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Resumen

La medicina regenerativa es una rama de la medicina que se ha desarrollado
considerablemente en los Ultimos afos. Su objetivo es reparar o reemplazar un
tejido o la funcidon de un érgano mediante la estimulacién e induccién de su
propia regeneracién. En la actualidad, las células madre mesenquimales (MSCs)
juegan un papel crucial en las estrategias de reparacién o regeneracion tisular
ya que tienen la capacidad de diferenciarse hacia otros tipos celulares,
presentan actividad paracrina y propiedades inmunorreguladoras. Ademas, la
disponibilidad y versatilidad de estas células, junto al hecho de que no existen
problemas éticos asociados a su uso 13, han permitido su aplicacidn clinica para
el tratamiento de enfermedades asociadas con la inflamacidn, isquemia o
reacciones autoinmunes. Entre los distintos tipos de MSCs, destacan las células
madre mesenquimales derivadas de tejido adiposo humanas (hASCs), puesto
que son de facil obtencién por procedimientos minimamente invasivos,
mantienen sus propiedades stem en cultivo durante mas tiempo que otras MSCs
y liberan gran variedad de factores que pueden modular la neuroinflamacién o
el estrés oxidativo *>. De hecho, actualmente estdn recogidos en la base de
datos oficial de los Institutos Nacionales de Salud de EE. UU.
(www.clinicaltrials.gov) mds de 500 ensayos clinicos que utilizan MSCs en
diferentes tipos de patologias, entre los cuales cerca de un 20 % emplean las

hASCs.

Sin embargo, su actividad terapéutica presenta limitaciones. Entre ellas, destaca
el hecho de que, una vez trasplantadas en el tejido dafado, todos los tipos de
MSCs, incluidas las hASCs, tienen una baja tasa de supervivencia, debido
principalmente a que en el lugar de implantacién encuentran unas condiciones
ambientales adversas, tales como la deprivacién de nutrientes, la inflamacion

y/o un elevado estrés oxidativo local ®’.

Cuando se produce estrés oxidativo, ya sea por agotamiento de antioxidantes o

por acumulacién de especies reactivas de oxigeno (ROS) &, se ocasiona un dafio
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y disfunciéon celular que disminuye la viabilidad y Ila actividad
inmunomoduladora de las MSCs injertadas . Para sobrevivir en estas
circunstancias, las células han desarrollado diversas estrategias que implican la
activacion de factores de transcripcion, los cuales promueven la sintesis de

moléculas responsables de la respuesta antioxidante celular.

Un importante mecanismo celular para reducir el estrés oxidativo es la via de
sefializacion del elemento de respuesta antioxidante (ARE) del factor 2
relacionado con el factor nuclear E2 (NRF2). El NRF2 es un factor de
transcripcién que regula la expresién de genes que codifican proteinas
antioxidantes, antiinflamatorias y desintoxicantes %12, En ausencia de estrés, el
NRF2 se localiza en el citoplasma, donde interactuia con la proteina de unidn a
actina, la proteina 1 asociada a ECH tipo Kelch (Keap1), lo que conduce a su
ubiquitinacién y degradacion proteasdmica 3. Sin embargo, en condiciones de
estrés oxidativo, el NRF2 se disocia de la Keapl y se transloca al nucleo,
induciendo la transcripcién de diversas proteinas, como la hemo-oxigenasa-1
(HO-1), superéxido dismutasa-1 (SOD-1), glutatién peroxidasa-1 (GPx1) vy
catalasa (CAT), las cuales juegan un papel importante en la proteccién de las
células contra el dafio inducido por el estrés oxidativo *'°, Ademas de su
participacién en las respuestas antioxidantes y desintoxicantes, NRF2 también

juega un papel importante en la respuesta inflamatoria.

En estudios recientes, se ha observado que, en condiciones de estrés, se
produce una comunicacién cruzada entre el NRF2 y las vias de sefializacién del
factor nuclear kB (NF-kB) Y. EI NF-kB es un factor de transcripciéon cuya
translocacion al nucleo inicia la transcripcion de moléculas proinflamatorias,
incluidas las citocinas como IL-1, IL-6 y TNF-q, la enzima ciclooxigenasa-2 (COX-
2) y otras 8, El NRF2 puede activarse por estrés oxidativo o inhibirse por la
presencia de agentes antioxidantes. Por lo tanto, la activacidon del NRF2 evita la

sobreproduccion de mediadores proinflamatorios, mientras que su supresién se
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asocia con un aumento de la expresidon del NF-kB °2, En definitiva, la
interaccion entre estas dos vias esta estrechamente relacionada con el estado

oxidativo / inflamatorio de la célula y, en consecuencia, con su supervivencia.

La supervivencia de los diferentes tipos de MSCs en un entorno oxidativo /
inflamatorio conlleva un incremento del gasto de energia, razén por la cual la
demanda bioenergética de estas células requiere una adaptacion metabdlica
2223 | a bioenergética desempefia un papel fundamental en la resistencia al
estrés ambiental, donde el mantenimiento del equilibrio entre el aporte y el
gasto de la energia es un requisito clave para la supervivencia ?*. Las células
obtienen energia libre en forma quimica a través del catabolismo de las
moléculas de nutrientes y utilizan esta energia para producir ATP a partir de ADP
+ Pi. La hidrdlisis de ATP libera energia libre que las células utilizan para
mantener importantes funciones, como la sintesis de proteinas y acidos
nucleicos, el transporte de moléculas o iones en contra de un gradiente a través
de las membranas, la motilidad celular, la division celular, etc. En las células de
mamiferos, las vias de la glicdlisis y la fosforilacion oxidativa (OXPHOS)
proporcionan la mayor parte del ATP celular. Todas las MSCs son células
predominantemente glicoliticas pero con capacidad para transitar facilmente
entre la via de la glicdlisis y la via OXPHOS, adaptandose asi a los cambios del

microambiente %°.

Con el fin de mejorar la resistencia de las MSCs en un entorno oxidativo /
inflamatorio, aumentando asi la tasa de supervivencia tras la implantacidn, se
han propuesto diferentes estrategias de preacondicionamiento celular 32-28, E|
proceso de preacondicionamiento consiste en una exposicidon sub-letal a
estresores celulares que promueven la expresidén y la secrecién de algunas
moléculas necesarias para reducir el dafio y aumentar la supervivencia,
proporcionando a las células la capacidad de responder eficientemente a un

nivel mas alto del mismo agente inductor de estrés 2731, En un estudio previo,
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demostramos que el preacondicionamiento con bajas dosis de H,0, promovié
una recuperacidon mas rapida de hASCs tras su criopreservacion, lo que mejord
su capacidad de adhesién, migracién y supervivencia en entornos de estrés

oxidativo 32.

En el contexto de estas investigaciones, el presente estudio in vitro tiene como
objetivos, en primer lugar, evaluar el efecto sobre el comportamiento bioldgico
de las hASCs sometidas a un preacondicionamiento con dosis bajas de H,0; (ver
detalles en la patente HC016; WO / 2013/004859, 2013); en segundo lugar,
analizar la capacidad de respuesta de las hASCs preacondicionadas (PC-hASCs)
ante un microambiente de estrés oxidativo; en tercer lugar, dilucidar los
mecanismos moleculares y bioenergéticos que subyacen en el incremento de la
resistencia de estas células cuando son sometidas a un microambiente
oxidativo; y en cuarto lugar, evaluar la capacidad terapéutica de las células
preacondicionadas para reparar el dafo oxidativo de otras poblaciones

celulares.

En relacion al primer objetivo, demostramos que las PC-hASCs, en condiciones
de cultivo estandar, no presentan modificaciones significativas en los diferentes
parametros bioldgicos celulares, tales como la morfologia, la senescencia, el
ciclo celular o la actividad proliferativa. Sin embargo, en el analisis del perfil
protedmico identificamos un 1% de proteinas expresadas de forma diferencial.
Aunque este porcentaje no supone una gran variacion, la funcion de las
proteinas expresadas diferencialmente aporta informacién relevante sobre el
efecto del preacondicionamiento en dichas células. De este modo, se observa
que las funciones de dichas proteinas estan principalmente relacionadas con la

capacidad antioxidante y el metabolismo energético celular.

En lo relativo al segundo objetivo, evaluamos la supervivencia de las PC-hASCs
bajo condiciones de estrés oxidativo. En esta parte del estudio, para inducir el

estrés oxidativo se administré H,O, directamente en el medio de cultivo a dos
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concentraciones diferentes (0.25 o 0.5 mM). El H,0, permanecié en contacto
con las células durante 1 hora, en la cual el H,0; produjo un aumento tiempo-y
dosis- dependiente de los niveles de ROS, asi como un aumento de la apoptosis
y una reduccién de la viabilidad celular. Sin embargo, las PC-hASCs toleraron
mejor las diferentes concentraciones de H,03, ya que los niveles intracelulares
de ROS, la apoptosis y el porcentaje de citotoxicidad se redujeron en
comparacién con las hASCs no preacondicionadas. Esta resistencia al estrés
oxidativo inducido fue mds evidente cuando se aplicé la concentracion de 0.25
mM. Teniendo en cuenta estos resultados y el hecho de que esta concentracion
es similar a la observada en procesos inflamatorios desencadenados en algunos
33

tejidos *°, en el resto del estudio experimental se utilizd6 exclusivamente la

concentraciéon de 0.25 mM.

Para llevar a cabo el tercer objetivo, analizamos las vias de sefalizacion
implicadas en la resistencia de estas células al estrés oxidativo; en particular,
nuestro estudio se centr6 en la via del NRF2-ARE. Observamos que, en
comparacion con los controles, tras recibir un estimulo oxidativo las PC-hASCs
muestran una mayor expresion de NRF2 y de las enzimas antioxidantes

relacionadas con este factor de transcripcion (HO - 1, SOD-1, GPx-1y CAT).

Debido a la estrecha relacion que existe entre el NRF2 y el NF-kB, se estudid
también la expresién del NF-kB y las moléculas proinflamatorias COX-2 e IL-1.
Los resultados demostraron que las PC-hASCs sometidas a la accidon toxica del
H,0,, reducen la expresién del NF-kB, COX-2 e IL-1B, probablemente debido a la
sobreexpresion del NRF2 ocasionada por el preacondicionamiento. Asimismo,
evaluamos la expresién de p-AKT y p-ERK para determinar si estas proteinas de
sefializacion estan relacionadas con el incremento de la supervivencia de las PC-
hASCs, ya que esta descrito que también reaccionan ante la existencia de un
estrés oxidativo 3*3%, Nuestros resultados mostraron que el estrés oxidativo

aumenta la expresion de p-AKT, tanto en hASCs como en PC-hASCs, si bien no
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se observaron diferencias significativas en la respuesta de ambas poblaciones
celulares. Este aumento en la fosforilacién de AKT podria estar relacionado con
la regulacién positiva de las proteinas antiapoptoéticas 3. Con respecto a ERK,
observamos que, tras la estimulacién con H,0,, se produjo una disminucién en
su fosforilacion, siendo dicha reduccion mas evidente en las células
preacondicionadas, lo que puede atribuirse al aumento de su respuesta
antioxidante. Se ha descrito que la induccidn de la fosforilacion de ERK ante el
estrés oxidativo conduce a la activacion de NF-kB 3%; de este modo, estos datos
sugieren que, en condiciones de estrés oxidativo, el aumento de la respuesta
antioxidante de las PC-hASCs puede atenuar la expresion de p-ERK'y, asi, reducir

la expresidn del NF-kB.

Tal y como ocurre con cualquier actividad celular, es légico pensar que el
aumento en la respuesta antioxidante de las PC-hASCs requiere una adaptacion
previa de su metabolismo energético. Dicha adaptacidn permitiria proporcionar
la energia necesaria para la activacion de las vias de sefializacién, asi como para
la supervivencia y la proliferacién, y finalmente, la adaptacién al entorno
inmediato. En este trabajo hemos analizado las dos vias metabdlicas principales
de obtencién de energia, la respiracion mitocondrial y la glicdlisis, tanto en
condiciones estandar como oxidativas. Las hASCs utilizan tanto la fosforilacién
oxidativa como la via glicolitica, siendo esta ultima la fuente principal para la
generacion de ATP 3%, Nuestro estudio confirma estas observaciones, ya que
alrededor del 95% de la produccién total de ATP de estas células se obtuvo a
partir de la glicdlisis. Al analizar ambas vias por separado, observamos que, tras
el dafio ocasionado por el H;0,, las PC-hASCs incrementaron 1.8 veces la
respiracion basal y 1.4 veces la respiracion maxima comparadas con las hASCs.
En condiciones de estrés oxidativo, las hASCs parecen limitar la actividad
mitocondrial en un intento de reducir los niveles intracelulares de ROS. Los ROS
son generados por varios organulos, entre los cuales las mitocondrias son la

principal fuente de oxidantes celulares y, por lo tanto, el lugar principal para la

8
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posible sobreproduccién de ROS 2. En cambio, las PC-hASCs aumentan la
actividad mitocondrial en condiciones de estres, ya que cuentan con una mayor
concentracion de antioxidantes que pueden compensar dicho incremento de
ROS. Sin embargo, la via metabdlica OXPHOS constituye exclusivamente el 5%
del metabolismo de las hASCs, por lo que el estudio de la glicdlisis fue necesario
para comprender el efecto del preacondicionamiento en el metabolismo

energético.

Tras la estimulacién con 0.25 mM de H,0,, observamos que la actividad
glicolitica basal disminuyd significativamente. Esta reduccion fue mas notable
en las hASCs, lo que nos llevd a investigar los mecanismos subyacentes que
podrian activarse para contrarrestar el estrés oxidativo e incrementar la
glicélisis en las PC-hASCs. Por este motivo, analizamos la expresién de HIF-1a,
un factor clave que codifica proteinas relacionadas con la obtencién de energia
por la via glicolitica; y pudimos observar un aumento significativo en su
expresion en las PC-hASCs con respecto a las hASCs. Este resultado sugiere que
el preacondicionamiento activa HIF-1a, lo que aumenta la actividad glicolitica
basal, probablemente como un mecanismo para reducir los niveles

intracelulares de ROS e incrementar la produccién de ATP.

En el cuarto y ultimo objetivo, estudiamos el potencial efecto terapéutico de las
PC-hASCs o sus derivados (CM) sobre una poblaciéon celular de estirpe

oligodendroglial sometida a estrés oxidativo.

En esta parte del estudio, utilizamos la linea celular HOG, sobre la que se aplicé
un protocolo de diferenciacion (cultivo con DMEM con alto contenido de
glucosa, suplemento de N2, T3 30 nM y SBF al 0.05%, durante 8 dias) con el
objetivo de obtener una poblacién de células similares a los oligodendrocitos
(HOGd). Tras la diferenciacién, las HOGd mostraron proyecciones
citoplasmdticas ramificadas y extensiones cortas de membrana, una

disminucién en la actividad proliferativa y un aumento en la expresidon de MBP,
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CNPasa y MOG, lo cual se corresponde con los resultados obtenidos por otros
autores 7%, Una vez que se establecid el protocolo de diferenciacidn y se
obtuvo un cultivo estable de las HOGd, se estudio el efecto del estrés oxidativo
en estas células. Asi, como modelo de induccién del estrés oxidativo, utilizamos
la administracién de 0.25 mM H,0,, durante 1 hora. Este modelo nos permitio
analizar el efecto de la oxidacién sobre la viabilidad y proliferacién celular, asi
como sobre los niveles intracelulares de ROS. Como era previsible, el H,0;
ocasiond un aumento significativo de los niveles intracelulares de ROS y una

disminucion de la viabilidad celular.

Una vez analizado el efecto de la oxidacién sobre las HOGd, evaluamos el papel
terapéutico de las PC-hASCs, tanto a través de su CM como del cocultivo
indirecto de ambos tipos celulares. En presencia del CM de hASCs o de PC-
hASCs, la poblacién de oligodendrocitos sometida a estrés oxidativo (oxHOGd)
recuperd su viabilidad a niveles similares a los de las células control, ademas de
verse reducidos significativamente los niveles intracelulares de ROS a las 48
horas. Sin embargo, este efecto fue mds pronunciado cuando las oxHOGd se
cocultivaron mediante insertos con las hASCs o PC-hASCs. De hecho, a las 48
horas, los niveles intracelulares de ROS de las oxHOGd se redujeron

significativamente vy la viabilidad celular superd la del control.

Aunque las dos estrategias, CM vy cocultivo indirecto, mostraron efectos
reparadores en las oxHOGd, el cocultivo celular indujo una recuperaciéon mayor
de las funciones de las oxHOGd que el producido por CM. Estos resultados
indican que la presencia de las oxHOGd es necesaria para inducir a las células
madre mesenquimales a producir los factores requeridos para la recuperacién

de las oxHOGd.

Entre los diferentes cocultivos realizados, el constituido por las oxHOGd y las PC-

hASCs sometidas a estrés oxidativo obtuvo un incremento mayor de la viabilidad

10
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(1,4 veces mayor que la del control) y una mayor reduccion de los niveles de

ROS (reduccion de 1,3 veces de los valores obtenidos por el control).

Por lo tanto, todos estos datos demuestran que el estrés oxidativo inducido por
0.25 mM de H,0; estimula la respuesta antioxidante de las PC-hASCs, la cual
tuvo un efecto beneficioso en la recuperacién de las oxHOGd. A continuacion,
analizamos los mecanismos implicados en dicho efecto; para ello, evaluamos la
capacidad antioxidante total y la expresiéon de proteinas relacionadas con la
respuesta antioxidante, tanto en las oxHOGd como en las células
mesenquimales. Los resultados sugieren que la sobreexpresién del NRF2, HO-1,
SOD-1 y CAT en las PC-hASCs mejoré la recuperacién de las oxHOGd al reducir
los niveles de ROS y aumentar la viabilidad de estas células. Estos datos
muestran que la adaptacion al estrés oxidativo es una ventaja fundamental de
las PC-hASCs, ya que pone en marcha mecanismos que mejoran su
supervivencia y mantienen su funcionalidad tras ser sometidas a un estrés

oxidativo adicional, incrementando su capacidad terapéutica.

Finalmente, evaluamos la capacidad migratoria de las células mesenquimales en
respuesta a un estimulo quimiotactico de las oxHOGd, mediante cocultivo
indirecto. Nuestros resultados demostraron que las PC-hASCs presentan una
capacidad de migracion hacia las oxHOGd significativamente mayor que las
hASCs control, lo que sugiere que las PC-hASCs pueden responder de manera
mas eficiente a las sefiales quimiotacticas presentes en el secretoma de las
oxHOGd. Estas diferencias se observaron tanto en condiciones estandar como
después de la exposicion al H,0,, probablemente porque la adaptacion al estrés
oxidativo hace que las PC-hASCs permanezcan en un estado de alerta que

acelera su respuesta a las sefiales emitidas por las oxHOGd.

En conclusidon, este trabajo demuestra que el preacondicionamiento de las

hASCs con dosis bajas de H,0, mejora su supervivencia y su capacidad de

11
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adaptacion a las condiciones de estrés oxidativo a través de dos mecanismos, el

incremento de la actividad antioxidante y la plasticidad metabdlica.

En condiciones de estrés oxidativo, las PC-hASCs j, reducen los niveles
intracelulares de ROS al sobreexpresar el factor de transcripcion NRF2 y las
enzimas antioxidantes HO-1, SOD-1, GPx-1y CAT,; ii, disminuyen la secrecién de
moléculas proinflamatorias COX-2 e IL-1P al atenuar la expresién de NF-kB, v iii,
aumentan la tasa de produccidn total de ATP, adaptando su metabolismo para

satisfacer la demanda bioenergética requerida para sobrevivir.

Por ultimo, las PC-hASCs muestran una mayor capacidad reparadora, como se
ha demostrado en un modelo de células oligodendrogliales sometidas a estrés

oxidativo, promoviendo la respuesta antioxidante de estas células dafiadas.

En conjunto, estos hallazgos indican que las PC-hASCs podrian considerarse un
avance importante en la terapia celular, ya que poseen mecanismos que
permiten hacer frente a la baja tasa de supervivencia de las células injertadas
en un microambiente tisular adverso y de este modo mejorar su eficacia

terapéutica.
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Summary

In the field of regenerative medicine, it has been pointed out the relevance of
human adipose derived stem cells (hASCs) for cell therapy. They can be easily
obtained, have low immunogenicity, and secrete soluble factors that could
regulate neuroinflammation and oxidative stress. However, their
transplantation at the site of injury results in a low percentage of survival and
engraftment, mainly due to the harsh microenvironment they encounter. To
address this issue, it is imperative to pre-adapt cells, so that they resist harmful

environmental factors such as oxidative stress.

In this study, we preconditioned hASCs (PC-hASCs) with low doses of H,0, and
evaluated their resistance to an oxidative stress insult. PC-hASCs displayed
lower levels of ROS, apoptosis and cytotoxicity than hASCs, indicating their

increased capacity to resist to oxidative stress.

In addition, we analyzed the molecular and bioenergetic mechanisms underlying
the survival and adaptation of PC-hASCs under oxidative stress. On these
conditions, PC-hASCs i, reduce intracellular ROS levels by overexpressing the
transcription factor NRF2 and their related antioxidant enzymes HO-1, SOD-1,
GPx-1, and CAT,; ii, reduce the secretion of pro-inflammatory molecules COX-2
and IL-1B by attenuating the expression of NF-kB, and jii, increase the total ATP
production rate by adapting their metabolism in order to meet the bioenergetic

demand required to survive.

