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RESUMO

A descelularizagdo da matriz extracelular (MEC) de tecido ovariano estd sendo
investigada como uma possibilidade de desenvolvimento de um ovario artificial
transplantavel (OAT), uma alternativa que surge para preservar a fertilidade em mulheres
diagnosticadas com cancer, que poderiam se tornar inférteis devido a quimioterapia e/ou
radioterapia. Os métodos existentes de obtencdo de MEC descelularizada (dMEC) do
tecido ovariano ndo foram otimizados e sé alcancaram sucesso em camundongos. Os
objetivos do presente estudo foram (1) obter uma dMEC de tecido ovariano de bovino
usando a menor concentracdo de docedil sulfato de dédio (SDS) e o menor tempo de
incubacdo que garantam a descelularizacdo; e (2) analisar a protedmica da MEC antes e
depois da descelularizacdo. Para a obtencdo da dMEC de cértex ovariano bovino, foram
testadas as concentra¢oes de SDS e NaOH de 1% e 0,2M, 0,5% e 0,1M, 0,1% e 0,02M, e
0,05% e 0,01%, com tempos de incubacdo de 24h, 12h e 6h. O tecido obtido de cada
tratamento foi analisado por histologia, eletroforese e quantificagdo do DNA para verificar
a descelularizacdo. A analise histolégica confirmou a descelularizacdo, e a coloracdo com
tricromico de Mallory mostrou a conservacdo das fibras de coladgeno em todas as amostras
apoés cada tratamento. Além disso, a menor concentracdo de SDS que ndo mostrou DNA
remanescente na analise de eletroforese foi de 0,1%, quando incubado por 24h e 12h. A
quantificagdo do DNA resultou em < 0.2 ng DNA/mg de tecido ovariano utilizando estes
protocolos. Ademais, a viabilidade celular mostrou que a dMEC (obtida por 0,1% de SDS e
0,02M NaOH por 12h) nao era téxico para as células ovarianas humanas durante o cultivo
in vitro por até 72h. Por meio de analise protedmica foram identificadas 155 proteinas do
matrisome MEC nativa do cortex ovariano bovino, e 145 na dMEC. Ap6s a descelularizagao,
apenas 10 proteinas do matrisome foram perdidas, e nenhuma delas pertencia a categoria
de processos bioldgicos reprodutivos. Também, demonstramos que o colageno tipo VI alfa
3 e heparan sulfate proteoglycan 2 foram os componentes mais abundantes da MEC
ovariana bovina. As analises bioinformaticas mostraram que as proteinas, tanto da MEC
nativa como da dMEC, apresentam func¢des que se enquadram em 12 processos biolégicos,
19 componentes celulares e 13 func¢des moleculares. Os resultados obtidos neste trabalho
podem contribuir para a compreensdo das fun¢des desempenhadas pelas proteinas da
MEC ovariana nos processos de ovogénese, foliculogénese e esteroidogénese. Além disso,
as proteinas identificadas da MEC podem servir como base de novos materiais para um

OAT.

Palavras-chave: ovario, SDS, descelularizacao, matrisome, proteémica.
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ABSTRACT

Decellularization of the ovarian tissue extracellular matrix (ECM) is being
investigated as a potential approach for developing a transplantable artificial ovary (TAO).
This alternative aims to preserve fertility in women diagnosed with cancer, who could
become infertile due to chemotherapy and/or radiotherapy. Existing methods to obtain
decellularized ECM (dECM) from ovarian tissue are arbitrary and have only been
successful in mice. The objectives of this study were: (1) to obtain dECM from bovine
ovarian tissue using minimum concentration of SDS and incubation period that ensures
decellularization; and (2) to analyze the ECM before and after decellularization through
proteomics. To obtain dECM from bovine ovarian cortex, SDS and NaOH concentrations of
1% and 0.2M, 0.5% and 0.1M, 0.1% and 0.02M, and 0.05% and 0.01% were tested, with
incubation times of 24h, 12h, and 6h. The tissue from each treatment was analyzed
through histology, electrophoresis, and DNA quantification to confirm decellularization.
Histological analysis confirmed decellularization, and Mallory's trichrome staining showed
the preservation of collagen and elastin fibers in all samples after each treatment.
Moreover, the lowest concentration of SDS that showed no remaining DNA in
electrophoresis analysis was 0.1%, when incubated for 24h and 12h. DNA quantification
resulted in < 0.2 ng DNA/mg of ovarian tissue using these protocols. Additionally, cell
viability showed that the dECM (obtained using 0.1% SDS and 0.02M NaOH for 12h) was
not toxic to human ovarian cells during in vitro culture for up to 72h. Through proteomic
analysis, 155 proteins from the native matrisome of bovine ovarian cortex were identified,
along with 145 in the dECM. After decellularization, only 10 matrisome proteins were lost,
none of which belonged to the category of reproductive biological processes.
Bioinformatics analyses revealed that both native and dECM proteins have functions
related to 12 biological processes, 19 cellular components, and 13 molecular functions.
Additionally, collagen type VI alpha 3 and heparan sulfate proteoglycan 2 were identified
as the most abundant components of bovine ovarian ECM. The results obtained in this
study may contribute to the understanding of the functions carried out by ovarian ECM
proteins in the processes of oogenesis, folliculogenesis, and steroidogenesis. Furthermore,
the proteins identified within the ECM may serve as a foundation for the development of

new materials for an TAO.

Keywords: ovary, SDS, decellularization, matrisome, proteomic.
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I INTRODUCAO

Pacientes mulheres com diagnéstico de cancer recebem tratamento de quimioterapia
e/ou radioterapia para preservar sua saude, mas no processo de tratamento as pacientes
podem ficar inférteis (Maltaris et al., 2007). Por isso, a reproducio assistida apresenta
diferentes alternativas para conservar a fertilidade nestas pacientes como, por exemplo, a
criopreservacdo de embrido, criopreservacio de odcitos imaturos ou maduros e a
criopreservacdo e transplante de tecido ovariano (Donnez et al., 2013). Apesar disso, nem
todas essas alternativas de preservacdo da fertilidade podem ser aplicadas em todas as
pacientes, como é o caso das pacientes pré-puberes ou das pacientes sem parceiro
determinado. Uma das alternativas para estes tipos de pacientes é a criopreservacdo de
tecido ovariano para futuro autotransplante (Donnez e Dolmans, 2017). Essa técnica ja
resultou no nascimento de mais de 200 bebés humanos (Dolmans et al., 2020). Porém, em
alguns casos, esta alternativa tem o risco de reintroduzir células do cdncer na paciente
(Sonmezer e Oktay, 2010; Donnez e Dolmans, 2017), especialmente quando o tipo de
cancer apresenta moderada ou alta probabilidade de metastase no ovario, como leucemia,
neuroblastoma, cancer de ovario, hemangiossarcoma, entre outros (Donnez et al.,, 2013).
Por essas razdes mencionadas, propde-se a técnica de ovario artificial transplantavel
(OAT) como possivel alternativa para preservar a fertilidade nestas pacientes (Amorim e

Shikanov, 2016).

O OAT tem como objetivo obter foliculos antrais a partir de foliculos pré-antrais
isolados do tecido ovariano; para isso, é necessario fornecer uma matriz extracelular
(MEC) que, além de fornecer suporte fisico, interaja dinamicamente com os foliculos
isolados. Dessa forma, os foliculos pré-antrais isolados poderiam se desenvolver
totalmente e a paciente teria a oportunidade de ter filhos bioldgicos. Os foliculos, por
estarem circundados por uma lamina basal, que separa seletivamente as moléculas que
entraram em contato com as células da granulosa e o odcito e exclui os capilares e as
células vermelhas do foliculo (Rodgers et al, 2003; Irving-Rodgers e Rodgers, 2006),
asseguram que, no autotransplante dos foliculos pré-antrais isolados de uma paciente com
cancer, as células malignas ndo sejam reimplantadas (Shaw et al, 1996). Diversas
pesquisas tém sido feitas com o intuito de oferecer uma MEC, como suporte fisico, para
foliculos isolados. Para isso, diferentes materiais foram testados, por exemplo, colageno
(Telfer et al., 1990), coagulo de plasma (Gosden, 1990; Carroll e Gosten, 1993; Dolmans et
al., 2007; Dolmans et al., 2008), fibrina (Smith et al., 2014; Rajabzadeh et al., 2015; Chiti et

al., 2016), alginato (Vanacker et al, 2014) e combinagdes de fibrina-alginato, fibrina-
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colageno (Kniazeva et al, 2015) e fibrina-acido hialurénico (Paulini et al., 2016). No
entanto, nenhum deles foi capaz de desenvolver todas as funcées da MEC natural do
ovario (Berkholtz et al, 2006; Woodruff e Shea, 2007). Devido a isso, surgiu na
comunidade cientifica a ideia de utilizar a MEC nativa do ovario mediante a aplicacdo do

método de descelularizacao.

A descelularizacdo é uma técnica que consiste em retirar as células e manter a MEC
sem gerar alteracdo na sua composicdo e morfologia. Esta técnica foi aplicada pela
primeira vez em tecido ovariano bovino e humano com resultados animadores por
Laronda et al. (2015). A partir de entdo, outros estudos foram realizados neste sentido
(Liu et al., 2017; Alshaikh et al., 2019; Eivazkhani et al., 2019; Pors et al.,, 2019; Pennarossa
et al, 2020), obtendo-se o desenvolvimento completo dos foliculos pré-antrais e
nascimento de camundongos (Buckenmeyer et al., 2020). Nao obstante, diferentes agentes
quimicos foram usados nos protocolos de descelularizacdo, como, por exemplo, Triton X
(Liu et al., 2017), lauril éter sulfato de s6dio (Hassanpour et al.,, 2018), desoxicolato de
sédio (Alshaikh et al, 2019), hidréxido de sddio (Eivazkhani et al, 2019), EDTA
(Buckenmeyer et al., 2020), desoxicolate (Pennarossa et al., 2020) e hidréxido de amonio
(Nikniaz et al., 2021), destacando-se o agente quimico dodecil sulfato de sodio (SDS)
(Laronda et al., 2015; Liu et al., 2017; Alshaikh et al., 2019, 2020; Eivazkhani et al., 2019;
Pors et al,, 2019; Pennarossa et al., 2020; Nikniaz et al., 2021). Ainda assim, foi descrito
que o SDS pode desnaturar as proteinas da MEC do tecido durante o processo de
descelularizacdo (Faulk et al., 2014) e sua remocao completa é dificil, deixando residuos
na MEC resultante (Zvarova et al, 2016, White et al.,, 2017, Kraft et al, 2020), o que
poderia ser prejudicial para o processo de recelularizacdo e no momento do transplante.
Além disso, os protocolos de descelularizacdo com SDS em ovario utilizam concentragdes
que ndo foram otimizadas (variam de 1% a 0,1%), variagdes no tempo de incubacdo (3
horas a dias) e associagcdes com mais agentes quimicos e bioldgicos (DNase I e/ou RNase).
Partindo dessas problematicas, a ideia deste projeto de pesquisa era obter uma MEC
descelularizada com menor concentracdo de SDS e com menor tempo de incubagdo capaz
de remover o material nuclear do tecido, mas mantendo as caracteristicas fisicas e as
funcdes celulares da MEC nativa. Além disso, decidimos aplicar a analise proteémica na
MEC nativa e na MEC descelularizada do tecido ovariano bovino para elucidar a

composicao molecular e as fun¢des da MEC na fisiologica reprodutiva.
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IL REFERENCIAL TEORICO

1. Ovario

O ovério é a gonada feminina que produz hormonios esteroides sexuais e gametas
femininos. Além disso, é um tecido formado, da parte externa para a parte interna, por um
epitélio germinal, uma tdnica albuginea, uma regido cortical e uma regido medular. O
epitélio germinal é formado por uma camada de células epiteliais cuboides, enquanto a
tunica albuginea é formada por tecido conectivo denso. A regido cortical é formada por
tecido conjuntivo denso, células estromais como células fusiformes, células intersticiais e
células endoécrinas, foliculos ovarianos e corpos luteos; e a regido medular por tecido
conjuntivo frouxo, rete ovari, que é composta por células hilares, como células cuboides e
colunares, vasos sanguineos, vasos linfaticos, nervos e musculo liso (Mescher, 2016; Bacha
e Bacha, 2017; Kinnear et al., 2020). Também, o ovario pode ser dividido em parénquima e
estroma. O parénquima é composto por foliculos ovarianos, enquanto o estroma é
composto por células do sistema imunolégico, vasos sanguineos, vasos linfaticos, nervos,
epitélio germinal, tinica albuginea, rete ovari intraovarica, células mae ovarianas, células
hilares, células fusiformes, células intersticiais, células enddcrinas e a matriz extracelular
(MEC) ovariana (Kinnear et al., 2020). No presente trabalho serdo descritos os foliculos

ovarianos e a MEC ovariana no decorrer do texto.

1.1. Foliculos ovarianos

Os foliculos ovarianos sdo considerados as unidades fundamentais do ovario e estdo
compostos, de dentro para fora, por um odcito primario, uma ou mais camadas de células
epiteliais, denominadas células da granulosa, e uma lamina basal. Eles se encontram em
diferentes etapas de desenvolvimento no ovario; por isso, sdo classificados
morfologicamente em foliculos primordiais, foliculos primarios, foliculos secundarios e
foliculos antrais (Figura 1). Os foliculos primordiais tétm uma camada de células da
granulosa achatadas ao redor do oé6cito primario e uma lamina basal. Os foliculos
primarios tém um odcito primario, uma zona pelicida, uma camada de células da
granulosas cuboides e uma lamina basal. Os foliculos secundarios possuem um odcito
primario, uma zona peldcida, mais de uma camada de células da granulosa cuboide, uma
lamina basal e uma camada de células da teca. Os foliculos antrais tém um odcito primario,
uma zona pelicida, células da granulosa (as células da granulosas murais e as células do
cumulus oophorus), um antro que contém o liquido folicular, uma ldmina basal e varias

camadas de células da teca interna e externa (Hafez e Hafez, 2004; Mescher, 2016;
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Koeppen e Stanton, 2018). Nota-se que, independentemente da etapa de desenvolvimento

de qualquer foliculo ovariano, o oécito sempre aparece protegido pela lamina basal.

: @ _} B y <@_}

Foliculo Primordial Foliculo Primario Foliculo Secundario Foliculo Antral

Figura 1. Imagem dos foliculos ovarianos (Adaptado de Pawlina & Ross, 2016). (a) O
foliculo primordial é constituido por um o6écito primario circundado por uma
monocamada de células da granulosa achatadas e uma ldmina basal. (b) O foliculo
primario é composto por um odécito primadrio, inicio de formacao da zona pelicida, uma
camada de células da granulosa cuboides e uma lamina basal. (c) O foliculo secundario
possui um odcito primario, uma zona peldcida, mais de uma camada de células da
granulosa cuboides, uma ldmina basal e uma camada de células da teca. (d) O foliculo
antral é caracterizado por um odcito primario, uma zona peldcida, varias camadas de

células da granulosa, uma cavidade antral, uma lamina basal e varias camadas de células

da teca interna e externa.

