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RESUMO

INTRODUCAO: O Lupus eritematoso sistémico (LES) é uma doenca inflamatéria
multifatorial e autoimune, caracterizada pela producéo de autoanticorpos, formacgao
e deposicdo de imunocomplexos (IC), inflamacdo em diversos 6rgdos e dano
tecidual. O estudo de diferentes modelos animais proporcionou uma melhor
compreensao desta doencga. O modelo de lUpus induzido por pristane representa um
modelo adequado para estudar fatores que podem influenciar a inducéo e/ou
progressao do LES, incluindo fatores genéticos. A vitamina D, é um destes fatores, e
exerce efeitos imunomodulatorios nas células do sistema imune, dentre elas
linfécitos T, linfécitos B e células dendriticas. Desta forma a suplementacdo de

vitamina D pode interagir minimizando os sintomas do lupus.

OBJETIVO: Avaliar o desenvolvimento e evolucdo de LES apds suplementacédo de

vitamina D em modelo experimental de lUpus induzido por pristane.

METODOLOGIA: O modelo experimental foi induzido com uma injecao
intraperitoneal contendo 500ul de pristane em camundongos BALB/c fémeas de 8-12
semanas de idade. Os animais foram divididos em trés grupos: grupo controle (CO),
grupo ldpus induzido por pristane (PIL) e grupo lUpus induzido por pristane
suplementado com vitamina D (VD). Apés a indugédo do modelo, os animais do grupo
VD foram tratados com vitamina D através de injecdo subcutanea contendo 100ul de
Calcijex [2ug/kg/animal] diluido em PBS-Tween 20 em dias alternados durante 180
dias. NGs tempos 0, 60, 120 e 180 dias ap06s a inducéo foi avaliado escore clinico
articular, nocicepcao por Von Frey e o edema articular por pletismémetro. No dia 150
apos a inducdo do modelo foi coletado urina em gaiola metabdlica para dosagem de
proteina na urina. No dia 180 apdés a inducdo os animais foram submetidos a
eutanasia. No mesmo tempo, foi coletado soro para dosagem de citocinas

inflamatorias, e tecido articular e renal para analise histoldgica.

RESULTADOS: Os animais do grupo PIL apresentaram artrite e lesédo renal,
caracterizada pelo aumento dos niveis de proteinuria, deposicdo de IC e
hipercelularidade mesangial glomerular. Além disso, 0os animais do grupo PIL
demonstraram niveis aumentados de IL-6, TNF-a e IFN-y no soro. No presente
estudo, nos observamos que o tratamento com vitamina D melhorou a artrite através

da reducao da incidéncia de artrite e da reducéo de escore clinico articular e edema
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das patas posteriores, mas néo foi capaz de influenciar na leséo renal. O tratamento
com vitamina D ndo reduziu niveis de proteinuria, hipercelularidade mesangial
glomerular e deposicéo de IgG e IgM no tecido renal. A suplementacdo de vitamina
D néo alterou os niveis séricos das citocinas IL-6, TNF-a, IL-2 e IL-4, mas reduzir 0s

niveis de séricos de IFN-y.

CONCLUSAO: Neste estudo demonstrou-se que a vitamina D foi capaz de modular
0s sintomas clinicos e histopatologicos da artrite, mas ndo alterou o curso clinico e
histopatolégico da doenca renal, apesar de ter modificado o perfil de citocinas. Estes
resultados confirmam que o papel da vitamina D pode ser diferente dependendo do
sitio de ativacdo, o que poderia explicar diferentes respostas de acordo com o
fendtipo clinico. Ainda € necessario explorar a concentracdo de dose adequada e
segura, o tempo de tratamento e a influéncia da vitamina D nas diferentes bases

moleculares no LES.
PALAVRAS-CHAVE

Lapus Eritematoso Sistémico, vitamina D, 1,25-hidroxivitamina D, receptor da

vitamina D, lUpus induzido por pristane.
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ABSTRACT

INTRODUCTION: Systemic lupus erythematosus (SLE) is a multifactorial and
autoimmune inflammatory disease, characterized by the production of
autoantibodies, formation and deposition of immunocomplexes, inflammation in
various organs and tissue damage. The study of different murine models has
provided a better understanding of these autoimmune phenomena. Pristane-induced
lupus model represents a suitable model for studying factors that may influence the
induction and/or progression of SLE, including genetic factors. Vitamin D is one of
these factors and exerts immunomodulatory effects on the cells of the immune

system, among them T lymphocytes, B lymphocytes and dendritic cells.

OBJECTIVE: To evaluate the development and evolution of SLE after vitamin D

supplementation in an experimental model of lupus induced by pristane.

METHODOLOGY: The experimental model was induced with an intraperitoneal
injection containing 500ul pristane in 8-12 week old female BALB/c mice. The
animals were divided into three groups: control group (CO), pristane-induced lupus
group (PIL) and pristane-induced lupus group supplemented with vitamin D (VD).
After induction of the model, the animals of the VD group were treated with vitamin D
by subcutaneous injection containing 100ul of Calcijex [2ug / kg / animal] diluted in
PBS-Tween 20 on alternate days for 180 days. At 0, 60, 120 and 180 days after
induction we evaluated the arthritis clinical score, nociception and hind paws edema.
On day 150 after the induction of the model urine was collected in metabolic cage for
protein dosage in the urine. At day 180 after induction, the animals were euthanized.
At the same time, serum was collected for the dosage of inflammatory cytokines and

renal and articular tissue for histological analysis.

RESULTS: PIL group showed arthritis and kidney injury, characterized by increased
proteinuria, glomerular mesangial expansion and inflammation. Moreover, PIL model
showed increased levels of IL-6, TNF-a and IFN-y in serum. We observed that
treatment with vitamin D improved arthritis through reduced of incidence and arthritis
clinical score and edema, but does not influenced renal injury. Treatment with vitamin
D was not able to reduce proteinuria levels, decrease mesangial hypercellularity or
IgG and IgM deposition in the kidney. Vitamin D supplementation did not alter IL-6,

TNF-aq, IL-2 and IL-4 cytokine levels, but we observed a reduce IFN-y levels.
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CONCLUSION: In this study, it was demonstrated that vitamin D was able to
modulate the arthritis clinical and histopathological symptoms, but did not alter the
clinical and histopathological course of renal disease, although it modified the
cytokine profile. These results support that the role of vitamin D may be different
depending on the acting site, which could explain different responses according
clinical phenotype. Therefore, further investigations are still necessary to explore the
adequate and safe dose concentration, the timing of treatment and the influence of

vitamin D on the different molecular bases in SLE.
KEYWORDS

Systemic lupus erythematous; Vitamin D; 1,25- hydroxyvitamin D; Pristane — induced

lupus.



16

1. INTRODUCAO

O Ldpus eritematoso sisttmico (LES) é wuma doenca autoimune
caracterizada pela producdo de autoanticorpos, formacdo e deposicdo de
imunocomplexos (IC), inflamacdo em diversos 6rgaos (pele, articulagbes, coracgéo,
pulmdes, sangue, rins e cérebro) e dano tecidual. E estimada uma incidéncia de 1-
22 casos para cada 100.000 pessoas por ano, acometendo mais mulheres na idade
fértil (1). A etiologia do LES é multifatorial e permanece ainda pouco conhecida,
porém sabe-se da importante participacdo de fatores hormonais, ambientais,
genéticos e imunoldgicos para o surgimento da doencga. InUmeros genes tém sido
relacionados com o surgimento do LES, incluindo o gene VDR (do inglés vitamin D
receptor - receptor de vitamina D) que sintetiza o receptor de vitamina D.

O VDR € um receptor nuclear, pertencente a familia dos receptores
esteroides de classe 2, semelhante aos receptores do acido retinoico e do horménio
tireoestimulante (2). A 1,25-dihidroxivitamina D (1,25(0OH),D), forma ativa da
vitamina D, liga-se ao VDR e determina uma resposta gendmica através da
regulacdo da transcricdo de alguns genes. As principais etapas envolvidas no
controle da transcricdo genética incluem: a ligacdo da 1,25(0OH);,D ao VDR,
heterodimerizacdo com o receptor X retinoico (RXR), ligacdo deste heterodimero a
sequéncias especificas do DNA (do inglés deoxyribonucleic acid - &cido
desoxirribonucleico), conhecidas como elementos de resposta a vitamina D (do
inglés vitamin D response elements - VDRE) localizados no DNA, nas regifes
promotoras dos genes que sao ativados pela vitamina D e recrutamento de outras

proteinas nucleares para dentro do complexo transcricional (3).

Diversos autores descreveram o VDR ndo somente em tecidos classicos
COmo 0SS0s, rins e intestino, mas também em outros locais, tais como células do
sistema imune, musculatura lisa e esquelética, pele, cérebro e figado (4). Além da
distribuicdo quase universal do VDR, algumas células (queratinécitos, mondcitos,
0sso0s e placenta) expressam a enzima 1a-hidroxilase que produz a forma ativada da

vitamina D in situ (2,5).

As fungbes biologicas da vitamina D sdo mediadas pelo VDR. A funcao
classica da 1,25(0OH),D esta relacionada a regulacdo da homeostase do célcio,

sendo responsavel por incrementar a reabsor¢do de célcio e fésforo nos rins. Além
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dos efeitos no metabolismo do célcio, a 1,25(0OH),D esta envolvida na regulacéo do
magnésio, liberacdo de insulina pelo pancreas, secrecdo de prolactina pela hipofise,
inibicdo da sintese de renina, aumento da contratilidade miocéardica, manutencao da
musculatura esquelética e depuracdo de creatinina enddgena (6-10). Ainda a
1,25(0OH),D interfere de forma direta ou indireta no controle de mais de 200 genes
envolvidos na regulacdo do ciclo celular, diferenciagcdo, apoptose e angiogénese,
podendo determinar diminuicdo da proliferacdo de células normais ou neoplasicas
(11).

A 1,25(0OH),D também exerce efeitos imunomodulatérios nas células do
sistema imune, dentre elas linfécitos T, linfécitos B e células dendriticas (12,13),
onde se destacam a diminuicdo da producédo de interleucina-2 (IL-2), do interferon-
gama (IFN-y) e do fator de necrose tumoral-alfa (do inglés, tumor necrosis factor-
alpha -TNF-a). Cada uma destas células expressa VDR e 1a-hidroxilase, podendo
produzir 1,25(0OH),D localmente. Seus efeitos paracrinos/autécrinos dependem da
adequada concentracdo da 25(OH)D, o que faz da deficiéncia de 25(OH)D um fator
crucial no funcionamento do sistema imune (14). Ha estudos com polimorfismos em
pacientes cuja influéncia se dé através de alteracdes envolvendo a imunidade inata,
0S quais estdo associados com niveis elevados de interferon-alfa (IFN-a), uma

importante citocina envolvida na fisiopatogenia do LES (15-18).

Devido a heterogenidade da doenca e as diferencas interpessoais quanto
aos efeitos da vitamina D no organismo em humanos, causados por polimorfismos
descritos principalmente no gene VDR, estudos experimentais podem ser uma boa
alternativa para avaliar a modulacdo do VDR ap6s a suplementacdo com
1,25(0OH),D. Os modelos animais mais estudados em LES sdo 0s espontaneos,
principalmente (NZBXW)F1 e MRLIpr. Porém o modelo (NZBXW)F1 diverge em
alguns aspectos do LES humano, como na auséncia da producédo de autoanticorpos
contra o RNA (do inglés Ribonucleic acid — Acido ribonucleico) (19). Enquanto que
as alteragbes fisiopatologicas do modelo de LES induzido por pristane sé&o
semelhantes as encontradas em pacientes (aumentando os niveis de IFN-a/B,
producdo de autoanticorpos em altos niveis, glomerulonefrite por deposicéo de IC e
hipercelularidade mesangial) (20).
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Até o presente momento existem 5 estudos com suplementacdo de vitamina
D em modelo animal de LES. O primeiro trabalho publicado, em 1992 com
camundongos MRL/Ipr, demonstrou que a suplementacdo com 1,25(0OH),D atenuou
algumas manifestacdes do LES, como auséncia das lesdes cutaneas e reducdo da
proteindria (21). Em 2000, um estudo brasileiro realizado em camundongos
(NZBXW)F1, observou piores achados histopatolégicos nas biopsias renais do grupo
qgue recebeu a suplementacédo de colecalciferol (vitamina D3), o que sugere que a
vitamina D pode ter agravado a doenca (22). Arab e colaboradores realizaram um
estudo com suplementacdo de 1,25(0OH);D em modelo de lupus induzido por
cromatina ativada, onde 0s animais apresentaram reducdo na proteinuria, aumento
da expressao de TGF-B e Foxp3, diminuicdo da expressao de interleucina-6 (IL-6) e
interleucina-10 (IL-10) e aumento de células T regulatorias (23). Em 2016, um
estudo submeteu o modelo de MRL/Ipr a uma dieta deficiente em vitamina D, e os
animais apresentaram baixos niveis de 25(OH)D, mas essa deficiéncia nao foi capaz
de alterar os niveis de anti-dsDNA (do inglés double stranded DNA - DNA de cadeia
dupla), IgG total e proteinudria, a histologia renal ou o depésito de IC (IgG e C3) no
rim (24). O ultimo trabalho, publicado em 2017, suplementou 1,25(0OH),D em
modelo de MRL/lpr por via oral. Os animais apresentaram reducdo das Ulceras
cutdneas e injuria renal e aumento dos niveis de linfocitos CD4+ quando
comparados com o grupo MRL/Ipr sem suplementacédo (25). Estes trabalhos
realizaram a suplementacéo de vitamina D através de diferentes vias de tratamento,
concentragbes do ativo e moléculas da vitamina D. Desta forma, mais estudos sdo

necessarios para determinar o papel da vitamina D no LES.
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2. REVISAO SISTEMATICA DA LITERATURA
2.1 ESTRATEGIAS PARA LOCALIZAR E SELECIONAR AS INFORMACOES

A estratégia de busca envolveu as seguintes bases de dados: EMBASE,
PubMed e LILACS. O periodo da pesquisa foi de 1962 a 2018. Foram realizadas
buscas através da lista de temas e suas combinagfes: “vitamin D”, “vitamin D
receptor”, “lupus nephitis”, “systemic lupus erythematosus”, “vitamin D response
element”, “vitamin D-binding protein”, “vitamin D deficiency”, “25-Hydroxyvitamin D”,

“1,25-dihydroxyvitamin D”.

Registros identificados por meio de
pesquisa de banco de dados (n=427)
* PUBMED= 207
* EMBASE= 175

* LILACS= 35
Registros apos remogdo das
duplicatas (n=210)

l

Registros selecionados

(n=111)
Artigos de texto completo Registros
avaliados para elegibilidade excluidos
(n=37) (n=99)

l

Artigos incluidos
(n=37)

Figura 1. Modelo esquematico da estratégia de busca de informacdes. *Critérios de
exclusdo dos artigos: tema néo relacionado aos objetivos da pesquisa; artigos nao
disponiveis na integra; artigos ndo disponiveis em inglés e/ou portugués.
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2.2 LUPUS ERITEMATOSO SISTEMICO
2.2.1 Conceito de LES

O LES é uma doenca autoimune multissistémica complexa, caracterizada
por amplo espectro de anormalidades clinicas, laboratoriais e imunolégicas, com
curso e desfecho variaveis. E uma doenca caracterizada pela producdo exacerbada
de autoanticorpos direcionados particularmente ao dsDNA e a pequenas proteinas
nucleares de ligacdo ao RNA. O LES possui um envolvimento multissistémico que
afeta comumente os sistemas cutaneo, renal, musculoesquelético e hematopoiético.
A etiologia ainda é pouco conhecida, mas sabe-se da participacdo de fatores
genéticos, imunoldgicos, hormonais e ambientais. As caracteristicas clinicas séo
polimorficas e a evolugcdo costuma ser crénica, com periodos de exacerbacdo e
remissdo. A doenga pode cursar com sintomas constitucionais, artrite, serosite,
nefrite, vasculite, miosite, manifestacbes mucocutaneas, hemocitopenias
imunoldgicas, diversos quadros neuropsiquiatricos, hiperatividade reticuloendotelial
e pneumonite. Diante desta apresentacdo heterogénea da doenca foram
desenvolvidos critérios de classificagdo para facilitar as pesquisas. Desta forma,
convencionou-se realizar seu diagnéstico através de achados clinicos e
laboratoriais, conforme os critérios de classificacdo propostos pelo American College
of Rheumatology (ACR) em 1982 (26) e revisados em 1997 (27). No entanto, ao
longo do tempo, surgiu a discussao sobre itens redundantes/ausentes, e em 2012, o
grupo Systemic Lupus International Collaborating Clinics (SLICC) elaborou novos
critérios de classificagdo onde se devem observar quatro ou mais sintomas para o
diagnéstico de LES, sendo no minimo 1 critério clinico e 1 critério

laboratorial/imunologico (28).
2.2.2 Epidemiologia do LES

As taxas de incidéncia globais para o LES variam de cerca de 0,3 a 23,7
casos para cada 100.000 pessoas por ano (29,30). Enquanto as taxas de
prevaléncia variam de 6,5 a 178 casos para cada 100.000 pessoas (31). A taxa de
incidéncia e prevaléncia em criangas (<16 anos) é consideravelmente menor. A taxa

de incidéncia anual de LES em criancas foi relatada como inferior a 1 caso para
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cada 100.000 pessoas em estudos da Europa e da América do Norte (32). Estudos
epidemiologicos envolvendo o LES s&do complexos devido a diversidade de
apresentacoes clinicas da doenca, dependéncia de critérios de classificacdo para
definicdo do diagnostico e baixa frequéncia na populacdo. As variabilidades
genéticas entre os povos e o local onde € conduzido o estudo influenciam nos

resultados epidemioldgicos referentes a doenca.

A prevaléncia do LES na populacédo norte-americana € de cerca de 70 a 178
casos para cada 100.000 pessoas e estimativas de incidéncia variam
aproximadamente de 3,7 a 7,4 casos para cada 100.000 pessoas por ano (33). Até
recentemente, pouco se sabia sobre a epidemiologia do LES entre a populagéao
arabe no mundo e no Oriente Médio. Em 2015, uma incidéncia de 2,1 vezes maior
de LES entre os arabes-americanos em comparacao com caucasianos nao-arabes e
afro-americanos foi descrita em sudeste de Michigan (34). Al Dhanhani e
colaboradores estudaram a incidéncia e prevaléncia de LES nos Emirados Arabes
Unidos (35). A incidéncia observada neste estudo foi de 8,6 casos para cada

100.000 pessoas por ano e a prevaléncia 103 casos para cada 100.000 pessoas.

