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ABREVIATURAS

AAMO’s (Alternatively Activated Macrophages)- Macréfagos alternativamente activados
Ag- Antigeno

APC (Antigen Presenting Cell)- Célula presentadora de Antigeno

CAMO’s (Clasically Activated Macrophages)- Macrofagos clasicamente activados
ConA- Concanavalina A

CD- Células dendriticas

EAE(Experimental Autoimmune Encephalomyelitis)-Encefalomielitis autoinmune experimental
ES-62- Glicoproteina excretada secretada de 62 KDa de peso de Acantochilonema vitae
1.p. - intraperitoneal

IFN- Interferon

Ig- Inmunoglobulina

IL- Interleucina

iNOS (Inducible Nitric Oxide Synthase)- Sintasa de oxido nitrico inducible

MOG 35-55- (Myelin Oligodendrocyte Glycoprotein) - Peptido de la glicoproteina de mielina
de los oligodendrocitos

M®’s - Macrofagos

PD1 (Programmed Death receptor 1)- Receptor de muerte programada 1

PDLI1- Ligando 1 del receptor PD1

PDL2- Ligando 2 del receptor PD1

PECs (Peritoneal exudate cells)- células totales de exudado peritoneal

PMN (Polimorfonuclear cells) - Células polimorfonucleares

RI- Respuesta Inmune

Relm a (Resistin-like molecule alfa-Molécula similar a resistina 0 Fizz-1

s.c. - subcuténea

SEA (Schistosoma Soluble Egg Antigen)- Antigeno soluble de huevo de Schistosoma
SNC- Sistema nervioso central

TcAg- Antigeno total soluble de Taenia crassiceps

Thl (T helper 1) - Células T cooperadoras tipo 1

Th2 (T helper 2) - Células T cooperadoras tipo 2

TNF (Tumor Necrosis Factor) - Factor de necrosis tumoral



1. RESUMEN

Los helmintos parasitos causan millones de infecciones en todo el mundo, sobretodo en
paises en desarrollo. El exitoso estilo de vida de estos helmintos se debe a que han
desarrollado variados y eficientes mecanismos de evasion sobre el sistema inmune de
sus respectivos hospederos. La polarizacion hacia respuestas tipo Th2 y la generacion
de subpoblaciones reguladoras destacan como 2 de los principales mecanismos
utilizados por los helmintos para poder sobrevivir dentro de su hospedero. El cestodo
Taenia crassiceps se ha utilizado para tratar de comprender mejor las interacciones
hospedero-parasito; al igual que otras infecciones por helmintos, tiene la capacidad de
llevar la respuesta inmune hacia Th2 concomitantemente con la colonizaciéon de su
hospedero. También la presencia de este parasito induce un aumento significativo de
macrofagos alternativamente activados (AAM®'s) con capacidad supresora. En este
trabajo intentamos definir la relevancia de estos macrofagos (M®'s) en la infeccion
experimental por T. crassiceps. Primero, investigamos si la presencia de los AAM®'s
podia asociarse con la susceptibilidad diferencial en 2 cepas de ratones. Se observo que
a diferencia de los ratones de la cepa C57BL/6, la cual es altamente resistente a la
infeccion por T. crassiceps, los ratones BALB/c presentan en la cavidad peritoneal una
gran poblacién de células adherentes con abundante expresion de los marcadores de
AAM®'s (Relm o, Ym-1, Arginasal, PDL1, PDL2), mientras que estos mismos
marcadores no se sobrexpresaron en los ratones C57BL/6. Interesantemente, s6lo los
M®'s de la cepa susceptible conservaron la capacidad de suprimir la proliferacion de
células T in vitro, sugiriendo que el reclutamiento de esta poblacion esta asociado al
establecimiento de T. crassiceps. Posteriormente, con el objetivo de demostrar la
posible participacion de los AAM®'s durante la cisticercosis experimental llevamos a
cabo experimentos de eliminacion de M®'s con clodronato encapsulado en liposomas.
Se observo que la administracion de liposomas disminuy6 efectivamente a los AAM®'s
(células F480" MMR") y que esto ocasioné una disminucién significativa en el nimero
de parasitos presentes en la cavidad peritoneal de estos ratones. Mas atn, la ausencia de
estos M®'s durante las 3 primeras semanas fue suficiente para impedir que T.
crassiceps se estableciera de manera normal en su hospedero, lo que se demostrd por la
baja carga parasitaria encontrada. Por el contrario, la eliminacion de esta poblacion

después de la 5* semana de infeccion no tuvo efecto significativo en el nimero de



parasitos, confirmando asi que la aparicion temprana de los AAM®'s es necesaria para
que este cestodo se establezca. Se ha demostrado que todos estos fenomenos de
inmuno-regulacion en conjunto aumentan la susceptibilidad a infecciones subsecuentes
por protozoarios intracelulares, en las que el estado de activacion de los MD's es
determinante, ya sea para restringir o para permitir su crecimiento.

Finalmente, en este trabajo se demostré que T. crassiceps puede disminuir la gravedad
de la Encefalomielitis Autoinmune Experimental (EAE). Este modelo es ampliamente
estudiado en ratones C57BL/6, ya que son susceptibles a dicha enfermedad; sin
embargo son considerados resistentes a la infeccion con T. crassiceps. Por lo tanto,
utilizamos una dosis alta de T. crassiceps (40 metacestodos) para romper esta
resistencia. Encontramos que con esta dosis los ratones C57BL/6 desarrollan una fuerte
respuesta Th2 y, a diferencia de la infeccién con 20 metacestodos, se reclutan AAM®D's
de manera abundante. Asi, después de 8 semanas de infeccion, los ratones C57BL/6 se
inmunizaron subcutaneamente con 300 pg del péptido MOG 3555 para inducir EAE.
Encontramos una gravedad casi nula de los signos de EAE, asociados a una baja
infiltracion celular en la médula espinal, un microambiente anti-inflamatorio en el
cerebro y una respuesta mixta Th2/Th17. Por el contrario, los ratones no infectados
presentaron paralisis total de ambas patas traseras, una clara infiltracion celular en la
médula espinal y una respuesta mixta de tipo Th1/Th17. En conclusion los AAM®D's
son importantes para el establecimiento de T. crassiceps, ya que solo las cepas
susceptibles los desarrollan y la ausencia de €stos ocasiona un crecimiento disminuido
del parasito. Esta poblacion posiblemente afecta el desarrollo de reacciones
autoinmunes/inflamatorias exacerbadas en el hospedero. La generacion de AAM®'s
durante la infeccion cronica con T. crassiceps podria ser el mecanismo a través del cual
puede inhibirse el desarrollo de la EAE, ya que no se detectaron células T reguladoras.
El estudio més detallado de los mecanismos que inducen a los AAM®'s, por ejemplo
los antigenos secretados del parasito que los favorecen, podra dar informacion ttil para
el desarrollo de tratamientos alternativos 6 complementarios en enfermedades

autoinmunes donde se presenta un alto grado de inflamacion.



1.1 ABSTRACT

Helminth parasites cause millions of infections worldwide, overall in developing
countries. This succesful life style is due to these organisms have developed a broad
range of efficient mechanisms of immune evasion/regulation in their hosts. Thus, Th2
skewing ability and regulatory/suppresor cell populations recruitment are the main
hallmarks of helminth infections. Taenia crassiceps, which is a cestode, has been very
helpful to understand host-parasite interplay and similar to nematode and trematode
parasites posses the ability to direct host’s immune response towards a Th2-type
response concomitantly with parasite growth. Further, this parasite induces significant
increase of alternatively activated macrophages (AAM®'s) with suppresive potential. In
this study we attempted better understand the role of macrophages (M®'s) in T.
crassiceps infection. First, we decided to seek an association between different mouse
strain susceptibility and the presence of AAM®'s. We observed that in contrast to
C57BL/6 mouse strain, considered as resistant to T. crassiceps, infected BALB/c mice
recruited a high population of adherent peritoneal cells with abundant expression of
AAM®'s gene markers (Relm o, Ym-1, Arginasel, PDL1, PDL2), whereas these same
markers were not overexppressed in infected C57BL/6 mice. Interestingly, only
AAM®'s from the susceptible strain remained with in vitro suppressive ability over T
cells. These data suggested that AAM®'s recruitment could be necessary for T.
crassiceps establishment. Thereafter, in order to demonstrate a role for AAM®'s during
experimental cysticercosis we achieved macrophage-depleting experiments using
clodronate-loaded liposomes. We confirmed that clodronate-liposomes administration
effectively depleted AAM®'s (F480° MMR" cells) and this phenomenom caused a
significant decrease in parasite load. Moreover, AAM®'s depletion during the first
weeks (3) of infection was enough to dampen T. crassiceps proliferation in the host as
showed with a low parasite burden. In sharp contrast, late clodronate-liposomes
treatment had almost null effect in parasite load, confirming that early appearance of
AAM®'s is needed to mantain T. crassiceps infection. It has been shown that all these
immuneregulation phenomena increase host susceptibility to intracellular pathogens,
where macrophage activation status determines the infection outcome. Finally, in this
work we showed that T. crassiceps infection could ablate clinical signs and severity in

Experimental Autoimmune Encephalomyelitis (EAE) a mouse model for multiple



sclerosis (MS). This model has been largely studied in C57BL/6 mouse strain given
these mice are highly susceptible to such disease; however, they are considered resistant
to T. crassiceps infection. We found that 40 metacestodes dose turns C57BL/6 mice
susceptible to this infection and induces a strong Th2 immune response, contrary to 20
metacestodes dose. Next, we aimed to evaluate the ability of T. crassiceps infection to
reduce the severity course of EAE. Only 50% of T. crassiceps —infected mice displayed
EAE symptoms, which were significantly less severe than those observed in uninfected
mice. This effect was associated with both decreased MOG 3s.55-specific splenocyte
proliferation and IL-17 production as wells as with a limited leukocyte infiltration into
the spinal cord. Infection with T. crassiceps induced an anti-inflammatory cytokine
microenvironment, including decreased TNF-o production and high MOG 3s.55-specific
production of IL-4 and IL-10. Also, markers for AAM®'s were detected and these
AAM®'s were highly suppressive in T. crassiceps-infected and EAE induced mice
there was a reduction in the entry of CD3" Foxp3 cells into the brain. Therefore, T.
crassiceps-induced immune regulation decreased EAE severity by dampening T cell
activation, proliferation and migration to the CNS. A deeper and more detailed study of
mechanisms underlying AAM®'s generation could lead to the identification of
molecules from this parasite involved in this regulation. Such identification will be
helpful to develop either alternative or complementary treatments targeted to

inflammatory diseases.



2. INTRODUCCION

2.1 Diversidad de helmintos parasitos

Los helmintos son un grupo diverso de metazoarios en los que se puede encontrar
distintas formas, de las que sobresalen los gusanos redondos (Nematodos) y los gusanos
aplanados (Platihelmintos). Ademas, estos organismos han adoptado diferentes estilos
de vida, entre ellos el parasitismo. Los helmintos parasitos causan altas tasas de
morbilidad en todo el mundo y se estima que millones de personas estan infectados
actualmente. Este grupo de parasitos generalmente no causa la muerte de su hospedero;
sin embargo, afecta su desarrollo debido a que consume diferentes nutrientes °.

Estos parasitos poseen variadas estrategias para concluir sus respectivos ciclos de vida y
pasar de un hospedero a otro. Por ejemplo presentan estadios de latencia como los
huevos, que son resistentes y permiten una facil infeccion. La transmision también se
favorece al alterar el comportamiento del hospedero en el que se encuentran y facilitar
tanto el establecimiento de la infeccion como el hecho de que algin depredador
consuma presas infectadas. Otra forma de transmision que se lleva a cabo es de forma
activa, es decir, etapas larvarias de algunos parasitos helmintos tienen la capacidad de
atravesar la piel y penetrar a su hospedero °.

Estos parasitos tienen diferentes nichos en donde alojarse, que van desde el tracto
gastrointestinal, los musculos, los pulmones y el higado, hasta lugares tan complejos y
delicados como el SNC y los ojos.

Otra caracteristica de los helmintos parasitos es que una vez que infectan a su hospedero
pueden permanecer en este durante un tiempo muy prolongado sin ser eliminados, es
decir, causan infecciones de tipo cronico. Para esto, los helmintos han logrado
desarrollar diferentes estrategias de sobrevida. Una de éstas, posiblemente la mas
importante, es la capacidad de modular el sistema inmune de sus hospederos para evitar
ser eliminados. A las estrategias para evadir o suprimir el sistema inmune utilizadas por
los helmintos y otros patdgenos, actualmente se les conoce como fenémenos de

inmunomodulacion e inmunosupresion, respectivamente °.



3. ANTECEDENTES

3.1 Inmunoregulacién por helmintos parasitos

Como ya se menciond, los helmintos parasitos son muy diversos, ya sea
morfologicamente, como en mecanismos de transmision y ciclos de vida; sin embargo,
gracias al intenso estudio en modelos experimentales y seres humanos parasitados
naturalmente, ahora sabemos que los helmintos inducen respuestas inmunes de tipo
Th2. Este tipo de respuesta se caracterizan por la deteccion de altos niveles circulantes
de citocinas como IL-4, IL-5, IL-13; mas recientemente se han identificado la IL-25 y
la linfopoietina timica estromal (TSLP) como moléculas que se sobreproducen en
presencia de helmintos *” . En cuanto a la produccion de anticuerpos, predominan IgG1
e IgE ya que estos isotipos son favorecidos por las citocinas Th2, mientras que es baja la
produccion del isotipo IgG2a que es favorecido por la citocina tipo Thl, Interferon
gamma (IFN)-y. Se ha reportado también que los helmintos intestinales pueden
disminuir los movimientos peristalticos, lo que impide que los parasitos se fijen a la
mucosa intestinal®.

Actualmente, no son claros los mecanismos por los cuales los helmintos polarizan la
respuesta de su hospedero hacia Th2. Sin embargo, algunos estudios preliminares han
demostrado que vias de co-estimulacion como OX-40L, estan involucradas en dicho
proceso® . Se ha descrito también el papel fundamental que los antigenos de helmintos
tienen, ya que tanto células dendriticas (CDs) como M®’s que son expuestos a
antigenos (Ag’s) de helmintos tienen la capacidad de modificar a las células T hacia un
perfil Th2 ' Importantemente, el estudio de Ag’s ya caracterizados de helmintos como
el ES-62 (Glicoproteina de los productos de excrecion/ secrecion de 62 KDa de peso
molecular) de Acantochilonema vitae y el SEA (Ag’s solubles del huevo de
Schistosoma) han dado lugar a la identificacion de las regiones capaces de modificar a
las células presentadoras de antigenos (APCs) para llevar hacia un perfil Th2 la
respuesta inmune (RI) del hospedero, por lo que ahora sabemos que la fosfatidilserina
de ES-62 y la lisofosfatidilserina de Schistosoma son indispensables para dicha

11
funcion .



Ademas de citocinas y anticuerpos asociados con respuesta tipo Th2, los helmintos
inducen anergia en las células T del hospedero ya que éstas no responden a la
estimulacion con Ag’s del helminto, ni a estimulos policlonales no relacionados como
la Concanavalina A 6 la estimulacién con anti-CD3*. Los esfuerzos realizados para
determinar la causa de la anergia de células T han llevado a la identificacion de

12, 1311, 1211, 1211, 1211, 1211, 12

subpoblaciones celulares como las células T reguladoras y los

macrofagos alternativamente activados, que poseen la capacidad de suprimir la RI. '"
12,14, 15



3.2 Células T reguladoras (T regs) en infecciones causadas por helmintos parasitos

Las T regs se identificaron desde la década de los 60’s, pero ha sido recientemente
cuando ha surgido mas interés por esta poblacion celular. Se han podido identificar
diferentes subtipos de ellas, su importante papel en la regulacion de tolerancia periférica
y hasta las probables vias de desarrollo de las T regs. Se han identificado 3 diferentes
subtipos de T Regs que son: las células Th3 que regulan la RI a través de la secrecion de
TGF B, las células Tr 1 encargadas de secretar IL-10 y las células T regs naturales CD4"
CD25" Foxp 3" que aparentemente inhiben la proliferacion celular y producciéon de
citocinas con un mecanismo dependiente de contacto celular. Estos grupos de T regs, a
su vez, se subdividen en células reguladoras naturales y adaptativas, las primeras son
generadas en el timo por lo que se consideran Ag-independiente, mientras que las

adaptativas se generan en la periferia y ante la presencia de algiin estimulo antigénico '*
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Debido a que estas poblaciones de T regs poseen la capacidad de regular la respuesta
inmune, algunos parasitos (incluyendo los helmintos), han explotado esta poblacion
como via de escape para poder llevar a cabo una infeccion exitosa.

Algunos reportes recientes han descrito la presencia de células T reguladoras en
infecciones causadas por helmintos y su papel como posible mecanismo de evasion. Por
ejemplo, se ha observado que tanto la fase de larva como el estadio adulto de la
microfilaria Brugia malayi inducen el reclutamiento de células reguladoras CD4"
Foxp3” CD 103" a los 7 dias posteriores a su implantacion en la cavidad peritoneal.
Los autores de este estudio demostraron que estas células reguladoras recuperadas de
animales quirGrgicamente implantados con Brugia malayi se generaban
independientemente de la presencia de la respuesta Th2 y AAM®’s, y ademas, que
suprimian la proliferacion in vitro de células virgenes estimuladas con APC’s 6 anti-
CD3". También se sabe que la secrecion de TGF P por parte de las células Foxp3™
inducidas por Brugia malayi es capaz de apagar las repuestas Thl o Th2 de manera
indistinta '*.

Baumgart et. al. han demostrado que la presencia de Schistosoma mansoni incrementa
de manera significativa el porcentaje de células CD4" Foxp3" en granulomas hepaticos
asi como en ganglios, y que la eliminacién de estas células ocasiona una mayor

inflamacion'®. El grupo de Watanabe demostré que un alto porcentaje de las células T



que forman parte del granuloma causado por el huevo de este parasito en ratones CBA/J
infectados cronicamente, tienen un fenotipo regulador debido a la expresion del factor
de transcripcion Foxp3, y que cuentan con la capacidad de suprimir la proliferacion de
células estimuladas con anti-CD3 in vitro. *° De manera interesante, las células T
reguladoras inducidas por este trematodo afectan el desarrollo de patologias no
relacionadas como la diabetes en ratones genéticamente propensos a desarrollarla®'. De
manera similar el nematodo intestinal Heligmosomoides polygyrus induce un aumento
en la poblacion de células T CD25" Foxp3+ con un alto nivel de TGF B. También
Finney y sus colegas han demostrado la presencia de 2 subpoblaciones reguladoras
CD25" Foxp3' y CD25" Foxp3’, observando una mayor expresion de TGF B en la
subpoblaciéon Foxp3® sorpresivamenten. El papel de estas células reguladoras en la
infeccion causada por Heligmosomoides polygyrus aun no esta claro, ya que el grupo de
Hartmann realizoé la transferencia de células CD25" CD103" Foxp3' y no encontrd
diferencia en la carga parasitaria de los ratones receptores™. Interesantemente, al igual
que con Schistosoma mansoni, el nematodo Heligmosomoides polygyrus altera
reacciones inmunolégicas no relacionadas, como las alérgicas™. El modelo de infecciéon
experimental con el nematodo parasito Trichinella spiralis también se ha utilizado para
estudiar los mecanismos de inmuno-regulacién inducidos por helmintos. También se ha
descrito que este parasito induce una poblacion de células T CD4+CD25+Foxp3+ que
secreta altos niveles de IL-10 y TGF B . Mas atn, esta poblacion celular ocasiond una
disminucion significativa de IL-5 y como consecuencia, disminuy6 la reaccion alérgica
ocasionada por la sensibilizacion con OVA .

En conclusién, estos datos sugieren que los helmintos parasitos podrian estar
explotando la generacion de células T reguladoras como una posible via de evasion de
la RI del hospedero para establecer infecciones de tipo cronico.

Sin embargo, la mayor parte de la investigacion de este tema se concentra en modelos
de infecciones causadas por nematodos y trematodos y muy poco se sabe del impacto
que causan las infecciones causadas por cestodos en enfermedades autoinmunes y

alérgicas.
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3.3 ldentificacién reciente de células B reguladoras (B regs) en infecciones

causadas por helminthos parasitos

En los ultimos afios, se ha identificado una poblacién de células B con capacidad
reguladora, que ademas de estar presente en infecciones experimentales causadas por
protozoarios como Leishmania®®, también se ha encontrado en murinos infectados por
el nematodo Heligmosomoides polygyrus y el trematodo Schistosoma mansoni. En el
caso de H. polygyrus Wilson y colaboradores describieron un aumento significativo de
una poblacién CD4CD19" CD23" en ganglio mesentérico después de la infeccion. Esta
poblacion tenia una fuerte funcidon reguladora ya que su transferencia fue capaz de
inhibir la eosinofilia y la produccion de IL-5, que a su vez conllevd a la reduccion de
una respuesta alérgica en las vias respiratorias. De igual manera, la trasferencia de esta
misma poblacion celular redujo la severidad de la EAE, en ambos casos de manera
independiente de IL-10%". Adicionalmente, en el modelo murino de esquistosomosis
Mangan et.al. describieron el aumento de una poblacion de células B con la capacidad
de producir altos niveles de IL-10 después de recibir nueva estimulaciéon con LPS.
Estas células B productoras de IL-10 suprimieron la anafilaxia ocasionada en los
ratones debido a la administracion de Penicilina (Pen)-v; sin embargo, cuando las
células B se eliminaron dicho efecto se perdi®®. Este mismo grupo posteriormente
demostro que la infeccion con Schistosoma mansoni genera una poblacion de células B
CDId ™ que inhibe la reaccion alérgica inducida por la sensibilizacion con el péptido
OVA en las vias respiratorias a través de un mecanismo dependiente de IL-10%.

El interés por los mecanismos de inmunomodulacion inducidos por helmintos, ha
llevado a la identificacion de otra poblacion con capacidad reguladora como las B regs.
Debido al gran interés que ha generado esta poblacion celular y el reciente estudio de la
misma, ahora es identificada como células CD19°CD5'CD1d". Se requieren mas
estudios para identificar marcadores de superficie que faciliten su andlisis, comprender
si existen subpoblaciones, y si la produccion de IL-10 es un mecanismo en comun, y
finalmente estudiar la presencia y probable participacion de las B regs en infecciones
causadas por cestodos, ya que no existe algin estudio sobre las células B regs en

infecciones por esta clase de parasitos.
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3.4 Células Dendriticas (CD) en infecciones causadas por helmintos

Las células dendriticas (CD) coordinan el desarrollo de la RI adaptativa debido a la gran
capacidad que poseen de integrar sefiales provenientes del ambiente y de entregar esta
informacion a las células T. Durante las infecciones las CD son criticas para controlar y
eliminar a los patdgenos. De manera importante, estos mismos parasitos inducen la
maduracion y actividad de las CD. La maduracion y activacion de las CD involucra el
aumento en la expresion de moléculas esenciales para el proceso de co-estimulacion y
presentacion de antigeno tales como: CD80, CD86, CD40 y MHCII. Junto con lo antes
mencionado, la secrecidn de citocinas influencia el tipo y la intensidad de la RI
adaptativa. Se requieren diferentes interacciones de moléculas derivadas de parasitos
con receptores presentes en las CD, como los receptores tipo toll (TLRs) y las lectinas
tipo C (CLRs)*".

Los helmintos parasitos al igual que parasitos intracelulares modulan la actividad de las
CD como una de las principales maneras para generar un ambiente que les permita
sobrevivir dentro de su hospedero. Aunque no se conocen por completo los mecanismos
involucrados en la modulacion de las CD por parte de estos helmintos, se esta
generando informaciéon de suma importancia describiendo la interaccion entre

moléculas derivadas de los helmintos y diversos receptores.

Interaccion CD-Neméatodos

Se sabe que CD expuestas a los antigenos secretados de Brugia malayi inducen una
respuesta por parte de las células T mas débil comparada con CD no expuestas a estos
antigenos. Ademas, los antigenos de este mismo parasito disminuyen la produccion de
citocinas pro-inflamatorias en respuesta a estimulacion con ligandos de TLRs.

Nippostrongylus brasiliensis es otro nematodo parasito que secreta una glicoproteina
llamada NES. La exposicion de las CD ante este NES ocasiona una polarizacion de las
células T hacia el perfil Th2. En este caso, se ha descrito que en dicho fenomeno de
polarizacion estan involucradas las moléculas de co-estimulacion CD86 y OX40L. Otro
ejemplo de modulacion de la actividad de las CD por moléculas de helmintos parasitos
proviene de los componentes de alto peso molecular de el adulto del nematodo Ascaris

suum. Las CD expuestas a estos antigenos pierden la capacidad de aumentar MHC-II en
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respuesta al adyuvante completo de Freund (CFA). También se identifico que la
fosforilcolina derivada delos esfingolipidos de A. Suum disminuyen la secrecion de IL-
12 y TNF-a asi como la inhibicion de moléculas co-estimuladoras como CD40, CDS8O0,
CD86 y CD54 en respuesta al LPS. Un caso sobresaliente es el del antigeno ES-62 de
Achantochilonema vitae ya que este antigeno indujo una fuerte expresion de CD40,
CD80 y CD86 ademas de niveles bajos pero significativos de IL-12 y TNF-a de
manera MyD 88-dependiente. Las moleculas derivadas de el adulto de

Heligmosomoides polygyrus no poseen la capacidad de madurar a las CD™°.

Interaccion CD-Trematodos

Toda la informacién en lo que concierne a la interaccion entre CD y Trematodos
proviene del estudio del modelo experimental de Schistosomiasis. Actualmente se sabe
que el antigeno soluble del huevo (SEA) contiene antigenos que polarizan la respuesta
de las células T hacia un perfil tipo Th2. Se han descrito antigenos como el alfa-3
fucosa, beta 2 xylosa y Lewis X que inducen importantes cambios en la actividad de las
CD. Lipidos derivados de Schistosoma mansoni que contienen lisofosfatidilserina
actuan como factores promotores de una respuesta Th2 a través del bloqueo de la
produccion de IL-12 por parte de las CD.EIl antigeno LNFP III de S. mansoni le confiere
a las CD la capacidad de inducir respuestas Th2 y dicho proceso depende de la
fosforilacion de ERK1/2°°,

Interaccion CD-Céstodos

Los estudios que describen la interaccion entre esta clase de helmintos y las CD son
menores comparados con lo que se conoce en los nematodos y los trematodos. Se sabe
que el antigeno B y los antigenos del liquido hydatidico de Echinococcus granulosus
afectan la diferenciacion de los monocitos hacia CD, ya que se encuentra un menor
numero de células. Ademds, estos mismos antigenos disminuyen la expresion en
membrana de la molécula CD1d. También se ha descrito que los antigenos secretados
por E. granulosus inducen una muy baja expresion de CD80 y CD86, mientras que la
produccion de TNF-a e IL-12p70 se vio abatida.

En el caso de Taenia crassiceps se ha descrito que los carbohidratos presentes en

antigenos solubles son los responsables de polarizar la respuesta hacia Th2 y que los
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antigenos de alto peso molecular secretados por los metacestodos de este parasito
disminuyen la expresion de CD80, CD86 y CD40 en la superficie de las CD. Sin
embargo se ha observado que esta disminucion no esta presente la cepa C57BL/6, la
cual es altamente resistente a la infeccion con T. crassiceps indicando que la
modulacion de las CD por parte de los antigenos de este cestodo es un elemento clave

. 30
en el curso de la infeccion™.

Por lo tanto, como observamos en esta parte las CD son una poblacion celular blanco de
los helmintos parasitos y que la modulacion de la actividad de estas CD, sobre todo en
su capacidad de presentacion de antigeno, pueden determinar el curso de las diferentes

infecciones.
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3.5 Macrdéfagos alternativamente activados en infecciones causadas por helmintos

parasitos

Los macréfagos son una estirpe celular que se genera en la médula dsea, contenida en
los huesos largos de los mamiferos 6 en la bolsa de Fabricio en las aves. A los
precursores en médula dsea, los monocitos circulantes y los macréfagos maduros
diferenciados residentes de los diferentes organos en conjunto, actualmente se les
conoce como el “Sistema de fagocitos mononucleares™".

Este sistema ha sido ampliamente conservado durante la evolucion debido a que realiza
importantes funciones dentro de los organismos. Estas células participan en diferentes
procesos para el mantenimiento de la homeostasis de los cuales destacan la eliminacion
de células apoptoticas, la produccion de citocinas reguladoras y de factores de
crecimiento, que en conjunto permiten mantener a los organismos funcionales. Sin
embargo, las funciones mas ampliamente estudiadas de los macréfagos son aquellas que
realizan como parte fundamental del sistema inmune. Estas células tienen la capacidad
de detectar la presencia de un amplio rango de patdgenos (desde virus hasta helmintos
parasitos), ya que poseen receptores especializados en el reconocimiento de patrones
moleculares asociados a patégenos (PAMPs), tales como receptores tipo toll (TLRs),
receptores tipo lectina y NODs. Ademads, constan con la maquinaria necesaria para
tomar, procesar y presentar antigenos por lo que son consideradas como el “puente” que
une la inmunidad innata con la adaptativa. En adicion a estas 2 funciones, los
macrofagos son células efectoras, es decir, tienen la capacidad de eliminar patégenos
fagocitados a través de la activacion de mecanismos microbicidas tales como la
produccion de moléculas toxicas para éstos, y en ocasiones para el mismo hospedero.
Esta produccion es mediada por diferentes enzimas, entre las que destacan iNOS y
NADPH oxidasa, a través del fendémeno conocido como estallido respiratorio. Para que
los macrofagos lleven a cabo todas estas funciones requieren de un proceso de
activacion. Dicho proceso implica que diferentes moléculas como PAMP’s y citocinas
actien sobre los macréfagos a través de sus respectivos receptores, iniciando asi una
cascada de sefializacion, mediada principalmente por cinasas que tiene como objetivo
final la translocacion de factores de transcripcion y el inicio de la expresion de diversos
genes induciendo asi la activacién de los macrofagos'.

Los macrofagos son células del sistema inmune innato con funciones conocidas durante

la respuesta primaria a patdgenos, para el mantenimiento de homeostasis en diferentes
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tejidos, coordinacion de la respuesta inmune adaptativa, en inflamacion y reparacion. Es
una poblacion celular muy dindmica con la capacidad de adaptarse al microambiente
cambiante en el que se desarrollan. De manera similar a la dicotomia de las células T los
macréfagos pueden presentar diferentes estados de activacion' "2,

En los altimos afios la intensa investigacion sobre la inmunobiologia de los macréfagos
ha llevado a la identificacion de diferentes estados de activacion de estas células, que
depende del microambiente en el que se encuentren. Actualmente, son reconocidos tres
estados de activacion de los macrofagos. Primero, los macrofagos cldsicamente
activados (CAM®’s 6 MI), los macrofagos con este fenotipo se desarrollan en
respuesta a estimulos inflamatorios endogenos tales como el IFNy, principal citocina
Thl, 6 estimulos exogenos de la misma naturaleza que el Lipopolisacarido (LPS)
bacteriano. El IFNy puede convertir a los macréfagos de un estado basal hacia células
con potente actividad de presentadora de antigenos, mayor produccion de citocinas pro-
inflamatorias (IL-12, TNFa e IL-1PB), o de moléculas toxicas como 6xido nitrico (ON)
que depende de la expresion de iNOS, y la fagocitosis mediada por complemento o
anticuerpos' (ver figura 1). iNOS utiliza como sustrato L-Arginina para producir ON,
molécula toxica para los patdgenos. Por lo tanto estos CAM® s se asocian con citocinas
de tipo Th1 y con la erradicacion de patdgenos intracelulares.

Desde el trabajo de Mosmann se identifico a IL-4 como citocina con funciones
antagonicas a las del IFN vy; en linea con ésto, ahora se sabe que los macrofagos
estimulados con IL-4 presentan un estado de activacion distinto a los CAM®'s,
caracterizado por la disminucién en la produccion de IL-12 e IL-1p. Importantemente,
se encontr6 que la IL-13 induce efectos redundantes a los de IL-4 sobre los macrofagos.
En 1992, debido al hallazgo del aumento del receptor de manosa como principal
marcador de macrdéfagos estimulados con IL-4, junto con la induccion de moléculas de
MHC 1II, se propuso el concepto de macrofagos alternativamente activados
(AAM®’s)”. Este estado de activacion cuenta con alta expresion de Arginasa-1,
contraparte de iNOS y cuyos productos finales son urea y prolinas, en lugar de 6xido
nitrico. Ademas, los AAM®’s sobreexpresan genes como el de molécula parecida a la
resistina (Relm @), la Ym-1 y las moléculas parecidas a quitinasas (Chaff’s)* (ver
figura 1).

Otra caracteristica de los AAM®’s es que tienen la capacidad de fusionarse y formar las
llamadas células gigantes multinucleadas, y dicho fendmeno es altamente dependiente

de la interaccion entre la molécula de adhesion E-Cadherina y la catenina, que se
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pueden encontrar en diversas condiciones patoldgicas como granulomas causados por

parasitos como Mycobacterium spp,Schistosoma* *

y en el cerebro de pacientes con
SIDA 3 336 13 funcidn de estas células gigantes multinucleadas hasta el momento se
desconoce.

Los estimulos que promueven ya sea CAM®’s 6 AAM®’s tambien pueden influir sobre
la capacidad y especificidad de migracion de las distintas poblaciones ya que también
regulan la expresion diferencial de quimiocinas y receptores de quimiocinas®’.

En tercer lugar, se ha reconocido el impacto que la IL-10 y el TGF B, citocinas
consideradas reguladoras, tienen sobre los macrofagos; debido a que los macréfagos
estimulados con IL-10 presentan una notable disminucion en la expresion de moléculas
co-estimuladoras y por lo tanto una pobre capacidad de presentacion de antigenos, se les
han llamado macréfagos en estado de “verdadera desactivacion™®. Debido a que los
AAM®’s se describieron in vitro después de haber sido estimulados con citocinas
como la IL-4 y la IL-13, es decir, en respuesta a citocinas Th2*’ , no pasé mucho tiempo
antes de que se demostrara que los helmintos parasitos, conocidos por polarizar
fuertemente la respuesta inmune en sus hospederos hacia un perfil Th2, en realidad
poseian la capacidad de inducir AAM®’s, y es de hecho de modelos experimentales con
diferentes helmintiasis de donde mas informacion se ha generado con respecto a las

propiedades de los AAM®'’s (ver figura 1).
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Figura 1.- Activacion diferencial de los macrofagos.
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Abreviaturas: CAM®s;macrofagos clasicamente activados, AAM® s;macrofagos alternativamente activados,iNOS;sintasa de 6xido
nitrico inducible , Arg-1;arginasa 1, MR; receptor de manosa, PDL1I;ligando 1 del receptor de muerte programada (PD) .
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AAMO®’s en infecciones causadas por Nematodos

Los nematodos son gusanos redondos que causan diversas enfermedades en humanos,
asi como en roedores, de donde se ha podido generar informacion sobre los AAM®'s.
Brugia malayies una filaria que no infecta a los roedores de manera natural; sin
embargo, la implantacion intraperitoneal de este parasito ha sido utilizada durante los
ultimos afios para comprender aspectos basicos de inmunomodulacién. La infeccion
intraperitoneal con B. malayi induce el reclutamiento de un alto porcentaje de
macrofagos F4/80" que expresan Arginasa-1 preferencialmente en lugar de iNOS y que
ademas poseen la capacidad de inhibir la proliferacion de células T activadas de forma
policlonal in vitro*® *'. En este modelo fue en el que por primera vez se describié que
estos macrofagos sobreexpresan genes que ahora sabemos definen al estado de
activacion alternativa: estos genes son Relm a y Yml* ambos codifican para
quitinasas, de las cuales ain se desconocen sus funciones . Se demostro que la actividad
inhibitoria de los AAM®’s dependia del contacto celular entre éstas y las células T,
aunque las moléculas de membrana involucradas no se definieron™.

