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Resumo

A lesdo neural é uma das principais consequéncias da hanseniase e responsavel pela
instalagdo de deformidades e incapacidades fisicas, além de contribuir para o estigma da
doenca. O dano ao nervo é exacerbado com o desenvolvimento de episodios reacionais (Tipo
| e Tipo Il) e esta correlacionado a resposta imunoldgica desenvolvida pelo individuo, contra
0 Mycobacterium leprae — agente etioldgico da hanseniase que apresenta especial tropismo
por macrofagos e células de Schwann (CS) nos nervos periféricos. Os fatores de crescimento
semelhante a Insulina (IGFs) sdo hormonios peptidicos implicados no metabolismo, inducéo
de proliferacéo, inibicdo de apoptose e diferenciagdo de diferentes tipos celulares. Evidéncias
da literatura apontam também propriedades imunomoduladoras e anti-inflamatorias do 1GF-I.
O objetivo do presente estudo visa a investigacdo da participacdo do sistema IGF na infeccdo
pelo M. leprae. Inicialmente, verificamos o efeito anti-apoptdtico da bactéria sobre CS
humanas primérias e da linhagem ST88-14 cultivadas em condicGes livres de soro pela
inibicdlo da ativacdo de caspase-3. Demonstramos, ainda, através de ensaios de
imunocitoquimica, que o bacilo € capaz de induzir a proliferacdo da CS, tal efeito
provavelmente mediado pela inducdo de IGF-I, confirmado pela técnica de RT-PCR
quantitativo e pela deteccdo da proteina em sobrenadantes de cultura através de ensaio
imunoenzimatico. Na segunda etapa do trabalho, avaliamos a participagdo do IGF-I circulante
na evolucdo natural da hanseniase. Utilizando ELISA quimioluminescente, quantificamos 0s
niveis de IGF-1, da principal proteina ligadora de IGF (IGFBP-3) e TNF-a no soro de
individuos sadios e pacientes que desenvolveram ou ndo quadros reacionais ao longo do
tratamento. No caso dos pacientes reacionais, a dosagem de IGF-1, IGFBP-3 e TNF-a foi
realizada em duas etapas: i) no momento do diagndstico e ii) durante o aparecimento da
reacdo, antes do tratamento especifico. Inicialmente, numa comparagdo entre pacientes que
ndo desenvolveram reacdo, verificamos que 81% e 72% dos pacientes lepromatosos (LL)
apresentaram niveis de IGF-1 e IGFBP-3, respectivamente, abaixo do normal por idade,
diferentemente dos pacientes com outras formas clinicas. Dentre os pacientes reacionais, 93%
e 86% do grupo BL também apresentou niveis de IGF-I e IGFBP-3, respectivamente, abaixo
do normal por idade, diferentemente do grupo BL ndo-reacional, que apresentou niveis de
IGFs similares aos individuos sadios. Durante o desenvolvimento dos episodios reacionais,
houve uma queda dos niveis de IGF-1, IGFBP-3 e da relacdo IGF/TNF-a no grupo LL com
reacdo tipo Il. J& no grupo de pacientes BL, observamos um aumento dos niveis de IGF-I e
IGFBP-3, como uma tentativa de alcancar os niveis normais. Nossos dados sugerem a
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participacdo destes fatores de crescimento enddcrinos na intima relacdo entre bacilo e a CS,
como uma estratégia de obtencdo e manutencdo de um nicho favordvel de multiplicagéo e,
ainda, os revelam como potenciais candidatos a biomarcadores dos episodios reacionais na

hanseniase.
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Abstract

Neural injury is a major consequence of leprosy and responsible for the disabilities
installation, beyond to contribute to the stigma of the disease. The nerve damage is
exacerbated by the development or leprosy reactions (Type | and Type Il) and is correlated to
the immune response against Mycobacterium leprae — etiologic agent of leprosy that has
especial tropism for macrophages and Schwann cells (SC) in peripheral nerves. Insulin-like
growth factors (IGFs) are peptide hormones involved in metabolism, proliferation induction,
apoptosis inhibition and cell differentiation. Evidence from the literature also indicate
immunomodulatory and anti-inflammatory properties of IGF-I. The aim of this study is to
investigate the involvement of IGF system in the M. leprae infection. Initially, we verified the
anti-apoptotic effect of the bacteria on human primary CS and ST88-14 lineage growing in
serum-free conditions by inhibiting caspase-3 activation. It was also demonstrated by
immunocytochemistry, that the bacillus is able to induce the SC proliferation, this effect is
probably mediated by induction of IGF-I, as verified by quantitative RT-PCR and confirmed
by protein detection supernatants using immunoenzimatic assay (ELISA). On the second
phase we evaluate the participation of circulating IGFs in the natural course of leprosy.
Through chemioluminescent ELISA, we quantified the IGF-I, the main IGF binding protein
(IGFBP-3) and TNF-a serum levels in healthy individuals and patients who developed or not
reactional states during the treatment. In the case of reactional patients, the IGF-1, IGFBP-3
and TNF-a was performed in two steps: i) at the diagnosis of leprosy and ii) during reactional
episode, prior to specific treatment. Initially, a comparison of nonreactional patients, we
found that 81% and 72% of lepromatous leprosy (LL) showed IGF-1 and IGFBP-3 levels,
respectively, below normal for age, unlike patients with other clinical forms. Among the
reactional patients, 93% and 86% of BL group also showed IGF-I and IGFBP-3 levels,
respectively, below normal for age, unlike the nonreactional BL group, wich showed similar
levels of IGFs to healthy individuals. During the development of reactional episodes, there
was a decrease in the levels of IGF-I, IGFBP-3 and the IGF/TNF-a ratio in the LL group with
type Il reaction. In the BL group undergoing type Il reaction, the IGF-I and IGFBP-e levels
increased, as an attempt to reach normal levels. Our data suggest the involvement of these
growth factors in the relationship between bacilli and CS as a strategy for obtaining and
maintaining a favorable niche for multiplication, and also reveal the IGFs as potencial

candidates for biomarkers of reactional episodes in leprosy.
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Capitulo 1: Introdugdo

CAPITULO 1: Introducéo

1. Hanseniase

1.1 Considerac0es gerais

A Hanseniase é uma doenca infecciosa e de cardter cronico causada pelo
Mycobacterium leprae, um patdgeno intracelular obrigatorio que infecta preferencialmente
macrofagos e células de Schwann (Kaplan e Cohn, 1986). Suas principais manifestacoes
incluem lesbes de pele, mucosas e nervos periféricos que variam ao longo de um amplo
espectro de formas clinicas. A hanseniase é uma das doencas mais antigas da historia da
humanidade. Relatos biblicos oriundos do Antigo Testamento mostram que a hanseniase era
tratada como “castigo divino” e “impureza de espirito” por ser uma doenga contagiosa e levar
a incapacidade e deformidades fisicas. Em 1970, o Brasil extinguiu oficialmente a palavra
lepra e a substituiu por hanseniase em homenagem ao médico noruegués Gerhard Armauer
Hansen (1841-1912), que em 1873 descobriu 0 agente etioldgico da infeccéo.

A hanseniase pode afetar individuos em todas as idades e de ambos 0s sexos. Trata-se
de uma infeccdo sem a participacdo de vetores ou hospedeiros intermediérios e que tem o
homem como seu principal reservatorio. Seu modo de transmissdo ainda ndo foi bem
definido, entretanto acredita-se que, devido a fisiologia do bacilo, que apresenta baixa
viruléncia e alta infectividade, a transmissdo ocorreria, preferencialmente, entre individuos
residentes no mesmo domicilio através das secrecGes das vias respiratorias (nariz e boca) dos
pacientes multibacilares. Outros fatores como o tempo de exposicao, a carga bacilar (Douglas
e col., 2004) e as condicOes socio-econbmicas das populagdes expostas (Duppre e col., 2008)
podem determinar quais individuos poderdo desenvolver a doenca. Além disso, cada vez mais
tem sido mostrado que fatores genéticos do hospedeiro tém influéncia na susceptibilidade a
doenca. O estudo de Mira e colaboradores (2004) identificou polimorfismos numa regido do
cromossomo 6g25-g26 que abrange dois genes, PARK2 e PACRG, associados a uma maior
susceptibilidade & doenca. Outros estudos demonstram o envolvimento de alelos e haplotipos
do complexo HLA, mais especificamente HLA-DR2 e DR-3 (Shaw e col., 2001; Mira, 2006)
e, ainda polimorfismos na regido promotora para 0os genes TNF e linfotoxina-alfa (LTA)
(Santos e col., 2002; Alcais e col., 2007), como importantes fatores de risco genético para

susceptibilidade as formas clinicas da hanseniase. Adicionalmente, estudos de associacéo
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Capitulo 1: Introdugdo

baseados em populacbes mostraram o efeito protetor de hapl6tipos especificos do gene
interleucina-10 (IL-10), tanto a hanseniase per se quanto a forma multibacilar (Moraes e col.,
2004; Moraes e col., 2006).

O diagnostico da hanseniase € principalmente clinico e epidemioldgico — baseado nos
sinais e sintomas (anestesia, nervos espessados e lesdes cuténeas), no exame da pele, dos
nervos periféricos e no histdrico epidemioldgico. E acrescido, ainda, de exames laboratoriais
para a pesquisa do bacilo em esfregaco de linfa (baciloscopia) e do exame histopatoldgico.

A hanseniase é uma doenca curavel e com tratamento gratuito. O primeiro antibidtico
efetivo contra o M. leprae foi a dapsona, porém devido as expressivas notificacbes de cepas
resistentes, em 1982 a Organiza¢do Mundial de Saide (OMS) implantou o tratamento com a
multidrogaterapia (MDT) ou poliquimioterapia (PQT) que consiste na administragdo de um
conjunto de drogas: dapsona (100 mg por dia), clofazimina (300 mg uma vez por més e 50 mg
por dia) e rifampicina (600 mg uma vez por més). Este esquema foi introduzido no Brasil em
1991.

Embora a PQT tenha contribuido significativamente para a diminui¢do da prevaléncia
da hanseniase (WHO, 1998), a erradicacdo da doenca parece algo distante. Ainda hoje a
hanseniase é considerada um grave problema de salde publica e esta fortemente relacionada
com os baixos niveis de desenvolvimento social e econdmico. india, Brasil, Indonésia,
Congo, Nepal, Nigeéria, Etiopia e Tanzénia seguem no “ranking” dos paises com o maior
namero de novos casos detectados em 2008. A prevaléncia global no inicio de 2009 foi de
cerca de 213.000 casos registrados e 0 numero de casos novos registrados em 2008 foi
249.007 (WHO, 2009; Figura 1). Em 2007, a taxa de detecg&o no Brasil foi de 21,2/100.000
habitantes, considerada muito alta. As regides Norte, Centro-Oeste e Nordeste sdo
consideradas hiperendémicas por deterem a maior concentragdo de casos, apresentando taxas
de deteccédo alarmantes que chegam a 50 casos por 100.000 habitantes. Estima-se que a cada
ano seja registrada uma média de 400.000 casos em todo o mundo, dos quais,
aproximadamente 40.000 sdo provenientes do Brasil e, destes, cerca de 3.000 casos foram
diagnosticados com deformidades fisicas instaladas (Ministério da Saude, 2008).
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Figura 1: Distribuicao global da hanseniase. Mapa mostrando a prevaléncia da doenca no inicio de 2009.
(WHO, 2010)

1.2 O Agente Etioldgico

O Mycobacterium leprae foi identificado por Gerhard Henrik Armauer Hansen em
1874 como o primeiro agente causador de uma doenca infecciosa (Hansen, 1874), entretanto
até os dias atuais ainda ndo é possivel cultiva-lo in vitro — fato que dificulta seriamente o
estudo de sua biologia e dos mecanismos pelo qual se utiliza para invadir os nervos
periféricos. Trata-se de um patdgeno intracelular obrigatrio e apresenta tropismo por
fagdcitos mononucleares e células de Schwann dos nervos periféricos (Bloom, 1986; Kaplan e
Cohn, 1986).

O género Mycobacterium inclui mais de 70 espécies, sendo sua maioria saprofitas que
habitam o solo e a agua e, indcuos a0 homem e outros animais. Este género pertence a ordem
dos Actinomycetales e familia Mycobacteriaceae. Além dos M. leprae, outros pat6égenos
importantes deste género podem ser citados, como o Mycobacterium tuberculosis — causador
da tuberculose humana, o0 Mycobacterium avium e o Mycobacterium intracellulare, espécies

oportunistas para 0 homem.
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O M. leprae é uma bactéria gram-positiva, em forma de bastonete e que apresenta
crescimento lento, fazendo uma divisio binaria a cada 12-14 dias (WHO 1987). E
considerado um bacilo alcool-acido resistente, ou seja, uma vez corado pela fucsina ndo se
descora pela lavagem com alcool e acido (Método de Ziehl-Neelsen). Compartilha com outras
micobactérias caracteristicas como a abundancia de lipideos na forma de acidos micélicos
(acidos graxos saturados de elevado peso molecular) e lipoarabinomanana (LAM) em seu
envelope celular, conforme pode ser observado na figura 2. Além disso, mais externamente,
apresenta glicolipideos, com destaque para o PGL-I presente exclusivamente no M. leprae e
responsavel pela especificidade imunoldgica ao bacilo. O PGL-I foi descrito inicialmente em
1981 por Shirley Hunter e Patrick Brennan e desde entdo desperta interesse no que diz
respeito a sua utilizagdo como diagndstico precoce da infeccdo (Hunter e Brennan, 1981;
Lefford e col., 1991), bem como seu papel relevante na interacdo patdégeno-célula hospedeira
(Schlesinger e Horwitz, 1991). Foi demonstrado que a estimulagdo com M. leprae podem
induzir a produgéo de TNF-a in vitro, indicando que componentes do bacilo podem modular

a resposta imune especifica do hospedeiro (Sampaio e col., 1992; Sampaio e col., 2000).
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Figura 2: Modelo esqueméatico da parede celular do M. leprae (Vissa e Brennan, 2001). A membrana
plasméatica é envolvida por uma parede celular composta por peptidoglicana ligada covalentemente a
araginogalactana. Acidos micolicos estdo ligados aos residuos terminais de arabinose. A camada mais externa
apresenta: monomicolato trealose (TMM), glicolipideo fendlico 1 (PGL-1), monosideos fosfatidilinositol
(PIMs), dimicocerosato ftiocerol (PDIM) e fosfolipideos (PL).
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Em 1960, Charles Shepard demonstrou que a inoculagdo de 10° a 10* bacilos
(provenientes de bidpsias humanas) em coxim plantar de camundongos Balb/c promovia uma
multiplicacdo limitada do M. leprae durante 9 a 12 meses (Shepard, 1960). O mesmo autor
demonstrou também que, camundongos timectomizados apresentavam uma infeccdo
generalizada quando inoculados com M. leprae, entretanto, apos o limite de multiplicacdo ter
sido alcancado, as bactérias comegavam a perder sua viabilidade (Shepard, 1962; Shepard e
Chang, 1962). Em 1971, verificou-se que o tatu de nove bandas (Dasypus novencinctus)
permite o crescimento do bacilo de forma disseminada durante 18 a 24 meses, sendo
considerado um hospedeiro naturalmente suscetivel. Os animais apresentam uma forma
disseminada da doenca, com comprometimento da pele, medula 0ssea, linfonodos, figado,
baco, pulmdes e olhos (Kirchheimer e Storrs, 1971). Consegue-se mais de 10° bacilos por
grama de tecido e desde entdo, esta tem sido a origem da massa bacteriana utilizada para os
estudos bioquimicos, imunoldgicos e de biologia molecular. Além do tatu de nove bandas,
somente macacos mangabei e chimpanzés foram encontrados naturalmente infectados com o
M. leprae (revisto por Pessolani e col., 2003).

Mais recentemente, outra fonte de M.leprae vem sendo também utilizada para estudos, esta
derivada de camundongos congenitamente (nude) ou experimentalmente atimicos. Estes
animais sdo extremamente susceptiveis a infec¢do pelo M. leprae — o qual requer um alto grau
de imunodeficiéncia em hospedeiros experimentais. Cerca de 2 x 10" bacilos inoculados no
coxim plantar de camundongos nude permitem a obtencéo de aproximadamente 0,5 a 1 x 10*
bacilos num periodo de, aproximadamente, 6 meses ap0s a inoculagcdo. Apds purificacdo, 0s
bacilos podem ser utilizados vivos por até uma semana ou letalmente irradiados (Truman e
Krahenbuhl, 2001).

A conclusdo do sequenciamento do genoma do M. leprae em 2001 (Cole e col., 2001) €
considerada um marco importante para o conhecimento da biologia desta micobactéria.
Apenas 49,5% do genoma do M. leprae contém genes que codificam para proteinas, 27%
pseudogenes (somando um total de 1.116 pseudogenes ou genes degenerados, assim
donominados por apresentarem perda de regides necessarias a sua transcri¢ao e/ou traducao) e
23,7% ndo foram codificados, provavelmente por causa de muta¢Ges. Quando comparamos
seu genoma ao do M. tuberculosis verificamos uma perda macica de genes pelo M. leprae, o
que poderia explicar o seu longo tempo de geracdo e sua incapacidade de se multiplicar in
vitro. Analises do genoma tém revelado defeitos na regulacdo de vias catabdlicas e sistemas
de transporte, justificando assim, o fato do M. leprae ser um patégeno intracelular obrigatério
(revisto por Vissa e Brennan, 2002).
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1.3 Classificacao

A hanseniase se manifesta seqgundo um amplo espectro de formas clinicas resultante
do grau de resposta imune celular desenvolvida por cada individuo contra o M. leprae. A
classificacdo atualmente adotada de Ridley e Jopling (1966) combina critérios clinicos,
bacteriolégicos e, principalmente, imunolégicos e histopatoldgicos. Segundo esta
classificagdo, em um extremo do espectro encontra-se 0s pacientes lepromatosos (LL), que
apresentam alta carga bacilar — devido a ineficiente resposta celular contra a bactéria — e
multiplas lesGes. No outro extremo do espectro, estdo os pacientes tuberculdides (TT) que
apresentam uma forte resposta celular ao M. leprae. Em geral, eles apresentam uma unica
lesdo, com poucos bacilos. Entre estes dois extremos estdo as formas intermediérias,
denominadas borderline: borderline lepromatoso (BL), borderline borderline (BB) e
borderline tubercul6ide (BT), onde a resposta imune celular é maior ou menor acordo com a

proximidade ao polo tuberculdide ou lepromatoso, respectivamente (Figura 3).

Imunidade mediada Carga bacilar
por células == =g

Reacédo Reversa - i

Eritema Nodoso Hansénico ——

Figura 3: Formas clinicas da hanseniase de acordo com a classificacdo de Ridley e Jopling (1966). Modelo

esquematico adaptado de Walker e Lockwood (2006).

A grande maioria dos individuos expostos ao M. leprae ndo desenvolve a doenga. De
um modo geral, os individuos que se infectam inicialmente apresentam a forma Indeterminada
(I) da doenca — considerada o inicio das manifestacfes clinicas. As lesbes apresentadas pelos

6
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pacientes sdo maculas hipopigmentadas com alteracdes de sensibilidade que podem evoluir
para a cura espontanea ou para qualquer uma das formas clinicas do espectro, quando nao
tratadas.

Para facilitar os esquemas terapéuticos, a OMS estabeleceu uma classificacdo
operacional dos pacientes em dois grupos: paucibacilares (PB) e multibacilares (MB). Dentro
deste esquema, 0s pacientes paucibacilares compreendem as formas TT, BT e I, devido ao
limitado nimero de bacilos encontrados nas les6es. J& as formas BB, BL e LL constituem os
pacientes multibacilares, que apresentam uma elevada carga bacilar (WHO, 1987). Visando
uma identificagdo mais rapida dos pacientes, o Ministério da Saude fez, ainda, uma adaptacdo
nesta classificagdo incluindo a baciloscopia, 0 nimero e a distribuigdo das leses cuténeas e o
namero de troncos nervosos afetados. A duracéo da PQT é de seis meses para 0s pacientes PB
e de 12 a 24 meses para os MB (Britton e Lockwood, 2004).

1.4 Resposta imunoldgica na hanseniase

E sabido que a apresentacéo clinica da hanseniase esta fortemente correlacionada ao
padrdo imunologico desenvolvido por cada individuo frente ao M. leprae. De um lado, 0s
pacientes tubercul6ides mostram uma resposta imune celular parcialmente eficiente que é
responsdvel pelo controle da disseminacdo da infeccdo. Do outro lado, os pacientes
lepromatosos sdo incapazes de produzir interferon-gama (IFN-g) e, consequentemente,
apresentam resposta imune celular baixa ou ausente, o que possibilita a lenta replicacéo e a
disseminagéo do bacilo (Nogueira e col., 1983; Godal, 1984).

Em 1991, Yamamura e colaboradores utilizaram o paradigma Th1/Th2 para explicar
os diferentes perfis de resposta imune entre pacientes tuberculdides e lepromatosos. Neste
estudo, através da andlise de expressdo génica de citocinas a partir de RNA mensageiro
(RNAm) extraido de lesGes de pacientes, verificaram que a expressao de IL-2, linfotoxina
(LT) e IFN-g estava aumentada nas lesdes tuberculdides. Por outro lado, a expressdo dos
genes para IL-4, IL-5 e IL-10 foi mais evidente na pele dos pacientes com a forma
lepromatosa. De forma similar, analises de expressdo génica e secre¢do de citocinas em
células mononucleares de sangue periférico (PBMC) mostram que pacientes lepromatosos
exibiram um padrdo Th2, enquanto que os tubercul6ides Thl (Misra e col., 1995). Além
disso, o IFN-g, considerado a molécula-chave na resposta protetora ndo sé em pacientes como
em contatos domiciliares (Sampaio e col., 1991; Lima e col., 2000), pode ser observado nas

formas brandas e intermediarias da doenca. Ensaios clinicos utilizando inocula¢6es de IFN-g
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em pacientes multibacilares confirmam o efeito imunoestimulador desta citocina, bem como o
aumento da atividade microbicida de macrofagos nas les6es inoculadas (Sampaio e col.,
1992).

Os pacientes tuberculdides possuem uma intensa resposta e apresentam uma ou poucas
lesbes e, estas se caracterizam pela formacdo de granulomas epitelidides bem definidos e
infiltrado de linfocitos CD4+ produtores de IFN-g (Yamamura e col., 1991). Devido a intensa
e efetiva resposta celular, habitualmente ndo se observam bacilos nos exames bacterioldgicos.
As lesdes tém aspecto descamativo no qual o crescimento de pélos é deficiente (ou ausente) e,
frequentemente sdo anestésicas devido a destruicdo das terminagdes nervosas na derme
(revisto por Walker e Lockwood, 2006). A forte imunidade celular é confirmada pelo intenso
infiltrado inflamatorio, predominantemente composto por células T e expressdo de citocinas
em resposta a antigenos do M. leprae, avaliados in vitro e atraves do teste cutdneo de
reatividade (reacdo de Mitsuda).

J& nos pacientes lepromatosos, a proliferacdo macica do M. leprae resulta em
multiplas lesdes cutaneas, que podem se apresentar como maculas, placas, papulas, ndédulos
ou infiltracdo difusa. As lesdes cuténeas apresentam atrofia epidérmica e na derme observam-
se granulomas ndo organizados com raros linfocitos, predominantemente CD8+. No infiltrado
inflamatdrio destacam-se macrofagos de aspecto vacuolizado (devido ao acimulo de lipideos)
que estdo altamente infectados com M. leprae e podem ser observados em varios niveis da
pele (revisto por Walker e Lockwood, 2006). Altos titulos de anticorpos contra o glicolipideo
fendlico | (PGL-1) e outras proteinas especificas do M. leprae podem ser detectados na urina e
no sangue destes pacientes (Roche e col., 1990; Triccas e col., 1996; Cho e col., 2001).

Os grupos borderline (BT, BB e BL) sdo considerados formas instaveis da doenca e, a
distingcdo entre os subgrupos de maior resisténcia (BT) para os de menor resisténcia (BL)
baseia-se na indiferenciacdo progressiva dos macréfagos, diminuigdo do numero de linfdcitos
e no aumento do numero de bacilos nos granulomas e ramos nervosos. As lesGes dos
pacientes BT podem mostrar raros bacilos e granuloma formado por células epitelidides
focalizadas por zona periférica de linfécitos com presenca de células gigantes de Langerhans,
algumas vezes numerosas. Nos casos BB o numero de bacilos é maior apresentam células
epitelidides espalhadas de forma difusa por todo o granuloma e ndo focalizadas por zonas de
linfocitos (revisto por Goulart e col., 2002). A forma BL apresenta granuloma composto de
macrofagos indiferenciados que contém gande nimero de bacilos. Entretanto, diferentemente
da forma LL, o granuloma dos casos BL apresentam areas de instensa infiltracdo linfocitéaria
(Ridley, 1990).
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1.5 Os episddios reacionais

Ao longo da evolugdo da doenca aproximadamente metade dos pacientes desenvolve
pelo menos um dos chamados episddios reacionais (Nery e col., 1998; Gillis, 2000), que
constituem episddios agudos de resposta inflamatoria e imunoldgica subita que podem ocorrer
antes, durante ou apds o tratamento poliquimioterapico. Estes quadros reacionais sao
classificados como reacdo tipo | ou reversa (RR) e reacdo tipo Il, cuja manifestacdo clinica
mais frequente € o eritema nodoso hansénico (ENH) (Ridley, 1969). Mais atualmente é aceita
uma terceira forma clinica de reacdo hansénica, denominada neurite isolada — caracterizada
dor espontanea ou a compressao de tronco nervoso, acompanhada ou ndo de espessamento e
sem associagdo com o quadro cutaneo observado na reagéo tipo | ou tipo Il (revisto por Nery
e col., 2006). Os episddios reacionais podem levar a piora do quadro clinico dos pacientes,
aumentando o dano neural e contribuindo para a instalagédo de incapacidades e deformidades
fisicas. Por inlmeras vezes as manifesta¢Ges clinicas oriundas dos quadros reacionais levam o
paciente a procurar ajuda médica e, so entdo, a doenca é diagnosticada.

Nery e colaboradores (1998) verificaram que 57% dos pacientes multibacilares,
incluidos no estudo, evoluiram para algum dos quadros reacionais durante o tratamento
poliquimioterapico. Também foi observado que 91% dos pacientes LL apresentaram eritema
nodoso, enquanto 93% dos pacientes BB e 57% dos pacientes BL apresentaram reacéo

reversa.

1.5.1 Reacéo Tipo |

A reacdo tipo | ou reversa € mais comum em pacientes com as formas borderline (Van
Brakel e col., 1994; Nery e col., 1998) e estima-se que cerca de um terco destes pacientes
pode apresentar este tipo de episodio reacional, principalmente nos primeiros seis meses de
PQT (Lienhardt e col., 1994). A RR caracteriza-se pela inflamagdo aguda das lesGes de pele
pré-existentes, tornando-as eritematosas e edematosas. As maculas tornam-se placas e podem
evoluir com descamacdo (Figura 4). Podem surgir novas lesdes assemelhando-se as demais.
Também pode ser observado edema de méos, pés e face. Geralmente, estas manifestacées sdo
localizadas, com neurites isoladas ou acompanhadas de lesdes cutaneas, independentemente
da forma clinica do paciente. Dados histopatoldgicos das lesdes de pele de pacientes com RR
revelam a expansdo do granuloma com um aumento do nimero de células epitelidides, células

gigantes multinucleadas e linfocitos, aléem da reducdo do nimero de bacilos. A duracéo deste
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quadro reacional pode variar de semanas a meses (revisto por Foss, 2003; Nery e col., 2006).
De modo geral, ndo sdo observadas alteracbes hematoldgicas e bioquimicas em exames

laboratoriais durante a RR.

Figura 4: Aspecto de lesdo cutanea em paciente com reacao tipo | (Walker e Lockwood, 2006).

A perda da fungéo sensitivo-motora é uma das mais frequentes e graves consequéncias
da RR, devido ao espessamento neural. O acometimento dos nervos ulnar e tibial posterior
leva a instalacdo subita de mdo “em garra” e pé “caido” e deve receber répida e precoce
intervencdo para evitar que se tornem alteragdes permanentes (Van Brakel e Khawas, 1994;
Croft e col., 1999).

O processo que leva ao surgimento da RR tem sido associado a uma subita reativagdo
da resposta imune mediada por células contra antigenos do M. leprae, o que constitui um
exemplo tipico da reacdo de hipersensibilidade tardia ou reacéo tipo 1V (Job, 1994). Embora a
causa e 0S mecanismos desta reativagdo da resposta imune ndo sejam totalmente
compreendidos, alguns estudos tém demonstrado que durante a RR ocorre um aumento da
proliferacdo de linfécitos especificos contra o M. leprae (Godal e col., 1973; Barnetson e col.,
1976). A expressdo de citocinas pré-inflamatorias como IFN-g, IL-2 e TNF-a encontra-se

aumentada em lesGes de pele (Yamamura e col., 1992; Khanolkar-Young e col., 1995; Little e
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col., 2001), contribuindo para a formagdo do granuloma, aumento da atividade microbicida
dos macréfagos e inflamacdo (Verhagen e col., 1997).

Durante a RR pode ser observado um aumento na expressdo de citocinas pro-
inflamatédrias tanto a nivel local, em lesdes de pele (Verhagen e col., 1997; Moraes e col.,
1999; Little e col., 2001; Atkinson e col., 2004), quanto sistémico, em soro ou plasma (Tung e
col., 1987; Moraes e col., 1999; Faber e col., 2004; Lyer e col., 2007; Stefani e col., 2009) ou,
ainda, a producéo in vitro por células mononucleares circulantes (Anderson e col., 2005). O
padréo de citocinas encontrado por muitos autores indica que a RR representa um aumento
espontéaneo da resposta Thl. Entretanto, em conjunto, estes estudos parecem nado distinguir
claramente os eventos imunoldgicos pertinentes ao episédio reacional daqueles oriundos da
inflamacdo, per se (revisto por Scollard e col., 2006). Além disso, € discutido que a analise
isolada de niveis circulantes de citocinas durante a RR pode néo refletir a resposta imune nas
lesGes, 0 ponto-chave dos eventos que ocorrem neste tipo de reagcdo (Anderson e col., 2005).

Analises a partir de bidpsias de pele de pacientes durante a RR demonstram o aumento
da expressdo de RNA mensageiro (RNA-m) para IFN-g TNF-a, IL-2, IL-8 e IL-12
(Yamamura e col., 1992; Moraes e col., 1999; Teles e col., 2002). A expressdo de RNA-m das
quimiciocinas IL-8, proteina-1 quimiotatica de mondcitos (MCP-1) e o fator regulado por
ativacdo, expresso e secretado por células T normais (RANTES) também se encontra
aumentada nas lesdes cuténeas durante a RR (Kirkaldy e col., 2003).

Como fatores de risco para o desenvolvimento da reacdo reversa estdo incluidos a
manifestacdo da forma borderline (Lockwood e col., 1993; Van Brakel e col., 1994), deteccédo
do DNA de M. leprae em lesdes de pele em pacientes com uma Unica lesdo (Souza e col.,
2007), a idade (Ranque e col., 2007; Souza e col., 2007), vacinagdo com BCG (Montestruc,
1960; Convit e col., 1986), o grau de incapacidade apresentado pelo paciente (Schreuder,
1998) e a gravidez (Lockwood e Sinha, 1999). A presenca de anticorpos anti-PGL-I
concomitante com a positividade do teste de Mitsuda também foi sugerida como fator de risco
e marcador da RR (Roche e col., 1997). O risco de RR ¢é mais elevado durante o primeiro ano
do tratamento com PQT nos pacientes multibacilares (Becx-Bleumink e col., 1992; Van
Brakel e col., 1994) e, para 0s pacientes paucibacilares, 0s primeiros seis meses subsequentes
ao término da PQT constituem, ainda, um periodo de risco para o desenvolvimento de RR
(Becx-Bleumink e col., 1992).

O tratamento da RR deve ser realizado imediatamente com a introdugdo de anti-
inflamatérios, especialmente, os costicosterdides, que tem como principal objetivo reduzir a
reacdo inflamatdria, especialmente a neural (revisto por Scollard e col., 2006). Prednisona (1 a
2 mg/kg/dia) deve ser introduzida e conforme avaliagdo médica com evidéncias de melhora
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ou regressao clinica, a dose deve ser reduzida em intervalos e quantidades fixas (em geral, 5-

10 mg/semana) até a retirada completa do medicamento.

1.5.2 Reacéo Tipo Il

A reacdo tipo Il ocorre com maior freqiiéncia entre pacientes multibacilares (BL e
LL), principalmente na forma lepromatosa polar (Nery e col., 1998; Pocaterra e col., 2006).
Estes episodios acontecem, principalmente, durante o segundo e o terceiro ano apds o inicio
da PQT (Kumar e col., 2004) e, devido sua gravidade, constitui-se como uma das principais
prioridades no manejo de pacientes com hanseniase para prevengdo de incapacidades (revisto
por Guerra e col., 2004).

Sao consideradas trés variantes clinicas: (i) eritema nodoso hansénico; (ii) eritema
multiforme ou polimérfico e (iii) fenémeno de Lucio (revisto por Cuevas e col., 2007). O
eritema nodoso hansénico (ENH) é a forma mais comum da reacdo tipo Il e a hipdtese
inicialmente aceita e mais escrita para a dindmica do aparecimento deste quadro é a de que
durante o tratamento ocorra a destruicdo macica do bacilo com liberacdo de fracGes
antigénicas do M. leprae e, subsequente inducdo da formagdo de anticorpos especificos. Este
processo resultaria na reacdo por imuno complexo circulante (Tipo I11), na classificacdo de
Coombs e Gell (1963), com depdsito de complexo antigeno-anticorpo nos espagos teciduais,
vasos sanguineos e linfaticos (Wemambu e col., 1969; Waters e col., 1972). Essas alteracGes
imunoldgicas culminam com o aparecimento abrupto de nddulos e/ou placas infiltradas,
avermelhadas e dolorosas (Figura 5), com posterior ulceracdo e formacdo de necrose —
caracterizando o ENH necrotizante. O surgimento das lesdes obedece a uma distribuicdo
simétrica, bilateral e difusa que atinge a face, tronco e membros. Niveis sanguineos elevados
de IL-1b e TNF-a sdo observados (Sarno e col., 1991), relacionando-se a0 comprometimento
sistémico observado no ENH, onde o paciente apresenta febre alta, perda de peso, falta de
apetite, mal-estar geral com dores musculares e Gsseas, edema nas extremidades do corpo e
presenca de nervos doloridos e espessados. As lesbes pré-existentes tendem a se manter
inalteradas.

Exames laboratoriais podem mostram leucocitose com neutrofilia e aumento de
plaguetas e de proteinas da reacdo inflamatdria aguda, como a proteina C reativa. Também
sdo observados aumento das imunoglobulinas 1gG e IgM, e das fracbes C2 e C3 do
complemento. A histopatologia das lesdes cutaneas evidencia infiltrado inflamatorio
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neutrofilico, perivascular, compativel com vasculite e numerosos bacilos fragmentados e

granulosos (revisto por Foss, 2003).

Figura 5: Aspecto das lesdes cuténeas durante eritema nodoso hansénico. Imagem gentilmente cedida pelo
Dr. Jason Antonio Barreto do Instituto Lauro Souza Lima (ILSL), Bauru — SP.

O curso natural do ENH pode levar de uma a duas semanas, entretanto podem persistir
durante anos como formas crénicas e recorrentes, tendo manifestacdes clinicas intermitentes
ou continuas (Trao e col., 1994), dependendo da resposta inflamatoria do paciente. A
avaliacdo clinica deve ser voltada para a investigacdo das alteracfes de pele, nervos, olhos,
articulag@es, rins, testiculos, vias aéreas superiores, entre outras. A intensidade dos quadros
clinicos pode variar entre discretos, que apresentam poucas lesdes sem comprometimento do
estado geral do paciente, a casos graves com formacdo de lesdes vesiculo-bolhosas e que
podem ulcerar e evoluir para necrose, acompanhadas de febre alta, mal-estar, cefaléia,
nauseas e vomitos (revisto por Foss, 2003; Guerra e col., 2004).

A patogénese do ENH tem sido sugerida como resultante do efeito direto de citocinas
inflamatorias sobre componentes dos vasos sanguineos, levando a ativacdo de células
endoteliais e leucdcitos na derme (Sampaio, 1994). Niveis elevados de citocinas pro-
inflamatorias sdo observados sistemicamente, em soro ou plasma (Sarno e col., 1991; Lyer e
col., 2007; Stefani e col., 2009). Outros estudos, a partir de biopsias de lesdes cuténeas,
mostram um aumento nos niveis de RNA-m para as citocinas IFN-g TNF-a e IL-12
(Yamamura e col., 1992; Sreenivasan e col., 1998; Moraes e col., 1999), indicando a ativacéo
de uma resposta celular a nivel local, embora Yamamura e colaboradores (1992) tenham
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evidenciado um concomitante e persistente aumento de RNA-m para citocinas com perfil de
resposta Th2, como IL-4, IL-5 e IL-10.

