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Riassunto

Introduzione

Negli ultimi decenni, la lista di attesa dei pazienti che necessitano trapianto di organi o un intervento
chirurgico mirato alla sostituzione di grandi porzioni di tessuto, ¢ andata aumentando. Al contrario
pero, la disponibilita di donatori, sia vivi che cadaverici, non ha seguito lo stesso andamento. Come
conseguenza, nonostante i tentativi di supplire a queste necessita, molti ancora muoiono in attesa di
essere curati. La medicina rigenerativa, ovvero la combinazione di diversi elementi dell'ingegneria
tissutale, nasce proprio per rispondere alla ancora pressante domanda di organi e tessuti trapiantabili.
Precisamente, un approccio di medicina rigenerativa si avvale di tre componenti principali: i) le
cellule (dalla terapia cellulare), ii) il supporto o impalcatura per favorirne la crescita (derivato dalla
scienza dei materiali, ad esempio prostetici, comunemente chiamato scaffold o mesh) e iii) segnali
molecolari (principalmente dalla biologia molecolare e della farmaceutica). Tra gli organi e tessuti
che sperimentano danni tali da richiedere I'impianto/trapianto, vi &€ anche il muscolo scheletrico. Di
conseguenza, anche per questo sono stati sviluppati diversi approcci mirati a riparare efficacemente i
pit comuni difetti sia pediatrici sia adulti che richiedono un intervento chirurgico: A) la perdita
muscolare di un grande volume di muscolo (causato da incidenti o dalla necessita di rimuovere
tumori muscolari), B) difetti della parete addominale e C) difetti del diaframma, soprattutto
congeniti. A seconda del tipo di difetto, il sostituto da sviluppare dovra avere peculiari proprieta, oltre
a quelle basilari necessarie per essere considerato un approccio di ingegneria tissutale completo.
Infatti, mentre A necessita di un sostituto in grado di ripristinare un grande volume, B e C richiedono
un costrutto sottile ma, a seconda delle dimensioni del difetto, di una pitt 0 meno ampia superficie.
Finora, per la riparazione di tali difetti per lo pitt sono stati utilizzati pitt frequentemente
scaffold/mesh sintetici, ma quelli di derivazione naturale, ed in particolare ottenuti dalla
decellularizzazione di un tessuto nella sua completezza, stanno rapidamente recuperando strada, ed

¢ probabile che diverranno il metodo di elezione nel prossimo futuro. La ragione di questo potenziale
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¢ la stretta somiglianza con l'organo o il tessuto di origine, pur possedendo caratteristiche in grado di
culminare in un rimodellamento costruttivo e funzionale. Inoltre, mentre la decellularizzazione ¢
stata ottenuta anche in organi pit complessi, i prodotti derivati da tessuti piu semplici sono stati anche
gia testati in clinica e per alcuni si ¢ persino giunti alla commercializzazione su larga scala (ad esempio
il Surgisis®).

In questo lavoro si € partiti dal considerare la patologia dell’ernia diaframmatica, ad oggi riparata
chirurgicamente tramite chiusura primaria con tessuto autologo, se il difetto lo permette, oppure
ancora con mesh prostetici di natura sintetica. Tuttavia, gli svantaggi di questi tipi di materiali in
termini di rigidita ed inerzia, rendono conto dell’attuale ricerca di una valida alternativa.

Si & proposto quindi di derivare un costrutto muscolare partendo dalla decellularizzazione del
muscolo diaframmatico utilizzabile come toppa tissutale per riparare il danno dell’ernia sia senza

cellule sia con nuove cellule donatrici. Il modello studiato ¢ stato, per la prima volta, quello murino.

Metodi

Diaframmi (topo e coniglio) sono stati decellularizati tramite esposizione ciclica alla sequenza: acqua
deionizzata, sodio desossicolato, DNasi. Gli scaffold ottenuti sono stati caratterizzati per valutare
l'efficienza del protocollo in termini di rimozione delle cellule (topo e coniglio), preservazione della
micro architettura (topo e coniglio), componenti della matrice extracellulare (topo), proprieta
meccaniche (topo). Successivamente, l'interazione ospite-scaffold (in topo) ¢ stata testata in vivo, sia
in topi sani che atrofici. Un ulteriore caratterizzazione ¢ stata attuata approfondendo le proprieta
angiogeniche, sia potenziali, sfruttando il noto test CAM, il trapianto sottocutaneo e rivelando il
contenuto di proteine coinvolte nella angiogenesi ancora presenti dopo la decellularizzazione, sia
effettive, eseguendo un impianto ortotopico, utilizzando come confronto un materiale sintetico. Per
avvicinare la validazione alla pratica clinica, il diaframma decellularizato di topo precedentemente
caratterizzato ¢ stato quindi utilizzato per il riparo nel primo modello di ernia diaframmatica
chirurgicamente indotta in topo. Il paragone & stato fatto anche in questo caso con il materiale pit

comunemente usato per la riparazione di questo difetto in clinica. Inoltre, piti recentemente ¢ stato
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introdotto un controllo rappresentato dall’allotrapianto. Infine, a completamento di un approccio di
ingegneria tissuatle, ¢ stato sviluppato un metodo per combinare la componente cellulare, poi

applicato a entrambi gli scaffold derivati da topo e coniglio.

Risultati

L'adattamento di un protocollo detergente enzimatico precedentemente pubblicato, al fine di ottenere
uno scaffold decellularizato da diaframma, si ¢ rivelato efficiente sia utilizzando il topo che il coniglio
come fonti, ottenendo cosi da entrami la rimozione delle cellule preservando la somiglianza della
struttura con il tessuto di origine. Inoltre, ¢ stato confermato, solo in topo, che le proprieta
meccaniche e i fattori di crescita sono stati conservati dopo la decellularizzazione. L'impianto dello
scaffold di topo, ha provocato sia angiogenesi che l'attivazione dei precursori muscolari, modulando
al contempo la risposta immunitaria. Nell'ambiente sano, l'effetto ¢ stato transitorio, mentre
I'impianto in un modello murino di atrofia ha portato ad effetti benefici a lungo termine. La
sperimentazione nel modello chirurgico di ernia ha confermato i risultati precedentemente osservati
ed in aggiunta, rispetto al materiale sintetico, ha mostrato migliori risultati, come l'assenza di
erniazione recidiva, il miglioramento dell’escursione diaframmatica e, diversamente da prima, una
piu sostenuta risposta miogenica nel tempo. Il metodo utilizzato per ripopolare entrambi i diaframmi
acellulari di topo e muscoli, dopo essere stato sviluppato, ha finora portato a risulstati positivi, mentre

lo scaffold ha dimostrato di poter supportare la proliferazione, la sopravvivenza e la differenziazione

delle cellule.

Conclusioni

Scaffold derivati dal muscolo di diaframma possono essere conseguiti con successo sia da topi che
conigli, utilizzando un protocollo di tipo detergente-enzimatico. Tali, hanno dimostrato di possedere
diverse proprieta interessanti sia in vitro che in vivo, derivate dalla loro stretta somiglianza con il

tessuto di origine. Precisamente, ¢ stato dimostrato che, mentre in vitro possono sostenere la
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sopravvivenza, la proliferazione e la differenziazione cellulare, in vivo sono in grado di interagire
positivamente con I'ambiente ricevente, guidando una risposta costruttiva. Quindi, ¢ molto probabile

che ulteriori passi vengano fatti nel prossimo futuro, fino a raggiungere infine I'applicazione in clinica.
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Abstract

Introduction

The demand for organ transplantation has rapidly increased during the past decades, thus requiring
the development of a new interdisciplinary field, aimed at supplying this demand. Branching from
regenerative medicine, the combination of elements usually applied separately for same or other
purposes, was named Tissue Engineering (TE). Precisely, the components combined in TE constitute
the so-called TE triad, are i) cells (derived from cell therapy), ii) scaffolding material (derived from
material science) and iii) molecular signals (mainly derived from molecular biology and drug
research). Among the organs and tissue that experience damages such that requiring
implantation/transplantation, skeletal muscle represents no exception. As result of this, several
approaches developed to efficiently repair the most common defects requiring surgery: Volumetric
muscle loss (VML), abdominal wall defects (AWD) and defects of the diaphragm, namely traumatic
diaphragmatic hernias or congenital diaphragmatic hernias (CDHs). While the first necessitates a
substitute large in volume, the other two need a thinner but, according to defect size, wider surface.
Thus far, between the materials chosen for repair of such defects, mostly synthetic materials were
used, but decellularized tissue are rapidly covering the gap, likely to surpass them in the next future.
Reason of this potential is the close resemblance to the organ or tissue of origin, while possessing
features able to endpoint to constructive and functional remodeling. While decellularization-
derivates of several organs and tissue were already attained, some were even tested in clinic and
further moved to large-scale production (i.e. Surgisis®). However, only recently the proposal of
developing a decellularized scaffold from diaphragm muscle for autologous repair purposes was

reprised, and in general, was never considered in mouse.

Methods



Diaphragms (mouse and rabbit) were decellularized by a cyclical exposure to the sequence deionised
water, sodium deoxycholate, DNase. Scaffolds were characterized in order to evaluate
decellularization protocol efficiency, by the means of cell removal (mouse and rabbit), maintenance
of microarchitecture (mouse and rabbit), ECM components (mouse), mechanical properties (mouse).
Next, the interaction host-scaffold was tested in vivo, both in healthy and atrophic mice. Subsequent,
a further characterization by disclosing the angiogenetic properties, both potential, taking advantage
of the well-known CAM assay and subcutaneous transplant, as well as revealing angiogenesis-related
protein content whithin the scaffold, and actual, by performing an orthotropic transplant in
comparison with a synthetic material. To draw nearer the clinical validation, the characterized
decellularized diaphragm (DD) were thus transplanted in the first surgically created model of CDH,
again compared to the most commonly used material for the repair of this defect,
polytetrafluoroethylene (PTFE), with the introduction recently of an allotransplant control. Lastly, as
completion of a TE approach, it was developed a method to combine the cellular component, which

was then applied to both mouse and rabbit derived scaffold.

Results

The adaption of a previously published detergent-enzymatic protocol aiming at obtaining a
decellularized scaffold from diaphragm, resulted successful in with both mouse and rabbit sources, as
cell removal while preserving microarchitecture and ECM components was attained. Moreover, it
was confirmed that mechanical properties and growth factors were preserved in the mouse-derived
scaffold. Upon implantation of the latter, angiogenesis and myogenic activation, while modulating
the immune response were observed. In the healthy environment, the effect was transient, whereas
implantation in a mouse model of atrophy led to long-term beneficial effects. The testing of mouse
scaffold in a surgical model of CDH proved the previously seen results, as, compared to PTFE, yielded
better outcomes, such as no recurrence, amelioration of diaphragm excursion and, differently from
before, to a sustained myogenic response through time points analysed. The method used to re-
populate both mouse and acellular muscles , after being developed, thus far resulted in a successful

cell delivery, while the scaffold supported cell proliferation, survival and differentiation.
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Conclusions

Muscle scaffold from mice and rabbit can be successfully obtained by decellularizing the diaphragm
muscle via detergent enzymatic protocol. These scaffolds were proven to have several attractive
properties both in vitro and in vivo, derived from their close resemblance to the tissue of origin.
Precisely, it was demonstrated that while in vitro can sustain cell survival, proliferation and
differentiation, in vivo positively interact with the recipient environment, driving a constructive

response. Hence, scaling up of this type of construct is likely to be happening in the next future.
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Chapter 1 : General introduction

1.1 Regenerative medicine: why tissue engineering

1.1.1 The current issues of organ replacement

Availability of adequate candidates for organ transplantation was largely surpassed by the demand,
which has rapidly increased in the past decade. This has resulted in long waiting lists, generating the
need of an alternative to the shortage of healthy live or deceased donor organs.

The issue became evident as patients with both vital and non-vital organ failure were (and still are)
deprived of life extension. Additionally, the increased use of alternative medical care (e.g. dialysis)

markedly increased the cost/benefit ratio of these therapies to society.

Xenotransplantation, that is the transplantation of cells, tissues, or organs from different species, is
one of the proposed strategies to overcome the shortage of human organs.

A major limitation to this approach though, is the presence of conserved antigens among non-human
primates and mammalians, which may lead to hyper acute rejection (HAR). HAR is the consequence
of the recognition of a surface antigen located on endothelial cells, a(1-3)galactose sugar residue (a-
Gal), conserved among all lower mammals, by xeno-reactive natural antibodies (XNA). The cascade
of events following this recognition is in a way similar to the acute haemolysis of donor erythrocytes
in a mismatched blood transtusion [1]. Although reduction of HAR has been possible by genetically
engineering animals that are a-Gal antigen negative [2,3], elongating graft survival from a maximum
of 30 days to over 80 days [4], there is still graft failure, associated with a late thrombotic

microangiopathy and ischemic injury [5].

The reason is that also other forms of rejection are still active. Acute humoral xenograft rejection
(AHXR), or acute vascular rejection indeed, is triggered by anti-a Gal and anti-non-a Gal antibodies,
and can lead to loss of the graft as well as HAR [6]. It has been suggested that neutrophils, natural

1



killer cells and macrophages are heavily involved in this mechanism [7]. This form of rejection is not
typically seen with intense immunosuppressive drug regimens, but still does not fully prevents graft

failure, which again still occurs, usually due to development of angiopathies.

In summary, despite the remarkable progress made in xenotransplantation field in the last decade,
before making xenotransplantation a clinical reality, several hurdles of general safety must be

overcome, principally represented by immunological barriers and physiological discrepancies [8].

Another proposed option is represented by auto transplantation, which vary according to the organ
that’s due to be replaced. For example, autologous replacement of the oesophagus involves the use of
more distal parts of the gastrointestinal tract, with long-term problems associated to each technique
[9-11]. In addition, a limit for this technique is the availability of autologous healthy tissue compatible

with the injured.

1.1.4 Tissue engineering as possible answer

Given the issues described above, conventional transplantation offers a limited solution, still with a
life-long immunosuppression being prominent. Tissue engineering (TE) was then born to offer a

therapeutic alternative [12].

Indeed, a regenerative medicine approach combines and integrates into one field TE with different
disciplines: cell biology, material engineering, physiology and gene-therapy, with damaged tissues
and organs. To be more specific, three are the main components proposed by TE to obtain a
functional organ: 1) Cells, the key for successful tissue engineering, which desired features include
non-immunogenicity, non-tumourogenicity, high potency, proliferation and differentiation
potential 2) A scaffold, the supporting structure necessary to help cells growth and differentiation in
a tridimensional fashion, needs to meet important characteristic as well (e.g. Biocompatibility,

biodegradability, adequate stiffness) 3) the signaling molecules necessary for functionalization, which
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can hasten and help cell growth and differentiation (Fig. 1.1). All of these components carry out
interacting roles, whose cumulative effects aim to assist, simulate or replace the function of a failing
native tissue or organ. Depending of the need, a construct can be tissue engineered to take the form
of tissue sheets, which may be used for structural repair of congenital (e.g. atrial septal defect) or
acquired (e.g. trauma) defects or for functional assistance (e.g. pancreatic islet cell grafts).

Alternatively, whole organs can be produced for surgical transplantation.

Biological &N s Syntethic
Matrix O or ﬁ Matrix

Scaffold 1 %: Growth
' " Factors

Re-population
in vitro

Development in vitro

(ideal environment
e.g. bioreactors) ,

Re-population ™
in vivo

Expansion

Implant/Transplant Somatic stem or

skilled cells iPS

Figure 1.1 - An overview of tissue engineering/regenerative medicine

Tissue engineering with the aim of organogenesis involves the combination of appropriate cells and scaffolds,

their growth in bioreactor systems and eventual transplantation.



1.2 Skeletal muscle Tissue Engineering (SMTE)

1.2.1 Skeletal muscle in clinic: incidence and significance of muscle injuries

Skeletal muscle represents no exception when it comes to organ or tissue replacement demand.
Indeed, there is no current permanent solution to the many known congenital muscular diseases,
which reflect the anatomical and molecular complexity of this tissue. Duchenne muscular dystrophy
(DMD) or Spinal muscular atrophy (SMA) still shorten affected lifespan to an expectation that rarely
surpasses the 20s [13]. While congenital diseases are still frequent but limited to genetics, acquired
muscle injury represents a condition found in different fields, then covering a wider range, such as
military or sports. Car accidents, gunshots [14,15] but also the insurgence of cancer[16], with the
subsequent necessity to remove large amount of muscle mass, are only few examples of the many
causes that lead to volumetric muscle loss (VML), defined as the loss of a sufficiently large fraction of
a skeletal muscle. Whenever this loss is such that natural regeneration mechanisms are unable to
compensate, patients experience a permanent loss of function [17]. Currently the only two treatment
options to VML are scar tissue debridement and/or free muscle transpositions, which is the most
common and usually consists in a muscle autograft transplant to the injury site, such as a free flap
transfer procedure [18][19][20][21]. However, muscle graft size is often limiting for a successful
incorporation into the recipient site (innervated and vascularized), resulting in difficulties avoiding
necrosis, functional differences between the donor and recipient muscles, and significant donor site
morbidity [22]. Though defects in the diaphragm or in the abdominal wall are still often repaired with
synthetic, non-degradable mesh materials (e.g. polytetrafluoroethylene, PTFE; Dacron), these
synthetic materials serve only to reinforce the remaining tissue to prevent further damage, as they
elicit a chronic foreign body response (FBR) and fibrosis with no functional recovery of the injured
muscle [23][24][25]. Therefore, SMTE approaches and their potential applications are various, and
today solutions to muscle injury are being investigated to promote new muscle tissue growth rather

than only focusing on preventing further tissue damage.



1.2.1 Skeletal muscle self-renewal and response to injury

Skeletal muscle has a great plasticity and self-renewal capacity, which ensure and maintain tissue and
body homeostasis. Upon injury, unlike other tissues [26], skeletal muscle is capable of fully
recapitulating normal condition, architecture and function [27].

The processes involved in muscle regeneration were well characterized both in human and mouse, in
which established muscle injury models (such as cardiotoxin injection, cryoinjury, muscle excision)
progress through similar cellular and molecular events [28]. Briefly, (1) inflammatory and/or non-
inflammatory signals trigger the activation of resident progenitor cells, (2) which proliferate after
activation, (3) commit to myogenic differentiation, and finally (4) fuse into functional multinucleate

myofibers [29][30](Fig. 1.2) .

\roliferation Differentiation Growth
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- ZN\ S = =
=T -
Pax7+ Pax7* MyoD* Myogenin*
MyoD* Myogenin* MRF4+
(1) : (3)

- Inflammation Early regeneration Regeneration and muscle growth

Figure 1.2 - Muscle repair phases (adapted from [30])

Tissue engineering with the aim of organogenesis involves the combination of appropriate cells and scaffolds, their growth

in bioreactor systems and eventual transplantation.

The primary contributor to new muscle fibers formation, most abundant and well studied muscle
progenitor is the satellite cell (SC) [31], which is characterized by the expression of the transcription
factor Pax-7 [32]and by their unique anatomical position when in quiescent state. SCs in fact, during

homeostasis, reside in a well-defined stem cell niche that is located directly between the myofiber cell



membrane (sarcolemma) and the basement membrane (basal lamina) of the surrounding
extracellular matrix (ECM) [33].