Finally, we evaluated the therapeutic role of PC-hASCs to overcome the
deleterious effect of oxidative stress in an oligodendroglial cell population, and
proved that PC-hASCs restored cell viability and diminished the intracellular ROS
levels of these damaged oligodendrocytes by promoting their antioxidant

response.
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Altogether, these findings support that PC-hASCs, given their beneficial
advantages, might be considered an important breakthrough in cell-based

therapies.
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l. Introduction

I.1. Tissue Injury and Regenerative Medicine

Tissue injury, caused by disease, age or trauma, initiates a chemical signaling
cascade in the body that, depending on the character or acuteness of the injury,
triggers various healing mechanisms. These mechanisms include stimulation of
cell proliferation, differentiation and metabolic activity of the tissue, initiation
of the inflammatory response, and the recruitment of stem cells into the
damaged tissue, where they differentiate to generate specific cells required for

healing ¥/.

However, there are several factors that can limit the efficiency of endogenous
tissue repair. These limiting factors include the type and extent of the injury, its
location, chronic inflammation, oxidative stress or metabolic failure “8. Under
normal conditions, inflammation’s purpose is to minimize the injury, remove the
deleterious stimuli, and finally initiate repair and regeneration of damaged
tissue in order to restore the homeostasis *°. Although inflammation is one of
the main defense mechanisms of the body against injury, when uncontrolled or
unresolved, can lead to persistent chronic inflammation, excessive tissue
damage, and dysregulation of tissue healing. In addition, it may give rise to an
array of diseases, such as cardiovascular diseases, atherosclerosis, type 2
diabetes, rheumatoid arthritis, and cancers °°. Furthermore, the dysregulated
inflammatory process is associated with overproduction of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), leading to oxidative stress
and activation of different cell signaling pathways °%. During the inflammatory
response, there is an increase in the levels of free radicals, generated mainly as
a product of the metabolism of the cells of the immune system. In response to
this, the cell’s antioxidant systems remove the excess of reactive species and
activate genes related to the repair of molecules damaged by oxidative stress.

However, if inflammation is chronic, overproduction of ROS/RNS activates
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signaling pathways and create vicious cycles that maintain a high secretion of
pro-inflammatory cytokines and chemokines, which also induce the production
of ROS/RNS and the impairment of antioxidant systems, leading to an oxidative

stress situation 2.

Oxidative stress is the consequence of an imbalance between the excessive
production of ROS/RNS and the cellular antioxidant capacity. Although low basal
levels of ROS/RNS are required to maintain cellular processes such as cell
survival, proliferation, and inflammatory signaling, an overproduction causes
cellular damage by inducing irreversible functional alterations or even
destruction of cellular macromolecules, such as lipids, proteins, carbohydrates,
and nucleic acids, resulting in the functional impairment of the cells & and,

therefore, limiting the efficiency of endogenous tissue repair.

Another factor that limits the body’s own healing process is the metabolic
failure of the cells. Survival in an oxidative/inflammatory environment is an
energy-demanding process for any cell, that requires an effective metabolic
adaptation to fulfill the bioenergetic demand >, Bioenergetics plays a central
role in the tolerance to environmental stress, where a balance between the
input and expenditure of energy is a key requirement for survival 2*. However,
tissue injury is usually characterized by low oxygen tension and nutrient
deprivation, which limit the availability of substrates necessary for energy
generation, leading to an imbalance between the cell energy demand and the

supply needed to maintain homeostasis, resulting in cell death.

These limitations are the reason why the endogenous repair is often inadequate
to restore normal function or to prevent disease progression over time and,
consequently, they justify the increasing interest in developing exogenous
strategies for tissue repair. In this way, regenerative medicine has emerged as a

branch of medical science with the potential to heal tissues and organs that have
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been injured by aging or disease, on the basis of regeneration principles 5%,
Regeneration is a natural process by which damaged tissues or organs are
repaired or replaced through the activation of specific renewal mechanisms,

resulting in the restoration of their natural function .

Therefore, regenerative medicine is defined as an interdisciplinary area of
research that comprises a broad range of biomedical approaches to heal the
body via stimulation of endogenous cells to repair damaged tissues/organs, or
via transplantation of cells or engineered tissues to replace the diseased or

657 The area of regenerative medicine encompasses several

injured ones
strategies including: i, cell therapies; i, gene therapies; and iii, tissue

engineering (Table 1).

Table 1. Regenerative medicine strategies.

is based on the transplantation of specific types of cells or

cell products to replace or repair damaged tissue.

is a technique that uses genes to treat or prevent disease.
Genes can be replaced, added or turned off to help the

body to fight or treat disease.

is the combination of cells, biomaterials and biologically
active molecules to develop functional tissues to restore,

maintain, or improve damaged ones or whole organs.

The central focus of regenerative medicine is human cells. Among them, stem
cells play a relevant role given their capability to differentiate into different cell
lineages, promote the repair and regeneration of target tissue, and release an

array of growth factors and immunomodulatory molecules 8.
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1.2. Stem Cells

Stem cells, present in most multicellular organisms, have three specific
properties: i, they are capable of dividing and renewing themselves for long
periods; ii, they are unspecialized; and iij, they can give rise to specialized or

differentiated cell types >° (Fig. 1).
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Figure 1. Stem cells properties. Modified from the image prepared by Catherine Twomey for the
National Academies, Understanding Stem Cells: Overview of the Science and Issues from the

National Academies, http://www.nationalacademies.org/stemcells.

1.2.1. Stem Cells Types

Depending on their potential to differentiate to specialized cell types, stem cells

can be defined as totipotent, pluripotent or multipotent (Fig. 2).

[.2.1.1. Totipotent Stem Cells

Totipotent stem cells are the least differentiated cells, produced from the fusion
of an egg and sperm cell, and are only present until morula stage of
development. They can generate an entire functional organism by
differentiating into both embryonic and extraembryonic tissues, including the

umbilical cord and placenta °
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[.2.1.2. Pluripotent Stem Cells

Pluripotent stem cells are one step downstream of totipotent stem cells, having
been lost the potential to differentiate into extraembryonic tissues. They can
give rise to cells from all three embryonic germ layers: endoderm, ectoderm and
mesoderm. Embryonic stem cells (ESCs), isolated from the inner cell mass of
mammalian blastocysts, are the best known type of pluripotent stem cells 6273,

Another example are the induced pluripotent stem cells (iPSCs), which were

generated by reprogramming somatic cells .
Embryonic stem cells (ESCs)

These pluripotent stem cells are isolated from the inner cell mass of the
developing blastocyst; they have the potential to produce every cell type in the
human body thanks to transcription factors such as Oct4, Sox2 and Nanog °°.
ESCs are also easy to collect, purify and maintain in the laboratory. However, to
be used for therapies ESCs would first need to be differentiated into specialized
cell types, in order to avoid the risk of creating teratomas. Moreover, the
destruction of a human embryo to obtain ESCs poses a legal and moral dilemma,

thus slowing down the development of ESCs-based therapies ¢,

Induced pluripotent stem cells (iPSCs)

iPSCs were first generated in 2006 by Shinya Yamanaka's team at Kyoto
University (Japan). They reprogrammed mouse embryonic or adult fibroblasts
directly into a pluripotent state by introducing four essential factors (Oct3/4,
Sox2, c-Myc, and KIf4) ® and only one year later, in 2007, human adult
fibroblasts were also effectively reprogrammed 8. These reprogrammed cells
displayed similar gene expression, epigenetic profile and differentiation
potential as that of ESCs in addition to several advantages. Importantly, iPSCs

solved the ethical issue of ESCs because they can be generated without
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destructing embryos. Furthermore, the source of iPSCs can be autologous, so
immunosuppression is not necessary for cell transplantation . Since their
discovery, human iPSCs have been widely used for disease modelling, drug
discovery and cell therapy development. However, genomic instability can occur
at any stage of iPSC generation, which can lead to adverse effects including

7071 Therefore, to ensure iPSCs safety prior to potential clinical

tumorigenicity
applications, it is crucial to characterize and classify the possible genomic

aberrations acquired during reprogramming.

1.2.1.3. Multipotent Stem Cells

Multipotent stem cells are derivative of either of the three germ layers.
Although they are capable of giving rise to multiple cell types, they cannot
differentiate into all somatic cell types (like pluripotent stem cells). Therefore,
differentiation of multipotent stem cells is restricted to a single germ lineage
from which the cells initially originated 7> (Table 2). Most adult stem cells are

multipotent stem cells.

Table 2.Types of multipotent stem cells depending on their origin.

Ectoderm Neural, Dental Pulp, Skin and Ocular Stem Cells

Mesenchymal, Hematopoietic, Endothelial and
Mesoderm
Cardiac Stem Cells

Pulmonary, Epithelial, Gastrointestinal Tract,

Endoderm
Pancreatic, Hepatic Stem Cells
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Adult stem cells

Adult stem cells are undifferentiated cells found in adult organisms; they are
capable of self-renewal and give rise to a limited number of mature cell types
that divide to replenish dying cells and regenerate damaged tissues 7. Initially
they were defined as multipotent cells, however, years later it was observed
that some cells were able to differentiate themselves to different lineages 7*
Some such mesenchymal stem cells (MSCs) are able to differentiate themselves
to various cell types, such as cardiomyocytes (mesodermal), hepatocytes
(endodermal) and keratinocytes (ectodermal), according to the local

microenvironment 7477,
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Figure 2. Diferentiation potentials of stem cells. Modified from Tewary et al. 77.
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1.2.2. Stem Cell Research: Then and Now

The promise of using human stem cells for regenerative medicine began in 1956,
with the first successful bone marrow transplant performed by Dr. E. Donnall
Thomas in Cooperstown (New York) ’8. Years later, in 1961, Canadian
researchers Till and McCulloch demonstrated the existence of multipotent stem
cells and offered the first biological definition of stem cells, which included two
key characteristics: self-renewal and differentiation capacity ’°. Since then,
scientists have been developing new technologies to extract stem cells from
mice, other animals, and then humans. In 1998, Dr. Thomson successfully
removed cells from spare embryos at fertility clinics and grew them in the
laboratory becoming the first scientist to isolate human ESCs &. Then, in 2006,
researchers made another breakthrough by identifying conditions that would
allow some specialized adult cells to be genetically "reprogrammed" to a stem
cell-like state. This new type of stem cell is now known as iPSCs . Since the
generation of iPSCs, stem cell field has expanded incredibly quickly. In 2010, a
patient with spinal injury became the first to receive a medical treatment
derived from human ESCs as part of a trial by Geron Corporation, a pioneering
company for human ESCs therapies, and in 2011 the FDA approved the first
MSC-based commerecial product (Fig. 3). Stem cell research has now progressed
dramatically and there are countless research studies published each year in

scientific journals.
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A BRIEF HISTORY OF STEM CELLS
® 1956

1st succesful bone marrow
transplant by E.D. Thomas

1961 @

Multipotent stem cells
discovered by Till and
McCulloch

® 1963

Discovery of renewing cells in
bone marrow by Kleinsmith
and Pierce

1976 @

Discovery of MSCs by
Friedenstein

@® 19381

ESCs first isolated from mice
blastocysts by Evans and
Martin

1995 @

First clinical trial with MSCs
by Lazarus

@ 1998

Isolation of hESCs
by Thomson
2000 @

Mouse ESCs created using
nuclear transfer by Munsie

® 2006

Generation of mouse iPSCs by
Yamanaka

One year later, they
generated human iPSCs

2010 @

First medical treatment using
human ESCs for spinal injury

by Geron Corporation
® 2011

1st commercial product
based on MSCs (Caritstem)

2014 @

1st clinical trial with iPSCs by
Takahashi

Figure 3. Schematic timeline showing the main discoveries in stem cell research.
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I.3. MSCs in Regenerative Medicine

Adult stem cells are already being used to treat many conditions such as heart
disease and leukemia, among others 828, Particularly, MSCs are one of the most
commonly employed cell types under investigation. Over the past decade, MSCs
have been considered the basis for novel therapeutic approaches for
regenerative medicine. The availability and versatility of these cells, together
with the fact that there are no ethical issues associated with their use, and their
immunomodulatory properties, homing ability, and trophic activities 7, has
led to their wide clinical applications in treating conditions associated with
inflammation, ischemia, autoimmunity and, trauma. In fact, over 500 active
clinical trials utilizing MSCs are now listed at the official database of the US

National Institutes of Health (www.clinicaltrials.gov; Fig.4).

clinical trials utilizing MSCs
worldwide

2 Q

1?8 103 9 9
? 9 9 243 4

Figure 4. Map of the different MSC-based clinical trials ongoing worldwide. Data obtained from
www.clinicaltrials.gov, 2019.
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MSCs are used in clinical trials for treatment of a variety of diseases. The
majority of the ongoing MSC-based clinical trials are focused on treating nervous
system diseases (119 clinical trials) followed by cancer (80 clinical trials) and
heart and blood diseases (67 clinical trials; Fig. 5). However, researchers still

have a long way to go before they completely control the regulation of MSCs.

MSCs Clinical Trials Classified by Disease
Skin
Respiratory tract
Nutritional and metabolic diseases
Nervous system
Muscle, bone and cartilage
Mouth and Tooth
Immune diseases
Heart and blood
Gland and hormone
Eye
Digestive system
Cancer

0 20 40 60 80 100 120 140

Figure 5. Ongoing MSC-based clinical trials classified by disease. Data obtained from

www.clinicaltrials.gov, 2019.

After their initial discovery in bone marrow #, MSCs have been isolated from
other tissues including umbilical cord, placenta, dental pulp, and adipose tissue
8587 Due to the existence of different MSCs sources and expansion methods, in
2006, the Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy (ISCT) proposed the universal minimal criteria for
defining MSCs, which includes: i, adherence to tissue culture plastic; ii, being
positive for CD105, CD73 and CD90, and negative for CD45, CD34, CD14 or
CD11b, CD79a or CD19 and HLA-DR; and iii, the ability to differentiate into
osteoblasts, adipocytes and chondroblasts under standard in Vvitro

differentiating conditions &,
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1.3.1. Benefits

The use of human MSCs in cell-based therapy has attracted extensive interest in
the field of regenerative medicine due to several superior properties for

therapeutic use compared to other types of stem cells.

1.3.1.1. Homing Ability

Homing is the process of MSCs selective migration ability toward the site of
injury, and subsequent differentiation into tissue-specific cell phenotypes or
exertion of their local effects #. Tissue injury microenvironment is characterized
by the presence of a wide range of molecular signals, such as growth factors and
chemokines that play a key role in MSCs recruitment facilitating trafficking,
adhesion and infiltration of MSCs to the injured site. Since MSCs administration
can be systemic or site-specific, homing can be divided into systemic and non-
systemic %. In non-systemic homing, MSCs are transplanted locally at the target
tissue where they are guided to the site of injury via a chemokine gradient. In
systemic homing, MSCs are administered or endogenously recruited into the
circulatory system and then must undergo several steps to exit circulation and
migrate to the injury site. Briefly, the process of systemic homing can be split

into five steps (Fig. 6)

1. Tethering is facilitated by selectins expressed by endothelial cells. MSCs
express CD44, which binds to the selectins, allowing the cells to begin rolling
along the vascular endothelium.

2. Activation is triggered by chemokines, generally in response to inflammatory
signals. The role of the activation step is to increase the affinity of integrins,
which are essential for cell arrest, by inducing conformational changes in

their extracellular domains.
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3. Cell arrest is facilitated by integrins. MSCs express integrin a4Bf1 (VLA-4),
which become activated in response to chemokines like stromal cell-derived
factor (SDF)-1. Following activation, the VLA-4 integrin binds to vascular cell

adhesion protein (VCAM)-1 on endothelial cells.

4. Diapedesis or transmigration is accomplished by matrix remodelers. MSCs

must transcellularly travel through the endothelial cell layer and basement
membrane. To perform this, cells secrete matrix metalloproteinases (MMPs)
to break down the endothelial basement membrane. The expression of
MMPs is induced by inflammatory cytokines, which serve as a signal for
migration into damaged tissue. MMPs maturation and activity are regulated
by various other proteins, most prominently the tissue inhibitors of

metalloproteinases (TIMPs).

5. Extravascular migration is guided by chemotactic signals released in

response to tissue damage. MSCs migrate toward various signals, including
the platelet-derived growth factor-AB (PDGF-AB), insulin-like growth factor
(IGF)-1, and to a lesser extent, the chemokines RANTES, macrophage-derived

chemokine (MDC) and SDF-1.

1. Tethering 2. Activation 3. Arrest 4. Diapedesis or 5. Extravascular
/,f\\ transmigration migration
|
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IGF-1

Figure 6. Mesenchymal stem cells homing mechanisms. Modified from Ullah et al. 1.
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A growing number of studies have documented that systemically infused MSCs
can home to the site of injury and exert therapeutic effects. Cho et al.
demonstrated that adipose-derived mesenchymal stem cells (ASCs)
administered intravenously migrated in higher numbers into the nasal mucosa
in an allergic rhinitis mouse model, compared with control mice. These results
suggest that immune response to allergens may improve the ASCs recruitment
environment at the allergen entry site °2. Also, xenogeneic bone marrow (BM)-
MSCs, delivered intravenously to rats following myocardial infarction (Ml), were
recruited to the injured myocardium through the bloodstream and improve
ventricular function, whereas MSCs delivered intravenously to non-infarcted

rats localized to the bone marrow 3.

1.3.1.2. Immunomodulatory Properties

MSCs have the ability to modulate the functions of the immune system by
interacting with a wide range of immune cells, including T lymphocytes, B
lymphocytes, dendritic cells, natural killer cells, neutrophil, and macrophages **.
Mechanisms of interaction were shown to rely on cell-cell contact along with
the secretion of soluble immune factors such as prostaglandin E2 (PGE-2),
indoleamine  2,3-dioxygenase (IDO) or nitric oxide (NO) 5. The
immunomodulatory activity of MSCs is, therefore, subject to the concentrations
of the inflammatory mediators present in their microenvironment. In fact,
depending on the strength of activation of the immune system, the types of
released inflammatory cytokines and the effects of immunosuppressants, MSCs
can both promote an immune response or suppress it °. In essence, the
immunoregulatory fate of MSCs is determined by the inflammation status.
Several reports have documented this immunomodulatory ability of the MSCs
both in vitro and in vivo. Yafiez et al. demonstrated that human ASCs inhibited
the proliferation and cytokine secretion of human primary T cells in response to

mitogens and allogeneic T cells . Similarly, Corcione et al. showed for the first
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time that BM-MSCs inhibit in vitro B-cell proliferation, differentiation to
antibody-secreting cells and chemotaxis %. In addition, BM-MSCs blocked the
differentiation of monocytes into dendritic cells and impaired their antigen-
presenting ability by arresting monocytes in the GO phase of the cell cycle, and
make them unable to stimulate allogeneic T-cells *°. Furthermore, Lim et al.
demonstrated, in an in vivo mouse model of delayed-type hypersensitivity
(DTH), that infused MSCs can migrate to the draining lymph nodes and induce T
cells apoptosis via NO production, attenuating DTH 1. The immunomodulatory
properties of MSCs in vivo have become an exciting focus for investigators since
the first successful clinical application of MSCs to treat severe acute graft-

versus-host disease (GvHD) in a 9-year-old boy 1,

Patients with other severe
immune-related diseases, such as systemic lupus erythematosus and Crohn’s

disease, have also been successfully treated with MSCs 102103,

1.3.1.3. Antioxidant Properties

MSCs have antioxidant properties and, consequently, the capacity to reduce
oxidative stress during inflammation. A major cellular mechanism to reduce
oxidative stress is the nuclear factor E2-related factor 2 (NRF2)-antioxidant
response element (ARE) signaling pathway. NRF2 is a transcription factor that
regulates the expression of genes coding for antioxidant, anti-inflammatory and
detoxifying proteins 112, In the absence of any stress conditions, NRF2 localizes
in the cytoplasm where it interacts with the actin binding protein, Kelch-like ECH
associating protein 1 (Keap1), leading to its ubiquitination and proteasomal

13, However, when signals from reactive oxygen species (ROS)

degradation
target the NRF2-Keapl complex, NRF2 dissociates from Keapl and translocates
into the nucleus inducing transcription of diverse proteins, such as heme-
oxygenase (HO)-1, superoxide dismutase (SOD)-1, glutathione peroxidase (GPx)-
1 and catalase (CAT), that play an important role in protecting cells against

oxidative stress-induced damage *° (Fig. 7).
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NORMAL CONDITIONS OXIDATIVE STRESS CONDITIONS

Figure 7. The NRF2-Keapl signaling pathway. Under normal conditions, NRF2 is constantly

ubiquitinated through Keap1 and degraded in the proteasome. Under stress conditions, Keapl is
inactivated, NRF2 translocates into the nucleus and promotes transcriptional activation of

antioxidants and detoxification enzymes.