A manifestacdo da forma polar lepromatosa configura um importante fator de risco
para o desenvolvimento do ENH, assim como o indice baciloscopico elevado ( 4) (Pocaterra
e col., 2006; Manandhar e col., 1999). Sdo descritos, ainda, outros fatores, como género
(Browne, 1963), idade adulta (Sehgal e col., 1988; Chopra e col., 1990; Manandhar e col.,
1999), gravidez e lactacdo (Lockwood e Sinha, 1998). Outras infecgdes, estresse fisico e
imunizacdo também sdo considerados fatores de risco, mas ainda sem comprovagoes.
Pacientes multibacilares submetidos a inoculagdes mensais com IFN-g durante seis meses
apresentaram uma frequéncia de ENL maior do que aqueles que sé recebiam a PQT (Sampaio
e col., 1991, 1992).

Para o tratamento do ENH preconiza-se repouso e terapéutica anti-inflamatoria, além
da prevencdo de novos episodios. A talidomida, nas doses de 100-300 mg/dia, é a droga de
primeira escolha, recomendada pelo Ministério da Saude, para 0 manejo do ENH agudo e
recorrente. Porém, o medicamento é expressamente proibido para mulheres em idade fértil,
devido ao seu efeito teratogénico, bem como em casos de associagdo do ENH com neurite.
Nestes casos é indicado o uso de corticosterdide. A pentoxifilina tem sido administrada
isoladamente ou em associacdo com a prednisona, e tem apresentado resultados satisfatorios
(Ministério da Saude, 1994; Lockwood, 1996; Naafs e col., 1996; Nery e col., 2000).

Existe um imenso interesse voltado para a determinacdo de marcadores clinicos ou
laboratoriais que identifiquem pacientes com risco aumentado para o desenvolvimento dos
episodios reacionais. Sobretudo como um auxilio na prevencdo da instalacdo das

incapacidades e deformidades fisicas.

1.6 Neurites e dano neural na hanseniase

A lesdo neural na hanseniase esta correlacionada a capacidade do M. leprae invadir 0s
nervos periféricos, alojando-se preferencialmente no interior de células de Schwann. O
comprometimento neural estd presente em todas as formas clinicas, sobretudo durante os
episodios reacionais. A neuropatia é resultante do processo inflamatdrio decorrente da
resposta imune, desenvolvida pelo individuo, contra antigenos do M. leprae; e sem ddvida,
consiste o fator determinante para o aparecimento de deformidades que podem levar as
incapacidades permanentes nos pacientes. Caracteriza-se pela presenca de dor espontanea ou

a palpacdo, num tronco nervoso, acompanhada ou ndo de comprometimento da funcéo; ou
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ainda o comprometimento isolado, com auséncia de dor, conhecido por neurite silenciosa
(Duncan e Pearson, 1982). Estudos mostram que existe uma correlagdo entre a ocorréncia de
neurites e o desenvolvimento de incapacidades fisicas durante e, mesmo apds o tratamento
poliquimioterapico (Pimentel e col., 2004). Além disso, a alteracdo das funcbes sensitivas,
motoras e autondmicas — provocadas pela neurite — predispde ao dano secundario decorrente
de trauma, pressdo anormal e infecgOes (Van Brakel e Kawas, 1994; revisto por Nery e col.,
2006).

Histopatologicamente, as lesbes de pele de pacientes com a forma polar tuberculéide
apresentam perda da integridade estrutural dos nervos afetando as fibras sensoriais e motoras
levando a perda da sensibilidade. Em pacientes com a forma polar lepromatosa existe um
menor envolvimento dos nervos da pele, entretanto ocorre um comprometimento mais
profundo que leva principalmente a perda da funcdo motora e, consequentemente, a paralisia.
Uma grande quantidade de bacilos é encontrada no endoneuro — no interior de células de
Schwann e macrofagos, e em menor grau no perineuro (revisto por Vissa e Brennan, 2002).
Durante os episddios reacionais, 0s nervos mais afetados sdo o ulnar, o fibular e o tibial
posterior.

Embora os mecanismos patogénicos do dano ao nervo ainda ndo tenham sido
completamente elucidados, sabe-se que alguns fatores estdo possivelmente envolvidos, tais
como as alteragdes bioquimicas nas células de Schwann decorrentes da presenca per se do M.
leprae, e a resposta imune local desencadeada pela liberacdo de mediadores inflamatérios no
nervo. Dados da OMS (1998) indicam que cerca de vinte e cinco por cento dos pacientes com
hanseniase sofrem algum grau de incapacidade durante a evolucdo da doenca e, metade destes
permanece com deformidades incapacitantes ao longo da vida. Estes dados ressaltam a
importancia de se estudar e melhor compreender os mecanismos que desencadeiam a lesdo
neural na hanseniase, bem como o desenvolvimento de ferramentas terapéuticas visando um

auxilio ao tratamento.
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1.7 A célula de Schwann

As células de Schwann (CS) foram identificadas por Theodor Schwann (1810-1882) e
constituem as células gliais do sistema nervoso periférico, onde desempenham um importante
papel na homeostasia tecidual. Sao comparaveis aos oligodendrécitos do sistema nervoso
central por compartilharem a capacidade de producdo da membrana que envolve as porcoes
alongadas do neurdnio, chamada de bainha de mielina.

As CS tém origem na crista neural e, por acdo das neuregulinas secretadas pelos
neurdnios, passam pelos estagios de CS precursora e CS imatura até chegar a CS diferenciada
apresentando o fenétipo mielinizante ou ndo-mielinizante nos nervos maduros (Figura 6).
Além das suas diferencas morfoldgicas, estes dois fendtipos tém expressdo génica
diferenciada e, particularmente as CS mielinizantes expressam principalmente RNAmM de
varias proteinas da mielina, entre elas, a proteina zero (P0), a proteina basica da mielina
(MBP) e periaxina. Krox-20 e POU sdo importantes fatores de transcricdo envolvidos no
processo de mielinizagdo (revisto por Jessen e Mirsky, 1999; 2005). A formacdo de bainha de
mielina pela CS é dependente da presenca dos ax6nios e da lamina basal que circunda a fibra
nervosa (Bunge, 1993). Esta lamina basal é composta principalmente por laminina-2,
colageno 1V, heparan sulfato, entre outros componentes da matriz extracelular que séo

produzidos principalmente pela CS (revisto por Chernousov e Carey, 2000).
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Figura 6: Principais estagios do desenvolvimento das células de Schwann. Modelo adaptado de Jessen €

Mirsky (2005). Setas pontilhadas indicam que CS maduras de ambos os fenétipos podem retornar a fase imatura.
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Um aspecto importante na biologia destas células e que permite sua atuagdo nos
processos de regeneracdo do nervo € a sua capacidade de sobreviver mesmo na auséncia do
axonio. Durante o desenvolvimento dos nervos, a sinalizagcdo do axdnio € essencial para a
sobrevivéncia, proliferacdo e diferenciacdo da CS. Entretanto, CS maduras mielinizantes ou
ndo-mielinizantes, através de um processo denominado desdiferenciacdo, revertem a um
fendtipo imaturo, quando os axdnios com os quais elas fazem contato sofrem degeneracéo por
transeccdo do nervo (revisto por Mirsky e Jessen, 1999; 2005). Meier e colaboradores (1999)
mostraram que enquanto CS precursoras sdo dependentes de fatores neuronais para a
manutengdo de sua sobrevivéncia, as CS maduras sdo capazes de secretar fatores de
crescimento que atraves da sua agdo autdcrina e paracrina promovem sua sobrevivéncia.
Importantes componentes destes sinais de sobrevivéncia sdo os fatores de crescimento
semelhantes a Insulina (IGFs), neurotrofina-3 (NT3), endotelina e o fator de crescimento
derivado de plaquetas (PDGF-BB). Este processo é crucial para a regeneracdo dos nervos
periféricos, no qual as CS contribuem fornecendo substrato e fatores troficos que irdo permitir
0 apoio e o crescimento dos axdnios lesionados.

Os modelos in vitro de cultura de CS e CS-neurbnio tem oferecido importantes
contribuicbes no entendimento ndo s6 da neurobiologia desta célula, bem como na sua
interacdo com o nervo periférico e, eventualmente com agentes patogénicos. Entretanto a
dificuldade do isolamento e purificacdo de CS de nervos periféricos de mamiferos adultos
imp0e a utilizacdo de linhagens celulares. A linhagem de CS humanas ST88-14 foi isolada de
um tumor maligno de um paciente com neurofibromatose tipo 1 (NF-1; neurofibromatose de
Von Recklinghausen tipo 1) (Fletcher e col., 1991) — uma doenca neuroldgica congénita,
hereditaria e autossomica dominante, caracterizada principalmente por multiplas manchas
hiperpigmentadas e neurofibromas. Estes neurofibromas sdo tumores benignos e que podem
surgir em qualquer parte do corpo, inclusive em cavidades, sendo os de localizacdo dérmica
0s mais comuns (revisto por Espig e col., 2008). As CS ST88-14 sdo de facil cultivo,
apresentam um bom crescimento em baixas concentragdes de soro e formam multiplas
camadas. (Yan e col., 1995). Assim como as CS primérias, as células desta linhagem séo
positivas para os marcadores S-100, PO e MBP (Morrissey e col., 1991; Rutkowiski e col.,
1992; Ryan e col., 1994). Estudos de interacdo com o M. leprae demonstraram que a
linhagem ST88-14 apresenta uma boa taxa de associagdo apds apenas duas horas de
incubagdo com a bactéria (Alves e col., 2004) e o mecanismo de adesdo bacteriana a estas
celulas se assemelha ao descrito em culturas primérias (Marques e col., 2000; 2001),
validando, assim a utilizagdo desta linhagem celular em modelos de estudo da interagéo de CS
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em, pelo menos, momentos iniciais da infecgdo e assim como estudos da propria fisiologia da

célula.

1.8 A interacdo do M. leprae com a célula de Schwann

Embora o carater cronico da hanseniase, aliado a falta de um modelo experimental que
mimetize os estagios iniciais da infeccdo sejam fatores limitantes, um nimero substancial de
estudos utilizando culturas de CS ou co-culturas de CS-neurbnio tém conseguido avangos
importantes no que diz respeito a interacdo do bacilo de Hansen com sua célula hospedeira.

O tropismo do M. leprae pelos nervos periféricos é explicado pela aderéncia especifica
do bacilo ao dominio globular (dominio G) da cadeia a2 da laminina-2 — a isoforma mais
abundante de laminina presente na lamina basal e que envolve a CS (Rambukkana e col.,
1997). Esta ligacdo parece ocorrer atraves de duas adesinas principais presentes na superficie
do M. leprae: o glicolipidio fendlico-1 (Ng e col., 2000) e a proteina LBP/HIp (Shimoji e col.,
1999; Marques e col., 2000). Complementando estes estudos, o complexo distroglicana (DG)
foi identificado como um dos possiveis receptores de laminina-2 presentes na membrana da
CS e envolvido na ades&o bacteriana (Rambukkana e col.,1998).

Uma vez no interior da célula hospedeira, os efeitos do M. leprae sobre a fisiologia da
CS ainda sdo pouco conhecidos. Em nosso laboratério, Alves e colaboradores (2004),
verificaram que a internalizardo do M. leprae na CS ST88-14 é dependente de vias de
sinalizagéo celular envolvidas no processo de fagocitose. No mesmo trabalho, verificou-se a
localizacéo de bacilos vidveis em vesiculas ndo acidificadas na CS ST88-14 e macrofagos da
linhagem RAW, contrastando com a localizagéo preferencial dos bacilos letalmente irradiados
em lisossomos. Estes resultados indicam que o patégeno é capaz de modular ativamente a via
endocitica na CS, inibindo a fusdo fagolisossomal e favorecendo sua sobrevivéncia.

Estudos mais recentes mostram que CS infetadas com M. leprae apresentam alteracoes
tanto na morfologia quanto na expressdao de moléculas de adesdo celular (Hagge et al., 2002).
Um outro dado que indica uma modulacdo do metabolismo da CS pelo M. leprae € a
observacao recente em nosso laboratério mostrando uma modulagdo negativa da expressdo do
gene PHEX (gene regulador de fosfato com homologia a endopeptidases no cromossomo X)
da célula hospedeira. Este gene esta envolvido na regulagdo do metabolismo de fosfato e seu
bloqueio pelo M. leprae pode estar associado a hipocalcemia observada nos pacientes com
hanseniase (Silva e col., 2010).
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Dados da literatura sugerem uma relagdo harmoniosa entre o M. leprae e a CS.
Analises histopatoldgicas, obtidas a partir de bi6psias de nervo de pacientes com a forma
lepromatosa, mostram CS altamente infectadas e com aparente auséncia de toxicidade ou
morte celular (Antia e Shetty, 1997). Por isso, € amplamente aceito que uma vez dentro da CS
0 bacilo se multiplique lentamente durante anos. Mukherjee e Antia (1985) obtiveram
significativa multiplicacdo do M. leprae sem evidéncias de toxicidade celular em culturas de
ganglios de raiz dorsal (DRG) de camundongos neonatos. Rambukkana e colaboradores
(2002) demonstraram que o M. leprae promove desmielinizacdo contato-dependente na
auséncia de células do sistema imune sem causar morte das CS. Ao contrério, diante deste
efeito direto do M. leprae, as CS proliferam em decorréncia da ativagdo da via de sinalizagdo
Erk 1/2, e mantém a infeccdo por um longo periodo (Tapinos e Rambukkana, 2005). Em
virtude da desmielinizagdo, as CS entrariam no processo e desdiferenciacdo, garantindo um
aumento do niamero de CS amielinicas, que constituem as células hospedeiras preferenciais do
bacilo. O fato das CS mielinizantes serem extremamente resistentes a invasao pelo M. leprae
reforcam a hipotese de que o processo de desmielinizagdo por esta micobactéria constitui uma
interessante estratégia de sobrevivéncia. Os dados mencionados sugerem que pelo menos no
inicio da infecgédo, quando o infiltrado inflamatorio ainda é escasso no nervo, pode existir uma
relacdo harmoniosa entre o M. leprae e a célula hospedeira, permitindo assim a manutencdo
de um nicho favorével para sua sobrevivéncia e proliferacdo.

A interacdo do M. leprae com a CS durante a fase inicial da infec¢do constitui uma
etapa crucial para o estabelecimento e disseminacéo da doenca. Desse modo, a compreenséo
das estratégias utilizadas pelo M. leprae para a coloniza¢do bem sucedida do nervo periférico

pode ser utilizada no desenvolvimento de novas ferramentas para o controle desta doenca.
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2. Apoptose e infecgOes

Apoptose & um mecanismo muito bem regulado de morte celular geneticamente
programada e tem um papel crucial na homeostasia dos tecidos, além de participar da
patogénese de certo nimero de doencas. Na hanseniase, pouco se sabe sobre a interacdo do M.
leprae com a CS, no que diz respeito @ modulacdo das vias apoptoticas na célula hospedeira.
Na literatura, sdo encontrados varios trabalhos mostrando que a modulacdo da apoptose da
célula hospedeira representa uma importante estratégia de sobrevivéncia de patdgenos
intracelulares. A seguir, uma breve descri¢do das caracteristicas deste tipo de morte celular e
as vias de sinalizagdo envolvidas neste processo.

Em 1972, Kerr e seus colaboradores, sugeriram o termo grego ‘“apoptosis”, que
significa “o ato de cair” — usado em referéncia as folhas das arvores que caem no outono —
para designar “perdas necessarias”, indicando que este tipo de morte celular tem papel
importante para a manutencao e desenvolvimento dos seres vivos. A apoptose é caracterizada
por alteracdes morfoldgicas e bioquimicas marcantes e coordenadas: inicialmente ocorre a
ativacdo de caspases que leva a alteragdo no potencial da membrana mitocondrial
acompanhada do aumento intracelular de Ca™ e do pH. Consequentemente, a perda da
permeabilidade da membrana externa da mitocdndria permite a liberacdo de proteinas para o
citoplasma, incluindo citocromo ¢ e outros fatores pré-apoptéticos. Paralelamente, €
observada a retracdo da célula que leva a perda da aderéncia com a matriz extracelular e
celulas vizinhas. A ativacdo de endonucleases especificas leva a clivagem da cromatina em
fragmentos de aproximadamente 200pb e finalmente, o processo culmina com a desintegragéo
da célula em corpos apoptéticos (revisto por Vermes e col., 2000). A perda da assimetria
lipidica, observada pela translocacdo de residuos de fosfatidilserina (PS) para a camada
externa na membrana plasmatica sinaliza para a opsonizacdo dos corpos apoptoticos, sem que
um processo inflamatério seja iniciado (revisto por Holdenrieder e Stieber, 2004; Grivicich e
col., 2007).

As caspases sdo, reconhecidamente, moléculas-chave na cascata que leva a apoptose.
Estas proteinas pertencem a familia das cisteinas proteases (possuem uma cisteina no sitio
ativo) que tém a capacidade de reconhecer e clivar substratos que possuam residuos de
aspartato (Nicholson e Thornberry, 1997). As caspases sdo sintetizadas como precursores
inativos denominados zimogénios (Hengartner, 2000) e, ap6s um sinal de morte celular, séo
ativadas por clivagem proteolitica e, finalmente levam & condensacao e fragmentagdo nuclear
e externalizacdo de PS de membrana para reconhecimento da célula apoptética pelos
macrofagos (revisto por Grivicich e col., 2007). A morte celular por apoptose, mediada pela
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ativacdo de caspases, tem sido extensivamente estudada e, atualmente trés vias sinalizadoras
de apoptose sdo aceitas de acordo com a caspase iniciadora ativada. Sao elas: a via dos
receptores de morte ou extrinseca, utilizando a caspase-8; a via mitocondrial ou intrinseca, na
qual a liberacdo de proteinas do interior da mitocondria leva a ativacdo de caspase-9 (Figura
7) e a via de estresse do reticulo endoplasmatico (que utiliza a via mitocondrial), atribuida a

ativagao de caspase-12 (revisto por Guimardes e Linden, 2004).

Extrinsic Apoptotic Pathway

FasL
Fas
Intrinsic Apoptotic Pathway
¢
4 FADD
8 Pro-caspase B
BH3-only o — e
proteins Beki, el
\/ | H cFLLIPS
L]
]
SFLIP,

Apaf-1 Chromatin degradation
P egl O oo

u DED

Bax/Bak |

Caspase 8

o E

SMAC/Diablo

Omi/HtrA2 Pro-caspase 9

Apoptosome

IAPs

~ |
Qase gv/- B
{ Caspase 3

~

Figura 7: Vias sinalizadoras de apoptose. A via intrinseca ou mitocondrial € ativada por estresse intracelular,
auséncia de fatores de crescimento e controlada por membros da familia Bcl-2. J& a via extrinseca é ativada pela

ligacdo de “sinais de morte” aos receptores cognatos na superficie celular (Zhang e col., 2005).

A via intrinseca € ativada por estresse intracelular, danos ao DNA ou auséncia de
fatores de crescimento. Nesta via, 0s estimulos que levam a morte celular convergem para a
mitocondria — principal mediador deste tipo de morte. Ocorre a indugdo de permeabilizacéo
da membrana externa da mitocondria seguida pela liberagdo de citocromo ¢, Smac/Diablo,

AIF (“apoptosis inducing factor”) e endonuclease G. O citocromo ¢ € normalmente
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encontrado na face interna da membrana mitocondrial e estad associado com cardiolipinas,
exclusivamente encontradas na mitocondria. Os membros da familia Bcl-2, como Bcl-2 e Bcl-
XL inibem a apoptose por prevenirem a liberagdo de citocromo ¢ e séo consideradas proteinas
anti-apoptoticos (revisto por Hengartner, 2000). Evidéncias sugerem que a dissocia¢do de
citocromo ¢ das cardiolipinas € uma etapa critica para a liberacdo de citocromo c para o
citosol e a indugdo de apoptose (Orrenius, 2004). Apds sua liberagdo, o citocromo ¢ forma um
complexo denominado apoptossomo, contendo Apaf-1 (“apoptosis protease-activing factor-
1), o iniciador pro-caspase-9 e o citocromo c. Este complexo leva a clivagem de pré-caspase-
9 e inicia a cascata de caspases efetoras como pro-caspases-3, -6 e —7. A liberacdo de
Smac/Diablo contribui para a inibigdo de 1APs (“apoptotics proteins”), impedindo a ativacéo
de caspases pelo blogueio da clivagem destas pré-enzimas. A translocagdo do AlF para o
ndcleo inicia a condensacdo da cromatina e, finalmente, & fragmentagdo do DNA (revisto por
Martinvalet e col., 2005).

A via extrinseca € desencadeada pela ligacdo de ligantes especificos aos receptores de
morte pertencentes a superfamilia de genes do TNF, sdo eles: Fas (CD95 ou Apo-1), TNF-R1,
DR3 (Apo-3), DR4 e DR5 (Apo-2) e que estdo localizados na superficie celular. Os ligantes
que ativam estes receptores sao moléculas estruturalmente relacionadas, também pertencentes
a superfamilia do TNF, tais como: FasL (ligante de Fas), TNF-a, linfotoxina-a, Apo3L,
Apo2L ou TRAIL (Ashkenazi e Dixit, 1998). Estes ligantes especificos induzem a
trimerizacdo do receptor e ocorre a associacdo de proteinas intracelulares aos dominios de
morte. No caso dos receptores Fas/Apol/CD95, a prd-caspase 8 se associa a0 complexo
formado e € ativada por autoclivagem. Logo apds, caspases efetoras sdo ativadas levando a
celula a apoptose (Wallach e col., 1999) (Figura 7).

Além da auséncia de fatores de crescimento e dos receptores de morte, agentes
patogénicos também podem induzir o processo de morte celular por apoptose, bem como
inibi-lo para seu préprio beneficio (revisto por Knodler e Finlay, 2001) durante 0 processo

infeccioso, conforme sera discutido a seguir.
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2.1 Modulacao da apoptose em processos infecciosos

Crescentes evidéncias tém demonstrado que a apoptose tem um importante papel na
patogénese de uma variedade de infeccGes. As estratégias utilizadas por patégenos para
invadir, proliferar e, eventualmente, escapar da célula hospedeira tém sido descritas ao longo
dos anos. Patogenos intracelulares facultativos parecem induzir a apoptose da célula
hospedeira (Mills e col., 1993; Muller e col., 1996; Kwaik, 1998) numa tentativa de escape
frente & extincdo de nutrientes. Enquanto isso, patdgenos intracelulares obrigatorios
ativamente inibem as vias sinalizadoras de apoptose da célula hospedeira como garantia do
estabelecimento de um nicho favoravel a sua replicacdo e sobrevivéncia. Na literatura
encontramos diversos exemplos de bactérias intracelulares obrigatdrias, incluindo Rickettsia
rickettsii (Clifton e col., 1998), Chlamydia trachomatis (Fan e col., 1998), Chlamydia psittaci
(Coutinho-Silva e col.,, 2001) e Chlamydia pneumoniae (Rajalingam e col.,, 2001) que
ativamente blogueiam a apoptose em suas células hospedeiras.

Sabe-se que a viruléncia das micobactérias estda intimamente relacionada a sua
capacidade de interferir na maquinaria da célula hospedeira e sobreviver dentro do
fagossomo, como uma alternativa para garantir sua disseminagdo. Varios trabalhos descrevem
a capacidade de M. tuberculosis (Malik e col.,, 2003; Maiti e col., 2001) e moléculas
relacionadas como LAM (Vergne e col., 2003) e fosfatidilinositol (Fratti e col., 2003), em
prevenir a maturagdo do fagossomo e, ainda, prevenir a apoptose da célula hospedeira
(Velmurugan e col., 2007).

Em 2003, Hernandez e colaboradores demonstraram a inducdo de apoptose em
macrofagos humanos infectados com M. leprae. Ainda neste trabalho, o0s autores
demonstraram a expressdo de RNA mensageiro para 0s genes Bax e Bak, que estdo
diretamente envolvidos na regulacdo da apoptose. Em contraste, o M. leprae parece inibir a
apoptose de células da linhagem THP-1, diferentemente da infeccdo com BCG, através da
regulacdo negativa de genes pro-apoptoticos como Bad e Bak e induzindo membros anti-
apoptéticos da familia Bcl-2, como Mcl-1 (Hasan e col., 2006). A infeccdo com M. leprae
viavel purificado de camundongos nude ndo foi capaz de induzir apoptose de macr6fagos
(Lahiri e col., 2010). Na interacdo do M. leprae com CS, Silva e colaboradores (2008)
verificaram que o bacilo induz baixos niveis de apoptose em CS da linhagem ST88-14.
Entretanto a lipoproteina 16 kDa do M. leprae ou alta infeccdo foram capazes de induzir
apoptose em CS (Oliveira e col., 2003; 2005).
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3. O sistema de fatores de crescimento semelhantes a Insulina

Os fatores de crescimento semelhante a insulina (IGFs) constituem um complexo
sistema de horménios peptidicos (IGF-I1 e IGF-I11), receptores de membrana (IGF-1R e IGF-
2R) e proteinas ligantes (IGFBPs 1-6) que regulam positiva ou negativamente a ligacdo dos
IGFs aos seus receptores. Os IGFs sdo polipeptidios, com massa molecular de
aproximadamente 7,5 kDa, que possuem propriedades pleiotrépicas que incluem acbes
biolégicas como crescimento, proliferacdo, prevencdo de apoptose, diferenciagdo celular,
migracdo, além de efeitos no metabolismo, tais como sintese de proteinas (revisto por Denley
e col., 2005). Tais acOes, comuns a IGF-1 e IGF-II, sd&o mediadas, principalmente, pelo
receptor tipo 1 (IGF-1R) — uma glicoproteina composta de duas subunidades extracelulares
(@) e duas transmembranares (b), cujo dominio intracelular ¢ uma tirosina quinase que
apresenta cerca de 80% de similaridade estrutural com o receptor de insulina. O dominio
intracelular de IGF-1R fosforila muitos substratos celulares desencadeando a ativacéo,
principalmente, de duas vias de transducdo de sinal: MAPK (proteinas quinases ativadas por
mitdgenos) e PI3-K (fosfatidilinositol 3-quinase), especialmente implicadas na inducdo de
proliferacdo celular e inibicdo de apoptose. O estudo das a¢cdes mediadas principalmente por
IGF-1 vem ganhando destaque devido seu papel neuroprotetor in vivo em neuropatias onde a
producdo excessiva de citocinas pro-inflamatdrias é observada (Venters e col., 2000; revisto
por O"Connor e col., 2008).

A maioria do IGF-I circulante tem origem no figado sob regulacdo do horménio do
crescimento (GH). Este, por sua vez, é produzido pela glandula pituitaria (ou hipéfise) sob
regulacdo de fatores hipotalamicos (revisto por Clemmons, 2007). Na circulacdo, IGF-I atua
como um fator enddcrino no controle do crescimento e metabolismo através do chamado eixo
somatotrofico (GH-IGF-1), mas pode também ser produzido por diferentes tecidos agindo de
maneira autdcrina e paracrina com um fator de crescimento (Russo e col., 2005).

Em individuos sadios, IGF-I circula em concentracdes relativamente altas, variando de
150 a 400ng/mL de acordo com a idade (Clemmons, 2007). Durante a puberdade apresentam
0S maiores picos de sua producdo e declinam com o avanco da idade (Rudman e col., 1990;
Jones e Clemmons, 1995), como resultado da secrecdo reduzida de GH (Rosen e Conover,
1997). Cerca de 90% do IGF-I circulante encontra-se ligado a IGFBP-3 — a principal proteina
ligadora de IGF-I (Jones e Clemmons, 1995) — formando um complexo ternario com a
subunidade acido-labil (ALS), servindo como o principal reservatério de IGF-1 no plasma
(Baxter, 2000). Este complexo altera a meia-vida do IGF-I1 livre de menos de 15 minutos para
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16 horas. Todos os trés componentes deste complexo trimérico sdo sintetizados pelo figado
sob regulacdo do GH.

Diferentes fatores podem determinar a concentracdo e biodisponibilidade do IGF-I
circulante, agindo basicamente através de duas formas: (a) diretamente, como o GH, a
insulina, o “status” nutricional e transtornos alimentares (anorexia/bulimia), condicdes
patoldgicas (por exemplo, sepse), horménios tireoidianos e afinidade de ligagdo da ALS pelo
complexo IGF-1-IGFBP-3; (b) indiretamente, podemos citar a idade, pratica de exercicios
fisicos, horménios sexuais ou provenientes da glandula adrenal e citocinas inflamatorias
(revisto por Rosen e Pollak, 1999; Clifford e Pollak, 1999; O Connor e col., 2008). Fatores
genéticos podem também estar relacionados com a variacdo dos niveis de IGF-1, conforme
sugerido por trabalhos de Rosen e colaboradores (1997; 1998) que investigaram

polimorfismos em pequenas regides do gene IGF-I.
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Figura 8: Esquema do sistema de fatores de crescimento semelhante a Insulina. O sistema IGF é constituido
pelos receptores (IGF-1R, duas isoformas hibridas do receptor tipo 1 e IGF-2R), os polipeptidios IGF-I e IGF-II
e seis proteinas ligadoras, IGFBP-1 a -6. Os IGFs circulam predominantemente em complexos formados por
IGF-IGFBP-subunidade é&cido-labil (ALS), o que prolonga a meia-vida dos IGFs. IGF-2R modula a
biodisponibilidade de IGF-1I (Denley e col., 2005).
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3.1 IGF-I e agdes como fator de crescimento

Embora a origem primaria da producgdo de IGF-I seja a célula hepética, este horménio
polipeptidico pode ser produzido por muitos tipos celulares e exercer, além das fungdes
enddcrinas, efeitos autdcrinos e paracrinos como fatores de crescimento para os tecidos. Uma
das primeiras a¢6es bioldgicas de IGF-I descritas foi o efeito na proliferacdo celular (Svoboda
e col., 1980). Além desta, outras fun¢Ges igualmente importantes sdo também atribuidas a este
fator de crescimento, como inibicio de apoptose e indugdo de diferenciacdo. E importante
ressaltar que todas estas acGes sdo mediadas pelo receptor IGF-1R, que apds ligacdo com
IGF-1, ativa vias de sinalizacdo envolvidas na regulacdo na proliferacdo, inibicdo de apoptose
e diferenciacao.

Em processos de regeneragdo do nervo, IGF-I pode ser secretado por CS,
mondcitos/macrofagos, celulas musculares e endoteliais. Além disso, podem afetar a ativacdo
de CS no auxilio ao alongamento do axonio (revisto por Rabinovsky, 2004) e induzir
producéo de mielina (Cheng e col., 1999).

A acdo anti-apoptdtica de IGF-I sobre as CS foi inicialmente descrita por Delaney e
colaboradores (1999). Os autores utilizaram como modelo células de Schwann isoladas de
nervo ciatico de ratos e verificaram que IGF-I promoveu a sobrevivéncia de CS cultivadas em
meio sem soro por até trés dias. Neste estudo, também evidenciaram que o horménio IGF-I
utiliza a via de sinalizagdo PI3-K para prevenir a ativacdo de caspase-3, que ocorre
rapidamente apds a retirada de soro. Muitos processos celulares sdo regulados por esta via,
como metabolismo e transporte de glicose, sintese de proteinas, mitose e diferenciacdo (Marte
Butler e col., 1998; e por Kooijman, 2006). Ainda em 1999, Syroid e colaboradores utilizaram
0 mesmo modelo descrito por Delaney e colaboradores (1999) para mostrar a participacéo de
IGF-I na regulacdo da sobrevivéncia de CS mediada por seu receptor especifico IGF-IR. Um
componente integral da via PI3-K é a proteina quinase B (PKB), também chamada de Akt
(serina/treonina quinase), pode ser estimulada pelo IGF-1R. Estudos mostram que a
prevencdo de apoptose mediada por IGF-I é diminuida em células expressando um dominante
negativo de Akt (Dudek e col., 1997; Kulik e Weber, 1997). Adicionalmente, estudos in vitro
demonstram que o tratamento de oligodendrocitos com IGF-1 previne a apoptose induzida por
TNF-a (Ye e D’Ercole, 1999). Outras evidéncias reforcam o papel anti-apoptotico e
neuroprotetor de IGF-I frente ao TNF-a (Wang e col., 2003). Estas evidéncias indicam o IGF-

I como um potencial candidato em estratégias terapéuticas em desordens neuroldgicas.
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No contexto de infecgdes, relatos recentes indicam que IGF-1 favorece a infecgdo por
Leishmania amazonensis, um patdgeno intracelular obrigatério que infecta macréfagos.
Estudos in vitro demonstraram um aumento do tamanho de lesbes de pele de camundongos
infectados com formas promastigostas de Leishmania pré-tratadas com IGF-1, além de um
aumento na proliferacdo deste parasita (Goto e col., 1998; Gomes e col., 2000). Estudos
posteriores provenientes do mesmo grupo demonstraram que IGF-I atua diretamente como um
fator de crescimento para Leishmania amazonensis, além de bloquear a ativacdo de
macrofagos e modular a resposta inflamatéria local (Gomes e col., 2001; Vendrame e col.,
2007).

3.2 Interagéo entre o eixo GH-IGF-IGFBP e o sistema imune

As interacOes entre o sistema neuro-enddcrino e o sistema imune desempenham um
papel critico na manutencdo da homeostasia do organismo durante os mais variados processos
inflamatorios. Neste contexto, um crescente entendimento do controle da inflamacdo pelo
sistema neuro-enddcrino vem proporcionando avangos importantes no entendimento sobre a
fisiopatogenia de uma gama de doencas imuno-inflamatdrias. No sistema nervoso central
(SNC) tém sido mostradas propriedades antagonicas do IGF-I1 em relacdo ao TNF-a (Ye &
D’ Ercole, 1999; Wang e col., 2003), indicando que um balango entre os sistemas enddcrino e
imunolégico é essencial para a manutencdo da homeostasia tecidual.

Um dos principais mecanismos de regulacdo reciproca entre estes sistemas se da
através da ativacdo do eixo hipotdlamo-pituitaria-adrenal (HPA) por citocinas proé-
inflamatorias, com a consequente secrecdo de glicocorticdides pela glandula adrenal que, por
sua vez, inibem a resposta imune e inflamatéria garantindo o retorno do organismo a
homeostasia (revisto por Borghetti e col., 2009). A inflamagéo igualmente regula a atividade
do eixo somatotrofico (GH-IGF-IGFBP). Estes hormdnios ndo sé alteram o metabolismo
celular, mas também interagem com as citocinas e glicocorticoides modulando a resposta
imune e inflamatdria. Particularmente em infeccBes persistentes ou inflamagfes sistémicas
ocorre uma inibicdo do eixo GH-IGF-IGFBP com a consequente diminui¢do dos niveis de
IGF-I. Este perfil diferenciado leva a imunossupressdo e contribui para o desenvolvimento de
disturbios enddcrino-metabolicos em diversas patologias (revisto por Mesotten e Van den

Bergue, 2006; Borghetti e col., 2009), conforme descrito a seguir.
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3.3 IGF-I circulante em situacgdes patoldgicas

Vaérios trabalhos tém associado alteracbes dos niveis circulantes de IGF-1 com muitas
doencas crénicas e outros estados patoldgicos. Niveis elevados de IGF-1 sdo observados na
acromegalia e diferentes tipos de cancer, sendo inclusive para este ultimo um indicador de
risco quando associados a outros fatores (Chan e col., 1998). Ja os niveis reduzidos de IGF-I
podem ser explicados por numerosas condigdes, tais como deficiéncia de GH, méa nutricéo,
sepse (Karinch e col., 2001) e caquexia (devido ao importante papel de IGF-I na manutencao
da massa musculo-esquelética) provocada por diversos disturbios como cancer ou doencas
infecciosas como a tuberculose e a sindrome da imunodeficiéncia adquirida (AIDS) (Spinola-
Castro e col., 2008).

Ao longo das ultimas décadas, inimeros trabalhos vém apontando que a interacdo
entre o sistema IGF e citocinas pro-inflamatérias é critica e, muitas vezes determinante, na
evolugdo de diferentes patologias. Foram observados niveis plasmaticos elevados de TNF-a,
IL-1b, IL-6 e IL-8 em pacientes com doenga obstrutiva pulmonar crénica, enquanto os niveis
de IGF-I encontravam-se diminuidos durante a fase a aguda da doenca (Kythreotis e col.,
2009). Em pacientes com Alzheimer, o0s niveis séricos de TNF-a sdo elevados e
negativamente correlacionados com IGF-1 (Alvarez e col., 2007). Também foi mostrado que
em pacientes com HIV, o grau de neurodegeneracdo em consequéncia da elevada produgéo de
TNF-a foi correlacionado a redugdo dos niveis séricos de IGF-1 (Jain e col., 1998; Laue e
col., 1990).

Os niveis circulantes de IGF-1 também se encontram alterados em diversas doengas
causadas por bactérias e parasitos. Bariceviee colaboradores (2004) mostraram que pacientes
infectados com Helicobacter pylori apresentam niveis circulantes de IGF-1 reduzidos em
associacdo com elevados niveis de cortisol — um indicador da expressdo de citocinas pro-
inflaméatorias. Nos quadros de sepse, 0s niveis de IGF-1 também se encontram diminuidos
(Karinch e col., 2001; Ashare e col., 2008).

