ESTABLISHMENT OF A PROTOCOL FOR THE

FABIO EMANUEL PIRES AIBEO PRATA

2016

CRYOPRESERVATION OF CELL SHEETS OF ADIPOSE TISSUE

FABIO EMANUEL PIRES AIBEO PRATA

ESTABLISHMENT OF A PROTOCOL FOR THE
CRYOPRESERVATION OF CELL SHEETS OF

ADIPOSE TISSUE STEM CELLS

UNIVERSIDADE DO ALGARVE

DEPARTAMENTO DE CIENCIAS BIOMEDICAS E MEDICINA

2016






FABIO EMANUEL PIRES AIBEO PRATA

ESTABLISHMENT OF A PROTOCOL FOR THE

CRYOPRESERVATION OF CELL SHEETS OF

ADIPOSE TISSUE STEM CELLS.

TRABALHO EFECTUADO SOB A ORIENTACAO DE:
DOUTORA ALEXANDRA P. MARQUES!
PROFESSOR DOUTOR GUSTAVO TISCORNIA2

1 3B’s RESEARCH GROUP — BIOMATERIALS, BIODEGRADABLES AND BIOMIMETICS,
UNIVERSITY OF MINHO, HEADQUARTERS OF THE EUROPEAN INSTITUTE OF EXCELLENCE
ON TISSUE ENGINEERING AND REGENERATIVE MEDICINE, AVEPARK, 4806-909 TAIPAS,
GUIMARAES, PORTUGAL

2 UNIVERSITY OF ALGARVE — DEPARTAMENTO DE CIENCIAS BIOMEDICAS E MEDICINA,
CAMPUS GAMBELAS, 8005-139 FARO, ALGARVE, PORTUGAL

UNIVERSIDADE DO ALGARVE

DEPARTAMENTO DE CIENCIAS BIOMEDICAS E MEDICINA

2016






Declaragao de autoria de trabalho

Declaro ser o autor deste trabalho, que é original e inédito. Autores e trabalhos
consultados estdao devidamente citados no texto e constam das listagens de referéncias
incluidas.

©Copyright

A Universidade do Algarve tem o direito, perpétuo e sem limites geograficos, de arquivar
e publicitar este trabalho através de exemplares impressos reproduzidos em papel ou
de forma digital, ou por qualquer outro meio conhecido ou que venha a ser inventado,
de o divulgar através de repositérios cientificos e de admitir a sua cdpia e distribuicdo
com objectivos educacionais ou de investigacdo, ndo comerciais, desde que seja dado
crédito ao autor e editor.

Universidade do Algarve, / /

Assinatura:







Acknowledgements

This thesis is the fruit of a long walk. Which allows me to leave a thank you in every
corner of Portugal. When | look back it is one of the greatest dividends | carry with me.
So, let me express my sincere thanks to all those who contributed directly or indirectly
throughout this journey, especially in this thesis.

| would to begin by acknowledging to Doctor Alexandra Marques for accept me as her
Master student. You accepted me immediately and from the beginning you believed in
my potential, having made the possible and impossible for them to be awakened. | want
to apologize for those times | have failed and yet you never gave up on me. To you, |
dedicate this thesis has its wise scientific teachings, and is the result of all corrections
and fights you had with me. Doctor Alexandra you were more than a mother.

Professor Rui Reis for the opportunity that he has given me to develop my work at the
3B’s Research group. The fact of having working in a place of excellence as the 3B's,
allows me open many doors in the future. | am grateful for this unique opportunity.
Professor Gabriela Silva to be always available for all academic bureaucracies and always
have a power word for me to never give up.

Many thanks to Professor Doctor Gustavo Tiscornia, for saving me this crossroads where
| was in the finals. Without it would never complete this final stage of this long journey.
Professor Gustavo you were my savior.

To everyone in the 3B’s that helped me directly in my work or just as friends, a big thank
you. Many of you have left, some of you are still in the lab. But | will remember you all.
Off course the direct group of Doctor Alexandra, starting with Doctor Mariana Cerqueira,
Doctor Rogério Pirraco, and Doctor Joana Moreira Silva were always my bridge between
Alexandra ideas and the bench providing me with all your scientific knowledge. Without
you would not have been possible to put into practice this whole project. To Doctor
Tircia Santos who gave me the CCL course, which was dominant throughout the work
performed. To Lucilia Silva for the long scientific talks. I'm grateful for all your patience.
To Claudia Costa the patience to open the cryotank whenever needed.

Throughout this long journey | had the pleasure to meet and make friends within the

3B's, referring some names, Jodo Fernandes, Jodo Borges, Praveen, Pedro, Alessandra,



Dilip, Stefano Betta, Stefano Agnello, Alvaro Leite, Alexandre Barros, Sebastido Van
Uden, David Learmonth, Ana Rita Araujo, Sofia Caridade, Elisa Bacelo, Ana Cartaxo,
Diana Costa, Margariada Martins, Marta Ondrésik, thank you for all good times.

With special attention will Daniela Pacheco who always fought, helped and discussed so
that this thesis was written. Thank you a lot.

Now | want to thank those who in these almost three years came into my personal life.
| will put in chronologic order.

Starting with Gabriela Silva the first people to talk to me in the 3B's and thus remained
and keep until then. | remember all the times from rough conversation to more serious
conversations. It's great to always count on your friendship.

Thanks to Marina Costa for all the hours she spent to isolate my hASCs, which served as
basis for all my work. But also for all the friendship that developed along this journey.
Always friendly and ready to help, but without losing focus on the job. Keep it mitda
and you will be able to achieve your goals.

As well to Teresa Oliveira thank you for your friendship and hours of talk so much about
serious matters or about jokes. | will keep all your fashion advices and all serious ones
you gave me.

Ricardo Pires, the true Mate always there no matter what, always with a positive
attitude with the right words to motivate friends. Thank you for all your support.

Jodo Lima, another Mate always fun and lively with the guys, when you left your joy was
felt. Thank you for your friendship and for all the good times.

Ana Marqgues the cameraman of the group if there is person who has good memories
stored in digital form is You. | want to thank you for all the times we spent and your
friendship. Let's go to the pool. Oh when it is the wedding with Ricardo Mendonga, I'm
waiting for.

Daniel Oliveira thanks for all the teachings on PCR and not only. But also by all divines
dinners that feed the soul of the group. Thanks for everything.

Mariana Carvalho "my wife" was always a treat to give. Good evenings with the people
on Chill Out. Cristiana Carvalho the touch of class always without losing posture but
always with good vibe. Thanks for all the good times Ma Twins.

Raphael Canadas after all, | have to thank you because you were an active part in helping

the completion of this thesis, thanks for that.



Without forgetting all Jantaradas and celebrations that marked the beginning of a great
group of friends Malta das Jantaradas.

Thanks to Sir lvo Aroso, had always known put water in the boil when | needed and
always had a wise word on how to act at crucial moments. Of course all surfed, like two
or three.

To Oncle Luca Gasperini who was present in all parties but also some difficult times.
Thank you Luca for everything, even your Italian delicacies.

Silvia Chiera my favorite Italian and housemate too. First | want to apologize for being
so mischievous right at the beginning. | want you to know that you had a very important
role in this journey. Thanks for all your friendship.

| also want to thank the girls are always for the night shift. To Ana Rita Pinto, Ana
Martins, Catarina Custddio, Clara Correia, Margarida Costa, Catarina Vale, Silvia Vieira,
not only for tertulias at the end of the day but also for all the times that alerted me to
finish Thesis. Clearly to Queen of tertulias Joana Marques Silva at a glance became a
great friend and confidant. Thank you for all the times that | you advise you to move on.
To Maria Sousa, Luisa Carvalho, Isabel Matos, Nadia Martins, Catarina Oliveira, Silvana
Miranda, Catarina Gedo for all the good times we had and also the most controversial.
Thank you girls for making the 3B's a place much more beautiful.

To Jodo Costa that despite showing up at the final stage, it was enough for you let mark.
Thanks for all the moments that have barely begun.

To my family in OPorto Joana Paes de Faria, Ana Catarina Fonseca, Ana Abreu, Filipa
Domingues, Torcato Martins, Nuno Dias, Ana Seixas, Maria Azevedo, Andreia Carvalho,
Sofia Domingues, Sofia Santos Isabel Relvas, Jodo Relvas. It feels good to count on all of
you, and all your support. Thanks for everything.

To my family in Algarve Joana Morais, Alexia Cerqueira, Ana Sofia Costa, Ricardo Alves,
Gongalo Raposo, Ruben Costa, Luis Casaca, Om Ratore and Diogo Prata. Thanks for being
always there.

To Tatiana Felizardo, which is family from Algarve, but receive me in Braga with his huge
heart. As well to her friends Catia Pereira, Patricia Carvalho, Ritinha Francico, Jodo

Matias and TéZé Faria, for all good moments.



Without forgetting my first housemate in Braga Rubén Vieira long conversations, and so
many moments of stress but also to relax. As well to Tiago Vinagre and Esmaeel Esmaeeli
my last housemates in Braga, nice times guys.

To my Mate Mor Dino Matias which even distance will you kept thee always attentive,
concerned and with good tips to give. Thanks for everything Mate.

So much to say about you Andreia Silva. This thesis has a bit of you, and | am forever
grateful for everything you did. Apology, | think it will be the best thanks.

Manuela Lago my guardian angel, my best friend inside 3B’s. All | need all | achieve with
success, you was there. Without you this thesis would not make sense, because in times
of increased breathlessness. When | needed to split me in two, | was my second self. |
am indebted to you and eternally grateful.

Off course to my core of friends in Oliveira do Bairro, always | went home they appear
for relax, such a precious and preponderant time. So thanks to Renato Roga, Pedro
Ferreira, Johanna Goncalves, Patricia Carvalho, Diogo Morgado, David Gongalves.

To my “sister” and best friend Ana Silva, you know all about me. You follow all my sets
since the beginning. So say thank you is not enough. You listen me no matter what and
no matter what time, always there. | know you do not need to dwell both know what

we count.

Quero agradecer ao Ricardo Duque por estares sempre disponivel e teres apoiado
tanto a mim como aos meus pais, tal como um irmdo mais velho. Também Lareiros
por apoiarem sempre os meus pais e acreditarem sempre no meu potencial, sGo mais

que amigos sdo da familia.

A minha familia, por serem o meu principal pilar: ao meu Tio Jodo e Tia Sdo por sempre
terem uma palavra de for¢a. A minha Avé Adélia Martinho por todo o apoio e carinho.
Ao meu Tio Padrinho por nunca me falhar com nada e permitir que continue a
preseguir os meus sonhos. Aos meus Pais sem eles teria sido impossivel fazer esta
longa caminhada. A vocés devo tudo o que sou hoje.

Por fim em memodria a minha Avé Isabel Maria dos Santos Aibéo Amaral, que apesar
de ja ndo estar entre nos sempre me apoiou e acarinhou. Descansa em paz Avo.

Obrigado por tudo.



Resumo

A Engenharia de Tecidos é uma darea interdisciplinar da Medicina Regenerativa que visa
criar e desenvolver substitutos bioldgicos para reparar, manter ou melhorar a funcdo de
tecidos lesados, com base em principios da engenharia conjugados as ciéncias da vida.
A Engenharia de Tecidos tira partido das propriedades de estruturas tri-dimensionais
(3D) que combinadas com células estaminais pretendem recriar um ambiente
semelhante ao nativo de um tecido. Estas estruturas 3D (scaffolds) sdo produzidas com
materiais de origem natural ou sintéticos, que idealmente terao as propriedades fisicas,
mecanicas e quimicas para promoverem o melhor desempenho dessas células e
portanto a regeneragao dos tecidos.

Na ultima decada as células estaminais mesenquimais foram amplamente utilizadas na
Engenharia de Tecidos, pois tém o potencial de proliferarem e se manterem
indiferenciadas com a capacidade de se auto-renovarem e/ou diferenciarem em
diferentes tipos de células. Existem varias fontes de células estaminais com
caracteristicas diferentes utilizadas em TE, em que as que apresentam maior impacto
sdo as derivadas da medula espinal, do sangue e do tecido adiposo, entre outras
localizadas em diferentes zonas do corpo humano.

A combinacdo entre scaffolds e células estaminais mesenquimais apresentam algumas
limitagdes tais como a indug¢ao de uma resposta inflamatdria apds transplante e o facto
da grande maioria dos biomateriais utilizados ndo serem biofuncionais.

A Engenharia de Cell sheets é a alternativa, pois utiliza a matriz extracelular depositada
pelas células como scaffold natural para a regeneracao de diferentes tecidos.

O conceito de cell sheet foi introduzido por Teruo Okano e os seu colaboradores nos
anos 90 no Japao. Estas cell sheets sdo produzidas em superficies revestidas com um
polimero ndo iénico sensivel a temperatura. Quando a temperatura é inferior a 322C a
superficie fica hidrofilica, promovendo o destacamento das células em folha (cell sheets)
sem recorrer ao uso do tradicional tratamento enzimdatico. Assim, esta tecnologia
permite obter cell sheets com uma organizacao celular prépria e coesiva, dado que as

interacGes célula-celula e célula-matriz extracelular sdo mantidas.



Em estudos anteriores no nosso laboratério foram produzidas cell sheets a partir das
células estaminais humanas derivadas do tecido adiposo (hASCs). As cell sheets de hASCs
qguando transplantadas para feridas excisionais em pele de ratinho, induziram a
formacao de cristas epiteliais, normalmente apenas encontradas em pele humana, e a
formacao de um nimero significativo de foliculos pilosos.

Tendo em consideragdo estes resultados e antevendo as possibilidades de ter estas cell
sheets disponiveis para uso imediato na clinica (off-the-shelf) a sua criopreservacao
seria vantajosa. Assim, o objectivo deste estudo foi definir um método de
criopreservacdo que ndo sé permita a preservacdo da viabilidade das hASCs mas
também a integridade da matriz extracelular das cell sheets, que se sabe ser critico para
garantir a sua funcionalidade, apds transplantacao.

De modo a minimizar um potencial efeito adverso do processo de criopreservacdo, o
método testado teve como base o método standard slow cooling rate, utilizado na
criopreservacdo de células em suspensdo. Foram entdo definidas duas condicdes de
criopreservagao, a condicdao standard, com 10% do crioprotector Dimethylsulfoxide
(DMSO0), e a condigao exprimental, com 5% DMSO. Com o objectivo reduzir a toxicidade
para as células criopreservadas.