After activation, SCs undergo asymmetrical division, to both ensure niche preservation and to
generate a proliferating myogenic progenitor, known as Myoblast. After migration to the sites of
injury, these cells proliferate extensively in response to mitogenic factors present in the wound
environment, which is comprised of immune cell secreted cytokines and chemokines and growth
factors released by damaged myofibers [29]. Further committing towards the myogenic cascade,
myoblasts exit the cell cycle, downregulate MyoD and Myf5, and upregulate the transcription factor
Myogenin [34][35]. Fully committed cells, now called Myocytes, are able to form cell-cell adhesions
with neighboring myogenin+ cells, and finally fuse to the pre-existing damaged myofibers or form de
novo myofibers (Fig. 1.2). Fusion is then accompanied by the expression of the late muscle
differentiation transcription factor MRF4, cytoskeletal proteins such as dystophin and dystroglycan,
as well as functional contractile proteins such as sarcomeric myosin. As remnant of cell fusion, newly
formed myofibers initially display nuclei located within the center of the cytoplasm [36]. As last stage
of correct muscle regeneration, muscle fibers will grow (hypertrophy) and form mature muscle-ECM
adhesion complexes for force transmission, as well as developing neuromuscular junctions with
innervating axons and nervous system control [37]. Indeed, functional innervation and formation of
a stable neuromuscular junction is necessary for muscle fiber survival and appropriate phenotype. To
summarize, since effective muscle repair is dependent on two general cell processes: the presence of
progenitor cells able to proliferate and create a pool of myogenic cells, and differentiation/fusion of
these to become terminally differentiated and functional myofibers, either or both of these processes

may be potential targets for directing and improving muscle regeneration.

1.2.3 SMTE requirements

Given the complexity of skeletal muscle, to develop a tissue-engineered construct the combination of

appropriate cellular engineering and material science is needed. Indeed, this tissue is highly organised,



thick, heavily innervated and vascularised, making those characteristics that will have to be
reproduced by SMTE.

To this aim, of particular importance are external stimuli like mechanical and electrical [38] [39]. In
fact, correct alignment of muscle fibers, one of the most critical factors for muscle formation, is strictly
connected to both mechanical and electrical stimuli [40][41], while muscle growth, as seen in
neuronal related athrophies, has been identified to be influenced by neuromuscular junctions, which
are essential for directed control and in turn have been linked to full force generation [42]. Hence,
scaffolds materials must assist cell alignment, promote skeletal muscle formation, and stimulate
vascularization and innervation while balancing structural and mechanical support of the injury site,
degrading in a fashion such that enough structural stability is present within the scaffold material to
support mechanical loading until the regenerated tissue is stable enough to withstand loading
independently [43-46].

On the other hand, not only cellular component should be able to proliferate and self-renew, in order
to completely repopulate the scaffold and to improve the in vivo engraftment, but should be also able
to differentiate giving rise to the cell types necessary to recreate an environment similar the most to
skeletal muscle [47]. For example, besides the muscular cells, also fibroblasts (that secrete and remodel
ECM) and endothelial cells are necessary to completely regenerate the functional tissue.

In the recellularization process, two steps are considered as the most important: the first one is the
cell seeding, that is aimed at repopulating the decellularized scaffold with a mixture of cells that should
redistribute mimicking the native tissue. The second is the culture that should allow the cells to
proliferate or to differentiate for the subsequent in vivo functions [48]. Therefore, the quest for a
correct environment (e.g. bioreactors) in the field of skeletal muscle TE is developing concomitantly
with the pursuit for ideal scaffolds and cells, to eventually allow mimicking of muscle formation to
the fullest.

Moreover, each TE component has to adhere to specific requirements, which must be previously
satistied before considering the use into bioreactors, in vivo and eventually into clinic. Cell and

scaffold choice will be further discussed in the next chapters.



1.2.4 Current state of SMTE

While many approaches to obtain skeletal muscle constructs were developed to study skeletal muscle
formation in vitro or as model for drug screening applications, in the last decade the use of engineered
muscle was also aimed to replace or augment damaged tissue in vivo [49-54].

In general, the most common technique to obtain an engineered construct is to seed cells able to
differentiate into muscle either onto or within a structure, commonly three-dimensional, to then
allow for the compound to grow and remodel into muscle tissue in vitro [55-58]. While suitable for
whatever purpose, i.e. as model of development, test sample for drug screening or pre-conditioning
for the further delivery in vivo, the specific aim of supporting and repairing injured muscle, not only
amended the possibility of an in situ approach, but also led to the use of naturally derived materials
[59-63].

The continuous steps forward made by technology, along with the collaboration among different
disciplines, led to remarkably results throughout the years in both cases. Muscle constructs
engineered in vitro for example, can to date not only spontaneously contract, but also respond to both
electrical and drug stimuli (e.g. tetanic contractions, calcium gradient inhibition), displaying trends
that can accurately mimic skeletal muscle functions [56][64]. Some examples of in vitro approaches

developed thus far are summarized in table 1.1



Table 1.1 | Examples of in vitro approaches to develop muscle

Aim Cell source Scaffolding material Outcome References
Test f tterned
© © b a. I Rat L6 Collagen I crosslinked with Efficient myotube
platform for engineered . [43]
i myoblasts EDC/NHS alignment
muscle formation
. Cells alignment;
o Primary .
Vascularization of Molded creation of a vascular
hMDCs; o . i [65]
muscle bundle construct Thrombin/Fibrinogen/Matrigel network within the
HUVECs
construct
Human
Develop a controlled | .
) immortalized )
system lowering number Collagen/Matrigel [66]
] myoblasts,
of cells required
3T3
High-th hput
Increase number of ' ‘roug pu )
. C2C12 GelMa/PEGDMA production, uniform [67]
bundle production )
loading
High  number of
t?reatio}rll of bu.ndles Expanded Molded l;}mdles (from a single 56
rom human prima opsy, drug response
pr ) Ty hMDCs Thrombin/Fibrinogen/Matrigel ,l p Y & p .
cells and drug screening similar to  clinical
testing
Chemical
Devel t of scaffold
eveiopmen® o1 Seallold cac12 PEG-MAL hydrogel functionalization; 3D  [68]
material for SMTE
structure
Devel t of aligned H Ali t,
evelopment of aligne uman poly(N-isopropylacrylamide) 1gr.1men. easy (69]
3D structure myoblasts manipulation
Accelerati f
cee era' 1(()1r'1ff tati © mBMMSCs; Fibri i Mechano-driven [52]
myogenic differentiation rin on silicone
yogenicdt 1 C2C12 o H differentiation
of BMCs
Devel t f 3D C2Cl12;
cveloptent 0 ) ) Self-tension; NM]J
neuromuscular Primary Matrigel ] [70]
formation
constructs mNSC
hPSCs Self-assembly;
Development of a ) . .
differentiated  Autologos ECM; collagen responsive to electrical [71]
culture platform ) ] ) )
in myocites stimuli
biowireEvaluation of
patterning on growth C2CI12 N/A Microtopography [72]
and differentiation
Development of a new Expanded Biodegradable  bacteriostatic Micropatterning; self- (53]
scaffold for SMTE hMDCs glass fibers; collagen contraction
C2C12;

Evaluation of culture ) . Self-contraction; easily
method for bundles Primary Neutralized collagen I gel reproducible [73]
hMPCs P

Lamini d .
Maturation of AchR in GFP-C3H Fibri | am1n1f1 anf ai;'rm (58]
ibrin ge expression; formation
the bundles myoblasts & P

of NM receptors




Aim Cell source Scaffolding material Outcome References
Evaluation of spatial Neonatal rat Matrigel-fibrin hydrogel Self-contraction (74]
geometry of bundles Myoblasts mesoscopically structured
Patterning of engineered Microstructured elatin Micropatterning;
i i i i
& & C2C12 & response to electrical [40]
muscle methacrylate ] .
stimuli
Patterning of engineered Micropatterning;
C2C12 Patt d fil lyelectrol 75
muscle atterned film (polyelectrolyte) stiffness modification [75]
Self- tracti but
Model for  Skeletal Aged C2C12 ¢ -contraction .u
) Collagen reduced  contracting [76]
muscle ageing (sp54)
force
Response to electrical
Pri SC
Evaluation of TGF f1 rumary S and chemical stimuli;
from rat  Self-produced ECM . . [77]
effects self-contraction  into
(F344) Soleus
3D
Evaluation scaffold Chemical
. L C2C12; . o
functionalization on Electrospun PS functionalization; [78]
: - C3H10T1/2 !
differentiation microtomography
Pri
) rimaty Self-contraction;
Evaluation of co-culture mMyoblasts; o )
. Fibrin; Self-produced ECM generation of 3D [79]
with Fbs mEF  from ruct
E13/CF1 structures
Evaluation of Mechanical
mechanical stimuli C2Cl12 Collagen I conditioning; axial [80]
direction conditioning
Self-contraction;
Mechanoregulation of H5V EC; Collagen I and self-produced ¢ co.n raction
paracrine VEGF effect [81]
constructs C2C12 ECM L
on vascularization
3D izati Mi tterning, self-
. organization rSCs (Soleus)  Self-produced ECM lcropa ‘ermng s¢ [82]
patterning assembly into 3D
Efficient
Patterning evaluation C2C12 Degrapol .1c1en ) [83]
micropatterning
C2C12; Mech lati
Evaluation of . Patterned polyacriacrylamide cchanoregtiation
. ) primary also by cellular [84]
environmental stiffness gel
human Fbs substrate
Evaluation of
Primary rat Self-contraction, self-
hysiological ti Self-produced ECM 85,86
physioogical properties SCs and Fbs ciproduce structuring 3D [ ]

of bundle

EDC/NHS=1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide)/ N-Hydroxysuccinimide; hMDC=human Muscle Derived Cells; HUVEC=Human
Umbilical Vein Endothelial Cell; GeIMA/PEGDMA=gelatin methacrylate/polyethylene glycol di (metha) acrylate; PEG/MAL=olyethylen
glycol/MALeimide; mBMMSC=mouse Bone Marrow Derived Stem Cell; mNSC=mouse; Neural Stem Cell; NMJ=Neuromuscular Junction;
hPSC=human pluripotent stem cells; h(MDC=human Muscle Derived Cells; hMPC=human Muscle Precursor Cells; GFP=Green Fluorescent Protein;

mSC=mouse Satellite Cells; PS= polystyrene; mEF= mouse Embryonic Fibrobalsts; EC= Endothelial Cells; Fbs= fibroblasts.
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While for in vitro purposes size does not constitute a limitation though, the application as a repair
tool or even as substitute requires a larger construct. However, to increase the dimension of the
muscle constructs requires additional care to cope the issues rising sideways. For example, it was
shown that forcing the growth can result in the inability for nutrients to reach the innermost layers
of the tissue, a condition that often cause the formation of a necrotic core, then unsuitable for
implantation [64][86]. Trying to overcome this and other issues in the creation of a construct suitable
for implantation (addition of a construct helping the host regeneration) or transplantation
(substitution of functional tissue with an equal counterpart), several approaches with as many type of
cells and constructs were developed. For example, it was tried to use an heterogeneous population
obtained from muscle hind limbs [87], the co-seeding of different cell types [44,88], or to take simply
advantage of the host vasculature [89-91]. Remarkably, Juhas et al. created bundles that could also
repaired themselves after cardiotoxin insult in vitro, demonstrating that the SC niche was present
within these constructs, whereas Fuoco et al. managed to obtain a vascularized muscle, which seemed
to restore limb strenght. Even larger skeletal muscle constructs have been implanted to observe
engraftment, vascularization, and functional recovery [92].

Others, managed to obtain construct called skeletal muscle units (SMUs), testing their efficiency in a
model of rat VML. Although these SMU displayed some vascular and nervous tissue integration, with
a significant increase in force production after 28 days, muscle functionality was still far from native
condition [93]. In general, it was demonstrated that proximity to host blood vessels resulting in a
better vascularization [94], can result in a significant increase of the force output of these constructs,
demonstrating that these are capable of integrating with the surrounding tissue and remain thereby
viable [95]. Thus, an essential feature for a successful outcome is, among the others, the ability to elicit
an abundant pro-angiogenetic response in order to allow graft survival. In table 1.2 were listed some

of the developed constructs tested and delivered in vivo until 2016.
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Table 1.2| Examples of constructs for SMTE tested in vivo

Aim Cell source Scaffolding material Model References
AWD repair Acellular PPL Rat [96]
Scaffold testing/ ti
catiold testing/cotnparative Rat myoblasts PGA [46,97,98]
study
Scaffold testing Acellular PLLA Rat [99]
Scaffold testi ti
caffold testing/comparative Acellular PLLA-PLGA Mouse  [44,100,101]
study
Scaffold testi ti
caffold testing/comparative Myoblasts PLLA-PLGA Mouse [44]
study
Tri-culture: MPCs,
Scaffold testing-AWD repair r-enure ® PLLA-PLGA Mouse [44]
HUVEC, mEFs
Scaffold testing-AWD repair Co-culture: HUVEC, hFbs PLLA-PLGA Mouse [101]
Myoblasts; Co-Culture:
AWD repair HUVEC, hFbs; Tri-Colture: PLLA-PLGA Mouse [101]
Altogether
Decellularized
Muscle defects Acellular ece u arize Mouse [102,103]
syngeneic scaffold
Scaffold characterization/testing Decellularized
) ] Acellular ) Mouse [104]
in atrophic model syngenic scaffold
AWD [105,106]
Acellul Decellularized Rat
cellular a
VML syngeneic scaffold [25,90,107]
Scaffold Characterization [108]
Decellularized
AWD repair Acellular cocTuarize Rabbit  [109-111]
syngeneic scaffold
Decellularized ECM
Scaffold characterization Acellular ecelit ar1.2e ) Rat [108]
secreted in vitro
) Decellularized
AWD repair Rat SCs or myoblasts ) Rat [55,112-114]
syngeneic scaffold
Decellularized
VML MSCs ) Rat [90,115]
syngeneic scaffold
Decellularized
CDH closure MSCs ece u anize Rat [116]
syngeneic scaffold
Decellularized
VML Acellular ece u anze Mouse [117-119]
xenogeneic scaffold
VML Acellul Decellularized Rat [105,107,120,121]
cellular a
AWD repair xenogeneic scaffold [122,123]

(continued)



Table 1.2| Continued

Aim Cell source Scaffolding material Model  References
Muscle defects [124]
Decellularized xenogeneic
Acellular Rat [96]
AWD repair scaffold
[125]
Decellularized i
Scaffolds testing Acellular cociatizee xenogenelc Rat [126]
scaffold
VML Acellular Decellularized xenogeneic Dog [127]
scaffold
Decellularized i
VML Acellular coctitfartzec xenogenelc Human [118,128]
scaffold
Decellularized xenogeneic
VML MDCs Mouse [129,130]
scaffold
VML MSCs Decellularized xenogeneic Rats [121]
scaffold
AWD . Tri-culture: MPCs, Decellularized xenogeneic M (8]
repair ouse
pal HUVEC, foreskin Fbs scaffold
Hydrogels from
AWD Acellular decellularized xenogeneic Rat [131,132]
tissues
VML Autologous Minced skeletal muscle [25,133,134]
Scaffold characterization, Tri-culture: MPCs,
Decellulari hole li 2
hindlimb transplant HUVEC, mEFs ecellularized whole limb Rat [52]
Scaffold testing /F
catto e§ ing /Factor Acellular Alginate Mouse [135,136]
delivery
Bladder function recovery Acellular Alginate Rat [137]
Scaffold testing Myoblasts Alginate Mouse  [135,138,139]
Scaffold characaterization Myoblast Alginate Rat [46]
MSCs; MSCs induced t
Bladder function recovery ® s maticedto Alginate Rat [137]
muscle cells
Factors delivery Acellular Collagen Rat [61]
VML [140]
. Acellular Collagen Rabbit
Factors delivery [63]
VML [60,141]
o ) MPCs Collagen Mouse
Testing in dystrophic model [142]
AWD repair ECs and MSCs Collagen Mouse [143]
AWD repair Myoblasts Collagen Rat [144]
Scaffold characterization Myoblasts Fibrin Rat [94,145]
AWD repair/comparative Acellular Fibrin Mouse [101]
VML I [146]
) Human Myoblasts Fibrin Mouse
Dystrophic model [147]
(continued
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Table 1.2 | Continued

Aim Cell source Scaffolding material Model  References
Co-Culture: HUVEC- L
Fribrin
AWD repair/ t hEbs
repair/comparative
P lt J paratlv Acellular Fibrin-PLL/PLGA Mouse [101]
study
Co-Culture: HUVEC-
o Fibrin-PLLA/PLGA
hFbs
Construct ch terization,
onstrie” © afra.c erization MPCs Fibrin/ matrigel Mouse [89]
CTX-injury
Construct characterization Primary cells (Check) Fibrin/Autologous ECM Rats [148]
L Tri-culture: MPCs, .
Construct characerization Matrigel Mouse [149]
HUVEQC, 10T1/2
Scaffold characaterization Myoblast Hyaluronic acid gel Rat [46,150]
EDL transplant MPCs Self-Assembled ECM Mouse [87]
TA transplant MPCs Self-assembled construct Rat [93]
TA repair Mesoangioblasts PEG-Fibrinogen Mouse [91]
Autograft (used trol) -
Muscle defects Autologous muscle cells utograft (used as control) Rat [25,105,116]

minced

PPL=Polyphenyl; PGA=Polyglycolide; PLLA=Polylactic Acid; PLGA=Poly(lactic-co-glycol acid);
MPC=Muscle Precursor Cell; HUVEC=Human Umbilical Vein Endothelial Cell; mEF=mouse Embryonic

Fibroblast; hFb=human Fibroblast; MSC=Mesenchymal Stem Cell; EC=Endothelial Cell.

Despite the several studies made, being defects as VML extensive by their very own nature, the
amount of functional tissue to be created is beyond what currently possible to reproduce through TE
constructs [151]. Further, as the most complete constructs were obtained by combination of different
cells population harvested separately, the complexity of these procedure s pulls them back from
clinical application, not considering the time required for construct completion, likely to result in
weeks or even months waiting for the surgery. Definitely, to reach the clinical use are the ones that

guaranteed the fewer variables in the pre-clinical phases.

1.2.5 Clinical application of SMTE

Therapies to have reached clinical application so far use techniques belonging to TE but cannot be
considered real TE approaches yet, as they lack either cell support or do not take advantage of any

scaffold. Indeed, on one side we have cell therapy strategies, in which cells were injected locally or
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systemically to improve syndromes originating from genetic diseases of the muscle [152,153].On the
other, we have defects requiring surgery rather than cell therapy, as the flat muscles defects (i.e.
abdominal wall and diaphragm hernias[154,155]) or VMLs. While in the first case several scaffold are
currently in use (this topic will be further discussed in Chapter 6), the clinical reports for VML
treatment are just two, both involving xenogeneic decellularized tissue (scaffold materials, among
which decellularized tissues, will be further discussed in Chapter 4).

In the first case, a defect in the quadriceps femoris, already treated years before with a muscle flap, was
repaired with an acellular porcine small intestine submucosa (SIS) scaffold [128]. More recently, a
different scaffold (porcine bladder matrix) was used, showing that the treatment did not induce an
adverse effect. The outcomes were further positive in three cases out of five, which displayed also
improvement in strength and mobility, compared to a patient-specific baseline. Thus, even though
these devices cannot be considered the result of tissue engineering according to the usually accepted
definition [12], they provides evidence that a commonly used scaffold, can be a good bedrock to repair
skeletal muscle injuries. Moreover, non-muscle-derived acellular scaffolds have shown applications
comparable to decellularized muscle tissue in SMTE treating of VML [114,125], and their xenogeneic
origin could obviate the need for human tissue as a starting material for scaffold development.
Given the reported effects of empty scaffolds on cell homing [99], suggesting that SMTE derived
materials may indeed constitute a valid clinical option, there is still the need to better understand the
role of the cellular component, as to whether necessary or not. Indeed, while from one side there is
still the concern of host alone not being enough, evidence in other engineered tissues have proven a
limited structural role for the seeded cells, which seem to be rapidly overcome and substituted [156].
While non muscle-derived acellular scaffold have shown applications in muscle defects at clinical
level, muscle derived are holding higher promises when considering the amount of tissue that could
be used. Indeed, not only it is the largest tissue in the body, but also the possibility of obtaining
xenogeneic acellular muscles expands the sources that could be used.

