UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE
PORTO ALEGRE - UFCSPA
PROGRAMA DE POS-GRADUACAO EM CIENCIAS DA
SAUDE

Liliana Ivet Sous Naasani

Analise da eficacia da membrana
amniotica humana como curativo
biologico e da sinalizacao purinérgica
na regeneracao tecidual

Porto Alegre
2022



Liliana Ivet Sous Naasani

Analise da eficacia da membrana amniotica
humana como curativo biologico e da
sinalizacdo purinérgica na regeneraciao

tecidual

Tese submetida  ao Programa  de
P6s-Graduacdo em Ciéncias da Saude da
Universidade Federal de Ciéncias da Saude de
Porto Alegre como requisito para a obtengdo

do grau de Doutora

Orientadora: Dra. Marcia Rosangela Wink

Porto Alegre

2022



Catalogacgao na Publicagéo

Sous Naasani, Liliana Ivet

Andlise da eficdcia da membrana amniética humana como
curativo biolégico e da sinalizagdo purinérgica na
regeneragdo tecidual / Liliana Ivet Sous Naasani. --
2022.

160 p. : il., graf., tab. ; 30 cm.

Tese (doutorado) -- Universidade Federal de Ciéncias
da Satde de Porto Alegre, Programa de Pés-Graduagao em
Ciéncias da Satide, 2022.

Orientador(a): Marcia Rosangela Wink.

1. Membrana amniética humana descelularizada. 2.
Células estromais mesenquimais. 3. Queimaduras. 4.
Substitutos de pele. 5. Sinalizagdo purinérgica. I.
Titulo.

Sistema de Geragéo de Ficha Catalografica da UFCSPA com os dados
fornecidos pelo(a) autor(a).




INSTITUICOES E FONTES FINANCIADORAS

Instituicdes:
Universidade Federal de Ciéncias da Satide de Porto Alegre (UFCSPA), Porto Alegre, RS,

Brasil

Laboratério de Biologia Celular da UFCSPA, Departamento de Ciéncias Bésicas da Saude,
Porto Alegre, RS, Brasil

Banco de tecidos Humanos-Pele Dr. Roberto Corréa Chem, Hospital Irmandade da Santa

Casa de Misericordia de Porto Alegre, ISCMPA, Porto Alegre, RS, Brasil

Instituto de Fisica, Universidade Federal do Rio Grande do Sul, UFRGS, Porto Alegre, RS,

Brasil

Laboratério de Patologia da UFCSPA, Porto Alegre, RS, Brasil

Centre de recherche du CHU de Québec-Université¢ Laval, Québec City, Canada

Groupe de recherche sur la cicatrisation et la fibrose tissulaire, Département de chirurgie,
Faculté de Médecine, Université Laval, Québec, Canada

Département de Microbiologie-Infectiologie et d’Immunologie, Facult¢ de Meédecine,

Université Laval, Québec, Canada

Fontes financiadoras:
Coordenagdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES)
Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq)

Fundagao de Amparo a Pesquisa do Estado do Rio Grande do Sul (FAPERGS)
FAPERGS/CAPES - Programa de Internacionalizacdo da pés-graduacio no RS
FAPERGS/MS/CNPq/SESRS - Programa Pesquisa Para o SUS (PPSUS)

O Ministério da Saude - MS, por intermédio do Departamento de Ciéncia e Tecnologia -
Decit, Departamento de Gestdo e Incorporacdo de Tecnologias e Inovacdo em Saude -
DGITIS e da Coordenagao - Geral do Complexo Industrial da Saude - CGCIS da Secretaria de
Ciéncia, Tecnologia, Inova¢do e Insumos Estratégicos em Saude SCTIE, e o Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico - CNPq - Plataformas Inovadoras
em Terapias Avancadas

Natural Sciences and Engineering Research Council of Canada

Quebec Cell, Tissue and Gene Therapy Network (ThéCell), Canada



&

REPUBLIC.&_FEDERATIV.A DO BRASIL
MINISTERIO DA EDUCAGAO

UFCSPA

UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE

PROGRAMA DE POS-GRADUACAO EM CIENCIAS DA SAUDE

ATA n° 1140 - 2022

De acordo com o estabelecido previamente pela Comissio Coordenadora do
Curso de Pés-Graduagdo em Ciéncias da Satide da Universidade Federal de Ciéncias da
Satde de Porto Alegre, realizou-se aos vinte e um dias do més de margo de 2022, das
quatorze horas até as dezoito horas, na modalidade remota, via Google Meet
(meet.google.com/qhg-ndsb-wbf), a defesa da Tese de Doutorado da aluna Liliana Ivet
Sous Naasani orientada pela professora Marcia Rosdngela Wink no Programa de Pos-
graduacdo em Ciéncias da Satide da UFCSPA. O trabalho defendido intitula-se “Analise
da eficicia da membrana amnidtica humana como curativo biolégico e da
sinalizacdo purinérgica na regeneragio tecidual”. A Banca Examinadora foi composta
pelos professores Eliane Dallegrave (UFCSPA), Tanira Alessandra Silveira Aguirre
(UFCSPA), Renan Rangel Bonamigo (UFRGS) e Fabricio Figueird (UFRGS). Apds a
abertura da sessdo a aluna disp6s de 60 minutos para expor seu trabalho. Ao término da
apresentagdo, foi realizada a arguigdo da aluna pelos membros da banca examinadora.
Cada examinador teve até 30 minutos para sua arguicéo, tendo a aluna igual tempo para
resposta. Ao término da Sessédo foi proferido pela Profa. Dra. Eliane Dallegrave, o parecer
conjunto da Banca que deliberou pela aprovacio da aluna com “louvor académico”.
Assim sendo, apds a homologacdo da Tese de Doutorado, a aluna recebera o titulo de
Doutora em Ciéncias da Saude: Biologia Celular e Molecular. Nada mais havendo a tratar,
foiencerrada a sessdo e lavrada a presente ata, que sera assinada pela orientadora da aluna
e pela Coordenagéo do Programa.

Porto Alegre, 21 de marco de 2022.

g /. ) )
AJava  "Kessmo o uipin
A ] . ] ,

Prof. Pedro Roosevelt Torres Roméo Profa. Marcia Roséngela Wink
Coordenador Orientadora

Rua Sarmento Leite, 245 » Porto Alegre, RS + CEP 90050-170 = Fone: 0 xx 51 3303 9000 = Fax: 0 xx 51 3303.8810 » www.ufcspa.edu.br



Aos meus pais, Marlene e José,
e a todos os que me ajudaram a
ir atras dos meus sonhos.



AGRADECIMENTOS

Agradeco a minha orientadora, Marcia Wink, por ter me recebido no Brasil com os bracos
abertos e por ter me guiado com tanta sabedoria neste caminho tdo desafiador. Serei sempre
grata!

Ao meu team membrana, Luiza, Carla e Thais, equipe fundamental para o desenvolvimento
do modelo in vivo.

A UFCSPA, professores, alunos, técnicos e funcionarios que de alguma forma contribuiram
no meu trabalho e crescimento académico.

A equipe da Santa Casa da Misericordia do Banco de Pele e Banco de Coérnea por
disponibilizar as amostras de tecido, sem as quais ndo seria possivel esta pesquisa.

As fontes financiadoras, CAPES, CNPq, FAPERGS-PPSUS, FAPERGS-Programa de
Internacionalizacdo da pos-graduacao, fundamental para o desenvolvimento de pesquisa e de

novas terapias que serdo refletidas na sociedade.

Ao Laboratdrio de Patologia da UFCSPA, pela ajuda nas analises das peles, em especial ao
Giuliano e a Terezinha.

A equipe do Biotério da UFCSPA Clarissa, Dona Zelma, Joana e Fernanda

Ao Dr. Neil Grant Venter que gentilmente nos cedeu o aparelho usado para realizar o modelo
de queimadura.

A professora Eliane pela ajuda na 4rea veterinaria e orientagdes na elaboragdo dos curativos
nos animais.

A professora Véronique que me abriu as portas do seu laboratorio em Quebec.

Aos colegas do centro de pesquisa CHU de Québec, pelo acolhimento nessa jornada, Israél,
Guillaume, Emilie, Luciola, Angela, Cindy, Syrine e Sébastien.

Aos colegas do Laboratorio de Biologia Celular, Sami, lago, Rafa, Cristiano, Jéssica,
Estefany, [sadora, Bruna, Ana, Raquel, Bele, Laura, Walquiria, Giselle, Dominique, vocés sao
maravilhosos.

A Camile, Tania, Carlos, Crissiane e Anderson pelo apoio e carinho.

Aos meus pais, Marlene e José, irmds, Diana e Jenny, Sobrinhas Sofia e Lucia e cunhado
Miguel, obrigada por tanto, pelo apoio, pela espera.

Obrigada a todas as pessoas que me fizeram sentir em casa, estdo no meu coragao.



LISTA DE FIGURAS E TABELAS

Figura 1. Histologia da pele humana
Figura 2. Progressao da cicatrizacdo de feridas agudas na pele

Figura 3. Abordagens potenciais para diminuir a formagao de cicatrizes e melhorar a

regeneragdo da pele

Figura 4. Substitutos dermo-epidérmicos de pele

Figura 5. Analise macroscépica e histologica do substituto de pele auto-montado
(SASS) produzido in vitro

Figura 6. Elaboracao do substitutos de pele auto-montado (SASS)
Figura 7. Membranas placentarias humanas
Figura 8. Vantagens das células estromais mesenquimais para uso clinico

Figura 9. Representagdo esquematica da sinaliza¢do purinérgica

Tabela I. Aplicacdo de compostos de membrana amnidtica humana e produtos
comerciais

15

17

21

22

23
24
25
28
31

27



LISTA DE ABREVIATURAS

AD-MSCs: células estromais mesenquimais isoladas de tecido adiposo (adipose derived
mesenchymal stromal cells)

ADP: adenosina difosfato

ADO: adenosina

AMP: adenosina monofosfato

ATP: adenosina trifosfato

CD: cluster de diferenciacao

CD73: ecto-5'-nucleotidase

hAM: membrana amnidtica humana (human amniotic membrane)
HE: hematoxilina-eosina

L-MSCs: células estromais mesenquimais do limbo (limbal mesenchymal stromal cells)
MHC: complexo principal de histocompatibilidade (major histocompatibility complex)
MSCs: células estromais mesenquimais (mesenchymal stromal cells)

NTPDase: ectonucleosido trifosfato difosfono-hidrolase

NPP: nucleotideo pirofosfatase/fosfodiesterase
P1: receptores purinérgicos (adenosina)
P2X: receptores purinérgicos ionotropicos

P2Y: receptores purinérgicos metabotropicos
SASS: substitutos de pele auto-montados (Self Assembled Skin Substitute)

UTP: uridina trifosfato

UDP: uridina difosfato



RESUMO

O tratamento de queimaduras profundas ainda ¢ um desafio na area da medicina regenerativa.
A membrana amnio6tica humana (hAM) ¢ um biomaterial que vem sendo cada vez mais
explorado pelo campo da engenharia de tecidos. A fim de promover a regeneracdo de lesdes
teciduais, as células estromais mesenquimais (MSCs), podem ser transplantadas na area da
lesdo em um suporte (scaffold) que mantenha seu potencial teraputico. Além de uma série de
fatores bioativos, as MSCs liberam altas concentragdes de adenosina (ADO), o que pode estar
relacionado com a alta expressdo de ecto-5'-nucleotidase (CD73), cuja principal fungdo ¢
converter ATP extracelular em adenosina imunossupressora, em conjunto com a NTPDasel
(CD39). Essas enzimas sao ferramentas poderosas para controlar os efeitos mediados por
purinas e pirimidinas extracelulares; no entanto, o papel dos componentes da sinalizagao
purinérgica na regeneracdo tecidual ¢ pouco compreendido. Neste trabalho avaliamos a
seguranga ¢ eficicia da membrana amnidtica humana como um curativo biologico, na
presenga ou auséncia de células estromais mesenquimais através de modelos in vitro e in vivo
e estudamos o papel da sinalizagdo purinérgica como uma das vias responsaveis pela
regeneragdo tecidual. Foi feita a caracterizacdo fisica e histologica da membrana amnidtica
humana descelularizada (DhAM) na presenca de células estromais mesenquimais derivadas
de tecido adiposo (AD-MSCs), assim como a comparagdo do potencial da DhAM e de um
substituto comercial como scaffolds para o cultivo de células estromais mesenquimais
isoladas do limbo esclerocorneal (L-MSCs), demonstrando que o cultivo das MSCs na DhAM
ndo alterou a potencialidade de células progenitoras in vitro. O efeito da DhAM na presenca e
auséncia de AD-MSCs foi avaliado no modelo pré-clinico de queimadura de segundo grau
profundo, o qual demonstrou a eficacia e seguranga deste bioscaffold na regeneracao tecidual.
O papel dos componentes da sinalizacdo purinérgica durante a cicatrizacdo de feridas foi
analisado através do modelo de substitutos de pele auto-montados (SASS), demonstrando a
modulag¢do das enzimas CD73, NTPDasel e NPP1, assim como o potencial terapéutico do
nucleotideo UTP na regeneracao tecidual. Nossos resultados confirmam a eficacia da DhAM
como scaffold para MSCs e como uma possivel terapia futura para o tratamento de
queimaduras, bem como a importincia de entender o envolvimento de nucleotideos
extracelulares e ectoenzimas na cicatrizacao de feridas, com a finalidade de oferecer novas
estratégias terapéuticas.

Palavras-chaves: membrana amnidtica humana descelularizada (DhAM), células estromais
mesenquimais (MSCs), queimaduras, bioscaffold, substitutos de pele auto-montados (SASS),
CD73, NTPDasel ¢ NPP1, UTP, adenosina.



ABSTRACT

The treatment of deep burns is still a challenge in the field of regenerative medicine. The
human amniotic membrane (hAM) is a biomaterial that has been increasingly explored in the
field of tissue engineering. In order to promote tissue regeneration, mesenchymal stromal
cells (MSCs) can be transplanted into the injured area on a support (scaffold) that maintains
their therapeutic potential. In addition to a series of bioactive factors, MSCs release high
concentrations of adenosine (ADO), which may be related to the high expression of
Ecto-5'-nucleotidase (CD73), whose main function is to convert extracellular ATP into
immunosuppressive adenosine, in concert with NTPDasel (CD39). These enzymes are
powerful tools to control the effects mediated by extracellular purines and pyrimidines;
however, the role of purinergic signaling components in tissue regeneration is poorly
understood. In this work, we evaluated the safety and efficacy of the human amniotic
membrane as a biological dressing, in the presence or absence of mesenchymal stromal cells
through in vitro and in vivo models, and we studied the role of purinergic signaling as one of
the pathways responsible for the tissue regeneration. The physical and histological
characterization of the decellularized human amniotic membrane (DhAM) in the presence of
adipose tissue-derived mesenchymal stromal cells (AD-MSCs) was performed, as well as the
comparison of the potential of DhAM and a commercial substitute as scaffolds for the culture
of mesenchymal stromal cells isolated from the sclerocorneal limbus (L-MSCs),
demonstrating that the culture of MSCs in DhAM did not alter the potential of progenitor
cells in vitro. The effect of DhAM on the presence and absence of AD-MSCs was evaluated
in the preclinical model of deep second-degree burn, which demonstrated the efficacy and
safety of this bioscaffold in tissue regeneration. The role of purinergic signaling components
during wound healing was analyzed using the self-assembled skin substitutes (SASS) model,
demonstrating the modulation of CD73, NTPDasel and NPP1 enzymes, as well as the
therapeutic potential of the UTP nucleotide in tissue regeneration. Our results confirm the
effectiveness of DhAM as a scaffold for MSCs and as a possible future therapy for the
treatment of burns, in addition to the importance of understanding the involvement of
extracellular nucleotides and ectoenzymes in wound healing, in order to offer new

therapeutic strategies.

Keywords: decellularized human amniotic membrane (DhAM), mesenchymal stromal cells
(MSCs), burns, bioscaffold, self-assembled skin substitutes (SASS), CD73, NTPDasel and
NPP1, UTP, adenosine.
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1 REFERENCIAL TEORICO

1.1 A PELE HUMANA

A pele ¢ o maior 6rgdo do nosso corpo, que além de exercer multiplas fungdes vitais, como a
manutengdao da homeostase fisioldgica do corpo humano, ela constitui uma barreira que nos

protege contra agressoes externas.

A pele ¢ estruturada em trés camadas diferenciadas, epiderme, derme e hipoderme. Cada uma
tem suas proprias caracteristicas, como propriedades fisicas ou composi¢ao celular (Rapini

1996).

A epiderme, a camada mais superficial, ¢ composta por um epitélio escamoso estratificado
constituido principalmente de queratindcitos e outros tipos de células epidermais como células

de Langerhans, células de Merkel e melandcitos (Kanitakis 2002).

Os queratinocitos sdo células epiteliais derivadas do ectodermo e compreendem
aproximadamente 90 a 95% das células da epiderme. Os queratindcitos passam por um
processo de diferenciagdo terminal que inicia pelas células tronco presentes na camada basal
até a camada cornea, onde sdo liberados da superficie da pele, completando a auto-renovagao
da epiderme (Watt 1989; Z. Wang et al. 2020). Essas camadas, de profunda até superficial, sdo
a camada de células basais (estrato basal), a camada de células espinhosas ou escamosas
(estrato espinhoso), a camada de células granulares (estrato granuloso) e a camada de células
cornificadas ou cérneas (estrato coérneo). A epiderme nas palmas das maos e plantas dos pés
possui uma camada extra, denominada camada clara ou translucida (stratum lucidum), que

pode ser vista entre a camada granular e a cornificada (Kanitakis 2002; Jiang et al. 2020).

A epiderme desempenha fungdes vitais, incluindo limitar a perda passiva de agua do corpo,
impedir a absor¢do de produtos quimicos do ambiente externo e impedir a entrada de
microorganismos (Rosso et al. 2016; Wickett, Randall Wickett, and Visscher 2006). A
epiderme, nao contém vasos sanguineos e¢ ¢ dependente da derme, onde vasos sanguineos e
linfaticos residem, para fornecer acesso a nutrientes e eliminagdo de residuos (Lund et al.

2016).

13



A derme, abaixo da epiderme, ¢ uma rede rica em elementos da matriz extracelular produzida
pelos fibroblastos, como fibras de colageno e elastina, que fornecem forga e elasticidade a
pele (Kanitakis 2002). A derme contém glandulas sudoriparas, glandulas sebaceas, foliculos
pilosos e terminagdes nervosas, além de vasos sanguineos, que formam condutos migratorios
para as células do sistema imunolégico (Menon 2002; Tay et al. 2014) e desempenham papéis
importantes na homeostase, inflamagao e reparo da pele (Boothby, Cohen, and Rosenblum
2020). Células estromais mesenquimais (MSCs) foram identificadas em diferentes nichos
desta camada (Vapniarsky et al. 2015) e tém sido isoladas da derme humana (Naasani et al.

2017).

A hipoderme ¢ a camada mais profunda da pele, composta principalmente por 16bulos de
adipdcitos (Yousef, Alhajj, and Sharma 2021), onde tém sido isoladas células estromais

mesenquimais do tecido adiposo (AD-MSCs) (Ritter et al. 2019) (Figura 1).
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Figura 1. Histologia da pele humana. A) A pele ¢ dividida em trés estruturas principais: Al) A
epiderme, formando a camada mais externa; A2) A derme, formando o tecido abaixo da epiderme; A3)
A hipoderme ou tecido subcutaneo, formando a camada mais profunda e separando a pele dos o6rgaos
subjacentes; A4) A pele também contém estruturas anexiais, como foliculos pilosos e glandulas
sebaceas. Coloracdo de hematoxilina-eosina (HE). Figura adaptada de The Human Protein Atlas
(“Skin” n.d.).

1.1.1 Processo de cicatrizacao de feridas

Por atuar como funcdo de barreira, a pele ¢ exposta a diversas lesdes e patologias que
precisam de uma rapida regeneragdo. Varios tipos de células das trés camadas da pele
precisam se coordenar para promover o reparo tecidual. Esses estagios de hemostasia,

inflamagdo, proliferagdo, reepitelizacdo, angiogénese e remodelagdo ocorrem em uma
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sequéncia temporal, mas também se sobrepdem, portanto, a reparacdo da pele estd entre os

processos mais complexos do corpo humano [Revisado em (M. Rodrigues et al. 2019)].

A hemostasia marca o primeiro estdgio da cicatrizagdo de feridas, a constricdo dos vasos
sanguineos e ativacdo de plaquetas para formar um coagulo de fibrina, que para o
sangramento apos dano vascular. A fase inflamatéria ¢ anunciada pelo influxo de neutréfilos,
macrofagos e linfécitos para o local da lesd@o. Quando a fase inflamatoria termina, ocorre a
angiogénese, a formagdo de novos vasos sanguineos, uma das mais importantes fases da
cicatrizagdo de feridas. Enquanto novos vasos sanguineos emergem, os fibroblastos residentes

proliferam e invadem o coagulo para formar o tecido de granulagdo contratil.

Simultaneamente, ocorre a reepitelizagcdo e envolve o reparo da camada epidérmica. A fase de
remodelacdo comega quando a matriz extracelular provisoria e o coldgeno tipo III sdo
substituidos por coldgeno tipo I e os demais tipos de células das fases anteriores sofrem

apoptose [Revisado em (M. Rodrigues et al. 2019; Gantwerker and Hom 2011)] (Figura 2).
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Figura 2. Progressio da cicatrizacio de feridas agudas na pele. (Superior, a esquerda)
Imediatamente apds o ferimento, um coagulo de fibrina se forma e o sangramento é interrompido.
(Superior, a direita) Por varios dias ap6s a lesdo, a liberacdo local de sinais de dano tecidual leva ao
recrutamento de neutrofilos e mondcitos/macrofagos circulantes para evitar infec¢do e fagocitar
células mortas e detritos. (Inferior, a esquerda) Conforme a inflamagao € resolvida, os queratinocitos
nas margens da lesdo proliferam, migram e se diferenciam para reepitelizar o local da lesdo e restaurar
a integridade da barreira. O tecido de granulacdo se forma no leito da ferida e é vascularizado pela
angiogénese dos vasos sanguineos proximos. Os miofibroblastos se acumulam no tecido de granulagéo
e se contraem para fechar a lesdo. O influxo de linfécitos na ferida atinge seu pico e a polarizacao dos
macréfagos muda de estados pro-inflamatdrios para pro-reparadores. (Inferior, a direita) Depois que a
lesdo fecha, as células no leito da ferida diminuem e uma cicatriz se forma através de uma combinagao
de deposicdo de coldgeno, reticulagdo e remodelacdo. Este processo fortalece o local da ferida as
custas da regeneracdo da derme normal (Boothby, Cohen, and Rosenblum 2020).

Embora a regeneragdo descreva a substituicdo especifica do tecido, o reparo da pele exibe
uma forma inespecifica de cura em que a lesdo cura por fibrose e formagdo de cicatriz
(Reinke and Sorg 2012). Isto representa uma falha consideravel da pele, a pele gravemente
danificada pode cicatrizar, mas ndo pode regenerar. Em vez disso, forma cicatrizes. Mesmo
que as cicatrizes parecam ser mais espessas do que a pele normal, o tecido €, na verdade, mais

fraco. Essas marcas ndo sdo apenas defeitos cosméticos, o tecido cicatricial pode inibir o
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movimento de uma pessoa ou, por ndo ter glandulas sudoriparas, impedir que o corpo esfrie

(Willyard 2018).

A regeneracao da pele ¢ um processo imperfeito que ¢ impedido por uma série de fatores, por
exemplo, uma resposta inflamatoria excessiva ou prolongada resulta em aumento da lesdo do
tecido; também, os miofibroblastos no tecido de granulagdo, onde se contraem para fechar a
ferida, tem sido associados em muitas doengas fibréticas (Boothby, Cohen, and Rosenblum
2020; Desmouliere et al. 2014). Portanto, descobrir o papel desempenhado por cada fator

pode levar a novas abordagens para o tratamento de queimaduras e cicatrizes (Willyard 2018).

1.1.2 Queimaduras e tratamentos: Situacao no Brasil

A perda da integridade de grandes areas de pele pode resultar em incapacidade significativa
do individuo devido a contracdes extensas ou até mesmo em morte (Priya, Jungvid, and
Kumar 2008). O trauma térmico ¢ a causa mais comum da perda da integridade cutanea, no
qual grandes éareas de pele podem ser danificadas, muitas vezes sem a possibilidade de

regeneragdo (Shevchenko, James, and James 2010).

O tratamento padrdo-ouro nestes casos ¢ o enxerto de pele autdloga. No entanto, esta
abordagem fica bastante limitada quando grandes extensdes de pele foram acometidas pela
queimadura, ou grandes areas foram lesadas por traumas fisicos, pela restricdo de sitios
doadores de pele do proprio paciente. A utilizacdo de aloenxerto ¢ um tratamento providencial
e pode representar a diferenca entre a vida e a morte desses pacientes, havendo redugdo da
mortalidade de grandes queimados quando se dispde dessa alternativa (Kagan, Robb, and
Plessinger 2005). O Brasil atualmente tem bancos de pele nas cidades do Rio de Janeiro, Sao
Paulo, Curitiba e Porto Alegre, que realizam a captagdo, processamento, armazenamento €
disponibilizagdo de laminas de pele humana para os centros de transplante, beneficiando as

vitimas de queimaduras e politraumatismos.

A terapia de pacientes queimados sempre foi um desafio global, tanto pela complexidade das
lesdes, quanto pela necessidade de cuidados intensivos e multidisciplinares envolvendo
diversos profissionais de satde, como clinicos, intensivistas, psicélogos, nutricionistas,

fisioterapeutas e enfermeiras com experiéncia na area (Junior et al. 2007).

A gravidade da queimadura ¢ classificada de acordo com a profundidade da lesdo e as
camadas de pele que sdo afetadas: a queimadura de primeiro grau envolve apenas a epiderme,
a queimadura de segundo grau superficial ¢ uma injuria na metade superior da derme,
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enquanto a de segundo grau profundo envolve quase toda a derme, e queimaduras de terceiro
grau atingem a hipoderme. Quando uma queimadura é de segundo ou terceiro grau, a
vasculatura ¢ destruida e o corpo perde sua capacidade de se auto-regenerar. Procedimentos
cirirgicos combinados com terapias celulares assim, tornam-se indispenséaveis (Abdel-Sayed

etal. 2019).

Carboni e Colaboradores (2019) publicaram uma revisdo integrativa com estudos nacionais
publicados nos ultimos dez anos com destaque para produtos e terapias usados em
queimaduras, sendo a membrana celuldsica porosa € o curativo com prata nanocristalina os
mais utilizados nos estudos avaliados. Existem outros curativos comerciais sintéticos como o
Mepitel®, que possui dupla camada de silicone, o Mepilex ® Ag, um curativo de espuma
com antimicrobiano, entre outros, mas tem poucos estudos utilizando esses curativos para o

tratamento de queimaduras (Carboni et al. 2019).

Atualmente, a pele de peixe tilapia tem sido sugerida como um xenoenxerto potencial para o
tratamento de queimaduras. Lima-Junior e colaboradores (2020) publicaram um relato de caso
de um paciente com lesdo térmica, com queimaduras superficiais e profundas de espessura
parcial, que foi tratado com pele de tilapia, levando a reepitelizacdo completa sem efeitos
colaterais. A pele de tilapia carrega a promessa de um produto inovador, facil de aplicar e
altamente disponivel que pode se tornar a primeira pele animal estudada nacionalmente e
registrada pela Agéncia Nacional de Vigilancia Sanitdria para uso no tratamento de
queimaduras. (Lima Junior et al. 2020). No entanto, a pele de peixe tilapia encontra-se em
processo de concessdo de patente (BR1020150214359), o que poderia representar a sua

comercializacao ao prego de curativos comerciais.

Recentemente, o Conselho Federal de Medicina (CFM), no parecer CFM n°® 12/2021, de 21 de
outubro, liberou o uso da membrana amnidtica nativa para o tratamento de queimaduras. No
entanto, ainda ¢ necessaria a liberacdo da Comissao Nacional de Incorporagdo de Tecnologias
no SUS (CONITEC) e da publicacdo de legislacao por parte do ministério da satde para uso

do tecido [sistemas.cfm.org.br//pareceres (“PDF.js Viewer” n.d.)].

Embora varias terapias para a cura de feridas estejam disponiveis, elas sdo apenas
moderadamente eficazes. Assim, ha necessidade de terapias mais eficazes para a cicatrizagao

de feridas (M. Rodrigues et al. 2019).
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1.2 ENGENHARIA DE TECIDOS: EM BUSCA DA REGENERACAO TECIDUAL

O estudo e tratamento de feridas remontam ao Antigo Egito, onde desenvolveram uma
bandagem adesiva para unir as bordas da ferida e colocavam um pedago de carne no primeiro
dia da lesdo. Produtos como mel e 6leo de camomila também foram usados, e as propriedades
antissépticas e antibacterianas destes compostos foram posteriormente elucidadas

(Gantwerker and Hom 2011).

O déficit de material para o tratamento de lesdes cutaneas tem motivado o desenvolvimento
de novas estratégias na area de engenharia de tecidos em busca de processos que favoregam a
regeneracdo da area lesionada e, portanto, permitam devolver a funcao tecidual (Carrier et al.

2009) (Figura 3).

Para pacientes com queimaduras extensas, a expansao das células da pele que permitam uma
funcao de barreira pode fazer a diferenca entre a vida e a morte, e foi essa necessidade aguda

que levou a iniciacdo da engenharia de tecidos na década de 1980 (MacNeil 2007).

O desenvolvimento de substitutos cutdneos na area de engenharia de tecidos se encontra em
constante progresso. A engenharia de tecidos utiliza células, materiais biocompativeis, fatores
de crescimento e estimulagdo fisica para desenvolver um substituto vivo (Berthiaume et al,

2011).
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Figura 3. Abordagens potenciais para diminuir a formacio de cicatrizes e melhorar a

regeneracio da pele (Hosseini and Shafiee 2021).

As células estromais mesenquimais (MSCs) tém sido consideradas como uma fonte de células
para uso em medicina regenerativa, engenharia de tecidos e outras aplica¢des (Vapniarsky et
al. 2015). Estas células possuem muitas propriedades que aumentam seu potencial terapéutico

em dermatologia e oftalmologia, cujo mecanismo ainda esta sob investigacao.

Para que as células possam ser transplantadas na area da lesdo, € necessario um suporte
(scaffold) que promova o crescimento celular a fim de promover a cicatrizagao de lesdes
teciduais. Atualmente existem diversos tipos de materiais, que podem ser naturais ou
sintéticos e dependendo das suas caracteristicas como biocompatibilidade, bioatividade e
biodegradacdo e das suas propriedades fisico-quimicas (morfologia superficial, porosidade,
rigidez e resisténcia mecanica), pode afetar a interacdo com as células e o sistema vivo
(Dolcimascolo et al. 2019). Portanto a escolha de células e biomateriais ¢ fundamental no

campo da medicina regenerativa.
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1.2.1 Substitutos cutaneos

Nas ultimas décadas, varios substitutos cutaneos acelulares, epidérmicos, dérmicos, de duas
camadas ou xenogénicos, foram desenvolvidos e comercializados para o tratamento de
defeitos da pele, como, Alloderm®, Integra®, Pelnac®, e Lando®. Também, a submucosa do
intestino delgado porcino, OASIS®, ¢ utilizada como substituto da pele no tratamento de
queimaduras (Gentile and Garcovich 2021) (Figura 4). Embora, a relacdo custo-beneficio
desses materiais deve sempre ser considerada com cuidado, especialmente no Brasil, onde

eles sdo comercializados a um alto custo (Ferreira et al. 2011).
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Figura 4. Substitutos dermo-epidérmicos de pele. Desenvolvidos por engenharia de tecidos com o
objetivo de produzir substitutos de pele para uso clinico. Figura adaptada de (Vig et al. 2017).

Estes modelos contém varias camadas de células epiteliais crescendo em cima de camadas de
tecido com fibroblastos e matriz extracelular. Eles fornecem substitutos de tecido que podem

ser manipulados experimentalmente em condicdes in vitro (Haddad et al. 2017).
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Os substitutos de pele auto-montados (Self Assembled Skin Substitute, SASS) foram
desenvolvidos pelo grupo de pesquisa do LOEX da Universidade Laval na cidade de Quebec,
Canada. Estes substitutos de pele, desenvolvidos por engenharia de tecidos, sdo muito
semelhantes a pele humana nativa. Sao compostos por uma matriz extracelular de colageno
natural, secretada pelo proprio fibroblasto, sem a utilizagdo de nenhum material sintético,
subjacente a uma uma membrana basal funcional ¢ uma epiderme totalmente diferenciada (D.

Larouche et al. 2016; Beaudoin Cloutier et al. 2017) Figura 5.
SASS-2 SASS-3 SAS-4

—
=
E

Figura 5. Anadlise macroscépica e histolégica do substituto de pele auto-montado (SASS)
produzido in vitro. Aspecto macroscopico (A — C) e resultados histologicos (D — F), produzidos com
queratinocitos e fibroblastos do mesmo doador. Barra de escala: (A — C), 167 mm; (D — F), 50 um (D.
Larouche et al. 2016).

Uma das maiores conquistas da tecnologia dos substitutos de pele auto-montados do LOEX ¢
o uso de células autologas, que permitiram o tratamento como enxerto permanente de 14
pacientes gravemente queimados, com cobertura bem sucedida e como resultado eficacia
clinica (Germain et al. 2018). Dependendo do tipo de célula utilizada, esses substitutos
tridimensionais podem ser desenvolvidos a fim de substituir tecidos lesados em pacientes,
considerando outras abordagens que ndo a pele, como a cérnea (Proulx et al. 2011). Além

disso, eles também podem ser usados para compreender varios mecanismos fisiologicos e
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patolégicos, como psoriase (Jean, Soucy, and Pouliot 2011) e cicatriz hipertréfica (Moulin
2021)

Além da aplicacdo clinica, os substitutos cutdneos também podem ser destinados a
aplicabilidade industrial e pesquisa experimental. No campo da pesquisa, sio uma ferramenta
valiosa para estudos in vitro, sendo uma excelente alternativa para estudar biologia da pele
(Mieremet et al. 2019), cicatrizagdo de feridas (Laplante et al. 2001; Y. Xie et al. 2010),
envelhecimento da pele (Diekmann et al. 2016; Weinmiillner et al. 2020), carcinoma de
células escamosas cutaneo (Commandeur et al. 2009), melanoma (Hill et al. 2015) e testes de
corrosao (Catarino et al. 2018), sendo as formas de pesquisa mais promissoras antes de novos

avangos poderem ser traduzidos para beneficiar cirurgicamente os pacientes (Figura 6).

Dermal sheet Keratinocytes seeding Keratinocytes
preparation (4 days) stratification
(~1 month) (air-liquid)

SASS-LOEX

Figura 6. Elaboracao do substitutos de pele auto-montado (SASS). A derme ¢ produzida a partir da
secre¢do de colageno dos fibroblastos. A estratificagdo dos queratindcitos é produzida pelo sistema
liquido-ar. Estes modelos permitem o estudo do efeito de compostos na pele in vitro.

http://www.crchudequebec.ulaval.ca/ (Naasani et al. ndo publicado).

1.2.2 Scaffold natural: Membrana amniotica humana

A membrana amnidtica humana (hAM) ¢ a camada interna da placenta e ¢ considerada uma
importante fonte de material de suporte celular. Os componentes da matriz extracelular da
hAM criam um suporte quase nativo para engenharia de tecidos, a camada estromal tem uma
abundancia de proteoglicanos, glicoproteinas e uma rede de colageno, principalmente tipo III
(Niknejad et al. 2008).

A membrana amniética humana ¢ a camada interna da placenta, com uma espessura entre 20 e

50 um e consiste em cinco camadas diferentes: uma Unica camada de epitélio, uma membrana
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basal, uma camada compacta, uma camada de fibroblasto € uma camada esponjosa (Niknejad

et al. 2008; Oyen, Calvin, and Landers 2006) (Figura 7).

A membrana placentaria contém células epiteliais, fibroblastos neonatais e células-tronco
mesenquimais (MSCs), promovendo efetivamente a cicatrizacdo de feridas e ja é aceita em
tratamentos de oftalmologia como ulceragdo corneal, cobertura de lesdes na conjuntiva e
queimaduras quimicas agudas nos olhos (Meller et al. 2011). Também, a aplicacdo da
membrana amnidtica tem sido utilizada nos campos de dermatologia e cirurgia plastica
(Leal-Marin et al. 2021). No ensaio clinico em fase 1 sera avaliada a utilizacdo do amnio
humano como cobertura temporal de feridas (“Study of Donated Amnion, Fetal Placental
Membrane, as Skin Substitute for Burn Patients - Full Text View - ClinicalTrials.gov” n.d.)
(ClinicalTrials.gov identifier (NCT number): NCT00592189).

(a) Amniotic fluid
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Figura 7. Membranas placentarias humanas. (a) Representacdo esquematica da estrutura de hAM e
a composicdo da matriz extracelular para cada camada. (b) Aspecto geral das membranas fetais
humanas (imagem a esquerda). A hAM ¢ uma fina camada transliicida anexada ao corion (CM)
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(imagem a direita). Colora¢des de hematoxilina ¢ eosina de (A) enxertos de amnio/corion ¢ (B)
enxertos somente de &mnio. O dmnio possui uma tnica camada de células epiteliais, sob as quais se
encontra uma espessa membrana basal e uma camada acelular e avascular de mesénquima. (a-b)
Figura adaptada de (Leal-Marin et al. 2021); (A-B) Figura adaptada de (Riboh et al. 2016).

Comercialmente, a membrana amnidtica também ja ¢ utilizada em varios paises, como por
exemplo com curativo Grafix (Osiris Therapeutics Inc., Columbia, MD, EUA), um aloenxerto
comercializado, criopreservado a base de placenta, que emprega a constituicdo nativa do
tecido placentario, produzindo uma matriz extracelular que inclui vérias células vivas, com
estudos publicados tendo seu uso em diferentes feridas agudas e cronicas, queimaduras,

incisoes cirurgicas e deiscéncias (Tavakoli and Klar 2021).

Na area de engenharia de tecidos, a hAM tem sido utilizada em vérias formas, como fresca,
nativa ou descelularizada, criopreservada, seca ao ar ou liofilizada, dependendo da
acessibilidade do equipamento e dos tipos de lesdes. A descelularizagdo da hAM, sem
comprometer os componentes de matriz extracelular, ¢ muito importante para evitar a rejeicao
do enxerto (Milan et al. 2020). O processo de descelulariza¢do ajuda a eliminar possiveis
respostas imunogénicas, removendo as células e residuos celulares da membrana amniotica,
enquanto deixa as proteinas estruturais extracelulares intactas (Milan et al. 2020; Weidinger et

al. 2020).

