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Resumo

Os glicoconjugados deeishmania tem sido extensivamente estudados, mas ainda pouco
se sabe sobre o quanto polimorfismos intra e ispeaificos contribuem com o desenvolvimento
das diferentes imunopatologias das leishmaniosgede motivo, duas espécies de importancia
epidemioldgica foram examinadasl.. braziliensis e L. infantum, agentes causadores das
leishmanioses cutanea e visceral, respectivaméntd?G deL. braziliensis ndo possui cadeias
laterais enquanto o LPG de infantum carrega em sua estrutura oligbmeros de atéptrés
glicoses como cadeias laterais. Por outro lado teautesa dos GIPLs destas espécies era
desconhecida e foi objeto de estudo deste trabalho.

A andlise estrutural dos GIPLs mostrou duenfantum possui GIPLs pequenos e ricos
em manose, sugerindo predominéancia de GIPLs dol tepdibridos enquantd.. brazliensis
apresenta GIPLs grandes e ricos em galactose,tsagés tipo Il. Para analisar o papel destas
moléculas na interacdo com o hospedeiro, macréfpgosneais murinos foram tratados com
LPG ou GIPLs e a produgédo de nitrito, citocinasnbsomo a ativacdo de MAPKs foram
avaliados.

De forma geral, macrofagos estimulados com LPG. deaziliensis, demonstraram uma
producdo maior de TNE&; IL-1B, IL-6 e NO do que os estimulados com LPG de Lantdim,
adicionalmente, células tratadas com LPG de ambasspécies mostraram uma resposta pro
inflamatoria mais proeminente. Além disto, os GlRhsstraram a capacidade de inibir a
producdo de IL-12 e NO em macrofagos estimulados teN-y e LPS. Finalmente, os
glicoconjugados destas duas espécies resultaramusra cinética diferencial na ativagdo de
MAPKs. O LPG del. brazliensis mostrou uma ativacao transiente enquanto b.defantum

uma ativacao gradual. Os GIPLs de ambas espétiesdm em ativar MAPKSs.
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Abstract

Leismania LPG has being extensively studied Ltle lis known about in what extent
interspecies variations contribute to the differemhunopathologies of leishmaniases. Similarly,
for GIPLs, a relatively neglected molecule, littlss known about its polymorphisms among
Leishmania species and its role during infectidm address this issue, two epidemiologically
important South American species of Leishmaniaewexamined, L. braziliensis and L.
infantum, causative agents of cutaneous and vislesamaniasis, respectively. The LPG from
these two species differ in structure, being laziliensis LPG devoid of side chains while L.
infantum LPG carries one to thr@eglucoses on its side chains. In the other handtitueture of
the GIPLs from these two species is still unknowd svas addressed in this present work. A
structural analysis of the GIPLs showed that Lamé@m has small, mannose rich GIPLs,
suggestive of type | and Hybrid GIPLs while L. Zl@nsis has larger and galactose rich
GIPLs, suggestive of Type Il GIPLs. To addressrtile of these molecules upon macrophage
invasion, mouse peritoneal macrophages were tredathceither LPG or GIPLs and Nitrite and

cytokine production, as well as MAPKSs activationrgrevaluated.

Overall, macrophages stimulated with L. brazilisedsPG, had a higher TNE&; IL-1p,
IL-6 e NO production than those stimulated withttiod L. infantum, also, IFN- primed
macrophages stimulated with LPG, had a higher miialu of NO and TNFe than GIPLs
stimulated cells. Additionally, GIPLs showed theasaity of inhibit IL-12 and NO production in
IFN-y and LPS stimulated macrophages. Furthermore,lfltegpnjugates from the two species
resulted in differential kinetics of signaling MMAPK activation. L. infantum LPG exhibited a
gradual activation profile, whereas L. braziliensRG showed a sharp but transient activation,

while GIPLs failed to activate MAPKS.
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1. Introducéo

Leishmania infantum (sin. L. chagas); e L. braziliensis s&o os agentes causadores de

leishmaniose visceral (LV) e leishmaniose tegunrgihff), respectivamente.

Uma parte fundamental de se ciclo de vida envalweodulacdo da resposta imune do
hospedeiro vertebrado, em especial a ativacdo dhsag hospedeiras, primariamente 0s

macrofagos.

Por este motivo, muitos estudos tem focado naagd® parasito/hospedeiro com um
foco especial nas moléculas que fazem parte destdicice. Para sobreviver e se multiplicar no
ambiente hostil encontrado no tubo digestivo dowetnos tecidos do hospedeiro vertebrado, o
parasito conta com uma diversa gama de molécutased®s quais, os glicoconjugados assumem

um papel fundamental.

As moléculas associadas a GPIs estdo amplamgmieseas na superficie dos eucariotos
e procariotos. Além de ancoras lipidicas, os lggdissociados a GPls ainda desempenham um
papel no transporte de sinais através da membiranaporte intracelular de proteinas e atuam

como padrdes moleculares associados a patogenMRBA

Por este motivo, este trabalho tem como foco paht® estudo do papel desempenhado
por dois importantes glicoconjugados de superfil@d.eishmania, os GIPLs e o LPG. Neste
trabalho foram avaliados aspectos da estruturargasicdo bioquimica destas moléculas bem
como sua participacdo nos eventos fundamentaisivdee@ dos macrofagos como sinalizagéo

celular e producdo de mediadores inflamatorios.
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2. Objetivos
2.1. Objetivo Geral

Avaliar os aspectos da imunologia inata na interagétre GIPLs e LPGs de.
braziliensis e L. infantum e macréfagos murinos levando em conta as variagéesstrutura
bioquimica dossIPLs.
2.2. Objetivos especificos

1. Avaliar a inibicdo da producdo de NO por magyofaestimulados por GIPLs e

LPG delL. brazliensise L. infantum;

2. Avaliar a producdo de citocinas (IB1-1L-2, IL-4, IL-10, IL-12p40, IFNy e

TNF-a) por macréfagos murinos estimulados com GIPLs @4 Bas duas espécies;

3. Avaliar a ativacdo de MAPKs em macrofagos murirgisrallados com GIPLs e

LPG das duas espécies;

4. Determinar os tamanhos relativos e composicdo dgapaglicidica dos GIPLs

das duas espécies;

15



3. Revisao da literatura

3.1. As Leishmanioses como problema de saude puhlic

As leishmanioses compdem um grupo de doencas baglagas causadas por
protozoarios tripanosomatideos do género Leishm@airetoplastida: Triponosomatidae). Nas
Américas, elas sdo amplamente distribuidas desdmulodos Estados Unidos até o norte da
Argentina (Grimaldi & Tesh, 1993). As manifestac@inicas das leishmanioses podem variar
de pequenas Ulceras cutaneas de progressao gemlmeaigna que se curam espontaneamente
até formas mais graves como a leishmaniose viscpralé letal se ndo tratada (Herwaldt, 1999).
Na Ameérica Latina, especialmente no Brasil, Leighia braziliensis (Subgénero Viannia) e
Leishmania infantum (syn. Leishmania chagasi dbg8oero Leishmania) estdo entre as
espécies de maior importancia epidemiolégica comagentes causadores da Leishmaniose
tegumentar (LT) e visceral (LV), respectivamenteriialdt, 1999; Reithingeat al., 2007).

No Brasil, a LT causada por L. braziliensis é bastaomum e de ampla distribuicdo no
Brasil com ocorréncia em todas as regides do pesbfdrd, 2000; Kaye & Scott, 2011).
Classicamente, as manifestacdes clinicas da leisbagategumentar causada por L. braziliensis
séo classificadas como leishmaniose cutanea (L€i¥lemaniose cutaneo-mucosa. A LC, forma
mais comum, pode se apresentar como uma infecgmarente na qual o paciente possui
reatividade positiva ao teste de Intradermorreagéblontenegro (IDRM) sem historico de LT e
sem lesdo ou cicatriz caracteristica da LC. Alénfadma inaparente, o paciente ainda pode
apresentar um quadro de leishmaniose linfonodadjuad o paciente apresenta um quadro de
linfadenopatia localizada também na auséncia diolesgumentar. A LC tipica apresenta-se

como uma lesao uniforme e indolor, normalmentdadi& como uma papula avermelhada no
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sitio da infeccdo que geralmente evolui para urnaralcom bordas bem demarcadas e
elevadas com fundo avermelhado e granulacdes gassgAshford, 2000; Herwaldt, 1999).

Também causada por L. braziliensis, a leishmaniogtanea-mucosa (LCM), se
caracteriza por lesbes desfigurantes da mucosa raahl e da faringe. A LCM classica é
secundéaria a LC que, por um mecanismo ainda pooobecido, se caracteriza por uma
disseminacao linfatica ou sanguinea dos parasatasgpmucosa naso-orofaringeal e se manifesta
apos cura clinica das lesdes cutaneas iniciaignélaria dos casos, a lesdo se torna evidente
alguns anos apos a resolucdo da lesdo cutanenabrégd paciente apresenta uma positividade
bastante elevada para a IDRM mas de diagnoéstiasipalbgico muito dificil devido a escassez
de parasitos no local da leséo (Desjeux, 2004)nfOrsa inicial da LCM é uma irritagcdo branda
na ponta do nariz ou outra regido afetada. Em d&uogia de uma reagdo imunoldgica hiperativa,
inicia-se uma erosao progressiva da mucosa, e rtilagam associada, que resulta em lesbes
desfigurantes. A LCM é considerada uma das formas mgraves da doenca pela grande
morbidade e estigma social causados pelas lesSbasofd, 2000; Herwaldt, 1999).

Além da LC e LCM, a LV também possui ampla distigho no Brasil e sua incidéncia
tem aumentado inclusive nas grandes cidades, miduBelo Horizonte (Gontijo, 2004). A LV
caracteriza-se por um amplo espectro clinico, mpde variar desde as manifestacdes clinicas
oligossintomaticas até manifestacbes mais graues, g ndo tratadas, levam ao obito. Seus
principais sintomas incluem: febre branda interntédg anemia, linfadenopatia,
hepatoesplenomegalia, perda de peso, caquexiaepsdgg e hemorragias associadas a um

guadro de plaguetopenia (Ashford, 2000).
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3.2. Ciclo Biolégico

Os protozoarios do género Leishmania pertenceondam Kinetoplastida, familia
Trypanosomatidae. S&o parasitos heteroxénicos,ssitar@do de hospedeiros vertebrado e
invertebrado nos quais alternam entre a forma agoést intracelular e imével no hospedeiro
vertebrado e a forma promastigota, extracelulabeeinque habita o interior do tubo digestivo
do inseto vetor.

Ao realizar o repasto sanguineo em um hospeddiotado, as formas amastigotas sao
ingeridas e no interior do tubo digestivo do inssgadiferenciam nas formas promastigotas. As
formas promastigotas, nos vetores, sofrem por wma de modificacdes passando pelas formas
promastigotas prociclicas, altamente replicatia#é,se diferenciarem nas formas promastigotas
metaciclicas, estas Ultimas sdo as formas infextamie serdo inoculadas em um hospedeiro
vertebrado durante o proximo repasto sanguineoyesstal., 1990) (figura 1).

Ao serem inoculadas no hospedeiro vertebrado dumanepasto sanguineo do inseto
vetor, as promastigotas sdo fagocitadas e, derdrocélula hospedeira, rapidamente se
diferenciam em amastigotas (Handman, 1999), edtasapazes de infectar novos fagdcitos e
manter a infeccdo no hospedeiro vertebrado. O bidldgico se perpetua quando estas formas
amastigotas séo ingeridas pelo inseto vetor du@anépasto sanguineo. No interior do vetor as
formas amastigotas se diferenciardo nas formasgstigotas. (Handman, 1999; Kaye & Scott,
2011; Sacks & Kamhawi, 2001).

Os vetores responsaveis pela transmissédo de Lamsamsao representados no Novo

Mundo por dipteros do género Lutzomyia, enquantorgp Velho Mundo pelo género
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Phlebotomus (Familia: Psychodidae, Subfamilia: Phlebtominae) (Young & Duncan, 1994).
Apenas as fémeas sdo hematodfagas e sua distribdifsior limitante para a disseminacdo da
doenca (Ashford, 2000; Singhal., 2006). No Brasil, a espécie de flebotomineo amtantomo
vetor da L. infantum é Lutzomyia longipalpis eagto Lutzomyia whitmani e Lutzomyia
intermedia sdo apontados como principais vetorek. dgaziliensis (Grimaldi & Tesh, 1993;

Rangel & Lainson, 2003; Soaresal., 2010; Soares & Turco, 2003).

Flebotomineo

Promastigota

2t Promastigota
Prociclica

Metaciclica

Amastigota i “\ &
ro—f— B —§ —

Repasto sanguineo Divisdo Repasto sanguineo

i Promastigot:
Reinvasio Promastigota l

~— =
/ © @ Metaciclica
Lise Amastigota _ 0
" oNe, (©)

"‘ : Divisio

2 . .
Lisossomo

> e Macrofago

,‘/_1\‘ %

f @)

\ o Fagolisossomo
b S

Hospedeiro vertebrado

Figura 1. Representacdo esquematica do ciclo biolég de Leishmania: Representacéo

esquematica do ciclo de vide ldegshmania. (adaptado de Assis et al., 2012b).

19



Apesar de possuir um ciclo evolutivo relativamesi@ples quando comparado com
outros tripanosomatideos, os parasitos do géneishrbania encontram diversas barreiras
bioldgicas a infeccdo em ambos os hospedeiros.r®estas barreiras pode-se citar no vetor: a
matriz peritrofica; o ataque de enzimas digestiabsn da necessidade de adesé&o ao epitélio do
intestino para evitar sua eliminacdo durante aegé&wr do bolo alimentar (Sacks & Kamhawi,
2001). Entretanto, € no hospedeiro vertebrado quearasito encontra as barreiras mais
complexas onde diversos receptores e moléculas estélvidos no reconhecimento (Peterrs
al., 1995), fagocitose (Mosser & Edelson, 1985), macib da atividade celular, resisténcia ao
efeito litico do sistema do complemento (Brittingh& Mosser, 1996) e redes extracelulares de
neutrofilos (Guimaraes-Costt al., 2009) além do efeito toxico de radicais interragds
reativos de oxigénio (ROI) e nitrogénio (RNI), denbutras (Fenegt al., 1999; Gazzinellet al.,

2004; Liewet al., 1990; Murray, 1982).

3.3. Os glicoconjugados deeishmania

Para sobreviver e se multiplicar no ambiente hestiontrado no tubo digestivo do vetor
e nos tecidos do hospedeiro vertebrado, o paresiita com uma diversa gama de moléculas
dentre as quais, os glicoconjugados assumem unhfpapg@amental (Turco, 2003).

O termo “glicoconjugados” se refere a qualquer ke que possua algum motivo de
carboidrato ligado covalentemente a outra classeaéculas como lipideos e proteinas. Neste
trabalho daremos foco para os glicoconjugados dghirania ancorados a membrana por meio
de ancoras de glicosilfosfatidilinositol (GPI). I[deos associados a GPI sao tipicamente
considerados como ancoras de outras moléculas derfigie como glicoproteinas e

glicolipideos (McConville & Ferguson, 1993; McColtwi& Menon, 2000) e estdo presentes na
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maioria, se ndo em todos, os eucariotos. Entretamo leihmania, estas estruturas ec
presentes ndo somerassociad: a membrana (como lgpofosfoglicano (LPC e glicoproteinas
como a gp63rom a funcdo de ancorage mas tambénestdo presentecomo uma familia de

glicolipides com distintas funcdes como glicoinositolfosfolipide: (GIPLs) (Figura 2)

sAP
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Q-Ser- PO,,-00000000

(McConville & Ferguson, 199).
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Figura 1. Representacdo esquematica dos glicoconadps de superficie diLeishmania spp.
As pequenas estruturas ovais representam as usidegetitivas G-Man-PQ. Nos PPGs
(proteofosfoglicanos) e sAPs (fosfatases acidastetas), as unidades repetitivas estéo lig
ao polipeptideovia Man-PQ-serina. GIPLs, glicoinositol-fosfolipided PG, lipofosfoglicano

PG, fosfoglicano (extraido de Turco, 20i

As moléculas associadas a GPIs estdo amplamentssap na superficie dos eucari
e procariotos. (Jones, 2004cConville & Ferguson, 19¢ McConville & Menon, 200). Além de
ancoras lipidicas, dfpidios associados GPls ainda desempenham um papel no transporteaie
através damembrana, transporte intracelude proteinas (Englund, 199Bledof et al., 1996) e

atuamcomo padrdes moleculares associados a patogenMREB)(Takedaet al., 2003).
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3.4. Os glicoinositolfosfolipides (GIPLs) de Leishania

Os GIPLs de Leishmania sdo pouco estudados apegaesentes em todas as fases de
vida do parasito. Os GIPLs estdo presentes na faupecelular e revestindo estruturas
intracelulares de Leishmania onde representam anliglide mais abundante (McConville &
Ferguson, 1993). Apesar de estruturalmente analagadncoras GPI, os GIPLs apresentam.
diversas modificacbes bioquimicas durante sua ssEinteomo adicdo de cadeias laterais e
intensas substituicbes em sua ancora lipidica dEestarem expressos em grandes quantidades
(McConville & Ferguson, 1993), por isso represenpaodutos metabadlicos distintos ao invés de
simples precursores de ancoras (Lillicet al., 2003; Zawadzki et al., 1998).

Estruturalmente, os GIPLs, apresentam um grandlengedismo, entretanto possuem
uma estrutura basica conservada de dMa#GIcN ligada a porcdo lipidica, normalmente
composta por alquil-acil-glicerol ou lisoglicerslti-alquil-glicerol (liso-Pl), por um residuo de
fosfatidilinositol (Pl) (McConvilleet al., 1990). Esta estrutura basica esta presente eys txd
GIPLs de Leishmania descritos até o0 momento e septe uma entidade metabdlica final
expressa ha membrana bem como um precursor partesesde outros GIPLs sendo a estrutura

mais basica entre todas (Figura 3).
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Figura 3. Esquema bésico dos GIPLSA estrutura Maal-4GIcN, além de entidade metabdlica
final, atua como precursor de outras estruturasGteLs bom como ancoras lipidicas de

moléculas de superficie associadas a GPI (McCergilhl., 1993).

A partir desta estrutura basica, dependendo d&ciespu linhagem analisados, os GIPLs
apresentam um intenso polimorfismo relacionadootanin as substituicdes dos acidos graxos
na porgéo lipidica e de agucares na parte glicielisao comumente classificados dentro de trés
grupos (Figura 4). Os GIPLs do tipo I, em sua niaiapresentando um residuo de manose como
acucar mais distal, é identificado pela adicdo extoscarbono da manose proximal de um
residuo de manoseM@nal-6Manal-4GIcN-Pl). Os GIPLs mais comuns deste grupo sé&o
representados por M2 e M3 cujas estruturas sadmléMam1-4GIcN-Pl e Maal-2 Marol-
6Mam1-4GIcN-Pl, respectivamente. Esta familia é estalituente analoga as ancoras GPI de
proteinas de superficie e seu acido graxo predot@r@o acido esteérico (C18:0) (McConville
& Blackwell, 1991). Os GIPLs do tipo | sdo a forpeedominante enheishmania donovani,
Leishmania tropica e Leishmania aethiopica (McConville & Blackwell, 1991; Schneidet al.,

1994).
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Os GIPLs do tipo Il possuem como caracteristiadigdo ao terceiro carbono da manose
proximal de um residuo de manos#afal-3Manal-4GIcN-Pl). Estes possuem uma
composicdao lipidica mais heterogénea que varige emmbinagdes de acido estearico (C18:0),
acido behénico (C22:0), acido lignocérico (C24:@celo hexacosandico (C26:0). Os GIPLs do
tipo 1l variam entre os pequenos iM2(Meir3Marm1-4GIcN-Pl) até mais longos como o GIPL
A (Gakpl-3Gabl-6Gahbl-6Galpl-3Marnl-3Marnl-4GIcN-Pl) e s&o estruturalmente
analogos a ancora GPI do LPG. Estes GIPLs sdo cemtenencontrados erh. major,
Leishmania mexicana (McConville & Ferguson, 1993) keishmania panamensis. E importante
salientar que erh. panamensis € observada uma composicéo lipidica incomum ertrél1®Ls
de Leishmania sendo em sua maioria composta por diacilglicevahaés de alquil-acil-glicerol
ou liso alquilglicerol (Zawadzlet al., 1998).

O terceiro grupo, o dos GIPLs hibridos, compaatittaracteristicas estruturais com 0s
dois primeiros tipos e possuem adicdo de uma marasEMbos 0s terceiro e sexto carbonos da
manose proximal (Manal-3(Manal-6)Manal-4GIcN-Plyoatrados emL. mexicana e L.

donovani (McConville & Ferguson, 1993) (Figura 4).
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Figura 4. Tipos de GIPLs. Principais estruturas de GIPLs descritos em Leishmania. O acido
graxo predominante nos GIPLs do tipo-I e hibridos é C18:0, Os acidos graxos predominantes nos
GIPLs do tipo-Il sdo C18:0, C22:0 C24:0 e C26:0. E possivel a adi¢do de um radical “R” na manose
mais distal dos GIPLs do tipo-l, este radial € em geral uma proteina de superficie (ex: a
metaloprotease gp63) ligada ao GIPL via um residuo de etanolamina-fosfato (McConville &

Ferguson, 1993; Ralton & McConville, 1998).

As estruturas dos GIPLs de braziliensis e L. infantum ainda sdo desconhecidas e sao

foco deste trabalho.
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3.5. Os lipofosfoglicanos (LPGs) deeishmania

Ao contrario dos GIPLs, os LPGs séao os glicocomieg de superficie desishmania
mais bem estudados. Estdo amplamente expressdsrmas promastigotas aonde formam um
denso glicocalice que recobre toda a superficiepa@sito (Turco & Descoteaux, 1992).
Entretanto estdo ausentes nas formas amastigotaofMille & Blackwell, 1991).

Bioguimicamente, os LPGs possuem uma estruturd lgena conservada, composta por
quatro dominios: (i) uma ancora lipidica conservadapresentada por Q-alquil-24iso-
fosfatidilinositol (P1) ligado a (ii) uma porgéo central composta yor heptassacarideo também
conservado representado por Gal(al-6)Gal(al-§)3aB)[Glcal-PO4]Man(al-3)Man(al-4)-
GlcN(al-); (iii) uma regido de repeticbes de diss@meos fosforilados Gal(b1l-4)Man(al-)PO4
gue podem possuir substituicbes de um ou mais eEgicdando origem a um grande
polimorfismo intra e interespecifico e finalmen{e;), um oligossacarideo neutro terminal

(Descoteaux & Turco, 1999) (Figura 5).
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Figura 5. Representacdo esquematica do LP(Bioquimicamente, possui quatro dominios:
uma ancora lipidica de Q@-alquil-2-liso-fosfatidilinositol (P1) ligado &; (ii) por¢cdo central
fosfatidilinositol reresentada por Gil-6)Gal(6)Gal¢l-3)Galf31-3)[Glcal PO4]Mangl-
3)Man(3)Mangl1-4)-GlcN@1-); (i) uma regidode repeticoes de dissacaridefosforilados
Gal(31l-4)Man(Gal( 4)Man{1-)PO4 que podem pass substituicbes de um ou méacgucares e

(iv), umoligossacarideo neutro termi polimorfico (adaptado de Assis et al., 201

VariacOes qualitativas e quantitativas nas unidadpstitivas ocorrem dependendc
espécie, linhagem e fase no ciclo de vida do gard3urante o processo metaciclogénese, as
unidades repetitivasdobran em nUmero passando daproximadamen 15 para
aproximadamente 30 unidac(Barron & Turco, 2006; Guha-Niyogt al., 2C01; llget al., 1992;
Sackset al., 1995; Soarest al., 2002). EmL. brazliensis O LPG das forme promastigotas
prociclicas ndo possuem stihgcdes, sendo estruturalmeisemelhante ao LF de L. donovani
(Sudéo) (Sackst al., 1995) Durante a metaciclogénese, em L. brazilierocorre a adicao de
mono ou dissacarideos flgglicosesno carbono 3 da galactose (Soateal., 2005). O LPG de

L. infantum de diversas linhagens ja foi descrifmode variar de estrutul sem cadeias laterais
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como no LPG dd.. braziliensis na forma promastigota prociclica (LPGs do tipo @p€lho-
Finamoreet al., 2011), até LPGs com adi¢do de residuos de umesPd glicoses (LPGs do
tipo 1) (Coelho-Finamorest al., 2011; Soarest al., 2002) e LPGs mais complexos formando
cadeias laterais de trés ou mais glicoses (LPQGgpddll) (Coelho-Finamoreet al., 2011). Nas
formas promastigotas metaciclicas, apenas o LP{hkagem PP75 (MHOM/BR/1974/PP75)
foi estudado até o momento e a regulacédo da aded@ticoses a cadeia lateral segue um padrao
contrario ao del. brazliensis ocorrendo a remocgdo destas glicoses, enquanto mue. e
braziliensis ocorre a adicdo (Soaresal., 2005; Soarest al., 2002). Por ocasionarem patologias
distintas e por apresentarem LPGs com estruturBsedies, este trabalho focou em
brazilienss (MHOM/BR/1975/2903) (LPG ndo  substituido) elL. infantum
(MHOM/BR/1970/BH46) cujo LPG possui até 3 glicosescadeia lateral (Coelho-Finamate

al., 2011; Soarest al., 2002) (Figura 6).
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Figura 6. Diferencas estruturais do LPG das formaspromastigotas prociclicas delL.
braziliensis e L. infantum. O polimorfismo presente nas unidades repetitd@s LPGs dd..
braziliensis e L. infantum esta na adi¢do de residuos de glicose ao residomese, formando
cadeias laterais. Enquanto que na forma promaatigodciclica delL. infantum ocorre a
substituicdo com oligbmeros de um a trés resideaglidose, no LPG das formas promastigotas

prociclicas de.. braziliensis ndo ocorre esta substituicdo (Soaates., 2002; 2005).

3.6. Aspectos imunolégicos das leishmanioses

Em um ambito geral, a modulacéo do sistema imonégshmania tem sido estudada a
fim de se compreender os mecanismos de protec&usueptibilidade a infeccdo. Por muito
tempo acreditou-se que a leishmaniose se iniciala gireta infeccdo de macrofagos apos a
inoculacéo dos parasitos na pele pelo vetor. igst® se deve pela dificuldade de se estudar os

eventos iniciais da infecgao.
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Neste sentido, modelos experimentais tém propoacdio um importante avanco na
compreensdo dos eventos imunolégicos que marcamso da infec¢cdo. Dentre estes modelos,
pode se destacar o estabelecimento de um imporfzar@digma que envolve células T
auxiliadoras (Células T CD4+).

Apés ativacdo, as células T CD4+ ndo estimuladé®)(podem se diferenciar em
distintas subpopulacdes com papéis bastante espscifa regulacdo da resposta imune. Por
exemplo, as células T CD4+ do tipo 1 (Thl) secrdf@Ny, que estimula uma resposta celular
caracterizada pela ativacdo dos mecanismos middabialos macrofagos e esta diretamente
relacionada a um fenadtipo protetor contra a LT e(Révisado por Reiner & Locksley, 1995).

