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“Em algum lugar, alguma coisa incrivel
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Resumo

MISSIO, A. P.. Comparagéao do efeito imunomodulador da vitamina D e do paricalcitol
em camundongos C57BL/6 e DBA/1J. 2016. 85 p. Dissertacdo (Mestrado) —
Faculdade de Medicina de Botucatu, Universidade Estadual Paulista, Botucatu — SP,
2016.

A vitamina D (VitD) ativa possui varias fungdes importantes incluindo efeitos
imunomoduladores na imunidade inata e na especifica. A deficiéncia desta vitamina
ja alcangou proporgdes epidémicas em varias regides e por isto sua suplementagao
tem sido sugerida em algumas doencas. Diferentes linhagens de camundongos tém
sido utilizadas para avaliar os efeitos imunomoduladores da VitD. O estudo dos
efeitos da deficiéncia e da suplementagcao com VitD tem sido realizado em seres
humanos e também em linhagens isogénicas de camundongos. Neste trabalho
comparamos o efeito da suplementagdao com 0,1 ug de VitD e de paricalcitol nas
linhagens murinas C57BL/6 e DBA/1J. Estes animais foram injetados com 0,1 ug de
VitD ou paricalcitol durante 15 dias, em dias alternados. O peso corporal foi avaliado
diariamente e sangue e bago foram coletados 24 horas apds a ultima dose. Na
linhagem C57BL/6 a VitD diminuiu o peso corporal e aumentou a concentragao de
calcio sérico. Em relagdo aos paréametros imunoldgicos, houve diminuicdo da
producao de citocinas por células esplénicas e maior expressdo de MHC Il nas
células dendriticas. O paricalcitol ndo afetou o peso corporal € o nivel de calcio
sérico, mas diminuiu a producao de citocinas nesta linhagem. Com exceg¢ao do peso
corporal que diminuiu, os demais parametros nao foram afetados pela VitD ou pelo
paricalcitol nos camundongos DBA/1J. A suplementagdo com 0,2 ug de VitD nos
animais DBA/1J desencadeou a diminuigdo de peso corporal, queda na produgao de
IL-2, IFN-y e IL-5 por células esplénicas mas n&o afetou a expressao de moléculas
co-estimuladoras. Esta mesma dose elevada de paricalcitol nesta linhagem
aumentou a producao de TNF-a, mas nao determinou outros efeitos significativos.
Analisados de forma conjunta estes resultados mostram que camundongos C57BL/6
e DBA/1J diferem na resposta a suplementagao com VitD e paricalcitol, sendo a

linhagem DBA/1J mais resistente ao seu efeito.



Palavras-chave: Vitamina D, paricalcitol, imunomodulagado, citocinas, C57BL/6,
DBA/1J.






Abstract

MISSIO, A. P.. Differential immunomodulatory effect of vitamin D and paricalcitol in
C57BL/6 and DBA/1J. 2016. 85 p. Dissertation (Master) — Botucatu Medical School,
Sé&o Paulo State University, Botucatu — SP, 2016.

Active vitamin D (VitD) has a relevant role in many body functions, including effects
on innate and adaptive immunity. However, as VitD deficiency already reached
epidemic proportions worldwide, its supplementation has been used in various
diseases. Different mice strains have been widely employed to investigate VitD
immunomodulatory properties. In this work, we compared the effect of VitD and
paricalcitol supplementation in C57BL/6 and DBA/1J. The mice were treated with 0.1
Mg of VitD or paricalcitol, every other day, during 15 days. Body weight was assessed
daily and blood and spleen cells were collected 24 hours after the last dose. In the
C57BL/6 strain, VitD decreased body weight and also increased serum calcium
concentration. Additionally, VitD decreased cytokine production by the spleen and
increased the level of MHC Il expression in dendritic cells. Paricalcitol did not affect
body weight and serum calcium levels but it decreased cytokine production in this
mice strain. Except body weight that was downregulated by VitD, the other
parameters were not altered by VitD or paricalcitol in the DBA/1J strain. An increased
dose (0.2 ug) of VitD decreased body weight, downregulated IL-2, IFN-y and IL-5
production by spleen cells but did not affect the other cytokines neither the
expression of costimulatory molecules in dendritic cells in DBA/1J mice. This higher
dose of paricalcitol significantly increased TNF-a but had no other significant effects.
Together, these results show that C57BL/6 and DBA/1J mice strains differ in their
response to VitD and paricalcitol supplementation, being DBA/1J more resistant to

their effects.

Keywords: Vitamin D, paricalcitol, immunomodulation, cytokines, C57BL/6, DBA/1J.
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1. Introdugao

1.1 Breve histoérico da vitamina D

A historia da vitamina D (VitD) esta intrinsecamente relacionada a histéria do
raquitismo. No século XVII, a maioria das criangas que vivia nas cidades
industrializadas do norte europeu desenvolvia uma doencga caracterizada por graves
deformagdes ésseas e baixa tonicidade muscular (Rajakumar, 2003). Foi entdo que
o Dr. Daniel Whistler e o Prof. Francis Glisson da Universidade de Cambridge
descreveram o raquitismo (denominado osteomalacia em adultos) pela primeira vez
em 1650 (Norman, 2012). Em 1822, Sniadecki reconheceu a importancia da

exposic¢ao solar na prevencgao e cura do raquitismo (Holick, 1995).

Em 1919, Mellanby propds que o raquitismo seria uma doencga relacionada a
deficiéncia nutricional. Nesta época constatou que caes escoceses criados dentro de
casa, longe da luz solar, apresentavam raquitismo idéntico ao humano. Apds anos
de estudos, Mellanby observou que o éleo de figado de bacalhau era um agente
antirraquitico que prevenia e curava os caes raquiticos e prop6s que a vitamina A,
presente no 6leo de figado de bacalhau, era a substancia responsavel pela cura e
prevencdo da doenga (DelLuca, 2014). Entretanto, McCollum e colaboradores em
1922 demonstraram que a atividade antirraquitica do 6leo de figado de bacalhau se
mantinha mesmo apds a oxigenagao e aquecimento a 100°C que é um processo que
destréi a vitamina A. Concluiram entdo que os experimentos demonstravam a
existéncia de uma nova vitamina com propriedades especificas e que era
relacionada ao metabolismo ésseo. Nessa publicagdo, McCollum seguiu o nome das
vitaminas em ordem alfabética e, como recentemente haviam sido descobertas as

vitaminas A, B e C, ele denominou a nova substancia de vitamina D (Norman, 2012).

Também em 1919, Huldschinsky demonstrou pela primeira vez a acdo dos
raios ultravioleta (UV) no aumento da calcificacédo da epifise de criangas raquiticas
(Holick, 1995). Em 1921, Hess e Unger também observaram que pacientes
raquiticos expostos a luz solar no verao ou aos raios UVB eram curados. No
entanto, a conexao entre a luz solar e a retencéo do calcio foi experimentalmente
demonstrada por Steenbock e Black em 1924. A irradiacdo de ratos prevenia e
curava o raquitismo dos animais. Estas informacdes adicionais permitiram concluir

que se tratava de uma substancia da dieta e da pele que era convertida pelos raios
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UV em uma substancia antirraquitica ativa. Steenbock e Black entdo patentearam
este processo de irradiacdo o que estimulou as industrias farmacéuticas a irradiar

produtos e eliminar o raquitismo e a osteomalacia (DeLuca, 2014).

Uma vez que a vitamina D foi quimicamente sintetizada a baixo custo a partir
de levedura, ela foi adicionada ao leite para o consumo (Holick, 2006). Até entao,
pensava-se que a vitamina D obtida de levedura irradiada era idéntica a produzida
pela pele. No entanto, foi observado que leveduras produziam uma vitamina D com
menor efeito antirraquitico. A vitamina D foi entédo isolada e identificada a partir da
epiderme de porco e descobriu-se que vitamina D animal originava-se do 7-
dehidrocolesterol (7-DHC). A vitamina originaria de fungos e vegetais foi denominada
de vitamina D, (ergocalciferol) e a originaria da pele suina e humana, de Vitamina D3
(colecalciferol) (Holick, 2005).
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1.2 Aspectos gerais da vitamina D

A VitD foi inicialmente identificada como uma vitamina tradicional, ou seja,
uma substancia essencial que o organismo ndo produz e que € obtida somente a
partir da dieta. Porém, a VitD pode ser produzida pelo organismo por reagdes
fotossintéticas quando a epiderme € exposta aos raios UV . Sendo assim, a VitD é
um hormdnio secosterdide originario do colesterol, importante em varios processos
fisiologicos como controle do metabolismo, fun¢gdes imunoldgicas, crescimento e
diferenciagao celular (Holick,1999; Calberg & Molnar, 2012).