Alguns trabalhos e patentes tém discutido a aplicabilidade de técnicas de scaffolds com hAM,
conforme resumido na Tabela I, com o objetivo de criar compositos utilizando biomateriais
que aumentem a eficacia para diferentes aplicagdes, principalmente na area de reconstrugdo

ocular.

Tabela I. Aplicagao de compostos de membrana amnidtica humana e produtos comerciais.
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TABLE 1

Application

Wound healing and
tissue regeneration

Reconstructive urology

Artificial cornea
material -
Keratoprosthetic

Aligned tissue
regeneration

Ocular surface
reconstruction

Meuropatical corneal
pain
Ocular surface

disorders

Premature rupture
fetal membrane

Vascular graft

Tendon regeneration

Skin regeneration

Form of hAM

hAM lyophilized
and pulverized

hAM solubilized
hAM frozen

hAM
decellularized

hAM
decellularized

Amnioguard (bio-
tissue)

ProKera ®(bio-
tissue)

AmnioClip-plus
(DGFG)

hAM cell-free
scaffold

Rolled hAM
hAM pulverized

hAM
decellularized

Application of hAM composites and commercial products

Membrane material

Scaffold with a synthetic
polymer and a natural
polymer

Hyaluronic acid hydrogel

Electrospun poly-(L-lactide-co-
E-caprolactone)

Polyvinyl alcohol (PVA)

Electrospun fibers of PLGA

N/A only native hAM

N/A only native hAM

N/A only native hAM

Polyester urethane scaffold

used as a comparison

MN/A only native hAM

Collagen-glycosaminoghycan
Hyaluronic acid

Manofibrous silk fibroin

In vitro test

Keratinocytes and
fibroblast

Mesenchymal stem cells

Clinical test 11 patients

Clinical test 9 patients

Clinical test 7 patients

Tenocytes

Adipose tissue-derived

In vivo test
Skin model nude mice

and Yorkshire pigs

Mice
Wistar rats

Rabbit corneal
epithelial cells

Skeletal muscle cells

Rabbit model

Rabbit model

mesenchymal stem cells

Fonte: (Leal-Marin et al. 2021).

Considerando os componentes da matriz extracelular da hAM, a membrana amniotica
descelularizada pode ser associada com células estromais mesenquimais, como potencial

alternativa no reparo de lesdes cutaneas extensas como as queimaduras.

1.2.3 Células Estromais Mesenquimais

Nas ultimas décadas, um grande numero de estudos surgiram usando terapias baseadas em
MSCs em estudos pré-clinicos para tratar muitas patologias diferentes, incluindo distirbios
neurologicos (van Velthoven et al. 2013), isquemia cardiaca (Liu et al. 2016), diabetes (Si et

al. 2012) e doencas 0Osseas e cartilaginosas (Ozeki et al. 2016).

O potencial terapéutico das MSCs ¢ mediado, em primeiro lugar, por sua capacidade inerente
de migrar em dire¢do aos tecidos danificados. Em seguida, as células secretam mediadores
bioativos, como fatores de crescimento, citocinas e vesiculas extracelulares que exercem
efeitos imunossupressores, antiapoptéticos, antifibroticos, angiogénicos e antiinflamatdrios

(Salgado et al. 2010).
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As células estromais mesenquimais sdo células ndo-hematopoiéticas com capacidade de
auto-renovagdo, proliferagio e potencial de diferenciacdo multilinhagem (Friedenstein,
Chailakhjan, and Lalykina 1970; Pittenger et al. 1999). As MSCs tém expressao reduzida de
antigenos de classe I do complexo principal de histocompatibilidade (MHC) e ndo expressam
MHC II ou moléculas coestimulatorias como CD80, CD86 e¢ CD40. Assim, as MSCs
apresentam um fenotipo ndo imunogénico, possibilitando sua utilizagdo alogénica na
regeneragdo de tecidos e evitando a necessidade de imunossupressdo apos o transplante

(Galindo et al. 2021) Figura 8.
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Figura 8. Vantagens das células estromais mesenquimais para uso clinico. As MSCs possuem
multiplas vantagens para aplicagdo clinica. Entre outros beneficios, as MSCs podem ser isoladas de
varias fontes, sdo produzidas em grande escala, se diferenciam em varios tipos de células e tém efeitos
pleiotropicos. Todas essas vantagens tornam as MSCs adequadas para aplicagdo clinica em diferentes
condigdes patologicas, como danos neurologicos, doengas hepaticas, isquemia cardiaca, diabetes ou
problemas de pele (Hmadcha et al. 2020).

As MSCs tém sido isoladas de diferentes tecidos adultos, incluindo medula 6ssea, tecido
adiposo, gelatina de Wharton do corddo umbilical, placenta, pele e cornea (Dravida et al.
2005; Vapniarsky et al. 2015). Entre os diversos materiais biologicos, o limbo esclerocorneal,
a zona estreita entre a cornea e a esclera, representa uma fonte tecidual para o isolamento de
células estromais mesenquimais. As células estromais mesenquimais do limbo (L-MSCs)
compartilham caracteristicas com as células estromais mesenquimais da medula 6ssea, em

relacio a sua morfologia, marcadores especificos, alta taxa de proliferacdo e baixa
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imunogenicidade (Dravida et al. 2005; Du et al. 2005). Estas células fornecem um nicho e
permitem a manutengdo do fendtipo das células tronco limbais epiteliais e participam na

regeneragao da cornea (Polisetty et al. 2008; H.-T. Xie et al. 2012).

Em 2001, Zuk e colaboradores descreveram uma nova célula estromal/tronco mesenquimal
isolada de tecido adiposo ap6s procedimento de lipoaspiracao (Zuk et al. 2001). Desde entdo,
o tecido adiposo foi amplamente estudado como uma fonte de células para engenharia de
tecidos e medicina regenerativa (Patrikoski, Mannerstrom, and Miettinen 2019). Nosso grupo
de pesquisa demonstrou que MSCs isoladas de tecido adiposo (AD-MSCs), em associagdo
com carboximetilcelulose, sdo capazes de promover a regeneragdo da pele em um modelo

pré-clinico de lesdo (C. Rodrigues et al. 2014).

Recentemente, Gentile e colaboradores (2021) publicaram uma revisdo sistematica onde
incluiram estudos de células estromais mesenquimais derivadas do tecido adiposo, Plasma
rico em plaquetas e biomateriais como novas estratégias regenerativas em feridas cutineas
cronicas e defeitos de tecidos moles. Eles concluiram que os tratamentos atuais diferem na
metodologia e técnica de tratamento e mais estudos sdo necessarios para definir protocolos
padronizados, e ensaios clinicos randomizados em grande escala ainda precisam ser

realizados para confirmar sua eficacia (Gentile and Garcovich 2021).

Apenas 12 estudos relacionados estdo listados no banco de dados de ensaios clinicos, e apenas
alguns relatos de casos com pacientes limitados foram publicados. Esses estudos
comprovaram a seguranc¢a do tratamento com base em MSC e alguns mostraram boa eficacia
na melhora da cicatriza¢ao de lesdes por queimadura. No entanto, devido ao niumero limitado
de pacientes, falta de regulagdo, grande variabilidade nos protocolos de tratamento e
avaliagdes de resultados inconsistentes, o valor desses estudos clinicos tem sido limitado (M.

Wang et al. 2021).

Um dos principais papéis das MSCs ¢ a imunomodulacio (Marigo and Dazzi 2011).
Trabalhos tém sugerido que uma resposta inflamatdria local intensa pode estimular e
aumentar o desenvolvimento de fibrose (Marigo and Dazzi 2011; Gill and Parks 2008). Neste
contexto, tem-se demonstrado uma importante participagcdo da sinalizagdo purinérgica na via

de reparo tecidual (Geoffrey Burnstock, Knight, and Greig 2012).
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Nos demonstramos que as MSCs liberam altas concentragcdes de adenosina (ADO) (Naasani
et al. 2017), a qual vem ganhando destaque no processo de regeneragdo tecidual. Este
aumento pode estar relacionado com a alta expressao de CD73, considerado um dos
marcadores das MSCs, resultando em uma alta atividade hidrolitica do AMP em ADO
(Roszek and Wujak 2018). Este acimulo de ADO pode auxiliar no controle do recrutamento
das células imunes durante o processo cicatricial (Antonioli et al. 2019). Isto é extremamente
relevante, uma vez que estas células podem direcionar diferentes tipos de regeneracao tecidual
dependendo da sua polarizacao, podendo ter efeitos anti-fibroticos ou inflamatérios, o que
levaria a um processo de regeneracdo ou formagao de fibrose, respectivamente (J. Larouche et

al. 2018).

1.3 PAPEL DO SISTEMA PURINERGICO NO REPARO TECIDUAL

H4 um namero crescente de estudos relacionados as aplicagdes terapéuticas da sinalizagdo
purinérgica na pele, incluindo crescimento de cabelo (Oura et al. 2008), cicatrizacdo de
feridas (Montesinos, Desai-Merchant, and Cronstein 2015), inflamagao (Takai et al. 2011) e
melanoma (White et al. 2009). O entendimento bioldgico dos receptores purinérgicos
envolvidos pode abrir um caminho para novas modalidades de tratamento nessas importantes

doengas da pele (Geoftfrey Burnstock, Knight, and Greig 2012).

Os nucleotideos extracelulares (ATP, ADP, AMP, UTP) sdo moléculas sinalizadoras da
cascata purinérgica e influenciam uma variedade de processos fisioldgicos como secrecoes
endocrinas e exdcrinas, respostas imunes, inflamagao, proliferagdo, diferenciacido, migracao e

morte celular (G. Burnstock 2007).

A concentragdo de nucleotideos e nucleosideos ¢ controlada com precisdo pela familia das
E-NTPDases (ectonucledsido trifosfato difosfono-hidrolase) a familia de nucleétidos
pirofosfatase/fosfodiesterase (NPP) e ecto-5'-nucleotidase (CD73) (Zimmermann 2001;
Robson, Sévigny, and Zimmermann 2006). As NTPDases ¢ NPPs hidrolisam nucleotideos
trifosfato (ATP e UTP) e difosfato (ADP e UDP) em seu derivado monofosfato (adenosina
5'-monofosfato (AMP) e uridina 5'-monofosfato (UMP) (Kukulski et al. 2005). O AMP e
UMP sdo posteriormente hidrolisados pela CD73 para gerar adenosina e uridina,
respectivamente. Assim, essas enzimas sdao ferramentas poderosas para controlar os efeitos
mediados por purinas e pirimidinas extracelulares (Anderson and Parkinson 1997; Robson,

Sévigny, and Zimmermann 2006).
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Apds uma lesdo celular, se inicia a liberagao de fatores de crescimento na ferida, bem como a
saida de nucleotideos e nucleosideos extracelulares, os quais ativam os receptores
purinérgicos do tipo ionotrépicos (P2X) e metabotropicos (P2Y). A adenosina, produto de
degradacdo do ATP, ativa os receptores P1 seletivos para adenosina (G. Burnstock 2007;

Gendaszewska-Darmach and Kucharska 2011) (Figura 9).
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Figura 9. Representacdo esquematica da sinaliza¢do purinérgica. Os nucleotideos sdo
liberados das células por estimulagdo mecanica, liberagdo exocitotica ou lesdo. Quando sdo
externalizados, podem participar em processos fisiologicos e morte celular, portanto as
purinas e pirimidinas podem atuar como importantes mensageiros locais nos tecidos. (Naasani

et al., ndo publicado) Created in Biorender.com

O ATP, liberado por células danificadas e fisiologicamente em resposta a disturbios
mecanicos, parece estar envolvido na cicatrizagdo de feridas, reparacdo de tecidos e
regeneragdo (Geoffrey Burnstock, Knight, and Greig 2012). Jin e colaboradores (2014)

mostraram que os receptores P2Y2, ativados por ATP e UTP, tém um papel importante no
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processo de cicatrizagdo de lesdes cutaneas, in vitro e in vivo, aumentando a proliferacao

celular, a migracao celular e a expressao de proteinas da matriz extracelular (Jin et al. 2014).

O papel da ADO também vem ganhando destaque no processo de cicatrizagdo tecidual.
Shaked et al. demonstraram em pacientes queimados que existe um acumulo de ADO no
fluido de bolhas formadas em queimaduras, € que esta poderia exercer efeitos contraditdrios
dependendo de sua concentragao, podendo ter efeitos benéficos antiinflamatérios mas também
levar a disfungdo sistémica do sistema imune e sindrome da perda capilar (Shaked et al.

2007).

O progresso acelerado neste campo tem ajudado a determinar a participacao desses compostos
em processos bioquimicos e fisioldgicos fundamentais em diferentes tecidos. O seu potencial
terapéutico em uma ampla gama de enfermidades também estd atraindo um interesse
crescente (Geoffrey Burnstock and Knight 2018). Embora seja crescente o numero de
trabalhos sobre o envolvimento de nucleotideos extracelulares na regeneracao de feridas,
muitos problemas ainda precisam ser resolvidos. E necessario conhecer os mecanismos pelos
quais essa via modula a regeneracdo para que esse conhecimento possa traduzir-se em
beneficio clinico, para a utilizagdo de nucleotideos ou os seus andlogos no tratamento de

regeneragao de feridas na pele.
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2 HIPOTESE DE TRABALHO

A elevada disponibilidade da membrana amniotica, facilidade de aceitagdo da doacao pelas
gestantes e baixo custo de manipulagdo, tem despertado o interesse na utilizacdo estendida
deste importante recurso bioldgico. Além disso, a aplicagdo clinica de células estromais
mesenquimais alogé€nicas ainda nao teve sua seguranca biologica garantida, impedindo, desta
forma, a sua utilizacdo em humanos de maneira indiscriminada. Portanto, se a membrana
amniotica descelularizada pode ser utilizada como scaffold para MSCs de diferentes tecidos,
in vitro, € como curativo bioldgico para tratamento de queimaduras, in vivo, a potencialidade
das células sera mantida assim como a seguranca bioldgica deste biomaterial, o que pode
representar um avanco no uso da membrana amnidtica na pratica clinica do Brasil, além do

interesse e participagdo no setor produtivo.

A compreensdao dos mecanismos que modulam a regenera¢ao da pele humana, bem como a
necessidade de terapias alternativas que minimizem o processo de formagao de cicatrizes
ainda precisa de muita atencdo na comunidade cientifica. Se os nucleotideos como o ATP,
UTP e seus produtos de degradagdo, exemplo, adenosina, estdo envolvidos no processo de
regeneragao da pele, serd observada a modulagdo dos componentes da sinalizagdo purinérgica,
no modelo de substituto cutaneo desenvolvido por Germain e colaboradores no Centro de
Regeneracdo da Universidade Laval, Quebec, Canadé, o que terd uma importante contribui¢ao

para o pais e futuramente na melhora das terapias para o tratamento de lesdes cutineas.
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3 OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a seguranca e eficicia da membrana amnidtica humana como um curativo bioldgico
na regeneragdo de lesdes, na auséncia ou presenga de células estromais mesenquimais através
de modelos in vitro e in vivo, bem como, avaliar o papel da sinaliza¢ao purinérgica como uma

das vias responsaveis pela regeneragao tecidual.

3.1.1 Objetivos Especificos

1. Padronizagdo e caracterizacdo protocolos de descelularizagdo e preservagdo da
membrana amnidtica humana.

2. Padronizagdo da extracdo de células estromais mesenquimais derivadas de materiais
bioldgicos de descarte (tecido adiposo e limbo esclerocorneal) e de tecido adiposo de
ratos, bem como a caracterizacdo fenotipica e o potencial de diferenciacao
multilinhagem.

3. Desenvolver um bioscaffold, associando-se a membrana amniotica humana
descelularizada, células estromais mesenquimais, derivadas de tecido adiposo humano
de descarte hospitalar e analisar as caracteristicas fisicas, histologicas e moleculares.

4. Comparar a membrana amnidtica descelularizada com uma membrana biologica
comercial, a submucosa de intestino delgado porcino, como scaffold para células
estromais mesenquimais derivadas do limbo esclerocorneal humano.

5. Padronizar um modelo murino de lesdo cutidnea por queimaduras de segundo grau
profundo para avaliar a eficcia e seguranca da membrana amnidtica humana.

6. Avaliar o efeito da membrana amnidtica descelularizada na presenga ou auséncia de
células estromais mesenquimais derivadas de tecido adiposo de ratos na regeneracao
tecidual em modelo pré-clinico de queimadura de segundo grau profundo, através de
analises histologicas e de imunofluorescéncia.

7. Reproduzir um modelo de substituto cutaneo com células humanas para estudar os
mecanismos envolvidos na regeneragao da pele (realizado como estagio no exterior na

Universidade de Laval, Canada).
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8. Avaliar o papel da sinaliza¢do purinérgica, como um dos mecanismos envolvidos na
regeneragdo tecidual in vitro, através de um substituto cutdneo e in vivo, no modelo

pré-clinico de queimadura.
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4 ORGANIZACAO DA TESE

Os resultados produzidos nesta Tese serdo apresentados na forma de capitulos organizados da

seguinte forma:

- Capitulo I: Artigo publicado, intitulado: “Decellularized human amniotic
membrane associated with adipose derived mesenchymal stromal cells as a

bioscaffold: Physical, histological and molecular analysis” (objetivos 1, 2 e 3).

- Capitulo II: Artigo publicado, intitulado: “Comparison of Human Denuded
Amniotic Membrane and Porcine Small Intestine Submucosa as Scaffolds for

Limbal Mesenchymal Stem Cells” (objetivos 1, 2 e 4).

- Capitulo 1III: Artigo publicado, intitulado: “Bioscaffold developed with
decellularized human amniotic membrane seeded with mesenchymal stromal
cells: assessment of efficacy and safety profiles in a second-degree burn

preclinical model” (objetivos 1, 2, 5, 6 ¢ 8).

- Capitulo IV: Artigo publicado, intitulado: “UTP increases wound healing in the Self
Assembled Skin Substitute (SASS)” (objetivos 7 ¢ 8).

- Capitulo V: Artigo em preparacao, intitulado: “CD73 is overexpressed during the

wound healing process in Self Assembled Skin Substitute (SASS) model”
(objetivos 7 e 8).
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5 CAPITULO I - Artigo 1

Decellularized human amniotic membrane associated with
adipose derived mesenchymal stromal cells as a bioscaffold:
Physical, histological and molecular analysis

Artigo publicado na revista Biochemical Engineering Journal
Fator de impacto: 3.978, na forma de Original article

Article DOI: doi.org/10.1016/j.bej.2019.107366

A membrana amniética humana tem um grande potencial como curativo e sua combinacao
com células estromais mesenquimais representam uma terapia alternativa para a regeneragao
de lesdes. Para alcancar o beneficio do potencial terapéutico das células estromais
mesenquimais na regeneracdo de feridas, ¢ muito importante utilizar um scaffold
biocompativel que mantenha a potencialidade de células progenitoras, sem alterar a
viabilidade celular, para que estas possam apresentar suas propriedades imunomoduladoras e
quimioatraentes quando transplantadas na 4rea ferida. A membrana amniodtica ¢
histologicamente semelhante ao tecido cutaneo, no entanto, para a elaboragdo do bioscaffold,
em combinacdo com células estromais mesenquimais, a membrana € exposta a processos de
descelularizacdo. Estes processos devem garantir uma descelularizagdo eficaz sem a alteracao
da histoarquitetura do biomaterial. Neste trabalho analisamos as caracteristicas fisicas,
histologicas e moleculares da membrana amnidtica descelularizada na presenca e auséncia de
células estromais mesenquimais, isoladas de tecido adiposo. Essa etapa ¢ fundamental para

que se possa utilizar com seguranca esse bioscaffold em modelos pré-clinicos.
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Contents lists available at ScienceDirect

Biochemical Engineering Journal

journal homepage: www.elsevier.com/locate/bej

Regular article

Decellularized human amniotic membrane associated with adipose derived = M)

. . : : Gheok for

mesenchymal stromal cells as a bioscaffold: Physical, histological and s
molecular analysis
Liliana Ivet Sous Naasani™', Aline Francielle Damo Souza™', Cristiano Rodrigues?,
Samlai Vedovatto®, Jéssica Gongalves Azevedo”, Ana Paula Santin Bertoni®,
Marilda Da Cruz Fernandes®, Silvio Buchner”, Mércia Rosingela Wink™"
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HIGHLIGHTS

® The hAM is thermally stable at high temperatures.

® The hAM decellularization does not compromise their collagen types I and III content.

® Analysis of NMA shows that decellularized human amniotic membrane (D-hAM) does not cause nuclear alterations in AD-MSCs.

® The D-hAM allowed the AD-MSCs to grow without compromising their stemness.

® The D-hAM has the potential to be used as a bioscaffold associated with MSCs.
ARTICLE INFO ABSTRACT
Keywords: The human amniotic membrane (hAM) has a great potential as a wound dressing and its combination with
Human decellularized amniotic membrane mesenchymal stromal cells (MSCs) represents an alternative therapy for wound healing. The scaffold should
Human adipose derived mesenchymal stromal maintain the stemness of cells, so that they can present their immunomodulatory and chemoattractant properties
cells

when transplanted into the injured area. In this work we analyzed the histological and physical characteristics of
amniotic membrane preserved in glycerol, in the presence and absence of human adipose derived mesenchymal
stromal cells (AD-MSCs). No statistical difference was observed when comparing collagen fibers types I and IT in
intact (I-hAM) and amniotic membrane (D-hAM). We compared the degradation temperature with the ther-
mogravimetric analysis in I-hAM, D-hAM, and D-hAM with AD-MSCs and characterized the structure and
composition of the biological tissue material with Fourier Transform Infrared (FTIR). The intact hAM showed to
be more thermally stable; however, it was observed that the hAM, intact and decellularized, is stable at high
temperatures. The AD-MSCs were able to grow and expand on D-hAM without showing alterations on cell
biology parameters as adhesion, viability, nuclei morphologyand actin cytoskeleton. Importantly, the AD-MSCs
did not lose their differentiation potential and their mesenchymal cell markers expression after growth on D-
hAM. These results constitute a main step for the use of this bioscaffold in pre-clinical models.

Fourier Transform Infrared
Thermogravimetric analysis
Bioscaffold

Scanning electron microscopy

1. Introduction the development of successful cell-based therapies and the treatment of
large cutaneous losses is one of the main injuries that could benefit from

Tissue engineering and stem cell therapy are very promising stra- them [1,2].
tegies for wound healing. There are many human diseases depending on The skin, as a protective layer of the human body, is a vulnerable
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system in the organism and its physiologically impaired healing re-
sponse to chronic wounds is still poorly understood and thus a matter of
debate [1,2].

Normal wound healing implies a chain of harmonized cellular and
molecular events. In cases of severe skin burns a series of local and
systemic responses to the lesion are triggered as intense dehydration,
high levels of inflammatory cytokines secretion, micro-organisms co-
lonization, loss of vascularization and extensive cell destruction that
interrupts the healing process [4].

There are many strategies based on new technologies as bioengi-
neering and 3D bioprinting to develop skin substitutes to regenerative
medicine (revised by Chocarro-Wrona et al.). Examples of available
skin replacement products are Integra™, made up of bovine collagen
and chondroitin 6-sulfate, and MatriDerm® that has bovine collagen
and elastin hydrolysate. Both products have been demonstrated to im-
prove the healing process; however, they are still expensive therapies to
developing countries insert in their public health systems [5].

Stem cells applications and tissue engineering have become a novel
therapeutic modality for damaged skin regeneration. These sirategies
involve the combination of cells, growth factors and scaffolds that can
supply cellular biological components allowing to restore the tissue
function [6].

Human adipose derived mesenchymal stromal cells (AD-MSCs) are
often the choice of cell source for transplantation in cell-based therapy,
such as burn wound healing, due to easy access to adipose tissue, which
yields high cellular quantities [7,8]. These cells can undergo multi-
lineage differentiation and secrete growth factors that can enhance
wound-healing processes by promoting angiogenesis, hence increasing
local blood supply [8]. Although AD-MSCs have been widely studied in
vitro and in vivo, demonstrating their potential and safety, randomized
clinical trials on humans are still in process [1,9].

To reach the benefit from the therapeutic potential of these cells in
wound healing, it is very important to find a biocompatible scaffold. It
should maintain cell viability without toxicity and allow cells transplant
to the injured area, where they will migrate to the site requiring repair
[10].

The human amniotic membrane (hAM) has anti-inflammatory, an-
giogenic, and anti-bacterial nature leading to its successful clinical use
[11]. The hAM is an avascular tissue that makes up the inner part of the
fetal membrane [12]. It is composed of a single cubic epithelium
monolayer, a thick basement membrane and an avascular stromal
matrix, also called the spongy layer. The basement membrane consists
of a network of reticular fibers, such as laminin, fibronectin and col-
lagen type L, I1I, IV, VI and XVII [13], and some fibroblastic cells, such
as mesenchymal stromal cells in the connective tissue [14]. The spongy
layer is constituted by proteoglycans and glycoproteins, producing a
spongy appearance in histologie preparations. It contains a nonfibrillar
meshwork of mostly type III collagen [15].

The study of this important biological resource over the years has
led to a better understanding of its action in the regeneration of lesions.
When in contact with the wound bed, the hAM forms a physical barrier
against bacterial invasion, reduces loss of body fluids and proteins,
reduces pain, and stimulates the release of growth factors and healing
modulators that stimulate proliferation and migration of keratinocytes,
favoring the healing process [16,17].

The hAM has the advantages of being highly available and of low
handling cost, being a strong competitor to the products already in the
market. However, considering it has different processing methods, it is
important to determine whether the way of preservation, storage and
decellularization is adequate for therapy. Also it is necessary to in-
vestigate whether the steps employed during preparation of the tissue
can alter cell biology.

Therefore, in this work we analyzed the histological and physical
characteristics of the decellularized amniotic membrane preserved in
glycerol, in the presence and absence of AD-MSCs and determine the
cell biology parameters and stemness maintenance of AD-MSCs after

Biochemical Engincering Journal 152 (2019) 107366
contact with D-hAM.

2. Materials and methods
2.1. Isolation of AD-MSCs

AD-MSCs were extracted from the abdominal adipose tissue of fe-
male healthy donors (ages between 31-45 years) with normal body
mass indexes (BMI). The patient consent was obtained before the li-
posuction and all protocols were approved by the Research Ethics
Committee (REC-ISCMPA no 3.029.141) from the Irmandade Santa
Casa de Misericérdia de Porto Alegre (RS, Brazil). The AD-MSCs were
obtained as already described [18]. Briefly, the fat tissues were trans-
ferred to a separatory funnel and were washed with a phosphate-buf-
fered saline (PBS) to remove the blood tissue. The fat fragments were
digested with collagenase solution (Type [, 1 mg/mL solubilized in
DMEM) and incubated in a water bath (37 °C) for 30 min with vortex
agitation every 10min. The collagenase solution was inactivated by
DMEM 10% FBS. The cells were then centrifuged at 600 < g for 10 min
and the supernatant was discarded. Next, they were resuspended in an
erythrocyte lysis solution (150 mM NH4Cl, 10 mM NaHCO3 and 1 mM
EDTA) diluted in ultrapure water 1:1 (v:v), undergoing simultaneous
vortex agitation and then 15 min incubation at room temperature. After
new centrifugation (600 x g, 10min), the cells were resuspended in a
known volume of DMEM 10% FBS and were counted using 0.4% trypan
blue (Bio-Rad, Hercules, CA, USA) exclusion method. The cells were
seeded in 25 em? cell culture flasks with DMEM 10% FBS (1000 mg/L
glucose) at 37 °C in a humidified incubator filled with 5% CO.. The first
exchange of the medium was realized 48 h later, when adherent cells
appeared, and it was repeated each 4 days.

2.2. Differentiation of AD-MSCs

For AD-MSCs differentiation we used the StemPro® Adipocyte
Differentiation Basal Medium, StemPro® Osteogenesis Differentiation
Basal Medium and StemPro® Chondrocyte Differentiation Basal
Medium (Gibco) for adipogenic, osteogenic and chondrogenic differ-
entiation, respectively, has already been published by Naasani et al.
2017 [19]. Control cells were maintained with standard medium that
was changed every three days, until the specific periods of cultivation.
After 14 days of adipogenic differentiation conditions, the culture was
fixed with 4% formaldehyde solution for 30 min and stained with Oil
Red O in deionized water (1:3). The pre and post-treatment was made
with 60% isopropanol (v/v) in water. Then, after 23 days in culture
with chondrogenic medium, the synthesis of proteoglycans by chon-
drocytes was seen with 1% Alcian Blue staining, prepared in 0.1 N HC{.
For osteogenic cultures, it was used 2% Alizarin Red S solution (pH 4.2)
after 25 days, to see the calcium phosphate deposited by osteoblasts.
Stained induced cultures were compared with stained controls. Photo-
micrographs were performed using a BX-50 Olympus microscope with
optical lens (10X/0.30 Phl-UplanFI), coupled to a camera Motican
2500 (Olympus, Hamburg, Germany).

2.3. Cell surface antigen expression

We detected the AD-MSCs surface antigen expression by flow cy-
tometry. Cultures were dissociated with trypsin-EDTA, centrifuged and
incubated for 30 min at 4 °C using the antibodies: FITC-anti-CD44, PE-
anti-CD105, PE-anti-CD45, PE-anti-CD14,FITC-anti-CD34 (Invitrogen™,
Waltham, MA, USA), PE-mouse-Anti-Human-CD73 (BD Pharmingen™)
and PE anti-human-CD90 (Thyl) Clone: 5E10 (BioLegend) [20]. The
cytometer was equipped with 488nm argon laser (Becton-Dickinson,
San Diego, CA, USA), and CellQuest software. At least 10.000 events
were collected and data were evaluated using the Flowing Software 2
(Perttu Terho, Finland).
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2.4. Processing of hAM

For amniotic membrane processing, the protocol used by Paggiaro
and colleagues was followed [21]. Briefly, the pregnant women were
screened serologically for HIV, hepatitis B and C, HTLV, syphilis,
Chagas disease, toxoplasmosis (IgM antibodies) and cytomegalovirus
(IgM antibodies). Only patients with negatives results were selected. In
all phases of processing fragments were collected for microbiological
analysis. Under sterile conditions, the hAM was separated from the
other fetal membranes and it was washed once with sterile saline so-
lution. Membrane was treated with antibiotics (penicillin 1.000.000 U/
L and streptomycin 1 g/L) and it was preserved in glycerol 85% solution
under refrigeration and up to this point the samples were used as an
intact amniotic membrane (I-hAM). To obtain decellularized hAM (D-
hAM), the membrane was submitted to decellularization protocol by
enzymatic method using 0.05% trypsin / 002% EDTA during 20 min at
37 °C and, finally, it was washed with PBS and hydrated overnight at
37 °C with culture medium before seeding cells.

2.5. Collagen fibers analysis of I'hAM and D-hAM

A histomorphometric method was used to determine quantitatively
and qualitatively the collagen content in the intact and decellularized
hAM. Firstly, intact and decellularized AM were included in paraffin
after being sectioned into slices of 4 pm and deparaffinized. Collagen
fibers were assessed by 2 h incubation of the slides in a Sirius Red so-
lution, consisting of saturated picrie acid containing both 0.1% Direct
Red 80 and 0.1% Fast Green (Sigma-Aldrich, St. Louis, MO, USA). After
that, the sections were shortly dipped in distilled water, and were then
washed once with 100% ethanol. The color hues were assessed to de-
termine the collagen distribution, using polarized light microscopy
(Olympus BX-53, Shinjuku, Tokyo, Japan) at x 200 magnification. Each
image was splitted into three color channels, using the RGB stack by
ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Adjusting the threshold tool, the color channels monochromatically
revealed the collagen content, according to their type: I (red) and III
(green). The relative area occupied by each type of collagen was then
calculated in proportion to the total area of the membranes. Data were
analyzed by one-way ANOVA, following Tukey's multiple comparison
tests using the Graph Pad Prism 6 software (La Jolla, CA, USA).
Statistically significant differences were accepted when p < 0.05,
being expressed as mean * standard deviation (SD).

2.6. Expression of fibronectin in I-hAM and D-hAM by
immunohistochemistry

Deparaffinized sections (4 pum) of I-hAM and D-hAM were treated
with Tris (pH 9,0) for 20 min and blocked with 5% H202/methanol
10 min followed by incubation with 1% BSA. Sections were then se-
quentially incubated with polyclonal rabbit anti-human fibronectin
(DakoCytomation) for 1h at 37 °C. After was used the EnVision™ +
Dual Link System-HRP (Dako, K4061) according to the manufacturer’s
protocol. The images were obtained using the EVOS FL Auto 2 Cell
Imaging System (Invitrogen) at x400 magnification.

Quantification of fibronectin was performed using the Imagel
Software, calculating the proportion of area occupied by the strong
brown staining in samples. We adjusted the color threshold to measure
the stained area and then, calculate the proportion to the total area of
the membranes. Statistically significant differences were accepted when
p < 0.05, being expressed as mean + standard deviation (SD).

2.7. Histological analysis of hAM
The histological sections of intact hAM, decellularized hAM and

decellularized hAM + AD-MSCs were stained with hematoxylin-eosin
(HE). The samples were fixed with xylene and hydrated with decreasing
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concentrations of ethyl alechol (100, 70 and 60%) and water for 5 min
and then stained with hematoxylin solution (Merk, Germany) for 4 min.
After washing with running water, it was stained with eosin for 2 min
and then dehydrated with increasing concentrations of ethyl alcohol,
ending with xylene for 5 min. Histological micrographs were performed
with a Leica DM6 B microscope.

2.8. Infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA)

The intact hAM, decellularized hAM and decellularized hAM + AD-
MSCs were analyzed with Fourier transform infrared (FTIR) spectra (4
em ™! resolution, 512 scans) and were collected in reflectance mode
using a Perkin-Elmer Spectrum 400 MIR/FIR and a Bomem MB 100
spectrometers.

The Thermogravimetric analysis (TGA) scans of the samples were
carried out using Shimadzu TGA-50 to detect the mass variation. TGA
experiments were performed in a Pt-crucible in a temperature range
between 20 and 650 “C under flowing nitrogen (50 em®/min) in rate of
20°C/min.

2.9. MTT tetrazolium assay

The relative viability of the AD-MSCs seeded on D-hAM were as-
sessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay. The hAM was cut in fragments of
approximately 6 mm in diameter and it was placed in 96-well plate
conical bottom without adherence. Cells were seeded at a density of
10 x 10 cells/well. Additionally, D-hAM control was analyzed to de-
termine if the MTT reacted with the membrane. After 72 h, they were
incubated with MTT for 4 h. The crystals were dissolved in dimethyl
sulfoxide (DMS0), and the amount of formazan (presumably directly
proportional to the number of viable cells) was measured by
SpectraMax Microplate Reader (Molecular Devices Corporation, USA)
at 570 nm. Average absorbance corresponded to 100% viability in the
control.

2.10. Actin filaments staining

Actin cytoskeleton organization of AD-MSCs seeded on D-hAM was
assessed viaF-actin staining. Briefly, AD-MSCs were seeded at 10 x 10*
cells/em? on glass coverslips (control) and on D-hAM and then cultured
for 72 h with standard medium under appropriate atmosphere. The
culture was washed once with PBS and it was fixed with 4% paraf-
ormaldehyde solution in PBS for 30 min at 4 °C. Cells were washed with
PBS followed by incubation with permeabilization solution (0.1%
Triton X-100 in PBS) for 1h. Actin filaments were stained with FITC-
Phalloidin (Sigma) and cells were also stained with 4’,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes) for the identification of nuclei
(40 min, 4°C, dark room). Images were obtained with a fluorescence
microscope (Olympus IX51/0lympus U-RFL-T) coupled with 460-490,
and 372 nm band-pass excitation filters, respectively.

2.11. Nuclear morphometric assay (NMA)

Nuclear morphometry was analyzed using an NMA program [22].
AD-MSCs were seeded at a density of 1.5 % 10° cells/em? on D-hAM
and the control was seeded on glass coverslips for 72 h. After this time,
the cells were fixed with 4% paraformaldehyde (v/v in PBS) for 30 min
at room temperature. Nuclei were marked with 300nM DAPI for
30min, at room temperature and images of the DAPI-labeled nuclei
were captured using a fluorescence microscope (Olympus BX- 50) with
optical lens (% 10/0.30 Phl-UplanFI) coupled with 372 nm band-pass
excitation filter.

Quantification of nuclei types were performed using Image Pro Plus
6.0 software (Media Cybernetics, Silver Spring, USA). The results were
analyzed by one-way ANOVA, following Tukey's post-hoc test. Data
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were presented as a plot of Area versusNuclear Irregularity Index (NII)
and all samples were compared with control.

2.12. Senescence-associated-B-galactosidase staining

Senescence-associated (SA) (-galactosidase expression of AD-MSCs
seeded on D-hAM was analyzed using Senescence Cells Histochemical
staining kit (Sigma), according to the manufacturer’s protocol. Briefly,
the AD-MSCs in sixth passage were cultured on D-hAM and tissue cul-
ture plate (control) for 72 h with standard medium under appropriate
atmosphere. Subsequently, the cells were fixed with 1X fixation buffer,
washed with PBS and incubated with Staining mixture (X-gal solution)
overnight at 37 °C without CO, Finally, the SA- f(-gal-positive cells
exhibited a blue color. Cells were also stained with DAPI (30 min, 4 °C,
dark room) to identify the number of nuclei/cells on the D-hAM. Images
were obtained with a light/fluorescence microscope (Olympus IX51/
Olympus U-RFL-T). The number of positive cells was counted for every
300 cells using ImageJ software.

2.13. RT-gPCR analysis

To better evaluate the decellularization process, we evaluated the
presence of mRNA in hAM before and after the decellularization.
Samples of ~4.0 em? of intact and decellularized membrane were
disrupted in a rotor-stator tissue homogenizer in presence of TRIZOL LS
reagent (Life Technologies, Carlsbad, CA, USA) in accordance with the
manufacturer’s instructions and stored at — 80 *C.

The complementary DNA (cDNA) was synthesized with M-MLV re-
verse transcriptase enzyme (Promega, Madison, WL, USA) and 1 pg total
RNA in a final volume of 20 pL with a random hexamer primer in ac-
cordance with the manufacturer’s instructions. Real-time PCRs were
carried out in an Applied Biosystems StepOnePlus™ Real-Time PCR
cycler and done in duplicate. Reaction settings were composed of an
initial enzymatic activation step at 50 °C and 95 *C ¢DNA denaturation
step, both for 2 min, 40 cycles of denaturation at 95°C for 15s, and
annealing/extension at 60°C for 60s, followed by analysis of the
melting curves from 60°C to 95°C at 0.1 °C/s to produce the dena-
turation curve of the amplified products. The reaction was performed in
a final volume of 12.5 pl composed of 6.25uL of SYBR Select Master
Mix (Applied Biosystems, Foster City, CA, USA), 0.5 ul of primer pairs
10 pM, 4.75 pl of DEPC-treated water and 1 pl of cDNA. A list of primers
used in this study is presented in Table 1. At the end of the PCR cycles, a
melting curve was generated to identify the specificity of the products.
For RT-qPCR normalization we evaluated glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), TATA-Binding Protein (TBP) e p-actin
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Table 2
Dispersion data for each reference gene. Analysis of their results indicating less
stability for GAPDH.