O efeito das condicGes de criopreservacdo na viabilidade celular foi analisado depois das
cell sheets serem dissociadas, tendo sido demonstrado que ambas as condi¢des de
criopreservacdo nao afectam de forma significativa a viabilidade celular. No entanto,
verificou-se que a organizacdo do citoesqueleto das células na cell sheet sofreu
alteragdes depois da criopreservagao em ambas as condi¢des, verificando-se uma
desorganizacdo mais acentuada na condicdo standard. Verificou-se ainda que ambas as
condicOes de criopreservacao afetam a integridade da matriz extracelular das cell
sheets, embora pareca que a condicdo standard afecte de um modo mais significativo.
Mais ainda ambas as condicdes de criopreservacdo afectaram a quantidade total de
proteinas. Potencialmente, este resultado estad associado com as proteinas da matriz
laminina, fibronectina e colagéneo I. De facto, a expressao destas proteinas excepto o
colagéneo foi afectado tanto a nivel molecular e proteico.

Mais ainda verificamos a expressao dos seus genes por reac¢ao em cadeia da polimerase
(PCR). Onde a nivel molecular o gene da laminina estd sobre expressa em ambas as

condicGes de criopreservacao, o gene da fibronectina apenas na condicdo exprimental
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e o gene do colagéneo ndo sofre alteragbes significativas em ambas as condigdes de
criopreservagao.

Considerando que as propriedades mesenquimais das células que compoe as cell sheets,
sao determinantes nos resultados previamente observados, a expressdao dos
marcadores tipicos apds a criopreservacao foi analisado a nivel genético e proteico,
usando PCR e citometria de fluxo respectivamente.

Com base nos resultados obtidos, que demonstram que a matriz extracelular é
significativamente afectada pelo processo de criopreservagao, serd necessario testar
diferentes protocolos e diferentes métodos de criopreservacdo, no sentido de se obter
uma melhor preservacao da integridade estrutural da cell sheet, e portanto garantir a

sua funcionalidade apds transplantacao.

Palavras-Chave: Cultura de Tecidos, Células Estaminais do tecido Adiposo, Cell Sheets,

Criopreservacdo, DMSO, Off-the-Shelf, Engenharia de Tecidos, Medicina Regenerativa.
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Abstract

Regenerative Medicine (RM) englobes the multidisciplinary and interdisciplinary field of
Tissue Engineering (TE) that aims to repair or enhance tissue or organ function. The field
of TE takes advantage of the properties of three-dimensional (3D) structures that
combined with different cells allow to recreate the native environment of a tissue. These
3D structures are produced with synthetic or natural materials, and aimed to have the
ideal physical, mechanical and chemical proprieties for a better performance of cells,
thus promoting the tissue regeneration. In context of TE, stem cells (SCs) are combined
with the 3D structures or scaffolds, allowing the creation of viable and complex
substitutes for tissue regeneration. The SCs have been largely used in TE due to its high
proliferative rate, self-renewal capacity, ability to differentiate into different cell
lineages. In the last decade the mesenchymal stem cells have been widely used in tissue
engineering, they have the potential to proliferate and maintain undifferentiated with
the ability to self-renew and / or differentiate into different cell types. There are various
sources of stem cells with different characteristics used in TE, where they have the
greatest impact are derived from spinal cord, blood and adipose tissue, among others

located in different areas of the human body.

The use of scaffolds, might promote an inflammatory response after transplantation,
and the major part of used biomaterials are not biofunctional. One of the alternatives
to solve this problem is the production of constructs without the use of traditional
biomaterials. The Cell Sheet Engineering is the alternative because it uses the
extracellular matrix deposited by the cells as a natural scaffold for the regeneration of

different tissues.

Cell sheet technology was originally proposed by Okano and co-workers, in early 90’s.
This technology takes advantage of thermo-responsive culture dishes that enable
reversible cell adhesion to and detachment from the dish surface by a controllable
hydrophobicity of the surface. By temperature change, a cell sheet with organized

cellular entities and cohesive cell-to-cell and cell-ECM interactions is obtained.



In previous studies in our laboratory we generated cell sheets from human stem cells
derived from adipose tissue (hASCs) that after transplantation in mice full-thickness
excisional skin wounds, induced the formation of rete ridged-like structures and a
significant number of hair follicles. Considering these results and envisioning the
possibility of having cell sheets available off-the-shelf for immediate use in the clinic, to

have these structures cryopreserved would be advantageous.

The goal of this work was to define a cryopreservation methodology that allows the

preservation of both cells viability and the properties of CS extracellular matrix (ECM).

hASCs obtained from three different donors, were cultured in UP cell thermoresponsive
dishes, to form hASCs-CS. Different cryopreservation conditions were considered, by
varying the concentration of DMSO: i) standard condition with 10% of DMSO used to
cryopreserve cell suspension; and ii) experimental condition with 5% of DMSO to reduce
the cytotoxicity.

The effect of cryopreservation conditions over cell viability was analysed after
dissociation of the CS. The results showed that both cryopreservation conditions do not
significantly affect cell viability. However the cytoskeleton of cells suffered alterations
after cryopreservation in both conditions, which were more evident in the standard
condition. It was also found that both cryopreservation conditions affect the integrity of
the extracellular matrix of cell sheets, although it appears that a standard condition
affecting more significantly. Furthermore, after cryopreservation the amount of total
protein, decreased to half, which indicates that both conditions of cryopreservation
affects the extracellular matrix content.

Potentially, this result is associated with matrix proteins laminin, fibronectin and
collagen type I. In fact, these proteins other than collagen was affected both molecular
and protein level.

Moreover we found the expression of their genes by polymerase chain reaction (PCR).
Where the molecular level, the laminin gene is over expressed in both the
cryopreservation conditions, the fibronectin gene only in experimental condition and
collagen gene does not change significantly in both the cryopreservation conditions.
Whereas the properties of mesenchymal cells that comprise the cell sheets are

determining the results previously reported, the expression of typical markers following



cryopreservation was examined at the genetic and protein level using PCR and flow
cytometry, respectively.

Based on the results obtained, showing that extracellular matrix is significantly affected
by cryopreservation, is to experiment with different protocols and different methods of
cryopreservation. In order to obtain a better preservation of the structural integrity of
the cell sheet, and thus ensuring its functionality after transplantation.

With this thesis, it was possible to open routes to target a suitable cryopreservation

methodology applied to hASCs-CS, which enables an off-the-shelf TE and RM strategy.

Keywords: Tissue Culture, Adipose Stem Cells, Cell Sheets, Cryopreservation, DMSO,

Off-the-Shelf, Tissue Engineering, Regenerative Medicine.
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l. Introduction

1.1. Regenerative Medicine

Regenerative Medicine (RM) is area of research which attempts to develop methods to
regenerate damaged tissues, creating substitutes in the laboratory and safely

transplanting them into the patient when the body cannot heal itself 12345

RM is a biomedical technology, aimed at the regeneration and repair of the body. Based
on biology and inspired in technology RM integrates regenerative, stem cell (SCs) and
tissue biology. RM involves tissue regeneration, cell proliferation, apoptosis,
differentiation, dedifferentiation, transdiferentiation and extracellular matrix and not
only isolation, propagation, directed differentiation and transplantation of embryonic or
adult SCs.

A main strategy used in RM is cell-based therapy based on SC, which can self-replicate
for undefined periods and under the proper environment can differentiate into mature
cells that have characteristic and specialized functions of a tissue®.

RM includes the multi- and inter-disciplinary field of Tissue Engineering (TE) which was
first defined by Langer and Vacanti in 1993 as “a field that applies the principles of
engineering and life sciences towards the development of biological substitutes to
restore, maintain, or improve tissue function”’. In the context of this work, MSC are of

particular interest for TE applications®**.

1.2. Mesenchymal Stem Cells and applications

Mesenchymal Stem Cells (MSCs) were first isolated from bone marrow by Friendenstein
in 1976. MSCs are tight adherent spindle-like cells which are able to form single-cell
colonies (Zhao et al). These cells have the ability to differentiate into a number of cell
types.

MSC are ubiquitous and have been found in adipose tissue'?, muscle!3, liver'#, lung®>,
umbilical cord blood 7, amniotic fluid'8, among others %20,

Defining their cellular phenotype has proved problematic. In 1999 Pittenger et al
proposed that hematopoietic MSCs are positive for CD105, CD166, CD54, CD55, CD13



and CD44. Conversely, they must be negative for CD34, CD45, CD14, CD31 and CD13321,
In 2006 a standardised definition multipotent MSC was by the International Society for
Cellular Therapy. A MSC the must express the cell surface markers CD105, CD73 and
CD90, and lack the expression of the cell surface markers CD45, CD34, CD14 or CD11b,
CD79a or CD19 and HLA-DR. Additionally, MSCs must differentiate into osteoblasts,
adipocytes and chondroblasts in vitro 223,

However, MSC are highly heterogeneous and have variable expression of surface
markers. Therefore, they can be considered as a mix of progenitor cells with varying
degrees of replicative/differentiation potential?#%>. Zhao et al. 26 recently reported the
existence of a very small subset of MSCs from bone marrow, that are capable of
extensive self-renewal and possess pluripotency. Collectively, MSC have shown the
ability to differentiate (in vitro or in vivo) into adipocytes, chondrocytes, osteoblasts,
myocytes, neurons, hepatocytes, and pancreatic islet cells>?7.

MSCs are being actively investigated for regenerative medicine purposes due their
plasticity, multipotentiality, high expansion rates and their immunosuppressive
properties?®2%30 They can be easily obtained from multiple sources and isolated in
laboratory3!, and hold great promise for treating many diseases and disorders. The
therapeutic application involves the transplantation of autologous or allogeneic MSCs
into patients, by local delivery or systemic infusion. Efficiency of delivery remains a
problem: in the case of systemic infusion less than 1 % of the total injected cells reach
and home to the desired location due to the lack of MSCs homing receptors 32

MSCs therapy approaches rely on their multilineage differentiation capacity and their
immunomodulatory characteristics. MScs can secrete cytokines and growth factors that
are anti-apoptotic, proangiogenic and have the potential to reduce scarring and
inflammation. The main examples of therapeutic applications with MSCs are related
with the myocardial infraction33, the osteogenesis imperfecta®*, large bone defect?®,
metachromatic leuko dystrophy (MLD) and Hurler syndrome3®, and severe idiopathic
aplastic anemia?¥’.

MSCs can be combined with biodegradable scaffolds, with desired mechanical
properties, and cell-biomaterial constructs further cultured in vitro culturing prior to in

vivo implantation’-383%40 However, biomaterials pose a number of technical challenges.



A different and innovative tissue engineering strategy has arisen with the advent of cell

sheet engineering technology, an approach that avoids the use of scaffolds.

1.2.1. Adipose Stem Cells

One of the main sources of MSCs is adipose tissue, which contains a supportive cell rich
stroma that can be easily isolated through liposuctions procedures from the inferior
abdomen*22, Adipose tissue provide a significant number of ASCs, exhibiting a yield 40-
fold greater than bone marrow, and with a stable growth and proliferation kinetics in
culture*2. These MSCs isolated from fat tissue are commonly termed Adipose derived-
Mesenchymal Stem Cells (ASCs). They present the same potential to differentiate in vitro
under proper conditions, into adipogenic, osteogenic and chondrogenic lineage*3. ASCs
isolated from adipose tissue maintains the similarity with bone marrow MSCs, in terms
of surface markers. ASCs express CD29, CD44, CD90, and CD105 but are negative for
CD13,CD31, CD34, CD45, and HLA-11**. They also show an hypoimmunogenic status that
enables them to evade immune recognition and thus modulating the immune responses
after in vivo transplantation®>. ASCs are also able to stimulate the recovery of an injured
or diseased tissue, in paracrine way, secreting cytokines and growth factors*® Thus ASCs

are promising type of adult SCs for regenerative medicine in cell therapy and TE.

1.3. Cell Sheet engineering technology

Cell Sheet (CS) engineering , originally proposed by Okano and co-workers, in early
90’s*’,avoids the shortcomings associated with traditional TE approaches which use
materials to form scaffolds, as it is a scaffold-free approach.

Scaffold free technology aims to explore the inherent capacity of cells to produce
extracellular matrix (ECM) to create functional 3D tissues*® and avoids the use of
exogenous biomaterial scaffolds. The process can be promoted by exogenous stimuli,
such as growth factors, enzymes, and mechanical stimulation, and often follows
standard steps of cell condensation, cell proliferation, cell differentiation, ECM
production, and tissue maturation.

This technology takes advantage of thermoresponsive (TR) culture dishes that enable

cell detachment from the dish surface (Figure 1). This is achieved by coating ordinary
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polystyrene surfaces such as Petri dishes with a TR polymer such as poly(N-
isopropylacrylamide) (PIPAAmM)*>°%, PIPAAm is a temperature-dependent anionic
reversible polymer with separation phase in aqueous solutions. At 37°C, the isopropyl
side groups are hydrophobic, improving cell adhesion, proliferation and differentiation.
At 20°C (below the lower critical solution temperature (LCST) of the polymer) the surface
becomes hydrophilic. By lowering the temperature to 20°C, cell adhesion is inhibited
and the cells detach as a sheet, avoiding the traditional proteolytic enzyme treatment
(Figure 1-1)>1>25354 The ECM secreted by the cells in culture is the natural scaffold of CS
and therefore the use of external materials to create a structure is avoided. This
procedure allows maintenance of cell-to-cell and cell-ECM junctions to keep the
structure of the cell sheet intact and artificial tissue-like structures with organized
cellular entities and cohesive cell-to-cell and cell-ECM interactions can be
obtained31.81.83,

Other surfaces engineered with smart polymers which react to different stimulus as

voltage as gold surfaces®, pH>®>” and lonic strength>® are being developed. However,

these surfaces have not reached clinical application.
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Figure 1 - Features and functioning of surfaces. Adapted from>°.



1.3.1.1. CS Applications in Regenerative Medicine

CS have great potential for regenerative medicine applications where cell surfaces are
required, for example in tissues such as cardiac®®, and skin®%®2 and corneal epithelium®3
grafts, as well as to regenerate urothelium® and periodontal ligament®®.

The first example of creation of functional tissue for direct transplantation to host
tissues>3666869  for clinical application of CS engineering was cornea replacement.
Corneal ephetilial SCs were isolated from corneal epithelia, expanded in TR dishes and
recovered by temperature decrease to transplant as a sheet in patients with ocular
trauma’®. Besides improved visual acuity, this alternative strategy avoids the opacity of
traditional scaffolds or substrate carriers®®®. An autologous strategy for direct
transplantation has been also proposed for skin’?, periodontal ligaments and bladder
regeneration (Figure 2A)72.