Several studies have demonstrated the antioxidant properties of MSCs. Da
Costa et al. found that MSCs played an important role in preventing the
impairment of antioxidants defenses in inflamed colon by increasing SOD levels
104 Additionally, BM-MSCs transplantation in diabetic mice increased the
expression of HO-1 in the kidney, resulting in an improvement in renal function
105 Nonetheless, Yan et al. showed that GPx1-containing hUC-MSC-Exosomes

reduced H0;-induced damage on L02 cells and, rescued liver failure in mice .

Moreover, to better understand the effect of MSCs antioxidant properties,
various investigations have been performed. Among others, , Abdel-Mageed et
al. showed that intravenous administration of MSCs genetically modified with

107 Likewise,

extracellular SOD improves survival in irradiated mice
Mohammadzadeh et al. demonstrated that transient overexpression of NRF2 by
adenoviral vectors improved the resistance of the MSCs to an oxidative and

apoptotic stimuli °.
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1.3.1.4. Metabolic Plasticity

Another quality of MSCs is their metabolic plasticity. MSCs, in vivo, are present
in a quiescent state, in which cells remained metabolically healthy but non-
proliferative, with reduced levels of RNA and protein synthesis 1%, In this state,
cells appear to be primarily glycolytic, displaying low levels of mitochondrial
activity 2. Glycolysis seems to be also the main source of energy during
proliferation and self-renewal to maintain the pool of MSCs. However, when
MSCs undergo differentiation, they switch from glycolysis to oxidative

phosphorylation (OXPHQOS), which supplies the energy for this rapid transition
(Fig. 8).

Quiescence or cell-renewal Differentiating cell
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Glycolysis

Figure 8. Overview of metabolic features contributing to MSCs maintenance and differentiation.

To enable this metabolic change from a glycolytic phenotype to oxidative
phosphorylation, MSCs mitochondria undergo many changes including increase
of mitochondrial mass, upregulation of metabolic enzymes in tricarboxylic acid

(TCA) cycle, and increased oxygen consumption and ROS 1%,
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The changes in cellular metabolism do not merely result from cell
differentiation, but can also be required to allow survival under stress
conditions. For instance, when subjected to permanent oxygen deprivation,
MSCs attenuated cellular ATP levels, reducing mitochondrial ATP production but
stimulating glycolytic ATP production, while maintaining cells viability and
proliferation *°. Furthermore, in an oxidative stress situation MSCs shifted their
metabolism from oxidative phosphorylation toward glycolysis to avoid excessive
and cytotoxic levels of ROS accumulation, thus ensuring their survival %,
Therefore, MSCs metabolic plasticity may provide the necessary protection
from harsh microenvironments, allowing cells to accomplished their

regenerative function.

1.3.1.5. Paracrine Activity

One more characteristic that supports the therapeutic importance of MSCs is
their paracrine activity 2. Paracrine secretion by MSCs was first identified in
1996 by Haynesworth et al. 3. They reported that MSCs can synthesize and
secrete multiple bioactive factors that modulate the action of adjacent cells.
These soluble factors include various cytokines such as transforming growth
factor-B (TGF-B) and IL-10; growth factors such as vascular endothelial growth
factor (VEGF), hepatocyte growth factor (HGF), brain-derived neurotrophic
factor (BDNF) and IGF-1; proteins such as angiopoietin-1 (Ang-1), tumor necrosis

14 In addition, it has been

factor-stimulated gene 6 (TSG-6), and others
reported that MSCs also release numerous extracellular vesicles (EVs) that

contain miRNA, mRNA and proteins from their cells of origin 1** (Fig. 9).
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Soluble proteins + EVs = Secretome

Soluble Extracellular
proteins vesicles (EVs)

Figure 9. Overview of the MSC secretome. The secretome comprises of soluble proteins and
extracellular vesicles. The proteins include biologically active factors such as cytokines,
chemokines and growth factors, and the extracellular vesicles include exosomes and

microvesicles. Modified from Driscoll et al. 116,

MSCs secretome has demonstrated several biological effects that can: |
increase angiogenesis, survival, migration and differentiation; i, reduce
apoptosis, fibrosis and oxidative stress; iii, restrict local inflammation, and iv,
adjust immune responses 7 (Table 3). Besides, it can act either directly, by
activating the target cells, or indirectly, by stimulating neighboring cells to

functionally secrete active mediators 118,
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Table 3. Function of bioactive factors present in MSC-derived secretome.

Angiogenesis VEGF, HGF, Ang-1, bFGF,IGF-1, PDGF, IL-6, MCP-1
Anti-apoptosis VEGF, HGF, bFGF, IGF-1,TGF-B, GM-CSF, IL-6
Anti-fibrosis MMP-2, MMP-9, TIMP-1, HGF, bFGF, Ang-1, KGF
Anti-oxidation SCT-1, HO-1, TNF-a, IL-1B, GDNF
Chemo attraction SDF, HGF, IGF, VEGF, CCLs, CXLs
Proliferation KFG, FGF-2, VEGF, IGF, PDGF, HGF

Immunomodulation IDO, PGE2, TGF-B, HGF, TSG-6, LIF, NO, HO-1, IL-6

In addition, MSCs can dynamically change bioactive factors composition in
response to various pathologies and environmental stimuli. Thus, depending on
the environment or the pathology they face, MSCs generate a specific molecular
expression response through the activation of different pathways *°. Several
studies have investigated the therapeutic effects of the molecules secreted by
MSCs on different disorders, including neurological diseases, liver injury, acute
kidney failure and cardiovascular diseases, among others 7. For example,
Morigi et al. co-cultured human umbilical cord mesenchymal stem cells (hUC-
MSCs) with cisplatin-treated human kidney-2 cells and observed significant
increases in hUC-MSCs secreted growth factors such as fibroblast growth factor
(FGF), heparin-binding epidermal growth factor-like growth factor (HB-EGF),
VEGF and particularly HGF, which create a regenerative environment for tubular
repair. Similarly, in an in vivo model, they showed a strong increase in HGF with

the administration of hUC-MSCs compared with untreated animals %,
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Nevertheless, in an experimental model of ulcerative colitis, Yang et al.,
demonstrated that rat BM-MSCs secretome exert protective effects upon rats
colon, by modulating inflammation, suppressing oxidative stress and alleviating
apoptosis 21, Moreover, MSC paracrine secretions ameliorated cardiac function
via stimulation of neoangiogenesis and suppression of the inflammation

response, in both in vitro and in vivo Ml models 122,

1.3.1.6. Differentiation Capacity

As previously mentioned, MSCs can differentiate into mesodermal lineages,
such as osteoblasts, adipocytes, and chondroblasts, under culture conditions
containing specific growth factors and chemical agents. Although the
preference is for differentiation to these lineages, there is strong experimental
evidence demonstrating that MSCs can also differentiate to ectoderm and

1237125 Under certain defined inducing conditions, Wang et

endoderm lineages
al. differentiated BM-MSCs and ASCs toward a hepatocyte phenotype in
vitro, which exhibited specific hepatic biochemical functions 2. Moreover, UC-
MSCs can be differentiated into neural-linage cells and secrete numerous
trophic factors that modulate neurogenesis, inflammation, angiogenesis and
apoptosis 2%, Additionally, Choi et al. demonstrated that ASCs can be

differentiated into beating cardiomyocytes using direct cell-cell interaction with

rat cardiomyocytes 1%,

1.3.2. Limitations

Despite of the aforementioned advantages of MSCs for cell therapy purposes,
there are still several challenges for their use in clinical application. A
combination of different environmental stresses that MSCs face, both pre and
post-transplantation, is probably the cause of many MSC-based therapies

failure.
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1.3.2.1. Pre- transplantation Limitations

MSCs isolation and expansion methods differ widely between laboratories
leading to a variation in their regenerative potential 28, Generally, MSCs are
isolated by two different methods. On one hand, MSCs are isolated through
their ability to adhere to plastic surfaces; however, this method provides
heterogeneous cell populations with different lineage commitments resulting in
a low purity culture %, On the other hand, MSCs are isolated using mechanical
explant approach or proteolytic enzymes, which may impact on their biological
properties, influencing their therapeutic potential 3°. Regarding MSCs
expansion, the influence of proteolytic enzymes to detach cells, culture media
and storage reagents are relevant aspects that should be considered.
Proteolytic enzymes used for cell passaging or tissue digestion could promote
extracellular matrix (ECM) protein damage, which may modify the activation of
different intracellular signaling pathways. Furthermore, the addition of fetal
bovine serum (FBS) to supplement culture media is a controversial issue, due to
the not so well characterized components and growth factors present in the
serum. Finally, in most cases, expanded MSCs have to be stored frozen until the
time of transplantation and the storage condition could alter the quality of the
product. For this reason, the optimal freezing and thawing temperature control,
cryopreservation media, and long-term storage in liquid nitrogen should be

considered *3°.

Moreover, MSCs are heterogeneous population whose biological effectiveness
and phenotype may vary depending on the tissue source or donors age. The
function of MSCs is known to decline with age, a process that is called
senescence. This phenomenon was first described in the 1960s by Leonard
Hayflick 131, The classic features characterizing the senescence phenotype of
MSCs include growth arrest in the G1 phase of the cell cycle, enlarged or

flattened morphology, increased expression of senescence-associated pB-
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galactosidase (SA-B-gal) and senescence-associated lysosomal a-L-fucosidase
(SA-a-Fuc), and surface marker alteration 32, The process of MSC senescence
depends mainly on the source of MSCs. Several authors have demonstrated that
BM-MSCs become senescent at much earlier passages during subculturing

compared with ASCs and UC-MSCs 1337135,

MSCs can be found in many tissues and organs in the body, but in very low
numbers, and must be expanded ex vivo in order to obtain the required amount
for therapeutic applications. This progressive passaging in vitro to obtain the
optimal concentration of cells and the culture conditions, can lead them
towards a senescent state, in which proliferation, the level of certain surface
antigens (CD13, CD29 and CD44) and the ability to suppress T cell proliferation
decreases, whereas oxidative stress increases %36, Moreover, senescent
MSCs negatively influence neighboring cells by secreting soluble factors, termed
“senescence-associated secretory phenotype (SASP)”, that elicit high production
of proinflammatory cytokines (IL-1, IL-6 and IL-8) and resulting in tissue
homeostasis impairment, which decreases MSCs therapeutic potential ¥’ (Fig.

10).

In addition, ROS imbalance and the subsequent oxidative stress can also trigger
orincrease the process of senescence due to its contribution to DNA and protein
damage, as well as mitochondrial dysfunction and secretory phenotype
modification 13538, For these reasons, the analysis of in vitro senescence in MSC
is essential for therapeutic applications. Therefore, it would be necessary to
monitor the appearance of a senescent phenotype and to evaluate its functional
consequences, taking into consideration their differentiation potential,

immunomodulation, homing and paracrine activity .
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Figure 10. Overview of senescence in MSCs. MSC senescence is characterized by an irreversible
cell cycle arrest, a change in morphology and an impairment in differentiation ability. In addition,
senescent cells secrete SASPs, decrease the level of certain surface antigens (CD13, CD29 and

CD44) and increase the levels of ROS.

1.3.2.2. Post-transplantation limitations

Another challenge MSCs face is the poor engraftment post-transplantation.
Around 99% of grafted cells usually die within the first few days after
administration, mainly due to the harsh microenvironment they encounter

upon transplant 7140,

Given that MSC-based therapy is focused on the treatment of different diseases
or trauma, administration sites often presented an inflammatory response
situation characterized by oxidative stress and an increase in the release of

141 promoting the migration of

chemokines or cytokines to the blood flow
inflammatory cells such as neutrophils, monocytes, and macrophages to the
injury area. These inflammatory cells produce high levels of ROS, which create
an inflammatory/oxidative vicious cycle and thus metabolic dysregulation,

apoptosis, as well as inactivation of the cytoprotective production of NO 142143,
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Additionally, the overproduction of ROS can also be responsible for preventing
cell adhesion of grafted cells, leading to anoikis *4. Anoikis is a form of
programmed cell death induced by the loss of attachment to the ECM and
neighboring cells, which initiates the apoptotic signaling cascade *. Cell-cell
adhesion through the ECM plays an important role in differentiation, survival,
and proliferation. When MSCs are attached to ECM, the cells receive active
survival signals mediated by the ECM receptors, the integrins 1%, However,
some cellular stress events such as inflammation or oxidative stress, are known
to negatively affect integrin attachment and therefore, induce the death of the

147148 - As aforementioned, MSCs have anti-

transplanted MSCs by anoikis
oxidative stress properties as they can activate the NRF2-ARE signaling pathway,
which makes a substantial contribution to ROS reduction. However, in
pathological conditions, such as neurodegenerative diseases, MSCs antioxidant
systems can be overwhelmed, leading to poor antioxidant defense 2. Last but
not least, harsh environmental signals induce dynamic changes in MSCs
metabolism, which not only provides energy and substrates for cell survival and
proliferation but also regulates cellular functions, such as secretory profiles and
immune responses 2. To survive and keep their functions, MSCs must align their
bioenergetic demand with available energy resources post-implantation.

However, sometimes, metabolic plasticity is not sufficient to meet the energy

demand and cells die.

1.3.3. Strategies to Overcome Limitations

Optimization of MSC culture conditions, gene modification and preconditioning
are key strategies to improve MSC function in vitro and in vivo. All of these
procedures can contribute to improve MSC transplantation efficacy in
regenerative medicine along with a proper thawing procedure, route of delivery

and dosing of MSCs to the site of injury 1%,
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1.3.3.1. Optimization of MSCs culture

Identification of optimal culture conditions is a prerequisite for MSC clinical
applications. Traditionally, basal culture media supplemented with growth
factors, proteins and enzymes was used to support cell growth during MSCs ex
vivo expansion. One of the most commonly used supplements in MSCs culture
is FBS, because it is enriched with growth factors and is poor in antibodies.
However, the use of animal derived products such as FBS for the development
of hMSC, especially in clinical-scale manufacturing, has been discouraged,
considering the risk of zoonoses and xenogeneic immune reactions %,

Consequently, alternatives to FBS have arisen, including human platelet-

derivatives (HPD) and chemically-defined media (CDM) **°,

Human platelet-derivatives (HPD)

HPD are attractive supplements for cell culture, since platelets alleviates the
immunologic risk of FBS and contain high concentrations of physiological growth
factors, such as platelet-derived growth factor (PDGF) and basic fibroblast
growth factor (bFGF), which have been shown to enhance proliferation of MSC
149151 HPD may be used as autologous or ‘pooled’ products. Autologous
products eliminate the risk of disease transmission, although their effects are
highly dependent on the donor and method of platelet isolation, and large
volumes are difficult to obtain. The use of autologous products may therefore
be limited to applications when small numbers of MSC are needed.
Alternatively, ‘pooled’ products can provide larger volumes of concentrates, and
also reduce donor-based variations, which make them more appealing for

experiments that require more standardized culture conditions 1232,

Besides the large quantities of growth factors, HPD also contains a plethora of

potent substances including lysosomal enzymes, coagulation factors,

44



I. Introduction

immunologic and adhesion molecules, and chemokines that are involved in
important cellular processes, such as hemostasis, host defense, angiogenesis

and tissue repair 3.

Chemically-defined media (CDM)

To avoid the risks of pathogen transmission and the difficulty of standardized
preparation of human serum-derived supplements, synthetic serum-free CDM
have been developed. CDM is a protein-free basal medium containing low-
molecular-weight components, synthetic peptides or hormones, and a few
recombinant or synthetic versions of proteins. CDM is usually supplemented
with recombinant human growth factors-combinations (PDGF, FGF, TGF-B, EGF,
among others) that can influence cellular responses, the concentration and

nature of growth factors released, and the clinical outcomes >*,

Several studies have investigated the effect of these alternatives to FBS. HPD
have demonstrated to be important for MSCs proliferation 557157,
differentiation *8>°, cytokines secretion ¢! and migration 2. Furthermore,
HPD-cultured cells have already been used in the clinic. In fact, they have been
used for treatment of GvHD (NCT01764100) and for lumbar intervertebral
degenerative disc disease (NCT01513694). Regarding CDM, Wu et al. showed
that their chemically defined medium could stimulate the proliferative and self-
renewal capacity of UC-MSCs %3, In the same way, Lee et al. stated that their
CDM, termed STK2, has many advantages through which it is possible to obtain
safer, superior and larger numbers of MSCs. In fact, MSCs cultured in STK2
exhibited a reduced senescence rate, small and homogenous cell size, and were
more genetically stable compared to those cultured in DMEM with FBS. Further
to this, secretome analysis showed that the expression of factors related to
proliferation/migration, anti-inflammation and differentiation were increased

in STK2 culture medium compared to control medium 4, Unfortunately, many
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of the commercially available chemically-defined FBS replacements or serum-
free media still need improvement with regard to the performance and the cost,

compared to FBS 6,

1.3.3.2. Gene Modification

Genetic modification of MSCs aims to upgrade their properties, such as viability,
homing, immunomodulation or growth factor production to improve their
efficacy in regenerative medicine applications. MSCs can be genetically modified

by viral and non-viral methods.

Viral methods can efficiently transduced MSCs with vectors such as retrovirus,
lentivirus, baculovirus and adeno-associated virus (AAV), without affecting their
stem cell properties 1%, To insert new genetic information into a host organism
or alter its preexisting genetic material, viruses are generally modified in order
to become replication incompetent with attenuated cytopathic effects and
immunogenicity %7, Usually, the insertion of the target gene into the host
genome is random, however, nowadays can be ameliorated by cutting/inserting
specific sequence using ZFN or CRISPR/Cas9 system %, Viral methods, while
highly efficient, are limited by safety issues, have a relatively small transgene

cargo capacity, and present difficulty in production and scale-up.

Non-viral methods of gene transfer are safer than viral ones, are able to deliver

larger transgenes and are easier to scale up, but are less efficient due to their
low transfection efficiency and transient gene expression. Current methods
used to transfect MSC can be divided into physical methods and chemical
methods. Physical methods include electroporation, nucleofection and
sonoporation, whereas chemical methods include the use of lipid agents,

polymeric carriers, dendrimers and inorganic nanoparticles 6,
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Several genetic approaches have been used to improve MSC survival and
properties. For example, Mangi et al. demonstrated that Akt-engineered MSCs
were more resistant to apoptosis and could enhance cardiac repair after
transplantation into the ischemic rat heart 7°. Similarly, MSCs infected with
adenovirus vector harboring the HO-1 gene (Ad-hHO-1) normalized the balance
between MMPs and TIMPs, after MI, resulting in reversing myocardial

71172 - Furthermore,

extracellular remodeling and enhancing angiogenesis
genetically engineered MSCs to overexpress NRF2 enhance their survival and
resistance to oxidative stress, upregulating SOD-1, SOD-2 and HO-1 expression
18, In addition, MSCs genetically modified to overexpress HGF or VEGF
ameliorated acute renal damage by reducing inflammation and apoptosis 173174,
Currently, most studies of modified MSCs are pre-clinical and, although they
showed enhanced therapeutic efficacy, there is no clinical data to support

further applications.

1.3.3.3. Preconditioning

MSCs preconditioning is one of the main strategies to improve MSCs
adaptability and thus survival in harsh microenvironments. Preconditioning is
based on the biological concept of hormesis, which is an adaptive response of
cells and organisms to stress 17>, Therefore, preconditioning process is the
exposure of the cells to sub-lethal stressors in order to promote the expression
and the secretion of some molecules that are required to reduce damage and
increase survival, providing cells the capacity to respond efficiently to a higher
level of the same stressor 23 (Fig. 11). Lately, several studies have proved that
preconditioned MSCs present better cell survival, increased differentiation
efficacy, enhanced paracrine effects and improved homing ability into injury

sites 29,176—178.
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Figure 11. Hormesis concept. In normal conditions cells exposed to an intense stress undergo cell
death. However, cells preconditioned with mild stress can become resistant to subsequent
intense stresses. This process is called hormesis: an adaptive behavior that is crucial for survival

in a stress environment.

Preconditioning of MSCs includes in vitro exposure to hypoxic conditions,
deprivation of nutrients and exposure to hydrogen peroxide (H,0,), among

others.