No modelo classico de infec¢do pomajor, este fendtipo chamado tipo 1 esta associado
a linhagens de camundongo resistentes a infecgdo G57BL/6 que é dependente diretamente
da producéo de IL-12 por células apresentadoramtigenos (APC), em um microambiente pro
inflamatorio, onde diversas citocinas como ki-1L-18, IL-23 e IL-27 e TNFa também estéo
presentes (Revisado por Alexander & Bryson, 20@gdan & Rollinghoff, 1998).

Por outro lado, a diferenciacdo das células T Cbd+ipo 2 (Th2), caracteristica da
imunidade contra helmintos e nos processos alé&di€ool et al., 2012), leva a producéo de
outras citocinas, como IL-4, IL-5 e IL-13. Este Gépo das células T CD4+ esta associado a
estimulacdo de uma resposta humoral a infeccad-@dnmania e a sua predominancia esta
diretamente associada a um fenotipo de suscegéidi & infeccdo, fendmeno observado em
camundongos BALB/c (Rogeesal., 2002).

Além dos ja bem descritos e estudados fendétipas ghTh2, a diferenciacdo dos
linfécitos TCD4+ no subtipo Th1l7 tém demonstrado papel importante mas ainda pouco

compreendido na LCM. Estudos tem demonstrado queducao de IL-17 pode ser detectada
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nas lesdes ativas e estad relacionada com seu agmaim Este fenbmeno parece estar
relacionado com a capacidade da IL-17 de estimutargrande influxo de neutrdfilos para o
sitio da lesdo e, mesmo num cenario de escasgerrakatos, estimular a ativacao destas células
com producdo de proteinases e liberacdo de prstesialares (Boaventust al., 2010). Este
fenbmeno também pode ser observado pelo agravamdentesbes causadas pela IL-17 em
camundongos susceptiveis infectados tomajor (Lopez Kostka et al., 2009).

Assim como descrito, o0 modelo classico de difeegdo das células TCD4+ como
marcador da polarizacdo da resposta imune se miestrao quando se leva em conta o leque de
modificagbes que podem ocorrer e pela ocorréncigedes mistos (WHO 2010) e ndo se aplica
completamente a outras espécies@ehmania, principalmente nas Américas. Em infeccdes por
L. braziliensis, observa-se que a polarizagdo Th1/Th2 ndo é béniddee provavelmente nédo é
um fator determinante na infeccdo de camundongo&BBA Quando infectados por esta
espécie, estes animais controlam a multiplicac&o pdwasitas que desaparecem apoés 42 dias.
Este fendtipo de resisténcia em resposta a infepgab. brazliensis ndo se da devido a uma
resposta Th1l eficiente, e sim por uma falha ao aramha resposta Th2, uma vez que 0s niveis
de IL-4 sdo de 10-15 vezes menores se comparaddscgdo porL. major (DeKrey et al.,
1998). Por outro lado, em camundongos BALB/c infectaomsl. infantum tendem a apresentar
uma maior producdo de IL-10 por células T CD4+ DCR&p3- nos sitios de infecgcéo
(principalmente baco e linfonodos) além do acunaddacélulas T reg (células T CD4+ CD25+
foxp3+) nestes sitios cuja producédo de TEpromove imunossupressao que previne o inicio
precoce dos sintomas imunopatoldgicos (Rodrigaieal., 2009). Além disso, a presenca de
células T reg também parece reduzir a imunopatldgilesbes cutdneo-mucosas causadas por

L. amazonensis (Ji et al., 2005).
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Por este motivo, diversos trabalhos tém focadanodulacdo da ativacdo das células
hospedeiras como producdo de citocinas/quimiocenade sua capacidade de producdo de
radicais ativos de nitrogénio e oxigénio. Por repnéarem o primeiro contato com o hospedeiro
e formarem uma interface de interacdo bastante le@mpas moléculas de superficie do parasito
assumem um papel central. Neste contexto se dest@&glicoconjugados de superficie. Esta
diversa classe de moléculas atua nas diversasdasaslo de vida do parasita como fatores de
viruléncia multifuncionais (Descoteaux & Turco, 89%chleinet al., 1990; Soarest al., 2004;

Soarest al., 2002).

3.7. A resposta imune inata e as leishmanioses

Como descrito anteriormente, a habilidade do roeipe de controlar a infeccédo e
resolver a doenca requer a capacidade de montageaimd forte resposta imune celular, em
especial com producdo de citocinas do tipo |, cafmativar os macréfagos hospedeiros para
eliminar as formas amastigotas intracelulares (Cungsret al., 2010). Este tipo de resposta
depende de diversos fatores sendo a capacidadecdehecer, com certa especificidade, o
protozoario invasor e regular de uma respostaidimada.

O reconhecimento do parasito, assim como de gelatmjitro microrganismo, parasita ou
ndo, depende da capacidade do sistema imune dedeigpde reconhecer padrbes moleculares
gue estdo normalmente associados a patdgenos, amsadbs PAMPs. Estes PAMPs séo
reconhecidos por receptores especializados cham&egesptores de reconhecimento de

padroes” ou PRRs (do ingl@attern recognition receptors).

32



Os PRRs podem ser de diversos tipos e podem asgaciados a membrana como 0s
receptores do tipo toll (TLRs) bem como podem ekiaalizados no citoplasma como 0s
receptores do tipo NOD (NLR) dos quais se destatuzas familias principais: Os NODs (NOD1
e NOD2) e as NALPs (por volta de 14 proteinas emdnos)(Hartoret al., 2002; Inohara &
Nunez, 2003). Neste trabalho o foco sera dadogsaraceptores do tipo toll (figura 7).

Estruturalmente, os TLR s&o proteinas transmerabigue contém dois dominios
principais: um extracelular caracterizado por umgido rica em leucinas (LRR) responsavel
pelo reconhecimento dos motivos moleculares asdogiaos microrganismos invasores e um
dominio intracelular em comum ao receptor de Ilk&nsado de dominio Toll/IL-1, ou dominio
TIR responsavel pela transducdo do sinal para fasedtes vias intracelulares (Akira, 2003;
Akira & Takeda, 2004).

O primeiro TLR humano identificado foi o TLR4 (Madtov & Janeway, 1997) e seu
principal agonista identificado como sendo o lidgsacarideo (LPS), componente abundante
da superficie de bactérias gram-negativas (Poltralk, 1998). Subsequentemente outros TLRs
e seus ligantes foram sendo identificados. Pelacid@de marcante de formar heterodimeros
com o TLR1 e TLR6, o TLR2 é capaz de reconhecer lango espectro de compostos
microbianos como lipoproteinas (Aliprangsal., 1999), peptidioglicanos (Schwandretral.,
1999; Takeuchét al., 1999) bem como diversos lipideos (Revisado paraf& Takeda, 2004) e
em especial GIPLs de cruz (Coelho et al., 2002) e GIPLs e LPGld#shmania (Becker et al.,
2003; de Veer et al., 2003). Um lista de agonistadhecidos dos TLRs pode ser encontrada em
Akira & Takeda (2004) e Carpenter & O’Neill (2007).

De forma geral, o reconhecimento dos diversos P&apitos TLRs leva a producéo de

citocinas pro inflamatérias e a subsequente resposine. Apds reconhecimento do ligante a
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porcdo LRR, a regido TIR do receptor sofre mudarogagormacionais necessarias para o
recrutamento das proteinas que irdo transferir @std de ativacdo para as diversas vias de
sinalizagéo intracelular. Estas proteinas sdo cantenchamadas de proteinas adaptadoras e
incluem o fator de diferenciacdo mieloide 88 (MyR88daptador do tipo MyD88 (MAL),
proteina adaptadora contendo o dominio TIR (TIRAR){eina adaptadora contendo o dominio
TIR induzido por IFNe (TRIF), molécula adaptadora relacionada a TRIFAVIR e proteina
adaptadora contendo SAM e ARM (SARM) (Revisado@arpenter & O'Neill, 2007).

A via dependente de MyD88 & a mais estudada eeest@lvida na ativagdo do fator
nuclear kB (NF-kB), um importante fator de transigira expressao de citocinas e mediadores
inflamatérios, por todos os TLRs descritos excettn FLR3. As principais vias ativadas por
TLRs séo a via de NF-kB através de ikB cinase (I)idteinas cinase ativadas por mitdgenos
(MAPKSs) e a via de fosfatidilinotisol 3-cinase (RI2kt) (Akira & Takeda, 2004). De forma
geral, a ligacdo de algum agonista a por¢cdo LRRLd® leva a uma mudanc¢a conformacional
na porcao TIR do receptor, esta mudanca leva &agéte com a proteina adaptadora MyD88,
que também possui um motivo TIR, ativando IRAK-fji4e por sua vez fosforila TRAF6. A
forsforilacdo de TRAF6 culmina com a degradacédo iki® e consequente liberacdo e
translocacdo de NF-kB para o nucleo (Janssens &d3£y2003; Suzulet al., 2002b; Suzuket

al., 2002).
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Apesar da maioria dos TLRs serem dependentes de88Jyos TLR3 e TLR4 sao
capazes de ativar vias de sinalizacédo independdatta molécula adaptadora como a ativagédo
de IRF3 em vias controladas por TRIF (TLR3) e TREAM (TLR4) levando a expressao de
genes controlados por IFR3 como a producdo defenbers do tipo 1 (Krishnast al., 2007).

Um resumo das vias dependentes e independentegig8\ksta representado na Figura 7.

TLR1/6 TLR2 TLR4

H MyD8&8-independeny |

MyD88-dependent

= pathway pathway |
o'y U% L4
S /

TBK1

—* |L-6 \—I_’ IL=1[, TNF=a 1P-10,1FN-f

IL=1B. TNF -

Figura 7. Vias de sinalizacdo dos TLR%A ligacdo de PAMPs aos TLRs leva a ativagéo
de moléculas adaptadoras como MyD88 e TRIF/ TRAMIguam a ativacdo de genes por meio

de diferentes vias como MAPKSs, IRF-3 e NB- (figura adaptada de Krishnathal., 2007).
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O primeiro trabalho a estudar as vias dependerté4yiD88 e a infeccao pdreishmania
foi realizado por Hawn em 2002 (Hawtal., 2002). Neste trabalho, avaliando a infecgaolLpor
major, foi demonstrado que macrofagos de camundongasietgés em MyD88 expressam
niveis reduzidos de ILdl. Em 2003, o TLR2 foi identificado como receptorld®G (Beckeret
al., 2003; de Veeet al., 2003). Posteriormente foi demonstrado que cammg deficientes
em TLR4 possuem uma menor resisténcia a infeccib.poajor (Kropf et al., 2004). Ent.
donovani, foi demonstrado que por meio da modulacdo de M#ARKparasito € capaz de reduzir
a expressdo de TLR2, e consequentemente redurgdagédio de IL-12 acompanhado de uma
elevacédo da producéo de IL-10 (Chandra & Naik, 20@8rém, estes mecanismos, para espécies
do Novo Mundo, sdo ainda pouco conhecidos. Trabalferentes conlL. brazliensis
demonstram que apesar de MyD88 ser importante paraontrole da infec¢do, no
reconhecimentan vitro e in vivo do parasito por células dendriticas, o TLR2 possuipapel

modulatorio, reduzindo a producéo de IL-12 (Varfjedrausteguet al., 2009).

3.8. O papel biolégico dos Glicoconjugados desishmania

A interacdo entreLeishmania e hospedeiro é complexa e assume diversas formas
dependendo das espécies envolvidas e fatoressetda como status nutricional e imunolégico
do hospedeiro, bem como linhagens do parasito eas, mas nédo se sabe o quanto, variacbes
nas moléculas de superficie do parasito, influengia resposta imune subsequente. Entretanto,
estudos mostram que, principalmente glicoconjuga@osuperficie, assumem o papel de fatores
de viruléncia multifuncional e séo indispensavasapo estabelecimento de uma infeccdo bem

sucedida.
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O LPG tem sido associado com diversos processoantgura infeccao incluindo
resisténcia ao efeito litico do sistema do comptemebem como reconhecimento, fagocitose
por macrofagos e protecdo contra o ambiente aoctdowvdcuolos parasitoforos (Bogdan &
Rollinghoff, 1999; Wilhelmet al., 2001); inibicAo da maturacdo fagossomal (Dernanal.,
2000), bem como intervencgéo na integridade de whicronios de membrana em fagossomos
(Dermineet al., 2005), modulacdo da producéo de oxido nitrico-&2 (Brittingham & Mosser,
1996; Piedrafitaet al., 1999; Proudfoott al., 1996), inibicdo de proteina cinase C (Piedradita
al., 1999), modulacdo de MAPKs (Feegal., 1999; Prive & Descoteaux, 2000), inducdo de
redes extracelulares de neutrofilos (NETs) (Guiess@osteaet al., 2009), inducdo da proteina
cinase R (PKR) (de Carvalho Vivaridi al., 2011) e inducdo da heme-oxigenase | (&ual.,
2012).

A diversidade e importancia do LPG, bem como ddBLGItem sido demonstradas no
contexto da resposta imune celular. De fatanajor deficiente em LPG tem sua infectividade e
capacidade de sobreviver no interior de macréfagdsezida, enquanto que dmmexicana o
desenvolvimento de mutantes deficientes em LPGraaldllg, 2000; liget al., 2001; Turccet
al., 2001). A importancia do polimorfismo do LPG néettao também pode ser observada em
L. donovani (Prive & Descoteaux, 2000), onde o LPGldelonovani da linhagem indiana foi
capaz de ativar simultaneamente, mas com cinéfiegedte, as MAPKs ERK, JNK e p38. Esta
linhagem dd_eishmania possui um LPG com cadeias laterais de 1BaGicoses (Mahoney &
Turco, 1999). Por outro lado, o LPG da linhagem[1,S# origem sudanesa, tledonovani,
nao possui cadeias laterais. Nesta linhagem o LR&implicado na ativacdo de MAPKs uma
vez que promastigotas deficientes em LPG ndo ativdiPKs em macréfagos (Prive &

Descoteaux, 2000). Adicionalmente, o LPGLdedonovani da linhagem indiana (sem cadeias
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laterais) ndo induz a formagédo de NETs por nelngfibem como aumenta a resisténcia do
parasito a sua acdo microbicida (Gabeedl., 2010) enquanto o LPG de amazonensis, em
cuja estrutura ocorre a adicdo de umaf®a glicoses (dados nédo publicados), induz a formacéao
de NETs de forma dose dependente (Guimaraes-&asta2009).

Por outro lado, apesar da estrutura bioquimica @H3Ls de diversas espécies de
Leishmania ja ter sido descrita, seu papel na biologia e giedem sido ainda negligenciado.
Em parte, isto se deve a dificuldade em se isdaefeitos especificos dos GIPL, ja que os
mesmos compartilham vias metabdlicas e estruturguiinica com outros glicoconjugados
ancorados a GPI.

Os primeiros estudos descreveram a participacdoGdBgs del. major na resposta
humoral (McConville & Bacic, 1989), desencadeandwaducéo de altos titulos de anticorpos
anti- a-Gal em humanos. Resultados semelhantes foramwvaloesr por outro grupo er.
major, L. donovani, L. mexicana e L. brazliensis (Avila et al., 1991). A primeira evidéncia de
gue os GIPLs déeishmania desempenhariam um papel na imunidade inata foi dstrawa
durante a inibicdo da producdo de NO por macrofagaios por estas moléculas (Proudfetot
al., 1995).

Em parte, a dificuldade de se estudar o papel dB@sEsXe deve ao fato de que os GIPLs
compartilham vias metabdlicas com outras molécaaselhantes e a auséncia de mutantes
especificos. Entretanto, a geracao de mutantesetefs parcial ou totalmente de GIPLs sugeriu
uma participagédo na infeccdo poramazonensis (Mensa-Wilmot et al., 1999) k. mexicana
(Garamiet al., 2001; Raltoret al., 2003).

Apdés o reconhecimento dos receptores na membranaGIBLs sdo capazes de

desencadear diferentes respostas intracelularesleRmnstrado que os GIPLs Hemexicana
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sdo capazes de ativar vias de sinalizacéo atrav@soteinas tirosina-quinase (PTKs) (Tachado
et al., 1997). PTKs modulam vérios processos como ditgaedao celular, crescimento,
metabolismo e apoptose (Geer et al. 1994). Elaseseptam uma familia de cinases cuja
ativacdo desencadeia uma série de fendbmenos esldatre os quais pode-se citar, a ativagdo
da proteina Ras (Margolis & Skolnik, 1994). Estaapaz de se ligar as isoformas de Raf
(MAP3K) como A-Raf, B-Raf e C-Raf, ou seja, levaral@tivacdo de vias de MAP quinases
(Avruch et al., 2001) que modulam vérias funcodsmaelulares. Entretanto, esta ativacdo de
PTKSs parece nao levar a ativacdo de PKC nem a gfiodie NO (Tachada al., 1997).

Em sintonia com estes achados, o LPG também é dapeteragir de forma intrincada
com os mecanismos de sinalizacao celular. LEmonovani e L. mexicana, o LPG é capaz de
inibir in vitro a ativacdo de PK&; o que resulta em inibicdo da despolimerizacadithloaentos
de F-actina e fusdo do fagossomo com lisossomokn(idoal., 2003; Holmet al., 2001) bem
como a explosdo respiratéria em camundongos Balb/dendétipo susceptivel a infeccéo
(Delgado-Dominguez et al., 2010). Variacdes naugsta do LPG parecem também ser
importantes na interacdo com as células hospedBieaforma geral, a capacidade de modular a
producéo de NO, em sinergia com IlNparece estar diretamente ligado com a complegidad
das cadeias laterais das unidades repetitivas, veanagque LPGs mais complexos tendem a
possuir uma atividade pro-inflamatéria mais proemta (Coelho-Finamorm al., 2011; Gabriel
et al., 2010; Guimaraes-Costhal., 2009; Prive & Descoteaux, 2000; Proudfetcdl., 1996).

Baseado no exposto, os GIPLs e LPGs Laéeshmania, em conjunto com outras
moléculasde superficie, desempenham um papel importantafeacéio. Mas as informacdes
sobre selefeito isolado sobre a atividade de macréfagosaasd escassas. Como parte de um

amploprojeto em Glicobiologia, este projeto teve comgetivo investigar o papel destes dois

39



glicoconjugados de espécies ldg@shmania do Novo Mundo. Neste trabalho, os GIPLs e LPGs
de L. brazliensis e L. infantum apresentaram variagfes importantes em sua porgadiai.
Estas variagbes resultaram na inibicAo e modulaighaliferentes mecanismos efetores em

macrofagos murinos incluindo a produgéo NO, citasie a ativacdo de MAP quinases.
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4. Métodos

Todos os animais utilizados neste trabalho foramejaalos de acordo com boas préticas
de manejo animal definidas pela Comissdo Etica so te Animais (CEUA) da Fundac&o
Oswaldo Cruz (Fiocruz), Belo Horizonte, Minas Gegrdtrotocolo P-0297-06. A utilizacdo de
camundongoskKnockout foi aprovada pela Comissdo Teécnica Nacional de $igsranca

(CTNBIo) Protocolo #01200.006193/2001-16.

4.1. Parasitos

As Linhagens de referéncia da Organizacdo Mund&alSaude del. brazliensis
(MHOM/BR/1975/M2903), L. inffantum  (MHOM/BR/1974/PP75), L. infantum
(MHOM/BR/70/BH46), eL. donovani (MHOM/SD/00/1S-2D) foram utilizadas. Os parasitos
foram cultivados em meio M199 suplementado com #ti@¥soro fetal bovino (SFB), 100 U/ml
de penicilina, 50 mg/ml de estreptomicina, 12,5mdvgtitamina, 0,1M de adenina, 0,0005% de

hemina e 40mM de Hepes, pH7,4 a 26°C (Saaras, 2002).

4.2. Extracao e purificacdo do LPG e dos GIPLs

As promastigotas deeishmania foram cultivadas como descrito no item anterior @té
inicio da fase estacionaria quando foram centrdagae lavadas duas vezes com PBS. Ao
sedimento foram adicionados 2,5ml de cloroférmidémel (3:2, v/v) e 0,5ml de cloreto de
magnésio (MgCI2) 4mM seguindo uma nova centrifugeg@10@ por 7min. O sedimento foi
sonicado e o material centrifugado a 2 @@r 7min. As fases aquosas, superior e inferior,

foram descartadas e o procedimento anterior repatith vez. A fase sélida intermediaria foram
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adicionados 2,5ml de MgCI2 4mM e novamente soni@adantrifugada a 21gQ@or 7min. O
procedimento foi repetido uma vez desprezando-ssolrenadante. Ao sedimento foram
adicionados 3ml de cloroférmio/metanol/agua (1®B1@/v) e 0,5ml de cloroférmio/metanol
(1:1, v/v), este ultimo adicionado apenas na prianeentrifugacdo. Este passo foi repetido por
trés vezes, com centrifugacdo a 2100r 7min.

Para a extragdo do LPG, foram adicionados 2,5 mES©AK (agua/etanol/etil-éter/
piridina/NH40H; 15:15:5:1:0,017 v/v) ao sedimentesultante da extracdo dos GIPLs. O
sedimento foi entdo sonicado e centrifugado (7 21©0g) e o sobrenadante contendo o LPG
recolhido. O procedimento foi repetido mais 3 veZes sobrenadantes contendo os GIPLs
foram combinados e secos por evaporacdo em bambhfluso de N2, o mesmo procedimento
foi aplicado ao LPG.

O material seco contendo os GIPLs foi diluido eetato de aménio a 0,1M com 5% de
1-propanol e aplicado em uma coluna de Octil-seyg@a(80 ml) equilibrada na mesma solucgao.
A coluna foi aplicado um gradiente continuo de dganol de 5 a 60% em acetato de amonio
0,1M. Fracbes de 3 ml foram coletadas e a presdogsaGIPLs nas fragcOes foi detectada
aplicando-se 21l de cada fracdo em uma placa de Cromatografiaamada delgada (CCD).
Apoés aspersao da placa com uma mistura de oraira:gulfirico (1:1) e aquecendo a placa a
100°C por 5 min, as fracdes contendo os GIPLs fodamtificadas pelo aparecimento de uma
coloracéao roxa (Orlandi & Turco, 1987).

O material seco contendo o LPG foi solubilizadoZmL da solugdo &cido acético 0,1
N/ NaCl 0,1 M, sonicado e aplicado em uma colungardo fenil Sepharose equilibrada com o
mesmo solvente. A coluna foi entdo lavada de acooto a seguinte sequencia: 1 ml de &acido

aceético 0,1 N/NaCl 0,1 M seguido de 1 ml de a@dético 0.1 N seguido de 1 ml de dH20.
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Foram utilizados 4 ml de ESOAK para eluir o LPGm@terial foi entdo seco por evaporacao em
sob fluxo de N (Soarest al., 2002).

Os GIPLs e LPGs secos foram solubilizados em agreade endotoxinas e armazenados
a -20°C. Para utilizacdo nos experimentos de icdieran vitro, os glicoconjugados foram

diluidos em meio RPMI em varias concentracfes digredo do experimento.

4.3. Purificacdo de macréfagos peritoneais murinas cultura celular

Os macrofagos peritoneais foram extraidos de caomgus BALB/c, C57BL/6, TLR2 -
/- e TLR4 -/- knockouts cujo background genético € C57BL/6) por lavagem peritoneal com
meio RPMI gelado (4°C) sem soro 72h apos a injpeditoneal de 2 ml de tioglicolato de sddio
(3% em &gua). As células foram diluidas em meio REtlementado com 2mM de glutamina,
50 U/ml de penicilina e 3@/ml de estreptomicina e plaqueadas a 3 XcBlulas/ml em placa
de 96 pocos. A suspensdo foi mantida em RPMI paniB@tos a 37C/5% CO2. As células ndo
aderentes foram removidas apds lavagem com RPMIm@srofagos enriquecidos foram
incubados com IFN-(100 Ul/ml) (Kolodziejet al., 2008), promastigotas deishmania (10:1),
GIPLs (1, 5, 10 e 2fg/mL), LPG (1 a 1Qug/mL) ou lipopolisacarideo (LPS) (100 ng/mL) em

RPMI.

4.4. Dosagem de citocinas e nitrito

Para a dosagem de citocinas pela metodologia fexit{dBA (BD), as células foram
plagueadas como descrito acima por 1 h. RPMI fticeadicionado com a adi¢cdo de IFN3
Ul/ml) para células primadas (Hu & al., 2002) ou sem a adi¢do de IFNpara células néo

primadas) e incubadas por 18 h (37°C, 5% CO2). Agsbe periodo, as células foram lavadas
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com meio RPMI sem soro e foi adicionado meio fresem IFNy suplementado com 2 mM de
glutamina, 50 U/ml de penicilina e 50 mg/ml de estomicina. GIPLs (2%g/ml), LPG (10
pHg/mL) ou LPS (100 ng/ml) foram adicionados e inddsapor 48h. Sobrenadantes foram
coletados e armazenados a -70°C até o uso. A doac@&n de citocinas (IL[; IL-2, IL-4, IL-5,
IL-10, IL-12p40, IFNy e TNFa) nos sobrenadantes foi determinada usando €B4& Mouse
Cytokine assay kits (BD® Biosciences, CA, EUA) de acordo com as recaiaedes do
fabricante. As medicdes por citometria de fluxcaforrealizadas em citometro de fluxo FACS
Calibur (Becton Dickinson, Mountain View, CA, EUAA aquisicdo dos dados foi realizada
utilizando o program&ell-QuestTM software package fornecido pelo fabricante. A analise dos
dados foi feita no program@owlJo software 7.6.4 (Tree Star Inc., Ashland, OR, USA). Foi
realizada uma aquisicdo de 300 eventos para caéoeina testada em cada preparagdo. Os
resultados representam a média de 2 experimentaduphtata. A concentracédo de nitrito foi
dosada nos mesmos sobrenadantes pela reacao se Griapieet al., 1988).

Para os experimentos de inibicdo utilizando GIRIsssuspensdes celulares extraidas dos
camundongos como descrito anteriormente, forambitas enriquecidas por aderéncia em
plastico e incubadas por 18h sem a adicao deylRBIPLs foram adicionados e incubados por
15 a 30 minutos a 37°C quando entdo foram adicas&dU/ml de IFNt Os sobrenadantes
coletados apo6s 24 h para dosagem de nitrito, AHL-12. Quando usados, LPS e I§fbram
adicionados 15 min antes da adicdo dos GIPLs. (sesadantes foram coletados e as
concentracdes de nitrito determinadas pela reagioGdess (Drapieret al., 1988). As
concentracdes de TNire IL-12 foram determinadas por ELISA (BD). Paraegperimentos de
inibicdo utilizando LPG, as suspensdes celulardmiglas dos camundongos como descrito

anteriormente, foram incubadas enriquecidas pa€ad& em plastico e primadas por 6h com 3
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U/ml de IFNy. Em seguida foi adicionado o LPG (fu@/ml) e as células incubadas por 18h.
Apos este periodo LPS (100 ng/mL) foi adicionadareio e as células incubadas por mais 24h
a 37°C. Os sobrenadantes foram coletados e asntragd@s de nitrito determinadas pela reacéo

de Griess (Drapiest al., 1988).