Em uma revisdo sistemética de estudos epidemiolégicos da incidéncia e
prevaléncia mundial de LES (36), as maiores estimativas de incidéncia e prevaléncia
de LES foram na América do Norte (23,2 casos para cada 100.000 pessoas por ano
e 241 casos para cada 100.000 pessoas, respectivamente). As menores incidéncias
de LES foram relatadas na Africa e na Ucrania (0,3 casos para cada 100.000
pessoas por ano) (29,37), e a menor prevaléncia foi no norte da Australia (0O casos
em uma amostra de 847 pessoas). Em geral, os paises europeus tiveram menor
incidéncia de LES, enquanto a Asia, a Australasia e as Américas tiveram maior

incidéncia.

No Brasil, um estudo no nordeste brasileiro estimou uma incidéncia de LES
em torno de 8,7 casos para cada 100.000 pessoas por ano. Nas mulheres esta
estimativa foi de 14 casos para cada 100.000 pessoas por ano e nos homens foi de
2,2 casos para cada 100.000 pessoas por ano. O pico de incidéncia ocorreu em
mulheres entre 35 e 39 anos, com 32,7 casos para cada 100.000 mulheres por ano
(38). Em 2004, outro estudo estimou a prevaléncia de doencas reumaticas em

Montes Carlos. Dentre os pacientes diagnosticados com doencas reumaticas
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somente 3 (1,4%) foram diagnosticados com IUpus e a prevaléncia nesta amostra foi
de 0,098% para o lupus (39).

O LES é mais comumente visto em mulheres durante a idade reprodutiva
(40), para todos os grupos étnicos, com uma taxa nove vezes maior que a dos
homens (9:1), e aquelas de ascendéncia afro-americana e asidtica manifestam
doenca mais grave do que aquelas de ancestralidade europeia (41). A proporgéo
entre 0s sexos pode variar de 3:1 (42) a 15:1 (43). Em criancas, esta razao € de 3:1;
em adultos jovens chega a 15:1 e nos individuos com maior idade, novamente tende
a ser menor, em torno de 8:1. Observa-se uma maior incidéncia em mulheres em
todas as faixas etarias, embora as proporcbes sejam menores em ambos o0s
extremos de idade. Este fato pode estar relacionado tanto ao cromossomo X duplo
quanto as diferencas nos niveis de estrogénio, que modulam as respostas
imunoldgicas (44-46). As curvas de prevaléncia por idade possuem uma distribuicéo
semelhante a dos dados de incidéncia (36).

E bem conhecido que existem diferencas nas variantes de risco de doencas
autoimunes em diferentes populacfes. A prevaléncia de LES varia substancialmente
por ancestralidade étnica. Nos estudos que relatam diferencas entre grupos étnicos
(30,47-49), as taxas de incidéncia sdao 3 a 5 vezes maior de LES nos afro-
americanos comparado aos individuos com ascendéncia europeia (50-52). Os
grupos étnicos asiaticos e hispanicos possuem taxas de incidéncias intermediarias
entre 0s grupos étnicos citados anteriormente (53-55). Semelhante aos dados de
incidéncia, os grupos étnicos negros possuem maior prevaléncia de LES, os grupos
brancos, menor prevaléncia, e 0s asiaticos e hispanicos, intermediarios, tanto para

homens quanto para mulheres (36).

A sobrevida nos pacientes com LES tem melhorado muito nos ultimos anos.
Na década de 50, a sobrevida média em cinco anos era de 50% (56). De 1975 a
1990, a sobrevida em 10 anos aumentou de 64 para 87%. Ainda mais melhorias
ocorreram recentemente de 1990 a 2004, quando a sobrevida de 20 anos aumentou
para 78% (57). Nos dias atuais, taxas de sobrevida de 5, 10 e 15 anos foram
relatadas como estando na faixa de 96, 93 e 76%, respectivamente (58-60). Varios
fatores contribuiram para isso, principalmente melhoria da conscientizacdo e

classificacdo da doenca, levando a um diagndstico precoce, o melhor entendimento
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da sua fisiopatologia e as melhores condi¢bes de tratamento, bem como melhorias
no tratamento da hipertenséo, infeccao e insuficiéncia renal, algumas das principais

comorbidades que esses pacientes apresentam (59,61).

As doencas cardiovasculares (DCV), as infec¢fes e a doenca ativa sdo as
principais causas de morte no LES. Os pacientes com LES apresentam taxas de
mortalidade duas a cinco vezes maiores que a populacdo geral (62). Um padrdo
bimodal de mortalidade tem sido reconhecido no LES desde meados da década de
1970 (63), nos primeiros anos da doenca, as principais causas de morte sao
infec¢Bes graves devido a imunossupressdo ou morte por complicacées da doenca
ativa, como nefrite lUpica e IUpus neuropsiquiatrico; enquanto as causas de morte
tardias incluem danos ha longo prazo do LES, complicacbes do tratamento e as
DCV (57,64). Lee e colaboradores realizaram um estudo de meta-andlise e
examinaram as taxas de mortalidade padrdo no LES. O risco de mortalidade foi
significativamente maior para doenga renal, DCV e infeccdo, mas n&o devido a
cancer (65). A doenca renal ocorre em até 60% dos pacientes com LES e continua

sendo uma causa predominante de morbidade e mortalidade no LES (66).

No Brasil, um estudo publicado em 2017, caracterizou as causas de
mortalidade no lupus de 2002-2011. A taxa de mortalidade no LES no Brasil foi de
4,76 mortes para cada 105 habitantes, sendo maior nas regides Centro-Oeste, Norte
e Sudeste do que no pais como um todo. Os distarbios do sistema
musculoesquelético e do tecido conjuntivo foram mencionados como a causa
subjacente de morte em 77,5% dos casos; também foram observadas doencas do

sistema circulatério e infecciosas e parasitarias, embora em menor frequéncia (67).
2.2.3 Etiologia e patogénese do LES

A etiologia e a patogénese do LES sdo complexas e permanecem ainda
pouco conhecidas, mas envolvem multiplos fatores, especialmente genéticos,
imunologicos, hormonais e ambientais (68). O dano tecidual e o acometimento de
orgéos e sistemas podem estar relacionados a presenca de autoanticorpos e IC. No
LES, observa-se ativacdo da imunidade inata e adaptativa, com a participacao de
receptores do tipo Toll (do inglés Toll-like receptors — TLR) 7 e 9 no reconhecimento

de autoantigenos derivados do RNA e DNA, respectivamente, provenientes de
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células apoptéticas, e o envolvimento de células B e T ativadas a partir da interacéo
com estes autoantigenos (69,70). A resposta imune anormal que permite a
persisténcia de células B e T patogénicas, também aumenta o processamento de
autoantigenos pelas células apresentadoras de antigenos, ocasiona hiperativacao
linfocitaria e determina falha nos mecanismos imunorregulatérios que poderiam

interromper este processo.

A predisposicdo ao LES tem sido relacionada a heranca de determinados
genes e nao segue um modelo monoalélico. Estudos demonstram que gémeos
monozigoticos possuem um risco 10 vezes maior de desenvolver LES do que
gémeos dizigoticos ou irmaos ndo gémeos, e em estudos observacionais a presenca
de multiplos casos de LES nas familias (71-74). Aproximadamente, de 5 a 12% dos
familiares de pacientes com LES poderéo ter a doenca, 0 que representa um risco
100 vezes maior do que a populacdo geral (75). Deficiéncias geneticamente
herdadas de componentes do complemento (C1q, C4A e B e C2) e a mutacéo do
gene gue sintetiza a exonuclease 3'-5' envolvida no metabolismo e depuracdo do
DNA (do inglés Three-prime repair exonuclease - TREX1), apesar de raramente
encontradas, sdo fatores genéticos fortemente associados com o desenvolvimento
do LES (76-79). O encontro de outras doencas autoimunes em familiares de
pacientes com LES e sua associacdo com alguns distarbios geneticamente
determinados, também reforcam a importancia da predisposicdo genética para o
surgimento da doenca. A combinacdo de fatores genéticos, tanto a presenca de
genes de suscetibilidade, quanto a auséncia de genes de protecdo, determina risco
suficiente para o desencadeamento da doenca. Estes dados, juntamente com 0s
achados em estudos de associacao global do genoma humano (do inglés Genome-
wide association study - GWAS), implica um forte background genético para o LES
(80,81).

Os GWAS tém sido bem sucedidos na identificacdo de novos loci que
contribuem para a suscetibilidade genética do LES. A contribuicdo isolada de cada
um deles no desenvolvimento da doenca € pequena, geralmente com risco inferior a
2 ou 3 vezes (82). Atraves destes trabalhos, comecou-se a elucidar a complexa
arquitetura genética do LES, e coletivamente, esses estudos identificaram e
confirmaram aproximadamente 90 loci que contribuem para esta patogénese. Esses

dados destacam a importancia de varias vias imunolégicas incluindo aquelas que
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envolvem a ativagéo e funcéo dos linfécitos, a depuracdo do complexo imunoldgico,
a resposta imune inata e as resposta imune adaptativa (68,83). Dentre os alelos do
complexo maior de histocompatibilidade (do inglés Major histocompatibility complex -
MHC), sabe-se que a regido do antigeno leucocitario humano (do inglés Human
leukocyte antigen - HLA), mais especificamente DR2, DR3 e DR8, contribuem para o
risco de LES e outras doencas autoimunes desde a década de 1970 (84-87).
Polimorfismos genéticos de suscetibilidade podem influenciar a depuracdo de IC e
células apoptoticas através da alteracdo de componentes do sistema complemento,
como os descritos anteriormente (C1g, C4A e B e C2) e também outros, tais como a
lectina ligadora da manose (do inglés Mannose-binding lectin - MBL), receptores Fc
gama IIA (do inglés Fc gamma receptor IIA - FcyRIIA), IlIA (do inglés Fc gamma
receptor IlIA - FcyRIIIA), 11IB (do inglés Fc gamma receptor IIIB - FcyRIIIB), proteina
C-reativa (PCR) e integrina alfa M (do inglés Integrin alpha M - ITGAM) (81,88-91).
Ha variantes alélicas encontradas nos genes PTPN22 (do inglés Protein tyrosine
phosphatase non-receptor 22), OX40L (OX40 ligante, também conhecida como
glicoproteina 34 kDa), PDCD1 (do inglés Programmed cell death 1), BANK1 (do
inglés B cell scaffold protein with ankyrin repeats), LYN (do inglés Src family of
protein tyrosine kinase) e BLK (do inglés B lymphoid kinase — cinase dos linfécitos B)
que afetam a sinalizacdo de linfocitos, resultando em mudancas na ativacéo,
supressdo e sobrevida das células B e T (92-98). Ha estudos com polimorfismos
cuja influéncia se da através de alteracdes envolvendo a imunidade inata, dentre
eles, 0s que sdo encontrados nos genes IRF5 (do inglés Interferon regulatory factor
5), STAT4 (do inglés Signal transducer and activator of transcription 4), IRAK1 (do
inglés Interleukin 1 receptor associated kinase 1) e SPP1 (do inglés Secreted
phosphoprotein 1), os quais estdo associados com niveis elevados de IFN-a, uma
importante citocina envolvida na fisiopatogenia do LES (99-101). O alelo B do
polimorfismo Bsm1l do gene VDR mostrou significante associacdo com LES em
pacientes asiaticos (102-104). Todos estes marcadores genéticos sdo encontrados
de maneira muito variada em diferentes populacdes, especialmente os que se
relacionam com o MHC, sendo alguns mais ou menos frequentes, de acordo com a
etnia. A influéncia genética destes fatores potencialmente pode alterar a regulacéo
imune, a degradacgéo de proteinas, o transporte de peptideos através da membrana

celular, a cascata do complemento, o funcionamento do sistema reticuloendotelial, a
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producdo de imunoglobulinas, a apoptose e a producao e liberacdo de hormonios
(105).

Os horménios tém funcdo imunorregulatoria e alteracbes em suas
concentracfes podem ter papel na patogénese do LES, influenciando na incidéncia
e no curso clinico da doencga (44). O estrogénio estimula timacitos, linfocitos T CD8+
e CD4+, linfécitos B, macrofagos, a liberacao de citocinas, a expressao de moléculas
do HLA e moléculas de adesao endotelial, além de reduzir a apoptose de linfocitos B
ativados (106,107). Os androgénios evidenciam efeito imunossupressor (108). O
desequilibrio entre os niveis de estrogénio e androgénio parece influenciar a
resposta imune. Em uma meta-andlise de estudos clinicos, observaram-se niveis
mais baixos de testosterona e dehidroepiandrosterona (DHEA) e niveis mais altos de
estradiol e prolactina em mulheres com LES (109). Isto justificaria, em parte, 0 maior
namero de casos de LES em mulheres na idade reprodutiva e em individuos com
sindrome de Klinefelter (47,XXY) e a menor prevaléncia da doenca em pacientes
com sindrome de Turner (45,X) (110,111). Estas duas sindromes suscitam a
possibilidade de o risco para desenvolver LES estar relacionado a existéncia de
dose genética cumulativa, visto que h& pelo menos trés genes predisponentes ao
LES localizados no cromossomo X (IRAK1, TLR7 e MECP2 — do inglés Methyl CpG
binding protein 2) (112). Alguns estudos mostraram associacdo entre o risco de
desenvolver LES com a menarca precoce, 0 uso exdgeno de hormonios (incluindo
contraceptivos orais e terapia de reposicdo hormonal) e a menopausa cirdrgica
(113,114). Um estudo de coorte prospectivo com mulheres do Nurse’s Health Study
demonstrou que uma maior exposicao estrogénica, decorrente de menarca precoce
ou do uso de estrogénio exdgeno através de contraceptivos orais ou terapia de
reposicao hormonal na pds-menopausa, aumentou em 1,5 a 2,5 vezes o risco do
desenvolvimento do LES (113). Em contraste, a progesterona parece reduzir o risco
de LES ao contrabalancar os efeitos do estrogénio, o que sugere que o equilibrio
entre o estrogénio e a progesterona pode determinar a expressédo da doenca (115).
A progesterona diminui a proliferagdo de células T e aumenta o numero de células
CD8+ (116). A prolactina encontra-se elevada em pacientes com LES de ambos os
sexos (117). Os niveis de prolactina estdo correlacionados diretamente com a
atividade clinica e sorolégica da doenca (118). Ocorre também aumento de doenca

tireoidiana autoimune em pacientes com LES, o que altera os niveis dos horménios
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tireoidianos e do hormonio tireoestimulante (119). A vitamina D apresenta efeitos
imunorregulatorios em diversas células do sistema imune, especialmente linfécitos T,
linfécitos B e células dendriticas (120,121). Alguns estudos tém demonstrado
associacao entre baixos niveis de vitamina D e LES, sugerindo sua participacdo na

etiopatogenia desta doenca (122).

Anormalidades na regulagcéo do sistema imune, incluindo quebra inicial da
autotolerancia, reconhecimento de autoantigenos, ativacdo de linfécitos T e B,
secrecdo de citocinas, proliferacdo e diferenciacdo de linfocitos B e producédo de
autoanticorpos, sdo caracteristicas de pacientes com LES (123). Defeitos na morte
celular, nos mecanismos de fagocitose e depuracao ineficaz de material apoptotico,
restos celulares e de IC s&do achados que colaboram para perpetuacdo da
autoimunidade no LES (124).

Plasmdécitos produtores de autoanticorpos estdo persistentemente sendo
ativados por uma molécula chamada de fator de ativacéo de células B (do inglés B-
cell activating fator — BAFF), também conhecida como BLys (do inglés B lymphocyte
stimulator — estimulador de linfécitos B) ou CD257, no qual encontra-se elevada em
pacientes com LES (125,126). Outras anormalidades também podem ser
destacadas, dentre elas: a diminuicdo do namero dos linfécitos T supressores e
citotdxicos (127); deficiéncia qualitativa e quantitativa de células T regulatérias (128);
aumento dos linfécitos T auxiliares foliculares (do inglés Follicular helper T cells -
Tfh) e linfécitos T auxiliares (do inglés T helper - Th) CD4+ (129,130); ativacdo
policlonal de linfocitos B e defeitos na tolerancia destes linfocitos (131); aumento do
microquimerismo fetal, provendo antigenos para o sistema imune (132); elevacao
dos niveis circulantes de IFN-a e aumento da expressdo da transcricido do RNA
indutor de IFN-a pelas células mononucleares (133,134). A sinalizacdo anormal dos
TLR7 e 9, levando ao reconhecimento de autoantigenos contendo RNA e DNA,
respectivamente, aliada ao aumento de células B de memodria e plasmdcitos
expressando TLR9, apontam uma possivel ativagdo de linfécitos B diretamente
através do sistema imune inato, independente de células T, o que tem sido
relacionado com predisposicdo e modulacdo do quadro clinico de pacientes com
LES (135,136).
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Varios fatores ambientais tém sido associados ao desenvolvimento do LES.
Mecanismos que ligam exposicdes ambientais e LES incluem modificacdes
epigenéticas, aumento do estresse oxidativo, da inflamacé&o sistémica, das citocinas
inflamatorias e efeitos hormonais (137). O National Institute of Environmental Health
Science Expert Panel revisou e avaliou a influéncia de fatores ambientais sobre a
autoimunidade e associou um aumento no desenvolvimento do LES com a
exposicao a silica e o tabagismo (138). Infec¢cbes causadas por virus, dentre eles o
virus Epstein-Barr (do inglés Epstein—Barr virus — EBV), poderiam contribuir para o
desenvolvimento de autoimunidade, principalmente por mimetismo molecular (139).
Outros virus, como Citomegalovirus (CMV), Parvovirus B19 e alguns retrovirus,
também estéo relacionados (140). Radiacao ultravioleta B (UVB) pode estimular os
gueratindcitos a expressarem antigenos nucleares em sua superficie e aumentar a
secrecdo de citocinas que estimulam linfécitos B a producdo de autoanticorpos
(141). Medicagdes, como procainamida, hidralazina e isoniazida podem
desencadear lUpus induzido por droga, que € caracterizado pelo surgimento de
manifestacdes clinicas e laboratoriais apds exposicdo a estes farmacos, seguido por

desaparecimento do quadro com a suspenséo dos mesmos (Figura 1).
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Figura 2. Resumo do envolvimento de mdltiplos fatores, especialmente genéticos,
imunologicos, hormonais e ambientais, presentes na etiologia e a patogénese do
LES. Fonte: Robbins Patologia Basica (92 Edicédo), 2013.