Litomosoides sigmodontises otro nematodo que a diferencia de B. malayi es unparasito
natural de roedores. Se demostré que también la presencia de este parasito inducia
AAMO®’s y que ademas los clasicos marcadores Relm o y Ym-1 se podian detectar
facilmente en sitios por donde migraba el pardsito y en la cavidad pleural, que es el sitio

. . 44, 45
de residencia

. Cuando se estudio la capacidad supresora de los AAMO®’s se
encontrod que estas células suprimian la actividad proliferativa y que TGF B podria estar
involucrada. De manera interesante, este estudio sugiere que los AAM®’s se pueden
diseminar a los ganglios linfaticos s6lo cuando la microfilaria salia de la cavidad
pleural®.

Nippostrongylus brasiliensis es un nematodo que ha sido ampliamente utilizado para
comprender la inmunomodulacion e infecciones en el tracto gastrointestinal, que
presenta un ciclo de vida complejo que implica una infeccion subcutanea; conforme el
parasito madura y migra, induce una fuerte respuesta Th2 en los pulmones y los
ganglios asociados a éstos*’. Aparte de las citocinas Th2, se pueden observar altamente
expresados los genes Relm o, Ym-1 y AMCase en los pulmones, sugiriendo la
presencia de AAM®’s. En este modelo se identifico por primera vez que aparte de las
citocinas clasicas Th2 IL-4 ¢ IL-13, la IL-21 puede aumentar la actividad de los

AAMO®’s y por el contrario en ratones deficientes en IL-21 hay menor cantidadde estos

macrofagos, y por lo tanto menos fibrosis pulmonar. Debido a que los AAM®’s
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dependen de citocinas Th2*, generalmente se asocian a la etapa adaptativa de la
respuesta inmune; sin embargo, en este estudio por primera vez se demostrd que los
AAMO’s aparecen a los 4 dias posteriores a la infeccion, aun en ratones con
inmunodeficiencia combinada severa (SCID) en los cuales no hay células T. De manera
sobresaliente se notd que los AAM®’s decaen después a partir de los 8 dias post-
infeccion, demostrando que una vez resuelto el dafio mecanico y la inflamacion
generados por la migracion de N. brasiliensis esta poblacion regresa a niveles similares
a los encontrados en ratones no infectados™. Recientemente, Siracusa y sus
colaboradores realizaron una cinética de aparicion y funcionalidad de AAM®’s en el
pulmén de ratones infectados con N. brasiliensis. Los macréfagos recuperados de un
lavado broncoalveolar a los 2 y 3 dias post-infeccion presentan el fenotipo F4/80",
MHCII ™ CD40", CD80", CD86" y secretaron IL-12. Conforme avanza el tiempo de
infeccion, es decir, a los 8 y 13 dias estos macrofagos comienzan a expresar PDL1 y
PDL2 en la membrana y tienen la capacidad de suprimir la proliferacion de células T. A
pesar de que hay moléculas que aparecen mas tarde, los marcadores Arginasal, Relm a,
Ym-1y Ym-2 se pueden detectar tan temprano como a los 3 dias post-infeccion®’. En
otro estudio reciente se demostré que el dafo ocasionado por la presencia de N.
brasiliensis en los pulmones es tan grave que se puede desarrollar enfisema y una
enfermedad cronica obstructiva pulmonar que se asocio a la prolongada presencia de
AAM®'s, productores de MMP12°".

Por lo tanto, los AAM®'’s se pueden generar en ausencia de células Th2 en tiempos tan
cortos como 2 y 3 dias, dejando abierta la posibilidad de que directamente los antigenos
de N. brasiliensis los inducen o que otra fuente innata y temprana de IL-4 ¢ IL-3 lleve a
cabo esta importante funcion.

Heligmosomoides polygyrus es un nematodo parasito natural del raton. Los ratones son
infectados con el estadio L3 y estas larvas salen del estdbmago, migrando después de 36
h hacia el intestino delgado donde penetran la mucosa y se mudan hacia la muscularis
interna, enquistandose en la pared muscular'®. Al igual que los demas helmintos H.
polygyrus polariza la respuesta hacia Th2 y causa infecciones de tipo cronico. Los
AAMO®’s en esta infeccion se encuentran Unicamente en el sitio de infeccion y
dependen de las citocinas Th2 ya que en ratones STAT 6-/- e IL-4-/- el reclutamiento de
AAMO’s se vio significativamente afectado. Mas aun, la menor cantidad de AAM®’s
se asoci6 con alta parasitemia y alta produccion de huevos sugiriendo que éstos

restringen el crecimiento del parasito. Lo anterior fue demostrado porque en infecciones
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secundarias los ratones son mas resistentes porque poseen células Th2 de memoria y por
lo tanto mas AAM®’s y porque cuando estos ultimos se eliminaban con liposomas que
contenian clodronato, se reducia la expulsion de H. polygyrus. Esta es por lo tanto la
primera evidencia de que los AAM®’s juegan un papel importante como efectores en la

. .y . . . -7 52
infeccion causada por un nematodo intestinal promoviendo su expulsion’™.

AAM®’s en infecciones causadas por Trematodos

El modelo murino de esquistosomiasis ha sido de gran utilidad para comprender
diferentes aspectos de la relacion hospedero-pardsito como proteccion, susceptibilidad y
patologia®. La primera evidencia de la capacidad moduladora de los macréfagos en la
infeccion con Schistosoma mansoni surgio en la década de los 90’s, cuando el grupo
de investigacion de Miguel Stadecker describio que los macrofagos aislados del
granuloma hepatico tenian la capacidad de anergizar las células T activadas por
estimulos policlonales®. Este grupo tambien describié que el efecto supresor de los
macrofagos era reversible si se incluia IL-2 y que si se utilizaban éstos como CPAs, se
polarizaban las células T hacia Th2. A pesar de estos importantes hallazgos no se
describieron més funciones ni caracteristicas de estos macréfagos, y no fue hasta hace
pocos afios que se identificaron como AAM®’s y que la supresion ejercida era
contacto-dependiente. Actualmente se sabe que en la infeccion con S. mansoni estos
AAMO®'’s inhiben la proliferacion de las células T por un mecanismo que involucra
principalmente a la molécula de co-estimulacion negativa PDL1. Esto altimo se lleva a
cabo porque S. mansoni induce la sobre expresion de PDL1 en la membrana de los
macrofagos, que al unirse a su receptor PD-1 en las células T activadas disminuye la
proliferacion celular”. En estudios mas recientes se demostrd que los AAM®’s
dependen de IL-4, ya que los ratones deficientes de IL-4Ra no generan AAM®'s y
sucumben ante la infeccion. El hecho de que los ratones IL-4Ra -/- sucumben ante la
infeccion por S. mansoni se debe a que se desarrolla una inflamacion exacerbada y no
controlada mediada por Th17. Por lo tanto, en el caso de S. mansoni la induccion de
AAMO’s es dependiente de IL-4/IL-13 y esencial para evitar que el dafilo inmuno-
patologico comprometa la sobrevida del hospedero, mostrando asi otra faceta
desconocida de los AAM®'s™.

Con el proposito de identificar algunos antigenos importantes para la induccion de
AAMO’s, el intenso trabajo ha llevado a la identificacion de la peroxiredoxina como un

antigeno secretado de S. mansoni,capaz de inducir Relm o y Ym-1 independientemente
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de IL-4 e IL-13 en los macrofagos de la cavidad peritoneal. Ademas, en presencia de
estos macrofagos las células T presentan un fenotipo Th2>’. El carbohidrato
inmunomodulador Lacto-N-fucopentosa III (LNFP III) es un antigeno soluble del
huevo de S. mansoni. Atochina y colaboradores demostraron que la activacion in vivo
de macrofagos peritoneales con LNFP III aumenta la expresion de Arginasa 1 y Ym-1,
independientemente de IL-4 e IL-13, pero no otros marcadores como Relm o y MGL1.
A pesar de esto, utilizando el modelo de presentacion de antigenos con células T
DO.11.10 especificas para ovalbumina, demostraron que atn sin los otros marcadores
los AAM®’s influyen sobre las células T para producir IL-10 ¢ IL-13°*. Otro aspecto
importante para comprender la funcion de los AAM®’s en las diversas infecciones, es
la naturaleza de los receptores encargados de modular la activacion alternativa.
Utilizando la inyeccion intravenosa de huevos de S. mansoni para generar un granuloma
pulmonar, Joshi et. al. demostraron que en ausencia de TLR-3 se desarrolld un
granuloma de mayor tamafio, concomitante a una mayor deposicion de colagena y
presencia de macrofagos que expresaban Arginasa-1 y CCL2, marcadores de
AAMD's™.

En conclusion los AAM®’s generados durante la infeccion con S. mansoni tienen
capacidad supresora a través de la via PD1-PDLI, pueden controlar la inflamacién
exacerbada prolongando la sobrevida del hospedero y como presentadoras de antigeno
llevan la respuesta hacia Th2.

Fasciola hepaticatiene un ciclo de vida complejo que involucra hospederos
intermediarios (caracoles) y definitivo (ganado vacuno). Como otros helmintos F.
hepatica induce una respuesta Th2. También se ha descrito reclutamiento de AAM®’s
en etapas tempranas de la enfermedad o de la administracion de antigenos
excretados/secretados de este pardsito. Recientemente, se ha identificado a la
Tioredoxin peroxidasa de F. hepatica como un antigeno capaz de reclutar AAM®’s en
la cavidad peritoneal e inducir la expresion de marcadores de activacion alternativa in
vitro en macrofagos de la linea celular RAW264.7°°. Estos AAM®'s producen altos
niveles de IL-10 y prostaglandina E2, mientras que la produccion de IL-12 es minima.
Otro antigeno de F. hepatica ya identificado y aislado es la 2-Cys peroxiredoxina.
Recientemente se demostro que este antigeno es capaz de generar AAM®’s y que éstos
inducen la produccion de IL-4 por las células T . El avance ha sido notorio respecto a la

identificacion de antigenos especificos y recombinantes con capacidad moduladora.

22



AAMO®’s en infecciones causadas por Céstodos

Taenia crassiceps es un céstodo que no tiene la capacidad de infectar al humano, a
menos que este se encuentre inmuno comprometido. En la naturaleza T. crassiceps
utiliza a los canidos como hospederos definitivos y los roedores como hospederos
intermediarios. La infeccion de roedores con la etapa larval de T. crassiceps ha sido
tomada como modelo para comprender las interacciones hospedero-parasito en la
cisticercosis, asi como para estudiar moléculas antigénicas como candidatos posibles
para vacunas y para inmunodiagnodstico en humanos por infectados por T. solium,
principalmente por la alta similitud antigénica. Después de la infeccion inicial con los
metacestodos de T. crassiceps se puede detectar una rapida y transitoria respuesta de
tipo Thl que posteriormente se polariza a Th2®’. Debido al cambio en la produccién de
citocinas, también cambia la funcion de células como los macrofagos y el reflejo de este
cambio es el hecho de que los macrofagos de la etapa aguda, donde predomina la
produccion de IFN vy, producen altos niveles de IL-12 y ON, es decir son CAM®’s. En
la etapa cronica, en la que predomina la respuesta Th2, predominan los AAM®’s, los
cuales tiene alta expresion de moléculas como CCR5, CD23 en la membrana y mas
recientemente, receptor de manosa (MR), lectinas tipo C (MGL1 y MGL2), Yml,
Arginasa-1, Relm o y TREM2°"®. Al igual que en los nematodos, estos AAM®'’s
dependen de STAT6 e IL-4 ya que en ratones STAT6 -/- o IL4Ra -/- no se pueden
generar AAM®’s en respuesta a la infeccion con T. crassiceps. En cuanto al papel
desempefiado por estos macrofagos durante la infeccion, se encontrd que tienen la
capacidad de inhibir la respuesta proliferativa de las células T, lo cual es dependiente
del contacto célula-célula. Posteriormente, se identificé que este efecto correlacionaba
con la expresion de las moléculas de co-estimulacion negativa PDL1 y PDL2. La
participacion de esta via se estudio a través del uso se anticuerpos para bloquear el
efecto de estas moléculas. Interesantemente, se demostré que PDL1 y PDL2 participan
de manera directa en la actividad supresora de los AAM®’s generados durante la
infeccion con T. crassiceps“. Debido a la actividad supresora de los AAM®’s y al paso
de Thl a Th2 en la respuesta inmune, se hipotetizd que la generacion de estos
macrofagos fuera necesaria para el establecimiento de los metacestodos de T.
crassiceps. En nuestro laboratorio mas recientemente se encontr6 que la eliminacion de

estos AAM®’s es un paso limitante para el crecimiento de T. crassiceps. Mas atn se
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observd que estos AAM®’s aparecen antes de las 4 semanas previamente estimadas,
por lo que la eliminacion de estos AAM®’s durante las 3 primeras semanas de infeccion

son suficientes para impedir el crecimiento normal®.

Hymenolepis diminuta es un parasito helminto que recientemente se ha utilizado para
estudiar la respuesta intestinal ante un cestodo. Los ratones infectados con H. diminuta
presentan sobre expresion de marcadores para AAM®’s y células T reguladoras en el
intestino, lo que pone en evidencia la fuerte regulacion inducida por este helminto. La
aparicion de estos AAM®’s pudo ser detectada a tiempos tan tempranos como 8 dias
después de la infeccion. Nada se sabe en cuanto a la participacion de los AAM®’s, sin
embargo los autores correlacionaron la aparicion de los AAM®’s con el tiempo en el

que se expulso a H. diminuta®.

Echinococcus multilocularis es un parasito de canidos que en ciertas condiciones
puede infectar al humano y ocasionar equinococosis alveolar, debido al alojamiento del
huevos en los pulmones. La infeccion experimental intraperitoneal de E. multilocularis
se utiliza para estudiar los mecanismos de inmunomodulacion inducidos por este
helminto parasito. Los macréfagos obtenidos a las 6 semanas post-infeccion de la
cavidad peritoneal de animales infectados con E. multilocularis tienen la capacidad de
inhibir la proliferacion de células T ante un estimulo no relacionado, como es el péptido
de OVA, y ejercen el mismo efecto sobre células T estimuladas con Con A; este ultimo
efecto fue contacto dependiente. A pesar de tener identificada la funcion supresora de
estos macrofagos no se determind si presentaban los marcadores de AAM®’s, por lo
tanto se requieren mas experimentos para determinar si la infeccion experimental con E.

multilocularis efectivamenterecluta AAM®’s con capacidad supresora®’.

Mesocestoides corties un cestodo que invade o6rganos vitales y al igual que con otros
helmintos, la proteccion depende de la produccion de IL-4. A mediados de la década de
los 90 se demostro por primera vez, en este modelo de infeccion, que los macrofagos
recuperados de cavidad peritoneal de ratones infectados con M. corti tienen una pobre
capacidad estimuladora sobre células T delos ganglios mesentéricos; sin embargo, no se
analizo si estos macrofagos en realidad eran AAM®’s.

Recientemente se caracteriz6 la respuesta inmune en ratones deficientes de I1L-4 (IL-4 -

/-) y se encontr6 que estos ratones tuvieron 100% de mortalidad a los 32 dias post-
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infeccion mientras que los ratones silvestres sobrevivieron hasta 1 afio. La deficiencia
de IL-4 ocasiond un menor reclutamiento de monocitos y macréfagos; ademas, la carga
parasitaria en higado, cavidad peritoneal y toracica fue mayor. Como era de esperar, los
ratones IL-4 -/- presentaron mayor produccion de citocinas inflamatorias como IFN y y
TNF o®. Mas importante fue el hecho de que la ausencia de IL-4 provocé menor
cantidad de AAM®'’s en el granuloma hepatico. En conclusion, este reporte sugirio que
M. corti induce AAM®’s para evitar que una respuesta inflamatoria exacerbada dafie al
hospedero, de manera similar al caso de S. mansoni.

En el apéndice de publicaciones obtenidas en el articulo 1, se muestran otros
marcadores de membrana de los AAM®’s encontrados en los diferentes modelos de

infecciones con helmintos .
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3.6 Inmunomodulacién por Taenia crassiceps

Taenia crassiceps es un céstodo parasito natural de canidos y roedores. En el intestino
de canidos silvestres se encuentra el estadio adulto, el cual es hermafrodita y se encarga
de la produccion de huevos, que posteriormente seran excretados con las heces. Los
huevos liberados al ambiente pueden ser consumidos por roedores, en los cuales
después de la eclosion se encontrara la fase de metacestodo, principalmente en tejido
subcutaneo ¢ cavidades. Finalmente los cénidos pueden adquirir nuevamente la
infeccion si se alimentan de roedores infectados®.

Durante afios se ha utilizado la infeccion experimental de ratones de laboratorio con
metacestodos de T. crassiceps como modelo de estudio de la infeccion en humanos
causada por T. solium y para comprender los fendmenos de inmunomodulacion. Los
estudios realizados han permitido descifrar diferentes eventos reguladores inducidos por
T. crassiceps, que le permitencrecer de manera exitosa en la cavidad peritoneal de los
ratones. Es bien sabido que las hembras son mas susceptibles que los machos a esta
infeccién, por lo que se reveld un importante papel de los esteroides sexuales’.
También se sabe que durante la etapa aguda de la infeccion predomina la produccion de
IFN-y, es decir una respuesta Thl. Mientras que conforme avanza el tiempo de
infeccion esta respuesta Thl comienza a disminuir de manera concomitante con el
aumento de una respuesta Th2, caracterizada por la alta produccion de IL-4, IL-13 y
PGE2 a la par con el crecimiento de T. crassiceps, sugiriendo asi que el ambiente de
citocinas Th2 podria favorecer el establecimiento de los metacestodos® ™. Algunos
estudios posteriores, utilizando anticuerpos para bloquear el efecto del IFN-y, o ratones
deficientes en moléculas como CD40, STAT-4 o STAT-6, demostraron que la respuesta
Thl impide el crecimiento de este céstodo, mientras que cuando predomina una
respuesta Th2 éste parasito puede colonizar a su hospedero sin algin problema’ .
Ademas de la produccion de citocinas Th2 durante la etapa cronica de la infeccion con
T. crassiceps, también se pueden detectar altos niveles de anticuerpos de los isotipos
IgG1 e IgE, mientras que la produccion de IgG2a es minima’*. Se ha observado un
marcado estado de anergia de las células T de ratones infectados cronicamente (>4
semanas) ante la estimulaciéon con Ag’s del helminto, asi como ante activadores

policlonales, tales como la con A 6 anti CD3.
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Nuestro grupo identificd una subpoblacion de AAM®’s con sobreexpresion de CCRS y
CD23 en la membrana celular, reclutados al sitio de infeccion de T. crassiceps, que si
son utilizados como APC’s polarizan la respuesta hacia Th2. Estos AAM®’s producen
bajos niveles de IL-12 y altos niveles de IL-10, demostrando asi su potencial anti-
inflamatorio®. El interés por estos macrofagos llevo, en estudios posteriores, a generar
mas conocimiento sobre los AAM®’s en la infeccion por T. crassiceps. Se demostro
que también expresan los genes caracteristicos de los AAM®’s descritos en otras
infecciones, tales como Arginasa-1, Relm o y Ym-1 pero ademés que tienen la
capacidad de inhibir la proliferacién de células CD90" activadas con anti CD3. Dicho
proceso de inhibicion es mediado por las moléculas PDL1 y PDL2, sobre-expresadas
en los AAM®'s*. En conjunto estos datos demostraron los fuertes fendmenos de
inmunomodulacion inducidos por T. crassiceps para llevar a cabo una infeccion exitosa,
incluso alteran la RI a retos posteriores no relacionados, como la infeccion con
patégenos intracelulares. Asi, se observo que la infeccion cronica con T. crassiceps
permite un crecimiento mayor de Salmonella typhimurium aun después de la
vacunacion con antigenos de S. typhimurium, y dicho fenomeno se asocid con la
incapacidad de los animales infectados con T. crassiceps para producir anticuerpos
heterdlogos contra S. Typhimurium’. Posteriormente, se demostro la infeccién cronica
con T. crassiceps también aumenta la susceptibilidad a la infeccion posterior con
Trypanosoma cruzi’® y Leishmania. En este Giltimo estudio se encontré que a pesar de
que los ratones previamente infectados con T. crassiceps tenian una respuestaThl, , los
macrofagos provenientes de estos animales mostraban una estado de activacion
alternativo, hecho que explico la susceptibilidad a la segunda infeccion’”.

Sin embargo, no se ha estudiado si los mecanismos de regulacion inmune inducidos por
T. crassiceps que modifican el curso de enfermedades parasitarias pueden 6 no afectar

el curso de enfermedades autoinmunes o alérgicas.
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3.7 Hipotesis de la higiene

En 1989 David Strachan publico un estudio sobre la fiebre del heno, en el cual reportd
que las familias con mas habitantes por casa y con sistemas de saneamiento e higiene
deficientes, entre otros factores, eran menos propensas a desarrollar alergia contra el
heno. Por lo tanto, éste fue el primer estudio que relaciond la falta de higiene con menor
probabilidad de desarrollar reacciones de hipersensibilidad, lo que llevo a Strachan a
proponer esto como la hipétesis de la higiene’®.

En los ultimos afos el interés acerca de los factores implicados en el desarrollo y
control de las enfermedades de tipo alérgica y autoinmunes ha crecido, ya que los
factores genéticos no parecen ser los Unicos responsables 6 no explican del todo dichas
patologias, como se ha demostrado en estudios realizados en gemelos. Ademas, algunas
correlaciones geograficas muestran que hay una coexistencia muy baja entre parasitosis
y enfermedades alérgicas o autoinmunes’. Por todo esto, la hipétesis de la higiene ha
sido retomada y ahora se estudia tanto en modelos experimentales como en seres
humanos, el impacto que tienen las infecciones sobre otros parasitos u otros tipos de
enfermedades.

Los helmintos han desarrollado una gran variedad de estrategias para evadir la RI
generada por sus respectivos hospederos con el propdsito de eliminarlos. De esta forma,
desde hace tiempo se sospechd y en los tltimos afios se ha podido comprobar, que tanto
las infecciones por helmintos como patdgenos unicelulares alteran la RI de una manera
tan importante que comprometen al hospedero ante subsecuentes infecciones y ademas
pueden disminuir la severidad o en algunos casos impedir el desarrollo de reacciones
alérgicas y enfermedades mediadas por inflamacion exacerbadas™.

Asi, se ha demostrado que la infeccion con diferentes helmintos modula el desarrollo de
enfermedades autoinmunes experimentales, tales como la diabetes tipo 1 (T1D), la
encefalomielitis autoinmune experimental (EAE) y artritis inducida por colagenasa

(CIA). Ver tabla 1.
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Tabla 1.- Efecto de la infeccion por diferentes helmintos parasitos sobre enfermedades de tipo autoinmune.

HELMINTO HOSPEDERO VIA DE INFECCION NUMERO DE EFECTO OBSERVADO MECANISMO REF.
PARASITOS RESPONSABLE DEL
INOCULADOS EFECTO OBSERVADO
NEMATODOS IFN y IL-4
17 1 Ie-10 o
Trichinella spiralis Ratas Dark Agouti Inoculacion gastrica 500 Larvas 1 Disminucion de EAE
Ratones NOD Inoculacion gastrica 400 Larvas Abrogacion de Diabetes I IFNyT IgE 82
Suspendidas en agarosa IL-4
IL-10
Abrogacion de Diabetes
Heligmosomoides Ratones NOD Inoculacién géstrica 300 Larvas L IENYT IgE 82
polygyrus Suspendidas en agarosa IL-4
IL-10
TREMATODOS
IFNy )
Schistosoma mansoni Raton C57BL/6J Percutanea 70 cercarias Disminuciéon de EAE !l ON 8
TNF a
Raton DBA/1 Inmersion de la cola en 40 cercarias Disminucion de CIA IgG2a 8
agua con cercarias I IFNyT IL-4
IL-17
TNF a
, . . . ., . 85
Ratones NOD Percutanea 30 cercarias Dlsn_nnucwn de diabetes L 1eG M 1gM
mellitus
Fasciola hepética Ratén C57BL/6 Oral 10 metacercarias Disminucion de EAE L IFN 1 TGF B 86
IL-17
CESTODOS
Taenia crassiceps Raton BALB/c i.p. 20 metacestodos Disminucion de T1D L TNF ol IL-4 87

Abreviaturas : EAE; Encefalomielitis Autoinmne Experimental. CIA; Artritis inducida por colagenasa. T1D; Diabetes tipo 1. i.p. Intraperitoneal. NOD; Diabéticos

no obesos
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3.8 Encefalomielitis Autoinmune Experimental (EAE) como modelo murino

para la Esclerosis Multiple (MS) humana

El modelo de Encefalomielitis Autoinmune Experimental (EAE) se generé en 1933 en
la universidad de Rockefeller para estudiar los episodios de paralisis que algunas veces
se observaban en individuos vacunados. Por lo tanto, el modelo de EAE inicialmente se
construyo para estudiar la encefalomielitis aguda diseminada. Ahora, después de mas de
75 afios de mejoramientos y variaciones, se obtuvo un modelo que reproduce tanto la
reaccion inflamatoria como la desmielinizacion en el SNC®.

El intenso estudio de este modelo ha llevado a la identificacion de los mecanismos
inmunes que inician y mantienen los signos de la EAE/MS, por lo que ahora conocemos
3 pasos indispensables para que un organismo la desarrolle. El primero consiste en la
activacion de células T CD4" periféricas autoreactivas contra diferentes regiones de
lipoproteinas que forman la cubierta de mielina. El segundo paso consiste en la
proliferacion y polarizacion, generalmente hacia el perfil Thl y Th17, de estas células
autoreactivas en Organos inmunes periféricos, como el bazo. El tercer paso es la
migracion de estas células hacia el SNC, el posterior ingreso hacia el parénquima y el
inicio de una reaccion inflamatoria debido a la produccién de citocinas como TNF-a ,
IL-1-f e IL-12 junto con la produccion de quimiocinas como CCL5 y CXCLI10 que
ocasionan la llegada de diversas poblaciones celulares como células T CDS",
neutrdfilos, células B y macrofagos; estos ultimos son los responsables de fagocitar a la
mielina y dejar a los axones “desnudos”, lo cual ocasiona las fallas en la transmision de
impulsos eléctricos® *°. También se ha descrito que la reaccion inflamatoria tan
exacerbada tiene un efecto sobre poblaciones celulares residentes tales como microglia,
astroglia, oligodendroglia y neuronas. Asi, ahora la EAE no es reconocida s6lo como
una enfermedad inflamatoria desmielinizante, sino también como un desorden
neurodegenerativo debido a la apoptosis ocasionada por TNF-a sobre los
oligodendrocitos y la muerte neuronal después de la pérdida axonal.

El interés en este modelo ha llevado a la identificacion de las moléculas blanco para las
células T presentes en la mielina. Entres dichas moléculas destacan la proteina basica de
mielina (MBP), la proteina proteolipidica de la mielina (PLP) y la glicoproteina de
mielina de los oligodendrocitos (MOG). Por lo tanto, ahora existen 2 diferentes maneras

de inducir la EAE: la primera es generar de manera in vitro clonas de células T de perfil
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Thl especificas para cualquiera de estas 3 proteinas, y la segunda inyectando péptidos
de estas proteinas en adyuvante completo de Freund (ACF) junto con toxina de
Bordetella pertussis. De estas diferentes maneras de inducir EAE, el modelo mas
estudiado es la administracion de el péptido MOGss.ss en ACF y toxina de B. pertussis
en ratones de la cepa C57BL/6* .

De manera interesante, se sabe que tanto en humanos como en ratones, las hembras son
mas susceptibles a EAE y MS en una proporcion de 2 a 1. El fondo genético también
determina la susceptibilidad a la EAE ya que por ejemplo, en el modelo inducido por la
administracion con MOGs;s.s5 los ratones de la cepa C57BL/6 desarrollan signos mas
graves que los ratones de la cepa BALB/c”'. Ahora se sabe que el inicio de la EAE/MS
es un evento multifactorial. Otros factores que se asocian al desarrollo de esta
enfermedad son los polimorfismos a nivel de las moléculas del MHC II, ya que existen
individuos con células CD4+ circulantes capaces de reconocer antigenos de la cubierta
de mielina, sin embargo, estos individuos no desarrollaron MS®. Los factores
ambientales tales como infecciones con diferentes patdogenos también parecen afectar el
curso de la EAE y, mas importantemente, existen correlaciones geograficas en las
cuales se muestra un patrén inverso entre la presencia de enfermedades autoinmunes y
lugares endémicos de enfermedades parasitariasgz. Recientemente otro factor que se ha
relacionado al desarrollo de enfermedades autoinmunes como la EAE/MS es el estado
nutricional de los individuos, ya que se ha observado que un nivel bajo de vitamina D
en los individuos facilita el desarrollo de esta enfermedad autoinmune’.

Finalmente, como se puede observar en la tabla 1 el modelo de la EAE se ha utilizado
para demostrar el impacto de infecciones causadas por helmintos en enfermedades
autoinmunes, seguramente a través de la secrecion de antigenos ya que ninguno de estos
parasitos reside o migra por el SNC. Mas importante; el modelo de EAE ha sido util
para desarrollar los tratamientos terapéuticos actuales aplicados a pacientes con MS
como el Betaferon, Natalizumab y Copaxona, que son la administracion de IFN- , un
anticuerpo dirigido contra la integrina a-4-B1 que impide la entrada de leucocitos hacia

el SNC y un péptido que genera respuestas tipo Th2 hacia la mielina, respectivamente®.
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4. HIPOTESIS

La inmunomodulacion inducida por la infeccion con T. crassiceps,disminuye la
gravedad de la Encefalomielitis Autoinmune Experimental (EAE), la cual depende de

una respuesta inflamatoria exacerbada en el SNC.
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5. OBJETIVO GENERAL

-Demostrar que la infeccion previa con T. crassiceps favorece el desarrollo de AAM®'s
con actividad supresora en diferentes cepas de ratones, lo que causara un curso menos

grave de la EAE.

5.1 Objetivos particulares
- Analizar la expresion de genes marcadores de AAM®’s por RT-PCR en células
peritoneales adherentes obtenidas de ratones susceptibles y resistentes (BALB/c vs.

CS57BL/6, respectivamente) igualmente infectados con T. crassiceps.

-Analizar por FACS la presencia en membrana de moléculas caracteristicas de

AAM®’s comparando cepas susceptibles vs. resistentes.

-Determinar la produccion diferencial de citocinas y anticuerpos especificos en la cepa

susceptible y la cepa resistente a la infeccion con T. crassiceps.

-Evaluar el desarrollo de los AAM®’s.

-Determinar la importancia de los AAM®’s en las fases temprana y tardia de la

infeccion con T. crassiceps.

-Determinar la dosis de metacestodos de T. crassiceps para romper la resistencia a este

parasito en la cepa C57BL/6.

-Establecer el modelo de EAE inmunizando subcutaneamente con el péptido MOG 3s.ss,

-Determinar el efecto de la infeccion previa de T. crassiceps en el desarrollo de la EAE.

-Cuantificar y comparar la produccion de citocinas en los ratones con y sin infeccion.
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6. MATERIALES Y METODOS

Estos pueden consultarse con detalle en cada una de las publicaciones ubicadas en el

anexo de publicaciones obtenidas.

Ratones, parasitos e infeccion

Se utilizaron ratones hembra de 6 a 8 semanas de edad de la cepa BALB/c y de la cepa
C57BL/6. Los ratones fueron infectados i.p. con 20 (BALB/c) y 40 (C57BL/6)

metacestodos de Taenia crassiceps cepa ORF.

ELISA para cuantificar citocinas en suero

Los ratones fuero sangrados a los tiempos indicados y la sangre obtenida se centrifugo a
3500 rpm durante 10 min. El suero obtenido se congeld a -70 °C y se utilizd para
cuantificar el nivel de citocinas circulantes, siguiendo las recomendaciones del
fabricante. Los pares de anticuerpos para las diferentes citocinas fueron comprados de
Peprotech, México.

Se utilizaron placas de 96 pozos (Nunc, maxisorp) que se cubrieron con el anticuerpo de
captura (1pg/ml) utilizando 100ul/pozo. Después de 12 hr de incubacion a 4 °C se
lavaron 5 veces las placas y se realizd una incubaciéon con soluciéon de bloqueo
(PBS/tween 0.05%) 2 hr 37°C para evitar pegado inespecifico. Posteriormente, se
realizaron 5 lavados mas y las placas se dejaron incubar toda la noche a 4 °C con una
curva patron de cada una de las citocinas recombinantes y con los sueros obtenidos de
los ratones. Después, las placas se lavaron Sveces mas y se adiciond el anticuerpo
acoplado a biotina (1pg/ml) para finalmente revelar las placas adicionando avidina-
peroxidasa y ABTS/H,O, como sustrato. Las placas se leyeron a 405 nm y los valores

se expresaron como pg/ml.

ELISA para cuantificar anticuerpos en suero

Se cubrieron placas de 96 pozos (Nunc, Polysorp) con 10pg/ml de antigeno total soluble
de T. crassiceps 6 el péptido MOG 3555 donde se indica. Después de 12 hr de
incubacion a 4 °C se lavaron 5 veces las placas y se colocaron los sueros obtenidos de

los animales iniciando a una dilucion 1:25. Después, las placas se lavaron Sveces mas y
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se adiciono el anticuerpo anti raton-IgG1 (Zymed) y anti raton-IgG2a (Zymed) ambos
acoplados a biotina y streptavidina. Las reacciones se revelaron adicionando
ABTS/H,0; como sustrato. Las placas se leyeron a 405 nm y los valores se expresaron

como densidad optica detectada en la dilucion 1:25.

RT-PCR

Se obtuvieron células totales de peritoneo, se ajustaron a 5x10° células/ml y se
sembraron 1ml/pozo en placas de 12 pozos (Nunc). Después de dejar adherir por 2 hr a
37°C se removieron las células no adherentes con lavados con medio DMEM tibio. A
las células adherentes se les adicioné trizol (Invitrogen) y se extrajo el RNA total de
estas células adherentes con cloroformo. En el caso del analisis de RT-PCR en el
cerebro, éste se extrajo en condiciones asépticas y se adiciono el trizol (Invitrogen) para
extraer el RNA total del cerebro.

La cantidad de RNA total se cuantifico utilizando una dilucion 1:200 en un
espectrofotometro (1 D.0.=40ug), se ajustd la cantidad de RNA total a una
concentracion de Sug y se llevd a cabo la transcripcion reversa utilizando el kit First
strand synthesis (Invitrogen). Una vez que se obtuvo el cDNA se realizaron los ensayos
de PCR en un termociclador (Corbett research) utilizando las siguientes concentraciones

para amplificar cada uno de los genes de nuestro interés:

Agua 9.25 ul
Buffer 10x 2.5 u
MgCI2 0.75 ul
DNTP mix 0.5ul
Primer F 2.0 ul
Primer R 2.0 ul
DNA Taq polimerasa 1.0 pl
Muestra DNA 1.25ul

Posteriormente, se realizé una electroforesis para observar los productos en un gel de

agarosa. Se utilizé un gel de agarosa (ICN Biochemicals) al 1.5% en Buffer TBE 1x
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(Apéndice I) sobre una cdmara molde y un peine de 12 pozos, que se mantuvo a
temperatura ambiente hasta solidificarse.