4.5. Tratamento com fosfolipase C Pl especifica (FHLC)

Com o intuito de avaliar a necessidade da estrittaeata para a sua atividade. Os GIPLs
purificados foram diluidos em 150 ml de tampdo C8BAP98mg HEPES, 47mg EDTA e 50mg
CHAPS em 50ml de &gua livre de endotoxinas). Foesméo adicionadas 2 U de PI-PLC
(Sigma) e o material foi incubado em banho-maria78C por 16h. Macrofagos peritoneais
foram entdo extraidos e plagueados como descriteriamente, e incubados com GIPLs
intactos ou GIPLs tratados com PI-PLC por 15 a 30 an37°C. Foram entdo adicionadas 3
U/mL de IFNy e a concentracdo de nitrito dosada nos sobreredapts 24h pela reacdo de

Griess.

4.6. Preparacao dos lisados celularesmunoblot

Macréfagos (3 x 10células por poco) estimulados por GIPLs (2Bml) ou LPGs (10
pg/ml) foram lavados em PBS gelado (4°C) e rompmws tampédo de lise (Tris-HCI 20mM
pH7,5, 1% Triton X-100, Ortovanadato de sédio 1nfhilmetilsulfonil fluoreto (PMSF) a
1mM, Fluoreto de Sédio a 50 mM, NaCl a 150 mM, ED&a/A% mM, Glicerol a 10% (v/v),
ditiotreitol (DTT) a 0,5 mM e um coquetel de inibres de protease (Sigma®).

Em seguida as células foram raspadas e centrifagad®.000 x g (4°C, 10 min), e 0s

sobrenadantes transferidos para tubos novos eduoardi-20°C até o uso. Os lisados celulares
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foram resolvidos por SDS-PAGE (100V), transferigasa uma membrana de nitrocelulose e a
membrana bloqueada por 1h (Caseina a 5% em TBSAT2@&,1%). As membranas foram
incubadas com os anticorpos primarios (especifpms as formas fosforiladas de ERK ou
p38/SAPK) na diluicdo de 1:1000 por 16 h a 4°Cmssnbranas foram lavadas trés vezes por 10
minutos com TBS-Tween 20 0,1% e incubadas por Ih @® anticorpos secundarios anti-IgG
conjugados com peroxidase (1:10.000) e as reagéealizadas usando Luminol. No caso do

LPG também foi testada a MAPK JNK.

Caracterizacao bioquimica preliminar dos GIPLs

4.7. Desaminacao pelo &cido nitroso

Para determinacdo de sua estrutura bioquimica,lBksGurificados foram delipidados
por desaminacdo pelo &cido nitroso (300de acetato de sodio a 0,5 M pH 4,0 e 3D@le
NaNQ, a 0.5 M) por 16 h a 37T (Soarest al., 2002). As amostras foram secas speed-vac e
diluidas em 50Qul de acido acético 0,1N em HCI 0,1M e aplicadasugna coluna de fenil-
sepharose (1 ml). A porcéo glicana foi eluida usssela mesma solugéo (3 ml). Em seguida a
coluna foi lavada com 2 ml de 4gua e as porcoédidgs e GIPLs ndo delipidados foram eluidos
com Solvente E (H20O:etanol:dietil eter:piridina:NBH 15:15:5:1:0.017 v/v) (Orlandi & Turco,

1987).

4.8. Filtragdo em gel
Para retirar o sal da preparacdo, colunas Seph&d2% (1 cm X 5 cm) foram

equilibradas com 10ml de dgua. As amostras (olag@s#deos desaminados) foram aplicadas na
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coluna e eluidas com 5 ml de agua. Foram coletirdeSes de 0,5ml e a presenca de sal foi
avaliada adicionando uma gota de Nitrato de pratana aliquota de cada fragdo. As fracoes

dessalinizadas foram combinadas e secas em cgatg@@poradoréSoarest al., 2002).

4.9. Hidrolise acida forte

Para estudo da composicdo de monossacarideamcéepglicidicas dos GIPLs, obtidas
por desaminacgdo, foram submetidas a hidrolise &oida (4cido trifluoroacético a 2N, 3h a
100°C) e secas eppeed-vac. Para remover o acido, foram adicionados ao nahteeco 500l
de tolueno, o material foi homogeneizado em vodervaporado sob N2. O processo foi
repetido 1 vez. As amostras foram entdo dissohétlaH0Ql de agua e o sal foi removido por

cromatografia de troca i6nica (Soaeeal. 2002).

4.10. Cromatografia de troca i6nica

Para remocao do sal dos monossacarideos neut@asiogsras dissolvidas em 50Dde
agua foram aplicadas em uma coluna contendo aarégB1-X8 sobre a resina AG50W-X12
(cerca de 50Qul de cada). As amostras foram eluidas com 5 migle & secas em centrifuga

evaporadoréCoelho-Finamoret al., 2011).

4.11. Cromatografia em camada delgada (CCD

Os GIPLs foram separados por cromatografia em cardatjada (CCD) em placas de
Silica Gel 60 (Merck). Os GIPLs intactos foram capografados utilizando-se o solvente 1-
butanol:metanol:dgua (4:4:3 v/v) por 20 h (ou aitéga o topo da placa). Os GIPLs delipidados

foram cromatografados em cloroformio:metanol: hxittd de amonio 13M: acetato de amonio
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1M:agua (180:140:9:9:23 v/v) por 20 h (ou até atimgtopo da placa). As amostras foram

visualizadas como descrito no item 4.5 (Schnegtal., 1993; Orlandi & Turco, 1987).

4.12. Eletroforese de carboidratos marcados por fréforos (FACE)

Para andlise de oligossacarideos, as amostras foecadas com ANTS 0,05M (8-
aminonaftaleno-1,3,6-trisulfato) em acido acétidh ® cianoborohidreto de sodio 1M em
Tetrahidrofurano (THF) (37°C por 16h). Para anatiee monossacarideos, as amostras foram
marcadas com AMAC 0,1M (2-aminoacridona) em &cidétieo 5% e cianoborohidreto de
sodio 1M em THF.

A separacao dos oligossacarideos foi realizadalptoforese em gel de resolucao (19%
acrilamida-1% bis-acrilamida em Tris-HCI 0,18M, @PB) sob um gel de concentracéo (5%
acrilamida-1,25% bis-acrilamida em Tris-HCI 0,125pH 6,8). O tampao de corrida, foi
composto por Tris-base 0,025M, Glicina 0,192M, p8i 8

Para os monossacarideos a eletroforese foi realizawho descrito acima, entretanto, o
gel de resolucgéo utilizado continha: 19% acrilarfiéte bis-acrilamida em Tris-HCI 0,5M, acido
borico 0,5M, pH 7,0 e o gel de concentracao coatif% acrilamida-1,25% bis-acrilamida em
Tris-HCI 0,5M, acido bérico 0,5M, pH 6,8. O tampde corrida também foi modificado para
glicina 0,1M, Tris-base 0,12M e &cido bérico 0,1W 8,3.

Os acgucares submetidos a FACE foram visualizadbs Lsz UV. Um padrdo de
oligoglicoses (G1 a G7) foi usado para se estim@nmnho dos oligossacarideos e um padréo
contendo 0,5ug/ml de monossacarideos D-galactose, D-glicoseneabese (Sigma) foi usado
para a determinacdo da composicdo dos acucargectigamente (Coelho-Finamoet al.,

2011; Soarest al., 2004).
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4.13. HPLC

Monossacarideos dessalinizados foram separadazamtib o sistema DX-500 HPLC
(Dionex Corp). Foi utilizado o detector eletroquimiED40 para deteccdo dos picos. As
amostras foram separadas utilizando a coluna CadBR10 (4 mm X 250 mm) na presenca de
NaOH 18mM (fluxo continuo de 1ml/min a 2000 psi}gélactose, D-glucose and D-mannose

(100 pg/mL) foram usados como padréo.

4.14. Andlise estatistica

Para a meédias de citocinas e nitrito, foi realizadeste de Shapiro-Wilk para analise da
hipétese nula da distribuicdo Gaussiana (Shapird/i&k, 1950; 65) foi considerado o valor
P>0,05 para rejeicdo da hipotese de que as amesitiasam da distribuicdo Gaussiana. Neste
cenario, foi realizado o teste “t de Student” ¢etee variancia ANOVA para analise das médias
entre amostras independentes e populacéo, respeetive. Dados foram analisadas utilizando o
programa GraphPad Prism 5.0 (Graph Prism Inc., Hago, CA) e o valor de P<0,05 foi

considerado significativo.
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5. Resultados / Artigos publicados

5.1. Artigos publcados
5.1.1. Primeiro artigo:
Assis, Rafael Ramirg; Ibraim, Izabela Coimbra ; Noronha, Fatima SoafBsrco, Salvatore Joseph
; Soares, Rodrigo Pedro . Glycoinositolphosphofigidm Leishmania braziliensis and L. infantum:
Modulation of Innate Immune System and Variation€arbohydrate Structure.
Plos Neglected Tropical Diseases, v. 6, p. e15@822
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Abstract

The essential role of the lipophosphoglycan (LPG) of Leishmania in innate immune response has been extensively reported.
However, information about the role of the LPG-related glycoinositolphospholipids (GIPLs) is limited, especially with respect
to the New World species of Leishmania. GIPLs are low molecular weight molecules covering the parasite surface and are
similar to LPG in sharing a common lipid backbone and a glycan motif containing up to 7 sugars. Critical aspects of their
structure and functions are still obscure in the interaction with the vertebrate host. In this study, we evaluated the role of
those molecules in two medically important South American species Leishmania infantum and L. braziliensis, causative
agents of visceral (VL) and cutaneous Leishmaniasis (CL), respectively. GIPLs derived from both species did not induce NO or
TNF-a production by non-primed murine macrophages. Additionally, primed macrophages from mice (BALB/c, C57BL/6,
TLR22/2 and TLR42/2) exposed to GIPLs from both species, with exception to TNF-a, did not produce any of the
cytokines analyzed (IL1-b, IL-2, IL-4, IL-5, IL-10, IL-12p40, IFN-c) or p38 activation. GIPLs induced the production of TNF-a and
NO by C57BL/6 mice, primarily via TLR4. Pre incubation of macrophages with GIPLs reduced significantly the amount of NO
and IL-12 in the presence of IFN-c or lipopolysaccharide (LPS), which was more pronounced with L. braziliensis GIPLs. This
inhibition was reversed after Pl-specific phospholipase C treatment. A structural analysis of the GIPLs showed that L.
infantum has manose rich GIPLs, suggestive of type | and Hybrid GIPLs while L. braziliensis has galactose rich GIPLs,
suggestive of Type Il GIPLs. In conclusion, there are major differences in the structure and composition of GIPLs from L.
braziliensis and L. infantum. Also, GIPLs are important inhibitory molecules during the interaction with macrophages.
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Introduction

In the Americas, Leishmaniases are widely distributed from the
southern United States to northern parts of Argentina [1]. In Latin
America, especially in Brazil, Leishmania braziliensis and Leishmania
infantum are the causative agents of cutaneous (CL) and visceral
leishmaniasis (VL), respectively. The severity of the disease may
range from self-healing cutaneous ulcers to potentially lethal
visceral form [2].

During the life cycle, Leishmania parasites have to survive to
extreme adverse conditions in both vertebrate and invertebrate
hosts [3]. In the vertebrate host, inoculation of metacyclic
Leishmania promastigotes by the sand fly is followed by neutrophil
phagocytosis prior to intracellular differentiation into amastigotes
[4]. At the early steps of infection, innate cellular microbicidal
mechanisms may include the production of reactive nitrogen
intermediates (RNI), reactive oxygen intermediates (ROI) and
cytokines (IL-12, TNF-a and IFN-c) [5,6]. This is crucial for Th1
polarization and subsequent parasite control in the mouse model.
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Failure in this process can lead to higher parasite burden and
increase severity of disease [7].

To avoid destruction, intracellular parasites must interfere with
the cytocidal signaling system of the host. In vivo and in vitro studies
have demonstrated the importance of nitric oxide (NO) production
in response to several stimuli such as bacterial lipopolysaccharide
(LPS), IFN-c and TNF-a [8]. It is known that Leishmania-infected
macrophages fail to activate MAPKSs, become less responsive to
cytokine stimulation (IL-12 and IFN-c) [9,10,11] and express
lower amounts of INOS and IL-12 [12,13], impairing T CD4+ cell
differentiation to a TH1 phenotype.

The molecular mechanisms involved in the immune system
modulation by Leishmania have been the focus of many studies.
GPl-anchored molecules are closely associated with cell signaling
and can act as agonists and second messengers in response to
cytokines and other stimuli [9,14,15,16]. The most studied
Leishmania glycoconjugate is lipophosphoglycan (LPG), whose
functions include: attachment and entry into macrophages [17],
modulation of NO production [18], inhibition of protein kinase C
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Author Summary

Leishmania infantum (syn. L. chagasi) and L. braziliensis are
the causative agents of VL and CL, respectively, in the New
World. A vital part of the parasite’s life cycle involves the
circumvention of the host immune system and the
infection of macrophages. This work focused on an
important class of surface glycoconjugates, the glycoino-
sitolphospholipids (GIPLs), and their role in the interaction
with murine macrophages. GIPLs are expressed on every
stage of the parasite life cycle and are the most abundant
molecules on its surface. Here we show that these
molecules modulate many macrophage functions such as
cytokine production, release of nitric oxide and differen-
tially activate MAPK. Although the GIPLs of both New
World species are capable of modulating the same
mechanisms, they do so to different degrees requiring
an examination of their glycan composition. We show that
L. infantum synthesize mannose rich GIPLs whereas L.
braziliensis express galactose rich GIPLs.

(PKC) dependent cell activation [19,20], retardation of phago-
some maturation [21], disruption of NADPH oxidase assembly at
the phagosome membrane [22], induction of neutrophil extracel-
lular traps (NETs) [23], induction of protein kinase R (PKR) [24],
and attachment to the sand fly vector midgut [25]. In Leishmania,
Toll-like receptor 2 (TLR2) is the main receptor for both LPG and
glycoinositolphospholipids (GIPLs), the latter as a less potent
agonist [26,27]. Besides TLR2, in vivo studies have also
demonstrated the importance of TLR4 and TLR9 during
Leishmania infection [28,29,30].

Little is known about the functions of GIPLs in Leishmania
biology, although they are present as the major component of the
parasite surface in numbers greater than LPG [31]. The basic
GIPL structure is a Mana1-4GIcN linked to an alkyl-acylglycerol
through a phosphatidylinositol (PI) residue. Polymorphism in this
family of molecules relies on the variety of fatty acid substitutions
in the lipid anchor and monosaccharide substitutions in the glycan
core moiety, leading to their classification into three groups
(Figure 1): Type-l1 GIPLs are characterized by having an a1,6-
mannose residue linked to the Mana1-4GIcN motif. This group is
represented by M2 and M3 GIPLs which structures are Mana1-
6Mana1-4GIcN-PI and Mana1-2 Mana1-6Mana1-4GIcN-Pl.
Type | GIPLs are closely related to GPI anchors of proteins with
a very homogeneous lipid composition, predominantly C,g.q fatty
acids, and are found in Old World species such as L. donovani, L.
tropica and L. aethiopica promastigotes [32]. Type-Il GIPLs have a
much more heterogeneous lipid composition with Cyg.9, Coo.g,
Co4:0 and Cog fatty acids. They can be found in Old World L.
major [33,34] and New World L. mexicana [35,36] and L. panamensis
[36]. Type 1l GIPLs are characterized by having an a1,3-mannose
residue linked to the Mana1-4GIcN motif, similarly to the glycan
core of LPG. Structurally, they can range from small iM2 GIPL,
Mana1-3Mana1-4GIcN-Pl, to longer structures like GIPL-A,
Galb1-3Gala1-3Galib1-3Mana1-3Mana1-4GIcN-Pl and GIPL-
3, Gala1-6Gala1-3Galb1-3Mana1-3Mana1-4GIcN-PI. The third
group is the Hybrid-type GIPLs, sharing common features to both
Type-1 and Il with mannose residues located on both C-3 and C-6
positions of the Mana1-4GIcN motif (isoM3 and isoM4). There
may be also other substitutions like phosphate sugars and
ethanolamine residues [35,37]. Early studies have shown that
GIPLs from L. major were highly antigenic, being recognized by
sera from chronic CL patients [38]. Recent findings have
demonstrated that L. braziliensis GIPLs are components of complex
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membrane microdomains and that these structures were crucial
for parasite infectivity and survival [39]. However, little is known
about the role of GIPLs in the innate immune compartment,
especially in L. braziliensis and L. infantum.

This work is part of a wider study on the glycobiology of New
World species of Leishmania. In previous studies, we reported on the
LPGs of L. braziliensis and L. infantum [40,41] and showed that the
differences in LPG structures were relevant in the parasite biology.
In this study, we expanded those findings and show the GIPL
structures of the two New World Leishmanias also differentially
modulate the innate immune system in mouse peritoneal
macrophages.

Materials and Methods

All animals were handled in strict accordance with good animal
practice as defined by the Internal Ethics Committee in Animal
Experimentation (CEUA) of Fundagdo Oswaldo Cruz (FIO-
CRUZ), Belo Horizonte (BH), Minas Gerais (MG), Brazil
(Protocol P-0297-06). Knock-out mice handling protocol was
approved by the National Commission of Biosafety (CTNBio)
(protocol #01200.006193/2001-16).

Parasites

World Health Reference strains of L. braziliensis (MHOM/BR/
1975/M2903), L. infantum (MHOM/BR/1974/PP75) and L.
donovani (MHOM/SD/00/1S-2D) were used. Promastigotes were
cultured in M199 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), penicillin 100 units/ml,
streptomycin 50 mg/ml, 12.5 mM glutamine, 0.1 M adenineg,
0.0005% hemin, and 40 mM Hepes, pH 7.4 at 26uC [40].

Extraction and purification of GIPLs

Cells were harvested and washed in PBS twice prior to GIPLs
extraction with methanol:chloroform:water (10:10:3). This mate-
rial was dried under nitrogen stream, resuspended on 0.1 M
ammonium acetate buffer containing 5% 1-propanol and loaded
onto an octyl-sepharose column (80 ml) equilibrated in the same
buffer. The column was subjected to a gradient of 1-propanol in
0.1 M ammonium acetate buffer (5-60%). Three mL fractions
were collected and the presence of GIPLs in the fractions was
detected by staining aliquots of the fractions on a TLC plate with
orcinol:sulfuric acid (100uC, 5 min) [34]. GIPLs containing
fractions were pooled, dried and resuspended in endotoxin-free
water (Sanobiol, S&o Paulo, Brazil). GIPLs concentrations
determined as described elsewhere [42]. Prior to use on in vitro
macrophage cultures, GIPLs were diluted in fresh RPMI.

Purification of murine peritoneal macrophages and cell
culture

Thioglycollate-elicited peritoneal macrophages were removed
from BALB/c, C57BL/6 and respective TLR22/2 and
TLR42/2 knockouts by peritoneal washing with RPMI and
enriched by plastic adherence for 18 h. Cells (3610° cells/well)
were cultured in RPMI, 2 mM glutamine, 50 U/ml of penicillin
and 50 mg/mL streptomycin in 96-well culture plates (37uC/5%
CO,). They were incubated with gamma interferon (IFN-c)
(100 1U/mL) [43], live stationary Leishmania parasites (10:1),
GIPLs (1, 5, 10 and 25 mg/mL) and lipopolysaccharide (LPS)
(100 ng/mL).

Cytokine and nitrite measurements
For CBA multiplex cytokine detection, cells were plated as
described above for 1 h before washing with RMPI without
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doi:10.1371/journal.pntd.0001543.g001

serum. RPMI supplemented with 10% FBS was added with (for
primed macrophages) or without (for non-primed macrophages)
the addition of IFN-c (3 IU/mL) [44] and incubated for 18 h
(37uC, 5% CO,). GIPLs (25 mg/mL) and LPS (100 ng/mL) were
added and incubated for 48 h. Supernatants were collected and
stored at 270uC and cytokines (IL1-b, IL-2, IL-4, IL-5, IL-10, IL-
12p40, IFN-c and TNF-a) were determined using the BD CBA
Mouse Cytokine assay kits according to the manufacturer’s
specifications (BD Biosciences, CA, USA). Flow cytometric
measurements were performed on a FACS Calibur flow cytometer
(Becton Dickinson, Mountain View, CA). Cell-Quest™ software
package provided by the manufacturer was used for data
acquisition and the FlowJo software 7.6.4 (Tree Star Inc., Ashland,
OR, USA) was used for data analysis. A total of 1,800 events were
acquired for each preparation. Results are representative of two
experiments in duplicate.

For inhibition studies, cell suspensions were washed with
RPMI and enriched by plastic adherence for 18 h as described
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above without the addition of IFN-c. Cells were pre-incubated
with GIPLs (15 min) prior to stimulation with LPS or IFN-c.
Supernatants were collected after 24 h for NO, TNF-a and IL-
12 measurements. When used, LPS or IFN-c were added 15 min
after the addition of GIPLs. Culture supernatants were collected
and nitrite concentrations determined by Griess reaction [45]
and TNF-a and IL-12 concentrations were determined using
ELISA (BD). Results are representative of two experiments in
triplicate.

Pl-specific phospholipase-C treatment (PI-PLC)

To evaluate whether intact GIPL structure is required for
activity. Purified GIPLs were ressuspended in 150 ml CHAPS
buffer (298 mg HEPES, 47 mg EDTA and 50 mg CHAPS in
50 ml endotoxin-free water) and 2 U of PI-PLC (Sigma) (37uC,
16 h). Peritoneal macrophages were plated and stimulated with
intact and PI-PLC treated GIPLs as described above. Nitrite
content was measured on the supernatants by Griess reaction [45].
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Preparation of cell lysates and immunoblotting

Stimulated cells (36510%/sample) were washed with ice-cold
PBS, lysed in lysis buffer (20 mM Tris-HCI pH 7.5, 1% Triton
X-100, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfo-
nyl fluoride (PMSF), 50 mM sodium fluoride, 150 mM NaCl,
5 mM ethylenediamine tetraacetic acid (EDTA), 10% Glycerol
(v/v), 0.5 mM dithiothreitol (DTT) and protease inhibitor
cocktail from SigmaH). Cells were harvested with a plastic
scraper and centrifuged at 13,0006 g (4uC, 10 min). Supernatants
were transferred to fresh tubes and stored at 220uC until used.
Cell lysates were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane and blocked (5% milk in TBS-0.1%
Tween 20) for 1 h. Primary Abs (anti dually phosphorylated
ERK, dually phosphorylated p38 and Total ERK, 1:1,000) were
incubated for 16 h at 4uC. Membranes were washed (3610 min)
with TBS-0.1% Tween 20 and incubated 1 h with anti-mouse
1gG conjugated with peroxidase (1:10,000). The reaction was
visualized using luminol.

Nitrous acid deamination

Purified GIPLs were delipidated by nitrous acid deamination
(300 ml of 0.5 M sodium acetate and 300 ml of 0.5 M NaNO,)
for 16 h at 37uC [40]. Samples were dried, resuspended in
0.1N HAc/01M HCI and applied to a phenyl-sepharose column
(1 mL). The sugar headgroups were eluted using 0.1N HAc/
0.1M HCI. After washing column with 2 volumes of water,
lipids and unreacted GIPLs were eluted using Solvent E
(H,O/¢ethanol/diethyl ether/pyridine/NH,OH; 15:15:5:1:0.017)
[46].

Gel filtration

To desalt, deaminated GIPLs glycan headgroups were applied
to Sephadex G-25 (165 c¢cm) columns equilibrated with 10 ml of
water. Eluted deaminated glycan headgroups were collected in
0.5 ml fractions, checked for the presence of salt using silver
nitrate and dried in Speed-Vac [40].

Strong acid hydrolysis

To obtain depolymerized neutral monosaccharides, deaminated
glycan headgroups were subjected to strong acid hydrolysis (2N
trifluoracetic acid, 3 h, 100uC) and dried in Speed-Vac. To
remove acid, 500 ml of toluene were added to samples,
homogenized using vortex and evaporated twice under N..
Samples were resuspended in 500 ml of water and desalted by
ion exchanging chromatography.

lon exchange chromatography

To remove salt from neutral monosaccharides, dried depoly-
merized neutral monosaccharides were diluted in 500 ml of H,O
and applied onto a column containing AG1-X8 acetate form over
AG50W-X12 resins. Samples were eluted with 5 mL of water and
dried in a Speed-Vac instrument [47].

Thin layer chromatography (TLC)

Intact and deaminated GIPLs were chromatographed on TLC
Silica Gel 60 plates (Merck). To compare rough GIPL content of
L. braziliensis, L. infantum and as reference L. donovani. Intact GIPLs
were chromatographed in 1-butanol:methanol:water (4:4:3 v/v)
for 20 h. To access Deamination by nitrous acid sensitivity, GIPLs
were subjected to nitrous acid deamination as described above and
resolved in chloroform:methanol:13M ammonium hydroxide:1M
ammonium acetate:water (180:140:9:9:23 v/v) for 20 h. Bands
were visualized as described above [46,48].

@ www.plosntds.org
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Fluorophore-assisted carbohydrate electrophoresis
(FACE)

To access the oligosaccharide composition, deaminated GIPLs
headgroups were fluorescently labeled with 0.05 N ANTS (8-
aminonaphthalene-1,3,6-trisulfate) and 1 M cyanoborohydride
(37uC, 16 h). To determine the monosaccharide composition of
the GIPLs, depolymerized and desalted monosaccharides were
fluorescently labeled with 0.1 M AMAC (2-aminoacridone) in
5% acetic acid and 1 M cyanoborohydride. Labeled sugars were
subjected to FACE and the gel was visualized under UV light.
Oligoglucose ladders (G4—G7) and monosaccharides (D-galac-
tose, D-glucose and D-mannose) (Sigma) were used as standards
for oligosaccharides and monosaccharide gels, respectively
[47,49].

HPLC

Desalted monosaccharides were separated using a DX-500
HPLC (Dionex Corp.) with ED40 electrochemical detection.
Samples were run on a CarboPac PA10 column (46250 mm) in
the presence of 18 mM NaOH (flow rate 1 mL/min, 2000 psi). D-
galactose, D-glucose and D-mannose (100 mg/mL) were used as
standards.

Statistical analyses

For nitrite and cytokine measurements, the Shapiro-Wilk test
was conducted to test the null hypothesis that data were sampled
from a Gaussian distribution [50]. The P value (P _ 0.05) showed
that data did not deviate from Gaussian distribution. For this
reason, student’s “t” test and ANOVA were performed to test
equality of population medians among groups and independent
samples. Data were analysed using GraphPad Prism 5.0 software
(Graph Prism Inc., San Diego, CA) and P, 0.05 was considered
significant.

