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RESUMO

Tese de Doutorado
Programa de Pos-Graduacdo em Farmacologia
Universidade Federal de Santa Maria

AVALIACAO DO SISTEMA PURINERGICO NA PITIOSE EXPERIM ENTAL EM
COELHOS TRATADOS COM IMUNOTERAPICO

Autora;: BARBARA CHARLOTTE BACH
Orientador: Prof. Dr. JANIO MORAIS SANTURIO
Data e local de Defesa: Santa Maria, 19 de Dezembro de 2012.

A pitiose € uma doenca causada pelo oomiceto Pythium insidiosum que
acomete equinos, bovinos, ovinos, felinos e seres humanos, e ocorre em regides
tropicais, subtropicais e temperadas. Em equinos as lesfes sdo caracterizadas por
granulomas eosinofilicos ulcerados. A maioria das drogas antifiungicas € ineficaz
contra este patégeno e a imunoterapia tem se mostrado promissora na regressao da
doenca, mesmo sem a elucidacdo completa dos mecanismos imunes envolvidos. O
sistema purinérgico, através dos nucleotideos de adenina (ATP e ADP) e seu
derivado nucleosideo (adenosina), desempenha um importante papel na modulacdo
da resposta imune e inflamatéria. Uma vez liberados pelas células, os nucleotideos
interagem com receptores especificos e suas concentracdes extracelulares sao
controladas por um grupo de ecto-enzimas, entre as quais estdo a E-NTPDase
(Ecto-Nucleosideo Trifosfato Difosfoidrolase) e ADA (adenosina desaminase).
Levando-se em conta a importancia da imunoterapia no tratamento da pitiose e uma
possivel participacdo da sinalizacdo purinérgica na resposta imune, foram avaliadas
as atividades das ecto-enzimas NTPDase e ADA em linfocitos de coelhos com
pitiose experimental. Para a indu¢do da doenca, zodsporos foram inoculados por via
subcuténea, na regido lateral do térax, de cada coelho. Os coelhos inoculados foram
avaliados semanalmente e a area nodular (cm?) desenvolvida foi determinada apés
28 dias da inoculacdo. Os animais com pitiose experimental, confirmada por teste
imunoenzimético e pelo desenvolvimento de lesé@o caracteristica, foram tratados com
imunoterapico, sendo que a relacdo entre as atividades enzimaticas nos linfocitos e
o tipo de resposta imune foi investigada. Os animais que ndo desenvolveram lesdo e
0s animais do grupo controle mostraram 0 mesmo padrdo de atividade das ecto-
enzimas. A atividade da E-NTPDase nos linfécitos dos coelhos com pitiose
experimental mostrou-se significativamente maior (p<0,001) em relacdo a hidrolise



de ATP (em cerca de 100%), podendo estar relacionada a diminuicdo (p<0,05) da
concentragéo sérica de ATP (54,04%), quando comparado ao grupo controle. Apos
o tratamento com o imunoterapico, a atividade da E-NTPDase apresentou valores
semelhantes aqueles observados no dia da inoculacdo. Por outro lado, os coelhos
com pitiose experimental apresentaram uma diminui¢cdo significativa (p<0,01) na
atividade da E-ADA (82,36%), o que levaria a um importante aumento na
concentracdo extracelular de adenosina (2,51 vezes) em relacdo ao grupo controle
(p<0,01). ApGs a imunoterapia, este grupo de animais apresentou um aumento
significativo na atividade da E-ADA (78,62%) (p<0,01). Através deste estudo, pode-
se observar que a atividade aumentada da E-NTPDase e a atividade diminuida da
E-ADA, durante a pitiose, levam a regulacdo da concentracdo do ATP e da
adenosina no meio extracelular. Em consequiéncia, baixos niveis extracelulares de
ATP poderiam ativar receptores P2Y, enquanto, altos niveis de adenosina poderiam
ativar receptores Axa e/ou Azg desencadeando uma resposta Ty2, responsavel pelos
danos teciduais gerados na infeccdo. Com a imunoterapia, pode-se observar uma
inversdo no comportamento das atividades enzimaticas, estimulando uma resposta
Tul no hospedeiro. A mudanca de uma resposta T2, responsavel pelas lesées que
ocorrem na pitiose, para um padrao de resposta Tyl, € hipGtese mais aceita para
explicar as propriedades curativas da imunoterapia. Dessa forma, sugere-se a
participacdo do sistema purinérgico no padrao de resposta imune que ocorre durante

a pitiose e ap0s a imunoterapia.

Palavras-chave : Pythium insidiosum, pitiose, ATP, adenosina, sistema purinérgico,

LTHl, resposta imunoldgica, imunoterapia.
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Pythiosis is a disease caused by the oomycete Pythium insidiosum that affects
horses, cattle, sheep, cats and humans, and occurs in tropical, subtropical and
temperate regions. In horses the lesions are characterized by ulcerative eosinophilic
granulomas. Most drugs are ineffective against this pathogen and immunotherapy
has shown promise in the regression of the disease, even without the complete
elucidation of the immune mechanisms involved. The purinergic system via adenine
nucleotides (ATP and ADP) and its derivated nucleoside (adenosine), plays an
important role in modulating the immune and inflammatory responses. Once released
by cells, nucleotides interact with specific receptors and their extracellular
concentrations are controlled by a group of ecto-enzymes, among which are E-
NTPDase (ecto-nucleoside triphosphate diphosphohydrolase) and ADA (adenosine
deaminase). Taking into account the importance of immunotherapy in the treatment
of pythiosis and a possible involvement of purinergic signaling in the immune
response, the activities of E-NTPDase and E-ADA were evaluated in lymphocytes of
rabbits with experimental pythiosis. For disease induction, zoospores were
inoculated, subcutaneously, in the lateral region of the torax of each rabbit. These
animals were evaluated weekly and the nodular area (cm? developed was
determined after 28 days of inoculation. Animals with experimental pythiosis,
confirmed by enzyme immunoassay and the development of characteristic lesions,
were treated with immunotherapy, whereas the ratio between the enzymatic activity
in lymphopcytes and the consequent triggered immune response was investigated.
Animals that did not develop lesions and those from the control group showed the

same pattern of ectoenzymatic activity. E-NTPDase activity in lymphocytes of rabbits



with experimental pythiosis was significantly higher (p<0,001) in relation to ATP
hydrolysis (about 100%) and may be related to decreased (p<0,05) serum ATP
(54,04%), when compared to the control group. After immunotherapeutic treatment,
the activity of E-NTPDase showed similar values to those observed on the day of
inoculation. Moreover, rabbits with experimental pythiosis showed a significant
decrease (p<0,01) in the activity of E-ADA (82,36%), and this would lead to a
significant increase in the extracellular concentration of adenosine (2,51 times), in
relation to the control group (p<0,01). After immunotherapy, this group of animals
showed a significant increase in the activity of E-ADA (78,62%) (p<0,01). Through
this study, it can be observed that an increased activity of E-ADA, during pythiosis,
leads to extracellular regulation of ATP and adenosine concentration. As a result, low
levels of extracellular ATP could activate P2Y receptors, while high levels of
extracellular adenosine may activate A,n and/or A,s receptors, triggering a Tp2
response, responsible for the tissue damage generated by infection. After
immunotherapy, it can be observed an inversion in the behaviour of the enzymatic
activities, stimulating a Tyl response in the host. The switch from a Ty2 response,
responsible for the injuries that occur on pythiosis, to a Tyl response, is the most
accepted hypothesis to explain the healing properties of immunotherapy. Thus, it is
suggested the involvement of purinergic system in the pattern of immune response

that occurs during pythiosis and after immunotherapy.

Keywords : Pythium insidiosum, pythiosis, ATP, adenosine, purinergic system, LTy1,

immune response, immunotherapy,
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Figure 1-  ATP hydrolysis in lymphocytes obtained from the control 46
group, the inoculated group without lesions and the
inoculated group with lesions. Data represent the mean
value * standard error of 10, 20 and 10 rabbits,
respectively. Data were analyzed statistically by one-way
ANOVA followed by the Tukey-Kramer test. Groups that
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Figure 1-

share different letters are statistically different (P<0.001).
ATP hydrolysis in lymphocytes from the group with
lesions on different days after inoculation. Data represent
the mean value * standard error of 10 rabbits. Data were
analyzed statistically by one-way ANOVA followed by the
Tukey-Kramer test. Groups that share different letters
are statistically different (P<0.001).

ATP hydrolysis in lymphocytes obtained from the group
with lesions on days 0 and 28 after inoculation and after
four doses of immunotherapy. Data represent the mean
value + standard error of 10 rabbits. Data were analyzed
statistically by one-way ANOVA followed by the Tukey-
Kramer test. Groups that share different letters are
statistically different (P<0.001).

Effect of extracellular ATP concentrations on the immune
response during pythiosis and immunotherapy. The
increased NTPDase activity during pythiosis decreases
the extracellular ATP concentration, which can bind to
P2Y receptors, as can ADP. Consequently, a Th2
response could develop and cause tissues damage. With
immunotherapy, the decreased NTPDase activity could
lead to an increased concentration of extracellular ATP
that would act on P2X7 receptors, stimulating a Thl
immune response and inducing inflammatory mediators
that would initiate the destruction of Pythium insidiosum

hyphae.

Ecto-adenosine  deaminase (E-ADA) activity in
lymphocytes obtained from normal rabbits (control),
rabbits without characteristic pythiosis lesions (1), rabbits

with characteristic pythiosis lesions after 28 days of

46
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Figure 2-

Figure 3-

inoculation (I1). Data represent the mean + SEM of 6, 12
and 12 rabbits, respectively. Data were analyzed
statistically by one-way ANOVA followed by the Tukey-
Kramer test. Groups with different letters are significantly
different (P<0.01).

Ecto-adenosine  deaminase (E-ADA) activity in
lymphocytes obtained from normal rabbits (control),
rabbits without characteristic pythiosis lesions (1), rabbits
with lesions treated with eight doses of immunotherapy
(). Data represent the mean + SEM of 6, 12 and 6
rabbits, respectively. Data were analyzed statistically by
one-way ANOVA followed by the Tukey-Kramer test.
Groups with different letters are significantly different
(P<0.01).

Effects of extracellular adenosine triphosphate (ATP) and
adenosine concentrations on the immune response
during pythiosis and immunotherapy. The increased E-
NTPDase activity and decreased ectoadenosine
deaminase (E-ADA) activity during pythiosis lead to a
decrease in the concentration of extracellular ATP and
an increase in the extracellular adenosine concentration,
respectively. Decreased extracellular ATP levels can
bind to P2Y receptors, as can adenosine diphosphate
(ADP), whereas increased extracellular adenosine can
bind to A2A or/and A2B receptors. The involvement of a
Th2-like immune response in the infected host and a
Th1-like immune response induced by immunotherapy is

just one hypothesis that has yet to be proven.
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INTRODUCAO

A pitiose é doenca insidiosa, podendo levar a morte se néo tratada, tendo
como agente etiolégico em mamiferos, o Pythium insidiosum. O agente da pitiose foi
isolado pela primeira vez a partir de granulomas subcutaneos em equinos na
Indonésia (DE HAAN; HOOGKAMER, 1901), sendo classificado como um fungo. Em
1961, recebeu o nome Hyphomyces destruens acreditando-se ser um zigomiceto,
provavelmente Mortierella (BRIDGES; EMMONS, 1961). Austwick e Copland (1974)
observaram o desenvolvimento de zodsporos quando culturas em Agar Sabouraud
Dextrose eram transferidas para um meio aquoso, concluindo que H. destruens
pertencia aos oomicetos do género Pythium. O nome pitiose foi proposto para a
doenca por Chandler e colaboradores (1980). E o oomiceto foi descrito como
Pythium insidiosum quando De Cock e colaboradores (1987) observaram a
reproducao sexuada (esporulacédo).

Esta doenca é considerada ndo transmissivel, encontrada nas regides
tropicais, subtropicais e temperadas (DE COCK et al., 1987; MENDOZA et al., 1993;
MENDOZA, 2005). Possivelmente a modificacdo do ambiente, como a irrigacdo para
a producdo de arroz, poderia justificar o aparecimento da pitiose em regiées néo
tropicais, como observado na Califérnia e Arizona (BERRYSSA et al., 2008; WHITE
et al.,, 2008). No Brasil, na regido do Pantanal (Figura 1), a maioria dos casos
acontece entre os meses de fevereiro e maio, quando ocorre formacao de banhados
e temperatura propicia para o desenvolvimento dos zodsporos (LEAL et al., 2001).

Figura 1- Equinos em seu habitat no Pantanal Matogrossense
(SANTURIO; FERREIRO, 2008).
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P. insidiosum se desenvolve na superficie da agua sendo este um pré-
requisito para induzir a formacgéo de zo6sporos (SUPABANDHU et al., 2008). Desta
maneira, 0s casos de pitiose ocorrem em regides com acumulo de agua e com
temperatura meédia superior a 25°C, sendo que a grande maioria dos casos foi
observada durante ou apdés a época das chuvas (MILLER; CAMPBELL, 1982).

O género Pythium possui mais de 120 espécies, sendo a maioria habitante do
solo e patdégenos de plantas. No entanto, o P. insidiosum é conhecido por causar
doenca em mamiferos e plantas (ALEXOPOULUS et al., 1996).

A andlise filogenética revelou que as espécies de Pythium sao distantes do
Reino Fungi e mais proximas das algas (GUARRO; STCHIGEL, 1999; HUDSPETH
et al.,, 2000; KWON-CHUNG, 1994; MARTIN, 2000). Baseado em andlises
moleculares, o agente da pitiose ficou definido como pertencente ao Reino
Straminipila, Classe Oomycetes, Ordem Pythiales, Familia Pythiaceae, Género
Pythium e espécie Pythium insidiosum (LEAL, 1999; MONTEIRO, 1999).

Microscopicamente, o P. insidiosum desenvolve micélio como os fungos.
Porém, ndo € um fungo verdadeiro, uma vez que sua parede ndo contém quitina,
sendo composta de celulose e B-glucanas, a membrana citoplasmatica carece de
ergosterol, o processo sexual € oogamico e o organismo desenvolve zodsporos
biflagelados em ambiente aquoso (ALEXOPOULOQOS et al., 1996).

O ciclo bioldgico do P. insidiosum foi descrito por Miller (1983), baseando-se
na colonizacdo de plantas aquaticas que servem como substrato para o0 seu
desenvolvimento e a sua reprodugcdo sexuada. Nas plantas se formam os
zoosporangios que liberam os zoGsporos que se movimentam na agua até encontrar
outra planta ou animal (Figura 2).