A lamina basal é formada por moléculas de colageno tipo IV e por laminina (Zhao e
Luck, 1995; Irving-Rodgers e Rodgers, 2006), e circunda as células da granulosa, que, por
sua vez, envolvem ao odcito. Por isso, a 1Amina basal limita o contato de células e de
moléculas com as células da granulosa e o odcito, influenciando o desenvolvimento e
especializacdo das células epiteliais do foliculo (Rodgers et al, 2003; Irving-Rodgers e
Rodgers, 2006). Portanto, a ldamina basal impede a entrada de células ou microrganismos
no interior do foliculo ovariano, evitando a transmissdo de doengas como o cancer, quando
se trabalha com foliculos isolados. Por isso, quando um foliculo ovariano isolado é inserido
em uma MEC ovariana descelularizada e transplantado para a paciente, ele ndo representa
nenhum risco na transmissao de doenca no momento da recuperacio de fertilidade dessa

paciente.
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1.2. Matriz extracelular ovariana

A MEC é uma estrutura tridimensional formada por polissacarideos, fatores de
crescimento, citocinas e proteinas, estas ultimas podem ser estruturais e funcionais
(Badylak, 2002). A funcao mais conhecida da MEC é o suporte fisico que proporciona ao
tecido; ndo obstante, a MEC interage de forma dindmica com as células do tecido (Badylak,
2002). Por essa razdo, a MEC também desenvolve fun¢des complexas que regulam, por
exemplo, a forma e a funcdo da célula, a regeneracdo ou cicatrizacdo do tecido (Badylak,
2002; Alberts et al., 2017) e a difusdo de nutrientes e oxigénio para as células (Nelson e
Cox, 2014). Com respeito a MEC, especificamente do ovario, se vem investigando ha pouco
tempo sua composi¢do, assim como a funcio de cada componente e a interacio entre eles.
Por isso, sé ha trabalhos de MEC em ovario de mulher e de porca. No caso das mulheres, a
MEC do cortex do tecido ovariano (ap6s isolamento dos foliculos ovarianos) apresenta 16
subtipos de colagenos, 27 glicoproteinas, 8 proteoglicanos, 16 proteinas vinculadas da
MEC, 22 proteinas reguladoras da MEC e 9 fatores secretores da MEC (Ouni et al., 2022). E
no caso das porcas, a MEC do tecido ovariano descelularizado apresenta 11 subtipos de
colagenos, 36 glicoproteinas, 8 proteoglicanos, 11 proteinas vinculadas da MEC e 16
proteinas reguladoras da MEC e 5 fatores secretores da MEC, de um total de 440 proteinas
desse tecido (Henning et al, 2019). Nao obstante, foram identificadas 5723 proteinas no
ovario de macacas-rhesus (Macaca mulatta), mas ndo foram descritas especificamente
quantas eram da MEC (He et al, 2014). Dessa forma, podemos concluir que a MEC do
ovario é composta principalmente por coldgeno, glicosaminoglicanos, glicoproteinas e

proteoglicanos (Figura 2), os quais serdo descritos de forma geral no continuar do texto.

Coléageno

Figura 2. Imagem dos principais componentes da matriz extracelular ovariana (Adaptado
de Pawlina & Ross, 2016). A matriz extracelular é formada por fibras de coldgeno,

proteoglicanos e glicosaminoglicanos (GAGs).
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¢ Colageno

0 coldgeno é um dos componentes que estd em maior porcentagem no ovario, assim
como em outros tipos de tecidos. Ele é uma proteina filamentosa formada por trés cadeias
polipeptidicas entrelacadas em forma helicoidal (De Robertis e Hib, 2004),
proporcionando resisténcia e elasticidade a MEC, além de suporte para a migragdo das
células (De Robertis e Hib, 2004; Hynes e Naba, 2012). O ovario apresenta diferentes tipos
de colageno, como, coldgeno tipo I, II, I, IV, VI, VIII, XII, XIV e/ou XVIII (Ouni et al., 2018;
Henning et al, 2019). No caso da mulher, o coldgeno tipo VI encontra-se em maior
concentracdo no cértex do tecido ovarico e distribuido em todo o intersticio da MEC
ovariana; enquanto o colageno tipo IV esta principalmente na membrana basal do foliculo
ovariano (Ouni et al, 2018). A porcentagem de colageno na MEC ovariana aumenta
progressivamente do periodo pré-piibere a menopausa, atingindo o pico na idade
reprodutiva da mulher. Além disso, as fibras de coldgeno mais finas acham-se em maior
porcentagem no periodo pré-pubere, e as fibras mais grossas na idade reprodutiva (Ouni
et al., 2022). No caso da porca, o colageno tipo | encontra-se numa porcentagem mais
elevada no cortex do que na medula, e o coldgeno tipo IV localiza-se nas células da
granulosa dos foliculos ovarianos. Além disso, a cadeia alfa 1 do colageno tipo Il e a cadeia

alfa 2 do colageno tipo V foram encontrados no ovario da porca (Henning et al., 2019).

¢ Glicosaminoglicanos

Os glicosaminoglicanos (GAGs) sao outros componentes importantes da MEC ovariana.
Eles sdo heteropolissacarideos compostos por unidades dissacarideos repetitivos e
especificos, em que um dos dois monossacarideos possui um grupo amino (N-
acetilglicosamina ou N-acetilgalactosamina) e um acido urénico (acido D-glicurdnico ou
acido L-idurdnico) (De Robertis e Hib, 2004; Nelson e Cox, 2014). Varios GAGs contém
grupo sulfato esterificado; a combina¢do do grupo sulfato com o grupo carbéxilo dos
residuos de acido urdnico resulta em uma carga negativa que atrai moléculas de Na+, e as
quais, por sua vez, atraem moléculas de agua, produzindo turgéncia da MEC (De Robertis e
Hib, 2004). Os GAGs sdo fundamentais para as ligacdes das células com citocinas e com
fatores de crescimento (Badylak, 2002). No caso na MEC do ovario da mulher, os GAGs
estdo distribuidos em toda a regido cortical (Ouni et al., 2018). Neste caso, a porcentagem
de GAGs aumenta significativamente de periodo pré-ptbere a idade reprodutiva, além de
que, a porcentagem de GAGs é semelhante entre a idade reprodutiva e a menopausa (Ouni

etal., 2020).
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¢ Glicoproteinas

As glicoproteinas sdo moléculas que contém uma ou algumas cadeias oligossacaridicas
ligadas de modo covalente a uma proteina (Nelson e Coxe, 2014). Na MEC do coértex do
ovario da mulher, encontram-se as seguintes glicoproteinas: fibrilina-1, tenascina-XB,
elastina microfibrila interfacer-1 (EMILIN-1), cadeia alfa, beta ou gama de fibrinogénio e
laminina (Ouni et al., 2018). A elastina representa aproximadamente 5% da MEC do tecido
ovariano da mulher e aumenta em porcentagem do periodo pré-pubere a idade
reprodutiva, mas diminui na menopausa (Ouni et al, 2020). Enquanto a fibrilina-1
encontra-se em porcentagem similar na idade pré-pubere e reprodutiva; no entanto, na
menopausa, reduz-se quase a metade (Ouni et al., 2020). E a EMILIN-1 esta espalhada
heterogeneamente pela MEC do tecido ovariano da mulher, e sua porcentagem aumenta
ligeiramente do periodo pré-pubere a idade reprodutiva e diminui na menopausa (Ouni et
al., 2020). Na porca, a EMILIN-1 encontra-se numa porcentagem mais elevada no cértex do
que na medula (Henning et al, 2019). As trés glicoproteinas mencionadas anteriormente
(elastina, fibrilina-1 e EMILIN-1) desenvolvem fun¢des de elasticidade na MEC do ovario

(Ouni et al., 2018; Ouni et al., 2020).
e Proteoglicanos

Os proteoglicanos sdo macromoléculas formadas por uma ou mais cadeias de
glicosaminoglicanos sulfatados ligados de modo covalente a um ntucleo de proteina
extracelular (Nelson e Cox, 2014; Albert et al, 2017). Na MEC do tecido ovariano da
mulher, encontra-se, por exemplo, osteoglicina, lumican e proteoglicanas de heparan

sulfato-2 (Ouni et al., 2018).
2. Ovario Artificial Transplantavel

0 ovario artificial transplantavel (OAT) é uma técnica de reproducido assistida em
desenvolvimento. Esta técnica pretende criar um meio extracelular similar ao do ovario
natural para que foliculos isolados possam ser introduzidos nele e sejam capazes de se
desenvolver completamente. Desta forma, ambos os componentes do ovario, foliculos
ovarianos e MEC ovariana, interagem entre si e permitem o desenvolvimento das fun¢des

do ovario (como foi descrito anteriormente).

Na ideia de fornecer uma MEC para o OAT, materiais ndo sintéticos, como colageno,
fibrina, coagulo de plasma e alginato, e sintéticos, como polietilenoglicol, foram testados

como matriz para o desenvolvimento de um OAT. Embora alguns dos resultados da
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literatura apresentados abaixo sejam animadores, esses tipos de materiais ainda
apresentam limitagoes, tais como: 1) a sobrevivéncia folicular relativamente baixa (< 50
%) apo6s o transplante (Dolmans et al., 2008; Vanacker et al., 2014; Rajabzadeh et al., 2015;
Paulini et al, 2016), 2) a nio identificacio de todos os componentes, especificamente no
caso do coagulo de plasma, que pode possuir componentes que influenciam negativamente
no desenvolvimento folicular, e 3) a degradacdo rapida de outros materiais apds o
transplante, como no caso do alginato e da fibrina (Vanacker et al, 2011; Smith et al.,

2014).

O primeiro material testado como matriz foi o coldgeno, e nele foram colocados
foliculos pré-antrais isolados de camundongo. Essa estrutura foi alotransplantada
ortotopicamente em camundongo, propiciando o desenvolvimento dos foliculos pré-
antrais a foliculos pré-ovulatoérios, mas sem ovulacdo. Apés a recuperacio dos odcitos dos
foliculos de maior tamanho do enxerto, eles foram fertilizados in vitro e geraram quatro

blastocistos (Telfer et al., 1990).

Outro material testado como matriz foi o coagulo de plasma. Neste material foi
possivel o desenvolvimento completo dos foliculos ovarianos e a obtencido de ninhadas de
camundongos. Por um lado, Gosden (1990) obteve vinte e sete nascimentos e, por outro
lado, Carroll e Gosden (1993) obtiveram doze nascimentos. Tudo isto aconteceu quando
foliculos primordiais isolados frescos e criopreservados de camundongos foram inseridos
no coagulo de plasma, e o conjunto foi alotransplantado ortotopicamente em camundongo
(Gosden, 1990; Carroll e Gosden, 1993). Apesar dos bons resultados com coagulo de
plasma em camundongos, em humanos, sé foi possivel a obtengdo de foliculos secundarios
e foliculos antrais, a partir de foliculos pré-antrais humanos inseridos no codgulo de
plasma e xenotrasplantado ortotopicamente no camundongo (Dolmans et al, 2007;
Dolmans et al., 2008). No entanto, o problema de trabalhar com o codgulo de plasma é o
fato dos componentes proteicos, como fatores de crescimento e/ou leucdcitos, variarem
de um individuo para outro (Gobbi e Vitale., 2012; Anitua et al.,2013), tornando dificil

otimizar a concentragao ideal destes componentes na matriz para OAT.

Além do coagulo de plasma, a fibrina foi outro material que permitiu nascimentos de
oito camundongos. Isto foi possivel quando foliculos primordiais e primarios foram
inseridos na mistura de fibrina-fator de crescimento endotelial vascular, e esta estrutura
alotransplantada ortotopicamente em camundongos (Kniazeva et al., 2015). Além disso,
Smith et al. (2014) e Chiti et al. (2016) também investigaram a fibrina como matriz para

OAT. Nesse material ndo sintético, foram inseridos foliculos pré-antrais e células do
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estroma do ovario, obtendo-se foliculos antrais e corpos ldteos, além da producio de
horménios sexuais apds o alotransplante no camundongo (Smith et al., 2014; Chiti et al,,
2016). Apesar dos bons resultados com a fibrina, foi relatado que essa matriz se degradou
em menos de 30 dias apds o transplante (Smith et al., 2014), sendo isto uma limitacdo para

o desenvolvimento folicular de outras espécies.

0 mais recente material ndo sintético testado como matriz para um OAT foi o alginato,
onde foi possivel obter foliculos antrais de camundongos. Isso aconteceu quando foliculos
pré-antrais e células do ovario, ambos de camundongos, foram inseridos na matriz de
alginato e autotransplantado heterotopicamente (Vanacker et al., 2014). Por um lado, foi
testada a mistura de fibrina-alginato e fibrina-coldgeno como matriz, obtendo-se o
desenvolvimento folicular dos foliculos primordiais e primarios de camundongos
(Kniazeva et al., 2015). Por outro lado, foi testada a mistura fibrina-acido hialurénico como
matriz, evidenciando a sobrevivéncia dos foliculos pré-antrais e das células do estroma do
ovario, ambos provenientes de tecido ovariano criopreservado humano e apds o

xenotransplante heterotépico para camundongos (Paulini et al, 2016).

0 Unico material sintético testado como matriz com a ideia de desenvolver um OAT foi
o polietilenoglicol. Nesse material, foi possivel o desenvolvimento folicular completo e a
diminuicao dos niveis de FSH apds 30 e 60 dias do alotransplante ortotépico de foliculos

pré-antrais de camundongo (Kim et al., 2016).

Em resumo, resultados animadores como o desenvolvimento folicular completo,
producdo hormonal, obtencdo de embrides e de nascimentos foram alcancados em
camundongos quando se utilizaram materiais ndo sintéticos e sintéticos como matriz para
um OAT. Entretanto, ndo foi possivel desenvolver uma matriz que desempenhe todas essas
funcdes em outras espécies. Isso pode ser devido a constituicio da MEC ovariana natural,
que é formada por diferentes componentes, e até o presente momento, as matrizes
testadas possuiam apenas um ou dois dos componentes da MEC ovariana natural. Desta
forma, com objetivo de desenvolver um OAT, levantou-se a ideia de manter intacta a MEC
do ovario mediante a técnica de descelularizagdo da MEC ovariana com agentes quimicos,

enzimatico e/ou fisicos; o qual sera discutida nos tépicos abaixo.
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2.1. Descelularizacao da MEC do ovario

A técnica de descelularizagdo consiste em remover as células e o material genético do
tecido, conservando no processo a MEC nativa (Gilbert et al, 2006). Um tecido é
considerado descelularizado quando tem as seguintes caracteristicas: 1) <50 ng de DNA
por mg de peso seco de MEC, 2) <200 par de bases (pb) de tamanho de fragmento de DNA,
e 3) auséncia de material nuclear no tecido quando este é corado com Hematoxilina-
Eosina ou 4',6'-diamino-2-fenil-indol (DAPI) (Crapo et al., 2011). Além disso, a MEC nativa
descelularizada conserva seus componentes acelulares e propriedades, possibilitando que
esta estrutura, em contato com novas células, seja capaz de formar novamente o mesmo
tipo de tecido que foi descelularizado e com as mesmas fungdes; além de ndo gerar uma
reacdo imunoldgica no receptor apds o transplante (Hrebikova et al., 2015). Com este
objetivo, estdo sendo utilizados agentes fisicos (temperatura, sonicacdo, entre outras),
quimicos (SDS, Triton X-100, entre outros) e/ou biolégicos (DNase I e/ou RNase) para
descelularizar diferentes tipos de tecidos como, por exemplo, figado, coragdo, pulmao,
pancreas, intestino, rim, bexiga, osso, cartilagem e placenta (Crapo et al, 2011;
Guruswamy e Vermette, 2018). Especificamente no caso do tecido ovariano a técnica de

descelularizagdo esta sendo realizada principalmente por agentes quimicos.

A descelularizacdo quimica é realizada mediante a aplicagdo de agentes quimicos,
tendo como exemplo, agentes alcalinos ou acidos, solugdes hiperténicas ou hipotonicas,
detergentes ndo idnicos e/ou ibnicos, e alcoois (Hoshiba et al., 2010; Hrebikova et al,,
2015). Esses agentes modificam as ligacdes intercelulares e extracelulares, isto por sua vez
modifica a membrana da célula, permitindo que o processo denominado lise celular
(Gilbert et al., 2006; Hoshiba et al., 2010) possibilite a separacdo da célula da MEC. E,
assim, essas células sdo removidas durante o processo de lavagem. Varios agentes

quimicos estdo sendo aplicados no tecido ovariano, entre eles podemos destacar o SDS.
¢ Dodecil sulfato de sddio

O SDS é um detergente anibénico (Figure 3) que interage com as proteinas da
membrana celular, facilitando o acesso do detergente aos lipideos da membrana (Kragh-
Hansen et al., 1998). Desta forma, solubiliza a membrana citoplasmatica e a membrana do
envelope nuclear da célula, resultando na lise celular (Faulk et al., 2014). Ndo obstante, é
importante notar que o SDS também pode desnaturar, em alguma porcentagem, as

proteinas da MEC do tecido durante o processo de descelularizagio (Faulk et al., 2014).
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Apesar dessas limitagoes, o SDS tem sido utilizado na obtenc¢ao da MEC descelularizada do

tecido ovariano devido aos resultados animadores.
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Figura 3. Estrutura do dodecil sulfato de sddio (Adaptado de Bruce et al., 2002).