Results

Nitrite and cytokine production

To determine whether GIPLs from both L. braziliensis and L.
infantum are able to induce the production of nitrite, peritoneal
macrophages were incubated with live promastigotes (10:1) or
treated with different concentrations of GIPLs (1 to 25 mg/mL)
with IFN-c serving as positive control (100 1U/mL). Neither of the
purified GIPLs could induce any detectable increase in the
production of nitric oxide (NO) in primed BALB/c macrophages
(Figure 2) nor the production of the cytokines tested (IL1-b, IL-2,
IL-4, IL-5, IL-10, IL-12p40, IFN-c and TNF-a) in non-primed
macrophages in all other mice lineages (data not shown). No NO
production was detected in non-primed macrophages of BALB/c,
C57BL/6, TLR22/2 and TLR42/2 mice (data not shown) and
in BALB/c primed macrophages (Figure 3A). A higher NO
production was detected on C57BL/6 IFN-c-primed macrophages
stimulated with GIPLs and live promastigostes when compared to
BALB/c mice (P, 0.001). There was a significant NO production
in primed C57BL/6 and TLR2 (2/2) macrophages stimulated
with GIPLs in comparison to TLR4 (2/2) (P, 0.01) (Figure 3A)
suggesting the involvement of TLR4 in this activation. Also, a
slight reduction of NO production was noticed in macrophages
from TLR2 (2/2) mice stimulated with live promastigotes when
compared to C57BL/6 (P , 0.04). This reduction may indicate the
participation of other parasite molecules that are recognized by
TLR2 such as the LPG. The LPG is known to be a potent agonist
of TLR2 and is capable of inducing the production of cytokines
(IL-12, IFN-c and TNF-a) in macrophages and NK cells [26,27].
Differently from NO, TNF-a production was higher in BALB/c
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Figure 2. Nitrite production by BALB/c primed macrophages
after stimulation with different concentrations of GIPLs. C,
negative control; IFN-c, gamma-interferon; LPS, lipopolysaccharide; Gb,
L. braziliensis GIPLs; Gi, L. infantum GIPLs. Cells were primed with IFN-c
(3 1U/ml) for 18 h prior to the addition of the GIPLs or LPS (positive
control). Non primed cells and primed cells without the addition of a
new stimulus were also used as controls. ANOVA test was performed
and P, 0.05 was considered significant. Results are the representation
of three experiments in triplicate.
doi:10.1371/journal.pntd.0001543.9002

mice than in C57BL/6 (P, 0.05) in response to the stimulation of
GIPLs from both species. Similarly this production was higher in
TLR2 (2/2)than TLR4 (2/2) (P , 0.02). This data also indicate

Leishmania GIPLs and Interaction with Macrophages

a slight TLR4 involvement in TNF-a production. In both WT
macrophages, the TNF-a production was higher after stimulation
with GIPLs in comparison to live promastigotes (Figure 3B)
(P, 0.01). A lower TNF-a production was noticed in TLR2 (2/2)
suggesting the involvement of TLR2 in this process.

GIPLs did not induce the production of any of the cytokines
tested (IL1-b, 1L-2, I1L-4, IL-5, IL-10, IL-12p40 and IFN-c) in
BALB/c, C57BL/6, TLR2 (2/2) and TLR4 (2/2) mice (data
not shown). In all experiments, live parasites from both species
induced cytokine production close to background levels (Figure 3B
and data not shown). These results suggest that GIPLs are able to
activate NO in C57BL/6 mice and TNF-a in either BALB/c or
C57BL/6 during the early steps of infection, and were not able to
stimulate most of the cytokines assayed.

Inhibition of nitrite and IL-12 production in BALB/c
macrophages pre-exposed to GIPLs

Compared to LPG, GIPLs had a less potent agonistic activity to
stimulate nitrite and cytokine production in previous studies [27].
To test if this pattern was due to inhibition and/or lack of
activation, thioglycollate elicited peritoneal macrophages were
pre-incubated with GIPLs prior to stimulation with IFN-c or LPS.
A strong inhibition (aprox. 42%) of NO production stimulated by
IFN-c was observed for L. infantum GIPLs and was almost
completely abolished for L. braziliensis (P, 0.01) (Figure 4A). A
similar response was observed for LPS and this inhibition was
more pronounced in L. braziliensis (P, 0.001) (Figure 4B). Pre-
incubation with GIPLs was also able to inhibit approximately 65%
of IL-12, but not TNF-a production (Figures 4C and D). These
results indicate an inhibitory role of GIPLs.
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(P<0.001) (P<0.01)
=" 1
o 10
Z 5
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BALB/c C57BL6 TLR2(-/-) TLRA4(-/-)
B
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= i (P<0.01)
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Figure 3. Nitrite and TNF-a production by primed macrophages after stimulation with GIPLs and parasites. C, negative control; Gb, L.

braziliensis GIPLs; Gi, L. infantum GIPLs; Lb, L. braziliensis live promastigotes and Li, L. infantum live promastigotes. Cells were pre-incubated with IFN-c
(3 1U/ml) for 18 h then 25 mg/mL of GIPLs or 100 ng/mL of LPS was added. Supernatants were collected 48 hours later, in (A) NO concentrations were

measured by Griess reaction and in (B) TNF-a concentrations determined by flow cytometry. ANOVA test was performed and P, 0.05 was considered

significant.
doi:10.1371/journal.pntd.0001543.9003
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Figure 4. Modulation of nitrite, TNF-a and IL-12 production by Leishmania GIPLs in BALB/c macrophages. Cells were incubated with
GIPLs (25 mg/ml) from L. braziliensis (Gb) and L. infantum (Gi) for 15 min prior to stimulation with IFN-c (100 IU/ml) (A) or LPS (100 ng/mL) (B). Nitrite
content was measured by Griess reaction; TNF-a and IL-12 concentrations were measured by ELISA. P, 0.05 was considered significant. Results are

the representation of three experiments.
doi:10.1371/journal.pntd.0001543.9004
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Figure 5. Modulation of nitrite production by macrophages
stimulated with intact and PI-PLC treated GIPLs. Mouse
peritoneal macrophages were incubated with GIPLs (25 mg/ml) from
L. braziliensis (Gb), L. infantum (Gi), PI-PLC treated L. braziliensis GIPLs
(Gb PI-PLC) and L. infantum PI-PLC treated GIPLs (Gi PI-PLC) for 15 min
prior to stimulation with IFN- ¢ (100 IU/ml). Nitrite content was
measured by Griess reaction on the supernatants after 24 h. Student
“t” test was performed and P, 0.05 was considered significant. Results
are the mean of two experiments.
doi:10.1371/journal.pntd.0001543.9005
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Also, to test whether the intact structure of GIPLs is required for
its inhibitory activity Macrophages were incubated with intact and
PI-PLC treated GIPLs. As shown on Figure 5 PI-PLC treated
GIPLs failed to inhibit NO production by IFN-c stimulated cells.

Activation of MAPKs

Since GIPLs were strong inhibitors of cytokine production, we
investigated whether those molecules could modulate MAPKSs
activation. Mouse peritoneal macrophages were previously
incubated with GIPLs and MAPK activation was detected using
western blot. No significant activation of p38 and only a minimal
induction of ERK were observed. Also when cells were
preincubated with GIPLs prior to stimulation with LPS, there
was a reduction on the phosphorylation of both ERK and p38
(Figure 6). Densitometer analysis normalized by total-ERK
expression detected an 18% and 17.5% decrease on ERK
activation for L. braziliensis and L. infantum, respectively. For p38
this inhibition was 16.5% and 33%, respectively.

Preliminary characterization of L. braziliensis and L.
infantum GIPLs

Due to the interspecific differences in the intensity of NO and
IL-12 production inhibition (Figures 4) and MAPKSs activation
(Figure 6), we examined whether those variations could be due to
polymorphisms in GIPLs structure and composition. Intact GIPLs
were resolved on TLC plates and the GIPL profile differed
between the two species (Figure 7A). Leishmania braziliensis
exhibited slower migrating GIPLs compared to L. infantum, whose
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Figure 6. Activation of MAPKs (ERK and p38) by Leishmania
GIPLs in BALB/c peritoneal macrophages. Mouse peritoneal
macrophages were stimulated for 30 min with 25 mg/mL of GIPLs.
Dually phosphorylated MAPKs were detected by western blot. C,
negative control; Gb, L. braziliensis GIPLs and Gi, L. infantum GIPLs. Also
cells were incubated with GIPLs prior to stimulation with LPS; total ERK
content as a normalizing protein.
doi:10.1371/journal.pntd.0001543.g006

profile was very similar to L. donovani [32] with three main bands
co-migrating with isoM2, isoM3 and isoM4. In L. braziliensis, the
three faster bands co-migrated with bands isoM2, isoM3 and
isoM4 of L. donovani. All bands were susceptible to nitrous acid
deamination, and this is consistent with the presence in the GIPLs
of a non-N-substituted glucosamine residue (Figure 7B), a
hallmark of Leishmania GIPLs anchors [51].

To better determine sizes of the glycan portions, purified GIPLs
were deaminated and desalted. The carbohydrate portions were
reductively labeled with a fluorphore and then subjected to FACE.
Consistent with the TLC data (Figure 7), the carbohydrate
portions of the GIPLs from L. braziliensis were larger exhibiting up
to 8-9 sugars while those from L. infantum and L. donovani consisted
of up to 4-5 sugars (Figure 8).

To access sugar composition, GIPLs were subjected to strong
acid hydrolysis and the resulting monosaccharides were analysed

Leishmania GIPLs and Interaction with Macrophages

by FACE and HPLC (Figure 9A and B). Consistent with the TLC
data (Figure 7A), the monosaccharide composition of L. infantum
GIPLs was very similar to the GIPLs from L. donovani (Figure 9A).
The relative amounts of galactose, glucose and mannose
(calculated by the relative peak areas on HPLC) were determined
(Figure 9B). Supporting our other findings and GIPL assignments,
the GIPLs from L. infantum had higher concentrations of mannose
(82%), followed by galactose (12%) and glucose (6%). This
indicates that these are mostly Type | or hybrid GIPLs, whose
structure bears a terminal mannose, but a small proportion of
Type Il GIPLs (terminated in galactose) is probably present. On
the other hand, L. braziliensis GIPLs had higher galactose content
(42%), followed by, mannose (30%) and glucose (28%), thus
suggesting a Type Il GIPL structure.

Discussion

Infection with protozoan parasites remains a prominent problem
in different parts of the world having a major impact on public
health in the developing countries. Leishmaniases are considered by
World Health Organization [52] as one of the major six important
infectious diseases worldwide. This class of parasitic diseases
currently affects over 12 million people all around the world, up
to 1.5 million new individuals developing the visceral and
tegumentar disease respectively each year. In Brazil, most of those
cases are caused by L. infantum and L. braziliensis, respectively.

The question of how parasites interact with hosts cells to
promote infection and survival has been the focus of interest for a
long time. In order to survive in the macrophage cells, Leishmania
has to prevent or inhibit a variety of intracellular mechanisms of
parasite killing, one of which is dependent on ROS and RNI
[53,54]. However, RNI alone is effective for controlling visceral
Leishmaniasis [55].

Parasite surface molecules, especially the LPG, have long been
known to play an important role in the host parasite interactions
[17,27,56]. In this work, we focused on another class of
glycoconjugates, the GIPLs in two New World species of
Leishmania with different known immunopathologies. These
molecules are abundantly present on the parasite surface in
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Figure 7. Thin layer chromatography (TLC) of Leishmania glycoinositolphospholipids (GIPLs). (A) Purified intact GIPLs: Lane 1, L.
braziliensis GIPLs (Gb); lane 2, L. infantum GIPLs (Gi) and lane 3, L. donovani GIPLs (Gd). The assignments for L. donovani structures are: isoM2 as
Mana1-3Mana1-4GIcN-Pl; isoM3 as Mana1-6(Mana1-3)Mana1-4GIcN-PI and isoM4 as Mana1l-2Mana1-6(Mana1-3)Mana1-4GIcN-Pl [32]. LPG,
lipophosphoglycan; GPI, glicosyl phosphatidylinositol. (B) Deaminated GIPLs. Lane 1, L. braziliensis untreated GIPLs (Gb); lane 2, deaminated L.
braziliensis GIPLs (Gb deam.); lane 3, L. infantum untreated GIPLs (Gi) and Lane 4, deaminated L. infantum GIPLs (Gi deam.).

doi:10.1371/journal.pntd.0001543.9007
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Figure 8. Fluorophore-assisted carbohydrate electrophoresis
(FACE) of Leishmania GIPLs. Lane 1, oligoglucose ladder represented
by G2-G7; lane 2, L. braziliensis GIPLs (Gb) and lane 3, L. infantum GIPLs
(Gi) and lane 4, L. donovani GIPLs (Gd).
doi:10.1371/journal.pntd.0001543.9008
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Figure 9. Monosaccharide profile of Leishmania glycoinositol-
phospholipids (GIPLs). (A) Fluorophore-assisted carbohydrate elec-
trophoresis (FACE). Lane 1, standards represented by galactose, glucose
and mannose (100 mg/ml); lane 2, L. braziliensis GIPLs (Gb); lane 3, L.
infantum GIPLs (Gi) and Lane 4, L. donovani GIPLs (Gd). (B) High
performance liquid chromatography (HPLC). Gal, galactose; Glc, glucose
and Man, mannose.

doi:10.1371/journal.pntd.0001543.9009
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numbers great that 107. Recently, they have been found
associated to lipid rafts, essential for parasite infectivity and
selective modulation of the host cell response [39]. In fact, there
are several indications that GIPLs and other GPl-anchored
molecules participate in cell signaling and are involved in the
assembly of the NADPH oxidase complex, NO production
[16,57,58,59,60] and inhibition of LPS and TNF-a induced c-fos
gene expression by macrophages [61]. Also synthetic LPG, whose
GPI anchor is structurally similar to GIPLs, can stimulate ERK
activation and therefore inhibit IL-12 synthesis by macrophages
[9].

Previous studies have demonstrated GIPLs antigenicity in
chronic patients infected with L. major [38,62]. However,
information concerning the biological relevance of GIPLs at early
steps of infection in the innate immune compartment was still
limited. Here, we demonstrated that GIPLs from both New World
species were not able to activate the production of NO in non-
primed macrophages, which was similar to published data from
Old World species [59,60]. In primed macrophages an initial NO
and TNF-a production was detected. Further, GIPLs differentially
inhibited NO production even in the presence of IFN-c and LPS,
two major NO inducers. Previous studies indicated that LPG was
a more potent agonist than GIPLs for the induction of pro-
inflammatory cytokines [26,27]. In general, in comparison to LPS,
GIPLs induced a lower production of NO and TNF-a. Also, they
exhibited a strong inhibitor pattern during NO and cytokine
induction, especially IL-12.

Similar strategy was demonstrated using crude extracts of the
rat tapeworm Hymenolepis diminuta, although using different
pathways. As shown by Johnston et al. (2010) [63], crude extracts
of this tapeworm could inhibit the production of TNF-a and IL-6
by mouse and human macrophages stimulates with TLR agonists
poly(l:C) and Flagllin. These extracts also protected mice from
experimental colitis accompanied by enhanced IL-10 and IL-4
production.

In vivo studies using Old World species of Leishmania have
demonstrated the importance of TLRs and other components of
the innate immune system during infection. MyD88 is the most
common adaptor molecule for the activation of NF-kB in most
TLRs [28]. Also many studies using gene knockout have shown
the importance of TLR and MyD88 adaptor molecule for cytokine
production [29], IL-1 promoter activation [64], IFN-c and IL-12
production [65].

NF-kB activation through TLR2 [26], elastase dependent
neutrophil control of L. amazonensis promastigotes [66], and
ultimately parasite control and lesion healing [27,65,67].

Indeed, in primed macrophages, GIPLs from both New World
species were able to stimulate the production of NO, and this
induction was mostly via TLR4 and to a lesser extent TLR2
(Figure 3A). However, no difference was observed while
stimulating with live parasites.

Interestingly, in the L. braziliensis model, the TLR2 receptor
plays a much more regulatory role in dendritic cells, repressing IL-
12p40 and promoting IL-10 expression. This observation is
correlated with sustained IFN-c production and enhanced parasite
control in TLR2 (2/2) mice [68]. However, in macrophages
exposed to GIPLs, this difference in NO expression between
TLR2 (2/2)and TLR4 (2/2) strains was not due to IL-12, IFN-
c or IL-10 production (Figures 3B and 4). Also this induction was
more pronounced in C57BL/6 than in BALB/c this was expected
since C57BL/6 derived macrophages tend to be more responsive
to stimuli than BALB/c macrophages [69]. These data are in
accord with previous studies showing that related GIPLs from
Trypanosoma cruzi are able to activate TLR4 [70] and studies with
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Old World species of Leishmania being able to activate TLR2,
TLR3, TLR4 and TLR9 [28]. With exception to TNF-a, GIPLs
and live parasites from L. braziliensis and L. infantum were not able
to induce the other cytokines studied (IL-1b, IL-2, IL-4, IL-5, IL-
10, IL-12p40 and IFN-c) in primed and non-primed macrophages
(data not shown). Thus, we conclude that the GIPLs from these
two New World species are less potent agonists or strong inhibitors
for macrophages and the data presented here supports that the
later might be true.

When pre incubated with GIPLs, a strong inhibition of both
NO and IL-12 production was observed (Figures 4C and D). This
inhibitory effect seems to be in specific pathways since no
significant inhibition was detected for TNF-a (Figure 4C). This
inhibition is dependent on the intact structure of GIPLs since PI-
PLC digested GIPLs that have its glycan core detached from its
lipid anchor, failed to inhibit NO production by IFN-c stimulated
macrophages (Figure 5). Also, regarding TNF-a, only WT mice
were able to trigger the production of this cytokine and this
production was very low for TLR2 (2/2) and completely absent
in TLR4 (2/2) (Figure 3B). These data supports the premise that
NF-kB translocation is not affected by GIPLs exposure [71]. It is
noteworthy that the inhibition of IL-12 is not due to production of
IL-10, because we observed no IL-10 production either in
unprimed (data not shown) or in primed macrophages incubated
with GIPLs (Data not shown).

In TLR signaling, the most common adaptor molecule is
MyD88 but other adaptor molecules may be involved in NF-kB
translocation such as mitogen-activated protein kinases (JNK or
p38) [72]. Early studies showed that the Leishmania LPG can inhibit
IL-12 without affecting NF-kB translocation to the nucleus [9].
For maximal downstream activation and GPl-induced gene
expression, a full activation and cooperation Protein Tyrosine
Kinase (PTK) and Protein Kinase C (PKC) are required. Although
iM4 L. mexicana GIPL stimulated rapid PTK phosphorylation it
failed in activating PKC [16]. In fact the unusual glycolipid
composition (mostly alkyl-acyl-glycerol) of Leishmania GIPLs
inhibits the activations of PKC [58,73]. This is in accordance
with our observations that GIPLs not only fail on inducing a pro-
inflammatory response in non-macrophages but also that the
GIPLs inhibit the productions of IL-12 and NO.

Also we tested whether GIPLs from both New World species
were able modulate the phosphorylation of MAPKSs. We observed
that the GIPLs activate only ERK, whereas LPS activated both
ERK and p38 (Figure 6). Also we observed that the GIPLs can
prevent the phosphorylation of both ERK and p38 MAPKSs
stimulated by LPS. However, ERK activation was too low to
provide evidence for any further effect on IL-12 production. It is
likely that L. braziliensis and L. infantum GIPLs have a profound
effect on macrophage cell signaling affecting PTKs, PKCs and
MAPKS, and that GIPLs from both species use similar pathways
but differ in the intensity in which they modulate NO and 1L-12
production.

In this work, GIPLs interacted with primed macrophages
resulting only in the production of NO and TNF-a. GIPLs are
abundant in the amastigote stage of Leishmania and are associated
to highly specialized microdomains [39] and the participation of
each kind of GIPL on the process is still under debate [74,75,76].
Also it is possible that the dependency on a particular glycolipid
may vary throughout species and life cycle stage. The data
presented here clearly supports the hypothesis that Leishmania
GIPLs, differently from other trypanosomatids, may contribute to
build a safer environment to promote infection by manipulating
macrophage function and by disrupting the polarization of TH1/
TH2 response, through inhibiting 1L-12 production during the
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initial stages of infection and manipulate macrophage for parasite
survival.

In general, LPGs and GIPLs share similar lipid anchor moieties
among the various species of Leishmania and the integrity of this
portion is important for TLR2 activation [27]. To ascertain if the
differences in the inhibition of NO and IL-12 production could be
related to polymorphisms in GIPL structure, we analyzed the
carbohydrate core of L. braziliensis and L. infantum GIPLs. Previous
studies from our group showed that the phosphoglycan domains of
LPGs from L. braziliensis and L. infantum differ in structure and
composition [40,41] and differences in glycan portions of GIPLs
were also observed in this study. The iM2 species of GIPLs
possesses the structure Mana1-3Mana1-4GIcN-P) similar to LPG
core region, and isoM3 has a hybrid glycan in GIPLs (substitutions
on both the third and sixth carbons of the distal mannose) with the
structure of Mana1-6(Mana1-3Mana1-4GIcN-PIl. Our structural
observations indicated that the GIPLs from L. infantum are similar
to the known structures in L. donovani [32] and are composed
mainly of mannose residues. This data suggests that the majority of
these GIPLs as Type I GIPLs and Hybrid GIPLs. On the other
hand, L. braziliensis GIPLs shows a different profile of sugar
composition and different bands distinguishable on TLC
(Figure 7A). We determined that there was a stoichiometric ratio
of galactose and mannose in the glycan portion of these GIPLs.
This data suggest that these GIPLs are similar to the closely related
species L. panamensis [36], which have a common Galb1-3Mana1-
3Mana1-4GIlcN-myoinositol glycan headgroup and a structurally
related to LPG lipid anchor, suggestive of Type Il GIPLs. Type Il
GIPLs can be very diverse and substitutions on the 3™ carbon of
the Gal; residue by Gala-1, Gala1-3gala1, and even longer
saccharides like Mana1-PO,-6Gala1-6Galal can be detected in
other species like L. major [31]. These substitutions can lead to
large GIPLs containing up to 7, 8 or even more hexoses [34,36],
which we observed from the L. braziliensis GIPLs as seen on
Figure 8.

In conclusion, GIPLs from both New World species L. infantum
and L. braziliensis have a strong inhibitory potential during
intracellular Leishmania infection of the mammalian host. Only
an initial production of NO and TNF-a was detected after
stimulation by GIPLs. Due to their importance in modulating NO
and cytokine production, these molecules could be possible targets
to alternative immunological and chemotherapeutic control
methods. The preliminary qualitative analysis of GIPLs from
these two species showed that they differ in composition and
structures thus, suggesting that the structural distinctions could be
responsible for differential NO and IL-12 inhibition in macro-
phages. Also, GIPLs were also capable of affecting macrophage
ability to produce NO in the presence of IFN-c and LPS. These
data, together with already published data from other groups,
suggest that GIPLs may be involved in the interaction with the
macrophage triggering a minimal pro-inflammatory response in
the host and to the benefit of the parasite. Glycoconjugate
interspecies polymorphisms, not only in the GIPLs, but also in
LPG, gp63 and other GPI-anchored molecules could be important
for differential establishment of infection. These polymorphisms
could result in different clinical outcomes, such as those shown by
L. infantum and L. braziliensis, causative agents of a visceral and
tegumentary forms, respectively [77].

Acknowledgments

We thank Dr. A. M. Silva (UFMG) and Dr. C. Toscano (CPqRR/
FIOCUZ) for helpful suggestions during preparation of manuscript and
Dr. M. N. Melo (UFMG) for support.

February 2012 | Volume 6 | Issue 2 | 1543

59



Author Contributions

Conceived and designed the experiments: RPS SJT FSN. Performed the
experiments: RRA ICI. Analyzed the data: RRA ICI FSN SJT RPS.

References

1.

20.

21.

22

23.

24.

25.

Grimaldi G, Jr., Tesh RB, McMahon-Pratt D (1989) A review of the geographic
distribution and epidemiology of leishmaniasis in the New World. Am J Trop
Med Hyg 41: 687-725.

. Herwaldt BL (1999) Leishmaniasis. Lancet 354: 1191-1199.
. Sacks D, Kamhawi S (2001) Molecular aspects of parasite-vector and vector-host

interactions in leishmaniasis. Annu Rev Microbiol 55: 453-483.

. Peters NC, Sacks DL (2009) The impact of vector-mediated neutrophil

recruitment on cutaneous leishmaniasis. Cell Microbiol 11: 1290-1296.

. Evans TG, Thai L, Granger DL, Hibbs JB, Jr. (1993) Effect of in vivo inhibition

of nitric oxide production in murine leishmaniasis. J Immunol 151: 907-915.

. Gazzinelli RT, Ropert C, Campos MA (2004) Role of the Toll/interleukin-1

receptor signaling pathway in host resistance and pathogenesis during infection
with protozoan parasites. Immunol Rev 201: 9-25.

. Bogdan C, Rollinghoff M (1998) The immune response to Leishmania:

mechanisms of parasite control and evasion. Int J Parasitol 28: 121-134.

. Oswald IP, James SL (1996) Nitrogen Oxide in Host Defense against Parasites.

Methods 10: 8-14.

. Feng GJ, Goodridge HS, Harnett MM, Wei XQ, Nikolaev AV, et al. (1999)

Extracellular signal-related kinase (ERK) and p38 mitogen-activated protein
(MAP) kinases differentially regulate the lipopolysaccharide-mediated induction
of inducible nitric oxide synthase and IL-12 in macrophages: Leishmania
phosphoglycans subvert macrophage IL-12 production by targeting ERK
MAP kinase. J Immunol 163: 6403-6412.

. Himmelrich H, Parra-Lopez C, Tacchini-Cottier F, Louis JA, Launois P (1998)

The IL-4 rapidly produced in BALB/c mice after infection with Leishmania major
down-regulates 1L-12 receptor beta 2-chain expression on CD4+ T cells
resulting in a state of unresponsiveness to IL-12. J Immunol 161: 6156-6163.

. Matte C, Descoteaux A (2010) Leishmania donovani amastigotes impair gamma

interferon-induced STAT 1alpha nuclear translocation by blocking the interac-
tion between STAT 1alpha and importin-alpha5. Infect Immun 78: 3736-3743.

. Ajizian SJ, English BK, Meals EA (1999) Specific inhibitors of p38 and

extracellular signal-regulated kinase mitogen-activated protein kinase pathways
block inducible nitric oxide synthase and tumor necrosis factor accumulation in
murine macrophages stimulated with lipopolysaccharide and interferon-gamma.
J Infect Dis 179: 939-944.

. Salmon RA, Guo X, Teh HS, Schrader JW (2001) The p38 mitogen-activated

protein kinases can have opposing roles in the antigen-dependent or endotoxin-
stimulated production of IL-12 and IFN-gamma. Eur J Immunol 31:
3218-3227.

. Merida |, Pratt JC, Gaulton GN (1990) Regulation of interleukin 2-dependent

growth responses by glycosylphosphatidylinositol molecules. Proc Natl Acad
Sci U S A 87: 9421-9425.

. Saltiel AR (1991) The role of glycosyl-phosphoinositides in hormone action.
1

J Bioenerg Biomembr 23: 29-41.

. Tachado SD, Gerold P, Schwarz R, Novakovic S, McConville M, et al. (1997)

Signal transduction in macrophages by glycosylphosphatidylinositols of Plasmo-
dium, Trypanosoma, and Leishmania: activation of protein tyrosine kinases and
protein kinase C by inositolglycan and diacylglycerol moieties. Proc Natl Acad
Sci U S A 94: 4022-4027.