Os zoodsporos séo ceélulas nucleadas sem parede celular que se locomovem
com o auxilio de dois flagelos; um anterior e outro posterior. Nao podem se dividir e
sdo considerados propagulos infectantes que mostram quimiotaxia para tecido
lesionado de planta aquatica. O tecido lesionado dos animais entra neste
ecossistema do P. insidiosum e exerce o mesmo efeito (Figura 2). Nos mamiferos
observa-se marcante quimiotaxia dos zoGsporos para os pelos, lesdes na pele ou
mucosa intestinal. O tropismo tecidual esta diretamente relacionado com a parte do
corpo do animal que estd em contato com a agua contendo os zoodsporos (DE COCK
et al., 1987; MENDOZA et al., 1993).
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— Formagio dos Zoo0sporos
Z00sporangios — InTes
sy |[Micélio na planta CICLO Zodsporos em .
hospedeira NORMAL aguas paradas g?r';?t?:::]sara
— 05 pelos dos
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Germinam — Fodsporos fixam-se
na planta nas plantas da agua
hospedeira
Kunker solta-se Crescimento Fixam-se
<= g granuloma e dmmm  yppetativo nos — nura ferida
cai na agua tecidos (pitiose) 2 germinar

Figura 2 - Esquema do ciclo bioldgico do Pythium insidiosum
(Adaptado de MILLER, 1983).

O encistamento do zodsporo na superficie do tecido lesionado de uma planta
ou animal ocorre no momento do contato em ambiente aquoso. Uma vez encistado,
0 zoOsporo secreta glicoproteinas que permitem a adesdo ao tecido e, estimulado
pela temperatura corporal do hospedeiro, desenvolve um tubo germinativo que vai
do zodsporo até o tecido infectado podendo infiltrar vasos sangilineos (homens e
animais) (MENDOZA et al., 1993, 1996). A invasao de vasos sangiineos pode levar
a trombose e invasao de grandes artérias (IMWIDTHAYA, 1994; KRAJAEJUN et al.,
2006; LAOHAPENSANG et al., 2009; PUPAIBOOL et al., 2006; THITITHANYANONT
et al., 1998).

A obtencdo de zooOsporos no laboratério é possivel pela técnica da
zoosporogénese em meio liquido (Figura 3), sendo relevante na identificacdo da
espécie (BENTINCK-SMITH et al.,, 1989), nos testes de suscetibilidade in vitro
(CAVALHEIRO et al., 2009; PEREIRA et al., 2007) e para reproduzir a doenga em
modelo experimental (SANTURIO et al., 2003).

A maioria dos casos de pitiose foi observada em equinos, cédes e seres
humanos. Casos esporadicos foram relatados em outros animais, como bezerros
(PEREZ et al., 2005), gatos (MILLER et al., 1985; RAKICH et al., 2005; THOMAS;
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LEWIS, 1998) e ovelhas (MILLER et al.,, 1985; SANTURIO; FERREIRO, 2008;
TABOSA et al., 2004).

Figura 3 - Gramineas inoculadas com P. insidiosum — formacédo dos esporangios contendo os
zoolsporos. A) vesiculas com zodsporos apos 3 horas de incubacao; B) vesiculas antes da liberacéo
dos zodsporos (GAASTRA et al., 2010).

Nos equinos nao ha predisposicdo de sexo, idade ou raca (MILLER, 1983;
MENDOZA; ALFARO, 1986; MENDOZA, 2005; WHITE et al., 2008). Nesta espécie,
a forma cuténea (Figura 4) é a mais prevalente, sendo a forma intestinal raramente
observada (BROWN; ROBERTS, 1988; MORTON et al., 1991; PURCELL et al.,
1994). As lesdes cutaneas sdo largas, arredondadas com tecido granulomatoso
nodular ulcerativo. De aspecto tumoral, consistem de tecido necrotico contendo
eosinodfilos e hifas de P. insidiosum (HEADLEY et al., 2002; MENDOZA; ALFARO,
1986; MILLER, 1983; MILLER; CAMPBELL, 1984). O tecido e as fistulas de
drenagem contém nulcleos de material amarelo-acinzentado referidos como
“kunkers” (Figura 5). Os “kunkers” podem variar de forma e tamanho e s&o
especificos e exclusivos da pitiose equina, sendo formados pela degranulacédo de
eosinofilos sobre as hifas do P. insidiosum. Novos eosinofilos degranulam sobre os
primeiros e a massa estrutural cresce em tamanho (LEAL et al., 2001; MENDOZA et
al., 1996; MENDOZA, 2005).
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Figura 4 - Lesdo em equino causada pelo P. insidiosum (forma cutanea)
(SANTURIO; FERREIRO, 2008).

Os sinais clinicos da pitiose equina podem incluir lesdes 0Osseas, fraqueza
muscular, linfonodos regionais aumentados, anemia e hipoproteinemia (MENDOZA,
ALFARO, 1986; MILLER, 1983). A pitiose intestinal em equinos é caracterizada por
lesbes estendticas e fibrosas disseminadas no estdmago e intestino (ALLISON;
GILLIS, 1990; BROWN; ROBERTS, 1988; PURCELL et al., 1994).

Figura 5 - Kunkers obtidos de um cavalo com pitiose (GAASTRA et al., 2010).

Nos cées, ao contrario dos equinos, a forma gastrointestinal € mais frequente
e os adultos jovens os mais acometidos (GROOTERS, 2003; GROOTERS et al.,
2003). Os sintomas clinicos incluem vomito, perda de peso, diarréia intermitente e

presenca de massas palpaveis no abdémen (FISCHER et al., 1994). Por vezes
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compromete o pancreas, linfonodos mesentéricos e dutos biliares (BERRYESSA et
al., 2008; GROOTERS, 2003; THOMAS; LEWIS, 1998). As lesGes também podem
envolver patas, face ou a cauda do animal (THOMAS; LEWIS,1998).

A pitiose nos gatos € rara e as lesfes costumam limitar-se a pele e ao tecido
subcutaneo (GROOTERS, 2003; THOMAS; LEWIS, 1998). A infeccéo
gastrointestinal em gatos foi referida nos EUA (RAKICH et al, 2005). Sem
predisposicao para raca, idade ou sexo (GROOTERS, 2003).

A pitiose em bovinos é esporadica e geralmente ocorre nas regides
subtropicais, na época das chuvas. Pérez e colaboradores (2005) identificaram
pitiose cutanea em sessenta e trés bovinos na Venezuela, enquanto Gabriel e
colaboradores (2008) relataram um surto de pitiose cutanea em bovinos no estado
do Rio Grande do Sul, Brasil. Nesses animais, ocorre com maior frequéncia nos
membros causando prurido e claudicacdo. Massas tumorais nos membros com
fistulas e tecido ulcerado sdo comuns, sendo que as hifas podem ser isoladas do
centro do granuloma eosinofilico. As areas afetadas sédo dolorosas e a maioria dos
animais nao consegue levantar-se acarretando desidratacdo e morte. Contaminacéo
bacteriana secundéaria também ocorre (MILLER et al., 1985; PEREZ et al., 2005;
SANTURIO et al., 1998). No Brasil, a doenca também foi observada na regido do
Pantanal e os animais apresentaram regressado espontanea das lesdes (SANTURIO
et al, 1998).

A pitiose em ovelhas desencadeia lesbes cutaneas em diferentes areas
anatOmicas, particularmente nos membros e, com lesbes granulomatosas
eosinofilicas na rinofaringe (RIET-CORREA et al., 2008; TABOSA et al., 2004).

Os primeiros casos de pitiose no homem foram observados e descritos na
Tailandia (THIANPRASIT, 1986, 1990). No Brasil, o primeiro caso foi relatado no
Estado de Sao Paulo (BOSCO et al., 2005) e nos EUA, Australia, Haiti e Nova
Zelandia descreveram-se casos esporadicos (THIANPRASIT, 1986, 1990). Entre os
fatores predisponentes, destacam-se as atividades agricolas e de lazer associadas a
adgua (BOSCO et al., 2005; SATHAPATAYAVONGS et al., 1989; SUPABANDHU et
al., 2008) e talassemia a e 3 na Tailandia (SATHAPATAYAVONGS et al., 1989).

Os pacientes com pitiose sdo encontrados em todas as regides da Tailandia
sugerindo que o patdogeno estd amplamente distribuido nesse pais que tem uma
vasta regido pantanosa apropriada para o seu desenvolvimento. Os individuos

sadios também sédo vulneraveis a pitiose ocular. Num estudo da pitiose na Tailandia,



25

Krajaejun e colaboradores (2006) relataram que todos os pacientes com pitiose
cutanea/subcutanea, vascular e disseminada apresentavam  desordens
hematolédgicas. Ao contrario, a maioria (84%) dos pacientes com pitiose ocular nao
apresentavam esse tipo de desordem. Percentuais de 90% de pacientes com pitiose
vascular eram talassémicos, sugerindo uma associacdo entre pitiose vascular e
talassemia. Na Tailandia 1% da populagédo apresenta talassemia podendo justificar o
namero de casos da doenca no pais. Pacientes com talassemia apresentam uma
sobrecarga de ferro que poderia aumentar a suscetibilidade do hospedeiro a pitiose
favorecendo a infectividade do patégeno (WALKER; WALKER, 2000) Entretanto,
seis pacientes com hemoglobinuria paroxistica noturna, que estéa relacionada a uma
deficiéncia de ferro, foram diagnosticados com pitiose (KRAJAEJUN et al., 2006;
KRAUSS, 2003).

As infec¢bes por P. insidiosum em humanos, podem apresentar-se de trés
formas: 1) lesGes granulomatosas no tecido subcutaneo de pacientes talassémicos.
2) forma sistémica, caracterizada por desenvolvimento de arterite cronica, trombose
arterial e gangrena, comprometendo a extremidade dos membros inferiores de
pacientes talassémicos. 3) ceratite ocular, podendo ou ndo ser associada a
talassemia (IMWIDTHAYA, 1994; MENDOZA et al., 2004).

A reproducdo experimental da pitiose, com a inoculagdo de zodsporos, nas
espécies naturalmente infectadas ainda ndo teve sucesso. Por outro lado, a
suscetibilidade de coelhos como modelo experimental da pitiose foi demonstrada por
Miller e Campbell (1983a). Segundo Santurio e colaboradores (2003) a inoculagéao
de 17.500 zodsporos é necesséria para gerar a doenca nos coelhos. A inoculacdo
subcutédnea com zodsporos resulta no desenvolvimento de nddulos que evoluem
para fibrogranulomas eosinofilicos, ndo ocorrendo formacao de “kunkers” (Figura 6).
A resposta leucocitaria € semelhante a dos equinos onde ocorre progressiva
leucocitose com moderada neutrofiia e leve monocitose (MILLER,;
CAMPBELL,1983a,1983b). Dessa forma, o coelho parece ser o uUnico modelo
experimental para avaliar imunoterapia e a atividade das drogas antimicoticas
(MILLER; CAMPBELL,1983a; PATINO-MEZA,1988; PEREIRA et al., 2007,2008;
SANTURIO et al., 2003).
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Figura 6 - Coelho inoculado com zoésporos de P. insidiosum (LAPEMI, UFSM).

A interacdo do patdbgeno com o hospedeiro € complexa e multifatorial. A
resposta imune do hospedeiro, como a que ocorre na pitiose, parece depender de
guando e como determinadas citocinas e outros fatores estédo disponiveis no sitio da
presenca do parasito. Os mecanismos de defesa do hospedeiro sdo formados pela
imunidade inata, também conhecida como imunidade natural, que estd presente
desde o nascimento em todos os organismos multicelulares e pela imunidade
adaptativa que € estimulada pelos micro-organismos que invadem os tecidos
(ABBAS; LICHTMAN, 2009).

A imunidade inata é poderoso mecanismo inicial de defesa, controlando ou
erradicando os agentes invasores antes da ativacao da resposta adaptativa. Além de
fornecer a defesa inicial contra infeccdes, instrui o sistema imunoldgico adaptativo a
responder aos diversos micro-organismos de maneira eficaz, participando também
da eliminagdo das infec¢cdes (ABBAS; LICHTMAN, 2009). Seu inicio depende do
reconhecimento de estruturas que sao comuns a diversos micro-organismos e que
nao estdo presentes nas células do hospedeiro. Estas estruturas correspondem a
um numero conservado de determinantes que sdo detectados, no inicio da infec¢éo,
pelas células inflamatérias do hospedeiro através de receptores do tipo Toll e outros.
Esses receptores séo referidos como “sinalizadores do perigo exégeno” (PAMPs —
pathogen-associated molecular patterns) (DI VIRGILIO et al.,, 2009). Para uma
resposta imune eficiente, além dos “sinalizadores do perigo exdgeno” é necessario
também o reconhecimento de moléculas intracelulares. Essas moléculas s&o
liberadas apés a injuria tecidual e conhecidas como “sinalizadores de dano tecidual”
(DAMPs — damage associated molecular patterns) (PRAETORIUS; LEIPZIGER,
2009). O reconhecimento dos PAMPs, na maioria dos casos, ndo € suficiente para
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iniciar uma resposta imune sendo necessario um sinal que comprove que o invasor
é potencialmente perigoso. Este sinal € dado pelos DAMPs (DI VIRGILIO, 2007).

Entre os DAMPs, o ATP tem caracteristicas Unicas: ocorre em altas
concentracfes no citoplasma de todas as células; no intersticio os niveis sédo baixos;
€ rapidamente liberado apds o dano tecidual e € inativado por enzimas
extracelulares (ecto-ATPases). Estas propriedades fazem do ATP um sinalizador
ideal de estresse celular (DI VIRGILIO et al., 2009).

A resposta imunoldgica adquirida € iniciada quando receptores especificos
presentes nos linfocitos interagem com os antigenos. Os linfocitos B e T séo as
Gnicas células que possuem receptores especificos para antigenos (ABBAS;
LICHTMAN, 2009).

Os linfécitos B e T diferem em relacdo aos antigenos que reconhecem. Os
receptores de antigenos dos linfocitos B podem reconhecer uma grande variedade
de macromoléculas (proteinas, polissacaridios, lipidios, &cidos nucléicos) e
pequenas substancias quimicas em solucdo ou associadas a superficie celular.
Assim, h& resposta humoral mediada pelas células B contra varios tipos de
antigenos da membrana celular dos micro-organismos e de antigenos soluveis. Os
linfécitos T sé identificam fragmentos peptidicos de antigenos protéicos associados
as moléculas do complexo principal de histocompatibilidade (MHC) das células
apresentadoras de antigeno do hospedeiro (KINDT et al., 2008).

A ativacdo dos linfécitos B resulta na proliferacdo de células antigeno-
especificas (expansao clonal) e diferenciadas em células efetoras, conhecidas como
plasmadcitos, que secretam ativamente anticorpos. Os anticorpos secretados
circulam na corrente sangtiinea, onde atuam como efetores da imunidade humoral a
procura de antigenos, marcando-os para eliminacéao (KINDT et al., 2008).