A técnica de descelularizacdo de tecido ovariano humano e bovino foi aplicada pela
primeira vez em 2015 por Laronda et al. (2015). Nesse trabalho, o tecido ovariano de
ambas as espécies foi submetido a descelularizacdo usando 0,1% de SDS por 24 horas a
temperatura ambiente, resultando na obtencdo da MEC descelularizada do ovario humano
e bovino. A MEC descelularizada do ovario bovino foi cultivada in vitro com células
ovarianas de camundongo por 2 dias e, em seguida, esse conjunto foi transplantado
ortotopicamente para fémeas de camundongo ovariectomizadas. Esses animais
recuperaram a producido de estradiol apés 2 e 4 semanas do transplante (Laronda et al.,
2015). A partir desse trabalho animador, foram realizadas mais investigacdes utilizando o
SDS como agente quimico de descelularizacdo de tecido ovariano, tanto sozinho com em

associacao com outros agentes.

Liu et al. (2017) descrevem um protocolo de descelularizacdo baseado na mistura de
agentes quimicos, fisicos e enzimaticos para tecido ovariano de porca. Primeiramente, esse
tecido foi congelado a -80°C e descongelado trés vezes. Em seguida, foi colocado em
solucdo de 1% de Triton X-100 por 9 horas e em soluc¢ao de 0,5% de SDS por 3 horas. Por
fim, o tecido foi colocado em 200 U/mL DNase I por 12 horas, conseguindo-se dessa forma
a MEC descelularizada do tecido ovariano. Esta MEC descelularizada apresentou 20,92 *
4,56 ng DNA/mg de peso seco em comparacdo ao tecido normal que foi de 701,62+469,28
ng DNA/mg de peso seco. Além disso, a MEC descelularizada foi transplantada
heterotopicamente em ratos machos, e o excerto apresentou uma leve reacao inflamatéria

apds 2 e 4 semanas do transplante.

Alshaikh et al. (2019) descrevem os efeitos qualitativos e quantitativos da
descelularizacdo de ovario de camundongo. Nesse trabalho, os ovarios foram congelados a
-20°C e descongelados, em seguida, colocados em solugdo de 0,5% de SDS por 10 horas e
em 40 units/mL DNase I por 30 min. Obtendo-se 145 + 50 ng de DNA/ ovario no ovario

descelularizado em comparacgdo ao ovario natural que foi de 33,972 + 5,163 ng de DNA/
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ovario. Desta forma, os autores descreveram leves modificacdes nas fibras de colageno e
nas fibras de queratina, bem como, nos GAGs da MEC apés a descelularizacdo do tecido
ovariano. Posteriormente, os mesmos autores testam essa MEC descelularizada no cultivo
in vitro com células estromais mesenquimais por 14 dias, mostrando que, apesar dos
danos gerados na MEC apds a descelularizacdo, esta é re-celularizada e as células se

multiplicam (Alshaikh et al., 2020).

Eivazkhani et al. (2019) e Pennarossa et al. (2020) descrevem dois diferentes
protocolos de descelularizagdo para tecido ovariano que mantém a integridade das fibras
da MEC apés a descelularizacao. Eivazkhani et al. (2019) trabalharam com fragmentos de
ovarios vitrificados de humanos e de ovelhas, e com ovarios frescos de camundongos. O
protocolo de descelularizagdo consistiu em congelar as amostras a -80°C e apoés
descongelar, um grupo de amostras foi colocado em solucdo de 1% de SDS e outro grupo
de amostras em solucdo de 0,5 N de NaOH. Nessas solugdes, os ovarios de camundongos
foram mantidos por 3 horas e os fragmentos de ovarios de humanos e ovelhas foram
mantidos overnight. Finalmente, as amostras foram colocadas numa solugdo de
RNase/DNase, obtendo-se a MEC descelularizada para cada amostra (ambos grupos), as
quais apresentaram conservacdo das fibras de coldgeno e dos GAGs. Além disso, a MEC
descelularizada de humano (Protocolo com NaOH) com células ovarianas de camundongos
foram autotransplantada heterotopicamente por 1 més; observou-se a proliferacio de

células ovarianas e estruturas semelhantes a foliculos ovarianos apés o transplante.

Pennarossa et al. (2020) trabalharam com ovario de porca. O ovario inteiro foi
congelado a - 80°C e descongelado, colocado em solucao de 0,5% de SDS por 3 horas, em
solucao de 1% de Triton X-100 por 9 horas e em solucdo de 2% de desoxicolato por 12
horas. Conseguiu-se, dessa forma, uma MEC descelularizada com 0,03 + 0,01 pg DNA/mg,
em comparacdo a 1,59 + 0,08 pug DNA/mg de tecido ndo descelularizado. Também com
esse protocolo, manteve-se a integridade das fibras de colageno e de elastina, bem como os
GAGs da MEC ap6s a descelularizagido. Além disso, a MEC descelularizada foi cultivada in
vitro com fibroblastos suinos de pele por 1, 3 e 7 dias, mostrando uma coloniza¢do
completa da MEC descelularizada apds 24 horas do cultivo e um aumento progressivo da

proliferacdo das células no decorrer dos dias de cultivo.

Nikniaz et al. (2021) descelularizaram a regido cortical do ovario de bovino e de
humano. Todas as amostras foram congeladas a -80°C e descongeladas; este procedimento
foi repetido trés vezes. Por um lado, as amostras de tecido ovariano bovino foram

submetidas a uma concentragao de 0,1% de SDS: um grupo por 24 horas e outro grupo por
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18 horas. Um terceiro grupo foi submetido a uma concentracdo de 0,5% de SDS por 3
horas e 1% Triton por 9 horas, e um quarto grupo foi com 0,5% de SDS por 2 horas e com
uma mistura de 1% de Triton com 0,1% de hidréxido de amdnio por 22 horas. Por outro
lado, as amostras de tecido ovariano humano foram descelularizadas como foi descrito no
quarto grupo. As amostras de bovino e de humano foram adequadamente descelularizadas
com os protocolos utilizados; ndo obstante, as amostras de humanos apresentaram maior
quantidade de DNA remanescente. Também, as MECs de ambas as espécies nio
apresentaram modificacdes qualitativas apo6s a descelularizacdo. Depois disso, foi
realizado o cultivo in vitro de células fibroblasticas de camundongos nas MEC
descelularizadas por 7 dias, apresentando uma maior viabilidade celular na MEC que foi
descelularizada com os trés tipos de agentes quimicos (grupo 4). Além disso, nesse tipo de
MEC descelularizada, foram inseridos foliculos pré-antrais de camundongos misturados
com a solucdo de 1% de alginato, e esta estrutura foi cultivada in vitro por 7 dias,

resultando em um 85,9% de recuperagdo dos foliculos pré-antrais apds o cultivo.

Apesar de serem descritos resultados diferentes na MEC do tecido ovariano apés a
descelularizacdo com SDS, Pors et al. (2019) comprovou a viabilidade deste tipo de MEC
mediante o desenvolvimento folicular apds o transplante do enxerto. Eles trabalharam
com tecido ovariano de humano que foram colocados em solucdo de 0,1% de SDS, por 24
horas, no caso da regiao cortical criopreservada, e por 18 horas, no caso da regido medular
fresca. Apds isso, os tecidos foram colocados em solu¢do de 1 mg/ml de DNase I por 24
horas. Com esse protocolo, foi obtida a descelularizacdo de ambas as regides do ovario
humano e a MEC descelularizada ndo apresentou variagdo na porcentagem de colageno em
comparacdo ao tecido ovariano sem descelulariza¢do. Além disso, na MEC descelularizada
foram inseridos foliculos pré-antrais humanos ou de camundongos; esses enxertos foram
transplantados para camundongas ovarectomizadas, resultando em desenvolvimento
folicular de foliculos pré-antrais humanos a foliculos secundarios e de foliculos pré-antrais
de camundongos a foliculos antrais, ap6s 3 semanas do transplante. Além disso, taxas de
recuperacdo folicular de 25% para foliculos humanos e de 21% para foliculos de

camundongos foram obtidas.

¢ Outros agentes quimicos de descelularizacdo no tecido ovariano

Outros agentes quimicos, descritos por Hassanpour et al. (2018), Buckenmeyer et
al. (2020), Chiti et al. (2022) e Wu et al. (2022), foram usados nos protocolos de
descelularizacao do tecido ovariano. Hassanpour et al. (2018) usaram lauril éter sulfato de

sodio (SLES), enquanto Buckenmeyer et al. (2020) e Chiti et al. (2022) usaram EDTA,
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Triton X-100 e desoxicolato de sddio (SDC) em seus protocolos de descelularizaciao. A
diferenca entre os estudos é que Chiti et al (2022) também incorporaram tripsina no

protocolo.

Hassanpour et al. (2018) trabalharam com ovario de humano congelado -80°C. A
regido cortical desse ovario foi submetida a 1% de SLES por 48 horas e a 500 U/ml de
DNase I por 24 horas, resultando na descelulariza¢ido do tecido com 40 * 7,33 ng DNA/mg
de peso seco, em comparacdo a 1296,26 + 52,59 ng DNA/mg de peso seco no tecido nio
descelularizado. Além disso, as fibras de colageno I e IV, fibras elasticas e GAGs
(fibronectina e laminina) foram mantidas na MEC ap6s a descelularizacio. Posteriormente,
na MEC descelularizada, foram colocadas células ovarianas de ratas, e essa estrutura foi
transplantada ortotopicamente em ratas ovario-histerectomizadas por 4 semanas. Apos o
periodo mencionado anteriormente, foram observadas formacdes de vasos sanguineos e
estruturas semelhantes a foliculos primordiais e primdarios, bem como a produgdo de
progesterona. No entanto, também foi observada uma reacdo inflamatéria na estrutura

apos o transplante.

Buckenmeyer et al. (2020) descelularizaram tecido ovariano de porca. Esse tecido
foi congelado a -20°C e armazenado a 4°C. Em seguida, foi colocado em solucio de 0,02%
de tripsina com 0,05% de EDTA por 1 hora e em solucdo de 3% de Triton X-100 por 1
hora. Finalmente, foi armazenado a 4°C e colocado em solu¢do de 4% de desoxicolato de
sédio por 1 hora. O procedimento resultou em 262,4 + 59,96 ng dsDNA/mg de peso seco
do tecido descelularizado, em comparacao a 9126 + 1988 ng dsDNA/mg de peso seco do
tecido ndo descelularizado. Além disso, as fibras de colagenos I e 1V, e GAGs (fibronectina e
laminina) foram mantidas no tecido descelularizado. Posteriormente, foi obtido o hidrogel
da MEC descelularizada, no qual foram misturados foliculos de camundongos. Essa
estrutura foi injetada na regido cortical do ovario de camundongos com insuficiéncia
ovariana primaria, conseguindo-se descendentes provenientes desses foliculos

transplantados.

Chiti et al. (2022) descelularizaram o tecido ovariano de bovino, mas quando
usaram o hidrogel de MEC descelularizada com foliculos ovarianos humanos, observaram
que ndo era possivel a sobrevivéncia dos foliculos apds o cultivo. Nesse trabalho, os
fragmentos de ovario foram congelados em nitrogénio liquido e armazenados a -80°C. Em
seguida, foram incubados em solu¢do de 0,05% tripsina e 0,02% EDTA por 1 h a 37°C,
lavados com &gua deionizada e incubados em 3% Triton X-100 por 1 hora a temperatura

ambiente. Depois, foram lavados com agua deionizada, incubada em 4% de SDC por 1 hora
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a temperatura ambiente e lavada com agua deionizada, obtendo-se a MEC descelularizada
e preservando as fibras de colageno e dos GAGs. O hidrogel da MEC descelularizada foi
misturado com foliculos pré-antrais de humano e cultivado in vitro por 1 semana. Nesse
caso, foram formados quatro grupos de tratamento: (a) 100% de hidrogel de MEC
descelularizada, (b) 90% de hidrogel de MEC descelularizada com 10% de alginato, (c)
75% de hidrogel de MEC com 25% de alginato e (d) 100% alginato, obtendo uma

recuperacao folicular de 0%, 23%, 65% e 85%, respectivamente.

Wu et al. (2022) descelularizaram o tecido ovariano de porca, mas a MEC
descelularizada gerou uma reacdo inflamatéria apds o transplante. As amostras foram
congeladas a -80°C, submersas em agua destilada por 6 horas e, em seguida, misturadas
em uma solucdo de 2% de SDC com 4% de Triton X-100 por 36 horas. Posteriormente,
foram incubadas em 1% de SDS por 36 h, 80 U/mL de RNase/DNase por 6 horas a 37°C, e
lavadas em agua destilada por 24 horas. A MEC descelularizada apresentou uma
concentracio de 12,86 + 1,707 ng/mg de DNA, fragmentos menores a 200pb de DNA, e a
preservacdo das proteinas da MEC (diferentes tipos de coldgeno, GAGs e glicoproteinas).
Os pesquisadores também realizaram o transplante heterotéopico da MEC descelularizada
com células da granulosa e foliculos ovarianos, ambos de camundongos, por 4 semanas,
mas ndo houve recuperacdo da producdo de hormonios sexuais no camundongo. Isso se
deveu a grave reacdo inflamatéria as mitocondrias e endossomos residuais na MEC

descelularizada nos dias 3 e 7 apds o transplante.

Em resumo, os protocolos de descelularizacdo atualmente empregados para tecido
ovariano geralmente envolvem o uso conjunto de varios agentes de descelularizagido. A
utilizacdo desses multiplos agentes pode resultar em modificagdes relevantes na estrutura
e na funcdo da MEC do ovdrio. Assim, é fundamental investigar novos protocolos de
descelularizacdo, mais suaves e eficientes, para avang¢ar no campo da biotecnologia

reprodutiva.
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3. Matrisome

Matrisome é um conjunto de genes que codificam as proteinas da MEC. As proteinas da

MEC sdo identificadas de acordo com seus dominios, e divididas em proteinas centrais do

matrisome e proteinas associadas a matrisome (Figura 4) (Essas informagdes estdo

disponiveis em: <http://matrisomeprojectmited>) (Hynes y Naba, 2012, Naba et al,
2012, 2016).

Figura

Glicoproteinas da MEC

— Proteinas centrais Colagenos
Proteoglicanos
Matrisome -

Fatores de secrecdo

~ Proteinas associadas — Reguladoras da MEC

Vinculadas a MEC

4. Esquema da divisdo do matrisome. O matrisome é dividido em proteinas

centrais, que incluem glicoproteinas da MEC, coldgeno e proteoglicanos, e proteinas

associadas, que englobam fatores de secrecdo, proteinas reguladoras da MEC e proteinas

vinculadas a MEC.

3.1.

Proteinas centrais do matrisome

As proteinas centrais sdo as proteinas que ddo a estrutura a MEC e sdo

classificadas em colagenos, proteoglicanos e glicoproteinas (Naba et al.,, 2012,
2016).

a. Colagenos: sio proteinas caracterizadas por sequéncias repetitivas de

glicina-X (frequentemente prolina) - Y (frequentemente 4-hidroxiprolina

ou hidrosilisina) (Hynes e Naba, 2012), como cadeia alfa 2 de colageno tipo

IV e cadeia alfa 3 de colageno VI (Figura 5).
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Figura 5. Representacdo esquemadtica de dois tipos de colageno. (a) Cadeia alfa 2 de
colageno tipo IV e (b) cadeia alfa 3 de colageno VI, cada um com seus respetivos dominios,
obtidas da matriz extracelular descelularizada de ovario bovino (Adaptado de:

<www.smart.embl.de>).

b. Proteoglicanos. sdo caraterizados por repeticoes ricas em leucinas (LRR),
e por repeticbes de dominios de LINK e lectina tipo C (Hynes e Naba,

2012), como o heparan sulfate proteoglycan 2, lumican, etc (Figura 6).

= Low complexity region [@ Pfram: Collagen

B SEA = Domain found in sea urchin sperm protein, enterokinase, agrin @& EGF = EGF domain

¥ LDLa = Low-density lipoprotein receptor domain class A @ EGF Lam = EGF domain, unclasssified subfamily
@ [Gc2 = Immunoglobulin C-2 Type 0 EGF link = EGF domain, unclasssified subfamily
® LamB = Laminin B domain LamG = Laminin G domain

LRR_TYP

I LRR_NT = Leucine rich repeat N-terminal domain

LRR = Leucine-rich repeats, outliers

LRR_TYP = Leucine-rich repeats, typical (most populated) subfamily

Figura 6. Representacido esquematica de dois tipos de proteoglicanos. (a) Heparan sulfate
proteoglycan 2 e (b) lumican, cada um com seus respetivos dominios, obtidas da matriz

extracelular descelularizada de ovario bovino (Adaptado de: <www.smart.embl.de>).
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c. Glicoproteinas da MEC: sdo caracterizadas por multiplos dominios de

aminoacido (Hynes e Naba, 2012), como laminin, tenascin XB, etc. (Figura 7).

