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ABSTRACT

After encountering antigen, T helper (Th) cells undergo differentiation to
effector cells, which can:induce Th1- (high IFN-y) or Th2- type immune responses
(high IL-4, IL-5, IL-10). How Th cells acquire and retain new patterns of gene
expression is not fully understood. In early stages of experimental murine

cysticercosis by Taenia crassiceps, there is a clear but transient Th1-type immune

response (IL-2, IFN-y and 1gG2a antibodies), but as time of infection progresses an
energic and more permanent Th2-type response follows (IL-4, IL-6, IL-10 and 1gG1
antibodies). In this work we take advantage-of this murine model to study the
mechanisms involved in the polarization from Th1 to Th2 immune response
developed in this parasitosis.

Helminth infections are frequently strong lnductors of Th2-type cytokines. This
implies that infection by such parasites could alter the susceptibility to subsequent
infections by other pathogens, particularly intracellular parasites. In this thesis is
explored whether a persistent infection, caused by Taenia crassiceps cysticerci, in
BALB/c mice could affect susceptibility to a later infection by Trypanosoma cruzi. The
presence of the cysticerci indeed modified the immune response and the
susceptibility to 7. cruzi, and these modifications depended on the time-course
evolution of the initial infection. Coinfection with the protozoan at 2 weeks post
helminth infection induced both, a delay on the onset of parasitemia and, an early
specific production of IFN-y. A significant increase in susceptibility to T. cruzi was
observed only when mice were coinfected at 8 or 12 weeks post-helminth infection,
when the helminth load is greater and a Th2 type response against it is predominant.
These findings suggest that chronic helminth infections could potentially have a
significant influence over the immune response and hence susceptibility to other
pathogens.

initial findings showed resistance and susceptibility to experimental murine
cysticercosis could be associated with the predominance of Th1 or Th2-type immune
responses, respectively. However, this was partially demonstrated using monoclonal
antibody anti-cytokines or with recombinant murine cytokines during early stages of
infection. STAT6-mediated IL-4/IL-13 signaling pathway is critical for Th2
differentiation. Therefore, we used STAT6” and STAT6"* BALB/c mice to determine
the role of Th2 response in this parasitosis. At 8 wk postinfection, STAT6” mice
mounted a strong Th1-like response (high 19G2a, IL-12, IFN-y, as well as nitric oxide)
and efficiently controlled T. crassiceps infection, These findings demonstrate that
Th2-like response induced via STAT6-mediated signaling pathway mediates
susceptibility to T. crassiceps and, furthermore, that unlike the case in most
helminths, immunity against T. crassiceps is mediated by a Th1-like rather than Th2-
like response. The |mportance of this observation was confirmed using mice [L-12p35
deficient (IL-12p35™). Here is shown that mice IL-12p35" following T. crassiceps
infection mounted a strong Th2-type biased response, produced higher levels of
IgG1, IgE, IL-4, IL-5 as well as IL-13 than wild type mice, but remained highly
susceptlble to the larval stage of this cestode. In contrast, similarly infected CD40
deficient mice (CD407") had an impaired Th2-type response with extremely low levels
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of IgE, IL-4 and IL-5 and efficiently controlled T, crasstceps mfectuon Together these
findings demonstrate a detrimental role for Th2-biased responses during the larval
stage of T. crassiceps infection. Furthermore, they also_suggest a plvotal role for
CD40 in developing Th2- -type responses.

Finally, BALB/c mice lacking a proinflamatory cytokine MIF (MIF ) were hlghly
susceptible to T. crassiceps and developed significantly higher parasite loads as
compared to similarly infected MIF*"* mice. Non-significant dlfferences were observed
in cytokines TcAg-stimulated spleen celis from MIF** and MIF”mice, suggesting that
the susceptibility of MIF” mice to T. crassiceps was not due to the lack of IFN-y
production. lnterestingly, peritoneal macrophages obtained from T. crassiceps-
infected MIF"" mice at different time points failed to respond efficiently to LPS+IFN-v-
stimulation /n vitro and produced significantly lower levels of 1L-12, TNF-« and NO as
compared to those from MIF** mice. These findings demonstrate that MIF plays a
critical role in mediating protection against T. crassiceps in vivo. Moreover, they also
suggest that impaired macrophage function besides of lack of Th1i development may
be responsible for mediating susceptibility to T. crassiceps.

Together, these findings demonstrate that Th2-type immune response renders
susceptibility to T. crassiceps infection, while Thi-type immune response and
macrophage activation play a fundamental role in the protection against this
helminth. This is contrary to the dogma in the immuno-parasitology field that
establishes that Th2 biased responses evolved to eliminate helminths, while Th1-type
responses eliminate intracellular parasites.

Currently has been suggested that antigen-presenting cells (APC) could play
an important role to induce polarization of the immune response. Therefore in this
thesis, we used peritoneal macrophages (F4/80+) recruited at different times after
challenge with T. crassiceps as APC and tested their ability to regulate Th1/Th2
differentiation. Macrophages from acute infections produced high levels of
interleukin-12 (IL-12) and nitric oxide (NO), paralleled with low levels of {L-6 and
prostaglandin E; (PGE2) and with the ability to induce strong antigen-specific CD4" T-
cell proliferation in response to nonrelated antigens. !n contrast, macrophages from
chronic infections produced higher levels of IL-6 and PGE; and had suppressed
production of |L.-12 and NO, associated with a poor ability to induce antigen-specific
proliferation in CD4" T cells. These macrophages from chronic infections were able to
bias CD4" T cells to produce |L-4 but not IFN-y, contrary to macrophages from acute
infections. Blockade of B7-2 and IL-6 and inhibition of PGE; failed to restore the
proliferative response in CD4" T cells. Furthermore, studies using STAT6”" mice
revealed that STAT8-mediated signaling was essential for the expansion of these
“alternatively activated macrophages”.

In conclusion, our findings show that: the larval stage of T. crassiceps infection
can induce different macrophage populations that have Th2-biasing properties. The
strong Th2-biased immune developed in this infection can affect the susceptibility to a
subsequent non-related infection. Moreover, they also demonstrate that Th2-like
response induced via STAT6-mediated signaling pathway mediates susceptibility to T.
crassiceps and, furthermore, that unlike the case in most helminths, immunity against
T. crassiceps is mediated by a Th1-like rather than Th2-like response.
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RESUMEN

Después del encuentro con un antigeno, las células T CD4" se diferencian en
células efectoras, que pueden desarrollar respuestas inmunes tipo Th1 (IFN-y alto) o
tipo Th2 (IL-4, IL-5 e IL-10 altos). Como las células T adquieren y mantienen su
nuevo patrén de expresion- de- genes--es--actualmente-un. drea de intensa
investigacion. En el modelo experimental- de cisticercosis murina causada por el
helminto Taenia crassiceps se ha descrito que al inicio de la infeccidn se genera una
respuesta inmune tipo Th1 (IFN-y, IL-2 y anticuerpos 1gG2a) y que conforme la
infeccion se hace cronica se da una respuesta de tipo Th2 (IL-4, IL-6, IL-10 y
anticuerpos IgG1). En esta tesis se utilizd este modelo para estudiar varios de los
factores que pudieran estar involucrados en la polarizacion de la respuesta inmune
de Th1 hacia Th2 que se observa tras la infeccion por este parasito.

En principio se analizé si una respuesta inmune preestablecida tipo Th1 o
tipo Th2 generada por la infeccion con el cisticerco de T. crassiceps era capaz de
afectar diferencialmente la susceptibilidad a un nuevo reto con otro parasito no
relacionado, Trypanosoma cruzi. Se demostré que si la infeccion con T. cruzi se
realizaba 2 semanas posteriores la infeccién con T. crassiceps habia reduccién en el
numero de tripomastigotes, con una produccion temprana de IFN-y. Si la coinfeccion
se iniciaba a las 8 o 12 semanas distantes a la infecciéon con el metacéstodo de T.
crassiceps habia un marcado decremento en los niveles de IFN-y y la susceptibilidad
a la infeccion por T. cruzi se incrementaba significativamente. Esto demostrd que la
infeccién con T. crassiceps es capaz de modular de alguna forma la respuesta
inmune de su huésped de manera que ante nuevos retos antigénicos montan
respuestas polarizadas hacia Th2 que facilitan el establecimiento del segundo reto.

La resistencia y susceptibilidad en la cisticercosis experimental murina ha sido
asociada con el predominio de las respuestas inmunes tipo Th1 o Th2
respectivamente; esto fue parcialmente demostrado con el uso de anticuerpos
monoclonales anti-citocinas y con citocinas recombinantes como tratamiento en las
fases tempranas la infeccién, Para establecer mas claramente la participacion de la
respuesta inmune tipo Th2 en esta parasitosis se infectaron con metacéstodos de T.
crassiceps ratones genéticamente deficientes (Knock-out) en la molécuia STATSE.
Esta molécula funciona como un mediador en la via de sefializacion interna para IL-
4/IL-13 y es critica para la diferenciacion a Th2. Los ratones BALB/c deficientes en
STAT6 fueron capaces de desarrollar una fuerte respuesta tipo Th1 (niveles altos de
IFN-v, IL-12, y &xido nitrico) que resolvié la infeccion, en contraste con los ratones
STAT6" que desarrollaron una respuesta tipo Th2 (niveles altos de IL-4, {L-13,
IgG1, IgE y eosinofilia) con una alta carga parasitaria. Estos hallazgos apoyan la
hipotesis de que la via de sefializacion mediada por STAT6 es critica para suprimir la
respuesta tipo Th1 requerida para controlar la cisticercosis murina y también sugiere
que las citocinas tipo Th2 favorecen el establecimiento del parasito via la activacion
de STATS.

La importancia de este hallazgo se confirmd al infectar animales deficientes
en |L-12 (citocina primordial para sostener una respuesta tipo Th1), los cuales
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tuvieron un incremento - significativo:(100%) en la carga parasitaria con respecto a
los animales IL-12 **, Finalmente, ratones BALB/c deficientes en MIF (MIF-/-), una
citocina pro-inflamatoria, mostraron-una. susceptibilidad. 3 veces mayor, con altos
niveles de IL-6 e IL-13 y una disminucidén en la actividad de los macréfagos. Estos
datos en su conjunto demuestran que una respuesta inmune tipo Th2 favorece el
establecimiento de T. crassiceps, un parasito helminto, mientras que una tipo Th1
esta fuertemente asociada a su eliminacion. Esto contrasta con el dogma de que una
respuesta tipo Th2 es protectora en las infecciones por helmintos.

Por otro lado, recientemente se ha sugerido que una posible via comun que
podrian utilizar los helmintos para polarizar la respuesta inmune ante nuevos retos
antigénicos es la activacion diferencial de los macréfagos. En este trabajo se
caracterizaron los macréfagos peritoneales (F4/80%) reclutados en diferentes tiempos
después de la infeccién con T. crassiceps y se probd su habilidad para regular la
diferenciacién de las células T CD4" hacia Th1 6 Th2. Los macrofagos de tiempos
cortos de infeccion produjeron altos niveles de IL-12 y NO, paralelamente con bajos
niveles de IL-8 y prostaglandina E; (PGE3), con la capacidad para inducir una fuerte
proliferacién antigeno-especifica de células T CD4" en respuesta a antigenos no
relacionados (OVA y KLH). En contraste, los macrofagos provenientes de
infecciones cronicas produjeron mayores niveles de |L-6, PGE; y tuvieron niveles
disminuidos de IL-12 y NO, asociados con poca habilidad para inducir proliferacion
antigeno-especifica de células T CD4". Estos macréfagos fueron caracterizados
como “alternativamente activados”, capaces de inducir a las células T CD4" a
producir niveles altos de IL-4, pero no de IFN-y, contrario a los macrofagos de
infecciones agudas. Por otro lado, el bloqueo de B7-2 e IL-6 y la inhibicion de PGE2
fallaron para restaurar la respuesta proliferativa en las células T CD4". Estudios
posteriores usando ratones deficientes en STATE e infectados con T. crassiceps
revelaron que los macréfagos de estos animales expresaron niveles normales de
CD23 y CCRS5, una mayor produccion de I1L-12 que indujo una mejor proliferacién en
las células T CD4" y mayor produccion de IFN-y, lo que reveld que la sefial a través
de STAT6 es esencial para la expansion de los "macréfagos alternativamente
activados” . ‘ A

Tomando en conjunto todos los resultados descritos anteriormente se puede
concluir que: la infeccion por T. crassiceps en su estado de cisticerco puede inducir
diferentes poblaciones de macréfagos con la habilidad de dirigir la diferenciacion de
las células T hacia el tipo Th2. Ademas la fuerte induccion de respuesta tipo Th2
generada por esta infeccidon puede modular la respuesta inmune a antigenos o
infecciones no relacionados con el parasito. Por otro lado se establecié con mayor
claridad que una respuesta inmune tipo Th1 esta involucrada en la proteccion y que
la via de sefalizacion mediada por STATS es critica para suprimir esta respuesta, lo
que sugiere que las citocinas tipo Th2 favorecen el establecimiento de T. crassiceps
via la activaciéon de STATG6.
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[INTRODUCCION

~La generacuon de una respuesta lnmune dependiente de celulas Ta agentes
InfECClOSOS es un- proceso complejo en el cual algunas cntocmas mo|eculas co-
estlmu|adoras A celulas presentadoras de antlgeno proveen senales |mprescmd|bles

para. dmglr el desarrollo de la mm:urudad adaptatlva (Mossman tia 1986‘ Jankovnc

et al, 2001) E‘I comprender los ‘eventos que mfluye enla: generacnon mlcnal de la

d qt_rd lado, la respuesta inrhUhe d
IL-4, IL-5,

humoral in

de las ;:;mgcqsxas_i por células cebadas y la induccion de Ia diferenciacion y

proliferacidon de los eosindfilos,

w

antlcuerpds prmcnpalmente de la clase 1gG1 e IgE, ademas favorece la mmumdad '



, TC,D,,4*,,a células
para la regulacuov _y,coordlnamon;de una aprOpnada respuesta mmune En termlnos T

respuestas mmunes p ra

Asi, el control de agentes lnfecmosos requiere de la maduracton de celulas

ectoras‘ rue secreten diferentes tipos. de cutocmas mportantes ~

del control de- parasnos"‘di" acuerdo con uno de- Ios _dogmas centrales c]e la

|nmunolog|a actual se. con5|dera que dlferentes patogenos requneren dlferer\tes

lumlnados protoz

especues de lelshman

que se dlferenC|a p crét'ar"c:itbcinésﬁfldej of

secr‘etan ;ito: nas,;’tip'o Th2 (Mossman’et aly,, demas de su papel protector en

celulas T han sudo relacuonadas

en respuestas patologicas. Las células ’lan la autonnmunldad drgano-

especifiCé ‘(Kap'senberg et al., 1998) y celu ,s'Th2 han 5|do relacionadas en la

patologla de asma y alergias (Moltab‘ 002) Es claro que la composncnon :
final de Ias células Th en respuesta. a un antlgeno puede determinar el curso final de

una infeccién parasitaria o de otra’ patologla donde estén involucradas: respuestas‘l :

inmunes altamente polarizadas. AS| el establecimiento de los mecanlsmos que

condicionan el estado final de diferenciacion hacia el subt|po celular Th1 o Th2in
vivo puede ayudar a comprender como los parasitos regulan la respuesta inmune de
su hospedero, o cual facilitaria el establecimiento de estrateglas para el futuro
desarrollo de vacunas antiparasitarias o de tratamiento: rapeuhcos

El proceso por el cual una célula TCD4" n§~ dif enciada (Tho) se desarrolla
hacia Th1 o Th2 es un modelo ampliamenteiutili’.‘za a fr‘atar de entender los
mecanismos de regulamon y expresnon de Ios genes nvolucrados en la polarizacion
de la respuesta inmune. (Gajewskl » _mUChaS evidencias que

activator of transcription- STAT4) y STAT6 respectnvamente son consideradas como



uno de los elementos esencuales que dlrlgen e| curso de Ia dlferenclamon (Magram et
al. 1996; Afonso, . ie 1994 Pearlman 1993 Nlcholson yf'Kuchroo 1996)

Iguaimente se ha pro uesto: ‘ '
Wauben et al:; 1992 D Maglstr
antigeno (Van den Eertw

1992 Nabors et al
/ Kuchroo 1996), la. cron|c1dad

resentadoras de antlgeno (Gajewsk ’e al';‘

del antigeno™ (N|cholson

1993), vy las celulas 1990 1991),

influyen en el curso de Ia dlferenCIamon

Respecto a como las células presentadoras de antlgeno (CPA) podrian estar
participando en los procesos de diferenciacion hacia Th1 o Th2, se ha propuesto que
seria a traves de |a |nteracc10n de sefales asociadas al receptor antigénico de las
células TCD4 a5| como a través de las sefales coestimuladoras (Gause et al,

1997) La p05|b|||dad de que las moleculas coestimuladoras estén involucradas en la

1996) Exlsten varlas evudencnas de que existe una re

produccuon de |L-2 por las células T es mas depend|ente de B7: que Ia IL 4 (Dubey et-
al, 1998). Esta observacuon es consistente con el estudio donde usando clonas de
células Th1 y Th2 se comprobd que las células Th1 eran mas dependientéé-de,B?
que las Th2 (McArthur et al, 1993; McKnight et al, 1994; Harding et al, ‘1992-
Lichtman et al 1988). Sin.embargo estas obser acnones no fueron contundentes ya»
tre B7-1 y B7-2, '
debido a que existen datos que apoyanjque | sobreexpresnon de B7-2 puede inducir
a las células TCD4" a que se dlferenaen hacxa Th2 -Por otro iado, los ligandos para
B7, CD28 y su homologo CTLA-4, parecen participar de manera importante en la

Io cual es importante conslderar

activacion y proliferacion de las células T. Se ha demostrado que la interaccidn entre
B7 y CD28 generaimente resulta en la diferenciacion tanto de Th1 como de Th2. Sin

[ TF%\»CON
Bhib DO O8] '

-



embargo. la: lnteracmon entre B7 y CTLA—4 parece tener un papel |nh|b|torlo para el

desarrollo de ambas subpoblaanonesp(Alegre et. al ¢ 1998)‘

podrlan estar lnﬂuyendo en el proceso de dlferenc:lacmn o
Ev:denclas de. los ultimos. anos sugleren gue todos estos elementos de

dlferenc'acmn participan mfluyendo sobre C|ertos elementos de transcrnpcnonﬂ

transcripcion, conoc1do como T-bet, ‘que - juega un papel
mdumendo tanto la trascrlpCI

dlferenClacwn de las’ celulas Th1

13, IL-4 e IL 5'(Takemoto et a| 2002) De lgual maner
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PARTICIPACION DE LAS SUBPOBLACIONES Th1 v Th2 EN INFECCIONES POR
HELMlNTOS

Actualmente es ampllameme conocido 'y aceotado que Ia> mfecmones

causadas por helmlntos inducen respuestas lnmunes altamente polarlvadas

Ievados niveles de citocinas tlp : ',Ia ﬂ')e'té,,‘ll_'d;‘ vIL45

Rk B RS

caracteri:
IL-6, IL-10
mveles de
mtestmal (Flnkelman et al., 1997. Maizels et. Al., 1993 Urban et. al.,

La sobre -expresién de estas cnocmas dan;como resultado altos ‘

E en suero “eosinofilia e hlperplaSIa de Ios mastocntos d

liquidos, en respuesta a -diversos mediadores solubles mc
prostaglandlna E2 (PGE2) que se sabe afectan la funcién celu '
et al,. 1991). De lgual manera, se ha demostrado que la IL-13 t
en la expulsmn del- helminto gastrointestinal N/ppostrongy/u
et al, 2000). De modo que el binomio IL-4/1L-13 se cons:

"'el“ epltello (Madden
e un p,apel relevante

siliensis (Finkelman

,unv_;de los factores mas

importantes para eliminar a los parasitos helmmtos Lo i nterlor ha tomado mas fuerza
al demostrarse que animales deficientes en STATG (molecula de senalizacion interna




del receptor compartldo por. L= 4/IL 13) son mcapaces de expulsar a Ios helmmtos :
ntramtestmales (Urban et al 2000 Flnkelman et.al; 2000) 8Sin’ emb'rgo . esto esk :

plenamente cierto solo para aquellos helmlntos gastromtestln

este patron: Schistosoma mansoni'y- Taenla craSSIceps que a pesar de‘ generar Una -

fuerte respuesta tipo Th2 en sus huespedes estos ‘no’ehmlnan al parasnto (Fallon

2000; Chiaramonte et al, 1999 Terrazas et al 1998) En ambos casos duferentes'
grupos de investigadores han demostrado que al mducw respuestas t1po{;Th1 se ,k

observa una reduccion sngnmcatlva de la carga parasltarna asi como: Una=d| minucion
en la patologia asociada a la respuesta Th7 en Ia |nfeccxon po'r' S: mans ~rraz
et al, 1999; Hernandez et al, 1999)

antigeno soluble, mtoglobma de ballena ;(Ac’torf et a ’93 Curry et al, 1995) Brug/a
malayi o sus extractos modulan |a'respuesta ;h1 a antigenos de micobacteria
(Pearlman et al, 1993; Maizels, 1993). N/ppostrongy/us brasiliensis, que tamblen es
conocido por inducir respuestas fipo Thz, retarda el rechazo de injerto de rifién en
ratas mediante la inhibicién de la respuesta Th1 (Cox 2001). Antigenos solubles de
Toxocara canis. han sndo descntos rec ‘

"ente como inductores de respuestas tipo

Th2, al mismo: tiempo. que d|sm|nuye (Hollan et al 2000) Par otro lado, en el

modelo de cisticercosis experlmenta
aumenta la respuesta tipo Th2 o
relacionado (Trypanosoma cruz:).‘, ,en ‘muchos de los casos se ha

reportado Th1-dependiente (Apendlce I/Artlculo 1/Rodr|guez-Sosa et al, 1999).




No obstante que. es comcudo que los helmmtos tanto gastromtestmales como
extralntestlnales mducen respuestas tlpO Th2 hasta ahora no se ha determinado cual
es el mecanlsmo que usan estos parasntos para polarwar de esa forma ';Ia' respuesta
inmune (Murphy Y. Relner 2002) no solo a sus proplos antlg n
antigenos no reIacuonados con eI parasuto Recnentemente se

de factores del parasno que. tengan un. papel lmportante

”;,Sln,O, también a

ciado |a busqueda
izacion; existen
'lnducmon de-

Ia : nyeccuon de

proteinas de secrecnon/excrecuon ',d dl T uc e”“ammales

sanos una respuesta polaruzada haua la produccmn de cntocnnas tlpo Th2 y a Ia

, 2000) El ~otro, en camblo propone que Ios

carbohidratos preseyntesy-en lo} |genos del helmmto pueden polarlzar la respuesta
hacia Th2 (Okano et al.,, 19

posible célula blanco: de esta m

|n embargo en ambos casos no se conoce la
= ulas paraSItarlas que pudlera estar partICIpando
en los eventos de poIarnzacnon | R

“ Los eventos mvolucrados enila hola 'zamon de 1a respue%

tipo Th1 o Th2 son muy duversos quesvan‘ desde Ia”doscs n

: lk'"lr.héc,ia ei
| sitio de

entrada del antigeno, la funcion: de las celulas accesorl 10 culas co-
estimuladoras, hasta el perfil de cﬂocmas en: el mu ’ 't'ddé, la
estimulacion antigénica (Gajewsky at al, 1991 Van d‘ : Cons,tant
y Bottomly, 1997, Hunter y Reiner 2000; Ashnagly ’ '
dado gran importancia al tipo de celulas presentadort_
respuestas inmunes altamente polarlzadas (Gajew'
2001). Basicamente, los estudios en este mve se
dendriticas estimuladas por antlgenos de pato‘ ’
protozoarios (Bliss et al, 1999 Allbertl et al, 2000)

temprana hacia Th1 observada en esas infecciones. En el caso de las infecciones por

mente, se ha
\duccion de

kovic et al.,

las células
acterlas y
y su papel en la poIanzacnon

helmintos queda aun por determinar si las células presentadoras de antigeno (como
célula blanco de los factores solubles o constitutivos del parasito) estan involucradas

en la polarizacién de la respuesta inmune Th2 observada en estas parasitosis.




LOS MODELOS EXPERIMENTALES (cisticercosis y |éishma’niosis);
GENERALIDADES

Taenia crassrceps

La cnstucercoms es.una enfermedad parasnarla causada por el estado larvario

~del cestodo” e; aenla soI/um Y- afecta la: salud humana serlamente Los humanos,

adqweren la-larva. or mgestlon de huevo ' ‘erados ’por un gusano aduito. - Esta

enfermedad es comun en Mexm Ios parses subdesarroliados,

2di gl ?'porb
.mampulacmn genetlca (Fragoso et al 1998) Sln embargo Ia exploracnon

hormonales elf

crass:ceps;el cu ‘.prresenta una gran reactuvndad antlgenlc ]
cruzada con f.‘so//um (Scuutto et al, 1990). Hasta ahora much
observaciones resultantes dé la “investigaciéon con este modelo
extrapoladas exitosamente . a‘élaj cnstncercoms generada por la larva T. Solil
(Larralde et al., 1990; Smutto et aI 1990, Valdez et al., 1994; Sciutto ,e: ’
Morales et al., 2002). o e

En este modelo experimental los roedores son los mtermedlarlos naturales

para el parasito T. crasstceps y-el hospedero definitivo es el zorro rolo (Flg 1). La
infeccion de ratones BALB/c con metacestodos de T. crassiceps presenta algunas
ventajas, como la particula“ridéd de que en su fase de cisticerco puede reproducirse
asexualmente por gemacion, de manera incontrolada en la cavidad peritoneal del



ratén, lo que ha permltldo mantenerlo faculmente por pases ’intraperltoneales de un

ratén a otro durante varlos anos (Freeman 1964)

"'entre sexos (Huerta et al., 1992) Los mecanlsmos de

del sistema mmune (Huerta et al 1992) probablemente mfluyend '4a nlvel del tlmo y :

resistencia a la cisticercosis por T. crassiceps. Ratones BALB/CA:hN,'tfansgénicos

para Qa-2.se convierten en altamente resistentes a la infeccién bor"T. crassiceps
comparados con su control de ratones silvestres. Los mecanismos por lo cuales los
ratones que sobreexpresan Qa-2 soluble GP1 controlan esta parasitosis no han sido
deflnldos sin ‘embargo se ha sugerido que podria depender de como se da la

presentacion de los antigenos del cisticerco a las células T, lo que probablemente




favorecuera Ia respuesta de aquella5rce|ulas4 que expresan receptores aB 0

a otra subclase 'unlcaf cual podrla partlmpa”“a"‘traves de l

cuando la infeccion se. \ace cr S a respuesta de: tip ;;co’n nlveles
altos de IL-4, IL-6, IL- 10 \
anticuerpos monoclonales

anticuerpos »gG1"e lgGZb (Térraz’aé et él 1998) Usando
itééin'és y-citocinas recombinantes como.tratamiento
en las fases tempranas de la infeccion, probaron que la respuesta tipo Th1 estaba
asociada al crecimiento parasitario restringido observado en las primeras semanas
de infeccion. Por el contrario, la respuesta Th2 estaba asociada a la sobrevivencid y
crecimiento incontrolado del parasito en el hospedero. Los ratones BALB/c que
recibieron anticuerpos monoclonales anti-IL-10 desarrollaron una respuesta inmune
tipe Th1 con una carga parasitaria menor que los controles cuando se infectaron con
el cisticerco de T. crassiceps. Por el contrario los ratones que recibieron anticuerpos

anti-IFN-y mostraron una respuesta tipo Th2 con un aumento significativo en la carga

parasitaria. Los tratamientos con las citocinas recombinantes confirmaron estos

resultados, los ratones que recibieron IFN-ymas IL-2 desarrollaron cargas

14




parasutarlas sugmflcatlvamente menores mlentras que los ratones tratados con |L 10

recomblnante murlna mostraron"un aumento ‘53|gn|f|cat|vo e susceptlbllldad al '

parasno (Terrazas ‘et al,. 1999)

p05|b|I|dad de tener
polarlzadas Io que nos perml

estar involucrados® en, Ia difere ciacion de una respuesta |n|C|aI tlpO Th1 a una tipo

Th2 observadas en esta 1hfeccnon 0




Fig.1.- Ciclo de vida del parasito Taenia crassiceps

Heces con
huevecillos

Roedor
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Le/shmanla-'Modelos de parasutos mtracelulares
Las especle Le/shman/a son ~parasitos tfypanosomatldos mtracelulares
obugados de las: celulas macrofago: -dendriticas de los hospederos vertebrados. Las

formas de Ia enfermedad”" rodumdas por la: mfeccuon con este parasnto en - los

er: varlables dependnendo prlncupalmente de ‘la especne de

humanos pueden

Leishmania; la: IeSIon cutanea ge

nerada puede ,sana por 5| mlsmasxr(por ejemp,

parasitarias. En particular la mfeccxon por Leishmania en ratones ha S|do' un

excelente modelo para estudlar Ios ’problemas asocuados con Ios parasitos

intracelulares (Alexander J et al., 1999

La:infeccion murina por

Leishmania major (LV39/ MRHO/SU/59/P- Strav‘n);f'

Leishmania major, ha sido un - ‘modelo experlmental ampllamente usado para

establecer la inmunologia de esta feccio a nfecqonvmurlna con estos parasitos,

1 otros resduilta fatal, dependiendo del
fondo genetlco de la cepa del (E ehm et aI 1979; Handman et al., 1979). Este
fenémeno de resistencia y susceptlbmdad por observado en la infeccion por L. major

en algunos casos se resuelve po

TEO_B CON_




ha sido- explucado basandose &0 las. dnferentes propledades funclonales de ‘las
células TCD4 'dlferencuadas en. Ias mfaccnone "que se resuelven versus las que no

se resuelven Durante Ios prlmeros 4 5 ¢

ues de Ia mfeccuon con L. majorhay

rapndamente la transcnpcnon de lL-

ratones resustentes como son CBA

~enll- 10‘(Hemzel et al 1991 Scout 1989) La‘ .

factores (como la'lL-18 y MIF) que pu
respuesta tipo Th1i-protectora o en la su

os en el desarrollo de la

Leishmania mexicana (M379 P Straln) La Ielshman|a5|s cutanea en América
es causada por un complejo de ‘dos parasntos que mcluye ‘L. mexicana y L.
amazonensis. Este complejo para flnes practicos se le ha reconocxdo simplemente

como Leishmania meX/cana Actua!mente esta bien documentado gue casi todas las

te ‘susceptibles al complejo d mex/cana ya que una

cepas de raton son altam
vez que.se mfectan desarrollan ‘una-gran lesién cutanea que no sana. Hasta ahora,

se sabe poco a cerca de las bases moleculares mvolucradas en-la susceptibilidad a
este complejo. Se sabe que la ausencia de IL-4 asi como del factor de transcripcién
para el receptor de IL-4/1L-13 (STAT-G) en modelos murinos incrementa los niveles
de IL-12 que induce el desayrrollo de la respuesta tipo Th1, la cual controla la
infeccion. Estos hallazgos indican gue la IL-4 y la via de sefalizacidon STAT6 median

T T T
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la susceptnbllldad L, mex/cana posnblemente suprlmlendo Ia produccnon de IL-12 e
: mhubnendo la respuesta Th‘ (Satoskar et al.‘ 1995 Stamm t al 1998) Sin embargo

7 respuesta tlpo

Fig. 2- Clclodewd del p: rasnto ’Leis,‘hmani'a>

Promastigote
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OBJETIVO GENERAL

El presente trabajo se desarrolld para determlnar la mfluencua de algunas

cntocunas asi como la participacion_de Ios macrofagos y sus‘

como factores inmunoldgicos lnvolucrados enla polanzacuon de la respuesta mmune en'

las infecciones parasitarias. Para alcanzar este ObjethO general se. uullzaron dos”

modelos murinos de infecciones parasntanas blen estahlpcudos

Cisticercosis causada por Taenia crass:cepa y : -
Leishmaniosis causada por Leishmania majory Le/shmama meX/cana

TESIS GO
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IOBJETIVOS PARTICULARES

1. Establecer si la fuerte mduccuon de respuestas tipo ,Th2 generadas por el

helminto T. crassmeps"puede generar ‘un amblente de’ cntocmas capaz de
modular Ia respuesta in 'une a mfeccnone no reI 'cnonadas '

2,

3. s)‘;»pfé’rtiié’i’p’énﬁeyhla |

B durante ;lra‘iijfei'c‘icién
rollo de'la respuestaTh1-

5. Eétébléce

rt|C|paCIon de a lL 12 ‘e IL 13 en la susceptlbllldad a la
mfecc:on murlna_,po ‘

. meX/cana
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HIPOTESIS

En las infecciones parasitarias la produccion especifica de alguhas citocinas
son esenciales para dirigir el curso de la difereciacién de la- respuesta mmune hacia
Th10Th2, que eventualmente se refleja en protecc1on o suscephblludad dependlendo

del patégeno que se trate.

