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RESUME

Les cellules souches mésenchymateuses (CSMs) apparaissent comme des candidates idéales en
ingénierie tissulaire. De plus en plus d’essais cliniques utilisent aujourd’hui cette source cellulaire dans
I'objectif de réparer des tissus ou organes lésés afin de restaurer leur fonction. Cependant, une fois
implantées, les CSMs meurent rapidement et massivement, réduisant considérablement le succes de
cette approche thérapeutique. Bien que cette mort massive soit multifactorielle, I'environnement
ischémique (caractérisé entre autre, par la déplétion en oxygene et en nutriments) dans lequel les cellules
sont confrontées une fois implantées, semble étre la cause principale. De plus, le facteur limitant la survie
cellulaire au sein de cet environnement avasculaire est de fagon surprenante, non pas l'absence

d’oxygene, mais I'absence de glucose.

Toutefois, les voies métaboliques utilisées par les CSMs apres implantation afin de convertir le
glucose en énergie ne sont, a ce jour, que peu comprises. De plus, aucune stratégie basée sur I'apport
continu de glucose aux cellules n'a été jusqu’a présent établie afin d’améliorer la survie, et par

conséquent, la fonctionnalité des CSMs apres implantation.

La premiére étude de ce projet de doctorat vise a comprendre davantage le métabolisme
énergétique emprunté par le glucose au sein des CSMs apreés implantation.
Nous avons démontré que les conditions quasi-anoxiques (0.1% pO,) associées a |'absence de glucose et
de sérum refletent au mieux in vitro le microenvironnement d’implantation in vivo. Au sein de cet
environnement, les CSMs produisent leur énergie sous forme d’ATP exclusivement via la glycolyse
anaérobie a partir d’'un unique substrat, le glucose. Or, le glucose manque dans cet environnement
ischémique et les CSMs possedent des réserves glycolytiques tres limitées qu’elles vident en 24 heures,

puis consomment la totalité de leurs réserves d’ATP en 3 jours, entrainant une mort cellulaire massive et

rapide.

La seconde (et principale) étude consiste a développer et a évaluer une stratégie basée sur
I'apport continu de glucose pour améliorer la survie et la fonctionnalité des CSMs aprés implantation.
Nous avons, pour la premiere fois, apporté la preuve de concept qu’un hydrogel nutritif, composé d’un
systéeme de polymére de glucose (amidon) et d’'une enzyme (amyloglucosidase), ayant préalablement fait
I'objet d’un brevet (EP 14306700), permet d’améliorer la survie de CSMs pendant 14 jours, a la fois au
sein d’'un modele ischémique in vitro ainsi que dans un modeéle ectopique post-implantation. De plus, ce
dispositif innovant permet d’améliorer les fonctions paracrines des CSMs, augmentant notamment la

néovascularisation jusqu’a 21 jours apres implantation.



En augmentant la survie et la fonctionnalité des CSMs aprés implantation grace a un apport
continu en glucose, I'hydrogel nutritif composé d’amidon et d’AMG apparait comme une stratégie
d'intérét pour améliorer les résultats thérapeutiques des produits a base de cellules souches en

ingénierie tissulaire.

Mots clés : Ingénierie tissulaire, Cellules souches mésenchymateuses, Ischémie, Métabolisme

énergétique, Glucose, Hydrogel, Amidon, Amyloglucosidase, Survie cellulaire, Fonctionnalité cellulaire.



SUMMARY

Mesenchymal stem cells (MSCs) are appealing candidates for regenerative medicine applications.
Today, MSCs are more and more using to clinical trials for repairing injured tissues or organs. Upon
implantation, however, cells encounter an avascular microenvironment depleted of oxygen and nutrients
that is responsible for their massive death post-transplantation, a major roadblock to successful clinical
therapies. This issue can be overcome by in situ supplying glucose that acts as the main metabolic fuel for

MSCs in hypoxia and enhances their survival and functionality.

However, energy-providing pathways used by MSCs upon transplantation and their plausible
metabolic switches in response to this ischemic environment are not well understood. Moreover, any
strategy, based on continuous glucose delivery to fuel cells, have not been designed for improving MSC

survival and functionality post-implantation.

The first aim of this PhD project is to better understand the energetic metabolism used by MSCs
upon transplantation. We establish for the first time that the in vivo environment experienced by hMSCs
is best reflected by near-anoxia (0.1% pO,) in vitro associated with glucose and serum depletion. Under
this « ischemic » in vitro model, hMSCs rely almost exclusively on glucose through anaerobic glycolysis to
produce ATP. Moreover, hMSCs are unable to adapt their energetic metabolism to the lack of exogenous
glucose, possess a very limited stock of glucose and no ATP reserves. This lack of downregulation of

energy turnover results in a rapid depletion of hMSCs energy reserves, explaining their poor survival rate.

The next (and main) aim of this PhD project is to develop and test an enzyme-controlled,
nutritive hydrogel with an inbuilt system of glucose delivery to improve MSC survival and functionality.
This novel hydrogel, previously based on a patent (EP14306700), is made of both fibrin, starch (a polymer
of glucose), and amyloglucosidase (AMG, an enzyme that releases glucose from starch), and provides
physiological levels of glucose to fuel MSCs via glycolysis. hMSCS loaded in the novel starch/AMG
hydrogel exhibit improved cell viability and paracrine functions for up to 14 days under the “ischemic” in
vitro model. Most importantly, in addition to enhanced MSC viability, this nutritive hydrogel promoted

paracrine functions when implanted in an ectopic model.

Looking forward, and given the current wide interest in the use of stem cells for regenerative
medicine applications, the novel inbuilt system of glucose delivery has the potential of improved tissue
engineering and regenerative methodologies, which enhance cell survival and functionality after

implantation.



Key-words: Tissue engineering, Mesenchymal stem cells, Ischemia, Metabolism, Glucose,

Hydrogel, Starch, Amyloglucosidase, Cell survival, Cell paracrine functions.
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CHAPITRE 1

LES CSMs DANS LA REPARATION TISSULAIRE

« Tu es fait de cent mille milliards de cellules. Nous sommes, chacun, une multitude ».

Carl SAGAN

1.1 Généralités

1.1.1 Définition de l'ingénierie tissulaire

L'ingénierie tissulaire a été initialement définie comme « un domaine interdisciplinaire appliquant
les principes d’ingénierie et des sciences de la vie dans le but de développer des substituts qui restaurent,
maintiennent et améliorent la fonction des tissus vivants » (Langer and Vacanti, 1999). L’ingénierie
tissulaire est souvent associée a la médecine régénérative, qui comme son nom lindique, vise a
régénérer un tissu ou un organe. Aujourd’hui, I'ingénierie tissulaire se définit par l'utilisation d’un
matériau biocompatible associé ou non a des facteurs biologiques et/ou des cellules, afin de remplacer
ou de réparer des tissus ou organes dans le but de restaurer leur fonction au sein de I'organisme. Il s’agit
d’une discipline récente qui doit, a I'heure actuelle, faire la démonstration de son intérét chez ’homme,

lorsque le choix du support et I'exploitation du matériel cellulaire auront été maitrisés.

En apportant une nouvelle approche de la médecine par le développement de thérapies
innovantes cherchant a réparer le tissu ou organe Iésé, I'ingénierie tissulaire présente un intérét certain

dans le domaine de la Santé.

1.1.2 Acteurs de l'ingénierie tissulaire

Le produit d’ingénierie tissulaire repose sur I'interaction de trois composantes (Figure 1):
- Une composante matricielle : un matériau biocompatible,
- Une composante moléculaire : des facteurs biologiques,

- Une composante cellulaire.
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Figure 1: Le triangle de l'ingénierie tissulaire (adapté de Van Griensven and Lemoine, 2009).

Aprés implantation, le produit d’ingénierie tissulaire (PIT) peut contribuer de maniére directe a la
réparation du tissu lésé. Pour cela, les cellules présentes sur le biomatériau proliférent puis se
différencient afin de former un néo-tissu. Alternativement, le PIT peut jouer un réle indirect. Dans ce cas,
les cellules présentes sur le PIT sécretent un panel de facteurs biologiques (effet paracrin) capables de
modauler I'activité des cellules h6étes environnantes. A plus ou moins long terme, le PIT est alors incorporé

par le tissu hote.

1.1.2.1 Les biomatériaux

La définition initiale d’'un biomatériau comme « un matériau non vivant utilisé dans un dispositif
médical et destiné a interagir avec des systemes biologiques » (Williams, 1986) a fortement évolué, en
intégrant les récentes avancées biomédicales, notamment en termes de thérapies cellulaires, d'ingénierie
tissulaire, de délivrance moléculaire ou encore d’impression 3D cellulaire. En effet, un biomatériau est
aujourd’hui défini comme « une substance congue pour prendre une forme et qui, seule ou faisant partie
d’un systéme complexe, et grace a des interactions avec des composants de systémes vivants, est utilisée
pour diriger une procédure thérapeutique ou diagnostique pratiquée chez 'homme ou en médecine

vétérinaire (Williams, 2009).

En ingénierie tissulaire, bien que les propriétés physico-chimiques et mécaniques d’un
biomatériau restent tres importantes, la qualité de ses interactions avec les composants des systemes
vivants de I’hote détermine le choix du biomatériau a utiliser. Les biomatériaux dit « bio-inertes », non
invasifs et interagissant peu ou pas avec le vivant, sont progressivement remplacés par des biomatériaux
« bioactifs », capables de remplir la fonction souhaitée sans provoquer d’effet indésirable local ou
systémique chez I'hGte, et générant une réponse cellulaire bénéfique ainsi qu’une augmentation de la

performance clinique relative a cette thérapie (Williams, 2014-a). En d’autres termes, I'objectif est
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aujourd’hui que le biomatériau participe activement au processus de réparation du tissu ou de I'organe
|ésé. Ainsi, en ingénierie tissulaire, le biomatériau idéal devrait respecter le cahier des charges mentionné

dans le tableau 1 (Williams, 2014-b).

Non cytotoxique, nonimmunogéne et peu inflammatoire

Propriétés surfaciques adaptées pourfaciliter adhésion et fonctionnalitécellulaire

Propriétés mécaniquesadaptéesautissu a réparer et permettre la différenciationet
Actions prolifération cellulaire

primaires Dimensions et formes adaptées & la morphologie dutissu a réparer

Transfertdes signaux biologiques orientant les cellules cibles vers leurs fonctions souhaitées

Optimisationdu transport de nutriments et d'oxygéne vers les cellules

Colonisation parles vaisseaux sanguins et les fibres nerveuses de I'héte

Actions Propriétés de résorptiona une vitesse de dégradation appropriée
secondaires

Injectable dans un organisme sansaltérationdes propriétéscellulaires

Tableau 1: Cahier des charges d'un biomatériau en ingénierie tissulaire (adapté de Williams, 2014-b).

1.1.2.2 Les facteurs biologiques

Les biomatériaux sont souvent associés a des facteurs biologiques qu’ils délivrent in situ. Dans
notre organisme, les facteurs biologiques représentent les signaux, ou messagers chimiques, par lesquels
les cellules communiquent entre elles. lls sont capables d’étre diffusés rapidement dans |'espace
extracellulaire par voie nerveuse, humorale ou locale. Il existe de nombreux types de messagers
chimiques, notamment les cytokines, séquences peptidiques, enzymes ou facteurs de croissance. En
ingénierie tissulaire, ces messagers chimiques, judicieusement choisis et intégrés au biomatériau, ont
pour réle d’améliorer la bioactivité de ce dernier, en augmentant notamment son attractivité vis-a-vis des
cellules du tissu hote, ou en stimulant des fonctions spécifiques des cellules intégrées a celui-ci. Par
exemple, des séquences peptiques impliquées dans I'adhésion cellulaire peuvent étre adsorbées a la
surface d’'un biomatériau, comme les séquences contenant les motifs peptidiques RGD (Guillemot et al.,
2006). Dans le cadre de I'ingénierie tissulaire osseuse, les protéines morphogéniques osseuses (BMPs),
connues pour leur capacité a favoriser I'ostéogénese, sont associées aux céramiques (Ramos et al., 2008 ;
Loozen et al., 2013). Enfin, il est a noter que certaines cellules intégrées au biomatériau peuvent
également jouer le role de délivrance de facteurs biologiques pertinents pour la réparation du tissu ou

organe lésé.
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1.1.2.3 Les cellules souches
1.1.2.3.1 Généralités

Idéalement, les cellules utilisées en ingénierie tissulaire doivent posséder un potentiel prolifératif
élevé (mais limité) associé a une capacité de différenciation en cellules du tissu a traiter. Ces deux
propriétés caractérisent les cellules souches qui se distinguent des autres cellules de notre organisme de
part (i) leur capacité d’auto-renouvellement, en se divisant indéfiniment a l'identique, ainsi que de (ii)
leur capacité de différenciation, en se transformant en un ou plusieurs types cellulaires différenciés
(Sylvester and Longaker, 2004). Les cellules souches sont classées selon leur potentiel de différenciation

(Figure 2).

i
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2590
Multipotent s / 1 \
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Figure 2 : Cellules souches et potentiel de différenciation
(https://www.slideshare.net/punnu_malik/induced-pluripotent-stem-cells).

Les cellules souches totipotentes sont capables de donner naissance a tout type cellulaire et de
générer un organisme entier. La cellule zygote (cellule ceuf) et les cellules issues des trois premiéres

divisions de I'embryogénése sont totipotentes.

Les cellules souches pluripotentes, ou cellules souches embryonnaires, sont capables de donner
naissance a n’'importe quel tissu spécialisé dérivant des feuillets embryonnaires (mésoderme, ectoderme,

endoderme). Cependant, elles ne donnent pas naissance a un organisme complet.

Les cellules souches multipotentes sont capables de donner naissance a I’'ensemble des cellules
composant un tissu ou un organe. Ces cellules sont primordiales dans I’'homéostasie tissulaire, en étant

responsables du renouvellement des cellules de I'organisme et en permettant le maintien du réservoir de
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cellules souches. Les cellules souches mésenchymateuses, détaillées dans le prochain paragraphe,

appartiennent par exemple a cette classification.

Les cellules souches unipotentes ne sont capables de donner naissance qu’a un seul type
cellulaire. Elles jouent également un réle important dans I’'homéostasie tissulaire. Les cellules souches
épidermiques par exemple appartiennent a cette classification, n’étant capables de générer que des

kératinocytes.

Le pouvoir de différenciation des cellules souches diminue en fonction du stade de
développement de l'individu. Trois familles de cellules souches sont ainsi distinguées en fonction du stade
de développement auquel ces dernieres ont été prélevées: les cellules souches embryonnaires, foetales et
adultes. Toutefois, du fait des nombreuses restrictions thérapeutiques et réglementaires liées aux cellules
souches embryonnaires et foetales, nous ne nous intéresserons dans ce chapitre qu’aux cellules souches

adultes.

1.1.2.3.2 Les cellules souches adultes

Les cellules souches adultes sont des cellules non différenciées multipotentes ou unipotentes,
dispersées au sein de tissus différenciés dont elles constituent le réservoir de cellules réparatrices. Les
cellules souches adultes assurent I’homéostasie tissulaire en réparant les tissus |ésés apres un
traumatisme, une pathologie ou en cas de besoin physiologique. Ces cellules sont localisées dans des
zones précises d’'un tissu spécifique appelées niches, aux propriétés micro-environnementales propices

au maintien de leur survie, ainsi que de I’équilibre entre leur auto-renouvellement et différenciation.

De nombreux types de cellules souches adultes ont été découverts et sont étudiés a ce jour : les
cellules souches hématopoiétiques (Morrison et al., 1996), épidermiques (Rochat et al., 1994), nerveuses
(Snyder et al., 1998), intestinales (Slack, 2000) ou encore mésenchymateuses (Friedenstein et al., 1968 ;

Pittenger, 1999). Il est a noter que cette liste n’est pas exhaustive.

Outre leur capacité d’auto-renouvellement et de différenciation, les cellules souches adultes
peuvent étre prélevées directement chez le patient (cellules autologues), contrairement aux cellules
souches embryonnaires (ES), et ne présentent pas les risques de tumorigénicité de ces dernieres. Ces
caractéristiques font des cellules souches adultes des candidates de choix pour l'ingénierie tissulaire,
notamment les cellules souches mésenchymateuses (CSMs), communément appelées en anglais
Mesenchymal Stromal Cells (MSCs), ou encore cellules souches multipotentes du stroma. L'ensemble des

propriétés de ces cellules sera détaillé dans les paragraphes suivants.
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1.2 Les CSMs
1.2.1 Les CSMs : un concept toujours débattu

Tavassoli et Crosby démontrérent le potentiel ostéogéne de la moelle osseuse en utilisant des
fragments d’os entier sans toutefois identifier I'origine des cellules responsables de cette néoformation
osseuse (Tavassoli and Crosby, 1969). Sans le savoir, les CSMs venaient d’étre mises en lumiere ! Dans les
années 1960, Friedenstein démontra que le potentiel ostéogene de la moelle osseuse est associé a une
sous-population cellulaire contenue dans cette derniére, de forme fibroblastique, indiquant son origine
stromale médullaire. Dix ans plus tard, il démontra le potentiel d’auto-renouvellement de cette sous-
population en mettant en évidence leur capacité a former des colonies de cellules identiques a partir
d’une seule cellule, appelée Colony Forming Unit fibroblastic (CFUf). Une fois transplantées, ces cellules
sont capables de générer du tissu osseux, cartilagineux et adipeux (Friendenstein et al., 1970).
Friedenstein et Owen nommerent tout d’abord cette sous-population Osteogenic Stem Cells (Friedenstein
and Owen, 1987), puis Bone Marrow Stromal Cells (BMSCs) (Owen and Friedenstein, 1988). Le terme
Mesenchymal Stem Cells est utilisé pour la premiére fois en 1991 par Caplan (Caplan, 1991) décrivant ces
cellules comme des cellules progénitrices pluripotentes capables de générer le tissu osseux, cartilagineux,
tendineux, ligamenteux, adipeux, musculaire, dermique et conjonctif. L'acronyme MSC, ou CSM, est
vivement débattu dans les années 2000 (Dominici et al., 2006), les cellules s’avérant incapables de
générer 'ensemble des tissus décrits dans les travaux de Caplan et I'origine des progéniteurs n’étant pas
la méme pour les différents tissus. Enfin, en 2005, la société internationale de thérapie cellulaire (SITC)
décide de conserver I'acronyme MSC mais modifie sa signification pour Multipotent Mensenchymal

Stromal Cells (Horwit et al, 2005).

1.2.2 Caractérisation des CSMs

Les CSMs pouvant étre isolées a partir de nombreux tissus, elles représentent ainsi une
population trés hétérogene (Charbord et al., 2010). La SITC a statué sur 'ensemble des caractéristiques
essentielles a l'identification des CSMs : (i) la capacité d’adhérence sur plastique, (ii) I'expression de
marqueurs membranaires spécifiques (CD73, CD90, CD105) associés a l'absence de marqueurs
membranaires hématopoiétiques (CD14, CD19, CD34, CD45, HLA-DR) et, (iii) la capacité a se différencier
in vitro en chondrocytes, adipocytes et ostéoblastes en présence de milieux de culture spécifiques

(Dominici et al., 2006 ; Chamberlain et al., 2007).
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1.2.3 Potentiel de différenciation des CSMs

Les CSMs pouvant étre isolées a partir de nombreux tissus, elles possédent des caractéristiques
de différenciation, ou effets directs, propres a leur tissu d’origine (Tuan et al., 2002 ; Charbord et al.,
2010). Comme mentionné dans le paragraphe précédent, les CSMs sont capables de se différencier en
cellules de la lignée mésodermale, incluant les ostéoblastes (Jaiwal et al., 1997), les chondrocytes
(Hammouda et al., 2011) et les adipocytes (Fink and Zackar, 2012). Le potentiel de différentiation de ces
cellules est majoritairement examiné par des études in vitro utilisant des milieux de culture chargés par

des facteurs de différenciation spécifiques (Figure 3).
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Figure 3 : Différenciation des CSMs vers les voies ostéogénique, adipogénique et chondrogénique
(adapté de Tuan et al., 2002 et Chamberlain et al., 2007)

Plusieurs études montrent également que le potentiel de différenciation des CSMs peut s’étendre
au-dela de la lignée mésodermale. Ces cellules sont en effet capables de se différencier en hépatocytes
(Reinhardt et al., 2007), neurones (Tropel et al., 2006), ou cardiomyocytes (Kehat et al., 2001 ; Xu et al.,

2002). Cette liste non exhaustive du potentiel de différenciation est résumée dans le tableau 2.
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Tissus sources des Différenciations

MSCs

Moelle osseuse Ostéoblastes, Chondrocytes, Adipocytes, Cardiomyocytes, Cellules
musculaires, Hépatocytes, Cellules stromales, (Neurones, Astrocytes?)

Os trabéculaire Ostéoblastes, Chondrocytes, Adipocytes

Périoste Ostéoblastes, Chondrocytes

Muscle Ostéocytes, Chondrocytes, Adipocytes, Myotubes, Cellules
endothéliales, Neurones

Sang Ostéoblastes, Ostéoclastes, Adipocytes, Fibroblastes

Tissu adipeux Ostéoblastes, Chondrocytes, Cellules musculaires, Cellules stromales

Derme Ostéoblastes, Chondrocytes, Adipocytes, Cellules musculaires

Membrane synoviale Ostéoblastes, Chondrocytes, Adipocytes, Cellules musculaires

Tableau 2 : Potentiel de différenciation des CSMs (adapté de Chamberlain et al., 2007 et de Charbord et al., 2010).

1.2.4 Effet paracrin des CSMs

En plus de posséder des propriétés de prolifération et de différenciation, ces cellules souches

adultes multipotentes présentent également des fonctions paracrines, via la sécrétion d’'un panel de

médiateurs bioactifs (Figure 4):

proangiogénes, favorisant la formation de nouveau vaisseaux sanguins : sécrétion de VEGF,
IL-6, IL-8, IGF, FGF (Kinnaird et al., 2004 ; Zhang et al., 2007 ; Boomsma et al., 2012),
chimioattractants, favorisant le recrutement d’autres types cellulaires au niveau du site a
réparer : sécrétion de HGF, IGF-1, FGF-2, SDF-1, CXCL12 (Fiedler at al., 2006 ; Mishima et al.,
2008 ; Van Poll et al., 2008),

anti-apoptotiques, inhibant les voies responsables de la mort cellulaire : sécrétion de VEGF,
Sfrp2, SDF-1, IGF (Kinnaird et al., 2004 ; Zhang et al., 2007),

anti-fibrotique et favorisant le remodelage tissulaire : MMP-9, IL-10, HGF, TNF-a (Sakaida et
al., 2011),

immunomodulateur, modulant la balance des cytokines et développant méme un pouvoir

immunosuppresseur (Ménard and Tarte, 2011 ; Wang et al, 2014).
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Réparation du tissu
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Figure 4 : Potentiel direct (fleches pleines) et indirect fleches pointillées) des CSMs (d’aprés Deschepper, 2011).

Avec I'ensemble de ces propriétés, les CSMs ont la capacité d’agir a plusieurs niveaux pour
favoriser la réparation de tissus lésés. De plus, ces propriétés sont modulables en fonction du tissu a
réparer. En effet, le choix du type de CSMs (issues de la moelle osseuse, issues du tissu adipeux, etc.), ou
encore leur orientation vers un profil anti ou pro-inflammatoire, offrent de nombreuses possibilités dans
la réalisation de thérapies ciblées. Par exemple, le choix de CSMs issues de la moelle osseuse associées a
un matériau céramique semble étre adapté pour I'ingénierie tissulaire osseuse, mais ce choix n’est pas

judicieux pour réparer le tissu cardiaque.

1.3 Exemple d’études pré-cliniques et cliniques

D’apreés le registre de I’ « US National Institutes of Health », 5111 essais cliniques dans le monde
utilisent ou ont utilisé des cellules souches adultes pour la réparation d’organes et de tissus depuis 2008,

dont 878 études avec des CSMs (clinicaltrials.gov).

Dans le traitement de la réparation de grands défauts osseux (ne se réparant pas naturellement),
des CSMs associées a une céramique ont été ensemencées au sein de grands défauts osseux (21mm) chez
le chien (Bruder et al., 1994 ; 1999). Malgré une augmentation significative de la néoformation osseuse
dans le groupe injecté avec les CSMs, les défauts osseux n’ont pas été comblés dans leur intégralité. Une
autre étude, consistant a combler intégralement un défaut de taille critique (25mm) dans le métatarsien

chez la brebis, a montré que l'injection de CSMs associées a des particules de corail entrainait un
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rétablissement de la continuité osseuse (6 cas sur 7), ainsi qu’une consolidation osseuse compléte (3 cas
sur 7) (Petite et al., 2000). Toutefois, I'efficacité thérapeutique des CSMs dans cette réparation osseuse
restait nettement inférieure a I'autogreffe osseuse.

Aucune étude clinique utilisant des CSMs n’a, a ce jour, été menée dans le cadre de la réparation de
grands défauts osseux. Cependant, deux cas cliniques peuvent étre rapportés, 'un concernant la
réparation de la phalange distale d’'un pouce (Vacanti et al., 2001) et I'autre concernant la réparation de

grandes pertes de substances osseuses au niveau du tibia, de I'ulna et de I’humérus (Quarto et al., 2001).

Dans le traitement des pertes du tissu cartilagineux (tissu non vascularisé), une étude pré-clinique
menée chez le lapin a montré que les CSMs associées a une matrice et implantées au niveau du défaut
cartilagineux étaient capables de se différencier en chondrocytes apres 2 semaines, puis d’induire une
néoformation cartilagineuse aprés 14 semaines (Yan et al., 2007). Toutefois, ce néo cartilage présentait
des propriétés mécaniques différentes par rapport a celui des groupes sains, notamment en terme de
rigidité.

Au niveau clinique, l'injection de CSMs autologues a montré, aprés 6 semaines, une atténuation de
symptomes, notamment douleur et mobilité, chez 12 patients traités contre |'ostéo-arthrose du genou,

bien que du fibrocartilage, et non du cartilage hyalin, soit formé (Wakitani et al., 2004).

Dans le traitement contre I'infarctus du myocarde, sur 13 études cliniques regroupant un total de
811 patients, l'injection de CSMs autologues au niveau du tissu cardiaque lésé a montré une
augmentation de 2.99% de la fraction d’éjection du volume sanguin du ventricule gauche au cours des 6
premiers mois, ainsi qu’une réduction de la lésion myocardique de 3.51% par rapport aux patients
n’ayant pas été traités avec les CSMs (Martin-Rendon et al., 2008). De plus, sur 50 études cliniques
regroupant 2600 patients, I'injection de CSMs chez des individus porteurs de stents cardiaques a montré
une réduction significative de thrombose autour du dispositif médical (Jeevanantham et al., 2012).
Toutefois, d’autres études cliniques similaires ne démontrent pas le bénéfice thérapeutique des CSMs,
présentant des résultats identiques chez les patients traités et non traités avec ces cellules (Lunde et al.,

2006).

Il est clair que I'utilisation des CSMs en IT présente un intérét thérapeutique trés important pour
la réparation de tissus ou organes |ésés. A ce stade, nous ne pouvons pas savoir si les effets bénéfiques
observés dans ces études pré-cliniques et cliniques, proviennent de la différenciation des CSMs, de leur
effet paracrin, ou encore de ces deux effets combinés. Cependant, en plus d’étre difficilement
reproductibles, les résultats issus des études montrent que l'efficacité thérapeutique obtenue avec les

CSMs reste égale et parfois méme inférieure aux standards cliniques.
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1.4 La mort massive des CSMs apres implantation : un obstacle majeur pour
I'ingénierie tissulaire

De nombreuses études ont démontré une mortalité massive et rapide des CSMs associées a un
biomatériau (plus de 90% de mort cellulaire en moins de 10 jours) apres implantation en sous-cutanée
(Logeart-Avramoglou et al., 2010 ; Becquart et al., 2012 ; Giannoni et al., 2010 ; McGinley et al., 2013), ou
au sein de défauts osseux de calvaria (Dégano et al., 2008 ; Geuze et al., 2010), ou de fémur (Manassero
et al., 2016) chez la souris. Cette mortalité atteint méme 98% en 3 jours dans le cadre de traitement
d’ischémie cardiaque (Toma et al., 2008) ou de |ésions séveres du rein (Togel et al., 2008) chez la souris.
Ce phénomene n’est pas un probléme récent et est malheureusement bien loin de se limiter aux CSMs.
En effet, dés 1988, I'équipe de Vacanti cherchait déja a comprendre les raisons de la mort massive et

rapide d’hépatocytes implantés chez le rat et la souris (Vacanti et al., 1988).

Apres implantation, les CSMs sont confrontées a de nombreux stress dont la réaction immunitaire
de I’'h6te. De plus, le site d’'implantation se caractérise trés souvent par une absence de vascularisation,
dépourvu d’oxygéne, de nutriments et de systeme d’élimination de déchets métaboliques. Cet
environnement hostile, caractérisé comme ischémique, impacte tres négativement la survie des CSMs et

semble d’ailleurs représenter le principal facteur de cette mort cellulaire massive (Becquart et al., 2012).
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CHAPITRE 2

COMPRENDRE LA MORT DES CSMs APRES
IMPLANTATION: ISCHEMIE ET METABOLISME
CELLULAIRE

« Ne me dites pas que ce probléme est difficile. S’il n’était pas difficile, ce ne serait pas un
probléme ».

Ferdinand FOCH

2.1 l’ischémie: un microenvironnement hostile a la survie cellulaire

2.1.1 Définition

L'ischémie se définit au niveau de l'organisme par une diminution de I'apport sanguin artériel.
Ainsi, I'ischémie entraine (i) une diminution des apports en oxygéne, (ii) une déplétion en nutriments, (iii)
une accumulation des déchets métaboliques et (iv) une hypercapnie (augmentation de la pression
partielle de dioxyde de carbone) (Russ et al., 2007). Il est a noter que la diffusion de I'oxygene et des
nutriments se limite a un périmétre de 200 a 300 um autour d’un vaisseau sanguin (Folkman and
Hochberg, 1973 ; Sutherland, 1986 ; Skuk et al., 2007). Autrement dit, dans les nombreuses applications
cliniques utilisant des CSMs implantées au sein d’un tissu Iésé, celles-ci sont éloignées du réseau

vasculaire et ainsi confrontées a un microenvironnement ischémique, hostile a leur survie.

2.1.2 Hypoxie

Le terme « hypoxie » est une notion subjective, dépendante de I’échelle d’observation a laquelle
on se place. On parle généralement de conditions hypoxiques lors d’une inadéquation entre la demande

et I'offre en oxygene, c’est-a-dire entre les besoins en oxygéne d’un organisme et la quantité d’oxygene
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disponible. A I’échelle cellulaire, les cellules sont confrontées a des conditions hypoxiques lorsque la
guantité en oxygene disponible est insuffisante pour alimenter leur métabolisme. A I'échelle de
I’organisme, la pression partielle en oxygene (pO,) varie en fonction des tissus. Par exemple, une pO,
d’environ 14% est mesurée au niveau de la peau et des poumons (lvanovic, 2009; Wild et al., 2005) alors
que le ceeur, les reins, le cerveau et le foie présentent une pO, proche de 7% (Lopez-Barneo et al., 2008 ;
Mik et al., 2004; Hemphill et al., 2005 ; Jungermann and Kietzmann, 1997). La pO, au niveau de la moelle
osseuse, une des principales niches des CSMs, atteint 0.5 a 4% (Chow et al., 2001; Hung et al., 2007). Il est
a noter que ces pO, mesurées sont d’ordre macroscopique et ne refletent pas exactement la pO, locale
percue par les cellules au sein de leur tissu. Lorsque la p0, atteint un niveau proche de I’anoxie (absence
d’oxygeéne), on parle de quasi-anoxie ou encore d’hypoxie sévere. Le tableau 3 présente les pO,

macroscopiques mesurées dans divers tissus.

Tissus P(0,) Références
Peau 15 % Ivanovic et al., 2009
Poumons 14 % Wild et al., 2005
Foie 12 % Holland et al., 1993
Jungermann et al.,, 1997
Coeur 6-10% Roy et al., 2003
Lopez-Barneo et al., 2008
Reins 4-6% Liss et al., 1998
Mik et al., 2004
Rate 3% Holland et al., 1993
Cerveau 2-7% Hemphill et al., 2005
Thymus 1% Braun et al.,, 2005
Moelle osseuse 0.5-4% Chow et al., 2001

Hung et al., 2007

Tableau 3 : PO, macroscopiques mesurées au sein de différents tissus humains.

En fonction du type cellulaire et de leur localisation au sein de I'organisme, les cellules sont donc
exposées a des pO, variables, caractérisées de « physiologiques » ou encore de « physioxiques »,
auxquelles les cellules fonctionnent correctement sans adaptation métabolique préalable. Par abus de
langage, le terme « normoxie » est communément employé pour définir la pression partielle
atmosphérique de l'oxygéne, soit environ 21%. Bien que cette pO, soit nettement supérieure aux
pressions partielles physiologiques, elle reste classiqguement utilisée en culture cellulaire en tant que

condition standard (Carrancio et al., 2008)! D’un point de vue biologique, une cellule est considérée en
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conditions hypoxiques lorsque la sous-unité a du facteur de transcription Hypoxia Inducible Factor (HIF-

1a) est non dégradée, entrainant ainsi I’activation de HIF (Cowen et al, 2001 ; Stegen et al., 2016).

2.1.3 HIF-1a

Le facteur de transcription HIF est un hétérodimere composé d’une sous-unité B, stable et
ubiquitaire, ainsi que d’une sous-unité a, dont la stabilité dépend directement du taux d’oxygéne. En
présence d’une quantité suffisante d’oxygene, la sous-unité a est rapidement dégradée (Simon and Keith,
2008). Les prolylhydroxylases, enzymes utilisant I'oxygéne comme co-substrat, catalysent I’hydroxylation
de ces sous-unités a et permettent I'activation du complexe protéique Van Hippel-Lindau (pVHL)
entrainant ainsi la dégradation complete de HIF-1la par le protéasome. Au contraire, a défaut d’une
quantité suffisante d’oxygéne, la sous-unité a reste stable, c’est-a-dire non dégradée par les
prolylhydroxylases, puis est transloquée dans le noyau pour s’associer a la sous-unité B (Wenger et al.,
2002). Le complexe HIF-1 ainsi formé se fixe aux séquences spécifiques de génes cibles, séquences

appelées Hypoxia Responsive Eléments (HRE) (Figure 5) (Wenger et al., 2005).

Détecteur &’O,
(HIFo prolyl hydroxylase )

\m

Protéasome

Figure 5 : Mécanismes d'action d'HIF-1a en présence et absence d'oxygéne (Massaad-Massade, 2004).

Ces genes cibles sont directement impliqués dans la régulation de fonctions physiologiques
majeures de la cellule, notamment dans le métabolisme du glucose, la survie et prolifération cellulaire, ou

encore I'angiogeneése (Benita et al., 2009) (Tableau 4).
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Fonctions régulées Geénes cibles

Métabolisme du Glucose transporter 1 and 3, Glyceraldehyde-3-phosphate dehydrogenase,
glucose Hexokinase 1 and 2, Lactate dehydrogenase A
Viabilité et Insulin-like growth factor 2, IGF binding protein 1, 2 and 3, Transforming growth
prolifération cellulaire factor B3
Angiogenése Endotheline-1, Heme oxygenase-1, Nitric oxyde synthase 2, Plasminogen

activator inhibitor 1, Vascular endothelial growth factor

Tableau 4 : Génes régulés par le facteur de transcription HIF-1 (adapté de Gotié and Pouysségur, 2002).

2.1.4 Absence de nutriments

Aprés que les CSMs soient implantées dans un environnement avasculaire, I'apport de nutriments
dépend alors de leur simple diffusion passive, ce qui rend leur biodisponibilité quasiment nulle et
entraine une déplétion en substrats métaboliques critiques, notamment en glucose, représentant la
principale source nécessaire a la synthese d’Adenosine TriphosPhate (ATP) dans ces conditions (Lunt and
Vander Hein, 2011). L'ATP est la molécule énergétique essentielle pour un organisme qui, par son
hydrolyse, fournit I’énergie aux cellules pour alimenter leur métabolisme. Dans le contexte ischémique, le
métabolisme énergétique des cellules repose sur leurs réserves intrinseques, c’est-a-dire le glucose
résiduel, le glycogene (forme de stockage de glucose chez les animaux) et les lipides (Folmes et al., 2012).
Par exemple, au cours d’une ischémie cardiaque chez le rat, la production en ATP est diminué par 50 par
rapport a un environnement sain, et la consommation des réserves énergétiques (glucose résiduel) est 2
fois plus importante (Lloyd et al., 2004). Les différentes voies métaboliques cellulaires seront détaillées en

section 2.2 de ce manuscrit.

2.1.5 Accumulation de déchets et hypercapnie

Une fois implantées dans un environnement avasculaire, les CSMs ne disposent d’aucun systéme
de recyclage ni d’évacuation de leurs déchets métaboliques. Dans cet environnement, les CSMs
s’orientent vers un métabolisme anaérobique (décrit dans les sections 2.4 et 2.5 de ce manuscrit)
entrainant une production d’acide lactique, appelé également lactate (Tracey et al.,, 2004).
L'accumulation de lactate ainsi que I'hydrolyse de I'ATP engendrent une production puis une
accumulation de protons (H'), responsables de I'acidification locale du site d’implantation. De plus, le
dioxyde de carbone (CO,) s’accumule également dans cet environnement et, par réaction avec I'eau
(CO, + H,0 = HCO; + HY), contribue a une hypercapnie locale (augmentation de la pression partielle de
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CO,), contribuant également a l'acidification locale de I’environnement (Rose et al., 1995). Une
acidification locale de I’environnement peut impacter négativement la survie cellulaire. En effet, Ia
viabilité des CSMs cultivées dans un environnement a un pH égal a 6.8 pendant deux semaines est
diminuée de plus de 2.5 fois par rapport a la viabilité de CSMs cultivées en conditions standard a un pH
égal a 7.4 (Wuertz et al., 2008). Il est a noter que peu d’études intégrent I'hypercapnie dans les modeles
ischémiques in vitro, sans doute expliqué par le fait que le CO, soit un déchet métabolique et non un

régulateur central du métabolisme cellulaire (a I'inverse de I'oxygéne ou du glucose).

2.2 Voies métaboliques

Le métabolisme cellulaire est le résultat d’'une somme de réactions cataboliques et anaboliques.
Les réactions cataboliques dégradent les macromolécules en substrats utilisés dans les voies anaboliques
et permettent la libération d’énergie sous forme d’ATP et de transporteurs de protons (par exemple, le
Nicotinamide Adenine Dinucleotide Réduit ou NADH). Les réactions anaboliques quant a elles
consomment de I'énergie afin de synthétiser I'ensemble des molécules essentielles aux cellules pour

assurer leur bon fonctionnement, tels les lipides ou les protéines (Figure 6) (Little et al., 2007).

Catabolism Vs Anabolism
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Figure 6: Catabolisme et anabolisme, deux mécanismes complémentaires pour I'équilibre du métabolisme
énergétique cellulaire (d’aprés King Saud University, Biochemistry Team, 2009).