Os linfécitos T sao encarregados da imunidade mediada por células,
possuindo funcdes efetoras e reguladoras da resposta imune. Sao subdivididos em
linfocitos T citotoxicos (T CD8"), responsaveis pela eliminagdo de células que
apresentam antigenos estranhos e linfécitos T helper ou auxiliar (T CD4") que
secretam citocinas que ativam e regulam a resposta imune. As células T CD4"
podem se diferenciar em subgrupos de células que produzem diferentes citocinas.
Os primeiros subgrupos definidos foram denominados Tyl e Ty2 (ROMAGNANI,
1997).
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um processo

regulado pelos estimulos que as células T CD4" virgens recebem quando s&o

apresentadas aos antigenos pelas células dendriticas ou macréfagos. As citocinas

produzidas e liberadas por essas células entram em contato com as células CD4"

virgens no momento da apresentacao e ativam fatores de transcricdo que promovem

a diferenciacdo num determinado subgrupo. A diferenciacdo das células T CD4

+

virgens em linfécitos Tyl ocorre na presenca de IL-12 (interleucina 12) e IFN-y

(interferon gama) determinando um perfil inflamatdério. A diferenciacdo em T2 ocorre

na presenca de IL-4 (interleucina 4) promovendo a producéo de IgE e reacgles

alérgicas. Além disso, a indugcdo de um tipo de resposta inibe a outra (Figura 7)
(WAN; FLAVELL, 2009).
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Em 1924, Witkamp relatou que animais com pitiose desenvolvem anticorpos
gue podem ser facilmente detectados num teste de imunodifusdo com extrato bruto
do patdégeno. Estudos soroldgicos, tanto em humanos como em animais com pitiose,
mostraram que o P. insidiosum estimula resposta imune humoral (GROOTERS et
al., 2002; IMWIDTHAYA; SRIMUANG, 1989; MENDOZA et al., 1986, 1992,
MENDOZA; NEWTON, 2005; MILLER; CAMPBELL, 1984). Entretanto, os anticorpos
formados, ndo parecem ser capazes de eliminar a infeccdo (MENDOZA; ALFARO,
1986; MILLER; CAMPBELL, 1984; THITITHANYANONT et al., 1998; TRISCOTT et
al., 1993). A imunidade celular mediada por mastdcitos, eosindéfilos e outras células
inflamatodrias parece estar diretamente envolvida no dano tecidual. A liberacdo de
granulos de eosinofilos e mastdcitos no sitio da infeccdo causa prurido intenso nos
cavalos e nas outras espécies com pitiose, 0 que favorece a ulceracao e necrose e
contaminacdo bacteriana secundaria (MENDOZA; ALFARO, 1986; MILLER,;
CAMPBELL, 1982).

A partir destas observacfes supde-se que a imunidade humoral no
hospedeiro com pitiose leva a formacdo de anticorpos precipitantes e aglutinantes
relacionados a uma resposta do tipo Ty2. Estes anticorpos ndo sao protetores, mas
sdo Uteis para o diagnostico da doenca (MENDOZA et al.,, 2003; MENDOZA,
NEWTON, 2005).

Sugere-se que 0 uso de extratos antigénicos obtidos do P. insidiosum no
tratamento da pitiose é eficaz ao estimular uma resposta do tipo. Tyl. A observacao
de altos niveis de IFN-y (interferon gama) e IL-2 (interleucina 2) (indicativos de
resposta mediada por linfocitos Tyl) e uma diminuicdo das citocinas mediadas pela
resposta Ty2 nos pacientes curados pela imunoterapia reforcam esta idéia. Assim, a
resposta imune desenvolvida na pitiose desvia o sistema imune para uma resposta
do tipo Tw2, responsavel pela evolugdo da doenca (MENDOZA; NEWTON, 2005;
THITITHANYANONT et al., 1998; WANACHIWANAWIN et al., 2004).

Para avaliar a especificidade da resposta humoral, estudos foram realizados
com o0 objetivo de caracterizar os antigenos do P. insidiosum (LEAL, 1999;
MENDOZA et al., 1992). Leal e colaboradores (2005) estudaram, através da analise
por “immunoblot”, amostras de soros obtidos de equinos e bovinos com pitiose e de
equinos e coelhos imunizados com antigeno bruto de P. insidiosum. Os soros de

equinos com pitiose e de equinos e coelhos imunizados mostraram 0 mesmo padrao
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de reatividade, sendo que dois antigenos foram reconhecidos exclusivamente pelo
soro de bovinos com pitiose.

Um antigeno imunodominante (74 kDa) identificado em 16 isolados de P.
insidiosum foi reconhecido em 12 soros de pacientes com pitiose, pela técnica de
“Western Blot”. Nenhuma reagdo ocorreu com o0s soros de individuos saudaveis,
pacientes com talassemia e pacientes com outras infecgbes. Os autores sugeriram
gue o antigeno 74 kDa é alvo para o desenvolvimento de testes rapidos para o
diagnéstico e para a producdo de um imunoterapico (KRAJAEJUN et al., 2006). O
antigeno imunodominante 74 kDa foi caracterizado como 1,3-B-Glucanase
(KRAJAEJUN et al., 2010)

Em 2009, Chindamporn e colaboradores avaliaram seis cepas da Asia e
Américas contra soro de bovinos, gatos, caes, equinos e humanos com pitiose. Os
resultados mostraram que anticorpos anti-P. insidiosum desenvolvidos por
hospedeiros de diferentes espécies detectam diferentes antigenos do P. insidiosum,
0 que pode ter implicacdo nos diferentes tipos de resposta ao imunoterapico em
animais de espécies distintas (GAASTRA et al., 2010).

O diagnostico de infeccdo pelo P. insidiosum pode ser obtido pelo exame a
fresco com KOH 10% e posterior cultivo (Figura 8), pesquisa de anticorpos anti-P.
insidiosum e/ou pela deteccdo do DNA do agente infeccioso no tecido infectado por
PCR (GROOTERS, 2007; MENDOZA, 2005; MILLER, 1983).

Figura 8 — Morfologia do P. insidiosum. (A) Cultivo de cinco dias a 37°C em agar Sabouraud dextrose
2% de P. insidiosum a 37 ° C.
(B) Hifas de P. insidiosum esparsamente septadas em lactofenol azul.
(GAASTRA et al., 2010)
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A citologia e a histologia podem ajudar no diagnéstico, mas néo diferenciam a
pitiose das infeccbes causadas pelos zigomicetos Conidiobolus e Basidiobolus
(GROOTERS, 2007; MENDOZA, 2005; MILLER, 1983).

Os testes sorologicos podem ser usados no diagnostico da pitiose (MILLER;
CAMPBELL, 1982). Diferentes antigenos foram obtidos de uma cepa de P.
insidiosum e usados nas reacfes de imunodifusdo dupla (ID) e no teste de fixacao
do complemento (FC). A ID resultou ser teste sensivel e especifico. Equinos sem
historia prévia de pitiose e animais que se recuperaram da doenca néo reagiram ao
teste. A FC detectou 82% dos equinos doentes e forneceu resultados positivos com
soro de animais que se recuperaram da doenca e de animais sem histéria de
doenca prévia. A ID foi avaliada por Pracharktam e colaboradores (1991),
demonstrando ser sensivel e especifica, no diagndstico de arterite por P. insidiosum
em seres humanos e no monitoramento da doenca.

Mendoza e colaboradores (1997) padronizaram um teste de ELISA (Enzyme-
Linked Immunosorbent Assay) em placas de poliestireno sensibilizadas com
antigeno solavel de hifas sonicadas de P. insidiosum e compararam os resultados
com o teste de ID. Amostras de soro humano e de animais saudaveis e com pitiose
clinica foram testadas e os resultados mostraram que o teste de ELISA é sensivel e
especifico para o diagnéstico da pitiose. Quando comparado ao teste de
imunodifusdo dupla mostrou igual especificidade e maior sensibilidade.
Posteriormente novos testes imunoenzimaticos foram padronizados para o
diagndstico da pitiose equina, canina e humana (ALVES et al., 2001; GROOTERS et
al., 2002; KRAJAEJUN et al., 2002; ROSA et al., 1999). Santurio e colaboradores
(2001) usaram antigeno soluvel, obtido do rompimento das hifas do oomiceto por
sonicacao para confirmar a pitiose experimental em coelhos.

Outros testes soroldgicos foram desenvolvidos, podendo ser uteis no
diagndstico da pitiose, como a reagdo de hemaglutinagédo passiva (JINDAYOK et al.,
2009) e a imunocromatografia (KRAJAEJUN et al., 2009). P. insidiosum também
pode ser identificado em tecidos por outras técnicas como a imunofluorescéncia
direta (MENDOZA et al., 1987) e a imunoperoxidase (BROWN; ROBERTS, 1988).

A infeccdo causada pelo P. insidiosum € de dificil tratamento. Em conjunto,
cirurgia, agentes antimicrobianos e imunoterapia tém sido usado com relativo
sucesso. Independente da terapia escolhida, as chances de involugdo da doenca

estdo associadas a um inicio precoce do tratamento (ARGENTA et al., 2010).
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A parede celular dos oomicetos como o P. insidiosum contém celulose e -
glucanas como componentes (HENDRIX, 1964) e ndo quitina como os fungos
verdadeiros. A membrana citoplasmatica ndo tem ergosterol que € o alvo de acéo da
maioria das drogas antifungicas. Apesar destas diferencas, drogas antifungicas
foram testadas com algum resultado terapéutico (BISSONNETTE et al.,1991;
GROOTERS, 2003; SHENEP et al.,, 1998; TRISCOT et al., 1993). Pereira e
colaboradores (2007) testaram inibidores de B-glucanas (caspofungina) em coelhos
experimentalmente infectados. Houve reducédo das lesbes que rescidivaram com a
suspensdo da terapia. A combinacdo de inibidores da sintese do ergosterol
(itraconazol, miconazol, etc) e caspofungina (inibidor da sintese de B-glucanas) vem
sendo testada com resultados alentadores (ARGENTA et al., 2010; GROOTERS,
2003; PEREIRA et al., 2007, 2008).

O primeiro extrato antigénico produzido com efeito curativo para o tratamento
da pitiose foi desenvolvido por Miller (1981), preparado a partir da sonicacao da
massa micelial morta, sendo efetivo em 50% dos equinos tratados. Antigenos de
secrecdo e excrecdo do P. insidiosum foram obtidos a partir do cultivo em meio
liguido e, posterior precipitacdo (MENDOZA; ALFARO, 1986). A eficacia deste
imunoterépico ndo foi melhor do que a do extrato antigénico obtido por sonicacao,
sendo, contudo, mais estavel e facil de ser preparado. Em um estudo em que foram
combinados tratamento imunoterapico, cirdrgico e quimico, envolvendo 18 equinos e
6 caes infectados, obteve-se um percentual de cura de 72% nos equinos e 33% nos
caninos. Neste estudo observou-se ainda que apds uma semana de imunoterapia as
hifas do P. insidiosum apareciam lesadas (MENDOZA; NEWTON, 2005).

A imunoterapia em cées tem uma taxa de cura menor do que em equinos.
Em gatos ndo se obteve nenhuma resposta (HENSEL et al., 2003). No gado a
imunoterapia foi eficaz na maioria dos casos tratados (THOMAS; LEWIS, 1998).

No Brasil, Santurio e colaboradores (2003) estudaram e avaliaram extratos
antigénicos para o tratamento da pitiose. A massa micelial apos inativacdo com
timerosal foi usada para obtencdo do imunoterapico pelo uso do ultrasom ou do
vortex. Em coelhos infectados com o imunoterapico vortexado (Figura 9) mostrou
ser mais eficaz com diminuicdo em 71,8% das lesbes apds 26 semanas de

observacéao.



33

PITIUM-VAC

na contra pitiose

LAPEMIEMBRAFA

Figura 9 - Imunoterapico para tratamento da pitiose em equinos obtido da massa micelial inativada e
vortexada (LAPEMI/UFSM e EMBRAPA).

Em equinos, o indice de involucdo da doenca variou de 50 a 83,3%
(SANTURIO et al., 2003). Recentemente, Santos e colaboradores (2011b) relataram
a resposta satisfatdria ao tratamento imunoterapico de um equino com extensa lesédo
facial ulcerada, decorrente da infeccéao pelo P. insidiosum (Figura 10).

Figura 10 - Tratamento imunoterdpico na pitiose equina. Equino exibindo extensa leséo facial
ulcerada decorrente de pitiose no momento da abordagem inicial (A). Nas imagens subsequentes (B-
E) as tomadas foram executadas a cada 14 dias,coincidindo com aplicagao do imunoterapico (Pitium

Vac®), totalizando cinco aplicagfes. Ao final do tratamento nota-se apenas leséo cicatricial com
completa resolucdo do caso (F) (SANTOS et al., 2011b).
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Em humanos, a imunoterapia foi utilizada pela primeira vez com sucesso em
um menino da Tailandia com pitiose vascular. O tratamento cirirgico e antimicotico
nao reverteram o quadro e 0 menino passou a receber duas doses do imunoterapico
a cada duas semanas e teve cura apos um ano (THITITHANYANONT et al.,1998).
Wanaschiwanawin e colaboradores (2004) usaram a imunoterapia como ultimo
recurso para tratar pacientes com pitiose vascular. Apds a administracdo de duas
doses do imunoterapico num intervalo de duas semanas, 50% dos pacientes
responderam positivamente ao tratamento. Acredita-se que 0 sucesso da terapia
dependa de um inicio precoce. As taxas de mortalidade sdo maiores quando os
pacientes sofrem de lesbes cronicas com mais de dois meses (MENDOZA,
NEWTON, 2005).

Uma provavel explicacdo para o mecanismo que leva a cura pelo uso da
imunoterapia seria a de que a infec¢ao desvia a resposta para T2 com producgao de
anticorpos ndo protetores e que a imunizacdo com antigenos extraidos do P.
insidiosum ativaria uma resposta Tyl mais eficaz (Figura 11) (MENDOZA et al.,
2003; MENDOZA; NEWTON, 2005).

P. insidiosum P. insidiosum

Imunoterapia ;' Infeccéo
P. insidiosum
Hifas lesadas
-

Resposta mediadg

| por células
110G nratetar Eosinofilos IL-5
G .
Mastacitos
,.O)

_ Igs [L-dt
Anticorpos g

precipitantes

Figura 11 - Provavel explicacdo para a cura da pitiose pela imunoterapia
(Adaptado de MENDOZA; NEWTON, 2005).
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Na pitiose, as hifas crescem e liberam antigenos. O processamento e a
apresentacdo desses antigenos pelas células apresentadoras desviam a resposta
imune para Ty2 que libera IL-4 (interleucina 4). A IL-4 diferencia linfocitos Ty virgens
em células Ty2. As células Ty2 ativadas vao liberar IL-4, IL-5 e IL-10, que por sua
vez estimulam linfécitos B a produzirem anticorpos IgM e IgG precipitantes e
aglutinantes e IgE. IL-5 e IgE ativam a migracdo de eosindfilos e mastdcitos para o
local da lesé@o. Os granulos liberados dos eosindfilos e mastocitos sobre as hifas do
P. insidiosum contribuem para o dano tecidual (MENDOZA et al., 2003;
THITITHANYANONT et al., 1998).

A imunoterapia expde antigenos de P. insidiosum de forma distinta as células
apresentadoras de antigeno, induzindo a diferenciacdo de células Ty virgens em
células Tyl que liberam IFN-y e IL-2, ampliando a resposta mediada por células, e
ativando, possivelmente, células T citotoxicas e anticorpos IgG protetores
(MENDOZA et al., 2003; THITITHANYANONT et al., 1998).