2.3 MODELOS EXPERIMENTAIS DE LUPUS

O alto grau de complexidade e heterogeneidade da apresentacao clinica no
LES, aliada as limitagcbes inerentes a pesquisa clinica, dificultam a investigacdo da
etiologia dessa doenga diretamente nos pacientes. Os modelos animais tem sido
valiosos para investigar os mecanismos celulares e genéticos do LES, bem como na
identificacdo e validacdo de alvos terapéuticos. Desta forma, os modelos

experimentais de LES tém contribuido para entender os mecanismos celulares, de



30

sinalizacdo e metabdlicos que contribuem para a doencga, e como o direcionamento

dessas vias pode fornecer alvos terapéuticos (142).

Os modelos experimentais de LES podem ser divididos basicamente em
espontaneo e induzido. Cada modelo compartilha subconjuntos especificos de
atributos da doencga observada em humanos, o que fornece aos pesquisadores uma
ferramenta para adequa-los as suas necessidades especificas. No entanto, nenhum
deles representa completamente todo o espectro clinico encontrado em pacientes
com LES (Tabela 1) (143).

Tabela 1. Modelos animais de LES.

Modelo Assinatura  Anti- Anti- Manifestacbes  Critérios de
animal de IFN DNA  Sm/RNP Clinicas LES*
NZB/W F1 Fraca Sim Nao ANAs, NL grave 3
ANAs, NL grave,
MRL/lpr artrite, erupcoes 6
Ausente Sim Sim cutaneas
B6/Ipr Ausente N&o Nao ANAs 1
BXSB male N/A Sim Nao ANAs, NL grave 3
ANAs, NL, artrite,
Pristane HAD, anemia, 8
Forte Sim Sim serosite

N/A: Nao disponivel; ANAs: anticorpos antinucleares; NL: nefrite lUpica; HAD:
hemorragia alveolar difusa.

*Numero de critérios do SLICC para classificacdo do LES (em humanos sao
necessarios quatro critérios para definir o lipus com 95% de certeza, pelo menos
um critério clinico e um laboratorial). Fonte: Tabela adaptada de Zhuang e
colaboradores, 2015 (143).

2.3.1 Modelo de lupus induzido por pristane

O pristane é um alcano isoprenoide encontrado em alta concentracao no
o0leo mineral. Uma injecdo intraperitoneal de pristane € um método padrdo para
obtencdo de um fluido ascitico enriquecido em anticorpos monoclonais. Dentre os
anticorpos produzidos no modelo de ldpus induzido por pristane em BALB/c
podemos encontrar anti-ribonucleoproteina, anti-DNA e anti-histona. Os animais
submetidos a injecdo de pristane também apresentam deposicdo de IC no rim,

causando uma glomerulonefrite (144).

O modelo de lupus induzido por pristane também é impulsionado por uma

forte resposta do IFN-I, e este modelo € bem adequado para investigar a assinatura



31

de IFN-I presente em muitos pacientes com LES, mas mais fraca ou ausente em
outros modelos animais (143). Este modelo também é (til para testar o impacto de

um gene especifico no desenvolvimento do lupus.

Assim como observado no LES em humanos, o modelo de lupus induzido
por pristane é mais grave nas fémeas do que nos machos (145). Ainda,
dependendo da linhagem de camundongo utilizado na indugdo do modelo de lUpus
induzido por pristane sdo observadas diferentes manifestacfes clinicas, o que ilustra
o papel das interacdes gene/ambiente na suscetibilidade da doenca (146). Uma
explanagdo mais aprofundada deste modelo experimental esta descrita no Artigo 1
apresentado neste trabalho.

2.4 VITAMINA D

2.4.1 Consideracdes gerais

As vitaminas sd0 compostos organicos essenciais para o metabolismo dos
seres vivos. A vitamina D compreende compostos lipossoliveis, e existe em duas
isoformas principais, de origem vegetal (vitamina D2 ou ergosterol) ou animal
(vitamina D3 ou colecalciferol), responsaveis principalmente pela manutencdo do
equilibrio do metabolismo 6sseo (147,148). Ambas as vitaminas D2 e D3 sao
metabolizadas pela mesma via e produzem metabdlitos ativos com efeitos biolégicos
equivalentes (Figura 2) (149). A vitamina D pode ser encontrada em alguns
alimentos e suplementos alimentares, porém sua maior fonte € proveniente da
sintese cutanea, a partir da adequada exposicdo a radiacdo UVB da luz solar.
Apenas cerca de 20% das necessidades corporais diarias sdo supridas pela
alimentacdo, fato que a torna diferente da maioria das demais vitaminas que
geralmente precisam ser adquiridas através da dieta (150). Poucos alimentos
contém ou sao enriguecidos, naturalmente, com vitamina D, dentre eles as principais
fontes de vitamina D3 sdo o 6leo de figado de peixe, peixes gordurosos (atum e
salméo) e a gema do ovo, enquanto que a vitamina D2 € derivada da ingestao de
fontes de fungos, como cogumelos e leveduras. A vitamina D2 é uma molécula com
28 carbonos e pode ser manufaturada através da irradiacdo UVB do ergosterol
encontrado em fungos (151). A vitamina D3 apresenta 27 carbonos e pode ser
obtida através da irradiacdo UVB do 7-deidrocolesterol (7-DHC) proveniente da

lanolina (152). Diante destas particularidades envolvendo a biodisponibilidade da
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vitamina D nos seres humanos, entende-se 0 crescente interesse em pesquisas
envolvendo este esteroide, visto que estudos em diferentes populagbes tém
mostrado uma alta prevaléncia de hipovitaminose D e a implicacdo clinica deste

achado ainda continua pouco entendida (153).

necalcierol - 0

Ergosterol -~ D

Y
|
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1. 25(0H), Vitamina D

Figura 3. Estrutura quimica dos precursores e metabdlitos da vitamina D. 7-
deidrocolesterol (pro-vitamina D3); colecalciferol (Vitamina D3); ergosterol (Vitamina
D2); 25-hidroxivitamina D [25(OH)D ou calcidiol]; 1a,25-diidroxivitamina D
[10,25(0OH)2D ou calcitriol]. Fonte: de Castro LCG, 2011 (149).

A vitamina D tem um importante papel no metabolismo 6ésseo, incluindo
absorcéo de célcio e fosforo. A descoberta de que a maioria das células expressa o
VDR, e algumas possuem também maquinaria enzimatica para produzir formas
ativas da vitamina D, gerou grande interesse nos seus potenciais efeitos bioldgicos,
visto que h& evidéncias da influéncia desta vitamina na patogenia de doencas
autoimunes, neoplasicas, osteometabdlicas, infecciosas, cardiovasculares e
metabdlicas (153). A mais alta expressdo do gene VDR € encontrada em tecidos
metabdlicos, como intestino, rins e 0ssos, mas niveis baixos a moderados do VDR
podem ser observados em mais da metade dos cerca de 400 tecidos e tipos de

células que formam o corpo humano (154). Estudos sugerem que a vitamina D
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apresenta efeitos regulatorios em aproximadamente 900 genes (155). A identificacdo
do VDR nas células responsaveis pela resposta imune, como as células
mononucleares, dendriticas e apresentadoras de antigeno, e também nos linfécitos
B e T, sugere que a vitamina D possa exercer atividade imunorregulatéria (121,156).
No sistema imune, a vitamina D promove diferenciacdo e regulacdo de mondcitos,
linfocitos e células exterminadoras naturais (do inglés, natural killer - NK), além de
interferir na secrecdo de quase todas as citocinas envolvidas no sistema imune.
Entre os efeitos imunomoduladores, destacam-se a diminuicdo da producao de IL-2,
do IFN-y e TNF-q, inibicdo da expresséo de IL-6 e inibicdo da secrecdo e producao
de autoanticorpos pelos linfécitos B (153,157).

Ha grandes diferencas interpessoais quanto aos efeitos da vitamina D no
organismo e, parte desta variacdo, deve-se a alteracbes nas sequéncias de DNA
que sintetizam importantes proteinas envolvidas no metabolismo e na ac¢do da
vitamina D nas células-alvo. Um exemplo disto seria a mutacdo deletéria no gene
VDR que causa raquitismo por resisténcia a 1,25(0OH),D. Outras variacdes genéticas
mais sutis envolvem a presenca de alguns polimorfismos no gene VDR, porém com

consequéncias funcionais ainda pouco conhecidas (158,159).
2.4.2 Metabolismo da vitamina D

Nos seres humanos, a pele € o Unico sitio capaz de produzir vitamina D. A
pré-vitamina D (7-DHC) é produzida na derme e epiderme e, sob acdo da radiacao
UVB com comprimento de onda entre 280 e 315 nm, sofre conjugacao de pontes de
hidrogénio nos carbonos C5 e C7, dando origem a pré-vitamina D. Esta, apés
aproximadamente 24 horas, forma homodimeros, transformando-se em vitamina D
(160,161).

A vitamina D proveniente da dieta é absorvida no intestino delgado e,
juntamente com a vitamina D endogena, transportada até o figado para ser
metabolizada. O transporte ocorre principalmente através da proteina ligadora da
vitamina D (do inglés vitamin D-binding protein - VDBP) e, em menor propor¢do, com
a albumina (162). A enzima hepatica 25-hidroxilase (CYP2R1 - do inglés
Cytochrome P450 family 2 subfamily R member 1) incorpora um radical hidroxila na

posicdo 25 da molécula da vitamina D, originando a forma 25-hidroxivitamina D
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(25(OH)D), também conhecida como calcidiol (163). Por manter niveis séricos mais
estaveis, € a forma usada para dosar a vitamina D do paciente. O figado é o
reservatorio usual da vitamina D. O tecido adiposo também pode atuar como
reservatorio. Além do figado, outros tecidos, como pele, intestino e rins sdo capazes
de promover a 25-hidroxilagdo da vitamina D, porém em menor propor¢édo (159). A
25(0OH)D circula ligada a VDBP até o rim, onde sofre nova hidroxilagéo, resultado da
atividade das enzimas 1a-hidroxilase (CYP27B1 — do inglés Cytochrome P450 family
27 subfamily B member 1) ou 24-hidroxilase (CYP24Al1 — do inglés Cytochrome
P450 family 24 subfamily A member 1) (164). Os produtos séo, respectivamente, a
1,25(0OH),D (calcitriol), a forma mais ativa e a 24,25-dihidroxivitamina D
(24,25(0OH),D), um metabdlito inativo hidrossoluvel, conhecido também como acido
calcitroico que é excretado na bile. A concentracdo plasmatica da 1,25(0OH).D é
regulada a partir dos niveis de 25(OH)D e da atividade das enzimas 1a-hidroxilase e
24-hidroxilase. A enzima 1a-hidroxilase é regulada pelo paratorménio (PTH), pela
concentracdo de fosforo e pelos niveis séricos de 1,25(0OH),D (165). O aumento do
PTH estimulam a enzima a sintetizar 1,25(0OH).D, enquanto a 1,25(OH).D exerce
estimulo negativo sobre esta enzima (165,166). Ambas, 1,25(0OH),D e 25(OH)D séao
degradadas, em parte, pela enzima 24-hidroxilase, através da sintese do acido
calcitroico (2). Os niveis séricos da 1,25(0OH),D, ao contrario da 25(OH)D, sao
fortemente controlados por mecanismos de retroalimentacdo, com niveis séricos
bastante variados e meia-vida de cerca de 6 horas (162). A 1a-hidroxilase também
esta presente nos tecidos extrarrenal (pulmdo, prostata, cérebro, placenta) e nas
células do sistema imune, o que torna possivel a producao local da forma ativa da
vitamina D, que passa a ter efeito paracrino e autdcrino (167). E importante salientar
que a 1a-hidroxilase extrarrenal € regulada diferentemente da resposta vista ao
PTH, célcio e fosforo séricos (168). Particularmente, esta la-hidroxilase ndo é
estimulada pelo PTH e, consequentemente, a producdo de 1,25(OH),D passa a
depender das concentracbes do substrato, ou seja, a 25(0OH)D, o que pode
determinar maior impacto na fungdo da vitamina D nestes locais em casos de
hipovitaminose D (14,167). Por outro lado, alguns estudos sugerem um mecanismo
de autorregulacdo negativo exercido pela 1,25(0OH),D sobre a sintese do seu

precursor via inibicdo da 25-hidroxilase (169,170).
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2.4.3 Niveis séricos e deficiéncia de vitamina D

A vitamina D pode ser quantificada a partir da verificagdo da concentracao
da 25(0OH)D, que representa sua forma circulante em maior quantidade, com meia-
vida de aproximadamente trés semanas. A 1,25(0OH),D ndo costuma ser usada para

avaliacao da concentracao da vitamina D, devido a sua curta meia-vida e sua baixa
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concentracédo, cerca de 1000 vezes inferior a da 25(OH)D (171). Além disso, no caso
de deficiéncia de vitamina D, existe um aumento compensatério na secre¢do do
PTH, o que estimula o rim a aumentar a producdo de 1,25(OH),D. Deste modo,
quando ocorre deficiéncia de vitamina D e queda nos niveis de 25(OH)D, a
concentragéo seérica de 1,25(0OH),D se mantém dentro dos niveis normais ou mesmo
elevados (172).

N&o existe consenso sobre a concentracdo sérica da 25(OH)D. Ha uma
concordancia de que os niveis séricos de vitamina D sejam mantidos dentro de uma
faixa que ndo induza o aumento do PTH (150,173). A deficiéncia de vitamina D &
definida pela maioria dos autores como niveis séricos de 25(OH)D inferiores a 50
nmol/l (20 ng/ml) (174-177). Niveis séricos entre 50 e 75 nmol/l (20 e 30 ng/ml)
seriam indicativos de insuficiéncia relativa de 25(OH)D e niveis iguais ou maiores
que 75 nmol/l (30 ng/ml) poderiam ser considerados como estado suficiente de
vitamina D (162,177). Valores abaixo de 25 nmol/l (10 ng/ml) indicariam niveis
criticamente baixos (178,179). Intoxicacao associada com hipervitaminose D poderia

ser vista com niveis de 25(OH)D superiores a que 374 nmol/l (150 ng/ml) (180).

As concentracdes plasméticas ideais de 25(OH)D foram definidas, como
visto anteriormente, a partir da sua influéncia sobre os niveis séricos do PTH, o que
as tornam clinicamente relevantes para a manutencdo da homeostase do célcio.
Entretanto, as concentracfes ideais de 25(OH)D necessarias para 0 bom
funcionamento do sistema imunoldégico ainda ndo foram definidas e podem ser
distintas daqueles valores que atualmente sdo conhecidos (181). Além disso,
estudos demonstram que alguns polimorfismos genéticos envolvendo a VDBP,
enzimas envolvidas no seu metabolismo, e o proprio VDR podem determinar
variacfes nos niveis séricos da 25(0OH)D e tornam ainda mais complexa a definicdo
da concentracao ideal de vitamina D, a qual pode ser diferente para cada individuo
(182). Ha inumeras causas para haver deficiéncia de vitamina D, dentre elas,
reducdo da sintese cutdnea e da absorcao intestinal, além de doencas herdadas ou
adquiridas do seu metabolismo ou que interfiram na responsividade a vitamina D
(166).
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2.4.4 Receptor de vitamina D

O VDR é um receptor nuclear de 50 kDa (183), pertencente a familia dos
receptores esteroides de classe 2, semelhante aos receptores do acido retinoico e
do hormonio tireoestimulante. Seu gene de 75kb esta situado no braco longo do
cromossomo 12 (159). A estrutura de VDR consiste em um dominio N-terminal, para
ligacdo com o DNA, uma regido de charneira flexivel e um dominio de ligacdo com o
ligante, 1,25(0OH).D (183). Além do classico VDR nuclear, acredita-se que exista um

VDR de membrana responsavel por acdes rapidas da vitamina D (184).

A 1,25(0OH),D liga-se ao VDR nuclear e determina uma resposta gendmica
através da regulacdo da transcricdo de alguns genes. As principais etapas
envolvidas no controle da transcricdo genética incluem a ligacdo da 1,25(0OH).D ao
VDR, heterodimerizacdo com o RXR, ligacdo deste heterodimero a sequéncias
especificas do DNA, também conhecidas como VDRE localizados no DNA, nas
regides promotoras dos genes que sao ativados pela vitamina D e recrutamento de
outras proteinas nucleares para dentro do complexo transcricional (figura 5) (3,183).
Acredita-se que a 1,25(0OH),D possa exercer acfes genbmicas e ndo gendmicas
rapidas interagindo com o VDR. As atividades ndo gendmicas rapidas sdo mediadas
pelo VDR de membrana que também € ativado por 1,25(0OH),D, o que resulta na
abertura dos canais de calcio dependentes de voltagem ou na ativacdo de segundos

mensageiros, como por exemplo a proteina quinase C (185).

O VDR foi descoberto inicialmente nos tecidos envolvidos na regulacdo da
homeostase do calcio e fosfato (intestino, ossos, rins e paratireoides) (186). Além
dos tecidos classicos, 0 VDR também esta presente em outros locais, tais como
células do sistema imune, trato reprodutivo (Gtero, ovario, placenta, testiculo e
préstata), mamas, sistema endocrinologico (ilhotas pancreaticas, hipdfise, tireoide,
paratireoide e cortex adrenal), musculatura lisa e esquelética, coracdo, pele, cérebro
e figado (187). Além da distribuicdo quase universal do VDR, algumas células
(queratinocitos, mondécitos, 6sseas e placentarias) expressam a enzima 1a-
hidroxilase que produz a forma ativa da vitamina D in situ, podendo ocorrer efeito

paracrino e autocrino deste hormaonio (2,5).
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Figura 5. Mecanismo de acdo da vitamina D. Abreviagbes: MR (molécula
reguladora); mRNA (acido ribonucleico mensageiro); RXR (receptor X retindico);

VDR (receptor da vitamina D); VDRE (elementos de resposta a vitamina D).

