron una reduccidon marcada
en el infiltrado de células inflamatorias (Figura 13b y c). El andlisis de citometria de flujo se realizd
para evaluar la ausencia de los macroéfagos. Los ratones que recibieron liposomas con clodronato
tuvieron una reduccidn significativa en la poblacién de células F4/80 + en las tres cepas infectadas
de ratones, que oscila entre una reduccion del 50-74% en el nUmero de macréfagos pulmonares en

comparacién con los grupos control infectados y tratados con PBS-liposomas (Figura 13d).
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SSC- A

Figura 13. Eliminacién de macréfagos pulmonares. Ratones WT, STAT17"y STAT6”" fueron tratados con liposomas con PBS
o liposomas con clodronato via intratraqueal para eliminar los macrdfagos, antes y después de ser infectados con 500
larvas de T. canis L2. Los animales fueron sacrificados a 4 dpi, y los pulmones fueron tomados y fotografiados (a). Se realizé
tincién con H&E para obtener imagenes a 40x o 100x (b), y se midieron las areas de infiltrado inflamatorio (e). Se
recolectaron células de pulmén y por citometria de flujo se determiné la eficacia del tratamiento. Representacion grafica
y sus respectivos porcentajes de células positivas para F4/80 de las tres cepas de ratones (c, d). * P <0.05 comparando WT
versus STAT17"y STAT67 ratones.
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7. DISCUSION

El fenotipo de los macrdfagos es determinado por las condiciones del microambiente y el medio
local de citocinas [104]. Los macréfagos M1 tiene una fuerte actividad antimicrobiana y antitumoral,
pueden generar dafio tisular inducido por ROS, retrasar la regeneracion tisular y la cicatrizacién de
heridas [62, 105]. Por el contrario, el macréfago M2 antiinflamatorio regulador promueve la
reparacion mediante restitucion de tejidos después del dafio y ademas tiene un importante efecto
antihelmintico [55, 105-107].

La migracién de helmintos a través del huésped hacia su érgano blanco puede causar un dafio
significativo en el tejido y, por lo tanto, es imperativo que el huésped sea capaz de iniciar una
reparacion rapida y efectiva del tejido. Los analisis de los sistemas de infecciones parasitarias en el
modelo murino han arrojado un conocimiento considerable de las actividades celulares vy
moleculares responsables de la recuperacion de tejidos después de la lesién [108, 109]. La
movilizacién de los mecanismos de reparacién es huesped-parasito especifica, y diversas vias de
regeneracion tisular han sido estudiadas [110]. Sin embargo, hay una escasez de estudios para
evaluar la reparacion de tejidos en respuesta a la toxocariasis aguda [5, 6, 45], a pesar de que
diferentes estudios han revelado que la respuesta inmune antiinflamatoria, a cargo de la activacion
de M2, es predominante durante la Infeccién por T. canis caracterizada por un incremento en la
produccidn de citocinas como IL-13 e IL-4 y baja produccion de IFN-y y TNF-a [51-53, 111], valores
que resultaron similares a los encontrados en el nuestro estudio.

En el presente estudio, se evalud el papel de los macréfagos M1y M2 en el proceso de reparacion
durante la etapa pulmonar de la infeccién por T. canis utilizando ratones STAT17 y STAT6”". Segun
los hallazgos, la poblaciéon de macréfagos M1 induce dafio en los pulmones durante las primeras
etapas de la migracién de L2 de T. canis. En ratones STAT67", incluso cuando las larvas estaban casi
ausentes de los pulmones en las etapas crdnicas, el dafio tisular persistid y se correlacioné con un
aumento de iNOS indicativo de la presencia de células de tipo M1. De acuerdo con estas
observaciones, la eliminacién de los macréfagos en ratones STAT67" infectados con T. canis dio como
resultado una reduccién en el nimero de lesiones hemorragicas en los pulmones y una mejor
cicatrizacion. Juntos, estos datos sugieren fuertemente que los macréfagos M1 son un
contribuyente importante al dafio pulmonar durante las etapas tempranas y crénicas de la infeccion
por L2 de T. canis. A pesar del dafio producido en ausencia de STAT6, los mecanismos de reparacién

de tejidos asociados con una respuesta inmune antiinflamatoria no se suprimieron por completo.
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Por lo tanto, los marcadores asociados con la regeneracidn tisular como Argl, FIZZ1 e Ym1 eran
detectables, al igual que el ARNm de TGF-B, mientras que el proceso regenerativo asociado con
MMP9 y la expresion de elastina no se alteraron, dando como resultado procesos regenerativos
retardados, aunque no del todo ausentes en los ratones STAT67 infectados. Estos datos estdn
respaldados por un informe reciente de Sutherland y col; que muestra que las expresiones Ym1y
FIZZ1 no dependen completamente de la via de sefializacion IL4R-a [112].

Otras vias de sefializacion, ademas de STAT6, estan implicadas en la activacidon de macréfagos M2 y
los mecanismos de reparacidn necesarios cuando los tejidos son dafiados, los cuales involucran la
sefializacion de Akt [113], STAT3 [114], IRFy PPARy [8]. Ademds, alarminas epiteliales son secretadas
seguida de la infeccién con parasitos nematodos para activar las ILC2 y conducir a una inmunidad
tipo 2 [80, 81, 108], las cuales, via IL5 e IL 13 pueden movilizar los mecanismos de cicatrizacién con
la capacidad para producir Argl [81] y FIZZ1 [115] para mantener la integridad del tejido. En
consecuencia, en ratones STAT67" tratados con liposomas con clodronato, la deplecién de los
macrdéfagos redujo dicha poblacidon causante de la inflamacién, promoviendo una activacion mas
eficiente de todos los mecanismos de reparacién y dando como resultado la reduccién de las
lesiones hemorragicas. Resultados similares fueron reportados en ratones STAT67 infectados con
N. brasiliensis en el que se observé un predominante perfil inflamatorio junto con la persistencia de
la patologia pulmonar [116]. Por lo tanto, el aumento de la inflamacién conduce a una activacion
deficiente de macréfagos M2.

En nuestro modelo de infeccidon con T. canis, evaluamos el papel de los macréfagos M2 en la
reparacion del tejido pulmonar al suprimir la respuesta inflamatoria a través de ratones STAT17".
Observamos que el proceso regenerativo en esta cepa de ratén fue mds rapido en comparacion con
los ratones STAT67" y WT. En ratones STAT1”/-, fue evidente la activaciéon de un perfil
antiinflamatorio; la expresién de IL-13 aumentd; Argl, FIZZ1 e Ym1 se expresaron de manera
importante (o mostraron una tendencia a aumentar), y las células F4/80+IL-4Ra+ también se
incrementaron significativamente y las células F4/80+CD86+ se mantuvieron a la baja. Finalmente,
cuando los macréfagos fueron eliminados con liposomas con clodronato, se observé una patologia
pulmonar muy exacerbada. Estos datos en los ratones STAT17- confirman que los macréfagos M2
juegan un papel crucial en la regeneracion del tejido pulmonar durante la infeccién por T. canis, y

su ausencia compromete el proceso de reparacién del tejido.
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La respuesta inmune antiinflamatoria, comdnmente observada después de la infeccion con
parasitos helmintos, regula la reparacion del tejido mediante la actividad coordinada de células Th2,
eosinofilos, mastocitos, basdfilos, ILCs2 y macrdéfagos M2 [117, 118]. Sin embargo, cuando los
procesos de reparacion mediados por citocinas tipo 2 se vuelven crénicos, exuberantes o
desregulados, pueden contribuir al desarrollo de fibrosis [118]. Diversos mecanismos que inducen
la inflamacién y la resolucion de la fibrosis dependen del agente etiolégico involucrado, el tropismo
tisular y el tipo de respuesta inmune desencadenada en cada caso [119]. Otros factores asociados
con la reparacién de tejidos, como MMP2 y MMP9, pueden ser producidos por los macréfagos M2,
estan involucrados en la migracidn de queratinocitos y contribuyen a la eliminacién de tejido no
viable [120, 121]. En condiciones normales, la elastina es una proteina esencial del tejido conectivo
gue proporciona elasticidad y soporte a diversos érganos, incluidos los pulmones. Durante las
patologias pulmonares, un aumento en la deposicidn de elastina puede causar fibrosis, y para evitar
esto, MMP9 y MMP?2 se activan para la degradacién de proteinas y la reestructuracién de la matriz
extracelular (ECM) [122]. Aqui, observamos que MMP9 vy elastina se producen en cantidades
similares en las tres cepas [120]de ratones durante las primeras fases de la infeccién por T. canis.
Por lo tanto, es factible que dicho fendmeno pueda ser una consecuencia del dafio inducido por el
helminto, que a su vez promueve la activacion de los mecanismos necesarios para la reparacion del
tejido. Especulamos que el aumento de MMP9 contrarresté el efecto de la deposicidn de elastinay
colageno, para evitar un aumento evidente de la fibrosis. Mientras que TGF-B expresada
principalmente en ratones WT y STAT1” puede participar como un mecanismo regulador para
facilitar la resolucién de la respuesta proinflamatoria y fungir como impulsor de la reparacién del
tejido [55], por lo tanto, la ausencia de STAT6 compromete su expresién y la reparacién de tejidos
puede estar mediada por macréfagos M2.

Otro hallazgo importante fue que la respuesta inmune en ratones STAT67- condujo a la eliminacién
de las larvas de T. canis. Datos previos publicados por nuestro equipo de trabajo sobre la carga del
pardsito concluyeron que la produccion de IgE no era esencial para la neutralizacion del parasito
porque los ratones STAT6” no producian IgE pero tenfan menor niimero de L2 de T. canis [24]. Un
posible mecanismo subyacente a la resistencia a esta infeccién parasitaria en ratones STAT6”" es el
aumento de la activacidon de los macréfagos M1, lo que favorece la expresién de iNOS. Pocos
estudios han propuesto un papel para el éxido nitrico (NO) en la resistencia contra los parasitos

nematodos. En un estudio in vitro, Pfaff et al. demostré que las microfilarias de L. sigmodontis eran
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vulnerable al ON. Sin embargo, ni la inhibicién farmacéutica de la sintesis de dxido nitrico ni la
eliminacion de iNOS en ratones indujeron resistencia a L. sigmodontis circulante [123]. En un estudio
mas reciente en ratones iINOS” infectados con Strongyloides venezuelensis mostraron una mayor
susceptibilidad a la infeccién [124]. Estos resultados demuestran que los mecanismos de proteccién
o susceptibilidad definidos en un sistema o modelo no pueden asignarse simplemente a todas las
interacciones helminto-huésped: diferencias bastante particulares pueden ser criticas para
favorecer las respuestas inflamatorias iniciales que tienen un papel importante en inducir
proteccion durante las infecciones por helmintos. Los datos de este estudio pueden interpretarse a
favor de que iNOS contribuya en la resistencia de los ratones STAT67" a la infeccién con L2 de T.
canis.

También pudimos observar que los ratones STAT17 tenian una menor carga parasitaria, similar a la
de los ratones STAT67, con una evidente activacién de los macréfagos M2. A diferencia de otras
proteinas de la familia STAT, como STAT6 y STATS5, existen muy pocos reportes sobre como STAT1
participa en la modulacién a la susceptibilidad o resistencia de las infecciones por helmintos. Es bien
sabido que los macréfagos M2 dependientes de STAT6 juegan un papel importante durante las
infecciones por helmintos en el control del dafio y la eliminacidon de parasitos [17, 54, 125]. Una
reciente publicacidn describié una participacion para STAT1 durante la infeccidn por S. japonicum,
revelando un papel protector para miR16/4b en la inhibicidn de las células M1 mediante el bloqueo
de STAT1, lo que resultd en la diferenciacion a macréfagos M2 vy resistencia parasitaria [22], este
estudio respalda nuestros hallazgos en ratones STAT17" infectados con T. canis. Ademds, FIZZ1
producido por macréfagos M2 es una reconocida molécula, importante en la eliminacién de S.
mansoni o N. brasiliensis del intestino de ratones, efecto que se relaciond con una exacerbada
respuesta inmune Th2 [126]. De hecho, en ausencia de STAT1, encontramos una marcada expresion
de FIZZ-1 de forma aguda, por lo tanto, es posible que las larvas recién eclosionadas fueran
expulsadas rapidamente del intestino y de los pulmones, debido a un aumento en la producciéon de
moco induciendo una menor diseminacion a través del flujo sanguineo hacia otros 6rganos. En linea
con esto, Filbey et al encontraron que las larvas migratorias de N. brasiliensis fueron eliminadas en
los pulmones de ratones coinfectados con H. polygyrus, y la patologia pulmonar asociada con la
migracion larvaria de N. brasiliensis se redujo debido a una robusta respuesta Th2 [126]. Finalmente,

Esser-von Bieren et al sugirieron un nuevo mecanismo de activacion M2 por anticuerpos,
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independiente de IL-4Ra, que media la actividad anti-helmintica y la alteracion de los tejidos
causada por la migracion de las larvas de H. polygyrus [91].

Tradicionalmente, los eosindfilos son considerados como un importante mecanismo efector anti-
helmintico [127-129], pero diversos estudios sugieren que dicho mecanismo no es tan simple; si
bien la infeccidon con T. canis se asocia con una respuesta eosinofilica, estas células pueden tener
una capacidad limitada para matar el helminto y las larvas pueden escapar de manera eficiente de
los eosindfilos, hecho que se ha demostrado en estudios in vitro [130-132]. En una revision mas
reciente e interesante, se propuso un papel combinado para los macréfagos y los eosinéfilos como
factores clave en los mecanismos de formacidn de granulomas durante las infecciones por
helmintos y en el equilibrio entre la reparacidn tisular y su eliminacidn [133]. Colectivamente, se
propone un escenario en el que las respuestas inmunitarias inflamatorias y antiinflamatorias son
importantes para mediar el dafio tisular y la destruccidn de helmintos. Por lo tanto, durante la
infeccién por T. canis, los macréfagos M2 activados a través de STAT6 son células importantes para
modular el dafio del tejido pulmonar y conferir resistencia a la infeccion al inducir una potente
respuesta inmunitaria antiinflamatoria, mientras que los macréfagos M1 activados a través de
STAT1 promueven la patologia pulmonar al mismo tiempo que la erradicacion del parasito. Sin
embargo, se necesita un estudio complementario y mas extenso, que hable del papel de otras
poblaciones de células junto con los macréfagos que pueden ayudar a mediar la eliminacion de
parasitos y la regeneracion tisular durante la infeccidn por L2 de T. canis como los eosindfilos o las
células ILC2.

En resumen, nuestro trabajo extiende la importancia del papel de las vias STAT1 y STAT6 en la
regeneracion pulmonar durante la infeccion aguda por T. canis y destaca la importancia de los
macréfagos M2 en la aceleraciéon de la recuperacion de tejidos durante la etapa pulmonar de esta

infeccion.
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8. CONCLUSIONES
En ratones WT la susceptibilidad a la infeccidn por T. canis ésta asociada con una respuesta
inmune Th2.
En ratones STAT67" la ausencia de dicha molécula promueve la resistencia a la infeccién,
asociada con una respuesta inmune inflamatoria exacerbada mediada por M1
Mientras que en ratones STAT17, también se promueve la resistencia a la infeccién, pero a
través de una potente respuesta inmune antiinflamatoria mediada por la activacion de M2.
Se requiere un equilibrio entre ambas respuestas inmunes Th1-M1/Th2-M2 para la 6ptima
neutralizacion y eliminacién de las fases tisulares de T. canis.
Los procesos de regeneracion tisular en pulmdn estan fuertemente relacionados con la
activacion de macréfagos M2 y de sus factores de reparacion FlZZ1, YM1, Argl, TGF-B
El daiio a tejido pulmonar se encuentra asociado una respuesta inflamatoria mediada por
la activacién de M1 e iNOS.
El equilibrio entre ambas poblaciones de macréfagos M1/M2 es importante para una

regeneracidn armoniosa del tejido pulmonar.
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Abstract: Macrophages that are classically activated (M7) through the TTN-y/5TAT1 signaling pathway
have a major role in mediating inflammation during microbial and parasitic infections. In some cases,
wregulated intlamvmation induces tissue damage. I helminth infections, alternatively activated
macrophages (M2), whose activation occurs mainly via the IL-&S TATE pathway, have & major role in
mediating protection against excessive inflammation, and has been associated with both Hssue repair
and parasite clearance. During the lung migratory stage of Toxoeare cans, the roles of M1 and M2
macrophages in lissue repair remain unknown. To assess Lhis, we ﬂl'ﬂ”",- inlecled wi]r]—l:,,pF (WT) and
STATI and STATé-deficient mice (STATT™ ™ and STATE ™) with L2 'I. canis, and evaluated the role of
M1 ar M2 macrophages in lung pathology. The absence of STAT1 favored an M2 activation pattern
with Argl. FLZZ1, and Ym]1 expression, which resulted in parasite resistance and lung tissue repair.
It condrast, lhe absence of STATA mduced M1 activalion and iNOS expression, which ]LE]Eﬂed conlrol
parasitic infection but generated increased inflammation and hung pathology. Mext, macrophages
were depleted by inlialracheally inoculaling nuce wilh clodronate-loaded Lposomes. We found a
significant reduction in alveclar macrophaees that was associated with higher lung pathology in both
WT and STATL / mice; in contrast, STATA ¥ mice receiving clodronate liposomes displayed less
tissue damage, indicating critical roles of both macrophage phenotvpes in lung pathelogy and tissue
repais Therelore, a proper balance belwoen udlanunatory and anti-udlanunalory esponses during T
cants infection is necessary to limit himg pathology and favor hmg healing.
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1. Inlroduclion

Toxocariasis is a neglectad disease despite being broadly distributed, and there has baen limited
altenbion given o prevention, lreatmenl, and disease surveillance [1]. Adult Toxorara canis worms live
in the small intestine of dogs, which excrete eggs in the feces, polluting the environment [2]. Once in the
small ailestne ol mlermediale hosls (il canbe paratemc hosls, suchias humans or mice), larvae penelrale
the gut wall and migrate to many organs, including the lung, liver, muscles, and central nervous system,
mﬁu]‘t‘ing in Signiﬁ't‘mﬂ Fathn]ﬁg:.f: Tnfection in the 111113 with T, cants 1.2 larvae can canuse an asthma-type
condition in children [3,4]; airway hyperresponsiveness, pulmonary inflammation, and increased
levels of Igll can persist for months in nvice experimentally-infected with T. ranis [5,0]. Thos, assessing
the inflammalory espanse, including defining roles for cells such as classically aclivaled macrophages
(M1) in the patholegy following infection with 1. cams is critical to a better understanding of the disease
and the development of targeted therapics.

M1 macrophages are primarily activated via interferon (IFN)-v through signaling pathways,
such as signal transducer and activator of transcription 1 (STATT), and inlerferon regulatory (aclors
(IRF) 1 and ¥, which allow expansion of the inflammatory immune response [7,5]. M1 macrophages
prroduce ;]!"I.'P-i!]ﬂ.‘llTlll]:ﬂl'lF'}’ L'};Ii'lkirlth'a such as TNF-w, TT-1R, -6, TT-12, and 1T -23 and nilric oxde
(NO) through the eneyme inducible nitric oxide synthase (iINOS) [9], and have high exprossion of
the co-stimulatory CDED and CNB6 molecules (10 On the other hand, during helminth-infection,
there are both potent type 2 aned immunorcsulatory networks that can limit Hssue damoge cansed
by the parasite (or the immune response against them). A cellular hallmark of anti-parasitic type

uumluuly is allernaliv I:" s aclivaled 111.‘1!:1L|P1|,E:2_u- (MZ), aclivaled |J‘,- inlerlevkin (IL)-4 and TL-13
through the IL-4 receptor alpha (IL-4R ), and mobilization of STATE, ¢-Myc, and [RF4 [7,11-13]. Thus,
M2 aclivalion prouoles conle ol of helmunlh infeclion and lissue e [_‘rau [14,15]. STATé reg ulales many ol
the genes associated with mouse M2 macrophages, including arginase 1 (Argl), resistin-like- ¢ (Betnle,
Relmo or TTZ771), chitinase S-like 5 (Chidl 3 or Ym1), and macrophage mannose receptor (MMR) or
CD206, M2 macrophages have the capadcity to block iNO5, counteracting tissue damage caused by M1
macrophages |5,10]. Furthermore, M2 macrophages activated via STATG are an important source of
clhicmokines, Cy lokines, elastin, maliix ull;'lﬂlll_'rPL'L'l Lemeases [MMPs), and other mediators thal dreive
cellular responses following tissue injury [16,17].