. Descoteaux A, Turco SJ (1999) Glycoconjugates in Leishmania infectivity.

Biochim Biophys Acta 1455: 341-352.

. Brittingham A, Mosser DM (1996) Exploitation of the complement system by

Leishmania promastigotes. Parasitol Today 12: 444-447.

. Descoteaux A, Turco SJ, Sacks DL, Matlashewski G (1991) Leishmania donovani

lipophosphoglycan selectively inhibits signal transduction in macrophages.
J Immunol 146: 2747-2753.

Olivier M, Brownsey RW, Reiner NE (1992) Defective stimulus-response
coupling in human monocytes infected with Leishmania donovani is associated with
altered activation and translocation of protein kinase C. Proc Natl Acad Sci U SA
89: 7481-7485.

Winberg ME, Holm A, Sarndahl E, Vinet AF, Descoteaux A, et al. (2009)
Leishmania donovani lipophosphoglycan inhibits phagosomal maturation via action
on membrane rafts. Microbes Infect 11: 215-222.

Lodge R, Diallo TO, Descoteaux A (2006) Leishmania donovani lipophosphoglycan
blocks NADPH oxidase assembly at the phagosome membrane. Cell Microbiol
8: 1922-1931.

Guimaraes-Costa AB, Nascimento MT, Froment GS, Soares RP, Morgado FN,
et al. (2009) Leishmania amazonensis promastigotes induce and are killed by
neutrophil extracellular traps. Proc Natl Acad Sci U S A 106: 6748-6753.

de Carvalho Vivarini A, Pereira RD, Dias Teixeira KL, Calegari-Silva TC,
Bellio M, et al. (2011) Human cutaneous leishmaniasis: interferon-dependent
expression of double-stranded RNA-dependent protein kinase (PKR) via TLR2.
Faseb J.

Kamhawi S, Ramalho-Ortigao M, Pham VM, Kumar S, Lawyer PG, et al.
(2004) A role for insect galectins in parasite survival. Cell 119: 329-341.

@ www.plosntds.org

Leishmania GIPLs and Interaction with Macrophages

Contributed reagents/materials/analysis tools: RPS SJT. Wrote the paper:
RRA ICI FSN SJT RPS.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Becker I, Salaiza N, Aguirre M, Delgado J, Carrillo-Carrasco N, et al. (2003)
Leishmania lipophosphoglycan (LPG) activates NK cells through toll-like receptor-
2. Mol Biochem Parasitol 130: 65-74.

de Veer MJ, Curtis JM, Baldwin TM, DiDonato JA, Sexton A, et al. (2003)
MyD88 is essential for clearance of Leishmania major: possible role for
lipophosphoglycan and Toll-like receptor 2 signaling. Eur J Immunol 33:
2822-2831.

Tuon FF, Amato VS, Bacha HA, Almusawi T, Duarte MI, et al. (2008) Toll-like
receptors and leishmaniasis. Infect Immun 76: 866-872.

Schleicher U, Liese J, Knippertz I, Kurzmann C, Hesse A, et al. (2007) NK cell
activation in visceral leishmaniasis requires TLR9, myeloid DCs, and IL-12, but
is independent of plasmacytoid DCs. J Exp Med 204: 893-906.

Kropf P, Freudenberg MA, Modolell M, Price HP, Herath S, et al. (2004) Toll-
like receptor 4 contributes to efficient control of infection with the protozoan
parasite Leishmania major. Infect Immun 72: 1920-1928.

McConville MJ, Ferguson MA (1993) The structure, biosynthesis and function of
glycosylated phosphatidylinositols in the parasitic protozoa and higher
eukaryotes. Biochem J 294(Pt 2): 305-324.

McConville MJ, Blackwell JM (1991) Developmental changes in the glycosylated
phosphatidylinositols of Leishmania donovani. Characterization of the promastigote
and amastigote glycolipids. J Biol Chem 266: 15170-15179.

McConville MJ, Thomas-Oates JE, Ferguson MA, Homans SW (1990)
Structure of the lipophosphoglycan from Leishmania major. J Biol Chem 265:
19611-19623.

Proudfoot L, Schneider P, Ferguson MA, McConville MJ (1995) Biosyn-
thesis of the glycolipid anchor of lipophosphoglycan and the structurally
related glycoinositolphospholipids from Leishmania major. Biochem J 308(Pt
1): 45-55.

McConville MJ, Collidge TA, Ferguson MA, Schneider P (1993) The
glycoinositol phospholipids of Leishmania mexicana promastigotes. Evidence for
the presence of three distinct pathways of glycolipid biosynthesis. J Biol Chem
268: 15595-15604.

Zawadzki J, Scholz C, Currie G, Coombs GH, McConville MJ (1998) The
glycoinositolphospholipids from Leishmania panamensis contain unusual glycan and
lipid moieties. J Mol Biol 282: 287-299.

McConville MJ, Bacic A (1989) A family of glycoinositol phospholipids from
Leishmania major. Isolation, characterization, and antigenicity. J Biol Chem 264:
757-766.

McConville MJ, Homans SW, Thomas-Oates JE, Dell A, Bacic A (1990)
Structures of the glycoinositolphospholipids from Leishmania major. A family of
novel galactofuranose-containing glycolipids. J Biol Chem 265: 7385-7394.
Yoneyama KA, Tanaka AK, Silveira TG, Takahashi HK, Straus AH (2006)
Characterization of Leishmania (Viannia) braziliensis membrane microdomains, and
their role in macrophage infectivity. J Lipid Res 47: 2171-2178.

Soares RP, Macedo ME, Ropert C, Gontijo NF, Almeida IC, et al. (2002)
Leishmania chagasi: lipophosphoglycan characterization and binding to the midgut
of the sand fly vector Lutzomyia longipalpis. Mol Biochem Parasitol 121: 213-224.
Soares RP, Cardoso TL, Barron T, Araujo MS, Pimenta PF, et al. (2005)
Leishmania braziliensis: a novel mechanism in the lipophosphoglycan regulation
during metacyclogenesis. Int J Parasitol 35: 245-253.

Dubois M, Gilles K, Hamilton JK, Rebers PA, Smith F (1951) A colorimetric
method for the determination of sugars. Nature 168: 167.

Kolodziej H, Radtke OA, Kiderlen AF (2008) Stimulus (polyphenol, IFN-
gamma, LPS)-dependent nitric oxide production and antileishmanial effects in
RAW 264.7 macrophages. Phytochemistry 69: 3103-3110.

Hu X, Herrero C, Li WP, Antoniv TT, Falck-Pedersen E, et al. (2002)
Sensitization of IFN-gamma Jak-STAT signaling during macrophage activation.
Nat Immunol 3: 859-866.

Drapier JC, Wietzerbin J, Hibbs JB, Jr. (1988) Interferon-gamma and tumor
necrosis factor induce the L-arginine-dependent cytotoxic effector mechanism in
murine macrophages. Eur J Immunol 18: 1587-1592.

Orlandi PA, Jr., Turco SJ (1987) Structure of the lipid moiety of the Leishmania
donovani lipophosphoglycan. J Biol Chem 262: 10384-10391.

Coelho-Finamore JM, Freitas VC, Assis RR, Melo MN, Novozhilova N, et al.
Leishmania infantum: Lipophosphoglycan intraspecific variation and interaction
with vertebrate and invertebrate hosts. Int J Parasitol 41: 333-342.

Schneider P, Ralton JE, McConville MJ, Ferguson MA (1993) Analysis of the
neutral glycan fractions of glycosyl-phosphatidylinositols by thin-layer chroma-
tography. Anal Biochem 210: 106-112.

Soares RP, Barron T, McCoy-Simandle K, Svobodova M, Warburg A, et al.
(2004) Leishmania tropica: intraspecific polymorphisms in lipophosphoglycan
correlate with transmission by different Phlebotomus species. Exp Parasitol 107:
105-114.

Shapiro SS, Wilk MB (1965) An analysis of variance test for normality (complete
samples). Biometrika 52: 591-611.

February 2012 | Volume 6 | Issue 2 | e1543

60



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ferguson MA (1999) The structure, biosynthesis and functions of glycosylpho-
sphatidylinositol anchors, and the contributions of trypanosome research. J Cell Sci
112(Pt 17): 2799-2809.

WHO website. Available: http://www.who.int/leishmaniasis/en/index.html.
Accessed 2012 Jan 23.

Murray HW (1982) Cell-mediated immune response in experimental visceral
leishmaniasis. 11. Oxygen-dependent killing of intracellular Leishmania donovani
amastigotes. J Immunol 129: 351-357.

Murray HW (1990) Effect of continuous administration of interferon-gamma in
experimental visceral leishmaniasis. J Infect Dis 161: 992-994.

Murray HW, Nathan CF (1999) Macrophage microbicidal mechanisms in vivo:
reactive nitrogen versus oxygen intermediates in the killing of intracellular
visceral Leishmania donovani. J Exp Med 189: 741-746.

de Assis RR, Ibraim IC, Nogueira PM, Soares RP, Turco SJ (2012)
Glycoconjugates in New World species of Leishmania: Polymorphisms in
lipophosphoglycan and glycoinositolphospholipids and interaction with hosts.
Biochim Biophys Acta;in press.

Lodge R, Descoteaux A (2006) Phagocytosis of Leishmania donovani amastigotes is
Rac1 dependent and occurs in the absence of NADPH oxidase activation.
Eur J Immunol 36: 2735-2744.

Chawla M, Vishwakarma RA (2003) Alkylacylglycerolipid domain of GPI
molecules of Leishmania is responsible for inhibition of PKC-mediated c-fos
expression. J Lipid Res 44: 594-600.

Proudfoot L, O’Donnell CA, Liew FY (1995) Glycoinositolphospholipids of
Leishmania major inhibit nitric oxide synthesis and reduce leishmanicidal activity
in murine macrophages. Eur J Immunol 25: 745-750.

Proudfoot L, Nikolaev AV, Feng GJ, Wei WQ, Ferguson MA, et al. (1996)
Regulation of the expression of nitric oxide synthase and leishmanicidal activity
by glycoconjugates of Leishmania lipophosphoglycan in murine macrophages.
Proc Natl Acad Sci U S A 93: 10984-10989.

Descoteaux A, Matlashewski G, Turco SJ (1992) Inhibition of macrophage
protein kinase C-mediated protein phosphorylation by Leishmania donovani
lipophosphoglycan. J Immunol 149: 3008-3015.

McConville MJ (1991) Glycosylated-phosphatidylinositols as virulence factors in
Leishmania. Cell Biol Int Rep 15: 779-798.

Johnston MJ, Wang A, Catarino ME, Ball L, Phan VC, et al. (2010) Extracts of
the rat tapeworm, Hymenolepis diminuta, suppress macrophage activation in
vitro and alleviate chemically induced colitis in mice. Infect Immun 78:
1364-1375.

Hawn TR, Ozinsky A, Underhill DM, Buckner FS, Akira S, et al. (2002)
Leishmania major activates IL-1 alpha expression in macrophages through a
MyD88-dependent pathway. Microbes Infect 4: 763-771.

Muraille E, De Trez C, Brait M, De Baetselier P, Leo O, et al. (2003)
Genetically resistant mice lacking MyD88-adapter protein display a high

@ www.plosntds.org

66.

67.

68.

69.

70.

.

72.

73.

74.

75.

76.

7.

78.

Leishmania GIPLs and Interaction with Macrophages

susceptibility to Leishmania major infection associated with a polarized Th2
response. J Immunol 170: 4237-4241.

Ribeiro-Gomes FL, Moniz-de-Souza MC, Alexandre-Moreira MS, Dias WB,
Lopes MF, et al. (2007) Neutrophils activate macrophages for intracellular killing
of Leishmania major through recruitment of TLR4 by neutrophil elastase.
J Immunol 179: 3988-3994.

Lange UG, Mastroeni P, Blackwell JM, Stober CB (2004) DNA-Salmonella
enterica serovar Typhimurium primer-booster vaccination biases towards T
helper 1 responses and enhances protection against Leishmania major infection in
mice. Infect Immun 72: 4924-4928.

Vargas-Inchaustegui DA, Tai W, Xin L, Hogg AE, Corry DB, et al. (2009)
Distinct roles for MyD88 and Toll-like receptor 2 during Leishmania braziliensis
infection in mice. Infect Immun 77: 2948-2956.

Watanabe H, Numata K, Ito T, Takagi K, Matsukawa A (2004) Innate immune
response in Th1- and Th2-dominant mouse strains. Shock 22: 460-466.
Oliveira AC, Peixoto JR, de Arruda LB, Campos MA, Gazzinelli RT, et al.
(2004) Expression of functional TLR4 confers proinflammatory responsiveness
to Trypanosoma cruzi glycoinositolphospholipids and higher resistance to infection
with T. cruzi. J Immunol 173: 5688-5696.

Falvo JV, Tsytsykova AV, Goldfeld AE (2010) Transcriptional control of the
TNF gene. Curr Dir Autoimmun 11: 27-60.

Jono H, Xu H, Kai H, Lim DJ, Kim YS, et al. (2003) Transforming growth
factor-beta-Smad signaling pathway negatively regulates nontypeable Haemoph-
ilus influenzae-induced MUCS5AC mucin transcription via mitogen-activated
protein kinase (MAPK) phosphatase-1-dependent inhibition of p38 MAPK.
J Biol Chem 278: 27811-27819.

McNeely TB, Rosen G, Londner MV, Turco SJ (1989) Inhibitory effects on
protein kinase C activity by lipophosphoglycan fragments and glycosylpho-
sphatidylinositol antigens of the protozoan parasite Leishmania. Biochem J 259:
601-604.

Mensa-Wilmot K, Garg N, McGwire BS, Lu HG, Zhong L, et al. (1999) Roles
of free GPls in amastigotes of Leishmania. Mol Biochem Parasitol 99: 103-116.
Garami A, Mehlert A, llg T (2001) Glycosylation defects and virulence
phenotypes of Leishmania mexicana phosphomannomutase and dolicholphosphate-
mannose synthase gene deletion mutants. Mol Cell Biol 21: 8168-8183.
Zufferey R, Allen S, Barron T, Sullivan DR, Denny PW, et al. (2003) Ether
phospholipids and glycosylinositolphospholipids are not required for amastigote
virulence or for inhibition of macrophage activation by Leishmania major. J Biol
Chem 278: 44708-44718.

Singh RK, Pandey HP, Sundar S (2006) Visceral leishmaniasis (kala-azar):
challenges ahead. Indian J Med Res 123: 331-344.

Ralton JE, McConville MJ (1998) Delineation of three pathways of glycosylpho-
sphatidylinositol biosynthesis in Leishmania mexicana. Precursors from different
pathways are assembled on distinct pools of phosphatidylinositol and undergo
fatty acid remodeling. J Biol Chem 273: 4245-4257.

February 2012 | Volume 6 | Issue 2 | e1543

61



5.1.2. Segundo artigo:

de Assis, Rafael Ramirg Ibraim, Izabela Coimbra ; Nogueira, Paula MorsliSoares,
Rodrigo Pedro ; Turco, Salvatore J. . Glycoconjeg@t New World species of Leishmania:
Polymorphisms in lipophosphoglycan and glycoindghiospholipids and interaction with hosts.
Biochimica et Biophysica Acta. G, General Subjeetd,820, p. 1354 1365, 2011.

62



Biochimica et Biophysica Acta 1820 (2012) 1354-1365

journal homepage: www.elsevier.com/locate/bbagen

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

Review

Glycoconjugates in New World species of Leishmania: Polymorphisms in
lipophosphoglycan and glycoinositolphospholipids and interaction with hosts™

Rafael Ramiro de Assis ?, Izabela Coimbra Ibraim ?, Paula Monalisa Nogueira ?,
Rodrigo Pedro Soares ?, Salvatore J. Turco ™*

? Centro de Pesquisas René Rachou, Fundagdo Oswaldo Cruz, FIOCRUZ, Av. Augusto de Lima, 1715, Belo Horizonte, MG 30190-002, Brazil
b Department of Biochemistry, University of Kentucky Medical Center, 741 South Limestone, Lexington, KY 40536, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 22 September 2011

Received in revised form 31 October 2011
Accepted 1 November 2011

Available online 7 November 2011

Keywords:

Leishmania

New World
Lipophosphoglycan
Glycoinositolphospholipids
Host-parasite interaction

Background: Protozoan parasites of the genus Leishmania cause a number of important diseases in humans
and undergo a complex life cycle, alternating between a sand fly vector and vertebrate hosts. The parasites
have a remarkable capacity to avoid destruction in which surface molecules are determinant for survival.
Amongst the many surface molecules of Leishmania, the glycoconjugates are known to play a central role
in host-parasite interactions and are the focus of this review.

Scope of the review: The most abundant and best studied glycoconjugates are the Lipophosphoglycans (LPGs)
and glycoinositolphospholipids (GIPLs). This review summarizes the main studies on structure and biological
functions of these molecules in New World Leishmania species.

Major conclusions: LPG and GIPLs are complex molecules that display inter- and intraspecies polymorphisms.
They are key elements for survival inside the vector and to modulate the vertebrate immune response during in-
fection.

General significance: Most of the studies on glycoconjugates focused on Old World Leishmania species. Here, it is
reported some of the studies involving New World species and their biological significance on host-parasite in-

teraction. This article is part of a Special Issue entitled Glycoproteomics.

© 2011 Elsevier B.V. All rights reserved.

1. Leishmaniasis

Leishmaniasis is an infectious disease that afflicts millions of people
worldwide caused by parasites of the genus Leishmania. In accordance
with the species involved and the immunological status of the host,
this disease exhibits a spectrum of clinical manifestations: cutaneous
(CL), mucocutaneous (ML), and visceral leishmaniasis (VL), also
known as kala-azar [1].

Abbreviations: CL, cutaneous Leishmaniasis; ML, mucocutaneous Leishmaniasis;
DCL, diffuse cutaneous leishmaniasis; VL, visceral Leishmaniasis; GPI, glycosylphospha-
tidylinositol; LPG, lipophosphoglycan; GIPLs, Glycoinositolphospholipids; sAP, secreted
acid phosphatase; sPPGs, secreted proteinphosphoglycans; PSG, promastigote secreto-
ry gel; TLR, toll-like receptors; MyD88, Myeloid differentiation primary response gene
88; PKC, protein kinase C; iNOS, inducible nitric oxide synthase; NO, nitric oxide; TNF-
a, tumor necrosis factor o IFN, interferon; IL, interleukin; LPS, lipopolysaccharide;
MAPKs, mitogen-activated protein kinases; ERK, extracellular-signal-regulated ki-
nases; PKR, protein kinase R; PTK, protein-tyrosine kinases; Man, mannose; Glc, glu-
cose; Gal, galactose; Galp galactofuranose; PO4 phosphate; GalNAc, N-acetyl-
galactosamine; DC, dendritic cell; NK, natural killer cell; PAMPs, pathogen associated
molecular patterns; NETs, neutrophil extracellular traps

 This article is part of a Special Issue entitled Glycoproteomics.
* Corresponding author. Fax: +1 859 257 1804.
E-mail address: turco@email.uky.edu (S.J. Turco).

0304-4165/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbagen.2011.11.001

The most common syndrome form is CL, characterized by ulcerative
skin lesions generally self-heal that develop at the site of the bite of the
sand fly. CL is most frequently caused by Leishmania major, Leishmania
aethiopica and Leishmania tropica in the Old World and by Leishmania
braziliensis, Leishmania guyanensis, Leishmania panamensis, Leishmania
peruviana, Leishmania mexicana and related species in the New World
America [2].

A variant form of cutaneous leishmaniasis, called mucocutaneous
leishmaniasis (ML), is caused by L. braziliensis, which has a tropism for
macrophages of the oronasopharyngeal region and produces a mucosal
granuloma that eventually destroys the nose and mouth, L. panamensis,
L. guyanensis and Leishmania amazonensis have also been associated
with ML [3,4]. Another type of CL is diffuse cutaneous leishmaniasis
(DCL), caused by L. amazonensis. It is characterized by a chronic, pro-
gressive, polyparasitic variant and is manifested by disseminated
non-ulcerative skin lesions [1].

Finally, VL is a human systemic disease and represents the most
severe clinical manifestation of Leishmania infection. Leishmania
donovani and Leishmania infantum (syn. Leishmania chagasi) in the
0ld and New World are the species that are implicated in this disease
[5]. The parasite disseminates and infects macrophages of the liver,
the spleen and the bone marrow and may be fatal when untreated [6].

63



R.R. de Assis et al. / Biochimica et Biophysica Acta 1820 (2012) 1354-1365 1355
Sandfly
Procyclic

: Metacyclic
Promastigote

Promastigote
f
Amastigote d!
— —— — !
Division Bite

Sandfly takes bloodmeal _
Lysis / ®Amastigote
&,

/

L//

Metacyclic 1
Promastigote

Reinvasion

Division

OP/@

Phagolysosome

(—~

@

>

-~
Lysosome Macrophage

Mammalian host

Fig. 1. Life cycle of Leishmania parasites. Inside the vector insect, Leishmania varies from replicative procyclic promastigotes that, through the metacyclogenic cycle, differentiates into the
infective metacyclic promastigote that is injected into the vertebrate host when the insect takes a blood meal. Inside the vertebrate host, the parasite is phagocytized, mainly by neutrophils,
macrophages and dendritic cells where they differentiate into the amastigote form. The amastigotes can either infect other cells, or be ingested by another phlebotomine in the blood meal.

The genus Leishmania is sub-divided in two subgenus according to
the behavior in the sand fly gut. In the subgenus Leishmania, the par-
asites are mainly found in the midgut and foregut, whereas in the
subgenus Viannia they are attached to the hindgut prior to migration
to anterior parts [7].

2. The life cycle of Leishmania

The parasites have a notable capacity to avoid destruction in the
hostile environments encountered in their life cycle, alternating be-
tween two stages: flagellated promastigotes in the digestive tract of
the sand fly vectors and non-motile amastigotes that proliferate within
macrophages of the mammalian host. Promastigotes can be further
classified as procyclic promastigotes, which multiply in the gut of the
sandfly, or as the infective non-dividing metacyclic promastigotes,
which detach from the gut epithelial cells and migrate towards the an-
terior end of the digestive tract [8]. Transmission of the parasite in the
mammalian host occurs during the bite of sand fly vector, of either

the genus Phlebotomus (Old World) or the genus Lutzomyia (New
World) [9] (Fig. 1).

3. Major Leishmania glycoconjugates
3.1. Overview

To survive successfully and multiply within these two hostile envi-
ronments, the parasites must undergo profound biochemical and mor-
phological adaptations, including the expression of glycoconjugates
composed largely of molecules attached by glycosylphosphatidylinositol
(GPI) anchors [10]. GPI molecules are typically considered as anchors of
surface molecules such as proteins [11,12] present in most if not all eu-
karyotes. In Leishmania, however, these GPl-anchored molecules include
lipophosphoglycan (LPG), glycoinositolphospholipids (GIPLs), glycopro-
teins 63 (gp63) and the proteophosphoglycan (PPG), or they are secreted
as protein-containing phosphoglycans (PGs), including the secreted pro-
teophosphoglycan (sPPG) and a secreted acid phosphatase (sAP) [13]. In

O=(CH,)y3,:CH,

OH

Cap Repeat unit

Glycan core

PI anchor

o Hexoses or Pentoses % =Man-Gal-P D = myo-Inositol ® = Phosphate

Fig. 2. Structure of LPG. The LPG has four domains, the phosphatidylinositol-linked lyso-alkylglycerol lipid anchor, the conserved glycan core, the repeat units and the cap. The structure
and number of phosphoglycan repeat units vary and depend on the stage of differentiation and the species of Leishmania. Gal, galactose; Man, mannose; Core, hexasaccharide glycan core;

Cap, neutral oligosaccharide.
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this review, we will focus on LPG and GIPLs on New World species of
Leishmania. For information on gp63 see references [14-17].

3.2. Interspecies and intraspecies variation in Lipophosphoglycan

The most studied surface glycoconjugate is LPG, which forms a
dense glycocalix covering the entire surface of the parasite and the
flagellum [10]. LPG is predominantly expressed in promastigotes
and is virtually absent in the intracellular amastigotes [18-20]. LPG
has been biochemically characterized and polymorphisms in its struc-
ture are critical in the specificity of Leishmania to different vectors.
The recognition of binding sites in the epithelium by the LPG is a
crucial step preventing loss of the parasite during the excretion of
the digested blood meal [21,22]. During the differentiation process
of metacyclogenesis, LPG undergoes crucial changes in structure (dis-
cussed below) [23]. Understanding variations and the LPG structures
are crucial for the comprehension of the mechanisms of how para-
sites survive under extremely adverse conditions.

In Leishmania, the basic LPG structure consists of four domains
(Fig.2): (1) alipid anchor characterized by a 1-0-alkyl-2-lyso-phospha-
tidylinositol containing either C24 or C26 as the aliphatic substituent,
(2) a glycan core, consisting of the structure Gal(o1,6)Gal(al,3)
Galf{p1,3)[Glc(a1)-POg]Man(ee1,3)Man(ee1,4)-GleN(exl), (3) a back-
bone repeat units (Gal(21,4)Man(ct1)-POy), and (4) an oligosaccharide
cap structure [10,24], Structural analysis of LPG from different species
revealed complete conservation of the lipid anchor and the glycan
core. The polymorphisms among Leishmania species are in the sugar
composition and sequence of branching sugars attached to the repeat
units and in the cap structure [25].

The pioneering studies involving LPG characterization included
mainly Old World Species such as L. donovani, L. major, L. tropica and L.
aethiopica [26-30]. In contrast, many aspects on the glycobiology in
New World Leishmania are still unknown. The first LPG characterized
in a New World species was from L. mexicana procyclic promastigotes,
where the C3 hydroxyl of the repeat unit galactose is partially

substituted with 3-Glc residues in approximately 20% of the repeat
units [31] (Fig. 3). This species exhibits three types of terminally man-
nosylated caps including Mancl-2Man, Manad-2Manal-2Man  or
Manal-2(Gali21-4)Man. For this species, the structure of metacyclic pro-
mastigotes LPG is still unknown so that there is no evidence that it
changes during metacyclogenesis. However, a large number of studies
have looked at the interaction between this species and the vector L.
longipalpis that will be described in the next chapter.

Ten years later after the description of L. mexicana LPG, the LPG of
L. infantum (strain PP75) was characterized [32] (Fig. 4). Similar to L.
mexicana, it also possesses [3-glucose residues in approximately 1/3 of
the repeat units. The expression of these glucose residues are down-
regulated in the metacyclic stage after metacyclogenesis. Differently
from L. mexicana, L. infantum caps are terminally galactosylated and
glucosylated, represented by Gal([31,4)Man with lesser amounts of
the trisaccharide Glc(p1,3)Gal(p1,4)Man, respectively. The expres-
sion of 3-Glc residues in both the caps and the side chains of LPG
were suggestive of being determinant for the binding to L. longipalpis
midguts. The number of repeat units in procyclic and metacyclic LPG
was determined using capillary electrophoresis (CE). The repeat unit
numbers were 19 and 34 for procyclic and metacyclic LPGs, respec-
tively [33]. In conclusion, similar to Old World species, L. infantum
LPG also increases in size after metacyclogenesis due to an approxi-
mate doubling in the number of repeat units.