Hypoxic Preconditioning

Hypoxia is a condition in which the oxygen levels supplied to one or more tissues
in the body are severely reduced *”°. This condition is a crucial physiological and
pathological phenomenon that regulates a wide range of cellular processes.
MSCs usually reside in hypoxic niches. The two niches in the body where MSCs
can be found in most abundance, the bone marrow and the adipose tissue, have
an O, concentration between 1%-7% and 10%-15%, respectively . During the
transplantation procedure, MSCs are exposed to different O, concentrations,

considering that ex vivo expansion is generally conducted in a 20-21% O,
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atmosphere, and the transplant site is characterized by a hypoxic/anoxic

181 Therefore, it has been

microenvironment due to poor vascularization
suggested that preconditioning with hypoxia prior to cell transplantation would
allow a better cell adaptation to lower oxygen level at injury site 82,
Accumulating evidence has shown that hypoxic preconditioning of MSCs
promotes cell survival, proliferation, migration, angiogenesis and cell

engraftment 281837189,

Nutrient Deprivation Preconditioning

Another way of preconditioning, which is not as commonly used as hypoxic one,
is the nutrient deprivation preconditioning. Under in vitro conditions, MSCs
culture media contain amino acids, vitamins, inorganic salts, glucose and serum,
which promotes their proliferation and metabolism. Nonetheless, MSCs
transplanted into the injured site, encounter a microenvironment characterized
by poor nutrient support. Cells obtain free energy in chemical form through the
catabolism of nutrient molecules and use this energy to produce ATP from ADP
+ Pi. ATP is used in endergonic processes, such as the synthesis of metabolic
intermediates and macromolecules, and its intracellular loss results in cell

necrosis or apoptosis 19019,

For this reason, a prior adaptation to a limited-
nutrients situation might be helpful for increasing the survival rate of MSCs upon
implantation. For example, Moya et al. demonstrated that 48 hours of serum-
deprivation preconditioning protected human MSCs (hMSCs) against a harmful

182 Quiescence is

ischemic environment by inducing hMSCs quiescence
characterized by exit from the cell cycle, reducing the cell metabolic rate. The
guiescent state is critical for MSCs in order to maintain stem cell potency and

function during tissue homeostasis, and tissue repair in the event of an injury

193

49



l. Introduction

Oxidative Stress Preconditioning

Generally, MSCs are isolated from environments without oxidative stress,
hence, they lack of mechanisms strong enough to counteract excessive ROS
production. For this reason, when transplanted into the site of injury, the
presence of high oxidative stress damage MSCs activity, thus reducing their
survival rate and limiting their clinical applications. Therefore, since one of the
main reasons why MSCs die following engraftment is ROS-mediated-oxidative

stress 2¢

, several studies have already focused on the beneficial effect of
preconditioning cells with sub-lethal doses of H,0, [1-100 uM]. For instance,
preconditioned hUC-MSCs were more resistant to oxidative damage induced by
high-concentration H,0, exposure than their control, which showed a
significantly reduced number of cells compared to the preconditioned group 4.
H,0; preconditioning also protected rat BM-MSCs against in vitro apoptosis 1%°.
In the same way, it has been described that preconditioned human Wharton
jelly-MSCs increase survival after exposure to toxic levels of H,0, by
overexpression of HIF-1a protein %, In addition, we previously have reported
that H,0, preconditioning provided hASCs a significantly faster recovery
capacity post-thaw maintaining cell functionality 32. However, the exact
mechanisms underlying oxidative stress preconditioning remain to be fully
understood. In the current study, we evaluated the preconditioning effect of
low doses (10 uM) of H,0, on hASCs behavior, thus elucidating bioenergetic and

molecular mechanisms underpinning the survival and adaptation of these cells

in an oxidative stress environment, and their reparative capacity.
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Il. Hypothesis and aims

The hypothesis underlying this work is that H,0, preconditioning provides
hASCs a higher resistance to oxidative stress and improves their therapeutic
capacity through an enhancement in their antioxidant response and the

adaptation of their energetic metabolism.

To validate our hypothesis, we proposed the following aims:

1. To evaluate the influence of H,0; preconditioning on hASCs status.

2. To analyze the resistance of PC-hASCs to oxidative stress and compare it

with that of hASCs.

3. To elucidate the molecular and bioenergetic mechanisms underlying the

increase of survival and the adaptation of PC-hASCS to oxidative stress.

4. To assess the therapeutic effect of PC-hASCs and their conditioned media

on a model of oligodendroglial cells exposed to oxidative stress.
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Evaluation of the influence of the preconditioning on
hASC cellular status and analysis of its cytoprotective
effect on hASCs subjected to oxidative stress
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Over the last decades, MSCs have been broadly used in cell therapy because of
their immunomodulatory and anti-inflammatory properties, and their well-

1977139 |n addition, there is

documented cytoprotective and reparative effects
evidence that compared to other types of stem cells, hASCs present several
advantages. Thus, they can be easily harvested from adipose tissue by a
minimally invasive method, retained stem cell phenotypes and pluripotency at
higher passages and display a greater proliferation capacity and low
immunogenicity *>. Moreover, hASCs exert a therapeutic effect on other cell
types, largely due to their paracrine activity ! and, under stress situations, they
increase this activity and condition the culture medium, releasing a large
number of bioactive factors 8, However, their transplantation results in a low

survival rate and engraftment, mainly due to harsh environmental conditions

such as nutrient deprivation, inflammation and oxidative stress 714,

As a means to upgrade hASCs adaptability to harsh environments, thus
increasing the survival rate upon implantation, cell preconditioning strategies
have been proposed ***%8, Since one of the main reasons why MSCs die
following engraftment is ROS-mediated-oxidative stress, the present in vitro
study aimed to evaluate the influence of preconditioning with low doses of

H,0, on the hASCs behavior.
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I11.1. Materials and methods

111.1.1. Cell culture

Human ASCs were kindly donated by Histocell S.L. (Science and Technology Park
of Bizkaia, Spain). hASCs were expanded in monolayer on 636 cm? tissue culture
flask (Corning, Tewksbury, MA, USA) in DMEM Glutamax™ (Dulbecco’s Modified
Eagle Medium, Gibco, Paisley, UK) supplemented with gentamicin (1 ul/ml,
Sigma-Aldrich, St. Louis, MO, USA) and a 10% of heat-inactivated fetal bovine
serum (FBS, Biochrom, Berlin, Germany), and incubated at 37 °C, in a saturated
humidity atmosphere containing 5% CO,. Culture medium was changed every
other day and the cells were subcultured with tripsin-EDTA 0.05% (Gibco,

Paisley, UK) after reaching 80% of confluency (Fig. 12).

Figure 12. Phase contrast microscopy image of 80% confluent hASCs culture (scale bar: 100 um).

For subculturing, the spent media was carefully aspirated without disturbing the
monolayer and the cells were rinsed once with 1x phosphate-buffered saline

(PBS, Sigma-Aldrich, St Louis, MO, USA) to eliminate traces of serum. Then, 20
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ml of tripsin-EDTA 0.05% were added to the culture for 5 minutes at 37 °C and
5% CO; until the cell layer was dispersed. The cell suspension was centrifuged at
250 g, for 5 minutes at 4 °C. The resulting pellet was gently resuspended in
DMEM Glutamax™ containing 10 % FBS, until the suspension appeared
homogenous. Finally, the cells were counted using a hemocytometer and 3x10°
cells per cm? were seeded in a tissue culture flask. Cells were passaged serially

when they reached confluence until passage 3 (P3).

111.1.2. hASCs H20;-preconditioning

To obtain H,0;-preconditioned hASCs (PC-hASCs), long term exposure to low
concentration of H,0, (PanReac AppliChem, Barcelona, Spain) was applied (see
details in HCO16 patent; WO/2013/004859, 2013). Briefly, hASCs were exposed
to 10 uM of H,0; for 7 days with refreshment of oxidative culture media twice
until the end of the preconditioning protocol. Non-preconditioned hASCs were
cultured in parallel for the same number of passages. Once the preconditioning
process was completed, PC-hASCs and hASCs were seeded at high density, and
incubated at 37 °C in a humidified 5% CO, atmosphere for 18-20 hours in

complete medium, until the beginning of the experiments.

111.1.3. Senescence, cell cycle analysis and proliferation rate

To determine if preconditioning affected senescence, cell cycle or proliferation,
hASCs and PC-hASCs were evaluated in standard conditions (no oxidative stress

induction) 18-20 hours after the preconditioning process.

111.1.3.1. Senescence Assay

Senescence was assessed with the Senescence Cells Histochemical Staining Kit
(Sigma-Aldrich, St Louis, MO, USA). This assay is based on a histochemical stain
for B-galactosidase activity, which is detectable in senescent cells, but not in

quiescent, immortal, or tumor cells. The assay was performed according to the
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manufacturer instructions. Briefly, cells cultured in 24 well plates (Sarstedt,
Niimbrecht, Germany) were washed with 1x PBS, fixed for 3-5 minutes with the
fixation solution at room temperature (RT), washed, and incubated overnight
(o/n) at 37 °C (no CO,) with a freshly prepared staining solution containing B-
galactosidase. Following incubation, percentages of B-galactosidase positive
cells (blue stained) were calculated with phase contrast microscopy (Nikon,
ECLIPSE TS 100, Tokio, Japan) with the 10x objective. Results were expressed as

the means + SD of at least three independent experiments (n > 3).

111.1.3.2. Cell cycle analysis

The cell cycle analysis of hASCs and PC-hASCs was determined by staining the
DNA with a fluorescent dye (propidium iodide, PI, Life Technologies, Eugene,
OR, USA) and measuring its intensity by flow cytometry (Aex 488; Aem 617nm).
The Pl intercalates into the major groove of double-stranded DNA producing a
highly fluorescent signal. Besides, the PI binds in proportion to the amount of
DNA present in the cell, which allows to determine the percentage of the
population in GO/G1, S, and G2/M. For this method, hASCs and PC-hASCs were
harvested and fixed with 70% methanol (PanReac AppliChem, Barcelona, Spain)
for 2 hours at -20 °C. Following fixation, cells were washed with 1x PBS and
resuspended to a final concentration of 10° cells/mL. Cell suspension was
incubated with Pl (5 ug/mL), and RNase A (10 pg/mL, Roche, Mannheim,
Germany) to increase specificity of DNA staining, during 30 minutes at 4 °C.
Stained cells, at least 1x10* events/sample, were analyzed in a flow cytometer
(Gallios, Beckman Coulter, Indianapolis, IN, USA). Histograms were

representative of three independent experiments.

111.1.3.3. Proliferation rate assay
Proliferation rate was assessed by viable cells quantification at different time
points (0, 24 and 48 hours) with PrestoBlue® (Invitrogen, Eugene, OR, USA), a

resazurin-based solution that functions as a colorimetric cell viability indicator.
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Cells were cultured in 96 well plates (Sarstedt, Nimbrecht, Germany) at a
density of 4x103 cells/well in 100 pl of complete culture medium. At each time
points, PrestoBlue® reagent was added to the cells following manufacturer
instructions. The optical density (OD) was measured at A 570 and A 600 nm in a
spectrophotometer (Biotek, Synergy HT, Winooski, VT, USA). Results were
normalized to cell number at 0 hours and expressed as the means + SD of at

least three independent experiments performed in quintuplicates.

11l.1.4. Proteomic profile analysis

Protein isolation and digestion

hASCs and PC-hASCs (5x10° cells/condition) were resuspended in 300 pl of SDT
lysis solution (4% sodium dodecyl; SDS, Sigma Aldrich, St. Louis, MO, USA), 100
mM dithiothreitol (DTT, Sigma Aldrich, St. Louis, MO, USA); 100 mM Tris-HCl pH
7.6) and mixed vigorously for one minute. In order to reduce the viscosity, the
samples were sonicated for 3 minutes and then, incubated at 95 °C for 5
minutes. Finally, the extracts were centrifuged at 16x103% g for 10 minutes at 20

°C and the supernatant was transferred to a 1.5 ml Eppendorf tube.

Afterwards, protein concentrations were estimated using BCA™ Protein Assay
Kit — Reducing Agent Compatible (Thermo Fisher Scientific, Eugene, OR, USA)
and digested with the FASP (Filter-Aided Sample Preparation) method 2%,
Briefly, 100 pg of proteins were mixed with 200 ul of UA solution (8 M urea, 100
mM Tris-HCI pH 7.6) in Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-30
membrane (EMD Millipore, Darmstadt, Germany) and centrifuged at 14x10% g
for 15 minutes at 20 °C. This step was repeated twice. Then, the samples were
incubated in the filters with 100 pl of 50 mM iodoacetamide in UA solution at
RT for 20 minutes in darkness. The filters were washed three times with 200 pl
of UA solution, followed by three washes with 50 mM ammonium bicarbonate.

For the digestion, samples were incubated for 16 hours at 37 °Cin 1:50 dilution
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of tripsin (Roche, Mannheim, Germany) in 50 mM ammonium bicarbonate.
After the incubation, the peptides were collected by centrifugation and the filter

was washed with 50 pL of 50 mM ammonium bicarbonate.

From the 100 ug of digested protein of every sample, 25 ug were desalted by C-
18 Micro SpinColumn™ (Harvard Apparatus, Holliston, MA, USA). Ultimately,
samples were desiccated in SPD121P SpeedVac (Thermo Fisher Scientific,

Eugene, OR, USA), and stored at -20 °C until used.

Liquid chromatography tandem-mass spectrometry (LC-MS/MS)

The LC-MS/MS analysis was performed using a reverse-phase liquid
chromatography system (EASY-nLC 1000 ultra-high pressure, Thermo Fisher
Scientific, Eugene, OR, USA) interfaced with a Q Exactive mass spectrometer
(Thermo Fisher Scientific, Eugene, OR, USA) in the SGIKER Proteomic Service of
the UPV/EHU (Leioa, Spain).

The digested samples were resuspended in 0.1% formic acid at a concentration
of 1 pg/ ul, sonicated for 3 minutes and centrifuged at 16x10° g for 10 minutes.
Then, 1 pg of the resultant supernatant was loaded onto an Acclaim PepMap100
pre-column (75 um x 2 cm, Thermo Fisher Scientific, Eugene, OR, USA)
connected to an Acclaim PepMap RSLC analytic column (75 pum x 25 cm, Thermo
Fisher Scientific). Peptides were eluted directly to nanoES Emitter (Thermo
Fisher Scientific) by a linear gradient of 4.25% to 38.25% of acetonitrile in 0.1%
formic acid, for 150 minutes at a flow rate of 300 nl/min. Q Exactive mass
spectrometer was operated in data dependent acquisition — DDA mode. Survey
scans were acquired at a resolution of 60000 (m/z 200) and fragmentation
spectra at 15000 (m/z 200). Precursors were fragmented by higher energy C-
trap dissociation (HCD) with normalized collision energy of 26 eV. The maximum
injection time was 100 ms for fragments and precursors acquisition and AGC

(Automatic Gain Control) target values of 3x10° were used for MS acquisitions
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and 5x10° for MS/MS scans. Repeat sequencing of peptide was minimized by
excluding the selected peptide candidates for 30 s. lons with one charge or ions

whose charge couldn’t be determined were also excluded.

Identification and quantification of proteins

All raw data files acquired were searched against the UniProt human database
version 2017.02 (with 42147 sequence entries) with MaxQuant proteomics
computational platform version 1.5.3.17 % and using Andromeda search engine
22 For protein identification, the following parameters were used:
carbamidomethylation of Cys as fixed modification; oxidation of Met, protein N-
terminal acetylation and NQ deamidation as variable modifications; 8 and 20
ppm for precursor and fragment mass tolerances, respectively; 2 missed
cleavages for tripsin; minimal peptide length of 7 aminoacids and 1% FDR (False
Discovery Rate) for peptides and proteins. Label-free quantification intensity
(LFQ intensity) was calculated with the MaxLFQ algorithm 2%, The obtained
results were analyzed with Perseus platform (version 1.5.6.0) 2% The
contaminating proteins, those identified in the reverse database and those
identified only with modified peptides, were eliminated. The missed LFQ values
were replaced with the "replace missing values from normal distribution" option
of Perseus and default values were used. A Student's t-test was used to
determine statistically significant changes in protein expression. Proteins that
showed p <0.05 and a change in LFQ greater or less than 1.5 times were
considered as differentially expressed proteins. Samples were obtained from 5

different experiments.

111.1.5. Oxidative stress induction

Oxidative stress conditions were achieved using a moderate (0.25 mM) or a high
(0.5 mM) dose of H,0,. For the different experiments, hASCs and PC-hASCs were
exposed to H,0; (0.25 or 0.5 mM), for 1 hour in DMEM Glutamax™ FBS free at
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37 °C in a humidified 5% CO, atmosphere. After that period, media were

replaced with fresh media FBS free.

111.1.6. PC-hASCs tolerance to H>0:-induced oxidative stress.

To determine if hASCs acquire tolerance to moderate and high doses of H,0; by
their prior exposure to a sub-lethal dose of H,0,, the intracellular ROS levels of
hASCs and PC-hASCs, their apoptotic rate, and the percentage of cytotoxicity

were analyzed.

111.1.6.1. Measurement of ROS

hASCs and PC-hASCs intracellular levels of ROS were detected using 2'-7'-
dichlorofluorescein diacetate (H2-DFC-DA, Molecular Probes, Eugene OR, USA).
H2-DFC-DA is a chemically reduced form of fluorescein that upon cleavage of
the acetate groups by intracellular esterases and ROS, is converted to highly
fluorescent 2',7'-dichlorofluorescein (DCF). H2-DFC-DA probe was added to the
cells (4x103 cells/well) at a final concentration of 10 uM, for 30 minutes at 37 °C.
After this period, the fluorescent probe was removed and cells were washed
with 1x PBS. Finally, hASCs and PC-hASCs were exposed to different H,0;
concentrations (0.25 or 0.5 mM) and intracellular ROS accumulation was
measured every 10 minutes for an hour in a microplate reader (Aex 492—495; Aem
517-527 nm). Results were expressed as the means + SD of at least three

independent experiments performed in quintuplicate.

111.1.6.2. Apoptosis assay

Apoptosis was analyzed by flow cytometry using Alexa Fluor 488 Annexin V/PI
Dead Cell Apoptosis Kit (Thermo Fisher Scientific, Eugene, OR, USA), which
measure apoptosis by detecting phosphatidyl serine expression and membrane
permeability. hASCs and PC-hASCs were harvested 24 hours after moderate and
high H,0; exposure and stained with Alexa Fluor 488 Annexin and Pl during 15

minutes at RT (1.10° cells/mL). Then, stained cells were analyzed by flow
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cytometry measuring the fluorescence emission at 530 nm and 575 nm using
488 nm excitation. Data was analyzed using Flowing software (Turku Centre for
Biotechnology, University of Turku, Finland) and provided as the means + SD of
three independent experiments. Histograms are representative of these

experiments.

111.1.6.3. Cytotoxicity assay

Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme present in all cells,
which is rapidly released into the cell culture medium upon damage of the
plasma membrane. This assay, therefore, is a measure of the membrane
integrity. LDH activity can be determined by a coupled enzymatic reaction: LDH
oxidizes lactate to pyruvate, which reacts with tetrazolium salt INT (2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride) to form
formazan. The increase in the amount of formazan produced in culture

supernatant directly correlates to the increase in the number of damaged cells.

For this assay, 4x10% cells were seeded in a 96-well plate. LDH assay was
performed according to manufacturer’s protocol (Cytotoxicity Detection Kit,
Roche, Mannheim, Germany). Briefly, 24 and 48 hours after moderate or high
oxidant application, cytotoxicity was assessed measuring LDH release from
damaged cells into culture media. The kit reaction mixture was added to each
well (1:2 dilution) and the plate was incubated in darkness and at RT, for 30
minutes. Finally, the absorbance was measured in a microplate reader at aA 490
nm. The relative cell LDH release (% cytotoxicity) was calculated as follows:
0D treated samples — OD low control

Cytotoxicity (%) = x 100
ytotoxicity (%) 0D high control - OD low control

where OD low control is the absorbance obtained for untreated cells
(spontaneous LDH release), and OD high control is the absorbance obtained for

positive control (1% v/v Triton X-100, Sigma-Aldrich, St Louis, MO, USA), defined
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as the 100% LDH release (maximum LDH release). Results were expressed as the

means = SD of at least three different assays (n = 4).

111.1.7. Statistical analysis

The number of samples analyzed was described in each experiment. All data are
shown as mean + SD. Statistical analysis was performed using GraphPad Prism
statistical software (version 5.0; GraphPad Software). Significance was assessed
using analysis of variance followed by Bonferroni’s post hoc test and t-tests, as
appropriate. Statistical differences were considered significant where p < 0.05.
All the images shown in this thesis represent the data obtained, at |least, in three

independent experiments with similar results.
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111.2. Results

l11.2.1. Preconditioning does not alter morphology, senescence, cell

cycle or proliferation rate

To confirm that H,0,-preconditioning did not alter morphology, the degree of
senescence, cell cycle or proliferation rate, hASCs and PC-hASCs were analyzed
by contrast-phase microscopy, senescence assay, flow cytometry and cell

viability assay, respectively.

hASCs and PC-hASCs exhibited a similar fibroblast-like, spindle-shaped
morphology when observed under phase-contrast inverted microscope (Fig.

13).

Figure 13. Representative images of 80% confluent hASCs and PC-hASCs morphology by contrast

phase microscope. Scale: 100 um.
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Regarding senescence, cells were subjected to X-GAL staining and examined by
contrast phase microscopy (Fig. 14A). After quantification of the X-GAL stained

cells, no significant differences were detected between hASCs (26%) and

preconditioned cells (23,2%; Fig. 14B).

A B

\ 100+
w | wn
3 3
< O 80
)
2
=
w»n 601
o
=1
< 404
A
¢
G 20
[e)
=
T
< %
g @5

Figure 14. (A) Representative images of hASCs and PC-hASCs dyed with X-GAL staining (senescent
cells are dyed in blue, scale bar: 100 um) and (B) their quantification. Data are expressed as mean
+SD. *p < 0.05.

As shown in Figure 15A, at 24 hours of culture, PC-hASCs also presented the
same percentage of cells (11.4%) undergoing proliferating G2/M phases as

hASCs (11.7%). Consistent with cell cycle analysis, hASCs and PC-hASCs
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proliferation rate neither showed significant differences at 24 and 48 hours (Fig.

