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Summary

SUMMARY

Duchenne muscular dystrophy (DMD) is characterized by mutations in the
dystrophin gene, which lead to the absence of a functional protein and consequent
muscle fibers degeneration and necrosis. In dystrophic muscles, the regenerative
potential of endogenous satellite cells (the muscle resident stem cell population) is
exhausted due to repeated degeneration-regeneration cycles and affected muscle tissue
is progressively replaced by fibrotic connective tissue and fat.

No effective therapy is available for DMD patients yet, despite years of ongoing
research on gene- and cell-based therapies. Cell therapy is aimed at delivering
dystrophin-expressing cells into dystrophic muscle, in order to generate new, non-
defective fibers and, most importantly, to replenish the endogenous stem cell pool. This
way, during the ongoing regeneration processes non-diseased delivered satellite cells
would generate healthy muscle fibers that would eventually replace the defective ones.
Last but not least, once developed an effective cell-therapy protocol for DMD could be
immediately applied to the many others monogenic forms of inherited muscular
dystrophies.

At present, cell therapy is still suffering from several problems, which can be

summarized in two main points: the identification of the best-suited type of myogenic
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cell and its efficient delivery into the diseased muscles. Several studies have clearly
demonstrated that the use of biomaterials can improve cell delivery in vivo; in particular
our group has first demonstrated its potential in specifically delivering myogenic cells
into regenerating skeletal muscle. The design of biomaterials for cell-delivery purposes
involves several challenging aspects, as the biomaterial should appropriately mimic the
recipient tissue in vivo and, in the case of stem cells, behave as an artificial niche
capable of preserving the proliferative and differentiative potential of the implanted
cells.

In this work two different types of biomaterials were explored as potential vehicles
to perform cell delivery in the muscles of the murine model for DMD (mdx strain). This
work has been carried out in close collaboration with the Biological Engineering
Research and Application laboratory at Chemical Engineering Department of University
of Padova.

Initially, a three-dimensional collagen sponge was investigated as a cell reservoir to
accomplish long-term cell delivery in dystrophic muscles. Collagen sponge is a three-
dimensional scaffold, natural and highly elastic, whose architecture is suitable to host
high numbers of mononucleated cells inside. In this series of experiments, collagen
scaffolds were used to deliver high numbers of in vitro expanded myogenic precursor
cells. Scaffold features were first evaluated in vitro and then its performance as a cell
carrier was analyzed in vivo, both wt and mdx mice. Our data showed that cellularized
collagen scaffolds did behave as a cell reservoir, releasing cells in the muscle while it
was degraded in vivo. However, the general efficiency of this approach, measured as
number of dystrophin-positive fibers formed in the transplanted muscles, was too low to
be of clinical interest.

For this reason, we decided to work with a different cell/biomaterial combination. In
particular, we moved from in vitro expanded myogenic precursors to freshly isolated
satellite cells and from collagen sponges to a hyaluronic-based hydrogel. This latter is a
novel, natural injectable polymer, polymerizable in situ, which can moreover be
produced through fermentative process and therefore easily prepared in clinical grade
immediately. Hydrogel mechanical and elastic properties were characterized and
conditions to encapsulate cells into the polymer were set up for both in vitro cultures
and in vivo transplantation. Therefore, freshly isolated satellite cells were encapsulated

into hydrogel and delivered into tibialis anterior muscles of both wt and mdx mice in
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order to analyze hydrogel efficiency as a cell carrier in vivo. Hydrogel-encapsulated
cells yielded very good regeneration in wt mice, with many new fibers derived from
donor cells. However, so far these promising results did not translate into such an
efficient dystrophin delivery into the mdx model. These experimental observations are
fundamental to develop a suitable combination of hydrogel and stem cells in order to
face the different physiological conditions existing between the wt and the dystrophic

muscle (e.g., its chronic state of inflammation).

The first chapter will give an overview of the main issues concerning myogenic cell
transplantation. It will introduce muscle-resident satellite cells and the pathologic state
of Duchenne Muscular Dystrophy (DMD). Then therapeutical approaches for DMD are
discussed, with particular attention to cell therapy and cell-delivery aspect; to this end
the use of biomaterials is discussed as an alternative to face cell delivery issue, in order
to finally introduce the aim of this work.

The second chapter will describe the use of three-dimensional collagen sponge as a
vehicle to perform cell delivery into dystrophic muscles.

Chapter 3 will present the injectable hyaluronic-based hydrogel and its potentialities

as a cell carrier in vivo. Finally, general conclusions of the work are given.
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SOMMARIO

La distrofia muscolare di Duchenne (DMD) é caraizata da mutazioni nel gene
della distrofina, che portano all’assenza di unatgina funzionale, con conseguente
degenerazione e necrosi delle fibore muscolari. idescoli distrofici, il potenziale
rigenerativo delle cellule satelliti endogene, glapolazione staminale del muscolo) é
esaurito a causa dei continui cicli di degeneraziogenerazione che il muscolo
distrofico subisce, per cui il tessuto muscolaeneicon il tempo rimpiazzato da grasso
e da tessuto fibrotico. Al momento, nonostantestidua ricerca di una terapia di tipo
genico o cellulare, non esiste una terapia effigara pazienti DMD.

Lo scopo di una terapia cellulare e quello di dlase cellule che esprimono
distrofina all'interno di un muscolo distrofico, dine di rigenerare nuove fibre
muscolari, non difettive per ‘espressione dellatgira, e, piu importante, al fine di
reintegrare il pool di cellule satelliti endogentn questo modo, durante la
rigenerazione, le cellule rilasciate che esprimdistrofina, andrebbero a formare nuove
fibre muscolari non difettive per l'espressione laleproteina che con il tempo,
andrebbero idealmente a sostituire, almeno in pageelle difettive. Infine,

un’importante caratteristica di una terapia di tigglulare € che, una volta messo a
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punto un protocollo per una terapia efficace inigratz DMD, questa potrebbe essere
subito applicata ad altre distrofie di tipo monagen

Al momento una terapia di tipo cellulare presentzermdi problemi che possono
essere raggruppati in due punti principali: l'idBoazione del miglior precursore
miogenico da rilasciare e il modo con cui essolasciato all'interno del muscolo
malato al fine di un efficiente risultato. Diverkvori hanno gia dimostrato che
I'utilizzo di biomateriali in questo campo puo mdajiare I'efficienza di rilascion vivo.

In particolare il mio gruppo ha gia dimostrato gaepgotenzialita, utilizzando cellule
miogeniche rilasciate nel muscolo rigenerante \atso diversi tipi di biomateriali.

La realizzazione di biomateriali per il rilascio cgllule implica diverse difficolta,
perché un biomateriale dovrebbe idealmente mintaessuto nel quale dovra effettuare
rilascio di cellule, e ricreare una nicchia percilule rilasciate, in grado cioe di
preservarne le potenzialita proliferative e differiative.

In questo lavoro si sono trattati due diversi tidi biomateriali, con modalita
differenti, ma con lo scopo comune di effettuare afficiente rilascio di cellule (e
quindi di distrofina) nel topondx (modello murino per i pazienti DMD). Questo lavoro
e stato condotto in stretta collaborazione conalboratorio BioERA. (Biological
Engineering Research and Application) presso ilaBimento di Ingegneria Chimica
dell’'universita degli studi di Padova.

Inizialmente si e utilizzata una spugna tri-dimensie in collagene, altamente
elastica e la cui struttura & adatta a contenemdawato numero di cellule mononucleate
al suo interno, da essere rilasciate nel lungoiterrall'interno del muscolo distrofico.
In questa serie di esperimenti, scaffolds di cefegsono stati utilizzati per rilasciare
vivo un elevato numero di precursori miogenici precegl@ente espansi in coltura.

Le proprieta e le caratteristiche dello scaffoldsstate analizzate prima vitro e
successivamenten vivo, sia in modelli sanmt che distroficimdx, per valutarne le
potenzialita come mediatore di rilascio celluldreostri dati mostrano che lo scaffold
di collagene ha effettivamente agito come un serbatellulare, rilasciando le cellule
che conteneva, mentre veniva degradateivo. Tuttavia pero, il grado di efficienza
generale di questa combinazione di cellule e bierrede, quantificata come numero di
fibre distrofina positive formatosi nei muscolo iiaptati, era troppo bassa per avere
una rilevanza clinica. Per questo motivo e statgp@sta una alternativa che utilizza

cellule satelliti isolate a fresco al posto di niadti espansiin vitro, e come
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biomateriale un hydrogel derivato dell’acido ialied al posto delle spugne in
collagene.

Quest'ultimo in particolare € un biomateriale itagile, di nuova realizzazione che
viene reticolatoin situ;l'acido ialuronico inoltre puo essere prodotto peezzo di
processi fermentativi, caratteristica per la quplesto hydrogel pud essere facilmente
preparato per applicazioni di tipo clinico.

Le proprieta meccaniche ed elastiche dell’lhydroges) come le condizioni migliori
per I'incapsulamento di cellule all'interno sonatst caratterizzate sia in colturevitro
che per le applicazionin vivo. Quindi, cellule satelliti isolate a fresco sonoteta
incapsulate dentro I'hydrogel e rilasciatevivo in muscoli tibiali anteriori di topi siat
che distrofici mdx, al fine di valutare l'efficienza di rilascio diefule da parte
dell’hydrogel in vivo. Le cellule sospese in hydrogel hanno indotto @mapia
rigenerazione in topivt dove si sono osservate molte fibre derivanti dakdule
donatrici rilasciate. L'efficienza di questi risaft tuttavia, non si € ripetuta quando lo
stesso approccio e stato usato per ottenere dldsdistrofina nel modellandx.

Questi dati pongono i presupposti per svilupparea combinazione di hydrogel e
staminaliad hoc per le diverse condizioni fisiologiche tra ambiemiee distrofico

(caratterizzato da infiammazione cronica).

Il primo capitolo presentera una panoramica deaigypali problemi riguardanti il
rilascio di cellule miogenichén vivo. Introdurra quindi le cellule satellite e lo stato
patologico della distrofia muscolare di Duchenne;seguito vengono descritti gli
approcci terapeutici per questo tipo di distrofioan particolare attenzione a una terapia
di tipo cellulare e al modo in cui le cellule vengorilasciatein vivo. A questo
proposito I'utilizzo di biomateriali si pone comegsibile alternativa per la risoluzione
del problema del rilascim vivo. Successivamente viene descritto lo scopo della tesi

Il secondo capitolo descrivera I'utilizzo di unoaffold tri-dimensionale di
collagene come mediatore per rilascio di celinlevo.

Il capitolo 3 invece descrivera l'utilizzo di un dpgel derivato dall’acido
ialuronico per lo stesso fine. Nella parte finaléine, sono riportate le conclusioni di

tutto il lavoro.
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Chapter 1

1.1 MYOGENIC PRECURSORS IN MUSCLE GROWTH/REPAIR

Skeletal muscle display limited nuclear turnovenormal conditions, but on injury
or physiological need, it displays remarkable capaof regeneration, thanks to an
heterogeneous population of muscle-specific prdges)i called satellite cells (SC).
These cells are also responsible for muscle pdat-geowth and maintenancat birth,
satellite cells comprise approximately 32% of mesulclei, whereas in adults their number
decrease to accouftr 2-5% of sub-laminar nuclei associated with nilyefs ().

Satellite cells are mononucleated precursors deéfmerphologically by their sub-
laminar position, directly attached to the myofib@), and functionally by their unique
capacity to both self-renew and generate large musnbf muscle precursor cells that
can then differentiate to form muscle fibers.

Under normal conditions, SC are mitoticatipiescent, but, unlikely myonuclei,
they can undergo mitosis8)( when activated by regenerative cues. On injuingyt
respond to proliferative signals by starting tolipecate very quickly, giving rise to
many muscle precursor cells (also defined as ‘nagibl) that express a fairly well-
defined array of myogenic regulatory factors (MREsYl migrate to the site of injury.
Here they either fuse to pre-existing myofiberstagether, thus repairing damaged
muscle fibersZ, 4, 5) (6).

When muscle formation and repair occurs, prolifagatnyoblasts initially express
MyoD and/or Myf-5; as the process continues, thethdvaw from cell cycle, thus
becoming differentiated myocytes, expressing laiRAgl such as myogenin or MRF4.
These mononucleated cells then fuse together ta foultinucleated syncytia called
myotubes, which express muscle structural gengs (ayosin heavy chain, MHC, and
muscle creatine kinase, MCK). Finally, after inregiron and vascularization myotubes
develop into mature muscle fibers.

Satellite cells are characterized by the expressibrspecific surface markers
including M-cadherin, c-Met7), CD34 @), syndecan-4 9), and the paired box
homeodomain-containing transcription factor PAX7isT latter characterizes both
quiescent and activated satellite cell8)(

During muscle regeneration quiescent satellitescedin either symmetrically give
rise to two self-renewal daughter cells or asymitaty generate a self-renewal and a
committed cell. Upon activation, PAX7 positive skt cells are activated and start to
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co-express MyoD within 24 hours; after forty eididurs, most of the cells down-
regulate PAX7 while maintaining MyoD expression gmdgressing towards myogenic
differentiation; others, however, down-regulate Ndyonaintain PAX7 expression and
go back to a quiescent state, thereby replenistiiagsatellite cell poolld). Recent

experiments from Rudnicki's group revealed an logieneity within the satellite cell
compartment, that is dependent on Myf-5 expressioth seems to determine which
cells will proceed along the differentiation patidavhich will instead self-renew and

go back to quiescenc#2?).

MPCs
Embryonic progenitor  Satellite Cell Myoblast Myofiber
| ’ ','-;‘ y '_... /
J y/
4
PAX3/7 Quiescent Activated Proliferative Committment to Fusion Maturation into

PAXT PAXT PAXT differentiation  into myotfubes myofibers

CD34 Myf5 Myf5 Myf5?
MyoD MyoD
Pax3 Myogenin

Figurel1.1 Schematic representation of satellite cell myogenesis with typical markers of each

stage, adapted from (13). Satellite cells embryonic progenitors display PAX3 and PAX7
expression; in the adult muscle quiescent satellite cells express PAX7 and CD34, on injury or
proliferative cues satellite cells are activated and start to proliferate giving rise to a population of
myaoblasts (characterized by PAX7 expression at first, that is gradually lost while Myf5 and
Myod are up-regulated). After a first wave of proliferation, myoblasts start to differentiate and
fuse into myotubes that will generate new myofibers in vivo, or, in part, will go back to
quiescence.

It is now widely recognized that the even thougé satellite niche is univocally
characterized under the morphological point of vietvactually comprise several
different cell sub-populationd4). Besides, it has also been proven that cells fotrer
sources, such as side populations and hematopatio cells 15, 16), can also
contribute to the satellite cell niche.

Still, satellite cells constitute the main souroe uscle regeneratiod, 18); the
engraftment of a single intact myofiber in injunetiscles has been shown to suffice to
obtain regeneration and expansion of satellite g@bl (19), as well as the
transplantation of myofiber associated Cd86a-1 Mac-1 CXCR4 Bl-integrin” (17);
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satellite cells dissociated from their parental fibers (19) and FACS-purified PAX3-
GFP+ cells from diaphragr2@) yielded very good engraftment as well.

1.2 DUCHENNE MUSCULAR DYSTROPHY (DMD)

Duchenne Muscular Dystrophy (DMD) is a severe neisghsting disease that
affects 1 out of 3500 male newborns, and causegrgssive muscle degeneration.
DMD arises from mutations in the dystrophin geR® (that is located in the short arm
of the X chromosome (Xp2.11) and codes for a vargd (~400kDa) cytoskeletal
protein that provides a physical link between thecslemmal cytoskeleton and the
basal lamina42-24). Mutations that disrupt the reading frame of mthain transcript of
the DMD gene cause the absence of a functionaleiprotwhich translates into
progressive muscle weakness and degener&i2q).

Dystrophin N-terminal is linked to cytoplasmic acfilaments 27, 28), whereas its
C-terminal is bound to the sarcolemmal dystroplEsegiated protein complex
(DAPC), formed by dystroglycans, sarcoglycans,gntes and caveolin. On the outside
of the sarcolemma, the complex is linked to theramdilular marix. Dystrophin is
therefore part of the structure linking the exttiatar matrix to the cytoskeleton of the
fiber, which plays an important structural role idgr muscle contraction and muscle
stretch. Lack of dystrophin destabilizes the DAR€ading to diminished levels of
DAPC proteins 29, 30); this in turn leads to membrane damage and fiberosis 81).

For this reason, even during normal muscle actitty absence of dystrophin
triggers continuous cycles of muscle degenerasgemeration. In fact, resident
satellite cells obviously carry the same mutatiod ¢he newly formed fibers undergo
the same destiny as their predecessors. This apgwivcess eventually depletes the
satellite cells reservoir and in the long run tegemerative potential of the muscle is
exhausted. Once this happens, muscle tissue isi@hadeplaced by connective tissue
and fat. Clinically, DMD is characterized by progse&re muscle weakness and atrophy,
with patients being confined to a wheelchair betbiee age of 12 and eventually dieing

due to cardio/respiratory failure around the seadexhde of life.
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1.3 THE MURINE MODEL FOR DMD

Themdx strain derived from a naturally occurring mutdrattarose within a C57BL
/10 colony, initially identified by its abnormallyigh plasma levels of creatine kinase
(32). With the identification of th&©MD gene and the protein product, tindx mouse
was confirmed as having a dystrophin deficiencyclvhwas subsequently shown to be
due to a nonsense point mutation in exon 23 (b&86)3which forms a premature stop
codon.

The mdx mouse is the most widely used model of DMD duetdosmall size and
ease husbandry, which makes it a cost effectiveeinddoreover, the vast array of
molecular and breeding technologies available ler mouse allowed the design and
performance of countless different experiments dina¢ elucidating the different
aspects of the pathology. Still, despite the genstnilarities, the human and murine
diseases are quite different at the phenotypicl.lévenerally speakingndx mice are
not as severely affected as DMD patients; in fiaictnice there is no obvious weakness
(33) and most of the limb musculature does not undenggor fibrosis and loss of
function. The lifespan is shortened, although nedrly as much as in humans, and a
marked deterioration of general mobility becomesiales only in older animals34).
Muscle histopathology is pronounced mostly betw2eand 8 weeks of age, a period
characterized by the presence of numerous nedatic newly regenerated centrally
nucleated myofibres and high plasma concentratémseatine kinase. Mild myopathy
with its associated fibrosis and hypertrophy péssisr the remainder of the animal’'s
life, but does not become acute until senili8p)( As opposed to what happens in
humans, muscle degeneration and regeneration cenfor the whole lifespan and
satellite cells continue to exprasarkers of activation.

There are many theories as to why thidx mouse is less severely affected by the
dystrophin deficiency compared to DMD youth. Thégpotheses involve differences
in the murine muscleegeneration capacity as well as the effects aficed body size
and quadrupedal stance. It is also possible thatrétative mildness of thendx
phenotype is, in part, an artifact of the animalgd® environment which does not
require or encourage much active movement and hexgfore spare muscle. Indeed, it

has been shown that moderate exercise can aceelleeatourse of the diseagd)(and
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the diaphragm is the most severely affected muscledx animals, both in terms of
fibrosis and loss of muscle fiber36.

Altogether, years of research have clearly showat, ttprovided that the
physiological differences are properly acknowledgedx mice are invaluable tools in
DMD research35).