Three-dimensional constructs are required when thick and cell dense tissues are needed
in regenerative medicine applications. Therefore, CSs have been manipulated into
three-dimensional (3D) constructs by layering them (Figure 2). For example, one
approach used cardiac myocytes CSs to recreate cardiac tissue®, preserving their
functionality and synchronized pulsations (Figure 2B). A 3D four-layered CS construct of
neonatal rat cardiac myocyte was subcutaneously transplanted into rats. Microvascular

networks developed and the implant was capable of spontaneous beating®®.
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(A)

Figure 2 — Tissue-like substitutes obtained by CS engineering. (A) Application of Single CS
transplantation for cornea replacement and regeneration of skin, periodontal ligament and
bladder. (B) Stacking of several CS for the improved performance of cardiac tissue’®. (C and D)
The Liver and the kidney, tissues with laminar and higher-order structures, can also be recreated

with CS engineering. Adapted from®®.

A good example of success was the work of transplantation of CSs into recipients was
developed by Masayuki Yamato, who developed CS with functional Conexin 43 positive
gap junctions which mediate the electrical communication through layered cell sheets
similarly to what happens in the heart>. In another work T. Shimizu developed a
construct composed by 30 cardiac myocytes sheets staked (approx. 1mm) was
successfully implanted in recipients by polysurgery, successfully avoiding hypoxia,
nutrient insufficiency and/or waste accumulation’. Bone tissue regeneration is another
area where the CS technology has shown promising results. Pirraco et al. > have used
osteogenic CS to promote the new bone formation when implanted subcutaneously into
nude mice. Cerqueira et al. showed the use of CS technology to engineer heterotypic
CSs based human keratinocytes (hKC), dermal fibroblasts (hDFb), and the dermal
microvascular endothelial cells (hDMEC); the resulting CS can participate in wound re-
epithelialization, remodulation of the ECM and modulation of angiogenesis within the
dermal vascular network®2. This author further developed cell sheets from human stem

cells derived from adipose tissue (hASCs) that after transplantation into mice with full-



thickness excisional skin wounds, induced the formation of rete ridged-like structures
and a significant number of hair follicles.

CS constructs are trending towards greater complexity, vascularization and thickness. As
the majority of the tissues present within the human body comprise several cell layers
of parenchyma and epithelia surrounded by ECM, CSs have the potential to create
functional structures with proper thickness for cell dense tissues as the heart, the liver,
the muscle and the kidney®®. The layering of CSs will also allow the creation of
heterotypic CSs. Further progress may come from combining CS technology with
nanofabrication techniques, including micropatterning’®’® and biomolecule-
immobilization®%8! to develop new cell culture surfaces. Micropatterning methods allow
two polymers with different LCSTs to be coated on the same surface, permitting
selective cell adhesion under temperature controlled environments®. In addition, the
immobilization of bioactive molecules on TR surfaces of culture dishes may remove
contaminant components from mammalian sources, allowing the fabrication of CSs
under serum-free conditions®384,

In sum, CS technology holds great promise. However, for this approach to be practical
in a clinical setting, cryopreservation techniques and procedures must be developed

that preserve both the cellular and extracellular components of the structure.



1.4. Cryopreservation

Cryopreservation of living cells and tissues basic technology used in biology,
biotechnology, plant and animal breeding programmes, cell culture, microbiology and
also in modern medicine®.

In regenerative medicine approaches the time between tissue construct production and
clinical application can be long. For the technology to be practical, effective preservation
methods and off-the-shelf strategies®87,888%90 gre crucial. Cryopreservation methods to
preserve cells in suspension are well established, but the preserve of complex
multicellular living structures, such as biological tissues, remains a challenge.

Ideally, cryopreservation methods should avoid ice crystal formation and cell shrinkage
inside bulky constructs®®.

Currently, two major cryopreservation processes are in use. The, first is freezing

method based on gradual cooling at variable rates; the second is vitrification 2.

1.4.1. Cryoprotetants

Cryoprotetants (CPA) are substances that minimize the formation of ice crystals
intracellular and/or extracellularly during the freezing process, resulting in increased
cell viability and metabolic activity, as well as conservation of morphologic structure
and tissue architecture upon thawing. Cryoprotetants can be used individually or in

combination12% 93,

A crucial parameter is the quantity of CPA used in cryosolutions. High concentrations of
CPA favour glass formation and minimize damage induced by ice crystal formation,

The presence of solutes in cryosolutions promotes the decrease of the freezing point,
which increases exposure at low temperatures and consequently decreases cell damage
during the cryopreservation process.

Another effect is the direct alteration of the semi-permeability of cell membranes and
consequently the osmotic equilibrium during the freezing process.

CPA are divided into two main groups based on permeability: permeable and non-

permeable. Furthermore, the non-permeable are classified by their molecular weight
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(MW): (i) low MW compounds; (ii) intermediate MW compounds (sugars); (iii) and high
MW compounds (Table1)®2.

Table 1. Cryoprotetants. Adapted from °2,

Permeable Non-permeable
Low molecular weight Sugars High molecular weight
MW < 100 Da 180 < MW <594 Da MW >1000 Da

Ethylene glycol Glucose e-Poly-L-Lysine (e-PLL)

Dimethyl sulfoxide (DMSO) Fructose Polyvinyl pyrrolidone (PVP)
Propylene glycol Lactose Dextran
Glycerol Sucrose Polyethylene glycol (PEG)
1,2-/2,3-butandiol Trehalose Polymer polyvinyl alcohol (PVA)

Formamid, acetamid Raffinose Hydroxyethyl starch (HES)

1.4.1.1. Permeable Cryoprotetants

The majority of permeable CPA are hydro-soluble, avoiding the water-to-water
hydrogen bonding and consequently the ice formation at low temperature'?> 23, The
high concentration of salts is reduced in the presence of permeable CPA, as glycerol,
which possess high viscosity levels at low temperatures and kinetically retards ice crystal
growth. Despite all these protective properties, permeable CPA have shown deleterious
effects to cells, mainly at high concentrations, and it is possible to distinguish between
the osmotic and the chemical toxicity®*. Osmotic toxicity occurs when permeable CPA is
added in proper concentrations and cross the biological membranes entering at a rate
largely different to the exit of water. If the CPA enters slower than water exits the cell,
the osmotic force becomes higher in the extracellular space causing a damage to cell by
over shrinking. If the CPA enters faster than water, cell cytoplasm will swell until
disruption of the membrane occurs. Chemical toxicity is more complex due to the large
range of existing permeable CPA (Table 1) and to the fact that each one of them interacts

in a different way with different cells. Moreover, permeable CPA are relatively
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innocuous in comparison to solutes with similar concentrations, causing a time and
temperature-dependent effects in the majority of cases8%:%4,

Examples of permeable CPAs are methanol, ethylene glycol, dimethyl sulfoxide (DMSO),
propylene glycol and glycerol (Table 1). Among these, the most effective permeable
CPAs for cryopreservation are glycerol, a small poly-hydroxylated solute, and DMSO, an
organosulfur compound. Both are highly soluble in water and show low toxicity during
short-term exposure to living cells®. Dimethyl sulfoxide (DMSO) is the most efficient and
more frequently used CPA to cryopreserve different types of cells, tissues, organs, as
well as tissue-engineered constructs. DMSO is a polar solvent that can stabilize cellular
proteins by increasing the freezing energy of unfolding, via preferential exclusion
mechanisms, and can also stabilize the plasma membrane through interacting
electrostatically with the phospholipids bilayer at higher concentrations °6°7,
Additionally, DMSO was recently shown to scavenge oxygen free radicals, which
enhances CPA action®. On the other hand, cryopreservation with DMSO may cause gene
mutation in cells® and the interaction between the DMSO and the hydrophobic residues
of cell proteins may promote their denaturation and destruction®. To avoid these
negative effects the levels of DMSO are reduced in the freezing solutions, thus
eliminating the need for CPA removal, making the thawed cells available for direct

implantantion'®?,

1.4.1.2. Non-permeable Cryoprotectants

Non-permeable CPA are mainly used in vitrification protocols due their capability to
promote a fast dehydration before the direct exposure to liquid nitrogen (LN)%2. The
amount of non-permeable CPA required for dehydration prior to vitrification should be
carefully dosed in order to avoid an over-dehydration of biological material to a point
beyond recovery. Non-permeable CPAs act on the extracellular surface of the cell,
creating a hydrated layer that causes osmotic shrinkage of the cells and join an ice front
during freezing®’. The low presence of intracellular water prevents completion of
intracellular ice formation, acting as a mechanism of protection during cryopreservation.
Both non-permeable CPA sugars and polymers have a low toxicity risk since they cannot

penetrate the cell membrane®1%, The use of high concentrations of non-permeable
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CPA demands a permanent evaluation of small variations of MW or purity level, because
these parameters can dramatically alter cell survival and viability during the vitrification
procedure. Regarding sugars, the principal influence is the alteration of osmotic
equilibrium of buffers®>92, These small carbohydrate sugars, such as trehalose, sucrose
and maltose have the capacity to stabilise the bilayer membranes during the hypertonic
exposure and ice crystals formation since they interact with the polar head of
phospholipids. In addition, they can stabilize and preserve proteins, as well as to form
a stable glassy state®%93,

Among the sugars, the most effective as non-permeable CPA is trehalose, a non-
reducing disaccharide of glucose that is found at high concentrations in a wide variety
of organisms that are capable of completely survive to dehydration. Furthermore, when
trehalose is combined with other permeable CPAs, mainly DMSO, it improves the
protective capabilities of cryosolutionsi®?.

Trehalose is a small carbohydrate sugar (a non-reducing dissacharide of glucose) used
as a non-permeable cryoprotectant in solutions of cryopreservation. It is one of the most
effective non-permeable CPA. By interacting with polar head of phospholipids®® it

stabilises cellular membranes during hypertonic exposure.

Moreover, trehalose has the ability to stabilize and preserve proteins, viruses, and
bacteria as well to form a stable glassy state. Trehalose is often used in combination
with DMSO, resulting in an alteration of osmotic equilibrium of cryopreservation

buffers®2293,

In the case of polymers, the hydrogen bonding sites of molecules of water interact with
the polymer side chains, and their high MW increases the viscosity at low temperatures
impeding intracellular ice formation®?. A polymer that shows a high efficiency on
cryopreservation is the carboxylated poly-L-lysine (e-PLL). €-PLL is a cationic polymer
that is adsorbed electrostatically to cell surfaces due to its positively charged hydrophilic

amino groups 8.

e-PLL is a non-permeable CPA used in cryosolutions, due its antifreeze proprieties of low
toxicity. It is a cationic polymer positively charged by hydrophilic amino groups. In
presence of water it is adsorbed electrostatically to the surface of cells. The high

molecular weight increases the viscosity at low temperatures which allow the_inhibition
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of ice recrystallization and a successful protection of cellular membranes during

cryopreservation®?,

1.4.2. Methods of Cryopreservation
1.4.2.1. Freezing
1.4.2.1.1. Slow Cooling

The slow cooling rate is the conventional method of cryopreservation that preserves
cells using liquid nitrogen without notorious damages to the cryopreserved cells®®. The
optimal cooling rate of 12C per minute allows a partial frozen state that maintains the
osmotic equilibrium between the extracellular and intracellular compartments in a
process called dehydration. The process requires a controlled rate freezer'3, However,
slow cooling has the disadvantage of subjecting the cells to temperature stress and
unfavourable culture conditions leading to intracellular ice formation, and consequently
mechanical stresses. All these events increase the possibility of fracture causing

irreparable damages on the cryopreserved cells/tissues'®,

1.4.2.1.2. Rapid Cooling

The rapid cooling method appears as a profitable procedure to optimize the process of
cryopreservation. However, the rapid rate of cooling enables the permeation of water
inside the cells, leading to intracellular ice formation and eventually cell damage and
death%, The thawing process can also result in extracellular ice formation, due the
insufficient solute concentration °2. The cryopreservation with rapid cooling method of
living cells is more efficient supported by adding cryopreservation solution to prevent

ice formation during the entire procedure but it still leads to significant cell damage?°®.
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1.4.2.2. Vitrification

Vitrification is defined as glass-like solidification that is achieved by partial replacement
of water by penetrating agents which are easy glass formers and subsequent fast
dehydration of biological material by non-penetrating cryoprotectant®2. It is an
alternative method to traditional cryoprotetant based freezing %’. This method does
not require the use of specialized material to control freezing rate and the solutions do
not crystalize, thus preserving in a more effective way the cells and tissues during the
cooling process. Contrarily to what happens in the slow cooling rate, the high
concentration of intracellular solutes during dehydration is avoided!®’. Despite this,
improvements to this cryopreservation are needed in order to maintain a constant
physiological temperature along the entire procedure, including in the equilibration and

dilution processes.

1.4.3. Cryopreservation in Tissue Engineering

Cryopreservation is a tenable solution for the maintenance of “living” biomaterials being
produced and applied in TE. The major obstacle found in TE is the preservation and the
storage for long-term without the loss of the desirable properties that constructs have

prior cryopreservation®>,
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1.5. Objective

The goal of this work was to develop a cryopreservation methodology that would allow

the preservation of both cell viability and extracellular matrix (ECM) properties in CS.

1.6. Experimental Strategy

hASCs obtained from three different donors, were cultured in UP cell thermoresponsive
dishes, to form hASCs-CS. Two cryopreservation conditions were tested, by varying the
concentration of the cryoprotectant DMSO: i) a standard condition with 10% of DMSO,
commonly used to cryopreserve cell suspensions; and ii) an experimental condition with

5% of DMSO to reduce the cytotoxicity.
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Il. Materials and Methods

Materials

2.1. Tissue Culture Polystyrene Surfaces

Tissue Culture Polystyrene Surfaces (TCPS) T150 cm?2 flasks, were used for isolation and

expansion of hASCs.

2.2. Thermoresponsive Dishes

Thermoresponsive dishes, grafted with poly (N-isopropylacrylamide), were used to
generate cell sheets of ASCs. This technology avoids proteolytic enzyme treatment allowing
the harvesting of confluent cells as intact CS along with their deposited Extracellular Matrix
(ECM). A poly(vinylidene difluoride) (PVDF) membrane (Milipore, U.S.A.), with 2 cm of

diameter to carrier the cell sheets.

2.3. Cryopreservation

Cryopreservation of hASCs-CS by slow cooling rate was possible due the Controlled-rate
freezing container alcohol-free CoolCell (BioCision LLC, USA), freezing at — 1 2C per minute,
and successful cryopreservation. The paten-pending Cool Cell technology utilizes a thermo-
conductive alloy and highly-isolative outer materials to control the rate of heat removal and
make cell cryopreservation reproducible.

To retain optimal viability of cell sheets, cryopreserved during 7 days at -1962C, was used
the Liquid Nitrogen (LN) tank.

During all process of cryopreservation cell sheets were kept in 2mL cryovials (Nunc,U.S.A.).
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2.4. Characterization

2.4.1. Flow Cytometry

All assays of flow cytometry were performed on FACSCalibur flow cytometer (BD Biosciences,
Belgium) and data was analyzed using Cell Quest Pro version 4.0.2 (BD Biosciences, Belgium)

software.