Actualmente es conocido’ que Ias |nfec0|ones por helmlntos dUcén:r“espue:stas

trabajo se propone que

La respuesta*»mmune involucrada en la 'élimihacno

vlashmamosus AdlClonalmente se propone ue elrestad ‘d_actlvacmn de‘

los macrofagos partncupa en. Ia mducmon de Ia respuesta mmune t|po Th2
observada en-la mstncercosns . '




IRESULTADOS

En esta tesis se utiliza un modelo murino de 1nfeccron por un. para5|to helrnlnto
(T. crassiceps) y dos modelos murlnos de infeccion por parasrtos mtracelulares

(Leishmania major y Leishmania meX/cana) para analizar la dlferencramon y funCIon
t‘fcolaboradoras en partrc:ular para tratar de

de las subpoblaciones de Ias cel
establecer el papel de las crtocrnas y‘de Ios macrofagos en el desarrollo de Ias

respuestas inmunes generadas por Ia' |nfeccron por ~éstos parasrtos Los resultados

de este trabajo de: tesus se presentan en forma de 9 artlc:ulos agrupados en dos

apendlces

Apendlce I
ARTICULOS RELACIONADOS CON LOS MECANISMOS DE POLARIZACION DE LA

RESPUESTA INMUNE POR LA INFECCION DET. crass:ceps s
Esta parte de Ia tesis se enfocd pnnmpalmente hacia el estudro' s;,;faetores

_inmunoladgicos que participan en la polarizacién hacia la respuesta tipo ;h2fobservada =
v Aosrs ‘causada

en las infecciones por heimintos, usando el modelo munno d'

por Taenia crassiceps. : g L
Los. resultados de esta seccion se presentan en form
a fuerte induccion de

de 5 articulos. El

prlmero de: elios, se realrzo ‘con eI fin. de eh_ablece
resp,uesta tipo' Th (donde predomlnan IL- 4 IL-6 e IL- 10) generada por la infeccion
[o] dey,T.‘ ‘crassiceps puede modular la respuesta inmune a antigenos

con me‘t;‘a‘xcést
7 v,reiafbienados con el parasito, ya que existen sdlidas evidencias de
\ enuna variedad de helmintos (Actor et al 1993; Kullberg et al 1986;

E:iertlc\:ulo referido se titula “Susceptibility to Trypanosoma cruzi is

modti_\fji,éfc‘i?‘ by a previous non-related infection” por Miriam Rodriguez, Luis |.

o infeccion

Terraies‘; Ricardo Marquez y Rafael Bojalil que fue publicado en Parasite Immunology
en 1999 (21: 177-185). En dicho articulo se demuestra que la infeccién crénica con T.
crassiceps induce una fuerte respuesta tipo Th2, que es capaz de incrementar la
susceptibilidad a Trypanosoma cruzi, cuya eliminacion, en muchos casos, se ha
reportado Th1-dependiente (Aliberti et al., 1996), aunque en este articulo se muestran

—
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R. Satoskar y Luis |I. Terrazas, que fue publlcado e Journal'of ::lmrnunology enfv.‘:l_002
(168: 3135-3139). Este trabaic ce  hizo para establecer mas claramente "‘l

participacion de la respuesta inmune dependiente de Th2 en esta mfeccuon: En este
articulo se reporta que los ratones genéticamente deficientes (knock out) en la
molécula STAT6 (mediador en la via de sefalizacion interna para IL- 4/,le,13, molécula
critica para la diferenciacion a Th2) son capaces de desarrollar una fuerte respuesta
tipo Th1 capaz de resolver la infeccion con cisticercos de T. crassicepé, en contraste
con los ratones silvestres que desarrollaron una respuesta tipo Th2 con una alta
carga parasitaria. Estos hallazgos apoyan la hipdtesis de que la via de sefalizacién
mediada por STATE es cyritica para sunrimir la respussta tipo Thi requerida.para
controlar la cisticercosis murina y también sugiere que las citocinas tipo Th2 favorecen
el desarrollo de la susceptibilidad a la cisticercosis via la activacién de STATS.

Un trabajo adicional se requirid para establecer la participaciéon de la
respuesta inmune tipo Th1 en esta infeccidn. El segundo articulo que ya ha sido
aceptado para su publicacién (Agindice 1) bajo el titulo: Altered T helper responses

in CD40 and IL-12 deficient mice reveal a critical role for Th1 responses in

eliminating the helminth parasite Taenia crassiceps por Miriam Rodriguez-Sosa,
Abhay R. Satoskar, John R. David and Luis |. Terrazas, demuestra que la ausencia de
IL-12 favorece la multiplicacion del metacestodo de T. crassiceps, ya que la carga
parasitaria en los ratones deficientes para IL-12p35 se incrementd significativamente
con respecto a los ratones silvestres debido a. una deficiente respuesta tipo Th1

contrastada por una mduccnon de nsveles altos de citocinas y anticuerpos de una

respuesta tipo Th2 (IL-4, IL-13, i 5,§ '3G1 e IgE). Este hecho confirmé que, la

~
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respuesta tipo Th1 medlada por Ia IL 12 ev"' ecesana para, controlar la mfeccnon por

alguna manera, en el desarrol|o de la.
Finalmente, en. el artlculo tutula 3

(una citocina pro- mflamatorla) tuweron una susceptubtlldad 3 veces »»mayor a la
mfeccnon por Taenia crass;cepq con respecto ar los ratones Sllvestres Slendo

S|gn|f|cat|vo el hecho que |os ratones deflcuentes en MIF e mfectados con T.

superlor demuestran c|aramente que una respuesta inmune - tipo Th2 ravorece el ~
estableclmlento de T. crassiceps, mientras que una ~respuesta tlpo Th1 esta
fuertemente asocnada a su eliminacion. Estos resultados contrastan. con el doqma de‘

que una respuesta tipo Th2 es protectora en las infecciones por helmintos.

Por otro lado, no obstante que se demostro que la infeccién por T craSS/ceps
induce una respuesta altamente polarizada tipo Th2 en su hospedero capaz de
modular la respuesta inmune a otros antigenos no relacionados con el parasito, hasta
ahora no se habia propuesto qué células blanco podrian estar involucradas en dicha
respuesta. Los resultados- presentados en el articulo: Chronic helminth infection
induces alternatively activated macrophages expressing high levels of CCR5

with low interleukin-12 production and Th2-biasing ability, por Miriam Rodriguez-

Sosa, Abhay R. Satoskar, Rodrigo Calderén, Lorena Gomez-Garcia, Rafael
Saavedra, Rafael Bojalil, and Luis |. Terrazas; publicado en Infection and Immunity en
2002 (70: 3656-3664), sugieren una posible via comun que podrian utilizar los

helmintos para polarizar la respuesta inmune ante nuevos retos antigénicos. Se
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demuestra que hay una actlvamon dlferenCIal de Ios macrofagos dependlendo del
tiempo de mfecmon con. eI c;stlcerco Los m»acroragos (F4/80+ 'de mfeccuones agudas '

pobre habulldad de inducir respuesta prohferatlva antlgeno especmca de las celulas

TCD4'. La falla para inducir prollferac;on no se asocié a una defncuente expfesnon de
moleculas accesonas dado que presentaron una sobreexpresnon ‘deMHC- ‘II‘ CD4O
B7-2, CD23 y CCR5 conforme la se hacia cronica. Los macrofagos de la. |nfecc|ones

crénicas, ademas, fueron capares de inducir a células TCD4 ‘a producir L. 4‘Z pero no

IFN-y, un ‘fenémeno contrario al observado con Ios“mac fagos: dé mfeccmnes

agudas. Por otro lado, eI bloqueo de B7-2 e IL6 as; como |nh|blC|on de la
- produccién de PGE2 no restaura la respuesta prohferatlva ‘

Adicionalmente, con el uso de ratones deﬂmentes de S AT

via es esencial para que se dlferenCIen Ios macr ag
activados con dlferentes capacudades de. presentar antlgeno y con,la»pkopuedad de
polarizar la respuesta mmune hac1a el tlpo Th2 e ' 5
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Apéndice 11:
ARTICULOS RELACIONADOS CON.LOS MECANISMOS DE POLARIZACION DE
LA RESPUESTA INMUNE EN LAS_INFECCIONES MURINAS POR_Leishmania

major y Leishmania mexicana

En esta seccidn se tratd. de establecer la parhcupacmn de algunas
interleucinas (IL), como la [L-18,.el. factor,,lynhlbldor de Ia mlgramon,de macrofagos

(MIF) la IL-12 e IL-13 en la respuesta m'une generad po la‘_ nfeCCIon de ‘dos

(IL‘-,18",’f) mparandolosﬁ con ratones snlvestres (IL 18*’*) Los ratones IL- 18"'

tipo Th1, puede estar parﬂcupando en’ el control temprano del desarrollo de la lesién

cutanea causada por la infeccion con L. major, pero que no es critica para el
desarrollo de la respuesta Th1 protectora y la resolucion de la infeccion.

En el segundo trabajo titulado: Migration-inhibitory factor gene-deficient

mice are ausceptible to cutaneous Leishmania major infection por Satoskar A.

R., Bozza M., Rodriguez Sosa M., Lin G. and J.R. David; publicado en lnfectlon and
TESIS TN 1
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Immunity en 2001 (69: .906- 911) se: determlno el pape| del factor |nh|b|dor de: la"'
migracién de macrofagos endogeno en el desarrollo de la: mmunldad protectora contra

la leishmaniosis cutanea. Se anallzo el curso de- la mfeccnon cuténea de Leishmania

major en ratones deﬂcnentes en MIF (MIF ;y en ratones silvestres (MIF™"). Los
ratones MIF™ fueron altamente suscept|bles a la enfermedad y desarrollaron Iesuones
s,gmflcauvamente mas. grandes. y. con«mayor, nurme'o de parasitos que |os ratones
MIF™*; Los macrofagos pentoneales activ dos coni IFN-v de los ratones MIF’ tuvneroni
una respuesta leishmanicida deﬂcnente y produjeron un nivel S|gn|f|cat|vamente menor
de éxido nitrico y superoxido in wtro Sin embargo, los macrofagos de los ratones
MIF , produjeron mucho mas IL-8 que los macrofagos de los ratones snlvestres Esto= e
hallazgos demostraron que MIF endégeno juega un papel |mportante enel desarrollo |
de la inmunidad protectora contra L. major, in vivo. Ademas esto demuestra que Ia
susceptibilidad de los ratones MIF" a la infeccion de L. major es deb|do a la

capacudad |etshman|C|da dlsmmunda de los macrofagos mas que la desregulacmn de o

la respuesta Thiy Th. S
' Por otro lado, en Ia mfeccnon por L major es reconocido que algunas cepas de

mexicana es diferente a la inmunologia de la mfeccnon por L fnéjor fSnr{ embargo
hasta ahora no se han establecido claramente e‘stas dnferenma_s.; Por esta razon se
decidié abordar la infeccién de L. mexicana para tratar de establecer la participacin
de algunas citocinas en esta infeccion.

Estudlos rementes han renortado que las células T de ratones infectados con
L. amazonensis fallan en responder a la IL-12 debido a una expresion deficiente del
receptor para IL-12. En el articulo titulado Susceptibility to Leishmania mexicana
infection is due to the inability to produce IL-12 rather than lack of IL-12
responsiveness por Rodriguez-Sosa M., Monteforte Gina M., and A. R. Satoskar ,




publlcado en Immunology. and bell Blology en 2001 (79 320 322) se demostré que
las ce|ulas de los ganghos hmatlcosvde ratones CS?BL/B Y. 1298v/Ev infectados con L.

mexicana responden eﬂcnentem‘n atla IL- exo‘ena n wtro y producen IFN-y.

Ademas se comprobo que Ia om|5|on del genld‘ ansductora y activadora de

usceptlbles a L meXIcana

IL-4 (Mohrs‘ et al., 1999). Para determin;air_s[, Jugando uh papeIK

similar en la patogénesis de la infeccion cu Xic e anahzo el curso

mfectlon por Rodrlguez Sosa /
publicado en European Journal ofA

suscepﬂbles como los snlvestres a la mfeccnon por Le/shman/a meXIcana ambos
desarroliaron rapldamente una gran Iesnon En contraste los ratones IL-4/IL- 13’

numero muy reducndo de parasnos la cual sano despues de 12 semanas. A traves del

curso de la mfecmon ‘los ratones |L13 Ios _ratones silvestres produ;eron:

signif'ca:tivamente mas antlcueroos lgG1-antlgeno especmco asocuado a una
respuesta tipo Th2, comparados con Io_ ratones. »»IL-4/IL 137, Todos los grupos
produjeron niveles similares del antlcueroo IgGZa-antlgeno especifico asociado a una

respuesta Th1. A la semana 12 post- -infeccién las células de ganglio estimuladas con

""““‘" T e 3
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antigeno. de L meX/cana (LmAg) de Ios ratones IL 4/1L- 137" produjeron )
slgmfcatlvamente mas IL 12 e n—N-y comparados con los IL-

3" y los sﬂvestres Sln '

cntocma preferenmalmente mvolucrada en la patogene515 de la 1nfecc10n cutanea por

L. mexicana.

\.Lb\ C
PELLA DS ”)‘JZJL'N




[DISCUSION GENERAL]

Los modelos de infecciones parasitarias han sido muy dtiles para caracterizar y
demostrar el papel de las subpublaciones de linfocitos Th en Ie 'regulacién de la
respuesta inmune in vivo. Muchos de los parésitos conocidos inducen re:puastas
inmunes altamente polarizadas, dependlendo de |a naturaleza- del patogeno ylo del
fondo genético del hospedero.- En general diversos autores oplnan que los parasitos
intracelulares inducen resouestas domlnadas por Tht. mlentras en el otro extremo,
los extracelulares generan prererenmalmente recouestas domlnadas por citocinas
tipo Th2 (Jankowc et al 2001) Estovha Ilevado a la qenerahzacton y al dogma que

respuestas inmunes medladas‘ P

: estrlngen el desarrollo de enfermedades

parasnarlas mtracelulares (Lelshrn ) asmosns Trypanosomnasm Ma!ana)

‘usadas por~ helmintos (Jankovuc Y

emostrado que |n|cua! '

en el cqal

posteriormente. esdesplazada por una Th2,.r.- cqo“n‘ize‘cién ;

parasutarla (Terrazas etal, 1998). . :
En‘ ste trabajo se abordaron dos’ as

tes en’la inmunoregulacion

de enfermedades parasitarias por helmln o rimero es el hecho de que una

respuesta tipo Th2 no necesariamente es pro ec;ora en helmintiasis, y el segundo es

que las células presentadoras de antlgenos pueden ser fuertemente afectadas por la
emaritrgt, |
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presencia de. estos parasntos e |nflu1r -en: e| mucuo desarrollo y Sostenlmlento de
respuestas 1nmunes tlpo Th2 '

desarrolla la infeccion (Nabors et al, 1995). Aqui. nosotrds encomramosﬂ en los

Por el contrario,

elnmmacnon de T craSS/ceps pues los animales STATG"‘ no p

una participacién importante de los m|smos en e ontrol,de la C|st|cer005|s se decidid
.[.

realizar el experimento con ratones MIF ‘para confirmar |a partncupacton de estos

W
8]




ultlmos en. Ia resnstenma a T craSS/ceps Los. datos observados demostraron que los
nlveles de antucuerpos y varias de las cntocunas producndas por los. Isnfocntos ‘de:bazo

en respues a haﬁ.
alterados en Ios ratones MIF , comparando con Ios an|males snlveatres Sln embargo
la carga parasnarla se tnplcco o estos ratones | MIF Esto sugerla la partlc:pamon
de otras células en el control de la mfeccuon,;“De este modo_se: decnd(o anallzar

aquellas celulas que estaban en mas cercano contacto con los parasitos; que eran los
macrofagos perltoneales AI anallzar la respuesta de estas celulas encontramos que
la produccion de IL-12; TNF-a Yy NO en Ios ratones MIF"' estaba agnnﬂcatnvamente

inhibida, en comparacuon con Ios anlmales stestres Y STATG * ::pero por el contrario

estas mismos macroragos prodUJeron alth nnveles de IL 6 una 'C|tocnna que se le ha

asociado con-una p05|ble acuwdad de polarlzar la- ‘espuesta inmune hacia Th2

(Rincdn et al., 1997). En conjunto eswe datos sugleAen ue Vlos macrofagos tienen un

papel regulador y: posublemente efector en esta' nfeccuo sto fue conssstente con los

) Hento e una'respuesta tlpo Th1 es
la IL-12 (Afonso et al, 1994 Park y:Scott; 2 _1), y que se habla detectado elevada

S

en los anlmales STAT6
a ,dejar fuera

de dudas la partlc:pacuon pr|m4, g e‘ esta C|t00|na en Ia pr ecmon contra

mstncercosns ‘era o blen neutrahzah aJL- 12 o utllszar ratones deflcnentes en IL-12.
Como es'f onomdo que la neutralxzamon de" mtocmas con anticuerpos’ monoclonales
es tran5|tor|a y no reﬂejarla el efecto a mas largo plazo de la ausencia de IL 12

opto- por. utilizar ratones deficientes en IL-12. Después de 8 semanas de infeccién

observamos un incremento de 100% en la susceptibilidad a T. crassiceps en los

TI Q‘% (“(W
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I

los antrgenos especnfcos de T. crass:ceps 7fueron Ilgeramente '
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ratones: genéticamente dercientes cr.-:'v 12, Io que cwuflrmaba el papel fundamental

de esta cntocma -para desarrol|ar proteccuon en contra 'de esta"‘ al Slt 'SIS a traves del

desarrollo de respuestas polarlzadas hacia Th1
De manera mteresante los ammales lnfecta

mostraron nlveles de IL-18 sngnlﬂcatlvamente altera

} conﬂrmo
ia de IL-

(Monteforte et aI 2000). :
En este sentldo |a generaCIo.. de Ia;_respu

meX/cana donde se requlere de una respuesta tlp T
En conjunto todos los resultados obtenldos en
que.en la mfeccmn murina por T. craSS/ceps de lgual
L. ma/ory L mextcana la respuesta inmune prot :
IL-12 (pero independiente de IL-18), dado que7
parasutarla la.ausencia de IL-4 ylo: STAT6 mduce la produccién de niveles muy altos

en os' tres modelos de mfeccton»

de {L-12; que hace al hospedero resrstente a‘estas infecciones, con'una partlc1pac10n

IL-12 (fg 3) Este. hecho en Cc
desarrollo de la respuesta mmun
via de senallzamon STAT6



podrian ser una de-las poblaciones_efectoras en la eliminacién de T. crassiceps (Fig,

productos‘o por sn'm|smos disy
‘celulas dendrltlcas) lo. cual l'es'»congruente con: la: |dea de que IL 12 es un X
determlnante crucial para la polarnzacnon de Th1 durante Ia mtecouon'
‘agentes (Aliberti et al 2000, Bliss et al, 1999 Zumbuschenfe!dl et al 1997 ‘~

on ‘stos

La idea de que los agentes patogenos- p,u,,eden.‘lnvdgc .|‘a, prodgcﬁéié:ri‘:de:

citocinas por diversas células a través de. su"s pr'o'dUCtos me't‘abvégli' f ei—térﬁente

sostenida por diversos reportes recientes, que proponen a una e eCPptores
trasmembranales, conocidos como- TolI llke receptors (TLRs) como los elementos
responsables del reconocimiento inmune - lnnato (tanto en mamlferos como en
Drosophilla) de los productos altamente consyervados del metabolismo de los
patdgenos microbianos (PAMPs) como sonel lip
(PGN), acidos lipoteicoicos (LTA) y otros ¢ Je]s) nteys de Ia pared celular microbiana
(Medzhitov R et al,, 1997) Una‘ aracteristica omun de los PAMPs es gue son
producidos umcamente por mlcroorgamsmos y-no por las céiulas del hospedero, asi
la deteccion de |os PAMPS |
propio versus 1o no propio.

opohsacarudo (LPS), peptidoglicano

or. s TLRs puede representar un paso en el

reconocimiento mmune el

Sin duda alguna falta mucho para definir claramente la participacién de los

TLRs en Ia actlvacuon de las respuestas efectoras (Th1 vs Th2) de la inmunidad

I
W



adaptativa, Sin embargo existen. aIgUn"os’ antecedentes que sUgieren qu“e"‘ IoS'TLRs
expresados sobre Ias celulas presentadoras de antlgeno podri an regular algunas de
las sefales accesor:as req ler :as para la actuvacnon 'd

adaptativa, como son las moleculas coestimuladoras - y Ias

_una co-dependencia

specto a estos procesos

| emlntos poco o nada es
‘:s,c;;evlu‘las maestras en la
_e‘-» éélulas bien conocidas

osotros observamos que

la respuesta inmune por helmintos, donde se ha T

por Ias cutocmas tlpo Th2
"altornatlvamente actwados

TPQIQ C}(]j;\_r
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tipo de macrofagos ‘es el de. supreslon (Loke et al 2000) y se han reportado
recnentemente en: flar1a5|s (Allen y Loke 2001) ’

baja expresuon de CD23 y CCR5 promoweron una mayor repuesta prohferatlva-

asoc;ada con una mayor produccxon de IFNy en las células TCD4", mlentras que no ‘

indica que los macrofagos pueden ser mfluudos diferenciaimente por la presencia de
helmmtos y que tienden a desarrollar un fenotlpo de “alternativamente activados”. Es




posible que este fendmeno lnfluya en la respuesta mmune de '”Q'Vlduospresentando'

infecciones |mportantes con he|m|ntos

alternativamente activados” ha sido descrlto en flanasns‘"iotra mfeccnon por helmlntos

donde se le ha asugnado un papel suprevsor"”

“macrofagos alternativamente activados” es totalmente dépe
ya que los animales STAT6™ no desarrollaron este fenotlpo

Por otro lado, la baja capacidad para estimular a'los

nfocuos TCD4" de los
“macrofagos alternativamente activados” no puede atrlbulrse a: |a falta de expresion

de moléculas coestimuladoras, pues las moléculas mas |mportantes relacionadas con
la presentacion de antigeno estuvieron altamente expresadas en estos macréfagos,

como fue la expresién de MHC-!!, B7-2, Yy CD40 Una posuble explicacion a la baja

mducmon de proliferaciéon que. presentaron s podrla ser que a pesar de

expresar altos nlveles de MHC Il estas moleculas podrlan estar ya completamente
cargadas/saturadas con antlgenos del parasito, |o cual dificuitaria el acceso del nuevo
antigeno a las: mo|eculas del MHC-II y no habria una adecuada presentacidn, de tal
modo que los escasos niveles de MHC-I| disponibles para el antigeno no relacionado
al parasito no serian suficientes para inducir una adecuada proliferacion, pero sij

suficientes para inducir la produccién de citocinas antigeno especificas (IL-4 e IL-6).
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Esta h|pote5|s esta apoyada por Ios resultados de los experlmentos hechos .con dos
mucroorgamsmos mtracelulares el prlmero con la bacterla L/ster/a monocytogenes en

respuestas tlpo Th2 Recaentes mvestlgaCIones ;han empezado
presenma de helmnntos enlos palses en vnas de desarrollo no sol :

salud publica, sino.que podrian ser una posnble explicacion a Ias ne
de enfermedades autoinmunes mednadas por respuestas t|po T’ \

inmunoregulacion de otras enfermedades (Black et al, 2001 Elhot et a 2001;) Aqut

se muestran evidencias de que esto puede ser posible.
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Fig 3. Mecanismo mmunolognco de resistencia en: Ia CIstlcerCOSIs experlmental munna En un primer

favorecer la actividad toxica del macréfago ya que su ausencua lo afecta negatlvamente
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Células NKT ? PMN ? @

1L-47 Incremento de eosinofilos
Células CD4+ T Células CD4+ Th2 o
~ 7 Th2 Q °°°
5. B w —> (g) == (&) —> &0
e S |IL4 IL-4 | Inhibicion NO
Cisticercos IL-d4 ? G IL-13 2| | |IL-13 | Inhibicion IL-12

4
W T cell ?Q \
a & N Inhibicion de

la respuesta
Th1

Fig 4. Mecanismo inmunolégico de susceptibilidad en la cisticercosis experimental murina. La
presencia cronica del cisticerco induce la diferenciacion de las células TCD4" hacia el tipo Th2 a través
de STAT-6 probablemente por la presehcia de IL-4, aun cuando la fuente inicial no se ha establecido.
Las células Th2 producen niveles eléyados de IL-4 e IL-13 con un subsiguiente incremento en los
eosindfilos e inhibicion de la respuesta inmune Th1. La produccién de oxido nitrico e |L-12 producidos
por los macréfagos se afecta'negativamente. Estas condiciones permiten el rapido e incontrolado

crecimiento del cisticerco.
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ICONCLUSIONES|

Con los resultados obtenidos de eysta tesis se puedevconcluir lo siguiente: |

1) La fuerte mduccnon de respuestas tlpo Th2 generada por Ia mfeccnon con
' f‘metacestodos de T crassmeps modula Ia respuesta mmune y susceptlbllldad a-

lnfeccuones no reIaClonadas (T cruz:)

2) La respuesta t|po Th1 orquestada por Ia presenCIa de lL 12 es esencual

para controlar Ia mfecmon por el helmlnto T. crassmeps

) EI factor inhibido de Ia mlgraC|on de macrofagos (MIF) Juega ‘un papel

respuesta t|po Th1 requenda para controlar la cisticercosis murina.

, 5) La infét:cién po’r el heli’nintd T. crassiceps puede"ﬂ

critico en el de‘s rrollo de una respuesta inmune protectora participando en la

actividad leishmanicida de los macrofagos. ¢
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8) En el modelo murmo de mfeccnon por Le/shman/a mexmana |a IL 13 no esta

respuesta a esta cﬂocma

10) La respuesta lnmune,

crassmeps presenta caracterlstlcas

para5|to mtracelular comO‘

En los dos modelos de mfecmon el mecamsm

Estas observaciones

contrastan” con aniss
extracelulares, como los helmintos, son controlados. ,rfé'vs'p‘uefsi'f'asf,,:m'edivédfas por
células T CD4* que se diferencian hacia Th2. e o
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7 APENDICE |
Artlculos reIacmnados con los mecanlsmos de polarizacion
de Ia respuesta mmune en la mfeCClon murina por

Ta en/a crassrceps
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Susc::eptrilbjrlxi:tywtrojrTrypanogqma_cru’zi, is-modified by a previous

non-related infection

MIRTAM RODRIGUEZ'. LUIS [.TERRAZASS. RICARDO MARQUEZ' & RAFAEL BoJALIL'?

"Depariment of Immunology. Institute Nacional de Cardiotogia “lgnacio Chiver”,

*Department of Bivlogy, Fac. de Quimica. UNAM,

"Department of Health Care. Universidad Autdnoma Metropolitana-Nochimileo, D.F., Mévico

SUMMARY

Helminth intections are prequentdy massive, chronic and
strong inductors of Th2-type cvtokines. This implies that
infection by such purasites cowdd alter the suscepiibility to
subsequent infections by other pathogens, particularly
intracellular parasites. We therefore explored whether a
persistent infection, cansed by Taenia crassiceps cvsticerci,
in BALB/c mice could aftect suscepribility to a later infec-
tion by Trypanosoma cruzi. We found that the presence of
the cxsticerct indeed modified the immune response and the
susceptibility 1o T, cruzi, and that these modifications
depended on the time-course evolution of the initial infec-
tion. Coinfection with the protozoan in the early stages of
the helminth infection. induced o delay on the onset of
parasitaemia, early spectfic production of 1FN-y and high
specific production of [L-4. A siguificant increase in sus-
ceptibilite 1o T. cruzi was observed ondy when mnice were
cointected in late stages when the helminth load is greater
and « Th2 type response against it is predominant, The in
vitro specific response to T, cruzi antigens was then char-
acterized by low levels of both IFN-y and IL-4. These
findings suggest that chronic helminth infections could
potentiully have a significant influence over the immune
response and hence susceptibiliry 10 other pathogens.

Keywords coinfection, susceptibility to T. cruzi, helminth
infection
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INTRODUCTION

A large proportion of the worldwide human population
lives in developing countries, where helminth intections
represent a common cause of disease (Maizels et al. 1993y,
Individuals who are born and live in populations with
inadequate sanitary conditions are exposed to massive
helminth infections. In rural populations. these Kind of
diseases are commonly associated with those caused by
intrucellular  micro-organisms  such as  Mycobacterium
wherculosis, Plusmodium sp. and Trypanosoma cruzi. The
natural coexistence of two or more pathogens infecting an
individual, implies that the presence of one of them could
(nonspecitically) alter the susceptibility to subsequent infec-
tions by other pathogens.

The protective response against some infectious agents,
mainly viruses and intracellular parasites is mediated by
CD4-=Thi cells tproducers of IFN-y and IL-2, Mossman
et al. 1986, Clerici & Shearer 1994, Reiner & Locksley
19953 but not Th2 cells tproducers of IL-4, [L-3. IL-6 and
[L-10, Hermanek et al. 1993, Reiner & Locksley 1993). In
contrast, a Th2-dependent response can protect against some
extrucellular parasites (e.g. Trichuris muris, Pearce &
Reiner 1993).

Most helminth intections induce a Th2 type response
(Svetic er al. 1993; Lawrence et al. 1995; Pearce & Reiner
1995). This could account for any increase in susceptibility
to other pathogenic agents against which a Thl response is
required, or inversely, account for any reduction in suscept-
ibility to those pathogenic agents against which a Th2
response is necessary. Examples of both cases have been
found in mice infected with Schistosoma mansoni. The
polarization of the immune response to a predominant
Th2-type can alter the abitity to respond to a nonparasitic
antigen (sperm whale myvoglobin. Kullberg er al. 1992),
as well as to eliminate vaccinia virus (Actor et al, 1993)
or, in contrast. increuse resistance to another helminth
(T. muris) against which a Th2-dependent response is

TESIS CON
A NS




M. Radrigues et al,

protective (Curry ef al. 1993), The observed nonspeciticity
of immune modulation suggests that other helminth intec-
tions could also influence the susceptibility to other impor-
tant pathogens such as inteacellular parasites, However. this
hypothesis has not been directly explored until now.

As with many other hetminths, infection with the cysti-
ceret of Tuenia crassiceps in BALB/C mice induces o Th2-
tpe immune response. which is not eleary seen until the
cighth week after infection. Before that. an initial and
gradually declining Thl-tspe cytokine protile is observed
tTerrazas ¢ral. 1998),

In order o address the questions of t whether 70
crassicepy antection off BALB/C mice could affect the
susceptibility to a latter coinfection with an intracellular
parasite such as Trvpanosoma cruzic and (by whether the
changing environment regarding number of puarasites and
cyvtokine protile induced by 7% crassiceps infection may
ditterentially influence the outcome ot the cointection with
T. cruzi. we compared the 7. cruzi parasitiemia and the in
vitro cytokine production in BALB/C mice (@) solely
infected with 7. cruzi and (b) coinfected at different times
after the inital 7. crassiceps infection.

We found that the presence of 7. crassiceps cysticerei
modified the susceptibility and the immune response to 70
cruzi. depending on the tune-course evolution of the initial
infection. The muin implication of these tindings is that
chronic. massive helminth infections could potentially
modity both the immune response and susceptibility to
other pathogens.

MATERIALS AND METHODS

Mice

[nbred female BALB/c mice. originally from Jackson
Laboratories (Bar Harbor, Maine. USA) were used. They
have been muintained in controlled conditions in our animal
facilities for more than 20 generations.

