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RESUMO

O timo € o 6rgao linféide primario responsavel pelo amadurecimento
dos linfécitos T. O processo de maturacdo € dependente da integridade do
microambiente e da migracdo coordenada por elementos de matriz e quimiocinas
dos precursores hematopoiéticos nos distintos nichos timicos.

Entretanto, a literatura mostra que profundas alteragdes no microambiente
timico, e conseqientemente no desenvolvimento e amadurecimento dos linfécitos
T, podem ocorrer como resultado de algumas patologias.

No presente trabalho, analisamos a inducdo de atrofia e as alteracées no
microambiente timico frente a trés diferentes agentes indutores de atrofia, sendo
dois agentes patogénicos, P.brasiliensis e P.berghei e uma doenga metabdlica, a
diabetes induzida por aloxana.

Nos trés modelos estudados foi observada a atrofia do 6rgao com diferente
intensidade nas alteragbes de componentes do microambiente timico.
Importantes moléculas associadas com a migracdo intratimica mostraram-se
alteradas com modificacdes significativas nos elementos de matriz e nas
quimiocinas bem como na expressao dos seus respectivos receptores.

Ainda, a migracdo ex vivo também se mostrou alterada na atrofia induzida
pelos agentes patogénicos, mas ndao no modelo de atrofia induzido por aloxana,
sugerindo que as alterac6es desencadeadas sao especificas de cada condigcao
patoldégica analisada.

As modificacbes nos elementos estudados sugerem alteragdes no padréao
de migracao intratimica e na exportacao de timdcitos, com comprometimento da
funcdo timica, levando a maturacdo desequilibrada dos timdcitos, com

consequéncias para a resposta imune periférica.



ABSTRACT

Thymus is the primary lymphoid organ responsible for differentiation of T
lymphocytes. This process is dependent of thymic microenvironment integrity and
coordinated migration of hematopoietic precursors by chemokines and extracellular
matrix elements.

However, the literature shows that deep alterations in thymus
microenvironment with modifications in thymocyte development may occur such as
result of some pathological disorders.

In this study we analyzed the atrophy induction and alterations in thymic
microenvironment in three different models of thymus atrophy. We studied two
models of infectious diseases, P.brasiliensis and P.berghei, and a metabolic
disorder, alloxan induced diabetes.

We have observed thymus atrophy in all models with different alterations
levels in thymus microenvironment elements. Important molecules associated with
intrathymic migration were been altered with significant modifications in
extracellular matrix elements, chemokines and their specific receptors.

Besides, ex vivo migration was altered in thymus atrophy induced by
pathogenic agents, but no alterations were observed in diabetic mice suggesting
that different pathological conditions studied, leads to singular alterations in thymus
compartment.

The modifications in thymic molecules observed in our models, suggest
impaired thymus functionality and alterations in thymocyte migration patterns
These alterations can lead T cell maturation imbalance with consequences in T

lymphocyte immune response.
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1. Introducao




Introdugdo

1.1. Timo

Desde sua primeira descricdo por Claudius Galen (130-200 DC), o timo foi
considerado um orgao cercado de mistérios, e até 1960 cientistas e meédicos
acreditavam que o timo possuia uma atividade endocrina ou que seria um
remanescente evolucionario sem fungao alguma (NISHINO et al., 2006; GUIDOS
et al., 2006). Em 1961, Miller publicou a descoberta da fungcdo imunoldgica
primordial do timo, descrevendo-o0 como um &érgao que possuia o microambiente
propicio para que os linfécitos proliferassem muito mais ativamente do que em

qualquer outro orgéao linféide (revisto por REZZANI et al., 2008)

O timo situa-se no mediastino inferior e anatomicamente é dividido em dois
lobos e varios l6bulos. Histologicamente, apresenta-se dividido em duas regides
bem definidas: o cortex, densamente povoado, e a medula, regido com menor
densidade de células (SUSTER & ROSAI, 1997). E o 6rgéo linféide primario

responsavel pela maturagéo dos linfécitos T (JAMIESON et al., 1999).

A arquitetura timica, com diferentes microambientes, € essencial para
maturacao e diferenciacado de timdcitos, uma vez que as subpopulagdes localizam-
se em nichos distintos no 6rgao, recebendo, portanto, sinais diferenciados em
cada regido (LIND et al., 2001, revisto por PETRIE & ZUNIGA-PFLUCKER et al.,
2007). Ainda que o timo tenha a capacidade de gerar linféctos T durante toda a
vida, o 6rgdo nao apresenta células tronco remanescentes e assim, o
estabelecimento intratimico das subpopulacbes de timdcitos € dependente do
recrutamento periddico de precursores na medula 6ssea (WALLIS et al., 1975,

GOLDSCHNEIDER, et al., 1986, FOSS et al., 2001).
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Embora ndo sejam conhecidos os sinais liberados pelo timo, responsaveis
pela atracdo dos progenitores hematopoiéticos e nem os marcadores especificos
das células que colonizam o 6rgao, a entrada dos precursores ocorre através dos
vasos localizados na juncado cértico-medular, o que sugere a ocorréncia de
estruturas ou sinais especificos para a entrada dos timdcitos no interior do 6rgao
(revisto por SHORTMAN et al., 1990, PETRIE & ZUNIGA-PFLUCKER et al.,

2007).

O microambiente timico € composto por timoécitos em desenvolvimento e
outros componentes, nao linfociticos, que constituem o estroma timico, entre eles:
células epiteliais, células endoteliais, fibroblastos reticulares, macréfagos e células
dendriticas, localizadas em lugares distintos no interior do 6rgao (ANDERSON &
JENKINSON, 2001). Além disso, no cértex timico, encontram-se complexos
epiteliais denominados TNC (do inglés, thymic nurse cell), que contém em seu

interior timécitos em diferentes estagios de diferenciacao (PEZZANO et al., 2001).

As células epitelias timicas (TECs), que podem ser corticais ou
medulares s&o os principais componentes nao linfociticos (n&o-linféides) do timo e
interagem com os timodcitos afetando seu desenvolvimento. Interessantemente,
esta interacdo também modula funcionalmente as TECs, influenciando na
manutengdo da funcionalidade do 6rgéo (CIOFANI & ZUNIGA-PFLUCKER, 2007,

JENKINSON et al., 2008).

O completo desenvolvimento dos linfécitos T depende da constante
migragcdo dos precursores hematopoiéticos através dos compartimentos timicos

que favorecem diferentes interagdes entre as células e outros componentes do
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microambiente timico, resultando na expressdo ou repressao de genes estagio
especificos. Esta migracao é necessaria para que os timdcitos encontrem os sinais
necessarios para sobrevivéncia, proliferacdo, diferenciacdo e selegcao da

diversidade de repertério (JAMIESON et al., 1999).

A partir da entrada no 6rgao, os timécitos migram, de forma coordenada
nos distintos microambientes timicos, recebendo sinais através de receptores

especificos (revisto por PETRIE & ZUNIGA-PFLUCKER et al., 2007).

Inicialmente, os timdcitos imaturos sdo encontrados na regidao subcapsular
do 6rgao e nao expressam o complexo TCR nem os co-receptores CD4 ou CD8.
Estes timécitos sdo denominados duplo-negativos (DN) e migram pela regido
cortical onde ocorrem os principais eventos de maturagdo. Na regido cortical,
encontram-se os timocitos duplo negativos subdivididos em DN1 a DN4. Estes
estagios sdo marcados pela expressao diferencial das moléculas CD25 e CD44.

Ainda na regido cortical, os timdcitos comegam a expressar as moléculas
de CD4, CD8 que caracterizam o fendtipo duplo positivo (DP). Neste estagio
ocorre o rearranjo do TCR (do inglés T cell receptor). Primeiramente temos o
rearranjo da cadeia B que forma o pré-TCR, composto da porg¢ao B e uma cadeia
pré Ta. A exposicdo deste complexo na superficie dos timdcitos estimula o
rearranjo da cadeia a do receptor e o TCRap é entado definitivamente formado e
exposto na superficie dos timdcitos em desenvolvimento. Os timdcitos também
podem apresentar o TCRy3, mas os processos de selegcdo destas células sao
distintos. (PETRIE et al, 1992, DUDLEY et al, 1995, VON BOEHMER &

FEHLING, 1997, CIOFANI et al., 2006, ZUNIGA-PFLUCKER & CIOFANI, 2006)
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Os timécitos duplo - positivos (CD4"'CD8") migram em direcdo a regido
medular do 6rgao, onde o processo de seleg¢ao positiva determina sua passagem
para timdcitos simples positivos (CD4" ou CD8"). Na regido medular, os timocitos
agora simples positivos interagem com células dendriticas e células epiteliais
timicas medulares, e sofrem processos de selecdo negativa, onde aqueles que
reconhecem com alta afinidade peptideos préprios sao eliminados por apoptose e
aqueles que nao se ligam, ou reconhecem antigenos préprios com baixa afinidade
escapam do processo de morte celular e estdo aptos a emigrar do timo e povoar
os orgaos linféides periféricos.

Durante todo o processo de migracdo os timodcitos interagem com os
componentes do microambiente timico, a rede tridimensional composta por células
TEC, macréfagos, células dendriticas, fibroblastos e componentes da matriz
extracelular. Além da interacdo envolvendo o TCR e o MHC (do inglés, major
histocompatibility complex), e as moléculas co-receptoras de CD4 e CDS8, o
microambiente timico influencia na maturacédo dos timdcitos através das moléculas
de adesao e matriz extracelular (ECM), interagdo importante para a migragéo dos

timécitos (revisto por SAVINO et al.,2004).

Ainda, as células dendriticas e do epitélio timico, por exemplo, produzem
interleucina 1 (IL-1) que estimula a proliferacado de timdcitos (LE PT et al., 1987).
Além desta citocina, as células do epitélio timico produzem interleucina 3 (IL-3),
interleucina 6 (IL-6), interleucina 8 (IL-8), interleucina 7 (IL-7), fator estimulador de

colénia de macrofagos (GM-CSF), fator de crescimento e transformacéo alfa
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(TGF-a) e fator de crescimento e transformacado beta (TGF-B) (MOORE et

al., 1993, LE PT et al., 1990, WOLF et al., 1992, LE PT, et al., 1987)

Além de citocinas, as quimiocinas sdo essenciais para a funcionalidade do
microambiente timico. As quimiocinas pertencem a uma familia de pequenos
polipeptidios que tiveram primeiramente seu papel reconhecido na migracéo de
leucécitos da corrente sanguinea para os locais de inflamagéo (revisto por

BACHMANN et al., 2006).

A literatura, entretanto, mostra que certos membros da familia das
quimiocinas podem também governar diretamente a migracdo de células
hematopoiéticas em condi¢des fisiologicas (MURPHY et al., 1994, REZZANI et al.,
2008). O fator derivado de células do estroma (SDF-1a/CXCL12), por exemplo, é
altamente expresso no timo de adultos, particularmente na regido subcapsular
(HERNANDEZ-LOPEZ et al., 2002, PLOTKIN, et al., 2003). Outras importantes
quimiocinas produzidas neste 6rgao sdo a quimiocina secundaria de tecido linféide
(SLC/CCL21) e a quimiocina expressa pelo timo (TECK/CCL25) (BLEUL et al.,

2000, ANNUNZIATO et al., 2001).

Além do papel primordial de atragdo e condug&o dos timodcitos, outras
funcbes tém sido atribuidas as quimiocinas no timo, como proliferacdo de
timocitos, ativacdo e produgdo de citocinas, participacdo nos processos de
selecdo negativa e positiva e também como indutoras de sobrevivéncia ou
apoptose em timécitos (ANDERSON et al., 2000, YOUN, et al., 2002, ANDERSON

& JENKINSON et al., 2007, JENKINSON et al., 2007).
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A quimiocina CXCL12 ¢é essencial para a correta localizagdo dos
precursores na regiao cortical e a delecao de CXCR4, o receptor de CXCL12 no
timo, resulta em falha na localizagdo dos timécitos no microambiente timico com
retardo no processo de desenvolvimento dos linfocitos (PLOTKIN et al., 2003).
Além disso, € importante também na condugao dos timdcitos duplo-positivos para
a jungao cortico-medular, local onde ocorre a selegao positiva (SUZUKI et al.,

1999, ARA et al., 2003).

A quimiocina CCL25 tem como receptor a molécula CCR9, expressa em
todas as subpopulacdes de timdcitos, mas com maxima expressdo em duplo
positivo, e parece nao estar relacionada com a migracao de timécitos imaturos,
uma vez que os estagios de duplo negativos ndo apresentam migragao
significativa frente a CCL25 (CARRAMOLINO, et al., 2001, POZNANSKY et al.,
2002, UEHARA, et al.,, 2002, SVENSSOM et al., 2008). Nos timdcitos simples
positivos, CD4 e CDS8, ocorre a inibicdo de expressdo de CCR9 e uma baixa
resposta ao CCL25 é relacionada aos eventos de emigracao dos linfocitos do timo

(revisto por TAKAHAMA, 2006).

Além destas quimiocinas, o microambiente timico produz e responde as
quimiocinas CCL4, CCL11, CCL19, CCL21, CCL22, entre outras, que estdo
principalmente envolvidas com a migracédo e localizagdo de timécitos TCRaf e

TCRYy®0, através dos seus receptores especificos (ANNUNZIATO et al., 2001).

A expressao diferencial dos receptores de quimiocinas nas subpopulagdes
de timécitos € responsavel pelo controle exercido por estas moléculas na

migragao intratimica. Assim, embora as quimiocinas encontrem receptores em
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todos os timécitos, o nivel de resposta é diferente em cada estagio o que permite

a modulacao da migracao, conforme mostra a figura 1. (FU & CHEN, 2004)
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Figura 1: Expressao diferencial de quimiocinas durante a migragao intratimica.
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Além das quimiocinas, outro importante componente do microambiente sdo
os elementos da matriz extracelular que atuam como arcaboucgo estrutural e como
substrato para os eventos migratorios dos timdécitos. A interagao entre os timécitos
e os elementos de matriz promove a adesao capaz de desencadear cascatas de
sinalizagao essenciais para a diferenciagao dos linfocitos T (SAVINO et al., 2004).

A matriz extracelular interage com os timécitos dirigindo seu transito dentro
do 6rgao. Células epiteliais timicas produzem fibronectina, laminina e colageno
tipo IV que encontram moléculas ligantes em timadcitos, indicando, portanto, um
papel crucial no fluxo dos timécitos através do timo (SAVINO et al.,2002). Além
disso, elementos de matriz podem aprisionar moléculas de quimiocinas,
modulando sua disponibilidade para os timdcitos, atuando diretamente nos
eventos de migracédo (PELLETIER et al.,, 2000, SAVINO et al., 2002). No timo,
estes elementos ndo estdo apenas distribuidos nos locais tipicos como
membranas basais ou septos, mas formam uma rede na regido medular e fibras
finas no cértex, sugerindo importante papel nas fungbes timicas, principalmente
modulando as interagdes entre células epiteliais timicas e timoécitos (BERRIH, et

al., 1985)

A fibronectina € um elemento de matriz associado a diversos processos
celulares como reparagao tecidual, embriogénese, migracao e adesao. No timo, a
fibronectina é expressa em duas isoformas reconhecidas por diferentes
receptores, o VLA-5 (do inglés very late antigen) (CD49e/CD29), liga-se a isoforma
que esta distribuida por todo o parénquima timico. O receptor VLA-4

(CD49d/CD29) reconhece a isoforma derivada de um “splicing” alternativo do
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MmRNA de fibronectina através de um motivo de &acido aspartico-arginina-
glutamina-valina e sua distribuicdo parece estar restrita a medula do 6rgao (CRISA

et al., 1996).

A fibronectina possui um papel essencial em ancorar células ao colageno
permitindo a formagcado de pontes moleculares entre timdcitos e células do
microambiente, fendmeno que possibilita a adesao e sinalizacdo necessaria para
a diferenciacdo de timocitos e este processo € condicionado pela expressao
diferencial dos receptores na membrana dos mesmos (DALMAU, et al., 1999,
SAVINO, et al., 2000). Além disso, a fibronectina pode modular a disponibilidade
de quimiocinas no microambiente timico, promovendo a migragao de timécitos nos

compartimentos timicos (revisto por CIOFANI & ZUNIGA-PFLUCKER, 2007)

Outro importante componente de ECM ¢é a laminina, uma grande familia de
proteinas composta de 16 variantes que exibem expressao diferencial nos tecidos
(COLOGNATO et al,, 2000, SASAKI, et al., 2004,). No timo, a laminina esta
distribuida por todo o parénquima, formando uma rede co-localizada com as
células epitelias timicas (BERRIH, et al., 1985, OCAMPO et al., 2008). Timdcitos
em diferentes estagios de maturagao apresentam o receptor VLA-6 (CD49f/CD29),

especifico para laminina (LANNES —VIEIRA et al., 1993).

A literatura mostra que camundongos mutantes, deficientes para laminina-2,
apresentam atrofia do timo, além de decréscimo no numero de timécitos DP e
aumento de apoptose no estagio de timdécitos DN. Estes achados sugerem papel
fundamental deste elemento na sinalizagdo dos estagios mais imaturos e na

progressao de duplo negativos para duplo positivos. Corroborando estes dados, a
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adigcdo de anticorpos anti-laminina, in vitro, demonstrou um significativo bloqueio

na expansao de timdcitos e na diferenciagcao de DN para DP (IWAO et al., 2000).

1.2. A atrofia timica

Embora o timo seja o 6rgao responsavel pela maturagao de linfécitos
T, ele sofre atrofia fisiolégica idade-dependente. Em humanos, a partir da
puberdade, o érgéo sofre acelerado processo de involugdo. Como consequéncia
da atrofia, alteragbes morfolégicas e funcionais como diminui¢do no volume do
orgao, substituicdo do tecido epitelial por adiposo, queda na entrada de
precursores no orgao, diminuicdo na proliferagcao de timdcitos e menor emigragao
de linfécitos T maduros para a periferia sao descritas (STEINMANN et al.,1985a e

1985b, HIROKAWA et al.,1994, MACKALL et al., 1995, GRUVER et al, 2007).

E importante salientar que a atrofia fisiolégica ndo causa disturbios em
individuos saudaveis, mas, em paciente imunocomprometidos a reduzida
capacidade do timo atrofico em exportar células para a periferia € associada com

o aumento de morbidade (HAYNES et al., 2000).

Ainda que as alterag¢des ocorridas no timo durante a atrofia fisiolégica sejam
bem caracterizadas, existem controvérsias sobre a funcionalidade timica. Douek e
colaboradores (1998) demonstram que o timo de adultos humanos é capaz de
produzir linfécitos T (revisto por DOUEK, et al, 2000). Além disso, a literatura
mostra que o microambiente basico do cértex e medula é preservado em idosos,

possuindo suporte morfolégico, portanto, capaz de sustentar a producédo de
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linfécitos mesmo que em menores niveis. Interessantemente, embora em numero
absoluto haja queda no numero de timécitos, a proporgdo entre as diferentes
subpopulagdes nao é alterada (SHIRAISHI et al., 2003). Além disso, estudos com
pacientes submetidos a transplantes de medula éssea, ou apds tratamentos
imunossupressivos como irradiagdo, mostram claramente a reconstituicdo do
repertorio celular periférico do sistema imune (LEGRAND et al.,, 2007, LUM et
al.,1987). A analise histolégica do timo destes pacientes (jovens e adultos) revela
uma rede linfoepitelial timica capaz de dar suporte aos eventos de proliferacéo e
exportagdo de células T para a periferia. Além disso, a diminuicdo celular
quantitativa ndo reflete uma mudanga qualitativa, pois as porcentagens de células

T permanecem inalteradas (BERTHO et al., 1997).

Diversas moléculas tém sido relacionadas com a involugao fisioldégica do
timo, entre elas, horménio de crescimento (GH), fator de crescimento tipo insulina
-1 (IGF-1), fator de crescimento de nervos (NGF), citocinas como IL-7, TGF-$ e IL-
6, além de horménios sexuais esterdides (SEMPOWSKI et al, 2000, ANDREW &
ASPINALL et al,, 2002, GARCIA-SUAREZ et al., 2003, revisto por ASPINALL &

MITCHELL, 2008).

Além da involugdo fisiolégica o timo sofre atrofia induzida por outras
condicbes como ma nutricdo, com profunda deplecdo de timécitos corticais,
principalmente CD4"CD8". Esta condicéo é reversivel e a partir de uma dieta de
reabilitacdo o 6rgao retorna ao seu estado fisiolégico (revisto por SAVINO et al.,

2007).
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A literatura mostra que doencas metabdlicas como o diabetes também
promovem a atrofia do 6rgao, caracterizada por alteragdes ultra-estruturais com
desorganizagdo cortico-medular e alta incidéncia de apoptose no coértex

subcapsular (ELMAS, et al., 2008).

O Diabetes Mellitus € uma sindrome metabdlica caracterizada pela
deficiéncia absoluta ou relativa na secrecdo de insulina pelo pancreas e/ou
deficiéncia na acdo da insulina em tecidos alvo, com consequente alteragdo no
metabolismo de lipidios, proteinas, carboidratos, agua, vitaminas e minerais

(PRATLEY & WEVER, 2002).

A doenga causa um decréscimo na qualidade de vida dos pacientes que
muitas vezes tomam inje¢des diarias de insulina além de realizarem uma dieta
restritiva. Além disso, a diabetes pode levar a problemas cardiacos, renais,
neuroldgicos e problemas na cicatrizagdo (ALBA-LOUREIRO et al., 2007). E bem
documentado que os pacientes diabéticos possuem resposta inflamatoria alterada
e apresentam maior susceptibilidade a infecg¢des, principalmente fungicas e
bacterianas (MULLER et al., 2005, BENFIELD et al., 2007, HIRSCH et al., 2008).
Pacientes diabéticos também apresentam outras desordens imunolégicas como
defeitos na maturacédo de macrofagos e células dendriticas (DELAMAIRE et al.,
1997), o que pode resultar em ineficiente apresentacao de antigenos aos linfécitos
T na periferia do sistema imune e alteragbes na selegdo negativa no timo

(TABATA et al., 1984)

A inducao de diabetes através de agentes quimicos como estreptozotocina

e aloxana também é bem documentada. A aloxana € um analogo toxico da glicose
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e € utilizada como modelo de diabetes mellitus insulina-dependente. A droga age
sobre as células B das ilhotas pancreaticas, ligando-se aos receptores de glicose,
inativando a enzima glucoquinase e liberando reativos intermediarios do oxigénio
que destroem as células produtoras de insulina, provavelmente causando necrose.
Os sinais e complicagdes inerentes ao diabetes como comprometimento visual,
renal, cardiaco e de o6rgao linféides podem ser observados (revisto por

SZUDELSKI, 1999).

Alteragdes no timo tém sido observadas frente a diabetes. Mendes-da-Cruz
e colaboradores (2008) utilizando animais NOD, mostraram que o microambiente
timico destes animais apresenta menor expressdao de VLA-5, receptor de
fibronectina, e alta expressdo de CXCR4, receptor de CXCL12. Estas
modificagdes, conjuntamente, podem colaborar para o estabelecimento da

patologia da diabetes tipo 1, uma vez que a migragao de timécitos € alterada.

Doencas infecciosas também séo importantes agentes indutores de atrofia
timica caracterizada pela intensa perda de timdcitos corticais. Diferentes agentes
patogénicos, como virus (HIV, raiva), bactérias (turalemia, listeriose), parasitas
(Trypanosoma cruzi, Plasmodium chabaudi, Schistosoma mansoni) e fungos
(Paracoccidioides brasiliensis, Histoplasma capsulatum) ja foram descritos como
indutores de atrofia (SAVINO et al, 1986, CHEN et al., 2005, SAVINO et al., 1989,
SEIXAS et al., 2005, WELLHAUSEN et al., 1982, BRITO, et al., 2003, WATSON

et al, 1984).

Os mecanismos pelos quais estes agentes induzem atrofia ndo é

totalmente elucidado, mas os niveis de glucocorticoides presentes no sangue em
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resposta ao stress gerado pela infeccdo parecem ser importantes para
desencadear a atrofia em algumas doencas como raiva ou na infecgdo por
Francisella tularensis. Entretanto, na infec¢ao por T.cruzi, apesar dos altos niveis
de corticosterona, a adrenalectomia n&o preveniu a deplecdo de timdcitos
corticais. Além do glucocorticéide, citocinas como o TNF-a, podem induzir atrofia,

como descrito na tularemia (revisto por SAVINO, 2006).

Além dos fatores da resposta imune sistémica desencadeada nas doencas
infecciosas, como liberacdo de glucocorticoides e citocinas pré inflamatérias que
podem agir sobre o timo, moléculas produzidas no interior do 6rgao podem
influenciar no processo de atrofia, uma vez que sdo documentadas alteragcoes em
diversos elementos constituintes do microambiente timico como elementos de

matriz extracelular e quimiocinas (revisto por SAVINO, 2004 e 2006).

A perda de timocitos corticais, principalmente duplo positivos (CD4*CD8"),
pode ser resultado ndo somente de intensa apoptose, mas, em infecgdes com
T.cruzi, a migracdo de timdcitos imaturos para a periferia do sistema imune
também contribui para a intensa atrofia descrita nesta infeccdo (HENRIQUES-
PONS et al, 2004, COTTA-DE-ALMEIDA et al.,2003, MENDES-DA-CRUZ et
al.,2006). Mendes-da-Cruz e colaboradores (2003) mostraram alteragdes nos
elementos de matriz e quimiocinas e seus respectivos receptores, essenciais para
o correto desenvolvimento de linfécitos T. Além disso, mostraram a presenca de
timocitos imaturos com TCRs que deveriam ser eliminados nos processos de

selecdo negativa e positiva, nos linfonodos, indicando que a atrofia do 6rgao
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desencadeada pela infecgao, altera seu funcionamento ocasionando alteragdes no

“pool” de linfécitos T do sistema imune periférico.

Com o objetivo de obter modelos para o melhor entendimento do processo
de maturacao de linfécitos T, nosso grupo de pesquisa tem estudado diferentes
agentes indutores de atrofia timica. A infecgdo pelo virus da hepatite murina
(MHV) causa atrofia timica, com aumento de apoptose e diminui¢do no peso e
celularidade do érgado (VERINAUD et al.,1998). Em trabalhos do nosso grupo,
observamos que a infec¢ao por P.brasiliensis também é capaz de atrofiar o timo,
invadindo o 6rgao, causando alteragdes histoldgicas e ultra-estruturais relevantes
como perda da delimitagdo cortico-medular e alta taxa de apoptose cortical

(BRITO et al., 2003, SOUTO et al., 2003).

O Paracoccidioides brasiliensis ¢ um fungo termodimorfico, causador de
uma doenga granulomatosa cronica denominada Paracoccidioidomicose (PCM)
(revisto por BRUMMER et al.,1993). A PCM apresenta alta incidéncia nos paises
da América Latina, constituindo a principal micose sistémica desta regido. O Brasil
abriga a maioria dos casos (80%), sendo seguido por Coldmbia e Venezuela. A
maior parte dos casos brasileiros ocorre no estado de Sdo Paulo A doenga atinge,
principalmente, trabalhadores rurais no periodo mais produtivo de suas vidas
geralmente entre 29 e 40 anos (BRUMMER et al .,1993 , GOLDANI et al., 1995,

FRANCO et al.,1987).

Quadros mais graves da doenga estdo associados com deficiéncias na
resposta imune celular. Varios fatores sdo apontados como possiveis

responsaveis pela supressdo da resposta imune celular durante a infeccao
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paracoccidioidomicética, entre eles destacam-se: deficiéncia na apresentacao de
antigenos e diminui¢cao da funcao de linfécitos T (TEIXEIRA et al., 1987) presenca
de células supressoras antigeno-especificas (JIMENEZ-FINKEL et al, 1988a,

1988b) e desvio da resposta para o tipo Th2 (BENARD, et al., 1997).

Os linfocitos T regulatérios parecem estar diretamente relacionados com a
patologia da infecgdo, uma vez que pacientes com as formas mais graves da
doenca e que ainda ndo iniciaram o tratamento especifico apresentam maior
freqliéncia de células com o perfil CD4"CD25"FoxP3", caracteristico de células T
regulatdrias. Estas células sdo capazes de inibir a proliferagdo T CD4" in vitro e
diminuir a atividade efetora destas células, com diminuicdo na producao de IFN-y

(Comunicagao pessoal — Ferreira, MC).

Embora os fenbmenos desencadeantes da imunossupressao nao estejam
totalmente elucidados, este fendmeno pode ser produto de uma agao direta do
fungo sobre os 6rgaos linfopoiéticos, como tem sido observado em outras micoses

sistémicas (SOTOMAYOR et al., 1989, ALVAREZ et al, 1995).

Nosso grupo também estabeleceu recentemente o modelo de atrofia timica

induzida por Plasmodium berghei NK65 (ANDRADE et al., 2008).

A malaria é a principal doencga infecciosa em humanos responsavel por 300
a 500 milhdes de novos casos clinicos por ano segundo a Organizagao Mundial de
Saude (OMS). Os agentes etiolégicos desta moléstia sdo os protozoarios do
género Plasmodium spp (MILLER et al., 1994). Existem quatro espécies principais

do género Plasmodium que infectam o homem: P. vivax, P. malariae, P. ovale e P.
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falciparum. As infecgbes mais frequentes e graves ocorrem apos a infecgcao por

protozoarios da espécie Plasmodium falciparum (GREENWOOD et al., 2005).