Afin de fournir I'énergie suffisante pour leur fonctionnement, les CSMs exploitent principalement
(mais pas uniquement) deux voies cataboliques : la glycolyse et le cycle de I'acide citrique couplé a la
chaine respiratoire (Shyh-Chang and Ng, 2017). Toutefois, ce scénario est altéré lorsqu’elles sont
confrontées a un environnement hypoxique. Cette partie sera abordée dans les sections 2.4 et 2.5 du

présent manuscrit.
CHAPITRE 2 20



2.2.1 Les voies métaboliques principales
2.2.1.1 La glycolyse

La glycolyse est la voie catabolique par laquelle une molécule de glucose (CsH1,0¢) est dégradée,
suite a une cascade de réactions enzymatiques, en 2 molécules de pyruvate (C;H,0;). Cette chaine
métabolique permet la production de 2 molécules d’ATP et 2 molécules de NADH (Figure 7) (Harper and

Harris, 2005).
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Figure 7: La glycolyse et ses 10 réactions enzymatiques. (a) : phase de consommation d’ATP pour la phosphorylation
du glucose en glycéraldéhyde-3-phosphate ; (b) : phase de production d’ATP par I’oxydation du glycéraldéhyde-3-
phosphate (https://laboratoryinfo.com/glycolysis-steps-diagram-energy-yield-and-significance/).
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2.2.1.2 Le cycle de I'acide citrique et la chaine respiratoire

Au sein d’un environnement ou la quantité d’oxygene est suffisante (milieu aérobie), le pyruvate
est transporté au sein de la mitochondrie pour étre converti en Acetyl-Coa via I'action de I'enzyme
pyruvate deshydrogenase. Cette étape constitue le point d’entrée principal du cycle de I'acide citrique,
aussi appelé TCA ou cycle de Krebs. En fin de TCA, une molécule de pyruvate génére une molécule d’ATP

et de nombreux transporteurs de protons (NADH et FADH,) (Figure 8).

Pyruvate
» ATP, acetyl-CoA,
pyruvats ® NADH, fatty acids
hvdiros

ymplex @ AMP, Coa, NAD*, Ca?*

Acetyhk CoA

NADH, succinyl-CoA, citrate, ATP

®.®AIJP

Oxaloacetate

Isocitrate
socitrate Y @ ATP
vdrogenase @(.‘.,_ ADP
‘ NADH
*
Malate 1
a-Ketoglutarate
FADH, 1-CoA, NADH
';‘, : DR Sucginyl-CoA
GTP
ATP

Figure 8 : Cycle de I'acide citrique ou TCA (d’aprés Leninger et al., 2008).

Ces transporteurs de protons sont ensuite utilisés au niveau de la membrane mitochondriale
pour des réactions d’oxydo-réductions dans le systeme de phosphorylation oxydative, appelé aussi
OXPHOS ou respiration mitochondriale. L’'ensemble des électrons libérés participe a la chaine respiratoire
et les protons obtenus par les réactions d’oxydoréduction sont transportés vers I’ATP synthase. Cette
enzyme transmembranaire fonctionne comme une pompe a protons, synthétisant une molécule d’ATP a
partir d’ADP et de phosphate inorganique (Pi). Grace a I’ATP synthase, la chaine respiratoire contribue a
la production de 30 molécules d’ATP supplémentaires pour chaque molécule de glucose (Figure 9). Pour

fonctionner, le cycle TCA et la chaine respiratoire nécessitent un apport d’oxygene.
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Figure 9: Principe de fonctionnement de la chaine respiratoire (d’aprés Villedieu, 2018).

Toutefois, en absence d’oxygéne (milieu anaérobie), le pyruvate issu de la glycolyse ne peut pas
entrer dans le TCA. Il est alors directement converti en lactate via l'action de I'enzyme lactate

deshydrogénase (LDH) au cours de la fermentation lactique, générant 2 molécules d’ATP supplémentaires
(Figure 10).

?-
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Figure 10: Réaction de fermentation lactique. En absence d’oxygéne, les 2 molécules de pyruvate produites apreés la
glycolyse a partir d’une molécule de glucose sont converties en 2 molécules de lactate, générant 2 molécules d’ATP
(adapté de Freeman et al., 2012).

2.2.2 Les voies métaboliques alternatives
2.2.2.1 Le métabolisme lié au glycogéne

Le glucose est stocké sous forme de glycogene ((C¢H105),) chez les cellules animales via la voie de
la glycogénogénese. Les CSMs possédent des réserves de glycogéne qu’elles maintiennent stockées en
conditions physiologiques. A I'inverse, en conditions hypoxiques ou ischémiques, les CSMs utilisent leurs
réserves de glycogene afin de les dégrader en glucose, via la voie de la glycogénolyse, et de faire

fonctionner a plein régime la glycolyse pour produire I’ATP. Toutefois, en conditions quasi-anoxiques, les
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CSMs vident leurs réserves de glycogene en moins de 24 heures, ne permettant pas le maintien de leur

survie au-dela de 3 jours. Cette partie sera abordée en section Résultats du présent manuscrit (article 1).

2.2.2.2 Le métabolisme lié a la glutamine et a la sérine

La glutamine est un acide aminé pouvant étre hydrolysé en glutamate via I’'enzyme glutaminase
dans les mitochondries (Berl and Clark, 1969). En présence d’oxygéne, le glutamate peut étre converti en
a-ketoglutarate et intégrer le cycle TCA pour produire de I'énergie.

La sérine est un acide aminé pouvant intégrer la glycolyse (étape du glycérate-2-phosphate) apres
une série de réactions d’oxydo-réduction utilisant le glutamate, générant ainsi du pyruvate donc de I'ATP
(McKeehan, 1986). En condition quasi-anoxique, ces deux voies métaboliques ne sont toutefois pas
empruntées par les CSMs pour fournir leur énergie. Cette partie sera abordée en section Résultats du

présent manuscrit (article 1).

2.2.2.3 Le métabolisme lié aux lipides

Les lipides sont constitués d’acides gras et représentent la réserve énergétique a long terme des
cellules, contrairement au glycogene qui représente la réserve énergétique a court terme. En présence
d’oxygene, les lipides sont synthétisés au sein des CSMs principalement a partir d’acétyl-CoA via la
lipogenése, moyennant des molécules d’ATP et de NADPH. En retour, la dégradation des réserves de
lipides via la voie de B-oxydation fournit de I'acétyl-CoA, du NADH et du FADH, qui, associés a la chaine
respiratoire (cf. section 2.2.1.2), générent de I’ATP. En condition quasi-anoxique, cette voie métabolique

ne peut donc pas étre empruntée par les CSMs pour fournir leur énergie.

2.3 Voies de signalisation principales engagées dans la survie des CSMs

Comme toutes cellules eucaryotes, les CSMs captent leurs nutriments sous le contréle des voies
de signalisation. Ces voies régulent le métabolisme cellulaire, favorisant les réactions cataboliques ou
anaboliques en fonction de la quantité de nutriments disponibles, et/ou de la quantité d’oxygéne, et/ou
de facteurs de croissance. En condition quasi-anoxique, de par leur activation ou inhibition, plusieurs
voies de signalisation au sein des CSMs permettent d’orienter les cellules sur leur principale fonction : la

survie. Trois de ces principales voies sont détaillées dans ce manuscrit.
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2.3.1 La voie AKT

Les facteurs de croissance, en se fixant sur les récepteurs a activité tyrosine kinase (RTKs) activent
les enzymes PI3Ks (lipid kinase phosphoinositide 3-kinases) qui, a leur tour, stimulent la voie de la
protéine kinase B, appelée aussi voie AKT (Figure 11). Cette voie de signalisation favorise les voies
anaboliques ainsi que I'absorption de nutriments (Ward et al., 2012). Toutefois, la protéine kinase B étant
ubiquitaire, la voie AKT peut également stimuler la glycolyse. En conditions aérobies ou hypoxiques, cette
voie peut stimuler I'activité de plusieurs enzymes directement impliquées dans la glycolyse, comme

I’hexokinase, impliquée deés la premiére étape (Yu and Cui, 2016).
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Figure 11: Roles et protéines cibles activées (fleches) et inhibées (barres) par la voie AKT (d’aprés Larue et al., 2004).

2.3.2 La voie AMPK

L’AMPK (5" Adenosine Monophosphate-activated Protein Kinase) est I'enzyme responsable de
I’équilibre entre demandes et ressources énergétiques, adaptant ainsi en permanence les fonctions
cellulaires a leur environnement local (Figure 12). Afin de maintenir leurs fonctions et d’assurer leur
survie, les cellules ont constamment besoin d’une balance optimale entre demandes et ressources
d’énergie. En condition ischémique, la demande énergétique des CSMs excede leurs ressources
énergétiques. Dans ces conditions, le ratio ATP/ADP diminue, la quantité d’ADP augmentant au sein des
CSMs afin d’étre rapidement convertie en ATP par les enzymes adénylates kinases (2 ADP > 1 ATP + 1
AMP) (Das et al., 2010). Les enzymes kinases AMPK sont alors activées, entrainant I'activation des voies
cataboliques et I'inhibition des voies anaboliques afin de répondre a la demande énergétique des CSMs

(Valcourt et al., 2012).
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Figure 12: Roles et protéines cibles activées (fleches vertes) et inhibées (fleches rouges) par la voie AMPK
(d’aprés Kim and Dick, 2015).

2.3.3 La voie mTORC1

La voie mTORC1, activée par la voie AKT et inhibée par la voie AMPK, est également au coeur de la
régulation du métabolisme des CSMs. En présence de nutriments et de facteurs de croissance, I'activation
de mTORC1 stimule les voies anaboliques, notamment la synthése de protéines et de lipides (Figure 13)

(Chandel, 2015). Toutefois, en condition quasi-anoxique, la voie mTORC1 reste inhibée (Hindupur et al.,

2015).
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Figure 13: Mécanisme de régulation de la voie mTORC1 (d’aprés Chandel, 2015).
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2.4 Introduction au métabolisme des CSMs en conditions anoxiques

En anoxie, les CSMs orientent leur métabolisme vers la glycolyse et la fermentation lactique

(respiration anaérobie), au détriment du cycle TCA et de la chaine respiratoire (respiration aérobie)

(Figure 14).
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Figure 14: Métabolisme énergétique des CSMs en conditions normoxique (A) et anoxique (B)
(adapté de Salazar-Noratto et al., soumis a publication, 2019).

Dans ces conditions, le rendement énergétique de la respiration anaérobie est de 4 molécules
d’ATP produites par molécule de glucose consommeée, nettement inférieur a celui de la respiration

aérobie produisant 32 a 36 molécules d’ATP par molécule de glucose consommée (Tableau 5).

Molécules d’ATP

Environnements Substrats Réactions métaboliques Produits formées par molécule
de glucose consommée

Normoxigque Glucose 1. Glycolyse (2 ATPs) Eau 324336
(21% pO,) Oxygéne 2. Cycle TCA + Chainerespiratoire (30a 34 ATPs) Dioxyde de carbone
Quasi-anoxique Glucose 1. Glycolyse (2 ATPs) Lactate 4
(0.1% pO,) 2. Fermentation lactique (2ATPs)

Tableau 5 : Bilan énergétique au sein des CSMs en condition normoxique ou anoxique.

Au sein de cet environnement quasi-anoxique, retrouvé notamment au sein d’un environnement
avasculaire, les CSMs doivent adapter leur activité afin de pallier a ce déficit énergétique, en se
concentrant sur leur principale fonction: le maintien de leur survie. La voie de signalisation AMPK est

alors activée, entrainant une réduction de la consommation énergétique cellulaire (inhibition des voies
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anaboliques) pour favoriser la production énergétique (stimulation des voies cataboliques). La voie AKT
est également activée dans ces conditions et stimule la glycolyse (cf. section 2.3.1) tandis que la voie

mMTOR reste inhibée (cf. section 2.3.3).

L’adaptation du métabolisme des CSMs aux conditions hypoxiques sera davantage abordée dans

la section 2.5 ainsi que dans la section Résultats du présent manuscrit (articles 1 et 2).

2.5 Comprendre le métabolisme énergétique des CSMs aprés implantation pour
améliorer leur survie

La présente section est extraite de la revue bibliographique (pages 1 - 13; 20 — 24; 28-29)
intitulée « Understanding and leveraging cell metabolism to enhance mesenchymal stem cell
transplantation survival in tissue engineering and regenerative medicine”, soumise au journal Stem Cells
le 10 Avril 2019. L’extrait original présenté ici est axé autour du métabolisme énergétique des CSMs

confrontées a un environnement ischémique.
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ABSTRACT

In tissue engineering and regenerative medicine, stem cell—padicularty mesenchymal
stromalistem cells (MSCs)— therapies hawve fallen short of their initial promise and hype. The
observed marginal, to no benefit, success in several applications has been atirbuted
primarily to poor cell survival and engrafiment at transplantation sites. MSCs have a
remarkably flexible metabolism, which enables them to fulfill their cellular functions and adapt
to different cellular and envircnmental cues. At the fransplantation sites, howewer, MSCs
experience hostile envircnments devoid or, at the very least, severely depleted of ocxygen
and nuirients. The impact of this particular setting on MSC metabolism ultimately affects their
survival and function. In order to develop the next generation of cell-delivery materials and
methods, scientists must have a betier understanding of the metabolic switches MSCs
experience upon transplantation. By designing treatment strategies with cell metabolizm in
mind, scientists may improve survival and the overall therapeutic potential of MSCs. Here,
we provide a comprehensive review of plausible metabolic switches in response fo
implantation and the various sirategies cummently wsed to leverage MSC metabolism to

improve stem cell-based therapeutics.

2
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SIGHIFICANCE STATEMENT

The lack of success of stem cell-based therapies has been largely attributed to the massive
cell death observed post-transplantation, which iz caused by the metabolic shock these cells
experience as they transition from in vwiro to a hostile, injured site. Mesenchymal stem cells
(MSC), specifically, have a remarkably flexible metabolism, and they are highly sensitive to
cellular and environmental cues. In order to improve cell survival rate post-transplantation, it
iz important that scientists understand and take into account the needs and demands of MSC

metabolizm as they design the next-generation of MSC-based therapies.

3
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INTRODUCTION

Me=enchymal stromalistem cells (MSCs), also referred to as fissue-specific skeletal
stem cells (Robey, 2017), are a non-hematopoietic subpopulation of cells with multiHineage
potential to differentiate into vanous tissues of mesocdermal ongin (Farni et al., 2014; Lietal.,
2016). M5Cs possess a promising therapeutic potential for tissue engineering applications
because of both their ability to differentiate into distinctive mesenchymal phenotypes and to
induce a regenerative microenvironment by secreting bioactive chemical compounds which
imhibit fissue scaming, inhibit apoptosis, namow or contain the field of injury, promote
angiogenesis, and stimulate the mitosis of tissue-intrinsic stem or progenitor cells (Caplan,
2007; Friedenstein et al., 1968). Nevertheless, stem cell-based therapeutics have fallen short
of the initial promize and hype, resulting in inconsistent preclinical and clinical trial outcomes.
While several studies addressing variousz medical applications confirned the efficacy of MSC
therapy, other investigations reported no benefits (Kawate et al., 2006, Lunde et al., 2006;
Mejadnik et al., 2010; Telukuntla et al_, 2013; Ting and Sherman, 2012). In many instances,
the therapeutic effect of MSC-based therapies either decreased or dizappeared over long-
termn outcome assessments (Ankrum and Karp, 2010, Meyer et al.,, 2006; Wollert et al.,
2017), or underperformed compared to conventional therapies andfor therapeutic
expectations (Famell et al., 2014; Wakitani et al., 2007).

The shortcomings of stem cell-based therapeutics have been atfributed primarily to
poor cell survival and engraftment, with cell survival being crucial. it iz now well established
that cells experience high mortality rate upon transplantation at the injury site; in fact, as low
as 1% of MSCs sunive one day after implantation (Li et al., 2016, McGinley et al., 2013;
Toma et al, 2002). In matenal scaffolds, which are meant to provide the approprate
structure and envircnment for delivered cells to take effect, studies have also shown low
survival rates, with as high az 90% MSC mortality by day seven post-ectopic implantation
(Becquart et al., 2012; Degano et al.,, 2008; Logeart-Avramogiou et al., 2010) and 85% by
day fourteen when implanted in a critical segmental femoral bone defect (Manassero et al.,
2016). For these reasons, observed benefits due to MSC therapy have been largely credited

4
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to the delivery of cell zignals, or paracrine effects, instead of the direct differentiation of
MSCs (Chimenti et al., 2010). Improved survival of fransplanted MSCs, however, could
increase direct contributions by cell differentiation, extracellular matrix deposition, cell-host-
cell interactions, andfor, at the very least, longer-term secretion of paracrine factors. Such
outcomes could subsequently increase the overall therapeutic potential of MSCs, and in
applications where the beneficial effect of MSCs i= marginal to none, improved MSC survival
may reverse previously unsuccessful dinicaltherapeutic strategies.

Upon transplantation, cells experience a hostile, injured microenvironment of ischemia
(lack of oxygen and nutrition) (Becguart et al., 2012), inflammation, and oxidative stress
comprising of superoxide anions and hydrogen peroxide (Elzasser et al, 2001; Li et al.,
2016). This situation is further exacerbated by poor removal of metabolic waste due to lack of
funchional vascular networks at the imjury site. This adverse microenvironment of the
transplanted cells has direct effects on cell metabolism, which ks the set of life-sustaining
chemical reactions. Vital cell processes are powered through the metabolism of energy
substrates supplied by the environment, such as glucose, fatty acids, and amino acids
(Folmes et al., 2012). Beyond survival of transplanted cells, fissue repair is an enengy-
demanding task, and metabolism fuels organocgenesis, including processes involved in
directing stem cell fate, proliferation, and seli-renewal (Folmes et al, 2012). Therefore,
understanding and addressing the metabolic needs of MSCs may enhance their survival
upon fransplantation and subsequently therapeutic effect. While various approaches aiming
at enhancing cell survival exist—including, but not limited to gene-editing, biomaterials,
growth-factor signaling, etc.—the present review will focus on approaches and methods
which either directly or indirectly affect the metaboliam of MSCs. Specifically, in this review,
we will discuss metabolizm in MSCs in different scenarios as well as research seeking to
improve cell survival and, thus, therapeutics, by leveraging cell metabolomics.
MSC METABOLISM

Metabolic Plasticity

L
SchotarOne Support: (434) 964-4100
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Cell metabolism is the sum of all chemical reactions through which energy is created
from breaking chemical bonds and used fo synthesize basic components. These reactions
are directly linked fo the activity of the cell, in fact, different activities and functions have
different energy demands and require synthesisfremoval of different molecules. In this
regard, plasticity in energy metabolism (or bicenergetics) allows stem cells to match the
divergent energy demands of self-renewal and lineage specification (Folmes et al, 2012)
and, in the case of tranzplanted cells, of cell survival.

Figure 1a illustrates the basic bioenergetics reactions that take place in MSCs.
Energy generated in cells iz stored in energy camier molecules called adenozine triphosphate
(ATP), which can be used in future cell chemical reactions. In MSCs, ATP is produced by two
pathways: glycolysis and oxidative phosphonylation (OXPHOS). In glycolysis, glucose is
consumed to produce pyruvate and ATP, and pyruvate is later oxidized in mitochondria to
acetyl-CoA, which feeds into the fricarboxylic acid (TCA) or, Krebs, cycle. In OXPHOS,
electron byproducts of the TCA cycle pass through the electron transport chain (ETC) at the
mitochondrial cristae and produce ATP molecules. Although OXPHOS averages a
significantly higher ATP production than glycolysis (specifically, 34 to 36 versus two ATP
molecules per glucose molecule (Folmes et al., 2012; Lunt and Vander Heiden, 2011)),
studies have consistently shown that MSC survival is not dependent on OXPHOS, but rather
on glycolysis. Treatment of bone mamow-derived (BM) rat MSCs (fM3Cs) with 24-
dinitrophenol (DNP), a mitochondrial uncoupler which inhibits OXPHOS, showed no increase
in cell death wp to 72 hours post-DNP treatment (Mylotte et al., 2008); whereas inhibition of
ghycolysis by 2-deoxyglucose induced a significant decreaze in cell viability as early as 24
hours post-treatment in BM-rMSCs (Mylotte et al., 2008) and BM-human M3Cs (hMSCs)
{(Moya et al_, 2018).

Beyond survival, glycolysis is alko a hallmark of “stemness” and the prefemed
pathway for stem cell self-renewal/proliferation. Compared to OXPHOS, glycolysis is less
efficient generating energy;, however, inefficient ATP production iz a problem only when
resources are scare and this is not the case for proliferating mammalian cells in vive (Vander

B
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et al,, 2015). In fact, proliferating cells have important metabolic requirements that extend
beyond ATP, and glycolysis meetz both the bicenergetics and biosynthetic demands of
producing new cells (Lunt and Vander Heiden, 2011; Vander et al., 2015). Glycolysis is able
to fuel anabolic intermediates needed for the synthesizs of amino acids and nuclectides, via
the Pentose Phosphate pathway (Figure 1a) (Lunt and Vander Heiden, 2011; Shyh-Chang
and Mg, 2017; Vander et al., 2015).

Similarly, when MS5Cs begin to differentiate, they switch their metabolic activity
depending on the differentiation pathway they undertake. For example, BM-hMSCs cultured
under chondrogenic conditions prefer glycolysis, as demonsirated by their reduced oxygen
consumption and OXPHOS activity (Pattappa et al, 2011). In contrast, BM-hMSCs
undergoing osteogenic differentiation exhibit a decrease in glycolytic enzymes and an
increase in respiratory enzymes, oxygen consumption, and mitochondrial biogenesis;
suggesting a bicenergetics switch from ghycolysis to OXPHOS (Chen et al,, 2008). hMSCs
experience a similar switch fo promote adipogenic differentiaion (Tormos et al, 2011).
However, because these experiments have been conducted in vifro, differentiation protocols
may play a role in the obzerved metabolic changes.

Metabolic flexibility allows MSCs to perform their functions, as well as to adapt and
survive in less than ideal circumstances. It should be noted that metabolic pathways are
highly sensitive to cellular cues az well az environmental ones, such as oxygen levels,
availability of substrates, pH levels, etc. In order to develop better cell-based therapies and
improve MSC survival and therapeutic potential, scientists should consider the
microenvironment in which the cells are transplanted and itz potential effect on cellular
metabolic activities, which ultimately affect cell survival and function.

Effects of different oxygen tension levels

It iz wellestablished that oxygen tension has a direct effect on cellular energy
metabolism and, thus, affects cell survival and therapeutic potential. For this reason, it is
important to understand the oxygen tension levels that cells will experience upon
tranzplantation and their perinent effects on cell metabolizm. Oxygen tension varies greatly

7
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depending on the targeted tissue, as well as the state of said tissue (healthy vs. injured).
Oxygen tension has shown to fall from 2.6-3.3% to 0.9% pO; within the first five minutes of
an arterial occlusion in rodent heartz (Khan et al., 2015) and fo reach near-anoxia (0.2% pO:)
after 30 minutes of ischemia (Zhao et al., 2005). In joint diseases, oxygenation levels of the
synovial fluid are lower in inflammatory cases (Mg et al_, 2010; Treuhaft and McCarty, 1971).
In sifu measurements in the intervertebral disc, however, recorded a minimum of 0.3-0.7%
pO; in the dizc center in both healthy canine (Holm et al., 1982, 1981) and degenerated
human dises (Bartelzs et al., 1998). In general, oxygen tension in varous parts of the
mammalian body is considerably lower in vivo than the atmospheric oxygen tension (21%),
and ranges from 12% in the blood to as low as 1% in the deep zone of carilage regions (Das
et al., 2010).

Under standard cell culiure conditions, MSCs are kept at 21% pO., which is
congidered “normoxia” but is not physiclogically relevant (physioxia). Upon implantation, cells
must adapt to their new microenvironment, which friggers metabolic changes and signaling
pathways. Overall, lack of oxygen friggers the “switch™ from high-energy yielding processes
(specifically, glycolysis combined with OXPHOS) to the low-energy vyielding process of
glycolysis alone (Figure 1b) (Das et al., 2010). In environments with pO- between 1% to 3%,
BM-hMS5Cs (Rosova et al, 2008) and BM-rMSCs (Peterson et al., 2011) further activate the
Akt signaling pathway by phosphonylation. Akt facilitates metabolic reprogramming towards
glycolysis and maintaing cell proliferation when the oxygen supply is restricted (Chae et al.,
2016). This signaling pathway plays a key role in the stabilization of the transcription factor
hypoxia inducible factor (HIF}-1 {Das et al., 2010).

In the presence of “sufficient”™ oxygen levels, oxygen-regulated HIF-1a subunit is
degraded by proteasomes (Paloméaki et al., 2013; Simon and Keith, 2008). Under hypoxic
conditions, however, HIF-1a escapes oxygen-driven proteasomal degradation. Moya et al.
found that exposure of BM-hMSCs fo near-anoxia (specifically, 0.1% pOs:) for 3 days resulted
in significantly higher expression of HIF-1a expression and bicactivity compared to results
cbtained when BM-hMS5Cs were maintained at 1, 5 and 21% pO; (Moya et al, 2018).

8
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Stabilized HIF-1a is able to franslocate to the cell nucleus, where it dimerizes with HIF-15
(Figure 1b). The HIF-1ofg dimers activate the transcription of genes encoding glycolytic
enzymes and gluccse transporters (Saraswati et al, 2015 Zhu et al., 2014). These
upregulated glycolytic enzymes aid in shunting energy metabolism from OXPHOS to
glycolysis alone and in boosfing glycolytic activity (Figure 1b) (Ladumer, 2006; Lavrentieva et
al., 2010). Increased expression of glucose transporters further increases the influx of
glucose molecules and overall glycolytic activity in cells.

It is worth noting that small differences in oxygen tension (e.g. 1% vs. 0.1%) result in
a cascade of metabolic and signaling pathways in MSCs. For this reazon, it is essential that
studies report the level of cxygen tension as accurately as possible. Tradifionally, control of
pericellular oxygen tension iz achieved by fixing the oxygen tension in the gas phase above
the medium in which cells are cultured (Mamchaouwi and Saumon, 2000; Pettersen et al.,
2005; Wolff et al., 1993). Pericellular tenzion, however, also depends on the number of cells
and their metabolic rate as well as the diffusion distance from the medium surface fo the
bottomn of the cell culture plasticware where cells are attached (Pettersen et al,, 2003).
Pettersen of al. (Pettersen et al., 2005) showed that after 7 days under standard cell culture
conditions (21% p0.) of human T47D cells, the p0.was 17.63% at the top of the culture
medium and only 7.51% at the bottom of the plastic surface where the cells were cultured. In
order to better simulate the milieu of the transplantation site in vifro, researchers should
study the oxygen tension level that more closely resembles that of the targeted site in vivo.

Effects of energy substrate availability

Hiztorically, lack of oxygen had been regarded as the primary cause of cell death in
an ischemic enmvironment. Recent research, howewer, provided evidence that lack of
nutrients, notably glucose, is the main culprit of cell death post-implantation. Published
reports by many groups have shown that BM-hMSCs (Deschepper et al., 2013; Moya et al.,
2018; Nuschke et al, 2016), BM-MSCs (Mylotte et al, 2008) and BM-sheep MSCs
(Deschepper et al., 2011) are able to survive in a hypoxic to near-anoxic environment in vitro,
given that glucose is available. Glycolysis, an anaerobic process, is the only production path

|
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for ATP in cases where litfle-to-no oxygen is present, which renders glucose the most
important energy substrate for M3C survival. Moya ef al. (Moya et al,, 2018) confimed
experimentally that BM-hMSCs cultured under 0.1% pQ: are unable to use exogenous
glutamine, serine or pyruvate fo produce ATP. The MSC mortality rate under each of these
conditions was approximately 93% by day 14 of cell culture in witro (Moya et al_, 2018). In
contrast, BM-hMSCs supplied with glucose remained up to 60% viable under near-anoxia by
day 14 of cell culture (Moya et al., 2018). Nevertheless, it should be noted that the high
sengitivity of MSC survival to glucose deprivation cannot be explained solely by the loss of
ATP (Mylotte et al, 2008). It i= now known that, beyond ATP depletion, inhibition of
glycolysis due to glucose deprivation also leads to loss of essential prosurvival signals such
as Akt (Mylotte et al,, 2008, Rathmell et al.,, 2003). Furthermore, gluccse deprivation or
starvation activates metabolic stresses, which may induce cell death (Aliman and Rathmell,
2012; Deldicque et al, 2012). In this scenano, autophagy is activated as a protective
mechanism fo mitigate cell stress-induced damage and provide nutrients for short-term
survival (Figure 2) (Altman and Rathmell, 2012).

In the face of limited or no access to nutrients, cells activate their nutrient-sensing
mechanismes to switch from an anabolic program to a catabolic one (Figure 2). By decreasing
their anabolic activities, cells diminish their metabolic demand, and by activating catabolic
pathways, they cannibalize themselves in order to increase their metabolic supply. Cells
accomplish this switch through two major cell signaling mechanizms: (i) inactivation of the
target of the rapamycin (TOR) pathway, a master regulator of protein translation and
proliferation; and (i) activation of the AMP-activated protein kinase (AMPK). These mutually
antagonistic signaling pathways reduce energy-intensive processes (such as protein and
lipid synthesis) and induce autophagy and lysosomal biogenesis in order to recover
metabolites and energy from existing macromolecules to ensure cell survival (Hindupur et al.,
2015; Valcourt et al, 2012). A study by Nuschke et al. {Muschke et al., 2016) reported that
MSC autophagy was highly sensifive to glucose concentrations. BM-hMSCs that were
transfered from a hyperglycemic to a normal glucose media, thereby lowering their glucose

10
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supply, accumulated higher levels of LC3-l (an autophagy marker) as a function of time. In
contrast, different oxygen tensions (specifically, 21, 4 and 1% pOs) did not have an effect on
the accumulation, or lack, of autophagomes (Muschke et al., 2016).

Compromised or absence of vasculature at the sites of tissue injury leads to ischemia
and lack of nutrients. However, some tissues are naturally avascular, such as the articular
cartilage. To the best of our knowledge there are no reported in vivo measurements of
glucose concentrations in the heart, bone, or aricular cartilage in the literature. Because
glucose is paramount for the survival of MSCs, knowledge of this parameter is needed and
shouldd be used by scientists when designing delivery wvehicles for MSCs for tissue
engineening and regenerative medicine applications.

Effects of the mechanical microenvironment

Fecent scientific studies provided evidence that the mechanical emvironment iz an
imtegral component of mammalian cell and tissue milieu and should also be taken into
account regarding cell metabolism. For example, dynamic compression has been shown to
increaze ATP and lactate production as well as glucose consumption of pig intervertebral
disc cells (Femando et al., 2011; Salvatierra et al., 2011), and to enhance glycolytic energy
flux in human chondrocytes (Zgnego et al., 2015). Mechanical stress has also been shown
to facilitate the transport of glucose into rat podocytes by increasing the number of glucose
transporters on the surface of these cells, thus allering energy production and metabolism
(Lewko et al., 2005). Despite the absence of literature reports regarding MSC metabolizm,
MSCs are highly mechanosensitive, as shown by many studies regarding the determination
of stem-cell fate in response to mechanical stimulation (Peng et al., 2017; Yavropoulou and
Yowvos, nud.; Yeatts et al., 2013).

Effects of pH

In addiion to the effects on ocxygen and nutrient levels, lack of vascular network
resultz in accumulation of lactic acid (the end product of anaerchic glycolysis), which
acidifies the local envircnment (Figure 1b). Although less detimental than glucose shortage,
lower intracellular and extracellular pH levels inhibit MSC metabolism, proliferation and
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csteogenic differentiation (Chano et al_, 2016; Chen et al., 2009; Fliefel et al., 2016; Kohn &t
al., 2002, Massa et al, 2017; Meleshina et al., 2018; Monfoulet et al., 2014). Acifidying the
extracellular medium of rabbit MSCs to pH 6.8-7.0 resulted in large decreases in the glucose
congumption rate and the lactate production rate (48.3% and 95.1%, respectively), compared
to standard cell culture conditions at pH =74 (Chen et al, 2009). This finding suggests a
reduction in glycolysis, which may be a feedback system to avoid further acidification of the
extracellular space that would ultimately lead to an excessive acidification of the cytosol and
cell death (Chano et al., 2016; Chen et al, 2009). Moreover, Massa ef al. (Massa et al.,
2017) showed that extracellular acidesis (specifically, pH 6.5) induces the guiescence state
in BM-hM5Cs, which may partially explain the reduction in observed cell proliferation and
differentiation potential under acidosis.

In conclusion, the effects of oxygen tension levels, glucose supply, mechanical stress
and pH levels so far reported in the literature on MSC metabolism highlight and reiterate the
importance of these conditions in the microenvironment that MSCs will encounter upon
tranzplantation in vivo. Unforfunately, there is limited pertinent information in the literature
about the in wivo conditions at different transplantation sites and their impact on cell
metabolism. Furthermore, research on MSC metabolizm has been largely restricted to
standard cell culture practices, which are not analogous o transplantation sites or other in
vivo scenanos. For all the aforementioned reasons, there is a crucial need to bridge this gap
im knowledge in order to elucidate the processes of MSC metabolism and, ultimately,

improve MSC-based therapeutfics.
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Figure 1. Schematic diagrams illustrate metabolism in mesenchymal stem cells (MSCs) under different
oxygen tension levels. A. Under sufficient oxygen, glucose malecules are broken down in glycolysis for the
production of ATP molecules. Byproducts of glycolysis and other chemical components enter the tricarboxylic
acid (TCA) cycle in mitochondria. In OXPHOS, electron byproducts of the TCA cycle pass through the
electron transport chain (ETC) at the mitochondrial cristae and produce more ATP molecules. Moreover, HIF-
1a is degraded under sufficient oxygen level conditions by proteosomes. B. In a near-anoxia environment
(pO2 < 0.1%), however, (a) HIF-1a escapes oxygen-driven proteosomal degradation and translocates to the
nucleus, where it dimerizes with HIF-1B. Accumulation of HIF-1 a /P activates (b) the transcription of genes
that increase expression of glucose transporters and glycolytic enzymes, which (c) increase glycolytic flux;
and (d) decrease activity and eventually block the OXPHOS pathway. Increased activity of the glycolytic
pathway vields a build-up of lactate, which (e) increases intracellular pH. Abbreviations: G-6-P stands for
glucose-6-phosphate; F-6-P, fructose-6-phosphate; GA3P, glyceraldehyde-3-phosphate; 1,3BPG, 1,3-
hisphosphoglycerate; PEP, phospho-enol-pyruvate; Ribulose-5-P, ribulose-5-phosphate; Ribose-5-P, ribose-
5-phosphate; Xylulose-5-P, xylulose-5-phosphate; ATP, adenosine triphosphate; ADP, adenosine
diphosphate; Pi, inorganic phosphate; HK, hexokinase; GPI, glucose-6-phosphate isomerase; PK, pyruvate
kinase; LDHA, lactate dehydrogenase; TKTL1/2, transketolase1/2; PDH, pyruvate dehydrogenase; PDK1,
pyruvate dehydrogenase kinase; GLUT, glucose transporter; MCT, Monocarboxylate transporter; NHE, Na+-
H+-exchanger; PPP, pentose phosphate pathway.
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Figure 2. Diagram illustrates the envisioned timeline of bioenergetic metabolic activity of cells upon
implantation. Before implantation, MSCs are generally cultured under standard conditions of 21 pO2 and
with sufficient glucose. Upon implantation in an ischemic site, MSCs experience insufficient levels of oxygen
tension, which triggers a switch to aerobic glycolysis and represses,eventually inhibiting, anabolic activities.
Upon glucose exhaustion, MSCs begin to experience metabolic stresses, which are, in part, counteracted by
the activation of autophagy. Autophagy, or self-catabolism, reduces sources of stress and provides nutrients
during times of nutrient withdrawal. Eventually, glycolytic reserves are exhausted, and autophagy is unable
to provide MSCs additional cell nutrients or mitigate cell stress. Ultimately, cell death occurs when cells do
not meet their minimal hioenergetics demands. The timepoints indicated are according to the literature
(Granados et al., 2009; Lv et al., 2017; Moya et al., 2018, 2017), and they may vary according to different
culture conditions such as cell density and mass transport parameters. Figure modified from graphical

abstract from Moya et al. (Moya et al., 2018).
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CHAPITRE 3

STRATEGIES POUR AMELIORER LA SURVIE DES CSMs APRES
IMPLANTATION

« Que la stratégie soit belle est un fait. Mais n’oubliez pas de regarder le résultat ».

Wilson CHURCHILL

Afin d’améliorer le potentiel thérapeutique des PITs, il convient de maintenir la viabilité des
cellules implantées de sorte a maximiser leurs fonctions réparatrices. Pour cela, les cellules implantées
doivent maintenir un niveau d’énergie compatible avec leur survie, c’est-a-dire étre capables de
synthétiser suffisamment de molécules d’ATP via la glycolyse pour satisfaire leur besoin énergétique post-
implantation. Il convient également de réduire le temps d’exposition des cellules a I'environnement
ischémique post-implantation.

Pour cela, plusieurs stratégies sont développées autour (i) du pré-conditionnement métabolique
des cellules avant implantation, (ii) de I'accélération de la vascularisation sur le site d’implantation, et de

I"apport (iii) d’oxygene ou (iv) de glucose aux cellules implantées.

3.1 Le pré-conditionnement métabolique

Dans le contexte d’amélioration de la survie et de la fonctionnalité cellulaire post-implantation,
les stratégies de pré-conditionnement métabolique visent a modifier, préalablement a I'implantation, le
métabolisme des cellules afin de réduire leurs demandes bioénergétiques une fois implantées au sein de

I’environnement ischémique.

La quiescence est un état physiologique adopté par les cellules souches au sein de leur niche,
réduisant leurs demandes énergétiques et préservant leurs principales fonctions, notamment leur

viabilité (Cheung et al. 2013). Au cours d’une étude menée au laboratoire B30A, des hCSMs ont été pré-
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conditionnées pendant 48 heures au sein d’un environnement normoxique (21% pO,) sans sérum,
induisant ces dernieres en état de quiescence. Ce pré-conditionnement a permis aux hCSMs de maintenir
leur survie pendant 14 jours au sein d’un environnement quasi-anoxique in vitro (0,1% pO,) associé a une
déplétion de glucose (Moya et al., 2017). A l'inverse, les hCSMs non pré-conditionnées montraient un
taux de survie inférieur a 10% apres 7 jours dans ces conditions. De plus, la survie des hCSMs pré-
conditionnées puis implantées dans un modele ectopique (sous-cutané) de souris, était améliorée apres 7
jours par rapport aux hCSMs non pré-conditionnées (Moya et al., 2017). D’un point de vue métabolique,
les hCSMs quiescentes réduisent leur consommation d’ATP au sein des réactions anaboliques, en
diminuant par exemple leur synthése protéique, appuyant ainsi I’'hypothése selon laquelle les cellules en
guiescence réduisent leur métabolisme énergétique pour maintenir leur fonction vitale, comme suggéré
par Boutilier et al. pour les animaux tolérants a I'anoxie (Boutilier, 2001). Cette réduction des réactions
anaboliques est directement associée a l'inhibition de la voie mTOR (cf. 2.3.3). En effet, cette voie de
signalisation pro-apoptotique est inhibée chez les hCSMs pré-conditionnées en quiescence au cours des 3
premiers jours d’exposition en quasi-anoxie in vitro (0,1% pO,) et en absence de glucose (Moya et al.,

2017).