A VitD é uma substancia pleiotropica, o que significa que a sua acgéo esta
além da homeostase do metabolismo ésseo e mineral. Estudos sugerem que a
deficiéncia de VitD esta relacionada ao aumento de risco de doencas autoimunes,

cardiovasculares, infecgdes e cancer (Bikle, 2014; Morris, 2014).

Apesar da reconhecida importancia da VitD nos processos fisioldgicos e
patolégicos, a deficiéncia de VitD € uma pandemia mundial importante (Berridge,
2015). Mais de um bilhdo de pessoas no mundo possuem deficiéncia de VitD (Holick
& Chen, 2008). Durante muitos anos, a concentragcdo de VitD era definida
simplesmente pela presenga ou auséncia de raquitismo ou osteomalacia (Hewison,
2012). Atualmente a concentracdo da VitD é determinada pela dosagem total da
25(0OH)D (25-hidroxi-vitamina D) sérica (Holick, 2007), mas ainda ndao ha consenso
acerca da concentragao 6tima. Alguns especialistas denominam deficiéncia de VitD
quando concentragdes séricas de 25(0OH)D, também conhecida como calcidiol, sao
menores que 50 nmol/L (20 ng/mL) (Holick et al., 2011). Ja outros defendem que
niveis 6timos de 25(OH)D sao aqueles acima de 75 nmol/L (30 ng/mL) (LeBlanc et
al., 2015). Atualmente a concentragao da VitD é determinada pela dosagem total da
25(0OH)D sérica (Holick, 2007). Alguns dos fatores de risco para o desenvolvimento
da deficiéncia de VitD sao ter hiperpigmentacao (Holick, 2007), baixa ingestado de
VitD (Forrest & Stuhldreher, 2011), pouca exposi¢céo a raios ultravioleta (Kannan &
Lim, 2014) e obesidade (Samuel & Borrel, 2014). Outros estudos associam a
deficiéncia de VitD também a idade avangada, sedentarismo (Millen et al., 2010) e

ser do sexo feminino (Forrest & Stuhldreher, 2011)
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A maioria dos alimentos naturais possuem pequenas quantidades de VitD. O
oleo de peixe é uma fonte razoavel da vitamina (2-5 ug/100 g) enquanto que os
cogumelos possuem maiores quantidade (30-100 pug/100 g) (Holick, 2007). Os ovos
e a carne possuem quantidades muito pequenas desta vitamina e a suplementacio
de alguns alimentos como os cereais, margarina e leite, varia entre os paises (Jenab
et al., 2010). Alimentos de origem animal sdo fontes de VitD;, produzidos
endogenamente a partir do 7-DHC presente na pele. Os alimentos de origem vegetal
séo fontes da VitD,. O metabolismo e ag&o das vitaminas D de origem animal ou
vegetal sdo muito semelhantes nos seres humanos (Holick et al., 2008). A maior
fonte de VitD é através da exposicao solar e esse processo € detalhado no item

seguinte.
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1.3 Metabolismo da vitamina D

Apos a conversao fotoquimica do 7-DHC pelos raios UVB em VitD3, ou apés a
absorgao intestinal da VitD, ou VitDs, ela se liga a proteina ligante de VitD (DBP) e é
transportada até o figado onde é hidroxilada pela enzima 25-hidroxilase (CYP2R1)
no carbono 25 (C-25) para gerar a 25(0OH)D (Shinkyo et al., 2004; Girgis et al.,
2013). A 25(0OH)D € a forma circulante da VitD mais abundante na corrente
sanguinea e a sua concentracgéo reflete o status da VitD ativa no individuo (Lehmann
et al., 2001). A 25(0OH)D entao é transportada até os rins e é transformada na forma
ativa da VitD, (1,25(0OH),D), também conhecida como calcitriol, pela enzima 1a-
hidroxilase (CYP27B1) (Mason et al, 2011).

Tanto a 1,25(0OH).D quanto a 25(OH)D sofrem catabolismo. O calcitriol é
catabolizado pela enzima 24-hidroxilase (CYP24A1) e transformado em 1,24,25
(OH);D (acido calcitréico) (Mason et al, 2011). A 25(OH)D é convertida em
metabdlitos polares e excretada na bile. A inativacdo metabdlica da 25(OH)D é
aumentada quando ha baixa ingestdo ou absor¢ao de calcio e altos niveis séricos do

hormonio da paratireoide e calcitriol (Figura 1) (Davies et al., 1997).

As células do sistema imune expressam as enzimas necessarias para a
metabolizagcdo da vitamina D, com excecdo dos neutrofilos que ndo expressam
CYP27B1 funcional (Chun et al., 2014). Em relagdo aos mondcitos, a ativagdo do
receptor toll like (TLR) induz a produgdo de CYP27B1. A ativagao do TLR também é
capaz de inibir a atividade desta enzima sugerindo que 25(OH)D controla os niveis
intracelulares de 1,25(OH)D (Liu et al., 2006). A acdo do CYP24A1 é ausente ou
bloqueada nestas células (Ren et al.,, 2005). Em relacdo as células dendriticas
(DCs), Karthaus e colaboradores (2014) demonstraram que DCs murina expressam
CYP27B1 e CYP24A1. Apos estimular as DCs com calcidiol ou calcitriol, observaram
aumento da expressao de VDR. O calcidiol aumentou a expressdo de CYP27B1 e
aumentou a metabolizagdo do 25(0OH) em 1,25(0OH)D. No entanto, o calcidiol e o

calcitriol induziram baixos niveis de expressao de CYP24A1.

Quanto aos linfocitos T, os mesmos também expressam CYP27B1 (Kongsbak
et al.,2014). No entanto, a capacidade de converter 25(0OH) em 1,25 (OH)D em uma
concentracéo suficiente para ativar os elementos responsivos da vitamina D (VDRE)

€ controversa. Jeffery e colaboradores (2012) demonstraram que linfocitos T
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humano ativados in vitro, ndo expressam niveis suficientes de CYP27B1 para
produzir uma concentracao de 1,25 (OH)D suficiente para ativar os VDRE. A 25(0OH)
afeta a resposta dos linfocitos T quando a APC esta presente e tem sido sugerido
que a APC secretaria uma concentracao suficiente de 1,25(OH)D localmente que
agiria nos linfocitos T. J& Kongsbak e colaboradores (2014), demonstraram que os
linfécitos T humanos ativados expressam CYP27B1 capaz de converter 25(0OH)D em
concentragdes suficientes para ativar os VDRE. Os linfécitos B também expressam
CYP27B1 e CYP24A1 (Di Rosa et al., 2011). A expresséo de CYP27B1 é observada
em linfécitos B naive e é aumentada apds ativagao celular. J&a a expressdo de
CYP24A1 nao é detectada em linfécito B naive ou ativada, aumentando somente

apos o tratamento com calcitriol (Chen et al., 2007).

7-dehydrocholesterol Calcitroic acid
(D2 or D3)
)
UV-light
sy 9 1,25 (OH),- Vit D-glucuronide
skin UGT1A4 .
4,25 (OH), - Vit D 1,24,25 (OH),- Vit D
(CYP2J3) . CYP24A1
v CYP2TA1 Sl
CYP3A4
CyPand CYP27B1
VitD —3  250H.Vit D
Liver Kidney
Keratinocytes
CYP24A1 Macrophages CYP24A1
Epithelial cells
v 1,23,25 (OH), - Vit D3

Diet
24,25 (OH),- Vit D
Vit Dy (meat, fish) CYP24A1
Vit D, (supplementation, plants)

L ]

1,25 (OH), — D3-26,23 lactone

Fig. 1. Enzimas envolvidas na sintese, ativagcdo e degradacdo da vitamina D. CYP2R1 e
CYP27B1 sao as principais enzimas responsaveis pela transformacgéo da vitamina D em sua forma
ativa. A CYP24A1 é a enzima responsavel pela degradagéo da vitamina D (Lindh et al., 2012).
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1.4 Receptores da Vitamina D

A VitD exerce sua fungao bioldgica através da ligacao altamente especifica
com o receptor da VitD (VDR) (Haussler et al.,, 2013). O VDR é um membro da
familia de receptores esteroides que regula a transcrigdo genética (Carlberg &
Campbell, 2013). As a¢des gendmicas da VitD sdo mediadas pela ligagdo do VDR
nuclear com o receptor retinoide X (RXR) que permite a ativagado ou supressao da
transcricao genética dos alvos da VitD denominados elementos responsivos da VitD
(VDRE) (Christakos et al., 2016). O efeito ativador ou supressor da VitD é
dependente da ligacdo com coativadores ou correpressores 0 que determinara

modulagao da transcricdo genética (Haussler et al., 2013).