Una vez hecho el gel, se hizo una dilucion 1:4 de DNA y se colocaron por pozo, 2 pl de
la muestra previamente diluida a 8 pl de buffer de carga blue juice (Invitrogen), a partir
del segundo pozo ya que en el primero se colocaron 3 pl del marcador de peso
molecular 100 pb (Invitrogen).

Se colocaron las muestras en la camara hacia el polo positivo y se corrio a 100 Volts,
45 Amperes durante 30 minutos. Se observo en un transiluminador con luz UV
(FujiFilm FLA-5000) y se capturd la foto utilizando el programa ImageReader FLA-
5000 V2.1.

De esta manera se analizaron los marcadores tipicos de los AAM®'’s.

Induccion y evaluacion de EAE

Los ratones fueron inyectados de manera s.c. con 300 pg del péptido MOG3s.
ssemulsificado en adyuvante completo de Freund (CFA) en un volumen final de 200 pl.
En este mismo dia y 2 dias después también se les administr6 de manera i.p. a los
ratones 200 ng de toxina de Pertussis.

Para evaluar la gravedad durante el curso de la EAE los ratones fueron observados para
asignar el puntaje de acuerdo a la siguiente escala utilizada:

0; sin signos, 0.5 flacidez en la cola, 1; paralisis de la cola, 1.5; paralisis en la cola y
falla parcial en una pata trasera, 2; paralisis en la cola y una pata trasera, 2.5;paralisis en
cola, una pata trasera y parcial falla en la otra pata trasera, 3; paralisis en la cola y

ambas patas traseras, 4; moribundo y 5; muerto.

Cultivo de células de bazo

En condiciones asépticas, dentro de una campana de flujo (VECO) se extrajo el bazo de
ratones infectados, colocandolo en una caja petri, posteriormente se separaron las
células del resto del tejido utilizando separadores celulares (B. D. Falcon, cell strainer)

y se depositaron las células en tubos estériles de 10 ml (Nalge, Nunc Int).
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Para concentrarlas se centrifugé a 1500 rpm por 10 minutos y posteriormente fueron
tratadas con 5 ml de solucion hemolizante (Apéndice I) durante 15 minutos para
eliminar los eritrocitos restantes. Se centrifugaron por 10 minutos a 1500 rpm y se
decantaron. A las células libres de eritrocitos se agregd 5 ml de medio D-MEM (Gibco,
suplementado con D-glucosa y libre de L-Glutamina, 10% SFB y streptomicina) para
homogenizar y contar las células viables utilizando la prueba de exclusion con azul
tripano, tomando 20 pl de muestra y 20 pl de azul tripano (Sigma Chemicals co). En la
region de linfocitos de la camara de Neubauer se colocaron 10 pl con micropipeta
estéril del homogenizado y se contaron 5 cuadrantes para obtener el numero de
leucocitos por mililitro, para después ajustar a 3X10° células/ml con medio D-MEM. Se
colocaron 100 ul por pozo en una placa de cultivo celular de 96 pozos (B. D. Falcon),
para obtener una concentracién final de 3X10° células por pozo. Una vez colocadas las
células en la placa, se estimularon con 25 pg por ml de antigeno total de T. crassiceps.
Esta re-estimulacion se llevo a cabo por 5 dias en un incubador a 37°C con 5% de CO,y
terminado el tiempo indicado, se recolectaron los sobrenadantes y congelaron a -70°C

hasta su uso para cuantificar la produccion de citocinas por ELISA.

Citometria de flujo

Los ratones infectados con T. crassiseps se sacrificaron en la campana de flujo,
posteriormente se inyectaron i.p. con 10 ml de solucién salina estéril (Pisa) para realizar
un lavado peritoneal y con la jeringa se recuperaron células totales del peritoneo, que se
colocaron en tubos de 15 ml. Los tubos con las células se centrifugaron durante 10
minutos a 2000 rpm para concentrarlas, se decantd el sobrenadante, dentro de la
campana, se resuspendio el boton de células y se le adiciono a cada tubo 3 ml de buffer
para FACS (Apéndice I). Se homogenizé la suspension para realizar el conteo en la
camara de Neubauer, ajustandolas con el buffer de FACS a 1 millon de células por ml y

se colocaron en tubos para analisis de citometria (B. D. Falcon).

A las células ajustadas y concentradas se les agregd 300 pl del mismo buffer donde
primero se incubaron 15 min con anti-CD16/32 y se tifieron con 1 ul de los anticuerpos
conjugados con los distintos marcadores de fluorescencia y un anticuerpo isotipo
(IgG2a) como control para pegado inespecifico, a una concentracion de 0.2 ug

combinados de la siguiente manera:
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F480 (APC, BioLegend) — MMR (FITC, BioLegend)
F480 (APC, BioLegend) — MAC 3(FITC, BioLegend)
F480 (APC, BioLegend) — PDL1 (PE, BioLegend)
F480 (APC, BioLegend) — PDL2 (PE, BioLegend)
F480 (APC, BioLegend) — OX40L (PE, BioLegend)
F480 (APC, BioLegend) — Siglec F (PE, BioLegend)
F480 (APC, BioLegend) — Gr1(PE, BioLegend)

Una vez agregados los anticuerpos se incubd durante 30 minutos a 4°C, se lavaron las
células dos veces mas con buffer de FACS a 2000 rpm por 10 minutos para eliminar los
anticuerpos no adheridos, finalmente se les agrego 500 pl para su lectura utilizando el
programa Cell Quest y el citometro FACSCalibur (Becton Dickinson) para la captura de

cada muestra.
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7. RESULTADOS

7.1 Analisis de la capacidad de activacién de APC’s en cepa susceptible (BALB/c)

y resistente (C57BL/6) a la infeccion experimental con T. crassiceps.

Reyes J.L., Terrazas C.A., Vera-Arias L. and Terrazas L.I. (2009). Differential
response of antigen presenting cells from susceptible and resistant strains of mice

to Taenia crassiceps infection.Infection Genetics and Evolution. Dec 9 (6); 1115-27.

En este trabajo se analizo la respuesta inmune global asi como el estado de activacion y
respuesta de macréfagos y DC durante la infeccion con T. crassiceps comparando una
cepa clasicamente considerada como susceptible (BALB/c) con una cepa resistente

(C57BL/6) de ratones.

-Los ratones BALB/c son mas susceptibles a la infeccion con T. crassiceps y
presentan una respuesta inmune predominantemente tipo Th2, por el contrario los
ratones C57BL/6 son mas resistentes y de manera concomitante muestran una

respuesta inmune de tipo Th1l.

Es bien sabido que en el caso de la cisticercosis experimental (T. crassiceps) la cepa de
ratones C57BL/6 es altamente resistente a dicha infeccidon, mientras que la cepa
BALB/c es altamente susceptible **. Sin embargo, muy poco se sabe de los mecanismos
inmunologicos que determinan esta susceptibilidad diferencial, por lo que se analiz6 si
habia alguna diferencia en cuanto a la activacion de macrofagos y DC durante esta
infeccion.

En este trabajo se infectaron ratones hembra de la cepa susceptible (BALB/c) y cepa
resistente (C57BL/6) con 10 metacestodos de T. crassiceps por via i.p., y se cuantifico
la carga parasitaria a lo largo de 8 semanas. Como se esperaba, los ratones BALB/c
presentaron una carga parasitaria mas alta comparada con la de los ratones C57BL/6
(Fig. 1 A en articulo 2) confirmando las observaciones previas; de igual manera, los
niveles de IgGl e IgE especificos contra Ag’s de T. crassiceps se encontraron
significativamente mas altos en ratones BALB/c comparados con los C57BL/6

igualmente infectados (ver Fig. 1By Fig. 1C articulo 2).
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En cuanto a la respuesta de los esplenocitos en los diferentes tiempos post-infeccion,
se observo que los ratones BALB/c disminuyen la respuesta proliferativa ante el re-
estimulo con Ag de Taenia y con anti-CD3 conforme avanza ¢l tiempo de infeccion,
mientras que los ratones C57BL/6 mantuvieron dicha respuesta (Fig. 2A, Fig 2B
articulo 2). Se analizd la produccion de citocinas de células totales de bazo y se
determind que los ratones BALB/c predominantemente secretaban IL-4 e IL-13 sobre el
IFNy mientras que los ratones C57BL/6 presentaron el patron inverso de produccion de

citocinas ( ver Fig 2C, Fig 2D y Fig 2E articulo 2).

-Los ratones BALB/c presentan AAM®’s con poca produccion de citocinas pro-
inflamatorias y alta capacidad supresora, mientras que los ratones C57BL/6 no

generan esta poblacién.

Posteriormente se estudio la respuesta in vitro de macrofagos recuperados a diferentes
tiempos de infeccion de la cavidad peritoneal de ambas cepas de ratones, ante estimulos
pro-inflamatorios como LPS e IFN-y. En esta parte del trabajo se demostrdé que los
macrofagos provenientes de ratones BALB/c infectados tienen una capacidad muy
limitada para producir citocinas pro-inflamatorias como IL-12 y TNF-gasi como ON a
las 8 semanas después de la infeccion. Por el contrario, los macrofagos de ratones
C57BL/6 mantuvieron el perfil pro-inflamatorio durante las 8 semanas (Fig 3A, Fig 3B,
Fig 3C articulo 2). Ademas, se obtuvieron macrofagos a diferentes tiempos de infeccion
y sin estimulo adicional se realiz6 el ensayo de RT-PCR para determinar la expresion de
genes tipicamente asociados a activacion alternativa.

Lo que se puede observar en la Fig 4A es que desde la segunda semana de infeccion
los ratones BALB/c sobre-expresan los principales marcadores de AAM®’s (Ym-1,
Relm o TREM2 y Arginasa-1) mientras que los ratones C57BL/6 presentan un ligero
aumento de Yml y Arginasa-1; mas aun, conforme avanzo el tiempo de infeccion los
ratones C57BL/6 dejaron de expresar estos marcadores mientras que los BALB/c
mantuvieron 6 en algunos casos los sobre-expresaron. Estos datos se confirmaron con el
analisis densitométrico presentado en la figura 4B (articulo 2). Ademas de determinar el
estado de activacion de los macrofagos por RT-PCR también se analizé la presencia en
membrana de moléculas involucradas con la capacidad supresora de estos AAM®’s
previamente descrita ®. La figura 5A (articulo 2) muestra el ensayo de citometria de

flujo que se llevd a cabo para demostrar que los ratones BALB/c reclutaban al sitio de
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infeccion (cavidad peritoneal) una poblacion de macrofagos que sobreexpresan PDL1 y
PDL2. Por otro lado, se observo que los ratones C57BL/6 presentaban un menor
porcentaje de estos macrofagos. Para determinar la capacidad supresora de estas
poblaciones se realizaron co-cultivos de los macrofagos con linfocitos T CD90"
provenientes de animales sanos, en diferentes proporciones, y claramente se observo
que so6lo los macrofagos provenientes de ratones BALB/c poseian la capacidad de
suprimir la proliferacion celular. De esta manera se demostrd6 que en los ratones
BALB/c se pueden generar AAM®’s con capacidad supresora a diferencia de lo que

ocurre en los ratones C57BL/6.

-Las CD derivadas de ratones BALB/c expuestas a Ag's de T. crassiceps poseen
capacidad supresora y baja produccion de citocinas pro-inflamatorias en respuesta
a LPS.

En esta parte se estudio la respuesta de CD derivadas de médula 6sea ante Ag’s
excretados secretados de T. crassiceps (TcES) en ambas cepas de ratones (BALB/c y
C57BL/6). Primeramente se demostré que las DC provenientes de ratones BALB/c que
tuvieron contacto con los TcES tienen la capacidad de inhibir una respuesta
proliferativa alogénica cuando se cultivaron en presencia de células CD4" de ratones
C57BL/6 tnicamente si sembraban en la proporcion 1:2, de células CD:CD4 pero no si
se utilizaban en la proporcion 1:10 y 1:20. Mas aln, estos TcES disminuyen
significativamente el efecto que normalmente tiene el LPS sobre las DC (Fig. 5A,
articulo 2). De manera contraria, las CD derivadas de ratones C57BL/6 expuestas a
TcES no tienen efecto sobre la proliferacion de las células CD4" (Fig. 6B, articulo 2).
Ademas, las DC’s provenientes de ratones BALB/c expuestas a TcES y LPS indujeron
una menor respuesta alogénica debido a que no maduraron de manera Optima, al
contrario que las DC’s obtenidas de ratones C57BL/6 que si fueron capaces de inducir
una fuerte respuesta alogénica.

Después se probo la capacidad de producir citocinas de las CD derivadas de ambas
cepas, después de exponerlas a LPS, TcES y LPS+TcES, cuantificando TNF-q, IL-12 ¢
IL-15 en el sobrenadante. Se observd que la exposicion a LPS indujo una alta
produccion de TNF-a e IL-12 en CD de ambas cepas, misma que disminuye si ademas
se exponen al mismo tiempo con TcES, pero so6lo en las CD derivadas de ratones
BALB/c. La producciéon de IL-15, inducida por el contacto con LPS se disminuy6 ante

la presencia de TcES en ambas cepas.
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7.2 Estudio del papel que tienen los macrofagos durante la infeccién con T.

crassiceps.

Reyes J.L., Terrazas C.A., Alonso-Trujillo J., Van Rooijen, Satoskar A.R. & Terrazas
L.I. (2010) Early removal of alternatively activated macrophages leads to Taenia

crassiceps cysticercosis clearance in vivo Intl. J. Parasitol. 40(6);731-42

Este trabajo se llevd a cabo con el proposito de determinar la relevancia que los
macrofagos tienen durante la infeccion con T. crassiceps. Para alcanzar este objetivo se
utilizaron liposomas con clodronato para eliminar esta poblacion celular y se observo
una importante disminucion de parasitos en la cavidad peritoneal cuando se eliminaron

los AAM®’s
-Los AAM®’s aparecen a la segunda semana de infeccion con T. crassiceps.

Hace 7 afios se describi6 por primera vez que T. crassiceps induce el reclutamiento de
una poblacion con caracteristicas de AAM®'s ® a la cavidad peritoneal; posteriormente
se caracterizd con mas profundidad esta poblacion, y se demostrd que tiene capacidad
supresora sobre células T activadas. Sin embargo, se desconocia en que punto de la
infeccion aparecian estos macrofagos; por lo tanto, en esta primera parte se realizo una
cinética utilizando RT-PCR y citometria de flujo para saber cuando los macréfagos
infiltrados presentan el fenotipo de AAM®’s, respectivamente. La figura 1A (articulo 3)
muestra la cinética de reclutamiento de dicha poblacion utilizando citometria de flujo;
se observo que a partir de la primera semana de infeccion se infiltra un alto porcentaje
de células F4/80" pero que no presentan una expresion significativa de los marcadores
de membrana de AAM®’s, como PDL2, IL-4Ra y MR. Ademas aparece una poblacion
de eosinofilos (F480" SiglecF") que se infiltran rapidamente a la cavidad peritoneal y
aumentan conforme avanza la infeccion. Sin embargo, estos eosinéfilos disminuyeron
significativamente en la semana 3 y es a este mismo tiempo cuando predominan los
AAMO’s. Estos datos se pueden observar en la fig. 1 B (articulo 3): los marcadores de
activacion alternativa aparecen en la semana 2. De esta manera, se confirm6 que la
infeccion con T. crassiceps induce una poblacion de AAM®’s mas rapido de lo que se

sabia, es decir a la semana 2 p.i.
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Después de que se determiné el tiempo en el que aparecen los AAM®’s se utilizd el
tratamiento con liposomas de clodronato para evaluar la participacion de los

macrofagos durante la infeccion con T. crassiceps.

-El tratamiento con liposomas de clodronato aumenta la resistencia a la infeccion

experimental con T. crassiceps.

La utilizacién de liposomas de clodronato es la herramienta que ultimamente ha
permitido describir las funciones que los macrofagos llevan a cabo durante diversas

9597 fibrosis”, autoinmunidad®’ y

condiciones patoldgicas tales como infecciones
angiogénesisloo. En el caso de infecciones causadas por helmintos la informacion es
escasa y recientemente se describid que la eliminacion de los macréfagos impide que el
nematodo intestinal Heligmosomoides polygyrus sea expelido como normalmente lo
hace la respuesta Th2 de memoria®. Nuestro grupo ha descrito que los macréfagos que
se infiltran a la cavidad peritoneal tienen un potencial supresor in vitro; sin embargo, se
desconocia el papel in vivo durante la infeccion con T. crassiceps.

Debido a lo anterior, en este estudio se utilizaron dichos liposomas para dilucidar el
papel que los macréfagos desempefian, tomando en cuenta la premisa de que, debido a
su potencial supresor, podrian disminuir la respuesta de las células T y favorecer el
establecimiento de T. crassiceps.

Los ratones fueron infectados con 20 metacestodos y tratados con 2 mg por semana de
liposomas de clodronato, durante las primeras 8 semanas de infeccion, mientras que sus
respectivos controles recibieron 2 mg de liposomas con PBS, ambos grupos fueron
sacrificados a las 4 y 8 semanas p.i para determinar la carga parasitaria. La figura 2 A
(articulo 3) muestra que los ratones tratados con clodronato presentan una cantidad de
parasitos 2 y 9 veces menor que los ratones que recibieron PBS a las 4 y 8 semanas p.i.
respectivamente. Por lo tanto, se demostr6 que los metacestodos de T.
crassicepssobreviven mas en su hospedero si estan presentes estos macrofagos.

Para comprobar que el tratamiento con clodronato era funcional se cuantificaron las
células del exudado peritoneal (PECs). En la figura 2 B (articulo 3) se puede observar
claramente que durante la infeccion con T. crassiceps las PECs aumentaron conforme el
tiempo de infeccion avanzaba durante las primeras 8 semanas de infeccion. Por el

contrario, los ratones tratados con liposomas de clodronato tienen una disminucién
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significativa de PECs indicando que este tratamiento disminuye las poblaciones

celulares que infiltran al sitio de residencia de T. crassiceps.
-Los liposomas de clodronato eliminan especificamente a los macrofagos.

En el ensayo previo se demostré que las PECs de ratones tratados con clodronato se
encuentran disminuidas; sin embargo, no se estudio la especificidad del tratamiento, por
lo que se llevo a cabo andlisis de citometria de flujo utilizando marcadores especificos
para macrofagos (F4/80) y eosindfilos (Siglec F) ya que la eosinofilia es una
caracteristica de las infecciones por helmintos. De hecho se notd que esta poblacion se
infiltra a la cavidad peritoneal durante las primeras 2 semanas(fig. 1 A, articulo 3) por
lo que se analizaron ambas poblaciones.

Para discernir entre estas poblaciones actualmente se definen como sigue:

Macréfagos; F4/80 ™ Siglec F

Eosinofilos; F4/80 ° Siglec F ™

Partiendo de esta clasificacion, en la figura 3A (articulo 3) se puede observar que
mientras una abundante poblacion F4/80 ' Siglec F ™ permanece intacta en ambos
grupos experimentales, la poblacion F4/80 hi Siglec F 1 se detecto significativamente
afectada mostrando asi que los macréfagos son eliminados de manera especifica. La
figura 3 B muestra un analisis alternativo de citometria en donde nuevamente se observa
que las células F4/80 " son las Gnicas afectadas.

Después de confirmar la eliminacion de los macrofagos se decidid analizar cual
subpoblacion de éstos era la que desaparecia. Uno de los primeros efectos descritos para
la accion de IL-4 sobre los macrofagos fue la induccion del receptor de manosa (MR)™;
desde entonces se ha considerado que los macréfagos que sobre-expresan el MR se
encuentran alternativamente activados. Ademas, es bien sabido que T. crassiceps induce
AAMO®O’s por lo que se realiz6 el ensayo de citometria para confirmar la desaparicion de
dicha poblacion celular.

Como se esperaba, en la figura 3C (articulo 3) se observa que la infeccion con T.
crassiceps induce una gran poblacion de células F4/80 ™ MR (AAM®’s) las cuales
disminuyen drasticamente después de 4 semanas de tratamiento con clodronato,
mientras que la poblacion F4/80 " Siglec F ™ permanecio intacta. Finalmente, en la
figura 3 D (articulo 3) se muestra una foto representativa del ensayo de cytospin que de

igual forma comprueba que el tratamiento con PBS no tiene efecto, ya que se
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encontraron células PMN con macrofagos, mientras que el tratamiento con clodronato
ocasiona una disminucion en los macréfagos pero no en los PMN.

Debido a que la supresion de células T por parte de los AAM®’s es la funcion que nos
llevé a proponer que la eliminacion de estos AAM®’s deberia ser importante para el
establecimiento de T. crassiceps, se analizo el efecto de los liposomas con clodronato
sobre los macrofagos que expresan las moléculas involucradas en dicho fenomeno de
supresion (PDL1 y PDL2). La figura 4A (articulo 3) muestra el analisis de citometria de
flujo realizado a las 4 y 8 semanas p.i. para determinar si los macréfagos con potencial
supresor también eran eliminados con el tratamiento de clodronato. Primeramente se
analiz6 el efecto del clodronato sobre la poblacién de macréfagos en general, para lo
cual utilizamos 2 marcadores de esta poblacion (F/480 y MAC3). Se observo que tanto
a la semana 4 como a la semana 8 p.i. el porcentaje de células F480" MAC3" se
disminuye en 60 y 77% después del tratamiento con clodronato. En cuanto a los
macrofagos con potencial supresor se observa que a la semana 4 y a la 8 p.i. hay un alto
porcentaje de macrofagos peritoneales que expresan PDL1 40+4 y 37+6,
respectivamente. Pero nuevamente dichos porcentajes de macrofagos con PDL1 se
reducen hasta en un 87 % después del tratamiento con clodronato, permaneciendo s6lo
1644 y 5£2 del porcentaje de los macrofagos a la semana 4 y 8, respectivamente. Se
encontraron resultados similares para los macrofagos que expresan PDL2, ya que en
este caso el porcentaje de disminucion fue de 59 y 79% a las 4 y 8 semanas p.i.,
respectivamente.

Arginasa-1, Relm o, y Ym-1 son los marcadores tipicos de los AAM®’s. Por lo tanto se
realiz6 un andlisis de RT-PCR en células adherentes de peritoneo para determinar si
estos genes se estaban sobreexpresando, y corroborar asi que la poblacion que
disminuye con el tratamiento de clodronato efectivamente es de AAM®’s. En la figura
4B (articulo 3) se observa que los ratones tratados con PBS sobre-expresan Arginasa-1,
Relm a y Ym-1 como demuestra la banda representativa de la electroforesis en gel de
agarosa y el andlisis de densitometria mostrado a la semana 4 y 8 p.i.

Debido a que el ensayo se realiz6 en células peritoneales adherentes quisimos confirmar
que estas células son macréfagos en mas del 90%, como se ha reportado. Para
determinar morfologicamente el tipo de células que se tomaron para el analisis de RT-
PCR, sellevaron a cabo ensayos de cytospin.

En la figura 4C (articulo 3) se muestran fotos en donde se puede observar que las

células adherentes son efectivamente macrofagos y de hecho se observan unos
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macrofagos fusionados, lo cual también esta reportado por ser una caracteristica mas de

los AAM®’s; por el contrario las células no adherentes eran predominantemente PMN.

Después de demostrar que los AAM®’s son necesarios para que T. Ccrassiceps se
establezca en los ratones, se decidi6 estudiar si la eliminacion de los macréfagos en
diferentes etapas de la infeccion modifica su curso,. Para cumplir este objetivo los
ratones se trataron con clodronato durante la etapa aguda de la infeccion 6 durante la

fase cronica.

-La eliminacion de los macréfagos aumenta la resistencia a T. crassiceps solo si se

administran durante la fase aguda de la infeccion.

Nuestro grupo ha demostrado que los macrofagos que se infiltran a la cavidad peritoneal
durante la infeccion con T. crassiceps modifican sus caracteristicas funcionales
conforme avanza la infeccion, por lo que en esta parte el objetivo fue determinar si la
ausencia de los macrofagos en la etapa temprana o tardia altera la infeccion. En la figura
A (articulo 3) se presenta el curso normal de la infeccion que alcanza un nivel de 295+
38 parasitos después de 8 semanas de infeccion; en contraste el grupo de ratones
tratados Unicamente las 3 primeras semanas con clodronato presentan una reduccion
significativa en la carga parasitaria (25+£9), mientras que en los ratones tratados durante
la etapa cronica (a partir de la semana 5) no se encontrd diferencia significativa en el
numero de parasitos con respecto al grupo control (280+33). Asi que la presencia de los
macrofagos desde el inicio de la infeccion es crucial para que esta sea exitosa.

En la figura 5B (articulo 3) se muestra el analisis de citometria de flujo de la presencia
de macrofagos (F4/80° MAC3") y macrofagos potencialmente supresores (F4/80"
PDL1" y F4/80" PDL2") presentes en la cavidad peritoneal de los ratones con los
distintos tratamientos. Lo que se puede apreciar es que los ratones que fueron tratados
durante las primeras 3 semanas con clodronato no presentaron el mismo numero de las
diferentes poblaciones analizadas comparados con los ratones tratados con PBS,
sobretodo en la poblacién F4/80°, ya que estan por debajo de los ratones tratados con
PBS en un 60 y 70%. Otro hallazgo importante fue que las 3 poblaciones analizadas
presentan practicamente el mismo numero en los ratones tratados con clodronato las
ultimas 3 semanas, lo que sugiere que el tratamiento no tiene efecto si se aplica en un

tiempo en el cual hay millones de células en la cavidad peritoneal.
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De igual manera que en los experimentos previos, se analizo el estado de activacion de
los macrofagos peritoneales adherentes en los ratones tratados con clodronato, en
diferentes etapas de la infeccion, para determinar si expresaban los marcadores de
AAMO®D’s (Arginasa-1, Relm gy Ym-1). La figura 5C (articulo 3) muestra el ensayo de
RT-PCR en el que se observa que la eliminacion temprana de los macrofagos ocasiona
una clara disminucion de los marcadores de AAM®'s, mientras que los ratones tratados
con clodronato las ultimas 3 semanas presentan el aumento de la expresion esperada de
Arginasa-1, Relm a y Ym-1 asociado a los AAM®’s; esto confirman que el tratamiento
en la fase tardia no elimino los macréfagos como se esperaba, probablemente debido a

el gran nimero de macrofagos presentes en la cavidad peritoneal.

En la parte final de este estudio se evalud el efecto que tiene el clodronato sobre la

respuesta inmune contra T. crassiceps que se genera en el bazo.

-La eliminacion de los AAM®’s permite que se recupere la respuesta proliferativa

y se produzcan citocinas de un perfil mixto (Th1/ Th2) en bazo.

En las infecciones experimentales causadas por helmintos parasitos se conoce muy bien
el hecho de que las células T se encuentran anérgicas, ya que no responden a Ag’s del
agente infeccioso, ni a estimulos no relacionados como Con A y anticuerpos anti-CD3 *.
En el caso de la infeccion experimental con T. crassiceps se ha encontrado este mismo
fenomeno de anergia. Por lo tanto, en esta ultima parte llevamos a cabo ensayos de re-
estimulacion de células totales de bazo con TcAg para analizar la proliferacion y la
produccion de citocinas especificas. La figura 6A (articulo 3) muestra que los ratones
tratados con PBS tuvieron una muy baja respuesta proliferativa ante el estimulo de
TcAg de acuerdo a lo que ya se sabia. Por el contrario, las células de los ratones tratados
con clodronato, que carecen de macrofagos, recuperan la capacidad de proliferar en
respuesta al TcAg. En cuanto a la produccion de citocinas encontramos que los ratones
tratados con PBS producen predominantemente I1L.-13 (Fig. 6 C articulo 3) lo cual nos
indica una polarizaciéon hacia Th2 de la RI, mientras que los ratones tratados con
clodronato durante 8 semanas, produjeron altas cantidades de las diferentes citocinas

cuantificadas IL-4, IL-13 e IFN-y (Fig. 6 B, 6C y 6D del articulo 3, respectivamente).
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Los datos obtenidos en este estudio demuestran que la presencia de AAM®’s favorece
la sobrevida de T. crassiceps mientras que la eliminacion de estos AAM®'s las
primeras 3 semanas 0 durante las 8 semanas de infeccion restringe el crecimiento del

parasito asociada a una fuerte respuesta celular en el bazo.
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7.3 La infeccién previa con Taenia crassiceps disminuye la gravedad de los signos

de la Encefalomielitis Autoinmune Experimental (EAE).

Reyes J.L., Espinoza-Jimenez A.F., Gonzalez M.1., Verdin L. & Terrazas L.I. (2011)
Taenia crassiceps infection abrogates experimental autoimmune encephalomyelitis
Cell. Immunol. 267 (2); 77-87.

En esta ultima parte estdbamos interesados en estudiar los mecanismos de
inmunoregulacion utilizados por T. crassiceps para establecerse en su hospedero, y
saber si éstos podrian alterar el curso de una enfermedad de tipo autoinmune

dependiente de la activacion de células T autoreactivas como la EAE.

-Los ratones de la cepa C57BL/6 infectados con 40 metacestodos de T. crassiceps

fueron susceptibles a la infeccidn y desarrollaron una respuesta tipo Th2.

Es bien conocido que la cepa de ratones C57BL/6 es resistente a la infeccion con T.
crassiceps, ya que desarrolla una fuerte respuesta Thl y no puede generar AAM®’s. De
manera importante, el modelo de EAE inducido por la administraciéon de el péptido
MOG 3s5.55 esta establecido en ratones C57BL/6 debido ala fuerte respuesta inflamatoria
que estos desarrollan. Debido a esto, se decidié infectar con diferentes dosis de
metacestodos para poder obtener una dosis con la cual esta resistencia se revirtiera es

decir, una dosis a la cual T. crassiceps se estableciera e indujera una respuesta Th2.

Como se puede observar en la figura 1A (articulo 4) esto ultimo se obtuvo infectando a
los ratones con 40 metacestodos, ya que se observa a las 8 semanas de infecciéon una
carga parasitaria de 850 metacestodos en promedio, lo cual es mayor a lo obtenido con
ratones susceptibles (BALB/c) infectados con 20 metacestodos. También se observo
una clara respuesta tipo Th2 tanto en el perfil de citocinas como en la respuesta
humoral, reflejada por los altos niveles de IL-4 en comparacion con los de IFNy (figura
1B articulo 4), asi como el predominio del isotipo IgG1 sobre IgG2a (figura 1 C articulo
4). Ademas, pudimos detectar que conforme avanza el tiempo de infeccion se
incrementan los niveles de IgE circulantes (figura 1D articulo 4), confirmando lo

anterior ya que este Ac también es dependiente de la IL-4. De esta manera se
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demostroque una alta dosis de metacestodos de T. crassiceps revierte la resistencia

previamente observada ya que induce, a diferencia de la dosis baja, una respuesta Th2.

-La infeccion con 40 metacestodos de T. crassiceps en ratones C57BL/6 ocasiond la

infiltracion de AAM®’s y redujo el porcentaje de células CD4Foxp3” en el bazo.

En nuestro laboratorio se ha demostrado que la infeccion con T. crassiceps recluta
AAM®’s a la cavidad peritoneal. Aqui se observé que la infeccion con una alta dosis de
metacestodos ocasiond que ésta misma poblacion de AAM®’s apareciera. Como se
muestra en la figura 2A (articulo 4), conforme avanza la infeccion y mas claramente a
partir de la semana 8, la expresion de genes como Arginasa-1, TREM2, Relm a, Ym1,
PDLI1, PDL2 es abundante y, sorpresivamente, también de TNF-a. Ademas, utilizando
citometria se demostré que a las 8 semanas de infeccion hay células F480" PDL1"

PDL2" MR " sugiriendo un potencial supresor para los AAM®’s (figura 2C articulo 4).

Los diferentes modelos murinos de enfermedades infecciosas han dejado ver que en
realidad existen diferentes poblaciones con capacidad reguladora/supresora. La
poblacion de células T reguladoras Foxp3™ es una de ellas, que ademas es una de las
mas ampliamente estudiadas. Por lo tanto se analizd, la posibilidad de, que al igual que
en el caso de los AAM®’s, se elevara el porcentaje de células T reguladoras Foxp3" en
ganglios mesentéricos y en bazo, como una parte adicional de los eventos de
inmunoregulacion inducidos por Taenia crassiceps. En la figura 2C (articulo 4), se
observa que dicho aumento no se di6; de hecho, la infeccion causé una disminucion en
el porcentaje basal de las células T reguladoras, al menos en el bazo.

Estos datos sugieren que este céstodo indujo abundantes AAM®’s pero no células T
Foxp3™ y que los AAM®'s son suficientes para dominar la RI de su hospedero yT.

crassiceps pueda establecerse.
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-La infeccion cronica (8 semanas) con T. crassiceps redujo significativamente la
severidad de la EAE, asociada a un menor infiltrado celular hacia la medula

espinal.

Una vez que se demostrd que la infeccion con 40 metacestodos indujo una fuerte
respuesta tipo Th2 y que ésta se asemeja a la infeccion de ratones susceptibles
(BALB/c), el objetivo fue demostrar que estos mecanismos alteraran el curso del
modelo murino de EAE. Primero, fue notorio que la infeccion crénica con T. crassiceps
redujo considerablemente los signos clinicos tipicos de la EAE. Como se puede ver en
la figura 3A (articulo 4) los ratones no infectados presentaron los signos clasicos de la
EAE a partir del dia 9 posterior a la administracion del MOG 35.55. También se observo
que a los 21 dias post-inmunizacion se alcanzo el punto mas alto (puntaje de 3) en
cuanto a severidad, lo cual significa paralisis en ambas patas traseras. De manera
interesante, en esta misma figura se observa que los ratones previamente infectados
mostraron signos de EAE al dia 9, si bien los signos fueron notablemente menos graves,
siendo cuando mucho flacidez de la cola (puntaje de 0.5).

En la figura 3B de este mismo articulo 4 se observo una infiltracion celular muy intensa
en la médula espinal lumbar en los ratones no infectados, mientras que la presencia de
T. crassiceps ocasiond nula o en algunos casos muy baja infiltracion celular,

correlacionando asi con los signos clinicos observados.

-La presencia de T. crassiceps ocasion0 un perfil mixto de citocinas Th2/Th17.

Con el objetivo de comprender mejor cual es el impacto de la infeccion con T.
crassiceps en el sistema inmune del hospedero durante el desarrollo de la EAE, se
analizo el nivel de citocinas circulantes, asi como en sobrenadante de células de bazo re-
estimuladas con el péptido encefalitogénico MOG 35.55. Se observod en la figura 4A
(articulo 4), que los ratones no infectados tuvieron un nivel bajo de IL4 circulante,
mientras que por el contrario y como era de esperarse, los ratones infectados
presentaron altos niveles de esta citocina, mostrando asi una clara polarizacion hacia la
respuesta tipo Th2. Como contraparte y de manera sorpresivam se encontr6 que el nivel
de IFN vy (Th1) fue similar (figura 4B articulo 4). Recientemente, se ha observado que
en las enfermedades autoinmunes se sobre-produce la IL-17, la cual parece ser muy

101-103,

importante para que este tipo de enfermedades se desarrollen ; por lo tanto se

evaluo la produccion de IL-17. De manera inesperada, el grupo de los ratones infectados

51



que presento signos muchos menos graves, presentd niveles mas altos de IL-17 en suero
comparados con los ratones no infectados con EAE (figura 4C articulo 4). Es bien
conocido que la citocina TNF a tiene un alto potencial pro-inflamatorio y tiene un papel
importante en la EAE, por lo tanto también se analiz6 la produccion de esta citocina. En
la figura 4D (articulo 4) se observd una produccion significativamente mas baja, sobre
todo en los primeros 15 dias post-inmunizacion, en los ratones cronicamente infectados
comparados con los ratones no infectados. Por lo tanto, los ratones que presentan menos

severidad en los signos de la EAE tuvieron altos niveles de IL-17 y de IL-4.