La stratégie de pré-conditionnement hypoxique a également été proposée pour tenter
d’améliorer la survie des CSMs apres implantation. Beegle et al. ont par exemple observé que les hCSMs
pré-conditionnées a une pO, de 1% pendant 96 heures réduisaient leur consommation de glucose et
devenaient plus résistantes a l'ischémie aprés implantation en site ectopique murin, par rapport aux
CSMs non pré-conditionnées a I’hypoxie (Beegle et al. 2015). De plus, I'implantation de CSMs pré-
conditionnées a I'hypoxie sévére (0,5% pO, pendant 24 heures), puis implantées dans un modele
d’ischémie cardiaque (infarctus du myocarde) chez le rat, montrent (i) une augmentation de la
vascularisation dans les zones ischémiées, (ii) une augmentation de I'expression de la sous-unité HIF1-a
ainsi que des facteurs pro-angiogénes VEGF et Angiopoetine 1, et (iii) une amélioration des fonctions
cardiaques aprés 6 semaines par rapport aux animaux traités avec les CSMs non pré-conditionnées a
I'hypoxie (Hu et al., 2008). Cette stratégie améliore également la vascularisation dans des modeéles
d’ischémie de pattes arriere chez la souris (Huang et al., 2014 ; Lee et al.,, 2017). D’un point de vue
métabolique, le pré-conditionnement hypoxique des CSMs entraine la réduction de leur consommation
de glucose ainsi que de la sécrétion de lactate (Beegle et al. 2015). De plus, aprés ce type de pré-
conditionnement, les CSMs réorientent leur métabolisme vers la glycogénése via la voie AKT (cf. 2.3.1),
augmentant ainsi leurs réserves de glycogéne (Zhu et al., 2014). Les CSMs pré-conditionnées par I’hypoxie
sur-expriment la sous-unité HIF-1a (Zhu et al., 2014), et survivent mieux en conditions ischémiques via

une adaptation du métabolisme dépendant de la glutamine et du glycogéne, formant par ailleurs plus de
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tissu osseux aprés implantation en site ectopique (sous-cutané) chez la souris que les CSMs non pré-

conditionnées a I’hypoxie (Stegen et al. 2016).

L'ensemble de ces observations appuie I'hypothése selon laquelle le pré-conditionnement
métabolique des CSMs, via la déprivation de sérum (pré-conditionnement en quiescence) ou d’oxygeéne
(pré-conditionnement hypoxique), permet de réorienter le métabolisme énergétique cellulaire vers un
métabolisme moins énergivore, ou encore vers des voies métaboliques alternatives, une fois les CSMs
confrontées a I'environnement ischémique. Cette stratégie de pré-conditionnement métabolique s’avere
donc bénéfique pour améliorer la survie et la fonctionnalité (notamment les fonctions pro-angiogenes)

des CSMs post-implantation.

3.2 L’accélération de la vascularisation

Accélérer la revascularisation du site d’implantation permettrait de réduire le temps d’exposition
des CSMs aux conditions ischémiques (Boomsma et al., 2012). En effet, les nouveaux vaisseaux sanguins
permettraient de rétablir 'accés aux nutriments et a I'oxygene, ainsi que I'évacuation des déchets

métaboliques, réduisant notamment I’hypercapnie locale (cf. 2.1.5).

La combinaison de facteurs de croissance pro-angiogenes au sein de matrices cellularisées a déja
fait I’objet de plusieurs études prometteuses. En effet, la vascularisation apres 2 semaines a l'intérieur et
en périphérie de matrices combinées a du VEGF ou du bFGF est augmentée par rapport a celle de
matrices non combinées a ces facteurs de croissance, a la fois dans un modele in vitro contenant des
cellules endothéliales (Laschke and Menger, 2012) et aprés implantation en site orthotopique (calvaria)
chez le rat (Kaigler et al., 2006). De méme, le nombre de vaisseaux nouvellement formés au sein de
matrices combinées a du PDGF est augmenté de prés de 2 fois par rapport aux matrices dépourvues de
PDGF, apres 2 semaines d’'implantation en site ectopique (sous-cutanée) chez le rat (Li et al., 2009). La

liste de ces études n’est pas exhaustive.

La macroarchitecture des matrices est également un élément impactant leur revascularisation. En
effet, des matrices (en polyéther-ester) implantées en site sous-cutané chez la souris pendant 8, 12 et 20
jours, contenant des pores de 200 a 250 pum, montrent une colonisation plus importante par les vaisseaux
sanguins du tissu héte que les matrices contenant des pores de tailles inférieures (20 a 75 pm et 75 a 200
um) (Druecke et al., 2004). De plus, les avancées technologiques des derniéres années en terme
d”impression 3D et de fabrication additive, permettent de construire aujourd’hui des matrices aux

macroarchitectures complexes, notamment en modulant la taille et I'orientation des pores (Galperin et
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al., 2010 ; Madden et al., 2010). Par exemple, Yang et al. ont concu une matrice céramique par fabrication
additive, combinant des pores de 10 um (d{ au frittage) permettant une interface importante entre la
matrice et le tissu hote, avec des pores de 200 a 600 um permettant une invasion vasculaire par le tissu
hote (Yang et al., 2006). En créant, par impression 3D, des réseaux poreux interconnectés au sein des
matrices, plusieurs équipes cherchent a guider I'invasion vasculaire vers les cellules ensemencées dans

celles-ci (Santos et al., 2010).

L'utilisation de cellules génétiquement modifiées pour surexprimer le VEGF ou HIF1-a est une
stratégie également proposée afin d’accélérer la revascularisation des PITs. Par exemple, des cellules
endothéliales génétiquement modifiées surexprimant le VEFG montrent une survie de 95% aprés 5 jours
d’implantation en site ectopique chez le lapin alors qu’uniquement 40% des cellules endothéliales non
génétiqguement modifiées survivent (Lasso et al., 2007). Des hCSMs génétiguement modifiées pour
surexprimer le bFGF ensemencées sur une matrice d’hydroxyapatite, puis implantées 4 semaines en site
orthotopique (calvaria) chez le rat, induisent un nombre de nouveaux vaisseaux sanguins 1.7 fois
supérieur a celui des matrices ensemencées avec des hCSMs non génétiquement modifiées (Qu et al.,

2011).

Enfin, une autre stratégie consiste a implanter, via plusieurs interventions chirurgicales, de fines
couches de cellules (mono ou bicouches). Une fois les premiéres couches cellulaires vascularisées, de
nouvelles couches de cellules sont implantées (Lovett et al., 2003). Cette derniere approche permet la
création d’une connexion directe des couches cellulaires avec la vascularisation environnante. Toutefois,
cette stratégie est chronophage pour les étapes de vascularisation consécutives par les diverses couches

cellulaires, et nécessite une intervention chirurgicale a chaque nouvelle couche.

Bien que pouvant étre accélérée par (i) la combinaison de facteurs de croissance pro-angiogenes,
(ii) la modulation de la macroarchitecture des matrices, ou encore (iii) la modification génétique des
cellules ensemencées, la revascularisation d’un PIT reste un processus physiologique relativement lent
(Tableau 6). Cette propriété représente une limite majeure pour réduire le temps d’exposition des CSMs

aux conditions ischémiques apres implantation.
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Vitesse de formation Modele Références

des vaisseaux
sanguins (um/jour)

80 Formation de pseudo-tubes a partir de Humain Griffith et al., 2005
cellules HUVECs dans un hydrogel de
fibrine (3D, in vitro)

60 Formation de pseudo-tubes a partir de Humain Schechner at al., 2000
cellules HUVECs en conditions standards
(2D, in vitro)
120 Migration de cellules endothéliales en Souris Orr et al., 2003
conditions standards (2D, in vitro) Zarem et al,, 1969

Tableau 6 : Cinétiques de formation de vaisseaux sanguins et de migration de cellules endothéliales.

3.3 L’apport d’oxygene

En partant de I’hypothése selon laquelle I'apport d’oxygéne permettrait d’améliorer la survie
des CSMs apres implantation, plusieurs équipes ont développé des systemes de délivrance d’oxygene,
cherchant notamment a augmenter la quantité d’oxygéne stockée au sein des matrices dans lesquelles

les cellules sont ensemencées.

Des études in vitro ont démontré que I'utilisation de microspheres encapsulant de I'oxygéne,
sont capables de diffuser cette molécule en continu aux cellules stromales dérivées du tissu adipeux
(ADSCs) pendant 6 jours en conditions hypoxiques séveres (1% p0,). Toutefois, la survie cellulaire dans
ces conditions ne dépasse pas 6 jours, et le maintien de la fonctionnalité cellulaire (notamment la

prolifération, différenciation et effets paracrins) n’a pas été étudié (Cook et al., 2015).

Les perfluorocarbones (PFCs) sont des molécules capables, en fonction de la pO, locale, de
libérer de I'oxygene. Des études in vivo ont démontré que des cellules C3H10T1/2 encapsulées avec
des PFCs et implantées en site sous-cutané chez la souris présentaient un taux de survie supérieur aux
cellules encapsulées sans PFCs aprés 3 jours (Kimelman-Bleich et al., 2009). Toutefois, cette
observation n’a pas été confirmée aprés 7 jours d’'implantation dans ce modéle ectopique. De plus,
I'apport d’oxygéne dans cette étude ne stimule pas I'angiogenése autour du site d’implantation.
L’hypothése pouvant expliquer cette observation serait que I'apport d’oxygéne maintient les CSMs en
conditions physioxiques plutot que d’initier la cascade proangiogéne, elle-méme initiée par 'activation
de HIF (cf. 2.1.3 et 2.5). En effet, des cellules MC3Y3-E1 cultivées in vitro en conditions hypoxiques
séveres (1% p0,) et en présence de microréservoirs remplis d’oxygéne montrent une sous-régulation

des génes codant pour la sous-unité HIF-1a ainsi que pour le facteur pro-angiogéne VEGF (Lee et al.,

CHAPITRE 3 54



2015), par rapport aux cellules cultivées avec les microréservoirs sans oxygene. De plus, d’autres
études démontrent que des milieux conditionnés par les hCSMs en quasi-anoxie (0,1% pO,) pendant 7
et 14 jours présentent un potentiel chimiotactique et pro-angiogéne augmentés par rapport aux

milieux conditionnés par les hCSMs a 5% pO, (Paquet et al., 2015).

Ainsi, la stratégie d’apport d’oxygéne permet, au stade actuel des recherches, d’'améliorer la
survie cellulaire sur un temps relativement court en conditions quasi anoxiques in vitro (6 jours) ainsi
gu’en conditions ischémiques in vivo (entre 3 et 7 jours). Cependant, cette stratégie est défavorable a

I’'angiogeneése, ce qui peut s’avérer problématique dans I'objectif de réparation d’un tissu lésé.

3.4 ’apport de glucose

Une série d’études menées au laboratoire B30OA a permis d’établir, qu’aprés implantation au sein
d’un environnement ischémique, le facteur limitant responsable de la mort massive et rapide des CSMs
n’est pas I'oxygene mais le glucose (Deschepper et al., 2011 and 2013 ; Moya et al., 2017). En effet, des
hCSMs ainsi que des CSMs de brebis exposées en continu, in vitro, a une quasi-anoxie (0,1% pO,)
combinée a une absence de glucose, meurent massivement aprés 7 jours (mortalité supérieure a 90%).
Toutefois, dans ces conditions quasi-anoxiques, et avec un apport de glucose (1 g/L ou 5 g/L), les CSMs
sont capables de survivre au moins 21 jours, sans perte de fonctionnalité (Figure 15-A) (Deschepper et al.,
2011 ; 2013). De plus, le facteur de transcription HIF-1 est surexprimé dans ces conditions et uniguement

en présence de glucose.

Le rble central du glucose dans le maintien de la survie des CSMs a été également confirmé in vivo
en démontrant qu'une supplémentation des PITs par ce nutriment conduit a une augmentation de la
survie des CSMs dans un modele ectopique, ainsi qu’a une augmentation du nombre de nouveaux
vaisseaux sanguins autour de I'implant (Deschepper et al., 2013). En effet, le taux de survie des hCSMs
ensemencées dans un hydrogel de fibrine contenant du glucose (10 g/L) et implantées en sous-cutanée
chez la souris est plus de 4 fois supérieur a celui de hCSMs ensemencées dans un hydrogel dépourvu de

glucose (Figure 15-B).
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Figure 15 : Etude de la survie des hCSMs, avec présence ou absence de glucose, en condition quasi-anoxique (0,1%
p0,) dans un modéele in vitro (A) et dans un modele in vivo en site ectopique chez la souris immunodéprimée (B)
(adapté de Deschepper et al., 2013).

Toutefois, le glucose est une molécule non chargée de petite taille (180 g/mol), n’ayant aucune
affinité spécifique pour une matrice, et trés difficile a délivrer de facon controlée. Sa délivrance par
diffusion a partir d’hydrogels ou de céramiques, par exemple, aboutit a sa libération quasi-immédiate

(Papenburg et al.,2007 ; Suhaimi et al., 2015).

3.5 Application de la stratégie d’apport de glucose: hydrogel a délivrance
controlée de glucose pour alimenter le métabolisme des CSMs apres
implantation

Les hydrogels sont des réseaux tridimensionnels composés de polymeéres hydrophiles réticulés
par formation de liaisons covalentes, capables d’absorber une importante quantité de liquide, leur
permettant ainsi de confiner des molécules au sein de leur réseau (Chirani et al., 2013). Les polyméres
d’origine naturelle, grace a leur biocompatibilité et biodégradabilité, sont fréquemment utilisés dans la

conception d’hydrogels en ingénierie tissulaire (Cattelas et al., 2006 ; Eyrich et al., 2007).

Afin de développer un systéme de délivrance controlée de glucose, nous avons fait I’hypothése
gu’un hydrogel de fibrine/amidon contenant une enzyme, I"amyloglucosidase (AMG), pourrait servir de
source de glucose aux CSMs, afin de maintenir leur survie au sein de I’environnement ischémique post-

implantation. L’hydrogel concu par le laboratoire B3OA, en collaboration avec I'Equipe de Recherche sur

CHAPITRE 3 56



les Relations Matrice Extracellulaire-Cellule (ERRMECE, Université Cergy-Pontoise), est composé des
produits suivants :
= Fibrinogéne : protéine constituée de fibrinopeptides, jouant un réle essentiel dans le maintien de
I’'homéostasie et la formation de caillot sanguin (Kostelansky et al., 2004). Cette protéine est ici
utilisée pour étre associée a la thrombine.
= Thrombine : enzyme hydrolysant spécifiquement les fibrinopeptides du fibrinogene. La
thrombine est ici utilisée pour synthétiser le réseau tridimensionnel de fibrine, appelé aussi
hydrogel de fibrine (Hantgan and Hermans, 1979). Le réseau de fibrine favorise I'adhérence et la
prolifération de nombreux types cellulaires (Zhao et al., 2008 ; Janmey et al., 2009), dont les
CSMs (Bensaid et al., 2003).
= Aprotinine : inhibiteur de protéases, doté de propriétés anti-fibrinolytiques. Elle est ici utilisée
pour maintenir I’hydrogel de fibrine dans le temps en limitant notamment sa dégradation par les
protéases (Jocknhoevel et al., 2001).
= Amidon de blé : 'amidon est la forme de stockage de glucose chez les végétaux, composé de
deux types de polymeéres de glucose liés entre eux par des liaisons a(1-4) glucosidiques :
I"amylose (30%) et I'amylopectine (70%). L’amylose est constitué d’une chaine linéaire de glucose
(Buléon et al., 1998) ; 'amylopectine porte quant a elle des ramifications de chaines de glucose
reliées par des liaisons a(1-6) a la chaine linéaire principale (Perez et al., 2010).

=  Amyloglucosidase : enzyme de finition hydrolysant successivement les liaisons glucosidiques a(1-

4) de I'amidon a partir des extrémités non réductrices, ainsi que les liaisons a(1-6), entrainant le

débranchement de I'amylopectine dans I'amidon (Figure 16) (Pazur et al., 1959).

Q
o

Liaisons a(1-4)
(Chaine linéaire)

Liaison a(1-6) —

(Ramification)

Amyloglucosidase

O

O Glucose
@@0008

Figure 16 : Hydrolyse de I'amidon par I'AMG (adapté de Boisselier, 2016)

Toutefois, I'activité de I’AMG sur les liaisons a-(1,6) est trés faible comparée a celle sur les liaisons a-

(1,4) et ne représente que 0,2% de I'activité enzymatique (Batey, 1982).
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Le principe de cet hydrogel est que I'amidon est hydrolysé par I’AMG, permettant ainsi la
production de glucose afin d’alimenter les CSMs ensemencées au sein de I'hydrogel (Figure 17). Ce

dispositif innovant, qualifié d’hydrogel nutritif, a d’ailleurs fait I'objet d’un dépot de brevet Européen

concernant le systeme de délivrance de glucose (EP14306700, CNRS, 2014).

7\  Fibrine

«  Glucose

Figure 17: Photographie des hydrogels nutritifs in vitro (gauche) et représentation schématique de leur composition interne (droite).

A I'heure actuelle, la preuve de concept de I’'hydrogel nutritif d’amidon/AMG dans I'amélioration

de la survie et de la fonctionnalité des CSMs post-implantation, n’a jamais été démontrée.
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Les CSMs apparaissent comme des candidates idéales en ingénierie tissulaire. De plus en plus
d’essais cliniques utilisent aujourd’hui cette source cellulaire dans I'objectif de réparer des tissus ou

organes et de restaurer leur fonction (Martin-Rendon et al., 2008 ; Jeevanantham et al., 2012).

Cependant, une fois implantées in vivo, les CSMs meurent rapidement et massivement, réduisant
considérablement le succes de cette approche thérapeutique. De nombreuses études ont démontré une
mortalité des CSMs supérieure a 90% en moins de 10 jours aprés implantation au sein de nombreux
tissus, par exemple en site sous-cutané (Logeart-Avramoglou et al., 2010; Giannoni et al., 2010),
intracardiaque (Toma et al., 2009 ; Li et al., 2016) ou encore au sein de défauts osseux (Manassero et al.,

2016).

Bien que cette mort massive soit multifactorielle, I'environnement ischémique (caractérisé, entre
autre, par la déplétion en oxygéne et en nutriments) auquel les cellules sont confrontées une fois
implantées, semble en étre la cause principale (Becquart et al.,, 2012). De récentes études menées au
laboratoire, ainsi que par d’autres équipes, ont mis en évidence que le facteur limitant la survie cellulaire
au sein de cet environnement avasculaire était de facon surprenante, non pas I'absence d’oxygene, mais
I'absence de glucose (Deschepper et al., 2011 and 2013 ; Moya et al.,, 2018 ; Mylotte et al., 2008 ;
Nuschke et al., 2016). L'apport de glucose permet en effet de maintenir la survie in vitro des CSMs
pendant 21 jours en conditions quasi-anoxiques (0.1% pO,) et pendant 14 jours aprés implantation en site

ectopique chez la souris (Deschepper et al., 2013).

L’objectif de ce projet de doctorat est (i) de mieux comprendre le métabolisme énergétique
emprunté par le glucose au sein des CSMs aprés implantation, puis (ii) de développer et d’évaluer une
stratégie basée sur I'apport continu de glucose pour améliorer la survie et la fonctionnalité des CSMs

post-implantation.

Dans un premier temps, nous avons étudié les voies métaboliques empruntées par le glucose
chez les CSMs confrontées a un environnement semblable a celui post-implantation, puis évalué les
réserves glycolytiques de ces cellules ainsi que leur consommation énergétique au sein de cet
environnement ischémique. Au cours de ce projet de doctorat, jai participé aux expérimentations
conduisant aux figures 1, 3, 4 et 6 de I'article 1, intitulé “Human mesenchymal stem cell failure to adapt
to glucose shortage and rapidly use intracellular energy reserves through glycolysis explains poor cell
survival after implantation”.

[Durée du projet : 4 mois]
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Dans un second temps, basé sur la conception préalable de I’hydrogel nutritif, nous avons
évalué l'efficacité biologique de ce dispositif innovant sur la survie ainsi que sur les fonctions
chimiotactiques et pro-angiogénes des CSMs, a la fois dans un modele in vitro d’ischémie prolongée,
puis aprés implantation in vivo au sein d’'un modele ectopique de souris. Ces données correspondent a
I'ensemble de l'article 2, intitulé « Enzyme controlled, nutritive hydrogel for mesenchymal stem cell

survival and regenerative functions ». [Durée du projet : 32 mois].
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ARTICLE 1

HUMAN MESENCHYMAL STEM CELL FAILURE TO ADAPT TO
GLUCOSE SHORTAGE AND RAPIDLY USE INTRACELLULAR ENERGY
RESERVES THROUGH GLYCOLYSIS EXPLAINS POOR CELL SURVIVAL

AFTER IMPLANTATION
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INTRODUCTION

Une fois implantées in vivo, les CSMs meurent rapidement et massivement, réduisant
considérablement leur potentiel thérapeutique. Comme mentionné dans le chapitre 3, le facteur limitant
la survie cellulaire au sein de cet environnement avasculaire ischémique est, non pas I|’absence
d’oxygeéne, mais I'absence de glucose (Deschepper et al., 2011 and 2013 ; Moya et al., 2018 ; Mylotte et
al., 2008 ; Nuschke et al., 2016).

Le microenvironnement in vivo (notamment la pO,) auquel les CSMs sont confrontées apres
implantation est peu ou pas caractérisé. Au cours de cette étude, nous avons tout d’abord cherché a
déterminer la pO, a laquelle les CSMs, ensemencées au sein d’un PIT (hydrogel), sont exposées aprés
implantation en site sous-cutané chez la souris. Afin d’approcher au mieux cette réalité post-
implantation, les marqueurs caractéristiques de I'hypoxie cellulaire (expression de la sous-unité HIF-1a,
expression de I'enzyme LDH-A, activité mitochondriale) ont été analysés chez des hCSMs exposées in vitro
pendant 3 jours a des pO, hypoxiques plus ou moins séveres (0.1%, 1%, 5%), puis comparés a ces mémes
marqueurs d’hypoxie exprimés chez des hCSMs ayant été implantées en sous-cutané chez la souris

pendant 3 jours.

Le glucose n’est qu’un des nutriments utilisables par les CSMs pour produire de I'énergie sous
forme d’ATP (Liu et al., 2015 ; Tohyama et al., 2016). Nous nous sommes donc également interrogés sur la
possible utilisation de voies métaboliques alternatives, notamment la glutaminolyse (catabolisme de la
glutamine) et la sérinolyse (catabolisme de la sérine), par les CSMs lorsque celles-ci sont exposées a des
conditions reflétant le microenvironnement post-implantation. Pour cela, nous avons évalué la survie des
hCSMs maintenues pendant 14 jours en quasi-anoxie (0.1% p0O,) in vitro sans glucose et sans sérum, en
présence de glutamine ou de sérine. Nous avons ensuite cherché a identifier la (ou les) voie(s)
métabolique(s) principale(s) empruntée(s) par les hCSMs apres implantation pour convertir le glucose en
énergie. Ainsi, I'expression de genes impliqués dans (i) la chaine respiratoire, (ii) la voie des pentoses
phosphates, (iii) la glycogénolyse et (iv) la glycolyse, a été évaluée chez des hCSMs ayant été maintenues
pendant 3 jours en quasi-anoxie sans glucose et sans sérum. De plus, la survie in vitro des hCSMs
maintenues dans cet environnement a été étudiée apres l'inhibition respective de chaque voie

métabolique mentionnée dans ce paragraphe.

Enfin, nous nous sommes interrogés sur la possible réduction du métabolisme du glucose au sein
des CSMs apres implantation. Pour cela, nous avons évalué les réserves énergétiques initiales des hCSMs

(réserves de glucose, de glycogene et d’ATP intracellulaire), puis avons suivi la consommation de ces
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réserves d’énergie une fois les hCSMs maintenues en conditions quasi-anoxiques sans glucose et sans

sérum pendant 7 jours.
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ABSTRACT

Mesenchymal stem cells (M5Cs) hold considerable promise in tissue engi-
neering [TE}. Their poor survival when exogenously administered, howew-
er, limits their therapeutic potential. Previous studies from our group
demonstrated that lack of glucose [but not of oxygen) is fatal to human
MSCs because it serves as a pro-survival and pro-angiogenic molecule for
hBASC upon transplantation. Howewver, which energy-providing pathways
MSCs use to metabolize glucose upon transplantation? Are there alterna-
tive energetic nutrients to replace glucose? And most importantly, do
hBASCs possess significant intracellular glucose reserves for ensuring their
survival upon transplantation? These remain open guestions at the fore-
front of TE based-therapies. In the present study, we established for the
first time that the in wvo environment experienced by hMSCs is best re-
flected by near-anoxia (0.1% O.) rather than hypoxia (1% -5% Oy) in witro.
Under these near-anoxia conditions, hMsCs rely almost exclusively on glu-
cose through anaerobic ghycolysis for ATP preduction and are unable to use
either exogenous glutamine, serine or pyruvate as energy substrates. Most
importantly, hAASCs are unable to adapt their metabolism to the lack of
exogenous glucose, possess a very limited internal stock of glucose and
virtually no ATP reserves. This lack of downregulation of energy turnowver
as a function of exogenous glucose lewel results in a rapid depletion of
hBASC energy reserves that explains their poor survival rate. These new
insights prompt for the development of glucose-releasing scaffolds to
owvercome this roadblock plaguing the field of TE based-therapies. STem
CELLS 201 7, 000000000

SIGNIFICANCE STATEMENT

Poor survival of grafted cells at the injury site is the major impedimeant fior
developing successful cell based therapies. In the present study, we demaon-
strated that hiscs fail to survive in the ischemic environment that they face
in vivo, because these cells are not capable to adapt their glucose consump-
tion and do not possess the necessary glycolytic reserves to maintain their
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metabolism for more than 3 days.
As 3 result, upon exhaustion of

available glucose these, cells die roadblock

rapidly and massively. These new insights prompt for the development of
strategies aiming at providing extracellular glucose to owercome this major

INTRODUCTION

Mesenchymal stern cells {often referred to as multipo-
tent stromal cells; M5Cs) have elicited great interest in
the field of tissue engineering (TE) and regenerative
medidne due to their @pability to (i) proliferate, (i)
seqrete various growth factors and cytokines pertinent
to new tissue formation, and (il differentiate into cells
such as osteoblasts, dhondrooytes and adipocytes [1-3].
Because of thesa remarkable properties, TE grafts using
M5Cs have become the “gold standard” for numerous
medical investizations and pertinent applications
around the world. Although it is still early to draw defin-
itive conclusions, the results of preclinical animal stud-
ies are mot as promising as hoped. In fact, in the context
of regenerative medicne, exogenously administered
M5Cs loaded into material scaffolds exhibited poor sur-
vival in bone [4,5], cardiac [6,7] and kidney [B] applica-
tions.

A& possible explanation for this limited cell survival is
that, upon implantation, M5Cs encounter a considera-
bile bioenergetic challenge in a harsh ischemic microen-
vironment characterized by low oxygen tension and
nutrient deprivation. in fact, MSCs must rely on energy
not only to ensure their homeostasis (which entails
non-spontaneous, energy-consuming processes includ-
ing maintenance of concentration gradients of different
ions, cytoskeletal dynamics, DMA repair, basal transorip-
tion and translation, protein turnover, and vesicle traf-
ficking [3]), but also to “Fuel” their regenerative func-
tion. Although a comprehensive accounting of the com-
plete metabolic requirements of MSCs which trigger
such responses has never been reported, it is reasona-
ble to hypothesize that an imbalance between the cell
energy demand and supply needed to maintain homeo-
stasis and to enact the transcriptional and translational
programs which promote effector functions leads to the
death of M5Cs into implanted TE constructs. It is, there-
fore, of paramount mportance to determine the intra-
cellular energy reserves human MSCs (hM5Cs) can rely
on upon implantation and to decipher the mechanisms
by which thiese cells align their bicenergetic needs with
available energy resources post implantation.

Oxyzen and nutrients are both critically required for
energy-related metabolic pathways in cells and have
both the potential to significantly affact cell metabolism
and suniival. Unitil very recently, however, emphasis has
been placed solely on the role of ocopgen tension be-
cause it modulates several oritial cellular processes
(e.g., cell adhesion [10,11], metabolism, proliferation,
and differentiation [12,13]). in addition, since passive
diffusion of oxygen from blood capillaries is limited to
100200 um radius [14,15], 3 hypoxic or even near-
anoxic microenvironment surrounding  cell-containing
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constructs of dinical relevant volume is established up-
on implantation.

To date, the mechanism by which M5Cs uptake and
utilize oxygen and nutrients under ischemic conditions
remains poorly investigated and understood. Recent
studies in sheep [16], mice [17] and humans [18] MSCs
challenged the pivotal role of oxygen and established
that M5Cs adapt to near-anoxia conditions in vitro and
increased their in wivo survival rate as long as they have
a sufficient glucose supply [18]. The present study aims
at further elucidating the mechanizms by which glucose
and its end-products are used by hMSCs to fuel their
metabolism upon transplantation. To this aim, we de-
termined the oxygen tension that best reflected the
milien encountered by hMSCs post-implantation and
then investigated whether alternative exogenous nutri-
ents can be used to ensure hMSC survival, which ener-
Ey-providing pathways are active, and how hMSCs allo-
cate their energy-resenves in order to meet their bisen-
ergetic demands. The present paper demonstrates, for
the first time, that the 0.1% oxygen level best reflects
the in wivo situation encountered by hMSCs located at
the core of TE constructs. Under this condition, hMSCs
have a very limited internal stock of glucose and virtual-
Iy no ATP reserves. In fact, our data provide evidence of
a scenario where implanted hMSCs consume their ghy-
colytic reserves through ghycolysis in less than 24 hours.
once these glycolytic reserves are exhausted, hMSCs
annot maintain their ATP content and are unable to
meet their biocenergetic requirements; ultimately lead-
ing to an early and massive cell-death within 3 days
post-implantation.

MaTeriaL aND METHODS

Chemicals

The chemicals used in the present study and their re-
spective supplier, were as follows: Alpha minimum es-
sential medium (aMEM) without glucose from
Dominigue Dutscher [Brumath, France); Dulbecco’s
Minimum essential mediom |(DMEM], Super script 1l
ENZyme, Taqlu'lm' primers and Trizol from LifeTechnol-
ogies [5aint Aubin, France); Human RT2 Glucose KMe-
tabolism PCR Array and the RMNeasy Minikit from
Quiagen (Venlo, Metherlands); 2-deoxyglucose (2DG), 3-
methyl-adenine (3Ina], 3-(4,5-dimethylthiazol-2-y1}-2,5-
diphenyltetrazolium bromide (MTT), Antimycin & (Ana),
citrate buffer, Deferoxamine (DFx), Dimethyl sulfodide
[DMs0), Fibrinopen, Glucose ([gic), Glutamine [glut),
Malonate |Malo), Propidium lodide (P}, Pyruvate [pyr],
Serine (ser], Sodium oxamate (Naox) and Trypsin-EDTA
from Sigma-Aldrich [5t Quentin Fallavier, France); Anfi-
biotics, Foetal Bovine Serum (FBS) and Trypsin (10X)
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from PaA [Pasching, Austria); CeliTiter-Gho™ Lumines-
cent cell assay from Promega |Charbonnigres-les-Bains,
France); Glycogen Assay Kit from Biovision (Mountzain
Wiew, CA, USA); HIF-1a Antibody from Movus Biological
(Bix-Techne, Lille, France); B-actin Antibody from
Albcam (Paris, France) and Thrombin from Baxter |Guy-
ancourt, France).

Cells and cell culture

Bone marrow was obtained as discarded tissue during
routine bone surgery from 5 adult donors with the re-
spective patient consent according to Lariboisiére hos-
pital {Paris, France) regulations. HM5Cs were then iso-
lated and expanded in aMEM supplemented with 10 %
FBS using a procedure adapted from literature reports
[19]. Cells were characterzed by fluorescence-acthvated
cell sorting (FACS) analyses and differentigtion assays.
Briefly, these cells were positive for CD90, CD73 and
CD105 and negative for COA5 markers. Their ostecgen-
ic, adipogenic and chondrogenic differentiation poten-
tials were validated (data not shown). Cells from the 5
donors were then pooled at an equal ratio at passage 1,
and cultured under standard cell culture conditions,
that is, a humidified 37°C, 5% CO;, 95% air environment.
At B0-85% confluence, the cells were trypsinized using
trypsin-EDTA and passaged. Cells from passage up to
numbers 4 and 5 were usad for the experiments.

Hypoxic conditions

Hypoxic conditions were achieved using a well-
characterized, finely-controlled, proOx-C-chamber sys-
tem [C-Chamber, C-374, Biospherix, USA). The oxygen
concentration in this chamber was maintained at either
0.1, 1, 5 or 21% with the residual gas mixture composed
of 5% CD, and balance nitrogen for the duration of the
expariments.

For experiments under hypoxic conditions, the
hrscs were seeded at 12,000 cellsfom” in individual
wells of 24-well cell-culture plate and further cultwred
in minimal medium (D-Glucose-, L-Glutamine-, Phenol
Red- and Sodium Pyruvate-free DMEM) contaming no
serum unless stated otherwise. The culture media were
supplemented with either glucose (5 gfL), ghutamine |5
g/L), serine (5 gL} or pyruvate (5 g/L} for assessing the
effect of energy-related metabolites on hMSC survival.
The oulture media were supplemented with either Malo
(10mM), Ana (SpM), MaOx [100mM), or 206G [10uM) for
assessing the role of glycolysis and TCA on hSC sunine-
al. Im order to ensure constant oxygen levels, the hMsC
cultures were maintained undisturbed and without su-
pematant mediom changes until the end of the respec-
In vitro 3-{4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay
The MTT aszay was based on the protocol reported for

the first time by Mosmann 1983 [20]. Briefly, at the
prescribed time points, hMSCs were treated with 0.8
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mg/ml of MTT dissolved in serum-free abMEM medium
for 4 h. Cells were then washed with PBS and incubated
with DMSD under gentle shaking for 20 min. The re-
spective light absorbance of the resulting solutions was
read at 560 nm using a microplate spectrophotometer
[Spectra maxl®d-Molecular Devices). These results
were expressed as the absorbance normalized to the
total cell protein content: “abs/ protein (mg)".

Effects of oxygen tension on hypoxia induci-
ble factor 1o (HIF-1a) bioactivity and expres-

slon

HMISCs were exposed to either 0.1, 1, 5 or 21% oxygen
for 3 days. The positive control for HIF-1a bioactivity
was obtzined by adding 500 pM DFx to the supernatant
medium of hiiscs cuttured under the mormaoxic (ie.,
1% oxypen) condition.

HIF-1z bicactivity was evaluated by transfecting
hikiscs with the reporter plasmid pGL3/SHRE. CRVmip-
Luc which contained five copies of the hypoxia respon-
sive element (HRE], 3 DMA binding sequence for HIF-1a.
In addition, antibodies against HIF-1a (in a dilution of
1:750) and antibodies against B-actin (used as a loading
control; in a diution of 1:5000) were used for im-
munaoblotting. Chemiluminescence. HIF-1a bioactivity
and immunoblotting signals were guantified using the
W15 Lumina Bioluminescent imaging system (Xenogen,
caliper Life science, Tremblay-en-France, France). HIF-
1a bioactivity results are expressed as a bioluminescent
signal (pfs), HIF-la expression results are expressed
chemiluminescance signal {p/s/om’/fsr).

Determination of hMSC viability

Evaluation of cell viability was performed at days 0, 4, 3,
7 and 14 of culture or implantation unless otherwise
stated. Cells were recovered after trypsinization and call
viahility was assessed using the Pl (at a final concentra-
tion of 0.5 mg/ml] staining assay. Briefly, the fluores-
cent Pl is incorporated into cells after loss of their cell
membrane integrity. Data for the determination of cell
viability were collected using the Attune® Cytometer
[LifeTechnologies, France) and were analyzed using At-
tune® software.

Real-Time-Polymerase Chain Reaction analy-
sis

mRNA& of metabolic genes expressed by hMSCs un-
der the conditions of interest to the present study was
guantified using gquantitative RT-PCR and the Human
RT Glucose Matabolism PCR Amay [Quiagen). Briefly,
hki5Cs were exposed to either 0.1, 1, 5 or 21% oxygen
in the presence of 5 g/L glucose for 3 days in vitro. At
that time, the hM5Cs were rinsed with PBS once, and
their RMAs were extracted using Trizol, collected, and
kept at -B0°C until further analyses. The RNA samples
were purified using the RNeasy Minikit. Reverse tran-
scriptase was performed wsing 1.5 pg of purified RNA
with the super script 1l enzyme. The cDMA from hMSCs
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exposad to 0.1 and 21% oxygen were used for the Glu-
cose Metabolism RT" Profiler PCR Array analysis follow-
ing the manufacturer's instructions and uwsing the
Myig™ Single-Color Real-Time PCR Detection System
(Biorad, Marnes-la- Coquette, France). LDH-& gene ex-
pression from hMSCs exposed to either 0.1, 1, 5 or 21%
oxyEen was quantified using quantitative RT-gPCR and
specific TagMan® primers following instructions de-
scribed earlier in this section. These results are ex-
pressed using the 2aaCt method, normalized to house-
keeping genes and presented as a fold-change relative
to the results obtained under 21% oxygen tension.

Determination of adenosine triphosphate
(ATP) levels, intracellular glycolytic reserves,
exogenous glucose contents, and glucose
consumption

HMSECs were cultured in abiEM (0% FBS) supplemented
or not with either 0.25, 0.5, 1 or 5 g/L of glucose in
near-anoxia (0.1% O} for 7 days and analyses were per-
formed at days 1, 3 and 7 of culture. At these time
points, hMSCs were rinsed with phosphate buffer saline
(PBS) once, detached using a scrapper, collected in cit-
rate buffer and stored at -20°C wntil further analysis.
ATP contents of these hMSC cultures were guantified
using the CellTier-Glo® Luminescent cell assay accord-
ing to manufacturer's nstructions. Intracellular glyco-
gen and glucose contents were measured using the Ghy-
cogen Assay Kit following the manufacturer's instruc-
tions. The results were reported as "glycolytic resenves
per cell” [glucose and glycogen pefcell). in parallel, su-
pematants from these cell-cultures were collected and
stored at -80°C wntil further analyses. Exogenous glu-
cose contents present m the media were monitored
using a biomedical ARCHITECT CBOOOD (Abbott Diagnos-
tic) robot. Data were presented as “exogenous glucose
lewel” (mmolfwell]. Glucose consumption of these cell
cultures were determined based on the exogenous glu-
cose contents and the number of viable cells over the 7
days of exposure to near-anoxia. Results were reported

as “glucose consumption” (pmoldayycell).