Os vetores da doencga sao as fémeas do mosquito do género Anopheles,
onde se encontra a forma esporozoita do parasita transmitida para a corrente
sanguinea do hospedeiro durante o repasto sanguineo. Esta forma é capaz de
invadir os hepatdcitos e se desenvolver em merozoito que por sua vez invade os
eritrécitos. No interior dos eritrocitos ocorre a maior taxa de proliferacdo do
protozoario (merozoito) e a passagem para a fase de gametécito que parasita os

mosquitos, completando o ciclo da doenga (URBAN et al., 2005).

Embora existam muitos estudos sobre resposta imune a malaria, a
complexidade do ciclo do parasita € um dos fatores que dificulta a obtencao de
conhecimento sobre os mecanismos responsaveis pela imunidade protetora aos
individuos. A resposta imune contra a malaria envolve elementos da imunidade
inata e adquirida. A literatura é vasta em apontar o papel de linfocitos T CD4" e da
citotoxicidade dos linfocitos T CD8" na imunidade a malaria (TSUJI et al., 2003,
OVERSTREET et al., 2008, CHAKRAVARTY et al., 2008). As células T CD4"
apresentam tripla funcdo na imunidade protetora contra a fase hepatica do
parasita. Estas células agem sobre os linfécitos B estimulando a resposta imune
humoral, auxiliam na inducdo de resposta citotoxica de linfocitos T CD8" e inibem
indiretamente, através da produgédo de citocinas, o desenvolvimento do estagio
hepatico dos parasitas (revisto por SCHOFIELD & GRAU, 2005). As células T
CD8" s&o capazes de inibir o desenvolvimento do estagio hepatico do Plasmodium

spp, prevenindo a entrada destes nos eritrocitos (CHAKRAVARTY et al., 2007).
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O timo configura-se como 6rgao central da resposta imune, uma vez que é
0 orgao responsavel pelo desenvolvimento de linfocitos T. A integridade da
arquitetura timica e do microambiente do 6rgdo € essencial para a correta
maturacao e diferenciagao de timocitos, gerando o repertério e diversidade que
fazem parte da resposta imune celular periférica. Além da manutencdo da
estrutura do 6rgao, a interacdo apropriada entre as moléculas e as células

linféides e nao linfoides € imprescindivel para a funcionalidade do timo.

A atrofia fisioldgica ou induzida por agentes promove alteragdes no érgéo,
que afetam a sua funcdo. Neste sentido, a ciéncia tem buscado moléculas com
possivel papel terapéutico que possam reverter o quadro de atrofia timica
(ASPINALL & MITCHELL et al., 2008), permitindo o re-estabelecimento das
funcgdes do 6rgao. Assim, é de suma importancia, o entendimento da atrofia timica
e as alteragbes no microambiente timico desencadeadas por agentes patogénicos
ou metabdlicos que podem auxiliar no entendimento da funcao timica e seu papel
no estabelecimento da resposta imune periférica, contribuindo para o
conhecimento mais profundo dos mecanismos envolvidos na maturagdo de

linfocitos T.
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Objetivos

Este estudo teve como objetivo geral:
e Investigar as alteracées morfolégicas e funcionais desencadeadas por
diferentes agentes promotores de atrofia timica, visando agregar subsidios
para o melhor entendimento da funcdo do timo durante importantes

doencas infecciosas ou metabdlicas.

Para tal, foram analisados (as):

e Os elementos de matriz e seus receptores, essenciais para a adesao e

migragao;

e A expressdao de quimiocinas e seus receptores importantes na migracéo

intratimica e na exportacao de linfécttos T para a periferia;

e As subpopulagbes de timdcitos, para avaliar possiveis alteragdes na

frequéncia;

e A capacidade migratéria de timdcitos através de ensaios de transmigracao

ex vivo e,

e As subpopulagbes de linfocitos T no bago de animais infectados ou com

diabetes, para estabelecer uma possivel relagdo com migracao ex vivo.
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Materiais € Métodos

3.1. Animais

Camundongos machos, obtidos do CEMIB-UNICAMP a partir de colbnias
livres de patdgenos especificos (SPF), da linhagem BALB/c e com 8 semanas de
idade foram utilizados neste estudo. Os animais foram mantidos, durante todo o
periodo experimental, em microisoladores acondicionados em “racks” (ALESCO,
Monte-Mor, Campinas, Brasil) ventiladas com agua e ragao estéreis, fornecidas
em livre demanda, e com um ciclo de fotoperiodo de 12h/12h. Todos os
procedimentos foram realizados de acordo com as normas propostas pelo
Conselho Brasileiro de Experimentagao Animal (COBEA) e aprovados pelo Comité
de Etica em Experimentagdo Animal do Instituto de Biologia da Unicamp

(CEEA/Unicamp).

3.2. Estabelecimento dos modelos de atrofia timica.

Para o estabelecimento do modelo de atrofia timica induzida pelo
P.brasiliensis, utilizamos o isolado virulento denominado Pb18, gentilmente cedido
pela Proff Dr? Vera L. G. Calich do Instituto de Ciéncias Biomédicas da
Universidade de Sao Paulo (USP). O isolado tem sido mantido, em nosso
laboratdrio, na fase leveduriforme em meio de cultivo de Fava Netto a 37°C, sendo
repicado a cada 15 dias. Para o preparo da suspensao fungica, a cepa de P.
brasiliensis foi cultivada em meio de Fava Netto e coletada em sua fase de
crescimento exponencial (ap6s 7 dias de cultivo). As células fungicas foram
ressuspensas em Solugdo Salina Tamponada com Fosfato (PBS) estéril pH 7,2,

agitadas em agitador tipo Vortex, em dois ciclos de 15 segundos cada,
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centrifugadas por 10 minutos a 300 x g e lavadas por 2 vezes em PBS. O numero
total de células fungicas presentes na suspensao foi determinado por contagem
em camara de Neubauer e a suspensdo final ajustada para 2x10” fungos/mL,

sendo a viabilidade determinada pela coloragao vital Azul de Algodao.

O modelo de atrofia timica induzida pelo parasita foi obtido utilizando-se o
isolado virulento Plasmodium berghei cepa NK65A, cedido pelo Prof® Dr° Fabio T.
M. Costa do Instituto de Ciéncias Bioldgicas da Universidade de Campinas
(UNICAMP). Antes de cada infecgdo, amostras congeladas do parasita foram
inoculadas em animal repique. Apos 14 dias aproximadamente, estes animais
foram sacrificados e uma pequena aliquota do sangue foi colocada em lamina de
vidro, corada com Giemsa e as hemacias parasitadas foram contadas para a
determinagado da porcentagem de infeccdo. O sangue coletado em tubos com
heparina contendo 300ul de PBS foi centrifugado por trés vezes de 5 minutos a
1500rpm, apds, o sobrenadante foi retirado e o pellet ressuspenso em 1 ml de
PBS. O numero total de células presente na suspensao foi determinado por
contagem em camara de Neubauer e a suspensdo final ajustada para 5x10°
hemacias parasitadas/ml e 200ul de solucédo foi inoculada em cada animal via

intraperitoneal.

Para a obtencdo de um modelo de atrofia timica ndo infecciosa, nds procedemos a
inducdo de diabetes. Camundongos BALB/c machos com 8 semanas de idade receberam
uma Unica dose de aloxana (Sigma-Aldrich, St Louis, MO, EUA) na concentracdo de
60mg/kg diluida em solucdo salina estéril, através da veia caudal. Os animais controles

receberam PBS. Apds 48 horas da inducgdo, os niveis de glicose foram medidos e os
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animais que apresentaram taxa acima de 200mg/dl foram considerados diabéticos e apds 24

horas os animais foram mortos e seus timos retirados para os experimentos subseqiientes.

3.3. Delineamento experimental

Para cada modelo de atrofia, foram utilizados 5 animais controle e 7
animais infectados. Os animais foram anestesiados com quetamina (60mg/Kg) e

xilazina (20mg/kg) e o timo e o bago retirados para utilizagdo nos experimentos

propostos.
Grupo Sacrificio
Experimental
P.brasiliensis | ——Y¢ 7 dias p.i
N Controles
Experimental
P.berghei I 14 dias p.i
N Controles
Experimental
Aloxana _/ 72 horas p.i
N Controles
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3.4. Deteccao do P.berghei no timo de animais infectados

A deteccao do parasita no interior do 6rgao foi realizada através de PCR.
Apods 14 dias de infecgdo, os animais foram sacrificados e perfundidos com ACK
através do coragao para a prevencao de contaminagao por eritrocitos. Os timos
coletados foram enzimaticamente digeridos em solugcdo contendo proteinase K
para a extracdo de DNA. Apds, o DNA foi purificado com fenol cloroférmio
(invitrogen, Carisbad, CA, EUA) e precipitado com etanol 100% e acetato de sodio
3M, apés, foi lavado com etanol 70% e ressuspenso em agua ultra-pura. O
controle da amplificagdo foi realizado com (- actina murina (sense: BA1 5'-
ATGGATGACGATATCGCT-3" e anti-sense: BA2 5'-ATGAGGTAGTCTGTCAGGT
- 3"). Para detecgao do parasita foram utilizados oligonucleotideos baseados no
gene do RNA ribossomal do protozoario (sense rPLU3  5'-
TTTTTATAAGGATACGGAAAAGCTGT-3’ e anti-sense rPLU4 5
TACCCGTCATAGCCATGTTAGGCCAATACC-3" [15]. A amplificagdo de DNA
seguiu o0 seguinte programa: um ciclo de desnaturagdo de 5 minutos a 94 °C,
seguido por 45 ciclos de 1 minuto 94 °C , 1 minuto e 30 segundos a 63 °C e 1

minuto a 72 °C. Os produtos de PCR foram analisados em gel de agarose 2%.

A presenca de P.brasiliensis no timo de animais ja foi documentada por

nosso grupo (BRITO et al., 2003).
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3.5. indice timico

Animais de todos os grupos experimentais foram anestesiados, utilizando
a dosagem de 100 mg/Kg de hidroclorido de quetamina e 5 mg/Kg de cloridrato de
xilazina e pesados. Os timos foram coletados, individualmente pesados e o indice
timico calculado de acordo com a seguinte equacgao: peso do 6rgao (g) / peso do

animal (g) x 100.

3.6. Deteccao por Imunofluorescéncia para laminina e fibronectina

Os timos e bacos de todos os grupos experimentais foram embebidos em
Tissue-Tek (LEICA Instruments - Germany) e subseqlentemente congelados a —
70°C. Cortes de 5 ym de espessura foram assentados em |laminas silanizadas
Easypath (Erviegas, Sao Paulo, SP, Brasil) fixados com acetona, bloqueados com
PBS- molico 10% / BSA 2% e StartBlock (Pierce, Rockford, lllinois, EUA). As
ldaminas foram incubadas com os anticorpos anti-fibronectina ou anti-laminina
(Sigma-Aldrich, St Louis, MO, EUA,) overnight, em seguida foram lavadas cinco
vezes com PBS e depois incubadas por 30 minutos com anticorpo secundario anti-
coelho conjugado com FITC (fluoresceina) (Santa Cruz Biotechnology, Santa Cruz
CA, EUA). As amostras foram analisadas em microscopio de fluorescéncia
Olympus e as imagens obtidas foram quantificadas através do software Image J

(COLLINS, 2007).

27



Materiais € Métodos

3.7. Analise por citometria de luxo das subpopulacoes de timécitos e

expressao de receptores.

Apods o sacrificio dos animais, os timos de todos os grupos experimentais
foram retirados e processados para analise por citometria de fluxo. O 6rgao foi
macerado em 1ml de PBS/Soro Fetal Bovino 5%, o numero de células presentes
na solugdo estimado por contagem em camara de Neubauer e a suspensao
ajustada para 10° células por poco. As células foram entdo depositadas em placas
de 96 wells com fundo em U e incubadas com os seguintes anticorpos FITC/anti-
CD4 (clone GK1.5), Alexa Fluor 647/anti-CD8 (clone 53-6.7), PeCy-7/anti-CD3
(clone 145-2C11), PE/anti-CD49d (clone 9C10), PE/anti-CD49e (clone 5H10-27),
PE/anti-CD49f (clone GOH3), PE/anti-CXCR4 (clone B11/CXCR4) e PE/anti-CCR9
(clone 242503). (Pharmingen, San Diego, Califérnia, EUA), por 20 minutos a 4° C.
Apos este tempo, procedeu-se a lavagem com adigdo de PBS aos pocgos e a placa
foi submetida a centrifugagcéo por 10 minutos a 1500rpm, em seguida as células
foram fixadas com formaldeido 1% e submetidas a leitura no citémetro de fluxo
FACsCanto (BD Pharmingen, San Diego, Califérnia, EUA). A analise dos dados
adquiridos foi realizada no software FCS Express V3. A expressao dos receptores
nas diferentes subpopulagdes foi analisada a partir da média da intensidade de

fluorescéncia (MIF).

3.8. Extracao de RNA e sintese de cDNA

Apds o sacrificio dos animais, os timos de todos o0s grupos

experimentais foram retirados e submetidos a extracdo de RNA total através do Kit
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lllustra RNAspin Mini (GE Healthcare, Amersham, UK). Os timos foram macerados
em tampao de lise contendo B-mercaptoetanol, apés a obtengao do macerado, foi
adicionado etanol 70%. A solugdo foi, subseqientemente, submetida a
centrifugacdo em diferentes colunas para adsorcdo do RNA. Apds a extragdo o
RNA foi eluido da coluna com 50ul de agua ultra-pura e as amostras congelados a
-70° C. O RNA foi ainda quantificado em gel de agarose para verificagdo de

integridade (presenca das bandas de RNA 18S e 28S).

Para a sintese de cDNA foi utilizado o Kit High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, EUA), de acordo com as
instrugdes do fabricante. Foram utilizados aproximadamente 2ug de cada amostra
de RNA para a sintese de cDNA, o qual foi quantificado no espectrofotdmetro
Nanodrop (Thermo Scientific, Waltham, MA, EUA) para posterior utilizagdo em

experimentos de quantificacdo por PCR em tempo real.

3.9. Expressao de quimiocinas através de PCR em tempo real

A expressdo génica das quimiocinas foi avaliada através PCR
quantitativo em tempo real (RT-qPCR). As reagdes foram realizadas no aparelho
ABI Prism 7300 (Applied Biosystems, Foster City, CA, EUA). As reagdes foram
feitas em placa de 96 wells, com volume 20ul utilizando TagMan PCR Master
Mix™ (Applied Biosystems, Foster City, CA, EUA). Diferentes oligonucleotideos e
probes para a amplificagdo do controle endégeno RNA 18S (ensaio
Hs99999901 s1) e dos alvos CXCL12 (ensaio Mm00446190_m1) e CCL25

(Mm00439616_m1l.) foram utilizados no ensaio. A expressdo génica das
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quimiocinas nos grupos controle, Pb, malaria e diabetes foram representadas
como o niimero relativo de copias usando o método do ciclo delta threshold (272

(OVERBERGH, et al., 2003).

3.10. Ensaios de transmigracao através de placas de “transwell”.

Para avaliar alteragdes nos padrdes de migracdo de timécitos frente a
diferentes estimulos, timdcitos de todos os grupos experimentais foram
submetidos a ensaios de migracao realizados em placas de transwell (Corning

Costar, Cambridge, EUA) com poros de Sum.

As membranas foram previamente incubadas com 10ug/ml de BSA,
fibronectina, laminina ou PBS por 1 hora a 37°C e entdao bloqueadas com PBS/
BSA 0,5% por 45 minutos a 37°C. Apds o bloqueio, foi adicionado aos pogos
inferiores das cémaras somente meio de cultura (RPMI/ BSA1%) ou meio
contendo as quimiocinas CXCL12 ou CCL25 (R&D Systems, Minneapolis, MN,
EUA), na concentracdo de 400ng/ml. Os timdcitos (2.5x10° in 100ul RPMI/ BSA
1%) foram colocados na parte superior da cdmara e apdés 3 horas 37°C em
incubadora de CO,, a migracao foi definida pela contagem das células na parte
inferior da camara O meio de cultura utilizado no experimento ¢é livre de soro fetal
bovino, para prevenir a migragcdo por fibronectina e outros fatores soluveis
presentes neste material. As células que migraram foram contadas em camara de
Neubauer e marcadas com os anticorpos anti-CD3, anti-CD4 e anti-CD8 para

analise das subpopulacdes através de citometria de fluxo.
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3.11. Analise estatistica

A anadlise estatistica e os graficos foram confeccionados no software
GraphPad Prism 5,0. Os dados obtidos foram submetidos ao teste nao
paramétrico de Mann-Whitney e os resultados considerados significativos quando

p<0,05.
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4.1. Alteracoes no modelo de atrofia timica induzida por Paracoccidioides

brasiliensis
4.1.1. indice Timico

O timo de animais inoculados com P.brasiliensis, apresenta aos sete dias

pds inoculo, perda do peso relativo do 6rgdo, quando comparado aos controles

(Figura 2).

0.20-
_ 3 Controles
1 Hl Infectados
€ 0.154 %
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2
T 0.101
e
o
3
a 0.05-
0.00

Figura 2: Atrofia timica em animais infectados por P.brasiliensis Perda de peso relativo do érgéao

aos 7 dias de inoculacéo.

4.1.2. Avaliacao da densidade de elementos de matriz extracelular através de

imunofluorescéncia

No timo, os elementos de matriz extracelular sdo componentes essenciais
na migracdo dos timdcitos, entre eles destacam-se fibronectina e a laminina,

localizadas em todo o parénquina timico.

A andlise de fibronectina do timo de animais infectados com P. brasiliensis

nao revelou alteracdes significativas em relacdo aos animais controle (Figura 3A e
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3B, respectivamente). A quantificagdo da marcagéo através do programa ImagedJ
confirmou os resultados obtidos por imunofluorescéncia (Figura 3C). A densidade
de laminina também nao se alterou no timo de animais infectados em relacdo aos
controles (Figura 3D e 3E, respectivamente). A quantificacdo da marcagéo através

do software ImagedJ confirmou os resultados obtidos através da marcacao

especifica (Figura 3F).
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Figura 3: Imunofluorescéncia para elementos de matriz extracelular. (A) Marcagao para
fibronectina em animais infectados com P.brasiliensis e (B) em animais controle. Magnitude 100x.
(C) Anadlise quantitativa da expresséo de fibronectina, sem alteragbes entre controles e infectados.
(D) Marcagéo para laminina em animais infectados com P.brasiliensis e (E) em animais controle.
Magnitude 100x. (F) Andlise quantitativa da expressao de laminina, sem alteragdes entre controles

e infectados.
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4.1.3. Anadlise da expressao de VLA-4 (CD49d/CD29) e VLA-5 (CD49e/CD29),

receptores para fibronectina, e VLA-6 (CD49f/CD29), receptor para laminina

Os elementos de matriz encontram receptores especificos expressos na
membrana das diferentes subpopulag¢des de timécitos. A fibronectina possui dois
receptores distintos, VLA- 4 e VLA-5 e a laminina, o VLA-6. A anadlise dos
receptores de fibronectina no timo de animais infectados com P. brasiliensis

apresentou alteracdes significativas em relacdo ao timo de animais controle.

A expressao do receptor VLA-4 apresentou, nos animais infectados, queda
na intensidade de fluorescéncia na subpopulagdo de duplo negativos, conforme
demonstrado no histograma (Figura 4A) e no grafico (figura 4B). Nota-se também,
queda no numero relativo de timécitos totais, duplo positivos e duplo-negativos
que expressam VLA-4 no timo de animais infectados quando comparados aos

controles. (Figura 4C).
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Figura 4: Citometria de Fluxo para expressdo do receptor VLA-4 no total de timécitos e nas
subpopulagdes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o
histograma aberto cinza e o preto representam, respectivamente, a expressdo do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de VLA-4 nos timécitos
de animais controle e infectado. (B) Expressao de VLA-4 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-4. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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O receptor VLA-5 também apresentou alteragdo nos animais infectados
quando comparados aos controles. Observa-se a diminuicdo na expressado de
VLA-5 em timécitos totais, duplo positivos e duplo negativos de animais infectados
em relacdo aos controles, conforme demonstrado no histograma (Figura 5A) e no
grafico (figura 5B). Houve ainda, aumento na porcentagem de timécitos CD8" de
animais infectados que expressam o receptor VLA-5 em sua superficie (Figura

5C).
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Figura 5: Citometria de Fluxo para expressdo do receptor VLA-5 no total de timécitos e nas
subpopulagdes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o
histograma aberto cinza e o preto representam, respectivamente, a expressdo do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de VLA-5 nos timécitos
de animais controle e infectado. (B) Expressao de VLA-5 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-5. Resultados

expressos em média + SE de cinco animais. * p<0.05.

Timocitos de animais infectados apresentaram acentuadas alteragdes com
diminuicao na expressao de VLA-6 em todas as subpopulacdes analisadas como

demonstrado na (Figura 6A) e no grafico (figura 6B). Observa-se também queda
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no numero relativo de timaocitos totais, CD4 e duplo negativos que expressam

VLA-6 (Figura 6C).
A

k]

68

45 B
23 801
3 Controles
0
Bl Infectados

" 60-% %
" *%* *

T 40
8 = * *%

*
4]
20-

10
8 "ot _ CD4  CD8*  DP DN
5]
3]
90
68 C
“ Total cD4 cDs DP DN
2 VLA-6

controle  929+29 91,8+3,7 956+16 984+11 830+36
infectado 76,3+ 10,1* 789+%6,3* 892+52 974+19 63,0+59"

NuUmero de Eventos

5
Lo AL,

1’ 10' 1¢ 10°

VLA6 PEA

Intensidade de Fluorescéncia
Figura 6: Citometria de Fluxo para expressdo do receptor VLA-6 no total de timécitos e nas
subpopulactes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o
histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de VLA-6 nos timécitos
de animais controle e infectado. (B) Expressao de VLA-6 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-6. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.

39



Resultados

4.1.4. Andlise da expressao de CXCL12 e CCL25

Para avaliar possiveis alteracbes na expressdo de quimiocinas,
desencadeadas pela infeccdo por P.brasiliensis, foi realizada a quantificacdo da
expressao génica por PCR em tempo real. O timo de animais infectados revelou
queda na expressdo de CXCL12 quando comparado ao grupo controle (Figura
7A). Ja, a expressao da quimiocina CCL25 nao revelou alteracdes significativas
em relacdo ao timo de animais controle, embora tenha apresentado uma

tendéncia a queda (Figura 7B).

A B

0.0015— 0.006—
8 T 2
< 0.00104 < 0.004-]

z —_—

o o
E —1 E
N I
] * 9
Q 0.0005 O 0.002-]
S 2
£

0.0000 0.000

Ml infectados [CControles

Figura 7: PCR em tempo real para a expressao génica de quimiocinas (A) Expressao génica de

CXCL12 (B) Expressao génica de CCL25. Resultados expressos em meédia + SE de quatro

animais. * p<0.05.

4.1.5. Alteracoes nos receptores de quimiocinas CXCR4 e CCR9

A expressao do receptor ndo apresentou modificacées nas subpopulacoes

de timdcitos de animais infectados em relagédo aos controles, conforme histograma
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(Figura 8A) e grafico (figura 8B). Contudo, houve aumento no numero relativo de

timocitos totais CD8" que expressam CXCR4 (figura 8C).
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Figura 8: Citometria de Fluxo para expressado do receptor CXCR4 no total de timécitos e nas
subpopulagbes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressdao do receptor nos
animais controle e infectados. (A) Histograma representativo da expressdo de CXCR4 nos
timécitos de animais controle e infectado. (B) Expressdo de CXCR4 representada pela média de
intensidade de fluorescéncia (MFI) (C) Numero relativo de timocitos que expressam CXCR4.

Resultados expressos em média + SE de cinco animais. ** p<0.01.
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Em relacdo ao CCR9, observa-se aumento da densidade do receptor na
superficie dos timoécitos duplo negativos e CD8" de animais infectados quando
comparados aos controles, conforme histograma (Figura 9A) e gréfico (figura 9B).
Quanto ao numero relativo foi possivel observar reducdo somente de timdécitos

totais, CD4", CD8" e DN que expressam o receptor (figura 9C).
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Figura 9: Citometria de Fluxo para expressao do receptor CCR9 no total de timécitos e nas
subpopulagées definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de CCR9 nos timécitos
de animais controle e infectado. (B) Expressdo de CCR9 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timocitos que expressam CCR9. Resultados

expressos em média = SE de cinco animais. ** p<0.01.
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4.1.6. Avaliacao ex vivo do potencial migratorio de timocitos através de

ensaios de migracao

Para avaliarmos um possivel impacto das alteragbes descritas no timo
sobre a migracdo funcional dos timdcitos, realizamos ensaios de migragcao

utilizando camaras de “transwell”.

Os ensaios de migracao, utilizando diferentes estimulos sozinhos ou
combinados, revelaram alteracdes significativas entre timocitos provenientes de
animais infectados com P.brasiliensis e timdcitos de animais controle, conforme

demonstrado na figura 10A.

Timocitos de animais infectados apresentam queda na atividade migratéria,
comparados aos controles, quando utilizam-se isoladamente os elementos de
matriz extracelular fibronectina ou laminina como estimulos O mesmo fenébmeno é
observado quando utilizamos como estimulo somente a quimiocina CXCL12 ou

CCL25.

A acéo conjunta de fibronectina ou laminina e CXCL12 ou CCL25 também
causou inibicdo da migracdo em timocitos de animais infectados quando

comparados aos controles.

Para avaliar uma possivel relagéo entre os disturbios na migracao ex vivo e
com a migracao in vivo, foram analisadas as subpopulacées de linfécitos T no

baco de animais controle e infectados.
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A analise de tais subpopulagées demonstrou que o0 bago de animais
infectados possui discreto decréscimo, em numeros absolutos, da populagdo de

linféctos T CD4" quando comparado aos controles (Figura 10B).
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Figura 10: Andlise de migracdo ex vivo através de camaras de “transwell”. (A) Migracido de
timdcitos frente a diferentes estimulos. (B). Analise das subpopulacdes de linfocitos T no bago de
animais infectados e controles. Resultados expressos em média £ SE derivados de 5 experimentos

cada um com pool de 4 animais. * p<0.05 e ** p<0.01.

A analise das subpopulagdes de timécitos que migraram frente aos
estimulos, sozinhos ou combinados, demonstrou que a migracao de timdcitos
CD4" dos animais infectados varia de acordo com o estimulo utilizado, com

fibronectina sozinha migram menos e com fibronectina ou laminina combinada
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com CXCL12 migra mais que os controles. Os timécitos CD8* de animais
infectados migram mais do que os controles quando o estimulo utilizado é a
laminina combinada com a quimiocina CCL25. subpopulacdo de duplo positivos
migra em menor porcentagem quando comparada aos controles frente a aos
estimulos sozinhos ou em combinagédo (Figura 11A e 11B). Interessantemente
este perfil € o mesmo encontrado na analise das subpopulacbes de linfécitos do

baco de animais infectados.
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CD4* CD8* DP DN
Fibronectina
Controles 2,01+0,25 0,65%0,15 4,1+0,12 0,72+0,05
infectados 0,99+0,07* 0,60+0,13 2,07+0,35* 0,40+0,13
Laminina
Controles 1,71+0,20 0,70+0,11 3,79+0,66 0,58+0,16
infectados 1,34+0,02 1,45+0,54 1,43+0,05* 0,40+0,06
CXCL12
Controles 0,90+0,31 0,44+0,06 4,35+0,80 0,21+0,01
infectados 0,87+0,10 0,61+0,13 1,81+0,02* 0,29+0,01
CCL25
Controles 0,55+0,18 0,26+0,06 2,72+0,42 0,11+0,02
infectados 0,77+0,35 0,35+0,18 1,49+0,33* 0,31+0,13
CcD8* DP DN
Fibronectina +CXCL12
Controles 1,06+0,32 0,49+0,17 5,50+1,33 0,32+0,09
infectados 1,35+0,23* 0,57+0,14 3,12+0,60*  0,41+0,05
Fibronectina +CCL25
Controles 0,73+0,14 0,24+0,07 3,43+0,73 0,22+0,06
infectados 0,79+0,02 0,24+0,04 1,38+0,15*  0,18+0,01
Laminina+CXCL12
Controles 1,64+0,35 0,84+0,18 4,89+0,46 0,32+0,31
infectados 2,52+0,03* 1,23%0,02 4,61+0,08 0,57+0,12
Laminina +CCL25
Controles 0,57+0,15 0,22+0,07 2,90+0,39 0,26+0,02
infectados 0,89+0,07 1,79+0.12** 1,79+0,14* 0,57+0,22

Tabelal: Namero relativo das subpopulagdes de timocitos que migraram frente aos estimulos. (A)

Andlise de timocitos que migraram frente ao estimulo utilizado sozinho. (B) Analise de timécitos

que migraram frente ao estimulo utilizados em combinagédo. Resultados expressos em média £ SE

derivados de 5 experimentos cada um com pool de 4 animais. * p<0.05 e ** p<0.01.
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4.2. Alteracoes no timo de animais infectados com Plasmodium berghei cepa

NK65.
4.2.1. indice timico

Para avaliar o ponto de maior atrofia timica, animais inoculados com
Plasmodium berghei NK65, foram sacrificados aos 3, 7 e 14 dias ap0s a infecgéao.
Conforme mostra a figura 11, ndo houve atrofia apés trés dias de infecgdo. Aos
sete dias, o timo ja apresenta perda relativa do seu peso e esta atrofia tornou-se

acentuada no 14 [ dia apos a infecgao.
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Figura 11: Atrofia timica em animais infectados por P.berghei. Perda de peso relativo do 6rgao aos

7 dias de infecgao e atrofia acentuada aos 14 dias de infeccdo. Resultados expressos em média +

SE. *p<0.05e *** p<0.001.