A VitD também age de forma ndo gendmica. As agdes ndo gendmicas sao
rapidas e nao sao dependentes de transcricdo. Essas agdes sao mediadas por um
VDR de membrana que é encontrado em caveéolas (fragbes da membrana
plasmatica ricas em caveolinas) e estdo relacionadas a ativagdo de moléculas
sinalizadoras (fosfolipase A, fosfolipase C), mensageiros secundarios (ions Ca™,
trifosfato) e abertura de canais de ions de calcio e cloro (Deeb et al., 2007; Hii &

Ferrante, 2016). Os tipos de receptores da VitD estéo ilustrados na figura 2.

O VDR é expresso em todas as células do sistema imune principalmente apés
estimulacao (Bikle, 2009; Szymczak & Pawliczak, 2015). Os mondcitos/macrofagos
e DCs expressam VDR apds ativagdo dos TLR (Liu et al., 2006). A expressao de
VDR nuclear esta descrita em linfocitos T e B. A expressao de VDR em linfécitos
naive € baixa e aumenta apos ativacao e proliferacdo destas células. O VDR permite
a modulacdo de aproximadamente 500 genes que influenciam na diferenciacdo e

proliferacdo da resposta imune adaptativa (Mahon et al., 2003; Chen et al., 2007).
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Figura 2. Tipos de receptores da vitamina D, agcbes gendmicas e nao

gendmicas (Shin et al., 2010).
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1.5 Vitamina D e hipercalcemia

Altas concentragdes de VitD (hipervitaminose D) estdo associadas a uma
calcificacao arterial generalizada, especialmente em associagao com fatores de risco
tais como a aterosclerose, diabetes e doenca renal crénica (lvanovski et al., 2009;
Bas et al., 2006). Isso ocorre porque a VitD aumenta a absor¢ao de calcio intestinal
pela regulacdo da expressao de genes transportadores transcelulares de calcio
como TRPVG6 (Transient Receptor Potential V member 6) e a calbindina D9k
induzindo a hipercalcemia (Lieben et al., 2010).

A hipercalcemia induz sintomas neurolégicos como depressao, confuséo e
coma. O sistema gastrointestinal também é afetado apresentando constipacéo,
anorexia, nauseas e vOomito. A poliuria € comum e quando associada com o0s
problemas gastrointestinais pode levar a desidratagcdo severa. Outras alteragdes da
hipercalcemia incluem arritmia, hipertensdo e aumento da taxa de repolarizacéo
cardiaca os quais constituem fatores de risco para parada cardiaca (Nussbaum,
1993; Shane & Irani, 1999). Existe alta incidéncia de hipercalcemia em pacientes
com hiperparatireoidismo secundario, psoriase e osteoporose que necessitam do
tratamento com VitD (Sprague et al., 2003; Sunyecz, 2008; Kamangar et al., 2011).
Por isto, ha mais de 25 anos analogos da VitD s&o desenvolvidos com o intuito de
substituirem o calcitriol sem o efeito colateral da hipercalcemia (Leyssens et al.,

2014). Os analogos seréo abordados mais adiante no item 1.10.
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1.6 Vitamina D e peso corporal

Estudos in vivo em modelos experimentais e in vitro com culturas celulares
indicam a importancia da VitD no metabolismo energético. Camundongos nocautes
para VDR possuem grande gasto de energia, aumento da oxidacdo de acidos
graxos e um fendétipo mais magro quando comparados com os animais controle
(Narvaez et al., 2009; Wong et al., 2009). Por outro lado, a expressdao de VDR
humano em adipécitos de animais transgénicos, resulta na supressdo do gasto de
energia e da oxidacado de acidos graxos o que determina um fendétipo obeso (Wong
et al., 2011).

Sergeev (2009) demonstrou que a VitD ativa aumentou a apoptose de
adipdcitos através do aumento intracelular de calcio. Esse fendmeno também foi
observado em camundongos suplementados com calcio e VitD (Sergeev & Song,
2014). Kong e Li (2006) demonstraram que a VitD inibe a diferenciacao de pré-
adipécitos de camundongo 3T3-L1 e diminui a indugdo de genes relacionados ao
desenvolvimento dos adipocitos (C/EBP-a, PPAR-y e lipase lipoproteica). No
entanto, no tecido humano, a VitD promove a diferenciacdo de pré-adipdcitos pelo
aumento de marcadores adipogénicos e aumento de acumulo de lipidios (Narvaez et
al., 2013). J&4 Menendez e colaboradores (2001) demonstraram que a VitD inibe a
producado in vitro de leptina, horménio responsavel pelo controle da ingestdo de

alimentos, por adipdcitos de individuos saudaveis.

A VitD também pode atuar no metabolismo energético através da ativagao do
VDR localizado no cérebro. Sisley e colaboradores (2016) injetaram VitD na regido
central do cérebro de ratos e observaram que os animais ingeriram menos ragcao e

apresentaram maior perda de peso.
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1.7 Agao da Vitamina D nos monécitos/macroéfagos

Os mondcitos e os macrofagos sao cruciais no sistema imune inato sendo
capazes de reconhecer padrées moleculares associados ao patdgeno (PAMPs) de
varios agentes infecciosos através de receptores de reconhecimento de patégenos
(PRRs) como os receptores toll like. O papel imunolégico da VitD foi descoberto
apos a constatagcdo de que esta vitamina induzia uma atividade anti-microbiana in
vitro em mondcitos infectados com Mycobacterium tuberculosis. A ativagdo de TLR
aumenta a expressao de VDR e outros genes relacionados ao VDR como o peptideo
antimicrobiano catelicidina (Liu et al., 2006). A VitD também esta associada a
producao de defensina -4 humana (DEFB4A). A catelicidina e a DEFB4A promovem
permeabilizacdo da membrana celular do microrganismo seguida da fusdo do
vacuolo fagocitico com os lisossomos (Ganz, 2003). A eficacia da eliminagdo do
microrganismo esta relacionada com a concentragao local dessas duas proteinas
antimicrobianas (Hewison, 2011). No entanto, ao mesmo tempo que a VitD promove
atividade antimicrobiana nas células mieloides, ela também inibe a expressao de
TLR2 e TLR4 o que determina menor resposta aos PAMPs. Sadeghi e
colaboradores (2009) sugerem que essa inibicdo seja para prevenir excessiva
ativacdo de TLR e inflamacdo em estagios tardios da infecgdo. A VitD promove a
diferenciagdo dos mondcitos em macréfagos. A deficiéncia da vitamina, no entanto,
diminui a maturagdo dos macréfagos, o nivel de expressdao de MHC II, de enzimas
lisossomais e secrecao de H,O, moléculas essenciais na fungao antimicrobiana
(Koeffler, 1985; Abu-Amer & Bar-Shavit, 1993). O efeito da VitD na indugéo da

catelicidina e consequente efeito microbicida esta ilustrado na figura 3.

A VitD também reduz em mondcitos a expressdao de moléculas co-
estimuladoras como CD40, CD80 e CD86 e a expressao das citocinas inflamatdrias
IL-1, IL-6, TNF-q, IL-8, e IL-12 (Giulietti et al.,2007; Almerighi et al., 2009).