= Low complexity region @ TFN3 = Tibrenectin type 3 domain
@ EGF = Epidermal growth factor-like domain m@ FBG = Fibrinogen-related domains (FReDs)
@ EGF link = EGF domain, unclasssified subfamily

@ LanNT = Laminin N-terminal domain (domain VI) @ LamB = Laminin B domain = Low complexity region
¢ EGF = Laminin-type epidermal growth factor-like domain @ Pfam: Laminin_| LamG = Laminin G domain
@ EGF link = EGF domain, unclasssified subfamily =8 Coiled coil region

Figura 7. Representacdo esquematica de dois tipos de glicoproteinas. (a) Tenascin XB e (b)
laminin subunit alpha 1, cada uma com seus respetivos dominios, obtidas da matriz

extracelular descelularizada de ovario bovino (Adaptado de: <www.smart.embl.de>).

3.2. Proteinas associadas a matrisome

As proteinas associadas ao matrisome sdo proteinas que interagem com as
proteinas centrais do matrisome e sdo classificadas em fatores de secrecao,
proteinas vinculadas a MEC e proteinas reguladoras da MEC (Naba et al.,, 2012,
2016).

a. Fatores de secrec¢ido: sio proteinas que se ligam e modulam a sinalizacdo
da MEC, como citoquinas, fatores de crescimento, etc. (Naba et al., 2012,

2016) (Figura 8).
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D 5_100=S5-100/ICaBP type calcium binding domain
D $_100=S-100/1CaBP type calcium binding domain B Ttransmembrane region

Figura 8. Representacido esquematica de dois fatores de secrecdo. (a) Protein S100-A16 e
(b) protein S100-A10, cada uma com seus respetivos dominios, obtidas da matriz

extracelular descelularizada de ovario bovino (Adaptado de: <www.smart.embl.de>).
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b. Proteinas reguladoras da MEC: sdo enzimas que modificam a MEC e a
regulam a sua estabilidade, como, proteases, inibidores de protease, etc.

(Nabaetal, 2012, 2016) (Figura 9).
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@& SERPIN = SERine Proteinase INhibitors @ TGe = Transglutaminase/protease-like homologues

Figura 9. Representacdo esquematica de duas proteinas reguladoras. (a) Serpin peptidase
inhibitor, classe H, member 1 e (b) protein-glutamine gamma-glutamytransferase 2, cada
uma com seus respetivos dominios, obtidas da matriz extracelular descelularizada de

ovario bovino (Adaptado de: <www.smart.embl.de>).

c. Proteinas vinculadas a MEC: sdo proteinas que apresentam similaridades
estruturais ou bioquimicas com as proteinas da MEC ou proteinas que ndo
sdo incluidas nas outras categorias, mas que estdo associadas as proteinas

da MEC, como mucinas, galectinas, etc (Naba et al., 2012, 2016) (Figura

a b
A Py X e ANX ANX ANX ANK ANX ANX ANX ANX
. ANX = Annexinrepeats
. ANX = Annexinrepeats I Low complexity region

Figura 10. Representacdo esquematica de duas proteinas vinculadas a MEC. (a) Annexin
A2 e (b) annexin A6, cada uma com seus respetivos dominios, obtidas da matriz

extracelular descelularizada de ovario bovino (Adaptado de: <www.smart.embl.de>).
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3.3. Matrisome do ovario

As proteinas do matrisome foram identificadas em tecido ovariano de mulher (Ouni et
al., 2019, 2020, 2022) e de porca (Henning et al., 2019). O matrisome de tecido ovariano de
mulher foi descrito pela primeira vez por Ouni et al. (2019). Eles identificaram 85
proteinas no matrisome, especificamente do cortex ovariano fresco e criopreservado, das
quais 46 eram proteinas principais do matrisome e 39 eram proteinas associadas a MEC.
Nas proteinas centrais, foram identificadas 28 glicoproteinas da MEC (Tabela 1), 11 tipos
diferentes de coladgenos (Tabela 2) e 7 proteoglicanos (Tabela 3). Além disso, foram
identificadas as proteinas mais abundantes em cada categoria, como fibrilin 1, cadeia alfa 3
de colageno tipo VI e osteoglycin, respectivamente. Nas proteinas associadas a MEC, foram
identificadas 23 proteinas reguladoras da MEC (Tabela 4), 12 proteinas vinculadas a MEC
(Tabela 5) e 4 fatores de secrecao (Tabela 6). Dessas categorias, as mais abundantes foram
serpin family A member 1, annexin A2 e S100 calcium binding protein A11. Anos mais tarde,
outro matrisome de tecido ovariano de mulher foi descrito, mas com a diferenca de que foi
realizado nas diferentes etapas reprodutivas da mulher - pré-ptubere, em idade
reprodutiva, em menopausa (Ouni et al., 2022). Nesse matrisome, foram identificadas 120
proteinas no total, mas 98 proteinas foram identificadas nas diferentes etapas
reprodutivas, das quais 51 eram proteinas principais do matrisome (27 glicoproteinas da
MEC (Tabela 1), 16 tipos diferentes de colagenos (Tabela 2) e 8 proteoglicanos (Tabela 3)),
e 47 eram proteinas associadas a MEC (22 proteinas reguladoras da MEC (Tabela 4), 16
proteinas de vinculadas a MEC (Tabela 5) e 9 fatores de secrec¢io (Tabela 6)). Além disso,
em cada etapa reprodutiva, os coldgenos mais abundantes foram identificados, por
exemplo, (i) em mulheres pré-puberes foi a cadeia alfa 3 de colageno tipo VI, (ii) em
mulheres em idade reprodutiva foi a cadeia alfa 1 de coladgeno tipo I e (iii) em mulheres na

menopausa foi a cadeia alfa 1 de colageno tipo IV (Ouni et al. 2022).

0 matrisome de tecido ovariano de porca, especificamente da MEC descelularizada, foi
descrito por Henning et al. (2019). Eles identificam 82 proteinas no matrisome, mas 42
dessas proteinas variam de acordo com a profundidade do tecido ovariano. Por um lado,
nas proteinas principais do matrisome, foram identificadas 55 proteinas, incluindo 36
glicoproteinas da MEC (Tabela 1), 11 tipos diferentes de coldgenos (Tabela 2) e 8
proteoglicanos (Tabela 3). Por outro lado, nas proteinas associadas a MEC, foram
identificadas 32 proteinas, das quais 16 eram proteinas reguladoras da MEC (Tabela 4), 11
eram de proteinas de vinculadas a MEC (Tabela 5) e 5 eram de fatores de secre¢do. Além
disso, foram identificadas as proteinas mais abundantes em cada regido do ovario. A

regido cortical do ovario (fatias de 0,5 mm) apresentou maior porcentagem de
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glicoproteinas e proteinas associadas a MEC, enquanto a regido medular do ovario (fatias
de 1-3,5 mm) apresentou maior porcentagem da cadeia alfa 1 de colageno tipo V,

extracellular matrix protein 1 e laminin subunit gamma 1.

Fazendo uma comparacdao entre o matrisome de ovario de mulher e de porca,
obsrvamos que algumas proteinas foram identificadas apenas em cada espécie. Por um
lado, o matrisome de ovario de mulher apresentou proteinas que nao foram identificadas
no matrisome de ovario descelularizado de porca, como, por exemplo, (i) 29
glicoproteinas, como a extracellular matrix protein 2; (ii) 7 colagenos, como a cadeia alfa 1
de coldgeno tipo VIII; (iii) 3 proteoglicanos, como osteoglycin; (iv) 30 proteinas
reguladoras da MEC, como cathepsin B; e (v) 11 proteinas vinculadas a MEC, como a
galectin-3. Por outro lado, o matrisome de ovario descelularizado de porca apresentou
proteinas que ndo foram identificadas no matrisome de ovario de mulher: (i) 9
glicoproteinas, como extracellular matrix protein 1; (ii) 3 tipos de colageno, como a cadeia
alfa 1 de colageno tipo II; (iii) 1 proteina reguladora da MEC, a protein-lysine 6-oxidase; e

(iv) 1 proteina vinculada a MEC, como syndecan.

Resumindo, as proteinas do matrisome de ovario sdo varias e hd semelhangas e
diferencas entre as diversas espécies estudadas. A compreensido dessas proteinas é
fundamental para elucidar a verdadeira importancia de conservar a MEC ovariana apds a

descelularizacao.
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Tabela 1. Glicoproteinas da MEC identificadas na MEC de ovario de mulher e de porca.

Nome da proteina Mulher Porca
Adipocyte enhancer-binding protein 1 (AEBP1) X2 X3
Cartilage intermediate layer protein 2 (CILPZ2) x!
Dermatopontin (DPT) x12 x3
EGF-containing fibulin-like extracellular matrix protein 1 . .
(EFEMP1)
EGF-containing fibulin-like extracellular matrix protein 2 .
(EFEMP2)
Elastin microfibril interfacer 1 (EMILIN1) x1.2 x3
Elastin microfibril interfacer 3 (EMILIN3) X2 x3
Extracellular matrix protein 1 (ECM1) x3
Extracellular matrix protein 2 (ECM2) X2
Fibrilin 1 (FBN1) x12 X3
Fibrinogen alpha chain (FGA) x12
Fibrinogen beta chain (FGB) x12
Fibrinogen gamma chain (FGG) x12
Fibulin 5 (FBLN5) x12
Fibulin-1 (FBLN1) X2
Insulin like growth factor binding protein 7 (IGFBP7) x3
Insulin-like growth factor-binding protein acid labile subunit »
(IGFALS)
Isoform 3 of Tubulointerstitial nephritis antigen-loke (TINGL1) x1
Lactadherin (MFGES8) X2 x3
Laminin subunit alpha 2 (LAMAZ2) x1.2
Laminin subunit alpha 4 (LAMA4) x1.2
Laminin subunit alpha 5 (LAMAS) x1.2
Laminin subunit beta 1 (LAMB1) x1.2 x3
Laminin subunit beta 2 (LAMB2) x12
Laminin subunit gamma 1 (LAMC1) x1.2 x3
Latent transforming growth factor beta binding protein 1 .
(LTBP1)
Latent-transforming growth factor beta-binding protein 2 o

(LTBP2)
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Latent-transforming growth factor beta-binding protein 4

X2
(LTBP4)
Leucine-rich alpha-2-glycoprotein (LRG1) X2
Microfibrillar-associated protein 2 (MFAPZ2) x1.2 x3
Microfibrillar-associated protein 4 (MFAP4) x12
Nidogen 1 (NID1) x1.2
Nidogen 2 (NID2) x1.2
Peroxidasin homolog (PXDN) X2
Procollagen C-endopeptidase enhancer (PCOLCE) x12
Profilin-1 (FN1) x1.2 x3
Somatomedin-B and thrombospondin type-1 domain-containing o
protein (SBSPON)
SPARC X2
Sushi repeat containing protein, X-linked 2 (SRPX2) X3
Target of Nesh-SH3 (ABI3BP) X2
Tenascin XB (TNXB) x1.2
Thrombospondin 1 (THBS1) x12
Transforming growth factor beta induced (TGFBI) x1.2 x3
Uncharacterized protein (AGRN) X3
Vitronectin (VTN) x1.2 x3
Von Willebrand factor A domain containing 1 (VWA1) x3
Von Willebrand fator (VWF) x1
WNT1-inducible-signaling pathway protein 2 (WISPZ2) X2
Zona pellucida sperm-binding protein 2 (ZP2) x3
Zona pellucida sperm-binding protein 3 (ZP3) x3
Zona pellucida sperm-binding protein 4 (ZP4) x3

1= Quni et al. (2019),2 = Ouni et al. (2020), 3 = Henning et al. (2019).
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Tabela 2. Tipos de colagenos identificados na MEC de ovario de mulher e de porca.

Nome da proteina Mulher Porca
Collagen type I alpha 1 chain (COL1A1) x12
Collagen type I alpha 2 chain (COL1A2) x12 x3
Collagen type Il alpha 1 chain (COL2A1) X3
Collagen type 11l alpha 1 chain (COL3A1) X2 X3
Collagen type 1V alpha 1 chain (COL4A1) x12 X3
Collagen type 1V alpha 2 chain (COL4A2) x12 X3
Collagen type V alpha 1 chain (COL5A1) X2 X3
Collagen type V alpha 2 chain (COL5A2) x3
Collagen type VI alpha 1 chain (COL6A1) x12
Collagen type VI alpha 2 chain (COL6A2) x12 X3
Collagen type VI alpha 3 chain (COL6A3) x12
Collagen type VI alpha 5 chain (COL6A5) x3
Collagen type VIII alpha 1 chain (COL8A1) x1
Collagen type XII alpha 1 chain (COL12A1) x12
Collagen type X1V alpha 1 chain (COL14A1) x12 X3
Collagen type XV alpha 1 chain (COL15A1) x2
Collagen type I alpha 1 chain (COL18A1) x1.2
1=Qunietal (2019),2=Ounietal. (2020), 3 = Henning et al. (2019).
Tabela 3. Proteoglicanos identificadas na MEC de ovario de mulher e de porca.
Nome da proteina Mulher Porca
Biglycan (BGN) X2 x3
Decorin (DCN) x12 x3
Fibromodulin (FMOD) x12 x3
Heparan sulfate proteoglycan 2 (HSPG2) x1.2
Lumican (LUM) x1.2 x3
Osteoglycin (OGN) x1.2
Podocan (PODN) x1.2
Proline and arginine rich leucin rich repeat protein (PRELP) x1.2 x3
Versican (VCAN) X2 X3

1 =Qunietal (2019),2 = Ouni et al. (2020), 3 = Henning et al. (2019).
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Tabela 4. Proteinas reguladoras da MEC identificadas na MEC de ovario de mulher e de

porca.
Nome da proteina Mulher Porca

Alpha-2-macroglobulin (A2M) x12 X3
Alpha-1-microglobulin (AMBP) x12 x3
Angiotensinogen (AGT) x12

Cathepsin B (CTSB) x1.2

Cathepsin D (CTSD) x1.2 x3
Cathepsin Z (CTSZ) X2

Cathepsin-B (CSTB) x12

Coagulation factor XIII A chain (F13A1) X2

Cystatin-A (CSTA) x2

Dipeptidyl peptidase 1 (CTSC) X2

Histidine-rich glycoprotein (HRG) x12 x3
Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1) x12 X3
Inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2) x12 X3
Isoform 4 of Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) x12

Lysosomal protective protein (CTSA) x2

Lysyl oxidase homolog 1 (LOXL1) X2
Lysyl-bradykinin (KNG1) X2 x3
Metalloproteinase inhibitor 3 (TIMP3) X2

Plasminogen (PLG) x1.2 x3
Pro-cathepsin H (CTSH) X2
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 (PLOD3) X2

Prolyl 4-hydroxylase subunit alpha-1 (P4HA1) X2

Prolyl 4-hydroxylase subunit alpha-1 (PLOD1) x2
Protein-glutamine gamma-glutamyltransferase 2(TGM2) X2 x3
Protein-glutamine gamma-glutamyltransferase E (TGM3) X2

Protein-lysine 6-oxidase (LOX) X3
Prothrombin (F2) X2

Serpin family A member 1 (SERPINA1) x1.2 x3
Serpin family A member 3 (SERPINA3) x12 X3
Serpin family A member 4 (SERPINA4) x1

Serpin family A member 6 (SERPINA6) X2
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Serpin family A member 7 (SERPINA7) X2

Serpin family B member 1 (SERPINB1) x12
Serpin family B member 12 (SERPINB12) X2
Serpin family B member 3 (SERPINB3) X2
Serpin family B member 6 (SERPINB6) x12
Serpin family B member 9 (SERPINB9) X2
Serpin family C member 1 (SERPINC1) x1.2 x3
Serpin family D member 1 (SERPIND1) x12 X3
Serpin family E member 2 (SERPINEZ) x12
Serpin family F member 1 (SERPINF1) x1.2
Serpin family F member 1 (SERPINF2) x12
Serpin family G member 1 (SERPING1) x12
Serpin family H member 1 (SERPINH1) x1.2

1= Quni et al. (2019), 2 = Ouni et al. (2020), 3 = Henning et al. (2019).