Following the description of L. infantum LPG, the first LPG struc-
ture from a Viannia species was provided [34] (Fig. 3). In L. braziliensis
LPG, a different mechanism in the carbohydrate regulation in the LPG
side-chains was observed. The L. (V.) braziliensis LPG from the procyc-
lic form is similar to the L. donovani (Sudan), being devoid of side
chains that branch off the Gal-Man-P disaccharide backbone [29],
while in the metacyclic stage it contains one or two [3-Glc residues
as side chains. This up-regulation is the opposite that is observed for
some species belonging to the subgenus Leishmania. For example, in L.
donovani (India) [26] and L. infantum (Brazil) [32], down-regulation of
B-Glc residues occur during differentiation into metacyclics. The caps

65



RR. de Assis et al. / Biochimica et Biophysica Acta 1820 (2012) 1354-1365 1357

Typel
MCAN/BR/89/Ba-262
Procyclic —
cp O OO OO0 000 60 0 00 G
Type 11 e
MHOM/BR/74/PP75
Emeyelic Cap ® O 0 0 0 0 0 @& 0 & @&
Gle
Metacyclic

Gle

Gle

Type 111
MHOM/BR/70/BH46 gle Gle

Procyclic

Gle Gle

Gle Gle

O 0 0 0 0 0 0 0 @ O

Coelho-Finamore et al.,2011
Soares et al.,2002

Soares et al.,2002

Gle

Coelho-Finamore et al.,2011

=
0
=
=

g-\ = phosphorylated dissaccharide repeat  {___} = hexasaccharide glycan core QI: GPI anchor

Fig. 4. Schematic diagram of different types of LPG (I, Il and IIl) from New World Leishmania infantum strains. The main difference observed on the repeating units from L infantum
strains is the degree of [3(1,3)glucosylation that categorizes these LPGs into three classes: Type-I1 LPGs with no side chain substitutions; Type-II LPGs with one glucose side chain
substitutions on the repeating units and Type-III LPGs with two or more glucose side chain substitutions [32,35].

of L. braziliensis were not fully elucidated, but qualitative analysis of
monosaccharides using CE indicated the presence of mannose, glucose
and galactose (3:1:3) [34].

An unknown aspect of the glycobiology not only in the New
World, but also in Old World species, was the level of intraspecies
polymorphisms in the LPG structures. Recently, the repeat units of
16 L. infantum strains from Brazil, Africa and Europe were evaluated.
The results indicated that intraspecies polymorphism in L. infantum
LPG is very low and most of the strains (~90%) are devoid of side
chains. One strain (PP75) had a (-Glc substitution in the side-
chains, whereas strain BH46 had up to three glucose side chains.

Table 1
Studies on LPGs and GIPLs from New and Old World Leishmania species.
Glycoconjugate Refs.
Liposphosphoglycan
L. donovani [18,29,155]
L. major [19,27,28,156]
L. tropica [28,30]
L. aethiopica 28]
L. mexicana [31]
L. infantum [32,35]
L. braziliensis [34]
Glicoinositolphospholipid
L. donovani [18]
L. major [139,140]
L. aethiopica [142]
L. tropica [142]
L. mexicana [141,157]
L. panamensis [136]
L. infantum and L. braziliensis [154]

The latter was the first reported example of a poly-glucosylated LPG
[35] (Fig. 4). LPG and GIPLs structures described are represented in
Table 1.

3.3. Interaction with the sand fly

It has been postulated that inter- and perhaps intraspecies-
specific polymorphisms in the phosphoglycan domains of LPG might
be crucial for Leishimania specificity to a given vector [9,21,22,36].
Many studies have addressed this issue which has led to the intense
discussion of permissive and specific vectors. Although some vectors
may be infected and sustain infection by different Leishmania species,
some results have been controversial regarding the role of LPG in this
process. For example, L. major can only infect and sustain infection in
Phiebotomus papatasi [22]. On the other hand, many species can inter-
act with different sand fly midguts and even L. mexicana LPG-deficient
mutants could sustain infection in permissive vectors [37]. More im-
portantly, some conclusions were derived from the in vitro model,
which has limitations as recently demonstrated [38] and many chal-
lenges and questions still remain to be elucidated [39].

The first study using the in vitro binding system in L. longipalpis and
L. infantum showed similar results to Old World species L. donovani and
L. major. Differently from metacyclic PGs where the lipid anchor was re-
moved by phospholipase C treatment, procyclic PGs were able to attach
and inhibit parasite adhesion [32]. In spite of having a strong evidence
for the existence of a midgut receptor, no available information exists
for this fly receptor in L. longipalpis. Only for L. major, a galectin receptor
has been found in the midgut of P. papatasi [40]. Four galectins (A-D)
have been reported in the transcriptome of L. longipalpis [41] and their
role as putative ligands for LPG and parasite binding should be explored.
Since this species is thought to be very permissive [42], it is still
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Fig. 5. The different developmental patterns of Leishmania within the sand fly gut. The Leishmania subgenera confine their development to the midgut and foregut of their sand fly
vectors. In the subgenus Leishmania, parasites are attached to the midgut through LPG. In L. (L.) infantum (strain PP75), after metacyclogenesis, the down-regulation of A-glucoses
enables its detachment and migration to anterior parts. In the case of the members of the Viannia subgenus, such as L. (V.) braziliensis, parasites are also seen attached to the hindgut
lining by flagellar hemidesmosomes. An up-regulation of glucoses occurs during their migration to the midgut. However, how the detachment occurs prior to migration to the fore-

gut is a missing step in this species [32,34,46].

unknown if the existence of a receptor could be similar as that observed
for P. papatasi. It was demonstrated that LPG-independent mechanisms
may exist in permissive sandflies such as glycoproteins bearing
N-acetylgalactosamine (GalNAc) residues in the midgut of Phlebotomus
arabicus [43]. In this work, IpgI- mutants (unable to synthesize LPG) of
L. major were able to sustain infection in this permissive vector and L.
longipalpis. However, those combinations are not the ones occurring
in nature, but the development of L. infantum mutants could help to
solve this gap involving the permissiveness of L. longipalpis. Another in-
teresting example is the finding of L. major/L. infantum hybrids. Those
hybrids expressed mostly L. major LPG, which enabled their infection
in P. papatasi. Although both species could survive separately in the per-
missive L. longipalpis, L. infantum was not able to survive in P. papatasi
[44]. It was recently demonstrated the occurrence of intraspecies poly-
morphism in L. infantum LPG. The biological role of the three types of
LPG (I, Il and IlI) was studied during the interaction with the vector
L. longipalpis. All strains could successfully sustain infection in this vec-
tor demonstrating no apparent effect of LPG polymorphisms in this pro-
cess. Even the strain from Portugal (IPT1) developed very well in
L. longipalpis; consistent with the idea that introduction of L. infantum
in the Americas was made possible by the presence of this permissive
vector [43].

Only two studies have addressed the presence of midgut binding
sites for L. braziliensis in its sand fly vectors. This species belongs to
the subgenus Viannia [7], known to start its development in the pylo-
ric triangle prior to anterior migration to mouth parts (Fig. 5). In this
sense, heparin binding proteins (HBPs) from L. braziliensis promasti-
gotes were able to recognize proteins extracted from the midguts of
Lutzomyia intermedia and Lutzomyia whitmani. This class of proteins
was suggested to have importance during the interaction with the in-
vertebrate host but inhibitions assays were not performed to confirm
this idea [45]. On the other hand, using the in vitro binding model, not
only PGs form procyclic but also metacyclic parasites were able to
bind and inhibit parasite adhesion in the midguts of L. intermedia
and L. whitmani. This may suggest that PGs are necessary not only
for attachment, but also for their migration towards the insect's
mouth parts [46]. The unusual pattern of attachment by metacyclics
PG in this species might be a result of its perypilariam behavior and
should be more explored. A missing step in this interaction is how
metacyclic parasites could detach. A “second” metacyclic stage has
been suggested [36,46] and a model is proposed (Fig. 5).

3.4. Secreted glycoconjugates (sAPs and PPGs)

All species of Leishmania, except L. major, abundantly secrete acid
phosphatases (sAPs). These highly glycosylated proteins are released
by promastigotes not only in their life cycle in the sand fly but also
under axenic culture conditions. Similar to LPG, they are very polymor-
phic and also increase in size due to changes in phosphoglycosylation
during Leishmania metacyclogenesis. They can be found in monomers
or polymers depending on the species. The sAP of L. donovani is secreted
as monomers and oligomers of the phosphoglycoprotein, whereas in L.
mexicana, L. braziliensis and L. amazonensis, sAP consists of extended fil-
aments that contain multiple units [47-52]. The sAP structure in L
infantum in not known, but it does not seem to increase in size after
metacyclogenesis [32].

More recently, the role of other glycoconjugates such as secreted
proteophosphoglycans (sPPGs) have been studied using the model
L. infantum and L. mexicana in L. longipalpis shedding new light on
the mechanisms of parasite transmission during the bite of the sand
fly. This glycoconjugate is part of the promastigote secretory gel
(PSG) that blocks the anterior part of the sand fly gut and is released
during the bite having important consequences on parasite transmis-
sion and establishment in the skin of the mammalian host [53-56].

3.5. Glycoconjugates in vertebrate host-Leishmania interactions

3.5.1. Overview

Leishmaniases comprise a wide spectrum of clinical manifestations
depending on the species involved. However, it is not known to what
extent variations in surface glycoconjugates may drive polarization of
TH1/TH2 responses and determine the outcome and immunopathology
of the disease.

LPG is crucial not only for the interaction with the invertebrate host
as reviewed above, but also for the early steps during establishment of
the infection. In L. major, after internalization and differentiation into
amastigotes within the parasitophorous vacuoles within macrophages,
LPG expression is significantly reduced with greater expression of pro-
teophosphoglycans (PPGs) [57] which share common glycan features
with LPG. Another class of related glycoconjugates is the glycoinositol-
phospholipids (GIPLs), which are present either in promastigotes or
amastigotes, the replicating form during the course of infection in the
vertebrate host.
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In general, LPGs from either New or Old Leishmania species have
been reported to participate in a variety of processes during the es-
tablishment of infection in the vertebrate host. These processes in-
clude: resistance to the lytic action of the complement system,
attachment and entry into macrophages, protection from proteolytic
damage within acidic vacuoles [58], inhibition of phagosomal matu-
ration [59], modulation of nitric oxide (NO) and IL-12 production
[60-62], inhibition of protein kinase C [63], induction of neutrophil
extracellular traps (NETs) [64] and induction of protein kinase R
(PKR) [66].

Upon inoculation by the sand fly in the host skin, several cellular
and molecular events take place in the site of the bite. Cellular com-
ponents of the innate immune system are determinant during early
steps of infection not only in Leishmania but also in other Protozoa.
Dendritic cells (DC), natural killer (NK), neutrophils and macro-
phages are some of the key elements attracted in response to the par-
asite. The activation of those cells is essential for the development of
polarized Th1 lymphocytes and the establishment of a solid acquired
cell-mediated immunity. The ability of the cellular innate immune
compartment in orchestrating an initial effective immune response
will be important during subsequent steps of infection, such as chronic,
re-infection and immunopathology [67].

The mechanisms underlining the ability of Leishmania to circum-
vent the host defenses to get access and multiply intracellularly are
surprisingly complex and diverse. The infection outcome depends
not only on the species and virulence of the parasite but also on the
macrophage subpopulation and their state of activation. Leishmania
parasites are able to recognize and gain access inside the macrophage
through several phagocytic receptors including mannose-fucose re-
ceptor (MFR) [68-70], complement receptors CR1 and CR3 [71,72]
and also exploiting Fc receptor [73,74]. The most common pathogen-
associated molecular patterns (PAMPs) in Leishmania are LPG and
GIPLs. They are recognized by toll-like receptors (TLRs) by different
cell types, interfering with signaling transduction pathways [75-78].
Some of those survival strategies will be discussed here and in the
next sections.

3.5.2. LPG interaction with cellular components

The evidence that LPG is a multivirulence factor was based primarily
on in vitro studies using the purified molecule. Some studies have
demonstrated its importance and diversity during the host response
to Leishmania species. Old World species such as L. major LPG mu-
tants fail to infect and sustain infection in macrophages, whereas in
L. mexicana the parasites could develop normally [79-81].

It has been shown for L. major that neutrophils are the first line de-
fense against infection arriving at the site of infection before inflam-
matory macrophages, the primary targets for parasite replication [82].
The importance of Leishmania LPG interaction with neutrophils has
been also demonstrated on L. donovani Ipgl(—/—) and Ipg2(—/—)
gene mutants, It was demonstrated that LPG drives the persistence of
the parasite on tight, non-lytic, compartments inside neutrophils, and
both mutants lacking LPG were unable to prevent the fusion of the pha-
gosome with lysosomes and the formation of a lytic environment, fol-
lowed by parasite killing [83].

In L. amazonensis, the role of neutrophils in the initial steps of in-
fection has been recently demonstrated using a phagocytosis-
independent killing mechanism mediated by neutrophil extracellular
traps (NETs). Those structures are webs composed by chromatin and
granular proteins having microbicidal effect against pathogens including
fungi and bacteria [84]. Not only the parasites, but also purified L. amazo-
nensis LPG, were able to induce NETosis in a cell- and dose-dependent
manner [64]. On the other hand, the Old World species L. donovani
seems to induce NETosis independently from the presence of LPG and
gp63, also LPG knockout mutants display an enhanced susceptibility to
NETs dependent killing, which indicates a protective role of LPG on this
species [85].
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3.5.3. Inhibition of phagosome-endosome fusion and oxidative burst by
LPG

Most of the studies of phagosome maturation are restricted to Old
World species of Leishmania. In general, at the onset of infection, pro-
mastigotes of Leishmania are internalized by macrophages into pha-
gosomes, also named parasitophorous vacuoles. These structures
undergo a sequential series of fusions with endocytic organelles and
lysosomes generating a potent microbicidal compartment. Leishmania
promastigotes developed strategies to survive intracellularly in the
lytic environment of phagolysosomes [59,86]. It was demonstrated
that LPG inhibits phagolysosomal biogenesis, thus protecting invading
promastigotes from hydrolytic degradation and providing an environ-
ment propitious for their differentiation into amastigotes [86]. Further-
more, there is evidence that phagosomes containing Leishmania
promastigotes display low fusogenic properties toward endocytic or-
ganelles. Also vacuoles formed around L. donovani Ipg-defective mu-
tants promote, during the early phase of macrophage infection,
complete destruction of the parasite caused by extensive endosomes
and lysosomes fusion [59]. Russell et al. [87] have shown that phago-
some-endosome fusion can be restored in phagosomes containing L.
mexicana by a down-regulation of LPG expression, facilitating transfor-
mation of promastigotes into amastigotes.

The molecular mechanisms by which LPG inhibits phagosome-en-
dosome fusion in New World species are still poorly understood.
Many reports have evaluated the role of protein kinase C o (PKCat),
one of the components involved in the process of L. donovani infections.
PKCa is associated with the phagosomal membrane and phosphory-
lates the myristoylated alanine-rich C kinase substrate (MARCKS), a
membrane protein associated with actin-based motility and with mem-
brane trafficking. This pathway leads to the movement of both lyso-
somes and phagosomes on microtubules [88,89]. In macrophages, the
inhibition of PKCa by L. donovani LPG leads to the inhibition of F-actin
depolymerization at the phagosomal membrane, avoiding the fusion
events for the delivery of endosomal contents into the parasitophorous
vacuoles [90,91].

The inhibition of PKCa by LPG was also observed in L. mexicana.
Interestingly, L. mexicana LPG was able to inhibit PKCa activation in
susceptible BALB/c mice but not on the resistant C57BL/6 mice. This
was also accompanied by oxidative burst inhibition on BALB/c mice
and not on C57BL6 [92].

In addition to phagosome-endosome fusion inhibition, it has been
shown that LPG is able to insert into the surface of the lipid bilayer
after internalization of promastigotes [93,94]. By inserting into the
membrane lipid bilayer, the LPG modifies its physical organization
and disrupts specialized membrane microdomains (lipid rafts) and
normal fusogenic properties. This close interaction with the cellular
membrane causes a reduction of promatigote phagocytosis, oxidative
burst inhibition by preventing the assembly of the NADPHoxidase
complex, normal cellular signaling and phagosome acidification
[95-100].

3.5.4. Modulation of inducible nitric oxide synthase (iNOS)

Host invasion by pathogens frequently induces activation of many im-
munological mediators, including chemokines, cytokines, adhesion mol-
ecules, and enzymes that produce secondary inflammatory mediators
such as NO. In macrophages, iNOS expression is activated by a number
of immunological stimuli, such as IFN-y, TNF-cx and lipopolysaccharide
(LPS) [101] and catalyzes the synthesis of high concentrations of NO
[102]. Leishmania has mechanisms that interfere with NO production
and thus facilitate survival inside the cells. It is also able to inhibit many
of the cytokine-inducible macrophage functions necessary for the devel-
opment of an effective immune response [103].

Early studies demonstrated that L. major LPG induced the produc-
tion of IFN-y, and the expression of iNOS, resulting in host protection
and parasite resistance in the mouse model [104,105]. The impor-
tance of iNOS was further confirmed when mice lacking the enzyme
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were unable to control infection in vivo and their macrophages did
not eliminate promastigotes in vitro [106]. Tumor necrosis factor-o
(TNF-ex) is a Th1-type proinflammatory cytokine crucial for NO genera-
tion in IFN-y-primed macrophages infected with L. major [ 107]. The im-
portance of TNF-c¢ and NO production was studied in mice infected with
L. major, where mutants for this cytokine were not able to resist to infec-
tion [108]. In another study, L. major PGs synergized with IFN-y stimu-
lating the macrophages to express high levels of INOS and this induction
was correlated with the complexity of PG structures [61]. Similarly, in
the New World species, in vitro studies showed that [FN-y primed
macrophages exposed to different types of L. infantum LPG triggered
higher NO production by more complex type II and III LPGs [35]. On
the other hand, L. amazonensis promastigotes inhibited the NO pro-
duction induced by LPS in ]774-G8 macrophages [109]. Furthermore,
L. mexicana LPG was able to induce TNF-a via TLR2 and this production
was dependent on the integrity of the lipid anchor [75]. Thus, either for
Old or New World species of Leishmania, LPG was not able to induce NO
in unprimed macrophages.

3.5.5. Celluiar signaling and cytokine production

There are multiple ways by which intracellular pathogens like
Leishmania take advantage of the host cell's machinery in order to
survive and replicate. Interference with the host macrophages signal-
ing transduction pathways is one of the survival strategies used by
the parasites [78]. Those mechanisms occur due to events of phos-
phorylation and dephosphorylation in cascades of kinases and phos-
phatases. Mitogen-activated protein kinases (MAPKs), NF-kB
pathways triggered via TLRs and CD40 have been implicated in Leish-
mania infection (reviewed in [110]). Leishmania LPG has been
reported to activate innate immune signaling pathways in macro-
phages and NK cells through TLR2 [75,76]. In vivo studies with
knock-out mice have further demonstrated the importance of other
TLRs during Leishmania infection (reviewed in [111]). In L. major
and L. donovani the roles of MyD88, TLR2, TLR3, TLR4 and TLR9 have
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been demonstrated [75,77,112,113]. In L. infantum, TLRY, IL-12 and
myeloid DCs are important for the activation of NK cells in controlling
the parasite [114]. On the other hand, the development of a protective
immune response to L. mexicana in the murine model does not appear
to require IL-12 secretion [115], possibly contributing to the dispens-
ability of LPG in this species. In contrast, in vitro studies demonstrated
that dendritic cells mount a LPG-dependent proinflammatory tran-
scriptional response to L. mexicana [116]. In another study, L. mexi-
cana LPG was able to differentially impair the nuclear translocation
of NF-kB in monocytes with a subsequent decrease in the IL-12 pro-
duction [117]. In L. braziliensis, IL.-12, TNF-a and iNOS were critical
in the outcome of the disease in the murine model [118]. Further-
more, in this species the role of MyD88 was considered indispensable
for the generation of protective immunity, whereas TLR2 had a regu-
latory role during the infection [119]. In L. amazonensis, disruption of
the CD40/CD40L interaction enhanced the infection of the parasite,
resulting in low production of IFN-y, lymphotoxin-TNF and NO
[120]. In bone marrow-derived mast cells (BMMCs), the TLR2 expres-
sion was higher in C57BL/6 than in BALB/c mice. This also resulted in
increased levels of TNF-c, IL-10 and MIP-1a after in vitro stimulation
with L. mexicana LPG [121]. Altogether, these studies indicate that the
essential components of a protective immune response may vary
depending on the Leishmania species and the mouse subset from
where the cells were derived. Some of those mechanisms are repre-
sented in Fig. 6.

The MAP kinases are an important group of serine/threonine sig-
naling kinases that are activated by dual phosphorylation in response
to diverse extracellular stimuli, linking transmembrane signaling
with gene induction events in the nucleus [122,123]. The first in
vitro study using L. major metacyclic promastigotes and synthetic
PG indicated that LPG differentially regulated I1L.-12 and NO produc-
tion in macrophages. This occurred independently of NF-kB activation
and the suppressive effect observed on IL-12 induction was resulting
of ERK1/2 MAPKSs activation [124]. The role of LPG in the activation of
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Fig. 6. Inmunological determinants influencing Leishmania infection. The Leishmania promastigote is phagocyted by the macrophages. Activated dendritics cells (DC) and macro-
phages produce IL-12, which drives Th1 cell differentiation, proliferation and IFN-y production, which activate macrophages to produce NO and kill the parasites. In contrast, the
production of IL-4 and IL-13 drives T cells differentiation into Th2, capable of producing 1L-10 and additional IL-4, which inhibit NO production. This is associated with parasite sur-

vival and persistence of infection.
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MAPKs was confirmed by Ipgi- and Ipg2- mutants of L. donovani.
Those parasites were able to activate higher levels of ERK1/2 MAPKs
and could not sustain infection [125]. In another study, Leishmania
LPG stimulated the activation of ERKs, p38 and |NK, and this appeared
to be necessary for AP-1 activation, IL-12 and NO production [126].

Another important group involved in cell signaling is protein kinases
C (PKCs). They are a family of at least 12 serine-threonin kinases activated
by membrane phospholipids and are key kinases for activating effector
genes and mount a protective response against aggressor pathogens
[127]. Respiratory burst activity and NO production are regulated by
phosphorylation events mediated by PKC. Not only L. donovani para-
sites, but also purified LPG is able to inhibit the oxidative burst
through PKC in macrophages and increase intracellular survival of
the parasites. The two mechanisms proposed are that LPG might
act as a competitive inhibitor of PKC, or it could act as a chelator of
Ca2+ that is required for PKC activity [94,128-131]. Regarding
New World Leishmania species, L. mexicana purified LPG inhibited
PKCa activity in BALB/c macrophages, reducing the oxidative burst
and increasing parasite survival [92]. Another group involved in
cell signaling is protein kinases R (PKRs). They are activated by a
number of stimuli, such as dsRNA, TNF-c, IL-1f3, IFN-y, and LPS
[132-134]. In L. amazonensis infection, an increase in the activation
of double-stranded RNA (dsRNA)-dependent in RAW cells was ob-
served. The parasites could negatively modulate NF-kB activation
and the subsequent NO production; this effect was correlated to
the suppressive IL-10 production [65]. More recently, LPG from this
species was found to increase the PKR transcript levels and this effect
was via TLR2 [66].

In conclusion, the mechanism of LPG influencing signaling events
is still a ripe area to study parasite-host interactions with New
World species of Leishmania.
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4. Glycoinositolphospholipids (GIPLs)
4.1. Interspecies and intraspecies variation in GIPLs structure

Besides LPG, another important class of GPl-anchored molecules
in Leishmania is GIPLs. They are the most abundant glycolipid compo-
nent of the cell membrane and are structurally analogous to protein
and LPG anchors [11]. Due to their own structural features such as
side chain modifications and fatty acids substitutions, they can be
classified as a metabolically distinct family of molecules rather than
a precursor or byproduct of GPI anchors [135,136]. Similar to LPG,
GIPLs are also polymorphic in both glycan and lipid structures, although
a conserved basic core is present in all Leishmania species studied to
date. It consists of a Mana1-4GIcN core linked to an alkyl-acylglycerol
or a lyso-alkylglycerol through a phosphatidylinositol (PI). Different
from other trypanosomatids, there is no unsaturated fatty acid substitu-
tion of the lipid moiety [137].

These GIPLs structures are commonly divided into three distinct
groups depending on whether the R-Mana1- substitution occurs on
the 3rd, 6th or both carbons. When the R-Mana1- addition occurs
on the 6th carbon of the proximal mannose, the resulting structures
are classified as type-I GIPLs (mainly M2 and M3 GIPLs) which are
structurally related to protein GPI anchors. When the substitution oc-
curs on the 3rd carbon, the resulting GIPLs are classified as Type-II
GIPLs (mainly iM2, GIPL-1, GIPL-2, GIPL-3 and GIPL-A) which are
structurally related to LPG anchor. The third type is named Hybrid
GIPLs in which there is R-Manat1-substitutions to both 3rd and 6th
carbons of the proximal mannose residue [11] (Fig. 7).

The first GIPL structure was reported from L major. This early
study showed a highly galactosylated glycan moiety linked to the
lipid anchor through a non-N-acetylated glucosamine residue varying
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Fig. 7. Schematic representation of different types of glycoinositolphospholipids (GIPLs). Leishmania GIPLs are divided into three distinct groups: Type-1 GIPLs are characterized by a
R-Mana1- addition to the sixth carbon of the proximal mannose residue; Type-II GIPLs have a R-Mana1- substitution to the third carbon of the proximal mannose; Hybrid GIPLs
have a R-Mana1- substitution on both third and sixth carbons of the proximal mannose residue [11].
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in length and polarity [138]. A more complete structure came later
when it was shown that L. major expresses a myriad of GIPLs with a gen-
eral structured expressed as R-Gal31-3Manoc1-3Mano1-4GleN-PI [139).
This novel class of molecules ranges from simple Galf31-3Mana1-
3Mana1-4GIcN-PI  (GIPL-1) structures to more complex Galff?1-
3Gala1-3Galae1-6Gal31-3Manae1-3Mana1-4GIcN-PI - (GIPL-A)  and
Galo1-6Galac1-3Galee1-6Galg31-3Manal-3Mana1-4GIeN-PL - (GIPL-3).
Also these GIPLs can be represented by its lyso-alkylglycerol counterparts
or even have a Glc(a1-6) residue substitution onto the distal mannose
[139,140].

Following the structural analysis of the L. major GIPLs, the structure
of L. donovani GIPLs was elucidated. Chemical analysis and enzymatic
sequencing revealed a new GIPL profile that is different from L. major
by being highly mannosylated. In L. donovani, the predominant GIPLs
had substitutions on both 3rd and 6th carbon of the proximal mannose
of the Manau1-4GlcN motif with mainly C, 4., Ci6.0 and Cg.o fatty acids.
The main GIPLs on this species are Mano1-3Mana1-4GlcN-Pl
(isoM2) Manal-6(Mana1-3)Mana1-4GleN-PI (isoM3 GIPLs) and
Mana1-2Mana1-6(Mana1-3)Manae1-4GIleN-PI (isoM4 GIPLs)[18].