Parasites and infections

tA) Metacestodes of Taenia crassiceps (ORF) were har-
vested from the peritoneal cavity of femule BALB/c mice
atter 2-4 months of infection. The cysticerci were washed
four times in phosphate-buftered saline (PBS. 0-13 s NuCl,
001y sodium phosphate buffer. pH7-2) and selected for
infection. Experimental infection was achieved by intraper-
itoneul ipy injection with 10 small tapproximately 2 mm in
Jiameters nonbudding cysticerci of 7. crassiceps suspended
i -3ml PBS per mouse.

By Trvpanovoma cruze Ninoa strain was obtained from a
Mexican patient in 1978 (Monteon er al. 1996): these

Hb
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parasites have been propagated in BALB/c mice by subse-
quent i.p. passages. Single infection and cointection were
performed with this strain of 7. cruzi, und were achieved by
i.p. injection with 10" freshly collected bload-stream trypo-
mastigotes in PBS-Alsever's solwtion per mouse. The coin-
tection with 72 cruzi was performed at 2. 4, 8, or [ 2weeks
after the infection with 70 crasyiceps. Sex-und age-matched
unintected mice, and as well as mice intected only with 7
cruzi were used s controls, The level ot 70 crusi parasitie-
mi wis monitored at several dayvs atter inoculation by
counting the number of parasites in 3 gl of blood drawn
from the tail vein: data are reported as the number of
parasites per mbtCarlier ¢t af. 1987, Cardiflo er al. 1996).

Soluble antigen from Trypanosoma cruzi

T eruzi extract was obtained as described elsewhere (Cas-
tellani er al. 1997, Briefly. epimastigotes of 7. ¢ruzi were
maintained by sequential culture in LIT medivm diver
intusion tryptose. Difeo, Detroit, ML, USA ) epimastigotes
were obtained, washed three times in PBS und centrifuged at
5000 r.p.m. for 13 min. Protease inhibitors were added (0-1-
2 pg/ml Aprotinin: 0-3-2my EDTA: 1 =3 mv PMSF: | py/
ml Pepstatin: 30 gg/mi TLCK: all from Sigma, St. Louis.
MO, USA), purasites were sonicited six times tor 10s at 50
watts, Parasite destruction was determined using & micro-
scope.  Purasite  extracts  were  then  centrituged  at
10000 r.p.m. for 30min to separate the soluble traction
which was kept at - 70°C until used. Protein concentration
was determined by the Lowry method (Lowry er al. 1951).

Cell preparations and culture conditions

After intections and coinfections, mice were bled by cardiac
puncture and subsequently killed by cervical dislocation.
Spleens were removed in sterile conditions from infected
and control mice. Spleen cells were obtained by mincing
and filtering. washed and resuspended in culture medium of
RPMLE 1640 supplemented with 10% foetal bovine serum,
100 units of penicillin/streptomycin. 2 mst glutamine. 25 mst
HEPES butter. and 1% non essential amino acids (all from
GIBCO. BRL Grand Island, NY. USA).

Splenocyvtes were suspended at 5% 10° cells/ml in the
sume medium. One hundred gl of the cell suspensions were
placed into GA-well tlat bottom culwure plates (Costar, Cam-
bridge. MA. USA) and stimulated with either 100 ul of
concanavulin-A (Con-A: Sigma. St. Louis, MO. USA)
mitogen solution (2 pe/ml). or with soluble extract of
Trypunosomea cruzi (13 pg/ml). Plates were then incubated
ut 37°C und 372 CO, during 72h or 6days withCon-Aor 7.
cruzi antigen. respectively. Eighteen h prior to culture
termination. -3 pCi of tritiated thymidine (methyl-3H
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TDR. sp. act. 247.9 GBg/mmol. NEN. Boston, MA, USA)
were added to each well. Atter further incubation for 18 h,
splenoeyies were harvested onto glass Gilter papers and
processed tor tiguid seintillation counting.,

Evaluation ot ¢eytokine production in vitro

Cell suspensions of hviphoid cells prepared as described
above were diluted in 1097 FBS-supplemented RPMI-1640
togive S5 10% cellsiml Final [wml cell suspensions were
placed incach well ofa 24-well plate tCostar and incubated
with 2 pg/mb of Con-A for 48 hat 37°C and 5% CO;. orwith
I3 e/mb of soluble antigea trony [ocrnze for 720 in similar
conditions. Atter centrifugation, supernatants were col-
lected. aliquoted and stored ar = 20°C until used. The
evtoRines TEN-y0 [L-4. and TL-10 were measured using
sandwich ELISA methods according to manutucturer’s
instructions  (PharMingen, San Diego. CAL USA). The
pairs of ey tokine-specitic monoclonal antibodies and recom-
binant eytokines were all obtained tfrom PharMingen. [L-2
was measured by a bioussay using CTLL-2 cells as
deseribed elsewhere (Gillis er af. 1978). using tor blocking
monoclonal antibodies anti-1L-2 and anti-1L-4 (PharMin-
gen). Recombinant murine JL-2 (PharMingen) was used as
standard curve.

Immunoglobulin determination

T cruzi-specitic [gGl. [gGla and [gG2b levels were also
assessed by ELISA. Brietly, 96 well ELISA plates (Costar)
were couted with 100 pl/well (5 gg/ml) soluble extract from
T. cruzi diluted in Tris pH 7-8 butfer. The plates were left
overnight at 4°C. They were then washed thoroughly with
phosphate butter saline (PBS) containing 0-05¢¢ Tween 20
tPBS-T: Merck, Frunce) and were blocked with PBS sup-
plemented with 1€ bovine serum albumin (PBS-BSA) for
oneh at room temperature (RT). After that. they were

Previous infection alters suscepribility 10 T, cruzi

incubated in the presence of 1:100 dilution tin PBS-BSA)
ot each serum samptle from normal or from infected mice tor
twohat RT. After extensive washing with PBS-T. the plates
were incubated for 43 min at RT with- peroxidase-labelied
ot antimouse isotype (anti 1¢G2b, anti [@G1 and [gGa at
171000 dilutions) (Zymed. San Francisco, CAL USAL Plates
were washed and revealed with ABTS-solution (Zymed,
Results were expressed as the maximal OD.

Statistical analysis

The statistical signiticance ot the efiects of the experimentad
variables were determined by nonparametric tests: Mann—
Whitney U-Wilcoxon Rank. and a s-test in the factorial
designs, as considered appropriate.

RESULTS

Immune environment induced by 7. crassiceps

In order to demonstrate the immune microenvironment
present at the moment of the coinfection with 7. cruzi.
different assays were performed. The results obtuined were
very similiur to those recently described (Terrazas er al.
1998): as the infection of BALB/c mice with the cysticerci
of T. crassiceps progressed and the number of parasites
increased, the immune response was characterized by
decreasing proliferation and secretion of IL-2 and [FN-+
by spleen cells in response to Con-A and also decreasing
1eGla specific antibodies  production. associated  with
increasing levels of IL-4 and lgGl (Table 1), suggesting a
Thti to Th2 shift during this infection.

Modification of the parasitaemia by 7. cruzi

To determine if a persistent infection caused by a helminth
(T. crassiceps) can modify the susceptibility -to a second

Table I Immune response in female mice early and late infected with Taenia crassiceps

Con-A response

Cytokine production (pg/ml) Antibody production

WK of infection

Parasite [ntensity (cpm) IL-2 [FN-v IL-4 12G2a IeGl
1) - 118165=15466 964=243 14302280 420=24 0.003 0.013
2 945227142 14764 1126=138 421=21 0.435 n.131
4 153.3=53 39015=6338 36887 464=28 46818 0.164 0.346
¥ 440.2=117 10818 =1567 200=22 539=49 f41=72 0.093 {.500)
12 1308 =327 4892=1259 75=22 254=38 1104=98 0.028 2.200

Cytokine production is in response to Con-A. Specific antibody production against 7. crassiceps was detected by ELISA (0.D. 403 nm) in sera
diluted 1:100, Values represent the mean=SE: n=at least six mice per group. SE in antibody production was fess than 107
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Figure 1 Evolution of parasituemia after i.p. infection of mice with 1000 try pomastigotes of T, cruczi. Control mice were intected only with 7.
cruzi. Coinfected mice were initially infected with ten cysticerci off 0 crassiceps and atter 2, 4. 8 or 12 week were coinlected with 70 cruzi. 2wk,
4wk, §wk and 12wk refer to the week of coinfection after the original 7% crassiceps infection. Data shown represent mean = SE of at least nine
mice per data point. corresponding to three ditferent experiments. *P <0:05 with respect to control values obtained the same day.

nonrelated parasite such as 7. cruzi. we infected BALB/c
mice i.p. with ten cysticerci of 7. crassiceps. These animals
were coinfected with 1000 trypomastigotes ip of T, cruzi
Ninoa strain 2. 4. 8 or 12 weeks after the initial infection.
The evolution of the parasituemia following this second
infection was evaluated at different days during two months,
and compared to that of mice solely infected with T, cruzi.

Figure | shows that when coinfection was performed at
carly times itwo and four weeks atter the primary infection),
the coinfected mice had a significant delay (P <0:05) of one
week in the initiation of parasituemia by 7. cruzi, but finally
presented the same maximal level of parasites as the control
mice tapprocimately 300 000/mb. In contrast. when infec-
tion with 7. cruzi was initiated at latter stages of the
mtection with 7o crassiveps (eight and 12 weeks), at the
time when a predominant Th2-type ¢y tokine environment is
expected (Terrazas er af. 1998 and Table 1), the cointected
mice had an early and dramatic increase in susceptibility to
T. cruzi. The increase in the number of parasites/mi blood
was significant trom days 14 or 17 to day 29 of the
cotatection. Statistical differences with the control at the
maximal  level of  parasitiemia were P =0-004 and
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P =0:005 when coinfected at eight and 12 weeks, respec-
tively (Figure 1). These results show that the number of
blood-circulating trypomastigotes varied as a function of the
development of the infection with 7. crassiceps.

Proliferative response to Con-A of spleen lymphocytes

To examine the cellular proliferative response at different
stages of the T. ¢ruzi parasitaemia, spleen cells from non-
infected (normal control). as well as from T. cruzi infected
(control) and T. crassiceps and T. cruzi coinfected mice
were obtained at day 9 (the beginning of the parasitaemia),
at day 27 (the maximal level of the parasituemia in the
control mice) and at day 60 (when circulating parasites have
disappeuared). Lymphocytes were then stimulated with Con-
A and the proliferative response was measured by tritiated
thymidine incorporation (*H-TDR) in a 72-h cuiture,
Figure 2 shows that lvmphocytes from 7. cruzi intected
feontrol) mice had a significant decrease in the proliferative
response to Con-A at the three different time-periods eval-
uated (P <0-05) with respect to uninfected mice. In early
coinfected mice (two and four weeks), the lymphocyte
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12wk refer to the week of comtection atter the orginal intection
with 17 crasveepy. P <005 with respect 1o noral vilues,
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proliferative response to Con-A was similar to that of

control singly infected mice only at Jday 9. However, this
response decreases signiticantly (£ < 0-035y at days 27 and 60
atter cointection. In late coinfections, Iymphocyte profit-
erative response to Con-A was significantly  decreased

40 F - M davo
{ “day27
30+ |
2 20f ! -
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104 | .
i - . .
| e -
O ! ﬁ
N Controt All coinfected
Groups
Figure 3 Production ot 1L-2 by rreshly isolated spleen cells upon

stumudation with Con-A for 48 ho {L-2 production was estimated by
broassay using the CTLL-2 cell Ine. The bars represent the mean
Cvtokine voncentration = SE of triplicate assays of at least nine mice
per group. at days Y and 27 after infection or cointection with 7.
cruzic Nonormal non infected mice. Control mice tor this experiment
sere only infected with 72 cruzi. The bar named all coinfected
represents the mean values of all comtected mice rcomtected at 2, 4,
Soand 12 weeks after the original infection with 77 crassicepsy.

“P <005 with respect to normal values, 7P <003 with respect to
control vajues ohtained the same day.
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(P <0:05) since day 9 to day 60 of the parasitaemia with
respect to control mice. Thus, cointection with 7. crassiceps
decreases further the inhibited proliferative response to
Con-A of mice lvmphocytes seen with 7. cruzi infections.

Cytokine production by spleen cells

Cytokines were measured in the supernatants of cell cultures
stinlated with Con-A or with specific 70 ¢ruzi antigen
total extrac).

As previously reported (Kierzenbaum er al. 19941 tym-
phocytes trom 7% crusi infected mice produced low levels of
1L-2 in response to Con-A compared to non infected niice
(£ <005, Figure 3. Mimmal [L-2 production was observed
at the manimal level of the parasitaemia tday 27, P <005,
Fizure 3. Because there were no signiticant differences
between the ditferent coinfection times. the 1L-2 duta is
presented combined for all cointected groups. Lymphocytes
trom all coinfected mice
[L-2 compared to Iyvmphocytes from the singly infected
mice (P <0001, Figure 31 When lymphocytes were stimu-
lated with specitic . cruzi antigens, no 1L-2 production was
observed in any group of mice (data not shown),

For all the other cyvtokines measured there was no
evidence of low production. Lymphocytes of 7. cruzi
infected (controly mice, secreted signiticantly higher quan-
tities of 1FN-5 at day 9 and ot [L-4 at day 27, and lower
levels of IL-10 at day 27 than noninfected (normal) mice
(Figure 4a.b.c). Cells from carty coinfected mice (2-4 wk)
stimulated with Con-A secreted similur levels of TFN-y
(Figure 4a) and [L-4 (Figure 4b) during all the course of
the infection, and higher levels of {L-10 (Figure 4cy at the
beginning of the infection than normal and control mice.
Similarly. late coinfected mice (8-12 wk) secreted compar-
able levels of IFN-v than early coinfected mice during all
the infection (Figure 4a). but higher levels of 1L-4 at day 9
and lower levels of IL-10 at day 27 than normal and control
mice (Figure 4b.c).

When lymphocytes were stimulated with specific 7. crugi
antigens. T, cruzi infected (control) mice secreted signifi-
cantly lower levels of IFN-v at the beginning of the infection
(Figure 4d, day 9) but higher leveis at the peak of the
infection (day 27) than normal mice. This control group did
not produce specitic quantities ot IL-4 (Figure <e). but it did
secrete significantly higher levels of IL-10 at day 27 (Figure
4f) than noninfected mice. [n contrast. early cointections
induced an early (day 9) specific production of 1FN-+ and
IL-+. both significantly higher than in the mice solely
infected with 7. cruzi tFigure 4d.e). with no specific produc-
tion of [L-10 at this dav «Figure 4t). This initial cytokine
pattern correlated with significantly fower levels of circulat-
ing parasites during the third and fourth weeks of the

seereted even lower gquantities of
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P <003 with respect o control values obtained on the same day .

cointection in early cointected animals compared to the
single infected ones (Figure 1). By day 27, the cells of these
early coinfected mice still produced high levels of [FN-y
tFigure 4dy in response to 7% cruzi antigens. but the levels of
IL-4 had significantly decreused (Figure 4y, and IL-10
production was increased tFigure 4, giving rise to a very
sunilar production pattern ot these three cytokines (IFN-v,
[L-4 and [L-101 1o that of the single infected mice (Figure
2de . Interestingly, this was associated with statistically
comparable numbers of circulating parasites between early
<omtected and single infected animals at and beyond this
point (Figure L. days 27-601 [n lote cointected mice. we
whserved a decreased specitic producton of [FN-vy (Figure
~drand [1L-4 (Figure deb at any of the days tested, but IL-10
was produced at similar fevels to those detected in singly
intected mice (Figure 40 Atday 27 of the parasitaemia, the
~ingly infected mice and the early coinfected mice had a
stpniticant production of [FN-v. not ~een in late coinfected

i

mice (Figure 4d). and by this day the late coinfected animals
were dramatically more susceptible to 7. cruzi (P<0.01,
Figure 1).

Specific antibody production

The presence of three specific antibody isotypes (1gG2a.
1gG2b and [gG1) against antigens from T. cruzi in the serum
of the studied animals were analysed. at three ditferent time
points of the parasitaemia: days 9. 27 and 60. At day Y none
of the groups produced any detectable titres of specific anti
T. cruci antibodies (data not shown).

As seen in Figure 3a.b, the titres ot all isotypes of specific
antibodies against 70 cruzi increased as the infection pro-
gresses, [2G2a being the most prominent. With the excep-
tion of a lower production of specific antibodies by mice
coinfected at the fourth week of the intection with the
eysticerci of 7. crassicepy (Figure 3a). the presence of this
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parasite does not seem to affect the antibody response
against 1ot

DISCUSSION

Our results demonstrate that a primary infection with the
casticered of Taeniu crassiceps can aftect the susceptibility
of BALB/¢ mice to a subsequent infection (coinfection) with
the tntracellular parasite Trvpanosoma cruzi. However, we
found that the presence of the cysticerci ot 7. crassiceps by
themselves is not enough to render the mice more suscep-
uble to an infection by 7. cruzic The modifications induced
by the cysticerci of 7% crussiceps vary as a function of the
evolution of this infection (Figure 1), When BALB/C mice
were coinfected with 7% cruzi two or fourweeks after the
infection with 7. crassiceps (early cointection), we observed
a transitory but significant delay in the initiation of the
parasituemia with 7. ¢ruzi. In contrast, when the coinfection
was initiated at eight or 12 weeks after the primary infection
(late coinfection). the parasitaemia had an early increase.

© 1999 Blackwell Science Lid, Parasite himmunology, 21, 177-1835
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leading to a tour times greater parasite load over the single
infected mice at the peak of the parasitaemia.

The clear differences in susceptibility 1o 70 crusi as
function of the development of the primary 7. crassiceps
infection. could be related o the variable immune mechan-
s sequentially induced by this persistent intection. o a
possible immunosuppression generated by it or even w the
production of o hy pothetical “growth tactor” by the cestode
that acts directly on the try panosome. Argunients ayainst the
mmmunosuppressive explanation are that the intection by 70
crasaiceps eysticerct is notan evhausting one. thatis, i does
not provoke werght loss anaemia or Iymphopenia tdata not
~hownr and even after very long periods of infection with
this helminth. the mice ~till produce high levels of specitic
antibodies and of certain ovtokines such as 1L-10 and [L.-6
tTerrazas er alo 19980 Furthermore, the spleen cells
vbtuned from cointected animals produced stmilar levels
of TFEN-5 ., 1L-4 and [L-10 in response to Con-A (Figure
Jabaon IL-10 in response o specitic T crusi antigens
tFigure 46), and specitic antibodies to 7o cruzi (Figure 5y
compared to singly infected mice. Because there are sig-
niticant ditferences in the number of cysticerci albready
present when early or fate cointections with 7. cruzi are
initiated, we cannot discard the possibility of 4 “growth
tuctor’” produced by the helminth that would need high
congentrations to exert iy effects. However, even supposing
that such a factor exists its effects would be additive to its
effects o those related to the i vivo immune environment
tound at the moment ot the cointection (Terrazas ef al. 1998
and Table 1), We believe that the variable cyvtokine envir-
onment tound atter 7% crassiceps infection exerts an influ-
ence over the immune response induced by the second
chailenge, resembling what happens in virro, where the
microenvironment of cytokines present at the time of the
antigenic challenge can influence the precursor cells® differ-
entiation towards any of the T CD4 + lvmphocyte subpo-
pulations (Magui er «al. 1992, Kamogawu er al. 1993,
Bradley er al. 1995, Trinchieri 1995, Wynn et al. 1995,
Magram er «l. 1996). The ex vive cytokine responses to T.
cruci specitic antigens were found to be congruent with this
lastinterpretation. as we found them to be different when the
cointection was initiated at carly times compared to when it
was initiated at late times atter the initial infection with 7.
crassiceps.

In late cointected animals there was no specific produc-
tion of IFN-v which could expiain the increase in suscept-
ibility detected in this group, since IFN-v seems necessary
to provide protection against 7. cruzi (Cardillo et al. 1996,
Golden & Tarleton 1991, Tarleton 1991, Torrico er al. 1991,
Silvaer al. 1992, Hunter er al. 19961, However, even a high
endogenous production of this cytokine seems insufficient to
protect against this parasite (Golden Tarleton 1991,
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Rottenberg er af. 1993, Zhang & Tarleton 1996) when it is
not accompanied by other cytokines such as tL-4 or even a
complex mixture composed of at least 1L-2, IL-3, IL-4 and
IL-5 (Golden er al. 1991, Accordingly. the only stage at
which we found no or very low numbers of parasites
compared 1o single intected mice was when 1FN-y and
[1.-4 were both specitically produced at high levels in eurly
coinfected  animals (Figures |, 4de. day 9. whereas a
decrease in L4 secretion in this same group was retated
toan increase in the number of parasites (Figures [ and de.
Jay 275 These findings agree with the hypothesis that o
mined response is required o achieve protection against 7.
cruzi infection (Zhang & Tarleton 1996), which could be
related to the ife cyele ot the parasite. where the endogen-

ous production of [EN-y would be required at least in the
intracellular inital phases of 7% cruziinfection. and [L-4 and
other Th2-linked responses (IL-10 and [eGL antibodies)
would be required to control circulating extraceliutar para-
sites. The concomitant production of IFN-y and 1L-4
reported in this paper is of interest. because whereas at the
clonal level it has been described that IFN-y and I1L-4
ssithesis show an inverse correlation (Mossman er al.
1986), there are several reports showing this mixed pattern
in mice infected with 72 cruzi (Golden er al. 1991, Zhang
er al. 19960 when measuring secretion of whole cell
populations as in this study.

The tindings shown in this paper demonstrate that the
presence of 4 parasite that persists for a long period in its
host is able to significantly modity the host's susceptibility
te other non related puthogen. Although the 7. crassiceps
infection in the mouse could be guestioned as a model for a
chranic hetminth intection in humans, basically because of
its location in the peritoneal cavity. the fact is that. as
happens with many intraintestinally located helminths (Her-
manek er al. 1993, Maiczels er al. 1993, Svetic et al. 1993,
Pearce et al. 1993), this parasite can reach a large biomass
and can change the cytokine environment, and hence the
possible mechanisms of response. By establishing chronic
infections and  probably by inducing  strong Th2-type
responses (Actor er af. 1993 Kullberg er al. 1992: Svetic
eral. 19930 Curry er ol 1995 Lawrence er al. 1995;
Nullberg er al. 19963, helminths could have a potentially
signiticant intluence over the nature of the immune response
ot intected individuals and hence modity their susceptibility
to subseguent intections with other important pathogens. at
least those against which a Thl-type response is required.
which include M. tuberculosis (NMarin e al. 19935), L. major
(Reiner er al. 19950, Plasmodium ~p. 1Stevenson & Tum
1993 Taylor-Robinson er wl. 1993 and possibly HIV
ilerntet & Shearer 1993 Clerici o Shearer 1994). This is
of refevance when dt is considered that long persisting
parasites such as helminths ure widely distributed in many
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developing countries (Maizels er al. 19931, where they
coexist with other pathogens that have a greater impact on
the mortality rates. The potential risk that whole populations
could have an increased susceptibility to dangerous patho-
gens such as intracellular micro-organisms. should invite
study of the posasible epidemiofogical relevance of helminth
infections and the impact of controlling them on the inci-
dence or the pathogenesis ol other associated infections. The
presence of helminth infections could represent w much
more important challenge for public health than recognized
until now.
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Cutting Edge: Susceptibility to the Larval Stage of
the Helminth Parasite Taenia crassiceps Is Mediated
by Th2 Response Induced Via STAT6 Signaling'

Miriam Rodriguez-Sosa.*" John R. David,” Rafuel Bojalil,*

Abhay R. Satoskar,”

Using STAT6™'~ BALB/c mice, we analyzed the role of
STAT6-induced Th2 response in determining the outcome of
murine cysticercosis caused by the helminth parasite Taenia
crassiceps. After T. crassiceps infection, wild-type BALB/c mice
developed a strong Th2-like response: produced high levels of
IgG1, IgE, 1L-4, as well as I[1.-13; and remained susceptible to
T. crassiceps. In contrast, similarly infected STAT6™'™ mice
mounted a strong Thl-like respoanse; produced high levels of
IgG2u, TL-12, IFN-y, s well as nitric oxide: and efficiently
controlled 7. crassiceps infection. These findings demonstrate
that Th2-like response induced via STAT6-mediated signaling
pathway mediates susceptibility to 7. crassiceps and, further-
more, that unlike the case in most helminths, immunity against
T. crassiceps is mediated by a Thl-like rather than Th2-like
response.  The Journal of Immunology, 2002, 168: 3135-3139,

ysticercosis iy a helminth infection caused by the larvae
of the cestode Taenia solium, aftecting humans and pigs.
This disease is considered a public heulth problem in
South America and Asia (1) but has been extended in the past tew
years to developed countries as shown by case reports published
more trequently (2, 3). Cysticercosis in humans results from in-
gestion of Tueniu eggs from excreta in the environment. Although
cysticerci in muscle may be relatively symptomless, those in brain
cause neurocysticercosis, which may clinically manifest as sei-
zures, hydrocephalus, aseptic meningitis, and altered mental status
(3. -
In the experimental model of murine cysticercosis, infection of
inbred mice with Tuenia crassiceps induces a strong Th2-like re-
sponse stmilar to thut observed after infection with helminths such
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as Nippostrongylus brasiliensis and Trichuris muris (4. Although
itis widely accepted that Th2-like response mediates protective
immunity against most helminths (53 its role in mediating protec-
o against murine ey sticercosis is not elear (6),

Previous studies have tound that atthough 7. crassiceps-intected
mice develop a Thi - ke response during the early phase of infec-
tion, they eventually develop a Th2 response that is associated with
an increase in parasite loads (7). Furthermore. one study found that
administration of IFN-y-neutralizing Abs to 7. crassiceps-intected
mice during the carly phase of infection rendered them more sus-
ceptible to cyaticercosis (8). These findings suggest that whereas
Th2-type response may be involved in mediating susceptibility.
Thi-type response may play a rofe in the development of protec-
tive immunity against cysticercosis.

Recent studies using STAT6/  mice have shown that the
STATO-mediated [1.-4/IL- 1 3 signating pathway is critical for Th2
ditferentiation (9—111 For example, STAT6 ™7 mice fail to mount
a signiticant Th2 response and cannot control worm burdens after
infection with yastrointestinal helminth parasites (12, 13). Con-
versely. STAT6 ' mice develop a Thi-like response and control
infections caused by intracellular protozoan parasites such as
Leishmania mexicana and Trypanosoma cruzi (14, 13), indicating
that the STAT&-mediated signaling pathway inhibits development
of protective immunity by inhibiting Thi development.

The purpose of this study was to determine the role of a Th2-
type response induced via STAT6-mediated signaling in the out-
come of murine cysticercosis caused by the helminth T. crassiceps.
To approach this question. we compared the course of T. crassi-
ceps infection in STAT6™'™ BALB/c mice with that in wild-type
BALB/c mice. In addition, we analyzed the Ab profiles in sera,
cellular responses, and cytokine profile in both spleen cells and
peritoneal macrophages. Our data demonstrate that the Th2-type
response induced via the STAT6-signaling pathway mediates sus-
ceptibility in cysticercosis. They also demonstrate that in the ab-
sence of STAT6-mediating signaling, susceptible BALB/c mice
develop a Thl response and control T. crassiceps infection.

TESIS CON
FALLA DE ORI

Six- 1o 8-wk-old female STAT6™'" und STAT6™' ™ mice on a genetic
BALB/c buckground were purchased from The Jackson Laboratory Animal
Resources Center (Bar Harbor, ME), and naintained in the specific patho-
wen-free facilities at Harvard School of Public Health animal tacilities in
accordance with institutional guidelines.

Materials and Methods

Mice
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Parasites and infection

Metacestodes ot 7% crassiceps were harvested under sterile conditions from
the peritoneal cavity of female BALB/A mice atter 2—<4 mo of infection,
Mice were infected by ip. injection with 20 snutll nonbudding cysticerci
and sacriticed at wk 20408, and 12 postintection. Parasites were harvested
tfrom the peritoneal cavity and counted.

Cell preparations. culture conditions, and cyrokine assayy

Spleen cells were obtamed and cultured as desenbed previousty (7).
Briety . single-cell suspensions were prepared in RPME L6430 supplemented
with 104 FBS 100 U of pemallinestrepromyein, 2 mM glutamine, 25 mM
HEPES butler, and 19 nonessenttal amine aerds call trom Lite Technol-
otes, Guathersburg, MDD Frsthrocstes were [vsed, and viable cells were
adiosted 3 T celbsamby 100 pl/wel were placed o Yo-well tat-
hattoun cubiure phates (Costar. Cambindge. MG aod stenulated with 1
ravvceps Ag CTe g 25 pemb a3 C tor Yo by Eighteen hours betore
culture ermmnation, 03 gCrwell {Hts nadime « NENC Boston, M were
added. Cells were harvested and connted using o beta plate counter. Vadues
are represented as cp

Supertiatants from these cultures were analy zed tor [EN-y, L4 (BD
PharMingen. San Diego. CAv and 113 (R Systems. Minneapolis,
MN production by ELISA

Cytokine and nitric oxide production by peritoneal
macrophages.

Perttoneal exudate cells (PECs) were obtained tfrom mice at 2,4, 8, and 12
wk after 7. crassiceps infection. PECs were adjusted to 5 > 10%ml in
RPMI supplemented and plated in 6-well plates (Costar). Atter 2 hat 37°C
and 3 CO,.nonadherent cetls were removed. and adherent cells were
gently seraped using cold PBS and readjusted to 11 10%mi Viahility at
this pomnt was >90¢% . These cells constituted 390 of macrophages ac-
cording to FACS analysis (F4/807). One milliliter was plated. and cell
activation was pertormed in 24-well plates (Costary with LPS (3 pg/mil:
Escirerichia cole VB Sigma Aldrich, St Louis, MO) followed by in-
cubation for 48 b 1L-60 1L-12 (BD PharMingen). and nitric oxide (Griess
reaction) were examined sn supernatants, Totat PECs were analyzed by
Cytospin preparation stuned with Wright-Giemsa stain (Sigma Aldrich),
and 200 cetls were counted by slide.

Ab ELISA

Blood was collected from tuls of T. crassiceps-infected STAT6 ™" and
STAT6 ™" mice. Ag-specitic [¢G1 and 1gG2a levels were determined by
ELISA as previously deseribed (161, Results are expressed as the endpoint
titer. Total [¢E production was detected by Opt-ELISA 1BD PharMingen).

Staristical analvsis.

Comparisons hetween STAT6 ™™ und STAT6 "/~ groups considered in this
work were made using Student’s unpaired ¢ est. A value of p < 0.05 was
considered signiicant, The statistical significance of the sera titers were
Jdetermined by nonparametric tests using the Mann-Whitney U-Wilcoxon
rank test.

Results and Discussion

[t v widely accepted that the Th2-like response induced vii the
STATH-mediated signaling pathway (through [L-3/1L-13 recep-
torsy plays a critical role in mediating protective immunity against
most helminths (17-19). For example, STAT6-mediated signaling
promotes protective immunity against Trichinella spiralis (13) and
N hrasthiensis (12). In the present study. both STAT6™'™ and
STATH mice showed a progressive increase in the parasite
numoeers in there peritoneal cavities and displayed comparable par-
asite burdens at 2 and 4 wk arter intection with 70 crassiceps (Fig,
U daterestingiy. as infection progressed, parasite burdens in-
cased  signiticandy in STAT6” mice as compared  with
STATH T anee that successtully controbled the infection by wk
12 postintection (Fig, 1. These tindings demonstrate that STAT6-
mediated signaling pauthway is involved in pathogenesis ot T cras-

veps infegtion.

Abbrevianons wsed in this paper: TeAs, Tuenu crassiceps soluble Ag: PEC, peri-
toneal ewdate cell
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—O—STATG +/+
—O— STATG /-

200

Number of Parasites

0 2 4 8 12
Weeks post-infection

FIGURE 1. STATe mive etficiently contral 7. craaiceps infection,
Course ot ip. 12 crasvicepy intection i STATO 7 (@ and STATe™ 712
mive after infection with 20 essticerei. Datiare exprassed as the mean =
SE of 4 mice per group. <, p <2 01 comparing STAT6 W STAT6 ™™
At the same time potnt. Similar results were observed o three independent
experiments.