ACTH TBP GAPDH
CVia 9.89 651 12.60
SD 297 202 322
MFC 127 118 1.36

*CV (coefficient of variation), SD (standard deviation) and MFC (maximum fold
change).

(ACTB) housekeeping genes and combination of ACTB and TBP primers
were selected because of its higher stability (Table 2; Supplementary
Fig. 1). The data were presented as the ratio of target gene expression/
(ACTB-TBP mean). The relative quantification was obtained by the
comparative Ct method (2-AACt).

2.14. Scanning electron microscopy (SEM) examination

Morphological aspects of AD-MSCs on D-hAM scaffold were ob-
served from scanning electron microscopy (SEM). Cells were seeded on
membrane and after 72 h of culture they were fixed with 2.5% glutar-
aldehyde in PBS for 96 h at 4-8 °C. After it the samples were washed
with PBS for 12h at the same temperature. Then, the cells were in-
cubated with 1% osmium tetroxide in PBS for 20 min at room tem-
perature, followed by washing it three times with PBS. In the sequence,
suecessive dehydration with ascending concentrations of ethyl alcohol
(50, 60, 70, 80, 90, and 100%) was performed for 10 min each, and
then more 20 min for the last two percentages. The critical point was
used as the last drying step of the samples and then they were mounted
onto aluminum stubs and coated with gold. Samples were kept in the
desiccator until reading in the SEM. Imaging was conducted using a
scanning electron microscope (Carl Zeiss EVO).

2.15. Characterization of AD-MSCs after seeded on D-hAM

In order to analyze whether the contact with D-hAM could change
the characteristics of AD-MSCs after their culture, we seeded the cells
on D-hAM and we started the treatment with StemPro® Adipocyte,
Osteogenesis and Chondrocyte Differentiation Basal Medium (Gibco).
The controls were maintained with standard medium as described
above.

For adipogenic differentiation, AD-MSCs were grown during 24 h on
D-hAM and then treated for two weeks with the adipocyte differentia-
tion medium. Considering that the stain reagents used to the

Table 1
Characteristics and sequences of the candidate genes for normalization of the RT-qPCR and genes of interest for the analysis of the interaction of AD-MSCs with the D-
hAM.
SEQUENCE NAME SEQUENCE (5'- 3" FUNCTION AMPLICON (bp)
GAPDH_F_human GTCAAGGCTGAGAACGGGAA Carbohydrate metabolism 158
GAPDH_R_human AAATGAGCCCCAGCCTTCTC
TBP_F_human GCATCACTGTTTCTTGGCGT Initiation of transcription of the RNA polymerase I promoter 112
TBP_R_human CGCTGGAACTCGTCTCACTA
ACTB_F human AAGACAGTGTTGTGGGTGTAGG Structural protein of the cytoskeleton 126
ACTB_R_human TGGGATGGGGAGTCTGTTCA
CDH2_F human AGGCTTCTGGTGAAATCGCAT Cellular adhesion molecule a0
CDHZ_R_human GCTGTCCTTCATGCACATCCT
FN1_F human AATGGTCGTGGGGAATGGAC Cell matrix organization glycoprotein 114
FN1_R_human CCCCTCTTCATGACGCTTGT
VIM_F_human CGGGAGAAATTGCAGGAGGA Intermediate filament protein 105
VIM_R_human AAGGTCAAGACGTGCCAGAG
K167 F human AGAAGACAGTACCGCAGATGA Marker of cell proliferation
KI67 R_human AGCTGCATTTCTGCCATTACG

Abbreviations in Table 1: ACTB: beta-actin; TBP: TATA box binding protein; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; CDH2: N-caderin; FN1: Fi-

bronectin; VIM: Vimentin; bp: base pairs.
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Fig. 1. Characterization of AD-MSCs. Cells differentiated into adipocytes (A), chondrocytes (B) and osteocytes (C). Flow cytometry histograms (D) show the ex-
pression (yellow curves, left) of selected molecules (CD73%, CDY0*, CDM4~, CD45~, CDMO5Y, CD34~ and CD44 %) by AD-MSCs populations from three tissue
donors, compared with controls (yellow curves). Phase contrast micrograph. Scale bar: 100 pm. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

identification of osteogenic and chondrogenic differentiation impreg-
nates the amniotic membrane, avoiding the analysis, we had to adapt
the protocol. First, AD-MSCs were seeded and expanded on D-hAM for 7
days. After that, we washed it with PBS and dissociated with trypsin-
EDTA (0.05%) trypsin - (0.02%) EDTA during 15 min at 37 °C and
seeded them on tissue culture plates. Finally, we treated them with
Osteogenesis and Chondrocyte Differentiation Basal Medium for two
weeks

Staining for the identification of the three lineages was done as al-
ready described above (section 2.2 Differentiation of AD-MSCs).

Cell surface antigens expression of AD-MSCs after culture on D-hAM
was detected by flow cytometry. For this, the cultures in contact with
this membrane were dissociated with trypsin-EDTA, centrifuged and
incubated for 30 min at 4 °C using the antibodies: PE-anti-CD14, FITC-
anti-CD34, FITC-anti-CD44, PE-anti-CD45,PE-anti-CD105 (Invitrogen™,
Waltham, MA, USA), PE-mouse-Anti-Human-CD73 (BD Pharmingen™)
and PE anti-human-CD90 (Thy1l) Clone: 5E10 (BioLegend), in the same
conditions mentioned before.

As a control, we also analyzed the amniotic membrane after de
decellularization process in order to evaluate the presence of remaining
cells.

2.16. Statistical analysis

Data were analyzed statistically by one-way ANOVA followed by
Tukey s post-hoc test and T-Test. using the Graph Pad Prism 7 software
(La Jolla, CA, USA). Statistically significant differences were accepted
when p > 0.05.3.

3. Results
3.1. Isolation and characterization of AD-MSCs

We isolated a population of AD-MSCs from discarded human ab-
dominal adipose tissue that presented a fusiform morphology, plastic
adherence, self-renewal and trilineage differentiation potential. We
observed the intracellular lipid vacuoles with oil red, the synthesis of
proteoglycans with alcian blue and a calcium-rich mineralized matrix
with alizarin red S staining, which shows that they differentiated into
adipocytes, chondrocytes and osteoblasts, respectively, when in contact
with differentiation factors (Fig. 1A-C). Also, we analyzed the AD-MSCs
surface antigen markers from three tissue donors by flow cytometry.
Cells showed the expression of selected molecules as expected (CD73 ",
CD90*, CD147, CD457, CD105%, CD34~ and CD44™) (Fig. 1D).

3.2. Analysis of hAM histoarchitecture after the decellularization process

The hAM was successfully separated from other fetal membranes
and preserved in glycerol at 4 °C before its decellularization. We eval-
uated, histologically, the impact of decellularization process of hAM by
picro-sirius red staining and fibronectin expression (Fig. 2). After hAM
processing, the concentration of both types of collagen fibers did not
present statistical difference, suggesting that the decellularization by
trypsin-EDTA method does not cause loss of collagen. The relative area
occupied by collagen increased (27.4 = 10.2% to 42.3 + 3.7%) when
calculated in proportion to the total area of membrane (Fig. 2A).
Complementarily, it appears that the amount of type III collagen
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(green) was more visible in the D-hAM, changing from 42 to 52% of the
total, pointing to an increase in small fibers (Fig. 2B, C). The im-
munohistochemistry for fibronectin expression showed a decreased of
21% in the protein content after the decellularization process
(43 + 10.22% for I-hAM and 34.33 + 7.88% for D-hAM) (Fig. 2D, E,
F).

3.3. Histological analysis of D-hAM associated with AD-MSCs

In order to analyze the integration of AD-MSCs seeded on D-hAM,
after 72 h of culture the membrane was fixed for histological sections
analysis. In the intact amniotic membrane, we observed a monolayer of
epithelial cells which was successfully separated after decellularization.
The AD-MSCs seeded on D-hAM formed a monolayer without altering
their fusiform morphology (Fig. 3A-F).

3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis for D-hAM + AD-MSCs, D-hAM and I-
hAM samples is shown in Fig. 3G. In this figure is shown also the TGA
measurement for liquid glycerol used to preserve the samples. The TGA
curve of Glycerol showed that there is a gradual loss in weight until
complete decomposition. This occurred from room temperature to
150 °C, suggesting that Glycerol was not impregnated in the samples at
superior temperature.

The degradation of the D-hAM + AD-MSCs, D-hAM, [-hAM samples
occurred in the same temperature range, but with different rates. The
TGA measurement showed a characteristic weight loss that was smaller
around the temperature of 100 °C when compared with the total mass.
A significant decomposition was observed in the range of 250-390°C
for all samples. However, the D-hAM + AD-MSCs sample followed with
a high composition rate up to 415°C. It can be observed that at tem-
peratures above 650 °C occurred D-hAM + AD-MSCs sample complete
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Fig. 2. Picro-sirius red staining and fibronectin
expression of I-hAM and D-hAM. (A) Stacked
graph shows the relative hAM area (%) occu-
pied for collagen fibers types I (bottom) and II1
(top) before and after decellularization process
(mean + SD). No statistical difference was
observed when comparing intact and decel-
lularized membranes. Longitudinal micrographs
demonstrate both (B) intact and (C) decellular-
ized membrane sections under polarized light
microscopy, revealing differences in the bi-
refringence of collagen fibers. (D) Relative area
(%) of fibronectin expression for in I-hAM and
D-hAM showed a significant decrease of 21%
after decellularization process (mean =+ SD)
(p = 00.5). Immunohistochemical staining for
fibronectin expression in -hAM (E) and D-hAM
(F). Scale bar: 50 ym. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

degradation (662 °C), while D-hAM was completely degraded at an
even higher temperature (692°C). Meanwhile, at 700°C, the [-hAM
remained with 22% of its mass in relation to its initial value, showing to
be more thermally stable.

3.5. Infrared spectroscopy

To characterize the structure and composition of the biological
tissue material we analyzed the samples with Fourier Transform
Infrared (FTIR). The absorption bands 1652em ™', 1550em™" and
1238 cm ™! were observed when the hAM in the presence of AD-MSCs
was analyzed (Fig. 3H). In the case of D-hAM samples the absorption
bands were slightly shifted. They were observed in 1675cm ™',
1560cm ™! and 1240cm . It should be noted that in the region of
1652 ¢m ™" there is a small inclination, this band can be identified with
a range of 1675-1653 cm™ . In the I-hAM sample the amide I is shown
in range 1700-1685cm ™", the second absorption band was identified
in 1550 em™ ! and amide III was not shown.

3.6. Morphology and viability of AD-MSCs on D-hAM

The use of a simple phase-contrast microscopy allowed us to observe
AD-MSCs on the D- hAM due to membrane transparency (Fig. 4A-C).
However, to improve this observation and to analyze the morphology, a
Phalloidin/DAPI staining and scanning electron microscopy examina-
tion were made. By actin filaments analysis, there were no alterations in
its cytoskeleton and nuclei (Fig. 4D-G). This is in agreement with the
results of the MTT analysis, in which there was no statistically sig-
nificant loss of cell viability when AD-MSCs were in contact with the
membrane (Fig. 4H).
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Fig. 3. Hematoxylin and eosin (HE) staining, thermogravimetric analysis and FTIR spectra of human amniotic membranes. (A-B) Intact amniotic membrane shows its
epithelial cells monolayer in HE staining. (C-D) Decellularized amniotic membrane shows it was effectively decellularized. (E-F) The AD-MSCs adhered in the D-
hAM. G) Thermogravimetric analysis of D-hAM + AD-MSCs, D-hAM, -hAM and glycerol. H) FTIR spectra of D-hAM + AD-MSCs, D-hAM and I-hAM. Scale bar: (A, C,

E) 100 pm; (B, D, F) 50 pm.

3.7. Nuclear morphometric analysis assay and senescence-associated -
galactosidase expression of AD-MSCs on D-hAM

The Nuclear Morphometric Analysis Assay (NMA) allows to identify
seven different nuclear morphologies that have different biological
means: normal, no damage; irregular and large irregular, damaging
event; small regular, apoptosis in an early or intermediary stage; small,
mitosis; small irregular, mitosis with damage or nuclear fragments; and
large regular, senescence. In this study, the nuclear morphology of AD-
MSCs seeded in both, hAM and control on glass coverslips, presented
three different nuclear morphologies (normal, large regular and irre-
gular) and there was no significant difference between the two scaffolds
analyzed (Fig. 5A-B). Analysis of NMA showed that D-hAM scaffold did
not cause nuclear alterations as, for example, apoptotic nuclei. It means
that this structure, besides being a suitable scaffold, can maintain cells
viability. We confirm these results with the senescence-associated B-
galactosidase staining. The SA- fi-gal-positive cells exhibited a blue
color in senescent cells and no significant difference was observed be-
tween the D-hAM and control (Fig. 5C-G).

3.8. Gene expression

We performed gqPCR for a normalizing gene (TBP) after a disin-
tegration of decellularized membrane. We did not consider only the
amounts of total RNA measurement in absorbance at 260 nm, because

degraded RNA and single nucleotides also would contribute to the
260 nm reading. qQPCR analysis showed that only about 3% of mRNA
remains intact (Supplementary Fig. 2A). This data is in accordance with
other study in the literature that showed a reduction in the DNA content
from 341 + 29.60 pg/ml to 39.38 + 4.04 pg/ml, after the decel-
lularization procedure of h-AM [23].

The results obtained from real time RT-qPCR for adhesion and
proliferation genes presented an important variability, avoiding statis-
tically analysis. Besides the diversity among patients, it was possible to
conclude that the did not lose its expression of vimentin, fibronectin, N-
cadherin and Ki67 genes after grown on D-hAM (Fig. 6A-C).

3.9, Characterization of AD-MSCs grown on D-hAM and evaluation of
stemness maintenance

By SEM it was possible to obtain a general and magnified view of
the interaction between cells and membrane. Cells formed a monolayer
on the membrane and at higher magnification it was possible to identify
the cytoplasmic prolongations, added to the substrate and the fibers
that give structure to membrane (Fig. 7A-C). In order to determine the
stemness maintenance of AD-MSCs after contact with hAM, their po-
tential for multilineage differentiation and the expression of char-
acteristic markers were evaluated. It was possible to identify the for-
mation of lipid vesicles in the cells that were grown on membranes.
However, technically, it was not possible to characterize the other
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Fig. 4. Morphology and viability of AD-MSCs cultured on hAM scaffold. (A) The hAM scaffold for cell culture is shown. (B-C) AD-MSCs seeded on hAM. Their
fusiform morphology is indicated. Phalloidin and DAPI staining for AD-MSCs on the control (D,F) and hAM (E,G) showing cytoskeleton and nuclei of these cells. (H)
The MTT assay shows no significant differences in viability (%) of AD-MSCs seeded on the D-hAM in comparison with control cells (plastic culture plates surface).

Scale bar: (B) 200 pm; (C-G) 100 pum.

differentiations on D-hAM, because the reagents of staining im-
pregnated the membrane (Fig. 7D, E). For that, we seeded the AD-MSCs
on D-hAM and then expanded them on the membrane. We dissociated
the cells with trypsin-EDTA and seeded them on tissue culture plates to
perform osteogenic and chondrogenic differentiations. It was possible
to identify the synthesis of proteoglycans (Fig. 7F, G) and a calcium-rich
mineralized matrix (Fig. 7H, [), confirming the maintaining of tri-
lineage differentiation capacity.

Regarding to cell surface antigen expression pattern, there was no
alteration in molecules expression in comparison to control (Fig. 7.J).

In addition, as a control, to be sure that MSCs present in the intact
amniotic membrane were removed by the decellularization process, we
incubated the D-hAM with trypsin and analyzed the presence of cells
positive to CD44 and CD105 markers. We observed the absence of a
representative population of cells after decellularizing the human am-
niotic membrane (Supplementary Fig. 2B).

4. Discussion

Human AM has been widely used in many medical procedures, in-
cluding skin transplantation to treat burned and ulcerated skin, and in
critical ophthalmologic surgeries [14,24,25]. In addition to associated
growth factors, the composition of the hAM extracellular matrix by
proteins such as collagen, laminins and fibronectin, has been identified
as the main cause of its elevated potential for tissue regeneration
[26,271.

The mechanical integrity of hAM is guaranteed by interstitial col-
lagens types I and III, while collagens type V and VI form filamentous

connections between interstitial collagens and the epithelial basement
membrane. [15]. In this work, the collagen content of hAMs was ac-
cessed using picrosirius red staining, a specific method for collagen
detection in tissue sections. It is well performed with different ap-
proaches, e.gto detect fibrosis, to estimate tumor progression, wound
healing, biomaterial performances and homo and xenografts evaluation
after decellularization process. The total amount of collagen fibers were
quantified in decellularized hAM and compared with intact hAM. Under
polarized light microscopy, large collagen fibers are bright red or or-
ange, and the thinner ones, including reticular fibers, are green. Ac-
cording to Junqueira and colleagues, the birefringence is highly specific
for collagen types I and III [28]. Our results showed that there was no
difference between collagen content before and after processing.
Moreover, by the application of color threshold filters, it is apparent
that there is an increase in the proportion of type III fibers, signaling an
augmentation in spatial distribution of small fibers after decellulariza-
tion processing. According to our findings, Wilshaw and colleagues
reported that hAMs can increase the total collagen amounts after
treatment. This increase might be due to a loss of soluble proteins and
cells from the matrix after decellularization with EDTA solution [29].
The abundance of glycesaminoglycans, together with collagen and
elastin, gives to human AM a rich complex of structural elements to act
in wound healing, or as a scaffold for cells aiming bioengineering ap-
plications. In addition, Taghiabadi et al. 2014 showed similar results
measuring the hydroxyproline content of intact hAM in comparison to
hAM treated with ethylenediaminetetraacetic acid (EDTA, 0.1% w/v)
and 0.03% (w/v) solution sodium dodeeyl sulphate (SDS) [23]. The
levels increased from 361pg/mg to 479pug/mg after the
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Fig. 5. Nuclei morphometric analysis (NMA) and senescence-associated f-galactosidase analysis of AD-MSCs on D-hAM. AD-MSCs control (A) and D-hAM (B)
showing the number of nuclei of normal (N), mitotic (M), apoptotic (A), small and irregular (SI), senescent (S), large and irregular (LI) or irregular (I) nuclei after 72 h
of culture. Images show an example of each nuclei types analyzed. The SA-p-gal-positive cells (blue color) and DAPI staining for control (C, E) and AD-MSCs on D-
hAM. (G) The graph shows the percent of senescent AD-MSCs. No significant difference was observed between cells grown on D-hAM and control (plastic culture
plate). Statistically significant differences were accepted when p > 0.05, being expressed as mean + standard deviation (SD). Scale bar: 100 ym. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

decellularization. In another study conducted by Lim et al. (2010), the
authors analyzed the collagen (types I, II, IV, VI and VID) in decel-
lularized hAM by immunofluorescence, however the type III was not
investigated, thus avoiding us to compare our results of collagen type I1I
quantification [30].

Considering the importance of structural elements in order to hAM

act in wound healing, we also analyzed the fibronectin expression, in
intact hAM and after decellularization. We observed that the decel-
lularization process caused a loss of around 21% in the expression of the
protein. The fibronectin content was already analyzed from micronized
hAM [31]. The authors found an amount of 1.84 - 10° ng/mg. How-
ever, they did not evaluate the fibronectin content after the
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Fig. 6. Relative mRNA expression for vimentin (VIM), fibronectin (FIB), N-cadherin (CDH2) and Ki67 in AD-MSCs adhered to decellularized amniotic membrane
(AD-MSCs + D-hAM) by real-time RT-gPCR. (A) Agarose gel electrophoresis of amplified fragments. (B) The AD-MSCs used in the gPCR experiments were isolated
from three different donors (P1, P2 and P3). We extracted mRNA from each sample in three independent experiments and cDNA was analyzed in duplicate in the
gPCR, as default. Data is represented as fold-differences relative to the AD-MSCs + D-hAM (gray line; downregulated (< 1)or upregulated (= 1)). (C) Melting curves

for target genes indicating its specificity.

decellularization. In another study the fibronectin content was mea-
sured by immunohistochemical staining in decellularized and dehy-
drated human amniotic membrane (DDHAM), in comparison with
cryopreserved human amniotic membrane (CHAM). In accordance with
our data, the authors found that the decellularization process caused a
loss in the fibronectin expression [30].

The tissue collection and preservation are essential steps which
determines the success of any transplantation [21,32]. There are several
ways to decellularize and preserve the amniotic membrane and it is
important that the way in which it is preserved does not alter the
composition of its matrix so that it can be used as a scaffold for cell
culture. For that, we followed a protocol of preservation with a high
concentration of glycerol, without eryopreservation. The use of glycerol
is a disadvantage because of its high cellular toxicity, however, for our
purpose, it is not essential since we decellularized the membrane
without preserving its cells, while maintaining the structural integrity
of the tissue [21]. In addition, this method represents simple storage,
long-term preservation as well as a low cost procedure [33].

The intact amniotie membrane showed to be more thermally stable.
However, it was observed that human amniotic membrane is stable at
high temperatures in all analyzed conditions: decellularized and de-
cellularized covered with AD-MSCs. The collagen begins to slowly de-
nature above 37-43°C [25] and we observed a significant decomposi-
tion in the range of 250-390°C for all samples. According to Ma and
colleagues, due to collagenous constitution, the hAM reveals three
principal characteristic absorption bands: amide I (C=0O stretching),
amide II (N—H bending) and amide III (N—H bending) [34]. In this
work the absorption bands reported above were observed in hAM with

10

AD-MSCs. The peaks at 3320 cm ™! were assigned to the stretching vi-
brations of N—H. The absorption band ohserved in 2929-2958 cm™* for
D-hAM + AD-MSCs and 2981 cm ™! for D-hAM samples were also ob-
served at 2929 cm™ by Ma and colleagues. Kumar and colleagues cited
that peaks at 2922 cm™ (cross-linked membrane) and 2936 cm™ (non-
cross-linked membrane), meaning the presence of aliphatic group [35].

Mesenchymal stromal cells express a large number of bicactive
molecules such as adhesion molecules, extracellular matrix proteins,
cytokines and receptors for growth factors. They act by modulating the
inflammatory response, angiogenesis and mitesis of cells involved in
the tissue repair process. These characteristics allow them to survive
host immune rejection, which justifies their use for allograft applica-
tions. For that purpose is necessary a suitable biocompatible scaffold
that does not alter the cellular properties when transporting these cells
to the injured area to promote regeneration [26-39]. According, we
observed that the AD-MSCs were able to grow and expand on D-hAM
without showing significant alteration on adhesion, viability, senes-
cence, nuclei morphology and actin cytoskeleton. Similar results were
also observed in a previous study from our group, analyzing the growth
of limbal mesenchymal stem cells on hAM in comparison to Porcine
small intestinal submucosa (SIS) [40]. The property of the D-hAM to
promote an suitable environment to preserve the AD-MSCS signaling to
external stimuli may be related to its structure rich in collagen, elastin,
laminin and fibronectin [7].

The evaluation of the expression of vimentin, fibronectin, N-cad-
herin and KI67 made it possible to indirectly verify the cellular response
of the AD-MSCs to D-hAM, regarding cytoplasmic integrity, cell adhe-
sion and migration, sequestration of nutrients and growth factors, and
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Fig. 7. Characterization of AD-MSCs after seededing on D-hAM. (A-C) Micrographs of scanning electron microscopy of AD-MSCs seeded on D-hAM. Cells and
cytoplasmic extensions are indicated. C: Cells; hAM: human amniotic membrane. Adipocytes on hAM (D) and culture plate (E) showing the lipid vacuoles stained
with Oil Red. AD-MSCs cultured on D-hAM showed potential for chondrogenic (F) and osteogenic differentiation (H) similar to AD-MSCs cultured on tissue plate (G,
1). (J) Flow cytometry histograms of AD-MSCs cultured on D-hAM show the expression of selected molecules (CD73%, CD90*, CD14 ™, CD105™", CD45~, (D34, and
CD44™ ) in comparison to controls AD-MSCs grown on tissue plate. Negative control analyses with no antibody (left). Scale bar: (B) 10 pm; (C) 1 pm; 100 pm (A, D, F,
E, G, H, I). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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formation of granulation tissue [41-44]. Considering the scaffolds therapy more suitable for clinical application, since other forms of cell

properties that can affect the efficiency for application in regenerative administration imply complex questioning about the capacity to reach

medicine, cell adhesion is among the most critical characteristics [7]. the target tissue [45].

The mRNA expression of N-cadherin, vimentin and fibronectin were

preserved by AD-MSCs after their growth on D-hAM. This result to-

gether with the preserved histoarchitecture of the hAM, after the de- 5. Conclusions

cellularization process, could be responsible to the stemness main-

tenance of the AD-MSCS. Taken together, these results indicate that the In this study, we analyzed the physical and histological character-

amniotic membrane is a scaffold with potential to become stem cell istics of decellularized amniotic membrane in the presence and absence
of human adipose derived mesenchymal stromal cells. We found that

11
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cells isolated from adipose tissue did not lose their differentiation po-
tential and expression markers when in contact with human amniotic
membrane, thus, showing the maintenance of their therapeutic poten-
tial, when adhered to this biological matrix. Therefore, these results
constitute a main step for the use of this bioscaffold in pre-clinical
models.
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A cornea ¢ um tecido que, assim como a pele, se encontra exposta a diversas lesdes que
podem levar a deficiéncia de células estromais do limbo esclerocorneal, as células
responsaveis pela regeneragdo da cornea. Isso implica que a superficie da cdrnea ndo possa
ser regenerada, causando a uma perda da acuidade visual. As células estromais mesenquimais
do limbo esclerocorneal tém sido consideradas como uma fonte de células para o seu uso em
medicina regenerativa, em aplicacdes dermatoldgicas e oftalmologicas, cujo mecanismo ainda
esta sob investigagdo. Assim como a membrana amniotica humana, outros biomateriais como
a submucosa de intestino delgado porcino tém sido utilizados no desenvolvimento de matrizes
bioldgicas. Este capitulo tem como objetivo comparar a membrana amnidtica descelularizada,
com a submucosa de intestino delgado porcino, como scaffolds para o crescimento e

manutenc¢ao de células mesenquimais do limbo esclerocorneal.
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Abstract

Blinding corneal scarring is usually treated with allogeneic graft tissue. Nevertheless, the global shortage of donors leaves
millions of patients in need of therapy. Traditional tissue engineering strategies involves the combination of cells, growth factors,
and scaffolds that can supply cellular biological components allowing to restore the tissue function. The mesenchymal stem cells
found in the limbal stroma (L-MSCs) have a self-renewal potential for multilineage differentiation. Thus, in this work we
compared the potential of human amniotic membrane (hAM) and porcine small intestine submucosa (SIS) as scaffolds for L-
MSCs, aiming at potential applications in corneal regeneration. For that, L-MSCs were seeded on hAM and SIS and we analyzed
their viability, actin cytoskeleton, nuclei morphology, cell density, adhesion and surface markers. Our results showed that cells
adhered and integrated into both membranes with a high cell density. an important characteristic for cell therapy. However, due to
its transparency, the hAM allowed a better observation of L-MSCs. In addition, the analysis of surface markers expression on L-
MSCs after two weeks showed a slight increase in the percentages of negative markers for MSCs grown on SIS membrane. Thus,
considering a long-term culture, the hAM was considered better in maintaining the MSCs phenotype. Regarding the function as
scaffolds, SIS was as efficient as the amniotic membrane, considering that these two types of biological matrices maintained the
cell viability, actin cytoskeleton, nuclei morphology and mesenchymal phenotype, without causing cell death. Therefore, our data
in vitro provides evidence for future pre-clinical studies were these membranes can be used as a support to transport mesenchy-
mal stem cells to the injured area, creating a kind of temporary curative, allowing the release of bioactive molecules, such as
cytokines and growth factors and then promoting the tissue regeneration, both in human and veterinary medicine.

KeywordsAmnioticmembrane - Porcine small intestinesubmucosa - Limbalmesenchymalstemcells - Scaffolds - Sclerocomeal rims

Introduction

The external ocular surface extending from the conjunctiva into
the comea plays a critical role in visual perception. The cornea is
a transparent avascular tissue that provides protection to the
internal structure of the eye. It serves as an adequate surface of
refraction, allowing to send the incident light to the retina, which
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is essential for visual acuity [1]. Comeal tissue is composed of
three layers with different types of cells. Beneath the corneal
epithelium is the comeal stroma, which encompasses about
90% of the comeal volume, presenting as components mesen-
chymal stromal cells, collagen type L, and proteoglycans [2] .
The high regenerative capacity of the comeal surface oc-
curs through continued division, differentiation, and migration
of the population of limbal epithelial stem cells present at the
periphery of the comea [3, 4]. This transition zone, between
the comea and sclera is known as the sclerocorneal limbus and
represents the niche of the stem cells responsible for comeal
regeneration. This area was recognized by the experiments
carried out by Dr. Tung-Tien Sun in the ‘80s [5]. In addition,
it was shown that mesenchymal stem cells (MSC) found in the
stroma of sclerocorneal limbus, have the capacity for self-
renewal potential for multilineage differentiation [6, 7].
These cells share characteristics with MSCs from bone mar-
row, in relation to its morphology, specific markers. high pro-
liferation rate and low immunogenicity. In addition, the limbal
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mesenchymal stem cells (L-MSCs) provide a niche, allowing
the maintenance of the limbal epithelial stem cells phenotype
and participate in angiogenesis and regeneration of stromal
tissue, during corneal wound healing [8, 9].

Damage to the stem cells or disruption of the niches, may
lead to limbal stem cells deficiency. This implies that the cor-
neal surface cannot be regenerated, then it is replaced by con-
junctival cells causing conjunctivalization and vascularization
of the cornea, thereby leading to a loss of visual acuity [10].
Additionally, others conditions as several pathologies, poor re-
sponses to surgery, injuries, and infections can result in scarring
of the corneal stroma, which disrupts the vision of millions of
people around the world [11]. These corneal scars can remain
for decades in humans causing the loss of regular structure of
the collagen fibers, also low transparency of the comea [12].
Currently, surgical stromal replacement is the only successful
approach to restoring vision in healed comeas. However, one of
the main limitations for this treatment is that the amount of
patients needing this tissue exceeds the donor availability [2].
These limitations have motivated the development of strategies
using the new technological advances in tissue engineering,

Traditional tissue engineering strategies involves the com-
bination of cells, growth factors, and scaffolds that can supply
cellular biological components, allowing to restore the tissue
function [13]. Among cells used in these combinations are
MSCs, a population of non-hematopoietic stem cells with a
high proliferative, and self-renewal potential [14, 15]. It is
well established the differentiation capabilities and immuno-
suppressive properties that aid them to surviving from host
immune rejection, which justifies its use for allograft applica-
tions [16]. One of their potential is the therapy in ophthalmol-
ogy, due to their properties to increase the therapeutic potential
of regeneration [17].

For tissue engineering applications, the biomaterials often
serve as scaffold for a specific cell type. Most scaffold mate-
rials with great compatibility are naturally derived from mam-
malian tissues. The human amniotic membrane (hAM) is de-
rived from the inner layer of the placenta. Histologically, it
consists of a simple epithelium, a basement membrane, and an
avascular stroma [18, 19]. This membrane has a low immu-
nogenicity, and a low anti-inflammatory, anti-microbial, anti-
fibrosis, and anti-scarring properties. The hAM has been test-
ed as a treatment in ophthalmology for corneal ulceration,
conjunctival lesions coverage, and acute chemical bumns of
the eve, demonstrating promising results [20].

Other potential source of scaffolding is the porcine small
intestinal submucosa (SIS) that is composed mainly of extra-
cellular connective tissue. This xenograft scaffold is a non-
immunogenic biomaterial that has been widely used for tissue
reconstruction of different organs, including the eye, almost in
veterinary ophthalmology [21, 22].

Therefore, the main objective of this study was the isolation
of L-MSCs from human sclerocorneal rims, and its culture on
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hAM and SIS scaffolds. To this, we assessed parameters as the
maintenance of viability, cell adhesion, density, compliance of
actin cytoskeleton, nuclei morphology and phenotype of the
cells on these membranes.

Materials and Methods
Ethical Aspects

The sclerocorneal rims (from cadaveric donors) were donated
by Cornea Bank of Irmandade Santa Casa de Misericordia de
Porto Alegre hospital (ISCMPA) with the acceptance of the
internal Research Ethics Committee on Human Beings (REC-
[SCMPA n°070925/2015). Human amniotic membranes (hAM)
were acquired from Obstetrical Center at [SCMPA hospital,
Informed consent was applied before cesarean sections and all
protocols were also approved by REC-ISCMPA (n°882,968/
2014). All procedures were conducted according to the ethical
principles expressed in the Declaration of Helsinki.

Obtainment, Culture and Characterization of L-MSCs

The isolation of mesenchymal stem cells from sclerocorneal
rims was consistent with what we have reported [23]. In short,
we cut the corneal tissue in fragments of 4 mm” and washed
once with isopropyl alcohol/iodine 1:1 (v:v), followed of
phosphate buffer saline (PBS) with 2% penicillin/
streptomycin (Sigma Chemicals, Co. St. Louis, MO, USA),
Tissue fragments were incubated with 2 mg/mL dispase 11
(Sigma) with 1% penicillin/streptomycin overnight at 37 °C
to separate the epithelial membrane of the stroma. After re-
moving the epithelial layer, the fragments of the stroma were
placed on 6-well microplates (Nest Biotech) to isolate the cells
by migration. The growth medium used was a Dulbecco’s
Modified Eagle’s Medium (DMEM) with low glucose
(Sigma), supplemented with 10% fetal bovine serum (FBS)
(Gibco, Grand Island, N.Y., USA) and 1% penicillin/strepto-
mycin. Medium was changed every three days. L-MSCs cul-
tures were maintained at 37 °C, 5% CO», and 935% humidity to
reach confluence. After confluence, cells were trypsinized and
expanded in 75 em’ culture flasks (Kasvi, Curitiba, Brazil).
For cell differentiation, L-MSCs at 5 passage were seeded at
density 1% 10% cells/em” into a 12-well plate (Nest Biotech,
New Jessey, USA). The growth medium was changed after three
days in culture by the StemPro® Adipocyte Differentiation
Basal Medium, StemPro® Osteogenesis Differentiation Basal
Medium and StemPro® Chondrocyte Differentiation, Basal
Medium (Gibeo) for adipogenic, osteogenic and chondrogenic
differentiation, respectively. Control cells were maintained with
standard medium that was changed every three days, until the
specific periods of cultivation. After two weeks of adipogenic
differentiation conditions, the culture was fixed with 4%
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formaldehyde solution for 30 min and staining with Oil Red O
in deionized water (1:3). The pre and post-treatment was made
with 60% isopropanol (v/) in water Then, after 17 days in
culture with chondrogenic medium, the synthesis of proteogly-
cans by chondrocytes was seen with 1% Alcian Blue staining,
prepared in 0.1 N HC{. For osteogenic cultures, was used 2%
Alizarin Red S solution (pH 4.2) after 25 days, to see the calci-
um phosphate deposited by osteoblasts. Stained induced cul-
tures were compared to dye impregnation between controls.
Photomicroscopes performed using a BX-50 Olympus micro-
scope with optical lens (10X/0.30 Ph1-UplanFI), coupled to a
camera Motican 2500 (Olympus, Hamburg, Germany).

Cell surface antigen expression by L-MSCs was detected
using flow cytometry. Cultures were dissociated with trypsin,
centrifuged and incubated for 30 min at 4 “C with direct im-
munofluorescence staining using the antibodies: FITC-anti-
CD44, PE-anti-CD105, PE-anti-CD45, PE-anti-CD14,
FITC-anti-CD34 (Invitrogen™, Waltham, MA, USA) and
PE-anti-CD73 (BD Pharmingen™, San Diego, USA). The
cytometer was equipped with 488 nm argon laser (Becton-
Dickinson, San Diego, CA, USA), and CellQuest software.
At least 10.000 events were collected and data were evaluated
using the Flowing Software 2 (Perttu Terho, Finland).

Scaffolds Preparation
Processing of hAM

Previously, the pregnant women were screened serologically
for HIV, hepatitis B and C, HTLV, syphilis, Chagas disease,
toxoplasmosis (IgM antibodies) and cytomegalovirus (IgM an-
tibodies). Only patients with negatives results were selected.
Under sterile conditions, the hAM was separated from the other
fetal membranes and it was washed once with sterile saline
solution. Membrane was treated with antibiotics (penicillin
1.000.000 U/L and streptomycin - 1 g/L) and it was preserved
in glycerol 83% solution under refrigeration. In all phases of
processing fragments were collected for microbiological anal-
vsis, For the tests, the hAM was submitted to decellularization
protocol by enzymatic method using 0.05% trypsin / 0,02%
EDTA during 20 min at 37 °C and finally, it was hydrated
overnight at 37 °C with culture medium before seeding cells.

Preparation of SIS

The membrane of porcine intestinal submucosa was obtained
from OASIS Wound Matrix, Smith & Nephew Inc., London,
UK. The decellularized protocol is detailed by Luo et al.
(2011) [24]. Briefly, the membranes were cut into 6-mm-
diameter disks, and sterilized by UV-C radiation (254 nm)
for 10 min. Then, the SIS disks were rehydrated overnight
using standard culture medium for MSCs prior seeding cells.

MTT Tetrazolium Assay

The relative viability of'the L-MSCs seeded on scatfolds were
assessed by MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-
tetrazolium bromide) tetrazolium reduction assay. The hAM
and SIS were cut in fragments of approximately 6 mm in
diameter and it was placed in 96-well plate conical bottom
without adherence. We seeded at density of 1.5 x 10° cells/
well to provided sufficient cell-cell contact on the hAM, SIS
and a control of the cells on the flat surface of the 96-well
plate, additionally. cell-free membrane control was performed
to determine if the MTT reacts with the membranes. After
48 h, the scaffolds were changed from well to avoid the cells
that were adhered on well plate, and they were incubated with
MTT for 4 h. The crystals were dissolved in dimethyl sulfox-
ide (DMSO), and the amount of formazan (presumably direct-
ly proportional to the number of viable cells) was measured by
SpectraMax Microplate Reader (Molecular Devices
Corporation, USA) at 570 nm. Average absorbance
corresponded to 100% viability in the control.