As acbes pleiotropicas de IGF-1 e as evidéncias de sua interagd0 com processos
inflamatorios e infecciosos nos levaram a investigar a possivel participacdo do sistema IGF na
fisiopatogenia da hanseniase, ndo so na relacdo direta do M. leprae com a célula hospedeira,
como também durante a evolucdo natural da doenca. A compreensao das estratégias utilizadas
pela bactéria para a colonizacdo bem sucedida do nervo periférico pode ser utilizada no

desenvolvimento de novas ferramentas no controle da doenca.
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CAPITULO 2: Objetivos

Objetivo Geral:

Avaliar a participacdo dos fatores de crescimento semelhantes & Insulina (IGFs) na

fisiopatogenia da hanseniase.

Objetivos Especificos:

Analisar a ativacdo de caspase-3 em culturas de células de Schwann (CS) estimuladas

com M. leprae e mantidas em meio sem soro;

Comparar a capacidade de proliferacdo de CS humanas estimuladas ou ndo com M.

leprae e cultivadas em meio sem soro;

Investigar a capacidade do M. leprae modular a expressdo de RNA mensageiro para

IGF-1 e IGF-1l em células de Schwann humanas;

Quantificar os niveis de IGF-1 em sobrenadantes de culturas de células de Schwann

humanas estimuladas ou ndo com M. leprae;
Determinar os niveis séricos de IGF-I, IGFBP-3 e TNF-a em individuos sadios,
pacientes com hanseniase antes e durante os episddios reacionais e, ainda, comparar

estes niveis com aqueles observados em pacientes que ndo sofreram reacéo;

Avaliar se os niveis de IGF-l1 e IGFBP-3 observados nos pacientes encontram-se

dentro da faixa de normalidade definida por sexo e idade.
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Mycobacterium leprae induz o fator de crescimento semelhante a Insulina-1 e promove a

sobrevivéncia de células de Schwann apds remogao de soro

A invasdo da célula de Schwann pelo M. leprae, sem duvida, representa um ponto-
chave na interacdo patdgeno-célula hospedeira e 0s mecanismos desencadeados a partir desta
irdo contribuir ou ndo para o estabelecimento bem sucedido da infeccdo. Estudos vém
demonstrando que, pelo menos, no inicio da infecgdo existe uma relacdo harmoniosa, onde as
CS suportam a multiplicagcdo do M. leprae sem evidéncias de toxicidade celular, entretanto
pouco se sabe a respeito dos mecanismos utilizados pelo bacilo para colonizar os nervos
periféricos.

Nosso estudo teve inicio no mestrado que foi concluido em 2005, onde investigamos
se, @ semelhanca do observado na literatura com outros patdgenos intracelulares obrigatérios,
0 M. leprae teria um efeito anti-apoptdtico sobre a célula hospedeira e, para isto, inicialmente
estabelecemos um modelo de inducdo de apoptose na linhagem de CS humana ST88-14.
Como a privacdo de fatores de crescimento do meio através da remocdo de soro é
classicamente utilizada em estudos de indugéo de morte celular por apoptose em CS (Delaney
e col., 1999; Syroid e col., 1999; Chuenkova e col., 2001), utilizamos este protocolo com as
células ST88-14. Avaliamos a viabilidade das culturas em meio sem soro através de quatro
métodos: i) avaliacdo da capacidade das células vidveis em reduzir o sal metiltetrazolio
(MTT) - ensaio colorimétrico; ii) avaliacdo do potencial da membrana mitocondrial por
citometria de fluxo, utilizando o corante iodeto de 3,3-dihexyloxacarbocianina (DiOCsg); iii)
exclusdo de azul de Tripan e iv) avaliacdo da morfologia nuclear utilizando o corante bis-
benzemida. Através destes ensaios demonstramos que o M. leprae é capaz de proteger as CS
ST88-14 de morte celular induzida por caréncia de soro e, verificamos, ainda, que fatores
sollveis secretados pela célula incubada com M. leprae estavam envolvidos nesta protecéo,
visto que o meio condicionado proveniente de culturas tratadas com a bactéria promovia a
sobrevivéncia das CS. Possiveis candidatos para este efeito protetor seriam os fatores de
crescimento semelhantes a Insulina, IGF-1 e IGF-I1. Confirmamos, entdo, a capacidade do M.
leprae induzir a expressdo de IGF-I e IGF-I11 em CS ST88-14 através da técnica de RT-PCR
semiquantitativo. Demonstramos também a expressdo do receptor IGF-1R nas células ST88-
14 e, que a adicdo de IGF-I recombinante as culturas foi capaz de proteger as CS de morte
induzida por remocéo de soro (Rodrigues, 2005). Estudos posteriores realizados também em
nosso laboratdrio evidenciaram que o efeito anti-apoptético sobre as CS ST88-14 ¢ especifico,

no qual o pré-tratamento das culturas com Mycobacterium smegmatis ou Mycobacterium
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bovis BCG, diferentemente do observado com M. leprae, foram incapazes de proteger as CS
de morte celular induzida por remocdo de soro. Adicionalmente, em ensaios de sobrevivéncia
utilizando anticorpos neutralizantes contra IGF-1, IGF-11 e IGF-1R, foi verificado que o efeito
anti-apoptotico do M. leprae era abolido. Estes dados indicaram que o efeito protetor do M.
leprae sobre a CS era dependente do sistema IGF. Os estudos foram estendidos as CS
primarias humanas, onde foi demonstrada uma capacidade semelhante do M. leprae em
proteger estas células de apoptose induzida por privacéo de soro (Maeda, 2008).

Nestes dois estudos, entretanto, ainda ndo haviamos demonstrado a interferéncia do M.
leprae na cascata de ativacdo de caspases — proteinas-chave na sinalizagdo de apoptose, bem
como na secrecdo de IGF-1 pelas CS primérias ou da linhagem ST88-14. Desse modo, no
inicio do doutorado buscamos complementar os resultados previamente obtidos: avaliamos a
capacidade proliferativa de CS pré-tratadas com M. leprae e mantidas em meio sem soro;
confirmamos dados de expressdo génica por RT-PCR quantitativo em CS ST88-14;
estendemos a andlise as CS primérias e, finalmente, utilizando ensaio imunoenzimatico
(ELISA) especifico, detectamos a secre¢do de IGF-1 em culturas de CS estimuladas com M.

leprae. O conjunto de dados obtidos ao longo de todo este periodo originou o artigo a seguir.
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Peripheral nerve lesions are considered the most
relevant symptoms of leprosy, a chronic infectious
disease caused by Mycobacterium leprae. The
strategies employed by M. leprae to infect and
multiply inside Schwann cells (SCs), however, re-
main poorly understood. In this study, it is shown
that treatment of SCs with M. leprae significantly
decreased cell death induced by serum depriva-
tion. Not displayed by Mycobacterium smegmatis
or Mycobacterium bovis BCG, the M. leprae sur-
vival effect was both dose dependent and specific.
The conditioned medium (CM) of M. leprae-treated
cultures was seen to mimic the protective effect
of the bacteria, suggesting that soluble factors
secreted by SCs in response to M. leprae were
involved in cell survival. Indeed, by quantitative
RT-PCR and dot blot/ELISA, it was demonstrated
that M. leprae induced the expression and secre-
tion of the SC survival factor insulin-like growth
factor-l. Finally, the involvement of this hormone in
M. leprae-induced SC survival was confirmed in
experiments with neutralizing antibodies. Taken
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together, the results of this study delineate an
important strategy for the successful colonization
of M. leprae in the nerve based on the survival
maintenance of the host cell through induction of
IGF-I production.

Introduction

Leprosy, one of the oldest recorded diseases, remains an
important cause of morbidity with approximately 250 000
new cases per year (http://www.who.int/lep). Myco-
bacterium leprae, the causative agent of leprosy, is an
obligate intracellular pathogen. Although, in 1873,
M. leprae was the first bacterium to be described as a
causal agent of a human infectious disease, deciphering
the biology of this bacterium has constituted one of the
greatest challenges facing microbiologists due to its
unique features. Multiple attempts to grow M. leprae in
axenic or tissue cultures have all been in vain; and, today,
infected nine-banded armadillo and athymic nude mouse
constitute the major sources of bacteria for biochemical
and physiological studies.

It is known that the primary targets of M. leprae
are Schwann cells (SCs) located in the peripheral
nervous system. Nonetheless, the strategies employed by
M. leprae to infect and multiply inside SCs continue to be
poorly understood. Observations have shown that SCs
appear to constitute appropriate niches for M. leprae sur-
vival and replication (Scollard et al., 2006). This tissue
tropism causes nerve damage, which, in turn, leads to
sensorial impairment and permanent disabilities, by far
the major problems facing leprosy patients.

But, despite the proven efficiency of antibiotic therapy in
killing M. leprae, it is unfortunate that treatment is often
initiated after nerve damage has begun its course. More-
over, it has been shown that nerve damage continues to
evolve even during treatment and subsequent to patient
release due, for the most part, to the occurrence of reac-
tional episodes (Sarno and Pessolani, 2001). In light of
the above, it is undisputed that there is an urgent need to
investigate M. leprae—nerve interaction in depth with the
objective of developing new strategies for the prevention
and treatment of disabilities.

cellular microbiology



Over the past decade, a substantial body of evidence
has pointed to the importance of programmed cell death
(apoptosis) as an evolutionarily conserved strategy
mechanism for host defence against bacterial and viral
infections (Teodoro and Branton, 1997; Hilleman, 2004;
Monack et al., 2004; Hacker et al., 2006). The critical role
played by apoptosis during host—pathogen interaction has
become even clearer in the context of such intracellular
pathogens as Mycobacterium tuberculosis (Mtb), the
aetiological agent of tuberculosis, which has evolved
strong antiapoptotic mechanisms to persist in its host.
In vitro studies have shown that it is apoptosis, and not
necrosis, of mycobacterium-infected macrophages that
results in bacterial killing, constituting an effective innate
mechanism for reducing the bacterial burden (Molloy
et al., 1994; Fratazzi et al., 1997; Oddo et al., 1998; Sly
et al., 2003). Although a few studies have suggested that,
under some conditions, Mtb may induce host cell apopto-
sis (Rojas et al., 1997; Danelishvili et al., 2003; Schaible
et al., 2003), the ability to inhibit macrophage apoptosis
has been reported by a number of authors (Kremer et al.,
1997; Balcewicz-Sablinska etal., 1998; Keane etal.,
2000; Kausalya etal., 2001; Riendeau and Kornfeld,
2003; Sly et al., 2003; Loeuillet et al., 2006; Dhiman et al.,
2007). It has also been suggested that the capacity to
inhibit apoptosis — not found in avirulent species of myco-
bacteria — is critical for Mtb pathogenesis (Keane et al.,
2000; Sly et al., 2003). In fact, a direct causal relationship
between virulence and the mycobacterial ability to inhibit
macrophage apoptosis has recently been demonstrated
through the identification of the Mtb nuoG gene, respon-
sible for the inhibition of apoptosis in infected host cells
(Velmurugan et al., 2007).

Avoidance of host cell apoptosis is particularly essential
for the successful infection of obligate intracellular patho-
gens, which rely on host cell integrity and metabolic
activities to complete their replication cycle. As these
microorganisms cannot replicate outside the intracellular
environment, apoptosis would probably put an end to the
infection and hence be an effective antimicrobial defence.
In the present study, we decided to question whether
M. leprae, similarly to other intracellular pathogens, is able
to block host cell apoptosis. Interestingly, our observations
disclosed that, to avoid apoptosis/cell death of SC, the
leprosy bacillus uses a novel strategy based on its inherent
ability to induce insulin-like growth factor-I (IGF-I).

Results and discussion

M. leprae treatment promotes SC survival in a
serum-depleted medium

Previous studies have reported that SCs undergo apop-
tosis in vivo, i.e. during peripheral nerve development and
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following injury and disease (Oliveira et al., 2003; Jessen
and Mirsky, 2005), in addition to apoptosis in vitro subse-
quent to serum withdrawal (Delaney et al., 1999; Weiner
and Chun, 1999). To investigate the effect of M. leprae on
host cell survival, the ST88-14 human Schwannoma cell
line was used as an in vitro model of infection because of
its similarity to human primary SCs and its ability to inter-
act with M. leprae (Fletcher et al., 1991; Marques et al.,
2000; 2001; Alves et al., 2004). In a previous study, active
uptake of M. leprae by ST88-14 SC was observed and at
24 h, most bacteria were intracellular. Moreover, at the
earliest time point (4 h), actin accumulation around indi-
vidual bacteria was observed and more than 50% of the
SCs contained or were associated with at least one
bacterium (Alves et al., 2004).

ST88-14 cultures were treated with armadillo-derived
M. leprae and, subsequent to overnight incubation, the
cells were starved for 2 days in serum-depleted medium.
Cell survival rates were then compared with those of
untreated control cultures by monitoring the capacity
of the cells to reduce [3-(4, 5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide] (MTT) (Fig. 1A) and exclude
Trypan blue (Fig. 1B).

In Fig. 1A, it is clear that immortalized ST88-14 human
SCs have undergone cell death, with more than 50% of
the cells dying after 48 h of serum deprivation. Interest-
ingly, SC monolayers treated with M. leprae showed sig-
nificantly higher survival rates than those in the control
cultures. This difference, however, was not observed at
later incubation times, when cell viability was below 30%
in both the treated and control cultures (data not shown).
In addition, the survival rates of infected cultures were
sometimes even higher than those observed at the time
point of serum withdrawal, implying the occurrence of cell
proliferation. Since the number of living cells in a culture is
a reflection of both cell death and proliferation rates, in
subsequent experiments the actual number of dead cells
was considered a more reliable measurement of the sur-
vival effect of the bacterium on SCs, minimizing the
compensatory effect of cell proliferation on living cell
numbers.

A similar protective effect was observed when nude
mouse-derived instead of armadillo-derived M. leprae
was used in the survival assay, indicating that this effect
was induced by bacterial cell components, not being
associated to host tissue contaminants. Indeed, a mock
preparation of M. leprae from uninfected animals showed
no survival effect reinforcing this idea (Fig. S1A).

The ability of M. leprae-treated SCs to resist induction
of cell death by serum starvation was dose-dependent,
exhibiting better protection at a bacteria : cell ratio of 50:1
(Fig. 1B). Overall, these results suggest that M. leprae is
capable of altering the host cell response towards an
apoptotic stimulus and, as such, promotes cell survival.
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Fig. 1. M. leprae promotes survival of SCs in serum-depleted medium. Subconfluent SC monolayers were treated overnight with M. leprae.
On the following day, cells were switched to serum-free RPMI and the cultures incubated for an additional 48 h.

A. ST88-14 human SCs were treated at a ratio of 5:1 bacteria : cell (®) or not (W) and their viability was assessed by MTT reduction.

B. Dose-response with variable bacteria : cell ratios was obtained, in which viable cells were counted by Trypan blue exclusion.

C. Identical survival assays were also performed on SCs treated with M. smegmatis or BCG at a bacteria : cell ratio of 50:1. Dead cells were
counted by Trypan blue staining.

D. The cells were harvested at zero and 6 h post serum withdrawal, stained with DiOCs and analysed by flow cytometry. Codes for lines are:
control cultures not treated with M. leprae and kept in maintenance medium with 10% FCS (blue); cultures treated (black) or not (green) with
M. leprae and then switched to serum-free medium.

E. Quantitative analysis of the percentage of active caspase-3.

F. Appearance of SCs kept in medium with 10% FBS; in serum-free medium; or treated with FITC-M. leprae (arrowhead) and kept in
serum-free medium. The SC monolayers were examined by fluorescence microscopy after staining with bis-benzemide to reveal nuclear
morphology and cell-associated bacteria. Scale bar: 25 um. Arrow — cell with condensed nuclei.

G. SC monolayers were kept for 48 h in media conditioned by M. leprae-treated cells maintained in serum-free medium for 24 and 48 h
(MLCM). Control cultures were kept in medium conditioned by untreated cells (CM) for identical incubation time. Bars represent the average of
three independent experiments = SEM. An asterisk indicates a statistically significant difference between cultures treated with MLCM and CM
(P < 0.05). The first bar in the graphics corresponds to culture status at time zero of serum withdrawal.

Specific effect of M. leprae on SC survival

Among bacterial pathogens, infection of peripheral nerves
is a property unique to M. leprae. Nevertheless, myco-
bacterial species have many components in common,
and a number of in vitro studies have shown that other

species of mycobacteria, including Mtb, BCG and Myco-
bacterium smegmatis, also adhere to and are readily
phagocytosed by in vitro cultured SCs (Band et al., 1986;
Marques etal., 2001). Thus, to evaluate whether this
M. leprae cell survival effect is shared with other
mycobacterial species, SC cultures were treated with
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M. smegmatis or Mycobacterium bovis BCG under exactly
the same conditions described for M. leprae, using a
bacteria : cell ratio of 50:1. Cell death was measured by
Trypan blue staining (Fig. 1C) or by flow cytometry through
propidium iodide incorporation (Fig. S1B). As shown in
these two figures, M. smegmatis and BCG were unable to
block SC death induced by serum withdrawal while a slight
cytotoxic effect was observed instead. Actually, this cyto-
toxic effect was minimized by reducing the bacteria : cell
ratio to 10:1 and 1:1, although no survival effect was
observed, as demonstrated in Fig. S1C. This observation
suggests that the perceived SC survival effect is
M. leprae-specific. A possible explanation for this specific-
ity could be the unique composition of M. leprae cell enve-
lope, in the context of both lipid (Vissa and Brennan, 2001)
and protein molecules (Marques et al., 2008).

M. leprae treatment prevents reduction of mitochondrial
transmembrane potential and delays caspase-3
activation in serum-starved SCs

Mitochondria play a central role in cell survival and apop-
tosis. As such, a drop in mitochondrial transmembrane
potential has been adopted as an early marker associated
with loss of cell viability. Moreover, it is well known that
serum withdrawal activates the intrinsic pathway of apop-
tosis, in which alteration of mitochondria permeability is
the starting point (Jaattela and Tschopp, 2003). DiOCs (3,
3’-dihexyloxacarbocyanine iodide), a fluorescent lipophilic
dye, has been largely used to measure mitochondrial
transmembrane potential by flow cytometry (Lecoeur
et al., 2001). Therefore, DiOCs was used in our survival
assays at very early time points after serum withdrawal to
detect in a very sensitive way any perturbations in mito-
chondrial membrane permeability in ST88-14 SCs treated
or not with M. leprae. Cells stained with DiIOCs were
analysed via flow cytometry at 6 h after serum withdrawal.
Figure 1D shows that, while untreated control cells exhi-
bited a significant decrease in fluorescence emission as a
consequence of the loss of mitochondrial transmembrane
potential, M. leprae-treated cells exhibited a higher fluo-
rescence emission, similar to that of cells maintained in a
RPMI medium supplemented with serum. In fact, the pro-
tective effect of M. leprae on mitochondrial transmem-
brane potential was observed as early as 2 h after serum
withdrawal (data not show). This finding indicates that
M. leprae is capable of interrupting cell death pathways at
a very early stage.

Caspases are responsible for many of the nuclear hall-
marks of apoptosis, including nuclear condensation and
DNA fragmentation. It has been previously shown that
caspase-3 is rapidly activated in SCs undergoing apopto-
sis following serum withdrawal (Delaney et al., 1999). To
determine whether M. leprae interferes in caspase activa-
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tion in our model system, SC cultures treated or not with
the bacteria were incubated in serum-free medium for 4
and 8 h and immune labelled with anti-active caspase-3,
followed by DAPI counterstaining of SC nuclei. The fluo-
rescence micrographs are shown in Fig. S2. As shown in
Fig. 1E, at early time points, the percentage of caspase-
3-positive cells was significantly lower in M. leprae-treated
cultures than the percentage found in the control cultures.
This difference, however, was not observed after 24 h of
incubation, indicating that M. leprae may only be able to
sustain SC survival for a relatively brief period of time after
serum withdrawal.

M. leprae survival effect is observed both in
bacterium-associated cells and in cells with no
bacterium

Next, to investigate whether the M. leprae survival effect
described herein was restricted to cells bearing bacteria,
ST88-14 SC monolayers were treated or not with FITC-
labelled M. leprae overnight followed by incubation in
serum-free medium for 48 h. Cells were then fixed and the
nuclear morphology examined by staining with bis-
benzemide. Figure 1F shows that serum-starved SCs
displayed typical apoptotic morphology with chromatin
condensation. In contrast, in M. leprae-treated cultures,
most cells exhibited non-condensed chromatin, similarly
to cells kept in medium with 10% FBS (data not shown). It
is worth noting that nuclear integrity was observed in cells
holding (approximately 40%) or not intracellular bacteria,
suggesting that soluble factors induced by M. leprae and
secreted by SCs might be responsible for supporting cell
survival.

Media conditioned by M. leprae-stimulated cultures
mimic the survival-promoting activity of M. leprae

To test the hypothesis that M. leprae induces SCs to
secrete soluble factors that regulate SC survival, the
capacity of the conditioned medium (CM) of M. leprae-
treated cells to rescue SCs that would otherwise die in
serum-depleted medium was examined. As previously
described, ST88-14 SC cultures were treated with
M. leprae and then incubated in a serum-free medium for
24 or 48 h, at which time the CM were collected. The CM
(MLCM) was then tested in a 2-day survival assay. As
seen in Fig. 1G, both 24 and 48 h MLCM showed the cell
death-blocking effect, mimicking the one observed with
bacteria. On the other hand, no survival effect was
observed when the CM obtained from control cultures (not
treated with M. leprae) was tested. Taken together, these
experiments indicated that M. leprae-treated SCs secrete
soluble factors capable of preventing their own apoptosis.
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M. leprae induces IGF-I expression and secretion in SCs

Previous studies have shown that SCs are able to secrete
several growth factors such as IGFs, platelet-derived
growth factors-BB (PDGF-BB) and neurotrophin-3 (NT-3),
which, by acting via an autocrine circuit, inhibit cell death
(Meier et al., 1999; Syroid et al,, 1999). In conjunction
with the present results, this observation raised the pos-
sibility that the survival effect promoted by M. leprae could
be accounted for by its ability to induce growth factors in
the host cell.

To examine this hypothesis, we began by using the
OPERON human gene chip to identify potential SC
growth factors upregulated by M. leprae. SCs, maintained
in complete RPMI medium, were treated for 4 and 24 h
with M. leprae, after which total RNA was extracted and
differential gene expression analysis carried out. Prelimi-
nary data obtained from these experiments showed that,
among the growth factor genes, only IGF-I and IGF-II
were found to be significantly upregulated by M. leprae
with a fold increase of 2.7 and 1.6, respectively, at 24 h
post treatment (Fig. S3A). IGF-I induction was confirmed
by quantitative RT-PCR (gRT-PCR) analysis. IGF-l seems
to be poorly produced by SCs maintained in the presence
of serum, which constitutes a good source for this growth
factor (Syroid et al., 1999). Our results were in agreement
with this observation since low levels of IGF-I transcripts
were detected in the control cells (Fig. 2A). Strikingly,
however, M. leprae was able to induce IGF-I transcription
even in the presence of serum, as illustrated in Fig. 2A
and Fig. S3A. In contrast, no induction of IGF-I expression
was observed when SCs were treated with M. smegmatis
or BCG for 24 h (Fig. S3B). Moreover, a dot-blot analysis
with anti-IGF-I1 of SC supernatants treated for 24 h in
complete RPMI medium with three different batches of
armadillo-derived M. leprae showed stronger positive
signals as compared with the supernatant from untreated
cells (Fig. 2B), indicating the capacity of M. leprae to
induce the secretion of IGF-I by SCs.

Experiments were also conducted to analyse the level
of IGF-II transcripts in cells infected or not with M. leprae.
While an initial semi-quantitative RT-PCR suggested
M. leprae upregulation of this gene post infection, con-
firming data obtained from the gene array analysis, these
results were not sustained by qRT-PCR, which showed no
significant alteration in the basal level of IGF-II transcrip-
tion by M. leprae (results not shown). Thus, based on the
gRT-PCR results, we decided to focus the remainder of
our study on IGF-I.

IGF-I rescues ST88-14 cells from apoptosis induced by
serum withdrawal

Previous studies have shown that IGF-I protects SCs from
apoptosis induced by serum withdrawal (Delaney et al.,

1999; Meier et al., 1999; Syroid et al., 1999). A series of
experiments were then performed to investigate whether
M. leprae sustained SC survival in serum-free conditions
via IGF production. First, flow cytometry was used to
demonstrate that the type 1 IGF receptor (IGF-1R)
serving both IGF- and IGF-Il is well expressed in
ST88-14 cells (Fig. S4A). Second, analyses were per-
formed on whether ST88-14, similarly to primary SCs, can
be rescued by IGF-I from serum withdrawal-induced cell
death, tested by way of the 2-day survival assay in which
increasing concentrations of human recombinant IGF-I
was added to the cells. As illustrated in Fig. S4B, IGF-I
was able to block cell death in a dose-dependent manner.
Moreover, at higher IGF-I concentrations, mitogenic
effects were observed, mimicking the cell growth seen
when serum was added at 10% (data not shown).

IGF-1 mediates the survival effect of M. leprae in SCs

To further confirm the involvement of IGF-l in the
M. leprae survival effect, tests were conducted to ascer-
tain whether a pool of blocking antibodies against IGF-I,
IGF-Il and IGF-1R would interfere with the ability of
M. leprae to prevent SC death. ST88-14 SCs were treated
with M. leprae and, after overnight incubation, were
starved for 2 days in serum-depleted medium in the pres-
ence or not of the blocking antibodies. Cell death was
measured by Trypan blue staining. Figure 2C shows that
the neutralizing antibodies blocked the ability of M. leprae
to rescue SCs, which, conversely, was not observed when
a normal rabbit IgG was used as a control antibody. At the
concentration used, this pool of antibodies was shown
to completely block the survival effect of the addition of
IGF-I to serum-starved cells at a final concentration of
50 ng ml~' (data not shown). As a whole, these experi-
ments indicated that M. leprae survival-promoting activity
in SCs could be accounted for by the secretion of IGF,
induced upon treatment with the bacteria.

M. leprae treatment induces cell proliferation in
serum-starved SCs

Cultures were also stained with anti-Ki67 — a good marker
for cell proliferation — to measure the proliferation status of
cells treated with M. leprae. At time zero of serum with-
drawal, the percentage of Ki67-positive cells in control
cultures was close to 50%, decreasing to around 25%
after 24 h of serum withdrawal. In contrast, in cultures
pre-treated with M. leprae, no decrease in the percentage
of Ki67-positive cells was observed, suggesting that the
leprosy bacillus exercised a proliferative effect on the SCs
(Fig. 2D—E). Due to the well-known proliferative effect of
IGF-I on SCs, it is very likely that the M. leprae prolifera-
tion effect over SCs is mediated by the extra IGF-I pro-
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A. Monolayers of ST88-14 cells in maintenance medium were treated or not with M. leprae for 24 h; and total RNA was isolated. IGF-I mMRNA
levels were verified by qRT-PCR. Bars represent the average of three independent experiments = SEM (*P < 0.05).

B. Dot blot of 24 h supernatants from ST88-14 SCs treated or not with M. leprae for IGF-I detection.

C. A pool of anti-IGF-I, -IGF-Il and -IGF-1R neutralizing antibodies (o-IGFs; each at 10 pg ml") was added to M. leprae-treated cells at the
moment the maintenance medium was replaced by serum-free medium. Normal goat IgG (30 ug ml-') was added as a control. After 2 days,
the number of dead cells was quantified by Trypan blue staining. The data are expressed as mean = SD of a representative experiment from

three independent ones performed in duplicate (*P < 0.05).

D and E. Proliferation analysis by the expression of Ki67. (D) Images captured under epifluorescence microscopy where green dots show the
presence of Ki67 in ST88-14 SCs pre-incubated or not with M. leprae and 24 h post serum withdrawal. Cell nuclei in blue were counterstained
with DAPI. Scale bar: 100 um. (E) Percentages of positive cells for both markers were calculated considering the total number of DAPI* cells
in the pictures taken as 100% of cells in culture. The data are means = SEM of two independent experiments performed in duplicate. An
asterisk indicates a statistically significant difference in comparison with M. leprae untreated cultures (P < 0.05).

duced by the host cell upon infection. This M. leprae
proliferation effect observed early on during infection
differs from the recently described growth factor-
independent proliferation effect of long-term resident
intracellular M. leprae on SCs (Tapinos and Rambukkana,
2005).

M. leprae promotes survival of and induces IGF-I
expression in human primary SCs

ST88-14 cells constitute a Shwannoma tumour cell line,
and, consequently, may express altered apoptotic path-
ways and growth factor production. The next step there-
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fore was to investigate the survival effect of M. leprae in
cultures of human primary SCs. These cultures were
immune stained with anti-S100, a good SC marker, and
counterstained with DAPI, showing a purity level higher
than 95%. Fibroblasts, the most frequent contaminant of
these cultures, are not positive for S100 and can be
visualized as isolated DAPI-stained nuclei (data not
shown).

After overnight incubation with Pl-labelled M. leprae
(50:1), over 50% of the SCs contained or were associated
with more than one bacterium (Fig. 3A, arrowhead). The
same M. leprae survival effect was observed when
human primary cells instead of the ST88-14 cell line were
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Fig. 3. M. leprae promotes survival of and induces IGF-I expression in human primary SCs.

A. Primary SCs were treated overnight with Pl-labelled M. leprae and the level of bacterium—SC association was analysed by DIC using a
confocal microscopy. Arrowhead denotes the bacterium associated with SC. Scale bar: 20 um.

B. Primary SC culture was treated or not with M. leprae and apoptosis induced by serum withdrawal for 48 h. Cellular viability was assessed
by Trypan blue exclusion. The data are expressed as mean = SD of a representative experiment from three independent ones performed in
duplicate. An asterisk indicates a statistically significant difference in comparison with M. leprae untreated cultures (P < 0.05).

C. IGF-I mRNA levels in SCs treated or not with M. leprae for 24 h were verified by qRT-PCR.

D. IGF-I protein levels were measured in SC culture supernatants by ELISA. Results are means + SEM of two different assays carried out in

duplicate. *P < 0.05, when compared with control cultures.

used in identical 2-day survival assays (Fig. 3B). The
number of dead cells was about 40% less in cultures
treated with M. leprae versus control cells. Moreover,
similarly to what was observed in the context of ST88-14
cells, M. leprae was able to induce IGF-I expression in
primary SCs. Cells kept in medium supplemented with
10% serum were treated with viable nude mouse-derived
M. leprae; and IGF-I transcripts levels were analysed by
gRT-PCR at time points of 4 and 24 h. IGF-I transcription
was induced by M. leprae as early as 4 h after treatment
and persisted at the 24 h time point (Fig. 3C). Contrari-
wise, no transcripts for IGF-Il were detected in control
cells or cells treated with M. leprae but only in serum-
starved cells (data not shown). Finally, IGF-I measure-
ment by a specific sandwich enzyme-like immunosorbent
assay (ELISA) in supernatants of SC cultures treated with
viable M. leprae for 24 and 48 h confirmed the capacity of
the bacterium to induce the secretion of IGF-I by human
primary SCs (Fig. 3D).

Overall, the present results demonstrate that M. leprae-
treated human SCs are more resistant to apoptosis
induced by serum withdrawal. In this respect M. leprae
resembles other intracellular pathogens that also display
an antiapoptotic effect over their host cells. Many viruses,
for example, carry genes whose products have the capac-
ity to block apoptosis of the host cell (Boya et al., 2001;
Hilleman, 2004). Moreover, strong antiapoptotic mecha-
nisms employed by obligate intracellular bacteria such as
Rickettsia (Clifton et al., 1998) and Chlamydia (Fan et al.,
1998; Coutinho-Silva et al., 2001; Rajalingam et al., 2001)
have been shown to play an important role in their patho-
genesis. Additionally, Chuenkova et al. (2001) have dem-
onstrated that Trypanosoma cruzi, an obligate intracellular
protozoan parasite that also infects SCs, suppresses host
cell apoptosis. However, although an antiapoptotic effect
seems to be a common feature displayed by obligate
intracellular microorganisms, our results indicate that
M. leprae carries this out by way of a novel, previously
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undescribed mechanism based on the bacterial capacity
to induce IGF-I, a hormone well known for its survival
effects in SCs (Campana etal., 1999; Delaney etal.,
1999; Meier et al., 1999; Syroid et al., 1999).

The data here presented are also reinforced by a recent
study showing the capacity of M. leprae, but not of
M. bovis BCG, to inhibit apoptosis of THP-1 monocytes
(Hasan et al., 2006). The authors of this report showed
that M. leprae is able to both downregulate the pro-
apoptotic genes Bad and Bak and upregulate the anti-
apoptotic Bcl-2 family member gene Mcl-1, which results
in inhibiting apoptosis. However, whether IGF-I is involved
in the survival effect promoted by M. leprae in monocytes
is certainly a question that deserves attention.

The present findings are also in agreement with the
ultrastructure analysis of cutaneous nerve biopsies taken
from lepromatous leprosy patients, suggesting that, at the
early stages of infection, M. leprae favours SC survival
over cell death (Job, 1970; 1971). In addition, recent
studies have pointed to the absence of any detectable
cytotoxic effect of M. leprae either in experimentally
infected nerves or in infected nerve tissue cultures
(Hagge et al., 2002; Rambukkana et al., 2002; Tapinos
and Rambukkana, 2005). However, late in the infection,
alterations in the nerve milieu as a consequence of
bacterial accumulation may favour SC death, as has been
suggested by the degenerative aspect of highly infected
cells in nerve biopsies as well as by recent in vitro studies
in which either a M. leprae lipoprotein, M. leprae-induced
cytokines or high number of bacteria were able to actively
induce apoptosis in SCs (Oliveira et al., 2003; 2005).

Interestingly, a consistent ultrastructural observation of
our group relative to nerves affected by pure neuritic
leprosy with inflammatory infiltrates characteristic of lep-
romatous leprosy is the persistence of numerous dener-
vated SCs, several of which were infected with M. leprae,
despite the disappearance of most of the myelinated and
non-myelinated fibres (S.L. Antunes, pers. comm.). In the
absence of axons, the survival of denervated SCs could
possibly be maintained by an autocrine loop consisting of
several growth factors, including IGF (Meier et al., 1999).
Thus, the induction of IGF by M. leprae infection herein
demonstrated may contribute to this survival loop, favour-
ing the preservation of host cell integrity and the metabolic
activities essential for an obligate intracellular pathogen
such as M. leprae to complete its replication cycle. More-
over, the well-known cell proliferation effect of IGF on SCs
could be added to the recently described growth factor-
independent proliferation effect of long-term resident
intracellular M. leprae on SCs (Tapinos and Rambukkana,
2005). According to these authors, since M. leprae pre-
ferentially invades non-myelinating SC, this effect would
contribute to leprosy pathogenesis by propagating the
favourite cellular niche of the bacterium in the nerve.
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Mycobacterium leprae is the only known bacillus to
invade peripheral nerves and cause destructive lesions.
The immunoinflammatory response elicited by the infec-
tion seems to play a major role in this process, which
follows a chronic, long-term course, especially in multi-
bacillary patients, despite the accumulation of high
numbers of bacilli in the affected nerves. At this point, it is
tempting to speculate that, in addition to its antiapoptotic
and proliferative effects, the immunomodulatory pro-
perties of IGF-I would contribute to tissue homeostasis
maintenance during M. leprae infection, thereby delaying
harmful inflammatory effects on the infected nerves.
Indeed, a number of reports have demonstrated the
neuroprotective action of IGF-I in both central and peri-
pheral nervous systems in pathologies that are typically
associated with overproduction of pro-inflammatory cyto-
kines (for a review, see Venters etal., 2000). In con-
junction with the anti-inflammatory cytokines IL-10 and
IL-4, IGF-lI maintains tissue homeostasis and promotes
cellular well-being by inhibiting the inflammatory response
mediated by the prototypical pro-inflammatory cytokines
IL-1 and TNF-o. Additionally, since SCs are able to
present M. leprae antigens to T cells (Spierings et al.,
2001), inhibition of SC apoptosis may evade antigen pre-
sentation and generation of a specific immune response,
as has been shown in the context of tuberculosis
(Schaible et al., 2003; Fairbairn, 2004; Winau et al., 2004;
Winau et al., 2005; Kaufmann, 2006).

In conclusion, the results of this study delineate an
important strategy for the successful colonization of
M. leprae in the nerve based on the induction of IGF-I
production. Interestingly, IGF-l has also been shown to
play a role in experimental cutaneous leishmaniasis in
favouring infection, acting directly on the promastigote
and amastigote forms as a growth factor, but also pro-
moting Leishmania growth/survival within macrophages
(Gomes et al., 2000; Vendrame et al., 2007). The induc-
tion of IGF-I by the leprosy bacillus in SCs here described
is most probably due to unique M. leprae constituents in
view of the fact that other mycobacterial species were
unable to promote this effect. The identification of these
molecules, including their host cell receptors together with
the signalling cascade responsible for IGF-I induction, is
currently under investigation.