Sceveral studies with nematode- infected mice demonstrate the relevance of the balance between
M1 and M2 macrophages and the molecules these cells release [18]. Notably, studies involving
Heligrmasomoides polyg yrus [19] and Nippostrangylus brasdiensis [20], as well as lhe [ilarial nematodes
Brugin malayi and Litomioseides stgmodontis [21], and the trematode Schisiosoma faponiciim [22] highlight an
initial T-helper 1 (Thl}-01 inflammation profile associated with tssue damage, followed by a Th2-M2
polurization that promotes tissue repair It is clear that mucrophages participate in many important
immumne functions following infection with helminths that are characterized by M2 signature molecules
(g including Argl, FIZAD, and Yml) [23]. However, there are limited data regarding the implication
of macrophage activation via STAT] and STATS during the second larvae (L2} infective stage of |. canis
mlection. Pres -_lznusly, we reporled Lhal Th? ::ylukhu‘::‘: Lave a dual role cluring loxocariass, O e
one hand, STAT6 activation contributes to host susceptibility, and. alternatively. the down-regulated
intmune response reduces the immunopathology induced by T, canis infection in the Tungs [24].

Despite these findings, many unresolved gquestions remain, It has not been -.iL,ter_lrLLd whoether
M2 macrophages are the major cell-type involved in fissue repair through their achvation via STATE.
Also, the role of M1 macrophages aller L2 T camis mfeclion remams unknowrn To beller undersland
the possible roles plaved by M1 and M2 macrophages during acute toxocariasis, we used STAT1- or
STATA-deficient mice. Following L2 T aamis indeclion, STAT1 ! mice favored M2 activation defined
by increased lung expression of Argl, U221, and Yml, which resulted in parasite resistance and
[um g Hissue repair. The STATH ¢ mice n‘]*-frplﬂ:,.‘?d cvidence of M1 activation and iNOS EXPTession,
which helped reduce the number of larvae in different tissues, but generated increased inflammation
and extensive lung pathology. Therelore, M1 and M2 macrophages are invalved in T ranis-associaled
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pathology. We suggest Lhal during, the lung imigralory slage of T canis a balance al a specilic lime
between the inflammatory and anti-inflammatory response is necessary for protection against T, comis.

2, Results

2.1. Parasile Burden and Kinelics of Parasile Migralion

To assess susceptibility (presence] or resistance (absence) to T. canis larvae, BDATR/c WT, STAT1--
and STAT6™'™ nuce were orally infected with 500 L2 larvae and the kinelics of parasile burden in the
liver, lung, brain, and muscle was determined. Wild-type mice showed highest parasite burden in
the bver and lung cardy in infection (4 dpi; Figooe Tab) and duninislung theoealler, The brain and
mustle were larger devoid of parasites at 4 dpi and increased gradually in these tissues over the next
56 davs (Figure To,d). Tn contras, althaugh STAT1 ! and STATA ! mice displayed (he same larval
migration patterns as that of W mice, the parasite burden in both strains was lower compared to WT
mire. These dala sugeesl lhal the absence of STATT and STATH did not aliect the migration patlern
of the larvae and that both STATS ame cruaal in eliminating the tissue stages of T, cimis, making both
STAT1 / and STATG ¢ mice less susceptible to L2 I camtis infection.
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Figure 1. Kinelics of parasile migralion. Afller infection wilh B0 1.2 T ronis nematodes, e parasites
were counted mthe lver (a) h.mg:. (h) brain (e} and muscle (d) meowild type (W) (sokd white cincles),
SIATTY ISTA T deticient moace, solid gray oireles) and STAL b (STAL G dehcient mice, solid Black
orcles) maceat 2, 2,7, 14, 21, 28, and 60 dpi. Ked armosvs smdicate th{e[:r{':;cer‘n' af larviae meach bssae
during the counting. Ulata are shown from bvo independent experiments as the mean 1 SEM (n = & per
group): twoeway ANOVA with lukey multicomparison test: * p < 0,05 comparing W versus SLA117
and ':TIA'J'E.‘*", and SIAL1™ versus SLA LG~ mice, at the same Hme point of intection
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2.2 Hemorrhagic Lesions mnd Inflawimatory Infillrales in Lung Tissue are Afjecied iy STATT and STATS

Tlaving comfirmed the migration af [.2 T, canfz through the lungs, lung pathology was assessed
clur g acule inleclion. We abserved Lhe dey Eii:l|_|||1|el'.l ol numerous hemorrbagic spols i Lthe ]LI[lE.‘,
parenchyma of WT mice on 4 and 7 dpi, which gradually decreased over time (Figure 2a/b). Following
infection wilh L2 T, canis, STATL ¥ mice showed lewer and simaller lesions in Lhe hmgs ondand 7 l:lIJj.
as compared to WT mice: lung lesions were not detectable on 26 dpi in STAT1™™ mice (l'igure 2ab).
ITowever, STATAH © mice, despite having fewer larvae than WT mice (and similar to parasite burden
of STAT1~ mice), displayed numerous hemorrhagic lesions in the lungs that persisted until 60 dpi
iend l'I[F'X‘:'.‘F rimmenl) [Figum Ta Hi%lrﬂﬂgifﬂ] examinalicm ol the ]ungﬁ revealed I]I:".."i]ll"l'lr'lf'lliﬂl and
perivascilar inflammation during acute infection (4 7 dpi) that healed as the infection progressed in
both WT and STAT1™ mice. Lrythrocytes in the alveolar space and the presence of larvae surrounded
by inflammatory infiltrate (Figure 2o o) correlated with the hemorrhagic lesions observed in the
macroscopic study. Interestingly, histological analysis of STAT6™™ mouse lungs revealed a marked
inflarmmalory mfiltrale that lasted lor longer periods al time {4 10 60 dpi), suggesling impaired healing,
despite parasite clearance. These findings suggest that the prompt or delayved healing of the lungs in
STAT1 ! or STATS ! mice, respeclively, was associaled with the bype of inumune response eliciled,
rather than the presence of L2 T goes parasitic burden. Enumeration of lvmphooytes (Figure 53u),
macraphages (Tigure 53h) and polymeorphonuclear (PMN) (Tigure 53¢) cells revealed greater numbers
of macrophuges in lung tissue from day 4 to 21 post infection in W, SIATT and STATE™ mice.

23, Tmmine Response Associaled with Lung Tissue Damage

To determune whether an inflammatory or anti-inflammatory immune response profile
accompanicd the delayed recovery of lung tissue in T coms-infected STAT6™T mice, ovtokines and IgG
isotypes of anti-1. canis-specitic antibodies were measured in peripheral blood serum. Inflammatory
L":,'lL'IkiHF!ﬁ such as TFN-y {Figunﬂ! Ja) and TNF-a (Figul'E Ih), as well TE_GZEI fFigm‘E 3r), were increased
in T. caniz-infected STATE™~ mice compared to WT and STAT1T™" mice (Figure 3a—c). The type 2
oy lokuwes, [L-4 {Figlma 3d), IL-10 fFig,une- 3e), and IL-13 {Figure 30) and IgGl {Fig LLpE 33}, were ncreasecl
in WT and STAT1™"~ mice but not STAT6 ™"~ mice.

To assess the local immune response, cvtakines were measured by RT-PCR in whaole lung Hssue.
T. canis-infected STAT6 ™™ mice had increased expression of IFN-y (Figure 4a) und TNF-« (Figure 4b)
at the tfime when major macroscopic lesions occurred in the lungs. On the other hand, STAT1-
nuce disl_?la:,;ed mcreasead EXPression al IL-4 ['Figuﬂ? 1c) and IL-10 I:Fiéun;‘- dde), malching Lhe reduced
number of macroscopic lesions in the lungs. These results support the hypothesis that the delaved
LCOVETY L lu:t% lissue [rom STATE ¢ mice could e associaled wilh a pro 11Ii1c'llIlIllﬂ|.l_'L{'}' F.J:'oﬁll.‘,
while a promipt recovery in STAT1™™ mice may be associated with an anti-inflammatory profile during
1.2 infection wilth T. manis.

24 M7 and M2 Signature Actination Markers in Lung Tissue during Acute T caris Tifection

LEM-v is critical tor M1 macrophage activation and iNOS expression [7.2]. 1L-4 and [L-15 are
inporlant [or M2 macrophage dillerenlialion and ﬁ‘u‘gl, FIZZ1, and Yinl expression [17] Thus, mRNA
tor these M1 and M2 markers were measured in lung sumples by RI-PCERL iNOS mENA expression
was markedly increased in T. canis-infected STATH ! mice (Tigure 5a) corresponding temporally with
the appearance of macroscopic lesions in the lungs, In contrast, the mENAs for Argl, FIZZ1 and Yml
were increased in the lungs of WT and STAT1~/~ mice (Figure Sb—e).
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Figure 2. Hnnmrrh.'tgfr: lesions and nlammalory infilbrales in lung, bssue. Lungs were collected,
washed wilh PB5 and pholographed al 0-50 dpi (a) and macroscopic hemer:hagic lesions were counled
in WT (white bars], STAT1 (gray bacs) and STATG ¢ iblack bars) mice (b). Daraffin sections 4 um
thick from lung tissue were Hék stained, and inflammatory inkltration und hemorrhagie lesions weno
ohserved i mmcmoscopy ght (dikx objechive) images at i, 4, 7, 74, and 21 dpion the three strains ot
mice (c). Represenlalive image of the L2 T, comis surrounded by inllammatery infilleate (60x objeclive)
(d). Inflammatory infiltration was quantified from images taken at 40 objective in light microscepe
fe) in W {white bars), SITATT== (gray bars) and STATA- (black bars) rmee. Datis are shown brom
two independent cxperiments as the mean + SFM (0= 6 per group). Twa-way ANOVA wilh Tukey's
multicomparison test. = p < 0.05 comparing WT versus STATI ' and STATG / , and STAT1 /' versus
STATE ! mice at the same Hme peint of infection.
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Figure 3. Tmmune response associaled with Tang Lssue damage doring, T czais inlechion. Cylokines
and antibodies of inflammatory (interferon (ITN}-y (a), TNT-x (b), IgG2a ()} and anti-inflammatory
IL-4 (d), IL-13 (e}, IL-10 (£], Ig51 (g) immune responses were measured in serum at 0-60 dpi from
WT (while bars), STATI™ (gray bars) and STATA~~ {black bars) mice. Dala are shewn [rom lwo
independenl experiments as the mean = SEM. For cvlokines: (n = 4-6 per group); unpaired l-lesl with
Ioln—Sidak multicomparison test. For antibodies: (n— ¢ per group); two-way ANOVA with Tukev's
multicomparison teet. * p < DR comparing W vorsis STAT T and STATR =, amd $TA 117 vemas

SIATE™ mice at the same Hme point of infecton.
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Figure 4. Local immune response associated with lung hissue damage. mRENA expression of IFMN-y
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[gray bams) ond STATA ™™ (hlack bars) mice at 0, £, 7, 14, amd 2 dpis A representative clectrophoresis
gel of the various genes and GATDII control from one representative experiment is shown {e) Data are
shown from two independent experiments as the mean 1+ SEM (n = 5-& per group); unpaired t-test
with Hobm—Sidak multcomparisen test : * po < 003 comparing W versus 5 AT and SLAI 6_'{_, andi

STATI™ versus STAT6 Y~ mice al the same lime pount of infection,
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Figure 5. Classically cobvated (M1} and allermasbvely achviated (M2) macrephage achivisbon markers in
hang fasue. miMNA expression of md ible natrie oxdde ‘i\r’l"lhii“p{' [IMUX=) (a) Argl (b)) FEAAT () amud
¥m1 (d) was evaluated by RI-PCK in whele lung tissue trom Wl {white bars), SIA 117~ (gray bars)
and SIAT6™ (black bars) mice at day 0, 4,7, 14, and 21 dpi. A representative electrophoresis gel of the
ditterent previously mentioned genes and their respective GAFDH control from one experiment is
shown {e) Data from graphs are shown trom two independent experiments as the mean = SEMin =56
per group); unpaired t-test with | lelm—5Sidak multicomparison test; * < 0,05 comparing WT versus
STAT1~~ and STATG —, and STAT1~/—, versus STATG/- mice at the same time point of infection.

Lung sections were subsequently assessed by immunofluorescence, INOS protein expression was
=h f‘n'lghr detected hy 4 d]._m and remained elevated in the ]unﬁc it was sustained at least until 14 ﬁ}_m m
STATA ™ mice I{Flg ure fab). In conlrasl, STAT1™ " mice hal:l recluced EX[Iession ol iINOS, while WT
mice displayed discrete and transient iINOS expression, particularly at 4 dpi (Figure 6a,b).

Regarding Yl expression, wlhich has been consislently asscciated with bssue cepair [25],
we found that its early expression in the lungs was largely dependent on STAT6 signaling, given that
Ym1 expression was significantly reduced in the lungs of STATA ¥ mice. Ym1!' cells were abundant in
both W and STATT™™ mice, espedally at 4 and 7 dpi (Figure 7a,b).
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Figure b, M1 macrophage aclivalion marker inlung Lissue asseszed by immunolluorescence. Microscopy
data of lung sections from WT, STAT1~~ and STAT6™ muce at 4, 7 and 14 dpi, stained with the
DN A-binding dye (DAFT) in blue and INDS (a) in green. Quantificalion of the Muorescenl intensily
ol INOS (b) in lung sections stained from a, in WT (white bawe), STAT1 ¢ (pray bars) and STAT6 /
{black bars) mice. Photographs were taken with a 203 cbjective. Data are shown from two independent
experiments as the mean + 5EM (n = & per group). Two-way ANOVA wilh Tukev's mullicomparison
leel, * p < 0,03 comparing WT versus STAT] ¢ and STAT6 ¢, and STAT1 / versus STATE ¢ mice al
the same time point of infection.

To confirm the presence of macrophages and to assign them o probable role in either long tissue
damage or repair, 1'4/80-CDB86 double-positive cells for M1 activation and I'4/80-1LA4K« and I'4/60-MMIL
cells double-positive for M2 activation were evaluated by flow cytometry (Tigure Ra—e). STATG /1 mice
displayed an increased percentage of F4S0HCDEET cells that was not observed in either W or STATT-
mice (ligure 8b) at 7 dpi. Llowever, WT and STAT1™" mice slowed an increased percentage of both
F4/30' IL4Rx' and F4/80' MMR ' cells (Figure 8¢ d) at the same time point after T g infection,

Collectively, these data suggest that STATe deficiency promotes M1 macrophage activation and
lung tissue damage, while the absence of STATY is associated with M2 macrophage polarization and
carly lung Hssue repair during acute tococariasis.

2.5, Ulifferential Lxpression of Moelecules Azzociared with lissue Repair and Fibrosis

Avsking if the repair mechanismes contributed to fibrosis generation, factors associated with fibrosis
development and tissue repair, namely collagen, elastine MMP-9, and TG -5, were assessed. Llastin,
a wound repair factor, ncreased in all strains of mice at 21 dpi. TD conis-infecled STATS " mice had
a smaller increase in clastin compared with W and STATT™ mice at 4 dpi (Figure Ya,c). Masson's
trichrome staining did not reveal differences in collagen deposition between the strains (Supplementary
Figure 51). MMPY, an cnevme that degrades elastin, reached peak of expression at 14 dpt inoall
strains of mice. However, STAT1™ and STAT&™™ mice displayed higher levels of MMI'O at 4 and
7 dpi (Tigure 9h,d). Whereas TGT- mRNA a factor associated with fissue repair produced by M2
macrophages [18] was modestly expressed in WT mice, its exprossion wias significantly enhanced in
STAT1™™ mice at ditferent dpi. Interestingly, STATS™™ mice failed to enhance TGI-f expression in
lung tissue (Tigure Y f). These abservations suggest that neither experimental group of mice promotes
greater fibrosis.
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Figure 7. M2 macrophage aciivalion marker inlung lissue assessed by ummunofluorescence. Microscopy
data of lung sections from WT, STAT17-, and STATS~~ mice at 4, 7, and 14 dpi, stained with the
M A-bimding dye (1A in bhoe and Ym7 {a) in greens Qoantification of the tloorescent inkensity
of Ym1 () in lung seclions stained [rom a, in WT (white bais), STAT1™~ (gray bars) and STAT&
[black bars) mice. Thotographs were taken with a 20 objective. Data are shown from two independent
experiments as the mean & SEM (n = 6 per group] Two-way ANOWVA with Tukey's multicomparison
esk. = < 0% compariag WT versus STATIY . and STATAE ™, and STATI=/~ versus STATA ™ mice al

lhe same lime poinl of infeclion,
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Figure 8. Deleclion of cell surface markers associaled wilh M1 and M2 macrophage aclivalion.
Mice were infected with 500 L2 T canis larvae, and lung cells were obtained at7 dpi for flow cvtometry
staining. Kepresentative FACS analysis of the cell surface markers F480, CO86, IL-2Ke, and MME

The macrophage region was first defined by FSCamd 880 characteristios amld morther subgated based
en lhe FA/80 cell populalion. Then. one theusand evenls [rom eilther subgale were caplured (a)

Representative dot plots and their respective percentage of F4/E0' CDE6' (b), F4/80 ' [L-4Ra!

e,

and F4/807MMR* (d) double-pasitive cells in infected and noninfected (N1) mice. Each dot plot
represeals anindividual mouse. Dala aee shown lom Lo independentesperiments of 56 animals
per group. One-way ANOVA and Tukey's multiple comparison test. * p -2 0,05 comparing WT versus

STAT1 /

and STATE /

mace.
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ligure 9. Molecules associated with tissue repair and fibrosis. Taraffin sections of lung tissue
wirre processed to reasure clastim (lett pancl) and MMPS (right panel) by 10 as markers ot tibrosis,
Represenlalive images [rom lung lissue seclions wese pholographed wilh the 80x objective (a1} and
the percentage of Clastin- and MMI2-positive cells (brown marks pointed by arrows) was measured at
different dpi in WT {white bars], STAT1— [gray bars) and STATE ™~ (black bars) mice fe.d) mRRNA
expresson of TOGR-F s a marker of fssoe repair was megsured by KEPCR (@) and it respechive
electrophoresis gel is shown {f) Data are from two independent experiments presented as the mean +
SEM (1 = 50 per group); unpaired t-test with [lolm-5dak multicomparison test; * p < (.05 comparing
Wl versus S1A11™ and ‘:%'I'Afﬁ_';_, and SEAIT™™ versus SIAL6™™ mice at the saune time puoint
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2.8 Lung Macrophage Depleiion Alters e Inflaviematory and Repair Process in Acuie Toxecariasis

To examine whether macrophages were invalved in a rapid hing tissue repair process during acute
L2 T caniis indechion, macrophages were depleled by nlralracheal administralion of clodronale-loaded
liposomes. Infected WT and STAT1~~ mice treated with P'lS-liposomes displayed well-defined
hemorrhagic lesions, while those receiving the dedronate-liposomes displaved severe, large lesions
that were more diffuse and widespread throughout the lungs (l4gure 10a). In 1. canis-infected STATG™
muce lrealed wilh PRS-liposomes, he hemaordagic lesions were obwvious, numerous and widely
distributed throughout the lung, compared to WT and STAT1™™ mice (Figure 10a). Conversely,
mlected STATA ¢ muce liealed will ICL[IL'il{'_IIL&lL"—:_iJ'_.‘l:IE:IJI'.ilES de veluped lewer hemarrd LAgLe lesions
compared with those of T, wnzs-infected STATA™ and W mice receiving PBS-loaded iposomes,
Notably, administration of clodromate-loaded liposomes in STATH ! mice reduced hemorrhagic
lesions, and the appearance of the hangs was similar to that of T, cais-infected WL and STATT™ mice
(ligure 10a), sugeesting that macrophages may mediate control of hemorrhaging and the inflammation
ciscd by the lung stage of this helminth in o STATE dependent manner. In accordanee with these
tindings, inflammatory infiltrates were clearly affected by macrophage depletion. Thus, [ canis-infected
WT mice treated with clodronate liposomes disploved increased inflammatory infiltrates compared to
those of T. canis-infected W1 mice receiving PES-liposomes. Similarly. the elimination of macrophages
in T. caniz-infected STAT1TY™ muce resulled in an increased i d‘lﬂ.{[unﬂll.‘rry wilillrale i the lLLugE-.
In contrast, I, canis-infected STAT6™™ mice treated with clodronate liposomes displaved a marked
reduction in nflammatary cell infiltration (Tigure 10h.2). Tlow cytometry analysis was performed to
assess macrophage depletion. Mice receiving clodronate-liposomes had a significant reduction in the
Te/ant cell population in all three infected strains of mice, ranging from 50%—74% reducton in lung
mecrophage numbers compared to that of their infected PES-liposome control groups (Figure 10z,d).
Consequently, analysis of 14/80+CD86Y, [4/807]11L4-Ka~, and 1'4/80"MMR*Y double-positive cells
revealed no significant differences in either the clodronate liposome-treated groups or between strains
(supplementary, liguare 52).
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Figore T Lang ma LT‘L‘rPh.'IE?(! depletion. WL STATT ==, and STA 6= mite wore treated cither with
PBS-liposomes or clodronate-liposemes intratracheally to deplete macrophages, betore and atter being
infoctod with 300 L2 10 evnis larvace. The animals were cuthanizod at 4 dpi, and the ings woere taken
atiel photographed, (a) HEF staining was carried oot to obfain fmeges ot 40 or 100% (b), and the
inflammatory infilirale arcas were measured (o). Lungs cells were collecled, and Now cylometry was
used to determine the etheacy of the treatment. Kepreseototiv e dot plots aned their respeciive penoentage
of F4fs0-positive colls of the three strns of mice (ed) ™ p < 005 comparing WT voersas STATI™ amd
STATA™™ mire.