14 THERAPEUTIC APPROACHESFOR DMD

There is currently no effective therapy for DMD,thalugh the increasing
understanding of the molecular processes involnethé progression of the muscular
wasting has driven the design of several prospedteatments37). At any rate, given
the structural nature of the protein involved amfirdtive solution for DMD would
have to lead to the restoration of dystrophin pobidn, either via gene- or cell-based
approaches.

The main current therapeutic approaches for DMD are

v' Gene therapy by i) introducing (through viral ommnaral vectors), or ii)
repairing the genetic message (exon-skipping agpjoa
v" Pharmacological approach

v Cell-therapy by transplantation of dystrophin-exgsiag cells

Gene therapy

Gene therapy for DMD patients is based on two difie approaches: gene addition
and gene repair. The former is based on the idedeliver a functional copy of the
dystrophin gene, through viral or non-viral vectarsthe muscle fibers of the patients.
The latter is based on the delivery of synthetigariucleotides, that could either
modify the DNA at genomic level, e.g., correctingp@int mutation via DNA repair
mechanisms, or induce patient-specific exon skigppaimed at restoring an open
reading frame in the mutated dystrophin mRNA. Exkipping can also been obtained
by delivering specifically engineered snRNA (s&@8) for a recent review).

Recently, Hoshiya et al.39) have developed a Human Artficial Chromosome
(HAC) vector containing the entire human dystroplgene with all its regulatory

elements, (DYS-HAC), that showed to produce mudtipssue-specific isoforms of

7
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human dystrophin in mice, while being stably mamgd in both mice and human
immortalized cell lines, thus holding great promficseDMD treatment

At present, the gene addition approach still saffesm several hurdles, both under
the biological and technical point of view, esp#giéor what concerns the use of viral
vectors 40).

Exon skipping, when based on antisense oligo dgljveresents less issues and
promising results have already been reported aspatients 41). On the downside,
though, although this approach could be appliethéomajority of DMD mutations it
would still leave out approximately 25% of them.

Last but not least, it should be pointed out tHiatypes of gene-based approaches
would be of little benefit for elderly patients, imhich there would be little muscle

fibers and satellite cells left to treat.

Pharmacological approaches

Many steroid/supplemental treatments have beenopezpfor DMD, although not
many are currently in clinical use. At presentdneg most widely used is prednisone, a
catabolic steroid that slows down muscle degermratis beneficial effect is due to its
anti-inflammatory and immunosuppressant effectshoalgh the exact molecular
mechanisms are still not know.

Gentamycin is an antibiotic that interferes witltteaial ribosomes and in doing so
can also allow read-through of stop codon. Researdn mdx mice suggested that
when gentamycin was administered, the prematune sdolon could be ignored and
dystrophin could be produced2?). However, a preliminary trial on suitable DMD
patients showed no increase of dystrophin express$iothermore, other researchers
later reported that they could not replicate th&ults of gentamycin treatment in the
mdx mouse 43). More recently, another molecule (PTC-124) hesrbproposed as a
read-through agent. Its preliminary results in alistudies and initial clinical trials are
quite encouraging4d).

Other drug-based approaches have also been promstaeohg from the observation
that molecules capable of interfering with the aniimatory and catabolic pathways of
the muscles could improve the dystrophic phenotypendx mice (seedb) for a

comprehensive review). However, given the struttmature of the genetic defect
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underlying DMD it is unlikely that these approachssuld ever play other than a
support role to gene- or cell-therapies.

15 CELL THERAPY

Cell therapy is an appealing approach for Muscligstrophy because should a
solid protocol be developed, it could be potentiabed for all forms of dystrophy. The
first demonstration that C2C12 mouse myoblastsccouduce synthesis of dystrophin
in dystrophin-deficient mdx mice came at the enthef80’s 46). Results were further
confirmed using primary myoblast47), which were easy to obtain and expanditro
to obtain sufficient quantities for subsequent\dgly via intramuscular injection. The
exciting results obtained imdx mice @6, 47), and indy/dy mice @8), led to immediate
clinical trials in DMD patients in the early 1990dth repeated injections of large
amount of cells (>19 distributed over multiple sited$-56).

Unfortunately, myoblast transfer to treat DMD patgefailed to produce significant
physiological correction of the dystrophic phenatypostly becausthe majority of
transplanted cells quickly died (at least 75%) rafitéramuscular injectior{5, 57-60).
High cell loss was due partly to inflammatory/imneuresponse6() elicited by donor
myoblasts in the early stages after transplantativet was partially limited by using
immunosuppressive agentd8( 62, 63). Other causes were linked to cell handling
before transplantation64). Last but not least, transplanted myoblasts shiowted
migration in the host tissuéd). Despite these limitations, researches on mybblas
transplantation are still ongoing and Tremblay'suyr has developed a so called “high-
density” implant protocol that has already beendfarred into clinical trialsg5, 66).

These findings led to research on better cell typascould survive the early post-
transplantation phaseS)(while preserving a high myogenic potenti20), Recent data
showed that satellite cells are capable of extensiuscle regeneration throughout the
muscle into which they are injected, only when éigel as soon as they are isolated;
with in vitro culture expansion they lose this property genegatimore specialized
myoblasts 20). Collins and colleagues showed the regeneratiogyep of freshly
dissociated satellite cells, associated or not wiéir parental fiberlQ), obtaining great
improvement in cell integration and proliferation hostmdx mice. Importantly, these

Authors unequivocally showed that satellite celvén sufficient regenerative and
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myogenic potential to constitute an exclusive seurcregenerating muscles, a finding
also confirmed recently by studies performed byc8amnd colleague$7).

As already mentioned above, satellite cells areanbbmogeneous population. In
this regard, Cerletti and colleagues showed tlaaisylantation into injured muscles of
mdx mice of a subset of skeletal muscle progenitorsceliriched for a particular
combination of cell-surface markers (CD86a-IMac-1' CXCR4 R1-integrifi) led to
widespread dystrophin restoration and force rego{&f, 68).

In the past, different groups had already reportedt small subsets of
mononucleated cells derived from whole-muscle papans (as opposed to single-
fiber preparations) had the features of myogemamstells. In particular, cells obtained
by enzymatic digestion of mouse muscles have begarated according to their
adhesion capability using serial platings. Withstprocedure Huard’s group has been
able to separate three different cells populatidihe first one Early Preplate) adheres
early, had poor proliferative but excellent diffietiation potential. The second one
adhered laterL{ate Preplate), proliferated poorly and did not fusevitro. A third one,
very rare, was obtained by clonal seeding of laplates and comprised what the
Authors calledMuscle-Derived Sem Cells, MDSC, ©9). MDSC are highly proliferating
cells with many stem-like features, such as theal#ipy of trans-differentiate into
several tissues7Q), including the myeloid line 7). Furthermore, once injected in

damaged muscle MDSC fuse very easily with pre-egsnyofibers 72, 73).

Considering the large mass of tissue that woulc lia\be treated with cell therapy
of DMD, it is easy to understand why a systemiciveey would be preferable to
intramuscular injection. Unfortunately, satelliels cannot cross the endothelial barrier
and therefore other types of myogenic cells havegosought. In the past years it has
been shown that after intravenous injection of whiobne marrow in myelo-ablated
hosts, hematopoietic cells have been observedrtoilcote to muscle regeneratiordj.
More recently it has been demonstrated that thee boarrow contribution to adult
mouse muscle regeneration occurs by means of ammiatliate with satellite-like
features. These marrow-derived cells expressedvo andin vitro muscle specific
markers, were able of self-renewalvitro and originated myoblasts that fusedvitro
with myotubes andh vivo with myofibers 16). However, other findings suggested that

the differentiation process from bone marrow to cisells could represent a non-
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physiological process. In particular, Camargo aolleagues have proposed that BM-
derived cells contributing to liver and muscle negi@tion are myeloid differentiated
cells, as macrophages or granulocites, that fusettl with recipient cells75). At any
rate, even though bone-marrow derived stem celgghtmot physiologically contribute
to the regeneration of other tissues, they mighit Is¢ able to promote repair by
providing growth and survival factorgg).

A subpopulation of circulating cells expressing A31a well-characterized marker
of hematopoietic stem cells has been shown to godeyogenic differentiation under
specificin vitro conditions andn vivo, when delivered intramuscularly or through the
arterial circulation of transgenic scid/mdx mic&)(, also expresses early myogenic
markers. These cells have recently been usedlinieat trial with DMD boys {8, 79).

Another cell type that has received a lot of attenin the field of cell therapy for
muscular dystrophies is the mesoangioblasts. Taeseessel-associated multi-potent
progenitor cells that can be extracted from mesuodetissues and can differentiate in
myoblasts 80, 81). They show an endothelial-like appearance inucelt express
endothelial markers (for example Flk-1) and, impotty, can home in the musculature
upon systemic delivery. Once injected in the ferhartery ofa -sarcoglycan knock-out
mice, meso-angioblasts isolated from mouse fetedad@orta were able to restore the
a-sarcoglycan and dystrophin-glycoprotein complegding to the reversion of the
dystrophic phenotypeB®); these results were then confirmed in a set pearments
with dystrophic dogs (GRMD animals, the canine nhaofeDMD) (83). Moreover,
these cells migrate in vitro and in vivo in respots HMGB1, a nuclear protein that is
released by macrophages and necrotic cells andaa@spotent inflammatory cytokine
(84). A clinical trial with DMD patients is in advandestages of preparations; it should
be noted, however, that the actual efficacy of raegmblasts as a therapeutic tool in
DMD has been questioned by some researcBg)s (

In conclusion, even though “atypical” (i.e., non sule-derived) myogenic cell
progenitors have the potential to participate tasoheiregeneration under conditions of
severe trauma and are capable of migration intoclesisthrough the circulation, it
remains clear that the growth and regeneratiorkeletal muscle is mediated largely by
muscle satellite cellsly, 18, 86, 87) and the other cell populations can only play a

secondary role.
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1.6 OPEN I SSUESIN MYOGENIC CELL TRANSPLANTATION

At present, all cell based approaches for musalyatrophy are still far from being
close to clinical effectiveness, as there are s#ileral hurdles to overcome in order to
reach such goal. These can be summarized as follows

a. Cell source and availability (scale-up to clinidalvelopment)
b. Survival rate and proliferative capacity of trarssyked cells
c. Functional re-engraftment of the satellite cellhaic

d. Delivery method

a. Cell source and availability

Skeletal muscle is a convenient source of cell&grgithe ease in obtaining muscle
biopsies with safe and minimally invasive procegur8till, beside the open debate
about what constitutes the most efficient cell typemain hurdle to face is the
availability of sufficient amounts of cells for ham patients. That's why in the initial
studies, researchers used large amount of preyidaslitro expanded myoblasts.
Unfortunately, as detailed above, when using teittgpe only a small percentage of
the whole population survives after transplantation

Rather than myoblasts, more profound myogenic steits (i.e., cells that are
endowed both with self-renewal and differentialgmtal) would thus be preferable for
therapeutic applications88). Researchers have then focused on the isolafiarelb
populations able to both survive the initial trdaspation stages and efficiently
contribute to muscle regeneration although not iptesly expandedn vitro (89, 90),
obtaining indeed, efficient engraftme®7( 68, 90). A common problem is that almost
all emerging cell-therapy-based candidates startopen” laboratory scale cultures
(multiwell plates, flasks), in which the evaluatithre impact of key parameters on target
cell output and productivity is difficult9l). Effective cell availability and the methods
to achieve it are increasingly urgent issues thablve a challenging transition from

biological observations to clinical developmentaitforms.

b. Survival rate and proliferative capacity of tramsykd cells
At present, cell death (75%-80%) after myoblashgpdantation is one of the

most problematic and not yet fully elucidated issuefield of cell therapy for DMD.
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One factor that likely accounts for the loss ofng@alanted cells is the acute
inflammatory response that occurs immediately aftgrction 6, 57-59). Of course,
when thinking in clinical terms for humans, one @Wdoalso take into account the
immune response elicited by transplanted myoblaStese aspects would made
necessary the use of immuno48( 62), and non-specific-inflammatory response-
suppressiveg3) drugs.

As for the other cell types (freshly isolated daeelcells, FACS-isolated
myogenic stem cells and so on), data availableas@dem to indicate that cell death

after transplant does not represent a major hdodlany of them.

c. Functional re-engraftment of the satellite cellh@cnside the muscle

Most injected myoblasts fuse to pre-existing myefgbthus contributing transiently
to dystrophin expression, and being therefore ebaduby following rounds of
regeneration. The same situation has been reptotdse true for mesoangioblasts.
Considering the intrinsic characteristic of skdletauscle biology, even if one could
envisage providing every body muscle with a suffiti number of dystrophin-
expressing myonuclei, any use of the musculatunédveventually lead to some levels
of regeneration. This in turn would require contins cell re-administrations,
something that would be at least problematic. Asfids solution would obviously be
the injection of myogenic stem cells capable of Eimption and self-renewal in the
host muscle, capable of engrafting the satellith peol and thus restore muscle

functionality in future rounds of regeneration.

d. Delivery methods

There are two possible routes of cell deliverydkeletal muscle: localized injection
and systemic injection. Systemic delivery would dolvantageous in terms of safety,
simplicity and effectiveness; in the case of DMDwbuld be the best solution,
considering that virtually all body muscles aresaféd. Unfortunately, “true” myogenic
stem cells (that is, freshly- and FACS isolateceltitg cells) and MPC/myoblasts
cannot be delivered in this way, as they are inskgpaf passing the endothelia to reach
their final destination. On the other hand, locadizell delivery requires more invasive
procedures, especially when considering hard-tolr@auscles such as the diaphragm.

In fact, the large majority of cell-based clini¢abls carried out so far in DMD patients
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used multiple localized injections. In this regatide migration of transplanted cells
acquires a particular relevance. Myoblasts podgéssability to actively diffuse inside
the muscle upon injection. Some improvements haentobtained with the use of
metalloproteinases both induced in, or co-injectét, transplanted myoblast82-94),
but of course this would pose several problemsahingcal setting. This problem seems
to be much less relevant when using either fresgddlated or FACS-sorted satellite
cells (19, 67), although one should keep in mind that data rteploso far were obtained

in murine leg muscles, which of course have a gemgll volume.

1.7 CELL DELIVERY THROUGH TISSUE ENGINEERING APPROACH:
BIOMATERIALS

Tissue engineering applies to clinical scenariogmnhissue is lost through trauma
or disease; it was first defined as an interdigtgoly field “that applies the principles
of engineering and life sciences to develop biological substitutes that restore,
maintain or improve tissue function or a whole organ” (95). In order to develop
biological substitutes for functional tissue regatien, tissue engineering combines
viable cells, biomimetic matrices, spatio-tempgredsentation of morphogenic factors
and external biophysical cue®6]. Those “matrices” are also generically called
biomaterials and are any material intended to aatewith a biological system, used (or
adapted) for medical applications. A biomateriauldobe porous or densly packed,
made of either natural or synthetic polymers. Imegal it needs to be designed
depending on the therapeutic target and on whatllitdeliver in vivo. There are two
different tissue engineering approach@s):( when biomaterials are used to generate
artificial tissuesin vitro that are afterwards delivereth vivo (in vitro tissue
engineering),or when scaffolds are not used for structural a@ppilons but rather as
vehicles to mediate stem cells or drug delivieryivo to the diseased region to heal or
replace in vivo tissue engineering).

In theory, tissue engineering strategy could careate the treatment of different
types of pathologies. In recent years, the useaadmpatible scaffolds for cell delivery
has holded great promisé8]. Since the mid-1990s the combination of novel
biomaterials with living cells has yielded clinicalccess in the reconstruction of a wide

range of functional tissues, some of which aredidbelow: replacement of damaged
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livers ©8), thumb 09), reconstruction of artificial ligaments, tendorts, replace
damaged articular cartilage and join@8,(100, 101) and for the treatment of skin
damage, either by coupling cells with biomater@lsising a-cellular dermal analogs.

Moreover, several biomaterials have been used hiles to release angiogenic
factors (02, 103) as well as a-celluarized scaffolds to induce aggnesisin vivo
(104).

Tissue Engineering applied to muscle tissue isafriee most studied; entire tissue-
engineered arteries were reconstructedtro with vascular smooth cells that expressed
telomerasel05). Tissue-engineered grafts have also been broadbgtigated for heart
valve reconstructionl(Q6) as well as for myocardial repaikQy).

Other approaches involved the realization of cardiascle construcis vitro using
layered sheets of micropatterned cells that weosvgrorderly in order to generate
sufficient force for contractiorl(08-110). Rather than seeding on a pre-formed scaffold,
Zimmermann et al., were able to induced formatibmew myocardiumn vivo (111,
112), by coupling cells with naturally derived protdicollagen, fibronectin) matrigel
and culture medium. Eventually, less invasive andremappealing injectable
biomaterials, reviewed inl{3), are being explored like fibrin glud14), collagen or
self-assembling peptides scaffold4X).

For what it concerns skeletal muscle, similarlywioat happens for cardiac muscle
regeneration, both muscle construct as well aspnexiouslyin vitro differentiated
myoblasts are being delivered. Micro structuredibiensional scaffolds, with oriented
micro-patterned myoblasts, have been udd®-(18), and showed to induce muscle
regeneration in injured micm vivo (119). Some groups have been working on the
realization of three-dimensional artificial musctédifferentiated aligned muscle fibers
(120-123), aimedin vivo transplantation as welllp4, 125); other had focus on delivery
of myoblasts coupled with growth factors throughe#idimensional gels, obtaining
improvement in cells outward migratiohi2@).

The past decade has witnessed a wide array of nojegtable hydrogels. The
possibility to inject scaffolds in the body, is &ating in such that minimal surgical
wounds is required for their insertion, whereas tba contrary polymers like for
example PLA, PLGA require surgical insertion. Hygkets are biocompatible, with
tunable visco-elastic properties, as well as playsproperties 127) and can be

polymerizedn situ.
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From a structural point of view, hydrogel is formbyg a polymeric network of
hydrophilic chain, that are connected togetherrogs:links at defined chain length; for
this peculiar properties they can absorb up to @B%vater. They have been used in
drug delivery as well as scaffolds for tissue-aegring in a wide variety of tissues and
cell types 114, 128-130). Hydrogels show great potentiality to be effi¢ci@ehicles for
both stem cell delivery (instead of a whole tissaestruct) and drug release.

Fig. 1.2, A schematically represents the maindsstoncerning the transplantation
of a biomaterial inside muscle. The situation ismpbcated since different events will
take place at the same time, and so for exampleamastransplanted cells will interact
together in a way that is dependent on the charsiits and degradation rate of the
biomaterial; moreover transplanted cell can migmativard in a way that is dependent
on the surrounding tissue. Part B summarizesdeirements needed for a biomaterial

to be suitable for ann vivo application.
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|I| Host- transplanted cells interaction

Cell-cell interaction

Cells outward migration
Biomaterial degradation

B Biomaterial

Biological
/- source \
In vivo tissue
Biomaterials

engineering
Clinical perspective
Biocompatibility
Biodegradability
(Stem) cell niche within the biomaterial
Biomimetic characteristics
Physical support
Possibility of functionalization with biological factors
Promotion of outward migration
Degradation time

In vitro tissue
engineering
Drug/ cell delivery
Stem cell like properties

i

Generation of muscle
constructin vitro

~—.

