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RESUMO

A Leishmaniose Visceral (LV) no homem € uma doenca cronica e frequentemente fatal
se ndo tratada. Segundo a Organizacdo Mundial da Saude, a doenca estd em
expansao e apresenta alta taxa de mortalidade. A regido de Aracatuba/SP concentra
grande namero de casos de LV no estado. A Leishmaniose Canina (LCan) constitui
um grave problema de Saude Publica, pois os animais infectados sdo potentes
transmissores do parasito para humanos pelo vetor flebotomineo. Também, a doenca
canina é mais prevalente que a doenca humana e normalmente 0s casos caninos
precedem os casos humanos. O céo é, portanto, um alvo importante nas medidas de
controle da doenca. A progressao da infeccdo canina € acompanhada por falha na
imunidade celular com reducao de linfcitos circulantes e citocinas que suprimem a
funcdo dos macrofagos. A funcdo da célula T na inducdo da resposta celular é
determinante para a eliminacdo do parasito no interior dos macrofagos. Embora a
supressao imunoldgica ja esteja caracterizada, os fatores determinantes sdo pouco
conhecidos. Na ultima década, estudos mostraram que a regulacéo da funcao efetora
dos macrofagos e células T parece depender de miRNAs. Existem muitas evidéncias
da funcdo dos miRNAs na regulacdo da expresséao de proteinas que sao fundamentais
para o desenvolvimento, funcao e diferenciacdo de varios tipos celulares do sistema
imunoldgico. O miRNA-21 tem sua expressao aumentada em leucdcitos esplénicos
de cdes com LCan e possui como alvo o mRNA de diversas proteinas relacionadas a
resposta imune. Nosso objetivo foi avaliar a expressdo das proteinas FAS, FASL,
CD69, CCR7 e IL-10 em leucdcitos esplénicos apos a tranfeccdo utilizando
ferramentas moleculares para aumentar ou diminuir miR-21. Nossos resultados iréo
melhorar a compreensdo da patogénese da LCan no hospedeiro, e como tal, revelar
novos caminhos que possam constituir alvos terapéuticos.

Palavras-chave: Leishmaniose Canina. miRNA-21. Resposta imune. CD69. IL-10.
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ABSTRACT

Visceral Leishmaniasis (VL) in humans is a chronic and often fatal disease if left
untreated. According to World Health Organization, the disease is expanding with a
high mortality rate. The Aracatuba/SP region concentrating a large number of cases in
the state. Canine Leishmaniasis (CanL) is a serious public health problem because
infected animals are powerful transmitters of the parasite to humans by phlebotomine
vector, canine disease is more prevalent than human disease and usually canine
cases precede human cases. Dogs are therefore an important target in the control
measures of the disease. The progression of canine infection is accompanied by failure
of cellular immunity with reduction of circulating lymphocytes and cytokines that
suppress the function of macrophages. The function of T cell in the induction of cellular
response is determinant for the elimination of the parasite inside the macrophages.
Although immune suppression is already characterized, the determining factors are
poorly understood. In the last decade, studies have shown that the regulation of the
effector function of macrophages and T cells seems to depend on miRNAs. There are
many evidences of the role of miRNAs in regulating the expression of proteins that are
critical for the development, function, and differentiation of various cellular types of the
immune system. miRNA-21 has increased expression in splenic leukocytes of dogs
with CanL and targets mRNA of several proteins related to the immune response. Our
objective was to evaluate the expression of FAS, FASL, CD69, CCR7 and IL-10
proteins in splenic leukocytes after transfection using molecular tools to increase or
decrease miR-21. Our results will improve understanding of the pathogenesis of CanL

in the host, and as such, reveal new pathways that may be therapeutic targets.

Keywords: Canine Leishmaniasis. miRNA-21. Immune response. CD69. IL-10.
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1 INTRODUCAO GERAL

1.1 Aspectos clinicos e epidemioldgicos da Leishmaniose Visceral

Leishmanioses s&o doencas causadas por protozoarios do género
Leishmania (L.), da ordem Kinetoplastida e familia Trypanosomatidae [1]. O género
Leishmania compreende um grupo importante de parasitos que sao 0s agentes
causadores das leishmanioses, as quais apresentam manifestacdes clinicas de
diferentes graus de severidade, desde assintomética, lesdes cutaneas/mucocutaneas,
até a forma mais grave que é a forma visceral [2].

A leishmaniose é uma das doencas mais negligenciadas do mundo e esta
entre as seis doencas tropicais mais importantes segundo a Organiza¢cao Mundial da
Saude [1]. Leishmaniose Visceral (LV) é causada pela espécie L. donovani na Asia e
Africa, e pela espécie L. infantum no Mediterraneo e nas Américas [3], e é a forma
clinica mais severa das leishmanioses devido a frequentes complica¢cfes, podendo
levar a morte se néo tratada [4].

Essa doenca esta presente em quase 100 paises do mundo e afeta mais
de 1,3 milhdo de pessoas anualmente (0,3 milhdo na forma visceral e 1 milhdo na
forma cutanea) [3] e causa aproximadamente entre 20.000 e 40.000 mortes por ano
[1].

Nas Américas a LV esta presente em 12 paises, sendo que 96% dos casos
sdo no Brasil [4]. A expansdo da LV na América Latina tem sido associada com:
destruicdo de ecossistemas e modificacdo de ambientes naturais devido ao
desmatamento, estabelecimento de assentamentos rurais, industrializacdo e
construcdo de estradas, rodovias, gasoduto Bolivia-Brasil, campos de mineracao,
barragens e usinas hidrelétricas; urbanizagéo, associada a migracdo em massa de
pessoas das areas rurais para as cidades; a migracdo concomitante de caes
domeésticos infectados; movimento de cdes com leishmaniose visceral canina para
impedir que sejam sacrificados; pobreza e falta de saneamento; e medidas de controle
de vetores e doencas ineficazes ou parcialmente eficazes [5-11].

No Brasil, de acordo com o Ministério da Saude, dos 27 estados, 22 ja
notificaram casos autoctones de LV em humanos, principalmente nas regides norte,

sudeste e nordeste [12]. No estado de Sao Paulo, a doenca foi notificada pela primeira
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vez no municipio de Aracatuba no ano de 1999, quando foi confirmado o primeiro caso
canino autéctone no municipio [13].

Originalmente, a doenga era limitada a ambientes rurais, entretanto, com o
tempo, houve uma transicdo epidemioldgica, com incidéncia crescente nas areas
urbanas, associada a colonizacéo do flebotomineo e a disseminacéo e adaptacéo dos
hospedeiros a esses ambientes doméstico e antropico [6,7,9,10].

A transmisséo entre hospedeiros vertebrados no Novo Mundo é feita pela
picada do flebotomineo hematéfago Lutzomyia longipalpis e no Velho Mundo pelo
género Phlebotomus [14], porém, além dessas, outras espécies ja foram identificadas
como vetores da doencga, como o Lutzomyia cruzi e Lutzomyia forattinii [15]. Mesmo
com a dispersao dos flebotomineos para quase todas as regifes do Brasil, a auséncia
do vetor em areas onde existem casos de LV sugere a existéncia de outros modos de
transmissao [16]. Pulgas [17] e carrapatos [17,18] também ja foram demonstrados
como possiveis transmissores de L. infantum. Ja foi descrita também a ocorréncia de
transmissao venérea [19], vertical [20-22] e por transfusdo sanguinea [23].