Actin Filaments Staining

Actin cytoskeleton organization was assessed via F-actin
staining. Briefly, L-MSCs were seeded at 5 x 10* cells/cm’
on each scaffolds and glass coverslips (control) and were cul-
tured for 48 h and two weeks with standard medium over
appropriate atmosphere. Then, the culture was washed once
with PBS and it was fixed with 4% paraformaldehyde solution
in PBS for 30 min at 4 °C. Cells were washed with PBS
followed by incubation with permeabilization solution (0.1%
Triton X-100 in PBS) for 1 h. Actin filaments were stained
with FITC-Phalloidin (Sigma) and cells were also stained with
4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes)
for the identification of nuclei (40 min, 4 °C, dark room).
Images were obtained with a fluorescence microscope
(Olympus IX51/ Olympus U-RFL-T) coupled with 460
490, and 372 nm band-pass excitation filters, respectively.

Nudear Morphometric Assay (NMA) and Density Analysis

Nuclear morphometry was analyzed using a NMA program
developed by Filippi-Chiela et al. 2012 [25]. MSCs were
seeded at density 1.5 10° cells/well on the hAM, SIS and a
control on glass coverslips for 48 h. After this time, the cells
were fixed with 4% paraformaldehyde (v/v in PBS) for 30 min
at room temperature, Nuclei were marked with 300 nM DAPI
for 30 min, at room temperature and images of the DAPI-
labeled nuclei were captured using a fluorescence microscope
(Olympus BX-50) with optical lens (x10/0.30 Ph1-UplanFT)
coupled with 372 nm band-pass excitation filter.
Quantification of nuclei types were performed using Image
Pro Plus 6.0 software (Media Cybemetics, Silver Spring,
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4 Fig.1 Isolation and characterization of L-MSCs from sclerocomeal rims.
a The esclerocomeal rims. b The stromal cells migrating from limbus are
indicated. ¢ Confluent primary culture of L-MSCs. d Isolated cells show
fusiform morphology. e Alcian blue staining demonstrates
glycosaminoglycan production. f The cells differentiated into
osteoblasts showing the bone matrix stained by Alizarin red. g
Adipocytes showing the lipid vacuoles stained with Oil Red. h Flow
cytometry dot plot of isolated L-MSCs shows the expression of selected
molecules (CD105*, CD44%, CD73*, CD147, CD347, and CD457), in
comparison to each control. Phase contrast micrograph. Scale bars:
200 wm (a-d); 100 um (e-h)

USA). Data are presented as a plot of Area versus Nuclear
Irregularity Index (NII) and all samples were compared be-
tween control. In the same way, we quantify the number of
nuclei per area, to determine the cell density per mm® in each
substrate using Imagel k 1.45 software.

Scanning Electron Microscopy Examination

Morphological aspects of L-MSCs on hAM, and SIS scaffolds
were observed from scanning electron microscopy (SEM).
Cells were seeded in each substrates, and before 48 h of culture
were fixed with 2.5% glutaraldehyde in PBS for 96 h at 4-8 °C.
After this, the samples were washed with PBS for 12 h at same
temperature. Then, the cells were incubated with 1% osmium
tetroxide in PBS for 20 min at room temperature, followed by
washing three times with PBS. In the sequence, successive
dehydration with ascending concentrations of ethyl alcohol
(50, 60, 70, 80, 90, and 100%) for 10 min at each, and more
20 min for two last percentages. The critical point was used as
the last drying step of the samples and then they were mounted
onto aluminum stubs, and coated with gold. Samples were kept

e o

Fig. 2 L-MSCs viability on SIS and hAM scaffolds. The size and the

transparency of the (a) hAM and (e) SIS fragments are shown. The cells
were seeded on (b) hAM and (d) SIS and it were cultured for 48 hto MTT
assay. (e) Graph shows no significant differences in the viability (%) of
the L-MSCs seeded in the hAM and SIS in comparison with the control

in the desiccator until reading in the SEM. Imaging was con-
ducted using a scanning electron microscope (Carl Zeiss EVO).

Confirmation of Phenotype Maintenance

The Cell surface antigens expression of L-MSCs after two
weeks in culture on hAM and SIS, was detected by flow
cytometry. For this, the cultures were dissociated with trypsin,
centrifuged and incubated for 30 min at 4 °C with direct im-
munofluorescence staining, using the antibodies: FITC-anti-
CD44, PE-anti-CD105, PE-anti-CD45, PE-anti-CD 14, FITC-
anti-CD34 (Invitrogen™, Waltham, MA, USA), in the same
conditions mentioned above.

Statistical Analysis

Data were analyzed statistically by one-way ANOVA for MTT
analysis and a two-way ANOVA for NMA and density analy-
sis, followed by Tukey’s post-hoc test. Differences between
mean values were considered significant when p < 0.05,

Results
Isolation and Culture of L-MSCs

In this study, we isolated MSCs from fragments of human
sclerocorneal rims (Fig. 1a) that migrated from the tissue be-
fore two weeks of culture, and reached the confluence in ap-
proximately 26 days. These cells adhered to plastic and
showed a typical fusiform morfology (Fig. 1b-d).

120+ L-MSCs
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Cell viability (%)
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L

cells (plates surface). Bars represent means of percentage compared to the
control + standard error of the mean of three independent experiments
performed in triplicate. Data were analyzed statistically by one-way
ANOVA followed by Tukey post-hoc test. Phase contrast micrograph.
Scale bars: 100 um
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L-MSCs Characterization

To demonstrate the differentiation potential of isolated cells,
they were exposed with osteogenic, adipogenic and
chondrogenic medium. In the differentiation assay, the
Alcian blue staining demostrated the glycosaminoglycan pro-
duction after 17 days in culture, confirming the presence of
chondrocytes after induction; while Alizarin Red S staining
showed a calcium-rich mineralized matrix produced by oste-
oblasts, after 25 days under osteogenic differentiating condi-
tions. Completely, adipocytes showed the formation of intra-
cellular lipid vacuoles, which were confirmed with Oil Red
staining after two weeks under adipogenic differentiation con-
ditions (Fig. le-g). Continuing the confirmation of cellular
identity, the immunophenotyping assay was performed. The
analysis of cell surface antigen expression showed a great part
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of L-MSCs population was positive for mesenchymal markers
(CD73, CDI105 and CD44), and negative for hematopoietic
markers (CD14, CD34, and CD45) (Fig. 1h).

Cell Viability of L-MSCs on SIS and hAM Scaffolds

To test the viability of cells on these scaffolds, we performed
the MTT assay. Using phase contrast microscopy it was not
possible to observe the adhered cells in each biomaterial,
mainly in the SIS that is less transparent than the hAM,
preventing the passage of light (Fig. 2a-d). MTT assay showed
that the viability of cells plated on hAM and SIS was not
affected by both biomaterials when compared to the control
cells, plated on culture plastic plates. Nevertheless, a great
deviation was obtained on the membranes, mainly in the
SIS. This may be due to the fact that some cells descended

Control

hamMm

SIS

Fig. 3 Fluorescence micrograph of actin filaments and nuclei staining of

L-MSCs cultured on hAM and SIS scaffolds. Phalloidin and DAPI
staining for L-MSCs on the a control, b hAM and ¢ SIS showing the
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cytoskeleton and nuclei of these cells on the surface of each biomaterials

after 48 h of culture. Scale hars: 50 pm
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to the conic bottom of the plate, thus decreasing the number of
cells adhered in the substrates. However, no statistically sig-
nificant difference was observed between the substrates in
comparison to the control (Fig. 2e).

Actin Cytoskeleton and Nuclei Staining of L-MSCs
Cultured on the SIS and hAM

When L-MSCs were seeded in the hAM and SIS, we had
difficulty to observe them by phase contrast microscopy, then
in order to improve the visualization of L-MSCs on mem-
branes, we performed an actin filaments and nuclei staining.
Stained cells showed the actin cytoskeleton and a fusiform
morfology in both substrates, and as expected, they showed
the actin filaments distributed throughout cell shape (Fig. 3a-
). We observed that there was no alteration in the distribution
of actin filaments. The nuclear staining with DAPI showed
that cells formed a monolayer on the substrates, coating the
entire surface (Fig. 3g-1).

Nuclear Morphology and Density Analysis

The nuclear morphology of L-MSCs cultivated on hAM and
SIS was analyzed through the Nuclear Morphometric
Analysis (NMA) [25]. This program allows to identify seven
different nuclear morphologies that have different biological
means: normal, no damage; irregular and large irregular, dam-
aging event; small regular, apoptosis in an early or intermedi-
ary stage; small, mitosis; small irregular, mitosis with damage
or nuclear fragments; and large regular, senescence. In this
study, we identified four different nuclear morphologies in
all groups analyzed (normal, small regular, large regular and
irregular). However, cells growing on hAM and SIS did not
undergo significant changes in their nuclear morphology,
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Fig. 4 Nuclei morphometric and cell density analysis of L-MSCs on
substrates. Comparison of nuclei types in a control (glass coverslips), b
hMA and ¢ SIS. The graphic shows the percent of normal, small
(apoptotic), larger (senescent) or irregular nuclei after 48 h of culture.
The images show an example of each nuclei types analyzed. d Analysis
of the nuclear density of cells in the different substrates, showing the

when compared to control cells in culture plastic plates
(Fig. 4a-c). Also, Nuclear density analysis showed that cul-
tures of L-MSCs in hAM and SIS scaffolds have a higher cell
density per area (mm?), when compared to control on the
culture plate (Fig. 4d).

Scanning Electron Microscopy of L-MSCs Cultivated
on Scaffolds

Figure 5 shows the SEM images of hAM (Fig. 5a, b and c) and
SIS (Fig. 5d, e, and 1) populated with L-MSCs, The SEM
images showed a cell monolayer in the surface of both bio-
materials. It was possible to observe the cytoplasmic exten-
sions of the cells adhered to each substrate.

Confirmation of Phenotype Maintenance

In order to analyze whether the long-term culture of L-MSCs
over the membranes could alter the expression of mesenchy-
mal markers on cell surface, we grown cells during two weeks
on hAM and SIS and analyzed their phenotype, in comparison
with cells grown on tissue culture plastic for the same time
(control). As can be observed in Fig. 6, the flow cytometry
histograms of L-MSCs show that the largest population of the
cells maintained their phenotype (CD44*, CD105%, CD34™,
CD45 and CD14"). However it is possible to observe that
there is a slight increase in the percentages of negative markers
for mesenchymal cells grown on SIS membrane.

Discussion

Stem cell-based therapy holds great promise for the treatment
of severe injuries as well as a number of incurable diseases.
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number of nuclei per mm?. Results for NMA are expressed in
percentage + standard error of the mean: results for cell density are
expressed in number of nuclei per mm” +standard error of the mean
and data were analyzed by two-way ANOVA, followed by Tukey's
multiple comparisons test. * different from control. Scale bars: 100 um
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— L-MSCs !
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Fig. 5 Micrographs of scanning electron microscopy of L-MSCs seeded
on scaffolds. The cells formed a monolayer coating the surface of the (a-
¢) hAM and (d-) SIS. The L-MSCs are indicated on the surface of (a, b)

[26]. The use of MSCs is based on their ability to differentiate
into various cell types, besides those of mesodermal origin,
including its potential for proliferation and immunomodulato-
ry properties [15, 27, 28]. In our study, the isolated cells by
migration from corneal sclerotic tissue, demonstrated a poten-
tial for multilineage differentiation, and the expression of cell
surface antigens, associated with human mesenchymal stem
cells. Also, they have no/low expression of negative
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hAM and (d, e) SIS. Cytoplasmic extensions of L-MSCs adhered to the
(¢) hAM and (f) SIS are indicated. Scale bars: 10 um (a, £); 100 um (d, e);
20 pm (b); I pum (c)

hematopoietic lineage markers, which coincides with previous
published results about L-MSCs [29, 30]. In addition, these
cells showed a filamentous actin stress fibers distributed
throughout cell shape, characteristic of mesenchymal-
migrating cells [31].

Tissue engineering requires three key factors: 1) a unique
niche with a defined medium, 2) a biocompatible scaffold
with structural characteristics that favors cell adhesion, and
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Fig. 6 Flow cytometry histograms of L-MSCs after growing for two
weeks on control (plastic tissue culture), hAM and SIS scaffolds. Cell
markers expression of selected molecules (CD44*, CDI105, CD34 ",
CD45™ and CDI4") were evaluated in a population of at least 10.000

3) the ability to promote the metabolic activities of cells [13].
In order to evaluate whether the hAM and SIS can be a suit-
able scaffolds for L-MSCS, we seeded cells on membranes
and analyzed their viability, morphology. adhesion, density.
and maintenance of the mesenchymal phenotype.

The viability and actin filaments distribution of cells that
were expanded on both membranes were not changed. In ad-
dition, there was no alteration in the distribution of actin fila-
ments and in the mesenchymal phenotype, after a period of
two weeks of cell culture on both membranes., which demon-
strates the mainetance of L-MSCs on both scaffolds.
Likewise, no nuclear morphology changes were observed in
L-MSCs cultivated on hAM and SIS. This is important to
ensure that these scaffolds are not able to induce an injury
process in L-MSCs, considering that alteration in nuclear mor-
phology occurs in several processes associated to cell death
[32] and epithelial-mesenchymal transition-like (EMT-like)
process, as already shown by our group [33].

SEM image analysis showed a cell monolayer with cyto-
plasmic extensions in the surface of both membranes.
confirming the adhesion capacity. In addition, both mem-
branes maintained a high cell density, which is an important
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events of each condition. The results showed that L-MSCs maintained
the expression of positive markers for mesenchymal stem cells and the
negative markers for hematopoietic markers

factor, due to the need of a large number of cells for cellular
therapy in regenerative medicine [34]. Our results are in ac-
cordance with data in literature, confirming the properties of
these matrices as biological scaffolds [35. 36].

Cells originated from several sources in combination with
biomaterials has been used in different studies for comeal
bioengineering [37, 38]. The integration of appropriate cells
with the most appropriate biomaterials is necessary to repair
each cellular layer of the cornea, either epithelium, stroma,
endothelium or full-thickness. A successful clinical outcome,
defined as corneal epithelialization without central
conjunctivalization.

The first successful clinical outcome of cultivated cormeal
epithelial transplantation in two patients was published by
Pellegrini and colleagues in 1997. After this initial report,
various researchers have reporting transplantation of in vitro
cultivated corneal epithelial cells on scaffolds, such as amni-
otic membrane, fibrin, and collagen hydrogel, with a great
impact for clinic corneal transplantation [39, 40]. Tsai et al.
2000 in their review concluded that transplantation of autolo-
gous limbal epithelial cells cultured on amniotic membrane is
a simple and effective method of reconstructing the comeal
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surface and restoring useful vision in patients with unilateral
deficiency of limbal epithelial cells (LSCD) [41]. However,
the success is restricted to the availability of healthy limbal
tissue taken from contralateral eye in autologous cases or tis-
sues from living related donors or cadaveric eves for alloge-
neic transplantation. Despite the benefits, it remains difficult
to estimate the appropriate amount of limbal tissue from a
donor eye for autologous transplantation. Inadequate volume
may lead to the failure of eye surface-reconstruction and ex-
cess extraction tends to impair the healthy donor eye [38].

Growth factors play an important role in corneal epithelial
wound healing and repair. Thus, various experimental treat-
ments that aim to promote wound healing and minimize in-
flammation are being evaluated, such as human mesenchymal
and adipose stem cells [42].

The L-MSCs are a cell population, reaching the minimum
criteria that defining them as human mesenchymal cells [6. 7].
Therefore, they could be used as much for the understanding
the stem cells biology, as a potential tool for developing better
limbal epithelial stem cell constructs, for the treatment of oc-
ular surface disorders.

Amniotic membrane is a rich source of growth factors and
is increasingly being used in the treatment of acute ocular
burns. It has anti-inflammatory and antifibrotic properties that
promote the restoration of a stable ocular surface [43, 44]. Ma
et al. 2006 reported that bone marrow- derived human MSCs
have also been transplanted into rat corneas, using the amni-
otic membrane as a carrier after chemical burns. This lead to
the successful reconstruction of the damaged corneal surface.
The therapeutic effect of transplantation may be associated
with the inhibition of inflammation and angiogenesis rather
than epithelial differentiation from MSCs [45].

The SIS has been used in veterinary ophthalmology.
Bussieres et al. 2004 support that SIS is suitable for the repair
of full-thickness corneal wounds in dogs, cats and horses.
Similarly, a preliminary evaluation of the biocompatibility of
SIS biomaterial with the rabbit cornea, suggests that remodel-
ing of SIS in rabbit cornea resulted in a relatively clear corneal
stroma leaving only moderate amounts of scar tissue [46, 47].

In our study, from the point of view of scaffold for L-
MSCs, SIS membrane was as efficient as the hAM.
However, it is possible to observe that there is a slight increase
in the percentages of negative markers (CD34 , CD45 and
CD14") for L-MSCs grown on SIS membrane for two weeks.
Thus, at long term culture, the hAM was considered better in
maintaining the MSCs phenotype. Indeed. due to its transpar-
ency, it was possible to observe better the cells on the amniotic
membrane. Thus, the amniotic membrane would be more suit-
able to treat corneal injury.

Our main proposal at this stage of the study was to inves-
tigate whether these membranes were able to maintain the cell
viability, actin cytoskeleton, nuclei morphology and pheno-
type of L-MSCs. Therefore, our data in vitro provides
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evidence that both membranes can be used as a support to
transport mesenchymal stem cells to an injured area, creating
a kind of “temporary curative”, not only in corneas, but also in
other tissues, as skin.

Future pre-clinical studies are necessary to demonstrate
that these combinations of cells and biomaterials will allow
the release the bioactive molecules, such as cytokines and
growth factors and then promote the tissue regeneration.
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7 CAPITULO III -Artigo 3

Bioscaffold developed with decellularized human amniotic
membrane seeded with mesenchymal stromal cells: assessment of
efficacy and safety profiles in a second-degree burn preclinical
model

Artigo publicado na revista Biofabrication

Fator de impacto: 11.061, na forma de Original article

Apbs a elaboracdo e andlise do bioscaffold de membrana amnidtica humana e células
estromais mesenquimais, onde a membrana amnidtica foi efetivamente descelularizada e as
células estromais mesenquimais mantiveram seu potencial de células progenitoras, o seguinte
passo ¢ avaliar como esse bioscaffold pode ser utilizado em modelos pre-clinicos. Neste
capitulo foi desenvolvido um modelo murino de lesdo cutdnea por queimadura, para avaliar o
efeito da membrana amnidtica descelularizada na presenga ou auséncia de células estromais
mesenquimais derivadas de tecido adiposo. Foi padronizada a realizacdo de queimaduras de
segundo grau profundo, assim como os curativos externos para evitar a remocdo dos
tratamentos. Os resultados derivados deste capitulo poderdo confirmar a eficacia e seguranga
deste curativo de baixo custo e elevada disponibilidade para a futura aplicacdo clinica como

terapia para o tratamento de queimaduras.
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Abstract

Therapies to deep burn injuries remain a global challenge. Human amniotic membrane (hAM) isa
biomaterial that has been increasingly explored by the field of regenerative medicine. A
decellularized hAM (DhAM) can be used as scaffold for mesenchymal stromal cells (MSCs) to
grow without the loss of their stemness potential, allowing its application as cell therapy for wound
healing. In this work, we associated DhAM with adipose-derived MSCs (DhAM + AD-MSCs), as a
therapy strategy for second-degree burns in a preclinical model. Animals with induced
second-degree burns were divided into four groups: control, which consists of a non-adherent
gauze; a synthetic commercial dressing as the positive control (Control+); DhAM; and DhAM plus
rat AD-MSCs (DhAM + AD-MSCs), followed by detailed and long term analysis (5 weeks). The
macroscopical analysis showed the healing improvement in the wound area after the

DhAM + AD-MSC treatment. Histological analysis also showed no alteration in the animal organs
and a regular epithelial progression in comparison to the control. This observation was also
confirmed by the analysis of suprabasal layers in the neoepidermis with CK10, showing a stratified
and differentiated epithelium, when compared to Control and Control+. A strong CD73
(ecto-5'-nucleotidase) labeling was observed in the first 2 weeks postburn in dermis and epidermis.
The expression in dermis was stronger in the second week in the middle of the wound, when
comparing the Control+ with DhAM + AD-MSCs (p = 0.0238). In the epidermis the expression
of CD73 was increased in all regions when compared to the control. This data suggests the
involvement of this protein on wound healing. A low CD11b labeling was observed in

DhAM + AD-MSCs treatment group mainly in the last treatment week, in comparison to Control
and Control+ (p < 0.0001), which indicates a reduction in the inflammatory process. MSCs

© 2022 IOP Publishing Ltd
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through CD73 can release high concentrations of adenosine, an immunosuppressive molecule,
suggesting that this could be the mechanism by which the inflammation was better modulated in
the DhAM + AD-MSCs group. The results obtained with this preclinical model confirm the
effectiveness and safety of this low-cost and highly available dressing for future clinical

application as a therapy for burn treatments.

1. Introduction

Burns are traumatic injuries that mainly affect the
skin and its appendixes. This damage—that can
be caused by thermal, physical, chemical or biolo-
gical conditions—can lead to a loss of skin integ-
rity (Jeschke et al 2020). For this reason, the way
to cure damaged skins requires critical care manage-
ment, followed by long-term care and rehabilitation.
Nowadays, the treatments available are basically allo-
geneic skin transplants and commercial skin substi-
tutes. The first one bumps into the disproportion
between the number of donors and the number of
burned individuals, in addition to the large burned
areas versus the skin bandages available. The second
is implicated in high costs per patient treated, often
making its use unfeasible in public health systems
care.

In this complex scenario, the regenerative medi-
cine field has become prominent as the study of new
approaches urges. Through it, the development of
new therapies based on tissue engineering becomes
possible and its potential should be explored to over-
come the barrier found in cases of large burns (Daar
and Greenwood 2007).

The human amniotic membrane (hAM) is a
biomaterial that has been increasingly explored by
the regenerative medicine field. The hAM is the
inner part of fetal membranes and histologically
resembles the skin tissue (Bourne 1960). Besides,
it has peculiar biological properties. It counts with
the presence of important cells of the point of
view of regenerative medicine—such as mesen-
chymal stromal cells (MSCs), and fibroblasts—a
wide array of cell growth factors, proteins, pro-
teoglycans and cytokines (Farhadihosseinabadi et al
2018) and secretes peptides with antimicrobial
character (Tehrani et al 2017). In the last years,
it has been studied for the repair of peripheral
nerve defects (Bourgeois et al 2019, Zhang et al
2019), full-thickness skin (Song et al 2017), wound
diabetic ulcerations (Paggiaro etal 2018), oph-
thalmological conditions (Navas ef al 2018), burns
(Puyana et al 2020), intrauterine adhesion due to
endometrial fibrosis (Chen et al 2019), osteoinduct-
ive (Tang et al 2018), cartilage grafts (Motamed et al
2019), soft tissue filling (Buday and Ozturk 2019),
associated with colistin and silver nanoparticles to
treat infected burns in animal model (Wali et al 2022),
among others. In addition, its application as a scaffold

for cells (Dragunova et al 2019), as drug-delivery sys-
tems (Mencucci et al 2011) and organ-on-chip tech-
nology (Richardson et al 2020) are promising for
clinical therapies.

MSCs are multipotent cell progenitors capable
of differentiating into different lineages and meso-
dermal phenotypes, as first proposed by Caplan
(1991). They play many roles in the body and par-
ticipate in many signaling systems and pathways. In
addition, MSCs can be isolated from various sources,
both embryonic and adult tissues, such as adipose
tissue, bone marrow, dermis, esclerocorneal limbus,
umbilical cord, endometrium, dental pulp, blood
peripheral, synovial fluid, and muscles (Iser et al
2014, Naasani et al 2017, Berebichez-Fridman and
Montero-Olvera 2018). Among these tissues, adipose
tissue is a good strategy for tissue engineering applic-
ations due to its abundance (Naasani et al 2019).

MSCs associated with decellularized hAM
(DhAM) have been studied in several in vitro and
in vivo models. In vitro studies showed that DhAM
can be used to grow MSCs derived from human tis-
sues as from dental pulp, iliac crest bone-marrow
(Echarte et al 2022) human adipose tissue-derived
stem cells (Gholipourmalekabadi et al 2016, Naasani
et al 2019, Hadipour er al 2021), sclerocorneal limbus
(Naasani et al 2018) and epithelial cells (Dragunova
etal 2019). The DhAM was combined with bone mar-
row MSCs to investigate the wound healing effects
in full thickness skin defects in rabbits (Kim et al
2009). Recently, the DhAM associated with MSCs
derived from adipose tissue and placenta was tested
in vivo in an excisional wound model showing super-
ior regenerative effects when compared to control
groups (Aghayan et al 2022).

A great advantage of MCS for cell therapy is
their immunosuppressive property. Indeed, MSCs are
hypoimmunogenic and unable to express costimulat-
ory molecules (Naji et al 2019, Casagrande Paim and
Wink 2022). Our group observed that dermal MSCs
release high concentrations of adenosine, due to the
CD73 (ecto-5'-nucleotidase) expression, one of the
MSCs markers. Its main function is to convert extra-
cellular adenosine triphosphate (ATP) to the immun-
osuppressive adenosine in normal tissues, limiting the
excessive immune response (Jin et al 2010, Naasani
et al 2017, Roszek and Wujak 2018, Roh et al 2020).
Although the role of extracellular adenosine gener-
ated by CD73 on tumor cells is sufficient to medi-
ate immune evasion, facilitating tumor growth and
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metastasis (Jin eral 2010, Stagg et al 2010, Naasani
et al 2017, Roszek and Wujak 2018, Roh et al 2020),
the involvement of the CD73 enzyme on the wound
healing process remains unclear.

Therefore, the objective of this study was to
associate the DhAM with adipose derived MSCs
(AD-MSCs), as a therapy strategy to treat second-
degree burns on a preclinical model with detailed and
long term follow up of wound healing process. As
a novelty we also investigated the expression of the
CD?73 in the unburned and burned skin regions.

2. Materials and methods

2.1. Human amniotic membrane (hAM)

2.1.1. Isolation

For the hAM isolation, we used fresh placentas
from cesarean surgery of patients between 18 and
40 years old, after the application of the Informed
consent form, approved by the Human Research Eth-
ics Committee (REC-ISCMPA N° 3.029.141) from
the Irmandade Santa Casa de Misericérdia de Porto
Alegre (RS, Brazil). Patients who were donated the
amniotic membrane had no history of obstetric com-
plications, an undergone prenatal care, and obtained
non-reactive results for serological tests for HIV,
Hepatitis B and C, Syphilis, Chagas disease, Toxoplas-
mosis (IgM antibodies) and cytomegalovirus (IgM
antibodies), with no symptoms in the neonate, mater-
nal fever above 38 °C, gestation less than 34 weeks,
rupture of fetal membranes for more than 12 h
before delivery and duration of delivery longer than
24 h. The procedures were conducted according to
the ethical principles expressed in the Declaration of
Helsinki.

2.1.2. Preservation

Under sterile aseptic conditions, the hAM was mech-
anically separated from the chorion and it was washed
with sterile saline solution with antibiotics (penicillin
1.000 000 U 1! and streptomycin 1 g1~!). The hAM
fragments were preserved in 85% glycerol solution at
4 °C until the decellularization process.

2.1.3. Decellularization

The hAM was decellularized as we described pre-
viously. Briefly, an enzymatic method using 0.05%
trypsin/0.02% ethylenediamine tetraacetic acid
(EDTA) during 20 min at 37 °C was added on hAM
fragments and the solution was inactivated with Dul-
becco’s Modified Eagle’s Medium (DMEM) low gluc-
ose (Sigma), supplemented with 10% fetal bovine
serum (FBS) (Gibco, Grand Island, N.Y., USA) and
1% penicillin/streptomycin.

2.2. Animals

2.2.1. Ethical aspects

All procedures rigorously followed the guidelines for
animal experimentation proposed by the National

3
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Council for the Control of Animal Experimenta-
tion (CONCEA), mainly the ‘Procedures—Rodents
and Lagomorphs maintained in facilities of teaching or
scientific research institutions’ (Resolu¢do Normativa
N° 33) and the Practice of Euthanasia of the CONCEA
(Resolugdo Normativa N° 13). Eight weeks old female
and male Wistar Rats (Raftus norvegicus), weighing
between 275 and 300 g, were used. The procedures
were approved by the Animal Use Ethic Committee
of the Federal University of Health Sciences of Porto
Alegre (CEUA-UFCSPA N° 539/17) and developed at
the bioterium of this institution.

2.3. Cell isolation and culture of AD-MSCs

The rat AD-MSCs were isolated from bilateral
inguinal regions of Wistar rats. Three animals were
used for cell isolation. The animals were euthanized
with a dose three times greater than the dose required
for general anesthesia of Ketamine and Xylazine,
90 mg kg~! and 10 mg kg~ respectively, intraperi-
toneally. At this dose, the drug acts quickly and is
an acceptable form of euthanasia. The adipose tissue
was washed with phosphate-buffered saline (PBS)
and the fat fragments were digested with collagenase
solution (Type I, 1 mg ml™"! solubilized in DMEM)
and incubated in a water bath (37 °C) for 30 min
with agitation every 10 min. The collagenase solu-
tion was inactivated by DMEM 10% FBS. The cells
suspension was centrifuged at 600x g for 10 min and
resuspended in an erythrocyte lysis solution (150 mM
NH4Cl, 10 mM NaHCO3, and 1 mM EDTA) diluted
in ultrapure water 1:1 (v:v). The cell viability was
assessed by 0.4% trypan blue (Bio-Rad, Hercules,
CA, USA) exclusion method. Then, the cells were
seeded in 25 cm? cell culture flasks with DMEM sup-
plemented with 10% FBS (1000 mg 1! glucose) and
1% penicillin/streptomycin and maintained at 37 °C,
5% CO,, and 95% humidity to reach confluence.
Medium was changed every second day and AD-
MSCs were passed five times before experimental
use.

2.4. Characterization of AD-MSCs

For multilineage differentiation, 1 x 10* cells cm™
AD-MSCs were seeded on 12-well plates. For adipo-
genic, osteogenic, and chondrogenic differentiation
we used the StemPro® Adipocyte, Osteogenesis, and
Chondrocyte Differentiation Basal Medium (Gibco),
respectively, following the manufacturer instructions.
The culture was fixed with 4% formaldehyde solu-
tion for 30 min and stained with Oil Red O in deion-
ized water (1:3) for adipocytes, 2% Alizarin Red S
solution (pH 4.2) for osteocytes, and 1% Alcian Blue
staining, prepared in 0.1 N HC/ for chondrocytes.
Stained induced cultures were compared between
the respective controls without the differentiation
medium. Micrographs were performed using a BX-
50 Olympus microscope with optical lens (10X/0.30

2
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Phl-UplanFI), coupled to a camera Motican 2500
(Olympus, Hamburg, Germany).

2.4.1. Flow cytometry

The AD-MSCs surface antigen expressions were
detected by flow cytometry. The cells were incub-
ated with phycoerythrin (PE) anti-CD29 (Molecu-
lar Probes), PE anti-CD45 (Invitrogen), PerCP-
Cy5.5 anti-CD90 (Molecular Probes) and CD73
(Ectonucleotidases-ab, Canada). The cytometer was
equipped with a 488 nm argon laser, with the filters
527/32 nm (FITC), 585/42 nm (PE) and 700/54 nm
(Cy5.5) (Becton-Dickinson, San Diego, CA, USA),
and CellQuest software. At least 10.000 events were
collected and data were evaluated using Flowing Soft-
ware 2 (Perttu Terho, Finland).

2.4.2. Actin filaments staining

In order to observe the cytoskeleton organization
of AD-MSCs, phalloidin staining was performed.
10 x 10% cells cm™% AD-MSCs were seeded on glass
coverslips and maintained for 48 h with a standard
medium under an appropriate atmosphere. The cul-
ture was fixed with a 4% paraformaldehyde solution
in PBS for 30 min at 4 °C and permeabilized with
0.1% Triton X-100 in PBS for 1 h. Actin filaments
were stained with fluorescein isothiocyanate (FITC)-
Phalloidin (Sigma) and cells were also stained with
4’,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes) for the identification of nuclei (40 min, 4 °C,
dark room). Images were obtained with a fluores-
cence microscope (Olympus IX51/Olympus U-RFL-
T) coupled with 460-490, and 372 nm band-pass
excitation filters, respectively.

2.5. Bioscaffold

The 4 cm? approximately fragments of DhAM were
placed on nitrocellulose filter paper on 60 mm Petri
dishes and hydrated overnight at 37 °C with culture
medium before seeding cells. 5 x 10* cells cm 2 were
seeded on each DhAM in order to form a monolayer
on the membrane and were cultured with a standard
culture medium for MSCs for 24 h prior to the sur-
gical procedure.

2.6. Burn surgery model
The apparatus used to perform the burn model was
kindly provided by the plastic surgeon and researcher
Dr Neil Grant Venter (Venter et al 2015). The alu-
minum cylindrical head (ACH) of 23 mm diameter
allows a deep second-degree burn when heated to
70 °C and in contact with the animal skin for 10 s.
Initially, the animals were anesthetized with
90 mg kg~ Ketamine and 10 mg kg~' Xylazine and
the anesthesia was confirmed with a negative test for
muscle responsiveness. For depilation, a hair remover
machine was used in association with a depilatory
cream commercially available (VEET®). Then, a new
test for muscle responsiveness was performed before
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the dorsal side burn was made. To perform the burn,
the animal back was laterally supported on a rigid sur-
face, to allow a homogeneous burn, and the ACH was
put in contact with the skin for 10 s. Running water
was applied just in the lesion area for 3 min before the
respective treatments and standardized photographs
were taken as time 0.

2.7. Treatments and wound area measure

The animals were divided into four groups: con-
trol, which consists of a non-adherent gauze; a poly-
urethane synthetic commercial dressing as a posit-
ive control (Control+); DhAM; and DhAM plus rat
AD-MSCs (DhAM + AD-MSCs), which were main-
tained for 1, 2 and 5 weeks. We used five animals per
group, for four treatments and three times, a total
of 60 animals (N = 60, n = 5). For the DhAM and
DhAM + AD-MSCs, the membrane was grafted dir-
ectly to the injured area to allow the cells to be in
contact with the burn, and the nitrocellulose paper,
which helped to carry the membrane in a uniform
way, was removed at the treatment time.

After the burn, the animal received the treat-
ment assigned to its group and a non-adherent gauze
was placed just above. Above this, another bandage
with non-adherent gauze was made around the entire
animal back and covered with medical adhesive tape,
to avoid the removal of the treatment still allowing
air exchange and humidity maintenance. During the
postoperative period, the animals received 5 mgkg !
Tramadol hydrochloride, an analgesic drug, every
12 h for 48 h. The animals were allocated two by two
to reduce stress in appropriate cages, with free access
to standard laboratory chow and water ad libitum.
The rooms where the animals were allocated had pro-
grammed light and dark cycles (12 h light and 12 h
dark cycle) and controlled conditions of temperat-
ure and humidity. The Rat Grimace Scale was used
to monitor pain in animals throughout the treatment
time.

The treatments were maintained for 1, 2 and
5 weeks and in these times the injuries were pho-
tographed. Each group was euthanized at their
respective week with cardiac exsanguination preceded
by general anesthesia (90 mg kg~ ! Ketamine and
10 mg kg~! Xylazine).

A skin fragment containing unburned and
burned skin regions from approximately 2.25 cm?
was removed for histological analysis. The unburned
skin, the burn margin (transition region between the
unburned skin and the burn) and the middle region
of the burned skin were analyzed microscopically.

The wound area was analyzed in Image] software
and reported as the percentage of initial wound area
in day zero (DO0) for each animal and treatment.

2.8. Biochemical parameters
Blood samples collected with cardiac puncture were
centrifuged and the enzymes alanine transaminase
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(ALT) and aspartate transaminase (AST) were
measured according to the manufacturer’s protocol
(Bioclin), in the serum.

2.9. Histological analysis

The histological skin and organ sections were stained
with hematoxylin-eosin (HE). The skin sections were
also stained with Azan trichrome stain. Briefly, the
samples were deparaffinized in xylene and hydrated
with decreasing concentrations of ethyl alcohol
(100%, 70%, and 60%) and water for 5 min. For the
HE coloration, they were stained with hematoxylin
(Merk, Germany) followed by eosin solutions. End-
ing with increasing concentrations of ethyl alcohol,
and xylene for 5 min. For the Azan trichrome stain,
the samples were stained with Azocarmine followed
by phosphotungstic acid. Then, Aniline Blue-Orange
G was used, finishing with dehydration in 100% ethyl
alcohol and clarifying with xylol. Histological micro-
graphs were performed using the EVOS FL Auto 2
Cell Imaging System (Invitrogen). In the skins, the
unburned skin, the burn margin (transition region
between the unburned skin and the burn) and the
middle region of the burned skin were identified,
and at least four images were taken from each region.
Regarding the organs, at least four images of each
tissue were taken at random, with magnifications of
10x, 20x and 40x.

2.10. Immunofluorescence analysis

The skins with the unburned and burned regions
were embedded in Tissue-Tek® Optimal Cutting Tem-
perature Compound (Sakura Finetek USA), frozen in
liquid nitrogen and maintained at —80 °C for cryo-
stat sectioning. Indirect immunofluorescence assays
were performed on 6 um-thick cryosections of skins
following permeabilization with acetone (10 min at
—20 °C). The following primary antibodies were
used: rabbit monoclonal anti-Cytokeratin 10 (CK10)
(NOVUS); mouse monoclonal anti-CD11b (Invit-
rogen) and Polyclonal rabbit anti-human ecto-5'-
Nucleotidase/CD73 antibodies (Ectonucleotidases-
ab, Canada). The tissue sections were incubated with
the primary antibody for 1.5 h at room temperat-
ure. After PBS washes the respective secondary anti-
body was added and incubated for 30 min in a
humid chamber. The following secondary antibodies
were used: goat anti-rabbit IgG (H + L) Alexa Fluor
488 (Molecular probes) and goat anti-mouse IgG
(H + L) Alexa Fluor 488 (Sigma). The cell nuclei were
counterstained with DAPI (Molecular Probes), end-
ing with Fluoromount-G mounting medium (South-
ernBiotech). Fluorescent micrographs were observed
and photographed under an EVOS FL Auto 2 Cell
Imaging System (Invitrogen). The CD73, CK10 and
CD11b relative fluorescence intensity was quanti-
fied as described by Jensen (2013). We adjusted
the threshold to select the fluorescence regions and
the intensity measurements were performed within
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regions of interest (ROIs). The relative fluorescence
intensity was calculated as the integrated density
(IntDen) by each total ROI area in um®.

2.11. Statistical analysis

Data were analyzed statistically by Two-way analysis
of variance (ANOVA) followed by Tukey post-hoc
test. Statistically significant differences were accepted
when p < 0.05.