-La infeccién cronica con T. crassiceps ocasiond una baja respuesta proliferativa
anti- MOG 35.55 en bazo, asociada con el aumento de marcadores de AAM®’s pero
no de células CD4 * Foxp3 *

Es bien sabido que la infeccion con T. crassiceps induce anergia en el bazo a Ag's de
este parasito asi como a estimulos no relacionados. En esta parte se decidio analizar la
generacion de clonas anti-MOGss.ss mediante la respuesta proliferativa en bazo como
una probable causa de menor infiltrado observado en la médula espinal. En el dia en el
que los signos de la EAE alcanzaron su mayor puntaje (21 d.p.i.) se extrajeron las
células totales de bazo y se probo la capacidad proliferativa de 2 maneras. En la primera
se re-estimularon con 50 pg de MOG 3555 por 3 dias y en la segunda se eliminaron las
células adherentes mientras que las células no adherentes se sembraron en placas
cubiertas con Ac’s anti-CD3. Después, se analizo la incorporacién de (*H) timidina en
ambos cultivos y encontramos que las células provenientes de ratones infectados no
proliferaron ante MOG 3s.55 ni ante el estimulo anti-CD3, como se observa en la figura
5A y 5B respectivamente (articulo 4). Después de que encontramos este defecto en los
ratones infectados se decidio buscar, de igual manera en el pico de la EAE, si habia
algin aumento en el porcentaje de AAM®’s 6 de células CD4 * Foxp3"™ mediante la
técnica de RT-PCR y de FACS, respectivamente. Primero, se observo que el porcentaje
de células CD4" Foxp3' en los ratones no infectados inmunizados casi se triplico
comparado con los ratones sanos (6+3 vs. 1644, respectivamente), sorpresivamente
encontramos que este mismo aumento se dio en los ratones infectados inmunizados
comparado con los ratones sanos, sin embargo, este aumento fue similar comparado con
los ratones no infectados cursando con EAE (16+4 vs. 17+2 respectivamente). Por lo
tanto, la baja respuesta proliferativa no se pudo asociar a un incremento de células CD4"

Foxp3" en el bazo (Figura 5C articulo 4). De manera adicional se analiz6 la capacidad
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supresora de los M®’s peritoneales y la expresion de genes asociados a AAM®’s en
células adherentes en el bazo de estos mismos ratones. Como se puede ver en la figura
5D (articulo 4) las células T co-cultivadas con M®'s obtenidos de ratones no infectados
inmunizados presentan una incorporacion de (*H) timidina mucho mas alta que las
células T co-cultivadas con M®’s obtenidos de ratones infectados inmunizados
demostrando asi que solo estos ultimos poseen capacidad supresora. En el caso del
analisis de las células adherentes de bazo se observo sobre-expresion de los principales
marcadores de AAM®’s (Ym-1, Relm o y Arginasa-1) en las células obtenidas de los

ratones infectados (figura 5E articulo 4).

-La presencia de T. crassiceps suprimid la respuesta Thl7 y promovidé una
respuesta Th2 reguladora de manera MOGgs.s5-especifica, ambos fenémenos en el

bazo.

Como ya se menciond la produccion de IL-17 es fundamental en las enfermedades
autoinmunes inflamatorias, aqui previamente encontramos que los ratones infectados
que presentaron menor gravedad tenian un nivel mas alto de IL-17 circulante en
comparacion con los ratones no infectados. En esta parte se decidio analizar el perfil de
las clonas MOGs;s.ss-especificas que se generaron en el bazo en presencia ¢ ausencia de
T. crassiceps. En la figura 6 de este articulo mostramos la produccion de citocinas en
respuesta al péptido encefalitogénico MOGss_ss. Se observo una alta produccion de 1L-4
e IL-10 por parte de los esplenocitos obtenidos de ratones con infeccion cronica de T.
crassiceps y con EAE(figura 6A y 6E, respectivamente articulo 4). Este hecho explica
parcialmente la menor severidad de la EAE observada en estos ratones ya que estas
citocinas no tienen la capacidad de iniciar respuestas inflamatorias exacerbadas, mas
bien se relacionan con la etapa de resolucion de la EAE. Por el contrario, al analizar la
produccion de citocinas de esplenocitos de ratones no infectados encontramos un perfil
MOG;3s.ss-especifico distinto, caracterizado por una baja produccion de IL-4, nula
produccion de IL-10 y altos niveles de IL-17. Mientras que no hubo diferencias en la
produccion de IFN-y y TNF-a importantes citocinas para el desarrollo de la EAE (figura
6B y 6D, respectivamente articulo 4). Asi, estos datos nos sugieren que en presencia de
T. crassiceps las clonas que pueden reconocer al péptido MOGss._ss tuvieron un perfil

mixto Th2/Thlmientras que la ausencia de la infeccion generd clonas MOGss.ss-
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especificas Th17/Thl, ambos tipos de respuesta relacionadas con un curso grave de la

EAE.

-Los ratones previamente infectados tienen sobreexpresados los genes marcadores

de AAM®’s en el cerebro y menor cantidad de células CD3" Foxp3'.

Finalmente, debido a que la respuesta inflamatoria ocurre en el SNC también se decidid
analizar el impacto de la infeccion en este organo distante. Para abordar esto
nuevamente realizamos ensayos de RT-PCR y citometria de flujo. En la primera parte
se observo que en el pico de la EAE, los ratones cronicamente infectados sobre-
expresaron los marcadores de AAM®’s (Relm a, Yml, TREM2 y Arginasa-1) que
ademas estan relacionados con reparacion de tejido, mientras que los ratones no
infectados presentaron un nivel similar de expresion a los ratones no inmunizados
(figura 7A). También se analiz6é la expresion de genes de citocinas que generan
reacciones inflamatorias exacerbadas (TNF-a y la subunidad p19 de IL-23). En la figura
7B (articulo 4) se puede ver que el TNF-o esta sobre-expresado en los ratones no
infectados, comparado con los ratones infectados, lo que fue corroborado por PCR en
tiempo real (Figura 7C articulo 4). Por el contrario mostrd que a pesar de tener menos
signos de EAE los ratones infectados presentaron un expresion ligeramente mas alta de
(p19) IL-23 que los ratones no infectados, igualmente inmunizados. En la ultima parte
de los ensayos de RT-PCR se decidi6 analizar la expresion de factores de transcripcion
para subpoblaciones Thl (T-bet), Th2 (GATA3) y T reguladoras (Foxp3). En la figura
7D (articulo 4) se observo una mayor expresion de T bet en los ratones no infectados,
sugiriendo la presencia de células Thl.

Una vez que se observo que los AAM®’s generados por la infeccion de T. crassiceps
podrian estar aminorando la inflamacion en el SNC, se decidioé abordar la participacion
de células Foxp3" a pesar de que en 6rganos periféricos no encontramos un aumento
significativo de esta poblacion. El analisis de citometria de flujo (figura 7E articulo 4)
comprobd lo observado con los cortes de médula espinal, es decir, que los ratones no
infectados presentaron un aumento del doble de células CD3" Foxp3™ (consideradas
efectoras) comparados con los ratones sanos (23+£3 vs. 10+£l, respectivamente),
sugiriendo asi que infiltraron células efectoras por lo observado con el ensayo de RT-

PCR, en lugar de células reguladoras, mientras que los ratones previamente infectados
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e inducidos a EAE mostraron un nivel similar de células CD3" Foxp3~ comparado con
ratones sanos (10£1 vs. 9.3+, respectivamente).

Asi se encontro que la infeccion previa con T. crassiceps, que reside en la cavidad
peritoneal, puede aminorar reacciones de tipo inflamatorio y que la inmunomodulacion
inducida por este parasito es tan fuerte que impacta en sitios lejanos del lugar donde

reside como seria bazo, médula espinal y cerebro.
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8. DISCUSION GENERAL

Los helmintos parasitos son capaces de establecer infecciones de tipo cronico en sus
diversos hospederos. En este tipo de infecciones dichos parasitos han desarrollado
complejas y eficientes formas para regular/suprimir la R.1. de sus hospederos™*. Por lo
que, la regulacion inmune por helmintos se ha convertido actualmente en un area de
gran interés. Debido a la intensa investigacion, ahora se sabe que los helmintos
polarizan la R.I. hacia el perfil Th2 tanto en modelos experimentales como en estudios
realizados a pacientes infectados con alguno de estos parésitos. Sin embargo, los
mecanismos y moléculas involucrados en tal regulacion ain no estan completamente
entendidos. Ademas, la relevancia de esta respuesta Th2 en protecciénparece depender
del tipo de parasito y del sitio de localizacion de éste. Recientemente, se ha identificado
una poblacion unica de macréfagos inducidos por infecciones por helmintos. Se cree
que estos macrdofagos podrian determinar el curso de las diferentes infecciones en donde
se han descrito, sin embargo, el papel que tiene esta poblacion celular parece ser
diverso'* ",

Taenia crassiceps es un cestodo que polariza la respuesta inmune hacia Th2 e induce el
reclutamiento de una poblacion de AAM®'s con potencial supresor®, sin embargo la
participacion de estos en la susceptibilidad o resistencia a T. crassicepsno ha sido
explorada.

En esta parte de la tesis intentamos profundizar en cuanto a la participacion de estos
AAM @'s en la infeccion por T. crassiceps y su posible efecto sobre fenomenos
inmunes no relacionados como enfermedades de tipo autoinmune.

Primero, se sabe que T. crassiceps puede infectar de manera diferencial a diferentes
cepas de ratones por lo que estuvimos interesados en conocer si esta susceptibilidad
diferencial se podia asociar con la presencia de AAM @'s. Es bien conocido que los
ratones de la cepa BALB/c son altamente susceptibles a la infeccion i.p. con T.
crassicepscomparados con los ratones de la cepa C57BL/6. Asi, después de la infeccion
con 10 metacestodos los ratones BALB/c presentaron una alta carga parasitaria y una
clara polarizacion de la R.I. hacia Th2, mientras que los ratones C57BL/6 presentan un
numero de parasitos significativamente menor y no desarrollaron una respuesta Th2,

confirmando hallazgos anteriores. Una vez que observamos los datos mencionados
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decidimos analizar, durante el curso de la infeccion, el genotipo y fenotipo de los
macrofagos. De manera interesante encontramos que los macrofagos reclutados en la
cavidad peritoneal de la cepa susceptible (BALB/c) fue una poblacion de macréfagos
expresando Ym-1", Relm o, TREM-2", Arginasa-1" (AAM®’s) desde la semana 2 y
que dicha poblacion permanecido por lo menos hasta la semana 8 después de la
infeccion. En contraste, los macrofagos reclutados en la cepa resistente (C57BL/6) solo
presentaron una débil y transitoria expresion de estos marcadores en la semana 2 ya que
no se sostuvo durante el curso de la infeccion concomitantemente a la eliminacion del
parasito. Estas células también se analizaron por citometria de flujo y se pudo observar
nuevamente que solo los ratones BALB/c sostienen la poblacion de macrofagos con un
fenotipo supresor ya que sobrexpresaron las moléculas PDL1 y PDL2, previamente
asociadas con la capacidad supresora de esta poblacion de macrofagos. Por otro lado, en
la parte final de este trabajo demostramos que los ratones de la cepa C57BL/6 pueden
hacerse susceptibles a T. crassiceps si se utiliza una dosis alta de metacestodos.

Cuando se aument6 la dosis de 20 a 40 metacestodos se observo que en la semana 8
post-infeccion estos ratones tenian cargas parasitarias mas altas de lo que usualmente se
encuentra en los ratones BALB/c. Junto con lo anterior, se desarrolld una fuerte
respuesta tipo Th2 y reclutamiento de AAM @'s. Como ya se mencion0, estos eventos
de inmunomodulacidn no se encontraron en ratones de esta misma cepa pero infectados
con 10 metacestodos. De esta manera, observamos una vez mas que solo en los
hospederos en los cuales T. crasscieps puede establecerse (en este caso ratones
C57BL/6 infectados con 40 metacestodos) se desarrolla una respuesta Th2 y en
consecuencia se recluta un alto nimero de AAM @'s.

Estos datos sugieren que la generacion y reclutamiento de los AAM @'s es
indispensable para el establecimiento de T. crassiceps en su hospedero.

Observaciones como el hecho de demostrar que el cambio hacia una respuesta Th2 es
necesario para la proliferacion de T. crassiceps y que los AAM @ ‘s se desarrollan solo
en cepas susceptibles nos llevo a cuestionar si estos macréfagos podrian fungir como la
poblacion celular efectora de las citocinas Th2 en el modelo de infeccion por T.
crassiceps. Para resolver esto utilizamos liposomas conteniendo clodronato, que
unicamente llegan a células fagociticas ya que no tienen la capacidad de atravesar de
forma pasiva las membranas celulares y al acumularse altos niveles de clodronato
ocasionan muerte por apoptosis. La administracion de estos liposomas demostréo que

efectivamente los AAM®'s eran eliminados, mientras que otras poblaciones como los
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eosindfilos (figura articulo 3) y las DC permanecieron en porcentajes similares o
aumentaron, respectivamente. Demostrando asi la especificidad de los liposomas con
clodronato para eliminar a los macrofagos. De manera sobresaliente, demostramos que
la eliminacién total asi como la eliminacion de forma temprana de los macréfagos
durante la infeccion con T. crassiceps ocasioné una notable disminucion en el nimero
de parasitos recuperados de la cavidad peritoneal de los ratones tratados.

En conjunto estos resultados nos confirmaron que efectivamente estos macréfagos son
necesarios para que se establezca una infeccion exitosa por parte de T. crassiceps.
Recientemente, se demostrd que la produccion de ON dependiente de la enzima iNOS,
predominantemente expresada en los macroéfagos, es importante para impedir el
crecimiento de T. crassicep51°4, por lo que la disminucion en la producciéon de ON
debido a la induccion preferentemente de Arginasa-1 en lugar de iNOS, podria ser uno
de los principales objetivos, junto con la disminucion en la produccion de citocinas pro-
inflamatorias, por parte de este cestodo para inducir el cambio en el estado de
activacion de CAM®'s hacia AAM®'s para poder establecerse en su hospedero.

De igual forma que con T. crassiceps, se ha descrito también que parasitos
intracelulares podrian utilizar esta polarizacion de los macr6fagos como un mecanismo
de evasion/regulacion inmune.

El parasito flagelado Trypanosoma brucei induce esta poblacion de AAM®'s
unicamente en hospederos susceptibles a este protozoario en los cuales establece una
infeccion de tipo cronica, mientras que en los hospederos en donde prevalecen los
CAM®'s el parésito es eliminado junto con un alto nivel de dafio colateral en el
hospedero'®. Otros protozoarios parasitos parecen también favorecerse de la induccion
de los AAM®'s. Por ejemplo, Leishmania major y Leishamnia infantum causan la
disminucién en la producciéon de IL-12 y aumento de la actividad de Arginasa-1 por lo
que se diseminan mucho mas en su hospedero'®. El efecto benéfico de la induccién de
AAM®O's para Leishmania también se observo en ratones deficientes de IL-4Ra en los
cuales se retrasd el progreso de la enfermedad a pesar de tener una produccion de

citocinas tipo Th2 normal'®’.

El agente causal de la enfermedad de Chagas,
Trypanosoma cruzi, también utiliza a los AAM®'s como via de escape ya que una
caracteristica de los ratones susceptibles (BALB/c) a este parasito es la sobreexpresion
de Arginasa-1 mientras que los ratones resistentes (C57BL/6) expresaron
predominantemente iNOS'®. En dicho fenémeno la cruzipaina, Ag secretado por T.

; . 109 ~ . .
cruzi,parece tener una gran relevancia . En afios recientes se demostrd que
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Toxoplasma gondiipodria también generar AAM®'s como mecanismo de evasion
inmune'"°.

En el caso de Cryptococcus neoformans se encontrd que este hongo parasito prolifera
de manera no restringida cuando estos macrofagos se encuentran en estado de
activacion alternativo'''. Fortaleciendo asi el modelo propuesto de que la generacion de
estos AAM®'s podria ser un mecanismo de regulacion inmune utilizado por algunos
parasitos para poder proliferar, al que T. crassiceps se ajusta bien.

De manera contraria al caso de T. crassiceps, los AAM®'s parecen llevar a cabo en
otros helmintos parasitos, diversas y en algunos casos opuestas funciones a las de
facilitar la colonizacion del hospedero. La participacion de estos AAM®'s ha sido
estudiada en otros helmintos y a diferencia de nuestros resultados la eliminacion de
estos macrofagos impide la eliminacion del nematodo residente del tracto
gastrointestinal Heligmosomoides polygyrus®®, mostrando que a pesar de que la
induccion de estos AAM®'s parece ser un mecanismo intrinseco de los helmintos
parasitos, la funcion de los AAM®'s difiere seglin el parasito del que se trate. En el
caso del trematodo Schistosoma mansoni los AAM®'s son necesarios para contrarrestar
la fuerte reaccion inflamatoria tipo Th17 inducida por el granuloma hepatico que como
resultado final ocasiona la muerte del hospedero'®. En infecciones experimentales
causadas por helmintos parasitos tales como Brugia malayi, Litomosoides sigmodontis y
Nippostrongylus brasiliensis se sabe que estos AAM®'s poseen capacidad supresora
sobre células T, sin embargo, la relevancia de estas células en cuanto al curso de la

. e ., . 14
infeccion o proteccion del hospedero no ha sido explorada ™.

Finalmente, analizamos si la fuerte inmunomodulacion inducida por T. crassiceps
podria impactar de manera considerable el desarrollo de reacciones inflamatorias
exacerbadas no relacionadas. Para este objetivo utilizamos el modelo murino de
Encefalomielitis Autoinmune Experimental (EAE). Notamos que los ratones
previamente infectados con T. crassiceps presentaron un nivel casi nulo de los signos
clinicos asociados a la EAE. Este efecto fue dependiente de la cantidad de parasitos
encontrados en la cavidad peritoneal, ya que en ratones en los que no logré establecerse
abundantemente T. crassiceps, es decir, encontramos nimeros tan bajos como 15
parasitos a la semana 8§ de infeccionmostraron un curso de la EAE mucho mas grave,
mientras que en ratones en donde la carga parasitaria fue de 800-1000 metacestodos en

el peritoneo, la EAE se encontrd casi completamente abrogada. Ademads, hallazgos
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como la sobreexpresion de marcadores de AAM®'s en el SNC y la fuerte anergia en
células de bazo de ratones infectados e inducidos a EAE sugieren que en el caso de los
ratones infectados, estos macrofagos podrian migrar a los sitios en donde se esta
llevando acabo una reaccion inflamatoria exacerbada que amenace la integridad del
hospedero. Por lo tanto es necesario estudiar con mayor profundidad el papel de los
AAM®'s en el efecto de T. crassiceps sobre la EAE.

Reportes previos demostraron que otros helmintos de igual manera afectaron el
desarrollo de la EAE, sin embargo, nuestros resultados mostraron que el impacto sobre
la EAE es mayor con T. crassiceps que con cualquiera de otros helmintos estudiados.
Por ejemplo, la infeccion con Schistosoma mansoniredujo la incidencia de la EAE y
retras6 el inicio de la misma, pero conforme avanzo el tiempo los ratones infectados
presentaron una severidad similar de EAE comparados con los ratones no infectados™.
Por lo tanto, el efecto de la infeccion por Schistosoma sobre la EAE fue menor y
transitorio que el observado en la infeccion con T. crassiceps. A pesar de que en ambos
modelos la induccion de la EAE fue en tiempos cronicos de infeccion (6 semanas con
Schistosoma y 8 semanas con T. crassiceps). Una probable explicacion es que en el caso
de Schistosoma se genera un granuloma hepatico por la deposicion de huevecillos y se
ha demostrado que poblaciones como los AAM®'s se reclutan al sitio del granuloma y
son necesarios para controlar la inmunopatologia y evitar que el hospedero muera. Asi,
estas poblaciones reguladoras serian menos eficientes y estarian disponibles en menor
cantidad al momento en el que la EAE se estuviera iniciando. En contraste, la infeccion
con T. crassiceps induce abundantes AAM®'s que no tendrian que migrar hacia otro
lugar para aminorar otros eventos inflamatorios asociados a la propia infeccion como
los granulomas.

En la infeccion experimental conFasciola hepaticatambién se observo un efecto sobre
la EAE. En este caso solo se encontrd un ligero retraso en el curso de la EAE, podria
deberse a que los ratones Unicamente tenian un dia de infeccion antes de la
inmunizacioén con MOG 3s5.55. Aun asi, la infeccidén con este trematodo ocasiond una
disminucion de las respuestas tipo Thl y Th17%.El nematodoTrichinella spiralis
también tiene la capacidad de reducir la severidad de la EAE en ratas. En la infeccion
con T. spiralisse identifico a las células T reguladoras Foxp3'y a la IL-10 como
responsables de dicho efecto, en contraste con T. crassicepsque parece no inducir
células T reguladoras Foxp3", sino por el contrario suprimio el porcentaje basal de esta

poblacion reguladora®. Estas T regs tampoco parecen llevar a cabo alguna funcion
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sobre el desarrollo de la EAE, ya que el porcentaje de esta poblacion fue similar en los
ratones no infectados con un score clinico mucho mas severo ademas de que no
detectamos la expresion de Foxp3 en el cerebro en el pico mas alto de los sintomas de la
EAE, en ambos grupos de ratones. Por lo tanto, los mecanismos de regulacion
generados por los helmintos son diversos. Recientemente se demostré que los factores
de transcripcion GATA3 y Foxp3 pueden interactuar y bloquearse mutuamente''?,
surgiendo asi la probable explicacion del porqué en el caso del modelo deT. crassiceps,
en el cual encontramos una fuerte respuesta Th2 sistémica, hay niveles muy bajos de
células T Foxp3".

Un hallazgo sobresaliente ha sido el hecho de encontrar niveles mas altos de 1L-17
circulante y al mismo tiempo, menor produccion de esta citocina de manera MOGss.ss-
especifica en los ratones infectados e inmunizados, los cuales desarrollaron menos
sintomas de EAE, ademas de producir la misma cantidad de IFNy en estas mismas
células de bazo. Ya que la disminucién de citocinas Thl (IFNy) y Th17 (IL-17) hasta el
momento ha sido la principal caracteristica encontrada en los modelos en los que se
retrasd o redujo la severidad de la EAE. Por lo tanto, en nuestro modelo podria
encontrarse una fuente diferente a las células T que produzcan altos niveles de IL-17,
que de alguna manera generen un microambiente favorable para T. crassiceps (i.e.
contra-regule la diferenciacion de células Thl). La fuente de IL-17 podrian ser células
de la inmunidad innata como linfocitos gamma-delta (y), células NKT invariantes
(iNKT) y células micloides como recientemente se ha descrito'” ¢ probablemente
exista una poblacion mixta Th2/Th17 que permita el crecimiento de T. crassiceps, ya
que la produccion de ambas citocinas fue muy similar.

Adicionalmente, investigamos si la administracion del Ag soluble total de T. crassiceps
podia modular la respuesta inmune y alterar el curso de la EAE. Encontramos que la
administracion de 150 pg de este Ag, distribuida en 3 inyecciones por semana a partir
del dia de la inmunizacion con MOGss.ss no tuvo efecto significativo sobre el
desarrollo de la EAE, demostrando asi que se requiere de los metacestodos vivos de T.
crassiceps 6 de los Ags Excretados/Secretados para modificar las reacciones
inflamatorias que pudieran surgir en el hospedero. Estos datos coinciden con un reporte
previo en el que la infeccion con el protozoario Trypanosoma cruzi disminuy6 la EAE,

mientras que la administracion del Ag total de T. cruzi no tuvo el mismo efecto''*.
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En conjunto los datos obtenidos en este trabajo y los reportados previamente sugieren
que T. crassiceps esta dentro del grupo de parasitos que inducen un cambio en la
activacion de los macréfagos para generar un ambiente permisible para su crecimiento y
que el surgimiento de esta poblacion reguladora esta influido también por el fondo
genético de los hospederos. Mas atin, estos AAM®'s podrian ser los responsables de
aminorar reacciones inflamatorias exacerbadas en el caso de hospederos parasitados
porT. crassiceps mientras que, contrario a otros modelos, las células T reguladoras no
parecen tener un papel relevante. Por lo tanto, comprender los mecanismos subyacentes
en la generacion de estos AAM®'s permitird proponer tratamientos para modular el
estado de activacion de los macrofagos y poder combatir de mejor manera a las

enfermedades parasitarias y/6 autoinmunes.
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9. CONCLUSIONES

1- La respuesta inmune tipo Th2 y la poblacion de AAM®’s se genera y recluta

unicamente en las cepas de raton susceptibles a Taenia crassiceps.

2- La poblacion de AAM®’s aparece en la cavidad peritoneal apartir de la semana 3

después de la infeccion, en ratones BALB/c.

3- La eliminacién temprana de los AAM®’s restringe el crecimiento de Taenia

crassiceps.

4-La anergia observada en los esplenocitos dehospederos parasitados por Taenia

crassiceps se revierte en ausencia de los AAM®'’s.

5- Es posible revertir la resistencia de la cepa C57BL/6 infectando con 40 metacestodos
de Taenia crassiceps, lo que generauna respuesta tipo Th2 y el reclutamiento de

AAM®’s que es un ambiente permisible para este parasito.

6-La infeccion previa con Taenia crassiceps inhibe el desarrollo de la EAE a través de:

- Un menor infiltrado inflamatorio hacia la médula espinal.
- Impedir la generacion de clonas tipo Th-17 MOGss_ss especificas.
- Inducir una respuesta tipo Th2 MOGs;s.ss especifica, considerada como no

encefalitogénica.

7-La infeccion conTaenia crassicepsinduce la expresion de marcadores de AAM®’s en

el cerebro de ratones con EAE.

8-La infeccion con Taenia crassiceps evita la migracion de células CD3"al cerebro

durante la EAE.
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SUMMARY

Macrophages play crucial roles in the immune response, as
they can initiate, modulate and also be final effector cells during
immune responses to infections. Macrophages are derived
from myeloid precursor cells in bone marrow and are widely
distributed in every tissue of the body. Over the past 10 years,
the concepts about macrophage activation have clearly
changed; macrophages are not called activated or inactivated
as they used to be. These changes in the concept of macrophage
response is the result of many in vitro and in vivo studies, but
the major support for the current concept of alternatively
activated macrophages (AAM®) comes from parasitic helminth
infections. Parasitic helminths have developed complex
mechanisms to evade and modulate host immunity. Infections
with these parasites induce strong polarized Th2-type immune
responses frequently associated with impaired T-cell
proliferative responses to parasitic or unrelated antigens. Given
the recent advances in understanding the immunoregulatory
capabilities of helminthic infections, it has been suggested that
macrophages can be a target for immunomodulation. Further-
more, they become altered when a host experiences chronic
exposure to helminth parasites or their by-products, which
Sfavour the induction of AAM¢. How AAM¢ participate in
modulating host immunity during helminth infections and
what their roles are in clearing or favouring parasite survival
remains elusive. Here we review the most recent advances in
the literature on AAM® at the host-parasite interface,
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including three classes of helminths: nematodes (Brugia,
Nippostrongylus, Litomosoides, Heligmosomoides),
trematodes (Schistosoma, Fasciola) and cestodes (Taenia,
Echinococcus, Hymenolepis ).

Keywords alternatively —activated macrophages cestodes,
trematodes, nematodes

PARASITE HELMINTH DIVERSITY

Parasitic helminths are a highly diverse group of organisms
which display very different morphologies, accessory
structures, sexual and feeding behaviours as well as life cycle
stages. Likewise, they also generate a variety of diseases and
allocate into a variety of niches in their hosts, ranging from
spending their entire life in a specific organ or tissue, such as
the gastrointestinal tract, to travelling into different organs
and systems in the host (skin, bladder, muscle, liver, lung
and brain), to finally establish in a specific organ where they
may cause disease. Helminth parasites also appear to follow
extremely varied and complicated routes of infection of host
tissues. Infections mainly originate following ingestion
of eggs/larvae (oral route) or through active penetration of
the skin by parasite larvae or the bite of their vectors
(cutaneous route).

After oral infection, some parasitic nematodes remain in the
gastrointestinal tract for the rest of their life. The infective
larvae of some nematode parasites, however, penetrate the
intestinal wall and are transported by blood flow to the liver
or other organs, transiently passing through the lungs or heart.

The migration profiles of the major trematode parasites
differ significantly from those of gastrointestinal nematodes.
The blood flukes (schistosomes) also follow the percutaneous
route to the lungs, but are then carried to and settle in the
mesenteric veins (Schistosoma mansoni). The liver flukes
(Fasciola hepatica and F. gigantica) do not take advantage
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of the host’s circulatory system for their transport. Rather,
recently ingested larvae actively penetrate the intestinal wall
of the host and then migrate through the peritoneum
towards the liver.

The life cycle of cestodes (tapeworms) involves definitive
and one or more intermediate hosts. If the intermediate host
is a mammal — and this may include man as an accidental
host — the hooked larva penetrates the gut wall and is dis-
tributed throughout the body via the blood and the lymphatic
system. In different sites of the intermediate host, it develops
into an infective cyst (muscle, peritoneal cavity and brain).
The cyst may be ingested with the raw flesh of the inter-
mediate host by the final host (man, dog and cat). In the
intestinal tract of the final host, the scolex becomes exposed
and attaches to the intestinal mucosa where the tapeworm
develops into adult form.

Thus, based on such diversity in helminth parasites and
on such diversity in the diseases they cause, one could
expect a wide range of different helminth-induced immune
responses. Despite these differences, most of these organisms
induce very similar immune responses in their host. We can
collectively term this reaction as the characteristic immune
response to a ‘helminth infection’, keeping in mind that this
immune response is not necessarily the only reaction of the
host immune system to a specific infection. Immune response
to a helminth infection is typified by the profile of cytokines
they induce, such as high levels of IL-4, IL-5, IL-10 and
IL-13, and also high levels of characteristic antibodies such
as [gG1 and IgE, as well as increased numbers of particular
cell populations such as eosinophils, goblet cells and mast
cells (1). Low T cell proliferative responses to polyclonal
stimuli and to specific parasite antigens as well as ‘bystander’
decreased T cell proliferation are frequently observed (2).
Two more shared features of helminth infections have recently
been identified, including regulatory cell subpopulations
such as T regulatory cells (3) and alternatively activated
macrophages (AAMo) (4,5). Noteworthy is that besides
experimental infections, these responses are features in
human parasitosis caused by helminths.

This review will focus on the role of AAM¢, which have
been documented in all three classes of parasitic helminths
such as nematodes, trematodes and cestodes. However, they
appear to play differential roles according to the type and
momentum of a specific infection. In this review, we put
together different reports, arguing that AAM¢ may attack
the parasite, may favour host colonization or may avoid
immunopathological damage in the host.

MACROPHAGE DIVERSITY

Macrophages are dedicated phagocytic cells and are one
of the most ubiquitous types of cells in many organs and
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tissues. They are also versatile cells that are known to
play three key roles in the immune response. First, macro-
phages serve as early detectors for invading pathogens
through pattern recognition receptors, such as toll-like
receptors and C-type lectins. Second, macrophages
function as antigen-presenting cells (APC) which initiate
host immune responses. Until recently, the third and final
role that macrophages played was as effector cells when
they directly kill a pathogen (6). A fourth role has been
highlighted by recent reports showing that macrophages
can play a role as regulatory and suppressor cells as
evidenced in parasitic infections and in tumour-bearing
hosts (7,8).

In contrast to 15 years ago, when macrophages were
classified only as activated or deactivated macrophages,
current advances in molecular immunology and the study of
macrophage participation in different pathological conditions
in human and mouse models have been useful in discovering
that macrophages have many facets. Presently, different
sophisticated classifications of macrophages have been
proposed. These include a simple dual classification such as
classical activation (CAMo) vs. AAM¢, a concept originally
introduced in the early 90s by Gordon’s research group who
observed a direct in vitro effect of I1L-4 on macrophage
expression of the mannose receptor (MR) (6). Such a key
observation gave rise to a completely new field of study,
macrophage polarization, which depends on proinflammatory
(also termed M1 macrophages) or anti-inflammatory (also
termed M2 macrophages) situations and that at least in mice
have been suggested to be strain dependent (9). Besides the
CAMo (M1) and AAM¢ (M2) subpopulations described
below, a more complex but not less interesting classification
is that proposed by Mantovani et al. (10). They maintain the
use of M1 for macrophages with proinflammatory abilities
and use the term M2 in a more generic sense and subdivide
the M2 population into three distinct subpopulations
according to best defined routes of activation and response of
these macrophages. Based on such criteria, M2 macrophages
are classified into subpopulations M2a (which reflects the
AAMO©O); M2b, which are activated by immune complexes
and release high levels of IL-10; and M2c, which are induced
by IL-10 and represent the original version of deactivated
macrophages. This last classification has been proposed
mainly based on the type of stimuli that made the macro-
phage subpopulations distinguishable and, on the other
hand, by the type of chemokines that the macrophages
release (10).

All of these types of macrophages can be found in a
variety of immunological conditions, such as immune
responses to intracellular pathogens, parasitic protozoa,
tumours, autoimmunity and, of course, in helminthic
infections. Recent excellent reviews have addressed the
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role of macrophages in cancer and in parasitic protozoan
infections (7,8,11), but this review is the first to our
knowledge that is focused on alternative macrophage
activation and responses to all three classes of
helminths.

As a matter of convention, we will use the dichotomy
CAM¢ and AAM¢. Facing such diversity in the states of
macrophage activation, we hypothesize that such activation
is microenvironment-dependent (including structural and
secreted/excreted molecules of the parasites), meaning that
macrophages have high plasticity to respond to the changing
environment in the host. Thus, macrophages are able to
respond to the microbial and cytokine milieu, driving the
expression of polarized functional properties. In general,
the best characterized subpopulation of macrophages are the
CAM¢ which are induced by IFN-y, TNF-o. and microbial
products such as lipopolysaccharides (LPS). CAMo can be
identified by their high ability to produce proinflammatory
cytokines and chemokines such as IL-18, IL-12, IL-23,
TNF-a, and CXCL-9, -10, -11 and -16, while producing low
amounts of IL-10; they also produce high levels of reactive
oxygen and nitrogen intermediates such as nitric oxide (NO)
and reactive oxygen species (ROS) (9,10,12). CAM¢ have
been identified as central players in mediating resistance
against intracellular parasites and tumours. Conversely,
AAMO¢ are generally characterized by low production of IL-
1B, IL-12, and IL-23, but with discrete IL-10 production (6).
They also are greater producers of urea and sometimes of
regulatory cytokines such as TGF-B. AAM¢ are frequently
associated with polarized Th2-type responses, and indeed
most reports agree that AAM¢ are IL-4- and IL-13 induced
and play a central role in tissue repair (13). In this classifica-
tion, the pathway of activation plays a critical role and
determines the mechanism by which macrophages metabolize
the amino acid L-arginine. Activation by IFN-y and TNF-a
in CAM¢ favours the production of NO, which is mediated
by increasing activity of nitric-oxide synthase 2 (NOS2).
In contrast, an increasing arginase-1 (Arg-1) activity is
observed in AAM¢ by IL-4 and IL-13, favouring L-arginine
metabolism towards proline, polyamines and urea produc-
tion (12). More specific markers for AAM¢ have been
recently identified from in vivo parasitic infections as well
as from mice bearing tumours (14). The most relevant
signature markers besides Arg-1 and MR are Fizzl, Yml,
TREM-2, AMCase, nmMGL1 and mMGL2 (see Table 1 for
abbreviations) (14).