2.4.5 Efeitos fisiolégicos da vitamina D

A funcdo classica da 1,25(0OH),D relaciona-se com a regulacdo da
homeostase do calcio. No duodeno, estimula o transporte ativo de calcio para a
corrente circulatéria. A absorcdo de fosforo também é aumentada sob acdo deste
hormbénio. Ha participagdo na manutencdo da massa Ossea, permitindo a
mineralizacdo normal do osso e atuando na maturacdo do colageno e da matriz
(188). Atua de forma sinérgica com o PTH na ativacdo e maturacdo de osteoclastos,
resultando na mobilizacdo do calcio do osso para a circulacdo. Nos rins, €
responsavel por incrementar a reabsorgéo de calcio e fosforo. Além dos efeitos no
metabolismo do calcio, a 1,25(0OH),D estad envolvida na regulacdo do magnésio,
liberacdo de insulina pelo pancreas, secre¢éo de prolactina pela hipofise, inibicdo da
sintese de renina, aumento da contratiidade miocardica,  manutencdo da

musculatura esquelética e depuragao de creatinina endogena (6-10).
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A 1,25(0OH).D interfere de forma direta ou indireta no controle de mais de
200 genes envolvidos na regulacdo do ciclo celular, diferenciacdo, apoptose e
angiogénese, podendo determinar diminuicdo da proliferacdo de células normais ou
neoplasicas (189). Estudos com animais evidenciaram que a 1,25(OH),D pode
suprimir o crescimento tumoral por indugcéo da apoptose, inibicdo da angiogénese e
reducdo da atividade invasiva das células cancerigenas (190). Na pele, atua de

forma paracrina, inibindo a proliferacdo de queratindcitos e fibroblastos (162).

Varios efeitos imunomodulatorios também tém sido atribuidos a 1,25(OH).D.
O sistema imune inato atua como primeira barreira na defesa contra invasao de
micro-organismos e a presenca de alguns peptideos antimicrobianos tem sido um
fator importante neste contexto. Em humanos, pode ser encontrada a catelicidina,
um peptideo antimicrobiano produzido por macrofagos, mondcitos e queratindcitos,
com grande atividade contra bactérias, micobactérias, virus e fungos (191,192). A
vitamina D ativada parece estimular a producdo de catelicidina por estas células
(193). Mondcitos e macrofagos expostos a lipopolissacarideos bacterianos ou a
presenca do Mycobacterium tuberculosis ativam o gene VDR e 1a-hidroxilase,
levando ao aumento local da 1,25(0OH),D e do seu receptor, o que eleva a producgao
de catelicidina. Esta resposta frente aos micro-organismos parece ser atenuada em
individuos que apresentam deficiéncia de 25(OH)D (194,195).

Como descrito anteriormente, a vitamina D tem efeitos conhecidos sobre
diversas células do sistema imune, dentre elas linfocitos T CD4+ e CD8+, linfcitos
B, células dendriticas e macréfagos (181). Cada uma destas células expressa VDR
e 1a-hidroxilase, podendo produzir 1,25(0OH),D localmente. Seus efeitos paracrinos
e autécrinos dependem da adequada concentracdo da 25(OH)D, o que faz da
deficiéncia de vitamina D um fator crucial no funcionamento do sistema imune (14).
Nos linfécitos podem ser verificadas as seguintes alteracdes relacionadas a vitamina
D: supresséo do receptor de célula T, alteracdo no perfil de citocinas (diminuicdo de
IFN-y, IL-22, IL-2 e TNF-a e aumento de TGF-B, IL-4, IL-5 e IL-10) e troca do
fendtipo Thl para Th2, com maior tolerédncia imunolégica; supressdo das células
Th17 envolvidas na autoimunidade e reducédo da producédo de IL-17; supresséo da
producédo de IL-6 e IL-12 e IL-23; estimulo a atividade de células T regulatorias na
supressdo da proliferacdo de células T (196-205); inibicAo da produgcdo de

imunoglobulinas e diminuig&o e interrupcéo da diferenciacdo de células B (206—209).
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Todos estes efeitos salientam o importante papel da vitamina D na resposta das
células B e T, no processo inflamatério e na producdo de autoanticorpos, o que
potencialmente pode resultar em dano tecidual. Nas células dendriticas, os efeitos
da vitamina D talvez sejam os mais relevantes para o fendbmeno da autoimunidade,
devido ao papel protetor e mantenedor da tolerancia imunolégica desempenhado por
estas células, visto que a 1,25(0OH),D, atuando na sua maturacgdo, diferenciagcéo e
migracdo, estimula a producdo de células dendriticas mais tolerantes (210-216).
Nés macréfagos, a 1,25(0OH),D aumenta a maturacdo de monécitos em macrofagos,
mas reduz simultaneamente a sua capacidade de apresentar antigenos para as
células T, diminuindo a expressao do MHC de classe Il e diminui as citocinas IL-1j,
IL-6, TNF-a e aumenta IL-10 (217-221).

2.5 VITAMINA D E LUPUS

A vitamina D exerce inUmeras a¢fes sobre o sistema imunoldgico e varias
descobertas tém sido feitas a respeito da sua influéncia na etiopatogenia de algumas
doencas autoimunes. Do ponto de vista das doencas autoimunes, o papel mais
importante da vitamina D é sua capacidade de regular negativamente o0s
mecanismos relacionados imunidade e induzir tolerancia imunolégica, bem como um

efeito anti-inflamatorio (222).

Em 1979, surgiu a primeira descricAo que sugeriu a associacdo entre
deficiéncia de vitamina D e LES em humanos. Foi um estudo com doze
adolescentes lupicas usuarias de glicocorticoides que evidenciou baixos niveis de
1,25(0H),D em 7 delas (223). A literatura relata uma prevaléncia de insuficiéncia de
vitamina D (entre 20 e 30 ng/ml) entre 38-96% em pacientes com LES e a
prevaléncia de deficiéncia de vitamina D (menor que 20 ng/ml) entre 8 e 30% (178).
Os baixos niveis de vitamina D nos pacientes com LES estdo associados a
exposicdo solar reduzida devido a fotossensibilidade, ao uso de fotoprotecéo, a
alteracdo do metabolismo renal de vitamina D, entre outras (224). Os estudos
demonstram uma associacao entre baixa concentracédo de vitamina D e a atividade
da doenca no LES (225). Existem diversos trabalhos publicados na literatura

avaliando niveis de vitamina D em pacientes com LES (226).
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Ha evidéncias de que a vitamina D reduz a chance de desenvolver doenca
autoimune em modelos murinos experimentais de artrite reumatoide, encefalite e
lUpus (21,227,228). Visto que esta tese avaliou os efeitos da suplementacdo de
vitamina D em modelo de ldpus induzido por pristane, os trabalhos discutidos a
seguir sdo sobre os efeitos desta suplementacdo em modelos experimentais de

lGpus.

Em 1992, foi publicado por Lemire e colaboradores o primeiro trabalho
avaliando a influéncia da suplementacéao de vitamina D em modelo experimental de
lUpus. Este trabalho utilizou o modelo espontaneo de MRL/Ipr. Os animais foram
suplementados com 1,25(0OH),D na concentragdgo de 0,1 e 0,15 pg por via
intraperitoneal em dias alternados. Dentre os principais resultados, a suplementacéo
com 1,25(0OH),D inibiu completamente o aparecimento de lesdes cutaneas e reduziu
a proteinuria. Apesar destes resultados positivos, a reducdo na linfodenopatia, o
retardo no inicio do aparecimento de proteinlria e a reducdo estatisticamente

significativa nos niveis de anti-ssDNA né&o foram observados nestes animais (21).

Em um estudo brasileiro, realizado em 2000, Vaisberg e colaboradores
utilizaram camundongos (NZBxW) F1, geneticamente predispostos a desenvolver
lipus, e suplementaram estes animais com colecalciferol nas concentracdes de 3 e
10 ug por via intraperitoneal 1 vez por semana. Os animais apresentaram piores
achados histopatoldgicos na bidpsia renal no grupo que recebeu suplementacéo de
vitamina D, sugerindo que a vitamina D pudesse ter atuado como fator agravante da

doenca (22). Estes dados néo foram reproduzidos em outros estudos.

Apés 15 anos sem atualizacdes sobre a suplementacdo de vitamina D e
modelos de lapus, Arab e colaboradores utilizaram o modelo de lupus induzido por
cromatina ativada em camundongos BALB/c e suplementaram estes animais com
1,25(0OH),D na concentragdo de 50 ng por via oral diariamente. Neste estudo foi
utilizado dois protocolos de tratamento: (a) um protocolo preventivo (inicio da
suplementacdo 2 semanas antes da inducdo do modelo) e (b) um protocolo de
tratamento (inicio do tratamento 2 semanas apds o estabelecimento da doenca).
Tanto a suplementacdo preventiva quanto a suplementacdo como tratamento nao
foram capaz de reduzir os niveis de anti-dsDNA ou alterar os niveis de proteinduria,

mas observou-se um aumento na expressdo de Foxp3 e TGF-B e uma redugéo de
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IL-6 e IL-10. Este trabalho também avaliou o efeito da suplementacdo nas células
Treg. A porcentagem de células Treg no grupo que recebeu tratamento preventivo

aumentou significativamente (23).

Em 2016, um trabalho avaliou os efeitos de uma dieta deficiente em vitamina
D exposta aos camundongos MRL/Ipr durante 6 semanas. Apds este periodo os
animais apresentaram baixos niveis séricos de 25(OH)D, confirmando a deficiéncia
em vitamina D. Apesar dos niveis séricos de vitamina D baixos, 0s animais nao
apresentaram nenhum anormalidade quanto ao peso corporal, alopecia, nos niveis
séricos de anti-dsDNA e IgG total e no dano renal (proteinuria, histologia renal e
depdsito de IgG e C3 no rim) (24).

Em 2017, Ding e colaboradores exploraram os efeitos da 1,25(OH).D no
modelo de MRL/Ipr. A suplementacéo de 1,25(OH),D ocorreu na concentracao de
5ug/kg através da via oral diariamente. A suplementacdo demonstrou um efeito
protetivo, reduzindo as Ulceras cutaneas e o dano renal (25). A tabela 2 apresenta
resumo dos trabalhos publicados até o momento entre vitamina D e modelo

experimental de lupus.

Tabela 2. Modelos experimentais de lUpus e suplementacédo de vitamina D.

Modelo Forma da Concent V_|a_ de ~ Frequénc Resultados A
: . . ~ administraca : C Referéncias
experimental  vitamina D racao o ia principais
Espontaneo
01le . . Dias Ielgcl)t;gadoedpe:asle Lemire e
1,25(0OH)2D ' intraperitoneal alternado = colaboradores, 1992
0,15 pg S Redugao da 1)
proteinuria
Reducéo nos
niveis de
25(OH)D Sem
alteracBes nos
Dieta niveis de anti- Reynolds e
MRL/lpr deficier_ne em N/A N/A N/A dsDNA, 1gG colaboradores, 2016
vitamina D total, (24)
proteinuria,
histologia renal
e deposito de
IgG e C3.
Reducéo das
Diariamen ulcieras Ding e colaboradores
1,25(0OH)2D 5ug/kg oral cutaneas ’
te = 2017 (25)
Reducéo do
dano renal
. . . Semanal Piora da Vaisberg e
(NZBxW)F1 Colecalciferol 3 e 10 ug intraperitoneal . . colaboradores, 2000
mente  histologia renal 22)

Induzido
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Aumento de
Diariamen Foxp3 e TGF-f Arab e colaboradores,
te Reducéo de IL- 2015 (23)
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3. MARCO CONCEITUAL

Modulagdo do sistema imune inato e
adaptativo

Diminuicao de citocinas inflamatorias
Correlagdo com atividade de doenga

Dose de vitamina D ideal ?

Modelos espontdneos Modelos induzidos
MRL/lpr LES induzido por cromatina ativada
1 Linfocitos CD4+ v IL-6 e IL-10
(+) Ulceras de pele F TGF-B e Foxp3
(+) Sistema urinario 1" Linfocitos Treg

| Proteindria

| Anti-ssDNA LES induzido por pristane
NZW/F1

(-) Nefrite lGpica

Figura 6. Marco teérico do presente trabalho. ssSDNA: DNA de cadeia simples; (+):
melhora; (-): piora;
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4. JUSTIFICATIVA

O uso da suplementacdo de vitamina D em pacientes com doencas
autoimunes é uma recomendacdo comum. Contudo ainda sdo controversos 0s
estudos que observam as mudancas no processo cronico dos LES, bem como quais
0s mecanismos de imunomodulacdo da vitamina D. Devido a heterogenidade da
doenca e as diferengas interpessoais quanto aos efeitos da vitamina D no organismo

em humanos, estudos experimentais podem 1,25(0OH),D.
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5. OBJETIVOS
5.1 OBJETIVO GERAL

Avaliar o desenvolvimento e evolugcdo de LES apods suplementacdo de
vitamina D em modelo experimental de lGpus induzido por pristane.

5.20BJETIVOS ESPECIFICOS

1. Estudar a acdo da suplementacdo de vitamina D nas manifestacdes
clinicas do LES induzido por pristane através de:

a. Avaliacéo de escore clinico articular;
b. Avaliacdo de nocicepcao articular;
C. Avaliacdo de edema articular;

2. Estudar a acdo da suplementacdo de vitamina D nas manifestacdes
laboratoriais do LES induzido por pristane através de:

a. Deposicao de IgM e IgG nos rins (glomérulo);
b. Quantificacdo de mediadores inflamatorios sistémicos;

3. Determinar os padrdes histopatolégicos no rim e na articulacao;
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Abstract Systemic lupes erythernatosus (SLE) is o multifac-
torial, autoimmune inflammatoey dncase with pleomorphic
clinical mantfestations nvolving dffarent organs and tisases.
The ctiology of this discase has boon asocated with 2 dys-
funcuonal response of B and T lymphocytes aganst omviron-
mental stimub i individuals penctically suscepible 1o SLE,
which determines an immune response against differemt
autoantigens and, conseguently, tissue damage. The study of
difforent murine models has provided a better undenanding
of these sutosmenune pheoomena. This review prisarily fo-
cunes on that hus boon learnad from the prstanc-snducad kepus
(PIL) model and how this model can be usad 1o supploment
recent sdvances in undenstanding the pathogeness of SLE
We alwo comider both current and future therapies for thin
disemse. The PubMeod. SGELO, snd Embase databases were
scarched for relevant articles published from 1950 w 2016
PIL b been shown 1 be o usefial ool for undentnding the
mukiple mochanisms mvolved in systomic autoammunity. In
addntion, # can be consadered an efficiont modcl 10 evaluate
the environmental contributions and interforon signatures
present in patients with SLE.
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Introduction

Systemic huprss erythematosus (SLE) & characsenized by mul-
tsystem inflammation and the Jow of tolerance of Tand B
lymphocytes to host antigens. The etiology of SLE is will
poorly known and is consadered mulsifactonal, mvolving pe-
netic, hoomonal, and environmental aspects. Patents with this
discase have vanious clinical symptoms including renal dis-
case, noo-crosive anhntes, sarositss, homatological and resps-
tatory wanifostations, as well s the prodaction of sntim lesr
antibodies (ANA). The ganetic profile and clinical and labo-
rory changes of SLE can be studiod in expenmental models.
Antmal models of SLE induced in healthy mouse strains by
exposare 10 hydiocaron o, soch & postanc, have faciltated
rescurch into this discase by providing insight eo the ol of
environmental factors that may predispose 10 SLE [1-3)
Funhormore, they allow study of the mitial events that boad
% 2 break in wictance o the absence of genctic defocts, and
provide a better understanding of the ocliular mochanisims
mvolved in SLE development and progression. In thes review,
we will discuss what has been leamed flom the prstano-
mdoced lupas (PIL) model and how this model can be wed
w0 supplement recent advances 1 undentandimng the pathogon-
osis of SLE.

Materials and methods

The PubMed, SGELO, snd Embase databases wore searched
for arucies publishod from 1950 w0 2016, wsing the followng
torms and combinations thercof: “prastanc-nduced lupus, ™
Setramethy ipentadocanc-mduced lupus,™ “pristanc-treated
mice,” “murine lupus.™ and “hydrocarbon ol pristane. ™
Articles in Porugoese, Spannh, and English were included

n this rovew
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Numcrous chemicals and drugs have been sdentified as cape-
ble of riggenng the production of sutoantibodies or inducing
a syndrome smilar to SLE 4, 5] However, none of them
reproduce completely the spectrum of autcantibodies ob-
served in human SLE. Drugs such as procamanude. hydml-
which act on gene expression, induce a bughly restricted and
directed response against chromatin antigens (ssDNA, his-
waes) |5, 6). Pristane, acting differently from the above, is
capable of mducing m mice 3 wide range of mstoantibodics
speaific 10 or associated with SLE [7-10).
M-clkohonnwoillﬁ.lnl&

[11]), i the liver of some sharks [12], and 2 3 bypeoduct of
petroleumn datillation [11]. Mice administered pristane into
the shdominal cavity develop an ascitic fluid eanchod with
monoclonal sntibodies, local chronic inflammation
(Hpogranulomas), and a theumatoid-like crosve anthntis
[13). & well as sutoantibodies and climical manifestations
wimsilar 10 those of SLE [7, 14).