© @ Pathogen (e.g. M. tuberculosis)
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Vitamin D-
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Fig. 3. Indugao de expresséo de catelicidina pela vitamina D e morte bacteriana no

monocito (Hewison, 2011).
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1.8 Acao da Vitamina D nas células dendriticas

As DCs sao células apresentadoras de antigeno que estabelecem uma
conexao entre a imunidade inata e a adaptativa. O mecanismo molecular da agao da
VitD nas DCs envolve a diminuigdo da expressao de MHC Il e das moléculas co-
estimuladoras CD40, CD80, CD86 e o aumento na produgdo de citocina anti-
inflamatadria IL-10 (Takeda et al., 2010; Zhang et al., 2012). A VitD também diminui a
producao de IL-12p40 através da ligagdo do VDR-RXR com o NF-kB no sitio
promotor da IL-12 (D’Ambrosio et al., 1998). A diminuicdo da producéo de IL-12 e
TNF-a pelas DCs inibe indiretamente a resposta Th1 e Th17 e promove a
diferenciagdo de células T reguladoras (Tregs) (Penna et al., 2007; Bartels et
al.,2010). Esses efeitos tornam as DCs tolerogénicas diminuindo a apresentagédo do
antigeno e a ativagao ou reativacao dos linfocitos T (van Halteren et al., 2002).

O tratamento com a VitD também induz o aumento de ILT3 (Immunoglobulin
like transcript 3) em DCs. ILT3 é um receptor inibidor que quando ativado por seu
ligantes resulta na inibicdo intracelular da cascata de sinalizagdo mantendo a DC
imatura. Pacientes com psoriase submetidos a tratamento tépico com VitD
apresentam expressao aumentada de ILT3 nas DCs junto com redugédo do escore
das lesdes (Penna et al., 2005). Além disso, DCs tratadas com VitD possuem
aumento da expressao da molécula PD-L1 (Programmed death-ligand 1) que esta
associada com a supressao de linfocitos T (Unger et al., 2009). O efeito da VitD nas

DCs e consequente efeito nos linfécitos T esta ilustrado na figura 4.

Dendritic cells

Vitamin D, T lymphocytes T-cell antigen

TCR

25(0H)D

l CYP27B1
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IFNy
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Fig. 4. Representagdo esquematica da acdo da vitamina D nas células dendriticas e
linfécitos T (Yin & Agrawal, 2014).
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1.9 Acao da Vitamina D nos linfécitos T e B

Os efeitos imunomoduladores da VitD sobre os linfécitos T tém sido
amplamente descritos na literatura. Desde 1983 sabe-se que a VitD inibe a
proliferacdo de linfocitos T e a secrecdo de citocinas apds a estimulagcdo com
mitégenos. (Provvedini et al., 1983). A VitD é capaz de inibir diretamente a
transcricao de IL-2 e de IFN-y em células Th1 e estudos mais recentes mostram que
também é capaz de inibir a sintese de IL-17 pelos linfocitos Th17 (Palmer et al.,
2011).

A eficacia do tratamento com VitD em modelos experimentais de doengas
mediadas por células T tem sido relatada. Células Th1 e Th17 estdo envolvidas com
encefalomielite autoimune experimental (EAE), doencga inflamatéria intestinal e
diabetes mellitus tipo I. O tratamento in vivo com VitD suprime o desenvolvimento e
a progressédo dessas doengas (Cantorna et al., 2000; Zella et al., 2003; Froicu &
Cantorna., 2006). O mecanismo de supressado dessas doengas autoimunes pela
vitamina esta associado com inibicdo da producdo de IL-17 e IFN-y, promocéo da

sintese de IL-10 e inducéo de Tregs (Cantorna et al., 2015).

Seus efeitos nos linfocitos Th2 sédo controversos. Alguns estudos demonstram
que a VitD inibe a transcrigdo de IL-4 e IL-5 e outros indicam que estimula a
producao destas citocinas em células murinas e humanas (Boonstra et al, 2001;
Staeva-Vieira & Freedman et al., 2002, Sloka et al., 2011; Waddell et al., 2015).
Gorman e colaboradores (2007) demonstraram que a VitD possui a capacidade de
induzir Treg indiretamente, ou seja, através de DCs tolerogénicas ou pela agao
direta da VitD no linfécito T na promogao de Tregs Foxp3* produtora de IL-10 e

aumento de receptor inibidor de ativacao celular CTLA-4.

A maioria dos estudos visando esclarecer os mecanismos basicos da VitD e
do VDR sao realizados com linfocitos T oriundos de modelos animais. Neste caso os
linfécitos T se originam de diferentes orgéos linfoides. Por outro lado, a maioria dos
trabalhos com linfécitos T humanos séo feitos com células mononucleares do
sangue periférico (PBMC). Apesar disto, os efeitos observados em linfécitos T
humanos e murinos sao similares. Por exemplo, linfécitos T humanos e murinos
expressam VDR 48-72 horas apos a ativagado com VitD (Kongsbak et al.,2014). Além

disso, a VitD induz in vitro funcdo e producdo semelhante de CYP27B1 tanto em
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linfécitos T murinos quanto linfocitos T humanos (Cantorna et al., 2015). O efeito da

VitD nas DCs e nos linfécitos T encontra-se esquematizado na figura 4.

Como os linfécitos T, os linfocitos B ativos expressam VDR (Hewison, 2011). A
VitD pode inibir indiretamente a acdo dos linfécitos B através da diminuigdo da
resposta dos linfécitos T ou inibicAo da produgdo de citocinas por
mondcitos/macréfagos (Muller et al., 2011). A VitD também possui agao direta nos
linfécitos B e inibe a geracdo de plasmacitos e de linfocitos B de memaria, além de
induzir a apoptose de células produtoras de imunoglobulinas (Baeke et al, 2010).
Esse controle da ativacdo e proliferacao de linfocitos B é clinicamente importante
nas doengas autoimunes mediadas por linfocitos B (Prietl et al., 2013). Pacientes
com lupus eritematoso sistémico (LES), doenca autoimune caracterizada por uma
elevada producdo de auto-anticorpos, possuem baixas concentracdes séricas de
25(0OH). Embora as causas do LES sejam desconhecidas, estudos demonstram que
a deplecéao terapéutica dos linfocitos B reduziu a patogénese da doenca. Portanto, a
VitD poderia contribuir na manutencdo da homeostase dos linfécitos B e a sua

deficiéncia contribuiria na hiperatividade destes linfécitos no LES (Chen et al.,2007).
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1.10 Analogos da Vitamina D

Apos a descoberta de que o calcitriol em doses supra-fisiolégicas poderia
estimular a diferenciagdo de células leucémicas promielociticas em macrofagos
maduros e inibir a proliferagdo de células do melanoma, foram iniciadas pesquisas
para o desenvolvimento de analogos da VitD, pois o efeito hipercalcémico da VitD
em grandes concentragdes dificulta sua aplicagao clinica. A molécula da VitD é muito
flexivel e sua estrutura pode ser modificada para a obtengdo de analogos com
propriedades biolégicas alteradas. As modificagdes quimicas podem ser realizadas
no anel A, anel B, regido central CD ou na cadeia lateral sendo que todas as
alteragbes tém como objetivos minimizar os efeitos calcémicos e manter ou
aumentar os efeitos imunomoduladores da VitD (Christakos et al, 2016). As
possiveis modificagcbes na estrutura da VitD para produzir analogos estao

representadas na figura 6A.

Alguns analogos da vitamina D ja sdo aprovados para uso clinico como, po
exemplo, no tratamento de psoriase (tacalcitol, calcipotriol) e osteoporose
(eldecalcitol) (Leyssens et al., 2014). Um dos analogos sintéticos mais utilizados
atualmente é o paricalcitol (1,25- (OH). -19-nor-VitD,). Este analogo sintético de
terceira geragcédo da VitD, foi inicialmente desenvolvido para minimizar os efeitos

colaterais do tratamento do hiperparatireoidismo secundario (Cheng et al., 2012).

Side chain analogs

CD-ring analogs

™ -
H
Seco B-ring analogs [ CH, [i
Ho“"'E\/\JiOH HO™" OH
A-ring analogs
1“,25(0H)ZD3 19-nor-1 ﬂ,25[0H)2D2

Fig.5.. (A) Estrutura quimica da vitamina D e possiveis modificagbes em analogos (Christakos et al,
2016). (B) Estrutura quimica da vitamina D e do paricalcitol (Leyssens et al, 2014).

Inicialmente era utilizado o calcitriol no tratamento desta patologia. Porém, um
dos principais problemas associados com o calcitriol € o aumento do calcio e do

fosfato sérico o que leva a limitar as doses da VitD no tratamento da doenca. A partir
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de entdo foram obtidos ativadores seletivos de VDR, ou seja, analogos da VitD que
possuem mais afinidade pela glandula da paratireoide do que pelo intestino e pelos
ossos (Slatopolsky et al., 2003; Cai, 2016). Modelos animais indicam que o
paricalcitol € dez vezes menos hipercalcémico e hiperfosfatémico que o calcitriol.
Esse analogo induz a diminuicdo da expressdo de proteinas envolvidas no
transporte entérico do calcio e ndo aumenta a expressao de VDR intestinal (Brown
et al., 2002; Slatopolsky et al., 2003).