3. Results

3.1. Isolation and characterization of rat AD-MSCs
We isolated a population of AD-MSCs from rat
adipose tissue (figure 1(A)) with fusiform morpho-
logy, plastic adherence, self-renewal, and trilineage
differentiation potential. Cells showed the filament-
ous actin stress fibers, typical of mesenchymal-
migrating cells (figure 1(B)). After the treatment
with the differentiation media, cells differentiated
into adipocytes, osteoblasts, and chondrocytes show-
ing intracellular lipid vacuoles stained with oil red, a
calcium-rich mineralized matrix stained with alizarin
red S and the synthesis of proteoglycans stained with
alcian blue, respectively (figures 1(D)—(F)). The ana-
lysis of surface markers indicated that the cell pop-
ulation isolated from rat adipose tissue was positive
for mesenchymal markers (CD29, CD90, CD73) and
negative for a hematopoietic marker (CD45).

3.2. Isolation of hAM and bioscaffold preparation
A large amount of hAM was successfully isolated
from fresh human placenta. The amnion, a trans-
parent membrane, was effectively separated manu-
ally from the chorion, which is highly vascularized
(figures 2(A)—(D)). The hAM can be preserved until
the decellularization process to be used as a scaffold
(figures 2(E)-(H)). To avoid membrane contraction
when performing the graft, we prepare the DhAM as
a scaffold on a nitrocellulose filter. To perform the
bioscaffold, previously characterized AD-MSCs were
seeded on the DhAM in order to form a monolayer
(figures 2(I) and (J)). Therefore, it is important to
keep the side to be transplanted and allow cells to
make contact with the lesion.

3.3. Burn model and treatments

Deep second-degree burns on the dorsal part of
Wistar rats were performed with the burn appar-
atus. At day zero of burn, it was possible to identify
the homogeneous burned area with visible margins
(figures 3(A) and (B)). To study the effect of the bio-
scaffold as treatment for deep second-degree burns,
we used a non-adherent gauze as Control; a synthetic
commercial dressing as positive control (Control+);
DhAM; and the bioscaffold: DhAM associated with
rat AD-MSCs (DhAM + AD-MSCs). The DhAM and
the DhAM + AD-MSCs were effectively transplanted
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Figure 1. Isolation and characterization of AD-MSCs. (A) Rat adipose tissue. (B) Rat AD-MSCs in a subconfluent culture
showing the fusiform morphology. (C) Fluorescence micrograph of phalloidin and DAPI staining showing the actin filaments; a
mesenchymal-migrating cell is indicated. Characterization of the multilineage differentiation potential of AD-MSCs in
adipocytes, osteocytes, and chondrocytes. (D) Adipocytes containing lipid vacuoles; (E) bone matrix stained in the osteoblast
culture and (F) Glycosaminoglycan production. (G) Flow cytometry histograms of isolated AD-MSCs show the expression of
selected molecules: CD29+, CD45—, CD90+ and CD73+, in comparison to each control (white curves). Scale bars: 200 pm.
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to the area of the injury, without contractions, allow-
ing the cells from the bioscaffold to be in contact with
the burn (figures 3(C)-(F)).

3.4. Macroscopic evaluation of wound healing and
safety of the treatment

To> evaluate the effect of the different treatments
macroscopically and histologically during 1, 2, and
5 weeks, each animal was analyzed independently
at the end of their respective treatment week. The
burn at the first week showed a white color, with a
pink border. In the Control group with non-adherent
gauze, was observed, from the first week, the pro-
cess of formation of a layer of dry necrosis. In the
Control+ group, this drying does not occur, we
observed a more advanced autolytic removal of nec-
rotic tissue with centripetal scar reduction. In the
DhAM group, a smaller amount of non-viable tis-
sue (pearly white) was observed, since the first week.
The greater speed of debridement of both inter-
vention groups (compared to the control groups)

and the consequent final scar of smaller dimen-
sions was notorious. Specifically, in relation to the
DhAM + AD-MSCs group, there is an apparent
greater capillary density and a better visual aspect of
the scar at the fifth week (figures 4(A)—(D3)). The
wound closure was measured at each time point (1, 2,
and 5 weeks) and the main differences, both in gran-
ulation tissue and in wound closure, were observed
with DhAM + AD-MSCs treatment at the first week
in comparison with the control (p = 0.0216) and pos-
itive control (p = 0.0387) and at two and five fives
vs the control treatment (p = 0.0459; p = 0.0403)
(figure 4 (E)).

The wound closure was measured at each time
point (1, 2, and 5 weeks). The differences in granu-
lation tissue and wound closure were observed with
DhAM + AD-MSCs treatment at the first week in
comparison with the control and positive control
and at 2 and 5 weeks with the control treatment
(figure 4 (E)). To evaluate the effect of the different
treatments macroscopically and histologically during
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Figure 2. Isolation of hAM. (A) Fresh human placenta. (B) and (C) Manual separation of amnion (Am) from chorion (Ch).
(D) Large extension of the hAM effectively separated. (E)-(G) hAM preservation protocol. (H) Decellularization of hAM before
use. (I) and (J) DhAM as bioscaffold for preclinical model.

1, 2, and 5 weeks, each animal was analyzed inde-
pendently at the end of their respective treatment
week. The granulation tissue at the first week shows
a white color, with a pink border, with more pink
and red regions at the second week (figures 4(A)-
(D2)). At 5 weeks a burn scar tissue was observed
(figures 4(A3)—(D3)). Additionally, no inflammatory
infiltrates were observed in the organs of all groups
and there was no significant difference in the alanine
aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels (figure 5).

3.5. Histological analysis

Animals exposed to 70 °C contact temperature cre-
ated a deep second-degree burn, where not only the
epidermis, but also the deep layer of the dermis
were affected. The histological section showed the
difference between unburned skin and burned skin,
by the presence of burned hair follicles and burned
sebaceous glands on a deep burn (supplementary
figure 1). The granulation tissues are shown in
detail, where the differences between the unburned
region, the burn margin, and the middle were

identified. At first week total necrosis of the epi-
thelium was observed in the middle region, and
the neoepidermis was observed in the burn mar-
gin. The burned hair follicles and sebaceous glands
burned were noted in the burn margin and middle
region (figures 6(A)-(H1)). An irregular epithelial
progression was observed in the control treatment.
However, a complete stratified epithelium until the
stratum corneum was observed in the burn margin
of the DhAM + AD-MSCs treatment at the second
week (figures 6(1)—(L1)). The re-epithealization in the
middle region was observed at 5 weeks postburn for
the Control+, DhAM and DhAM + AD-MSCs treat-
ments (figures 6(M)—(P1)).

Histologic changes occurring at 1, 2 and 5 weeks
were also observed with Azan trichrome staining,
which stains cytoplasm in pink, muscle, and nuc-
leus in red, collagen and fibrin in blue. On unburned
skins, the collagen bundles distributed along the
skin surface and the collagen fibers were well organ-
ized and aligned in each bundle. In the granula-
tion tissue (burn margin and middle region), at one
week postburn, the stained image was more blurred
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Figure 3. Burn model and treatments. (A) Burn apparatus: digital voltmeter (DV); variable autotransformer (VA); ACH of

23 mm diameter; high power commercial soldering iron (8I); digital thermometer (DT). (B) Deep second-degree burn on the
dorsal part of Wistar rats obtained with the aluminum cylindrica head. (C) Non-adherent gauze used as a control treatment.
(D) Nitrocellulose filter paper removal to the DhAM treatment (E) DhAM treatment with or without AD-MSCs in contact with

the burn. (F) Synthetic commercial dressing as a positive control.

in comparison with the unburned skins, however,
the individual bundles were still clearly visualized.
Inflammatory cells were observed mainly in the con-
trol treatment. The granulation tissue with burned
hair follicles and blood vessel formation were also
observed (figures 7(A)-(D2)).

At 2 weeks, more fibroblast and inflammatory
cells were identified, mainly in the middle region
of the papillary dermis (near the epidermis) from
the control treatment and the burn margin from the
Control+ treatment (figures 7(E)-(H2)). At 5 weeks,
compact collagen bundles and loosely packed colla-
gen fibers with irregular arrangement were observed
in the Control, Control4+ and DhAM groups, while
mainly collagen bundles with regular arrangement
were observed with DhAM + AD-MSCs treatment
(figures 7(1)~(L2)).

3.6. Cytokeratin 10 and CD11b expressions in
burned skins

The expression cytokeratin 10 and CDI11b expres-
sions were evaluated during wound healing in burned
skins. The CK10 labeling was observed on supra-
basal layers in the epidermis, as expected. In the
middle region, the CK10 expression was observed
in the DhAM and DhAM + AD-MSCs treatments
(figures 8(A)-(H2)), showing strong and regular
labeling during all weeks in DhAM + AD-MSCs
treatment, where it was possible to observe a stratified
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and differentiated epithelium, compared to Control
and Control+ (figures 8(A)—(L2)) (table 1; Cytoker-
atin 10).

The inflammatory response in the granulation
tissue was evaluated with CD11b labeling. A strong
expression was observed in the first weeks in the
Control and Control+ treatments accompanied by
abundant positive cells in the papillary dermis, near
the lesion, which was reduced in the treatment with
DhAM + AD-MSCs (figures 9(A)—(H2)). At the fifth
week we still observed a strong labeling in the gran-
ulation tissue from the Control and Control+ treat-
ment (figures 9(I)—(L2)) (table 1; CD11b).

3.7. CD73 expression in burned skins during
wound healing

In unburned skin, the CD73 labeling was observed in
keratinocytes, fibroblast, hair follicle cells, sebaceous
gland epithelial cells and endothelial cells. In burn
margin and middle regions, CD73 positive cells
were identified mainly in epidermis, fibroblast and
endothelial cells, due to the burned hair follicles and
sebaceous glands. Interestingly, we observed a strong
CD73 labeling in the epidermis and dermis at the
first and second week postburn, which was reduced
at the fifth week postburn (table 1; CD73). This
strong expression was observed mainly in the papil-
lary dermis, close to the burned epidermis, and in the
neoepidermis (figures 10(A)-(L5)).
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Figure 4. Wound healing of deep second degree thermal burns in Wistar rats. Deep second degree burns at day zero of burn
(A)=(D). At one week (1 W) (A1)—(D1), two weeks (2 W) (A2)—(D2) and five weeks (5 W) (A3)—(D3). The differences between
the treatments: Control (A1)—(A3), Control+ (B1)~(B3), DhAM (C1)-(C3) and DhAM plus rat AD-MSCs

(DhAM + AD-MSCs) (D1)—~(D3) at the three times were showed. Graph bars showing the percentage of initial wound area (D0)
at each time point for all the treatments. Two-way ANOVA followed by Tukey post-hoc test. Data represents the mean with SEM.
n=>5. (*) Different from Control, (+) different from Control+.

4, Discussion the cell adhesion, viability, nuclei morphology, actin

cytoskeleton, stromal cell potential and trilineage dif-
Previously our research group developed a bioscaf- ferentiation of the MSCs (Naasani et al 2018, 2019).
fold composed of DhAM and MSCs. The data showed Considering these previous positive results, and the
that the histoarchitecture of the DhAM did not alter multiple benefits of MSCs and their secretome, in
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Figure 5. Safety of the treatment by histopathology of organs and serological analysis. Histological section of kidney, lung and
liver of the Control ((A), (A1) and (A2)), Control+ ((B), (B1) and (B2)), DhAM ((C) (C1) and (C2)) and DhAM + AD-MScs
((D), (D1) and (D2)) respectively. ALT and AST levels in serum. Graph bars represent the mean with SEM. n = 4. Scale bars

500 pm (supplementary tables 1 and 2).

the present study we evaluated the safety and efficacy
of this bioscaffold in a preclinical model, aiming its
future application as a treatment for burns.
Macroscopical analysis showed that the DhAM
allowed the maintenance of humidity and gas
exchange. In the Control group, we observed, from
the first week, the formation of a layer of dry necrosis,
that culminated in a lesion with a larger diameter at
the end of the fifth week (a probable but not exclus-
ive effect of mechanical obstruction to contraction

10
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=3 Control+

B DhAM

B DhAM+AD-MSCs
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of the edges caused due dry necrosis layer). By dif-
ficult evaporation with the addition of only a film
over the lesion (Control+ group), this drying does
not occur; thus, we observed a more advanced auto-
lytic removal of necrotic tissue with centripetal scar
reduction. Corroborating the hypothesis of the mech-
anical effect of the necrosis layer, it was observed that,
from the Control+ group, the scar begins to conform
to the lines of force of the skin, adopting a less cir-
cular and more longitudinal appearance. From the

74



10P Publishing

Biofabrication 15 (2023) 015012

L IS Naasani et al

1w

2W SW

Unburned skin Burn margin  Middle region Burn margin Middle region Burn margin Middle region

LY
B\E

DhAM Control+ Control

DhAM+ADMSCs

Figure 6. Histological evaluation of burned rat skins by HE coloration. Histological cross-section of burned skins showing the
epidermis and dermis (second line) of unburned skins ((A)-(D)) and burned skin regions. The burned hair follicles and burned
sebaceous glands are indicated in the burn margin and middle region of burned skins in one week (1 W) ((E)-(H1]), two weeks
(2 W) ((I)=(L1)) and five weeks (5 W) ((M)=(P1)) for Control treatment ((E), (I) and (M)}, Control+ ((F), (J) and (N)), DhAM
((G), (K) and (0)) and DhAM + AD-MSCs ((H), (L) and (P)). Scale bars 200 pm.

intervention group with only amniotic membrane,
a smaller amount of non-viable tissue (pearly white)
since the first week. Even crediting this effect to a pos-
sible discrepancy in initial depth at the time of pro-
duction of the burn, the greater speed of debridement
of both intervention groups (compared to the con-
trol groups) and the consequent final scar of smaller
dimensions is notorious. Specifically, in relation to
the DhAM + AD-MSCs group, there is an apparent
greater capillary density and a better visual aspect of
the scar. Because they are difficult to quantify, such
findings are only an inference and not an absolute
conclusion.

11

Histologically, the main differences between the
unburned and burned regions of the skin were
observed by the presence of burned hair follicles
and sebaceous glands, which also reached the epi-
thelium. After the re-epithelialization, an irregular
epithelial progression was observed in the control
treatment, different from the treatment with the bio-
scaffold containing the AD-MSCs. This observation
was also confirmed by the analysis of suprabasal lay-
ers in the neoepidermis, using CK10, which indicated
strong and regular labeling in DhAM + AD-MSCs
treatment, showing a stratified and differentiated
epithelium, compared to Control and Control+
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Figure 7. Azan trichrome stained sections of burned skins. Unburned skin, burn margin and middle regions stained with Azan
trichrome after one week (1 W) ((A)~(D2)), two weeks (2 W) ((E)—(H2)) and five weeks (5 W) ((I)-(L2)) for Control ((A),
(E) and (I)), Control+ ((B), (F) and (J)), DhAM ((C), (G) and (K)) and DhAM + AD-MSCs ((D), (H) and (L)) treatments.
The second and third lines show the deepest dermis. Scale bars 100 pm.,
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(commercial dressing). Additionally, with the Azan
trichrome stain, it was also possible to observe
the differences in the collagen bundles between the
unburned and burned skin regions. In the fifth week,
mainly collagen bundles with regular arrangement
were observed with DhAM 4 AD-MSCs treatment.
A similar result was reported by Guo et al (2016) that
used bone marrow MSCs seeded on small intestinal
submucosa (SIS) to repair the deep partial-thickness
burns. They showed that MSCs were able to improve
the re-epithelialization and revascularization signi-
ficantly. Also, they observed regenerated collagen
bundles with a regular arrangement and extensive dis-
tribution in SIS alone and MSC-seeded SIS group,
while loosely packed collagen fibers with irregular
arrangement were seen in the control group (without
any treatments) (Guo et al 2016).

Similarly with our results, Song et al (2017)
treated full-thickness skin of 25 rats with dhAM,

demonstrating reduced fluid secretion, formation of
a thinner scab and smaller wound area, resulting in
a better recovery than the control (Song et al 2017).
Milan et al (2020) reported the efficacy of dhAM
in an in vivo model with balb/c mice and a clinical
trial with 12 patients suffering from second-degree
burn. According to the authors, the hAM enhanced
re-epithelization, granulation tissue formation,
angiogenesis and healing compared to the control
group (without any treatment), the repair success-
fully occurred 15 d post-wounding. The findings
also demonstrated the clinical usefulness of hAM
for the healing of partial thickness burn wounds, as
no immunologic reaction or dermatitis was found
during the study (Milan et al 2020). Recently, Wali
et al (2022) evaluated the antibacterial activity of
the DhAM combined with silver nanoparticles, as a
dressing for infected burn wounds, showing an anti-
microbial activity (Wali et al 2022).
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Figure 8. Cytokeratin 10 expression in burned skins during wound healing. Cytokeratin 10 (CK10) expression (green) on
superficial layers of epidermis, showing the differences between the unburned skin, burn margin and middle regions; dotted
white lines indicate the basement membrane, before the basal layer of epidermis. Differences in labeling are shown at one (1 W)
({A)=(D2)), two (2 W) ((E)=(H2)) and five weeks (5 W) ((I)-(L2)) for Control ((A), (E) and (I)), Control4 ((B), (F) and (])),
DhAM ((C), (G) and (K)) and DhAM + AD-MSCs ((D), (H) and (L)). Scale bars 200 pm.
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Figure 9. CD11b expression in burned skins. CD11b expression on unburned skin, burn margin and middle regions after one
week (1 W) ((A)—~(D2)), two weeks (2 W) ((E)—(H2)) and five weeks (5 W) ((I)-(L2)) postburn for Control ((A), (E) and (1)),
Control+ ({B), (F) and (J)), DhAM ((C), (G) and (K)) and DhAM + AD-MSCs ((D), (H) and (L)). The second line represents
the deepest dermis. Scale bars 200 pm.
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Table 1. Expression levels of CD73, Cytokeratin 10 and CD11b in burned skins during wound healing.

1w W 5W
Unburned  Burn Middle Unburned  Burn Middle Unburned  Burn Middle
Antibody ~ Treatment  Skin Margin Region Skin Margin Region Skin Margin Region
CD73 Control + ++ nd ++ +- nd +— +— +-—
(Epidermis) Control4 + + nd + +- nd +— +— +-
*p=0.0009 *p <0.0001
DhAM + + nd + + nd +— + =
*p=00095 *p=0.001 " p=0.0007 *p<0.0001 "p<0.0001
#p=0.0074 #p=0.0016 #<0.0001
DhAM +  ++ ++ + ++ + + + + +
AD-MSCs  *p<0.0001 *p=00009 *p<0.0001 *p<0.0001 *p=0.0089 *p<0.0001 “p<0.0001 ap<0.0001 *p<0.0001
#p<0.0001 #p<00001 #p<0.0001 #p=0.0363 #p<0.0001 #p<0.0001 #p < 0.0001
ap=0.0014 ap<0.0001 a<0.0001 ap < 0.0001 ap <0.0001
CD73 Control ++ + ++ +- ++ ++ +- +- +-
(Dermis)  Control+  +— + + + + +— +- +- +-
*p=0.0024 *p=10.0044 "p=0.0112
DhAM + + + + ++ +- +- +- +-
*p=0.0023
DhAM 4+ ++4 ++ +- +- + ++ +- +- ++
AD-MSCs  #p < 0.0001 #p=0.0238 *p=0.0163
ap =0.0005 ap = 0.0054 #p=0.0243
ap =0.0452
Cytokeratin Control + +— nd + +- nd + +— +-
10 Control+  + ++ nd + + nd + + +
*p=0.0019 *p=0.0099
DhAM - 4 nd ++ - ks + +4 ++
“p=00112 “p<0.0001 *<0.0001
#0.0024
DhAM +  + ++ nd + ++ - ++ ++
AD-MSCs *p=0.0117 “p<0.0001 *p<0.0001
#p<0.0001
CD11b Control ++ ++ ++ +- + + + + ++
Control+ 4+ ++ ++ + + ++ + ++ ++
*p=0026 * p=0.0066
DhAM + + ++ +- + + + +- +-
*p=00017 #H=00253 “p=0.0342 #p=0.0009 *<.0001
#<0.0001
DhAM + - + + +- + + +- +- +-
AD-MSCs *p<00001 *p=00071 *p=0.0012 #p <0.0001 *p<0.0001
#=00029 #=0.0113 #p<0.0001

++: high expression; +: moderate expression; +—: weak expression; nd not detected; *: different from Control; #: different from

Control+; a: different from DhAM.

There are few studies published in the literat-
ure that tested in vivo hAM in the presence of AD-
MSCs. Recently, Aghayan et al (2022) demonstrated
the feasibility, safety, and efficacy of tissue-engineered
dressings composed of hAM and two different
types of MSCs, human adipose—derived MSCs and
placenta-derived MSCs, in the excisional wound
model in rats. The results of wound closure rate, re-
epithelialization, angiogenesis, and collagen remod-
eling demonstrated that MSC-seeded acellular AMs
had superior regenerative effects in excisional wound
animal model, in comparison with the control
groups, showing better healing effects with the
placenta-derived MSCs group (Aghayan ef al 2022).

MSCs have immunomodulatory properties
(Meisel et al 2004, Dabrowska et al 2020, Miiller et al
2021) and reveal their immunomodulatory potential
via functional changes of monocytes/macrophages
(Németh etal 2009), T cells (Ge et al 2010, Obermajer
etal 2014), B cells (Luz-Crawford et al 2016, Luk et al
2017), dendritic cells (Jiang et al 2005) and natural
killer cells (Spaggiari et al 2008). This may be related
to the fact that MSCs release high concentrations of
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the immunosuppressive adenosine, due to the CD73
expression, limiting the excessive immune response
(de Oliveira Bravo et al 2016, Naasani et al 2017,
Roszek and Wujak 2018, Roh et al 2020, Galgaro et al
2021). In addition to adenosine, MSCs contribute to
granulation tissue through their trophic, paracrine
and immunomodulatory functions by secretion of
growth factors, proangiogenic factors, cytokines and
chemokines, such as transforming growth factor beta
(TGEF-p), insulin-like growth factor-1, prostaglandin
E2, platelet-derived growth factor (PDGF), epidermal
growth factor (EGF), hepatocyte growth factor,
basic fibroblast growth factor-2, vascular endothelial
growth factor (VEGF), angiopoietin-1, stromal cell-
derived factor-1, erythropoietin, monocyte chemoat-
tractant protein-1 and exosomes, reviewed in (Jiang
and Scharffetter-Kochanek 2020). Wang et al (2019)
were the first to report that MSCs coated by the
extracellular matrix could promote wound healing in
diabetic rats and to enhance the expression of growth
factors VEGE PDGF, and EGF (Wang et al 2019).

In order to investigate the mechanisms underly-
ing the effect of MSCs in wound healing, as a novelty,
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Figure 10. CD73 expression in burned skins. CD73 expression on unburned skin, burn margin and middle regions after one week
(1 W) ((A)—(D2)), two weeks (2 W) ((E)-(H2)) and five weeks (5 W) ((I)-(L2)) postburn for Control treatment ((A), (E) and

(1)), Control+ ((B), (F) and (1)), DhAM ((D), (H)
deepest dermis. Scale bars 200 pm.

we analyzed the expression of the CD73 during the
wound healing process. We observed a high expres-
sion of this protein in the first 2 weeks postburn,
mainly in the granulation tissue. We observed a high
expression, with the treatment with DhAM + AD-
MSCs. In the fifth week, a reduction in CD73 labeling
was observed in the burned regions. Further, more
inflammatory cells were identified in the Control and
Control+ treatments. The inflammation was assessed
using the CD11b-antibody, expressed on the surface
of monocytes, macrophages, and granulocytes. This
was demonstrated with CD11b labeling. A strong
expression was observed in the first weeks in the
Control and Control+ treatments accompanied by
abundant CD11b+ immune cells in the papillary

15

, (L)) and DhAM + AD-MSCs ((1)=(L5)). The second line represents the

dermis, near the lesion, which was reduced in the
treatment with DhAM + AD-MSCs.

Shaked et al (2007) analyzed the burn blister fluid
from 11 patients who suffered a second degree burn
injury, and reported for the first time an increased
concentration of adenosine in burn blister fluid. The
initial host response to burns is an inflammatory
reaction, whose main purpose is to protect the body
against microbial invasion through damaged tissues.
The presence of adenosine in the blister fluid could
explain some of the important features of the patho-
physiology response to the burn, since adenosine is a
potent anti-inflammatory agent (Shaked et al 2007).
Adenosine can trigger different cellular responses,
aimed to restore tissue homeostasis, such as, limit
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inflammatory and immune responses, to prevent tis-
sue damage and promote the healing process. In fact,
adenosine acts as an immunosuppressive molecule,
capable of inhibiting the functions of different cell
populations and subsets of the immune system,
including T and B lymphocytes, NK cells, dend-
ritic cells, monocytes and macrophages, reviewed in
(Morandi et al 2018).

The extracellular adenosine is produced from the
adenosine monophosphate (AMP) hydrolysis by the
enzymatic activity of CD73 purinergic enzyme (ecto-
5'-nucleotidase). At physiological conditions, CD73
is expressed by stromal cells, follicular dendritic cells,
and endothelial cells (Antonioli et al 2016), also by
variable proportions of adaptive immune cells (B cells
and some T-cell subsets) (Thomson et al 1990, Bono
etal 2015). At hypoxic conditions and several inflam-
matory mediators, CD73 expression and function is
increased (Antonioli et al 2016). After a tissue dam-
age, as a burn, ATP is released to the extracellular
environment and can be degraded by ectoenzymes
chain, to adenosine or act on different purinergic
receptors (Burnstock 2007, Abbracchio et al 2009).
The balance between ATP and adenosine is crucial
to prevent uncontrolled tissue damage due to excess-
ive inflammatory responses (Roh et al 2020). While
ATP mediates inflammatory responses through their
P2 purinergic receptors, it is rapidly hydrolyzed by
the enzymatic cascade via CD39 (NTPDasel) and
CD73, to generate adenosine that acts as an anti-
inflammatory mediator to downregulate the immune
cell function. Therefore, CD73, by degrading extra-
cellular AMP to adenosine, has a critical role for this
pathway (Roh et al 2020).

5. Conclusion

We have demonstrated the safety and efficacy of the
use of DhAM associated with AD-MSCs as a treat-
ment to deep second degree burns. The engineered
bioscaffold did not cause any alteration in the animal
organs, once there were no inflimmatory infiltrates
among treatments. In addition, the biochemical para-
meters of blood did not change once no significant
differences were found between control and treated
groups analysis. The DhAM was able to heal the
wounds as efficiently as the positive control (com-
mercial dressing), improving the healing, when in
the presence of AD-MSCs. The presence of CD73+
cells suggest the involvement of the adenosinergic
signaling on wound healing, as the enzyme pro-
duces the adenosine that is an immunosuppressive
molecule. This idea is reinforced by the lower expres-
sion of the marker CD11b in the DhAM + AD-MSCs
treatment group. This preclinical study presents an
efficient strategy to treat burn wounds that is also
economically viable, as it can be engineered with
human tissues that are usually discarded in the
hospitals.
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UTP increases wound healing in the Self Assembled Skin
Substitute (SASS)
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O papel dos receptores purinérgicos P1 e P2 tem sido analisado em varios tipos de células da
pele. Entretanto, os mecanismos envolvidos na sinalizacdo extracelular do ATP sdo pouco
compreendidos, particularmente na derme humana. Neste capitulo usamos os substitutos de
pele auto-montados (SASS), para estudar o impacto de agonistas e antagonistas de sinalizacdo
purinérgicos, como ATP, UTP e um antagonista do receptor P2Y, Reactive Blue 2 (RB2)
durante a cicatriza¢do de feridas. Apos o tratamento das peles feridas, avaliamos a area da
lesdo, reepitelizacdo e qualidade das peles através da estrutura da membrana basal e a
diferenciagdo epidérmica. Além disso, a expressdo das principais ectoenzimas capazes de
hidrolisar nucleotideos (NTPDasel e NPP1) foram investigadas nas regides da ferida. Os
resultados obtidos neste capitulo poderdo demonstrar o envolvimento de nucleotideos
extracelulares e principais ectoenzimas, na cicatrizacdo da pele humana, o que poderia
contribuir nas futuras aplicagdes clinicas utilizando o potencial de nucleotideos para

regeneracao de tecidos.
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Abstract

The therapeutic potential of purinergic signaling has been explored for a wide variety of diseases, including those related
to the skin. In this study, we used the self-assembled skin substitutes (SASS), a highly functional reconstructed human skin
model, which shares many properties with normal human skin, to study the impact of purinergic receptors agonists, such
as ATP, UTP and a P2Y receptor antagonist, Reactive Blue 2 during wound healing. After treating the wounded skins, we
evaluated the wound area, reepithelialization, length of migrating tongues toward the wound, quality of the skins through
the cytokeratin 10 and laminin-5 expression, epidermal and dermal cell proliferation. In addition, the expression of the main
ectoenzymes capable of hydrolyzing nucleotides were investigated through the wounded SASS regions: unwounded region,
wound margin, intermediate region and migrating epidermal tongue. After 3 days, under the UTP treatment, the wounded
SASS showed an increase in the reepithelialization and in the proliferation of keratinocytes and fibroblasts, without altering
the quality of the skin. We also identified the presence of the ectoenzymes NTPDasel and NPP1 in the reconstructed human
skin model, suggesting their involvement in wound healing. Considering the need for new therapies capable of promot-
ing healing in complex wounds, although these results are still preliminary, they suggest the involvement of extracellular
nucleotides in human skin healing and the importance to understand their role in this mechanism. New experiments it will
be necessary to determine the mechanisms by which the purinergic signaling is involved in the skin wound healing.
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Introduction

Wound healing is one of the most complex processes in the
human body. It greatly depends on the extent and synchroni-
zation of a variety of cell types in the phases of hemostasis,
inflammation, growth, re-epithelialization, and remodeling
(Martin 1997; Singer and Clark 1999; Gurtner et al. 2008;
Rodrigues et al. 2019).

The epidermis can self-regenerate due to the presence
of stem cells (Blanpain and Fuchs 2006). In wounds, reepi-
thelialization progresses by the growth and migration of
keratinocytes from the surrounding wound margins toward
the center, with the regeneration of an stratified and dif-
ferentiated epidermis over the dermo-epidermal junction
in reorganization (Stanley et al. 1981). In case of deep
injuries and burns, the process of healing is not adequate,
leading to a chronic wound as a consequence (Blanpain
and Fuchs 2006; Vig et al. 2017). The development of
chronic, non-healing wounds is a persistent medical
problem that causes patient morbidity or even death and
increases healthcare costs (Veith et al. 2019).

While several wound healing therapies are available,
the effectiveness is only moderate. Therefore, there is a
need for more efficient therapies to heal complex wounds.
Reconstructed human skin models are upcoming alterna-
tives to treat patients by promoting tissue regeneration
(Proulx et al. 2011; Rodrigues et al. 2019). In addition,
this 3D models can be used to understand the mecha-
nisms of wound healing (Laplante et al. 2001; Xie et al.
2010), skin aging (Diekmann et al. 2016; Weinmiillner
et al. 2020), psoriasis (Jean et al. 2011), hypertrophic scar
(Moulin 2021), cutaneous squamous cell carcinoma (Com-
mandeur et al. 2009) and melanoma (Hill et al. 2015).
Therefore, skin models are promising tools to reach new
advances that can be translated to benefit patients.

Several tissue engineered skin substitutes have been
developed and optimized, based on culture conditions,
cell sources, cell types and natural or synthetic dermal
substrates, in order to better mimic the composition of
the skin (Choudhury and Das 2021) or with the aim to
improve the healing using mesenchymal stem cells
(Naasani et al. 2018; Naasani et al. 2019). One example
is the self-assembled skin substitutes (SASS) are a tissue-
engineered skin composed by a natural collagen extracel-
lular matrix, secreted by the own fibroblasts, without using
any exogenous scaffold or biomaterial, underlying a fully
differentiated epidermis (Beaudoin Cloutier et al. 2017).
The self-assembly approach allows the reconstruction of
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a highly functional bilayered skin substitute, which shares
many properties with native human skin (Larouche et al.
2016). The capacity to preserve stem cells (Lavoie et al.
2013), make the SASS a suitable skin substitute for autolo-
gous graft in humans, without a host immune rejection
when is produced with cells isolated from the patient,
making it suitable for clinical use in burn treatment (Ger-
main et al. 2018).

The purinergic signaling plays important and diverse
roles in skin physiology and wound healing (Burnstock
et al. 2012a). Extracellular nucleotides (ATP, ADP, AMP,
UTP) are signaling molecules of the purinergic cascade and
influence a variety of physiological processes, such as endo-
crine and exocrine secretions, immune responses, inflamma-
tion, proliferation, differentiation, migration, cell death and
regeneration (Geoffrey Burnstock 2007a, b). Once released,
nucleotides activate P2X ionotropic receptors (P2X, ;) and
P2Y metabotropic receptors (P2Y) 5 46 11_14) responsive to
tri/diphosphate nucleotides (Abbracchio et al. 2006; Burn-
stock 2007a, b). Whereas all P2X receptors are activated by
Adenosine triphosphate (ATP), P2Y receptor subtypes differ
from each other according to their nucleotide selectivity.
These receptors are activated by several nucleotides includ-
ing ATP, UTP, ADP and UDP (Huang et al. 2021).

Nucleotide-induced responses can be modulated by the
ectonucleoside triphosphate diphosphohydrolase family
(NTPDases 1-8); the nucleotide pyrophosphatase/phos-
phodiesterase family (NPP1-3) and ecto-5-nucleotidase
(CD73). (Zimmermann 2001; Robson et al. 2006). The NTP-
Dases hydrolyze triphosphate (ATP and UTP) and diphos-
phate (ADP and UDP) nucleotides to their monophosphate
derivates (adenosine 5’-monophosphate (AMP) and uridine
5'"-monophosphate (UMP) (Kukulski et al. 2005). AMP and
UMP are then further hydrolyzed by CD73 to generate aden-
osine and uridine, respectively. The adenosine can activate
the P1 type receptors (A, A,,, A, and A;). Therefore, these
enzymes are powerful tools to control the effects mediated
by extracellular purines and pyrimidines (Anderson and Par-
kinson 1997; Robson et al. 2006).

There is a growing interest in the therapeutic potential
of purinergic compounds (Burnstock 2018), several stud-
ies evaluated the P1 and P2 purinergic receptors in vari-
ous types of skin cells (White et al. 2009; Burnstock et al.
2012b). Additionally, it has become evident that P2 recep-
tor agonists and antagonists may have therapeutic potential
(Gendaszewska-Darmach and Kucharska 2011). However,
the mechanisms involved in extracellular ATP signaling are
poorly understood, particularly in the human dermis (Flores-
Muiioz et al. 2021).

More information on these processes would be crucial
for establishing future clinical applications using the nucle-
otides potential for tissue regeneration, without undesir-
able side effects. Therefore, in order to contribute with the
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understanding of the role of purinergic signaling in wound
healing, in this study we used the self-assembled skin sub-
stitutes (SASS) to investigate the effect of agonists ATP and
UTP, and antagonist of P2Y purinergic receptors, Reactive
Blue 2 (RB2) on a wound healing model. After the treat-
ment of the wounded skins, we evaluate the wound area,
reepithelialization, the length of migrating tongues toward
the wound, the quality of the skins through the CK10 and
laminin-5 expression, epidermal and dermal cell prolifera-

tion, and the NTPDasel and NPP1 expression.

Materials and methods
Cell isolation and culture

Primary human Keratinocytes and fibroblast were isolated
and cultured as described (Moulin 2021). The source of cells
are small pieces of skin removed by surgery and following
procedures approved by the institution’s committee for the
protection of human subjects (Moulin 2021).

Briefly, the epidermis and dermis were separated after
a thermolysin (0.5 mg/mL, Sigma, St-Louis, MO, USA)
incubation process. Then, keratinocytes were isolated
using a 0.05% trypsin/ 0.01% EDTA solution. Fibro-
blasts were isolated from the dermis using collagenase
H (Roche Diagnostics, Laval, Qc, Canada). Keratinocytes
were grown on a feeder layer of irradiated human fibro-
blast, obtained as described previously (Moulin 2021) and
then cultured in keratinocyte medium: Dulbecco’s modi-
fied Eagle’s medium (DMEM)/Ham's F12 Medium (3:1)
supplemented with 5% FetalClone II serum (HyClone,
GEHealthcare Life Sciences, Mississauga, Ont, Canada),
10 ng/mL human epidermal growth factor, 5 pg/mL Insu-
lin, 0.4 pg/mL Hydrocortisone, 0.212 pg/mL Isoproter-
enol, 100 IU/mL, penicillin G and 25 pg/mL Gentamicin.
Before the keratinocytes reached confluence, they were
detached and used until the third passage.

Dermal fibroblast were grown in DMEM supplemented
with 10% Fetal calf serum (Wisent, Saint-Bruno, QC, Can-
ada), 100 IU/mL Penicillin G, 25 pg/mL Gentamicin until
they achieve the confluence.

The cells were counted with a cell counter (Beckman
Coulter ® Life Sciences). The cultures were maintained
in a humidified incubator at 37 °C, 7% CO2.

Self assembled skin substitute

The self assembled skin substitute (SASS) was produced
as described previously (Germain et al. 2018). For the
dermal sheet, 5 x 10* fibroblasts/well were seeded into 12
well plate containing a anchoring paper (Whatman® filter)

and cultured with fibroblast medium. When they reached
confluence, cells were treated with 50 pg/ml ascorbic acid
during one month in order to secrete an abundant extracel-
lular matrix and to form the dermal sheet. Keratinocytes
were then seeded on a first dermal sheet (DS1) at 8 x 10°
cells/well with keratinocyte medium containing 50 pg/ml
ascorbic acid and maintained for 4 days with daily media
changes to form a keratinocyte sheet. After four days,
the epidermal sheet was stacked with a second dermal
sheet (DS2), and kept in place thanks to Ligaclip®. Skin
were then placed on the air-liquid interface and cultured
in air-liquid medium (DMEM/Ham F12, supplemented
with 5% FetalClone II serum, 5 pg/mL Insulin, 0.4 pg/
mL Hydrocortisone, 0.212 pg/mL Isoproterenol, 100 IU/
mL, penicillin G and 25 pg/mL Gentamicin). Medium was
changed every 48 h for 14 days to achieve formation of a
stratified epidermis.

Each skin substitute was produced with keratinocytes and
fibroblast from the same patient and two different patients
were used.

A normal human skin (NHS) specimen from the LOEX
biological material bank (previously approved by the insti-
tutional ethics committee for utilization in research was used
as control for histological analysis.