Tabela 5. Proteinas vinculadas a MEC identificadas na MEC de ovario de mulher e de

porca.
Nome da proteina Mulher Porca

Annexin A1 (ANXA1) x1.2 x3
Annexin A2 (ANXA2) x! x3
Annexin A3 (ANXA3) X2

Annexin A4 (ANXA4) x1.2 x3
Annexin A5 (ANXA5) x1.2 x3
Annexin A6 (ANXA6) x1.2

Annexin A7 (ANXA7) x12 x3
Annexin A11 (ANXA11) x1.2 x3
Complement C1q subcomponent subunit B (C1QB) X2

Complement C1q subcomponent subunit C (C1QC) X2

Galectin-1 (LGALS1) x1.2 x3
Galectin-3 (LGALS3) x1.2

Galectin-1 (LGALS7) X2

Glypican 1 (GPC1) X2 x3
Hemopexin (HPX) x1.2

Plexin domain-containing protein 2 (PLXD(C2) X2
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Plexin-B2 (PLXNB2) x12

Protein ERGIC-53 (LMAN1) X2
Syndecan (SDC2) %3
Tetranectin (CLEC3B) x1.2

1=Qunietal (2019),2 = Ouni et al. (2020), 3 = Henning et al. (2019).

Tabela 6. Fatores de secrecao identificadas na MEC de ovario de mulher

Nome da proteina Mulher
Host cell factor 1 (HCFC1) x1.2
Filaggrin (FLG) X2
Filaggrin-2 (FLG2) X2
Hornerin (HRNR) X2
Protein S100-A6 (S§100A6) x12
Protein §100-A7 (S100A7) X2
Protein S100-A8 (S§100A8) X2
Protein S100-A9 (S§100A9) X2
Protein §100-A10 (S100A10) X2
Protein S100-A11 (S100A11) x12
Protein S100-A13 (S100A13) x12
Protein §100-A16 (S100A16) X2
Protein Wnt-2b (WNTZB) X2

1=Qunietal (2019),2 = Ouni et al. (2020).
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I11. JUSTIFICATIVA

A construcdo de um OAT, no qual foliculos pré-antrais isolados sejam inseridos em
uma MEC descelularizada, podera possibilitar a manutengao da fertilidade em mulheres
diagnosticadas com cancer e submetidas a terapias gonadotoéxicas para tratamento da
doenca. Apesar do grande interesse mundial nesta abordagem, até o momento, os estudos
prévios tém mostrado que as matrizes testadas apresentam a capacidade de sustentar o
desenvolvimento folicular completo apenas em camundongos, e ainda assim com uma

baixa taxa de sobrevivéncia folicular.

Os métodos de obtencdo da MEC descelularizada em geral ndo foram otimizados, e
utilizam tempos longos de incubac¢io e concentracdes elevadas de detergentes, além da
combinacdo de varios fatores. Tudo isso pode causar danos a estrutura da MEC, levando a
perdas de funcoes e dificuldades na recelularizacdo e desenvolvimento folicular. Assim, o
desenvolvimento e otimizacdo de um protocolo de descelularizagdo menos agressivo, que
utilize concentragdes e tempos minimos necessarios para a descelularizagdo do tecido, é
interessante. Um método assim desenvolvido pode conservar melhor as caracteristicas da

MEC e facilitar o seu uso posterior.

0 ovario bovino é um bom modelo animal para o ovario humano, por apresentar
diversas semelhangas na fisiologia reprodutiva, permitindo o estudo e desenvolvimento de
métodos, sem a necessidade de material humano. Além disso, a obtengdo de uma MEC
descelularizada de ovario bovino pode ser utilizada para humanos, visto que ndo promove
reacdo imunoldgica, como é o caso de outros tecidos bovinos descelularizados que ja sdo
utilizados. Por exemplo, temos o pericardio bovino descelularizado usado como bypass de
vasos de membros inferiores para humanos ou fémur bovino descelularizado usado em

enxertos 6sseos em outros animais.

A composicdo da MEC ovariana de bovinos ainda nao é conhecida. J& se sabe que ha
diferencas nas proteinas do matrisome ovariano entre espécies. Portanto, é importante
conhecer o matrisome ovariano bovino, bem como verificar a sua composicdo apos

descelularizagao.

Por isso, o presente projeto propde desenvolver um protocolo de descelularizacdo com
menor concentracdo e menor tempo de incubacdo de SDS, para obter uma matriz
descelularizada diretamente do tecido ovariano bovino. Além disso, o estudo visa
identificar as proteinas que constituem a MEC nativa e descelularizada do tecido ovariano

bovino.
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IV. OBJETIVOS
« OBJETIVO GERAL

Otimizar um protocolo de descelularizacdo para obter uma matriz extracelular
descelularizada de cértex ovariano bovino e descrever suas caracteristicas morfolédgicas e

seu perfil proteico.
« OBJETIVOS ESPECIFICOS

e Obter uma matriz extracelular descelularizada de coértex ovariano de bovino
mediante a aplicacdo do dodecil sulfato de s6dio otimizando sua concentragdo e

tempo de incubacdo;

e Verificar a descelularizacdo da matriz por histologia, quantificacio de DNA e

eletroforese de gel de agarose;

e Caracterizar a estrutura morfolégica da matriz descelularizada obtida por

microscopia de luz e eletronica de varredura;

e Avaliar a citotoxicidade da matriz descelularizada ovariana mediante o cultivo in

vitro de células ovarianas de humano;

e Identificar as proteinas e as fun¢des da matriz extracelular nativa do ovario bovino

por andlise protedmica;

e Identificar as proteinas e as fun¢des da matriz extracelular descelularizada do

cortex ovariano bovino e compara-la a matriz nativa;
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V. CAPITULO I

O capitulo I consistiu em desenvolver um protocolo otimizado de descelularizacdo
eficiente para cértex ovariano bovino, com concentra¢cdes minimas de SDS e tempos
minimos de incubacdo com o detergente. Com base nesse objetivo, foi desenvolvido o

primeiro artigo, conforme apresentado a seguir.
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Abstract

This study aimed to obtain decellularized extracellular matrix (dECM) from bovine
ovarian tissue using sodium dodecyl sulfate (SDS) at a minimum concentration in the
shortest incubation time. A stock decellularization solution was prepared with 1% SDS
(w/v) (Sigma-Aldrich, Brazil) and 0.2M NaOH in distilled water, subsequently diluted to
the desired concentrations. The respective SDS and NaOH concentrations investigated
were 1% and 0.2M; 0.5% and 0.1M; 0.1% and 0.02M, and 0.05% and 0.01M, with 24, 12,
and 6 h incubation periods. Samples were individually incubated in 10 mL of the solution
under constant stirring (100 rpm) at room temperature for the duration defined for each
treatment, after which time they were washed in 50 mL of distilled water for 6 h.
Histological analysis confirmed decellularization and Mallory's trichrome staining showed
the conservation of collagen in all samples following treatment. Furthermore, the lowest
SDS and NaOH concentrations that showed no DNA remaining during electrophoresis
analysis were 0.1% and 0.02M when incubated for 24 and 12 h. DNA quantification
resulted in < 0.2 ng DNA/mg ovarian tissue using these protocols. In addition, the
coculture of dECM (obtained by 0.1% SDS and 0.02M NaOH for 12 h) with ovarian cells
showed that there was no toxic effect for the cells up to 72 h. In conclusion, the protocol
involving 0.1% SDS and 0.02M NaOH for 12 h incubation decellularizes bovine ovarian
tissue, generating a dECM that preserves the native ECM morphology which is non-toxic to

ovarian cells.

Keywords:

ovary, SDS, decellularization, extracellular matrix, dECM
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Impact Statement

Ovarian decellularized extracellular matrix (dECM) is being investigated with the
aim of developing a transplantable artificial ovary. The most used agent for
decellularization protocols for ovarian tissue is sodium dodecyl sulfate (SDS), but there is
currently no optimized protocol for its use. This study evaluated different SDS
concentrations and incubation times to determine the lowest concentration and shortest
incubation time capable of successfully promoting decellularization of ovarian tissue. We
established an efficient protocol utilizing 0.1% SDS and 0.02M NaOH for 12 h incubation,
which resulted in a dECM with preserved morphological structure and no toxic effects to

ovarian cells.

Introduction

Although cancer remains one of the leading causes of death in women, cancer
patient survival rates after treatment have increased considerably.12 That said, the most
commonly used treatments - radiotherapy and/or chemotherapy - can cause infertility in
these patients.3 Alternative strategies employed to conserve fertility include the
cryopreservation of embryos, immature or mature oocytes, and ovarian tissue
cryopreservation and transplantation.* Unfortunately, not all of these alternatives are
applicable to all patients, for example prepubertal patients or those requiring immediate
treatment. The only viable alternative treatment for the aforementioned patients is
ovarian tissue cryopreservation for future autotransplantation,® a technique that has
already resulted in the birth of > 200 human babies.6 Nevertheless, in some cases, this
alternative poses a risk of reintroducing cancer cells into the patient,57 especially when
the cancer type has a moderate/high probability of metastasizing to the ovary, such as in
the case of leukemia, neuroblastoma, ovarian cancer, hemangiosarcoma, among others.*
Therefore, new alternatives are emerging to preserve fertility, ensuring that primary
cancer cells are not reintroduced into the patient, for instance a transplantable artificial

ovary (TAO).8

The TAO strategy consists of providing an extracellular matrix (ECM) and
colonizing it with isolated preantral follicles and ovarian cells to permit full follicular
development.?10 To achieve this, various non-synthetic materials, including collagen,!!
plasma clot,2-15 fibrinl6-19 and alginate,?® together with synthetic materials such as

polyethylene glycol,2! have been investigated as potential matrices to establish a
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functional TAO.22 Unfortunately, these materials have certain limitations, such as (i)
relatively low follicular survival rates following transplantation;15192023 (ii) a lack of
comprehensive understanding regarding the composition of all their components,
particularly in the plasma clot, and (iii) rapid degradation after transplantation, as in the
cases of alginate and fibrin.16.20 Moreover, none of these materials have demonstrated the
ability to fully replicate all the functions of the native ovarian ECM, including cell support
and regulation. Therefore, to overcome these obstacles, the use of decellularized ovarian
tissues from an animal model as a matrix for TAO could be considered. This approach aims
to preserve the acellular components and properties of the native ovarian ECM.2425, while

addressing the limitations associated with the availability of human ovarian samples.

Decellularized extracellular matrix (dECM) use has already been studied in
relation to the transplantation of different organs. Recellularization of dECM with tissue-
specific native cells presented promising results regarding tissue function restoration in
various organs, including the heart,2¢ lungs,?” kidneys,?8 liver,2° uterus,3? and testis.3! The
strategy of obtaining dECM from ovarian tissue could benefit TAO development. Indeed,
progress has been made in this field, with dECM obtained from the ovaries and/or ovarian
tissue from women,253233 cows,25 sheep,3* sows,35-37 and mice3839 with recellularization,
hormone production (e.g. estradiol and progesterone) and the growth of follicle-like
structures. However, it is important to note that the human preantral follicle recovery rate

following dECM transplantation remained at 25%, and no antral follicles were obtained.33

Decellularization methods involve the use of physical, chemical, and/or biological
agents. Specifically in the case of chemical agents, various substances have been employed,
including Triton-X,35 sodium lauryl ester sulfate,32 sodium deoxycholate solution,3° sodium
hydroxide,3* EDTA,3¢ deoxycholate,3” ammonium hydroxide,*0 and the most used sodium
dodecyl sulfate (SDS).2533-3537-40 Despite its more frequent use, it has been reported that
SDS denatures tissue ECM proteins during the decellularization process.4! Additionally,
complete SDS removal is challenging, leaving residues in the resulting ECM*2-4¢ which can
be detrimental to the recellularization process and transplantation. Furthermore,
decellularization protocols for ovary and/or ovarian tissue using SDS2533343940 have
utilized arbitrary concentrations ranging from 0.1 to 1%. These protocols also exhibit
variations in terms of incubation time (ranging from 3 to 24h), associations with other
decellularization agents (chemical and/or biological, such as DNase I and/or RNase), and
the removal method employed. However, no comprehensive survey has been conducted to
determine the minimum SDS concentration capable of achieving effective decellularization

of ovarian tissue. Therefore, the aim of this study was to evaluate different SDS
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concentrations and incubation times to determine the lowest concentration and shortest

incubation time capable of successfully promoting decellularization of ovarian tissue.

Materials and Methods
Bovine ovarian tissue decellularization

Bovine ovaries without corpus luteum were obtained from a local slaughterhouse
and transported in PBS at 37 °C to the laboratory. On arrival, the ovaries were cleaned and
stored at -20 °C. After thawing, antral follicles were punctured with a needle, and the
capsule and medullary region of the ovary removed using a scalpel. Slices (10 mm x 5 mm
x 1 mm) were taken from the ovary cortical region, weighed, and distributed to the

experimental treatment groups.

A stock decellularization solution was prepared with 1% SDS (w/v) (L3771-100G,
Sigma-Aldrich, USA) and 0.2M NaOH in distilled water and subsequently diluted to achieve
the desired concentrations. The respective SDS and NaOH concentrations used were 1%
and 0.2M; 0.5% and 0.1M; 0.1% and 0.02M; 0.05% and 0.01M, with 24 h, 12 h, and 6 h
incubation times. Samples were immersed in 10 mL of decellularization solution under
constant agitation (100 rpm) in an orbital shaker at room temperature for the defined
treatment duration. Each sample was then washed 10 times in 50 mL of distilled water
that was replaced every 30 min. The ECM samples resulting from each experimental
treatment were stored at -20 °C for subsequent DNA extraction or fixed for morphological

analysis.

Residual DNA Analysis

DNA from each sample was isolated using the PAXgene™ Blood DNA kit (761133,
PreAnalytic, Germany) adapted from the manufacturer’s instructions. Each sample was
frozen in liquid nitrogen and ground. The resulting powder was homogenized in 1.5 mL of
BG1 buffer, collected in an Eppendorf tube, centrifuged at 2500 x g for 3 min and the
supernatant discarded. The pellet was then resuspended in 130 pL of BG3 buffer
supplemented with 5 pL of PreAnalytiX Protease, incubated at 65 °C for 10 min, and
centrifuged for 1 min. Subsequently, 200 uL of isopropanol was added and the sample
centrifuged for 3 min. The supernatant was discarded and the isopropanol allowed to

evaporate. Ethanol (70%, 200 pL v/v) was added, followed by 3 min centrifugation, and
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the supernatant discarded. BG4 buffer (50 uL) was added and the samples were incubated
for 1 h at 65 °C. Electrophoresis (0.8% agarose gel) was performed to analyze the
remaining DNA which was visualized and photographed using the E-Gel Imager (Life

Technologies™, USA).

DNA quantification

DNA concentration was determined by the Qubit 2.0 Fluorometer (Thermo Fisher
Scientific, USA) using the Qubit® dsDNA HS Assay Kit (Q32851, Thermo Fisher Scientific)
according to the manufacturer's instructions. A 1-pL aliquot of each isolated DNA sample

was used to calculate the residual DNA expressed as ng/mg ovarian tissue weight.

dECM Morphology Evaluation

dECM morphology was analyzed by classical microscopy and scanning electron
microscopy (SEM). Classical microscopy samples were fixed in Carnoy’s solution for 30
min, dehydrated in increasing ethanol concentrations, clarified in xylene, soaked,
infiltrated in Paraplast® and embedded. Each sample was cut (5 pum thick) with sections
mounted on glass slides and hematoxylin-eosin (H&E) stained to evaluate ovarian ECM
general appearance in addition to Mallory's trichrome to assess collagen fiber content.

SEM samples were fixed in Karnovsky’s solution at 4 °C for 24 h and post-fixed in
2% osmium tetroxide for 1 h. After washing with distilled water, dehydration in increasing
acetone concentrations, and drying to the critical point (Balzers CPD 30, Liechtenstein),
samples were mounted on stubs, metalized with a layer of colloidal gold and observed

under a scanning electron microscope (JEOL J[SM-7001F, Japan).