No ambito imunolégico, Sochorova e colaboradores (2009) compararam, in
vitro, os efeitos imunorreguladores do calcitriol e do paricalcitol em DCs originadas
de mondcitos humanos. Observaram que o paricalcitol possui a mesma atividade
imunomoduladora do calcitriol como diminuicdo de producdo de IL-12 por DCs,
diminuicao de diferenciacdo dos mondcitos em DCs e menor ativagao de linfécitos T.
O paricalcitol também reduz a produgédo de TNF-a e IL-8 por monécitos estimulados
por LPS in vitro (Eleftheriadis et al., 2009). Donate-Correa e colaboradores (2014)
demostraram que o paricalcitol reduziu as concentragdes séricas de TNF-a e IL-6 e
aumentou os niveis de IL-10 no soro de pacientes com doencga renal crbénica. Outro
estudo, in vitro, com PBMC de pacientes com doenga renal cronica mostrou queda
significativa nos niveis de IL-1B, IL-17, IL-6, TNF-a e IFN-y 24 horas apds uma unica

dose de paricalcitol (Santoro et al., 2015).
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1.11 Efeitos imunorreguladores da Vitamina D em camundongos C57BL/6 e
DBA/1J

Estudos indicam que a administragdo de VitD em camundongos C57BL/6
determina varias alteragdes no sistema imunoldgico. O tratamento destes animais
com VitD diminui a producédo de TNF-q, IL-1, IL-12 e IFN-y. Este tratamento também
diminui a diferenciag&o, ativagdo e o nivel de maturagdo de DCs esplénicas. Esta
acgao supressora da VitD foi associada a aumento tanto na producgao de IL-10 quanto

no percentual de Treg (Froicu & Cantorna, 2007; He et al., 2014).

O possivel efeito modulador da administragdo da VitD em camundongos
DBA1/J nao foi avaliado até o momento. Existe um unico trabalho publicado por
Cantorna (1998) no qual foi demonstrado que a VitD é capaz de inibir a progressao
da artrite experimental. Entretanto, neste trabalho ndo foram avaliados parametros

relacionados com a produgao de citocinas e com a quantidade de DCs e Tregs.

Existem na literatura relatos indicando uma acao diferencial da vitamina D em
diferentes linhagens de camundongos. Um estudo recente de Malley e
colaboradores (2013) demonstrou que camundongos BALB/c sdo resistentes ao
efeito imunossupressor dos raios UV em comparagdo com camundongos
C57BL/6 .O estudo mostrou que os camundongos C57BL/6 irradiados com UVB
tiveram menor reagéo ao teste de hipersensibilidade, ao contrario dos camundongos
BALB/c que ndao demonstraram nenhuma alteragcao neste teste apods a irradiagao.
Estes resultados indicam que o background genético do camundongo pode

influenciar a imunomodulacéao pela vitamina D.

Outro fator importante a se considerar € a presencga de diferengas no sistema
imune entre as linhagens de camundongos. O DBA/1J, utilizado neste trabalho, por
exemplo, possui uma deficiéncia no componente C5 do complemento por mutacao
que promove maior susceptibilidade a alguns tipos de infecgdo como Bacillus
anthracis, Aspergillus fumigatus, e Candida albicans comparativamente aos

camundongos C57BL/6 os quais possuem C5 intacto (Sellers et al., 2012).
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2. Racional

Nosso grupo de pesquisa vem investigando dois modelos de doengas
inflamatorias: encefalite autoimune experimental (EAE) e artrite reumatoide
experimental (AR). Investigamos principalmente o efeito tolerogénico desta vitamina
quando associada com autoantigenos especificos, ou seja, com MOG (glicoproteina
da mielina do oligodendrdcito) e colageno que sao moléculas proprias associadas ao
sistema nervoso central (SNC) e articulagdo, respectivamente. O efeito da
associagado entre MOG e VitD na EAE foi significativo tanto em termos profilaticos
quanto terapéuticos (Chiuso-Minicucci et al., 2015; Mimura et al., 2016). A VitD
também foi tolerogénica no modelo de artrite (Ishikawa et al., 2016), entretanto este
efeito foi mais discreto do que na EAE. Considerando que estes dois modelos sao
induzidos por imunizagdo ativa em linhagens distintas de camundongos,
hipotetizamos que o efeito da VitD podera depender, entre outros fatores, da
linhagem de camundongo utilizada. Neste cenario resolvemos testar e comparar o
efeito da VitD em duas linhagens de camundongos: C57BL/6, que é utilizado para
inducao de EAE e DBA/1J que esta sendo empregado atualmente para a indugéo de
artrite. Também investigamos se o paricalcitol, que € um analogo da VitD, determina

efeito imunomodulador semelhante ao desta vitamina.
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4. Objetivos

4.1 Objetivo geral

Avaliar e comparar os efeitos imunomoduladores da VitD e do paricalcitol em
camundongos C57BL/6 e DBA/1J.

4.2 Objetivos especificos

I. Avaliar e comparar o efeito da administracdo da VitD e do paricalcitol nos niveis

séricos de calcio e no peso corporal;

II. Avaliar e comparar o efeito da administracdo da VitD e paricalcitol na produgao

de citocinas pro e anti-inflamatérias;

lll. Avaliar e comparar os efeitos da administragdo da VitD e do paricalcitol no grau

de maturacgao das células dendriticas e no percentual de linfocitos T reguladores.






5. Protocolos experimentais

5.1 Protocolo experimental geral
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6. Resultados e discussao

Os resultados e discusséo dos dados obtidos encontram-se apresentados na

forma de artigo cientifico.

e Artigo cientifico

C57BL/6 and DBA/1J mice differ in their response to vitamin D and

paricalcitol  supplementation (artigo submetido na revista International

Immunopharmacology).
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7. Artigo cientifico

Elsevier Editorial System(tm) for International Immunopharmacology
Manuscript Draft

Manuscript Number:

Title: C57BL/6 and DBA/1J mice differ in their response to vitamin D
and paricalcitol supplementation

Article Type: Full length article

Keywords: Vitamin D; paricalcitol; immunomodulation; cytokines;
C57BL/6; DBA/1J.

Corresponding Author: Dr. Sofia Fernanda Gongalves Zorzella-Pezavento,
Ph.D.

Corresponding Author's Institution: Universidade Estadual Paulista -
UNESP

First Author: Aline P Missio

Order of Authors: Aline P Missio; Thais Fernanda C Fraga-Silva; Larissa
Lumi W Ishikawa; Luiza Ayumi N Mimura; Thais Graziela D Franca;
Alexandrina Sartori; Sofia Fernanda Goncalves Zorzella-Pezavento, Ph.D.

Abstract: Active vitamin D3 (VitD) has a relevant role in many body
functions, including effects on innate and specific immunity. However,
as VitD deficiency already reached epidemic proportions worldwide, its
supplementation has been used in various diseases. Different mice
strains have been widely employed to investigate VitD immunomodulatory
properties. In this work, we compared the effect of VitD and
paricalcitol supplementation in C57BL/6 and DBA/1J. These two mice
strains were treated with 0.1 pg of VitD or paricalcitol, every other
day, during 15 days. Body weight was assessed daily and blood and
spleen cells were collected 24 hours after the last dose. In the
C57BL/6 strain, VitD decreased body weight and cytokine production by
the spleen. It also increased serum calcium concentration and the level
of MHCII expression in CDllc+ dendritic cells. Paricalcitol did not
affect body weight and serum calcium levels but it decreased cytokine
production in this strain. Except body weight that was downregulated by
VitD, the other parameters were not altered by VitD or paricalcitol in
the DBA/1J strain. An increased dose of VitD decreased body weight,
downregulated IL-2, IFN-y and IL-5 production by spleen cells but did
not affect the other cytokines neither the expression of MHC II and
CD86 in dendritic cells in DBA/1J mice. A same higher dose of
paricalcitol significantly increased TNF-a but had no other significant
effects. Together, these results show that C57BL/6 and DBA/1J mice
strains differ in their response to VitD and paricalcitol
supplementation, being DBA/1J more resistant to their effects.
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® (C57BL/6 and DBA/1J mice strains present differential response to vitamin D and paricalcitol

supplementation

® Cytokine production was highly down-modulated by vitamin D and paricalcitol in C57BL/6

mice

® DBA/1J mice require higher VitD dose than C57BL/6 ones to be slightly immunomodulated
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Abstract