2.4.2. Quantification of Total Protein

For quantification of total protein were used the Commercial Kit BCA DCTM Protein Assay

(Bio-Rad/USA).

2.4.3. Complementary Deoxyribonucleic acid synthesis

The purity of Ribonucleic acid (RNA) of the different samples was assessed using Nanodrop”
ND-1000 spectrophotometer (NanoDrop Technologies, U.S.A.).

This was carried out with the gScript cDNA synthesis kit (Quanta Biosciences, U.S.A.),
according to the manufacturer’s instructions in a MJ MiniOpticon Real-Time PCR Detection

System (Bio Rad, U.S.A.).

2.4.4. Microscopy Analysis

All samples were observed under Axiolmager Z1M microscope (Zeiss, Germany) and images

were acquired and processed with Zen Blue 2012 software (Zeiss, Germany).

2.4.5. Transmission Electron Microscopy

TEM was performed on Institute for Molecular and Cell Biology (IBMC) facilities, following
the standard protocol.

Ultrathin sections (40-60 nm thickness) were prepared on a LKB 2188 NOVA Ultramicrotome
(LKB NOVA, Bromma, Sweden) using diamond knives (DDK, Wilmington, DE, USA). The
sections were mounted on 300 mesh nickel grids, stained with uranyl acetate and lead
citrate, and examined under a JEOL JEM 1400 TEM (Tokyo, Japan). Images were digitally
recorded using a Gatan SC 1000 ORIUS CCD camera (Warrendale, PA, USA).
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Methodologies

2.5. Stem Cells isolation and culture from adipose tissue

Human subcutaneous adipose tissue samples were obtained from liposuction
procedures at Hospital da Prelada (Porto, Portugal). Samples were obtained after
informed consent and under a collaboration protocol with 3B’s Research Group. That
was approved by the ethical committees of both institutions, ensuring the patient’s
agreement for the collection of samples, as well as patient’s anonymity.

Human subcutaneous adipose tissue samples were transported under controlled
temperature conditions in Phosphate Buffer Saline (PBS) with 10% (v/v) Antibiotic (AB)
(Alfagene, Lifetecnhologies, U.S.A.), and processed within 24 hours after collection.
Samples were washed with PBS to make sure that the majority of the blood was
removed, and digested with 0.05% (v/v) collagenase type Il (Sigma, U.S.A.) under
agitation, for 45 minutes at 37°C 198, After that, samples were filtered and centrifuged
at 800g during 10 minutes to obtain a pellet corresponding to the stromal vascular
fraction (SVF). Red blood cells in the SVF were lysed by incubation with blood cell lysis.
The buffer were composed by 155mM of ammonium chloride, 12mM of potassium
bicarbonate and 0.1M of ethylenediaminetetraacetic acid (all the reagents were
supplied by Sigma-Aldrich, Germany) in deionized water, for 10 minutes at room
temperature (RT). After centrifugation at 300g for 5 minutes, the red blood cells-free
SVF was resuspended in Minimum Essential Medium Eagle (a-MEM) (Lifetecnhologies,
U.S.A.) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 1% (v/v) AB
(Alfagene, Lifetecnhologies, U.S.A.), and plated in tissue culture polystyrene (TCPS)
flasks. The cell medium was replaced every 48 hours of culture. Adherent human
adipose stem cells (hASCs) were selected after 5 days of culture and harvested at 90%
(v/v) confluence along the passages. All the experiments were independently performed
with 3 donor samples (Table 2).

Table 2. Donor information.

Sex Age
Female 55
Female 59
Female 68
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2.6. Cell sheets Fabrication

hASCs, at passage 2, were plated in UP cell 35mm TR dishes (Nunc, Thermo Scientific,
Denmark) or six well plates (Falcon, Corning, U.S.A.) at a cell density of 3x10° cells/cm?0,
and cultured for 5 days in a-MEM medium, supplemented with 10% (v/v) FBS, 1% (v/v)
AB and 50ug/ml of ascorbic acid (WAKO, Japan) at 37°C, in a humidified atmosphere
with 5% CO», according to what was previously described’!. Culture medium was
replaced after 3 days of culture.

After 5 days, CSs were recovered from TR dishes by temperature decrease. hASCs were
washed twice with fresh culture medium and then left in 100uL of PBS.

A poly (vinylidene difluoride) membrane (Milipore, U.S.A.), with 2cm of diameter was
placed on top of CS-hASCs and maintained for 20 minutes at RT. After this time, CS
border was carefully folded onto the membrane and CS was recovered. Protocol was

replicated for cells cultured in six-well plates and recovered mechanically.

2.7. Cell Sheets Cryopreservation

Cryopreservation of cells in suspension commonly performed using solutions with
Dimethyl Sulfoxide (DMSO) as principal cryoprotetant at a concentration of 10% (v/v),
using the slow freezing method.

For cryopreservation was used two different cryosolutions, the condition commonly
adopted for cryopreservation of cellular suspensions, namely 90% (v/v) FBS and 10%
(v/v) DMSO (90/10). Alongside, envisioning a decrease of DMSO amount, other solution
composed by 95% (v/v) FBS and 5% (v/v) DMSO (95/5) was also investigated.

The CSs were retrieved, and then carefully placed into 1.5mL of cryopreservation
solution in 2 mL cryotube™ vials (Thermoscientific, Denmark). Cryotubes were then
placed in a controlled-rate freezing container CoolCell (BioCision LLC, U.S.A.), which was
then quickly placed in a —80°C freezer allowing a slow cool rate freezing at —1°C per
minute overnight. Cryotubes were transferred to a Liquid Nitrogen (LN) tank at -196°C

and left for 7 days before thawing and analysis of CS.
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2.8. Cell Sheets thawing

After 7 days of cryopreservation in LN, cryotubes were placed on ice until be thawed at
379C following the rapid-thawing methodology. This principle of a quick heat shock
avoids major damages to hASCs-CS.

The recovery process was performed by washing and rehydrating, mainly consisting on
CS removal with the carrier from the cryotube and rinsed 3 times in a-MEM. The CSs
were incubated within a-MEM in three different temperatures, each taking 30 minutes,
including RT, followed by an increasing of temperature up to 37°C, and a stabilization
period at the same temperature. All the samples were collected after 3 hours (3H) of

equilibrium.

2.9. Flow Cytometry Analysis

Flow cytometry allows to characterize the phenotype of any cell population through the
guantification of expression of surface and intracellular characteristic markers. Single
cells flow in a fluid stream through a beam of laser light to analyse and simultaneously

measure the relative size, internal complexity and fluorescence intensity%°.

In this study, this technique allowed the characterization of several surface markers
related with the mesenchymal phenotype after isolation of the different hASCs
populations, selection and expansion at different passages. To perform flow cytometry
analysis, hASCs (section 1I-2.5) cultured in complete a-MEM were trypsinized and

dispensed 1.5x10° of cells per each flow cytometry tube (Falcon, U.S.A.).

2.9.1. Preparation of cellular suspension from Cell Sheets

Before and after cryopreservation CS were transferred to 15mL tubes containing 400uL
of Collagenase Type Il (Sigma, U.S.A.) 7ug/mL (Pzactivity0.9LU/mL) diluted in a-MEM
and incubated for 20 minutes at 37°C under agitation. Afterwards, 0.25% (v/v) Trypsin-
EDTA were added and the CS was further incubated for 10 minutes at 37°C with

agitation.

23



The activity of collagenase and trypsin was inactivated using PBS with 10% (v/v) FBS, and
the obtained cell suspension was centrifuged for 5 minutes at 1300 rpm. The
supernatant was discarded, and the pellet was re-suspended in 500uL of PBS with 10%

(v/v) FBS to obtain a single cell suspension.

2.9.2. Cells Labelling

2.9.2.1. Surface marker labelling

In order to confirm a mesenchymal phenotype, the expression of mesenchymal markers
CD105, CD73, CD90 and of hematopoietic markers CD45, CD34 and CD31 was assessed.
Moreover, it was evaluated the expression of human leukocyte antigen-DR (HLA-DR).
For direct staining, different primary fluorophore-conjugated antibodies were used
(Table 3). Antibodies were added to a 100uL cell suspension of 150000 cells, dissociated
hASCs-CS, and incubated for 20 minutes at RT in the dark. After the incubation time,
2mL of PBS were added to each flow cytometry tube which were then centrifuged at
1800 rpm for 5 minutes at RT. Supernatant was carefully removed and the cell pellet

was re-suspended in 500 pL of Acquisition Buffer (1% (v/v) paraformaldehyde in PBS).

2.9.2.2. 7AAD/Draq5 Stainning

7-AAD is a non-permeable cell membrane dye, thus generally excluded from viable cells,
that binds to double stranded DNA by intercalating between base pairs in G-C-rich
regions. Aiming at assessing the viability of the cells forming a CS before and after
cryopreservation, cell suspension obtained after dissociation of the CS (section 11-2.9.1)
were incubated with a 7-amino actinomycin D (7-AAD) viability staining solution. In this
case, 3ulL of 7AAD viability staining solution was added to a 3x10° cells in PBS 10% (v/v)
FBS and incubated during 10 minutes at RT. In order to gate adequately the nucleated
cells, fluorescent probe DRAQ5™ Far-Red Fluorescent Live Cell Permeant DNA Dye
(eBioscience, Germany) was used. This reagent stains specifically DNA, to distinguish the
nucleated cells from cellular debris. All assays were performed on FACSCalibur flow
cytometer (BD Biosciences, Belgium) and data was analysed using Cell Quest Pro version

4.0.2 (BD Biosciences, Belgium) software.
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Table 3. List of antibodies and dilutions used to perform Flow cytometry.

Antibody

Cells Antibody/Host/Brand Dilution

CD105-FITC, Rabbit
(BD Biosciences, Germany)
CD73-PE, Rabbit
(BD Biosciences, Germany)
CD90-APC, Rabbit
(BD Biosciences, Germany)
HLA-DR-FITC, Rabbit
(BD Biosciences, Germany)
CD31-APC, Rabbit
(BD Biosciences, Germany)
CDA45-FITC, Rabbit
(BD Biosciences, Germany)
CD34-PE, Rabbit (BD
Biosciences, Germany)

hASCs 1:25

2.10. Quantification of Total Protein

Before and after cryopreservation (section 11-2.8) CS was stored in 150 pl of RIPA Buffer
[187 mL dH20; 50 mM Tris —1.1725 g; 150 mM NaCl — 2.1915 g (dissolve); pH= 7.4 (with
HCI 6M); 1% Triton X-100 — 2.5 mL; 0.5% Sodium deoxycholate — 1.25 g; 0.1% SDS — 0.25
g; Add dH20 until 250 mL; filter with 0,22 um], supplemented with Protease Inhibitor
Cocktail (Sigma, USA) in a 1:100 proportion.

Total protein was extracted by ultrasonication in an ice bath. After 3 minutes of
centrifugation at 13000 rpm, 75 ul of the supernatant containing the total protein
extract was diluted with 75 ul of Lamelli buffer in a 1:1 proportion and stored at -802C.
The quantification of total protein was performed with a colorimetric method based on
the use of Bicinchoninic Acid (BCA), using a commercial Kit BCA DCTMProtein Assay (Bio-
Rad, USA). The method is based on the ability of proteins, in an alkaline medium, to
reduce Cu2* to Cul®, forming a purple complex. BCA assay was performed in a 96 well
plate with remaining 75 pl supernatant of samples, mixed with 200 ul of the working
reagent from commercial Kit BCA DCTM Protein Assay (Bio-Rad/USA). Working reagent
was composed by BCA Reagent A [sodium carbonate, sodium bicarbonate, bicinchoninic

acid and sodium tartrate in 0.1M sodium hydroxide] and BCA Reagent B [4% cupric
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sulfate] in a 50:1 proportion. The optical density was measured at 562 nm. A standard
curve of OD vs protein concentration was obtained using Bovine Serum Albumin (BSA)

solutions in the range of 0 to 2000 mg/ml.

2.11. Real time reverse-transcriptase- Polymerase Chain Reaction (RT-

PCR)

Real time RT-PCR provides a sensitive, reproducible, and accurate method for
determining small quantities of RNA targets 11°. The principle is based on two principal
finding, first the discovery of Taq polymerase that possess 5’-3’ exonuclease activity.
Second, the discovery of dual-labelled fluorogenic oligonucleotide probes, which emit a
fluorescent signal only upon cleavage, where the amount of fluorescence released is
directly proportional to the amount of product generated in each PCR!,

The standard protocol is based on five steps: initial denaturation; denaturation;
annealing; extension; and data acquisition. To analyse the data, the software of
instruments of RT-PCR calculates the variation of fluorescence emission (“*Rn), which is
plotted against cycle number, determined as a threshold value (Ct). To normalize this
quantification the choice of a reliable housekeeping gene is very important?, In our
case, to calculate the relative gene expression the method proposed by Pfaffl (Equation
1)1 was used, which is valid only when the amplification efficiencies of target and

reference genes are similar.

Eauation 1. Method of Pfaffl.

Ratio= _(Etarget) ACT, target (calibrator — test)
(Eref) ACT, ref (calibrator — test)

26



2.11.1. Total RNA isolation

RNA of hASCs-CS was extracted using TRIzol® reagent to maintain the integrity of RNA
during cellular components disruption. Therefore, 1.5mL of TRI® reagent (Sigma,
Germany) was added to each hASCS-CS, prior and after cryopreservation. Samples was
homogenized, kept overnight at -80°C and then, chloroform (200ul/mL TRIzol®) was
added. Samples were centrifuged at 13000 rpm for 15 minutes at 4°C, and the aqueous
phase of each tube containing the RNA was transferred to a new Eppendorf. The
precipitation of the nucleic acids was achieved by adding 750ul of isopropanol after
homogenization and incubation at RT. The suspension was centrifuged for 10 minutes
at 13000 rpm and 4°C in order to remove the isopropanol. The pellets were further
washed by vortexing with RNAse-free 70% ethanol, at a 1:1 ratio to the volume of trizol.
Once dried, the pellets were resuspended in a volume ranging between 10-50 ul of

deionized water — RNAse free, depending on the size of the pellet.