In 1993, the first New World species GIPLs were characterized. L. mex-
icana GIPLs structure shared close relation to L major GIPLs with a high
degree of galactosylation and R—Mana 1- substitution to the 3rd carbon
of the proximal mannose expressing mainly Gala1-6Gala1-3Galael-
6Galg>1-3Mana1-3Mance1-4GIecN-PI (GIPL-3), Gala1-3Galo1-6Galgf31-
3Mana1-3Mana1-4GIcN-PI (GIPL-2) and Mana1-3Manee1-4GIcN-Pl
(iM2 GIPLs) [141].

While there is a wide polymorphism on GIPL composition through-
out different species, intraspecific polymorphisms are unknown. The
structure of three different L. major strains together with other two
Old World species, L. aethiopica and L. tropica was analyzed [142]. Inter-
estingly, the intraspecific variance of the GIPL composition was shown
to be based mainly on relative quantities of each GIPL species as all
strains of L. major was shown to express GIPL-1, GIPL-2, GIPL-3 with
or without their phosphorylated counterparts (addition to a P-Glc to
the Manot1-6 residue). L. aethiopica and L. tropica were shown to have
mainly mannosylated GIPLs much like L. donovani also differing on
their abundance.

The first and only study addressing a Viannia subgenus species
was in L panamensis. It was shown that L. panamensis GIPLs had
some unusual glycan and lipid structures. Chemical analysis showed
that L. panamensis GIPLs comprise mainly two glycan cores, the
type-Il GIPLs Mana1-3Mance1-4GleN-PI and the Hybrid GIPLs Mance1-
2Mana1-6(Mana1-3)Mano1-4GleN-PI with the unusual extentions
of Gala1-2Galp1, Galal-2Gala1-2Galpl or Galal-3Galal-2Galpl,
never observed in any other Leishmania species. Another feature of L.
panamensis GIPLs, that is unusual compared to the other species, is the
presence of diacylglycerol lipid moieties rather than alkyl-acyl-
glycerol or 1-o-lyso-alkyl-glycerol. These are novel features of Leish-
mania GIPLs, not yet observed in any other species [136].

Given that these molecules are expressed in high copy numbers
on the surfaces of both promastigote and amastigote forms, under-
standing their role on Leishmania biology is crucial to understand
how these parasites interact with their hosts. This may lead to alter-
native strategies to control Leishmaniasis.

4.2. GIPL interactions with sand fly and the vertebrate host

Although GIPLs are expressed in a high copy number, their function
on Leishmania biology is still unclear. Since these molecules share a com-
mon cellular enzyme machinery to GPI anchors, it is difficult to experi-
mentally determine their specific relevance in the overall Leishmania
biology. In contrast to LPG, there are no available studies involving
GIPLs and sand fly interaction and this is an open field to be
explored.

The first reports on Leishmania GIPLs were purely structural, and
little was known about their biological significance. The first time

Leishmania GIPLs were linked to a possible role on infection was in
1990 through the demonstration that GIPLs could interact with hu-
moral factors on the vertebrate host. L. major infected patients had
high titers of anti c-galactosyl antibodies [139]. This was later con-
firmed in other species such as L. donovani, L. mexicana and L. braziliensis
[143].

As was conducted experimentally with LPG, several studies with
glycosylation mutants of Leishmania have tried to determine the im-
portance of GIPLs biology on the innate cellular compartment. Most
evidence points to a modulatory effect by down regulating classical
macrophage activation thus promoting a silent, non-destructive
entry into the host cell. L. amazonensis and L. mexicana mutants lacking
some or all GIPLs species have been generated, either by expressing het-
erologous phospholipases that can deplete mature GIPLs and their pre-
cursors or by knocking out genes responsible for the addition of
mannose to their structure. Although these mutants had little or no im-
pact on promastigote growth in culture, a significant reduction was ob-
served in vitro on L. amazonensis amastigote survival in macrophages
and a significant impact on L. mexicana infectivity both in vitro and in
vivo [144-147]. In a recent study with L braziliensis GIPLs, it was
reported that they are not randomly distributed throughout the plasma
membrane but are rather associated with high specialized microdo-
mains. Depletion of these structures in this species reduced in vitro
macrophage infectivity [148].

Several molecular mechanisms triggered by GIPLs have been
reported. It has been reported that TLR4 receptors are recognized by
Trypanosoma cruzi GIPLs [149] and although Leishmania GIPLs are
able to interact with cells, it is not clear if this occurs via TLRs. It has
been shown that GIPLs from L. major could inhibit the release of NO
[150]. Later, it was demonstrated that L. mexicana GIPLs could rapidly
activate protein-tyrosine kinases (PTKs), but with no cell activation
and cytokine release [151]. Interestingly, the PTK activation also re-
quired the minimal structure of Mano1-2Manc1-6Manot1-4GIcN-PI
(M3 and isoM4 forms of L. mexicana) [137] and L. donovani [18].
This glycan structure can accommodate minor side chains additions
without affecting its activity. On the other hand, L. mexicana GIPLs
were unable to activate PKC [151]. Consistent with this information,
it was demonstrated that L. major GIPLs and its synthetic lipid moiety
also inhibited PKC [152,153]. Recently, GIPLs from L. infantum and L.
braziliensis were found to differentially inhibit NO production by
mouse macrophages stimulated with IFN-y and LPS, with no effect
on TNF-« release [154]. This observation is important evidence that
Leishmania GIPLs impair regulatory signals that can modulate the
host cell response. Although the structures of the L infantum and L
braziliensis GIPLs are not fully elucidated, preliminary qualitative
analysis on monosaccharide composition indicates that the former
is very similar to type I or hybrid, whereas the latter is consistent of
a type Il GIPLs [154].

5. Concluding remarks

A great number of studies have implicated the importance of gly-
coconjugates in Leishmania biology either in New or Old World spe-
cies of Leishimania. The structures of those molecules have exhibited
a surprising polymorphism not only intra- but also interspecifically.
Additionally, the expression of those molecules varies according to
stage depending on the host, being able to modulate a variety of
mechanisms to avoid parasite destruction. Although there are many
questions still unanswered, especially regarding New World species,
the lack of mutants and a precise host cells model warrant further in-
vestigations. It is intriguing how the structure and biology of those
molecules has evolved in Leishmania, especially in the subgenus Viannia,
where unique mechanisms of interaction occur in the sand fly and verte-
brate host. Overall, understanding the mechanisms of how these
parasite-derived molecules modulate important parasite-host interac-
tions may result in alternative control strategies.
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Abstract

Background: The dominant, cell surface lipophosphoglycan (LP&) Leishmania is a
multifunctional molecule involved in the interactiowith vertebrate and invertebrate hosts.
Although the role of LPG on infection has been egieely studied, it is not known if LPG
interspecies variations contribute to the differemmunopathologies of leishmaniases. To
investigate the issue of interspecies polymorphistwe Leishmania species from the New
World that express structural variations of sidaich of LPG repeat units were examined. In this
context, the procyclic form df. braziliensis LPG (strain M2903), is devoid of side chains, whil
the L. infantum LPG (strain BH46) has with up to three glucosesdrees in the repeat units.
Methods: Mice peritoneal macrophages from Balb/c, C57BL/@ knock-out (TLR2 -/- e TLR4
-/-) were primed with IFN¢ and stimulated with purified LPG from both speciM#ric oxide
and cytokine production, MAPKSs (p38 and ERK) and INF-activation were evaluated.

Results: Macrophages stimulated with braziliensis LPG, had a higher TNE; IL-1pB, IL-6 e
NO production than those stimulated with that.ofnfantum. Furthermore, the LPGs from the
two species resulted in differential kinetics ajraling via MAPK activationL. infantum LPG
exhibited a gradual activation profile, whereadrazliensis LPG showed a sharp but transient
activation.L. braziliensis LPG was able to activate NF-kB.

Conclusion: These data suggest that two biochemically distuRss were able to differentially

modulate macrophage functions.

Keywords: Leishmania infantum, Leishmania brazliensis, Lipophosphoglycan (LPG),

Macrophage modulation
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Background

Leishmaniases are a wide spectrum of diseaseslywitistributed in the Americas
(Grimaldi et al., 1989. In Brazil, Leishmania brazliensis and Leishmania infantum are the
causative agents of cutaneous (CL) and viscerahdeaniasis (VL), respectivelyHérwaldt,
1999. At the early steps of infection in the vertebrdtost, the parasite must survive the
production of inflammatory mediators such as reactxygen intermediates (ROI), reactive
nitrogen intermediates (RNI), and cytokinEvénset al., 1993 Gazzinelliet al., 2004.

In trypanosomatids, many GPIl-anchored moleculeskabwn to be closely associated
with cell signaling, acting as agonists and seamedsengers in response to cytokines and other
stimuli (Fenget al., 1999 Meridaet al., 199Q Saltiel, 1991 Soare<t al., 2012 Tachadoet al.,
1997. In Leishmania Lipophosphoglycan (LPG) has beeeresively studied and is known to
be a multifunctional virulence factor with funct®rihat include: attachment to the sand fly
vector midgut Kamhawiet al., 2009, attachment and entry into macrophadesscoteaux &
Turco, 1999, induction of neutrophil extracellular traps (N§TGuimaraes-Costet al., 2009,
inhibition of protein kinase C (PKC) dependent @adtivation Descoteawset al., 1991 Olivier
et al., 1992, retardation of phagosome maturatidviriberget al., 2009, disruption of NADPH
oxidase assembly at the phagosome membrandgé & Descoteaux, 20p@nodulation of NO
production Brittingham & Mosser, 1996and induction of protein kinase Ruz et al., 2012
Vivarini Ade et al., 2011). Although the lipid anchor is conserved (AssisaeR012), previous
studies have shown that changes in the carbohysiateture of procyclic LPG and GIPLs can
account for variations in macrophage modulatidss(s et al., 2012 Coelho-Finamoreet al.,

2012, Proudfootet al., 1996.
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Structurally, LPG has four distinct domains: (iyvall conserved GPI anchor composed
of 1-O-alkyl-2-lyso-phosphatydylinositol (PI); (i) a core composed Glal(@1-6)Gal(l-
3)GakB1-3)[Glc(@l)PQy]Man(al-3)Man@1-4)-GlcN(alpha-1) heptasaccharide; (iii) a portion
of disaccharide repeats of the @dK4)Man@l1l)PQ, units and (iv) a terminal neutral
oligosaccharide (“cap”)¥escoteaux & Turco, 1999In L. infantum, the repeat units of LPG
display the addition g8Glc to the C3 carbon in the Gal residues (Soar@2R2These side chain
substitutions can vary between different straink.effantum which can have three different sets
of side chains: Type | which has no side chain swbi®ns; Type Il which has only orgGlc
addition to the Gal residue of the REPs and Type&liich contains two or threpGlc residue
substitutions on the Gal residu€aglho-Finamorest al., 201) (Fig. 1). Interestingly, in the
metacyclic promastigote form of LPG in this speche=re are no sugar substitutions in the repeat
unit backboneJoarest al., 2002. Elucidation of the.. brazliensis LPG structure showed that
procyclic promastigote forms are devoid of sideHshawhereas metacyclic LPG displays up to
two BGlc residues linked to the Gal residue of the repad backboneQoarest al., 2009. It is
not known to what extent interpecies variationsNew World species oteishmania can
differentially activate the host’'s immune systenmecBntly, the structural composition bf
braziliensis andL. infantum GIPLs revealed that the former are galactoseanthits structure is
suggestive for the predominance of type Il GIPLgiiga Mar1-3 substitution to the proximal
mannose and are mainly galactose terminating stregt On the other hanld, infantum GIPLs
are mainly of type | and/or Hybrid GIPLs possessiMignal-6 and Manl-3[Mam6]
substitutions to the proximal mannose, respectiyésiset al., 2012 McConville & Ferguson,

1993. Those variations were implicated in a higheribitbry activity in NO and cytokine
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production byL. braziliensis GIPLs compared ta. infantum. However, the role of LPGs from
those species in this process has not been inaéstig

This work is part of a wider study on the glycdbgy of New World species of
Leishmania. In previous studies, we reported on the LPG alRL& biochemical structures bf
braziliensi's and L. infantum (Assis et al., 2012 Soareset al., 2005 Soareset al., 2002 and
showed that the differences in GIPLs structuresewelevant in the parasite biologissis et
al., 2019. In this study, we expanded those findings armlsthat the LPG of these two New
World Leishmania species also differentially modulated the actatiof mouse peritoneal

macrophages.

Methods

Ethics statement

All animals were handled in strict accordance véttimal practice as defined by the Internal
Ethics Committee in Animal Experimentation (CEUA)Fundacéo Oswaldo Cruz (FIOCRUZ),
Belo Horizonte (BH), Minas Gerais (MG), Brazil (Rwool P-0297-06). Knock-out mice
handling protocol was approved by the National Cassion of Biosafety (CTNBio) (protocol
#01200.006193/2001-16).

Parasites

World Health Organization Reference straind.obrazliensis (MHOM/BR/1975/M2903) and
L. infantum (MHOM/BR/1970/BH46) were used. Promastigotes weréuced in M199 medium
supplemented with 10% heat-inactivated fetal bowseeum (FBS), penicillin 100 units/ml,
streptomycin 5Qug/ml, 12.5 mM glutamine, 0.1 M adenine, 0.0005% imemnd 40 mM Hepes,

pH 7.4 at 26 °CJoarest al., 2019 until late log phase.
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Extraction and purification of LPG

For optimal LPG extraction, late log phase cellsevkarvested and washed twice with PBS
prior to extraction of LPG. The LPG extraction waesrformed as described elsewhere with
solvent E (HO/ethanol/diethylether/pyridine/Nj@H; 15:15:5:1:0.017) after a sequential
organic solvent extractiorOflandi & Turco, 198Y. For purification, the solvent E extract was
dried under N evaporation, resuspendend in 2ml of 0.1 N aceiid/@1 M NaCl, and applied
onto a column with 2ml of phenyl-Sepharose, equaliéd in the same buffer. The column was
washed with 6 ml of 0.1 N acetic acid/0.1 M Na@kn 1ml of 0.1 N acetic acid and finally 1ml
of endotoxin free water. The LPG was eluted withl 4h solvent E then dried under;N
evaporation. LPG concentration was determined asritbed elsewhereD{bois et al., 1957).
Prior to use omn vitro macrophage cultures, LPG was diluted in fresh RPMIsolutions were
prepared in sterile, LPS-free distilled water (Saah Campinas, Brazil).

Purification of murine peritoneal macrophages and ell culture

Thioglycollate-elicited peritoneal macrophages wesdracted from BALB/c, C57BL/6 and
C57BL/6 (TLR2 -/- and TLR4 -/- knockouts) by pengal washing with ice cold serum-free
RPMI and enriched by plastic adherence for 1 h7at@5% CQ. Cells (3 X 16 cells/well)
were washed with fresh RPMI then cultured in RPRIINM glutamine, 50 U/ml of penicillin
and 50ug/mL streptomycin supplemented with 10% FBS in 98hwulture plates (37C/5%
CQO,). Cells were primed with gamma interferon (IRN¢3 1U/mL) (Kolodziej et al., 2008 for
18h prior to incubation with LPG or live stationabgishmania parasites (10:1), LPG (10
ug/mL) or lipopolysaccharide (LPS) (100 ng/mL).

Chinese Hamster Ovary (CHO) cell lines
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The CHO reporter cell lines (TLR2-TLR4-, which dotrexpress TLR2 nor TLR4;TLR2+,
expressing TLR2; TLR4+, expressing TLRYien et al., 1999 were maintained as adherent
monolayers in Ham’'s F-12/DMEM supplemented with 39BS, at 37°C, 5% CO2, and
antibiotics. All of the cell lines are derived froatone 3E10, that has been stably transfected
with a reporter construct containing the structgexhe for CD25 under the control of the human
E-selectin promoter.

This promoter contains a NF-kB binding site; CD25f@ce expression is completely dependent
upon NF-kB translocation to the cell nucléigludeet al., 1998.

Cytokine and nitrite measurements

For CBA multiplex cytokine detection, cells wereatgd, primed as described above and
incubated for 18 h (37°C, 5% GO LPG (10ug/mL) and live stationary promastigotes (10:1
ratio) were added and incubated for 48 h, LPS {i@énL) was added as a positive control. For
negative controls fresh medium was added. Supemnsateere collected and cytokines (IB1-
IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IFNy and TNFe) were determined using the BD CBA
Mouse Cytokine assay kits according to the manufacs specifications (BD Biosciences, CA,
USA). Flow cytometry measurements were performedaoRACS Calibur flow cytometer
(Becton Dickinson, Mountain View, CA). Cell-Qué&¥t software package provided by the
manufacturer was used for data acquisition andRloevJo software 7.6.4 (Tree Star Inc.,
Ashland, OR, USA) was used for data analysis. Altot 1,800 events were acquired for each
preparation Assis et al., 2019. Results are representative of two experimentsiuplicate.
Nitrite concentrations determined by Griess reac(i2rapieret al., 1989.

For the inhibition assay, purified cells were peirfor 6h with 3 1U/ml of IFNy prior to

stimulation with LPG (1Qug/ml). Cells were incubated for 18h at %7/5% CQ, then LPS (100
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ng/ml) was added to the medium and incubated fotham 24h at 37C/5% CQ. Supernatants
were collected and nitrite concentrations deterchibg Griess reaction. Results shown are the
mean of two experiments in triplicatdgsiset al., 2012.
Flow cytometry analysis

In order to evaluate the activation of RB-by LPG, CHO reporter cells were plated at a
density of 1x10 cells/well in 24-well tissue culture dishes. Toidwing day, either molecule or
bacteria $aphylococcus aureus [1000 bacteria/well], positive control of TLR2; LPS
(200ng/well), positive control of TLR4; or LPG (@@ or 0,02ug/well) fromLeishmania
brasiliensis or from Leishmania infantum was added as indicated, for 18 h. The cells weea t
harvested with trypsin-EDTA and washed once witllion® and again with PBS. Subsequently,
the cells were counted and 1XH@lls stained with PE-labeled anti-CD25 (mouse rtAbuman
CD25, R-PE conjugate; Caltag Laboratories, BurlimgaCA) 1:200 in PBS, on ice, in the dark,
for 30 min. After labeling, the cells were washedce with 1 mM sodium azide in PBS,
resuspended in 1 mM sodium azide in PBS, and exahiiy flow cytometry (BD Biosciences,
San Jose, CA) for the expression of surface CD2feasribedl(ien et al., 1999. Analyses were
performed using CellQuest software (BD Biosciences)
Preparation of cell lysates and immunoblotting
Thioglycollate-elicited peritoneal macrophages wplated as above on 6 well tissue culture
plates (3 X 18well) for 18h prior to assay. The cells were wabhéth warm RPMI and
incubated with LPG from both species for differantes (5, 15, 30 and 45 min) or with medium
(negative control) or LPS (100 ng/ml) as positieateol. Cells were then washed with ice-cold
PBS and lysed in lysis buffer (20 mM Tris-HCI pH5,71% Triton X-100, 1 mM sodium

orthovanadate, 1 mM phenylmethylsulfonyl fluorid®MSF), 50 mM sodium fluoride, 150 mM
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NaCl, 5 mM ethylenediamine tetraacetic acid (EDTAY) % glycerol (v/v), 0.5 mM
dithiothreitol (DTT) and protease inhibitor cocktlibom Sigma®). Cells were harvested with a
plastic scraper and centrifuged at 13,00@ ¥4 °C, 10 min). Supernatants were transferred to
new tubes and stored at -20 °C until used for imenbiotting. Cell lysates were resolved by
SDS-PAGE, transferred to a nitrocellulose membrand blocked (5% milk in TBS-0.1%
Tween 20) for 1 h. Primary Abs (anti dually phospteted ERK, dually phosphorylated p38
and Total ERK, 1:1,000, total p38 primary antibadgs used as a normalizer) were incubated
for 16 h at 4°C. Membranes were washed (3 X 10 mitf) TBS-0.1% Tween 20 and incubated
1 h with anti-mouse IgG conjugated with peroxidésd.0,000). The reaction was visualized
using luminol Assiset al., 2013.

Statistical analyses

For nitrite and cytokine measurements, the Shapilik-test was conducted to test the null
hypothesis that data were sampled from a Gausssénibdtion Shapiro & Wilk, 1950. The P
value (P > 0.05) showed that data did not deviedefGaussian distribution. For this reason,
student’s “t” test and ANOVA were performed to tesfuality of population medians among
groups and independent samples. Data were analgneg GraphPad Prism 5.0 software (Graph

Prism Inc., San Diego, CA) and P < 0.05 was comsdtisignificant.

Results

Nitrite and cytokine production
In order to evaluate the role of TLR2 and TLR4hrs process, IFN-primed peritoneal
macrophages from BALB/c, C57BL/6, TLR2 (-/-) andR4. (-/-) mice were incubated with 10

pg/ml of LPG and live promastigotes (10:1) frambrazliensis and L. infantum. Nitrite and
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cytokine concentrations determined on the supentmtter 48 h (Figures 2, 3 and Aséiset
al., 2019.

A higher NO production was detected on IiHgrimed C57BL/6 macrophages
stimulated with both LPGs and live promastigoteewlcompared to BALB/c mice (P<0.001)
(Figure 2A) There was a significant decrease in pt@duction in IFNy-primed TLR4 (-/-)
macrophages stimulated with LPG in comparison tqRZL(-/-) and wild type C57BL/6
macrophages (P<0.01) suggesting the involvemeL&¥4 in this activation. No significant
difference of NO production was noticed in macrag@sgfrom TLR2 (-/-) or TLR4 (-/-) mice
stimulated with live promastigotes when compareditd type C57BL/6 (P<0.05) (Figure 2A).

In a multiplex flow cytometer approach, the corications of several cytokines were
determined on the same supernatants used foremiteasurement. No significant quantities of
IL-2, IL-4, IL-5 and IFNy were detected (data not shown); on the other harglgnificant
production of TNFa, IL-13 and IL-6 was observed (Figure 2B and Figure 3A BhdAs for
nitrite production, these cytokines production,BALB/c and C57BL/6 macrophages, were
higher forL. brazliensis LPG stimulated cells (P <0.05). In all experimetiige parasites from
both species induced cytokine production closeattkround levels (Figure 2B, 3A and 3B). As
expected, LPG was able to induce these three ayekn wild type and TLR2 (-/-) mice but not
in TLR4 (-/-) mice. A reduction in these cytokines production in TLR2)(macrophages was
demonstrated, indicating the importance of thiepéar in LPG recognition and signaling. A
complete abrogation of these cytokines productias wbserved in TLR4 (-/-) mice suggesting
also the participation of TLR4 in LPG recognitiondasignaling. There was no significant
production of IL-10, 1L-12p40 (figure 4) or IFM-IL-2, IL-4 and IL-5 after LPG or live

promastigote incubation in none of the mouse stregnted (data not shown).
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Activation of MAPKs

To better access the signaling events around lgéGgnition and macrophage activation,
BALB/c macrophages were incubated with brazliensis and L. infantum LPG and MAPK
activation was accessed as a function of time. rAngt ERK activation was observed Iin
brazilienss in LPG stimulated macrophages after 15 min incuipatbut no activation was
detected before or after this time interval. In tcast, no ERK activation bi. infantum LPG
was foundL. braziliensis LPG stimulated a sharp p38 and ERK phosphoryldigginning in 5
minutes and peaking at 15 minutes (Figurel®)a different activation profile, a progressive
increase of p38 activation was observed.fanfantum LPG stimulated macrophages (Figure 5).
Together, these data suggests that the LPG frose tfwe species differentially activates MAPK
which may account for the differences in macrophagete and cytokine productions and
maybe the differential pathogenesis caused by tivasepecies.

LPGs from Leishmania infantum and from Leishmania brasiliensis are agonists of TLR2,
inducing ex vivo the nuclear translocation of NFkB.

In order to better assess the role of TLR2 and &'l the recognition of LPG and
activation of NIKkB. CHO reporter cells were treated with LPG for 1&8id reporter protein
CD25 expression evaluated by flow cytometry. Asvatab in Figure 7, after exposure of CHO
cells expressing TLR2 (TLR2+) to 0,2ug or to 0,02dd-PGb, there was higher production of
protein CD25, resulted from expression of gene mtepoin compare with the CHO cells without
that exposition, meaning that LPGb is a stark agjafiTLRZ2, inducing the nuclear translocation
of NFkB. After the exposition of TLR4+ cells to LB®Gr of TLR4+ or TLR2+ to LPGi, there

was a slightly higher production of the protein ified by the gene reporter than the production
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in the nonstimulated cells, meaning that the LP@d laPGi are weak agonists of TLR4 and that

LPGi ist a weak agonist of TLR2.

Inhibition of nitrite production in BALB/c macrophages by Leishmania LPG

Previously, it was shown that GIPLs from both $pecwere able to inhibit NO
production in LPS stimulated mice peritoneal mabeges Assiset al., 2019. To determine
whether LPG would also result in inhibitory actiwiBALB/c macrophages were incubated in
presence of LPG for 18h prior to LPS exposure.rdng inhibition of NO production stimulated
by LPS was observed after LPG incubation from ksghcies. The inhibition was over 70%

(P<0.01) for LPG from both species (Figure 6).
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Discussion

Leishmaniasis is considered by the World HealtgaDization as one of the six major
infectious diseases in the whole worldKO, 2013 and affects over 1.5 million people every
year worldwide. In Brazil, the majority visceralcategumentary cases are dueltdnfantum
and L. brazliensis, respectively. Parasite glycoconjugates have lbeigg incriminated in a
variety of events during parasite-host interactiongdulating important host cell functions
(Assis et al., 2012 de Assiset al., 2012 de Veeret al., 2003 Descoteaux & Turco, 1999
Among these glycoconjugates, LPG is the best studipecially in Old World species of
Leishmania. In this study, the role of the LPGs from two epidologic importanteishmania
species in Brazil in interfering in signaling meonlsans was assessed in murine macrophages.

Since it was not observed a significant differebe¢éwveen procyclic and metacyclic
major LPG NK cell activation [40] and that the conserv@®l anchor is important for LPG
activity [32] this work used stationary phase LPA&hough metacyclic promastigotes can be
readily prepared from culture by several method$y a small percentage of parasites, less than
5% [37], differentiates into these forms. For ttegason, all experiments described here could not
have been done with metacyclic LPG.

One of the most important events in the initiadpst of Leishmania infection is the
production of NO by macrophages. In many models, gtoduction is dependent on a
combination of IFNy and TNFe via TLR mechanismafosser & Edwards, 20080ur results
indicated that LPG from both species could induoe production of NO in IFN~primed
macrophages. Its production was higher by macrapktmulated with.. brazliensis LPG than
that of L. infantum. C57BL/6 macrophages incubated with both LPGs sdowa higher

production of NO, IL-B and IL-6 than BALB/c. On the other hand, TFproduction after
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stimulation byL. braziliensis LPG was higher in BALB/c macrophages (Figures 2)tcSimilar
results were also observed for GIPEsgiset al., 2019, these differences of activation between
C57BL/6 and BALB/C mice may be due to the genetickground of mouse strainSifveiraet

al., 2009 Watanabeet al., 2009. In the present study, no macrophage activatias abserved
in WT, TLR2(-/-) and TLR4(-/-) murine cells aftexdubation with live promastigotes.