Human ovarian Cell Isolation

Ovaries were collected from deceased multi-organ donors following approval
granted by the Université Catholique de Louvain's Institutional Review Board for the use
of human ovaries on May 25, 2019 (IRB reference 2018/19DEC/475). The collected
ovaries were immediately frozen according to the protocol described by Amorim et al.*
To isolate ovarian cells, the samples were thawed and subjected to our routine digestion
protocol as previously described.*¢ Briefly, tissue fragments were mechanically minced
and digested in Dulbecco's Phosphate Buffered Saline (DPBS, 14040-091, Thermo
Scientific) with Ca2+ and Mg2+, 0.28 Wiinsch units/mL Liberase DH (05401089001, Sigma
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Aldrich), and 8 Kunitz units/mL DNase (89836, Thermo Scientific). The mixture was
pipetted every 15 min and incubated at 37 °C for 75 min with a 150 rpm agitation rate. A
DPBS solution (without Ca?* and Mg?*) containing 10% heat-inactivated fetal bovine
serum (HI FBS, 16140-071, Thermo Scientific) was added in equal amounts to PBS without
Caz+ and Mg?+ to inactivate the enzymes. The suspension was filtered sequentially through
80 um (NY8002500, Sigma Aldrich) and 30 pm (NY3002500, Sigma Aldrich) nylon net
filters to remove remaining tissue fragments. The resulting suspension was centrifuged for
10 min at 500 g. After cell counting using trypan blue (T8154, Sigma Aldrich) and a Biirker
chamber, the pellet was resuspended in cell culture medium, including Dulbecco’s
modified Eagle's medium F-12 nutrient mixture (DMEM/F12, 21041-025, Thermo
Scientific), 10% HI FBS, and 1% antibiotics and antimycotic (AA, 15240-062, Thermo
Scientific). The cells were cultured at 37 °C in a humidified incubator with 5% CO; and the

culture medium renewed every other day. Cells were subcultured on reaching confluence.

Cell Toxicity Test

According to the qualitative and quantitative results from the experiments, the
dECM obtained by incubating with 0.1% SDS and 0.02M NaOH for 12 h was selected to
assess the possible toxic effects of SDS residues on cells. For this, dECM samples (n = 4)
were sterilized in 1 mL of 1% AA diluted in DMEM/F-12 for 30 min at 37 °C with 5% CO..
Samples were subsequently equilibrated in 12-well plates containing 1 mL of culture
medium consisting of DMEM/F-12 supplemented with 50 pg/mL L-ascorbic acid (A4403,
Sigma-Aldrich), 10% HI FBS, 1% insulin-transferrin-selenium (41400045, Gibco, USA) and
1% AA for 4 h in a humidified incubator at 37 °C with 5% CO2. The equilibrium medium
was then removed and each dECM sample cocultured with 7 x 104 human ovarian stromal
cells in 1 mL of culture medium for 72 h at 37 °C in a humidified incubator with 5% CO..
During this period, 50% of the medium was replaced every 24 h. The control group (n=2)
consisted of 7 x 104 human ovarian stromal cells cultured under the same conditions as
described above but without dECM.

Cell viability was analyzed after 24 and 72 h of in vitro co-culture using
PrestoBlue™ HS (P50200, Invitrogen, USA), prepared according to the manufacturer's
instructions. The culture medium was removed and 1 mL of PrestoBlue solution (1:10)
was added to each well. Samples were incubated for 1 h at 37 °C with 5% CO.. Finally, 100
uL of the solution (in triplicate) were transferred to the 96-well cell culture plate (Corning,
USA) and read at a wavelength of 570 nm using a fluorescence microplate reader (Perkin

Elmer Victor™ X4 2030 Multilabel Reader, USA).
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Statistical Analysis

Cell viability data (mean = SD) were analyzed by Student's t distribution using the
Prism v.8 software (GraphPad Software, USA). P-values less than 0.05 were considered

statistically significant.

Experiment Results

The histological analysis of dECM confirmed the absence of cells/nuclear material
and the conservation of collagen fibers in samples incubated with 0.1% SDS and 0.02M
NaOH for 24, 12 and 6 h, also observed 0.05% SDS and 0.01 M NaOH samples incubated
for 24 and 12 h (Fig. 11).

Meanwhile, the electrophoresis results indicated that the lowest SDS concentration
without detectable DNA remaining was 0.1% SDS and 0.02M NaOH, for both the 24- and
12-h incubation periods (Fig. 1). However, incubation with 0.1% SDS and 0.02M NaOH for
6 h, as well as incubation with 0.05% SDS and 0.01M NaOH (all incubation periods)

resulted in DNA remaining as confirmed by electrophoresis (Fig. 12).
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Figure 1. Histology of ovarian tissueafter experimntal treatment with 0.% SDS and
0.02M NaOH for 24 h (a and b), 12 h (c and d), 6 h (e and f), and 0.05% SDS and 0.01M
NaOH for 24 h (g and h) and 12 h (i and j). H&E staining (a, ¢, e, g, i) and Mallory trichrome
staining (b, d, f, h, j) - Collagen fibers are stained blue. Bars = 100 pm.
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Figure 12. Residual DNA Analysis. Samples obtained from ovarian tissue with different
experimental treatments were analyzed by 0.8% (w/v) agarose gel electrophoresis.
Samples treated with 0.1% SDS and 0.02M NaOH for (a) 24 h, (b) 12 h, (c) 6 h, and 0.05%
SDS and 0.01M NaOH for (d) 24 h, and (e) 12 h are shown. MM = TrackItTM 1kb Ladder
molecular size standard (104888-085, Thermo Fisher Scientific, USA).

DNA quantification in the dECM samples with 0.1% and 0.02 NaOH (24 h) revealed
a range of 0.002 to 0.194 ng DNA/mg ovarian tissue; the 0.1% SDS and 0.02 NaOH (12 h)
samples ranged from 0.001 to 0.302 ng DNA/mg ovarian tissue; the 0.1% SDS and 0.02
NaOH (6 h) samples ranged from 0.368 to 0.419 ng DNA/mg ovarian tissue; the 0.05% SDS
and 0.01 NaOH (24 h) ranged from 1.55 to 2.31 ng DNA/mg ovarian tissue; the 0.05% SDS
and 0.01M NaOH (12 h) range was 1.25 to 2.31 ng DNA/mg ovarian tissue (Table 7).
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Table 7. Quantification (mean * SD) of remaining DNA in decellularized ovarian tissue

samples.

Experimental
N°samples ng DNA/mg decellularized ovarian tissue*
Treatment

0.1% SDS and 0.02M

n=3 0.103+0.10
NaOH per 24 h
0.1% SDS and 0.02M

n=4 0.173+0.15
NaOH per 12 h
0.1% SDS and 0.02M

n=3 0.390 £ 0.03
NaOH per 6 h
0.05% SDS and 0.01M

n=3 >1.953 £0.38
NaOH per 24 h
0.05% SDS and 0.01M

n=4 >1.708 £ 0.47
NaOH per 12 h

Based on these experiment findings, we decided to perform SEM analysis on the
native ovarian tissue (control group) and samples treated with 0.1% SDS and 0.02M NaOH
for 12 h (dECM group). The SEM demonstrated preserved integrity of ECM fibers after
decellularization (Fig. 13). The fibers in dECM were similar to the native ovarian tissue in
both appearance and organization.

According to the established criteria, successful tissue decellularization requires
that 3 specific conditions are met: 1) <50 ng DNA per mg dry weight of ECM; 2) <200 bp
DNA fragment size, and 3) absence of nuclear material in the tissue when stained with
H&E.47 Based on the aforementioned criteria, incubation in 0.1% SDS and 0.02M NaOH for
24 h and 12 h successfully decellularized the tissue. However, the experimental treatment
involving 0.1% SDS and 0.02M NaOH for 12 h demonstrated the lowest SDS concentration
and shortest incubation time. Consequently, in vitro culture with stroma cells was
conducted using the dECM obtained after tissue incubation in 0.1% SDS and 0.02M NaOH
for 12 h, aiming to assess potential residual SDS-induced toxicity.

Cell viability analysis demonstrated that dECM obtained after incubation in 0.1%
SDS and 0.02M NaOH for 12 h did not exhibit cytotoxic effects during in vitro culture (Fig.

64



14). Comparison between the control group and the dECM group after culturing for 24 h
and 72 h did not show any significant difference in cell viability (Fig. 15).

Native tissue dECM group

— ipm  IMM UnB
15.0kV SEI SEM WD 14 .7mm

— ipm  LMM_UnB
X 14,000 15.0kv SEI SEM WD 14 . 7mm|

Figure 13. Scanning electron micrographs of native bovine ovarian tissue (a and c) and

dECM using 0.1% SDS and 0.02M NaOH for 12 h (b and d). Bars = 1 um.
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Control group

Figure 14. Appearance of human ovarian stromal cells cultured in vitro for 24 h (a and b)
and 72 h (c and d) alone (control group) or with dECM derived from bovine ovarian cortex
incubated with 0.1% SDS and 0.02M NaOH for 12 h. Bars = 100 um. (Leica inverted

fluorescence microscope).

200
150

1004

Cell survival (%)

EE Control

50 . dMEC

24 72
Incubation time (Hours)

Figure 15. Cell viability after in vitro culture in the control group (blue bars) after
decellularization of bovine ovarian cortex with 0.1% SDS and 0.02M NaOH for 12 h. P >
0.05.
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Discussion

We tested different SDS concentrations with the aim of developing a
decellularization protocol to obtain dECM from bovine ovarian tissue. Qur objective was to
achieve a protocol with the minimum SDS concentration and the shortest incubation time
necessary for successful decellularization. The resulting ovarian tissue dECM presented
the characteristics of a decellularized tissue, specifically: 1) <50 ng of DNA per mg dry
weight of ECM; 2) <200 bp of DNA fragment size, and 3) absence of nuclear material in the
tissue when H&E stained.#” The lowest SDS concentration and shortest incubation time
resulting in a dECM from bovine ovarian tissue was 0.1% SDS and 0.02M NaOH for 12 h
incubation. Under these experimental conditions, the dECM displayed similar morphology
to the native ECM in both the histological and scanning electron microscopy analysis. In
addition, the obtained dECM showed no toxicity to human ovarian cells when cocultured
forup to 72 h.

Ovary and/or ovarian tissue decellularization has been previously performed
using SDS concentrations of 1%, 0.5% and 0.1%, albeit with the aid of other chemical
and/or biological agents and prolonged incubation times, potentially affecting the
morphology and disrupting the chemical composition of the extracellular matrix. For
instance, the use of 1% SDS was combined with RNase/DNase,34 while other authors
reported use of 0.5% SDS in conjunction with 1% Triton X-100 and 200 U/mL DNase [;35
40 IU/mL DNase ;32 1% Triton X-100 and 2% deoxycholate,3” and 1% Triton X-100 and
1% ammonium hydroxide.4® Moreover, the 0.1% SDS concentration was used with an
incubation time of 24 h,2540 followed by incubation with 1 mg/mL DNase for an additional
24 h.33 The selection of SDS concentration and incubation time in all of these studies
appear to have been arbitrary without investigating different concentrations or incubation
times. In our study, we performed an optimization process, testing different SDS
concentrations and different incubation times. In contrast to the previous protocols, we
successfully obtained a dECM from ovarian tissue using only 0.1% SDS and 0.02M NaOH,
as the decellularization agent, and a 12-h incubation period. It is important to highlight
that by decreasing the concentration and tissue exposure time to SDS, we were able to
reduce denaturation of extracellular proteins and possibly the presence of residual SDS in
the resulting dECM.4143

Classical histological analysis showed the absence of cells and preservation of
collagen fibers (the main component of native ovarian ECM) in dECM after incubation in
0.1% SDS and 0.02M NaOH for 12 h. Moreover, the SEM analysis demonstrated
conservation of ECM fiber integrity following decellularization. Thus, we can affirm that

the protocol employing 0.1% SDS and 0.02M NaOH for 12 h not only decellularizes the
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ovarian tissue, but also preserves characteristics in a similar manner to the native ECM.
Preservation of the ECM morphological characteristics after decellularization was also
reported using: 0.1% SDS and 0.02M NaOH for 24 h;25 1% SLES (sodium lauryl ester
sulfate) for 24 h followed by 24 h incubation with DNase 1,32 and using 0.5% SDS for 10 h
or 2% SDC (sodium deoxycholate solution) for 16 h followed by 30 min incubation with
DNase 1.38

One crucial aspect to consider when using SDS to decellularize tissues is the
challenge of complete detergent removal from the dECM and the potential toxicity
associated with its residues.*849 With this in mind, we decided to perform 10 agitation-
based washes after the incubation period, replacing the solution every 30 min, as studies
have shown that cellular cytotoxicity and residual concentrations of chemical agents in
dECM decrease with an increased number of washes.48-50 For instance, the viability of cells
cultured on lung dECM increased when the SDS concentration decreased and the number
of washes increased.5? Cebotari et al.*8 obtained a heart valve dECM using 1% SDS, and
after 10 consecutive washes, the washing solution showed a residual detergent
concentration of < 50 mg/L and 17+3% cytotoxicity. Another study, focused on
decellularizing kidney tissue with 1% SDS, obtained a very low residual SDS concentration
(0.0001%) in the washing solution after 10 washing cycles of kidney dECM, resulting in
87.4% cell viability after in vitro culture.*® Our toxicity experiment using human ovarian
stromal cells demonstrated viability after 24 h and 72 h of in vitro culture with dECM, with
no significant difference compared to cells cultured alone, evidencing absence of dECM
toxicity. This favorable result can be attributed to the solution changes during washing
and the low concentration of SDS used.

In addition, prior to conducting the present study, we performed preliminary
experiments (unpublished results) evaluating the effect of: 1) removing the ovarian
capsule or not before decellularization; 2) renewing the SDS solution every 4 h, and 3)
adding a further 1 h incubation at 37 °C with deoxyribonuclease I (DNase I, 1 mg/ml,
10104159001, Roche Diagnostics GmbH, Germany) after incubation with SDS and NaOH.
Our experiments (data not shown) revealed the importance of removing the ovarian
capsule to successfully obtain decellularized ovarian tissue. Furthermore, renewing the
SDS and NaOH solution did not make the decellularization protocol more efficient, while
the use of DNase I after SDS and NaOH incubation did not favor the decellularization
process. Regardless of the SDS concentration employed, with or without an additional 1-h
incubation at 37 °C with DNase I, the same results were obtained in the electrophoresis.
Also, the DNase [-treated samples presented a viscous consistency making manipulation

more difficult. This altered consistency could be due to the modification of extracellular
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matrix proteins by the endonuclease at the time of cell death.5! Consequently, the use of
DNase | was excluded from our protocol.

In conclusion, we established an efficient decellularization protocol for bovine
ovarian tissue utilizing SDS as the sole decellularization agent, employing both minimum
detergent concentration and incubation time. The application of 0.1% SDS and 0.02M
NaOH for 12 h resulted in a dECM with preserved morphological structure and no
detrimental effects on human ovarian stromal cells in vitro. Further investigations are
needed to assess the conservation of different ovarian ECM proteins post-decellularization

and explore the potential use of this dECM in the development of a TAO.
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VI.  CAPITULOII

0 segundo capitulo consistiu na caracterizacdo protedmica da MEC do cortex ovariano
bovino nativa e descelularizada utilizando o protocolo desenvolvido no Capitulo I. Essa
andlise incluiu a identificacdo das proteinas presentes em ambas as matrizes, bem como a
aplicacdo de ferramentas de bioinformatica para uma investiga¢cdo das suas fun¢des. Com
esse propdsito, foi elaborado o segundo artigo, apresentado a seguir, que ainda ndo esta

submetido para publicagdo.
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Abstract

Recent approaches of regenerative reproductive medicine investigate the
decellularized extracellular matrix to develop a transplantable artificial ovary (TAO).
However, a full proteomic analysis is not usually performed after the decellularization
process to evaluate the preservation of the extracellular matrix (ECM). In this study, the
ECM of bovine ovarian cortex was analyzed before and after decellularization using mass
spectrometry and bioinformatics. A total of 155 matrisome proteins were identified on the
bovine ovarian cortex native ECM, while 145 matrisome proteins were identified on the
decellularized ECM. After decellularization, only 10 matrisome proteins were lost, and
none of them belonged to the category of reproductive biological processes. Additionally,
bioinformatic analyses revealed that those proteins, present in both native and
decellularized ECM, are involved in 12 biological processes, 19 cellular components, and
13 molecular functions. Also, the general morphology of both native and decellularized
ECM was accessed through histology and histochemistry analyses, along with the
identification of the most abundant ECM proteins. Moreover, we demonstrated that
collagen type VI alpha 3 and heparan sulfate proteoglycan 2 were the most abundant
components of bovine ovarian ECM. These findings contribute to a better understanding of
the composition of both native and decellularized ECM and may have important

implications in the development of a TAO.