The mochanisms by which pristanc induces a breakdown in
wheranoe and mtraceliular tanpets bocome antigenic remain 10
be defined, Pristanc s 8 membranc-activating compound that
intemncts with the phospbobipid bilayer. 1t has o cytotox: effect
dependent on concentration and cell lincage, although the
mochanisin of this cytotoxicity also remains unknown (15
Apopeosis sy explain bow auonntigons becoene svadable 1o
the immune system [ 16), One study demonstrased that pristane
induces programmod cell deuth both m lymphosd coll lines
and in peritoncal exadate cells of mice o vitro and in vivo,
This suggests that pristanc- indoced spoplosss provides & suf-
ficiont autoantigon substrate for tnmune tolermce o be bro-
ken, causing an imamune disoeder linkod 10 overproduction of
interferon alpha snd beta (TPN-@ and ), which cosegquently
leads to the development of an autolmmunity smilar 1o SLE
(17

Cytokine production
The production of eflamsmastory cytokines plays = important

e m PIL. IFN-a, § and vy, imterleukint (IL-6), and
mferieukmn- 12 (1L-12) stimulae the formation of sutoantibodies

PR
sl g e o
‘\‘\

R W 7

n this model Animaks deficiont i the production of these
cytokines arc ot able o produce sstoentibodios (15, 19]. In
e mome PIL model, IFN-y deficiency has been shown o
have a2 protective effect on remal discase and production of
suscantibodies | 20). The sole of TPN will be desaribed in more
detal i the next sections, doe 10 its importance m thas modd.
BALBc IL-6  micc do not produce anti-ssDNA. anti-
GDNA, or anti-chronaten antibodacs, but contiue 1o produce
2rm-RNP'Sm and anti-Se (Fig. 1) In the same study, prodoc-
tiom of anti<BDNA antibodies in BALBC IL-6™" occumed
S months after ntigperionenl mgection of pristane, woll afler
the onsar of nephris, suggestng that this antibody & not ne-
sponsible for the mduction of romal dscase. These results sug-
gost that induction of ant-DNA and anti-chromatin antibodies
= mice trested with pristane & strictly depesdent on L6,
whereas the mdoction of anti-RNPSm and anti-So susomn-
bodies i notf |21 Asti-RNP S stibodfies are sssoctsted with
IL-12 production. IL-12 mice exposad 1o PIL do not develop
anti-RNP antsbodices or acphritis [22]. o conjunction with
interioukin: | X (1L-15), 1L-12 promotes differentistion of naive
T cells im0 Thi celle 1L-12 s produced prienanly by antigen-
prosesting oclls (APOx), sich as macrophages and deodritic
cells. These mice have a relative defect, but ase st entirely
devoud of Th] responses [23] In the sbsence of IL-12. IFN
production can be indoced by IL- 18 spnaking [24), although
this process & believed © roquire the presence of other cyto-
Kinex, such as imterfeukin-2 (TL-2) [25]. These studies desmon-
strute that the production of sutoantibodics can be nduced by
different cytokme pathwayy that contridbute 10 pathogenesis.

The rule of interferon in pristanc-induced lupus

IFN i an antiviral cywokine that plays an inporant role in
SLE. Imerferon type | (TFN-1) is composed of IFN-« and §
subumits, which bind 1o the same recepior (IFNAR), Through
microarray and quantitative PCR sechnigques in peripheral
blood, it was observed that twodhirds of adults and nearly
all children with SLE exhibit overexpresson of IFN-1 and
inmterforon stmmulatod gones (15G) [26-25). Also koown as
“TPN signature,” this phenomenon is closcly associatod weh
&-:P‘_’umq‘ iy, lupus nephritis, and suoantibody production

Prstane-treated mice exhubit & robust IFN signature [12),
The ectopic lymphoid tssve formed m PIL incromses the ex-
pression of 1SGs [33). In IFNAR  mice, anti-DNA, anti-

=7 Retucton of
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chroenatin, ani-RNP, unti-Sen, and anti-Su antibodies are not
produced and glomendonephritis & definttely reduced, dean-
onstrting that IFN-I plays an important role in the pathogen-
csis of PIL [1K, 34]. Although autcantibody producnon de-
velops mound the thind or fourth month afler indoction with
prastane, IFN-1 producton s already desecuable s carly as
2 woeks afier induction [35].

Dendritic cells are the muain source of IFN-1 prodection in
healthy individuals and in paticnts with SLE, although their
role may be Fenited in the PIL modd [36]. In PIL, Ly6C™
monocytes are the cell type responsible for TPN-1 production.
In response to intmperitoncal injection of pastanc. these cells
accumulate in the mflamed peritoncum, where they are tg-
gerad to synthesize IFN. Normally absent in the perstoneum,
these cells are annxied through CCL2, and represent ahout
30% of the peritoncal exudate 2 weeks after pristane mjoction,
suggesting that monocytes play an important role m the
imterferonopathy observed i the PIL model [37].

The mechanism for IFN-1 overproduction in SLE cells i
known to utifize various innate receplors I response 1o
pathogen-associated molecules [38]. The toll-like receptors 7
(TLR7), 8 (TLRR). and 9 (TLRY) huve recaved considerable
sttention because of their sbility %o recognize endogenous
nucleic acids [39<41]. TLR7 and TLRY arc expressed imtra-
cellularty in dendrntac cells, macrophages, and B cells {42, 43,
within an endosomal comparmment, and trigger TFN-1 secre-
tion via the myeloid differentating fictoe 88 (MyDSE) protein
mice have revealed that production of IFN-1in PIL occurs via
the TLR7-MyD28 puthway {44]. There s no production of
anti-RNP, anti-Sm. and anti-Su antibodies or accumulation of
Ly6C™ monocytes and development of glomesalonephnitis in
TLR7 ™ mice [45), The Ly6C™ monecytes of the peritonesl
cavity express high levels of TLRT and sre considered the
main source of IFN1 production. TLRS 1s not associated with
IFN-1 production in humans or in mice, possibly because den-
dritic cells and B cells do not expeess this receptor [46]

The activation mechanism of TLR7 in the PIL model is stll
undefined. As the chemical stxcture of nostune is different
from that of TLR7 ligands. this compound cannot dircctly
activate the roceptor [44], It is possible that pristane ncreases
the effects of TLR7 bgands, such as the endogencas Ul RNA
Sm and RNP antigen. Furthenmore, when incorporated into
the cell membrane, peistane can modify the endosomal siwe,
providing access w0 TLR7 [47). However, neither TLR7 local-
wation nor phagocytoss is alered by pestane [44]. Pristane
also lacks the ability to increase TLR7 expréssion.

In SLE, an increase in apoptotic and necrotic cells & be-
lieved to result in the formution of immunocomplexes (1Cs)
formed by autosntibodies and astoantigens contaiming DNA
and RNA [45]. In vero, the Foy receptors (FeyR ) of dendritic
eells have been shown 10 mediste transpont of DNA- or RNA-
containing ICs into endosomes, allowing the activation of

TLR7, TLRS, and TLRY by these intermalized endogenous
nuclesc acds [49, 50). Thus, the production of sstoantibodies
apainst avtomntigens contsning RNA (Ul snRNP) 15 a pre-
requisite for the production of TFN-1. However, in the PIL
model. IFN-1 production precodes the appearance of unti-
dsDNA, anti-RNP, or ants-Sm smoantibodies. FeyR ™ ani-
mals are shic to produce sumoantibodies and 1PN, thus exclud-
ing the roke of 1Cs in initial IFN generation [#4, 51},

TLRY  BALB/c mice mpected intmpentoncally with pris-
tane develop more severe sutoimmunity than do their TLR-
sufficeent cohorts. Early indications mclude an increased ac-
cumulation of TLR7-expressing Ly6C™ inflammatory mono-
cytes at the site of igecton, upregulation of 1SGs expression
n the peritoncal cavity, and an inoreased production of mye-
loid lneage precursons (common mycloid progenitors and
gramlocyte mycloid procumson) in the bone manow. These
mice also develop higher avtoantibody titers against RNA,
neutrophil cytoplasmic antigens, and mycloperoxadase than
do prastane-iniected wild-tvpe (WT) BALBC mice. as well
s o markzd wcresse m glomerular 1gG deposition and infil-
rating granulocytes, much more severe glomenulonephritis,
and a reduced lifespan. The BALB/c pristane model recapity-
lstes other TLR7-dnven spontaneous models of SLE and s
negatively regulated by TLRY [52).

However, recent rescarch has also suggested that
opsvarzation of dead cefls by C3 and IgM in PIL 15 mvolved
in the pathogenesis of the IFN signature. The dats imply that
complement receplor-mediated phagocytosss of dead cells op-
sonized by natural 1gM and complement generates IFN-I and
other promflummatory cytokines in PIL. Like C3-deficient
mice, Cd-deficient lupus patients do not exhibitan IFN signa-
wre. This novel pathway, which hikely involves the carly clas-
sical complement cascade, is essential for the IFN signature in
PIL and also appears 1o be relevant in human SLE [53]
Pristanc-primed macrophages from C3-deficient mice did
not exhibit impaired cytokine production. In contrsst. Clg-
creted significantly less CCL3, CCL2. CXCLI, and IL-6
when stimulated in vitro with a TLR7 lieand. Furthermore.
Clg  mice developad lower titers of circulating antibodics
demonstrate that Clg deficiency impams TLR7-dependent
chemokine production by pristane primed peritoneal macro-
phages and suggest that Clg, and not C3, is involved in the
handlfing of pristanc by phagocytic cells. which is required to
ngger disease o s modd [54).

Paticnts with SLE present decreased expression of an
cstrogen-regulated microRNA, miR-3124d, in ther menocytes.
Its et is the iterferon regulatory factor 9 (IRFY), a crmical
component of the tmnscriptional complex that regulates the
expression of 1SGs. Thus, with reduced miR-302d expression,
IRFO levds incrense, as does the expression of ISGs. In the
PIL model, transfoction of miR-302d has a protective effect
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igainst pristane-nduced inflammation, suggpesting that mod.
ulation of miR-3024 levels may be protective m SLE. Thus,
these findings clossify miR-302d s o key regulutor of IFN-|-
directed gene expression, undersconing the importance ofnon-
coding RNA in the regulation of the IFN pathway both in the
PIL model und in patients [55].

In semmsary, the literaure demonsteates that pristane may
mimic human SLE by causing synergistic abaormalities in
interferon production along with defective clearmce of apo-
plotic cells and overnctive B cell mgnuling. IFN production is
essential for development of the discase. PIL may be a good
moded for studying dysregultbon of this cytokine.

Lymphoid ncogenesis and autoantibody production

The production of asomntbodics is a central event in the
pathogenesis of SLE [56). BALB/e, SIL/L and C57BL/6 mice
injected miraperitoneally with pastane develop SLE-specific
autoantibodies, including anti-dsDNA, anti-ssDNA, anti-Sm,
mti-RNP, and anti-nbosomal P {7, 14, 57, 58]. Antibody pro-
dusction after pristane injection was first described by Satoh
et al. in 1995 [$9]. Pristane also causes polyclonal
hypergammaglobalinemm, which stimulates the production
of cytokines. Both the production of antinuclear antibodies
and hypergammaglobulinemia are charcteristics of human
SLE [11]. as are the producton of antibodies against type [
collngen and the presence of rheurnatoid factor (60,

In BALB/c mice, a smgle intrapentoneal injection of 0.5 mi
pristane is able to stimulate the production of stoantibodies
agamst the RNA component of Ul small nuclear ribonucieo-
protemns via TLR7-driven TFN-I production [61]. The in-
creased TLR7 expression may contnbute to B cell hyperactiv-
ity and autcantbody production in SLE [62). PIL features an
expanded population of B cells with a switched memory-like
phenotype and hyperresponsiveness 10 synthetic TLR7 I
gands and apoptotic cefls, probably resulting from increased
TLRT expression due tw IFN-1 prixluctson [63]. Also, & buikd-
up of dead cells in hpus tissoes may hedp maintain high serum
levels of anti-RNP/Sm autoantibodies [63]. Production of Su
mnoantigens porsists m 30-90% of smmmals 4-6 months after
imjection, and production of anti-<dsDNA for even longer, be-
tween 6 and 10 months |7, 14] Tiens of ants-Su snd anty.
snRNP/Sen are present in this model at levels o high as
123,000 1:250,000 (ELISA 1. This level of msoantibody pro-
duction resembles that found in spoatancous susimmune dis-
cases [$9).

Recently, » role for caspase-1 in murine lpos was de-
scribed, indicating an involvement of inflammascenes in the
development of SLE. Nigp3 ™™™ mice with PIL were ob-
served 1o have hagher mortality than WT mice following pns-
tane injoction. Furthermose. anti-GsDNA snd sotal 196G Jevels
were increased in the serum of Nipd ™ mice
with hose of WT mice. These data indicate that Niqp3 "%

€) Springe

mutant mice exhibited enhanced autoimmune responses afler
peistane treatment [64 ], Severe glomenular renal damage, char
acterized by hypercellularity, mesanginl expansion, crescent
formuation, and interstitial mononoclear cell infilration, wis
also observed, In PIL, a lack of caspase-1 does not alter the
recruitment of inflammntory cells into the pentoncad cavity or
change the formation of lipogranulomas, which are coasid-
ered » nidus of chronk mnflummatory mediators for discase
development [65]. In caspase-1 mice, anti-dsDNA and
anti-RNP autoantibody production |s an §, us is
hypergammaglobulimemia. These mice mount intact smmune
responses, but do not develop an expanded mangmal mne B
cell population in response 1o pristane [66]. This may be one
explanation for reduced wutoantibody production in these
mice [66]. Futhermore, levels of circalating mnflammatory
cytokines, such as IL-6 and [L-17, were Jower i contmol and
PIL campase-l  mice, sugpesting an ovemll roduced inflam-
matory phenotype [65).

Discase induction and production of sutcantibodices in the
PIL model ure independent of exogenous onzanisms, such as
viral, bacterial, and parasitic agenis. Experiments with
BALB/c mice free of exogenins onganisms and treated with
pristanc showed chronic peritoncal mflammation with
lipogranuloma formation, cytokine production,
hepatosplenomegaly, and hypergammaglobulimemin similar
w0 those observed in conventionally housed animals. This in-
dicates that sumulation by exogenons agents is 1ot necessary
for this inflammatory process to occur [67). Regarding the
ofigin of the autoantibodies, the itensture describes that
BALB/™™ (nude) mice [68] or mice deficient in T cell re-
ceptors (CSTBLG TcRB , TeRG ) [69] do not develop 1gG
or 1gM anti-snRNP'Sm/Su autoantibodies after administration
of pastne, but produce rheunsstond factor (1gM), which is
independent of T lymphocytes [70]. This demonstrates that
production of these antibodies occurs through a T cell-
dependent immune response, similar to that observed in pa-
tients with SLE [68],

Lipogranlomas are mflammatory lesions resembling ger-
minal ceners that arsse in response to the presence of pristane
| the personcal cavity, and represent an example of lymphold
noogenesis [33). Thas formation of ectopic tymphoid tissse st
sites of inflammation [71] 8 ssoctod with the production of
atoantbodies [72]. Ectopic lymphoid tisue resembles sec-
oodary lympbosd tissuc. It ofien exhibis B cell, T cell, and
dendritic ccll rones. The organization of this tissue occurs
through the presence of CCL19, CCL21, CXCLI2, and
CXCLLY lymphosd chemokines. These lymphoid tissues form
when the body cannot clear a pathogen, and are also commmon
m susoimmune discases {72 Cytekines produced in ectopic
lymphosd tissae may play an important role in the production
of sutcantibodies [33, 73] Indecd, lipogranulomas cxhibat
proliferation and irteraction of T and B oclls [69), and may
be 2 site of antibody production by B cdls.
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Clinkoal manifestations of pristancdnduced sutoimmune
dincase

Epsdemiological studies suggest that occupational exposure to
mincral oil or petroleum rovadue s assocuted with rheumatond
srthritis (RA) and SLE [ 4, 75 Since the fiewt description of
PIL in muce, substantal progress has boen made m charcter-
fring the relevant mmunobiological events. In addition to
prstane, other composunds soch ax Freund's adju-
vant (TFA) and squalene (2.6,10,15,19.2 3 hexamethyl
26,1014, 18 22-emacomabesane) have been reponad 1o in-
duce lupun-relatad ant-aRNP S and anti-Su sutosntibod ies
in nor-autounmune BALBC mace. Induction of these autoan-
tibodies appesrad 10 be swociated with the bydrucarbon's
ability 1o induce IL-12, IL-6, and TNFalpha, suggesting 2
relatiornhip with adpuvanticity. Thas, the potential of hydro-
carbon oils to induce sutoimmunity has implications for the
wxe of of adhrvants in bask research [76)

Animals subyected 10 intosperioncsl injection of pristane
devedop climical mandestations such as srthess (60), ghomer-
Bon, pulmonary capllartis, sncemen, and aulosnsibody pro-
duction (Fig. 7). Mamy of these manifostations are cysoline-
detven. As in human SLE, they develop pramanly in females,
ot an approximate female-to-male rutio of 9:1 [77)

Regarding arthritin, BALBS mice developed symovial hy-
porplasia, porotitis, snd margnal cromons reminoont of RA
{15, 60). Anheitis in pascnts with kipos & gonarally not cro-
stve, although eromions similar 10 those of RA may develop in
some canes. The overdapping chamctermtes of bath sutosm-
mune Gisauses are known as g, The nature of josmt dis
casc m amimals soggosts an andwites semilar to that found in
this syndrome [11],

Fig. 1 Clinical manidesntions & A
BALRC aver the trial penad "%

PIL s one of the few mducible models that cun progress 1o
gomerslonephntis. Glomerulonephrits s induced i about
onc-third of BALB/¢ muce following merupensoncal adnunis-
rasion of pristane, & froquency semilar 1o that of sepheitis in
humans with SLE [75]. The inflammatory process m PIL ne-
pheitis s medintod by the nteraction betwoen 1Cs contsining
TG el myelond e floctor cells, monocytesmucrophages, with
protemurss begmmng 4-6 months afler pristane myoction [ 14,
M, ). Mice deficient of 1L-6 [21) and TL-12 [22] arc highly
revistant 0 induction of renal dsese, Monocyte mflas abo
appean 0 play an important rolo n the pathogenesis of lupos
nopheits i humaes and mice [81] Several chemokines in-
volved in recrutmont of monocytes are products of IFN, for
example, PN and  idice CCLY. The decresse n ghoer.
ular cell production i response 1 imemune complexes could
modisdate the severity of remal desesse i IFN-ax and ) knock-
out mice.

Despite the mnportant role of TFN in the devedopement of
several chmical mantfotutions of this model, the snceiis pres-
et in PIL anieals is TNF-a dependent and TFN- indepen-
dent. The bone marmow of anenal admmiderod pristune -
traperioocally exhibiits high levels of TNF.a, an ahoormality
whso present in patients with SLE [K2).