Figurel1.2 A. Schematic representation of the main issues concer ning the transplantation of a
cell carrier inside muscle. Interactions between donor cells (2) as well as donor cells-host
environment (1) are going to occur in a way that inevitably affects the graft; moreover
biomaterial degradation (4), and consequently cell release and/or migration (3) occur in vivo as
well, at different degrees. B. Requirements needed for a biomaterial to be suitable for an in vivo
application. The starting point is the biological source that is meant to be reproduced by the
coupling of cells with biomaterials. One possible approach is the delivery of cells previously
differentiated in vitro (In vitro tissue engineering) that would replace damaged tissue once
implanted in vivo; another way would involve the delivery of cells with stem like properties (In
vivo tissue engineering), that would differentiate and replace the damaged tissue in vivo.
Regardless the approach used, a suitable biomaterial should display features listed here and
deepened in Table 1.1 (seetext for details).

When designing a tissue engineering system, or dwmpg upon current
technologies, one must consider the choice of bedinmaterials and biological signals
or cues that must be provided. In the case of ,cbbth stem cells or differentiated

organ constructs can be delivered, depending otatget.
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In the last decades, new advances in the fieldashaterials properties, biomimetic
environments as well as stem cells, have progreisspdrallel with the real need for
tissue engineered constructs.

A suitable biomaterial to be used in a tissue esgyimg approach should combine

the characteristics described in Table 1:

Table3.1 Reguirementsfor a suitable biomaterial for cell-delivery.

REQUIREMENTS GOAL
Clinical perspective v Minimal invasive delivery procedure
(injection)
Biocompatibility v Minimal inflammatory reaction/immune

response to the foreign body
(biomaterial+cells)

Biodegradability v' Traceability of the possible products

(Stem) cell nichewithin the biomaterial v" Microenvironment for cell growth,
proliferation, differentiation, and ideally
self-renewal

Biomimetic characteristics Mimicking of the host tissue architecture

Cell-cell cross talking

Cell-host tissue interaction

Physical support Substrate for cells to grow

Diffusion of soluble molecules

AN NN VNN

Physical barrier for host cells (e.qg.

macrophages)

AN

Possibility of functionalization with Microenvironment more similar o vivo

<

biological factors To affect/control/ direct cell response
Promotion of outward migration v" Colonization of the surrounding tissue
without limitation to the delivery site

Degradation time v' Long/short term depending on the goal

The basic feature for any cell-therapy productes ¢linical perspective, being
its utility ultimately based on its function in tHeuman patientql). Therefore, in
general an injectable scaffold is preferable tala@othat requires open-surgery for ease
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of application into the body; that is particulatlpe when degenerative diseases like
muscular dystrophy are treated, because of theeeeterioration of muscles.

The design of biomaterials is aimed at creatindfalcis that are meant to behave
dynamicallyin vivo, thus delivering cells while fully integrating the host muscle; to
this end the scaffold needs to be biocompatible l@indegradable. Biocompatibility
relates to material’s ability to exist within thedy without damaging adjacent cells, or
lead to a significant scarring, or otherwise eli&citesponse that could affect its function
(127); biodegradability is intimately correlated to bampatibility, as long as the
biological system needs to be able to break dowrbibmaterial.

In order to accomplish an efficient cell delivethe biomaterial is supposed to
provide an artificial niche for cells to be trarempied; that means to provide biological
signals in order to create a suitable environmespired to then vivo environmental
cues, that therefore allows the cells to proliferand differentiate once they have been
implantedin vivo. The niche is not meant to be static, but insteaVaive in time by
supporting stem cell fate during regeneration.

The biomaterial should display biomimetic propestieat would mimic thén vivo
native-like structural properties of the hostuisg131), and so acting as an artificial
engineered extracellular matried hoc for cells that will be delivered. A suitable
scaffold for muscle should ideally re-create a 3Di®nment, being the architecture of
muscle three-dimensional9q, 132). In the case of muscle constructs the 3D
environment would force cells to differentiate iilgaed muscle fibers; in the case of
cell delivery, the scaffold would be first of alpaysical support for muscle cells, being
myoblasts cells that grow adhered, and not in swspe as they are during
intramuscular injection.

The combination cells + biomaterial, provides a ¢racosm”, were cells either
cross-talk together and, once implantedvivo, interact with the host environment;
being this microenvironment a contingent realithat depends on both cells and
biomaterial, it needs to be investigated deeplside the scaffold, cells need to
maintain their phenotype, their ability to prolége, differentiate and, when stem cells
are delivered, to self-renew, as it would happewivo. To this end the scaffold should
provide for an efficient transport/diffusion of rabblites and soluble molecules
towards and from donor cells (fundamental for e@bility), but on the other hand it

should ideally protect carried cells from the aggree acute inflammatory response
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that is responsible for the majority of cell lossthe early stages post transplantation
(See Table 2 for characteristic time in a woundihgaesponse).

Table3.2 Characteristic times of the wound-healing response

WOUND-HEALING TIME
RESPONSE
Hemostasis Seconds to minutes
I nflammation Minutes to day
Proliferation Days to weeks
Remodeling Weeks to year

It is getting more and more evident that beside nbed of physical support to
deliver cells, the biomateriagd equally important to provide biological cuesngrove
cell survival and ability to regenerate damagesugs {33). To this end a biomaterial
that allow an unsophisticated encapsulation of ¢mofactors or drugs, beside cells,
encompasses several advantages in the potentiddimation of cells with different
molecules that, beside promoting cell growth, coudduce cells to exert specific
functions.

A biomaterial should finally promote outward migaat of cells inside the recipient
tissue and so, beside hosting them at first, it is suppdserelease donor cells that
would colonize the surrounding tissue, afterwanmdgyration aspect is correlated to
biomaterial degradation as well, because as biomahie degraded, cells are inevitably
released. For what it concerns degradation, treerm iuniversally accepted guidelines,
being the scaffold meant to behave dynamicallyivo; in any case, this issue is
intimately correlated with the system under ingegion, and so biomaterial
degradation and how it is related to delivery éfficy in the host tissue, necessarily
needs to verifiedn vivo. In general the scaffold should persist in the hisstue for
some time in order to provide for long term delwdhus avoiding continuous material
refill; on the other hand though, a slow degradatamuld entrap cells inside the
biomaterial, thus hampering their outward migratemd therefore leading to a not

efficient delivery in the host tissue.
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The biomaterial that incorporates all the featuisted above doesn’t exist yet.
Nevertheless the increasing intercommunication wiiffierent scientific disciplines,
together with the urgency in having more functiodalices will constitute a strong
input to face the challenge of the realizationwfdtional tissues substitutes or delivery
devices.

So far conventional surgical treatments for th@nstruction of lost skeletal muscle
tissue function, caused by congenital defects, tuaddation, traumatic injury or
different myopathies1@1, 134), yielded a limited degree of success. In the a#se
muscular dystrophy, generation of artificial musdlevitro to be later on transplanted
in vivo cannot be pursued; in fact supplying the dystropmuscle with new muscular
mass that it is no longer able to provide forngportant, but it doesn’t accomplish the
ultimate goal, that is the correction of the gemdgfect, achievable by recreating a pool
of healthy satellite cells in the diseased hostaleusTherefore, instead of an already
differentiated muscle construct, a more functioaaproach would be the delivery of
stem cells (satellite cells or myoblasts) that woulroliferate, differentiate, and

hopefully self-renewin vivo.
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1.8 AIM OF THE THESIS

The aim of this work was to investigate the desigra cell delivery protocol in
dystrophic muscle, based on the coupling of myageeils and biomaterials.

For this purpose, biomaterials with different cleéeastics were combined with
different types of myogenic cells and their effigzawas tested in the murine mdx
dystrophic model.Our ultimate goal is the develepmof a cell-based therapeutic

protocol for muscular dystrophies in humans.
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2.1 INTRODUCTION

As described in details in Chapter 1, the way calésdeliveredn vivo is of crucial
importance in order to accomplish an efficient-telbed therapy.

Our group has been working for some time on theaddisdifferent biomaterials to
perform cell deliveryin vivo, in order to overcome problems such as cell death
following transplantation. Our first approach wasdeliver large number of cells in
recipient muscles, something that hence requirad vitro expansion before
transplantation. In order to ensure the myogeniatyour cells we did not use
conventional primary myoblasts but myogenic preatgzells (MPCs). The difference
was that these latter were isolated from cultuisedlated single muscle fibers (see
Figure 2.1.1 for an example), thereby minimizinge thontamination from non-
myogenic cells that are inevitably present in avemtional primary culture preparation
(i.e., obtained by enzymatic digestion of the whuolgscle).

Figure 2.1 Proliferation of MPCs around a single, isolated musle fiber. If allowed to reach
confluence cells differentiated into myotubes. Numidrs in B-D indicate the days elapsed from
fiber plating. Scale bar in A is 100 um.

GFP-positive MPCs were then seeded onto bi-dimeasiPLGA (poly lactic-co-
glycolic acid) scaffolds and implanted into thibialis anterior muscles ofwild type

syngeneic animalsl). These experiments showed that scaffold-medidédgery was
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superior to direct intramuscular injection in terafssurvival, migration and grafting of
the implanted cells. Despite the promising resuhlisugh, these polymeric scaffolds
presented some limitation; PLGA intrinsic rigiditgid not mimic muscle tissue
consistency and the release of lactic and glycatids during PLGA degradation
adversely affects the host environment.

For this reason we moved to a different type ofcbmopatible matrix, porous
collagen sponge. Our group had already shown apgiogenic effect of this type of
matrix in intact and cryoinjured rat heantvivo (2), and a similar scaffold, although
with an ordered structure, has recently been usedleading matrix to guide myotubes
formation inside hostt recipient mice §). Here we investigated the use of three-
dimensional collagen scaffold as a potential vehfor myogenic cell deliverin vivo
to restore dystrophin expressionnalx mice. To the best of our knowledge, this is the
first time a biomaterial is coupled with cells imder to perform cell delivery in
dystrophic muscles.

From a biomimetic perspective, functionally engmegemuscle constructs should
exhibit native-like structural propertied){ to this end, collagen was deemed to be
better than PLGA because, besides being a natadhlbaodegradable material like
PLGA, its sponge is three-dimensional and highlgset and, therefore, compatible
with muscle biomechanical properties. In our expental design, collagen scaffold
would have provided a three-dimensional physicppsut for transplanted cell growth.
Its three-dimensional structure, characterized leyated porosity and large internal
surface, would have allowed to seed high numberscealls, thereby potentially
constituting a cell reservoir for long-term deliyeilLast but not least, thanks to its
elastic nature, collagen sponge could have hadpttential to reduce the cellular

suffering derived from the manipulations requiredlinig in vivo implantation.
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2.2 MATHERIALS AND
METHODS

2.2.1 MPCs CULTURE

MPCs cultures were obtained following the protopoéviously described5y.
Briefly, flexor digitorum brevis and extensor dgjitim longus were removed from 2 to
3 months old C57BL/6-Tg(ACTB-EGFP)10sb/J GFP tramég mice or
C57BL/10ScSn/J mice (Jackson Laboratories) andstBdewith 0,2% Collagenase
Type | (Sigma-Aldrich, USA) in Dulbecco’s Modifiedagle Medium (DMEM; unless
otherwise indicated all cell culture reagents wieoen Invitrogen). Single fibers were
individually harvested, plated on Petri dishes pesly coated with 10% Matrigel (BD
Bioscience) in DMEM and maintained in a humidifidgdsue culture incubator in
plating medium, (DMEM, 10% horse serum; 1% chickembryo extract (MP-
Biomedicals), 1% penicillin-streptomycin). After 7Bours, culture medium was
switched to proliferating medium, (DMEM; 20% fetadvine serum, 10% horse serum;
0.5% chicken embryo extract and 1% penicillin-sivepycin). Cells were kept in
culture with proliferating medium and detached frone plate with 0.5% Trypsin-
EDTA before reaching confluence.
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2.2.2 3D COLLAGEN SCAFFOLD

3-D porous collagen sponges (Avit&nblltrafoam™ Collagen Hemostat. Davol
Inc., Cranston, USA) were used. Prior to cell segdcollagen scaffolds &2x8mm)
were covered with DMEM for 12 hours at 37°C. Aftands, scaffolds were
conditioned with 5% Matrigel in DMEM at 4°C for 2finutes and then kept at 37° C
until cell seeding.

2.2.3 CELL CULTURE ON 3D COLLAGEN SCAFFOLD

At passage number 2, MPCs were detached from ttesplspun down, washed
twice in phosphate buffer solution (PBS) to remthe serum and the indicated amount
of cells was re-suspended in approximately 15 ub%f Matrigel in DMEM. Cell
suspension was then seeded onto the collagen kskdffarder to prevent dehydration,
30 pl of proliferating medium were added onto the agdla pieces every hour and after
4 hours the cellularized scaffolds were coveredh \sBitmL of the same medium. After
24 hours cellularized scaffolds were either impdanin vivo or embedded in OCT

(Sigma-Aldrich) and snap-frozen in liquid nitrogen.

2.2.4 CELL VIABILITY WITHIN THE SCAFFOLD

Cell survival inside the scaffold was evaluated hwiLlVE/DEAD® assay
(Molecular Probes, Invitrogen). 150 of a solution 3.5 uM Calcein and 3.0 uM
Ethidium Bromide in DMEM were added to the seededffslds and incubated 45
minutes at room temperature. Following incubatitme scaffolds were washed in
phosphate buffer (PBS) and labeled cells were wbdeat fluorescence microscope
(Leica, DMI 6000B).

2.2.5 CELL INJECTION

At passage number 2, MPCs were detached from the plith citrate buffer
solution (KCI 50 gr, GHsNagO7+2H,0 21,4 gr, to 500 ml with ultrapure water), and the
indicated amounts were re-suspendend in 40 pul DMEM Matrigel per each dose.
Cells were stored on ice at 4°C until injectiorelPninary experiments had shown that
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cells treated in this way and then seeded ontalatdrcell culture dishes were still able
to attach and proliferate.

2.2.6 RECIPIENT ANIMALS FOR IN VIVO IMPLANTS

All animals were housed and operated at the Ani@alony of the “Centro
Interdipartimentale Vallisneri”, University of Padm following all relevant bylaws
issued by the Italian Ministery of Health. Animaigere anesthetized with 2%
isoflurane; post-op care included three-days asaigdtramadol 10mg/kg) and
antibiotic treatment (enrofloxacin 15 mg/kg). 2 G&76J recipient mice were treated
with GFP positive MPCs, delivered through three-elsional collagen scaffold or
directly injected intotibialis anterioris muscles and analyzed 48 hours after
transplantationin vivo to perform analysis orcell distribution and apoptosis.12
C57BL/10J mdx recipient mice were treated witid type MPCs delivered through
three-dimensional collagen scaffold or directlyestpd intibialis anterioris muscles
and analyzed at 10, 20, 30 and 180 days post implaorder to identify the highest
dystrophin yield in collagen-implanted muscles iomparison to injected ones. 6
C57BL/10J mdx recipient mice were treated witiid type MPCs delivered through
three-dimensional collagen scaffold or directlyenigd intibialis anterioris muscles
and analyzed 30 days post implant, to quantify desand dystrophin expression in
dystrophic muscles. 6 C57BL/10J mdx recipient miggre engrafted with collagen
scaffold deliveredwt MPCs (Coll. Sc. 10 days, Coll. Sc. 30 days) or wikhn-
cellularized collagen scaffold (Empty Scaffold 3@yd) transplanted tdibialis
anterioris muscles, in order to analyze dystrophin positibers distribution at 10 (3

mice) and 30 days (3 mice).

2.2.7 SURGICAL PROCEDURE

3D cellularized collagen scaffolds were delivenetbithe lefttibialis anterior (TA)
muscles of C57BL/6 wild-type mice 24 hours aftdi seeding. Approximately 25% of
flesh mass was removed from muscle core and collagaffolds were inserted inside
it; muscles were then closed with non-absorbalflesdtures. Injections were performed

on right tibialis anterior (TA) muscles. Upon opening the skin and sectiontimg
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epimysium to expose the muscle surface, satekitis evere delivered through a 30G
needle; before injection, mechanical damage wasced by stirring the needle inside
the muscle core, in order to try and minimize ddfeces obtained from the damage
caused by scaffold insertion. At the indicated 8menice were killed by cervical

dislocation and treated muscles were excised azérfrin melting (159°C) isopentane.

2.2.8 TUNEL ASSAY

Tunel assay was performed using Apop@dg Stu Cell Detection Kit (Roche),

according to manufacturer instructions.

2.29 LIVE/DEAD ASSAY®

The LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen) is a two-color assay to
determine viability of cells in a population. Thi¢ klentifies live versus dead cells on
the basis of membrane integrity and esterase Bctigreen colored); cells with

damaged membrane will incorporate Ethidium Bronfrée coloured) .

2.2.10 |IMMUNOHISTOCHEMISTRY

Cryogenized muscles and cellularized frozen saddfolvere sectioned with a
cryostat in 10 um slices for immuno-staining. Sactf 10 um were fixed with para-
formaldehyde (PFA) 2% in PBS for 7 minutes. Primamnyibodies against desmin and
dystrophin (rabbit polyclonal, AbCam, UK) were déd 1:100 and 1:200 respectively
in PBS containing 3% bovine serum albumin (BSA) apglied for 1 hour at 37 °C.
Primary antibodies against MyoD and Myogenin (rabpolyclonal, Santa Cruz,
Germany) were diluted 1:50 in PBS-3% BSA and irdimally applied overnight at 4°C.
Secondary antibody Cy™3-conjugated anti-rabbit Ig@ckson Research, UK) was
diluted 1:250 in PBS-3% BSA and applied for 45 nésuat 37°C.

After treatment with fluorescent secondary antilksdislides were mounted in
fluorescent mounting medium (DakoCytomation), comie the nuclear counterstain
4',6-diamidino-2-phenylindole (DAPI; 2 pug/ul).
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2.2.11 COLLAGEN SCAFFOLD DEGRADATION TIME IN VIVO

Degradation time for collagen scaffold implantedivo was obtained by measuring
scaffold section area inside the implanted musatedifferent time points (10 and 30

days); time O refers to the scaffold section améar po in vivo transplantation.

2.2.12 DYSTROPHIN POSITIVE FIBERS DISTRIBUTION

Distribution of dystrophin positive fibers in graét mdx muscles was obtained by
comparing three different sets of samples: mustlaasplanted with cellularized
collagen scaffolds analyzed at 10 days (Coll. 8da¥s), at 30 days (Coll. Sc. 30days),
and muscles transplanted with non-cellularizedagah scaffolds (SI-30 days), used as
internal control. Image analysis was carried oungishe Leica DMI6000 software; at
least 10 sections were analyzed per each condition.

2.2.13 DYSTROPHIN QUANTIFICATION

The number of dystrophin positive fibers was ol#dilby scoring muscle sections
upon dystrophin immunostaining, using a fluoreseemicroscope (Leica, DMI 6000B)
equipped with a DFC350FX Leica camera and the LBiRHB6000 software; at least 10
sections were analyzed for each condition. The sexgion per slide was considered per

sample; absolute numbers were normalized with thecha section area.