4.2.2. Deteccao do P.berghei no timo de animais infectados
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A detecgé@o Plasmodium berghei no timo de animais infectados foi realizada
através de PCR especifico, onde seqUéncias especificas de RNA ribossomal do
protozoario foram amplificadas. O PCR foi positivo no timo de animais infectados
com P. berghei aos 7 e 14 dias apds a infecgdo, mas, interessantemente mostrou-
se negativo aos trés dias de infecgéo, periodo no qual ndo detectamos atrofia do

orgao (Figura 12).

E Control Infected

p-actin —150 bp

P. berghei
d3 pi —235bp

P. berghei
d14 pi — 235 bp

Figura 12: Detecgédo do P.berghei no interior do 6rgdo por PCR. Aos 3 dias de infecgdo nao se
observa amplificagdo de produto especifico de PCR. No 14° dia apés a inoculagédo, detecta-se

produto especifico do parasita, que demonstra sua presenga no parénquima timico.

4.2.3. Avaliacao da densidade de elementos de matriz extracelular

A andlise qualitativa de fibronectina, através de imunfluorescéncia, revelou
maior densidade deste elemento de matriz no timo de animais infectados com P.
berghei, ap6s 13 dias de inoculacdo, quando comparados aos controles (Figura

13A e 13B, respectivamente). A quantificacao deste elemento através de analise
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das imagens obtidas confirmou os resultados observados por imunofluorescéncia

(Figura 13C).

A imunomarcagéo para laminina também revelou aumento de densidade no
timo de animais infectados quando comparado aos controles (Figura 13D e 13E,
respectivamente). A quantificacdo das imagens obtidas ratificou a analise
qualitativa deste elemento (Figura 13F). Qualitativamente, foi possivel observar
maior densidade de laminina do que de fibronectina no timo de animais infectados

com P. berghei NK65
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Figura 13: Imunofluorescéncia para elementos de matriz extracelular. (A) Marcacdo para
fibronectina em animais infectados com P.berghei e (B) em animais controle. Magnitude 100x. (C)
Andlise quantitativa da expressédo de fibronectina, aumento da densidade em animais infectados
em relagdo aos controles. (D) Marcagéo para laminina em animais infectados com P.berghei e (E)
em animais controle. Magnitude 100x. (F) Andlise quantitativa da expressao de laminina mostrando

aumento de densidade em animais infectados em relagdo aos controles. * p<0.05 e ** p<0.01
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4.2.4. Andlise da expressao de VLA-4 (CD49d/CD29) e VLA-5 (CD49e/CD29),

receptores para fibronectina e VLA-6 (CD49f/CD29), receptor para laminina

O 6rgéao de animais infectados mostrou alteracées tanto no numero relativo
de timécitos que expressam os receptores de matriz extracelular bem como nos

niveis de expressao destes receptores quando comparados aos controles.

O timo de animais infectados com P. berghei apresentou alteracbes no
namero relativo de timécitos que expressam VLA-4 e na intensidade da expressao
do receptor na superficie das células quando comparados ao grupo controle.
Timocitos duplo negativos e CD8 de animais infectados apresentaram queda na
expressao, conforme demonstrado no histograma (Figura 14A) e gréfico (figura
14B). As subpopulacao de timécitos duplo negativos e CD4 apresentaram queda

tanto no nimero relativo de células que expressam o receptor (Figura 14C)
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Figura 14: Citometria de Fluxo para expressao do receptor VLA-4 no total de timécitos e nas
subpopulagdes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o
histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de VLA-4 nos timécitos
de animais controle e infectado. (B) Expressdo de VLA-4 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-4. Resultados

expressos em média = SE de cinco animais. * p<0.05 e ** p<0.01.
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Em relagdo ao receptor VLA-5, os timdcitos de animais infectados também
apresentaram alteragcbes quando comparados ao grupo controle. Houve
diminuicdo na intensidade de fluorescéncia nas subpopulagdes de timocitos duplo
negativos, CD4" e CD8" de animais infectados quando comparados aos controles,
segundo o histograma (Figura 15A) e gréfico (figura 15B). O numero relativo de
timécitos duplo negativos que expressam VLA-5 também diminuiu no timo de

animais infectados (Figura 15C).
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Figura 15: Citometria de Fluxo para expressao do receptor VLA-5 no total de timdcitos e nas

subpopulactes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o

histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos

animais controle e infectados. (A) Histograma representativo da expressao de VLA-5 nos timécitos

de animais controle e infectado. (B) Expressao de VLA-5 representada pela média de intensidade

de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-5. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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A analise do receptor VLA-6 revelou alteragbes significativas em timocitos

de animais infectados com P. berghei quando comparados com animais controle.

A densidade de expressao do receptor na superficie de timdcitos de
animais infectados diminuiu em todas as subpopulagcbées de timdcitos, exceto em
CD4*, conforme demonstrado no histograma (Figura 16A) e grafico (figura 16B).
Observa-se ainda, redugao na porcentagem de timécitos totais, duplo negativos e

duplo positivos que expressam VLA-6 (Figura 16C).
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Figura 16: Citometria de Fluxo para expressdo do receptor VLA-6 no total de timdcitos e nas
subpopulagbes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressdo do receptor nos
animais controle e infectados. (A) Histograma representativo da expressao de VLA-6 nos timécitos
de animais controle e infectado. (B) Expressao de VLA-6 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-6. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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4.2.5. Analise da expressao de CXCL12 e CCL25

O grupo experimental de animais infectados com P.berghei demonstrou
alteracdes significativas na expressdao de quimiocinas importantes na migracéao

intratimica quando comparados ao grupo controle.

Foi possivel detectar aumento na expressao génica da quimiocina CXCL12
no timo de animais infectados com P. berghei quando comparados a expressao do
grupo controle, este aumento foi de aproximadamente duas vezes (Figura 18A).
J4, a analise da expressao da quimiocina CCL25 apresentou queda acentuada no
timo de animais infectados (diminuicdo de aproximadamente 4 vezes) quando

comparado aos animais do grupo controle (Figura 18B).
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Figura 17: PCR em tempo real para a expressao génica de quimiocinas (A) Expressao génica de
CXCL12 (B) Expressédo génica de CCL25. Resultados expressos em média + SE de quatro

animais. * p<0.05.
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4.2.6. Alteracoes nos receptores de quimiocinas CXCR4 e CCR9

Os animais infectados com P. berghei, apresentaram, aos 14 dias apés a
inoculacdo, aumento na expressdao de CXCR4 em todas as subpopulagbes de
timécitos quando comparados aos controles, segundo histograma (Figura 18A) e
grafico (figura 18B). Houve também aumento no numero relativo de todas as
subpopulacdes de timécitos que expressam CXCR4 no timo de animais infectados

quando comparados ao grupo controle (Figura 18C).
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Figura 18: Citometria de Fluxo para expressdo do receptor CXCR4 no total de timdcitos e nas
subpopulagdes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressdao do receptor nos
animais controle e infectados. (A) Histograma representativo da expressdo de CXCR4 nos
timécitos de animais controle e infectado. (B) Expressdo de CXCR4 representada pela média de
intensidade de fluorescéncia (MFI) (C) Numero relativo de timocitos que expressam CXCR4.

Resultados expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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Em relacdo ao receptor CCR9, timécitos de animais infectados
apresentaram aumento na expressdo do receptor quando comparados aos
controles, conforme histograma (Figura 19A) e grafico (figura 19B). Observa-se
ainda aumento no numero relativo de todas as subpopulagbes de timocitos que
expressam CCR9, exceto CD4" de animais infectados quando comparados ao

grupo controle (Figura 19C).
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Figura 19: Citometria de Fluxo para expressdo do receptor CCR9 no total de timdcitos e nas

subpopulagées definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0

histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos

animais controle e infectados. (A) Histograma representativo da expressdao de CCR9 nos timdcitos

de animais controle e infectado. (B) Expressado de CCR9 representada pela média de intensidade

de fluorescéncia (MFI) (C) Numero relativo de timocitos que expressam CCR9. Resultados

expressos em média = SE de cinco animais. * p<0.05 e ** p<0.01.
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4.2.7.Avaliacao do potencial migratorio ex vivo de timécitos através de

ensaios de migracao

As alteragcbes observadas no timo de animais infectados foram capazes de

alterar a atividade migratdria dos timocitos frente a diferentes estimulos.

Podemos observar, de acordo com a figura 20A, aumento na atividade
migratéria de timécitos de animais infectados, expressa em numeros absolutos,

quando comparados ao controle.

Nao foi possivel observar alteragbes na migracdo entre controles e
infectados quando se utilizou fibronectina sozinha como estimulo. Por outro lado,
quando colocamos somente laminina, a atividade migratéria de timdécitos de
animais infectados foi maior em relagdo aos controles. As quimiocinas CXCL12 e
CCL25, como estimulo Unico, também foram capazes de promover aumento de

migracao de timécitos de animais infectados em relagao aos controles.

Apesar dos dados que demonstram que a fibronectina sozinha nao alterou
a migragao entre infectados e controles, houve efeito sinérgico quando este
elemento foi combinado com CXCL12 ou CCL25, estimulando a migracao de
timécitos de animais infectados. A atividade migratéria foi mais acentuada na

combinacao entre fibronectina e CXCL12 do que quando combinada com CCL25.

A combinagao entre laminina e as quimiocinas CXCL12 e CCL25 também
apresentou intensa atividade migratéria dos timécitos de animais infectados em

relacdo aos controles. Como observado em relagéao a fibronectina, a combinacao
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entre laminina e CXCL12 foi mais potente em estimular a migragcdo do que a

combinagao entre laminina e CCL25 nos timdcitos de animais infectados.

Para avaliar uma possivel relacdo da migragdo de timdcitos ex vivo com

alteracoes in vivo, foram analisadas as subpopulagées de linfocitos T no bago.

O bago de animais infectados apresentou aumento, em numero absoluto,
de linfécitos T CD4", T CD8" e duplo negativos quando comparados aos controles

(Figura 20B).
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Figura 20: Andlise de migracdo ex vivo através de camaras de “transwell”. (A) Migracdo de
timdcitos frente a diferentes estimulos. (B). Analise das subpopulacdes de linfocitos T no baco de
animais infectados e controles. Resultados expressos em média + SE derivados de 5 experimentos

cada um com pool de 4 animais. * p<0.05, ** p<0.01 e *** p<0.001.

A analise das subpopulacdes de timocitos que migraram frente aos
estimulos, sozinhos ou combinados, demonstrou que os timécitos CD4*, CD8" e
duplo negativos de animais infectados migram, em numero relativo, mais do que
os timdcitos de animais controle. A subpopulacdo de duplo positivo migra em

menor porcentagem quando comparada aos controles (Figura 20A e 20B).
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das

Interessantemente este perfl é o0 mesmo encontrado na analise
subpopulagdes de linfécitos do baco de animais infectados.
CD4* CD8* DP DN
Fibronectina
Controles 2,01£0,25 0,65+0,15 4,1+0,12 0,72+0,05
Infectados 5,04+0,76* 2,83+0,44" 1.0+0,04** 1,32+0,24
Laminina
Controles 1,7110,20 0,70x0,11 3,7910,66 0,58+0,16
Infectados 5,86+0,32* 1,71+0,20** 1,13+£0,06* 1.56+0,34
CXCL12
Controles 0,90x0,31 0,44+0,06 4,3510,80 0,21x0,01
Infectados 6,96+0,88*" 4,03+0,43** 1,04+0,16* 1,50+0,20**
CCL25
Controles 0,55+0,18 0,26+0,06 2,72+0,42 0,110,02
Infectados 3,68+0,36™" 2,06+0,26** 0,73+0,09* 0,90+0,17**
CD8* DP DN
Fibronectina +CXCL12
Controles 1,06£0,32 0,49+0,17 5,50+1,33 0,32+0,09
Infectados 13,68+2,13* 6,79+0,85" 2,04+0,37* 2,35+0,44**
Fibronectina +CCL25
Controles 0,73x0,14 0,2410,07 3,4310,73 0,22+0,06
Infectados 5,45+0,32** 2,73£0,16** 0,93+0,03** 1,21+0,17*
Laminina+CXCL12
Controles 1,64+0,35 0,8410,18 4,89+0,46 0,32+0,31
Infectados 14,06+0,99* 8,61+0,85"* 2,06+0,16* 2,48+0,47*"
Laminina +CCL25
Controles 0,57+0,15 0,22+0,07 2,90+0,39 0,1110,02
Infectados 8,91+1,75** 5,11+£1,52** 1,57+0,27* 1,88+0,44**

Tabela 2: Numero relativo das subpopulagdes de timocitos que migraram frente aos estimulos. (A)

Andlise de timdcitos que migraram frente ao estimulo utilizado sozinho. (B) Andlise de timécitos

que migraram frente ao estimulo utilizados em combinagéo. Resultados expressos em média £ SE

derivados de 5 experimentos cada um com pool de 4 animais. * p<0.05 e ** p<0.01.
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4.3. Diabetes
4.3.1. indice Timico

Os timos de animais diabéticos induzidos por aloxana foram pesados em
dois tempos distintos apds a inducao de diabetes. Foi possivel observar atrofia do
timo apds 66 horas da injecdo de aloxana, sendo o pico de atrofia observado apds

72 horas de inducéo do diabetes (figura 21).
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Controles 66 horas 72 horas
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Figura 21: Atrofia timica em animais com diabetes induzidos por aloxana. Perda de peso relativo

do érgéo apods 66 e 72 horas de indugdo Resultados expressos em média = SE. *** p< 0.001.

4.3.2. Avaliacao da densidade de elementos de matriz extracelular

O timo de animais diabéticos ndo revelou alteracbes na marcacao para
fibronectina em relagdo aos controles (Figura 22A e 22B, respectivamente),
apresentando um padrao normal de marcagéo de fibronectina distribuida pelos
septos, capsula, membranas basais, espacos perivasculares e medula.

Quantitativamente também n&o observamos alteragbes (Figura 22C)
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A andlise de laminina, por sua vez, mostrou intensa marcagao no
timo de animais diabéticos quando comparado aos respectivos controles, com
forte marcagdo por todo o parénquima timico (Figura 22D e 22E). A analise

quantitativa das se¢des confirmou a maior densidade deste elemento no 6rgao de

animais diabéticos (Figura 24F).

30 3 Controles
Em Diabéticos

Densidade integrada de pixels

Densidade integrada de pixels

Figura 22: Imunofluorescéncia para elementos de matriz extracelular. (A) Marcagcao para
fibronectina em animais diabéticos e (B) fibronectina em animais controle. Magnitude 100x. (C)
Analise quantitativa da expressé@o de fibronectina, aumento da densidade em animais diabéticos
em relagcao aos controles. (D) Marcacgao para laminina em animais diabéticos e (E) fibronectina em
animais controle. Magnitude 100x. (F) Analise quantitativa da expressédo de laminina, aumento de

densidade em animais diabéticos em relagdo aos controles.
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4.3.3. Andlise da expressao de VLA-4 (CD49d/CD29) e VLA-5 (CD49e/CD29),

receptores para fibronectina e VLA-6 (CD49f/CD29), receptor para laminina

A andlise dos receptores de matriz extracelular na superficie de timocitos
revelou alteragdes significativas entre o timo de animais diabéticos e controles.
Quanto a expressao do receptor, foi possivel observar diminuicdo na intensidade
de fluorescéncia em timécitos duplo negativos e CD8" de animais diabéticos em
relagcdo aos controles, conforme histograma (Figura 23A) e gréfico (figura 23B).
Nota- se ainda, diminuicdo na porcentagem de timécitos totais, duplo negativos e

CD8" que expressam o receptor no timo de animais diabéticos (Figura 23C).
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Figura 23: Citometria de Fluxo para expressao do receptor VLA-4 no total de timécitos e nas
subpopulagées definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos
animais controle e diabéticos. (A) Histograma representativo da expressao de VLA-4 nos timécitos
de animais controle e diabéticos. (B) Expresséo de VLA-4 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-4. Resultados

expressos em média = SE de cinco animais. * p<0.05 e ** p<0.01.
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A analise do receptor VLA-5 revelou alteragdes acentuadas entre o timo de
animais diabéticos e controles. Alteracbes significativas foram observadas na
expressao do receptor VLA-5 com diminuicao da intensidade de fluorescéncia em
todas as subpopulagbes de timécitos de animais diabéticos quando comparados
aos controles, conforme histograma (Figura 24A) e grafico (Figura 24B). Houve
ainda, reducado no numero relativo de timécitos duplo negativos, duplo positivos e
CD4" que expressam o receptor VLA-5 no timo de animais diabéticos (Figura

24C).
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Figura 24: Citometria de Fluxo para expressao do receptor VLA-5 no total de timdcitos e nas
subpopulagbes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, 0
histograma aberto cinza e o preto representam, respectivamente, a expressdo do receptor nos
animais controle e diabéticos. (A) Histograma representativo da expressao de VLA-5 nos timécitos
de animais controle e diabéticos. (B) Expressédo de VLA-5 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-5. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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Em relacdo ao VLA-6, timdcitos de animais diabéticos apresentaram
diminuicao significativa na expressao do receptor em todas as subpopulagdes de
timécitos quando comparados aos controles, conforme histograma (Figura 25A) e
gréfico (Figura 25B). Observa-se também queda no numero relativo de timécitos
duplo negativos e CD8*, que expressam VLA-6 no timo de animais diabéticos

(Figura 25C).

72



Resultados

NUmero de Eventos

A
60

45 -4

30

15

0.

80

60—_:[_

[ Controles
HEEl Diabéticos

L a0
* *k *%
20 I
" Total cb4*  cps' DP DN
C
Total CD4 DP DN

VLA-6

controle 928 +2,9 918+3,7 956+16 984 +11 830+3,6
infectado 52,0 £5,1** 89,8 +2,4 848 +31* 977 +0,8 51,7+2,7**

Intensidade de Fluorescéncia

Figura 25: Citometria de Fluxo para expressao do receptor VLA-6 no total de timdcitos e nas

subpopulacgtes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o

histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos

animais controle e diabéticos. (A) Histograma representativo da expressao de VLA-6 nos timécitos

de animais controle e diabéticos. (B) Expressédo de VLA-6 representada pela média de intensidade

de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam VLA-6. Resultados

expressos em média + SE de cinco animais. * p<0.05, ** p<0.01 e *** p<0.001
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4.3.4. Analise da expressao de CXCL12 e CCL25 por PCR em Tempo Real

A analise da expressao das quimiocinas CXCL12 e CCL25 no timo de
animais diabéticos apresentou alteragcbes significativas quando comparados ao

grupo controle.

A quimiocina CXCL12 revelou queda na expressdao, com diminuigdo de
aproximadamente quatro vezes quando comparada a expressao no timo de
animais controle (Figura 26A). Ao analisarmos a quimiocina CCL25, foi possivel
detectar acentuada queda na expressdo, uma diminuicdo de aproximadamente

nove vezes na expressao génica quando comparada ao timo de animais controle

(Figura 26B).
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Figura 26: PCR em tempo real para a expressao génica de quimiocinas (A) Expressdo génica de
CXCL12 (B) Expressédo génica de CCL25. Resultados expressos em meédia + SE de quatro

animais. * p<0.05.
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4.3.5. Alteracoes nos receptores de quimiocinas CXCR4 e CCR9

A andlise de CXCR4, receptor para CXCL12, revelou diferencas
significativas no timo de animais diabéticos em relacdo ao timo de animais
controle. Foi possivel observar acentuado aumento na densidade de CXCR4 em
todas as subpopulacdes de timécitos de animais diabéticos, exceto CD8", quando
comparado ao grupo controle, conforme histograma (Figura 27A) e grafico (Figura
27B). Houve ainda, aumento relativo de todas as subpopulagdes de timdcitos que
expressam o receptor CXCR4 no timo de animais diabéticos quando comparados

ao controle (Figura 27C).
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Figura 27: Citometria de Fluxo para expressédo do receptor CXCR4 no total de timdcitos e nas

subpopulagbes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o

histograma aberto cinza e o preto representam, respectivamente, a expressdo do receptor nos

animais controle e diabéticos. (A) Histograma representativo da expressdo de CXCR4 nos

timdcitos de animais controle e diabéticos. (B) Expressdao de CXCR4 representada pela média de

intensidade de fluorescéncia (MFI) (C) Numero relativo de timécitos que expressam CXCR4.

Resultados expressos em média + SE de cinco animais. * p<0.05, ** p<0.01 e *** p<0.001
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Em contrapartida ao observado na analise do receptor CXCR4, a molécula
CCR9, apresentou queda na expressao do receptor nas subpopulacoes de
timocitos duplo positivos, duplo negativos e CD8" de animais diabéticos, conforme
histograma (Figura 28A) e grafico (Figura 28B). O numero relativo de timocitos
duplo positivos, CD4* e CD8" que expressam o receptor também diminuiu no timo

de animais diabéticos (Figura 28C).
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Figura 28: Citometria de Fluxo para expressao do receptor CCR9 no total de timdcitos e nas
subpopulactes definidas por CD4 e CD8. O histograma cheio representa o controle de isotipo, o
histograma aberto cinza e o preto representam, respectivamente, a expressao do receptor nos
animais controle e diabéticos. (A) Histograma representativo da expressdo de CCR9 nos timécitos
de animais controle e diabéticos. (B) Expressao de CCR9 representada pela média de intensidade
de fluorescéncia (MFI) (C) Numero relativo de timocitos que expressam CCR9. Resultados

expressos em média + SE de cinco animais. * p<0.05 e ** p<0.01.
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4.3.6. Avaliacao do potencial migratério ex vivo de timoécitos através de

ensaios de migracao

Com o objetivo de avaliar possiveis modificagbes funcionais
desencadeadas pelas alteragdes observadas no microambiente timico de animais

diabéticos, realizamos experimentos de migracéo ex vivo.

Interessantemente, apesar da constatacdo de alteragcdes nos receptores
matriz extracelular e quimiocinas, ndao foram observadas diferengas, em nuamero

absoluto, na migracao entre timocitos de animais diabéticos e controles.

Independente do estimulo utilizado, sozinho ou em combinagao, nao houve
diferencas significativas na capacidade migratéria (Figura 29A), embora a
combinacao fibronectina /CXCL12 e Ilaminina/CXCL12 tenha aumentado a
capacidade migratéria de timécitos, ndo houve alteragdes significativas entre
diabéticos e controles. A andlise das subpopulacées de linfécitos no baco de
anmais diabéticos revelou aumento somente no nimero de células T CD8" (Figura

29B).
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Figura 29: Andlise de migracdo ex vivo através de camaras de “transwell”. (A) Migragcédo de
timdcitos frente a diferentes estimulos. (B). Analise das subpopulagdes de linfocitos T no bago de
animais diabéticos e controles. Resultados expressos em média + SE derivados de 5 experimentos

cada um com pool de 4 animais. ** p<0.01.

A analise das subpopulagdes de timécitos que migraram frente aos
estimulos, sozinhos ou combinados, demonstrou que os timécitos CD8" e duplo
negativos de animais diabéticos migram, em numero relativo, mais do que os

timocitos de animais controle (Figura 32A e 32B).
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CDh4* CD8* DP DN
Fibronectina
Controles 2,01+0,25 0,65+0,15 4,1+0,12 0,72+0,05
Diabéticos 1,20+0,17 0,69+0,13 2,69+0,72 0,6110,25
Laminina
Controles 1,71+0,20 0,70+0,11 3,79+0,66 0,58+0,16
Diabéticos 0,73+0,26* 1,45+0,54 2,79+0,99 0,45+0,13
CXCL12
Controles 0,90+0,31 0,44+0,06 4,35+0,80 0,21+0,01
Diabéticos 0,37%0,16 0,60+0,20 2,13+0,55* 0,37%0,16
CCL25
Controles 0,55+0,18 0,26+0,06 2,72+0,42 0,11+0,02
Diabéticos 1,72+0,36* 1,69+0,06** 0,72+0,16* 0,58+0,08*
CD4* CcD8* DP DN

Fibronectina +CXCL12

Controles 1,06+0,32 0,49+0,17 5,50+1,33 0,32+0,09

Diabéticos 1,76+0,75 2,36+0,60** 4,90+1,10 1,76+0,0,75*

Fibronectina +CCL25
Controles 0,73+0,14 0,24+0,07 3,4310,73 0,22+0,06
Diabéticos 0,68+0,10 3,13+0,78** 1,48+0,11*  0,78%0,22*
Laminina+CXCL12
Controles 1,64+0,35 0,84+0,18 4,89+0,46 0,32+0,31
Diabéticos 3,39+0,20* 2,5+0,37* 4,15+0,84 1,43+0,46
Laminina +CCL25
Controles 0,57+0,15 0,22+0,07 2,90+0,39 0,11+0,02
Diabéticos 1,58+0,72* 2,78+1,02* 0,45+0,14* 0,5710,22

Tabela 3: Numero relativo das subpopulacoes de timocitos que migraram frente aos estimulos. (A)
Andlise de timdcitos que migraram frente ao estimulo utilizado sozinho. (B) Andlise de timécitos
que migraram frente ao estimulo utilizados em combinagéo. Resultados expressos em média £ SE

derivados de 5 experimentos cada um com pool de 4 animais. * p<0.05 e ** p<0.01
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4.4. Comparacao das alteragcées no microambiente timico frente aos

diferentes agentes de atrofia

A tabela abaixo mostra um

resumo das alteragdes observadas no

microambiente timico frente aos diferentes agentes indutores de atrofia utilizados

neste trabalho.

Agente
P.brasiliensis P.berghei Diabetes - Aloxana

Alteracoes
Atrofia timica Leve Intensa Moderada
Matriz Extracelular Sem alteragdes ﬁ Laminina e Fibronectina ﬁLaminina
Receptores de matriz ﬂVLA-4, 5e6 ﬂ VLA-4,5¢6 ﬂVLA-4, 5e6
Quimiocinas ﬂ CXCL12 ﬂ CXCL12 ﬂCCLZS ﬂ CXCL12 e CCL25
Receptores de ﬂ CXCR4 e CCR9 ﬁ CXCR4 e CCR9 ﬂCXCR4 e ﬂCCR9
quimiocinas
Migracio ex vivo Inibigdo Aumento Sem alteracdes
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O timo, composto por diferentes células e moléculas é o érgéo responsavel
pelo desenvolvimento dos linfécitos T. A funcionalidade do timo é dependente de
diversas moléculas e seus diferentes niveis de interagdo proporcionam o
desenvolvimento dos timdcitos. Entre os principais componentes do timo, os
elementos de matriz extracelular e as quimiocinas atuam em conjunto no
microambiente timico, definindo os distintos nichos intratimicos e proporcionando
0s sinais necessarios para a maturacéo de timdcitos (revisto CIOFANI & ZUNIGA-

PFLUCKER, 2007 e PETRIE & ZUNIGA-PFLUCKER et al., 2007).

Assim, o estabelecimento de modelos indutores de atrofia pode auxiliar no
entendimento do complexo processo de maturacao de linfécitos T. No presente
trabalho, os modelos empregados induzem modificagbes distintas no
microambiente. Desta forma, apresentamos a discussdo separadamente para

cada um dos modelos de atrofia.

5.1. Alteracoes timicas induzidas pelo Paracoccidioides brasiliensis

O Paracoccidioides brasiliensis, agente causador da
paracoccidioidomicose, é capaz de colonizar diferentes 6rgdos do individuo
afetado. O patégeno é capaz de acometer os 6rgaos linfoides, disseminando-se
pelo bagco e linfonodos, sendo que na forma mais grave (juvenil) provoca o
aumento exacerbado do 6rgédo (BENARD et al, 1994, PEREIRA, et al., 2004).
Dados do nosso grupo mostram que além da colonizagdo de érgaos linféides

secundarios, o P. brasiliensis é capaz de invadir o timo de animais
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experimentalmente infectados, provocando atrofia timica e alteragdes histolégicas

e ultra-estruturais no 6rgao (BRITO et al., 2003, SOUTO et al., 2003)..

No presente trabalho procuramos investigar se a infecgao por P. brasiliensis
€ capaz de alterar o microambiente timico, cuja manutencao é essencial para os
eventos de migracao intratimica que culminam com a maturagéo e exportagao de

linfocitos T para a periferia do sistema imune.

Nossos resultados mostram que o microambiente timico & alterado apods a
inoculagdo com P. brasiliensis 0 que pode contribuir para a patogenia da doenga,
uma vez que a resposta imune celular, desencadeada por linfécitos T é
fundamental para o controle das lesdes e consequentemente da infeccdo

(SINGER-VERMES et al., 1993).