Pristane administration to spolipoprotein £ (apoli)
knockout CSTBLS mice led o the development of an
experimental model of lapus with stherosclorosis. The an-
umals presentod had poor spirit, loss activity, obvious haie
fows, splenomegaly. and renomegaly. Alwo, levels of ANA,
anth-dsDNA, and anti-Sm antibodies were significantly
higher. The same study also evaluated expression of
TLRs, and found that pristane induced shnormally high
expression of TLR2 and TLR4 in the sona and TLR2,
TLR4, TLRY, and TLRY in the Lidney [83)

2 Iintraperitoneal injection of pristare

£
o

2
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Diffuse alveolar hemorrthage (DAH) Is not present in
the PIL model in BALB/C mice, bt occars, in o manner
siilar to that seen In human patients, when this model s
developed in CSTBL/6 and CSTBLAO mice, Although
only 3% of SLE patients develop DAH, this ix a signifi-
cant problem associated with > S0% mortality, snd s
case in unknown (K4, ¥5) In PIL, approximately half
of animals die during the experiment [79, k6] These
antmals develop pulmonary copillaritis with a
pertvascular infiltrute of macrophages, neutrophils, lym-
phocytes, and cosinophils and deposition of 1Cy, with
moderate-to-severe alveolar inflammation |79, 86), Afier
Intruperitoneal Injection, pristane migrates o the lung,
cauning cell death, amall-vessel vinculitis, and alveolar
hemorrhage similar w0 that seen in DAH i humans,
Anteneutrophil eytoplismic antibodies (ANCAs) aro ab-
sent [79], The recruitment of macrophages and nevtro-
phils precedes hemorthage, sturting 3 days after pristane
imjection and peakiog at 2 weeks [87]. Furthermore, DAH
s independent of MyDSS, TLR7, Fey receptor, Fas, and
T cells, but immunoglobulin-deficient mice are resistant
[¥7] B cell-deficient animals do not develop DAH [87),
possibly because of the lock of production of immuno-
globuling or other B cell functions. DA is also absent in
CY and CDIS mice [S8) Thus, DAH in PIL is me-
diated by IgM, C3, and CDIS, a component of the C3b
recoptons CRY and CR4 [8X]. With regard to the under
Ilying mechanism of DAH, pristane was also detected in
the lungs of remted C3 ° mice, but not untreated C3
mice, indicating that C3 Is not necessary for migration of
pristane from the peritoncum to lung [$5]. As noted car-
row inflammation (X2, und pristane was detected in the
bone marrow of PIL muce, but not in bone marrow of
untreated mice, which suggests that the oil was widely
dispenned following IP injection. Examination of lung
tissue by the terminal deoxynucleotidy! transferase
dUTP nick-end labeling (TUNEL) amay revealed dead
cells n pristanc-treated mice but pot in untreated con-
trols, Dead cells also sccumulate m the bone murrow of
PIL mice [82]. which suggests that pristanc might be
cytotoxic. Taken together. these dam indicate that pris-
tane migrates from the peritoneum o the lungs and other
tissues, where it may cause death of certain cell types.
Opsonizaton of these dead cells by IgM and C3 may
promote pulmonary inflimmation, as also seen in the
pentoncum [53] Lung intesstitial macrophages and eps-
thelial cells are anti-inflammatory and secrete IL-10.
Although alveolar macrophages are normally anti-mflam-
matory, when activated via TLRs, IL-10R signal trans-
duction is inhibited and they become proinflammatory
[89, 90]. Thus, IL-10 is a crucial regulator of lung in-
flammation. IL-10" mice had significantly increased

€ Springer

mortality from DAH. TLR-uctivated genes ure targeted
by <10 [91], and pristane induces proinflammatory cy-
tokine production vin TLRT [44]. Unexpectedly,
MyDES  und TRIF © mice developed DAH at o fre-
queney stmilar 1o that of WT mice [8%]. In summary,
induction of DAN s independent of TLR,
mnflammasomes, and inducible nitric oxide; its mortality
Is increused In IL-10-deficient mice: and pristane tres.
ment decreases 1L-10 recoplor expresshon in monocyies
and STAT-3 phosphorylation in lung mucrophages [$X].
Similar 1o IFN production in PIL, ischemia-reperfusion
njury in mice w mediated by the carly classical comple-
ment cascude and natural [gM, This, the pathogenesis of
DA involves opsonization of dead cells by natural 1gM
und complement followed by complement receptor:
mediated lung inflammation. The disease is macro-
phage-dependent, und 1L-10 s protective, It follows that
complement inhibition and/or macrophage-targeted ther-

apics may reduce moetality m lupus-sssocisted DAH.

Redes ance of animal models to buman SLE

Ammal models are advantagoous when they reproduce all o
some clmical features of the desesse in humans. Such models
exint for SLE and have contributod significantly to our under
standing of its pathogeneses.

SLE in antmals may occur sportancoudy or be induced.
Induction of lupus in animals can be scoomplished by 4 van-
ety of methods, such as genetic manipuliation (exprossion of
suppression), autoimmune serum of lymphocyte-lymphocy e
mpection, dendntic cell vacomation with apoptot debrs, m-
muntzation with antigens such s protein complex DNA and
RNA, or by hydrocarbons such as postane [7, 20]. Unlike
other susolmmune and inflanmatory experimental models,
PIL most chosely revembles human SLE

In BALB'c mice, PIL induces mild glomeruloncphritis
[14), arthriess [ 13, 60, and the production of several sutoants-
bodies chamcteristic of SLE. inchuding anti-<sDNA and ant)-
S [7]. However, m this model, animals are not genetically
prone to developing the discase as are human patients with
netic abnormalities involved n SLE, Nevertheless, overpro-
duction of IFN-1, which is a core feature of SLE pathogenesis,
is present in this model. Moreover, PIL is useful for examining
the role of environmental triggees involved in the disease [7,
14] It is possible to assume that the model induction pathways
may be relevant for SLE patients [92, 93], In addition 10
BALB/¢, almost all other strains of mice are susceptibie to
prstanc induction to varying extonts, with production of au-
wantibodies and other manifestations similar 1 those of hu-
man SLE [$8], comoborating the importance of environmental
factors in the pathophysiology of this diseise.
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Tabbe 1 Myjor studics using he prisanc-mduced hapus modd

Author Objoctive T S Y Mun treatment effects

(Redemence)

Zhou L To mvemigae the effect of melstonan om  Melsionin Femude BALB.C mice (age 2 monthw) wae  Delayed producton of
wtal cnvimmmental-eelsiod SLE dividod imo 6 grongs (o = 10 somaly s -eslINA uad histone
010 per powups normal comtal, MIL. M anthodicos,
|9%) predaisonc § mg Ly melsonn Decrensad IL-6 and 1L-13;

001 mgig meltonn 0.1 mpkg and  Incnased B2,
melatoam 1.0 mghg. daily stmgwanic  Gresey bidney damape
semmen with opsa afier dsesse

mduction

Mishes U To investigae the thepeutic effoct of Wishamas Fomue BALBL mice (age 34 mondw)  Roduction of
etal Withania sommifers pare v powder somrgoa were divided imto 6 groups (n = K :
012 on postane- anduced lupos in BALR© is por groupx d comtral, PIL,  Rod: of 16 and
%9 muce exdcencthacin 3 mphky trestment, TNF-a levels in serum

Wizhimia samngers S00 mg kg, and scuic fluid,
Wirhania somngiora 1000 mgkg, or 2%  Inhibitory effect on
pmﬂydn—am pun—.
1 month afier di

nuarkers

Wang 7 To evaluate the peovenive effocts of Resvemtrol Farale BALBA mice inge 2-3 months)  Inbibuary effect on
ctak I on pri sndoced lupas were divided mto 4 groups (n = 10 peotcinuria;

2014 -m.hpcmkmdmd.m Spﬁu-lmﬁchmh
(1o} msveratrol 50 mg'kg, and
750‘&3;0-“1“:.&&&! Dncm-nll;(in“w
wtarting on day 2 after de deporsition m the kidney

LiMctal Tos P ul th A) Three ths affer p ¥ e |
2015 effect of A20 on rosal inflammaton m MMM(*HM) peunfimnmatony
[raz) pridanc-induced lupas were randomized into 3 groups and cytokine production;

mjcced with 10~ 107 plaque forming  Reduction im anti-&sDNA

units {PFU) of adeoovines-A20, conmal — and anti-nRNP levels in

adenovires e PES (100 pl w = 6 B per woruny

poupl L, Inhibution of lupus-related
enal ingury

Bender A To datermine the thempeutic efficacy of  M75&3 (Bek Suning 2 momhs afler prissne ingectsn,  Reducton in clindcal sgens
clal Bik mhibiton m two mouse s inshibitor ) femake DBA/T mice (age 11-12 wocks) o antheitis:

2016 mexdcls driven by TLR7 activigion and were fiod chow formulsted with Reduction of anti-eDNAL
[104) type | intesferon MTSS3 at 2 concenrasion of 25 my unti-histone, and
compound kg chow, nti-Ro/SSA, but not
mtr-SmRNP antibody
levels

HeYetd  Tomvesigme the potental thempeoutic Female BALBC mice (20 7-§ woeks),  Reduction m DNA
2016 effoct of MSL in SLE and explore the 2.0-f-d-lctos 45 days afier PIL induction, were mutoentibody titers;

[ 106} underdying mochimisims Ide (MSL) modoenly divided mto § goups: FIL.  Towl 1G concernerations in

LYo Tomvesgmedecfosof SAA R
07 potanc imdoced ipes m BALBcmace (SAA)
o7}

bw-dose MSL ) mice wor
modamm-dose MSL (400 mg ki segmfcamdy hower 2t
hgh-dose MSL (800 mgks), or monthe 4-6;
prodescne § mpks dows were Raductn m [L6 kvchon
O day 180, IL-17A levels
wTe mot :
sexduced.

Sohuselc sod A 60 feonie BALB ¢ mce wore cndomly  Rodocion @ 200 Sm

dndad w0 e oqual poups comtl. asomebody taors:
manded, SAA. prodnisone. or apinn Inhibution of IKX, IxB, and
i = 12 per prowgh. Mice m e conted NF o8B phospiory beaw
and moded groups were grven ssime = ol s

axch day by gvage while moe i the

wcre admmistered SAA & mglgdy
prodescec (3 mgkg'd) or mpinn

& sprmger
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Tabde 1 (oontinuod)
Authos Ohpectve Treatmont Summary Muin treutment eflects
(Reference )

Mihaylovin  To examine the possibilty of suppressing - Ans-ANX Al

(300 mghyd) by gavage, respectively.
Trestiment began | roenth afler pestine

mpecim
Fomule WALBK mice (age % weeks) were  Docrsanal oxprossion of T

Netal matoseactive 1 and T colls with a mnchormiand o 3 groups (n « 10 enchy  well sctivation maken;
017 monoclonal amtibocly agamst ANX A) Pristano-njectod nvioe wore immunizad  Docwasad namber of
[10m) n murime prvstane- inducod lupus evory 6 days with 200 ngimowse of i DNA IgG
b ANX AL antibody Lp.. while the antibody seceeting
contml gmiup of prisane ayected Plastm culls;
wsimals was treated with PRS Attersted hipas
aymgioms in
pristane- imyeaad mie
Treatments in pristane-induced lupus with resvemtrol sestment included decreased protemnuria, im-

Animal models have been used not oaly to improve knowl-
cdge of the mechanisms involved in SLE, bt akso 10 1est
potential therpies, In addition 10 assessing possible therapeu-
tie targets, animal models are indispensable before clinical
triala. The following section summunizes the main thempeutic
studies performed with the PIL model (Table 1), Most of these
treatmicnis are preventive,

Researchers tested the regulatory effect of melatonin ot
concentrutions of 0.01, 0.1, and 1.0 mgkg/daily for 6 months
via intragastnic administration, Melatonim slowed the increase
n anti-ssDNA and hastone 1gM antibody levels. decreased I1L-
6 and 1L-13, and mcreased 112 production in the splenocyie
supernatant of pristine-treated mice, In addition, melsonin
decreased the renal damage caused by pristune. These results
suggest that melatonin has a beneficial effect on PIL through
cytokme regalation [Y4),

In 2012, the therapeutic effect of the herh Withania
somnifera in PIL was tested, Tremtment with root powder at
concentrations of $00 and 1000 mg/kg was administered oral-
ly once daily, starting | month after disease induction.
Animals trested with the 1000 mg/kg concentration exhibited
reduced lipogmnuloma formation compared (o the untreated
disease group. Furthermaore, trestment wis sssocited with a
reduction in IL-6 and TNF- levels i both serum and itk
Aund, and was shown to have a potent inhibitory effect on
proteinuria, nephitis, and inflanmatory markers. However,
the production of sutoantibodies in serum appeared o be un-
changed in both groups treated with W somnifera, demon-
strting the same pattern of nuclear fuorescence |95],

Resvemurol (3.5 4-mihydroxystibbene) is o natml antimi-
crobrial compound found in vanous plats and fuis [96] 1t
s anti-inflammatory and immunoregulatory properties and
wits recently tested in the PIL modd, In this study, resveratrol
wan added 10 the animals” diet at concentrations of 50 and
75 mg/kg st udminissered for 7 months. The results obtamed

€ Springer

munaghobulin deposition {n the kidney, glomenilonephritis,
and serum levels of IgGl and IgG2a treatment, At the end
of the experment penod, IFN-a levds in mice in the resver-
atrol groups were lower than those of control mice. but the
difference was not statistically significant. This suggests that
resveratrol has protective effects in murine PIL and may rep-
resent a novel approach for the treatment of SLE [97),

Consudenng the development of new therupies for the con-
wol of systemic inflammation in patients with SLE, treatment
with A20 has been proposed |98 A20, ulso known s tumor
necross fuctor alpha-indoced protein 3 (TNFAIP3), is un ants-

milammutory factor induced by TNF [99]. A20 overexpres-
mation and renal injury in mice. The therapeutic effect of A20
muy be ussociated with inhibition of the NLRP3
inflammasome and NFxB activation in macrophages.
Because of this dual imhibitory effect, A20 may be a promising
new candidate for the tremtment of SLE [958].

Likewise, Bender et al. found that Bruton's tyrosine kmase

(Btk) inhibition trests TLRTAFN - driven munne lupus [ 100].
Bk ix exprossed in a varsety of immune cells. and previous
work his demonstrated (hit blocking this protein i 4 promis-
ing strategy for treating autolmvnune diseases. In PIL, Bk
inhibition suppressed arthritis, but neither autountibodies nor
the IFN gene signature wiss significantly affocted, suggesting
efMicacy wiss mediated through inhibiton of Fo recoptors
1100},

Methyl salicylate 2-O-fod-lactonide (MSL) s o novel
sulieylic nerd analogue, extrocted from the traditional
Chinese herbul medicine Gaultheria yunnanensis that has
been widely used for treatment of swelling and vanous in-
Mammatory responses in the southern regions of the Poople’s
Republic of China (101, In PIL, MSL was found to antago-
mze the increanmy levels of antibodies and cylokines, sup-
pressing joint swelling, and having an inhabitory effect on
arthntis-lke symptoms, [t also significantly decreased the
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pleen ndex and expression of mflammatory markers, and
protected the kidneys of PIL mice from mjury by inhibiting
expression of inflammatory cytokmes and reducing IgG and
C3 immunocomplex deposition [102).

Lin Y ot al. demonstruted that reatment with salvienolx
ackd A (SAA), isolated from the dried roots of Sulvia
miltiorrhiza Bunge, alleviates renal injury in PIL. The NF«B
pathway may be imphicated. SAA treatment caused a signifi.
cant reducton in the level of anti-Sm autoantibodies {nclud-
ing 12G and 1gM) and reduced total IgG levels. SAA mhibited
phosphory lation of IKK. [xB, and NFxB in renal tissues, pos-
sibly accounting for its renoprotective effects [ 103]

Studies have also suggested anti-anoexin Al (ANX Al)
menocional untibodies as u potentinl therapy, Annexin Al
(ANX Al is 2 member of the annexin superfiunily which,
in the presence of Ca™*, binds acid phospholipids with high
affinity (104]. The administration of anti- ANX Al monocko-
nal antibody resulied in_ mhibition of T cefl activation and

proliferation, suppression of 1gG anti-dsDNA mnbbody-se-
cretmg phesma cells and proteinuri, decressed discaese activ-
ity, and prolonged survival companed 1 control animals [105]

Conclusion

SLE is a complex dsease that involves several immmune dys-
functions. Expenmental models have provided useful msight
imto 1ts etiology wnd pathogeneses, The PIL moded in partculr
has shed Iight on the role of environmental factors that may
predispose to development of SLE. In addition, this modd is
sssociated with excess production of IFN- and expression of
I1SGs and, thus, may be & good wol for studying the dysregu-
lation of this cywkine observed in SLE patients.

Financisl wppert Funding for this study was provided by the
Resawrch and Event Incentive Fund (FIPE-HCPAL
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Vitamin D supplementation ameliorates arthritis but does not alleviates renal
injury in pristane-induced lupus model
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ABSTRACT

Systemic lupus erythematosus (SLE) is a multifactorial and autoimmune
inflammatory disease with pleomorphic clinical manifestations involving different
organs and tissues. The study of different murine models has provided a better
understanding of these autoimmune phenomena. Pristane-induced lupus represents
a suitable model to study factors that could influence the induction and/or
progression of SLE, including genetic factors. The objective of the present study was
to evaluate the development and evolution of SLE after vitamin D supplementation in
PIL model. Here, we evaluated the effects of vitamin D supplementation in model of
pristane-induced SLE in female BALB/c mice. The animals were randomly divided
into three groups: control group (CO), pristane-induced lupus group (PIL) and
pristane-induced lupus group plus vitamin D (VD). Lupus was induced in PIL and VD
groups using pristane. PIL group showed arthritis and kidney injury, characterized by
increased proteinuria, glomerular mesangial expansion and inflammation. Moreover,
PIL model showed increased levels of IL-6, TNF-a and IFN-y in serum. We observed
that treatment with vitamin D improved arthritis through reduced of incidence and
arthritis clinical score and edema, but does not influenced renal injury. Treatment
with vitamin D was not able to reduce proteinuria levels, decrease mesangial
hypercellularity or IgG and IgM deposition in the kidney. Vitamin D supplementation
did not alter IL-6, TNF-a, IL-2 and IL-4 cytokine levels, but reduce IFN-y levels.
These results support that the role of vitamin D may be different depending on acting
site, what could explain different responses according clinical phenotype. Therefore,
further investigations of vitamin D are needed to explore the supplement dosage,
timing, and the molecular basis in SLE.