2.2.14 STATISTICAL ANALYSIS

Statistical analysis were conducted with functioo\al, software MATLAB.
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2.3 RESULTS

2.3.1 IN VITRO CHARACTERIZATION OF COLLAGEN SCAFFOLD

Collagen sponge was cut in small parallelepipe@xZx8 mm) with a volume of
approximately 0.3 cth Collagen sponge is a soft, highly elastic makesich is
characterized by high porosity and surface-to-va@uatio. This in turn translates into
high internal specific surface and therefore inghttapacity of the scaffold to contain

cells. Fig. 2.3.1, B shows the high porosity of lagén, characterized by many
interconnected channels with a diameter of ~100 pum.

Figure 2.2 UltrafoamTM collagen sponge. A; dry state. B; ESEM ntrograph of dry collagen
scaffold at 70X magnification.
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2.3.2 SCAFFOLD BiocomMPATIBILITY WITH HIGH MYOGENIC CELL
DENSITIES

In our experimental rationale collagen scaffold wasught as a cell reservoir for
long-term delivery, therefore it was necessaryuibuce the highest possible number of
cells inside the scaffold. Different seeding prages (involving different volumes of
cell suspensions and numbers of applications) wested in order to obtain both dense
and homogeneous cell culture inside the scaffdid;maximum cell number that was
reached, while assuring homogeneous cell distobutivas assessed to be around
700000 cells per ~30 mitwolume sponge (approximately 23000cellsfm

2.3.3 CELL DISTRIBUTION INSIDE TRANSPLANTED SCAFFOLDS

Cell distribution inside the scaffold was alsoifted afterin vivo implant. GFP-
positive MPCs isolated from C57BL/6-Tg(ACTB-EGFPXH mice were seeded onto
collagen scaffold and then transplanted into tha&lis anterior muscles ofild type.
syngenic animals. Fig. 2.3.2 shows the green oetisle a scaffold as seen 48 hours
after implant. It can be noticed how the distribatiis quite homogeneous, the GFP-
positive MPCs being evenly spread over the entiedfsld section with no differences
between its boundaries and its core. Some hostate((iGFP-negative) cells that had
migrated inside the scaffold are visible as well.the same time, some GFP-positive
cells had already migrated outside the scaffola itite surrounding muscle (C),

occasionally acquiring a satellite-like position)(D
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Figure 2.3 Cell distribution inside the scaffold. A: overviewof muscle implanted with collagen
scaffold. B: detail of cell distribution inside thescaffold; C: detail of GFP positive MPCs that
had migrated outside the scaffold; C: detail of GFRpositive MPCs that had acquired a satellite-
like cell position. Original magnification was 50xfor panel A and 400x for panels B-D.

2.34 CELL DEATH INSIDE IMPANTED SCAFFOLDS IN VIVO

Collagen scaffold functions as a physical support rhyoblasts adhesion and
growth. In order to investigate whether the scdffebas able to protect MPCs from the
host environment, survival of implanted MPCs wasleated. To this aim, GFP-
positive MPCs were transplanted eithea collagen scaffold or direct injection into
wild type syngeneic animals and DNA fragmentation was evatlafter 48 hours using
a TUNEL (Terminal deoxynucleotidyl transferase nag¢ell dUTP Nick End Labeling)
assay. It should be noted that although this prne@eds commonly used to identify
apoptotic cells, in the context of vivo cell transplantation it also labels necrotic cells

(6).
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Muscles implanted with collagen scaffold displays&®o of GFP-TUNEL-positive
cells, whereas injected ones the amount was ard&fie Collagen scaffold-implanted
muscles showed TUNEL-positive nuclei mostly at thescle-scaffold interface, with
very little signal present in GFP positive cell€g8old, G and merged images in H).
On the other hand, injected muscles displayed higpeptosis level than implanted
ones (Injection, C and merged images in D) with hadshe apoptotic cells distributed
around the injection site. It should be noted thatexpected, in both cases most of the

TUNEL-positive cells appeared to be part of théutat inflammatory infiltrate.

DAPI Tunel DAPI Tunel

Injection Injection . Injection Injection

F e Aa - WG 7
\ i \ i Seaffold 1 Scaffold
5t T ’ g ey .,

Coll. Seaftold : Coll. Scaffold Coll. Scaflold Coll, Scaffold

Figure 2.4 TUNEL quantification in injected muscles (A to D) in @mparison to muscles implanted
with Collagen Scaffold (E to H), at 48 hours aftertansplantation. Original magnification 20X.

2.35 CHARACTERIZATION OF COLLAGEN-SEEDED CELLS

In order to investigate whether MPCs in collagesffedd were viable and myogenic
when cultured at high density in a 3D support, watized collagen scaffold was
characterized prior to transplantation. MPCs weodated and expanded fromild type
C57BL/10ScSn/J mice (the background strainnmfx) and seeded onto collagen
scaffolds. After 24 hours cellularized scaffoldsrevanalyzed for cell viability through
LIVE/DEAD® assay and for myogenic markers expressiothrough
immunofluorescence analysis. LIVE/DEAD® assay shiwbat collagen scaffold
allowed very good cell viability, as only occasibdaad cells could be seen, mostly in
the core of the scaffold (fig. 2.3.4, A-B).
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MPCs seeded onto collagen scaffold were analyzednfmgenic markers as well
(Fig. 2.3.4, D-I), whose expression was quantified). 2.3.4 C, dark bars). MPCs on
the scaffold showed to be positive to desmin (8&%)yoD (74%) and to myogenin
(38%), revealing a similar expression pattern imparison to what was observed for
MPCs cultured on standard culture dishes (Fig4223.light bars).

Scaffold surface

CALCEIN

Scaffold core

Figure 2.5 Cellularized collagen scaffold characterization befre implant. 24 h after cell seeding,
cellularized scaffolds were either analyzed for ckliability (A-B) and for myogenic markers expresson
(C-1). A-B: Viability cell assay. Cell viability was evaluated in the scaffold surface (A) and the sifald
core (B); green color identifies living cells, rectolor identifies dead ones. C: Characterization oMPCs
seeded onto the scaffold before implant. The grapthews the percentage of cells positive to myogenic
markers Desmin, MyoD and Myogenin in MPCs seeded ¢m 3D CSI (dark bars) and cultured on 2D
Petri dish (light bars). D-I: Immunostaining for myogenic markers desmin (D-E), MyoD (F-G) and
myogenin (H-1); nuclei were counterstained with DAR.

2.3.6 DELIVERY OF DYSTROPHIN EXPRESSING CELLS INTO MDX MIE

Once assessed that collagen scaffold allowed catility and myogenic markers
expressionin vitro, collagen scaffold potentialities for cell deliyemto dystrophic
muscles was investigated with vivo experiments irmdx mice. To this aimMPCs
were extracted from EDLs and FDBs muscles of C5IB&£Sn/Jmice, expandedn
vitro and then either injected or seeded on collageriddaind implanted in the tibialis
anterior muscles ofmdx mice using the same procedures described aboital In
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experiments were carried out at different time fmisacrificing the animals at 10, 20,
30 and 180 days. These data showed that collaggfolscimplanted muscles yielded
the highest number of dystrophin positive fibercomparison to injected ones at 30
days (Fig. 2.3.5).
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Figure 2.6 Ratio of the maximum number of dystrophin positive fibers per section (Nf)

present in implanted versus injected muscles at 120, 30 and 180 days post delivery. Anova
analysis revealed that 30 and 180 days yielded highnumbers of dystrophin positive fibers in
comparison to 10 and 20 days (p<0.001); there is mignificant difference between yields at 30
and 180 days.

All following experiments were then carried outtlais time point. Muscle sections
were analyzed for desmin and dystrophin expressiod,the areas of collagen implants
were also measured. This latter data was usedmyptt@ determine the actual muscle
area of the sections to normalize the content strdphin fibers, but also to estimate
the degradation curve of the implanted scaffoldsshown in Fig. 2.3.6, panel C, at 30
days collagen scaffold was still visible in treatedscles, constituting about 20% of the
entire muscle section area; by using analogous al#taned at the ten days time point
and plotting them in a curve, the time needed ¢aiffeld complete degradation vivo
was estimated to be around 3 months. As expecieaffokl size reduction was
accompanied by the formation of new muscle fibeas, assessed by desmin
immunostaining (Fig. 2.3.6, A). Interestingly, desmpositive fibers, as well as some
single cells, could also be observed inside thdfada(Fig. 2.3.6, B). Dystrophin
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immunostaining (Fig. 2.3.6, D to F) showed thainjected muscles the number of dys-
positive fibers was quite low (up to 50 per secti@milar in fact to that of revertant

fibers in untreated muscles. On the other handageh scaffold implanted muscles
showed higher number (up to 120 per section) otrdghin positive fibers, mostly

organized in clusters localized around the scafélthe interface with the surrounding
muscle (Fig. 2.3.6, E). Occasionally, small dyshiappositive fibers that had grown
inside the scaffold were also observed (Fig. 2.8, The maximum number of

dystrophin-positive fibers found in implanted amgected muscles is summarized in
Figure 2.3.7.

Figure 2.7 Characterization of implanted and injected musclesin vivo at 30 days post
implant: immunostaining for desmin (A-B), dystrophin (D-F) positive fibers, and evaluation of
in vivo collagen scaffold degradation time (C). A: desmin gsitive fibers in collagen implanted
muscles. B: magnification of the interface betweescaffold and muscle. C: size quantification of
CSl at 10 and 30 days post implant, d:0 corresponds the size of cellularized collagen scaffolds
before implantation. D: dystrophin positive fibersin injected muscles. E: cluster of dystrophin
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positive fibers at the interface between collagercaffold and muscle. F: magnification of two
fibers found inside the scaffold in collagen implated muscles. Original magnification was 100x
in A and D, 200x in E and 400x in B and F.
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Figure 2.8 Number of dystrophin positive fibers (Nf) quantified in implanted and injected
muscles in comparison to untreated muscles (Ctrl)ta30 days. ** corresponds to g0,01 ; *
corresponds to 0,05 (Anova)

2.3.7 DISTRIBUTION OF DYSTROPHIN POSITIVE FIBERS IN IMPLANTED
MUSCLES

The approach used to assess the distribution dfaysn positive fibers was as
follows: scaffold surface area was traced insidgeithplanted muscle section area and
radial rings around it were traced as well (200 gpaced; dashed lines in panel A). The
distance of every single dystrophin positive fidesm the scaffold, (which was
considered as the origin point), was calculatedchEevent was classified in groups,
based on their increasing distance from the saiiffehose distribution is depicted in
panel B.; Calculations were performed for two tipwnts, 10 and 30 days, and data
were compared with those obtained with control Hassthat had been implanted with
just empty scaffolds. This way we were able to nwnihe possible effect of muscle
regeneration on the number of revertant fibers. diaissimplanted with cellularized
collagen scaffold at 10 days and non-cellularizelthgen scaffold at 30 day showed a
similar profile, with homogeneous distribution ofstrophin positive fibers within 800

pum from the scaffold. On the contrary, muscles anf#d with cellularized scaffolds at
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30 days, showed much higher numbers of dystroplositige fibers, which were

distributed close to the scaffold.

B
s = Coll. Sc. 30 days
40
a Empty Scaffold 30 days
35
t 30 o Coll. Sc. 10 days
% 25
2 20
a 15
10
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" C L
0-200 200-400 400-800 >800
Radial distance from the scaffold (pm)
Figure 2.9 Profile of dystrophin positive fibers distribution in collagen scaffold implanted

muscles. A: Schematic representation of one of thauscle sections analyzed for this purpose.
The area of the scaffold was traced inside a muscéesection (yellow dashed line) and radial
areas 200 pm spaced were then traced around the ffcdd’'s area (green and pink dashed lines)
in the whole section area. Dystrophin positive fibedensity was then measured for each area. B:
quantification of dystrophin positive fibers in ead area around the scaffold at increasing
distance from the scaffold.
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2.4 DISCUSSION

In this work a three-dimensional collagen spongs wvestigated as a potential
vehicle to perform myogenic cell deliveiy vivo, in order to restore dystrophin
expression iimdx mice. To date, to the best of our knowledge, ithibe first attempt to
couple a biomaterial with cells to perform cellidety in dystrophic muscles.

A three-dimensional collagen scaffold was chosamits intrinsic natural and
biomimetic properties; collagen sponges have ajredbwn their usefulness in tissue
engineering studies by othef ¥, 8), and our group had already obtainedsivo data
on a rat model of rat ischemid)( In this case, we sought to use its three-dinoeradi
elastic and highly porous structure so that im@dnscaffolds could act as a cell
reservoir for cell delivery. To this aim, we destgnthe seeding technique for the
scaffold so that it could host the highest possddi density, while at the same time
preserving their viability and their myogenic naur

These points were the subject of bothlvitro andin vivo experiments. In the former
case, we analyzed viability and myogenic markeggession of MPCs 24 hours after
seeding inside the collagen sponge. Using a ceationane permeability test we
determined that very little cell death could berfdueven in the core part of the
scaffolds. Besides being viable, MPCs also showedxaression pattern of myogenic
markers that was comparable to what was observezh e same cell preps were
instead grown in standard conditions (i.e., 2D iP#ishes). These findings therefore
confirmed that collagen scaffolds could satisfattdnost high numbers of myogenic
for subsequerin vivo delivery.

Given that many previous studies had shown howsplanted cell death occurs

shortly after injection in recipient muscleé®,(cell viability was assessed in experiments
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in which muscles had received collagen-deliveretls cer injected cells. These
experiments were carried out wild type animals, using cells prepared from GFP-
positive transgenic mice. Cell death in both impanand injected muscles was
analyzed 48 hours post transplantation with TUNEsag, which detects genomic
DNA fragmentation. Although commonly regarded dalzel for apoptotic cells, it has
been found to be a more general marker for cellhde&en used in the context of cell
transplantation ). Our findings showed that collagen-delivered selisplayed very
low levels of TUNEL-positive nuclei. Interestinglynjected cells did not display
dramatic levels of cell death either, even thougytwere still about three times higher
than those seen in collagen. This finding was eagent with what had been noticed
by Skuk and colleagues, who had reported that wisémg primary myoblasts post-
transplantation cell death was not as high as se&n when implanted stabilized
myoblasts ).

Short term experiments also indicated that, ongalantedin vivo, after 48 hours
cellularized scaffold also contained host cellsjclvhwere obviously able to migrate
from the surrounding muscle. That suggested thatsttaffold was indeed compatible
with cell migration across it, but that, on the etlihand, it did not prevent host cells
access to transplanted cells. Given that thesecetistwere most likely macrophages or
other players of the early acute inflammatory reactecruited in the site of injury (as
indicated by the results of preliminary experimentgith anti-macrophage
immunostaining (data not shown) such occurrencéddeave been potentially harmful
for the success of the implant.

In order to evaluate collagen scaffold efficiency a vehicle for cell-based
dystrophin delivery inrmdx mice, thein vivo experiments were carried out comparing
the performance of scaffold-delivered cells to thadt cells that were injected
intramuscularly. This approach was chosen becawset dnjection was until then the
standard way to deliver myoblasts in the musclesnaf mice. Importantly, in each
experiment seeded and injected cells belongedet@dame prep, thereby excluding that
the intrinsic variability of primary cultures coukltffect the results. It should be noted
that when the collagemdx project was started we did not deem we had set@fa
evidences that the use of GFP positive cells dérivem a C57BL/6J strain in a
C57BL/10ScSn/J background would not cause any inmhogical problem. For this
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reason the experiments withdx mice were carried out using syngeneic, non GFP
positive, donors.

Initial experiments were carried out at differeimé points, in order to determine
when the best yield, in terms of dystrophin positikoers per muscle section area, was
obtained. This analysis showed that this value pegakt 30 days after transplant and
remained fairly constant also at three months. Timg course analysis also indicated
that at ten days after implant, injected muscleatained almost twice as many
dystrophin positive fibers compared to scaffoldHiamped muscles, a ratio that was
reversed at 30 days. This finding suggested thetted cells participated immediately
to the formation of dystrophin-positive fibers, ehthe scaffold did appear to act as a
reservoir, from which cells were released more Bloisee also below). On the other
hand, the fact that at three months the numbeystirabhin positive fibers was similar
(or lower) than that found at 30 days suggestetthigacontribution of delivered cells to
the satellite niche of the recipient muscle wa®lliknot significant. In fact, even
considering that in aduihdx animals the continuous regenerative processegrasent
but at a low level, we would have expected somecatn of an increase in the
number of dystrophin positive fibers in time.

Implanted muscles analyzed 30 days post implaaled several small (i.e., newly
formed) desmin positive fibers inside the collageaffold, thus indicating that the
matrix was able to support muscle regeneration. é¥@w the cells that had formed the
majority of these fibers came from the host; int,fawost dystrophin positive fibers were
found at the interface between scaffold and hossaleuand could be observed only
occasionally inside the scaffold.

The quantification of dystrophin positive fibers imuscle implanted with
cellularized scaffolds vyielded higher numbers thatat was found in injected
contralateral or contromuscles. Such an increase, though, was far too ttowe
clinically relevant, as it reached just about 5%tloé total number of fibers in one
tibialis anterior (it is now generally acceptedttimorder to achieve some physiological
improvement it is necessary to express dystrophat least 20% of the fibers).

As mentioned in Chapter one, distribution of trdasfed cells is a very important
parameter to consider in cell therapy studies.thigr reason we analyzed the outward
migration of collagen-delivered cells into the sumding muscle. To do so we used an

indirect approach and considered the distributibdystrophin positive fibers. In these
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experiment we also implanted non-cellularized sddffas controls, to be able to tell
apart the contribution of implanted cells from fhessible increase of revertant fibers
due to muscle regeneration. Our data suggestedirtidanted MPCs were able to
migrate out of the matrix but not very far fromas the majority of dystrophin positive
fibers was found within 400 um from the scaffoldhe§e fibers were likely formed by
donor cells that were released while the scaffadd Weing degraded. In fact the highest
number of dystrophin positive fibers was obtaingd38 days, without changing
statistically in the longer term (180 days). At 8@ys transversal sections across
implanted muscles, revealed that the scaffold aras reduced to 2/3 out of its total
volumein vivo and therefore it likely released most of the tréensied cells that later

gave the maximum yield at that time point.
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3.1 INTRODUCTION

3.2.1 | MPROVING CELL DELIVERY EFFICIENCY

In chapter 2 we explored the potentialities of @eéhdimensional collagen scaffold
to mediate cell delivery in dystrophic muscle. @gén scaffold has shown to be a
suitable scaffold to mediate muscle tissue fornmatitside it, but it revealed several
points that could be ameliorated in order to imprdive efficiency of cell delivery. In
designing a suitable biomaterial for this purpodes biological part (the cells) are
combined with the technological one (the biomatgriaence, we analyzed possible
limitations of both in order to optimize cell dediny efficiency.

When we used collagen scaffold, the underlying @a to create a reservoir for
long-term cell release in the dystrophic muscle #reduse of high quantities of cells
was specifically thought towards his aim. Howen;, results showed that the grafting
efficiency was quite low and little or no satellitell replenishment was observed.
These findings could have been due, at least ity fmam vitro expansion and culture
conditions, factors that have been shown to impall myogenic potential 1( 2).
Besides, high numbers of cells might limit availipiof O, and nutrient supply inside
the scaffold, while delaying the clearance of meliéds (3). More profound myogenic
stem cells have been proposed as a preferableptheia approach, because they are
characterized by extensive proliferative and engygfcapacity inside the host tissue as
well as self-renewal properties even when engraftezimall numbersl( 4, 5). Hence,
we tried to improve the efficiency of the cellufzart of our approach by using satellite
cells that were transplanted vivo as soon as they were separated from freshly exblat

myofibers@). Besides changing the cell type, we also workedhe development of a
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more suitable biomaterial for cell delivery purpoge previously mentioned, our
previous results suggested some possible limitatdnhe collagen sponge:

v' impaired molecules diffusion;

v early penetration of (inflammatory) host cells desthe scaffold;

v" long scaffold degradation time.