2.11.2. Complementary Deoxyribonucleic acid synthesis

The purity of Ribonucleic acid (RNA) of the different samples was assessed using
“Nanodrop” ND-1000 spectrophotometer (NanoDrop Technologies, U.S.A.). Only
samples with a 260/280 ratio between 1.6 and 2.0 were used for complementary
Deoxyribonucleic acid (cDNA) synthesis.

cDNA synthesis was performed from 2ug of RNA in a final volume of 40uL of samples
before and after cryopreservation . For samples cryopreserved with 95/5 condition,
125ng of RNA in a final volume of 7.5uL were used, due the short amount of extracted
RNA. This was carried out with the gScript cDNA synthesis kit (Quanta Biosciences,
U.S.A.), according to the manufacturer’s instructions in a MJ MiniOpticon Real-Time PCR

Detection System (Bio Rad, U.S.A.).
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2.11.3. Quantitative PCR (qPCR)

The expression of the genes of interest was measured by qPCR on system Real-Time PCR
Mastercycler (Eppendorf, Germany) in 96-well plates, using the Perfecta SYBR® Green
Fast Mix (Quanta Biosciences, U.S.A.). This method allows the amplification
guantification of a target gene, through the emission of fluorescent dye that intercalates
into DNA strands. Previously, all samples and primers were diluted in a proportion of
1:20% in water RNA-free. For the amplification reaction a mixture composed by 10uL of
SYBR® Green (Quanta Biosciences, U.S.A.), 1.2uL forward (FW) and reverse (RV) primers,
6.6uL of H20 sterile and 1ulL of cDNA was prepared per well for each gene of interest
(Table 4). The specificity of the amplified fragments was confirmed by analysing the
melting curves that were obtained by an increase of temperature from 55 to 95°C (0.033
°C/s). The relative expression of ECM genes and mesenchymal gene markers, between
samples prior and after cryopreservation was calculated using the comparative method
proposed by Pfaffl. Normalization of the results was performed with the internal control

Beta-2-Microglobulin mRNA expression.
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Table 4. Sequence of specific Primers and annealing temperatures used in Real-Time
PCR for Amplification.

Annealing
Gene and accession number Sequence (5’-3’) temperature
(°C)

CD90; NM_006288.3 FW CAGCATCGCTCTCCTGCTAA 59
RV  ACTGGATGGGTGAACTGCTG

CD105; NM_001114753.2 FW CTCCCTCTGGCTGTTGCC 60
RV ATATGTCACCTCGCCCCTCT

CD45; XM_006711474.1 FW TTGTGGCTTAAACTCTTGGCA 57
RV GGCTTTGCCCTGTCACAAAT

CD34; NM_001025109.1 FW ACCCTGATTGCACTGGTCAC 59
RV ATAAGGGTCTTCGCCCAGC

CD73; NM_001204813.1 FW TTTTGCACACCAACGACGTG 58
RV GAACCTTGGTGAAGAGCCGA

HLA-DRA; NM_019111.4 FW CCTGTCACCACAGGAGTGTC 60
RV TCCACCCTGCAGTCGTAAAC

Beta-2-Micra; FW TGGAGGCTATCCAGCGT 60

XM_005254549.1 RV CGGATGGATGAAACCCA

Collagen; XM_006719242.1 FW GTTCACGTACACTGCCCTGA 59
RV TCCACACCGAATTCCTGCTC

Fibronectin; FW CTGGCCAGTCCTACAACCAG 60

XM_005246417.1 RV~ CATGAAGCACTCAATTGGGCA

Laminin; NM_005559.3 FW TCACGGTGAACAGGTGCTAC 59
RV AGAGCTGCATATCCGCTTCC

2.12. Cacein and Propidium lodide Staining

Calcein-AM and Propidium lodide (PI) assay are fluorescent dyes that enable to

113 Calcein-AM is highly lipophilic and it is easily

distinguish live from dead cells
transported into living cells through the cell membrane. After entering a living cell is
activated through an enzymatic reaction by the enzyme esterase, giving rise to another
molecular product, Calcein-AM. In this form, Calcein-AM emits green fluorescence with
excitation of 490nm and emission wavelength of 515nm, respectively visualization in
live cells'®3. Pl as a membrane impermeant dye binds to DNA by intercalating between

the bases with little or no sequence preference and with a stoichiometry of one dye per

4-5 base pairs of DNA, when cellular membrane are disrupted. Because Pl emits red
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flourescense with an excitation between ~30-40 nm is commonly used as a counterstain
to identify dead cells!4,

To assess cell viability, Calcein AM (Invitrogen, U.S.A.) (1ug/ml) and PI (Invitrogen,
U.S.A.) (1pg/ml) were dissolved in a-MEM without FBS. The solution was then incubated
with cells sheets of hASCs for 30 minutes at 37°C in the dark. hASCs-CS were observed
under an Axiolmager Z1M microscope (Zeiss, Germany) and the images were acquired

and processed with Zen Blue 2012 software (Zeiss, Germany).

2.13. Phalloidin Staining

Phalloidin-Tetramethylrhodamine B isothiocyanate (Sigma, U.S.A.) was used to stain
cytoskeleton F-actin fibers of hASCs-CS. Phalloidin conjugates have similar affinity for
both large and small filaments and bind in a stoichiometric ratio of about one phallotoxin
per actin subunit and do not bind to monomeric G-actin. After fixation with formalin, CS
prior and after cryopreservation were incubated with Phalloidin-TRITC (1:100 in PBS) for
1 hour at RT and washed 3 times with PBS. Nuclei were counterstained with DAPI.
Samples were then observed under Axiolmager Z1M microscope (Zeiss, Germany) and

images were acquired and processed with Zen Blue 2012 software (Zeiss, Germany).

2.14. Immunocytochemistry

This method follows the principle of antigenic antibody binding. The binding of specific
antibodies allows the identification and localization of a specific protein in a cell
structure or tissue. In this work, specific antibodies were used to target proteins present
in the ECM and mesenchymal markers of hASCs-CS in order to confirm the maintenance
of matrix organization before and after cryopreservation and demonstrate
mesenchymal phenotype.

CS were washed and fixed with 10% (v/v) buffered formalin for 30 minutes at RT, washed
with PBS and if necessary stored in PBS at 4°C. To avoid non-specific binding cells were
incubated with a freshly prepared 3% (v/v) bovine serum albumin (BSA, Sigma, Canada)
solution in PBS (BSA/PBS) for 40 minutes at RT. After this, CS were washed with PBS and
then incubated with primary antibodies diluted in 1% (v/v) BSA/PBS for 1 hour at RT or
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overnight at 4°C, at a concentration defined as optimal for each antibody (Table 5). Cells
were washed 3 times with PBS and incubated for 1 hour at RT with AlexaFlour 488
(AF488) conjugated secondary antibody (Molecular Probes, U.S.A.) diluted 1:500 in 1%
(v/v) BSA in PBS. After the final PBS washing, cell nuclei were counterstained with
3ug/mL DAPI solution for 30 minutes at RT. Samples were then observed in an
Axiolmager Z1M microscope (Zeiss, Germany) and images were acquired and processed

whith Zen Blue 2012 software (Zeiss, Germany).

Table 5. List of antibodies used to perform immuno staining on CSs.

Primary Antibody Secondary Antibody
(Dilution) (Dilution)
Anti-Fibronectin, Rabbit (abcam, U.K.) | AlexaFlour 488 anti-Rabbit
(1:1000) (Molecular Probes, U.S.A.)

(1:500)

Anti-Laminin, Rabbit (abcam, U.K.)
(1:100)

AlexaFlour 488 anti-Rabbit
(Molecular Probes, U.S.A.)
(1:500)

Anti-Collagen I, Rabbit (abcam, U.K.)
(1:100)

AlexaFlour 488 anti-Rabbit
(Molecular Probes, U.S.A.)
(1:500)

CD105, Mouse
(eBiosciences, Germany)

AlexaFlour 488 anti-Mouse
(Molecular Probes, U.S.A.)

(1:100) (1:500)
CD90, Mouse (Biolegend, U.S.A.) AlexaFlour 488 anti-Mouse
(1:100) (Molecular Probes, U.S.A.)

(1:500)

CD73-PE, Rabbit
(BD Biosciences, Germany)
(1:10)

CD45, Mouse
(BD Biosciences, Germany)

AlexaFlour 488 anti-Mouse
(Molecular Probes, U.S.A.)

(1:100) (1:500)
CD34, Mouse (Biolegend, U.S.A.) AlexaFlour 488 anti-Mouse
(1:100) (Molecular Probes, U.S.A.)

(1:500)

CD31, Mouse (eBiosciences, Germany)
(1:100)

AlexaFlour 488 anti-Mouse
(Molecular Probes, U.S.A.)
(1:500)

HLA-DR-FITC, Rabbit
(BD Biosciences, Germany)
(1:10)
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2.15. Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was used to observe fine details of the internal
structure of the hASCS-CSs prior and after cryopreservation. This technique is based on
light phenomena, creating a field of electrons, when the beam passes through the
sample leading to an image. This results in one image, where the dense structures are
black (scattered electrons) and non-dense structures are bright (unscattered electrons).
To analyse hASCs-CS by TEM, we fixed in 2% glutaraldehyde and 1% paraformaldehyde
overnight at RT!'>. The remaining protocol was performed at HEMS (Histology and
Electron Microscopy Service) - Institute for Molecular and Cell Biology (IBMC), following
this steps: hASCs-CSs dehydration with acetone solutions; embedding the material
within an epoxy resin; Ultrathin sections (40-60 nm thickness) were prepared on a LKB
2188 NOVA Ultramicrotome (LKB NOVA, Bromma, Sweden) using diamond knives (DDK,
Wilmington, DE, USA). The sections were mounted on 300 mesh nickel grids, stained
with uranyl acetate and lead citrate, and examined under a JEOL JEM 1400 TEM (Tokyo,
Japan). Images were digitally recorded using a Gatan SC 1000 ORIUS CCD camera
(Warrendale, PA, USA).

2.16. Statistical analysis

Statistical analysis of all results was performed with GraphPad® Prism 4.02 software. All
measurements were obtained from three different donors (n=3) with at least triplicates
per donor. Variation is reported as standard error. Results that showed a normal
distribution were analysed by one and two-way ANOVA, or unpaired two-tailed t-
Student tests, as indicated. For results did not follow a Gaussian distribution, unpaired
two-tailed Mann Whitney t-test was used. Normal distribution was tested using the
D’Agostino&Pearson test. The post hock test Bonferroni was used to determine if the
difference between the cryopreserved samples (90/10 and 95/5 conditions) and the not-
cryopreserved samples was significant through an analysis of the variance setting. The

significance levels were set at: *p<0.05, **p<0.01, and ***p<0.001.
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CHAPTER Il

RESULTS - CRYOPRESERVATION OF CELL SHEETS OF ADIPOSE
TISSUE STEM CELLS: LIMITATIONS AND SUCCESSES







l1l. Results

3.1. Effect of cryopreservation on viability and cytoskeleton

organization for permeable condition of cryopreservation.

As a first step, it was important to determine the effects of cryopreservation under
different conditions on cell viability and cytoskeletal integrity. The viability of the cells
composing the CS prior and after cryopreservation was assessed by live/dead staining
followed by flow cytometry. CS were subjected to two cryopreservation conditions: 5%
DMSO in FBS or 10% DMSO in FBS and stored for 7 days at -80°C. Samples were retrieved
form storage, and immediately thawed in a 37°C water bath until the last frozen crystal
disappeared. Samples were then transferred to a culture dish and equilibrated in culture

media for either 3 hours (3H) or overnight (ON). Results are presented in Table 6.

Table 6: Flow cytometry analysis with 7AAD staining to evaluate the cell viability of
hASCs-CS prior cryopreservation and after cryopreservation with conditions 95/5 and
90/10 followed 3 Hours and ON of equilibration time. A decrease on viability for
samples cryopreserved with condition 90/10 and equilibrated during ON. *p<0.05 for
differences between samples Prior Cryopreservation and samples cryopreserved with
condition 90/10.

Condition No. of Equilibration Time Cell Viability
Samples (after thawing) (%xSD)
(3Donors)

Prior Cryopreservation n=4 0 Hours 90,16+6,31**

95/5 n=4 3 Hours 91,32+2,79
n=4 ON 75,24+4,44%%

90/10 n=4 3 Hours 82,41+5,46
n=4 ON 77,19+1,96**

Our results indicate no difference in cell viability between treatments; however,
equilibration times affected viability. These results were confirmed by live dead assays

on samples equilibrated for 3H (Figure 3A).

We then evaluated preservation of organization the cytoskeleton by phalloidin staining
(Figure 3B). A higher disorganization of actin filaments was observed in samples
cryopreserved in 10% DMSO in FBS than in 5% DMSO in FBS (Figure 6B). All samples
equilibrated for 3H.
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Figure 3: hASCs-CS prior cryopreservation and after 7 days of cryopreservation (90/10; 95/5).
(A) Live/Dead assay with Calcein (green) Propidium lIdodide(Pl-red). Scale bar=200um. (B)
Analysis of cytoskeleton organization of hASC-CS prior and after cryopreservation. Staining of
actin filaments by Phalloidin—TRITC (red) and nucleis by Dapi (blue). Samples prior
cryopreservation scale bar=200pum. 95/5 and 90/10 samples scale bar=50um.

3.2. Effect of cryopreservation over ECM.

In order to determine the effect of cryopreservation on expression of ECM proteins, we
analysed the expression of collagen type-l, fibronectin and laminin before and after

cryopreservation.

3.2.1. Gene expression analysis.

Our analysis revealed that expression of ECM related genes fibronectin and laminin was
upregulated significantly (**p<0.01) when cryopreserved in 5% DMSO. The expression
of laminin was significantly increased (*p<0.05) when cryopreserved in 10% DMSO.
Collagen type-l and fibronectin seemed upregulated in both conditions, but the

difference was not statistically significant (Figure 4).
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Figure 4: Real time qRT-PCR to determine relative expression of principal proteins in
Extracellular Matrix Collagen type-l (COL1), Fibronectin (FN1) and Laminin (LAMA1) in hASC-
CS. The Y-axis shows fold-change difference in relative expression of principal proteins in ECM
between 95/5 and 90/10 conditions of cryopreservation compared with hASC-CS prior
cryopreservation. * p<0.05 for differences between samples Prior Cryopreservation and samples
cryopreserved with condition 90/10; **p<0.01 for differences between samples Prior
Cryopreservation and samples cryopreserved with condition 95/5.The measurements are the
result of 3 biological replicates (with 3 technical replicate).

3.2.2. ECM protein secretion.

In order to study how the cryopreservation protocol affected protein stability, we
performed a BCA protein assay to determine total levels of protein before and after the
procedure.

As shown in Figure 5, we observed a significant decrease of total protein (***p<0.001)

after 7 days of cryopreservation in both conditions.
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Figure 5: Quantification and comparison of total protein extract in RIPA Buffer, between
hASC-CS prior cryopreservation and cryopreserved during 7 days in conditions 90/10 and 95/5.
***p<0.001 for differences between samples Prior Cryopreservation and samples cryopreserved
with conditions 90/10 and 95/5.