Hence, decellularized scaffold represent an attractive candidate to ease and quicken translation to the
clinic as the ECM derived from large mammals was and still is widely used [96,123,157,158]. Lastly,

the structure and composition of the these material is known to be capable of promoting the
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vascularization of the structure as it is assimilated in the body [159,160], thus the remaining concerns

would rely mostly on the cell side.
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Chapter 2 Main hypothesis and specific aims

Up to now, applications aiming at the repair of skeletal muscle were as many, but the majority focuses
on the repair of VML However, also other defects lead to loss muscle, such as AWD and
diaphragmatic hernias. Congenital diaphragmatic hernia (CDH), in particular, is a defect leading to
ineffective closure of the diaphragm muscle, thus requiring surgical intervetion to ensure normal
physiological condition. To date, repairs for which primary repair is not possible, are mainly
performed with synthetic meshes. The general motivation of the present work is to develop an
autologous natural alternative to actual CDH treatments, which could overcome the actual concerns
raised by the nature and the mechanical properties of the synthetic materials. In this respect, the use
of an acellular matrix derived from the diaphragm was considered an ideal choice. The central
hypothesis is then: diaphragm acellular matrix, which will be possible to derive via decellularization
using an adapted protocol, can represent an eligible material for the closure of CDH defect, since the
unique reservoir these types of scaffold retain. Additionally, it would be possible to set a method

towards the completion of a TE approach. Hence, aims were developed as follow.

2.1 Aim chapter 4

In this chapter, my goal was to evaluate a decellularization protocol to efficiently deliver a scaffold
that would maintain macro- and micro-architecture whilst removing the antigen cellular component.
The hypothesis it that adapting a detergent enzymatic treatment to suit the tissue I want to
decellularize, I will be able to obtain the desired degree of cell removal and structure preservation
throughout the exposure to the treatment. My expectation is that, once determined the most efficient
condition, it will be possible to develop an acellular scaffold that will closely resemble native tissue.
Aiming at further testing the obtained scaffold, I will analyze also outcomes in both healthy and

diseased environment.
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2.2 Aim chapter 5

The following chapter was developed aiming at further characterizing the developed acellular matrix,
focusing on its angiogenetic potential. The hypothesis is that mild decellularization chosen, as well as
the nature of the scaffold itself, will result in a pro-angiogenetic environment, as demonstrated using
other types of acellular matrices. Angiogenetic potential will be essayed both with in vitro molecular
biology and in vivo, where host response can be compared to PTFE to distinguish from the effects

that the physiological FBR implicates.

2.3 Aim chapter 6

The aim pursued in this chapter was to evaluate the outcome after the repair of a surgical mouse
model of CDH with our developed acellular matrix. I hypothesize that, in line with the several studies
involving acellular matrix, as well as clinical level of evidence reached thus far, outcome of the
intervention will endorse the use of such scaffold for CDH repair purposes. To confirm this

hypothesis, the actual gold standard prosthetic mesh (PTFE) will be used as control

2.4 Aim chapter 7

The work described in this chapter was aimed at developing and evaluating a method to combine cells
with the diaphragm derived acellular matrix obtained previously. Main hypothesis is that, even
though diaphragm is a thin muscle, only seeding cells on top is not sufficient to guarantee cell growth
and integration. Also, adding mechanical tension to culture condition may result in an enhancement

to differentiation stimuli.
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Chapter 3 ; Materials and Methods

3.1 Animals and tissue harvesting

All surgical procedures and animal husbandry were carried out in accordance with University of
Padua’s Animal care and Use Committee (CEASA, protocol number 67/2011 approved on 21st
September 2011) and were communicated to the Ministry of Health and local authorities in
accordance with the Italian Law on the use of experimental animals (DL n. 16/92 art. 5). For the
experiments carried out in the UK, all surgical procedures and animal husbandry were carried out in
accordance with UK Home Office guidelines under the Animals (Scientific Procedures) Act 1986 and

the local ethics committee.

3.1.1 Mouse

The animals used as donors were 12 weeks-old wild type (WT) C57BL/6j (B6) male and female mice.
Surgical procedures (section 3.8) were performed on 12 weeks-old WT B6, HSA-Cre, Smn""F,

BALB/c, or BTX-GFP* (GFP) mice male and female.

3.1.1.1 Mouse diaphragms

A transverse incision was made right below the xiphoid process. Then both the thorax and the
abdomen where exposed by carefully detaching and pulling the skin from the incision to the opposite
sides (cranial or caudal direction). Exposed fascia was next removed from the rib cage, along with the
dorsal and costal muscles. Once cleaned, the whole rib cage was harvested by freeing, detaching and
cleaning the diaphragm from all ligaments and removing the aorta, the inferior vena cava and the
oesophagus from each hiatus. Finally, the rib cage was reduced to have the least amount of tissue
around the diaphragm, able to provide support to it as well. Diaphragms to be used as fresh control

(mFD) were stored snap frozen or treated immediately for subsequent analysis.
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3.1.1.2 Mouse Extensor Digitorum Longus (EDL) and Soleus (SOL) muscles

EDL and SOL muscles were harvested from both right and left hindlimb of each mouse. A circular
incision was made at the distal end of the tibia (above the tarsus), then limbs were gently skinned with
a lateral incision made on the whole length. The fascia above the tibialis was removed and the distal
tendon of the muscle was identified and cut. Tibialis was removed exposing underlying EDL muscle,
which was harvested by gently detaching it from its location cutting both the proximal and distal
tendons. Limb was then turned and distal tendons of the backside were freed from the tarsus. SOL
proximal tendon was then located and picked up to gently lift the muscle from the gastrocnemius.
Distal tendon is then cut away from the previously cut group of tendons, allowing muscle harvesting

from tendon to tendon. EDL and SOL were then immediately processed for cell isolation.

3.1.1.3 Mouse whole limb

Legs were skinned as described above. Fat and connective tissue were then removed from the
proximal side (femoral head) to allow harvesting of the whole limb, which was cut away at that level.
Tarsus and paw were cut away to ensure a cleaner preparation. Limbs were then immediately

processed or stored in DMEM high glucose (DMEM HG, Gibco).

3.1.4 Rabbit

Adult New Zealand rabbits were used as donors. Animals were euthanized by administration of an
overdose of intravenous Pentobarbital Sodium. Then, a midline incision was made to completely
expose the abdomen and the thorax. Similarly to the mouse, after removing the covering fascia,
muscles of the chest and all the other anatomical connections were removed, allowing for the harvest

of the rib cage along with the diaphragm. Finally, the rib cage was reduced as in mouse diaphragms.
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Diaphragms to be used as fresh control (rFD) were stored snap frozen or treated immediately for

subsequent analysis.

3.2 Human Biopsies

Skeletal muscle samples (paediatric) were obtained from Orthopedic and Pediatric Surgery Clinic.
Patient tissues were collected after written informed consent. The protocol s(n. 2682P and 3030P) was

approved by Local Ethics Committee.

3.3 Decellularization

Tissue was rinsed in 1x phosphate buffered saline (PBS) supplemented with 1%
Penicillin/Streptomycin(P/S; PBS-P/S) before the beginning of the procedure. Both mouse and rabbit
diaphragms were decellularized adapting a well-established detergent-enzymatic treatment (DET,
developed by Meezan et al., then further adapted by Gamba et al.) [109,161]. Depending on the origin
and dimension of the tissue, the protocol was applied as one or more cycles of sequential exposition
to the reagents. Each DET cycle consisted of 3 steps. First, the diaphragms were maintained in sterile
ddH20 at 4°C, for 24 hours. Then, the samples were put in 4% SDC for 4 hours at room temperature
(RT) and in gentle agitation. After that, the samples were washed 3 or 4 times with sterile and
deionized water, to remove the detergent that could inhibit DNase I (or could be toxic for cells if the
scaffold will be recellularized or implanted in vivo). At last, the tissues were put in a solution with a
concentration of 2000 kU DNase I (Sigma-Aldrich) in 1 M NaCl (Sigma-Aldrich) for 3 hours at RT
and in gentle agitation (Fig. 3.1). Of each solution, 40ml for the mouse and 300-400ml for the rabbit
were used. A complete decellularization of the mouse diaphragm was achieved with 3 cycles, whereas
rabbit diaphragm required 7 cycles. Then, decellularized diaphragms (DDs; mouse: mDDs; rabbit:
rDDs) were washed for at least 3 days in sterile ddH,O and preserved at 4°C in 1X PBS with 3%
penicillin/streptomycin (P/S) (Gibco-Life Technologies and finally stored snap frozen or treated

immediately for subsequent analysis.
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Detergent-enzymatic treatment (DET)
1 cycle

4% Na

Deoxycholate
RT - 4h

Figure 3.1 Schematic representation of DET, depicted as cycle.

3.4 DNA quantification

DNA was isolated using a tissue DNA isolation kit (DNeasy Blood&Tissue Kit, Qiagen) following the
manufacturer's instructions. DNA concentration was determined by Nanodrop 2000 (Thermo

Scientific).

3.5 Glycosamminoglycans quantification

The glyocosaminoglycan content of native tissue and acellular matrices was brought to solution
(sGAG) and quantified using the Blyscan GAG Assay Kit (Biocolor, UK). In brief, 50 mg of minced
wet tissue was weighed and placed in a micro-centrifuge tube containing 1 ml of Papain digestion
buffer and incubated in a water bath at 65 °C for 18 h, with occasional tube removal and vortexing.
Aliquots of each sample were mixed with 1,9-dimethyl-methylene blue dye and reagents from the kit.
The absorbance at 656 nm was measured spectrophotometrically (Spectramax) and compared to

standards made from bovine tracheal chondroitin-4-sulfate to determine the sGAG content.
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3.6 Collagen quantification

The collagen content of native tissue and acellular matrices was quantified using the Sircol collagen
assay kit (Bio-color, UK). Briefly for collagen, the samples were hydrolysed in 6N HCl at 95 °C for 20
hour, the hydrolysate were mixed with a chromogen solution staining hydroxyproline residues and
color was developed at 60 °C for 1 hour. The absorbance for each sample was determined at 555 nm
using a microplate reader (Spectramax) and the collagen quantity was calculated from a standard

curve created with known concentrations of pure collagen hydrolysates.

3.7 Elastin quantification

The Elastin content in fresh and decellularized diaphragms was quantified using the Fastin Elastin
Assay Kit (Biocolor, UK). All test samples require the conversion of the native hydrophobic elastin
into a water soluble derivative (a-elastin). To extract a-elastin, samples were heated at 100 °C for one
hour with 1 ml of 0.25 M oxalic acid twice. Pelleted samples were then used for the assay. Briefly, each
sample was then incubated for 15 minutes with ice cold Elastin Precipitating Reagent (containing
trichloroacetic and hydrochloric acids). Precipitated was then dyed with Fastin Dye Reagent (contains
5,10,15,20-etraphenyl-21H,23H-porphine tetrasulfonate (TPPS) in a citrate-phosphate buffer). After
a precipitation step, Dye dissociation reagent (containing guanidine HCl and propan-1-ol) was
added. The contents of each tube was transferred into a well in a 96 well plate and absorbance at 513
nm was measured using a microplate reader (Spectramax). A standard curve was set up using

standards containing a-elastin from bovine neck ligament..
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3.8 Scanning Electron Microscopy (SEM)

Samples were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer and left for 24 hours at 4°C.
Following washing with 0.1 M phosphate buffer, they were cut into segments of approximately 1 cm
length and cryoprotected in 25% sucrose, 10% glycerol in 0.05 M PBS (pH 7.4) for 2 hours, then fast
frozen in Nitrogen slush and fractured at approximately -160°C. The samples were then placed back
into the cryoprotectant at room temperature and allowed to thaw. After washing in 0.1 M phosphate
buffer (pH 7.4), the material was fixed in 1% OsOs / 0.1 M phosphate buffer (pH 7.3) at 3°C for 1%
hours and washed again in 0.1 M phosphate buffer (pH 7.4). After rinsing with dH,O, specimens were
dehydrated in a graded ethanol-water series to 100% ethanol, critical point dried using CO, and finally
mounted on aluminum stubs using sticky carbon taps. The material was mounted to present the
fractured surfaces across the parenchyma to the beam and coated with a thin layer of Au/Pd
(approximately 2nm thick) using a Gatan ion beam coater. Images were recorded with a Jeol 7401

FEG scanning electron microscope.

3.9 Chicken chorioallantoic membrane (CAM) assay

To evaluate the angiogenic properties of the decellularized materials in vivo the CAM assay was used
as previously described [162]. Fertilized chicken eggs (Henry Stewart and Co., UK) were incubated at
37 °C and constant humidity. At 3 days of incubation an oval window of approximately 3 cm in
diameter was cut into the shell with small dissecting scissors to reveal the embryo and CAM vessels.
The window was sealed with tape and the eggs were returned to the incubator for a further 5 days. At
day 8 of incubation, 1 mm diameter mDDs were placed on the CAM between branches of the blood
vessels. Polyester sections soaked overnight either in a PBS solution or in PBS with 200ng/ml VEGF
(R&D systems) were used as negative and positive controls respectively. Samples were examined daily
until 10 days after placement wherein they were photographed in ovo with a stereomicroscope
equipped with a Camera System (Leica) to quantify the blood vessels surrounding the matrices. The
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number of blood vessels (less than 10 um in diameter) converging towards the placed tissues was
counted blindly by assessors, with the mean of the counts being considered. Ending time-point of the

experiment was 7 days.

3.10 Proteomics

3.10 Proteome profiler angiogenesis array

Before start, tissue was lysed by mechanical homogenization and protein fraction was collected in PBS
with protease inhibitors (10 pg/mL Aprotinin, 10 pg/mL Leupeptin, and 10 pg/mL Pepstatin, all
Sigma-Aldrich). An equal volume of 2% Triton-X (Sigma-Aldrich) in PBS was added to obtain a final
concentration of 1%. Next, samples underwent a freeze-thaw passage to further lyse cells, and were
immediately used for the analyses. Three tissue homogenates for each sample were pooled for
analysis. Then, with the aim of loading an equal amount of protein, concentration of each
homogenate pool was determined with BCA protein assay kit (Pierce, performed according to
manufactures” instructions). Proteome profiler mouse angiogenesis array ARY015 (R&D Systems)
was carried out according to manufactures’ instructions. Luminescence acquisition and
quantification of the pixel density of each spot was determined with Alliance (UVITEC Cambridge).
For data analysis, average background signal (negative control spots) was subtracted from duplicate
spot signal intensity which was subsequently normalized to positive control spots and related to

signals from mFD mice.

3.10 ELISA test

Tissue was lysed as described above, then immediately essayed. Three decellularized diaphragm

quarters (from different samples) were pooled and used for each ELISA. Quantikine for mouse VEGF,
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HGF, EGF and SDF-1a (R&D systems) were carried out according to manufactures’” instructions.

Luminescence acquisition and sample quantification was performed using Spectramax.

3.11 In vivo implantations

Mice were gently handled in general anesthesia with O, and isofluorane (Forane, Merial, IT)
inhalation (3-3.5% for induction and, subsequently, 1-2% for maintenance). Analgesics (as

painkillers), antibiotics and saline solution (for rehydration) were administered after each procedure.

3.11.1 Subcutaneous (SC) implantation

Mice were put in a put in a procumbent position. A medial incision was performed on the back of the
mouse and skin was gently detached from the underlying fascia. For each animal, up to three portions
(0,7x0,7 cm each) of acellular scaffold were positioned and fixed to the skin side with a Prolene 7/0
suture (Fig 3.2). Skin was then closed with a Prolene 6/0 suture and animal left to recover under a
heating lamp. Samples were harvested from euthanized mice (cervical dislocation) at 7 and 15 days

post implantation (p.i.)

Figure 3.2 Surgical procedure /example of SC implantation

Implantation of one (left) or two (righ) mDD patches under the skin of GFP mice.
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3.11.2 Orthotropic implantation

Mice were put in a put in a recumbent position. A medial incision was performed in the abdomen of
the mouse, then, to visualize the diaphragm, liver and stomach were then gently moved aside with the
help of a sterile gauze. Either mDD or PTFE patches (0,7x0,7 cm each) were fixed on the left side
(right-hand side from operator point of view) of the recipient diaphragm with stitches of non-
absorbable Prolene 9/0 (Fig. 3.3). Organs were then repositioned into the abdominal cavity, the

abdominal wall was closed in two layers and the animals left to wake up under a heating lamp.

Figure 3.3 Schematic representation of surgical procedure performed during orthotropic implantation in

mice
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In a procumbent position, abdominal cavity was exposed and (1) rib cage was sutured on the
xiphoidal process to improve area of surgery; (2) abdominal organs are pulled away to allow (3)

positioning of the patch (either mDD or PTFE), which is (4) implanted with sutures. Arrow=sutures.

3.11.3 Surgical model of diaphragmatic hernia and implantation

Since the creation of an opening in the diaphragm causes pneumothorax immediately, it was
necessary to aid mice with ventilation (PY2 73-0043 HSE-HA MiniVent, Harvard Apparatus). This
condition was kept from first anaesthetic phase to the full closure of the abdomen. Briefly, xiphoidal
process and organs were moved away from the surgical area; with a micro scissor it was made at first
a defect of roughly 3x2 mm in the first phase (pilot experiments), then the opening was set at around
66mm?>, on the left side of the diaphragm (operator right-hand side). Either PTFE or mDD were
implanted to cover the defect, using a continuous closure with a non-absorbable Prolene 8/0 (Fig.
3.4). Organs were finally put back in place and abdominal cavity was closed. Afterwards, the animals
were checked to ensure arousal within 10 minutes after surgery, they were moved back to their cages
and monitored for activity, ability to drink and eat and for signs of bleeding or infection. Mice were
euthanized by cervical dislocation at 15 and 30 days p.i. in the pilot setting, whereas for the

experimental phase were set at 30 and 90 days p.i.
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Figure 3.4: Schematic surgical procedure for the creation of the surgical CDH, followed by either mDD or
PTFE closure.

Scheme of operation for the creation of the surgical model of CDH: 1) xyphoidal process was fixed, 2) freeing
the surgical area allowing for careful organ dislodge to better expose the left side of the diaphragm; 3) defect
was made using a micro scissor, in order to reproduce 4) a lateral opening, which then was closed with either

5a) mDD or 5b) PTFE.

3.12 Echography

After 30 days from the surgery, a thoracic echography was performed for all the animals, in order to
evaluate their respiratory functions. Wt mice were analyzed as control. Thoracic and abdominal

subcostal echography was performed using a high resolution echo machine with a 30 Mhz probe
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(VEVO 2100 Visualsonics). Animals were chest shaved and anesthetized with 3% isoflurane, and
temperature controlled anesthesia was maintained with 1.5% isoflurane. Two-dimensional cine loops
and M-mode cine loops of right and left hemidiaphragms were recorded. Diaphragmatic excursion
(as mm) was measured from M-mode cine loops of right and left hemidiaphragm. All mice were

imaged by a single operator.

3.13 Haemoglobin (Hb) quantification

Drabkin’s reagent lyses red blood cells and oxidizes all forms of Hb, with the exception of the
minimally presentsulthaemoglobin, to the stable HiCN form [163]. Samples used for quantification
were homogenized and diluted 1 /1000 with Drabkin’s reagent(Sigma, USA) so that the final HICN
concen-tration fell within the range of the calibration curve(0-0A8g/1 HiCN) produced usinga HiCN
standard calibrated to international standards (Sigma-Aldrich). After mixing, samples and standards
were incubated at room temperature for 30 min and protected from light. Absorbance was read at
550 nm with Spectramax and the Hb concentration of each sample was calculated from the linear

equation of the calibration curve.