Inside the scaffold, diffusion of metabolites cobkel impaired by the micro-porous
structure, that forces molecules to cover longadisés before they have access to the
transplanted cells; therefore metabolites and sigmalecules (fundamental for cell
viability) might not arrive at transplanted cells sufficient amounts and or with the
tight timing. On the other hand, we observed cklien the host inside the scaffold
within the first 48 hours after implantation, likelattracted by the inflammatory
response elicited by the insertion of a foreignybothat suggests that micro porous
structure did not prevent cells to interact witAngplanted ones, therefore leading
potentially to cell loss or minor efficiency (asdussed in chapter 1). Finally, scaffold
degradation time could be too long for a cell datwpurpose, in the sense that MPCs
might need to be released faster in order to getomact with the host tissue and
contribute more significantly to its repair.

Chapter 1 described different types of biomateritilat are currently under
investigation as delivery devices. Among them, tme that best incorporates the

requirements necessary for our purposes is hydrogel

3.2.2 HYDROGEL PROPERTIES

Hydrogels are water-swollen, crosslinked polymesgstems capable of absorbing
large volumes of aqueous solution. They are forrhgdcrosslinking water-soluble
polymers to form an insoluble polymer network dfedent conditions (temperature,
pH, etc).

Hydrogels are defined as three-dimensional polyme¢works that swell, but do not
dissolve in water®). They are biocompatible and soft; their high watentent can be
modified to modulate hydrogel mechanical propertigloreover, they display high
structural similarity to the natural extra cellularatrix (ECM), therefore it's not

surprising that hydrogels that have been designéu piysical and elastic properties
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resembling those of native tissues have found itaporoles in medicine (e.g., in tissue
engineering, artificial organs, and other implaigatevices) §-10).

Hydrogels form a permeable but non-porous membravieose physical
characteristics can be engineered with approprititeensions. Thus cells can be
entrapped in a structure that allows them to ictergith soluble molecules of the
surrounding environment that can diffuse freely dod¢ and from them, but, on the
other hand their contact with host cellular pagrevented, because cells are too big to
overcome the molecular barrier provided by hydrogfelicture {1). The selectivity
provided by the gel matrix can be modulated byrialgethe crosslink density, which
affects the structure in two ways: it regulates sime of molecules that have access
through the polymer and modifies hydrogel mechdmoaperties (because it affects the
volume of aqueous solution adsorbed by the polymer)

Hydrogel transparency is another advantageousréedtu cell culture because it
allows the visualization of living cells, opticalnage analyses and studies on the
dynamics of interfacial processes, such as praeiface interactions, using inverted

microscopes (frequently used in cell biologi2)(

3.2.3 ENGINEERED HYDROGELFOR CELL DELIVERY PURPOSE

Hydrogel can be injected into the body with mininmalasive techniques, which do
not require open surgery.

Once injected, the biomaterial needs to polymerinesitu in order to acquire more
solid-like properties that would resemble the ookthe host muscle tissue (in order to
accomplish biomimetic property, as already statedhiapter 1). An injectable material
presents several advantages, but there are s@aseaheters that need to be controlled
in order to ensure efficiency. To this end, ourliprmary experiments were aimed at
accomplishing:

v an efficient and homogeneous polymerizaiiowivo;
v" homogeneous physico-chemical properties after ohgnerization occurs.

Hydrogels can be prepared with several polymerfieeinatural or synthetic,
including alginate, pluronics, chitosan, fibrin gland poly-acrylamidel8). In recent
years, many kinds of hydrogels, especially polyethe glycol) (PEG) and derivatives

(14), have been widely used for encapsulating livimgiscor as substrates for cell
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culture. Amongst the various hydrogels, those basecdyaluronic acid (HA) have
grabbed the attention of scientists and clinicidsecause they are chemically,
structurally and mechanically designed to mimic eoofh the features of native ECM
(15-17).

Hyaluronan (HA), also known as hyaluronic acid oraloronate, is a major
constituent of the ECM1), accounting for >2.5g/L in the human body.

It is a linear, unbranched negatively charged pelyrfirst discovered by Meyer and
Palmer in 1934 in the vitreous humor of cattle ef#). It is composed of repeating

units of two monosaccharides, glucuronic acid arachityl-glucosamine (-4GIcUA-
3GIcNAgS1-), (20).

COONa CHOHo 5 OH NREOCH,
O O o
O
HO 2l NHCOCH; ' COONa o —h2on
Figure 3.1 The repeating disaccharide unit of hyaluronan (-4GIUAB1-3GIcNAcB1-)n

It has visco-elastic properties and high ability regain water, thus modulating
matrices malleability and porosit2X), and therefore cell motility. HM vivo is known
to co-regulate gene expression, signaling, pralifen, motility, adhesion, metastasis,
and morphogenesiZ, 23), as well as to promote wound-healing processeewh
reducing long term inflammatior24).

Moreover, HA can be produced through fermentatidns is an appealing feature
for the making of a biomaterial applicable in dti@i grade, because the microbial
fermentative process does not present risks of @rderived pathogens.

3.2.4  HYALURONIC ACID-BASED HYDROGEL (HYAFF120®)

In collaboration with Fidia Advanced Photopolyméfs.b.) and the group of Dr
Nicola Elvassore of Engineering Dept, UniversityRafdua, a new injectable hyaluronic
acid-based hydrogel (HYAFF120®), endowed with nofegtures designed to bring

improvement in cell delivery efficiency for cell<4ed therapies has been developed.
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Beside natural useful hydrogel characteristics rlesd above, HYAFF120® was
engineered in order to improve its use in our protoProperties of HYAFF120® are
summarized below:

v HYAFF120®, is an injectable hydrogel.
Therefore it can be introduced into the body withnimal invasive
technique. Once injected into the body, the biomatecan bein situ
polymerized and therefore acquire more solid-likeperties.

v HYAFF120® is photo-polymerizabla vivo.
In order to obtain an homogeneous polymerizationopted for a_photo-

polymerization,instead of a chemical one, that would require tivang of

the chemical initiator in the polymer solution; wsed a photo-initiator
excitable by UV light at366 nm, a wavelength already used for clinical
applications. However, photo-polymerization is safficient on its own to
obtain a homogeneous and reproducible polymerizaliofact, when photo-
initiator is activated by specific light wavelendih link together molecules
in the solution, it produces radical initiating sj@s that can be toxic if not
quickly removed. In order to avoid the creationdahgerous intermediates,
the photo-initiator was covalently and stoichioreetity linked to HA based
hydrogel molecules, thus ensuring a completely lganous dispersion of
the photo-initiator within the HA blend (Figure AR The characteristics
described above ensure the homogeneity of the mowlgrsolution prior and
after polymerization. Figure 3.2A shows the reacttiof production of
HYAFF120® form HA and photo-initiator and then thgdrogel formation
after UV light exposure.

v HYAFF120® can be sterilized by conventional auteela
Therefore, once it is prepared, it is ready to $eduwith biological samples.
It can be mixed with the cells, injected and phptdymerizedin vivo
without any additional mixing or reagents.

v HYAFF120® forms a permeable non-porous membraneishselective for
cells and/or soluble molecules.
As we already described above, the photo-initisdachemically linked to
HA molecules in order to ensure an efficient anadnbgeneous photo-

polymerization that does not require any reagenisingyn The photo-
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initiator is stoichiometrically linked to HA moleles and therefore it is
present at regular length between two adjacent ecules.This distance
was thought to provide for free access of solubtéerules to carried cells
but on the contrary to protect them from the calliypart of the host. In
order to accomplish that, the synthesis process stadied to have a
molecular net of approximately 70 nm (as shownignF2 B).
4 Finally, as already mentioned, HYAFF120® is a hyatic-acid derived
polymer, that can be easily and controllably pre&dlcn large quantities
through microbial fermentation. Besides eliminatiagy risk connected to
animal-derived products, this also enables theesgplof HA-derived products
(25).

A

Mg [ L e Lo _HO oHy
f;ﬂ:{i:\’-f L UV(sBNM) s WI\ \ ﬂ.ﬂ \[ + g il o en

light i | S~

Figure 3.2 A. Schematic representation of the main reaction fothe synthesis of HYAFF120®
and photo-polymerized hydrogel. B. Chemical structte of photo-polymerized HYAFF120® (left
picture) and schematic representation of the moledar net formed upon exposure to UV light
(right picture).

In this work we characterized HYAFF120® as a celiveery carrier, suitable for
clinical grade.

We first of all set up conditions to obtain suighlisco-elastic properties of the
hydrogel for cell injectionn vivo, thus establishing polymer concentration and hadl t
parameters to obtain an optimal photo-polymerizaiiovivo. We therefore established
the best conditions to encapsulated cells insigepiblymer, while maintaining them
alive and functional during photo-polymerization.

Hydrogel was then tested vivo. First data were obtained ovt animals in order to
set up experimental conditions fiorvivo application and test efficiency of hydrogel as

a cell carrier. Afterwards hydrogel was used indiseasedndx model.
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3.2 MATERIALS AND
METHODS

3.25 SINGLE MYOFIBER ISOLATION

Single fibers were isolated by adjusting a protgmaviously described from De
Coppi et al., 200626). Briefly, extensor digitorum longus (EDL) and sa$ (SOL)
muscles were removed from 2 to 6 months old C57BIggACTB-EGFP)10sb/J gfp
transgenic mice and C57BL/10ScSn mice muscles §$dackaboratories) and digested
with 0,2% Collagenase Type | (Sigma-Aldrich) in DMEor 1 hour and 15 minutes at
37°C. Myofibers were gently isolated and seriatgnsferred through three dishes of
warmed plating medium (PL), (Dulbecco Modified Egigl Medium, DMEM; 10%
horse serum; 1% chicken embryo, MP-Biomedicals; feéicillin-streptomycin).

Unless otherwise indicated, all cell culture reagevere from Invitrogen.

3.2.6 SATELLITE CELLS | SOLATION

Satellite cells were separated from myofibers usimgethod adapted fror27). For
each graft, twenty intact fibers were isolated fr&dL and SOL muscles of 2 to 6
months old C57BL/6-Tg (ACTB-EGFP)10sb/J GFP trangge mice and
C57BL/10ScSn/J. Groups of 20 fibers were isolateBLL medium and passed 20 times
through a 19G needle mounted on a 1 ml syringe. Sigpensions were then
centrifuged for 5 min at 450 xg, and the resultpetlets were resuspended into
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[HYAFF®] 40mg/ml. Hydrogel- encapsulated cells wekept in ice until grafting
within few hours from isolation. Aliquots of 250lisewere seeded onto DMEM 10%
Matrigel (BD Biosciences) and cultured overnight b medium to allow them to

adhere to the plate to perform immunocytochemibalacterization.

3.2.7 MEASUREMENT OF HYDROGEL VISCOSITYAND ELASTIC-
MoDuULUS

A rheometer (Rheostress RS150 Haake) was used dinia¢® visco-elastic and
rheological properties of starting solution (fluigscous) and the cross-linked hydrogel
(solid-elastic). It was equipped with a temperatooatrol (20.0£0.5° C) and a plate-
cone sensor (1°) of 60 mm diameter. During measenésnthe distance between cone
and plate was 0.051 mm. Experiments were carri¢cboudifferent concentrations of
Hyaluronic acid solutions from 10 up to 75 mg/mligher concentrations gave
solutions too viscous and so unlikely workable. ift#é experimental data were
obtained in the range from 10 to 30 mg/ml. The tsoi’s rheological behaviour (before
irradiation) was evaluated by analyzing the shefiess as function of rising
deformation rates (0-5'%. Stress sweep measurements on cross-linked hsldragre
performed in order to find its linear viscoelasggion where the complex modulus was
independent from the shear stress. Finally, elg&i¢ and viscous (G”) moduli of
cross-linked hydrogels were calculated as funationsing oscillation frequencies (0.1-
10 Hz) at constant shear stress-(1 Pa).For all concentrations hydrogel disks (tlp
were prepared by UV curing using UV lamp BlewaveBmax filtered at 366 nm,
intensity: 4mW/cm2, probe: samples of different @amtrations (10, 20 and 30 mg/ml)
and exposition times (from 3 s up to 5 min) wereparred at a distance equal to 2 cm
from the probe (427+2.5 mW/én

3.2.8 CELL ENCAPSULATIONINTOHYDROGELFORIN VITRO
ANALYSIS

In vitro analysis on the coupling of hydrogel and cells wadormed with C2C12
cell lines characterized by passage number ranigorg 10 to 20. C2C12 cells were
cultured in Proliferative medium, PR (PR: DMEM, Big-Aldrich; 20% Fetal bovine

serum; 1% penicillin-streptomycin), and detacheaimfrthe dish before confluence.
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C2C12 were counted, divided into aliquots of 8d#ch. Cells were centrifuged for 5
min at 450 RCF, the supernatant was removed ancefudtant pellet was resuspended
into different concentrations of HYAFF®: 20, 40 aB@ mg/ml in PBS.

The suspension was then placed into 96-multi wklteg, where it underwent
photo-polymerization with UV lamp Blewave-50 Dyméltered at 366 nm, intensity:
4mW/cm2, for 55 sec; the light source was placeti@ah from the cells.

After photo-polymerization, Proliferative mediumRP was added to hydrogel-

encapsulated cells and kept in culture; mediumchasged every 2 days.

3.2.9 HYDROGELDEGRADATION IN VITRO

Powder based [HYAFF®] was dissolved at a conceaotrtabf 40 mg/ml in
physiological solution. A volume of 9@ of the mixture was photo-polymerized with
UV lamp Blewave-50 Dymax filtered at 366 nm, intéyis4mW/cm2, for 55 sec.
Hydrogels were weighed after photo-polymerizatiod anmerged at room temperature
in different media (PBS, DMEM, DMEM 10%FBS, DMEM HHEPES); then the
polymer was weighed at different time points.

The same procedure was used to test hydrogel istahil different pH; photo-
polymerized hydrogels were weighed after photo4pasization and immerged at room
temperature in four buffers at different pH (3.8,5.3, and 8.6) obtained using Citric,
Phosphate and Borate buffer. The hydrogels werghsd at different time points, and
the pH was measured.

3.2.10 EFFeCT OF RADIANT ENERGYON THE VIABILITY OF
HYDROGEL-ENCAPSULATEDCELLS

6-1G C2C12 cells were encapsulated in HYAFF® [40mg/nm] ghysiological
solution and photo-polymerized with UV lamp Bleweb@ Dymax filtered at 366 nm,
intensity: 4mW/crf, for increasing exposition time. Cell viability waested using
LIVE/DEAD® assay (Molecular Probes, Invitrogen)jdfty 150 uL of DMEM 3.5 uM
Calcein/3.0 uM Ethidium Bromide were added to hgefeencapsulated cells and
incubated 45 minutes at room temperature. Followimgubation, hydrogel-
encapsulated cells were washed in phosphate b(PBS) and labeled cells were
observed at fluorescence microscope (Leica, DMD&)O
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3.2.11 EFFeECT OF HYDROGELENCAPSULATION ON CELL
DIFFERENTIATION

6-1G C2C12 cells (a standard murine myoblast cell limpable of in vitro
differentiation) were encapsulated in 35 pl of HYARO® at different concentrations
(20, 40 and 60 mg/ml in physiological solution)described in § 3.2.4; the suspensions
were photo-polymerized inside 96-multi well platbst had been previously coated
with Laminin [50 pg/ml in PBS] (Sigma Aldrich) f@& hours at room temperature (RT).
As control the same cell number was seeded withmuious hydrogel encapsulation,
and analyzed with or without exposition to UV rdaia energy. Both control and
Hydrogel encapsulated cells were cultured in 1:1aPR Conditioned Medium (CM).
This latter was simply PR harvested from a 48 hawlture of C2C12 medium and
filtered through a .22 um filter. Once cells reathsub-confluence, medium was
switched to Differentiative Medium (DM: DMEM; 2% hse serum; 1% penicillin-

streptomycin) for 4 more days.

3.2.12 RECIPIENT ANIMALS

We used mice from two different strains: C57BL/@&dl £57BL/10ScSmadx/J. All
animals (Jackson Laboratories) were housed anditgueonto at the Animal Colony of
the “Centro Interdipartimentale Vallisneri”, Uniwty of Padova, following all relevant
bylaws issued by the Italian Ministery of Healtmifals were anesthetized with 2%
isoflurane; post-op care included three-days asaigdtramadol 10mg/kg) and

antibiotic treatment (enrofloxacin 15 mg/kg).

3.2.13 INVIVO IMPLANTS

Hydrogel and cells were delivered to Idifbialis anterior (TA) muscles; contra-
lateral TAs were used as control and received eitlgdrogel alone (no encapsulated
cells) or sham surgical procedure. Implants coethiapproximately 250 GFP positive
hydrogel-encapsulated satellite cells from C57BL#-(ACTB-EGFP)10sb/J gfp
transgenic mice [final hydrogel concentration: 46/mi]. Approximately 15% of flesh
mass was removed from the core of TAs in orderreate a pocket for hydrogel

insertion. When TAs were treated with hydrogel aloor hydrogel-encapsulated cells,
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they were inserted inside the pocket, and photgrpefizedin situ with UV lamp

Blewave-50 Dymax filtered at 366 nm, intensity: 4rici2, for 55 sec (see 13.3.7).
After polymerization, or once the surgical sham wasformed, muscles were closed
with non-absorbable sutures. Mice were sacrificechr2l 6 weeks post implant.
Implanted and sham-injured muscles were excisedfizad in 2% para-formaldehyde
(PFA) in PBS at 4 °C for 1-2 hours and then placeal 30% sucrose solution overnight
at 4 °C. The following day samples were then quyiagikhsed in PBS and then snap-
frozen frozen in liquid nitrogen-cooled isopentahkiscles were stored at -80 °C until
analyses were performed. Two days before sacrificiee analyzed 2 weeks post
implant were injected intra-peritoneally with Edloitrogen), 0.9 mg in 500 pl normal

saline for a 30 gr mouse, for cell proliferatiosag

3.2.14 MuUSCLE CRYOSECTIONS

Frozen muscles were sectioned end-to-end with atame (Leica CM 1850),
preparing 1Qum-thick sections for antibody staining and 20 pmekisections for eosin
and hematoxylin staining. Tissue sections weregalamnto gelatin-coated microscope
slides. Sectioning levels were separated by ab@dt.8n along the muscle length; ten
serial, 20 um sections were kept aside from eaal (éor possible further analyses by

western blot).

3.2.15 |MMUNOSTAINING

10 pum thick cryosections were used for immuno-lisémnical staining of
implanted muscles. Freshly isolated satellite cellsre seeded onto glass slides
previously coated with 10% Matrigel in DMEM.