Keywords:

Matrisome, proteomics, proteins, ECM, ovary.
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Introduction

In recent years, advances in the field of regenerative medicine applied to
reproduction have introduced new assisted reproductive technologies (ART) for infertility
treatment (Zegers-Hochschild et al., 2009). Cancer patients undergoing chemotherapy
and/or radiotherapy may experience ovarian function loss after treatment (Maltaris et al.,
2007) and may benefit from those ART. However, patients diagnosed with cancer and with
a probability of ovarian metastasis (Donnez et al., 2013) face challenges in accessing these
technologies, such as ovarian tissue cryopreservation for future autotransplantation, due
to the risk of reintroducing cancerous cells (Sonmezer and Oktay, 2010; Donnez and
Dolmans, 2017). To address these issues, researchers are investigating the transplantable
artificial ovary (TAO) as a new possibility to restore female fertility and hormonal

production.

The TAO is based on the interaction between a three-dimensional structure with
ovarian cells and isolated preantral follicles, with the purpose of facilitating the complete
development of follicles and oocyte maturation, as well as promoting adequate production
of female sex hormones (Amorim and Shikanov, 2016; Dolmans and Amorim, 2019). To
achieve this, it is necessary the microenvironment of a native ovarian extracellular matrix
(ECM), as the ECM plays a dynamic and essential role in folliculogenesis and
steroidogenesis in the ovary (Rodgers et al., 2003; Woodruff and Shea, 2007). To obtain a
cell-free native ECM while simultaneously preserving the inherent characteristics of the
ovarian tissue's ECM, the decellularization technique has been employed in ovarian tissue
(for areview see Wu et al., 2023). Recently, we developed a mild decellularization protocol
for bovine ovarian cortex, that proved to provide a decellularized ECM (dECM)
morphologically similar to the native ovarian ECM and was not toxic to human ovarian

cells (see Capitulo 1).

The development of a dECM from an animal model is extremely important due to
the limited availability of human ovarian samples. The bovine ovary, due to its striking
resemblance to the human ovary in numerous aspects (Adams and Piersont, 1995; Malhi
et al, 2005), presents a viable alternative. A successfully dECM lacks nuclear material,
preventing immunological reactions in the recipient (Wu et al., 2022; Talaei-Khozani and
Yaghoubi, 2022). In fact, it has already been demonstrated that dECM derived from other
bovine tissues does not induce immune responses in other species (Arhuidese et al.,, 2015;
Gardin et al,, 2015), as evidenced in bone grafting utilizing decellularized bovine femur

(Gardin et al., 2015), guided bone regeneration using decellularized bovine pericardium
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(Gardin et al.,, 2015), and lower limb vessel bypass for humans using decellularized bovine
carotid artery (Artegraf®). So, the dECM derived from the bovine ovarian cortex could be

used as a potential scaffold from human OAT.

Another important aspect to consider when using dECM from an animal model is
the conservation of ECM molecules across different species, a topic well-documented in
the literature (Bernard et al., 1983; Constantinou et al., 1991). The dECM are usually
evaluated by other ways, such as morphologically, through immunohistochemistry and
scanning electron microscopy, and quantitatively, using colorimetric techniques to
examine certain ECM components (Liu et al., 2017; Alshaikh et al., 2019; Eivazkhani et al.,
2019). However, none of these evaluations provide a detailed assessment of the
preservation of ovarian ECM components. Therefore, the main objective of this study was
to conduct a comprehensive proteomic analysis of the bovine ovarian tissue ECM
components before and after the decellularization process using our protocol of 0.1% SDS
concentration with 0.02M NaOH for a 12-hour incubation period (see Capitulo 1).
Moreover, we conducted a parallel comparative analysis of our bovine ovarian matrisome

findings with those of other species.

Material and Methods

Ovarian tissue

Ovaries from bovine were collected from local slaughterhouses (Frigoias and Bom
Corte, Anapolis and Formosa-GO, Brazil) and transported to the laboratory in PBS at 37 °C.
In the laboratory, the ovaries were carefully cleaned and stored at -20 °C. Prior to the
experimentation, the ovaries were thawed, the antral follicles were aspirated, and the
epithelial and medullary layers of the ovary were meticulously removed with the aid of a
scalpel. Subsequently, samples measuring 10 mm x 5 mm x 1 mm were extracted from the
cortical region, weighed, and evenly distributed among control and decellularized group

(decell group).

Decellularization protocol

The samples assigned to the decell group underwent decellularization using a

protocol previously described by Ledn-Félix et al. (see Capitulo 1). Briefly, the tissue
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samples were incubated in 10 mL of 0.1% sodium dodecyl sulfate (SDS; L3771-100G,
Sigma-Aldrich, USA) and 0.02M sodium hydroxide (NaOH, 106467, Sigma-Aldich, USA) in
distilled water for 12 h at room temperature under constant stirring (100 rpm). Then, the
samples were washed in 50 mL of distilled water for 6 h, under constant stirring, with the
water being changed every 30 min. The samples designated for the control group
underwent treatment with distilled water alone, following the same procedure as the

decell group. Finally, all samples were lyophilized and stored for subsequent analyses.

Protein extraction

All samples (n=5 per group) were processed following the protocol established by
Ouni et al. (2022). Briefly, each sample was transferred to an empty 2mL FastPrep®
Lysing matrix tube (MP Biomedicals) and covered with 100 pL lysing buffer containing 0.2
% RapiGest SF (Water Corp, Milford, MA, USA), 300 mM NacCl, 25 mM HEPES, 0.25 mM
sodium orthovanadate, 50 mM NaF, 0.25 mM PMSF, 1X halts protease inhibitor cocktail
(Thermo Scientific, San Jose, CA, USA) and 5 mM EDTA. Mechanical lysis was performed
using 0.3 mm-diameter stainless steel beads (Full Moon, BioSystems, Sunnyvale, CA, USA)
with homogenization carried out at 4 °C with Precellys Evolution (Bertin Technologies,
Montighny-le-Breton-neux, France). The homogenate was eluted with the needle
technique following by centrifugation at 3000 g for 5 min at 4 °C. The resulting eluate was
then subjected to another round of centrifugation at 16,000 g for 30 min at 4 °C to recover
the supernatant. Total protein content of this fraction was quantified using the Pierce™

BCA Protein Assay Kit (23225, Thermo Scientific).

Peptide extraction

A total of 100 pg of total supernatant proteins was reduced with 5 mM 1,4-
Dithiothreitol (DTT), incubated for 30 min at 56 °C and then alkylated with 25 mM
chloroacetamide for 25 min at room temperature in the dark. Then, the proteins were
precipitated using methanol-chloroform, resuspended in 50 mM TEAB (pH 8), and
subjected to digestion using Lys-C/Trypsin (V507A, Thermo Scientific) at the enzyme-to-
substrate ratio of 1:25 [wt/wt] overnight at 37 °C. The resulting mixture was then
centrifuged at 16,000 g for 10 min at 4 °C. The recovered peptides were quantified using

the Pierce™ Quantitative Colorimetric Peptide Assay (23275, Thermo Scientific).
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Liquid chromatography -tandem-mass-spectrometry (LC-MS/MS)

One ug of peptides dissolved in solvent A (0.1% TFA in 2% ACN) was directly
loaded onto a reversed-phase pre-column (Acclaim PepMap 100, Thermo Scientific) and
eluted in backflush mode. Peptide separation was achieved using a reversed-phase
analytical column (Acclaim PepMap RSLC, 0.075 x 250 mm, Thermo Scientific) with a 140
min linear gradient of 4%-32% solvent B (0.1% TFA in 80% ACN) for 99 min, 32%-60%
solvent B for 10 min, 60%-95% for 1 min and holding at 95% for the last 10 min at a
constant flow rate of 300 nL,/min on an Ultimate 3000 RSLN nanoHPLC system (Thermo
Scientific). The peptides were analyzed by an Orbitrap Fusion Lumos tribrid mass
spectrometer (Thermo Fisher Scientific) with enabled advanced peak determination
(APD) and relative quantification either by MS2 or SPS MS3. The peptides were subjected
to a nanospray ionization source, followed by MS/MS in the Fusion Lumos coupled online
to the UPLC. Intact peptides were detected in the Orbitrap at a resolution of 120,000 with
a scan range m/z from 375 to 1500 and an AGC target of 4x105, maximum injection time
was set to 50 ms. A data-dependent procedure of MS/MS scans was applied for the top
precursor ions above a threshold ion count of 5.0 x 103 in the MS survey scan with 60 s
dynamic exclusion. The total cycle time was set to 3 s. For MS2 quantification of the TMT
reporter ions, MS/MS spectra were acquired in the Orbitrap at a resolution of 50,000 after
HCD fragmentation at 35% with an AGC target of 1 x 105 ions and a maximum injection
time of 120 ms. For MS3 quantification, MS/MS spectra were first acquired in the lon Trap
after CID fragmentation at 30%, 10 precursors were synchronously selected (SPS MS3) for
HCD fragmentation at 55%, and the MS3 spectra was acquired in the Orbitrap at a
resolution of 50,000 with an AGC of 2 x 105 and a maximum injection time of 120 ms. MS/
MS spectra was exported using the following settings: peptide mass range: 350-5000 Da,

minimal total ion intensity: 500.

Proteomic data and statistical analysis

All proteins identified with = 2 unique peptides were compared with the human in-

silico matrisome (http://matrisomeproject.mit.edu/). These proteins were characterized

according to Naba et al. (2012, 2016) based on core-matrisome proteins, including ECM
glycoproteins, collagens and proteoglycans, as well as matrisome-associated proteins,

such as ECM-affiliated proteins, ECM regulators and secreted factors, using the Matrisome
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Annotator (http://matrisomeproject.mit.edu/analytical-tools/matrisome-annotator/).
Bioinformatic analysis was performed using JMP® Pro 16 Statistical Software and

WebGestalt online (htt://WebGestalt.org)., and statistical analysis, including Pearson’s

correlation analysis and Student’s t-distribution (p < 0.05), was conducted using
GraphPad Prism® 9 Statistical Software to quantify and compare the proteins between
both groups and each quantified protein. A comprehensive protocol is illustrated on

Figure 16.

Decell group decellularization ECM
il
Protein Peptide
ovarian cortex ﬂ extraction extraction LC-MS/MS
Bovine ovarian
Control group native ECM

analyls
Figure 16. Schematization of the decellularization process and proteomic analysis. Bovine
ovarian cortex samples were divided into two groups: the control group (without
decellularization process) and the decell group (exposed to the decellularization process).
The proteins present in each sample were reduced to peptides and subsequently analyzed
using liquid chromatography - tandem mass spectrometry, enabling the detection of the
components of the extracellular matrix in the bovine ovarian cortex. Finally, each of the
components was identified and analyzed statistically and bioinformatically. ECM =

extracellular matrix; LC-MS/MS = Liquid chromatography - tandem mass spectrometry.

Histological and Immunohistochemical analysis

Histological analysis was conducted on both control and decell group samples
(n=5 per group). Samples were fixed in 4% paraformaldehyde, dehydrated, embedded in
paraffin, and cut into 5 um-thick sections. Sections from each sample was stained with
hematoxylin-eosin (Sigma, Hannover, Germany), Masson’s trichrome (Goldner,1938) and
Alcian blue satin (pH 2.5) staining (Hayat, 1993) in order to assess the general appearance
of the ovarian ECM, the content of collagen fibers and carboxylated and sulfated

glycosaminoglycans, respectively.
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Additional sections were used for immunohistochemical analyses. Sections were
deparaffinized with Histosafe (Yvsolab SA, Beerse, Belgium) and rehydrated in alcohol.
Endogenous peroxidase was blocked with 3% H:0, epitope unmasking with 0.01 M
citrate buffer (0.019 M citric acid, 0.082 M sodium citrate dihydrate, and 20% TritonX100,
pH 6,) at 96°C for 75 min. Nonspecific reactions were blocked with 10% normal goat

serum (NGS) and 1 % bovine serum albumin (BSA) for 30 min.

Primary rabbit antibodies used in this study included collagen type VI alpha 3
(1/100 dilution, PA549914, ThermoFisher), EMILIN1 (1/100 dilution, HPA002822, Sigma-
Aldrich), fibrilinl (1/100 dilution, HPA017759, Sigma-Aldrich) and elastin (1/100
dilution, PA599418, ThermoFisher). These antibodies were diluted in TBS containing 1%
NGS and 0.1% BSA, and the slides were incubated with the primary antibodies overnight
at 4 °C. The secondary antibodies were horseradish peroxidase (HRP)-conjugated anti-
rabbit (K003, EnVision™+, Dako) for 1 h at room temperature. After, the slides were
treated with 3,3’-diaminobenzidine (DAB) substrate chromogen system (K3468,
EnVision™4+, Dako) for 15 min, followed by counterstaining with hematoxylin. Slides were
mounted with DPX mounting medium. Positive controls consisting of human ovarian
tissue were utilized, while negative controls were prepared without the addition of the

primary antibodies.

Results

Quantification of proteins

The quantification of soluble proteins was determined to be 3.5 + 0.3 ug/uL (mean
% SD) in the control group (n = 5), and 2.1 * 0.2 pg/pL (mean * SD) in the decell group (n =
5). These results demonstrate a statistically significant difference (p < 0.05) between the

two groups (Fig. 17).
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Figure 17. Quantification of soluble proteins in the control group and decell group.

Student’s t-distribution was applied to compare both groups (mean * SD, **** p < 0.0001).

Total ovarian proteome analysis

A total of 3311 proteins were detected with a false discovery rate (FDR) below 5%.
Among them, 2195 proteins were identified based on a minimum score of = 2 unique
peptides. These proteins were then compared with a curated in-silico protein set of the
human matrisome obtained from the Matrisome Project

(http://matrisomeproject.mit.edu/), resulting in the identification of 155 matches. The

pool of matrisome proteins identified was further characterized for the control and decell
groups. In the control group, a total of 155 matrisome proteins were found, consisting of
87 core-matrisome proteins. Among the core-matrisome proteins, 37.42% were ECM
glycoproteins, 11.60% were collagens, and 7.10% were proteoglycans. Additionally, 68
matrisome-associated proteins were identified in the control group, including 21.29%
ECM regulators, 17.42% ECM-affiliated proteins, and 5.16% secreted factors (Table 8). In
the decell group, a total of 145 matrisome proteins were identified, comprising 84 core-
matrisome proteins. Among the core-matrisome proteins, 37.93% were ECM
glycoproteins, 12.41% were collagens, and 7.59% were proteoglycans. Furthermore, 61
matrisome-associated proteins were found in the decell group, which included 21.38%

ECM regulators, 16.55 % ECM-affiliated proteins, and 4.14% secreted factors (Table 8).
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Table 8. Matrisome protein categories in the control and the decell groups.

Core-matrisome Matrisome-associated
ECM-

ECM ECM Secreted
Group Collagens Proteoglycans affiliated Total

glycoproteins regulators factors

proteins

Control 58 18 11 33 27 8 155

(37.42%) (11.61%) (7.10%) (21.29%) (17.42%) (5.16%)
Decell 55 18 11 31 24 6 145

(37.93%) (12.41%) (7.59%) (21.38%) (16.55%) (4.14%)

Ovarian ECM Proteome Map of the control group and decell group

The matrisome composition is shown in Figure 18 to 23. Each identified protein
was subjected to statistic comparison (p < 0.05) between the control group and the decell
group based on the abundance (log10 [mean of each group]) and corresponding peptide
spectrum matches (PSM). Following decellularization, ten proteins were found to be
absent. These included three ECM glycoprotein proteins (SPARC, homologous peroxidasin,
and multimerin 2), one ECM regulator protein (procollagen-lysine,2-oxoglutarate 5-
dioxygenase 3), three ECM-affiliated protein proteins (glypican 1, plexin A4 and plexin B1)
and two secreted factors (angiopoietin-like 2 and angiopoietin-4). However, the number of

collagen and proteoglycan proteins remained the same in both groups.
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Figure 18. Ovarian matrisome of glycoproteins were identified in the control group (blue) and decell group (red) and quantified (mean *SD).
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Student’s t-distribution (*p < 0.05, **p < 0.01, ***p < 0.001, *** p < 0.0001) was made for each protein.
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Figure 19. Ovarian matrisome of collagens were identified in the control group (blue) and decell group (red) and quantified (mean *SD). Student’s t-
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distribution (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001) was made for each protein.
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8  Figure 20. Ovarian matrisome of proteoglycans were identified in the control group (blue) and decell group (red) and quantified (mean =SD).