3.14 Evans Blue injection

Evans Blue (Sigma, USA) was diluted to 0,5 % in 0.9 % NaCl solution. A total amount of 200 pl of the
prepared solution was injected via tail vein and left diffusing in the bloodstream for 30 minutes, before

animal euthanasia. To avoid loss of the dye, diaphragm muscles were fixed right after harvesting with

0.25% Glutaraldehyde (Sigma-Aldrich) in PBS.
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3.15 Cell sources and culture

3.15 Mouse Satellite Cells

3.15.1.1 Isolation

SCs were isolated using a well-established method, by stripping of single muscle fibers dissociated
from right and left EDL and SOL [164-166]. After enzymatic digestion with 0.2% (w/v) collagenase
type I (Sigma-Aldrich), reconstituited in DMEM low-glucose (DMEM-LG), for 2 hours at 37°C.
Then, muscles were transferred to a 100 mm plate containing 9 ml of plating medium [PL: DMEM-
LG, 10% Horse Serum (HS, GIBCO-Invitrogen), 1% Penicillin/Streptomycin (P/S), 0.5% chicken
embryo extract (CEE, SeraLab)] and gently stirred with the same medium using a micropipette to
release single myofibers (1% dilution). Under phase contrast microscope, single fibers were carefully
sucked up and counted while serially transferred to another 100 mm petri dish containing 8 ml of PL
(2™ dilution). Fibers were transferred to a 50 ml Falcon tube and triturated 20 times using a 18 G
needle mounted onto a 1 ml syringe to disengage SCs (stripping passage). The resulting cell
suspension was filtered through 20 and 50 um cell strainer and centrifuged at 2000 rpm for 5 minutes.

Lastly, pellet was resuspended in cells growth medium.

3.15.1.2 Culture

Primary mSCs were plated freshly isolated in gelatin 1%-coated 35mm dishes resuspended in growth
medium [GM; for mouse muscle cells mM-GM: DMEM high-glucose, 20% Fetal Bovine Serum (FBS,
GIBCO-Invitrogen), 10% HS, 1% P/S, 0.5% CEE]. Cells were expanded and maintained at
subconfluency (<60%) always on gelatin-coated dishes. Passages were performed using trypsin-

EDTA 0.05% (Life Technologies, Invitrogen).
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3.15.1.3 Differentiation

To evaluate differentiation, at passage 2 or 3 (p2-p3) of each preparation an aliquot of
cells was plated at a density of 15000 cells/well of tissue culture 24-well plates. At least
three wells for each preparation were prepared. Once cells reached a confluency over
90%, growth medium was changed to differentiating medium [mM-DM: DMEM high

glucose, 2% HS, 1% P/S].

3.15.2 Mouse Diaphragm Fibroblasts

3.15.1.1 Isolation

Mouse diaphragms for mouse fibroblasts (mFbs) isolation were removed from the rib cage, minced
to small pieces and rinsed in 10% Betadine (Meda), which was then washed away with sterile PBS.
Muscle was then minced again to obtain a slurry that was finally resuspended in 0.2% collagenase I.
Digestion process was left to act for 2 hours at 37°C. Enzyme was blocked with blocking medium
(BIM, composed of DMEM High glucose supplemented with 10% FBS and 2% P/S). Solution was

filtered through a 70 and a 40 pm filters and centrifuged at 1200 rpm for 10 minutes.

3.15.1.2 Culture

Primary mFbs were plated freshly isolated in gelatin 1%-coated 35mm dishes resuspended in growth
medium [F-GM: DMEM high-glucose, 20% FBS, 1% P/S, 0.5% CEE]. To enrich fibroblast population,
medium was removed and changed after 1 hour. Attached cells were expanded and maintained at a
confluency >80 %, always on gelatin-coated dishes. Passages were performed using trypsin-EDTA

0.05% (Life Technologies, Invitrogen).
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3.15.3 Mouse cells from whole muscle digestion

3.15.3.1 Isolation

All the muscles were removed from the whole limb, being careful of removing fat and exceeding
connective tissue, and rinsed in 10% Betadine as previously described. Muscle was then minced to
obtain a slurry that was finally resuspended in 0.2% collagenase I. Digestion process was left to act for
30 minutes at 37°C. Enzyme was blocked with BIM and solution was centrifuged at 1200 rpm for 10
minutes. Pellet was resuspended in 0.05% Trypsin for a second digestion process, that was carried out
as the first for 30 minutes at 37°C. Enzyme was blocked again and solution was filtered through a 70
and a 40 pm filters. To remove red blood cells, solution was centrifuged at 1200 rpm for 10 minutes
and pellet was resuspended in Red Blood Cells lysis buffer (Promega). After 3 minutes, buffer was
blocked with the previously described medium. Solution then went through a last centrifuge at 1200

rpm for 10 minutes. This was an adaption of previous published protocols [167,168].

3.15.3.2 Culture

Primary whole digestion cell suspension was plated freshly isolated in gelatin 1%-coated 35mm dishes
resuspended in mM-GM. Cells were expanded and maintained at subconfluency (<60%) always on
gelatin-coated dishes. Passages were performed using trypsin-EDTA 0.05% (Life Technologies,

Invitrogen)

3.15.3.3 Differentiation

To evaluate differentiation of the mixed population towards, at passage 2 or 3 (p2-p3) of each

preparation an aliquot of cells was plated at a density of 15000 cells/well of tissue culture 24-well
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plates. At least three wells for each preparation were prepared. Once cells reached a confluency over

90%, growth medium was changed to mM-DM.

3.15.4 Human Paediatric Muscle Precursos Cells and human muscle fibroblasts (phMPC and

hFbs)

3.15.4.1 Isolation

Isolation of hpMPCs and hMFbs was carried out accordingly to the procedure recently published by
Franzin et al. [169]. Briefly, muscle biopsies were firstly dissected into small pieces. After a rinse in
10% Betadine followed by 1X PBS wash, muscles were minced to a slurry. At this point, samples were
alternatively resuspended in freezing medium [70% FBS, 20% dimethyl sulfoxide (DMSO,Sigma-
Aldrich) and 10% DMEM high glucose] and frozen in liquid nitrogen for later digestion, or further
processed as following. Slurry was incubated in 0.2% Collagenase I in a well of a 6-wells plate for 90
min at 37 °C. The enzymatic reaction was stopped by adding the BIM. The product of digestion was
triturated with a serological pipette and centrifuged at 1200 g for 10 min. The pellet was resuspended
with Trypsin-EDTA (0.05%, Gibco-Life Technologies) and and incubated in a well of a 6-wells plate
for 60 min at 37 °C. The enzymatic reaction was stopped again with BIM. Suspension was
homogenized using a serological pipette, filtered through 70 um and 40 um filters and centrifuged at
1200 g for 10 min. Red Blood cells were lysed as described above and suspension went through a last

centrifuge at 1200 rpm for 10 minutes.

3.15.4.2 Culture

Primary cells mixtures were plated in a well of a 6-wells non tissue culture (nTC) plate in their growth
medium [hM-GM; DMEM low glucose (Gibco-Life Technologies), 20% FBS, 10° M dexamethasone

(Sigma-Aldrich), 10 ng/ml bFGF (R&D Systems), 10 pg/ml insulin (Humulin - Eli Lilly), 1% P/S].
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The medium was changed after 72 hours. Cells were expanded and maintained at subconfluency
(<70-80%) always on nTC dishes. Passages were performed using trypsin-EDTA 0.05%.

Specific separation among hpMPCs and hMFbs (to both clean first and enrich second) was done
simply taking advantage of the higher proliferation rate and the faster attachment the latter have.
Briefly, biopsies can result in a disproportion in the cell population towards the non-myogenic cells,
which ca be noticed during the days before the first passage [169]. Whenever this was noticed, cells

were immediately passaged to favour hMFbs growth over the myogenic cells.

3.15.4.3 Differentiation

Myogenic differentiation of h/pMPCs was evaluated at p3 and p5. Briefly, at least three wells of a 24-
wells tissue culture (TC) plates at a density of 15000 cells/wells were prepared for each differentiation
analysis. Once cells reached a confluency over 90%, growth medium was changed to human
differentiating medium [hM-DM; AlphaMEM (Gibco-Life Technologies), 2% HS, 10 pg/ml insulin,

1% P/S].

3.15.5 Human Umbilical Vein Endothelial Cells (HUVECs)

HUVEC have been purchased at ProCell and have been cultured following manufacturer’s

instructions.

3.16 Immunocytochemistry

3.16.1 Proliferation and myogenic markers

To evaluate proliferation and expression of myogenic markers, at least 10 wells of a 96-wells plate at
a density of 5000 cells/wells were prepared from each isolated sample, usually at p2 and p3 for mouse

cells, and p3 and p5 for human cells. After 48 hours, cells were fixed in 4% PFA for 10 min at 4° C,
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then rinsed in 1X PBS and permeabilized with 100 pl of 0.5% Triton X-100 in 1X PBS for 10 min at
RT. Non-specific interactions were blocked with 100 pl of 5% HS- 5% Goat serum (GS, Gibco, Life
technologies) in 1X PBS for 30 min at RT. Cells were then incubated with 60 pl of primary antibodies
overnight (O/N) at 4°C. The day after, cells were washed twice with 1X PBS and incubated with 60 pl
of labeled secondary antibodies for 1 hour at 37 °C. After double washing with 1X PBS, nuclei were
counterstained with 60 ul of 1X HOECHST (Life Technologies) for 12 min at RT.

The following primary antibodies were used: rabbit anti-MyoD (Santa Cruz, dilution 1:50), mouse
anti-MyoD1 (Dako dilution 1:100), rabbit anti-Myf5 (Santa Cruz, dilution 1:100), rabbit anti-Ki67
(Novus Biologicals, dilution 1:100), mouse anti-Pax7 (R&D Systems, dilution 1:50), mouse anti-TE-
7 (Millipore, dilution 1:100), mouse anti-TCF-4 (Millipore, dilution 1:100), mouse anti-Vimentin
(Sigma, dilution 1:100), rat anti-CD31 (Thermo Fisher, dilution 1:100). Secondary antibodies used
were all purchased from Invitrogen, Alexa Fluor-conjugated according to host and needed

fluorophore.

3.16.2 Differentiating cells

After 72h of differentiation, mouse or human cells were fixed in 4% PFA for 10 min at 4 °C, rinsed in
1X PBS and permeabilized with 250 pl 0of 0.5% Triton X-100 in 1X PBS for 10 min at RT. Non-specific
interactions were blocked with 250 ul of 5%HS-% GS in 1X PBS for 30 min at RT. Cells were then
incubated with 200 pl of primary antibodies for 1 hour at 37 °C. Antibody excess was washed away
twice with 1X PBS and cells were incubated with 200 pl of labeled secondary antibodies for 1 hour at
37 °C. After double washing with 1X PBS, nuclei were counterstained with 200 ul of HOECHST 1Xfor
12 min at RT. The primary antibody used was mouse anti-MYHC (R&D System, dilution 1:100) and
the secondary antibody was Alexa Fluor goat anti-mouse 594 (Life Technologies, dilution 1:200). To
quantify myoblast fusion, the myogenic index (MI), defined as the number of nuclei residing in
MYHC?* cells containing three or more nuclei divided by the total number of nuclei, was calculated

from 5 random fields of each sample.
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3.17 Flow cytometry analyses

Cell surface antigen expression of cultivated cells was analysed after detachment by trypsin-EDTA
treatment (passages 3 and 5). Briefly, cell suspensions were incubated with 5 uL of antibody for 20
min at 4 °C in the dark. After a wash step, the cells were resuspended in PBS 1X. Acquisition and
analyses were performed using Accuri C6 flow cytometer (BD). The antibodies used were: FITC
conjugated CD34 and PE conjugated CD56 for human cells, FITC conjugated Sca-1 and PE
conjugated Synd-4 for mouse cells. 7-aminoactinomycinD (7AAD) was used to evaluate viability. All

antibodies were purchased from BD Pharmigen.

3.18 Cell Seeding in vitro

3.18.1 Scaffold preparation

3.18.1.1 mDDs

All the mDDs were where cut as for the in vivo implants, by dividing the muscle in four parts. While
scaffolds to be seeded were simply placed on the bottom of a well plate, the procedure for scaffolds to
be injected required an additiona step, performed two wasy: 1) Sutures were applied to each corner
to be fixed to a harbour (Harvard apparatus) in a ‘flag’ fashion or 2) Scaffolds were pinned in each

corner to a customized semi-circular silicone support (Fig 3.5 B, C).

Fig. 3.5 mDDs mounted on the supports.

A) Sutured to the harbour B) Pinned on the semi-cylindrical support
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3.18.1.2 rDDs

rDDs were cut to 1x1,2 cm patches. In this case, only one setting was used for seeding and culture. All

scaffolds were prepared and mounted in the harbour as previously described for the mouse (Fig. 3.6).

Fig. 3.6 rDDs mounted on the harbour supports (After culture)

3.18.2 Cells preparation

Cells (either of human or murine origin) were detached from culture using trypsin-EDTA 0.05%.
Enzyme was blocked with their growth medium and suspension was centrifuged at 1200 rpm for 10
minutes. Cell pellet was then resuspended with an adequate volume to enable an accurate cell count.
Once quantity of cells was determined, suspension was aliquoted and processed to obtain a
concentration of 500000 cells/12 pl (for each quarter patch of scaffold to be seeded) or 700000 to
1000000 cells/12 pl (for each emidiaphragm or rDD patch to be seeded). For mSCs-mFbs preparation
in particular, to avoid fibroblast overcoming the other cells, the latter were resuspended in mM-GM
instead of F-GM, then a total of cells was achieved maintaining the proportion of 20% mFBs and 80%
mSCs by mixing the two suspensions. Cells were resuspended either in Platelet gel derived

supernatant (PGS), in their own growth medium or, for mSCs-mFbs, in mM-GM.
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3.18.3 Seeding technique

A 50 pl Hamilton® syringe (705RN) with a 33G needle was used to performe multiple injection in the
scaffold. Briefly, cells were aspirated in the syringe and serial injection were made trying to obtain a
homogenous cell distribution to whole scaffold surface (Fig. 3.7, 3-4). Procedure was carried using a

stereomicroscope (set to 4x to 6x) and was repeated for each scaffold to be seeded.

Fig. 3.7 Schematic representation of the procedure performed on mDDs from pinning on semi cylindrical
tubes to injection

3.18.4 Culture conditions

Seeded scaffold were transferred to a well of a 6 well plated (if mounted on the semi-

circular silicone support) or to a T175 flask (if mounted on the harbour) (Fig 3.8, 3.9).
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After half an hour, enough growth medium to ensure full immersion of the scaffold
was added (Usually 6 ml/well, 40 ml/flask). For all the conditions, after 4 days of culture
in GM, medium was changed to induce the differentiation program. Medium (either
GM or DM) was changed every 48 hours of culture condition. For each culture the time

point was set at 7 days after injection.

Experimental plan harbour setting

mSCs 80 %
+
20 % mFbs
0,5x10° 1x10°
Y,
cells/patch cells/patch &\Q

Ly (’ ~

or

Incubation of 7 days in
static condition
4 days 3 days

m-GM

Figure 3.8 Experimental plan for settings on harbour
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Experimental plan semicircular tubes setting

mMPC

hpMPC

0,5x10° cells/p1tch
0, 7x10“ [
cells/hemidiaphragm
Incubation of 7 days in
static condition

4 days

3 days

0,5x106 cells/patch
Or
0,7x10°
cells/hemidiaphragm

Incubation of 7 days in
static condition
4 days 3 days

mM-GM hM-GM

Figure 3.9 Experimental plan for setting on semicircular tubes

3.19 Plateled gel derived supernatant

PGS was obtained from the exudate of solidifying platelet gel [170]. Briefly, Plateled gel suspension
was activated by adding Batroxobin supplemented with Ca in a proportion 5,9:1 in a Eppendorf
conical tube. After 10 to 15 minute platelet gel was solidified and started to release an exudate. This

exudate was then collected as supernatant by centrifuging the whole suspension.

3.20 Histology

3.20.1 Sample preparation

Samples intended for histology analyses were fixed with 4% paraformaldehyde (PFA) (Sigma-
Aldrich) for 20 min. (mDDs) or 1 hour (rDDs) at 4 °C. Then, were dehydrated through an increasing
sucrose (Sigma-Aldrich) gradient (10%, 15% and 30%); the first two steps were performed for 1h each,
while samples were left in the last overnight (O/N). Lastly, the day after were frozen enclosed in the

embedding medium O.C.T. (Kaltek), by immersion in pre-cooled (via liquid N) 2-MetylButane
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(Sigma-Aldrich). The frozen tissues were sectioned with a cryostat (Leica CM1520) in sheets of 6-9

pm.

3.20.2 Histochemistry

3.20.2.1 Haematoxylin and eosin stain

Haematoxylin and eosin stain was done using Haematoxylin Eosin (HE) kit for rapid frozen section
(Bio-Optica, UK).

Sections were rapidly re-hydrated with an inversed alcohol gradient and rinsed in distilled water.
Then, they were put in reagent A (Harris haematoxylin) for 45 seconds and then rinsed in tap water.
They were dipped in Buffer solution (prepared with reagent B) and rinsed again in tap water. Slides
were put in reagent C (Eosin) for 30 seconds and dehydrated by dipping first in ethanol 95%, then in
absolute ethanol and at the end in xylene; all dehydration steps were done twice. Sections were then

mounted in organic mounting medium (Bio-Optica, UK).

3.20.2.2Masson’s trichrome stain

Masson’s trichrome (MT) is a staining procedure based on four different reagents: Weigert’s iron
haematoxylin for nuclei, picric acid for erythrocytes, a mixture of acid dyes (acid fuchsin-"ponceau
de xylidine”) for cytoplasm and aniline blue for connective tissue.

MT stain was done using Masson trichrome with aniline blue kit (Bio-Optica, UK). After a rapid re-
hydration with descending alcohol gradient and distilled water, 3 drops of Weigert’s iron
haematoxylin A solution plus 3 drops of Weigert’s iron haematoxylin B solution were put on each
section and left act for 12 minutes. Without washing, 5 drops of reagent C (Picric acid) were left to
act 4 minutes on the sections. Slides were then rinsed in distilled water and incubated 4 minutes with

5 drops of reagent D (Ponceau’s fuchsin) and rinsed again in distilled water. Subsequently, 5 drops of
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the reagent E were left on each section for 10 minutes, and without wash, 5 drops of the reagent F
were left to act for 1 minute. After a final washing step in distilled water, section were dehydrated
rapidly through ascending alcohols, stopping 1 minute in the last absolute ethanol. Sections were then

cleared in xylene and mounted with organic mounting medium (Bio-Optica, UK).

3.20.2.3 Alcian blue stain

In Alcian blue (AB) stain, a sodium tetraborate solution transforms the dye into Monastral blue
pigment, which is insoluble and can therefore be further manipulated without spreading in the tissue
(Alcian blue-PAS). Alcian blue reacts with polyanions whose components are sulphuric and
carboxylic radicals (phosphate radicals of nucleic acids do not react). As result, acid mucins only are
stained. In particular, at pH 1 Alcian blue stains strongly sulphured mucins only, at pH 2.5 ionizes
most acid mucins.

AB stain was done using Alcian blue pH 2.5 kit (Bio-Optica, UK). After a rapid re-hydration with
descending alcohol gradient and distilled water, 10 drops of reagent A (Alcian blue pH 2.5) were left
to act for 30 minutes on each section. Without wash, 10 drops of reagent B (sodium tetraborate) were
put on each section and left to act 10 minutes. After a rinse in distilled water, section were incubated
10 minutes with 10 drops of reagent C (carmalum). After a final washing step in distilled water,
section were dehydrated rapidly through ascending alcohols, stopping 1 minute in the last absolute
ethanol. Sections were then cleared in xylene and mounted with organic mounting medium (Bio-

Optica, UK).