All the samples were fixed with PFA 2% for 7 minat®rimary antibodies against
Desmin (rabbit polyclonal, AbCam, United Kingdom2Q0), Dystrophin (rabbit
polyclonal, AbCam, United Kingdom 1:200), GFP (rabpolyclonal IgG fraction,
Invitrogen, 1:150) and Myosin Heavy Chain (mousenoubonal, Sigma, 1:100) were
diluted in PBS-3% BSA (Sigma-Aldrich, Italy) andmied for 1 hour at 37 °C. Primary
antibodies against MyoD (rabbit polyclonal, Santaz2 Germany, 1:50 and Mouse
monoclonal, Dako, 1:100), Myogenin (rabbit poly@dgnSanta Cruz, Germany, 1:50
and Mouse monoclonal antibody, BD Pharmingen, 1):.H0@l Pax7 (supernatant of a
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hybridoma, Hybridoma Bank, 1:50) were diluted in38% bovine serum albumin
(BSA) and individually applied overnight at 4°Cente MOM, non riporti monoclonali
usati su fetta, solo su cellule

Secondary antibody Alexa Fluors 594-conjugated-rafibit IgG, 594-conjugated
anti-mouse IgG and 488-conjugated anti-mouse Ig@ittbgen, USA) , were diluted
1:250 in PBS-3% BSA and applied for 45 minutes7aC3

After treatment with fluorescent secondary antikesdicells were counterstained

with DAPI and mounted in fluorescent mounting medi(DakoCytomation, Italy).

3.2.16 HEMATOXYLIN AND EOSIN STAINING

20 um-thick cryosections of implanted muscles were yaed by hematoxylin/eosin
staining, using standard protocols. The presenc808&b sucrose interfered with the
H&E protocol, leading to the formation of noticealaps in the sections. In order to
minimize this problem, before staining muscles weeated with a decreasing scale of

sucrose solutions.

3.2.17 DYSTROPHIN ANDGFP QUANTIFICATION

The number of dystrophin and GFP positive fibers witained by scoring muscle
sections upon dystrophin and GFP immunostainingygua fluorescence microscope
(Leica, DMI 6000B) equipped with a DFC350FX Lei@era and the Leica DMI6000
software; at least 10 sections were analyzed foh eandition. The best section per

slide was considered per sample.
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3.3 RESULTS

3.3.1 VIScosITY OF INJECTABLE SOLUTION

Hydrogel is an injectable polymer before photo pmyization. The common needle

used forin vivo cell injection is a 27 Gauge needle. When cellgpended in the

polymeric solution (pre-photopolymerization) arejetted, they are mechanically

stressed by the viscous forces; this forces ar@optional to the viscosity of the

solution, to the velocity of injection and invenggdroportional to the diameter of the

needle.

The apparent viscosity measured for non photo-petizad hydrogel at different

concentration, is reported in Table 3.1; the trehdneasured values is represented in

Figure 3.3

Table 3.1 _ Viscosity values performed by different hydrogel cocentration

Concentration (mg/ml)

Viscosity (Pa-s)

10
20
30
40
50

0.025
0.094
0.107
0.403
0.783
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Figure 3.3 Viscosity increasing trend for different hydrogel oncentration.

As expected, apparent viscosity increases as th@npo concentration increases,
with a variation of viscosity that goes from 0.02&P(for 10mg/ml) up to 2.5Pafor
(75mg/ml). 40mg/ml was measured to be the maximydrdgel concentration to have
a final viscosity lower than of 0.4Ra This value has been evaluated to be the thiéshol
above which the effect of viscous force can dantagesells 28). From this perspective
all concentration values between 10 and 40 mg/mbeaused for clinical applications.

3.3.2 ELASTICITY OF HYDROGELAFTER POLYMERIZATION

Polymerized hydrogel displays mechanical propertieg are dependent on two
main parameters: i) the polymer concentration anthe time of polymerization (i.e.
time of exposition to UV radiant-energy). Given tthdY AFF120® was meant to be
utilized in muscle, it should have displayed projgsrsimilar to the muscle tissue. We
therefore investigated the elastic behavior of p@gized HYAFF120®, as a function
of the polymer concentration and the UV exposureti

In comparison to the HYAFF120® solution, the polyined one displays a
semisolid 3D structure with enhanced elasticity doechemical bonds among HA
molecules. Elasticity (represented by the elastiodufus) of photo-polymerized
HYAFF120®, was measured for different HYAFF120® centration (10, 20 and 30
mg/ml) and different exposure times: 3s, 10s, 80s, We observed that:

I. the elastic modulus increases as hydrogel condemtréncreases, at any
exposure time; in fact, as HYAFF120® concentratiooreases, there are
more HA derived molecules that will be linked tdgat during UV-
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polymerization by the chemically linked photo-iatbrs, thus conferring a
more solid-like aspect to the gel,

the elastic modulus increases as exposure timeases for every hydrogel
concentration. The longer is the polymer exposeth&o UV radiation, the
higher is the number of photo-initiators that activated; that means that
more HA molecules are linked together, and theeetbe polymer acquires
an elastic behavior that is more similar to a sbkd one. Within the first 30
seconds the elastic modulus increases quite ragiudy the trend becomes
asymptotic and elastic modulus stabilizes to aeplat thus meaning that all
HA molecules have been linked together;

considering the trend of elastic modulus we coretlthat a suitable time for
polymerization could be approximately 55 sec (la@nfirmed to ensure an
homogeneous polymerization vivo, see 13.3.7); 55 sec is a polymerization
time largely beyond the time where elastic modwaguires an asymptotic
trend; this choice was done in order to ensure eroed properties of the
polymerized hydrogel among experimental variahildy that little variations
in the polymerization time during thie vivo application did not lead to
significant differences in the polymer properties.

Table 3.1 shows average values of elastic moduhag, (measured for different

polymer concentration at different radiant-energpasure times. Due to instrument
sensitivity limitation, elastic modulus could nat lmeasured for hydrogel concentration
of 40 mg/ml. We therefore extrapolated it matheoadly from the data above; the
elastic modulus was shown to be 4-afid so lower, but still within the range of the in

vivo muscle stiffness29).

Table 3.2  Average elastic modulus value (Pa) as a function oflifferent polymer
concentration and radiant-energy exposure times. mathematical extrapolation

HA —PI conc. 3 sec 10 sec 30 sec 60s
(mg/ml)
10 437 162 7 261 +24 250 £ 13
20 155 + 42 646 + 79 1035+ 73 1118 + 137
30 267 +£13 1113+ 39 2112 + 118 2264 £ 92
40* - - - 4000*
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3.3.3 HYDROGELDEGRADATION IN VITRO

Hydrogel stability is one of the fundamental parterefor an efficient cell delivery
system. The scaffold degradation should be slowugmdo reduce the formation of
connective tissue and to protect the stem cells filwe acute inflammatory response.
On the other hand, implanted matrix should not titarie a steric impairment for tissue
regeneration.

Studying the stabilityn vitro is important for two main reasons:

1. to predict the degradation rate in each specifaction sitein vivo;

2. to understand the reasons/the mechanism of ingyadnild eventually being able

to modify the hydrogel structure to tune the degtih rate.

In particular we investigated the effect of differenedia and of different pH on the
hydrogel degradation rate.

We observed that, while in PBS, hydrogel displaysyl stability, when DMEM s
added (conditioned or not, with serum or buffets stability is strongly reduced, as

shown in Table 3.3

Table 3.3 In vitro stability of HYAFF® 40mg/ml in physiological solution, and immerged at
room temperature in different media. The stability is evaluated as the time necessary to see
a reduction of weight if compared with the initial weight.

Media In vitro stability
PBS ~ 500h
DMEM < 15h
DMEM 10%FBS < 15h
DMEM 10%HEPES < 20h

We then measured whether differences in hydrogdbilgly were correlated to
different pH, and observed that stability strondgcreases at basic pH, as shown in
Table 3.4.
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Table 3.4  In vitro stability of HYAFF 40mg/ml in physiological solution, and immerged at
room temperature in buffers with different pH. The gability is evaluated as the time
necessary to see a reduction of weight if comparedth the initial weight.

Buffer pH In vitro stability
3.8 > 1200h
5.8 ~ 1000h
7.3 (PBS) ~ 500h
8.6 < 15h

Given the stability of hydrogel in PBS, powder-lzh$¢YAFF120® was dissolved
in PBS for encapsulation of cells for bathvitro andin vivo analysis.

3.34 EFFECT OF RADIANT ENERGY ON VIABILITY OF HYDROGEL-
ENCAPSULATEDCELLS

HYAFF120® is photo-polymerizeth situ through UV light; therefore, when cells
are encapsulated into the polymer, they receivaJteadiation as well. The radiation
used (366 nm) is currently used in clinical apglmas where it did not show to be
harmful for cells. Nevertheless, when energy iadiated by the source there is heat
emission, which is potentially dangerous for enoégied cells. We therefore tested
effect of radiant-energy emitted by UV source ore thiability of hydrogel-
encapsulated cells.

Cells were encapsulated in HYAFF120® [40mg/ml], fghpolymerized with UV
lamp Blewave-50 Dymax filtered at 366 nm, intensiymW/cm2, for increasing
exposition time and cell viability was evaluatedg.F3.4 shows cells analyzed with
LIVE/DEAD® assay, where green-colored cells argeakind red-colored are dead. We
did not observe differences in cell viability up approximately 100 sec of radiant
energy exposure in these conditions. For timesdortigan 100 sec, cells death was
observed. However, it is important to note thatgemature of the wells where cells
were cultured, increased with prolonged exposune.tiCell death can be avoided by
lowering the power of the radiant-energy sourcagtworking at greater distances) or if
heat produced by the UV-lamp is efficiently disgeksfor instance Petri dishes are heat
insulator whereas muscle tissue allows good heapedsion, thus preventing

overheating.
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12s 120s 360s 720s 1200s 2400s

Figure 3.4 Effect of radiant energy on viability of hydrogel-ercapsulated cells. Cells exposed
to radiant-energy for approximately 100 sec did notshow any difference with non irradiated
cells, in these conditions; for times longer thand0 sec cell death was observed. White bar on the
bottom right corresponds to 20 pum.

3.35 EFFeECT OF HYDROGELENCAPSULATION ON CELL
DIFFERENTIATION

Beside viability, we verified that hydrogel-encalased cells did conserve their
ability to attach to the plate, differentiate and into myotubes vitro, once they
were released from the hydrogel. Cells were endafstiinto HYAFF120® at 20, 40
and 60 mg/ml in physiological solution, and the mias photo-polymerized and then
kept in culture. When cells released from hydrogelched sub-confluence growing
onto the plate, they were induced to differentiaith the appropriate medium for 4
more days. As control, cells were seeded withoutrényel encapsulation, with or
without exposition to radiant-energy. Control ceksposed or not to radiant-energy,
did not show much difference, beside a slight delayattachment to the plate
(approximately 30 min). After 24 hours from seedintpey were induced to
differentiate.

Hydrogel-encapsulated cells showed different bedradepending on the hydrogel
concentration they were encapsulated into. Immelyiatfter encapsulation and photo-
polymerization, cells lie in the three-dimensioaalironment created by hydrogel (Fig.
3.5 A); then, as the hydrogel starts to be degradells are released in culture and
adhere to the plate (Fig. 3.5 B), proliferate amdng¢ually differentiate (Fig. 3.5 C and
D). Cells encapsulated into HYAFF120® [40mg/ml] sleal an overall delay of two
days for cells to attach to the plate, and prddiferto sub-confluence before the media

could be changed to DM, in comparison to contrdlscéHowever cells did attach,
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proliferate and fae into myotubein vitro quite homogeneously (Fig. 3.5-D). Cells
cultured in DM for 4 days showed MHC (Fig. 3.5, &)d myogenin expression (F
3.5, D).

Cells encapsulated into HYAFF120® [20mg/ml] weréeased within few hour
from hydrogel encapsation, because of low polymer concentration aretefore faste
in vitro degradation; however, released cells did attachf@set into myotubein vitro
with one day delay in comparison to control ce

In HYAFF120® [60mg/ml], cells were released auch slower rate and therefc
fewer cells were attached to the plate compard¢de@ther concentrations. However
this case wells contained also numerous dead (feliging, nor-translucent). Cells thi
were released did proliferate but their dbution was not homogeneous inside the
and did not differentiate, thus suggesting thahet concentration hydrogel interfer

with cells viability.

40mg/ml

Figure 3.5 Hydrogel-encapsulated cells in HYAFF120® [40 mg/ml]. A: HYAF120®
[40mg/ml] hydrogel encapsulate cells just after seeding and after 24 hours (B). @nd D;
HYAFF120® [40mg/ml] encapsulated cells have fusedftar 4 days in DM, MHC (C) and
Myogenin (D) immunostaining, nuclei were counterstmed with Dapi.

These data indicated ttin vitro cells that ee released from hydrogel, preserve tl

ability to proliferate and fuse into myotubes whamcapsulated in 20 and 40 mg;
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hydrogel; on the other hand, when encapsulated im@/ml their ability to proliferate
and fuse is impaired.

3.3.6 SATELLITE CELLS CHARACTERIZATION

Freshly isolated satellite cells were dissociateamf muscle fibers foin vivo
transplantation. Part of these cells was seeded @WEM 10% Matrigel and
characterized by immunofluorescence analysis, as &g they attached to the plate
(about 24 hours).

Pax7, Myf5, MyoD and Desmin expression was analyrdtbse quantification is
depicted in Fig. 3.6, E. Fig. 3.6 shows an exangpleells positive to Pax7 (A-B) and
MyoD (C-D).

1004

T + T
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401
20

Pax7  Myf5 MyoD Desmin

% of positive cells

Figure 3.6 Freshly isolated satellite cells characterized 24durs post dissociation from muscle
fibers. A-B. Example of satellite cells positive td®ax7. B. Example of satellite cells positive to
MyoD. E. Quantification of myogenic markers determired by immunofluorescence analysis.

3.3.7 HYDROGELIMPLANTS IN VIVO: EXPERIMENTAL DESIGN AND
SURGICAL PROCEDURE

Hydrogel-encapsulated cells were delivered toTéfs of recipient animals, while
contralateral muscles received either hydrogel autltells or sham surgical procedure.

Fig 3.7 describes the implant protocol. Mice wenesthetized and the skin was cut
in order to expose the TA (A-B); then approximat&Bfs of flesh mass was removed
from the core of TAs (C) and a pocket inside musés created (D). That pocket was
necessary to allow hydrogel insertion inside thesctau (E). In the case of surgical
sham, the pocket was not filled with hydrogel olis;ebut immediately closed with
sutures. Once hydrogel and cells had been apphigglace (E), the suspension was

photo-polymerizedn situ (F-H) with UV lamp Blewave-50 Dymax filtered at 36én,

76



Chapter 3

intensity: 4mW/cm2, for 55 sec (G). After photoyokrization muscles were closed
(J) with non-absorbable sutures (H).

The polymerization parameters were chosen on this bathen vitro experiments.
A polymerization time of 55 sec with the light soerrplaced at about 4 cm ensured

homogeneous polymerization.
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Figure 3.7 Surgery procedure of hydrogel implantation in vivo.Mouse skin is opened (A) and
TA is exposed (B). Approximately 15% of flesh masssiremoved from the core of TAs (C) to
create a pocket (D) for hydrogel insertion (E). Hydogel and encapsulated cells are photo-
polymerized in situ (F and H), using UV lamp Blewae-50 Dymax filtered at 366 nm, (G). After
photo-polymerization, implant margins are sutured bgether (I-J). Finally, skin is also sutured

(K).
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3.3.8 HYDROGELIMPLANTS IN WT MICE

Once the surgical procedure fom vivo implantation and then situ photo-
polymerization of hydrogel-encapsulated cells wetsup, hydrogel-encapsulated GFP
positive cells were transplanted intb animals; 4 animals were analyzed 2 weeks post-
implant, 6 mice were analyzed 6 weeks post-implant.

Mice sacrificed 2 weeks post-implant showed up@6 GFP positive muscle fibers
per section inside the host muscle (Fig. 3.8, #gf tvas not completely regenerated yet.
Moreover, among GFP positive fibers, GFP positha@onucleated transplanted cells
were still present inside the recipient musclet @asshown in Fig. 3.8, B. GFP positive
fibers from donor cells were mostly localized arduthe insertion site, clearly
identifiable thanks to the ongoing regeneration.

When implanted mice were analyzed 6 weeks aftesplantation, muscles showed
almost complete regeneration and up to 384+34 Gédttipe fibers per section were
observed. Importantly, GFP positive fibers werelwitributed over the transversal
sections. Fig 3.4, C shows an overview of GFP pasitibers distributions around
treated muscles; panel D shows a magnification dtister of newly formed (centrally

nucleated) GFP positive fibers.
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Figure 3.8 Hydrogel implants in wt mice. Animals engrafted wit hydrogel-encapsulated GFP
positive satellite cells were analyzed 2 weeks (AsBand 6 weeks (C-D), after transplantation.

3.3.9 HYDROGELIMPLANTSIN MDX MICE

Hydrogel-encapsulated GFP positive cells were themsplanted intondx animals;
4 animals were analyzed 2 weeks post-implant, emiere analyzed 6 weeks post-
implant. Engraftedndx mice displayed a very different situation in comgan towt
animals. In fact, at the two weeks time point weesked far less GFP positive fibers
per muscle section (ranging from 2 to 40 in différeuscles, Fig. 3.9 A-B) and many
more GFP positive mononucleated cells. SimilarlyMoat was observed iwt mice,
had not completely regenerated yet and still Idtenbltrate was very evident at 15
days.Muscles at 6 weeks also yielded unexpected resunlthat despite the amount of
tissue recovery was comparable to that seen inwthenimals, very few GFP positive
fibers were observed per section (27+4). Once agaily occasional co-expression of
GFP and dystrophin could be seen (fig. 3.9, D).

Two of the animals sacrificed at two weeks wereo alsed to analyze the
proliferative state of the implanted cells. To tl@sn both had received an intra-
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peritoneal injection of the nucleotide analog Edéfobe sacrifice. This novel type of
label was chosen over the conventional BrdU in tisgbrotocol does not require harsh
pre-treatments of the sections (which in our presicexperience resulted to be
deleterious in muscles that had received a patildtion). Our findings showed that the
vast majority of GFP positive cells did not showHdbeling (Fig. 3.9, E). However, at
the same time we realized we had an unanticipaelnical problem, in that EdU
reagents caused a dramatic reduction in the inyeosGFP fluorescence (Fig. 3.9, F is
the magnification of GFP positive cells clusterFig. 3.9, E). For this reason before
drawing a firm conclusion about the proliferatitats of implanted cells we will have

to solve this problem.

Figure 3.9 Hydrogel implants in mdx mice. Animals engrafted wih hydrogel-encapsulated
GFP positive satellite cells were analyzed 2 weekfA-B), and 6 weeks (C-D), after
transplantation. E: cluster of GFP positive cells tht was also stained for EdU (F), that seems to
interfere with GFP signal. The area shown in panel FEorresponds to the GFP positive cluster
visible in the upper part of panel E.
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3.3.10 ANTI-FIBROTIC PROPERTIESOF HYDROGEL

Implantedmdx muscles were also stained for hematoxylin-eosioyder to observe
whether the effect of hydrogel implants had ang@fion the quality of muscle repair.
In particular, we wanted to see if its presencedoeduce the amount of fibrosis that
would normally characterize the repair of an ablatlamage.