Apesar das alteragdes histolégicas ja documentadas no timo de animais
inoculados por P.brasiliensis, os elementos de matriz extracelular, laminina e
fibronectina, ndo apresentaram modificagcdes na sua distribuicido e densidade
quando comparadas aos controles. Embora a fibronectina e laminina ndo estejam
alteradas, €& possivel que outros componentes, como colageno, possam
apresentar modificagdes durante a infecgédo pelo fungo, implicando em alteragoes

na arquitetura timica.

Ainda que nao tenham sido constatadas modificagdes nos elementos de
matriz extracelular, a analise dos receptores para estes componentes mostrou-se
alterada nos timécitos de animais infectados. Este dado sugere que a modulagao
destes receptores pode nao estar diretamente relacionada com a disponibilidade

da proteina, ou ainda que outros ligantes, como VCAM-1(do inglés, vascular cell
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adhesion molecule-1), que se liga ao VLA-4, receptor para fibronectina, por
exemplo, expressos em ceélulas epiteliais timicas estejam alterados e possam
modular a expressao dos receptores de matriz nos timdcitos (SALOMON et al.,

1997, PROCKOP et al., 2002).

Em timos normais os timécitos de perfil mais imaturo, duplo negativos e
duplo positivos, apresentam alta expressdo de VLA-4 que € modulada
negativamente nos estagios mais maduros SP CD4" e CD8" (MOJCIK et al.,1995).
Em nosso modelo, as populagdes imaturas apresentam queda na expressao de
VLA-4, sugerindo alteragcdo na ligacdo entre os elementos de matriz e seus

receptores nos timécitos nestes estagios.

A literatura mostra que a adesdo firme e a modulacdo deste fendbmeno
promovida pela ligagao entre o VLA-4 e a fibronectina é essencial para a migragao
e a progressdao DN para DP e posteriormente para timocitos simples positivos
(revisto por SAVINO, et al, 2002 e 2004). Interessantemente, observa-se um
aumento no numero absoluto de timécitos DN no timo de animais inoculados e um
decréscimo em DP (dados ndo mostrados), podendo ocasionar a retencao de
timdcitos no estagio DN, diretamente relacionada com a diminuicdo da expressao

observada no receptor VLA-4.

Ainda que mais discretas alteragdes, no receptor VLA-5, outra integrina que
se liga a fibronectina, foram observadas. Houve redu¢do no numero relativo de
timocitos SP CD8" que expressam esta molécula. Crisa e colaboradores (1996)
mostraram que existe uma cooperagao entre os receptores VLA-4 e VLA-5 na

ligagao com fibronectina e que a velocidade de migragao e o tempo de adesao séao
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sinalizados por esta interagdo. Assim, € possivel que as alteragdes observadas
nos receptores de fibronectina apds a inoculagdo com P. brasiliensis alterem o
tempo de adesdo dos timocitos ao substrato provocando alteragbes no sinal
gerado e na migracdo intratimica com consequéncias para a progressao

necessaria para a diferenciagcao de timaocitos.

A inoculagdo com P. brasilienis provocou queda na expressao de VLA-6,
receptor de laminina, em timécitos duplo negativos, o que pode afetar a correta
sinalizagdo e migracao intratimica, uma vez que a progressao de timécitos duplo
negativos para duplo positivos é parcialmente mediada pela interagédo

laminina/VLA-6 (CHANG et al., 1995, MAGNER et al., 2000).

O conjunto de alteragdes observado na expressao de receptores de matriz
extracelular aponta comprometimento dos processos de adesao e sinalizacao de
timocitos, dependentes da interagdo com componentes da matriz. Possivelmente,
resultando em menor tempo de adesao dos timécitos ao substrato, ocasionando
defeitos na sinalizacdo intracelular que desencadearia, a0 menos em tese,
processos de morte celular, diretamente relacionados a intensa apoptose

observada na regido cortical do timo de animais inoculados com P.brasiliensis.

As quimiocinas configuram-se como elementos essenciais na condugao de
timocitos para os diferentes microambientes timicos e, portanto, imprescindiveis

para a manutencgao dos diferentes nichos no timo (revisto por TAKAHAMA, 2006).

O timo de animais inoculados com P. brasiliensis apresentou queda na
expressdo génica de CXCL12, mas nao houve modulagdo da expressao do

receptor nos timocitos, uma vez que o mesma néao se alterou. Contudo, observou-
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se aumento no numero relativo de timocitos duplo negativos que expressam
CXCR4, sugerindo uma possivel retencdo destas células neste estagio de
diferenciagao. Timécitos mais imaturos sdo os mais afetados no timo de animais
inoculados com P. brasiliensis e o aumento em numero absoluto desta
subpopulagdo no timo esta diretamente relacionado com as alteragbes no

microambiente timico.

A menor expressao da quimiocina CXCL12, observada no timo dos animais
infectados, pode estar relacionada com a apoptose cortical ja documentada neste
modelo, uma vez que esta quimiocina possui importante papel anti-apoptético
(BROXMEYER et al., 2003, GEUTSKENS et al.,, 2004, HERNANDEZ-LOPEZ et
al., 2008). Vale ressaltar que o seu receptor é principalmente expresso em células
duplo-positivas e duplo-negativas, localizadas no cértex (SUZUKI et al., 1999)
regido da intensa apoptose induzida pela inoculagdo com P.brasiliensis (BRITO et

al., 2003, SOUTO et al., 2003)

Além da ocorréncia de morte celular, a prépria migragao intratimica pode
estar alterada neste modelo, considerando-se a importdncia da interagao
CXCL12/CXCR4 para a modulagao destes eventos e diferenciacdo dos timaocitos.
No timo normal, a quimiocina CXCL12 induz a migragdo de timdcitos duplo
negativos para a porgao subcapsular do cortex. Assim, modificacbes na interagao
CXCL12/CXCR4, podem afetar os eventos iniciais de migragdo, alterando

sequencialmente os eventos seguintes.

Fisiologicamente, timdcitos simples positivos apresentam uma regulagao

negativa da expressdo de CCR9 que estaria relacionada com a emigragao para
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orgaos linféides periféricos (CAMPBELL, et al, 1999, CARRAMOLINO et al,
2001). Timécitos CD8" apresentaram aumento de expressdo de CCR9, indicando
que nao houve uma regulagdo negativa do receptor nesta subpopulagao,
sugerindo alteragdes no padrao de exportacado de linfocitos T para a periferia do

sistema imune e consequentemente a resposta imune contra o fungo.

E importante lembrar que, além de participar nos eventos de progresséo de
timdcitos, principalmente na transicdo de duplo negativos para duplo positivos, a
interacao entre CCL25 e CCR9 tem papel importante na liberagdo de sinais que
afetam a selegdo positiva no timo (CARRAMOLINO et al,, 2001, YOUN et al.,
2002, SVENSSOM et al., 2008), assim nao podemos descartar a hipétese de
falhas nos mecanismos de selecdo frente as alteracbes na expressdo da

quimiocina CCL25 e seu receptor CCRO.

As alteragcbes descritas no microambiente timico de animais infectados
estdo intimamente relacionadas com possiveis alteragdes funcionais na migragao
dos timdcitos. De fato, a analise in vitro da migracdo de timocitos frente a

diferentes estimulos, mostrou alteragdes significativas nos eventos de migracgéo.

Foi possivel observar redugao na migragao frente aos elementos de matriz,
indicando que a queda nos receptores relacionados (VLA-4, 5 e 6) de fato altera
0s padrdoes de migragcdo de timécitos em animais infectados. A literatura mostra
que a diminuicdo na expressao de tais receptores leva realmente a diferencas na
migracao dirigida por elementos de matriz extracelular (MENDES-DA-CRUZ, et al.,

2006 e 2008).
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A migracdo também se mostrou alterada frente a quimiocina CXCL12,
apresentando inibicdo em relagdo aos controles. Embora ndo tenham sido
observadas alteragdes significativas na expressao do CXCR4, seu receptor, é
possivel que o nivel de ativacdo do mesmo esteja alterado e isso resulte em

reducao da migragao.

Combinacgdes entre quimiocinas e elementos de matriz induzem elevada
migracdo de timocitos ex vivo (MENDES-DA-CRUZ et al., 2006). Por exemplo,
CXCL12 quando combinada com fibronectina aumenta a atividade migratéria de
timoécitos quando comparada com fibronectina ou CXCL12 sozinha, o mesmo

efeito &€ observado com laminina (SILVA-MONTEIRO et al., 2007).

Nossos resultados mostram que mesmo com aumento da migragao
provocada pela combinagao das moléculas, os timécitos de animais infectados
migram numa frequéncia menor que os controles, sugerindo que as modificagdes
descritas nos receptores, em especial nos de matriz extracelular afetam
funcionalmente os timaocitos, e as alteracbes menos pronunciadas nos receptores
de quimiocinas ndo sio suficientes para compensar os efeitos nos receptores de

matriz.

No timo ocorrem interacbes entre elemento de matriz extracelular e
quimiocinas importantes no direcionamento e adesdo necessarios para a
diferenciagao de timacitos. (revisto por SAVINO et al., 2002 e 2004). A quimiocina
CXCL12, por exemplo, &€ capaz de aumentar a expressdao de VLA-4 em
progenitores hematopoiéticos, resultando em maior adesdao a fibronectina

(GLODEK et al., 2007). E possivel que em nosso modelo a queda na express&o
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de VLA-4 possa estar sendo modulada pela expressao de CXCL12, indicando que
mais do que um papel de atragdo, as quimiocinas modulam outras moléculas no
microambiente timico, mostrando que a diferenciacdo de timdcitos € complexa e
diferentes moléculas combinadas atuam na maturacdo destas células e na

manutencado do microambiente propicio para o desenvolvimento dos linfocitos T.

Alteracbes no padrao de migragao ex vivo, em infecgdes, estdo diretamente
relacionadas a modificagbes nas subpopulagbes de 6rgaos linféides periféricos
(MENDES-DA-CRUZ et al., 2003). Assim, foram investigadas possiveis altera¢des
nas subpopulagdes de linfocitos T no bago de animais inoculados com

P.brasiliensis.

Embora tenhamos constatado alteragdes na migracéo ex vivo, a analise do
baco de animais infectados ndo mostrou alteracdes no perfil de linfécitos T. Assim,
€ possivel que a atrofia timica, em conjunto com as alteragdes descritas sejam
resultados mais relacionados com a apoptose do que com a exportagcdo de
timdcitos imaturos. Entretanto, € provavel que disturbios na migragao intratimica,
que afetam a funcionalidade do 6rgado, estejam ocorrendo e resultando em
maturacao alterada de timdcitos em animais experimentalmente inoculados com

P. brasiliensis, com consequéncias para a resposta imune periférica.

De fato, a literatura mostra que o timo parece ter papel importante no curso
da infeccdo, uma vez que camundongos atimicos sdo mais susceptiveis a
infeccdo do que os eutimicos. No modelo de infeccdo com a cepa PB 18
(virulenta), eles vao a obito antes de animais eutimicos e sdo incapazes de

controlar a disseminagdo do patdégeno, que coloniza diferentes tecidos com
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progressao das lesdes enquanto animais eutimicos morrem posteriormente e
apresentam pequenas lesbes com granulomas fusionados (LENZI, et al., 1994,

BURGER et al., 1996a e 1996b).

Desta forma, é possivel que as alteragdes observadas no microambiente
ocasionem falhas na maturacdo de timécitos levando a disturbios na resposta
imune periférica mediada por linfécitos T, uma vez que o microambiente intacto,
imprescindivel para o correto desenvolvimento de timécitos, € modificado frente a

inoculagao do patégeno.

Além disso, € importante lembrar que o P.brasiliensis estd presente no
parénquima timico, indicando que os mecanismos de tolerancia central podem
estar corrompidos, gerando um desequilibrio na resposta dos linfécitos T na
periferia do sistema imune ou ainda, um aumento de células T regulatérias que

afetariam a resposta do individuo ao patdégeno.

5.2. Alteracoées no microambiente timico de animas inoculados com

Plasmodium berghei cepa NK65

E bem documentada na literatura a atrofia timica desencadeada por
agentes patogénicos, sendo que a infecgdo por T. cruzi € a mais bem
caracterizada quanto a alteracdes estruturais e funcionais, bem como as possiveis
consequéncias destas modificagcdes para o estabelecimento da resposta imune
contra o parasita e na promocao da resposta auto-imune observada na Doenca de

Chagas (SILVA-MONTEIRO et al., 2007, MENDES-DA-CRUZ et al., 2006,
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HENRIQUE-PONS et al., 2004, COTTA —DE-ALMEIDA et al, 2003, MENDES-DA-

CRUZ et al., 2003).

Dados do nosso grupo mostram que infecgdo aguda por P. berghei é capaz
de provocar intensa atrofia timica que coincide com o pico de parasitemia, a
exemplo do que ocorre na infecgdo por T. cruzi. Esta atrofia € acompanha por
intensa desorganizagao cortico-medular, com aparente deple¢ao da regiao cortical

(ANDRADE et al., 2008).

Embora néo seja alvo do presente estudo, é possivel que a presenca do
patdgeno, estimulando a producdo local de mediadores ou mesmo alguma
molécula oriunda do agente parece ser importante para o estabelecimento da
atrofia observada. Em infecgdes por T. cruzi, por exemplo, a apoptose observada
em TNCs parece ser devida a uma enzima transialidase derivada do parasita
(MUCCI et al., 2002). Em nosso modelo, a atrofia somente foi observada apds a
detecg¢ao do parasita no microambiente timico, o que corrobora a hipétese acima

levantada (ANDRADE et al., 2008).

A matriz extracelular configura-se como um elemento chave na migracao
intratimica e a interacdo entre os timocitos e a matriz € essencial para a

sinalizacao dependente da adeséo (revisto por SAVINO et al., 2002 e 2004).

Na infeccao por P. berghei, observamos aumento na densidade de laminina
e fibronectina, indicando que a intensa atrofia timica observada é acompanhada

de alteragdes no microambiente timico.
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O aumento na densidade de fibronectina e de laminina pode estar
relacionado com a produgdo de citocinas como IFN-y que em determinadas
concentragbes pode estimular a sintese de elementos de matriz, (LANNES-
VIEIRA et al., 1991, LAGROTA-CANDIDO et al., 1996). A malaria € uma doencga
que provoca liberagdo de IFN-y durante a resposta imunoldgica (revisto por
SCHOFIELD & GRAU, 2005) e esta molécula pode contribuir para o adensamento

de matriz extracelular observado no timo de animais infectados.

Na atrofia timica induzida por T.cruzi, o observa-se um aumento na
deposicdo de matriz extracelular, uma vez que a infeccdo de cultura de células
epiteliais timicas pelo patégeno resulta em aumento da produgéo de fibronectina.
Conjuntamente com o aumento na deposicdo de matriz extracelular, a infecgao
por T.cruzi leva ao aumento na expressao dos seus receptores especificos
(COTTA-DE-ALMEIDA et al, 2003). No nosso modelo, surpreendentemente,
observa-se diminui¢cao na expressao de VLA-4, VLA-5 receptores para fibronectina
e VLA-6, receptor para laminina, levantando duas hipéteses (i) o aumento da
densidade nao regula positivamente os receptores ou (ii) a alta densidade dos

elementos nao revela necessariamente maior deposicdo de matriz extracelulares.

Interessantemente, embora a subpopulagdo de timécitos duplo positivos
tenha sido a mais afetada no nosso modelo, com drastica diminuicdo em numeros
absolutos e relativos, os timécitos duplo negativos e simples positivos, mostraram
maiores alteragbes em relagdo aos receptores de matriz extracelular.
Considerando o papel da interagcao entre matriz extracelular e seus receptores na

diferenciagcao de timodcitos, € possivel que a diminuicdo na expressdo dos
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receptores diminua o tempo de adesdo a matriz e assim os processos de
migracao e a sinalizagao dependentes desta adesdo estejam alterados e os
timocitos possam, inclusive, entrar em apoptose, com consequéncias para o

estabelecimento da resposta imune contra o parasita.

Os elementos de matriz, em conjunto com as quimiocinas, promovem a
migragdo coordenada de timdécitos, que culmina com a maturagdo dos mesmos

(revisto por SAVINO et al., 2004).

O timo de animais inoculados com P. berghei, apresenta aumento
significativo da expressao génica de CXCL12. O incremento de CXCL12 pode
estar diretamente ligado ao aumento da densidade de fibronectina, uma vez que
este elemento de matriz pode prevenir a degradacédo da quimiocina e ainda liberar

sitios da molécula para a interacdo com os timocitos (PELLETIER et al., 2000).

Conjuntamente com o aumento de CXCL12, foi possivel observar o
aumento na densidade do seu receptor, CXCR4 nas subpopulacdes de timadcitos,
possivelmente regulada positivamente pelo aumento na expressdo da quimiocina.
Como em nosso modelo, a infecgdo com T. cruzi provoca o aumento de CXCL12,
acompanhado de aumento na expressao de CXCR4, o que altera a capacidade
migratéria dos timdcitos infectados (MENDES-DA-CRUZ et al., 2006). Embora a
quimiocina CXCL12 tenha um papel anti-apoptético através da regulagao positiva
de Bcl-2 e negativa de Bax (HERNANDEZ-LOPEZ et al, 2008), ndo é descartada a
hipétese de que a atrofia possa ser um conjunto de alteragdes no padrdao de
migragcado e de apoptose, induzida por sinalizagéo inadequada para os timdcitos,

uma vez que quimiocinas tém sido descritas como participantes nos processo de
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selecdo negativa e positiva (ANDERSON et al,, 2000, YOUN, et al., 2002,

ANDERSON & JENKINSON et al., 2007)

Em contrapartida ao observado na quimiocina CXCL12, a quimiocina
CCL25 apresentou queda acentuada na expressdo génica, associada com o
aumento da expressao do seu receptor CCR9 nas subpopulagdes de timécitos, o
que indica uma possivel modulagdo do receptor pela proteina, onde um
decréscimo em CCL25 induz o aumento do receptor para a melhor utilizacdo da

quimiocina disponivel no microambiente.

Dados sobre o papel de CCL25 e seu receptor em doencas infecciosas sao
escassos, mas seu papel na maturacdo de linfécitos T € bem documentado.
Camundongos “knockout” para CCR9 apresentam disturbios no desenvolvimento
de linfécitos T (WURBEL et al,, 2001). A regulacdo positiva do receptor CCR9
parece ser um importante fator anti-apoptotico (revisto por YOUN et al, 2002).
Entretanto, em nosso modelo, a hipétese de morte celular ndo pode ser
descartada, pois, a disponibilidade de CCL25 para interagir com CCR9 é reduzida,
além disso, outras moléculas como TNF-qa, IFN-y e hormbnios poderiam estimular
a ativagao da cascata de sinalizagdo indutora de apoptose (revisto por YARILIN et

al., 2004).

As modificagbes observadas no microambiente timico dos animais
inoculados com Plasmodium berghei, promoveram alteragdes funcionais na
migragao ex vivo, a exemplo da infecgéo por T. cruzi, onde ocorre aumento da
atividade migratoria frente a elementos de matriz (laminina e fibronectina),

quimiocinas (CXCL12) e a combinagé&o entre eles, indicando que o microambiente
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timico alterado tem consequéncias para a migragdao e consequentemente para o
desenvolvimento de linfocitos T (COTTA-DE ALMEIDA et al., 2003, MENDES-DA

CRUZ, et al., 2006).

A migragao frente a fibronectina ndo aumentou a capacidade migratoria dos
timdcitos infectados, este dado pode estar relacionado com a queda na expressao
dos receptores deste elemento nos timécitos. Entretanto, mesmo com queda na
expressao de VLA-6, houve aumento na migracao dirigida por laminina, sugerindo
que mais do que a densidade do receptor na superficie, seu estado de ativacao
parece ser fator determinante na avidez ao ligante e, consequentemente, na
resposta ao estimulo. De fato, St Pyerre e colaboradores (1996) mostraram que as
mudangas na avidez do receptor com o0 seu ligante sdo mais relacionadas ao
estado de fosforilagdo do receptor do que a quantidade do mesmo na superficie

celular.

Frente as quimiocinas CXCL12 e CCL25 também houve aumento na
atividade migratéria dos timocitos e neste caso, o aumento da expressdo dos
receptores de quimiocinas, favoreceu o resultado obtido. Interessantemente, a
combinacao entre fibronectina e CXCL12 ou CCL25 aumentou a atividade
migratoria dos timdcitos, de forma mais acentuada com CXCL12 do que com
CCL25. Este incremento foi maior ainda nos timocitos de animais infectados,
sugerindo um possivel mecanismo compensatério induzido pelos receptores
CXCR4 e CCR9 frente a queda de expressao dos receptores de matriz
extracelular ou ainda corroborando a hipétese que o estado de ativagdo seja um

fator preponderante na resposta ao estimulo.
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A combinagdo entre laminina e as quimiocinas também proporcionou
intensa atividade migratéria em timdécitos de animais inoculados com P.berghei..
Em infecgbes por T. cruzi, o aumento de migragao frente a laminina e CXCL12

combinadas, é também verificado (SILVA-MONTEIRO et al., 2007)

Para avaliar se a intensa atividade migratéria observada ex vivo alterava o
padrao das subpopulacdes na periferia do sistema imune, foi analisado o baco de
animais infectados por P.berghei, onde foi detectado aumento de células duplo
negativas, CD4" e CD8" que interessantemente, sdo as subpopulagdes que

possuem a maior porcentagem de migragao frente aos estimulos utilizados.

E possivel que o aumento das células duplo negativas, CD4" e CD8"
observado no bago possa ser de fato relacionado com a migragdo alterada
detectada na migracéo ex vivo, mas nao podemos descartar o aumento gerado
pela resposta proliferativa dos linfocitos T residentes no bago durante a resposta

imunoldgica ao P. berghei.

O aumento de timdcitos imaturos nos linfonodos, com TCR que deveriam
ser eliminados nos processos de selegao no timo, € observado nas infeccdes por
T.cruzi (MENDES-DA-CRUZ et al., 2003). E possivel que a andlise de tais 6rgéos
linfoides na infeccdo por malaria apresente resultados semelhantes. Mas, é
importante ressaltar que a malaria ndo apresenta carater autoimune como
observado na doenga de Chagas (KIERSZENBAUM, 1999), sugerindo que, além
da exportacao de células imaturas para a periferia, as alteracdes na arquitetura e

microambiente timicos resultam de provaveis disturbios na migragao intratimica
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que por sua vez alteram a maturacdo de timoécitos com implicagbes para a

resposta imune periférica.

Além disso, a intensa apoptose sugerida, principalmente em timdcitos duplo
positivos, poderia diminuir a diversidade do repertério de linfécitos T, uma vez que
se tem um menor numero de timocitos passando pelos processos de selegao
positiva e negativa, o que consequientemente pode alterar a resposta imunolégica

do individuo, ndo somente na infecgao por malaria mas em outras co-infecgoes.

Os fatores indutores da atrofia timica e das alteracbes no microambiente
nao foram alvos deste estudo, mas ndo podemos descartar a participacdo de
mediadores da resposta imune sistémica e os horménios produzidos em resposta

ao “stress” como desencadeadores do processo de atrofia aqui documentados.

5.3. Alteracoes no microambiente timico de animais diabéticos induzidos por

aloxana.

A diabetes configura-se como uma sindrome complexa e seus efeitos sob o
sistema imune ainda n&o sao totalmente elucidados (MULLER et a., 2005, ALBA
LOUEIRO et al., 2007, BENFIELD et al., 2007, HIRSCH et al., 2008). Neste
sentido, o estudo da funcdo timica durante o diabetes é essencial para o
entendimento de possiveis alteracbes na maturagao de linfocitos T que podem ter

consequéncias para a resposta imune.

A atrofia timica observada em nosso modelo é acompanhada de alteragdes

histolégicas nas regides cortical e medular do timo e considerando que o processo
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de diferenciacdo de timdcitos é dependente da integridade da arquitetura timica,
acreditamos que a maturagado dos timocitos € comprometida, com consequéncias

para a resposta imune periférica

Como ocorre em algumas doencgas infecciosas, além da ocorréncia de
atrofia, o microambiente timico de animais diabéticos também é afetado. Animais
inoculados com estreptozotocina apresentam perda de delimitagcdo coértico -
medular e aumento de apoptose (ELMAS et al., 2008). O microambiente timico de
animais NOD (do inglés, non obese diabetic) apresenta altera¢gdes em receptores
de matriz e quimiocinas que alteram o padrao migratério de timécitos (MENDES-

DA-CRUZ et al., 2008).

Contrariamente ao observado em animais NOD, onde ha aumento de
densidade de fibronectina (MENDES- DA-CRUZ et al., 2008), o timo de animais
diabéticos induzidos por aloxana ndo demonstrou alteragcoes na densidade deste
elemento. Aliado a este dado, houve acentuada queda na expressdo dos
receptores VLA-4 e VLA-5 na superficie dos timécitos, sendo que as alteracdes no
receptor VLA-5 foram mais pronunciadas. Em animais NOD também ocorre a
diminuicdo da expressdo de VLA-5, mas é importante esclarecer que nestes
estudos os animais sao pré-diabéticos, diferente do nosso modelo, onde a

diabetes ja esta estabelecida.

Embora a densidade de laminina tenha aumentando no timo de animais
diabéticos induzidos por aloxana, isto nao refletiu aumento no nivel de expressao
do seu receptor VLA-6 nas subpopulagdes de timécitos. O aumento de expresséao

de laminina esta relacionada com altas taxas de migracdo (SMANIOTTO et al.,
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2005, OCAMPO et al., 2008), assim, € possivel, que em nosso modelo, ocorram
alteragdes na interagdo entre a matriz e o receptor, modificando os padrbes de

migracao e a sinalizagao oriunda desta interagao.

Conjuntamente com as alteragcbes nos elementos de matriz e seus
receptores, as quimiocinas e seus receptores também exibiram alteragdes no timo
de animais diabéticos. Houve decréscimo na expressao génica de CXCL12, mas
em contrapartida o seu receptor CXCR4 teve sua expressdao aumentada nos

timocitos.

A diminuicdo de CXCL12 pode estar diretamente relacionada com a atrofia
timica e a perda de timdcitos corticais observadas neste modelo, uma vez que é
bem documentado o papel anti- apoptético de CXCL12 (HERNANDEZ-LOPEZ et
al., 2008). Além da baixa expressdo de CXCL12, o timo de animais diabéticos
induzidos por aloxana apresenta diminuida expressao de CCL25 e do seu
receptor, CCR9, outra molécula fortemente associada com eventos apoptdéticos no

timo.

Estes dados em conjunto, apontam que a atrofia timica induzida neste
modelo pode ser relacionada com mecanismos de apoptose de timdcitos corticais,
uma vez que as subpopulagdo de timécitos imaturos € a que sofre a maior

deplecao.

Embora o microambiente timico esteja alterado no timo de animais
diabéticos induzidos por aloxana, a migragdo ex vivo nao se mostrou alterada,
como em outros modelos de atrofia, nem mesmo quando CXCL12 foi utilizada em

conjunto com laminina ou fibronectina, sugerindo que o aumento na expressao de
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CXCR4 nao teve efeito compensatorio sobre o decréscimo da expressdo dos

receptores de matriz.

A analise das subpopulagdes de linfocitos T no bago de animais diabéticos
nao revelou alteragdes, indicando que a maciga perda de timocitos, principalmente
duplo positivos esteja mais relacionada com apoptose do que com a liberagao de

timécitos imaturos para a periferia, como observado em outros modelos.

Corroborando esta hipotese, a quimiocina CXCL12 e o receptor CCR9
possuem papel anti-apoptotico, e a sua interagdo com CXCR4 e CCL25,
respectivamente, promove a sobrevivéncia dos timécitos (HERNANDEZ-LOPEZ et
al.,, 2008, revisto por YOUN, et al., 2002).. Assim, a menor expressdao destes
componentes poderia induzir a morte celular, principalmente em timécitos duplo
positivos, mais susceptiveis. Interessantemente, em nosso modelo é esta a

subpopulagdo que mais sofre queda.

O conjunto de dados exposto mostra que o microambiente timico de
animais diabéticos induzidos por aloxana é alterado, com modificacbes em
componentes descritos como essenciais para a manutengao da funcionalidade do
orgao. De fato, as alteracbes sugerem fortemente que migracéo intratimica e
consequentemente a maturagdo de timécitos é prejudicada nestas condigdes, o
que pode gerar impacto no sistema imune periférico, contribuindo para a maior
susceptibilidade de pacientes diabéticos a infec¢oes (MULLER et al.,2005,

BENFIELD et al., 2007, HIRSCH et al.,2008).

Diversas moléculas, principalmente hormbnios, podem ser os responsaveis

pelas alteracbes descritas no microambiente timico, entre estes, a leptina, um
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hormonio derivado de adipdcitos, regulado por glicose, cortisol, insulina e citocinas
(GRUVER et al, 2008). A literatura mostra que no diabetes, os niveis de leptina
caem (SIVITZ, et al., 1998, HAVEL et al, 1998). E possivel que este decréscimo

tenha influencia na atrofia timica.

Desta forma, fica evidente a complexidade do controle da diferenciagao de
timdcitos, que ocorre em um 6rgao com multiplas interagbes como o timo, mas
que sofre influéncias sistémicas que alteram sua funcionalidade. Entender a rede
de interagdes que ocorrem durante o desenvolvimento de timécitos em condicdes
fisiologicas e patolégicas pode contribuir para o entendimento e futura
manipulagdo da resposta imunolégica periférica favorecendo pacientes com

disturbios imunoldgicos.