15B).
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Figure 15. (A) Flow cytometry analysis for cell-cycle distribution (B) Evaluation of the proliferation
rate of hASCs and PC-hASCs under standard conditions. Experiments were, at least, performed in

triplicate. Data are expressed as mean + SD. *p < 0.05.
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111.2.2. hASCS preconditioning modify the proteomic profile

The LC-MS/MS analysis of hASCs and PC-hASCs determined that there were 40
over 3827 proteins differentially expressed after preconditioning with low doses

of H,0, (Fig. 20).
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Figure 16. Volcano plot for hASCs vs PC-hASCs. Differentially expressed proteins are within the
quadrants in green. hASCs overexpressed proteins (19, left quadrant) and PC-hASCs
overexpressed proteins (21, right quadrant). A Student's t-test was used to determine statistically
significant changes in protein expression. Proteins that showed p <0.05 and a change in LFQ

greater or less than 1.5 times were considered as differentially expressed proteins (n=5).
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Among the 40 overexpressed proteins, 19 proteins were overexpressed in hASCs

and 21 in PC-hASCs (Table 4).

Table 4. List of overexpressed proteins in hASCs or PC-hASCs and their functions.

Protein UniProt ID Protein UniProt ID
CNN3 8 Q15417 CDR21? Q01850
COMMD1 37 Q8N668 CBXx18 P83916
CDK13 4 Q14004 H2AFY2 8 Q9POM®6
DCAF8 8 Q5TAQ9 ALDH1L1 12 075891
ELP2 8 Q6IA86 SMURF2 ! Q9HAU4
MFN2 ! 095140 ETFDH 13 Q16134
NOL6 8 Q9H6R4 FAR1?! Q8WVX9
PXN © P49023 GID8 4 QINWU2
PITHD1 8 Q9GZP4 IRS1 L4 P35568
FUCA2! Q9BTY2 LYPLAL1? Q5VWz2
RECK 2 095980 MCFD2 8 Q8NI22
STK25 235 000506 BIN1 1 000499
STAMBP 24 095630 NUDT191 ASMXV4
TJP2 © Q9uUDY2 FAP 56 Q12884
TCEAL6 8 Q61PX3 PSMB6 ’ P28072
VPS11 1t Q9H270 FAM114A2 8 Q9NRY5
SORCS2 3 Q96PQ0 PBDC1? Q9BVG4
CEBPZ 8 Q03701 DHX16 & 060231
TIMM9 1 Q9Y5J7 RRP15 & Q9Y3B9
SLC39A14 8 Q15043
COX7A2L1 014548

1: Metabolism, 2: Cell Signaling, 3: Oxidative Stress, 4: Proliferation, 5: Migration, 6: Adhesion, 7:

Inflammation and 8: Others.
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These proteins play important roles in different cellular processes (Fig. 17). In
fact, PXN or Paxillin is involved in cell adhesion to ECM, reversion-inducing
cysteine-rich protein with Kazal motifs (RECK) overexpression has an inhibitory
effect on hMSCs migration and insulin receptor substrate 1 (IRS1) is implicated
in cell proliferation as well as in transmitting signals from the insulin and insulin-
like growth factor-1 (IGF-1) receptors to PI3K/AKT and ERK MAP kinase
pathways. Furthermore, COMM domain-containing protein 1 (COMMD1)
overexpression has shown to inhibit nuclear factor (NF)-kB, hypoxia inducible
factor (HIF)-mediated gene expression and SOD-1, and cytochrome c oxidase
subunit 7A-related protein, mitochondrial (COX7A2L), electron transfer
flavoprotein-ubiquinone oxidoreductase (ETFDH) and mitofusin 2 (MFN2) are
associated with mitochondrial metabolism. In the overall, almost 50% of the
differentially expressed proteins are related to metabolism, signaling pathways

and oxidative stress.
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Figure 17. Graphical representation of the percentage of differentially expressed proteins

according to their function.
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111.2.3. Preconditioning protects cells against oxidative stress

To evaluate the cytoprotective effect of the H,0,-preconditioning, cells were
exposed to 0.25 or 0.5 mM H,0; for 1 hour. During this period, we evaluated
ROS levels and observed that, although ROS increase in a time and dose
dependent manner in both, hASCs and PC-hASCs, PC-hASCs showed a significant
lower values at 30 and 60 minutes when exposed to 0.25 mM H,0;and also at

60 minutes in the case of 0.5 mM H,0, exposure (Fig. 18).
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Figure 18. Intracellular ROS levels of hASCs and PC-hASCs during the oxidative stress insult. ROS
generation was induced by H,0; (0.25 or 0.5 mM) and measured for 1 hour every 10 minutes. At
least three different experiments were performed (n > 5). Data are expressed as mean + SD. *p <

0.05.

To evaluate the apoptotic rate, 24 hours after the oxidative stress exposure,
cells were stained with Alexa Fluor 488 Annexin and Pl. As demonstrated in
figure 19A, H,0, exposed PC-hASC culture showed a significant decrease in
percentage of apoptotic cells compared to oxidized hASC culture. Particularly, a
2.4-fold reduction was achieved in the case of cultures exposed to 0.25 mM H,0,
(hASCs: 8.3 £ 1.2% and PC-hASCs: 3.5 + 0.4%) and a 1.4-fold in those exposed to
0.5 mM H,0, (hASCs: 9.9£0.4% and PC-hASCs: 7.0+0.6%) (Fig. 19B).
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Figure 19. Analysis of hASCs and PC-hASCs undergoing early and late apoptosis. (A). Annexin V/PI
assay was performed by flow cytometry. Annexin V-/PI- represents live cells; Annexin V+/PI- or
Annexin V+/Pl+ represents early or late apoptosis phase respectively; Annexin V-/Pl+ reflects
necrosis. (B) Quantification of cells undergoing early and late apoptosis. Experiments were

performed in triplicate. Data are expressed as mean  SD. *p < 0.05.

Moreover, to evaluate the cytotoxic effect of H,O, on hASCs and PC-hASCs LDH
assay was performed after 24 and 48 hours of the oxidative insult. The results

showed that preconditioning significantly decreased H,0»-induced cytotoxicity
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in PC-hASCs. Thus, compared to hASCs at 24 hours, PC-hASCs exposed to 0.25
mM or 0.5 mM showed a 1.7 and 1.9-fold decrease in the cytotoxicity
percentage, respectively (Fig. 20). At 48 hours, the reduction in LDH release
when compared to hASCs was maintained. In fact, PC-hASCs exposed to 0.25

mM or 0.5 mM showed a 2.0- and 1.8-fold decrease in the cytotoxicity

percentage, respectively.
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Figure 20. Determination of H,O, cytotoxic effect on hASCs and PC-hASCs. LDH release was
quantified at 24 and 48 hours post-stimulus (0.25 or 0.5 mM H,0,). At least three different

experiments were performed (n = 5). Data are expressed as mean + SD. *p < 0.05.
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In this chapter, we have shown that preconditioning does not affect
morphology, senescence, cell cycle or the proliferative rate of hASCs.
However, we have observed a slight change in the expression of certain
proteins. Among these differentially expressed proteins, 27% participate in
metabolism, 12% in cellular signaling and 8% are related to oxidative stress,
which led us to focus our attention on hASCs and PC-hASCs metabolic and
molecular mechanisms underlying the survival and adaptation of these cells

to oxidative stress.

Besides, by subjecting the cells to two different doses of oxidation, we
observed that the PC-hASCs withstand stress conditions better than hASCs.
After the analysis of obtained results we determine that the dose of 0.25
mM H,0; is the experimental condition in which the differences between
hASCs and PC-hASCs are better appreciated, and considering that this
33,217

concentration is similar to that observed in inflammatory processes

from this point we used that concentration for the remaining experiments.
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Elucidation of the molecular and bioenergetic
mechanisms underlying the survival and adaptation of
PC-hASCs to oxidative stress
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As previously described, the functionality of hASCs may be affected by the
oxidative/inflammatory environment present into damaged tissue where they
are transplanted, reducing their therapeutic activity. In the previous chapter, we
have shown that preconditioning with low doses of H,0; induce a resistance to
oxidative stress on hASCs. Besides, through proteomic analysis, we observed
that this preconditioning, under normal conditions, modulated the expression
of certain proteins related to inflammation, oxidative stress or metabolism.
Then, in this chapter, we focused on elucidating the molecular and
bioenergetic mechanisms underlying the survival and adaptation of PC-hASCs

under oxidative stress.
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IV.2. Materials and methods

1V.1.1. Cell culture

In this part of the experimentation we also used hASCs as described in the

section IV.1.1.

IV.1.2. Western blot analysis

To determine the expression of proteins of interest, a western blot analysis was
conducted. hASCs and PC-hASCs exposed to a moderate dose of H,0, were lysed
in 1x Laemmli buffer (Sigma-Aldrich, St. Louis, MO, USA) and sonicated to obtain
a homogeneous sample. Whole cell preparations and nuclear extracts were
obtained employing an adaptation of a high-quality biochemical fractionation
protocol 2. Briefly, cells were pelleted and resuspended in cytoplasmic
extraction buffer (20 mM Tris, pH 7.6, 0.1 mM EDTA, 2 mM MgCI2-:6H20, 0.5
mM Na3V04) to induce hypotonic swelling. To release cytoplasmic proteins,
Nonidet P-40 (Igepal, Sigma-Aldrich, St. Louis, MO, USA) was added to a final
concentration of 1%. The cytoplasmic extract was separated by centrifugation
(500 g for 3 minutes, at 4 °C) and the pellet containing nuclei was resuspended
in the 1% Nonidet P-40 cytoplasmic extraction buffer and centrifuged at 4 °C and
500 g for 3 minutes; this washing step was repeated one more time in order to
obtain a pure nuclei pellet. Protein quantification was performed using
trichloroacetic acid (TCA, Fluka Biochemika, Steinheim, Germany) precipitation
and bovine serum albumin (BSA, Sigma-Aldrich, St Louis, MO, USA) as the

standard curve.

Whole cell lysates, cytoplasmic and nuclear extracts were boiled for 5 minutes
to allow denaturation. Then, denatured samples were loaded onto 10% SDS-
PAGE gels and resolved by electrophoresis using a SDS running buffer (25 mM
Tris, 200 mM glycine, 0.1% SDS (w/v), pH 8.3) at 90 V for 90 minutes in a Mini-
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Protean® 3 Cell (BioRad, Segrate M, Italy). Resolved proteins were transferred
onto nitrocellulose membrane (GE Healthcare, Life Sciences, Freiburg,
Germany) at 380 mA for 180 minutes at 4 °C using a SDS transfer buffer (25 mM
Tris, 200 mM glycine, 0.1% SDS (w/v), 20% methanol, pH 8.3). Subsequently,
nitrocellulose membranes were stained with Ponceau S solution (Sigma-Aldrich,
St Louis, MO, USA) to allow visibility of resolved proteins. Membranes were
washed with TBS-T (20 mM Tris, 500 mM NacCl, 0.1% Tween-20 (v/v), pH 7.5) to
remove the Ponceau and then blocked with 5% skimmed milk in TBS-T for 1
hour. Subsequently, membranes were incubated o/n at 4 °C with the primary
antibodies listed below (Table 5). After washing with TBS-T, membranes were
incubated with the corresponding secondary antibody for 1 hour at RT (Table 5).
Finally, membranes were visualized using SuperSignal West Pico PLUS
Chemiluminiscent Substrate (ThermoFisher, Waltham, MA, USA). Images were
acquired with the gel documentation system, G: Box Chemi HR16 (Syngene,
Frederick, MD, USA) and densitometry was performed with the Image)J software
(NIH, Bethesda, MD, USA). Densitometry values were then normalized to that
of their corresponding loading controls. PC-hASCs data were relativized to hASCs

and provided as the average (mean % SD) of at least three different experiments.

Table 5. List of western blot antibodies used in the PC-hASCs analysis.

NRF2 GeneTex GTX103322 1:500
SOD-1 GeneTex GTX100554 1:1000
HO-1 GeneTex GTX101147 1:1000
GPx1 GeneTex GTX116040 1:1000
CAT GeneTex GTX110704 1:1000
NF-kB (p65) GeneTex GTX107678 1:1000
COX-2 Abcam Ab21704 1:1000
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IL-1B R&D Systems AF-201-SP 1:1000

HIF-1a BD Biosciences 610959 1:250
Phospho-Akt (Ser 473) Cell Signalling 9271 1:1000
Akt Cell Signalling 9272 1:1000
Phospho-p44/42 MAPK (ERK 1/2) Cell Signalling 9101 1:1000
p44/42 MAPK (ERK 1/2) Cell Signalling 9102 1:1000
B-Actin EMD Millipore ABT264 1:5000

Lamin A+C GeneTex GTX101127 1:5000
GAPDH EMD Millipore ABS16 1:10000

Goat anti-Rabbit IgG Thermo Fisher 65-6140 1:1000
Rabbit anti-Mouse IgG Thermo Fisher 31813 1:1000
Donkey anti-goat I1gG Bethyl Laboratories A50-101P 1:1000

IV.1.3. Assessment of mitochondrial stress

To evaluate mitochondrial stress, MitoTracker®Red CMXRos probe (Invitrogen,
Eugene, OR, USA), a derivative of X-rosamine, was used. This probe labelled
mitochondria depending on the membrane potential (Am) and gives
information of mitochondria morphology and stress. For this experiment, cells
were seeded in 96 well plates or u-Slide 8 well (lbidi GmbH, Martinsried,
Germany); 24 hours after the H,0, exposure period, they were incubated with
100 mM MitoTracker® probe for 30 minutes at 37 °C. For mitochondria
visualization, samples were examined under a Zeiss LSM880 Airyscan confocal
microscope (Carl Zeiss Inc, Chicago, IL, USA) using 40x objective. For Aym

guantification, the fluorescence intensity of living cells was measured in a
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microplate reader (Aex 579; Aem 599 NM). Results were given as the mean + SD of

three independent assays (n > 3).

IV.1.4. Cellular bioenergetic evaluation

To determine if the preconditioning altered the bioenergetic profile of hASCs,
XF Cell Mito Stress Test, XF Glycolytic Rate Assay and XF Real-Time ATP Rate
Assay were performed using a Seahorse XFe96 Extracellular Flux Analyzer
(Agilent Technologies, Santa Clara, CA, USA) following manufacturer
instructions. PC-hASCs and hASCs were plated in a XF96 cell culture microplate
and 24 hours after the oxidative stress insult, cells were assayed for both oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) in XF DMEM
Base Medium without phenol red, supplemented with 10 mM glucose, 2 mM
glutamine, 1 mM pyruvate, 5 mM HEPES, pH 7.4. For each assay, OCR and ECAR
were measured before (basal conditions) and after sequential injections of

different metabolic stressors (Table 6).

Table 6. List of different metabolic stressors used in the energetic metabolism analysis of PC-
hASCs.

Oligomycin ATP synthase inhibitor 1.5 uM
Carbonyl cyanide 4- Uncoupling agent that collapses the
(trifluoromethoxy) proton gradient and disrupts the 0.5 uMm
phenylhydrazone (FCCP) mitochondrial membrane potential
Mix of rotenone and
Respiratory chain inhibitor 0.5 uM
antimycin A (Rot/AA)
2-Deoxy-D-glucose (2-DG) Glycolytic inhibitor 50 mM
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IV.1.4.1. Mitochondrial respiration

Mitochondrial respiration is the set of metabolic reactions and processes
requiring oxygen that takes place in mitochondria to convert the energy stored
in macronutrients to ATP. In order to measure the mitochondrial respiration of
hASCs and PC-hASCs we used the Seahorse XF Cell Mito Stress Test Kit, that uses
modulators of cellular respiration (Oligomycin, FCCP, Rot/AA) that specifically
target components of the electron transport chain (ETC) to reveal key
parameters of metabolic function. After basal rates were recorded over three
measurement periods, the compounds were serially injected to measure basal
respiration, maximal respiration, ATP-linked respiration and coupling efficiency.
The first compound injected was oligomycin. Oligomycin is an ATP synthase
(complex V) inhibitor that decreases electron flow through the ETC, leading to a
decrease in OCR, which is linked to cellular ATP production. Next, FCCP, an
uncoupling agent that collapses the proton gradient and disrupts the
mitochondrial membrane potential, was injected. As a result, electron flow
through the ETC was uninhibited, and oxygen consumption by complex IV
reached the maximum. The FCCP-stimulated OCR was then used to calculate
spare respiratory capacity, defined as the difference between maximal
respiration and basal respiration. Spare respiratory capacity is a measure of the
ability of the cell to respond to increased energy demand or under stress. Finally,
the third injection was a mixture of rotenone, a complex | inhibitor, and
antimycin A, a complex lll inhibitor. This combination shut down mitochondrial
respiration and enabled the calculation of non-mitochondrial respiration driven
by processes outside the mitochondria. Figure 21 illustrates the injection
sequence of these compounds and the parameters that can be obtained with

this assay.

84



IV. Chapter 2

Seahorse XF Cell Mito Stress Test Profile
Mitochondrial Respiration
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Figure 21. Agilent Seahorse XF Cell Mito Stress Test profile, showing the key parameters of
mitochondrial function. https://www.agilent.com/cs/publishingimages/Cell_Mito__Profile.jpg
1IV.1.4.1. Glycolysis

Glucose in cells is converted to pyruvate, and then converted to lactate in the
cytoplasm, or to CO; and water in the mitochondria. The conversion of glucose
to lactate results in a net production and extrusion of protons to the
extracellular medium, which is detected by the XF Analyzer as ECAR. However,
despite the strong correlation of ECAR with glycolytic activity, there are other

sources of acidification (mainly mitochondrial-derived CO,; Fig. 22).
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Figure 22. Principle of the Agilent Seahorse XF Glycolytic rate assay.

https://www.agilent.com/cs/promotions/images/glycolysis-rate-measure.png

The Agilent Seahorse XF Glycolytic Rate Assay utilizes both ECAR and OCR
measurements to account for CO; contribution to extracellular acidification, and
thus obtain the Glycolytic Proton Efflux Rate (glycoPER). This parameter is the
rate of protons extruded to the extracellular medium during glycolysis and is

equivalent to the amount of lactate produced during glycolysis.

In order to quantify the glycoPER, the XF Glycolytic Rate Assay injected three
metabolic compounds (Rot/AA and 2-DG) after the three basal measurements.
The mitochondrial respiration was inhibited by Rot/AA. By inhibiting respiration,
the rate of proton efflux from respiration was calculated and removed from the
total proton efflux rate (PER) giving the glycoPER. Furthermore, to confirm
pathway specificity 2-DG was injected. 2-DG is a glucose analog which inhibits
glycolysis through competitive binding of glucose hexokinase, the first enzyme
in the glycolytic pathway. The resulting decrease in the PER confirmed that the

PER produced prior to the injection is primarily due to glycolysis (Fig. 23).
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Seahorse XF Glycolytic Rate Assay Profile
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Figure 23. Agilent Seahorse XF Glycolytic rate assay profile. Proton efflux from live cells comprises
both glycolytic and mitochondrial-derived acidification. Inhibition of mitochondrial function by
Rot/AA enables calculation of mitochondrial-associated acidification to Total Proton Efflux Rate
(PER) results in Glycolytic Proton Efflux Rate (glycoPER).

https://www.agilent.com/cs/publishingimages/seahorse-xf-glycolytic-rate-assay-kit-square.jpg
1V.1.4.1. ATP production

Finally, to determine the total rate of cellular ATP production as well as the
fractional contribution from mitochondrial respiration and glycolysis we
performed the XF Real-Time ATP Rate Assay (1.5 pM oligomycin and 0.5 pM of
Rot/AA). As previously mentioned, injection of oligomycin resulted in an
inhibition of mitochondrial ATP synthesis that led to a decrease in OCR, allowing
mitochondrial ATP production rates to be quantified. Complete inhibition of
mitochondrial respiration with Rot/AA enabled calculation of mitochondrial-
associated acidification, allowing calculation of glycolytic ATP production. Lastly,
the total cellular ATP Production Rate was the sum of the mitochondrial and

glycolytic ATP production rates (Fig. 24).
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Agilent Seahorse XF Real-Time ATP Rate Assay
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Figure 24. Agilent Seahorse XF Real-Time ATP rate assay. This assay removes contributions from
non-ATP production related signals through sequential injection of energy pathway modulators

(oligomycin and Rot/AA). https://www.agilent.com/cs/promotions/images/atp-figure6.png

The results obtained were normalized to the number of cells and analyzed by
Wave Desktop Software 2.6 (Agilent Technologies, Cedar Creek, TX, USA). All

assays (n 2 3) were performed at least three times and plotted as means * SD.