Previous studies have demonstrated that the STAT6-mediated
signaling pathway prevents development of protective immunity
against intracellular parasites such as L. mexicana and Trypano-
soma cruzi by inhibiting Thi development (14, 13). Furthermore,
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230000 = STATG6 /-
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FIGURE 2. Kinetics off Ab production dunng 70 crassiceps infection in
STAT6™ ™ (@) and STATO™ ™ (21 mice. o, Anti-T. crassicepr-specitic
18G2u: b, anti-T. crassiceps-specitic 1gG1: ¢ ot IgE. Values are the meun =
SE (n = 4 animals) and are representative of three independent experiments.
< p < 005 compuring STAT6 '™ vs STATO ™" at the same time point.
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we previously found that mice treated with IFN-y and IL-2 during
the early course of 7. crassiceps infection restrict the parasite
growth, suggesting that the Thl response may mediate protective
immunity against this parasite (8). Theretore, we measured levels
of Thi-associated [¢G2a as well as Th2-associated fgGl oand [¢E
Abs in STAT6 " and STAT6 " mice at dilterent time points
after infection with 7. crasviceps. During wk 2 and 4 postintection,
T. crassiceps-intected STAT6 " and STAT6 '~ mice displayed
comparable titers of TeAg-specitic 1gG L. but 1gG2a Abs were sig-
nificantly higher in STAT6 mice as early as 4wk after intec-
ton (Fig. 2. « and /. By wk 8 postinfection and  thereatter.
STAT6 " mice display ed signiticantdy higher titers of TeAg-spe-
citic leG 1 than did STATO mice. which produced signiticantly
more TeAg-specitic 1¢G2a (Fig. 20 o and by Similar ditterences
were vbserved in the levels ot wtal 1gGLoand 19G2a (data not
shown). Although Th2-associated TeE has been shown w play a
role in mediating immunity against heliminths (20, 21, we tound
that 7% crassiceps-infected STATO T mice efticiently controlled
parasite burdens despite producing significantly lower levels of
[wE as compared with similarly infected STAT6O ™"
ing that TgE may have a limited role in mediating protective im-
munity against 7. crassiceps (Fig. 2c).

The spleen cells from To crassiceps-infected STATO and
STATH mice displayed ditferent patterns of’ proliferative re-
sponses after in o vitro stimudation. Whereas TeAg-stimulated
splenocytes trom STATO " mice displayed higher proliterative
responses  during the early phase of infection, those from
STAT6™' " mice developed significantly stronger responses in
chronic infections as compared with wild-type mice (Fig, 3a). At
wk 4, 8, and 12 postinfection, TeAg-stimulated spleen cells from
STAT6 /7 mice produced greater levels of IFN-y than did those
from STAT6 ™" mice (Fig. 3. In contrast. as the infection pro-
gressed, TeAg-stimulated spleen cells from STAT6 ™'~ mice pro-
duced significantly more IL-4 and IL-13 than those from
STAT6 '™ mice, which produced tow levels of these cytokines
only during early phase of infection (Fig. 3, ¢ and o), demonstrat-

mice, sugyest-

-y

OsTATG +1+

a
= 80y BSTATG .- .
f.
<
2%
3 =
w @A
s 2
5 2
= =
=
0 2 4 8§ 12
€ 3000 .
?i 2000 .
4 .
= 1000
<20
0
n 2 4 8 12

Weeks post-infection

FIGURE 3. Kinetics of in vitro proliferative response and cytokine production by TeAg-stimulated spleen cells from STAT6 ™'~ (l) and STAT6 ™" (D)
mice, ¢, Ag-specitic proliterative response ot splenocytes (96 hy: b, specitic IFN-y: ¢, specific [L-4: d. specific TL-13 production by splenocytes after 72 h
in vitro stimulation with TeaAg (25 pw/ml). Data are expressed as in Fig, 2,

Doy

ing the inability of these mice to maintain a sustained Th2-type
response (10, L1). Interestingly, higher levels of Th2-type cyto-
Kines in STAT6'’" mice were associmted with higher parasite
loads, Tuken together, these findings suggest that unlike other hel-
minths. the Th2-type response is not essential tor mediating pro-
tective immunity against 7. crassiceps. They also indicate that
Thl-type response may be detrimental for cysticercosis. Moreover,
others using radiation-attenuated vaccine and tL-12 as an adjuvant
against Schiistoyoma have shown that a Thi-like response can me-

Several studies have demonstrated that macrophages play a crit-
ical role in immunity against many intrace!lular pathogens by their
ability to secrete Thil-inducing evtokines such as [L-12 and [L-18
as well as produce NO that is not only microbicidal (241 but also
crtotoxic to larvae of Sclisrosoma (231, Although peritoneal mag-
rophages do not adhere in situ to 70 crassiceps (C. Larralde. un-
published observations), we hypothesized that these cells may be
imolved in mediating protective immunity against 7. crassiceps
metacestodes in STAT6 7 mice by secreting Thi-inducing cyto-
Kines such as [L-12 and by releasing NO. Hence, we analyzed
[L-6. 1L-12, and NO production by adherent peritoneal mucro-
phages from T, crussiceps-infected mice. Macrophages from
STAT6 ™'~ mice obtained during the early phase of infection (2
wk) produced levels of IL-12 similur to those from STAT6™'
mice (Fig, Ja). In contrast, IL-6 was detected in lower levels in the
same supernatants (Fig. 40). As infection progressed. mucrophages
tfrom chronically infected STAT6™' ™ mice produced increased
levels ot TL-6 (Fig. 4h). but low levels of [L-12 (Fig. 4a). These
patterns of macrophage response were opposed to those observed
in STAT6™"  mice. which showed a low production of TL-6 but a
sustained and signiticantdy higher production ot 1L-12 in late in-
tections (Fig. 4. ¢ und /). NO production was maintained in steady
levels until the 4th wk after infection in STAT6 ™" mice: how-
ever, as the infection became more chronic (8—12 wk), the NO
levels dropped significantly (Fig. 4¢). In contrast, macrophages
from T. crassiceps-infected ST:\T6.'_1'__ i oduced, sustained
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FIGURE 4. Peritoneul macrophages trom STAT6 and STATO™' ™ T,
crassiceps-infected mice display  ditferent responses, Macrophages were
obtained at ditferent time points after infection and sumulated with LPS (3
py/mbr during 48 h supernatants were analyzed for [L-12p70 (ay. TL-6 (b)),

and NO (¢) production. Data are expressed as in Fig. 2.

levels of NO throughout the course of infection (Fig. 4¢). Taken
together, these observations suggest that the STAT6 signaling
pathway mediates susceptibility to 7. crassiceps. at least in part, by
inhibiting macrophage [L-12 and NO production. This is supported
by previous studies demonstrating that IL-4 and IL-13 inhibit pro-
duction of 1L-12 and NO from macrophages in 4 STAT6-depen-
dent manner 260 2700 Indeed, reduced [L-6  production in
STATH mice may also contribute to enhancement of Thi re-
sponse, given that [L-6 has been shown to play a critical role in
ditferentiazion of [L-4 producing CD4 ™ T cells (28).

Eosinophils are considered one of the most efficient etfectors
cells in several heiminth parasitic diseases (21, 29). Theretore, we
evaluated the mtlammatory intiltrate in the peritoneal cavity of
STATH and STAT6 ™ ™ mice in early and late infections. At 2
wh postinfection, STAT6™ ™ mice recruited up to 11 = 1.9% of
cosinophils. whereus STATO™ " recruited significantly lower per-
(1 = 02%: p < 0.05). At late infection (3 wk).

mice matntained o higher recruitment ot cosinophils,
rvng o 18 = 1877 Conversely, STATAT 7 did not present eo-
wnophiis at all (<177 by this time: instead, they had an increased
tilezaton of lvmphoeytes as compared with STAT6 ™™ mice
123 = 2.3 o8 T = 1.3%. respectively) but similar numbers of
macrophages, suggesting arole for these cells in the elimination of
the parasite and at the same time ruling out the evsinophils as

potential etfector cells in murine eysticercosis. These findings op-
[)/\ pose the dogma that cosinophils are the Key cells that play a critical

STATHS
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role eliminating helminths (7, 20, 21, 29). In contrast, our data
tavor a possible active participation ot macrophages in eliminating
T. crassiceps, perhaps by producing NO. Additionally. we ana-
Iyzed other cell populations of the peritoneal cavity throughout the
infection. Basophils/mast cells were detected in [ow percentages in
STATO ™™ mice at early infections (1.2 = 0.6%). and lower in late
ones (0.2 = 0.2%). STAT6™' 7 mice recruited 0.4 = 0.1 at wk
2 and 0.6 = 0.4% at late infection. Both STAT6™ " and
STAT6 " mice had comparable numbers ot neutrophils (2 =
0.4% and 3.5 = 0.9%) throughout the infection. These tindings
suggest that ather ettector cells such as basophils/mast cells and
neutrophils may not play a significant role in mediating resistance
against 7. crassiceps infection in STATO 77 mice.

In conclusion. STAT6 BALB/¢ mice mount a ~strong Thi-
like response: produce high levels of TL-12, IFN-y, und NO: and
ethiciently control 7. crassiceps infection. In contrast, STATE ™/~
BALB/C mice develop a predominant Th2-like response associated
with high levels of {L-4, [L-13, 1gG1, [gE, and eosinophilia and
display signiticantly higher purasite loads. Our tindings support the
hypothesis that STAT6-mediated signating is critical tor the sup-
pression of the Th1 responses required for controlling murine cys-
ticercosis and also suggest that Th2 cytokines tivor the develop-
ment of susceptibility during cysticercosis infection via STAT6
activation,
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w reveal a critical role for Thl responses in eliminating the helminth parasite
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:J A key feature of helminth infections is the induction of strong Th2-biused immune responses in their hosts. We have previously found that
e Th2-like responses mediite susceplibility o the heliinth pacasite Taenio crassiceps. probably by inhibiting Thi responses required for the
) development of protective Hmunity agiuinst this parasie. Here we show that mice lucking interleukin-12p35 (1L-12p35 - /- ) following 7.
= crassiceps nfection. failed o mount 4 Thi response. hut developed u strong Th2-type response. produced higher levels of 1gGl, IgE.
= interfeukin-d. interleukin-3 as well as interleukin- 13 than < ild-type mice, and became highly susceptibie to the larval stage of this cestode. In
2 contrast, similarls infected CD20 deficient BALB/C mive (CD20 -/ 1 displayed impairment of hoth Thi and Th2-type responses
i

aesectated with Tow Jesels of interteron-y as well as [gE. interleuhin-=, wterleukin-5 und interleukin- 13, but efticiently controlled T.
W crasviceps intection. Togetier. these findings suggest o detrimental role for Th2-biused responses during the larval stage of T crasvicepy

wfection. Furthermore. they also stuggest a pivolal role for CD=0m descloping Th2-type responses.

¢ 3003 Published by Elsester Scietice Lid. on behall of Australiun Society for Parasitology Inc.

Kevwords: Parasiic-hetminth. CDA0: Buerdeesin- 12, ThIFTh2: Taenia crasiceps

TESIS CON |

1. Introduction

Infectious agents often bias the host immune response,
leading to pularised cytokine production. In contrast to pro-
inflammatory and Thl-biased responses seen with most
intracellular pathogens (Aiibert et ai.. 20000 Bliss et al.,
2000y, infection with the mujority of helminth parasites
leads to an immune response which is Th2-type biased.
Cysticercosis is a helminth infection caused by the larvae of
the cestode Tuenia solium attecting humans and pigs. This
disease is considered a Public Heaith problem in South
America and Asia, but has been extended in the last few
yeurs to developed countries (Sciutio «t al., 2000,

In an experimental model of cysucercosis. intection of
inbred nuice with Taenia crassiceps induces a strong Th2-
ype response, similar to that obhserved after infection with

( T 53.55.3573 Dk 52.35.3573.
© Corpesponding author, Tel. = 32.35.3573. 20115 las: =32-393 3573
(194,
Eanend adedress: terluiocardiologiaorgma tLUL Terruzis).

[FALLADEUF

other helminthes such as Nippostrongylus brasiliensis and
Trichuris muris (Finkelman et al.. 1997). Although it is
widely accepted that Th2-like responses mediate protective
immunity against most helminths (Bancroft et al.. 1997:
Urban et al. 1993), their role in mediating protection
against murine cysticercosis is in doubt (Terrazas et al.
[DUN: Toenjes et al., 1999),

A series of studies found that although T. crassiceps-
infected mice develop a Thi-like responses during the early
phase of infection. they eventually develop a Th2 response
that is associated with an increase in parasite load (Terrazas
et ab, (998 Villa and Kubin, 1996), whereas the adminis-
trution ot interteron (IFN)-v neutralising antibodies to T.
crassiceps-intected mice during the early phase of infection
rendered them more susceptible to cysticercosis (Terrazus
w ol 1999), Furthermore, using STAT6 — /— mice we
have demonstrated that the STAT6-mediated interleukin
(1L)-4/1L- 13 signalling pathway is critical tor development
of protective immunity by inhibiting Thl dJevelopment

H020-751903S0.00 & 2003 Published by Elsevier Seience Lul. on behalt of Australisn Society for Parasitology Ine.
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(Rodrigues-Sosa et al, 20020 Thus. a Thi-type response
may play a critical role in profective immunity against
experimental cysticercosis.

IL-12 is known to induce TEN-y production and promote
Thi-type responses that are essential  tor controtling
infections with intracelular parasites such as Leishmania
megor and Toxoplasora gondii (Cetia e ab. puus: Carsielh
ctal, 1980, Manetti of ab. PR30 Mattier ctab L 19400 On
the other hand. 1L-
pathological damage during helminth infections (Buaneroit
ot al. 1997; Finkehmnan et ab 19940 Retman b ab, [EDRSN
even tavouring intestinal stallation ot the nenittede
Trichuris muris (Bancroft ctai. 2001 CDH0 isa membrane
molecule expressed tna vartety of celbypes. suchas B eells,
as well as antigen presenting cells (APCY that include

2 has also been shown o mediate

mactophages and dendritic cells (DO Ceiia vt all 199n,
Kawabe of ab. 1w CD30 plavs a pivotal role i the
interaction APC-T cells (Cotln vt ai L 19ve: Grewal vt al,
1997: Kawabe ef . 1994) where s interaction with
CD 15+ has been shown to play an essential role in cell-
mediated immune responses. especiatly Thl deveiopment
during many intracellular parasitic diseases and tungal
infections (Cosyas et ab. 19980 Gresal et al. a9,
Morcover, a recent study also reported that CDHYCDISH
interaction is essential tor Th2 development and reducing
mortality durtng infection with the hetminth parasite
Sehistosoma mansoni { N acDonald ¢t ai. 200240).

1n this study we investigated the roles of IL-12 and CD+0
in the regulation of T helper responses during murine
cysticercosis, caused by the helmunth T crassiceps, and in
determining its outcome. by unalysing the course ot T.
crassiceps nfection in both IL-12p35 — /- and
CD40 — /= BALB/c mice and comparing this with
similurly intected wild-type BALB/c mice. Additionally,
we also analysed antibody profiles in seru. cellular responses
and cytokines protiles in both splecn cells uand macrophages.

2. Materials and methods
2.1. Mice

Six- to 8-week-old female BALB/c mice. IL-
12p35 —/— und CD40O —/— mice in a BALB/c back-
ground were purchased from Jackson Laboratories and
maintained in u pathogen-free environment at the Harvard
Medical School animal facility in accordance wiili Insti-
tutional  guidelines. In some experiments STAT6 =/~
mice in @ BALB/c background (Jackson Laboratories) were
used us resistant controls.

2.2, Parasites and infection
Metacestodes of T, crassiceps were harvested from the

peritoneal cavity of female BALB/c mice 2-<4 months after
intection. The cysticerci were washed four times in sterile

PBS (013 M. pH 7.2). Experimental infection was uchieved
by i.p. injection with 20 small (ca. 2 mm diameter) non-
budding cysticerct ot T, crasyiceps suspended in 0.3 ml PBS
per mouse. Infections were done at the same time in order to
pertorm wll assays on the same day. using age-matched
uninfected mice as controls, Parasite load wis measured at 8
\\'cgks p.i. by counting all parasites found in the peritoneal
cavity after extensive washes with PBS.

2.3 Cell preparations, culture conditions and cywokine
[TARYZANY

Spleen cells were obtained and cultured as previously
desertbed (Ter 19438). Brietly, single celi
suspensions were prepared in RPMI 160 supplemented
with 109 FBS. 100 units ot penicillin/streptomyein, 2 mdt
glutamine, 253 mM HEPES butter, and 197 non-esseatial
amino acids (all trom Gibeo BRL). Erythrocytes were lysed
and viuble cells adjusted to 3 X 10° cells/ml and 100 wl/
well, placed into 96-well flat-bottomed culture plates
(Costar) and stimulated with 7% crassiceps soluble antigen
(25 pg/miy at 37 °C for 96 h. Eighteen hours prior to culture
termination. 0.5 pCi/well of [“H]lhymidinc (NEN) was
added. Cells were harvested. and counted using a B-plate
counter. Values are represented as ¢.p.m. Supernatants from
these cultures were harvested, centrifuged and analysed by
ELISA tor IFN-y. IL-4, IL-5 (PharMingen) and [L-13
(R&D Systems) production.

Zas et oal,

2.4, Cytokine und nitric oxide production by peritoneal
macrophages

Peritoneat exudate czlls were obtained from mice at 8
weeks after T, crassiceps infection. Peritoneul cells were
adjusted to 5 x 10%ml in RPMI supplemented and plated in
six-well plates (Costar). Atter 2 h at 37 °C and 5% CO,,
non-adherent cells were removed and adherent cells were
gently scrapped using cold PBS. These cells were
centrifuged and re-adjusted to 1 X 10%ml. Viability at this
point was > 90%. These cells constituted > 90% macro-
phages according to Huorescence activated cell sorting
analysis carried out in a FACS-calibur with Cell Quest
soltware by using tluorescein isothiocyanate monoclonal
antibody F4/807 (Serotec). One millilitre was then plated
and cell activation performed in 24-well plates (Costar) with
lipopolysaccharide (LPS) (53 wpg/ml, Escherichia coli
t11:B4; Sigma). followed by incubation for 48 h. IL-18.
1L-12 (Pharmingen) and nitric oxide (Griess reaction) were
then examined in supernatants.

2.5. Antibody ELISAs

Blood was collected from the tails of 7. crasviceps-
infected 1L-12p35 —/~, CD40 — /—, STAT6 —~ /— and
BALB/c wild-type mice. Antigen-specitic 1gG1 and 1gG2a
levels were determined by ELISA as priﬁgusly described
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(Rodrigues ot ab, (9993 Results are expressed as the
endpoint titres, Totat 1gE production was determined by
Opt-ELISA (Pharmingen.

2.0. Statistical analysis

Comparisons  among  wild-type. IL-12p3S — /-,
STATO — /= and CDHO — /= groups considered in this
work were muade using Student's unpasted -test, £ <7 0.03
ant. The statistieal signiticance ot the

was considered signit
serit titres were determined by nog-parametric tests using
Mann - Whitney [7Witconon tank.

3. Results

31 Absence of IL-12 fuvours T, crassiceps
infectionavhercas absence of CDH0 povouwrs resistunce

In order to clarify the role of one of the most important
Thl-inducer cytokine such as IL-12. in cysticercosis, we
performed experiments in 1L-12p3s - /= micc.' In the
present study, we infected age-mitched wxld:lypg
IBALB/CY antd 1L-12p35 =/~ mice with 20 cysueerct
and followed the intection for 8 weeks. Signiticantly
increased  parasite burdens  were  observed il} iL-
12p35 — /— mice compared with BALB/c mice (Fig. D).
These tindings suggest that IL- 12 is involved inresistance to
T. crassiceps mtection. )

Next, we developed eaperiments with COHY — /= mice
to analyse the role of this molecule in hoth T helper
responses and susceptibility o murine cysticercosis.
Surprisingly, CD40 — /= mice had increased rcsi.\‘l.unCc to
T. crassiceps infection (Fig. 1). suggesting @ negative role
tor CDA0 in resistance in this helminth intection. In these
experiments we used STATH — /= mice as resistant
controls o T, crassicepy infection. Further, we confirmed
here that STAT6 = /= mice were highly resistant to larval

600 *

400
200
" * ..
E3 0
04 v - v

wT .-12KO STATSKO CD40KO
Groups

Mean of parusitesinouse

mace are highly susceptible, whereas CDAD - /-
it crassieepy iatestion, Mice were intected

Fig LML 12p3S
mice are highly resisiaato 18

1P with 20 eysticerei ot eranvepy and parasde loads were measured gt ¥,

weehs posteintection. Data ard expressed as e mean = S.E. of four mice
per gioup £ 001 companny 1L-12p3S - /- CD40 — /7 - and
STATo -/ versus BALBAC P~ 008 comparing

tld-type muce. -
CDAO - 7= verses STATH - 7+ mice. Similar results were bserved in
two dependent esperiments.

PARA 1913—5/3/2003—] 1:32—MIKEW—1913-— MODEL 5

intection with 7% crassiceps (Fig. 1) (Rodriguez-Sosa et al..
20020,

S Antigen-specific 18G 1 and total 1E production ure
cuhanced and 12G2a production is reduced in IL-
12p3s == T erassiceps-infected mice, whereds
CDH0 = /= ingected mice did not switched to neither 19G
nor IgE

Next, we measured levels ot Thl-associated 1¢G2la as
well as Thl-associated 1gGl and 1gE antibodies in 1L-
12p35 = 7= . CD40 — /= and STAT6 — /= and wild-type
mice alter S weeks ol infection. Tuenin crusyiceps-infected
IL-12p35 = /= mice displayed significantly (P < 0.05)
higher titres of antigen-specitic 1gGl. but signiticantly
lower titres of 1gG2a antibodies. compared with wild-type
mtice (Fig, Zab £ <205, On the other hand. levels of total
leE were signiticantly higher (P <2 0.05) in these IL-
12p35 — /= mice (Fy 20 As expected. CDHO - =
infected mice did not switch o 1gGl, 1gG2a or 1gE (tiy,
Ja=-c). whereas STAT6 ~ /- infected mice developed
lower titres ot 1gGl, signiticantly higher titres of 12G2a
(P < 0.01) and busal levels of IgE (Fig. Za-¢).

3020 Specitic splenoevte proliferation and evtokine profile
are altered in both [L-12p35 = /— and CD40 — /— T.
crussiceps-infected mice

in order 1o determine whether the cellular response was
aliered in the ditferent groups of infected mice. we analysed
the proliteration of splenocytes and their cytokine profile in
response o specific antigen after 8 weeks of infection. Fig.
Za shows that 1L-12p35 — /= infected mice had a reduced
proliferative response to these antigens. Likewise, spleno-
cytes from CD40 ~ /— inlected mice presented a low
proliferation rate compared with wild-tvpe mice. In
contrast, STAT6 ~ /— infected mice showed a strong
antigen-specific proliferative response. Regarding the
cytokine protiles. 1L-12p35 — /— mice made signiticantly
higher tevels of 1L-4, IL.-5 and 1L- 13 but produced markedly
less IEN-y in response to T, crassiceps antigens, compared
with wild-type mice (Fig. 3b-e, P < 0.05). Similarly
stimulated  spleen cells from 7. crassiceps-infected
CD40 = /= mice displayed basal levels of all these
cytokines. As reported previously, concomitantly infected,
STAT6 =/~ mice developed strong Thi-biused responses
(Roduiguez-Soza ¢t al., 2002a) (Fig. 3b-e).

Because the reduced proliferation and cytokine pro-
duction seen in splenocytes from CDH) — /— infected mice
might be due to a reduced functionality or detective cellular
proliferation to sumulation, we decided to examine the
ability of splenocytes from wild-type and CD3) — /- T.
crassiceps-infected mice to proliferate and to produce
cytokines in respunse to plate-bound unti-CD3. Following
in vivo stimulation with anti-CD3. spleen cell from
CD40 — /= intected mice displayed a strong proliferative
response while those from the wild-type intected mice
showed a reduced response. to the same stimuli (Fig. 3a).
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a) - L".l\'il'lv..‘s of IL- l.l. .CD-&(). and STAT6 deticient mice. as well
T 1200 * as wild-type infected mice at 8 weeks following 7.
= 1,000 crassiceps infection. and tested their ability to respond to
_.?_;' %00 a conventional Thl-type stimuli such as LPS (MacDonald
T e e ab, 2002 As expected, [L-12p70 was not detected in
;g_ 100 IL-12p35 = /= mice and 1L-12p70 production was highly
s . . reduced in wild-type intected mice compared with similarly
:...; 200 infected STAT6 ~ /= and CDHO = /= T crassiceps-
e 04 — oy — M infected mice (Fig. 343, Furthermore., LPS-stimulated
WT_ .. IL:12KO_ 'STAT6KO  CDIOKO nacrophages trom 72 crassiceps-infected 1L-12p3s = /-
“-Groups mice produced stgniiicantly less nitric onide (NOY com-
pared with wild-type mice, but produced similar levels of
. IL-18 (Fig. Spcr On the other hand. macrophages trom
b) 5 1501 CDH0 = /= and STATO — /= T crassiceps-intected mice
S displayed signiticantly higher levels of NO (P < 0.05).
: 200 4 while TL-18 evels remained similar to those observed in
_j 150 4 wild-type nuce tiay Shoea
2 1004
z 3 . .
5.% 50 I-I-l . 4. Discussion
a :
= 9 v v Y v Tuken together, our results provide new wnd detailed
wT 1L-12KO  STATAKO  CD40KO evidence that 1L- 12-induced Thi-type response is necessary
Groups tor the control of larval stages of the helminth parasite T
crassiceps, whereas a Th2-type response appears to be
) 0000 rcquircdl for p‘uraffilc cst{xblishp\cfnl. These rcqu.iremcn!s are
20, . more evident in 7. crassiceps-intected 1L-12p35 — /~ mice
= that fuil o develop an efficient Thl-type response and
£ 15.000 display greater parasite burdens than the controls. despite
5 10,000 their stronger Thl.-b}uscd unligclhspucitig response. In
= contrast. similarly infected CD40 — /= mice that fail to
2 so00 . . mount a Th2-type response etticiently clear the intection
= <10 33 with this parasite.
P - — — o ey Given that infection by helminths is universally associ-
wT IL-12K0  STAT6KO  CD40KO ated with high levels of 1gE. cosinophilia, 1L-4. IL-5 and IL-
Groups 13, and all of them are associated with Th2-type responses,

Eig. 2 Comparson of antigenospeeitic 1261 [pGla and 10ta] 1eE
production during Taenin crassiceps intection in 1L-12p35 —I.—"
cod0 STAT6 - 7+ and wildstype muce. ta) Antigen-specific
=Gl by Antigen-speattic 18G2a and o) Total fgE. The graphs show the
mean = S 1 o= 4 ammaly) and are reprasentative of twa independent
P 005 companng 1L-12p38 - /-, CDI0 - /- and

versus wild-type e

Lxperinents
STATh /-
Moreover. as seen in Fig. b, anti-CD3 stimulated
splenoeytes from CDAO — /= T. crussiceps-intected mice
produced lower levels ot 1L-4. IL-5 and IL-13 but more
IFN-~ than wild-type infected mice (Fig. 4%).

1.2, Macrophage response is altered during T, crassiceps
infection

The larval stage of T crassiceps typically resides in the
peritoneal cavity of the murine host. To determine the role
ot 1L-12 and CDH0 in the development of the macrophage
response during this helminth infection. we pcrtjumxcd
experiments with macrophages isolated from the peritoneal
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the dogma that Th2-type responses are responsible for
climination ot helminths emerged several years ago (Allen
and Maizels, 1997). The data presented here oppose this
dogma. as wild-type mice, even though they developed the
classical response to helminthes, with elevated levels of
Th2-associated cytokines and antibodies, harboured the
heaviest intections. Our results ditfer from those reported in
gastrointestinal-helminth infections (Buacrott et al., 1997,
2001 Blackwell and Else, 2001 Finkelman et al., 1997;
Urban et al., 1998), where this kind of response efficiently
climinated infection. However. our data on the possible
involvement of 1FN-v and NO production as being crucial in
climinating a tissue-dwelling helminth, such as T, crussi-
cepy cysticerci, support the findings reported in two
previous stdies, showing that 1L-12 dependent Thl
responses mediate protection against the nematode Brugia
metdayi tLawrence etal . 1995) and the trematode S. mansoni
(Anderson et al, 1998 Mounttord et al., 1996 Smythies
et al, 1992). Moreover. Loke et al. (2000) also showed that
cytokine production skewed towards Th2-type following 8.
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Fig. 3. Comparison of untigen-specitic-induced splesocyte responses of 11-12p35 -

1= CDA0 ~ [~ STATE ~ /- and wild-type mice tollowing 8 weeks of

Taentin crassiveps infection. Splenocytes were obtained and stimulised v 28 pgiml ol T, crassiceps soluble antigen. () Antigen-specitic proliferative
response of splenocytes (96 h): th) specitic interteron-y: ) specitic interleunin=d: td) specitic interleukin-5: te) specific interleukin-13 production by

splenncytes toflowing 72 hin vitro stimutation. Dasa are expressed as in Fi

meldavi intection, paralleled heavy parasite loads. Together.
these studies suggest that the commitment towards o Th2
pattern of cytokine production during an extra-intestinal
helminth infection tuvours or enhances parusite establish-
ment and survival. [n support of this view, we showed here
that although IL-12p38 = /= mijce that fail to mount an
optimal Thl response and develop a greater Th2 response
thun wild-type mice. tail to control . crassiceps infection,
These tindings support our recent report where we found
that mice facking STAT-6 are highly resistant to the larval
stage of 70 crassiceps, despite developing a poor Th2-type
response durtng 7. crassiceps intection (Rodugirez-Sosa
et ab, 200200, Notwithstanding that most gastrointestinal
helminth parasites wre expelled by a STAT-6 dependent Th2
type response (Baneroft et ab, 20000 Uthan vt al, 2000),

previous studies. with this and other helminth-parasite
models (Bungiro et al., 1999 Emery et al.. 199%: Lawrence
vt al., 1995, Manoutchurian et al., 1999: Oswald et al., 1998;
Terrazas et al, 1999), as well as the present study. suggest
that Th2-type responses etficiently eliminate gastrointesti-
nal worms, but not necessarily the extra-intestinal life
phases of helminths.

Although Th2-associated 1gE has been shown to play a
role in mediating immunity against helminths (Gounni et al.,
o0 Khalite ¢t al, 26000, we found thut T. crassiceps-
infected CD3O - /— mice etficiently controlled parasite
burden despite their defect in 1gE switching. In contrast. IL-
12 p35 ~=/— mice developed higher levels of 1gE but
remained highly susceptible to the infection. suggesting that
IgE may have a limited role in mediating protective
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Fig 3 T craosacem-intected OO ey show ettective i satio
pralilerative tesponse o at-ChY sk o Prolitenation ot splenocstes
trom wild-type or CHAD itected niee i response o plate-bound
ant-CH3A b Cyvtoimie production i responss tooant-CH3 - Spleen cells
were processed s mentoned i b 3 and “tenclated with | pa/inlol plate-
houmd anh-CDY Cybosines sere measured 1 sepematants atter 72 hin
uninteciad e deselaped santla

cultere, Wildetspe and CD30

fesponises tthatobsened on CDI0 4 T cravi eps-intected e bl

not show ) Dare are expressed as in Fig 2

immunity against 7. crassiceps. These data are consistent
with our previous report where mice lacking STAT6 did not
produce 1gE. but were resistant o 7. crassiceps infection
(Rodrigues-Sosa et ail, 2002a). Nevertheless, our obser-
vations do not exclude the role o parasite-specitic [gE in the
climination ol T crassiceps.

Previous studies have demonstrated that the absence of
CD-40-mediated signalling in CD30 = /= or CDI54 = /=
mice prevents development of protective immunitv igainst
intracellulur parasites such as Cryprosporidium panum
(Cosyis et al., [DOR). Lelshmania mgjor (Kumanaka ot al.
19u6). Tovoplusma gondii (Reichmann ot al.. 2000) and
Trypanosoma cruzi (Chaussabel et ai.. 1999) by inhibiting
Thl development. Moreover, an early study (Luet al., 1996)
demoenstrated that blockade of CDH6L i vitro altered Th 2
responses against the helminth Heligmosomaoides polygyrus.
A more recent study found that CD 154 ~ /= BALB/e mice
show a significant increase in morbidity and mortality
during S, munsoni intection, suggesting thut COH/CDLS
interaction is essential for the development of appropriate
immune response and preventing potentrally lile threate g
complications during infection (MacDonaid et al., 20024).
Interestingly, in the present study we tound that CDA0 —/
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= muece were highly resistnt o T, crassiceps infection
compared with wild-type BALB/c mice.