There is a growing interest in the role and function of
AAM¢, as this subpopulation of macrophages has been
associated with a diversity of immunological situations
ranging from individuals bearing tumours, where strong
suppressive activity has been observed, to parasitic infections
where a less defined role has been probed.
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ROLE OF AAM¢ IN HELMINTHIC
INFECTIONS

Nematodes

Brugia malayi

Filariasis is an important human nematode infection affect-
ing thousands of people around the world. A mouse model
of infection with B. malayi has been used in the past few
years to understand basic aspects of immunomodulation
during filariasis. Intraperitoneal infection of mice with
B. malayi adults induces the recruitment of high numbers of
F4/80* macrophages along with a strong Th2-type response
in a couple of weeks (15,16). When the peritoneal macrophages
isolated by adherence were co-cultured with antigen-specific
or naive polyclonally stimulated T cells, a profound inhibition
in the proliferative response was observed. These macro-
phages displayed high Arg-1 activity instead of NOS2 activity.
Further studies performed by the same group showed an up-
regulation in these macrophages of two more characteristic
genes, Fizzl and Yml, considered since then as markers
for AAM¢ in several nematode infections (4). Similarly,
increased IL-10 and TGF-B production in this infection
were associated with AAM¢. Such inhibitory activity and
gene expression were determined to be IL-4-dependent, given
that mice lacking IL-4 were unable to induce these AAMO,
whereas IL-107" mice sustained both AAM¢ induction and
suppressive activity during B. malayi infection (4,15). In this
specific type of infection, the AAM¢ elicited were named
NeM¢, and their ability to suppress T cell proliferative
responses was found to be contact-dependent and only
partially TGF-B-dependent (16,17). However, molecules
involved in the cell-to-cell contact were undefined. Never-
theless, these NeM¢ induced by B. malayi are considered to
play an anti-inflammatory role at the site of infection.

Litomosoides sigmodontis

Another model to study the immunosuppressive effect of
filarial infections has been L. sigmodontis that, in contrast to
B. malayi, can follow its natural course of infection in mice.
Thus, it was also demonstrated that L. sigmodontis infection
induces F4/80* AAMo (NeMo) where Fizz]l and YmI were
up-regulated at the sites of parasite migration and residence
in the pleural cavity. A similar macrophage-dependent
suppressive activity as well as a similar pattern of expres-
sion of Arg-1, Fizzl and Ym1 were also detected during
L. sigmodontis infection, reminiscent of B. malayi studies (18,19).
Again, L. sigmodontis-induced NeM¢ suppressive activity
was contact-dependent and minimally associated with TGF-
B. In contrast, blockade of the IL-10 receptor and CTLA-4
did not have any effect on NeM¢ suppressive activity. NeM¢
were most often found close to the parasite, and they appear
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Table 1 Helminths belonging to phylogenetically separated groups induce AAM¢ whose function remains debatable. List of the main molecules reported to be associated with AAMo
on helminth parasitic infections

Increased gene
expression of

Parasite AAM¢ markers APC function Suppressive activity Role in disease Reference
Nematodes
Brugia malayi Fizzl, Yml, Arg-1 Th2-biasing ability Yes (contact dependent/TGF Unknown (4,15-17)
B-partially dependent)
Litomosoides sigmodontis Fizzl, Yml, Arg-1 Unknown Yes (contact dependent/ TGF-B Unknown (20)
partially dependent)
Nippostrongylus brasiliensis Fizzl1, Fizz2, Yml, Unknown Unknown Lung homeostasis (18,19,36)
Arg-1, MMR, after acute injury
AMCase IL-21R
Heligmosomoides polygyrus Fizz1, Yml, MR, Unknown Unknown Host protection, (27)
AMCase, IL-4R arginase-mediated
parasite clearance
Trematodes
Schistosoma mansoni Fizzl, Yml, Arg-1 Th2-biasing ability Yes (PD/PDLI pathway Divergent role: host protection (30,33)
AMCase, MR, IL-21R dependent) down-modulate Thl-mediated
immunopathology and
progressive pathology in lung and
liver granuloma formation
Fasciola hepatica Fizzl, Yml, Arg-1 Unknown Unknown Unknown (34,35)
Cestodes
Taenia crassiceps Fizzl, Yml, Arg-1, MR, Th2-biasing ability Yes (PD1-PDL pathway May favour parasite installation (5,43,44,63)
12/15 LOX, mMGL, dependent and ROS
CD23, CCR5, OX40L, partially dependent)
SLAM, TREM2
Hymenolepis diminuta Fizzl, Yml, Arg-1 Unknown Unknown Unknown (52)
Echinococcus multilocularis ND Down-regulated Yes (ND) Unknown (51)

Fizz1, found in inflammatory zone 1; AMCase, acidic mammalian chitinase; LOX, lipoxygenase; MR, macrophage mannose receptor; Arg-1, arginase-1; PD, programmed death
receptor; PDL, programmed death ligand; mMGL, mouse macrophage galactose-type-C-type lectin, CCR5, CC chemokine receptor 5, ND, not determined; TREM, triggering
receptor expressed on myeloid cells.
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to disseminate to lymph node (LN) only when microfilaraemia
exit in the pleural cavity (20). The functional role for AAM¢
in filariasis is still not fully clear, but evidently induces
suppressive activity.

Nippostrongylus brasiliensis

This parasite has been widely used as a model for intestinal
nematode infections. Infection is performed subcutaneously,
and as the parasites mature, they migrate and enter the
lungs where N. brasiliensis induce strong, polarized Th2-
type responses in the lungs and in lung-associated LNs (21).
Besides the high levels of 1L-4 and IL-13 expressions, other
genes were also highly expressed in the lungs of infected
mice, such as AMCase, Fizzl and Yml, suggesting the
presence of AAMo (Table 1). This set of AAM¢ markers
has recently been associated with the expression of IL-21R
during N. brasiliensis infection, and this receptor was shown
to be involved in augmenting AAM¢ activity, mainly by
increasing IL-4Ra and IL-13Ra expressions. Furthermore,
lung fibrosis caused by N. brasiliensis infection was associated
with the presence of AAM¢ (22), given that mice lacking
IL-21R induced less AAM¢ and therefore pulmonary fibrosis
was reduced. Thus, a strong Th2 response together with
the presence of AAM¢ is associated with the pathology
observed in lungs of N. brasiliensis-infected mice. In contrast,
other recent observations indicate that AAM¢ expressing
Arg-1, Yml, Fizzl and MR can be induced in the lungs in
the absence of CD4 T cells in response to N. brasiliensis
infection (23). In this study, GSL-I* AAM¢ were detected
in situ (lungs) as early as 4 days post infection (p.i.) in either
severe combined immunodeficiency (SCID) or wild type (WT)
mice. Nevertheless, these populations remained just past 8 days
p. in WT mice which displayed a remarkably fast resolution
of both mechanical damage and inflammation caused by
N. brasiliensis. Conversely, inflammation and damage in the
lungs of SCID mice persisted after 8 days p.i. (23). From
these results, two important conclusions can be highlighted.
First, AAMo can be elicited in innate immune responses when
Th2-specific responses cannot be found, suggesting that
N. brasiliensis may directly induce AAM¢ or that an early
source of IL-4 from innate cells (e.g. mast cells and NK cells)
may be enough to induce AAMo. Second, AAM¢ can also
play a role as regulatory cells by avoiding excessive lung inflam-
mation as well as remodelling function. A more recent report
showed that AAM¢ induction during N. brasiliensis infection
is strictly dependent on the STAT6-signalling pathway (24).
Together these findings imply a clear IL-4/IL-13-dependency
for AAM¢ to merge during this nematode infection.

Heligmosomoides polygyrus
This is a natural mouse gastrointestinal nematode parasite.

Mice became infected with the L, infective larvae. These
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larvae exsheath in the stomach and then, after 36 h, move to
the small intestine where they can penetrate the mucosa and
migrate down to the muscularis interna where they encyst
within the muscular wall. Larvae that reach this state
mature and develop to adults to emerge from the cysts into
the intestinal lumen (25,26). As much as other classes of
helminths, H. polygyrus triggers polarized Th2-type responses
and can induce chronic infections. If parasites are eliminated
after a primary infection, the Th2 memory response protects
the host against re-infection. Intestinal AAM¢ have recently
been found surrounding developing H. polygyrus larvae
following a secondary infection (27). As seen in B. malayi,
L. sigmodontis and N. brasiliensis infections, these AAMo
were scarce in STAT67 and IL-47 mice which displayed
higher parasite and egg burdens. When WT mice were
depleted of either CD4 cells using a specific antibody in vivo
or were depleted of AAM¢ by using clodronate-loaded
liposomes, a defective worm expulsion was observed in
parallel with increased egg recoveries (27). Surprisingly, these
data suggested for the first time a protective role for AAM¢o
in a helminth infection besides the classical involvement of
eosinophils. As mentioned above, arginase activity is one
of the characteristic features of AAM¢. In this study,
when arginase was chemically blocked in resistant mice, an
enhanced larval recovery was observed, suggesting a role for
arginase in host protective responses against the intestinal
phase of H. polygyrus. Until that work, no role for arginase
had been associated with protective responses in infectious
diseases. Notably, AAMo in this infection were only
detected at the site of infection, as also seen with B. malayi,
L. sigmodontis and N. brasiliensis.

Trematodes

Schistosoma mansoni

The mouse model for studying the host—parasite relationship
in schistosomiasis has been of great utility to understand
mechanisms involved in protection, susceptibility and
pathology of this important trematode disease that affects
millions of people. Early in the 90s, Stadecker’s research
group found that macrophages isolated from liver granulomas
of S. mansoni-infected mice were able to anergize T cell
responses to specific and polyclonal stimuli (28). Granulomas
in murine schistosomiasis peak 7 or 8 weeks after infection,
a time period in which hosts have developed already dominant
Th2-type responses (29). Stadecker also found this suppressive
activity was IL-2 reversible and demonstrated that these
macrophages were able to drive Th2 responses. Nevertheless,
mechanisms participating in both Th2-driven and suppres-
sive activities were undefined. These macrophages isolated
from liver granulomas were not defined as AAM¢ at that
time. However, almost 15 years later, these macrophages
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have been better defined. It is now known that T cell (both
CD4 and CD8) anergy induced by these macrophages
during experimental schistosomiasis are cell contact-
dependent and a clear participation of the PD-1/PDL
pathway has been demonstrated, mainly via selective up-
regulation of PD-LI1 in these macrophages (30). PD-L1
and PD-L2 are relatively new negative signalling accessory
molecules that act through their receptor PD-1 expressed in
activated T cells, thereby down-regulating their proliferation
(31,32). These suppressive macrophages were also determined
to be AAM¢ (30). On the other hand, mice lacking the
IL-4Ro chain specifically on their macrophages (LysM-
Cre[L-4R o /1°¢ mice) succumbed to acute schistosomiasis.
This result was associated with the impaired ability of
LysMCSeIL-4R o /1% mice to recruit AAM¢ to granuloma
tissue despite having a normal Th2-type response. In contrast,
elevated numbers of CAM¢ were detected in liver granulomas
of these mice (33). Therefore, induction of IL-4/1L-13-
dependent AAM¢ was essential to avoid immunopathological
damage and to survive acute schistosomiasis.

Fasciola hepatica

This trematode has a complex life cycle that includes
intermediate (snails) and definitive hosts (cattle or human).
As with other helminths, F. hepatica induces Th2-type
responses. Recently, the induction of markers for AAM¢ at
early stages of infection has been reported (Table 1). This
induction can be mimicked in mice by injecting excreted/
secreted products of F. hepatica (34). Notwithstanding that
regulatory cytokines were augmented in these macrophages,
the immunomodulatory (suppressive or Th2 biasing) activity
of this population was not achieved. However, in other
experimental model using cattle infection, it was suggested
that AAM¢ can mask tuberculosis detection by impairing
delayed type hypersensitivity (DTH) responses to BCG (35).

Cestodes

Taenia crassiceps

Excellent reviews have recently been published regarding the
immune response during trematode and nematode infections
(2,21,36). However, the class cestoda has been largely
neglected, even though these parasites produce important
threatening diseases around the world. The infection of the
intermediate hosts by the metacestode stage of Tuenia
species, and especially 77 crassiceps, appears to be a very good
model to unveil some of the mechanisms of the host—parasite
interplay in cysticercosis. Taenia crassiceps cysticercosis
naturally affects rodents and the final hosts are canines.
Nevertheless, there are reports demonstrating that immuno-
compromised humans can develop 7. crassiceps cysticercosis
(37,38). The metacestode stage of 7. crassiceps has the
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advantage of an asexual budding reproduction (39). This
biological phenomenon has been useful in generating
long-lasting infections in laboratory mice, where regularly
the parasite is inoculated i.p., and after a few weeks, hundreds
of macroscopic parasites can be reached from the peritoneal
cavity. Additionally, antigenic similarities have been very well
established between 7. solium and T. crassiceps metacestodes
(40). Thus, sera from human patients suffering from
neurocysticercosis positively recognize 7. crassiceps antigens.
After initial infection with 7. crassiceps cysticerci, a rapid but
transient Thl response is observed in the host (41), and the
immune response is sequentially biased to a Th2 response
following a period of a mixed Th1/Th2 response (42). Along
with this dynamic immune response, macrophages recruited
in the peritoneal cavity change as infection progresses.
Peritoneal macrophages (F4/80%) isolated at different
times after challenge with 7. crassiceps have been used as
APC and tested for their ability to regulate Th1/Th2 differen-
tiation. Macrophages from acute infections produced high
levels of IL-12 and NO, paralleled with low levels of IL-6
and have the ability to induce strong antigen-specific CD4*
T cell proliferation in response to unrelated antigens (5). In
contrast, macrophages from chronic infections produced a
different pattern of cytokines and chemokines, associated
with a poor ability to induce antigen-specific proliferations
in CD4" T cells. Failure to induce proliferation was not due
to deficiencies in the expression of accessory molecules,
since MHC-II, CD40 and B7-2 were up-regulated, together
with CD23 and CCRS as infection progressed (5). Besides
these molecules, another set of markers has recently been
found elevated in the peritoneal macrophages from 7. crassi-
ceps-infected mice (Table 1), such as high expression of MR,
the C-type lectins (mMGL1 and mMGL2), Arg-1, Fizzl,
Yml and TREM-2, confirming that these macrophages are
alternatively activated (43,44). Macrophages from chronic
infections were able to bias CD4" T cells to produce IL-4,
but not IFN-y, contrary to macrophages from acute infec-
tions, just like those described previously in nematode infec-
tions. Furthermore, studies using STAT67 mice revealed
that the STAT6-mediated signalling pathway was essential
for the expansion of AAM¢ in murine cysticercosis (5,45).
More recently, it has been shown that IL-4Ro’ mice were
also unable to induce AAM¢ after 7. crassiceps infection
(14). Together, these studies performed by independent
groups agree with the early observation of 1L-4 dependency
for Brugia and Schistosoma AAM¢ induction.

Another striking observation has been the ability of
AAMO isolated from 7. crassiceps-infected mice to inhibit
the proliferative response of naive T cells (44). Apparently,
this effect involves a cell contact-dependent pathway.
Supporting evidence for cell contact-dependent involvement
was associated with increased expression of PD-L1 and
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PD-L2 in AAM¢. The participation of the PD-1 pathway
was tested by blocking PD-L1 and PD-L2, or PD-1 by
adding mAbs to co-cultures of naive T cells with AAM¢
from T crassiceps-infected mice. Blockade of the PD-1
pathway significantly reduced AAMo suppressive activity
and therefore T cells proliferated normally. These data
indicate that PD-L1 and PD-L2 are directly involved in the
cell contact suppressive activity of AAMOo from 7 crassiceps-
infected mice. Whether this will also be true for the contact-
dependent suppression seen in nematode infection is yet
to be tested.

AAMO induced by T. crassiceps infection were also
demonstrated to suppress the specific response of CD4*
DO11-10 cells to OVA peptide stimulation when normal
macrophages were used as APC. Again, the blockade of
PD-1 re-established the peptide-specific proliferative response
of CD4* DO11-10 cells. Therefore, AAM¢ can participate
as a third party suppressive cell. Similarly, the presence of
AAM¢ in a DC-mediated mixed lymphocyte reaction was
enough to inhibit the response of CD4 cells from a different
genetic background (44). Thus, AAM¢ induced during
T crassiceps infection suppress immunological events mediated
through distinct molecular mechanisms that potentially
may induce strong proinflammatory responses. It was also
demonstrated that the PD-1/PD-L pathway participates in
modulating anti-Taenia-specific cell proliferative response.

Initial support for in vivo AAM¢ induction by Taenia
glycoproteins has recently been reported (46). Together with
thioredoxin from F. hepatica, it seems that helminth-derived
molecules can induce these types of cells in wild-type mice;
however, the role for IL-4 in the antigen induction of AAM¢
needs to be clarified.

Translating these series of results to the immune balance
in neurocysticercosis, it is therefore possible that the presence
of AAM¢ with suppressive activity and low proinflammatory
profile may be necessary to turn off possible dangerous
inflammatory responses in the brain. In fact, a series of
reports suggest that active inflammatory responses in
neurocysticercosis leads to pathological symptoms (47),
whereas a silent (anti-inflammatory) immune response has
been associated with asymptomatic neurocysticercosis (48,49).

Echinococcus multilocularis

Alveolar echinococcosis is a chronic cestode infection caused
by the metacestode of E. multilocularis. In experimental
conditions, infection is achieved by i.p. inoculation of the
metacestodes. Similar to the 7. crassiceps model, the early
immune response is transiently dominated by a Thl type,
but progress of the infection leads to biased Th2-type
responses (50). Macrophages appear to play a familiar role
in the host—parasite interface. Macrophages isolated from
the peritoneal cavity (close to the parasite) 6 weeks p.i.
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induced a significant reduction in T cell response to an
unrelated antigen (OVA peptide) compared to peritoneal
macrophages from naive mice (51). These E. multilocularis-
induced macrophages also suppressed Con-A-stimulated
lymphocyte proliferation, in which the effect was cell contact
dependent (51), even though previous data sustained that
soluble factors (NO) were involved in the low proliferative
response during echinococcosis (50). Further experiments
are necessary to clarify whether or not macrophages
induced by E. multilocularis infection belong to the AAM¢
subpopulation and whether the cell contact suppressive
activity is PD-1 mediated as observed in both schistosomiasis
and cysticercosis.

Hymenolepis diminuta

This tapeworm has been recently used to study the immune
response evoked against cestodes at the intestinal level.
Infection with H. diminuta in mice rapidly drives mesenteric
LN cells to produce IL-10, TGF-f and IL-4. In the intestine
of H. diminuta-infected mice, markers were detected for
natural regulatory cells as well as markers for AAM¢ by
RT-PCR (Table 1). These AAM¢ arrive at day 8 p.i (52).
Although direct regulatory activity was not tested, the authors
correlate the appearance of AAM¢ with the peak time of
worm expulsion, suggesting that AAM¢ may participate in
protection against this cestode infection.

As noticed here, AAM¢ have been consistently identified
during infections with all the three classes of helminth
parasites. Nonetheless, the definition of what constitutes a
macrophage varies from study to study based on the panel
of cell surface markers used (Table 2). Likewise, the state of
alternative activation has also been defined using a diversity
of techniques (Table 2). Together, these data support the idea
that the induction of AAM¢ is another common feature in
helminth infections.

ANOTHER DIVERGENT ROLE FOR AAM¢

AAM¢ induced by helminth infections may have another
role. It is well established that previous helminth infection
can modulate the immune response in a ‘bystander’ fashion.
Therefore, given that concomitant infections are common in
developing countries, secondary infections of nonrelated
pathogens such as protozoan parasites or mycobacterium
may be facilitated. Many concomitant infections are
documented in experimental models as well as in human
beings living in endemic areas (36,53). Most of the protozoan
parasites and mycobacterium (malaria, trypanosomiasis,
leishmaniasis and mycobacterium) share one thing, which is
the requirement for macrophage internalization where the
pathogens proliferate. Taking this into account, at the time
when the helminth parasite has subverted the host immune
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Table 2 Specific membrane macrophage markers and isolation tissues for AAM¢ induced by diverse helminthic infections

Macrophage AAMO0 characterization
Parasite specific markers AAM¢ isolation tissue technique Reference
Nematodes
Brugia malayi F4/80* Adherent PECs mediastinal EST/RT-PCR/WB (4,19)
and parathymic LN?
Litomosoides sigmodontis F4/80* Thoracic/pleural cavity mediastinal RT-PCR (19,20)
and parathymic LN?*
Nippostrongylus brasiliensis F4/80*/CD11b* Lung and small intestine® RT-PCR/IHC/WB (19,22,23)
Heligmosomoides polygyrus F4/80* Small intestine®® IHC 27
Trematodes
Schistosoma mansoni F4/80*/CD11b* Schistosoma egg-induced liver FC/THC (33)
granulomas and adherence®®
Fasciola hepatica F4/80%/CD14* Adherent PECs and PBMC? RT-PCR/UQ (34,35)
Cestodes
Taenia crassiceps F4/80*/Mac3"*/ Adherent PECs? RT-PCR/UQ/FC (5,43,44,63)
CD11b*/CD14*
Hymenolepis diminuta ND Small and large intestine® RT-PCR (52)
Echinococcus multilocularis Macl*/CD11b* Adherent PECs? ND (51)

LN, lymph node; ND, not determined; PECs, peritoneal exudate cells; PBMC, peripheral blood mononuclear cells; EST, expressing sequence
tag; IHC, immunohistochemistry; UQ, urea quantification; WB, Western blot; FC, flow cytometry.

aEnrichment > 85%; Yin situ detected.

system and macrophages have reached an alternative state
of activation characterized by enhanced phagocytic
ability and decreased microbicidal/toxic activities, intrac-
ellular pathogens can replicate freely. Some examples are
the co-infections Schistosomalleishmaniasis (54), Litomosoides/
leishmaniasis (55), Taenialleishmaniasis (56), Taenial
trypanosomiasis (57), filaria/malaria (58) or in general
helminth/tuberculosis (59). In all cases, AAM¢ were unable
to fully eliminate the second pathogen. Together these data
suggest that previous helminth infections have modulatory
effects on the immune response elicited against a second
challenge mainly by affecting macrophage activity rather
than completely inhibiting Thl-type responses.

On the other hand, many experimental as well as geo-
graphical correlations in humans indicate that helminth
infections can down-regulate allergic as well as autoimmune
inflammatory disorders (60,61). Although these disorders
are adaptive immune response dependent, a role for innate
immunity is well recognized; hence, macrophages and other
APC populations that initiate and condition the adaptive
response are critical participants. If a macrophage population
is conditioned by the alternative state-inducer microenviron-
ment, polarization of the autoantigen response towards
anti-inflammatory effector cells can occur. In addition
to their function as Th2-biasing APC, AAMo posses a
suppressor ability and, given that this one is nonspecific, the
course of autoimmune and allergic diseases may be less
severe. As noted here, one mechanism used by parasite
helminths to establish successful infections can explain
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why the course of aetiologically different (i.e. infectious,
autoimmune or allergic) disorders can be altered in helminth-
bearing hosts.

CONCLUDING REMARKS

We have reviewed here the available evidence from
experimental in vivo data suggesting that AAMo are widely
induced by all the three classes of helminths and that
they play different roles in those infections. AAM¢ can be
identified as a subpopulation of macrophages with immu-
nomodulatory activities that can be protective for the host
by limiting unwanted exacerbated inflammatory responses.
However, they may have a role as effector cells eliminating
at least one intestinal helminthic infection. AAM¢ induced
by helminths can also perform tissue repair and remodelling
after infection but, on the other hand, they are part of an
immunomodulatory strategy to successfully colonize the
host. Experimental evidence continues to support a role for
AAM¢ in the immunoregulation by diverse helminth
parasitic diseases as stated here. Yet, many questions remain
unanswered. Why are AAM¢ localized close to the parasites
most of the time? Can these AAM¢ migrate to other LN
where a new stimulus is delivered? Presently, there is no clear
evidence for AAM¢ migration. Do they respond to
chemokines? How? Are they refractory to proinflammatory
cytokine stimuli, even when they express the right receptors?
Until now, AAM¢ stimulated with inflammatory cytokines
or/and LPS do not secrete the expected molecules (62—-64).
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Do helminth-derived molecules induce AAMo directly? Is it
really strictly necessary for an IL-4-dependent signalling
pathway for AAM¢ to merge in a helminth infection? Until
now, STAT67, IL-47~ and IL-4R~" mice have consistently
been reported for their inability to induce AAM¢ in vivo in
response to the three different classes of helminths. Can we
use AAM¢ (transfer them) to treat inflammatory diseases to
promote and sustain a Th2-polarized immune response
associated with a more favourable anti-inflammatory and
host-protective environment?

Deciphering these mechanisms will give us new valuable
information to better understand helminth immunomodula-
tion as well as to take advantage of their properties.
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Antigen presenting cells (APCs) are critically involved in the interaction between pathogens and the host
immune system. Here, we examined two different populations of APCs in mice that are susceptible
(BALB/c) or resistant (C57BL/6) to Taenia crassiceps cysticercosis. Bone marrow-derived dendritic cells
(BMDCs) from both strains of mice were exposed to T. crassiceps excreted/secreted antigens (TcES) and,
at the same time, to the Toll-like receptor (TLR) ligand LPS. BMDCs from BALB/c mice underwent a partial
maturation when incubated with TcES and displayed decreased responses to TLR-dependent stimuli
associated with low CD80, CD86, CD40 and CCR7 expression and impaired IL-15 production. These
BMDCs-induced impaired allogenic responses. In contrast, BMDCs from C57BL/6 mice displayed normal
maturation and induced strong allogenic responses. Moreover, the exposure to TcES resulted in a lower
production of IL-12 and TNF-a by LPS-activated DCs from BALB/c mice compared to C57BL/6 DCs. Three
parameters of macrophage activation were assessed during Taenia infection: LPS + IFN-y-induced
production of IL-12, TNF-a and nitric oxide (NO) in vitro; infection-induced markers for alternatively
activated macrophages (Arginase-1, RELM-«, Ym-1 and TREM-2 expression) and suppressive activity.
The maximum response to LPS + [FN-y-induced TNF-a, IL-12 and NO production by macrophages from
both strains of mice occurred 2 wk post-infection. However, as infection progressed, the production of
these molecules by BALB/c macrophages declined. While the BALB/c macrophages displayed impaired
pro-inflammatory responses, these macrophages showed strong Arginase-1, Ym-1, RELM-« and TREM-2
expression. By contrast, C57BL/6 macrophages maintained a pro-inflammatory profile and low
transcripts for alternative activation markers. Macrophages from T. crassiceps-infected BALB/c mice
showed stronger suppressive activity than those from C57BL/6 mice. These findings suggest that APC
activation at both early and late time points during T. crassiceps infection is a possible mechanism that
underlies the differential susceptibility to T. crassiceps infection displayed by these mouse strains.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction In helminthic infections, the genetic background of the host also

plays an important role in the outcome of the infection. Intestinal

Genetic background influences the outcome of many parasitic
diseases. For example, in Leishmania major infection, C57BL/6 mice
mount a strong Th1 response and resolve the infection (Sacks and
Noben-Trauth, 2002). In contrast, BALB/c mice mount a Th2-
dominant response and develop chronic lesions (Sacks and Noben-
Trauth, 2002). In other protozoan infections, such as toxoplasmo-
sis, an opposite finding it has been observed: C57BL/6 mice
succumb to Toxoplasma gondii infection despite a Th1 response,
whereas BALB/c mice display resistance and survive for a longer
period of time to similar challenges (Fux et al., 2003).
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los Barrios 1, Los Reyes Iztacala, Tlalnepantla, Edo. de Mexico, Mexico 54090,
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1567-1348/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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nematodes induce different responses: Heligmosomoides polygyrus
establishes long-term infections in most strains of mice and
induces Th2-polarized responses (Gause et al., 2003). Furthermore,
AKR mice clear the parasite faster than BALB/c mice, whereas
C57BL/6 mice remain more susceptible to similar infections
(Maizels and Yazdanbakhsh, 2003). Nippostrongylus brasiliensis
infection is relatively short-term (6-10 days) under standard high-
dose infections and induces a powerful and protective Th2
response; however, low-dose infections are typically chronic
(Finkelman et al., 2004). Susceptibility to Trichuris muris, another
intestinal nematode, is also linked to the development of a Th1
response; mice that fail to mount a protective Th2 response
develop chronic infections (Patel et al., 2009). Furthermore,
conflicting data on nematodes that are not strictly gastrointestinal,
such as Litomosoides sigmodontis, have been reported. C57BL/6
mice are resistant to L. sigmodontis in an IL-4-dependent manner,
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while BALB/c mice are susceptible to the same infection, despite
their high levels of IL-4 (Le Goff et al., 2002). Moreover, BALB/c IL-
4~/- mice develop similar parasite loads to WT mice. Surprisingly,
infection of IL-4 receptor (IL-4Ra)-deficient BALB/c mice, which
cannot respond to either IL-4 or IL-13, led to the accelerated death
of the adult stage of the parasite, rather than enhanced parasite
survival (Volkmann et al., 2003; Maizels et al., 2004). This was
associated with a switch to a type 1 response, suggesting that the
adult parasite can be killed by Th1 inflammatory responses (Saeftel
etal.,2003). Thus, type 2 responses are a critical determinant of the
outcome of nematode infection but with very different dynamics
depending on the stage of the parasite and strain of the host. In
contrast to the well-described adaptive immunity against these
helminth infections, the role of antigen presenting cells (APCs) is
still unclear. There have only been limited studies on the
macrophage and DC response to helminth antigens and the impact
of these responses on the outcome of the infection is not known.
Neurocysticercosis (NCC) is the most frequent parasitic disease
affecting the central nervous system. It is a life-threatening
helminth infection caused by the ingestion of eggs or oncospheres
of the cestode Taenia solium, which after being activated in the
intestines, rapidly migrate to the blood and frequently reside in the
brain. The infection of the intermediate hosts by the metacestode
stage of cestode species, especially Taenia crassiceps and Mesoces-
toides corti, appear to be very good models to unveil some of the
mechanisms of the host-parasite interplay in cysticercosis and
neurocysticercosis (Terrazas, 2008). Cysticercosis, which is caused
by T. crassiceps, naturally infects rodents and the final hosts are
canines. Nevertheless, there are reports demonstrating that
immuno-compromised humans can develop T. crassiceps-cysti-
cercosis (Heldwein et al., 2006). Additionally, antigenic similarities
have been very well established between T. solium and T. crassiceps
metacestodes (Suzuki et al., 2007). Therefore, sera from human
patients suffering from NCC can recognize T. crassiceps antigens.
Similarly, sera from mice infected with T. crassiceps are able to
recognize T. solium antigens.

In experimental cysticercosis caused by T. crassiceps the
immune response in BALB/c mice is initially Th1-like but becomes
highly Th2-polarized 3 or 4 wk after infection (Terrazas, 2008).
Resistance to this parasite has been associated with an early Th1-
type response, as well as with the genetic background (Sciutto
et al, 1991, 1995; Terrazas et al, 1998). Thus, BALB/c (MHC
haplotype H24) mice are susceptible to infection, whereas C57BL/6
mice (MHC haplotype H2P) are relatively resistant to a similar
challenge with T. crassiceps. However, the immunological mechan-
isms associated with the differential susceptibility to T. crassiceps
of these two strains of mice have been largely undefined. Even a
comparative evolution of the immune response of BALB/c and
C57BL/6 mice in response to T. crassiceps infection has not been
evaluated. Therefore, we explored the mechanisms underlying the
differences in susceptibility of these strains of mice. We evaluated
and compared the response of APCs, such as dendritic cells and
macrophages. Furthermore, we analyzed the antibody levels in the
serum and cytokine production by splenocytes from both strains of
mice to polyclonal and antigen-specific stimuli and associated our
findings with the kinetics of parasite growth.

2. Materials and methods
2.1. Mice

6-8-wk-old female BALB/cAnN mice and C57BL/6 mice were
purchased from Harlan Laboratories (México) and were main-
tained in a pathogen free environment at the FES-Iztacala, U.N.A.M.
animal facility in accordance with Institutional and National
guidelines.

2.2. Parasites, infection protocol and antigens

Metacestodes of T. crassiceps (ORF) were harvested in sterile
conditions from the peritoneal cavity of female BALB/c mice after
2-4 months of infection. The cysticerci were washed four times in
phosphate-buffered saline (PBS; 0.15M NaCl, 0.01 M sodium
phosphate buffer, pH 7.2) and used for mouse infection. Female
BALB/c and C57BL/6 mice were infected with an intraperitoneal
(i.p.) injection of 10 small non-budding cysticerci of T. crassiceps
suspended in 0.3 ml PBS. The infected mice were sacrificed at
weeks 2, 4 and 8 post-infection and the parasites harvested from
their peritoneal cavity were counted. To obtain T. crassiceps
excreted/secreted products (TcES), metacestodes were maintained
in culture in PBS at 37 °C, the supernatant was collected after 24—
48 h and centrifuged for 10 min at 5000 rpm. The protein was
concentrated using Amicon Ultra Filters with a 50 and 100 kDA
membrane cutoff (Millipore). The protein concentration was
determined using a commercially available Bradford assay, treated
with proteases inhibitors and stored at —70 °C until further use.

2.3. Cell preparations and culture conditions

The spleen was removed in sterile conditions from infected
mice. Single cell suspensions were prepared by gently teasing apart
the spleen in RPMI-1640 supplemented with 10% fetal bovine
serum, 100 units of penicillin/streptomycin, 2 mM glutamine,
25 mM HEPES buffer and 1% non-essential amino acids (all from
GIBCO, BRL Grand Island, New York). The cells were centrifuged
and the erythrocytes were lysed by resuspending cells in Boyle’s
solution (0.17 M Tris and 0.16 M ammonium chloride). Following
two washes, the viable cells were counted by trypan blue exclusion
with a Neubauer hemocytometer and the splenocytes were
adjusted to 3 x 10%cells/ml in the same medium. Aliquots
(100 wl) of the adjusted cell suspensions were placed into 96-
well flat bottom culture plates (Costar, Cambridge, MA) and
stimulated with a soluble extract of T. crassiceps (25 pg/ml) or with
plate-bound anti-CD3 antibody (1 pg/ml) at 37 °C for 96 or 72 h,
respectively.

2.4. Evaluation of cytokine production in vitro

Cell suspensions of lymphoid cells prepared as described above
were diluted in supplemented RPMI-1640 to 3 x 10° cells/ml. The
cell suspensions (1 ml) were placed in each well of a 24-well plate
(Costar) and incubated with 1 pg/ml of anti-CD3 for 72 h under
similar conditions. After centrifugation, the supernatants were
collected, aliquoted and stored at —20 °C until used. The IFN-v, IL-4
and IL-13 levels were measured using a sandwich ELISA according
to the manufacturer’s instructions (Peprotech-México, México,
D.F.).