IV.1.5. Statistical analysis

The number of samples analyzed was described in each experiment. All data are
shown as mean % SD. Statistical analysis was performed using GraphPad Prism
statistical software (version 5.0; GraphPad Software). Significance was assessed
using analysis of variance followed by Bonferroni’s post hoc test and t-tests, as
appropriate. Statistical differences were considered significant where p < 0.05.
All the images shown in this thesis represent the data obtained, at least, in three

independent experiments with similar results.
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IV.2. Results

IV.2.1. Preconditioning promotes the antioxidant response and reduces

the pro-inflammatory proteins expression

To analyze the antioxidant effect of the preconditioning, NRF2 and relevant anti-
oxidant enzymes (HO-1, SOD-1, GPx-1 and CAT) expression was studied by
western blot immediately after the H,O; insult. The results revealed that there
were no differences between non-oxidized controls. After the exposure of
hASCs and PC-hASCs to 0.25 mM H,0; anincrease in nuclear NRF2 expression
was produced (1.52 and 1.97-fold higher, respectively), being this increment
1.3-fold higher in PC-hASCs compared to hASCs (Fig. 25).
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Figure 25. Expression and quantification of nuclear NRF2 in hASCs and PC-hASCs exposed to
oxidative stress. Cells were treated with 0.25 mM H,0, for 1 hour, and lysed just after the insult.
Values were normalized to their corresponding loading control. At least three different
experiments were performed. Data were relativized to control hASCs (dotted line) and expressed

as mean  SD. *p < 0.05, compared with control hASCs, #p < 0.05.
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Remarkably, preconditioned cells also exhibited an enhancement in antioxidant
enzymes expression. In fact, compared to oxidized hASCs, PC-hASCs exposed to
0.25 mM H,0; showed a 1.3-fold increase in the expression of HO-1 and CAT,
1.4-fold increase in the expression of SOD-1 and 1.7-fold increase in the
expression of GPx-1. Furthermore, expression of SOD-1 and GPx-1 were
increased in control PC-hASCs (1.26 and 1.3-fold increase, respectively) when

compared to hASCs (Fig. 26).
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Figure 26. Expression and quantification of HO-1, SOD-1, GPx1 and CAT in hASCs and PC-hASCs
exposed to oxidative stress. Cells were treated with 0.25 mM H,0; for 1 hour, and lysed just after
the insult. Values were normalized to their corresponding loading control. At least three different
experiments were performed. Data were relativized to control hASCs (dotted line) and expressed

as mean  SD. *p < 0.05, compared with control hASCs, #p < 0.05.
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To evaluate how preconditioning affected the expression of inflamatory
proteins, we measured by western blot the expression of NF-kB and

proinflamatory molecules COX-2 and IL-1.

&2 &2

cox-2 | | g [ e - |

B-Actin |—" —— "‘| B-Actini-- — — — |
H0, - -+ 4 H,0, . -+
(0.25 mM) (0.25 mM)
NF-xB COX-2 IL-1B
2.0 #
P it
% 3 # _#
- 1.5 L #
S g l —# *
= = # T
2% | I = b
@ £ 10
o C o = * me * o E
g S = i :
() “6 % .-' o
c ' o
‘T O 0.5 - o .
L o |
2 =
o e
0.0 T T T T T T 1 T
[N A [ AN ¢ L2
S FEE T
(SN XL XL
] A < Q Q Q
& & &
¢ ¢ & o8 &
N PR WA
,.L’o Q ,{0 Q ,‘f)
Q- Q- Q-

Figure 27. Expression and quantification of NF-kB, COX-2 and IL-1B in hASCs and PC-hASCs
exposed to oxidative stress. Cells were treated with 0.25 mM H,0; for 1 hour, and lysed 24 hours
after the insult. Values were normalized to their corresponding loading control. At least three
different experiments were performed. Data were relativized to control hASCs (dotted line) and

expressed as mean * SD. *p < 0.05, compared with control hASCs, #p < 0.05.
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The results showed that preconditioning attenuated the expression of all these
proteins when cells were subjected to oxidative stress. As shown in Figure 27,
whereas no differences were observed between control groups, 24 hours after
0.25 mM H,0; exposure, PC-hASCs exhibited a significant lower expression in

NF-kB, COX-2 and IL-1B than hASCs (1.6, 1.3 and 1.4-fold decrease, respectively).

Additionally, the effect of preconditioning on ERK and AKT was evaluated by
western blot. When the cells were cultivated in standard conditions there were
no differences in the expression of p-ERK or p-AKT. Under stress conditions, a
down-expression of p-ERK was observed in both, PC-hASCs and hASCs (4 and
2.4-fold decrease, respectively), whereas p-AKT was overexpressed (1.21 and

1.26-fold increase, respectively; Fig.28).
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Figure 28. Expression and quantification of p-ERK and p-AKT. hASCs and PC-hASCs were exposed
to 0.25 mM H,0; for 1 hour, and lysed 24 hours after the insult. At least three different
experiments were performed. Data were relativized to control hASCs (dotted line), and expressed

as mean + SD. *p < 0.05, compared with control hASCs, #p < 0.05.
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IV.2.1. Preconditioning alters cells metabolism

IV.2.1.1. Mitochondrial respiration

We evaluated if the preconditioning had any impact on OXPHOS or glycolytic
metabolism of hASCs in standard conditions and in response to oxidative stress.
Firstly, to determine mitochondrial stress, mitochondrial morphology and Aym
were analyzed with MitoTracker®Red CMXRos probe. In figure 29, we observed
that mitochondria of control hASCs and PC-hASCs presented a similar elongated

and tubular shape.

hASCs PC-hASCs

Control

0.25 mM

Figure 29. Mitochondrial morphology. Confocal microscopy images of PC-hASCs and hASCs under
standard and oxidative stress situation; cells labeled live with MitoTracker Red CMXRos. Scale bar:

30 um.
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However, when cells were exposed to 0.25 mM H,0,, the morphology of hASCs
and PC-hASCs mitochondria differed. PC-hASCs mitochondria had the same
tubular shape as the controls, whereas hASCs looked fragmented (Fig. 29).
Besides, PC-hASCs seemed to increased mitochondrial mass and developed a
strongly interconnected network that distributed uniformly through the
cytoplasm, suggesting potentiation of fusion processes. In regard to Aym,
control hASCs and PC-hASCs showed no significant differences; however, when
the cells were subjected to a moderate oxidative stress insult, PC-hASCs
exhibited a higher Aym than their corresponding control (16 £ 1.2 % increase)
and oxidized non-preconditioned cells (14 + 1.2 % increase), which correlates

with the confocal images (Fig. 30).
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Figure 30. Aym quantification. hASCs and PC-hASCs under standard and oxidative stress situation
were labeled live with MitoTracker Red CMXRos and fluorescence was quantified. At least three

different experiments were performed and results were expressed as mean + SD. *p < 0.05.
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To examine mitochondrial function, the XF Cell Mito Stress Test was used. First
of all, and to discard mitochondrial dysfunction, the coupling efficiency was
evaluated. The coupling efficiency varies with ATP demand, but it is usually fairly
high (70-90%). This index is very sensitive to changes in all bioenergetic
modules, so is likely to change in any dysfunction. In this case, both cell types in
basal and in oxidative conditions exhibited more than a 70% of coupling
efficiency and there were no significant differences among them (Fig. 31). This

result discarded mitochondrial dysfunction.
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Figure 31. Coupling efficiency. Mitochondrial respiration parameters were assessed in hASCs and
PC-hASCs following sequential injections of oligomycin, FCCP, and a ROT/AA under control
conditions or after 0.25 mM H,0, exposure. At least three different experiments were performed

and results were expressed as mean + SD. *p < 0.05.

After 0.25 mM H,0, exposure, and compared to hASCs, preconditioned cells
displayed a significant augmentation both, in basal mitochondrial oxygen
consumption (1.8-fold increase; Fig. 32A) and in maximal respiratory capacity

(1.4-fold increase; Fig. 32B).
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Figure 32. Mitochondrial respiration parameters. Mitochondrial respiration was assessed in hASCs
and PC-hASCs following sequential injections of oligomycin, FCCP, and a ROT/AA under control
conditions or after 0.25 mM H,0, exposure. (A) Basal respiration, (B) Maximal respiration. At least

three different experiments were performed and results were expressed as mean + SD. *p < 0.05.
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Moreover, when exposing cells to oligomycin, an inhibitor of the ATP synthase,
we also detected an increase in ATP-linked respiration for PC-hASCs (1.3-fold)
and for PC-hASCs exposed to 0.25 mM H,0, (1.25-fold), comparing with non-
preconditioned ones (Fig. 33), indicating that preconditioned cells have an

enhanced energy capacity to respond to stress.
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Figure 33. ATP-linked respiration. Mitochondrial respiration parameters were assessed in hASCs
and PC-hASCs following sequential injections of oligomycin, FCCP, and a ROT/AA under control
conditions or after 0.25 mM H,0, exposure. At least three different experiments were performed

and results were expressed as mean + SD. *p < 0.05.
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1V.2.1.2. Glycolysis

In figure 34, we measured the PER from glycolysis percentage. This metric is the
rate of protons extruded to the extracellular medium during glycolysis and is
equivalent to the amount of lactate produced during glycolysis. Cells analyzed
by XF Glycolytic Rate Assay showed that both, hASCs and PC-hASCs, stimulated
or not with oxidative stress, were predominantly glycolytic, considering that
more than a 90% of the total rate of extracellular acidification comes from

glycolysis (Fig. 34).

% PER from Glycolysis

100

% PER from Glycolysis
(pmol/min)/cells)

Figure 34. Percentage of PER from glycolysis. Both, hASCs and PC-hASCs present a glycolytic
phenotype suggested by % PER (proton efflux rate, the number of protons exported by cells into
the assay medium over time) from glycolysis. At least three different experiments were

performed. Data were expressed as mean + SD. *p < 0.05.
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When subjected to 0.25 mM H,0,, a decrease in glycolytic activity was detected
in both cell types compared to their corresponding control cells; however,
compared to hASCs, preconditioned cells showed a higher glycolytic phenotype
as indicated by higher basal glycolysis and higher compensatory glycolysis (Fig.
35).
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Figure 35. Glycolysis parameters. Glycolysis was assessed in hASCs and PC-hASCs following
sequential injections of ROT/AA and 2-DG under control conditions or after 0.25 mM H,0,
exposure. (A) Basal glycolysis and (B) Compensatory glycolysis. At least three different

experiments were performed. Data were expressed as mean * SD. *p < 0.05.

Considering the increase in oxidized PC-hASCs compared to non-preconditioned
cells, we investigated underlying mechanisms that might be activated to
counteract oxidative stress and enhance glycolysis in PC-hASCs. In this sense,
HIF-1a is known to be a key factor that codes for proteins related to glycolytic
energy metabolism. When analyzing this protein by western blot we observed
an overexpression in PC-hASCs exposed to H,0,, which was a 1.25-fold higher

than HIF-1a expression level of H,0; incubated hASCs (Fig. 36).
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Figure 36. Expression and quantification of HIF-1a. hASCs and PC-hASCs were exposed to 0.25 mM

H,0; for 1 hour, and lysed 24 hours after the insult. At least three different experiments were

performed. Data were relativized to control hASCs (dotted line), and expressed as mean + SD. *p

< 0.05, compared with control hASCs, #p < 0.05.
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1V.2.1.3. ATP production

In addition, we analyzed the total rate of cellular ATP production as well as the
fractional contribution from glycolysis and oxidative phosphorylation,
simultaneously. Figure 37 revealed that oxidative stress decrease significantly
ATP production, being this drop more acute on hASCs (decrease of 17 + 1%) than

on PC-hASCs (decrease of 9.8 + 0.5%).
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Figure 37. Total ATP production rate. Seahorse XF Real-Time ATP Rate Assay was performed in
hASCs and PC-hASCs under control conditions or after 0.25 mM H,0, exposure to quantify the
ATP production. At least three different experiments were performed and data were expressed

as mean + SD. *p < 0.05.
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Similar results were obtained when analyzed the glycolytic ATP production
(reduction of 17.5 £ 0.9% and 10.1 * 1%, respectively) which, as expected, was

the main source of ATP for hASCs and PC-hASCs (Fig. 38).
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Figure 38. Glycolytic ATP production rate. Seahorse XF Real-Time ATP Rate Assay was performed
in hASCs and PC-hASCs under control conditions or after 0.25 mM H,0, exposure to quantify the
ATP production. At least three different experiments were performed and data were expressed

as mean + SD. *p < 0.05.

Finally, mitochondrial ATP production (which conformed around a 5% of the
total ATP) was 19.2 + 1% higher in PC-hASCs than in hASCs, and this increase
became more remarkable when the cells were subjected to moderate oxidative
stress (increase of 32.3 + 2%). Thus, whereas no significant differences were
registered between control and H,0, exposed hASCs, an increase of 22.9+ 2.3%
was detected in 0.25 mM H,0, exposed PC-hASCs compared to their

corresponding control (Fig. 39).
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Mitochondria ATP production
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Figure 39. Mitochondrial respiration ATP production rate. Seahorse XF Real-Time ATP Rate Assay
was performed in hASCs and PC-hASCs under control conditions or after 0.25 mM H,0, exposure
to quantify the ATP production. At least three different experiments were performed and data

were expressed as mean + SD. *p < 0.05.
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In this chapter, we have demonstrated that preconditioning enhances the
antioxidant response of the hASCs, attenuates their expression of pro-
inflammatory molecules and modulates the metabolism facilitating the

adaptation to oxidative stress.

Taking all this into consideration, our next objective was to assess whether
preconditioning is not only beneficial for the survival and adaptation of
hASCs in stressful environments, but also an advantage when repairing

damaged cells, thus promoting their reparative properties.
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Assessment of the effect of PC-hASCs and their CM on
an oxidative stress induced cellular damage model
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Oxidative stress, associated with neuroinflammation, is a key process involved
in the pathophysiology of neurodegenerative diseases such as Alzheimer's,
Parkinson's or amyotrophic lateral sclerosis 2°¢%%7. Although oxidative stress
affects any cell type of the organism, the high oxygen consumption and the
limited antioxidant capacity of nervous tissue makes neurons and glia especially

208 |n particular, oligodendrocytes, the

vulnerable to increased ROS levels
myelin producing cells of the central nervous system (CNS), are remarkably
vulnerable to oxidative stress due to their high metabolic rate and their low
concentration of glutathione 2%, In a state of oxidative stress, oligodendrocytes
may undergo irreversible damage of proteins, lipids and DNA, mitochondrial

dysfunction, cell degeneration and death 2. These damages could be

attenuated thanks to cell therapy.

Today, the use of MSCs is a potential therapeutic tool for neurodegenerative
diseases. This therapeutic proposal is based on the immunomodulatory and
neuroprotective/repair activity of MSCs, due to their antioxidant capacity and
the release of anti-inflammatory cytokines, neurotrophic growth factors and
components of the ECM 211212, Although it is possible to obtain MSCs from
different cell niches, it has been shown that the secretion of neurotrophic
growth factors is greater in hASCs than in those derived from bone marrow
(hBM-MSCs) 213, which may be due to the paracrine connection that exists
between adipose tissue and the CNS 24, However, as previously stated, like
other types of MSCs, hASCs have a low percentage of survival after
transplantation at the site of injury 7. To address this problem, we
preconditioned the cells so that they resist harmful environmental factors, such

26,27

as oxidative stress , in an attempt to improve their intrinsic antioxidant

capacity and maintain their cytoprotective/repair properties.

Herein, we established an in vitro model of oxidative stress induced damage

in oligodendrocyte-like cells and co-cultured them with PC-hASCs and their
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conditioned media, in order to evaluate the therapeutic role of PC-hASCs and

their derivates.
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V.2. Materials and methods

V.2.1. Cell culture

V.2.1.1. Human adipose-derived stem cells
In this part of the experimentation we also used hASCs as described in the

section IV.1.1.

V.2.1.2. Human oligodendroglioma (HOG)

Human oligodendroglioma (HOG) was kindly donated by Dr. Glyn Dawson
(University of Chicago, IL, USA). HOG is a clonal cell line derived from a surgically
removed human oligodendroglioma, that in culture show a flat and epithelioid-
like morphology that had limited resemblance with primary cultured

oligodendrocytes (Fig. 40).

Figure 40. Phase contrast microscopy image of 80% confluent HOG cell line culture (scale bar: 100
um).
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HOG cells do not express the astrocyte marker glial fibrillary acidic protein
(GFAP), but express several oligodendrocyte markers such as A2B5, myelin basic
protein (MBP) and 2’, 3’-cyclic nucleotide 3’-phosphodiesterase (CNPase)
activity . These cells were maintained in DMEM (Dulbecco’s Modified Eagle
Medium, Gibco, Paisley, UK) supplemented with gentamicin (1 pl/ml), L-
glutamine (Gibco, Paisley, UK), sodium pyruvate (Gibco, Paisley, UK) and a 10%
of heat-inactivated FBS, and incubated at 37 °C in a saturated humidity

atmosphere containing 5% CO,. Cell were used until passage 15.

V.2.2. HOG differentiation

In this study, we differentiated HOG cell line to oligodendrocyte-like cells
(HOGAd). For their differentiation, the culture vessels were coated with poly-D-
lysine (PDL, Sigma-Aldrich, St Louis, MO, USA) and HOG cell line was cultured at
a 22x10* cells/cm? in complete media for 24 hours. Then, complete media was
replaced by differentiation media (DM) containing high glucose (4.5 g/I) DMEM
with N2 supplement, a chemically-defined, serum-free supplement based on
Bottenstein’s N-1 formulation (Life Technologies, Eugene, OR, USA), 30 nM
triiodothyronine (T3, Sigma-Aldrich, St Louis, MO, USA) and 0.05% FBS, and cells

were cultured for 9 days with three media refreshments (Fig. 41).
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CHRONOGRAM OF HOG CELL LINE DIFFERENTIATION
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Olygodendrocyte-like cells (HOGd)

Figure 41. Chronogram of HOG cell line differentiation.
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V.2.3. Immunofluorescence assay

For assessing HOG cells differentiation, an immunofluorescence assay to detect
oligodendrocytes specific markers (MBP, CNPase and myelin oligodendrocyte
glycoprotein, MOG) were performed. For this experiment, cells were seeded
and differentiated in u-Slide 8 well (Ibidi GmbH, Martinsried, Germany). Cells
were fixed with 4% paraformaldehyde (PFA, PanReac AppliChem, Barcelona,
Spain) for 15 minutes at RT and then incubated with PBS, containing 3% BSA and
0.1% Triton X-100, for 30 minutes at RT to permeabilize the cells and block non-
specific protein-protein interactions. Subsequently, cells were incubated with
primary antibodies o/n at 4°C. After washing three times with 1x PBS, cells were
incubated with a secondary antibody for 1 hour at RT in the dark. Nuclei were
counterstained with Hoechst 33342 (Abcam, Cambridge, UK). Finally, cells were
washed three more times and observed under a Zeiss LSM800 confocal
microscope (Carl Zeiss Inc, Chicago, IL, USA) using x20 objective. Antibodies used

are listed below (Table 7).

Table 7. List of antibodies used in the immunofluorescence assay.

MBP GeneTex GTX133108 1:100

CNPase GeneTex GTX103954 1:100

MOG GeneTex GTX106283 1:100

Goat anti-Rabbit IgG Alexa 488 Invitrogen # A-11008 1:2000
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V.2.4. Oxidative stress induction and co-culture

Oxidative stress conditions were achieved using a dose of 0.25 mM H,0,
according to previous experiments performed in our group 2%°. For the different
experiments, HOG cells were seeded onto 24 (Sarstedt, Nimbrecht, Germany)
or 6 well plates (Corning, Tewksbury, MA, USA). Once they reached 80%
confluency, HOG cells were differentiated and then exposed to a 0.25 mM H,0,
insult for 1 hour in DMEM FBS free at 37 °C, in a humidified 5% CO, atmosphere.
After that period, media were replaced with fresh DMEM FBS free.
Subsequently, damaged HOGd (oxHOGd) were cultured with: i, hASCs or PC-
hASCs conditioned media (CM); ii, hASCs or PC-hASCs; and jii, hASCs or PC-hASCs

subjected to oxidative stress.

To obtain hASCs or PC-hASCs CM, cells were grown in T175 (Sarstedt,
Nimbrecht, Germany) or T636 (Corning, Tewksbury, MA, USA) tissue culture
flasks to 80% confluence, washed three times with 1x PBS and incubated for 48
hours in DMEM Glutamax™ FBS free. Then, the CM was centrifuged for 5
minutes at 250 g, filtered with a 0.2 um filter (Filtropur S 0.2, Sarstedt,
Niimbrecht, Germany) and stored at -202C until used (Fig. 42).

oxHOGd treated with conditioned media

hASCs or PC-hASCs

ovHOGO

Deprivation

48 hours hASCs or PC-hASCs

Conditioned Media

Figure 42. Visual representation of hASCs or PC-hASCs CM obtaining for oxHOGd treatment.
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For the indirect co-cultures, hASCs or PC-hASCs were seeded onto cell culture
inserts with 3 um pore size (Nunc™, Life Technologies, Eugene, OR, USA) in 24
or 6 well plates at a concentration of 3x10* cells/cm?. Cells were incubated in
DMEM Glutamax™ with 10% FBS at 37 °C in a saturated humidity atmosphere
containing 5% CO;to allow cell adhesion (2-4 hours). Once adhered to the insert,
complete media was removed and hASCs or PC-hASCs were indirectly co-
cultured with oxHOGd. hASCs and PC-hASCs were co-cultured in normal

conditions or after 1 hour 0.25 mM H,0, oxidative stress insult (Fig. 43).

oxHOGd treated with cells

hASCs PC-hASCs oxhASCs oxPC-hASCs

@ ®D®
geeE

Figure 43. Visual representation of hASCs or PC-hASCs co-cultured with oxHOGd, with or without

oxidative stress induction.