Ao realizar o repasto sanguineo em um vertebrado infectado, o
flebotomineo ingere amastigotas de Leishmania spp que se diferenciam em
promastigotas e colonizam a faringe e o eséfago do vetor, onde se diferenciardo na
forma promastigota infectante. O vetor infectado, ao picar um novo hospedeiro
vertebrado, inocula as promastigotas no sangue, que sdo fagocitadas por células do
sistema mononuclear fagocitico. J& no interior dos macréfagos, as promastigotas se
diferenciam em amastigotas que se multiplicam por divisdo binaria de uma maneira
tdo intensa que os macréfagos se rompem liberando as amastigotas que seréo
novamente fagocitadas por novos macrofagos [24].

Embora haja um ndmero crescente de mamiferos hospedeiros, incluindo o
homem, que tem servido como reservatorio para a infecgdo do flebotomineo vetor, os
cées permanecem uma fonte indireta essencial em muitas situagbes em que o ciclo
de transmisséo de L. infantum ocorre [25], sendo eles de extrema importancia na
manutenc¢dao do ciclo epidemioldgico da doenca, devido ao parasitismo intenso na pele
[26]. Sendo assim, 0s cdes sdo o principal reservatério do parasito em ambiente
doméstico [27,28].

O aumento no numero de casos no homem pode ser relacionado ao
aumento do numero de casos da doenca em caes [29,30]. A prevaléncia de LCan em

areas endémicas pode atingir 20 a 40% da populacdo [29], porém estudos
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epidemioldgicos que utilizam técnicas moleculares em areas endémicas mostram que
a prevaléncia de infeccdo canina pode ser consideravelmente maior que a
soroprevaléncia [28].

Alguns cées infectados por L. infantum podem ser assintomaticos [31],
porém o parasita pode causar lesdes e sintomas que sao caracteristicos da LCan, que
sao dermatite difusa cutanea, linfadenopatia, onicogrifose, perda de peso, caquexia,
febre e doenca renal [32]. Além da sintomatologia classica, o parasito pode
eventualmente causar danos ao sistema reprodutor masculino [33], podendo inclusive
ser detectado no sémen [34]. Alteracdes laboratoriais também sdo encontradas nos
cdes com LCan, dentre elas anemia ndo regenerativa, hipoalbuminemia,
hiperglobulinemia, trombocitopenia, proteinuria, azotemia renal, aumento de enzimas
hepéticas [32].

O estadiamento clinico da LCan é realizado com base no resultado
sorologico, sinais clinicos e alteragdes laboratoriais, onde séo classificados em
estagio de | a IV da doenca, facilitando assim, que o clinico determine a melhor
conduta para o tratamento e determinacéo do prognéstico do animal. O céo no estagio
| (doenca discreta) apresenta titulagdo de anticorpos anti-leishmania negativa, sinais
clinicos menos evidentes, como linfadenopatia periférica ou dermatite papular,
normalmente sem anormalidade nos exames laboratoriais. No estagio Il (doenca
moderada), o cdo pode apresentar: titulagdo de anticorpos anti-leishmania variando
de baixa a alta, sinais clinicos do estagio | e também lesGes cutaneas, Ulceras nasais,
anorexia, perda de peso e febre, com anormalidades nos exames clinico-patologicos
como hipergamaglobulinemia, hipoalbuminemia porém ainda apresenta funcdes
renais dentro dos parametros de normalidade. No estagio Ill (doenca grave), a
titulacdo de anticorpos anti-leishmania pode variar de média a alta, e além dos sinais
clinicos listados nos estagios | e |l apresenta sinais oriundos de lesdes do complexo
imune como vasculite, artrite e uveite, com anormalidades clinico patoldgicas listadas
no estagio Il e ainda doenca renal crénica. O estagio IV é classificado como doenca
muito grave, e 0s cées apresentam niveis elevados de anticorpos, com sinais clinicos
listados no estagio Il além de tromboembolismo pulmonar e doenca renal terminal,
com anormalidades clinico-patologicas demonstradas por uma doenga renal crénica
e sindrome nefrotica [32].

O diagnaostico clinico da LCan é complexo, e ndo pode ser baseado apenas

em anormalidades clinico-patoldgicas e exames como hemograma, perfil bioquimico
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e urinalise. O diagndstico pode ser feito por diferentes métodos, porém é importante
diferenciar a infeccdo por Leishmania spp. da doenca, para aplicar o método
diagnéstico mais indicado para cada estagio da doenca [32].

Os principais métodos diagndsticos utilizados sao técnicas parasitologicas,
como citologia, histologia, imunohistoquimica e cultura; técnicas soroldgicas
guantitativas como ELISA e imunofluorescéncia; técnicas sorologicas qualitativas
como testes rapidos e técnicas moleculares como PCR convencional, PCR em tempo
real e “nested” PCR [32].

Na LCan, os animais tem aumento de imunoglobulinas de todas as classes
[35]. O principal anticorpo que aumenta nos cées infectados € o IgG [36], portanto
métodos sorolégicos sdo 0s principais empregados na rotina clinica. O método
sorolégico de ELISA indireto tem sido empregado por ser um teste sensivel, com
facilidades técnicas e econémicas [37]. O diagndstico parasitoldgico apesar de ter alta
especificidade, pode apresentar baixa sensibilidade quando o parasitismo do tecido é
baixo [38].

A técnica molecular PCR em tempo real ainda é a mais sensivel,
detectando a positividade em animais negativos nos testes ELISA e teste rapido em
amostras de sangue e aspirado de linfonodo de cées de area endémica para LCan no
Brasil [39].

1.2 Resposta imune na LCan

Os cdes com LCan apresentam uma resposta imunolégica complexa, e
esta resposta € determinante para a resisténcia ou susceptibilidade a doenca [40,41].
A imunidade inata é a primeira linha de defesa contra L infantum. A pele atua como
uma barreira de protecdo por meio da ativacao do sistema complemento [41]. Porém,
a saliva do flebotomineo pode inibir a acdo do complemento e consequentemente
induzir a falha da resposta imune ja no momento da inoculacdo [42]. Moléculas dos
parasitos sobreviventes & acdo do complemento sédo detectadas por receptores da
imunidade inata presentes em células dendriticas, células natural killer e macrofagos
[43]. Entre esses receptores imunes inatos estao os receptores Toll-like (TLRs), que
utilizam proteinas adaptadoras como o MyD88 para desencadear a produgédo de

citocinas pro-inflamatorias, tais como TNF-a, IFN-y e IL-12, bem como moléculas
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coestimuladoras que ativam momentaneamente mecanismos leishmanicidas dos
macrofagos infectados e induzem a resposta imune adaptativa [44,45].

Inflamassomas, também participam da resposta imune inata, sdo
complexos multiméricos de proteinas que sdo montados no citoplasma de células
imunes inatas em resposta a moléculas microbianas ou sinais de estresse. Os
inflamassomas facilitam a inducdo de respostas inflamatorias induzindo a secrecao
de citocinas inflamatorias, tais como IL-1( e IL-18, e orientam a célula hospedeira para
formar um tipo especifico de morte celular programada, chamada piroptose. Esses
processos favorecem a iniciacdo de processos inflamatorios nos tecidos infectados,
gue podem levar a morte de patdégenos, inducdo de imunidade adaptativa e retorno a
homeostase do tecido [43]. No rim, os produtos do inflamassoma IL-1p e IL-18 sdo
mediadores importantes da doenca renal [46]. Os caes infectados com Leishmania
infantum sdo um modelo natural de glomerulonefrite associada a LV. O complexo
inflamassoma € regulado positivamente e ativado nos rins de cées infectados com L.
infantum. Assim, os complexos inflamassoma possuem papéis potenciais no dano
glomerular durante a LV e autofagia nas respostas celulares subsequentes [47].