3.20.2.4 Elastic Van Gieson stain

The Elastic Van Gieson stain (eVG) is based on the affinity towards elastic fibers displayed by resorcin
fuchsin, a precipitate resulting from a reaction between resorcin and basic fuchsin and ferric chloride.

Since this is not an absolutely specific method, other structures such as collagen and basal membranes
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might be stained. Therefore it is essential to differentiate carefully in order to obtain a selective
marked staining of elastic fibers. Counterstaining with Van Gieson trichromic stain makes it possible
to differentiate collagen from connectivum showing nuclei at the same time.

eVG stain was made using Weigert Van Gieson for elastic fibers and connectivum (long method)
(Bio-Optica, UK). After a rapid re-hydration with descending alcohol gradient and distilled water, 10
drops of reagent A (Periodic acid) were left to act for 10 minutes on each section. Slides were then
rinsed in distilled water and incubated overnight in reagent B (Weigert’s solution). After a rinse in
distilled water, section were incubated 10 minutes with 10 drops of reagent C (acid differentiation
buffer) and then rinsed again in distilled water. Subsequently, 3 drops of reagent D (Weigert’s iron
haematoxylin - A solution) plus 3 drops of reagent E (Weigert’s iron haematoxylin - B solution) were
put on each section and left act for 12 minutes. Sections were then washed in distilled water until
colour turned dark blue-black and incubated in reagent F (Van Gieson’s Picrofuchsin) for 45 seconds.
After a final washing step in distilled water, section were dehydrate rapidly through ascending
alcohols, stopping 1 minute in the last absolute ethanol. Sections were then cleared in xylene and

mounted with organic mounting medium (Bio-Optica, UK).

3.21 Immunofluorescence

Sections were rehydrated and permeabilized with 0.5% Triton X-100 (Fluxa) in 1X PBS for 10 minutes
at RT. Reagent was washed away in 1X PBS for 5 minutes twice, then nonspecific sites were saturated
with 5% HS-5% GS in 1X PBS for 30 minutes. An adding step in mouse serum (Sigma-Aldrich,
dilution 1:10) in 1X PBS or in Mouse-on-Mouse kit (M.O.M., Vector) for 30 minutes at RT was
performed each time a primary antibody made in mouse was used in mouse tissue. Straight afterwards
the samples were then incubated with primary antibody. Next, washing step with 1X PBS was
performed twice, then slides were incubated with secondary antibody for 1 hour at 37 °C. After the
last washing step with 1X PBS, slides were mounted and nuclei were counterstained with fluorescent

mounting medium [(100 ng/ml 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich)]. In table 2.1
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were listed the antibodies and the tested conditions. Secondary antibodies used were all purchased
from Invitrogen, Alexa Fluor-conjugated according to host and needed fluorophore. Full antibody

list, hosts, brand and dilution are listed in the appendix Table A.1.

3.22 Vessel size analysis

Eight images per group (FD, transplanted after 7 days and 15 days) were analysed to examine the
difference in vessel dimension. To this aim, for each image the perimeter and the area of each vessel
(labelled with aSMA) were calculated using Fiji [171] or Imago 1 (Mayachitra). Next, their proportion
was analytically obtained by means of the fractal dimension index.

(FRAG;
http://www.umass.edu/landeco/research/fragstats/documents/Metrics/Shape%20Metrics/Metrics/P

99%20-%20FRAC.htm)

3.23 Microscopes and imaging system

Phase-contrast images were collected using an inverted microscope (Olympus IX71).
Immunofluorescence analyses were performed using a fluorescence inverted microscope (Leica

DMI6000B) or a confocal microscope (Zeiss LSM 710).

3.24 RNA extraction and PCR analyses

3.24.1 Extraction and Real-time PCR (qPCR)

After tissue or cell samples homogenation RNA has been extracted using TRizol reagent (Life

Technologies) following manifacturer’s instruction until acqueous phase isolation, then RNeasy Plus
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Mini kit (QIAGEN GmbH) has been used starting from the addition of a volume of 70% ethanol
following the supplier’s instructions. RNA has been quantified with a ND-2000 spectrophotometer
and 1 mg has been retrotranscripted with SuperScript II and related products (all from Life
Technologies) in a 20 pl reaction. Real-time PCR reactions were performed using a LightCycler 11
(Roche, Monza, Italy). Reactions have been carried out in triplicate using 4 ml of FASTSTART SYBR
GREEN MASTER (Roche) and 2 pl of primers mix FW + REV (final concentration, 300/300 nM) in
a final volume of 20 pl. Serial dilutions of a positive control sample have been used to create a standard
curve for the relative quantification. The amount of each mRNA has been normalized for the content
in b2-microglobulin. Primer sequences used for mouse genes were the ones published in Piccoli et.

Al [104], whereas the human genes are listed in Appendix A (table A.2)

3.24.2 Gel electrophoresis

The PCR products were analysed using 1.2% agarose gel (agarose 1.44g and 5uL
ethidium bromide in 120mL Tris-Borate-EDTA buffer (0.5%)). Electrophoresis was

performed for 60mins (120V).

3.25 Counts and measurements

Image based counts and measurements were performed with Fiji [171] or alternatively with Imago 1
(Mayachitra). For each analysis, at least five random pictures were used for data output. All graphs

displayed were produced with GraphPad software 5 or 6.
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3.26 Statistical analyses

Statistical analyses were performed with GraphPad software 5. The data were presented as mean +
S.E.M.. Differences between data groups were evaluated for significance either using the unpaired
Student’s t-test or one-way ANOVA. P-values indicated on figures are * = p < 0.05; ** = p < 0.01; ***

=p < 0.001; ¥ = p < 0.0001.
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Chapter 4 : Characterization of diaphragm derived acellular

scaffold

4.1 Introduction

4.1.1 Scaffold concept in TE

In the specific context of TE, the scaffold is a structure able to support and promote survival, growth
and terminal differentiation of seeded cells, with the aim of achieving the most efficient graft to repair
or substitute a specific tissue or organ. Among the general attributes a scaffold must fulfil, of extreme
importance are scaffold’s ability to:

- modulate the immunogenic response from the host (biocompatibility), .

- integrate in the host in a time that permits sufficient cellular growth and tissue recover whilst not
producing harmful degradation products (biodegradability or functional integration).

- support tissue growth through mechanical properties such that remodeling phase of tissue repair is

allowed and tissue physiology is restored (Stiffness, porosity).

More specifically, as in nature the scaffolding structure of tissues and organ is the extracellular matrix
(ECM), other scaffold attributes are usually determined according to the specific organ ECM
properties. These, include mediation of cell adhesion via integrin receptors, proliferation and
differentiation by the means of signaling molecules (growth factors, cytokines), as well as positive
influence on cell survival [147,172-174]. Many studies were done to evaluate different materials for
tissue engineering, and to date these have been traditionally divided into naturally-derived, synthetic

and natural acellular scaffolds.
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4.1.2 Tissues ad organs ECM

Providing structural, mechanical and biological support to our cells, the ECM is a complex three-
dimensional organization of proteins and polysaccharides. Everything but an inert support structure,
the ECM significantly determines cell phenotype and function in vivo, providing signals for a wide
range of processes, thereby influencing cell survival, proliferation, migration, differentiation,
morphology, secretory profile, metabolism, and other specialized activities [175-179]. This influence
is though a dynamic reciprocity, as ECM is formed by its resident cells secretion products. These,
usually undergo self-assembly and interact with other ECM components, resulting in a highly
organized architecture in which both small immobilized molecules and structural macromolecules
are responsible for tissue-type specific extracellular architecture . Structurally, macromolecules are
distinguished in two main classes: fibrous proteins (including collagens and elastin) and glycoproteins
(including fibronectin, proteoglycans (PGs) and laminin)[180] [181].

Precisely, collagen represents more than 90% of dry weight of the ECM, being its most abundant
protein in mammalians. So far, 28 different types were discovered, each with characteristic properties
and functions, nevertheless the most frequent is type I collagen. In nature, collagen is often associated
with glycoproteins, elastin, laminin and can bind growth factors, generating a particular three-
dimensional pattern.

Second for abundance, there is Fibronectin, a dimeric molecule present in both soluble and bound
isoforms. This molecule is rich in the Arg-Gly-Asp (RGD) motif, a sequence known to mediate cell
adhesion through the binding to integrins. It is found especially in the ECM of submucosal structure,
basement membranes and interstitial tissues [182,183]

Chondroitin sulfates A and B, heparin, heparan sulfate and hyaluronic acid are instead some of the
glycosaminoglycans present in the ECM. These, are of extreme importance for the dynamic
reciprocity, as they represent the main reservoir of bound growth factors and cytokines [184-187],
favor water retention and contribute to the gel properties of the ECM, therefore influencing tissue

stiffness [41,178,188-191].
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Depending on the body needs, composition and proportion of ECM molecules varies continuously,
orchestrated not only by secretion of more structural molecules, but also by the activity of proteases
able to cleave and digest structural proteins, f.eg Metalloproteases (MMP) [192-194]. These, in
addition to the contribution to the remodeling of the matrix itself, can be considered also effectors of
the dynamic reciprocity. Indeed, besides the stored cytokines and chemokines, remodeling processes
lead to the release of small bioactive peptides, referred to as Matrikines [195,196].

As a correct regulation of the processes involving the ECM is critical in many biological processes, for
example during development, homeostasis, and wound healing, is no surprise that alterations of its
architecture and of dynamic reciprocity with resident cells can result in disease progression in many
organ systems [197,198]. Non-functional, chronic or excessive fibrosis are some of the most common
causes of tissue damage, in which the progressive remodeling of the ECM disrupts function and
prevents regeneration [199,200]

Skeletal and cardiac muscle are perfect examples of ECM primary role in tissue function and disease.
Mutations in the gene encoding the skeletal muscle ECM proteins, such as laminin alpha-2 or
Dystrophin, lead to severe muscular dystrophy, which is due to an inability of muscle fibers to
efficiently mechanically couple with the ECM [201]. Also, muscle stem cells (SCs) are defined by their
unique anatomical niche, which is closely interconnected with surrounding ECM [33,202]. In the
heart, scarring of the infarcted area, due to the necrosis of cardiomyocytes concomitantly with

proliferation of myofibroblasts, results in loss of function of the organ [203,204]

4.1.3 Naturally derived scaffolds

These are usually composed of natural macromolecules, either alone or combined with other
materials, which can be functionalized to form a three-dimensional support. Biocompatibility due to
natural derivation results in low immunogenicity of these molecules, some of which are also able to
mediate cellular responses through binding sites for cytokines [186,205,206]. Other advantages of
these scaffolds are mainly due to the possibility of customization and therefore functionalization of

the scaffolds. Changing molecule ratio and crosslinking material, for example, it is possible to alter
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mechanical properties, porosity, fiber orientation, degradability [139,207]. Also, multiple ECM
elements can be combined. For example, in vascular tissue engineering, which is one of the most
studied and advanced fields, a tubular scaffold containing both collagen and elastin was produced,

which was able to allow smooth muscle cells orientatation in line with its fibers [208].

4.1.4 Synthetic scaffolds

Use of synthetic materials is common practice in other areas of medicine, hence possible applications
for tissue engineering purposes was a foreseeable consequence. Polyesters [poly-L-lactic acid (PLLA),
poly glycolic acid (PGA) and poly(D,L-lactic-co-glycolic acid) (PLGA)] are used as sutures or as
orthopedic fixatives (pins, rods and screws) [209]. To date, polyesters have been widely used to
produce porous scaffolds as well. As for the abovementioned materials, adjusting various properties
of the scaffold including crystallinity, molecular weight and porosity, it is possible to control scaffold
properties, for example degradation rate [210,211]. Among scaffold modifications, we have:

- the addition of motifs such as RGD, to improve cell adhesion,

- the inclusion of growth factors (either by supplementation of the soluble factors or by adding the
cell-binding epitopes [212]

- modification of mechanical properties (i.e. porosity), to positively affect both cell motility and
vascularization [213].

Although clinical use supports biocompatibility of some synthetic materials, there could be problems
during degradation into small particles or due to toxicity associated with acidic degradation. Other
materials including poly-lactones, polyurethanes and poly-anhydrides, were used in many others
different studies [214,215].

The road to reproduce a structure as complex as the ECM is still long though, and so far, advantages

of synthetic material relies mostly on their production and reproducibility.
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4.1.5 ECM as a biologic scaffold

While in some cases (i.e. skin wound or abdominal wall defect) the use of TE constructs made of
naturally derived and synthetic material are sufficient, when it comes to organ failure, size and the
three-dimensional architecture become essential, revealing the limits of those types of construct. The
maintenance of a structure as similar as possible to the original, as well as the unique molecule
reservoir derived from the one present in the native ECM, make in turn acellular scaffolds an
attractive option for TE applications. The idea behind the use of such supports, was that to take
advantage of the organs that could potentially be used for transplantation, without the material that
could give rise to rejection. Indeed, without xenogeneic cellular components, it is possible to avoid
inflammatory responses and immune-mediated rejection triggered by surface antigenic epitopes and
by genetic material as well. Moreover, if the three-dimensional structural complexity and functional
molecules within the leftover ECM can be preserved, regeneration processes could be efficiently
induced.

With this hypothesis in mind, depending on soft or hard tissue, many were the organs tested using
this approach and, so far, many have demonstrated efficacy in the repair of numerous soft tissues,
including urinary bladder [216], esophagus [217], liver [218], lung [219], and trachea [220]. These
numerous studies have shown the ability of these scaffolds to alter the default wound healing response
when implanted in a site of injury [90,102,104,221]. In fact, it was confirmed that natural derivation
of scaffold components allows a rapid degradation while undergoing constructive remodeling, rather
than following default fibrotic scarring pathways, also probably through the release of matricriptic
molecules [196,222,223]. Moreover, even though immune cells are always highly localized at site of
implantation, acellular ECM did not seem to induce an immune rejecetion so far [224-226].

In general, several factors and mechanisms can influence the host response to a biologic scaffold,
including the methods to decellularize the tissue and the source tissue itself. Adequate removal of cell
antigens, for example, strictly depends on decellularization efficiency, which in turn as described is a
key parameter to minimize adverse inflammatory response that would result in poor remodeling

outcome. [123,227]. Being our organs so different one from the other, chosen protocol will necessarily
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require optimization to suit specific application. To this aim, many decellularization protocols (which
will further discussed in 4.1.5.1) were developed, resulting in different degrees of tissue structure

preservation whilst removing cells [228,229]

To conclude, meshes composed of natural allogeneic or xenogeneic extracellular matrix (ECM) have

already reached the clinic , and are at present commercialized and used as an alternative to abrogate

the foreign body response, prevent infection, and minimize or avoid excessive fibrosis [96,230].

4.1.5.1 Decellularization protocols

As discussed above, decellularization is a procedure that, starting from human/animal organs or
tissues, aims at removing all the cellular antigens whilst providing a three-dimensional structure,
molecular composition and biomechanical properties resembling those of the original tissue. In order
to respect these parameters the best, characteristics of the specific tissue, such as its size, cellularity,
density and thickness are always taken in account each time a protocol is designed. In particular,
treatments can be summarized in physical, enzymatic and chemical, according to the reagent or the
method used. These however, due to each different action, are often used in combination in order to
enhance decellularization, for example disrupt cell membranes to expose cell content (physical or
chemical), degrade nuclear material (chemical or enzymatic) and remove the remnant components
from the matrix (physical). Common examples of physical methods are mechanical agitation,
freeze/thaw cycles, pressure, electroporation and sonication. The enzymes usually employed can be
trypsin, collagenases or endo/exonucleases. Lastly, chemicals used range through many possibilities:
alkaline/acid or hypotonic/hypertonic solutions, chelating agents such as ethylene diamine tetraacetic
acid (EDTA) or ethylene glycol tetraacetic acid (EGTA), detergents such as the nonionic Triton X-
100, the ionic sodium dodecyl sulfate (SDS) and sodium deoxycholate (SDC) or the zwitterionic
CHAPS, Sulfobetaine-10 and -16 or tributyl phosphate (TBP) [228,231].

Treatments are essentially applied two ways though: when possible, the whole organ is exposed by

perfusion via the principal vascular tree (i.e. femoral artery for the hindlimb), alternatively it is
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exposed by immersion, usually in agitation to allow a better distribution of reagents. The first was
proven to be an efficient method to deliver decellularizing agents to the cells, removing debris from
the tissue as well. When applied to decellularize organs such as the heart [81], the lungs [82;83], the
liver [84], it was efficient enough to remove almost completely cellular material while preserving the
three-dimensional structure. The second method, can act efficiently more when tissues are little or
with a hardly accessible vasculature (i.e. small organs from small animals, thin sections of a specific
tissue). From the cell removal point of view, a decellularization protocol is considered efficient when
the following conditions are met: i) leftover dsDNA is less than 50 ng per mg of ECM (dry weight),
i) this DNA is represented by fragments under 200 bp, iii) Nuclear staining or Ematoxylin and Eosin
(H&E) confirm absence of integer nuclei [232]. Furthermore, since the aim of the protocol is also
ultrastructure preservation, it is necessary to evaluate whether the composition and biomechanical
properties of the ECM are close to the physiological. This is usually done by the means of scanning
electron microscopy (SEM) or transmission electron microscopy (TEM), histological colorations
specific for the recognition of ECM structures (H&E, Masson's trichrome, Elastic Van Gieson, Alcian
Blue) and protein quantifications. Protein composition of the ECM in particular, can be quantified
either using quantification kits, which usually take advantage of spectrophotometric detection of
bound/unbound dye to a specific component (i.e. Collagen, GAG, Elastin) or, as described more
recently, by mass spectrometry (ref su questo). Mechanical properties are instead usually assessed
through loading/unloading experiments, evaluating the stiffness/elasticity of the sample. Comparison
of each analysis result to the corresponding value of original tissue, it is possible to select which

decellularization protocol is the best for the tissue of interest [229,232].

4.1.6 Scaffold storage

Other than the properties so far described for a scaffold, next step to ease and increase clinical use
requires two additional features: i) the possibility of a reproducible and easy production and ii) the
guarantee it will maintain its characteristics for a considerable ‘shelf life’, thereby making it suitable

for commercialization [233]. For example, the leading sellers of bone (INFUSE® - Medtronic, USA)
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and skin (Apligraf® - Organogenesis, USA) substitutes have a shelf life of 2 years and 15 days

respectively, a considerable difference.

Since decellularized scaffold take advantage of the complex interconnection and composition that
collagen, elastin fibers, proteoglycans and glycoproteins have, as well as growth factors reservoir
[234], it is necessary to appropriately preserve of these components and their intermolecular
connections. Failing in this may significantly affect the behaviour of scaffolds in vivo. Unfortunately,
thus far, complexity of ECM translated into complexity of choice when considering which could be
the most appropriate storage methodology [235,236].