5.4. Consideracoes finais e perspectivas

O timo é um 6rgao que sofre atrofia mediada por agentes infecciosos, mas
também frente a disturbios metabdlicos, como a indugédo de diabetes por drogas.
Na maioria dos modelos estabelecidos de atrofia timica, observam-se alteragdes
na arquitetura do 6rgao e perda pronunciada de timdcitos, principalmente os duplo

positivos, localizados no cortex timico.

Embora este padrao de alteragdes seja observado em modelos distintos de
inducdo de atrofia timica, as modificagdes nos componentes do microambiente

timico parecem ser diferentes para cada modelo.
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No presente trabalho, foi possivel observar que os agentes indutores de
atrofia utilizados apresentam graus diferentes de atrofia, que vao desde

modifica¢des leves (P.brasiliensis) e moderadas (diabetes), a intensas (malaria).

Os resultados obtidos indicam que o nivel de atrofia pode ser dependente
da intensidade das alteragcbes observadas e estas ainda relacionada a atividade
migratoria, uma vez que na malaria observamos maior atrofia e intensa migragao

quando comparada aos outros modelos estudados.

Estas alteragdes por sua vez, podem estar intimamente ligadas com a
patogénese da doencga e, portanto, condicionada a fatores sistémicos inerentes a
resposta do hospedeiro, como liberacdo de citocinas e hormbnios que podem

atuar sobre o timo promovendo as alteracdes documentadas.

Além disso, no caso de agentes infecciosos, o préprio agente indutor, com
suas estruturas, enzimas e metabdlitos pode alterar de forma distinta o
microambiente timico, causando os diferentes resultados observados em cada um
dos modelos. Apesar de distintas, as modificagdes aqui descritas sugerem
impacto na migragao intratimica, que podem ter consequéncias para a maturagao

dos linfécitos T e para a resposta imune periférica.

Acreditamos que além dos disturbios na migragao intratimica, o timo de
animais infectados com P.brasiliensis ou oriundos de animais diabéticos induzidos
por aloxana, sofra intenso processo de apoptose, que parece ser mais importante
para o estabelecimento da atrofia do que disturbios na migracéo. Esta perda de

timocitos € prejudicial ao hospedeiro, pois pode haver queda no repertério de
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linfécitos T na periferia do sistema imune, o que prejudicaria a resposta imune,

nao somente contra o patdbgeno em questao, mas contra outros microorganismos.

Ainda, a desorganizagdo do timo pode alterar os processos de selecao
positiva e negativa, exportando timdcitos imaturos, com TCRs que deveriam ser

eliminados na selegao timica gerando processos autoimunes.

Nosso grupo tem buscado entender os mecanismos responsaveis pela
atrofia timica e uma questdo levantada neste trabalho é a participacdo da
apoptose no estabelecimento da atrofia. Neste sentido, investigagdes abordando o
papel da morte celular programada e as possiveis vias relacionadas a este

fendbmeno estdo em curso no nosso laboratério.

Igualmente, é possivel que outros componentes do microambiente,
intimamente relacionados com elementos de matriz extracelular e quimiocinas,
como as MMPs (metaloproteinases de matriz) também participem ativamente no
estabelecimento da atrofia e o papel destas moléculas no desencadeamento da
atrofia também sera investigado por nosso grupo. Pretendemos ainda, analisar a
participacdo de horménios como a leptina e outras moléculas relacionadas na
promogcao de alteragcbes no microambiente timico, contribuindo para o
entendimento da fungdo timica durante processos atréficos que podem gerar

disturbios na resposta imune periférica.
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Com base nos resultados obtidos no presente trabalho, podemos concluir que:

- A intensidade da atrofia timica é distinta, variando de leve a intensa nos

diferentes modelos utilizados.

- As alteragcbes no microambiente timico também sao diferentes em cada modelo,

indicando que os mecanismos de atrofia sdo especificos.

- No modelo de atrofia timica induzida por Pb, as alteracées nos componentes de
matriz, quimiocinas e receptores tém impacto na migracdo, causando inibicdo o

que pode alterar a resposta imune periférica do hospedeiro.

- A atrofia desencadeada pela infeccdo com P.berghei é intensa, com alteracoes
pronunciadas nos componentes do microambiente timico, sugerindo forte

comprometimento da fungao timica.

- A inducao de diabetes causa alteracdes significativas nos elementos analisados,
mas estas alteracbes nao afetam a migracdo. Com a auséncia de um agente
patogénico, é possivel que as alteracbes documentadas sejam oriundas de

componentes hormonais.

- As modificagbes diferenciais nos elementos analisados sugerem
comprometimento da migragédo intratimica e na exportacdo de timécitos, com

comprometimento da fungao timica.
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- As alteragbes observadas indicam a maturagdo desequilibrada dos timécitos, o

que pode ter conseqiéncias para a resposta imune periférica.

Assim, a atrofia timica e o comprometimento do érgéo parecem estar associados
com componentes sistémicos que podem atuar sobre o timo, mas também, no
caso de patdgenos, com a presengca do mesmo no tecido timico a eventual

liberagao de metabdlitos.
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The primary function of the thymus is to develop immature T-cells into cells that further in the periph-
ery will be able to carry out immune functions. The Literature has shown that thymus can be a target for
many pathogens and severe structural alterations take place in this organ during infectious diseases. Here,
we investigated if thymus is also a target organ during experimental malaria infection by analyzing the
presence of parasites inside the organ and histological alterations in thymuses from Plasmodium berghei
NK65-infected BALB/c. After 14 days of infection, parasites were found inside the thymus that presented

fflegs V;gii:m berchei a profound atrophy with total loss of its architecture. We propose that the presence of parasites in the
Thymus 8 thymus induces histological modifications that alter the microenvironment, impairing by consequence

Thymic atrophy the successful T cell development. Additional studies are currently being developed in our laboratory to

T-cell generation

verify if such thymic alterations can influence the systemic immune response to the parasite.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The complex molecular structure of Plasmodium sp., the etiolog-
ical agent of malaria, stimulates multifaceted immune responses,
including antibodies, NK and NKT cells, CD4* and CD8" T cells [1].
However, the precise mechanisms responsible for host protective
immunity against the parasite have not been fully elucidated. Some
experimental models have demonstrated that T cells play a major
role in protection against Plasmodium. According to the literature,
CD4" T cells stimulate CD8* T cell cytotoxic activity, inhibiting the
development of liver stages and preventing the infection of red
blood cells [2,3]. In a murine model of Plasmodium berghei NK 65
infection, the initial innate response to the intraerythrocytic stages
of malaria parasites engages CD4" Th; cells illustrated by detection
of serum IgG and IFNy producing CD4" T cells [4].

Mature T cells are generated from marrow-derived T lympho-
cyte precursors that differentiate and maturate in the thymus
through a complex process characterized by lymphocyte (or thy-
mocytes while in the thymus) migration throughout the thymic
microenvironment. Alongside the thymocytes, at different stages
of maturation, the thymic microenvironment is formed by epithe-
lial cells, which form a meshwork to provide mechanical support
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and stimuli for the proliferation and development of thymocytes
and by macrophages, dendritic cells, fibroblasts and matrix mole-
cules that provide mechanical support and molecular stimuli for
complete T cell development [5,6].

It has been demonstrated that several pathogens, such as Try-
panosoma cruzi [7,8], Human Immunodeficiency Virus [9,10] and
Paracoccidioides brasiliensis [11,12], are able to invade the thymus
causing severe atrophy and deep disorganization of thymic archi-
tecture [13]. Recently, Seixas et al. (2005) [14] have also observed
thymic alterations in mice treated with non-lethal malaria model
of Plasmodium chabaudi. In this paper, we reported thymic atrophy
and histological alterations by using lethal murine malaria model
of P. berghei. Besides, we demonstrate for the first time the pres-
ence of parasites inside thymus. We conjecture that such events
may influence the process of intrathymic T cell differentiation
impairing the normal development of T cells and, most probably,
the peripheral immune response to the parasite.

2. Materials and methods
2.1. Animals

Specific pathogen-free BALB/c male mice, 5-week-old, were pur-
chased from CEMIB/UNICAMP (Campinas, Sdo Paulo, Brazil) and
housed in microisolator cages with free access to water and food.
All protocols were performed in accordance with the guidelines of
the State University of Campinas Committee on the Use and Care
of Animals.
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2.2. Infection of mice

Nine groups of five animals each were intraperitoneally infected
with 5 x 10° parasitized red blood cells obtained from a source
mouse or with saline (control group). Parasitemia was assessed
daily by counting the number of infected erythrocytes in Giemsa-
stained thin blood films. At days 3, 7 and 14 following infection,
three groups of mice were sacrificed and their thymuses collected
and analyzed by histological methods, Polymerase Chain Reaction
(PCR) and Transmission Electron Microscopy (TEM).

2.3. Thymic index

The gross weight of each mouse was recorded on 3, 7 and 14
days of infection. The mice were then sacrificed and the thymus
glands were collected and weighed. The thymic index was calcu-
lated as: organ weight (g)/body weight (g) x 100.

2.4. Histological analysis

For microscopic histological evaluation, thymuses were col-
lected and fixed in a solution 2% paraformaldehyde for 12 h at room
temperature. The specimens were submitted to diafanization with
xylene, dehydrated by graded ethanol, embedded in paraffin and
cut in 5-pm-thick sections. Histologic changes were evaluated on
sections stained with hematoxylin and eosin (H&E).

2.5. Polymerase chain reaction

Detection of parasites inside thymus was assessed by PCR
method. Briefly, thymuses were perfunded with ACK via the
heart to prevent erythrocyte contamination and teased apart
in 1ml of digestion buffer with proteinase K for DNA extrac-
tion. DNA was purified by phenol/chloroform and precipitated
in 100% ethanol and sodium acetate and then washed in 70%
ethanol and resuspended in water. The control of PCR amplifica-
tion was performed using oligonucleotides based on the sequence
of the mouse B-actin gene (sense: BA1 5'-ATGGATGACGATATCGCT-
3’ and the anti-sense: BA2 5'-ATGAGGTAGTCTGTCAGGT-3').
For PCR reaction based on the malaria ribosomal RNA gene, the
following oligonucleotides were utilized as template: sense rPLU3
5'-TTTTTATAAGGATACGGAAAAGCTGT-3" and anti-sense rPLU4
5'-TACCCGTCATAGCCATGTTAGGCCAATACC-3' [15]. DNA amplifi-
cation was made by technique of thermal denaturation with one
cycle of 5min at 94 °C, followed by 45 cycles of 1 min at 94 °C, 1 min
30sat63°Cand 1min 30s at 72 °C. PCR products were analyzed in
a 2% agarose gel.

2.6. Transmission electron microscopy

For TEM studies, animals were perfunded via the heart with
ACK and fixative solution containing glutaraldehyde and parafor-
maldehyde. Then, thymuses were collected, fixed by the same fixa-
tive solution, post fixed in 1% osmium tetroxide and embedded in
resin (Epon 812). Ultrathin sections were double stained in uranyl
acetate and lead citrate and examined in a LEO 906 transmission
electron microscope (Zeiss, Oberkochen, Germany) operated at
60KkV.

2.7. Cytofluorometry

Thymuses were removed from infected (14 days of infection)
and control animals. They were minced, washed and resuspended
in PBS-FBS 5% for subsequent cellularity evaluation, which was
followed by triple immunofluorescence staining. Appropriate dilu-
tions of the following fluorochrome-labeled monoclonal antibodies

(mAbs) were used: FITC/anti-CD4 (clone GK1.5), Alexa Fluor 647/
anti-CD8 (clone 53-6.7) and PeCy-7/anti-CD3 (clone 145-2C11).
These reagents were purchased from Pharmingen/Becton-Dick-
inson (South San Francisco, CA, USA). Fluorochrome-labeled iso-
type-matched negative controls for the specific mAbs were also
Pharmingen products. Cells were staining for 20min and then
washed with PBS, fixed and analyzed by flow cytometry in a FACSa-
ria® device (Becton Dickinson, San Jose, CA, USA) equipped with
Diva software. Analyses were done after recording 10,000 events
for each sample using FCS Express V3 software. Lymphocytes were
gated based on forward and side scatter parameters, so as to avoid
larger leukocytes such as macrophages and granulocytes.

2.8. Statistical analysis

Statistical evaluation of the results between control and infected
mice was carried out by unpaired t test (GraphPad Prism 4.0 soft-
ware). Results are presented as mean*SE and p values equal or
lower than 0.05 were considered significant.

3. Results

All mice infected with lethal murine malaria P. berghei NK65
developed high levels of parasitemia, which peaked on day 14 after
parasite inoculation and 100% mortality until 15 days after infec-
tion (data not shown).

Severe thymic atrophy, with pronounced fall of thymus weight,
was observed from 7 days of infection. This atrophy was progres-
sive and reached its maximum value at 14 days post-infection, coin-
ciding with the parasitemia peak. Before 3 days of infection, no
thymic alterations could be detected (Fig. 1).

Atrophy was accompanied by histological alterations in thymus
architecture with total loss of cortical-medullar delimitation at 14
days post-infection when compared to the control mice and/or to
the infected mice on day 3 after infection (Fig. 2A-C). Furthermore,
changes in the histological pattern of thymus were detected at 14
days after infection when higher atrophy levels were detected.

In order to investigate if histological alterations were associ-
ated with the presence of parasites inside the thymus, we have pro-
ceeded with transmission electron microscopy and PCR methods.
Analysis of thymus by TEM has suggested the presence of parasites
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Fig. 1. Changes in thymus weight in Plasmodium berghei-infected BALB/c mice. Sig-
nificant differences between control and infected mice were only observed on days
7 and 14 p.i., although such differences were more prominent at day 14 after infec-
tion. Asterisks indicate a statistically significant difference at ‘p<0.05 and “"p<0.001.

Results are representative of three similar experiments.
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Fig. 2. (A-C) Histopathological analysis. Thymus from control mice and infected mice at 3 days post-infection showing preserved delimitation between cortical (c) and med-
ullary zones (m) (A and B). Thymus from Plasmodium berghei-infected mice presenting total loss of corticalmedullary delimitation after 14 days p.i. (C). (D) Transmission
Electron Microscopy. Thymus from Plasmodium berghei-infected mice showing evidences for the presence of haemozoin pigments (arrow) inside macrophage on day 14 p.i.
(E) DNA amplification by Polymerase-Chain Reaction. No specific PCR products were detected in control mice or infected mice on day 3 after infection. Specific PCR products
were detected at 14 days of infection in thymus from Plasmodium berghei-infected mice. All results are representative of three similar experiments.

in the organ based on the observation of Plasmodium hemozoin
inside thymic macrophages (Fig. 2D). Amplification of Plasmo-
dium parasite DNA fragments in thymus from experimental mice
has confirmed this hypothesis. No specific PCR products could be
detected in the thymus of control mice or infected mice at 3 days
of infection. On the other hand, specific PCR products were only
detected in thymus from P. berghei-infected animals on day 7 (data
not shown) and at 14 days post-infection (Fig. 2E).

Next, cytofluorometry analysis of CD4 and CD8 expression on
thymocytes was conducted. As expected, thymocytes from unin-
fected mice were mostly immature and cortical CD4"CD8" cells.
Around the day of peak parasitemia, infected mice showed low num-
bers of double negative (CD4~CD87), double positive (CD4*CD8")
and single positive cell subsets (CD4*CD8; CD4 CD8"). Some-
what impressing, immature CD4"CD8" thymocyte subpopulation
decreased sharply (about 50 times) in infected mice when com-
pared to the control ones. Representative results obtained with thy-
mic cells from control and infected mice are depicted in Fig. 3.

4. Discussion

Thymus is the central lymphoid organ that plays an important
role in cellular immunity by generating circulating T lymphocytes.
Although its function declines with age, the thymus remains indis-
pensable to T-cell-repertoire reconstitution, which ensures immune
reactions in various situations until late adulthood [16,17]. The

T-cell development process in the thymus requires a complex struc-
tural organization formed by non-lymphoid cells and elements of
extracellular matrix that provide a favorable microenvironment
to interactions that are essential for the evolution of lymphocytes
in different stages of maturation [18,19]. Thus, it is reasonable to
suppose that insults to this organ can threaten its function since
T-cell generation depends on the structural maintenance of its com-
partments, i.e., cortex, sub capsular cortex zone, cortico-medullary
junction and thymic medulla.

It has long been known that the thymus is vulnerable to several
infectious diseases [7-13]. Here, we demonstrated that murine
malaria lethal strain P. berghei NK65 infection is also able to trigger
severe thymic alterations. Plasmodium berghei NK65 infection in
BALB/c mice induces high parasitemia and 100% lethality without
the development of cerebral malaria [20]. Now, our results using
this experimental model show a decrease in the total number of
thymic cells observed from data of thymic index and total loss of
delimitation among cortical and medullary zones. These findings
suggest that the normal thymocytes maturation may be severely
impaired given that the successful development of these cells into
mature T cells depends on their ordered and constant migration
through an organized thymic microenvironment. Similar results,
i.e.,, thymic atrophy and histological disorganization with alter-
ation of thymocyte migration, were already shown in experimen-
tal infections by T. cruzi [7,8] and P. brasiliensis [11,12]. The causes
of thymic atrophy were not available here, however, accumulating
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Fig. 3. Thymocytes subset variation in the thymus of control and Plasmodium berg-
hei-infected mice. The figure shows absolute numbers of single-positive (CD4*CD8~
or CD4~CD8") cells, double positive (DP/CD4*CD8*) and double negative (DN/
CD47CD87) cells per group. Values expressed by mean+S.E.; n=10-12 animals per
group, with infected animals being sacrificed on day 14 post-infection. “"P<0.001
and " P<0.0001.

evidences from the literature have indicated that among them are
apoptosis and precocious migration of immature thymocytes to the
periphery [13]. Amplification of parasite-specific DNA in the peak
of parasitemia (14th day post-infection) argues strongly in favor of
the direct participation of Plasmodium in such thymic alterations,
since it unequivocally demonstrates the presence of parasites
inside the thymus. These data were obtained even when the organ
was perfunded with hypotonic solution to exclude the possibility
of contamination by cytoadherence of parasitized erythrocytes to
microvascular endothelium, a common phenomenon observed in
mature stages of Plasmodium-parasitized erythrocytes. Moreover,
thymic atrophy could not be observed in the beginning of infec-
tion (3rd day post-infection); it was only noted 7 days after infec-
tion coinciding with the time when parasites were detected inside
the thymus. It is important to highlight that the sequence utilized
as primer for detection of the Plasmodium DNA only amplifies the
genetic material of viable parasites [15], reinforcing our hypothesis
of direct participation of the pathogen in thymic alterations.

We have also observed changes in thymocyte subsets that, most
probably, are related to the structural thymic alterations reported
here after Plasmodium infection since maintenance of thymus
microenvironment is essential for T cell maturation. It is reason-
able to suppose that both the presence of parasites inside the thy-
mus and the histological alterations, with a severe depletion of thy-
mocyte absolute numbers mainly in very immature DP cells, lead
to functional alterations in this primary lymphoid organ. Altera-
tions in thymus compartment and thymocyte subpopulations with
changes in the peripheral T cell repertoire were already reported
during T. cruzi infection [8]. We believe that alterations in second-
ary lymphoid organs are also present in our infection model and
new experiments are being conducted to investigate such possibil-
ity. In any way, results presented here showing that the thymus is
atarget during P. berghei NK65 infection strongly suggest an impor-
tant role for the organ in the immune response to malaria.

To the best of our knowledge, data presented here show for
the first time a correlation between the presence of malaria par-
asites inside the thymus and parasitism with significant atrophy

and histological alterations of this lymphoid organ. A fundamental
question that remains open is whether such thymic insults during
malaria infection are relevant for the peripheral immune response.
We believe that future studies, from this and other laboratories,
could elucidate the functional consequences of thymic alterations
during P. berghei infection, opening up new possibilities for the
understanding of immune response during malaria infections.
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ABSTRACT

Background: We previously showed alterations in the thymus during experimental infection
with Plasmodium berghei, the causative agent of Malaria. Such alterations were characterized
by histological changes, with loss of cortical-medullary delimitation, and the intrathymic
presence of parasites. As the combination of chemokines, adhesion molecules and
extracellular matrix (ECM) is critical to the appropriate thymocyte development and
migration, we analyzed the thymic expression of selected chemokines CXCL12 and CCL25
and their respective receptors (CXCR4 and CCR9) as well as the expression of extracellular
matrix ligands (fibronectin and laminin) and corresponding integrin-type receptors.
Methodology/Principal Findings: Increased expression of ECM components was observed
in thymus from infected mice when compared to controls. In contrast, down-regulated surface
expression of the fibronectin receptors VLA4 and VLAS, and the laminin receptor VLA6 was
observed in thymocytes from infected animals. Differently, we found in the thymus from
infected mice an increased expression of CXCL12 and CXCR4, and a decreased expression of
CCL25 and CCRY. An altered thymocyte migration towards ECM elements and chemokines
(alone or in combination) was seen when the thymus from infected mice were analyzed. E
evaluation of ex vivo migration patterns of CD4/CD8-defined thymocyte subpopulations
revealed that double-negative (DN), and CD4" and CDS8" single-positive (SP) cells from P.
berghei-infected mice have higher migratory activity as compared to controls. Interestingly,
increased numbers of DN, and SP (CD4" and CDS8") subpopulations were found in the spleen
of infected mice.

Conclusions/Significance: Overall, we show herein that the thymic atrophy observed in P.
berghei-infected mice is accompanied by thymic microenvironmental changes that comprise
altered expression of thymocyte migration-related molecules of the ECM and chemokine

protein families, which in turn, can alter the thymocyte migration pattern. These thymic
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disturbances compartment may have consequences on the control of the immune response

against this protozoan.

INTRODUCTION

The Immune response during malaria is highly complex, and this is partially due to the
intricate molecular structure of Plasmodium sp., the etiological agent of the disease. This
protozoan stimulates multifaceted immune responses, including antibodies, NK and NKT
cells, CD4" and CD8" T cells [1, 2]. The immune response to the intraerythrocytic stages of
the parasite has been better characterized by the use of murine experimental models. In this
stage the CD4" Thl response is essential for the development of the next events of the
immune response in experimental malaria [3, 4].

We and others previously reported that the thymus gland is also a target organ in
Plasmodium infection: there is atrophy with depletion of CD4'CD8" double-positive (DP)
thymocytes, and histological alterations with loss of delimitation between cortical and
medullar regions. Moreover, we detected the intrathymic presence of parasites [5].

The thymus is a primary lymphoid organ, responsible for the differentiation of T
lymphocytes, including the shaping of an appropriate T cell repertoire. This process is
essentially controlled by cells and molecules of the thymic microenvironment, a
tridimensional network essentially formed epithelial cells, together with small numbers of
dendritic cells, macrophages and fibroblasts [6, 7]. Accordingly, it is conceivable that
pathological changes of the thymic microenvironment, including those induced by infectious
agents [8], may result in a disruption of the normal intrathymic T cell development, which
may lead (among other changes) to an altered exportation of T cell to the periphery, as shown

in experimental Chagas disease [9].
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Thymocyte migration seems to be controlled by combined effects of a series of
molecular interactions, including those mediated by extracellular matrix proteins, as well as
by chemokines; all being produced/secreted by thymic microenvironmental cells [9, 10]. For
example the chemokines CXCL12 and CCL25 are relevant for inducing migration of
developing thymocytes, an effect that is mediated by the CXCR4 and CCR9 receptors
respectively [11]. The ECM ligands fibronectin and laminin, are also very important for
migration of developing thymocytes, through the interaction with specific integrin-type
receptors, including VLA-4 and VLA-5 (CD49d/CD29 and CD49¢/CD29) with fibronectin,
and VLA-6 (CD49f/CD29) with laminin [10, 12, 13]. Again, any changes in these interactions
might lead to a disturbance in thymocyte migration. In fact this has been demonstrated in the
thymus of the nonobese diabetic (NOD) mouse, which has an expression/functional defect of
VLA-5 [14, 15]. Moreover, in T. cruzi experimental infection, the thymic atrophy, here
defined by loss of thymus weight and cellularity, was characterized by premature escape of
immature cells, mainly DP subpopulation [14], likely due to a hyper responsiveness to ECM
and chemokine components, and resulting in the premature and abnormal escape of DP
lymphocytes, and the consequent presence of immature T cells in the periphery [16, 17].

Thus, we can conceive that changes in the expression/function of one or more of the
cell migration related molecules discussed above may result in an abnormal intrathymic T cell
development, with consequences in the shaping of the peripheral T cell pool. Herein we
investigated the intrathymic expression of ECM ligands and receptors, as well as chemokines
and their respective receptors during the experimental P. berghei infection. We also evaluated
the thymus atrophy in this infectious disease, and its possible consequences to the T cell
migratory response.

Our data unravel significant intrathymic alterations in P. bergei-infected mice,

comprising the expression of cell migration-related ligands, including the ECM elements
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laminin and fibronectin, as well as the chemokines CCL25 and CXCL12. Moreover,
thymocyte migratory response to these ECM and chemokine ligands is enhanced in infected
mice, suggesting that a defect of cell migration-related thymic function may contribute to

shaping the abnormal the peripheral pool of T lymphocytes seen in murine malaria.

RESULTS
Extracellular matrix ligands and receptors are modulated in thymuses from P. berghei-
infected mice

We first investigated if thymic contents of ECM ligands and receptors were altered in P.
berghei-infected animals. As ascertained by imunohistochemistry, we detected an increase of
fibronectin and laminin deposition within the thymic lobules of infected mice, as compared to
controls. This was further confirmed quantitatively by histometric computer-based analyses
(Figure 1).

In contrast to the increase in fibronectin and laminin contents, flow cytometric
evaluation of thymocytes from infected mice revealed a decrease in the relative numbers and
membrane density of the fibronectin receptors VLA4 and VLAS (CD49d and CD49e,
respectively ), as well as the laminin receptor VLA6 (CD49f). Infected mice presented
decrease in the relative numbers of VLA4/DN thymocytes, and a decrease in membrane
expression levels of this receptor on DN and CD8" SP subpopulations (Figures 2A and 2B).
When we analyzed VLAS, we found that the relative numbers of cells expressing this receptor
was not changed, as compared to controls. However, thymocytes from infected mice
presented decrease VLA-5 density, particularly in the CD4" and CD8" SP subpopulations
(Figures 2C ans 2D).

Both, DN and DP thymocyte subsets from P.berghei-infected mice exhibited a decrease

in the relative numbers of VLA6  cells, as compared to control animals. Membrane
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expression levels were also altered, since DN, DP and CD8" SP thymocytes showed a
decreased density in VLA-6, as evaluated by the mean of fluorescence intensity (Figures 2E
and 2F).

Overall, these data indicate that cell migration-related ECM integrin-type receptors are

down-regulated in thymocyte subpopulations from P. berghei-infected mice.

The expression pattern of chemokines and their receptors are changed in thymocytes
from P. berghei-infected mice.

We also evaluated two selected chemokines produced by the thymic
microenvironment, CCL25 and CXCL12, as well as their corresponding receptors, CCR9 and
CXCR4, expressed in thymocyte subsets. At 14 days post-infection, the thymus from
P.berghei-infected mice showed a statistically significant increase in CXCL12 expression
when compared to control thymuses, as ascertained by quantitative PCR (Figure 3A).

Concomitantly with such increase in CXCLI12 expression, all thymocyte
subpopulations from infected mice exhibited an increase in the relative numbers of cell
expressing CXCR4 (Figure 3B). Membrane expression levels were also higher in thymocytes
from infected mice (except in CD8" SP thymocytes), when compared to controls (Figure 3C).

In contrast, the analysis of CCL25 expression in the thymus from P.berghei-infected
mice revealed decreased levels in mRNA, when compared to controls (Figure 3D). Moreover,
the relative numbers of thymocytes expressing CCR9 were decreased in DN and CD8" SP
subsets, and increased in DP thymocytes (Figure 3E). Nevertheless, membrane density of
CCR9 was higher in all thymocyte subpopulations from infected mice, when compared to

control mice (Figure 3F).
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Chemokine/ECM-driven thymocyte migration is modified following P. bergei infection

To investigate a possible functional impact on thymocytes triggered by intereactions
mediated by selected ECM and chemokines, we analyzed the migratory response through
fibronectin or laminin, or towards CXCL12 or CCL25, as well as the combined effect of each
chemokine combined with one given ECM element. Overall, when we evaluated the bulk of
migrating thymocytes, we found an enhanced higher migratory response of thymocytes from
infected mice, as compared to controls (Figure 4). This was seen in respect to laminina,
CXCL12 and CCL25 applied alone, as well as the combine stimuli of laminina with a given
chemokine. The only exception was seen when fibronectin was applied alone: in this case the
migration pattern was similar in both control and infected groups. Nevertheless, thymocytes
from infected mice migrated significantly more than the control ones when fibronectin was
combined with CXCL12 or CCL25. In fact, these chemokines alone were able to enhance
migratory response of thymocytes from P.berghei-infected mice, when compared to controls.