KEYWORD

Lupus, animal model, systemic lupus erythematosus, pristane-induced lupus, vitamin
D, vitamin D receptor
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INTRODUCTION

Systemic Lupus Erythematosus (SLE) is a chronic, multisystem, inflammatory
and autoimmune disease, characterized by the production of autoantibodies and
tissue damage. An incidence of 1-22 cases is estimated for every 100,000 people per
year, affecting more women of childbearing age (1). Etiology of SLE is multifactorial
and remains poorly understood. However, it is well known that hormonal,
environmental, genetic and immunological factors contribute to the disease onset (2).
Several genes have been linked to the onset of SLE, including the VDR (vitamin D

receptor) that synthesizes the vitamin D receptor (3).

Experimental models have shown to be advantageous when reproducing
clinical features of the disease in humans. Such models contribute significantly to the
understanding of the SLE pathogenesis. Moreover, PIL model is useful for examining
the role of environmental triggers involved in the disease (4,5). PIL model develop
clinical manifestations of SLE, including arthritis, immune complex-mediated
glomerulonephritis and vasculitis, as well as increases in autoantibodies (6,7),
including anti-dsDNA and anti-Sm (4) and overproduction of IFN-I, which is an
important feature of SLE pathogenesis. The PIL model replicates many phenotypic
and functional abnormalities of human SLE and proved to be very useful in
identifying putative pathogenic mechanisms and environmental triggers of this
disease (6). Pristane is an isoprenoid alkane found at high concentrations in
mineral oil and is widely used as a sensitizer for increasing the yield of mice
ascites. Phagocytosis of pristane by macrophages induces the production of
cytokines and the formation of lipogranuloma on mesenteric and other

peritoneal surfaces (8).

Animal model studies have demonstrated a relationship between vitamin D
supplementation/deficiency and SLE symptoms. However, there are conflicts in the
literature about this association. Female MRL/Ipr mice that received 0.1-0.15 pg
vitamin D3 intraperitoneally showed a reduced degree of serum single stranded-DNA
antibodies and proteinuria (9). On the contrary, female NZB/W mice injected

intraperitoneally 3 or 10 pg vitamin D3 demonstrated renal histopathology worsening
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(10). In this context, we conducted a study to evaluate the development and
evolution of SLE after vitamin D supplementation in the PIL model.

MATERIALS AND METHODS
Animals and ethics

Female BALB/c mice that were 8 weeks-old were obtained from the
Universidade Federal de Pelotas (Pelotas, RS, Brazil). All mice were housed in the
Animal Experimentation Unit at Hospital de Clinicas de Porto Alegre (HCPA) and
maintained in standard 12h light/dark cycle, with controlled temperature (22+2°C)
and given water and food ad libitum. Mice were adapted to the new environmental
conditions for 2 weeks. The present study was approved by the Animal Ethics
Committee of HCPA (number 17-0011) and was conducted in accordance with

National Institute of Health guidelines.

Sample size and experimental design

The sample size calculation was made considering 80% sample power, alpha
error 5% and to detect a 30% reduction in the mononuclear cell infiltrate in the
kidney. Since there is a chance of error in the intraperitoneal (i.p.) in the induction of
the model and early death of the animals due to ascites were added 2 animals per
pristane induction group. Twenty-eight female BALB/c mice were randomly divided
into the following three groups: (1) Control group (CO; n=8); (2) Pristane-induced
lupus group (PIL; n=10); and (3) Pristane-induced lupus treated for six months with
vitamin D group (VD; n=10). CO group received a single i.p. injection with 500 pl
0,9% saline solution and the PIL and VD groups received a single i.p. injection with
500 pl pristane oil (2,6,10,14-tetramethylpentadecane; Sigma-Aldrich, MO, USA),
according to Satoh et al. (5). During the procedures, mice were anaesthetized with
isoflurane 10% (Abbott Laboratério do Brasil Ltda.,Brazil) and 90% of oxygen.
Throughout the experiment, we had some losses of animals: 1 animal from the
control group (accident), 1 animal from the PIL group (accident) and 3 animals from
the vitamin d group (1 animal died in the induction of the model and 2 animals died

from intestinal intussusception).

Vitamin D supplementation was administrated from the day of disease

induction to the euthanasia. VD group mice received a subcutaneous injection of
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Calcijex (11) (Abbott Labs, Chicago, Ill) containing 2 pg/kg/day of calcitriol (1,25-
[OH]2-D3) in PBS-Tween 20 buffer (12) every two days. CO and PIL groups received
subcutaneous injections with PBS-Tween 20 buffer on the same days. Six months
after pristane induction, animals were killed and specimens including blood, spleen,
liver, tibiotarsal joint and kidney were collected. The illustration of the experimental

design is shown in figure 1.

Body and organ weight measurement

The animals were observed weekly for body weight measurements. At the end
of the experimental period, mice were killed by cervical dislocation, and weight of

organs such as spleen, liver, tibiotarsal joint and kidney was measured.

Evaluation of articular nociception

Nociception was evaluated before induction of the experimental model and on
days 60, 120 and 180 after induction of the model. Nociception was assessed as
Oliveira et al (13). The nociceptive mechanical threshold from the hinds paws were
measured by the electronic Von Frey method (electronic Von Frey, Insight
Equipamentos Ltda, Ribeirdo Preto, SP, Brazil). Mice were placed in acrylic cages
(12 x 20 x 17 cm) with wire grid floors in a quiet room 15-30 minutes before testing
for environmental adaptation. The test consisted of evoking a hind paw flexion reflex
with a handheld force transducer adapted with a tip. The investigator was trained to
apply the tip in the plantar region with a gradual increase in pressure. The stimulus
was automatically discontinued, and its intensity was recorded, in grams (g), when

the paw was withdrawn.

Measurement of articular edema

Edema was evaluated before induction of the experimental model and on days
60, 120 and 180 after induction of the model. Hind paw edema volume was
measured using a plethysmometer (Insight Ltda., Ribeirdo Preto, Brazil). Briefly, this
equipment is a small cylinder filled with a buffer connected to a device capable to
measure the total fluid volume, the hind paw of the animal was immersed into the
cylinder and the total volume added was then measured. The difference between the

final volume minus the initial volume results to the paw total volume.
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Determination of arthritis severity score

Mice were examined for the onset and severity of arthritis every 2 months after
pristane injection. For scoring of arthritis severity, a previously published scoring
system was used as follows: score scale of 0-3, where 0 = normal paw, 1 = slight
swelling or erythema of the wrist/ankle joint or footpad, 2 = moderate swelling and
erythema of the wrist/ankle joint or footpad, and 3 = severe swelling and erythema of
the paw (14). The scores for individual limbs were summed to obtain a total clinical
arthritis severity score of 12 per animal. The incidence of arthritis was determined as

the percentage of mice that had developed redness or swelling in at least 1 paw.

Histological analysis of joint morphology

Hind paws were collected to confirm the development of arthritis by
histological analysis with hematoxylin and eosin (HE) staining. The hind paws of the
BALB/c animals were dissected and immersed in 10% buffered formalin for fixation
for up to 3 days. Then, the joints were decalcified in 10% nitric acid for 24h. These
tissues were dehydrated and embedded in paraffin blocks. Slices 6um thick were
arranged on microscope slides. Histopathological scoring was performed using a
semi-quantitative score to evaluate individual joints and assess arthritis severity. For
synovial inflammation, five high-power magnification fields were scored for the
percentage of infiltrating mononuclear cells as follows: 0, absent; 1, mild (1-10%); 2,
moderate (11-50%); 3, severe (51-100%); for synovial hyperplasia: 0, absent; 1,
mild (510 layers); 2, moderate (11-50 layers); 3, severe (>20 layers); for extension
of pannus formation based on the reader’s impression: 0, absent; 1, mild; 2,
moderate; 3, severe; for cartilage erosion, that is, the percentage of the cartilage
surface that was eroded: 0, absent; 1, mild (1-10%); 2, moderate (11-50%); 3,
severe (51-100%); and for bone erosion: 0, none; 1, minor erosion(s) observed only
at high-power magnification fields; 2, moderate erosion(s) observed at low

magnification; 3, severe transcortical erosion(s) (15).

Quantification of urinary protein

On day 150 after pristane induction, the animals were placed in individual
metabolic cages for urine collection for a period of 12h. Urine samples were analyzed
using urine test strips Sensi 10 Sensitive (Cral, Brazil) to measure total protein level.

The results were expressed as mg/dL.
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Kidney histopathological evaluation

After killing, one kidney from each animal was removed and fixed for 24h in
10% buffered formalin prior to paraffin embedding and sectioned at 3um thickness in
the transversal plane containing the renal long axis. Slides were stained using HE,

according to standard procedures.

HE stained sections were observed with a light microscopy (Olympus,
Germany) at a final magnification of 400x. The glomerular cellularity was quantified
by counting the total cell nuclei per glomerulus on HE-stained slides. At least 30
glomeruli/slides were assessed, and the results were expressed as number of nuclei
per glomerulus. All measurements and analyses were performed in a blind fashion
and using an image analyzer (Image Pro Premier 9.1, Media Cybernetics Inc.,
Rockville USA).

Detection of IgG and IgM in renal tissue by immunofluorescence

Immune complex deposition in kidneys was examined by direct
immunofluorescence using protocol described earlier (16). The other kidney from
each animal was removed and immediately frozen in dry ice and stored in -80°C
freezer. Kidney was embedded in OCT (optimal cutting temperature compound) and
frozen in a cryostat at -20°C. Kidney was cut into sections of 5 mm thickness to
detect IgG and IgM by immunofluorescence analyses. Frozen sections were stained
for IgG and IgM with goat polyclonal antibody anti-mouse IgG-FITC (1:100 dilution;
Abcam — ab97022, USA) or goat polyclonal anti-mouse IgM-Alexa Fluor 647 (1:200
dilution; Abcam — ab150123, USA) antibody. All antibodies were incubated with
PBS-tween 20 containing 2% BSA in a humid incubator for 24 hours at 4°C. Sections
were washed three times for 5 min using PBS-tween 20. Fluorescence intensity was

scanned and quantified by ImageJ software.

Quantification of serum cytokines

Blood sample was collected by cardiac puncture at the end of the experiment
(180 days), prior to euthanasia of the animals. Blood was obtained in vacutainer
tubes (BD Biosciences, San Diego, CA); serum was prepared within 45 minutes of
collection and stored at —80°C for later analysis. Cytokines levels (Interleukin 2 (IL-2),

IL-4, IL-6, interferon-gama (IFN-y) and tumor necrosis factor-alpha (TNF-a)) were
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analyzed using a ProcartaPlex High Sensitivity mouse multiplex assay, according to
the manufacturer’s instructions. Events were counted on a Luminex® 200™ system
(Luminex, Austin, TX, USA) and cytokine concentrations in the samples were
determined using a standard curve for each cytokine. All results were obtained in

duplicate.

Statistical analysis

All group results are expressed as mean + standard deviation (SD). Clinical
scores were analyzed using the non-parametric Mann-Whitney U test and
histological scores were assessed using the one-way analysis of variance (ANOVA)
test. Other data were compared using the Student’s t-test or one-way ANOVA. P
values <0.05 were considered statistically significant. Statistical analysis was
performed using SPSS version 17.0 (SPSS, Chicago, IL, USA).

RESULTS

Body weight was measured and recorded weekly. All groups showed a body
weight gain over the experimental period in relation to time 0 (p<0.0001). PIL group
presented the greatest weight gain in relation to the other groups after 30 days. VD
group gained weight in a similar manner to the CO group until 90 days (3.67 + 1.26g
vs. 3.64+ 1.28g). After this time the VD group increased significantly the body weight,
equaling the PIL group at the end of the experimental period (Figure 2). Furthermore,
vitamin D supplementation did not reduce the size and the number of lipogranuloma

in the peritoneal cavity of mice in comparison with the PIL group (data not show).

Spleen, liver and kidney weight are summarized in Table 1. PIL animals
present a higher spleen (0.177 + 0.036g vs. 0.114 + 0.011g; p<0.01) and liver (1.306
+ 0.110g vs. 1.157 + 0.132g; p<0.05) weight in relation to the CO group. However,
there was no difference in relation to the weight of the kidney among the groups.
Vitamin D supplementation was not able to affectthe spleen and liver weight.

A single injection of pristane oil into the peritoneal cavity induces an erosive
arthritis in BALB/c mice (17). The incidence of arthritis has increased over time. We
observed an incidence of 85% in the PIL group and 43% in the VD group at the end
of the experiment (Figure 3A). After 180 days of pristane olil injection, the mean
clinical arthritis severity score was significantly reduced in VD mice compared to PIL
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mice (Figure 3B). These results indicate that vitamin D supplementation protects
against arthritis development in mice, and reduces the severity of arthritis in mice.
However, there was no statistically significant difference in relation to joint pain
(Figure 3C). Interestingly, PIL group had significantly higher hind paw edema
volumes than CO and VD groups, observed after 180 days of immunization (Figure
3D). Synovial hyperplasia, severe leukocyte infiltration, pannus formation, and
cartilage erosions were present in the joints of PIL, whereas the joints of VD mice
were largely spared, showing marked reductions in the extent of synovitis and
severity of joint erosion (Figure 3E). The histopathologic arthritis severity scores were
significantly lower in VD mice than in PIL mice (Table 2).

After 150 days of observation, total protein in the urine of PIL mice was
significantly increased compared with the CO mice (p<0.01). However, compared to
PIL mice, VD mice showed no difference in proteinuria in the same experimental
period (Figure 4A). Therefore, vitamin D appears to be unable to prevent the

development of proteinuria in this PIL model.

In HE staining, pathologic kidneys features were detected through the
assessment of glomerular hypercellularity. PIL mice showed significant increase of
glomerular cellularity after 6 months induction compared to CO mice. The treatment
of vitamin D was not unable to affect significantly the glomerular hypercellularity.

These observations are summarized in Figure 4B.

Immunocomplex deposits are a primary cause of lupus nephritis. In our study,
the complex deposits were detected by an immunofluorescence assay. Kidneys from
the PIL mice showed the presence of immune-complex deposits in the glomeruli
(Figure 5). However, vitamin D supplementation did not show any effect on immune-
complex deposition. Further quantitative analysis using fluorescence intensity

supported the results (Figure 5BC).

We assessed serum cytokine levels to evaluate the role of vitamin D
supplementation in immunomodulation (Figure 6). Levels of IL-6, TNF-a and IFN-y
were elevated in PIL group (p<0.05) in response to pristane-induced inflammation

when compared to the CO group.. Interestingly, vitamin D supplementation was able
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to dramatically decrease serum IFN-y levels. There is no significant diference in the

levels of IL-2 and IL-4 in all groups.

DISCUSSION

SLE therapy includes corticosteroids and immunosuppressants, with varying
success and usually several side effects (18). For this reason, new therapeutic
strategies continue to be investigated and dietary supplements and nutritional
therapy may be considered as promising therapeutic strategies for SLE patients. The
PIL represents a suitable model for studying the effects of the factors other than the
genetic factors which could influence the induction and/or on the progression of SLE
(19). To assess the clinical symptoms and SLE disease development we
demonstrated increase of IL-6, TNF-a and IFN-y serum levels, arthritis, IgG and IgM
deposition in kidney and proteinuria in PIL group. Vitamin D supplementation showed

a significant improve in arthritis but did not influence on renal disease in this model.

Many reports suggested that cytokines are considered to have a critical role in
SLE progression (20,21). Pro-inflammatory cytokines were related to immune
dysregulation and tissue damage (20,22). IL-6, TNF-a and IFN-y participate the
differentiation of Th17 cells (23). In the present study, the levels of IL-6, TNF-a and

IFN-y in the serum were significantly increased in PIL group, corroborating with
literature (24,25).

During innate immune responses IFN-y is produced by NK and NKT cells as
well as macrophages and DCs (26,27) . In adaptive immunity it is produced by CD8+
T cells in the control of infection, and by the CD4+ Thl subset (28). SLE model
universally display high IFN levels, thus providing excellent animal models to
investigate this matter (29). In both the murine model and in the patients with SLE,
vitamin D deficiency was associated with increased expression of ISGs. IFN-y is one
of the major mediators of several autoimmune disorders and administration of this
cytokine accelerates disease progression in both mice and human lupus. Our results
show high IFN-y serum levels in PIL model, while the vitamin D supplementation
influenced the production of IFN-y in 180 days. In fact the dominance of Th1 or Th2
cytokines in SLE has been controversial until now (30). However, most studies have
demonstrated that the Thl response may play a major role in the onset and

progression of SLE. Interestingly, vitamin D and its receptor were found in significant
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concentrations in the T lymphocyte and macrophage populations, suggesting that the
vitamin D plays an important role involved in immunomodulation on Thl or Th2

phenotype (31).

In most studies, levels of TNF-a were found to correlate with SLE disease and
lupus nephritis activity, and anti-TNF treatment showed a curative effect in a few SLE
patients (32,33). Researchers also reported that the loss of immune tolerance and
the production of autoantibodies in SLE patients were mediated through the TNF-a
signaling pathway (34). In addition, studies have revealed that elevated serum levels
of TNF-a are positively associated with disease activity as well as renal involvement
in SLE patients (35,36).

Higher IL-6 levels in the urine have already been correlated with active renal
inflammation and pathology (37,38). IL-6 has a range of biological activities on
various target cells that plays an important role in immune regulation and
inflammation. Data from several studies suggest that IL-6 plays a critical role in the B
cell hyperactivity and immunopathology of human or murine models of SLE, induction
of 1gG production (39), and may have a direct role in mediating tissue damage (40).
Consistent with previous report, we have observed a marked increase in levels of IL-
6 in the PIL model (41). These results were similar to the findings of previous studies
which have shown the role of increased levels of IL-6 in the pathogenesis of SLE in
MRL/lpr mice (42—-44).

A report demonstrated that IL-6 and TNF-a can influence the permeability of
the glomerular basement membrane and alter glomerular filtration (45). In the current
study we showed that vitamin D supplementation neither alleviated the renal injury of
SLE nor reduced IL-6 nor TNF-a levels in serum. The vitamin D supplementation did
not inhibit IL-6 secretion, and there by not suppress B-cell hyperactivity and
autoantibodies production. Nevertheless, reduction of IL-6 have already been
previously reported (9,46,47).