Outros mecanismos atuantes na defesa inata sdo promovidos pelos
neutroéfilos. Os neutrofilos tém a capacidade de descondensar a cromatina e expulsar
o DNA no ambiente extracelular circundante, resultando na captura e inativacéo de
patégenos [48]. Este fenbmeno € conhecido como armadilhas extracelulares de
neutréfilos (NETS) e estudos mostraram que esses NETs ndo sédo apenas importantes
para a destruicdo de bactérias e virus, mas também em infec¢des por protozoarios,
incluindo Leishmania [49].

Em cées infectados por L. infantum ocorre estresse oxidativo de neutrofilos,
e a viabilidade dos neutréfilos diminuiu nos estagios finais da doenca, o que pode ser
resultado da uremia [50]. Na doenca moderada os cées apresentaram aumento da
producdo de superdxido, mas em estagios muito graves houve uma diminuicdo na
producéo de superéxido e aumento de apoptose, que também foi associada a uremia
[51].

Apesar de mecanismos inatos desempenharem um papel importante nas
defesas anti-Leishmania [52], a montagem eficiente de uma resposta imune
adaptativa é indispensavel para o controle da infeccdo. A resposta imune adaptativa
envolvida no reconhecimento e controle das infecdes por patdgenos intracelulares,

incluindo a infeccdo causada por L. infantum, é a resposta imune celular ou Thl [53].
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Durante essa resposta, células apresentadoras de antigeno, incluindo
células dendriticas, capturam o parasito ou fragmentos dele na pele e migram para a
regido T do linfonodo de drenagem [54,55]. As células dendriticas que amadurecem
em condi¢cdes de estimulagdo intensa desenvolvem a capacidade de expressar
moléculas co-estimulatorias e produzir IL-12 [56]. No linfonodo, apds processamento
de antigenos do protozoario, células dendriticas que expressam peptideos da
Leishmania acoplados a moléculas do MHC (classe | e classe II), moléculas co-
estimulatérias membros da familia B7 como (por exemplo, CD80 e CD86) [57],
produzem IL-12 [58] e sdo capazes de estimular a proliferacdo e a diferenciacao de
linfécitos T naive em linfécitos T efetores (T CD4+ e T CD8+). Com a diferenciacéo,
as células T CD4+ Thl produzem INF-y e TNF-a nos tecidos afetados pela infecgao e
essas citocinas ativam mecanismos leishmanicidas, incluindo a producdo de 6xido
nitrico e espécies reativas de oxigénio (H202 e ion superoxido) nos macrofagos
infectados pelo protozoario [58—60] e, dessa maneira, eliminam o parasito.

A resposta imune protetora contra Leishmania em cées esta relacionada
ao aumento da resposta Thl com a producéo de IFN-y e IL-2, que sao citocinas que
promovem ativacdo de macrofagos e de linfocitos T citotoxicos [36]. A eliminacédo do
parasito em macréfagos depende da producéo de éxido nitrico mediada pela enzima
oxido nitrico sintase induzivel (INOS), sendo esta induzida por IL-12 e TNF-a [61].

A susceptibilidade a infeccdo tem sido atribuida a predominéncia de IL-4,
reduzindo os efeitos das citocinas Thl, tais como IL-12 e IFN-y, que diminuem a
producdo de Oxido nitrico nos macrofagos, impedindo a destruicdo do parasito [62].
No bago de animais com LCan, foi verificada uma resposta imune mista, envolvendo
IFN-y e com prevaléncia de IL-10 [63]. HA uma correlacdo positiva entre a progressao
da LCan e os niveis de IL-10 no baco [64], e também no sangue de cédes com LCan,

onde o aumento da IL-10 tem sido associado a detec¢ao de DNA parasitario [65].

1.3 MicroRNAs e a Resposta Imune

MicroRNAs (miRNAs) sdo pequenos RNAs nao codificantes de
aproximadamente 22 nucleotideos de comprimento que séo transcritos no interior
celular e funcionam como reguladores pds-transcricionais de expressdo génica

regulando a traducdo de proteinas fundamentais para a resposta imunoldgica.
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Durante os ultimos anos essas moléculas foram evidenciadas por apresentarem um
papel critico no desenvolvimento e funcéo da resposta imunoldgica [66]. Os mIRNAs
tem a capacidade de atingir simultaneamente centenas de RNAs mensageiros
(mRNA) transcritos, e promover a diferenciacdo em macréfagos com um fenétipo
inflamatorio ou ndo [67,68]. Uma alteracdo da expressdo de miRNA também esta
envolvida na resposta a infec¢do por Leishmania spp. e pode promover a inducdo da
imunidade [69,70].

Os miRNAs estéo envolvidos na resposta adaptativa regulando a ativagéo,
proliferacéo e apoptose de linfécitos T e B. Na LV a expresséo diferencial de miRNAs
ja foi observada em diferentes modelos regulando a imunidade. A inducdo do miR-
346 em células de linhagem humanas infectadas com L. infantum e L. Viannia, na
analise in silico mostrou que o miRNA 346 pode desempenhar um papel na regulacéo
das funcdes dos macrofagos, ja que genes associados ao interferon ou MHC estao
entre os alvos deste miRNA [71].

Ainfeccao in vitro de macrofagos de camundongo com L. donovani mostrou
expresséo alterada de 85 miRNAs, e dentre eles, 10 tém relacdo com a regulacao da
funcao efetora dos macrofagos [70]. Em macrofagos humanos, a infeccéo in vitro por
L. major altera o perfil de expressédo de miRNASs ja nas primeiras 24 horas pos infec¢ao
[72].

Em estudo in vitro em macré6fagos humanos infectados por L. donovani a
expressado de miR30A-3p foi significativamente aumentada e a transfeccao transitoria
com um inibidor de miR30A-3p seguido de infeccdo por L. donovani promoveu a
autofagia e diminuiu a carga de parasitas dos macréfagos, demonstrando o papel do
miR30A-3p na regulacdo da eliminacdo de L. donovani mediada por autofagia tendo
como alvo o gene BECN1 [73].

Em células mononucleares de sangue periférico de cdes infectadas in vitro
com Leishmania infantum, o microarranjo mostrou a alteracdo na expressdo de 14
MiRNAs, sendo um aumento do miR-206, miR-302d, miR-433, miR-214, miR-493,
miR-514, miR-1835, miR-210, miR-539, miR-432, miR-188, miR-345 e diminui¢do na
expressdo do miR-489 e miR-503. Andlise in silico demonstrou que 0os miRNAs com
expressao aumentada tem como alvo 1541 genes, que podem modular importantes
vias da resposta imune, como a MAPK, uma das vias mais importantes para a

sobrevivéncia da Leishmania no interior das células do hospedeiro [74].
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O microarranjo em células mononucleares de sangue periférico de caes
naturalmente infectados por L. infantum e saudaveis mostrou que a expressao dos
mMiRNAs miR-21, miR-192, miR-194, miR-424, miR-371, miR-451 e miR-503
aumentou e dos miRNAs miR-150 e miR-574 diminuiu. A carga parasitaria dos animais
apresentou correlacao positiva forte com a expressao de miR-194, correlacéo positiva
regular com a expressdo de miR-371 e correlacdo negativa regular com a expressao
de miR-150 [75]. Em leucdcitos esplénicos, o microarranjo mostrou aumento da
expressdo dos miR-21, miR-148a, miR-7, miR-615 e diminuicdo dos miR-125a, miR-
125b e miR-150. A carga parasitaria do baco desses animais apresentou correlacéao
negativa com a expressao de miR-21 [76].