3. Diiscussion

Macrophage phenaby pe is dictaled by the condilions of e macro-covinomnent and Uwe local
cytokine milicn [26]. The M1 macrophage has robust int-microbial and anti-tumeor activity, can cause
ROS-induced tissue damage, and impair tissue regeneration and wound healing [27,25(. By contrass,
the regulatory anti-inflanunalory M2 macrophage promoles lissue reslilubon aller damage [28 31].

Some authors divided M2 macrophages into #3und healing macrophages (M2a) and regulatory
macrophages (M2b) |7,22]; others describe macrophage pelarization as a “spectrum model” with at

least mane distinet macrophage activation programs in humans [33]; Beyes et al [34], Murtines ctal,
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and Manlovani el al [35] reporled that M2a macrophages rellects the Ly pical allernalive profile induced
by IL4 und IL-13, M2b induced by exposure to immune compleses release high levels of IL- 10 and
M2¢c represents the original version of deactivated macrophages induced by 1T-10 and glurocorticoid
hormones [7,34,35]; Murray ct al propose thut the term regulatory macrophages should be avoided
because all marrophage populations have regulatory capacities and a correct use of the nomenclatre
concerning M1L/M2 is needed Lo avold conlusions [36]. Fallow ing the previous sludics and the proper
suggestions, for the purpose of the present study we decided to study the common M1/MZ2 classitication,
aclivated by IFN-y and IL-4 o IL-13, respeclvely

Helminth migration through the host on route to its preferred niche can cause significant tissue
damag& and so il is imperalive thal the hiosl be capahlﬁ al inilialing, r'aJni-:] and effeclive lissue repair.
Analyses of helminth-rodent model systems has yielded considerable knowledge of the cellular and
molecular players responsible lor lissue recovery aller injury [57,38]. Mol surprisingly the mobilizalion
of repair mechanisms 1s host-parasite specific [39], und several distinet pathwiavs of tissue repair have
been described. Yet, there is a paucity of studies of assessing tissue recovery in response to acute
toxocarinsis [5,6,20].

In the present study, the role of M1 and M2 macrophages in the repair process during the lang stage
ol T raiis infeclion was assessed using STAT1™ and STATA ™™ mice. ;‘-"'u’L'l'll‘ding Lov The I‘|||r|i|1gﬂ_ the M1
macrophage population induces damage in the lungs during the early stages of L2 1. canis migration.
In STATAH | mice, even when the larvae were almost absent from the lungs in the chromic stages, tissue
damage persisted and correlated with inereascd INOS indicative of M1-type cells. Consistent with
these ahservations, macrophage depletion in T. canfs-infected STATGE™ mice resulted in a reduction
in the number of hemorrhagic lesions in the lungs and better healing, Together, these data strongly
suggest that M1 macrophages are a major contributor to lung damage during the early and chronic
slages of L2 T caniis infection. Despile the damage produced o the absence of STATE, e mechanisms af
tissue repair associated with an anti-inflammatory immune response were not completely suppressed.
Thus, markers associated with wound healing such as Argl, TTZ71, and Ym1 were detectable, as was
TCF mENA, and the regencrative process associuted with MBMPY and clastin expression were not
altered, resulting in delayed, not absent, healing processes in the infected STATE™ ™ mice. These data
are supported by a recent report from Sutherland et al., showing that Ym1 and FIZZ1 expressions are
not completely dependent on the 1L 41%-x signaling pathway [41].

Olher signaling pathways, in addilion Lo STATH, e un;_l].iu::'lll.‘i_‘l w M2 macrophage aclivalion
and the repair mechanisms needed when tissues are damaged, that involve, tor examyple, Akt [42],
STATA [13], TRE and PPARy [8] signaling. Tn additional, epithelial alarmins are seceeted (ollowing
infection with parasitic nematodes to activate type Z inmate lymphoid cells (ILC2) and drive type
Zimmunily [37,44,45], which via IT.-5 and 1T -13 can minbilize wound healing mechanisms with the
capacity to produce Argl [44] and FIZZ1 [46] to maintain tissue integrity. Consequently, in STAT&™
mice treated with clodronate-liposomes, depletion of macrophages mainly reduces the population
causing inflimmation, promoting a more cfficient activation of all repair mechanisms and resulting in
a reduction in hemorrhagic lesions. Similar results were reported in N, raziliensis-infected STATG i
mice where a [der_lminanl inflammaln ry Im‘lmlﬂ was observed l'l'll_lll]i:!d Lo persislence rll'palhl'ring'y [47]
Thus, increased inflammation drives incomplete M2 macrophage activation.

In cur model ol infechion with T cmwlis, we evalualed the role of M2 o acrophages in |L|[15
tissue repair by suppressing the inflammatory response through STAT1™™ mice. We observed that
the regenerative process in this strain of mouse was faster t‘cunpart—'d with STATG { and WT mice.
In STATT™" mice, an anti-inflammatory profile was apparent; IL- 13 expression was increased, Argl,
TTI771 and Ym1 were highly expressed (or showed a tendency to be increased), and TA/R0TTT-4Ra™ cells
Wers .lLi.gJuJ_',.r increased and FARITCDSAT cells decreased. Fi.nall_y, when macrophages were \'j.E[_F]E' led
with clodrenate-liposomes, major lung pathology ridnifested. These data from STAT1™'~ mice confirm
[hat M2 macophages l_‘-Lﬂ.}’ a crucial mole lung Lissue healing o g T. canis leclon, and heir
absence compromises the process of fissue regeneration.
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The= aillj.-]-.lll:la_-'lullﬂlﬂf_'y Lniune response, EﬂlLLmtlL‘Jy cheserved fl;l].ll:lwi.llg inleclion wilh parasilic
helminths, regulates tissue repair via the coordinated activity of Th2 cells, cosinophils, mast cells,
hasaphils, TT1.Cs2, and M2 macrophages [18,49]. Nevertheless, when type 2 cytokine-mediated repair
processes become chronic, over exuberunt or dysregulated, they can contribute to the development
of fibrosis [19]. Dhverse mechanisims "cm‘lurin'g__ inflammation and filbrosis resolution are tf[—'pendilnr
on the cliological agenl involved, lissue lropism, and the Ly pe of bnmune response riggered in cach
case |50]. Uther factors associated with tissue repair, such as MMIP2 and MM, can be produced
Ly M2 macrophages, are mvolved in keratinocy e mugration and conlribube Lo the cluninalion of
nonviable tissue [51-53]. In normal conditions, elastin is an essential protein of connective dssue that
provides elasticity and support Lo diverse organs, including the lungs. During pulmanary pathalogies,
an increase in elastin deposition can cause fibrosis, and to avoid this, MMI™ and MMDPZ are activated
[or protein degradation and restructuring af the extracellular matrix (FRCM) [34]. Here, we observed
thut MMPY and clastin are produced in similar quantitics in all throe strains of mice during the carly
phases of 1, canis-infection. Thus, it is feasible that such a phenomenon might be a consequence of
the damage induced by the helminth, which i turn promotes the activation of mechanismes that
are necessary for tissue repair. We speculate that the increase in MMDP9 counteracted the effect of
elastin and collagen deposilion, o avoid an obvious increase in fibrosis. Whereas TGE-f thal was
mainly expressed in WT and STAT1™™ mice may participate as a regulatory mechanism to facilitate
the resolution of pro-inflammatory response and driver of tissue repair [31], therefore, the alsence of
STATS compromise its exprossion and tissue repair may be by M2 macrophages,

Another novel find'i:n:.; was that the immume response in STATH mice drove the clearance of
the T canis larvae, Previously, we reported corroborating data on parasite burden and concluded that
lgE production was not essential for parasite neutralization because STAT6™™ mice did not produce
Igk [24]. A possible mechanism underlying the resislance Lo lhis parasilic infeclion in STAT6™ muce is
increased activation of M1 macrophages, which favors iNUS expression. Few studies have proposed
a role for KO in the resistance against nematnde parasites. Tn anin vitra study, Plaffet al. showed
that L. symedontis microfilariae were vulnerable to NO. However, neither pharmaceutical inhibition of
nitric oxide synthesis nor iNOS knockout in mice abrogated resistance to circulating [ sigmaedontis [55].
More recently, INOS ™™ mice infected with Strongyloules venezielensis showed increased susceptibility
to Infection | 56). These results illustrate that mechanisms of protection or susceptibility defined in one
mode] syslem cannol be siunply assigned Lo all hebminth-host interactions: rather particular differences
can be critical in favoring initial inflanymatory responses that have a major role in inducing protection
during belminth infections. The dala herein, can be inlerpreted in favor of iNOS contribuling, Lo the
resistance of STATE™ ™ mice to infection with T2 T, cams.

Moreover, we ohserved thal STAT1 mice had a decreased parasile burden, similar Lo Thal
of STATE™ mice. [hese results can be explained by an exacerbated anti-inflammatory immune
response that is the archetypical response against helminth parasites, lor instance, ['IZZ] is a reputedly
important molecule in eliminating 5. mumsoni or N brasilienss from the intestine of mice and this effect
was linked to an enhanced Th2 immune response [57]0 D tact, in the absence of STATT we found
an aruIH]}; increased EXITESS IO ol FI77-1, thus 1l may he [hal recenlly halched larvae are I'ﬂi]if“}‘
expelled from the intestine, and theretore lungs, due to an increase in mucus production and fewer
larvae may reach blood vessels [or disseminalion o alher organs. In line with (his Filbey el al. found
that migrating N. brasiliensis larvae were killed in the lungs of mice co-infected with H. polyryrus,
and the hing Paﬂ'mln‘[j;'rr associated with N, brasiliensis larval migration was reduced by robust Th2
immunity [55], Finally, Esser-von Bieren ot al suggested a novel IL-4Ra-independent moechanism
of M2 activation that is anl-'hm‘]y—dp}-rerdrdnf and mediates both anti-he hminth immunity and Hasue
disruplion caused by migraling H. polygyrus larvae [59].

Traditionally eosinophils are cited as an impe?@int anti-helminth effector mechanism [60-62] but
maore recenl sludies suggest e silualion is nol so sumple; while infeclion willh T conis 1s associaled
with an eosinophilic response, these cells mav have a limited capacity to kill the helminth and the
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larvae can Efficit-ull}f escape eosinophils in vilro [63-A5]. Ina recenl and inleresling review, il has
been proposced o combined role for macrophages und cosinophils as key players in the mechanisms
of granuloma formation during helminth infections and in the balance hetween parasite killing and
healing [66]. Collectively, a scenario is forming in which inflammatory and anti-inflammatory immune
responses are important in |11er|ial'ing tissue and helminth destruction. Thus, du ring T. ranis infection,
M2 n werophages acliy aled via STATA aie imporlant cells i mod Lllﬁli.ng:er ll.mgj.; lisswe d-.‘unﬁgﬂ'_' ancl
corderring resistance to infection by inducing a potent anti-inflammatory immune response, whereas
M1 macrophages aclivaled via STATL promole lung pathology, while al the sane lune being inporlant
for paresite eradication. However, a complementary and more extended study, reviewing the role of
olher cell l]l.'rpuL‘-lIil‘lnﬁ in ronjunclion with marraphages thal can }19111 o mediate parasile ki”irlg and
wound healing during L2 T, cqiis infection like eosinophils or [LC2 cells, is needed.

Tn SUIMIMATY, U W ok exlends awareness of he molels) ol the STATT and STATA 53.‘-]If‘1|.-».'.=.|}f.-'~. in
lung healing during acate T cais infection and highlichts the importance of M2 macrophages in
accelerating tissue recovery during the lung stage of this infection.

4, Materials and Methods

41, Animls

F'.ig]1I—Ii'l—IE-.-'1-m.'|=eFk-1||d wi]d—lyﬁu&' (WT), STATT1Y-, and STAT-A~" male BAT B/ mice were
purchased trom the Jacksen Laboratory Animal Kesources Center (Bar Harbor, ME. LSA) and
mainlaimed ina SE_IEIZ'il‘iI_" [.h'-lll'.lugli'ﬂ—llt'e eny uomment al the FES-Iztacala, UN A M anunal [acj_iil}r
according to Faculty Animal Care iand Use Committee ind government guidelines (otficial Mexdcan
regulation NOM-062-7100-1999) in accordance with recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health (USA)

4.2, Fag Tsolation and Parasile Tnfection

Adult I canis temale worms were isolated from the intestines of naturally infected puppies
(<3 months old). Female worms were dissected to isolate immatare eggs from the uterns and kept in
distilled water. The mixture was washed and centrifuged twice at 1500 rpm for 10 min in 1% Nal 1C1
soluliom. Aller removal of the supernalant, the sedimenl was washed wire wilh dislilled waler and
placed in a 1% formalin solution according to previous protocols [67] in a tissue flask at 28 ¥ for
one month, with genlle dally agilalion unlil T.2 l']F.”VEIL'IL.‘IT'II:"IIl inside [he eggs which was minnilored
under the microscope. After maturation, the mice were infected with 500 larvated eggs, administered
intragastrically with a l'oley kube.

4.3, Kinetics of Parasite Migration

Animals were euthanized at U {uninfected), 2, 4, 7, 14, 21, 25 and 60 davs post infection {dpi).
Tungs, liver, muscle and brain were cul into small pieces and placed in tubes cantaining 1% chlnride
acid [J.T Baker; Edo. De Mex, Mexico) and 5% pepsin (Sigma Aldrich; St Louse; TSA). To facilitate the
release of L2 parasites from the different organs, tissues were incubated for 43 h at room temperature
with agitation. After incubation, the sumples were centrifuged at 1500 rpm for 10 min, the sediment
recovered, reconstituted, and fixed with 10% formalin (Sigma Aldrich; Mexico City, Mexico), and the
1.2 parasiles counled under a 10x objeclive in an oplical microscope (Molic B3 Professional Series).

A Macroscapic Fun 5 Study

Complete lungs were taken from the mice, washed with ice-cold saline solution, phetographed
under a dx abjective using a stereoscopic micrnscope (ATTGTN), and hemorrhagic lesions on the surface
of the lungs were vounted. 76
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4.5 Hislologyy, Hemataxylin and Eosin (H&E), and Masson s Trchrome Slaining

The hings were perfused via trachea and fixed with absolute alcohol, followed by paraffin
embedding and 1 pm-thuck seclions were laken Uwough the hilum and slained with the H&E
tor conventional histology analysis or Masson’s trichrome stain to observe collagen deposition.
Morpholagucal lealures wereassessed using anoplical microscopuc (LAS VA9, Teica), and morphomelrie
analysis was performed with the Leica program to determine the total surface and calculate the area
of inflammatory infiltrate per . Cell counting of PMN lymphocytes and macrophages were
carried out in a blinded Fashion, at the light of microscope at T0Ux objective to determine the most
commnon cellular phenoiypes aclivaled during the infection. PMMN were identified by the shape 0ol
their nucleus bi-, tri-, or multi-lobulated, whereas macrophages cells were identified by szee and were
hemosiderin-laden macrophages.

L6, Immunchistochemisiry (1C) and Immunoflitorescence (1)

Four-micron thick lung sections were, deparaffinized and incubated with 10x DIVA Decloaker
(Biocare Medical; CA, USA) at a 1:10 dilution. For 1L, the slides were washed with 'BS (3 % 5 min)
PL‘L‘{U&.iL‘tﬂEL‘ trdubialion was |.=l;'1'fl'.r.1'1.nl:l_‘|. wilh 10% iy L‘an.‘:gr::u _'_1+."1'l.':x-_-.‘||2' [or 20 mun, the shides washed
with I'B5 (3 x 5 min) and blocked with PBS 3% BSA tor 1 h at room temperature. The slides were
incubated with purified primary rabhit anti-Tlastin at a 12200 diluBon (Abeam; MA, TI15A) or gaat
anti-MMI at a 1:100 dilution (Santa Crue; CA, USA) at 4 °C overnight. Next, the slides were washed
wilh PRS (3 % 5 ming and secondary inouse anti-ralibil at a 1:1500 dilution (Biolegend; CA L TISA) o
mouse anti-goat at a 1:1500 dilution (Bivlegend; CA, USA) were added and incubated for 1 h at room
temperature. The slides were washed and incubated for 5 min with 5C pL of diaminobenzidine (DAL
chromaogen kit (Biocare Medical; CA, TUSA) secording to the manufacturer’s instructions. Finally,
counterstaining with 1larris hematoxylin was performed. Photographs were obtained with an optic
microscope (Axin Vert. A1, Carl Feiss) using a A0 I'II}jEl'LiVl—" and anﬂ]_!,.'?.Pd wilh the program |rnagﬂ]_
For IF, the slides were washed with I'B5 (3 x & min) and membrane permeabilization perfermed with
PRS5 L‘L‘nnlain'rng 2% Triton [Reasol: Mexico Cil.:,:, Mexica). Seclions were washed wilh PBS (3 % 5 min)
and blocked with I'BS containing 3% BSA tor 1 hour at room temperature. Different tissue sections
were meuhated with }_‘Juriﬁed pr'imar}r antibaodies labeled with VITC fluorachrome rablnt ana-iNOS
at a 1100 dilution (Cell Signaling: MA, USA) or rubbit unti- Ym1 at o 1:100 dilution (Stem Cell, CA;
Canada) avernight at 4 °C. Next, the slides were washed, with distilled water 3 times and mounted
wilh one d1'l:1p of Fluoroshield mo unling, medium wilh DAPT (Abcam; MA, USA) per lissue seclion.
Immunofluorescence was analyzed using an Axio Vert Al microscope (Zeiss).

4.7 ELIEA

Peripheral blood was collected from the lateral tail vein and centrifuged at 2500 rpm for 10 min,
and serum was collected and tested for T, canis-specific 1g6G]1 and IgG2a in antigen-coated plates
(1 pg/ml.), excreled-secreled antigens ol T canis were used Lo sensilized plaled were oblained according
to previous protocols [658]. After overnight incubation at 4 °C, the plates were washed with T'BS
5u].1]_rieuu'f|LLE-El woill 00057 Tween 200 ['5;511&1; S Louise, TISA ) and blocked will PBS supplemer e
with 1% BSA (Biowest). Serial dilutions of serum samples starting at 1100 woere added to the plates.
Bound antibodies were detected following incubation with TTRP-conjugated rat anti-mouse Ig(1 or
[gC2a (Zymed; San Franciseo, USA} and read on a microplate reader at 205 nm (Multiskan Ascent,
Thermo Labsystems). The results are expressed as the maximal sera dilution at which optical density
(0D was delecled. Serum levels of IFN-y, TNF-w, IL-4, IL-13, and IL-10 were measued by ELISA
i(Peprotech; Mexico City, Mexico) according to the manufacturer’'s instructions.

77
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4.8 RT-PCR Auniysis

Taungs were placed in 1.5 ml. Cppendorf tubes containing TRIzol reagent (Invitrogen; CA, TISA)
and 0.5 mm diameler zircomum oxide beads (Next Advance) [or lissue digeslion in a bullel blender
(MNext Advance). KNA was extracted by the chloroform technique; once quantified. 1 pg of the product
was reverse lramscribed using L SuEJL‘r-_'ﬂ:l'il_ll IT Firsl Strarnc 5:,-'1|U1l:5i:1 Kl [Invil_r(:gl_‘u; CA, USA)
The primers used to amplify genes and the melting temperatures are described in Table 51, Amplified
products were mived with lnading buffer containing 5YTR green and chserved in a 1.5% agarose gel
(IBI Scientific molecular biology ertified) with a Doc IM-EZ Gel Documentation System. Images were
arla]:,,'?.Pr; using, Trn.ag.lﬂ_l‘. and the EXpression values were normalized Lo E-Il” L‘E:‘HIL‘]PH':H.‘]E F-phosphale

dehy drogenase (CAPDH) as a control (Table 51).

4.9, Flaw Cylemelry

Tunge obtained at 7 dpi were injected with saline solution to obtain cells. Red blood cells were
lysed, and live cells were counted using tryvpan blue exclusion (Countess ITFL ThermoFisher), The cells
were stained for expression of surface markers using the following antibodies: anti-F4/80-1"acilic blue
or APC, anli.—CDBG—PE,’C:,?, anli-CD206 (MMR)-PerCP or FITC and anli-ILAR«-PE (all [rom Biﬂlegeud;
CA, USA). The samples were incubated for 30 min at 4 ¥C in FACS sheet butter (BD@}. The samples
were acquired vsing either a TACSAria Tusion (B or Attune NxT (Thermolisher) and analyzed
using Flow]o software (version 10.0.7).