It is likely that the inability of spleen cells from
CDH0 =/~ mice 10 mount an antigen specific response
nuy be due to the absence of CDHYCD 134 cu-slimuiumrv
pithway in these mice. In fact, carly studies have shown lh‘-;l
CDHYCIS4 uieraction is essential for mounting antigen-
specitic “T-cell response during intection with B;llhu;cns
such as Loomapor (Kamianaka et al., 1996) and S. /nun'.\'uni
MacDonald et all 20020, Hence, we decided to examine

the ability of splenocytes trom 70 crassiceps-intected

CDAO = /= und wild-type BALB/c mice to proliterite
a) 3,000 4
§ 20004 N
= I_I_l
=
2 1,000 4
=
ND
0 4t v 1
wT IL-12KO  STAT6KO CD40KO
D) 300
E 200 | ‘
)
2
2 |+| .
S 100 [..l
o< v — Y J
WwT IL-12KO STAT6KO CD40KO
C) 40 5 :
30 9
Z
c 204
z
.
10 9
0 . v v g o]
WwT IL-12KO  STAT6KO CD40KO
Groups

Fig. 3. Peritoneal macrophages trom 1L-12p35 - /=, CDIN —~ /=~
STATH - o= and sald-type Taenia cravuceps-intected mice  display
ditterent responses. Macrophages were obtined at 8 wezhs alter lmcL'Hﬂ;'A
amnl stimudated with lipopoly saccharide (3 warmb durting 48 b, supernatants
were analbysed tor fa) interleukine12p70. thy interleukine 18 and (<) aitrie
oxpde production. Values trom unintected mice for cach striin of mice were
subtracted 10 iy respgtise group: Qma-uﬁjy.;prg?.séd a2
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and produce eytokines in response o plite-bound anti-Cho
stimulation. Following in vitro stimulation with anti-C3
antibody L soeen cells trom 7. crasavicepy-mtected COH0 -/
- mic;: mounted stgniticantly stronger prolitecative
response tinm wild-type mice. Interestingly. despite lhgi:‘
ability o mount a stronger proliferative response atter
.\limutlulmn with ana-CD3L spleen cells ttom T crassiceps-
infected CD40 = /= mice produced signiticantly lower
levels of Th2-assovtated TL-4 1L-5 and [L- 13 but more Thi-
associated TNy than wild-type mive. The data presented
here contirm some of the previous indings by Machoiald
of ab 2002 gnoan experimental model of murine
sehistosoniisis, which showed that spleen celis from S
pensomi-mtected CD13Y = /= mice proliferate poorly in
response to soluble egg annigen. but mount @ signiticam
proliteratve tesponse following ant-CDS stimualation.

Several studres have demonstrated  that mactophages
play a cocal role i immumty against nuany istracetlutay
pathogens by ther ability o secrete Thi-inducing cytokines
such as IL-12 and IL-18, and produce NO. that s
microbcida!l (Bogdan ¢ioab. 2000 Furthermore. NO
produced by mucrophinges has also been siown o be
cytotoxic 1o Sciistosema larvae (AL

ed ool |L7‘)7).
Previous studies have shown that chronic helminth intectioe
induces alternatively activated nuacrophages that produce
low levels of 1L-12, as well as NO. and have Th2-biasing
(o506, MacDonudd et oab. 199N
Rodrizues-Sosa ot al. 20020y Therefore, we compared
the u};ilil_\' oi mucrophuges isolated from the peritoneal
cavity from 7. crassiceps-infected 1L-12p3s — /=
CPAO - /=, STAT6 = /=, and wild-type BALB/A mice
to seerete Th 1 -inducing cytokines (IL-12 and tL-18), as well
as w produce NO following in vitro stimulation b L_l’S.
Peritoneal macrophages from 7. crassiceps-infected wild-
type mice produced signiticantly lower levels of 1L-12p70
and NO than cells from similarly infected STATé ~ /- and
CD40 — 7= mice. lowever, macrophages isolated from all
three groups produced comparable levels of 1L-18. These
tindings support observations in a recent study. which tound
that CDI0 — /= DC also produce high levels of 1L-12 10
similar stmuol (MacDoaaid et al. 2002h). Interestingly.
CD40 — /= macrophages did produce NO following LPS
stimulation. despite the lack of a robust IFN - production in
these mice in response W parasite antigen. IUis possible that
this may be due o a compensatory increuse in other
cvtokines. such s tomour necrosis tactor-a and macro-
p'hugc migration inhibitory factor (MIF). or chemokines
wich as RANTES and MIP-la. that have been shown to
induce NO production from macrophiages (Aliherti ot ai..
1999, Jutiier ot ab., [99%), o tact, in a recent study we tound
that MIF — /— mice that are highly susceptible to 7.
crassteeps intection produce 1FN-y, but their macrophuages
display u marked impuirment of NO production atter LPS
stimulation tRedrigues: Sosa et ad L in presa). These findings.
taken together with our previous observation that macro-
phages trom chronically 7. craxsiceps-infected mice highty

ability (Adlea eroal
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express COH0 and induce @ Th2 biased response, but cannot
induce Thl development in CI4 cells (Redriguesz-Sosa
et al 20020 suggest thut CDHO s involved in developing
Ih2 responses in helminth intections. A similar phenom-
enon has been recently observed using DC CDH — /= and
DC CDIS4 = /= stimulated  with helminth antigens
v acDonadd et abl 20020 Siinw et al L 20039,
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Macrophage Migration Inhibitory Factor Plays a Critical Role
in Mediating Protection against the Helminth
Parasite Taenia crassiceps
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To determine the role of endogenous migrution inhibitory factor (MIF) in regulution of immune response
during murine cysticercosis caused by the hetminth parasite Taenia crassiceps, we analyzed the course of 7.
crassiceps infection in MIF~ ~ BALB/c mice. MIF™~ mice were highly susceptible to T, crassiceps and devel-
oped significantly higher parasite loads compared to similarly infected MIF™'* mice, Throughout the course
of infection, Taenia crassiceps soluble untigen-stimulated spleen ceils from both MIF*'* and MIF™/~ mice
produced significant and comparable levels of interleykin-4 (IL-4), but those from MIF~™'~ mice produced
significantly more IL-13, as well as gamma interferon (IFN-y), suggesting that the susceptibility of MIF™/=
niice to T. crassiceps was not due to the lack of IFN-y production. Interestingly. low levels of both total and
specific immunoglobulin G2a were observed in MIF™'T cysticercotic mice despite the high IFN.y levels; in
addition, peritoneal macrophages obtained from T. crassiceps-infected MIF™'~ mice at different time points
failed to respond efficiently to stimulation in vitro with lipopolysaccharide plus IFN.y and produced signifi-
cantly lower levels of [L-12, tumor necrosis factor alpha, and NO compared to those from MIF™'* mice. These
findings demonstrate that MIF plays a critical role in mediuting protection against 7. crassiceps in vivo.
Moreover, these hndings also suggest that impaired macrophage function rather than the lack of Thi

development may be responsible for mediating susceptihility to 7' crassiceps.

Macrophage migration inhibitory factor {MIF) is a pleiotro-
pic cytokine that is produced by different types of cells, such as
activated macrophages, T cells, and the pituitary gland (3).
MIF has been associated with proinflammatory functions (11,
23) and has been detected elevated in several inflammatory
diseases (37, 40). For example, it is known that MIF-deficient
mice are highly resistant to lipopolysaccharide (LPS)-induced
septic shock because their inability to produce tumor necrosis
factor alpha (TNF-a) (6). MIF is also involved in the patho-
genesis of arthritis and chronic colitis (11, 37) and has been
shown to play a role in regulation of innate immune response
(29). Although few studies have shown that MIF is an impor-
tant factor playing a critical role in determining the outcome of
infections caused by intracellular pathogens such as Plasmo-
dium chabaudi and Leishmania major (27, 38). its role in the
regulation of immunity against extraceliular pathogens has not
been evaluated.

Cysticercosis is a helminth infection caused by the larvac of
the cestode Tuenia solium affecting humans and pigs. This
disease is not only endemic in South America and Asia but in
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the last few vears has also become a public health problem in
developed countries, as indicated by recent case reports (39).
Although cysticerci in muscle may be relatively symptomless,
those in the brain cause neurocysticercosis that may clinically
manifest as seizures, hydrocephalus, aseptic meningitis, and
altered mental status (39). Cysticercosis caused by Taenia cras-
siceps naturally affects rodents, and the final hosts are canines;
this parasite has the advantage of an asexual budding repro-
duction (10). Notwithstanding, there are reports demonstrat-
ing that immunocompromised humans can develop 7. crassi-
ceps cysticercosis (16, 23). Experimental murine cysticercosis
caused by T. crassiceps has been a useful model for understand-
ing and defining the biological factors affecting susceptibility
and resistance to this discase. Thus, genetic, immunological,
and hormonal factors have been related to resistance in this
model (14, 13, 20, 22, 51, 41). Likewise, some of these obser-
vations have been contirmed in the natural hosts for 7. solium
(30, 33, 34).

Infection of inbred mice with T. crassiceps induces a strong
Th2-like response (42, 44) similar to that observed after infec-
tion with helminths such as Nippostrongylus brasiliensis and
Trichuris muris (13). Although Th2-likc response developed via
STAT6-mediated pathwuy plays a critical role in protective
immunity against most helminths (45), we have recently dem-
onstrated that STATA ™ ~ mice are highly resistant to T, cras-
siceps, indicating that o STAT6-dependent Thl response is
involved in mediating susceptibility to cysticercosis (35). More-
over, these findings also suggest that STAT6-dependent path-
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FICG. L. MIF™" mice are highly susceptible to 7. crassiceps infec-

tion. The course of intraperitoneal T. crussiceps infection in MIF™ -
(@) and MIF~ = (C) mice after infection with 20 cystiverci was deter-
mined. The data are expressed as the means = the standurd errors of
six mice per group. *, P << 0.01 (MIF™ 7 versus MIF™ ™ mice at the
same time paint). Similur results were observed in two other indepen-
dent experiments.

wity mediates susceptibiliey to T. crussiceps at least in part by
inhibiting macrophage NO production.

The purpose of the present study was to analyze the role of
cndogenous MIF in the regulation of immune response and in
determining the outcome of murine cysticercosis caused by T.
crassiceps. To approach this question, we compared the course
of 7. crassiceps infection in MIF © 7 BALB.¢ mice with that in
the wild-type BALB ¢ mice. In addition, we analyzed the an-
tibody profiles in the sera, cellular responses, and cytokine
protfile in buth spleen cells and peritoneal macrophages. Our
data demonstrate that proinflammatory cytokine MIF plays a
critical role in mediating protection against cysticercosis. Fur-
thermore, they also suggest that enhanced susceptibility of
MIF™" mice to T. crassiceps could be associated with the
dysreguliation of macrophage function and their inability to
produce TNF-a and NO rather than tuck of Thi development.

MATERIALS AND METHODS

Mice. Six- to eight-week-old female BALR'c mice were purchased from Jaek-
sun Laboratories (Bar Harbor, Maine) and werz maintained in a pathogen-free
environment at the Hanard Medical School animal facility in accordancs with
fnstitutional guidebines. MIF ™~ mice were deseloped as described previously
(6} and backermssed for more than 10 generanions 1o a BALBc genetic back-
ground.

Parasites and infections. Metacustodes of Foocrassiceps (ORF strain) were
harvested under steniz conditons from the peritoneal cavity of female BALB ¢
mice after 2 to 4 months of infection. The cysticerer were washed four times in
stetile phosphate-buffered saline (PBS; 0.15 M, pH 7.2), Expenimental infection
was achieved by intraperitoneal injection with 20 small (-2 mm in diameter)
nonbudding asticerai of 7 erasucepn suspended tn 0.3 m! of PBS per mouse, and
infections were carricd out at difzrent tmes in erder o perform all of the asars
on the same day with age-matched uninf ! mice as controly at each time
point. At weeks 24 and 3 mice were kified, and their peritoneal cavities were
exhaustively washed to recover and count ali of the parasites.

Cell prepacations, culture conditions, aod o tokine assays. Spleen cells were
obtained and cultured oy deerbed pravic (120, Bredy, single cell suspens
sions were prepared in RPMY In30 supplementzd with 1097 fetal bosine serum,
HA U of pemartlin:streptomyein, 2 mM glutsioe, 275 mM HEPES batfer, and
172 nonessentiai aming acids (10 from Gabe L. Grand Istand, N.Y ). Ervth-
TUCH e W : 1" cells ml. “Then,
e pd ports datebottoan culiure plates

w3

INFECT. InmMuUN,

(Costar, Cambridge, Mass.), followed by stimulation with 7. crusviceps sofuble
antigen (TeAg: 23 pg ml) at 37°C for 96 h. At 18 h prior o culture termination,
0.5 1Ci of [*Hjthymidine (NEN, Boston, Mass.) was added per weil. Cells were
harvested in a 96-well hanester (Tomtee, Turku, Finland) and counted by using
a B-plate counter. Values are represented as counts per minute. Supernatants
from these culbtures were analyzed for gamma interferon (1FN-y), interleukin. 4
(1L BD Pharmingen, San Diego, Calif), and IL-13 (R&D Systems., Minneap-
olis, Minn.) preduction by enzyme-linked immunosorbent assay (ELISA).

TeAg was obtaired from freshly and sterile isolated ¢ysticervi from BALHK ¢
female mice within 2 to 4 months of infection, and parasites were extensively
washed with PBS and homogenized by using a Tisue Tearor (Dremel, Racine.
Wis.) with cycles of 2 to 3 min on ice. Homoyenized qysticerci were centrifuged
10 10,000 rpm for 1 h at 3°C. The superndtant was cotlected. and protein lesels
were determindte by using the Bradford method, TeAg for cell cultures was
sterilized by fltration and rzevaluated for its protemn centent.

Peritoneal maceophage extruction and pattern of response to LPS plus IFN-y.
Peritoneal exudate s {PEC>) were oblained from the pentoneal cavities of
mice miected with 7 crussiceps foe 2030 and 8 weeks or from unifectied mice
Lhe celly were washed nace wirh Hanks balanced bt olutton, and snthrocs
were Iyved by resuspending the cetls in Boyle's solution (017 M Tus apd .10 M
ammoenigm chloridz). After two more wishe
typan bive exciusion. PECs were adjusted to 5
then culturedin el plares (Costar, Cambedy
in 37 COLononad ent cetls were removed washing them with warm sups
plemented RPMI medicm. Cold C g* -free PBS was added 1o adherent
cells for 3 mun, and tmmediately the adherent cells were geatly detached by using
a sterile rubber poi . The plates were einsed tatce with Ca® Myg™ " free
PBS 10 collest resdual cells These cells were centrduged and readjusted o
0N ml Viabidits was determined at this step by tnpan bluz excluson: the wa-
bility wis usuatly 2937 These cells comstituted = %19 of the macrophu,
according to Auorescence-activated cell sortng anaivsis carrted outin g FA
Calibur with CeliQuest software (BD Bioscience, Mountain View, Calify, by
using the tuorescein othiony anate-conjuvated mumaloga) anithody F3$ 8D (Se-
rotes, Oviord, United Kingdom) Then, Tmbwas plated. and cell activation s
pertonmed i 23wl plates (Costar) with LPS (b wz el £ colr 11083, Sigma,
St Lowis, Mo ) plus 2 ng of recombrinant munne TFN-y (BD Pharringeny mib
followed by ingubation for 33 hoat 37°C and 37 COL Supernatants were har-
vested. centnifuged, und evamined by ELISA for 10-n. [L-12, and TNFua pro-
ductiun (the antibodies and cytokines were from Pharmingen) and for niteic
ovide 1Griess reactiony production. Total PECs were anaiyzed by using a Cyto-
spin preparation stained with Wright-Giemsa stain (Sigma), 300 wells werz
counted per shie,

Nitrie onide production by mactophages wis assayed by determining the in-
crease in nitrite concentration (28) by the Griess r2action adupted to Microwell
plates,

Antibody ELISA and cytokines o sers. Blood was collected from tails of
indisidual (no pools were made) 7. crassiceps-infected MIF®™ and MIF™
mice. Tutal tesels of immunoglobulin G1 (1gG 1y and 18G2a were determined by
using for 12G2a a capture antbody (clone R11-891, a detection antibody (clone
R19-15), and a standard antibody (purified mouse 12Ga, clone G155-178), all of
them obtained (rom BD Pharmingen. For total [¢Gl detection, we used the
clones ASS-3 (capture), ARS 1 (detection), and MOPC-31C (standard), aiso ali
from BD Pharmingzn. The scrum dilutions used to estimate the total levels of
18G2a and 1gGY wers 1:2,000. The specific endpoint titers of [gG! and 1gGla
were determined by ELISA as previously described (32), Total I2E production
(serum ditution, 1:20) way detected by Opt-ELISA (BD Pharmingen).

Additnnally, sers from these mice were used to Jook for circulsting cytokines.
such as fL-4. IL-12, and {FN-y. by using the antibodies and methods described
above,

Statistical analysis. Comparisons beneeen the MIFT'™ and MIF™ 7 groups
considered in this study were made by using the Student unpaired ¢ test. A P
value of <0.05 was considered significant. The statistical significance of the
serum titers wits determined by using Mann-Whitney U Wilcoxon rank noapara-
MCLTic 13sts.

viable cells were counted by
107 miin RPMI medium and
ALY After 2h at 37C and

RESULTS AND DISCUSSION

MIF has been shown as a pivotal cytokine that mediates host
inflammatory and immunc responses (17). Previous studies
have demonstrated that the absence of MIF prevents the de-
velopment of protective immunity against intracellular para-
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FIG. 2. Kinetics of total and specific antibody production duting T. crassiceps infection in MIF ™~ (@) and MIF~/~ (O) mice, (a) Specific 1gG2a;
(b) specific IgG1; (c) total 1gG2a; (d) totat 1gG1: (c) total IgE. The graphs show the means = the standard errors (n = six animals), and the results
are representative of three independent experiments. *, P < 0.05 (MIF ™'~ versus MIF */~ mice at the same time point).

sites such as Leishmania by inhibiting macrophuge microbici-
dal activity rather than by preventing the development of a
Thl-like response (3S). In experimental cysticercosis, an ex-
traintestinal helminthic infection, several immunological fac-
tors have been associated with susceptibility and resistance (14,
43). For example, we have previously demoenstrated that block-
ing [FN-v results in a higher susceptibility to the parasite (43).
Moreaver, we recently found that mice lacking the STATS
signuling pathway develop a Thl-type response associated with
increased macrophage-derived proinflummatory cytokines af-
ter T, crassiceps infection which restricted parasite growth,
suggesting that Thi response and macrophage activation are
required for the development of protective immunity azainst
this parasite (35, 43).

In the present study, hoth MEF ™ " and MIF 7" mice showed

a progressive increase in the parasite numbers in their perito-
neal cavities and displayed comparable parasite burdens at 2
weeks after infection with T. crassiceps (Fig. 1). Interestingly,
as infection progressed, the parasite burdens increased signif-
icantly in MIF ™'~ mice compared to MIF ™'~ mice that showed
~3-fold-lower parasite loads by week 8 postinfection (Fig. 1).
These findings demonstrate that endogenous MIF is involved
in mediating resistance to T. crassiceps infection.

Next, we measured levels of Thi-associated 1gG2a, as well as
Thl-associated IgGland IgE antibodies, in MIF™~ and
MIF™™ mice at different time points after infection with T,
crussiceps. Infected MIF™'" mice displayed higher titers of
specitic 18G2a anubodies than MIF™ 7 mice throughout the
course of the infectinn, reaching the most significant diference
at week 6 postinfection. [n contrast, MIF™ 7 mice displayed a

0
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production by splenocyies after 72 h of in vitro stimulation with TeAg (2

similar production of specific [8G1 compared to MIF ™ * mice
that was maintained until the cighth week after infection (Fig.
2b).

In order to test whether the lower specific titers of 1gG2a
detected in MIF™ ~ mice reflected an overall lack of this iso-
tvpe, we decided to measure the total levels of this antibody.
As shown in Fig. 2c, the levels of total 1gG2a from MIF™~
infected mice were signiticantly tower than MIF ™/~ infected
mice, confirming that there is a low production of 1gG2a. To
exclude the possibility that the low IgG2a antibody production
in MIF™™ mice was a general tendency of the antibody re-
sponse, we measured the total levels of 1eGl. Figure 2d shows
that this kind of antibody wis aot affected in the absence of
MIF, suggesting a specific downregulation in IgG2a produc-
tion. However, these data contrast with the previous finding of
Bacher et al. (2}, who observed an inhibitory etfect of anti-MIF
treatment versus antigen-specitic levels of total IgG. Differ-
ences in the times of antibody measurement (days versus weeks
in our study) and the absence of subclass determination in
their work could explain the lick of consensus.

Although Th2.associated IgE has been shown to play a role
in mcdiating immunity against hehminths (18, 21), we found
that 7% crassiceps-infected MIF~ ° mice Jdid not control para-
site burdens despite producing similar fev els of TeE compared

3 pg/ml). The data are expressed as in Fig. 2.

to infected MIF*'* mice, suggesting that IgE may have a
limited role, if any, in mediating protective immunity against 7.
crassiceps (Fig. 2e). These observations also support those of
our recent study, which demonstrated that 7. crassiceps-in-
fected STAT6™/~ mice are able to control infection despite
producing only basal levels of 1gE (35).

Previous studies have shown that cytokines produced by Thl
and Th2 subsets of CD4™ cells play an important role in de-
termining the outcome of cysticercosis (24, 26, 43). Moreover,
we have shown that the resistance of STAT6™ ™ mice to T,
crassiceps is associated with an enhanced development of Thl
response with increased IFN-y production {33). Hence, to de-
termine whether the susceptibility of MIF ™~ mice to T. cras-
siceps was due to the dysregulation in Th1/Th2 cytokine profile,
we measured cytokine production by TeAg-stimulated spieen
cells from 7. crassiceps-infected MIF™ ~ and MIF™'™ mice.
After in vitro stimulation with TeAg, spleen cells from both
groups displayed a very similar pattern of proliferative re-
sponses, indicating that the higher susceptibility of MIF™'~
mice is not due to a defect in the ability of spleen cells to
respond to parasite antigens (Fig. 3a). At weeks 4 and § postin-
tection, TeAg-stimuluted spleen cells from MIF™ ™ and
MIF™" mice produced comparabie levels of 1L-3, but those
from the lutter produced signiticantly more [L-13 (Fig. 3b and

A
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d). Interestingly, at these time points spleen cell culture super-
natants from MIF ™~ mice also contained signiticantly more
[FN-y compared to those from MIF ™~ mice (Fig. 3¢). dem-
onstrating the ability of these mice to mount a sustained mixed
Th1/Th2-type response. Taken together, these findings support
our previous observation and suggest that unlike other hel-
minths (46), the Th2-type response is not essential for medi-
ating protective immunity against T. crassiceps cysticercosis.
Furthermore, they also show that the lack of MIF does not lead
to impairment of IFN-y production during 7. crassiceps infec-
tion; this latter observation is similar to findings with MIF~'~
mice during infection with the intracellular protozoan parasite
L. major (38).

Several studies have demonsirated that macrophages play a
critical role in immunity against many intracellular pathogens
by their ability to seerete Thi-inducing ¢y tokines such as [L-12
and IL-18 and to produce NO that is not only microbicidal (4)
but has also been shown ta be cvtotoxic to the larvae of some
helminths (1). We receatly hypothesized that these cells may
be involved in mediating protective immunity to T. crassiceps
metacestodes in STAT6T 7 mice by secreting Thl-inducing
cytokines such as 1L-12 and by releasing NO. Hence, we ana-
lyzed IL-12, IL-6, TNF-cr, and NO production by edherent
peritoneal macrophages obtined from MUF™" and MIF™ ©
mice that were infected with T crassiceps. Peritoncal macro-

phages from MIF ™'~ mice obtained during the early phase of
infection (2 weeks) produced lower levels of [L-12 compared
to those from MIF '~ mice in response to LPS+[FN-vy stim-
ulation (Fig. 4a). As infection progressed, both MIF~'~ and
MIF ™/~ macrophages showed an impairment of their ability to
secrete 1L-12 at weeks 4 and 8 postinfection (Fig. 4a). At these
time points, however, the levels of [L.-12 in culture superna-
tants from MIF™~ macrophages were still significantly lower
compared to those from MIF~' " macrophages (Fig. 4a). Sim-
ilar differences were also observed in TNF-a production be-
tween LPS+IFN-v-stimulated peritoneal macrophages from
T. crassiceps-infected MIF ™ 7 and MIF ~~ mice (Fig. 4b). In-
terestingly, at all three time points examined, macrophages
from MIF™'" mice produced signiticantly more TL-6 (Fig. 4¢).
Throughout the course of infection, macrophages from 7. crus-
siceps-infected MIF ™7 mice produced significantly lower lev-
els of NO compared to those from similarly infected MIF™ 7
mice, although levels of NO in both groups dropped signifi-
cantly as the infection became more chronic (Fig. 4d). These
observations also support findings in previous studies demon-
strating that blockade of MIF in vivo inhibits TNF-a produc-
tion (7Y and, conversely. macrophaues exposed to MIF produce
more TNF-, 1L-12, and NO (3. 11). Taken together, our
observations suggest that MIF muy mediate host resistance
against 7o crassiceps, at least in purt, by increasing TL-12.
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TNF-a, and NO production from macrophages. Since IL-6 has
been shown to inhibit macrophage superoxide and NO pro-
duction (19). it is likely that increased IL-6 production by
MIF™ ™ macrophages may contribute at least partially to the
enhanced susceptibility to cysticercosis. Our recent findings
that macrophages from highly resistant STAT6™ ™ mice pro-
duce low levels of IL-6 but higher levels of NO would also
support this hypothesis (33).

Additionally, we analyzed the levels of circulating cytokines
as indicative of its in vivo production. Figure 5a shows that
IL-12 levels in scra were significantly fower at weeks 2, 4, and
S in MIF 7" mice compared to MIF" " infected mice at the
same points, even though in bath groups a tendency to de-
crease was observed. In contrast, IFN-y levels (Fig. 5b) were
similar at weeks 2 and 4 postinfection. but at week 8 the
MIF™ 7 mice produced significantly higher levels of this eyto-
Kine. As we obsenved during in vitro stimutations, TL-4 fevels

INFECT. IMMUN,

TABLE 1, Peritoneal cell infiltration during 7. crassiceps infection

Mean = SEM in:

Cell ope MIF™* mice at: MIF~ " mice au
4wk 8wk 4wk S wk
Macrophages 389 =36 743 =13 377 =24 590 =0.06"
Lymphocytes 233 =23 73=15 30425 Wi =43
Eosinophils 167=19 13.8=18 231=02 2.0 = 36"
Basophils 30=06  023=202 08z 0.1 o= 14
Neutrophils 30=09 35207 7.7 204 54=1.0

4 PECs were reeovered after 7. crassiceps infection (at 3 and ¥ weeks), and
Cytospin preparations were stained with Wright-Giemsa staining solution
identify the different populations recruited. The data represent the means of lour
mice per Zroup

2P < 003 (empanson of the same populstions at the same time puints of
MIF™ 7 versus MIFT 7 mice).

were similar in both groups of mice and higher levels were
detected in more advanced infections (Fig. 5¢). Together,
these data reflected our in vitro findings.

An interesting observation in this study is that T crassiceps-
infected MIF ™~ mice failed to control infection despite pro-
ducing high levels of IFN-v. Furthermore. T. crassiceps-in-
fected MIF™ ™ mice produced low levels of Thi-associated
total [gG2u, as well as of TeAg-specific 1gG2a. Additionally,
peritoneal macrophages obtained from 7. crassiceps-infected
MIF™" mice were poor responders to in vitro LPS+1FN.y
stimulation and produced tow levels of TNF-q, [L-12, and NO,
suggesting that macrophages in MIF™ 7 mice may fail to re-
spond to endogenous [FN-v produced in MIF mice and get
activated to produce NO possibly required for elimination of
the parasite. Although the mechanisms that are responsible for
the lack of IFN-y responsiveness in MIF™ 7 macrophages are
not clear, it is likely that alterations in the IFN-yR levels or
STATI signaling pathway could be involved. We are currently
investigating these possibilities in our laboratocy. Interestingly,
a recent study has found that MIF  macrophages are hypo-
responsive to LPS due to the reduced expression of the patho-
gen recognition receptor TLR-4 and the decreased activity of
PU.1 that is required for optimal TLR-4 expression (36).
Hencee, it is likely that this mechanism may be at least in part
responsible for impaired macrophage function. Finally, an al-
ternate explanation could be related to the extraordinary high
tevels of [L-13 detected in MIF™'" T, crassiceps-infected mice,
which could be associated to the deactivation of macrophages
and the low response to TFN-y, as has been suggested (3).

Classically. ¢osinaphils have been considered as one of the
most efficient effector cells in several helminth parasitic dis-
cases (9, 18). Therefore, to determine whether susceptibility of
MIF™ ™ mice to T. crussiceps was related to a deficient eosin-
ophil recruitment. we compared the relative proportions of
eosinophils in total PECs recruited in MIF ™™ and MIF™/~
mice at 4 and § weeks postinfection. The data obtained at these
points‘in wild-type mice are very close to those recently re-
ported {32). Interestingly. we found that MIF ™' infected mice
recruited  higher percentages of eosinophils compared to
MIF™" mice, whereas the percentage of peritoneal macro-
phages recruited in MIFT 7 mice was significantly lower (Ta-
ble 1) Taken together, these tindings suggest that, in contrast
to types of other helminthic in n, easinophils do not ap-
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pear to play a destructive role against this parusite, since
MIF ™'~ mice harbared higher parasite loads. These data are
also opposed to those recently reported that speculated about
the possible role of MIF as a molecule involved in cosinophil
recruitment (12), since MIF™ 7 infected mice maintained the
ability to recruit high numbers of cosinophils (Table 1). This
increase in cosinophil recruitment observed in MIF™'™ at 8
weeks postinfection appears to be IL-3 independent because
levels of [L-3 secreted by spleen cells at this point were similar
between MIF™™ and MIF ™~ (730 = 49 versus 775 = 145
pe'ml, respectively). suggesting that other factors, such as
eotaxin, could be involved in this phenomenon. Finally, the
analysis of PECs recruited during the infection showed ditfer-
ences in the macrophage populations between MIF™ © and
MIF 7 mice; these differences are probably due to a defect in
macrophage recruitment and activation as possible mecha-
nisms involved in parasite installation.

In conclusion, the data presented here show that MIF plays
an essential role in the resistance 0 murine cysticercosis
caused by 7. crassiceps. However., we cannot yet specitically
cstablish the mechanisms involsed in contributing to this re-
sistance. Nevertheless, a defective response to [FN-y, both in
vivo and in vitro, was consistently obsenved, which probably
favored parasite growth. Thus. the higher susceptibility of
MIF ™"~ mice to T. crassiceps infection was associated with law
levels of macrophage-derived fuctors such as [Le12, TNF-«,
and NO. This work expands upon 2 previous study in which we
demonstrated that macrophage activation appears essential to
control cysticercosis (33). Our findings suggest that MIF is
required for an optimal activation of macrophages to induce
inftammatory responses for controlling murine cysticercosis.
However. further investigation focused in MIF™ 7 macro-
phage impaired function is still aeeded to clarity these findings.
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Chronic Helminth Infection Induces Alternatively Activated
Macrophages Expressing High Levels of CCRS with Low
Interleukin-12 Production and Th2-Biasing Ability
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Helminth infections induce Th2-type binsed immune responses. Although the mechanisms involved in this
phenomenon are not vet clearty defined, aatigen-presenting cells (APC) could play an important role in this
process. Here, we have used peritoneal macrophages (F480+) recruited at different times after challenge with
Taenia crassiceps as APC and tested their ability to regulate Th1/Th2 differentiation. Macrophages from acute
infections produced high levels of interleukin-12 (IL-12) and nitric oxide (NO), paralleled with low levels of
IL-6 and prostaglandin E, (PGE,) and with the ability to induce strong antigen-specific CI4™ T-cell prolif-
eration in response to nonrelated antigens. In contrast, macrophages from chronic infections produced higher
levels of IL-6 and PGE, und had suppressed production of IL-12 and NO, associated with a poor ability to
induce antigen-specific proliferation in CD4" T cells. Failure to induce prolitferation was not due to a deficient
expression of accessory molecules, since major histocompatibility complex class 11, CD40, and B7-2 were
up-regulated, together with CD23 und CCRS5 as infection progressed. These macrophages from chronic
infections were ahle to bins CD4* T cells to produce IL-4 but not gamma interferon (IFN-y), contrary to
macrophages from acute infections, Blockade of B7-2 and IL-6 and inhibition of PGE, failed to restore the
proliferative response in CD4* T cells. Furthermore, studies using STAT6™'~ mice revealed thaut STATG-
mediated signaling was essential for the expansion of these alternatively activated macrophages, These data
demonstrate that helminth infections can induce different macrophage populations that have Th2-biasing

properties.