3D hydrogels in vitro experiments

For assessment of hMSC viability, ATP content and ghy-
colytic reserves in hydrogels, 10™ hMSCs were loaded
first in 100 pL fibrin hydrogels (fibrinogen at 18 mg/mL;
Thrombin at 0.72 u/mL) and then placed in individual
wells of 12 well cell-culture plate and further cultured in
serum-free afMEM medium in the presence or absence
of glucose (1 gfL) in near-anoxia in vitro for 7 days. At
the prescribed time points (d0, d1, d3 and d7], the hy-
drogels were removed from the hypoxic chambers and
cells were recovered for further analyses according to
the method described in the paragraph "Enzymatic di-
gestion of hydrogels®.
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Enzymatic digestion of hydrogels

The cells present in each construct were released from
the fibrin hydrogels by digestion with 20 X Trypsin at
37°C for 15 min. The glycolytic reserves, ATP levels and
cell viability were assessed following the protocol de-
scribed in the paragraphs entitled “Determination of
intracellular glycolytic reserves and adenosine triphos-
phate [ATP) levels™ and “Determination of hMSC viabil-
ity", respectively.

In vive implantation
Ten-week-old male nude mice were obtained from
JanvierLabs (Saint-Berthevin, France) and handled in
accordance  with the new European Directive
2010/63/EU regarding the protection of animals used
for scientific purposes. All experimental animal proce-
dures were approved by the Ethics Committee on Ani-
mial Research of Lariboisiére/villemin, Paris, France.

Preparation of hydrogel constructs:

For both the analyses of HIF-1a and LDH-A expres-
sion and the assessment of the TCA activity (via the
MTT assay] in vivo, 107" hMS5Cs were loaded in 100 pL
fibrin hydrogels and implanted suboutaneousty in nude
mice as previously described [21). For assessment of
hkASEC viability, ATP contents and glycolytic reserves in
vive, 2.10° hMSCs were loaded in a “closed system”
consisting in a fibrin hydrogel (200pL) placed in diffu-
sion chamisers {membrane filters with 0.45 pm diame-
ter poras; Millipore, France) as previously described in
Moya et al, 2017 [22]. The diffusion chambers were
then implanted subcutaneously in mice. At days 1, 3
and 7 post-implantation, the diffusion chambers were
explanted and cells were recovered for further analyses
acoording to the method described in the paragraph
"Enzymatic digestion of hydrogels”.

Assessment of oxygen tension in hydrogel
constructs in vivo

Oxygen tension in the hydrogel constructs, as well as
the ooygen tension of the Enemd.en'.irmment Were
ascesced i Wive using a Presense Meedle Type MI-
crosensor (PreSens, Germany) prior implantation (day
0] and at day 1 and 3 post-implantation.

Immunochemistry of HIF-1a and LDH-A

Prior to implantation {day 0) and at day 3 post-
implantation, the hydrogel construcks were explanted
and fixed in 4% paraformaldehyde (pH=7.4) for 36 h and
then embedded in paraffin. A set of non-implanted hy-
drogel constructs were prepared in parallel at day 0 and
processed similarly for histology. immunodetection of
HIF-1@ and LDH-A was performed according to a pub-
lished method by Beoguart ef al, 2012 [21].

In vive MITT assay
Prior to implantation (day 0) and at day 3 post-
implantation, 10 pL of a solution containing 0.8 mg/mil
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of MTT in aMEM was directly injected in the hydrogel
constructs. After 2 houwrs, the hydrogel constructs were
explanted, fized in 4% paraformaldehyde (pH=7.4) for
36 h and then embedded in paraffin. Sections, each 5
um thin, were out and analyzed using light microscopy.

Statistical analyses

Numerical data were expressed as the maan  standard
deviation (50) and were analyzed statistically using the
GraphPad Prism Software v6.01 (GraphPad Software,
Inc, California, USA). The quantitative kinetics data were
analyzed using two-way analysis of variance followed by
Bonferroni's post hoc test. The nonparametric Mann—
Whitney U test was used to analyze data from two in-
dependent samples. For all analyses, differences at p <
0.05 were considered statistically significant.

hMS5Cs present in the core of the implanted
hydrogel constructs exhibited an up-
regulation of HIF-1x and LDH-A and a down-
regulation of the mitochondrial activity

The large range of oxygen tension used in witre to cul-
ture hM5SCs under hypoxic conditions epitomizes the
difficulty in defining the one that best represents the in
vivg ischemic milieu encountered by heSCs loaded in
hydrogel constructs post-implantation. To address this
issue, oxygen tensions of the subcutaneous tissue and
at the core of the hydrogel constructs were monitored
prior implantation (at day 0) and post-implantation (3t
days 1 and 3). HMS5Cs bocated at the core of the hydro-
gel construct were exposed to oxygen tensions of 595
0.67% prior implantation and of 0.13 * 0LDE% and 0143
0.04% at day 1 and 3 post-implantation, respectivehy
(Fig- 1a). At the same time, the suboutaneocus oxygen
tension ranged from 3.30 * 0.08% to 3.65 £ 0.13% (Fig-
1a).

To further characterize the milieu to which hMsCs
are exposed post-implantation, the expression of HIF-
1a (halimark of hypoxia) and of LDH-A (index of an an-
aerobic metabolizm) as well as the mitochondrial activi-
ty were assessed either prior or at day 3 post-
implantation. Expression of HIF-la and LDH-& were
found to be up-regulated after implantation, espedally
when hM5Cs were located at the core of the hydrogel
constructs (Fig.1B-C). Howewer, it is noteworthy that,
even prior to implantation, expression of HIF-1a in
hmscs located at the core of the hydrogel construct
was higher than the one of cells located at the periph-
ery (Figl. Ba vs. Bc). This inrease in HIF-1a expression
is likely the result of the steep gradient of cxygen pre-
sent in the hydrogel constructs prior implantation,
where hMSCs located at the periphery are exposed to
higher [>15% O,) oxygen tension; a situation not faced
by implanted hiascs where suboutanecus oxygen ten-
sion was inferior to 4% (Fig. 1a). Along the same lines,
prior to implantation, the MTT staining of hMSCs was
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identical whether cells were located at the core or at
the periphery of the hydrogel constructs (Fig. 10a-d). In
contrast, after 3 days post-implantation, the MTT stain-
ing of hM5Cs present in the core of the explanted hy-
drogel constructs (Fig. 1Ec-d), was strongly reduced in
comparson to the one obtained at day © (Fig. 1Dc-d)
and to the one of cells located n the outer part (Fig.
1Ea-b). These data indicate a decrease of the mitochon-
drial activity of hMSsCs located at the core of the hydro-
Eel constructs after 3 days of implantation.

These results provided evidence that hisSCs seeded
in hydrogel constructs expressed the hallmarks of is-
chemia after 3 days of ectopic implantation in nude
mice. In addition, hMSCs experienced different levels of
hypoxia depending on whether they were located in the
outer or in the inner part of the constructs; the hypoxic
stress in the core of the constructs was the most im-
pactful one.

The 0.1% oxygen tension condition in witro
best reflected the in vivo milieu experienced

by implanted hiMSCs

The oxygen tension milieu to which cells are exposed is
not a definitive predictor of the energy-related meta-
bolic pathways of cells. In fact, the balance between
oxygen demand by cells and its availability is a better
predictor for cell metabolism. in order to establish the
oxygen tension that best reflacts the in wivo cell metab-
olism in the core of the hydrogel constructs, hMSCs
were exposed to four different oxygen tensions (ie.,
01, 1, 5 and 21%) in vitro. At day 3 of culture, the ex-
pression and bioactivity of the hypoxc marker HIF-1a,
the lactate metabolism and mitochondrial activity were
ascessed (Fig. 2).

Firsthy, the HIF-1a expression assessed by western
blotting (Fig- 24) and the HIF-1a bicactivity assessed by
the HRE/Luc expression (Fig. 28], were both affectad by
the level of oxygen under which the hmscs were cul-
twred. Exposure of hMSCs to 0.1% oxygen levels, result-
ed in a 89-, 8.7- and 36.5-fold increase in HIF-1a ex-
pression and in a 3.1-, 18.7- and 32_2-fold incorease in
HIF-1a bicactivity compared to those of cells main-
tained at 1, 5 and 21% oxygen, respectively (Fig. 24 and
2B). These data highlighted the specific effect of near-
anoxia [0.1% ;) on hiascs.

Secondly, LOH-A mRMA expression was evaluated in
hki5Cs cultured either at 0.1, 1, 5 or 21 % oxygen. A
significant (p<0.05) increase of LDH-A mMRMA expression
was observed in hMSCs cultured at 0.1% oxygen (Fig.
2C) when compared to either 1, 5 or 21% oxygen. These
data suggest that through activation of HIF-1a, LODH-&
expression was up-regulated and that anaerobic con-
wersion of glucose into lactate appeared to be the pre-
ferred pathway for hMSsCs under near-anoxia.

Thirdly, mitochondrial activity ({determined using the
BATT assay) was similar in hM5Cs cultured at 1, 5 and
21% oxygen but significantly (p<0.05) decreased when
the hMSCs were cultured at 0.1% oxygen (Fig. 20).
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Overall, the results of these experiments provided
evidence of an oxygen-dose effect on the hMSC re-
sponse to oxygen tension: a 36.5-fold inorease in HIF-1a
expression, 3 32 2-fold induction HIF-1a bioactivity, a
drastic inorease in LDH-A gene expression and, most
importantly, a significant (p<0.05] decrease in mito-
chondrial activity was observed when hlSCs were cul-
tured the at 0.1% oxygen. For these reasons, we con-
clude that 0.1% oxygen tension best reflected the in
vive milieu to which the hmscs located at the core of
the hydrogel constructs were exposed. The 0.1% oxygen
condition in vitro was used throughout the rest of the
study.

The presence of extracellular glucose is es-
sential for hMSC long-term survival under
near-anoxia in wtro

After establishing an in witro model reflecting the in vive
milieu experienced by hMSCs post-implantation, the
main cellular metabolism and its related pathways
(summarized in Fig.34) used by hMSCs when cultured
under near-anoxia (0.1% 0} were investigated.

The potential benefits of exozenous glucose and
other energy-related metabolites (specificlly, gluta-
mine, serine and pyruvate; all present in the aMEM
media) were studied.

The amine adds glutamine and serine can be me-
tabolized through glutaminolysis and serinolysis pro-
cesses, respectively (Fig. 34). The pyruvate plays a piv-
otal role in hMsC metabolism as both the end-product
of glycolysis and substrate of either Acetyl-coa or lac-
tate (Fig. 34). In the present study, we used a minimal
medium supplemented with either glucose or one of
the aforementioned energy-related metabolites.
HMECs, cultured either in the absence of nutrents or in
the presence of glutamine or serine, exhibit similar sur-
viwal rate with only less than 40% and 10% of hMSCs
still viable after 3 and 7 days of exposure to near-
anoxia, respectively [Fig. 3B). In contrast, in the pres-
ence of either glucose or pyruvate, more than 60% of
hbA5Cs remained viable at day 7 (Fig. 3B). Howewer, cell
viability in the presence of pyruvate then drastically
decreased at day 14 (7%)] while, in the presence of glu-
cose, the cell sunaval rate remained above 60% after 14
days of exposure to near-anoxia (Fig. 36).

Taken together, these data demonstrate that glu-
cose and, to a lesser extent, pyruvate appear to be the
only exogenous metabolites used by hMSCs to sustain
nEar-anoxa.

Glycolysis is the preferred energy-providing
pathway used by hMSCs to ensure their sur-
vival in near anoxia

In human cells, glucose, can be obtained either from the
extracellular milieu via glucose transporters from the
GLUT family or from intracellular ghycolytic reserves
including ghycogen. Glucose is then catabolized sither (i)
via ghycolysis into two molecules of pyruvate generating
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two molecules of ATP, or [ii) via the pentose phosphate
pathway to generate NADP(H) and specialized products
(Fig. 34) -Then, pyruvate is converted either imto lactate
by lactate dehydrogenase or into acetyl-Co& to enter
into the TCA oycle to produce ATP solely in the presence
of oxygen (Fig. 34).

In the present study, the gene expression profiles of
metabolic enzymes involved in either the TCA cyde, the
pentose phosphate, the ghycogenaolysis or the ghycolysis
pathways in hMmscs cultured under near-anoxia for 3
days were assessed. A down-regulation of the gene ex-
pression of the enzymes involved in the TCA [Fig. 44,
the pentose phosphate (Fig. 48) and the glycozenolysis
[Fig. 4C) pathways was observed. In contrast, under the
same conditions, the expression of the enzymes in-
voheed in the glycolysis pathway was up-regulated (Fig.
4D) indicating that ghycolysis is the favourite pathway
for energy supply when hmSCs are cultured in near-
AN,

We next sought to confirm that the ghycolysis but
not the TCA pathway was involved in hMSC survival by
blocking these energy-related metabolic pathways using
spedific inhibitors displayed in red in Figure 3A. To this
aim, hMSCs were exposed to near-anoxia in the pres-
ence or absence of two TCA inhibitors, specifically ei-
ther Malonate [Malo; a competitive inhibitor of the
succinate which binds to the TCA enzyme succinate de-
hydrogenase) or Antimycin & [And; an indirect TCA in-
hibitor which block the electron transport chain, thus
impeding ATP production) or of two ghyoolysis nhibi-
tors, specifically either sodium-oxamate (Nadx; a struc-
tural analog of pyruvate which inhibits L+)-lactate de-
hydrogenase) or 2-Deoxy-D-glucose [2D4G; 3 competitive
inhibitor for the production of glucose-6-phosphate
from glucose at the phosphoglucoisomerase level). n
the presence of either Malo or Ana, the hMSC viability
was similar to that observed in the minimal medium
after 1, 3 and 7 days of culture (Fig. 4€). In contrast, the
addition of either 206G or NaOw induced a drastic de-
crease in cell viability; in fact, there were no more via-
ble cells after 3 days of culture (Fig. 4E) suggesting a
critical role of ghycolysis for ensuring hi5Cs survival in
NEAr-amnoxa.

Cells need a constant supply of energy in the form of
ATP to keep them alive. To further confirm that ghyooly-
sis is the main energy provider-pathway to hMSCs in
near anoxia, the glycolysis pathway was blocked using
2043 in hMSCs previously cultured under near anoxia for
24 hours and the ATP content in cells was monitored
ower 3 hours. Addition of 2DG led to 3 complete deple-
tion of ATP content within 5 min (Fig. 4F).

Taken together, these data provided strong evi-
dence that hMSCs heavily rely on ghycolysis as their
predominant energy-related pathway to maintain their
ATP content and to ensure their survival under near-
ANE.
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Glucose availability does not dictate hMSC

glucose consumption in near-anoxia

Since hMSCs heavily rely on glucose through glycolysis
to fuel their metabolism under near-anoxia, we next
investigated the potential regulation of hMsC glucose
consumption by glucose availability. To this aim, we
evaluated glucose consumption by hMSCs cultured in
the presence of either 0.25, 0.5, 1 or 5 gfL of glucose for
7 days under near-anoxia. Under these conditions, glu-
cose consumption by hisCs cultured in either low (0.25
- 0.5 gfL) or high (5 g/L) glucose levels were not differ-
ent throughout the duration of the near-anouic episode
despite 3 10- to 20-fold increase in gluoose availability
(Fig. 5]. In contrast, under a physiological glucose level
{1 g/l), glucose consumption by the h5Cs was de-
creased (-50%) when compared to the other cell groups
(0.25, 0.5 and 5 g/L glucose; Fig. 5). Taken together,
these results suggest that glucose consumption by
hmascs is not regulated by glucose availability albeit the
existence of an optimum at 1g/L

HMSCs do not possess the necessary glyco-
Iytic reserves to survive without exogenous
glucose under near-anoxia in in wire and in
vivo conditions

The bioenergetic self-sufficiency of hMSCs is a major
concern for their use in TE because hM5Cs may have
access 1o a limited exogenous glucose supply upon im-
plantation. To address this ssue, we monitored the
available exogenous glucose levels in 20 in vitro hMSC-
cultures. In addition, we evaluated the glycolytic re-
serves [spedfically, intracellular glucose and glycosen
contents), and their effect on the ATP levels and cell
viability of hwscs either cultured in witro (in 2D and 3D
cultures) or implanted in wive in nude mice.

Faor the 20 in vitro cultures, hM5Cs were cultured ei-
ther in the absence of glucose, orin a low (0.25 gfL) or
physiological (1g/1) level of glucose under near anoxia
conditions in witro. In the case of hMSCs in the 1 gL
cell-group, only 15% of the available exogenous gluoose
was consumed throughout the 7-days of exposure to
near-anoxia (Fig- 6A). A steady but slow decrease |-25%
and -54% after 3-and 7-days of exposure, respactively)
without complete exhaustion of the glycolytic reserves
of hMSCs was observed (Fig. 68) along with mainte-
nance of sufficient ATP levels (-53% and -59% after 3-
and 7-days, respectively; Fig. 6C) that permitted the
hMEC sunaval in near-anoda (Fig. 60). In contrast,
hmisczs exposed to low glucose (0.25 g/L) exhibited a
rapid and extensive exhaustion of the available exoze-
nous glucose (-48% at day 3 of culture; Fig. 64) paral-
leled with exhaustion of their ghycolytic reserves [-77%
at day 3 of culture; Fig. 6B) and ATP levels (-20% at day
3; Fig.6C). Under this condition, the hMSCs failed to
maintain a suffident ATP level to ensure their survival
under near-anoxia for 7 days (Fig. 6C-0). When cultured
in the absence of glucose, hMSCs depleted their giyoo-
lytic reserves in less than 24 hours (Fig. 68), their ATP
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content within 3 days of culture (Fig. 6C), and massively
died (-92%) within the first 3 days of exposure to near
anoxia (Fig. 60).

Similarly to what was observed with the 20 cultures,
hmiscs loaded into fibrin hydrogels (3D culture) and
cultured in the presence of glucose (1g/L), did not ex-
haust their ghycolytic reserves (Fig. 74), and maintained
a low, but sufficient, ATP level (Fig. 7B). These energy
related conditions allowed hMSCs to survive at survival
rate of 77% under near-anoxia for 7 days (Fig- 7C). In
contrast, in the absence of extracellular glucose, hMSCs
loaded in fibrin hydrogels, rapidly consumed [-B3%)
their glhycolytic reserves within the first 24 howrs of cul-
ture [Fig. 74), failed to maintain their ATP levels for
more than 3 days of culture (Fig. 7B) and died massively
[-91%) within the first 3 days of exposure to near-anoxia
(Fig. 7C).

For the in wivo experiments, hMsCs were loaded in
fibrin hydrogels and loaded into Millipore diffusion
chambsers (to avoid infiltration of host cells in hydrogel
constructs), and subcutanegusly implanted in nude
mice for up to 7 days. In a trend similar to that observed
in the in vitro data, a rapid decease (-66%) of hMSC
Ehycolytic reserves was observed during the first 24
hiours post-implantation and paralleled a rapid decrease
of the ATP content of these hdscs: specifically, 40% of
the ATP stock was lost within 24 howrs, and 63% within
3 days; no more ATP was detected at day 7 post-
implantation [Fig. TE). As a result, the implanted hMSCs
died massively (-34%) during the first 3 days of implan-
tation (Fig. 7F).

Taken together, these data demonstrate that, as
long as a glucose supply is available, hMSCs are able to
survive in an oxygen-deprived environment |(such as
those the hMSCz encountered in our in witro, near-
anaxic madels or in vive when they were loaded in the
diffusion chambers and implanted suboutaneously n
nude mice] by maintaining their ghycolytic reserves and
ATP contents abowve a threshold value that ensures cell-
survival. In the absence of a glucose supply, however,
hrasCs experienced an almost immediate exhaustion of
their ghycolytic reserves and, consequently, depletion of
intracellular ATP that ultimately caused their death.

Upon implantation, survival and maintenance of func-
tional hMSCs in the 30 environment of TE constructs
prior to their vascularization & the most important chal-
lenge for developing TE constructs of clinically-relevant
volume for regenerative medidne applications. The
traditional view maintains that the delay in the neovas-
cularisation of TE constructs post-implantation results
in insufficient oxygenation which causes schemia with-
in those implants and, consequently, leads to cell dys-
function including premature cell death. Our res=sarch
group challenged this paradigm and established that
severe oxygen depletion per =& is not responsible for
the massive hM5C death observed post-implantation. in
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fact, hMSCs can withstand exposure to severs, continu-
ous, near-anoa (Le., 0.1% oxygen), provided that glu-
cose is available for the duration of the experiments
[18]. In the present study, we established that 0.1%
oxygen best reflacted the in vive post-implantation mi-
liew. Under this condition, and with the exception of
glycohysis (which was the main bicenergetic pathway
that promoted ATP resources), other energy-related
pathways (induding the Tca, the pentose phosphate,
and the glycogenolysis pathways) were downregulated.
Maost importantly, we demonstrated for the first time
that rapid exhaustion of intracellular energy reserves
(specifically, glucose and ghycozen) evidenced very low
energy reserves within hMSCs and explained the poor
hmasc survival observed in near anoxia in witro and i
wvive after subcutaneous implantation of hMSC-
Containing constructs in a mouse model.

Cell culture under 0.1% oxygen conditions

best reflects the in vive post implantation mi-
lieu

Mammalian tissues function in environments where
oxygen tension ranges from 2% to 10% [23-25); for in-
stance, the oxygen tension in the MSC niche in the bone
marrow ranges from 2-8% (for review, Mohyeldin et al,
2010; Spencer ef al, 2014 [26,27]). Despite is oritical
role in the abiity of hM5Cs to support the energy-
demanding processes of stem cell homeostasis, survival
and ultimately funcionality post-transplantation, the
ouygen tension to which hMSCs loaded into TE con-
structs are exposed during the early post-implantation
phase in vivo remains unknown. In the present study,
we determined, for the first time, that hivi5Cs loaded in
TE constructs of imited size {100 pL — 4mm diameter)
experienced oxygen tension of 0,13 £ 0.06% 24 hours
post-implantation. This caygen tension i lower than the
one measured in wivo in soft-tissue ischemia in mice
[28] and in human tumaors [29] where it ranges from
0.3% to 4.2%. A possible explanation for this extremely
low oxygen level is that blood supply is totally nonexist-
ent within the hMSC-containing constructs during the
immediate post-implantation phase. whether these
findings @n be generalimed to all types of cell-
containing constructs await further measurements of
ouygen levels in other TE constructs. On one hand, one
must resist the temptation to draw broad conclusions
regarding the oxygen tension encountered by hMSCs in
the context of TE applications as oxygen delivery to a
tissue construct is a function of diffusion, which in turn
is controlled by material scaffold porosity and permea-
bility | for review karande et ol, 2004 [30]]. On the oth-
er hand, the data of the present study are consistent
with the 100-200 pm range-limits for oxygen diffusion
in mammalian tissues and it is the authors’ belief that
the oxygen tensions measured in the present study best
reflect the in wivo situation experienced by hhscs lo-
cated at the core of TE cell-containing constructs with
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dimensions bigger than the aforementioned diffusion
range-limit of oxygen.

Because it is challenging to determine the accurate
oxygen tension that a cell might experience in wivo, we
attempted to further validate that the 0.1% oxygen ten-
sion best reflected the in wive situation by assessing the
expression of select hallmarks of hypoxia both in vive in
hii5Cs dispersed within a fibrin gel and implanted ec-
topically in nude mice for 3 days and in vitro after expo-
sure of hMSCs to oxygen tension ranging from 21% to
0.1%. After implantation, the hM5Cs located at the core
of the hydrogel constructs expressed the hypoxic mark-
ers HIF-1a and LDH-& (Fig. 1C), and most importanthy,
exhibited a highly reduced mitochondrial activity (Fig.
1E). In the in vitro experiments, 0.1% oxygen was the
only ooygen tension tested which both induced expres-
sion of hypouic markers and massively downregulated
the mitochondrial activity. These results indicated that
the 0.1% oxygen tension best reflected the in vive situa-
tion encountered by hMSCs located at the core of TE
cell-containing constructs with dimensions bigger than
the diffusion ange-limit of oxygen.

Long-term hMSC survival depends on the use
of glucose via ghycolysis

Cells are capable of metabolizing various carbon sub-
strates, including glucose, fatty acids, ketone bodies,
and amino acids. In the present study, hMSCs exposed
to long-term (14 days) near-anoxia (0.1% Oy) conditions
survived only in the presence of exogenous glucose [but
niot of pyruvate, glutamine or serine); these results con-
firmed, and extended, previous studies which reported
that the presence of glucose enhanced rat [31], sheep
[15], and human MSC [18] viability when these cells
were exposed to low (0.1 — 1% oxygen tension. These
results are also in line with the observations acoording
to which hypoxia-preconditioning of hMsCs led to de-
creased glucose consumption, possibly promoting cell
retention in wwe, since glucose remaned available to
the cells for longer period of time [32]. Most important-
by, the present study provided evidence for the first
time that glycolysis (but not pentose phosphate, TCA,
and glycogenolysis) & the unigue metabolic pathway
involved in hiSC sunvival under near-anoxia (Fig. 40-F).
Interestingly, hMSCs exposed to near anoxia for 7 days
of culture survived in the presence of pyruvate in a glu-
cose-deprived miliew. In addition, inhibition of pyruvate
conversion into lactate using Sodium Oxamate (Madx; a
Li+|Hactate dehydrogenase inhibitor] strongly reduced
hKA5C survival [-82%) when cultured under near anoxia
in a glucose- and pyruvate-deprived milieu (Fig. 4E). A
possible explanation for the beneficial role of pyruvate
in hMSC survival is that, under near anoxia, pyruvate is
used to produce cofactors, such as MADYH], which cata-
hyse ATP production through glycolysis [9]; this process
is limited by the availability of cofactors such as NAD[H)
[33]. By improving ATP producton, pyruvate could
temporarily enhance hMSC viability in the near-anoxia
milieu. Mevertheless, definitive condusions regarding
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the roles of pyruvate, glutamine and serine await stud-
ies using a panel of spedfic inhibitors of these pathways
in pertinent animal models.

In addition to glycohysis, autophagy can furnish ATP
and energy-related substrate to the cells. although it
was out of the scope of the present study to explore in
detail the role of autophagy in hMSCs, we observed that
inhibition of autophagy had a deleterious impact on
hmsC survival under near-anoxia independently of the
presence of exogenous glucose (Supplementary infor-
mation 1) confirming that maintenance of a high au-
tophiagic activity is crucial for haASC survival under near
anoia [22].

HMSCs fail to adapt their glucose consump-
tion to exogenous glucose availability and

have virtually no internal energy reserves

The present study provided evidence that hMSCs failed
to survive in witro longer than 3 days of culture under
conditions simulating the in wwo post-implantation mi-
liew; these results commoborated previous studies by our
research growp [16,21] and by other researchers [34].
Since glucose availability to cells is [imited after implan-
tation of TE cell-containing constructs, we further imes-
tigated the causes of hMSC death by monitoring their
energy resources, particularly the ATP content as well
as the intracellular glucose and glycogen stocks using in
witre and in vivo models (Fig 5, Fig. 68-C, Fig. 78-C and
Fig. 70-E, respectively). in vitro, using the 2D cell cufture
maodels, we observed (i) that the hMSCs are unable to
modulate glucose consumption in response to glucose
availability (Fiz 5) and [ii) that the successive exhaustion
of ghycolytic reserves and of the ATP content & respon-
sible for the observed hMSC poor survival in near-
anouia (Fig. 6). In other words, because hMSC autono-
my [in terms of energy-related metabolites) is limited in
a glucose-deprived environment, an excgenous glucose
supply is required to maintain hhsC viability under near
anoxia over 3 days. when loaded in 30 hydrogel con-
structs, the hMscs displayed similar behaviour than the
one observed in the 20 cell culture models with a con-
comitant exhaustion of the ghyoohytic reserves (Fig. TA)
and ATP content (Fig. 7B) resulting in massive cell death
(Fig. 7C). It is worth to mention that, the kinetics of ex-
haustion of glycolytic reserves in 2D and 3D cultures
present a slight discrepancy albeit a similar owerall pat-
tern. In fact, in the absence of exogenous glucose, in
20, a full exhaustion of ghycolytic reserves is observed
within a day [Figure 6B) whereas in 30, ghycolytic re-
serves are still present after one day, albeit massively
reduced (-83%; Figure 74). Mevertheless, these deple-
tions of the ghycolytic reserves resulted in a drastic loss
of cell viability in both cultwre conditions at day 3 and
day 7 [Figure 50 and 7C).

Thess in witro results were cormoborated by the in wi-
vo studies which demonstrated similar decrease in cell
viability [Fig. 7F) and ATP content [Fig 7E) within 3 days
post-implantation. In addition, a three-fold decrease of
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elycogen and glucose stocks per hydrogel constructs
was observed in vivo within the first day of implantation
[Fig. 7F); these enargy stocks were not sufficient to en-
sure cell viability at day 3 and 7. The critical role of ghy-
colysis in hMSC survival was further substantiated by
the facts that the addition of 2DG inside the hydrogel
construct led to massive cell death [Supplementary in-
formation 2); and that supplementation of hydrogel
constructs with glucose inoreased hMSCs survival post-
implantation in an ectopic nude mice model [Deschep-
per et ol, 2013 [18]).

A& possible explanation for the incomplets exhaus-
tion of glucose and glycopen stocks in the hydrogels
implanted in wivo is that passive diffusion of glucose
from the surmounding tissues may have ocourred. Fur-
ther studies are required to definitively establish this
explanation.

Limitations of the present study

A limitation of the in witro models and as well as of
the in wivo dosed system used in the present study is
that they exclude the impact of the in wivo inflammatory
response of the anatomical site and extends of the tis-
sue injury on hMSC survival. Mevertheless, because
hiiscs died within 3 days in the dosed system (which
does not stimulate the cellular aspects of the immune
response), it is tempting to speculate a prime role of the
rapid depletion for energy reserves in the observed
massive cell death post-implantation.

Perspectives for tissue engineering strategies
The findings of the present study have implications for
the design of future protocols of preconditioning hMSCs
o enhance their in vive survival [35,36]. In fact, the new
information regarding the metabolic adaptation of
hi5Cs under near-anoxia conditions may be exploted
in developing delivery systems to slowly release exoge-
nous nuitients (glucose should be the primary choice)
to transplanted hMSCs. 1t is becoming increasingly dear
that, when metabolic perturbations are excessively se-
wvere or of protracted duration (such as the conditions
encountered by hMSCs post-implantation), metabolic
checkpoints may initigte either apoptotic or nedotic
cell death pathways [37]. Improved understanding of
the metabolic checkpoints involved in hMSC survie-
alfdeath post-implantation may facilitate development
of novel pharmacological approaches that selectively
either block or stimulate cell death by mdudng specific
metabolic changes. The results of the present study
provide evidence that the metabolic checkpoints in-
voleed in monitoring ATP levels might be relevant tar-
Eets for novel tissue enginesring strategias.

In the present study, we determined, for the first time,
that the 0.1% oxygen culture condition best reflected
the in wivo situation encountered by hMSCs located at
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the core of TE hydrogel constructs with dimensions big-
ger than 200 pm (the diffusion range limit of oxygen).
This mew scientific information has practical implica-
tions because cell energy metabolsm is modulated by
the oxygen tension (specifically, the TCA pathway is
drastically down-regulated in 0.1% but not at 1% O,
environments) and has been implicated in cell fate deci-
sion (for review, see Green and Liambd, 2015 [38]). Most
importantly, the present study established that cell en-
ergy was produced wio glycolysis only and that, under
near-anoxia (0.1% 0,) conditions, the cellular energy
reserves were exhausted resulting in hMsc death within
the first three days post-implantation. in this respect,
development of strategies aiming at providing extracel-
lular glucose supplies is an attractive, but yet untapped,
alternative to enhance both hMASC viability and func-
tions pertinent to nec-tissue formation.
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Figure 1. hMSCs experience a hypoxic milieu post-implantation. (A) Oxygen tension measurements of the subcuta-
neous environment and at the core of the hydrogel constructs (4 mm diameter) either prior (day 0) or after (day 1
and 3) implantation in nude mice (n=3). Anti-HIF-1a and anti-LDH-A immunostaining of paraffin sections of constructs
seeded with 10" cells either (B) prior (at day 0) or (C) after (day 3) subcutaneous implantation and excision in nude
mice. The stained cells were visualized both in the outer (a-b) and in the inner area (c-d) of the constructs. MTT stain-
ing of paraffin sections of constructs seeded with 10" cells either (D) prior (at day 0) or (E) after (day 3) subcutaneous
implantation and excision in nude mice. The MTT solution was locally injected within the construct 2 hours before the
sacrifice of mice and construct excision. Representative of n=3. Black scale bar = 200 um. Red scale bar = 200 pum.
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Figure 2. The 0.1% oxygen tension in cell culture conditions best reflects the hypoxic post-implantation milieu ex-
perienced by hMSCs in wive. (A) Quantification of the HIF-1a expression relative to the B-actin expression as a func-
tion of oxygen tension using western blot analysis (n=3). (B) HIF-1a bioactivity assessed by monitoring HRESLuc ex-
pression in hMSCs as a function of oorygen tension (n=3). (C) Expression of LDH-A in hM5Cs cultured under either 0.1,
1, 5 or 21% of owygen for 3 days; gene expression was normalized first to that of the respective 185 (internal stand-
ard), and then to results obtained when the hMS5Cs were cultured under 21% oxygen. (D) MTT activity of hMSCs ex-
posed to either 0.1, 1, 5, or 21% owxygen for 3 days (n=3). Results are expressed as means + 5.0 * p=0.05 versus the

0.1% oxygen tension cell group (Mann-Whithney test).
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Figure 3. Extracellular glucose is necessary to ensure long-term survival of hMSCs exposed to near-anoxia. (A)
Schematic overview of the energy-related pathways (in blue) in cells aleng with pertinent inhibitors tested in the pre-
sent study (in red; 2-DeoxyGlucose (20G), Sodium Oxamate (NaOx), Antimycin & (AnA), Malonate (Malo)). (B) Viability
of AMSCs cultured under near-anoxia (0.1%: O,) in a minimal medium supplementad or not with either glutamine
(glut), serine (ser), pyruvate (pyr) or glucose (glc) at a final concentration of 5 g/L for up to 14 days {n=3). Results are
expressed as means + 5.0 * p=0.05 versus the Minimal Medium cell group (Two-way ANOVA followed by Bonferro-

ni's post hoc test).

} 4
A I 1Ty Extra cellular
e Famity —
S N —
B ) Intra cellul
/" Pentose Phosphate ™ Gluccse  ,pg e
Fathway l
IOﬁ?'n::..__. Glucose-B-Phosghate  «-
'\.I r__'. A&
nr &
{ X <
o *._ﬂ_‘ W =]
Hibase - |-l Tiicss Phesphate S | - . —
Pharphabes AP —_ & [ Serinolysis
I"\_ _/'ll b P - 11 ]
s | S el S
i ADP ATP
: Pyruvate L5 )- Lactate
Fatty acid ,..-"'! / Sy
degradation T AcetvCoA  MaOx  pupu NAD
Free fattyacid - = =="—- -4 -C = > Acenyl-Co
£ Glutaminolysis
Glutamine
ADP .. n|iﬁ,[:|r|_j‘ /\
o rea
ana E—%}r E | Cylee
ate 47 fAD '\\"‘
Malo
. immmenerm
B B Minimal Medium [ Minimal Medium +pyr
M Minimal Medium +glut Il Minimal Medium +glc
. B Minimal Medium +ser
~— 120-
5 2
R ] |
— 1004 * *
@ *
2 8o
£ *
2 60+ T
=
o |
= 401
1]
L 4
Y 204
L |
9
:;. D- - T '.-llI

AAAR ABAR ABAR KBAR ABAL

Duration of culture (days)

ARTICLE 1

83



15

Figure 4. Glycolysis is the preferred energy-providing pathway used by hM5Cs to maintain their ATP content and
ensure their survival under near-anoxia

Tricarboxylic acid oycle (&), Pentose phosphate (B), Glycogen metabolism (C) and Glycolysis (D) pathway-related gene
expressions of hMSCs cultured under near anoxia (0.1% O4) for 3 days. Gene expression was normalized with respect
to expression of the house-keeping genes expression of Beta-2-Microglobulin (B2M), Ribosomal Protein L13a
(RPL13A) and Beta-actin (ACTE). Expression levels are presented in the 24T 5 rmat relative to those obtained when
the hivSCs were maintained under 21% oxygen tension. Values are presented as means £ 5.0. from 3 independent
experiments. (E) Viability of hMSCs cultured under near-anoxia in a minimal medium (0% FBS, 0 gL glucose) in the
absence or presence of either two TCA inhibitors (Malonate (Malo) or Antimycin A (AnA)) or of two glycolysis inhibi-
tors (Sodium Oxamate (NaOx) or 2-DeoxyGlucose (204G)) for up to 14 days. Results are expressed as means £ 5.0, (n=
&) * p=0.05 versus the Minimal Medium cell group for each time point (Two-way ANOVA followed by Bonferroni's
post hoc test). (F) Time course of ATP content in hMSCs per well previoushy cultured in a minimal medium under near-
anoxia for 24 hours and then exposed to 204G for up to 3 hours. Results are expressed as means £ 5.0. (n=3); § p=0.05
versus the near anoxia cell group (Two-way ANOWVA followed by Bonferroni’s post hoc test).

ATP Citrate Lyase [ACLY), Aconitase (ACD), Citrate Synthase (C5), dihvdrolipoamide S-acetyltransferase (DLAT), Diky-
drolipoamide Dehydrogenase (DLD), Dihydrolipoamide S-Succinyltransferase (DLST), Fumarate Hydratase (FH), lso-
citrate dehydrogenase (IDH, soluble IDH3G), Maolate dehyvdrogenase (MDH2, soluble MDH1, MDH1B), Oxoglutarate
(alpha-ketogiutarate) dehydrogenase (OGDH), Pyruvate Carboxyalse (PC), Phosphoenolpyruvate Carboxykinasel and
2 (PCK1, PCK2). Pyruvate dehydrogenase-8 (PDHB), succinate dehydrogenase complex D (SDH, 5DHD), succinate-Cod
ligase A2, -G (SUCLAZ, SUCLG). Glucose-6-phosphate dehydrogenose (G&PD), Hexoze-6-phosphate dehydrogenase
(H&6PD), &-phosphogluconoloctonase (PGLS), Phosphoribosyl pyrophosphate synthetase 1, 1-like 1 and 2 (PRPS1;
PRPS1L1, PRPS2), Ribokinase (RBKS), Ribulose-5-phosphate -3-epimerase and isomerase A (RBE, RPIA), Transaldolase 1
(TALDO1), Transketolase (TKT) Glucan (1,4-alpha-) branching enzyme 1 {GBE1), Glycogen synthasel and 2 {muscle
GY51 and fliver G5Y2), UDP-glucose pyrophosphorylase 2 (UGP2), Amylo-alpha-1, 6G-glucosidase, 4-alpha-
glucanotransferase (AGL), Phosphoglucomutase 1, 2 and 3 (PGMI1, PGM2, PGNM3) Phosphorylase, glycogen liver
(PY5EL), Glycogen synthase kinase 3 alpha and beta (G5K34, G5K38), Phosphorylose kinase alpha, beta, gamma 1 and
2 (muscle PHEA, PHKB, muscle PHKG1, testis PHKG2) Aldolose-8 and -C (ALDOB, ALDOC), Enolase 2 (ENO2), Glucose-6-
Phosphate Isomerase (GPI), Hexokinase 3 (HK3), Phosphoglycerate mutase 2 {muscle PGAM2), Phosphoglycerate ki-
nase 2 (PGEK2), Pyruvate kinase, liver and RBC (PKLR), Triosephosphate isomerase 1 (TPI1).