Andlise in silico das vias e alvos dos miRNAs diferencialmente expressos e
validados realizada utilizando o programa Ingenuity Pathway Analysis (QIAGEN®)
mostrou vias candnicas importantes da imunidade que s&o reguladas por esses
mMiRNAS, sdo elas a via de sinalizacdo de p53, crosstalk entre células dendriticas e
células NK, STAT3, papel antiproliferativo do TOB na sinalizacdo de células T,
sinalizacdo de PTEN e sinalizacdo de receptor de morte. Essas vias candnicas
apresentaram diversos alvos para esses miRNAs, muitos deles estdo diretamente
relacionados a resposta imune na LCan, dentre eles TNF-q, IL-12, FAS, FASL, CCR7
e CD69 [75].

A citocina TNF-a esta relacionada a resisténcia na LCan [77] e tem sua
expressao diminuida por miR-21 [78,79]. Em caes com LCan assintomaticos ha uma
alta expressédo de TNF-a em linfonodos com baixo parasitismo, e essa expressao é
menor em cées sintomaticos, com maior carga parasitaria, sugerindo que essa
citocina possui uma funcédo de protecdo na infec¢do por L. infantum [80], porém a
associacao dessa citocina com miR-21 na LCan ainda nao foi estudada.

FAS e FASL, moléculas importantes na apoptose de leucocitos na
leishmaniose visceral canina [81], sdo suprimidos por miR-21 [82,83]. Os niveis de
expressdo de FAS e FASL estdo diminuidos em células CD4+ do baco e do sangue
periférico de caes infectados [81], e também os niveis soluveis de sFAS de leucdécitos
do baco sdo menores em caes com LCan em compara¢do com os controles [84].

CCRY7, receptor de quimiocina importante para migracdo celular, €
expresso em células dendriticas e tem sua expressdo modulada por miR-21 [85]. As
células dendriticas de camundongos infectados por L. donovani apresentaram

comprometimento da migracao da zona marginal para a regido periarteriolar do baco,
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em parte atribuida pela inibicdo da expressdo CCR7 [86]. A interacdo entre células T
e células dendriticas é essencial para gerar resposta imune adaptativa, células
dendriticas maduras de camundongos com deficiéncia de CCR7 n&o migram para 0s
ganglios linfaticos drenantes apos a ativagdo impossibilitando uma resposta rapida
das células primarias B ou T [87].

miR-21 altera a expressdo de CD69 [88], marcador de ativacdo de
linfécitos, incluindo células NK [89,90]. As células NK desempenham um papel
fundamental na indugéo e polarizagdo para Thl ou Th2. As promastigotas de
Leishmania podem induzir diretamente as células NK do sangue periférico humano de
doadores saudaveis a secrecdo de IFN-y na presenca de IL-12 e células
apresentadoras de antigenos profissionais [91], e isso pode ser relevante para o
estabelecimento da resposta imune Thl, que € a resposta celular de protecdo na
LCan.

Na LCan, a supressdo da resposta celular é determinante para a
progressdo da doenca, portanto o conhecimento de fatores associados a regulagéo
imunoldgica é essencial para a mudanca do padrdo de resposta. Sendo assim o
objetivo dessa pesquisa foi analisar os alvos de miR-21 nos leucdcitos esplénicos de
caes naturalmente infectados por L. infantum, para desse modo, melhorar a nossa
compreensao sobre a patogénese da LCan no hospedeiro, e como tal, revelar novos

caminhos que possam constituir alvos terapéuticos.
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2.1 Resumo

A Leishmaniose Visceral em humanos é uma doenca cronica e fatal se néo tratada. A
Leishmaniose Canina (LCan) é um grave problema de salude publica porque os
animais infectados sao poderosos transmissores do parasita para humanos por meio
de vetores flebotomineos. Portanto, os cdes sdo um alvo importante para medidas de
controle. A progressdo da infeccdo canina € acompanhada por falha da imunidade
celular com reducao dos linfocitos circulantes e aumento das citocinas que suprimem
a funcdo dos macrofagos. Estudos mostraram que a regulacdo da funcao efetora de
macrofagos e células T parece depender de miRNAs; miRNA-21 (miR-21) apresenta
expressdo aumentada em leucdcitos esplénicos de caes com LCan e tem como alvos
genes relacionados a resposta imune. Mimics e inibidores de miR-21 foram usados in
vitro para transfectar leucocitos esplénicos de cdes com LCan. Apds a transfeccéo, os
niveis de expressdo das proteinas FAS, FASL, CD69, CCR7, TNF-q, IL-17, IFN-y e
IL-10 foram mensurados. Os niveis de expressdo de FAS, FASL, CD69 e CCR7
diminuiram em leucécitos esplénicos de cdes com LCan. O mimic de miR-21 diminuiu
a expressdo de CD69 em leucdcitos esplénicos de cdes com LCan e saudaveis. O
inibidor de miR-21 diminuiu os niveis de IL-10 em sobrenadantes de cultura de
leucécitos esplénicos no grupo CanL. Essas descobertas sugerem que miR-21 altera
a resposta imune na LCan; portanto, miR-21 pode ser usado como um possivel alvo

terapéutico para LCan.

Palavras-chave: Leishmaniose Canina. miRNA-21. Resposta Imune. CD69. IL-10
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2.2 Abstract

Visceral leishmaniasis in humans is a chronic and fatal disease if left untreated. Canine
leishmaniasis (CanL) is a severe public health problem because infected animals are
powerful transmitters of the parasite to humans via phlebotomine vectors. Therefore,
dogs are an essential target for control measures. Progression of canine infection is
accompanied by failure of cellular immunity with reduction of circulating lymphocytes
and increased cytokines that suppress macrophage function. Studies showed that the
regulation of the effector function of macrophages and T cells appears to depend on
MiRNAs; miRNA-21 (miR-21) shows increased expression in splenic leukocytes of
dogs with CanL and targets genes related to the immune response. Mimics and
inhibitors of miR-21 were used in vitro to transfect splenic leukocytes from dogs with
CanL. After transfection, expression levels of the proteins FAS, FASL, CD69, CCRY7,
TNF-a, IL-17, IFN-y, and IL-10 were measured. FAS, FASL, CD69, and CCR7
expression levels decreased in splenic leukocytes from dogs with CanL. The miR-21
mimic decreased CDG69 expression in splenic leukocytes from CanL and healthy
groups. The miR-21 inhibitor decreased IL-10 levels in culture supernatants from
splenic leukocytes in the CanL group. These findings suggest that miR-21 alters the
immune response in CanL; therefore, miR-21 could be used as a possible therapeutic
target for CanL.

Keywords: Canine Leishmaniasis. miRNA 21. Immune response. CD69. IL-10
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2.3 Introduction

Visceral leishmaniasis (VL), also known as kala-azar, is caused by the
protozoan Leishmania infantum (syn Leishmania chagasi) and is fatal if left untreated
in over 95% of cases. An estimated 50000 to 90000 new cases of VL occur worldwide
annually, and most cases occur in Brazil, East Africa, and India [1]. Dogs are
considered the primary domestic reservoirs of L. infantum [2]. In humans and dogs,
the parasite causes characteristic symptoms of the disease [3, 4]. The most frequent
clinical signs of canine leishmaniasis (CanL) are lymphadenopathy, onychogryphosis,
cutaneous lesions, weight loss, cachexia, fever, and locomotor abnormalities [5].

Dogs with CanL present a complex immune response, which is decisive for
disease resistance or susceptibility [6, 7]. The protective immune response against
Leishmania sp. in dogs is related to the increase in the Thl response with the
production of IFN-y and IL-2, cytokines that promote activation of macrophages and
cytotoxic T lymphocytes [8]. Susceptibility to infection has been associated with the
predominance of IL-4 and IL-10; reducing the effects of Thl cytokines that decrease
the production of nitric oxide in macrophages prevents the destruction of the parasite
[9].