V.2.5. Proliferation assay

Proliferation of oxHOGd was assessed by viable cells quantification at 24 and 48
hours with PrestoBlue®, a resazurin-based solution that functions as a
colorimetric cell viability indicator. At each time points, treated oxHOGd
cultured in 24 well plates were incubated with PrestoBlue® reagent following
manufacturer instructions. The optical density (OD) was measured at A 570 in a
spectrophotometer. Results were relativized to control (HOGd) and expressed
as the means * SD of at least three independent experiments performed in

triplicates.
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V.2.6. Measurement of ROS

oxHOGd intracellular levels of ROS were detected using H2-DFC-DA probe at 24
and 48 hours after the treatment. H2-DFC-DA is a chemically reduced form of
fluorescein that upon cleavage of the acetate groups by intracellular esterases
and ROS, is converted to highly fluorescent DCF. This probe was added to the
cells at a final concentration of 10 uM, for 30 minutes at 37 °C. After this period,
the fluorescent probe was removed and cells were washed with 1x PBS. Finally,
intracellular ROS accumulation was measured in a microplate reader (Aex 492—
495; Aem 517-527 nm). Results were relativized to control (HOGd) and
represented as the means + SD of at least three independent experiments

performed in triplicates.
V.2.7. Total antioxidant capacity assay

The Total Antioxidant Capacity Assay Kit (Abcam, Cambridge, UK) was used to
determine the capability to counteract ROS of oxHOGd cultured alone or with i,
hASCs or PC-hASCs conditioned media (CM), ii, hASCs or PC-hASCs, or iii, hASCs
or PC-hASCs subjected to oxidative stress. The kit analyzes the concentration of
small molecule antioxidants and proteins in the culture media. Briefly, after 24
hours of treatment, Trolox standard curve (4 — 20 nmol/well) was prepared and
media of the different culture conditions were collected and diluted 1:2 in
ddH,0. Diluted fresh samples (100 pl) were mixed with Cu?* working solution
(100 ul) in a 96 well plate and incubated at RT for 90 minutes protected from
light. Afterwards, the OD was measured at A 570 nm in a spectrophotometer.

Concentration of Trolox (nmol/ul or mM) in the test samples is calculated as:

Ts
Sample Total Antioxidant Capacity = 5o x D
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where Ts is the total antioxidant capacity amount in the sample well calculated
from standard curve (nmol), Sv is the sample volume added in the sample wells
(ul) and D is the sample dilution factor. Results were relativized to control
(HOGd) and provided as the average of three different experiments (mean + SD)

performed in duplicate.

V.2.8. Western blot analysis

To determine the expression of proteins of interest, cells were seeded onto 6
well plates or onto the inserts. After the HOG differentiation or 24 hours after
the culture with i, hASCs CM or PC-hASCs CM; ii, hASCs or PC-hASCs; and iii,
hASCs or PC-hASCs subjected to oxidative stress, cells were lysed in 1x Laemmli
buffer (Sigma-Aldrich, St. Louis, MO, USA) and homogenized by sonication.
Protein was quantified using a turbidimetric method based on TCA. Then,
guantified protein lysates were boiled for 5 minutes for their denaturation.
Denatured samples were loaded onto 10% SDS-PAGE gels and resolved by
electrophoresis, using a SDS running buffer (25 mM Tris, 0.2 mM glycine, 0.1%
SDS (w/v)) at 90 V, for 90 minutes in a Mini-Protean® 3 Cell. Resolved proteins
were transferred onto nitrocellulose membrane at 380 mA, for 180 minutes at
4°C. Subsequently, nitrocellulose membranes were stained with Ponceau S
solution to allow visibility of resolved proteins. Ponceau S solution was removed
from the membranes by washing them with TBS-T (20 mM Tris, pH 7.5, 500 mM
NaCl, 0.1% Triton X-100 (v/v)). Afterwards, membranes were blocked for 1 hour
at RT in blocking buffer (5% skimmed milk in TBS-T) and then, were incubated
overnight on a shaker at 4°C, with the corresponding primary antibody diluted
in blocking buffer. Subsequently, membranes were washed 3 times with TBS-T
for 10 minutes, incubated with secondary antibody for 1 hour at RT in blocking
buffer and washed as before. Finally, membranes were visualized using

SuperSignal West Pico PLUS Chemiluminiscent Substrate. Images were acquired

116



V. Chapter 3

with the gel documentation system, G: Box Chemi and densitometry was
performed with the Image) software. Densitometry values were then
normalized to that of their corresponding loading controls. Resulting data were
relativized to each control and results were provided as the average of at least
three different experiments (mean % SD). Antibodies used are listed below

(Table 8).

Table 8. List of antibodies used in the western blot analysis.

MBP GeneTex GTX133108 1:500
CNPase GeneTex GTX103954 1:1000

MOG GeneTex GTX106283 1:500

NRF2 GeneTex GTX103322 1:1000

HO-1 GeneTex GTX101147 1:1000

SOD-1 GeneTex GTX100554 1:1000

CAT GeneTex GTX110704 1:1000

B-Actin EMD Millipore ABT264 1:5000

Goat anti-Rabbit IgG Thermo Fisher 65-6140 1:1000

V.2.9. Migration assay

To determine the migration ability of hASCs (subjected to oxidative stress or not)
towards oxHOGd, cells which crossed the inserts pores were stained with crystal
violet (Sigma-Aldrich, St Louis, MO, USA) at 24 and 48 hours after the oxidative
stress insult. Co-culture plates were kept in the incubator up to 48 hours at 37
°Cand 5% CO, to allow migration. At 24 and 48 hours, inserts were washed once

with 1x PBS, and cells on the inner part of the insert membrane were removed
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with a cotton swab. Migrated cells, located on the outer part of the insert, were
fixed with 4% PFA, washed once in 1x PBS, and stained with crystal violet
solution (1% crystal violet in 2% ethanol) for 2-5 minutes. The inserts were
washed twice with dH,0 to remove unbound crystal violet and then air-dried.
The migrated cells were observed and imaged (five fields per insert) under a
microscope. For quatification, acetic acid (PanReac AppliChem, Barcelona,
Spain) was diluted to 33% (v/v) with ddH,0. The bound crystal violet was eluted
by adding 400 pL of 33% acetic acid into each insert and shaking for 10 minutes
at RT. The eluent from the lower chamber was transferred to a 96 well plate and
the absorbance at A 590 nm was measured using a plate reader. Results were
expressed as the means * SD of at least three independent experiments

performed in triplicates.

V.2.10. Statistical analysis

The number of samples analyzed was described in each experiment. All data are
shown as mean % SD. Statistical analysis was performed using GraphPad Prism
statistical software (version 5.0; GraphPad Software). Significance was assessed
using analysis of variance followed by Bonferroni’s post hoc test and t-tests, as
appropriate. Statistical differences were considered significant where p < 0.05.
All the images shown in this thesis represent the data obtained, at least, in three

independent experiments with similar results.
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V.3. Results

V.3.1. HOG cells differentiation

In this study, we differentiated HOG cells to oligodendrocyte-like cells (HOGd).
For their differentiation, HOG cell line was cultured in high glucose (4.5 g/l)
DMEM with N2 supplement, 30 nM triiodothyronine (T3) and 0.05% FBS for 8
days. Differentiation was assessed by analyzing their morphology and by
qguantifying MBP, CNPase and MOG expression by an immunofluorescence
assay and western blot analysis. The HOGd showed a different morphology than
HOG cells; they exhibited extended branched processes and short membrane

extensions (Fig. 44).

Figure 44. HOG cell line differentiation. Phase contrast images of HOG and HOGd cells.

Differentiated cells showed short ramified processes. Scale bar: 100 um.

In addition to the differences in morphology, HOGd also showed higher
expression of MBP, CNPase and MOG than HOG (Fig 45). MBP, the major
structural component of myelin, was localized to the cytoplasmic surface of the
plasma membrane as well as in the nucleus. CNPase, a membrane-associated
enzyme in the myelin sheath, was also located in the cytoplasmic surface of the
plasma membrane. Finally, MOG, a glycoprotein important in myelination, was

located around the nucleus, maybe because it is synthesized in the endoplasmic
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reticulum. The higher expression of these proteins showed by

immunofluorescence was confirmed by western blot analysis.

| ...
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HOG HOGd HOG HOGd HOGd

HOG

HOGd

Figure 45. HOG cell line differentiation. Representative images of the expression of MBP, CNPase
and MOG evaluated by immunofluorescence (scale bar: 50 um) and western blot. At least three

different experiments were performed.
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V.3.2. oxHOGd repair

Once the HOG cells were differentiated, they were exposed to 0.25 mM H,0;
for 1 hour (Fig. X). After the oxidation, damaged HOGd (oxHOGd) were cultured
with: i, hASCs CM or PC-hASCs CM; ii, hASCs or PC-hASCs; and ijii, hASCs or PC-
hASCs subjected to oxidative stress, in order to analyze their cytorepair effect.
When exposed to 0.25 mM H,0,, HOGd reduced their proliferation rate and

increased intracellular ROS levels (Fig. 46).
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Figure 46. Effect of oxidative induction on oxHOGd. (A) Cell viability, and (B) intracellular ROS levels
after 24 and 48 hours of the H,0, insult. Data are expressed as mean  SD and relativized to

control (HOGd, dotted line). *p < 0.05, compared with oxHOGd.

When cultured with hASCs CM or PC-hASCs CM, oxHOGd viability reached the
control values at 24 and 48 hours. The same occurred when oxHOGd were co-
cultured with hASCs or PC-hASCs at 24 hours, whereas at 48 hours the cell
viability exceeded that of the control, being significantly higher when co-
cultured with PC-hASCs (1.2-fold increase). Lastly, the effect of hASCs or PC-

hASCs subjected to oxidative stress on oxHOGd was evaluated. At 24 hours,
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oxHOGd viability was similar to that of the control, while at 48 hours oxHOGd
significantly proliferate more than the control (1.23 and 1.41-fold increase,
respectively). Moreover, PC-hASCs subjected to oxidative stress significantly
enhance oxHOGd proliferation when compared to hASCs subjected to oxidative

stress (1.15-fold increase; Fig. 47).
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Figure 47. Reparative effect of hASCs and their derivates on the oxHOGd. The viability of oxHOGd
was measured at different time points (24 and 48 hours), alone or cultured with: i, hASCs CM or
PC-hASCs CM; ii, hASCs or PC-hASCs; and iii, hASCs or PC-hASCs subjected to oxidative stress. Four
different experiments were performed (n=3). Results were relativized to control (HOGd, dotted

line) and expressed as mean * SD. *p < 0.05, compared with oxHOGd, #p < 0.05.

Regarding intracellular ROS levels, oxHOGd cultured with hASCs CM or PC-hASCs
CM, reduced their intracellular ROS levels reaching to the control values at 48
hours. When co-cultured with hASCs or PC-hASCs, at 24 hours, the intracellular

levels of ROS in oxHOGd remained above control, while at 48 hours, a significant
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reduction was observed respect to the control (1.17 and 1.25-fold decrease,
respectively). Finally, oxHOGd co-cultured with hASCs or PC-hASCs subjected to
oxidative stress was analyzed. On one hand, oxHOGd co-cultured with hASCs
subjected to oxidative stress remained above the control at 24 hours and at 48
they reached the control. On the other hand, oxHOGd co-cultured with PC-hASCs
subjected to oxidative stress reached the control values at 24 hours and reduced
the intracellular ROS levels with respect to control at 48 hours (1.31-fold
decrease). In fact, PC-hASCs subjected to oxidative stress significantly reduce
the ROS levels when compared to hASCs subjected to oxidative stress, a 14% at

24 hours and a 24% at 48 hours (Fig. 48).
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Figure 48. Reparative effect of hASCs and their derivates on the oxHOGd. Intracellular ROS levels
of oxHOGd were measured at different time points (24 and 48 h), alone or cultured with: i, hASCs
CM or PC-hASCs CM; ii, hASCs or PC-hASCs; and jii, hASCs or PC-hASCs subjected to oxidative stress
Four different experiments were performed (n=3). Results were relativized to control (HOGd,

dotted line) and expressed as mean + SD. *p < 0.05, compared with oxHOGd, #p < 0.05.
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V.3.3. Antioxidant capacity

Once evaluated the reparative effect of hASCs and their derivates on the
oxHOGd, the antioxidant capacity of both cell types was analyzed. For the
analysis of secretion of small molecule antioxidants and proteins in the culture
media of oxHOGd alone or cultured with: i, hASCs CM or PC-hASCs CM; ii, hASCs
or PC-hASCs; and iii, hASCs or PC-hASCs subjected to oxidative stress, the Total
Antioxidant Capacity Assay Kit was used at 24 hours after the H,0; insult. Results
showed that oxHOGd alone secreted less antioxidant molecules to the media
than the control (1.16-fold decrease), and the media of oxHOGd cultured with
hASCs CM or PC-hASCs CM showed values similar to those of the control. When
oxHOGd were co-cultured with hASCs or PC-hASCs, the media exhibited an
antioxidant molecules concentration higher to that of the control although not
significant; the same occurred when co-cultured oxHOGd with hASCs subjected
to oxidative stress, whereas the co-culture of oxyHOGd with PC-hASCs subjected
to oxidative stress secreted a significantly higher amount of antioxidant
molecules to the media (1.27-fold higher than the control and 1.15-fold higher

than the co-culture of oxHOGd with hASCs subjected to oxidative stress; Fig. 49).
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Figure 49. Total antioxidant capacity (TAC) of the culture media. oxHOGd secretion of small

molecule antioxidants and proteins in the culture media was measured with the Total Antioxidant
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Capacity Assay Kit at 24 hours, alone or cultured with: i, hASCs CM or PC-hASCs CM; ii, hASCs or
PC-hASCs; and iii, hASCs or PC-hASCs subjected to oxidative stress. Four different experiments
were performed (n=3). Results were relativized to control (HOGd, dotted line) and expressed as

mean + SD. *p < 0.05, compared with oxHOGd + hASCs, #p < 0.05.

Since the analysis of the total antioxidant capacity did not distinguish between
the antioxidant response of HOGs or ASCs, protein analysis of both cells types
was performed separately, determining the expression of different antioxidant
proteins by western blot. In first place, the expression of NRF2, HO-1, SOD-1 and
CAT in HOGd under the different conditions was analyzed (Fig. 50).
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Figure 50. Expression and quantification of NRF2, HO-1 and SOD-1 in oxHOGd. HOGd were
exposed to 0.25 mM H,0; for 1 hour, cultured with: i, hASCs or PC-hASCs; and ii, hASCs or PC-
hASCs subjected to oxidative stress, and lysed 24 hours after the insult. At least three different
experiments were performed. Data were relativized to control (oxHOGd + hASCs, dotted line), and

expressed as mean + SD. *p < 0.05, compared with oxHOGd + hASCs, #p < 0.05.

The results revealed that when co-cultured with hASCs or PC-hASCs, oxHOGd
exhibited a similar expression of NRF2, HO-1 and SOD-1. In regard to oxHOGd

co-cultured with hASCs or PC-hASCs subjected to oxidative stress, a significant
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enhance in NRF2 expression was observed (1.25 and 1.35-fold increase,
respectively), although there were no significant differences between them.
Concerning HO-1 and SOD-1, no significant augmentation was found, but a slight
increase is noticed in the cells co-cultured with PC-hASCs subjected to oxidative
stress (Fig.50). CAT was not expressed in HOGd under any of the culture

conditions.

After evaluating the antioxidant proteins expression in oxHOGd under the
different conditions, NRF2, CAT, HO-1 and SOD-1 expression were assessed in
hASCs, PC-hASCs and hASCs and PC-hASCs subjected to oxidative stress co-
cultured with oxHOGd.
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Figure 51. Expression and quantification of NRF2, CAT, HO-1 and SOD-1 in hASCs. hASCs, PC-hASCs
and hASCs and PC-hASCs subjected to oxidative stress co-cultured with oxHOGd were lysed 24
hours after the insult. At least three different experiments were performed. Data were relativized
to control (oxHOGd + hASCs, dotted line), and expressed as mean + SD. *p < 0.05, compared with

oxHOGd + hASCs, #p < 0.05.
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After 24 hours of co-culture, the expression of NRF2 in hASCs and PC-hASCs was
almost the same, whereas when hASCs and PC-hASCs were subjected to 0.25
mM H,0; anincrease in nuclear Nrf2 expression was produced (1.12 and 1.51-
fold higher, respectively), being this increment 1.35-fold higher in PC-hASCs
compared to hASCs. In contrast to what was observed in the HOGd, CAT did
express in the hASCs samples. In fact, it was significantly overexpressed in both,
PC-hASCs and PC-hASCs subjected to oxidative stress when compared to hASCs
(1.2 and 1.4-fold increase, respectively). In the case of HO-1, hASCs and PC-
hASCs exhibited a similar expression, that was increased when the cells were
subjected to oxidative stress (1.31 and 1.47-fold increase, respectively). Last but
not least, SOD-1 expression was also similar in hASCs and PC-hASCs. When
exposed to oxidative stress, the expression of SOD-1 increased in PC-hASCs
(1.31-fold increase), whereas the expression in hASCs remained similar to

control (Fig. 51).
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V.3.4. Homing ability

One aspect of the reparative activity of hASCs is their ability to migrate towards
the site of injury (homing). To determine whether the preconditioning promotes
migration of hASCs and thus their therapeutic capacity, cells were cocultured in
transwells with oxHOGd. Results showed that at 24 hours, hASCs and PC-hASCs
subjected to oxidative stress or not, have already crossed the transwells pores
towards the oxHOGd seeded below (Fig.52). When subjected to oxidative stress,
both hASCs and PC-hASCs reduced their homing ability compared with the
nonoxidizing cells (4.9 + 0.6 and 5.9 + 0.5%, respectively). However, whether
subjected to oxidative stress or not, PC-hASCs migrated more than hASCs (4.6 +
0.7 and 5.6 + 0.6%, respectively; Fig. 54).

PC-hASCs

Figure 52. Migration ability of hASCs, PC-hASCs, and hASCs and PC-hASCs subjected to oxidative
stress towards oxHOGd at 24 hours after the co-culture. Representative images of phase contrast

microcopy (x10 objective). At least three different experiments were performed.
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Similar results were obtained at 48 hours after the coculture, as shown in figure
53, hASCs and PC-hASCs seemed to respond faster to the chemoattractant
molecules released by the oxHOGd when they have not been exposed to H,0..
Also, as at 24 hours, the PC-hASCs demonstrated to migrate more than the
hASCs, both in standard and oxidative stress conditions (9.4 £ 0.6 and 9.0 £ 0.6%,

respectively; Fig. 54).
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Figure 53. Migration ability of hASCs, PC-hASCs, and hASCs and PC-hASCs subjected to oxidative
stress migration towards oxHOGd at 48 hours after the co-culture. Representative images of phase

contrast microcopy (x10 objective). At least three different experiments were performed.
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Figure 54. Quantification of hASCs, PC-hASCs and hASCs and PC-hASCs subjected to oxidative
stress migration towards oxHOGd at 24 and 48 hours after the co-culture. At least three different

experiments were performed. Data are expressed as mean * SD. *p < 0.05.
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MSCs therapeutic efficacy is limited due to the low percentage of cell survival
and subsequently, their poor engraftment at the site of injury . For this reason,
MSCs preconditioning has emerged as one of the main strategies to tackle this
situation and improve their therapeutic effectiveness 3. Since one of the main
reasons why MSCs die following engraftment is ROS-mediated-oxidative
stress®®, several studies have already focused on the beneficial effect of
preconditioning cells with sub-lethal doses of H,0, [1-100 uM]. H,0;is a reactive
oxygen species that is present in inflammatory processes, where it acts as a
second messenger activating different metabolic pathways involved in tissue
repair. However, at high concentrations, it becomes detrimental as it easily
transforms through the Fenton reaction into :OH, a highly reactive molecule. For
this reason and its great ability to diffuse freely through cell membranes, H,0,
has been used widely as an agent inducing oxidative stress in various
investigations involving MSCs. Taking this into consideration, Li et al.
preconditioned human UC-MSCs with low doses of H,0, and demonstrated an
enhanced oxidative stress resistance 4 H,0, preconditioning also
demonstrated to protect rat BM-MSCs against in vitro apoptosis 1*°. In the same
way, it has been described that preconditioned human Wharton jelly-MSCs
increase survival after exposure to toxic levels of H,0, by overexpression of
hypoxia-inducible factor (HIF)-1a . In addition, we previously have reported
that H,0, preconditioning provided hASCs a significantly faster recovery
capacity post-thaw and an enhanced capacity to respond to oxidative stress and

32 Besides, these cells have demonstrated to exert

nutrient deprivation
neuroprotective effects in a rat model of acute spinal cord injury %°. However,
the exact mechanisms underlying MSCs preconditioning remain to be fully
understood. In the current study, we evaluated the preconditioning effect of
low doses (10 uM) of H,0;, on hASCs behavior, thus elucidating molecular and

bioenergetic mechanisms underpinning the survival and adaptation of these

cells in an oxidative stress environment and their therapeutic effect. Firstly, this
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work demonstrates that preconditioning does not affect cell parameters such
as morphology, senescence, cell cycle or proliferation, which indicated that PC-
hASCs did not differ from hASCs behavior under normal conditions. However,
there are differences in the proteomic profile as around 1% of the proteins are
differentially expressed. Although this is not a big change, these differentially
expressed proteins play important roles in various cellular processes, such as
metabolism, cell signaling or oxidative stress response, which shed light on

which mechanisms may be affected by the H,0; preconditioning.