As for many laboratory uses, to freeze the moment by storing at sub-zero temperatures has long been
applied as a methodology to preserve cells and tissues for extended periods of time. As a matter of
fact, it has been shown that storage of decellularized tissue at an elevated temperature or humidity is
detrimental for tissue structure and stability [236,237]. Liquid nitrogen instead, with - 196 °C, does
not allow for any chemical reactions to take place, as energy levels are extremely low. [with the only
deterioration suggested to occur being due to DNA damage by background radiation [238,239]
check]. This procedure however isn’t free of dangers for the tissue, as it may be damaged during the
freezing stage, either if the process occurs too slowly (i.e. solution and mechanical effects) or too
rapidly (i.e. ice formation and osmotic rupture) [240]. Introduction of cryoprotective agents [241],
led to a considerable change in methodologies. Dimethyl sulphoxide (DMSO), originally a cell-
permeating agent, can stabilize proteins, the plasma membrane and reduce the rates of ice nucleation
and crystal growth [240]. Indeed, it is the currently broadly used standard agent to control cells and
allografts freezing DMSO [242,243], flanked often by isopropanol or isopenthane, two other reagents
with slow cooling rates. However, concerns about osmotic damages can be ignored as decellularize
scaffolds are cell-free. Indeed, so far it has been demonstrated that freezing and thawing had no effect

in the mechanical characteristics of decellularized lungs [235].

Considered a compromise between room temperature and freezing, storage of samples at 4 °C in a

solution supplemented with antibiotic/antimycotic (i.e. Penicillin-Streptomycin) is now a condition

56



that cannot be kept for more than two or three months after sample preparation, as structure and
angiogenic potential of the tissue was demonstrated to negatively change throughout time [244].
Moreover, in a recent study, it was underlined the need for a sufficiently intact ECM to allow cell
survival and proliferation, as well as suggesting that fragile cells might be more sensitive to changes

caused by mid-long term (3 and 6 months) storage at 4°C (225 Bonenfant 2013).

Freeze-drying (i.e. FD) instead is a dehydration process used to preserve bio-materials. Briefly, after
freezing, water is removed by sublimation through lowering the pressure (primary drying), followed
by desorption of the unfrozen water (secondary drying).[245][245][245][245][245][245][245][245]
This methodology should reduce any physic-chemical change, and it is easily reversed by water

immersion [246].

4.2 Results

4.2.1 Development of mDD scaffold

Diaphragm muscle were harvested from B6 mice as described, and immersed along with the rib cage
into each DET reagent. First thing, it was assessed the number of expositions to the treatment, referred
to as ‘cycles’, necessary to achieve complete decellularization. Based on previous literature (conconi
2009), number of cycle essayed was from 1 to 4. Macroscopically, tissue reflected the decrease of

cellular components throughout the cycles, becoming clearer and clearer (Fig. 4.1 A).
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Figure 4.1 - Mouse diaphragm decellularization efficiency (Adapted from figure 1 in Piccoli et al.)

A)Macroscopic images prior and following one to four cycles of decellularization; B) DNA quantification
c=cycle; C) nuclear (DAPI) and structural (laminin) staining of samples from one to four cycles; D) Nuclei

quantification from at least 5 random field per tissue sample (n=3)

DNA measurement reflected macroscopic appearance of diaphragm, with an almost complete
removal of DNA achieved as early as cycle 3 (Fig.4.1 B; mFD: 225.5+91.2; cl: 87.5+26.1; c2: 21+7.1;
c3: 12.5+3.5; c4: 8+0.2 ng/uL), with no significant difference between 3 and 4 cycles (Fig. 4.1 B).
Moreover, IF for laminin counterstained with DAPI, performed on sections from samples stopped
after each cycle, allowed both to confirm the absence of cellular material (# of nuclei/field) (Fig. 4.1
C) and appreciate the maintenance of architecture (laminin structural integrity), after 3 cycles of DET
(Fig. 4.1 B). Excessive exposition to decellularization reagents may result in loss of similarity with
original tissue, so the less the tissue is exposed while achieving removal of nuclear antigens, the better.

Hence, as similar results were achieved with 3 and 4 cycles, it was decided to set first as ideal number

of DET.

4.2.1.1 Characterization of mDD

To assess the effects of DET, further characterizing the structure of the obtained mDDs, both the

histological appearance and the main ECM components were evaluated. In particular, latter were first
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estimated taking advantage of chemical histological colorations and then quantified using specific
kits. HE, a standard methodology to evaluate histological appearance of a tissue, revealed the close
similarity of mDDs with the tissue of origin (Fig. 4.2 A). Remarkably, the fibers structure was only
devoid of the side nuclei, while the whole syncytium (pink cytoplasm) seemed to be still present. This
was confirmed also by measuring the thickness of both, which resulted in no significance between the
two conditions (Fig. 4.2 B), underlining the integrity of the structure. MT is another standard
histological coloration, aimed at highlighting the connective tissue by the means of collagen (blue).
Along with MT, other two standard colorations are AB, aimed at highlighting GAGs, and elastic eVG
stain, which marks elastic fibers. Histologically, collagens (Fig. 4.2 C), GAGs (4.2 E) and elastin (Fig.
4.2 G) staining exhibited their preservation after 3 cycles of DET. However, while the quantification
of collagen (Fig. 4.2 D) and elastin (Fig. 4.2 H) displayed no significant decrease in mDD compared
to mFD, sGAG seemed to be partially lost after 3 DET's (Fig. 4.2 F; mFD: 0.57+0.05; ¢3: 0.30+0.13
ug/mg wet tissue).

Next, to evaluate whether similarity to FD architecture could result in similar mechanical properties
or reflected sGAG loss, characterization moved on assessment of mDDs’ stiffness and elastic modulus.
Loading-unloading experiments (Fig. 4.3 A) to measure tensile strength and stress-strain curve,
displayed a decreased stiffness (Fig. 4.3 B) along with a decreased elastic modulus (Fig. 4.3 C) in mDD,
but in both cases difference compared to FD was not significant.

Through electron microscopy, it is possible to reach magnifications much higher than optical
microscopy. By the means of scanning electron microscopy (SEM), it was looked deeply in the
appearance of mDDs. High magnification images confirmed elimination of nuclei and allowed to
better appreciate the integrity of tissue microarchitecture, which 3D arrangement was maintained
alongside conservation of myofibers structure (Fig. 4.4). Interestingly, although similar to FD in these
two aspects, mDDs displayed a more loosened ECM network (Fig 4.4, mDD), which may account for

the flexibility displayed with mechanical testing (Fig. 4.4).
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Figure 4.2. - Scaffold structure preservation compared to a mFD

A) HE staining on FD and mDD; B) Thickness measure quantified from HE; C) MT aimed at highlighting
collagen fibers; D) Collagen quantified in FD and mDD samples; E) AB GAG stain; F) sGAG quantified in FD

and mDD samples; G) eV G stain of elastic fibers; H) Elastin quantified in FD and mDD samples.
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Figure 4.3 - Biomechanical characteristics and their relationship to components of the extracellular matrix

A) Exemplification of loading setting; B) Stiffness measure of FD and mDD compared C) Flexibility

(elastic modulus) of mFD and mDDs
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Figure 4.4 - Electron microscopy of mFD and mDD

SEM performed allow to appreciate ultrastructure similarities between mFD and mDD.

Scalebar=100 pm
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4.2.2 In vivo evaluation of mDD-host interactions

To reach a level II ( defined by the United States Department of Health and Human services as ‘Non-
randomized controlled trial’) in the characterization and validation of mDD as candidate for clinical
applications, biological effects of mDDs were assessed by the means of orthotropic implantations in
healthy diaphragms. As further step, a model of atrophy (HAS-Cre, Smn""F7) was used. Outcomes of
the implantation were then analyzed 4, 7, 15, 30 and 90 days after surgery (n>4 for each condition
and for mFD healthy or diseased controls).

Surgical procedure was carried as described in 3.11.2.

4.2.2.1 Healthy environment

At the time of harvest, mDDs could still be distinguished from the surrounding native tissue after 4,
7 and 15 days, whereas for any further time point, the area of graft was marked only by the sutures,
which during surgery were used non-absorbable for this purpose (Fig.4.5 B). Notably, throughout the
time points was observed an increasing level of liver adhesion to the implanted area, which was in line
with common concerns after implantations on the diaphragm
(27[BrouwerKatrienM;DaamenWillekeF;ReijnenDaphne;VerstegenRuudH;LammersGerwen;Hafm
ansTheoG;WismansRonnieG;vanKuppeveltToinH;Wijnen2013].,). However, even if it was left alone
to protect the samples to be analyzed histologically or with IF (Fig. 4.5 C), liver could be detached
easily using particular care, therefore it was removed in all the other samples. Hence, in any case this
affected the results obtained nor introduced other types of variability.

Histological colorations (HE, MT) allowed appreciating the extent of remodeling that occurred
during time, both in native diaphragm and mDD patch (Fig. 4.5 D, F). Stimulation of native tissue
was such that it grew significantly in thickness between 4 and 15 days p.i., to then return to basal levels
afterwards (Fig.4.5 E). This transitory modification was in line with reabsorption of the foreign tissue,
which naturally occurs in a healthy environment. Indeed, while being gradually both invaded and

remodeled by resident cells, patch thickness started decreasing significantly as early as 7 days, to be
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almost completely disappeared after 90 days (Fig. 4.5 D, F, G). IF for Ki67 confirmed active state and
proliferation of migrated cells, as soon after implant number of +ve cells increased significantly (Fig.

4.5 H, I 4 days). As for native thickness, this process reverted towards physiological state during time

(Fig. 4.5 1, 90 days).
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Figure 4.5 (Adapted from figure 2 of Piccoli et al 2015)

Macroscopic appearance and host-scaffold behavior (A) mDD patch before and after implantation; (B)
Diaphragm harvested 7 days p.i; (C) Scheme of samples assembly p.i; (D, F) HE and MT performed on
samples 0, 7, 30 and 90 days p.i; (E) Host diaphragm thickness progression throughout all the time points; (G)
mDD reabsorption throughout time; (H-I) IF and quantification of proliferating Ki67" cells. Native Dph =
host diaphragm, N = native tissue, P = patch, L =liver. **p <.01; n.s. = not significant by ANOVA and Student

t-test. Scale bar = 100 um
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As thickening of the native diaphragm did not reflected cross sectional area (CSA), it was supposed
that mDD implantation elicited rather a hyperplasic than a hypertrophic effect (Fig.4.6 A, B). Indeed,
growth seemed to derive from newly formed fibers, as revealed by embryonic myosin heavy chain
(Myh3) positive fibers in the native diaphragm, located in the region close to the patch at the earliest
time points (Fig.4.6 E,F). This was confirmed also by the peak of Myh3 gene expression rate after 4
days, compared to physiological levels, thus emphasizing the triggering effect of applied acellular
matrix (Fig. 4.6 I ). As further validation, center nucleated fibers were clearly present throughout all
the time points (Fig. 4.6 A). Interestingly, the expression of the myogenic precursor marker Myf5 was
detectable only between day 7 and 30 p.i.. In this case, +ve cells were located mostly in the acellular
matrix until the latter time point, indicating that the massive activation and proliferation of SCs
occurred earlier was turned off (Fig.4.6 C, D). Analogously to Myh3, activation of myogenic
population was also supported by the levels of gene expression of both Myf5 and Myogenin, between
4 and 15 days after treatment. In general, the decrease towards physiological levels found in all

analyses was in line with the hypothesized switching off the regenerating process.
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Figure 4.6 (Adapted from figure 3 and supplementary figure 1 in Piccoli et al 2015)

Myogenic effect on host cells. (A) Exemplification of host diaphragm growth response displayed by laminin
IF; (B) Quantification of fiber cross sectional area measured at all time points; (C, E) Exemplification of host
myogenic response displayed by IF; (D, F) count (% of cells) of Myf5" cells and Myh3" fibers through the time
points; (G-I) qPCR displaying expression of Myf55,Myogenin and Myh3 at all time points. CSA=Cross
sectional area, N = native tissue, P = patch, L = liver. **p < .01; ***p < .001 by ANOVA and Student t-test;

scalebar = 100 pm.

Coherently with other studies on decellularized matrices, mDD implantation was associated with a
significantly increased presence of CD3 and CD4 expressing cells, particularly within the fraction of
FoxP3+ cells. Myogenic cells likewise, both of the cell types followed a timing-dependent trend,
peaking at 7 days p.i. to then lower in numbers until basal level was reached (Fig. 4.7 A, B, C).
Alongside, cells of the innate immunity were found inside the mDD, as well as in the neighbouring
area (CD68+ cells; Fig. 4.7 F). Notably, after an initial balance in the polarization state, these cells
shifted towards an M2 fate over the M1, as shown by Arginase I expression, both at protein and gene

level (Fig. 4.7 D-I). This data was corroborated by the calculated M1:M2 ratio (Fig. 4.7 G, ]).
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Figure 4.7 (Adapted from figure 4 in Piccoli et al. 2015)

Innate and adaptive immune response (A-C) Representative IF (7 days p.i.) and quantification of CD3", CD4"
and FoxP3" through time; (D-E) IF and quantification of CD86" (M1) and Arginase I" (M2) macrophages; (F)
IF for pan-macrophages CD68; (G) Ratio between M1/M2 polarized macrophages calculated on the basis of
CD86/Argl expression; (H-I) Gene expression of Nos2 (M1) and Arginase I (M2) in treated diaphragms
throughout the time points. B2m was used as housekeeping gene; (J) Ratio between Nos2/Argl expression. N
= native tissue, P = patch, L = liver. **p <.01; ***p <.001; n.s. = not significant by ANOVA test. Scalebar = 100

pm.

4.2.2.2 Diseased environment

Given the outcomes of the implantation in a healthy environment, the next step was to confirm the
anti-inflammation and pro-regenerative effects also in a diseased environment. Histological analyses
showed comparable cell invasion and matrix remodeling as in healthy mice (Fig. 4.8 A), however,
unlike previous results, overall thickness of atrophic diaphragm gradually increased during the time
points, to a measure close to a normal mouse diaphragm (Fig. 4.8 B). In addition, stimulatory effect

seemed delayed and, in the analyzed interval, did not resulted in a reestablishment of basal level.
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Kinetics of patch reabsorption were comparable to healthy implant instead (Fig. 4.8 C, D).
Combination of a healthy-derived mDD with the atrophic diaphragm also resulted in an amelioration
of the rib cage as well as both lung morphology and area, 30 days p.i., endorsing the idea of mDD
acting as a support rather than representing a burden (Fig. 4.8 E, F). Nevertheless, since deformation
of the chest is a consequence of the atrophy and not of a pulmonary dysfunction, it was not surprising
to see any difference in pulmonary volume compared to an untreated animal. Mechanical tests
performed on implanted diaphragms unveiled an amelioration in the flexibility as well. Indeed, while
after 30 days after implantation the tissue had a deformation ability comparable to native condition,
elastic modulus decreased significantly (P<0.05, Fig. 4.8 F). Moreover, internal comparison of treated
side with non-treated side of same diaphragm (i.e. contralateral side, CL) 90 days after implantation,
highlighted that thickening of implanted area was due to hyperplasia (Fig. 4.8 G, Fiber/Width), as in
case of healthy diaphragm.
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Figure 4.8 (Adapted from figure 5 of Piccoli M. et al)

Atrophic implantation outcomes. (A, C) Histological appearance of treated diaphragms 7, 15, 30 and 90 days
p.i; (B, D). Atrophic diaphragm growth in thickness and mDD reabsorption through all the time points; (E,
F) CT scan and lung area of baseline atrophic condition (0d) and treated 30 days p.i. ; (G) Mechanical
properties of baseline atrophic condition (0d) and treated atrophic diaphragms 30 days p.i. ; (H) Confirmation
of topical hyperplasia effect by comparison of mDD treated and non-treated contralateral (CL) side 90d p.i. by
the means of thickness and fibers number. N = native tissue, P = patch, L = liver. *p <.05; ***p <.001 by Student
t-test; scalebar = 100 pum.
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As expected, overall CSA of stimulated diaphragm was not significantly different to the atrophic basal
condition (Fig. 4.9 A). However, the higher distribution between small and mid-size fibers at the early
time points (Fig. 4.9 B) reflected the up-regulation of Myh3 both at gene and protein expression,
mimicking the situation found in healthy mice implantations (Fig. 4.9 C). Confirming our hypothesis
of a delayed but prolonged effect, cell activation and proliferation was lower but lasted longer than
previous experiments. Indeed, Ki67+ cells presence was significantly higher until 90 days post-
implantation (Fig. 4.9 D). Expression of MyoD (as alernative marker for myogenic precursors)
trended similarly, with enhanced number of ve+ cells after 4 days, decreasing through time but still
lasting after 90 days (Fig. 4.9 G). Interestingly, mRNA levels of Myogenin behaved differently,
decreasing to level even lower than basal condition, a situation that may reflect the amelioration of
defected muscle though, as mDD stimulation might have supplied to the continue demand for
regeneration this model has (Fig. 4.9 H). Another feature of this model is a basal inflammatory state,
which may be the cause of the slightly different response seen when comparing healthy and diseased
macrophage polarization. Indeed, unlike in healthy environment, CD86+ (M1) macrophages were
already detectable in untreated diaphragms (Fig. 4.9 E, DAPI-CD86). Additionally, as displayed by
gene expression, after an initial effect, macrophage shift towards the M2 polarization (quantified by
the means of Argl) seemed to require more time to take place (Fig. 4.9 F). This behavior added up to
the one seen for the other measures, strengthening the hypothesis of still a pro-regenerative and anti-

inflammation effect of the implanted mDD, just delayed but lasting longer compared to healthy state.
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Figure 4.9 (Adapted from figure 6 of Piccoli M. et al)

Cellular response upon implantation in the atrophic diaphragm. (A) Exemplification of muscle appearance via
IF for Laminin; (B) Fiber CSA distribution during pre (0d) and p.i. (4-90d); (C) Representative IF (4 days) and
quantification of Myh3 expression at all time points; (D, E) Representative IF (7 days) and quantification of
proliferating Ki67" cells; (F) IF and qPCR of M1 (CD86 and Nos2) and M2 (Arginase I) polarization state at
the different time points; (G) Ratio between M1/M2 macrophages, on the basis of Nos2/Argl expression; (H)
IF and qPCR of MyoD" precursor cells at all time points. (I) qPCR quantification of Myogenin through time
points; B2m was used as housekeeping gene. N = native tissue, P = patch, L = liver. *p < .05; **p < .01 by

ANOV A test; scalebar = 100 um.



4.2.3 Development of a rDD scaffold

Diaphragm muscle were harvested from New Zealand rabbits as described, along with the
surrounding rib cage, then washed in PBS 1X before beginning of DET. Likewise mDDs, it was
necessary to first determine the number of cycles needed to achieve complete decellularization. Based
on number of cycle set for the mouse, this time 5 to 8 cycles were tested. Interestingly, progression of
decellularization mirrored what saw in mice both macroscopically (Fig. 4.10 A) and microscopically.
Indeed, leftover DNA amount trended similarly, with a significant decrease as early as 5 cycles, which

apparently stabilized after the 6 (Fig 4.11 C, E; rFD: 150.6 + 12.78; cycle 5: 84.61 + 4.325; cycle 6:

34.12 + 5.661; cycle 7: 26.40 + 1.243; cycle 8: 17.05 £ 5.699 ng/uL). Moreover, the appearance of
laminin-DAPI IF, confirmed the tendency seen before: the maintenance of structural integrity whilst
obtaining cell removal through cycles of DET (Fig. 4.11 B, D). Notably, albeit DNA quantification of
6 cycles resulted no significantly different to 7 and 8, presence of DAPI stained nuclear material could
still be detected by IF. Considering this, besides the notion of reducing the number of cycles to the
best balance between decellularization and structure preservation, the cycles chosen for further

analyses were 7.