As respostas imunes sao montadas apos a infeccdo para controlar os agentes
patogénicos. Neste contexto, 0 sistema de sinalizacdo purinérgica desempenha um
importante papel, através de biomoléculas extracelulares, como os nucleotideos da
adenina e seu derivado nucleosideo adenosina (RALEVIC; BURNSTOCK, 2003;
ZIMMERMANN, 2000).

Os nucleotideos extracelulares de adenina, adenosina trifosfato (ATP),
adenosina difosfato (ADP), adenosina monofosfato (AMP) e o0 nucleosideo
adenosina sao considerados importantes moléculas sinalizadoras em varios tecidos
(YEGUTKIN, 2008), sendo que o ATP, o ADP e a adenosina, tem importancia na
modulacdo da resposta imune (BURNSTOCK, 2002). O ATP, quando em
concentracfbes elevadas no meio extracelular, como resultado da injuria tecidual,
pode ser interpretado como um “sinalizador de dano tecidual” (DAMP) e iniciar uma
reposta inflamatoria caracterizada pela secrecéo de citocinas, como IFN-y, IL-12 e
TNF (LANGSTON et al., 2003). Seus efeitos dependem da dose, do tempo de
exposicao e da ceélula envolvida, sendo controlados pela acdo de ecto-enzimas que
agem sobre o ATP e seus produtos de degradacao, reduzindo sua concentragéo no
meio e culminando na producéo de adenosina. Esta, por sua vez, possui efeitos
contrarios aos do ATP na resposta imune (DI VIRGILIO, 2007).

Cada nucleotideo, uma vez presente no meio extracelular, desempenha sua

acdo pela ligacdo a um tipo diferente de receptor localizado em diferentes células,
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como, por exemplo, na superficie das células do sistema imune. Esses receptores
pertencem a familia P2. Os receptores para adenosina pertencem a familia P1
(BURNSTOCK; KNIGHT, 2004; YEGUTKIN, 2008) (Figura 12).

P2X1.7 P2Y1,2,4,6,11,12,13,14 A1,24,2B,3
Figura 12 - Via de sinalizagdo purinérgica (YEGUTKIN, 2008).

A familia P1 é composta pelos receptores A;, Aoa, Azg € Az, acoplados a
proteina G sendo ativados pela adenosina com diferentes afinidades (BOURS et al.,
2006). A acao imunomoduladora da adenosina nos receptores Axa € Azg envolve o
aumento do AMP ciclico (AMPc) e resulta na inibicdo da resposta imune, inibindo a
producdo de citocinas pro-inflamatorias (IFN-y, TNF-a e IL-2) e aumentando a
producdo de IL-10. A ligacdo nos receptores A; e Az inibe a producdo de AMPCc,
funcionando como mecanismo de prevencdo, por exemplo, para evitar a inibicdo
prematura das células do sistema imune pelos receptores A, (ABBRACCHIO;
CERUTTI, 2007; SITKOVSKY; OHTA, 2005).

Os receptores P2 sao subdivididos em receptores P2X, ativados pelo ATP,
conhecidos como receptores purinérgicos ionotrépicos e em receptores
metabotropicos P2Y que séo ativados pelo ATP e ADP. A familia P2 é composta por
oito subtipos de receptores P2Y (P2Y1, P2Y2 P2Ys, P2Ys, P2Y11, P2Y12, P2Y13,
P2Y14), acoplados a proteina G e sete subtipos de receptores P2X (P2X1 - P2X7),
ligados a canais ibnicos. A ativacao de receptores P2Y na superficie dos linfocitos
direciona para uma resposta do tipo Ty2. A secrecao de IL-12 e de quimiocinas pro-
inflamatorias € inibida, enquanto a das citocinas anti-inflamatoérias (IL-4 e IL-10) é

potencializada. Em contraste, a presenca de alta concentracdo de ATP estimula
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receptores P2X7, 0 que leva a liberagdo macica de mediadores pro-inflamatorios (IL-
1B, IL-6, IL-12, TNF-a) e quimiocinas como CCL5 e CXCL10 (BURNSTOCK, 2006;
DI VIRGILIO et al., 2001).

O controle dos niveis extracelulares dos nucleotideos e nucleosideo de
adenina ¢é realizado por varias enzimas ancoradas na membrana celular
(ZIMMERMANN et al., 2007). Dentre estas enzimas pode-se destacar as E-
NTPDases (Ecto-Nucleosideo Trifosfato Difosfoidrolase), a familia das E-NPPs
(Ecto-Nucleotideo Pirofosfatase/Fosfodiesterases), 5’-nucleotidase e a adenosina
desaminase (ADA) (ROBSON et al., 2006; YEGUTKIN, 2008). Por estarem
amplamente distribuidas nas células sanguineas, as ecto-nucleotidases participam
de importantes interacdes celulares, agindo, por exemplo, na agregacéo plaquetaria
e em processos inflamatorios e imunes (ZIMMERMANN, 2001).

Estas enzimas atuam em conjunto, formando uma cadeia enzimatica (Figura
13) que tem inicio com a acdo da E-NTPDase e E-NPP, as quais catalisam a
hidrolise de ATP e do ADP formando AMP (ZIMMERMANN et al., 2007). A seguir a
enzima 5’-nucleotidase hidrolisa a molécula de AMP formando adenosina, que é
degradada pela ADA gerando inosina (YEGUTKIN, 2008).

1

ﬁj 3 4 5
ATP  ADP AN = Ado = no = Hyp

E-NPP ATP = AMP + PP;

1.

2. E-NTPDase ATP =~ ADP + P;; ADP -+ AMP + P
3. Ecto-5'-nuclectidase AMP =+ adenosineg + P

4. Adenosine deaminase Adenosine -+ Inosine

5. PNP Inosing =+ hypoxanthine

Figura 13 - Enzimas envolvidas na degradacédo extracelular de nucleotideos
e nucleosideo da adenina (YEGUTKIN, 2008).

As NTPDases formam uma familia de enzimas responsaveis pela hidrélise de
nucleotideos tri e difosfatados (ZIMMERMANN et al., 2007). A familia inclui oito
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membros nomeados de NTPDase 1-8, que diferem quanto a especificidade por
substratos, distribuicdo tecidual e localizacdo celular. Quatro enzimas estéo
localizadas na membrana celular com o sitio catalitico voltado para o meio extra-
celular (NTPDase 1,2,3 e 8) e quatro exibem localizacédo intracelular (NTPDase 4,5,6
e 7) (ROBSON et al., 2006). Todos os membros da familia das NTPDases
apresentam 5 regides denominadas regides conservadas da apirase (ACRs), que
sdo as regides de maior importancia para a atividade enzimatica (ZIMMERMANN,
2000).

A NTPDase 1 (CD39, ecto-apirase, ecto-difosfoidrolase), a primeira enzima da
familia a ser descrita, esta ancorada na superficie celular através de duas regides
transmembrana proximas ao grupamento aminoterminal e carboxilaterminal, sendo
capaz de hidrolisar tanto ATP como ADP, formando AMP na presenca de ions Ca? e
Mg? (ROBSON et al., 2006; ZIMMERMANN, 2001). Esta enzima foi primeiramente
identificada como um marcador de ativacao linféide (DWYER et al., 2007), sendo
capaz de gerar sinais que amplificam as interacbes célula-célula controlando o
desempenho da funcéo linfocitaria, incluindo o reconhecimento do antigeno e a
ativacdo de células T citotoxicas (FILLIPINI et al., 1990; LEAL et al., 2005).

Foram isolados e identificados sete sub-tipos da enzima 5’-nucleotidase em
humanos, sendo que cinco sub-tipos estdo localizados no citosol, um na matriz
mitocondrial e um anexado a membrana plasmatica externa (HUNSUCKER et al.,
2005). A ecto-5’-nucleotidase € uma glicoproteina ligada a membrana via um glicosil
fosfatidilinositol (GPI) com seu sitio catalitico voltado para o meio extracelular sendo
responsavel pela hidrélise de AMP, gerando adenosina (STRATER, 2006). Esta
enzima € encontrada em varios tecidos como, rins, figado, pulmao, endotélio
vascular e, também, nas plaquetas e nas células do sistema imune (COLGAN et al.,
2006). As funcdes da ecto-5'-nucleotidase (marcador CD73 de linfécitos)
correlacionam-se ao seu papel na producéo de adenosina e a subsequente ativacéo
de receptores de adenosina (P1l) (ZIMMERMANN, 2000), modulando, desta
maneira, a resposta imune. A enzima também desempenha outras funcées como,
por exemplo, controlar a agregacéo plaquetéria, regular o tbnus vascular e atuar na
neuromodulacdo e neuroprotecdo no sistema nervoso (DUNWIDDIE e MASINO,
2001; KAWASHIMA et al., 2000; ZIMMERMANN et al., 1998).

A familia das E-NPPs (Ecto-Nucleotideo Pirofosfatse/Fosfodiesterases) é

constituida por sete enzimas nomeadas de NPP1 até NPP7, sendo numeradas de



39

acordo com sua ordem de descoberta (YEGUTKIN, 2008). Com excec¢édo a NPP2,
gue é secretada no meio extracelular, todos os demais membros sdo ligados a
membrana por um unico dominio transmembrana. A NPP1 e 3 tém uma orientacao
transmembrana do tipo Il, com sua porcdo aminoterminal voltada para o meio
intracelular, enquanto que as NPPs 4-7 tém uma orientagcdo do tipo | com sua
posicdo aminoterminal voltada para o meio extracelular (STEFAN et al., 2006). As
ecto-fosfodiesterases uma ampla especificidade por substratos e sdo capazes de
hidrolisar ligacbes pirofosfato e fosfodiéster de nucleotideos, acidos nucléicos,
nucleotideos de acucar bem como de fosfodiésteres de colina (STEFAN et al.,
2005). Entretanto, somente as NPP 1, 2 e 3 sdo capazes de hidrolisar nucleotideos,
sendo assim, relevantes no contexto da cascata da sinalizacédo purinérgica (STEFAN
et al., 2006; YEGUTKIN, 2008).

A enzima adenosina desaminase (ADA) faz parte do conjunto de enzimas
responsaveis pela degradacdo sequencial dos nucleotideos e do nucleosideo de
adenina (YEGUTKIN, 2008). A ADA é responsavel pela desaminacdo da adenosina
com a consequente producéo de inosina regulando desta maneira as concentracdes
extracelulares deste nucleosideo (FRANCO et al., 1997). A adenosina desaminase
(ADA) é uma enzima que catalisa irreversivelmente a clivagem hidrolitica da
adenosina em inosina e amonia. A atividade da ADA origina-se da acao de duas
principais isoenzimas, ADA1 e ADA2 (GESSI et al., 2007).

A ADAl1 é uma proteina mondémera com uma massa molecular de
aproximadamente 40kDa, localizada principalmente no citosol, sendo encontrada em
todo o organismo. A enzima pode estar combinada com uma glicoproteina dimérica
nao especifica de aproximadamente 200 kDa, designada como proteina combinante
(cp) (TSUBOI et al.,, 1995). O complexo ADA-cp constitui uma ecto-ADA, que é
responsavel pelo controle dos niveis de adenosina extracelular (FRANCO et al.,
1997). Estudos tém demonstrado que esta proteina de ligagdo é uma glicoproteina
multifuncional do tipo I, conhecida como CD26, podendo estar ligada a membrana
da célula ou estar na forma soluvel no citosol (YEGUTKIN, 2008). Além da interac&o
com CD26, a ADAL, pode atuar como uma ectoenzima ancorada aos receptores da
adenosina A; e Ays, mediando os processos de sinalizacdo da adenosina
(ROMANOWSKA et al., 2007). A ADA2 apresenta diferencas estruturais e cinéticas
quando comparada a ADAL. Sua massa molecular € de aproximadamente 100 kDa

e representa a menor parte da atividade da ADA em tecidos, sendo abundante no
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plasma, com menor afinidade para a adenosina e menor atividade catalitica com a
deoxiadenosina que a ADA1 (IWAKI-EGAWA et al., 2006).

Considerando o papel que os nucleotideos e nucleosideo de adenina
exercem durante eventos inflamatorios e a importancia das ecto-nucleotidases na
manutencdo dos seus niveis extracelulares seria importante avaliar o0s mecanismos
bioquimicos envolvidos na resposta imune a pitiose para contribuir no entendimento
do mecanismo imunolégico que leva a involugcdo da doenca pelo tratamento dos

animais com antigenos obtidos do oomiceto (imunoterapia).
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2 OBJETIVOS

2.1 Objetivo geral

Avaliar componentes da sinalizacdo purinérgica em linfécitos de coelhos com
pitiose experimental para contribuir no entendimento das alteracdes que ocorrem na

resposta imunoldgica durante a infeccdo e apos o tratamento imunoterapico.

2.2 Objetivos especificos

1. Determinar a atividade de ecto-enzimas que degradam nucleotideos e
nucleosideo da adenina nos linfécitos dos coelhos infectados experimentalmente

com P. insidiosum;

2. Quantificar os nucleotideos e nucleosideo da adenina no soro dos animais;

3. Avaliar a participacdo das ecto-enzimas na regulacdo da resposta imune e

inflamatoria durante a evolugao clinica da pitiose e apos a imunoterapia.



RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
dois artigos. Os itens Materiais e Métodos, Resultados, Discussdo e Referéncias
Bibliograficas, encontram-se compondo 0s proprios artigos e representam a integra
deste estudo.

Os itens DISCUSSAO e CONCLUSOES, encontrados no final desta tese,
apresentam interpretacbes e comentarios gerais a respeito dos resultados
demonstrados nos artigos contidos neste trabalho. As REFERENCIAS
BIBLIOGRAFICAS referem-se somente as citacbes que aparecem nos itens
INTRODUCAO e DISCUSSAO desta tese.
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NTPDase (EC 3.6.1.5) occurs in lymphocytes and plays an important role in immune function, in that
hydrolyzes extracellular nucleoside tri- and/for diphosphates to form AMP. Py thium insidiosum causes the
disease pythiosis, a pyogranulomatous disease of horses, dogs, cattle, cats and humans. Most antifungal
drugs are ineffective against this pathogen, and immunotherapy, a treatment approach that relies on the
injection of P. insidiosum antigen, has been successfully used in humans and horses to manage this
disease. In this study, we investigated NTPDase activity in lymphocytes from rabbits inoculated with
zoospores of P. insidiosum. After immunotherapy, we investigated the relationship between enzymatic
activity and the pattern of the immune response. One milliliter of zoospores was inoculated
subcutaneously into the coastal region of each rabbit. An average of 17,500 viable mobile zoospores/mL
of induction medium was administered. Inoculated rabbits were checked weekly, and the subcutaneous
nodulararea (cm*) was measured 28 days after inoculation. Rabbits that developed lesions received four
doses of immunotherapy at intervals of 14 days. Blood samples were callected by heart puncture twicea
month for the determination of NTPDase activity. The results demonstrated that NTPDase activity in
lymphocytes was increased in relation to ATP hydrolysis (by about 100%) in pythiosis and returned to
normal values after immunotherapy. The data demonstrating NTPDase activity before and after
immunotherapy reinforce the previously elaborated hypothesis that the change from a Th2 to a Thi

Keywords:

NTPDase

Pythium insidiosum
Rabbit lymphocytes

immune response is responsible for the curative properties of immunotherapy.