MicroRNAs (miRNAs) are small non-coding RNAs that work as post-
transcriptional regulators of gene expression, regulating the translation of proteins
fundamental to the immune response [10]. In splenic leukocytes [11] and peripheral
blood mononuclear cells from dogs with CanL [12], microarray analysis showed
increased expression of miR-21 in the CanL group. The parasitic load in the spleens
of these animals negatively correlated with the expression of miR-21 [11].

In silico analysis of pathways and targets of differentially expressed miRNAs
in splenic leukocytes from dogs naturally infected by L. infantum, some genes related
to the immune response in CanL were targets of miR-21 [11]. The canonical pathways
included the miR-21 target mMRNAs of FAS, FASL, CCR7, CD69, and TNF-a [11, 12].

IL-10 is associated with susceptibility in CanL, and high levels of this
cytokine are detected in the spleens of dogs with CanL [13]. There was a positive
correlation between splenic levels of this cytokine and the progression of CanL [14]. In

peripheral blood mononuclear cells of dogs with CanL, increased IL-10 levels were

Revista Plos One (ANEXO A).
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associated with the detection of parasitic DNA [15]. IL-10 mRNA was a target of miR-
21 in a murine model of adenovirus [16] and autoimmune encephalomyelitis [17].

IFN-y is a Th1 cytokine associated with resistance in CanL [13]. Significantly
higher IFN-y concentrations were noted in dogs in stage | of the disease [18]. IFN-y-
producing dogs presented lower antibody levels and lower blood parasitemia [18]. IL-
17 is a mediator of inflammatory reactions in CanL, and the infection inhibited IL-17A
MRNA expression in the spleen, especially in symptomatic dogs [19]. IL-17A acts
synergistically with IFN-y to promote protection against L. infantum infection [20]. IL-
17 and IFN-y mRNA were targets of CD69 in murine CD4+ cells [21, 22].

In the present study, we demonstrate that miR-21 overexpression leads to
a decreased CD69 expression in splenic leukocytes of infected and healthy dogs,
whereas decreased miR-21 expression leads to lower expression of IL-10 in culture

supernatants from dogs with CanL.

2.4 Materials and methods

2.4.1 Animal screening and collection of samples

The Committee for Ethics in Animal Experimental Research approved the
study, with the approval of the Committee for Ethics in Animal Use of Sdo Paulo State
University, School of Veterinary Medicine, Aracatuba (process number 00624-2018).

Five healthy dogs were used in the control group. These animals were
selected following clinical examination, complete blood count, and serum biochemical
profile within the normal range for the species and negative results for CanL
(serological [23] and molecular [24]; Table S1).

In the infected group, ten dogs were naturally infected with L. infantum; all
animals were positive for leishmaniasis by serology and molecular testing and were
kept at the Zoonosis Control Center of Aracatuba. These animals carried at least three
characteristic clinical signs of the disease, including onychogryphosis, weight loss, ear-
tip injuries, periocular lesions, alopecia, skin lesions, or lymphadenopathy (Table S1).

Blood samples from the healthy and infected groups were collected in tubes
without EDTA to obtain serum for biochemical profiles (Table S2) and indirect ELISA
(Table S1) to measure anti-leishmanial antibodies [23]. Blood was collected in EDTA-
containing tubes for complete blood count (Table S3). Infected dogs were euthanized

by barbiturate anesthesia (Tiopental, Cristalia Itapira, SP), followed by intravenous
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injection of 19.1% potassium chloride, as recommended for VL control in compliance
with local legislation. After euthanasia, a 2-cm?® fragment of the spleen was collected
for isolation of splenic leukocytes. Splenic fragments in control dogs were removed by

surgical excision [25].

2.4.2 Isolation of splenic leukocytes

Splenic leukocytes were obtained from a 2-cm® fragment that was
macerated and added to 10 ml RPMI-1640 medium (Sigma, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 0.03% L-glutamine, and 100 IU/mL
penicillin and 100 mg/mL streptomycin. After removal of cell debris through a 100-um
cell strainer (BD Falcon Cell strainer, USA), suspensions were processed with 5 mL of
red blood cell lysis buffer containing 7.46 g/L ammonium chloride (NH4CIO3) at 4° C
for 10 minutes, centrifuged at 2000 rpm for 5 minutes, and washed with phosphate-
buffered saline (PBS) at pH 7.2 three times. Cells were counted in a Neubauer

chamber.

2.4.3 Serological diagnhosis by ELISA

Samples were analyzed by ELISA using total antigen from lysed
promastigotes [26]. The antigen was coated overnight with 20 pg/ml protein pH 9.6,
then washed three times in PBS containing 0.05% Tween 20 (washing buffer) and
saturated for 1 hour with 150 pl/well of a mixture of PBS and 10% FBS at room
temperature. Next, the preparation was washed three times with washing buffer.
Blocking buffer/Tween (100 pl of serum sample (1/400) diluted in PBS, pH 7.2,
containing 0.05% Tween 20 and 10% FCS) was added to each well and incubated at
room temperature for 3 h, followed by three washes with washing buffer. Subsequently,
100 pl/well of anti-dog IgG conjugated with horseradish peroxidase (Sigma, St. Louis,
MO, USA) at appropriate dilution in blocking buffer/Tween was added, incubated at
room temperature for 1 hour, and washed. Substrate solution (0.4 mg/ml o-
phenylenediamine (Sigma) and 0.4 pl/ml H202 in phosphate citrate buffer, pH 5.0) was
added at 100 pl/well and developed for 5 min at room temperature. The reaction was
stopped with 50 pl of 3M H2S04. Absorbance was measured at 490 nm using a Tecan
microplate reader (Sunrise model ref. 16039400). Negative and positive controls were

included on each plate. Positive controls obtained from a hyperimmune animal were
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included. The cut-off was determined using the mean +3 SD of the readings obtained

from serum samples of healthy dogs from non-endemic areas for leishmaniasis.

2.4.4 DNA extraction and determination of the Leishmania species

DNA extraction from splenic leukocytes samples from the experimental
dogs was performed using 5 x 10° cells with the commercial DNAeasy kit (Qiagen,
USA) according to the manufacturer's recommendations. Extracted DNA was
quantified in a spectrophotometer 260/280 (NanoDrop, Thermo Fisher Scientific) to
measure purity and concentration and were then stored at —20 °C until analysis.

Determination of the Leishmania species was performed by polymerase
chain reaction (PCR)-restriction fragment length polymorphism [24], comparing the
restriction profiles of the sample with a PCR restriction profile obtained from L. infantum
(I0C/L0575-MHOM / BR /2002 / LPC-RPV), L. braziliensis (I0OC / LO566-MHOM / BR
/ 1975 / M2903) and L. amazonensis (IOC / LO575-MHOM / BR / 1967 / PH8) as

positive controls, and water as a negative control (Fig. S1).

2.4.5 Extraction and quantification of total RNA
Extraction of total RNA, including miRNAs, from 5 x 104 splenic
leukocytes post-transfection, was performed using the commercial mirVana kit for
isolation of total RNA with phenol (Life Technologies, USA), following
manufacturer’s instructions. After RNA isolation, samples were stored at —80 °C.
RNA samples were analyzed in a spectrophotometer (NanoDrop,
Thermo Scientific, USA) for purity evaluation (260/280) and quantification.