A B
- 5 TCA Pentese Phosphate Pathway
£ .
i b s
g5 O B "
K a
iz 2 5§
] =]
:\.r" -l -
- 5=
L2 b 58
C = | R
= o -
£ 2 -8 WA
o = 55
z llAsy—————TT—rrrrrrrrrrrrorr 568
[ T L . e s N S SIS N R T 1=
, a e b g el et S -ﬁ f S
R e R e
' = R R L LA, | i
O A :ﬁ;‘l * -:‘\}‘-;- x
C p T T o+
£ Glycogenclysis E 81 Glycolysis
is ] £E
= o E
£E o s 56
L) -
a = -
=l &/
E.ll'-i i r o -'I-
= o2 -
hE c &
g 5-10 28 2
g g s g
i B =
- 1
2 15k — v : T ' 2 -
N i e e oo e B g o3 D b R T, M F8 g
Ll cy - *-#-& L x*t‘hﬂd«? o ol ¥ e g 8
L i 1 ] L j
Tgynehesis | T pegeadation ' Regulation )

ARTICLE 1 84



16

m

B Minimal Medium

[C] Minimal Medium + Malo
B Minimal Medium + AnA
Bl Minimal Medium + NaOx
B Minimal Medium +2DG

=) 2

S 120

£ 100-

o 1

0 |

2 80

E 1)

2 604

2 *

D 40+

bt *®*
L 20/

E s, I
ey * *x * *x
> 0

NpA NHYA NRE KNa4 N A

Duration of culture (days)

m

- near anoxia
® near anoxia + 2DG

ATP content (arb. unit)/ well
o
o

0 LJ L L] L] L] L)
O PP S SSPOSS

Duration of culture (min)

-

ARTICLE 1

85



17

Figure 5. Glucose availability does not impact hM5C glucose consumption in near anoxia. Evaluation of glucose con-
sumption by hMS5Cs cultured in aMEM (0% FBS) supplemented with either 0.25, 0.5, 1 or 5g/L glucose in near-anoxia
(0.1%% O;) for 7 days. Results are expressed as “pmaol / day / cell” in means £ 5.0. (n=3); * p=0.0% versus the 1 gfL cell
group (one-way ANOVA followed by Bonferroni’'s post hoc test).

w
o

N
wun

H %

] %

[
o

glucose consumption
o

(pmol/day/cell)
T

un

o

2 O O O

Glucose concentration (g/L)

ARTICLE 1 86



13

Figure 6. The glycolytic reserves of hMSCs are insufficient to maintain cell viability under near anoxia in vitro. Time-
courses of (A) exogenous glucose levels in the supernatant media, (B) glycolytic reserves (including both intracellular
glycogen and glucose contents) per cell, (C) ATP content per cell and (D) cell viability (expressed as a percentage of
the viable cell number obtained at day 0) in hMSCs cultured in aMEM (0% FBS) supplemented or not with either 0.25
or 1 g/L of glucose in near-anoxia (0.1% O;) for 7 days. Results are expressed as means + 5.0. (n=3); * p=0.05 versus
the near anoxia cell group; $ p<0.05 versus the near anoxia + gle (1 g/L) cell group (Two-way ANOVA followed by Bon-
ferroni's post hoc test).
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Figure 7. Quick exhaustion of hMSCs energy reserves when loaded within hydrogels explains their rapid death
post-implantation. Time-courses of [A) glycolytic reserves, (B) ATP content per hydrogel, and (C) cell viability (ex-
pressed as a percentage of the viable cell number obtained in the hydrogel at day 0) of hMSCs loaded within fibrin
hydrogels (10" cells in 100 pl hydrogels) and cultured in @MEM (0% FBS) supplemented or not with 1g/L of glucose in
near-anoxia (0.1% O;) for 7 days. Results are expressed as means £ 5.0. (n=3); § p=0.05 versus the near anoxia cell
group (Two-way ANOVA followed by Bonferroni’s post hoc test). Time-courses of (D) ghycolytic reserves per implant,
(E) ATP content per implant, and (F) cell viability {expressed as a percentage of the viable cell number present in the
hydrogel at day 0) of hMSCs loaded within fibrin hydrogel (2.10" cells in 200 pl hydrogel) in diffusion chambers and
subcutaneously implanted in nude mice for up to 7 days. Results are expressed as means * 5.0. (n=3); * p=0.05 versus
implanted hMS5Cs dO (Mann-Whitney).
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CONCLUSION

Dans cette étude, nous avons tout d’abord démontré qu’une pO, de 0.1%, encore appelée quasi-
anoxie, était la plus représentative du microenvironnement in vivo percgu par les hCSMs par rapport aux

pO, hypoxiques égales a 1% et 5%.

De plus, le glucose semble étre le nutriment exclusivement utilisé par les hCSMs pour produire
leur énergie sous forme d’ATP en condition quasi-anoxique. Les voies métaboliques alternatives de la
glutaminolyse et de la sérinolyse ne sont pas empruntées par les hCSMs dans ces conditions. En effet, en
quasi-anoxie, I'ajout de 5g/L de glucose maintient un taux de survie des hCSMs supérieur a 70% apres 7
jours et a 60% aprés 14 jours. Au contraire, les hCSMs maintenues en quasi-anoxie avec 5g/L de
glutamine ou de sérine montrent une mortalité supérieure a 90% dés 7 jours. De plus, les hCSMs utilisent
exclusivement la glycolyse pour maintenir leur survie en condition quasi-anoxique. En effet, lorsque les
hCSMs sont maintenues pendant 3 jours dans ces conditions, 'ensemble des genes spécifiques de la
glycolyse est surexprimé, tandis que la majorité des génes spécifiques de la chaine respiratoire, de la voie
des pentoses phosphates et de la glycogénolyse sont, quant a eux, sous-régulés. De plus, en condition
quasi-anoxique, l'inhibition de la glycolyse par le 2-DeoxyGlucose (2DG) entraine une mort cellulaire
massive et rapide (80% de mortalité cellulaire apres 1 jour), confirmant le réle clé du glucose dans la

survie des hCSMs.

Enfin, les CSMs ne semblent pas capables de réduire leur métabolisme énergétique apres
implantation. En effet, dans ces conditions ischémiques, les hCSMs vident rapidement leurs réserves
glycolytiques (stock initialement tres limité) en 24 heures, puis leurs réserves d’ATP en 72 heures,

corroborant avec la mort cellulaire massive observée deés 3 jours au sein de cet environnement hostile.

L’ensemble de ces éléments renforce le réle central du glucose dans la stratégie de maintien de la

survie et de la fonctionnalité des CSMs aprés-implantation.
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INTRODUCTION

Comme mentionné dans le chapitre 3 du présent manuscrit ainsi que dans I'étude précédente,
I"apport de glucose apparait comme un facteur clé pour la conception et le développement de stratégies
de maintien de la survie des CSMs aprés implantation (Deschepper et al., 2011 and 2013 ; Moya et al.,

2018 ; Mylotte et al., 2008 ; Nuschke et al., 2016).

Cependant, le glucose est une molécule de petite taille (180 g/mol), non chargée et n’ayant pas
d’affinité spécifique pour aucun polymere ou matrice. Autrement dit, chargée a l'intérieur d’'une matrice,
cette molécule est rapidement diffusible. De plus, un stockage important de glucose risque d’entrainer
une augmentation de la pression osmotique incompatible avec la survie des CSMs ou pourrait induire une
glucotoxicité (pour une concentration supérieure a 10 g/L) (Sharifi et al., 2009). Ainsi, stocker et délivrer
continuellement du glucose aux cellules dans une gamme de concentration tolérable, afin de maintenir

leur survie aprés implantation, est un défi d’intérét majeur.

Pour répondre a ce probleme, nous avons développé, en collaboration avec I'Equipe de
Recherche sur les Relations Matrice Extracellulaire-Cellule (ERRMECE, Université Cergy-Pontoise), un
systeme de délivrance contrélée de glucose par réaction enzymatique. Ce systéme se compose d'un
polymeére de glucose (amidon) et d’'une enzyme (AMG), tous deux encapsulés au sein d’un hydrogel de
fibrine. 'AMG hydrolyse spécifiquement les liaisons glucosiques a(1-4) de I'amidon, produisant ainsi du

glucose. Ce systeme est qualifié d’hydrogel nutritif.

Nous avons, dans un premier temps, évalué la quantité de glucose produite a l'intérieur des
hydrogels nutritifs (sans cellule) en fonction de la concentration d’amidon et d’AMG. En plus de s’assurer
que la réaction enzymatique amidon/AMG libére du glucose au sein de ces hydrogels, cette premiére
étude nous a permis de déterminer une concentration d’'amidon et d’AMG produisant du glucose a une

concentration située dans les gammes physiologiques.

Les hydrogels ont ensuite été ensemencés par des hCSMs. La survie cellulaire au sein de ces
hydrogels nutritifs a été évaluée, tout d’abord in vitro en conditions quasi-anoxiques (0.1% pO,) sans
glucose et sans sérum pendant 14 jours, puis in vivo aprés implantation dans un modéle ectopique (sous-
cutanée) de souris pendant cette méme durée. Afin d’élargir I'intérét de ce systéme a d’autres domaines
de l'ingénierie tissulaire, la survie in vitro de ADSCs ainsi que de myoblastes maintenus a I'intérieur des

hydrogels nutritifs a été étudiée en conditions quasi-anoxiques pendant 14 jours.

En ingénierie tissulaire, les CSMs sont principalement utilisées pour leur effet paracrin,

contribuant notamment a la migration des cellules de I’'hGte vers le tissu lésé (propriétés chimiotactiques)
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ainsi qu’a la formation de nouveaux vaisseaux sanguins, essentiels au transport d’oxygene et de
nutriments (propriétés pro-angiogénes). Nous avons ainsi évalué, in vitro, les propriétés chimiotactiques
et pro-angiogenes des hCSMs maintenues au sein des hydrogels nutritifs en conditions quasi-anoxiques
sans sérum et sans glucose pendant 14 jours. De plus, la capacité du sécrétome des hCSMs a induire la
formation de nouveaux vaisseaux sanguins au sein d’'un microenvironnement initialement avasculaire a

été également évaluée in vivo.
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LETTER FOR EDITORS

Dear Editorial Board Members,

Enclosed, please find the manuscript “Enzyme-controlled, nutritive hydrogel for mesenchymal
stem cell survival and regenerative functions”, by Cyprien Denoeud et al., which is submitted for your
consideration towards publication in Nature Materials. All co-authors have reviewed and agree with the
contents of the manuscript. We disclose that, the novel enzyme-controlled, nutritive hydrogels used in
the present project, was patented globally (EP14306700; 2014). We certify that the manuscript describes

original research and is not under review at any other publication.

During the last decade, use of human mesenchymal stem cells (hMSCs) has emerged as a
potential new treatment for several pathological conditions. The massive hMSC death in the post-
implantation, avascular microenvironment that is depleted of oxygen and nutrients, however, is a major
roadblock to successful regenerative medicine outcomes. Several authors proposed use of oxygen-
delivery scaffolds to address this issue. Such studies reported improved cell viability for up to 3 days post-

implantation, without enhancement of new blood vessel formation (Cook et al, 2015; Lee et al, 2015).

The present manuscript challenged the current paradigm which assigns a pivotal role to oxygen
for ensuring cell survival post-implantation. The research project is based on previous studies by our team
which demonstrated that exogenous glucose (and not oxygen) is key to hMSC survival (Deschepper et al.,
2011 and 2013; Moya et al., 2018). We now developed, for the first time, an enzyme-controlled nutritive
hydrogel with an inbuilt system of glucose delivery. This novel nutritive hydrogel, which contains fibrin, a
polymer of glucose (starch), and amyloglucosidase (AMG; an enzyme that releases glucose from starch),
successfully provided physiological levels of glucose to fuel hMSCs via glycolysis. hMSCS loaded in these
starch/AMG hydrogels exhibited improved cell viability and select paracrine functions for up to 14 days
under near-anoxia conditions (0.1% oxygen tension). Most importantly, these nutritive hydrogels
enhanced hMSC paracrine functions, especially formation of new blood vessels, when implanted

ectopically in an avascular mouse model.

We believe that our findings are of interest to the readers of Nature Materials because they
provide, for the first time, a direct in vitro and in vivo demonstration that an enzyme-controlled nutritive
hydrogel system produces glucose at physiological levels to fuel hMSCs, improving their survival and
regenerative functions for at least 14 days. The evidence provided by the present research project
establishes an entirely new approach for the development of a niche that allows hMSC to resist peri-

transplantation graft cell death, an extremely important requirement for new tissue formation.
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We hope that the Editorial Board will agree with us, the authors, regarding the present interesting and
important study.

Sincerely yours,

Hervé PETITE on behalf of the authors.

Corresponding author: Hervé PETITE at Laboratoire de Bioingénierie et Bioimagerie ostéo-articulaire UMR

CNRS 7052, INSERM 1271 (B30A), Université Paris Diderot, Faculté de médecine Lariboisiére-Saint-Louis,

Paris, France, herve.petite@univ-paris-diderot.fr, phone number: +33157278538, fax number:

+33582246789.
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ENZYME-CONTROLLED, NUTRITIVE HYDROGEL FOR MESENCHYMAL STEM
CELL SURVIVAL AND REGENERATIVE FUNCTIONS

Denoeud Cyprienl, Luo Guotianl, Paquet Josephl, Moya Adrienl, Diallo Ahmadl, Marinesco
Stéphanez, Meiller Annez, Becquart Pierrel, Moussi HiIeIl, Pauthe Emmanuela, Potier Estherl, Petite
Hervé?

! Laboratory of Osteo-Articular Bioengineering and Bioimaging, University of Paris Diderot, Paris, France
?Neuroscience Research Center, AniRA-NeuroChem Platform, University of Lyon 1, Lyon, France
* Biomaterial for Health Group, ERRMECe, University of Cergy-Pontoise, France

ABSTRACT

Mesenchymal stem cells (MSCs) are appealing candidates for regenerative medicine applications.
Upon implantation, however, cells encounter an avascular microenvironment depleted of oxygen and
nutrients that is responsible for their massive death post-transplantation, a major roadblock to successful
clinical therapies. To date, various approaches, including development of oxygen-delivery scaffolds, have
been proposed by scientists many authors have proposed oxygen-delivery scaffolds to address this issue.
We hereby propose a shift of paradigm for enhancing human MSC (hMSC) survival by designing,
developing and testing for the first time an enzyme-controlled, nutritive hydrogel with an inbuilt system
of glucose delivery. This novel hydrogel, made of both fibrin, starch (a polymer of glucose), and
amyloglucosidase (AMG, an enzyme that releases glucose from starch), provides physiological levels of
glucose to fuel MSCs via glycolysis. hMSCS loaded in the novel starch/AMG hydrogels exhibit improved
cell viability, and paracrine functions for up to 14 days under near-anoxia conditions. Most importantly, in
addition to enhanced MSC viability, these nutritive hydrogels promoted paracrine functions when

implanted ectopically in an avascular model.

Keys-words: Tissue engineering, Mesenchymal stem cells, Ischemia, Glucose, Hydrogel, Starch,

Amyloglucosidase, Cell survival, Cell paracrine functions.
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INTRODUCTION

While there is tremendous excitement regarding the use of mesenchymal stem cell (MSC)
therapies for the repair/regeneration of cardiovascular (Martin-Rendon et al., 2008) and osteoarticular
(Bruder et al., 1994; 1999; Petite et al., 2000; Yan et al., 2007) tissues, it is essential to temper hype with

IM

reality. In fact, the initial “proof of concept” of these therapies has not yet been translated into routine
clinical practices. A significant roadblock to these therapies is the occurrence of massive MSC death post-
implantation (Logeart-Avramoglou et al., 2010; Giannoni et al., 2010; McGinley et al., 2013). Indeed, the
lack of functional vascularization in implanted engineered constructs expose grafted MSCs to the rigors of
an ischemic milieu, a prime cause responsible for the observed massive cell death post-implantation
(Becquart et al., 2012). Progress from just using combinations of cells and materials to truly integrated

and functional tissue constructs requires robust strategies to develop “niches” for MSCs that are

supportive of post-implantation survival cell and their functions pertinent to new tissue formation.

Whereas material scaffolds have been optimized to allow cell attachment, to deliver bioactive
chemical compounds, and to expose MSCs to specific mechanical and biological stimuli, these scaffolds
rely, at best, on their internal architecture to enable diffusion of vital oxygen and nutrients and, thus,
provide energy to the cells. This situation is inadequate when considering that (i) cells crucially require
extracellular nutrients to fuel their metabolism and provide regenerative responses and that (ii) cells are

often implanted in an ischemic environment devoid of oxygen and nutrients.

In an attempt to overcome these issues, we proposed to engineer material scaffolds with an
inbuilt system of nutrient supply. Rational engineering of such scaffolds requires thorough understanding
of the specific metabolic needs of MSCs exposed to ischemic conditions. To this aim, our research team
(Deschepper et al., 2011 and 2013; Moya et al., 2018) and others (Vordermark et al., 2005; Szegezdi et al.,
2008; Zhu et al.,, 2014) explored the respective roles of the two major insults (specifically, glucose
deprivation and continuous near-anoxia) associated with ischemia on hMSC viability and functions and
demonstrated that hMSCs exposed to severe, continuous near-anoxia, but without glucose shortage,
remained viable and maintained both their in vitro proliferative ability and, most importantly, their
functions pertinent to tissue repair in vivo. These findings challenged traditional views according to which
lack of oxygen per se is responsible for the massive death of MSCs observed upon implantation and
provided evidence that these cells can withstand exposure to near-anoxia provided that a glucose supply
is available. Taken together, these findings underscore the importance of glucose supply to ensure MSC
survival post-implantation and justify development of material scaffolds with an inbuilt system for

glucose delivery.
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Storing and delivering glucose to the grafted MSCs is a challenge because this water-soluble
molecule, at high concentrations, can disturb the osmotic pressure and cause cell lysis. To resolve this
matter, and taking inspiration from nature, we have hereby developed an enzyme-controlled-glucose-
delivery hydrogel that contains starch, the energy storage polysaccharide in plants, in order to store large
amounts of glucose while reducing the associated osmotic pressure. In the present novel system, the
starch (which is osmotically inactive) enzymatically delivers glucose molecules by means of embedded
amyloglucosidase (AMG). The present study demonstrates for the first time that starch/AMG hydrogels
can produce and deliver glucose for in situ “fueling” MSCs and, thus, improving their survival and

paracrine functions both in vitro in near-anoxia conditions and in vivo post-implantation.

MATERIALS AND METHODS

CELLS AND CELL CULTURE

Culture of Human Mesenchymal Stem Cells (hMSCs)

HMSCs were isolated from bone marrow obtained as discarded tissue during routine surgery
from four adult donors at the Lariboisiere Hospital, Paris, France. The tissues of interest to the present
study were collected with the respective patient’s informed consent and in agreement with Lariboisiere
Hospital regulations. HMSCs were isolated from each donor’s bone marrow using a procedure adapted
from a literature report (Gnecchi et al., 2009), characterized by CD marker expression and differentiation
potential, and cultured in Alpha Minimum Essential Medium (a-MEM; PAN Biotech GmbH, Aidenbach,
Germany) supplemented with 10% Fetal Bovine Serum (FBS; PAA Laboratories GmbH, Les Mureaux,
France) and 1% antibiotic/antimycotic (atb/atm; v/v, PAA Laboratories GmbH, Cérbe, Germany) under
standard cell culture conditions, that is, a humidified, 37°C, 5% CO,, and 95% air environment. When 80-
90% confluence was reached, the hMSCs were trypsinized using trypsin-EDTA (Sigma-Aldrich, St Quentin
Fallavier, France), and replated at a density of 10,000 cells/cm2. HMSCs from the four donors were pooled

at an equal ratio at passage 1 and were further expanded up to passage 4 before use in experiments.

Transduction of hMSCs

For the in vivo study of hMSC survival, the pooled hMSCs (at passage 2) were transduced with a
lentiviral vector encoding for the firefly luciferase and the ZSGreen proteins (pRRLsin-MND-Luc-IRES2-ZS
Green-WPRE ; TRANSBIOMED, Bordeaux, France) as previously described (Becquart et al., 2012) and

further expanded. Flow cytometry analysis of ZSGreen-positive cells provided evidence that 88% of the
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hMSCs were transduced (data not shown). These cells will be referred to as “Luc-ZSGreen-hMSCs”

thereafter in this paper.

Culture of Human Umbilical Vein Endothelial Cells (HUVECs)

HUVECs (Lonza, Walkersville, USA) were cultured in Endothelial Cell Growth Medium (EBM-2;
Lonza, Levallois-Perret, France) supplemented with 5% FBS and 1% ATB/ATM, under standard cell culture
conditions. When 80-90% confluence was reached, the HUVECs were trypsinized and replated at a

density of 15,000 cells/cm?. Cells at passage 4 were used for the in vitro experiments.

HYDROGELS

Preparation of wheat starch solutions

Wheat-derived starch solutions were prepared at either 0.2, 1, 2, or 4% (w/v) concentrations in
the 10 mM HEPES buffer (pH 7.4), and mixed with another buffer containing 3 M NaCl, 0.4 M CaCl, (pH
7.4) (all compounds from Sigma-Aldrich, Lyon, France). The wheat starch powder was completely

dissolved by stirring and heating up the solutions at 92°C for 2 hours.

Preparation of cellularized hydrogels

Three types of cellularized hydrogels were prepared: (i) “Glc-free”: glucose-free reservoirs that
represents a negative/empty control hydrogel; (ii) “Glc 5.5 mM”: glucose reservoirs loaded with 5.5 mM
glucose that represents a standard control hydrogel; and (iii) “Starch/AMG”: fibrin hydrogels loaded with
starch and amyloglucosidase (AMG; Sigma-Aldrich, Lyon, France). All types of hydrogel were prepared by
mixing 2 solutions (Mix 1 and Mix 2) as described in Table 1. The hMSCs were loaded within the Mix 1
that contained fibrinogen (Merck Chemicals, Fontenay-sous-Bois, France), HEPES buffer and aprotinin
(Sigma-Aldrich). Depending of the type of hydrogel prepared, the Mix 2 contained either thrombin
(Sigma-Aldrich) and HEPES for the Glc-free hydrogels, or thrombin, HEPES and glucose for the Glc 5.5 mM
hydrogels, or thrombin, starch and AMG for the Starch/AMG hydrogels. 100ul hydrogels were loaded
with 10°> hMSCs for the in vitro experiments, while 200ul hydrogels were loaded with 2x10° Luc-ZS Green-
hMSCs for the in vivo assessment of hMSC survival and 125 pl hydrogels were loaded with 1.25x 10°

hMSCs for the in vivo assessment of the proangiogenic potential of the hMSC secretome.
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100 pl Hydrogels (@)

Final
Composition Mix Glc free Glc 5.5 mM Starch Starch/AMG
Concentration
Fibrinogen
1 36 uL 36 pL 36 pL 36 uL 18 mg/mL
(50 mg/mL)
HEPES (10 mM) 1 5pulL 5 pulL 5 ulL 5pulL 0.5mM
Aprotinin
1 3.7uL 3.7uL 3.7uL 3.7uL 500 U/mL
(3000 U/mL)
hMSCs number 1 10°® 10°® 10°® 10°® 10° cells/mL ®!
Thrombin
2 3.6 L 3.6 L 3.6 uL 3.6l 18.6 U/mL
(500 U/mL)
HEPES (10 mM) 2 46.7 uL 1.7 pL NA 5.1 mM
NacCl (0.15 M)
NaCl (3 M) CaCl, (0.4 M) 2 5L 5puL NA NA
CaCl, (0.02 M)
Glc (2,750 mM) 2 NA NA NA
Wheat Starch
2 NA NA 50 plL 50 ul 0.1, 0.5, 1 or 2% (w/v)
(0.2,1, 2 or 4% (w/v))
AMG (117 mg/mL) 2 NA NA NA 1.7 puL 1.95 mg/mL

Table 1: Composition of the hydrogels used in the present study. The indicated volumes correspond to a 100 pL
hydrogel sample used for the in vitro experiments. @ For 125 pl hydrogels and 200 pl hydrogels, each volume was
increased 1.25- and 2-fold, respectively. ®) 2x10° Luc-ZS Green-hMSCs were loaded in 200ul hydrogels for the in vivo
assessment of hMSC survival while 1.25x10° hMSCs were loaded into 125 uL hydrogels for the in vivo assessment of

the proangiogenic potential of hMSC secretome. Glc = Glucose; NA = Not Applicable.

Mix 1 was first deposited on a hydrophobic surface (specifically, a polytetrafluoroethylene (PTFE),
disk diameter = 5 mm) and Mix 2 was then added and homogenized within the Mix 1. These hydrogels
were maintained at 37°C in a humidified atmosphere for 1 hour. After polymerization, each hydrogel was
carefully removed from the PTFE surface, placed in individual wells of 12-wells tissue-culture plates, and
immersed in 2 mL serum- and glucose-free a-MEM culture medium before use in either the in vitro or in

vivo experiments.
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IN VITRO EXPERIMENTS

Hydrogel-contained glucose quantification without hMSCs

The amount of glucose inside the hydrogels was quantified using a glucose electrode biosensor
(NeuroChem platform, University Lyon |, France) placed at the center of the samples. Briefly, the glucose
electrode biosensor was composed of platinum previously coated by a glucose-oxidase enzyme.
Degradation of glucose by the enzyme produced hydrogen peroxide (H,0,). H,0, was then degraded by
platinum of the biosensor, producing oxidative current which was directly proportional to glucose
concentration (standard curve). The glucose electrode biosensors and pertinent recording methods were
adopted from literature reports (Vasilyeva et al., 2011). Exogenous glucose released outside the glucose
reservoirs and starch/AMG hydrogels loaded with or without AMG was monitored using a biomedical

ARCHITECT C8000 (Abbott Technology) robot.

Hydrogels morphology

The surface of the glucose reservoirs and starch 2%/AMG hydrogels loaded with or without AMG
were assessed using environmental scanning electronic microscopy (Philips eSEM FEG/XL-30,). These
samples were treated by liquid nitrogen for 30 seconds just before scanning to make the hydrogel
external surface visible by the method used. Images of the hydrogel surface were collected and

photographed.

Near-anoxia culture conditions

The “ischemic” environment was simulated in vitro by culturing the hydrogel-contained hMSCs
under both near-anoxia (0.1% O,) and nutrient (including both serum and glucose) deprivation. Near-
anoxia culture conditions were achieved using a well-characterized, finely-controlled, proOx-C-chamber
system (C-Chamber, C-374, Biospherix, New-York, USA). The oxygen concentration in this chamber was
maintained at 0.1%, with a residual gas mixture composed of 5% CO, and balance nitrogen. The
temperature of the system was maintained at 37°C for the duration of the experiments. Environmental

nutrient deprivation was achieved using a glucose-free a-MEM (PAN Biotech GmbH).

Quantification of viable and apoptotic cells within hydrogels

The viability of hMSCs maintained inside the glucose reservoirs and hydrogels under near-anoxia
conditions was evaluated after 1, 7 and 14 days of culture. At the prescribed times, the hydrogels were
incubated with both 1 pg/mL nucleic acid stain Hoechst 33342 (HE; Sigma-Aldrich) and 1 pg/mL
propidium iodide (PI; Sigma-Aldrich) at 37°C for 20 minutes; the hydrogels were then observed and
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photographed using a Zweiss confocal microscope (Zweiss LSM 800). Hydrogels were digested and hMSCs
were detached from hydrogels using trypsin-EDTA for 20 min, then PBS containing BSA 2% (Sigma-
Aldrich) was added to stop the chemical action of trypsin. After centrifugation (at 3,500xg for 5 min) the
hMSCs were re-suspended in fresh PBS, and analyzed using an Attune flow cytometer (LifeTechnologies,
Saint Aubin, France). Cells which had stained both HE positive and Pl negative were identified as “viable
cells”, whereas cells which had been stained both HE positive and Pl positive were identified as “dead
cells”. Cell viability was expressed as the number of viable cells normalized by the respective viable cell
number at day 1 of culture. For each hydrogel tested, cell viability at day 1 of culture was determined to

be more than 90% of the 10°> hMSCs seeded at day 0.

Proliferative potential of hydrogel-contained hMSC under near-anoxia

After 14 days under near-anoxia, hMSCs were trypsined from the starch 2%/AMG hydrogels and
transferred back into tissue culture-flask (10° cells/cm?) and standard cell culture conditions (i.e., 21% O,
and further cultured in a-MEM containing 5.5 mM glucose and 10% FBS) for 10 days. The doubling time of
theses hydrogel-derived hMSCs was determined and compared to the respective result obtained using

naive hMSCs, which had been previously cultured under standard cell culture conditions for 14 days.

Preparation of hMSC conditioned media (CM)

The hydrogel-contained hMSCs were maintained under near-anoxia conditions for 14 days. The
supernatant cell culture medium was not changed for the duration of the aforementioned cell culture
period. At 7 and 14 days of culture, the supernatant cell culture media were collected, centrifuged (at
700xg for 5 min), aliquoted, and kept at -80°C until further use. These media are designated as

conditioned media (CM) for the rest of this report.

Assessment of the chemotactic effect of conditioned media

The chemo-attractive potential of CM from hydrogel-contained hMSCs maintained under near-
anoxia conditions for either 7 and 14 consecutive days was determined using the Boyden chamber
migration assay. Briefly, 600 uL of each respective CM were added in the bottom well of the Boyden
chamber, and 2x10* hMSCs cultured in glucose and serum-free a-MEM media were seeded on the top of
the 8-um-pore-diameter porous membrane (disk diameter = 6.5 mm; Transwell®; WWR International,
Fontenay-sous-Bois, France), previously coated with 0.5% gelatin (Sigma-Aldrich). Serum-free a-MEM and
o-MEM supplemented with 10% FBS were added in the bottom well as negative and positive controls,

respectively.
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After 6 hours maintenance under standard cell culture conditions, the cells on the top of the porous
membrane were scrapped in order to remove the hMSCs that had not migrated from the original seeding
location. These porous membranes were then fixed using paraformaldehyde 11% (Sigma-Aldrich) at room
temperature for 30 minutes and stained using an azure eosin methylene blue 0.4% solution (Giemsa;
Sigma-Aldrich) for 3 minutes. The hMSCs that had migrated through the porous membrane were
photographed using a Keyence VHX-2000F microscope (Courbevoie, France), and counted using

commercially Image J software (National Institute of Health, Bethesda, USA).

Assessment of released bioactive mediators

The presence of chemotactic and proangiogenic mediators in CM were quantified using Luminex
technology (Millipore, Billerica, USA) following the manufacturer’s instructions. The levels of 16
mediators, specifically, IL-8, CCL2, MMP9, Chemerin, MIF, CXCL2, CXCL5, CXCL10 (known as chemotactic
growth factors) and VEGF-A, VEGF-C, VEGF-D, ANGPT-1, ANGPT-2, ANG, FGF-BASIC, Endostatin (known as
proangiogenic growth factors) were evaluated using the MasterPlex QT 1.0 system (MiraiBio, Alameda,

USA) and analyzed using Luminex-100 software version 1.7 (Luminex, Austin, USA).

IN VIVO EXPERIMENTS

Ectopic implantation

Ten-week-old female nude mice were obtained from Janvierlabs (Le Genest-Saint-Isle, France). All
procedures regarding housing, handling, surgery, and recovery of the animals after surgery were
conducted in compliance with the guidelines of the new European Directive 2010/63/EU regarding the
protection of animals used for scientific purposes. The surgery protocol used had received approval by
the Ethics Committee on Animal Research at the Lariboisiere/Villemin (Paris, France; number S85 / 2014-
07-30). Before each surgical procedure, a dose of buprenorphine (Buprecare®; 0.1 mg/kg; Axience,
Pautin, France) was administrated subcutaneously in each mouse and the skin was prepared for surgery
using application of povidone-iodine (Betadine®, Vetoquinol, Paris, France). Anesthesia was induced by
intraperitoneal administration of ketamine (Ketaminel000®; 100 mg/kg weight; Virbac, France) and
xylazine (Rompun® 2%; 8 mg/kg animal weight; Bayer HealthCare, Berlin, Germany). Flowing oxygen was
delivered using a specific mask for each animal throughout the surgical procedure. Either two (for the
assessment of cell proangiogenic potential) or four (for the assessment of cell viability) symmetrical
incisions (each 7.5 mm in length) on both sides of the spine were made on the back of each mouse, and
subcutaneous pouches were created. Hydrogels were then carefully and randomly inserted into each
pouch. Skin closure was accomplished with an interrupted suture pattern using 4.0 polyglactin 910

sutures (Ethicon, Issy-les-Moulineaux, France).
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Assessment of cell viability

At prescribed time points during the 14 days of implantations (i.e., on days 1, 7 and 14) the
viability of the Luc-ZS Green-hMSCs contained within the implanted hydrogels was monitored non-
invasively using a bioluminescence imaging system (lvis, Lumina Il, Caliper Life Sciences, Villebon-sur-
Yvette, France) as previously described (Logeart-Avramoglou et al., 2010). For this purpose, the mice
were anesthetized by delivery of 3% isoflurane (Iso-Vet®; Piramal HealthCare, Northumberland, UK) in
oxygen, and 100 mg/kg D-luciferin was injected intramuscularly in the area of the implant locations. The
mice were then placed in a ventral position inside the detection chamber of the bioluminescence system
and maintained under anesthesia. Images were taken every 5 minutes during a 1 hour period of time. A
region of interest surrounding each implant was manually defined on each image and the photon flux
emitted by each construct was quantified using the Living Image® 3.2 software (Caliper Life Sciences). For
each mouse and time point tested, the highest BioLuminescence Intensity (BLI) signal was retained. The
percentage of viable cells post implantation was determined as the photon fluxes measured at each time
point tested normalized with the respective BLI signal acquired the day after surgery (i.e., day-1 of data
acquisition). On days 7 and 14, the mice (6 animals for each time point) were sacrificed (using an
overdose of intracardiac pentobarbital delivery (Dolethal®; Vetoquinol, Paris, France), and the hydrogels
were explanted, fixed in 4% paraformaldehyde, and embedded in paraffin. All thus prepared paraffin
sections were processed for human beta-2-microglobulin immunodetected (hf2-MG, a membrane
protein that stains human cells), using the Envision+ kit (Dako, Les Ulis, France) and a polyclonal rabbit
anti-hp2-MG (1/1000, Novocastra, Nanterre, France) as the primary antibody as previously described
(Becquart et al., 2010).

Assessment of the proangiogenic potential of hMSC-containing hydrogels

Each 125 uL hydrogel (loaded with 1.25x10° hMSCs) was encapsulated at the center of a silicone
tube (Silicone DIA; 4mm internal diameter, 6 mm external diameter, 16 mm height ; Weber Métaux,
France) and between 2 layers (3 mm height) of low-concentrated fibrin (1Img/mL, without aprotinin) gel
filled from the top and from the bottom of each silicone tube edges. The fibrin on the edges fully
degraded 24 hours after implantation. To visualize the blood vessels formation driven by hMSC-contained
hydrogels, the mice were injected with a radio-opaque polymer compound (Microfil®, Flowtech, Carver,
MA, USA) at either 14 or 21 days post-implantation. For this purpose, each animal was deeply
anesthetized and the skin from the thorax and the rib cage was incised to access the heart. The left
ventricle was catheterized using a 20G canula (BD Venflon, Beckson Dickinson Infusion, Sweden) and the
right atrium was cut for blood removal. Each animal was first perfused with isotonic saline (50 mL)

containing heparin (100 Ul/mL) using a pump (at 6 mL/min flow rate) for 6 min to rinse blood from the
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vasculature, and then manually perfused with 14 mL of Microfil® (prepared according to the
manufacturer's instructions using 6.3 mL of Microfil®, 7 mL of the specific diluent, and 0.7 mL of the
specific curing agent). During filling, the pressure of the injection was approximately 2mL/min to force the
Microfil® into the capillary networks without extravasation into the surrounding tissue. The perfused
euthanized animals were stored at 4 °C overnight to allow polymerization of the Microfil® and then the
silicone tubes containing the hydrogels were explanted and fixed in 4% paraformaldehyde overnight. The
specimen were then imaged using a Skyscan1172 micro-CT-scanner (Bruker, Evere, Belgium) with voltage
80 kV, current 100 mA, exposure for 85 ms and 0.3 degree rotation step settings, without any filter. The
images obtained had 10 um pixel size. The scanned images were then reconstructed as a stack of slices of
each sample using Nrecon software, 16 bits. The volumes of interest (VOI; 2 per sample) were set as
cylinders overlapping the internal diameter of the silicone tube (4 mm), between the 1 and the 3 mm
height from the top and from the bottom of the silicone tube edges. Indeed, as some hMSC-containing
hydrogels tested partly resorbed after implantation, the aforementioned method allowed to rigorously
defining similar volume of interest for each sample. New blood vessel volume was reported as the
amount of binarized object-volume measured within the designated volume of interest within the
threshold gray values 120-255 on CTan software. Values regarding new blood vessel thickness and

numbers were calculated using the aforementioned thresholds.

Statistical analyses

Numerical data were expressed as means +* standard deviation (SD). Statistical analyses were performed
using commercially available software (GraphPad 6.0 Software, California Corporation, USA). Each of the
in vitro experiments was conducted in triplicate and repeated on, at least, three separate occasions. Each
of the in vivo experiments was conducted using at least 6 samples for each group of hydrogels tested, and
repeated on two separate occasions. Data were analyzed statistically using analysis of variance and the
Bonferroni post-hoc test, and the Mann-Whitney test for parametric and non-parametric tests,

respectively. For all analyses, the confidence interval was set at 95% and the significant level at p < 0.05.
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RESULTS

The starch/AMG hydrogels produce glucose

We first determined whether the starch/AMG hydrogels (Fig. 1a) produce glucose. To this aim,
hydrogels were prepared with increasing concentration of starch (from 0.1% to 2% w/v) and 1.95 mg/mL
AMG (i.e., standard AMG concentration). Production of glucose inside the hydrogels was then monitored
using a glucose microelectrode biosensor placed in the center of each hydrogel tested. In the presence of
AMG, the starch hydrogels produced glucose as a function of starch concentration (Fig. 1b). In the closed
system used in this study, production of glucose plateaued within 400 to 600 seconds and was maximal (p
< 0.05) with the highest (2%) starch concentration. Moreover, the initial kinetics (Vi) of the starch/AMG
reaction was maximal (p < 0.05) with the 2% starch concentration. In contrast, in the absence of AMG,

there was no detectable glucose production within the aforementioned time frame (Fig. 1b).

The kinetics of glucose release out of both control hydrogels and the starch 2% hydrogels in the
presence or absence of AMG was next investigated for 14 days. To this aim, the hydrogels were immersed
into glucose-free and serum-free a-MEM medium and the amount of released glucose in the respective
supernatants was monitored. In this open model system, release of glucose from the starch 2%/AMG
hydrogels was observed over the entire period of the study; this result suggested that the starch 2%/AMG
hydrogels delivered glucose over at least a 14 day-period. Interestingly, in the absence of AMG, a
spontaneous glucose release was observed in the starch 2% hydrogels, which plateaued at 7 days; the
amount of glucose released from AMG-free starch hydrogels was, however, 1.8 times less than that

released from the AMG-containing starch hydrogels (p <0.05; Fig. 1c).