We next evaluated the migratory responses of each CD4/CD8-defined thymocyte subset,

under the same stimuli. We found that DN, SPCD4", and SPCD8" cells from P. berghei-
infected mice showed higher migratory activity as compared to controls (see data in Table 1).
Rather surprisingly, the number of CD4'CD8" living migrating cells were consistently
decrease when they derived from infected animals, as compared to controls. This might
represent a true decrease in the responding cells, or cell death during the migration period of
three hours, since we knew that DPs are the most sensitive thymocyte subset in malaria
infection. Actually, we noticed that in the wells having thymocytes from infected animals,
the numbers of dying (Trypan blue positive) cells were much higher than what was found in
thymocytes from controls.

Lastly, and considering that migratory responses of mature thymocytes from infected

mice were significantly higher than the corresponding controls, we evaluated the T cell pool
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in the periphery, more specifically in the spleen. In fact, the numbers of both CD4" and CD8"
spleen-derived T cell subsets in infected mice were much higher then the corresponding

controls (Figure 5).

DISCUSSION

The interplay between thymoctes and the thymic microenvironment is modulated by a
variety of proteins, like ECM components and chemokines, and it has been considered of
crucial importance to provide the correct signals to thymocyte migration and maturation [8,
18]. In this sense, it is reasonable to suppose that alterations in ECM elements and
chemokines are implicated in thymic dysfunction.

We have previously reported that Plasmodium berghei infection induces thymus
atrophy with changes in its architecture that is characterized by loss of the cortico-medullary
delimitation and massive depletion of thymocytes, mainly the double-positive (DP)
subpopulation [5]. In this paper we have described that thymic atrophy induced by malaria
infection is also characterized by profound alterations in the expression of ECM components
and chemokines, in such way that thymocyte migration inside the thymus, which is an
essential event for T cell development, is severely compromised.

Like observed in the Trypanosoma cruzi infection by Cotta-de-Almeida and co-
workers [16] we have found higher density of fibronectin and laminin elements in the thymus
from infected animals than that observed in the controls. The participation and importance of
these proteins in the thymocyte development has already been described [10, 11]. The ECM
molecules form bridges between thymocytes and cells of the thymic microenvironment, such
as thymic epithelial cells, dendritic cells and macrophages, providing a mechanical support to
thymocyte migration inside thymus [19, 20]. Laminin plays an important role in thymocyte

maturation and high levels of this molecule are associated with high migration rates [21, 22].
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Besides, the enhancement of fibronectin is related to an increased of apoptosis in DP
thymocytes [23].

In our experimental model, the DP thymocytes are the most subpopulation severely
affected and this fact can be related to the increase in fibronectin density. We believe that
such alterations in ECM elements are compromising the intrathymic migration and the T cell
development in P.berghei infected mice.

Interestingly, alterations in ECM components were not accompanied by the increase of
VLA4, VLAS or VLAG6 expression, suggesting that a high density of ECM elements not
necessarily is accompanied by enhancement of their receptors on thymocyte surface.
Interactions among ECM elements and their specific receptors are essentials to release signals
which promote thymocyte migration. In fact, literature shows that the blockade of both VLA-
4 and VLA-5 completely changes the pattern of fibronectin driven migration [24].

Other molecules, with significant importance to intrathymic migration, are the
chemokines and their cognitive receptors. The chemokine CXCL12 is required by thymocytes
to migrate from the cortical medullary junction to the subcapsular zone, where specific signals
from intrathymic microenvironmental niches induce and regulate the earliest stages of
thymocyte development [13, 25, 26]. It has been also demonstrated that an enhanced
fibronectin expression favors the chemokine sequestration preventing its degradation by
matrix metalloproteinases (MMPs) [27]. In fact, we have found that alterations in the ECM
pattern were accompanied by increased expression of the chemokine CXCLI12 and its
respective receptor, the CXCR4 molecule.

The expression of another chemokine, the molecule CCL25, and its ligand, the
receptor CCR9, were also found altered in our experimental group. Malaria infected animals
showed decreased expression of CCL25 with an increased CCR9 density in all thymocyte

subpopulations [28]. At DP stage, thymocytes become to express the CCR9 molecule in
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response to CCL25 and then migrate towards medulla. It has been proposed that the
interaction CCL25/CCRY is extremely necessary to prevent apoptosis during thymocyte
development [29]. The results found here suggest, besides abnormalities in thymocyte
migration, the occurrence of high cell death in thymus from P.berghei-infected mice.
Experiments are on going by our group to confirm, or not, this supposition.

Cell migration is crucial for intrathymic T-cell differentiation, and the combinatorial
role for extracellular matrix elements and chemokines in this event was already proposed by
Savino and co-workers [10]. Taking into account the alterations observed in our murine
model of malaria, we have decided to investigate the ex vivo migratory activity of thymocytes
towards the chemokines, CXCL12 and CCL25, alone or in combination with fibronectin and
laminin. The chemokine-driven thymocyte migration was higher in plasmodium-infected
group than in controls, suggesting that their specific receptors are more activated. Moreover,
when fibronectin was applied with the chemokines the number of migrating cells was higher
than that observed when the fibronectin was the only stimulus, suggesting a compensatory
mechanism for CXCR4 and CCL25 in relation to the decreased expression of VLA-5. These
results are similar to that observed in the murine model of Trypanosoma cruzi [16]

Interestingly, it was noted that the laminin-driven thymocyte migration was higher
despite the decreased expression of the VLA-6 molecule. Once again, this result suggests that
the state of activation of the receptor could be more important than its density on the
membrane, at least to thymocyte migration.

Here, we have also observed, by using an ex vivo migration assay, a higher migratory
activity of DN, CD4" and CDS8" subpopulations of thymocytes from Plasmodium berghei-
infected mice when compared to the controls. Coincidently, spleen of infected mice
presented increased numbers of DN, CD4" and CD8" subpopulations. Such an enhancement

of CD4" and CD8" SP lymphocytes may be evidently attributed to the proliferation of these
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subpopulations in response to the parasite. But the high numbers of DN thymocytes in spleen
i1s an intriguing question. In the T.cruzi infection, for example, alterations in thymocyte
migration are also observed and high numbers of DP thymocytes are found in the lymph
nodes [30]. These authors suggest that these immature lymphocytes in the periphery can play
an important role in the autoimmunity process observed during Chagas’disease [31].
Although Plasmodium infection does not present autoimmunity complications, it is possible
that alterations observed in the migratory activity of thymocytes and the presence of DN
subpopulation in the spleen of mice during the infection can also affect the immune response
against the parasite.

We believe that the presence of Plasmodium inside the thymus, as reported earlier by
our group, is important, and most probably sufficient, to evoke alterations in the thymic
microenvironment [5]. However, the possibility that systemic factors, like cytokines,
glucocorticoids and/or other hormones, released during the immune response against the
parasite, are also inducing alterations in the thymus can not be discarded. Further studies
examining the role of these possible interfering proteins are required to define their
contribution to the thymus atrophy during malaria infection.

Overall, we provided evidence that the thymic atrophy observed in Plasmodium
berghei-infected mice is accompanied by severe thymic microenvironmental changes that
comprise altered expression of thymocyte migration-related molecules of the ECM and
chemokine protein families, which in turn, alter the thymocyte migration pattern. Such altered
migration response may contribute to shaping the abnormal the peripheral pool of T

lymphocytes seen in murine malaria.
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MATERIALS AND METHODS

Animals

Specific pathogen-free 8 week-old male BALB/c mice were purchased from
CEMIB/UNICAMP (Campinas, Sao Paulo, Brazil) and housed in microisolator cages with
free access to water and food. All protocols were performed in accordance with the guidelines

of the State University of Campinas” Committee on the Use and Care of Animals.

Infection of mice

Ten animals were infected with 5x 10° red blood cells parasitized by Plasmodium berghei-
NK65 (PbNK-65) or only injected with saline (negative control group). After 14 days of
infection, control and infected mice were anesthetized, sacrificed and their thymuses collected

and used in experiments described below.

Cytofluorometry

Thymuses were minced, washed and resuspended in PBS-FCS 5% for subsequent cellularity
evaluation, which was followed by triple immunofluorescence staining. Appropriate dilutions
of the following fluorochrome-labeled monoclonal antibodies (mAbs) were used: FITC/anti-
CD4 (clone GK1.5), Alexa Fluor 647/anti-CD8 (clone 53-6.7), PeCy-7/anti-CD3 (clone 145-
2C11), PE/anti-CD49d (clone 9C10), PE/anti-CD49e¢ (clone SH10-27), PE/anti-CD49f (clone
GOH3), PE/anti-CXCR4 (clone B11/CXCR4) and PE/anti-CCR9Y (clone 242503). These
reagents were purchased from Pharmingen/Becton-Dickinson (South San Francisco, CA,
USA) and R&D Systems (Minneapolis, MN, USA). Fluorochrome-labeled isotype-matched
negative controls for the specific mAbs were Pharmingen products. Cells were stained for 20
minutes and then washed with PBS, fixed and analyzed by flow cytometry in a

FACsCANTO® device (Becton Dickinson, San Jose, CA, USA) equipped with Diva
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software. Analyses were done after recording 10,000 events for each sample using FCS
Express V3 software. Splenic cells from infected and control animals were also processed
and analyzed by flow cytometry. In this case, cell populations were analyzed by gating on

forward scatter (FSC), side scatter (SSC), CD3, CD4 and CDS.

Immunofluorescence

Thymuses were embedded in Tissue-Tek (LEICA Instruments - Germany) and subsequently
frozen at —70°C. Five um thick cryostat sections were settled on silanized glass slides, acetone
fixed and blocked with PBS/1% BSA. Samples were submitted to anti-fibronectin or anti-
laminin primary antibody incubation (Sigma-Aldrich, St Louis, MO, USA) for 1 h at room
temperature, washed three times with PBS and labeled FITC-coupled secondary antibody
incubation (Santa Cruz Biotechnology, Santa Cruz CA, USA) for an additional 30 min.
Samples were analyzed by fluorescence microscopy Olympus and the images obtained were

subsequently quantified for the presence of ECm proteins using the Image J software [32].

Quantitative polymerase chain reaction (q-PCR)

The expression of chemokine genes was evaluated by real-time quantitative transcription-
PCR (RT-gPCR). Thymus RNA was extracted from tissues using the Illustra RNAspin Mini
(GE Healthcare, Amersham, UK). After RNA quantification and analysis of RNA integrity
on a 1.5% agarose gel, reverse transcription was performed with approximately 2 ng of RNA
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer’s instructions. The ¢cDNA was quantified in
Nanodrop by determining the absorbance at 260 nm, and the 260/280 nm absorbance ratio
was calculated. The polymerase chain reaction was performed with an ABI Prism 7300

device (Applied Biosystems, Foster City, CA, USA) and the reactions were carried out in 25
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uL volume and in the presence of the TagMan PCR Master Mix™ (Applied Biosystems,
Foster City, CA, USA), using different sets of oligonucleotides and probes for the
amplification of the RNA 18s, CXCL12 and CCL25 genes. These -corresponded
(respectively) to the following reference numbers (Applied Biosystems, Foster City, CA,
USA): Rn00667869 ml, Mm00446190 ml and Mm00439616 ml. Expression levels of
chemokine genes in control and infected mice were represented as relative copy numbers by

using the delta threshold cycle method (27°°") [33].

Transmigration experiments

Thymocyte migratory response was assessed as described before [17, 34]. Briefly, 5 um-pore
size inserts of transwell plates (Corning Costar, Cambridge, USA) were coated with 10pug/mL
of BSA, fibronectin, laminin (R&D Systems, Minneapolis, MN, USA) or PBS for 1 h at 37°C
and then blocked with PBS/ 0,5% BSA for 45 minutes at 37°C. Thymocytes (2.5x10° in 100l
RPMI/ 1% BSA) were added in the upper chambers. After 3 h incubation at 37°C in a 5%
CO; humidified atmosphere, migration was defined by counting the cells that migrated to the
lower chambers containing only migration milieu (RPMI/ 1% BSA) or containing 400 ng/ml
of chemokines CXCL12 or CCL25 (R&D Systems, Minneapolis, MN, USA). Of note, the
migration medium was always devoid of fetal calf serum, thus avoiding any serum-derived
migration stimuli such as fibronectin and other soluble factors. Migrating cells were
ultimately counted, labeled with appropriate antibodies and analyzed by flow cytometry. The
results are presented in terms of total migration as well as of relative numbers (percentages of
input) and correspond to specific migration after subtracting the numbers found in wells

coated only with BSA.
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Statistical Analysis
Statistical evaluation of the results between control and infected-mice was carried out by
unpaired T test, using the GraphPad Prism 4.0 software. Results are given as mean values (£

SE) and p values less than 0.05 were considered to be statistically significant.
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FIGURE LEGENDS

Figure 1. Extracellular matrix density in the thymus. (A) Immunofluorescence staining shows
enhanced density of fibronectin in the thymus from P. berghei-infected when compared to the
control. Enhanced density was also observed to laminin staining (Original magnification, x
100). (B) and (C) The graphics correspond to quantitative analysis of selected microscopic
fields of thymuses from control and infected mice in terms of fibronectin and laminin,
respectively. Results are expressed in pixels/um” and represent the mean + SE for at least five

animals. ** p<0.01, and *** p<0.001.

Figure 2. Altered expression of fibronectin receptors (VLA4 and VLAS) and laminin receptor
(VLA®G) in total thymocytes and in CD4/CD8§-defined subpopulations (DN: CD4°CD8", DP:
CD4'CDS8", CD4: CD4'CD§8", CD8: CD4CD8") from control and P. berghei-infected mice.
Full histograms correspond to unrelated immunoglobulin staining controls of normal and
P.berghei-infected mice. Open gray and open black histograms correspond to normal and
infected mice, respectively. (A), (C), and (E) Decreased percentage of thymocytes from
infected mice that express VLA4, VLAS5 and VLA-6, respectively. (B), (D), and (F)
Decreased expression of fibronectin receptor VLA4 and VLAS, and laminin receptor VLA6

in thymocyte from infected mice. Results are expressed as mean + SE for at least five

animals. * p<0.05, ** p<0.01.

Figure 3. Altered expression of chemokines CCL25 and CXCL12, and their receptors (CCR9
and CXCRA4, respectively) in total thymocytes and in CD4/CD8-defined subpopulations (DN:
CD4°CD§’, DP: CD4'CDS8", CD4: CD4'CD§’, CD8: CD4 CD8") from control and P. berghei-
infected mice. Full histograms correspond to unrelated immunoglobulin staining controls for

normal and infected mice. (A) and (D) Relative expression of CXCLI12 and CCL25,

155



respectively in control and P. berghei-infected mice. (B) and (E) Increased percentage of
CXCR4 and CCRY, respectively, in thymocytes from P.berghei-infected mice. (C) and (F)
Increased expression of CXCR4 and CCROY, respectively, in thymocytes from infected mice.

Results are expressed as mean + SE for at least five animals. * p<0.05, and *** p<0.001.

Figure 4. Altered thymocyte migration P. berghei-infected mice. (A) The graphic shows the
numbers of total migrating cells towards fibronectin (FN) and laminin (LN), or CXCL12 and
CCL25, as well as the chemokines combined with one given ECM element. (B) Spleen from
infected mice showed increased numbers of DN, TCD4" and TCDS8" subpopulation as
compared to controls. Results are expressed as mean = SE derived from five experiments,
each one obtained by a pool of at least five control and ten infected mice. * p<0.05 and **

p<0.01.
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Table 1. Altered ex vivo migratory responses of CD4/CD8-defined thymocyte subpopulations

from Plasmodium berghei-infected mice™”.

Stimuli

Fibronectin

Laminin

CXCL12

CCL25

Fibronectin
+CXCL12

Fibronectin
+CCL25

Laminin+CX
CL12

Laminin
+CCL25

Group
Control
Infected
Control
Infected
Control
Infected
Control
Infected
Control
Infected
Control
Infected
Control
Infected
Control

Infected

DN

0.72+0,05

1.32+0,24

0.58+0.16

1.56+0.34

0.21£0.01

1.50£0.20**

0.11%0.02

0.90+0.17**

0.32+0.09

2.35+0.44**

0.22+0.06

1.21+0.17*

0.32+0.31

2.48+0.47**

0.11+0.02

1.88+0.44**

b

DP
4.1+0,12
1.0£0,04**
3.79+0.66
1.13+0.06*
4.35+0.80
1.0410.16*
2.72+0.42
0.73+0.09*
5.50+1.33
2.0410.37*
3.43+0.73
0.9310.03**
4.89+0.46
2.06+0.16*
2.90%0.39

1.57+0.27*

CD4"
2.01%0,25
5.04+0,76*
1.71+0.20
5.86+0.32*
0.90+0.31

6.9610.88**
0.55+0.18
3.68+0.36**
1.06+0.32
13.68+2.13**
0.73+0.14
5.45+0.32**
1.64+0.35
14.06+0.99**
0.57+0.15

8.9111.75**

CD4" fold
change

2.5

3.4

7.7

6.6

12.9

7.4

8.5

15.6

cbsg*
0.65+0,15
2.83+0,44*
0.70+0.11
1.71+0.20**
0.44+0.06
4.03+0.43**
0.26+0.06
2.06+0.26**
0.49+0.17
6.79+0.85**
0.24+0.07
2.73+0.16**
0.84+0.18
8.61+0.85**
0.22+0.07

5.11%1.52**

CD8"* fold
change

4.3

2.4

9.1

7.9

13.8

10.2

23.2

*Only living cells (ascertained by the Trypan blue exclusion test) were counted after migration. "The

relative numbers (percentage of input) of migrating thymocytes towards different haptotatic stimuli are

representative of three similar experiments, each one corresponding to a pool of 4 control and 6

infected animals. * p<0.05, ** p<0.01, *** p< 0.001.
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ABSTRACT

Little is known about the immune consequences of Type 1 diabetes. Since a preserved
thymic microenvironment is of critical importance for the T cell development and
maturation, we have examined the thymus from alloxan-diabetic mice. An intense thymic
atrophy accompanied by changes in histological pattern and in thymocyte subpopulations
were observed in diabetic mice. Laminin and fibronectin, which are close associated with
thymocytes maturation, were evaluated, but, only laminin presented an altered distribution
and density in thymuses from diabetes group. The expression of fibronectin and laminin
receptors was found to be decreased in diabetic mice. There was also intense decrease in
the expression of two important chemokines for thymus, CCL25 and CXCL12, and in the
CCR9 (CCL25 receptor), but the expression of CXCR4 (CXCL12 receptor) did not drop on
cells. However, no significant difference was observed in the in vitro thymocytes migratory
capacity from diabetic mice. The results show significant alterations in thymus
microenvironment in diabetes and offer insights for endocrinal influences studies for T cell

maturation.

Keywords: thymus; thymic microenvironment; diabetes; alloxan-diabetic mice.
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INTRODUCTION

The thymus, a specialized, primary lymphoid organ, is crucial for the development
of immature T cells into cells that further in the periphery will be able to carry out immune
functions against several pathological conditions. The successful development of mature T
cells depends on the constant migration of the immature T cell (or thymocytes while in the
thymus) through the thymic microenvironment. Such migration is essential to thymic
stromal cells provide signals to thymocytes that lead to proliferation, differentiation and
generation of diversity [1-3]. Although the mechanism directing this migration is poorly
understood, clear evidence has been obtained showing that thymic microenvironment,
collectively, influences the process of T cell development through adhesion molecules and
extracellular matrix elements (ECM), and by secreting soluble polypeptides as cytokines
and chemokines [3,4]. Besides, it is now well-recognized the hormonal influence upon the
thymus. Increased circulating levels of glucocorticoids or reduced leptin concentrations in
the serum have been known to yield acute thymic involution due to apoptosis-induced
thymocyte depletion [5-7]. Given that plasma glucocorticoid and leptin are expected to be
altered under conditions of insulin deficiency, it is reasonable to suppose that diabetes can

have a serious impact on the body’s immune system.

In fact, it has been demonstrated that diabetes patients have many functional
abnormalities which could be responsible for compromised inflammatory immune

responses [8-10] and increased susceptibility to bacterial and mycotic infections [10-12]
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Decreased immune function is also observed experimentally by using streptozotocin-
induced diabetic rats which show markedly reduction of cellularity and impaired response
of B and T cells in the peripheral lymphoid organs [13]. In addition, past studies have
demonstrated that type-1 diabetes patients and non-obese diabetic (NOD) mice present
defective maturation of dendritic cells and macrophages with dysfunctional antigen
presentation that leads to a defective T cell maturation in the thymus and impaired

activation of regulatory T cells [14-16].

The effect of diabetes on the immune system, particularly affecting the thymus
gland, has been investigated by many researchers [5, 17-19]. Recently, we have showed
enhanced deposition of fibronectin, laminin, and CXCL12 in the thymus from NOD mouse
[20]. These same authors have also observed multiple cell migration abnormalities in NOD
thymocytes. Yet, other authors [18] have demonstrated that the thymus is ultra-structurally
affected by diabetes and concomitant fasting, and that insulin treatment is able to reverse

these pathologic changes.

Considering that a preserved thymic microenvironment is of critical importance for
the development and maturation of a functional immune system, we have examined the
thymus from alloxan-diabetic mice to address the following questions: (i) Is the thymic
atrophy observed in such mice correlated with loss of thymocytes or accelerated thymocyte
emigration? (ii) Are the thymic ECM elements and respective receptors, as well as, the
chemokines CCL25 and CXCLI12 and their ligands, which are essential for intrathymic
migration, being modulated in insulin-deficient diabetes?; and (iii) Are the migratory

capacity of thymocytes from alloxan-diabetic mice in fact altered?
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Data showed here may be useful for understanding the mechanisms that drive
acute thymic involution associated with diabetes, and so make easy the development of new
therapeutic approaches to prevent atrophy or accelerate thymic recovery aiming the

maintenance of a robust and healthy immune system in diabetic patients.

MATERIAL AND METHODS

Animals

Specific pathogen-free male BALB/c mice, 8 week-old, were purchased from
CEMIB/UNICAMP (Campinas, Sao Paulo, Brazil) and housed in microisolator cages with
free access to water and food. To create an animal model of type 1 diabetes, 24h-fasted
anaesthetized animals were injected with alloxan (2,4,5,6-tetraoxypyrimidine; 5,6-
dioxyuracil) purchased from Sigma (St. Louis, MO, USA). All protocols were performed in
accordance with the guidelines of the State University of Campinas” Committee on the Use

and Care of Animals.

Diabetes Induction

Ten animals were given a single injection of alloxan (60mg/kg) diluted with sterile saline
through the tail vein. A control group of ten animals were given a single dose of sterile
saline. On the third day after drug injection, blood glucose levels were assessed and only
animals with glucose levels above 200mg/dl were considered diabetic and used in the

experiments.
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Thymic index

The gross weight of each mouse was recorded 24 hours after glycemia dosage. Then,
diabetic and non-diabetic animals were sacrificed under anesthesia (using 100 mg/Kg
ketamine hydrochloride and 5 mg/Kg xylazine hydrochloride) and the thymus glands were
collected and weighed. The thymic index was calculated as: organ weight (g) / body weight

(g) x 100.

Histological analysis

For microscopic histological evaluation, thymuses were collected and fixed in a solution
2% paraformoldehyde for 12 hours at room temperature. The specimens were submitted to
diafanization with xylene, dehydrated by graded ethanol, embedded in paraffin and cut in
5-um-thick sections. Histologic changes were evaluated on sections stained with
hematoxylin and eosin (H&E). Additionally, Gomori’s silver impregnation staining was

performed for specific assessment of reticulin fibres deposition.

Cytofluorometry

Thymuses were minced, washed and resuspended in PBS-FBS 5% for subsequent
cellularity evaluation, which was followed by triple immunofluorescence staining.
Appropriate dilutions of the following fluorochrome-labeled monoclonal antibodies
(mAbs) were used: FITC/anti-CD4 (clone GK1.5), Alexa Fluor 647/anti-CDS8 (clone 53-
6.7), PeCy-7/anti-CD3 (clone 145-2C11), PE/anti-CD49d (clone 9C10), PE/anti-CD49e

(clone 5H10-27), PE/anti-CD49f (clone GOH3), PE/anti-CXCR4 (clone B11/CXCR4)
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and PE/anti-CCR9 (clone 242503). These reagents were purchased from
Pharmingen/Becton-Dickinson (South San Francisco, CA, USA) and R&D Systems
(Minneapolis, MN, USA). Fluorochrome-labeled isotype-matched negative controls for
the specific mAbs were Pharmingen products. Cells were stained for 20 minutes and then
washed with PBS, fixed and analyzed by flow cytometry in a FACSCANTO® device
(Becton Dickinson, San Jose, CA, USA) equipped with Diva software. Analyses were
done after recording 10,000 events for each sample using FCS Express V3 software.
Lymphocytes were gated based on forward and side scatter parameters, so as to avoid
larger leukocytes such as macrophages and granulocytes.
Immunofluorescence
Thymuses were embedded in Tissue-Tek (LEICA Instruments - Germany) and
subsequently frozen at —70°C. Cryostat sections (5 um thick) were settled on silanized glass
slides, acetone fixed and blocked with PBS/1% BSA. Samples were submitted to anti-
fibronectin or anti-laminin primary antibody incubations (Sigma-Aldrich, St Louis, MO,
USA) for 1 h at room temperature, washed three times with PBS and submitted to FITC-
coupled secondary antibody incubation (Santa Cruz Biotechnology, Santa Cruz CA, USA)
for an additional 30 min. Samples were analyzed by fluorescence microscopy Olympus and

the images obtained were subsequently analyzed using the Image J [21].

Quantitative polymerase chain reaction (q-PCR)

The expression of chemokine genes was evaluated by real-time quantitative transcription-
PCR (RT-gPCR). Thymus RNA was extracted from tissues using the Illustra RNAspin

Mini (GE Healthcare, Amersham, UK). After RNA quantification and analysis of RNA
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integrity on a 1.5% agarose gel, reverse transcription was performed with approximately
2 ug of RNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s instructions. The cDNA was
quantified in Nanodrop by determining the absorbance at 260 nm, and the 260/280 nm
absorbance ratio was calculated. The polymerase chain reaction was performed with an
ABI Prism 7300 (Applied Biosystems, Foster City, CA, USA) and the reactions were
carried out in 25 pL volume and in the presence of the TagMan PCR Master Mix™
(Applied Biosystems, Foster City, CA, USA) and different sets of oligonucleotides and
probes for the amplification of the RNA 18s, CXCL12 and CCL25 genes. These
corresponded (respectively) to the following reference numbers (Applied Biosystems,
Foster City, CA, USA): Rn00667869 ml, Mm00446190 ml and Mm00439616 ml.
Expression levels of chemokine genes in control and diabetic mice were represented as a

relative copy numbers by using the delta threshold cycle method (272" [22].

Transmigration experiments

Thymocyte migratory activity was assessed as described before [23,20]. Briefly, 5 um-pore
size inserts of transwell plates (Corning Costar, Cambridge, USA) were coated with
10pg/mL of BSA, fibronectin, laminin (R&D Systems, Minneapolis, MN, USA) or PBS for
1 h at 37°C and then blocked with PBS/ 0,5% BSA for 45 minutes at 37°C. Thymocytes
(2.5x10° in 100ul RPMI/ 1% BSA) were added in the upper chambers. After 3 h incubation
at 37°C in a 5% CO, humidified atmosphere, migration was defined by counting the cells
that migrated to the lower chambers containing only migration milieu (RPMI/ 1% BSA) or

containing 400 ng/ml of chemokines CXCLI12 or CCL25 (R&D Systems, Minneapolis,
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MN, USA). It is important to note that the migration medium was always devoid of FCS,
thus avoiding any serum-derived stimuli such as fibronectin and other soluble factors.
Migrating cells were ultimately counted, labeled with appropriate antibodies and analyzed

by flow cytometry. The results were expressed in absolute numbers of migrating cells.

Statistical Analysis
Statistical evaluation of the results between diabetic and non-diabetic mice was carried out
by unpaired T test (GraphPad Prism 4.0 software). Results are given as mean values (+ SE)

and p values less than 0.05 were considered to be statistically significant.

RESULTS

Thymic atrophy is correlated with loss of thymocytes in type-1 diabetes model

An intense decrease of the thymus relative weight in diabetic group was observed
when compared to the control group (fig. 1A). This atrophy was also accompanied by
changes in the thymus histological pattern. Cortical and medullar regions remained well
delimited in control mice, but this delimitation was not found in diabetic mice like if the
cortex, which was populated by double-positive (DP) immature T cell (CD4 CD8"), had
been abrogated (fig. 1B). In fact, when thymocyte subpopulations were evaluated by flow
cytometry analyses the absolute and relative numbers of DP cells in diabetic group were
lower when compared with controls (fig. 1C and D). It should be pointed out that, the drop
in DP absolute numbers was more expressive than that observed in other subpopulations.
However, single-positive (CD4 CD8 / CD4'CD8") and double-negative (CD4 CDS8 / CD4

CD8") subpopulations also had an expressive drop in absolute numbers when compared

172



with control group (fig. 1D). The relative numbers of such subpopulations increased due to
changes in the ratio among subpopulations caused by reduced percentage numbers of DP
cells.

We believe that thymic atrophy and histological changes observed here could be

associated to loss of thymocyte subpopulations, mainly DP cells.