Experimental procedures
Mycobacteria

Armadillo-derived, lethally irradiated M. leprae was kindly pro-
vided by Dr Patrick J. Brennan (Colorado State University, Fort
Collins, CO, USA, under NIH NIAID contract No. 1Al 25469) and
in vivo grown M. leprae (viable and lethally irradiated) derived
from the footpads of athymic nu/nu mice provided by J.L. Kra-
henbuhl (National Hansen’s Disease Program Laboratory, Baton
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Rouge, LA, USA). Unless otherwise mentioned, lethally irradiated
M. leprae was used in all bacterium—SC interaction assays.
M. smegmatis mc? 155 and M. bovis BCG Pasteur strains were
grown at 37°C in Middlebrook 7H9 broth (Becton Dickinson,
Sparks, MD, USA) supplemented with 0.05% Tween 80 under
constant agitation on a magnetic plate. Cultures were harvested
in the mid-log phase, counted according to Shepard and McRae
(1968), and kept frozen at —70°C until use. FITC- and propidium
iodide (PI; Sigma, St. Louis, MO, USA)-labelled M. leprae were
prepared, as previously described (Smits et al., 1997; Lima et al.,
2001). Heat-killed mycobacteria were prepared by incubating
aliquots at 80°C for 20 min.

Human SCs

Human primary SCs were isolated from peripheral nerve tissues
(a generous gift from Dr Patrick Wood, University of Miami,
Miami, FL, USA). These cells were maintained in a DMEM
medium (Invitrogen, Eugene, OR, USA) supplemented with 10%
of fetal bovine serum (HyClone, Logan, UT, USA), 10 nM heregu-
lin, and 2 uM forskolin in plates previously treated with laminin-1
(Invitrogen). For purity analysis of SC cultures, cells were
immunolabelled with anti-S100 (1:500, DAKO, Hamburg,
Germany); and nuclei were counterstained with DAPI (4 ug mi™).
The purity percentage of SC cultures was estimated by counting
the number of S100-positive SCs over the number of nuclei (total
number of cells). Detailed immunofluorescence procedures for
S100 are described below. To estimate the level of bacterium—-SC
association, cultures were incubated with Pl-labelled M. leprae
and analysed by Differential Interference Contrast (DIC) using a
confocal microscopy. Fluorescence images were acquired with a
LSM 510 Zeiss confocal microscope (Carl Zeiss, Thornwood, NY,
USA). The ST88-14 Schwannoma cell line was obtained from
Dr Jonathan A. Fletcher (Harvard University, Boston, MA,
USA). ST88-14 cells were maintained in RPMI medium 1640
(Invitrogen) supplemented with 10% fetal bovine serum
(CULTILAB, Campinas, SP, Brazil), 100U ml™" penicillin,
100 U ml~" streptomycin and 10 mM HEPES. Cultures were kept
at 37°C within a humidified 5% CO, atmosphere.

Survival assay

ST88-14 SCs were plated in complete RPMI medium at a density
of 20 000 or 30 000 cells in 96- or 24-well plates, respectively,
and allowed to attach for 6 h at 37°C with 5% CO,.Mycobacteria
were then added to the cultures and the plates were immediately
centrifugated at 400 g for 10 min followed by an overnight incu-
bation at 37°C. The next day, wells were washed twice with
phosphate-buffered saline (PBS) (pH 7.2) and the cells were
switched to serum-free medium and incubated for the time point
specified at 37°C. In the particular case of human primary SCs,
cells were plated in a DMEM medium with 10% FBS in the
absence of heregulin and forskolin. In some wells, recombinant
IGF-1 (Invitrogen) was added at final concentrations of 5, 10
and 20 ng mI~'. Blocking antibodies were acquired from R&D
Systems (Minneapolis, MN, USA) for neutralizing experiments. In
these experiments, the goat polyclonal antibodies anti-IGF-I (AF-
291-NA), anti-IGF-Il (AF-292-NA) and anti-IGF-1R (AF-305-NA),
each at a final concentration of 10 ug ml~', were added as a pool
to the cells. In these assays, a normal goat IgG (Santa Cruz
Biotechnology, CA, USA) was added at 30 ug ml™.

Detection of cell death

Cell viability was assessed by three methods: (i) reduction of
MTT (Sigma); (ii) cell capability to exclude Trypan blue (Sigma);
and (iii) cell permeability to propidium iodide (PI; Sigma). MTT
was added to 96-well plate cultures at a concentration of
1 mg mi~'. The cells were then further incubated at 37°C for 1 h.
To dissolve the formazan crystals formed in viable, metabolically
active cells, 10% SDS (sodium dodecyl sulfate) was added to
cultures. The absorbance at OD 590 nm was determined by
using an automatic microplate-scanning spectrophotometer
(SPECTRAMAX 190; Molecular Devices). For Trypan blue stain-
ing, the adherent cells were detached by trypsinization, com-
bined with those present in the supernatant, and collected by
centrifugation. Cells were re-suspended in PBS containing 0.2%
Trypan blue and immediately counted in a Neubauer camara.
Alternatively, cells were re-suspended in PBS containing
0.7 ug ml~* Pl and 10 000 cells per sample were analysed via
flow cytometer (FACSCalibur; Becton Dickinson) using WinMDI
2.8 software.

Analysis of mitochondrial transmembrane potential

Mitochondrial transmembrane potential was analysed in unfixed
SCs using DiOCg (Molecular Probes, Eugene, OR, USA), a lipo-
philic dye sequestered into the mitochondrial matrix. Briefly, cells
were stained with 10 nM DiOCs in PBS for 15 min at 37°C in the
dark followed by two washes with PBS. The cells were immedi-
ately acquired in a FACSCalibur in the FL1-H channel.

Analysis of nuclear morphology and bacteria-bearing
cells

Schwann cells were plated in 24-well plates containing glass
coverslips covered with 4% silane (Sigma). Cells were allowed to
attach for 6 h after which FITC-labelled M. leprae was added.
Plates were immediately centrifugated at 400 g for 10 min fol-
lowed by an overnight incubation at 37°C. Cells were switched to
serum-free RPMI. At zero and 48 h time points, cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS for
15 min. Cells were stained with bis-benzemide (1 ug mi~' in PBS)
for 15 min, rinsed with PBS, and mounted on glass slides with
entellan glue and 90% glycerol in PBS containing 1 mg ml-'
p-phenylenediamine. The glass slides were viewed under a led
excitation at 470 and 365 nm on an Observer.Z1 Inverted
Fluorescence Microscope (Zeiss, Oberkochen, Germany).

Gene chip analysis

A human 14k oligonucleotide set (Operon Biotechnologies) was
used to identify differential growth factor gene expression in SCs
in response to M. leprae. Each oligo element was 70 mer with an
approximate melting temperature of 70°C. The arrayer device
(ArrayMaker, DeRisi Laboratories) was used to spot the oligo
elements on poly-lysine-covered glass slides. ST88-14 SCs were
treated with M. leprae (10:1) for 4 and 24 h. Reference was the
pooled RNA obtained from test plates and untreated controls.
Next, cDNA synthesis was carried out as described (http://
derisilab.ucsf.edu) and labellled with Cy3 and Cy5 by the indirect
method. Hybridization reactions were carried out manually at
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70°C for 16 h. Slides were washed and scanned with the AXON
4000B laser scanner. GenePix software was used for image
acquisition and spot filtering. Hybridization intensities from each
laser channel were obtained, the ratio of intensity from each
channel for each element was found (R = Cy5/Cy3), and the
background value was deduced. The data were normalized and
the R-values were log base 2 converted.

Quantitative RT-PCR (TagMan)

DNA-free total RNA was extracted from SCs treated or not with
M. leprae at variable time points using Trizol™ (Invitrogen),
according to the manufacturer’s instructions. Total RNA was con-
verted to cDNA using random hexamers and Superscript IlI
reverse transcriptase (Invitrogen), as recommended by the
manufacturer. Five micrograms of total RNA was reverse tran-
scribed into cDNA and samples were stored at —20°C until further
use. qRT-PCR was performed using an ABI Prism 7000
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). TagMan® Universal PCR Master Mix, human primers
IGF-1 (Hs01555481_m1), GAPDH (4333764-F) and TagMan
probes were purchased from Applied Biosystems and used
according to the manufacturer’s instructions. Thermal cycling
conditions comprised an initial incubation at 50°C for 2 min, 95°C
for 10 min, 40 cycles of denaturation at 95°C for 15s, and
annealing and extension at 60°C for 1 min. To normalize the
relative expression of the genes of interest, a human GAPDH
gene was used as an endogenous control and the expression
values obtained were corrected and quantified by converting the
cycle threshold (Ct) value into a numerical value by using the
following formula: expression value = 224¢,

Immunocitochemistry

Schwann cells were fixed in 4% paraformaldehyde (Sigma) for
15 min at 37°C and then washed three times with PBS pH 7.4.
Cells were then permeabilized and blocked with PBS plus 0.1%
Triton and 5% of normal goat serum (NGS; Invitrogen) for 30 min.
Cells were incubated with primary antibody [rabbit polyclonal
antibodies anti-S100 (1:500, DAKO), anti-activated capase-3
(1:500, Abcam, Cambridge, MA, USA) or anti-Ki67 antibody
(1:100, Abcam)] overnight at 4°C. The cells were washed again
thrice 5 min each and incubated for 60 min at room temperature
with Alexa 488- or Alexa 555-labelled secondary anti-rabbit IgG
(1:250, Molecular Probes; and 1:400, Invitrogen respectively).
Nuclei were then stained with DAPI and cells were analysed by
epifluorescence microscopy (Axiovert or Apotome, Zeiss) with
rodamin, fluorescein and DAPI filters and by confocal microscopy
(LSM 510 meta, Zeiss) using 488 and 583 nm lasers as a source
of excitation.

IGF-1R expression by flow cytometry

Cells were fixed with 4% paraformaldehyde in PBS for 10 min at
room temperature, washed twice with PBS, and incubated with
AB human serum (1:1) for 1 min at room temperature. The cells
were washed again, permeabilized with 0.1% saponin in PBS
(permeabilization solution), and incubated with anti-IGF-1Rp
primary antibodies at a final concentration of 5 ug ml~' in PBS
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(Santa Cruz Biotechnology) or anti-S100 (1:100, DAKO) for
30 min at room temperature. Cells were washed with a perme-
abilization solution and incubated with the secondary antibody
anti-rabbit 1gG conjugated to FITC (1:20, DAKO) for 30 min at
room temperature. Finally, cells were washed with a permeabili-
zation solution and re-suspended in 1% paraformaldehyde in
PBS. Ten thousand cells were analysed in a FACSCalibur in the
FL-1H channel.

IGF-I detection by dot blot

Supernatants from ST88-14 SC cultures maintained in complete
RPMI medium were 5x concentrated in an ISS Speed Vac
System (Thermo Savant) and 3 ul were spotted onto nitrocellu-
lose membrane strips (Hybound™-C Extra, GE Healthcare,
Amershan, UK), which were allowed to dry at room temperature,
blocked with 2% BSA (Sigma) in Tris-buffered saline-Tween
(TBST) for 30 min, and incubated overnight at 4°C with goat
polyclonal antibody anti-IGF-I (1:200; Santa Cruz) TBST-2% BSA
containing 0.01% sodium azide. After incubation, the strips were
washed by using three changes of TBST and further incubated
for 1 h at 37°C with a peroxidase-conjugated secondary antibody
anti-goat (1:40 000, Sigma) in TBST-2% non-fat milk. The strips
were washed three more times with TBST and the signal was
detected by enhanced chemiluminescence and exposure to
Hyperfilm™ ECL (GE Healthcare).

Measurement of IGF-1 by ELISA

The levels of IGF-I protein in supernatants from SC cultures
maintained in complete RPMI medium were determined by
ELISA using the Quantikine Immunoassay Human IGF-I (R&D
Systems) in accordance with the manufacturer’s instructions.

Statistical analysis

To compare three or more groups under differing conditions, a
one-way analysis of the variance (ANOVA) test was used followed
by the Newmann—Keuls as a post-test. When conducting com-
parisons between two conditions, a t-test was used. For all analy-
ses, P-values < 0.05 were considered statistically significant.
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Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Specific effect of M. leprae on SC survival.

A. ST88-14 SCs were treated with nude mouse-derived M. leprae
or a mock M. leprae preparation at a bacteria : cell ratio of 50:1
and kept for 48 h in serum-free RPMI. Dead cells were counted
by Trypan blue staining.

B. Identical survival assays were performed where the SCs were
treated with M. leprae (ML), M. smegmatis (MS) or BCG at a
bacteria : cell ratio of 50:1. The percentage of dead cells was
assessed by Pl staining followed by flow cytometry analysis.
Data are representative of two, independently performed
experiments.

C. SCs were treated as above with variable bacteria : cell ratios
of MS and BCG. Dead cells were then counted by Trypan blue
staining. The data are expressed as mean = SD of a represen-
tative experiment performed in triplicate. *P < 0.05 when com-
pared with control cultures. The first bar in the graphics
corresponds to culture status at time zero of serum withdrawal.
Fig. S2. Apoptosis analysis by the expression of active
caspase-3. Images captured under epifluorescence microscopy,
where red dots show the presence of active caspase-3 in
ST88-14 SCs pre-incubated (B, D and F) or not with M. leprae (A,
CandE), 4 h (C and D) and 8 h (E and F) post serum withdrawal.
Cell nuclei (blue) were counterstained with DAPI. Scale bar in
(A)—(F): 100 um.

Fig. S3. M. leprae induces the expression of IGF-I in ST88-14
cells.

A. Fold increase of differentially expressed IGF-I and IGF-II
genes in M. leprae-treated SCs, as analysed via the OPERON
human gene chip.

B. Cell monolayers in maintenance medium were treated or not
with M. leprae, M. smegmatis or BCG (50:1) for 24 h; and total
RNA was isolated. IGF-I mRNA levels in SCs were verified by
gRT-PCR. Data are representative of two experiments with
similar results.

Fig. S4. IGF-I prevented cell death induced by serum with-
drawal.

A. ST88-14 cells express the type 1 insulin-like growth factor
receptor (IGF-1R) (grey line) and the SC marker S100 (black
line), as shown by flow cytometry analysis.

B. SCs were placed in serum-free medium in the absence or
presence of increasing concentrations of recombinant IGF-I.
After 48 h, the culture survival was estimated by Trypan blue
exclusion. Survival percentage is the number of living cells
present at the end of the experiment and expressed as the
percentage of the number of living cells present at the
moment the maintenance medium was switched to serum-free
medium.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

© 2009 Blackwell Publishing Ltd, Cellular Microbiology, 12, 42-54
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Capitulo 4: Resultados

Niveis circulantes do fator de crescimento semelhante a insulina-1 (IGF-I) e de sua
principal proteina ligadora (IGFBP-3) em pacientes com hanseniase indicam “status” da

doenca e predizem o surgimento de episodios reacionais

Embora se saiba que os episddios reacionais estejam associados a uma exacerbagdo da
resposta imune e inflamatéria frente a antigenos do M. leprae, sua causa e patogenia ainda
ndo foram completamente desvendadas. Sabe-se, no entanto, que estes eventos imuno-
inflamatorios sdo responsdveis pela perda da funcdo motora e nervosa, que leva a
incapacidade de inUmeros pacientes. Por isso, um melhor entendimento da fisiopatogenia das
reacOes constitui um tema de grande relevancia no campo das pesquisas em hanseniase, ja que
poderé contribuir para a proposi¢do de tratamentos alternativos mais eficientes e a definicdo
de potenciais biomarcadores de risco para o desenvolvimento das reacfes, com a consequente
prevencdo da instalacdo de incapacidades e deformidades fisicas. Neste contexto, varios
estudos vém tentando tracar um perfil imunoldgico dos pacientes reacionais a partir dos niveis
sanguineos de citocinas — as quais apresentam papel relevante na resposta inflamatoria
observada na hanseniase e, sobretudo nos episodios reacionais.

Numa primeira abordagem in vitro, demonstramos a capacidade do M. leprae em
induzir a producdo de IGF-1 e proteger CS de apoptose induzida por privacdo de soro
(Rodrigues e col., 2010). Estes dados indicaram, pela primeira vez, a participagdo potencial
do sistema IGF na infeccdo pelo M. leprae. Um conjunto de dados acumulados da literatura
demonstra que processos inflamatérios agudos podem provocar uma diminui¢cdo nos niveis
circulantes de IGF-I. Além disso, citocinas pro-inflamatérias como o fator de necrose
tumoral-alpha (TNF-a), cuja producdo é exacerbada durante as reagdes hansénicas, sdo
capazes de inibir a sintese de IGF-l. Desse modo, numa segunda etapa do doutorado
conduzimos um estudo restrospectivo com o objetivo de avaliar possiveis alteragdes no
sistema IGF que pudessem se correlacionar com o surgimento dos episddios reacionais em
pacientes com hanseniase. Para atingir este objetivo, avaliamos os niveis séricos de IGF-I,
IGFBP-3 e TNF-a em individuos sadios e pacientes apresentando as formas multibacilares
BL ou LL, e que evoluiram ou ndo para episédios reacionais do tipo | ou tipo I,

respectivamente. Os resultados detalhados se encontram no manuscrito a seguir.
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Abstract

Background: Leprosy is an infectious disease caused by Mycobacterium leprae
(ML). The disease presents a strong immune-inflammatory component, which status
dictates both its clinical forms as well as the occurrence of reactional episodes.
Nerve damage is still the major problem facing leprosy patients, which progresses
gradually during the course of the disease, as well as acutely during reactions.
Previous reports have indicated that infection and inflammation cause a serious

imbalance in the insulin-like growth factor (IGF) system.

Methodology and principal findings: In the present retrospective study we show
significant differences in circulating IGF-I/IGBP-3 levels in leprosy patients at
diagnosis according to disease status and occurrence of reaction during or after
treatment. Significantly lower levels of circulating IGF-I/IGFBP-3 were found in
nonreactional lepromatous leprosy (LL) patients when compared to nonreactional
patients with the other clinical forms. Notable, however, were the differences
observed in circulating levels at the pre-multidrug therapy stage in patients who
developed vs. those who did not develop reaction during or after treatment. Among
LL patients, serum IGF-I and IGFBP-3 levels below the normal range were strongly
associated with high disease stability. The majority of nonreactional LL patients
(82% and 73%, respectively) presented low levels, in contrast to the normal levels
observed in patients who suffered type Il reaction. The opposite behavior was
observed in borderline lepromatous (BL) patients who underwent type | reaction. In

this group, the circulating IGF-I/IGFBP-3 levels at diagnosis were significantly lower
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(93% and 87%, respectively, with levels below the normal range) in comparison to

nonreactional BL patients whose levels were normal.

Major conclusions: Our data revealed important alterations in the IGF system in
relation to the status of the host immune-inflammatory response to ML while at the
same time pointing to the circulating IGF-I/IGFBP-3 levels as novel predictive

biomarkers for leprosy reaction at diagnosis.

Key words: leprosy, IGF-1, IGFBP-3, reaction, Mycobacterium leprae, biomarker,

neuroendocrine system, immune-inflammatory response
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Author Summary

Leprosy is caused by a mycobacterium that has a predilection for nerve cells. Nerve
damage may continue during multidrug therapy and even subsequent to patient
release, due to the occurrence of acute inflammatory episodes known as leprosy
reactions. Reactions constitute a medical emergency, as severe nerve injury may
occur rapidly, with subsequent loss of sensation, paralysis and deformity. A priority
in leprosy research has been the identification of biomarkers that would predict at
disease diagnosis those with high risk of undergoing reactions. So far, most studies
have searched for these markers among elements of the immune response, but
reliable markers are still missing. The study herein presented extends this analysis
to components of the neuroendocrine system. During infectious diseases, the
immune and neuroendocrine systems act in concert facilitating host response and
homeostasis. In our study, we measured serum levels of the hormone insulin-like
growth factor (IGF-1) and IGFBP-3, its major binding protein, at diagnosis in
nonreactional vs. reactional patients. Our data indicate that circulating IGF-I and
IGFBP-3 levels can be used as predictive biomarkers for leprosy reaction at
diagnosis, favoring the development of new strategies for the management of

leprosy patients with consequent prevention of reaction and neuropathy.
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Introduction

Leprosy, a chronic infectious disease caused by the obligate intracellular
bacterium Mycobacterium leprae (ML), remains a major source of morbidity in
developing countries [1]. The disease principally affects the skin and peripheral
nervous system in which the leprosy bacillus is preferentially found inside
macrophages and Schwann cells (SC) [2]. This tissue tropism causes nerve
damage, which, in turn, leads to sensorial impairment and permanent disabilities, by
far the major health concern facing leprosy patients today.

Also known as Hansen’s disease, leprosy manifests as a spectrum of clinical
forms in correlation with the nature and magnitude of the innate and adaptive
immune responses generated during ML infection [3,4]. At one extreme of the
spectrum, individuals with TT leprosy have few lesions and manifest a contained,
self-limited infection in which scarce bacilli are detected due to the generation of a
strong cellular immune response against ML. At the other extreme, LL is a
progressive and disseminated disease characterized by extensive bacterial
multiplication within host cells and low cell-mediated immunity (CMI) to the
pathogen. Between these two poles are the borderline forms (characterized by their
intermediate clinical and immunological patterns), which are referred to as borderline
tuberculoid (BT), borderline borderline (BB) and borderline lepromatous (BL),
according to their proximity to one pole or the other.

Nerve damage occurs in all clinical forms of the disease, and may continue
during multidrug therapy (MDT) and even subsequent to patient release, due, for the
most part, to the occurrence of acute immune-inflammatory episodes known as

leprosy reactions. The most frequent leprosy reactions are classified as Type 1
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(reversal) reaction (RR) and Type 2 reaction, or erythema nodosum leprosum (ENL);
and many patients experience multiple, recurrent episodes [5]. Neuritis and
cutaneous inflammation are prominent symptoms of both types of reaction with
systemic repercussions, as seen in the occurrence of malaise, fever, and
inflammation in other tissues. RR predominates in borderline patients with a
baciloscopic index (BI) below 3, while ENL only occurs in lepromatous (LL) patients
with high bacterial loads [6,7]. Over the past decades numerous studies have been
conducted enhancing our knowledge of the epidemiological, clinical and laboratory
risk factors for neuropathy and reactions in leprosy. However, our understanding of
the physiopathology of reactions remains limited and further research is needed to
more clearly define laboratory biomarkers capable of accurately identifying the
leprosy patients most at risk of developing reaction.

Interaction between the immune and the neuroendocrine systems plays a
critical role in host homeostasis during the adaptive response to stress and
pathogens [8,9]. Indeed, an increasing understanding of inflammation control by the
neuroendocrine system has contributed to our knowledge of the physiopathology of
several immune-inflammatory diseases. Furthermore, evidence has shown that
during the immune-inflammatory response to infection, the GH/IGF-I/IGFBP-3
somatotropic axis has a prominent regulatory role [10]. These hormones not only
affect cellular metabolism but are likewise able to interact with cytokines and
glucocorticoids (GCs) modulating the immune-inflammatory response [11]. IGF-I
circulates in relatively high concentration levels in plasma that vary according to age
(150-400 ng/mL) [12]. IGFBP-3 binds to 80-90% of circulating IGF in a stable ternary

complex with an acid-labile subunit (ALS) serving as the main reservoir for plasma
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IGF-I [13]. Most of the IGF-I found in circulation is produced in the liver under growth
hormone (GH) regulation.

In leprosy, little, if anything, is known about the interaction between the immune
and neuroendocrine systems [14]. Since the disease has a strong immune-
inflammatory component, it is hypothesized that the cross-talk taking place between
these two systems may have a profound effect on the natural course of ML infection.
In the present investigation, a retrospective study was conducted to compare the
circulating levels of IGF-I and IGFBP-3 across the spectral clinical forms of leprosy
in conjunction with reactional vs. nonreactional LL and BL patients at diagnosis and
during reaction. Our results demonstrate significant differences in circulating IGF-
I/IGBP-3 in leprosy according to disease status, and indicate that these proteins

could be used to identify patients with high risk of developing reactions.
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Methods

Study subjects

The sample included 59 patients (26 females, 33 males, aged 19-65) referred
to the Souza Aradjo Ambulatory (Reference Center for Leprosy Diagnosis and
Treatment, Oswaldo Cruz Foundation, Rio de Janeiro, RJ, Brazil) for the diagnosis
and treatment of leprosy. Patients were categorized according to the Ridley and
Jopling classification scale [3] into borderline tuberculoid (BT), borderline
lepromatous (BL), or lepromatous (LL). RR typically developed as an acute
inflammatory response in pre-existing lesions while the ENL diagnosis was primarily
based on the occurrence of nodular skin lesions together with fever with or without
peripheral nerve pain and/or nerve dysfunction. Patients were distributed into the
following groups: 13 nonreactional BT; 15 BL who had RR during treatment; 10
nonreactional BL (NR BL); 10 LL that developed ENL during treatment; and 11
nonreactional LL (NR LL) patients. The baseline characteristics of each group of
individuals included in the study are shown in Table 1. Blood was collected at the
beginning of leprosy treatment. Healthy controls (HC) included 19 individuals (16
females, 3 males, aged 19 - 62).

This study was approved by the Ethics Committee of the Oswaldo Cruz
Foundation. Written informed consent was obtained from all patients or their
guardians and controls prior to specimen collection. Blood samples were taken from
1995 through 2005; and patient sera were extracted and stored at -20° C until

retrieval for analysis.

IGF-I, IGFBP-3, and TNF-a measurements
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The serum levels of IGF-I, IGFBP-3, and TNF-a were measured by the
IMMULITE 1000 Analyzer (EuroDPC Med Limited, Llanberis, UK). Assays were
carried out using the solid phase, enzyme-labeled, chemiluminescent-immunometric

method in accordance with the manufacturer’s instructions.

Statistical analysis

Data are expressed as median, mean + S.D. values. Group comparisons
were evaluated by analyzing variance (ANOVA), using age as a covariate. Wilcoxon
test was employed to compare cytokine levels before and during reactions. The
percentages of individuals with normal and below-normal levels of IGF-1 and IGFBP-
3 were compared within the groups via Pearson Chi-square (or Fisher) and
McNemar (before and during reaction) tests. Bonferroni correction was employed
whenever necessary. All statistical calculations were done via the SPSS software

program and p values lower than 0.05 were considered statistically significant.
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Results

Serum IGF-1 and IGFBP-3 levels across the spectral clinical forms of
leprosy

Evidence in the literature has shown that the somatotropic axis is responsible
for modulating the immune system, directly influencing both the humoral and cellular
immune responses [15,16]. Since the spectral clinical forms of leprosy occur as a
result of the capacity of the host to mount anywhere from low- (LL)-to-high (TT) CMI
responses against ML, the serum levels of IGF-I and IGFBP-3 were compared
among patients with the different clinical forms. The levels found in leprosy patients
were compared with those measured in the healthy controls (HC, n=19). Following
analysis in a HC, NR BT, NR BL, and NR LL sequence, a shallow decrease in IGF-I
levels was observed, with significant differences between NR LL and HC (P<0.05),
and between NR LL and NR BT (P<0.05) (Figure 1A). A similar decrease in IGFBP-
3 was observed, with significant different between NR LL and HC (P<0.05), NR LL
and NR BT (P<0.001), NR BL and HC (P<0.001), and between NR BL and NR BT
(P<0.05) (Figure 1B). As depicted in Fig. 1C and D, there was a significant
difference between the NR LL and all other groups when the percentage of

individuals in each group with a below-normal IGF-1/IGFBP-3 range was calculated.

Circulating IGF-I and IGFBP-3 levels were significantly higher at the pre-

MDT stage in LL patients that presented ENL episodes during treatment

Serum IGF-1 and IGFBP-3 levels in nonreactional and reactional LL patients
were then investigated. For this purpose, LL patients (n=21) who suffered ENL

episodes or not during MDT were enrolled in the study. For the LL patients without
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reaction (referred to as NR LL, n=11), serum samples were obtained at the onset of
MDT. For reactional patients (n=10), serum samples were obtained at two different
time points: i) at the outset of MDT, when no signs of reaction were detected
(referred to as R LLi=); and ii) during reactions (referred to as R LLgn) taking place
between 3 weeks and 2 years after the beginning of treatment (mean average of
11.5 £ 9.3 months). IGF-1 and IGFBP-3 displayed identical level patterns in these 3
different sets of serum samples, as shown in the box plots of Figure 2A and B,
respectively. Interestingly, the R LLi=o samples presented significantly higher levels
of IGF-I and IGFBP-3 in comparison with the NR LL group (P<0.001 and P=0.007,
respectively). However, during reaction, these levels decreased significantly (R
LLent; P<0.05), reaching similar values to those detected in the NR LL group.

TNF-a was also quantified in the same serum samples due to the well-
established role of this pro-inflammatory cytokine in leprosy reaction [17,18] and its
antagonistic activity on IGF-I [19]. Similar range levels of TNF-a were observed in
NR LL and R LLi- serum samples (Figure 2C). However, TNF-a levels were much
higher during ENL (P < 0.05) in comparison to the ones measured prior to reaction.
When the IGF-I/TNF-a and IGFBP-3/TNF-a ratios for each individual were
calculated and compared before and during ENL, remarkably homogeneous
behavior was observed in most patients, registering a significant drop in both ratios
during reaction (Figure 2D and E).

Table 2 shows the percentage of serum samples in the LL groups having
below-reference range IGF-1 and IGFBP-3 levels according to age. The difference in
the IGF-1 and IGFBP-3 levels in NR LL versus R LL is best represented in the pie
diagram shown in Figure 3. Among NR LL patients, the IGF-I levels of 81.8% (9 out

of 11) were below the reference range, in contrast to only 20% (2 out of 10) of the R
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LLio serum samples. Again, while the IGFBP-3 levels of 72.7% (8 out of 11) of the
NR LL patients were below the reference range, the same occurred in only 20% (2
out of 10) of the R LL=o serum samples.Taken together, these results demonstrate
that the IGF-1 and IGFBP-3 circulating levels were significantly higher in the LL
patients presenting ENL than among the LL patients that did not experience
reaction. During ENL, however, these levels tended to decrease, attaining the same

levels as the NR LL patients.

Circulating IGF-I and IGFBP-3 levels were significantly lower at the pre-
MDT stage in reactional BL patients that presented RR episodes during

treatment

The investigation of IGF-I and IGFBP-3 levels in the context of RR episodes
followed. This type of reaction affects approximately one third of all borderline
patients [20]. A group of BL patients categorized as nonreactional (referred to as
NR BL; n=10) and reactional BL (or R BL; n=15) was included in this analysis. For
the NR BL group, blood samples were taken upon initiation of MDT. Serum samples
from reactional patients were obtained at 2 different time points: i) at the beginning
of MDT when no signs of reaction were detected (R BL); and ii) during reaction (R
BLrr) Occurring between 2 weeks and 18 months after the beginning of treatment
(mean average of 6.6 + 4.8 months). IGF-I and IGFBP-3 displayed identical level
patterns in these 3 different sets of serum samples, as can be seen in the box plots
of Figure 4A and B, respectively. Notably, the R BLi-o samples showed lower IGF-
I/IGFBP-3 levels than the NR BL ones. Nevertheless, IGF-I rose significantly during

reaction (R BLgrr sSamples) (P<0.014).
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In parallel, TNF-a levels were quantified in the same serum samples. In
contrast to the differences observed in IGF-I/IGFBP-3, a similar range of TNF-a
serum concentrations was observed in BL patients regardless of disease status
(Figure 4C). Figure 4D and E show the IGF-I/TNF-a and IGFBP-3/TNF-a serum
ratios calculated before and during RR for each BL patient. Both ratios increased in
13 of the 15 patients during RR as a consequence of the higher IGF-I/IGFBP-3
levels during these episodes.

Table 2 shows the percentage of serum samples in each group, with IGF-I and
IGFBP-3 levels below the reference range according to age in all groups analyzed.
Accordingly, 93.3% (14 out of 15) of the R BL- patients showed IGF-I levels below
the reference range, in contrast to 10% (1 out of 10) of the NR BL patients. Again,
while 86.6% (13 out of 15) of the R BL = patients displayed IGFBP-3 levels below
the reference range, the same was true in only 20% (2 out of 10) of the NR BL
individuals. A clearer representation of the different patterns in the IGF-I/IGFBP-3
levels observed in NR BL vs. R BLo can be found in Figure 5.

Taken together, the results presented in this section of our study demonstrate
that, at diagnosis, the IGF-1 and IGFBP-3 circulating levels were significantly lower in
BL patients presenting RR, as compared to the BL patients that did not experience
these episodes, and that these levels tended to increase during RR, attaining the

same levels as the NR BL group.
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Discussion

The interplay between the immune and neuroendocrine systems exerts a
critical role in the maintenance of host homeostasis during infection. The
neuroendocrine system not only favors the building of an effective immune response
against the pathogen, but also controls its intensity, thus avoiding extensive tissue
damage [8].

Leprosy is an infectious disease with a strong immune-inflammatory
component, whose status dictates both the clinical form of the disease as well as the
occurrence of reaction. This particular characteristic makes this disease a very
attractive model for studying immunoneuroendocrine interactions, allowing for a
broader understanding of the interplay among hormones, cytokines, and GCs during
chronic inflammation in combination with acute inflammatory episodes in response
to mycobacterial antigens.

One of the many players involved in this interaction is the hormone IGF-I,
previously shown to suffer a serious imbalance during [8,10]. In the present study,
the IGF system was analyzed for the first time during the course of disease by
measuring the circulating levels of IGF-1 and IGFBP-3 in patients representing status
variations with regard to the immune-inflammatory response to ML infection.
Circulating IGF-I/IGFBP-3 was initially examined across the leprosy spectrum.
Interestingly, while no significant difference was observed between BT and HC
(perhaps due to the low number of BT patients included in this study), both the
nonreactional, clinically-stable BL and, to a greater extent, LL patients showed
decreased levels of IGF-I/IGFBP-3. It is worth noting that the IGF-I/IGFBP-3 levels

across the leprosy spectrum appeared to follow a trend similar to the one observed
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in serum IFN-g [21,22] according to the magnitude of the specific cellular immune
response mounted by the host in reacting to infection (higher at the TT pole). These
results, however, were diametrically opposed to what was found with respect to the
circulating levels of the pro-inflammatory cytokines IL-1-b, IL-6, and TNF-a
[17,18,23,24] (higher at the LL pole). A possible interpretation for our findings is that,
under the emergence of the cell-mediated immunity in response to ML infection, a
scenario of immune-neuroendocrine interaction is established with the participation
of Thl-type cytokines. We hypothesize that the somatotropic axis remains
undisturbed in this scenario while, in most individuals, circulating IGF-1 and IGFBP-3
continue their normal-range levels. At the LL pole, on the other hand, an important
imbalance in the somatotropic axis emerges, with most individuals presenting a
below-normal range IGF-I/IGFBP-3 together with high levels of pro-inflammatory
cytokines. Actually, as will be discussed later, the low levels of IGF-I/IGFBP-3 at the
LL pole and the normal levels observed in BT-BL patients have proven to be,
respectively, reliable indicators of a controlled immune-inflammatory response to ML
across the spectral forms of leprosy.

The systemic low IGF levels in patients with high bacterial loads as reported
herein is not in conflict with our previous data indicating the induction of IGF
expression by ML in infected SC [25]. The locally-produced IGF may still favor host-
cell survival after ML infection without any major repercussions affecting the
systemic concentration of this hormone, largely produced by the liver in response to
GH.

Several previous reports have demonstrated the importance of maintaining
the delicate balance between circulating IGF-I and cytokines during inflammatory

diseases. It has been observed that, in patients with chronic obstructive pulmonary
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disease, higher concentrations of TNF-a, IL-1b, IL-6, and IL-8 are accompanied by a
significant decrease in circulating IGF-I [26]. In Alzheimer’s disease, for example,
TNF-a levels correlate negatively to IGF-I [27]. In Henoch-Schonlein Purpura, the
most common systemic vasculitis in children, increased serum levels of IGF-I are
found [28]. Moreover, in the context of other infectious diseases, it has been
reported that HIV patients with wasting syndrome and children with Failure to Thrive
have reduced IGF-1 serum levels [29,30]. In addition, in patients infected with
Helicobacter pylori, a reduction in circulating IGF-I levels in comparison what is seen
in HC has been observed [31].

The low circulating levels of IGF-I/IGFBP-3 found in NR LL patients (~75%
with below-normal levels) were in parallel with those found in critical illnesses like
sepsis [32,33]. It is known that the inflammatory response to sepsis is followed by
the development of a hypo-inflammatory and immunosuppressive state, which is
unable to eradicate the infection [34]. The low IGF-I/IGFBP-3 levels found in the
chronic phase of sepsis are the result of overactivation of the HPA axis by the
excessive and prolonged production of pro-inflammatory cytokines, leading to the
subsequent peripheral secretion of GCs and inhibition of IGF synthesis by the liver
[8].