Wound healing model

The wound healing model was performed with some modifi-
cations of the model described by Laplante et al. (2001). The
SASS was wounded with a 4 mm diameter biopsy punch,
and stacked with a third dermal sheet (DS3) to allow the
migration of the epidermal tongue. The wounded SASS was
placed on the air-liquid interface and cultured with the dif-
ferent treatments that will be described below.

Treatments and wound area measure

To evaluate the effect of the nucleotides and the P2Y recep-
tors on the wound healing, the wounded reconstructed
human skin were cultured with DMEM/Ham F12, sup-
plemented with 5% FetalClone II, 50 pg/ml ascorbic acid,
penicillin G and 25 pg/mL Gentamicin (Control), which
was used as a base medium for the different treatments:
100 pM Adenosine triphosphate (ATP); 100 pM Uridine
triphosphate (UTP); 100 pM Reactive blue 2 (RB2). For the
positive control (Control+), DMEM/Ham F12 media sup-
plemented with 5% FetalClone II serum, and the additives:
5 pg/mL Insulin, 0.4 pg/mL Hydrocortisone, 0.212 pg/mL
Isoproterenol, 50 pg/ml ascorbic acid, 100 IU/mL Penicillin
G and 25 pg/mL Gentamicin was used.

Following 3 days of treatment, the wound was photo-
graphed with a phase contrast microscopy (Nikon Eclipse
TS-100) and the wound area was calculated using Image]
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Control+

Fig. 1 Wound healing assay on the self-assembled skin substitute.
Macroscopic aspect of the wounded SASS on the air-liquid inter-
face at day 0; note that RB2 is a blue dye (top) vs control (bottom).
Wounds after 3 days according the different treatments, b control+
(see below), ¢ control (see below), d 100 pM UTP in control medium,
e 100 uM ATP in control medium, £ 100 pM RB2, the dotted black
lines point the ring of reepithelialization from the border to the center
of the wound. g The wound area (mm?) following quantitative evalu-

software. Wounded SASS was then used for histological
analysis. Two different patients were analyzed in triplicates.

Masson’s Trichrome staining

The morphology of wounded SASS after 3 days of healing
was evaluated using Masson's Trichrome staining performed
on Sum thick sections. Histological micrographs were per-
formed with a Zeiss microscope equipped with Zeiss Axi-
ocam HRm Rev 3 (Carl Zeiss Canada Ltd. Toronto, ON,
Canada). The length of migrating tongues (part of the
migrating epidermis into the wound) was measured using
Imagel] software. Cells were derived from two different
patients and analyzed in triplicates.

Immunofluorescence

Wounded tissues were embedded in Tissue-Tek® Optimal
Cutting Temperature Compound (Sakura Finetek USA),
frozen in liquid nitrogen and maintained at — 80 °C for
cryostat sectioning. Indirect immunofluorescence assays
were performed on 5-pm-thick cryosections of skins fol-
lowing permeabilization with acetone (10 min at —20 °C).
The antibodies used were: mouse monoclonal anti-Laminin
5 (y2 chain) clone D4B5 (EMD Millipore; 1:400 dilu-
tion); mouse monoclonal anti-CK10 clone RKSE60
(Cedarlane,Burlington, ON, Canada; 1:100 dilution); rabbit
polyclonal IgG anti-Ki67 Ab15580 (Abcam, 1:200 dilution);
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ation. SASS was produced from cells obtained from two different
patients, N=2, in triplicates. Data were analyzed statistically by One-
way ANOVA followed by Tukey post-hoc test. Graph bars represent
the mean with SD (*p<0.05). Control+: DMEM/Ham F12+5%
FetalClone IT serum, Insulin, Hydrocortisone, Isoproterenol, ascorbic
acid; Control: DMEM/Ham F12+5% FetalClone II, ascorbic acid.
Phase contrast micrograph. Scale bars: 500 pm

Polyclonal guinea pig anti-human NTPDasel/CD39 (Name:
hN1-1C; hN1-2C; hN1-3C) (Ectonucleotidases-ab, Canada;
1:300 dilution); Polyclonal guinea pig anti-human NPP1
(Name: hNPP1-1C; hNPP1-2C; hNPP1-3C) (Ectonucle-
otidases-ab, Canada; 1:300 dilution). Primary antibodies
were replaced by PBS-BSA 1% or preimmune serum for
NTPDasel and NPP1 as negative controls. The tissue sec-
tions were incubated with the primary antibody for 1 h and
15 min at room temperature. After PBS washes the respec-
tive secondary antibody was added and incubated for 30 min
in a humid chamber. The following secondary antibodies
were used: Donkey anti-Rabbit IgG (H+ L) Highly Cros-
sAdsorbed Secondary Antibody, Alexa Fluor 488 (A21206)
(Thermo Fisher Scientific); Goat anti-Mouse IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 594
A11005 (ThermoFisher Scientific); Goat anti-Guinea Pig
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 594 (ThermoFisher Scientific). The cell nuclei
were counterstained with Hoechst reagent 33,258 (Sigma
Chemicals). Fluorescent micrographs were observed and
photographed under a Zeiss microscope equipped with Zeiss
Axiocam ICc1 digital camera.

Ki67 positive cells were quantified using imagelJ soft-
ware and the percentage was calculated in relation to the
cell nuclei in each field. The NTPDasel and NPP1 rela-
tive fluorescence intensity was quantified as described by
Jensen (2013). We adjusted the threshold in the positive

control to select the fluorescence regions and the intensity
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Fig.2 Masson's trichrome staining in the wounded Self-Assembled
Skin Substitute. Histological cross-section of the reconstructed
human skin showing the unwounded region and the wound, com-
posed by the wound margin, the intermediate region and the migrat-
ing epidermal tongue. It is possible to differentiate the epidermis
layer (Ep) with the stratum corneum (SC) from the dermis (D) and
the three dermal sheets (DS1,2,3), the third sheet belongs to the
wound assay model, allowing the migration of the epidermal tongue;
a Control+, b Control, ¢ ATP, d UTP and e RB2. Similarity between

measurements were performed within regions of interest
(ROIs) to separately quantify intensity in the epidermis
and in the dermis. The relative fluorescence intensity was

Migrating
epidermal
tongue

3000+

2000

Length of migration tongue(pm)

\é e’b
Of\-o‘eﬂs

the normal human skin (NHS) (f) and the Self-Assembled Skin Sub-
stitute (SASS) (g) are shown, the fibroblasts embedded in the col-
lagen fibers are indicated. H) The length of migrating tongues were
measured. One-way ANOVA and Tukey post-hoc test (*p <0.05: dif-
ferent from Control and Control+) (##p<0.01: different from UTP)
Graph bars represent the mean with SD. SASS was produced from
cells obtained from two different patients, N=2, in triplicate. Scale
bars 100 pm

expressed as the integrated density (IntDen) by each total
ROI area in sz_ Two different patients were analyzed in
duplicates.
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CK10 + Hoechst 1
NHS

SASS

Unwounded region Wound margin

UTP ATP Control Control+

RB2

Fig. 3 Immunofluorescence labeling of Cytokeratin 10. Expression of
Cytokeratin 10 (CK10) (red) in normal human skin (NHS) (a) and the
self assembled skin substitute (SASS), the dotted white lines indicate
the basement membrane. As expected, the basal layers of the epider-
mis were unlabeled. The CK10 labeling is shown in the unwounded
region and the wound margin (indicated by withe arrow) for the Con-
trol+ (c—cl), Control (d-dl1), ATP (e-el), UTP (f-f1) and RB2 (g-
gl) treatments. The CK10 expression was unlabeled in the intermedi-
ate region and migrating epidermal tongue. Nuclei were stained with
Hoechst dye (blue). Scale bars 100 pm
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Scratch wound healing assay on normal human
keratinocytes

The migration capabilities of normal human keratinocytes
were assessed using a scratch wound healing assay. The
keratinocytes were seeded into 12-well cell culture plates,
containing a feeder layer of irradiated human fibroblast,
at a concentration of 2% 10° cells/well, and cultured in a
keratinocyte medium to produce a nearly confluent cell layer.
After 24 h, the cells were treated with 10 pg/ml Mitomycin
C (m4287) for 3 h. A linear wound was generated in the layer
using a sterile 200 uL plastic pipette tip to produce a scratch.
Any cellular debris was removed with PBS before adding the
following treatments: DMEM/Ham F12, supplemented with
5% FetalClone II, penicillin G and 25 pg/mL Gentamicin, as
the control media used for the different treatments: 100 pM
Adenosine triphosphate (ATP); 100 pM Uridine triphos-
phate (UTP); 100 pM Reactive blue 2 (RB2). Positive con-
trol (Control+) was DMEM/Ham F12 media supplemented
with 5% FetalClone IT serum, 10 ng/mL human epidermal
growth factor, 5 pg/mL Insulin, 0.4 pg/ml. Hydrocortisone,
0.212 pg/mL Isoproterenol, 100 IU/mL, Penicillin G and
25 pg/mL Gentamicin. The migration progress was moni-
tored and photographed with a phase contrast microscopy
(Nikon Eclipse TS-100) at 0 h, 24 h and 48 h. The area of the
scratch in each image was estimated using imageJ software.
Scratch area on Oth hour was considered 100%, for each
respective image, and the reduction in area was calculated
for each set in 24 and 48 h. Two different patients were ana-
lyzed in triplicates.

Statistical analysis

Data were analyzed statistically by one-way ANOVA fol-
lowed by Tukey post-hoc test for the wound healing assay
and the length of migrating tongues. Two-way ANOVA fol-
lowed by Tukey post-hoc test for the Ki67 expression, the
scratch wound assay and relative fluorescence intensity was
used. We also performed an unpaired t-test to compare the
NHS versus the SASS in the Ki67 expression and relative
fluorescence intensity. Statistically significant differences
were accepted when p <0.05.

Results

Wound healing assay on the self-assembled skin
substitute

The Self-Assembled Skin Substitute was successfully pro-
duced from human keratinocytes seeded on dermal sheets.
Fibroblasts secreted abundant extracellular matrix and
formed macroscopically visible natural sheets, in which it
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Fig.4 Laminin-5 expression in the wounded SASS. Laminin 5 (red)
expression in the basement membrane between epidermis and der-
mis in the normal human skin (a-al) and the SASS (b=b1) is shown.
The higher nuclei staining with Hoechst in epidermis allows to detect
the difference between the epidermis (Ep) and dermis (d) layers. The
laminin 5 expression in the basement membrane of the unwounded

Intermediate
region

Migrating epidermal
tongue

region (c—g) and the wound margin (indicated by white arrows) (c1—
gl) is exposed; the basal keratinocytes of the intermediate region
(c2-g2) and migrating epidermal tongue (c3-g3) exhibit a cytoplas-
mic expression in all the treatments, Control+ (c—c3), Control (d-
d3), ATP (e—e3), UTP (f-f3) and RB2 (g—g3). Nuclei were stained
with Hoechst dye (blue). Scale bars 100 pm
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«Fig.5 Expression of the proliferative marker Ki67 in keratinocytes
and fibroblasts of the wounded reconstructed human skin. The Ki67
positive cells (green) in NHS (a-al) and SASS (b-b1) are indicated.
The dotted white lines indicate the basement membrane of the epi-
dermis. The Ki67 expression is shown in all the treatments; Control+
(c—c3), Control (d-d3), ATP (e-e3), UTP (f-f3) and RB2 (g—g3)
and all the regions of the wounded SASS; unwounded region (UR),
wound margin (WM), intermediate region (IR) and migrating epider-
mal tongue (MET). Quantification of the percentage of Ki67+ cells
in the epidermis (H) and dermis (I) in each section for the different
treatments shows the highest percent of Ki67 positive cells in Con-
trol+ and UTP treatments. Asterisk (*) indicates a significant differ-
ence versus Control+ group; Plus symbol (+) indicates significant a
difference versus control group; and hashtag (#) indicates a signifi-
cant difference versus the UTP group. Two-way ANOVA followed
by Tukey post-hoc test for the treatments and unpaired t-test to com-
pare the NHS versus the SAAS with no significant differences. (¥,
#, +p<0.05), (**, ##p <0.01). Graph bars represent the mean with
SEM. SASS was produced from cells obtained from two different
patients, N=2, in duplicates. Scale bars 100 pm

was possible to seed the keratinocytes and stack to form
the SASS, with uniform macroscopic aspect. A circular
wound was produced on this reconstructed human skin.
Following addition of a third dermal sheet, keratinocytes
can migrate to allow the wound reepithelialization (Fig. 1a).
From this model, it was possible to microscopically observe
the wound closure through the ring of reepithelialization
that progressed toward the wound center. The effect of the
nucleotides and the P2Y receptors on the wound healing was
analyzed using ATP, UTP, and RB2 treatments diluted in the
medium, containing serum, but without additives (Insulin,
Hydrocortisone and Isoproterenol), used as a control treat-
ment. Therefore, we used the complete air-liquid medium as
positive control. After 3 days in culture, the effect of diverse
treatments on healing was observed by following the reepi-
thelialization progress (Fig. 1b—f). The quantification was
done by measuring the wound area, which was lower after
the UTP treatment, when compared with the Control and
RB2 treatments (Fig. 1 g and supplementary Figure 2).

Histological cross-section of the wound healing
model.

Histological analysis was performed to evaluate the integrity
of the reconstructed human skin and the reepithelialization
progress after treatment with agonists and antagonists of
P2Y receptors. Following Masson's Trichrome staining it
was possible to discriminate the epidermis from the dermis.
An stratified epithelium until the stratum corneum was prop-
erly obtained. A dermis, composed of fibroblasts embedded
into a rich extracellular matrix, colored in blue, displayed
a microscopic structure similar to the normal human skin
(Fig. 2a, f, g). The wounded reconstructed human skin was
composed by the unwounded region and the wound. The

unwounded region contains a fully differentiated epidermis
above the three dermal sheets that form the dermis, whereas,
the wound is composed by the wound margin, the limit area
that was injured, followed by the intermediate region and the
migrating epidermal tongue, that represents the migrating
keratinocytes, without stratum corneum, on the third dermal
sheet. We observed differences in the length of migrating
tongues according to treatments (Fig. 2a—e). The length of
migrating tongues was measured and UTP treatment induced
statistically significant increase in keratinocyte migration
compared to Control, ATP and RB2 treatments. (Fig. 2h).

Immunofluorescence analysis

Expression of epidermal differentiation-specific protein
markers, such as cytokeratin 10 (CK10), laminin-5, an
important component of the basement membrane, and the
proliferation marker, Ki67 were evaluated on the wounded
reconstructed human skin. CK10 expression was restricted
to the epidermal suprabasal layers on normal human
skin, SASS and unwounded region of the wounded SASS
(Fig. 3a—g). This expression was reduced in the wound mar-
gin in all the treatments (Fig. 3c1-gl). Laminin 5 formed
a continuous line at the dermo-epidermal junction on nor-
mal human skin, SASS and in the unwounded region of the
wounded SASS (Fig. 4a—g). From the wound margin, it was
observed a keratinocyte cytoplasmic expression of laminin
5 in the basal layer, which was increased toward the migrat-
ing epidermal tongue (Fig. 4c1-g3). No change has been
observed according to the treatments.

The proliferation marker Ki67 was expressed in basal
cells of the epithelium as expected on normal human skin,
SASS and in the unwounded region of the wounded SASS
(Fig. 5a—g). Moreover, a larger number of ki67 positive
fibroblasts were observed from the wound margin to the
migrating epidermal tongue (Fig. 4c1-g3). Ki67 positive
cells were quantified in each section of epidermis and der-
mis. In the epidermis, the use of serum and additives in the
medium (positive control) induced the greatest number of
Ki67+ positive cells in all sections of the wound. The use of
serum alone (without additive) greatly reduced the number
of positive cells in unwounded skin and in the wound com-
pared to the positive control. Regarding the treatments, the
addition of UTP in the control medium (without additive)
promoted a strong proliferation in the unwounded skin and
in the wound which was not observed when using RB2 or
ATP. The number of Ki67-positive cells induced by the UTP
treatment was not statistically different from the number of
cells obtained with the use of additives in the medium.

In the dermis, the number of Ki67 positive cells increased
in wounds, independently of the treatment. Again, addition
of additives or UTP in the medium statistically increased the
number of ki67 positive cells in the wound. In the wound
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«Fig.6 NTPDasel expression in normal and reconstructed human
skin. Expression of the NTPDasel in the normal human skin (a—
al) and in the Self-Assembled Skin Substitute, (b-bl) the posi-
tive expression in dermal cells are indicated (arrow). The dotted
white lines indicate the basement membrane between the epidermis
(Ep) and the dermis (d). The NTPDasel expression was observed
in keratinocytes of the SASS and wounded SASS and few positive
NTPDasel cells were observed in the NHS. NTPDasel was also
observed in all the regions of the wounded SASS: unwounded region
(UR), wound margin (WM), intermediate region (IR) and migrating
epidermal tongue (MET) and all the treatments: Control+ (c—c3),
Control (d-d3), ATP (e—e3), UTP (f-f3) and RB2 (g-g3). Relative
NTPDasel fluorescence intensity (Integrated density/um?) in Epi-
dermis (h) and Dermis (i) The asterisk indicate the significant differ-
ences versus Control+ group, the plus symbol (+) indicate significant
differences versus Control group, the hashtag (#) indicate significant
differences versus the UTP group and the alpha (a) indicate signifi-
cant differences versus the ATP group. Two-way ANOVA followed
by Tukey post-hoc test for the treatments and unpaired t-test to com-
pare the NHS versus the SAAS (¥, +, a p<0.05), (**, ##, ++, aa
p<0.01), (***p <0.001). Graph bars represent the mean with SEM.
SASS was produced from cells obtained from two different patients,
N=2, in duplicates. Scale bars 100 pm

margin of SASS treated with UTP there was the highest
percentage of Ki67 positive fibroblasts, which was differ-
ent from RB2. In the intermediate region and the migrating
epidermal tongue the result was similar, but in this case,
the differences were also in comparison to the control, ATP
and RB2 treatments. No significant differences between the
normal human skin and the SASS, in both epidermis and
dermis were detected.

NTPDase1 and NPP1 expression in normal
and reconstructed human skin

The NTPDasel and NPP1 expressions were evaluated in the
normal human skin, the SASS and the wounded SASS. In
normal human skin and SASS, the NTPDasel was mostly
observed in dermal cells and epidermal cells (Fig. 6a-bl)
while NPP1 was only expressed in the dermal part of the
skin (Fig. 7a-bl). For both stainings, there was no immu-
nolabeling when the respective pre-immune sera were used
(Supplementary Figure 1A-B1 and C-D1).

During wound healing, NTPDasel was observed in all
regions of the wound, independently of the treatments in
epidermis and dermis. By quantifying the fluorescence
intensity, we identified a higher expression of NTPDasel
in dermis and epidermis following the ATP and UTP treat-
ments, in comparison with both control and positive con-
trol. By contrast, NPP1 was not detected in epidermis dur-
ing healing, but NPP1 was increased in the intermediate
region and migrating epidermal tongue, after UTP treatment
(Fig. 7h). Interestingly, we detected a higher NPP1 intensity
in the superficial dermis, near to the basement membrane,
in comparison with the inner dermis, in the wound margin
and intermediate region (Fig. 7c—g3, i).

Scratch wound assay in primary human
keratinocytes

The migration capabilities of primary human keratinocytes
in contact with Control+, Control, ATP, UTP and RB2 were
analyzed following scratch formation on confluent keratino-
cytes (Fig. 8a—e). Mitomycin C was added before the treat-
ments to inhibit cell proliferation. After 24 h, among all the
treatments, the UTP group showed best results (Fig. 8al—el,
f). Complete closure of the scratch area was observed in
Control+ and UTP groups in 48 h (Fig. 8a2—e2, f) whereas
the other treatments did not stimulate migration.

Discussion

Considering the need for more therapies to heal complex
wounds and the role of the purinergic signaling in the skin,
more information on these processes are necessary to estab-
lish future clinical applications, using the nucleotides poten-
tial for tissue regeneration. Therefore, in this study, we used
the self-assembled skin substitutes (SASS), to study the
effect of ATP, UTP and a P2Y receptor antagonist, Reactive
Blue 2 (RB2), on a wound healing model.

Following the isolation of human skin fibroblasts,
keratinocytes and their expansion in vitro, the self assem-
bly approach allows the production of skin substitutes. They
are very similar to the normal human skin, composed of a
dermis, a functional basement membrane and an epidermis,
without the use of any synthetic material (Beaudoin Cloutier
et al. 2017). This wound healing model offers an accurate
tool to compare, under standardized conditions, the effect
of various factors on the rate of reepithelialization, by mac-
roscopically following the wound closure (Laplante et al.
2001). Three days post-wounding, UTP treatment signifi-
cantly accelerated wound closure, when compared to con-
trols, whereas ATP and RB2 did not modify it.

The histological analysis of SASS and the unwounded
region showed a well-structured epidermis from the stratum
basale to the stratum corneum, produced by keratinocytes.
Below there was an organized dermis, entirely produced
from fibroblasts that increased the release of growth fac-
tors and extracellular matrix, by adding the ascorbic acid.
The wound margin represented the limit of that differenti-
ated epidermis above the dermis, since the stratum corneum
was not produced in 3 days after wound in the neodermis.
Therefore, the cytokeratin 10 expression was restricted to
the epidermal suprabasal layers on SASS, unwounded region
and wound margin, similar to the human skin. The unlabeled
keratinocytes had an undifferentiated morphology and were
located in the deep layers (Laplante et al. 2001). Accord-
ingly, the migrating keratinocytes on the third dermal sheet,
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«Fig.7 NPP1 expression in normal and reconstructed human skin.
The positive expression in fibroblasts in NHS (a-al) and SASS (b-
bl) is indicated (arrow). The dotted white lines indicate the basement
membrane between the epidermis (Ep) and the dermis (D). NPP1
labeling was observed in fibroblasts from the wounded SASS in the
Control+ (c—¢3), Control (d—d3) and following ATP (e—e3), UTP (f-
f3) and RB2 (g-g3) treatment and in all the regions of the wounded
SASS: unwounded region (UR), wound margin (WM), intermediate
region (IR) and migrating epidermal tongue (MET); we observed a
higher intensity near the basement membrane in the wound margin
and intermediate region, indicated by the white arrow. Relative NTP-
Dasel fluorescence intensity (Integrated density/um?) in dermis (h)
and superficial and inner part of the dermis (i) Significant differences
versus the Control+ (*); Control (+); UTP treatment (#) and super-
ficial versus inner dermis (¥). Two-way ANOVA followed by Tukey
post-hoc test for the treatments and unpaired t-test to compare the
NHS versus the SAAS (*, # < 0.05), (**, ## p<0.01), (***p <0.001).
Graph bars represent the mean with SEM. SASS was produced from
cells obtained from two different patients, N=2, in duplicates. Scale
bars 100 pm

in the intermediate region and migrating epidermal tongue,
were unlabeled for cytokeratin 10.

The basement membrane is essential for cohesion at the
dermoepidermal junction and an important factor in suc-
cessful healing. Also, the basement membrane participates
in the regulation and anchoring of the stem cells (Lavoie
et al. 2013). In SASS and unwounded region, the basement
membrane, observed by the laminin 5 expression, formed a
continuous line at the dermo-epidermal junction; similarly to
the normal human skin, as expected. From the wound mar-
gin, it was observed a keratinocyte cytoplasmic expression
of laminin 5 in the basal layer. It was increased toward the
migrating epidermal tongue, since the deposition of laminin
5 over exposing dermal collagen in epidermal wounds is an
early event in repair of the basement membrane (Nguyen
et al. 2000).

Reepithelialization is a critical step in wound healing. Is
the resurface of a wound with new epithelium and consists
of both migration and proliferation of keratinocytes at the
wound edges (Santoro and Gaudino 2005). The length of
the migrating epidermal tongues, analyzed histologically in
this study, showed an increase of the reepithelialization with
UTP treatment. Therefore, a regenerative effect on wound
healing after 3 days of treatment, meanwhile, a committed
reepithelialization with RB2 treatment was observed. We
confirmed these results observed in a 3D skin model, ana-
lyzing a scratch wound assay with primary human keratino-
cytes. As expected, UTP treatment showed the best results
at 24 h, and similar results with the positive control in 48 h
were observed. In agreement, similar results were obtained
in corneal wound healing by Pintor et al. (2004), where the
UTP treatment accelerated wound healing in the rabbit cor-
nea, whereas purinoceptor antagonists, such as suramin and
RB2, blocked the effect of UTP (Pintor et al. 2004). Jokela
et al. (2017) explored the relationship between the UTP and

hyaluronan synthase (HAS) metabolism in human HaCaT
keratinocytes, in a temptative to explain the the rapid activa-
tion of hyaluronan metabolism, in response to tissue trauma,
or ultraviolet radiation. They demonstrated, for the first time,
that UTP strongly regulates HAS2 expression, leading to
hyaluronan accumulation, providing an explanation for the
rapid increase in hyaluronan synthesis detected after injury
(Jokela et al. 2017).

Even though, no significative differences were observed
in the wound closure area analyzed between the positive con-
trol (with additives) and the control, the presence of the posi-
tive control was important, as there was an increase in the
proliferation of keratinocytes and fibroblasts in this group, as
determined by the presence of ki67. Although the treatments
with nucleotides were done in medium without the additives,
the presence of UTP was capable to induce the increase in
proliferation in both keratinocytes and fibroblasts.

In the wound microenvironment, keratinocytes will be
exposed to ADP, ATP and UTP released from dead or dam-
aged cells as well as from platelets and inflammatory cells.
Our results showed that when SASS or keratinocytes were
treated with RB2, there was a decrease in the proliferation
and migration suggesting that the endogenous nucleotides
have an effect on skin wound healing through the P2Y recep-
tors. There are few studies in the literature showing that
keratinocytes express specific receptors for these nucleo-
tides. However, the extent to which the nucleotides ATP and
UTP are differentially regulated and act as independent mes-
sengers through purinergic receptors in cells from healthy
and damaged skins is still unknown (Boarder and Hourani
1998; Anderson and Parkinson 1997; Lazarowski et al. 2000;
Dixon et al. 1999).

The expression of P2Y2 receptor was reported in basal
and parabasal primary human keratinocytes by Greig et al.
(2003). They suggested that P2 purinergic receptor agonists
altered keratinocyte cell number. In addition, UTP and low
concentrations of ATP caused an increase in cell number,
probably due a direct proliferative effect on basal cells, via
P2Y2 receptors (Greig et al. 2003). Likewise, Boucher et al.
(2010) reported the involvement of the P2Y2 receptors in
the epithelial injury response and cell migration of corneal
epithelial cells (Boucher et al. 2010). Jin et al. (2014) using
human fibroblast and a mice model showed that P2Y?2 recep-
tors, activated by ATP and UTP, have an important role in
the skin wound healing process, in vitro and in vivo, by
increasing cell proliferation, cell migration and the expres-
sion of extracellular matrix proteins. Thus, suggesting this
receptor as a potential therapeutic target in chronic wound
diseases (Jin et al. 2014).

P2Y2 is potently activated by both ATP and UTP,
whereas human P2Y4 is activated by UTP. However, there
are differences among species as the P2Y4 ortholog can
also be activated by ATP (Brunschweiger and Muller 2006).
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Fig.8 Scratch wound assay in Oh 24h 48h
primary human keratinocytes.

Migration of primary human
keratinocytes at 0 h, 24 h

and 48 h in presence of the
treatments Control+ (a—a2),
Control (b-b2), ATP (¢c—c2),
UTP (d—d2) and RB2 (e-€2).
Wound area percentage at each
time point compared with each
original wound area at time O h
are shown. Two-way ANOVA
followed by Tukey post-hoc test
for the treatments. Significant
differences versus the Control+
(*); Control (+); and UTP treat-
ment (#); (¥, + <0.05), (**, ##
p<0.01). All values represent
mean + SEM, Primary human
keratinocytes were obtained
from two different patients,
N=2, in triplicates. Scale bar
250 pm
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Human P2Y6 receptors are preferentially activated by UDP  of P2Y receptors involved in the regulation of prolifera-
(von Kiigelgen and Wetter 2000), but in mice also by UDP  tion of human keratinocytes and the HaCaT cell line was
(Kauffenstein et al. 2010). The expression and functionality =~ investigated. In both cell types there was the expression of
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Fig.9 Schematic representation

SASS

SASS+Wound

of the UTP role in a recon-
structed human skin model.
UTP treatment, the wounded
SASS showed an increase in the
reepithelialization, migration
and in proliferation of keratino-
cytes and fibroblasts, different
from RB2, when a commit-

ted reepithelialization was
observed. We also identified the
presence of the ectoenzymes
NTPDasel, in keratinocytes
and fibroblasts and NPP1 in
fibroblasts along the wound,
suggesting their involvement in
wound healing

P2Y1, P2Y2, P2Y4, and P2Y6 (Burrell et al. 2003). How-
ever, in primary human astrocytes when cells were cultured
in the presence of calcium (200 mM and 1 mM) to mimic
the differentiation, there was P2Y2 and P2Y4 downregu-
lation. Although P2Y1, P2Y2, P2Y4 and P2Y6 receptor
mRNA was expressed, only the P2Y2 receptor subtype was
activated by ATP and UTP leading to intracellular calcium
release and cell proliferation (Burrell et al. 2003). In addi-
tion, in situ hybridization studies showed that P2Y2 recep-
tors were localized in the proliferative basal layer of the epi-
dermis (Dixon et al. 1999). The actions of UTP observed in
our study, improving the wound healing can be mediated by
P2Y4 receptors as the ATP did not have any effects. How-
ever the participation of other P2Y receptors contributing to
UTP proliferation can not be ruled out.

Burrell et al. (2003) showed that there was no response
when treating human primary keratinocytes with 2MeSADP
(P2Y1 agonist), ADP or UDP. Thus, suggesting that the
P2Y1 and P2Y6 receptors, respectively, were not functional
in this cell type (Burrell et al. 2003). The purinergic ecto-
enzyme NTPDasel hydrolyzes nucleoside diphosphate and
triphosphate equally. Thus, it is possible that UTP added to
treat SASS can be hydrolyzed to UDP, which could in turn
stimulate the P2Y6 receptor, promoting at least part of the
observed results, considering that in the reconstructed skin
model analyzed was composed also by dermal fibroblasts
that express high levels of P2Y6 (Gendaszewska-Darmach
and Kucharska 2011).

NTPDase1/CD39 can hydrolyze ATP and ADP to AMP,
and UTP to UDP and UMP. This can reflect the higher
intensity of this enzyme as observed after the ATP and UTP
treatments in the 3D skin model. In agreement, the ATP
exposure was shown to increase ectonucleotidase activity
in a lineage of human epithelioid carcinoma cells (Wiendl
et al. 1998). We identified the NTPDasel expression in

RB2
+Contro|
Control+

1 ' MET
Proliferation
Migration

S . NTPDasel, Npp1 ~ UTPT RBZ 4

fibroblasts and keratinocytes of normal human skin and the
reconstructed human skin. This enzyme is expressed on dif-
ferent immune cell types (Giuliani et al. 2020). Fausther
et al. (2010) identified the NTPDasel expression throughout
the respiratory system, including superficial epithelia and
fibroblasts (Fausther et al. 2010). However, Ho et al. (2013)
observed low NTPDasel levels in HACAT cells (Ho et al.
2013). Otherwise, NTPDasel/CD39 was identified to mark
normal murine fibroblasts from healthy tissues (Agorku
et al. 2019). Moreover, fibroblasts may express a number of
mesenchymal markers (LeBleu and Neilson 2020). We pre-
viously reported the ENTPDasel and ENPP1 gene expres-
sion in mesenchymal stem cells isolated from skin and cor-
nea. Dermal mesenchymal stem cells expressed higher levels
of ENTPDasel, leading to adenosine release that could be
associated with the immunomodulatory properties of these
cells (Naasani et al. 2017).

Recently, Peng et al. (2021) investigated the correlation
between the NTPDasel expression level and the degree of
skin graft injuries in a mice model. They found a negative
correlation showing that the higher the expression of the
NTPDasel, the lower the concentration of extracellular
ADP, proliferation and activation of macrophages and B
cells activity. Thus, the activity of NTPDasel was able to
decrease the degree of skin graft injuries, providing a foun-
dation for new studies investigating the use of NTPDasel to
alleviate organ damage, during the acute Antibody-mediated
rejection (Peng et al. 2021). Therefore, NTPDasel expres-
sion could be associated with immunogenic events in tissue
regeneration. Accordingly, Mizumoto et al. (2002) reported
the modulatory roles in inflammation and immune respon-
siveness of NTPDasel on mice skin, as responsible for the
Langerhans cells ecto-NTPDase activity and the augmented
inflammatory responses in skin CD39—/— mice (Mizumoto
et al. 2002).
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Extracellular ATP can be directly hydrolysed to AMP by
NPPs, as reviewed in Giuliani et al. (2020). The expression
and role of NPP1 is still unknown in tissue regeneration.
No labeled keratinocytes in normal human skin and in the
reconstructed human skin were identified. This observation
is in accordance with the work of Chourabi et al. (2018),
which detected ENPP! transcript in primary human fibro-
blasts and melanocytes but not in keratinocytes (Chourabi
et al. 2018). A pathogenic role of this enzyme was reported
observing its overexpression in cultured skin fibroblasts
from insulin-resistant humans (Goldfine et al. 1999). Moreo-
ver, NPP1 expression has been reported to be increased in
neural brain tumors (Lee 2015). Thus, the NPP1 overexpres-
sion could be associated with pathological events or at least,
when cells are not in homeostasis state, as observed during
wound healing.

In conclusion, as a novelty, we have studied the role of
two important nucleotides of the purinergic signaling, ATP
and UTP, in a reconstructed human skin model. UTP treat-
ment showed a therapeutic effect on wound healing, improv-
ing the migration and proliferation of human keratinocytes,
an effect that could be blocked by the antagonist of P2Y
purinergic receptors, Reactive Blue 2 (RB2). In addition,
the expression of the enzymes NTPDasel and NPP1 was
observed for the first time in a reconstructed human skin
model, showing their modulation in the wounded SASS
regions (Fig. 9). Nevertheless, new experiments will still
be necessary to understand how the purinergic signaling is
involved in the skin physiology and wound healing process.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12079-023-00725-2.
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9 CAPITULO V - Artigo 5

CD73 is overexpressed during the wound healing process in
bilayered self assembled skin substitute (SASSs) model

Manuscrito em preparagio

Apds o nosso grupo de pesquisa ter demonstrado que as MSCs liberam altas concentracdes de
adenosina, produto da alta atividade hidrolitica do AMP em ADO pela CD73, o papel desta
enzima no processo de regeneracdo tecidual tem ganhado o nosso interesse. A CD73 ¢é
expressa na superficie celular de uma variedade de tecidos e a alta expressao desta proteina
tem sido implicada com uma variedade de tumores, no entanto o papel da CD73 na
regeneracdo tecidual ainda ¢ desconhecido. Os substitutos de pele sdo uma ferramenta valiosa
para estudar a biologia da pele, incluindo o efeito de compostos na cicatrizagdo de feridas.
Neste capitulo serd analisada a expressao da CD73 durante a cicatrizagdo de feridas no
modelo de substitutos de pele auto-montados (SASS) desenvolvido pelo grupo de pesquisa do
LOEX da Universidade Laval na cidade de Quebec, Canada. A expressdao da CD73 também
sera analisada no modelo de cicatrizagdo de feridas, apos estimulagio com AMP e ADO e a
inibicao farmacoldgica com o antagonista da CD73, Adenosina 5'- (o, B-metileno) difosfato
(APCP). Uma compreensdo profunda do papel da enzima CD73 e da ADO na regeneragdo
tecidual poderd levar a novas formas de tratamento que permitam modular a via da
sinalizacdo purinérgica, seja através da utilizacdo de nucleotideos ou agonistas/antagonistas
de receptores e enzimas, e desta forma reduzir processos de inflamagdo cronica e melhorar a

cicatrizagdo, processos que sao decisivos na recuperagao de grandes lesdes cutaneas.
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Abstract

The key role of the CD73 during tumor progression has been studied, but their involvement
during the wound healing is poorly understood. The tissue engineered skin substitutes represent
a valuable tool for experimental research to study skin biology. The Self-assembled skin
substitutes (SASS) are a highly functional bilayered skin substitute which has been demonstrated
as a good model to study the healing process. In this study we analyzed CD73 expression during
healing, following CD73 stimulation with AMP and adenosine (ADO) and pharmacological
inhibition with Adenosine 5'-(0,f-methylene)diphosphate (APCP). ADO significantly stimulated
reepithelialization whereas no alterations in the structural skin proteins, cytokeratin 10 and
laminin-5 expression, were identified after treatments. The cell proliferation was also analyzed
according to the treatments and the regions of the wounded SASS: unwounded region, wound
margin, intermediate region and migrating epidermal tongue. There was an increase in the cell
number following AMP and ADO treatments mainly in the dermis in the intermediate region and
in migrating epidermal tongue regions. In addition, CD73 expression was increased, mainly in
basal keratinocytes, during wound healing. This expression was also observed in injured
keratinocytes cultured in monolayer. The signaling pathways involving CD73 in wound healing
may provide new insights into therapeutic strategies.
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Introduction

Skin repair greatly depends on the extent and mechanism of injury. It involves a variety of cell
types with different functions in the phases of hemostasis, acute inflammation, proliferation and
maturation, making the skin wound healing one of the most complex processes in the human
body that still remains unclear (Veith et al. 2019; Das and Baker 2016; Rodrigues et al. 2019).

There are considerations about how surrounding factors can affect cellular function in wound
healing. A thorough discovery of cellular diversity and function, as well as, the identification of
cell surface markers to isolate the most effective cells will aid our understanding of skin biology
and to generate effective therapies for skin injuries (Rodrigues et al. 2019).

After a cell damage, nucleotides and nucleosides can be released from the intracellular
environment to be degraded by ectoenzymes and/or act on different purinergic receptors
(ionotropic P2X or metabotropic P2Y receptors for ATP/ADP and P1 selective for adenosine)
(Abbracchio et al. 2009; Burnstock 2007). Extracellular ATP has a short half-life before being
converted to adenosine by hydrolysis or by dephosphorylation of ATP to AMP (Regateiro,
Cobbold, and Waldmann 2013). Tri/diphosphate nucleotides are degraded by ecto-NTPDases
(NTPDases1-8) and ecto-5'nucleotidase (CD73) hydrolyzes AMP to adenosine (ADO), being the
major contributor to the pathway that completely hydrolyses extracellular ATP to adenosine
(Zimmermann 2001; Robson, Sévigny, and Zimmermann 2006; Bavaresco et al. 2008). This
physiological release and degradation must be regulated to avoid a prolonged immune response
and consequent increase in inflammatory mediators that regulate tissue damage, induce
excessive recruitment of immune cells and establish chronic inflammatory conditions
accompanied by fibrosis (Ferrari et al. 2016).