A

A L
'ﬂ///
} 4

Figure 4.10 - Decellularization of rabbit diaphragm

Macroscopic images prior (A) and following (B) seven cycles cycles of decellularization.
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Figure 4.11 - Comparison between mouse and rabbit decellularization

Progression of rabbit diaphragm decellularization went coherently to mouse result. A, C) IF of tissues
decellularized through DET cycles to discriminate remaining DAPI* nuclei from tissue structure (Ilaminin);

C, D) DNA quantification (c=cycle); scalebar=100 p

4.2.3.1 Characterization of decellularized structure.

Also for rDDs, HE proved the high level of similarity DET allows to obtain, even after 7 cycles of
treatment. (ipotetica Fig. 4.12 A). About the ECM components, although only macroscopically, MT
coloration the maintenance of the connective tissue of the scaffold (Fig. 4.12 B). In line with the other
two histological colorations, GAG marked by AB appeared preserved (Fig. 4.12 C). Based on results
with mDDs, it was expected a variation only for sGAG, therefore these were the only ECM
components that were effectively quantified thus far. However, surprisingly, the quantity of sGAG in
the rDDs seemed to be more concentrated (Fig. 4.12 D; rFD: 2.584 + 0.4508; rDD: 7.029 + 1.219).

Tissue architecture preservation was evaluated using SEM, which as for the mDDs allowed to
appreciate the decellularization (hollow round pockets on fibers side) and the tissue similarity to the

rFD not exposed to DET (Fig. 4.13.
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SEM performed allow to appreciate ultrastructure similarities between mFD and mDD. Scalebar=100 pm

Figure 4.13 - Electron microscopy of mFD and mDD



4.3 Discussion

4.3.1 Scaffold development

Advances achieved thus far in the field of TE permitted to translate into clinic some of the promises
held since it arising from regenerative medicine. Indeed, at least from the scaffolding point of view,
several products, from both xeno and allogeneic origin, were already commercialized [123] while
others, both alone or cell seeded, are actually in clinical use (bladder, urethra  and
trachea[220,247,248]). This however, was a level reached only by simple structure organs/tissue. In
this respect, organs with a higher modular complexity, such as the heart, lung, and liver [249-251],
are still undergoing pre-clinical studies, as well as skeletal muscle [50,151]. In particular, even though
the structure and the features of the latter have been broadly studied [27], the reproduction of such
complex organization still represent one of the major challenges when trying to develop a functional
skeletal muscle, though just recently, steps forward this aim were done [56,91]. In general, as the
muscle has a well-known innate regeneration potential [47], the need of implantation/transplantation
over a simple repair is determined by the size and kind of the muscle defect, thus influencing SMTE
priorities. Indeed, the higher demand is represented by VML (or even by amputation as the ultimate
aim), thus most of the studies focus on the repair of large volumes of muscle [252]. Following in line
are defects such as abdominal wall and diaphragmatic hernia, which instead require a wider surface
and a thinner width, depending on the type of defect [114,253]. In both cases, the easier the construct
is obtained the better, thus further influencing the main elements in TE: cellular component and
scaffold [12]. With this aim, starting with a structure that closely resembles the original tissue, passed
from option to reality quite quickly, as soon as decellularization of organs and tissues was achieved
[254].

To date, advantages of these type of scaffolds are established, and have been used in both experimental
SMTE approaches and in clinical settings [50]. However, as mentioned above, only few studies have
focused on the creation of a muscle-derived decellularized scaffold for implantation/transplantation

of flat muscle, and, so far, none from the mouse.
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Considering this, it was firstly evaluated the possibility to obtain a decellularized scaffold derived from
mouse diaphragm, taking advantage of its pre-structured flat organization. By further adapting the
established protocol developed by Meezan et al. [161], which was readapted by [109], it was possible
to achieve complete removal of cellular material whilst maintaining a structure close to the original.
Indeed, i) amount of residual DNA reduced by 95%, ii) length of this leftover material lower than
200bp along with iii) the absence of visible DAPI stained nuclei, after 3 cycles of DET, were in line
with the proposed criteria for a successful decellularization [232]. Consequently, these were
considered the ideal number of cycles for a complete depletion of antigens, which quantiy/presence
is known to be one of the features influencing outcomes in vivo [227]. Ultrastructural and histological
analyses, by the means of SEM and histological colorations, confirmed that 3 cycles of DET could
yield a scaffold with an architecture closely resembling a healthy mouse diaphragm. To further
confirm that ECM composition was not only preserved macroscopically, but also proportionally, the
main components of the scaffolding structure were quantified. Both collagen and elastin sustained
the treatment quite well, whereas sGAG proportion diminished. This however, is a feature common
to the organs and tissues decellularized via DET. SEM on the other hand allowed to appreciate in
detail the similarity between the muscle before and after treatment, with only a difference in tightness
of ECM, which may be the consequence of both GAG loss. This in turn may have reflected on
mechanical properties, since the scaffold had a slightly higher flexibility and lower stiffness, which
anyway did not resulted significantly different. Mechanical properties, particularly in the muscle,
were highlighted during the last decade as features of extreme importance, able to significantly impact

on cell behaviour [178,255,256], hence the similarity found was a highly desirable outcome as well.
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4.3.2 In vivo behaviour

TE efforts are aimed at the delivery of a construct, which finally results in both integration and
restoration of functionality, by the means of constructive remodelling. In this respect, it is necessary
to validate at pre-clinical level not only the cellular component features, but also the behaviour of
each scaffold, upon implantation in a viable recipient. Moreover, among the in vivo levels of evidence,
the one validated in large animals is the closer to clinical application, while usually testing in small
animals represent the level before. Considering this, going by steps after first level of evidence in vitro,
decellularized matrices (mDDs) were implanted in vivo, first in a healthy environment, then, to
further validate results seen with the first setting, in an atrophic mouse model.

Healthy environment.In line with previous results [90,118], mDDs presence led to changes in the
recipient muscle, as a result of a well-known cascade of events ranging from absorption to ECM
remodelling, driven mainly by the modulatory effects on the immune system these types of scaffold
were demonstrated to have [221]. Precisely, mDD was able to induce a local shift in the balance
between macrophage polarization state through time, from M1 towards M2, a population that is
commonly associated to pro-regenerative events [257]. Moreover, transitory hyperplasia observed in
the recipient muscle (restored to normal thickness after 90 days), as result of the stimuli on muscle
stem and progenitor cells, was a clear sign of the ECM influence more from the regeneration side
rather than simply representing a foreign body burdening the muscle. Indeed, across the timepoint
CSA of the fibers did not increase, while amount of fibers present increased, excluding a
compensatory hypertrophy [122]. These data were further confirmed by the presence of Myh3+ (a
marker of neo fibers [258], mostly at the interface with the implanted mDD. During time, as expected
from biological scaffolds [55,259], mDDs were increasingly remodelled and reabsorbed, displaying
another desirable feature (bio-degradability). This however, must be carefully tested, because a
reabsorption occurring too rapidly can lead to an insufficient stimulation, in case of large defect.
The cellular response raised by the scaffold attracted a remarkable percentage of invading cells, a
feature known to biological scaffolds, which are able to release upon remodelling, factors that can

attract recipient cells [223,260]. This, was highlighted by muscle specific marker Myf5, which could
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be detected in the interval between 7 and 30 days after surgery . These were stimulated not only to
grow and migrate into the mDD, but also to further differentiate and fuse into myotubes, which
merged generating young, new fibers. Nevertheless, the main population found in the transplanted
scaffold was represented by immune cells. This was no surprise, since it is well established that innate
immunity cells, followed by adaptive immunity cells, are the population that is firstly recruited to the
implantation site, whatever its composition [226,261]. During muscle regeneration, interaction
between immune cells and myogenic cells was more than once proven to be essential, as impairment
or depletion of the first, resulted in uneffective regeneration processes [123]. Precisely, inflammation
is indeed one of the steps necessary for regeneration [47,262]. Considering this, correct manipulation
of these interactions can lead to enhancement of muscle regeneration. Indeed, macrophages display
a broad spectrum of phenotypes which are easily inducible in non-polarized cells, by the means of
either molecular [263] or topographic cues [264], thus making possible to deploy the balance between
inflammation and regeneration. In the mDD-implanted context, both IF and molecular biology
analyses confirmed the shift rapidly induced by the scaffold, which seemed to favour the polarization
towards M2 (pro-regenerative) as early as 4 days after surgery. Interestingly, the cells of the adaptive
immunity, which as expected displayed a timely related migration after monocytes, underlined the

lack of cytotoxicity by presence of type 2 T lymphocytes [265].

Diseased environment Any muscle specific disease leading to an impaired functionality of the muscle,
namely myopathy, can extend from the peripheral to internal, thus affecting the diaphragm as well.
This, as well as diaphragm specific diseases such as congenital diaphragmatic hernias, results in an
additional significant impairment of life quality, or, in worst cases, to death. With the outcomes of a
healthy environment in mind, it was decided to test the behaviour of both scaffold and recipient in a
diseased context, to evaluate whether the scaffold could lead to an improved condition of the

diaphragm, by triggering a comparable regeneration response. Precisely, the model chosen wasa SMA

F7/F7

mimicking model, the HSA-Cre, Smn"*""’, which displays an atrophic phenotype due to the SMN

depletion restricted solely to skeletal muscles.
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Remarkably, the hypothesized positive effects were macroscopically visible 30 days after surgery, as
CT scan performed on these animals displayed that an amelioration of both the chest anatomy and
lung area occurred. Additionally, improvements the mechanical properties were detected, as elastic
modulus of diseased diaphragm improved to a value similar to the calculated in healthy mice.

This mouse model is characterized by a chronic inflammatory condition, which is consequence of the
constant attempts the muscle does to revert the atrophy induced by depletion of SMN [266]. Hence,
it was surprising to see that mDD effects, despite basal polarization towards M1 derived from the
abovementioned situation, were such that could induce a polarization toward M2 also in this setting.
Indeed, the proportion between Nos2 and Arginase I gene expression favoured the second. Moreover,
the amount of adaptive immune CD4+FoxP3+ cells seemed even increased compared to what seen
before, suggesting higher transplant acceptance [267].

Healthy environment likewise, the implantation of mDD elicited a hyperplasic response, which
resulted in an increase in thickness of the recipient diaphragm. However, although similar the effect
did not seemed transient, but appeared to be increasing through the analysed interval instead (0-90
days). Indeed, at the further time point, measured thickness reached the range of a normal diaphragm.
Hyperplasic response, was confirmed by the mean of myogenic precursor commitment (MyoD
protein and mRNA) and maturation (Myh3 protein and mRNA). While precursors detection trended
coherently with the thickness measure, being still detectable after 90 days, formation of fibers peaked
4 days after surgery, to then decrease under basal level. This data however has not to be considered
negative, since as described, the muscle of these mice is subdued to a chronic degeneration-
regeneration (depicted by the basal level of mRNA in the control). Actually, on the contrary the
absence of newly forming fibers could be a supplementary clue of the recipient muscle amelioration.
Previous studies already demonstrated the presence of products derived from ECM remodelling,
which used to condition culture medium, are able to elicit a M2-like polarization in macrophages in
vitro [268]. Although yet not completely defined, an obvious consequence of the huge variety and
difference intra and inter organs that were decellularized thus far, it is known that the ECM is
physiologically a reservoir of cytokines and products resulting from its degradation during

remodelling. Nonetheless, several works, including the present study (chapter 5), tried to quantify or
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define which of the reservoir molecules remains within the scaffold after decellularization . What was
certainly confirmed is that the DET, allowed the yield of a biochemically active scaffold, effective
enough to stimulate multiple responses, directed towards the constructive remodelling, both in a
healthy and diseased environment. Moreover, it seemed that in the atrophic model, the mDD scaffold
was able to supply to the recipient muscle sustained regeneration demand, whereas being not
necessary in the healthy muscle, latter simply tended to normal conditions.

Interestingly, there may be a correlation between the transitory or prolonged effects, hinted by
expression of the myogenic marker Myf5 and MyoD: it appeared that a mutual exclusion of Myf5
over MyoD occurred in the healthy, whereas the contrary happened in the SMA model. Hence, while
indicating that between the two models the myogenic pathway was activated differently, the
comparable result (i.e. local hickening due to muscle fibers generation) supported the concept of these
two transcription factors compensating one another during development, but maintaining
simultaneously distinct and specific functions [269].

Though not fitting the typical definition of TE, the elicited effects observed in both scaffold-only
settings, make this, as well as other decellularized matrices obtained via DET, a potential tool for
several applications. These, can vary from the simple analysis of cell-ECM behaviour in vitro, a
potentially useful tool when applied in the cancer research [270,271], to cell delivery, promoting the
regeneration in small defects or ultimately the creation of a functional muscle construct. Moreover,
although not being a cellular therapy, thereby not being able to restore any genetic effect,
decellularized matrices may hold promises also as candidates for muscle diseases as a temporary

treatment.

4.3.3 Preliminary characterization of rabbit-derived scaffold

Next step in pre-clinical evaluation, as described in the previous section, is to test the sample material
(either cells or scaffold) in large animals, which can be rabbit, dogs, or non-human primates (ref?).
With this aim, it was chose to test the smallest of large animal, the rabbit, thus deciding to develop an

autologous decellularized scaffold, since the mDD could not cover the size gap. In this case, it is
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important to underline that a decellularized scaffold, derived from rabbit diaphragm using a DET,
was already developed and tested in vivo [55,109]. Nevertheless, in any case a complete

characterization of the scaffold was displayed, nor there were further attempts.

Rabbit diaphragms underwent the same testing performed for the mouse, in order to set the best
condition to develop a rabbit decellularized diaphragm (rDD) scaffold. Again, the re-adapted DET
was applied, but being the tissue bigger than the previously tested, number of cycles was increased
accordingly. Efficiency in depleting cells from cycle 5 to 8 were analysed, pursuing the best condition
to meet the previous quoted criteria, necessary for a biomaterial to be considered as adequate [232].
Once ideal number of cycle was set, rDDs thus derived were characterized by the means of structural
integrity, via both histological coloration and SEM. Outcome of the analyses allowed to determine 7
DET cycles as the election methodology to obtain a rDD successfully. This can be considered a step
further in the development of an autologous tissue, aimed at the repair of flat muscle defect, even of
large size, considered the surface of the rabbit diaphragm. Additionally, as adaption of the protocol
resulted in a proportional result, further scaling up of the protocol can be considered possible, making

more steps toward clinical approval and use.
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Chapter 5 Angiogenetic properties of diaphragm derived

acellular matrix

5.1 Introduction

5.1.1 Vasculogenesis and angiogenesis

Besides diploblastic animals, which develop only from ecto and endoderm, all other animals have a
mesoderm as well (triploblastic), developing throughout the evolution more and more complex
organs. Among these, vertebrates (as well as some invertebrates), developed a way to transport
nutrient and oxygen to the whole body, namely the cardiovascular system. Crucial for the life and
growth of the living being, it is indeed the first functional organ to form within the developing
vertebrate embryo. The cardiovascular system comprises i) the heart (cardio), pumping ii) the blood
to the whole body via iii) the blood vessels (vascular system). These are then further distinguished
between venous and arterial circulatory network [272].

The formation of a new blood vessel from a primitive stem cell is called ‘vasculogenesis’. During
development, a endothelial cells (EC) form epithelial tubes from a luminized rudimentary vascular
meshwork, which is then remodeled into specialized subtypes (including arteries, veins, lymphatics
and capillaries),organizes through pruning and anastomotic growth, to finally become stabilized
through the recruitment of mural cells. While embryo is growing, vascular system expands
concomitantly by sprouting and proliferating from the pre exhisting network, to guarantee an
adequate supply of nutrients and oxygen. This second type of vessel formation, which after the
embryo development becomes the main process to form new blood vessels, takes the name of
‘angiogenesis’. Moreover, pivotal role of this system is also due to molecular interactions with the
others, as it is known to participate in regulation of tissue morphogenesis as well [273]. For these
processes to occur, an extremely fine orchestration is required, therefore the amount of signaling
pathways that act to coordinate the establishment and maintenance of the vascular system is not

surprising [274,275].

81



Considering this plethora of fine-tuned interactions, any perturbation of any of these nodes can have
an impact on the entire circuit, leading to a failure of normal embryo development, or, in the live

born, several types of diseases.

5.1.1.1 Stimmuli driving angiogenesis

Circumstances that lead to angiogenesis are various, but can be generally summarized as four
different environmental origins: i) developmental (after embryo vasculogenesis), ii) exercise-induced,
iii) tissue repair and iv) tumour growth. [276,277]. Although these four have commonalities and
divergences in the angiogenesis milieus and the resultant vascular networks, whichever the cause the
tissue signals to the existing vasculature that there is a need for new blood vessels. This trigger is
usually a distress situation, resulting from mechanical, metabolic or hypoxic stimuli [278], sensed
primarily by the endothelium. Examples of such are chronic hypoxia due to abnormal tissue growth
(tumour), vascular occlusion (tissue repair) or increased metabolic rates (exercise-induction). Indeed,
during exercise, muscle contractions lead to increased shear stress in the microcirculation (by
deforming vascular bed) and to increased mechanical strain in the muscle fibres themselves, both
events known to induce the release of pro-angiogenic factors [279]. Following are summarized the
thus far established angiogenesis stimuli.

Blood flow Linked to angiogenesis since long, it was demonstrated that blood velocity regulates both
capillary growth and regression. While trying to model vasculature physics, its network structure was
linked to tissue oxygenation as well. Rise of new technologies allowed the study of blood flow with
computational models with increasing accuracy, recognizing the many different parameters of the
microcirculation (diameter, flow rate, shear stress and ultimately oxygen exchange), which influence
plasticity and remodeling (i.e. angiogenesis, adaption of vessel wall) of the vascular system. To
summarize, type of angiogenic response can be dictated by the flow, usually with the aim to maximize
oxygen delivery [280].

Hypoxia Besides reduction of blood flow, namely ischaemia, alterations in oxygen supply to the tissues

can be also due to other causes. For example, respiratory dysfunctions or diseases involving red blood
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cell (anaemia) can result in hypoxic condition [281]. Effectors of angiogenesis mediated by hypoxia
are usually molecules able to activate or regulate pathways cascades, ultimately resulting in blood
vessel growth. Two well-known examples are nitric oxide (NO) and hypoxia-inducible transcription
factors (HIFs). The first, requires oxygen to be produced by NO synthases (eNOS, nNOS, iNOS),
which then acts as inhibitory feedback to avoid excessive consumption. This balance was postulated
to be connected to the Fahraeus effect, which in turn result most significant in the vessels that usually
give rise to new sprouts (diameter <30 Im) [282]. NO was also shown to be involved in tumour growth
and metastasis, as it promotes both vascular permeability and EC proliferation and migration [283].
Increased shear stress also promotes nitric oxide production, as seen with skeletal muscle contraction,
highlighting a commonality between chemical and mechanical pathways for sprouting angiogenesis
[284]. HIFs are in turn stabilized by decrease of oxygen tension, and can then act as transcription
factors for vascular endothelial growth factor (VEGF) and its receptors (VEGFRs), which are the
principal actors in pro-angiogenic molecular mechanisms. Among the isoforms of HIFs, the best
studied is HIF-1, which is structured in an oxygen-sensitive subunit, HIF-1a, and a constitutively
active subunit HIF-1b/ARNT. While oxygen induces degradation of HIF-1a, hypoxia allows HIF- 1a
to remain stable. This allows translocation in the nucleus and binding to HIF-1b, then further binding
to hypoxia response elements in VEGF and VEGEFR genes [285].

Inflammation Occurring both during tissue healing and tumour growth, it is well established that the
innate immunity cells, including macrophages, monocytes and progenitor cells, produce factors
which mediate the growth of new blood vessels [286]. While the wound healing is a process that
naturally feedbacks to restore normal quantity of immune cells and factors in the tissue, tumour
progression often results in reiteration of the stimulation. . Many were the studies in this field as well,
trying to recapitulate and understand both successful or unsuccessful wound repair[287], also
confirming linkage between different stimuli.