2.4.6 Real-time PCR for miR-21

To confirm that miR-21 is upregulated in dogs with CanL obtained by [11],
real-time quantitative PCR (gPCR) was performed. cDNA production was performed
using the miScript RT Il kit (Qiagen, USA), as recommended by the manufacturer. A
total of 1 pg of RNA was used for each sample with the 5x miScript Hiflex Buffer, in a
final volume of 20 pl. Mix was incubated for 60 min at 37 °C, followed by 5 min at 95 °C
to inactivate the miScript Reverse Transcriptase. Next, gPCR was performed using
commercially available specific primer for Canis familiaris miR-21 and the endogenous
reference SNORD96A (miScript, Qiagen). The SYBR Green system (MyScript SYBR
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Green PCR Kit, Qiagen) was used in a real-time thermal cycler (RealPlex, Eppendorf).
Amplification conditions consisted of an initial activation step of 95 °C for 15 min followed
by 40 cycles of 94 °C for 15 seconds, 55 °C for 30 seconds, and 70 °C for 30 seconds
denaturation, annealing, and extension, respectively. For miRNA analysis, a standard
curve was generated with serial dilution of a pool of cDNAs. The absolute quantification
of miR-21 was performed by converting the sample cycle threshold values to a
concentration (ng/ul) based on the standard curves generated using 10-fold serial
dilutions of the cDNA pool. Values obtained for the target miRNA were then divided by
SNORD96A values to obtain normalized target values for each sample. All samples

were run in duplicate.

2.4.7 Transfection with miR-21 mimic and inhibitor in splenic leukocytes
Splenic leukocytes were cultured (1.6 x 10° cells/replicate) in triplicate in 24-
well plates for 48 h at 37 °C in 5% CO.. All-Stars Negative control siRNA (scrambled),
miR-21 mimic (5 nM), and miR-21 inhibitor (50 nM) (miScript miRNA Mimic and
Inhibitor Qiagen, USA) were used, and splenic leukocytes were transfected using 3 pL
of Hiperfect (Qiagen, USA) in each well, following manufacturer’s instructions. To
evaluate transfection rates, AllStars HS Cell Death Control siRNA (Qiagen, USA) was
used at a final concentration of 50 nM. The transfection rate was measured by flow
cytometry using 7-AAD Viability Staining Solution (BioLegend, USA) according to the
manufacturer’s instructions. Cell death was evaluated using Trypan blue in a Neubauer
chamber for optical microscopy. A medium transfection rate of 20% was obtained for

both groups.

2.4.8 Flow cytometry analysis in splenic leukocytes

For flow cytometry analysis, 1 x 10* cells were incubated with Fc blocking
buffer (10% FBS) for 30 min at room temperature. Cells were centrifuged at 1800 rpm
for 7 minutes and then incubated with phycoerythrin (PE)-conjugated anti-human
CD95 (FAS) monoclonal antibody (BD Biosciences, USA), anti-human CD178 (FASL)
monoclonal antibody (BD Biosciences, USA), and anti-human CD69 polyclonal
antibody (Lifespan Biosciences, USA). To measure CCR7 in dendritic cells, splenic
leukocytes were incubated with PE-conjugated anti-human CCR7 monoclonal
antibody (Invitrogen, USA), anti-dog MHC class Il conjugated with fluorescein
isothiocyanate (FITC) (Bio-Rad, USA), or anti-human CD11c conjugated with peridinin-
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chlorophyll-protein (Lifespan Biosciences, USA). To avoid non-specific binding, cells
were incubated with respective control isotypes. Acquisition of 10,000 events was
counted by experimental replicate on channels FL1, FL2, and FL3, and cytometric
analysis was performed using an Accuri C5 Flow Cytometer (BD Biosciences, USA)
with BD Accuri C6 software, version 1.0.264.21 (BD Biosciences, USA).

To determine CD69 expression on lymphocytes, splenic leukocytes were
incubated with Fc blocking buffer (10% FBS) for 30 min at room temperature. Cells
were centrifuged at 1800 rpm for 7 minutes and then incubated with anti-dog CD4
monoclonal antibody (FITC) (ABD Serotec, USA), anti-dog CD8 monoclonal antibody
(FITC) (ABD Serotec, USA), or anti-human CD21 monoclonal antibody (FITC) (ExBio,
Czech Republic) in different tubes, and with PE-conjugated anti-human CDG69
polyclonal antibody (Lifespan Biosciences, USA) to obtain double tagging of CD69 in
T CD4+, T CD8+, and B lymphocytes, respectively. To avoid non-specific binding, cells
were incubated with respective control isotypes. Acquisition of 10,000 events was
counted by experimental replicate on channels FL1 and FL2, and cytometry was
performed using an Accuri C5 Flow Cytometer (BD Biosciences, USA) using BD Accuri
C6 software version 1.0.264.21 (BD Biosciences, USA).

2.4.9 Dosage of cytokines by ELISA

After 48 h of transfection, supernatants from splenic leukocyte cultures were
collected, centrifuged at 2500 rpm, and stored at —80 °C until further analysis.
Concentrations of TNF-a [12], IL-10 [17], IL-17, and IFN-y [21] in the supernatant were
determined by capture ELISA using a Canine DuoSet ELISA Kit (R&D Systems, USA)
for the respective cytokines. The assay was performed according to the manufacturer's
instructions. The plates were read using a Spectra Count™ reader (Packard
BioScience Company) with a 450-nm filter. All measurements were performed in

duplicate.

2.4.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism 6 software
(GraphPad Software, Inc., La Jolla, CA, USA). D’Agostino & Pearson, Shapiro—Wilk,
and Kolmogorov-Smirnov tests were determined to assess for normality of distribution,

and then non-parametric tests were used. The Mann—Whitney test was used for group
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comparison. Treatment comparisons were evaluated using the Friedman test with

Dunn multiple comparisons. Differences were considered significant when p < 0.05.

2.5 Results

2.5.1 miR-21 expression is increased in CanL

Because miR-21 is an important regulator of the immune response, to
confirm the increase in miR-21 expression in CanL, real-time PCR was performed with
samples of splenic leukocytes from dogs of both groups. We found a higher expression
of miR-21 in dogs with CanL than healthy dogs (Fig. 1).

Fold Change

Control CanlL

Figure 1. Expression of miR-21. miR-21 expression using real-time PCR. Expression
of miR-21 was quantified using real-time PCR in splenic leukocytes of CanL and control
dogs. Data represent the mean values of miRNA expression + standard deviation, and
the asterisks represent statistically significant data following the Mann—Whitney test.

Results were considered significant when p < 0.05.

2.5.2 Expression of proteins in splenic leukocytes of CanL and healthy dogs

Expression of FAS, FASL, CD69, and CCR7 were compared between
control and CanL groups. Proteins FAS (Fig. 2A), FASL (Fig. 2B), CD69 (Fig. 2C), and
CCRY (Fig. 2D), which mRNA is targeted by miR-21 [11,12] were decreased in splenic

leukocytes from the CanL group.
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Figure 2. Expression of proteins which mRNA is target of miR-21 in CanL.
Expression of FAS (A), FASL (B), CD69 (C), and CCR7 (D) in splenic leukocytes from
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CanL and healthy dogs after culture and respective representative histograms
obtained from flow cytometry analysis. The red line represents the CanL group, and
the blue line represents the control group. Cells were cultured for 48 h at 37 °C and
5% CO2 without treatment (medium) and then incubated with monoclonal antibodies.
Data are presented as median + range. Asterisks represent statistical significance
(Mann—Whitney, *p < 0.05).

2.5.3 miR-21 mimics lead to decreased CD69 expression by B lymphocytes in
healthy dogs and those with CanL

To determine whether miR-21 affects the expression of FAS, FASL, CD69,
and CCRY7, splenic leukocytes were transfected with miR-21 mimics and inhibitors, and
after 48 hours, protein expression was measured using flow cytometry. Expression of
FAS, FASL, and CCR7 presented no statistically significant difference after
transfection with mimics and inhibitors of miR-21 in CanL and healthy groups (data not
shown). A decrease in CD69 protein expression was found in splenic leukocytes after
transfection with miR-21 mimic in the control group (Fig. 3A) and the CanL group (Fig.
3B).