Enhanced density of thymic ECM elements in type-1 diabetes model

The ECM ligands, laminin and fibronectin, which are close associated with T cell
maturation, were evaluated (Fig. 2). The thymuses from control group presented a normal
pattern of distribution of ECM molecules being observed in septa, basal membrane of
thymic capsule, perivascular spaces and medullary region (Fig. 2A right and left).
However, an altered distribution and density of laminin was observed in thymuses from
diabetes group. As the thymic regions are not delimited in diabetic thymuses, a strong
labeling was found in the entire organ, mainly in the capsule and perivascular spaces (fig.
2A left), as well as the density was increased as compared with controls (fig. 2B left). It is
important to note, however, that the increased density of laminin observed in diabetic mice
not necessarily represents an increase of the expression, because the control group presents
very well delimited regions with different patterns of distribution. No significant alterations
between control and diabetes group were found for fibronectin labeling density (fig. 2A and

2B right).

Decreased expression of ECM receptors in type-1 diabetes model
The expression of the VLA4 (CD49d/CD29), an integrin-type fibronectin receptor,

parallels with fibronectin density, i.e., with no alterations very well recognized. In diabetes
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mice, the relative numbers of VLA4" cells and the membrane density of the molecules,
ascertained by the mean fluorescence intensity (MFI), have showed to be down modulated
when examining the total thymocytes, CD8" and DN subpopulations (fig. 3A and D).

The expression of the other integrin-type fibronectin receptor, the molecule VLAS
(CD49¢/CD29) showed to be lower than VLA4 for both MIF and relative numbers when
diabetic and control mice were compared. The subpopulations CD4", DP and DN were the
most affected (fig. 3B and 3E).

The expression of the VLA6 laminin receptor (CD49f/CD29) was unexpectedly
found to be decreased in thymuses from diabetic mice in spite of the laminin density to be
enhanced. The MFI values dropped in all subpopulations and, consequently, in the total
thymocyte numbers (fig. 3C). The relative numbers of VLA6" cells was also decreased,
mainly in DN thymocytes (fig. 3F).

Taking into account the severe thymocyte depletion found in diabetes group and
showed in figure 1D, it is expected that the absolute numbers of cells expressing ECM

receptors were reduced in all subpopulations when compared to the controls.

Chemokines and chemokine receptors: modulation target in the thymus

We analyzed two of the most important chemokines of the thymic
microenvironment, CCL25 and CXCL12, and their respective receptors, CCR9 and
CXCR4. Both pairs have a fundamental role in intrathymic migration and thymocyte
maturation. Our results demonstrated intense decrease in the expression of these
chemokines in diabetic-mice thymic microenvironment. It was found a decrease of a 9-fold

for CCL25 (fig. 4A) and a 4-fold for CXCL12 (fig. 4B).

174



The relative and absolute numbers of positive cells and the MFI of chemokine
receptors in thymocytes were next evaluated. For CCR9 molecules, the diabetic group
showed reduction of relative and absolute numbers of positive cells that was accompanied
by reduction of membrane density (fig. 4C and D). However, in spite of the decreased
expression of CXCL12, the expression of CXCR4 molecules did not drop on cells. The
drop of such receptor seen when the absolute numbers of CXCR4" cells are analyzed is
only apparent (fig. 4E), because when the relative numbers of positive cells and the MFI
are examined one can observe an increase of CXCR4 expression (fig. 4F). We conjecture
that other factors could be modulating the expression of such receptor, and not only its

ligand.

No significant alteration in thymocyte migration in type-1 diabetes model

Next, we evaluated possible changes upon thymocyte migration toward different
stimuli (ECM molecules and chemokines) and the results are shown in Figure 5SA. Taking
into account the decrease of VLAs™ thymocytes observed in diabetic mice, the migration
toward fibronectin and laminin was not found to be decreased when compared to control
thymocytes. When transwell chambers were coated with CXCL12, no difference was
observed between control and diabetes-group, although an increase in the expression of its
receptor (CXCR4) has been observed in thymocytes from diabetic mice. Similar results
were obtained when CCL25 was applied to the chamber, but the thymocytes migrated less
than CXCL12-driven migration. When fibronectin or laminin and CXCL12 were used
together, the migration index was higher than that observed when these molecules were

used alone. However, the combination of CCL25 and fibronectin or laminin resulted in the
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same migration levels that were seen when thymocyte migration was driven by each
molecule.

Due to the fact that no statistically significant difference was observed in the in vitro
migratory capacity of thymocytes from diabetic-mice, we decided to evaluate the T cell
subpopulations in the periphery. Except to the CD8" subpopulation, no alteration was
observed in the spleen obtained from diabetes group (fig. 5B). We also did not find any
difference in weight and cellularity between control and diabetic groups (data not shown).
To sum up, thymocyte migration to the periphery is not very affected under diabetic
condition, but the possibility that in vivo intrathymic migration is altered because of

changes in the microenvironment during the disease cannot be discarded.

DISCUSSION

Typel diabetes is a very complex syndrome and its pathogenesis is clearly
understood today. However, its immune consequences still remain unclear. Studies on T
cell maturation are essential for the knowledge of immune response in diabetic patients, and

in this context, our data have a significant role.
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The bulk of results presented herein demonstrated that our diabetes experimental
model provokes deep changes in the thymus such as intense thymic atrophy and
histological disorganization entailing significant consequences for T cell development.
Both the severe thymic atrophy and the massive loss of DP cells have been already seen in
other diseases, mainly infectious diseases [24, 25]. In experimental diabetes using different
models similar results were also found [17, 18].

As described before, the combined role for extracellular matrix and chemokines in
intrathymic migration is essential for appropriate thymocyte maturation [4].

We found many changes in intrathymic microenvironment suggesting strong
evidences about T cell abnormal maturation. We have shown alterations in ECM elements
and receptors as well as in chemokines and their receptors. In the NOD mice, an useful
typel diabetes model, we found an increase of CXCL12 and fibronectin co-expression,
besides an altered migratory activity [20]. The CXCL12 and fibronectin co-expression is
due to the binding of these two molecules and an enhanced fibronectin expression favors
CXCLI12 sequestration and prevents chemokine degradation [23]. Otherwise, in the
alloxan-induced diabetes model we showed no alterations in fibronectin density and intense
CXCLI12 decrease but CXCR4 expression was not down regulated. The presence of
CXCLI12 secreted by TECs is fundamental for DN thymocyte migration from the cortical-
medullar junction to the subcapsular region where these cells become DP and start CCR9
expression enabling them to migrate towards the medulla [1, 26]. In our model, both CCR9
and its ligand (CCL25) decreased and this fact may alter intrathymic migration and T cell
maturation, leading as a consequence to a novel histological reorganization of thymus.
Interestingly, we showed a decreased VLA-5 expression in aloxan-induced diabetes mice

and similar result has been already observed in NOD mouse thymocytes [19, 27]. This
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decrease of VLA-5 could alter the fibronectin binding and consequently the intrathymic
migration. Furthermore, the other fibronectin receptor, VLA-4, also presented a decrease in
relative numbers and fluorescence intensity, although the VLA-5 alterations have been
more evident. Despite VLA-6 also had dropped, the laminin density stain had a significant
increase in diabetic mice. Laminin plays an important role in thymocyte migration and high
levels of this molecule are connected with higher migration rates [28, 29]. However, we did
not find significant changes in the ex-vivo transmigration assay using laminin or laminin
plus CXCLI12 for membrane coating, as it has been already seen by other studies in
different thymic atrophy models.

In a diabetic condition there are many hormonal alterations that could influence the
thymus microenvironment. However, few studies in the literature suggest that the
expression of laminin or other ECM elements are controlled by the same hormones [28-30].
Although we have not measured intrathymic migration in this study, our results suggest that
changes in ECM do alter intrathymic migration with important consequences for T cell
maturation.

DP thymocytes, the most affected subpopulation in our study, are found in the
cortical region and its loss in thymus atrophy has been usually connected with a premature
cell release to the periphery [23,31]. However, in our model, we did not find significant
changes in the subpopulation ratio in spleen or in ex-vivo migration pattern. Hence, we
believe that the atrophy is due to a cortical loss, but the cause of such loss is much probably
linked to a DP massive apoptosis followed by an abnormal maturation than to thymocyte
premature release to the periphery.

Here, we did not investigate apoptosis in particular, but there are evidences that

such phenomenon was enhanced in our study. Furthermore, CXCL12 and CCR9 are
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considered anti-apoptotic molecules [26] and interestingly, both molecules showed intense
decrease here. Moreover, it is important to stress the close relation among hormones,
diabetes and thymus. Leptin, an adipocyte-derived hormone, is controlled by glucose,
insulin, glucocorticoids and cytokines [32]. In vivo insulin has a stimulatory effect on
human and rodent leptin [5,33]. In diabetes condition, in which insulin is abrogated, the
leptin decreases and some studies associate the leptin decrease with thymus atrophy [4-6,
32].

In conclusion, our study characterized the thymus atrophy in alloxan-induced
diabetes mice demonstrating that this model presents significant alteration in thymus
microenvironment and in thymocyte subpopulations. Our study also offers insights and

tools for T cell maturation and endocrinal influences studies.
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Figure 1. A, Reduction in thymus/body weight ratio in diabetic mice as compared to
control ones. B, Note that the cortico-medullar delimitation in the thymus from diabetic
mice was lost, as compared to control mice (Haematoxilin-eosin staining, x 100). C,
Change in the relative numbers of thymocyte from diabetic mice, with a more pronounced
decrease in double positive subpopulation (DP). D, Decrease in the absolute numbers of
cells in the thymus from diabetic mice. All thymocyte subpopulations are diminished,

mainly DP cells. Results are expressed as mean + SE for at least five animals.* p<0.05, **

p<0.01 and *** p<0.001.

Figure 2. Extracellular matrix density in the thymus from control and diabetic mice. A,
Immunofluorescence staining shows enhanced density of laminin in the thymus from
diabetic mice after 72 hours of diabetes induction. No alteration was observed to
fibronectin staining as compared with control (Original magnification, x 100). B, The
bottom graphics correspond to quantitative analysis of selected microscopic fields of the
thymus from control and diabetic mice in terms of laminin (left) and fibronectin (right),
with the results expressed in fluorescence intensity. Results are expressed as mean + SE for

at least five animals. ** p<0.01.

Figure 3. Altered expression of the fibronectin receptors VLA4 and VLAS (CD49d and

CDA49e, respectively) and the laminin receptor VLA6 (CD49f) in total thymocytes and in
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CD4/CD8 defined subpopulations (DN: CD4 CD8’, DP: CD4'CDS8", CD4: CD4'CDS,
CDS8: CD4'CD8") from control and diabetic mice. Full histograms correspond to unrelated
immunoglobulin staining controls of normal and diabetic mice. Open gray and open black
histograms correspond to normal and diabetic mice, respectively. A, B, and C, A decrease
in the expression of the fibronectin receptors VLA-4 and VLA-5, and the laminin receptor
VLA-6 in all subpopulations was seen in diabetic mice. D, E, and F, A decrease in
percentages of thymocytes that express VLA4 (CD49d), VLAS5 (CD49¢) and VLA6
(CD49f) can be observed in diabetic mice, as compared with controls. Results are

expressed as mean + SE for at least five animals. * p<0.05, ** p<0.01 and *** p<0.001.

Figure 4. Changes in the expression of chemokines CCL25 and CXCL12, and their
respective receptors, CCR9 and CXCR4. A and B, An intense decrease of specific
messenger RNA for CCL25 and CXCL12 was observed in the thymus from diabetic mice.
C and D, The absolute numbers of CCR9" and CXCR4" thymocytes was decreased in
diabetic mice. E and F, Interestingly, the percentage of cells that express CCR9 was also
diminished in thymocytes from diabetic, but the relative numbers of cells expressing
CXCR4 and the expression of these molecules on cells were enhancement in diabetic group

(open black histograms). Results are expressed as mean + SE for at least five animals. *

p<0.05, and *** p<0.001.

Figure 5. Thymocyte migration shows no significant differences in diabetic mice. A, The

graphic shows the total numbers of migrating cells through fibronectin (FN) or laminin
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(LN), or toward CXCL12 or CCL25, as well as the chemokines combined with one given
ECM element. B, The spleen from diabetic mice only showed an increase in the absolute
numbers of TCD8" subpopulation, as compared to controls (B). Results are expressed as
mean + SE derived from five experiments, each one obtained by a pool of at least five

control and seven diabetic mice. ** p<0.01.
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ABSTRACT

The effect of HeNe laser on the extracellular matrix deposition,
chemokine expression and angiogenesis in experimental
paracoccidioidomycotic lesions was investigated. At days 7, 8
and 9 postinfection the wound of each animal was treated with a
632.8 nm HeNe laser at a dose of 3Jcm 2 At day 10
postinfection, the wounds were examined by using histologic
and immunohistochemical methods. Results revealed that laser-
treated lesions were lesser extensive than untreated ones, and
composed mainly by macrophages and lymphocytes. High IL-1
expression was shown in the untreated group whereas in laser-
treated animals the expression was scarce. On the other hand,
the expression of CXCL-10 was found to be reduced in untreated
animals and quite intensive and well distributed in the laser-
treated ones. Also, untreated lesions presented vascular endo-
thelial growth factor (VEGF) in a small area near the center of
the lesion and high immunoreactivity for hypoxia-inducible
factor-1 (HIF-1), whereas laser-treated lesions expressed VEGF
surrounding blood vessels and little immunoreactivity for HIF-1.
Laser-treated lesions presented much more reticular fibers and
collagen deposition when compared with the untreated lesion.
Our results show that laser was efficient in minimizing the local
effects observed in paracoccidioidomycosis and can be an
efficient tool in the treatment of this infection, accelerating the
healing process.

INTRODUCTION

Paracoccidioidomycosis (PCM), caused by the thermally
dimorphic fungus Paracoccidioides brasiliensis, is the most
widespread chronic progressive systemic mycosis in Central
and South America. The disease afflicts mainly adult males
engaged in agriculture and if not treated, it is almost always
fatal. The infection is thought to take place first in the lungs
and then may disseminate via the bloodstream and/or
lymphatic routes to other tissues like the liver, nervous system,
lymph nodes and skin (1,2). Cutaneous lesions are important
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not only because opportunistic pathogens can pass over them
provoking secondary infection but also because these lesions
are extremely painful and sensitive, and remain active for
months even after the beginning of treatment with anti-
fungal drugs (3,4). Besides, current available treatment with
antifungal drugs is lengthy and some of them affect struc-
tures common to fungi and humans causing side effects to
patients.

These facts have led clinicians and scientists toward
alternative therapies to reduce the discomfort evoked by
lesions as well as to accelerate the cure of the wounds. In this
sense, low level laser therapy, like that provided by the
helium/neon (HeNe) laser irradiation, can represent an
excellent tool as its ability to nonthermally and nondestruc-
tively change cell function is well known.

Wound healing is a complex and dynamic process of
regenerating dermal and epidermal tissue that involves a series
of events including inflammation, chemotaxis, granulation
tissue formation, angiogenesis, epithelialization, collagen syn-
thesis and tissue remodeling (5-7). Several animal experiments,
as well as some human clinical studies, have shown the positive
effects of HeNe laser therapy on specific indices of healing like
acceleration of inflammation, augmentation of collagen syn-
thesis, reduced healing time and diminution of wound size
(8,9).

Our group was interested in investigating and understand-
ing the wound healing response in paracoccidioidomycotic
lesions after HeNe laser treatment. In an initial exploration, by
using an experimental model of PCM, we showed that laser-
treated mice presented reduction in footpad edema, faster
cutaneous wound healing, confluent granulomas, diffuse and
more loosely distributed immunolabeling for tumor necrosis
factor-o and enhanced labeling of interferon-y. Besides, no
fungus was detected in treated animals whereas multiple viable
fungi were seen in diffuse widespread granulomas obtained
from nontreated mice footpads (10). Therefore, HeNe laser
irradiation was very efficient in minimizing dermal infection
produced by P. brasiliensis and in accelerating tissue repair,
probably by influencing local cytokine production.

In the present study, we analyzed the action of HeNe laser
therapy on the quantity and rate of extracellular matrix
deposition as well as its possible stimulatory effect on
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angiogenesis and chemokine production in cutaneous lesions
of P. brasiliensis-infected mice.

MATERIAL AND METHODS

Animals. Specific pathogen-free BALB/c male mice, 6-8 weeks old,
obtained from Centro Multi-Institucional de Bioterismo (CEMIB)
were used. Animals were maintained in transparent acrylic plastic
isolators under aseptic conditions throughout the study. Sterile water
and food were provided ad libitum. All procedures were carried out in
accordance with the guidelines proposed by the Brazilian Council on
Animal Care (COBEA) and approved by the animal care and use
committee of the State University of Campinas (UNICAMP).

Fungus. The highly virulent isolate Pb18 of P. brasiliensis was used
in this study. It was grown in Fava Netto’s medium at 36°C (yeast
form) for 7 days.

Infection of mice. Paracoccidioides brasiliensis yeasts from 7-day-old
cultures were collected. The fungal mass was suspended in PBS, mixed
twice for 10 s on a Vortex-mixer, centrifuged and double-washed in
PBS. The concentration was adjusted to 1 x 10® mL™" yeast cells based
on hemocytometer counts. Viability was determined by Lactophenol
cotton blue staining (11) and was higher than 90%. Twelve mice
received 5 x 10° viable yeast forms of P. brasiliensis contained in
50 puL buffer into the left back footpad, followed immediately by
50 uL sterile saline into the opposite one. Animals were monitored
daily for the progression of lesions which peaked at 7 days after
inoculation.

Laser treatment. Seven days after P. brasiliensis infection, the
lesions were clinically homogenous and the animals were separated
into two groups of six mice each (experimental group and control
group). On days 7, 8 and 9 following infection, the lesions of mice from
the experimental group were irradiated with laser. The control group
underwent the same handling, but was sham-irradiated. The laser used
in this study was a HeNe laser with a measured output of 5 mW, which
emits light in a collimated beam (diameter 4 mm) with a wavelength of
632.8 nm. The fluence per wound (previously determined by dose—
response studies) was 3.0 J cm™ with a stimulation time of 75 s and
without anesthesia or sedation. The laser beam was applied punctually
on the center of the lesion without any screen. On day 10 after
infection all animals were killed by CO, inhalation and the footpads
removed for histologic and immunohistochemical analysis.

Histopathologic analysis. For microscopic histologic evaluation,
foots were collected and fixed in 2% paraformaldehyde for 12 h at
room temperature. The specimens were submitted to diafanization
with xylene, dehydrated by graded ethanol, embedded in paraffin and
cut in 5-um-thick sections. Histologic changes were evaluated on
sections stained with hematoxylin and eosin (H&E). Additionally,
Picrosirius red staining and Gomori’s silver impregnation staining
were performed for specific assessment of collective collagen and
reticulin fiber deposition, respectively. One sample from each animal
was examined. The analysis was performed blindly by three indepen-
dent investigators who evaluated two to three slides, each containing
three sections.

Immunohistochemistry. Vascular endothelial growth factor (VEGF),
hypoxia inducible factor (HIF)-1a, interferon-y induced protein (IP)-10
(also known as CXCL-10) and interleukin (IL)-1§ was demonstrated
by a standard avidin—biotin complex (ABC). Briefly, footpads were
removed, postfixed and cryoprotected overnight in a solution of 30%
sucrose in 0.1 M phosphate buffer, pH 7.4. Tissue was then embedded
in optimal cutting temperature (OCT) compound (Tissue-Tek) over
liquid nitrogen-cooled isopentane. Endogenous peroxidase activity was
suppressed by 0.5% hydrogen peroxide in methanol. Sections were
incubated with VEGF, HIF-1a, IP-10 and IL-18 specific monoclonal
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), as
primary antibody, overnight at 4°C, followed by biotinylated horse
anti-rabbit (for VEGF, HIF-1a, IL-1f) or goat (for IP-10) serum as
link antibody and the ABC (Vector Laboratories; Burlingame, CA) for
30 min at room temperature. All antibodies were used at dilutions that
gave maximal specific reaction and minimal background reaction on
frozen tissue specimens. Positive antigen—antibody reactions were
observed by incubation with 3,3-diaminobenzidine-tetrahydrochloride
(DAB-H,0,) in 0.1 M imidazole, pH 7.1, for 10 min, followed by slight
counterstaining with hematoxylin. Sections were mounted with

Permount. Immunohistochemical controls included sections stained
with an irrelevant monoclonal antibody instead of the primary
antibody, as well as sections in which either the primary and/or
secondary antibodies were omitted from the staining procedure and
were negative for any reactivity. The stained sections were semi-
quantitatively evaluated in coded slides by three independent observers
and registered as light or weak staining (+), strong staining (+ +),
intense staining (+ + +) and very intense staining covering most of the
cellular tissue and matrix (+ + + +). One sample from each animal
was examined and each observer evaluated two to three slides with
three sections each one.

Statistical analysis. The degree of agreement between observers who
evaluated the histopathologic and immunohistochemistry slides was
evaluated by using the Fleiss’ kappa statistic (12). The analysis was
performed with Minitabl5 statistical software (Minitab, State College,
PA).

RESULTS

Light microscopic examination of the untreated lesions at
10 days of infection revealed very large lesions with intensive
infiltration of polymorphonuclear leukocytes and a substantial
necrotic center with draining of fibrinous exudate, cellular
debris and viable fungi. The epidermic layer presented hyper-
plasia and a disorganized aspect with extensive loss due to
suppuration (Fig. 1A,B). In mice that were exposed to three
sessions of HeNe laser irradiation the lesion was less extensive,
presenting rare viable fungi, and composed of macrophages
and lymphocytes. No fibrinous exudate was noted in the center
of the lesion and the epidermis acquired a normal histologic
appearance (Fig. 1C,D).

The expression of IL-1f, an important mediator of the
inflammatory response that is involved in a variety of cellular
activities, including cell proliferation, differentiation and
apoptosis, was analyzed. High IL-1f expression in the center
of lesion and around blood vessels was shown in the untreated
group (+ + +) (Fig. 2A). In laser-treated animals the expres-
sion of IL-1f was scarce (+) (Fig. 2B).

The expression of IP-10/CXCL-10, a potent chemoattrac-
tant for activated T and NK cells, was found reduced in
untreated animals (+) and quite intensive and well distributed
in the laser-treated ones (+ + +) (Fig. 3A,B, respectively).

We analyzed VEGF, the most widely expressed and critical
angiogenic growth factor that has a pivotal role in regulating
angiogenesis. Although the untreated lesion showed expression
of VEGF, it was predominantly detected in a small area near
the center of the injury (+) (Fig. 4A). On the other hand, the
laser-treated lesion demonstrated increased VEGF expression
(+ + + +) which was present in endothelial cells and uni-
formly distributed through the tissue (Fig. 4B).

As tissue hypoxia is considered a main signal that initiates
and regulates angiogenic processes, we analyzed the expression
of HIF-1. We observed that untreated lesions were highly
reactive for the hypoxia marker (+ + +) (Fig. 5A); however,
little immunoreactivity was detected in laser-treated lesions
(+) (Fig. 5B).

The presence and distribution of collagen and reticulin in
lesions obtained from untreated and laser-treated mice were
also evaluated. Laser-treated lesions had much more collagen
deposition (+ + +) compared with the untreated ones (+)
(Fig. 6A,B). In addition, abundant collagen fibers were dis-
tributed in the conjunctive tissue surrounding the center of the
laser-treated lesion.
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Figure 1. Histologic features of untreated (A, B) and laser-treated footpad lesions from Paracoccidioides brasiliensis-infected animals (C, D). Note
the infiltration of a large number of neutrophils (arrows) in (A) and the disorganized aspect and suppuration (arrow) in (B). Note the prevalence of
macrophages (arrows) in (C) and the epidermis with histologic normal appearance in (D) after three sessions of HeNe laser irradiation. H&E stain.
The figures are representative of at least three experiments performed on different experimental days. Original magnification, X400 (A) and x100

(B-D).

Figure 2. IL-1f expression in footpad lesions from Paracoccidioides brasiliensis-infected animals. (A) Untreated lesions show high expression of
this cytokine in the center of the lesion and around blood vessels. (B) Laser-treated lesions show scarce expression of IL-1/. Original magnification,

%x200.

Differences among untreated and laser-treated groups were
also observed in relation to reticular fiber deposition. In the
laser-treated lesions there was a very obvious and progressive
increase (+ +) in this matrix element along with changes in its
pattern of distribution. The reticular fibers presented a regular
distribution encircling the lesion and forming a framework.
Fungi were only seen in the center of the injury (Fig. 6C).
Untreated lesions showed scarce production of reticulin (+)

and the presence of numerous viable fungi widely distributed
between the conjunctive tissue and muscular fibers. Also,
reticular fibers were thin and present only in the border zone
between the normal and wounded tissue (Fig. 6D).

The results of this study are given in summary form in
Table 1. A substantial level of overall agreement between
raters who evaluated histopathologic and immunohistochem-
istry slides was observed (k = 0.6785).
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Figure 3. IP-10/CXCL-10 expression in footpad lesions from Paracoccidioides brasiliensis-infected animals. (A) Untreated lesions show reduced
expression of this chemokine. (B) Laser-treated lesion show intensive and well-distributed expression of IP-10/CXCL-10. Original magnification,
%200.

Figure 4. Immunolocalization of vascular endothelial growth factor (VEGF) in footpad lesions from Paracoccidioides brasiliensis-infected animals.
Note that VEGF is predominantly expressed in a small area near the center of the lesion in untreated lesions (A) and surrounding blood vessels
(arrows) in laser-treated lesions (B). Original magnification, x 200.

Figure 5. Immunohistochemical evidence of hypoxia in footpad lesions from Paracoccidioides brasiliensis-infected animals. (A) Untreated lesions
show high immunoreactivity for hypoxia-inducible factor-1, whereas little immunoreactivity can be detected in laser-treated lesions (B). Original
magnification, x200.

DISCUSSION for observiqg the dynamic changes in paracoccidioidomycotic
wound-healing process after HeNe laser treatment.

By using an experimental model of P. brasiliensis infection we In our previous paper we observed that laser-treated lesions

demonstrated previously that laser irradiation was efficient in were less extensive than the untreated ones and presented no

minimizing fungal infection dermal effects and in accelerating ~ viable fungi. Furthermore, TNF-o staining was diffuse and

tissue repair (10). Now, we have extended our investigations more loosely distributed on tissues from laser-treated animals.
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Figure 6. Extracellular matrix deposition in laser-treated (A, C) and untreated (B, D) footpad lesions from Paracoccidioides brasiliensis-infected
animals. (A) Note that the laser-treated lesion presents much more collagen deposition when compared with the untreated one (B). (C) Compare
the black staining framework of reticular fibers presented by a laser-treated lesion with the scarce production of reticulin in the untreated lesion (D).
Details in (C) and (D) show the center of lesions with preserved fungal cells. The figures are representative of at least three experiments performed
on different experimental days. Original magnification, x200 (A, B); x100 (C, D).

Table 1. Summary of the results of this study. Data represent the
mean of scores given by three independent observers.

Groups
Markers Untreated Laser-treated
1L-1p +++ +
CXCL10 + + 4+ +
VEGF + ++++
HIF + 4+ + +
Collagen + ++ 4
Reticulin fibers + + 4+

IL-1§ = interleukin-1f; CXCL-10 = interferon-y induced protein
(IP)-10; VEGF = vascular endothelial growth factor; HIF = hypoxia
inducible factor. (+) light or weak staining; (+ +) strong staining;
(+ + +) intense staining; and (+ + +) very intense staining covering
most of the cellular tissue and matrix (+ + +).

In the present study, we demonstrate that laser treatment
accelerates wound repair via activation of a cascade involving
a series of important molecules for the healing process.

First, we showed that laser-treated lesions were less exten-
sive than the untreated ones and presented no viable fungi.
Although the mechanism of biologic action by the HeNe laser
is still being debated, it is known that, in order to interact with
the living cell, light has to be absorbed by intracellular
chromophores. According to the literature, superoxide dismu-
tase (SOD), an efficient superoxide scavenging enzyme, is
supposed to be one of the photoacceptors of the HeNe laser

radiation (13). The primary function of SODs is the deactiva-
tion of extremely toxic superoxide radical (O,") by converting
it into oxygen and hydrogen peroxide (potentially less reac-
tive).

In tissues subjected to inflammation the consumption of
molecular oxygen is enhanced, and superoxide radicals are
overproduced. However, due to the pH of inflammatory
exudates that is about 5.9, SOD is inactive. It has been
proposed that one of the mechanisms of action of HeNe laser
radiation is the photoreactivation of SOD by recovery of its
copper and zinc bonds (14). As a result, superoxide concen-
tration decreases in the region and damages caused to cells are
minimized. Here, we observed that after three sessions of laser
treatment the epidermis had acquired a normal histologic
appearance and we suppose that this mechanism could be
related to the reactivation of SOD. However, other experi-
ments are still necessary to verify whether SOD is the main
photoreceptor in our model.

Here, we also observed that the granuloma obtained from
untreated animals presented abundant fibrinous exudate
whereas the epidermis from laser-treated animals acquired a
normal histologic appearance after three sessions of irradia-
tion. Most probably, at the tissue level the laser accelerates the
resolution of acute inflammation, which results in more rapid
granulation and re-epithelialization of the tissue.

Fibrin, an insoluble protein formed from fibrinogen during
normal clotting of blood, is one of the most important
components of inflammatory exudates. It acts as a scaffold on
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which tissues may subsequently be repaired and on which new
capillaries can be constructed. However, the extent of blood
clotting is limited so that it does not progress to undamaged
vessels and the literature has shown that HeNe laser is very
efficient in removing fibrin present in the lesions (15-17).