After stimulation. CD47™ T cells ditferentiate into distinct
subsets characterized by their tunctions and their cytokine pro-
files (Thl or Th2 cells). Thi cells produce high levels of inter-
leukin 2 (IL-2) and gamma interferon (IFN-vy), which are
strong inducers of cell-mediated immunity, whereas Th2 cells
produce cytokines such as IL-4. {L-3, IL-6, IL-10, and [L-13.
which provide signals for B-cell activation and antibody pro-
duction (34). Although the mechanisms that generate both
subsets have been studied in detail, there is not enough con-
vincing evidence of one isolated process inducing polarization
of CD4 T cells towards a Thl or Thl outcome. Nevertheless.
several factors, such as the major histocompatibility complex
(MHC) haplotype, dose and nature of the antigen, route of
antigen administration. costimulatory molecules, cytokine mi-
croenvironment. and type of antigen-producing cells (APC) (2,
6. 7. 24). have been shown to play a role in the polarization of
the immune response. Since it is possible that most in vivo
responses do not take place in a milieu with adequate levels of
cytokines to stimulate T cells, professional APC may play an

* Corresponding author. Mailing address: Department of {mmunol-
ogy. Instituto Nacional de Cardiotogia “lgnacio Chavez,” Juan Badi-
ano #1, Tlalpan, Mexico, D.F. Mexico 14080, Phone: (3235) 5573-
2911, Fux: (3235) 3573-09494, E-muail: terlui@ cardiologia,org.mx.

+ Present address: Department of Microbiology, The Ohio Stute
University, Columbus, OH 43210-1292.

important role in Th difterentiation by secreting the essential
cyvtokines tocally and providing the ligands tor T-cell-receptor
and costimulatory signals. Thus, the state of activation of APC
could be a decisive factor inducing the polarization of the
immune response.

A key feature of helminth infections is the induction of
strong Th2-biased immune responses in their hosts. Why and
how helminths induce Th2-type biased responses are still un-
resolved questions. It has been suggested that excreted/se-
creted products from helminth parasites play an important role
in these Th2 responses (16, 36). However, the precise mecha-
nism of action or the target cell for these products is still
uncertain. [ndeed, parasitic helminth infections can modify the
normal host immune response against another nonrelated an-
tigenic stimulus (8, 21) and/or also modify the susceptibility to
others parasites (13, 38) or viruses (1), suggesting an important
influence of helminth infections in the immunological micro-
environment.

Also, experimental murine cysticercosis caused by the hel-
minth Tuenia crassiceps induces polarized type 2 cytokine pro-
files; unother key feature is a gradual shifting from an initial
restrictive. Thl-type response to a late permissive Th2-type
response in the infected host (41, 43). We also have previously
reported that infection with T. crassiceps cysticerci renders
their host more resistant or more susceptible to a secondary
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nonrelated infection depending on the time course of 70 cras-
siceps implantation (38). A series of recent studies suggest that
a subset of macrophages, called alternatively activated, plays a
role in the Th2 biased response induced in nematode infec-

tions (4. 25, 26, 28). Therctore. we hypothesized that these
alternatively activated macrophages can be a more general
mechanism to down-modulate T-cell proliferation and favor
Th2 development in helminth infections. To test this hypoth-
esis. we isolated peritoneal macrophages from 7o crassiceps-
infected mice during acute as well as chronic intection and
used them as APC to determine whether they induce prefer-
entil Th2 ditferentiation.

We tound that macrophages obtained during chronic infec-
tions showed a poor ability to induce proliferative responses in
CD4 " T cells when used as APC but fivored |L-4 production.
Furthermore. these cells expressed high levels of both CD23
and CCRS. which were associated with fow [L-12 and nitric
oxide (NO) production. but seereted high lfevels of TL-6 und
prostaglundin E. (PGLEL). This contrasted with mucrophages
recruited  carly during infections. which induced stronger
CD4 7 -T-cell proliteration and high levels of [FN-y. Qur data
indicate that the state of uctivation of APC induced by a
chronic helminth infection modulates the tinal pattern of re-
sponse of CD4 7 T cells previously sensitized with a nonrelated
parasite untigen. This is a possible mechanism for Th2 biased
responses in helminth infections.

MATERIALS AND METHODS

Miee. Six- to cight-week-old female BALB ¢ mice were purchased from Jack-
son Laboratories (Bar Harbor, Maine) and were maintained in a pathogen-free
emvirenment at the Hanvard Medicat School animal facility in accordance with
institutional guidelines. In some experiments STATARKO mice in o BALB ¢
hackground (Juckson Labs) were used.

rarasites and infections, Metacestodes of 7o crassieeps (ORF strain) were
hanested from the peritoneal cavity of female BALB ¢ mice after 2 to 4 months
of infection. The evsticerci were washed tour times in sterile phosphate-buttered
saline (PBS) (013 M. pH 7.2y Experimental infectuon was achieved by intra-
peritonead (i.p.) injection wath 20 small (diameter, ¢ 2 mm) nonbudding cys-
ticerct of 7 crasseceps suspended in 0.3 mib of PBS per mouse, and intections were
done at ditferent times i order to perform alf assays at the same day, using
age-matched uminfected mice as controds for each tme point.

Peritoneal macrophuge extraction and pattern of response to LPS, Peritonual
wudate cells (PECs) were obtaimed trom the penitoneal cavities ot mice intected
with 70 crassiceps tor 2,403, and 12 weeks or from unintected mice injected with
thiogheolate (377) 4 dass carlier. The cells were washed twice with Hanks'
selunnn, and envthrocytes were Ivsed by resuspending celtls in Bovle's solution
GLTT M Tris and (ko M ammonium chlonde). Following wo washes, viable cells
were vounted by tnpan blue exclusion, PECs were adjusted to 5 < 107 celis mi
m RPMD supplemented and cultured in sivewell plates i Costar. Cambridge.
Mass Atter 3 h at 37°C and 37 CO,, nonadherent celby were removed by
washing with warm supplemented RPMI medium. Adherent cells were removed
with cold PBS and a scraper and readjusted to 10" cells ml Viability was deter-
mined at this step by tnpan blue excluson: viability was usually >95%. One
milliliter was plated, and cell activation was performed in 24-well plates (Costar)
hy additen of dipopoivsaccharide (LPS) (5 pg ml £ cofi 111:B4; Sigma, St
Lous, Moy tollowed by incubation for 38 h at 37°C and 377 CO.. Supernatants
were hunested, centntuged, and examined by enzyme-finked immunosorbent
assay CELISA) for production ot TL-n, TL-120 IL-H) tanubodies and cvtokines
were obtwined from Pharmingen {San Dicgo, Cali ]y 1L-13, and transtorming
arowth factor beta (TGF-33 (obtained from RXDD Systemsy. Peritoneal adherent
cells comstituted 9077 of macrophages according w Huoreseence-activated ceil
wrter tFACS) analysis iF4 <07,

Flos-cytametric anidysis. Expression of cosumulatory and accessory mole-
ctiles win analyzed by tlow oytometry of peritoned cails rom uninfected mice
and onweeks 204, and S following 70 crassiceps infection. PECs were ubtained a¢
menuaned above and cultured in 24wl plates (Costary overnight at 37°C with
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3% €O, Nonadherent cells were discarded, and adherent cells were recovered
with a plastic seraper and processed for analysis. Adherent PECs were blocked
with anti-mouse FeyR antibody (CD16.CDI2) and stained with fluoreseein iso-
thiocvanate-conjugated monoclonal antibodies against F4 80, MHC-1L B7-2, or
BT-1 or phycoenthrin-conjugated antibodies against CO23 or CCRS A anti-
badies were purchased from Pharmingen except F4 800 which was obrained from
Scrotee (Oxtord, England). Stoned cells were anabyzed on o FACSCalibur an-
alvzer using Cell Quest software (Becton Dickinson). Live cells were electroni-
cally gited ustng forward- and sde-seatier pacameters

Detection of NO production, NO production by mucrophages swas assaved by
determining the mcrease an nitrite concentration 1331 by the Groess reaction
whapted to microsedl plates (Costary, Breth, 3000 ot culiure supernatant was
mived wath an equal volume of Girtess reigent o1 375 saltamiainde. 1177 naph-
thyleths lenedianune dibydeochlonde, 2237 phospinerie acdd and dacubated for
Lk min at room temperature 10 the dark, and the absarhaece was meisured at

370 am. Values were guantiticd using setal dilunons of sodiue mitrite

PGE; measurement. PGE L concentratians in supernatants from macrophiges
sttiulated with S pg of LES mlwere measured by an eosymatc immunogassay kit
(Cavman Chenncal) tolloswanyg the producers’ spectications

Cell culture and covolture of macrophages-C14° cells: antigen presentation
assay. Al cultares and coctltures were nunntimed i RPME Ead0 (Cabeo BRI
supplemented swath 2 m M C-glutaoine, 100 U ot pemallin mb 1000 g ot strep-
tomemn sigmay mb 3 < 10 "M 2 g-mercaptocthano EGIBCO BRE. and Ty
tetal bovine serum (1 Clone).

Spleen cells from T crasvvep-mtected mace were processed as described
previousty (33 uand stimulated with 23 pg of soluble antigen of £ cravveeps mi.
supernatants were hanvested T2 hoafter antigen stmubation. and B30 L3 and
¢ were esaluated by ELISA. Coculture of macroph; with primed CD4°
T cells was performed as tollows: macrophages were abtained as deseribed.
adjusted to 10% ml, plated in 90-well plates (Costar). wnd mantained at 37°C with
372 CO;, for 1 hn the presence of kevhole limpets hemocy anin (KLHD (Sigman
or chicken egg albumin (OVAY (Sigmug. 30 pg ml Splencastes were prepared
from mice prestously 1p.njected (7 days carlier) with KL (100 g mouse) or
OVA (100 wg mouse) without adjusant and enriched tor CDS7 T cells ¢ -u37
by FACS analysivd using CD4 magnetic cell sorter beads (Multenyy Biotee, Ber-
gisch Gladbuch, Germany). CD47 T cells were plated in 26-well flat-bottom
plates (Costary which were precoated with macrophages from unimfected or
infected mice ata L2 ratio tmacrophages CD4 7y and leaded waith OVA or KLH
ay mentioned above. Cultures were mantamed at 37 Cwith 87 CO, for 4 days,
and then ("H]thvmidine actvity, 183 GBymmoel, Amersham, Aslesbury, En-
ghand) (1 @Crweldly was added and incubated for a further 18 b Cells were
harvested on a Ye-well harvester (Tomiee, Tokue, Finlandy and counted using o
B-plate counter. Values are expressed as counts per minute from triplicate wells
and are the result atter subtracung counts per minute trom cocultures in the
absence of antigen. Supernatants from cocoltures were harvested ot 72 h and
analyzed for 1L-3, tL-6, [L-12, and TEN-y production. In some cocultures tat 8
weeks ufter infection) PECs, previously loaded with OVA, were nved with 0.3
parsformaldehyde for 5 to 10 min, washed extensively with RPMIL adjusted. and
added to 96-well plates in the presence of CD4 " cells previously sensitized with
OVA. These cocultures were processed as described above.

Statistical anulysis, Comparisons between control and experimental groups in
this work were made using Student’s unpaired ¢ test. P values of <005 were
considered signiticant.

RESULTS

Parasite growth and shifting from a Thl-type response to-
wards a Th2-type response. Studies in murine cysticercosis
have shown that the immune response is altered by the chro-
nicity of the infection, going from an early Thl-tvpe to a late
Th2-type response as infection progresses (41). Since we were
interested in determining the mechanisms that induce highly
polarized immune responses in helminth infections, we used
this model to study how APCs derived from different immu-
nological environments can alter or modify an expected im-
mune response, In order to show that APCs used in our study
were under the influence of a different immunological envi-
ronment, we assayed the Kinetics of parasite growth in the
peritoneal cavity, the specific antibody response, and total im-
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FIG. 1. Coursc of T. crassiceps infection in BALB/c mice and Thi/
Th2 markers. (a) Female BALB/¢c mice were inoculated i.p. with 20
cysticerci of 7. crassiceps, and parasite loads and total IgE levels were
monitored at times indicated. (b) Endpoint titers for antigen-specitic
antibody production of IgGl and 1gG2a. (¢) Antigen-specitic produc-
tion of IFN-y. IL-4, and IL-13 by splenocytes from T. crassiceps-
infected mice as markers of Th1/Th2 environment. Data are represen-
tative of three independent experiments. Error bars represent =
standard deviations.

munoglobulin E (IgE) levels after an initial i.p. infection with
20 cysticerci. Furthermore, we analyzed the protile of cytokines
released by splenocytes from infected mice atter antigen-spe-
cific stimulation. The results obtained were similar to those
previously described (38, 41), showing that at early infection
[¢G2a antigen-specific levels were higher than those detected
for 1gG1, but as T. crussiceps infection progressed. increased
levels of both total IgE and antigen-specific IgG1 antibodies
were detected while the 19G2a levels showed only a slight
increase (Fig. la and b). On the other hand. antigen-specitic
[FN-vy was detected at higher levels early in the infection, but
as infection turned chronic these levels dropped drastically. In
contrast. 1L-4 and IL-13 were detected in low levels carly in the
infection but were increased during chronic infection (Fig. Ic).
These results show that although 70 crassiceps-infected mice
initially develop a Thl-type immune response concomitant
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FIG. 2. Cytokine production by macrophages in response to Thi.
polarizing antigen (LPS). [L-12 (), IL-6 (b), and [L-18 (¢) production
by macrophages from ditferent weeks after 7. crassiceps infection was
determined by ELISA. Adherent PECs were obtained from infected
mice at the times indicated, as well as from age-matched uninfected
mice. Macrophages (107) were stimulated in vitro with 5 pg of LPS/m! -
for 48 h. Data are the mean = standard deviation for six animals at
each time point. Asterisk, P < 0.03 with respect to uninfected mice and
mice at 2 weeks postinfection: ND, not determined.

with a fimited parasite growth, later this immune response is
progressively polarized towards a Th2-type response.
Helminth infection differentially alters macrophages’ cyto-
Kine response in a time-dependent manner. The mechanisms
involved in the induction of polarized Th2-type responses in
cysticercosis and in other helminth infections are still unde-
fined. To determine the effect of T. crassiceps infection on
macrophage function. we analyzed the cytokine production by
adherent peritoneal exudate cells (PECs, mostly macrophages.
>00¢Z according to the expression of F4/80) from T. crassiceps-
infected mice at weeks 2, 4, 8. and 12. Adherent macrophages
were stimulated with LPS (3 pg/mi) tor 48 h, and supernatants
were analyzed for cvtokine production (iL-6, [L-10, IL-12,
[L-18, and TGF-B). Macrophages obtained in carly periods
after infection (2 weeks)., when the parasite burden was Jow
(Fig. la), produced levels of [L-12 similar to or higher than
those for macrophages from uninfected mice (Fig. 2a). In con-
trast, [L-6 was detected in significantly lower levels in the same
supemumnts (Fie. ’b) \«lucrophugcs from late infections pro-
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FIG. 3. Other products of mucrophuges’ activity are ultered by 70
crassiveps infection. Production of PGE. (a) and NO (b) as measured
by ELISA or Griess reaction were assayed from the same culture
supernatants from Fig. 2. Asterisk. P2 < 0.03 with respect to uninfected
mice and mice at 2 weeks postinfection.

[L-12 was significantly suppressed between weeks 8 and (2
postinfection when the numbers of parasites were higher, At
both time points there were no significant alterations in the
levels of IL-18 (Fig. 2b). IL-10 and TGF-B levels were mini-
mally detected in these same supernatants. and no statistically
significant ditferences were observed in the infection (data not
shown).

NO and PGE. are two compounds associated with the state
of macrophage activation (46). As shown in Fig. 3a, NO pro-
duction was muintained in steady tevels untit the fourth wecek

after infection; however, as the infection progressed (8 to 12,

weeks), the NO levels dropped significantly (P < 0.05). In
contriast to [L-12 and NO, PGE, production presented a strik-
ingly reverse pattern: that is, only low levels were released by
adherent macrophages obtained early after infection. but as
infection advanced. these cells produced significantly higher
quuntitics of PGE.. reaching the maximum level at 8 weeks
postinfection, which was sustained at least until week 12
postintection (Fig, 3b, P < 0.01).

Chronic helminth infection alters the APC function of ad-
herent macrophages. [t is known that helminth intections can
~igniticantly bias immune responses to unrelated soluble anti-
vens introduced in the host towards a Th2 tvpe (8). but the
mechanisms related to this phenomenon are not clear. Since
adherent PECs are mostly macrophages and they can function
as APC, we decided to investigate whether this property in our
cell population could be affected by the course of the infection.
To examine the APC ability of adherent PECs to prime Th
responses in vitro, macrophages obtained at ditferent times
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FIG. 4. T crassiceps infection alters the capacity of macrophiges as
antigen-presenting cells. Macrophages from ditferent weeks after in-
fection were {ouded with KLH (a) or OVA (b} and cocultured with
CD4~ cells (previously sensitized) for 3 days; proliferation was assaved
by uptake of [*H]thymidine (3H-TJR). Data are representative of
three different experiments. = standard errors. Asterisk. P < 10,05
double asterisk. £ <2 0.01 (compared to unintected mice or mice in-
fected for 2 weeks).

after infection or from healthy mice were cocultured with pu-
rified CD4 " T cells isolated from mice previously injected with
KLH or OVA. Adherent macrophages were obtained and
pulsed with antigen (KLH or OVA at 50 pg/ml). and after 2 h
CD4™ T cells were plated in the same cultures. Adherent
mucrophages obtained from healthy or early-infected mice in-
duced strong proliferative responses in CD4 ™ T cells to either
KLH or OVA antigens (Fig. 4). In contrast, cocultures where
the APC were obtained from chronically infected mice pre-
sented a significantly weaker ability to induce proliferative
responses in CD4 ™ T cells (Fig. 4).

The state of activation of APC alters the pattern of cytokines
secreted by CD4™ T cells. Parallel to the proliferative response,
supernatants in the cocultures were harvested and analyzed for
IL-4. IL-6, [L-12. and [FN-y production. In supernatants from
CD4" T cells cocultured with APCs obtained in early infec-
tions, significantly higher levels of IFN-y and [L-12 were de-
tected than were detected with those stimulated with APCs
from later infections (Fig. Sa and b). In addition, the same
supernatants showed low levels of IL-4 and IL-6 in the CD4~
cells cocultured with adherent macrophages from uninfected
or early-infected mice. However, as infection progressed, ad-
herent macrophages drove CD4 ™ cells to produce significantly
more [L-4 but lower fevels of IFN-v (Fig. 3¢ and a), whereas
the levels of IL-6 in these supernatants were higher than in
early infections (Fig. 3d).

Differential expression of surfice molecules is detected on




3660 RODRIGUEZ-SOSA ET AL,

a)
_1000

750

S0

IEN-y (pg/ml)

0

Weeks pust-infection

~

INFECT, IMMuUN,

StHn 1

[QUTTRE

4000 1

23000 47

]

% eeks post-infection

FIG. 3. T-cell-polarizing ability of alternatively activated macrophages in vivo during T. crassiceps infection. Adherent peritoneal macrophages
were oblained from infected mice at the times indicated, as well as from age-matched uninfected mice. Cells (10%) were loaded in vitro with 30
rg of OVA for 2h. CD4~ T eells (2 x 0™ from healthy mice previously immunized with OVA were cocultured, and 72 h later supernatants were
anulyzed for TFN-y (), [L-12 (b). [L-3 (o). and [L-6 (d). Data are representative of three independent experiments with at feast four animals
individually assayed. Error bars indicate = standard deviations. Asterisk, P < 0,03 comparing with macrophuages from healthy mice or early (2

weeks)-infected mice.

macrophages, as infection turns chronic. It has been shown
that several molecules on the surface of the APC are important
for adequate interaction with the responder T cells to induce
them to proliferate und secrete cvtokines. To determine
whether infection with cysticerci could alter the antigen-pre-
senting function in macrophages, the expression of costimula-
tory molecules and molecules refated to antigen presentation
were evaluated. We measured the expression of B7-1, B7-2.
MHC-II, and CD40 on macrophages extracted from unin-
fected mice and from 7. crassiceps-infected mice after 2, 4, and
8 weeks of infection. As infection progressed, macrophages
showed an increase of the costimulatory molecules MHC-1L
and CD40. By 8 weeks postinfection, more of the 90z of
mucrophages expressed MHC-11 and CD40 molecules with
high density per cell (Fig. 6). suggesting thut macrophages
from chronic intection have increasing APC capacity. How-
ever, compared with uninfected mice there was not significant
change in the surface expression of B7-1 at any point of the
infection. In contrast, B7-2 expression was markedly up-regu-
lated in macrophages tfrom late-infected mice (8 weeks) with
respect to its expression in uninfected mice and mice infected
for 2 weeks (Fig. 6). The higher intensities of relative luores-
cence observed in B7-2 expression indicate that chronic infec-
tion with 7. crassiceps cysticerci can dramatically and differen-
tially increase the expression of important molecules involved
in antigen presentation.

Because macrophages obtained from different times of hel-
minth infection displayed both ditferent patterns of cytokine
production and distinct abilities to induce antigen-specific pro-

liferation, we next looked for additional markers that identitied
these apparently different populations of macrophages. Dou-
ble immunotluorescence analysis showed an interesting up-
regulation of CD23 and CCRS in F4/807 cells (macrophages)
as infection advanced (Fig. 7). Expression of CD23 has been
associated with a state of activation of macrophages known as
alternatively activated macrophages (11). whereas CCRS ex-
pression has been basically associated with inflammatory pro-
cesses (47). I[nterestingly, the up-regulation of these markers
was accompanied by an increase in parasite load, poor [L-12
production. and a weak ability to stimulate CD4™ T cells.

In an attempt to elucidate other factors that could influence
the recruitment or activation of these alternatively activated
macrophages. we analyzed the peritoneal population that was
expanded in response to T. crassiceps infection in STAT6-KO
mice. As shown in Fig. 7 (bottom panel), macrophages re-
cruited in STAT6-KO mice after 8 weeks of infection did not
up-regulate CD23 and/or CCR3, which were detected at levels
very similar to those observed for uninfected mice. [t is impor-
tant to note that STAT6-KO mice are highly resistant to T.
crassiceps infection and their macrophages produce higher lev-
els of [L-12 (39).

Blockade of IL-6 and B7-2 and inhibition of PGE, did not
restore CD4 proliferation, but absence of STAT6 did. To de-
termine factors contributing to the low level of proliferation
observed in CD4” T cells when macrophages from chronic
infections were used as APC, we performed a series of exper-
iments blocking IL-6. B7-2, and PGE.. As shown in Fig. 8,
blockade of IL-6 and B7-2 with specific mg‘rlg‘clonal antibodies

!
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FIG. 6. Phenotypes of peritoneal macrophages isolated from 7.
crassicepy infection. Cell surface expression of F4.80, MHC-11, CD40,
B7-1. and B7-2 at 1, 2. 4. and 8 weeks after 7. crassiceps intection are
shown. Data are representative histograms of three separate experi-
ments,

and inhibition of PGE, with indomethacin did not modify the
poor ability to induce proliferation observed previously in mac-
rophages from late infections (Fig. 8a). [ntcrestingly, when
macrophages obtained from STAT6-KO mice after 8 weeks of
infection with 7. crassiceps were used as APC. a significantly
higher-level proliferative response of CD4™ T cells was ob-
served (Fig. 8a). However, when the cytokine production was
measured in the sume cocultures, blockade of TL-A significantly
reduced the expected levels of [L-4. whereas [FN-y was de-
tected in significantly higher concentrations (Fig. 8¢ and d).
Furthermore, we observed that blockude of B7-2 and PGE2
did not aiter the cyvtokine profile previously detected (Fig. 8 b
and d). In contrast, macrophages deficient in STAT6 signaling
induced signiticantly lower levels of [L-4 but higher production
of IEN-y compured with wild-tvpe macrophages (Fig. 8 ¢ and
d). Finally. in order to know the source of [L-6 detected in the
cocultures, macrophages from chronic infections were loaded
with OVA, fixed, and used as APC. Data from these cocultures
showed that 1L-6 is largely produced by macrophages, since
these cocultures showed a very tow level of IL-6 (Fig. 8b), and
again levels of [FN-y were recoverad (IL-4 levels were <3
peml) (Fig. 8 ¢ und d). Thus, macrophages obtained trom
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FIG. 7. T. crassiceps infection up-regulates the expression of CD23/
CCRS in macrophages. Cell surface expression of F4,80-CD23 and
F4 80-CCR3 on peritoneal macrophages obtained at different weeks
after infection. Bottom. macrophages obtained from STAT6-KO mice
8 weeks after 7. crassiceps infection.

chronically 7. crassiceps-infected mice potently drive Th2 de-
velopment, apparently in an [L-6- and STAT6-dependent man-
ner.

DISCUSSION

Early and sustained interactions between the pathogen and
the host participate in the establishment of an adaptive im-
mune response against the pathogen. The majority of intracel-
lular pathogens are potent stimulators of Th! responses. For
example. Mycobacterium, Listeria, Trvpanosoma. and Toxo-
plasma all drive Thl-type responses, in part, due to the rapid
induction of IL-12 and IFN-y by innate immune cells respond-
ing through expressed molecules, termed pattern recognition
receptors, which bind conserved structures shared by large
groups of pathogens (3, 3). In contrast, helminth infections
generally bias the immune response towards a Th2-type profile
that may also be associated with induction of antigen-specific
or nonspecific anergy (8, 38). The mechanisms involved in this
phenomenon are not vet completely defined.

To date, cytokines and APC cells represent two of the major
determinant factors in the ditferentiation of naive and uncom-
mitted CD4 ™ T cells into ctfectors Thl and Th2 ¢cells (17). In
addition, the activation status of APC has been gaining impor-
tance as an explanation of how the final commitment of Thi:
Th2 cells is achieved. since they are both a source of cvtokines

v 7
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inhibition of PGE, and absence of STAT6 signaling of macrophages in CD4~ Tecell

proliferation and cvtokine production. (1) Macrophages from mice at 8 weeks postinfection were used as APC and cocultured as for Fig. 4. In
addition, blocking antibodies for IL-6 and B7-2, indomethacin, fixed mucrophages, and STATA-KO macrophages were used in these cocultures.
(a) Proliferation was assayed by (*H]thymidine {3H-TDR) incorporation. (b to d) Cytokine levels detected in the presence and absence of blocking
antibodies, indomethacin, tixed macrophages. or STAT6-KO macrophages. Asterisk, £ < 0.05 compared to isotype control. ND, not determined.

and a source of antigen (17). In the present study our data
demonstrate that following chronic exposure to the helminth
T. crassiceps, a population of macrophages with an increased
expression of MHC-[I, CD4(), B7-2. CD23, and CCRS is ex-
panded. This population produces low levels of [L-12 both in
response to LPS and in coculture with CD4™ T cells plus
antigen and also exhibited a very limited ability to induce
antigen-specific CD4* T-cell proliferation. Moreover, CD4™ T
cells stimulated with these APCs produced more IL-4 instead
of IFN-y. In contrast, macrophages obtained after a short
period following the helminth infection (2 weeks) expressed
low levels of B7-2, CD23, and CCRS, produced more [L-12.
and induced high levels of proliferation in CD4™ T cells, which
preferentially produced IFN-y.

Recently it has been shown that exposure of immature APCs
to helminth antigens in vitro can intluence the Th1/Th2 com-
mitment (18, 25, 26, 28, 30). However, this study is the first
demonstration in vivo that over the course of a helminth in-
fection APCs can undergo such a dramatic change in pheno-
type and be able to produce a differential pattern of cytokines
in such a manner that on encountering @ new antigen the
immune response is biased towards Th2 differentiation.

IL-12 plays a critical role in the development of Thl re-
sponses, up-regulating the production of IFN-y by NK and
CD4 7™ T cells (32). Our data showed that IL-12 production was
down-regulated as infection progressed. In chronic infections,

macrophages switch to a phenotype that produces more 1L.-6
and PGE. but less [L.-12 and NO. The absence of APC-derived
[L-12 could be a default pathway in helminth infections to
rapidly alter the outcome of immunity to new antigenic chal-
lenges or infections. In addition, the presence of IL-6 could
facilitate this transition, since IL-6 has been shown to induce
differentiation of 1L-4-producing CD4 ™ T cells (37). Thus, I[L-6
produced by APCs could play an important role in the initia-
tion of Th2 differentiation in helminth infections, as has been
recently suggested (23). In our study, this idea is supported by
the findings that blockade of IL-6 in cocultured macrophages
from late infections with CD4™ T cells suppressed IL-4 pro-
duction. Furthermore. when macrophages were fixed and used
as APC, levels of IL-6 were at minimum, and in both cases
IFN-v reached levels similar to those detected in cocultures
with macrophages from healthy mice, suggesting that [L-6 may
be an important factor favoring Th2 commitment in cysticer-
cosis. Also. the higher level of production of PGE, by macro-
phages from chronic infections could be associated with the
low production of 1L-12 and NO whereas favoring IL-6 pro-
duction (12, 19. 22, 44). Thus. several APC-dependent factors
are involved in the Th2 differentiation during a helminth in-
fection.

Besides the cytokines produced by antigen-presenting cells,
there are other factors, such as altered peptide ligands and
costimulatory molecules (B7-1, B7-2), that can influence the
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ditferentiation of T cells (7. 24). We found that B7-2 expression
was up-regulated as infection progressed. whereas B7-1 was
not. Despite the fact that there is strong evidence of the in-
volvement of B7-2 in Th2-biased responses in different systems
(43). in helminth infections it has been shown that neither B7-1
nor B7-2 blockage affects the development of the immune

response (Y. 13). Similarly. in the present study blockage of

B7-2 in vitro did not modify the outcome of [L-41FN-y pro-
duction or proliferation in cocultured CD4° T cells/macro-
phages. These data suggest that costimulation through B7-2 s
not involved in the induction of Th2-w pe responses by macro-
phages from kite 77 crassieeps infections.

Peritoncal macrophages tuken from chronic infections dis-
plaved teatures shared with alternatisely activated  macro-
phages. which can be induced by [L-3. [L-13. 1L-10, and
TGF-B. and they express innate immune receptors and CD23
(10, 1), These alternatively activated macrophages have heen
reported in tilariasis. where they appear to play a role in in-
ducing Th2 ditferentiation (25, 29y Moreover. these macro-
phages also produce IL-10 and TGF-3 and apparently play an
important role in down-modulating indammation and immu-
nity. Though our results ditfered in 1L-10 and TGF-B involve-
ment and in the ditterent surtuce markers, our data on [L-4
dependence, low-level induction of proliterative ability, time
required to appear. and Th2 biasing activity of alternatively
activated macrophages in murine cyvsticercosis are in aceor-
dance with the findings of MacDonald et al. (28) und Loke et
al. (26), who implanted the nematode Brugic malavi in the
peritoneal cavity ol mice to recruit suppressor macrophages.
Loke et al. also showed that cytokine production in their sys-
tem was skewed towards the Th2 type. paralleled with suppres-
sion in the proliferative response (23). Together, these studies
suggest that the commitment towards a Th2 pattern of cvto-
kine production by CD4 " cells following interaction with al-
ternatively activuted macrophages may esplain the reduced
levels of IFN-vy and [L-12 observed with certain helminth in-
fections and the biased Th2-type response to new antigenic
challenges consistently reported in helminth coinfections (1,
21 22).