We also explored the production of glucose within the starch 2%/AMG hydrogels as a function of
the AMG concentration. In this case, production of glucose inside these hydrogels was linearly

proportional with the concentration of AMG (R*= 0.977 at 180 s) (Fig. 1d).

We also investigated in vivo glucose production from the hydrogels of interest to the present
study. To this aim, starch 2%/AMG and 2% starch hydrogels were implanted ectopically in a mouse
model. At day 7 and 14 post-implantation, the glucose concentrations monitored in the post mortem
hydrogels were compared to the ones measured in control hydrogels (glucose-free and 5.5 mM glucose
reservoirs). At both time points tested, the glucose concentration was higher inside the starch 2%/AMG
hydrogels (p < 0.05) compared to results obtained with the starch 2% hydrogels (4.6 and 9.4 fold-
increased), glucose-free reservoirs (3.9 and 2.9 fold-increased), and 5.5 mM glucose reservoirs (2.3 and

2.7 fold-increased) (Fig. 1e).
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The starch/AMG hydrogels improves the survival of hMSCs in near-anoxia conditions in vitro

We next determined whether the tested starch/AMG hydrogels sustained the viability of hMSCs
under near-anoxia conditions. To this aim, hydrogels prepared with increasing concentrations of starch
and with (Fig 2al1) or without (Fig 2a2) standard AMG concentration, were loaded with 10> hMSCs and
maintained in glucose-free and serum-free a-MEM media under near-anoxia conditions. At days 7 and 14,
the hydrogels were degraded and the number of viable hMSCs was assessed using flow cytometer (Fig.
2al, 2a2). At both prescribed time points, maximal survival of hMSCs was achieved in the starch/AMG
hydrogels containing the highest (2%) amount of starch (p < 0.05). At day 14, the hMSCs survived inside
the 2% starch /AMG hydrogels only. Moreover, and compared to results obtained from the starch/AMG
hydrogels, the number of viable cells in the starch hydrogels without AMG was drastically reduced at day
7 with almost no viable hMSCs remaining at day 14 for all starch concentrations tested (Fig. 2al vs. 2a2).
At day 7, the number of viable cells inside the starch/AMG hydrogels was linearly proportional to the
initial starch concentration (R’ = 0.984) (Fig. 2b). These results provided evidence of the critical role of

AMG in achieving the glucose concentrations required for the long-term survival of hMSCs.

In order to determine whether the glucose released from the hydrogels was responsible for the
survival of hMSCs under near-anoxia conditions, 2-Deoxy-D-Glucose (a competitive inhibitor for the
production of glucose-6-phosphate from glucose at the phosphoglucoisomerase level) was added to the
2%starch /AMG hydrogels, glucose-free, and 5.5 mM glucose reservoirs loaded with 10° hMSCs. Addition
of the aforementioned inhibitor led to massive death of hMSCs in all conditions tested within 3 days of
culture (Fig. 2c). These results provide evidence that glucose is responsible for the survival of hMSCs
under the conditions tested. To further investigate the viability of the hMSCs in the starch 2%/AMG
hydrogels after 14 days of exposure to near anoxia conditions, hMSCs recovered from the hydrogels using
trypsin digestion were seeded onto tissue-culture plates and their proliferative ability was compared to
that obtained from naive hMSCs (controls) over 10 days. The cell doubling time of these two populations
was similar (p > 0.05) (Fig. 2d). Moreover, these two cell populations were indistinguishable in terms of
CD marker expression: specifically, both cell populations were positive for CD 73, CD90, CD105 and
negative for CD45 (Fig. 2e).

Taken together, these data provided evidence that the starch/AMG hydrogels produced glucose
for “fueling” hMSCs thus enhancing their survival in ischemic environmental conditions. Since the most
effective hydrogel for enhancing hMSC survival was the starch 2%/AMG one, this concentration was used

for the rest of the present study.
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The starch 2%/AMG hydrogels are more effective than glucose reservoirs in extending the in vitro

survival of hMSCs in near-anoxia conditions

We compared the efficacy of starch 2%/AMG hydrogels to that of glucose reservoirs prepared by
loading free 5.5 mM glucose in fibrin hydrogels in order to determine which hydrogel environment
enhanced survival of hMSCs in near-anoxia conditions. The hMSCs loaded in the 5.5 mM glucose
reservoirs exhibited improved survival when compared to hMSCs loaded in glucose-free reservoirs under
near-anoxia conditions at day 7; hardly any viable hMSCs were present in the glucose-free and in the 5.5
mM glucose reservoirs at day 14 (Fig. 3a, 3b). In contrast, the number of viable hMSCs loaded in the
starch/AMG hydrogels increased by 5-fold when compared to the cells loaded in glucose reservoirs at day
7 of culture. At day 14, viable hMSCs were only observed in the starch 2%/AMG hydrogels (Fig. 3b).
Overall, these results demonstrate that, compared to results obtained with the glucose reservoirs, the
survival of hMSCs in near-anoxia conditions was improved when the cells were dispersed within the

starch 2%/AMG hydrogels.

The starch/AMG hydrogels are more effective than glucose reservoirs in enhancing the chemotactic and

proangiogenic functions of hMSCs in near-anoxia conditions

Since the chemo-attraction of progenitors (such as MSCs) and endothelial cells are relevant
aspects in the success of MSC-based regenerative medicine, we compared the chemotactic potentials of
supernatant CM collected from hMSCs seeded into hydrogels of interest of the present study after
exposure to near-anoxia conditions for 7 and 14 consecutive days. The respective CM-mediated chemo-

attraction of either hMSCs or HUVECs was assessed using the Boyden chamber migration test.

Compared to CM from hMSCs seeded in glucose-free and in 5.5 mM glucose reservoirs, CM from
hMSCs seeded in starch 2%/AMG hydrogels promoted significant (p < 0.05) increase in the chemotactic
potential of hMSCs (9.3- and 2.0-fold increase, respectively, after 7 days; 4.8- and 2.7- fold increase,
respectively, after 14 days; Fig. 4a, 4b). Moreover, the concentrations of the chemotactic mediators MCP-
1, MIF, MIP-2, ENA 78 and IP-10 were significantly (p < 0.05) increased in CM from hMSCs seeded in
starch 2%/AMG hydrogels when compared to results obtained using CM from glucose-free and 5.5 mM
glucose reservoirs for 14 days (Fig. 4c).

Compared to HUVECs responses to CM from hMSCs seeded in either glucose-free or 5.5 mM
glucose reservoirs, the CM from hMSCs seeded in starch 2%/AMG hydrogels promoted a significant (p <
0.05) increase in their chemotactic potential towards the HUVECs (4.2- and 2.2-fold increase, respectively
after 7 days; 3.7- and 3.7-fold increase, respectively, after 14 days; Fig. 4d, 4e). Moreover, the

concentrations of the proangiogenic mediators VEGF-A, VEGF-C, VEGF-D, ANGPT-1, ANGPT-2, ANG and
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FGF-BASIC were significantly (p < 0.05) increased in the CM from hMSCs seeded in starch 2%/AMG
hydrogels compared to results obtained using CM from glucose-free and 5.5 mM glucose reservoirs for 14
days (Fig. 4f). Altogether, these data provided evidence that the starch 2%/AMG hydrogels promoted the

in vitro chemotactic and proangiogenic functions of hMSCs in near-anoxia conditions.

The starch/AMG hydrogels are more effective than glucose reservoirs to increase the in vivo survival of

hMSCs after subcutaneous implantation

To extend the results of the in vitro studies (Fig. 3) to the in vivo setting, we assessed the
potential of starch 2%/AMG in enhancing survival of embedded hMSCs in an ectopic transplantation

mouse model, i.e., an avascular model.

Luc-ZSGreen-hMSCs within the starch 2%/AMG hydrogels exhibited significant (p < 0.005)
increase in BLI compared to the signals obtained with either the glucose-free or the glucose reservoirs
(fold increase of 3.4 and 2.8 for day-7, respectively, and fold increase of 2.9 and 1.9 for day-14,
respectively) (Fig. 5a, 5b). To validate this trend, the numbers of hB2-MG-positive cells were counted on
histological sections of hydrogels explanted at both day-7 and day-14 post subcutaneous implantation
(Fig. 5c). A significant (p < 0.05) enhanced number of positive hB2-MG-cells in the starch 2%/AMG
hydrogels was observed when compared to the results obtained from cells in the glucose-free reservoirs

(7.3-fold increase at day 7 and 7.2-fold increase at day 14; Fig. 5d).

Taken together, these data provided evidence that the starch 2%/AMG hydrogels enhanced MSC

survival after ectopic implantation in mice for up to 14 days.

The starch/AMG hydrogels are more effective than glucose reservoirs in increasing the proangiogenic

functions of hMSCs after implantation

The proangiogenic functions of hMSCs were investigated in an ectopic transplantation mouse
model. To this aim, hMSCs were loaded into each type of hydrogel of interest of the present study and
the volume occupied by new blood vessels adjacent to these gels was quantified after 14 and 21 days
(Fig. 6a). The new blood vessels in the vicinity of the starch 2%/AMG hydrogels covered a 2.9- and 4.0-
fold increased volume (p < 0.01), respectively, compared to results obtained from glucose-free reservoirs
at days 14 and 21 post-implantation, and was increased 3.4 and 2.3-fold, respectively, (p < 0.01)

compared to results obtained from 5.5 mM glucose reservoirs at the aforementioned time points post-
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implantation (Fig. 6b, 6c). In contrast, the new blood vessel diameter and blood vessel number in either

starch 2%/AMG hydrogels, glucose-free, or glucose-reservoirs was similar (supplementary data).

Overall, these data demonstrate that the starch 2%/AMG hydrogels promoted the proangiogenic

function of hMSCs after implantation.

DISCUSSION

Upon implantation, survival and maintenance of functional hMSCs in the 3D environment of
tissue engineering constructs is the most critical challenge for developing TE constructs of clinically-
relevant volume for regenerative medicine applications. To achieve this important aim, we previously
identified that presence of glucose is sufficient to meet cell metabolic requirements in near anoxia and
ensure MSC survival upon implantation. Delivering glucose at physiologic level over at least 2 weeks post-
implantation is a true challenge, however, because glucose is a small, uncharge and highly water-soluble
molecule whose high concentrations can disturb the osmotic pressure and cause cell lysis. To resolve this
limitation, we designed and developed a starch/AMG hydrogel that contained amyloglucosidase, an
enzyme that enabled to supply sufficient levels of glucose from starch to assure the survival and paracrine

functionality of hMSC when transplanted in vivo.

The present report provides evidence that starch/AMG hydrogels release glucose as a function of
starch and AMG concentrations (Fig. 1b, 1d). Moreover, starch/AMG hydrogels can release glucose for a
period of at least 14 days both in vitro (Fig. 1c) and in vivo (Fig. 1e). A very important result was the
finding that the delivered glucose content within the starch/AMG hydrogels was in the physiological
range and was significantly (p < 0.05) increased compared to levels obtained in the glucose reservoirs (Fig.
le). An unexpected finding of the present study was, however, that starch hydrogels alone (i.e., without
AMG) spontaneously released glucose (Fig. 1c). A possible explanation for this finding is the presence in
starch of trace amounts of enzymes that degrade starch. This spontaneous release of glucose from the
starch hydrogels, however, was insufficient to enhance MSC survival (Fig. 2a, 2b) further supporting the

use of AMG to achieve production of glucose at levels that ensure survival of MSCs post-implantation.

Starch/AMG hydrogels significantly (p < 0.05) extended the survival of embedded hMSCs in near
anoxia conditions in vitro. Specifically, hMSCs loaded into starch/AMG hydrogels exhibited, respectively, a
33- and 80-fold increase in viability when compared to results from glucose-free hydrogels at days 7 and

14, respectively under near-anoxia conditions (Fig. 3b). Another important result was that, loading either
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adipose-derived hMSCs or myoblasts in starch/AMG hydrogels also resulted in at least a 13- and 125-fold
increase of cell survival compared to results from glucose-free reservoirs in near anoxia at days 7 and 14,
respectively (Supplementary Fig. 1a, 1b). Most importantly, the starch/AMG hydrogels outperformed 5.5
mM glucose reservoirs as demonstrated by the observed 5- and 650-fold increase in hMSC survival at day
7 and 14, respectively, when exposed to near anoxia (Fig. 3b). Glycolysis was the main energy-provider
pathway to hMSCs loaded into starch/AMG hydrogels under near-anoxia conditions as blocking this
pathway using 2-Deoxy-D-glucose resulted in massive cell death within 3 days (Fig. 2c). The positive role
of glucose released from starch AMG hydrogels on hMSC survival was further substantiated by the
demonstration that hMSCs released from starch/AMG hydrogels after 14 days exposure in near anoxia
exhibited similar proliferative ability with naive MSCs cultured at 21% O, (Fig. 2d). These two cell
populations were indistinguishable in terms of pertinent CD marker expression (Fig. 2e). Most
importantly, after implantation in an ectopic mouse model, hMSCs dispersed into starch/AMG hydrogels
exhibited a 3.5- and 2.9- fold increase when compared to glucose-free reservoirs at days 7 and 14 (Fig. 5a,
5b). These data were further confirmed by counting hMSCs on histological sections (Fig. 5c, 5d).
Moreover, a 2.8- and 1.7-fold increase in hMSC viability was observed when starch/AMG hydrogels were
compared to 5.5 mM glucose reservoirs at days 7 and 14 (Fig. 5a, 5b). Increasing the glucose
concentration to 27 mM in the glucose reservoirs did not improve hMSC survival (data not shown). The
results of the present study also revealed a 4-fold decrease in hMSC number between day 7 and 14 when
these cells were loaded into starch/AMG hydrogels (Fig. 5b). A possible explanation for this outcome is
that the activity of AMG decreased between days 7 and 14 post-implantation. This conjecture is
reinforced by the observation that the glucose concentration of cell-free starch/AMG hydrogels
implanted in an ectopic mouse model decreased of 26% between day 7 and 14 post-implantation (Fig.
le). Alternatively, the decrease in hMSC number may reflect the occurrence of an inflammatory response
that induced hMSC death as demonstrated previously using xenogenic myoblasts in a mouse model
(Rinsch et al., 2001). Future studies, including either enzyme immobilization or encapsulation to preserve
AMG activity (Helena et al., 2009) or the use of immunosuppressors to decrease the inflammatory

response (Rinsch et al., 2001) may be required to discern between these competing hypotheses.

The beneficial effects of hMSCs when used as regenerative medicine “tools” are predominantly
due to the multitude of bioactive mediators secreted by these cells upon implantation. For this reason,
we investigated whether the increase in hMSC survival led to an increase in hMSC paracrine functions.
Indeed, CM from hMSCs loaded into starch/AMG hydrogels and exposed to near-anoxia for 7 and 14 days
led to a 2- to 4-fold increase in their chemotactic potential towards hMSCs (Fig. 4a, 4b) and HUVECs (Fig.
4d, 4e) compared to results obtained using the 5.5 mM glucose reservoirs. These data are consistent with

the higher concentrations of chemotactic and pro-angiogenic growth factors present in the CM from
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starch/AMG hydrogels when compared to pertinent results from the glucose reservoirs (Fig. 4c, 4f). These
observations are further substantiated by our in vivo findings that revealed a 3.3- and 2.2-fold increase in
the volume of peripheral new blood vessel was induced in the starch/AMG hydrogels loaded with hMSCs
compared to pertinent results obtained from 5.5 mM glucose reservoirs at 14 and 21 days post-

implantation (Fig. 6a, 6b).

Overall, the starch/AMG hydrogels provide a powerful platform for the production of glucose to
“fuel” MSCs and improve their survival and paracrine functions post-implantation. Resorption of such
systems can be tailored to the targeted regenerative medicine applications by selecting the glucose
polymer (e.g., starch versus maltodextrins), its biophysical properties, the enzyme (e.g., a single enzyme

versus a cocktail of starch-degrading enzymes), concentration and delivery mode (Mickova et al., 2012).

CONCLUSION

The massive hMSC death post-implantation, occurring in avascular microenvironments depleted
of oxygen and nutrients, is a major roadblock to successful advances of regenerative medicine. Various
approaches, including development of oxygen-delivery scaffolds, have been proposed by scientists to
address this issue. hMSCs loaded in such systems, however, exhibited improved cell viability for only up
to 3 days without enhancing the new blood vessel formation in an avascular model (Cook et al., 2015; Lee
et al., 2015). In the present study, we develop for the first time a nutritive hydrogel system which
produces glucose at physiological ranges necessary to fuel hMSCs, and thus improve cell survival for at
least 14 days under near-anoxia conditions and after implantation in an avascular model. Moreover, the
novel starch/AMG hydrogel promotes hMSC paracrine functions, evidenced by increasing new blood
vessel formation for at least 21 days after implantation; such outcomes provide nutrients (especially
glucose) and oxygen into the avascular post-implantation microenvironement. Looking forward, and
given the current wide interest in the use of stem cells for regenerative medicine applications, the novel
inbuilt system of glucose delivery has the potential of improved tissue engineering and regenerative

methodologies, which enhance cell survival and functionality after implantation.
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Fig. 1: The starch/AMG hydrogels produce glucose. (a). Schematic (not to scale) of the components of the novel nutritive hydrogel. hMSCs were encapsulated in fibrin scaffolds. Starch (a
polymer of glucose) was hydrolyzed by an AMG enzyme, which produced glucose to fuel hMSCs. (b). Production of glucose in starch hydrogels loaded in either the presence or absence of AMG
1.95 mg/mL, was monitored (using a glucose microelectrode biosensor) during the first 12 minutes (n=9). No glucose was monitored in all starch hydrogels without AMG and in glucose-free
reservoirs. (c). Release of glucose from either glucose-free reservoirs, 5.5 mM glucose reservoirs, or starch hydrogels in the presence or absence of AMG 1.95 mg/mlL. In this case, the glucose
reservoirs and hydrogels were immersed into 1 mL glucose and serum-free MEM medium. Glucose released from the glucose reservoirs and from the hydrogels was monitored using
biomedical ARCHITECT C8000 for 14 days (n=6). No glucose was monitored in media from the glucose-free reservoirs. (d). Production of glucose in starch hydrogels loaded with increasing
concentrations of AMG was monitored (using a glucose microelectrode biosensor) during the first 12 minutes (n=9). (e). Glucose concentration was monitored inside either glucose-free
reservoirs, 5.5 mM glucose reservoirs, or starch hydrogels loaded in the presence or absence of AMG 1.95 mg/mL, after subcutaneous implantation in nude mice for 7 and 14 days (n=9). (f).
Representative eSEM micrographs of the external architecture of either the glucose-free reservoirs, 5.5 mM glucose reservoirs, or starch hydrogels loaded in the presence or absence of AMG,
following treatment with liquid nitrogen for 30 seconds. Scale bars: 200 um (for eSEM images in the top row), 50 um (for eSEM images in bottom row). Data are mean + standard deviation.
Glucose-free reservoirs and starch hydrogels without AMG were used as negative controls. ** p < 0.01; *** p < 0.001 compared to glucose production results obtained from the starch
2%/AMG hydrogels (Mann-Whitney test). Abbreviations: AMG = amyloglucosidase; Glc = glucose; eSEM = environmental scanning electron micrographs.
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Fig. 2: The starch/AMG hydrogel environment extends survival of MSCs in near-anoxia conditions. (al and a2). Viability of hMSCs seeded in either glucose-free reservoirs or starch hydrogels
loaded in the presence (al) or absence (a2) of AMG, after exposure to near-anoxia (0.1% O,) conditions for 7 and 14 days were analyzed using flow cytometry (n=3). (b). Linear proportionality
relation (RZ: 0.984) between the number of viable cells maintained in the starch/AMG hydrogels under near-anoxia conditions for 7 days as a function of the initial starch concentrations (n=3).
(c). Viability of hMSCs seeded in hydrogels and exposed to near-anoxia conditions in either the presence or absence of 2DG (2-Deoxy-D-Glucose) for 3 days. At that time, the hydrogels were
digested and the hMSCs were counted using the Malassez technique and excluding dead hMSCs stained with trypan blue (n = 3). (d). Doubling time of hMSCs in the starch 2%/AMG hydrogels
after exposure to near-anoxia conditions for 14 days (i.e., Starch/AMG anoxic hMSCs), transferred back to standard cell culture conditions for 10 days, and compared to the viability results of
hMSCs maintained under standard cell culture conditions (i.e., naive hMSCs) (n=6). (e). Flow cytometry characterization of hMSCs either maintained in the starch 2%/AMG hydrogels under
near-anoxia conditions (purple histogram) or cultured under standard conditions (red histogram) for 14 days. Data are mean * standard deviation. hMSCs contained in glucose-free reservoirs
and starch hydrogels without AMG were used as negative controls for the results showed in frames (al, a2 and b). hMSCs contained in glucose-free reservoirs were used as negative controls
for frame (c). Naive hMSCs were used as positive controls for frame (d). NS: p > 0.05; ** p < 0.01; *** p < 0.001, compared to cell viability results obtained from cells contained in the starch
2%/AMG hydrogels (Mann-Whitney test). Abbreviations: hMSCs = human mesenchymal stem cells; AMG = amyloglucosidase; Glc = glucose; HE = Hoescht 33342; Pl = Propidium lodide; -2 DG =
absence of 2-Deoxy-D-glucose; +2 DG = presence of 2-Deoxy-D-glucose.
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Fig. 3: The starch 2%/AMG hydrogels are more effective than glucose reservoirs in extending the in vitro survival of hMSCs in near-anoxia conditions. (a). Representative confocal images of

hMSCs either in glucose-free reservoirs, 5.5 mM glucose reservoirs, or starch 2%/AMG hydrogels after exposure to near-anoxia conditions (0.1%

0,) for 7 and 14 days. These cells were stained

with Hoescht 33342 (HE; cell nuclei in blue) and propidium iodide (PI; dead cells in red) stained Scale bar = 20 um. (n=3). (b). Viability of hMSCs seeded in either glucose-free reservoirs, 5.5 mM
glucose reservoirs, or starch 2%/AMG hydrogels, after exposure to near-anoxia conditions for 7 and 14 days. The cells were stained with HE and Pl and analyzed using flow cytometry (n=9). Cell
viability was expressed as the number of viable cells on days 7 and day 14 normalized by the respective viable cell number at day 1. Data are mean + standard deviation. hMSCs contained in
the glucose-free reservoirs were used as negative controls. *p < 0.05; *** p < 0.001 compared to cell viability results obtained from cells in the starch 2%/AMG hydrogels (Mann-Whitney test).
Abbreviations: hMSCs = human mesenchymal stem cells; AMG = amyloglucosidase; Glc = glucose; HE = Hoescht 33342; Pl = Propidium lodide.
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Fig. 4: The starch/AMG hydrogels are more effective than glucose reservoirs in enhancing the chemotactic functions of hMSCs in near-anoxia conditions. (a). Representative light
micrographs and (b) quantification of hMSC migration in Boyden chambers in response to conditioned media from hMSCs seeded in either glucose-free reservoirs, 5.5 mM glucose reservoirs,
or starch 2%/AMG hydrogels, after exposure to near-anoxia conditions for 7 and 14 days. Scale bar = 500 um. (n=6). (c) Concentrations of the chemotactic mediators released by hMSCs
maintained into either glucose free-reservoirs, 5.5 mM glucose reservoirs, or starch 2%/AMG hydrogels, after exposure to near-anoxia conditions for 14 days. (n=6). (d). Representative light
micrographs and (e) quantification of HUVEC migration in Boyden chambers in response to conditioned media from hMSCs seeded in either glucose-free reservoirs, 5.5 mM glucose reservoirs,
or starch 2%/AMG hydrogels, after exposure to near-anoxia conditions for 7 and 14 days. Scale bar = 500 um. (n=3). (f) Concentrations of the proangiogenic mediators released by hMSCs
maintained into either glucose free-reservoirs, 5.5 mM glucose, or starch 2%/AMG hydrogels, after exposure to near-anoxia conditions for 14 days. (n=6). Fresh glucose-free MEM and FBS-free
medium was used as negative control. Fresh glucose-free MEM supplemented with 10% FBS medium was used as positive control. Cell migration was expressed as the number of cells which
had migrated across the Boyden chamber membrane normalized by the results obtained from the positive control. Data are mean * standard deviation. NS: p > 0.05; *p < 0.05; ** p <0.01; ***
p < 0.001 compared to cell-chemotaxis results obtained from the supernatant CM from starch 2%/AMG hydrogels (Mann-Whitney test). Abbreviations: hMSCs = human mesenchymal stem
cells; AMG = amyloglucosidase; Glc = glucose; MEM = minimum essential media; FBS = fetal bovine serum; IL = interleukin; MCP, monocyte chemoattractant protein; MMP = matrix
metalloproteinase; MIF = macrophage inhibitory factor; MIP = macrophage inflammatory protein; ENA = epithelial neutrophil activating protein; IP = interferon gamma-induced protein; VEGF =
vascular endothelial growth factor; ANGPT = angiopoietin; ANG = angiogenin; FGF-BASIC = basic fibroblast growth factor.
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Fig. 5: The starch/AMG hydrogels are more effective than glucose reservoirs in increasing the in vivo survival of hMSCs after subcutaneous implantation. (a). Noninvasive, in vivo
bioluminescence imaging of Luc-ZSGreen-hMSCs seeded in either glucose-free reservoirs, 5.5 mM glucose reservoirs, or starch 2%/AMG hydrogels, after subcutaneous implantation in nude
mice for 7, 10 and 14 days (n=9). (a). Quantification of the bioluminescent signal detected in the hydrogels described in frame (a). The percentage of surviving cells was determined by photon
fluxes at each time point tested and normalized to respective results obtained for each implant at day 1 (n=12). Data are mean + standard deviation. * p<0.05 compared to respective results
obtained from the starch 2%/AMG hydrogels (Mann-Whithney test). (c). Representative immunohistology results and (d) quantification of viable Luc-ZSGreen-hMSCs seeded in either glucose-
free reservoirs or starch 2%/AMG hydrogels after 7 and 14 days of subcutaneous implantation in nude mice. Stain: B2-microglobulin. Scale bar = 500 um. (n=3). Data are mean * standard
deviation. Luc-ZS Green-hMSCs containing glucose-free reservoirs were used as negative control. * p < 0.05; ** p < 0.01 compared to respective results obtained from the starch 2%/AMG
hydrogels. The numerical data were analyzed using a One-way ANOVA followed by Bonferroni’s post hoc test. Abbreviations: Luc-ZS Green-hMSCs = human mesenchymal stem cells
transduced using a lentiviral vector encoding for the firefly luciferase and the ZSGreen proteins; AMG = amyloglucosidase; Glc = glucose; BLI = bioluminescence intensity.
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Fig. 6: The starch/AMG hydrogels are more effective than glucose reservoirs in increasing the in vivo proangiogenic functions of hMSCs after subcutaneous implantation. (a): Schematic (not
to scale) of the model designed to assess the proangiogenic potential of hMSC-containing hydrogels. Hydrogels were loaded with 1.25x10° hMSCs and encapsulated at the center of a silicone
tube. After 14 and 21 days implantation in an ectopic mouse model, new blood vessels were quantified into the volumes of interest (VOI; 2 per samples), defined as cylinders overlapping the
silicone tube, between the 1 and the 3 mm height from the top and from the bottom of the silicone tube edges. (b) and (c): Micro-CT vasculature analysis in the vicinity of either glucose-
free reservoirs, 5.5 mM glucose reservoirs, or starch 2%/AMG hydrogels after 14 and 21 days of ectopic implantation in mice. (b). Representative 3D reconstructions (using CT-Vox software) of
the new blood vessels into the VOIs defined in the vicinity of either glucose-free reservoirs, 5.% mM glucose reservoirs or starch 2%/AMG hydrogels after subcutaneous implantation in nude

mice for 14 and 21 days. All glucose reservoirs and hydrogels had been loaded with 1.25.10 hMSCs and encapsulated into a silicone tube. After 14 and 21 days of ectopic implantation,
Microfil® (a radiopaque polymer) was perfused and the samples were scanned using in vitro uCT (Skyscan 1772). Vertical dotted lines represent the silicone tube sides; horizontal dotted lines
represent the top of the hydrogel. Scale bar = 500pum. (n=16). (c). New blood vessel volume was reported as percentage (%) of the VOI which was analyzed using CTAn software. (n=16). *p <
0.05; **p < 0.01; ***p < 0.001 compared to respective results obtained from the starch 2%/AMG hydrogels. The numerical data were analyzed using a One-way ANOVA followed by
Bonferroni’s post hoc test. Abbreviations: hMSCs = human mesenchymal stem cells; AMG = amyloglucosidase; Glc = glucose; VOI = volume of interest.
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Supp. Fig. 1: The starch 2%/AMG hydrogels are more effective than glucose-free reservoirs in extending the in vitro survival of ADSCs and myoblasts in near-anoxia conditions.
(a). Viability of ADSCs and (b) myoblasts seeded in either glucose-free reservoirs or starch 2%/AMG hydrogels after exposure to near-anoxia conditions (0.1% O,) for 7 and 14 days. At
the prescribed time points, the cells were stained with HE (cell nuclear in blue) and Pl (dead cell in red), and analyzed using flow cytometry (n=3). Cell viability was expressed as the
number of viable cells normalized by the respective viable cell number at day 1. Data are mean * standard deviation. ADSCs contained in glucose-free reservoirs were used as
negative controls for (a). Myoblasts contained in glucose-free reservoirs were used as negative controls for (b). *** p < 0.001 compared to the respective results obtained from the
starch 2%/AMG hydrogels. The numerical data were analyzed using a One-way ANOVA followed by Bonferroni’s post hoc test. Abbreviations: ADSCs = adipose-derived stem cells;
AMG = Amyloglucosidase; HE = Hoescht 33342; Pl = propidium iodide.
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Supp. Tab. 1: The diameters and numbers of the new blood vessels in starch 2%/AMG hydrogels, glucose-free reservoirs, and glucose-reservoirs were similar after implantation in
ectopic mouse model. New blood vessel numbers and diameters were analyzed using CTAn into volumes of interest defined into either glucose-free reservoirs, 5.5 mM glucose
reservoirs, or starch 2%/AMG hydrogels (n=16). NS: p > 0.05 compared to respective results obtained from the starch 2%/AMG hydrogels. The numerical data were analyzed using a
One-way ANOVA followed by Bonferroni’s post hoc test. Abbreviations: hMSCs = human mesenchymal stem cells; AMG = amyloglucosidase; Glc = glucose; NS = not significant.

New blood vessel Numbers (mm™) New blood vessel Diameter (um)
Type of
Glc Free Glc 5.5mM Starch 2%/AMG Glc Free Gle 5.5mM Starch 2%/AMG
hydrogel
DAY 14 0.85 + 0.59 0.59 + 0.38 0.98 ng) £ 0.82 36 + 21 33 + 12 45 e = 14
DAY 21 0.141 + 0.72 0.161 + 0.56 0.199 ng £ 0.62 57 + 17 54 + 12 51 ingy £ 16
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CONCLUSION

Dans cette étude, nous avons développé pour la premiére fois un hydrogel nutritif, constitué d’un
polymeére de glucose (amidon ; 2%), d’'une enzyme (AMG ; 1.95 mg/mL) et de fibrine (18 mg/mL), afin de
produire du glucose a des concentrations physiologiques (4 mM). La production de glucose dans cet

hydrogel nutritif est modulable en fonction de la concentration d’amidon et d’enzyme.

Nous avons ensuite démontré que I’hydrogel nutritif permettait de maintenir la survie des hCSMs
pendant 14 jours in vitro au sein d’un environnement quasi-anoxique (0.1% p0,) privé de glucose et de
sérum, ainsi qu’apres implantation in vivo en sous-cutané chez la souris. En effet, aprés 14 jours en
condition quasi-anoxique sans glucose et sans sérum au sein de I'hydrogel nutritif, le taux de survie des
hCSMs restait supérieur a 60% et était augmenté de plus de 65 fois par rapport au taux de survie des
hCSMs maintenues dans ces conditions a l'intérieur des hydrogels de fibrine seule et des hydrogels de
glucose libre a 5.5 mM. De plus, aprés 14 jours d’'implantation en site sous-cutané chez la souris, les
hCSMs maintenues au sein des hydrogels nutritifs présentaient un taux de survie 3 fois supérieur a celui

des hCSMs maintenues dans les hydrogels de fibrine seule et des hydrogels de glucose libre a 5.5 mM.

Dans ces conditions in vitro de quasi-anoxie sans glucose et sans sérum, nous avons également
mis en évidence que les hCSMs utilisaient principalement la glycolyse anaérobie pour maintenir leur
survie, confirmant ainsi les résultats mentionnés dans la revue présentée dans l'introduction (Salazar-
Noratto et al., soumis a publication, 2019) ainsi que dans I'étude détaillée précédemment (Moya et al.,
2017). De plus, les hCSMs maintenues pendant 14 jours dans I’hydrogel nutritif en quasi-anoxie sans
glucose et sans sérum conservaient également une capacité de prolifération identique a celle des hCSMs

cultivées pendant cette méme période en conditions standards.

En ingénierie tissulaire, la survie seule des CSMs n’est pas suffisante pour réparer un tissu ou
organe lésé. En effet, les propriétés paracrines de ces cellules apportent une contribution majeure dans
cette fonction réparatrice. Nous avons démontré que I'hydrogel nutritif permettait également de
promouvoir les potentiels chimiotactiques et pro-angiogénes des hCSMs au sein d’un environnement in
vitro quasi-anoxique privé de glucose et de sérum, ainsi qu’apres implantation sous-cutanée chez la
souris. En effet, les milieux conditionnés par les hCSMs maintenues dans les hydrogels nutritifs pendant 7
et 14 jours en quasi-anoxie sans glucose et sans sérum entrainaient une augmentation de la migration de
hCSMs fraiches et de cellules HUVECs, comparés aux milieux conditionnés par les hCSMs maintenues
dans les hydrogels de fibrine seule et les hydrogels de glucose libre a 5.5 mM. Cette amélioration peut
s’expliquer par des concentrations supérieures de facteurs de croissance chimiotactiques (MCP-1, MIF,

MIP-2, RANTES, IP-10) et pro-angiogenes (VEGF-A, VEGF-C, VEGF-D, ANGPT-1, ANGPT-2, ANG, FGF-BASIC).
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De plus, 'augmentation du volume total de nouveaux vaisseaux sanguins quantifiés en périphérie des
hydrogels nutritifs contenant des hCSMs apres 14 et 21 jours d’implantation in vivo en site sous cutané

chez la souris corroborent les résultats décrits précédemment.

En augmentant la survie et la fonctionnalité des hCSMs apres implantation, I’hydrogel nutritif,
composé d’amidon et d’AMG, apparait comme une stratégie d’intérét pour améliorer les résultats

thérapeutiques des produits a base de CSMs en ingénierie tissulaire.
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La présente discussion vise a apporter une interprétation scientifique des résultats obtenus au
cours du projet de doctorat, mais également a débattre de leur caractere innovant, de leurs limites ainsi
que de leurs applications au regard des objectifs de I'étude. Les descriptions de ces résultats sont

consultables dans les parties « Results » et « Discussion » des articles 1 et 2.

1. La mort cellulaire post-implantation : un défi scientifique en ingénierie
tissulaire

Les CSMs apparaissent comme des candidates de choix en ingénierie tissulaire. En plus de
posséder des propriétés de prolifération et de différenciation, ces cellules souches adultes multipotentes
présentent également des fonctions chimiotactiques et pro-angiogenes, via la sécrétion de facteurs
biologiques, faisant d’elles des acteurs majeurs pour la réparation de tissus ou d’organes lésés. Elles sont
accessibles chez le patient, en particulier celles dérivées de la moelle osseuse ou du tissu adipeux. C'est
pourquoi les CSMs font, en 2019, l'objet de plus de 47 000 publications scientifiques®

(https://pubmed.gov) ainsi que 878 essais cliniques® (https://clinicaltrials.gov).

Cependant, I'un des probléemes majeurs de l'ingénierie tissulaire reste aujourd’hui la mort
massive de ces cellules dés les premiers jours aprés implantation, réduisant considérablement leur
efficacité thérapeutique (Logeart-Avramoglou et al., 2010 ; Giannoni et al., 2010 ; McGinley et al., 2013 ;
Li et al., 2016 ). Bien que I'origine de cette mort massive des CSMs soit multifactorielle, I'environnement
ischémique auquel les cellules sont confrontées une fois implantées, semble étre I'une des causes
principales (Becquart et al., 2012). De plus, cet environnement ischémique, réduit considérablement la
fonctionnalité des cellules survivantes, ces derniéres devant utiliser exclusivement leur énergie pour

survivre et non pour réparer le tissu lésé.

De récentes études menées au laboratoire B30OA et par d’autres équipes de recherche ont mis en
évidence que le facteur limitant la survie cellulaire au sein de I'environnement ischémique était, non pas
I’absence d’oxygéne, mais I'absence de glucose (Deschepper et al., 2011 and 2013 ; Moya et al., 2018 ;
Mylotte et al., 2008 ; Nuschke et al., 2016). En effet, I'absence d’oxygéne ne conduit pas les CSMs vers
une mort cellulaire mais a I'inverse, un défaut de glucose, conduit inévitablement ces cellules vers une
mort massive en conditions quasi-anoxiques in vitro (0,1% pO,) dés le troisieme jour (Deschepper et al.,
2013 ; Moya et al., 2018). De plus, un apport de glucose permet de maintenir la survie in vitro des CSMs
pendant 21 jours en conditions quasi-anoxiques et pendant 14 jours aprés implantation en modele

ectopique (sous-cutané) (Deschepper et al., 2013).

1,2 ,
Mots clés : « mesenchymal stem cells » OR « mesenchymal stromal cells ».
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L'objectif de ce projet de doctorat était (i) de mieux comprendre le métabolisme énergétique
emprunté par le glucose au sein des CSMs aprés implantation (article 1, figures 1, 3, 4 et 6), puis (ii) de
développer et d’évaluer une stratégie basée sur I'apport continu de glucose afin d’améliorer la survie

ainsi que la fonctionnalité des CSMs post-implantation (article 2).

Afin de parvenir a ces objectifs, il a été nécessaire dans un premier temps de mettre au point un
modele d’ischémie permettant de refléter au mieux in vitro les changements métaboliques subis par les

CSMs dans I'environnement ischémique post-implantation.

2. Définir un modele d’ischémie in vitro approprié

L'environnement ischémique est caractérisé par (i) une diminution des apports en oxygene, (ii)
une déplétion en nutriments, (iii) une accumulation des déchets métaboliques et, (iv) une hypercapnie
locale (Russ et al, 2007). Cependant, les modeles d’ischémie utilisés dans les expérimentations in vitro ne
rassemblent pas I'ensemble des caractéristiques ischémiques mentionnées (Prabhakaran et al., 2004 ;

Zhu et al., 2006).