We then examined Il-1 and CXCL-10 (formerly known as
IP-10, interferon-y-inducible protein), important cytokines
involved in cellular migration to the injured tissues. IL-1f, a
proinflammatory cytokine secreted by several types of cells in
response to inflammatory stimuli, has multiple biologic activ-
ities. IL-1f up-regulates the expression of adhesion molecules
on endothelial cells and leukocytes (18,19). Furthermore,
IL-1p induces the production of IL-8, which is a chemotactic
and activating factor for neutrophils (20,21). The increased
expression of IL-1f in nonirradiated animals, observed in our
study, makes evident the crucial role of this cytokine in
neutrophil recruitment and in the composition of the inflam-
matory infiltrate presented by these animals. The prolonged
permanence of these cell types may favor or contribute to the
slow resolution of granuloma and scarring time observed in
untreated lesions. In laser-treated animals, IL-1/ staining was
scarce and lesions presented a small inflammatory infiltrate
with other cellular types, mainly macrophages. In these
groups, CXCLI10 staining was intensive and well distributed
in the tissue. CXCLI10 is a cytokine belonging to the CXC
chemokine family that is secreted by several cell types. Several
roles have been attributed to CXCL10, such as chemoattrac-
tion for monocytes and T cells, promotion of T cell adhesion
to endothelial cells, antitumor activity, inhibition of bone
marrow colony formation and angiogenesis (22,23). Laser-
treated lesions showed strong staining for CXCL10 compared
to lesions of untreated mice and we suppose that this finding
could explain the presence of macrophages in the lesion.

Paracoccidioidomycotic lesions—treated or not treated with
laser—were also investigated for the expression of both
VEGF, an important signaling protein involved in vasculo-
genesis, and for HIF-1a, a heterodimeric transcription factor
that reacts to hypoxic conditions and influences angiogenesis
(24). VEGF expression is normally low in skin (25,26) but,
during the first few days after tissue injury, VEGF expression
is markedly induced and angiogenesis is initiated (27). Saaristo
et al. (28) showed that VEGF significantly accelerates diabetic
wound healing by inducing persistent angiogenesis and lym-
phangiogenesis, as well as recruitment of inflammatory cells.
We observed that VEGF staining of the lesion was stronger in
the irradiated group than that in the control group. Our results
also showed that a much greater VEGF expression is localized
surrounding blood vessels in laser-treated lesions than in
untreated lesions. Interestingly, untreated lesions showed high
immunoreactivity for HIF-1a, whereas little immunoreactivity
could be detected in laser-treated lesions. Although hypoxia is
identified as an important trigger for transcription of angio-
genic factors, it is probable that the severe, prolonged and
widespread hypoxia observed in untreated lesions is able to
impede the healing process to proceed at a normal rate. On the
contrary, the laser radiation by eliminating tissue hypoxia
could stimulate aerobic cell metabolism and accelerate tissue
repair.

Alternatively, we can suppose that VEGF production in
laser-treated lesions may be due to triggering mechanisms other
than hypoxia. Frank ez al. (29), for example, demonstrated that

several cytokines, including TNF-o, present in the wound bed
also probably contribute to the induction of VEGF.

Following HeNe laser treatment, paracoccidioidomycotic
lesions presented a significant increase in extracellular matrix
component synthesis. Similar results were observed by other
authors who also showed an accelerated production of
collagen with laser photostimulation (30-33). A large body
of evidence has suggested that laser radiation of low-power
density is able to promote the proliferation and activation of
fibroblasts. Recently, Hawkins and Abrahamse (34) showed
that laser therapy at the adequate wavelength, intensity and
dose had stimulatory effects on wounded fibroblasts with an
increase in cell migration and cell proliferation while main-
taining cell viability, but without causing additional stress or
damage to the cells. The effects of laser irradiation on
fibroblasts were also tested by in vitro studies and results
showed that the treatment not only stimulates cell proliferation
but also enhances the release of growth factors from fibro-
blasts (35,36). Besides the direct effect of laser on fibroblasts,
the action of irradiation on cytokine production in the wound
could also be implicated in collagen synthesis. In a previous
paper we observed that TNF-u staining was diffuse and more
loosely distributed on tissues from laser-treated animals. We
speculate that the strong presence of TNF-az in untreated
lesions can affect collagen synthesis and deposition at the
wound-healing site. Evidence that TNF-x down-regulates
collagen synthesis has been obtained from in vivo as well as
in vitro studies (37-40). Obviously, much more research will be
needed to elucidate the exact mechanisms of action of low-
power laser irradiation at the cellular and molecular levels in
this and other similar murine models.

In summary, our results collectively show that HeNe laser
irradiation was efficient in minimizing the local effects caused
by P. brasiliensis infection most probably by affecting the
wound healing dynamics, producing changes in both inflam-
matory and proliferative phases of the tissue repair process.
Such therapy may be of great benefit in the treatment of
paracoccidioidomycotic lesions, accelerating the healing pro-
cess, thereby reducing the discomfort and the pain to the
patient.
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Abstract

Paracoccidioidomycosis (PCM) is the most prevalent human mycosis in Latin America. The infection is thought to take place firstly in
the lungs and then may disseminate to other organs and tissues. Treatment by currently available antifungals is lengthy, the drugs may
have undesirable side effects, and some are costly. Occasional resistant strains of Paracoccidioides brasiliensis, the causative agent of
PCM, have been reported. So, the search for more efficient treatments or adjuvant therapies has to be continued. In this work, we eval-
uated the effects of HeNe laser irradiation on cutaneous inflammatory lesions caused by the inoculation of 5 x 10%/0.1 ml yeasts cells into
the back footpad of Balb/c mice. HeNe irradiation (A = 632.8 nm, 3 mW, incident energy of 3 J/cm?) was applied at days 7, 8 and 9 post-
infection and histological and immunohistochemical analysis were done. Unirradiated animals were used as controls. The results showed
that laser-treated mice presented reduction of footpad edema, faster cutaneous wound healing, confluent granuloma, diffuse- and more
loosely distributed immunolabeling for TNF-a, enhanced labeling of IFN-y and any P. brasiliensis form detected, whereas multiple via-
ble fungi were seen in diffuse widespread granulomas obtained from non-treated mice foot-pad. Fungi that were harvested from laser-
treated animals presented no capability of growth in vitro as compared to those obtained from non-treated mice. We conclude that HeNe
laser irradiation was able to inhibit the progress of inflammatory local reaction produced by P. brasiliensis infection and influence local
cytokines production. We suggest that this treatment modality can be a useful coadjuvant tool to be combined with antifungal agents in
the treatment of PCM ulcerations. The mechanisms involved in laser therapy of PCM lesions need further investigation.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Low level laser therapy; HeNe laser; Paracoccidioides brasiliensis; Paracoccidioidomycosis

1. Introduction as filamentous mycelia at 25 °C and as unicellular yeast

form at 37 °C. The natural habitat of this pathogen is,

The pathogenic fungus Paracoccidioides brasiliensis is
the etiological agent of Paracoccidioidomycosis (PCM)
the most prevalent systemic mycosis in Latin America
affecting about 10 million individuals [1]. The fungus grows

* Corresponding author. Tel.: +55 19 3788 6255; fax: +55 19 3788 6276.
E-mail address: verinaud@unicamp.br (L. Verinaud).

1011-1344/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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apparently, the soil or plants from areas where PCM is
endemic. The disease is acquired by inhalation of dust con-
taining the infecting propagules produced by the fungal
mycelium. The infection is thought to take place firstly in
the lungs and then may disseminate via the bloodstream
and/or lymphatic routes to other tissues [1]. Systemic dis-
semination of the fungus can reach different organs like
liver, spleen, adrenal glands, skin and mucosae, among
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others, where it induces severe lesions and remains viable
even after treatment with antimycotics [2].

Skin lesions are extremely painful and sensitive. The epi-
thelial infection shows wheal and flare aspect that progress
to ulcerative lesions resulting, frequently, in a secondary
bacterial infection [3]. Current available treatment with
antifungal drugs is frequently toxic at therapeutic dosages
and some of them affect common structures to fungi and
humans causing side effects to patients.

Because of the discomfort evoked by lesions and collat-
eral drugs effects, new non-harmful strategies that can be
used as adjuvant and/or alternative therapy to eradicate
the pathogen and accelerate the cure of lesions are of utter-
most importance. In this way, low level laser therapy
(LLLT) provided by the helium-—neon (HeNe) laser irradi-
ation can represent an excellent tool since its microbicidal
effect, wound healing properties and non-invasive charac-
teristics are already well known [4,5].

LLLT is a form of phototherapy that involves the appli-
cation of low power monochromatic and coherent light
upon injuries and lesions to stimulate healing. Although
the exact mechanism of LLLT is not fully understood,
what is known is that it accelerates the speed, quality and
tensile strength of tissue repair, neutralizes inflammation,
and provides pain relief at injured tissue areas by biostimu-
lation of cellular events [6]. On leukocytes, the therapeutic
effect of HeNe laser begins with photo-chemical reactions
that are able to modulate their activity and to alter the syn-
thesis of important molecules such as active forms of oxy-
gen. These molecules induce the synthesis of many proteins
and cytokines and stimulate cellular proliferation. Also, an
increase on bactericidal substances, like nitric oxide (NO)
and peroxide anion, is observed. Besides, NO is able to
increase the local blood circulation supporting tissue
repair. Furthermore, laser treatment enhances the phago-
cytic activity of macrophages and neutrophils and cytokine
synthesis [7]. Among the cytokines produced is the tumor
necrosis factor-o (TNF-a), an important inflammatory
mediator involved in the resistance against P. brasiliensis
[8,9].

The purpose of this study was to analyze changes in
paracoccidioidomycotic lesions after HeNe laser treatment
in an experimental model of PCM infection in order to ver-
ify the action of this therapy. The study serves as basis for
further investigations on the mechanisms involved in low
power laser irradiation on the response of ulcerative lesions
caused by P. brasiliensis infection.

2. Materials and methods
2.1. Animals

Specific pathogen free BALB/c male mice, 6-8 week-old,
obtained from Centro Multi-Institucional de Bioterismo
(CEMIB) were used. Animals were maintained in plastic
isolators under aseptic conditions throughout the study.
Sterile water and feed were provided ad libitum. All proce-

dures were carried out in accordance with the guidelines
proposed by the Brazilian Council on Animal Care
(COBEA) and approved by the animal care and use com-
mittee of the State University at Campinas (UNICAMP).

2.2. Fungus

The virulent isolate Pbl8 of P. brasiliensis was used in
this study. It was maintained at 36 °C in its yeast phase
in Fava Netto’s medium and used at the seventh day of
growth culture.

2.3. Infection of mice

P. brasiliensis yeasts from 7 day-old cultures were
collected. The fungal mass was suspended in phosphate-
buffered saline (PBS), mixed twice for 10s on a Vortex-
mixer, centrifuged and double-washed in PBS. The
concentration was adjusted to 5 x 10> yeast cells based on
hemocytometer counts. Viability was determined by
Lactophenol cotton blue staining [10] and was higher than
90%. Mice received 5x 10° yeast forms of P. brasiliensis
contained in 0.1 ml buffer into the left back footpad, fol-
lowed immediately by 0.1 ml sterile saline into the opposite
one. Animals were monitored daily for the progression of
lesions which peaked at 7 days after inoculation.

2.4. Laser treatment

The laser used in this study was a helium-neon laser,
with a measured output of 50 mW, which emits light in a
collimated beam (diameter 4 mm) with a wavelength of
632.8 nm. All treatments were performed with energy dose
of 3 J/em? and without anesthesia or sedation. Seven days
post-infection the treatment with laser took place. Animals
were treated during three consecutive days with laser (at
days 7, 8 and 9 after infection), and three days after the last
treatment session (at day 12 after infection) were killed by
CO, inhalation and the footpads removed for histological
and immunohistochemical analysis.

2.5. Clinical analysis

Footpads were macroscopically analyzed every day and
soon after sacrifice of the animals in order to evaluate the
wound healing process. Footpad thicknesses (as a measure
of inflammation) were measured before infection and daily
after infection using a digital caliper (Mitutoyo America
Corporation, Plymouth, MI, USA). An average of three
measures was taken at each stage.

2.6. Histopathological analysis

For microscopic histological evaluation, foots were col-
lected and fixed in a solution 0.1% glutaraldehyde and 4%
paraformaldehyde for 24h at room temperature. The
specimens were submitted to diafanization with xylene,
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dehydrated by graded ethanol, and embedded in Histosec
(Merck SA, Sao Paulo, Brazil). Tissue sections (5 um) were
stained with Hematoxylin—Eosin (H&E) and examined by
light microscopy.

2.7. Immunohistochemistry

Cytokine evaluation was done by using immunohisto-
chemical method. Footpad sections were deparaffinized
with xylene, washed in an ethanol gradient and phosphate
buffered saline (PBS) before reaction. Endogenous peroxi-
dase was blocked by incubation for 30 min in PBS contain-
ing 3% hydrogen peroxide. After pre-absorption with
normal goat serum and heat-mediated antigen retrieval in
sodium citrate buffer at pH 6.0, sections were incubated with
primary antibodies anti-IFNy and anti-TNF-o (Peprotech,
Rocky Hills, NJ, USA), for 30 min at room temperature
and then overnight at 4 °C. After washing, sections were
overlaid for 1h with a secondary antibody biotin-conju-
gated. This was followed by incubation with CSA kit (Dako
North America Inc., Carpinteria, CA, USA) to amplifica-
tion of signal reaction. The reaction was revealed by the sub-
strate 3,3-diaminobenzidine (Sigma Chemical Co., St Louis,
MO, USA) in a solution containing 0.1 M Tris buffer (pH
7.6), 1.0% (v/v) normal goat serum, and 0.1% (v/v) of 30%
hydrogen peroxidase. After tap washing, the slides were
counterstained by Harris hematoxylin. Negative controls
included the reaction with non-immune serum.

2.8. Fungi viability evaluation

Paracoccidioidomycotic lesions were removed from
laser-treated and non-treated animals and processed in
0,85% saline solution, Hanks’s solution and 30% saline
and glycerine solution with vitamin B to obtain P. brasili-
ensis suspensions. Fungal particles were plated onto Brain
Heart Infusion (BHI) agar medium and incubated at 37 °C
for seven days before colonies were counted. Results were
expressed as colony-forming units (CFUs).

2.9. Statistical analysis

The results were analyzed by one-way ANOVA followed
by a Bonferroni post-hoc test for multiple comparisons.
P < 0.05 was considered significant. The figures from histo-
logical and immunohistochemical experiments are repre-
sentative of at least three experiments performed on
different experimental days. Each experimental group con-
sisted of four to six mice.

3. Results
3.1. Clinical analysis
Footpad lesions were daily evaluated in laser-treated

and non-treated animals. Macroscopic analysis showed
that treated animals presented quick reduction of lesions

Fig. 1. Footpad lesions from P. brasiliensis-inoculated animal that received or not laser treatment. (a) Footpad from animal with seven days of infection
and before the first session of laser treatment. Note the edematous aspect of lesion and an extensive lesion area. (b) and (c) Footpad from animal treated
with two and three sessions of laser (8 and 9 days post-infection), respectively. Note regression of wounds, the better aspect of lesions and reduction of
edema. (d) and (e) Footpad from non-treated animal after eight and nine days of infection, respectively. There is increased edema as compared with laser
treated animal as well as increased proportion of lesion area. Photos are representative of one animal from each group.
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with intense healing when compared to non-treated ani-
mals. In the beginning of laser treatment, after seven
days post-infection, the footpads presented an extensive
lesion area (Fig. 1(a)). Macroscopically, the lesions had
initially an edematous aspect but after three laser treat-
ment sessions they evolved to small nodules (Fig. 1(b)
and (c)). Clinically, the healing process could be verified
by peeling off, indicating cellular turn over. It could be
observed also that P. brasiliensis-inoculated footpad
had, after three laser irradiation sessions, thickness closer
to the opposite one that was injected just with sterile sal-
ine. Lesions from non-treated animals presented an
invariable edematous/erytematous aspect (Fig. 1(d) and
(e)).

Footpad thicknesses were evaluated daily using a caliper
and the measurements are shown in Fig. 2. There was sig-
nificant reduction of footpad thickness in animals that
received the laser treatment (p <0.05). Non-treated ani-
mals showed persistence of edema during all experimental
period.

5.0

Footpad thickness (mm)

3.2. Histopathological analysis

Light microscopy of paracoccidioidomycotic lesions
obtained from non-treated animals after 12 days of infec-
tion revealed hyperplastic epidermis, suggestive of intensive
cellular proliferation and infiltration of polymorphonuclear
leucocytes throughout it. The papillary dermis presented
intense acute inflammatory infiltrate (Fig. 3(a)) and a
poorly visualized extracellular matrix. Foci of vacuolated
macrophages and neutrophils could be seen in deeper
microscopic segments (Fig. 3(b)).

In mice that were exposed to three sessions of HeNe
laser irradiation, both the epidermis and papillary dermis
had acquired a normal histological appearance. In addi-
tion, numerous active fibroblasts showing euchromatic
nuclei and prominent nucleoli were seen underlying the epi-
dermis (Fig. 4(a)). In the reticular dermis the lesion pre-
sented mild inflammatory infiltrate and thin bundles of
collagen fibrils were disposed around the cells, indicative
of fibrogenesis in course (Fig. 4(b)).

—e— Non-treated animals

—&— Laser-treated animals

—— PBS-injected animals

»
=]

0 2 4 6 8

Days post infection

10 12

Fig. 2. Footpad thicknesses from P. brasiliensis-infected animals that were or not treated with laser. From the beginning of laser treatment (7 dpi) on,
differences between laser-treated and non-treated animals were significant (*p < 0.05).

Fig. 3. Histological features of non-treated animal at day 12 after infection. (a) Note that epidermis presents intracellular edema. (b) Region characterized
by infiltration of large number of neutrophils (arrow) and vacuolated macrophages. H&E stain. Magnification: 100x (a) and 500x (b).
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In both groups of mice, typical epithelioid granulomas,
visualized by elongation of nuclei and enlargement of cyto-
plasm, developed in the subcutaneous tissue of infected
animals’ footpads. However, the pattern exhibited by the
cell-mediated granulomatous reaction was quite different
between laser-treated and non-treated mice. Whereas,

lesions of non-treated mice were very large and presented
disorganized aspect (Fig. 5(a)), in laser-treated mice they
were lesser extensive and presented confluent morphology
(Fig. 5(b)) at day 12 after infection. Furthermore, non-
treated animals presented diffuse granulomas with multiple
viable fungi (Fig. 5(c)), whereas no P. brasiliensis

Fig. 4. Histopathological features of laser-treated animal at day 12 after infection. (a) Note the normal organization of epidermis. (b) Note the mild
perivascular and granulomatous infiltrate in with emphasis to fungus inside a phagocyte (arrow). H&E stain. Magnification: 100x (a) and 400x (b).

Fig. 5. Appearance of representative granuloma in untreated (a and c) and laser-treated animals (b and d) at day 12 after infection. The granuloma is
smaller and well-organized in laser-treated mice (b). Note the presence of so many fungi particles (arrows) in (c) compared with no P. brasiliensis observed

in (d). H&E stain. Magnification: 100x (a and b) and 500x (c and d).
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Fig. 6. Immunodetection of tumor necrosis factor-o. (TNF-a) protein in reactive cells found in footpad lesions from P. brasiliensis-infected animals by
immunohistochemistry. (a) Lesion from untreated animal. Note the dense granular appearance exhibited by the cytokine within macrophages. (b) Lesion
from laser-treated animal. Note that the protein is scarcely distributed inside the cell cytoplasm. (¢) Control staining, incubation with non-immune serum.

Magnification: 400x.
Tﬂ \Ql \’F - |
NI 'u \

Fig. 7. Immunolocalization of interferon-y (IFN-y) protein in footpad lesions from P. brasiliensis-infected animals. (a) Lesion from non-treated animal.
Note the intensive staining. (b) Lesion from animal treated with three sessions of laser. (c) Control staining, incubation with non-immune serum.
Magnification: 400x.
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Table 1
Results observed in experiment to verify the growth capability of fungi
taken from paracoccidioidomycotic lesion of mice treated or not with laser

Experimental groups Animals Number of CFUs
Non-treated mice #1 26

#2 4

#3 5

#4 9
Laser-treated mice #1 -

#2 -

#3 -

#4 -

CFUs: colony forming units.

were detected in granulomas from laser-treated mice
(Fig. 5(d)).

3.3. Immunohistochemical analysis

Tumor necrosis factor-a (TNF-o) and Interferon-y
(IFN-y) were evaluated in lesions from P. brasiliensis-
infected animals that were treated or not with laser. Both
cytokines were expressed in dermal lesions caused by the
fungal infection in laser-treated as well as in untreated ani-
mals (Figs. 6 and 7).

It was observed that TNF-o staining was diffuse- and
more loosely distributed on tissues from laser-treated ani-
mals (Fig. 6(b)) whereas IFN-y staining was more intense
on tissues from non-treated animals (Fig. 7(a)).

3.4. Fungi viability

Footpads from laser-treated and non-treated animals
were macerated and fungus particles recovered and cul-
tured in growth medium to gain a quantitative evaluation
and better understanding of the laser effects on paracoccid-
ioidomycotic lesions. After two days of incubation, small
colonies appeared, and good growth was observed until
seven days of incubation. As shown in Table 1, fungi that
were harvested from laser-treated animals presented no
capability of growth in vitro as compared to those obtained
from non-treated animals.

4. Discussion

Lasers have spread into numerous areas of medical and
surgical practice including those relevant to wounds. Clin-
ically, it has been used to promote wound healing with
varying degrees of success. The current investigation has
shown that laser irradiation accelerates cutaneous wound
healing and reduces the edema of paracoccidioidomycotic
lesions.

Injury to the skin initiates a cascade of events including
inflammation, new tissue formation, and tissue remodeling,
which finally lead to at least partial reconstruction of the
wounded area [11,12]. Within a few hours after injury,
inflammatory cells invade the wound tissue. Neutrophils

arrive first within a few minutes, followed later by mono-
cytes and lymphocytes.

In our experimental model of PCM we observed that
HeNe laser irradiation is able to promote faster tissue reor-
ganization. While the inflammatory infiltrate in non-treated
animals presented presence of neutrophils and the wound
drained a greenish-yellow exudate at day 12 post-inocula-
tion (macroscopical observation), laser-treated animals
presented a mild inflammatory infiltrate and considerable
fibrosis. Besides, in this last group the wound area was smal-
ler and dense granulation tissue was formed. Our results are
consonant with those found in literature [13] showing the
effects of HeNe laser in burn wounds. The authors also
verified that the inflammatory infiltrate obtained from
non-irradiated animals was mainly composed by neutro-
phils and that these cells persisted in the tissue during all
experimental period. On the other hand, treated animals
presented a small infiltrate with other cellular types.

Inflammatory cells produce a wide variety of proteinases
and reactive oxygen species as a defense against contami-
nating microorganisms, and they are involved in the
phagocytosis of cell debris. In addition to these defense
functions, inflammatory cells are also an important source
of growth factors and cytokines, which initiate the prolifer-
ative phase of wound repair characterized by the migration
and proliferation of keratinocytes at the wound edge and
by proliferation of dermal fibroblasts in the neighborhood
of the wound. These cells subsequently migrate into the
provisional matrix and deposit large amounts of extracellu-
lar matrix [11].

Saperia et al. [14] demonstrated that laser irradiation can
act at transcriptional levels and activated the expression of
genes that codify to collagen protein. Results from these
same authors also shown that HeNe laser is able to stimu-
late the collagen synthesis in wounds since an extensive pro-
duction of this fiber could be observed. Recently, Poon et al.
[15] have demonstrated that there is no change in cell prolif-
eration and collagen synthesis and delay in collagen remod-
eling activity when non-pigmented dermal fibroblasts are
directly exposed to irradiation. However, Young et al. [16]
have already observed that the laser can stimulate macro-
phages to produce soluble factors that have stimulatory
effects on fibroblasts since they promote their proliferation.
In our in vivo experimental model, a marked proliferation
of fibroblasts and alterations in the density of collagen fibers
were observed in the mice footpad after laser treatment.

In addition, we have observed significant differences
between treated and non-treated animals in relation to
the granuloma formation. Granulomas are localized, pro-
tective inflammatory reactions which control the growth
and dissemination of pathogens, preventing host inflamma-
tion from harming surrounding tissues. They are a hall-
mark of mycobacterial infections and an essential
component of an adequate defense, since it is within gran-
ulomas that T-cell-macrophage cooperation can take place
[17]. The main change in the characteristic of granuloma-
tous lesion following laser treatment was its organization
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and the presence of only few fungus particles. It is probable
that laser can also act on T-cell-macrophage interaction,
allowing the macrophage to display a more effective micro-
biostatic or microbicidal activity probable by interfering
with cytokine synthesis.

Cytokines are important components during the inflam-
matory and reparative stages of injury. They are small,
secreted proteins that affect the behavior of immune cells
but also of other cells. They include the interleukins, lym-
phokines, and several related signaling molecules such as
tumor necrosis factor-o (TNF-o) and interferons. Funk
et al. [18] found that cultured blood mononucleated cells
when treated with laser and stimulated by mitogens show
a marked increase in the production of cytokines such as
IL-1a, IL-2, IFN-y and TNF-a. These data indicate that
laser is able to modulate immunologic functions.

Originally, TNF-o was considered an antitumor agent,
but latter its role in the regulation of inflammation has
become obvious. TNF-a has been pointed as an extremely
important molecule during paracoccidioidomycotic infec-
tion, because it activates macrophages and stimulates its
differentiation in epithelioid cells. Immunohistological
staining with a specific anti-TNF-o antiserum within the
granulomas resulted in a more diffuse expression of this
cytokine in laser-treated mice. We believe that the regener-
ative effect observed in the lesions from laser-treated ani-
mals is a consequence of TNF-a synthesis that induces an
increased expression of adhesion molecules which in turn
might facilitate the migration of defense cells to the local
of infection. This fact would allow a more effective elimina-
tion of the pathogen and would promote speed up of lesion
regeneration.

Of great importance to the infectious process is also
the production of the cytokine IFN-y. In acute inflamma-
tion, this seems to represent a physiologic and beneficial
host response, because IFN-y, with their metabolites,
plays a key role in the elimination of invading microor-
ganisms. However, there is evidence that chronic release
of IFN-y can result in severe tissue injury at sites of
inflammation since chemokines are strongly up-regulated
by IFN-y stimulation. Chemokines are a superfamily of
small structurally related proteins that regulate trafficking
and effector functions of leukocytes, and thus play a key
role in inflammation and host defense against pathogens
[19-21].

At 12 days after infection non-treated mice presented
increased IFN-y expression while the laser-treated ones
had low quantities of this cytokine. This result can be
attributed to the fact that the lesion in laser-treated animals
was more accelerated, and so the production of this cyto-
kine had already declined, or to an overexpression of
IFN-y in non-treated animals. IFN-y has recently been
shown to induce macrophage expression of chemoattrac-
tant cytokines (chemokines) such as the interferon-induc-
ible protein-10 (IP-10/CXCL10) [22]. The selective
attraction of different subsets of leukocytes to the site of
tissue injury appears to be mediated to a significant extent

by the expression of specific chemokines. IP10/CXCLI10 is
a member of the CXC family of chemokines that acts pri-
marily in the recruitment of lymphocytes carrying the
receptor CXCR3 and that is detected at high levels in sev-
eral chronic inflammatory conditions [23]. Luster et al. [24],
have demonstrated that overexpression of IP-10/CXCLI10
can lead to a more intense inflammatory phase, delayed
reepithelialization, and a prolonged, disorganized granula-
tion phase with impaired angiogenesis. Experiments to
investigate the presence of this chemokine in lesions from
laser-treated and non-treated animals are in course in our
laboratory.

In this work we have also observed the inhibition of
growth of fungi collected from laser-treated animals. It
is possible that HeNe laser modifies, or even destroys,
fungic structures that are used by the pathogen as resis-
tance mechanisms. On the other hand, the possibility
that laser irradiation is able to activate monocytes to
increase intracellular killing of the fungus cannot be
ruled out. In vitro studies have demonstrated that nitro-
gen laser irradiation causes temporary inactivation of
clinical isolates of Mycobacterium tuberculosis [25]. More
recently, Hemvani et al. [26] have observed an enhanced
killing of Mycobacterium fortuitum within human mono-
cytes exposed to HeNe and nitrogen laser irradiation.
Our laboratory is now investigating a direct action of
HeNe laser on P. brasiliensis cells conducting some
experiments where fungus cultures are treated with differ-
ent doses of irradiation and then evaluated for viability
and structural changes.

From the present study it can be suggested that laser
photo-stimulation was efficient in minimizing fungal
infection dermal effects caused by a direct or indirect fungi-
static/fungicidal light action, and/or is able to accelerating
tissue repair.

These insights may be useful in the development of new
non-invasive strategies for the treatment of PCM ulcer-
ations by using the HeNe laser as a co adjuvant tool to
be combined with antifungal agents or for patients intoler-
ant of or failing medical therapy. However, the mecha-
nisms involved in the phototherapy of PCM cutaneous
lesions need further investigation.
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