To determine the condition of ECM proteins in the hASCs-CS, we performed
immunocytochemistry against collagen type-1, fibronectin and laminin. Collagen type-I
was well maintained in the cryopreserved samples, while laminin was severely affected
by cryopreservation in both conditions. Fibronectin was better maintained in 90/10 than

in 95/5 (Figure 6).
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Figure 6: Analysis of ECM in hASCs-CS. Immunocytochemistry analysis of principal proteins of
Extracellular Matrix of hASC-CS. Staining with anti-Collagen Type [; anti-Fibronectin; anti-
Laminin. All samples are marked with Dapi for nucleis (blue) and anti-rabbit Alexa 488 as
secondary antibody (green). Scale bar = 50um.

We then evaluated the effect of our cryopreservation protocols on the CS morphology
at the ultrastructural level. TEM revealed major disorganization of nuclei and matrix in
hASCs-CS cryopreserved within 10% DMSO (Figure 7). In contrast, CS cryopreserved in
5% DMSO maintained similar and regular morphology in comparison with samples prior

cryopreservation (Figure 7).
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Prior
Cryopreservation 95/5 90/10

Figure 7: Structural morphology of haverested hASCs-CS by TEM for analysis of maintenance
of Cell sheets morphology. hASC-CS prior cryopreservation; hASC-CS in condition 90/10; hASC-
CS in condition 95/5. Scale bar from 2 pm to 0.2 um.

We the sought to understand how our cryopreservation protocols affected the

mesenchymal phenotype of the cells in the CS.
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3.3. Effect of cryopreservation over mesenchymal phenotype.

It was important to determine whether cryopreservation preserved the minimal
phenotypic criteria defined by ISCT for mesenchymal stem cells’%?2,

To do so we characterized the expression of surface mesenchymal markers by flow-
cytometry using CS obtained and cryopreserved from 3 different donors. 95% of the cells
were positive for markers Thy-1 (CD90), ecto-5'-nucleotidase (CD73) and Endoglin
(CD105).

The hematopoietic markers CD45 (Protein tyrosine phosphatase, receptor type C) and
CD31 (Platelet endothelial cell adhesion molecule or cluster of differentiation 31) were
under 2%, as expected. CD34 (Cluster of differentiation 34) shows a percentage above
the 2% defined as minimal criteria, but this value was the result of an abnormally high
value in one of our donors (data not shown). Our results showed our samples to be
immune-privileged, as they were negative for marker HLA-DRA (Major

histocompatibility complex, class I, DR alpha) across all three donors (Table 7).

Table 7: Flow-cytometry analysis of the Mesenchymal markers among 3 different population
of hASC, CD90; CD73; CD105; CD34; CD45; CD31; HLA-DRA.

All Populations (n=3) Markers (%+SD)

CD90 98,26+ 2,90
CD73 95,89+6,62
CD105 96,95+4,98
hASCs CD34 8,67+£12,80

CD45 1,07+1,03

CD31 0,6+0,30

HLA-DR 0,66+0,38

Overall, our results showed the expected mesenchymal immunophenotype. To confirm
our results, we performed gPCR analysis for mesenchymal surface markers of hASCs-CS
before and after cryopreservation for 7 days in both conditions across 3 donor samples.
We analysed the expression of positive genetic markers CD90, CD73 and CD105 and
verified no significant difference in expression before and after cryopreservation,
comparing with samples prior cryopreservation. As housekeeping we use the same Beta-

2-Microglobulin (B2M), as previously described. Our results are shown in Figure 8.
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Figure 8: Analysis of principal surfaces Mesenchymal Markers of hASCs-CS. (A) Real time qRT-
PCR to determine relative expression of positive mesenchymal markers Thy-1 (CD90); ecto-5'-
nucleotidase (CD73); Endoglin (CD105), in hASC-CS. The Y-axis shows fold-change difference in
relative expression of mesenchymal markers between 95/5 and 90/10 conditions of
cryopreservation compared with hASC-CS prior cryopreservation. All results were statistically
non-significant.

We further confirmed these results by immunocytochemistry (ICC) on samples
cryopreserved for 7 days under both selected conditions (5 % and 10% DMSO). Our
results show that cells remained positive for CD90, CD73 and CD105, (Figure 9) while
being negative for hematopoietic markers CD34, CD31, CD45 and HLA-DR (Figures 10).
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Figure 9: Analysis of principal surfaces Mesenchymal Markers of hASCs-CS. (B)

Immunocytochemistry analysis of principal mesenchymal markers of hASC-CS. Indirect
staining with anti-CD90, anti-CD105 and direct staining with PE CD73.

43



95/5 90/10

CD31/DAPI CD45/DAPI CD34/DAPI

HLA-DR/DAPI

Figure 10: Analysis of principal surfaces Mesenchymal Markers of hASCs-CS. (C)
Immunocytochemistry analysis of hematopoietic markers of hASC-CS. Indirect staining
with anti-CD34, anti-CD45, anti-CD31 and direct staining with FITC HLA-DR. All samples
are marked with DAPI for nuclei and anti-mouse Alexa 488 as secondary antibody. Scale
bar=50um.
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IV. Discussion & Conclusions

hASCs are a very attractive cell type for RM applications, in part because they present
immune-privileged features, as they lack the expression of human leukocyte antigen-DR
and stimulate the production of anti-inflammatory cytokines. hASCs have the capacity
to form a cell sheets, constituting a promising research area for development of wound
healing and other potential applications in TE”™.

The present work has focused on the development of a protocol for cryopreservation of
hASCs-CS with the goal of decreasing the production time of hASCs-CS and offering an
off-the-shelf solution for future TE applications.

Integrity of the ECM is critical for a good functional outcome of CS transplants. Using
standard cryopreservation procedures as a starting point, our main objective was on the
maintenance of viability, morphology and mesenchymal phenotype after 7 days of
cryopreservation. We wanted to evaluate if the standard condition (10%DMSQ) usually
used for cryopreservation of hASCs cell suspensions would also work in the same way in
our hASCs-CS. Moreover, we intended to decrease the percentage of DMSO from 10%
to 5%, in order to reduce possible cytotoxic effects on our hASCs-CS.

Our goal was to maintain cell viability while decreasing cell cytotoxicity during
cryopreservation. These conditions with DMSO (90/10 and 95/5) enabled the
maintenance of over 70% cell viability of hASCs-CS when cryopreserved for 7 days (Table
6 and Figure 3A).

In view of these results, these two conditions were used for further study: the 90/10 as
standard condition and 95/5 as experimental condition.

We first produced and characterized hASCs-CS in terms of mesenchymal phenotype,
cellular viability and morphological stability. We isolated hASCs from the stromal
vascular fraction (SVF) of human subcutaneous adipose tissue, following the protocol
previously reported’!. Prior to the creation of cell sheets, we confirmed the
maintenance of the mesenchymal nature of hASCs among three isolated populations by
determining presence or absence of the mesenchymal markers CD90, CD73, CD105, and
the hematopoietic markers CD45, CD34, CD31, HLA-DR, as established by the

International Society for Cellular Therapy?2.
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Previous work in our group’! confirmed that the human adipose derived stem cells
(hASCs) are immunologically compatible and multipotent. Moreover they show a high
growth rate in culture, and produce their own extracellular matrix (ECM). They formed
a functional cell sheet scaffold-free in only 5 days of culture.

A critical aspect of creating hASCs cell sheets is that secretion of ECM has to be sufficient
to confer the ideal robustness and organization to allow cell sheet detachment. The
hASCs cultured for 5 days on TR dishes using a standard medium gave rise to a fragile
monolayer of cells, with an ECM composed by collagen type-I, fibronectin and laminin
that was not sufficient to allow the cell sheet manipulation”?. It was therefore necessary
to stimulate the proliferation rate of ECM, adding ascorbic acid to the culture
media’t16, The use of high concentrations of ascorbic acid resulted in an increase of
contractibility of the cell sheets after detachment; however, this is not expected to have
any consequences in clinical application, which involves the use of PVYDF membrane or
gelatin coated manipulators to avoid the shrinkage, and that are removed after cell
sheet adheres to host tissues.

Cryopreservation of cellular suspensions of hASCs in 10% of DMSO showing high viability
when thawed has been previously reported!?’. The optimal condition for cellular
suspension’s cryopreservation is the combination with 90% of Fetal Bovine Serum (FBS)
and 10% of DMSO, used as the standard condition in our laboratory. The FBS component
works as a buffer of osmotic pressure and as a cell membrane protector, reducing the
risks of damage by ice crystal formation during cryopreservation and thawing process®>.
DMSO is the most efficient cryoprotective agent used in cryopreservation of many types
of cells and tissues. However it is cytotoxic in a time, temperature, and concentration
dependent manner. It permeates cells and can cause osmotic stress or chemical toxicity
when used in high concentrations®®%,

The first condition tested was the standard condition composed with 90% of FBS and
10% of DMSO (condition 90/10). The second condition tested was composed of only
5% DMSO, combined with 95% of FBS (condition 95/5), with the intention of reducing
DMSO cytotoxicity. The hASCs-CS cryopreservation was performed using the slow
cooling method in the rate of -12C/min until reach -802C ON, followed of 7 days at -

1962C in liquid nitrogen for both conditions.
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In storage of cells at low temperatures the lethal interval of temperature is between
152C and -60°C. Between these temperatures the damage and the loss of the
cryopreserved cells viability is maximal. To avoid this situation we used the previously
referred to slow cooling rate which allows a progressive dehydration of cells passing the
critical interval slowly enough to avoid intracellular ice formation®>. Once -802C was
reached the cryovials were transferred to the liquid nitrogen (LN) tank at -1962C. After
the 7 days of cryopreservation in LN with both conditions, samples were rapidly thawed
in water bath at 372C, and transferred into culture dishes for equilibration of samples,
in order to avoid the cell damage from osmotic stress and removing the DMSO. The
equilibration of samples was performed during 3 hours and ON for both conditions.
We observed that cell viability of hASCs-CS after ON equilibration of the samples
decreased (although in in a non-significant manner) in the case of cryopreservation
condition 95/5. In the case of cryopreservation condition 90/10 we observed a
significant decrease of cell viability when compared to hASCs-CS viability prior to
cryopreservation (Table 6). The cell viability of hASCs-CS was not significantly affected
with 3 hours of sample equilibration for both conditions.

These first observations were sustained by the Cal/Pl assay which sustained (Figures 3A).
Thus, these results reveal a clear influence of the equilibration time on cell viability and
based on that we perform all the subsequent assays with samples equilibrated for 3
hours. In general, our results follows the normal criteria of cell viability that is applied in
clinical approaches of cryopreservation''8, as more over 60% of cell viability after
cryopreservation is obtained.

Despite both conditions of cryopreservation not affecting cell viability after 3h of
equilibration, evaluation of cytoskeleton organization revealed some disorganization in
samples cryopreserved with both conditions comparing with hASCs-CS prior to
cryopreservation. Our results reveal a major incidence of disorganized cytoskeleton in
hASCs-CS cryopreserved with condition 90/10. These results indicate that the process of
cryopreservation of the cytoskeleton is sensitive to the % of DMSO used (Figures 3B)*19.
The observation that 10% DMSO affected cytoskeletal organization may explain the
lower cell viability obtained after ON of equilibration time.

We verified a better organization of cytoskeleton of cryopreserved hASCs-CS (Figures

3B) using only 5% of DMSO. This agreed with a study performed by Xu et a/.2012, on
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effects of cryopreservation in cell suspension of adherent mesenchymal stem cells which
suggested that cooling rates are a critical factor in preservation of cytoskeletal
organization during cryopreservation. We conclude that the -12C/min used in our study
is the optimal cooling rate!?.

However, the rate -1°C / minute is not ideal for cells in cell sheets. The equilibrium time
is also a stress factor for hASCs-CS, since hASCs are adherent cells and equilibration is
done in suspension. The distribution of cells is not affected, as shown by DAPI staining>3.
In the scaffold-free CS engineering-based approach, the organization of ECM is of crucial
importance, as it works as a construct in CS technology. This is due ECM proteins such
as collagen, laminin and fibronectin that form networks on the surface of the cells. The
organization of the matrix can also influence the organization of the cell cytoskeleton,
as well that can mechanically influence cell behaviour by the activation of intracellular
signalling pathways, interacting with cell-surface receptors®?!.

In hASCs-CS the maintenance of ECM is crucial and we intended to understand how
cryopreservation alters the expression of ECM proteins. The expression of collagen,
fibronectin and laminin was analyzed the levels prior cryopreservation comparing with
cryopreserved samples. Our results revealed a clear decrease of the total quantity of
protein after 7 days of cryopreservation that is statistically significant in both conditions
when compared to samples prior cryopreservation (Figure 5). However at the molecular
level cryopreservation appears to promote an up-regulation in the principal genes that
code for ECM proteins as collagen type-I, fibronectin and laminin. Nevertheless not all
these genes presented a statistically significant up-regulation (Figure 4).

In a study performed by Rodriguez-Ares et al. 2009 with frozen tissue-suspension
obtained from processed human amniotic membrane, a reduction of total amount of
protein after cryopreservation was verified'??, due to the dehydration promoted by
DMSO during process of cryopreservation??123 In the condition 95/5 the up-regulation
was significant for fibronectin and laminin genes (Figure 4). In the condition 90/10 only
laminin gene suffer a significant up-regulation with a p < 0.05 (Figure 4). However, at the
molecular level, the mRNA of collagen type-I does not undergo significant upregulation
in either conditions of cryopreservation.

We analyzed levels of collagen, laminin and fibronectin by ICC. The protein most affected

by cryopreservation was laminin, which revealed a weak and punctuated signal (Figure
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6) in ICC images for both cryopreservation methods. ICC also revealed some levels of
disorganization of fibronectin in both cryopreservation conditions (Figure 6). However,
hASCs-CS preserved in condition 95/5 seemed more affected then those cryopreserved
in condition 90/10 (Figure 6). The only protein apparently not affected by
cryopreservation in either condition was collagen type-I (Figure 6).

We then analyzed mRNA levels of these 3 proteins (Figure 4). mRNA of fibronectin was
significantly upregulated in condition 95/5. Laminin mRNA, on the other hand, was
significantly upregulated in both condition of cryopreservation. In contrast, collagen
type 1 mRNA was not significantly upregulated in either cryopreservation condition.
These results could suggest interruption of a negative feedback loop for fibronectin and
laminin genes after cryopreservation and thawing. Overall our results are similar to
those of the Rodriguez-Ares et al. 2009122,

The organization of the ECM before and after cryopreservation was evaluated by TEM
in order to determine potential effects of the method over matrix composition and
integrity. After thawing the structure of cell sheet was lost for hASCs-CS cryopreserved
with both conditions in comparison with samples prior to cryopreservation. However
comparing the results obtained in both conditions of cryopreservation, the condition
95/5 appears to promote a better preservation than condition 90/10 (Figure 7).
Moreover, aggregates of proteins were observed along all the structure of hASCs-CS
cryopreserved with both conditions (Figure 7). The loss of cell sheet structure after
thawing and cryopreserved with 10% of DMSO was already observed by Kito K. et al.
2005% in cryopreservation of cultured corneal epithelial cell sheet in Rabbit.