2.1 Mimer la pO, a laquelle les CSMs sont confrontées post-implantation

La pO, choisie pour le modele d’ischémie in vitro doit refléter la pO, a laquelle les CSMs sont
exposées post-implantation. La plupart des études axées autour de l'impact de l'ischémie sur le
métabolisme des CSMs utilise des modeles in vitro avec une pO, comprise entre 1 et 10% (Mylotte et al.,
2008 ; Rosova et al., 2008 ; Nusckle et al., 2016 ; Beegle et al., 2015). Cependant, la pO, mesurée au
niveau de la moelle osseuse non ischémiée, réservoir naturel des CSMs, est comprise entre 0.5 et 4%
(Chow et al., 2001; Hung et al., 2007). En d’autres termes, les pO, utilisées dans ces modéles sont plus

proches de I'environnement physioxique des CSMs plutot que d’un environnement |ésé ischémique.

Afin d’obtenir des conditions reflétant au mieux la situation in vivo, nous avons mesuré la pO, au
centre d’hydrogels cellularisés et implantés en ectopique. Cette pO, était de 0.1% dés le premier jour
post-implantation (article 1, figure 1). A cette valeur de pO,, les hCSMs subissaient des changements
métaboliques identiques a ceux observés apres leur implantation in vivo en site ectopique. En effet, les
niveaux d’expression d’HIF-1a, de LDH-A et I'activité mitochondriale des hCSMs maintenues en conditions
in vitro sans glucose et sans sérum étaient identiques a ceux des hCSMs implantées dans les hydrogels en
modele ectopique (article 1, figures 1 et 2). De plus, la cinétique de consommation d’ATP intracellulaire
des hCSMs était parallele dans les deux conditions ; les hCSMs consommaient leurs réserves d’ATP en 3
jours (article 1, figures 5, 6 et 7 ; Deschepper et al., 2013). Enfin, la cinétique de survie cellulaire était
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également similaire dans ces deux conditions ; les hCSMs présentaient un taux de survie d’environ 50%

apres 3 jours, puis inférieur a 20% apres 7 jours (article 1, figures 6 et 7 ; Deschepper et al., 2013).

En conclusion, une pO, de 0.1% induit in vitro les changements métaboliques subis par les CSMs
post-implantation. Nous avons donc retenu cette pO, de 0.1% dans la suite des études in vitro menées au

cours de ce projet de doctorat (articles 1 et 2).

2.2 Induire la déplétion en nutriments

En conditions de culture in vitro standards (i.e. 21% p0,), la majorité des cellules animales sont
cultivées en présence de milieux synthétiques de base, aussi appelés milieux essentiels minimum (MEM),
contenant des sels minéraux, vitamines, acides aminés (glutamine notamment) ainsi que du glucose a
une concentration physiologique supérieure ou égale a 1 g/L (Arora, 2013). Toutefois, en conditions
ischémiques, I'apport de nutriments est fortement limité (Russ et al., 2007). Afin d’induire au mieux le
stress subi par les cellules au cours de la déplétion en nutriments, il nous fallait tout d’abord identifier les
nutriments essentiels affectant la survie des CSMs, puis mimer au mieux la cinétique de déplétion en

nutriments.

2.2.1 Identifier les nutriments essentiels affectant la survie des CSMs

Dans nos études, le glucose est apparu comme un nutriment essentiel utilisé par les CSMs pour
produire leur énergie dans I'environnement ischémique et maintenir ainsi leur survie cellulaire. En effet,
la présence de glucose permettait de maintenir la survie in vitro des hCSMs pendant 21 jours en
conditions quasi-anoxiques, et également pendant 14 jours aprés implantation en modeéle ectopique
(Deschepper et al., 2013). Par cet apport de glucose, les réserves glycolytiques et d’ATP intracellulaire
restaient maintenues dans ces deux modeles (article 1, figures 6 et 7). Au contraire, I'absence de glucose
était accompagnée d’une chute brutale des réserves glycolytiques et d’ATP au sein des hCSMs, entrainant
leur mort massive aprés 3 jours en conditions quasi-anoxiques in vitro ainsi qu’en modeéle ectopique

(article 1, figures 6 et 7 ; article 2, figures 3 et 5 ; Deschepper et al., 2013).

En conditions de culture standard, plusieurs types de cellules animales, telles que les hépatocytes,
les cellules pancréatiques ou encore les astrocytes, peuvent également utiliser les acides aminés,
notamment la glutamine (via la glutaminolyse) ou parfois la sérine (via la sérinolyse) pour produire leur
énergie (Berl and Clark, 1969 ; McKeehan, 1986). Cependant, ces voies métaboliques alternatives ne sont
pas empruntées par les CSMs en conditions quasi-anoxiques in vitro. En effet, les hCSMs maintenues dans

ces conditions avec un apport en glutamine (5 g/L) ou en sérine (5 g/L) présentent un taux de survie
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inférieur a 10% aprés 7 jours ; ce taux de survie est identique a celui des hCSMs maintenues dans ces

conditions sans apport d’acides aminés (article 1, figure 3).

Ainsi, le glucose apparait comme le nutriment clé utilisé par les CSMs pour maintenir leur survie

au sein d’un environnement ischémique.

2.2.2 Mimer les conséquences de la déplétion en nutriments

Le choix de dépléter le milieu de culture des CSMs en glucose a été réalisé afin de refléter au
mieux le microenvironnement apres implantation, au sein duquel il est fort peu probable que le glucose

puisse étre accessible en quantité suffisante aux cellules.

Afin de déterminer si les CSMs exposées a une absence graduelle de glucose en quasi-anoxie
étaient capables de mettre en place un phénoméne d’adaptation métabolique, les hCSMs ont été
cultivées a 0, 1 et 5 g/L de glucose pendant 14 jours sans changement de milieu. Dans ces conditions, les
cellules étaient exposées a (i) une déplétion abrupte en glucose, entrainant une chute de la quantité
d’ATP intracellulaire entre 3 et 7 jours, ou (ii) une déplétion graduelle en glucose, engendrant une
disparition du glucose apres 7 jours de culture puis provoquant une chute de la quantité d’ATP
intracellulaire entre 7 et 14 jours (Deschepper et al., 2013). La survie cellulaire diminuait brutalement
apres, respectivement, 3 et 7 jours. En d’autres termes, il n’y avait pas d’adaptation métabolique des
hCSMs lorsqu’elles étaient exposées a une déplétion graduelle en glucose, mais plutét un décalage au
niveau de la cinétique de survie. Il est a noter que la cinétique de survie in vitro des hCSMs exposées a
une déplétion abrupte en glucose était trés similaire a celle observée en modeéle ectopique (article 2,

figure 5).

L'ensemble de ces résultats montre qu’une déplétion totale en glucose refléte in vitro les
changements métaboliques subis par les CSMs dans I’environnement ischémique post-implantation.
Ainsi, au sein de notre modele d’ischémie in vitro, nous avons fait le choix de dépléter totalement les

milieux de culture des hCSMs en glucose (articles 1 et 2).

2.3 Mimer I'accumulation des déchets métaboliques

En conditions ischémiques, les CSMs réorientent leur métabolisme énergétique exclusivement
vers la glycolyse, entrainant ainsi une libération de lactate (Salazar-Norato et al., soumis a Stem Cells,
2019). Or, dans cet environnement, les cellules ne disposent d’aucun systéme de recyclage ni
d’évacuation de leurs déchets métaboliques, engendrant ainsi I'accumulation locale du lactate (Tracey et

al.,, 2004) et, par voie de conséquence, une acidification locale (Rose et al., 1995). Dans le modeéle
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proposé, une accumulation progressive de lactate au sein des milieux extracellulaires de hCSMs est
observée dés 3 jours de culture en conditions quasi-anoxiques in vitro sans renouvellement des milieux
(Deschepper et al., 2013). A linverse, aucune accumulation de lactate n’a été observée dans ces

conditions lorsque les milieux de culture étaient régulierement renouvelés (data not shown).

La cinétique de production et d’accumulation du lactate aprés implantation des CSMs dépend
entre autre de (i) la densité cellulaire, (ii) la diffusion du lactate hors de I'implant, qui dépend de
I"architecture de celui-ci, et (iii) la composition chimique de I'implant (Aubert et al., 2005). Ces facteurs
n’étant pas universels, les concentrations de lactate (données non disponibles dans la littérature)
devraient étre mesurées in vivo a I'aide de biosenseurs afin de mimer au mieux ces conditions au sein

d’'un modele in vitro. Des études relatives a cet axe sont en cours au sein du laboratoire B30A.

En conclusion, l'absence de renouvellement des milieux de culture permet d’induire
I'accumulation des déchets métaboliques ayant lieu dans un environnement ischémique post-

implantation, sans toutefois mimer fidelement la cinétique d’accumulation du lactate in vivo.

2.4 Caractéristiques et limites du modele d’ischémie in vitro retenu

Notre modele d’ischémie in vitro a été défini par une pO, quasi-anoxique (0,1%) controlée et
continue, en maintenant les cellules au sein de chambres hermétiques hypoxiques. Nous avons démontré
que cette pO, induit in vitro les changements métaboliques subis par les CSMs au sein de
I’environnement ischémique post-implantation. L'absence de renouvellement des milieux de culture au
sein du modéle induit I'accumulation des déchets métaboliques, sans toutefois miner fidelement la

cinétique d’accumulation du lactate in vivo.

Plusieurs études in vivo sur les mammiferes ont rapporté la présence d’hypercapnie
(accumulation du CO,) au sein de nombreux organes tels que le cerveau, le cceur et le rein (Katz et al.,,
1999 ; Sanchez-Ramos et al., 2000). Treés peu d’études intégrent ce facteur au sein des modeles
ischémiques in vitro. Dans notre modéle, nous avons pris en compte I'accumulation du lactate en tant
que principal déchet métabolique cellulaire, mais n’avons pas suivi I'éventuelle hypercapnie. Afin
d’optimiser ce modéle, la mesure de la pCO, dans les milieux de culture extracellulaire devra étre

envisagée.

En plus de l'ischémie, les cellules implantées sont exposées a une réponse inflammatoire. Le
modele d’ischémie in vitro retenu exclut également cette réponse inflammatoire pouvant étre engendrée

par I’h6te suite a I'implantation ectopique. Afin de prendre en compte I'impact d’une éventuelle réaction
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inflammatoire sur les résultats des études, une co-culture des hCSMs avec des cellules de I'immunité,

telles que macrophages, neutrophiles ou cellules dendritiques, devra étre effectuée (Gong et al., 2016).

Bien que notre modele d’ischémie in vitro ne reflete pas I'ensemble des caractéristiques d’'un
environnement post-implantation, il s’avére prédictible pour la phase immédiate post-implantation, de
par la cinétique de survie des CSMs semblable a celle observée en modéle ectopique. Ce modele a donc

été utilisé pour I'ensemble des études in vitro menées dans ce projet de doctorat (articles 1 et 2).

3. La glycolyse : moteur essentiel dans le maintien de la survie des CSMs post-
implantation

Afin de fournir une quantité d’énergie suffisante pour leur fonctionnement, les CSMs exploitent
principalement deux voies cataboliques en conditions physioxiques: la glycolyse et le cycle de I'acide
citrique couplé a la chaine respiratoire (Shyh-Chang and Ng, 2017 ; Chen et al, 2008). Toutefois, ce

scénario est altéré lorsque les cellules sont confrontées a un environnement ischémique.

Tout d’abord, les CSMs exposées a une quasi-anoxie n’exploitent pas la chaine respiratoire. En
effet, les hCSMs maintenues in vitro a une pO, de 0,1% répriment I'expression au niveau ARNm des génes
impliqués dans cette voie catabolique (article 1, figure 3). De méme, les hCSMs dont I'activité de la chaine
respiratoire est inhibée par I'ajout de malonate ou d’antimycine-A, survivent de fagon identique aux

hCSMs contréles (article 1, figure 4).

Confrontées a I'environnement anoxique, les CSMs utilisent la glycolyse comme métabolisme
énergétique principal afin d’assurer le maintien de leur survie. Tout d’abord, les hCSMs maintenues in
vitro a une p0O, de 0,1% surexpriment au niveau ARNm les genes impliqués dans la glycolyse. De plus,
I'inhibition de cette voie par le 2-DeoxyGlucose (2DG, inhibiteur compétitif du glucose dans la production
du glucose-6-phosphate dés la 1¥® étape de la glycolyse) entraine une mortalité cellulaire supérieure a
80% dés le premier jour au sein du modele d’ischémie in vitro, alors que la totalité des hCSMs étaient
encore viables a cette période en absence de 2DG (article 1, figure 4). Cette observation est également
confirmée lorsque les hCSMs étaient ensemencées dans les hydrogels nutritifs puis exposées a une
anoxie in vitro ou implantées en modele ectopique en présence ou absence d’inhibiteurs de la glycolyse
(article 2, figure 2C). De plus, I'ajout de 2DG entrainait un arrét immédiat dans la production d’ATP

intracellulaire (article 1, figure 4).

Ainsi, la glycolyse représente la voie catabolique majeure empruntée par les CSMs post-

implantation pour maintenir la survie cellulaire.
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4. L’hydrogel nutritif : une stratégie d’intérét en ingénierie tissulaire

4.1 Améliorer la survie cellulaire en environnement ischémique

L’hydrogel nutritif, constitué d’amidon/AMG, permet d’améliorer la survie des hCSMs au sein du
modele ischémique in vitro ainsi que post-implantation. En effet, alors que les hCSMs ensemencées dans
les hydrogels dépourvus d’amidon/AMG meurent massivement en moins de 3 jours, les hCSMs
ensemencées dans les hydrogels contenant 'amidon/AMG montrent un taux de survie supérieur a 70%
aprés 7 et 14 jours en conditions quasi-anoxiques (article 2, figure 2 et 3). De plus, apres 14 jours en
modele ectopique, les hCSMs ensemencées dans les hydrogels d’amidon/AMG présentent un taux de
survie 3 fois supérieur a celui des hCSMs dans les hydrogels dépourvus d’amidon/AMG (article 2, figure

5).

La mort cellulaire massive post-implantation n’est pas un probléeme exclusif aux CSMs, mais
concerne un grand nombre de types cellulaires utilisés en ingénierie tissulaire, tels que les hépatocytes
(Vacanti et al., 1988), chondrocytes (Judas et al., 2007), cardiomyocytes (Reinecke and Murry, 2002 ;
Laflamme et al., 2007), ou encore myoblastes (Beilharz et al., 1996). Afin d’élargir I'intérét de I'application
de I'hydrogel nutritif d’amidon/AMG pour I'ingénierie tissulaire, la survie in vitro d’ADSCs ainsi que de
myoblastes, ensemencés a l'intérieur des hydrogels nutritifs et maintenus en conditions quasi-anoxiques,
a été étudiée. Les ADSCs et myoblastes présentent, respectivement, un taux de survie supérieur a 70% et
50% apres 14 jours au sein des hydrogels d’amidon/AMG maintenus en quasi-anoxie (article 2,
supplementary data). A l'inverse, dans les hydrogels dépourvus d’amidon/AMG, plus de 90% de ces
cellules meurent avant 7 jours en quasi-anoxie (article 2, supplementary data). Ces observations obtenues

in vitro restent encore a confirmer au sein d’'un modele ectopique puis orthotopique.

Dans le cas présent, I'hydrogel nutritif représente une stratégie d’intérét pour améliorer la survie
de cellules, dont le métabolisme énergétique post-implantation est étroitement dépendant du glucose et
de la glycolyse. On ne peut cependant pas exclure a ce stade que la survie ou la fonctionnalité de ces
cellules ne requierent pas la présence d’autres nutriments pour obtenir une survie et une fonctionnalité
optimale. De plus, d’autres types cellulaires peuvent avoir des besoins nutritifs différents (Mylotte et al.,
2008). Pour ces raisons, il nous semble indispensable de mieux caractériser, pour chaque type cellulaire
envisagé, les besoins nutritifs, a I'aide (i) d’études transcriptomiques de génes spécifiques impliqués dans
les différentes voies métaboliques et (ii) d’inhibiteurs spécifiques de voies métaboliques, afin de

développer des hydrogels spécifiques en fonction des besoins nutritifs des cellules utilisées.
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4.2 Améliorer le potentiel paracrin des CSMs en environnement ischémique
Faire survivre les CSMs en environnement ischémique est une condition nécessaire mais pas
suffisante pour optimiser la fonctionnalité cellulaire en ingénierie tissulaire. En effet, les CSMs doivent
non seulement étre capables de survivre mais également de participer activement au processus de
réparation du tissu et organe lésé, en contribuant notamment a la migration des cellules de I'ho6te
(potentiel chimiotactique) ainsi qu’a la formation de nouveaux vaisseaux sanguins (potentiel pro-

angiogene) post-implantation (Mishima et al., 2008 ; Boomsma et al., 2012).

4.2.1 Impact sur le sécrétome

La formation de nouveaux vaisseaux sanguins, permettant I'apport d’oxygéne et surtout de
glucose au niveau du site d'implantation, est un élément clé pour réduire I'ischémie locale et réparer le
tissu lésé (Carano and Filvaroff, 2003). En 14 jours, les hydrogels nutritifs d’amidon/AMG (ensemencés
avec des hCSMs) montrent une colonisation par les nouveaux vaisseaux sanguins, 3.3 et 2.9 fois
supérieure a celle évaluée autour des hydrogels chargés en glucose ou dépourvus en glucose,
respectivement (article 2, figure 6). La cinétique de formation de ces nouveaux vaisseaux sanguins a
d’ailleurs été évaluée a 122 um/jour autour des hydrogels d’amidon/AMG, soit 2.2 fois supérieure a la

cinétiqgue mesurée autour des deux autres groupes d’hydrogels (data not shown).

De plus, aprés avoir été maintenues pendant 14 jours dans les hydrogels d’amidon/AMG au sein
du modele d’ischémie in vitro, les hCSMs sécrétaient des facteurs de croissance pro-angiogénes (VEGF-A,
VEGF-C, VEGF-D, ANGPT-1, ANGPT-2, ANG et FGF-basic) et chimiotactiques (IL-8, MCP-1, MIF, ENA-78,
MIP-2, et IP-10) en quantités 3 a 24 fois supérieures par rapport aux hCSMs maintenues dans les
hydrogels chargés en glucose exogéne ou dépourvus en glucose (article 2, figure 4). Ces résultats
corroborent ceux obtenus dans I'étude de Paquet et al., démontrant qu’en présence de glucose au sein
d’un environnement quasi-anoxique in vitro, les hCSMs conservent leur potentiel de sécrétion de facteurs
de croissance pro-angiogenes et chimiotactiques ; au contraire, ces cellules n’étaient plus capables de

sécréter ces facteurs de croissance dans ces conditions en absence de glucose (Paquet et al., 2016).

L'hydrogel nutritif représente ainsi une stratégie d’intérét pour améliorer le potentiel paracrin
des CSMs post-implantation. A posteriori, cette stratégie pourrait étre étudiée avec d’autres types

cellulaires, utilisés notamment en ingénierie tissulaire pour leurs propriétés paracrines.
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4.2.2 Limites de I’étude

Le potentiel pro-angiogene du sécrétome des hCSMs maintenues dans les hydrogels nutritifs au
sein du modele d’ischémie pourrait étre davantage étudié in vitro. Pour cela, des cellules HUVECs seront
cultivées sur du Matrigel® (membrane basale efficace pour la différenciation des cellules épithéliales) en
présence des milieux conditionnés obtenus a partir des hCSMs maintenues au sein des hydrogels
d’amidon/AMG dans le modele d’ischémie in vitro aprés 7 et 14 jours. La longueur cumulée des pseudo-
tubes formés a partir des cellules HUVECs sera quantifiée aprés 24 heures de culture, puis comparée a
celle obtenue aprés culture des HUVECs en présence des milieux conditionnés obtenus a partir des
hCSMs maintenues dans les hydrogels dépourvus d’amidon/AMG, comme décrit dans I'étude de Ribot

(Ribot et al., 2017).

L'impact du glucose sur les propriétés d'immunomodulation des CSMs n’a pas été étudié. Pour
cela, les hCSMs seront cultivées in vitro avec des concentrations croissantes de glucose pendant 7 et 14
jours. Les concentrations de cytokines sécrétées par les hCSMs dans les milieux de culture, tels que le

TGF, HGF ou encore SDF-1, seront quantifiées (Ménard and Tarte, 2011 ; Wang et al, 2014).

Les études menées autour de la fonctionnalité des hCSMs se sont limitées a leurs fonctions
paracrines. Le potentiel de différenciation de ces cellules n’a pas été abordé. Pour approfondir cet axe, il
sera envisagé d’étudier la différenciation des hCSMs vers les voies ostéogénique (Jaiswal et al., 1997),
chondrogénique (Yoo et al., 1998 ; Murphy et al., 1998) et adipogénique (Fink and Zackar, 2012), ayant
été au préalable ensemencées dans les hydrogels nutritifs maintenus au sein du modeéle ischémique in
vitro a des temps définis, puis de comparer les résultats de différenciation avec des hCSMs ayant été

cultivées sur la méme durée en conditions standards.

5. Applications et optimisation de I’hydrogel nutritif

Bien que I’hydrogel nutritif d’amidon/AMG développé dans ce projet de doctorat permette
d’améliorer la survie et la fonctionnalité des CSMs jusqu’a 14 jours, a la fois dans le modele ischémique in
vitro et post-implantation, 'amidon utilisé dans ce dispositif innovant ne se résorbe pas intégralement a
la fin de I’étude. En effet, maintenus pendant 21 jours dans le modéle d’ischémie in vitro, les hydrogels
d’amidon/AMG présentaient macroscopiquement une résorption par rapport a leur taille initiale, mais
contenaient toujours une structure blanchatre réminiscente de I'amidon et de taille importante. De plus,
aprées 21 jours d'implantation en modele ectopique, la composante amidon de I’hydrogel était toujours
présente sur les coupes histologiques aprés coloration au lugol, pouvant empécher le processus de

réparation tissulaire (article 2, figure 5).
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5.1 Application vers des hydrogels semi ou non résorbables

L'absence de résorption totale de I’hydrogel nutritif lui confére un avantage dans la perspective
de réparation d’un tissu lésé sans remplacement, tels que le comblement de rides profondes, dans lequel
I’hydrogel pourrait étre ensemencé par des CSMs engagées vers un phénotype adipocytaire afin de
mimer une autogreffe graisseuse. Dans ce contexte de comblement de tissus mous, les produits utilisés
sont souvent (i) semi ou non résorbables, (ii) facilement injectables, (iii) non immunogénes et (vi)

biomécaniquement proches du tissu a combler (Solomon et al., 2012).

L’hydrogel nutritif étant constitué a plus de 95% d’eau, il présente une structure molle, malléable
et relativement élastique. D’un point de vue biomécanique, un biomatériau est généralement caractérisé
par ses propriétés principales : rigidité, dureté, ténacité et limite d’élasticité (Tillier, 2013). Ces propriétés
n’ont pas été évaluées sur I'hydrogel nutritif et devront étre quantifiées a I’avenir afin de les comparer a

celles des tissus a combler.

L'utilisation et les applications de I’hydrogel nutritif en tant qu’agent injectable semi-résorbable

mériteraient ainsi des recherches plus approfondies dans la perspective de comblement de tissus mous.

5.2 Application vers des hydrogels résorbables

Alternativement, dans le contexte d’'un comblement tissulaire avec remplacement, la vitesse de
résorption des hydrogels nutritifs doit étre optimisée afin que ceux-ci se dégradent progressivement

jusgu’a une résorption totale, au profit du tissu nouvellement formé.

Afin de répondre a ce défi technique, la suite du présent projet de doctorat sera de développer
une gamme d'hydrogels dont la vitesse de résorption sera modulable. Pour cela, trois axes principaux
seront étudiés : (i) le choix d’alternatives a I’'amidon de blé comme source de glucose, (ii) le maintien de

I’enzyme a l'intérieur de I’hydrogel et (iii) la préservation de I'activité enzymatique au sein de I’"hydrogel.
5.2.1 Choix du polymeére de glucose et alternatives

D’un point de vue chimique, et comme décrit dans le chapitre 3 (cf. 3.5), 'amidon est un mélange
de deux homopolymeres : (i) I'amylose, longue chaine linéaire de glucoses reliés entre eux par des liaisons
glycosidiques a(1-4) (Buléon et al., 1998) et (ii) I'amylopectine, chaines de glucoses ramifiées sur la chaine
linéaire via des liaisons glycosidiques a(1-6) (Perez et al., 1988). Le ratio amylose/amylopectine dépend
de l'origine végétale de I'amidon : amidon de blé (30/70) ; amidon de mais (25/75) ; amidon de pomme

de terre (20/80) ; amidon de riz (2/98) (Hood et al., 1982 ; Jane et al.,, 1992 ; Seguchi et al., 1994 ;

DISCUSSION 137



Hegenbart et al., 1996). La viscosité de I'amidon dépend directement de la proportion d’amylopectine par
rapport a 'amylose : plus le ratio amylose/amylopectine diminue, plus la viscosité de I'amidon augmente
et, par conséquent, le polymére de glucose devient de plus en plus difficile a homogénéiser (Hegenbart et
al., 1996). A concentration identique en amidon, une meilleure homogénéisation de I'amidon de blé dans
les hydrogels de fibrine était observée par rapport aux sources précédentes d’amidon (data not shown).
De plus, le glucose était libéré sur un temps plus long a travers les hydrogels d’amidon de blé/AMG par
rapport aux hydrogels d’amidon de mais/AMG, d’amidon de pomme de terre/AMG et d’amidon de
riz/AMG (data not shown), suggérant une production de glucose a plus long terme a l'intérieur des
hydrogels contenant I'amidon de blé. Pour ces raisons, le polymeére de glucose retenu dans I'ensemble de

ce projet a été I'amidon de blé.

L’AMG hydrolyse successivement les liaisons glycosidiques a(1-4) de I'amidon a partir des
extrémités non réductrices (Pazur et al., 1959), mais n’est pas, ou trés peu, capable d’hydrolyser les
liaisons glycosidiques a(1-6) (Batey, 1982). L’AMG, utilisée dans ce projet comme enzyme exclusive, n’est
donc pas capable d’hydrolyser la totalité de I’'amidon, ce qui explique I'absence de résorption totale du
polymére de glucose dans I’hydrogel nutritif. Ce taux de résorption pourrait d’ailleurs étre quantifié in
vitro par pesée du poids sec de I'hydrogel d’amidon/AMG a différents temps et en comparaison avec la

masse initiale de I’hydrogel.

L'utilisation d’un nouveau polymeére de glucose de type maltodextrine, c’est-a-dire d’un amidon
préalablement hydrolysé sur les liaisons glycosidiques a(1-6), est actuellement en cours d’étude. En effet,
la maltodextrine, polymére de glucose linéaire, devrait a terme étre entierement dégradée par I'’AMG.
Une collaboration scientifique avec la société agro-alimentaire ROQUETTE FRERES, pionnier dans le
domaine de la transformation de I'amidon et de ses dérivés, a été récemment contractualisée afin de

poursuivre le projet dans cette perspective.

5.2.2 Limiter la diffusion de ’AMG hors de I’'hydrogel

Au sein des hydrogels nutritifs, le maintien de ’AMG, nécessaire a la production du glucose, est
indispensable pour améliorer la survie cellulaire au sein des hydrogels dans les conditions ischémiques.
Or, 'AMG est une enzyme de petite taille (10 nm de diamétre) rapidement diffusible a travers une

matrice (Fogarty et al., 1983).

D’apres la théorie de Stockes-Einstein, le coefficient de diffusion d’un soluté est inversement
proportionnel a la viscosité de son solvant (Einstein, 1905 ; Sutherland, 1906). En d’autres termes, plus le

solvant est visqueux, plus la diffusion du soluté hors du solvant est ralentie. En appliquant cette théorie a
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I’hydrogel nutritif, la diffusion de ’AMG hors de I'hydrogel serait ralentie lorsque la viscosité (donc la
concentration) d’amidon augmente. D’aprés I'étude de Boisselier, plus de 80% de la quantité initiale
d’AMG était diffusée hors des hydrogels sans amidon aprés une heure, puis I'enzyme était totalement
diffusée aprés 6 heures (Boisselier, 2016). A travers les hydrogels d’amidon 2%, la diffusion de I'’AMG était
fortement ralentie. En effet, seulement 55% de la quantité initiale d’AMG était diffusée hors de ces
hydrogels apres 6 heures ; cette diffusion semblait étre stabilisée apres cette période (Boisselier, 2016).
Ainsi, de par son effet viscogéne, I'amidon permettrait de ralentir la diffusion de 'AMG hors des

hydrogels nutritifs.

Afin de maintenir 'AMG plus longuement dans I'hydrogel nutritif, I'utilisation de systemes
innovants pour la délivrance de I'enzyme devra étre étudiée. Par exemple, Mickova et al. ont démontré
gue I'encapsulation de facteurs de croissance (TGF(, IGF1 et BFGF) au sein de lyposomes intégrés a une
matrice de nanofibres de polyalcool de vinyle / polycaprolactone permettait de ralentir leur diffusion de
10 jours par rapport a ces mémes facteurs de croissance non encapsulés (Mickova et al., 2012). Un autre
systeme de délivrance enzymatique pouvant également étre utilisé dans I'objectif de limiter la diffusion

de I’AMG hors de I’hydrogel nutritif sera explicité au prochain paragraphe.

5.2.3 Préserver I’activité enzymatique dans I’hydrogel

L’AMG doit rester active au cours du temps pour produire en continu le glucose dans I’hydrogel.
Toutefois, d’aprés les études de Boisselier, le temps de demi-vie de I’AMG maintenue in vitro a 37°C dans
une solution tampon (Hepes) est de 7 jours (Boisselier, 2016). Aprés 14 jours dans ces conditions,
I'activité résiduelle de I’AMG n’était plus que de 25% (Boisselier, 2016). L’activité de 'AMG décroit donc
au cours du temps dans les hydrogels nutritifs. L'observation d’une diminution de 26% de la quantité de
glucose dans I'hydrogel d’amidon/AMG non cellularisé entre le 7°™ et le 14°™ jour d’implantation
pourrait également aller dans ce sens (article 2, figure 1). Une limite de notre étude est I'absence de la
mesure de l'activité de '’AMG au sein de I’hydrogel cellularisé aprés implantation. Cette mesure nous
parait indispensable pour pouvoir conclure quant a la nécessité de mettre en ceuvre des méthodes de

délivrance et de protection de I’activité AMG plus sophistiquées.

Si I'activité de I'’AMG s’avérait insuffisante pour assurer une production de glucose permettant la
survie des CSMs ainsi que l'expression de leurs fonctions paracrines sur un temps suffisant,
I’encapsulation de 'AMG dans des nanoparticules permettrait de protéger I'enzyme, limitant ainsi la
perte de son activité au cours du temps. Ainsi, dans la suite de ce projet, I’AMG sera encapsulée dans des
nanoparticules composées de poly(lactique-co-glycolique) (PLGA), polymere biodégradable,

biocompatible et approuvé par la Food and Drug Administration (FDA) (Danhier et al., 2012). Ces
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nanoparticules contenant I’AMG pourraient étre synthétisées via la technique de double émulsion par le

laboratoire ERMECE (Université Cergy-Pontoise) (Solbrig and Saltzman, 2006 ; Boisselier, 2016).

Des traitements chimiques ou physiques pourraient également permettre a 'AMG d’étre plus
résistante face aux facteurs extérieurs. Une étude menée par Tyagi et Gupta a par exemple montré que le
traitement de ’AMG avec I'acide polyamique (1 mg/mL) permettait de prolonger son activité par rapport
a une AMG non traitée, lorsque celle-ci est confrontée a des températures comprises entre 37°C et 120°C

(Tyagi and Gupta, 1993).

5.3Injectabilité

Le produit de comblement doit étre facilement injectable, c’est-a-dire qu’il doit présenter une
force de poussée inférieure a 25 N a travers une seringue de petit diametre (supérieur a 20 G) (Affolter et
al., 2013). Cette propriété permet de limiter la douleur liée a I'injection chez les patients. La viscosité
importante de la fibrine rend I'hydrogel nutritif difficilement injectable a travers une seringue de petit
diametre ; la force de poussée de I'hydrogel s’éleve a 33 N a travers une seringue 22 G (Boisselier et al.,
2016). Afin de pallier cette difficulté, Boisselier a proposé d’utiliser une seringue double corps dont le
premier compartiment contenait amidon et thrombine et le second fibrinogene et AMG. Dans ces
conditions, la force de poussée était inférieure a 3 N a travers une seringue 22 G et I’hydrogel nutritif

s’avérait facilement injectable (Boisselier, 2016).

5.4 Biocompatibilité de I’hydrogel nutritif

Les études in vivo autour de I’hydrogel nutritif ayant été effectuées sur le modele de souris
immunodéprimée, I'aspect immunogéne du dispositif (constitué entre autre d’amidon, de fibrine, d’AMG
et d’aprotinine), n’a pas été évalué au cours de ce projet. Cette propriété importante devra étre étudiée a

I’avenir (Mendes et al., 2001 ; Torres et al., 2011).

L'amidon, constituant majoritaire de I’hydrogel nutritif, ne devrait théoriquement pas entrainer
de réaction inflammatoire. Ce polymere de glucose d’origine végétale a déja fait la preuve de
biocompatibilité in vitro et post-implantation. En effet, le taux de viabilité, le temps de doublement ainsi
que la morphologie de CSMs cultivées pendant 7 jours en présence d’amidon (0.8 g) étaient semblables a
ceux des CSMs cultivées en conditions standards (Meskinfam et al., 2011). Aucun signe macroscopique
d’infection ni d’inflammation n’a été observé autour de particules d’amidon implantées en ectopique
chez le rat (non immunodéprimé) pendant 8 jours. De plus, aucun macrophage n’a été détecté autour des

particules d’amidon sur les coupes histologiques (Beilvert et al., 2013).
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La fibrine, responsable du réseau tridimensionnel de I’hydrogel, favorise I'adhérence et la
prolifération in vitro de nombreux types cellulaires (Zhao et al., 2008 ; Janmey et al., 2009), dont les CSMs
(Bensaid et al.,, 2003). De plus, la preuve de biocompatibilité de la fibrine a été démontrée post-
implantation, notamment en modele ectopique chez le chien (Terasaka et al., 2005), ainsi qu’en en
modele orthotopique chez le rat (US005631011A, 1997). La fibrine est d’ailleurs utilisée en clinique

comme colle chirurgicale (par exemple Tissucol®, Quixil® ou Biocol® ; Nizamaldi and Samson, 2012).

D’apres des études in vitro menées au laboratoire B30OA, la concentration d’aprotinine (500
U/mL) utilisée dans I’'hydrogel nutritif n’affecte pas la viabilité in vitro des CSMs (data not shown). Aucune
étude ne porte sur I'impact de cette enzyme sur la viabilité des CSMs. De plus, nous n’avons également, a
I’heure actuelle, aucune donnée concernant la biocompatibilité de I’AMG sur les CSMs ni sur d’autres
types cellulaires. Une évaluation de I'impact de la concentration d’AMG sur la viabilité cellulaire devra

étre réalisée.
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Ce projet de doctorat avait pour objectifs (i) de mieux comprendre le métabolisme énergétique
emprunté par le glucose au sein des CSMs aprés implantation, puis (ii) de développer et évaluer une
stratégie basée sur 'apport continu de glucose pour améliorer la survie et la fonctionnalité des CSMs

post-implantation. Afin de répondre a ce probléeme, deux études ont été menées.

La premiére étude visait a comprendre davantage le métabolisme énergétique emprunté par le
glucose au sein des CSMs aprés implantation.
Au sein de cet environnement, les CSMs produisent leur énergie sous forme d’ATP exclusivement via la
glycolyse a partir d’un unique substrat, le glucose. Or, le glucose manque dans cet environnement
ischémique et les CSMs possedent des réserves glycolytiques tres limitées qu’elles vident en 24 heures,
puis consomment la totalité de leurs réserves d’ATP en 3 jours, entrainant une mort cellulaire massive et

rapide. Par ailleurs, nous avons également démontré que les conditions quasi-anoxiques (0.1% pO,)

associées a I'absence de glucose reflétent au mieux in vitro le microenvironnement d’implantation in vivo.

Basée sur ces résultats ainsi que sur d’autres études préalables du laboratoire renforcant le role
clé du glucose dans la stratégie de maintien de la survie des CSMs aprés-implantation, la seconde étude
consistait a développer puis a évaluer une stratégie basée sur I'apport continu de glucose pour
améliorer la survie et la fonctionnalité des CSMs post-implantation.

Nous avons, pour la premiere fois, apporté la preuve de concept qu’un hydrogel nutritif, composé d’un
systéeme de polymeére de glucose (amidon) et d’une enzyme (amyloglucosidase), permet d’améliorer la
survie de CSMs pendant 14 jours, a la fois au sein d’'un modele ischémique in vitro et post-implantation
dans un modele ectopique. De plus, ce dispositif innovant permet d’améliorer les fonctions paracrines

des CSMs, augmentant notamment la néovascularisation jusqu’a 21 jours apres implantation.

En augmentant la survie ainsi que la fonctionnalité des CSMs aprées implantation grace a un
apport continu en glucose, I’hydrogel nutritif composé d’amidon et d’AMG apparait comme une stratégie
d’intérét pour améliorer les résultats thérapeutiques des produits a base de CSMs, et plus généralement

de cellules souches, utilisés en ingénierie tissulaire.
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Resume

Objectif : Des matrices osseuses allogéniques déminéralisées sont utilisés pour restaurer des défauts osseux mais
leur potentiel ostéoformateur est variable. Une nouvelle formulation d'une matrice osseuse partiellement
déminéralisée (MOPD) BioBank® issue d'os spongieux humain viro-inactivé a été mise au point. Elle est sous
forme injectable permettant une mise en place du matériau facile et I'obtention d'un contact intime entre
I'implant et les berges du défaut. L'objectif de cette étude était d'évaluer le potentiel ostéoconducteur de la
MOPD dans la réparation de défauts osseux de calvaria de rat et son efficacité par rapport a la taille du défaut.
Matériel et méthodes : Pour cette étude 24 rats males WISTAR dgés de 12 semaines et répartis en 4 groupes de 6
animaux ont été utilisés. Des défauts osseux circulaires de 8-, 6- et 4 mm de diamétre ont &té réalisés sur la
calvaria. Les défauts de 8 mm sont soit laissés vides (groupe i) soit comblés avec la MOPD (groupe ii). Les défauts
de 6- et 4 mm réalisés sur le méme rat sont soit laissés vides (groupe iii) soit comblés avec la MOPD) (groupe vi).
La réparation des défauts a été suivie par micro-CT in vivo. Des acquisitions ont été effectuées a )0, |15, )30, |45
et |60. Aprés la mise & mort des animaux, les explants ont été fixés et traités en histologie non décalcifiée, puis
des analyses histologiques et histomorphométriques ont été effectuges,

Résultats : L'analyse micro-CT a montré une augmentation de la radio-opacité de |0 & )60 dans les défauts de 4-
et 6 mm non comblés ainsi que dans les défauts de de 4-, 6-, et 8 mm de diamétre comblés avec la MOPD. Dans
les défauts de 8- et de 6 mm de diamétre comblés avec la MOPD, le volume de radio-opacité & |30 et |60 était
significativement supérieur (P<0,05) & celui observé dans les défauts laissés vides. Dans les défauts comblés, I'os
néoformé était présent autour et entre les particules de MOPD. De plus, dans les défauts de 8- et 6 mm comblés,
la néoformation osseuse était respectivement 16 fois (p=<0,001) et 1,57 fois (P*0.05) supérieure & celle des
défauts laissés vides. Dans les défauts de 4 mm, la néoformation osseuse était quantitativement équivalente
entre les défauts comblés avec la MOPD ou laissés vides.