2.5. Isolation and activation of peritoneal macrophages

Peritoneal exudate cells (PECs) were obtained from the
peritoneal cavity of 2-, 4- and 8-wk-T. crassiceps infected mice
(BALB/c or C57BL/6 mice). The cells were washed twice with cold
PBS and the red blood cells were lysed by resuspending the cells in
Boyle’s solution. Following two washes, the viable cells were
counted by trypan blue exclusion with a Neubauer hemocyt-
ometer. The PECs were adjusted to 5 x 10° cells/ml in supple-
mented and cultured in 6-well plates (Costar). After 2 h at 37 °C
and 5% CO,, the non-adherent cells were removed by washing with
warm supplemented RPMI medium. The adherent cells were
removed using EDTA and readjusted to 1 x 10° cells/ml. The
viability was checked at this point again (>90%). The cells (1 ml)
were plated in 24-well plates (Costar) and the cells were activated
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by the addition of LPS (1 jwg/ml, Escherichia coli 111:B4; Sigma, St.
Louis, MO) plus IFN-y (20 ng/ml, Peprotech). The cells were
incubated at 37 °C and 5% CO,, for 24 h. After this time, some of the
cultured macrophages were processed for cytokine production.
The cells were >90% macrophages, as determined by flow
cytometry (data not shown).

2.6. RT-PCR assay to evaluate the macrophage activation status

The level of Arginase-1 (Arg-1), triggering receptor expressed
on myeloid cells 2 (TREM-2), inducible nitric oxide synthase
(iNOS), tumor necrosis factor-o (TNF-a), interferon gamma (IFN-
v), macrophage migration inhibitory factor (MIF) and Resistin-like
molecule-a (RELM-a) mRNA transcripts in peritoneal macro-
phages was determined by reverse transcription (RT)-PCR. At the
indicated time points, adherent peritoneal macrophages from T.
crassiceps-infected BALB/c and C57BL/6 mice were aseptically
removed and without any further stimulation were processed for
RNA extraction using the TRIzol reagent (Invitrogen, Carlsbad, CA)
and a propanol-chloroform technique. The RNA was quantified
and 3 g of RNA were reverse transcribed using the Superscript Il
First Strand Synthesis Kit (Invitrogen) and an oligo dT primer, as
recommended by the manufacturer.

Once cDNA was obtained conventional PCR was performed. The
PCR reactions contained (in a 25 .l final volume) 5x PCR buffer
blue, 10 mM dNTP, 40 nM each forward and reverse primer
(Table 1), 1 unit of Tag DNA polymerase (Sacace Biotechnologies,
Italy) and 2 pl of the cDNA.

The program used for the amplification of each gene was an
initial denaturation at 95 °C for 5 min, 35 cycles of 95 °C for 40 s,
the indicated melting temperature (Table 1) for 50 s and 72 °C for
40 s and a final extension step of 72 °C for 4 min. All reactions were
carried out in a thermal cycler (Corbett Research, Australia).
Finally, to observe the amplified products, a 1.5% agarose gel was
prepared and samples were loaded with blue juice buffer
containing SYBR Green (Invitrogen). The gels were visualized
using a Fujifilm FLA 5000 scanner (Fuji, Japan) with FLA 5000 image
reader V2.1 software to capture the shown images. The specificity
of the PCR was verified by the absence of signal in the no-template
controls of macrophage samples. The sequences of the primers
used are available in Table 1.
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2.7. Densitometry analysis

For the different time points each sample expression levels
were normalized against the Housekeeping gene GAPDH and
values are presented as arbitrary units (an average of 2-3 animals
is shown).

2.8. Detection of nitric oxide production

The nitric oxide level in the supernatants of the cultured
macrophages were assayed by determining the increase in nitrite
concentration (Migliorini et al., 1991) using the Griess reaction
adapted to microwell plates (Costar). Briefly, 50 wl of culture
supernatant was mixed with an equal volume of Griess reagent,
incubated for 10 min at room temperature in the dark and the
absorbance was measured at 570 nm in an automatic microplate
reader (Multiskan Ascent, Thermolab Systems). The values were
quantified using serial dilutions of sodium nitrite.

2.9. Analysis of cell surface markers in macrophages

The F. receptors on the peritoneal macrophages were blocked
with anti-mouse CD16/CD32 (Biolegend, CA, USA) and stained
with a FITC-conjugated monoclonal antibody against F4/80
(Biolegend, CA, USA) and PE-conjugated antibodies against PD-
L1 and PD-L2 (Biolegend). The stained cells were analyzed on a
FACsCalibur flow cytometer using Cell Quest software (Becton
Dickinson).

2.10. Co-culture of macrophages-CD90 cells

Co-culture of macrophages obtained from infected mice with
naive CD90 cells was performed as previously reported (Terrazas
et al.,, 2005). Briefly, macrophages were obtained as described.
Splenocytes were prepared from naive mice, and enriched for
CD90" cells (95% by FACs analysis) using CD90 magnetic cell sorter
beads (MACS, Miltenyi Biotec). CD90 cells were plated in 96 well
flat bottom plates which were pre-coated with anti-CD3 and anti-
CD28 antibodies (Biolegend) at 1 g/ml. Three hours later
macrophages were added to CD90 T cells at ratios of 1:4, 1:8
and 1:16 (macrophages:CD90). Co-cultures were maintained at

Table 1

Primers sequences used to amplify AAM®’s markers and cytokines.

Gene Sequence MT (°C) Cycles Prod. Reference

GAPDH F—CTC ATg ACC ACA gTC CAT gC 56 35 201 Renshaw et al. (2002)
R—CAC ATT ggg ggT Agg AAC AC

Ym-1 F—TCA CAg gTC Tgg CAA TTC TTC Tg 56 35 436 Nair et al. (2003)
R—TTT gTC CTT Agg Agg gCT TCC TC

Relm-a F—ggT CCC AgT gCA TAT ggA TgA gAC 65 35 290 Nair et al. (2003)
R—CAC CTC TTC ACT CgA ggg ACA gTT

Arginase-1 F—CAg AAg AAT ggA AgA gTC Ag 54 35 250 Nair et al. (2003)
R—CAg ATA TgC Agg gAg TCA CC

iNOS F—CTg gAg gAg CTC CTg CCT CATg 62 35 449 Yoshida et al. (2000)
R—gCA gCA TCC CCT CTg ATg gTg

TREM-2 F—TCC CAA gCC CTC AAC ACC A 56 35 230 Kim et al. (2005)
R—TTC CAg CAA ggg TgT CAT CTg CgA

IFN-y F—AgC ggC TgA CTg AAC TCA gAT TgT Ag 57 35 243 Ulett et al. (2000)
R—GTC ACA gTT TTC AgC TgT ATA ggg

TNF-a F—ggC Agg TCT ACT TTg gAg TCA TTg C 59 35 307 Ulett et al. (2000)
R—ACA TTC gAg gCT CCA gTg AAT TCg

MIF F—gCC AgA ggg gTT TCT gTC g 58 35 118 Tuncman et al. (2006)

R—gTT CgT gCC gCT AAA AgT CA

MT, Melt temperature; MIF, macrophage migration inhibitory factor; F, forward primer; R, reverse primer.
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37.8 °C and 5% CO, for 72 h, and then [?H] thymidine (185 GBb/
mmol activity, Amersham, England) 0.5 iCi/well was added and
incubated for a further 18 h. Cells were harvested on a 96-well
harvester (Tomtec, Finland) then counted using a 1450 micro [3-
plate counter (Trilux, Finland). Values are represented as counts
per minute (CPM) from triplicate wells.

2.11. In vitro bone marrow-derived dendritic cell maturation and
cytokine production

Dendritic cells (DCs) were obtained as previously described
(Lutz et al., 1999). Briefly, femurs and tibias were aseptically
harvested from naive BALB/c or C57BL/6 mice and the bone
marrow was flushed. The cells were washed and adjusted to
5 x 10° cells/ml and cultured with 20 ng/ml of recombinant
murine GM-CSF (Peprotech, México). Five days later, the BMDCs
(10%) were cultured in 200 p.l in 96-well flat-bottom culture plates
and stimulated with medium alone, 1 pg/ml LPS (E. coli 0111:B4,
Sigma) or 20 wg/ml TcES. Some BMDC cultures were first
incubated with 20 wg/ml and immediately stimulated with
1 g/ml LPS. After 24 h, the supernatants of the cell cultures were
collected and the IL-12, IL-15 and TNF-« levels were determined
using commercially available ELISA kits (Peprotech, México).

2.12. Analysis of cell surface markers in BMDCs

The surface expression of DC maturation markers was analyzed
using multicolor flow cytometry. DCs (either untreated or
stimulated for 24 h with LPS, LPS + TcES or TcES) were harvested,
washed and suspended in cold PBS containing 5% FCS and 0.05%
NaNs. The F. receptors were blocked with anti-mouse CD16/CD32
for 20 min at 4 °C. The cells were washed and triple stained with an
APC-conjugated antibody against CD11c, FITC-conjugated mono-
clonal antibodies against CD40 or MHC-II and PE-conjugated
antibodies against CCR7, CD86 or CD80 (all antibodies were from
Biolegend). The stained cells were analyzed on a FACsCalibur flow
cytometer using Cell Quest software (Becton Dickinson).

2.13. DC-T cell allogeneic co-cultures

Allogeneic CD4" T cells were enriched using a CD4 T cell Isolation
Kit (Miltenyi Biotec, Germany) according to the manufacturer’s
instructions. The DCs were activated with LPS, TcES or both for 24 h,
washed and co-cultured with allogeneic naive CD4* T cells (10° cells/
well) in complete RPMI 1640 culture medium. The proliferation was
quantified by pulsing the cells for 18 h with 0.5 uCi of [*H]
thymidine (Amersham Biosciences). The cells were then harvested
and the incorporation of radioactivity was assessed.

2.14. Antibody ELISA

Peripheral blood was collected 2, 4 and 8 wk after infection
following tail snips of the T. crassiceps-infected BALB/c and C57BL/6
mice. T. crassiceps-specific IgG1 and IgG2a levels were determined
by ELISA, as previously described. The results are expressed as the
maximum serum dilution (endpoint titer) in which antibody was
still detected. Total IgE production was detected using the Opt-
ELISA from Biolegend.

2.15. Statistical analysis

The comparisons between the BALB/c and C57BL/6 groups were
made using Student’s unpaired ¢ test. A p < 0.05 was considered
significant. The statistical significance of the serum titer was
determined by non-parametric tests using the Mann-Whitney U-
Wilcoxon Rank test.

3. Results
3.1. Time course of T. crassiceps infection in BALB/c and C57BL/6 mice

Following i.p. inoculation of ten T. crassiceps metacestodes,
BALB/c mice developed large parasite loads 8 wk post-
infection, whereas similarly infected C57BL/6 mice developed
either no or small parasite burdens with significantly
fewer parasites per mouse (Fig. 1A). Interestingly, the differ-
ences in parasite burden were evident as early as 2 wk post-
infection when no parasite was detectable in 75% of the C57BL/6
mice, while 80% of BALB/c mice contained at least 2 larvae.
These differences became greater as the infection progressed.
After 4 wk of infection, 100% of the BALB/c mice-harbored
different amounts of parasites in their peritoneal cavity, while
only 20% of the C57BL/6 mice harbored a few parasites. The
parasite loads increased at 8 wk post-infection. Similarly,
antibody responses to T. crassiceps infection showed important
differences between strains, the BALB/c mice had higher titers of
anti-Taenia IgG1 and Total IgE (Fig. 1B and C) but lower levels of
Ag-specific IgG2a when compared with the infected C57BL/6
mice (Fig. 1D).

3.2. Kinetics of in vitro cell proliferation and cytokine production by
Ag-stimulated splenocytes from BALB/c and C57BL/6 mice

Splenocytes were isolated from both strains of mice at different
time points after infection. The splenocytes (3 x 10° ml~!) were
stimulated with either 25 pg/ml of soluble T. crassiceps antigen
(AgTc) or 1 wg/ml of plate-bound anti-CD3 antibody and cultured
for 4 or 3 days, respectively. The proliferative response was
measured using *H-thymidine uptake. Two wk post-infection, the
splenocytes from BALB/c mice displayed an increased proliferative
response compared to C57BL/6 splenocytes to both types of
stimuli. However, as the infection became more chronic, the
proliferative response to both AgTc and anti-CD3 in the BALB/c
mice declined, whereas the C57BL/6 mice maintained a more
consistent response to both stimuli as the infection progressed
(Fig. 2A and B).

The culture supernatants from Ag-stimulated proliferation
assays were analyzed using an ELISA for the presence of the Th1-
associated cytokine IFN-y and the Th2-associated cytokines IL-4
and IL-13. Ag-stimulated splenocytes from both strains produced
similar levels of IFN-y 2 wk post-infection (Fig. 2C). However, 4 and
8 wk post-infection, the antigen-specific IFN-y production by the
spleen cells from BALB/c decreased and did not reach the level
produced by the C57BL/6 splenocytes (Fig. 2C). In contrast, as early
as 2 wk post-infection, the splenocytes from the BALB/c mice
produced significantly more IL-13 than the C57BL/6 splenocytes.
However, both strains of mice displayed comparable levels of IL-4
production. As the infection progressed, the BALB/c mice produced
significantly greater levels of both IL-4 and IL-13 compared to
splenocytes from T. crassiceps-infected C57BL/6 mice (Fig. 2D and
E).

3.3. Cytokine production by macrophages

Macrophages were isolated from the peritoneal cavities of both
strains of infected mice and either unstimulated (basal) or
stimulated for 24 h with LPS (1 wg/ml) and IFN-y (20 ng/ml).
The supernatants were collected and analyzed for IL-12, TNF-o and
NO production. As seen in Fig. 3, the macrophages from T.
crassiceps-infected mice produced lower levels of IL-12, TNF-« and
NO than the macrophages isolated from C57BL/6 mice, which
maintained a higher pro-inflammatory response throughout the
infection (Fig. 3A-C).
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Fig. 1. Time course of T. crassiceps infection and antibody response in BALB/c and C57BL/6 mice. (A) Parasite load: Animals were infected i.p. with ten cysticerci and the
parasite load was monitored 2, 4 and 8 wk post-infection. The data are expressed as the mean number of parasites per mouse + SD. The data are representative of two
independent experiments (n = 10 mice per group). p < 0.05; "'p < 0.01. Antibody responses: The mice were bled by tail snipping at different time points following T. crassiceps
infection and the serum level of the Th2-associated IgG1 (B) and total IgE (C), as well as the Th1-associated IgG2a (D) was measured by ELISA.

3.4. Dynamics of macrophage gene expression at site of infection

Next, we analyzed whether T. crassiceps infection of BALB/c or
C57BL/6 mice affected the expression of different genes in
macrophages at the site of infection. Macrophages were isolated
from the peritoneal cavities of both strains of infected mice 2,4 and
8 wk post-infection. RNA was isolated from the adherent cells
(>90% positive for F4/80) without any stimulation. Consistent with
our own findings, and in agreement with previous studies
(Terrazas et al., 2005; Ghassabeh et al., 2006), the macrophages
from BALB/c mice rapidly (2 wk post-infection) and strongly up-
regulated genes encoding proteins that are associated with
alternative activation, such as Arg-1, RELM-«, Ym-1 and triggering
receptor expressed on myeloid cells 2 (TREM-2). Additionally, at
this time point, there was weak expression of iNOS. However, as
infection progressed some changes were observed in these
markers, whereas Ym-1 transcripts decreased by week 8 p.i. and
Arg-1 expression was maintained without changes on weeks 4 and
8; the transcripts of RELM-a and TREM-2 were more elevated by
week 8 after infection on macrophages from T. crassiceps-infected
BALB/c mice, in contrast, transcripts for iNOS were inhibited
(Fig. 4A). On the other hand, macrophages from the C57BL/6 mice
displayed a weak and transient expression of Arg-1, Ym-1 and
TREM-2 early after infection, as well as increased transcripts of
iNOS (Fig. 4A and B). While the expression of iNOS was sustained at
week 4, the expression of Arg-1, TREM-2, Ym-1 and RELM-a was
down-regulated as the infection progressed in this strain of mice
(Fig. 4A and B). Additionally, the macrophages isolated from the
C57BL/6 mice expressed a similar mRNA level for the pro-
inflammatory cytokines TNF-«, and MIF throughout the infection
compared to the macrophages from BALB/c mice, however,

transcripts for IFN-y were higher at week 8 post-infection in
C57BL/6 mice. In fact, by week 8 post-infection, the macrophages
from C57BL/6 mice expressed a clear pro-inflammatory profile,
whereas the BALB/c macrophages displayed mixed transcripts of
alternative activation and pro-inflammatory markers (Fig. 4A). A
semi-quantitative densitometry analysis using 2-3 samples per
time point is presented in Fig. 4B, samples were normalized against
their own housekeeping gene. These data further support
differences in gene expression between macrophages obtained
from BALB/c mice versus macrophages from C57BL/6 mice after
infection with T. crassiceps metacestodes.

T. crassiceps infection induces greater PD-L2 expression as well
as suppressive activity on BALB/c macrophages than C57BL/6
macrophages. To investigate whether the different markers that
were altered on the macrophages during T. crassiceps infection
could also reflect other activities, we analyzed the expression of
surface markers on macrophages from both strains and deter-
mined their previously reported suppressive activity. The surface
expression of PD-L1 and PD-L2 has been associated with
alternatively activated macrophages (AAMd) (Smith et al., 2004;
Terrazas et al.,, 2005) and differences in the expression of these
molecules during T. crassiceps infection were observed between
the two strains. Interestingly, PD-L1 expression was similarly
increased on macrophages from both strains of mice 2 and 4 wk
post-infection. However, in chronic infections, the macrophages
from BALB/c mice expressed twice as much PD-L1 than macro-
phages from C57BL/6 mice, which down-regulated PD-L1 expres-
sion to levels observed at 2 wk post-infection. A clear contrast was
evident in the expression of PD-L2, 2 wk post-infection the
expression was low and similar between the two strains; however,
by week 4 post-infection an increase in the expression of PD-L2
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Fig. 2. Kinetics of the adaptive immune response. Spleen cell proliferation in response to anti-CD3 stimuli (A) and to T. crassiceps Ag (B). IFN-y (C), IL-4 (D) and IL-13 (E)
production in response to T. crassiceps Ag-stimulated splenocytes from T. crassiceps-infected BALB/c and C57BL/6 mice as well as from naive mice. The data are the mean of
two independent experiments at each time point. An asterisk indicates statistically significant (p < 0.05) differences between the groups.

was detected on BALB/c macrophages and the highest expression
was detected 8 wk post-infection. In contrast, PD-L2 expression on
the macrophages of C57BL/6 mice remained low throughout the
infection (Fig. 5A).

Recently, macrophages in helminthic infections have been
associated with suppressive activities (Rodriguez-Sosa et al.,
2006; Taylor et al., 2006). Given that we detected a higher
expression of PDL-2, a molecule with inhibitory activity when
bind to its receptor PD-1 on T cells (Sharpe et al., 2007); we
decided to determine whether these macrophages recruited to the
site of infection were able to suppress T cell proliferation.
Peritoneal macrophages were isolated from BALB/c and C57BL/6
mice 8 wk post-infection and were co-cultured with splenocytes
from naive mice previously stimulated with anti-CD3/CD28.
Three days later, the T cell proliferation was measured by 3H-
thymidine uptake. As shown in Fig. 5B, the macrophages from T.
crassiceps infected-BALB/c mice, in a ratio-dependent manner
significantly suppressed T cell proliferation. However, the

macrophages from T. crassiceps-infected C57BL/6 mice were
unable to suppress this response.

TcES induce partial up-regulation of MHC class II and co
stimulatory-molecules expression on DC and impair full matura-
tion after LPS-mediated stimuli in DCs from BALB/c but not C57BL/
6 mice. The ability of excreted-secreted Taenia products to up-
regulate the expression of MHC-II and costimulatory molecules on
BMDC was tested comparing it versus LPS, which was chosen for its
known ability to maturate and activate DC to produce pro-
inflammatory cytokines. DCs were cultured in medium alone
(RPMI) or exposed to TcES, LPS, or TcES plus LPS for 24 h prior to
analysis of the surface phenotype. As shown in Table 2, the
expression of maturation markers, such as CD86, CD80, CD40 and
CCR7, on BMDCs from BALB/c mice was affected by the exposure to
TcES antigens, whereas MHC-II expression remained unaltered.
However, the BMDCs from C57BL/6 mice exposed to the same
concentration of TcES did not show alteration in their response
compared to LPS-induced maturation.



J.L. Reyes et al./Infection, Genetics and Evolution 9 (2009) 1115-1127 1121

(A) [ Unstimulated I LPS+IFN-g
4000
—- 3000
E
=]
=
e 2000
)
=
1000 z *
0
S N N N W N & ¥
Q4 W 8 @ g S
BALBI/c C57BL/6
(B) 12500 =
10000 =
E
o 7500«
=
5
% 5000 =
=
2500 = =
0=
A% ¥ e 3% N ¥ @
R S P N S e Pt
BALBI/c C57BL/6
(C) 404
309
-3
2
o 201
= %
10 o
x
0d
2 N C) C) 2 N N N
& ,‘:9 P & ’13" Y ¥
BALB/c C57BLI/6

Fig. 3. LPS and IFN-vy activation of macrophages isolated from T. crassiceps-infected
BALB/c and C57BL/6 mice. Peritoneal macrophages were isolated as described at
different time points post-infection and stimulated with LPS (1 g/ml) plus IFN-y
(20 ng/ml). Supernatants were collected 24 h later and cytokine production IL-12
(A), TNF-a (B) and NO (C) was measured using an ELISA (A and B) and Griess
reaction (C). The data are the mean of two independent experiments at each time
point. An asterisk indicates statistically significant (p < 0.05) differences between
the groups.

3.5. Allogenic DC activation is inhibited in BALB/c DCs exposed to
Taenia antigens

In order to know whether the alterations in the expression of
the surface maturation markers affects the ability of BMDCs
exposed to TcES antigens to induce allogenic proliferation in a

mixed lymphocyte reaction, BMDCs from BALB/c mice were
exposed to TcES, LPS or LPS plus TcES for 24 h and immediately
co-cultured for 3 days with magnetically purified CD4" cells
isolated from healthy C57BL/6 mice. The proliferative response
was analyzed using >H-thymidine uptake. Similar experiments
were performed using BMDCs from C57BL/6 mice and CD4" cells
from BALB/c mice. As seen in Fig. 6A, the exposure of BALB/c
BMDCs to TcES significantly affected their ability to induce an
allogenic response (the proliferation was inhibited more than 50%).
Interestingly, the C57BL/6 BMDCs were much less affected by the
TcES and the allogenic stimulation was significantly better than
that induced by BALB/c BMDCs exposed to Taenia antigens
(Fig. 6B).

3.6. DC activation is modified in BALB/c but not in C57BL/6 mice after
exposure to TcES

Finally, to further evaluate whether innate immune responses
can be altered directly by Taenia antigens, we generated bone
marrow-derived DCs from BALB/c and C57BL/6 mice that were
similarly exposed to T. crassiceps excreted/secreted antigens
(TcES), LPS or both and the inflammatory cytokine production
was evaluated. The production of pro-inflammatory cytokines
showed important differences, as the BALB/c BMDCs produced less
IL-15, IL-12 and TNF-« in response to LPS when they were also
exposed to TcES. However, the BMDCs from C57BL/6 mice
maintained their ability to respond to LPS stimulation (exception
for IL-15) with high levels of these pro-inflammatory cytokines
even in the presence of Taenia antigens (Fig. 7A-C).

4. Discussion

Based on early observations and looking only for the number of
parasites after 4 wk of infection with T. crassiceps, Sciutto et al.
(1991) concluded that C57BL/6 mice were resistant to this parasite,
whereas BALB/c mice were susceptible. These results were
attributed to the different MHC-II haplotypes of these strains
(H2P and H29, respectively). However, no immunological analyses
were done. In this study, we have provided, for the first time, a
comparative study of the immune response to this helminth in
both susceptible and resistant strain of mice. We evaluated the
kinetics of parasite growth in both strains of mice. We found that,
as early as 2 wk post-infection, BALB/c (H2¢) mice harbored viable
parasites, whereas few parasites were found in C57BL/6 (H2P)
mice. As the infection progressed, these differences became more
evident and, by week 8 post-infection, the BALB/c mice harbored
five- to ten-fold more parasites than the C57BL/6 mice, 80% of
which cleared the infection. Interestingly, the susceptible pheno-
type is seen even though BALB/c splenocytes displayed an
increased proliferative response and produced IFN-vy-levels similar
to C57BL/6 splenocytes early after infection. However, at later time
points, these levels decreased in BALB/c splenocytes, whereas
C57BL/6 splenocytes maintained a consistent IFN-y production
and cell proliferation throughout the course of infection. In
contrast, the production of the Th2-associated cytokines IL-4 and
IL-13 was significantly elevated in BALB/c splenocytes compared to
C57BL/6 splenocytes. Furthermore, the IgG1 and IgE levels were
significantly higher in BALB/c mice. These data confirm that a Th2-
type response is not associated with protection in experimental
cysticercosis, as unlike has been observed in other helminthic
infections (McKay and Khan, 2003; Patel et al., 2009).

We have also analyzed the response of two types of APCs,
macrophages and DCs. APCs play a central role in the activation
and differentiation of T lymphocytes into Th1 cells, Th2 cells or
Tregs. Both macrophages and DCs take up antigens, become
activated and migrate to present the antigenic peptides on MHC
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Table 2
Expression of surface MHC-II, CD80, CD86, CD40 and CCR7 on CD11c¢* BMDCs following incubation with TcES, LPS, LPS + TcES or unprimed control (RPMI).
Strain Treatment MHCII CD80 CD86 CD40 CCR7
C57BL/6 RPMI MFI (a) 69.2 +£7.1 33.8+5.6 589 +11.9 2134238 20.7 +£3.6
% (b) 50.8 £1.8 185+29 414+44 43.5+0.5 303 +104
TcES 229 £ 6.1 42.5 +4.7 91.2 £15.9 47 +£0.1 54.8 +£16.7
54.8 + 6.7 71.6 £11.6 53.9+3.9 499 +154 456 +2.2
LPS 270.8 +£12 56.1 £2.2 157.6 + 14.8 722 +18 88.9 £0.7
72.1+£1.8 90.5+2 79.6 £3.4 68.6 £3.3 71.3 £203
LPS/TcES 317.6 £23.9 60.5 +£4.1 121.9+18 45.1 +£11.7 42.4+12.9
66.8 + 2.6 65.3 + 14.6 73.93 £3.1 68.7 £2.5 52.8+14.8
BALB/c RPMI 101.7 £ 6.3 29.7 £25 404 +2.5 273+13 243 +13
56.2 +1.8 289 +3.1 523+23 31.2+438 24 +31
TcES 163.7 £35.2 389+26 47.6 £2.9 35+4.6 20.7 £0.13
71.7 £ 1.6 40 +6 583 +3 48.4 +4.7 35.5+4.7
LPS 251.2 £ 54 723 +£2.7 118.6 +8.3 822 +34 504 +£5.5
80.8 £3.6 80.7 £17.8 793 £5.3 794 £23 69.8 £4.7
LPS/TcES 192.2 +46.8 47.6 +4.6 ('p < 0.01) 85.1+6.4 ('p<0.01) 41.7 + 6.5 ('p < 0.01) 30 + 3.8 ('p < 0.02)
794 +24 449 +1 ('p < 0.01) 61.1+10.3 57.7 + 8.4 ('p < 0.03) 345 +5.7 (‘p<0.01)

Values are the cumulative results of 3 sets of experiments. (a) Data are expressed as mean =+ standard deviation of mean geometric fluorescence intensities (MFI) by flow

cytometric analysis. (b) These data are expressed as percentage of positive cells for the respective surface marker.

" p-value versus corresponding LPS stimulation (Student’s t test).

molecules. This process involves (among others) phagocytosis, up-
regulation of costimulatory molecules, such as CD80, CD86 and
CD40 as well as MHC molecules (Lee and Iwasaki, 2007). Failures in
this process could modify the outcome of the immune response
and the course of the infection. APCs are the first line of contact
between parasites and the immune system, thus this interaction is
crucial for the relationship between host and parasite.
Macrophages play a key role in directing the host immune
response to parasites and they can also function as effector cells.

The recruitment and activation of macrophages by microbial
products (e.g., LPS or helminth-derived molecules) results in the
release or inhibition of several key cytokines, such as IL-12, IL-6,
TNF-, IL-10 and NO (Rodriguez-Sosa et al., 2002a,b; Goodridge
et al., 2004; Smith et al., 2004). These immune mediators play
crucial roles in the development of immunity against a variety of
pathogens, but their role in helminthic infections is less well
understood (Allen and Loke, 2001; Goodridge et al., 2001). In this
study, we demonstrated that macrophages from T. crassiceps-
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Fig. 4. Kinetics of macrophage activation at site of infection during T. crassiceps infection. (A) Macrophages were isolated from the peritoneal cavity of BALB/c and C57BL/6
mice at different time points following infection with ten cysticerci. Without any additional stimulation, RNA was extracted and RT-PCR was performed for GAPDH, RELM-a,
Ym-1, Arg-1, TREM-2, IFN-y, TNF-a and MIF. (B) Densitometry analysis of 2-3 mice per group per time of infection was performed in order to give a semi-quantitative
observation. Values represent arbitrary units showing higher or lower density with respect to their own housekeeping gene transcript.
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infected BALB/c mice recruited to the site of infection transiently
produced high levels of IL-12, TNF-a and NO in response to pro-
inflammatory stimuli, such as LPS+IFN-y. However, as the
infection progressed, these cells showed a substantially reduced
capacity to produce these cytokines after similar stimulation.
Interestingly, macrophages from C57BL/6 mice maintained the
capacity to produce pro-inflammatory cytokines. These data are
consistent with the susceptible phenotype observed in IL-12 KO
mice (Rodriguez-Sosa et al., 2003) and suggest a major role for
macrophages in cysticercosis. The mechanism underlying the
inhibition of LPS +IFN-y-induced pro-inflammatory cytokine
production in our system remains to be elucidated, however, as
we have previously found high IFN-y receptor expression in these
macrophages (Rodriguez-Sosa et al., 2006), it may be associated
with an impaired intracellular signaling in BALB/c mice but not in
C57BL/6 mice.

The relevance of these observations is highlighted by the
finding that macrophages from BALB/c mice became rapidly
alternatively activated after T. crassiceps infection, whereas
macrophages from C57BL/6 mice presented a transient and
incomplete alternate activation. As the infection progressed, the
macrophages from BALB/c mice displayed higher transcripts of
four genes that are associated with alternative activation (Arg-1,
Ym-1, TREM-2 and RELM-a), whereas discrete changes on the
expression of pro-inflammatory cytokines could be detected. This
suggests a mixed macrophage population. In contrast, the
macrophages from C57BL/6 mice mainly over-expressed tran-
scripts for pro-inflammatory cytokines and not for alternative
activation markers. Thus, the presence and may be the persistence
of AAMd is another striking difference between the susceptible
and resistant strains of mice to T. crassiceps infection. Interestingly,
AAM® have been documented in all three classes of parasitic
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“p < 0.05 (Student’s t test).

helminths, such as nematodes, trematodes and cestodes (Reyes
and Terrazas, 2007). However, divergent roles have been reported
for these types of regulatory cells (Reyes and Terrazas, 2007). For
example, lung fibrosis caused by N. brasiliensis infection has been
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whereas in H. polygyrus infection a protective role has been

proposed (Anthony et al., 2007). In contrast, in filariasis (Taylor
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2007) the functional role for AAMd is still not fully understood, but
AAM® have been associated with suppressive activity. Further-
more, AAMd are necessary to avoid exacerbated pathology in
experimental schistosomiasis (Herbert et al., 2004). In this study,
the suppressive activity of AAMd from T. crassiceps-infected BALB/
c mice suggests an important role for these regulatory cells in
experimental cysticercosis, such suppressive activity was asso-
ciated with a higher expression of PD-L1 and PD-L2 which is in line
with recent observations in this model (Terrazas et al., 2005) and in
N. brasiliensis infection (Siracusa et al., 2008). In contrast,
macrophages from C57BL/6 mice did not show suppressive
activity, even though they generated higher levels of NO, which
has been proposed as a molecule involved in the down-regulation
of T cell proliferation in other helminthic infections (Atochina et al.,
2001). Our finding suggest that T. crassiceps infection leads to the
modulation of classically activated macrophages (CAM) in C57BL/6
mice, and alternatively activated macrophages in BALB/c mice,
seems that the early predominant macrophage population, AAMd¢
or CAM could be important in determining the outcome of T.
crassiceps infection.

Here we also compared the ability of DCs from BALB/c and
C57BL/6 mice to up-regulate maturation markers upon exposure
to Taenia antigens and LPS activation. We found that the response
of C57BL/6 DCs to TcES + LPS was associated with an increase in the
production of TNF-a and IL-12 and normal maturation. However,
the activation of BALB/c DCs in the presence of TcES was associated
with a decrease in the expression of CD86, CD80, and CD40 as well
as alower production of IL-12, TNF-a and IL-15. It is known that for
an optimal immune response DCs should not only effectively load
up and process antigen and produce cytokines, but they also need
to migrate to lymph nodes to stimulate T cells, interestingly, after
exposure to TcES LPS-stimulated BALB/c DCs displayed a down-
regulated expression of CCR7, a chemokine receptor that favors cell
migration (Ohl et al., 2004). This may impair the ability of DCs to
migrate from the peripheral tissue to the draining lymph nodes or
spleen in order to activate T cells (Ohl et al., 2004). Furthermore,
this combination of low costimulatory molecule expression, the
low pro-inflammatory cytokine production and may be the
decreased ability to migrate of the DCs may favor parasite
persistence in BALB/c mice, probably by biasing towards Th2
responses given the low production of IL-12 or by inducing a state
of “tolerance” given the impaired maturation observed. Moreover,
the fact that BALB/c DCs exposed to TcES + LPS displayed a low
ability to induce an allogenic response implies that Taenia antigens
appear to directly induce a state of DC hyporesponsiveness in
BALB/c mice, but not in C57BL/6 mice. Whether all these findings
are exclusively a result of the H2 haplotype differences is
unknown. Taken together our data on APCs suggest that defective
macrophage and DC activation may contribute to T. crassiceps
susceptibility.

Even though previous studies have associated the MHC-II
haplotype H-2¢ with susceptibility and the haplotype H-2° with
resistance to cysticercosis (Sciutto et al., 1991), the correlation
between resistance, DC activity, Th1 development and the absence
of AAM¢ suggests that inflammatory responses are an important
component of the effector mechanisms that limit larval growth,
which is difficult to associate with a given H2 haplotype. In support
of this, susceptible BALB/c mice lacking the STAT6 gene were
resistant to this infection (Rodriguez-Sosa et al., 2002a,b), despite
the presence of the H-2¢ haplotype. Furthermore, C57BL/6 mice
lacking the STAT4 gene were highly susceptible to T. crassiceps
infection (Rodriguez-Sosa et al., 2004). In further support, the
neutralization of IFN-vy and the inhibition of iNOS in vivo results in
greater susceptibility to T. crassiceps infection (Terrazas et al.,
1999; Alonso-Trujillo et al., 2007). Therefore, a more complex
relationship among several factors, such as host genes, the site of

infection, the immune response, the parasite’s genome (Hinojosa-
Juarez et al., 2008) and co-evolution, appears to be involved in the
outcome of this particular parasitic infection.