In our model. macrophages isolated from a chronic infection
shared some of the tfeatures observed in alternatively activated
macrophages, as mentioned before, and in addition they ex-
pressed high levels of CCR3'CD23 us well as molecules asso-
crated with antigen presentation. [nterestingly. peritoneal mac-
rophages taken from STATo ™ 7 1. crussiceps-infected mice (8
weeks) did not show these features, They had low CD23 and
CCR3 expression and successtully induced antigen-specific
proliferation as well as [FN-y production in CD4" T cells
when they were used as APC. revealing that the development
of these alternatively activated macrophages is critically depen-
dent on the STATH-mediated signaling pathway and also im-
plying a role for IL-4 and.or IL-13 in the expansion and acti-
vation of these macrophages during this helminth infection.

An exciting question regards the carly source of 1L-4 in
response to helminth antigens: accesson cells and naive Th
cells huve been suggested as sources of this key evtokine (14,
27). but conclusive studies are still missing. [n our hands, ex
vivo analyses of macrophages from T. crassiceps-intected mice
(with no further in vitro stimulation) by reverse transcription-
PCR suggest that these cells are not a source of {1L.-4 (data not
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shown). However, further studies are necessary to know
whether or not helminth antigen does stimulate macrophages
directly to produce IL-4: this is an area of growing interest
(27.

The role of high-level expression of CCRS in macrophages is
not well understood (20): however, in T cells it has been asso-
ciated with inflammation and is 1L-12 dependent (35). The
high-tevel expression of CCR3S detected in mucrophages from
heavily parasitized mice could be related o the absence of
CCRS ligands, RANTES MIP-1a (31). On the other hund. the
relationship between CCRS in macrophages and their poor
ability to induce proliferation in CD4 7 T cells is an interesting
tinding that needs more detailed study, Indeed. itis noteworthy
that this population of macrophages produces low levels of
IL-12 even in response to a strong Thl-tvpe stimulis such as
LPS (30). and also in the cocultures with antizen-specitic
CD4 7 T cells where the CD40-CDHOL system is purticipating.
These observations are in sharp contrast with dendritic cells
expressing high levels of CCRS in response to acute exposure
to protozoan antigens, which were high producers of HL-12 and
play a signiticant role in inducing Thi responses (3. 32). This
discrepancy between tailure to produce I1L-12 and high CCR3S
expression in macrophages trom chronic 7. crusviceps -infected
mice could be an intrinsic feature for helminth infections and
possibly plays a role in the bias towards Th2 immune responses
to both the parasite’s antigen und nonrelated antigens in hel-
minthic discases (1. 13, 38).

In conclusion, we found that chronie infection with the hel-
minth parasite 7. crassiceps can ditferentially regulate the T-
cell-stimulatory abitity of APC und favor a Th2-type response
to new antigenic encounters. This mechanism appears to be
STAT6 dependent and possibly involve [L-4 and [1.-13. How-
ever. a recent body of evidence suggests an alternative route to
Th2 biasing in helminth infections. which implicates APCs asa
pussible direct target of helminth products to tinully deliver
Th2 signals (30, 40. 42).
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Genetically Resistant Mice Lacking IL-18 Gene Develop Thl
Response and Control Cutaneous Leishmania major Infection®

E————————

-

Gina M. Monteforte,* Kiyoshi Takeda,” Miriam Rodriguez-Sosa,* Shizuo Akira,”
John R. David,* and Abhay R. Satoskar**

[L-18 has been shown to play a critical role in the development ot a Thl response and immunity against intracellular pathogens.
To determine the role of [L-18 in the development of protective immunity against Leishmania major, we have analyzed the course
of cutaneous L. major in 1L-18-deficient C37BL/6 mice (IL-187/7) compured with similarly infected wild-tyvpe mice (IL-18™'™),

After L. major infection, [L-18™~ mice may develop lurger lesions during early phase of infection but eventually will resolve them
as efficiently as [L-18™'" mice. By 2 wk after infection, although Ag-stimulated lymph node cells from L. major-infected [L-18~/~
and IL-187'" mice produced similar levels of IFN-y. those trom [L-187/" mice produced significantly more IL-12 and IL-4. By
10 wk after infection, both [L-18*'~ and [L-187/~ mice had resolved L. major infection. At this time, Iymph node cells from both
[L-18™* and IL-187"~ mice produced [L-12 and [FN-v but no [L-4, Furthermore, administeation of anti-IEN-v Abs to L1837/~
mice rendered them susceptible to L major. These results indicate that despite the role 11.-18 may play in early control of
cutaneous L. major lesion growth, this cytokine is not critical for development of protective Thl response und resolution of L. major

infection. The Journal of inmunolog)

eishmania are obligate intracellular parasites that cause a
Z wide range of diseases such as cutineous. mucocutaneous,
and visceral leishmaniasis (1). The murine model of cuta-
neous Leishmania major infection has been well characterized and
frzquently has been used 4s a functional model of Thl and Th2 cetl
responses (2). Control of cutaneous L. major infection in resistant
mice such as C3H and C37BL/6 is associated with the develop-
ment of [L-12-induced Thl-type response and the production of
[FN-v (2-4). In contrast. susceptible BALB/c mice develop large
nonhealing lesions after L. major infection and mount a Th2-type
response that is associated with the production of the cytokines
[L-4 and [L-10 (2, 35).

[L-18 is a recently discovered cytokine that is produced by ac-
tivated macrophages (6). This cytokine has been shown to play a
critical role in the development of protective immunity against
intracellular pathogetts: including Mycobucrerium wmberculosis,
Cryptococcus neoformans. Yersinia enterocolitica, and acute HSV
type | (7-10). The protective role of [L.-18 in these infecdons has
been attributed to its ability to activate NK cells, enhance prolif-
eration of activated T cells, and induce [FN-y production. More-
over, one study using [L-12/TL-187'" (double mutant) mice has
demonstrated that both [L-12 and [L-18 act in synergy to activate
NK celis and induce Thi development in vivo (11).
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Several studies have demonstrated that [L-12 15 indispensable
tor the development of protective immunity against L. major 112,
131 A recent study also found that susceptible BALB/c mice
treated with recombinant [L-18 required only small quantittes of
[L-12 to control cutaneous Lo major infection 41, Although these
results Jemonstrate that exogenously adminstered [L-13 may act
synergistically with [L-12 to induce protzction against Lo oigjor
infection in susceptible BALB/c mice. 1t 15 not clear whether en-
dogenous [L-18 piays a similar role in the development of protec-
tive immunity against L. mujor in resistant mice. Therefore, we
examined the development of Thl response and cutaneous growth
of L. major in resistant C37BL/6 mice lacking the IL-18 gene. Our
results suggest that [L-18 may be involved in controlling =arly
lesion growth but that it is not required for the development of a
Thl response and the resolution of L. major infection.

Viaterials and vVethods
Animals

[L-18 gene-deficient C57BL/6 mice were generated as described previ-

ously (11) and were kindly provided by Dr. S. Akira (Osaka Universicy,

Osaka, Japan). The mice were bred and maintained in the facility ac the
Harvard School of Public Health (Boston, MA) according to the guidelines
for animai research, Wild-type C57BL/6 and [L-127/~ C57BL/6 mice of
the same sex and age were purchased from The Jackson Laboratory (Bar
Harbor, ME) and were used as coatrols in all experiments.

Parasites and infection protocols

L. major LV39 was maintained by serial passage of amastigotes inoculated
5.C. into the shaven rumps of BALB/c mice as described previously (13).
Groups of C57BL/6 TL-18 gene-deficient and wild-type C37BL/6 mice
were infected in the right hind footpad with 2 X 10" staticnary-phase
promastigotes of L. major (LV39). Lesion development was measured us-
ing a dial-gauge micrometer (Mitutovo. Kanagawa, Japany at weekly in-
tervals up to {0 wk after infection. The increase in the thickness of the right
nind footpad was compared with the uninfected lett hind footpad.

T cell proliferation assay and cytokine unalysis

The draining popliteal lymph nodes were removed from L mujor-infected
mice at 2 and 10 wk after infection. T cell proliferation assays were per-
formed us previously described (15). To the wells of a 96-well flat-bottom
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FIGURE 1. Course of L. major intection in [L-18™'" and [L-137'"

mice. A and 8. ln two independent experiments [L-187' and [L-18°'~
mice were inoculated with 2 X 10° L. major stationary-phase promastig-
otes into the fght hind footpad. and lesion growth was monitored by mea-
suring the increase in lesivh skze of the infected foorpad and comparing it
0 the thickness of the uninfected left footpad. C. In the third independent
experiment we compared lesion development in [L-127'~ mice to that of
{L-187'" and [L-13 *'~ mice. In all three experiments. [L.-187'~ mice de-
veloped larger lesions in early course of infection than (L-13™'~ mice did;
however, the Jdifferences in lesion sizes were signiticant in experiment 2
only (8). Data are presented as mean lesion size = SE. =, Statistically
signiicant differences between groups (p < 0.03).

ussue culture plate (Costar, Cambridge, MAr 3 < 10° lymph node cells
were 1dded. Cells were stimulated with 20 pg/ml of freeze-thawed L ma-
jor Az 1ILmAg)’ or supplemented medium a5 2 negative control. After
incubation at 37°C for 72 h in 5% CO,, supernatants were collected from
parallel cultures for ELISA quantification of ¢¥tokine production as de-
senbed previously (135). Cultures were analyzed for production of [FN-y
-reagents purchused from PharMingen. San Diego, CA: detection (imit, 20
ce/mls, [L-12 (PharMingen: detection limit. 20 pg/ml), and [L-2 (PharM-
ingen: Jetection timut, 3 pwml).

Leisnmania-specific ELISA

P:npherat blood was collected at 3-wk intervals from L major-intected
[L-137'7 and [L-137'" mice. Serum was anaiyzed for Th2-ussociated Abs,
1¢G1. and for Thl-associated Abs, [3G2a. Speciic levels of these Abs were
measured using ELISA as descnibed previously i 16).

! Abbreviation used in this paper: LmAy, freeze-thawed L mupor Ay,
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Histopathology

[nfected footpads from [L-13777 and [L-187'7 mice were removad and
tixed in Jecaleining solution F (Stephens Lab. Riverdale, NJi for 7 davs

The tissues were processed and embedded in paradin, and 4- 0 3-pm
sections were cut. The sections were hydrated and stained by routine he-
matoxylin and 20sin staining.

Anti-lFN-y neurralizing Ab treatment

Rat anti-mouse {FN.v tclone. XMG 1.2) neutralizing mAb was kindly
provided by Dr. Mary Russell. [L-187"7 mice were treated by i.p. admin-
istration of | my anu-[FN-v neutralizing Ab or control Ab 1 day before
L. major intection and a wezkly dose of | mg/mouse thereatter for 7 wk.

Statistical significance

Student’s unpaired ¢ test was used to determine statistical significance of
values obtained. Ditferences in Ab endpoint titers were determined using
the Mann-Whitney U prime test.

Results and Discussion

The results presented in this study suggest that [L-18 may be in-
volved in controlling early L. major lesion growth in resistant
C57BL/6 mice but that it is not essential for the development of
acquired protective immunity and resolution of L. major infection.
[n addition, these tindings also demonstrate that the development

of larger lesions in [L-18 7/~ mice in early course of infection is"

associated with a significant increase in [L—4 production rather
than a decrease in [FN-vy.

Previous studies have demonstrated that [L-12 plays a critical
role in mediating protective immunity against L. major (14, 17,
18). The protective role of [L-12 in murine L. major infection has
been attributed to its ability to activate NK cells and induce [FN-vy
production required to develop a Thl cell response (19). However,
we have recently demonstrated that endogenous [L-12 can directly
induce protective Thi-like response in the absence of NK cells and
can conuol L. mdjor infection 15). [L-18 is a recently discovered
cytokine that is produced by activated macrophages (6. 20). This
cytokine shares immunoregulatory tunctions with {L-12 and plays
a critical role in the host defense against several pathogens /3. 9,
19, 21-23). A recent study has demonstrated that the treatment of
susceptible BALB/c mice with exogenous IL-18 together with
small quantities of [L-12 significantly enhanced their resistance to
cutaneous L. major infection, indicating that IL-18 may play a role
in the development of protective immunity against L. major (14).
In the present study, we found that IL-18~'~ C57BL/6 mice, ai-
though they occasionally developed signiticantly larger lesions




5892

a0{?
T B IL-18 ¢+
304 l 0O w8
£ I !
g
% 204 I
z 1 L
S
n -
L
2 weehs 10 weens
4
8
3 [
£ {
g 2
o
-
= 1 ! 7

10 weeks

2 weeks
1804 C
1504 .
£ 1204 I
k4 90+
3 l
= &0
30+
0- t —.
2 weeks 10 weeks

FIGURE 3. Kinetics of in vitro LmAg (20 pg/ml)-induced IFN-y (A).
IL-12 (8), and [L-4 (C) production by popliteal lymph node cells from
L. major-infected IL-187/" and IL-187"" mice. The data are the mean of
SiX to seven animals at each time point tor two of the three experiments.
=« Sutistically significant ditferences between each group (p < 0.05).

during the early course of infection (Fig. 18), eventually resolved
their lesions (Fig. 1. A-0) and controlled parasite replication (Fig.
2). Furthermore. infected footpads from both IL-187/" and IL-
187'~ mice displayed preserved skin and an inflammatory infil-
trate comprised of lymphocytes and macrophages with few or no
parasites. In contrast, in an another replicate experiment, concom-
itantly infected [L-127/~ C57BL/6 mice developed large nonheal-
ing lesions by week 6 atler infection (Fig. 1C). The lesions trom
IL-127'7 mice showed signiticant ulceration of skin with necrosis
and inflammatory infiltrate comprised primarily of heavily para-
sitized macrophages. neutrophils, and eosinophils. Our findings
contradict @ recent study that demonstrated that IL-18 ™'~ mice on
CD1 genetic background are highly susceptible to L. major and
develop large nonhealing lesions by day 4) after infection (24)
Although ditferent results observed in our study and that by Wei et
al. (24 can be attributed to the ditferences in genetic backgrounds
of the strains used. we also monitored disease progression for a
longer duration. As reported by Wei et al.. L. mujor-infected IL-
187/~ mice did develop larger lesions than infected IL-18 7" mice
did during carly course of infection but eventually resolved them
(Fig. 1. A-C). Morcover, the ditference in carly lesion sizes be-
tween IL-187'7 and IL-18 ™~ mice was statistically significant in
only one of the three experiments (Fig. 1B).

Previous studies indicate that [L-12-activated NK cells are the
primary source of IFN-y early in L. mqjor infection that is required

IL-187/" Mice Control Cutancous Leishmania major Intection
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FIGURE 4. Ab responses in L. major-infected (L-187"7 and [L-187'
mice at 2 wk and 10 wk after infection. A, LmAg-specitic [gGl; and B,
Lm-Ag-specitic 1gGla. Data tor [gGl and [¢G2a are presented as mean
reciprocal endpoint titer on log scale. Three to five mice were analyzed in
each group for two of the three experiments.

tor the development ot a Th! response in resistant mice (19). Re-
cent studies have demonstrated that NK cells and the Thl subset of
CD4™ T cells express [L-18R (25). Furthermore. NK cell activity
is also significantly impaired in IL-187’~ mice (11). Therefore, we
measured {L-12 and [FN-y production by LmAg-stimulated lymph
node cells and also determined the serum levels of Thl-associated
LmAg-specitic 1gG2a Abs in [L-18"/" and [L-187'~ mice at 2
and 10 wk after L. major infection. At both of these time points,
LmAg-stimulated lymph node cells from both IL-187'* and (L-
187/~ mice produced comparable levels of IFN-vy (Fig. 3A), and
both groups displayed significant titers of Ag-specific [2G2a Abs
at these time points (Fig. 4). Furthermore, L. major-infected IL-
187/ mice treated with anti-IFN-vy neutralizing Ab developed sig-
nificantly larger lesions compared with those on similarly infected
IL-187'" mice treated with control Ab (Fig. 5). These results in-

—O—  Anti-IFN-g antibody

l— —&— Control antibody

M

Lesion size (mm)
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—n— ¢
o
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0 T 7 T
0 2 4 8 8
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FIGURE 5. Administration of [FN-y neutralizing Ab to IL-187'" mice
exacerbates cutaneous L. major infection. Data are expressed as mean le-
sion size + SE. =, Statistically significant differences between each group
(p <0.05).




The Joumal of lmmunology

dicate that IL-12 alone in the absence of endogenous IL-18 induces
protective Thl response and controls L. major infection. This is
perhaps not surprising because we recently  demonstrated that
[L-12 can directly induce Th! development in mice lacking NK
cells and can control L. major intection (15), ln(:.rcmnt'lv. at 2wk
after infection. lymph node cells trom [L-18 77 mice produced
significantly more 1L-12 than those from IL-18 77" mice (Fig. 38).
These tindings indicate that [L-18 may be involved in down-reg-
ulation of 1L-12 production as suggested previously (24).

[L-+ has been shown to play a role in mediating susceptibility to
cutaneous L. major intection. The discuse-exacerbating cole of
[L-4 in cutancous L. omajor infection has been attributed o dts
ability to induce Th2 desclopment, intubit Thi development. and
directly inhibit macrophage leishimanicidal activity (1. In this
study, LmAg-stimulated Iymph node cells from [L-1877 mice
produced signiticantly greater amounts of [L-4 at 2 wk after in-
tection than those from [L-18 77 mice (Fig. 3O). However, {L-4
was undetectable in Iymph node celt culture supernatants from
cither group at 10 wk atter intection. These results indicute that
although increased [L-4 production during early phase of L. major
infection may contribute ta the develupment of large lesions in
IL-187"" mice during early course of intection. it is not sufficient
to induce Th2 ditfferentiation and to render [L-187/~ highly sus-
ceptible to L. major infection.

In conclusion, IL-18 7" mice from a resistant C37BL/6 genetic
background may develop larger lesions during early course of
L. major infection but eventually will resolve them efficiently.
Moreover, the resolution of L. major infection by IL-18 7/~ mice
is associated with the development of an etficient Thl response.
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Migration- Inhlbltory Factor Gene-Deficient Mice Are Susceptlble»
_to Cutaneous Leishmania major Infection
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To determine the role of endogenous migration-inhibitory factor (MIF) in the development of protective
immunity against cutaneous leishmaniasis, we analyzed the course of cutaneous Leishmania major infection in
MIF gene-deficient mice (MIF™ 7) and wild-type (MIF*'™) mice. Following cutaneous L. major infection,
MIF~ '~ mice were susceptible to disease and developed significantly larger lesions and greater parasite
burdens than MIF* * mice. Interestingly, antigen-stimulated lymph node cells from MIF™ ~ mice produced
more interleukin-4 (1L-4) and gamma interteron (IFN-y) than those trom MIF*'* mice, although the ditfer-
ences were statistically not significant. IFN-y-activated resting peritoneal macrophages from MIF™'™ mice
showed impaired macrophage leishmanicidal activity and produced significantly lower levels of nitric oxide and
superoxide in vitro. The macrophages from MIF™ 7 mice, however, produced much more {L-6 than macro-
phages from wild-type mice. These findings demonstrate that endogenous MIF plays an important role in the
development of protective immunity against L, major in vivo. Furthermore, they indicate that the susceptibility
of MIF™'™ mice to L. major infection is due to impaired macrophage leishmanicidal activity rather than

dysregulation of Thl and Th2 responses.

Most inbred mice are resistant to cutancous Leishmnania
major infection and develop small self-resolving lesions (1. 16).
1t is widely accepted that the ability of genctically resistant
mice to resolve cutaneous L. major infection is associated with
the development of interleukin-12 (IL-12)-induced Thi re-
sponse and gamma interteron (IFN-y) production. The pro-
tective role of [FN-vy has been attributed to its ability to induce
the Thl response. inhibit Th2 differentiation, and enhance
macrophage leishmanicidal activity (16).

Migration-inhihitory factor (MIF) is a pleiotropic cytokine
that is produced by many cells. including macrophages, T cells,
and the pituitary gland. during inflammatory responses. MIF
inhibits anti-inflammatory etfects of corticosteroids and plays a
critical role in pathogenesis of sepsis (3, 4). Additionally, MIF
also acts as an enzvme and catalyzes the tautomerization of
several substrates (21). Experimental studies using MIF-neu-
tralizing antibodies indicate that this cvtokine is involved in
pathogenesis of autoimmune diseases such as collagen tvpe
[T-induced arthritis and immunologically induced kidney dis-
case (11, 14). Recent studies show that MIF counteracts the
antitumor activity of p33 and appears to link chronic inflam-
mation and tumor formation (9).

Studies from our laboratory and others indicate that MIF
may play a critical role in regulation of host immunity or sus-
ceptibility to pathogens. For example, we found that MIF ™/~
mice cleared gram-negative Pseudomonas aeruginosa bacteria
more cfficiently than MIF™ " mice. indicating that MIF is
involved in pathogenesis of pulmonary P. ueruginosa infection
(4). In contrast. oral administration of MIF alone or together
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Infectious Discases, Harvard School of Public Health, Bldg. 1. Rm.
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with tumor necrosis factor alpha (TNF-a) via transtected at-
tenuated Salmonella enterica serovar Typhimurium enhanced
resistance of BALB/c mice to L. major (23). Furthermore,
others demonstrated that MIF with endogenous TNF-a en-
hances macrophage NO production and induces in vitro killing
of L. major by macrophages (10). [nterestingly, the same study
found that both susceptible BALB/c and resistant C37BL/6
mice express high levels of MIF mRNA in their draining lvmph
nodes following L. muajor infection (10). Therefore, we exam-
ined the cutancous growth of L. major infection in MIF gene-
deficient C378L/6 x 129/Sv (MIF™ 7) mice and compared it
with growth in similarly infected age and sex-matched wild-
tvpe (MIF™'7) mice. In addition. we analyzed the leishmani-
cidal activity of resident macrophages and measured cytokine
production by the draining lymph nodes from L. major-
infected MIF /" and MIF ™'~ mice. Our results indicate that
MIF plays a critical role in the development of protective
immunity and control of cutaneous L. major infection.

MATERIALS AND METHODS

Mice. MIF gene-deficient C37BLi6 < 129/Sv mice were generated by gene
targeting as described previously (4). MIF~'~ mice were maintained by mating
between homozygous mice on the CS7TBL 6 ¢ 129Sv background. The wild-type
littermates were used to generate wild-type MIF ™ 7 mice of the same age and sex
that were used as controls in all experiments. Mice were maintained in the
specific-pathogen-tree facility at the Harvard Schoot of Public Health according
to the guidelines for animal rescarch.

Parasites. L. major L\'39 was maintained by serial passage of parasites in
BALB/c mice. Amastigotes isolated from lesiuns of infected BALB/c mice were
grown to stationary phase as described previously (18).

Infection protocol and quantitation of purasite burdens, Mice 8 to 12 weeks
old were injected in the hind footpad with 2 < 10" stationary-phiase promastig-
otes enumerated using a Nuehauer hemacytometer. Lesion growth was moni-
tored by measuring the increise in thickness of the infected footpad using a
dial-gauge micrometer (13) at weekly intervals up to 1] weeks after infection and
comparing this to the thickness of the contralateral uninfected footpad.
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Parasite burdens in the infected footpads were determined by limiting-dilution
analysis, as deseribed previously (18)

IL-12 treatment. Recombinant murine {L-12 (R & D Systems Ine.) was used
to treat MIF™ 7 mice in doses deseribed previously (22). Brictly. | pg of [L-12
in 1KY plwas administered intraperitoneally to each MIF 7™ mouse 1 day prior
1o L. omygor aintection, follewed by a dindy dose of 1w per mouse tor 5 days
thereafter. Control MIF unce recened ingections ot (00 pb ot stenle phos-
phate-buttered saline (PRS)

Tecell praliferation and extokine assays. Tecell proditeration was determined
as previoush desertbed (200 MIFT T and MIFT mice were sacnficed on weeks
2oo0and 12 tollowing L omaer atection. The
moved and teased genty to prepare asingle-cellsuspension. Brietly. 3 5 1 eells
were added i miplivate o the wells o sterde faav el tae-bottomed tssue endture
plates (Costar. Combridge, Mass voand stnuhated wih Lenkotpua antigen
(LA 20w mb Supernatants were collected arter "2 hoot cubation and
analyzed for the production ot L3 greagent purcitaesad trom Endogen. Cam-
tridge. Mass detecton ot (0 pemby and [EN-+ cboth reagents purchused
trom PharMingen. San Diceo, Calit s detection imit 20 pgomb by capture en-
ame-hmked immunesorbent assay CELIS A (20 Simlardy, supernatants trom
macrophage cultures sere abso anabeed tfor [Len 0100 [L-12 and TNF-a

uinal lvmph nodes were fe-

production by FLINA

Assessment of onerephage leishimanicidal activie. Resting perioneal mac-
raphages were added o the wells of 2dawedl dat-bottomed plites continning
dat 370 tor 3 h o allow
macrophages to adhere o the coversdips. Nonadherent cells were removed by
gentle washing, and adherent macrophages wereantected with Lo sngor promas-
tigotes (parastte macrophage ratio. S0 tar 3 h washed. and cudtured in the
presence of 20 U ot TFN-y (Genayme, Cambridge. Mass) per ml for 72 he At
this tme. macrophages were stined by Gremsa st and coverslips were
mounted upside down o a glass shides intracelular amastigotes were counted by

t

F2emmediameter glass covershps, Cells were cub

MICTOSCOPY

Assessment of NO, 7 and 0,7 production, The supernatants from the above
wssays were amalvzed tor nitrite concentration using Grriess reagent as described
prestousls ¢6). For determuining levels of O L TEN-w-treated mucrophages were
stimtilated with phorbol myristate acetate, and superoside dismutase-inhibituble
reduction of Feo” estochrome ¢ to the ferrous toent (Fe: ") was messured, The
amount af O, 7 released was caleulated as deserihed previousdy (13).

Statistleal signiticance. Student’s uapaired ¢ test was used to determine the
statistical significance of values,

RESULTS AND DISCUSSION

We have previously demonstrated that oral administration
of MIF alone or together with IFN-y and TNF-« via trans-
fected attenuated Salmonella cells conferred significant protec-
tion against L. major infection in susceptible BALB/c mice
23). Moreover, others found that MIF enhanced in vitro mac-
rophage leishmanicidal activity (10). In the present study, fol-
lowing infection with 2 x 10° L. mujor stationary-phase pro-
mastigotes, MIF™ ° mice developed lesions that resolved
spontancously by week 12 postinfection {Fig. 1A). In contrast,
similarly infected MIF ™ ™ mice displayed smaller lesions than
MIF™ 7 mice in the early phase of infection but developed
large lesions which failed to resolve as infection progressed
(Fig. 1A). Concomitantly infected BALB ¢ mice developed
targe. rapidly progressive ulcerating lesions by week 6 postin-
fection (data not shown). At week 12 postinfection. infected
footpads from MIF™ ~ mice also contained signiticantly more
parasites (> 100-fold) than those from MIF ™~ mice (Fig. 1B).
Taken together. these tindings indicate that endogenous MIF
plays an important role in the development of protective im-
munity against L. major in resistant C37BL. 6 < 129Sv/Ev mice.

Several studies have demonstrated that control of L. major
infection in resistant mice is associated with the development
of the [L-12-mediated Thl-like response and the production of
IFN-v. whereas susceptibility to L. muajor infection is associ-
ated with development of a Th2-like response and the produc-
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FIG. 1. MIF™ 7 mice are relatively more susceptible to cutaneous
L. mujor infection than MIF™ ~ mice and develop large lesions. (A)
Course of cutancous L. mwjor infection in MIF™ © (solid squares) and
MIF " ~ (open squares) mice following infection with 2 :< 10" station-
ary-phase promastigotes. Discase progression was monitored by mea-
suring the increase in thickness of the infected footpad and comparing
this to the thickness of the contralateral uninfected footpad. (B) Foot-
pad parasite burdens in MIF™ = and MIF™ ™ mice were determined at
week 12 postinfection by limiting-dilution analysis, Data are expressed
as the mean titer = the standard crror (SE). Similar results were
observed in three and two independent experiments (A and B, respec
tively)

tion of IL-4 (8. 13, 19). A previous study had demonstrated
that MIF plays a critical regulatory role in the activation of T
cells (2). Furthermore. MIF was produced by the Leishmania-
specitic Th2 clone (D10G4.1. L1/1), but not the Thl (LNC2,
B10/B1) clone following in vitro stimulation with mitogen (2).
Therefore. we compared IL-4 and IFN-y production by LmAg-
stimulated lymph node cells from L. major-infected MIF™'~
and MIF™ ™ mice at weeks 2, 6. and 12 postinfection to deter-
mine whether susceptibility of MIF™ ™ mice to L. major is due
to an enhanced Thl-like response and/or an impaired Thl-like
response. We also measured serum levels of LmAg-specific
Thi-associated immunoglobulin G2a (1gG2a) and Th2-associ-
ated [¢G1 antibodies. Following in vitro stimulation with
LmAg, lvmph node cells from both L. major-infected MIF™' 7
and MIF™ ™ mice displayed significant but similar levels of
proliferative responses (duta not shown) and produced signif-
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FIG. 2. Kincties of in vitro cytokine production by LmAg-stimu-

lated lymph node cells from MIF © 7 (solid squares) and MIF™ (open

squares) mice. (A) IFN-y and (B) {L-4 production by draining lymph

node cells following in vitro stimulation with LmAg (20 pg/ml) was

measured at weeks 2, 6, and 12 postinfection by ELISA. The graph

shows the mean (12 = 6 to 9 animals) of two separate experiment. Data
are expressed as the mean = SE.

icant amounts of IFN-y and [L-4. Levels of [FN-y and [L-4 in
lvmph node cell culture supernatants from MIF™'~ mice were
cither higher or similar to those from MIF ™" mice, although
the differences were not statistically significant (Fig. 2A and B).
Atweek 12 postinfection, MIF™ ™ and MIF ™'~ mice displayed
comparable titers of [gGl (34400 = 23,200 and 46,050 =
14927 in MIF™ " and MIF™ 7 mice, respectively: P < 0.375)
and 1gG2a (19,200 = 12,255 and 43,328 = 17,952 in MIF*'~
and MIF "~ mice, respectively: P < 0.1). Morcover, in one
experiment, although administration of recombinant murine
IL-12 to MIF™'" mice significantly inhibited lesion growth in
the carly course of L. major infection between 3 and 6 wecks.,
these mice eventually developed large lesions comparable to
those of control MIF™' ™ mice treated with PBS (Fig. 3). Al-
though lesion sizes in [L-12-treated MIF™ 7 mice were smaller
than in PBS-treated MIF ™'~ mice at weeks 7 and 8 postinfec-
tion these differences were statistically not significant. As pre-
vious studies have clearly demonstrated that IL-12 induces
production of IFN-v from NK cells and T cells, it is most likely

INFECT. IMMUN,

that enhanced resistance of 1L-12-treated MIF™ ~ mice against
L. major in the early course of infection is due to an increase
in [FN-y production. Nevertheless, taken together, these ob-
servations suggest that endogenous MIF may not be involved
in the regulation of T-cell activation and production of ¢yto-
kines 1L-4 and IFN-y tollowing L. mujor infection.

Macrophages activated by the cvtokines 1EN-y and TNF-a
are major etfector cells involved in killing of Leishmnania (12).
The leishmanicidal activity of ovtokine-activated macrophages
has been attributed to their ability to produce microbicidal
ctfector molecules such as nitric oxide and superoxide (12).
MIF has been shown to induce TNF-a and NO production in
human monocytes (3) and activite murine macrophages to kill
Leislmania major in vitro (10). Furthermore, we previously
demonstrated that susceptible BALB ¢ mice that were orally
administered MIF together with 1TFN-y and TNF-« via trans-
fected attenuated Sulnonella express markedly higher levels of
nitric oxide synthase 2 in their Ivimph nodes and developed
signiticantly smaller lesions than control animals (23), To-
gether, these findings indicate that the protective role of MIF
in murine leishmaniasis can be attributed to its ability to induce
macrophage leishmanicidal activity by increasing NO produc.-
tion.