The CD73 is linked to the plasma membrane with its catalytic site exposed to the extracellular
space and is expressed on the cell surface of a variety of tissues (Bavaresco et al. 2008; Resta,
Yamashita, and Thompson 1998; Colgan et al. 2006). The CD73 expression was observed in
human intestinal epithelial cells (Strohmeier et al. 1997), endothelial cells (Airas et al. 1997),
dermal mesenchymal stromal cells (Naasani et al. 2017), and by adaptive immune cells (Bono et
al. 2015; Thomson et al. 1990). In hypoxic conditions and inflammatory mediators, the CD73
expression and function is increased (Antonioli et al. 2016). Upregulation of this protein has
been implicated in a variety of tumors, such as colon, lung, pancreatic, and ovarian carcinomas
(Jin et al. 2010). Indeed, elevations of CD73 in human carcinomas correlate with increasing
tumor invasion, propensity for metastasis, vascularity, and shorter survival (Spychala 2000;
Zhang 2010; Wladis, Weller, and Adam 2020). However, the role of CD73 in wound healing is
poorly understood.

Reconstructed human skin models are upcoming alternatives to traditional wound healing
strategies and tissue regeneration. Several tissue engineered skin substitutes have been
developed and optimized, based on culture conditions, cell sources, cell types and natural or
synthetic dermal substrates, in order to better mimic the composition of the skin (Choudhury
and Das 2021). They are a valuable tool for experimental research to study skin biology
(Mieremet et al. 2019). The Self-assembled skin substitutes (SASS) are a highly functional
bilayered skin substitute which shares many properties with native human skin (Beaudoin
Cloutier et al. 2017), and can be useful to study the skin wound healing (Laplante et al. 2001).
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The signaling pathways involving adenosine and CD73 in wound healing need to be elucidated
for the development of targeted therapies. In this study we analyzed the CD73 expression on an
in vitro wound healing model, and the impact of its stimulation with AMP and ADO and its
pharmacological inhibition with Adenosine 5'-(a,p-methylene)diphosphate (APCP) on healing.

Material and Methods

SASS production

Small pieces of skin removed by surgery and following procedures approved by the institution’s
committee for the protection of human subjects was the source of cells. Primary human
keratinocytes and fibroblast were isolated and cultured as described (Moulin 2021). The Self
Assembled Skin Substitute (SASS) was produced as described pr

eviously (Germain et al. 2018). For the dermal sheet, 5x10* fibroblasts/well were seeded into 12
well plate containing a anchoring paper (Whatman® filter) and cultured with fibroblast
medium: 10% Fetal calf serum (Wisent, Saint-Bruno, QC, Canada), 100 IU/mL Penicillin G, 25
ug/mL Gentamicin.

When fibroblasts reached confluence, they were treated with 50 pg/ml ascorbic acid during one
month in order to secrete an abundant extracellular matrix and to form the dermal sheet.
Keratinocytes were then seeded on a first dermal sheet (DS1) at 8x10° cells/well with
keratinocyte medium: Dulbecco’s modified Eagle’s medium (DMEM)/Ham's F12 Medium (3:1)
supplemented with 5% FetalClone II serum (HyClone, GEHealthcare Life Sciences, Mississauga,
Ont, Canada), 10 ng/mL human epidermal growth factor, 5 pg/mL Insulin, 0.4 pg/mL
Hydrocortisone, 0.212 pg/mL Isoproterenol, 100 IU/mL, penicillin G and 25 pg/mL Gentamicin,
and maintained for 4 days with daily media changes to form a keratinocyte sheet. After four days,
the epidermal sheet was stacked with a second dermal sheet (DS2), and kept in place thanks to
Ligaclip®. Skin were then placed on the air-liquid interface and cultured in air-liquid medium
(DMEM/Ham F12, supplemented with 5% FetalClone II serum, 5 pg/mL Insulin, 0.4 pg/mL
Hydrocortisone, 0.212 pg/mL Isoproterenol, 100 IU/mL, penicillin G and 25 pg/mL Gentamicin).
Medium was changed every 48 hours for 14 days to achieve formation of a stratified epidermis.
The cultures were maintained in a humidified incubator at 37 °C, 7% CO2.

Wounded SASS and wound area measure

To reproduce a wound healing model on the SASS, the model described by Laplante and
colleagues (2001) (Laplante et al. 2001) was performed. The SASS was wounded with a 4mm
diameter biopsy punch, and stacked with a third dermal sheet (DS3) to allow the migration of
the epidermal tongue. The wounded SASS was placed on the air-liquid interface and cultured
with the different treatments described on the next section.

To measure the wounded area, after 3 days the wound was photographed with a phase contrast
microscopy (Nikon Eclipse TS-100) and the wound area was calculated using Image] software.
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AMP, ADP and APCP treatments

DMEM/Ham F12 media supplemented with 5% FetalClone II serum, and the additives: 5 ng/mL
Insulin, 0.4 ug/mL Hydrocortisone, 0.212 ug/mL Isoproterenol, 50ug/ml ascorbic acid, 100
IU/mL Penicillin G and 25 pg/mL Gentamicin was used as positive control (Control+).
DMEM/Ham F12, supplemented with 5% FetalClone II, 50pg/ml ascorbic acid, penicillin G and
25 pg/mL Gentamicin was used as Control and as medium to dilute tested molecules:100 pM
Adenosine monophosphate (AMP), 100 puM Adenosine (ADO) and 100 puM Adenosine
5'-(0,p-methylene)diphosphate (APCP). Tissues were fixed after the third day.

Masson’s Trichrome staining

The tissues were embedded in Tissue-Tek® Optimal Cutting Temperature Compound (Sakura
Finetek USA), frozen in liquid nitrogen and maintained at -80°C for cryostat sectioning. Masson's
Trichrome staining was performed on 5pum thick sections. Histological micrographs were
performed with a Zeiss microscope equipped with Zeiss Axiocam HRm Rev 3 (Carl Zeiss Canada
Ltd. Toronto, ON, Canada). The length of migrating tongues (part of the migrating epidermis into
the wound) was measured using Image] software.

A normal human skin (NHS) specimen from the LOEX biological material bank (previously
approved by the institutional ethics committee for utilization in research) was used as control
for histological analysis.

Immunofluorescence assays

Indirect immunofluorescence assays were performed on 5-um-thick cryosections of skins
following permeabilization with acetone (10 min at -20 °C). Primary antibodies were replaced by
PBS-BSA 1% or preimmune serum for CD73 as negative controls. The tissue sections were
incubated with the primary antibody for 1 hour and 15 min at room temperature. After PBS
washes the respective secondary antibody was added and incubated for 30 min in a humid
chamber.

The primary antibodies used were: mouse monoclonal anti-Laminin 5 (y2 chain) clone D4B5
(EMD Millipore; 1:400 dilution); mouse monoclonal anti-CK10 clone RKSE60
(Cedarlane,Burlington, ON, Canada; 1:100 dilution); rabbit polyclonal IgG anti-Ki67 Ab15580
(Abcam, 1:200 dilution); anti-vimentin ab8978 (Abcam, 1:300) dilution; Polyclonal rabbit
anti-human ecto-5’-Nucleotidase/CD73 antibodies Name: h5'NT-1L(14,15); h5’NT-2L(14,15);
h5’'NT-3L(14,15) (Ectonucleotidases-ab, Canada; 1:300 dilution). The secondary antibodies used
were: Donkey anti-Rabbit IgG (H+L) Highly CrossAdsorbed Secondary Antibody, Alexa Fluor 488
(A21206) (Thermo Fisher Scientific); Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 594 A11005 (ThermoFisher Scientific). The cell nuclei were
counterstained with Hoechst reagent 33258 (Sigma Chemicals). Fluorescent micrographs were
observed and photographed under a Zeiss microscope equipped with Zeiss Axiocam ICc1 digital
camera.

Fluorescence intensity and proliferation measures
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The relative CD73 fluorescence intensity was quantified as described (Jensen 2013) using Imagej
software. The threshold was adjusted in the positive control in order to select the fluorescence
regions, then, the intensity measurements were performed within regions of interest (ROIs) to
separately quantify intensity in the epidermis and in the dermis. Differences in the CD73
fluorescence intensity between intensity NHS, SASS and wounded SASS (using the positive
control) were analyzed in epidermis and dermis and differences in the CD73 fluorescence
intensity between the treatments were analyzed for each region of the wounded SASS. The
relative fluorescence intensity was expressed as the integrated density (IntDen) by each total
ROI area in um?. The proliferative cells (KI67+ cells) were quantified using imagej software, by
quantifying the percentage of positive cells in relation to the cell nuclei in each field.

CD73 expression in primary human keratinocytes in monolayer

The CD73 expression was analyzed in keratinocytes cultured in monolayer. The keratinocytes
were seeded into 6-well cell culture plates, containing a feeder layer of irradiated human
fibroblast, at a concentration of 5 x 10* cells/well to obtain a confluent monolayer to produce a
scratch wound. The cultures were treated with and without 10pg/ml Mitomycin C (m4287) for 3
hours before generating a linear wound using a sterile 200 uL plastic pipet tip. Cells were then
culture in a keratinocyte medium: Dulbecco’s modified Eagle’s medium (DMEM)/Ham's F12
Medium (3:1) supplemented with 5% FetalClone Il serum (HyClone, GEHealthcare Life Sciences,
Mississauga, Ont, Canada), 10 ng/mL human epidermal growth factor, 5 pg/mL Insulin, 0.4
ug/mL Hydrocortisone, 0.212 ug/mL Isoproterenol, 100 IU/mL, penicillin G and 25 pg/mL
Gentamicin. An indirect immunofluorescence was performed on the slides with Polyclonal rabbit
anti-human ecto-5’-Nucleotidase/CD73, using the same conditions described above.

Statistical analysis

The wound healing assay, the length of migrating tongues, Ki67 expression and fluorescence
intensity between the regions were analyzed statistically by one-way ANOVA followed by Tukey
post-hoc test. Unpaired t-test was used to compare the NHS versus the SASS. The relative
fluorescence intensity between treatments were analyzed statistically by two-way ANOVA
followed by Tukey post-hoc test. Statistically significant differences were accepted when p <
0.05.

Results

Wound healing assay on SASS

The wound healing model was made from an in vitro produced skin called Self Assembled Skin
Substitute constituted of a dermis and a differentiated epidermis (Figure 1 A-D). The wound
closure was observed through the ring of reepithelialization that progressed toward the wound
center, after the third day in culture with the treatments (Figure 1 E-I). The wound area was
measured and whereas control+, control, AMP and APCP treatments showed similar wound
closure, the treatment with ADO significantly stimulated the reepithelialization rate in
comparison with the control and the APCP treatment (Figure 1]).
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Figure 1. Self Assembled Skin Substitute and wound healing assay. A-B) The SASS cultured
at the air-liquid interface. C-D) The wounded SASS. E) Micrography of the wounded skin after 3
days with the treatments E) Control+, F) Control, G) AMP, H) ADO, I) APCP. Dotted black lines
indicate the migrating epidermal tongue. ]) Quantification of the surface area of the
wound(mm?) after 3 day-treatments. Data were analyzed statistically by one-way ANOVA
followed by Tukey post-hoc test. Graph bars represent the mean with Standard error of mean
(SEM), N=2, (*p <0.05). Phase contrast micrograph. Scale bars: 500 pm.

Histological analysis of Self-Assembled Skin Substitute

To analyze the histology of the SASS and the reepithelialization progress after the treatments,
Masson's Trichrome staining was performed. In these slides, it was possible to identify the
epidermis and the dermis on NHS, SASS and wounded SASS. As expected, a stratified epithelium,
with the stratum corneum, and a dermis composed of extracellular matrix formed by fibroblast
were observed in SASS, similarly to normal human skin (Figure 1 A-B1). The wounded SASS was
divided into four regions: The Unwounded region (UR), formed by the complete reconstructed
skin plus the third dermal sheet added after wound formation; the wound margin (WM)
performed on day 0; the intermediate region (IR) of the migrating epidermal tongue and the tip
of the migrating epidermal tongue (MET). It is possible to observe that the stratum corneum was
visible only at the level of the epithelium of the skin and up to the edge of the wound (Figure 2
C). The length of migrating epidermal tongues were measured for all the treatments, and only
showed a significant increase when ADO was added compared to the control (Figure 2 C-H).
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Figure 2. Masson's trichrome staining of wounded SASS. Cross-section of the normal human
skin (NHS) (A-A1) and the Self Assembled Skin Substitute (SASS) (B-B1). The epidermis (Ep)
with the stratum corneum (SC) and the dermis (D) are shown, fibroblasts embedded into matrix
are indicated (arrow). Histological sections of wounded SASS according to treatment C) Control+,
D) Control, E) AMP, F) ADO and G) APCP. Different regions in wounded SASS were named (C): the
unwounded region (UR), followed by the wound that is composed by the wound margin (WM),
the intermediate region (IR) and the migrating epidermal tongue (MET). The first and second
dermal sheets in the dermis (DS1,2) represent the dermis of the SASS, the third dermal sheet
(DS3) belongs to the wound assay model, allowed the migration of the epidermal tongue. The
length of the migrating epidermal tongue between the WM and the tip of MET was measured (H)
and one-way ANOVA and Tukey post-hoc test were done *p <0.05. N=2. Graph bars represent the
mean with SEM. Scale bars 100 um.

Cell proliferation in wounded Self-Assembled Skin Substitute

The proliferative cells through the regions of the wounded SASS were identified following Ki67
labeling in epidermis and dermis. In normal human skin and SASS, the proliferative cells were
observed mainly in the basal layer of the epidermis. The percentage of positive cells labeling out
of the total number of nuclei evaluated in normal human skin and in the SASS, in both epidermis
and dermis was not statistically different. (Figure 3 A-B1, H). In all regions of the epidermis of
wounded SASS, the use of supplemented medium (control+) increased the number of Ki67
positive cells compared to medium without additive (Control). Furthermore, in both cases, Ki67
staining of epidermal cells increased in the wound regions compared to unjuried skin. By
contrast to the epidermis, very few Ki67 positive cells were observed in the unwounded part of
the dermis. The number of positive cells strongly increased in all the wound parts with, again, a
higher number of positive cells when control+ medium was used.

Following treatments with AMP or ADO, the number of Ki67 positive cells in epidermis increased
in the wound margin region. In the dermal part, AMP stimulated growth level in the center of the
wound (intermediate and MET regions). ADO also increased the number of Ki67 positive cells in
the MET region of the dermis. The addition of the antagonist of CD73, APCP, never modified the
number of growing cells in both parts of the skin. (Figure 3 C-H).
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Figure 3. Ki67 staining in the epidermis and dermis of wounded SASS. Merged
immunofluorescent staining for Ki67 (green) and nuclei (blue) in NHS (A-A1) and SASS (B-B1), white
arrows indicate Ki67+ cells (A1-B1) respectively. The dotted white lines indicate the basement
membrane of the epidermis. Immunostaining sections of wounded SASS according to treatment
Control+ (C-C3), Control (D-D3), AMP (E-E3), ADO (F-F3) and APCP (G-G3). Ki67 positive cells
were observed in the unwounded region (UR), wound margin (WM), intermediate region (IR)
and in migrating epidermal tongue (MET). (H) The Ki67 positive cells were quantified in relation
to the number of nuclei in the epidermis and the dermis. Asterisk indicates significant
differences versus Control group. One-way ANOVA followed by Tukey post-hoc test for the
treatments in each region and unpaired t-test to compare the NHS versus the SASS with no
significant differences. (* p<0.05), (** p<0.01). Graph bars represent the mean with SEM. N=2.
Nuclei were stained with Hoechst dye (blue). Scale bars 100 um.

Expression of Cytokeratin 10 and Laminin-5 in wounded Self Assembled Skin Substitute

To identify any changes in the structure of the Self Assembled Skin Substitute following
treatments, we analyzed the expression of laminin-5 as a marker of the basement membrane
structure and cytokeratin 10 (CK10) as a marker of the epidermal differentiation. CK10 was
expressed by epidermal suprabasal layers in SASS similarly to NHS (Figure 4 A-B). From the
wound margin, the CK10 staining was reduced, being absent in the intermediate region and in
migrating epidermal tongue (Figure 4 C-G1). The laminin-5 expression was observed as a
continuous line between the epidermis and the dermis, on normal human skin, SASS, in the
unwounded region and in the wound margin (Figure 5). Approaching the tip of the migrating
tongue, the labeling was mainly found in the cytoplasm of basal keratinocytes (Figure 5 C1-G3).
The expression of laminin-5 and cytokeratin 10 was similar for all treatments.
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Figure 4. Cytokeratin 10 expression in wounded SASS. Cytokeratin 10 (CK10) expression
(red) in normal human skin (NHS) A) and SASS B); dotted white lines indicate the basement
membrane, under the basal layer of epidermis, which was unlabeled. The CK10 expression is
shown in the unwounded region and at the wound margin for all the treatments; Control+
(C-C1), Control (D-D1), AMP (E-E1), ADO (F-F1) and APCP (G-G1). The white asterisk indicates
positive keratinocytes away from the wound margin. Nuclei were stained with Hoechst dye
(blue). White arrow indicates the wound margin. Scale bars 100 pm.
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Figure 5. Laminin-5 expression in the wounded SASS. Immunofluorescence staining of the
laminin 5 (red) expression in the basement membrane between epidermis (Ep) and dermis (D)
in the normal human skin A) and the SASS B). The laminin 5 is present in the basement
membrane of the unwounded region (C-G), the wound margin (C1-G1), the intermediate region
(C2-G2) and the migrating epidermal tongue (C3-G3) in all the treatments. Cell nuclei (blue)
stained by Hoechst dye. White arrow indicates the wound margin. Merged images, Scale bars
100 pm.
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CD73 expression in wounded Self Assembled Skin Substitute

To identify the epidermis and dermis sections in the wounded SASS we analyzed the vimentin
expression, which was expressed by fibroblasts in the wounded SASS, similarly to human skin
(Figure 6 A-C). In both human and SASS skins, we observed a strong CD73 labeling of cells in the
dermis (Figure 6 D-E1). Interestingly, in the wounded SASS, the CD73 labeling was observed in
fibroblast but also in basal keratinocytes, a staining that increased from the wound margin to the
migrating epidermal tongue. The CD73 expression was also observed in more differentiated
keratinocytes but it was with a lower intensity compared with the basal cell one in the wounded
SASS (Figure 6 F-F4a). All these results were compared with the preimmune serum staining that
was negative (Supplementary Figure 1).

By quantifying the fluorescence intensity, we observe that the CD73 expression in the epidermis
and dermis was higher in wounded SASS (Figure 8 A-B).

Following treatments, CD73 staining also showed a similar pattern with an increase of
expression from the margin to the center of the wound in basal keratinocytes for the different
treatments (Figure 7). However, in the epidermis, the addition of AMP significantly increased
CD73 expression in migrating epithelial tongue compared to other treatments (Figure 8 C-D).
Concerning the dermal part, CD73 expression in fibroblasts was slightly increased in wound but
only significantly increased following treatment with AMP in wound margin (Figure 7 A-E4 and
Figure 8 C-D).
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Figure 6. Vimentin and CD73 expression in wounded SASS. Vimentin positive cells in normal
human skin (NHS) (A-A1), in SASS (B-B1) and in wounded SASS (C) are indicated with arrows).
CD73 expression in dermal and epidermal cells in NHS (D-D1) and SASS (E-E1). In the wounded
SASS F), the CD73 labeling was observed in fibroblasts. In epidermis, the CD73 labeling was
more intense in basal keratinocytes, compared to normal skin epidermis and SASS. The regions
of the wounded SASS are indicated, showing with more details the expression in fibroblast and
basal keratinocytes. Scale bars 100 um.
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Figure 7. CD73 expression in wounded SASS after treatments. Expression of CD73 in the skin
substitute after the treatments Control+ (A-A4), Control (B-B4), AMP (C-C4), ADO (D-D4) and
APCP (E-E4). The CD73 labeling is indicated in each region, unwounded region (A1-E1), wound
margin (A2-E2), intermediate region (A3-E3) and migrating epidermal tongue (A4-E4). Scale
bars 100 um.
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Figure 8. Relative CD73 fluorescence intensity in wounded SASS. Fluorescence intensity
(Integrated density/um?) in epidermis A), and dermis B) on NHS, SASS and all the regions. Integrated
density/um? in epidermis C) and dermis D) on all the regions after treatments. (A-B) Unpaired t-test
to compare the NHS versus the SASS; one-way ANOVA followed by Tukey post-hoc test,
significant differences versus unwounded region (UR) (*). (C-D) Two-way ANOVA followed by
Tukey post-hoc test, significant differences versus Control (*). Graph bars represent the mean
with SEM, N=2 (* <0.05); (** p<0.01), (*** p<0.001).

CD73 expression in primary human keratinocytes in monolayer

The CD73 was observed in keratinocytes cultured in monolayer and then scratched to mimic a wound.
The keratinocytes showed a strongest CD73 expression in the scratch region compared to the
unwounded region that showed a very weak labeling (Figure 9). No differences were observed with
and without the mitomycin C treatment (data not shown). The labeling was compared with the
unlabeled preimmune serum staining (Supplementary Figure 1 D-D1).
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Figure 9. CD73 expression in primary human keratinocytes in monolayer. CD73 expression in
primary human keratinocytes in monolayer after scratch, without mitomycinC (A-A3) on the scratch
region (A-Al) and near the scratch region (A2-A3); and with the mitomycinC treatment (B-B3), on
the scratch region (B-B1) and near the scratch region (B2-B3). Cell nuclei (blue) stained by Hoechst
dye. Scale bars 100 um.
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Supplementary Figure 1. Unlabeled labeling of CD73 using preimmune serum instead of
antibody in normal human skin (A-A1), wounded SASS on migrating epidermal tongue (B-B1),
SASS (C-C1) and keratinocytes in monolayer (D-D1). Scale bars 100 um.
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Discussion

The wound healing model produced from the Self-Assembled Skin Substitute was an useful tool
to analyze the CD73 involvement during the wound healing process, as well as, the effect of ADO
and AMP on the reepithelialization process. Likewise, the analysis of proliferation during the
wound healing showed the involvement of AMP and ADO in both parts of the skin, but not in the
same place: on the wound margins for epidermis and on the center of the wound for the dermis.
The expression of structural components of the skin, such as cytokeratin 10 and laminin-5, was
observed in the different regions of the wounded SAAS, without detecting alterations with the
different treatments.

The role of ADO in wound healing has already been studied. ADO has been used as a topical
application to reduce wrinkles (Legendre et al. 2007), perhaps by promoting collagen production
by dermal fibroblasts via the adenosine A2A receptor (Chan et al. 2006). The nucleoside
promotes wound neovascularization by stimulating the A2A receptor (Montesinos et al. 2004).
However, an excessive ADO generation by CD39 and CD73 promotes dermal fibrosis (Lu and
Insel 2014; Fernandez et al. 2013). In accordance, studies involving tumor biology have
demonstrated a positive association of CD73/ADO expression with extracellular matrix
organization and TGF-B expression (Turcotte et al. 2017). The role of TGF-p is already
demonstrated by its capacity to stimulate the proliferation and migration of fibroblasts,
increased collagen production and by the profibrogenic activity, which are the basis for the
development of tissue fibrosis (Ferrari et al. 2016).

Shaked et al. demonstrated in burn patients that there is an accumulation of ADO in the fluid of
burn blisters, and that this could exert effects depending on its concentration, which may have
beneficial anti-inflammatory effects but also lead to systemic dysfunction of the immune system
and hair loss syndrome (Shaked et al. 2007). According to Andrés and colleagues (2017), ADO
plays an important role in the regulation of epidermal inflammation and the function of
keratinocytes and, therefore, can constitute an interesting therapeutic strategy for
hyperproliferative inflammatory skin diseases such as psoriasis (Andrés et al. 2017).

Our group previously showed that mesenchymal stromal cells (MSCs) isolated from human
dermis and cultured in monolayer on plastic release high concentrations of ADO (Naasani et al.
2017). This increase may be related to the high expression of CD73, considered one of the MSCs
markers, resulting in a high hydrolytic activity of AMP in ADO (Roszek and Wujak 2018). The
accumulation of ADO can help control the recruitment of immune cells during the healing
process. This is extremely relevant, since these cells can direct different types of tissue
regeneration depending on their polarization, and may have anti-fibrotic or inflammatory
effects, which would lead to a process of regeneration or fibrosis formation, respectively
(Larouche et al. 2018).

In order to analyze the CD73 involvement during the wound healing process, we identified the
dermis from the epidermis by using vimentin labeling, expressed by fibroblast in the wound.
While CD73 was very weakly expressed in unwounded skin, its expression strongly increased
during the wound healing process, mainly in basal keratinocytes and, in dermis, below the
basement membrane region of the neoepidermis. Same observation was made with
monolayer-cultured keratinocytes that were injured, which suggests the involvement of CD73
during human skin repair. The CD73 overexpression during wound healing was further
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increased following AMP treatment. This result was expected, since the AMP is hydrolyzed to
ADO by CD73, Once inside the cell, ADO is converted to inosine through adenosine deaminase or
in AMP by adenosine kinase (Galgaro et al. 2021).

CD73 associated with ADO metabolism promotes tumor progression by suppressing the
antitumor immune response and promoting angiogenesis (Reviewed in (Chen et al. 2019)).
According to Azambuja and colleagues (2020), the CD73 knockdown can regulate the
glioblastoma immune microenvironment and delay tumor growth by inducing apoptosis
(Azambuja et al. 2020). A distinct perspective on the role of CD73-generated adenosine in tumor
development was observed in endometrial carcinomas. Bowser and colleagues (2016) reported
that the loss of CD73 in endometrial carcinoma is crucial for tumor progression, since it cancels
the physiological effect of extracellular adenosine to protect epithelial integrity. Adenosine
generated by CD73 appears to be necessary to sustain a physiological balance that maintains
epithelial integrity in endometrial carcinomas with stable cell-cell adhesions mediated by A1R
(Bowser et al. 2016). As epithelial barrier function is essential for the inhibition of endometrial
carcinomas with fewer intervening stromal or inflammatory cells in interconnected malignant
glands (Silverberg 2000), Wang and colleagues (2021) provided a novel mechanism for
adenosine-mediated barrier protection, showing that enhancing extracellular adenosine levels
restores barrier function in acute lung injury, through expression of focal adhesion proteins
(Wang et al. 2021). Browser and Broaddus (2016) in their review discussed the role of CD73 in
protecting epithelial integrity. Furthermore, they argue that CD73 is not uniformly expressed by
all epithelial cells in all tissues and epithelial cell compartments, such as pancreas, breast and
gastrointestinal tract (Bowser and Broaddus 2016). Considering that, the generation of
extracellular adenosine by CD73 is crucial for the maintenance of the epithelial barrier, similarly
to endothelial cells, adenosine generated by CD73 decreases permeability in intestinal epithelial
cells and regulates cell adhesion molecules (Bowser and Broaddus 2016).

Interestingly, CD73, as an adhesion molecule, can bind various components of the extracellular
matrix, including laminin (Olmo et al. 1992; Stochaj et al. 1989; Minor et al. 2019). As we have
observed in our wound healing model, there is an increase in laminin-5 expression during the
wounded regions. Laminin 5 induces the adhesion, spreading, and migration of human
keratinocytes and during skin wound healing, its deposition in migratory keratinocytes occurs
early, followed by hemidesmosomes and then basement membrane formation (Amano et al.
2004). According to Minor and colleagues (2019), the importance of CD73 is especially evident
in the context of acute and chronic types of injury, where its activity is vital to maintain tissue
integrity and improve recovery (Minor et al. 2019). Therefore, the CD73 increase during wound
healing could be related to the protection of the epithelial barrier.

In conclusion, in this study we found that the CD73 expression is modulated during the wound
healing, after stimulation with AMP and ADO in the Self Assembled Skin Substitute (SASS) model.
The increase in CD73 expression in the wounded SASS regions suggests its protective role during
the wound healing by controlling the adenosine levels, which should lead to a process of
regeneration, without fibrosis formation.
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10 DISCUSSAO

O potencial terapéutico associado as células estromais mesenquimais estd aumentando
constantemente. Devido ao potencial de diferenciacdo e capacidade imunomoduladora e de
quimioatra¢do, as MSCs tém sido consideradas como uma fonte potencial de células para seu
uso em bioengenharia de tecidos e terapias celulares (Paim and Wink 2022). Atualmente, o
secretoma das MSCs também tem sido considerado para o tratamento da COVID (Schultz,
Bertoni, and Wink 2021). No entanto, mais estudos e ensaios clinicos serdo necessarios para

demonstrar a seguranca e eficacia destas células, até que possam ser utilizadas em pacientes.

Uma das principais vantagens das MSCs ¢ que atualmente podem ser facilmente isoladas a
partir de materiais biolodgicos, que geralmente sdo descartados, como pele, apds uma cirurgia
de abdominoplastia, tecido adiposo, apds uma cirurgia de lipoaspiracio e limbo
esclero-corneal apds um transplante de cornea, a partir de um doador cadaver. Segundo a
Sociedade Internacional de Cirurgia Plastica Estética, o Brasil superou os Estados Unidos em
relagdo aos procedimentos cirargicos estéticos como abdominoplastias e lipoaspiracdes
(Gomes et al. 2021), aumentando assim, a disponibilidade de tecidos nos principais centros
hospitalares. Neste trabalho efetivamente isolamos populagdes de células estromais
mesenquimais a partir de lipoaspirado humano (hAD-MSCs), tecido esclero-corneal humano
(L-MSCs) e tecido adiposo murino (mAD-MSCs), as quais apresentaram morfologia
fusiforme, adesao ao plastico, potencial de auto-renovagdo e diferenciacdo de linhagem,

caracteristico de células tronco mesenquimais.

Uma das abordagens para que as células estromais mesenquimais possam ser transplantadas ¢
através da utilizacdo de um scaffold. A producao de scaffolds ¢ um dos principais desafios na
area de bioengenharia de tecidos. Dependendo da abordagem, esses scaffolds podem carregar
células diferenciadas no tecido alvo ou permitir que as MSCs mantenham seu potencial
indiferenciado e expressdo de marcadores. A Ultima op¢do seria a mais adequada para a
regeneragdo de tecidos como pele ou cornea, onde possam migrar para a area lesionada e

auxiliar no reparo.

Nao ¢ um acaso que a membrana amnidtica humana tenha sido considerada como um scaffold
versatil para engenharia de tecidos. A membrana amnidtica ¢ uma fonte natural de colageno,
uma das principais proteinas estruturais do corpo, que por conter a sequéncia RGD favorece a

adesdo celular. Ap6s uma cirurgia de cesarea, a placenta, que geralmente ¢ descartada,
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também ¢ consideradas uma fonte tecidual para engenharia de tecidos, por ser rica em células
estromais mesenquimais do corddo umbilical, membranas placentarias como o cérion e a

membrana amnidtica e demais tecidos placentarios.

Neste trabalho demonstramos que foi possivel separar manualmente a hAM da placenta e
outras membranas fetais e de preserva-la em glicerol a 4° C, o que facilita o processo de
conservagdo deste tecido. Apds avaliar o impacto do processo de descelularizacdo da hAM,
confirmamos que nao foram afetadas as principais proteinas de matriz, o que ¢ fundamental
para a estruturacdo de um scaffold. Com a andlise termogravimétrica foi possivel identificar
que a membrana amniotica ¢ estavel a altas temperaturas, importante caracteristica para o

tratamento de queimaduras.

Apds o cultivo das AD-MSCs na DhAM, foi possivel observar que ndo foi alterada a
viabilidade e senescéncia e que as células ndo perderam seu potencial de células tronco, tanto
do potencial de diferenciagdo tri-linhagem como da manuten¢do dos marcadores de células

mesenquimais.

A membrana amnidtica humana também tem sido estudada como forte alternativa para o
tratamento de lesdes na cornea. No segundo capitulo foi feita a comparagdo do potencial da
membrana amniética humana descelularizada (DhAM) e da submucosa do intestino delgado
porcino (SIS) como scaffolds para o cultivo de células mesenquimais limbais. Ambos
scaffolds mantiveram a viabilidade, morfologia, densidade e expressdo de marcadores das
células mesenquimais limbais, no entanto, devido a sua transparéncia e a preservagdo dos
marcadores de caracterizagdo de mesenquimais, a hAM representa uma grande vantagem
para sua utilizagdo como suporte de células mesenquimais, criando uma espécie de curativo
temporario que permita a liberacdo de moléculas bioativas, como citocinas e fatores de
crescimento e, em seguida, promova a regeneragao dos tecidos, tanto em medicina humana e

veterinaria.

Com a finalidade de utilizar o constructo de membrana amnidtica com MSCs como um
curativo para o tratamento de queimaduras, foi padronizado o modelo murino de lesao
cutanea. Os resultados obtidos demonstraram que a utilizagio da membrana amnidtica
descelularizada para o tratamento de queimaduras pode ser igualmente eficaz como o
tratamento comercial e ainda melhor quando combinada com células estromais

mesenquimais, em comparagao com a utilizacdo de gaze.
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Na analise macroscopica das lesdes observamos uma menor quantidade de tecido invidvel, e
aparentemente uma maior densidade capilar e melhor aspecto visual da cicatriz no grupo
DhAM+AD-MSCs. A analise histologica mostrou que a DhAM foi segura e eficaz, pois nao
causou alteracdo nos 6rgaos. Também, a DhAM foi capaz de cicatrizar as feridas melhor que
o controle positivo (curativo comercial), e a presenga de AD-MSCs melhorou a cicatrizacao,
em comparacdo com outros grupos. A liberagdo do uso da membrana amnidtica no Brasil,
teve um grande avango com o parecer positivo do CFM quanto ao uso deste rico tecido no
tratamento de queimaduras € em outras tantas areas de aplicacao no pais, no entanto ainda ¢
necessario aguardar a regulamentacdo da utilizagdo deste tecido junto aos 6rgdos de satude e
vigilancia do Brasil. Este projeto teve financiamento do PPSUS, portanto, os resultados da
eficadcia e seguranca deste bioscaffold, de baixo custo e elevada disponibilidade, podem
representar um dos caminhos para a futura aplicagdo clinica como terapia para o tratamento

de queimaduras pelo SUS.

O aumento de células CD73 positivas nas primeiras duas semanas da lesao no modelo de
queimadura, sugere o envolvimento desta enzima no processo de cicatrizacdo de feridas. As
AD-MSCs poderiam promover a regeneracdo modulando o sistema imunolodgico, visto que a
enzima CD73 produz adenosina que ¢ um imunossupressor, o que foi reforgado pela menor

expressao do marcador CD11b no grupo de tratamento com AD-MSC.

O envolvimento da CD73 na regeneragdo de tecidos também foi observado no modelo de
cicatrizagdo de feridas realizado no substituto de pele auto-montados (SASS). Curiosamente,
foi identificado um aumento na expressdo da CD73 no modelo de SASS com injuria, nos
queratindcitos da membrana basal e nos fibroblastos perto da membrana basal, em
comparacao com a pele humana e o SASS. Esse aumento na expressao da CD73 também foi
observado em queratindcitos em monocamada. Como esperado, o aumento na expressao da
CD73 também foi observado apds o tratamento com AMP. Nos estudos relacionados com
cancer, o papel da CD73 tem sido associado na protecdo da integridade da barreira epitelial
(Bowser and Broaddus 2016). Esse fendmeno poderia estar ocorrendo durante a cicatrizagdo
de feridas, sendo que a CD73 pode ligar varios componentes da matriz extracelular, incluindo

laminina, cuja expressao também foi observada nos queratindcitos da membrana basal.

O potencial terapéutico da sinalizagdo purinérgica tem sido explorado numa ampla variedade
de doengas, incluindo as da pele, mas o desenvolvimento de compostos purinérgicos ainda

estd na sua infincia. No entanto, como acreditava o Dr. Burnstock, "podemos olhar para o
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futuro dos compostos purinérgicos como agentes terapéuticos com otimismo" (Geoffrey

Burnstock and Knight 2018).

O SASS ¢ uma excelente ferramenta para o estudo de sistemas biologicos, que tornou
possivel analisar o papel agonistas e antagonistas de sinalizagdo purinérgicos, como ATP,
UTP e um antagonista do receptor P2Y, Reactive Blue 2 (RB2). No SASS, o tratamento com
UTP mostrou um efeito terapéutico na cicatrizagdo de feridas. O potencial terapéutico do
UTP tem sido demonstrado em sistemas como cdrnea de coelho, queratindcitos humanos
HaCaT e fibroblastos (Pintor et al. 2004; Jokela et al. 2017), no entanto, esse potencial nunca

foi estudado em um modelo de pele humana.

A expressdo das enzimas NTPDasel e NPP1 foi observada pela primeira vez em um modelo
de pele humana reconstruida, mostrando sua modulacdo nas regides SASS com injuria. O
nosso grupo de pesquisa relatou a expressdao dos genes ENTPDasel e ENPP1 em células
estromais mesenquimais isoladas da pele e da cornea. As células estromais mesenquimais
dérmicas expressaram niveis mais elevados de ENTPDasel, levando a liberagdo de adenosina
que pode estar associada as propriedades imunomoduladoras dessas células (Naasani et al.

2017).

Portanto, esperamos que estes estudos possam contribuir com a area de biomateriais e
regeneragdo, apresentando uma estratégia eficiente para o tratamento de queimaduras que
também seja economicamente vidvel, pois pode ser engenheirada com tecidos humanos que
normalmente sdo descartados nos hospitais. Também, que o envolvimento de nucleotideos
extracelulares e principais ectoenzimas, na cicatrizagdo da pele humana, possa contribuir nas
futuras aplicagdes clinicas utilizando o potencial de nucleotideos para o desenvolvimento de

novas abordagens para o tratamento farmacologico de feridas complexas.
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11 CONCLUSOES

10.

Populagdes de células estromais mesenquimais a partir de lipoaspirado humano
(hAD-MSCs), tecido esclero-corneal humano (L-MSCs) e tecido adiposo murino
(mAD-MSCs), as quais apresentaram morfologia fusiforme, adesdo ao plastico,
potencial de auto-renovagao e diferenciacdo de linhagem, foram efetivamente isoladas.
Foi efectivamente padronizada a descelularizagdo da membrana amnidtica humana,
garantido a preservacao das principais proteinas de matriz extracelular como coldgeno
e fibronectina.

A membrana amnidtica humana foi caracterizada fisica e histologicamente na
presenga e auséncia de células estromais mesenquimais.

O cultivo das células estromais mesenquimais na membrana amniotica ndo alterou a
viabilidade e senescéncia, manuten¢dao dos marcadores de células mesenquimais,
potencial de células tronco e diferenciacdo tri-linhagem.

A membrana amnidtica humana foi um scaffold mais adequado para as células
estromais mesenquimais do limbo esclerocorneal humano, do que a submucosa de
intestino delgado de suinos (SIS), disponivel comercialmente.

O modelo murino de lesdo cutdnea por queimaduras de segundo grau profundo foi
padronizado, podendo-se identificar que a queimadura atingiu os foliculos pilosos e
glandulas sebaceas.