410, Mivrephage Deplotion with Clodromate Liposomos

We adminislerad clodronate-lnaded II]II'IF-I.:-[TIP"-\ |nlralrat"|u-"’i”l,- an“(‘ndlng o the manulaclurer’s
instructions (Formumas; CA, USA) to deplete macrophages in the long tssue. Two days after liposome
treabment, mice were intected as described. At day four abter the first treatment, a cecond dose of
100 pL of clodronate-loaded or PBS-loaded liposomes was administered fo the corresponding group
At 4 dpi, the animals were euthanized.

L11. Stubistical Analysis

Differences belween groups were delermined by cither bvo-laded unpaired Student’s Blest or
two-way analysis of variance (ANOVA), with multiple 1lolm-5idak test. and reported as the means +
SEM. All statistical analyses were determined using CraphPad Prism v 6.0, with a “p” value or less thon
.05 considered significant (* p < (L05). All experiments were carried out independently at least twice.

Supplemenlary Malerials: The (ollowing are available anline al hllpy/w e vomd pocem 200 - 08 17/3/4/ 2811,
Figure 51: Collagen deposition, Figure 520 M1 and M2 markers arter I:lzu:_'ruplu'.ge: deplebon, Figure 55 Mumbers
of rells in Tung Lissue, Table 51: Genes and Their respechive sequences usad o delermine macraophage and immune
response activation.
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Suppressibn of colitis by adoptlve "

“transfer of helminth antigen-
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treated dendritic cells requires
interleukin-4 receptor-a signaling

C. E. Matisz*, E. Faz-Lopaz®, E. Thomseon-, 4. Al Rajabit, F. Lopses®, L. |. Terrazas®, A. Wang-,
K. A Shlrl\:-}r]":' &D.M. :Ml:l(nyl

Infaction with halminth parasites has bean scplorad as a trastmaent for sutcimmune and inflammatory
diseases. Az halminth antigens have potent immunamaodulation propeties capable of inducing
regulatory programs in a variety of celltypes, transferring cells treated with helminth antigens
reprazents a noval satension to helminth therapy. Previous work determined that transfer of bons
marmrow-derived dendritic czlls {DC) pulsed with a crude extract of the tapeworm Hymenalgpis

diminutn (KD can suppress colitis in recipiznt mice. The prezent study explored the mechanism of
dismase supprassicn and the importance of interlaukin (I ek signaling. Transfar of HD«OCs supprassed
dinitrobenzene sulfonic acid (DNBS)-induced colitis through actiation of recipient IL-4 receptar-o. The
transferrad HO-0Cs required IL-4Rw and the capacity to secrete IL-10 to drive IL-& and IL-10 production
and tosupprass colitis in recipisnt mice. Treabment of DCs writh |Led avokes an altarmatively activated
phenotype, but adoptive transfer of these cells did not aect the cutcome of colitis. Collectively,

these studiss demonstrate the complexity betwesn IL-& and IL-10 in doner calls and recipiant, and

! ths reguirsmant for parasite. and host.dwrived factors inthis novael form of call therspy. Thus IL.4R1

signaling is revealed as 3 pathway that could be exploited for helminth antigen cell-bazed therapy.

Epidemiclogical studics that higalight the inversc velationship between exposice bo helminth parasites and the
meidenee af 19 flammatney diseaze, combired with the knrwr Imrriraradi | stary capaciey of helminths, have
lod to a rencwed interest in the “theravcutic Lolmingh’ -‘m:lvs-:-s of murine |nc~d-:I, of discase, paticnt case
reparts, and small chniz trials bave Austeated the sn tion with hzlminth
pir=iles™™, A an extensiol of this upproads, systennic .|d.[u1| Arativar ulasligens and secneted moleouls from
avarery ot hedminth parasizes has been uzed m inalbic dlsease in rodent model systems™". A mora recent aspect
wl 1 \.J.I:IIIIlh Whurapy & the prospect ol using i wlls pulsed with e wlugaiud | ey esposune (o helminth
antlgens ! LEU.1|.'.U'I mmurocherapy, wita hematooojetle or me;e_lchgr 2l stem cells, ls used 1o treat a varlety
ol disense % oamed s by consislered s am spprosch lo deel in o lory bowel disesse, solally { Srhms
dlsmazets*

We have recently shown that adoptlle transter of dendricls cells (L) treated with a somatle extract of
he adull sl lapewaorm, ymenolepic diveiaude (TTT (T2 ficanily aliznualed lhe severily of
itrocenzene sulphonic acid (DMNES) induced colitis in mice. |he suprression of disease in the HLY DO T zated
rrice wies e peemlent oo lilivslion cUslaptooe sonmmamily and was associaled wil
the recipiorts to procuce 1L- 13 and 1L-2™ While a rols for LU~ 10 in tre enti-colitic of
canre, Ifany, of the incrensed prndnctian of IT. 4 10 the aonrext of the Bialngy of the T
thiswas the focus of the prosent study.

Tt haz been shmen thar 17, 1 comverrs TN o an alrernatively activared phe r'n'vp—'- ia ﬂ.!‘lt"l—' somewhat amal
w0 e [L-2-induced alternutively actovabed macnpluge (AAM=, bt Bittle s o of e [z ction of the

s nat addseases. This %
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Termmen call by e Trthe present sy, vsing 1123 receplor-n kb el smice ss donrs or recipients of TITRTIC:
revealed that the and colltle etect of these cells required LI AR on both the transterred cell and in the recipl
enl mice. TToweser, sdopl e mnsler of TT-deinduced ASTHT Had ol an dhe culeome of TNRS-ind uced
colitis. Lhus, the combination of exposure to an extract of H dimfawin end 11-2 generates a roguiotory U that
can suppress enlitis. These findnps demonsrate the imparance of T4l zignaling in helminth antigen-pul sed
L5, and highlight a novel patbway that could be cxploited for the use of helminth-antigen cell-based theraoy.

Reazules

Attenuation of colitis by HD=-DCs is positively correlated with splenic IL-&.  Adoptive transter of
TITTH s albecalees Uee severily of IYNTS-iduiced colilis amed his i accompeanied by s prodiclioe of
1L-= by mitogen-stimulated splenecytes from the rocipient mice™. Corrclation acalysis reveeled @ significant
relationahip herween splenncyte T1-4 praduction and colitis disease activiey sonee, such rhat Thnse mice fraaterd
with B1-LCs that orodeced more LL—4 had Less severe colitis (Fig. LA & trend towards a negative corrclation
Rerwaer 1T, 10 and dizeasa sevarity [Tl 1R), and 5 prsitiva correlation hetwean splenie 11 4 and 11 70 produc
fion ATlg 100 was alas nbserved. Thus, a rale for 714 In the antl colitic effecr conferved by adaptive rransfer nf
H1I-105 wos tested,

Recipients require IL-4Ra signaling for HO-OC suppression of colitis,  Adoptive transter of wild-type
W) TTT-MCs Inta narmal mice @ignificantty suppressed TS induced anlitis, az hefore™, hut this was not
observed in recipient IL-Ho—— mice (Fig. 2A-0). In eccordance with these data, splenocytes from Wl mice
green TTTY TCs chal'enged with NTS shirwed increased 17, 4 and 100 00 marpat feom stimulazed splenscoytes com
pared ratime matched 11 A7 © mice (Tig 20,7, Adminstratan of [T D2 ta TL 10 © mice that did not
et MBS also resulied in less 1L -4 outpat fron splonic ] cells stimutated 5 deys after recelving the cells compared
o WT mice [Mean | SEM af 71 4:WT reciplenti— 118K | h'."m"n"T.; ITARm ¢ recipeemts — 1485 | 1605 pg-’ml.-
p— 00128, m— 51, Thus an IL-4 fevdbuch foug exist: Qs iz imgortant for Gue snli-oelie elfec of HD-IRCy, suh
that thesa cellz aimulare 11 4 prodocticn, which iz Iepartant for the antl enlifc etfact sinca the [ DU are
inefleclive in [L-2Roc™ mive (Fig, 24-C,

HD-DOCe require IL-4Fs te suppraze DNBES celitis in racipients.  Conzidering the possirility that
1L-4 sigraling in the dendritic zell could be important for its anti-colitic activity, W HD-DOs and LL-4He™
1T TiCs ware transferred 1o WT mice, 44 hours prine w0 TVRS challenpe. Wice thar received WT TTTY T0C, but
nul 1L-2Ro—"™ HD-DC, displaved significently aliencoted macroscopic Jdamage (Fig. 340, and reduced hislu-
ingleal damage (1l 25,0 The sheerce of 1 440 complerely abmagated rhe ahiliny of 1113 10406 ra drive splaale
[L- ol TL- 1w iy renipivnte Fige, SDEL 1 bas bewm reporwed i T4 can induue [L-2 production by DC,
Howevar, treatment with LL 4 resulted In slmliar levels ot IL < In the supermatants of W and LLAKa © Die,
and vo-Leealment will TID an ligen did nol signifvenily enbance Qe abilily of T1-4 lo mduce DT TL-2 syntieszs
{Fig. 3K In additlon, LL < mEthA was noc detected In LDCe treated with HL  antlgen, IL 4, or in comebination.

HD-DEs indwes 3 papulation ef ll-4 producing CO4 and CD187 spleneeytes.  Tuussies G soune
ofeplentz 1l A4 mice were adminlzered D or ) 1K 5 and 5 days Jater splenncytes were enunted and stalned
Lor TL-4 (Fig, 40 Adoptive transfer of HD-DC signilicuntly increased Qe progorticn of TL-4 secreling CDe
and CDVI6 ' splenocytes I reclkplent mlce (Fla 15,19, No differences In 218 L <4 cellzwere observed (blg. 400

IL-107'~ HO-DCs do not suppress DNBS colitis.  [L-10 producng [W_s have beon demonstrated mo drive
T < praduction (n T cells da vitta<! and 1nidoce tlerogenie T call |'In’\1'|ll|.1r|(.‘l'|iﬂ. Thuz the Importance of
TL-2 0 secretiom by udoplively traos ferred HD-DCs vaas aonsidered, WT and IL- 20~ HD-DCs wore Lrunsferned
o WT mice, 48h prior m TINTRE challen e, Contrary to WTTID ToCs 17, 10 £ T woare nnahle 7o attennate
e severity o velilis (Fig, 5.0-C0 oo wese ey abie be drive s plenic 1-4or IL- 10 b recipicats (Fig, STUEL Lovels
ot transcript and seereted IL 10 were balow level of detection Ln ALY LVC treared cells B wfio,

IL-% alternatively activated DCs do not suppress DNBS-induced colitis.  LL-4 treatod macrochages
=ake o an alrerrarvely activared phenstie { A A e) charactasizad hy expressinm af apginase ], Yeol, and Relm 2
anald Lhe sidootive lransfer of [L-4 AAM s v suppress DNBS-inducal colitls™, Similacy, analyzi= of Yinl and
Rem n evpressinn reveals fhat 11 causes alrernative achvation (1 DA AATMCR) mising e poasibiliny that
EDr antigen wus trough e indusion of TL-4 ivdusiog an AADC phenetype t coulild Hock colivs, Replicuding
the tindings of Cook &f al, IL 1 Increased Helm o transcrlpt and Yml and transcrlpt (Le. chll 3) and protein
eapression i1 D and we Gl il arginase-1 nBNA aod prodeis are alse up-regalated (Tig, 0AB) TID anlyen
abone did not atfact the excpresslon of any of these markears, nor 2ld it reoculate the etzct of LL 4 with the excep
ticsn e s pprression af Telmean mTNA 2 cpresion (Tig. 64 R

Tin combresl b TTT-DI S ool ive st 0l T2 AATI S didd nesl aTect he vanlcome of TISTS-sached colilix
z¢ asgesad by macroscoplc and historathology camage scoves (Bl 602 Ej, and dld not lndoce L Jor 1L 1000
e spleen (Toe 6RG ) Adoplive bransfer o T Dremsted with TTO-TT 2 atier e TINTS calilis by ~43%, a degree
of suppression similar to -4 1% obscrved with HE-LMCs a5 assossod by disease activity scorc (DMNE: = 157208,
n HIMN-NDCHDNTS B2 05 B TIDHIL-DNCHTINAS 901 1 n & mean | SFM)

HD modulates IL-& snhancad LP'S pro-inflammatory rasponses.  T1-2 ool aely elicils an AATHT
phenclype, il alse prooabe procinTam ol res s i D0 i widne 40 Senee THRA- il colilis s
zeoompanled by Lncreased serum levels of LFS™, 1t 1s Lkely that trapsterved cells are exposed 1o LES [n DNBS
el roee. Tos e This prladive e v e b, TS were Dreabeld wilh T anligen e 225, 2o Then

stimlated with 1L-4 and LI% tor an edditzonal 2452, Levels of [L- 12 (040 and 1L- 1D srodoced by L3S troated
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Figure 1. Suppression of colitis by HI-D0C tronsfer is covvelated with splonic 1L-4 and LL- 10 prod uction.
T retdical mackasenge dueeaze aoares of mice challenped with TNRE some af which had recetved NETITH
DCs i 48 1 prien, veere plutted longside Qe levels olspleme IL-¢ (A0 10-10 (B Splenic 114 pmd IL-10

1n recipicnes of HI-D4Cs siere plotoed egainst cach other in (U). Cyekine levels wene measerad by BLISA

fraven the supermarantz of comd (2 pdml stiemlared splenncytes (30 10°%'mE) Aga TRAgansting & Praraon
winmilves pormility b determined cyloking daia was ool nondly distributed; Spearmim coreelation st was
ed freall graphs | hata from 4 indepencent experimeans.
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Figure 2, HD s do not suppeess DWHES in [L-JHo— '~ mice. [0 house brad wild type (W' jor IL 4Bo—- on
a Balbfc background were ghven 10° HLY 1 p. 28 h prlor to LSNES (3ma, L) challenge, Mice were necronsled
el asested Z2 D Laler wis L AD ocrvsiopic duemsge seore anl (B iz ologica] dennge soor; 10) noprescnlalive
ralzrographs of B stalned cvoss sections of colonde tissue: L; Jumen; M: muscle; scale bar 500 pm, Splanocytes
were inolaled {5 o0 107, stivmbaed wilh cond [Zpastml, 2407 oud supematan s ecemined for levels o 1A
cDjand 1L-1 B by £LISA. Dlata arc shown as mean = 5EM; A-C are representative from ane of bwo independeont
exprerimmen s %<0 0 va, TINTS pronpy Kok -Walls with Thoo’s pestelesl, o0 3= meefpnip) wnd T Tare
vooled from two independent capeimenis (n=7-% two-taled unpaired Studont’s -test).

with L1 4, HIY antlgen alone, or in comblnatlon wers below detection by ELISA I reatment with HL antlgen sig

rilizamly sy pressed TR mhaced 1712 prowbuclion T agpeosimeadely S0, while TS Irealed with T and 114
exhlbited a 5% reductlon in LS indoced LL 12 (Fig T4; LPS 46208 HD-LPS 33207 1L A-LHS 272004,
PIT—TE-4=TP5 Ly | 08 T 2pdibogfm T L Conly TS Erealenl el b 1TV anligen in the slasence o T3 dlisphipe]
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Figure 3. TITF IO require [T, ARee to suppress DINTS colitiz in reciprents. Talk's mice wers ghaen 1F wild
wpeer LR HD-DC ip, 48D provr we DVES €3 my, in ehiallenge, Mive were nesropsied usd sssessed

72 h lader via (A) rmacroscopls damage seore [Kruskal Wallis with Thuan's post test n— i 10 mica/proup from
2 ewperiznents) and (B lustologsad domge soore (Munz-Whilney n—6-10 mice’groug om 2 experiments Jo
() reprasentazive meicrogravhs of HYE stained cross sectlon: of colonbc tlssue: L luren; A nuscle; scale

L 300 . [DVE Splenvcvles were isoluted (5 107, slimulsted willecon & (2 pp'ml, 468 0] aod supe roalants
wazniniead for kevle o7 10— amd TL-10 0a — 6= 10 e /group [mom 2 cxperizients) by ELISSA aod soalvand by
cre way ANOVA with lukev's nost test. (F) W Uand [L ABec © DCs were treazed with HU antigen { 100pg!
| T2 {20l v d e 1ax perimenl; ome-way AROVA wilh Sidas’s mnlliple comparison ancng,
selecied groups. All data are shown as mean = sEM; p=/ 005" compared 1o DA BS, toompared to all groups.
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Figure 4. HI¥ DO induce I 1 prodociog CI~ and U197 splenacyres in recipient mice. Untreated [0 or
T T078 [(1F] wera adaptovely rrangferred Inte Talb'c mice. Trve days later, rmal splenocyias were counted, and
Lullowing Lancus wod permsbilization, splenosytes wene s aad soalyzal by Qow cromeeiry, Complel:
gardng stratagy ls depleted In g A0 1he progartion of [L 4 poeltiee calls was assessed D! (B) C031 (C),
und CD 1o (D eplenowyier, A Jata are shown s toeas £ SEM: 21— 3-6 loom one ol twe represenlutive
experiments; o= 001, ***p < 0001 unpalred wo tatled Students © test.
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Frgure 3, [L-10 KO IID-DC s cannol suppress colilas, Dol iy were given 107 wild-lpe or IL- 100 =

HLIY D Ep 4B b prior to DNEBS (3mg, Lej challengs. Mice were necropsied and assessed 22 h latervia (A)
reracreeatpic allinage s aned (T Bistohgr ol doarmgre woore asing Kroskal-Wallisowill Thines posi-lesd

(L) Beoresentatee mricrograrhs of HY&E steined cross-sections ef coloaic tssuc: L; lumen, M- muscle; scale bar
Aultbprn. Spbeson vles wers ialaed (50 100, stimbstenl wilh con & (2 gtm T, 280 end supernatants examined
tor bevels of 1L-2 (11 énct 110 (E) by ELISA. and anglyeed by ane-way AMCVA with Tuley's pest-test. Data
are shown as mean =+ 5EM and are pooled froce two independent caperiments: p = G- 10 mice group; 7o (05,
s carerared ta TINRS, 7 compared o onnteod, @ eorepared to 17210 K0 TITADC .
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Figneea, T A alternatively acrivated THCs are not ahle to suppeess colitis i recipient=, T evels afary 1,

child (¥ml), and retela A cogrression (4 n=40-10 trom 3 cxperiments | and arginase-1 and Ymd protein
expreasian [Ton — f from 2 esperimentay, with representate western blnta tnantreated DOz, and THs traatad
with HI aretiggen {200 pgg'mLY wsdfor TL-4 (20 mg/mil) Cur 241, D are shown as oo = SEM; Buepeatad cne-
wary AMOVA wlth [urnk peet rest; *p < 0005 Vor addittonal experiments, Balhfc mice wera glven Wy g,
(100 L) or [L-2 allernatively activatad () DCs (20 0p mL) ip, 48 L prior w DNES (3 mg, L) cudlenge,
Delice were necropsied and assessed 72k Later via (U} macroscopic damage soore and (D) hilstological damage
seire, wilhe Braskal-Walls zre] Dhueeds prosi-lest, [T e presentalive micrographs o TRET shrimel crossoseclioms
ot colonle tissue: L, lumen; M: muscle; scale bar 200pm). Splenocytes were lsolated 5 » 10F], stimulated with
cord [2ppiml 48 hiand supernatants examined tor levele ot 1L 4 {F and LL 10t} by ELISA, and analvred by
corne-weiny ANOWA wwilh Tukey's puost-lesl. Thela are shewroas mesan | STR anid e pooled Trom D indepemdent
experlments; n=0 8 micedgroun; p = 0.03: "compared to Ly 25, Foompared to all groups.
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Figure 7, LL-12 and LL-10 prodaction by HD-DC0s cxposed 1o L' and LL-4 Derdrte eolls were treated
with TTTh antigen (1mipgiml ) 2dh prior to treatmans wizh T4 G20ngym T and TPS (1 apire]), Tevels of T1-
12t amd T 11 were assesse] i The apernsbants by FLTSA 22 b urs ot slivoolalion ol BT s wilh TPS
and depicted as proportions of L'S-induced LL-L2 (A n=8 from 2 cxoeriteents ) and IL-10 (8, n= £ trom |
experiment). Tiara ase shawn as maan | SEA; ane sample, ten tailed ©tear 1o hypothetizal mean of 100;

e 005 *tp-00L, e 0,001

sl v maesses (175%0 0 LPS-induood TL-10 (Fig, 7B LIS 150 = 1 L HD LTS 4e3=46:1L-4 | LPS 26+ 13
HUHIL AL 283 2 06 L 10pg'mli. IL 4 enbanced LPS Induced [L 12 productlon only when added 240
pricer I TPA cliullenge, aned 1 fis boe o allemaled] By TIT) (mean | STM of T-12p300 TR 2484 | 429, TPS—
IL A=5310 £ 1L06%; HU-LPS = 1758 =487 DL 4+LPS =281+ 73 pgdmb pe 005 n=11}