LL and sepsis share this immunosuppressive state. In LL patients, the
absence of a CMI response against ML allows the pathogen to proliferate
indiscriminately, reach high numbers, and disseminate systemically throughout the
bloodstream. Although presenting high bacteremia, approximately 50% of LL
patients are clinically stable, evidence of a controlled, finely-regulated immune-
inflammatory response due to the activation of anti-inflammatory loops that prevent

over-inflammation and subsequent immune-mediated tissue damage. It is
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reasonable to speculate that HPA, considered the main physiological feedback loop
in inflammation, is activated in these patients, playing a critical role in maintaining
homeostasis. HPA activation in these patients is expected, based on the high
circulating levels of the pro-inflammatory cytokines such as the IL-1b, IL-6, and TNF-
a detected in LL [17,18,23,24]. However, to date, evidence concerning the
circulating levels of cortisol and the adrenal functional status in leprosy has been
conflicting [14]. Additionally, intrinsic anti-inflammatory mechanisms such as the
high production of IL-10 observed in these patients [35] may complement the
immune-suppressive effects of GCs, making possible a controlled immune-
inflammatory response in a scenario of hyper-stimulation of the host immune system
resulting from accumulated concentrations of mycobacterial antigens.

Notably, the LL patients who underwent ENL during treatment showed
significantly higher levels of IGF-I/IGFBP-3 at the pre-MDT stage (up to 2 years
before reaction), suggesting that changes in these proteins reflect the delicate
balance between the pro- and anti-inflammatory responses in these patients and,
consequently, the risk of initiating an uncontrollable inflammatory event. In these
patients, very low levels of IGF-I/IGFBP-3 might, then, be reflective of high immune-
suppression levels, a controlled immune-inflammatory response, and high clinical
stability. In contrast, LL patients with higher IGF-I/IGFBP-3 may be the result of
insufficient anti-inflammatory feedback, which is necessary for the maintenance of
homeostasis in the presence of high concentrations of ML antigens.

During ENL, previous data indicating high systemic production of TNF-a [17]
were confirmed. Also observed was a reduction in IGF-I/IGFBP-3 levels as an
attempt to reach the low levels observed in NR LL, most likely as the result of the

activation of an anti-inflammatory loop such as the release of GCs in response to the
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presence of high levels of pro-inflammatory cytokines. When the IGF-I/TNF-a and
IGFBP-3/TNF-a ratios were calculated before and during ENL, a significant
decrease was observed during reaction in these individuals. These lower ratios,
which may also contribute to the nerve injuries observed during ENL, may at least
partially explain the enhanced rate of spontaneous apoptosis ex vivo demonstrated
in the CD 14" cells (PBMC) of ENL patients [36].

Indeed, a number of reports have demonstrated the neuroprotective activity
of IGF-I both in the peripheral (PNS) and central nervous systems (CNS) in
pathologies typically associated with the overproduction of pro-inflammatory
cytokines [19]. IGF-I is able to maintain tissue homeostasis and promote cellular
well-being in conjunction with the anti-inflammatory cytokines IL-10 and IL-4 by
inhibiting the inflammatory response mediated by the prototypical, pro-inflammatory
cytokines IL-1b and TNF-a. In this regard, Laue and coworkers [30] has reported
that the degree of neurodegeneration in patients with HIV-associated dementia
correlated with high TNF-a production and IGF-I reduction. In sepsis, a decrease in
IGF-1 [32] also accompanies the increase of TNF-a and IL-1b serum levels, which, in
turn, correlates with organ injury and the severity of disease [37,38]. Furthermore,
IGF-I treatment is known to improve the chances of survival in murine sepsis [33].

It should be highlighted that whenever a group of BL patients was analyzed,
very interesting but opposing findings were observed in the context of changes in
circulating IGF-I/IGFBP-3 according to the immunological stability of the patients.
Differently from the anergic state of LL patients, BL patients are known to build a
weak CMI response against ML [21,22]. RR is associated with increased CMI, which
may occur subsequent to ML antigen release during MDT [39]. RR is characterized

by an increase in Thl response to ML antigens that is capable of rapidly triggering
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the production of nerve damage [40]. The IGF-I/IGFBP-3 levels in NR BL vs. HC
were only marginally lower. In fact, most individuals (~85%) presented normal levels.
In contrast, the BL group that manifested RR during MDT displayed significantly
lower levels of IGF-I/IGFBP-3 (~90% below the normal range) at the pre-MDT stage.

All together, these data suggest that, in BL patients, the IGF-I/IGFBP-3 levels
and/or factors that are able to maintain their normal activity are crucial in controlling
the immune-inflammatory response since their reduction in circulation below the
normal range leads to homeostasis disruption and the emergence of RR.
Significantly, during RR in BL patients, an increase in IGF-I/IGFBP-3 was observed
as an attempt to reach normal levels. Actually, based on the capacity of IGF-I to
stimulate the secretion of IL-10 by activated T cells [16], it is tempting to speculate
an anti-inflammatory role for this hormone by dampening local inflammation in the
skin and nerves in nonreactional BL patients and during RR. Thus, IGF-I could act
as an anti-inflammatory cytokine, contributing to the re-establishment of
homeostasis. Consistent with the studies of Anderson and colleagues [41], no
changes in the TNF-a serum levels of BL patients were detected during RR. When
the IGF-I/TNF-a and IGFBP-3/TNF-a ratios were calculated at the pre-MDT stage
and during RR, a significant increase was observed during reaction in most of the
affected individuals.

In conclusion, our data revealed important alterations in the IGF system in
relation to the status of the host immune-inflammatory response to ML. These
findings support the hypothesis that immune-neuroendocrine interactions play a
critical role during the natural course of ML infection, contributing to a controlled CMI
response across the spectral clinical forms of leprosy. Disruption of immune

neuroendocrine homeostasis seems to be associated with acute, uncontrolled
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inflammatory episodes. Of note, our data indicate that circulating IGF-I and IGFBP-3
levels can be used as predictive biomarkers for leprosy reaction at diagnosis,
favoring the development of new strategies for the management of leprosy patients

and the prevention of reaction and neuropathy.
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Figure Legends

Figure 1. Serum IGF-I and IGFBP-3 levels along the spectrum of leprosy
clinical forms. Box-plots represent the serum levels of IGF-I (A) and IGFBP-3 (B)
assessed in healthy controls (HC, n=19 ), and nonreactional borderline tuberculoid
patients (NR BT, n=13 ), borderline lepromatous leprosy patients (NR BL, n=10),
and lepromatous leprosy patients (NR LL, n=11) before polychemotherapy
treatment. Median values are indicated by line (-). Statistical differences between the
groups were evaluated by ANOVA, using age as a covariate. C and D represent the
percentage of individuals in each group with below-normal IGF-I and IGFBP-3 serum
levels, respectively. Statistical differences were compared within the groups via
Pearson Chi-square (or Fisher). *, statistically significant when compared to all other

groups.

Figure 2. Circulating IGF-I and IGFBP-3 levels change according to disease
status in LL patients. Box-plots represent the serum levels of IGF-I (A), IGFBP-3
(B), and TNF-a (C) assessed in nonreactional (NR LL, n=11) and reactional LL
patients (n=10) at the pre-MDT stage (R LLwo) and during ENL (R LLgnn). Median
values are indicated by line (-). Statistical differences between the groups were
evaluated by ANOVA, using age as a covariate. D and E represent the IGF-I/TNF-a
and IGFBP-3/TNF-a ratios, respectively. Each line represents one patient. Wilcoxon

test was used for statistical analysis.

Figure 3. IGF-1 and IGFBP-3 at diagnosis discriminate LL patients with high

risk of developing ENL. Pie diagram showing the percentage of individuals with
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normal- and reduced-circulating levels of IGF-1 and IGFBP-3 in nonreactional (NR

LL) and reactional LL (R LLi=o) at leprosy diagnosis.

Figure 4. Circulating IGF-I and IGFBP-3 levels change according to disease
status in BL patients. Comparison of the IGF-I (A), IGFBP-3 (B), and TNF-a (C)
serum levels among nonreactional (n=10) and reactional BL patients (n=14) at the
pre-MDT stage (R BLi=) and during RR (R BLggr). Median values are indicated by
line (-) in the box-plots. Statistical differences between the groups were evaluated by
ANOVA, using age as a covariate. D and E represent the IGF-I/TNF-a and IGFBP-
3/TNF-a ratios, respectively. Each line represents one patient. Wilcoxon test was

used for statistical analysis

Figure 5. IGF-I and IGFBP-3 at diagnosis discriminate BL patients with high
risk of developing RR. Pie diagram showing the percentage of individuals with
normal- and reduced-circulating levels of IGF-1 and IGFBP-3 in nonreactional (NR

BL) and reactional BL (R BLi) at leprosy diagnosis.
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594 Table 1

595
Table 1. Baseline characteristics of leprosy patients and healthy controls.
Characteristics HC NR BT NR BL RR BL NR LL ENL LL
Individuals (n) 19 13 10 15 11 10
Sex
Female 16 8 2 9 3 4
Male 3 5 8 6 8 6
Age (median = SD) 36.9+13.9 35.8+16.2 37.4+199 37.2+182 36.9+12.8 39.3+195
Baciloscopic Index
(median+SD) - 0.08+0.2 24+13 1.7+£1.2 3405 45+05
Groups included in this study: HC, healthy controls; NR BT, nonreactional BT patients; NR BL, nonreactional BL patients; RR
BL, reversal reaction cases of BL patients; NR LL, nonreactional LL patients; ENL LL, erythema nodosum leprosum cases of
LL patients.
596
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598
Table 2. Individuals with below-normal IGF-I and IGFBP-3 serum levels.
HC NR BT NR BL BL t=0 RR BL NR LL LL t=0 ENL LL
IGF-| 3/19 1/13 1/10 14/15 11/15 9/11 2/10 4/10
(%) (15.7) (7.7) (10) (93.3) ¢ (73.3)2¢ (81.8) (20) *° (40)
IGFBP-3 4/19 2/14 2/10 13/15 11/15 8/11 2/10 6/10
(%) (21) (15.3) (20) (86.6) "% (73.3) ¢ (72.7) (20) ¢ (60)
a, b, c and d represent comparisons with significant values when compared: (a) to the HC group; (b) to the NR group with the
same clinical form; (c) to the reactional group with the same clinical form; (d) t=0 between BL and LL groups.
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CAPITULO 5: Discussio

A grande maioria dos individuos expostos ao M. leprae ndo desenvolvem a doenga e,
uma minoria susceptivel — possivelmente devido a associacdo de fatores genéticos e
condicBes socio-econdmicos — manifesta a doenca dentro de um espectro de formas clinicas
variaveis de acordo com a resposta imunoldgica montada frente ao bacilo. Desta forma, a
hanseniase se apresenta como um excelente modelo de estudo dos processos envolvidos na
resposta imunoldgica do individuo frente a uma infeccdo. O tropismo do M. leprae pela CS
leva a inflamacéo, fibrose, desmielinizacdo e degeneracdo dos nervos periféricos — embora
estudos demonstrem uma relagdo harmoniosa entre o bacilo e sua célula hospedeira
preferencial. Sabe-se também que ao longo do curso crbénico da hanseniase, 0s pacientes
podem apresentar abruptos episodios imuno-inflamatorios, como resultado de uma reativacdo
da resposta imunologica do individuo. Estes episddios sdo conhecidos como reaches
hansénicas e sdo responsaveis pelo agravamento da doenca, podendo levar a instalacdo de
incapacidades fisicas importantes. Numa tentativa de contribuir para uma melhor
compreensdo dos mecanismos adotados pelo bacilo de Hansen na colonizagdo bem sucedida
do nervo, o presente estudo teve como principal objetivo investigar a participacdo do IGF-I
durante a interagdo do M. leprae com a CS humana e, ainda, durante a evolugdo natural da
doenca, sobretudo, durante os episodios reacionais.

Inicialmente, numa abordagem in vitro, demonstramos que o M. leprae é capaz de
inibir a apoptose de CS humanas primérias e da linhagem ST88-14 mantidas em condicdes
livres de soro. Este efeito anti-apoptdtico mostrou ser dose-dependente e especifico ao M.
leprae, visto que o tratamento das células com Mycobacterium bovis BCG ou Mycobacterium
smegmatis foram ineficazes na protecéo contra a apoptose das CS (Rodrigues e col., 2010). A
capacidade de patdgenos intracelulares obrigatorios inibirem a apoptose da célula hospedeira
é bem descrita e constitui um fator-chave para o sucesso da infec¢do (Gao e Kwaik, 2000;
Hacker e col., 2005). Estes patdgenos podem manipular as vias apoptoticas da célula
hospedeira interferindo em vias de sinalizacdo que, de alguma forma, regulam o delicado
equilibrio entre fatores apoptéticos e anti-apoptoticos no interior da célula, alterando assim a
susceptibilidade da mesma aos inimeros insultos que venha a receber. De forma bastante
interessante, Chuenkova e colaboradores (2001; 2009) demonstraram que o0 Trypanosoma
cruzi — um protozoario intracelular com capacidade de invadir diversos tecidos — inibe a

apoptose de CS induzida por privacdo de soro ou pelo estimulo de TNF-a em associagdo com
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TGF-b. Os autores demonstraram ainda, que o parasita ativa diretamente a via Pl 3-k através
da fosforilacdo da proteina Akt no interior da célula para inibir a apoptose.

Os efeitos ndo toxicos do M. leprae ja haviam sido previamente descritos por outros
autores (Antia e Mukherje, 1985; Hagge e col., 2002; Rambukkana e col., 2002; Tapinos e
Rambukkana, 2005) e o efeito anti-apoptdtico do M. leprae sobre a CS, observado em nosso
trabalho complementa estas observagdes encontradas na literatura. Mais recentemente, foi
demonstrado que a infec¢do de macrofagos com M. leprae viavel purificado de camundongos
nude ndo foi capaz de induzir apoptose destas células (Lahiri e col., 2010). Em outro trabalho,
o0 M. leprae parece regular negativamente genes pré-apoptéticos como Bad e Bak e induzir
membros anti-apoptoticos da familia Bcl-2, como Mcl-1 para inibir a apoptose de células
THP-1 (Hasan e col., 2006). Ja no estudo de Silva e colaboradores (2008) foi verificado que o
bacilo pode induzir baixos niveis de apoptose em CS da linhagem ST88-14, e a lipoproteina
16 kDa do M. leprae ou alta infeccdo foram capazes de induzir apoptose em CS (Oliveira e
col., 2003; 2005).

A tecnologia de microarranjos de DNA nos foi muito atil na identificacdo de um
suposto candidato para explicar o mecanismo utilizado pelo M. leprae para a protecdo da
sobrevivéncia da CS. Utilizando esta metodologia verificamos a regulacdo positiva de genes
da familia de fatores de crescimento semelhante & insulina (IGF-1 e IGF-1I) em CS
estimuladas com M. leprae. Somente a indugédo da expressdo de RNAm para IGF-1, pelo M.
leprae, foi confirmada através de RT-PCR quantitativo (em Tempo Real), tanto em CS
primarias quanto no Schwanoma ST88-14 e, a proteina detectada no sobrenadante das
culturas (Rodrigues e col., 2010). Este fator de crescimento € amplamente descrito como
potente inibidor de apoptose de CS, além de participar no estabelecimento de um circuito
autocrino e parécrina para promover a sobrevivéncia de CS na auséncia de axonio (Meier e
col,, 1999). Ainda em 1999, Delaney e seus colaboradores descreveram o efeito anti-
apoptético de IGF-1 mediado pela inibicdo da ativacdo de caspase-3. Eles utilizaram CS
provenientes de nervo ciatico de ratos e induziram a apoptose pela retirada de soro do meio
por até 72h. O tratamento das culturas com IGF-1 foi, contudo, capaz de proteger
significativamente as CS de apoptose. Em nosso trabalho, mostramos experimentos similares
com a CS ST88-14, onde a incubagdo com 5-20 ng/mL de IGF-I recombinante protegeu de
maneira dose-dependente a apoptose de células incubadas em meio sem soro (Rodrigues e
col., 2010). Estes dados sugerem a inducdo de IGF-1 pelo M. leprae seria uma provavel
estratégia para inibir vias apoptoticas na CS de forma a garantir sua sobrevivéncia.

Na literatura encontramos relatos da participagdo do IGF-I na infeccdo por Leishmania

amazonensis, onde IGF-I atua diretamente como um fator de crescimento para formas pro e
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amastigotas do parasita (Goto e col., 1998; Gomes e col., 2001). Estudos adicionais in vitro
demonstraram que o pré-tratamento de formas proamastigotas de L. amazonensis com IGF-I
causa um aumento no tamanho das lesdes cutaneas de camundongos infectados e aumenta o
namero de parasitos (Gomes e col., 2000), contribui no bloqueio da ativacdo de macrofagos e
pode, ainda, modular a resposta inflamatoria local, favorecendo a sobrevivéncia e perpetuacdo
do parasita no hospedeiro (Vendrame e col., 2007).

No sistema nervos central (SNC), o papel anti-inflamatério e imunomodulador do
IGF-I tem sido bastante estudado. Neste contexto é sabido que o TNF-a contribui
significativamente para a morte de neurdnios apds injdria (derivada de esquemia ou infecgdo
por HIV, por exemplo) e a sinalizagdo atraves do receptor IGF-1R foi vista antagonizando os
efeitos neurodegenerativos provocados pelo TNF-a e, ainda, contribuindo na diferenciacéo de
neurdnios (Wang e col., 2003). IGF-I protege neurdnios frente a uma variedade de patologias
do SNC que estdo, tipicamente, associadas com a producdo macica de citocinas pro-
inflamatérias (Dore e col., 1997; Feldman, 1997; Torres-Aleman, 1999). Foi visto ainda, que
o tratamento de oligodendrdcitos com IGF-1 previne a apoptose induzida por TNF-a (Ye e
D Ercole, 1999). Outros trabalhos igualmente reforcam que o efeito apoptético do TNF-a €
blogueado pela sinalizacdo de IGF-I (Wu e col., 1996; Remancle-Bonnet e col., 2000). Outro
dado interessante é que apds injdria da medula éssea, por exemplo, foi demonstrado que
macrofagos residentes (microglia) e mondcitos vindos da circulacdo expressam altos niveis de
IGF-1 no sitio da lesdo como um auxilio no reparo tecidual (Rolls e col.,, 2008). Na
regeneracdo do sistema nervoso periférico (SNP), IGF-1 parece ser um dos principais fatores
de crescimento por suas acles pleiotropicas que promovem sobrevivéncia, crescimento
(proliferacéo) e diferenciagéo (revisto por Rabinovsky, 2004).

Em vista das propriedades anti-apoptéticas e, ainda, anti-inflamatérias do IGF-I ja
mencionadas (Venters e col., 2000; Kooijman, 2006), a inducdo deste fator crescimento pelo
M. leprae representa uma excelente estratégia que contribui para a sobrevivéncia da célula
hospedeira e garante um nicho adequado para a replicacdo do bacilo, especialmente em
pacientes multibacilares onde sdo encontradas CS altamente infectadas e sem indicios de
toxicidade ou morte celular (Mukherjee e Antia, 1985; Antia e Shetty, 1997; Hagge e col.,
2002). A inducdo de IGF-1 pelo M. leprae poderia, ainda, favorecer o caréter cronico da
hanseniase por manter um micro-ambiente regulado por algas anti-inflamatoérias (Figura 9),
evidenciado pela capacidade deste hormdnio em induzir citocinas deste perfil, como IL-10

(Kooijman e Coppens, 2004).
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Favorecimento da
Célula de Schwann infeccdo cronica

Figura 9: Possivel papel do IGF-I na interagéo do M. leprae com a CS. O bacilo é capaz de proteger CS de
apoptose através da inducdo da expressdo e producdo de IGF-I, que de maneira autdcrina e paracrina atua na
sobrevivéncia celular. O efeito anti-apoptético, aliado as suas propriedades anti-inflamatorias podem representar
uma estratégia utilizada para a colonizacdo bem sucedida do nervo periférico e favorecer o carater cronico da

doenca.

O sistema imune interage ativamente com o sistema enddcrino na regulacdo de
processos adaptativos, que de maneira bi-direcional atuam para garantir a manutengdo da
homeostasia durante a infeccdo. Tem sido muito bem descrito que o sistema imune interage
com o SNC e assim, a resposta imune-inflamatdria deflagrada por infeccdo viral ou bacteriana
pode ser modulada pelo sistema enddcrino através da ativacdo do eixo hipotalamo-pituitaria-
adrenal (HPA), que por sua vez interfere no eixo somatotrofico, constituido por GH/IGF-I
(revisto por O"Connor e col., 2008; Borghetti e col., 2009). De fato, a exacerbada producao de
citocinas pré-inflamatorias ativa o eixo HPA, resultando na secrecdo de potentes hormoénios
anti-inflamatorios e imunosupressores. Apo6s estimulo inflamatorio, células do nicleo
paraventricular do hipotadlamo expressam o hormonio liberador de corticotrofina (CRH) para
estimular a porcdo anterior da glandula pituitéria a liberar o horménio adrenocorticotréfico
(ACTH) na circulagdo. Na glandula adrenal, o ACTH estimula a sintese e liberacdo de
glicocorticdides (GCs), como o cortisol, na tentativa de retornar a homeostasia (Webster e
Sternberg, 2004).

Na hanseniase, as citocinas tém um papel relevante na evolucdo natural da doenga,
sobretudo durante o aparecimento dos episddios reacionais, onde a reativacdo da resposta
imune do individuo reflete no painel de citocinas pré-inflamatérias expressas pelos pacientes,

tanto a nivel local quanto sistémico (Yamamura e col., 1992; Sarno e col., 1991; Moraes e
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col., 1999; Little e col., 2001; Lyer e col., 2007; Stefani e col., 2009). Entretanto pouco se
sabe sobre a influéncia da infeccdo pelo M. leprae na atividade do eixo HPA. Na literatura,
encontramos o trabalho de Anderson e colaboradores (2007) que apresenta evidéncias do
aumento da secrecdo de cortisol em pacientes que desenvolveram reacdo tipo |, dada pela
regulacdo negativa da expressdo da enzima 11bHSD (11-beta dehidrogenase hidroxi-
esteroide, responsdvel pela conversdo do cortisol ativo em cortisona) em bidpsias de pele.
Entretanto, estudos que relacionam a atividade do eixo HPA, através da secrecdo de
hormdnios pelas glandulas pituitaria ou adrenal, com a resposta imune observada nos
pacientes com hanseniase sdo, contudo, escassos ou controversos (revisto por Leal e Foss,
2009). Sendo assim, numa segunda etapa do nosso trabalho, investigamos as alteragdes do
IGF-1 e também de IGFBP-3 no soro de pacientes com hanseniase que desenvolveram ou ndo
episodios reacionais do tipo | ou Il.

Numa comparagdo inicial entre individuos sadios e pacientes ndo-reacionais
apresentando as formas clinicas BT, BL e LL, curiosamente cerca de 70 a 80% dos pacientes
LL ndo-reacionais (NRLL) foram encontrados com os niveis de IGF-1 e IGFBP-3 abaixo da
faixa de normalidade para a idade. De forma interessante, & medida que a forma clinica
avanca para o polo tuberculdide — caracterizado pela capacidade de montar uma resposta mais
efetiva frente a antigenos do M. leprae — os niveis séricos de IGF-1 e IGFBP-3 pareceram
acompanhar os niveis observados em individuos sadios. Os pacientes BT e BL nao-reacionais
apresentaram niveis de IGF-I bastante similares entre si e também em comparacdo com
individuos sadios. A capacidade destes pacientes (BT e BL) em elaborar uma resposta imune
celular frente & infeccdo é, comprovadamente, superior aquela produzida por pacientes
lepromatosos polares (revisto por Scollard e col., 2006) e, este fato pode estar relacionado as
alteracdes observadas no eixo GH/IGF-I.

Embora IGF-I tenha um papel anti-inflamatério amplamente descrito, paralelamente
atua na diferenciagdo e proliferacdo tanto de células mieldides quanto linfoides (Lin e col.,
1997; van Buul-Offers e Kooijman, 1998). Ratos que foram submetidos a remocdo cirdrgica
da glandula pituitaria foram incapazes de conter a infeccdo por Salmonella typhimurium e, em
contrapartida, o tratamento com GH recombinante aumentou a sobrevida dos animais e
restabeleceu a capacidade de matar a bactéria (Edwards e col., 1991). E possivel, assim, que o
IGF-1, mantido em niveis normais nos pacientes borderline, contribua para o “status” imuno-
inflamatorio destes individuos favorecendo alguma estabilidade associada a geracdo de
resposta imune celular. Os pacientes NRLL contrastaram com aqueles que desenvolveram
ENH (R LL¢o), onde no momento do diagnostico, apenas 20% apresentaram IGF-1 e IGFBP-

3 abaixo do normal. Imaginamos que a dindmica obedecida por estes pacientes (reacionais ou
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ndo) seja explicada pela sua resposta imunolégica e que os niveis de IGF-I e IGFBP-3 sejam
um reflexo deste estado. Nossa hipdtese, no caso dos pacientes LL, é que aqueles que nédo
evoluem para reagcdo encontram-se num estado de imunosupressdo, onde o paciente ndo
consegue conter a proliferacdo do bacilo e apresenta alto indice baciloscopico (IB).

A expressdo cronica de citocinas inflamatérias é incapaz de auxiliar no combate a
infeccdo, entretanto ativa o eixo HPA provocando a secrecdo de GCs para inibir processos
inflamatorios e manter a homeostasia que suporte a infecgdo. Em paralelo, o eixo GH/IGF-I €
afetado, com conseqliente diminuicdo da funcdo hepatica para produzir IGF-1 (revisto por
Borghetti e col., 2009). Dados da literatura que demonstram a alta capacidade de producéo de
IL-10 por estes pacientes (Lima e col., 2000), aliada aos nossos achados de que a grande
maioria dos NRLL se encontrem com os niveis de IGF-1 e IGFBP-3 abaixo do normal,
suportam nossa hipotese do estado de imunosupressdao em que estes pacientes se encontram
(Figura 10). Os pacientes que desenvolveram reacdo, no momento do diagndstico
apresentaram niveis de IGF-1 e IGFBP-3 dentro da faixa de normalidade e, talvez isto possa
ser explicado por sua capacidade de evoluir para o processo reacional e apresentarem uma
reativacdo da resposta Thl com a expresséo de IFN-g TNF-a e IL-12, conforme discutem
alguns autores (Yamamura e col., 1992; Sreenivasan e col., 1998). Entretanto a produgéo
crbnica destas citocinas contribui para a queda dos niveis de IGF-I e IGFBP-3, conforme
evidenciados em nosso estudo durante a reagdo. Os baixos niveis de IGF-I poderiam explicar
0 aumento do grau de apoptose espontanea, observada ex vivo, em células CD14+ derivadas
de PBMC de pacientes multibacilares com ENH (Hernandez e col., 2003).

Tracando um paralelo com nossos dados iniciais, onde mostramos a capacidade do M.
leprae induzir a producdo de IGF-1 em CS (Rodrigues e col., 2010), imaginamos que n&o
necessariamente  deveriamos esperar que pacientes lepromatosos nao-reacionais
apresentassem niveis circulantes de IGF-I normais ou mais elevados. A explicacdo para isto
reside no fato de que o IGF-I circulante tem origem no figado sob a regulacdo do GH e atua
de maneira enddcrina no crescimento e metabolismo. Mas sabemos que diferentes tecidos
podem produzir IGF-1 e, localmente, este pode agir de maneira autdcrina e paracrina na
sobrevivéncia, proliferacdo, diferenciacdo e garantia da homeostasia tecidual. Sabemaos, ainda,
que o IGF-I local pode néo ser o reflexo do IGF-I hepatico. Por isso, como perspectivas deste
estudo, pretendemos avaliar a expressdao de IGF-1 em lesGes de pacientes apresentando as
formas polares da doenca, bem como durante o aparecimento dos quadros reacionais. Desta

forma, poderiamos tragar um perfil do papel do IGF-I no sitio da inflamacé&o.
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Pacientes lepromatosos polares
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Figura 10: Hipétese para a dinamica das alteracdes de IGF-1 e IGFBP-3 em pacientes com a forma LL
que evoluiram ou ndo para a reacdo tipo Il. a) Os pacientes LL ndo reacionais apresentam um estado
imunossupressor caracterizado pela expressdo de IL-10, que mantém um ambiente favoravel a replicacdo do M.
leprae, e ativagdo do eixo HPA (secrecdo de glicocorticoides) por citocinas inflamatérias como IL-6, por
exemplo. Neste cendrio, os niveis de IGF-l1 e IGFBP-3 se encontram abaixo da faixa normal, indicando
estabilidade. b) Niveis normais de IGF-I e IGFBP-3, em pacientes LL reacionais, podem indicar um menor grau

de imunosupressdo e, consequentemente, maior instabilidade.

A sepse — resposta ao alto grau de infeccdo sistémica — compartilha com a hanseniase
lepromatosa o quadro de imunosupresséo apresentado pelos pacientes. Ndo fossem estas algas
moduladoras da resposta imune, fatalmente levariam rapidamente ao O&bito pela
superproducdo sistémica de citocinas inflamatorias e incapacidade do individuo em controlar
a infeccdo. A evolucdo da sepse estd associada a um aumento prolongado de TNF-a no
figado, causando a apoptose das células de Kupffer e levando a disfuncéo hepética (revisto
por Ashare e col., 2006). Em consequéncia, 0s niveis circulantes de IGF-I encontram-se
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diminuidos na sepse grave (Karinch e col., 2001; Ashare e col., 2008). Outros trabalhos
igualmente mostram que a expressdo de citocinas pro-inflamatdrias pode interferir no eixo
GH/IGF-I. Para algumas patologias como a sepse, a tuberculose e caquexia relacionada a
infeccdo por HIV, especula-se a que a razdo para a queda dos niveis de IGF-I circulante seja o
estabelecimento de quadros de resisténcia ao GH, caracterizados pela supressdo do eixo
somatotrofico (revisto por Mesothen e Van den Berghe, 2006). Os efeitos dessa supressao se
refletem nas alterac@es clinicas observadas nestes pacientes, tais como: perda peso e mal estar
geral.

Pacientes infectados com Helicobacter pylori apresentam elevados niveis de cortisol
(confirmando a ativacdo do eixo HPA através de citocinas pré-inflamatorias) e, em
contrapartida, os niveis circulantes de IGF-1 encontram-se reduzidos (Bariceviage col., 2004).
Em pacientes com HIV, o grau de neurodegeneracdo em consequéncia da elevada producéo
de TNF-a foi correlacionado, também, a reducdo dos niveis séricos de IGF-I (Jain e col.,
1998; Laue e col., 1990). Em pacientes com Alzheimer, 0s niveis séricos de TNF-a s&o
elevados e negativamente correlacionados com IGF-1 (Alvarez e col.,, 2007). Foram
observados niveis plasmaticos elevados de TNF-a, IL-1b, IL-6 e IL-8 em pacientes com
doenga obstrutiva pulmonar crénica, enquanto os niveis de IGF-I encontravam-se diminuidos
durante a fase a aguda da doenca (Kythreotis e col., 2009).

De maneira bastante interessante, os dados obtidos a partir da andlise do
comportamento dos pacientes BL foram exatamente opostos aos observados com pacientes
LL. Diferentemente dos pacientes NRLL, apenas 10% dos pacientes NRBL que ndo sofreram
reacdo apresentaram IGF-I abaixo do normal, préximo aos individuos sadios (15.7%). Por
outro lado, 93.3% dos pacientes BL que evoluiram para a reagdo tipo | (R BLix)
apresentaram niveis de IGF-1 abaixo do normal. Mais uma vez, a avaliagdo dos niveis de IGF-
I e IGFBP-3 foi capaz de distinguir grupos de pacientes, agora com a forma BL, que sofreram
ou ndo episodio reacional tipo I. Além disso, estes dados reforcam a organizacdo da doenca
em formas clinicas proposta por Ridley e Jopling (1966), no que diz respeito ao perfil
diferenciado em que se encontram, embora sejam agrupadas como multibacilares, conforme
proposto pela OMS (1982) com fins terapéuticos. E interessante argumentar, porém, o que faz
um paciente BL evoluir para reacdo tipo | ou tipo Il, por exemplo — sendo estes episodios
diferentes entre si.

Embora os niveis de IGF-I aumentem significativamente durante a reagdo reversa, a
maioria dos individuos avaliados ndo conseguiu alcancar os niveis normais. De fato, houve
uma queda no percentual de individuos com niveis de IGF-I baixos durante a reacéo (73.3%,

contrastando com 93.3% no momento do diagnostico). Esta tentativa de alcancar niveis
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normais possa se dar como uma estratégia ou desenvolvimento de um processo adaptativo, no
qual o organismo busque ativar uma al¢ca anti-inflamatoria para conseguir alcancar a
homeostasia (Figura 11). Esta capacidade adaptativa, mais uma vez, poderia ser explicada
pela diferenca entre pacientes BL e LL em elaborar uma resposta imune Th1l.

Pacientes borderline

a) N

x IGF-I
Infeccéo —_ h (GFBP.3 HOMEOSTASIA
ML
QUEBRA DA HOMEOSTASIA
Infecgdo |_ IGF-I 1
ML IGFBP-3
REAGAO

4

T

Tratamento (PQT)

b)

Figura 11: Hipétese para a dinamica das alteracdes de IGF-1 e IGFBP-3 em pacientes com a forma BL
com evolugdo ou ndo para a reagdo tipo 1. Embora considerados multibacilares, os pacientes BL apresentam
alguma capacidade de resposta imune frente a antigenos do M. leprae, superior em relacdo aos lepromatosos
polares. a) Na presenca de resposta celular, citocinas de perfil Thl, como IL-2, IL-12 e IFN-g passam a ser
produzidas, gerando um novo cenario imune-inflamatorio onde a manutencéo de niveis normais de IGF-1 indica
uma situacdo de controle da inflamacdo e homeostasia. b) Ao contrério, niveis baixos de IGF-I, neste cenario,
refletem num alto risco de desenvolvimento de reacéo.

A partir do conjunto de dados expostos, demonstramos a interacdo do sistema imune
com o sistema endécrino na hanseniase, no qual o IGF-1I parece ter um papel importante ndo
sO na interagdo direta do M. leprae com a CS, mas também a nivel sistémico, durante a

evolucdo natural da doenca. Esperamos que nosso estudo possa contribuir principalmente
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como um auxilio no desenvolvimento de ferramentas que possam refletir no controle da
doenca e no progndstico dos episddios reacionais.

Como perspectivas, pretendemos conduzir um estudo prospectivo para uma andlise
mais ampla das alteracdes do eixo HPA e somatotréfico (GH/IGF-1) em pacientes com
hanseniase que apresentarem ou nao episddios reacionais tipo | ou Il. Imaginamos que possa
existir uma correlacdo entre a expressdo de citocinas inflamatérias e a alteracdo do eixo
GH/IGF-I, que suportem a indicagdo deste hormdnio como fatores preditivos dos episodios

reacionais. Seguem algumas metas inicialmente tracadas:

)} Determinar os niveis circulantes do horménio adrenocorticotréfico (ACTH), GH,
IGF-1, IGFBP-3 e cortisol, bem como das citocinas pro-inflamatérias IL-1b, IL-6,
TNF-a e IFN-g;

i) Verificar a associacdo das alteragdes no eixo GH/IGF com o quadro clinico
apresentado pelos pacientes durante os episddios reacionais;

iii) Analisar a expressdo dos receptores para IGF-I, GH e glicocorticdides em lesdes
de pele de pacientes;

iv) Avaliar o grau de apoptose e a producdo espontdnea de IGF-1 em células
mononucleares de sangue periférico (PBMC);

V) Quantificar a producéo in vitro de IGF-1 em PBMC de pacientes estimulados com

GH e fragOes purificadas do M. leprae.
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A partir dos dados obtidos durante o desenvolvimento deste trabalho podemos concluir que:

1. M. leprae inibe a ativagdo de caspase-3 em CS da linhagem ST88-14, como um

mecanismo de prevenir a apoptose induzida por privagao de soro;

2. M. leprae induz a expressio de RNAm e producdo de IGF-I1 em CS da linhagem
ST88-14,

3. Culturas de CS da linhagem ST88-14 estimuladas com M. leprae e cultivadas em meio
sem soro apresentaram maior grau de proliferagdo comparado as culturas néo

estimuladas;

4. A estimulagdo com M. leprae foi capaz de induzir a expressdo de RNAm e producdo

de IGF-1 em CS humanas primérias e da linhagem ST88-14;

5. A quantificagdo dos niveis circulantes de IGF-1 e IGFBP-3 em pacientes com
hanseniase com as diferentes formas clinicas, e em pacientes reacionais e nao
reacionais mostrou alteracGes significativas no eixo somatotrofico durante o curso da
infeccdo pelo M. leprae. Estas alteracGes se correlacionaram com a forma clinica,
assim como, com a estabilidade da resposta imuno-inflamatéria do hospedeiro contra

0s antigenos micobacterianos, assim resumidas:

Verificamos que pacientes ndo reacionais com a forma LL apresentaram niveis

circulantes reduzidos de IGF-I e IGFBP-3 quando comparados aos individuos sadios;

Os pacientes ndo reacionais com a forma LL apresentaram niveis circulantes de IGF-I
e IGFBP-3 reduzidos em comparacdo com pacientes com a mesma forma clinica que

desenvolveram reacdo tipo IlI;

Durante a reagdo tipo Il os niveis séricos de TNF-a encontraram-se aumentados em
relagdo aos niveis observados no momento do diagnostico da hanseniase e aos

individuos sadios;
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Os pacientes ndo reacionais com a forma BL apresentaram niveis circulantes de IGF-I
comparaveis aos individuos sadios, entretanto a maioria dos pacientes que
desenvolveram reacdo tipo | apresentou niveis de IGF-I e IGFBP-3 abaixo da faixa de

normalidade;

Durante ambos os tipos de reacdo, os niveis circulantes de IGF-1 e IGFBP-3 tentam

alcangar os niveis observados nos pacientes ndo reacionais.