Secondly, we were interested in studying the response of these cells to oxidative
stress, since it is one of the main stressors in the tissue damage site. Therefore,
in this study, we administered H,0, directly in the culture medium at two
different concentrations (0.25 or 0.5 mM) to induce oxidative stress in the cells.
The H,0, remained in contact with the cells for 1 hour, during which ROS levels
increased in a time- and dose-dependent manner. However, ROS levels in PC-
hASCs were significantly lower than in hASCs, which together with the fact that
apoptosis rate and the percentage of cytotoxicity were reduced compared to
non-preconditioned cells indicates that PC-hASCs tolerated better the exposure
to different concentrations of H,O, than hASCs. This resistance to H,0, was
more evident when cells were subjected to a concentration of 0.25 mM, and
considering that this concentration is similar to that observed in inflammatory
processes 33217 from this point we used this concentration for the remaining

experiments.

The resistance of these cells to oxidative stress, and therefore their increase in
survival, is probably due to the activation of different signaling pathways. Given
the fact that our studies are based on an oxidative stress model, we focused our
attention on NRF2-ARE signaling pathway, a major cellular mechanism to reduce
oxidative stress. NRF2 is a transcription factor that regulates the expression of

genes coding for antioxidant, anti-inflammatory, and detoxifying proteins, and
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it has been extensively studied that its modulation influenced the survival,
apoptosis and ROS production in MSCs 222, MSCs are known to have

221 and

constitutive expression of enzymes required to manage oxidative stress
our results showed that this expression can be enhanced with H,0;
preconditioning. When compared with non-preconditioned hASCs, PC-hASCs
exhibited a higher expression of NRF2 and antioxidant enzymes related to this
transcription factor (HO-1, SOD-1, GPx-1, and CAT) upon oxidative stimulation.
Although an increase in the expression of all the antioxidant enzymes studied
was observed, the increase in GPx1 expression was the most prominent. GPX-1
is a selenoprotein that catalyzes the reduction of H,0, to water using GSH as a
reductant 222, which could indicate that preconditioned cells stimulated with
H,0. have a higher concentration of GSH. Altogether, these results suggested
that the antioxidant status of PC-hASCs is probably responsible for the increase
in cell survival capacity against oxidative stress. This increase in the antioxidant
response is also related to an attenuation of the proinflammatory response. In
fact, we have seen that the overexpression of NRF2 occasioned by the H,0;
preconditioning may be responsible for the down-regulation of NF-kB signaling
pathway observed in PC-hASCs, which is consistent with previous reports.
Hence, Lin et al. pre-stimulated NRF2 in primary peritoneal macrophages and
observed a reduction of the production of COX-2, TNFa, iNOS (inducible nitric
oxide synthase) and IL-1B in response to lipopolysaccharide (LPS) 2. Similarly,
the NRF2-mediated increase of HO-1 expression inhibited NF-kB activity in pre-
stimulated PC3 cells 22* and consistently, mouse embryo fibroblasts (MEFs) from
NF-kB-p65-knock-out mice showed a reduced mRNA and protein levels of NRF2
as well as the protein levels of HO-1 22°, Therefore, our results imply that PC-
hASCs might regulate H,0; induced inflammatory responses and oxidative stress
via attenuating the activation of NF-kB and the proinflammatory molecules
COX-2 and IL-1B and promoting the expression of NRF2, and consequently, the

transcription of antioxidant and detoxification enzymes. Additionally, the
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expression of p-AKT and p-ERK was evaluated to determine if they were related
to the PC-hASCs increased survival as they are known to react to oxidative stress
336 Our results showed that oxidative stress increased p-AKT expression in
both, hASCs and PC-hASCs. This increase in the AKT phosphorylation could be

37 however, no

related to the up-regulation of anti-apoptotic proteins
differences between hASCs and PC-hASCs were observed. Regarding p-ERK, we
observed a decrease upon H;0, stimulation. This reduction in ERK
phosphorylation was more noticeable in preconditioned cells, which may be
attributed to the increase in their antioxidant response. It has been
demonstrated that oxidative stress induces ERK phosphorylation leading to the
activation of NF-kB 38, however, the increased antioxidant response of PC-hASCs
may attenuate the expression of p-ERK, under oxidative stress conditions, and

thus reduce the expression of NF-kB. Nonetheless, further studies need to be

performed to confirm this hypothesis.

To support this enhanced antioxidant response against oxidative stress, cells
need to adapt their cellular metabolism. Metabolism not only provide energy
for cell survival and proliferation, but also play an important role in cell signaling
and adaptation to the immediate environment ?3. Although the beneficial
effects of H,0, preconditioning in MSCs have already been described, to our
knowledge, this is the first report that evaluates how it affected the bioenergetic
adaptation of hASCs in an oxidative stress situation. In this work, we studied the
two major metabolic pathways, mitochondrial respiration and glycolysis, under
standard and oxidative conditions. MSCs have a mixed metabolism, utilizing
both glycolysis and oxidative phosphorylation for ATP generation, relying mainly
in the glycolytic pathway 3. The current study confirmed these previous
observations, as around a 95% of the total ATP production of these cells resulted
from glycolysis. It seems that MSCs prefer to produce energy by glycolysis to

avoid the production of ROS by mitochondrial respiration 22°. When subjected
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to oxidative stress, ATP production decreased significantly in both, PC-hASCs
and hASCs, being this drop more acute on hASCs (decrease of 17%) than on PC-
hASCs (decrease of 10%). When analyzing both pathways separately, we
observed that after the H,0, insult, PC-hASCs exhibited a 1.8-fold increase in
basal respiration and 1.4-fold increase in maximal respiration when compared
to oxidized hASCs. Although ROS are generated by various organelles,
mitochondria are the main source of cellular oxidants, and therefore, the
principal site for the potential overproduction of ROS #2. Under oxidative stress
conditions, hASCs seem to limit mitochondrial activity in an attempt to reduce
intracellular ROS levels, whereas PC-hASCs increase such mitochondrial activity
as they count with a higher concentration of antioxidants that can counteract
ROS. This evidence has been further supported by PC-hASCs mitochondria
morphology that presented a more mature and elongated shape, typical of
active mitochondria, which correlates with a higher respiration rate, and higher
MMP values. Besides, PC-hASCs seemed to increased mitochondrial mass and
developed a strongly interconnected network uniformly distributed through the
cytoplasm, suggesting potentiation of fusion processes, probably to enhance
the ATP production. However, OXPHOS metabolic pathway comprises only
around 5% of MSCs metabolism, so the study of glycolysis was necessary to

understand the effect of preconditioning on energy metabolism.

After the oxidative stress insult, we observed that basal glycolysis was
significantly decreased. This reduction was more noticeable in hASCs, which led
us to investigate underlying mechanisms that might be activated to counteract
oxidative stress and enhance glycolysis in PC-hASCs. HIF-1a is known to be a key
factor that codes for proteins related to glycolytic energy metabolism, not only
under hypoxia but also under normoxia conditions %?7-?28, Recent studies have
shown that HIF-1la silencing decreases cellular glycolytic capacity,

independently of mitochondrial respiration 22°. Additionally, Del Rey et al.,
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observed an increase in apoptotic markers and a significant reduction of cell

viability after HIF-1a knockdown under normal O, conditions 2°

, which provide
strong evidence that HIF-1a has an important role in cell proliferation and
survival processes. Moreover, some studies have pointed out the importance of
aerobic glycolysis in normal proliferating cells as a mechanism for minimizing

oxidative stress 2!

considering that pyruvate, generated by glycolytic
metabolism, can be an efficient scavenger of ROS and therefore can protect cells
from oxidative stress 2*2. Regarding the aforementioned and that HIF-1a can be

B384 e analyzed the HIF-1a expression and

activated by ROS under normoxia
detected an enhancement in PC-hASCs compared to hASCs, both under stress
conditions. This result suggests that preconditioning activates HIF-1a, thus
increasing basal glycolysis upon oxidative stimuli, probably as a mechanism to
reduce intracellular ROS levels. Nevertheless, further analysis will be necessary

to identify the specific pathways regulated by HIF-1a.

Besides demonstrating the role of preconditioning in hASCs adaptation to stress
along with two of the mechanisms mediating this action, namely, their
antioxidant activity and metabolic plasticity, we explored whether
preconditioned cells or their derivates (CM) exhibited enhanced therapeutic
properties on an oxidative stress induced-damage model. Particularly and taking
into account the relationship between hASCs and nervous tissue 23, for this

study we use an oligodendroglial model.

Oxidative stress plays a fundamental role in the pathophysiology of
neurodegenerative disorders such as multiple sclerosis, Alzheimer's disease or
stroke. It induces demyelination and neurodegeneration by direct oxidation of
lipids, proteins, and DNA, as well as by the induction of mitochondrial damage
and subsequent alteration of energy metabolism. It affects different cells of the
CNS, but oligodendrocytes, glial cells with great impact on brain development

and neuronal function, are most vulnerable mainly due to their low antioxidant
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defenses 2%, Over the years, many neuroprotective agents have been tested to
protect cells against oxidative stress and prevent the neuronal loss, but clinical
trials aiming to ameliorate brain injury have failed or been only partially
successful 236, Recently, cell therapy with MSCs has emerged as one of the most
promising strategies for the treatment of neurodegenerative diseases. Their
great antioxidant capacity 1%, homing ability ° and paracrine effects 2 make
them good candidates for treating CNS pathologies associated with oxidative
stress. Previous studies have demonstrated that MSCs have a protective effect
on CNS #7723 |n fact, it has been shown that the secretion of neurotrophic
growth factors is greater in hASCs than in hBM-MSCs %3, which may be due to
the paracrine connection that exists between adipose tissue and the CNS 24,
However, MSCs poor survival after transplantation is still a disadvantage and for
this reason, many studies are focused on using MSCs secretome 2%%241, MSCs are
known to synthesize and secrete multiple bioactive factors that modulate the
action of adjacent cells increasing angiogenesis, survival, migration, and
differentiation; reducing apoptosis, fibrosis, and oxidative stress; restricting
local inflammation; and adjusting immune responses %7122, Nonetheless, the
fact that MSCs can dynamically change bioactive factors composition in
response to various pathologies and environmental stimuli must be taken into
consideration, because depending on the environment or the pathology they
face, MSCs generate a specific molecular expression response through the
activation of different pathways 1. Therefore, here we have investigated the
therapeutic role of PC-hASCs CM and PC-hASCs themselves to overcome the

deleterious effect of oxidative stress in an oligodendroglial population.

To do this, we selected the HOG cell line, in which differentiation towards
oligodendrocyte-like cells (HOGd) was induced by culturing the cells with high
glucose DMEM, N2 supplement, 30 nM T3, and 0.05% FBS, for 8 days. Although

primary cultures of human oligodendrocytes have been used in different
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studies, these studies are hampered by the limited availability of viable human
brain tissue *. For this reason, it was necessary to develop a study model that
allowed an unlimited supply of cells with characteristics similar to those of
human oligodendrocytes. The protocol for the differentiation of HOG cells to
oligodendrocyte-like cells worked well, HOGd exhibited extended branched
processes and short membrane extensions, a decrease in proliferative activity,
and an increase in the expression of oligodendrocyte markers, MBP, CNPase and
MOG, which were consistent with already published reports %, Once the
differentiation protocol was established and a stable culture of HOGd was
obtained, the effect of oxidative stress on these cells was studied. Here, we used
as an oxidative stress induction model the administration of a single dose of 0.25
mM H,0,, for 1 hour. This model has allowed us to analyze, in the first place, the
effect of oxidation on cell viability and proliferation, as well as on the
intracellular levels of ROS. As expected, the H,0, insult caused a decrease in cell
viability, which was in accordance with the significant increase observed in
intracellular ROS levels. Secondly, once the effect of oxidation on HOGd was
evaluated, the therapeutic role of PC-hASCs, both through their CM and indirect
co-culture, was assessed to overcome the deleterious effect of oxidative stress
in the oligodendroglial population. In the first case, in the presence of CM of
both hASCs or PC-hASCs, the population of HOGd subjected to oxidative stress
regained its viability to levels similar to those of control cells, and at 48 hours,
the intracellular ROS levels were significantly reduced. This effect was more
pronounced when oxHOGd were indirectly co-cultured with hASCs or PC-hASCs.
As a matter of fact, at 48 hours, intracellular ROS levels of oxHOGd were
significantly reduced and cell viability exceed that of the control. Other authors
have obtained similar results with MSCs obtained from other tissues, indicating
that MSCs exerted a proliferative stimulus on other cell populations undergoing
oxidative stress 2*2. Although the two strategies, CM and indirect co-culture,

displayed reparative effects on xHOGd, cells co-culture resulted in a better
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restoration of oxHOGd functions than CM. This may suggest that the presence
of ,xHOGd is needed to stimulate MSCs to produce the required/specific factors
for .xHOGd recovery. Supporting this, Fitzpatrick et al. showed that culture of
hepatocytes (HCs) in medium previously conditioned by co-culturing HCs and
MSCs demonstrated improved cell functionality, whereas HCs cultured in
medium conditioned by MSCs alone showed no effect 23, Finally, among the
different co-cultures, the oxHOGd co-cultured with PC-hASCs also subjected to
oxidative stress showed a better recovery by further enhancing the viability (1.4-
fold of control) and reducing ROS levels (1.3-fold of control). As previously
demonstrated, the 0.25 mM H;0, insult stimulated PC-hASCs antioxidant

response, which seems to be beneficial for oxHOGd recovery.

Additionally, considering the lowering of ROS levels in oxHOGd, we analyzed the
concentration of small molecule antioxidants and proteins in the culture media
of the oxHOGd alone or co-cultured with i, hASCs CM or PC-hASCs CM, ii, hASCs
or PC-hASCs, or jii, hASCs or PC-hASCs subjected to oxidative stress. The results
revealed that after 24 hours, the co-culture of oxHOGd with PC-hASCs subjected
to oxidative stress secreted a significantly higher amount of antioxidant
molecules to the media, which was consistent with the previously observed
decrease of the intracellular ROS levels. However, these results cannot confirm
if the secretion of antioxidant molecules was due to oxHOGd or hASCs, so we
analyzed the protein expression of several antioxidant proteins in the different

cell populations.

Firstly, the expression of NRF2, HO-1, SOD-1 and CAT in oxHOGd co-cultured with
hASCs or PC-hASCs subjected or not to oxidative stress was assessed. Only
significant differences were observed in the NRF2 expression of the oxHOGd co-
cultured with both hASCs and PC-hASCs subjected to oxidative stress (1.25 and
1.35-fold increase, respectively). Although not significant, a slight increase in

HO-1 expression of oxHOGd co-cultured with oxidized PC-hASCs was also

141



VI. Discussion

observed. This increase is probably linked to the enhancement in NRF2
expression, since NRF2 is recognized as a pivotal regulator of HO-1 induction in
the nervous system. NRF2-dependent activation of HO-1 is usually linked to a
protective adaptation of neurons and glial cells, whereas the NRF2-independent
activation of HO-1 seems to exert neurotoxic effects. This is probably due to the
ability of NRF2 to also promote the transcription of other antioxidant and
protective molecules 2*. Since the oxHOGd co-cultured with the PC-hASCs were
the ones that showed the most evident recovery 24 hours after the insult with
H,0,, it is conceivable that it was related to the activation of the NRF2/HO-1
signaling pathway. In accordance with this, other authors have already reported
the NRF2/HO-1 signaling pathway role in reducing cytotoxicity and oxidative
stress induced by LPS in oligodendrocytes 2*°. Moreover, SOD-1 expression was
also slightly increased in oxHOGd co-cultured with oxidized PC-hASCs, which is
in agreement with the NRF2 outcome, as several authors relate their expression
to that of NRF2 ¢, and with the ROS reductions, since mature oligodendrocytes
overexpressing SOD-1 have proved to be more resistant to oxidative stress,
enhancing their survival 2%¢. Ultimately, CAT was not expressed in oxHOGd under
any of the culture conditions, which is in line with data obtained by Baud et al.,
who stated that rat oligodendrocytes subjected to a 1 hour insult of

H,0, inactivated the catalase activity 2%,

Regarding the MSC co-cultured with the oxHOGd, a significant increase in the
expression levels of NRF2, HO-1, and SOD-1 in the PC-hASCs subjected to
oxidative stress was observed. This result is in line with that obtained by
analyzing the total antioxidant capacity of the media from oxHOGd co-cultured
with oxidized PC-hASCs and is similar to the observed expression of the
antioxidant enzymes in oxHOGd, which suggests that that the exposure to
soluble factors secreted by activated PC-hASCs upregulates the expression of

antioxidant enzymes in oxHOGd. According to this, several authors have already
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linked the increase in the expression of antioxidant enzymes of MSCs with the
recovery of damaged tissue. For example, Li et al. reported that overexpression
of antioxidants, specifically HO-1, could enhance the protection of MSC on

retinal cells 2%,

Additionally, in contrast to what was observed in the oxHOGd, CAT did express
in the MSCs samples. In fact, it was significantly overexpressed in both, PC-
hASCs and PC-hASCs subjected to oxidative stress when compared to hASCs (1.2
and 1.4-fold increase, respectively). Since the increase in CAT expression in PC-
hASCs, in both standard or oxidative stress conditions, coincided with the
decrease in intracellular ROS levels in oxHOGd, we can hypothesize that CAT
played an important role in reducing ROS levels in oxHOGd because it is an

efficient scavenger of H,0, when it is present in high concentrations 2%,

Altogether, these results suggest that overexpression of NRF2, HO-1, SOD-1, and
CAT in PC-hASCs enhanced the recovery of oxHOGd by reducing ROS levels and
subsequently increasing oxHOGd viability. In line with aforementioned, these
data show that the adaptation to oxidative stress is a fundamental advantage
for hASCs, since it makes them able to survive and maintain their functionality
after being subjected to an H;0, insult, and therefore enhances their

therapeutic capacity.

Finally, we evaluated the ability of the MSCs to migrate or home towards
oxHOGd. Cell homing into the target tissue is one aspect of the cytorepair activity
of MSCs; along with the multipotent differentiation and paracrine capabilities,
is considered one of the main properties of MSCs in regenerative medicine .
To determine the responsiveness of PC-hASCs to chemotactic signals from
oxHOGd, we utilized an indirect co-culture manner by transwell, and after 24 or
48 hours the MSCs that crossed the pores of the transwell were stained with

crystal violet and quantified.
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Our data showed that PC-hASCs displayed a significantly higher migration
capacity towards oxHOGd than control hASCs, both in standard conditions and
after H,0, stimulation, suggesting that PC-hASCs are able to respond more
efficiently to rescue signals present in the secretome of oxHOGd. On the other
hand, hASCs and PC-hASCs migrate more than hASCs and PC-hASCs previously
subjected to oxidative stress, indicating that the oxidative stress insult reduced
the migration ability of these cells, which was already demonstrated by other

authors %0,

In summary, this study shows that preconditioning with low doses of H,0,
enhances survival and adaptation of hASCs under oxidative stress conditions
through two mechanisms, namely, antioxidant activity and metabolic plasticity.
Therefore, as we explain in figure 55, PC-hASCs reduce intracellular ROS levels
and attenuate the inflammatory response derived from an oxidative stress
situation by overexpressing NRF2 and the subsequent antioxidant molecules. In
addition, the reduction of ROS by the antioxidants seemed to allow the increase
of mitochondrial activity and hence the production of ATP by this pathway.
Moreover, the overexpression of HIF-1a appears to be responsible for the
increase in glycolysis and thus in ATP production, enabling PC-hASCs to meet the
bioenergetic demand required to survive under stress conditions. Besides, these
mechanisms seem to be also responsible for the enhanced therapeutic capacity
of these cells demonstrated by the alleviation of oxidative stress effects on
oxHOGd. Taken together, H,0, preconditioning promotes the therapeutic effect
of hASCs, on the one hand, increasing their tolerance to the harmful oxidative
stress and, on the other, promoting the paracrine activity necessary to

counteract ROS, which might lead to developing successful cell-based therapies.
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Figure 55. Schematic overview of PC-hASCs mechanisms to adapt to an oxidative stress

environment.
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PC-hASCs show a higher resistance to oxidative stress than non-

preconditioned cells.

PC-hASCs display an increased antioxidant response to overcome
oxidative stress, as demonstrated by the overexpression of NRF2 and

the antioxidant enzymes HO-1, SOD-1, GPx-1, and CAT.

Under oxidative stress conditions, PC-hASCs reduce the secretion of
pro-inflammatory molecules COX-2 and IL-1B by attenuating the

expression of NF-kB.

To facilitate the adaptation to an oxidative stress environment, PC-
hASCs increase the total ATP production rate through the modulation

of the energetic metabolism.

PC-hASCs produce more mitochondrial ATP than hASCs, which is

associated with a higher respiration rate and Agm.

PC-hASCs produce more glycolytic ATP compared to hASCs, which
correlates with an increase in glycolysis and the overexpression of HIF-

la.

PC-hASCs show a heightened pro-recovery effect on an oxidized

oligodendroglial cell model, promoting the antioxidant response of

these damaged cells.
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