As we intended to understand if our process of cryopreservation alters the
mesenchymal phenotype of cryopreserved hASCs-CS, we proceed to analyse molecular
markers and did not verify any significant alteration of mesenchymal markers for
cryopreserved hASCs-CS in comparison with samples prior to cryopreservation. We also
confirmed the maintenance of mesenchymal phenotype by ICC (Figures 9 and 10).
Overall, the process of cryopreservation did not affect the expression of mesenchymal
phenotype of our hASCs-CS at P1 with both conditions of cryopreservation during 7 days
in LN. After the rapid thawing process and 3H of equilibration, the hematopoietic

markers remained negative throughout all the procedure.
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In this sense, an off-the-shelf hASCs-CS was achieved after cryopreserving with DMSO at
5% DMSO. However the cryopreserved hASCs-CS still fall short of ideal conditions for a
real clinical application. Therefore, further optimizations need to be performed to better
preserve the hASCs-CS ECM. To achieve this, less aggressive compounds of
cryopreservation, such as Poly-L-Lysine, should be investigated. Furthermore, the use of
adequate cooling rates to cryopreserve hASCs-CS is crucial. Finally, their functionality
needs to be characterized in vivo after transplantation to better characterize the CS final

structure and functionality.

52



CHAPTER VI
REFERENCES






VI. References

10.

11.

12.

Meyer U. The history of tissue engineering and regenerative medicine in
perspective. In: Fundamentals of Tissue Engineering and Regenerative
Medicine. Vol ; 2009:5-12. do0i:10.1007/978-3-540-77755-7_1.

Berthiaume F, Maguire TJ, Yarmush ML. Tissue Engineering and Regenerative
Medicine: History, Progress, and Challenges. Annu Rev Chem Biomol Eng.
2011;2:403-430. doi:10.1146/annurev-chembioeng-061010-114257.

Maienschein J. Regenerative medicine’s historical roots in regeneration,
transplantation, and translation. Dev Biol. 2011;358(2):278-284.
d0i:10.1016/j.ydbio.2010.06.014.

Mummery C, Wilmut S, van de Stolpe A, Roelen BAJ. Stem Cells.; 2011.
doi:10.1016/B978-0-12-381535-4.10008-5.

Chien KR. Regenerative medicine and human models of human disease.
Nature. 2008;453(7193):302-305. doi:10.1038/nature07037.

EMA (2011). Reflection paper on stem cell-based medicinal products
Reflection paper on stem cell-based medicinal products Table of contents.
2011;44(January).

Langer R, Vacanti JP. Tissue engineering. Science (80- ). 1993;260:920-926.
doi:10.1126/science.8493529.

Caplan A. Mesenchymal stem cells. J Orthop Res. 1991;9:641-650.
d0i:10.1002/jor.1100090504.

Ankrum J, Karp JM. Mesenchymal stem cell therapy: Two steps forward, one
step back. Trends Mol Med. 2010;16:203-209.
doi:10.1016/j.molmed.2010.02.005.

Alhadlag A, Mao JJ. Mesenchymal stem cells: isolation and therapeutics. Stem
Cells Dev. 2004;13:436-448. d0i:10.1089/scd.2004.13.436.

Parekkadan B, Milwid JM. Mesenchymal stem cells as therapeutics. Annu Rev
Biomed Eng. 2010;12:87-117. doi:10.1146/annurev-bioeng-070909-105309.

Zuk PA, Ph D, Zhu MIN, Mizuno H, Benhaim P, Lorenz HP. Multilineage Cells

from Human Adipose Tissue : Implications for Cell-Based Therapies.
2001;7(2):211-228.

55



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Roufosse CA, Direkze NC, Otto WR, Wright NA. Circulating mesenchymal stem
cells. Int J Biochem Cell Biol. 2004,36:585-597.
do0i:10.1016/j.biocel.2003.10.007.

Campagnoli C, Roberts | a G, Kumar S, Bennett PR, Bellantuono I, Fisk NM.
Identification of mesenchymal stem/progenitor cells in human first-trimester
fetal blood, liver, and bone marrow. Blood. 2001;98(8):2396-2402.
doi:10.1182/blood.V98.8.2396.

Foronjy RF, Majka SM. The Potential for Resident Lung Mesenchymal Stem
Cells to Promote Functional Tissue Regeneration: Understanding
Microenvironmental Cues. Cells. 2012;1(4):874-885.
do0i:10.3390/cells1040874.

Zhou D, Huang S, Huang K, et al. Mesenchymal stem cells from human cord
blood promote engraftment of human umbilical cord blood-derived CD34+
cells in NOD/SCID mice. Zhonghua Xue Ye Xue Za Zhi. 2005;26:732-735.

Sarugaser R, Lickorish D, Baksh D, Hosseini MM, Davies JE. Human umbilical
cord perivascular (HUCPV) cells: a source of mesenchymal progenitors. Stem
Cells. 2005;23(2):220-229. doi:10.1634/stemcells.2004-0166.

In 't Anker PS, Scherjon S a, Kleijburg-van der Keur C, et al. Amniotic fluid as a
novel source of mesenchymal stem cells for therapeutic transplantation.
Blood. 2003;102(4):1548-1549. doi:10.1182/blood-2003-04-1291.

Phinney DG, Prockop DJ. Concise review: mesenchymal stem/multipotent
stromal cells: the state of transdifferentiation and modes of tissue repair--
current views. Stem Cells. 2007;25(11):2896-2902.
doi:10.1634/stemcells.2007-0637.

Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and
biological characterization. Int J Biochem Cell Biol. 2004;36(4):568-584.
doi:10.1016/j.biocel.2003.11.001.

Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult
human mesenchymal stem cells. Science. 1999;284:143-147.
doi:10.1126/science.284.5411.143.

Dominici M, Le Blanc K, Mueller |, et al. Minimal criteria for defining
multipotent mesenchymal stromal cells. The International Society for Cellular
Therapy position statement. Cytotherapy. 2006;8(4):315-317.
doi:10.1080/14653240600855905.

Krampera M, Galipeau J, Shi Y, Tarte K, Sensebe L. Immunological
characterization of multipotent mesenchymal stromal cells-The international
society for cellular therapy (ISCT) working proposal. Cytotherapy.
2013;15(9):1054-1061. doi:10.1016/j.jcyt.2013.02.010.

56



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caplan Al, Dennis JE. Mesenchymal stem cells as trophic mediators. J Cell
Biochem. 2006;98:1076-1084. doi:10.1002/jcb.20886.

Satija NK, Gurudutta GU, Sharma S, et al. Mesenchymal stem cells: molecular
targets for tissue engineering. Stem Cells Dev. 2007;16:7-23.
doi:10.1089/scd.2006.9998.

Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency of mesenchymal stem
cells derived from adult marrow. Nature. 2002;418:41-49.
doi:10.1038/nature05812.

Furth ME, Atala A, Need IC. Future Perspectives. Principles of Tissue
Engineering eds Lanza R, Langer R, & Vacanti J. Elsevier, Inc, 3nd Ed. 2007.

Grove JE, Bruscia E, Krause DS. Plasticity of bone marrow-derived stem cells.
Stem Cells. 2004;22:487-500. doi:10.1089/152581600750062417.

Wagner W, Wein F, Seckinger A, et al. Comparative characteristics of
mesenchymal stem cells from human bone marrow, adipose tissue, and
umbilical cord blood. Exp Hematol. 2005;33:1402-1416.
doi:10.1016/j.exphem.2005.07.003.

Barlow S, Brooke G, Chatterjee K, et al. Comparison of human placenta- and
bone marrow-derived multipotent mesenchymal stem cells. Stem Cells Dev.
2008;17:1095-1107. doi:10.1089/scd.2007.0154.

Klein AM, Simons BD. Universal patterns of stem cell fate in cycling adult
tissues. Development. 2011;138:3103-3111. doi:10.1242/dev.060103.

Manuscript A. NIH Public Access. 2010;31(19):5266-5274.
doi:10.1016/j.biomaterials.2010.03.006.Engineered.

Al-Khaldi A, Al-Sabti H, Galipeau J, Lachapelle K. Therapeutic angiogenesis
using autologous bone marrow stromal cells: improved blood flow in a chronic
limb ischemia model. Ann Thorac Surg. 2003;75(1):204-209.
doi:10.1016/S0003-4975(02)04291-1.

Horwitz EM, Prockop DJ, Fitzpatrick L a, et al. Transplantability and
therapeutic effects of bone marrow-derived mesenchymal cells in children
with osteogenesis imperfecta. Nat Med. 1999;5(3):309-313.
doi:10.1038/6529.

Luzzio AC, Keegan BM. Multiple Sclerosis. Medscape Ref. 2014;344(5):66.
doi:10.1016/5S0140-6736(08)61620-7.

Kog ON, Day J, Nieder M, Gerson SL, Lazarus HM, Krivit W. Allogeneic
mesenchymal stem cell infusion for treatment of metachromatic

57



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

leukodystrophy (MLD) and Hurler syndrome (MPS-IH). Bone Marrow
Transplant. 2002;30(4):215-222. doi:10.1038/sj.bmt.1703650.

Fouillard L, Bensidhoum M, Bories D, et al. Engraftment of allogeneic
mesenchymal stem cells in the bone marrow of a patient with severe
idiopathic aplastic anemia improves stroma. Leukemia.
2003;17(September):474-476. doi:10.1038/sj.leu.2402786.

Furth ME, Atala A. Principles of Tissue Engineering.; 2014. doi:10.1016/B978-
0-12-398358-9.00006-9.

O’Halloran DM, Pandit AS. Tissue-engineering approach to regenerating the
intervertebral disc. Tissue Eng. 2007;13:1927-1954.
doi:10.1089/ten.2005.0608.

Akimoto J, Arauchi A, Nakayama M, et al. Facile cell sheet manipulation and
transplantation by using in situ gelation method. J Biomed Mater Res B App!
Biomater. 2014;102(8):1659-1668. doi:10.1002/jbm.b.33148.

Barry FP, Murphy JM. Mesenchymal stem cells: clinical applications and
biological characterization. Int J Biochem Cell Biol. 2004;36(4):568-584.
doi:10.1016/j.biocel.2003.11.001.

Izadpanah R, Trygg C, Patel B, et al. Biologic properties of mesenchymal stem
cells derived from bone marrow and adipose tissue. J Cell Biochem.
2006;99:1285-1297. doi:10.1002/jcb.20904.

Minguell JJ, Erices A, Conget P. Mesenchymal stem cells. Exp Biol Med
(Maywood). 2001;226:507-520.
http://www.ncbi.nlm.nih.gov/pubmed/11395921.

Zuk PA, Min Zhu, Peter Ashjian DADU, Jerry I. Huang, Hiroshi Mizuno ZCA,
Fraser JK, Prosper Benhaim and MHH. Human Adipose Tissue Is a Source of
Multipotent Stem Cells. Mol Biol Cell. 2002;13(December):4279-4295.
doi:10.1091/mbc.E02-02—-0105.

Ma S, Xie N, Li W, Yuan B, Shi Y, Wang Y. Immunobiology of mesenchymal
stem cells. Cell Death Differ. 2014;21(2):216-225. doi:10.1038/cdd.2013.158.

Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells for regenerative
medicine. Circ Res. 2007;100:1249-1260.
doi:10.1161/01.RES.0000265074.83288.09.

Okano T, Yamada N, Sakai H, Sakurai Y. A novel recovery system for cultured
cells using plasma-treated polystyrene dishes grafted with poly(N-
isopropylacrylamide). J Biomed Mater Res. 1993;27:1243-1251.
do0i:10.1002/jbm.820271005.

58



48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Czajka C a., Mehesz AN, Trusk TC, Yost MJ, Drake CJ. Scaffold-Free Tissue
Engineering: Organization of the Tissue Cytoskeleton and Its Effects on Tissue
Shape. Ann Biomed Eng. 2014;42(5):1049-1061. doi:10.1007/s10439-014-
0986-8.

Yamada N, Karikusaa F, Sakurai Y. Thermo-responsive polymeric surfaces ;
control of attachment and detachment of cultured cells. 1990;576:571-576.

Okano T, Yamada N, Okuhara M, Sakai H, Sakurai Y. Mechanism of cell
detachment from temperature-modulated, hydrophilic-hydrophobic polymer
surfacesl. In: The Biomaterials: Silver Jubilee Compendium. Vol ; 2006:109-
115. doi:10.1016/B978-008045154-1.50015-0.

Bae YH, Okano T, Wan Kim S. Temperature dependence of swelling of
crosslinked poly(N,N’-alkyl substituted acrylamides) in water. J Polym Sci Part
B Polym Phys. 1990;28:923-936. doi:10.1002/polb.1990.090280609.

Heskins M, Guillet JE. Solution Properties of Poly(N-isopropylacrylamide). J
Macromol Sci Part A - Chem. 1968;2:1441-1455.
doi:10.1080/10601326808051910.

Kushida A, Yamato M, Konno C, Kikuchi A, Sakurai Y, Okano T. Decrease in
culture temperature releases monolayer endothelial cell sheets together with
deposited fibronectin matrix from temperature-responsive culture surfaces. J
Biomed Mater Res. 1999;45:355-362. doi:10.1002/(SIC1)1097-
4636(19990615)45:4<355::AID-JBM10>3.0.C0O;2-7.

Yamato M, Okano T. Cell sheet engineering. Mater Today. 2004;7(5):42-47.
doi:10.1016/51369-7021(04)00234-2.

Yoon SH, Mofrad MRK. Cell adhesion and detachment on gold surfaces
modified with a thiol-functionalized RGD peptide. Biomaterials. 2011;32:7286-
7296. doi:10.1016/j.biomaterials.2011.05.077.

Khare AR, Peppas NA. Swelling/deswelling of anionic copolymer gels.
Biomaterials. 1995;16:559-567. doi:10.1016/0142-9612(95)91130-Q.

Li L, Bai Z, Levkin P a. Boronate-dextran: an acid-responsive biodegradable
polymer for drug delivery. Biomaterials. 2013;34(33):8504-8510.
doi:10.1016/j.biomaterials.2013.07.053.