To determine which cell subpopulation showed decreased CD69
expression, splenic leukocytes from the CanL group were transfected with miR-21
mimics and inhibitors, and CD69 expression in CD4+, CD8+, and CD21+ cells was
obtained by double tagging (Table S4). We found significantly lower CD69 expression
only in B lymphocytes (CD21+) after transfection with miR-21 mimics compared with

scrambled (Fig. 4).
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Figure 3. Expression of CD69 after transfection. Expression of CD69 protein in
splenic leukocytes of the control (A) and CanL group (B). Splenic leukocytes of dogs
naturally infected by L. infantum and healthy dogs were transfected with scrambled,
miR-21 mimic, and miR-21 inhibitor, all in the presence of Hiperfect, following 48 h in
culture at 37 °C and 5% CO2. Data are presented as median + range. The asterisk

indicates significant differences (Friedman's multiple comparison test, * p < 0.05).



35

~

-

v *

(2]

= 1500004

o

o 1
+ i
(e}

©

(@)

O 100000 A

- ——

— v
L\L/ —_—
2 500004 Y
()

(&)

+ e o
i

N

8 0 I I I
c Mimic Inibitor Scrambled
<

()

=

Figure 4. CD69 expression in B lymphocytes. Expression of CD69 protein in B
lymphocytes (CD21+ cells) in the CanL group. Splenic leukocytes of dogs naturally
infected by L. infantum were transfected with scrambled, miR-21 mimic, and miR-21
inhibitor, all in the presence of Hiperfect, following 48 h in culture at 37 °C and 5% CO..
Data are presented as median + range, and the asterisk indicates significant

differences (Friedman's multiple comparison test, * p < 0.05).

2.5.4 IL-10 expression decreased in the presence of miR-21 inhibitor

To determine whether miR-21 regulates the expression of cytokines IL-10,
TNF-a, IFN-y, and IL-17, splenic leukocytes from the CanL group were transfected with
miR-21 mimics and inhibitors, and after 48 hours, cytokine concentrations were
measured by capture ELISA in cell culture supernatants. We observed a decrease in
IL-10 in culture supernatants in the presence of miR-21 inhibitor in the CanL group
(Fig. 5). TNF-q, IFN-y, and IL-17 showed no significant differences (data not shown).



36

40 9

IL-10 (pg/mL)
N w
o o
1 [

[N
o
1

(11 ole

0 T T T
Mimic Inhibitor Scrambled

Figure 5. The concentration of IL-10 after transfection. IL-10 production was
quantified in supernatants from splenic leukocytes cultures of dogs naturally infected
by L. infantum and transfected with scrambled, miR-21 mimic, and miR-21 inhibitor, all
in the presence of Hiperfect, following 48 h in culture. Data represent the median
values of the IL-10 + range. Asterisks represent significance (p < 0.05) by the Friedman

Test with the Dunn multiple comparisons.

2.6 Discussion

Dogs naturally infected with L. infantum that develop disease show an
inability to mount a specific effective adaptive immune response; miRNAs, including
miR-21, could be responsible for modulation of the immune system. To elucidate the
role of miR-21 in the immune response of dogs with CanL, we evaluated target proteins
of miR-21 after transfection with mimics and inhibitors. Real-time PCR confirmed
higher expression of miR-21 in dogs with CanL than healthy dogs. In silico analysis
showed that miR-21 targets mRNA of FAS, FASL, CCR7, CD69, TNF-a, and IL-10.
Expression levels of proteins FAS, FASL, CCR7, and CD69 were decreased in dogs
with CanL. Next, the role of miR-21 was evaluated using splenic leukocyte transfection
with miR-21 mimics and inhibitors, and protein expression was studied. We found that
FAS, FASL, and CCR7 expression was not regulated by miR-21; however, the miR-21
mimic decreased CD69 expression in B lymphocytes and the inhibition of miR-21
decreased IL-10 in culture supernatants from splenic leukocytes.

We observed lower expression levels of CD95 (FAS) and CD178 (FASL) in
splenic leukocytes from infected dogs than dogs in the control group. FAS and FASL
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play critical roles in the immune system, particularly in the death of target cells infected
by pathogens and autoreactive lymphocytes' death. FASL-FAS signaling triggers
apoptosis through recruitment mediated by FADD adapter proteins (FAS-associated
protein with death domain, also called MORT1) and caspase-8 activation [27]. Similar
to our finding, low FAS and FASL expression levels were observed in spleen and
peripheral blood CD4+ cells from dogs with CanL [28]. The increase or decrease in
miR-21 in cultures did not alter the expression of FAS and FASL, suggesting that, in
dogs, these proteins may not be regulated by miR-21. The low transfection rate
obtained may not have been sufficient to modulate the expression of these molecules.

CCRY7 protein showed lower expression in splenic leukocytes from the CanL
group than the control group. CCR7, a chemokine receptor important for cell migration,
is expressed in dendritic cells and have the expression modulated by miR-21 in human
CD4+ T cells [29]. Dendritic cells from mice infected with L. donovani showed
impairment of migration from the marginal zone to the periarteriolar region of the
spleen, partly attributed to the inhibition of CCR7 expression [30]. The interaction
between T cells and dendritic cells is essential to generate an adaptive immune
response; mature dendritic cells from mice with CCR7 deficiency do not migrate to
draining lymph nodes after activation, making it impossible to mount a rapid response
of primary B or T cells. [31]. These findings suggest that it is possible in CanL that the
low expression of CCR7 compromises cell migration; nevertheless, we did not observe
regulation of the expression of CCR7 by miR-21, which may be due to low transfection
rates.

We also found lower expression of CD69 in splenic leukocytes from dogs
with CanL than healthy dogs. CD69 mRNA is a target of miR-21 in splenic leukocytes
of dogs with CanL [11]. CD69 is a cell surface molecule and is one of the first to be
expressed after activation of T and B lymphocytes and other cells of hematopoietic
origin [32, 33]. CD69 expression rapidly increases after activation in most leukocytes,
highlighting its widespread use as a marker of activated lymphocytes and NK cells [21].
In addition to its intrinsic value as an activation marker, CD69 is also an essential
regulator of immune responses [21]. Therefore, it is crucial to elucidate the role of
CD69 expression in the function of immune cells in L. infantum infection of dogs.

A decrease in CD69 expression was observed in splenic leukocytes in the
presence of miR-21 mimic compared to scrambled, both in dogs with CanL and in

healthy dogs. The low expression of CD69 observed in dogs with CanL contrasts with
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results in experimental models in mice infected with L. infantum, where an increase in
the percentage of CD69+ cells was observed in the spleen in the acute phase [34] and
in the chronic phase of the disease where activation of protective immunity reduces
the splenic parasitic load [35]; this is not seen in CanL, where the disease is
progressive. These results suggest that miR-21 reduces the expression of CD69 by B
cells, possibly regulating B lymphocyte function.

There was a decrease in the expression of IL-10 in the presence of miR-21
inhibitor in the CanL group. IL-10 is the primary cytokine suppressing the immune
response in humans and a murine model of VL [36, 37]. In CanL, increased levels of
IL-10 were described [38], and this increase was associated with the detection of
parasitic DNA [15], confirming the regulatory role of IL-10 in the spleen. Differently to
our finding, in naive T cells from healthy humans, the induction of miR-21 led to an
increase in IL-10 expression [39]. These findings suggest that the parasite may be
using IL-10 as an escape mechanism, modulating immune responses through miR-21.