Discussion
Delrrinth therapy has beew presenied axoa novel and nalural vy Loin aate-infEarnmadory disemsens®.
'|hese are heterogenecus dlsordars and so bt ks reasonable o speculaiz that eftectlz heloziath therapy would
Tt epurally el evogreneonas, resuising aosprecife el mint, a helrmenth exrt or parified Ti ive miolecule, e
sl nggnns drnsplnbelion ssing e palieeds’ cven cells polsed wilha specific heh Bt rudz Hhese spprosches
wolld mobllize a diverss array of antl InHammatory mechanlsmes®’, Adoptlve transter of HLY DUs suppresses
TSl L adivis, wilh e grreates) bevell ovcnrring o Qe mice showong sprilican inereases in 210
and 1L-4 production by splenic L cells™. Interlenkin-10is a prototypic anti-inflamratory cyzokine and hoving
defined its nvalvament 10 T TC anppression of aolitts®; we fnonzed an the putatve eale of 17 9. The data
obtainoed indicate that [L-4Bc - and by inforence 1L-2 signaling — is roquized in both recipicnt and donor tor
111 TvCs b block TVMNS induced calitia

Ttz with Delininth purasites elivits IL-2 producion in smoozalion bests from u vaniery of ol wiky
T cells activated by helminth educated DCs being 2 magar sourcs of the .*.I\'Tnklnei' ¥ T tnatance, mice infected
withy H. dismats bave incressed synihusts ol TL-472, and the dernensteadion Uhal sdugtive trunsier of HD-DCs
mromotes splecocvte production of LL 4 gpon reacthvatlon fe vina b= 0 accordance with the data trom use o
the parazite. [lnth 0141 calls and CIDGT 1 calls were ldentifiad as snorces of [L 4 in mice racaiving [ Iz
o Latier Deiigg soteworibey given the deonstration ol an soti-celive regalalory Bodlin H. dimimate-infected
rilze™, and gereratlon of an LL 4 producing B cell that was dependent on 1 cels and IL AHe in mice Intected
weill The: mernalade parasile [Telinummoddes pdyaza®. Turlheemore, the ohersalion e Goncliosal T1-2Re
1o reclpieat mlce i regulred for the aotl colltc effact of HLY 1vCs s conslstent with data showlng mice lacking
sl s e aod aclivelar af Irascriplion (STAT -6, e major ind sacel nlar sypeding pal by Toar e 114
rocemtar, are ot protected trorm D BS-induced colitis by intoction with H. disfinta’

A mmrrilszr ol prssitsiTilies sl G e meclomisen o tion of TL-dRe i g in e sappression of calilis G-
loring edoptive transier of HO-1Hs 1-4 is the prototypic TH2 oytoline perpotuating '] HEZ mmmenine 3= kcan
exertant eolirie effecrs, asshowm by adencviral delivery ar lipnanme encapan lared prasmiid TRNA o7 1T 128 2 teans
gere supprassion of THES imducad colimie? pr ok can he priv inflaremataey with respect ro allerpic disnrdersl®,

1L-2 will impede the developoient of THI-domirated discase and [WBSMWBS = often considercd in this
caregry'™, Tn this eontest, 11 4 was found to suppress LPS induced T112p4) prodnetinn by THCs, an anronme
eilanead inells treated with HD anvigen. Tideed, HD anugen esobied DC productivn ef IL-10 sdien souphsl
with TES expasare; an inzhiliry for TW: m pradice TL 10 abengasad the capacity of the woarm artigen ra inhibit
LI Ecevedoed T0- 12 p0 Cunpubl islred eleervativn ), ALyl 10-4 15 repoatead o drive pro-mamestory respuznse
in some contexts, we note that L 4 ondy slgnificantly exacerbated LIPS induced LL 12 waen added polor wo LPS
challenge; Unis was signilcanily allenwaied by TID antiges, Do addition, 10-4 amd IL-10 are oflen funclivaally
couplad, nndeescorng the inding that adoptive transter of HE DCs Invarkably Increased [L 4 and IL 10 o
pul Traven (hee ree poanl’s splenocvles, Siedarly, Cransber of TS polved wolh schishosome egp antigen resifled in
spr-repulainm of T2 sl TR0, willls T1- 10 sy bueses Dreings T4 Rv-leapendest = T adiditvion, The axpansioa of
1L 100 L cells In Mippostrangplus brashiensls ntected mlce ls slgeiticantly impaired In mlce lacking the
T-ATw, aml s el lely prevenied The estabfishment o7 1T -4 responses™. Allernalively, 17210 §rested T
induced LL-4 production in CLET cells™
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17 -2 prenestes Uhe prodducticn and seerelion o moces?! hal predects e gol Do ireiads i he omen
and thls |z Hiely a component of the antl colltle efects madlated by thiz oytokine, Snally, and directly Unbed o
in s licay wilh belreint paneiles and hencs TIT-TIC TLadodrives The deseloprent ol allervalively aclivated moae-
rop hages [ AN or M{1L-4]) that have been inplicated inwound beeling™ and the suporession of colitis-indused
mr TNRS, axaznlane ard dextran sodim-alfare (T55) 2550

Intriguingly. [L-4-treated 105 odopt an alternatively activeted pheaotype (AN reminiscont of the AAM,
as characteriaed by Increased expression of ¥mi ard Relm o™ We cnndrmad these andings and also noted

up regulation afarzirass 1, which has heen implieated in the suppressian of 2olitis™ = and 18 ireparrant in Tiame
repair atter injury™™. Comparison with AAMs prodicts an anti-colitic ebility of AALs; however, this was not
ohserved when T1A evoked A ATIC: were comprred directly with TIT) THCs in the TGRS model af colitia These
duta troply thal HD anligen claits o uniyue reguluory phonely pe, oo spocalation supporisd by dals shiowing
that 1113 1345 displayed me Inceeasas in ¥Yml ae Relm oom N3 and only small increases inarginase 1 mEMNA,
azdll HD antigem actuully molaabited 15-2 duction of Belni-o mBNA G DCs T aveerdance widh these Gud-
Inge, a varketv of helminth extracis have been shown to atfacr the behavior of [MCs 2nd modifv thelr response @0
palluye zssocialed modecnlar pallerns [ses alsoye] S,
nce transter of AV s evokes LL 4 pooductlon, and LL 1 as a paracrneg or autocrine factor can divect
D Tnclicn™ fwbile voling ol 1T a0 alic] merl evobe THC synlhasis ol T4, This raisedd e possilvlily
el st ezl praan Lol e rue o7 1722 e gives TITR-T0 ] wrimuence the Fale ol Uhe Dransferred T
‘Ihls would appear to be the case, as adoptive transter of H1 Cs that lacked toe 1L Mo dld 201 amellorate
THTS - ncdnesd colils b any siprificand degrree. Siven Usal e b ol TLATR dloes niol et re TR 2lelily Lo pres-
cnt entigen” |, woe surmeise thet [L-4 signaling is of direct imp octanee to the HO-DHC repulatory program. The usc of
M- ' TTIRLNCR highlighted the reciprocity i the rapplation af TT.-4 and 1710 praduction ard tha Inhibirion
ot volitis, since solenocytes rom mice given these cells displayed no dacrease in IL-4 or IL-L00 oberactzon botwoen
paraste moleciles and host factors in the regmilation af hoat el funerion s nat unprecedantad: for example,
Belenznnh-prosiucts o bast dl’.l'.l].l\.\{lllo cenrpuralisg o erbimee weroglage-myeibrolust aammunicalion dul
reciated nteastinal wonnd repair®

T summrmary, weing e DINES mode] of colitis Qo recupitaliles some aspects of huoan infamometory boewel
disease, i considering velludar i ais a rned Dweet of bl teeapy o ieQeonsiery disvase,
the Zata ohralred supparr three conclusiong: (730102 DCs, bat ant L2 edoeated AA s Rock DMIES indiced
woliciz (20 e reducud sevezite of DN BS-induced colitis due te adoptive lmnsfer of HD-DCs s dependent va
1L Ace slgmaling n both the reclplent mice and inthe By s Indicating that the worm antlgen svmerglres with
hsl T4l e aregmlalory prograrm in e T el (31 croes-ladk Delwees Tl -0 i regpired for
the anti colitlc edtect of the HLY e [Fla. ). Much remalns to Se done to define the effecior mechanleme that
anederlie Ui TTTRD infililien of colils, Thewever, the need G TL-dRe-TT -2 sigrealing in the doveer ceflsand i
the recipicnts adds to awarcness of the complexity of t! 1 vive ovents needed bor the HUO-1NC oo be cffective,
sarnc Hhal weormled Tikedy he exsembizl in pralients idesliled s possible condidaies e s novel e mpealic approach,

Methods

Animals.  Arimal experiments were performed in accondanee with the Caradiar Cronctl an Animal We'fare,
under a protocal approved by the University of Calgary Animal Care Committes (protocol AL 153-0015). Balb'c
mire (Charles River Tahoratoriesi, 17, 10 KO mice (Tacksom Fahoratories), and TL AR ' mice and thelr W'T
womtrals (BALR G bahgrounds gill frum D Framb Brombachery wers muimuined at the Animal Resouras
Centre, Urniverstty of Calpary, wiih free access 1o chrwand warer, Mice were used between B 12 weeks of apa,

HD antigen. Adolt H dimineta (D) worms were recovered from the small Im2stine of Infacted rats,
washad thoroughly, honogenized in PES, and cenirilugad (4000 rpem, 30 i, 47, The TES solubdle raclivo
weias rznove] wod cencrifaged o scccand Lo anad proteiz content determined via Bradlord Assav; alaguets ol HE
antlgen were stored at — 805 several batche: of HLY antlgen wers uzed thmup;huut these experiments, all of
whichy ware whanlandized by Mieie alility loosoppress TES o TRTw procuction By TTHPT mcneeyi
cells (48 howss, Tpgiml by = 4057, A 'loclaSensor Lhmmc-qer.l. LAL kdt (Grenscrlpt] cevealed trace levels | (0Spg
125 g TIR nliiggen ol emwedislosin wanbarmival

HD-DC genara ticn mnd ldupti\rl transfar.  Booe Marrow (I calls were arveslied and sesded al
3 1010 mL in RIPRL medivee {sigma Aldrich, S0 Louis, MO) soprlementod with 10% FBs, 2% PentSerep,
1 sl pryemata and Clasamas ™ Gl Giben, Grand Teland, M7 wirh recnmbd sant raene G CST (209g0ml
Puprotech) for Sllerentiotion o dendritic vells (DO, Cells were fed am additional 10mL of supploszented
miodivm and 20 ngfmb of S-S0 on Dy 2, and another 5 mloof mediom with 40ngimL AM-5CF on dav . Un
Thay K, finating and lonsely adherent cells were removed by pentle pipetting, Cellswere ¥1 1 2% CN0 e’ as deter
mrined by Duer oy tomaer v ol wore washad, resuspenaded e 10% DMSC 0 FBS (5-10+ 107/mL) and siered in
iquid nirroger. Tor dn vitre axperiments, cells were treated with TIT) anbigen (100 gvmL, 21h prior ta exposire
el LS MLog'mLy £ 102 (20 0g mll superaatants were colleclod 245 luter For adoplive tansler eaperimenis,
cells wera lefi untreated. treated with IL 4 (20ngfmL) with HLY extract 100 ugémL), or both for 24 hours; doses
el 1L-4aznd 11D were selected Lased on previvwsly published mewods for AADC peneration, aod Do ned-
clation ot L HP | celis, respectively™™ ¥ Celle were washec [x3] with sterile PHS, and 1= 107 cells n 500 L of
slerile PTG ivjecte] inlraperiboneally [, 48D prive ldiosdrohencene solfoo e acid (TRTS) deallenge,

Induction of Colitis.  Mice were anesthetized (Inzaled Isothuane (1% ) and collils Inducad by Intra rectal
fir b ivslilladien of g TINTS IMP Riorveslicals, Serla Rosluara, CAT dissolved i 1000l al 30%, elhanol [PRS
regotive control) using a polyothylene catheter inscroed epproximately 3 om from the agus™
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Figurcd, Summary model of the gole of 114 signaling in H1-DC supprossion of colitis. Bocipiont 1L-

ARre atgnaling ks required fir TTT) ToC snduction af T 4, and suppression of oolitz TIT DCs induce I 4
vroduction m recipients, which likely enbences reciviont 1L - production via auodrine signaling through [L-
ARre. AstivationnfTT, ARre s r!.]_lllrfrl e drive the repulatnryant calitse phenatype of TID TRs, in addizien in
eplomic T2 wned IL- 10 in pevipient mice. As HO-DCs ane ool s suwree of IL-2, HD-DOC fnsdusad recigicnt 1L-4

Is rhe Hkely soamece far 1L AR activiathon on B D0 HED DG produce LT Beeelee, e drive qfn'hpmr. nf
L und IL-19 i rewigiend neive, Overall, IL-10 s ananti-wolilic eviokioe that can sappress THL aonld THLT pro-
intlammatory sesponses, and is required to estabilsh “Th2 imrmune responses, 1L 1 i aleo ant] colltle, 2riving
TH 2 amal wuppressicg TITU immune responses, drivingg Dhe allermaties aclivadion ol neeropiage, ad eolincing
rucus productlon

1ks CTACTTGAATDCCCATT COOTAGTAGTD

g 1 L LR E e LERN LT L B by LB
el T A AT T TEECAATE T A A ALTA T AG TACTAGT,
chil-2 OTACCCTOGSTCTOGAGGAA COTTGGAATGTGCTT T CTOCACAG

Tahle 1. Tist of Primers used.

Assassmaent of Colitis,  Mive were canznined daily Do sigos of disvase and weight change, Mice were euili-
anized 724 atter the Inductlon of colltls, and the colon was eroved for zssessment and a macroscopic damape
soare was caloulated as previously published: presence of viscaral adheslons [0 2 polntsy, colenic shoctening (el
alivy L cunbouls, oouliplived by @00, progurtion of wlomis mJeeroation (% inlaosed regioos mulipled by 3081,
dlarrhea, fecal Hood, and ecvthema (0 1 polet each)”. Froportion of colon shorenlng and coloa kaflammation
sliedd Ty Guctors Lo procdace s weightled valie hal cepresents appociemalely 205 ol the lolal severity of
macrosiopls diszase observed in the DMNES model of colitis, based oL our pr avious observations of the -uusmw
camnilrod grremap e The avergre colimic shorlermng ol TINTS lrealeclaninels is agproimately 15%, soomulliplying
o 0.1 gives 2.5 points, or aporoximabcly 20% of the damage scorc, assuming an approximats damage score of 12
prings]. Welgnt changs was rar Included in the macrnacople disease sonee, as aur Infention was tn facos an colen
pathology. o | cme portion of the colog, measured 20% trom the distal end, was foed in formaling cmbedded o
paraffin, sectiored (5] and satned with haematosylin ard easin (HTET ] TTistapathelogy was assessed 10 a
Rlindes Fshinn vamps 12 polnt scale celinlar infifration [0 3 points); lnss of architecture [0 3 podats); mossle
thickening (0-2 pairtsh; goblet cell depletion, crypt abscess, edema, and ulcers (0-1 point cach)’.

weere |

Real Time PCR.  ANA from cells was isolated with T Rlzol reagent | Lovitrogen ) toliowing the mancraciurers
fslruglivnes, yuunlified will s Kanwdrop Spectroglclomelen sud weed o geoerule (dDNA wilh Uie i8eript il
(Blo Bad Laboratorles, Mlsslesanga, UN, Canada). PO primers weare created uelog the SCEL Frimer BLAST

prograen, sl sysillesized Ty Tovilmogen, Promers wsed ane lided o Talde 1.
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Flow Cytometry.  Splevocyles £3 < 105 mT ) were stirsulled sl b plate-limnd wali-CT05 anlilindes
{Ipg'ml) and soluble anti €28 ancbodies [2ppiml) tor 3 daye, and brefeldin A [Spgim) Bbleger.d o the
fal Thh ol collure, Cells were resuspended in Now Tolles 4 PRS wilh 000 % soslivm asicle & TS, and
steined witz anti-CINBS32 Trubtoin f2 (1 200, Biolegond) and a lveddead viabilicy dye (By-
Rinesiences) for 3 min ak 4°C. Staining of surface markers (APC-CTM, TITC-CTRe, Parepllys.5-CT009, all
Biokegend) was perfornued for 3 min et "0 in the dark. Cells were foeed, pormeabdized vsing the FLGPEHM sct
(Tplegend) and hncked In 5%, rat szeum for 10 minat oo remperators prio to ntracellolae statnmg for 10 4
with P Cyw ann 1T, 4 (Riclegend) for 200 mir af snam terparariree. Data was anatyzed usng R0 TACETITVA
softwars (SL1 Biosciences, ban Jose, A, L.

Wimstern Blotting.  Cells were lyved inroochiled adicimennnegrecipibalion sy {RIPA boiTer conbaining
S0mAl Uris HUL pH B 150 mbd Malll, 1% WP A0 0.5% sodium decovcholate and 0.1 % 5104, and protein content
mmsired, Proteie seoples (41ugn) veere Basiled vl Bsedings dye, loacbed cm w7 20% STIS-PAGT. pel, Erensferred (o
o nitrocelulose membrane, and Bocked with 5% pontat nulle in Phs. samples wers probed for S-actin {anti-goat,
Santa Croz Tintechnalepy, Santa Crow, G4 ) arpinase 1{antl wabhi Santz Crozl, and Ymo 1 {anti sabhic Srem Cel
Jechnologics, Vancouver BU, Canada) at conceatrations of 121000, 1:2000 and 1: 300 respectively, bollowing incu-
Ration with harseradish pernsidaze caningatad recomdary antimadies (11000 2000}, memranes wera wagshad in
wris-Dullezed sslioe with 1% lwecn-20, drippad usiog 100 S-mercapoetbanal aller foz 10 oionoat 32°C, Blus
were developed and densitometry accormplished wsing Go Capture MicroChemi Chemiluminescence Substrote,

Cytokinmanalysis.  Cylokine levels were assessecd in e superialanis alal RMTE s el ol realed ar frealed

with H1? antigens (100 pgml, 24 2) and b} splenocytes (5= L07) sticoulated with concanavalin A (2 ugdmlL tor
A48T FLTS A were precfarm e weing ThiaSel™ kils froom RETD Sua lene (Minnepolis, W, Aflowing the i
foctarers instructions.

Statistical Analysis. Al dals are displaved as mean £ SEM; p o< 003 was avoepled s stalslivally signill-
cant. A ¥Agonstino Pearson omnibus normality test was nged to assess 3 Craussian dlstrlbutlon. Hor parametrle
clalz, slalistical volliers were rerncves] osingg the Grobls lest, and @ one-verp ANOVA willi Tukey's posl-lest, e

aidak’s multiplc comparison test was pertorned o asscss significence bobweoon groops. For repeated nieasarne
AMNOVAL 3 Dunnetts multinle comparison post test was nertormed. Wiaen comparizsons bebwaen two froups
clenl™ L-lest wirs sed, amd praived where appropriale; fr oomparison b oa

weere T roaele, 2 bwaielailed 5
nicen with a kmown valoe, 4 onc-sided. two-t: L t-tost was porfornied. Sig an: differences wore asscssed
Tor non-parzenelyic dila using 2 K SWhitney or Kruskal A%llis lesl wilh Doaes sl -esl, & Spearman sans
corrzlation wis wsod bo asscss corrclations botweem non parametric date. for macroscoic and aistology damape
Fenees, anatysie ware conducred an all TINTS teeated groups: all athar analysis inclnded the negatre cnntral,
Ay were cupadociad witls GrophiPuad Prisim 6.0 0GraphDlaed Soleare, Le Julla, ©A).
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[Be ThISTRhESTRIT halance s 4 Tondsmental Tealore in the regulstion of Qe inlammatary microenvinmment during helminth
Intectlons, and an Imbalance in this paradigm gready contributes to Inflammatory disorders. In some cases of helminthlasls,
wn inilial ‘Th respomse combd ocoor doring he early phases of slection (souie), Gllowed by a Th2 respanse (hal prevails in
chronic Infections. During the late phasc of infection, alternadvely activided macrophages [AAMS) are Important to counteract the
Inflarnmation cansad by the Thi/Thi 7 responze and karval migration, imiting damapeand repairing the fissee atfected. Macraphages
are the archetype of phagocytic cells, with the primary role of pathogen destruction and antigen presentation. Mevertheless,
other subfypes of macraphages have haen described with Impartant roles In tasue repalr and immune regulation. These types
w rmacruphages chiallenge the dassical view of macrophages aclivated by anielammalory respomse. ' he role of these subly pes ol
nac rophages during helminthiasis is a controversial topic in immunoparasitology. Here, we analvze sonuwe of the studies rogarding
he role of A AN in lissae repair during the lisoe migralion af helminibs

1. Intraduction Toocara canis infection [5], or motor disorders such as those

occurring in ‘Irichinella spiralis [6] and L canis infections

Helminthy infectons are & worldwide public health and
LCOTNTIG Pruhlcm due e e hil;il rllnrhidilr rather than
maortality. Theze intactions are associated with socineconomic
(poor hvgiene}, demographic (living in endemic zones),
heaalth [(obesity, diabetes, and viral infections such as human
immunadeficiency virus (ITTV)), and hinlngical (raw meat
consumption, sex, age. and immune response ) factors, among
athers [1].