Mika AM, Childs RF, Dickson JM. Salt separation and hydrodynamic
permeability of a porous membrane filled with pH-sensitive gel. / Memb Sci.
2002;206:19-30. doi:10.1016/50376-7388(01)00474-4.

Tang Z, Akiyama Y, Okano T. Temperature-responsive polymer modified
surface for cell sheet engineering. Polymers (Basel). 2012;4:1478-1498.
doi:10.3390/polym4031478.

59



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Shimizu T, Yamato M, Isoi Y, et al. Fabrication of pulsatile cardiac tissue grafts
using a novel 3-dimensional cell sheet manipulation technique and
temperature-responsive cell culture surfaces. Circ Res. 2002;90(3):e40.
do0i:10.1161/hh0302.105722.

Yamato M, Utsumi M, Kushida A, Konno C, Kikuchi A, Okano T. Thermo-
responsive culture dishes allow the intact harvest of multilayered keratinocyte
sheets without dispase by reducing temperature. Tissue Eng. 2001;7:473-480.
doi:10.1089/10763270152436517.

Cerqueira MT, Pirraco RP, Martins a. R, Santos TC, Reis RL, Marques a. P. Cell
sheet technology-driven re-epithelialization and neovascularization of skin
wounds. Acta Biomater. 2014;10(7):3145-3155.
doi:10.1016/j.actbio.2014.03.006.

Nishida K, Yamato M, Hayashida Y, et al. Functional bioengineered corneal
epithelial sheet grafts from corneal stem cells expanded ex vivo on a
temperature-responsive cell culture surface. Transplantation. 2004;77:379-
385. d0i:10.1097/01.TP.0000110320.45678.30.

Shiroyanagi Y, Yamato M, Yamazaki Y, Toma H, Okano T. Urothelium
regeneration using viable cultured urothelial cell sheets grafted on
demucosalized gastric flaps. In: BJU International. Vol 93. ; 2004:1069-1075.
doi:10.1111/j.1464-410X.2004.04783 .x.

Flores MG, Yashiro R, Washio K, Yamato M, Okano T, Ishikawa I. Periodontal
ligament cell sheet promotes periodontal regeneration in athymic rats. J Clin
Periodontol. 2008;35(12):1066-1072. d0i:10.1111/j.1600-051X.2008.01326.x.

Yang J, Yamato M, Kohno C, et al. Cell sheet engineering: recreating tissues
without biodegradable scaffolds. Biomaterials. 2005;26(33):6415-6422.
doi:10.1016/j.biomaterials.2005.04.061.

Yamato M, Akiyama Y, Kobayashi J, Yang J, Kikuchi A, Okano T. Temperature-
responsive cell culture surfaces for regenerative medicine with cell sheet
engineering. Prog Polym Sci. 2007;32(8-9):1123-1133.
doi:10.1016/j.progpolymsci.2007.06.002.

Kobayashi J, Okano T. Fabrication of a thermoresponsive cell culture dish: a
key technology for cell sheet tissue engineering. Sci Technol Adv Mater.
2010;11(1):014111. doi:10.1088/1468-6996/11/1/014111.

Williams C, Xie AW, Yamato M, Okano T, Wong JY. Stacking of aligned cell

sheets for layer-by-layer control of complex tissue structure. Biomaterials.
2011;32:5625-5632. doi:10.1016/j.biomaterials.2011.04.050.

60



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Matsuda N, Shimizu T, Yamato M, Okano T. Tissue engineering based on cell
sheet technology. Adv Mater. 2007;19:3089-3099. doi:DOI
10.1002/adma.200701978.

Cerqueira MT, Pirraco RP, Santos TC, et al. Human adipose stem cells cell
sheet constructs impact epidermal morphogenesis in full-thickness excisional
wounds. Biomacromolecules. 2013;14(11):3997-4008.
d0i:10.1021/bm4011062.

Sekine H, Shimizu T, Dobashi |, et al. Cardiac cell sheet transplantation
improves damaged heart function via superior cell survival in comparison with
dissociated cell injection. Tissue Eng Part A. 2011;17(23-24):2973-2980.
doi:10.1089/ten.tea.2010.0659.

Nishida K, Yamato M, Hayashida Y, et al. Corneal Reconstruction with Tissue-
Engineered Cell Sheets Composed of Autologous Oral Mucosal Epithelium. Vol
351. 2004. doi:10.1056/NEJM0a040455.

Shimizu T, Sekine H, Yang J, et al. Polysurgery of cell sheet grafts overcomes
diffusion limits to produce thick, vascularized myocardial tissues. FASEB J.
2006;20:708-710. doi:10.1096/fj.05-4715fje.

Pirraco RP, Obokata H, Iwata T, et al. Development of osteogenic cell sheets
for bone tissue engineering applications. Tissue Eng Part A. 2011;17(11-
12):1507-1515. doi:10.1089/ten.TEA.2010.0470.

Bhatia SN, Yarmush ML, Toner M. Controlling cell interactions by
micropatterning in co-cultures : Hepatocytes and 3T3 fibroblasts.
1997;34:189-199.

Yousaf MN, Houseman BT, Mrksich M. Using electroactive substrates to
pattern the attachment of two different cell populations. 2001;2001.

Khetani SR, Bhatia SN. Microscale culture of human liver cells for drug
development. Nat Biotechnol. 2008;26(1):120-126. doi:10.1038/nbt1361.

Albrecht DR, Underhill GH, Wassermann TB, Sah RL, Bhatia SN. Probing the
role of multicellular organization in three-dimensional microenvironments.
Nat Methods. 2006;3(5):369-375. doi:10.1038/nmeth873.

Ebara M, Yamato M, Aoyagi T, Kikuchi A. Temperature-Responsive Cell Culture
Surfaces Enable “ On - Off ” Affinity Control between Cell Integrins and RGDS
Ligands. 2004:505-510.

Ebara M, Yamato M, Aoyagi T, Kikuchi A, Sakai K, Okano T. Immobilization of

Cell-Adhesive Peptides to Temperature- Responsive Surfaces Facilitates Both
Serum-Free Cell Adhesion and Noninvasive Cell Harvest. 2004;10(7).

61



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Ueda E, Levkin P a. Micropatterning hydrophobic liquid on a porous polymer
surface for long-term selective cell-repellency. Adv Healthc Mater.
2013;2(11):1425-1429. doi:10.1002/adhm.201300073.

Chen C, Zhang S-M, Lee I-S. Immobilizing bioactive molecules onto titanium
implants to improve osseointegration. Surf Coatings Technol. 2013;228:5312-
$317. d0i:10.1016/j.surfcoat.2012.05.112.

Tunma S, Song D-H, Kim S-E, Kim K-N, Han J-G, Boonyawan D. Immobilization
of sericin molecules via amorphous carbon plasma modified-polystyrene dish
for serum-free culture. Appl Surf Sci. 2013;283:930-940.
doi:10.1016/j.apsusc.2013.07.046.

Matsumura K, Hyon S-H. Polyampholytes as low toxic efficient cryoprotective
agents with antifreeze protein properties. Biomaterials. 2009;30(27):4842-
4849. doi:10.1016/j.biomaterials.2009.05.025.

Stacy G. Cryopreservation. Cell Rep (ECACC News Lett. 1994;July:2-3.

Pasch J, Schiefer A, Heschel I, Rau G. Cryopreservation of keratinocytes in a
monolayer. Cryobiology. 1999;39:158-168. doi:10.1006/cryo0.1999.2197.

Pegg DE. The current status of tissue cryopreservation. Cryo-Letters.
2001;22:105-114.

Karlsson JOM, Toner M. Long-term storage of tissues by cryopreservation:
Critical issues. Biomaterials. 1996;17:243-256. doi:10.1016/0142-
9612(96)85562-1.

Hunt CJ. Cryopreservation of Human Stem Cells for Clinical Application: A
Review. Transfus Med Hemother. 2011;38(2):107-123.
doi:10.1159/000326623.

Muldrew K, Mcgann LE. Mechanisms of intracellular ice formation. Biophys J.
1990;57:525-532. doi:0006-3495/90/03/525/08.

Kuleshova L, Hutmacher D, Pegg D. Chapter 13 Cryobiology.

Fuller BJ. Cryoprotectants: The essential antifreezes to protect life in the
frozen state. Cryo-Letters. 2004;25:375-388.

Fahy GM. The relevance of cryoprotectant “toxicity” to cryobiology.
Cryobiology. 1986;23:1-13. d0i:10.1016/0011-2240(86)90013-1.

Kito K, Kagami H, Kobayashi C. Effects of Cryopreservation on Histology and

Viability of Cultured Corneal Epithelial Cell Sheets in Rabbit. 2005;24(6):735-
741.

62



96. Sum AK, Pablo JJ De. Molecular Simulation Study on the Influence of
Dimethylsulfoxide on the Structure of Phospholipid Bilayers. Biophys J.
2003;85(6):3636-3645. doi:10.1016/S0006-3495(03)74781-X.

97. Anchordoguy TJ, Cecchini CA, Crowe JH, Crowe LM. Insights into the
cryoprotective mechanism of dimethyl sulfoxide for phospholipid bilayers.
Cryobiology. 1991;28:467-473. doi:10.1016/0011-2240(91)90056-T.

98. LiY, MaT.Bioprocessing of cryopreservation for large-scale banking of human
pluripotent stem cells. Biores Open Access. 2012;1(5):205-214.
doi:10.1089/biores.2012.0224.

99. Rodrigues JP, Paraguassu-Braga FH, Carvalho L, Abdelhay E, Bouzas LF, Porto
LC. Evaluation of trehalose and sucrose as cryoprotectants for hematopoietic
stem cells of umbilical cord blood. Cryobiology. 2008;56:144-151.
d0i:10.1016/j.cryobiol.2008.01.003.

100. Arakawa T, Carpenter JF, Kita YA, Crowe JH. The basis for toxicity of certain
cryoprotectants: A hypothesis. Cryobiology. 1990;27:401-415.
doi:10.1016/0011-2240(90)90017-X.

101. Hunt CJ. Cryopreservation of Human Stem Cells for Clinical Application: A
Review. Transfus Med Hemother. 2011;38:107-123. doi:10.1159/000326623.

102. ChenF, Zhang W, Wu W, et al. Cryopreservation of tissue-engineered
epithelial sheets in trehalose. Biomaterials. 2011;32:8426-8435.
doi:10.1016/j.biomaterials.2011.07.008.

103. Morris GJ, Acton E. Controlled ice nucleation in cryopreservation--a review.
Cryobiology. 2013;66:85-92. doi:10.1016/j.cryobiol.2012.11.007.

104. MAZUR P. KINETICS OF WATER LOSS FROM CELLS AT SUBZERO
TEMPERATURES AND THE LIKELIHOOD OF INTRACELLULAR FREEZING. J Gen
Physiol. 1963;47:347-369. doi:10.1085/jgp.47.2.347.

105. Mazur P. Freezing of living cells: mechanisms and implications. Am J Physiol.
1984;247:C125-C142. doi:review.

106. Madden PW, Pegg DE. Calculation of Corneal Endothelial-Cell Volume during
the Addition and Removal of Cryoprotective Compounds. Cryo-Letters.
1992;13:43-50. <Go to ISI>://A1992HD48300006.

107. El-danasouri Cl, Ph D. Vitrification versus conventional cryopreservation
technique. 2005;10(3):205-206.

108. Yu G, Floyd ZE, Wu X, Halvorsen YD, Gimble JM. Isolation of human adipose-
derived stem cells from lipoaspirates. Methods Mol Biol. 2011;702:17-27.
doi:10.1007/978-1-61737-960-4_2.

63



1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Brown M, Wittwer C. Flow cytometry: Principles and clinical applications in
hematology. Clin Chem. 2000;46(8 11):1221-1229.

Decallonne B, Bouillon R. The Use of Real-Time Reverse Transcriptase PCR for
the Quantification of Cytokine Gene Expression. 2003;14(1):33-43.

Pfaffl MW. A new mathematical model for relative quantification in real-time
RT — PCR. 2001;29(9):16-21.

Cerqueira MT, Pirraco RP, Santos TC, et al. Human adipose stem cells cell
sheet constructs impact epidermal morphogenesis in full-thickness excisional
wounds. Biomacromolecules. 2013;14(11):3997-4008.
d0i:10.1021/bm4011062.

Em E. LIVE/DEAD ® Viability/Cytotoxicity Kit *for mammalian cells*. Small.
2005.

Propidium M, When S. Propidium lodide Nucleic Acid Stain. Microscopy.
2006:1-5. d0i:10.1101/pdb.caut676.

Ide T, Nishida K, Yamato M, et al. Structural characterization of bioengineered
human corneal endothelial cell sheets fabricated on temperature-responsive
culture dishes. Biomaterials. 2006;27:607-614.
doi:10.1016/j.biomaterials.2005.06.005.

Labbe R, Germain L, Heureux NL, Auger OISA. A completely biological tissue-
engineered human blood vessel. The FASEB. 1998;12:47-56. doi:0892-
6638/97/0012-0047.

Jakub Tolar, MD, Katarina Le Blanc, MD, Armand Keating and BRB. Hitting the
right spot with mesenchymal stromal cells (MSCs). 2013;28(8):1446-1455.
doi:10.1002/stem.459.Hitting.

Wang X, Hua T-C, Sun D-W, Liu B, Yang G, Cao Y. Cryopreservation of tissue-
engineered dermal replacement in Me2SO: Toxicity study and effects of
concentration and cooling rates on cell viability. Cryobiology. 2007;55(1):60-
65. d0i:10.1016/j.cryobiol.2007.05.006.

Chinnadurai R, Garcia MA, Sakurai Y, et al. Actin cytoskeletal disruption
following cryopreservation alters the biodistribution of human mesenchymal
stromal cells in vivo. Stem Cell Reports. 2014;3:60-72.
d0i:10.1016/j.stemcr.2014.05.003.

Xu X, LiuY, Cui Z, Wei Y, Zhang L. Effects of osmotic and cold shock on

adherent human mesenchymal stem cells during cryopreservation. Journal of
Biotechnology. 2012:224-231.

64



121.

122.

123.

124.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular Biology
of the Cell, Fourth Edition.; 2002.

Russo A, Bonci P, Bonci P. The effects of different preservation processes on
the total protein and growth factor content in a new biological product
developed from human amniotic membrane. Cell Tissue Bank. 2012;13(2):353-
361. doi:10.1007/s10561-011-9261-5.

Loecker RDE, Fuller BJ, Gruwez J. The Effects of Cryopreservation Transport ,
and Protein on Membrane Integrity , Membrane Synthesis in Rat Hepatocytes.

1990;152:143-152. doi:001 1-2240/90.

Tahrin Mahmood P-CY. Western blot: Technique, theory, and trouble
shooting. doi:10.4103/1947-2714.100998.

65