Com base nas conclusdes acima, nossos dados sugerem fortemente o envolvimento do
sistema IGF na interagdo do M. leprae com sua célula hospedeira preferencial no nervo
periférico, a CS, bem como sua participacdo sistémica durante a evolucdo natural da
doenca e, indicam a avaliacdo dos niveis séricos de IGF-1 e sua principal proteina ligante,
a IGFBP-3 com potenciais candidatos na identificagdo do grau de risco para o

desenvolvimento de episddios reacionais em pacientes com hanseniase.
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eprosy, also sometimes called

Hansen’s disease, is a chronic

infectious disease caused by My-
cobacterium leprae, a slow-growing obli-
gate intracellular bacterial pathogen.
Leprosy has been an affliction of man-
kind for millenia; skeletal remains from
a middle-aged adult male, who was bur-
ied inside a stone enclosure at Balathal
in India sometime between 2500 and
2000 B.C., show pathological changes
that are highly indicative of the diag-
nosis of leprosy [1]. According to the
World Health Organization, 407,791
new cases of leprosy were detected
worldwide in 2004 [2]. Fortunately,
leprosy is a completely curable illness.
Therapy consists of a combination of
three antimicrobial agents (rifampicin,

Abbreviations: ADRP=adipose differentiation-
related protein, COX-2=cyclooxygenase 2,
LD=lipid droplet, LT=leukotriene, LX=lipoxin,
NSAID=nonsteroidal anti-inflammatory drug,
PAMP=pathogen-associated molecular pattern,
PLA,=phospholipase A
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clofazimine, and dapsone). The World
Health Organization provides these
drugs, packaged in convenient blister
packs, free of charge in all countries
where the disease is endemic.

Leprosy can present as a “tubercu-
loid” (“paucibacillary”) form, which is
characterized by the presence of one or
at most, a few well-delineated skin le-
sions, limited nerve involvement, ab-
sence of histologically detectable acid-
fast bacilli in skin and nerves, and the
local production of type 1 cytokines
(IFN-y, IL-2, IL-7, 1L-12, 1L-15, and IL-
18) [3]. Leprosy also can present as a
disfiguring “lepromatous” (“multibacil-
lary”) form, which is characterized by
cutaneous nodules and extensive areas
of dermal thickening. In lepromatous lep-
rosy, the skin lesions are infiltrated heavily
by foamy macrophages, easily detectable
leprosy bacilli within macrophages and
nerves, and the production of type 2 cyto-
kines (IL4, IL-5, and IL-10) [3].

The tuberculoid and lepromatous
forms of leprosy represent two extremes

of a spectrum of disease manifestations;
intermediate forms of the disease are
common. The immunological re-
sponse mounted by the host dictates
the clinical phenotype that develops.
In patients with tuberculoid disease,
the immune response is polarized in
the Th1 direction, whereas in cases of
lepromatous leprosy, the immune re-
sponse is polarized in the Th2 direc-
tion [4].

In some countries, leprosy remains an
important public health problem. This
fact alone is sufficient to promote ongo-
ing research related to the responses of
immune cells, particularly macrophages,
to M. leprae. However, even if leprosy is
successfully eliminated as a public
health problem worldwide (and elimina-
tion is the goal of the World Health
Organization), studies of the interac-

1. Correspondence: University of Pittsburgh, De-
partments of Critical Care Medicine, Surgery
and Pharmacology, 10801 National Blvd., Pitts-
burgh, PA, USA. E-mail: finkmp@ccm.upmc.
edu
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tion of M. leprae with macrophages will
still be relevant, as the results ob-
tained are likely to provide broader
insights into the complex factors that
regulate responses of the innate im-
mune system to pathogens and PAMP
molecules.

In this issue of the Journal of Leukocyte
Biology, Mattos and co-workers [5]
present the results of a series of experi-
ments that focused on the accumulation
of lipids in macrophages associated with
the cutaneous lesions of lepromatous
leprosy. These foamy-appearing, lipid-
laden cells, which were described first
by the great pathologist Rudolph Vir-
chow, are a hallmark of lepromatous
leprosy and bear strong resemblance to
the foam cells commonly seen in his-
topathological sections of atheromatous
vascular lesions. Using immunohisto-
chemical methods, Mattos et al. [5]
showed that the foamy cells in tissue
sections of lepromatous leprosy lesions
stained with an antibody that recognizes
the LD (see next paragraph) marker,
ADRP, also known as adipophilin. These
same cells also stained positively for
CD68, confirming that they were macro-
phages. Increased expression of ADRP
has been shown to be a sensitive marker
for lipid-loading (foam cell formation)
by macrophages [6].

LDs, also called lipid storage droplets,
are cytoplasmic structures, which are
surrounded by a phospholipid-contain-
ing monolayer, and store neutral lipids
in their core. In most tissues, triglycer-
ides and sterol esters are the most abun-
dant constituents of the LD core, but
other endogenous neutral lipids, such
as free cholesterol, can also be present
[7]. LDs are found in most mammalian
cell types, including adipocytes, hepato-
cytes, fibroblasts, and macrophages. Rel-
evant to the paper under discussion
here, previously reported results from a
study of fetal membranes showed that
key enzymes involved in the synthesis of
PGs, such as PLA,, COX-2, and microso-
mal-associated PGE synthase-1, can be
localized to LDs [8].

By studying macrophages obtained
from wild-type as well as TLR2- and
TLR6-deficient mice, Mattos et al. [5]
obtained evidence in support of the
view that both of these pattern recogni-
tion receptors play a role in triggering

macrophages to form LDs following ex-
posure to M. leprae. Moreover, these au-
thors showed that macrophages infected
with M. leprae are stimulated to secrete
one or more soluble factors, which pro-
mote LD formation in uninfected cells.
The soluble factor(s) that are responsi-
ble for this paracrine phenomenon re-
main to be identified. Perhaps most im-
portantly, Mattos and co-workers [5]
showed that the accumulation of LDs
in macrophages exposed to M. leprae is
associated with increased secretion of
the potent immunomodulating lipid
mediator, PGE,. Experimental condi-
tions that inhibited M. lepraeinduced
LD formation also down-regulated M.
leprae-induced PGE, secretion, sup-
porting the notion that LDs are im-
portant for PGE, biosynthesis by M.
leprae-infected cells.

Conventional NSAIDs, such as
naproxen, or COX-2-selective inhibitors,
such as celecoxib, are thought to exert
their salutary pharmacological effects—
reduction in the pain, redness, and
swelling of joints affected by rheumatoid
arthritis, for example—by down-regulat-
ing production of PGE, (and perhaps
other related PGs). These pharmacolog-
ical observations support the notion that
PGE, is a “proinflammatory” mediator.
However, the dichotomous characteriza-
tion of mediators as being proinflamma-
tory or “anti-inflammatory” is often too
simplistic. Yes, there is abundant evi-
dence that PGE, elicits some of the car-
dinal features of inflammation; i.e., it is
proinflammatory. By the same token,
however, it is also clear that PGE, is a
potent inhibitor of many aspects of in-
nate and adaptive immune system func-
tion [9, 10].

In accordance with this latter con-
cept, some studies suggest that the abil-
ity of macrophages to kill bacteria is
down-regulated by PGE, [11]. Further-
more, it has been known for many years
that M. lepraeburdened macrophages
tend to be unresponsiveness to activa-
tion induced by IFN-y, and this effect
can be abrogated by treating the cells
with the NSAID indomethacin to block
PG production [12]. Moreover, feeding
mice an essential fatty acid-deficient diet
(a classical way to inhibit synthesis of
PGE, and other eicosanoids) has been
shown to promote in vivo killing of M.
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leprae [13]. Thus, armed with the new
data reported in this issue of the jJour-
nal of Leukocyte Biology by Mattos et al.
[5], it is not too big a stretch to pro-
pose that LD formation in macro-
phages is not only a characteristic fea-
ture of lepromatous leprosy but also is
a key pathophysiological mechanism
that inhibits development of a robust
Th1 response and eradication of the
pathogen.

When arachidonic acid is liberated
from phospholipids by the enzyme
PLA,, three main classes of downstream
products (eicosanoids) can be pro-
duced: PGs, such as PGE; LTs, such as
LTB,; and LX, such as LXA,. As noted
above, LD-dependent PGE, synthesis
might account for the persistence of M.
leprae in infected macrophages. How-
ever, it is also conceivable that an eico-
sanoid, belonging to an entirely differ-
ent class, might be responsible. This
notion is suggested by recently reported
data, showing that virulent (but not
avirulent) strains of Mycobacterium tuber-
culosis induce production of LXA, by
infected macrophages [14]. According
to this view (and in contradistinction to
the concept presented in the previous
paragraph), PGE, production limits
bacterial replication in macrophages
infected with M. tuberculosis by promot-
ing apoptosis of these cells. LXA, pro-
duction inhibits PGE, synthesis and
thereby promotes evasion by the
pathogen of macrophage-mediated
defenses [15]. Thus, at first glance,
the role of PGE, as a modulator of
bacterial clearance seems like it might
be at polar extremes for infections
caused by two different mycobacterial
pathogens: M. leprae on the one hand
and M. tuberculosis on the other. At a
minimum, it would be simpler and
hence, more satisfying intellectually if
a more-unifying hypothesis to explain
these phenomena can be formulated.
Further studies are clearly necessary to
sort out the relationships in these in-
fections among the formation of LDs,
bacterial persistence in macrophages,
and the production of the eicosanoids,
PGE, and/or LXA,.

There is widespread consensus that
genetic factors determine the suscepti-
bility of humans to infection with M.
leprae [16, 17]. Genetic factors almost
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certainly also play a key role in deter-
mining whether infection leads to the

tuberculoid form of the disease, the lep-

romatous form of the disease, or an in-

termediate manifestation. Given the im-

portance of TLR-mediated signaling for
host resistance to microbial pathogens,

much of the research into the influence

of genetic background on leprosy has
focused on polymorphisms in various
TLR genes [16, 18] or other PAMP re-
ceptors [19]. In view of the findings
presented by Mattos et al. [5], it would

not be surprising, however, to learn that

genetic variations in the tendency to
form LDs in macrophages might also
be quite important. By extension, one
also has to wonder about the role of
LDs in modulating the responses of
macrophages to pathogens other than
M. leprae.
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ABSTRACT

A hallmark of LL is the accumulation of Virchow’s
foamy macrophages. However, the origin and nature
of these lipids, as well as their function and contribu-
tion to leprosy disease, remain unclear. We herein
show that macrophages present in LL dermal lesions
are highly positive for ADRP, suggesting that their
foamy aspect is at least in part derived from LD (also
known as lipid bodies) accumulation induced during
ML infection. Indeed, the capacity of ML to induce LD
formation was confirmed in vivo via an experimental
model of mouse pleurisy and in in vitro studies with
human peripheral monocytes and murine peritoneal
macrophages. Furthermore, infected cells were
shown to propagate LD induction to uninfected,
neighboring cells by generating a paracrine signal, for
which TLR2 and TLR6 were demonstrated to be es-
sential. However, TLR2 and TLR6 deletions affected
LD formation in bacterium-bearing cells only partially,
suggesting the involvement of alternative receptors
of the innate immune response besides TLR2/6 for
ML recognition by macrophages. Finally, a direct cor-
relation between LD formation and PGE, production
was observed, indicating that ML-induced LDs consti-
tute intracellular sites for eicosanoid synthesis and
that foamy cells may be critical regulators in subvert-

Abbreviations: ADRP=adipose differentiation-related protein, B6
mice=C57BL/6J mice, BCG=bacilus Calmette-Guerin, BP=Bodipy
(4,4-diflucro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene),
CHO=cholesterol, CHOE=CHO ester, CM=conditioned medium, COX-
2=cyclooxygenase type 2, Cyt B=cytochalasin B, DAPI=4",6-diamino-2-
phenylindole, EIA=enzyme immunoassay, FL=flucrescence channel,
HPTLC=high-performance thin-layer chromatography, i.pl.=intrapleurally,
LD=lipid droplet, LL=lepromatous leprosy, MFI=mean flucrescence inten-
sity, ML=Mycobacterium leprae, MOl=muiltiplicity of infection, NIH=National
Institutes of Health, NS-398=N-(2-cyclohexyloxy-4-nitrophenyl) methane
sulfonamide, Pl=propidium iodide, TLR”~=TLR-signaling deficient,
TT=tuberculoid leprosy, WT=wild-type
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ing the immune response in leprosy. J. Leukoc. Biol.
87: 371-384; 2010.

Introduction

Leprosy, a chronic, infectious disease caused by the obligate
intracellular bacterium ML, is still a major source of morbidity
in developing countries [1]. The disease principally affects the
skin and the peripheral nervous system, in which the leprosy
bacillus is found preferentially inside macrophages and
Schwann cells [2-4].

Leprosy manifests as a spectrum of clinical forms in corre-
lation with the nature and magnitude of the innate and
adaptive immune response generated during ML infection
[3, 5, 6]. At one extreme of the spectrum, individuals with
TT have few lesions and manifest a contained and self-lim-
ited infection in which scarce bacilli are detected as a result
of the generation of a strong cellular immune response
against ML. At the other end, LL is a progressive and dis-
seminated disease characterized by extensive bacterial multi-
plication within host cells and low cell-mediated immunity to
the pathogen. Although major advances have been made, the mech-
anisms responsible for the permissive infection observed in individu-
als with LL remain only partially understood.

The first line of defense against microbial pathogens is
composed of macrophages, so that their innate responses
are critical in the early containment of infection. Their ca-
pacity to engulf and expose microbes to the acidic and hy-
drolytically active environment of the phagosome is in most
cases sufficient to bring about the demise of these microbes
[7, 8]. In addition, macrophages are equipped with a full

1. These senior authors equally contributed to the study.

2. Correspondence: Laboratério de Microbiologia Celular, Instituto Oswaldo
Cruz, Avenida Brasil, 4365, Rio de Janeiro, 21040-360, Brazil. E-mail:
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range of TLRs and other pattern-recognition receptors ca-
pable of sensing the microbial presence [9-13]. The stimu-
lation of TLR signals triggers inflammation and induces
macrophage transition to immune effector cells, which by
antigen presentation, costimulatory activity, and production
of cytokines and chemokines, will dictate the nature of the
adaptive immune response to the pathogen. Macrophages
are also essential players in mycobacterial infection [11, 13-
16]. However, mycobacteria may persist and replicate in
macrophages, whether in part by modulating the phagoso-
mal compartment [16-18] or by inducing macrophage de-
activation [16, 19].

The clinico-pathological bipolarity observed in leprosy may
stem from the dual responses of monocytes and macrophages
to ML in LL and TT patients [20]. Indeed, a histopathological
hallmark of LL not seen in TT lesions is the presence of large
collections of highly infected macrophages, in which bacilli are
allowed to multiply and form globis. In 1863, Virchow [21] de-
scribed these macrophages originally, also referred to as Vir-
chow or Lepra cells and often characterized as foamy or lipid-
laden cells. These cells accumulate large amounts of lipids, but
the mechanisms that regulate this lipid accumulation, as well
as whether they are bacterial and/or cell host products remain
nebulous [22]. These lipids, including phospholipids and fatty
acids, were thought initially to be derived from ML [22]. Very re-
cently, however, a more detailed analysis of the lipid metabolism in
LL lesions indicated the accumulation of host-derived, oxidized
phospholipids in these cells [23]. Moreover, the same study showed
that these lipids are able to down-regulate the innate immune
response, suggesting that their accumulation in infected cells may
favor bacterial growth and persistence in the host.

In parallel with this information, studies have shown re-
cently that leukocytes are able to accumulate lipids in response
to infection and inflammation and that these lipids are orga-
nized in nonmembrane-bound cytoplasmic organelles known
as LDs or lipid bodies [24, 25]. Consistent with the role of leu-
kocytes in inflammation, the LDs formed by these cells consti-
tute production sites of inflammatory mediators, enriched by
arachidonate esterified in neutral lipids, phospholipids, and
eicoisanoid-forming enzymes [25-27].

In terms of mycobacterial infections, we have shown recently
that Mycobacterium bovis BCG, but not Mycobacterium smegmatis, a
saprophytic bacterium, induced a time- and dose-dependent
increase in LD formation and that this induction was mediated
through BCG recognition by TLR2 [24, 28]. Moreover, we
have also demonstrated that the newly formed LDs were the
predominant PGE, production sites in BCG-activated macro-
phages [28]. These data provide evidence that leukocyte LDs
may play a critical role in immunity and inflammation.

LD structure consists of a neutral core composed of triacyl-
glycerol, CHOE, and diacylglycerol surrounded by a half-unit
membrane of a complex variety of phospholipids [29, 30].
One of the major proteins found on the LD surface is the
ADRP (adipophilin), which has been implicated in LD biogen-
esis and assembling [25, 31]. Besides ADRP and eicosanoid-
forming enzymes, other proteins present in LDs include en-
zymes involved in the biosynthesis and degradation of other
lipid molecules, caveolin, proteins of the Rab family [32, 33],
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protein kinases [34, 35], and cytokines [28, 36], all of which
are essentially pointing to a multifunctional role for these or-
ganelles in several cellular processes.

In the present study, we detected LDs inside macrophages
present in the dermal lesions of LL patients and investigated
the mechanisms involved in ML-induced LD formation. The
data presented show that LD formation is induced during ML
infection and suggest the involvement of these organelles in
PGE, biosynthesis and leprosy pathogenesis.

MATERIALS AND METHODS
ML

James Krahenbuhl (National Hansen’s Disease Program, Laboratory Re-

search Branch, Louisiana State University, Baton Rouge, LA, USA),
through National Institute of Allergy and Infectious Diseases/NIH (Be-
thesda, MD, USA), Contract No. 155262, kindly provided ML, prepared
from footpads of athymic nu/nu mice. Part of the ML suspension was
killed by y-irradiation [37]. Prior to interactive assays with macrophages,
dead bacteria were stained with PI (Sigma Chemical Co., St. Louis, MO,
USA) and live bacteria with PKH26 Red Fluorescence cell linker kit
(Sigma Chemical Co.). Equal volumes of dead bacterial suspension
(1X10° ml~" in 10 mM PBS, pH 7.2) and PI solution (100 ug ml~' in
PBS) were mixed by rotation for 15 min at room temperature. The PI-
labeled bacteria were washed three times in PBS and finally suspended
in RPMI 1640 at 1 X 10° bacilli m1~" [38]. Alternatively, live ML was
prelabeled with a PKH26, according to the manufacturer’s instructions.
Aliquots were stored at —20°C and thawed immediately before use. The
quality of labeling was checked by fluorescence microscope.

Animals

B6 mice were obtained from the Oswaldo Cruz Foundation Breeding Unit
(Rio de Janeiro, R], Brazil). Shizuo Akira (Osaka University, Osaka, Japan)
donated TLR2 and TLR6 knockout mice in a homogeneous B6 back-
ground. Animals were caged with free access to food and fresh water in a
room at 22-24°C and a 12-h light-dark cycle. Animal protocols were in
agreement with the animal care guidelines of the NIH and were approved
by the Animal Welfare Committee of the Oswaldo Cruz Foundation.

Isolation and treatment of mononuclear phagocytes
with ML

Mouse resident peritoneal macrophages were recovered from unstimulated
mice after peritoneal washings with RPMI medium as described previously
[39]. Cells were plated at a density of 1 X 10° cells in 1 ml medium (RPMI
1640 supplemented with 2% heat-inactivated FBS and 1% penicillin-strepto-
mycin; Invitrogen, Eugene, OR, USA) /well in a 24-well tissue-culture plate.
For microscope visualization, cells were plated in tissue-culture dishes con-
taining glass coverslips. Peritoneal macrophages were allowed to adhere for
2 h at 37°C in a 5% CO, atmosphere and subsequently washed with PBS to
remove nonadherent cells. ML was added to the culture at a MOI of five
bacilli/cell (5:1) for 1 h. In some experiments, cells infected with BCG
(MOI=5) or M. smegmatis (MOI=5) or stimulated with LPS (500 ng mI™")
were included as controls. Cultures were then washed three times with PBS
and incubated for 24, 48, and 72 h at 37°C in 5% CO,. Alternatively, mice
were i.pl-injected with ML (5X10° bacilli/cavity) in 100 ul sterile saline.
Control animals received the same volume of sterile saline only. After 24
and 48 h, the animals were killed by CO, inhalation, and their thoracic
cavities were washed with 1 ml heparinized PBS (10 Ul ml™).

Human PBMCs were isolated from fresh heparinized blood with-
drawn from healthy volunteers and prepared by way of Ficoll-Hypaque
density gradient centrifugation (Sigma Chemical Co.). Monocytes were
isolated from PBMC by exploiting their ability to adhere to plastic sur-
faces. The cells were allowed to adhere for 2 h in serum-free medium
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and then washed to remove the nonadherent cells. Monocytes were
treated with ML as described above.

In the inhibitory studies, cells were pretreated with Cyt B (20 uM, Sigma
Chemical Co.) or the nonesteroidal drug NS-398 (1 uM, Biomol, Plymouth
Meeting, PA, USA) for 30 min at 37°C. As mentioned previously, after two
washings with RPMI medium, cells were treated with ML. The supernatants
were collected after 48 h, centrifuged for 5 min at 3000 g, filtered (0.2
wm), and then frozen until testing for biological effects.

LD evaluation by microscopy

Cells adhering to coverslips were fixed in 3.5% paraformaldehyde in Ca®"/
Mg**-free HBSS, pH 7.4, for 10 min and stained by osmium tetroxide or
BP [40, 41]. Briefly, slides were rinsed in 0.1 M cacodylate buffer (pH 7.4),
stained in 1.5% osmium tetroxide (30 min), rinsed in water, immersed in
1.0% thiocarbohydrazide (5 min), rinsed in water, rinsed in 0.1 M cacody-
late buffer, restained in 1.5% osmium tetroxide (3 min), rinsed in water,
dried, and mounted. For fluorescent LD-labeling, cells were incubated with
BP 493/503 dye (Molecular Probes, Eugene, OR, USA) at a final concen-
tration of 1 uM for 45 min at 37°C in PBS, pH 7.8. The slides were stained
with 2 uM DAPI (Invitrogen) at room temperature for 5 min. The cover-
slips were then mounted in 20% glycerol and 1% n-propyl gallate in PBS.
Preparations were examined using an Olympus BX-FLA microscope
equipped with a Plan Apo 100X 1.4 Ph3 objective (Olympus Optical, Ja-
pan) and CoolSNAP-Pro CF digital camera in conjunction with Image-Pro
Plus Version 4.5.1.3 software (Media Cybernetics, Bethesda, MD, USA).
The images were edited using Adobe Photoshop 5.5 software (Adobe Sys-
tems, McLean, VA, USA). The morphology of the fixed cells was observed,
and LDs were enumerated at 100X in 50 consecutively scanned cells.

Analysis of LDs using FACS

The adherent cells were detached by trypsin-EDTA treatment (Invitrogen).
Cells were washed in PBS, fixed with 4% paraformaldehyde, and incubated
with 1 uM BP for 15 min at 37°C, and LD induction was measured at FL.1
channel and was expressed as MFI. Bacterial association to cells was mea-
sured at FL2 or FL3 by PKH26- or PI-labeled bacteria, respectively. The in-
dex of bacterial association (percent) is expressed as percent of cells taking
up PI- or PKH26-ML. Two-color flow cytometric acquisition and analysis
were performed on a FACSCalibur flow cytometer (BD Biosciences, Heidel-
berg, Germany), and at least 10,000 cells were analyzed/sample. Quantita-
tive data analysis was performed using BD CellQuest Pro software (BD Bio-
sciences) and WinMDI analysis software.

Immunohistological analysis of ADRP expression

Lesional skin biopsies were obtained from a total of four LL patients diag-
nosed according to the Ridley-Jopling classification in attendance at the
Leprosy Out-Patient Unit (Oswaldo Cruz Foundation). The Ethics Commit-
tee of the Oswaldo Cruz Foundation approved the procedures described in
this study. Archived, snap-frozen in liquid N,, tissue sections from leprosum
lesions were subjected to immunohistochemical staining as described. Cryo-
stat sections (5 um-thick) were thawed on sylane-precoated slides and sub-
mitted to staining and immunostaining protocols. Standard staining was
done with H&E for morphological analysis and Wade-Fite staining to iden-
tify the mycobacteria [42]. Immunostaining was performed to detect the
ADRP protein and CD68 staining to highlight macrophage cells. For immu-
nodetection of ADRP, biopsies were washed with PBS and blocked and per-
meabilized with blocking buffer [5% newborn calf serum (Invitrogen) and
0.01% Triton (Sigma Chemical Co.) in PBS] for 1 h at room temperature.
Sections were incubated with mouse monoclonal anti-ADRP (AP125; Re-
search Diagnostics Inc., Flanders, NJ, USA), diluted in blocking buffer at
1:25 for 1 h at room temperature. The streptavidin-biotin peroxidase im-
munostaining duet kit (StreptABComplex/HRP Duet, Dako, Hamburg,
Germany) was used according to the manufacturer’s protocol. A mouse
IgG1 (BD Biosciences) was used as control. Sections were counterstained
with hematoxylin. The slides were mounted in 20% glycerol and 1% n-pro-
pyl gallate in PBS (pH 7.8) containing 2 uM DAPI (Invitrogen). For immu-
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nofluorescence microscopy, biopsies were incubated with primary antibody
against ADRP (1:25) or CD68 (1:100; Clone KP1, Dako), diluted in block-
ing buffer for 2 h at room temperature. Cells were washed extensively with
PBS and then incubated with IgG goat anti-mouse secondary antibody con-
jugated to Alexa488 or Alexa568 (Molecular Probes; 1:250) for 1 h at room
temperature. Cells were also labeled with the nuclear stain TO-PRO-3 (1:
100; Molecular Probes) for 1 h. After washing with PBS, cells were lastly
rinsed with water before mounting on slides. Negative controls were per-
formed under each experimental condition by incubating tissue with sec-
ondary but not primary antibodies. Immunodetection was carried out using
confocal microscopy. Fluorescence images were acquired with a LSM 510
Zeiss confocal microscope (Carl Zeiss Inc., Thornwood, NY, USA). Images
were acquired, colored, and merged via LSM 510 Zeiss software.

Measurement of PGE,

PGE, concentration was measured in cellfree supernatants via an EIA kit
(Cayman Chemical Co., Ann Arbor, MI, USA), using a plate reader (Lab-
systems, Helsinki, Finland). The assays were conducted according to the
manufacturer’s protocol.

Lipid extraction and analysis

Skin biopsies from LL patients and healthy volunteers were taken with a
6-mm punch. After mechanic disruption of tissues, lipids were extracted
with chloroform, methanol, and water (1:2:0.8 by vol) [43] and then
partitioned with chloroform and methanol (2:1 by vol), according to
the standard procedure of Folch et al. [44]. Neutral lipids were ana-
lyzed by one-dimensional HPTLC on Silica gel 60 plates (Merck, Darm-
stadt, Germany). Plates were first developed in hexane-ethyl ether-acetic
acid (60:40:1 by vol) until the solvent front reached the middle of the
plate and then in hexane-chloroform-acetic acid (80:20:1 by vol).
HPTLC plates were stained by spraying with a charring solution consist-
ing of 10% CuSO,, 8% H,PO,, and heated to 180°C for 5-10 min [45].
The charred TLC plate was then subjected to densitometric analysis us-
ing a photodensitometer with automatic peak integration (Camag TLC
Scanner II). The percentage of CHO and CHOE was calculated from
the total amount of lipid (set as 100%) isolated in each skin biopsy.

Cytokine analysis

IL-4, IFN-vy, IL-6, IL-17, TNF-, 1L-12, IL-1B, IL-10, MCP, and keratinocyte-
derived chemokine were analyzed simultaneously using luminex technology
in supernatants from ML-infected macrophages. A mouse multiplex cyto-
kine kit (Upstate Biotechnology, Lake Placid, NY, USA) was obtained, and
the assay was performed according to the manufacturer’s instructions using
the Bio-Plex system (Bio-Rad, Hercules, CA, USA). Data analysis was per-
formed with the Bio-Plex Manager software.

Statistical analysis

Data analysis was performed using the GraphPad InStat program (Graph-
Pad Software, Inc., San Diego, CA, USA), and the statistical significance
(P<0.05) was determined by the Student’s ttest.

RESULTS

Detection of LDs in skin biopsies of LL patients

As described above, a highly characteristic feature seen in
dermal lesions of LL patients is the accumulation of in-
fected foam macrophages, also referred to as Virchow cells
[21]. Given the fact that other mycobacterial species such as

M. bovis BCG are good inducers of LD formation in macro-
phages [28], we hypothesized that Virchow cells are the re-
sult of ML-induced LD accumulation during the course of
leprosy.
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To investigate this hypothesis, we immune-stained tissue
sections of LL lesions with specific antibodies that recognize
ADRP, a LD marker, and CD68, a macrophage marker. The
LL lesion was characterized by many parasitized foam cells
containing large multibacillary vacuoles (Fig. 1A). The le-
sion exhibited strong staining for ADRP-labeled LDs (Fig.
1B). Moreover, immunofluorescence staining for CD68 and
ADRP demonstrated that the ADRP-reactive cells were
CD68+, confirming they were macrophages (Fig. 1C is iso-

type control; Fig. 1D is ADRP; Fig. 1E is CD68+; Fig. 1F is
merged). These data suggest that the foamy aspect of ML-
infected macrophages in LL lesions is derived from the ac-
cumulation of lipids stored in cellular organelles identified
as LDs.

As LDs are known to be enriched in free CHO and
CHOE [46-48], the relative content of these lipids was
then examined by HPTLC comparing skin biopsies from LL
versus healthy controls. This analysis revealed an increase of
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Figure 1. Expression of ADRP in skin biopsy speci-
mens of LL lesions. Serial sections of skin biopsies from
* LL patients (n=4) were stained by Wade (A), showing
foamy macrophages containing the characteristic ML
bacilli (arrows), and by the immunoperoxidase method
with a mAb specific for ADRP (B), showing positive
staining (arrows). Imunofluorescence confocal images
for the marker ADRP (green labeling indicated by the
arrows, D) and CD68 (red labeling indicated by the ar-
rows, E). The images were superimposed, and the colo-
calization is represented by the yellow signal (arrows, F).
ADRP-positive cells were also positive for CD68. Nuclei
(blue) were labeled with TO-PRO-3. No fluorescence
L was observed for the Alexab461abeled mouse isotype
control IgG (C). Original bar, 20 um; original magnifi-
cation, 63X. (G) HPTLC of neutral lipids extracted
from skin biopsies of LL patients and healthy controls
detected by charring. The content of each class of lipid
was estimated by densitometry and plotted as a percent-
age. The vertical bars represent the sem of CHO and
CHOE levels of three LL patients and three controls

CHO

performed in duplicates. Bands were identified using pure chemical standards. *, Statistically significant differences (<0.05) when campared to control

groups.
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CHO and CHOE in LL as compared with healthy skin (Fig.
1G), suggesting that CHO homeostasis is modulated in re-
sponse to ML infection, leading to its intracellullar accumu-
lation as LDs.

In vitro induction of LD formation by ML

To confirm the capacity of ML to induce the formation of
LDs, murine peritoneal macrophages and human mononu-
clear phagocytes were stimulated in vitro with live and irra-
diated, killed bacteria. LD formation was determined by mi-
croscopic quantification and fluorescence changes measured
by flow cytometry. For light microscopy analysis, cells were
fixed appropriately, and LDs were enumerated after staining
with osmium tetroxide (Fig. 2A). Alternatively, the cells
were incubated with BP, a lipophilic fluorescent dye, and
the LD formation was analyzed by fluorescence microscopy
(Fig. 2, B and D) and flow cytometry (Fig. 2, C and E).

Mattos et al. Lipid droplet formation in leprosy

Murine and human ML-infected mononuclear phagocytes
showed an increase of LD numbers and in the MFI of the
BP probe in comparison with untreated cells (Fig. 2, C and
E). Moreover, as shown in Figure 2D, the capacity to induce
LD formation was independent of bacterial viability. Murine
macrophages treated with live or dead ML resulted in simi-
lar bacterial associations (data not shown) and induction of
LD formation (Fig. 2F). Therefore, as a result of difficulties
in obtaining live bacteria, subsequent experiments used irra-
diated, killed mycobacteria. Cells were also stimulated with
other mycobacterial species, corroborating the capacity of
BCG (see Fig. 4A) but not M. smegmatis (data not shown) to
induce LDs in macrophages. Finally, Figure 2G shows that
ML-induced LD biogenesis was time-dependent. Murine
macrophages were stimulated in vitro with bacteria for peri-
ods of time ranging from 24 h to 72 h, and LD formation
reached maximum levels at 48 h after treatment (Fig. 2G).
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Figure 2. ML induces LD formation in human and murine mononuclear phagocytic cells. (A) LDs were visualized as black cytoplasmatic, punctuate
inclusions (arrows) after osmium staining, and the quantification of these organelles was expressed in bar graphs as number of LD/macrophage.
(B and D) BP-labeled LD at 48 h subsequent to ML treatment was visualized as green inclusions (arrows). Nuclei were labeled with DAPI. The LD
level was monitored by flow cytometry using the BP staining method in human (C) and murine (E) cells. LD biogenesis was independent of bacte-
rial viability (F). Inset graph shows MFI values of BP. Quantification of LD was determined by enumeration of these organelles after osmium stain-
ing in the time course of in vitro experiments (G) and in vivo assays (H). All experiments were performed using a MOI of 5, and LDs were deter-
mined after 48 h, except for the time-course experiments. *, Statistically significant differences (P<0.05) when compared with control groups.
Original bars, 20 wm. Data are representative of four independent experiments and are expressed as the mean * sp of triplicates.
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Finally, the capacity of ML to induce LD formation
in vivo was confirmed via an experimental model of mouse
pleurisy induced upon bacterial i.pl. injection. Cells were
recovered 24 h and 48 h after injection, and LDs were then
stained with osmium tetroxide and quantified under a light
microscope. Figure 2H shows that cells recovered 48 h after
ML injection have increased formation of LDs markedly
when compared with cells recovered from uninfected ani-
mals (from 2.5=0.5 LDs/macrophage in controls to
23.67*1.5 LDs/macrophage in ML-treated animals;
P=0.0001). The same results were obtained when cells were
analyzed at 24 h postinjection, regardless of whether the
bacteria were alive or dead (data not shown). The in vivo
and in vitro data obtained so far suggest that LD formation
is a common response of macrophages during interaction
with ML and that LD is induced notwithstanding mycobacte-
rial viability.

ML-induced LD formation is observed in bacterium-
associated cells and in cells with no bacterium

We next investigated whether the effect of ML on LD for-
mation described herein was restricted to cells bearing bac-
teria. To this end, human peripheral monocytes were iso-
lated and exposed to fluorescent-labeled ML. Cells un-
treated or exposed to Pl-labeled ML were cultured for 48 h.
Cells were then stained with BP, and ML-induced LDs were
analyzed by flow cytometry and fluorescence microscopy.
Figure 3A shows that in ML-treated cultures, the LDs were
induced significantly in human macrophages bearing fluo-
rescent-labeled bacterium (ML-positive cells, BP*/PI") and
in cells with no bacterium (ML-negative cells, BP*/PI") in
comparison with untreated cells. However, all bacterium-
bearing cells were BP", and LD formation was significantly
higher in these cells in comparison with those without bac-
terium (from a MFI value of 15.22*1.4 in ML-negative cells
to 43.68%=3.0 in ML-positive cells; P=0.0004). An identical
result was obtained when murine macrophages were ML-
stimulated in vitro (from a MFI value of 27.2+4.4 in ML-
negative cells to 62.8%=2.6 in ML-positive cells; P=0.002; Fig.
3B) and in vivo (from a MFI value of 132.7+23.1 in ML-
negative cells to 633.3%=7.0 in ML-positive cells; P=0.002;
Fig. 3C). Moreover, immunofluorescence images obtained
from murine macrophages treated with Pl-labeled ML
showed increased numbers of BP-staining LDs in bacterium-
bearing cells and cells without bacterium (Fig. 3D).

Taken together, these results suggest that ML induces the
secretion of soluble factors in bacterium-associated cells and
that these soluble factors may act in a paracrine-signaling
circuit to induce LD formation in uninfected cells.

TLR2, TLR6, and cytoskeleton are involved in ML
induction of LD formation

The predominant receptor responsible for mycobacterium
recognition on macrophages is TLR2 [49]. We have also

shown previously that LD formation induced by BCG is me-
diated by TLR2 [28]. To understand how bacterial associa-
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tion modulates LD formation, the consequences resulting
from the absence of TLR2 signaling in ML-stimulated LD
formation were analyzed.