We conclude that L. infantum infection in dogs increases expression miR-
21 that regulates CD69 and IL-10 expression, essential proteins involved in the

immune response to the parasite.
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2.8 Supporting Information

S1 Table. Screening of dogs. Optical density on ELISA and clinical signs of CanL and

control groups.

op. |° P

Animal (ELISA) )e(\ Clinical Signs CR)

Infected 1| 1.132 | F Onychogryphosis, skin lesions, cachexia, +

seborrhea

Infected 2| 1,065 | M Lymphadenopathy, on_ychogryphoss, cachexia +
and skin lesions

Infected 3| 0,978 | F Lymphadgnopathy, o_nych(_)gryp_h03|s, ear +

injuries, alopecia, skin lesions

Infected 4| 0636 | M Lymphadenopat_hy, cache>§|a, skin lesions, +
periocular lesion

Infected 5| 1,374 | F Onychogryphosis, cqcheX|a, alopecia, skin +

lesions
Infected 6 | 1,208 | M Lymphadenopathy, onych(_)gryph05|s, +
cachexia, alopecia
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Lymphadenopathy, onychogryphosis,
Infected 7 | 1,267 | F | seborrhea, alopecia, skin lesions, periocular +
lesion, hepatosplenomegaly
Infected 8 | 1,052 | F Lymphadeno_pathy, onychogryphosis, +
periocular lesion, hepatosplenomegaly
Infected 9 | 0,968 | F | Lymphadenopathy, onychogryphosis, cachexia | +
Infected Lymphadenopathy, onychogryphosis,

10 1,049 | F seborrhea *
Control1 | 0,062 | F No clinical signs -
Control2 | 0,026 | M No clinical signs -
Control 3 | 0,147 | F No clinical signs -
Control4 | 0,028 | M No clinical signs -
Control5 | 0,071 | F No clinical signs -

S2 Table. Biochemical profiles of CanL and control groups.
Animal | Albumin PTrgtt:i'n Globuli | ALT ph’z";‘)"gzteas GGT | Creatinin | Urea
(g/dL) (g/dL) n (g/dL) | (U/L) e (U/L) (mg/dL) | e (mg/dL) | (mg/dL)
Reference | 2,6-3,3 | 54-7,1 | 2,7-4,4 f(:)LZ 20-156 1,264 0,5-1,5 %%%33
Infected 1 1,6 10,4 8,8 26 66 5,9 0,6 42
Infected 2 1 7,6 6,6 42 243 2,9 0,7 33
Infected 3 1,6 8 6,4 26 120 2 0,8 32
Infected 4 1,8 6,1 4,3 36 43 1,2 0,7 28
Infected 5 | 0,94 7 6,1 21 29 4,9 0,8 70
Infected 6 11 6,3 52 21 109 19 1 60
Infected 7 1,9 8,7 6,8 92 92 1 0,7 49
Infected 8 2,2 6,8 4,6 70 70 1,5 0,5 35
Infected 9 1 8,4 7.4 25 135 19 15 87
'”fi%ted 1,2 8,8 76 | 30 42 1,4 15 120
Control 1 33 7 3,7 80 74 2,6 0,9 25
Control 2 2,9 6,7 3,8 105 148 5,9 0,7 30
Control 3 3,4 6,9 35 40 36 2,9 1 27
Control 4 2,9 7 4.1 32 33 1,2 1 50
Control 5 2,7 6,6 3,9 50 85 1,9 1,1 21
TALT: alanine aminotransferase; GGT: gamma glutamyl transferase
S3 Table. Complete blood counts of CanL and control groups.
Leuk | Neut | Lymp | Mon | Eosi Bas Z:ZI PP
Anim Red blood Hempgl GV | MC | MC | ocyt | rophi | hocyt | ocyt n9p qph . (g
al cells obin (% \Y HC es Is es es hils ils x1 | /d
(x10'%/L) (g/dL) ) | (fL) | (%) (;(10 (x10® | (x10°® | (x10 | (x108 | (x10 000 | 1)
/L) | /0 V{5 I /0 I [ I N )
Refer | .o c 12,0- 3_7 60- | 32~ | 6,0- | 3000 | 1000- | 150- | 150- | _ 1?0 6,
ence e 180 | | 77 | 36 [ 170 | - | 4800 | 1350 | 1250 a0 | O
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1150 8,
0 0
Infec 68, | 34,8
od 1 4,25 101 |29 | 50 |77%| 54 | 4212 | 594 | 486 | 108 | 0 | 220 | 12
Infec 67, | 33,0 1117
od 3,88 86 |26 | o' |7 [ 1337, [ 1985 | 133 | 0 0 |160] 9
Infec 65, 1378 8,
od 3 3,84 91 | 25| ") |364 | 179 | 7| 2506 | 1253 | 358 | 0 |400 |
Infec 57, | 35,4 1117
od 4 5,38 11 31| 0|7V 162 | g7 | 3402 1296 | 324 | 0 | 300 | 7
Infec 61, | 36,1 8,
od & 2,95 65 |18 | 0 || 93 | 6417 | 1860 | 837 | 186 | 0 |280 |
Infec 62, | 35,1
od 6 43 95 | 27| 59| 77| 72 | 4320 | 1800 | 288 | 72 | 0 | 1407
Infec 68, | 35,7
od 7 4,06 10 28 | o | 77" | 85 | 6035 | 2080 | 425 | 0 0 |200] 10
Infec 57, | 341
od 6 21 41 |12 | 307 3 [2100| 780 | 30 | 90 | o |220] 7
Infec 70, 8,
od 2,82 66 |20 | o | 33 | 1249176 | 2976 | 248 | O 0 |60 3
Infec
ted 3,81 87 |25|% | 348|126 | | 3358 | 146 | 146 | 0 | 280 °
62 0
10
Cont 7,89 178 | 53| %7 |33 162 | 1999 | 2754 | 1496 | 1250 | 0 | 200 | 8
rol 1 17 8 2
Cont 72, | 34,4 1004 7,
o 6,78 169 |49 | |7y 157 | T | 2083 | 628 (2041 | 0 | 300 |
Cont 7,89 178 | 52| % |32 | 122 | 6588 | 4800 | 610 | 122 | 0 [320| 7
rol 3 91 3 8
Cont 6,78 173 |50 | 7> |3a6 | 162 | 198 | 3726 | 324 | 1206 | 0 |220]| 8
rol 4 75 4
Cont 744 171 | 51| % |33 103 | 6077 | 3605 | 515 | 103 | 0 |220| &
rol 5 55 3 6

TGV: globular volume; MCV: mean corpuscular volume;

hemoglobin concentration; PP: plasma protein

MCHC: mean corpuscular



S1 Fig. PCR-RFLP. Restriction fragment length polymorphism analysis of ITS1-PCR

fragments amplified from DNA samples using Hae Ill enzyme. NC: Negative control
(water); M: molecular marker (123 bp); La: Leishmania amazonensis (IOC / LO575-
MHOM / BR / 1967 / PH8); Lb: Leishmania braziliensis (I0OC / LO566-MHOM / BR /
1975/ M2903); Li: Leishmania infantum (IOC / LO575-MHOM / BR / 2002 / LPC-RPV);
C1 to C5: control group; CanL 1 to CanL10: CanL group. CanL sample profiles were

identical to L. infantum.

S4 Table. CD69 expression in lymphocytes. Mean+SD of CD69 in CD4+, CD8+ and

CD21+ cells measured by flow cytometry in splenic leukocytes of CanL group after

transfection with miR-21 mimics and inhibitors for 48h at 37°C and 5% CO:.-.

Lymphocytes Mimic (meanz Inhibitor Scrambled P value*
SD) (meanzSD) (meantSD)

CD69+CD4+ | 22955+8768 | 19051+9307 | 23076+8611 0.5216

CD69 +CD8+ | 36462+26928 | 21607+8231 | 31327+12309 0.0934

CD69+CD21+ | 41801+26658 | 52115+35065 | 69723+37559 0.0394

*p value considering Friedman test
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