In summary, the results presented here demonstrate that the
immune response to T. crassiceps differs between susceptible and
resistant strains of mice. C57BL/6 mice predominantly produced a
more sustained Th1l-associated IFN-y response, their DCs were
refractory to modulation by Taenia antigens, recruited CAMd to
the site of infection and effectively controlled the parasite growth
following infection with T. crassiceps. On the other hand, BALB/c
mice mounted an IL-13-associated Th2-type response, their DC
activity was highly altered by exposure to TcES, recruited high
numbers of AAM to the site of infection and developed larger
parasite loads.
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To determine the role of alternatively activated macrophages in modulating the outcome of experimental
cysticercosis caused by Taenia crassiceps, we investigated the effect of removal of alternatively activated
macrophage by injecting clodronate-loaded liposomes into susceptible BALB/c mice. Following T. crassi-
ceps infection, mice receiving PBS-loaded liposomes developed a dominant Th2-type response associated
with the presence of alternatively activated macrophages together with antigen-specific hyporesponsive-
ness and high parasite burden. In contrast, similarly infected mice treated with clodronate-loaded lipo-
somes mounted a mixed Th1/Th2-type response, reversed antigen-specific hyporesponsiveness and did
not carry notable alternatively activated macrophage populations. These factors were associated with
increased resistance to T. crassiceps cysticercosis. Interestingly, early AAM¢ depletion was enough to limit
parasite growth. However, if macrophages were depleted late in the infection, no effect on parasite bur-
den was observed. These findings demonstrate that alternatively activated macrophages play a critical
role in mediating susceptibility to experimental cysticercosis in which their early recruitment may favor

parasite survival.

© 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Helminth infections exert profound regulatory effects on the
immune systems of their hosts; one common feature of these
infections is a strong Th2-biased immune response. However, dur-
ing the last few years new regulatory mechanisms have been dis-
covered to play a role during helminth infections. One such
mechanism is the induction of T-regulatory cells (Tregs) which
are now recognized to be involved in pathogen susceptibility as
well as in controlling inflammation in some helminth infections
caused by Litomosoides sigmodontis (D’Elia et al., 2009), Trichuris
muris (Taylor et al., 2009), Brugia malayi (McSorley et al., 2008),
Trichinella spiralis (Beiting et al., 2007) and Heligmosomoides
polygyrus (Rausch et al., 2008). Dendritic cells (DCs) have also been
reported to be affected by helminth-derived products (Carvalho
et al., 2009; Hewitson et al., 2009) and recently a new cell popula-
tion of macrophages called alternatively activated macrophages
(AAM¢s) has been consistently observed in several worm infec-
tions (Kreider et al., 2007; Reyes and Terrazas, 2007).
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Av. De los Barrios 1, Los Reyes Iztacala, 54090 Tlalnepantla, Edo de Mexico, Mexico.
Tel.: +52 55 5623 13233x39794; fax: +52 55 5623 1138.

E-mail address: literrazas@campus.iztacala.unam.mx (L.I. Terrazas).

It is well known that macrophage differentiation is plastic,
allowing them to adapt and acquire many phenotypes depending
on their cytokine microenvironment. Macrophages stimulated
with pro-inflammatory cytokines such as IFN-y and bacterial stim-
uli such as lipopolysacharides (LPS) are highly activated, capable of
killing phagocytosed pathogens. This activation phenotype has
prominent features, such as production of inflammatory cytokines
and inducible nitric oxide synthase (iNOS)-mediated reactive oxy-
gen species (ROS). These macrophages are now recognized as clas-
sically activated macrophages (CAMs). In contrast, AAMds were
originally demonstrated to respond to IL-4 in vitro by increasing
mannose receptor (MR) expression (Gordon, 2003) with no evident
role in the immune response. Interestingly, similar populations are
now known to arise in response to diverse pathological conditions
including tumors (Weigert and Brune, 2008; Ostrand-Rosenberg
and Sinha, 2009) and other parasitic infections (Noel et al., 2004;
Raes et al., 2007). These types of macrophages preserve the ability
to phagocytose, present antigen and up-regulate co-stimulatory
molecules, but their metabolism of L-arginine is altered due to
an increased expression of arginase-1 concomitant with decreased
expression of iNOS.

The presence of AAMd¢s has been well documented during
infection with all three classes of parasitic helminths such as nem-
atodes, trematodes and cestodes, but divergent roles have been re-
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ported for these types of regulatory cells (Reyes and Terrazas,
2007). For example, lung emphysema caused by Nippostrongylus
brasiliensis infection has been associated with the presence of
AAM¢s (Marsland et al., 2008), while in H. polygyrus intestinal
infection, AAM¢s showed effector functions involved in the clear-
ance of this nematode parasite (Anthony et al., 2006). In contrast,
in filariasis (Taylor et al., 2006) and Hymenolepis diminuta infection
(Persaud et al., 2007), the functional role for AAM¢s is still not fully
understood, but here AAM¢s were associated with suppression of
the immune response. Another feature of AAMds is their anti-
inflammatory activity, which serves to dampen immunopathology
in experimental schistosomiasis (Herbert et al., 2004). Moreover,
during Taenia crassiceps infection, we and others (Brys et al.,
2005; Terrazas et al., 2005) have found AAMdos that display sup-
pressive activity associated with high expression of PD-L1 and
PD-L2 on their membranes, suggesting an important role for these
regulatory cells in experimental cysticercosis. However, a specific
role for AAM¢s in T. crassiceps infection has not yet been
elucidated.

The purpose of this study was to determine the role of AAMds
in the outcome of murine cysticercosis caused by the helminth T.
crassiceps. To address this question, we compared the course of T.
crassiceps infection in BALB/c mice treated with clodronate-loaded
liposomes at various time points after infection. In addition, we
analyzed antibody profiles in sera, cellular responses and cytokine
profiles in spleen cells and peritoneal macrophages as well as den-
dritic cell activity. Our data demonstrated that AAMds represent a
key cell population involved in favoring experimental cysticercosis.
Here we present the first report, to our knowledge, demonstrating
that AAM¢s are deleterious in T. crassiceps infection.

2. Materials and methods
2.1. Mice, parasites and infection

Six- to 8-week-old female BALB/cAnN mice were purchased
from Harlan Laboratories (México) and were maintained in a path-
ogen-free environment at the Facultad de Estudios Superiores
(FES)-Iztacala, Universidad Nacional Autonoma de Mexico
(UNAM), Mexico, animal facility in accordance with institutional
and national guidelines. All experiments using mice were approved
by the Committee of Bioethics at FES-Iztacala. Mice were injected
i.p. with 10 metacestodes of the T. crassiceps ORF strain.

2.2. Liposome treatment

Given that clodronate-loaded liposomes are the most effective
and widely used method to deplete macrophages in a highly spe-
cific way (van Rooijen et al., 1996), we decided to treat mice i.p.
with 2 mg of either clodronate-loaded or PBS-loaded liposomes

on a weekly basis. Our group has previously shown that in T. crassi-
ceps infection, macrophages undergo a phenotypic and functional
switch from the acute (2 weeks p.i.) to chronic stage (8 weeks
p.i.) (Rodriguez-Sosa et al., 2002b). Taking this into account, we
had four different experimental groups: group 1: mice infected
with 10 metacestodes and treated during the full 8 weeks with
PBS liposomes (control), group 2: mice infected with 10 metaces-
todes and treated during the full 8 weeks with clodronate-lipo-
somes, group 3: mice infected with 10 metacestodes and treated
during the first 3 weeks with clodronate-liposomes and the last
5 weeks with PBS liposomes, and lastly group 4: mice infected with
10 metacestodes and treated during the first 5 weeks with PBS lip-
osomes and the last 3 weeks with clodronate-liposomes. After
8 weeks of infection, mice from the experimental groups were sac-
rificed and peritoneal lavage was performed under aseptic condi-
tions to obtain and count parasites.

2.3. Flow cytometry analysis

In order to determine drug treatment efficacy, total peritoneal
exudate cells (PECs) were analyzed by fluorescence activated cell
sorting (FACS) at 4 and 8 weeks p.i. A gate including high forward
light scatter (FSC)/high side light scatter (SSC) cells was generated
and in that gate the different markers were analyzed. Briefly,
1 x 10° PECs were incubated with anti-CD16 and anti-CD32 anti-
bodies (Biolegend, San Diego, CA, USA) to block non-specific bind-
ing. Next, cells were stained with specific anti-F4/80, anti-MAC 3,
anti-PD-L1, anti-PD-L2 (all from Biolegend) and anti-Siglec-F (BD-
Pharmingen) and incubated for 30 min at 4 °C. Cells were washed
twice with 1 ml of FACS buffer (containing 1% FBS and 0.5% of so-
dium azide in PBS). Analyses of cells were performed using the
FACSCalibur system and Cell Quest software (Becton Dickinson).

2.4. Spleen cell cultures

At the indicated time points, spleens were aseptically removed
from different groups of mice. Single-cell suspensions were pre-
pared by gently teasing apart the spleen in RPMI-1640 media sup-
plemented with 10% FBS, 100 units of penicillin/streptomycin,
2 mM glutamine, 25 mM HEPES buffer and 1% non-essential amino
acids (all from GIBCO, BRL Grand Island, New York, USA). The cells
were centrifuged at 1000 g in an Eppendorf centrifuge (5702) and
erythrocytes were lysed by resuspending the cells in Boyle’s solu-
tion (0.17 M Tris and 0.16 M ammonium chloride). Following two
washes with PBS, the viable cells were counted by trypan blue
exclusion with a Neubauer hemocytometer and the splenocytes
were adjusted to 3 x 10° cells/ml in the same medium. One hun-
dred microliters of cells per well were seeded in 96-well plates
(Costar, Cambridge, Massachusetts, USA) and stimulated either
with T. crassiceps total soluble antigen (TcAg, 25 pg/ml) or conca-
navalin A (5 pg/ml) as a non-specific stimulus. After incubation

Table 1
Genes and their respective sequences used to determine alternative activation of macrophages.
Gene Sequence Melting temperature (°C) Reference
GAPDH F- CTC ATG ACC ACA GTC CAT GC 54 Renshaw et al. (2002)
R-CAC ATT GGG GGT AGG AAC AC
iNOS F-CTGGAG GAG CTC CTG CCT CATG 65 Yoshida et al. (2000)
R-GCA GCA TCC CCT CTG ATG GTG
Arg-1 F-CAG AAG AAT GGA AGA GTC AG 54 Nair et al. (2003)
R-CAG ATA TGC AGG GAG TCA CC
Relm-ot F-GGTCCCAGTGCATATGGATGAGACCATAGA 62 Nair et al. (2003)
R-CACCTCTTCACTCGAGGGACAGTTGGCAGC
Ym-1 F-TCACAGGTCTGGCAATTCTTCTG 56 Nair et al. (2003)

R-TTTGTCCTTAGGAGGGCTTCCTC

F, forward primer; R, reverse primer.
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for 72 h at 37°C and 5% CO,, [>H]-thymidine (Amersham) was
added and supernatants were frozen and stored at —80 °C until
used.

2.5. Cytokine quantization by ELISA sandwich

IFN-v, IL-4 and IL-13 levels in supernatants from spleen cell cul-
tures were measured using a sandwich ELISA, according to the
manufacturer’s instructions (Peprotech-México, México, D.F.).

2.6. Reverse transcription (RT)-PCR analyses

The levels of arginase 1 (Arg-1), iNOS, Ym-1 and Resistin-like
molecule-oo (RELM-or) mRNA transcripts in adherent peritoneal
macrophages (which were led to adhere 2 h at 37 °C and 5% CO,)
were determined using RT-PCR. At the indicated time points,
adherent peritoneal macrophages from T. crassiceps-infected

BALB/c and healthy mice were aseptically removed and without
any further stimulation were processed for RNA extraction using
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and the propa-
nol-chloroform technique. The RNA was quantified and 3 pg of
RNA were reverse transcribed using the Superscript II First Strand
Synthesis Kit (Invitrogen) and an oligo dT primer, as recommended
by the manufacturer. Once cDNA was obtained, conventional PCR
was performed. The PCR reactions contained (in a 25 pl final vol-
ume) 5X PCR Buffer blue, 10 mM dNTP, 40 nM each forward and
reverse primers (Table 1), 1 U Taq DNA polymerase (Sacace Bio-
technologies, Italy) and 2 pl of the cDNA. The program used for
the amplification of each gene contained an initial denaturation
at 95 °C for 5 min, 35 cycles of 95 °C for 40 s, the indicated melting
temperature (Table 1) for 50 s and 72 °C for 40 s and a final exten-
sion step at 72 °C for 4 min. All reactions were carried out in a ther-
mal cycler (Corbett Research, Australia). Finally, to observe the
amplified products, a 1.5% agarose gel was prepared and samples
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Fig. 1. Kinetics of alternatively activated macrophages during Taenia crassiceps acute infection. Peritoneal exudate cells (PECs) were recovered after infection with 10
metacestodes at indicated time points during the first 3 weeks of infection. (A) Flow cytometry analysis shows that macrophages (F4/80") are recruited within 3 days p.i.
(d.p.i.) and increased numbers are detected as infection progresses. In contrast, neutrophils (Gr-1*) and eosinophils (F4/80'° Siglec-F*) are rapidly recruited. (B) Reverse
transcription-PCR assays were performed in adherent peritoneal cells without any additional stimulus in order to determine the activation status of macrophages. mRNA
expression shows that macrophages with alternative activation markers are clearly detected within 2 weeks p.i. The data shown are representative of two independent

experiments (n =4). MR, mannose receptor.
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were loaded with blue juice buffer containing SYBR Green (Invitro-
gen). The gels were visualized using a Fujifilm FLA 5000 scanner
(Fuji, Japan) with FLA 5000 image reader V2.1 software to capture
the images. The specificity of the PCR was verified by the absence
of signal in the no-template controls of macrophage samples. The
sequences of the primers used are available in Table 1.

2.7. Densitometry analysis

At the different time points expression levels for each sample
were normalized against the Housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (gapdh) using a Fujifilm FLA 5000
scanner to capture the images. Values are presented as arbitrary
units (an average of four animals is shown).

2.8. Cytospin

PECs were harvested from different mice, adjusted to 300,000
cells/300 ul and centrifuged at 60g for 10 min using a Hermle
7300 (Germany) centrifuge with cytospin adapters. Images were
captured using AxioVision Rel 4.6 and an AxioCam ICc3 connected
to an Axiostar (Zeiss) Microscope to record the images.

2.9. Statistical analyses

The one-way ANOVA test and ‘honestly significant difference’
(HSD) Tukey’s test were applied to identify significant differences
between the observations of multiple groups. The level of signifi-
cance was established at P < 0.05.

3. Results
3.1. Early presence of AAM¢ during T. crassiceps infection

We previously demonstrated that T. crassiceps infection induces
AAM¢s (Rodriguez-Sosa et al., 2002b; Terrazas et al., 2005); how-
ever, the earliest time point that we tested was 4 weeks p.i. Thus,
in order to detect the presence of AAM¢s during early infection,
we analyzed the population of PECs recruited to the site of infec-
tion at different time points, including day 1, after infection with
10 cysticerci. On day 1 p.i., we did not detect the presence of
AAM¢s at the site of inoculation, as measured using flow cytome-
try (Fig. 1A) and RT-PCR (Fig. 1B). At this point, we could detect pri-
marily Gr1*/F4/80~ cells and Siglec-F*/F4/80'°" cells, indicating
that at this early time there was no recruitment of macrophages
at the site of infection, but the expression of some surface markers,
such as PD-L1 and PD-L2, was moderately increased in other cell
populations (Fig. 1A). At this time, PECs did not express transcripts
for some genes associated with AAM¢ such as Arg-1, Ym-1 and
RELM-a. (Fig. 1B). The next time points we tested were 3 and 7 days
p.i. when some changes started to appear, as shown in Fig. 1A. The
population of Gr1* cells started to express F4/80 by day 3 p.i. (F4/
807/Gr1" cells, approx. 37%) and by day 7 p.i. this population in-
creased to 50% plus 4% of Gr17/F4/80". Interestingly, these cells dis-
played higher expression of PD-L1 and PD-L2, and started to
express IL-4Ra as well as MR (or CD206). Nevertheless, at this time
point these PECs still did not show any transcripts of alternate acti-
vation markers (Fig. 1B). The population of Siglec-F" cells de-
creased by this time point. By day 14 p.i., we detected increasing
expression of PD-L1, PD-L2, IL-4Roa and stable expression of MR
in F4/80 cells (Fig. 1A) by flow cytometry, whereas Siglec-F" cells
reached 14%. Also, at this time point, accumulation of Ym-1 and
RELM-o transcripts in adherent PECs was detectable by RT-PCR
(Fig. 1B), suggesting the initial presence of AAMs.

At day 21 p.i., significant expression levels of IL-4Ro. MR, PD- L1
and PD-L2 in most F4/80" cells were detected (Fig. 1A) together
with an increase in transcripts for AAM¢ markers (Fig. 1B). Also
at this time point we found increasing percentages of single Sig-
lec-F* and F4/80"/Siglec-F*°. Thus, the phenotype for macrophages
at this time point was F4/80", IL-4Ra*, MR", PD-L2", PD-L1", Siglec-
F°, Arg-1*, iNOS™ RELM-of, Ym1*, indicating the presence of
AAM¢s at the site of infection (Fig. 1A and B).

3.2. Depletion of AAM¢ favors resistance to T. crassiceps infection

The role of AAM¢s in helminth infections in terms of suscepti-
bility or resistance is poorly understood. We decided to directly
examine whether AAM¢s play an important role in the outcome
of T. crassiceps infection. Female mice were infected with 10 cysti-
cerci. The next day, they started to receive i.p. injections every
other day with clodronate-loaded liposomes carrying a total of
2 mg of clodronate per week per mouse. Control infected mice re-
ceived PBS-loaded liposomes. After 4 or 8 weeks p.i., mice were
killed and parasite loads were evaluated. As seen in Fig. 2A, mice
receiving clodronate-loaded liposomes displayed a significant
reduction in parasite loads (>90%, P < 0.01, compared with PBS-
treated mice). However, mice receiving PBS-loaded liposomes
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Fig. 2. Depletion of macrophages results in enhanced resistance to Taenia crassiceps
cysticercosis. (A) Mice were infected with 10 metacestodes of T. crassiceps and
treated with either PBS- or clodronate-loaded liposomes for 4 or 8 weeks. Parasite
load was evaluated at 4 and 8 weeks p.i. and mean+S.D. of parasites in
peritoneums are presented (n=7). (B) Numbers of total peritoneal exudate cells
(PECs) recruited during infection are depicted. P<0.05 compared with non-
depleted mice; "P<0.01.
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showed a heavy parasite burden similar to that found in untreated-
infected mice (data not shown), indicating that liposomes alone
did not impair parasite growth.

The effectiveness of clodronate-loaded liposome treatment was
evaluated by counting the total population of PECs recruited at dif-
ferent times after infection (Fig. 2B) and by analyzing total PECs
stained with anti-F4/80 antibodies and anti-Siglec-F. We observed
that mice receiving PBS-liposomes (non-depleted) recruited a
higher number of cells (Fig. 2B), as well as a high percentage of
F4/80" cells in the peritoneal cavity (Fig. 3A and B); in contrast,
mice treated with clodronate-liposomes displayed a significant
reduction of these cells (Fig. 3A and B). Further staining demon-
strated the efficacy of clodronate treatment, as PECs from PBS-trea-
ted mice showing F4/80" also displayed high expression of MR, a

marker associated with alternative activation (Fig. 3C), whereas
the F4/80"° Siglec-F* population remained unchanged after clodro-
nate treatment (Fig. 3A-C); the absence of macrophages was illus-
trated by cytospin in Fig. 3D.

PECs from animals receiving clodronate-liposomes contained
significantly reduced populations of F4/80"PD-L1* PD-L2* MAC 3*
cells, while control mice displayed F4/80" cells expressing PD-L1,
PD-L2 and MAC 3 (Fig. 4A). These PECs were led to 2 h adherence
and RT-PCR showed that they were AAM¢s as determined by detec-
tion of transcripts of Arg-1, Ym-1 and RELM-a, but not iNOS (Fig. 4B).
In order to show that adherent cells were mainly macrophages we
performed cytospin from adherent and non-adherent PECs
(Fig. 4C). Together, these data indicated that clodronate-loaded lip-
osomes effectively depleted most of peritoneal macrophages.

(A) TOTAL PECs

PBS-linposomes

Siglec F

F4/30
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Clodronate-liposomes
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Fig. 3. Clodronate treatment efficiently depletes F4/80™ cells. To determine whether clodronate-liposome treatment targeted the expected population, Flow cytometry
analysis was performed on total peritoneal exudate cells (PECs) (A), and evaluation of macrophage and eosinophil survival was performed at 4 weeks after parasite
inoculation from PECs (gate selected, square). A clear decrease in the F4/80™ cell population was observed together with the presence of F4/80'/Siglec-F* (eosinophils). (B)
Dot plots showing the effect of clodronate treatment on F4/80™ cells and on Siglec-F* cells. (C) F4/80™ cells also express mannose receptor, which is associated with
alternative activation (this population is eliminated after clodronate treatment) whereas F4/80'"°Cells express Siglec-F (this population is not affected by treatment). (D)
Cytospin of total PECs from PBS- or clodronate-loaded liposomes treated mice (100x ). SSC, side light scatter; FSC, forward light scatter; MR, mannose receptor.
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3.3. Early, but not late, depletion of AAM¢ is effective in restricting T.
crassiceps growth

As we illustrated in Fig. 1, AAM¢s began to be recruited as early
as week 2 p.i. and clearly appeared by week 3 p.i. Thus, we decided
to determine whether the timing of macrophage depletion may be
important to the outcome of this infection. A group of infected
mice were treated with clodronate-liposomes during the first
3 weeks of infection and then treatment was stopped. Another
group of mice infected at the same time was treated with clodro-
nate-liposomes during the last 3 weeks of infection. Their respec-
tive controls were treated with PBS-liposomes during the full
course of the experiment and the experiments were finalized at
week 8 p.i. Taenia crassiceps-infected mice receiving late treatment
with clodronate-liposomes were unable to clear the parasite and
displayed parasite burdens similar to those obtained from PBS-
liposome-treated mice (Fig. 5A). In contrast, parasite burdens were
markedly reduced when clodronate-liposome treatment was
started early in the infection (Fig. 5A, P<0.01 compared with
PBS-liposome treatment). Despite not finding a significant reduc-
tion in F4/80" cells (Fig. 5B) our data on RT-PCR analysis did show
that early depletion of macrophages prevented the increase of
AAM¢ markers, while macrophages in the late-depleted group still
displayed the markers Arg-1, Ym-1, and RELM-a (Fig. 5C).

3.4. The immune response to T. crassiceps is slightly modified after
AAM¢ depletion

It is known that T. crassiceps infection induces a strong Th2-type
response and that this type of response leads to successful infec-
tion (Terrazas et al., 1998). We asked whether macrophage deple-
tion may affect the development of a Th2 response and if this could

be the reason why parasite growth was impaired. Thus, we ana-
lyzed specific antibody response to T. crassiceps antigens. As ex-
pected, mice treated with PBS-liposomes displayed increasing
IgG1 levels as the infections progressed (data not shown). Similar
responses were observed in mice undergoing full macrophage
depletion which at the end of infection showed indistinguishable
levels of IgG1 compared with all the other groups. Likewise, levels
of anti-Taenia specific IgG2a were not modified by any treatment
(data not shown).

When we analyzed the proliferative response of spleen cells
8 weeks p,i., we found that AAM¢ depletion, in all cases, signifi-
cantly improved the response to Taenia antigens compared with
the non-depleted group, which displayed poor antigen-specific cell
proliferation (Fig. 6A).

After analysis of cytokine profiles, differences in IL-4 and IL-13
production were found. Splenocytes from fully depleted mice dis-
played the highest IL-4 and IL-13 production in response to Taenia
antigens (Fig. 6B and C). However, splenocytes from mice undergo-
ing early macrophage depletion showed a lower production of these
cytokines, while mice undergoing late macrophage depletion pro-
duced similar levels to those obtained from non-depleted animals
(Fig. 6B and C). Th1-associated IFN-y production was also increased
in the fully-depleted group compared with other treatments
(Fig. 6D). Again, mice undergoing early depletion of macrophages
showed the lowest IFN-y production. This observation was not due
to poor cell viability, given that the same spleen cell populations pro-
duced IFN-vy in response to Con-A (data not shown).

3.5. DCs in spleens are not altered after macrophage depletion

In order to show that treatment with clodronate did not alter
the development, function or presence of other antigen-presenting
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Fig. 4. Clodronate treatment alters other markers of alternative activation. (A) A decrease in populations expressing MAC 3, PD-L1 and PD-L2 is observed after 4 or 8 weeks
(wks) treatment with clodronate-liposomes. (B) Analyses of mRNA transcripts for alternatively activated macrophage (AAM¢) markers were performed and no expression of
AAM¢ markers was detected in the remaining cells obtained from animals treated with clodronate-liposomes. Data shown are representative of four to five animals assayed
in two separate experiments. mRNA came from peritoneal adherent cells. 'P < 0.05 compared with non-depleted mice. (C) Cytospin preparation from adherent and non-

adherent peritoneal exudate cells (PECs) (100x).

cells such as DCs, we performed a bone marrow-derived DC
(BMDC) culture from infected mice receiving the clodronate treat-
ment for 8 weeks. Clodronate-treated mice were able to develop
mature DCs after LPS stimulation for 24 h (data not shown). Inter-
estingly, the population of DCs in the spleens of T. crassiceps-in-
fected mice treated with clodronate-liposomes was unaltered
compared with infected, non-depleted mice (data not shown). In
contrast, F4/80" cells were reduced by clodronate treatment (from
11.5+2% in PBS-treated mice to 4.8 £ 1% in clodronate-treated
mice). Thus, the observed higher antigen-specific proliferative re-
sponse of splenocytes may be associated with both normal per-
centages of DCs and the lower presence of macrophages in the
spleen.

4. Discussion

Helminth-induced immune regulation is currently an area of
great interest. Indeed, several studies have identified a unique pop-
ulation of macrophages during diverse parasitic helminth infec-
tions that adopt an alternatively activated phenotype, expressing
IL-4Ro™, CD206%, Arg-1*, iNOS~, RELM-o", Ym-1* (Kreider et al.,
2007; Reyes and Terrazas, 2007). These macrophages are thought
to influence the outcome of infections. However, their definitive
role in protection or susceptibility, as well as their effector or reg-
ulatory activities, remain debatable and seem to be variable in such
infections (Reyes and Terrazas, 2007). AAMds have been found as
effector cells in H. polygyrus secondary infections, where macro-
phage depletion by clodronate treatment or arginase inhibition

abrogated protective responses and favor survival of this intestinal
parasite (Anthony et al., 2006). More recently, it was also demon-
strated that treatment with either clodronate-liposomes or argi-
nase inhibitors resulted in impaired expulsion of the nematode
N. brasiliensis (Zhao et al., 2008) by an indirect effect that was
blocking smooth muscle hypercontractility. Also, it has been
shown that AAM¢s are present during H. diminuta infections at
the time of intestinal expulsion, but their participation in the clear-
ance of this cestode has not been definitively demonstrated (Per-
saud et al.,, 2007). On the other hand, trematode infections also
induce AAM¢s but no clear role has been defined relative to effec-
tor functions (Donnelly et al., 2005, 2008). In experimental cysti-
cercosis caused by T. crassiceps, we and others have investigated
different immunological mechanisms involved in protection and
susceptibility such as STAT6, STAT4, MIF, iNOS, parasite-release
factors, protease activity, etc. (Rodriguez-Sosa et al., 2002a, 2003,
2004; Baig et al., 2005), and have reported the presence of AAMd
s in this infection (Rodriguez-Sosa et al., 2002b; Terrazas et al.,
2005). Despite of a considerable body of work on the immunology
of T. crassiceps infection, the roles of AAM¢s in cysticerci persis-
tence and in the control of immune response have not previously
been evaluated.

To experimentally determine the functional role of AAM¢s on T.
crassiceps infection, we treated infected BALB/c mice with clodro-
nate-loaded liposomes to deplete macrophages. Our data demon-
strated a functional association between the presence of AAMds
and the survival of T. crassiceps. We report three novel findings.
First, we showed that the recruitment of AAM¢s starts as early
as 2 weeks p.i. and that these cell populations increase as the
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infection progresses. Second, complete as well as early depletion of
macrophages following clodronate treatment resulted in increased
resistance to T. crassiceps infection. Third, in vivo removal of AAM¢s
reversed the classical antigen-specific cell hyporesponsiveness in
experimental cysticercosis.

Consistent with previous studies, we have shown that T. crassi-
ceps infection induced the increased recruitment of AAMd¢s which
displayed up-regulation of F4/80, MR, IL-4Ra., PD-L1 and PD-L2 to-
gether with increased transcription of Arg-1, RELM-o and Ym-1.
Recruitment of this cell type started after 2 weeks of infection with
10 non-budding metacestodes of T. crassiceps. As the infection pro-
gressed, increased expression of all these markers was observed.

Similarly, there was an increase in parasite load, suggesting that
AAM¢s do not participate in controlling parasite growth in this
infection. In line with this idea, the outcome of the infection was
dramatically affected by macrophage depletion since, unlike other
helminth infections (Anthony et al., 2006; Zhao et al., 2008), the
absence of AAM¢ favored resistance to T. crassiceps. This outcome
is in contrast with recent descriptions of the prominent role of
AAM¢os in other helminth infection models, in which Th2 re-
sponses were protective. Examples of these include N. brasiliensis
and H. polygyrus infections, in which AAM¢ and arginase were
the pivotal mediators induced by Th2-type responses that acted
to favor a protective response (Anthony et al., 2006; Zhao et al.,
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Fig. 5. Time of removal of macrophages is important for Taenia crassiceps susceptibility. (A) To evaluate the participation of macrophages in susceptibility to T. crassiceps,
infected mice were treated with clodronate-loaded liposomes during the first 3 weeks of infection and thereafter mice received PBS liposomes. Late participation of
macrophages was determined by injection of PBS-liposomes during 5 weeks of acute infection and clodronate-liposomes were given during the last 3 weeks. "P<0.01
compared with PBS-treated mice at 8 weeks p.i. (B) Macrophage depletion was tested by flow cytometry. (C) Reverse transcription-PCR assays on adherent peritoneal exudate
cells. Data shown are representative of two separate experiments (1 =7). P < 0.05 compared with infected non-depleted or late-depleted groups.

2008). This discrepancy can be explained by the site where the par-
asites live. While N. brasiliensis and H. polygyrus are mainly intesti-
nal parasites (Patel et al., 2009), T. crassiceps infection occurs in the
peritoneal cavity, where different effector mechanisms may be
necessary to eliminate this parasite. These data suggest a divergent
role for AAM¢s in different helminth infections.

In the current study, significant changes were also observed in
the antigen-specific proliferative response in clodronate-liposome
treated mice. The most characteristic change was the increased
proliferative response observed in each group that received treat-
ment. This observation agrees with the suppressive activity of

AAM¢s previously reported in distinct helminth infections, such
as Brugia (Loke et al., 2000), Litomosoides (Nair et al., 2005) and Tae-
nia (Terrazas et al., 2005). However, parasite clearance did not nec-
essarily correlate with cell proliferation, since mice receiving
clodronate in the late phase of the infection displayed better prolif-
erative responses than mice receiving empty liposomes, despite
the fact that the parasite loads of each group were similar. These
data suggest that while AAMds suppressed cell proliferation, other
elements of the immune response were untouched by clodronate
treatment. For example, we did not observe a change in the Th1/
Th2 profile or in antibody production during infection, neither in
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the percentage of eosinophils (at 4 weeks p.i.), suggesting that
more cell types are also involved in regulating immunity to T.
crassiceps. The development of DCs from the bone marrow of mice
treated with clodronate further supports this idea, given that we
could find normal percentages of DCs in the spleens. Interestingly,
fully depleted mice displayed increased secretion of both Th1 type
cytokines (IFN-v) and Th2-type cytokines (IL-4 and IL-13), which
suggests that AAM¢s are able to indistinctly affect Th1- and Th2-
type responses. Another interesting finding was the fact that in
chronic infections (8 weeks), treatment with clodronate also led
to the disappearance of the F4/80' populations in the PECs. We
do not know at this moment whether long-term clodronate treat-
ment may also eliminate eosinophils or if the absence of parasites
as well as AAM¢s may influence the attraction of these cells, given
that it has been reported that alternatively activated macrophages
contribute substantially to tissue recruitment of eosinophils
(Voehringer et al., 2007). Interestingly, there are no reports on
long-term treatment with clodronate-liposomes since most of
the studies using this treatment have been performed over a short
time (Schmidt-Weber et al., 1996; Leendertse et al., 2009). On the
other hand, the contrasting effects of full, early or late depletion of
macrophages on T cell responses need more detailed analysis. With
the present data it is evident that only clodronate treatment
throughout the whole time of infection displayed consistent re-
sults, improving antigen-specific proliferative responses, Th1 as
well as Th2 responses, and may be more effective for AAM¢ elim-
ination. More detailed experiments will be necessary to define the
effects of the other treatments regarding antigen-specific
responses.

One of the main difficulties in precisely delineating the major
roles of AAMds in helminth infections is that many of the associ-
ated AAM¢ molecules are not restricted to macrophages (Jenkins
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and Allen, 2010). For example, RELM-a appears to be produced
by eosinophils rather than macrophages in liver granulomas of
Schistosoma mansoni-infected mice (Pesce et al., 2009), whilst in
lung granulomas induced by schistosome eggs, RELM-o" cells in-
clude macrophages, eosinophils and airway epithelial cells (Nair
et al., 2009). In B. malayi infection, both macrophages (F4/80" Sig-
lec-F~) and eosinophils (Siglec-F" F4/80'°) are able to produce this
protein (Jenkins and Allen, 2010). However, in our model the infec-
tion is restricted to the peritoneal cavity; therefore, we do not need
to deal with granuloma development involving many distinct cells,
nor the noise of epithelial cells producing RELM-o.. Moreover, the
adherent peritoneal population was demonstrated to be mainly
composed of macrophages and therefore the RT-PCR detection of
RELM-o, Ym-1 and Arg-1 may come mostly from macrophages.
Nevertheless, as we did not analyze the expression of these mark-
ers specifically in eosinophils, we cannot rule out that these as well
as other cell types recruited during this infection may express the
same markers. But, interestingly, when macrophages were de-
pleted all of these markers were down-regulated, even though a
high level of eosinophils was still present.

In the current paradigm, Th2 cells play a central role in the
development of resistance to intestinal helminth infections, likely
through the production of IL-4 and IL-13 which have been shown
to modulate the participation of eosinophils, goblet cells and, re-
cently, AAM¢s (Khan et al., 2001; Marillier et al., 2008; Fabre
et al., 2009). However, the study presented here, using an extrain-
testinal phase of helminth infection, revealed early and sustained
presence of AAM¢s associated with the progression of infection
and with low spleen cell proliferative responses, suggesting that
AAM¢s are capable of inhibiting T cell responses. In line with this
idea, we recently demonstrated that strains of mice resistant to T.
crassiceps infection did not develop AAM¢s (Reyes et al., 2009). On
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the other hand, the lung phase of N. brasiliensis infection also re-
cruits AAM¢s which in this case shows suppressive activity (Reece
et al.,, 2006). Taken together, these results suggest that there may
be fundamentally different mechanisms and/or regulatory path-
ways that dictate how the T cell response to helminth infections
is generated, depending on the type of helminth, phase of the
infection and genetic background of the host. Understanding the
mechanics of these events would help in the design of optimal
strategies for immune-based therapies designed to enhance or
modulate responses to helminth infections.

In conclusion we have provided experimental evidence for an
immunosuppressive role of AAMds during experimental cysticer-
cosis by using in vivo macrophage depletion. Importantly, blockade
of recruitment of macrophages at the site of infection resulted in
prevention of T. crassiceps growth whilst the Th2 response and
recruitment of eosinophils remained intact.