Peritoneal macrophages from WT and TLR2 ™/~ mice were
stimulated in vitro for 48 h with ML, and LD formation was esti-
mated by flow cytometry analysis and quantified by microscopic
analysis. As shown in Figure 4A, ML-induced LD formation was
partially impaired in TLR2-knockout macrophages (Fig. 4A), al-
though comparable levels of bacterial association were observed
in mutant and WT macrophages (Fig. 4A). As expected, no effect
of TLR2™~ on LD formation induced by LPS, a classical TLR4
ligand [50], was observed (Fig. 4A). In contrast, BCG, used as a
positive control, behaved similarly to ML. (Fig. 4A). These results
show that although the induction of LD formation in response to
ML appeared to be at least partially TLR2-dependent, it is dis-
pensable for bacterial association, indicating that TLR2 does not
mediate phagocytic recognition of ML in murine macrophages.

It has been demonstrated previously that TLR2 forms het-
erodimers with TLR1 or TLR6 in response to different li-
gands [12, 51-53]. In turn, we investigated whether the
TLR2/TLR6 heterodimer is necessary for LD biogenesis
during ML association by using TLR6™/~ macrophages. LD
formation was evaluated by FACS and microscopic analysis.
As shown in Figure 4B, LD formation induced by ML was
partially inhibited in the absence of TLR6. Moreover, as ob-
served for TLR2, the absence of TLR6 did not affect bacte-
rial association with murine macrophages (Fig. 4B). Thus,
these results indicate that TLR6 plays a significant role in
LD formation in response to ML, suggesting that the
TLR2/6 heterodimer constitutes a ML receptor signal for
LD biogenesis in macrophages.

To investigate whether bacterial phagocytosis is required
to elicit LD formation, mononuclear cells were pretreated
with the actin polymerization inhibitor Cyt B before the ad-
dition of ML. The inhibitory effect of Cyt B on phagocytosis
was monitored by flow cytometry using bacteria prestained
with PI. Figure 4C shows a 50% reduction in the number of
cells with associated bacteria in the presence of the drug,
coincident with the same reduction in number of LD (Fig.
4C, left) and BP fluorescence (MFI, Fig. 4C). This suggests
that ML internalization is involved in triggering the signal-
ing pathways that will culminate in LD formation, although
other cytoskeleton-dependent mechanisms besides phagocy-
tosis of the mycobacterium might also participate in the
mechanisms involved in LD biogenesis.

TLR2, TLR6, and cytoskeleton are essential for the
induction of LD formation by ML-infected cells in
uninfected, neighboring cells

To better understand the mechanisms involved in LD induction
by ML, we re-evaluated the effect of TLR2 and TLR6 depletions
by looking separately at cells bearing or not bearing bacterium.
This was performed by means of a two-color fluorescence FACS
analysis using PI-labeled bacteria and LDs stained with BP. Inter-
estingly, LD formation was abrogated completely in cells with no
bacteria (PI"; Fig. 5, A and B). However, the TLR2 or TLR6 ef-
fect on LD biogenesis in bacterium-bearing (PI") cells was less
drastic, partially decreasing the LD formation observed in WT
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Figure 3. ML-induced LD formation is observed in bacterium-associ-
ated cells and in cells with no bacterium. Bacterial association and L.Ds
were measured simultaneously by flow cytometry. The dot plot repre-
sents PI fluorescence (FL3) versus BP fluorescence (FL.1) of human
monocytes (A) and murine peritoneal macrophages (B) stimulated

in vitro with PHabeled ML or not (Control) for 48 h. Alternatively, PI-
labeled ML (5X10° bacilli/cavity) was used to induce LD forma-
tion in a murine model of pleurisy (C). MFI values of BP are
expressed in bar graphs. Separate analysis was performed in
cells with no bacteria (PI-negative cells) and cells bearing bac-
teria (PI-positive cells). Results from five representative experi-
ments are shown. *, Statistically significant differences
(P<0.05) when compared with control cells. Fluorescence im-

ages of macrophage cultures showing LDs in cells associated or

not with MLL (D). Red arrow, Pl-labeled ML; green arrows, BP-
stained LDs. Original bar, 20 um.
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Figure 4. TLR2/TLR6 and cytoskeleton are involved in ML induction of LD formation. Peritoneal macrophages from WT, TLR2 /", or TLR6 /"~
B6 mice were treated with ML, and LD formation was determined by microscopic quantification (osmium staining) and flow cytometry as de-
scribed in Figure 3. Reduced LD formation in response to ML was observed in TLR2 (A) and TLR6 (B) knockout macrophages, although the as-
sociation index of ML with these cells was identical to that of WT macrophages. PI-labeled ML (PI-ML) was used to determine the percentage of
cells bearing bacteria by flow cytometry. (A) Cells were also stimulated with BCG (MOI=5) or LPS (500 ng ml™") as positive and negative controls,
respectively. (C) The addition of Cyt B reduced LD biogenesis and the bacterial association index significantly. Data are representative of five in-
dependent experiments. Data indicate mean * sp of triplicates. *, Statistically significant differences (P<0.05) between ML-stimulated and control
cells. +, Significant differences (P<0.05) between the different ML-treated cell groups.

cells. Identical results were obtained when the effect of Cyt B was
analyzed (Fig. 5C), indicating that TLR2/TLR6 and the process
of phagocytosis or other cytoskeleton-dependent mechanisms are
required to complete induction of LD formation in bacterium-
bearing cells. On the other hand, in infected cells, TLR2/TLR6
and phagocytosis are indispensable for the LD induction in unin-
fected, neighboring cells. Imunofluorescence images of the same
cultures clearly show the exclusive presence of LDs in cells bear-
ing ML in TLR2™/~, TLR6 /", or Cyt B-treated macrophages
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(Fig. 5, A-C, right panel), in contrast to Cyt B-untreated WT
cells, in which numerous LDs can be seen in infected and unin-
fected cells (Fig. 3D).

Media conditioned by ML-stimulated macrophages
mimicked the LD induction activity of the bacteria
To test the hypothesis that ML induces macrophages to se-
crete soluble factors that regulate LD formation, the CM of
ML-treated cells was tested for the capacity of CM to induce
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spond to TLR2™/~ (A), TLR6 /" (B), or Cyt B-treated cells (C). Nucleated cells were marked with DAPI (blue). Original bars, 20 pum. Data are
presented as the mean * sp from three independent experiments. *, Statistically significant differences (P<0.05) between the macrophage groups
treated with ML and control cells. +, Significant differences (P<0.05) between the WT and TLR macrophages and between macrophages pre-

treated or not with Cyt B.

LD formation. CMs were generated from peritoneal macro-
phages, treated or not with ML for 48 h, and then used to
treat fresh cells for another 48 h. As shown in Figure 6A,
incubation of macrophages with the CM from cells pre-
treated with ML resulted in significant LD induction relative
to the CM from control cells (from a MFI value of 20.2+1.6
in control cells to 37.06%x1.9 in cells treated with CM from
ML-treated cells; P=0.002). This result confirms that soluble
factors are secreted upon ML-macrophage interaction and
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that these factors are capable of inducing LD formation in
uninfected cells.

Generation of the paracrine signal by ML-infected
cells is dependent on cytoskeleton and TLR2

As cytoskeleton was shown previously to be essential in in-
ducing LD formation in adjacent, uninfected cells, we next
tested the capacity of the CM generated from ML-treated
macrophages in the presence of Cyt B to induce LD forma-

Volume 87, March 2010 Journal of Leukocyte Biology 379



JLB

Figure 6. The generation of the A
paracrine signal in ML-infected

I:] control

[ Y B

D control B L

cells is dependent on cytoskeleton 40+ s
and TLR2. (A) Murine macro-
phages were treated with CM from
macrophages pretreated or not
with ML, and LD formation was
determined by flow cytometry. CM
from ML-treated cells induced LD
formation, in contrast to CM taken 10+
from control cells or cells pre-

treated with Cyt B prior to bacte- 0

BP-labeled LD
(MFI)

150

100+

W
e

BP-labeled LD
(MFI)

0

rial stimulation. (B) Effect of TLR

CM-donor cell WT  WT TLR2#

WT  WT

on paracrine signaling induced by
ML. WT or TLR2™/~ macrophages
were treated with CM from control

Recipient cell WT TLR2+

WT cells, ML-treated WT cells C 2000
(ML-WT), and ML-stimulated WT
TLR2 7~ cells (ML-TLR2™ /7). (C)
Cytokine/chemokine levels were
determined by multiplex assay in
the CM following treatment with
ML in macrophages pretreated
with Cyt B or TLR2 depleted. IL-
10/I1-12 ratios are expressed as
percentage of the ratio observed in
CM from control, ML-treated mac- 0-
rophages. (D) IL-1B production ML + +
(ng mL™). Data are presented as CytB ) +

1000 -

IL-10/IL12 ratio

D

TLR2* 10+ wr TLR2+

IL-1 p{ng/mL)
i

+ ML - + -+ -+
- cytB - -+ + - -

the mean * sE from three independent experiments. *, Statistically significant differences (P<0.05) between the macrophage groups treated with
CM derived from ML-stimulated cells and cells treated with CM from control cells. +, Significant differences (P<0.05) between the macrophage
groups treated with CM from ML-stimulated cells, pretreated or not with Cyt B.

tion. As expected, CM generated in the presence of the
drug showed no effect on LD formation (Fig. 6A), suggest-
ing that bacterial internalization is necessary to trigger cell-
signaling events that would culminate in the release of LD-
inducing molecules from ML-associated macrophages. As a
whole, these results suggest that ML phagocytosis is essential
to inducing the secretion of molecules that will act in a
paracrine circuit to induce LD formation in adjacent cells.
The involvement of TLR2/TLR6 in the generation of this
paracrine signaling was then investigated, as the absence of
these receptors abrogated ML induction of LD formation
completely in uninfected cells (Fig. 5, A and B). The
TLR2/TLR6 heterodimer could be acting at the infected-
cell level and participating in the signaling cascade neces-
sary for the production of soluble factors, or the here-
todimer may be acting as a pathogen-associated molecular
pattern receptor on the membrane of uninfected cells in
recognizing the bacterial molecules originating from cell-
bearing bacteria. To discriminate between these two possi-
bilities, we recovered CM from WT and TLR2™ /"~ cells, pre-
treated or not with ML, and subsequently, tested the ability
of CM to induce LDs in WT and TLR2™ /"~ cells. When CM
from WT ML-treated macrophages were used to stimulate
TLR2 /" cells, a significant increase in LD formation was
observed (from 60.3%=0.6 LLDs in control cells to 118.3*+13.8
LDs in CM-treated cells; P=0.04), indicating that TLR2 is
not required for macrophages to respond to LD-inducing
molecules secreted by infected cells (Fig. 6B). However, CM
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obtained from ML-treated TLR2 ™/~ cells failed to induce
LD formation in cells expressing TLR2 (WT; from a MFI
value of 66.8+2.2 in control cells to 71.4%1.3 in CM-treated
cells; P=0.2), indicating that infected macrophages require
TLR2 expression to generate the paracrine signal capable of
inducing LD formation.

As reviewed extensively elsewhere, mycobacterial infection
modulates the production by macrophages of a number of
cytokines [54, 55]. In addition, it has been described previ-
ously that cytokines and chemokines may participate in the
signaling that leads to LD formation [25, 47, 56, 57]. Thus,
to investigate the potential involvement of cytokines/che-
mokines as LD-inducing molecules secreted by ML-infected
macrophages, a multiplex cytokine analysis was performed
comparing active (CM produced by ML-infected WT macro-
phages) with inactive (CM derived from ML-infected
TLR2 /" and cells pretreated with Cyt B) LD-forming CM.
The only cytokine that showed a significant decrease in CM
Cyt B-treated and TLR2 ™/~ ML-infected cells was derived
from IL-18 (Fig. 6C). Interestingly, the IL-10/IL-12 ratio
(taken as a reflection of an anti- vs. proinflammatory bal-
ance) followed a similar trend as IL-13, with lower values in
inactive CM, suggesting that this cytokine balance may favor
LD formation in uninfected cells. In these assays, no corre-
lating was observed with TNF-a and MCP-1 levels, corrobo-
rating previous results, in which these mediators were
shown not to participate in LD induction promoted by
BCG [28].
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Correlation between LD formation and PGE,
production in ML-treated mononuclear cells

We have demonstrated previously that LDs formed in response
to BCG constitute sites for eicosanoid synthesis, leading to in-
creased production of PGE, by infected macrophages [24, 28].
We then investigated whether regulation of LD numbers by
ML also correlated with PG production.

Figure 7, A and C, shows that human and murine macro-
phages produced significantly increased levels of PGE, after 48
h of ML infection, coinciding with the time-point of the high-
est LD formation. Moreover, NS-398, a nonsteroidal, anti-in-
flammatory drug, shown previously to inhibit BCG-induced LD
formation and PGE, production [28], was also able to abro-
gate ML-induced LD formation and PGE, production com-
pletely in murine macrophages (Fig. 7A). Lastly, treatment
with Cyt B or the TLR2 knockout, conditions shown previously
to reduce ML-induced LD formation, was also shown to inhibit
PGE, production partially (Fig. 7, A and B). Thus, within the
context of ML infection, these results indicate a correlation
between LD formation and lipid mediator production.

DISCUSSION

Leprosy provides an excellent opportunity to investigate mech-
anisms of innate and adaptive immunity in humans. As LDs
are emerging as key organelles involved in the innate immune
response during bacterial infection [24, 28, 58], in the present
study, we investigated the generation of these organelles dur-
ing ML infection. The data herein presented show that LD
formation is induced during ML infection, based on the fol-
lowing findings: the identification of LDs inside macrophages
present in the dermal lesions of LL patients via immunodetec-
tion of ADRP; and the rapid accumulation of these organelles
in ML-treated human monocytes and murine macrophages
and subsequent to in vivo i.pl. infection.

Our results indicating the accumulation of LDs enriched in
CHO and CHOE in LL lesions are consistent with previous re-
ports demonstrating that several host genes involved in lipid me-
tabolism, including ADRP and CD36, a selective lipid receptor,
are up-regulated in LL lesions and that at least part of the lipids
accumulated in macrophages are host-derived, oxidized phospho-
lipids [23, 59, 60]. In further support of these data, another re-
cent report has attested to the localization of ADRP in phago-
somes containing ML in LL lesions and the capacity of ML to
induce the expression of this protein in human phagocytes [61].

In vivo and in vitro assays showed that ML-induced LD for-
mation was independent of bacterial viability, suggesting that
bacteria may play a passive role in LD formation and that the
host cell might be the active player in this process. This obser-
vation is consistent with our previous data showing that dead
BCG (ref. [28] and K. A. Mattos, unpublished results) and
mannose-capped lipoarabinomannan purified from BCG, a
cell-wall constituent also present in ML, are able to induce LD
in macrophages [28]. Another interesting observation was the
capacity of ML to induce LD accumulation in bacterium-associ-
ated cells and in those cells with no bacterium. It was then
possible to investigate the mechanisms of LD induction by ML
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Figure 7. Correlation of PGE, production and LD formation in re-
sponse to ML. The levels of LLDs and PGE, were analyzed in murine
peritoneal macrophages: (A) pretreated with Cyt B, NS-398 (1 uM), or
an equal volume of vehicle or (B) WT peritoneal macrophages and
TLR2™/~ macrophages stimulated with ML or not. (C) LDs and PGE,
production were analyzed in monocytes from human peripheral blood
in response to ML. Induction of PGE, was measured by EIA in culture
supernatants, and LD levels were determined by flow cytometry of BP-
labeled cells. Data are representative of four experiments with sp. *,
Statistically significant differences (P<0.05) between macrophage
groups treated with ML and untreated, control cells. +, Significant
differences (P<0.05) between different ML-treated cell groups.
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in both cell populations. The TLR2 depletion did show a
strong inhibitory effect on LD formation in cells with no bac-
teria, having less of an impact in infected cells. This preferen-
tial effect of the TLR2 absence on cells not bearing bacteria is
explained by its effect on the generation of the paracine sig-
nal. This conclusion is supported by the inability of the CM
from TLR2™~ cells, in contrast to the CM originating from
WT cells, to induce LD formation in uninfected macrophages.
Moreover, the generation of the paracrine signal was also ab-
rogated by Cyt B, suggesting that TLR2 internalization is essen-
tial for this process to occur. This hypothesis is supported by a
recent report showing that TLR2 is internalized and localized
on the membrane of phagosomes that contain ML [62].

To define potential candidates involved in the paracrine sig-
naling, we assessed the levels of some cytokines/chemokines in
CM from ML infected macrophages. Interestingly, a positive
correlation of the IL-10/IL-12 ratio with the capacity of CM to
induce LD formation in uninfected cells was found. This ob-
servation correlates with the characteristic pattern of IL-10 pre-
dominance in LL lesions [63]. Moreover, I1-10 has been im-
plicated recently in foam cell formation in atherosclerosis dis-
ease, reinforcing the potential participation in vivo of the
cytokine balance in the generation and maintenance of abun-
dant LDs in LL lesions. Additionally, significantly higher levels
of IL-13 were found in CM capable of inducing LDs, suggest-
ing a potential contribution of this cytokine in promoting in-
tracellular lipid storage, as has been pointed out recently [48].
A more detailed investigation of the soluble factors responsible
for the paracrine LD-forming signaling produced by ML-in-
fected macrophages is under course.

As a potential cofactor for LD induction in ML infection, the
possible role of TLR6 was then studied, as it has been shown that
the latter heterodimerizes with TLR2 [10, 64, 65]. The TLR6 de-
letion alone showed an even higher impact than the TLR2 dele-
tion on MIL-induced LD formation in infected macrophages (Fig.
5, A and B). These results are in agreement with the expression
profile of TLRs in leprosy lesions reported recently. Krutzik et al.
[66] showed that TLR2 was expressed more strongly in TT le-
sions as opposed to LL lesions. On the other hand, Bleharski
et al. [67], although analyzing gene expression profiles in skin
lesions of LL and TT leprosy patients, demonstrated that TLR6
was up-regulated significantly in LL lesions. It may, therefore, be
speculated that these data are in correlation with the essential
role of TLR6 in MI-induced LD formation, herein demonstrated
along with the capacity of LL. macrophages to accumulate LDs, in
contrast to the reduced presence of these organelles in macro-
phages present in TT lesions [61].

Our data also indicate that ML-induced LD formation in
infected macrophages depends on additional receptors associ-
ated with the innate immune response besides TLR2 and -6.
Accordingly, TLR2-dependent signaling was shown to be essen-
tial, although not sufficient, to the LD biogenesis induced by
BCG infection [28]. However, nonpathogenic M. smegmatis,
which also triggers TLR2-dependent cytokine production,
failed to induce LD formation, suggesting that cofactors may
be involved in the mechanisms involved in LD formation in
pathogenic mycobacteria [28, 68]. PGE, is a potent immune
modulator that down-regulates Th1 responses and bactericidal

382 Journal of Leukocyte Biology Volume 87, March 2010

activity toward intracellular organisms [69, 70], and LDs are
intracellular sites for eicosanoid production. Our data suggest
that ML-induced LDs also constitute intracellular sites for eico-
sanoid synthesis, which is sustained by the observation of a sig-
nificant correlation between LD formation and PGE, genera-
tion by phagocytes treated with the bacteria. These data are in
accordance with published reports, indicating the elevated
production of PGE, by human monocytes from LL patients,
and in the athymic mouse leprosy model [71-73]. Moreover,
the expression of the inducible enzyme COX-2 was shown to
be significantly higher in biopsies of LL than TT leprosy pa-
tients [19]. In reality, the high concentrations of PGE, pro-
duced by COX-2-positive macrophages in LL were able to in-
hibit Th1 cytokine production, most probably contributing to
T cell anergy at this disease pole [19]. Thus, enhanced levels
of macrophage-generated PGE, induced by ML could act as an
endogenous-negative modulator of the immune response oc-
curring in the microenvironment of the LL lesion.

In conclusion, it could be speculated that the lipid storage
phenomenon observed in LL may play a critical role in leprosy
pathogenesis by facilitating bacterial persistence in the host in
at least two different ways. First, as described above, the Vir-
chow cells, present abundantly in LL lesions, are probably cat-
alytically active sites of PGE, synthesis, thereby favoring the
inhibition of macrophage bactericidal activities and the down-
regulation of the immune response. Second, it has been dem-
onstrated recently that lipids constitute an important nutri-
tional source for mycobacterial persistence in the host [74,
75]. Indeed, in a recent analysis of the ML proteome, we
pointed out the presence of the fatty acid B-oxidation and
glyoxylate cycle enzymes, reinforcing the idea that fatty acids,
rather than carbohydrates, are more likely to be the dominant
carbon substrate used by ML during infection [76].
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The predilection of Mycobacterium leprae (ML) for
Schwann cells (SCs) leads to peripheral neuropa-
thy, a major concern in leprosy. Highly infected
SCs in lepromatous leprosy nerves show a foamy,
lipid-laden appearance; but the origin and nature
of these lipids, as well as their role in leprosy, have
remained unclear. The data presented show that
ML has a pronounced effect on host-cell lipid
homeostasis through regulation of lipid droplet
(lipid bodies, LD) biogenesis and intracellular
distribution. Electron microscopy and immuno-
histochemical analysis of lepromatous leprosy
nerves for adipose differentiation-related protein
expression, a classical LD marker, revealed accu-
mulating LDs in close association to ML in infected
SCs. The capacity of ML to induce LD formation
was confirmed in in vitro studies with human SCs.
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Moreover, via confocal and live-cell analysis, it was
found that LDs are promptly recruited to bacterial
phagosomes and that this process depends on
cytoskeletal reorganization and PI3K signalling.
ML-induced LD biogenesis and recruitment were
found to be independent of TLR2 bacterial sensing.
Notably, LD recruitment impairment by cyto-
skeleton drugs decreased intracellular bacterial
survival. Altogether, our data revealed SC lipid
accumulation in ML-containing phagosomes,
which may represent a fundamental aspect of bac-
terial pathogenesis in the nerve.

Introduction

Leprosy remains an important cause of morbidity in devel-
oping countries with the detection of approximately
250 000 new cases per annum (WHO, 2010). Also known
as Hansen’s disease, leprosy manifests as a spectrum of
clinical forms in correlation with the nature and magnitude
of the innate and adaptive immune response generated
during Mycobacterium leprae (ML) infection.

At one extreme, individuals with tuberculoid leprosy
have few lesions, presenting a contained, self-limited
infection in which scarce bacilli are detected. At the other
end, lepromatous leprosy (LL) is a progressive and dis-
seminated disease characterized by extensive bacterial
multiplication within host cells (Scollard et al., 2006). Pref-
erentially found inside Schwann cells (SCs) and macroph-
ages (Virchow, 1863; Job, 1970; Scollard et al., 2006),
ML, the obligate intracellular causative agent of leprosy,
displays a strong tropism for peripheral nerves. ML nerve-
fibre colonization results in loss of sensation, an early
symptom of leprosy, which, untreated, is capable of evolv-
ing into progressive nerve damage and neuropathy. Mul-
tidrug therapy treats the infection but is unable to either
arrest or prevent the nerve damage responsible for
disfigurement and disabilities. In-depth investigation of
ML-nerve interaction aiming to develop new strategies for
prevention and treatment of leprosy-related nerve impair-
ments is therefore of great importance.

An important aspect deserving of attention as it is known
to play an important role in host—pathogen interactions is
lipid homeostasis (Wenk, 2006; van der Meer-Janssen
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et al., 2010). This also seems to occur in leprosy, charac-
terized by collections of heavily infected macrophages
with a typically ‘foamy’ appearance (also referred to as
Virchow or Lepra cells) in LL dermal lesions (Virchow,
1863; Scollard et al., 2006). Close examination of these
cells reveals that ML resides and replicates within
enlarged, lipid-filled phagosomes (Chatterjee et al., 1959),
suggesting an important lipid metabolism alteration during
infection. Although it was initially believed that these lipids
were ML-derived (such as phthiocerol dimycocerosate/
dimycocerosate and phenolic glycolipid-1) (Sakurai and
Skinsnes, 1970; Kaplan et al., 1983; Brennan, 1984), a
recent report has indicated the accumulation of host-
derived oxidized phospholipids in these cells (Cruz et al.,
2008).

It has been shown as well that Virchow cells are
highly positive for adipose differentiation-related protein
(ADRP), a classical lipid droplet (LD) marker, indicating
that their foamy appearance is at least in part derived from
the accumulation of LDs (Tanigawa et al., 2008; Mattos
etal., 2010) in infected cells. Moreover, ADRP has been
found to be induced by ML infection and to localize to
ML-containing phagosomes in macrophage cells, indica-
tive of a close association between LDs and the
pathogen-containing vacuole (Tanigawa et al., 2008).

Also termed lipid bodies or adiposomes, LDs are
dynamic lipid storage organelles found in all cell types.
One suggested major LD function is the distribution of
neutral lipids and phospholipids to various membrane-
bound organelles within the cell (Zehmer et al., 2009).
Moreover, contemporary evidence points to LDs as
inflammatory organelles involved in the synthesis and
secretion of inflammatory mediators (Bozza et al., 2009;
Bozza and Viola, 2010).

In LL nerve biopsies, highly infected SCs also demon-
strate a foamy, lipid-laden aspect, similar to that of the
Virchow cells found in dermal lesions (Job, 1970). The
present study investigated the origin of these lipid depos-
its in ML-infected SCs and the mechanism involved in
their accumulation in bacterial-containing vesicles. Our
findings point to a central role for LDs as being respon-
sible for originating foamy degeneration of ML-infected
SCs in LL nerves, suggesting that LD recruitment repre-
sents a mechanism by which host-cell lipids are delivered
to ML in the phagosome.

Results

LDs localize to ML in foamy SCs in nerve biopsies of
LL patients

In LL nerves, highly infected SCs display a foamy
appearance, a sign of lipid accumulation by these cells
(Fig. 1A). To investigate whether the foamy aspect of

SCs results from LD accumulation, cross sections of the
nerve biopsies of four LL patients were immune stained
with antibodies that specifically recognize ADRP, a LD
marker, and S100, a SC marker. ML was identified by
an antibody capable of recognizing whole bacterium
or lipoarabinomannan (LAM), a component of the
mycobacterial envelope. Figure STA shows intense
ML-immune reactive SCs, indicative of the presence of
bacteria in these cells. The nerve specimens also
exhibited positive staining for ADRP-labelled LDs, and
immunofluorescence staining for both S100 and ADRP
demonstrated that the ADRP-reactive cells were SCs
(Figs 1B and S1B).

Alternatively, tissue sections were double immun-
ostained for ADRP and ML (Figs 1C-G and S1C). Worthy
of note was the close association between LDs and ML in
infected SCs (Fig. 1C). Three-dimensional (3D) recon-
struction images showed well-circumscribed, isolated
bacilli and differentiated bacterial globis surrounded by
ADRP (Figs 1D and S1C). In fact, most bacteria were
found in association with LDs (Fig. S1C). Finally, to high-
light the intimate contact between LDs and ML, their colo-
calization is shown in detail by 2D images with orthogonal
analysis (Fig. 1E-G).

The ultrastructural features of infected SCs were
studied by transmission electron microscopy (TEM).
These cells showed a large number of cytoplasmic
membrane-bound phagosomes with varying sizes con-
taining bacteria (Fig. 2A and B). Phagosomes with a high
number of bacteria were observed in cell sections
(Fig. 2B). TEM revealed the presence of typical LDs in
close association to bacterium-containing phagosomes
(Fig. 2A, arrowheads). TEM quantitative analyses were
performed on 72 randomly taken electron micrographs,
resulting in, per SC section, 3.4 £ 0.6 (mean = SEM)
phagosomes, 65% of which showed bacteria enmeshed
in a LD content.

ML induces LD formation in SCs

It has been recently shown that ML induces LD biogenesis
in macrophages (Mattos et al., 2010). To determine if ML
evokes a similar effect on SCs, human SCs were infected
in vitro and LD biogenesis was analysed after 48 h. First,
cells were incubated with BODIPY 493/503, a lipophilic
fluorescent dye, and LD formation was observed by fluo-
rescence microscopy. ML-infected cultures displayed
more intense fluorescence staining in comparison with the
controls (Fig. 3A), suggesting increased LD production.
LD formation was determined by enumerating these
organelles after staining with osmium tetroxide (Fig. 3B).
The number of LDs in ML-infected cells was approxi-
mately twofold as compared with non-infected cells. The
total area of the cell cytoplasm occupied by LDs was then

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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Fig. 1. LDs colocalize with ML in foamy SCs in nerve biopsies of LL patients. Serial sections of nerve biopsies from LL patients (n=4) were

analysed.

A. Wade staining showing foamy SCs with multiple acid-fast bacilli (arrows).
B. Double-immunofluorescent labelling of a LL lesion for anti-S100 and anti-ADRP (Pearson’s coefficient: 0.81).

C. LD-ML association within SCs.

D. High magnification of the boxed areas visualized by 3D reconstruction (Pearson’s coefficient: 0.70).

E-G. By orthogonal sections (Pearson’s coefficient: 0.73).

Nuclei were stained with TO-PRO-3. No fluorescence was observed for the isotype control IgG (data not shown). Bars: white = 10 um;
yellow =5 um. Ax, Axon; S100 is a SC marker; ADRP (Adipose Differentiation Related Protein) is a LD marker; LAM (lipoarabinomannan) was

used as a ML marker.

measured as these organelles tend to occur in clusters in
infected SCs and their enumeration may underestimate
LD formation. Figure 3C represents the measurement of
this area per cell following LD staining with the fluorescent
oil red O (ORO) dye. A significantly larger LD area was
observed in ML-infected SCs as compared with the con-
trols, reinforcing the occurrence of lipid accumulation
upon ML infection. Figure S2A shows cells stained with
ORO for LDs. Figure S2B shows the mean size (diameter)
of LDs per cell, indicating that, besides the number, their
size increases in infected cells.

Alternatively, LD formation was analysed by flow
cytometry (Fig. 3D and E) after cell incubation with

© 2010 Blackwell Publishing Ltd, Cellular Microbiology

BODIPY 493/503. ML infection induced an increase in
mean fluorescence intensity of the BODIPY probe in
comparison with that of the control (Fig. 3D and E).
In cells treated with latex beads, however, induction of
LD formation was not seen, indicating that a phagocytic
stimulus per se was unable to induce these organelles
(Fig. 3A, D and E). Analysis was then extended to
compare the ML-induced LD formation with Mycobacte-
rium bovis BCG, an attenuated mycobacterium strain. As
shown in Fig. 2D and E, BCG failed to induce LD for-
mation in SCs. Besides, increased ADRP expression
levels were observed in ML-treated cells when examined
by Western blot (Fig. 3F). In summary, these results




4 K. A. Mattos et al.

Fig. 2. Ultrastructure of ML-infected SCs.

A. A typical LD is seen in close apposition (arrowheads) to a
phagosome-containing bacterium (arrow). Note that accumulating
LDs are also observed within the phagosome.

Bi. A large phagosome (outlined in red in Bii) shows a large
number of bacteria enmeshed in a LD content (highlighted in green
in Bii). Nu, nucleus. Bars, 1 um (A and B), 500 nm (high
magnification of the boxed areas).

demonstrate the capacity of ML to induce LD formation
in SCs, and that this effect involves bacterial-driven
events.

Because LDs are known to be enriched in triacylglyc-
erol (TGA), phospholipids (PL), free cholesterol (CHO),
and cholesterol ester (CHOE) (Mahlberg et al., 1990; van
Meer, 2001; Persson et al., 2008), the relative content of
these lipids was then examined by HPTLC comparing SC
cultures infected or not with ML. This analysis revealed
an increase in these lipids, mainly CHO and CHOE in
infected SCs as compared with non-infected cells
(Fig. 3G), suggesting that lipid homeostasis is deeply
affected in responding to ML infection, leading to its intra-
cellular accumulation as LDs.

Intracellular ML is enveloped by LDs in SCs

The investigation of a possible association between LD
and ML subsequent to in vitro infection of SCs pro-
ceeded. To that end, primary human SCs were treated
with PKH26-labelled ML for 48 h followed by BODIPY
staining. Interestingly, the green fluorescent pattern sur-
rounding ML adopted the bacterial shape (Fig. 4A, inset
3), in contrast to the classical spherical shape (green
arrow) assumed by LDs when free in the cytoplasm
(Fig. 4A). Strikingly, different stages of LD association to
ML were observed, as indicated by the insets (1 to 3) in
Fig. 4A. In the stage shown in 1, some droplets can be
seen in the vicinity of the bacterium; and one of them
is in intimate contact with ML. LD-ML association
subsequent steps in the LD-ML association are high-
lighted in insets 2 and 3, in which, respectively, the
organisms are partially involved and then completely
enveloped by LDs. To verify whether the neutral-lipid-
rich structures enveloping ML constituted classical LDs,
cells were immune stained with anti-ADRP; and the
localization of ML to ADRP was monitored in 3D recon-
structions and in 2D images by orthogonal analysis
(Figs 4B, S3D and E). These images showed isolated,
well-circumscribed bacilli enveloped by LDs. Although
most bacteria were, associated to LDs, bacteria in asso-
ciation (yellow arrows) or not (red arrow) with LDs were
observed (Fig. 4B inset). Cells were also treated with
inert fluorescent latex beads (Fig.4C). In contrast to
ML, however, internalized latex beads only poorly colo-
calized to LDs, indicating that the ability to affect intra-
cellular LD distribution is a bacterial-driven process
(Fig. 4D, the percentage of LDs in close association
with ML or latex beads were 78.05 = 0.59% and
5.12 = 1.09%, respectively). The same LD-ML associa-
tion pattern was also found in ST88-14 SCs (Fig. S3F-
I). Interestingly, 3D reconstruction (Fig. S3G and 1)
showed physical ‘bridges’ between the LDs (Fig. S3l,
white arrow) and between LDs and bacteria (Fig. S3lI,
yellow arrows), as indicated. These results suggest that
the interaction between LDs and ML in in vitro SCs is
similar to what has been observed in LL nerve lesions
(Figs 1 and 2).

The next step involved monitoring the intracellular local-
ization of ML by selectively staining host-cell plasma
membranes with FM1-43X and subsequently infecting
SCs with PKH26-labelled ML for 48 h. It was found that
most organisms were in membrane-bound, FM1-43X-
labelled compartments, signifying a phagosomal location
(Fig. 5A and B). Consequently, the association of LDs to
ML-containing phagosomes by colocalization of the
FM-labelled membrane, PKH26-labelled ML and P96-
labelled LD was analysed (Fig. 5C). This association was
revealed by the appearance of the P96 stain as a clear,

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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fluorescent ring surrounding and filling out the phago-
somes, evidencing lipid transfers from LDs to phago-
somes. FM1-43X, while specifically labelling the
phagosome membranes, was unable to reach the ER
membrane, as shown by the lack of colocalization with
P96-labelled LDs (green arrow). Moreover, P96-labelled
ML was not observed in the absence of the phagosomal
membrane (data not shown). Interestingly, LDs were
shown as cytoplasmic punctuate inclusions close to
ML-containing phagosomes (blue arrow), one of them
apparently docking on the surface of this organelle
(Fig. 5C merge ML/FM/P96, white arrow).

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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ML Fig. 3. ML induces LD formation in human
SCs. Primary human SCs were stimulated for
48 h before evaluation of LD formation.

A. LDs (green) were visualized after BODIPY
staining at 48 h subsequent to treatment or
not with ML (red) or fluorescent latex beads
(red).

B. Quantification of LDs was determined by
enumeration of these organelles after osmium
tetroxide staining.

C. Measurement of this area per cell,
following LD staining with the fluorescent
ORO dye.

D. A representative histogram plot of LD
levels determined by flow cytometry using the
BODIPY staining method. Cells were
untreated (control) or treated with ML, BCG
and fluorescent latex beads.

E. Bar graph shows BODIPY MFI values; and
nuclei were labelled in blue with DAPI.

F. ADRP expression was determined by
Western blot analysis.

G. HPTLC of neutral lipids extracted from SC
cultures infected or not with ML detected by
charring. Bands were identified using pure
chemical standards: CHO, cholesterol; CHOE,
cholesterol ester; TGA, triacylglycerol; and
PL, phospholipid.

Statistically significant (P < 0.05) differences
between the stimulated and control groups
are indicated by asterisks. Data are
representative of four independent

A experiments and are expressed as the

mean * SD of triplicates. Bar: 10 = um. ADRP
(Adipose Differentiation Related Protein),
ORO and BODIPY are LDs markers; MFI,
mean fluorescence intensity.

PL e s

control ML

ML recruits LDs during internalization into SCs

To study the dynamics of the LD—-ML association in living
cells, a time-lapse sequence of SCs infected with PKH26-
labelled ML was investigated via confocal microscopy and
time-lapse recordings. A first set of experiments was
carried out after 2 h of ML infection (Fig. 6A). Dynamic
movement of cytosolic LDs stained with BODIPY was
projected in a time-lapse sequence at 30 s intervals for
40 min. The 3D data showed three marked events: (i) LDs
clearly adhered to or possibly fused with each other,
(ii) LDs moved in direction of the bacterium (Fig. 6A) and
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Fig. 4. Intracellular ML is enveloped by LDs in in vitro infected SCs. (A and B) Primary human SCs were infected with PKH26-labelled ML

(red) for 48 h.

A. LDs were visualized using BODIPY label (BP) (green). A close-up of different steps in LD-ML association (labelled 1-to-3). The images
show some LDs in the vicinity of the ML and one of them in intimate contact with the bacterium (1) (Pearson’s coefficient: 0.08). ML partially
enveloped by LDs (2) (Pearson’s coefficient: 0.12) and bacteria completely enveloped by LDs (3) (Pearson’s coefficient: 0.64).