Active vitamin D; (VitD) has a relevant role in many body functions, including effects on innate
and specific immunity. However, as VitD deficiency already reached epidemic proportions worldwide,
its supplementation has been used in various diseases. Different mice strains have been widely
employed to investigate VitD immunomodulatory properties. In this work, we compared the effect of
VitD and paricalcitol supplementation in C57BL/6 and DBA/1J. These two mice strains were treated
with 0.1 pg of VitD or paricalcitol, every other day, during 15 days. Body weight was assessed daily
and blood and spleen cells were collected 24 hours after the last dose. In the C57BL/6 strain, VitD
decreased body weight and cytokine production by the spleen. It also increased serum calcium
concentration and the level of MHCII expression in CD11c¢* dendritic cells. Paricalcitol did not affect
body weight and serum calcium levels but it decreased cytokine production in this strain. Except body
weight that was downregulated by VitD, the other parameters were not altered by VitD or paricalcitol in
the DBA/1J strain. An increased dose of VitD decreased body weight, downregulated IL-2, IFN-y and
IL-5 production by spleen cells but did not affect the other cytokines neither the expression of MHC I
and CD86 in dendritic cells in DBA/1J mice. A same higher dose of paricalcitol significantly increased
TNF-a but had no other significant effects. Together, these results show that C57BL/6 and DBA/1J
mice strains differ in their response to VitD and paricalcitol supplementation, being DBA/1J more

resistant to their effects.

Keywords: Vitamin D, paricalcitol, immunomodulation, cytokines, C57BL/6, DBA/1J.
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1. Introduction

Vitamin D (VitD) is a fat-soluble vitamin that can be obtained from the diet but that is mainly
originated in the skin by the conversion of 7-dehydrocholesterol after UV light stimulation. Its role in
calcium metabolism, bone growth and prevention of rickets and osteomalacia has been known for over
two hundred years (Holick, 2006). However, nowadays it is well established that VitD also contributes
to a variety of other biological actions, including control of cell proliferation and differentiation in many
tissues. The majority of these activities is mediated through VitD binding to the nuclear VitD receptor
(VDR) (Kato, 2000). Both innate and adaptive immune responses are also modulated by VitD. It is well
established that VitD enhances some mechanisms involved in protection against pathogens whereas it
simultaneously triggers immunosuppressive pathways that restrain prolonged and deleterious
inflammatory reactions in the body (Trochoutsou et al., 2015).

VitD deficiency has been considered a public health problem worldwide (Douros et al.,2015)
and its association with a plethora of diseases, as allergic conditions (Douros et al., 2015), chronic
diseases (Weisshof & Chermesh, 2015), cardiovascular disease (Pilz et al., 2016), diabetes (Altieri et
al.,2016) and autoimmune inflammatory disease such as lupus erythematosus (Watad et al., 2016)
and multiple sclerosis (Simon et al.,, 2012) has been recently reinforced. VitD supplementation is
considered a simple, safe and inexpensive procedure to restore its suitable levels in these pathological
conditions. However, the administration of a given VitD dose has been associated with a high variable
level of this substance in the blood (Aloia et al., 2008). Many factors can contribute to this variable
response to VitD supplementation such as obesity status (Blum et al., 2008), polymorphism in VitD
binding protein and also in the VDR (Uitterlinden et al., 2004). The baseline methylation levels of
CYP2R1 and CYP24A1, which are enzymes involved in VitD metabolism, could also affect the
response to VitD supplementation (Zhou et al., 2014). The prevailing calcemic activity of 1a,25-
dihydroxyvitamin D3 has precluded its widespread use in many pathologies. VitD analogues devoid of
this and other side effects were therefore synthesized for human application. Paricalcitol is a VitD
analogue marketed by Abbott Laboratories under the trade name Zemplar®. It is indicated for
treatment of secondary hyperparathyroidism associated with chronic renal failure (Veceri¢-Haler et al.,
2016.). Some paricalcitol immunomodulatory activities were already validated. For example, this
substance impaired differentiation of immature dendritic cells significantly decreasing their ability to

induce T cell proliferation in response to antigen stimulation (Sochorova et al., 2009).
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Considering that supplementation with VitD or paricalcitol has the potential to be used as an
adjunct therapy for many inflammatory diseases but that individuals could respond differently, we
compared the effect of VitD and paricalcitol supplementation in two inbred mice strains, C57BL/6 and

DBA/1J.

2. Materials and Methods
2.1. Experimental design

C57BL/6 and DBA/1J mice were injected with 0.1 ug of VitD or paricalcitol every other day during
15 days. Mice injected only with the vehicle were used as controls. Body weight was daily assessed.
One day after the last dose the animals were euthanized and the following parameters were analyzed
in the spleen: cytokine production by cell cultures in vitro stimulated with concanavalin A (ConA),
percentage of Foxp3*regulatory T cells (Tregs) and percentage of CD11c*MHCII*CD86" dendritic cells
(DCs). The median of the fluorescence intensity (MFI) corresponding to major histocompatibility
complex class Il (MHCIl) and CD86 expression were also evaluated. Blood samples were used to
assess calcium levels. A second set of similar experiments was performed to evaluate the effect of a
higher concentration of VitD and paricalcitol in DBA/1J mice. The experimental design and the

chemical structures of VitD and paricalcitol are depicted at figure 1.
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Figure 1: Summary of the experimental design. Comparative molecular structures of vitamin D

and paricalcitol and the timeline illustration of the treatment.

2.2. Animals

Female C57BL/6 mice were purchased from University of Sdo Paulo (USP, Ribeirdo Preto, SP,
Brazil) and female DBA/1J mice were from our own animal facility. Both strains aged between 9 and
11 weeks with comparable weights when tested. The animals received sterilized food and water ad
libitum. They were handled according to the rules established by the Ethics Committee for Animal

Experimentation - Institute of Biosciences of Botucatu (Protocol number 815).

2.3. Drugs
Vitamin D (1a,25-dihydroxyvitamin Ds) was purchased from Sigma Aldrich (St. Louis, MO, USA)
and paricalcitol (Zemplar®) was purchased from Abbott Laboratories (Milan, Italy). The following

monoclonal antibodies were used in flow cytometric assays: PerCP-labeled anti-mouse CD3 (clone
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145-2C11); FITC-labeled anti-mouse CD4 (clone GK1.5); APC-labeled anti-mouse CD25 (clone
PC61.5); PerCP-labeled anti-mouse F4/80 (clone BM8); FITC-labeled anti-mouse CD11c (clone
N418); APC-labeled anti-mouse MHCII (clone M5/114.15.2); PE-labeled anti-mouse CD86 (clone
G11). A forkhead box P3 (Foxp3) PE Staining Set was also used for intracellular staining. All reagents

for flow cytometric assays were purchased from eBioscience (San Diego, CA, USA).

2.4. Determination of calcium levels
Calcium levels were analyzed using Calcio Arsenazo Ill commercial kit (Bioclin, Belo Horizonte,

MG, Brazil), according to manufacturer’s instruction.

2.5. Assessment of cytokine production by ELISA

One day after the last VitD and paricalcitol doses, the animals were euthanized and the spleens
removed in aseptic conditions. Spleens were disrupted and the cells adjusted to a 5x10° cells/ml
concentration. These cells were cultured in complete RPMI medium (supplemented with 10% of fetal
calf serum and 2 mM of L-glutamine), in the presence of 20 ug/ml of ConA. Cytokine levels were
evaluated 48h later by enzyme-linked immunosorbent assay in culture supernatants using IL-2, IL-5,
IFN-y and IL-10 OptEIA Sets (BD Biosciences, San Diego, CA, USA) and IL-6, IL-17, TNF-a (R&D

System, Minneapolis, MN, USA) according to the manufacturer’s instructions.