‘Lhe clinical manifcstations arc diverse and include sclr-
lirmiled diarrhes, respiralory symploms such as cough, wasl-
ing syndrnme, and anemia. In severe infections, some paople
dsvelop asthma-like svmptome [2] and neurclogic disorders
when the pathogen has the ability o migrle inle e brain,
such ax in neurcpsliceroosis |1}' Taenia sl |3, 2] and

[71. The diversity ol symploms caused by helminths 1 relaled
loy Lhe OTRAT liu‘.:; migrale le durill.g her Tiie :::,-\.']L', such
as the lung {Ancylostoma dundenale, Ascaris lumbricoides,
Stromgploides stercoraliz, Brugin malayi, Divofiisria imsitis,
L ocawfs, Schisfosama sransant, Echinococeus granulasis, and
Nippastrongylus rasiliensis) |2, gall bladder and liver [Schis-
tosoone sp., Towoecara sp., and A lumbricoides), muscle (T
canis, 1 spiralis) [6, 7). and beain (1 earis, Laenia sp.) [3, 1].

In contrast to the prevailing consensus, many helminth
indeetions wre nol permanenl resdenis of the bowels; instead,
they have the ahility to migrate through different argans or
persist at a location for weeks, months, or years. Dhuring
Lheir migralion, helminths scerele pruleolylic cneymes, such
HH HETITIE proleases and ur-iltirl:: [roleases, wilh “IITiﬂlIirlil:
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clfects thal cause the distuption of coll junclivos and (he
ralraeellular rqurix,cuaHinB enlry Loy diflesrent trgans |S—|ﬂ|
and causing Uissue damape along the path ol the migration.

2, Tissue Damage and Repair or Healing
When e lurvae of helminths mograle treugh the hosts budy

and d:.-nlrn:-‘ cells and lissoes in their |1;4.I||, lhexe cells and
daraged fissue must be rapidly repaired. To achieve this, the
host must turn on a series of coordinared biochemical and
cellular evenly focused on the replacement ol e destroyed
lissue wilh hiving and (unclional lssue Such g process iy
called lissue repair ar lissue |1v:.-||in5 [11] and ineludes al leas)
4 events: hlseding. inflammation. proliferation. and remodel-
ing (Tigure 1) [12]. Bleeding and inflammation are early svents
that cocur over hours or a few days, whereas proliferation
and remoedeling take weelks or even months, Vasculature
changes such as vasodilatation and vasopermeability are
rapidly induced to recruit cells to the sre of damage, where
prostaglandins and seratonin play an essential rale. Onee suf
ficient cell populations arrive at the site of the damaged tissue,
the inflammatory stage snsues, with mast cells. neutrophils,
and platdels as well as inllammatory Ly6CH monoeytes
and residenl macropheges playing an important rele in
comtaining hleeding and initializing the first ateps nf hleeding
control. Some of these cells [neutrophils and macrophages)
have stronyg phagocytic aclivity and help o remove debris
in the wound, an essential slep in 1 hix TCPEIT Prucess. This
slage is mainly driven by macrophapes and hhrohlasis, which
hecome activated and initate the productinn or expression
of different molecules such as platelet derived growth factor
(PDGF). PDGF induces fibroblast proliferation and promates
fibragenesis, collagen precursars, and integrins that help in
the communication ATTHON, the extracellular matr
matory cells fibrablases, and parenchymal cells [12,13]. Tere,
macrophages play a critical role as providers of many of
the molecules necessacy for tissue repair. including arginase

1, tramsforming growth factor C1'GE ) 5, FLLA | (found in
inllammatory wone ), aod Dbrin, which are involved in Gbrosis
by inducing myolilbroblast differentialion, key clements in
callagen (mainly type I collagen) and fibrin deposition [11].
Another cell population recently implicated with the repaic
processes m the lungs and intestines arc the type 2 innate
lymphoic cells (1LC2s), which are & svurce of cylokines and
wher components thal parlicipate m the carly sleps al the
healing process [15 . This inflammatnary stage must he mainly
acute [1-4 days) to avoid ewvcessive collagen accumulation
and fibrosis. elements that may alter tissue architecture. Thus,
these carly events prepare the Gssue for the nexl step in
haling-prolileration. The prolileeation sl lihroblaas G5 o ey
event in this stage hecanse they will migrate to the damaged
area from similar neighboring tissue. 1lere, macrophages
again plavy a primary role as providers of macrophage

derived growth factors [including brablast zrowth factor)
that activate and induce proliferation in hbroblasts to provide
new cells to repopulate the atfected tissue [16]. The final and
longest step in the repair and healing of the tissue consicts
of remodeling. which involves the reorganization of collagen
fibers, which are “weak ar fine” Abers occurring during

%, inflam-

HioMed Hesearch International

the inflammation and prolileration stages. However, in Lhe
rL'T'.'IlIL].\'_']iﬂ!P__ lil“—‘l‘: l‘l'lL'ﬂL' rl])r_'r!' bi_'l'_'(in'll' slrr H".g I'l OIS l'_'["”i‘lt:l_'l'l
lype T s replaced with collagen Lype T, with more criss-
links, as it enters into a reorientabion process (14, Thus,
collagen synthesis continues during this final step to “mimic"
the damaged tissue as much as possible indicating that tissue
TepAEIT 18 4 d}-numi:: and ||1'r':3 -|su-|ir|5 [Pricess.

3. Immune Activation by Helminths

In wddilion v proteolylic cozymes, hminths generale
imT'.'lunnmn:luhlnr}' anlizens that induce |_1n:r.|:1m1’nan|]}'

h2-hiased responses. This type of immuniry is characterized
by the production of differsnt immuneglobulin (Ig) sub-
classes, such as IgE. Izl and IgG1, as well as interleukins,
IL-4, 1L13, IL 5, and IL 10, which benefit the expansion
of diverse ccllular subpopulations such as cosinophils, mast
cells, helper 1 cells, and alternatively sctivited macrophages
(AAM:). The interactions among these diffsrent cell types
and antibodies promote allergy and hypersensitivity, which
are related to the increase in vascular permeability, angio
genesis, ccllular recruitment, smooth muscle contraction,
mucus scerelion by goblel eells, and collagen deposils, which
loyeether are important mechanizms ol delense agsinst inyva-
sive helminth infections | 17].

Another cell population associated with these parasites is
the CLM Foxp?™ regulatory 1 cells (Lregs), which are cssen-
lial Loy mainlain immune homeostaas and provenl auloim-
munily; however, they are also invalved 10 the contral of
Tyl and T2 immune reaponses in same infections diseases.
In fact, several reports have confirmed that an increase in
Treg mumbers is associated with different helminth infactions,
where they plava dual rele. Such an increase in the regulatory
cells appears L e prermissive [ir parasites, whereas Lhese
high numbers of helminth-induced Toxp3' Treps dampen
potentially pathogenic inflammatory responses or exacerbate
Th2 responses in the tissue where the helminth has been
allecated. Such conclusions were obtained by removing.
stimulating, or lransfurring Foxp3™ 'Lreps wsing diilerent
experimental designs [18].

More rr.L'::nI|y, olher cell lm}_:nuhllimm were relaled 1o
helminth infections, ILC2s Lhis cell population comprises a
limited number of cells but appears to play an important role
i both proleclive and repair processes in mucosal lesues.
Thiy are classilicd milo two dilferent populalions naloral
028 (nI1C28) and inflammatnry TEC28 GTLC2:). 1028
have heen found in the steady srate in many organs, such
as the lungg, liver, spleen, intestinal lamina propeia, skin,
bone marrow, and adipose lissuc, These cells arc stimulated
by thymic stromal lymphopoietin (TSLP), T1-25, and 17~
33 and after helminth infection produce effector cytakines,
such as IL-4 and IL-13, and provide an important source
of ThZ type cytokines. Thus. this process triggers the cell
recruitment of eosinophils and macrophages, increasing the
production of 1L-13, IL-5, and IL-9, mucus production by
ablet cells, muscle contraction, mastocytosis, tissue repain,
and metabolic homeostasis [18]. The repair process by 1LiC3e
15 mostly associated with the eacly activation of AAMs,
which can trigger the repair process via arginase 1 (Arg 11,
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Frzoee 1: linmnne response in lissue halminth infeciion. Loang lisaee is uszally aleled during helnontb migration; herelme, many repar
mechanism bave been described for polmonary lissue, Lhe inunune response i rigeerad when helimints disrupl e epilhelial barrier
ITelminthzare 1 sanrce of damage- and pathagen-assaciated molectlar patternz (DA MPs and PAMPs], which activate varions calls sach as ™
cells, eoithalial cells, and innate lrmphoid cells (1ILCs), The production of IL 23 and IL 33 also activares [LCs, which area main source of IL 3
that is important in cosinonhil (Eos) activation, Eos bind antibodies linked 1o the parasite surfaceand release their intracytoplasmic cneymes
doring e acale phase of Uw infeclion, allowing parasile eliminalion: however, (e surmounding Ussae 15 also Jdamaged, 1L-23 anl 1L-33 also
actvate T helper rmphocytes type 2 (Th2), which In turn secretes IL-4 and IT-13, which promete B cell actlvation, antibody production, and
the induction of allenalive aclivated macrophages (Aaabs). AAMs bave two mportant mechamising w decoease lssue damage, Tirsl, tiey
inhibit the cymotoxic offact produced by classically actrvated macrophages (CaMs). Second. they prodice enzymes, such as arginase LiArg 1),
That prosmoile collagzen prosdoetion and deposilom on damegged issne, therelfore restormg the lnction Tost doring ©A Ms and parasile-indaced
Injury. A also produce varlous cytokdnes (IL 10 and TGF ) and chemoldnes (CCL 17, CCL 22 and CCL 24) and express markers such
as YWi-1, F177-1, and MMR. On the ather hand, CAMs are acthvated throngh TRN-¢ production by natural Eiller (NE) cells and produce
proinflanunatory cytolzines (IL 18, IL 6, IL 12, IL 23, and TNF o) and chemokines (CXCL 3, CXCL 9, and CXCL 10} and axpress D08 that
produces reachve axygen species (RON] and canses lsee damage. IS important ke motice (hal allhiagh AAMs are fundamenlal in lissae
repair. other colls such as ILCs and cpithelial colls, which constitutively cxpress Arg 1, may aid in tissuc repair and produce collagen deposits
In the damaged tissue.

Ilowever, a recent report has indicated that ILC2s can
produce this enzyme both under basal conditions and in
respoimse b helminth infection: thas, 77025 have the [mlcnlial
to participate in rissue repair |20

During helminth infections. cytokines are essential to
activate various cell types, including ecsinophils, which are
irvaolved in the mediation of most helminth infections [21].
Eosinophils arc mainly activated by 1L-5 and arc an important
source ol 1L-4 and [L-13, which emable the sctivalion of

Th cells, AAMz and mast cells In addition to eytoline

production and cell activation, eosinophils can neutralize and
climmale lissue parasiles through e seercien ol granules
thal conlain prseing such ax uminuphi] puruxi:lu-u_' (BP0,
majer hasic protein (MAP), eosinaphil derived nearntoxin
(LD, and eosinophil cationic protein (DCP) [Tigure 1) [22].

These parasite killing mechanisms have been described
in moltiple stodies. For example, Masure =t al. measured
the survival of Ascaris suwm sccond-stage larvac in the
presence ol cosinophils, and ey observed an important
reduction in larvae survival associated with the degranulation
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of ensinophils. The authors concluded that ensinophils are
important immune cells in the defense against 4. swwwm
invasive larvae [23], Other sxperimental models confirmed
the privechive rarles il c:c:-:tirmphilu againsl ml]llilﬂc helmanths,
inchading Sreappyloides steroaralis |24, N. brasiliensis [23],
and Heligmesomaides polveyrus [26]. Mevertheless, during T
cants aml T spirales inlection, cosinophils de nol saem Lo
have such a protective role. For instance, in an in vitro model,
Rockev et al. observed that eosinophils could attach to T.
cinis larvae snd seerele grnules: however. the larvae could
separale Trom thar sheaths amld move away Trom cosmephils
|4|. In another study, Takamoto et al did not find a difference
in the larvae burden of IL-5 deficient mice (characterized
by having 3-[old luwer circuluting numbers of cosinophils],
although eosinophils in WT mice were increased tenfold in
the bone marrow and twenty seven fold in peripheral blood,
and conduded that cosinophils dv nol pley an mporlant
"?II: mn Iiﬂ.' r.'lr.'dr.‘-lnc: "II T: s II:‘_T\'dE i.:"'r]_ A |'||]II'|C.'T :\lutl_\-
using T spiralis reported similar findings [ 28], suggesting that
eosinophils do not enhance protective immunity also against
this nemalede,

Although it is clear that ecsinophils play an important
role in the protection against mest helminths through the
secretion ol effector prodeins, paradosically, the prodems
they release are sometimes harmful 1o the surronnding host
tissues [24 32] Evidence of this side effect was demonstrated
in & modcl of 1. canis nfoction. in which BALB/c micc
were ransleclod with a plasmid enooding, the TT-12 gene
[peTIMA-TT-12] that inhibits the recruitment of ensinophila.
Lhe authers showed that ranslecied mice displayed reduced
airway inllammiation assecialed wilh a redoced C(r?-'illllp‘h'i.l'ili
infiltrate in the lungs and an increase in the Thl-type immune
response characterized by elevated amounts of IL 12 and
imerferon-y (LFM-p) in this tssue [33] In line with this
iddea, rl:r_'cnll:r, a dt?u]ﬂt-t‘lli‘p} swnml effect ol l:lnli:l'r'.u:n]1|'1i‘:n
was demonstrated in experimental neurocysticercosic cansed
by Mesocestoides corti Here, the aothors used cosinephil-
deticient mice to show that sasinaphils are important cells
for reducing the parasite load in the brain: however, these
cells also intensify tissue damage and consequently worsen
the disease vulcome with more severe pathology [34].

Thus, atter the damage to the host cansed hy helminth
migration and immune cell activation, it is imperative that
the tissue repair type 2 immune response plavs a direct role
in wound healing thraogh the production of mediators that
directly enhance the tissue repair process and through the
control of inflammation, in which AAMs appear to have a
central role |35]. However, & lvpe 2 irmmune respomse Lahas
several days; thus, 2 rapid mechanizm for tissue repair iz
imperative eaclv during the infection by helminths, when
MAMs and their products appear to be crucial. Lo this regacd,
innate immune cells such as ILC2s may participate as an early
source for IL-4 and 1L 13 to rapidly induce AAMSs.

4. Repair and Damage Mechanisms of
Macrophages

Macrophage polarization o AAMs is related o the Th2
immune response and associated AAM cytokines, such

BioMed Research International

as 1L-4 and IT-13. Torthermore, diverse transersiptinn
tactors, such as PUL, signal tronsducer and activator of
transeription 6 (5TATG), Kruppel like factor (KLF) 4, and
inlerleron rc:g_u|u|nr)- [achor {TRF) 4, are relutoed Lo thix Lype: ol
macrophage [36). Particularly, AAMs can be distinguished
b their expression of diverss molecular markers, including
the emryme arginase-1 (Arg-1, members ol the chilingae
tamily [¥YM-1, YM-2, and AMCase), resictin-type molecules
(FIZZ 1/Retnla/Relm o, FIZZ 2/Retnlb/Relm i, FIZZ

3Relnfresisting, and Fl42-4Reinlg/Belm-p), and TGE-8
wrnd manmese receplor (MMRACTINE] |37,

Moreover, classically activated macrophages (CAMs) are
indoced by Thl immune responses, whersin IFN v plays a
crucial role, and the transcription lacors SEALL KLFS, and
IRTS are implicated in their activation [36]. In contrast to
AAMg CAMs have enhanced antimicrobial actions mediated
by the sverclion of molecules sudy as nilric vadde [NQ)
and reaclive CREVEET NpEcies (ROS] (hal are essental for
the destruction of intracellular pathogens (bactaria, viruzes,
and protozoan parasites). Additionally, CAMs are charac
Leriead by Lhe produclivn and seeretion of proinlammalory
cytokines, such as tmer necrosis factor- (THNE Y, [L-12, and
1L-15 [38]. Another difference betweoon AAMs and CAbs
is the expression by AAMs of Arg-1, which lunclions
metahalize L-arginine infn L-ornithine. By contrast, CAMs
use L arginine to svnthesize Lcitrulline through inducible
nitric oxide synthasc [iMO5), producing MO and BOS, both
medialors of Lheir cylologic activily agaimst intracellular
pathapgens and tissue damapge 28]

5, Alternatively Activated
Macrophage Functions

As previoushy mentioned, it macrophages are stimulated by
IFM-y, L arginine is metabolized by iNOS, and the main
cytoline induced is IMNE o or IL 12, macrophages will be
classically activaled. However, il thens is predominance of
Th2 cytokines, such as 11.-4 and T1-13, there will he mare
AAMs that express Arg L 1lence, AAMs expressing Arg
1 produce L ornithine that can be metabolized nto L
proline through omithine aminotrensferase (OALY, and L-
proline is essential for collagen synthesis and tissue repair
and regencration [39]. AAMs elso produce other clements
imvalved in lssue n:I.\u.ir_. aunch @4 TCF-Iﬁ and PTICF, whach
indnce fibroklast praliferarion and promore fhrogenesis and
collagen production 107,

Another protein yviclded by AAMs is YM-1, a member of
1he I":J_rni]'l.' ol mammalian IJruIl:i ns Lhal sharc |'|u1||[|'|n!_'_:- Lix
chitinases. which can bind chitin without chitinase activity.
‘Lhis protein hes been associated with collular recruilment
and extracellular malrix deposition during lisue repair,
Turthermore, TIZZ 1 is secreted in high amounts during
inflammation, and it has been observed that diverse cells
eapress this protein, induding poneumocyles, alveolar epithe-
lial cells, and macrophages. FIZZ2-1 s also involved in lhrosis
by inducing myofibroblast ditfersntiation, key element in
|.:u||=||._|,|.'n and [brin (.].L'I]"HHH |37, 41, 42]. Another immune
tactor relared o AAN activarion is antibody production.
It has been described that some subclasses of antibodies
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win reprogram macrophage gone capression and induce the
[mu]ucl.iu'm ol rL"[JHiT—F'L'IIl.L'lI e ihes |-1 3

0. Alternatively Activated Macrophages in the
Repair Process in Diverse Pathologies

The presence of AAMs in the repur process has heen
extensively smudied in various patholapies where they play an
active role and could be heneficial ar harmful depending an
the pathology. In 2 collagenase induced intracerebral hemor
thisge (ICH) mouse model, an increasing number of CX3CRI
|l'll'Ll1IIilll§_.:L'!i were revealed (o have AAM markers. When
these macrophages were deplered, an increase in the 1CTT
lezsion valume was observed, and neurslogical deficits were
more severe compared to those of cantrol mice, indicating a
protective role of these macrophages in ICH. From such data.
the awthors concluded that brain-infilirating macrophages
alicr ICH are pulurized o the AAM phenutype, therchy
conrributing to recovery from such injury [44].

In asthmatic airway inflammation, the presence of AAM
activated via PUL has a harmful etfect on promoting the
pathological progress of asthmatic alrway inflammation.
Such an eflect was measured in conditional PUL-delicient
(PLRR(TITT) mice in ruspanse o the challenge of DRA
{dust mite, ragweed, and Asperpills) allerpens, displaying
attenuated allergic airway infammation, decreased alveclar
cosinophil infliration, and reduced IgE production, changes
asvocialed with decressad mucus B’l.qm_]p anid luuh'l(_-l ool
hyperplasia. Tu prisve thal AAM» were involved in the
asthmatic airway pathology. macrophapes from wild-rype
(WT) mice were differentiated with IL 1 and transferred to
PU/ER(T}" mice showing an increase in asthmatic airway
inflammation. When the mice were treated with tamoxifen to
rescue PULT function, the F.ali'mluil_\. WK WENe D] Lu-m[un.ﬂl
with that in mice transferred with macmphages. The dara
indicated that PUL plays a critical role in AAM polarization
and, indeed, in the exacerbation of asthmatic inflammation
pathology [15].