B. Imunofluorescence confocal images for ADRP (green labelling) and PKH26-ML. Note staining for ADRP is seen around the ML surface in
3D reconstruction (inset, yellow arrows; Pearson’s coefficient: 0.62). The green and red arrows indicate LDs and ML respectively.

C. Association of LD (green) with fluorescent latex beads (red).

D. Bar graph shows percentage of LDs in close association with latex beads (black bar) and with ML (gray bar) at 48 h time-points (n = 6).
Statistically significant (P < 0.001) differences between treated and untreated cells are indicated by asterisks. Bars: white = 10 um;
yellow =5 um. ADRP (Adipose Differentiation Related Protein) and BODIPY are LDs markers.

(iii) There was a notably prompt redistribution of LDs in the
ML-infected cells, culminating in the circumferential local-
ization of the LDs around the bacterial-containing vacuole
(Fig. 6A, t=2h 30 min and Fig. S4). In all cases, only
cells with internalized ML were used for analysis.

To examine whether LD recruitment occurred at the
earliest time points in bacterial-SC interaction, cells were
incubated with ML followed by a time-lapse analysis
15 min after initiating the infection in culture. ML adher-
ence to the cell surface was detected by differential inter-
ferential contrast, and the cytosolic area surrounding the
bacterium was then monitored via time-lapse confocal
microscopy. Images with live SCs via 4D reconstruction
over time and space showed the formation of typical
homocomplexes between LDs and heterocomplexes,
between LDs and bacteria (Fig. 6B). This reconstruction
shows that the LDs of the visualized region were
re-directed by the bacterial presence to the site of phago-
cytosis. As observed above regarding internalized bacte-
rium, a continuous LD movement towards the bacillus
was evident. The kinetics of LD recruitment to ML over
time was determined by measuring the spatial distance
variation (um) between the bacterial and LD centres

(Fig. 6C and D). The bars show that, in most cases, these
distances were reduced to almost zero, pointing to an
intimate LD—ML association. These results clearly show
that ML phagocytosis triggers a pathogen-driven recruit-
ment process of cytoplasmic LDs to bacterial-containing
phagosomes.

ML-driven LD formation and recruitment occur
independently of TLR2 signalling

TLR2 has been shown to play an important role in myco-
bacterial sensing by host cells (Quesniaux et al., 2004).
Based on our previous data indicating that TLR2 signal-
ling participates in mycobacteria-induced LD biogenesis
in macrophages (D’Avila et al., 2006; Almeida et al., 2009;
Mattos etal, 2010), the role played by TLR2 in
ML-induced LD biogenesis and recruitment in SCs was
tackled. Comparable induction levels of these organelles
were observed in WT and TLR2-KO SCs (Fig. 7A) after
mycobacterial infection, showing that TLR2 signalling is
not essential for ML-induced LD formation in SCs. As an
experimental control, the bacterial association index was
determined and similar levels of ML infection were

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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Fig. 5. LDs are recruited to ML-containing phagosomes in infected SCs.

A. Cells labelLed with FM1-43X (green) were infected with PKH26-labelLed ML (red) for 48 h and observed by confocal microscopy.
Differential interference contrast (DIC) and fluorescence merge show that all the bacteria within SCs were labelled to FM1-43X.

B. Enlarged view shows one not-internalized ML (arrow) without FM1-43X labelling. Dashed line indicates the cell surface.

C. Close-up of ML-bearing phagosome localizing to LDs (Pearson’s coefficient: 0.78). Note three LDs (blue dots) arriving at the ML-containing
phagosome (blue arrow). LDs (derived from ER membranes) do not stain with FM1-43X. FM1-43X-labelled vesicles (green arrow) are distinct
(merge FM/P96). The white arrow in the merge (ML/FM/P96) suggests the fusion ‘bridges’ between these organelles.

Bars: white = 10 um; yellow =5 um, red = 2 um. FM1-43X was used to stain the plasma membrane; P96 was used to stain the LD.

observed in both WT and SCs isolated from TLR2-KO
mice (Fig. 7B). To verify whether ML-induced LD recruit-
ment depends on TLR2 signalling, TLR2-KO SCs were
infected for 48 h. The LD-ML association was subse-
quently determined and quantified by confocal micro-
scopy using BODIPY labelling (Fig. 7C and D). A similar
percentage of LD-ML localization was observed when
comparing SCs from WT (82.72 = 4.27) and TLR2-KO
mice (81.22 = 3.14) (Fig. 7C). As a whole, these data
show that ML induces LD biogenesis and recruitment in
SCs by way of TLR2-independent signalling.

ML-driven LD recruitment relies on cytoskeletal
rearrangement and PI3K signalling

It has been shown that LD intracellular traffic is mediated
by microtubules (Pol et al., 2000; Bostrém et al., 2005;
Pacheco et al., 2007; Boulant et al., 2008). As such, it
was decided to examine the involvement of the cellular
cytoskeleton in the LD recruitment process observed in
ML-infected cells. In cells stained with anti-tubulin, micro-
tubules enveloping both LDs and ML were found (Fig. 8A
and B), suggesting that LDs migrate to ML-containing
phagosomes by a microtubule-dependent way, culminat-
ing in intimate LD—ML interaction (Fig. 8A, white arrow).

© 2010 Blackwell Publishing Ltd, Cellular Microbiology

For comparison, microtubules organization in non-infected
cells is shown in Fig. S5. To investigate the role of micro-
tubules in LD movement during the ML recruitment
process, cells were treated with taxol, a microtubule-
stabilizing drug, and cytochalasin D (cytD), an actin-
disrupting drug (Grigoriev etal, 1999). Cells were
exposed to bacteria for 6 h before adding the drug and
chased 4 h later to determine the effect of the cytoskeleton
on LD-ML complex formation. The quantification of
LD-ML localization is seen in Fig. 8C. Examination
ensued of the effect of LY294002, a specific pharmaco-
logical inhibitor of PIBK and a major pathway involved in
cytoskeletal rearrangement (Lasunskaia et al., 2006) on
LD distribution in infected cells. As shown in Fig. 8C, the
LD-ML association was inhibited in LY294002-treated
cells, suggesting the involvement of PI3K signalling in the
early cytoskeletal rearrangements required for LD mobility.
The decrease in LD-ML association was not a secondary
effect resulting from drug’s impairment of LD formation as
similar LD levels were observed in both untreated and
drug-treated cells at this early time point (Fig. 8C inset).
These results indicate that movements around the cell in
the microtubule network are able to correctly position the
LDs in the vicinity of ML-bearing phagosome organelles in
a PI3K-dependent signalling pathway.
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Fig. 6. Kinetic recruitment of LDs by ML in SCs. The LDs in ML-infected SCs were stained with BODIPY; and the time-lapse sequence of the
recruitment processes was investigated using confocal and conventional fluorescence microscopes.

A. Representative time-lapse series examining late-time course of LD recruitment during ML infection. Neutral lipids in the cytoplasm (LDs)
were stained with BODIPY after 2 h of bacterial infection and time-lapse photography of the cells at 30 s intervals for 40 min followed. ML
(red) was completely enveloped by LDs (green) after 30 min post-infection (=2 h 30 min, Pearson’s coefficient: 0.80).

B. Representative time-lapse experiments examining LD recruitment at early time points during ML association (15 min). 3D images were
acquired by confocal microscopy through the time-series of Z-stack reconstruction at intervals of 10 min for 60 min. The series shows times at
15, 35 and 65 min post-infection (zero time for image acquisition corresponds to 15 min of infection). Bacterial presence at the site of

phagocytosis was detected by differential interference contrast.

C and D. Kinetics of recruitment was estimated by manual tracing of the distance between the bacterial centre and the centre of LD via
AxionVision software. Pearson’s coefficient in the region of LD (a) and ML is 0.56. Bar graph shows the distance values (um) between LD and

ML during association. Dashed line indicates cell surface.
Bars: 2 um. BODIPY was used to stain LDs.

Inhibition of LD recruitment decreases ML survival
inside SCs

Accumulating evidence has suggested that LD biogenesis
and traffic may favour intracellular bacterial survival
and/or replication (D’Avilla etal., 2008; van der Meer-
Janssen et al., 2010). Because LDs are organelles rich in
neutral lipids, we investigated whether LD recruitment to
bacterial phagosomes favours mycobacterial survival.
Cells were infected for 6 h with ML and then treated with
cytD or taxol to inhibit LD traffic. After incubation for 72 h,
mycobacterial viability was assessed by flow cytometry
via the LIVE/DEAD Baclight Bacterial viability Kit. As
shown in Fig. 8D, treatment with cytD and taxol signifi-
cantly increased the percentage of dead ML as compared
with the results of the vehicle treatment (37.84 = 2.175,
33.84 = 2.17 and 6.66 = 0.7, respectively).

Discussion

The present report investigated the biology of ML inside
SCs, one of its favourite niches in the human host. The in

vivo and in vitro data presented herein show that ML
infection has a pronounced effect on SC lipid homeostasis
via regulation of LD biogenesis and traffic, which favours
ML intracellular survival. This conclusion is supported by
the following findings in our report: (i) LD accumulation in
infected SCs in LL nerve biopsies, (ii) induction of LD
biogenesis in in vitro ML-infected SCs, (iii) intimate asso-
ciation between both in vivo and in vitro ML and SC LDs,
(iv) prompt recruitment of LDs to ML-containing phago-
somes upon bacterial infection and (v) decreased bacte-
rial survival in the event of LD biogenesis and traffic
impairment. Collectively, our data indicate that the lipid-
laden, bacterial-bearing vacuoles observed in the heavily
infected SCs in LL nerve biopsies might be formed by the
continuous formation and recruitment of LDs, giving rise
to their foamy appearance. In all likelihood, a similar
process might also be responsible for the formation of the
Virchow cells in the dermal lesions of LL patients, as the
capacity of ML to induce LDs and maintain a close asso-
ciation with these organelles in infected macrophages has
also been recently demonstrated (Tanigawa et al., 2008;
Mattos et al., 2010).

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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The data, however, likewise indicate that the mecha-
nisms ML uses to regulate LDs in SCs are distinct from
those observed in macrophages. We have recently shown
that both ML and M. bovis BCG induce LD biogenesis in
macrophages in a TLR2-dependent way (D’Avila et al.,
2006; Almeida et al., 2009; Mattos et al., 2010). In sharp
contrast to macrophages, although SCs express TLR2
(Oliveira etal., 2003), signalling through this receptor
does not seem to be essential to LD biogenesis. In this
connection, we have recently shown that both ML and M.
bovis BCG induce LD biogenesis in macrophages in a
TLR2-dependent way (D’Avila et al., 2006; Almeida et al.,
2009; Mattos et al., 2010). Moreover, only ML but not
BCG was able to induce LD biogenesis in SCs, reinforcing
the idea that unique and yet unknown features of
LD regulation occur during ML-SC interaction. Further
investigation is required to define the cell receptors,
mycobacterial ligands and signalling events involved in
ML-induced LD accumulation in SCs.

Our data are supportive of the current view that LDs are
involved in host—parasite interactions, as has been dem-
onstrated in the context of such diverse pathogens as
viruses, bacteria, protozoa and worms (Wenk, 2006;
D’Avila et al., 2008; van der Meer-Janssen et al., 2010).
LDs have been shown to play a fundamental role in the
formation of dengue (Samsa et al., 2009) and hepatitis C
viral particles (Barba et al., 1997). Of note, a close asso-
ciation and/or the presence of host-cell LDs in pathogen-
containing vesicles has been detected in cells infected
with Mycobacterium tuberculosis (Caceres et al., 2009;

© 2010 Blackwell Publishing Ltd, Cellular Microbiology
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Fig. 7. TLR2 signalling is not involved in M.
leprae uptake, induction of LD biogenesis, or
LD-ML complex formation in SCs. SCs were
isolated from WT and TLR2-KO mice and
infected with ML during 48 h.

A. LD modulation was monitored by mean
fluorescence intensity values of BODIPY dye
using flow cytometry analysis.

B. PKH26-labelled ML was used to determine
the bacterial association index by flow
cytometry.

C. Localization of LDs to ML was quantified
using confocal microscopy. The difference
between WT and TLR2-KO cells was not
statistically significant (n = 6).

D. Representative image of LD-ML complex
formation in TLR2-KO SCs. Bar:

white = 10 um; yellow = 2 um. BODIPY was
used to stain LDs.

TLR2*

Russell et al., 2009), M. bovis BCG (D’Avila et al., 2006;
Almeida et al., 2009) and Trypanosoma cruzi (Melo et al.,
2003). Additionally, the pathogen-driven LD recruitment
reported here has previously been described in epithelial
cells infected with Chlamydia, a bacterium that shares
with ML the inability to grow outside the host (Cocchiaro
etal., 2008).

It is known that pathogens require host-cell lipids to
insure successful host colonization and infection progres-
sion (Wenk, 2006; van der Meer-Janssen et al., 2010).
Mycobacterium is not an exception (Marri et al., 2006).
For ML, early metabolic studies (Wheeler, 1989; 2003)
and recent proteomic analyses (Marques et al., 2008)
indicate that fatty acid beta-oxidation is an active pathway
in in vivo-grown bacteria, implying that lipids, rather than
carbohydrates, are the dominant carbon substrate mobi-
lized during infection. As such, the most reliable method to
measure ML viability to date is based on the assumed
capacity of ML to oxidize fatty acids (Franzblau, 1988).
The role of lipids in ML metabolism is further supported by
an active glyoxylate cycle (Marques et al., 2008), referred
to as the dominant, anaplerotic pathway during fatty acid
growth.

Despite the central role enacted by lipids in mycobac-
teria, little is known about the mechanisms involved in in
vivo lipid acquisition. Based on our results, we propose
that LD recruitment and biogenesis may constitute an
effective ML intracellular strategy to acquire host-SC lipids
and promote bacterial survival. Two lipases and one phos-
pholipase that the ML genome codes for could possibly
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Fig. 8. LD recruitment induced by M. leprae relies on cytoskeletal rearrangement and favours intracellular bacterial survival. ML-induced LD
recruitment depends on microtubular dynamics in SCs. Cells were exposed to bacteria for 6 h before drug addition and chased 4 h later to
determine the effect of the cytoskeleton on LD-ML complex formation. Mycobacterium was labelled with anti-ML and visualized in blue; LD
was stained by BODIPY (green) and the microtubular network was stained with a-tubulin antibody (o-tub, red).

A. General view by 3D reconstruction of ML-infected SCs. The LD-ML complex is indicated (yellow arrow). No fluorescence was observed for

the isotype control 1gG.

B. Enlarged view showing close association between the cytoskeleton and both LD and ML (white arrow).

C. LD-ML complex was observed by confocal microscopy and quantified. Bar graph shows percentage of LD-ML association (n = 6) in the
presence of DMSO vehicle (control), LY (10 uM), Taxol (1 uM) and CytD (1 uM). Inset shows LD quantification.

D. Percentage of live and dead bacteria was evaluated using a LIVE/DEAD BacLight Bacterial Viability Kit in combination with flow cytometry
after 72 h of drug treatment. Inset shows bacterial association (n = 4). Statistically significant (P < 0.05) differences between control and

drug-treated groups are indicated by asterisks.
Bars: white = 10 um; yellow = 5 um. BODIPY was used to stain LDs.

favour ML assimilation of the fatty acids originating from
the neutral lipids and phospholipids found in LDs (Cole
et al., 2001). In addition, enzymes from the host cell may,
in fact, be complementing these bacterial genes, as
recently suggested by a study describing the overexpres-
sion of lipases and phospholipases in LL lesions (Cruz
et al., 2008).

Notably, however, two recent reports have implicated
LD formation and the intimate association of bacterium-
containing phagosomes with the bacterial capacity to
persist in a long-term dormant state within the human host
(Bentrup and Russell, 2001; Peyron et al., 2008). These
data suggest an interesting additional role for host lipids
as efficient, hydrophobic, safe shelters. This barrier would
ultimately curb access to some essential nutrients limiting
bacterial growth. It is not impossible that LD recruitment
constitutes a prime example of ‘organelle mimicry’
whereby ML successfully escapes host recognition by
cloaking itself in these fat-rich structures.

Finally, the accumulation of host-derived lipids in
infected SCs may also contribute to a permissive environ-
ment for ML proliferation within LL nerves by dampening

the immunoinflammatory response to the pathogen at the
infection site. It has recently been shown that host-
derived, oxidized phospholipids that have accumulated
within foamy macrophages of LL lesions inhibit the innate
immunity response (Cruz et al., 2008). Furthermore, our
laboratory has recently demonstrated that the LDs formed
in response to ML constitute sites for eicosanoid synthe-
sis, ultimately leading to the increased production of PGE;
by infected macrophages (Mattos et al., 2010). In reality,
the high PGE, concentration produced by COX-2-positive
macrophages in LL were able to inhibit Th1 cytokine pro-
duction, and, in that way, most probably contribute to
T-cell anergy at this disease pole (Betz and Fox, 1991). As
has been proposed for Virchow cells in the context of
dermal lesions (Tanigawa etfal, 2008; Mattos et al.,
2010), it is reasonable to speculate that the lipid storage
phenomenon observed in ML-infected SCs is an impor-
tant contributor to the immunoinflammatory function of
these cells in LL nerve lesions. Accordingly, SCs are
capable of secreting a vast array of cytokines and inflam-
matory mediators (namely, IL-1, IL-6, IL-8, TNF-c, pros-
taglandins, TGF-f and NO) and actively participate in the
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immunoinflammatory responses in neuritic processes
(Lisak etal., 1997; Rutkowski etal, 1999; Teles et al.,
2007; Camara-Lemarroy etal., 2010). It is therefore
deemed necessary to investigate the capacity of
ML-infected SCs to secrete prostaglandins and cytokines
along with the manner in which this secretion may be
intimately related to LD formation.

In conclusion, the in vivo and in vitro data presented
here show that ML triggers a pronounced alteration on
host-cell lipid homeostasis through regulation of LD bio-
genesis and recruitment of these organelles to bacterial
phagosomes. Accumulating evidence from different cell
system give support to our observation of homotypic
fusion of LDs to create larger ones as well as the capacity
of LDs to fuse with endosomal compartments in
ML-infected SCs (Bostrém et al.,, 2007; Robenek and
Severs, 2009). The modulation of LDs contributes to the
foamy phenotype of infected SCs and favours intracellular
bacterial survival, likely representing a fundamental
aspect of ML pathogenesis. Needless to say, this under-
ling regulatory mechanism may hold the key to the devel-
opment of novel strategies aiming to prevent or, at a
minimum, limit peripheral nerve injury in leprosy.

Experimental procedures
Antibodies

The following antibodies were used: guinea pig, and mouse
monoclonal against Adipose Differentiation Related Protein
(ADRP, Research Diagnostics), monoclonal anti-B-tubulin (BD
Transduction Laboratories), monoclonal anti-o-tubulin (Santa
Cruz Biotechnology), rabbit anti-S100 (DakoCytomation), CS-35
anti-LAM monoclonal, rabbit anti-whole ML (kindly provided by Dr
Patrick J. Brennan, Colorado State University, Fort Collins, CO,
USA; NIH/NIAID contract 1AI25469), fluorescent labelled (Alexa
Fluor 488, 555, and 633) goat anti-rabbit and anti-mouse
(Molecular Probes, Eugene, OR, USA), donkey anti-guinea
pig fluorescent-dye-Cy2 conjugated, and, finally, control IgG
(Jackson ImmunoResearch Laboratories).

Patients and clinical specimens

Lepromatous leprosy patients were classified according to Ridley
and Jopling criteria (Ridley and Jopling, 1966). Punch skin biopsy
specimens (6 mm diameter) were obtained at diagnosis. The
specimens were snap-frozen in liquid nitrogen and stored at
—70°C until sectioned. The procedures described in this work
were approved by the Ethic Committee of the Oswaldo Cruz
Foundation. Written informed consent was voluntarily obtained
from each patient.

Human SCs

Human primary SCs were isolated from peripheral nerve tissues
(a generous gift from Dr Patrick Wood, University of Miami,
Miami, FL USA). The purity of these cultures was >95% by
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labelling with anti-S100 antibody. These cells were seeded on
plates previously treated with mouse laminin-1 (4 ug mi~") (Invit-
rogen) in PBS and grown for 24 h at 33°C with 5% CO, in DMEM
high glucose (Invitrogen) supplemented with 2% of FBS
(Hyclone), 2 nM heregulin (Calbiochem) and 0.4 uM forskolin
(Calbiochem). The human schwannoma cell line ST88-14 was
kindly provided by Dr Jonathan Fletcher (Harvard University,
Boston, MA, USA). Cells were grown in RPMI-1640 (Invitrogen)
supplemented with 2% FBS and 20 mM L-glutamate.

Isolation and purification of mouse primary SCs

Mouse SCs from wild-type (WT) C57BL/6 (B6) and Toll-like
receptor 2 (TLR2) knockout (TLR2-KO) mice with a homoge-
neous B6 background (donated by Dr S. Akira, Osaka Univer-
sity, Osaka, Japan) were prepared from the nerve explants of
adult animals, as described (Singh et al., 1996). SC purity was
assessed by immunostaining with S100 antibody (Pelc et al.,
1986), which revealed c. 95% S100-positive cells. All proce-
dures involving animals were conducted according to the
requirements of the Animal Welfare Committee of the Oswaldo
Cruz Foundation.

ML

Mycobacterium leprae prepared from the footpads of athymic
nu/nu mice was kindly provided by Dr James Krahenbuhl
(National Hansen’s Disease Program, Laboratory Research
Branch, Louisiana State University, Baton Rouge, LA, USA)
through American Leprosy Missions, the Order of St Lazarus and
the National Institute of Allergy and Infectious Diseases (NIAID/
NIH) (Bethesda, MD, USA), Contract No. 155262. Before inter-
active assays, bacteria were pre-labelled via the PKH26 Red
Fluorescence cell linker Kit (Sigma) according to the manufac-
turer’s instructions. Alternatively, ML was detected by immunola-
belling using antibody anti-ML.

ML-SC interaction assays

Schwann cell were cultured at a density of 1 x 10° cells per well
on 12-well plates for flow cytometric assays. For microscopy
experiments, cells were plated at 7 x 10* cells per well on 24-well
plates containing glass coverslips. For live-cell microscopy, cells
were seeded at 5x 10* cells in 35 mm poly-D-lysine coated
glass-bottom dishes (generously donated by MatTek, Ashland,
MA, USA). For Western blot analysis, SCs were seeded onto
6-well tissue culture plates at a density of 1 x 10° cells per well.
SCs were incubated with ML at a multiplicity of infection (MOI) of
50:1. Alternatively, SCs were stimulated with fluorescent latex
beads (50:1, Polysciences) or M. bovis BCG (MOI of 50:1). In
inhibition assays, SCs were infected with ML for 6 h, washed to
remove free mycobacteria and treated with LY294002 (10 uM,
BIOMOL Research Laboratories) for phosphatidylinositol
3-kinase (PI3K) inhibition or treated with taxol (1 uM, Sigma) and
cytochalasin D (1 uM, Sigma), for cytoskeletal alteration for
30 min. Cells were then washed and incubated for an additional
4 h in medium with 2% serum. As a control, the same volume of
DMSO vehicle was added to the cell culture. The percentages of
the LD-ML association and LD formation were determined by
counting 20 random fields for each sample. After 48 h of incuba-
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tion, cell viability was over 90%, as revealed by the trypan blue
(Sigma) exclusion assay. Bacterial association to cells was mea-
sured at FL2 by PKH26-labelled bacteria using flow cytometry
analysis, as described (Mattos et al,, 2010). Index of bacterial
association (%) is expressed as % of cells taking up PKH26-
labelled ML. All assays were performed at 33°C to maximize
bacterial viability (Hagge et al., 2002).

Immunohistological analysis

Immunohistochemical procedures to detect LD organelles and
ML in SCs from LL nerves were performed, as described (Mattos
et al., 2010). Briefly, tissue sections were thawed on sylane pre-
coated slides and submitted to staining and immunostaining pro-
tocols. Standard staining was done with haematoxylin and eosin
for morphological analysis and Wade-Fite staining to identify the
mycobacteria (Wade, 1962). Immunostaining was performed by
incubation with primary antibodies to ADRP, S100, and ML (anti-
whole bacteria or anti-LAM). Two-colour immunofluorescence
staining was carried out by the serial incubation of sections with
combinatorial antibodies against: (i) S100 (1:100) and ADRP
(1:25), (ii) S100 (1:100) and ML (1:25), and (iii) ML (1:25) and
ADRP (1:25).

LD evaluation

Cells adhering to coverslips were fixed in 4% PFA in Ca®"/Mg?'-
free HBSS pH 7.4 for 10 min. LDs were enumerated in 200
consecutively scanned cells after osmium tetroxide staining
(Mattos et al., 2010). For fluorescent LD-labelling, cells were
incubated with BODIPY493/503 dye (4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene, Molecular Probes)
or P96 (1-pyrenedodecanoic acid, Molecular Probes) (D’Avila
et al., 2008; Mattos et al., 2010). For LD immunodetection, cells
were permeabilized and blocked in blocking buffer [5% new-born
calf serum (Invitrogen) and 0.01% Triton (Sigma) in PBS] for 1 h
at room temperature and then incubated with anti-ADRP primary
antibodies followed by Alexa Fluor-conjugated anti-mouse or
anti-rabbit IgG secondary antibodies. To visualize the interaction
between the microtubular network with ML and LDs, cells were
incubated with anti-a-tubulin (1:100) conjugated with Alexa 555
Nuclei and bacterial DNA were stained with TO-PRO-3 (Molecu-
lar Probes). Alternatively, nuclei were stained with 2 uM DAPI
(Molecular Probes) at room temperature for 5 min. Cells were
mounted with the VectashieldHard set mounting medium (Vector
Laboratories) and observed under a confocal microscope. Alter-
natively, the area occupied by LDs per cell was estimated follow-
ing LD staining with fluorescent ORO. The images (taken with a
60 objective lens and at least 10 fields per slide) were trans-
formed into black and white pictures and analysed via ImageJ
software (Image-J 1.35 d). The spots were determined by auto-
matic spot detection; and the total area and average size of
fluorescent LDs was obtained for each field and divided by the
number of cells in the respective field. In addition, LD induction
was measured by flow cytometric analysis, as previously
described (Mattos et al., 2010).

Fluorescence microscopy

Contrast images were acquired using differential interferential
contrast. Confocal images were acquired using a LSM 510 Zeiss

confocal microscope (Zeiss) and processed by LSM 510 Zeiss
software. To obtain a 3D model of the LD—ML complex, 30 con-
focal planes of 0.3 um thickness were integrated.

In the time-lapses of living cells, 4D (Z-stacks over time)
experiments were performed via the LSM 510 confocal micro-
scope, acquiring 3D image reconstructions from stacks of
1.05 um thickness every 10 min for 60 min. Alternatively, in 3D
time-lapse experiments, images were collected every 30 s during
40 min with a Zeiss Axio Observer microscope and processed
using Imaged software (National Institutes of Health, Bethesda,
MD, USA; http://rsb.info.nih.gov/ij/). At each time point, stacks of
two fluorescent channels (488 nm for BODIPY-labelled LD and
633 nm for PKH26-labelled ML) were taken sequentially. Images
were recorded with a planapochromatic 63 x/1.4 oil-immersion
objective. Quantitative colocalization analysis was performed by
Pearson’s correlation coefficient (P) employing LSM 510 Zeiss
software.

Phagosome labelling

Cells were pre-labelled by incubation with 1 ug mli=" FM1-43X
(Molecular Probes) for 15 min at 4°C in order to specifically
label the cytoplasmic membranes. Cells were washed to
remove the excess of dye and then challenged with PKH26-
labelled ML for 48 h at 37°C. Before LD labelling, cells were
washed to remove extracellular bacteria. Slides were processed
and analysed immediately via fluorescence microscopy, as
described above.

Processing for electron microscopy

Lepromatous leprosy nerve biopsies were processed for TEM,
as described (Kaplan etal., 1983). Briefly, biopsies were
fixed in 2.5% glutaraldehyde in a 0.1 M cacodylate buffer
containing 0.1 M sucrose (pH 7.4). The tissue was postfixed for
6 h at 4°C with 2% osmium tetroxide. Sections were stained
with 0.25% uranyl acetate, dehydrated in a graded series of
ethanol, and embedded in epon blocks. Ultra-thin sections were
stained with uranyl acetate and lead citrate and then observed
under a Hitachi-HU-12 transmission electron microscope
(Hitachi).

Western blot analysis

Cell lysates were prepared in reducing and denaturing conditions
and subjected to electrophoresis in 15% acrylamide SDS-PAGE
gels. Western blot was performed, as described previously (Gao
et al., 2000), and developed with anti-ADRP antibody. B-tubulin
was used as the loading control. For densitometry analysis, the
images of the developed films were analysed via Image Master
2D platinum Ver. 6.0 software (GE Healthcare).

ML viability determined by flow cytometry

A live/dead staining protocol based on the LIVE/DEAD Baclight
Bacterial viability Kit (Invitrogen) was applied to study the viable
versus nonviable ML obtained from SCs treated with cytD, taxol
or vehicle. In brief, SCs (2 x 10° cells well”") were infected with
ML (MOI 50:1) for 6 h, then treated with cytD (1 uM), taxol
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(1 uM) or vehicle for 30 min at 33°C, followed by three PBS
washes to remove any non-internalized bacteria. SCs were
then incubated for 72 h after infection in RPMI cell culture
medium. Afterwards, cells were lysed with 0.1% saponin and
bacterial-containing suspensions were labelled with the LIVE/
DEAD kit and the percentages of live/dead bacteria were deter-
mined by flow cytometry according to the manufacturer's
instructions. As control, bacterial suspensions were exposed to
the same drugs using the conditions described above and this
parameter was used to exclude the direct drugs effect on bac-
terial metabolism. Flow cytometry measurements were per-
formed on a FACSCalibur (BD Bioscience) and analysed via
CellQuest software (BD Bioscience).

Cellular toxicity

The MTT assay was used to measure cellular toxicity in response
to drug treatments. Cell lines were inoculated into 96-well plates
(10 000 cells well") and allowed to attach for 24 h. MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma)
formazan was quantified following 72 h after drug treatments in
accordance with previously published procedures (Mosmann,
1983).

Lipid extraction and analysis

ST8814 SCs were infected or not with viable ML for 48 h. Cul-
tures were detached by trypsin-EDTA treatment and washed
twice with PBS. The cell number was determined and adjusted to
3 x 10° cells mI™" before mechanic disruption of cells. The lipids
were extracted with chloroform, methanol and water (1:2:0.8 by
vol) (Bligh and Dyer, 1959) and then partitioned with chloroform
and methanol (2:1 by vol), according to the standard procedure of
Folch et al. (Folch et al., 1957). Neutral lipids were analysed by
one-dimensional HPTLC on Silica gel 60 plates (Merck). Plates
were first developed in hexane-ethyl ether-acetic acid (60:40:1 by
vol) until the solvent front reached the middle of the plate and
then in hexane-chloroform-acetic acid (80:20:1 by vol). HPTLC
plates were stained by spraying with a charring solution consist-
ing of 10% CuSO,4 and 8% H;PO, and then heated to 180°C for
5—-10 min.

Statistical analysis

Results are representative of at least 3-8 independent experi-
ments. Data points in graphics are average + SE. Statistical
analysis was performed using two-tailed Student’s t-test assum-
ing unequal variances via GraphPad Prism software (GraphPad).
Statistical significance was assumed at P < 0.05.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Lipid droplets colocalize with M. leprae in foamy
Schwann cells in nerve biopsies of LL patients. (A) Double-
immunofluorescent labelling of a LL lesion for anti-S100 and
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anti-ML, evidencing the massive bacterial presence associated
with SC; (B) LL lesion stained with anti-S100 and anti-ADRP
(Pearson’s coefficient: 0.81); (C) LD—ML association within SCs
visualized by 3D reconstruction (yellow arrows) (Pearson’s coef-
ficient: 0.70). Nuclei were stained with TO-PRO-3. No fluores-
cence was observed for the isotype control IgG (data not shown).
Bars: white = 10 um; yellow = 5 um. S100 is a Schwann cell (SC)
marker; ADRP (Adipose Differentiation Related Protein) is a lipid
droplet (LD) marker; LAM (lipoarabinomannan) was used as a
Mycobacterium leprae (ML) marker.

Fig. S2. M. leprae infection induces increase in lipid droplet's
size and number. Human SCs were stimulated for 48 h before
evaluation of LD formation. LDs were stained with oil red O
(ORO) (A). LD diameters were determined from microscopy
images using ImagedJ software. The distribution of lipid droplet
size within individual cells was used to determine mean LD diam-
eter on a per cell basis (B). The statistically significant (P < 0.05)
difference between control and ML-treated cells is indicated by
asterisks. Bars: 10 um.

Fig. S3. Intracellular M. leprae is enveloped by lipid droplets in
in vitro infected Schwann cells. (A—E) Primary and (F-I) lineage
(ST88-14) human SCs were infected with PKH26-labelled ML
(red) for 48 h. (A—C) LDs were visualized using BODIPY label
(BP) (green). Note the LD-ML colocalization by 3D reconstruc-
tion (B) and in 2D images with orthogonal analysis (C). (D and
E) Imunofluorescence confocal images for ADRP (green label-
ling) and PKH26-ML. An enlarged 3D view of LD-ML interac-
tion, also shown in 2D images with orthogonal analysis
(Pearson’s coefficient: 0.43). Note staining for ADRP is seen
surrounding the ML surface in 3D reconstruction (D). The green
and red arrows indicate LDs and ML respectively. In (F),
general view of LD-ML localization in ST88-14 cells. (G) Close
ML-LD association seen by 3D reconstruction. (I) Close-up
showing fusion ‘bridges’ among LDs (white arrow) and the
LD-ML complex (inset, yellow arrows, Pearson’s coefficient:
0.83). (H) 2D image of the fattened z-stack. Bars:
white =10 um; red=2um. ADRP (Adipose Differentiation
Related Protein) and BODIPY are lipid droplet (LD) markers;
LAM (lipoarabinomannan) was used as a Mycobacterium leprae
(ML) marker.

Fig. S4. Corresponding to Fig. 3A. SCs were infected with
PKH26-labelled ML (red) and LDs were stained by BODIPY
(green) and investigated via time-lapse recording. Droplets
move towards the bacterium and adhere to it, merging into a
single structure. The film is 6.29 s long, representing 30 min
consisting of 44 frames, in which each second represents
4.76 min.

Fig. S5. Cytoskeleton distribution in uninfected SCs. The visu-
alization of the association between LDs and cytoskeleton in
uninfected cells. LDs were stained with BODIPY (green) and the
microtubular network was stained with o-tubulin antibody (o.-tub,
red). Bars: white =5 um; yellow =2 pm.
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ABSTRACT

The predilection of Schwann cells (SCs) by Mycobacterium leprae (ML) represents a
unique feature in leprosy. The frequent association of large numbers of ML with foamy
degeneration emphasizes the importance of lipids in the biology of ML infection and
suggests possible strategies to combat nerve damage. The origin and nature of these
lipids, as well as their function and contribution to leprosy disease remain unclear. In this
study, we analyzed the mechanism of lipid droplet (LD) organelle biogenesis by ML in SCs.
Firstly; the capacity of ML to induce LD formation was confirmed by in vitro studies with
human and murine SCs using microscopy and FACS analysis. Our observations indicated
that ML-LD induction occurs in a time and dose-dependent manner and requires the
uptake of live bacteria. LD biogenesis was also inhibited by microtubules and actin-
disrupting drugs confirming its dependence on cytoskeleton. In addition, only ML, but not
M. smegmatis or BCG was able to induce LD in SCs. Finally, a role for TLR2 and 6 in
pathogen recognition and signaling to form LD was investigated. TLR6 but not TLR2
depletion affected LD biogenesis. Interestingly, a concomitant reduction of live ML within
TLR6™ cells was observed, confirming the requirement of bacterial internalization to
modulate the lipid metabolism in SCs. LDs as inflammatory organelles were determined by
correlation between LD formation, eicosanoid synthesis and cytokine production in
response to bacterial infection. We observed that ML infection induced significant increase
in LD number and PGE, synthesis as well as the increase of IL-10 and inhibition of IL-12
production by SCs. Interestingly, NS-398 (COX inhibitors) and C75 (fatty acid synthase
inhibitor) down-regulated LD formation and PGE, synthesis, induce an inverse correlation
between IL-10 and IL-12 production and decrease the intracellular ML viability.
Immunohistochemistry analysis of nerves from lepromatous leprosy patients showed SCs
highly positive for both ML and adipophilin (ADRP), a marker of LD and co-localization with
COX-2, suggesting that their foamy aspect is at least in part derived from LD accumulation
induced during infection and these organelles are intracellular sites for PGE, synthesis.
Altogether, our data describe the ML-induced LD function as intracellular signaling
platforms in inflammatory mediator production and that this process is dependent on
bacterial viability and regulation by a new TLR6-dependent signaling pathway. These
findings open the possibility of interfering with ML ability to modulate host lipid metabolism,

which may contribute to bacterial survival and subsequently leprosy pathogenesis.
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