Conclusion : La MOPD testée présente un potentiel ostéoconducteur intéressant pour des défauts de diamétre
supérieur ou égale & 6mm.

Mots clés

* régénération osseuse; défaut osseux de calvaria de rat, matrice osseuse déminéralisée
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Des matrices osseuses allogéniques déminéralisées sont utilisés pour restaurer des défauts osseux mais leur potentiel ostéoformateur est
variable. Une nouvelle formulation d'une matrice osseuse partiellement déminéralisée (MOPD) BioBank® issue d'os spongieux humain viro-inactivé a été mise
au point. Elle est sous forme injectable permettant une mise en place du maténau facile et I'obtention d'un contact intime entre I'mplant et les berges du
défaut

Evaluer le potentiel ostéoconducteur de la MOPD dans la réparation de défauts osseux de calvaria de rat et son efficacité par rapport a la taille du

defaut
Schéma de I'étude \
Méthodes: . Acclimatation: 15
+ MOPD melangée avec de l'eau désionisée selon les
instructions de BioBank® ISO
« 24 rats Wistar, méales, agés de 12 semaines

« Défauts craniens bicorticaux de taille critique (8 mm de

diamétre) laissés vides (n=6) ou comblés avec la MOPD Mise & mort des Rats e

Arrivée

(n=6). des rats
* Défauts craniens bicorticaux de taille subcritique (6 et 4
mm de diamétre) laissés vides (n=6) ou comblés avec la + Histolagie non
MOPD (n:6) Défauts cranien décalcifiée
R ) . . . rtéri T «  histomorphemétri
» Ftude radiologique (micro scan) et histologique B0 ! e
WCT: micro scan
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MICRO-COMPUTED TOMOGRAPHY
(Skyscan 1176™ Brucker, Aartselaar, Belgium)
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Résultats

Suivi in vivo par micro-CT de la cicatrisation osseuse entre J0 et J60 \ m)bservations histologiques: néoformation osseuse dans les défauts\
de calvaria a J60.

Défauts vides Dofauts combdés avec ia MOPD
2 - .

Représentations

schématiques des défauts et
images d'acquisition du
scanner a JO, J30 et J60 des
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diamétre laissés vides (A et C) Ty [?y - ,‘W
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B,C,D: augmentation
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une néoformation osseuse (p< (A) Défaut de 8mm vide: formation osseuse (*) essentiellement observée sur les bords du défaut.

“; Néotormation asseuse —
P MOPD

0,05). (C,E) Défauts de 6 et 4mm vides: formation osseuse au niveau des bords du défaut et a distance
de ceux-ci.
(B, D, F) Défauts de 8, 6 et 4mm comblés avec la MOPD: formation osseuse (*) observée entre
30 T et autour des particules de MOPD (p).
30 * 30
.
: : .

25 A 25 i 25 . o N
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de MO [ e 1 _wom ]
- Défauts de 8 et 6mm: formation osseuse significativement plus importante dans les défauts
Défaut de 8 mm Défaut de 6 mm Défaut de 4 mm

comblés avec la MOPD comparée aux défauts vides (p<0.05).

* : différence significative=P < 0,05 § : différence ron significative = P > 0,05 Défauts de 4mm: néoformation quar ent équi ite entre les défauts
955 ¢ 2 g \_ comblés avec la MOPD ou laissés vides. /
Analyse quantitative 3D de la radio opacité dans les défauts osseux
Augmentation significative (P < 0,05) de la radio-opacité dans tous les défauts pour chaque
groupe entre JO et J60 a l'exception du groupe défauts de 8 mm laissés vides (p< 0,05). la MOPD testée montre un potentiel ostéoconducteur et présente

Dans les défauts de 8 et 6mm on note une augmentation significative de cette radio opacité en un intérét pour la réparation des défauts de diamétre supérieur ou égale a 6mm.
weur des groupes comblés avec la MOPD.
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ABSTRACT

Bone marrow mesenchymal stromal cells (BMMSCs) have been considered as a potential
therapeutic tool for cell therapy in diabetes-associated secondary complications. T2DM changes the bone
marrow environment but its effects on BMMSCs characteristics remain unclear. The present study aimed
at investigating select functions and differentiation of BMMSCs harvested from a T2DM
microenvironment as potential candidates for regenerative medicine applications. BMMSCs were
harvested from Zucker Diabetic Fatty rats (ZDF ; an obese T2DM model) and its littermate Zucker LEAN (ZL
; control). The BMMSCs derived from ZDF animals were fewer, with limited clonogenicity (by 2-fold;
p<0.05), proliferation (by 50%; p<0.001) and migration capability (by 25% ; p<0.05) and increased
apoptosis rate (by 2.5-fold ; p<0.001), than their ZL counterparts. Moreover, in response to adipogenic
mediators in the culture medium, the ZDF-BMMSCs exhibited enhanced adipogenic differentiation (by 2-
fold ; p<0.05 ) possibly due to having been primed to undergo such differentiation in vivo, prior to cell
isolation ; in contrast, their potential to differentiate into the osteoblast phenotype remained unchanged.
The BMMSCs derived from ZDF animals expressed differentially angiogenic genes, specifically 10 genes
were upregulated and 11 genes were downregulated. Under the experimental conditions used in the
present study these cells did not undergo endothelial differentiation in vitro and exhibited impaired

vascular formation in vivo.
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INTRODUCTION

Type 2 Diabetes mellitus (T2DM) has reached epidemic proportions worldwide. This disease is
caused by a combination of genetic and non-genetic factors that result in insulin resistance, insulin
deficiency and hyperglycaemia and lead to complications in several organs. In addition to macro and
micro vascular complications (cardiovascular diseases, retinopathy, neuropathy, and nephropathy), as
well as prolonged/incomplete wound healing, (Sidaway 2015), T2DM is associated with increased risk of
osteopenia, osteoporosis, bone fragility (Schwartz 2015) and impaired bone healing (Retzepi, Lewis et al.
2010). These disorders involve several, mechanisms, such as increased content of advanced glycation
end-products, modified bone turnover, changes on the cell content the of bone marrow (Piccinin and
Khan 2014), and affects differentiation of osteogenic cells. Specifically, in the bone marrow, T2DM
induces vascular endothelial cell dysfunction (Spinetti, Cordella et al. 2013), increases adiposity (Paccou,
Hardouin et al. 2015), and reduces osteoblastogenesis. Since BMMSCs can differentiate into osteoblasts,

it is possible that the T2DM-associated bone disorders involve altered BMMSCs functions.

BMMSCs are a unique type of adult stem cells. These cells are believed to give rise to endothelial
cells and mesenchymal progenitor cells such as adipocytes and osteoblasts. BMMSCs home to sites of
injuries and contribute to tissue repair (Dong, Chen et al. 2008, Wagner, Kean et al. 2009). In addition,
BMMSCs have exhibited high proliferation, differentiate into various cells types, including fibroblasts,
osteoblasts, chondrocytes, adipocytes, and vascular endothelial cells (Pittenger, Mackay et al. 1999,
Tremain, Korkko et al. 2001, Jiang, Jahagirdar et al. 2002), and exert paracrine effects by releasing
growth factors and cytokines. BMMSCs play a key role in osteogenesis and angiogenesis. The phenotype
of these cells is strongly determined by their “milieu”, for example, the TIDM specific environment of
high glucose, inflammation, and hypoxia conditions, and Reactive Oxygen Species (ROS) production has
deleterious effects on the functionality of BMMSCs (Hung, Pochampally et al. 2007) (Stolzing, Sellers et
al. 2010) (Hamann, Goettsch et al. 2011) (Silva, Sampaio et al. 2015) . In the case of the obese T2DM,
however, the data on BMMSCs phenotypic and functional properties are conflicting and less complete
(Madhira, Challa et al. 2012). Moreover, due to their multipotency and ability to secrete angiogenic
factors, cytokines, and immunomodulatory substances, BMMSCs are an attractive cell source for tissue
engineering applications and regenerative medicine application (Zorina, Subbotin et al. 2003, Aali,
Mirzamohammadi et al. 2014, Davey, Patil et al. 2014, Napoli, Strollo et al. 2014). Use of BMMSCs to treat
T2DM secondary complications is of particular interest but the alterations of functions of BMMSCs in
systemic pathologies could hinder the use of these cells (Davey, Patil et al. 2014). The T2DM milieu is an
important consideration in preparing BMMSCs from diabetic donors and predicting their function after

implantation but relatively little is known about the consequences of T2DM on BMMSCs characteristics.
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The present study focused on select functions and on differentiation potential of BMMSCs
harvested from a T2DM microenvironment and regarded as candidates for regenerative medicine
applications. For this purpose, BMMSCs from Zucker Diabetic Fatty (ZDF) (Leprfa/fa) rat (an obese T2DM-
well documented model) and from (their age-matched littermate the Zucker Lean control (ZL)

(Leprfa/+/Lepr+/+) rats were used (Etgen and Oldham 2000).

MATERIALS AND METHODS

Animal model

Adult, 8-week-old male, Swiss nude mice, and adult 12 to 13-week-old male, obese Zucker fa/fa
rats (ZDF) and their lean fa/+ litter-mates (ZL) were purchased from Charles River (L’Arbresle, France). The
animals were housed, operated, and euthanized using procedures in accordance with the European
Community Standards on the Care and Use of Laboratory Animals. The experimental procedures were
approved by the Ethics Committee of the Paris-Diderot University.

Diabetic condition in rats was determined on the day of sacrifice. Venous blood was collected and the
glycemic state was evaluated using glucometer technique (Roche Diagnostics, France). Glucose
concentrations in the collected plasma and fructosamine were determined using commercially available

kits from Roche Diagnostics (Roche Diagnostics, France) and following the manufacturer’s instructions.

Isolation of rat bone marrow derived mesenchymal stem cells (BMMSCs)

Isolation and characterization of BMMSCs obtained from obese Zucker Diabetic Fatty (ZDF) rats
and from Zucker Lean litter-mates (ZL), used as controls in the present study, were performed as
described previously (Frescaline, Bouderlique et al. 2012). The femurs and tibias from each rat were
cleaned of connective tissues and their respective epiphyses removed to allow insertion of a 23-gauge
needle connected to syringe containing serum-free aMEM. Mononuclear cells in the harvested marrow
were then homogenized in complete medium composed of alpha-Modified Eagle's Medium (aMEM)
(Invitrogen, Cergy Pontoise, France) supplemented with 10% (v/v) fetal calf serum and 1% (v/v)
antibiotic/antimycotic (ATB/ATM) solution (PAA Laboratories GmbH, Pasching, Austria). The isolated cells
from ZL and ZDF rats were seeded separately at the density of 5 x 10> cells/cm? on tissue culture
polystyrene flask and cultured at 37°C in a humidified 5% CO, / 95% air environment. After 2 days of
culture, the supernatant media (containing non-adherent cells) was discarded. Fibroblastic colonies (CFU-

F) appeared at day 5 of culture and were all pooled at day 12 (cell passage 1). For amplification of the ZL
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and ZDF BMMSCs populations, the cells at a subconfluent stage (after 3 days of culture) were trypsinized
,using a trypsin 0.005%, EDTA solution, and were seeded at 10 x 10* cells/cm?2 The supernatant media
were changed twice a week. BMMSCs (passage 2-3) were used for all the experiments in the present
study. BMMSCs were assessed for stromal origin by fluorescence-activated cell sorting (using the CD29
(clone Hmb1-1, eBioscience), the CD45 (clone OX1, eBioscience) and the CD90 marker (clone HIS51, Life

Technology) and differentiation into the osteogenic and adipogenic lineages.

Fibroblastic Colony-Forming Unit (CFU-F) Assay

Harvesting from the bone marrow, mononuclear cells were seeded at 5 x 10> cells/cm? in
individual wells of 6-well tissue culture plates. The supernatant culture medium (containing non-adherent
cells) was discarded and the adherent cells were cultured for fourteen days. At that time, these cells were
rinced with PBS and stained in situ using the May-Griinwald Giemsa protocol. The stained cells in each
well were photographed using a Nikon Eclipse TE 2000U inverted microscope. Each colony

considered was measuring more than two mm (which contain more than fifty adherent
fibroblastoid cells); smaller clusters of cells were excluded from further analysis. The shape of each colony
was visualized, and the respective surface area automatically marked, using the NIS-Elements BR 2.30
computer image analysis system (Nikon Instruments Inc., Melville, NY). For each condition tested, the
colony forming efficiency (CFE) was calculated as the total number of CFU-F per well reported to 10° cells

seeded.

Cell Proliferation

ZDF- and ZL-BMMSCs in aMEM containing 10% FBS were each seeded at the density of 3 x 10°
cells/cm? in individual wells of 12-well culture plates. Following cell adhesion, BMMSCs proliferation was
determined every day for up to 7 consecutive days by counting cells present in each well using a Malassez

chamber.

In addition, DNA of cells was marked by Hoescht - Propidium lodide (Sigma-Aldrich), and viable

cells were counted everyday using flow cytometry analysis (Attune, Life technology) (data not shown).
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Apoptosis
BMMSCs derived from ZL and ZDF rats were exposed in serum-free medium for 48 hours. The
percentage of apoptotic cells (defined as double positive to annexine-Pl staining) was dertermined using

flow cytometry analysis for 3 independent wells per condition and in 2 independent experiments.

Cell Migration

Cell migration was determined using commercially-available 24-well Boyden chambers whose
two compartments were separated with porous polycarbonate membranes with 8-um-diameter pores
(Corning Costar, Cambridge, MA, USA). Briefly, ZDF and ZL cells (75 x 10® cells/ 100 pl) in MEM without
FCS (migration medium) were loaded in the upper chamber of the transwells. The bottom chamber of the
Boyden system contained 0.6 mL of migration medium with 10% FCS. The cell migration experiments
were conducted in a humidified, 37°C, 5% CO,/95% air environment overnight. The cells that had
traversed, but still adhered on the other side of the membrane were fixed in 4% paraformaldehyde then
stained in situ using the May Grunwald-Giemsa stain. At that time each membrane was excised, mounted
on glass slide-, visualized using light microscopy, and photographed. The cells present on four randomly-
chosen, separate areas per membrane were counted in situ. The numbers of migrated cells were

considered evidence for the extent of cell migration under the different conditions tested.

Cell adhesion

BMMSCs from ZDF and ZL rats were each seeded at 8,5.103cells/cm? in individual wells of 12-well
culture plates (TPP, Switzerland) in aMEM containing 10% FBS. After 15, 30, 45, 60, 90, 120, 180 and 240
minutes, supernatant media was removed. Adherent cells were fixed with methanol-PBS (1/1) solution
(Prolabo) and stained with Giemsa solution (Sigma-Aldrich). 6 random surface areas per wells were
photographed under microscope (Keyence VHX100, Japan). Adherent cells were counted using the data

processing software Image J (National Institute of Health, US).

Reactive Oxygen Species (ROS) release

BMMSCs from ZDF and ZL rats were each seeded at 1 x 103 cells/cm? in individual wells of 96-well
culture plates (TPP, Switzerland) in aMEM containing 10% FBS. After 12 hours, cells were rinsed and
incubated for 1 hour with 100uL of 2’7’ diacetate dichlorofluoresceine 5um (DCFH-DA, Thermo Fischer
Scientific). Oxidative stress was induced by adding 50uL of tert-butyl peroxide 400uM (Luperox®, Sigma —
Aldrich) in each well. Absorbance (A = 485nm) was followed every 5 minutes into 40 minutes using
spectrophotometer (TECAN Infinite® 200 PRO Series, LVTS INSERM - UMR 1148, Hopital Bichat, France).

Absorbance is directly correlated with ROS release from ZDF and ZL-BMMSCs.
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Osteogenic differentiation

BMMSCs in complete medium (CM : aMEM with 10% FBS and 1% of atb/atm) were seeded at
10x10° cells/cm? in individual wells of 12-well cell culture plates and cultured under standard cell culture
conditions until they reached 80% confluency. At that time, the supernatant media were replaced by
either complete medium (CM) or osteogenic-induction medium from Lonza (Lonza France, Levallois). The
supernatant media were changed every 2 days of culture. Osteogenic differentiation was determined by
monitoring expression of select osteogenic markers, specifically, Runx2, Colll and Osterix, using
guantitative Polymerase Chain Reaction and by the presence of calcium-containing mineral deposits in

the extracellular matrix of the cultured BMMSCs, using Alizarin Red staining and ALP activity.

Adipogenic differenciation

BMMSCs from each group of animals tested in the present study were seeded at 10x10° cells/cm?
in individual wells of 12-well cell culture plates and cultured under standard cell culture conditions in
complete medium (CM) until they reached 90% confluency. The supernatant media of these cultures
were replaced by either complete medium or adipogenic-induction-medium, i.e., aMEM supplemented
with 10% FBS (v/v), 100 ng/mL biotin, 250 nM dexamethasone, 0.5 mM isobutyl methylxanthine, 60 uM
indomethacin, and 10 pg/mL insulin (all chemicals were from Sigma-Aldrich). These supernatant media
were replaced every 2 days of cell culture. Adipogenic differentiation was determined by monitoring
expression of select adipogenic markers, specifically, Pparg, AdipoQ and fabp4, using quantitative

Polymerase Chain Reaction and by formation of intracellular lipid droplets, detected using Oil Red-O

staining.

Angiogenic differenciation

BMMSCs were seeded at 10 x10° cells/cm? in individual wells of 12-well cell culture plates and
cultured under standard cell culture conditions for 24 hours. At that time, the supernatant media were
replaced by either complete medium or angiogenic-induction medium composed of aMEM, 2% FBS (v/v)
and VEGF (50 ng/ml) (all chemicals were from Sigma-Aldrich). The BMMSCs were cultured under those
conditions for 14 consecutive days. The supernatants media were changed every 2 days of culture.
Angiogenic differentiation was determined by monitoring expression of select angiogenic markers,
specifically Vegf, Fgf2, Hifl and Hif2, and using quantitative Polymerase Chain Reaction and by the

formation of tubular structures upon culturing on Matrigel for 24 hours.
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RNA extraction, reverse transcription, and quantitative polymerase chain reaction (QRT-PCR)

Expression of select osteogenic and adipogenic markers by BMMSCs cultured in either
adipogenic, osteogenic or angiogenic medium, were determined using total RNA which was extracted
from BMMSCs treated with Trizol reagent (Life Technologies) according to the manufacturer’s protocol.
The RNA integrity and purity/concentration were checked using spectrophotometry (Nanodrop 1000,
Labtech, Palaiseau, France). Random-primed cDNA was synthesized from 1 pg of total RNA using the
SuperScript™ Il RT Kit (Invitrogen). Equal volumes of cDNA were used to program amplifications through
real-time polymerase chain reactions (RT-PCR). gRT-PCR was performed using an iCycler thermocycling
apparatus (MyiQ™ Single-Color Real-Time PCR; Bio-Rad Laboratories, Marnes-la-Coquette, France) in the
presence of TagMan Universal PCR Master Mix (Applied Biosystems) and the following specific primers :
for osteogenic differenciation: Runt-related transcription factor 2 (Runx2), Collagen 1 (coll1l) and Osterix.
For adipogenic differenciation: Peroxisome proliferator-activated receptor gamma (Pparg), Adiponectin
(AdipoQ) and fatty acid binding protein 4 (Fabp4). For Angiogenic differenciation: Vascular endothelial
growth factor (Vegf), Basic fibroblast growth factor (Fgf2) and Hypoxia-inducible factors 1 and 2 (Hif1 and
2). The housekeeping gene 18S (kits TagMan®, Applied Biosystems Inc., Courtaboeuf, France) was used. A
more complete analysis of angiogenic factors involved was determined with a multiplex containing 84
angiogenic related genes (the rat angiogenesis RT? Profiler PCR Array; Qiagen). After activation of DNA
polymerase at 95 °C for 10 min, cDNA was amplified by performing 40 two-step PCR cycles: a 15 second
denaturation step at 95 °C, followed by a 60 second annealing and an extension step at 60°C. Each sample
was run in triplicate. Data were analyzed using MyiQ™ Software (Bio-Rad Laboratories, Marnes-la-
Coquette, France). Quantitation of gene expression was performed using the comparative threshold cycle

method (AACt).

Matrigel plug assay

BMMSCs from either ZL or ZDF rats (10° cells in 500 pl of ice-cold matrigel) subcutaneously into
the flank of 8-week-old Swiss nude mice. After 14 days, the mice were euthanized with dolethal
(vétoquinol) and each matrigel implant was excised, placed in 500 ul RIPA buffer, and was processed
using a Retsch MM 300 tissue lyser at 30 pulses/min for 2 min. The hemoglobin content in each excised
implant was determined using a commercially available assay (Hemoglobin Colorimetric Assay Kkit;

Cayman).
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Statistical analyses

Each experiment of the present study was performed in triplicates and repeated at three
separate times. Numerical data are reported as mean + standard error of the mean (SEM). For time-
dependent experiments, ANOVA tests (analysis of variance) for unpaired two-tailed samples were used
for statistical analysis of the experimental data and were compared to the respective controls. For time-
independent experiments, Student’s t-tests for unpaired two-tailed samples were used for statistical
analysis of the experimental data and were compared to the respective controls. P values less than 0.05

were considered statistically significant.

RESULTS

Characteristics of diabetic rats

The body weight of the 14 week-old ZDF rats used in the present study was significantly (p<0.001)
higher than that of ZL animals at the same time points (13 weeks). Compared to the ZL, the ZDF rats had
significantly (p<0.05) increased mean serum glucose and fructosamine levels (2 and 1.5-fold,

respectively).

T2DM affects the number, clonogenicity, proliferation and apoptosis of BMMSCs

Formation of CFU-Fs was significantly (p< 0.05) lower (by 2-fold) in BMMSCs harvested from
diabetic than from non-diabetic rats (Figure 1A). Moreover, the average colony size formed by diabetic
BMMSCs was lower (by 20%) compared to that of the cells from non-diabetic animals (Figure 1.A). The
number of mononuclear cells in the bone marrow of diabetic (ZDF) animals was lower than in control (by
30%; p<0.05) (Figure 1B). No difference between the ZL and ZDF BMMSCs membrane phenotype is
observed with the 3 surface markers tested (CD29+, CD90+ and CD45) (p > 0.05) (data not shown).
Finally, after 7 days of culture under standard conditions the proliferation of BMMSCs from ZDF rats was

significantly (p<0.001) less than that of the BMMSCs from the ZL animals (Figure 1C).

T2DM affects BMMSCs apoptosis, migration, adhesion and ROS production
BMMSCs apoptosis were assessed using flow cytometry and cells which had been cultured in
serum-free medium for 2 days and then double-labeled with annexin+/Pl. BMMSCs from ZDF rats

exhibited a significantly (p<0.001) higher level of apoptosis (by 2-fold) than that of ZL animals (Figure 2A).
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These results provide evidence that compared to BMMSCs from diabetic animals; the cells from the non-
diabetic animals are more sensitive to serum-deprivation and in terms of their chemotactic capability,
BMMSCs from ZDF rats exhibited significantly (p<0.001) lower migration (by 25%) than cells from the ZL
control animals (Figure 2B). It's important to note that after exposure to an oxidative agent (400um of
tert-butyl peroxide), ZDF-BMMSCs exhibited a different production of ROS on a short term basis (p<0.05)
than that the ZL-BMMSCs (Figure 2D).

Finally BMMSCs harvested from ZDF rats exhibited significantly (p<0.01) less adhesion (by 45%) than

BMMSCs from control animals after 2 hours of culture in complete medium (Figure 2C).

T2DM modulates the adipogenic differentiation of BMMSCs

The potential of ZDF and ZL-BMMSCs to undergo adipogenic differentiation was assessed by
culturing these cells in adipogenic medium for a 14-and 21-day period. Under these conditions, BMMSC
from ZDF rats contained a significantly (p < 0.05) higher, number of triglyceride droplets than that
observed in the BMMSCs from the ZL animals (Figure 3A and B). In addition, analysis of selects
adipogenic markers revealed upregulation of Pparg (by 10-fold), AdipoQ (by 6-fold) and Fabp4 (by 8-fold)
in ZDF-BMMSCs (Figure 3C).

T2DM does not modulate the osteogenic differentiation of BMMSCs

As evidenced by calcium and alizarin red staining (Figure 2 B) after 21 days of cell culture, the
potential of ZL-and ZDF-BMMSCs for osteogenic differenciation was similar. The transcription factors
Runx2, Colll and Osterix were also similary expressed in BMMSCs from the ZL and ZDF animals after 14

day of culture (figure 4C).

BMMSCs from animals with T2DM induce less angiogenesis upon transplantation in nude mice

BMMSCs from both ZL and ZDF rats did not differentiate into cells of the angiogenic lineage
(Figure 5A and 5 B). Furthermore BMMSCs did not form tubular structure when cultured on Matrigel for
24 hours in contrast to HUVEC cells (positive control) (figure 5A). The level of expression of select
angiogenic markers, VEGF, FGF2, HIF1 and HIF2 were not statistically different after exposure to

angiogenic medium from both ZL and ZDF cells (Figure 5B).

Upon transplantation of the ZL and ZDF-BMMSCs contained in Matrigel plugs in the flank of nude
mice, the ZDF-BMMSCs induced less angiogenesis than the ZL-BMMSCs. This result is illustrated by the
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explanted plugs in Figure 5 C : the plug containing ZDF-BMMSCs is rather transparent, but seems reddish
(due to the presence of red blood cells) when containing ZL-BMMSCs . The presence of hemoglobin
correlates these results: plugs containing ZL-BMMSCs exhibited twice as much angiogenesis than plugs
with ZDF-BMMSCs (Figure 5C; p<0.001). Moreover, among a multiplex of 84 genes tested, several
angiogenic mediators were upregulated in ZDF-BMMSCs. It should be noted that this difference in gene
expression did not affect differentiation of these cells into the endothelial lineage (Figure 5A). Specifically,

10 genes were upregulated and 11 under-regulated in ZDF-BMMSCs (Figure 5D).

DISCUSSION

Due to their plasticity and differentiation potential to form multiple cells types in vitro and in
vivo, bone marrow mesenchymal stromal cells (BMMSCs) have been considered as a potential cell
therapy in diabetes-associated macro- and micro-vascular secondary complications (Davey, Patil et al.
2014). However, and despite the emerging evidence of changes in the cellular makeup of the diabetic
bone marrow (Piccinin and Khan 2014), relatively little is known about the consequences on -BMMSCs
characteristics, in the case of T2DM. We report here that BMMSCs harvested from a T2DM bone marrow
microenvironment are dysfunctional and may have a reduced capacity to repair tissue; BMMSCs were
obtained from ZDF rat at 13 weeks, representing early diabetic conditions ; their ZL littermates were used
as healthy controls. The results obtained in the present study provided evidence that, compared to the
control cells, the BMMSCs derived from ZDF animals were fewer, with limited clonogenicity, proliferation
and migration abilities, and increased apoptosis rate. Moreover, ZDF-BMMSCs had an enhanced ability to
undergo adipogenic differentiation in response to adipogenic factors in the culture medium, possibly due
to beeing primed to undergo such differentiation in vivo, prior to cell isolation. Most importanly, our
findings provide evidence that T2DM -BMMSCs remained impaired when cultured ex vivo under
normoglycemic conditions and/or placed in a “healthy” microenvironment and raises questions for their

use for autologous stem cell therapy in diabetic individuals.

ZDF rats which have a mutation of the leptin gene receptor were chosen because they display a
well-defined T2DM model (Etgen and Oldham 2000, Liu, Tzeng et al. 2007, Reinwald, Peterson et al.
2009). These animals develop obesity, insulin resistance, hyperglycaemia and exhibit secondary
complications of diabetes including skeletal (Prisby, Swift et al. 2008) and bone vasculature (Stabley,

Prisby et al. 2015) similar to the preclinical/clinical features of T2DM observed in humans.
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The data of the presence study provided evidence that BMMSCs isolated from T2DM animals
were fewer than those from control animals ; these results are consistent with other reports regarding
T2DM (db/db) mouse (Shin and Peterson 2013). Since alteration of the marrow stem cell environment in
diabetes may cause cellular changes (Spinetti, Cordella et al. 2013), the reduced number of BMMSCs
harvested in the present study may be attributable to depletion of resident stem/progenitor cells in the

bone marrow of the diabetic animals.

Although T2DM-BMMSCs could be obtained and expanded successfully in vitro under standard
cell culture conditions, their clonogenicity and proliferation rate were significantly decreased, compared
to results obtained with ZL-BMMSCs. Similar results had been reported regarding BMMSCs harvested
from models with experimental diabetes induced with streptozotocin (a relevant model of T1IDM in
various species) (Stolzing, Sellers et al. 2010, Zhao, Xia et al. 2013, Kim, Kang et al. 2014, Silva, Sampaio et
al. 2015). Furthermore, the proliferation of BMMSCs was also decreased when these cells were cultured
on high glucose conditions -in vitro model mimicking the diabetic microenvironment (Zhang, Liu et al.
2015). Moreover, the observed increasing apoptosis in T2DM-BMMSCs is consistent with previous
reports in TLDM-BMMSCs (Ko, Coimbra et al. 2015, Silva, Sampaio et al. 2015, Wajid, Naseem et al. 2015)

and in in vitro studies under high glucose concentrations (Zhang, Liu et al. 2015).

The changes in T2DM-BMMSCs functions observed in the present study were closely associated
with the onset of hyperinsulinemia and hyperglycaemia. Those may have direct adverse effects on bone
cells (Prisby, Swift et al. 2008). Although the model may be different, the associated pathologies
observed in diabetes type 2 is also found in diabetes type 1 but it is still unclear that mesenchymal stem
cells from both models respond similarly in the conditions of the diabetic milieu. In fact, the lasting
modification of different types of cells under diabetic milieu is due to epigenetic modification and it has
been studied in both models of type 1 and 2 diabetes (Pirola, Balcerczyk et al. 2010) (Zhong and Kowluru
2010, Zhong and Kowluru 2011, Tewari, Zhong et al. 2012, Zhong and Kowluru 2013).

Compared to ZL-BMMSCs, BMMSCs harvested from ZDF animals exhibited enhanced adipogenic
differentiation in response to pro-adipogenic additives in the culture medium. Similar results were
reported for WNIN/GR-Ob mutant rats (Madhira, Challa et al. 2012). The Madhira et al. study reported
less than 20% increase in adipocyte formation from the mutant rats. We report a 2-fold increase in
adipocytes formation in ZDF-BMMSC versus ZL-BMMSCs, those differences are probably due to the
protocol we used (for example, a cell differentiation period of 14 (Madhira et al.) versus 21 days (present
study). Also, a study by Botolin et al. performed on the tibias of streptozotocin-induced diabetic BALB/c

mice reported overexpression of the adipogenic markers PPARG, resistin and aP2, associated with an
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increase in bone marrow adiposity. Several team reported that in this type | diabetes model, genes
related to the adipogenic differentiation, specifically Pparg, Irs1 and Irs2, are upregulated in MSC
(Stolzing, Sellers et al. 2010, Silva, Sampaio et al. 2015). It is entirely possible that cells from both the
T1DM and T2DM models suffer similar modifications concerning their adipogenic potential when exposed
to the harsh environment of diabetes. It is unknown either if the hyperglycemic plasma or the
depositions of AGEs are to blame but it is clear that those cells undergo lasting changes that persist even

after their removal from the diabetic milieu.

The results regarding osteogenic differentiation of the ZL-and ZDF-BMMSCs obtained in the
present study are in agreement with literature reports. In streptozotocin-induced diabetic BALB/c mouse
it has been shown that osteocalcin (a marker of late-stage osteoblast differentiation) mRNA and serum
levels were decreased. Osteoblast number as well as Runx2 and ALP mRNA levels remained unchanged
(Botolin, Faugere et al. 2005) but the osteogenic priming of the mesenchymal stem cells was clearly
impaired (Silva, Sampaio et al. 2015). These results are also in agreement with another report that
collagen synthesis by human osteoblasts is reduced in the presence of diabetic serum (Brenner et al.
1992). Taken together, these results provide evidence of selection of adipogenesis versus
osteoblastogenesis in type | diabetes models and impairment of the final stages of osteoblast maturation

and function. A result that we also report in this work using a type 2 diabetes model.

Some studies reported MSC differentiation into endothelial cells (Wang and Zou 2014, Dan, Velot
et al. 2015). However, it is still unclear whether MSC have the intrinsic potential to fully differentiate into
angiogenic cells. The BMMSCs from both ZDF and ZL rats tested in the present study did not differentiate
into endothelial cells. This is possibly due to difference in methodology as we used cells after 2 to 3
passages which assure a more homogeneous population of cells devoid of progenitors that might be able

to go to the angiogenic lineage.

After in vivo implantation, the ZDF-BMMSCs cells distributed in matrigel plugs were far less
angiogenic than the ZL-BMMSCs cells. We could argue that their paracrine capability were not equivalent
and that ZL-BMMSCs secrete more angiogenic factors than the ZDF-BMMSCs but our previous work
indicates that the secretome of ZDF-BMMSCs promotes angiogenesis compared to the ZL-BMMSCs due
to the release of different growth factors such as IGF-1. For these reasons, the reduced proliferation and
enhanced apoptosis coupled with a general fragility of those cells might render them unable to cope with
the harsh environment accompanying transplantation, thus making them less efficient in promoting
angiogenesis. In fact another study reported that diabetic BMMSCs were ineffective to improve hindlimb
ischemia; in addition, the capillary density and angiogenic gene expression in the ischemic limbs was

lower than in the non-diabetic control. According to this report, diabetic MSCs from diabetic animals
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present defective proliferation and angiogenic potential and are ineffective for repairing hindlimb
ischemia (Yan, Tie et al. 2013). Other reports shows that autologous transplantation of adipose-derived
MSCs minimized pathological alterations, reduced oxidative damage, and suppressed the renal
expression of pro-inflammatory cytokines in a rodent STZ model of diabetic nephropathy (Zhang, Ye et al.
2013). Another study reported that administration of murine diabetic BMMSCs inhibited angiogenesis but
promoted wound healing in diabetic mice (Stepanovic, Awad et al. 2003) . So the reports are confusing

and paradoxical and the use of diabetic BMMSCs in wound healing is still up for debate.

The exact mechanisms underlying the impaired biological characteristics of T2DM-BMMSCs
remain unknown. In the present study, BMMSCs harvested from animals with early diabetic conditions
remained impaired after multiple cell divisions ex vivo under normoglycemic conditions and/or after
transplantation in “a non-diabetic’ microenvironment. These results corroborate previous reports that
diabetic stimuli, particularly hyperglycemia, induce heritable changes of genes, in many cells such as
endothelial, vascular smooth muscle, retinal and cardiac cells (Reddy, Zhang et al. 2014). It’s vastly known
that hyperglycemia predisposes an individual to complications and create epigenetic modifications
leading to a phenomenon called “metabolic memory” (Chalmers and Cooper 2008, Pirola, Balcerczyk et

al. 2010). We believe, therefore, that BMMSCs retain a metabolic memory characteristic of the T2DM.

In conclusion the present study provided evidence that BMMSCs from T2DM rats were fewer and
exhibited impaired functionality ex vivo and/or after their transplantation in a “healthy” environment.
Elucidating the molecular signal pathways involved in these differences would help development of
therapeutic modalities which are needed to correct the impaired BMMSCs of diabetic patients.
Moreover, the data of the present study draw attention to the fact that diabetic BMMSCs undergoes
changes which are susceptible to make them dysfunctional in situ and limit their therapeutic potential
post- transplantation even under early T2DM conditions. Since functional impairment may depend on
the stage of T2DM, further research is needed to establish the T2DM status-specific pathogenic
characteristics of BMMSCs in osteogenesis and angiogenesis in order to optimize their use in clinical

applications.
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Figure 1. T2DM affects number, clonogenicity and proliferation of cultured BMMSCs. (A) Formation of CFU-Fs was
assayed using bone marrow mononuclear cells from diabetic (ZDF) and non-diabetic (ZL) rats cultured in complete
medium. Representative image of CFU-F colonies, the Colony Forming Efficiency (CFE) and the average area of each
colony are shown in the Figure 1A. (B) The number of mononuclear cells present in the bone marrow was counted
after isolation of BMMSCs from two tibias and two femurs per rat (n=3).(C) The number of the ZDF-BMMSCs in
oMEM containing 10% FBS exhibited lower proliferation over a 7 day period of culture. Values are mean + SEM. The
date are from 3 independent wells per condition in 3 independent experiments (n=9). * p<0.05; ** p<0.01; ***
p<0.001.
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Figure 2. Impacted apoptosis, migration, adhesion and Reactive Oxygen Species (ROS) production of ZDF-
BMMSCs. (A) Flow cytometry analysis of apoptosis using cultured under serum free condition for 48 hours and
staining with annexine-Pl. (B) Cell migration was determined using commercially-available 24-well Boyden
chambers, cells present on four randomly-chosen, separate areas per membrane were counted in situ. (C) BMMSCs
from ZDF and ZL rats were each seeded in 12-well culture plates, fixed with methanol-PBS solution and stained with
Giemsa solution. Adherent cells were counted using the data processing software Image J. (D) Oxidative stress was
induced by adding tert-butyl peroxide then Absorbance (A = 485nm) was followed every 5 minutes into 40 minutes
using spectrophotometer. Values are mean = SEM. The data are from 3 independent wells per condition in 3
independent experiments (n=9). * p<0.05; ** p<0.01; *** p<0.001.
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Figure 3. Enhanced adipogenic differentiation of the ZDF-BMMSCs. (A) Light microphotograph of 21 days BMMSC
from ZDF and ZL rats were cultured in adipogenic-induction medium. . (B) Oil red-O droplets in BMMSCs after 14
and 21 days of culture measured with spectrophotometer. (C) Levels of the Pparg, AdipoQ and Fabp4 genes in the
BMMSCs measured with qPCR. Values are mean = SEM. The data are from 3 independent wells per condition in 3
independent experiments (n=9). * p<0.05; ** p<0.01; *** p<0.001.
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Figure 4. No difference in osteogenic differentiation from both ZDF and ZL-BMMSCs. BMMSC from ZDF and ZL rats
were submitted to an osteogenic induction medium (A) Photograph of Alizarin red staining, after 21 days of culture
in osteogenic media. (B) Dosage of alizarin red staining by spectrophotometry. Values are mean + SEM calculated
from 3 independent wells per condition in 3 independent experiments (n=9) (*p<0.05; **p<0.01; ***p<0.001).
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Figure 5. ZDF and ZL-BMMSCs do not have endothelial differentiation potential but ZL-BMMSCs are more
angiogenesis inducing than their ZDF counterpart. (A) Light micrographs in an angiogenic induction medium of ZL,
ZDF-BMMSCs and HUVECs cultured on matrigel for 24 hours. (B) Select angiogenic genes related growth factors
after ZL and ZDF-BMMSCs were exposed to angiogenic medium for a 14 and 21 days period. (C) Light micrograph of
matrigel plugs after 14 days after implantation (upper panel) and hemoglobin presence in the matrigel plugs after
14 days after implantation in nude mice (lower panel) (D) Array of angiogenic genes upregulated in the ZDF-
BMMSCs compared to their ZL counterpart. Values are mean + SEM. The data are from 3 independent wells per
condition in 3 independent experiments (n=9). *p<0.05; **p<0.01; ***p<0.001.
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