To determine whether the susceptibility of MIF™ 7 mice to
L. major can be attributed to macrophage dysfunction. we
compared the ability of resting peritoneal macrophages from
MIF™ 7 and MIF™ 7 mice to produce proinflammatory cyto-
Kines and kill L. major promastigotes followiny in vitro stimu-
lation with [FN-y. Four hours after infection with L. major
promastigotes, macrophages from MIF™ 7 and MIF™ 7~ mice
displayed similar purasite loads (116 = 13 and 110 = 18 par-
asites: 200 macrophages in MIF™ 7 and MIF™ ~ macrophages,
respectively: P < 0.4), indicating that initial uptake of parasites
is not increased in MIF™/~ macrophages. After 72 h, [FN-y
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Lesion size (mm)
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FIG. 3. Effect of recombinant [L-12 treatment on course of L,
mujor infection in MIF ™ 7 mice. Discase progression was monitored by
measuring the increase in the thickness of infected footpad and com-
paring this to the thickness of the contralateral uninfected footpad.
Data are expressed us mean increuse in footpad thickness = SE. Four
mice were used in cach group.
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FIG. 4. Resting peritoneal macrophages from MIF © 7 mice display
impairment of [FN.y-induced feishmanicidal activits, Macrophages
were jnfected with L. sgjor stationurv-phase promastigotes us Jde-
scribed in Matertals and Methods and stimulated with 200 U of TEN-+
per ml for 72 h. The number of amastigotes per 200 tected macro-
phages (A and B) and the percentage of infected macrophages (C)
were determined microscopically by Giemsa staining. This experiment
is representative of two performed. Four to five mice were used in cach
group, and cells were plated in triplicate.

induced significant parasite killing in macrophages from both
MIF~ ™ and MIF™ 7 mice compared to control macrophages
that were not stimulated with IFN-v (Fig. 4A). At this time
point, however, [FN-v-stimulated macrophages from MIF ™~
mice displayed significant impairment of leishmanicidal activ-
ity compared to MIF™ ~ mice (Fig. 4B and C). Furthermore,

)
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impairment of the in vitro leishmanicidal activity of MIF™"~
macrophages was associated with significantly lower produc-
tion of superoxide (two- to threcfold) and nitric oxide (five-
told) than MIF™ 7 macrophages (Fig. 3 and B). There were
no signiticant diferences in the levels of IL-10. transforming
arowth factor beta (TGF-B). and 1L-12in culture supernatants
from MIF™ 7 and MIF™ 7 mice (data not shown). Interest-
ingly. macrophages trom M{F™ 7 mice produced signiticantly
more [L-b than those from MIF™ 7 mice (Fig. 6). {n contrast,
culture supernatants from LmaAg-stimulated lymph node cells
from MIF™ 7 and MIFT 7~ mice contained only basal fevels of
IL.-0. suggesting that MIF T cells do not overproduce 1L-6.
Several studies indicate that [L-6 is a proinflammatory oyvto-
kine: others, however, have reported that it can ako exhibit
immunosuppressive activity and induce ditterentiation of 1L-4-
producing CD47 T eells (17). In tact. [L-6 has been shown to
suppress superaxide production in human monocstes and to
inhibit their leishmanicidal activity in vitro (7).

In vur previous paper (4), we reported that thioglyeolate-
induced macrophages from MIF™ ° mice produced the same
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FIG. 5. Production of nitric oxide (NO) and superoxide (0,7) is
impaired in macrophages from MIF* mice. (A) Nitric oxide produc-
tion and (B) superoxide (0, 7) production were measured as described
in Materials and Methods. Similar results were observed in two inde-
pendent experiments. Data are expressed as mean = SE.
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FIG. 6. Macrophages from MIF mice (open squares) produce
signiticantly more [L-6 than those from MIF™ 7 mice (squares). Rest-
ing peritoneal macrophages were infected with L. mwjor promastigotes
in vitro and stimulated with TFN-y (200 U mD. IL-6 production was
measured at 12, 24, and 48 h postintection by ELISA. Data are ex-
pressed as the mean of triplicates = SE. Similar results were observed

in three independent experiments.

amount of [L-6 as and a little more NO than wild-type mice.
These ditferences from the present tindings are probably due
to the much greater stimulus of macrophages used in the ear-
lier study: macrophages induced by thioglycolate may be more
activated than resident macrophages. These cells were turther
stimulated with both Ilpupol\muh.\ndc (LPS) and [FN-y
rather than with {FN-v alonce. as in the present studies. There-
fore. it is perhaps not surprising that thioglycolate-elicited and
[FN-y;LPS-activated peritoneal macrophages from MIF™
mice killed Leisimania as ethciently as MIF™ ™ macrophages
(26 = 10% and = 1% infected macrophages in
MIF™ 7 and MIF™ 7 mice. respectively: P < 0.4). The present
protocol using resident macrophages and stimulation with
[FN-vy alone is probably more closely related to the physiolog-
ical reality.

There may be several explanations why [FN-y-activated
MIF™ ™ macrophage have impaired leishmanicidal activity.
First. increased 1L-6 production may contribute at fcast partly
to increased susceptibility of MIF™ 7 mice to L. major by
inhibiting macrophage superoxide production, as reported pre-
viously (7). Hence, we are currently generating IL-6,MIF dou-
ble-knockout mice to investigate this further. Second, as MIF
has been shown to induce TNF-a, impaired leishmanicidal
activity of resident peritoneal macrophages trom MIF™'™ mice
may be due to reduced TNF-u production. This. however, is
unlikely in the present study, as TNF-a was either absent or
detectable only at basal levels in culture supernatants from
both groups (data not shown). Lastly, it is possible that lack of
MIF suppresses expression of 1FN-v and/or TNF receptors on
macrophages that are essential for mediating the biological
functions of these cytokines. We are presently investigating this
hypothesis in studies in our laboratory. Nevertheless, together
these results indicate that the protective role of endogenous
MIF against L. major in resistant mice is mediated by its ability

INFECT. IMMUN.

to regulate superoxide and NO production and induce macro-
phage teishmanicidal activity.

In conclusion, our findings in the present study demonstrate
that MIF gene-deficient C37BL/6 X 129Sv/Ev mice are sus-
ceptible to cutancous L. major infection and develop larger
lesions and greater parasite burdens than their wild-type coun-
terparts. The susceptibility of MIF™ 7 mice to L. major is due
to impaired 1FN-y-induced macrophage leishmanicidal activity
rather than to the lack of Thl development or enhanced Th2
development. These observations indicate that endogenous
MIF is required for optimal activation of macrophages and
control of L. sngor infection in resistant mice. Additionally.
the data demonstrate that MIF is not required for activation of
T cells and production of Thl-associated [FN-y and Th.as-
sociated [L-4.
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Susceptlblllty o Lezshmama mexzcana a infection is due to the
1nab111ty to :’p'r duce IL 12 rather' than lack of IL-12 responsiveness

MIRIAM RODRIGUEZ SOSA G[NA M MONTEFORTE and ABHAY R SATOSKAR

Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, Massachusetts, USA

Summary Almost ali inbred mice are highly susceptible to parasites of the Leishmania mexicana complex that
includes L. amazonensis and L. mexicana. Recent studies have reported that T cells from L. amazonensis-infected
mice fail to respond to IL-12 due to impaired IL-12R expression. Here. we demonstrate that lymph node cells from
L. mexicana-infected C57BL6 and 129Sv/Ev mice respond efficiently to exogenous IL-12 in vitro and produce
IFN-y. Moreover, we also show that deletion of signal transducer and activator of transcription (STAT)4 gene in
resistant STAT6™ wmice renders thern susceptible to L. mexicana. These findings indicate that an inability to
produce 1L-12 rather than unresponsiveness to this cytokine is responsible tor susceptibility to L. mexicana. More-
over, the data also demonstrate that the STAT4-mediated pathway is critical for the development of protective
immunity against cutaneous leishmaniasis, regardless of the species of Leishmania and/or genetic background of

the mice.

Key words: Leishmania mexicana, STAT4, STAT®.

Introduction

American cutaneous leishmaniasis is caused by parasites of
the Leishmania mexicana complex that includes L. anazo-
nensis and L. mexicana.' [t is well documented that almost all
inbred mice are susceptible to L. mexicana complex and
develop large non-healing lesions following infection with
these parasites.’ We have previously demonstrated that
IL-4"" as well as signal transducer and activator of transcrip-
tion {(STAT)6~~ mice produce high levels of IL-12, develop a
Thl rcsponsc and control L. mexicana infection.** Thesc
findings indicate that [L-4 and the STAT6-mediated sig-
nalling pathway mediate susceptibility to L. mexicana by
suppressing IL-12 production and Thl development. In con-
trast, other studies indicate that the inability to generate a Thl
response rather than the presence of [L-4 or a Th2 response
may be responsible for susceptibility to L. amuzonensis.®’
Moreover, lack of Thl in L. amazonensis-intected mice has
been attributed to the inability of CD4 T cells to respond to
fL-12 due to the suppression of IL-12Rp expression.’

Therefore, in this study, we determined whether lack of
IL-12 production or inability to respond to this cytokinc was
responsible for impaired Thi development and susceptibility
to L. mexicana infection.

Materials and Methods
Animuls

Six to cight-week-old female C57BL/6 and 129Sw/Ev mice were
purchased from Taconic Laboratories (Germmantown, NY, USA}

Correspondence: Dr AR Satoskar, Deparmnent of Microbiology,
The Ohio State University, 483 W 12th Avenue, Columbus, OH
43210, USA. Email: Satoskar.2(@oswecdu

Reccived | December 2000: accepted 26 February 2001,

STAL4/STALG gene-deficient CSTBL/6 x 129Sv/Ev mice were gen.
crated by intercrossing STAT4™- and STAT6~- CS7BL/6 x 129Sv/Ey
mice that were kindly provided by Dr James lhle (St. Jude's Hospi-
tal, Memphis, TN, USA). These mice were bred and maintained ina
facility at the Harvard School of Public Health according to the
guidelines for animal research.

Parasite and infection protocols

For all experiments, mice were infected by injecting 5 x 10* L, mex-
icana (M379) amastigotes into shaven back rump. The discase
progression was monitored by measuring lesion diameters weekly
until week 10 postinfection.

Antibody ELISA

Mice were bled at different time points from tail saips following
L. mexicana infection. Blood was centrifuged at 200 x g, and serum
was collected and tested for L. mexicana antigen (LmAg)specific
Thi-associated 1gGG2a and Th2-associated 1gG1 antibodies by ELISA
as described previousty:’

T-cell proliferation and cvtokine assayvs

At week 10 postinfection the mice were killed, their lymph nodes
excised and T-cell proliferation assays were performed as described
previously.® Briefly, 3 < 10° lymph node cells were added to the wells
of 96-well flat-bottomed tissue culture plates and stimulated with
20 pg/mL of LmAg prepared by repeated freezing and thawing of
stationary phase promastigotes. Supernatants from these cultures
were analysed for {L-4, [L-12 and |FN-v production by ELISA?

Results and Discussion

It is widely accepted that [L-12 plays a critical in the devel-
opment of Thi response and protective immunity during
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Figure 1 In vitro production of [FN-y hy L. mexicana antigen
(LmAg)-stimulated lymph node cells from (a) C57BL/6 and
(b) 129SwEv mice following addition of recombinant murine
[L-12. Five animals were used in each group. Data are expressed
as means + SEM and are representative of three experiments.

Figure2 Course of cutaneous L. mexicana infection in
STATHSTAT6™ (M), STATH/STAT6 ' (O) and STAT6 * mice
(®). (a) Lesion growth was monitored by measuring lesion diam-
eters following L. mexicana infection. Data are expressed as
mean lesion diameter £ SE. At week 10 postinfection in vitro
1. mexicana antigen (LmAg)-induced (b) TFN-y and (c) IL-4 hy
the fymph node ceils from STATY/STATG™ (wild type) and
STATHSTAT6 ' mice were mcasurcd by ELISA. Four to five
animals were used in each group.
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cutaneous as well as visceral leishmaniasis.*¥ As demon-
strated previously, C57BL/6 and 129Sv/Ev mice were highly
susceptible to L. mexicana and developed large non-hcaling
lesions following L. mexicana infection (data not shown). At
week 10 postinfection, LmAg-stimulated lymph node cells
from these mice failed to produce significant levels of
[FN-y. which was associated with basal levels of [L-12
(Fig. 1). However, addition of e¢xogenous recombinant
murine IL-12 to these cultures induced significant [FN-y
production by LmAg-stimulated lymph node cells from
these inbred strains (Fig. ). These results demonstrate that
T cells, regardless of the genetic background of the mouse,
can respond efficiently to IL-12 and produce IFN-y during
L. mexicana infection. Morcover, these results also suggest
that lack of [L-12 production rather than responsiveness to
this cytokine may be responsible for impaired IFN-y pro-
duction following L. mexicana infection. It is possible that
IL-12-induced [FN-y may be derived partly from other non-
CD4" T cells, such as NK cells. Nevertheless, these findings
differ from those observed in previous studies demonstrating
that the lack of IL-12 responsiveness resulting from impaired
IL-12RP expression inhibits and mediates susceptibility to
L. amazonensis.

We previously found that genctically susceptible CS7BL/
6 x 129Sv/Ev micc lacking STAT6 gcnc produce signifi-
cantly higher levels of IL-12, develop a Thi response and
control L. mexicana infection, suggesting that L. mexicana
infection does not alter in vivo responsiveness of T cells to
IL-12.% If susceptibility to L. mexicana was due to the lack of
IL-12 responsiveness, STAT6~- mice would have failed to
mount a Thl response and remained susceptible to L. mexi-
cana despite production of high levels of IL-12. Recent
studies have demonstrated that CD4~ and CD&" T cells differ
in their regulation of [FN-y.'"" While STAT4-mediated [L-12R
signalling is critical for IFN-y production in CD4" T cells via
thc TCR pathway and Thi development, CD8” T cclls can
produce [FN.y independently of IL-12.'® Therefore, we
hypothesized that deletion of STAT4 gene in STAT6" mice
will impair Th! development and render them susceptible to
L. mexicana. As anticipated. in the present study we found
that STAT4/STAT6~- C57BL/6 x 1298v/Ev mice developed
rapidly progressive large non-healing lesions similar to
STAT4/STAT6"~ mice (Fig. 2a). In contrast, concomitantly
infected STAT6 ' mice failed to develop lesions (Fig. 2a). At
week 10 postinfection, LmAg-stimulated lymph node cells
from STAT4/STAT6 mice produced significantly lower
levels of [FN-y and [L 4 than wild-typc micc did (Fig. 2b,c).
These observations demonstrate that in the absence of
STAT4-mediated IL-12 signalling pathway STAT6”" mice
become susceptible to L. mexicana. These findings demon-
strate that the IL-12R/STAT4-mediated pathway is functional
and indispensable for Thl development in STAT6™- mice
during L. mexicana intection. These findings support our

previous observations in a Leishmania major model,'t and
indicate that the STAT4-mediated pathway is critical for the
development of protective immunity against cutancous leish-
maniasis regardless of the species of Leishmania and/or
genetic background of the mice.

In conclusion, our data indicate that unlike L. amazonensis,
failure to develop an efficient Thi response during L. mexi-
cana infection is due to the lack of 1L-12 production rather
than the inability of T cells to respond to this cytokine.
Moreover, the data also demonstrate that in the absence of
STAT6, the STAT4-mediated 1L-12 signalling pathway is
indispensable for the development of protective immunity
against L. mexicana.
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Recent studies have demonstrated that {L-13 mediates susceptibility to cutaneous L. major
infection via IL-4-independent pathway. To determine whether IL-13 also plays a similar role
in pathogenssis of cutaneous L. mexicana infection, we analyzed the course of L. mexicana
infectionin IL-137" and IL-4/1L-13™ C57BL/6x129sv/Ev mice and compared with that in sim-
ilarty infected wild-type mice. IL-13™ mice were as susceptible as the wild-type mice to L.
mexicana and developed rapidly progressing, large non-healing lesions following cutaneous
L. mexicana infection. In contrast, similarly infected IL-4/1L-13" mice were highly resistant
and developed either no lesions or small lesions containing few parasites that totally
resolved by 12 weeks following infection. Throughout the course of infection IL-13"" and the
wild-type mice produced significantly more Th2-associated L. mexicana antigen (LmAg)-
specific IgG1 than IL-4/iL-13™" mice. All three groups produced comparable levels of Th1-
associated 1gG2a. At week 12 post infection, LmAg-stimulated spleen cells from L.
mexicana-infected IL-4/IL.-13™" produced significantly higher levels of IL-12 and IFN-y as
compared to those from similarly infected wild-type and IL-13™" mice. Although both IL-13™"
and the wild-type spieen cells produced IL-4 following in vitro antigenic stimulation, the wild-
type mice produced significantly more. These findings demonstrate that iL-13 is not involved
in mediating susceptibility to L. mexicana. Moreover, they also indicate that IL-4 not IL-13 is

iL-1J4 goes not meaiate susceplitiiity to L. mexicana
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a dominant cytokine involved in pathogenesis of cutaneous L. mexicana infection.

Key words: Leishmania mexicana / {L-13/ Th1/Th2

1 Introduction

American cutaneous leishmaniasis caused by Leish-
mania mexicana clinically manifests as chronic infection
that is associated with mutilation of the ear pinna {1].
While most inbred mice develop self-healing lesions
when infected subcutaneousty with L. major, almost all
develop large non-healing lesions full of parasites follow-
ing L. mexicana infection [2). Although several studies
have reported that L. major-infected susceptible BALB/c
mice produce of high levels of IL-4 and mount a Th2
response (3, 4], it is not ctear whether IL-4 plays a role in
mediating susceptibility to L. major. For example, some
investigators have shown that IL-4-deficient BALB/c
mice are resistant to L. major {5}, while others found
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them to be as susceptible as the wild-type BALB/c mice
[6]. Nevertheless, we have found that IL.-4™ and STAT6™
mice, regardless of their genetic background, are resis-
tant to cutaneous L. mexicana infection, indicating that
IL-4- and STAT6-mediated IL-4 signaling pathways
inhibit the development of protective immunity against
L. mexicana [7-9].

IL-13 is a cytokine that is mainly produced by activated T
cells and shares a cormmon receptor component and
many biological activities of Il_-4 {10, 11]. Thus, similar to
IL-4, IL-13 inhibits production of NO and TNF-a from
macrophages {10, 12]. Moreover, findings in IL-137" mice
suggest that IL-13 acts upstream of IL-4 and regulates
Th2 differentiation [13]. Recent studies have shown that,
while IL-13 is critical for the development of protective
immunity against some heiminthes [14], it is also
involved in granuloma formation and fibrosis during
schistosomiasis [15, 16]. Furthermore, two independent
studies demonstrated that IL-13 is involved in the patho-
genesis of murine asthma {17, 18).
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Despite thesa observations, the role of IL-13 in regula-
tion of immunity in cutaneous leishmaniasis is not clear.
For example, one study found that IL-4Ra™ BALB/c
mice develop significantly smaller lesions than IL-4™
BALB/c mice following L. major infection, indicating that
1L-13 mediates susceptibility to L. major (19]. In cantrast,
others also using IL-4Ra™ BALB/c mice reported that
these mice develop significantty larger lesions than simi-
larly infected IL.-47~ BALB/c mice during the late phase
of L. major infection (20]. Based on their observations,
these authors suggested that IL.-13 may play a protective
role in chronic leishmaniasis caused by L. major [20].
A more recent study, however, has found that IL-13™
BALB/c mice are highly resistant to L. major, whereas
exprassion of IL-13 transgene in resistant C57BL/6 mice
rendered them .susceptible to L. major even in the
absence of IL-4 {21]. These results indicate that IL-13
mediates susceptibility ta L. major via IL-4-independent
pathway [21].

Therefore, we have analyzed the course of cutaneous
L. mexicana infection in 1L-13™ and IL-4AL-13™~ C57BL/
6x129/Sv mice and compared with that In similarty
infected wild-type counterparts of matched age and sex.
Qur findings show that IL-13 does not play a role in path-
ogenesis of cutaneous leishmaniasis caused by L. mexi-
cana. Moreover, they demonstrate that IL_-4 alone is suffi-
cient to mediate susceptibility to cutaneous L. mexicana
infection In the absence of iL-13.

2 Results and discussion

In this study, both IL-13™ and the wild-type mice devel-
oped rapidly growing large non-healing lesions contain-
ing large number of parasites following subcutaneous
inoculation with L. mexicana. In contrast, similarty
infected {L-4/IL-13™" mice were highly resistant and
developed either no lesions or small lesions that totally
resolved by 12 weeks following infection and contained
only a few parasites. These findings demonstrate that IL.-
13 is not critical for pathogenesis of cutaneous leish-
maniasis caused by L. mexicana and that IL-4 alone can
mediate susceptibility to L. mexicana in the absence of
1-13.

IL-13 is a T celf-derived cytokine (10, 12] that is distantty
related to I1L-4 at the amino acid sequence level. Further-
more, IL-13 aiso binds to the IL-4Ra chain and induces
phosphorylation of STAT6 {10, 12, 22]. Therefore, it is
perhaps not surprising that iL-13 shares several biclogi-
cal activities of IL-4 (10, 12, 22, 23]. A recent study found
that IL.-13™" mice displayed significantly reduced levels
of iIgE and CD23 on B cells {13]. Furthermore, CD4° T
cells from these mice produced significantly lower levels

Eur, J. immunol. 2001. 31: 3255-3260

of IL-4, IL-5 and IL-10 following in vitro stimulation with
Con A and indlusion of IL.-4 and IL-13 failed to restore L~
5 and IL-10 production in these assays {13]. Interestingly,
the same study found that immunization of IL-13™ mice
with a schistosome egg antigen or infection with N. bra-
siliensis induced a significant Th2 response in vivo that
was associated with the development of cells capable of
producing IL-4 and IL-5 [13].

Recent studies have reported that IL-13 alsc plays an
impartant role in regulation of immune responses during
several parasitic diseases. For exampie, IL-13 is critical
for the development of protective immunity against cer-
tain gut heiminthes {14, 24, 25]. In contrast, IL-13 also
mediates immunopathological damage during Schisto-
soma mansoni infection by inducing granuloma forma-
tion and fibrosis {15, 16]. Nevertheless, the role of IL-13
in cutaneous leishmaniasis caused by L. major is contro-
versial. While two studies using IL-137" and IL-4Ra
BALB/c mice as well as IL-13 transgenic C57BL/6 mice
found that IL-13 mediates susceptibility to L. major (19,
21], one study using IL-4Ra™ and [L-4™~ mice indicated
that IL-13 may be protective during chronic L. major
infection [20]. The reasons for these conflicting observa-
tians in the L. major model remain to be determined and
may be attributed to differences In L. major strains used
by different groups. However, we have previously dem-
onstrated that both IL-47~ and STAT6™~ mice, regardless
of their genetic background, are highly resistant to L.
mexicana [7-9]. Although these observations suggest
that IL-13 alone is not sufficient to mediate protection or
susceptibility to L. mexicana, it is not clear whether IL-4
alone can mediate susceptibility to L. mexicana in the
absence of IL-13. in the present study, we found that {L-
13 mice wers highly susceptible to L. mexicana and
daveloped large non-healing lesions simitar to the wild-
type mice following subcutaneous inoculation with L.
mexicana (Fig. 1). On the other hand, similarty infected
IL-4/tL-137" mice were highly resistant and failed to
develop datectable lesions during most of the course of
study (Fig. 1). Moreover, skin lesions from both the wild-
type and IL-13™" mice showed extensive subcutaneous
tissue destruction with uiceration and diffuse inflamma-
tory infiltrate primarity comprised of parasite filled mac-
rophages, neutrophils and few lymphocytes. In contrast,
inoculation sites from L. mexicana-infected IL-4/1L-13™
mice displayed well-preserved skin with inflammatory
foci comprised of lymphocytes and macrophages with
onty a few parasites. Furthermore, at 12 weeks post
infection, lesions from the wild-type and IL-13™~ mice
contained significantty higher (approximatety 5 log-folds
higher) number of parasites as compared to inoculation
sites from IL-4/IL-13™ mice (Fig. 2). Together, these
results demonstrate that IL-13 is not involved in patho-
genesis of L. mexicana infection and iL-4 in the absence
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Fig. 1. Course of cutaneous L. mexicana infection in wild-
type, 1-137" and IL-4/IL-137 C57BL/6x129Sv/Ev mice. (A)
The wild-type, I-137" and IL-4/IL-13"" mice were inoculated
with 5210° L. mexicana amastigotas into the shaven back
rump and lesion growth was monitored by measuring lesion
diameters every week until 12 weeks post infection. Data
presented as mean lesion diameter + SE. Similar results
were observed in five independent experiments. Data
expressed as mean titer + SE. Asterisks indicate statistically
significant differences between each group (p < 0.05).

of IL-13 can mediate susceptibility to L. mexicana. These
findings differ from a recent study, which indicated that
IL-13 mediates susceptibility to L. major by inhibiting Thi
development independently of IL.-4 [21]. This is perhaps
not surprising as it is becoming increasingly evident that
cutaneous growth of L. major is under genetic and
immunoregulatory controls different from those associ-
ated with the cutaneous growth of L. mexicana [26-28).

In previous studies, we had found that ability of IL-47"
and STAT6™ mice to control cutaneous L. mexicana
infection is associated with a preferential development of
protective Tht response due to their inability to mount a
Th2 response [7-9]. Similarly, in the present study, L.
mexicana-infected 1L-4/IL-13"" mice displayed signifi-
cantly lower levels of Th2-associated L. mexicana anti-
gen (LmAg)-specific IgG1 and total IgE as compared to
similarly infected wild-type and IL-13"" mice (Fig. 3A, C).
Interestingly, throughout the course of infection, all three
groups displayed comparable titers Th1-associated
LmAg-specific IgG2a antibody (Fig. 38) that were barely
detectable in L. mexicana-infected IL-4™" mice in our
previous study [7). Nevertheless, similar to IL-4” and
STATE™" mice, LmAg-stimulated spleen cells from L.
mexicana-infected I.-4/IL-13"" mice produced signifi-
cantly more IL-12 and IFN-y than those from the wild-
type and IL-137" mice, indicating a Thi-influenced

log parasite titer

wT IL-13-/ 1L-4AL +13+/-

Fig. 2. Assessment of parasite loads in the lesions from L.
mexicana-infected wild-type, IL-137" and IL-4/IL-137" mice.
At week 12 post infection, the lesions or inoculation sites
were excised and parasite burdens were determined by lim-
iting dilution analysis. Data are expressed as mean log titer +
SE. Similar results were observed in two independent exper-
iments.

response in IL-4/IL-13™ mice (Fig. 4A, B). Although both
wild-type and IL-13"" spleen cells produced comparable
levels of IFN-y following antigenic stimulation, the latter
produced significantly more IL-12 (Fig. 4A). LmAg-
stimulated spleen cells from the wild-type and IL-137"
mice produced detectable amounts of IL-4 (Fig. 4C).
These results extend the findings of our previous studies
[7, 8], demonstrating that IL-4 inhibits development of
Thi response during L. mexicana infection. Additionally
they aiso indicate that both IL-4 and IL-13 inhibit IL-12
production during L. mexicana infection, supporting our
recent findings that the susceptibility to L. mexicana
infection is due to the inability to produce !L-12 rather
than lack of IL-12 responsiveness [29].

IL-13 is believed to play an important role in regulation of
Th2 cell-dependent immune responses. For example, a
recent study found that IL-13™ mice produce signifi-
cantly reduced levels of IL-4 and have lower levels of IgE
[13]. Furthermore, exogenous IL-13 or IL-4 added to in
vitro cultured CD4" T cells from IL-13”" mice failed to
restore production of Th2 type cytokines, indicating that
IL-13 is an important regulator of Th2 differentiation {13].
In the present study, we also found that LmAg-
stimulated spleen cells from IL-13" mice produced sig-
nificantly lower levels of IL-4 than the wild-type mice
(Fig. 4C). However, there were no significant differences
in levels of Th2-associated IgG1 and IgE antibodies
between the wild-type and IL-13"" mice, indicating that
IgG1 and IgE production during L. mexicana is IL-13
independent (Fig. 3C).
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Fig. 3. Kinetics of antibody responsese in L. mexicana-
infected in wild-type, I1-137" and IL-4/lL-13"" mice at weeks
2, 4, B, 8, and 12 after injection. (A) LmAg-specific IgG1, (B)
Lm-Ag specific IgG2a and (C) total IgE. Data for IgG1t and
1gG2a is presented as mean reciprocal endpaint titer on log
scale. Data for total IgE is presented as mean IgE level (ng/
ml) + SE. Five to six animals were analyzed in each group.
Data representative of one out of threee identical experi-
ments with similar results. Asterisks indicate statistically sig-
nificant differences between each group (p < 0.05).

In conclusion, genetically susceptible C57BU/6x129Sv/
Ev mice lacking IL-13 gene are highly susceptible to L.
mexicana and develop large lesions containing large
number of parasites similar to L. mexicana-infected wild-
type mice. In contrast, IL-4/IL-137" C57BL/6x129Sv/Ev
mice produce significantly higher levels of Thi-type
cytokines associated with impaired Th2 development
and efficiently control cutaneous L. mexicana infection.

A sa{ite T
500
£
2
.
2504 =
o I 1
wr o137 L4l 137
B 9500
IFN-y .
s
7000
g
T 4500 4
T
T
2000
wi IL-13-4- IL-40L-13-/-
c 4
401 .
20
z
T
.
o [
o0 i ND
wT 1L-43-7 L-dAL- 12/

Fig. 4. Cytokine production by LmAg-stimulated spleen cells
from L. mexicana-infected wild-type, IL-137" and IL-4/IL-
137 mice. (A) IL-12, (B) IFN-¢, and (C) IL-4 production by
splenocytes from L. mexicana-infected mice were measured
at 12 weeks post infection. Four to five animals were ana-
lyzed in each group. Similar results were observed in two
independent experiments. Asterisks indicate statistically
significant differences between each group (p<0.05). ND:
non-detectable.

These findings not only indicate that [L-13 is not involved
in pathogenesis of L. mexicana infection but also dem-
onstrate that IL-4 mediates susceptibility to L. mexicana
in the absence of IL-13.

3 Materials and methods

3.1 Mice

IL-13"" and IL-4/IL-137" mice on C57BL/6x129Sv genetic
background were generated as described previously [13,
21]. The mice were bred and maintained in the facility at the
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Harvard School of Public Health according to the guidelines
for animal research. Wild-type mice of the same strain com-
bination, age and sex were used as controls in all experi-
ments,

3.2 Parasites and infection

L. mexicana (MNYC/BZ/62/M379) was maintained by serial
passage of amastigotes inoculated subcutaneously into
shaven rumps of 129Sv/Ev mice. For all the experiments,
8-12-week-old, sex-matched IL-137", IL-4/IL-137" and IL-4/
IL-13""* mice were infected by injecting 5x10° L. mexicana
amastigotes into shaven back rump. The disease progres-
sion was monitored by measuring lesion diameters every
2 weeks until week 12 post infection. Lesions from [L-137"
and IL-4/IL-13*"* mice and inoculation sites from iL-4/IL-13~
mice were excised and fixed in 10% buffered formalin.

3.3 Antibody ELISA

Blood was collected from tail snips from L. mexicana-
infected mice at different time points after infection and their
sera were analyzed for the levels of Leishmania-specific
Thi-associated IgG2a and Th2-associated IgG1 as well as
total IgE antibodies by ELISA as described previously [9].

3.4 T cell proliteration and cytokine assays

Spleens from L. mexicana-infected 1L-13~", IL-4/IL-13~" and
1L.-4/IL-13*"* mice were removed at week 12 post infection,
and T cell proliferation assays were performed as previously
described (9]. Briefly, cell suspensions were prepared by
gentle teasing in RPMI 1640 suppiemented 10% heat-
inactivated fetal calf serum, 2 mM L-glutamine, 10 U peni-
cillin/ml, 100 mg streptomycin/mi and 0.05mM 2-
mercaptoethanol. Erythrocytes were lysed by re-suspending
cells in Boyle's solution (0.17 M Tris and 0.16 M ammonium
chloride). Following two washes, live cells were enumerated
by trypan blue exclusion using Nuebaer hemocytometer and
adjusted to 5x10%/mi. Aliquots containing 5x10° cells were
plated in triplicate to the wells of 96-well flat-bottom tissue
culture plates containing 20 ug/ml LmAg prepared by six
cycles of freezing at -70°C and thawing at 37°C. Culture
supernatants from these assays were analyzed for produc-
tion of IL-4, IL-12 and IFN-y (reagents purchased from 8D
PharMingen; detection limit for iL-4 is 3 pg/mi and for all
others is 20 pg/ml) by capture ELISA as described previ-
ously [9].

3.5 Statistical analysis

Student’s unpaired t-test was used to determine the statisti-
cal significance of values obtained. Differences in Ab titers
were determined using Mann-Whitney U prime test,
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