Although the essential mechanism of lipogranuloma formation remains not
established yet, proinflammatory cytokines, for example IL-6, play a remarkable role
in lymphoid neogenesis (lipogranuloma) and autoimmunity initiation (48,49). The

recruitment of inflammatory cells in response to different chemokines and cytokines
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triggered by pristane injection plays a crucial role in the development of this unique
structure. Lipogranulomas are regarded as a form of ectopic lymphoid tissue, i.e.,
tertiary lymphoid tissue (48). Furthermore, pristane is found to activate the TLR7-
MyD88 pathway on monocytes, thus upregulating IFN-y production (6). Our results
showed that vitamin D supplementation not suppressed lipogranuloma development
after 180 days. These data are consistent with non-decrease in serum IL-6 levels

after vitamin D treatment.

Several studies indicated that the production of different autoantibodies is
dependant and controlled by different cytokine pathways (50). The intact immune
system provides a balance between regulatory Thl and Th2 cytokines; however, in
the case of autoimmune diseases, such as SLE, an imbalanced immune response
reflects in abnormal levels of some of them (30). The severity and mechanism of
pristane-induced lupus differ from one of the lupus-prone strains and cannot be
strictly balanced during the treatment. The exact combination of cytokines involved in
disease progression still remains undefined, as measured cytokine levels vary greatly

at the different stages of the disease and differ from healthy controls (51).

Few SLE models are characterized by arthritis, and PIL represents a inducible
SLE-associated arthritis in previously healthy mice. In the model studied, joint
evaluation is usually not reported by the authors. The reason may be that arthritis is
erosive, which makes it more alike to rheumatoid arthritis (RA) than that observed in
a SLE patient (6). As a difference from RA, the inflammatory synovial infiltrate in PIL
model is dominated by granulocytes; this contrasts with arthritis in CIA mice as well
as in human RA, in which macrophages are the cells that prevail (52-54). Our
findings demonstrate that vitamin D treatment significantly attenuates the
development of arthritis in PIL model. This was evidenced by the observed reduction
in clinical scores and synovial inflammation in the VD animals. The reduction of
synovial hyperplasia into the joint cavity, damage to the articular cartilage and bone
erosion were observed. It has been shown that 1,25 (OH)2D3, active form of vitamin
D, inhibited the maturation of dendritic cells (DCs) and the activation of Thl cells in
SLE patients (55). The ability of 1,25(0OH)2D3 to suppress inflammation has been
linked to its capacity to regulate DC and T-cell functions.
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There are several studies that show a relationship between low levels of
vitamin D and chronic pain (56). Despite the results beneficial on arthritis developed
by animal model, we did not observe improvement in nociceptive mechanical
threshold. The analysis of nociceptive by electronic Von Frey method may have been
a bias of this result. The values obtained by this technique are from the middle area
of the plantar region of the hind paws and a more exacerbated edema was observed

in the large joints of the animals, wrists and ankles, both PIL group and VD group.

One of the most common clinical feature of SLE is glomerulonephritis, which
can be seen in up to 60% of all SLE patients (57). Lupus nephritis is thought to
involve glomerular inflammation induced by immune complexes and complement
deposition (16). This type of nephritis is detected by the presence of biomarkers for
kidney damage such as proteinuria. IgG autoantibodies induced by pristane i.p.
injection can promote kidney injury (6). Autoantibodies are directly targeted to a
variety of nuclear components including dsDNA, single stranded DNA, chromatin,
Sm, Ul small nuclear RNP (U1lsnRNP), Su and ribosomal P. A single dose of
pristane leads to autoantibodies against the U1lsnRNP, RNP, Sm and Su antigens in
50-90% of these mice (5,58). Our results demonstrate an accumulation of IgG and
IgM deposits in the glomeruli in PIL model. In addition, renal injury involves the
release of pathogenic mediators which worsen glomerular mesangial damage, such
as inflammatory cytokines (41). Moreover, glomerular morphological injury is a potent
inducer for IL-6 generation (59). The inflammatory infiltration in the glomeruli, a
prominent feature in both human and mice glomerulonephritis, induces the secretion
of inflammatory cytokines and chemokines that contribute to the apoptosis of both
glomerular mesangial cells (60-62). The PIL model display an imbalance of cytokine
network with increasing level of IL-6 that, in turn, induces B cells to secret more

antibodies and promote the development and progression of SLE nephritis (63).

We have shown no decreased amount of proteinuria, in 1gG and IgM
deposition or suppression the proliferation of glomerular mesangial cells after vitamin
D supplementation. In contrast, Lemire et al., showed a remarkable reduction of
proteinuria after administration of 1,25-dihydroxyvitamin D3 in MRL/lpr mice (9). In
addition, Deluca et al. observed the preventive effects of 1,25-dihydroxyvitamin D3

on the proteinuria and pathologic renal disease in the same model (64).



97

There were some limitations in this study. First, in this study we chose vitamin
D supplementation through subcutaneous injections, whereas generally vitamin D
treatment occurs through the i.p. via. We chose to treat the animals subcutaneously
via, because the experimental model is induced by an i.p. injection of 500ul pristane.
Different routes of administration may have different absorption from treatments.
Second, significant renal tissue lesions are the last to be manifested in this model
and our study included an experimental period of 180 days after induction. A longer
experimentation period (240 to 360 days after induction) could lead to more severe
renal damage. Third, in this study we had some losses of animals throughout the
experimental period, which reduced our sample. Some analyzes, such as cytokine

levels, had a lot of variation, leading to a result with no statistical significance.

In summary, vitamin D supplementation had protective effect on arthritis but
did not influence kidney disease in a pristane-induced lupus model. These results
support that the role of vitamin D may be different depending on acting site, what
could explain different responses according clinical phenotype. Vitamin D effect on
inflammatory pathways is still under investigation and not fully elucidated. Therefore,
further investigations of vitamin D are needed to explore the supplement dosage,
timing, and the molecular basis in SLE.
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Table 1. Organs weight of control (CO), pristane-induced lupus (PIL) and pristane-
induced lupus + vitamin D (VD) mices.

CO group (n=7) PIL group (n=9) VD group (n=7)
Spleen (g) 0.114 £ 0.011 0.177 £ 0.036** 0.163 £ 0.024***
Liver (g) 1.157 +0.132 1.306 + 0.110* 1.428 + 0.394
Kidney (g) 0.163 +0.016 0.169 + 0.013 0.176 + 0.019

Values are expressed in mean + SD. * p<0.05 vs. CO group; ** p<0.01 vs. CO group;
*** p<0.001 vs. CO group.
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Table 2. Histopathology parameters of ankle joints from mice in the control (CO),
pristane-induced lupus (PIL) and pristane-induced lupus with vitamin D (VD) groups.

CO group (n=7)  PIL group (n=9) VD group (n=7)

Inflammatory infiltration 0 (0,0) 3(2,3)* 2 (0,3)

Synovial hyperplasia 0 (0,0) 2 (2,3)* 0 (0,1)#
Pannus extension 0 (0,0) 3(2,3)* 1.5 (0,3)
Cartilage erosion 0 (0,0) 3(2,3)* 1(0,2)#
Bone erosion 0 (0,0) 2 (2,2)* 0 (0,1)#

Values are the median (25th-75th percentile). Statistical analysis between groups
was performed using chi-square analysis. * p<0.05 vs. CO group; # p<0.05 vs. PIL

group;
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Figure 1. lllustration of experimental design.

Figure 2. Delta body weight of control (CO), pristane-induced lupus (PIL) and
pristane-induced lupus + vitamin D (VD) animals. *** PIL vs. VD: p<0.001 and #CO
vs. PIL: p<0.05. Data are shown as the mean + SD.

Figure 3. Clinical analysis evaluated at 0, 60, 120 and 180 days after induction and
joint histology in HE. (A) Incidence of arthritis, calculated as the percentage of mice
that developed redness or swelling in at least 1 paw among all mice in each group.
(B) Mean clinical arthritis severity score. The arthritis severity score (scale of 0—3)
evaluated the severity of erythema/swelling in the wrist or ankle. (C) Nociceptive
mechanical threshold from the hind paw measured by the electronic Von Frey
method, recorded in grams (g). (D) Hind paw edema volume measured in
plethysmometer, recorded in milliliters (mL). (E) Representative histopathology of
ankle joint in control (CO), pristane-induced lupus (PIL) and pristane-induced lupus
treated for six months with vitamin D (VD) groups at 180 day after immunization.
Results are the mean + SD. #CO vs. PIL: P < 0.05. ###CO vs. PIL: P < 0.001.*PIL
vs. VD: P < 0.05. *PIL vs. VD: P < 0.01. **PIL vs. VD: P < 0.001, by two-away
analysis of variance (ANOVA) followed by Tukey’s post hoc test.

Figure 4. The graph shows proteinuria levels at 150 days after pristane induction (A)
and summarizes the glomerular cellularity evaluation of control (CO), pristane-
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induced lupus (PIL) and pristane-induced lupus with vitamin D (VD) groups. Results
are the mean + SD. *vs. CO: p<0.05; #vs. CO: p<0.01, by one-away analysis of
variance (ANOVA) followed by Tukey’s post hoc test.

Figure 5. Deposition of total IgG and IgM in kidneys of BALB/c mice in each group
was observed under fluorescence microscopy (x200) (A). Fluorescence intensity of
total IgG (B) and IgM (C) in kidneys of BALB/c mice in each group was analyzed and
calculated by ImageJ. Data represent mean £ SD. *vs. CO = P<0.05.

Figure 6. Effect of vitamin D supplementation on cytokines. Cytokine concentrations
were determined using the Luminex multiplex assay and are presented as fold
change relative to CO group. Control group mean values for each cytokine were set
at value of 1. Values are expressed as mean = SD; Statistical analysis between
groups was performed using One-away ANOVA. ** p<0.01 vs. PIL group; (PIL)
pristane-induced lupus and (VD) pristane-induced lupus with vitamin D.
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9. CONDIDERACOES FINAIS

Neste estudo foi avaliada a influéncia da suplementacéo de vitamina D no
desenvolvimento e evolucdo de LES em modelo experimental induzido por pristane.
Demonstrou-se que a vitamina D foi capaz de modular os sintomas clinicos e
histopatologicos da artrite, mas ndo alterou o curso clinico e histopatologico da
doenca renal, apesar de ter modificado o perfil de citocinas.

A suplementacdo com vitamina D [2ug/kg] foi capaz de reduzir a incidéncia
da artrite e retardou as manifestacdes clinicas, diminuindo o escore de atividade
articular e o edema nas patas posteriores. Entretanto, ndo foram observadas
alteracdes na nocicepgéo articular dos animais. A vitamina D n&o alterou o curso da
doenca renal neste modelo experimental, visto que ndo diminuiu 0s niveis de
proteinuria, ndo reduziu a proliferacdo mesangial glomerular e ndo teve influéncia na

deposicao de IC no tecido renal.

Os animais com lUpus induzido por pristane apresentaram niveis elevados
de IL-6, TNF-a e IFN-y, o que corrobora com os dados obtidos na literatura. A
suplementacdo com vitamina D néo alterou os niveis de IL-6 e TNF-a, mas reduziu
drasticamente os niveis de IFN-y. Os niveis de IL-2 e IL-4 ndo foram alterados. O
IFN-y € um dos principais mediadores de disturbios autoimunes e esta
correlacionado com a progressdo da doenca tanto em camundongos quanto em

[Gpus humanao.

Estes resultados confirmam que o papel da suplementacéo de vitamina D é
depende do sitio de atuacao, o que poderia explicar diferentes respostas de acordo
com o fendtipo clinico. Estes achados seriam explicados parcialmente pela diferenca
na expressao e ativacdo do receptor da vitamina D nas células e nos tecidos.
Adicionalmente, deve-se levar em consideracdo que 0S mecanismos
fisiopatogénicos também podem ser distintos de acordo com o sistema envolvido, o
que de certa forma interferiria mais ou menos na influencia da suplementacdo de
vitamina D. Ainda € necessario explorar a concentracdo de dose adequada e
segura, 0 tempo de tratamento e a influéncia da vitamina D nas diferentes bases

moleculares no LES.
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10.PERSPECTIVAS FUTURAS

Este estudo implementou e padronizou o modelo de lapus induzido por

pristane no Laboratério de Doencas Autoimunes (LABDAI) do Centro de Pesquisa

Experimental (CPE) vinculado ao Servico de Reumatologia do Hospital de Clinicas

de Porto Alegre (HCPA). A partir disto, teve origem uma linha de pesquisa em lupus

experimental.

Na continuidade deste trabalho, pretendemos investigar:

A composicao corporal (tecido muscular e adiposo) no modelo de lupus
induzido por pristane;

A influencia da vitamina D combinada com exercicio fisico no

desenvolvimento e evolucdo do IUpus induzido por pristane;

O papel da vitamina D no dano do DNA no hipocampo dos animais com
lGpus induzido por pristane;

A possibilidade deste modelo experimental permitir o estudo de

manifestacdes neuropsiquiatricas do LES;

A interacdo entre os receptores nucleares, VDR e PPAR-y, na
polarizacdo de macréfagos M1/M2 no modelo de lupus induzido por

pristane.
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11. CONSIDERACOES GERAIS

A presente tese de doutorado é fruto do trabalho realizado no Laboratorio de

Doencas Autoimunes no Centro de Pesquisa Experimental vinculado ao Servico de

Reumatologia do Hospital de Clinicas de Porto Alegre. A participacdo de

professores, meédicos contratados, veterinarios, outros funcionarios contratados,

alunos e bolsistas de iniciacdo cientifica foi fundamental para a idealizacdo e

realizacdo desta pesquisa.

Durante o programa de pdés-graduacao que iniciou em janeiro de 2015, o

autor participou dos seguintes publicacdes:

1.

3.

Cavalheiro R, Miranda J, Silva DS, Oliveira V, Teixeira N, Vinicius P, et al.
Individualized moderate aerobic exercise improves physical capacity and
prevents weight loss in collagen-induced arthritis. Int J Clin Exp Med.
2016;9(11):22696-703.

Freitas EC, de Oliveira MS, Monticielo OA. Pristane-induced lupus:
considerations on this experimental model. Clin  Rheumatol.
2017;36(11):2403-14.

Alabarse PVG, Lora PS, Silva JMS, Santo RCE, Freitas EC, de Oliveira MS,
et al. Collagen-induced arthritis as an animal model of rheumatoid cachexia. J
Cachexia Sarcopenia Muscle. 2018;9(3):603-12.

Silva JM de S, Alabarse PVG, Teixeira V de ON, Freitas EC, de Oliveira FH,
Chakr RM da S, et al. Muscle wasting in osteoarthritis model induced by
anterior cruciate ligament transection. PLoS One. 2018;13(4):e0196682.
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./‘ CONSORT 2010 checklist of information to include when reporting a
ad_. randomised trial*
Reported
Item on page
Section/Topic  N° Checklist item N°
Title and abstract
la Identification as a randomised trial in the title 1
1b  Structured summary of trial design, methods, results, 12
and conclusions (for specific guidance see CONSORT for abstracts)
Introduction
Background 2a  Scientific background and explanation of rationale 16
and objectives S
2b  Specific objectives or hypotheses 46
Methods
Trial design 3a  Description of trial design (such as parallel, factorial) 83
including allocation ratio
3b  Important changes to methods after trial 83
commencement (such as eligibility criteria), with
reasons
Participants 4a  Eligibility criteria for participants 83
4b  Settings and locations where the data were collected 83
Interventions 5  The interventions for each group with sufficient details 83
to allow replication, including how and when they were
actually administered
Outcomes 6a Completely defined pre-specified primary and 83
secondary outcome measures, including how and
when they were assessed
6b  Any changes to trial outcomes after the trial 83
commenced, with reasons
Sample size 7a  How sample size was determined 83
7b  When applicable, explanation of any interim analyses 83

Randomisation:

and stopping guidelines



Sequence
generatio
n

Allocation
concealm
ent
mechanis
m

Implementation

Blinding

Statistical
methods

Results
Participant flow

(a diagram is
strongly
recommended)

Recruitment

Baseline data

Numbers
analysed

Outcomes and
estimation

8a

8b

10

lla

11b

12a

12b

13a

13b

14a

14b

15

16

17a

Method used to generate the random allocation
sequence

Type of randomisation; details of any restriction (such
as blocking and block size)

Mechanism used to implement the random allocation
sequence (such as sequentially numbered
containers), describing any steps taken to conceal the
sequence until interventions were assigned

Who generated the random allocation sequence, who
enrolled participants, and who assigned participants to
interventions

If done, who was blinded after assignment to
interventions (for example, participants, care
providers, those assessing outcomes) and how

If relevant, description of the similarity of interventions

Statistical methods used to compare groups for
primary and secondary outcomes

Methods for additional analyses, such as subgroup
analyses and adjusted analyses

For each group, the numbers of participants who were
randomly assigned, received intended treatment, and
were analysed for the primary outcome

For each group, losses and exclusions after
randomisation, together with reasons

Dates defining the periods of recruitment and follow-
up

Why the trial ended or was stopped

A table showing baseline demographic and clinical
characteristics for each group

For each group, number of participants (denominator)
included in each analysis and whether the analysis
was by original assigned groups

For each primary and secondary outcome, results for
each group, and the estimated effect size and its
precision (such as 95% confidence interval)

N/A

N/A

N/A

N/A

83

83

83

83

83

83

N/A

N/A

N/A

N/A

N/A
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17b
Ancillary 18
analyses
Harms 19
Discussion
Limitations 20

Generalisability 21

Interpretation 22

Other information

Registration 23
Protocol 24
Funding 25

For binary outcomes, presentation of both absolute
and relative effect sizes is recommended

Results of any other analyses performed, including
subgroup analyses and adjusted analyses,
distinguishing pre-specified from exploratory

All important harms or unintended effects in each
group (for specific guidance see CONSORT for harms)

Trial limitations, addressing sources of potential bias,
imprecision, and, if relevant, multiplicity of analyses

Generalisability (external validity, applicability) of the
trial findings

Interpretation consistent with results, balancing
benefits and harms, and considering other relevant
evidence

Registration number and name of trial registry

Where the full trial protocol can be accessed, if
available

Sources of funding and other support (such as supply
of drugs), role of funders
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N/A

N/A

97

97

97

N/A

N/A
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*We strongly recommend reading this statement in conjunction with the CONSORT 2010 Explanation and
Elaboration for important clarifications on all the items. If relevant, we also recommend reading CONSORT
extensions for cluster randomised trials, non-inferiority and equivalence trials, non-pharmacological treatments,
herbal interventions, and pragmatic trials. Additional extensions are forthcoming: for those and for up to date
references relevant to this checklist, see www.consort-statement.org.
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