@ 2010 Elsevier Masson SAS. All rights reserved.

1. Intreduction

Enzymes that hydrolyze extracellular nucleotides are known as
ectonucleotidases, because they are anchored to the cell surface
with their active site facing the extracellular medium [1]. NTPDase
(EC 3.6.1.5) is an enzyme that hydrolyzes extracellular nucleoside
tri-and/or diphosphates {preferably ATP and ADP) and is found in
many cell types, such as lymphocytes [2] and platelets [3.4]. The
AMP that is produced is converted to adenosine by the catalytic
action of ecto-5'-nucleotidase enzyme (EC 3.1.3.5). NTPDase and
5'-nucleotidase control the levels of two potent immunomodula-
tory molecules, ATP and adenosine. ATP acts as a pro-inflammatory
agent that potentiates the release of pro-inflammatory cytokines
[5] from activated lymphocytes [6]. Adenosine, in contrast,
exhibits potent anti-inflammatory and immunosuppressive action
by inhibiting the proliferation of T cells [7], the secretion of

* Corresponding author. Fax: +55 55322 08906.
E-mail address; janio.santurio@gmail.com (JM. Santurio).

0753-3322/§ - see front matter © 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j biopha.2010.09.016

cytokines and the migration of leukocytes across endothelial
barriers [8].

NTPDase activity occurs in lymphocytes from human peripheral
blood, thymocytes and mouse spleen lymphocytes, and its activity
is higher in human B cells than in T cells [9]. The possible
association between NTPDase activity and immune diseases has
been evaluated in humans [10], considering that NTPDase activity
could be used as an activation marker of lymphocytes during the
immune response,

The oomycota Pythium insidiosum is the cause of the disease
pythiosis, a chronic, pyogranulomatous disease of horses, dogs,
cattle, cats and humans [11]. Rabbits are sensitive to zoospore
inoculation and can be used as experimental models for studying
the disease [12]. The hyphae of this microorganism colonize
cutaneous and subcutaneous tissues, produce intestinal lesions,
invade blood vessels, and proliferate within bone. Lacking the
membrane steroid ergosterol, P. insidiosum is unaffected by the
usual battery of antifungal agents, and immunotherapy shows
promise in the management of infections in horses [13]. In the
infected host, P. insidiosum triggers a T helper 2 (Th2) response
with an inflammatory reaction composed mainly of eosinophils
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and mast cells. A switch froma Th2 to a Th1 response is postulated
to be the most likely explanation for the curative properties of
immunotherapy [14].

The aim of this study was to determine whether immunothera-
py affects NTPDase activity in lymphocytes from rabbits with
pythiosis, with the ultimate goal of assessing the potential use of
NTPDase activity as a peripheral marker of immune function in
pythiosis infection.

2. Materials and methods
2.1. Materials

Nucleotides and Trizma base were purchased from Sigma (St.
Louis, MO, USA). Ficoll-Hypaque (Lymphoprep™) was purchased
from Nycomed Pharma (Oslo, Norway ). All other reagents used in
the experiments were of analytical grade and of the highest purity.

2.2. Pythium insidiosum

DMVP 118/98 (CBS 101555) strain, isolated from a pythiosis
lesion in the chest of a foal and cultivated in 1.5% Corn Meal Agar at
27 “C for 7 days, was used to experimentally inoculate rabbits and
to produce the immunotherapy.

2.3. Zoosporogenesis

Ten pieces of Paspallum notatum grass, approximately 2 cm
long, were autoclaved for 2hours and distributed over
P. insidiosum cultures and incubated at 37 °C for 24 hours. Pieces
of infected grass were transferred to an induction medium that
contained the following: solution 1, 1.0 M K,HPO,, 1.0 M KH,PO,,
3.66 M (NH,),, 500 mL of distilled water; solution 2, 0.5 M MgCl,
6H-0, 0.5M CaCl, 2H.0, 250 mL of distilled water. The final
composition of the induction medium was 0.5 mL of solution 1 and
0.1 mL of solution 2 in 1000 mL of sterile distilled water. Induction
medium containing grass infected by P. insidiosum was incubated
at 37 °C for 8 hours. Pieces of grass were observed by microscopy,
and zoospores were counted using a Neubauer chamber.

24. Rabbits

Forty “New Zealand' male rabbits, aged between 2 and 3 months,
were used in this work. The control group, with ten rabbits, received
one milliliter of saline, while thirty rabbits were inoculated with one
milliliter of zoospores subcutaneously into the coastal region. An
average of 17,500 viable mobile zoospores/mL of induction medium
was administered. Inoculated rabbits were checked weekly, and the
subcutaneous nodular area (cm?®) was measured using a sliding
calliper when nodules were present. Nodular development was
evaluated 28 days after inoculation. Those rabbits not developing
lesions were eliminated from the experiment after 28 days. ELISA
was used to confirm Pythium infection [15]. Rabbits that developed
lesionsreceived four doses ofimmunotherapyor placeboat intervals
of 14 days, beginning 1 month after inoculation with viable mobile
zoospores. Blood samples were collected by heart puncture twice a
month for the determination of NTPDase activity.

2.5, ELISA

Antibodies against P. insidiosum were measured by ELISA for
serodiagnosis of pythiosis, as previously described by Santurio
et al. [15]. The antigen used for the immunization of the rabbits, it
was prepared of cultures of P. insidiosum stains CBS 101555. The
samples of this Oomycete were cultivated under agitation in
Sabouraud broth at 37 °C for 7 days, After the cultivation, it was
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filtered and the mycelia diluted insolution of PBS and sonicated until
disruption and centrifuged at 6000 rpm for 5 minutes to collected
the supernatant to use as antigen, Plates of polystyrene of 96 wells
were sensitized with the antigendiluted in PBS and was incubated to
4 '( for overnight that there was the absorption of the antigen in the
surface of the plate. Each well received 10 g of proteins and, after
the incubation period, the plates were washed and stored 4 "Cuntil
the moment of the use. The tested serums were diluted in PBS in pH
7.2 (1:2000), distributed 100 p! in each well in the plates and
incubated at 37 °C for 1 hour. Then, the plates were incubated with
specific secondary antibody for the species (anti-IgG conjugated
with peroxidase) with dilution of 1:10,000. The plates received the
chromogen buffer (ortho-phenylene-diamine) and the reading was
carried out through a spectrophotomer of plates with 490 nm.

2.6. Immunotherapy

P. insidiosum was cultivated in 150 ml of Sabouraud broth
incubated at 37 “Cin ashaker at 130 rpm for 8 days. After removing
the culture from the shaker, mycelial material was inactivated with
0.02% thimersal for 20 minutes. The mycelial mass was disrupted
by vortexing at 1800 rpm for 5 minutes, mixed with sulfuric ether
((CyH5),0) at 50% volume of the mass and rested for 15 minutes
before disrupting for 5 minutes more, according to the protocol
described by Santurio et al. [16]. The final product was storage in
2 ml aliquots in glass bottle with a rubber lid and lyophilized for
12 hours. Rabbits were inoculated with zoospores. The first dose of
immunotherapy was administered subcutaneously on the
30th day after inoculation and in the coastal region opposite to
the zoospore injection. This procedure was repeated every 14 days
for a total of four injections.

2.7. Isolation of mononuclear cells from rabbit blood

Mononuclear leukocytes were isolated from rabbit blood
collected with EDTA and separated on Ficoll-Hypaque density
gradients as described by Béyum [17].

2.8. Enzyme assays

After the isolation of mononuclear cells, NTPDase activity was
determined by a colorimetric assay in compliance with Leal et al.
[2]. The reaction medium contained 0.5 mM CaCly, 120 mM Nacl,
5 mM KCl, 60 mM glucose, and 50 mM Tris-HCl buffer, pH 8.0 at a
final volume of 200 mL. Twenty microliters of intact mononuclear
cells suspended on saline solution were added to the reaction
medium (2-4 mg protein )and preincubated for 10 minutesat37 “C.
The reaction was started by the addition of substrate {ATP or ADP) at
a final concentration of 2mM and stopped with 200 mL 10%
trichloroacetic acid (TCA) to provide a final concentration of 5%. The
samples were chilled on ice for 10 minutes before assaying for the
release of inorganic phosphate (Pi) as described for Chan et al. [18],
using malachite green as a colorimetric reagent and KH2PO4 as
standard. All samples were run in duplicate or triplicate and specific
activity is reported as nmol Pi released/min/mg protein.

2.9. Protein determination

Protein was measured by the Coomassie Blue method using
bovine serum albumin as standard, as described by Bradford [19].

2.10. Cellular integrity

The activity of lactate dehydrogenase (LDH) was used as a
marker of cell integrity, The measurement of LDH activity showed

45
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that most cells (approximately 85%) were intact after the isolation &0
procedure (data not shown). The integrity of the cells after 70 b
incubation was confirmed by microscopic observations in control T
samples and samples with therapeutic doses (data not shown). s €0
s ; g 50 | 2
2.11. Statistical analysis g
£ 40 i )

Data were analyzed by one-way analysis of variance (ANOVA) % |
followed by the Tukey-Kramer test, using a level of significance of E L e
5%, -
3. Results 10

After 28 days, 20 rabbits did not develop lesions. Ten rabbits 8 § ) T o

developed lesions and received four doses of the immunotherapy,
as described in "Materials and Methods". Rabbits with lesions
characteristic of pythiosis showed alterations in ATP hydrolysis.
Compared to the control (28.5 nmol Pi/min/mg protein;
SEM = 3.77; n=10), enzyme activity was significantly higher in
the group with lesions (60.7 nmol Pi/min/mg protein; SEM = 5.59;
n=10; P< 0001). In the inoculated animals that showed no
lesions after 28 days, the enzyme activity was similar to control
animals (34.5 nmol Pi/min/mg protein; SEM = 2,92; n = 20). Post-
hoc analysis with the Tukey-Kramer test revealed that the group
with lesions was significantly different compared to the control
group and the group without lesions (Fig. 1).

ATP hydrolysis was also evaluated 14 days after inoculation
(37.8 nmol Pi/min/mg protein; SEM =8.12; n=10) (Fig. 2). The
results showed a progressive increase in enzymatic activity, but
the ATP hydrolysis was significantly higher after 28 days
(60.7 nmol Pi/min/mg protein; SEM=5.59; n=10; P<0.001).
Compared to inoculation day (day 0), the Tukey-Kramer test
revealed that ATP hydrolysis was significantly different only at
day 28. After four doses of immunotherapy, the enzymatic activity
returned to levels similar to those observed on the day of
inoculation (28.3 nmol Pi/min/mg protein; SEM =3.44; n=10)
(Fig. 3). The decrease in enzymatic activity with immunotherapy
was statistically significant by the Tukey-Kramer test (P < 0.001).
Significant alterations in ADP hydrolysis were not observed after
inoculation or immunotherapy (data not shown).

4. Discussion
Much remains to be discovered about the pathogenesis of

P.insidiosum infection and the type of immune response elaborated
by the host. Most antifungal drugs are ineffective against this
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Fig. 1. ATP hydrolysis in lymphocytes obtained from the control group, the
inoculated group without lesions and the inoculated group with lesions. Data
represent the mean value + standard errorof 10, 20 and 10 rabbits, respectively. Data
were analyzed statistically by one-way ANOVA followed by the Tukey-Kramer test.
Groups that share different letters are statistically different (P < 0.001),

days after inoculation
Fig. 2. ATP hydrolysis in lymphocytes from the group with lesions on different days
after inoculation. Data represent the mean value -+ standard error of 10 rabbits. Data

were analyzed statistically by one-way ANOVA followed by the Tukey-Kramer test.
Groups that share different letters are statistically different (P < 0.001).
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Fig. 3. ATP hydrolysis in lymphocytes obtained from the group with lesions on
days 0 and 28 after inoculation and after four doses of immunotherapy. Data
represent the mean value + standard error of 10 rabbits. Data were analyzed
statistically by one-way ANOVA followed by the Tukey-Kramer test. Groups that share
different letters are statistically different (P < 0.001).

pathogen, and immunotherapy, a treatment approach that relies
on the injection of P. insidiosum antigen from in vitro cultures, has
been successfully used in humans and horses to manage this
disease. Mendoza etal. | 14] speculated thatalthough key cytokines
are up-regulated after successful immunotherapy, a mononuclear
reaction is also immediately stimulated by the immunotherapy in
infected hosts. It is quite possible that the immunotherapy triggers
a cell-mediated response, including natural killer cells and
cytotoxic lymphocytes that are abundant in the infected tissues
after immunotherapy [20,21], thus compensating for the deficit of
phagocytic cells in this population of individuals. A switch from a
Th2 to a Thi response is postulated as the most likely explanation
for the curative properties of this approach [22].

Massive leakage of nucleotides might occur upon cell lysis,
however, this non-specific mechanism is restricted to organinjury,
traumatic shock or certain inflaimmatory conditions [5]. NTPDase/
CD39 is important for the removal of ATP and the coordinated
regulation of immune responses [23]. The increase in extracellular
ATP levels drives inflammatory dendritic cell and macrophage
differentiation, accompanied by the release of pro-inflammatory
mediators (TNF-«, IL-12, IL-1§ and ROS), the differentiation of
naive Th cells to Th1 lymphocytes and the initiation of inflamma-
tion. When immune cells are intermittently exposed to low ATP
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concentrations, the evolving immune response skews towards
tolerance and non-responsiveness rather than cellular reactivity
[24].

High local concentrations of ATP accumulating in the immuno-
logical synapse between effectors cells and target cells can activate
pore-forming P2X7 receptors expressed on target cells, resulting in
target cell lysis [25-27]. A physiological function for P2X7
remained elusive until more recent studies showed a role for
P2X7 in promoting pro-inflammatory responses and controlling
intracellular infection in vitro. Several pathogens are now known
to protect infected cells against P2X7-dependent apoptosis by
producing ATPases that consume extracellular ATP [28].

It appears that low-level purinergic signaling by P2 receptors,
induced by nucleotides at decreased concentrations, modulates
ongoing inflammatory and immune responses. Activation of P2
receptors, most likely P2Y receptor subtypes, attenuates pro-
inflammatory cytokines production by Mo/Me, diminishes the Th1
cell-stimulatory capacity of DCs and inhibits lymphocyte effector
functions. Thus, upon progression of the immune response,
nucleotide-mediated purinergic signaling may switch from being
predominantly pro-inflammatory to being mostly immunomodu-
latory, depending on the extracellular concentrations of the
nucleotides as well as the P2 receptor subtype(s) ligated by these
nucleotides. This switch could be part of a mechanism for fine-
tuning the immune effector class in response to microenviron-
mental signals according to the tissue in which the response occurs
[29-31]. Furthermore, Ado-mediated P1 receptor signaling during
the second stage down-regulates neutrophil effector functions,
contributes to alternative activation of macrophages, stimulates
the Th2 cell-stimulatory capacity of DCs and inhibits lymphocyte
effector functions [5]. Conceptually, the idea of ectoenzymatic
control of leukocyte trafficking allows new insights into adhesive
events and offers multiple novel targets for manipulating the
movement of immune cells. ATP-generating and ATP-consuming
pathways coexist on the surface of leukocytes and endothelial
cells,and their dynamic balance regulates local ATP and adenosine
levels in this microenvironment [32].