Previous reports have shown thativo, pro-inflammatory cytokines such as 13;1L-6
and TNFe, as well as chemokines, are induced in the ingvants oL. major andL. donovani,
causative agents of cutaneous and visceral leislasiannfection in the Old World, respectively.
Similar results were observed here usihg brazliensis and L. infantum LPGs since
macrophages stimulated with braziliensis LPG exhibited higher cytokine and NO production
compared to that of the visceral fotminfantum (figures 2 and 3). This finding was confirmed
after incubation of the LPGs with CHO cells demoatitg thatL. braziliensis LPG was able to
induce NF-kB translocation. These data reflectnalar stimulation pattern between Old World
and New World species that causes similar diseag®mes. More importantly, the lack of IL-
10, IL-12 production, persistent MAPKs activationdathe lack of NF-kB translocation via
TLR4 ensure that no traces of endotoxins were pteéseur preparations.

Because modteishmania glycoconjugates are on the external surface otéfleplasma
membrane or secreted, they are able to modulatertemg functions in cell biologyAssiset al.,
2012. The interspecies variations observed. imnfantum andL. braziliensis may be dependent
on the action and specificity of glycosyltransfea&oarest al., 2005 Soarest al., 2002. For
example, inL donovani (MONGI strain) critical glycosyltransferases am@ah regulated in the
metacyclic phasesdViahoneyet al., 1999. Such intra- and interspecies variability is lkeo

have implications in antigenicity enabling carbotatds to be important sources of biological
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diversity (Acosta-Serranat al., 200]). In this work, the differential pattern of machame
activation might be due to carbohydrate polymonpisisn the LPG of these two species. Our
results with the two New World specieslaishmania are consistent with the reports from many
Old World Leishmania species and strains which showed that LPG witharied structural
polymorphisms induced different levels of NO andF in murine macrophage<¢elho-
Finamoreet al., 2011 de Veeret al., 2003 Proudfootet al., 1996.

No IL-1f3, IL-10 or IL-12 production was observed by celisnsilated with LPGs from
both New World species. Similar observations camlaele in the human visceral leishmaniasis
where immune suppression and a mixed Th1/Th2 prafibdulate most of the immune response
(WHO, 2013. The lack of IL-12 production by cells stimulatedth Leishmania GPI-anchored
glycoconjugates was also observed elsewhere, whertese peritoneal macrophages failed to
produce IL-12 when co-incubated with brazliensis or L. infantum GIPLs and when also
stimulated with IFNy or LPS {argas-Inchausteguat al., 2009. It is also important to note that
the lack of IL-12 production was not due to IL-l€lease, since we did not observe any
production of this cytokine (figure 2B). This isrsiar to that observed when macrophages were
treated with synthetid.. major LPG (Fenget al., 1999 and L. brazliensis and L. infantum
GIPLs (Assiset al., 2012.

In the present work we also evaluated the rol€ld®s on the recognition and signaling
of LPG. TLR2 was first incriminated as the LPG ngoe in macrophages and NK celBecker
et al., 2003 de Veeret al., 2003. Additionalin vivo experiments demonstrated the importance
of TLR3, TLR4 and TLR9 in differenteishmania species Tuonet al., 200§. By using RNA
interference methodologies, it was shown that bidtR2 and TLR3 were implicated in the

recognition ofL. donovani LPG in IFNy primed macrophage&landinet al., 2009. In vivo, it
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was shown that TLR4 deficient mice are more sudaepto Leishmania infection, failing to
efficiently resolve the lesion&K(opf et al., 2009 while TLR2 shows a more regulatory rolelin
braziliensis-infected dendritic cellsargas-Inchausteguat al., 2009. Here, we demonstrated
vitro with macrophages and CHO cells that TLR2 and, lesaer extent, TLR4 were recognized
by LPGs from both species clearly suggesting tpanticipation in the LPG signalling. The
inability of L. infantum LPG in activate NF-kB and ERK could be suggestedairasevasion
mechanism compared ko braziliensis LPG.

Given that the LPGs were able to induce NO andkige production, we investigated
whether activation of MAPK signalling was affectél.contrast to GIPLs (which fail to activate
MAPKS) (Assis et al., 2012, LPG from both species activated MAPKSs, but walifferent
kinetics. L. infantum LPG was not able to activate ERK1/2. In contrastbrazliensis LPG
strongly activated MAPK activity after 15 min. Inéstingly, p38 and JNK activation exhibited a
gradual and transient profile in infantum andL. brazliens's, respectively (Figure 5). Although
a punctual MAPK activation was observed fotbraziliensis LPG after 5min, this may not be a
sufficient stimulus for IL-12 production. p38 aaihon appears to be important for controlling
Leishmania infection since anisomycin reduced parasite sahuypon p38 activationlinghae &
Raynes, 2002 Feng et alKenget al., 1999 reported that ERK1/2 and p38 are important for NO
and TNFe production by macrophages stimulated with LPS.9&tent with those observations,
our data suggests that the LPGs from New Worldispewre also able to differentially activate
MAPKS.

The data presented here demonstrated a differgrbduction of NO, cytokines and
MAPK activation profile byL.brazliensis andL. infantum LPG stimulated macrophages. The

LPG from these species have a limited proinflamatootential since they fail to activate
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important proinflammatory cytokines such as IL-Iflanly activates low amounts of 31
while activation early inflammatory cytokines suzh TNFe and IL-6. Additionally, as seen in
figure 6, preincubation with LPG prior to stimutati with LPS reduced the nitrite production to
basal levels, indicating that the dynamics of itilec must be well regulated and consistent with
the long-known proposal that LPG acts as a multifional virulence factor fokeishmania.
Together with complex interface of interactionvioe¢n parasite and host, glycoconjugate
interspecies polymorphisms, not only in the LPGt hlso in GIPLs, gp63 and other GPI-
anchored molecules are important for differentedulation of initial events of the immune
response as well as establishment of infection. @sults with New World species are
consistent with this issue of the importance of Lii®B/ymorphisms; structural variations LPG
resulted in differential activation of macrophag@dO, cytokines and MAPKSs). Those
polymorphisms could result in different clinicaltoames, such as those shownlbynfantum
andL. brazliensis, causative agents of a visceral and tegumentamysforespectivelySingh et
al., 2009.
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Figure Legends:

Figure 1 Biochemical structures of LPG fromL. brazliensis and L. infantum. Although

Leishmania LPG shows a well conserved lipid anchor and okgokaride core structure, a wide

polymorphism on the composition of the sugar bramlthe repetitive units is well known. For

L. braziliensis procyclic promastigote LPG, there is no substitugi on the repetitive units while

in L. infantum LPG there are different sugar branch substitutmnglucose oligosacharides that

vary from one to three glucoses.
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Figure 2 IL-10 (A) and IL-12 (B) production by IFN-y primed macrophages stimulated
with LPG and live parasites C, negative control; LPGH,. brazilienss LPG; LPGi, L.
infantum LPG; Lb, L. brazliensis live promastigotes and LL,. infantum live promastigotes.
Cells were pre-incubated with IFN¢3 1U/ml) for 18 h then 1Qug/mL of LPG. As a positive
control, LPS (100 ng/mL) was added. Fresh mediwwnealwas added to negative control cells.
Supernatants were collected 48 hours later, cygokioncentrations determined by flow
cytometry. ANOVA test was performed and P<0.05 e@ssidered significant.

Figure 3 Nitrite (A) and TNF-a (B) production by IFN-y primed macrophages stimulated
with LPG and live parasites C, negative control; LPGH,. brazliensis LPG; LPGi, L.
infantum LPG; Lb, L. brazliensis live promastigotes and LL,. infantum live promastigotes.
Cells were pre-incubated with IFN¢3 1U/ml) for 18 h then 1Qug/mL of LPG. As a positive
control, LPS (100 ng/mL) was added. Fresh mediwwnelwas added to negative control cells.
Supernatants were collected 48 hours later, Nitwi@centration was measured by Griess
reaction and cytokine concentrations determinedflow cytometry. ANOVA test was
performed and P<0.05 was considered significant.

Figure 4 IL-13 (A) and IL-6 (B) production by IFN-y primed macrophages stimulated with
LPG and live parasites C, negative control; LPGH,. brazliensis LPG; LPGi, L. infantum
LPG; Lb, L. brazliensis live promastigotes and LL. infantum live promastigotes. Cells were
pre-incubated with IFN+(3 1U/ml) for 18 h then 1Qug/mL of LPG. As a positive control, LPS
(100 ng/mL) was added. Fresh medium alone was attdedgative control cells. Supernatants
were collected 48 hours later, cytokine concerdratidetermined by flow cytometry. ANOVA

test was performed and P<0.05 was considered signif
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Figure 5 Activation of MAPKs (ERK, p38 and JNK) by Leishmania LPG in BALB/c
peritoneal macrophages Mouse peritoneal macrophages were stimulated@@min with 10
pg/mL of LPG fromL. infantum (A, C and E) and L. brazliensis (B, D and F) Dually
phosphorylated MAPKs were detected by western b{dt. negative control; LPGbL.
brazilienss LPG and LPGi,L. infantum LPG. Total p38(E and F) content was used as a
normalizing protein.

Figure 6 Modulation of nitrite by Leishmania LPG in BALB/c macrophages Cells were
incubated with LPG (1Qig/ml) fromL. braziliensis (LPGDb) orL. infantum (LPGi) for 18h prior

to stimulation with LPS (100ng/ml) combined withp@@ml of LPG. Cells where then incubated
for another 24h and nitrite content was measuretheisupernatants by Griess reaction.

Figure 7 LPGs purified from Leishmania infantum and Leishmania brazliensis induce
translocation of NFkB through TLRs. CHO cells expressing TLR2 (TLR2+), TLR4 (TLR4+),
or neither (TLR2-/TLR4-) were either untreated {gtane) or exposed (black line) to LPS,
Staphylococcus aureus (SA), L. infantum LPG (LPGi) or L. brazliensis LPG (LPGb), as
indicated. CD25 expression was measured by flowrogtry 18 h after stimulation. Percentage
= percentage of CD25 expression on stimulated ceifsis percentage of CD25 expression on

non-stimulated cells.
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Figures:

L. infantum (MHOM/BR/1970/BH46)

C'oelho-Finamoreetal. 2011

L. braziliensis (MHOM/BR/1975/M2903)

Searesetal. 2005

o —

CAP oligosaccharide Gal-Man-Frepeatingunits Core oligosaccharide Phosphatidylinositol-lipid anchor

Figure 1
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6. Discussao

Infeccbes parasitarias sdo um grave problema nedongom um grande impacto na
saude publica de paises em desenvolvimento. Ashrbeisioses sdo consideradas pela
Organizacdo Mundial de Saude (OMS) como uma das dmeéncas parasitarias do mundo
afetando cerca de 12 milhdes de pessoas em todmao. No Brasil a maior parte dos casos de
das formas tegumentar e visceral sdo causadas egb@sied.. braziliensis e L. infantum,

respectivamente.

Entretanto, apesar de ter seu ciclo bem deseitpjestdo de como estes protozoarios
interagem com as ceélulas hospedeiras para sobrevigse desenvolver ainda € foco de muitos

estudos, e muitas perguntas ainda néo foram resjasnd

Para sobreviver no interior de macréfagos, osstasadevem prevenir ou inibir uma
grande variedade de mecanismos microbicidas copnoducéo de radicais reativos de oxigénio

(ROS) e de nitrogénio (NO).

Moléculas de superficie desishmania, especialmente o LPG, tem sido o alvo de estudos
a muitos anos, e ja teve diversos mecanismos eeagéo com o hospedeiro descritos. (de Assis
et al., 2012; de Veeet al., 2003; Descoteaux & Turco, 1999). Neste trabathfyco principal,
foi em outra classe de glicoconjugados, os GIPLlss,ddas espécies deeishmania de
importancia epidemiolégica no Brasil. Os GIPLs g&oléculas abundantes, presentes na

superficie dos parasitos em grande nimero (chegafifomoléculas por célula).

Recentemente, estas moléculas foram encontradasiadas d.ipid Rafts, estruturas
essenciais para a infectividade do parasito e ragéol da resposta da célula hospedeira
(Yoneyameet al., 2006). De fato existem diversas indicagces deogu8lPLs, bem como outras
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moléculas ancoradas por GPI, participam em imptasaeventos de sinalizacao celular e estdo
envolvidos na montagem do complexo NADPH oxidasmdycdo de NO (Chawla &
Vishwakarma, 2003; Lodge & Descoteaux, 2006; Prooitdt al., 1996; Proudfooét al., 1995;
Tachadcet al., 1997) e inibicdo da expresséo génica dependermtéos estimulada por LPS ou
TNF-a (Descoteawset al., 1992). Adicionalmente, LPG sintético, cuja estratmolecular da
ancora lipidica é similar aos GIPLs, pode estimalativacdo de ERK e inibir a producao de IL-

12 em macréfagos (Femgal., 1999).

Estudos prévios demonstraram a antigenicidadelldes@m pacientes infectados por
major (McConville & Blackwell, 1991; McConvillest al., 1990). Entretanto, informacdes sobre
a relevancia bioldgica dos GIPLs nos estagios disicla infeccdo sao limitados. Aqui nés
demonstramos que os GIPLs de ambas as espéciedivein a producdo de oxido nitrico em
macrofagos ndo primados, dados semelhantes aamlddi com outras espécies (Proudfot
al., 1995; 1996). Em macrofagos primados, foi observada producéo inicial de NO e TNF-
Posteriormente demonstramos que pré incubando o®fagos com os GIPLs, estas moléculas
sao capazes de inibir a producédo de NO, tanto esepca de IFN-quanto LPS, dois grandes

estimuladores da producéo de NO.

Trabalhos anteriores demonstraram que o LPG égamista mais proeminente de TLR
para a inducdo da producéo de citocinas pro intiamnas (Beckeret al., 2003; deVeeet al.,
2003). Em comparagédo com LPS e LPG, os GIPLs imduzeaa producdo menor de NO e TNF-

o. Bem como séo potentes inibidores da producdb-di2 e NO.

Estudosin vivo com espécies deeishmania do Velho Mundo tem demonstrado a

importancia dos TLRs, entre outros componentessiensa imune inato durante a infec¢do. De
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fato, em macrofagos primados, os GIPLsldérazliensis e L. infantum foram capazes de
estimular a producédo de NO, e esta producgéo foigsiamente via TLR4, e em segundo lugar
TLR2. Entretanto, em macrofagos pré expostos aBs $ifoi observada uma inibicdo de IL-12.

Esta inibicdo nédo foi devido a producéo de IL-10.

Adicionalmente, pode-se observar uma producao mieadNO por camundongos C57,

fenbmeno esperado, uma vez que esta linhagem éespiansiva.

Com o intuito de explorar melhor os mecanismosilasts envolvidos na capacidade
inibitéria dos GIPLs, nos testamos se os GIPLs ndewdua ativacdo de MAPKs. Nos
observamos que os GIPLs apenas ativam ERK, conasia,ativacdo foi branda e transitoria
enguanto que o LPS ativa tanto ERK quanto p38. Eambbservamos que os GIPLs foram

capazes de inibir parcialmente a ativacdo de ERBSe

De forma geral, os GIPLs e o LPG, apresentam asctpidicas bioquimicamente
semelhantes e sua integridade molecular € imperfaauita sua atividade biologica. Como foi
observado, a remoc¢éo da ancora lipidica pelo texttoncom PI-PLC faz com que os GIPLs

percam sua atividade inibitoria.

Em trabalhos anteriores do nosso grupo, foi detramis que as porcdes glicidicas dos
LPGs diferem em estrutura e composicao e ativitiémlégica (Soarest al., 2002; Soarest al.,
2005; Coelho-Finamoret al., 2011). Neste trabalho, avaliamos a estrutura eposigido da

porcao glicidica dos GIPLs de brazliensis e L. infantum.

Nossos dados estruturais demonstram que os GKPLsidfantum sdo semelhantes aos
GIPLs deL. donovani e que sdo compostos primariamente de manose. dggtes sugerem que
estes GIPLs sdo, primariamente, GIPLs do tipo hifwridos. Por outro lado, os GIPLs He
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braziliensis séo ricos em galactose e estruturalmente semethants GIPLs de. panamensis
(Zawadzkiet al., 1998). Estes dados sugerem que estes GIPLs saarjannente GIPLs do tipo

Em conclusédo, os GIPLs de ambas as espécies do Mando, possuem uma forte
atividade inibitéria em macréfagos murinos. Estagéeculas sdo capazes de afetar a ativagdo de
macrofagos e inibir a producéo de mediadores irdtanos. Além disso, os dados moleculares
qualitativos demonstram que estas moléculas diféaeo em tamanho quanto em composigao.
Estes dados, em conjunto com dados publicadosresugque os GIPLs s&do importantes
moléculas na interacdo deishmania com o sistema imune do hospedeiro, e desempenitam u

papel fundamental para o parasito facilitando edgéio e permitindo sua sobrevivéncia.
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7. Consideracgdes finais

Os primeiros trabalhos que apontaram para impdgéamos GIPLs na interagdo com
macrofagos evidenciaram que estas moléculas possoeipapel protetor na infeccdo. Como
demonstrado por Proudfoet al. (1995), Os GIPLs dé. major eram capazes de inibir a
producdo de oxido nitrico por macrofagos murin®asteriormente foi demonstrado que estas
moléculas eram capazes de ativar PTKs mas semuéstienativacdo de PKCs (Tachagtcal.
1997). Posteriormente, Chawla e Vishwakarma (2@@3honstraram a capacidade de GIPLs
sintéticos de inibir a ativacdo de PKC.

Neste trabalho ficou demonstrado que os GIPLs aefgmecies do Novo Mundb.
braziliensis e L. infantum também s&o capazes de inibir a producdo de OxitidcdN em
macrofagos murinos peritoneais nao primados comyiNgura 4A e 4B do primeiro artigo -
pag 51) . Esta capacidade inibitéria foi tambéndenciada pela capacidade destas moléculas de
inibir a producéo de IL-12 (Figura 4D do primeimtigo - pag 51).

O mecanismo pelo qual os GIPLs exercem seu paipébirio € ainda pouco conhecido e
as evidéncias sugerem uma atuacao multifatoriab [®de ser observado pelo fato de que
apesar de que os como demonstrado nas figuras Goeptimeiro artigo (pag 51), GIPLs He
braziliensis e L. infantum ndo sdo capazes de inibir a producdo de @N#6r macrofagos
murinos nao primados com IFN-bem como estimulam a producdo desta citocina por
macrofagos primados com IFN-

Estas observagbes sugerem, em conjunto com osriragpes com ceélulas de
camundongog&nockout para receptores do tipo Toll 2 e 4 (Figura 3 dmeiro artigo - pag 51))

gue estas moléculas podem ser reconhecidas p@taoeee e que estas moléculas nédo afetam a
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viabilidade de NKB, uma vez que esta molécula é fundamental paracugdo de TNFr via
TLR (Falvoet al., 2010).

Outro ponto importante de ressaltar sdo as evidg&ncomo exposto anteriormente, da
interacdo dos GIPLs com as PTKs e PKCs. Adicionatenaos dados apresentados nos artigos
anexados, com o intuito de investigarmos os mecerspelos quais os GIPLs Hdebrazliensis
e L. infantum inibem a producédo de NO e IL-12, macrofagos peeidéds de camundongos da
linhagem BALB/c foram incubados com GIPLs @ml), LPS (100ng/ml), IFN-g (3 U/ml) ou
uma combinacdo de GIPLs + IRNeu GIPLS + LPS. As células foram incubadas por 45
minutos e entdo lavadas com PBS e lisadas. A ativde PTK foi avaliada pela técnica de
western blot.

Como demonstrado na figura 8, diferente do queofmservado para GIPLs de
mexicana (Tachadoet al., 1997). Os GIPLs de. brazliensis e L. infantum, ndo foram capazes
de ativar PTKs mas também n&o inibiram sua ativag@mdo as células foram estimuladas em
conjunto com LPS ou IFN-

Estes dados sugerem que o mecanismos pelos gsiaBIRLs atuam nas células
hospedeiras € independente de PTKs e que apesserelm agonistas de TLR 2 e 4, sua

capacidade de ativar estas vias € baixa ou qua sgjpazes de ativar vias inibitorias.
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Figura 8. Ativagdo de proteinas tirosina cinases {Ks) por GIPLs de L. braziliensiseL.
infantum. Macrofagos peritoneais de Camundongos de linhagé&irBR: foram estimulados
por 45 min com GIPLs (2&/ml) ) ou uma combinacdo de GIPLs + IfgNu GIPLS + LPS. A
ativacdo de PTKs foi avaliada peestern blot. C, controle negativo (células estimuladas apenas

com meio); Gi, GIPLs dk. infantum e Gb, GIPLs dé&. brazliensis.

Por este motivo, existe a necessidade de se igaesiutras vias, como as vias de
ativacdo de PKC e vias inibitérias como RKE PI3K/Akt. Com o intuito de investigar a
capacidade dos GIPLs de ativar PKC, macrofagosnosiilinhagem BALB/c) foram incubados
com os GIPLs (25g/ml) de ambas as espécies por 15, 30, 45 e 6Qtasindpds este tempo, as
células foram lavadas e lisadas e a ativacdo dedRKEBK(, avaliada powvestern blot. Como
proteina normalizadora, foi utilizafaactina.

Como demonstrado na figura 9, os GIPLs de amlgcies ndo foram capazes de ativar

de forma significativa PKE. Isso era esperado, uma vez que estas molécudaspnésentam
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forte atividade estimulatéria em macrofagos ndmados. A PK@, € uma cinase do grupo das
PKCs classicas, ativadas por diacilglicerol (DA®)fdrma dependente de célcio. Este isotipo é
comumente associado a ativacdo da producao dedadsativos de Oxigénio e resposta pro

inflamatéria bem como ativacéo da resposta de rfagwé induzida por LPS.

GIPLs L. braziliensis

B-actina “ pB-actina

@ 15 30 45' 60’
25 ng/mL 25 ng/mL

Figura 9. Ativacdo de proteina cinase C alfa (PK&) por GIPLs de L. brazliensis e L.
infantum. Macréfagos peritoneais de Camundongos de linhag&irBR: foram estimulados
por 15, 30, 45 e 60 min com GIPLs (2pml) ). A ativacdo de PK@ foi avaliada pomestern

blot. C, controle negativo (células estimuladas apeaasmeio).

Por outro lado, como demonstrado na figura 10GB4.s de ambas as espécies foram
capazes de ativar PKCA PKC{, € uma cinase do grupo das PKCs atipicas, ativadas
inositol-trifosfato e sdo insensiveis a DAG e inglagientes de calcio. Este isotipo € comumente
associado a producédo de IL-10 citocina com imptetpapel imuno modulatorio. A Ativacao
de PKT, na infeccdo por leishmania, também é comumenbenpanhado do aumento da
producéo de ceramida. O aumento da producdo denickerdeva a ativacao de fosfotirosina-

fosfatase (PTP) que consequentemente leva a inidedMAPKs.. Isso, em parte, ajuda a
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compreender o mecanismo pelo qual os GIPLs. teeaziliensis e L. infantum podem ter inibido
parcialmente a ativacdo de p38 e ERK (figura 6 sigighkt al.,2012a).

A ativacdo de PKL ocorreu com dinamicas um pouco diferente entrespécies, sendo
os GIPLs dd.. infantum. Enquanto os GIPLs de infantum foram capazes de ativar esta via aos

15 minutos de incubacdo, esta ativacdo s6 ocoag@@minutos para. brazlienss.

GIPLs L. braziliensis GIPLs L. infantum

P-PKC-¢

C 15 30 45 60’

P-PKC-

p-actina

25 pg/mL 25 ng/mL

Figura 10. Ativacdo de proteina cinase C zeta (PK& por GIPLs de L. brazliensis e L.
infantum. Macréfagos peritoneais de Camundongos de linhag&itBRE: foram estimulados
por 15, 30, 45 e 60 min com GIPLs (&gml) ). A ativacdo de PKLfoi avaliada pomwestern

blot. C, controle negativo (células estimuladas apeaasmeio).

A ativacdo de PKCé uma fendmeno importante e deve ser mais exgaadtrabalho
futuros. Em especial, os mecanismos de ativacad@kde pelos GIPLs. Estes mecanismos nao
foram explorados neste trabalho mas algumas coasidles podem ser feitas. Como sugerido
por Chawlaet al. (2003), apds o contato com a célula hospedeir&lBss podem ser clivados
por fosfolipases fazendo com que sua pofgafatidilinositol possa ser reconhecida, ou sirva
como substrato alternativo para PKC diretamenténdinetamente a via PI3K/PKB, capaz de

ativar PKC. Além disso, a interagdo com a membpeata porcao lipidica, pode interferir com a
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organizacdo molecular de dominios de membrlipid rafts) e consequentemente afetand
capacidade dos receptores de se organizarem eaiaal crretamente (Tacha et. al., 1997).
Apesar de n&o terem sido ainda descritas, evid€miata da ativacdo de PIZPKB
por GIPLs, uma evidéncia indireta pode ser observaal figura 11. Neste experimento,
macrofagos foram tratados com os GIPLs [5 minutosantes da adigdo da estimulacao ¢
LPS. Em seguida foram adicionados inibidores de M#\KRSB2035800u PD 98059) e as

células incubadas por 24h. A concentragdo de-a no sobrenadante foi avaliada por EL.

2.4+
£ 21+
)
R L
le -
% 0.6-
0.3+
0.0-
C LPS - 10uM  20uM  PD 10uM
SB203580
GIPLs

Figura 11. Produgédo de TNF-a por macréfagos murinos apos estimulagdo com GIPLs
inibidores de MAPK. Os macrofagos foram tratados com GIPLs e diferesdasentracoes ¢

inibidores (SB203580inibidor de p38 e PD 980:- inibidor de ERK).
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Como descrito por (Lakt al., 2000) o inibidor de p38 (SB203580) possui esprddde
imitada para esta cinase e em concentracfes nesigdels € capaz de inibir também a via de
PISK/PKB (Lali et al., 1999). A via de PI3K/PKB inibe a producédo de T&lFAssim, como
demonstrado na figura 11, o tratamento com coregbés altas de SB203580 levou a producédo
de TNF4, de forma dose dependente. Este dado, indiceetadiente, que os GIPLs ativaram
PI3K, que inibe a producdo de TNFem células ndo primadas e tratadas com os GIPLs. A
inibicdo de PI3K com os inibidor de p38 reduziufeite desta via na inibicdo da producéo da
citocina de forma dose dependente.

E importante ressaltar que estas s&o evidéndiretiais. A implicacio de PI3K/PKB de
forma definitiva na sinalizacédo estimulada por GlRleLeishmania depende de muitos outros
experimentos. E sua relevancia ainda precisa saprovada de forma direta.

De forma geral, os dados apresentados, demongtraras GIPLs dé. brazliensis e L.
infantum sdo capazes de interferir em importantes vias idalizcdo celular e que
possivelmente atuam de forma extremamente imgertam processo de infec¢cdo ao contribuir
com a construcao de um contexto inflamatério favelr&@o parasito e que estas moléculas

merecem uma atencdo maior no estudos dos mecanigneyssao deeeishmania.
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