2.6. Assessment of regulatory and dendritic cells by flow cytometry

Spleen cells were collected and were lysed with buffer containing NH.CI. For Tregs analysis,
cells were incubated with 0.2 ug of anti-CD3, 0.5 ug of anti-CD4 and 0.25 ug of anti- CD25 for 30
minutes at 4°C. The cells were washed and prepared for intracellular staining. Foxp3 transcription
factor was detected according to manufacturer’s instructions. For DCs analysis, splenic cells were
incubated with X pg of anti-F4/80, 0.25 pg of anti-CD11c, 0.03 ug of anti-MHCII and 0.125 pg of anti-
CD86 for 30 min at 4°C. The cells were then washed, resuspended in flow cytometry buffer and fixed
in 1% paraformaldehyde solution. The cells were analyzed by flow cytometry using FACSCanto I
(Becton 0OD.lickinson, San Jose, CA, USA) for data acquisition and FlowJo software (TreeStar,

Ashland, OR, USA) for Tregs and DCs analyses.
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2.7. Statistical analysis

Results were expressed as mean + standard deviation or median with interquartile ranges (25-
75%). Comparisons between groups were made by One-way ANOVA followed by Tukey’s test for
parametric variables and by Kruskal-Wallis followed by Dunn’s test for non-parametric ones. Statistical
analysis was performed using SigmaPlot 12.0 software (Systat Software Inc., San Jose, CA, USA) and
p < 0.05 was considered significant. Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA)

was used for graphics.

3. Results
3.1. VitD decreases body weight in C57BL/6 and DBA/1J

As lower levels of VitD have been described in overweight or obese individuals
(Shanmugalingam et al., 2014), we initially evaluated the effect of supplementation with 0.1 yg on
body weight. Both mice strains started to lose weight between 6 and 8 days after VitD treatment, that
is, after 3 to 4 doses as illustrated in figure 2A and 2B. This effect was more pronounced in the
C57BL/6 strain. As predicted by paricalcitol properties, this analogue did not affect body weight in

none of the mice strains.

3.2. VitD causes hypercalcemia in C57BL/6 but not in DBA/1J

The active form of vitamin D plays a major role in maintaining calcium and phosphate
homeostasis. However, supplementation with elevated VitD doses can provoke hypercalcemia
(Ferronato et al., 2015). To check if the supplementation protocol was altering calcium concentration,
this element was quantified in serum samples. As displayed in figure 2D, VitD increased calcium levels
in C57BL/6 but not in DBA/1J animals. Paricalcitol administration did not trigger this effect in any of

these strains.
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Figure 2: Effect of vitamin D and paricalcitol on body weight and serum calcium levels of
C57BL/6 and DBA/1J mice. C57BL/6 and DBA/1J mice were intraperitoneally injected with 0.1 pg of
VitD or paricalcitol during 15 alternated days. C57BL/6 body weight (A), DBA/1J body weight (B),
weight variation (C) and serum calcium (D). *p < 0.05; **p < 0.01 and ***p < 0.001 represent the
statistical difference among the groups. Results were expressed as mean = SD of three to six animals

per group.

3.3. VitD and paricalcitol downmodulate pro-inflammatory cytokine production only in C57BL/6

Pro-inflammatory cytokines are major mediators of a variety of human diseases, including
autoimmune pathologies and chronic inflammatory states (Moudgil et al., 2011), contributing to their
initiation and development. A great deal of attention has been focused in substances able to
downregulate cytokine production. The adopted short protocol of VitD supplementation was able to
significantly downmodulate the production of IL-6, TNF-a, IFN-y, IL-2 and IL-17 production in C57BL/6
mice (figures 3A, 3B, 3C, 3D and 3E, respectively). Paricalcitol triggered a similar but not so
pronounced downmodulatory effect. Neither VitD nor paricalcitol were able to affect the production of

these cytokines in DBA/1J
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Figure 3: Effect of vitamin D and paricalcitol on pro-inflammatory cytokine production by
C57BL/6 and DBA/1J mice. C57BL/6 and DBA/1J mice were intraperitoneally injected with 0.1
Qg of VitD or paricalcitol during 15 alternated days. IL-6 (A), TNF-a (B), IFN-y (C), IL-2 (D) and
IL-17 (E) were measured in spleen cell cultures stimulated with ConA. *p < 0.05; **p < 0.01 and
***p < 0.001 represent the statistical difference among the groups. Results were expressed as
mean * SD (column) or medians and interquartile range (25-75%, box) of three to six animals

per group.

3.4. VitD and paricalcitol downmodulate IL-5 and IL-10 production only in C57BL/6 mice

One way to regulate cytokine production by Th1 and Th17 cells is the triggering of a counter-
regulation mechanism mediated by anti-inflammatory cytokines such as IL-5 and IL-10. However, as
shown in figure 4, these two cytokines were also significantly down-modulated in C57BL/6 mice by
both, VitD and paricalcitol. Again, no effect was detected in these cytokines when spleen cells from

DBA/1J were tested.
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Figure 4: Effect of vitamin D and paricalcitol on anti-inflammatory cytokine production by
C57BL/6 and DBA/1J mice. C57BL/6 and DBA/1J mice were intraperitoneally injected with 0.1 ug of
VitD or paricalcitol during 15 alternated days. IL-5 (A) and IL-10 (B) were measured in spleen cell
cultures stimulated with ConA. *p < 0.05; **p < 0.01 and ***p < 0.001 represent the statistical

difference among the groups. Results were expressed as mean + SD of three to six animals per

group.

3.5. Effect of vitamin D and paricalcitol in the percentage of Tregs

It is well established that VitD increases the proportion of Tregs by direct and indirect
mechanisms, decreasing, therefore, the unwanted immune response that can cause diseases
(Chambers & Hawrylowicz, 2011; Hewison et al., 2012). Both mice strains presented similar
percentages of CD4*CD25'Foxp3* regulatory T cells in the spleen, under normal conditions. As
demonstrated in figure 5E and 5F, the percentage of these cells was not altered by any of these

substances in these two strains.

3.6. Effect of VitD and paricalcitol in CD11¢c*MHCII*'CD86* DCs

Dendritic cells, that are considered the most potent antigen-presenting cells (APCs), express
nuclear receptors for VitD and are one of its main targets (Pederson et al., 2011). In this investigation,
we observed that the percentage of these APCs was significantly higher in C57BL/6 mice in state
conditions as shown in figure 5A. They also behaved differently under the effect of VitD. Cells from
C57BL/6 expressed significantly higher levels of MHCII, whereas DBA/1J MHCII expression was not
affected (figure 5C). CD86 levels were not altered in any of these strains by VitD or paricalcitol (figure

5D).
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Figure 5: Effect of vitamin D and paricalcitol on Tregs and DCs from C57BL/6 and DBA/1J mice.
C57BL/6 and DBA/1J mice were intraperitoneally injected with 0.1 pg of VitD or paricalcitol during 15
alternated days. Percentage of CD11c*"MHCII*CD86* in 500.000 acquired events (A), histogram of MFI
MHCII* and CD86* (B), MFI MHCII* (C), MFI CD86" (D), gate strategy for CD4*CD25""Foxp3* (E) and
percentage of CD4*CD25""Foxp3* in 100.000 acquired events (F). **p < 0.01 and ***p < 0.001
represent the statistical difference among the groups. Results were expressed as mean * SD of three

to six animals per group.
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3.7. DBA/1J mice require higher VitD dose than C57BL/6 to be slightly immunomodulated

The results of higher doses of VitD and paricalcitol on DBA/1J mice are summarized in figure 6.
Treatment with 8 doses, at alternate days, with 0.2 ug of VitD or paricalcitol triggered some alterations
in DBA/1J mice. Similarly to C57BL/6 treated with 0.1 ug of VitD they produced less IL-2, IFN-y and IL-
5. Differently from C57BL/6, the levels of TNF-a, IL-6, IL-17 and IL-10 were not affected by VitD.
Paricalcitol decreased IFN-y but not the other cytokines. It also significantly increased TNF-a

production. Both Tregs and DCs were not affected by higher doses of VitD and paricalcitol.
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Figure 6: Effect of higher vitamin D and paricalcitol doses on DBA/1J mice. C57BL/6 and DBA/1J
mice were intraperitoneally injected with 0.2 ug of VitD or paricalcitol during 15 alternated days. TNF-a
(A), IL-2 (B), IFN-y (C), IL-5 (D), CD4*CD25"¢"Foxp3* in 100.000 acquired events (E), MFI MHCII* (F)
**p < 0.01 and ***p < 0.001 represent the statistical difference among the groups. Results were
expressed as mean * SD (column) or medians and interquartile range (25-75%, box) of four to five

animals per group.
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4, Discussion

It is well accepted that VitD deficiency already reached epidemic proportion worldwide.
Consequently, a lot of effort has been done to investigate its adequate supplementation to restore
immune homeostasis in, for example, autoimmune pathologies (Agmon-Levin et al., 2013; Arnson et
al., 2007), inflammatory bowel disease (Hlavaty et al, 2015) and allergy (Muehleisen & Gallo, 2013)
among many other affections influenced by VitD levels. As VitD regulates over a thousand genes in
the human genome and its mechanism of action is influenced by genetic and epigenetic modifications
(Christopher, 2016), the adequate amounts of VitD to be prescribed will probably differ depending
upon individual characteristics and the disease itself. In this scenario, we compared the
immunomodulatory ability of VitD in two mice strains. The effect of paricalcitol, that is a selective VitD
analogue originally prescribed for the treatment of secondary hyperparathyroidism associated with
chronic kidney disease, was concomitantly evaluated.