Our results demonstrate that during pythiosis, there is an
increase in the activity of NTPDase in relation to ATP hydrolysis,
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Fig. 4. Eifect of extracellular ATP concentrations on the immune response during
pythiosis and immunotherapy. The increased NTPDase activity during pythiosis
decreases the extracellular ATP concentration, which can bind to P2Y receptors, as
can ADP. Consequently, a Th2 response could develop and cause tissues damage.
With immunotherapy, the decreased NTPDase activity could lead to an increased
concentration of extracellular ATP that would act on P2X7 receptors, stimulating a
Thl immune response and inducing inflammatory mediators that would initiate
the destruction of Pythium insidiosum hyphae.

ppa

without alterations in the rate of ADP hydrolysis. As a result, we
expect that there will be a decrease in the concentration of
extracellular ATP. At low concentrations, extracellular ATP, as well
as ADP, possesses an affinity for the P2Y purinergic receptors on
the surfaces of lymphocytes. Binding to the P2Y receptor
stimulates the Th2 immune response, leading to the preduction
of IL-4 and activation of eosinophils and mast cells, which can
ultimately cause significant tissues lesions. After treatment with
four doses of immunotherapy, we observed that the rate of ATP
hydrolysis was similar to the rate observed prior to the inoculation.
Thus, the decrease in NTPDase activity could be responsible for the
increase of the extracellular ATP concentration, which, at high
concentrations, could bind to P2X7 receptors. The interaction with
purinergic receptors would provoke a Th1 response pattern, with
secretion of pro-inflammatory cytokines and activation of cyto-
toxic T lymphocytes and macrophages that would destroy the
hyphae. The switch from a Th2 to a Th1 response pattern would
lead to a decrease of lesions (Fig. 4).

5. Conclusion

In conclusion, the observed change in NTPDase activity before
and after immunotherapy reinforces the hypothesis, previously
elaborated by Mendonza and Newton [22] that the change from a
Th2 to a Th1 immune response might be responsible for the
curative properties of immunotherapy.
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E-ADA activity in lymphocytes of an experimental model of pythiosis
treated with immunotherapy
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Pythiosis is a life-threatening disease caused by the ocomycete Pythium insidiosum. Some authors have suggested the involvement of a
Th2-like immune response in the infected host, which leads to extensive tissue damage. The switch from a Th2 to a Thl response pattern
is one hypothesis to explain the curative properties of immunotherapy. Taking into account the importance of immunotherapy for pythiosis
treatment and the contribution of adenine nucleotides in the immunoregulation of the host, we evaluated the ecto-adenosine deaminase
(E-ADA; EC 3-5.4-4) activity in lymphocytes from rabbits inoculated with P. insidiosum. Rabbits were inoculated with 1 milliliter of
zoospores subcutaneously injected into the lateral thorax; after developing lesions, the rabbits received eight doses of immunotherapy. E-ADA
activity was measured in lymphocytes and the adenine nucleotides and adenosine levels were quantitatively determined in serum. Rabbits with
characteristic lesions of pythiosis showed a decreased E-ADA activity (82-36%), a decreased adenosine triphosphate concentration (54-04%)
and a higher adenosine concentration (2-51 fold), when compared with controls, after 28 days of inoculation. However, after the immunotherapy,
the rabbits showed an increase in the E-ADA activity when compared with control (78-62%), contributing for the change in the immune response.
Our results reinforce the hypothesis that the change from a Th2 to a Thl immune response with the participation of the purinergic system could be
responsible for the curative properties of immunotherapy. Copyright © 2012 John Wiley & Sons, Ltd.

KEY WORDS—pythiosis; Pythium insidiosum; adenosine deaminase; lymphocytes; adenosine

INTRODUCTION pathway, which P. insidiosum lacks.>® Immunotherapy with
mycelial antigens from dead P.insidiosum is a promising
non-invasive therapy and provides beneficial results. Some
authors have suggested the involvement of a Th2-like immune
response in hosts infected with P.insidiosum. leading to
extensive tissue damage induced by activated macrophages,
mast cells, eosinophils and other inflammatory cells >"# It has
been speculated that the switch from a Th2 to a Th1 response
pattern is an explanation for the curative properties of immuno-
therapy. However, this hypothesis has yet to be proven.”

It is known that the purinergic system participates in
immune system modulation during infections by mediating
the interactions between various signaling molecules, such
as adenosine triphosphate (ATP) and adenosine. with
specific purinergic receptors. The ATP is released into the
extracellular space by injured or pathogen-stimulated cells.
- . . ) . . The extracellular ATP level is mainly controlled by the ac-
*Correspondence to: Janio Morais Santurio, Centro de Ciéncias da Saidde,

Dipastaiento de- Migmtiokngia s Pamsiteloms, Progeuun de PlsGraduack tion ot. purinergic system ectoenzymes, such as e‘Ctol-Jmclen-
em Farmacologia, Universidade Federal de Santa Maria, Campus Universitdrio, side mP]‘OSP]‘ﬂ‘B dlp]msplmhydrolﬂse (CD39. _E'N TPDase;
Santa Maria, RS, Brazil. E-mail: janio.santurio@ gmail.com EC 3.6.5.1). In turn, the extracellular adenosine produced

Pythiosis is a life-threatening disease caused by the comycete
Pythium insidioswm, which is endemic to tropical and
subtropical regions and infects both humans and animals.
The most common sites of infection in humans are the
arteries and eyes, whereas cutaneous, subcutaneous and
gastrointestinal infections predominate in animals.'?
Rabbits are the commonly used laboratory animals that
are susceptible to experimental infection with P.insidiosum
and thus are the commonly used experimental model for
testing the effectiveness of immunotherapy and antimycotic
agents.’* Available antifungal drugs have mostly been
unsuccessful for the treatment of this organism, most likely
because antifungal drugs usually target the ergosterol
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by the hydrolysis of ATP is regulated by ecto-adenosine
deaminase (E-ADA: EC 3.5.4.4), which catalyzes the
imeversible deamination of adenosine. The co-existence of
nucleotide-consuming, nucleotide-generating and nucleotide-
interconverting pathways on the surface of immune cells, which
also co-express ATP and adenosine receptors, is important in
determining the duration and nature of the purinergic signaling.
High concentrations of ATP in the extracellular milieu exert
effects via P2X receptors that are expressed on target cells, ac-
tivating pro-inflammatory cytokine production and trigger-
ing a Thl response. Conversely, low concentrations of
extracellular ATP and adenosine diphosphate (ADP) possess
an affinity for P2Y purinergic receptors, which stimulate the
Th2 immune response. 19" Adenosine, in tum, exerts potent
anti-inflammatory and immunosuppressive actions by inhi-
biting the proliferation of T cells and the secretion of
cytokines“'” through binding with P1 recep:ors.m‘4

Taking into account the importance of immunotherapy
for pythiosis treatment as well as the participation of adenine
nucleotides in the immunoregulation of the host and their
importance in adenosine formation, the goal of the present
study was to evaluate E-ADA activity in lymphocytes from
rabbits inoculated with P. insidiosum.

MATERIALS AND METHODS
Reagents

Ficoll-Hypaque ~ (Lymphoprep™) was purchased from
Nycomed Pharma (Oslo, Norway). Nucleotides, adenosine,
bovine serum albumin, Trizma base and Coomassie Brilliant
Blue G were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All chemicals used in this experiment were of analytical
grade and of the highest purity.

P. insidiosum

The DMVP 118/98 (CBS 101555) strain, which was isolated
from a pythiosis lesion in the chest of a foal and cultivated
on 1-5% Com Meal Agar at 27°C for 7days, was used
to experimentally inoculate rabbits and as a source for
the P.insidiosum antigen used in the immunotherapy.

Zoosporogenesis

Ten pieces of Paspalum notatum grass, approximately 2 cm
long, were autoclaved for 2 h, distributed over P. insidiosum
cultures and incubated at 37°C for 24 h. Pieces of infected
grass were fransferred to an induction medium that
contained the following: solution 1 (1-0M K,HPO,, 1-0M
KH,PO,, 3:66 M (NH,), and 500 ml of distilled water) and
solution 2 (0-5 M MgCl, 6 Hy)O. (0-5M CaCl, 2 H,0 and
250ml of distilled water). The final composition of the
induction medium was 0-5 ml of solution 1 and 0-1 ml of
solution 2 in 1000 ml of sterile distilled water. Induction
medium containing grass infected by P.insidiosum was
incubated at 37°C for 8h. Pieces of grass were observed
by microscopy, and zoospores were counted using a
Neubauer chamber."®

Copyright © 2012 John Wiley & Sons, Ltd.

Rabbits

Thirty New Zealand male rabbits, aged between 2 and
3 months, were used in this work. A control group of six
rabbits received 1ml of saline, whereas 24 rabbits were
inoculated with 1 ml of zoospores subcutaneously into the
lateral thorax. An average of 17500 viable mobile zoos-
pores/ml of induction medium was administered. Inoculated
rabbits were checked weekly, and the subcutaneous nodular
arca (em®) was measured using a sliding caliper when
nodules were present. Nodular development was evalu-
ated 28 days after inoculation. Enzyme-linked immuno-
sorbent assay (ELISA) was used to confirm pythiosis.'®
Rabbits that developed lesions received eight doses of
immunotherapy (n=06) or placebo (n=0) at intervals of
14 days, beginning 30 days after inoculation with viable
mobile zoospores. Blood samples were also collected
trom the rabbits that did not develop lesions at the same
time points to assay E-ADA activity. Blood samples
were collected from all the groups by heart puncture to
determine the E-ADA activity (28 and 150days after
inoculation) and purine levels (28 days after inoculation).
All animal procedures were approved by the Animal
Ethics Committee of the UFSM (protocol number:
23081-004001/2009-12).

ELISA

Antibodies against P. insidiosum were measured by ELISA
for serodiagnosis of pythiosis as previously described. '®
The antigen immobilized to the microplates was prepared
from cultures of P. insidiosum strain CBS 101555. Samples
of this oomycete were cultivated under agitation in Sabouraud
broth at 37°C for 7days. After cultivation, the culmre
was filtered, and the mycelia were diluted in a phosphate
buttered saline (PBS) solution, sonicated until disruption
and centrifuged at 6000 rpm for Smin to collect the super-
natant to use as antigen. Polystyrene 96-well microtiter plates
were coated with antigen diluted in PBS and incubated
ovemight at 4 °C to allow absorption of the antigen onto the
surface of the plate. Each well received 10 pg of protein; and
after the incubation period, the plates were washed and stored
at 4°C until they were used. The tested sera were diluted in
PBS pH 7-2 (1:2000), distributed with 100 ul per well in the
plates and incubated at 37 °C for I h. Then. the plates were
incubated with 100pl of anti-rabbit secondary antibody
(anti-IgG conjugated with peroxidase) diluted 1:10000. The
plates received chromogen bufter (ortho-phenylene-diamine),
and a plate spectrophotomer at a wavelength of 490 nm was
used to evaluate the reaction.

Separation of blood serum

Blood samples were collected in tubes without anticoagulant;
and after clot formation, they were centrifuged at 3101 rpm
for 15min at room temperatre. The resulting serum
samples were aliquoted in microtubes and kept at —80°C
until purine quantification.

Cell Biochem Funct (2012)
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by the hydrolysis of ATP is regulated by ecto-adenosine
deaminase (E-ADA: EC 3.5.44), which catalyzes the
imeversible deamination of adenosine. The co-existence of
nucleotide-consuming, nucleotide-generating and nucleotide-
interconverting pathways on the surface of immune cells, which
also co-express ATP and adenosine receptors, is important in
determining the duration and nature of the purinergic signaling.
High concentrations of ATP in the extracellular milieu exert
effects via P2X receptors that are expressed on target cells, ac-
tivating pro-inflammatory cytokine production and trigger-
ing a Thl response. Conversely, low concentrations of
extracellular ATP and adenosine diphosphate (ADP) possess
an affinity for P2Y purinergic receptors, which stimulate the
Th2 immune response. 10" Adenosine, in tum, exerts potent
anti-inflammatory and immunosuppressive actions by inhi-
biting the proliferation of T cells and the secretion of
cytokines'"'* through binding with P1 receptors.'*'*

Taking into account the importance of immunotherapy
for pythiosis treatment as well as the participation of adenine
nucleotides in the immunoregulation of the host and their
importance in adenosine formation, the goal of the present
study was to evaluate E-ADA activity in lymphocytes from
rabbits inoculated with P. insidiosum.

MATERIALS AND METHODS
Reagents

Ficoll-Hypaque (Lymphoprep™) was purchased from
Nycomed Pharma (Oslo, Norway). Nucleotides, adenosine,
bovine serum albumin, Trizma base and Coomassie Brilliant
Blue G were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All chemicals used in this experiment were of analytical
grade and of the highest purity.

P.insidiosum

The DMVP 118/98 (CBS 101555) strain, which was isolated
from a pythiosis lesion in the chest of a foal and cultivated
on 1:5% Corn Meal Agar at 27°C for 7days, was used
to experimentally inoculate rabbits and as a source for
the P.insidiosum antigen used in the immunotherapy.

Zoosporogenesis

Ten pieces of Paspalum notatum grass, approximately 2 cm
long, were autoclaved for 2 h, distributed over P. insidiosum
cultures and incubated at 37°C for 24 h. Pieces of infected
grass were transferred to an induction medium that
contained the following: solution 1 (1.0M K,HPO,. 1.0M
KH,PO,, 3:66 M (NH,), and 500 ml of distilled water) and
solution 2 (0-5 M MgCl, 6 Hy,O, 0-5M CaCl, 2 H,0 and
250ml of distilled water). The final composition of the
induction medium was 0-5 ml of solution 1 and -1 ml of
solution 2 in 1000 ml of sterile distilled water. Induction
medium containing grass infected by P.insidiosum was
incubated at 37°C for 8h. Pieces of grass were observed
by microscopy, and zoospores were counted using a
Neubauer chamber."?

Copyright © 2012 John Wiley & Sons, Ltd.

Rabbits

Thirty New Zealand male rabbits, aged between 2 and
3months. were used in this work. A control group of six
rabbits received 1ml of saline, whereas 24 rabbits were
inoculated with 1ml of zoospores subcutaneously into the
lateral thorax. An average of 17500 viable mobile zoos-
pores/ml of induction medium was administered. Inoculated
rabbits were checked weekly, and the subcutaneous nodular
area (cm’) was measured using a sliding caliper when
nodules were present. Nodular development was evalu-
ated 28 days after inoculation. Enzyme-linked immuno-
sorbent assay (ELISA) was used to confirm pythiosis.'®
Rabbits that developed lesions received eight doses of
immunotherapy (n=6) or placebo (n=6) at intervals of
14 days. beginning 30days after inoculation with viable
mobile zoospores. Blood samples were also collected
from the rabbits that did not develop lesions at the same
time points to assay E-ADA activity. Blood samples
were collected from all the groups by heart puncture to
determine the E-ADA activity (28 and 150days after
inoculation) and purine levels (28 days after inoculation).
All animal procedures were approved by the Animal
Ethics Committee of the UFSM (protocol number:
23081-004001/2009-12).