Foi avaliado o efeito da membrana amnidtica descelularizada na presenga e auséncia
de células estromais mesenquimais derivadas de tecido adiposo de ratos na
regeneragdo tecidual no modelo pré-clinico de queimadura de segundo grau profundo,
através de andlises histologicas e de imunofluorescéncia.

As andlises macroscopicas e histolégicas demonstraram a eficacia e seguranca da
membrana amniodtica associada com células estromais mesenquimais derivadas de
tecido adiposo de ratos no modelo pré-clinico de queimadura de segundo grau
profundo.

O envolvimento da CD73 na regeneracdo da pele foi observado in vitro, através do
substituto cutdneo SASS e in vivo, no modelo pré-clinico de queimadura.

O papel dos componentes da sinalizagdo purinérgica na regeneragdo tecidual foi

analisado através do substituto cutdneo substituto cutdneo SASS, demonstrando o
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envolvimento das enzimas CD73, NTPDasel e NPP1 e do nucleotideo UTP durante a

cicatrizagao de feridas.
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12 PERSPECTIVAS

1. Avaliar a expressdo das enzimas NTPDasel e NPP1 nas peles dos ratos do modelo
pré-clinico de queimadura de segundo grau profundo.

2. Avaliar o perfil de células imunes nas peles dos ratos do modelo pré-clinico de
queimadura de segundo grau profundo.

3. Estudar a expressdo das enzimas CD73, NTPDasel e NPP1 em peles com cicatrizes
hipertréficas.
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ANEXO B: CEUA

Parecer de aprovagio da Comissdo de Etica no Uso de Animais (CEUA)

REPUBLICA FEDERATIVA DO BRASIL
MINISTERIO DA EDUCACAG
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UNIVERSIDADE FEDERAL DE CIENCIAS DA SAUDE DE PORTO ALEGRE
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CERF 91050-170 - Porto Alegre - RS - wwiw ufcepa adu br

CEUA -COMISSAO DE ETICA NO USO DE ANIMAIS

PARECER CONSUBSTANCIADO DE PROJETO DE PESQUISA E ENSINO
1) PROTOCOLO N°: 206117 Parecer 53917

2) DATA DO PARECER: 1312/17
3) TITULO DO PROJETO:

Desenvolvimento de modelo pré-clinico para avaliagio da membrana amnidtica humana
para tratamento de queimaduras de diterentes graus.

4) PESQUISADOR RESPONSAVEL:
Miércia Wink

5) RESUMO DO PROJETO:

O tratamento padriio para em casos de queimadura de pele de grandes areas é de enxerto
de pele autéloga. Propdem-se a utilizagfio de membrana amniética de doadoras de
placenta como curativo para as queimaduras de pele. Esse tratamento serd comparado
com a utiliza¢do de células tronco mesenquimais obtidas de cultura de células a partir de
tecido adiposo retirado de cirurgia de lipossucgéio. No estudo sera feita uma comparagéio
entre o curativo comercial, a utilizagéio de membrana amnidtica sozinha, membrana
amnidtica + células tronco mesenquimais e membrana amniética aderida com
fibroblastos de ratos.

6) OBJETIVOS DO PROJETO:

Caracterizar a membrana amnidtica humana como curativo biolégico regenerador de
lestes cutineas superficiais e profundas, na auséncia ou presenca de células tronco
mesenquim ais.
1- Padronizar protocolos de decelularizagdo, criopreservagéio e preservagéo em
glicerol da MA.
2- Padronizar protocolos para izolamento, cultivo e caracterizacéio de MSCs
derivadas de tecido adiposo human. (MSCs).
3- Caracterizar a MA decelularizada como scaffold para MSCs avaliando-se
adesdo, viabilidade, citotoxicidade, migragédo e morfologia celular.
4- Avaliar o efeito da MA na presenca ou auséncia de MSCs na regeneragio
tecidual em modelo murinho de lesfio cutfnea, por queimadura de diferentes
graus, através de andlises histoldgicas e de marcadores de inflamagéo.
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7) FINALIDADE DO PROJETO:

I:l Ensino El Pesquisa

8) ITENS METODOLOGICOS E ETICOS DO PROJETO:

Titulo

Introdugio

Objetivos

Releviincia e Justificativa

Materiais e Métodos

Cronograma para execucao da pesquisa

Orgamento e fonte financiadora

Referéncias Bibliograficas

Adequado I:l Comentérios
IZ' Adequada |:| Comentarios
Adequados I:l Comentarios
Adequados |:| Comentarios
Adequados |:| Com entarios
IZI Adequado |:| Comentéarios
El Adequados |:| Comentarios

IZI Adequadas |:| Comentarios

9) 0 PROJETO ESTA ADEQUADO A LEGISLAGAQ VIGENTE:

[x] sim [ neéo

10) INFORMAGOES RELATIVAS A0S ANIMAIS:

Grau de dor/estresse: B | c I:I

Justifique:
Grau de invasividade =3

Espécie: = Ratos Wistar

o[] e []

Numero Amostral:

190
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Redugio Amostral: I:l Sim III Néo
Justifique:r
Substituigdo de Metodologia: []sim [x ] Néo

Se achar necassdrio, justifiquea e sugira wma novae metodologia:

Aprimoramento da Metodologia: |:| Sim IZ' Nao
Se achar necessdrio, justifique e sugira aprimoramentos da metodologia:

Acomodagdo e manutengao dos animais: IZI Adequada I:l Inadequada
Se achar inadequada cite abaixo as melhorias necessdrias:

Manipulagao dos animais: [x] Adequada [_] Inadequada
Se achar inadequada cite abaixo as melhorias necessdrias:

Analgesia dos animais (se aplicavel): IZI Adequada |:| Inadequada
Se achar inadequada cite abaizo as melhorias necassdrias com analgésico substituto:

Anestesia dos animais (se aplicavel): IZ' Adequada |:| Inadequada
Se achar inadaquada cite abaixo as melhorias necassdrias com anastésicn substituto:

Eutanasia dos animais (se aplicavel): IZI Adequada |:| Inadequada
Se achar inadequada cite abaixo as melhorias necessdrias com metodologia substitutar

Local de Realizagado (Biotério/Labotardrio):
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Qutra instituicéo. Qual?
UFCSPA — Laboratdrio de Biologia Celular

11) CRONOGRAMA DE UTILIZAGAO DE ANIMAIS
Data Espécie Sexo Quantidade

12) RECOMENDAG AO:

Aprovado

[] com Pendencia

I:I Néo aprovado

Data de inicio01/09/2017 Data de Término31/12/2021

Comentarios gerais sobre o projeto:

1- As questdes foram adequadamente respondidas.
2- A CEUA considerou o animais em 190.
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APENDICE A: PRODUCAO CIENTIFICA - AUTORIA

Producao cientifica realizada durante o doutorado, além da produ¢ao da tese - com autoria:

Biochem. Cell Biol. Downloaded from cdnsciencepub.com by 177.87.32.62 on 02/21/23
For personal use only.

‘ Biochemistry
and Cell Biology

Note

Epidermal melanocytes metabolize extracellular
nucleotides by purinergic enzymes

Liliana Ivet Sous Naasani ©°, Jéssica Gongalves Azevedo®, Jean Sévigny**, Tiago Franco de Oliveira @, Silvya

Stuchi Maria-Engler®, and Marcia Rosingela Wink ©*

#Laboratério de Biologia Celular, Departamento de Ciéncias Bdsicas da Satide, Universidade Federal de Ciéncias da Satide de Porto
Alegre (UFCSPA), 90050-170 Porto Alegre, RS, Brasil; "“Département de Microbiologie-Infectiologie et d'Immunologie, Faculté de
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Abstract

The human epidermal melanocyte (hEM) are melanin-producing cells that provide skin pigmentation and protection against
ultraviolet radiation. Although purinergic signaling is involved in skin biology and pathology, the presence of NTPDase mem-
bers, as well as the rate of nucleotides degradation by melanocytes were not described yet. Therefore, in this study, we analyzed
the expression of ectonucleotidases in hEM derived from discarded foreskin of male patients. The expression of purinergic
enzymes was confirmed by mRNA and flow cytometry. Among the ectonucleotidases, ectonucleoside triphosphate diphospho-
hydrolase1 (NTPDase1) and ecto-5-nucleotidase were the ectoenzymes with higher expressions. The hydrolysis rate for ATP,
ADP, and AMP was low in comparison to other primary cells already investigated. The amount of ATP in the culture medium
was increased after a scratch wound and decreased to basal levels in 48 h, while the NTPDase1 and P2X7 expressions increased.
Therefore, it is possible to suggest that after cell injury, the ATP released by hEM into the extracellular space will be hydrolyzed

by ectonucleotidases as the NTPDasel that will control the levels of nucleotides in the skin micro-environment.

Key words: primary human epidermal melanocytes, NTPDases, CD73, NPPs, extracellular nucleotides

Introduction

Melanocytes are melanin-producing neural crest-derived
cells, present in the basal layer of human epidermis, in
hair, eye, inner ear, brain, lungs, heart, and adipose tissue
(Quevedo and Fleischmann 1980; Otreba et al. 2015).

The maintenance of the melanocyte is dependent on a
population of melanocyte stem cells, which after migra-
tion into epidermis, give rise to differentiated pigment-
producing melanocytes (Lee and Fisher 2014). Besides,
specific melanocyte traits provide unique vulnerabili-
ties for these cells, leading to pathologies involving hu-
man melanocytic tissues, such as pigmentation defects,
melanocyte-specific immune disorders, and melanomas
(Tolleson 2005). For this reason, the elucidation of molecular
and physiological mechanisms that occur in melanocytes is
important for the development of new therapeutic strategies
for melanocyte malignancies.

Purinergic signaling is involved in skin pathology, in-
cluding inflammation, wound healing, and skin cancer
(Burnstock et al. 2012). There is a growing interest in the
therapeutic potential of purinergic compounds (Burnstock
and Di Virgilio 2013), leading to several studies that eval-

Biochem. Cell Biol. 00: 1-8 (2023) | dx.doi.org/10.1139/bcb-2022-0058

uated the P1 and P2 purinergic receptors in various types
of skin cells (Burnstock et al. 2012). However, there are
relatively little data in the literature regarding the ATP
metabolism on melanocytes surface, and no information
about the ectonucleotidases profile expression (Holzer and
Granstein 2004; Burnstock et al. 2012). The main families of
enzymes that hydrolyze the nucleotides are the ectonucle-
oside triphosphate diphosphohydrolase (NTPDase), the nu-
cleotide pyrophosphatase/phosphodiesterase (NPP), and the
ecto-5"-nucleotidase (CD73) that generates adenosine from
AMP (Galgaro et al. 2021). Together, these ectonucleotidases
control the extracellular nucleotides and nucleosides levels,
hence regulating the signaling events induced through the
purinergic receptors (Zimmermann 2001; Robson et al. 2006;
Knowles 2011).

Therefore, considering the limited information describing
the purinergic signaling players in skin, in this study, we eval-
uate a candidate reference gene for epidermal melanocytes
derived from discarded human foreskin, and further ana-
lyzed the level of mRNA expression of ectonucleotidases and
their protein expressions and enzymatic functionalities for
ATP, ADP, and AMP degradation on the cell surface.
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Fig. 1. Ectonucleotidase activities and expressions in human epidermal melanocytes culture. (A) Subconfluent primary cul-
ture of hEM. (A1) Higher magnification of images shows the bipolar spindle-shaped morphology of the melanocytes. (B) hEM
hydrolyzed ATP, ADP, and AMP with no statistically significant difference among them. The results are expressed as specific
activity (nmol Pi/min/mg of protein). Bars represent mean =+ SD (n = 3). Phase contrast micrograph. Scale bars: 100 um.

Materials and methods

Melanocyte cultures

Normal human skin cells were obtained from donated
foreskin samples from male patients from the University
of Sdo Paulo Hospital. Epidermal melanocytes were isolated
by Dr. Silvya Stuchi Maria-Engler group of Departamento de
Andlises Clinicas—Faculdade de Ciéncias Farmacéuticas, Uni-
versidade de Sdo Paulo-USP, and cultivated as described pre-
viously (Brohem et al. 2012; Pennacchi et al. 2015). Ultra-
pure primary melanocyte cultures are considered phototype
4 according to the Fitzpatrick scale. We have worked rou-
tinely with these melanocytes as described in Brathwaite et
al. (2022).

To this end, the project has undergone review and ap-
proval by the Ethics Committee of USP (CEP/FCF/169/2009)
and UFCSPA (CEP n° 1056/10). The melanocytes were main-
tained in 254CF media (SKU #M-500-254CF, Cascade Biolog-
ics) supplemented with human melanocyte growth supple-
ment (HMGS—SKU # 5-002-5, Cascade Biologics, Portland, OR,
USA). Medium was changed every day. Cultures were main-
tained in 5% CO»/95% air at 37°C and allowed to grow to
confluence (80%). Photomicrographs were performed using
a BX-50 Olympus microscope with optical lens (10X/0.30 Ph1-
UplanFI), coupled to a camera Motican 2500 (Olympus, Ham-
burg, Germany).

ATP, ADP, and AMP hydrolysis assay

The hydrolysis assay was evaluated from primary cul-
tures derived from three different foreskin donors, and the
experiments were performed in triplicates. To determine
the nucleotide hydrolysis, the enzymatic assay on the cell
surface was performed as already described (Wink et al.
2003b). The nucleotide concentrations were chosen from sub-
strate curves to assure the enzyme saturation and the lin-
earity of the reaction (1 mmol/L ATP, ADP, and AMP) for
30 min.

-
o
]

-
o
1

L]
1

nmol Pi/min/mg of protein
4

RNA extraction and cDNA synthesis

Total RNA was extracted using the RNeasy Plus mini kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
recommendations. The reverse transcription reactions were
performed using the high-capacity ¢cDNA reverse transcrip-
tion kit (ThermoFisher Scientific).

Validation of housekeeping gene expression in

human epidermal melanocyte

For realtime (RT)-qPCR, we used three reference genes:
beta-2-microglobulin ($2M), glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH), and TATA box binding protein (TBP).
Primers were designed using the primer-BLAST program (ht
tp://www.ncbi.nlm.nih.gov/tools/primer-blastf) and were ana-
lyzed using Integrated DNA Technologies Oligo Analyzer 3.1
software (http://www.idtdna.com/calc/analyzer/) (Supplemen-
tary Tables I, II, and III).

Ectonucleotidases gene expressions in human

epidermal melanocyte

The expressions of the genes ENTPD1, ENTPD2, ENTPD3,
ENTPD5, ENTPD6, ENTPD8, ENPP1, ENPP2, ENPP3, Ecto-
5'NTJCD73, and alkaline phosphatase (ALP) were evaluated
from primary cultures derived from three different foreskin
donators (The method description is available in the legend
of Supplementary Table I).

Flow cytometry analysis

The surface markers of all potential ectonucleotidases
were analyzed by flow cytometry using the following anti-
bodies: NTPDase1 (hN1-1cl5), NTPDase2 (hN2-H9s), NTPDase3
(hN3-H10s), NTPDase8 (hN8-D7s), ENPP1 (hNPP1-2cl6), ENPP3
(hNPP3-4cl5), and CD73 (h5'NT-2LI5). These antibodies were
obtained from http://ectonucleotidases-ab.com. Cells were
dissociated with trypsin, centrifuged, and then 2 x 10° cells
were incubated for 1h with the indicated primary antibody
(1:100) followed by 30 min incubation with the correspond-
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Fig. 2. Quantification of ENTPD and NPP mRNA expressed
in hEM. (A) Melt curve of reference genes, collected using
the StepOnePlusTM (Applied Biosystems). (B) Melting curves
of ectonucleotidase genes. (C) The hEM expressed the genes
ENTPD1, ENTPD2, ENTPD3, ENTPD5, ENTPD6, CD73, ENPP1,
ENPP2, and ENPP3. The expression of ENTPD8 and ALPL was
not observed. Bars represent mean + SEM (n = 3). Data were
analyzed statistically by one-way ANOVA followed by Tukey's
post-hoc test. *Different from ENTPD1 hydrolysis.
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ing secondary antibody (1:1000) conjugated to Alexa Fluor
488 green-linked secondary goat anti-rabbit to CD73, anti-
mouse to NTPDase 2, 3, and 8, and anti-guinea pig to NTP-
Dasel, ENPP1, and ENPP3. As positive control, cell line STHA
was used for NTPDase2 and CD73. As negative control, cells
were incubated with preimmune antibodies, ENPP1(hNPP1-
2cPi) and ENPP3 (hNPP3-4cPi), to discount the value of non-
specificity reaction (Supplementary Fig. 1). For analysis, at
least 10 000 events were used, and they were performed using
a FACSCalibur flow cytometer equipped with a 488-nm argon
laser, using the BD CellQuest software (Becton-Dickinson, San
Diego, USA).
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ATP determination by liquid
chromatography-tandem mass spectrometry

The extracellular ATP was analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
in a normal human epidermal melanocyte (hEM) primary
culture and after a scratch wound. The scratch wound
was performed and the media was collected in 0, 24, and
48 h. An aliquot of 50 pL of the sample was centrifuged for
10min at 9000g, the supernatant was collected and a 5pL
aliquot was directly injected into the LC-MS/MS system. A
Nexera-i LC-2040C Plus system coupled to a LCMS-8045 triple
quadrupole mass spectrometer (Shimadzu, Japan) was used
for the analysis. Separation was performed on an Acquity
UPLC® BEH C18 (1.7 um, 2.1 mm x 50 mm) column (Waters,
USA) using 0.1% tributylamine and 0.03% acetic acid in water
(solution A) and acetonitrile (solution B) at a flow rate of
300 pL/min and a temperature of 60 °C as follows: 0-1.5 min,
15%-90% of B; 1.5-3.0min, 90% of B; 3.0-3.2min, 90%-15%
of B; and 3.2-8 min, 15% of B. The analyses were conducted
with electrospray ionization in the negative mode (ESI —,
[M-H] —), employing the following optimized parameters:
nebulizing gas flow, 3 L/min; heating gas flow, 10 L/min; inter-
face temperature, 300 °C; desolvation temperature, 525 °C;
DL temperature, 250 °C; heat block temperature, 400°C;
and drying gas flow, 10 L/min. Multiple reaction monitoring-
extracted ion chromatograms were generated using the
following transitions for ATP detection: m/z 506.0 — 158.9,
quantifier transition; m/z 506.0 — 407.9, qualifier transi-
tion 1; and mfz 506.0 — 78.9, qualifier transitions 2. Data
treatment analysis was performed using the LabSolutions
software (Shimadzu, Japan).

Immunofluorescence assay

Indirect immunofluorescence assays were performed in
hEMs after a scratch wound. The NTPDase1 and P2X; receptor
expressions were analyzed in a normal hEM culture and after
0, 24, and 48 h of a scratch wound. Following permeabiliza-
tion with acetone (10 min at —20 °C), the cultures were incu-
bated with the primary antibody for 1h and 15 min at room
temperature. After PBS washes, the respective secondary an-
tibody was added and incubated for 30 min in a humid cham-
ber. The primary antibodies used were rabbit anti-NTPDase1
(Proteintech, 192 291) and rabbit anti-P2X; receptor (Alam-
one, APR-004). The secondary antibody used was goat anti-
rabbit IgG (H + L) Alexa Fluor 488 (molecular probes). The
cell nuclei were counterstained with DAPI (molecular probes).
Images were obtained with a fluorescence microscope (Olym-
pus IX51/Olympus U-RFLT) coupled with 460-490 and 372 nm
band-pass excitation filters, respectively.

Statistical analysis

The mean Cq values, standard deviation (SD), coefficient
of variation (CV), and maximum fold change (MEC, the ra-
tio of the maximum and minimum values observed within
the dataset) were calculated for RT-qPCR analysis. Data were
analyzed statistically by one-way ANOVA followed by Tukey’s
post-hoc test using the statistical program GraphPad Prism 5.
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Fig. 3. Ectonucleotidases expression on epidermal melanocytes cell surface. (A) Representative flow cytometry histograms of
the ENPP1 and ENPP3 with preimmune antibodies, after discounting the unspecific positivity. (B) ENTPD1, ENTPD2, ENTPD3,
ENTPD8, and CD73 on melanocytes; the blue color shows not labeled cells incubated only with secondary antibodies and purple

shows labeled cells with primary and secondary antibodies.
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Differences between mean values were considered significant
when p < 0.05.

Results and discussion

The culture of primary cells derived from foreskin sam-
ples showed a bipolar spindle-shaped morphology character-
istic of normal epidermal melanocytes (Figs. 1A and 1A1). We
evaluate the nucleotide hydrolysis on the melanocyte surface.
The enzymatic assay showed that melanocytes hydrolyzed
the extracellular nucleotides ATP, ADP, and AMP at low rates
(7.65 + 4.22; 517 + 2.35; and 4.80 + 2;65 nmol Pi/min/mg,
respectively), without statistically significant differences
among them (Fig. 1B).

We observed that the rate of ATP hydrolysis was very low on
hEM, when compared with other primary cell types already

investigated, such as astrocytes (Wink et al. 2003a, 2006), neu-
rons (Boeck et al. 2002), cardiomyocytes (Barreto-Chaves et al.
2006), endothelial cells (Koziak et al. 1999), vascular smooth
muscle cells (Bertoni et al. 2020a), macrophages (Zanin et al.
2012), and salivary gland cells (Henz et al. 2006). In accor-
dance with Dzhandzhugazyan et al. (1998), found an ATP hy-
drolysis rate of around 2 nmol of Pi/min per 10° cells on pri-
mary melanocytes from Clonetics (USA) (Dzhandzhugazyan
et al. 1998).

The rate of ATP and ADP degradation on melanocyte cells
was similar to that measured on human dermal and limbal
mesenchymal stem cells (MSCs) (0.7 and 0.8 nmol Pi/min{mg
of protein, respectively). However, while dermal and limbal
MSCs hydrolyze AMP (20 and 21 nmol Pi/min/mg of protein,
respectively) with a rate around 30 times higher than ATP
(Naasani et al. 2017), hEM presented a low AMPase activity
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Fig. 4. Extracellular ATP determination by LC-MS/MS on melanocytes after a scratch wound. (A) The extracellular ATP was
measured on a normal melanocyte culture (control) and (B) after 0h, (C) 24h, and (D) 48 h of a scratch wound. Graph bars
show the mean of extracellular ATP (ng/mg) on a normal culture and after a scratch wound. Scale bars: higher magnification
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at the same levels as for ATPase and ADPase activities. Thus,
at physiological conditions, melanocytes hydrolyze ATP, ADP,
and AMP at low rates.

Considering that NTPDase genes were expressed in low lev-
els on melanocytes, the quantification of these genes with
RT-qPCR has to be performed with caution. Regarding this
methodological approach, normalization is one of the pivotal
steps in the data analysis, since it can control crucial variabil-
ity on experimental conditions such as ¢cDNA and amplicon
synthesis efficiencies and errors of pipetting (Iser et al. 2015;
Naasani et al. 2017; Bertoni et al. 2020b). Therefore, consider-
ing the absence of a valid reference gene in the literature for
the RT-qPCR analysis on human melanocyte primary culture
and the necessity of its proper validation, we evaluated three
gene candidates in hEM. The TBP and GAPDH showed the ef-
ficiency and slope within the parameters of a good reaction
(efficiency: 90%-110%; slope: 3.10-3.58) and the R? was greater
than 0.99 for TBP and BZM. The TBP exhibited the lowest SD,
CV, and MFC among the three and therefore, it was chosen
as a reference gene for normalization of ectonucleotidases
expression (Supplementary Table I).

Biochem. Cell Biol. 00: 1-8 (2023) | dx.doi.org/10.1139/bcb-2022-0058

ENTPD1 was the ectonucleotidase with the highest expres-
sion in hEM, followed by a similar level of mRNA expres-
sion of ENTPD5, ENTPD6, CD73, ENPP1, and ENPP3. The ec-
tonucleotidases ENTPD2, ENTPD3, and ENPP2 presented lower
mRNA expression levels when compared with ENTPD1 (Fig.
2). To confirm the mRNA expression result, the expression of
NTPDases, NPPs, and CD73 was analyzed on the melanocyte
surface by flow cytometry (Fig. 3). The result showed that the
melanocyte cells expressed low levels of ENPP1 and ENTPD2;
they did not express ENPP3, ENTPD3, and ENTPDS. In accor-
dance with mRNA results, hEM expressed higher levels of
ENTPD1(CD39) and CD73 proteins.

The ATP hydrolysis rate on the melanocyte surface was very
low, when compared with other primary culture cells. One
of the possibilities is that the enzyme has its expression in-
creased when there is an injury that could induce the extra-
cellular release of ATP. Thus, to investigate this possibility, we
did a scratch wound in the melanocyte monolayer and ana-
lyzed the release of ATP concentration in the medium in 0,
24. and 48 h, in comparison with control cells in the culture
medium (Figs. 4A—4C). The data suggest that after the injury,
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Fig. 5. NTPDase1 and P2X;R expressions in human epidermal melanocytes. NTPDase1 expression on normal human epidermal
melanocytes (A, Al); after Oh (B, B1), 24 h (C, C1), and 48 h (D, D1) of a scratch wound. P2X;R expression on normal human
epidermal melanocytes (E, E1); after Oh (F, F1), 24 h (G, G1), and 48 h (H, H1) of a scratch wound. Scale bars (A-H): 200 pm;

(A1-H1): 100 um.
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the ATP is released and it is gradually hydrolyzed (Fig. 4E),
probably by NTPDasel, being the NTPDase with the highest
expression on hEM (Figs. 2 and 3) and it was modulated af-
ter the scratch wound (Fig. 5). Therefore, it is possible that
the NTPDase1 would be important to decrease the levels of
extracellular ATP to the basal level after injuries. However, it
is not possible to rule out that other ectoenzymes also con-
tribute to ATP hydrolysis on hEM surface.

The NTPDase1 is expressed by Langerhans cells and could
be responsible for hydrolyzing the extracellular nucleotides
as a protective role in this pathway (Mizumoto et al. 2002).
In addition, keratinocytes also express ectoenzymes that can
hydrolyze the extracellular ATP. Ho et al. (2013) showed that
the human keratinocyte cell line can release ATP and also
convert it to ADP by the enzymatic activity of the NTPDase2.
The hEM expressed higher levels of ENTPD1 in comparison
with other NTPDases, which is capable of hydrolyzing ATP
and ADP to AMP. Our data are in accordance with the study
of Dzhandzhugazyan et al. (1998) showing that melanocytes
express the NTPDasel at mRNA, as well as at protein level
(Dzhandzhugazyan et al. 1998).

Also, they express CD73 that converts the AMP to adeno-
sine. Kim et al. (2014) suggested that adenosine may have
an inhibitory effect on pigmentation by negatively regulating
tyrosinase enzyme activity. By using B16 murine melanoma

cells and the zebrafish model, they showed in vitro and in
vivo that the pigmentation decreased, when cells were ex-
posed to a high concentration of adenosine (Kim et al. 2014).

Besides the NTPDases, we also observed the expression of
the ENPP1, one of the members of the ENPP family on hEM.
The ENPP1 transcript was detected in primary fibroblasts
and melanocytes, but not in keratinocytes by Chourabi et
al. (2018). These researchers reported that ENPP1 mutation
causes recessive cole disease, a genodermatosis of pigmen-
tation, following a strict dominant mode of inheritance by
altering melanogenesis. In this study with eight patients af-
fected by an overlapping genodermatosis, the mutation in
ENPP1 was identified in all patients, suggesting that it was
likely to originate from defective melanocytes (Chourabi et
al. 2018).

We analyzed the expression of P2X7 on the melanocyte
monolayer after the scratch in the wound in 0, 24, and 48 h
(Fig. 5). It is possible that when melanocytes are exposed to
injuries that lead to ATP release, the P2X7 receptors have
their expressions modulated (Fig. SE-5H1). The importance of
purinergic signaling in the physiology of skin is reinforced by
astudy from Lee et al. (2019). Although melanocytes express-
ing P2X2, P2X4, P2X7, P2Y1, and P2Y11 mRNA, the authors re-
ported an important role of extracellular ATP through P2X,
receptors in melanogenesis (Lee et al. 2019). They showed that
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extracellular ATP released from keratinocytes, in response
to UVB radiation, promotes melanin production in primary
hEM. The blockage of the P2X;R inhibits the melanin synthe-
sis, expression of melanocyte inducing transcription factor
(MITE), tyrosinase, and Ca*? influx induced by extracellular
ATP. In addition, the knockout of P2X;R in MNT1 cells (a hu-
man malignant melanoma cell line), using the CRISPR/Cas9
system, avoided the increase of MITF expression when cells
were co-cultured with UVB-irradiated keratinocytes. In addi-
tion, the same group demonstrated that AZD-9056, a P2X;R
antagonist, used at 10 nmol/L was able to revert the effect of
ATP in upregulating the expression of melanogenesis-related
molecules, such as MITF, tyrosinase, and gp100, as well as the
melanin contents in melanocytes (Kim et al. 2020). Thus, the
authors suggest that AZD-9056 can be therapeutically con-
sidered in dermatology as an anti-melanogenic compound to
whiten the skin in disorders such as melasma and those re-
lated to age.

P2X;R has also been suggested as a target to treat other skin
disorders, such as vitiligo (Ahn et al. 2020) and the irritant
contact dermatitis (Silva et al. 2013; Zanin et al. 2015) through
the reduction of inflammasome activation. The mechanism
by which high concentration of extracellular ATP released
from primary human epidermal keratinocytes, submitted to
oxidative stress, affects primary hEM survival in vitiligo skin
as shown recently by Ahn et al. (2020). A high concentra-
tion of extracellular ATP induced cell death by apoptosis in
melanocytes. The vitiligo skins showed higher levels of ATP
and an upregulation of active caspase-1. Also, authors ob-
served the production of active forms of IL-1b and IL18, via
P2X;R in keratinocytes and melanocytes after the treatment
with ATP. Thus, P2X;R inhibition was able to suppress ATP-
dependent inflammasome activation and melanocyte apop-
tosis, leading the antagonists as potential therapeutic candi-
dates for vitiligo treatment (Ahn et al. 2020).

In conclusion, in this study, we analyzed the expression of
the NTPDases and NPP members by hEMs as well as their
capacity to metabolize the extracellular nucleotides on cell
surface. The results showed that ATP, ADP, and AMP are hy-
drolyzed at low levels by melanocytes. Considering that the
extracellular ATP can be released after cell injury promoting
signaling through P2X receptors, it is possible that the capac-
ity to metabolize nucleotides can be modulated by increasing
the expression of ectonucleotidases, as a way to decrease the
high levels of ATP, thus avoiding skin disorders and cell death
by apoptosis.
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ARTICLEINFO ABSTRACT

Bioactive glasses have potential applications in the field of regenerative medicine due to their bioactivity that
permits interaction with both hard and soft tissues. In the same way, mesenchymal stromal cells (MSCs) have
been experimentally tested as part of engineered constructs considering their self-renewal and multipotent ca-
pacities. However, to design an association, it is crucial to investigate the physical properties of bioglass 4555, as

Keywords:

Bioglass 4555

Short range order

Radial distribution functions

:linacu'\;ity ‘mal stromal cell well as its biocompatibility. Therefore, we investigated the structural short range order of the stoichiometric
F—::i[: 4 Stro e 4555, by obtaining its total structure factors (S(K)) and total pair distribution function G(r). The in vitro com-

patibility of human MSCs with 4585 was verified by viability, morphometry and osteoinduction assays, F-actin
staining and scanning electron (SEM) analysis. The compatibility outcome was verified through a subcutaneous
implantation in a murine model by grafting the 4555 as a scaffold for allogeneic MSCs. The cell-substrate
modulation includes the maintenance of the MSC viability and osteoinduction potential after being exposed to
the 4585 extract. A low spreading during cell adhesion was detected. Both normal actin cytoskeleton organi-
zation and nuclei irregularities were observed, besides an increase of hydroxyapatite (HA) depositions around
cells. Cells showed satisfactory compatibility patterns when growing over 4585 for 7, 30 and 90 days. The
implant did not show any apparent toxicity for organs, or strong immunogenic reactions, and it was accom-
panied by a dense capsule formation around the graft. Our results indicate that MSCs can grow in the long term
on the 4555 while maintaining their characteristics. This fact, together with a non-toxicity to animals means that
the 4555 can be implemented in pre-clinical trials aiming MSC's transplantation leading to further bone and
tissue repair.

1. Introduction bacterial function to avoid implant-related infections [7].

MSC are strong candidates in this field due to its ability to differ-

Biomaterials for bone tissue engineering should not only be bio-
compatible, biodegradable, bioactive and mechanically competent, but
also, they should modulate over target cells and their microenviron-
ment promoting cell adhesion, viability, proliferation, differentiation
and mineralization [1-6]. Other desirable characteristic is anti-

entiate into specialized cells, naturally contributing to all processes of
healing [8]. They can also restore the bone tissue by participating in the
formation of bone callus in cases of fractures [9]. MSC subpopulations
can be isolated and expanded in culture from various sites of adult
tissues, including the bone marrow, skin, sclerocorneal limbus,
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ABSTRACT

Biodegradable metallic materials (BMMs) are expected to corrode gradually in vivo after providing the structural support to the tissue during its regeneration and
healing processes. These characteristics make them promising candidates for use in stents. These endoprostheses are produced from metal alloys by casting and
thermomechanical treatment. Since porous alloys and metals have less corrosion resistance than dense ones, the use of powder metallurgy becomes an option to
produce them. Among the metals, iron has been proposed as a material in the manufacturing of stents because of its mechanical properties. However, even then it is
unclear what toxicity threshold is safe to the body. Thus, the objective of this research was to verify the biocompatibility of sintered 99.95% and 99.5% pure iron by
powder metallurgy in vitro with Adipose-derived mesenchymal stromal cells (ADSCs) and in vivo with a Wistar rat model. Herein, characterizations of iron powder
samples produced by the powder metallurgy and the process parameters as compression pressure, atmosphere, sintering time and temperature were determined to
evaluate the potential of production of biodegradable implants. The samples obtained from pure iron were submitted to tests of green and sintered density, porosity,
microhardness, hardness and metallography. The biocompatibility study was performed by indirect and direct cell culture with iron. The effects of corrosion products
of iron on morphology, viability, and proliferation of ADSCs were evaluated in vitro. Hemolysis assay was performed to verify the hemocompatibility of the samples.
In vivo biocompatibility was evaluated after pure iron discs were implanted subcutaneously into the dorsal area of Wistar rats that were followed up to 6 months. The
results presented in this paper validated the potential to produce biodegradable medical implants by powder metallurgy. Both iron samples were hemocompatible
and biocompatible in vitro and in vivo, although the 99.95% iron had better performance in vitro than 99.5%.

1. Introduction begin at a very slow rate to keep the mechanical integrity of the stent until
the arterial vessel remodeling, which is expected to conclude in a period of

Biodegradable metallic materials (BMMs) are expected to corrode gra- 6-12 months [5-7].

dually in vivo after providing the structural support to the tissue during its
regeneration and healing processes. The major components of BMMSs should
be essential metallic elements that can be metabolized by the organism with
appropriate degradation rates to avoid overload. Magnesium-based BMMs
and Iron-Based BMMs are the most commonly proposed metals to be used in
cardiovascular or orthopedic implants [1,2].

In cardiovascular applications, BMMs are promising candidates for use
in stents, whose main function is to keep the lumen open after the angio-
plasty procedure [3,4]. The ideal biodegradable cardiovascular stent must
be biocompatible, prompt to disappear without developing an inflammatory
response and it should have mechanical properties providing the required
support to the vessel during the necessary period. The degradation must

Most of the cardiovascular stents including BMMs are produced from
metallic ingots fabricated using both casting and thermomechanical treat-
ment. Recently, the use of new processes in the fabrication of biodegradable
metallic stents, such as powder metallurgy, has been investigated. Because
porous alloys and metals normally have less corrosion resistance than fully
dense alloys, the use of powder metallurgy became a promising option in the
conception of biodegradable stents [3,8].

The conventional process of powder metallurgy consists of metal
forming metallic powders, alloy powders and non-metallic materials or
ceramic powders in reliable parts, within a tool of the desired shape by
applying pressure. The parts made by powder metallurgy have a certain
porosity, which can be controlled by factors such as compaction pressure,
sintering temperature and time, size and shape of the powder particles [4].
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Mesenchymal stem cells (MSCs) play an important role in
tissue homeostasis and damage repair through their ability to
differentiate into cells of different tissues, trophic support,
and immunomodulation. These properties made them attrac-
tive for clinical applications in regenerative medicine, immune
disorders, and cell transplantation. However, despite multiple
preclinical and clinical studies demonstrating beneficial effects
of MSCs, their native identity and mechanisms of action re-
main inconclusive. Since its discovery, the CD73/ecto-5'-
nucleotidase is known as a classic marker for MSCs, but its
role goes far beyond a phenotypic characterization antigen.
CD73 contributes to adenosine production, therefore, is an
essential component of purinergic signaling, a pathway
composed of different nucleotides and nucleosides, which
concentrations are finely regulated by the ectoenzymes and
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Keywords:
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Metal injection molding (MIM) has become an important manufacturing technology for biodegradable medical
devices. As a biodegradable metal, pure iron is a promising biomaterial due to its mechanical properties and
biocompatibility. In light of this, we performed the first study that manufactured and evaluated the in vitro and in
vive biocompatibility of samples of iron porous implants produced by MIM with a new eco-friendly feedstock
from natural rubber (Hevea brasiliensis), a promisor binder that provides elastic property in the green parts. The
iron samples were submitted to tests to determine density, microhardness, hardness, yield strength, and
stretching. The biocompatibility of the samples was studied in vitro with adipose-derived mesenchymal stromal
cells (ADSCs) and erythrocytes, and in vivo on a preclinical model with Wistar rats, testing the iron samples after
subcutaneous implant. Results showed that the manufactured samples have adequate physical, and mechanical
characteristics to biomedical devices and they are cytocompatible with ADSCs, hemocompatible and biocom-
patible with Wistars rats. Therefore, pure iron produced by MIM can be considered a promising material for
biomedical applications.

1. Introduction

components. Iron (Fe), Magnesium (Mg), Zinc (Zn), Molybdenum (Mo),
and Tungsten (W) have been studied to be used as temporary orthope-

The study of new degradable biomaterials has been one of the most
attractive topics in the materials research field [1]. These materials are
expected to safely and gradually degrade in the body after their function
is served [2]. Metals comprise an important class of degradable bio-
materials, because of their suitable mechanical properties in structural

dic, vascular implants, and electronic systems [3].

Previous studies have shown that pure iron can be an appropriate
material for biomedical applications [4-6]. Iron has great radial
strength due to its high elastic modulus [7] and it is biocompatible.
Studies have shown that pure iron stents produced by laser cutting did
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