Other pathelogives such ws obesity und resistance 1w
insulin are closely associnled with inflamemeation. Ohe-
sily causes increased classical sl decreased allernative
macrophage activation. which in turn induces insulin resis
tance in target organs, as obscrved in a study where Ay
adenosing receplor (AR] actvation resulls in imporianl
regulalors of macrophege sctivation. A,y AR deletion resulis
in impaired ghionse and lipid memabolism associated with
increased inflammarory classical macrophage activation and
inhibition of anti-inflammatory alternative macrophage acti
valivn. The capression of AAM tunscriplion [sclors was also
decrasd i the adipose tissue of Ay ARs-deficient mice,
indicating that AAMs may play an important role in ohesity
and insulin resistance, and therapeutic strategies targeting
A,y ARs could be a preventive therapy for those pathologies
[4186].

In & recent report, the rele for AAMs has also been
lughlighted in the meparulive processes aller myvcardial
infarction in adult mice, where higher numbers of AAMs
were recruited to the infarcted area; such mechanism was [L
1 dependent [17]

L5 ]

In gencral, in pathologies ditferent [rom these gencrated
by lissue ﬂ"H,I'II.I!HH, ar resident helminths, the presence of
P‘-r"-.M‘t in the rr[l-ur [Pt exn is benelcial o comunleract he
effects of CAMs associated with a Th1 inflammatory immune
response, with the exception of asthma where their presence
seemms to be more harmful than beneficial.

7. Role of Mucrophages during Tissue
Migrating and Resident Helminths

71 Nippastromgylus brasiliensis This nematodz, like many
olhers, has a i migralion phase - which il migrates
thronghour the lungg, causing alveolar hemorrhage and
inflammation. The mle of the immune response during
acute Inng injury cansed by N. brasilfensis has been studied
{lable 1}. In the experimental model using BALB/c mice, it
was observed that IL 17 contributes to the inflammation. Un
U other hanel, an increase in IL-4 receplor activation causes
the reduetion ul TL-17 und enhances the expression ol insulin-
like growth factor 1 (IGF 1) and IL 10, with consequent AAM
activation and tissue repalr ‘lhese data highlight the essential
role of '1h2 cytokines and AAMs in limiting lung damage
[48].

Anather study wang FIZZRetnla pene KO mice, w Tha-
inducible gene, showed that there was grearer Tung and liver
damage in Retnla™" mice infected with N brasiliensis or 5.
mansonl, cuncomitant with cascerbation of hbrvginesis and
mcreased IT-4 and 11-13 production, which m turm naduced
parasile hurden. These dala sugipest (hat the Reinla pene
downregulates the ThZ immune responsz and suppresss
resistance to nematode infection, granulomatous inflamma
fion, and fibrosis [19].

‘lhe role of YM | during M. brasilicasis infection was
alsa investigated. Sutherland er al., wang newmralizing anti-
hodies against YM-1 in an i vive model, ahserved rthar
YM L newtralization caused a decrease in neutrophils from
bronchoalvealar lavage and lung tissue at 2 and 4 days after
infaction, follewed by less inflamumation but an increase in
mucrophuges hat was wssocialed with lung healing [50],
Thus, evan in the absence of YM-1, AAMs can sl fuliill
their repair function, and YM 1 appears to be implicated
in neutrophilia and acute lung damage. However, other
studics have confirmed that neutrophils are key clements in
parasile neatralizalivn and medistors of ropair through AAM
aclivalion [S1].

Other cells asenciated with tissme repair doring N.
hrasiliennic infection include 11025, which are mainky
induced by IL 25 and [L 33 [1¥] and to a lesser extent by
I1-9, und appear W play un sulocrne role smphilying ILC2s.
The study was carried vul on a model of TL9R™" mice, n
which [L-91 /' mice showed a significant decreace in ILC2s,
IL 3 IL 1% and amphiregulin (2 member protein of the
epidermal growth factor funily that promotes bronchealve
olar cpithelium repalr), Such a decrease was corrclated with
defiwient Lissue repuir in e absence of 1L-9. The Llissue
repair deficiency observed in this experimental setting was
associated with a decrease in AAM markers, particularly Arg
L Ketnla, and ¥ M |, suggesting that 1LC2s may induce A AMs
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o medinte the Gssue repair process [32]. Mevertheless, there
is recent evidence illr]'i.:alill& that IT.C.2% const ilul'i\.'n_']}' CRPTENY
Arg-1 |20, Moreover, Monticelli el al. demonstrated thal
[TA72s are the majar source at Arg-1in the lungs even maore
than alveclar macrophages in basal conditions; however, their
role in lung inflammation is controversial [15].

72 Toxveara comis, Toxocariasis i a worldwide coonulic
prarasilic discase cansed by the nematode T, caris. Tnhomans,
the infection is caused by accidental ingestion of embry
onated egge from contaminated seil: the eggs hatch, and
the liberated Lirvae migrate w dilferent organs, producing
VETIIN IIi-mr(]t:rH. :‘ﬁ'{l]TiTll’.' |T|Ufjl_'|.\ IIH\-'L' flII[HNT\ I.hl_' Iln'fﬁ_'l'll'_'l_'
of transilory hernarthagic pulmonary lesions associaled with
strong Th2 responses and heavy parasite hurdens. During
T. cawis infection, there is predominance of a Th immune
rerponse, charsclerized by e production ol 10-4, 11-5, [L-
13, arul illllTILlﬂﬂI._'lliII[lLI]irl auhclasses Tg{_:l | TL!F., s well as
an increase in peripheral blood ensinophils and easinaphilic
pranuloma in the lung and liver [53].

Although T canis can migrate through diverse organs
and the immune response described during this infection is
prone to induce AAM, there are very few studies assessing
lheir role in lssue repain Only one study bas evelualed
the pozsible role of AAM markers during this infection. In
this study, STATe * and WT mice were challenged orally
with I’ canis larvae. where longer persistence of hemarrhagic
pulmopary lesions aml inflammation in $1ATE™ mice was
M ?Hur‘\-l:ll Ley .ITIL' H.HH(H_"iHIlHJ W'l”'l E} W‘L'tll\ TlIE TP r'L-hp\' MsC
as a consequence of the inhibirion of the STATA signaling
pathway. By contrast, W 1 mice displayed strong Lh2 immune
responses, sssocialed with high levels of LGl lgE. and
[L4 and e presence of AAM markers in lung lssue.
ﬁi}d“illliﬂ“:{, these WT mice resolved the |un':_: lesioms lasler
than STATa © mice. Interestingly, STATA * mice displayed
significantly lower parasite loads. These data suggest that
the severity in lung damage and persistence of lesions are
asmncialed with the shsence al f"u’l?\-'fr-i. HE AU slend Tor ether
helminth infections {Table 1) 54| Strang inflammarory lung
reactions in human toxocariasis have been well described,
which may trigzer chronic hypersensitivity mediated by an
eosinophilic environment and granulomatous inflammation.
Eosinophilic granuloma cnables pathogen ncutralization;
however, 1l may have delelenious ellecls en the host, and
MMM may play andmportant rele in decressing m(lammalion
and favoring tissue repair, although its role in toxocariasis
is yet to be determined [33, 53, 56]. Similarly, studies on
the role of ILC2s in tissuc repair during toxocariasis arc

lacking.

73 Schistosamra manzoni. AAMs are an essential cell type
during schistosomiasis (Table 1), which are involved m the
reduction of tissue inflammation and associated njury trig
gered by 5. mansoni cggs deposited in liver tissue, Lo prove
Lhe role of this cell type, Herberl el all used an cxperimental
model of LysM™ L 4 ™™ and IL 4 deficient mice, both with
impadred activation of AAMs and with the enhanced ability
to induce CAM expressing iNUS2. Lhe authors also observed

bt |

that W'1' mice had smaller liver grenulomas and higher
exprasaion of Arp-| than |.:\'+-.'\41'::Eﬂ.—-'1-_"lﬂm urid 1T -4 deficient
mice |57 Similar results were published by Vannella et
al nsing L-4Ra™ " LysM* ™ mice, concluding that AAMs
are necessary to suppress pathogenic ThU/CAM responses
wilhoul g sigmilicant impact on lihrasis, although lbrosis was
slightly higher in TT-4Ta™" " TysM™ mice |38].

By contrast. previous studies have shown that [1-4 and
IL 13 (ThZ type responsel may play dual roles in long
granmloma formation, which is necessary for 5 marsoni egg
contaimment, suggesting that 'Lh2 immune responses may
produce lissue damage rether than repar. For example, 1L-13
induces tissue sosinaphilia and high levels of Tal enhanecing
lung granuloma formation, whereas IL 13 blockage in mice
was accompanied by changes in eosinophil accumulation and
reduced granuloma siec [39]. Lhis is in line with another
study that has established the fact that [L-13 exhibils cheme-
lactic acltivily lor human ensinaphils; therelore, schislosome
granulomas are rich in eosinophils (6], Thus, damaged
tissue is associated with eosinophil recrnitment without
parlicipalion of AAM, although both cell types are parl of
the Th? immune LML 139 Hewwever, il hias bisen 'I'l!l.'n.'ﬂ”}'
ohserved that AAMs are also important in maintaining kil
Th? respomnses in general and 11.-13 prodoction in partic-
ular during 5 mgssoni-induced granvloma formation, as
demenstrated by partial AMM depletion that overall reduces
lung fibrosis and pulmonary inflammation, as describad by
Bewthwick eral. |61).

In an in vifro study, using bone marrow macrophages
differentiated with IL-10 and IL 1 to AAMSs, upregulation
of FHL2 {a protein structural domain, also called LIM) was
observed. However, when the bone marrow macrophages
[rom FHL2™" mice were similardy stimulated, the AAM
:__'I[:“lfn‘i wore l]llwnr‘l:ulJL’Jll!d, :lll{] C"I \r'f 1I1:Ir|-{.:r:~ HEI.ET'I[:[I ley
be upregulated, proving the expression of FHL2 induced in
mouse marrow derived macrophages following stimulation
with AAM-inducer cylokines, 1o prove the importance of
FHT.Z in AAM activalion, FHL2™ mice were L'lm!]r.r.sc:l
with S mansoi showing higher nombers of granulamas and
reduced expression of AAM markers. which correlate with an
enhanced Thl immune response. These data suggest a role
lvr FHL2 in the pathogenesis of pulmenary granulomalous
nllammalion lhmuuh AAM IJI]]EIF'i'.V.HLi(JH and Th1/Th2 hal-
ance |62

nur'inﬁ mmleslinal schislosomiasis I'I:p 5. manson, he wse
of 5-[2-harannethyl)-1 -cysteine (REC), an Arg-1, and Arp-2
antagonist, was related to inpaired elimination of 8 mansani
eges that correlated with an increase in disease severity and
morlality compared with that in nonbealed mice. Tno the
sarme study, naw wsing A rg-l‘“" mice, the awrhors cheerved
hemerrhagic lesions in the intestinal mucosa that were not
observed in WT mice. These data confirmed that Arg
1 production by A4Ms is important for both 8 meusoni
infection control and reducing intestinal damage, and the
absenee of Arg-1 causes "Thl polarization sssocialed wilh a
proinflammatory cvtokine profile [53]

Evidence that a decreased ‘Lhl imnwune responss and a
reduced number of CAMs and therefore indirect stimulation
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of AAM comtribute 1 repair mechanisms has been shown
in CDM {a TLREA coreceptor; deficient mice, Thess mice
‘hH"E rﬂIhET ;lTIIJ .‘ﬂT'l-'l"l‘_'r |"|C|'|El|il_' §=._l'.1nu|n|rla.h. 3"!3 AN INCFEASE
i CDTIL AL L5, 137, and CLMT Foxp3TIL 107 cells that
correlate with collagen deposition and wound healing. This
cticet was associated with S1A1G signaling, suggesting that
the absence of CDN4 has an impact an the ILRAx/STATS
palthway amd macraphage polarication during infection [54,
a5, Mareover, the inhibition of cvtokines or factors related to

A MM polarizalion canses a decrease in the prolective role of

AWM, In conclusion, most data point out these cell typss as
vital for the successful repair oflesinns during schistosomiasis
[66, 67].

T Hr'.l':'gmu.ﬂlmu|'|:!#.fjm]}'g;l-rm brabemri. Ad mentiomed above,
antibodies alse mediate AAM activation. This tact has
been ohserved  during Ho pedpeyras baker? inlection
{Table 1). Esser von Bieren et al. described that complement
d.._'In:mlt:'nl amlibuwsddies thet hind 1o boHy cause 1IIHEHI£!:IIHH_'
adherence o H. pobpyrus larvae i vitro, immobilizing
the parasite, triggering macrophage reprogramming, and
u.'nhanl_"ing the SR PTESSI il genis associaled with reprairing
mechanisms. Such mechanisms were independent ot the
11 -4 Kex .'iiBH.-IIiIIl_)? [Jalhwar‘, suggosting = different AAM
activation mechanism [13].

Other sludies have proven that cardiae residenl macr-
IIhHEIL‘&, m the absenoe of infection, uxEJru-.'H.:d classical (11 -
13 TNF &, and CCR2} and alternative (You 1, Arg 1, RELM
aty amd [E-10) markers, Mevertheless, during H, pedvnrus
infection, there is an increase in the expression of Ym 1.
RELM-t, snd COIA and enbanced collagen deposition,
causing fibrosis in heart tissue. Although H polugyrus is a
leszal migralory lssoe parasle {which pencelrales submuocosal
layer of the small intestine ro the muscularis externa and later
towards the lumen), polarization of AAM is induced by the
imullnul]nl_.;i;: sctivalion nl infeclion [68]. Hewever, There is
a lack of infarmation regarding the role of AAM: in cardiac
ligsue repair Allbough il has been suggested thal Thross s a
mechanism of tissue repair, it is still necessary to determine
the pusitive or nepative lbrotic oflieel on the heart during
H. polygwrus intection. However, the ides that an intestinal
helminth infection could have an effect on an organ as the
hearl is very inleresting b explore

75 richinelin spiratis, During trichincllosis by L spiralis, it
has been reported thar macrophages are important mediators
of inflamymation in adipose tissuc, insulin resistance. and glu-
cose contiol ( Lable 1), Lherstors, the role of AAM: in obesity
has heen studied in the context of helminth infection. TUsing
an experimental madel of obese mice infocted with L spiralis,
the induction of AAMs triggered by helminth infection led
to decrcased glucose intolerance and censcquent lowering
of the blood glucose levels which was associated with AARM
markers such as Arg-1 CD206, and 1L-14, as well as adipocyte
death [59]. lhese results suggest that AAMs, which are
induced by T. spiraliz intection, have a heneficial role during
obesity through the reguletion of the inflammatory process
in adipose tissue.

Bivhded Kesearch Intermatiomal

Tn ather inilammatory diseases, such as colitis {Takle 1),
it has been observed that excrstory/secretory (ES) proteins
[lr{\dul::{l I,}' LIIC.‘N: Pa rawiles EIH\'I: WURTTTTRAFIORTE IFlu]HII]r:" Cﬂ‘l‘fcl.i
Among those ES proteins produced by 1. spiralis, the recom
hinant 53kDa pratein rTsP53 was tound o polarize the
tmumune responsc to the '1h2 phenotype. Using this protein
during experimental colitis caused a ThZ immune response
that correlales o rmloced inllammation amd the enhanced
expression of the AAM markers Arg 1, FIZZ 1, TGF 6,
and 17.-10 |70, These anti-inflammatory ellects riggered hy
¢'LsP53 appear to be helptul in repairing tissue during colitis,

76 aenin crassiveps. 1. crassiveps is a cestode that has been
extensively studied. These parasites induce a population af
AAMs with suppressive activity and have been shown to
have immunomodulatory eftects on sxperimental colitis and
colon cancer models (lable 1) [71, 72]. Lo this regard, AdMs
play a central rals in modulating both colonic inflammation
and colitis-associared mumorigenesis. Dring experimental
colitis, it has becn shown that 1. crussiceps infection induces
the expression of Arg-1, YM-1, and T1ZZ-1. which iz related
te increased collagen deposition in the intestine that dowes
not cause fibrosiz but diminishes intestinal inflammation
and hemaorrthage. Moreover, when AAMs isolated from 1.
craseicepz-intected mice were adoptively transferred to colitic
mice, these cells could amclivrale ongoing colilis [71, 72].

A similar ellect was observed in caperimental suoim-
mune encephalomyelitis (LAE), in which the presence of T
|.'nu1'-'i'|'.'£1.u CALSCES | IJL'A_'I'I_'H‘R_' in 'il'lrIHITI"'IHI i ilIII'J &}'T'!'IIJH“T\N
of encephalomyeliiz with repair in the spinal cord Such
ellects were wssociated with anli-inf] ammalory C}-lcakimr pre-
duction and expression of AAM markers [72]; together, these
data indicate thal sometimes helminth infecions generaly
mproved side ¢llets,

27 Trichweris winris. There is limited information regarding
thie rode of A Ma during infection af the inlestinal nematodu
Trirhuris muris {Table 1), but it has been established that it
induces a Th2 immune response and therefore induction ot
AdMs The l'||'|1:p' HILJLI_'\-' thal has :|T1'-'L'H|it‘ldl¢_'|.! the rale ol AAM
during T stneris infection showed that Arg 1 is dispensable
[ Lissue I-CP-H.iT] and ls absence was nol relaled Lo more
damage [71]. However. it was not determined whether ather
mechanisms associaled with AAM or mal were responsible
for tissue healing.

8. Concluding Remarks

The type 2 immune response has evolved to direct the
wound-healing machinery not only to repair and remodel
tissue but also to mediate the containment, destruction. or
cxpulsion of helminths. Both offects have boen associated
with the prezemce of AAMs; particularly, the issue related
te tissue epair has also been related to other mechanisms
independent of AAM:. such as ILC2e and epithelial cells
fram lung tizsue thar constinarively express Arg-1 for collagen
production. Conscquently, these cells could also be mvolved
in tissue repair Given such imformation, another way to
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prove the importance of AAMs and other sources of collagen
production in the repair process during helminth tissue
migration could be depleting mucrophages [rom lung tssue
and measuring Arg-1 and collugen deposition associaled with
IT.C2% or pulmonary epithelial colls, Fven though there has
b preat progress in the undersiandimg of AAMs luncbions
and their role in tissue repair, o full depletion of AAMs from
lung tissue has not been achieved, and there are still points
of uncertainty and contraversies that must be resolved in the
future.
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Using STAT6 ' BALB/c mive. we have anahyzed the role of STAT¢-induced Th2 response in determining the ouicome of
exparimental toxccariasts cauzed by embrycnated epps of the halmunth parasite Tosocars cams, Following T, caws infection wild-
type BALESc micz developed a strong Th2-like re:ponse, produced high levels of [gG1, IgE, and IL-4, recruited alternatively
activated macropheges, and displaved a moderate pathology in the ungs;, however, they harbored heevy parasite loads in diferent
lissmes. T combrast, similarly infecled STATA ™ BALR/ rmice mounled 3 weak Th2-like response, dicd ool recrobl allernaively
activated macrophages, displaved & severe pathology in the lungs, but =ficiently controlled T, canis infection. These findings
damonstrate thar Th2-ike respense nduced via STATA-medlzrad sipnaling pathway mediares suscepribllity ro larval stage of T
camis. Furthermore, they also indicate thot unlike most gastrointestingl helminths, Immunity against arvace of T cands 13 not
mmediated Ly a Th -domiianl response.

1. Introduction

Loxocariasis is a helminth infzetion considered as a zoonosis
and is caused by the larvae of Tovecarn conis this parasite
allecls meny paralznichosis indudiog bumans. This infeclion
is world-wide distributed mainly becanse its transmission
is associated with domestic dogs. This disease is starting to
he comsidered as a public healkth problem in Tatin America
and Asia [1, 2] but has been extended in the last fow years
to developed countries as shown by increased numbers of
cases-repart puhlished more frequently [3-5]. Toamcariasis
in humans results from accidental ingestion of Toxccara-
embryonated egas from excreta in the envirenment or by

direct dog-to-person contact [&, 7]. Althcugh larvas in
IIII]!‘-L’I{'? II'II\III' !'II: I'l“lrl]il.l.“l?’ .'i}"l'llj'.'“'ll'll II."N'I ”'II =i IIr]iIi IHH?I
cause serious nenrological disorders |8]; these symyptoms arc
believad to result from inflammation following degeneration
of the parasile [9].

[n the experimental model of murine foxocariasis, nfee-
tion of inbred mice with T. ¢anis induces a streng Th2 like
response similar to thar ohserved follmwing infection with
other helminthes such as Nippostrongvlus brasiliensis and
Trichuris muns [1U0 12). While widely accepted, Th2 type
response in clearing helminth infections has limitations |11,
13-17], its role in mediating profection against toxocariasis
in paratenic hosts is not clear, mainly because reinfection
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In trocariasds favors parasite survival [18]. Recent advances
in the imnounobivloagy of T cnds indicate (bt ropulatory
mechanisms are raised abior infection; mainly 1 regulatory
cells have been involved in limiting pathologic damage by
the Inflimmatory response [19); however, there are &w
data regurding on mechanisin of’ protecton or susceplibility
against such paresite.