ELISA

Antibodies against P. insidiosum were measured by ELISA
for serodiagnosis of pythiosis as previously described. '®
The antigen immobilized to the microplates was prepared
from cultures of P. insidiosum strain CBS 101555. Samples
of this oomycete were cultivated under agitation in Sabouraud
broth at 37°C for 7days. After cultivation, the culre
was filtered, and the mycelia were diluted in a phosphate
butfered saline (PBS) solution. sonicated until disruption
and centrifuged at 6000 rpm for Smin to collect the super-
natant to use as antigen. Polystyrene 96-well microtiter plates
were coated with antigen diluted in PBS and incubated
ovemight at 4°C to allow absorption of the antigen onto the
surface of the plate. Each well received 10 pg of protein: and
after the incubation period, the plates were washed and stored
at 4°C until they were used. The tested sera were diluted in
PBS pH 7-2 (1:2000), distributed with 100 pl per well in the
plates and incubated at 37°C for | h. Then. the plates were
incubated with 100pl of anti-rabbit secondary antibody
(anti-lgG conjugated with peroxidase) diluted 1:10000. The
plates received chromogen bufter (ortho-phenylene-diamine),
and a plate spectrophotomer at a wavelength of 490 nm was
used to evaluate the reaction.

Separation of blood serum

Blood samples were collected in tubes without anticoagulant;
and after clot formation, they were centrifuged at 3101 rpm
for 15min at room temperature. The resulting serum
samples were aliquoted in microtubes and kept at —80°C
until purine quantification.
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Immunotherapy

P. insidiosum was cultivated in 150 ml of Sabouraud broth
incubated at 37°C in a shaker at 130 rpm for 8 days. After
removing the culture from the shaker, the mycelial material
was inactivated with 0-02% thimerosal for 20 min. The
mycelial mass was disrupted by vortexing at 1800 rpm for
5 min, mixed with sulfuric ether [(C,Hs),0] at 50% volume
of the mass and allowed to rest for 15 min before further
disruption for five more minutes. as previously described.*
The final product was stored in 2-ml aliquots in a glass
bottle with a rubber lid and lyophilized for 12 h. The first
dose of immunotherapy was administered subcutaneously
on day 30 after inoculation in the lateral thorax opposite to
the zoospore injection site. This procedure was repeated
every 14 days for a total of eight injections.

Isolation of mononuclear cells from rabbit blood

Lymphocyte-rich mononuclear cells were isolated from the
rabbits” peripheral blood. which was collected with 7-2mg
dipotassium ethylenediaminetetraacetic acid as an anticoagu-
lant and separated on Ficoll-Histopaque density gradients, as
described by Boyum.'” The percentage of lymphocytes was
greater than 93%, as has been previously described. '®

Adenosine deaminase assay

E-ADA activity was measured spectrophotometrically in
lymphocytes using the method of Giusti and Galanti,"
which is based on the direct measurement of the formation
of ammonia produced when E-ADA acts in the presence of
excess adenosine. Briefly, 25 pl of lymphocyte suspension
was reacted with 21 mM of the substrate (adenosine),
pH 6-5, and the solution was incubated for 1 h at 37 °C. The
reaction was stopped by adding 106 mM phenol and
0-16 mM sodinm nitroprussiate and hypochlorite solution.
Ammonium sulfate (75pM) was used as the ammonium
standard. All experiments were performed in triplicate, and
the values were expressed as Umg ™" of protein.

HPLC

The quantitative determination of adenine nucleotides and
adenosine levels was performed in serum by high-performance
liquid chromatography (HPLC). First, proteins were
denatured by the addition of 0-6 M perchloric acid. Then, all
samples were centrifuged (9800rpm for 10min), and the
obtained supernatants were neutralized with 4N KOH and
clarified with a second centrifugation step (9800rpm for
15 min). Aliquots of 40l were applied to a reversed-phase
HPLC system using a 25cm CI8 Shimadzu column
(Shimadzu, Japan) at 260 nm with a mobile phase containing
60 mM KH,PO, and 5 mM tetrabutylammonium chloride, pH
6:0, in 30% methanol, according to a previously described
method.®® The peaks of purines [ATP, ADP, adenosine
monophosphate (AMP)] and adenosine) were identified by
their retention times and quantified by comparison with
standards. The results are expressed as nanomoles of the
different compounds per milliliter of serum.

Copyright © 2012 John Wiley & Sons, Ltd.

Protein determination

Protein levels were measured by the Coomassie Blue

method using bovine serum albumin as standard. as
. o 21

described by Bradford.

Statistical analysis

Adenosine deaminase data were analyzed by one-way
ANOVA, followed by the Tukey-Kramer test. Statistical
analysis of purine levels was carried out by unpaired -test.
P < 0:05 was considered to represent a significant difference
between groups. All data are expressed as the mean
+ Standard Error of the Mean (SEM).

RESULTS
Adenosine deaminase assay in lymphocytes

After 28 days, 12 rabbits did not develop lesions and
12 rabbits did develop lesions. Figure | shows the E-ADA
activity in the lymphocytes of these animals, 28 days after
inoculation. The enzyme activity did not show any significant
difference between the group that did not present
lesions (17-54 Umg ™" protein; SEM = 1.361; n=12) and the
control group (P> 0-05). However, the enzyme activity was
significantly lower in the group with pythiosis lesions
(36Umg ™" protein; SEM=0-6; n=12) when compared
with the controls (20-9Umg™" protein; SEM=40; n=6)
(P < 0:01). Twelve rabbits did develop lesions, but only six
were treated with eight doses of immunotherapy, as described
in the Materials and Methods section. Figure 2 demonstrates
the E-ADA activity in the lymphocytes of these
rabbits 150days after inoculation. The group with lesions
(373Umg™" proein; SEM=5.7; n=6) that received
immunotherapy demonstrated an increase in E-ADA activity

30+

20+

104

Adenosine deamination
(U ADA/mg of protein)

] ] ]
control | ]

Figure 1. Ecto-adenosine deaminase (E-ADA) activity in lymphocytes
obtained from normal rabbits (control), rabbits without characteristic
pythiosis lesions (I). rabbits with characteristic pythiosis lesions after
28days of inoculation (IT). Data represent the mean + SEM of 6, 12 and
12 rabbits, respectively. Data were analyzed statistically by one-way
ANOVA followed by the Tukey—Kramer test. Groups with different letters
are significantly different (P < 0.01).
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Figure 2. Ecto-adenosine deaminase (E-ADA) activity in lymphocytes
obtained from normal rabbits (control), rabbits without characteristic pythiosis
lesions (I), rabbits with lesions treated with eight doses of immunotherapy (IT).
Data represent the mean + SEM of 6, 12 and 6 rabbits, respectively. Data were
analyzed statistically by one-way ANOVA followed by the Tukey-Kramer
test. Groups with different letters are significantly different. (P < 0.01).

when compared with the control group (P<0:01). The
animals that received the placebo did not survive to pythiosis,
after 150 days of inoculation (n=06).

ATP, ADP, AMP and adenosine determination in serum

Table 1 shows adenine nucleotides and adenosine levels in
the serum of control rabbits and rabbits that developed
characteristic pythiosis lesions at 28 days post-inoculation.
Compared with the control group, the rabbits with
lesions showed significantly decreased ATP concentrations
(P <0:05) and significantly increased adenosine concentra-
tions (P < 0.01). There were no significant changes in the
ADP and AMP concentrations (P> 0-05). Also, there was
no significant difference between control group and rabbits
that did not present lesions (data not shown).

DISCUSSION

The purpose of the present study was to investigate the
E-ADA activity in the lymphocytes of rabbits that were
experimentally infected with P. insidiosum. Previously, our

Table 1.  The measurement of purine levels from serum of normal rabbits
and those inoculated with Pythium insidiosum with characteristic lesion.

With lesion
(nmolml '; n=35)

Controls
(nmolml ' n=5)

ATP 2067+ 480 9504+ 1-19*
ADP 40924319 32524337
AMP 8-90+1.33 7-184+1-02
Adenosine 1-354£023 339 4£073%*

Adenine nucleotides and adenosine level measurement from seum of
control and rabbits inoculated with lesion was addressed using HPLC
methodology. Results are presented as means +SEM. The comparison
among groups was made by Student’s ¢ test Statistically significant
differences are represented by

*(p < 0-05) and

*#p< 0-01).

Copyright © 2012 John Wiley & Sons, Ltd.

group demonstrated that there is an increase in E-NTPDase
activity in relation to ATP hydrolysis during p%thiosis.
without alterations in the rate of ADP hydrolysis.™ It was
suggested that the ATP concentration in the serum could
consequently be decreased, resulting in binding to the
P2Y receptors on lymphocytes. Activation of these
receptors stimulates the Th2 immune response and leads
to the production of IL-4 and the activation of eosinophils
and mast cells, which can cause significant tissues lesions.
Furthermore, it was observed that immunotherapy for
pythiosis was able to reduce the E-NTPDase activity,
resulting in an increase in the levels of extracellular ATP,
which could bind to P2X7 receptors and cause a decrease
in the lesions via Thl immune response.

In this work, we confirmed that the extracellular ATP
concentration is low in the serum of rabbits with pythiosis.
Consequently, ATP could stimulate the Th2 immune
response observed during infection, leading to a characteristic
lesion. Additionally, no changes in the ADP concentration
were observed in the serum of infected rabbits, corroborating
the ADP hydrolysis observed previously in lymphocytes ~
and indicating that E-NTPDase is able to hydrolyze ATP
and preserve normal levels of extracellular ADP and AMP,
as demonstrated by HPLC.

Taking into consideration that purinergic system enzymes
are intimately involved in the modulation of the immune
system, the E-ADA activity in lymphocytes was investi-
gated in infected rabbits. We verified that there is reduced
E-ADA activity in lymphocytes from these experimental
model animals. This result was confirmed by the increase
in the extracellular adenosine levels found in serum. The
immunosuppressive actions of adenosine are triggered by
the activation of four receptor subtypes (Al, A2A, A2B
and A3) belonging to the family of purinergic receptors
known as P1. At physiological adenosine concentrations,
Al and A3 purinergic receptors are preferentially activated,
whereas at higher adenosine concentrations, such as those
observed in inflammation, A2B receptors are activated."’
A2A receptors are the most abundant adenosine receptors
on human or murine CD4+ T cells™, and the A2B receptor
is a low-affinity receptor that appears to be absent in both
peripheral and mucosal T cells.” A2B and AZA receptor
activation leads to increased levels of cyclic adenosine
monophosphate via activation of adenylyl cyclase, which
inhibits immune cell function. Thus, elevated levels of
cyclic adenosine monophosphate induce decreases in
interferon-y, interleukin-12 and tumor necrosis factor-alpha
and increase the levels of anti-inflammatory cytokines, such
as interleukin-10, transforming growth factor-beta and
interleukin-1 receptor antagonist. Together, these downstream
signals inhibit cell function,'®?

In this experimental model of pythiosis, our results
demonstrate increased levels of extracellular adenosine,
which could be acting on A2 receptors and potentiating
the anti-inflammatory effects that occur during the infection
because of ATP binding to P2Y receptors (Figure 3). After
eight doses of immunotherapy, we observed that E-ADA
activity increased, which could lead to reduced levels
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Figure 3. Effects of extracellular adenosine triphosphate (ATP) and
adenosine concentrations on the immune response during pythiosis and
immunotherapy. The increased E-NTPDase activity and decreased ecto-
adenosine deaminase (E-ADA) activity during pythiosis lead to a decrease
in the concentration of extracellular ATP and an increase in the extracellular
adenosine concentration, respectively. Decreased extracellular ATP levels
can bind to P2Y receptors, as can adenosine diphosphate (ADP), whereas
increased extracellular adenosine can bind to A2A or/and A2B receptors.
The involvement of a Th2-like immune response in the infected host
and a Thl-like immune response induced by immunotherapy is just one
hypothesis that has yet to be proven.

of extracellular adenosine, thus favoring a Thl immune
response  with pro-inflammatory effects that would
decrease the lesions. Again, the results reinforce the
hypothesis of Mendoza and Newton,” which suggests that
the change from Th2 to Thl immune response could be
responsible for the curative properties of immunotherapy
for pythiosis.

The pathogenesis of P.insidiosum infection and the
immune response of the host are not completely known.
Our findings again demonstrate the importance of the
purinergic system in the modulation of the immune
response during infection by P.insidiosum because the
activity of the enzymes that degrade adenine nucleotides
and the levels of extracellular adenine nucleotides and
nucleoside can modulate immune changes that occur after
pythiosis immunotherapy. These findings also suggest the
participation of purinergic receptors in the modulation of
the immune response.
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4 DISCUSSAO

O presente estudo avaliou o envolvimento da sinalizacdo purinérgica em
linfécitos de coelhos infectados experimentalmente com P. insidiosum. As ecto-
enzimas do sistema purinérgico desempenham importante papel no metabolismo do
ATP e na geracdo do seu nucleosideo correspondente, adenosina. Assim,
contribuem na regulacdo da resposta inflamatoria, através da modulacdo da
liberacdo de citocinas pré e anti-inflamatérias, bem como no tipo de resposta imune
desencadeada pelo hospedeiro durante a infeccao.

A pitiose é uma doenca crbnica, piogranulomatosa, que acomete animais e
humanos, sendo causada pelo oomiceto P. insidiosum (DE COCK et al., 1987).
Devido a auséncia de ergosterol na membrana citoplasmatica, as drogas
antifingicas sdo de pouca eficacia no tratamento, fazendo da abordagem cirlrgica e
da imunoterapia as principais opcoes terapéuticas (MENDOZA; NEWTON, 2005).
Uma provavel explicagdo para o mecanismo que leva a cura pelo uso da
imunoterapia € que a infeccdo natural desvia a resposta imune para Ty2, enquanto
que a imunizacdo ativa uma resposta Tyl eficaz contra o agente da doenca
(MENDOZA et al., 2003; MENDOZA; NEWTON, 2005). No entanto, a patogénese da
infeccdo pelo P. insidiosum e o tipo de resposta imune elaborada pelo hospedeiro
ainda ndo foram completamente elucidados. Para contribuir e possivelmente
confirmar o mecanismo que supostamente leva a involucdo da doenca pela
imunoterapia, foram investigadas as atividades das ecto-enzimas de linfécitos,
NTPDase e ADA, relacionando-as com o provavel tipo de resposta imune ativada na
doenca e apos tratamento imunoterapico dos animais experimetalmente infectados.