The initial supplementation of both strains was done with 0.1 pg of VitD or paricalcitol in
alternate days during 15 days, as was previously described by Lemire and Archer (1991) and recently
adopted by our research group (Chiuso-Minicucci et al., 2015; Mimura et al., 2016). VitD, but not
paricalcitol, significantly decreased the body weight of both strains. Regarding VitD effect on C57BL/6
mice this result is similar to our previous findings (Chiuso-Minicucci et al., 2015; Mimura et al., 2016)
and is also supported by other literature reports (Marcotorchino et al., 2014). This relationship
between VitD levels and body weight, mainly considering obesity control, has been the focus of much
investigation (Sergeev, 2015). The exact mechanism by which VitD controls body weight is not
elucidated. One possibility is the inhibition of the adypogenesis as described by Wood (2008). Recent
data also indicate that VitD can act directly in the hypothalamus determining an accentuated body
reduction by lowering food consumption (Sisley et al., 2016).

As expected, VitD, but not paricalcitol, determined hypercalcemia in C57BL/6 mice. This is
certainly interesting because the rational for designing VitD analogues is exactly to prepare derivatives
whose selective activity is directed towards the desired tissue or function. In this sense, paricalcitol
and other non-calcemic analogues have received considerable attention over the last decade due to
their effective parathyroid suppression whilst avoiding undesirable low bone turnover (Steddon et al.,
2001). These differential effects of VitD and paricalcitol on body weight and calcium levels in C57BL/6

could be addressed from two distinct therapeutic perspectives. From a toxic point of view this would
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mean that paricalcitol is safer than VitD because it would not cause hypercalcemia neither body weight
loss. However, in cases where body weight loss is desired, as for example, in diabetes and
atherosclerosis (Stokic et al., 2015; Siadat et al., 2012), paricalcitol would not be indicated. Differently
from C57BL/6, serum calcium levels in DBA/1J animals were not affected by VitD.

Results concerning cytokine production revealed a striking difference between these two
strains. Spleen cell cultures from C57BL/6 mice previously supplemented with VitD, produced
significantly lower levels of pro-inflammatory cytokines upon in vitro stimulation with ConA. Similar
findings were already reported by our research group (Chiuso-Minicucci et al., 2015; Mimura et al.,
2016) and other researchers (Kankova et al., 1991; He et al., 2014). A similar effect has also been
described in cell cultures derived from patients undergoing hemodialysis (Navarro-Gonzalez, 2013).
However, the ability of cells from DBA/1J to produce pro-inflammatory cytokines was not affected by
the same VitD supplementation protocol. Regarding that VitD is increasingly being indicated to
regulate immune response in a series of autoimmune pathologies (Marinho et al., 2016, Goldsmith,
2015), a variable response could be also expected from patients.

A comparable downmodulatory effect of paricalcitol was expected and supported by literature
findings as demonstrated by reduced inflammation in experimental models of peritoneal fibrosis
(Gonzalez-Mateo et al., 2014) and renal ischemia-reperfusion injury (Hwang et al., 2013). Our results
showed that paricalcitol had a similar, even though not so accentuated, immunomodulatory effect in
C57BL/6 mice.

To test if downmodulation of pro-inflammatory cytokines was associated to a higher production
of anti-inflammatory cytokines, we checked the levels of IL-5 and IL-10 in spleen cell cultures.
However, their production was also highly decreased in C57BL/6 mice treated by both VitD and
paricalcitol. The effect of VitD on anti-inflammatory cytokines is controversial. Similarly to our findings,
Bemiss et al., 2002, demonstrated that in vitro addition of VitD significantly reduced IL-10 production.
Conversely, other reports showed increased production of these cytokines in the presence of VitD
supplementation (Aivo et al., 2015; Barker et al., 2015). In addition to differences related to the
protocols and the different mice strains, these contrasting findings could be related to the state of
activation and differentiation of the tested cells as reported by Mahon et al. (2003) and Cantorna et al.
(2015). It is also possible, due to the absence of a specific antigen in our experimental design, that

VitD is mediating only a direct effect, that is, decreasing the genetic transcription of cytokine genes as
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already described for IL-2, IL-17 and IL-10 producing T cells (Matilainen et al., 2010; Hayes et al.,
2015). In our opinion, these are probably fully differentiated memory T cells. Surprisingly, DBA/1J mice
treated by the same protocol did not show any alteration in the production of these same mediators.
No differences in gender, age or weight could explain this controversial effect because these
parameters were the same in both strains.

Most of the beneficial effects of VitD in inflammatory pathologies have been attributed to its
modulatory effects over DCs and Tregs (Takiishi et al., 2013; Gordon et al., 2014) In this sense, the
concomitant presence of more immature DCs (expressing lower levels of MHCII and CD86) and
higher levels of Foxp3* Tregs were expected. However, none of these alterations were observed. We
even detected a significantly elevated level of MHCII expression in cells from C57BL/6 mice. The fact
that cytokines were highly down-modulated by VitD in C57BL/6 mice without a simultaneous alteration
in DCs phenotype or percentage of Tregs suggests that these are two phenomena that can occur
independently. VitD can act in specific immunity by indirect (maintaining DCs in an immature state) or
direct pathway (downregulating cytokine gene transcription). In this scenario, and also considering that
no antigen was included to promote activation and migration of DCs, it is possible that VitD is affecting
only the direct pathway. Regarding this and considering that IL-2 and VitD have direct synergistic
effects on activated T cells that are able to promote the development of Tregs (Jeffery et al., 2009), we
could think that the profound inhibitory effect of VitD on IL-2 levels blocked Treg expansion. As VitD is
being administrated by intraperitoneal route, we do not exclude the possibility that alterations in DCs
and Tregs are being preferentially determined in mesenteric lymph nodes. By employing oral
administration of calcitriol in an atherosclerosis model, Takeda et al. (2010) observed a decrease in
CD86" DCs and an increase in Foxp3* Tregs in both spleen and mesenteric lymph nodes.

To investigate if the almost total absence of effects of VitD or paricalcitol on DBA/1J mice was
due to an insufficient dose, these animals were treated with 0.2 ug of VitD or paricalcitol, during 15
alternate days. This higher supplementation was really able to impact cytokine production in DBA/1J
mice. Similar to the effect of 0.1 ug of VitD in C57BL/6 mice, the higher dose of VitD down-modulated
IL-2, IFN-y and IL-5 but did not affect IL-6, IL-17 and IL-10 production. The comparative analysis of
TNF-a production by both strains showed interesting results. 0.1 pg of VitD or paricalcitol
downregulated TNF-a production in C57BL/6 but not in DBA/1J. In fact, the higher dose of paricalcitol,

but not VitD, significantly increased TNF-a production. This finding deserves special attention because
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this mediator plays a central role in inflammation, affecting cell proliferation, activation, migration,
survival and death (Bradley, 2008).

To the best of our knowledge, this is the first demonstration that C57BL/6 and DBA/1J mice
differ in their response to VitD supplementation. DBA/1J strain is more resistant to VitD effects and
even showed a different profile of immunomodulation. A similar higher resistance to anti-inflammatory
therapy was already described in DBA/1J mice treated with methotrexate and it is attributed to genetic
factors (Delano et al., 2005). The existence of a similar variability in response to VitD or paricalcitol

supplementation in human beings certainly deserves a careful investigation.
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