Fig. 3.10 shows representative images of tmidx TAs, that received sham surgical
procedure (A) or only Hydrogel (B). TAs that underw sham surgical procedure
(n=3) displayed a still ongoing regeneration wiingk fibrotic areas; on the contrary,
hydrogel-treated muscles showed very little fibscsnd smaller areas of regeneration.
In terms of general histological appearance, naausvdifference was found between
muscles treated with Hydrogel-encapsulated ce#i§)and those treated with Hydrogel

alone (n=3).

A. Sham B. Hydrogel

Figure 3.10 Eosin and Hematoxylin staining ofmdx TAs analyzed at 6 weeks. Andx TA which
underwent surgical sham B.mdx TA that received hydrogel insertion. The light blue pund
areas are sections of the suture thread.
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3.4 DISCUSSION

In this part of the work, the combination of fresigolated satellite cells with a
novel hyaluronic acid based hydrogel was investdiatCoupling of hydrogel with
satellite cells represented a novel combinatioooimparison to the one used in chapter
2, both in regard to the biomaterial and cell seurc

Hydrogel intrinsic characteristics make it a suialbiomaterial for clinical
applications, but its mechanical and elastic priogeffirst needed to be optimized for
our specific purpose; to this end, hydrogel workaogcentration was decided in order
to be handled by a 27 gauge needle (that is, #eetlsat would likely be used for in vivo
cell injection in a human patient), and polymeii@atconditions were set up in order to
guarantee biomaterial homogeneous polymerizatidreacapsulated cell viability.

The combination of hydrogel and cells was theretést vivo, in bothwt and madx
animals. Of course, given the small size of ourpieat animals, delivery of the gel
through a needle was not feasible. For this reaserhad to opt for a open-surgery
approach. Initial experiments carried outwhanimals showed very promising results,
with approximately 100 GFP positive fibers presaintwo weeks post implant, and up
to 400 GFP positive at 6 weeks post implantationese numbers compared very
favorably with what we had seen in the past withasxded MPCs30), despite the fact
that this time the number of injected cells wasyvew (approximately 250 cells per
gratft).

Muscle that received hydrogel-encapsulated celts taat were analyzed 6 weeks
post implantation showed almost complete regermratiith up to 300 GFP positive

fibers per section; these results showed that lgpadravorked as a very efficient cell
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carrier for muscle regeneration and on the othde,stonfirmed previous findings
obtained from other groups, in that good regenamatias obtained by engrafting small
numbers of satellite cell4d,(4), instead of large quantities of expanded myoblast

Data obtained imdx mice, however, turned out to be very differentrirahat was
observed inwt. In fact, 2 weeks post implantation muscles treteived hydrogel
encapsulated cells contained many more mononudl€akd positive cells than what
was seen iwt animals, but very few GFP positive fibers, thuggasting that those
cells likely had not fused yet. Nevertheless, wherscles at 6 weeks post implant were
analyzed, only very few GFP positive fibers wersarlied, and moreover most of them
did not display co-expression with dystrophin. Sdriding, that had already been
reported in the literature3]) was most likely due to the fact that very few dien
derived nuclei had entered the GFP positive fibémsthese cases, the small and
cytoplasmic GFP protein likely had diffused all raothe fiber, away from the location
of the producing nucleus, whereas the little dygti produced was confined in its
near proximity and was therefore easily missedibgls sections.

Given that at 2 weeks from implant the number oPGiesitive cells found in the
muscles clearly exceeded that of the initial impl&rwas evident that proliferation had
occurred. On the other hand, due to the technic@lems we encountered with EdU
we could not determine if at two weeks proliferatioad already ceased or was still
ongoing. The small number of dystrophin positiveefs found at six weeks might
suggest that the former hypothesis is more likalhough specific experiments (with
intermediate time points and analyses of myogengrkaers) will be needed to
determine the fate of the implanted cells.

Although implants irmdx did not yield satisfying numbers of GFP nor dyshiop
positive fibers, muscles that received hydrogehfgirogel-.encapsulated cells) showed
in general good muscle regeneration with poor fibroareas 6 weeks after
transplantation; on the contrary muscles that weckisham surgical procedure
displayed delayed regeneration with large aredtbhaisis. This finding confirmed the
anti-fibrotic properties of hyaluronic-based hydetsy (indeed, some types of HA-
hydrogels are already used in clinical applicatiomeduce scars formation after open
surgery). On the other hand, the low number of @BBitive fibers clearly indicated
that the vast majority of muscle repair was caroet by resident satellite cells (which

in themdx mice are not depleted, as opposed to what happdnsnan patients).
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The reasons why hydrogel encapsulated cells faitedrestoring dystrophin
expression in mdx mice, could be linked to phygatal differences betweent and
mdx muscle environments and/or to an incomplete imrugical compatibility
between donor cells (obtained from C57BL/6J anijnasd recipient muscles
(C57BL/10ScSmdx/J). However, this latter explanation is not vakely, given that
the reason we had decided to use GFP positive icetlse mdx animals was that not
only such combination had already been reportetieniterature 32) but we had also
received further positive indications from Dr. Cazana’s group in Paris.

Other possible causes could reside in the pedyliafi the dystrophic muscle
environment, which could affect biomaterial degtawa kinetics and therefore cell
release. Indeed, the dystrophic muscle is chaiaeteby chronic inflammation with,
among other factors, enhanced cytosolic and sutmieanmal calcium concentration
(33, 34) and protein degradation3%-37). Moreover, dystrophic muscles are
characterized by enhanced reactive oxygen speRi@S) @8, 39) that are a possible
cause of native hyaluronan degradatiiorivo (40) and that therefore could be involved
in [HYAFF120®] premature degradation as well. Ho@ewvo what extent these and
other factors, would affect hydrogel (and hydrogetapsulated cells) performance in
dystrophin delivery has not been addressed yetraord experiments will be needed.

Hydrogel represents a promising innovation thatdse¢o be studied and
investigated in order to exploit its potentialitiest present, most limiting problems
regarding the use of hydrogels in general as @iVery devices, are the control of the
artificial microenvironment provided by the biom@a In our case, HYAFF120® has
shown to disappear in approximately 10 days ong#antedin vivo, due to hydrolysis,
the action of enzymes, and/or dissolution in thethanimal, and in just 10 days
hydrogel itself was able to promote wound healinthweduced fibrosis, which could
be also observed 6 weeks after transplantation.edemnin general, the degradation rate
of a scaffold, should be coordinated to host tisdegelopment 41); therefore, a
degradation time of 10 days could be a short tigneen that in our system complete
regeneration should require 4 to 6 weeks.

Another important line of investigation will be tlkeeupling of the biomaterial with

adhesion proteins or biological factors capabl@raimoting cell adhesion, thus better
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mimicking a three-dimensional ECM that could enleacell survival while inducing
their proliferation or differentiation inside hdstsue {0, 42).
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CONCLUSIONS

This work focused on the coupling of cells and batenial as a possible tool to
perform efficient cell deliveryin vivo, ultimately aimed at an efficient cell-based
therapy for dystrophic muscles. The work was cdrioeit in mdx mice, the murine
model for Duchenne Muscular Dystrophy; however, eomstablished, an efficient
protocol for cell therapy could be used for evempetof monogenic dystrophy.

Initially, a three-dimensional collagen sponge wasestigated as a myogenic cell
reservoir for long-term deliveryn vivo of in vitro expanded myoblasts; later, the
delivery protocol was changed, and improved, byhgisa hyaluronic acid based-

hydrogel scaffold as a cell carrier for non-expahsatellite cells.

The use of a collagen scaffold has its originsrevus experience carried out
by our group[1-3]. Collagen scaffold was used agservoir for high quantity oin
vitro expanded myoblasts that were meant to engraft débpient muscle once they
were releasedin vivo. This approach yielded better results than conoeak
intramuscular injection and appeared to have samseess in term of cell reservoir.
Dystrophin restoration was far too low to be fuontlly relevant; on the other hand,
several new muscle fibers were generated insidedhigold by host cells that colonized
the scaffoldin vivo. This latter observation suggested that collageange could be
used as a tool for muscle replacement/reconstiuctomn trauma. In fact, although in
our study muscle was partially ablated (flesh nveas removed from the core of TA to
allow scaffold insertion), regeneration was obseérugside the transplanted collagen

sponge, that likely behaved as a leading scaffmlofrdmote/guide myofibers formation



Conclusions

(instead of fibrotic tissue deposit), carried outdmdogenous myogenic precursors. This
aspect is very important, considering that a musiclt undergoes ablation is not
capable ofle novo regeneration and forms, instead, scars and fibtissce. In the case
of a human application though, angiogenic aspeetimanecessarily to be taken into
account. Collagen scaffold has already shown samgeogenic propertiegn vivo [1],

but when dealing with large masses of tissues dwoelld envisage the coupling of
cellularized scaffolds with specific growth factorsuch as the vascular endothelial
growth factor VEGF.

The use of collagen scaffold revealed several pdinat could be ameliorated in
order to accomplish a more efficient cell delivery dystrophic muscle, beside
promoting muscle regeneration. Collagen spongdioafth endowed with intrinsic
natural and elastic properties, was principallytitt as a scaffold for cells. Scaffold’s
structure enhanced myoblast adhesion but on ther ctidle it likely impaired the
diffusion of soluble molecules (i.e. growth facfgrsvhile not preventing host cell
access. Moreover, collagen scaffold is a type ofmaiterial that, in the case of any
clinical application, would necessarily require opsurgery to be inserted, thus
constituting a limitation, especially when pathotad states, where muscles are
compromised at some degree, are treated.

To address these problems we turned our attendianriovel type of biomaterial,
hydrogels. These are an appealing tool for celvdgl because of their intrinsic ECM
like-structure, that allows the entrapment of ¢edis well as biological molecules [4].
Different types of hydrogel exist but the idea af group was to design a new type of
hydrogel with specific characteristics specificatignceived for cell delivery purpose;
to this end, a novel hyaluronic-based hydrogel wasduced and therefore
characterized to accomplish this goal. Beside tbenaterial, the cell source was also
improved, as we switched from expanded myoblastiseshly isolated satellite cells
[5].

Despite very good results obtained in the initigpeximent with non-dystrophic
muscles, though, this combination still did notlgi¢he needed levels of dystrophin
restoration infmdx muscles. The large differences found using the samocol in the
two model systems are likely due to intrinsic pbiagical differences between normal

and dystrophic muscle. There are several levelsctira be modulated in order to work
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out this aspect, such as degradation time of hydrog vivo and hydrogel
functionalization with growth factors that couldhamce cell performance. In fact,
controlling the presentation of soluble and adhesives available to transplanted cells,
can affect their survival and ability to both forraw tissue structures and participate in
regeneration of damaged tissues [4, 6]. The propebination of biological molecules
and physico-chemical biomaterial features coulddicell proliferation, differentiation

and orchestrate cell response [7, 8], overall ecihgmn vivo delivery efficiency.

Even when optimized, hydrogel combined with fresldglated satellite cells to
perform cell deliveryin vivo would not completely solve the problem of cell smur
availability described in Chapter 1. However, it ulb represent an improvement
because sufficient amounts of freshly isolatedlidateells would be relatively easy to
obtain from living patients (for example during laypedic surgery), and this protocol
does not rely on isolation through FACS (that woundolve antibodies approval for

clinical use).

To the best of our knowledge, this is the firstdimbiomaterial is coupled with cells
in order to perform cell delivery in dystrophic noles. The ultimate goal, i.e., a
functional dystrophin restoration, was not accostd in these studies. Nevertheless,

the information gained provided and the instrumeiotéamprove efficiency.
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Abstract

The production of engineered three-dimensional (S8k®letal-muscle grafts holds
promise for treatment of several diseases. An itapbrfactor in the development of
such approach involves the capability of preservingogenicity and regenerative
potential during ex vivo culturing. We have prewsbushown that electrical stimulation
of myogenic cells grown in monolayer could imprdiie differentiation process. Here
we investigated the effect of exogenous electetdfi specifically designed to mimic
part of the neuronal activity, on muscle precursells (mpcs) cultured within 3D
collagen scaffolds. Our data showed that electrgtahulation did not affect cell
viability and increased by 65.6% the release ratd@x, an early molecular activator
of satellite cells in vivo. NOx release rate wasrdased by an inhibitor of NO-
synthase, both in stimulated and non-stimulateduces, confirming the endocrine
origin of the measured NOx. Importantly, electricdimulation also increased the
expression of two myogenic markers, MyoD and Desie also carried out some
preliminary experiments aimed at determining thecbmpatibility of our seeded

collagen scaffolds, implanting them in the tibiadisterior muscles of syngeneic mice.
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Ten days after transplant, we could observe thmdtion of new myofibers both inside
the scaffold and at the scaffold-muscle interfaddéogether, our findings indicate that
electrical stimulation could be a new strategytfa effective 3D expansion of muscle
precursor cells in vitro without loosing myogeniotgntial and that 3D collagen

matrices could be a promising tool for deliveringagenic cells in recipient muscles.

A.1l. Introduction

The reconstruction of skeletal muscle tissue, eilbgt because of traumatic injury
or surgical ablation or functionally damaged duedagenital myopathies, is limited by
the lack of availability of functional substitute$ this native tissue In the past few
years, different approaches to recreating skehetaicle tissue in vitro and in vivo have
been proposéd® from myoblast injection for cell therappr gene theragyto muscle
tissue engineeririg All these therapeutic strategies for skeletal cteiseconstruction
would require an efficient and robust proceduretf@ expansion of muscle precursor
cells in vitro in order to obtain an adequate eelmber for subsequent autologous
transplantatioh Moreover, it would be of fundamental importanbattthe ex vivo
expansion of myogenic (stem) cells could presenee differentiative and regenerative
potential uponin vitro expansion. At present there are evidences thdititaal
techniques forn vitro expansion of muscle precursor cells cause losayaigenicity.
Montarras and colleagues demonstrated that thétnm 2D culture of mouse satellite
cells strongly reduces their regenerative efficiefrt vivo’. The loss of myogenic
potential in rat satellite cells has been correldtg Machida and colleagues with the
number of cell passages: from isolation throughdtpassage, there was a decline in the
percentage of cells with myogenic/satellite cellarkers (from 90% to 55%), in
proliferation rates and in differentiation potehtflom 46.7% to 12.5%) In general,
the design of a culture system capable of recrgaitn vitro the spatio-temporal
evolution of the main environmental cues that ratulthe stem cell fat vivo® °
would be highly desirable. In the case of muscl2,cBltures and exogenous electrical
stimulation have been proposed as tools for sufidgssxpand skeletal muscféand
cardiac tissues cultute The architecture of the in situ environment @fed in a living
organism is three-dimensional, and muscle satetiidtls are no exceptidh In

traditional 2D cell culture cells alter their gegwpression patterns and their production
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of extracellular matrix proteins; cells in 3D eronment follow chemical and molecular
gradient that are impossible to establish in 20ueal®. So far, only few studies on
differentiation of myoblasts within 3D scaffold fabeen reportéd > and most of the
studies that used primary cultures of mouse mytbfasused on in vivo implantation
and not on in vitro culturé * In addition, we also recently showed how 3D aaltof
satellite cells on collagen scaffolds could benefitterms of cell viability using a
perfusion bioreactdt * Electrical stimulation is fundamental in controdi several
aspects of tissue formatiin Few articles report the effects of electricainstiation on
skeletal muscle precursor cells in vitro and mdsthem employed 2D cell culture
method$®. To our knowledge, only two previous studies irigeged the effects of
electrical stimuli on 3D myoblasts cultdfe’* Niklason and colleagues showed an
increase on cell proliferation of adult rabbit miastts due to electrical stimulatién
but they reproduced the environment of an infartiealt, which does not correspond to
the physiological stimulus of skeletal muscle tess@n the other hand, Stern-Straeter
and colleagues observed a negative impact of @akstimulation on the myogenic
differentiation proces8 However, the choice of the wave form of electrisgmuli
could strongly affect cell behavior; in fact, irpeevious study we showed that for 2D
cultures exogenous electrical stimulation increatbed differentiative potential of rat
mpcs®. In this work we wanted to take a step forwardyptimg 3D culture with
electrical stimulation. Our data indicated thatlagén scaffold is a good substrate to
culture satellite cells and that electrical stintiola increases the secretion of a mediator
involved in myogenesis, NGas well as the expression of myogenic markers Mgon®
Desmin. We propose the coupling of 3D cell cultwith electrical stimulation as new
strategy for the maintenance of myogenic poterdfaimuscle precursor cells during
their in vitro expansion. Our biomimetic approactojides an environment more
similar to the in vivo tissue, by using electrisimulation to mimic part of the neuronal

activity, and it allows the development of impldrtagrafts.

A.2. Material and Methods

A.l.11solation and culture of muscle precursor cells
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Mpcs were obtained following the protocol previgudescribed 20. Briefly, flexor
digitorum brevis (FDB) and extensor digitorum loagiieDL) from C57BL/6J mouse
muscles were removed and enzymatically digesteti @iP% Collagenase Type |
(Sigma-Aldrich, USA). Fibers were individually hasted, plated on Petri dishes
previously coated with 10% Matrigel (BD BioscienddSA) and maintained in a
humidified tissue culture incubator in plating medi consisting of Dulbecco Modified
Eagle’s Medium (DMEM) (Sigma-Aldrich, USA), 10% serserum (Gibco-Invitrogen,
Italy), 1% chicken embryo (MP-Biomedicals, Italy}% penicillin-streptomycin
(Gibco-Invitrogen, Italy). After 72 hours, cultuneedium was switched to proliferating,
consisting of DMEM, 20% foetal bovine serum, 10%rdeoserum, 0.5% chicken
embryo and 1% penicillin-streptomycin. Cells weepkin culture with proliferating
medium and detached from plate with 0.5% TrypsinFEdGibco- Invitrogen, Italy)
before fusion in myotubes occurred. Cells were theeplated and expanded. For in
vivo experiments, cells were derived from C57BLMREGFP transgenic mice.

A.1.2 Cell seeding on collagen scaffolds

3D scaffold of porous bovine collagen sponges @wt® UltrafoamTM Collagen
Hemostat. Davol Inc., USA) was used. Before seedsegffolds (sized 5x10x3mm)
were conditioned for 12h at 37°C in proliferatingadium. At passage 2 or 3, satellite
cells were detached from the plates using 0.5%sinyeDTA and seeded onto the
scaffolds at the concentration of 3.3%ddlls/cny. 50ul of medium were then added
every hour. After 4 hours, seeded scaffolds wereer with 5mL of medium.
Scaffolds were maintained in culture in a Petrhdigr 7days, at 37°C and 5% @O

Medium was changed every day.