Os resultados obtidos neste estudo demonstraram nos linfécitos de coelhos
com pitiose experimental, um aumento significativo na atividade da E-NTPDase, em
relacdo a hidrélise de ATP, sem alteracbes na taxa de hidrélise de ADP. Essa ecto-
nucleotidase € responsavel pela hidrolise dos nucleotideos ATP e ADP (MARCUS et
al., 2003). No entanto, durante a pitiose, a E-NTPDase demonstrou ser capaz de
preservar os niveis extracelulares de ADP, como observado neste estudo. Dessa
forma, sugere-se que, a concentracdo de ATP no soro poderia estar diminuida,
ligando ao receptor P2Y na superficie de linfocitos e estimulando uma resposta

imune T2 responsavel pelo desenvolvimento das significativas lesfes teciduais.
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As analises envolvendo a avaliacdo de componentes do sistema purinérgico
na pitiose foram realizadas pela primeira vez neste estudo. No entanto, alteragbes
na atividade das ecto-enzimas deste sistema tém sido observadas em doencas
animais, sugerindo que possam ser um importante parametro fisiologico e patoldgico
(BECKER et al., 2010; DA SILVA et al., 2011; OLIVEIRA et al., 2012; SOUZA et al.,
2012; TONIN et al., 2012). Neste contexto, 0 aumento na hidrélise do ATP na pitiose
corrobora com os resultados encontrados durante a infeccdo crbnica de ratos
infectados experimentalmente com Trypanosoma evansi (OLIVEIRA et al., 2012).
Estes autores sugerem que 0 aumento na atividade da E-NTPDase em linfécitos,
estaria envolvido na modulacdo da resposta inflamatoria, durante a infeccdo crénica,
através do controle da liberacdo de citocinas pro-inflamatorias, uma vez que 0s
niveis seéricos destas moléculas foram aumentados na infeccdo pelo T. evansi
(BARAL et al., 2007).

Por outro lado, observou-se que a imunoterapia para a pitiose foi capaz de
reduzir a atividade da E-NTPDase. Esta reducdo poderia ser responsavel por um
aumento dos niveis de ATP extracelular, o qual poderia ligar-se a receptores P2X7.
Isto levaria a uma diminui¢do nas lesdes, devido a ativacdo de uma resposta imune
Tul com secrecao de citocinas pro-inflamatorias e ativagédo de linfécitos T citotoxicos
e macréfagos responsaveis pela destruicdo das hifas.

Em relacéo a atividade da E-ADA observou-se uma diminuic¢ao significativa no
grupo de coelhos com pitiose experimental. Logo, sugere-se que a pitiose reduz a
atividade desta ecto-enzima, a fim de preservar os niveis de adenosina no meio
extracelular, favorecendo o desenvolvimento da infeccdo. A adenosina € uma
importante  molécula anti-inflamatoéria endogena (CRONSTEIN, 1994) e
imunossupressora, atuando atraves da inibicdo da liberacdo de citocinas pro-
inflamatodrias, da adesédo de células do sistema imune e do funcionamento de
linfécitos citotoxicos (CRONSTEIN et al., 1983). Portanto, durante a infeccao, altas
concentracfes de adenosina extracelulares podem estar atuando via receptores A,
na superficie das células imunes, potencializando os efeitos anti-inflamatérios que
ocorrem com a estimulagao dos receptores P2Y pelo ATP.

A regulacdo dos niveis de adenosina extracelular tem demonstrado um papel
bioquimico importante nos mecanismos imunomodulatorios em diversas doencas em
que a imunidade encontra-se alterada (MARTINEZ-HERNANDEZ et al., 1988).

Recentemente, Castro e colaboradores (2012) observaram uma diminuicdo na
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atividade da E-ADA em ratos infectados experimentalmente com Sporothrix
schenckii, durante a fase aguda da infeccdo. Em comum, os estudos, sugerem o
envolvimento da E-ADA na patogénese da infeccdo, por ser responsavel pela
metabolizacdo da adenosina. A preservacdo da adenosina no meio extracelular, por
sua vez, estaria contribuindo para a persisténcia das infecgoes.

O grupo dos animais com pitiose, ap0s tratamento imunoterapico, apresentou
uma atividade da E-ADA maior em relacdo ao grupo controle. Logo, a imunoterapia
parece induzir o organismo a aumentar a atividade desta ecto-enzima, e
consequentemente a desaminagédo irreversivel da adenosina. Por sua vez, baixas
concentracdes de adenosina no meio extracelular, desviariam a resposta imune para
Tyl com efeitos pré-inflamatérios capazes de diminuir as lesdes geradas pela
infeccéo.

Com intuito de confirmar a participacédo do sistema purinérgico na modulacéo
da resposta imune e inflamatéria durante a infeccdo, além das atividades
enzimaticas, foram determinadas as concentracdes séricas de nucleotideos e
nucleosideo de adenina apdés o desenvolvimento das lesdes caracteristicas da
pitiose nos animais. Uma baixa concentracédo de ATP e uma alta concentracéo de
adenosina no soro deste grupo foram observadas, sugerindo o envolvimento das
ecto-enzimas responsaveis pela metabolizagdo destes substratos, como
demonstrado pelas alteragcbes nas atividades da E-NTPDase e da E-ADA nos
linfécitos dos animais infectados.

A imunoterapia com antigenos do P. insidiosum tem sido desenvolvida e
usada com resultados benéficos na pitiose equina, canina e humana (MENDOZA,;
ALFARO, 1986; MENDOZA et al., 2003; MILLER, 1981; THITITHANYANONT et al.,
1998; TROST et al., 2009; WANACHIWANAWIN et al., 2004). No entanto, os
mecanismos envolvidos na resposta a imunoterapia ndo estdo completamente
elucidados. Segundo Mendoza e colaboradores (2003), acredita-se que a
imunomodulacdo da resposta do tipo Ty2, durante a pitiose clinica, para uma
resposta Tyl apOs a imunoterapia, esteja envolvida nas propriedades curativas
desencadeadas pelo imunoterapico. O seu mecanismo de agao estaria baseado na
alteracdo de uma resposta composta por linfécitos Ty2 com a mobilizagdo de
eosinofilos e mastocitos, que protegeriam as hifas do ataque do sistema celular,
durante a pitiose clinica, para uma resposta composta por linfécitos Tyl,

mobilizadores de células mononucleares, além de citocinas pré-inflamatorias, apos a
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imunoterapia. Dando suporte a esta hipotese, WANACHIWANAWIN e
colaboradores (2004) documentaram uma mudanca nos niveis séricos de IL-4 e IL-5
para IL-2, além da diminuicdo dos niveis de IgE em um dos pacientes com pitiose
vascular ativa, sugerindo o deslocamento de uma resposta do tipo Ty2 para Tyl. A
mudanca do perfil de resposta imunoldgica que ocorre na pitiose ndo é um fato
isolado. Estudos envolvendo a expressdo transgénica de diferentes proteinas da
Leishmania major podem induzir um comportamento similar ao dos antigenos do P.
insidiosum, ou seja, um desvio de uma resposta imune n&o protetora (mediada por
Th2) para uma imunidade Tyl protetora (JULIA et al., 1996). JA& o papel da
imunidade humoral na eliminacdo das hifas do P. insidiosum dos tecidos infectados
€ pequeno, uma vez que os titulos de anticorpos anti-P. insidiosum permanecem
inalterados apods a imunoterapia (MILLER, 1981; THITITHANYANONT et al., 1998).

Neste estudo, nem todos o0s animais inoculados com zoOsporos
desenvolveram a pitiose experimental. Nos animais inoculados, que néao
desenvolveram a doenca, as atividades enzimaticas apresentaram-se semelhantes
aos dos animais do grupo controle, sugerindo que as alteracfes encontradas estéo
relacionadas ao desenvolvimento da doenca.

Os oomicetos, agentes de uma variedade de doengas destrutivas em plantas,
desenvolveram uma diversidade de estilos de vida infecciosa, podendo se adaptar a
diferentes hospedeiros. As espécies do género Pythium atacam tecidos de plantas
com imunidade comprometida, como mudas, frutas e plantas estressadas, sendo
que P. insidiosum desenvolveu mecanismos de patogenicidade e se adaptou para
causar doenca em animais. Estes mecanismos dependem extensivamente de uma
grande, rapidamente diversificada familia de proteinas, incluindo toxinas, enzimas
hidroliticas e inibidores e proteinas efetoras (JIANG; TYLER, 2012).

Em um estudo clinico e epidemioldgico, em quatro propriedades rurais, no
Pantanal Matogrossense, verificou-se que a incidéncia média anual de pitiose em
bovinos e equinos foi de 0,22% e 12,5%, respectivamente (SANTOS et al., 2011a),
mostrando que apenas alguns animais sdo contaminados. Além disso, até o
momento, ndo foi possivel reproduzir a enfermidade por meio de infeccéo
experimental nas espécies que desenvolvem a doenca natural, sendo o coelho o
anico modelo experimental para pitiose (MILLER; CAMPBELL, 1983a). Estes

achados corroboram com o fato de que nem todos os animais inoculados
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desenvolvem a doenca, sugerindo que talvez a pitiose se instale nos animais com
algum comprometimento imunolégico, como no caso das plantas.

Muito do que se sabe sobre os mecanismos e evolucdo da viruléncia foi
construido a partir do sequenciamento do genoma dos oomicetos nos ultimos 10
anos. A compreensao dos mecanismos moleculares e genéticos da viruléncia pode
desvendar a notoria capacidade deste patégeno de se adaptar e causar doenga em
animais, além de permitir o desenvolvimento de novas estratégias para o tratamento
da doenca (JIANG; TYLER, 2012).

Em resumo, pode-se observar que a atividade aumentada da E-NTPDase e a
atividade diminuida da E-ADA durante a pitiose levam a regulagdo da concentracao
do ATP e da adenosina no meio extracelular. Em conjunto, baixos niveis
extracelulares de ATP poderiam ativar receptores P2Y, enquanto, altos niveis de
adenosina poderiam ativar receptores A;a e/ou Ayg € consequentemente
desencadeariam uma resposta do tipo Th2, responsavel pelos danos teciduais
gerados na infeccdo. Ja com a imunoterapia, pode-se observar uma inversao no
comportamento das atividades enzimaticas, estimulando uma resposta do tipo Tyl
no hospedeiro. Os resultados reforcam a hipétese de Mendoza e Newton (2005) de
gue a mudanga de uma resposta imune do tipo Ty2 para um padrao de resposta Tyl
pode explicar as propriedades curativas da imunoterapia. Dessa forma, sugere-se a
participacdo do sistema purinérgico na inducéo do tipo de resposta imune durante a

pitiose e apds a imunoterapia.
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5 CONCLUSOES

Na pitiose observou-se um aumento na atividade da E-NTPDase em
relacdo a hidrélise de ATP, além de uma atividade reduzida da E-ADA.
Estas alteracdes enzimaticas favorecem uma resposta anti-inflamatoéria do
tipo Tx2.

A imunoterapia induziu uma diminuicdo da atividade da E-NTPDase e
aumento da atividade da E-ADA nos linfocitos dos coelhos com pitiose
experimental. Esta inversdo nas atividades das ecto-enzimas estaria
contribuindo na alteracdo do tipo de resposta imune de Ty2 para Tyl,

proporcionando a regressao da estrutura granulomatosa desenvolvida.

A concentragdo baixa de ATP e o0s niveis elevados de adenosina
observados no soro dos animais com pitiose experimental contribuem
para um ambiente imunoldgico que favorece o crescimento das hifas do P.

insidiosum.

A confirmacéo da participacéo das ecto-enzimas na regulagéo da resposta
imune e inflamatoria durante a evolucdo clinica da pitiose e apos a
imunoterapia reforca a hipotese de que a pitiose esta relacionada a uma
resposta do tipo Ty2 e que a imunoterapia é eficaz ao estimular uma

resposta Tpl.
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7 ANEXOS

Anexo A- Carta de Aprovacéo pelo Comité de Etica

UNIVERSIDADE FEDERAL DE SANTA MARIA
PRO-REITORIA DE POS-GRADUACAO E PESQUISA
COMITE DE ETICA E BEM ESTAR ANIMAL

Emissao de Parecer

24/2009
N° Processo: 23081.004001/2009-12
Titulo: “Caracterizagao da NTPDase de linfocitos de modelo
teLTe experimental de pitiose”
Pesquisador : :
Responsavel: Prof2. Daniela Bitencourt Rosa Leal
Instituicao: UFSM
Area: Departamento de Microbiologia parasitologia
Data de Entrada: 17.04.2009
Data do Parecer: 18.05.2009

Termo de compromisso com o bhem estar animal:

() Termo de compromisso assinado pelo Coordenador e outros executores do
projeto

(><) Termo de compromisso assinado pelo Coordenador se responsabilizando pelos
demais executores do projeto

() Termo de compromisso assinado unicamente pelo Coordenador

() Termo de compromisso ausente no processo

Adequacao e relevancia do projeto:

() Problema cientifico relevante
(X) Hipdtese adequada

(X) Objetivos relevantes

(X) Metodologia adequada

Carater do projeto/ Linha de pesquisa quanto aos resultados esperados e
beneficios potenciais, para a area em estudo e/ ou setores de aplicagao da
sociedade brasileira:

() Inovador / novo conceito

(X) Incremental (novas informagdes)
(X) Confirmatério

() Pouco relevante

Necessidade da utilizagao de animais na experimentagao:
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N O projeto necessita de animais para responder a pergunta cientifica
() O projeto n&o necessita de animais e pode ser realizado com metodologia in
vitro ou similar

Analise do numero de animais a ser utilizado no projeto: J@ JK\W&M\

'PX) Adequado
() Inadequado

Base cientifica para classificar como inadequado e sugestao do nimero de animais
que devera ser utilizado:

Curriculo do pesquisador em relagao a area de abrangéncia do projeto:

(X) Adequado
() Inadequado

Avaliagao global do projeto:

I ) Aprovado B ‘ 3 - &(«u\m&
%Aprovado com ressalva »JQ& 0 Mma i ad (}\DJ\

AJ\(\\)\L ADMD

( (Reprovado (a proposta n&o esté de acordo com a ética e bem estar  animal)

Detalhe os pontos relevantes que o(a) levaram a avaliar negativamente o
projeto:

Santa Maria, 18 de Maio de 2009.

Declaramos que o projeto “Caracterizacao da NTPDase de linfcitos de modelo
experlmental de pitiose” registrado no Comité de Etica e Bem Estar Animal sob
ndmero, 23081.004001/2009-12, coordenado pelo pesquisador Profe.Daniela
Bitencourt Rosa Leal, cumpriu todas as exigéncias em relagdo ao Bem Estar Animal.

Profé. Marta Lizandra do Rego Leal
Presidente do Comité de Etica e Bem Estar Animal

OBSERVAGAO: ENTREGAR RELATORIO AO FINAL DA EXECUGAO AO
TERMINO DO PROJETO.



Anexo B- Fotos dos experimentos

Coelhos inoculados com zoosporos de P. insidiosum.

Les&o apos 60 dias da inoculacéo.
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Separacao das células mononucleares de sangue periférico de coelhos inoculados
com P. insidiosum através de gradiente de densidade.

Células mononucleares periféricas com predominio de linfécitos de coelhos com
pitiose experimental.
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