The studies described here suggest that the presence of AAM¢s
favor parasite survival, while early or full depletion of AAMds
help to eliminate the parasite. These studies represent, to our
knowledge, the first demonstration that AAM¢ populations are
critically involved in favoring susceptibility during a helminth
infection.
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Helminth infections induce strong immunoregulation that can modulate subsequent pathogenic chal-
lenges. Taenia crassiceps causes a chronic infection that induces a Th2-biased response and modulates
the host cellular immune response, including reduced lymphoproliferation in response to mitogens,
impaired antigen presentation and the recruitment of suppressive alternatively activated macrophages
(AAM®). In this study, we aimed to evaluate the ability of T. crassiceps to reduce the severity of experi-
mental autoimmune encephalomyelitis (EAE). Only 50% of T. crassiceps-infected mice displayed EAE
symptoms, which were significantly less severe than uninfected mice. This effect was associated with
both decreased MOG-specific splenocyte proliferation and IL-17 production and limited leukocyte infil-
tration into the spinal cord. Infection with T. crassiceps induced an anti-inflammatory cytokine microen-
vironment, including decreased TNF-o production and high MOG-specific production of IL-4 and IL-10.
While the mRNA expression of TNF-a and iNOS was lower in the brain of T. crassiceps-infected mice with
EAE, markers for AAM® were highly expressed. Furthermore, in these mice, there was reduced entry of
CD3*Foxp3~ cells into the brain. The T. crassiceps-induced immune regulation decreased EAE severity

by dampening T cell activation, proliferation and migration to the CNS.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Helminth parasites possess sophisticated and efficient mecha-
nisms to regulate the immune response to survive inside their
hosts, including the skewing of the immune response toward a
Th2 response and the generation of regulatory cells. In addition
to Th2 polarization, the recruitment of immunomodulatory cell
populations, such as T regulatory cells (Tregs) and alternatively
activated macrophages (AAM®s), has also been described in differ-
ent helminthic infections. However, the role of these cells is also
dependent on the particular helminth [1,2]. For example, in nema-
tode infection, AAM®s actively participate in parasite clearance
[3], while in Taenia crassiceps infection, AAM®s favor parasite per-
sistence [4]. Interestingly, experimental infection with Brugia ma-
layi, Schistosoma mansoni or Litomosoides sigmodontis induces an
increased and rapid recruitment of CD4* CD25" Foxp3™ Tregs cells,
which can be beneficial for both the parasite and the host [5-7]. It
is clear that the strong regulatory mechanisms developed by hel-
minthes are necessary either to successfully colonize their hosts
or to complete their life cycle while minimizing damage to the
host.
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Given the impact of helminth infections on subsequent
challenge with pathogens, including Mycobacterium, Leishmania,
Trypanosoma and Plasmodium [8-13], helminth-induced immuno-
modulation has been heavily studied. Recent data have shown that
helminth-induced immunomodulation can also ameliorate auto-
immune and allergic diseases, even though these diseases are
Th1/Th17 or Th2 dependent, respectively [14,15]. For example,
S. mansoni and its antigens, Trichinella spiralis or Heligmosomoides
polygyrus are able to modulate Type 1 diabetes (T1D) in NOD mice,
mainly due to the Th2 skewing [16-19]. S. mansoni infection has
also been shown to decrease the severity of experimental autoim-
mune encephalomyelitis (EAE) [20]. Furthermore, allergic disor-
ders, which are typically Th2 dependent, are improved in
S. mansoni- or H. polygyrus-infected mice despite high circulating
IgE levels [21,22].

T. crassiceps naturally infects rodents where it can reproduce by
budding, and the final hosts are canines. Nevertheless, there are re-
ports demonstrating that immuno-compromised humans can de-
velop T. crassiceps-cysticercosis [23]. Additionally, antigenic
similarities have been very well established between Taenia solium
and T. crassiceps metacestodes [24]. Therefore, sera from human
patients with neurocysticercosis can recognize T. crassiceps anti-
gens. Similar to other helminthes, T. crassiceps and its antigens
can skew the host immune response toward a Th2 cytokine profile
[25]. In addition to the increased Th2 response, a striking growth of
T. crassiceps metacestodes and the recruitment of suppressive
AAM®s have been observed [25]. T. crassiceps infection also
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appears to enhance Trypanosoma cruzi and Leishmania spp. replica-
tion in co-infected hosts [9,10]. Recently, T. crassiceps infection has
been shown to attenuate chemically induced T1D [26]; however,
the effect of T. crassiceps on the development of other autoimmune
diseases has not been determined.

EAE is a T cell-driven autoimmune disease of the central ner-
vous system (CNS) that shares many clinical and pathological fea-
tures with multiple sclerosis (MS) [27]. Treatments that interfere
with costimulation or co-inhibition have been shown to alter the
progression of EAE [28-31].

In this study, we evaluated the impact of T. crassiceps infection
on the onset and develop of EAE. We show that concurrent infec-
tion with T. crassiceps induces T cell hyporesponsiveness that im-
pedes MOG-specific T cell proliferation and is associated with
decreased leukocyte infiltration into the CNS and significantly less
severe disease. Furthermore, we demonstrate that an anti-inflam-
matory microenvironment and the over-expression of AAM®
markers, such as Arginase-1 (Arg-1), Relm-a and YM-1, are fea-
tures of T. crassiceps-infected mice that did not develop EAE.

2. Materials and methods
2.1. Mice, parasites and infection

Six- to eight-week-old female C57BL/6 mice were purchased
from Harlan Laboratories (México) and were maintained in a path-
ogen-free environment at the FES-Iztacala, UNAM animal facility in
accordance with Institutional and National guidelines.

T. crassiceps (ORF strain) metacestodes were harvested under
sterile conditions from the peritoneal cavity of female BALB/c mice
after 2-4 months of infection. The cysticerci were washed four
times in phosphate-buffered saline (PBS; 0.15 M Nacl, 0.01 M so-
dium phosphate, pH 7.2) and used for infection. Because C57BL/6
mice are considered resistant to T. crassiceps infection, we per-
formed parasite burden kinetics to determine the dose required
to make these mice susceptible to infection. We found that infec-
tion with 40 metacestodes was enough to break resistance. There-
fore, i.p. infection with 40 metacestodes was carried out for each
experiment.

2.2. EAE induction and assessment

To induce EAE, T. crassiceps-infected mice (at 8 weeks post-
infection), as well as uninfected mice, were immunized subcutane-
ously with 300 pg myelin oligodendrocyte glycoprotein peptide
35-55 (MOGs;s_55) (Life tein, Piscataway, NJ) emulsified in com-
plete Freund’s adjuvant containing 400 pg/ml Mycobacterium
tuberculosis (Sigma Aldrich). The mice were given 200 ng of Pertus-
sis toxin (Fluka,) intraperitoneally on the day of immunization and
48 h later.

All animals were observed daily for clinical signs and scored
(blinded) as follows: grade 0, no abnormality; grade 1, limp tail;
grade 2, limp tail and hind limb weakness; grade 3, partial hind
limb paralysis; grade 4, complete hind limb paralysis; and grade
5, death.

2.3. Histology

For histological evaluation of EAE, animals were euthanized at
the peak of disease. The spinal cord was removed and fixed in 4%
formalin. Tissue samples were embedded in paraffin, and 5-um
sections were cut on a microtome and stained with hematoxylin
and eosin for histological examination.

2.4. Splenocyte cultures

At the peak of EAE (21 d.p.i.), spleens were aseptically removed,
and single-cell suspensions were prepared by gently teasing apart
the spleen in RPMI-1640 media supplemented with 10% FBS, 100 U
of penicillin/streptomycin, 2 mM glutamine, 25 mM HEPES and 1%
non-essential amino acids (all from GIBCO, Grand Island, NY). The
cells were centrifuged at 1000g, and erythrocytes were lysed by
resuspending the cells in Boyle’s solution (0.17 M Tris and 0.16 M
ammonium chloride). Following two washes with PBS, the viable
cells were counted using Trypan blue exclusion, and the spleno-
cytes were adjusted to 3 x 10° cells/ml in the same medium. The
cells (100 pl per well) were seeded in 96-well plates (Costar, Cam-
bridge, MA) and stimulated with 30 pig MOGss_ss. Additionally,
adherent cell-depleted splenocytes were stimulated in an anti-
CD3-coated plate. The proliferation was quantified after 72 h of
incubation at 37 °C and 5% CO, by pulsing the cells for 18 h with
0.5 uCi [*H] thymidine (Amersham Biosciences). The cells were
harvested on a 96-well harvester (Tomtec, Finland) then counted
using a 1450 micro B-plate counter (Trilux, Finland). The values
are presented as counts per min (CPM) from triplicate wells.

Supernatants from similar cultures were frozen and stored at
—80 °C until used for detection of cytokines.

2.5. Cytokine measurements

The IL-4, IL-10, IL-17, TNF-a and IFN-vy levels were quantified in
mouse serum and splenocyte culture supernatants at the indicated
point times. Antibody pairs were used according to the manufac-
turer’s instruction (Peprotech México, México DF, and Biolegend,
San Diego, CAL, USA, for IL-17).

2.6. Macrophage suppression ability

To determine whether the macrophages from infected animals
retained their suppressive ability, the co-culture of macrophages
with CD90" cells was performed. Macrophages were obtained at
the peak of EAE and adjusted to 5 x 10° cells/ml. Splenocytes were
prepared from naive mice and enriched for CD90" cells (95% by
flow cytometry) using CD90 magnetic beads (MACS, Miltenyi Bio-
tec, CA). CD90" cells were plated in 96-well flat bottom plates
(Costar, Cambridge, MA) that were pre-coated with 1 pg/ml anti-
CD3 and anti-CD28 antibodies (Biolegend). After 3 h, macrophages
were added to the CD90" T cells at ratios of 1:4, 1:8, 1:16 or 1:32
(Macrophages:CD90"), and the co-cultures were maintained at
37 °C and 5% CO, for 72 h. Following this incubation, 0.5 pCi/well
[*H] thymidine (185 GBb/mmol activity, Amersham, England)
was added, and the cultures were incubated for an additional
18 h. The cells were then harvested, and the incorporation of radio-
activity was assessed as described above.

2.7. Flow cytometry

It has been previously shown that macrophages recruited by
T. crassiceps to the site of infection express alternatively activated
and suppressive markers, such as mannose receptor (MR), PD1 li-
gand 1 (PD-L1) and PD-L2 only in susceptible hosts. To determine
whether C57BL/6 mice infected with 40 metacestodes mimic the
infection observed in susceptible BALB/c mice, flow cytometry
was performed on peritoneal exudates cells (PECs) from EAE or
T. crassiceps-infected EAE mice. Briefly, 8 weeks after infection,
PECs were aseptically obtained, and 1 x 10° cells were incubated
with anti-CD16 and anti-CD32 (Biolegend, San Diego, CA, USA) to
block non-specific antibody binding. The cells were then stained
with APC-conjugated anti-F4/80, FITC-conjugated anti-MR, PE-con-
jugated anti-PDL1 and PE-conjugated anti-PDL2 (all from Biolegend)
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and incubated for 30 min at 4 °C in FACS staining buffer (1% FBS,
0.5% sodium azide in PBS). The cells were analyzed using a FAC-
SCalibur and Cell Quest software (Becton Dickinson).

2.8. RT-PCR

RNA was extracted from PECs isolated after 8 weeks of infection
using the TRIzol Reagent (Invitrogen, Carlsbad, CA) and the isopro-
panol-chloroform technique. The RNA was quantified, and 5 pg of
RNA was reverse-transcribed using the Superscript II First Strand
Synthesis Kit (Invitrogen). PCR reactions containing 5x PCR Buffer
blue, 10 mM dNTP, 40 nM each forward and reverse primers, 1 U
Taq DNA polymerase (Sacace Biotechnologies, Italy) and 2 pl of
the cDNA were prepared in a 25 pl final volume. The PCR condi-
tions consisted of an initial denaturation step at 95 °C for 5 min;
35 cycles of 95 °C for 40 s, the indicated melting temperature (Ta-
ble 1) for 50 s and 72 °C for 40 s; and a final extension step at 72 °C
for 4 min in a thermal cycler (Corbett Research, Australia). The
amplified products were mixed with loading buffer containing
SYBR green and observed in a 1.5% agarose gel with the Fujifilm
FLA 5000 scanner (Fuji, Japan) using the image reader V2.1 soft-
ware to capture the images.

2.9. Real Time PCR in brain

At peak disease total brain RNA was extracted from different
experimental groups and reverse transcription to obtain cDNA
was achieved. By using the SYBR green jumpstart Taq Ready mix
(Sigma Aldrich St. Louis MO, USA) in a final volume of 25 pl each
sample and following manufacturer’s conditions samples were
submitted to 40 cycles in a real time thermal cycler (Rotor gene
RG 3000, Corbett Research). Sequences for our target genes were
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Forward 5’
CTC ATg ACC ACA gTC CAT gC 3’ Reverse 5’ CAC ATT ggg ggT Agg
AAC AC3'), tumor necrosis factor (TNF)-oo (Forward 5 ggC Agg
TCT ACT TTg gAg TCA TTg C 3’ Reverse 5 ACA TTC gAg gCT CCA
gTg AAT TCg 3'). Gene expression was normalized to the expression
of the constitutively expressed gene GAPDH.

2.10. Analysis of the brain microenvironment

To determine the brain microenvironment at the peak of dis-
ease, total RNA was extracted from brains, and RT-PCR was per-
formed as described above. For flow cytometry, the brains were
dissected from mice transcardially perfused with 10 mL of ice-cold
PBS and dissociated by passage through a 70 um cell strainer
(Beckton Dickinson). Additionally, brain debris was incubated with
collagenase for 60 min at 37 °C and 5% CO,. The obtained cells were
stained with APC-conjugated anti-CD3 and PE-conjugated anti-
Foxp3 in FACS buffer, as previously described, and analyzed on a
FACSCalibur.

Table 1
T. crassiceps-infected mice have reduced incidence and severity of EAE.

Incidence (%) Peak score”

EAE 17/20 (85)
Taenia/EAE  10/20 (50)

Onset day Higher score CDI?

10+2 4 65
11£2 1 15"

3.25+0.61
0.51+0.31"

" p<0.05 compared against Taenia infected and immunized mice.

2 Cumulative disease index (CDI) was calculated by adding the based on the sum
of clinical scores over the entire observation period for each animal and averaged
within each group # SD.

b peak score was also measured over the duration of disease per animal and
averaged + SD.

2.11. Statistical analysis

The significance of the differences between the experimental
groups was measured using a Student’s t-test with the Graph Pad
Prism 4.0 software.

3. Results

3.1. C57BL/6 mice challenged with 40 T. crassiceps metacestodes are
susceptible to infection and develop a Th2-type response

Because the MOGss5_55 EAE mouse model has been established
and studied largely on a C57BL/6 genetic background, our first goal
was to characterize T. crassiceps infection in this mouse strain. It
has been reported that T. crassiceps metacestodes could not grow
in the C57BL/6 mouse strain [32]. However, in these studies, a dose
as low as 10 metacestodes was used for infection. Here we deter-
mined the number of parasites that must be inoculated to establish
an infection. Infections with 20, 30 or 40 metacestodes were per-
formed, and we found that C57BL/6 mice infected with 40 metac-
estodes were susceptible to T. crassiceps infection (Fig. 1A).
Importantly, mice infected with 40 metacestodes developed para-
site loads as heavy as 800 parasites in the peritoneal cavity after
8 weeks of infection, which is very close to the loads reported for
susceptible BALB/c mice (Fig. 1A). Furthermore, following infection
with 40 metacestodes, the serum IL-4, T. crassiceps-specific 1gG
and total IgE levels were higher than the serum IFN-y and T. crassi-
ceps-specific 1gG,, levels, suggesting that the C57BL/6 mice pre-
dominantly generated a Th2 immune response (Fig. 1B-E).
Therefore, whereas a low dose of metacestodes (10-20) cannot
subvert the immune response in C57BL/6 mice, a higher dose (40
metacestodes) allows for T. crassiceps growth in a strain that was
previously considered resistant.

3.2. T. crassiceps infection recruits AAM® but suppresses the Foxp3*
CD4" T regulatory cell population

We have previously found that following a dose of 10 metaces-
todes, only susceptible (BALB/c) mice recruited AAM®s to the
infection site [32]. As seen in Fig. 2A, infection with 40 T. crassiceps
metacestodes induced recruitment of AAM®s, and the over-
expression of genes associated with AAM®s, such as Arg-1,
Relm-o, YM-1 and TREM-2, was detected. Together, these data
demonstrate a clear recruitment of AAM®s as the infection pro-
gressed. Furthermore, as detected using flow cytometry, the in-
creased expression of PD-L1 and PD-L2, as well as mannose
receptor (MR), could be associated with the suppressive activity
of the AAM®s in T. crassiceps infection (Fig. 2B).

Similar to AAM®s, another regulatory cell population, Foxp3*
CD4" CD25" Tregs, has been described during both experimental
and natural infection with helminthes [6,33]. In fact, Tregs, rather
than AAM®s, have been shown to play an important role in para-
site persistence; however, in some cases, both populations of cells
are generated [5,34,35]. Unlike other models, the dynamics of
Foxp3* Tregs in experimental T. crassiceps infection have not been
examined. Therefore, we tested for the presence of Foxp3* Tregs in
the spleen and mesenteric lymph nodes (MLN). Interestingly,
8 weeks after T. crassiceps infection, we observed a significant
reduction in the fraction of Tregs in spleen (Fig. 2C; 2% uninfected
versus 0.3% 8 weeks infected); no changes were observed in the
fraction of Tregs in the MLN (Fig. 2D). Therefore, unlike other hel-
minth models, T. crassiceps infection induces AAM®s but not
Foxp3* Tregs.
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Fig. 1. Th2-biased response in C57BL/6 mice inoculated with a large dose of T. crassiceps metacestodes. (A) The kinetics of the parasite load after infection with 20-40
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3.3. Concurrent infection with T. crassiceps significantly reduces EAE
severity

After detection of a strong Th2 response, AAM® recruitment and
a reduced Foxp3* Treg population in C57BL/6 mice 8 weeks after
infection with T. crassiceps, we immunized mice with MOGs35_ss pep-
tide to analyze the impact of the presence of T. crassiceps prior to EAE
onset. Following induction of EAE, we found that the C57BL/6 mice
infected with T. crassiceps had significantly less severe clinical signs
of disease during the acute phase of EAE (Fig. 3A). Although we
observed no difference in the day of onset (Fig. 3A and Table 1),
T. crassiceps-infected animals had a reduced incidence of EAE (50%
versus 85% in uninfected mice), cumulative disease index and peak
clinical score (Table 1). Therefore, the course of EAE in T. crassiceps-
infected mice was significantly modified, as the clinical symptoms
in these mice were clearly diminished.

3.4. T. crassiceps infection results in fewer spinal cord-infiltrating cells
and a systemic mixed cytokine profile

Next, we analyzed spinal cord sections to determine the extent
of the inflammatory cell infiltration. The presence of T. crassiceps
resulted in less leukocyte infiltration (Fig. 3B). Therefore, the de-
creased severity of the EAE symptoms in mice infected with
T. crassiceps was the result of fewer spinal cord-infiltrating cells.
Moreover, T. crassiceps-infected EAE mice displayed a significant
increase in the serum levels of IL-4 and IL-17 during the progres-
sion of EAE compared to uninfected mice with EAE; the serum level
of IFN-y was unchanged between the groups. We also observed
significantly decreased and delayed production of TNF-a in the ser-
um of T. crassiceps-infected EAE mice (Fig. 4A-D).

3.5. T. crassiceps infection modifies the MOG-specific immune response

To understand the immune mechanisms underlying the ob-
served effect of T. crassiceps on EAE, we investigated the MOG-spe-
cific antibody and splenic T cell response at the disease peak.
In line with the high levels of circulating IL-4 and IFN-y in

T. crassiceps-infected EAE mice, the MOG-specific IgG,, levels were
similar in uninfected EAE mice, but the MOG-specific IgG, level
was increased (data not shown). Additionally, the total IgE level
was greater in T. crassiceps-infected EAE mice (Data not shown).
While the proliferative response of splenocytes in response to
MOG or anti-CD3 in uninfected EAE mice was strong, the response
of T. crassiceps-infected mice was weak against either stimulus,
suggesting that the presence of T. crassiceps somehow modulated
T cell proliferation (Fig. 5A and B).

Foxp3* Tregs have been shown to modulate the course of EAE be-
cause, following MOG immunization, this population is induced
most prominently during the recovery phase of disease [36]. How-
ever, in our system, T. crassiceps alone was unable to increase the
fraction of Foxp3* Tregs. We examined whether Foxp3* Tregs were
collaborating to ameliorate EAE in infected mice. We first analyzed
the fraction of Foxp3™* Tregs in the spleen at the peak of disease. As
seen in Fig. 5C, 21 days after MOG immunization, the fraction of
Tregs had increased almost threefold compared to naive mice; how-
ever, the fraction of Tregs was similar in T. crassiceps-infected mice
with less severe or no EAE symptoms. Next, we developed an assay
to determine if AAM®s from T. crassiceps-infected or uninfected
EAE mice were able to suppress T cell proliferation. Naive T cells were
stimulated with anti-CD3 and co-cultured with different ratios of
macrophages isolated from the peritoneal cavities. Only macro-
phages obtained from T. crassiceps-infected EAE mice were able to
suppress T cell proliferation in a dose-dependent manner (Fig. 5D).
Furthermore, the expression of AAM® markers was analyzed in
adherent splenocytes from uninfected or T. crassiceps-infected EAE
mice using RT-PCR. As seen in Fig. 5E, only adherent splenocytes
from T. crassiceps-infected EAE mice expressed AAM® markers.

We also examined the levels of different pro-and anti-inflam-
matory cytokines that have been shown to be involved in EAE
regulation. Whereas the production of IFN-y and TNF-o from
MOG-specific splenocytes was no different between the groups,
we observed increased production of IL-4 from splenocytes iso-
lated from infected mice compared to uninfected mice. This result
illustrates the induction of a MOG-specific Th2 response, which
is known to be non-encephalitogenic. In contrast, whereas
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uninfected EAE mice demonstrated high MOG-specific production
of IL-17, the MOG-specific production of IL-17 was abrogated in
T. crassiceps-infected mice (Fig. 6A-D). This finding demonstrates
the poor generation of MOG-specific IL-17-producing T cells in T.
crassiceps-infected mice. Interestingly, in the same cell cultures,
we detected high MOG-specific IL-10 production only from spleno-
cytes isolated from T. crassiceps-infected EAE mice (Fig. 6E).

3.6. Alternatively activated macrophage markers but not
inflammatory genes or Foxp3 are over-expressed in the CNS of T.
crassiceps-infected mice with EAE

In addition to the spinal cord, the brain is another target organ
where demyelination occurs during EAE [37]. Therefore, we ana-
lyzed brain tissue using RT-PCR and flow cytometry to examine
how T. crassiceps infection impacts an anatomically distinct organ.

At the peak of EAE symptoms, the mice were perfused, and total
RNA was extracted from the brain for gene expression analysis.
Because we were interested in suppressor AAM®s, we analyzed
the expression of AAM® markers 21 days after MOG immuniza-
tion. As shown in Fig. 7A, genes such as Relm-o and YM-1 were
over-expressed in mice infected with T. crassiceps compared to
uninfected EAE mice. In contrast, the expression of TREM-2 re-
mained unchanged, suggesting the presence of AAM®s only in
the T. crassiceps-infected mice, at least at this time point. Addition-
ally, while the expression of Arginase-1 was increased in infected
animals, iNOS was predominantly detected in the uninfected EAE
mice which displayed a higher clinical score. The expression of
cytokines, such as TNF-a and IL-23 (p19 subunit), which are
required to maintain EAE symptoms, were also analyzed by
RT-PCR. Surprisingly, the expression of IL-23 (p19 subunit) was
comparable between the experimental groups regardless of
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demonstrated infiltrating cells, whereas the infected EAE mice had fewer cells infiltrating the spinal cord. The inset is a magnification of the indicated area. The clinical
evaluation shown is representative of 20 animals. *p < 0.01 by unpaired Student’s t-test.

whether the clinical signs were significantly different (Fig. 7B). In
contrast, we observed a decrease in the expression of TNF-a in
the brain of T. crassiceps-infected EAE mice by using both RT-PCR
and Real time RT-PCR analysis (Fig. 7B and C), which displayed sig-
nificantly less severe EAE symptoms. Finally, it is well known that
Th1 cells, in contrast to Th2 cells, are necessary to cause EAE, and in
turn, transcription factors such as T-bet and GATA-3 are required
for Th1 and Th2 lineage commitment, respectively. Therefore, we
analyzed the expression of these transcription factors to determine
which Th profile dominated at disease peak. As seen in Fig. 7D, T-
bet transcripts were over-expressed in uninfected EAE mice,
whereas a clear difference could not be seen in the expression of
GATA-3 in any group. The expression of Foxp3 was also examined
in brain tissue, and while only minimal expression was observed in
the EAE group, no expression was detected in the T. crassiceps-in-
fected EAE group. This result once again demonstrates that this
regulatory subpopulation is not increased at the peak of EAE in
mice infected with T. crassiceps.

3.7. A lower percentage of CD3" Foxp3~ cells are detected in the CNS of
T. crassiceps-infected mice with EAE

Finally, we evaluated whether T. crassiceps infection could pre-
vent the infiltration of T cells into the CNS. The brains were di-

gested with collagenase, and total cells were isolated and
analyzed using flow cytometry. As seen in Fig. 7E, a twofold in-
crease in the percentage of CD3" Foxp3~ cells was detected in
uninfected mice compared to both the healthy control mice and
the T. crassiceps-infected EAE mice. However, a similar percentage
of CD3" Foxp3™ cells were found in the experimental and naive
(control) groups. This result suggests that the CD3" cells in unin-
fected EAE mice might be effectors rather than regulatory cells.
Therefore, while the Treg population increases in response to
MOG immunization; it is not due to the presence of T. crassiceps,
suggesting that the immunomodulatory effect of T. crassiceps is
not mediated by the induction of Foxp3* Tregs.

4. Discussion

There has been recent and considerable interest in defining the
ways in which helminth infections perturb the immune system
and induce a predominantly Th2 response that is associated with
increased Treg and AAM® populations. Many experimental studies
have shown that the immune perturbations induced by helminths
are protective in animal models of autoimmunity (e.g., colitis,
arthritis and diabetes) and allergy (reviewed in [38].

T. crassiceps cysticercosis has been shown to modulate the
course of noninfectious (e.g., diabetes) and infectious diseases
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(e.g., Chaga’s disease, virus infection and leishmaniasis) in mice
[9,10,26]. Infection of streptozotocin-induced diabetic mice with
T. crassiceps significantly inhibited the development of diabetes,
demonstrating that cysticercosis can inhibit the induction of an
autoimmune disease, albeit by an undetermined mechanism [26].
In this study, we determined the impact of T. crassiceps infection
on the development of EAE, and our data demonstrate that concur-
rent infection with T. crassiceps could delay the progression of, and
in some cases abrogate the development of, EAE. The early
improvement in the clinical scores suggests that T. crassiceps infec-
tion also reduces ongoing inflammation.

While the mechanism by which T. crassiceps infection (as well
as other helminth infections) can alter the induction and develop-
ment of EAE is still unclear, it most likely involves multiple factors,
including the suppression of antigen-specific T cell responses,
skewing of the immune response from a Th1/Th17 profile to Th2/
Th1 profile and a regulatory role for alternatively activated macro-
phages and potentially B cells, as a source of IL-10, which can re-
duce CNS inflammation.

One of the main cytokines that has recently been associated
with the development of autoimmune disease is IL-17, a new cyto-
kine family containing five different isoforms. This cytokine is
mainly secreted by a subpopulation of Th cells now called Th17
cells which have been shown to be increased in inflammatory/
autoimmune conditions, including collagen-induced arthritis,
T1D and EAE [39-43]. Nevertheless, more recent investigations
have found several innate sources of IL-17 such as y3 T cells, iNKT
and myeloid cells [44]. One of the possible mechanisms involved in
the T. crassiceps-induced protection of EAE may be the very high
levels of both circulating and MOG-specific IL-4 that was produced
by splenocytes from T. crassiceps-infected EAE mice. As IL-4 is
known to suppress Th17 development [45], the Th17 response,
as well as the Th1 response, could also be suppressed in hel-

minth-infected animals [46]. In fact, STAT6-dependent IL-4/IL-13
signaling has been shown to be essential in the suppression of coli-
tis [47] and EAE [20] by S. mansoni; however, in these studies, the
authors did not measure IL-17. In addition to these investigations,
it has been recently found that schistosome-infected mice became
resistant to experimental arthritis following the down-regulation
of both the splenic Th1 and Th17 responses [38]. Similarly, Ruys-
sers et al. reported the suppression of chemically-induced colitis
by schistosome antigens, which was accompanied by the down-
regulation of IL-17 gene expression in the colon and MLN [48]. H.
polygyrus infection has also been reported to suppress IL-17 pro-
duction in MLN cells and lamina propria mononuclear cells [49],
and the blocking of both IL-4 and IL-10 restored IL-17 production
in vitro. Another study demonstrated that the Fasciola hepatica-in-
duced down-regulation of the autoantigen-specific Th1 and Th17
responses (and protection from EAE) was dependent on TGF-B
but not on IL-10 [50]. Surprisingly, in our study, we found higher
levels of circulating IL-17 in infected mice with less severe EAE
symptoms, such high levels of circulating IL-17 may come from
the innate sources described above. On the other hand, these mice
also had an increased IL-4 level; therefore, the presence of IL-4 may
be affecting the pathogenic activity of IL-17. Interestingly, the
MOG-specific production of IL-17 by splenocytes was greater in
uninfected EAE mice but absent in T. crassiceps-infected mice. This
finding suggests that fewer MOG-specific Th17 clones were gener-
ated in peripheral organs in the presence of T. crassiceps, thereby
altering the normal EAE course which is in line with a considerable
amount of evidence pointing out a critical role for Th17 specific
MOG-cells in EAE development, mainly because these MOG-spe-
cific cells are able to cross to the CNS and initiate local inflamma-
tion and in turn the known EAE symptoms [51-53].

Although the mechanism underlying the downregulation of Th17
cells by helminths has not been established, some of the mechanisms
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data shown are from four animals from two independent experiments.

may be common, such as the induction of IL-4 and IL-10 and
down-regulation of TNF-a, while others may be distinct, such as Treg
induction [54].In our study on EAE, we did not observe increase in the
expression of Treg-related genes (e.g., Foxp3) in the spleen, MLN or
brain of T. crassiceps-infected mice with EAE compared to the unin-
fected EAE mice. Therefore, Foxp3* cells may have only a limited role
in the modulating effect of T. crassiceps infection on EAE.
Additionally, following infection with T. crassiceps, we observed
several phenotypic changes on APCs that had the potential to mod-
ify the encephalitogenic Th1/Th17 response. T. crassiceps infection
increased both PD-L1 and PD-L2 expression on macrophages. The
negative co-stimulatory molecules PD-L1 and PD-L2 have been
shown to be up-regulated on AAM®s induced by different hel-
minths [25,55,56] and play a role in the regulation of EAE in mice
[57-59]. It is well known that macrophages are flexible and can
adapt to changes in the cytokine environment [60]. AAM®s are
the counterpart to inflammatory macrophages and can be found

during any helminth infection. Due to their anti-inflammatory,
suppressive and tissue-repairing abilities, AAM®s appear to be
important in disease outcome [1,2]. We examined if infection of
C57BL/6 mice with 40 metacestodes also induced AAM®s. Not only
did we find AAM®s in the peritoneal cavity and spleen, but we also
found that these T. crassiceps-induced AAM®s were able to sup-
press the proliferative response of T cells. Importantly, this sup-
pression has been shown to be predominantly PD-L dependent
[25,55]. Additionally, we also detected a decreased MOG-specific
proliferative response in T. crassiceps-infected EAE mice, suggesting
decreased induction of potentially pathogenic MOG-specific T cells.
This finding is in line with our observation that fewer T cells (CD3*
cells) were recovered from the brain of T. crassiceps-infected EAE
mice, suggesting that T. crassiceps infection could prevent the
migration of inflammatory cells into the CNS after induction of
EAE. Therefore, AAM®s may also play a critical role in the T. crassi-
ceps-mediated protection from EAE.



J.L. Reyes et al./Cellular Immunology 267 (2011) 77-87 85

CJEAE I Taenia/EAE
A . B
1500~ 7500~
E 1000+ T 5000+
g 2
¥ =
.| 4
= 500 Z 2500
0 . —
0
Basal MOG Basal MOG Basal MOG Basal MOG
*
C 25000- D 8001
20000 T 600- I T
E £ 1L
5 15000+ 2
) £ 400
™~ 10000 £
] 4
= F 200-
5000+
0l == 0
Basal MOG Basal MOG Basal MOG Basal MOG
*%
E 750-
‘E 500-
>
£
e
7y 250
ol—=— —_
Basal MOG Basal MOG

Fig. 6. T. crassiceps infection modifies a mixed Th1/Th17 MOG-specific response towards Th2/Th1 response. (A) Anti-MOG-specific IL-4 production in supernatants of total
spleen cell cultures. (B) IFN-y production was detected in similar levels in both experimental groups. (C) MOG-specific IL-17 levels were 2-fold higher in EAE/uninfected
group than in T. crassiceps-infected EAE group. (D) TNF-a production in the same supernatants. (E) Taenia/EAE mice displayed significantly higher amounts of IL-10 than EAE/
uninfected mice. Data shown are representative of two independent experiments (four mice per group) and averages from each sample by triplicate. Significances are

*P<0.05 and **P < 0.01 by unpaired Student’s t test.

Another interesting finding was the high MOG-specific produc-
tion of IL-10 in splenocytes from T. crassiceps-infected EAE mice.
However, the source of this cytokine is unknown as IL-10 is not
secreted by T. crassiceps-induced AAM®s [25]. Furthermore, while
another possible source is Tregs, as we have shown here, Tregs are
not up-regulated during T. crassiceps infection. A possible source
for the increased production of IL-10 may be B cells, which have
been shown to negatively regulate EAE severity through the produc-
tion of this cytokine [61]. Moreover, previous studies have shown
that B cells from patients with MS produce less IL-10 than B cells
from healthy controls and that B cells that emerge after treatment
with rituxibam secrete higher levels of IL-10 than B cells before
treatment [62]. Recently, it has been demonstrated that regulatory
B cells (also known as B10 cells) may participate in the inhibition
of EAE induction through their production of IL-10 [63]. Although
our study supports a role for AAM®s in the regulation of EAE during
cysticercosis, a protective role for B cells cannot be ruled out.

Our results show that chronic/concurrent T. crassiceps infection
inhibits CNS inflammation and demyelinization, which correlates
with the clinical severity of EAE. This finding could be partly ex-
plained because once the parasite is installed in the peritoneal

cavity is able to recruit AAM®s with potent suppressor activity
given the high expression of the down-regulatory molecules PD-L1
and PD-L2, thus when the immune system of these hosts is chal-
lenged with MOG plus pertussis toxin the auto-reactive T cells can
be anergized by these macrophages. Despite T. crassiceps is confined
to the peritoneal cavity its immune-modulatory effects seem to be
systemic. One possibility is that excretory/secretory molecules,
which we have already reported with immune-modulatory activity
[64,65], could reach different tissues and modulate the immune
response in situ through targeting different cells such as dendritic
cells [25] and macrophages, thus such modulated cells may also sig-
nificantly influence the response to heterologous antigens, as MOG,
and avoid the expansion of auto-reactive cells. Moreover as we de-
tected AAM®s markers on the spleen of Taenia/EAE mice it suggests
that AAM®s may also migrate to places where new challenges are
going on.

Taken together, our data and those from previous studies sug-
gest that there may be various mechanisms involved in the anti-
autoimmune effects of helminth infections; however, further stud-
ies are required to determine the relative importance of these po-
tential mechanisms.
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