Previous sudies hove found that some extraintestinal
larvae from other helminthes such as Tazmia crassiceps and
Trickirella .\_l'.t"u.'.h are l“l-'::illl:f elimivated o irferted
mice by a Thl-medisted inflaimmasory response during early
phaose of infection |20 22]. Furthermore, both studies found
that STATE was invalved during early phase of infection
in rentdering them more soceptible 1 cysticercosis and
trichinellosis, respectively. These fndings sugzest that while
Thi type response moy be involved in mediating resistance
on gastrointestinal helminth infections, this pachway may be
Involved in susceptibility to the larval stages of such parasites.
Kumerous studies using STAT6 ™ mice have shown that
STATE-medintad [L-4/1L-13 signaling pathway s critical for
Thi differentiation |23]. For example, STAT6 ™ mice fail to
maunt a significant Th2 response and cannet control worm
burdens [ullowing infection with gastrcintestinal helminth
parasites |17, 24]. Corversely, STAT ~ mice develop a Thi
like respunse and control infections caused by iotracellular
protozoar parasitcs such as Lefshmaisia mexicana and Iry-
pancsome cruzi (25, 16] indicating that STAT6-mediated sig-
naling pathway inhibits development of protective immunity
by inhuibitiog a Th developrent.

‘The purpose of this study was to determine the rale of a
Th2 type response induced via STATEé mediated signaling in
the outcome of experimental murine toxocarizsis cansed by
the L2 of the nensatede T, camis, To approach this yuestion,
we compared the course of T canis infection n STATE '~
BALE/c mice (STAT® / | with that in the wild-rype BALB/c
(STAT5"/*) mice. In addition, we analyzed both the antibody
and cytokdne profiles in sera, as well as the phenotype of lung
macrophages. Our data demonstrate tha: Th2-wvpe
il e vilrﬁTﬁ-airrulﬁ%_:ﬂlm-wurdﬁh:-ipuuzpf Ilﬂily
in toxccarinsis.

2. Materlals and Methods

20 Mise Sis-B-weeh-okl male STATE™ and STATA*
mice in a genetic BALDe background wers originally pur-
chased from ‘lhe Jackson Laberatory Animel Resources
Center (Bar Harber, Maine, USA) and were maintained in
a pat -free environment at the FES-Tzracala, U N A M.
animal Facility in accordance with [nstitutional and National
gaidclines.

2.2, isolation ¢f Larvac and Kggsend Infection Protocol. Adult
T camis females” worms were izolated from the intestine of
narnrally infected pupples (<3 months). Isnlation and embry-
wination ol eups were pecfonmed as ollows: emale worms
were dissected and trom the uberus eggs were isolated and
putted into distilled water; then the mixture was centrifuged

o] Research Totemmmtional

mwn times far (0min ar 2000 xgin & solution of KaHC) ot
1%. Afler remwval of the supernalant, e sediment was two
timcs washed in distilled water and placed into the solution
of formalin at 1% m tissue flasks a: 28°C for 1| month with
gentle deily agitation until the end of embrvonation which
was controlked under the microscope,

25 Infection. Five hundred larvaled eugr were iobruges-
trically administered with 2 Foley tube to both STATS '~
and §IAI6" " mice. Infected mice were sacrificed at days
5, 14 and 60 postinfection, and the parasites harvested
from different tissues (lung, Tver, beain, snld muoscle) were
cnumcrated as deseribed previously [27].

kor histological evaluation of different tissues, animals
were euthanized at indicated days. The liver, lung, brain,
andd muscle were remvedl and Gxed in 4% Greling Tisie
sawples were cmbedded in paraffin, and 5 g sections were
cut an a microtome and stained with hematoxylin and eosin
fcr histological examinaticn.

24 Curoline Measurements. The IL-4, [L-12, and 1FN-.y
lewels were quantified in mouse serum ai the indicated
point times. Antibody pairs woere used according to the
manufacturer’s instruction [Peprotech Meéxico, México, DF].

25 Tozwoura-3pecific Antibody Level und Tolal [yE. Periph-
crel blocd was ecllected at the indicated time points after
Toxacara infection from tail snips, The blood was centrifuged
at 2500 rpm for 10min, and serum was collected and tested
for Tomucara-specific [gGl wnd [gG24 in anligen-coated
plates [1 pg/mlL). After an overnight incubation at 4°C, the
plates were washed with PBS supplemented with U05%
Tiween 20 (Sigma, St. Louts, MO, USA ) and blocked with PB3
supplemented with 1% RSA (1S Rinlogicul, Swarmpnaatl, MA,
USA). Scrial dilutions (starting from 1. 100) of the serum
sampkes wore added to the plates. The bound antibodics were
detected following (ncubation with ERP-conjugated rat anti-
mous: IgGl or IgG2a ( Zymead, Son Prancisco, CA, USA]. The
reections were developed with ABTS solution (Zymed) and
rced on a microplaic rcader at 405 nm (Multiskan Ascend,
Thermo Labeysiems). Results arz expresied as the mazimal
sere dilorion (endpoint titer) where OD was detecred Total
IgL production was detected by Opt-ELISA from Diolegend.

2€ Fiow Cytometry, It hns been previcusly shown that
macrophages recruited by helminth parasites to the site
of infection express alternatively activated and essive
markers, such as mamose receptor (MR), PO ligend 1 (FD-
L1}, and PD-L2, To determine whether T canls-infected mice
recruit such population, flow cytometry was performed on
lung exndates cells fram T° canis-infected at different times
after infection. Brielly, 5, 14, wel 60 days wlier infection,
ungs lavages were sseprically obtafned, and 1 x 10" cells
were incubated with anli-CD16 and ant-CD32 ( Biolegend,
San Viege, CA, USA) 1o block nonspecific antibody binding.
The cellz were then stained with APC-conjugated anti- Fa/8U,
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FITC-conjugsted anti-MR, PE-conjugated arti-PDLL and
PE-conjugated anti-Grl {all from Biclegend) and incubated
fur 30 min. al °C in FACS staining buffer [1% FBS, 0.5%
sodium azide in PBS), The cclls were analyzed using a
FACSCalibur and Cell Quest software {Becton Dickinson).

27 RT-RCR. NA was exteacted from isclated spleen cells
after different day’s postinfection using the TRIzel Reagent
{lovitrogen, Carbsbald, CA, USA] ad (he isopropanol
chlorofcrm technique. The BIMA was quantified, and 5 ug of
RMA was reverse wanscribed using the Superscript 11 First
Strand Synthesis Kit Invitrogen). i:lkﬂ reactions containing
5x PCR Bufer blue, 10mM dNTE, 40nM each forward
and reverse primers, 1U Tay DNA polynerase (Sacace
Biotcchnologics, ltaly), and 2 b of the cINA were prepared
ir: a 25 pl final volume The PCR conditions were elsewhers
described [28]. Bricfly, consisted of an initial denaturation
step al 95 L for 5 min; 35 cveles of 95U tor 105 the indicated
wielling lewperature for S0« il T2 fie 40w 2 fnal
extension step at 72°C for 4 min in a thermal eyder (Corbett
Reszarch, Australia). The amplified products were mixed with
leading buller containing SYBR green and vlserved na L5%
agarose gel with the Fujiblm FLA 5000 scanner (Fuji, Japan)
using the image reader V2.1 software to capture the Images.

25 Statistical Analysis. Comparisons between wild type
(STAT6™'") and STAT6 '™ groups comsidered in this woek
were made using students unpaired 1 test. F < 005 was
considered significant. The statistical significance of the sera
tizers were determined by nonparametric tosts using Mann-
‘Whitney U-"Wilcoxnn Rank

3. Results and Discussion

It is largely accepted that the Lh2-like respense induced
via STAT6-mediated signaling pathway (through IL-4/IL-
13 receptors) plays a critical role in mediating protective
immunity agoinst most helminthes | 12, 17, 28], For example,
STAT6-mediated signaling has been shown to promate pro-
tective immunity against gastrointestinal helminthes such as
Trichisella spiralis, N. braziiersis, and Hymenolapis diminuta
[12. 17, 29. 30). Honever, the role fur muny molecules
associated with the immunc rcsponse, including S1ALS,
daring infection with Toxocara comis s unknown Here we
analyzed the potential role of STATG in modulating imnounity
against this nematode parasite. One of the frst organs that
T zanis larvae reach =ariy affer Infection i« the hings, in the
present study we detected a significant greater number of
larvac in STAT6™™ comparcd to STATE ™ mice at day S after
irfection, but later both groups displayed comparable para-
site burdens at 12 and 60 days postinfeclion (Rgurs 1(2)). In
contrast, in the iver as early a3 & days pl STAT& '~ displaved
lowsr parasite burdens. and this was more evident after 50
days pi (Figure 1(b]). In a similar way the parasite burdens in
the birain were statistically dilferent 60 days pi (Figure 10,
Interestingly, os intection progressed, the number of larvae
in the muscles increased significantly in STATE" mice as

compared to STAT6™" mice that successfully reduced the
number of parasites by day 6U postinfecticr. (Figure 1(d),
P < 0U1). Unexpectedly, the lungs from STAT6 / mice
dizplayed a prearer wacrescople damage as we chserved
an increased number of hemorrhagic spots in such organs
(Figare 2(a]) although that numbers of parasites detected
in buth groups were dosdy similar au 14 days ptoor even
lower in STATE” mice ul 5 duys pi. I is known tut T
canis infection promotes the recruitment of leukocytes to the
Iungs generating an acute lnflammatory responsze: here we
abserved a greater inflammatory infiliration i the lungs of
ST,AT(G_‘L mriceus nmly s ‘-Ii.:l'li which was mail.'!ii.in:.“lit'__hri
in these mice until 60 dpi (Figure 2(b}). Moreover, disruption
of alveoli was more Frequenty cbserved in STATS ' mice,
ac well ag a domunant polymorphic cell infilirstion (Figure
2(c}). These findings suggest that STATG-mediated signaling
patinway is involved in both suscepribility and pathogenesis
during T canis infection in susceptihle RATR/c mice.
Previeus studies have demonstrated that STATG-medi-
ated signaling pathway prevents development of protective
irmmumily mainly against intraeellular parasites by inbibiciog
‘Ihl development |25, 2€). 'Lhersfore, we measured levels
af Thl-associated [gGlta as well as Th2-zssaciated IgGl

and Total [gE antibodies in STATE ™~ and STAT6"* mice
at different time paints following infection with T canis,
Additionally, we olso comparsd the cytokine circulating
levels from these same mice Farly in the infecrion, T canis-
infected STAT6"* and STATE™~ mice displayed minimum
and comparalde levels of T cands Ag-specilic Thl-associaled
Iz(G2a antibedies (Figure 3(g)); these data are in line with
thoee previcudy reported |27, who alsn fonng a o procue-
tion of this subclass of antibody a: carly times postinfection.
Towever, by day 60 pi STATG ™ mice displaped significantly
higher levels of specific I3Gla antibodies against Toxocars
unligeny (Fiulnr Aall. On the ather hamd, dear diferences
were observed with the Th2-asscciated [gC1 production,
vihere STAT6* mice displayed significantly higher titers of
Texocaru-specific gG1 as compared to STAT6 ™~ mice since
day 14 after infection {Figure 3(b)}. Although Th2-associated
lbu'F-', izas Taeent whaowenn Lin Plh}' u role in media ing, imrmaoily
against cerfain cxtraintcstinal helminthes, we found that
T canirinfected STATEY mice harbored lower parssite
burdens despits producing significanly lower levels of IgE
a5 compared to similarly infected STAIS"/' mice, sugzesting
thar TgF may have a limited role in madiating protective
immunity sgainst L2 of T canis (Figure 3(c)). Here it ia
noteworthy that in spite of a higher Th2-zcecciated antibocy
respoee i WT mice, these displayed greater susceptibility
to L camis. These data agree with those recently reported
by (18], who found that after T. canis reinfection in BALB/c
mice, reinfocted mice displayed significantly higher titcrs of
1. canis-specific [gG1; moreover, those antibodies showed
a greater avidity for T canis anrigens. However, re-infected
mice displayed a major number of larvac in different tissucs
[18]. Together with our data, such findings strongly smggest
that a humoral immune response is not protective against L2
L. caniz intection.
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Fusue 1: STATE ™ mice eificiently con ol Thancere cards iofcion Conrsaedipe T oants infecinn in STATE (solid circes) and STATA*-
{open cirzles) mice follovwing infection with 500 L2, Datz are expressed as the mean + SF of 46 mice per group. * P < 0.05 camparing STATG ™"
versus STATS™ atthe some time poirt. Similar results were observed in two independent experiments.

Mext we analyzed the cyickine profile in scra that
STATS"'* and STAT6 ™~ mice displayed during toxecariasis.
BALBfz mice at 5dpi preduced sipnificantly more L 1 and
IFN ¢ than STAT: ! mice {Figures 1(a) and 1[b}), whereas
the levels of IL-12 were closely similar between groups
{Tigure 4(c1), indicating that notaclear Th1-type polarization
of the immune response was observed in . caris infected
STAT6™" micz. However, a lack of Th2-type responsc was
confirmad in such mice given the low levels of IgG1 and [gE
together with Tower syslemic Tevels of T4,

To further analyze the immune response, the splecn cells
from T. canis-infected STATS™™ and STATE™ mice were
obtained for RT-PCR analysis of several markers for altzr-
malively aclivaled macrophapes (A AM ) and some cytokines
While spal=nue ples from STATE ' mice displayes] ecpression
of Arginasc-1 and ¥Ym-1, both markers for AAM, during carly
phasc of infoction, those from STAT6 ™™ mice did not over-

express such markers (Figwe 57a)). In contrast STAT T5"-

infected mice displayed expression of INOS, amarkerfurdas-
sically activated mocrophazes, at 14 dpi, whersas STATs'"'
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Fievre 2: STATS ™ mice displaya more severe pathology early in the infection with T, eands. () Macrescoplc ap pearancs of Langs cbtalned
at different time points after oral infection with 500 Larvae of T. canis. (b) Lung histology showing aicway inflammation in both groups.
Magrifcaton 10X, [¢) Lung histology; 100X magniticatdon.

ive did nulexpress iNOS (Figure 5(0)), Regarding cylokines  IFN-v (Figure 5). Thus cur date revealed the presence of
we obscrved a major expression of L4 on spleen cells from 4 AM and T1.-4 in the spleens of STATS™ mice.

SLALU6" than spleen cells from $1AL6 "™ mice (Fizure In the lnst few yezars, n new cell population has been
5(z]), whereas a similzr level of expreszion was observed for  detected in most of the helminth infections, such population
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is AAM; the role ob these cells appears to be divergent
[30] as different aurhors have demonsrrated, for ecample in
gastrointestinal infections by Nippostrongylus brasilicnsis and
Heligmosomaides bakerithe prasence of A4 M is key for worm
expulsion [31]. whereas inotber helminth infections such as
Trichuris muris and Hymerolepis diminuta the presence of
A AN was irrelevant [32-34|. In contrast, for schistosomiasis
and experimental cysticercosis the presence of AAM appcars
to be crucial; in the first caze, the chsence of AAM leads to

versus STALE' ab the same time point.

pathelogic disorders in the liver and the hoste dia |35, 36|,
whereas In experimental cysricercosis the presence nf A &M
leads to susceptibility. given that climinating AAM with
clodronatz liposomes helps to clear the infection in otherwise
susceplible hosts [37]. Avcording o our knowledge Uhis is the
tirst time that the markers tor AAM are reported in 1. cands
infection, but their role 15 still unknown.

In order to gain knowlzdge on a possible role for AANM
in acute T canis infection, we analyzed the profile of
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STAT6 ™~ versus STATe ' at the same Time point.

mseruphuges Ul reads e lungs as early as 5 days pi (lime
where striking differences in pathology were observed), After
5 dpi lungs were chtained und cul in small pieces, which were
turther passed through a mesh. Cells were stained for dif
ferent markers and assaved for cytometry. Stained cells wers
capiured in log, and the region that displayed both high gran-
ularity and high size was selected for analysis. As cbeerved
i Figore afa), ung cells from T cawis-infecred STATR™

mive displayed a grealer recruitment of F480"MRY cells
compared Lo both neive mice or T wnis-infecied STAT6 ™
mice; these dotn suggest a recruitment of AAM, which may
participate in tissue repair in the lungs, while in STAT6 4

mice the Increase of F4/E0 MR" cells was gradual, perhaps
because they are unable te mount an efhcient '1h respanse
thar mzy impalr the recrultmen of AAN In the first days
pi, which could be associated with o greatest tissue damoge
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Ficurr 5: Splecn cells from STATS  and €TATE™" T canis infected mice display differcrt lovels of transcripts. Spleen oolls were hervested
al dilferen. Limes aller infection mw tnun il kevels ol GAPDE. Acgitense 1. Yml. Raal, IL-4. [FN-y. and INOS were malyzad by RT-PCR
Lhe data s20%m are froem a diegls mouss anc are representative o the hindings from three mice scamined st éach time point.

in the lungs (Figurs 2(a)]. Tnlerestingly, by day 60 pi (his
population is increased in both groups, but still more damage
prevailed in STAT6 ™~ mice; this apparent contradiction may
be explained just in a time-dependent point of view; it means
that AAM early recrufred (n WT mice had mare time
repair the tissue. [n contrast, the apparent delay of AAM in
reaching the lungs in STATE ™ mice may need longer time
10 accemplish their fanction. An alternate explanation may
be the participation of different cell pupulaiiuns for a rapid
tissuc repair, thus, our ohscrvation that another population of
cells F4/80°-Gr-1" is also recrulted differenitially in the lungs
of STAT6 " mice may be indicative that more than one
cell population is imvolved in tissuz repair in this infection
{Figure 6(b)). Intriguingly, such FI/80" LG 1" took longer
fo rcach the lungs in §AT6 | mice. However, these eolls
reach similer levels than ln wild-tvpe mice undl 60 dpi
(Tigure G(B)), if these cells represent o different population
of regulatory cells needs further research. On the other
hand, the same partern of recrolment was followed when
we analyzed the F4/80 PDL-1" populstion (Figare 6(c)).
All these surface markers have been previously reported
assucialed wilh macropliges hat widergo u distinet acli-
vation phenatype in the presence of the 1hl cytokines or
helminth infections named AAM [38]. Besides, these A AM
have an upregulated cxpression of arginasc-1, RELM-a, end
chitinasz-likz protem Yml, among other markers. More-
over, allboagh AAM can exhibil antipasasitic adivity [31],
their most importan: function in the context of migreting
helminth parzsites appears o be assoclated with tissue-repair
responses [32, 40]. Taken together these cytametsy analyses
with those obtained in the macroscopic and microscopic
hing anafyses, we may assaclate less tisne damage on T
canis-infected STAT6' mice with the presence of AAM,
and by contrary, we would associaie the absence of AAM
in T canis-infected STATG " mice with greater kesions and
increased lung cell infiltration, ‘Lherefore, we hypothesized
that AAM may he invalvad In mediating protection against
helminth-induced immuncpathology in the lungs during

acute toxocariasis,

Several dilf=ren reporls hive showr That Th2 TEN[HITESEN
arz not defnitive to kill extraintestinal phases of helminth
parasites. For example during muscle imfection with T
spivadis, BALB/C mice lucking cosinophils displayed similar
larval burdens te those af wild-type BALB/ cmice | 21]. ln line
with aur results, alsn T erassfeeps Infection is fully contrnlled
in the absence of STATC [22]. and more interestingly dur-
ing experimental neurocvaticarcosis caused by Mesocestoidas
corti infection SIAT€ "™ mice displeyed o reduction in the
rumher ool Twsin borvase bod sn increase in dinic newnok wpical
symptoms that were associated with leck of AAM [41].
Together all these findings oppose the dogma that Th2-type
respunees pley i orilical wle i the ciminetion ol all kind o’
kclminthes 42|, 'Lhcse data also suggest that STATE pathway
may act to limit Trwocans larvae-induced immunoparhalegy
at least in the lungs.

Tn conclusion. STAT6 ™ BALB/¢ mice mount a null Th2-
like response and etnciently control 1. canis infection. In con
trast, 51416 """ BALB/c micc develop a predominant 'Ih2-
like response that Is asscciated with high levels of IL-4, IgG1,
Izl and AAM and displayed significantly higher parasive
burdens in different tissues but interestingly less associated
pathelogy: The findings In our study support the conclusion
that STAT6-medinted signaling is critizal for the suppression
of the immune response that s required for controlling L2
Lumocariasis, We posiulale Ul Th2 cytokines may have a dual
role curing toxocariosiz, on one hand may cortribute to host
suscepiibility via STATS activation and that n=ither AAM nor
I3E arc cssential or primarily responsiblc for climirsting T
caniz tissue infection, but on the other hand, such response
may downregulotz the impumopathology induced by T canis
Iarvae in the lungs.
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