A.1.3 Electrical stimulation of cell culture

The apparatus for electric stimulation (Figure Aswomposed of two stainless steel
electrodes, 0.8 cm in height and 1 cm in lengthicivivere placed at 14 mm distance
(Figure 1A). A poly(dimethylsiloxane) (PDMS, Sylgat84, Dow Corning, MIl, USA)
holder was specifically designed to fit a 35 mmriRksh and to keep the electrodes in a
position perpendicular to the collagen scaffold iensed in the culture medium during
the culture (Figure 1A—C). The holder had a ceritodé of 26x6x6 mm, which allowed
to keep the scaffold in a position parallel to #ectrical field (Figure 1A,C). The
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electrodes were connected to a NI 6035E I/O termimarfaced with NI LabView
software (National Instruments Corporation, AustifiX, USA). LabView was
programmed to produce a square wave with a 0 Vlihasgnd impulses of 70 mV/cm
for 3 ms with frequency of 33.3 mHz (Figure 1D).eThmount of current flowing
between the electrodes was measured by monitdnegaotential drop across a 50 V
resistor placed in series with the culture chamligectrical stimuli were applied

starting 3 days after cell seeding on collagenfslchf

A.1.4 Cell viability

The Cell viability was measured by the MTT tesig(Ba-Aldrich, USA). Briefly, a
0.5mg/mL solution of the tetrazolium salt MTT ingephate buffer solution (PBS) was
added to the cell samples, which were then incubimie3h at 37°C. After the removal
of the dye solution, cells were lysed in a 10% DMS0% isopropanol solution, which
also dissolved the formazan crystals. Samples weed again at 37°C allowing
complete dissolution and then centrifuged at 12@0fpr 5min to precipitate cell
debris. Clear solutions were then processed foorahace readings at 580nm with a
spectrophotometer, the recorded optical density)(Rdng directly proportional to the
number of viable cells. Cell survival after seedingas evaluated with the
LIVE/DEAD® assay (Invitrogen, Italy). Briefly, 150 of Calcein 3.5M and Ethidium
Bromide 3.QuM in D-PBS (Gibco-Invitrogen, Italy) were addedtte seeded scaffold
and incubated for 45min at room temperature. Foligwncubation, the scaffold was

washed with PBS and labeled cells were observedrdhmrescence microscope.
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Figure 1. Schematic of experimental set-up used falectrophysiologic stimulation.

(A and B) Top and front view of electrical stimulaton apparatus: 35 mm Petri dish, PDMS
holder, stainless steel parallel plate electrodedgzed at 14 mm separation distance and collagen
scaffold. Symbols ‘z’ and ‘~’ show connections tohe electric field function generator. (C)
Schematic view of lateral prospective of 3D scaffdlbetween two electrodes. (D) Square pulsed
electric potential (V) applied to the cells within3D scaffold: A: amplitude (70 mV/cm); D:
duration (3 ms); F: 1/frequency (33.3 mHz). (E) SEMmage of collagen scaffold. (F) Live and
dead assay performed on scaffold 24 hours after teteeding (cytoplasm of living cells are
stained in green and nuclei of dead cells are stad in red).

A.1.5NO, concentration

NOx released by satellite cells in the medium celtwere measured, as nitrite

(NOy), using Griess reagent (Fluka-Aldrich, Italy). Theedium was collected every

24h. Briefly, the culture medium was mixed with €$ reagent 3:1 v/v. After 10 to

15min the absorbance at 524nm was measured at ©Ettrephotometer, using non-

conditioned medium as the baseline. A standarthredion curve, obtained from known

concentration of sodium nitrite in non-conditionedlture medium, was used to

determine 2 NOconcentration. The total amount of nitrite relehse the medium

during the culture and the release rate were caiedl

To study the inhibition of Nitric Oxide Synthase @S), 10@l of 0.1mM L-
Nitroarginine methil ester (L-NAME) (Sigma-AldrichlJSA), an analogous of its
substrate, were added to the culture medium eveyy d
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A.1.6 Immunostaining

3D scaffolds were harvested at 7 days, embeddédiOm (Sigma-Aldrich, USA)
and snap-frozen in liquid nitrogen. Section ofudOwere fixed with PFA 2% for 7min.
Desmin primary antibody, rabbit polyclonal, (AbCalbnited Kingdom) was diluted
1:200 in PBS-3% BSA (Sigma-Aldrich, USA); GFP primaantibody, rabbit
polyclonal, (Molecular Probes, Invitrogen, Italypsvdiluted 1:100 in PBS-3% BSA.
Each antibody was individually applied for 1h af@7MyoD primary antibody, rabbit
polyclonal, (Santa Cruz, Germany), was diluted irlBBS-3% BSA and applied over
night at 4°C. Secondary antibody, Cy™3-conjugatatabbit IgG (Jackson, UK) was
diluted 1:250 in PBS-3% BSA and applied for 45mtn3&°C. Secondary antibody
Alexa Fluor 488-conjugated anti-rabbit IgG (ChemictK) was diluted 1:100 in PBS-
3% BSA and applied for 45min at 37°C. After treatmeith fluorescent secondary
antibodies, cells were counterstained with DAPI amglinted in fluorescent mounting
medium (DakoCytomation, Italy).

A.1.7 Protein isolation

Satellite cells on collagen scaffold were placedample buffer (12.5 % upper-tris
(Tris 0.5M, SDS 0.4%), 10% glycerol, 30% SDS10%28% bromophenol blue, 5%
[I-mercaptoethanol) for 20min. Cell lysates were thelkected into microfuge tubes

and centrifuged at 5000rpm for 1min to eliminaté debris.
A.1.8 Western blot analysis

A volume of 20 pl was loaded per lane for all protgamples and gels were run at
100V in running buffer (Tris-HCI 25mM, glycine 192mand 0.1% SDS). Proteins in
the gels were transferred to PROTRAN nitrocellulosembranes (Schleicher &
Schuell GmbH, Germany) in blotting buffer (Tris-HEbmM and glycine 192mM)
300mM for 2 hours at +4°C. Membranes were rinseeettimes in TBS (Tris-HCI and
NaCl 0.02M) for 5 min each at room temperatureckéa for 1h with 6% non-fat dry
milk in TBS-T (TBS, 01.% Triton X100), and rinseditiv TBS-T two times.
Membranes were then incubated with primary antibodiy at 4°C, rinsed with TBS-T
three times, incubated with a secondary antibodylfg and rinsed with TBS-T three
times. Protein expression signals were visualizgdnbubating each membrane with
5mL SuperSignal West Pico Chemiluminescent Sules(fierce, USA) for 4min, and
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then exposing membranes to HyperFilm ECL (Amershi@amyip to 5min. The primary
antibodies used for Western blot analysis were margi-myosin (1:1000; Sigma-
Aldrich, USA), mouse anti-desmin (1:2000; Sigma+dt, USA), rabbit anti-MyoD

(1:2000; Sigma-Aldrich, USA), mouse anti-actin (08 Sigma-Aldrich, USA). The
secondary antibodies used were goat anti-mouseefiaglish peroxidase (1:2000;
Pierce, USA) and goat anti-rabbit horseradish pdese (1:400; Pierce, USA).
Quantitative analysis of the western blot lane weeeformed with image program

“Imaged”.
A.1.91n vivo experiments

We used 4 to 6 months-old C57BL/6 wild-type micd &b7BL/6-Tg(ACTBEGFP)
10sb/J transgenic mice from Jackson Laboratoriestrdnsgenic animals, the GFP
transgene was under the control of the cytopladrmeta actin promoter. The animals
were housed and operated onto at the Animal Cadbriye “Centro Interdipartimentale
Vallisneri”, University of Padova, following all kevant bylaws issued by the Italian
Ministery of Health. Animals were anesthetized wgbflurane; post-op care included
three-days analgesic treatment (tramadol 10mgfepffolds seeded with GPF positive
satellite cells were implanted into the tibialigeaior (TA) muscles of C57BL/6 wild-
type mice. Approximately 25% of muscle mass wasonad from the central core of
the muscle and scaffolds were inserted inside tukegt, which was then closed with
non-absorbable sutures. At the indicated time, teaseere harvested and snap frozen
in isopentane pre-cooled in liquid nitrogen.uf® cryosections were then used for

immunohistochemical analyses, using the same prtstaescribed above.
A.1.10 Statistical analysis

One-way ANOVA test was used. p<0.01 and p<0.05 weemsidered statically

significant.
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A.3 Results

Cell characterization

Single muscle fibers were successfully isolatednfskeletal muscle of adult mice.
Once seeded on matrigel-coated dishes, fibers natigll a rather homogeneous
population of satellite cells. In each experimgrdyt of the cells was used for the
characterization analyses. Flow cytometric analydaa not shown) were consistent
with our previously reported data

Live&Dead assay showed that 24 hours after seedingpst all satellite cells
attached to the collagen scaffold were alive (ER). We also assessed the efficiency of
our seeding procedure, by counting the number t$ tleat had not attached to the
matrix (i.e., that were still in suspension or hadhered to the plate). These
measurements showed that after 24 hours approXin&&éo of the seeded cells were
indeed attached to the scaffold. To monitor how debility evolved with time, MTT
test was performed at 1, 4 and 7 days of cultufET kst confirmed a good viability 24
hours after seeding (Abs580nm=0.77); an increasexsbrbance value at day four
(Abs580nm=0.95) indicated that seeded cells hacngothe some divisions. After 7
days of culture the viability remains similar toitial values (Abs580nm=0.62).
Electrophysiological coupling Stainless steel etms have been chosen for their
combination of good electrical conductibility andsistance to galvanic corrosion.
Stainless steel is an inert material commonly deedlinical tools, i.e. syringe needles,
and suitable for fabrication of electrodes for medical application 22. The application
of an electric potential difference at the elect®ihduces the migration of small and
large electrolytes (medium conductance was estohatde 22mS/cm), causing charge
redistribution within the media and related phenoaesuch as changes in trans-
membrane potential and charges flow through the ln@ne. The current flowing
through the culture chamber during electrode chagrgind discharging periods was
monitored and showed a 10-5s duration of this temtsregime. The total current
flowing during the charging period was equal to dicharging current, confirming the
absence of non-reversible faradaic reaction oneflkeetrode surface. This behavior
ensured the absence of toxic electrolytic reactiefectrode oxidation and, in general,
of harmful temporal changes of culture conditionse do the imposed electrical
potential 16. Moreover, the flat shape of the etetts ensured the generation of an
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uniform electric field, capable to homogeneouslyluence the whole 3D cells

environment.

Effect of electrical stimulation on NQelease

Being that it has been demonstrated on satelliis tdeat NQ. mediates injury-
induced activation in vivd and stimulation-induced in vitro 16, in this studie
investigated NQrelease in mouse satellite cells and the effedledtrical stimulation
on NQ release rate. The application of electrical statiah enhanced the total amount
of NOy released in the medium in comparison to non-stiedl culture (Fig. 2A, full
symbol). Specifically, the release rate was in@ddsy 65.6%, from 0.12 d-1 to 0.19 d-
1. We performed the electrical stimulation of solfé not seeded with cells to verify
the negligible presence of N(produced by electrochemical oxidation of medium
components. In this case, the values ofyN¥@re extremely low and almost constant,
thereby indicating that the increase in Nfelease rate we observed in electrically
stimulated satellite cells was cell specific and doe to electrochemical oxidation of
components of the medium (Fig. 2A, open symbol).

Furthermore we verified that the measured,M@re a cell endogenous product and
did not derive from oxidation of other released @coles. With this aim, we inhibited
the nitric oxide synthase (NOS), which is respadesiior NGO, production, using an
analogous of its substrate: L-Nitroarginine metbster (L-NAMEY*. In the presence of
0.1mM L-NAME, the NQ release rate was drastically reduced, both inudétad and
non-stimulated cultures (Fig. 2B). Lastly, we asseéscell viability of the cultures
treated with L-NAME (using MTT assay); no toxiciiyas caused by the inhibitor and

the consequent lack of NOS (data not shown).
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Figure A.2 Figure 2. NOx release in the culture medium at diffrent time points for

electrically stimulated 3D culture (ES +, cell +) ad non-electrically stimulated 3D culture (ES -,
cell +). Negative controls are represented by noeesded 3D scaffold (ES #, cell -). (A) NOx
release in the culture medium normalized by the marmum value measured: full symbols refer
to 3D cell culture, open symbols are negative cort. Electrical stimulation (ES) starts at day 3
(arrow). (B) The release rate of NOx obtained by liaar correlation of data in (A), and analogue
ones, for stimulated and non stimulated cells, withand without 0.1 mM of L-NAME, the
inhibitor of NO-synthase. *p,0.01; **p,0.

Effect of electrical stimulation on muscle marker expression

Considering the enhanced release of,N@e investigated the effect of electrical
stimulation on the expression of three specific cfaugnarkers, Desmin, MyoD and
Myosin, trough immunohystochemistry and westerrnt.blmmunostaining on seeded
scaffolds showed that our mpcs expressed DesminvamdD after 7 days of in vitro
culture (Fig. 3A and 3B), both in stimulated andh+stimulated condition. In order to
better evaluate the difference in marker expressienperformed semi-quantitative
western blot analysis of MyoD, Desmin and Myosing(RBD and 3E). We observed
that satellite cells cultured in electrically stilated scaffold had a higher expression of
MyoD (p<0.01) and Desmin (p<0.05), while Myosin exgsion was not significantly

affected by electrical stimulation (Fig. 3E).
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Figure A.3 Figure 3. Analysis of muscle skeletal marker expreson after 7 days of in vitro

culture. (A—C) Immunofluorescence analyses: scaffdlsections were stained for desmin (A) and
MyoD (B), and nuclei were counterstained with DAPI(A and C). (D) Images of Western blot
analysis on MyoD, desmin and myosin heavy chain (ME) of non-electrically stimulated
scaffold (ES -) and electrically stimulated scaffold(ES +). (E) Quantification of protein
expression based on intensity of lanes in D normakd for intensity of the respective actin lane.
*p,0.01; **p,0.05. Bar=100 mm

I'n vivo implantation

We performedin vivo preliminary analyses in order to verify collagesaffold
biocompatibility and cell response upon in vivo lam. Figure 4 shows sections of
tibialis anterior muscles 10 days after implantatiGFP satellite cells were clearly
visible within both stimulated (Fig 4A) and nonstitated (Fig 4B) scaffolds; no
evident differences in cell number and/or distribotcould be seen between the two
conditions. Importantly, at this early time poinpes inside the implanted scaffold were
still desmin positive (Fig. 4C) and there were samw/ly formed myotubes inside the
implanted scaffold (Fig. 4C, magnification).

106



Appendix A
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Figure A.4 Figure 4. Immunofluorescence analysis oin vivo implant of cellularized 3D
scaffold in syngeneic mice 10 days after the surgerA and B show muscle section stained for
GFP, while C shows staining for desmin. Nuclei wereounterstained with DAPI. Dashed lines
represent the interface muscle/scaffold. (A) Sectioof tibialis left muscle implanted with non-
electrically stimulated scaffold; (B) section of tialis right muscle implanted with electrically
stimulated scaffold; (C) particular of the interface between muscle (right) and implanted
scaffold (left); magnification: newly formed myotubes inside the implanted scaffold. Bar=500 um
in A and B; bar=75 pumin C

A.4 Discussion

Tissue engineering aims to reconstitute functidrssues starting from two major
components: cells and scaffolds. With regards teles&l muscle, several types of
scaffold have already been tested, from synthailgnpers® *'to natural scaffolds;
besides, several biomimetic approaches have beeeloged in order to increase
scaffold biocompatibility. In this work we used & 3porous collagen scaffold,
characterized by biochemical and mechanical prigsedimilar to those ofn vivo
tissues. We had already tested this kind of sutestoain vitro cell cultures, finding it
particularly well suited for cultures of muscle quesor cell®. The choice of an
appropriate cellular source is also fundamental tfe generation of a functional
homogeneous tissuen vitro. Satellite-derived muscle precursor cells can be a
appealing solution, as they are relatively easyistiate and represent the direct
precursor of myoblasts. We previously used the$e foer in vivo implants and proved
that they display a high regenerative potefitiaVhen it comes to clinical application
of mpcs, the first issue to overcame is theivitro expansion. This is one of the most
critical steps, since cell proliferation and di#atiation capacity can be greatly
influenced by external stimuli derived by the ctdtenvironment. In particular, it has

already been demonstrated that the 2D expansignirofiry myoblasts in Petri dishes
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leads to a loss of their potential to differentimenyotube& The aim of this work was
the development of a biomimetic culture environmeapable of preserving the
myogenic potential of mpcs during in vitro expamsion sight of their in vivo
implantation. For this purpose, we coupled 3D celtand electrical stimulation.
Electrical stimulation plays an important role iusale; we thus re-created in vitro an
electrical field capable of influencing the distrilon of ions, small peptides and
proteins without being cytotoxic or affecting thellcviability. It has been shown that
the application of an exogenous electrical stim@nkances the expression of specific
skeletal muscle, such as MyoD and Desmin. The eélevant effect of electric filed on
Myosin suggests the hypothesis of a stronger inflteeof electrical stimuli in the early
stages of satellite cell differentiation, in agresmwith our previous wofR This
suggests that our system could be used for prexgliss of cell myogenicity during
vitro expansion. Interesting results were obtained stgdyNO,. Anderson and
colleagues demonstrated that \N&De one of the first activation markers of saeeltiells
in vivo?. In this work we observed that electrical stimislatenhances the total amount
and the release rate of N culture medium. We verified that the observectease in
NOy release rate was effectively due to cell releask reot to galvanic oxidation of
some medium components: not only stimulated saigfolvithout cells showed
negligible NQ release but also inhibition of NOS by an analogotisis substrate
causes a drastic decrease in the release ratentRimckngs on NO and HGF effects on
satellite cells activation showed that NO concdittraregulates a balance between
quiescence and activation on firbut NO pathway has still many dark connections
to by clarified. A step further could be the stualy electrical stimulation on HGF
signaling and coupling with stretching. The in vistudy was performed in order to
obtain preliminary data on the feasibility of thewrgery and on the scaffold
biocompatibility. During the operation, collageraBolds were easily manipulated

and fitted in the injury site. Our preliminary résushowed that the scaffold did not
hinder the muscle regeneration, since a lot of foemed myofibers were observed in
the muscle-scaffold interface. The collagen scdff@n act as myogenic cells reservoir,
since 10 days after the implantation we observe® @ésitive cells and the formation
of small myotubes inside it. Further investigat@nlonger time points is required to
confirm these promising results. With our prelimnatudy we explored the effect of

an alternative in vitro culture system based onpting of culture systems already
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verified and tested (3D collagen scaffold and eiealt stimulation); such system can be
upgraded and upscaled with dynamic cell culturéesyssuch as a perfusion bioreactor
coupled with electrical stimulation. This could deto a great improvement regarding
cell proliferation, survival and cell distributiaalong the scaffold that could result in a
more uniform and functional implantable graft. lar avork, muscle precursor cells are
seeded into the scaffold and then cultured in #ratronment (more similar to the
physiological tissue), instead of being expandediiro using traditional Petri dishes
and then seeded into the scaffold just before impteon, resulting in a reduced manual
intervention by the operators. Further and exhaeistiudies are needed to elucidate the
effect of electrical stimulation on muscle precursells, however, we believe that this
could be a promising approach for in vitro musalecprsor cell expansion offering new
therapeutic tools. Moreover, our methodology regmés a very flexible and versatile
culture system: knowing cell excitability propesgtiand scaffold dielectric properties,
our culture system could be easily adapted to séwll type and different culture

substrate or scaffold.

A.5 Conclusions

Here we describe for the first time a novel biontiméssue-engineering approach
that can improve the efficacy of muscle precursetl expansion in vitro and
consequently the efficiency of cell delivery aftervivo implantation. In particular, we
developed a culture methodology to reproduce iroie best conditions for satellite
cell expansion and maintenance of their myogeniCiyr biomimetic approach is based
on the coupling of 3D cell culture on a collageraffdd, which provides an
environment more similar to the in vivo tissue gtectrical stimulation, which mimics

part of the neuronal activity.
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