9  Student’s t-distribution (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001) was made for each protein.
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Figure 21. Ovarian matrisome of ECM regulators were identified in the control group (blue) and decell group (red) and quantified (mean *SD).
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Student’s t-distribution (*p < 0.05, **p < 0.01, ***p < 0.001, *** p < 0.0001) was made for each protein.
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Figure 22. Ovarian matrisome of ECM-affiliated proteins were identified in the control group (blue) and decell group (red) and quantified (mean

+SD). Student’s t-distribution (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001) was made for each protein.
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Figure 23. Ovarian matrisome of secreted factors were identified in the control group (blue) and decell group (red) and quantified (mean +SD).

Student’s t-distribution (*p < 0.05, **p < 0.01, ***p < 0.001, *** p < 0.0001) was made for each protein.

92



Top 58 detected proteins

The identification of the most abundant proteins in both the control group and
decell group was based on the number of PSM (Fig. 24). The most abundant proteins
observed were type VI collagen, heparan sulfate proteoglycan 2, the ECM glycoprotein
Tenascin XV, the ECM-affiliated protein annexin A2 and the ECM regulator serpin H1.

Gene ontology analysis of Ovarian ECM Proteome of the control group and

decell group

All gene symbols of each protein identified the control and decell groups
(mentioned above) were analyzed WebGestalt online (htt://WebGestalt.org). The
following criteria were selected: Bos taurus as the organism of interest and Over-
representation analysis (ORA) as the method of interest. The result was the division of
proteins into 12 biological processes (Fig. 25a),19 cellular components (Fig. 25b), and 13

molecular functions (Fig. 25c).

Histological and Immunohistochemical Analyses

Histological and histochemistry evaluations showed the preservation of the
general morphology of ECM and the two most important groups of ECM proteins (collagen
and glycoproteins) after decellularization of the bovine ovarian ECM (Fig. 26).
Furthermore, immunohistochemistry analysis showed the preservation of specific
proteins after decellularization: type VI alpha 3 collagen, a significant member of the
collagen group, as well as emilin-1, fibrillin-1, and elastin, which are ECM glycoproteins

(Fig. 27), confirming the proteomics results.
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Figure 24. Top 58 most abundant proteins. All samples of the control group (blue) and decell group (red) were organized based on their peptide

spectrum matches.
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Masson’s trichrome Hematoxylin-eosin
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Figure 26. Histological staining in the control group and decell group. (a,b) Hematoxylin-
eosin, showing the general morphology of ECM, while (c,d) Masson'’s trichrome, showing
the collagen fibers (green) in both groups, demonstrating their conservation post
decellularization. (e,f). Alcian blue (pH 2.5), showing proteoglycans (blue) in both groups

and showed their conservation post decellularization. Scale bars = 200um.
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Figure 27. Immunohistochemical staining in control group and decell group. (a,b) Type VI
alpha 3 collagen was selected as the most important proteins identified of the collagen
group, and to confirm the proteomics result. (c,d) Emilin-1, (e,f) Fibrilin-1 and elastin
(gh), components of the ECM-glycoproteins, were selected to confirm the proteomics

result. Scale bars = 200um.
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Discussion

The present study described for the first time the extracellular matrix proteins
from the bovine ovarian cortex. This matrisome profile was used to further analyze a
method recently described for the decellularization of bovine ovarian cortex using a
minimum SDS concentration and incubation period (Capitulo 1). Previously, we
demonstrated that this optimized decellularization protocol using 0.1% SDS with 0.02M
NaOH for 12 h incubation period, effectively removed cellular components while
preserving the structural integrity of the ovarian tissue. In the present study, we report
that this gentle decellularization protocol retained approximately 93.5% of the matrisome

proteins, showcasing its efficacy and potential for tissue engineering applications.

Other decellularization protocols described for the ovary and/or ovarian tissue
commonly use morphological and colorimetric analysis to assess the integrity of the ECM
post-decellularization. The morphological evaluation typically includes (1) classical
histology with hematoxylin and eosin staining (for general appearance), Mallory or
Masson's trichrome staining (both for collagen visualization), alcian blue staining (for
glycosaminoglycans detection), Verhoeff Van Gieson staining (for elastin visualization),
among others; (2) immunohistochemistry to observe specific ECM proteins, for example,
collagen types I, III, and IV, fibronectin and laminin; and (3) scanning electron microscopy
to provide high-resolution images of the ECM’s structural characteristics (Liu et al.,, 2017;
Hassanpour et al., 2018; Alshaikh et al., 2019; Buckenmeyer et al.,, 2020; Pennarossa et al.,
2020). Moreover, colorimetric methods have been the most widely used to determine the
total protein content and the main components of the ECM, such as glycosaminoglycans
and collagen (Alshaikh et al, 2019; Eivazkhani et al, 2019; Liu et al, 2017). These
colorimetric techniques enable the quantitative evaluation of certain ECM constituents
after the decellularization process. However, it is important to note that while the
colorimetric methods allow for overall quantification, they do not provide identification of
individual proteins. While the morphological methods allow the identification and

localization of some ECM components, but not a reliable quantification.

For example, Alshaikh et al. (2019) described that protein levels were significantly
reduced from 109.4 = 11.5 pg protein/2 ovaries in native ovaries to 3.6 * 2.4 ug protein/2
ovaries in decellularized mice ovaries using 0.5% SDS for 10 hours followed by 40 Ul/mL
DNase I for 30 minutes. Similarly, glycoprotein levels were significantly reduced from 85.1
+ 12.5 pg/mg dry weight in native ovarian tissues to 44.4 + 17.8 pg/mg dry weight in

decellularized porcine ovarian tissues after decellularization with 1% Triton X-100 for 9
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hours, 0.5% SDS for 3 hours, and 200 U/mL DNase I at 37°C for 12 hours (Liu et al.,, 2017).
Additionally, collagen levels were significantly reduced in human ovaries after a
decellularization protocol using 1% SDS overnight with RNase/DNase (Eivazkhani et al,
2019). However, none of these works thoroughly analyzed the effect of decellularization

on the ovarian ECM, especially quantitatively for each component of the ovarian ECM.

In our work, we analyzed the bovine ovarian cortex before and after
decellularization with 0.1% SDS and 0.02M NaOH using LC-MS/MS. We identified 155 ECM
proteins before decellularization and 145 ECM proteins after decellularization. Although
there is a statistical difference in some proteins, we only completely lost 10 ECM proteins
after decellularization. From those lost proteins, 3 belonged to the core-matrisome
category and 7 to the matrisome-associated proteins (according to Naba et al, 2012,

2016), and none of them belonged to the reproductive biological process category.

The proteins lost after the decellularization process play molecular functions
related to ion binding, protein binding, transferase activity, carbohydrate binding, and
hydrolase activity. One example of these proteins is procollagen-lysine,2-oxoglutarate 5-
dioxygenase 3, which plays a crucial role in collagen synthesis in the ECM. This protein
encodes the enzyme lysyl hydroxylase, which catalyzes the hydroxylation of
hydroxyproline, allowing the formation of procollagen before its final conversion into
collagen (Qi and Xu, 2018). Another relevant example is plexin-A4 and B1, which act as
transmembrane receptors for signaling proteins of the semaphorin family. Both proteins
form complexes that play a role in signal transduction, angiogenesis, and immune

response (Kigel et al., 2011; Takamatsu and Kumanogoh, 2012).

The proteins that presented a decrease of 250% in their abundance after the
decellularization process exhibit diverse molecular functions. These functions include:
collagen binding, extracellular matrix structural constituent, glycosaminoglycan binding,
calcium ion binding, and hydrolase activity. Of particular relevance is the role played by
latent transforming growth factor beta binding protein 4 and adiponectin, both ECM
glycoproteins, and serpin peptidase inhibitor clade E member 2, an ECM regulator in

steroidogenesis and folliculogenesis (UniProtKB).

In general, the identification of ECM proteins highlights a dynamic interaction
mediated by biochemical signals between the ovarian follicle and the ovarian ECM. This
interaction is essential for the recruitment and follicular dominance phase, as well as for
oocyte maturation and the production of the required sex hormones to carry out these

processes. Furthermore, it has been observed that the interaction between both ovarian
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components is also necessary for new blood vessel formation in the ECM and constant
ECM remodeling. However, it is important to note that the decrease in abundance and loss
of some proteins from ECM after the decellularization process may not significantly affect
the various processes occurring during folliculogenesis and steroidogenesis, because the
functions of ECM are not exclusively carried out by a single protein, instead several
proteins play similar roles. Nevertheless, it is not clear how the slight modification of the
ECM composition after the decellularization process will affect its functions. What we do
know is that our decellularization method is quite conservative, providing a dECM that

closely resembles the native ECM.

Besides comparing the matrisome composition before and after decellularization,
our study delved into the biological and molecular functions of the ECM proteins, although
the specific functions of each protein in the ovary remain to be elucidated. Prior
investigations have described the matrisome composition in the native human ovarian
cortex (Ouni et al., 2019,2022) and the decellularized porcine ovary (Henning et al., 2019).
However, our research represents the first characterization of the matrisome in both
native and decellularized bovine ovarian cortex. The total number of matrisome proteins
identified in our work, both in the native and dECM ovarian cortex, was greater than that
described for the matrisome of the native human ovarian cortex (120 proteins - Ouni et al.,
2022), and the decellularized porcine ovary (82 proteins - Henning et al., 2019). The
matrisome proteins are classified into two main categories: core-matrisome proteins and
matrisome-associated proteins. Core-matrisome proteins encompass ECM glycoproteins,

collagens, and proteoglycans, as previously established (Naba et al.,, 2012, 2016).

Glycoproteins constituted the highest proportion of core-matrisome proteins in
the human ovarian cortex (28 glycoproteins - Ouni et al, 2019) and porcine dECM (36
glycoproteins - Henning et al.,, 2019), which is consistent with our findings. However, we
identified a greater number of glycoproteins in both native (58 glycoproteins) and
decellularized (55 glycoproteins) bovine ovarian cortex in comparison with those studies.
For instance, tenascin C, which is involved in the process of tissue remodeling and the
regulation of cell migration (UniProtKB), specifically supresses estradiol secretion from
granulosa cells and androstenedione secretion from theca cells in the ovary (Samir et al.,
2015). In addition, laminin subunit gamma 3 and matrix Gla protein, which play a role in
cell differentiation (UniProtKB). Notably, the most abundant glycoprotein in bovine
ovarian cortex is tenascin XB, in contrast to fibrillin-1 in the human ovarian cortex (Ouni et

al, 2019).
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The second most abundant group of proteins in the core-matrisome of the ovarian
cortex consists of different types of collagens. While previous studies identified 16 types of
collagens in human ovarian cortex matrisome (Ouni et al., 2020,2022) and 11 types in
decellularized porcine ovary (Henning et al, 2019), we identified 18 different types of
collagens in bovine ovarian cortex. Remarkably, we identified three novel collagen types
(type 1V, alpha 3 collagen (COL4A3), type 1V, alpha 6 collagen (COL4A6), and type V, alpha
3 collagen (COL5A3)) within the matrisome that had not been previously reported in
other ovarian matrisomes. These collagens unwrap the organizing function of the ECM
(UniProtKB). Moreover, COL4A3 also unwraps the function of cell signaling, namely
through the collagen-activated tyrosine kinase receptor signaling pathway necessary for
transcription, and COL5A3 unwraps the function of cell attachment to the ECM via
adhesion molecules (UniProtKB). Furthermore, the most abundant collagen in the bovine
ovarian cortex was type VI alpha 3 collagen (COL6A3), consistent with human ovarian

cortex (Ouni et al., 2019).

Finally, the lowest percentage of proteins identified in the core-matrisome are
proteoglycans. Previous studies reported the identification of 8 types of proteoglycans
(Ouni et al, 2020; Henning et al, 2019), whereas we identified 11 different types of
proteoglycans. Among these, asporin (ASPN), hyaluronan and proteoglycan link protein 3
(HAPLN3) were novel findings in the ovarian matrisome. ASPN negatively regulates the
transforming growth factor beta receptor signaling pathway (UniProtKB) and is
implicated in fibrosis regulation (Yan et al, 2022), while HAPLN3 is involved in cell
adhesion (UniProtKB). Furthermore, the most abundant proteoglycan in the bovine
ovarian cortex was heparan sulfate proteoglycan 2, consistent with human ovarian cortex

(Ounietal, 2019).

Matrisome-associated proteins are classified as ECM-affiliated proteins, ECM
regulators, and secreted factors (Naba et al., 2012, 2016), but their precise classification
and study are ongoing. Previous studies reported the identification of 47 matrisome-
associated proteins in the human ovarian cortex (Ouni et al., 2020) and 32 proteins in
decellularized porcine ovary (Henning et al., 2019). However, our study yielded 68 in the
native bovine ovarian cortex and 61 proteins in its decellularized version. Additionally, we
discovered novel matrisome-associated proteins that had not been previously described.
For example, 72 kDa type IV collagenase is involved in ECM remodeling function and is
associated with ovarian cancer metastasis (Planaguma et al., 2011; Jia et al., 2017). C-type
lectin domain containing 11A stimulates female germ line cell proliferation (Li et al.,

2022), and frizzled-related protein activates primordial follicle granulosa cells (Emmalee
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et al., 2022). Similar to the human ovarian cortex (Ouni et al., 2019), annexin A2 was
identified as the most abundant ECM-affiliated protein in the bovine ovarian cortex.
Moreover, the most abundant proteins in the categories of ECM regulators and secretory
factors in the bovine ovarian cortex were serpin family H member 1 and protein S100-
A16, respectively, contrasting with osteoglycin and protein S100-A11 in human ovarian

cortex.

To the best of our knowledge, this study represents the first comprehensive
characterization and comparison of ECM proteins in the native and decellularized bovine
ovarian cortex. These findings contribute to a better understanding of the roles played by
ECM proteins in folliculogenesis and steroidogenesis in the cow ovary. Furthermore, the
results of this research proved that our decellularization method is quite conservative,
providing a dECM very similar to the native ECM. Based on these encouraging findings, it
can be concluded that the bovine ovarian dECM holds potential for utilization in the

development of an ovarian tissue engineering approach for women.
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VII. CONCLUSAO FINAL E PERSPECTIVAS FUTURAS

Neste trabalho, desenvolvemos um protocolo eficaz de descelularizacio para cértex
ovariano bovino. Utilizando uma solucdo de 0,1% de SDS com 0,01M de NaOH, com um
tempo de incubag¢do de 12 horas. Desta forma, conseguimos obter uma dMEC que preserva
a morfologia da MEC nativa apo6s a descelularizacdo. Além disso, demonstramos que a
dMEC gerada ndo apresenta toxicidade para células estromais ovarianas humanas, o que
reforca sua potencial aplicagio como matriz para um OAT. A confirmacdo da conservacio
de 93,5% das proteinas da MEC nativa ao aplicar nosso protocolo de descelularizagao,
juntamente com a identificamos 155 proteinas na MEC nativa e 145 proteinas na MEC
descelularizada, refor¢ca ainda mais o potencial de nossa dMEC como matriz na area da
bioengenheira reprodutiva. Além disso, a classificacdo dessas proteinas e a identificacio
de suas fungdes ratificaram o papel dindmico das proteinas da MEC ovariana nas diversas
fungbes do ovario, que vao além de sua fun¢do de suporte tecidual. Esses resultados
contribuem para o avan¢o do conhecimento na area e podem ter implicacdes importantes

na bioengenheira reprodutiva.

Assim, podemos dizer que o método de descelularizacdo de tecido ovariano aqui
apresentado é suave e conservador, podendo ser vantajoso para o desenvolvimento de um
OAT. Além disso, este trabalho traz pela primeira vez a descricdo do matrisome do tecido
ovariano bovino, que ndo havia sido descrito ainda. Esta informac¢do pode contribuir com
um melhor entendimento das fun¢des da MEC do ovario e suas fun¢des na foliculogénese e
esteroidogénese. Além disso, com base nos resultados obtidos, a dMEC de ovario bovino
apresenta potencial para ser utilizada em um OAT para humanos, visto que possui

semelhancas na composic¢do proteica.
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