Molecular pathways activated by these conditions, were largely studied and can be examined in depth

elsewhere [274,288,289].
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5.1.2 Vasculature significancy in TE

Due to the crucial role that blood supply has for the functionality and the normal physiology of human
body, the ability to stimulate and control angiogenesis has a significant impact for a wide range of
clinical applications. In TE in particular, the aim is the successful repair of a variety of damaged or
diseased organs, which in turn rely on survival and integration of the implant. Hence, among other
features, the angiogenesis potential and in the correct anastomization of the grafted compound are
essential. Since TE arose, approaches aiming at stimulating the host vasculature were several, but they
can be summarized in three types: i) in situ vascularization, ii) cell-mediated angiogenesis and iii) pre

vascularization. These are further described in the following subsections.

5.1.2.1 In situ vascularization

Not a complete TE approach compared to other two, in situ vascularization aims at stimulating
angiogenesis in the host by using cell-free naturally-derived or synthetic scaffolds, functionalized to
a bioactive state by adding proteins known to be involved in angiogenesis (i.e. growth factors or
chemotactic molecules). To this aim, acellular scaffolds could be a step in front of the others, since
their unique reservoir of molecules can enhance the angiogenesis stimuli. However, to date simplicity
of the approach reflected on the outcomes: although it was found in different studies a certain degree
of growth of blood vessels in the scaffold and/or in the surrounding area, relying on the hosts cells
solely resulted in a limitation in case of less porous materials or depending on the size of the defect.
Hence, this approach is more indicated to assay angiogeneic potentiality of a scaffold ore in case of

small defects. [290]
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5.1.2.2 Cell-mediated angiogenesis

Angiogenesis can be achieved by combining the previous approach (or each type of scaffold in
general) with a cell population able either to differentiate into blood vessels or to stimulate
angiogenesis in a paracrine fashion. This cell-mediated angiogenesis is an in situ approach as well,
with the addition of cells to the scaffold occurring concomitantly or right before the implant. An
example of cell population broadly used and well known to have many paracrine effects are MSCs,
which in many occasions proven a good choice for graft survival and tissue vascularization [291].
While resulting in better outcomes, compared to the ones obtained using a scaffold-only approach,
this approach might still have limitation connected to nature of the defect. If the defect is such that
purpose of implantation is helping regeneration through also boosting of pro angiogeneic stimuli
(f.eg. skin wound, small or mid-size ulcers), then this approach may be sufficient. Else, in case of
transplantation of large portions of tissues or whole organs, the time required for vascularization of

the construct, even if boosted, might not be sufficient.

5.1.2.3 Pre-vascularization

Lastly, there is the creation of a functional vascular network before implantation, namely pre-
vascularization. The hypothesis behind this approach is corroborated by current surgical approaches
both in case of orthotropic (normal transplant) and heterotopic (i.e. a body part to be kept vital)
implant. Indeed, both surgical and implant-induced anastomosis of the host with the pre-existing
vasculature of the organ/body part allows the tissue to rapidly introduce nutrients and oxygen,
permitting its survival. Several approaches can be used to obtain a pre-vascularized construct, but all
require cells able to recreate angiogenesis in vitro, usually ECs (i.e. human umbilical vein endothelial
cells, HUVECs) or progenitors able to differentiate into this and other vascular populations. Elected
cells can be then scaffold directed, using for example a pre patterned structure [292], or by self-
assembly, stimulated via pro-angiogenic molecules [213]. On top of these, angiogenesis enhancement

or other biological aspects of the construct (i.e. formation of muscular tissue) can be pursued by
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adding another cell population (i.e. MSCs or Myoblasts respectively) [92]. While representing the
methodology closest to the concept and the aims of TE, ideal to apply in case of substitution of entire
organs or large portion of tissue, results this way are still far from flawlessness. Although were many
the developed approaches, the time required to form a pre-existing vasculature, the mechanisms to
be controlled or the subsequent correct anastomosis with the host, are just some of the many aspects

that must be further analyzed.

5.1.3 Default response after implant involves angiogenesis

The implantation of a foreign device of any type, from synthetic or acellular biomaterials to even
living tissue constructs, result always in its interactions with native cells, immunological and
inflammatory responses. Host immune response can also be exacerbated or elicited if additional
injury is caused (i.e. surgical implantation). In general, the events following implantation of anything
that does not belong originally to the body, are reunited under the name of foreign body response (or
reaction, FBR) [293]. The understanding of how the components of TE construct interact at the site
of implantation (i.e. molecular mechanisms; structural or mechanical stimuli) is essential to make
eventual modifications towards increased efficiency of the approach. Indeed, ultimate approach
would be the one not only avoiding any adverse effects of the host response, but also harnessing FBR
and enhancing host tissue regeneration. The FBR takes place as a well-known sequence of events,
which are following briefly described.

i) The implanted biomaterial is rapidly covered with proteins from the surrounding tissue and blood
(i.e. Factor XII, complement C3, IgG, fibronectin), namely the Vroman effect [294]. ii)
Concomitantly, local distressed cells of the host release signals, which add up to recruit granulocytes
(also known as polymorphonuclear leukocytes PMNs). These cells then secrete factors to recruit and
activate other immune cells (i.e. monocyte chemoattractant protein 1, MCP-1; interleukin 8, IL-8)
and release degranulation products (i.e. proteolytic enzymes and ROS). iii) Site of implantation
becomes infiltrated with other inflammatory cells, mainly monocytes that differentiate into

macrophages and further polarize towards pro (M1) or anti-inflammatory types (M2) (ref su
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macrophages?). Before polarizing, macrophages usually secrete inflammatory cytokines (i.e. tumor
necrosis factor-a, TNF-a; interleukin-6, IL-6), and again MCP-1, to induce further recruit immune
cells. It is important to underline that to date a link between material properties and polarization of
macrophages has been established, as these cells will either predominantly express one of the two
states depending on the implanted device. iv) Whether of M1 or M2 type, factors released by
macrophages are critical to the formation of granulation tissue, which is formed by recruited
fibroblasts, secreting and forming new ECM, and newly formed blood vessels. Indeed, unbalance
between the two types can result in the impairment of the regeneration process. For example, if
secreted factors stimulate excessively fibroblast recruitment or collagen deposition, the regeneration
will shift to fibrosis [295,296]. Moreover, a biomaterial difficult to degrade, often lead to formation of
foreign body giant cells (FBGCs), which can secrete ROS, proteases or acids, resulting in highly
degradative environment. Thus, these cells are often used as marker of unsuccessful outcome. v) As
last step in the cascade of events of FBR, dendritic cells (DCs) can be activated by pattern recognition
receptor (PRR) engagement with the released or digested material. These in turn, as antigen
presenting cells (APCs), are able to activate cytotoxic T-cells and promote helper T cell responses
(Th1, Th2, Th17, or Treg)

Together with resident cells, recruited cells of the immune system are responsible for removing
foreign material, resorbing cell debris and necrotic tissue and to a significant extent for the initiation
of angiogenesis and extracellular matrix deposition. Although mechanisms of these latter roles are
still being defined, it is clear that immune cells play a critical role in regulating wound healing,
particularly in controlling neovascularization, as demonstrated in several studies [261]. However, as
currently cause-effect has yet to be demonstrated, knowledge on the topic has not gone beyond the
correlation with M1/M2 paradigm. Because angiogenesis is as complex as it is our immune system,
both being not completely understood, it is clear that further investigation is needed.

To conclude, on top of the features that directly involve both vascularization and angiogenetic stimuli
driven by the TE construct, it is worth taking in account the FRB machinery as well. Aiming at this,
acellular matrix scaffold represent ideal candidates, proven to both retain pro-angiogenetic properties

and to be able to immune modulate host response [105,221,297]
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5.2 Results

5.2.1 Diaphragm-derived decellularized matrix retains angiogenic potential

Patches cut from decellularized diaphragm, positive and negative controls were and placed on the
CAM, an established in vivo system to evaluate angiogenesis towards or inside a specimen. After
placement, samples and controls were analyzed daily under a stereomicroscope. Diaphragm matrices
were found to be adherent to the CAM, which vessels started to surround the samples, growing
towards the tissues just after 24h. At day 7 after implantation, matrices were completely wrapped by
the CAM and the vessels were organized in a network surrounding the tissue samples (Fig. 5.1 A).
Vessel growth, by the means of number of blood vessels converging towards the specimen, was
quantified after 7 days in a blinded fashion. The number of allantoic vessels converging towards the
acellular matrices was increased significantly (P < 0.05), compared to both negative and positive

controls at the same time-point (Fig. 5.1 B).
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Figure 5.1 CAM assay performed on fertilized eggs outcomes

Representation of CAM assay. A) Appearance of samples after 7 days placed onto the chorioallantoic

membrane; B) Quantification of the vessels converging or contacting the sample as result of a blinded count.
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To both confirm results saw in CAM assay and to verify whether the matrix retained anything
connected to the pro-angiogenic potential displayed, an array of 53 proteins involved in mouse
angiogenesis was used. As in the membranes developed after western blot (WB), each spot intensity
correlates with protein amount. The presence of several spots (Fig5.2 A), even though all reduced at
different rates, revealed that most of the analysed proteins were still present in the decellularized
tissue, from specific angiogeneic cytokines (i.e. VEGF or Angiopoietins) to matrikines or enzymes
necessary for endothelialisation (as Endothelin or metalloproteases) (Fig.5.2 B). Next, the levels of
four cytokines considered important for both angiogenesis and skeletal muscle were quantified via
ELISA tests. Besides EGF (1.292 + 0.216 pg/mg in healthy diaphragm), the amount of the other three
cytokines could be measured also in the decellularized tissue. VEGF was reduced from 0.580 + 0.06
pg/mg in mFD to 0.068 + 0.02 pg/mg in the decellularised scaffold, SDF-1 was reduced from 2.432 +
0.204 pg/mg in mFD to 0.642 + 0.13 pg/mg in the decellularised scaffold and HGF was reduced from

1.939 + 0.02 pg/mg in mFD to 0.003 + 0.0001 pg/mg in the decellularised scaffold (Fig. 5.3 A-D).
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Figure 5.2 Proteome mouse angiogenesis array

Preservation of several proteins after DET. A) Membrane spots developed from mFD and mDD samples,
underlining the preservation of proteins important for the ECM-Angiogenesis interaction; B) Pixel intensity
of the highlighted spots (from mFD in A) compared to mDD. EGF=Epidermal growth factor,

HGF=Hepatocyte growth factor, SDF-1=Stromal derived factor 1, ANG=Angiogenin, ANGPT-1 and -
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3=Angiopoietin-1 and 3, VEGF-A,-B= Vascular endothelial growth factor-A and B, TIMP-1=Tissue inhibitor

of metalloproteases 1, MMP9=Metalloprotease 9.

Although ELISA is usually considered a method more accurate, principle of protein array is basically
the same, just different in the development phase. It was then hypothesized that, accounting for the

lack of detection of EFG in the mDD samples, could be just the different antibody type.
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Figure 5.3 ELISA quantification of four cytokines involved in both muscle repair and angiogenesis.

Quantification performed on patches of mDD and equal amount of mFD. A-D) VEGF, SDF-1, HGF and EGF

leftover in mDD compared to mFD.

5.2.2 Cell-scaffold interaction

ECM patches implanted in the subcutaneous space on the back of GFP+ mice could still be well
distinguished both after 7 and 15 days and, in line with CAM assay results, appeared vascularized
(Fig.5.4 A). Immunofluoresce performed on the excised samples revealed the presence of SMA+
vessels of different appereance at the earliest timepoint, while after 15 days majority of the
individuated vessels had a similar shape (Fig.5.4 C). The amount of haemoglobin quantified on the
harvested patches (mettere valori), corroborated the previous data on functional graft vascularization
(Fig. 5.4 B).

As it is known that DET allows a vessels integrity such that they can be still detected via

immunolabeling of SMA (Fig 5.5 A), it was not surprising to find abovementioned structures in the
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scaffolds after 7 days, while as expected they were not detected after 15 days. In the earliest time point
SMA+ vessels were found to be contacted and seemed to be repopulated by host cells. Confirming
that these structures could be recognized by endothelial cells, HUVECs seeded on top of the

decellularized matrix had migrated towards the pre-existing vessels after 48h (Fig5.5 B).

Haemoglobin Quantification

g | g ». ot
o n 3 n

Hb/Tot sample proteins (mg)

g
°

Ctrl 7d p.i.

15d p.i

15d p.i

GEP

DAPI

Figure 5.4 Subcutaneous transplant outcomes
SC implants in GFP mice reproduced what seen in CAM A) Macroscopic appearance pre and p.i. ; B)
Haemoglobin quantification of explanted mDDs compared to a skin control; C) IF performed on explanted

mDD to evaluate GFP" cells interaction in the mDD 7 and 15 p.i.
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mDD + HUVEC
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Figure 5.5 Vessels preserve their tunica media and can be recognized by HUVEC

SMA" vessels but DAPI or GFP™ saw in SC implants are the mFD vessel preserved after DET. A) Comparison
of vessel in mFD and after decellularization performed via SMA-Lam IF; B) Seeded HUVECs could be found

after 48h to be in contact with the vessels, as depicted with SMA-Lam IF.
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5.2.3 Angiogenetic response to orthotropic transplantation of decellularized matrix vs PTFE

Given the data obtained with the previous experiments, a further step to evaluate its angiogenic
properties was done by performing an orthotropic implantation (as seen in chapter 4).

Histological analysis revealed the profound difference between a biological and a synthetic material:
while the acellular patch experienced remodelling coherently to the outcome seen during the previous
characterization. the PTFE was surrounded by a capsule of cellularized extracellular matrix (thick at
the beginning then thin after 15 days). Interestingly, after 15 days the PTFE-implanted diaphragm

looked as an healthy muscle, whereas the effects of the decellularized scaffold implants still seemed to

persist (fig.5.6).
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Figure 5.6 Comparison between mDD and PTFE implants

With HE stain is possible to appreciate differences between the two implants; While mDD elicits a response
resulting in the growth of the muscle, PTFE rapidly provokes an FBR reaction (tipically associated with foreign

body giant cells, inset), which turns to a stable sustained management of the foreign body.
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CD31+ cells, detected via IF, were found to have migrated in the applied scaffold as other cells from
the host (fig.5.7 A). Their percentage increased significantly (P<0.0001) in number after 7 days p.i.,
compared to the quantity in the mFD (fig.5.7 A, mDD). Although these cells could be detected also
in the capsule surrounding the PTFE, their number was not significantly different than a basal
condition (Fig. 5.7.A, mDD). The co-staining of SMA and vWF in the lumen was both considered an
indication of functional vessel and used to measure size and shape distribution of the vessels
afterwards. In transplanted matrix distribution was between small and mid-size vessels 7 days p.i.
(from 2.0 to 1.75, and from 1.75 to 1.55 respectively), then after 15 days resembled a baseline
condition (vessels also from 1.55 to lower values) Fig. 5.7 D, mDD). On the contrary, at the interface
between PTFE and hosts diaphragm, vessels had a distribution similar to native condition 7 days p.i.,

to then display a grouping in the middle size vessels at the later time point (Fig.5.7 D, PTFE).
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Figure 5.7 Comparison of angiogenetic response of the host implanted with either mDD or PTFE

The angiogenetic response was analysed both at cell level and at vessels appearance level. A) IF to detect CD31-
Lam in both mDD and PTFE implanted animals at the two time points; B) +ve cell were counted and compared
to a baseline mFD; C) Detection of functional vessels, along with the size and shape, via vVWF and SMA IF both
in mDD and PTFE implanted animals at the two time points; D) Distribution of the vessels found in the two

implanted areas, displayed in comparison with mFD. R=Recipient, *p <0.05%*p <0.01; ***p <0.001

While in PTFE implants it was assumed that all the vessels branched from the host via angiogenesis
only, then expecting in all vessels co-staining for SMA and vWF, with the data from SC implantation
in mind, it was evaluated the proportion among mDD original non-functional vessels and functional

vessels. Evans Blue, an auto fluorescent dye (red spectrum) that cannot pass the endothelium wall
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unless the vessel is not completely formed, was injected before the sacrifice of a subgroup among the
animals implanted with mDD. The presence of complete and functional vessels in the scaffold was
thus confirmed whenever the dye was found in the lumen of functional vessels.

Even though the non-functional vessels could still be found in the mDD 15 days p.i.,, number of
double +ve vessels in the acellular matrix increased (Fig. 5.8). These findings were in line with the

analysis of vessels shape.
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5.8 Evans blue dye detection in mDD implanted animals

Evans blue dye could be detected captured inside vessels, after immediated fixation of the sample. A)
Exemplification of dye detection 15 days p.i. in a sample implanted with mDD; B) Proportion of functional

and non-functional vessels through time, in mDD samples.

5.2.4 Molecular profiling of host-scaffold protein expression

The pattern displayed by PTFE vs mDD implants reflected the difference between the very natures of
the two materials. To aid the observation, it was used an organization based on the best-known
process in which each protein was involved (Fig. 5.9 full panel). Protein expression displayed an
abrupt increase 7 days after surgery (Fig. 5.9, white bars) compared to mDDs (Fig. 5.9, light gray bars),
supporting the rapid vessel constitution seen via IF. At the later time point, while more than half of

the proteins in both cases trended towards the baseline (Fig. 5.9), other alternatively displayed an
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inverse expression, by decreasing, increasing or unchanging in respect to the other sample and each
previous time point. (Fig. 5.9). To aid data interpretation, proteins were plotted under four different

categories, according to the function or involvement in angiogenesis.
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Figure 5.9 Molecular profiling of mDD or PTFE driven response in recipient diaphragm
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5.3 Discussion

Among the many feature required to fit as election material for TE approaches (ref scaffold
requirements), the ability to attract vessels from the host, while modulating its response towards a
pro regenerative and constructive environment, is crucial. This ability, namely angiogenetic potential,
is essential since in the body, cell survival, tissue physiology and normal functionality rely almost
entirely on blood supply [273]. Throughout the past years, a variety of methods to induce
angiogenesis has been tried, evaluating angiogenesis potential and angiogenetic pathways (state of the
art). Being such an interdisciplinary field, the approaches TE intended focus on each of the
components of the one defined as “TE triad™: i) cells, ii) scaffold and iii) molecules. Consequently, the
many options derived from each, rapidly multiply when choice takes in account tissues or organs
innate regenerating potential, as well as their complexity. Fortunately, from the cellular side, other
disciplinary fields come to help in characterizing and determining angiogenetic potential of each
population, for example for either cellular biology or translational medicine [298]. Cell component
alike, molecules involved in angiogenesis are object of study, for example in system biology [278] or
molecular biology [274]. On the contrary, scaffold components still have quite an extended gap to
cover, since advances in technology year by year add up potential candidates to be evaluated
[299,300]. Synthetic scaffold, for instance, to date can be customized to allow soluble factors loading,
which can be then released with a preconfigured and measurable level of release , or can be patterned
to allow growth of structures which will self-assembly into vessel-like tubular units [301]. Whenever
the aim is, for example to enhance a natural angiogenetic response, to elicit angiogenesis, or to
constitute modular pre-vascularized units, starting from a synthetic or naturally-derived scaffold, will
require to take in account the original, natural design, thus accordingly to the specific organ ECM
properties. In this respect, again, the possibility to skip this tailoring passage, by starting directly from
a scaffold closely resembling the tissue of origin came in help, could be the right choice.

As several studies demonstrated, scaffold derived from decellularized tissue inherit not only the

structure, but also the unique reservoir of the original tissue, thus eliciting different responses, when
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compared to other material. This potentiality, made these scaffold the most attractive TE-based

alternative to supply the extensive demand for organ transplant [159]

The developed mDD demonstrated to be particularly similar to the original tissue, and provoked
several pro-regenerative effects (chapter 4) that were consistent (or perhaps even better) in
comparison with other decellularized tissue implants. Nevertheless, the angiogenetic potential of the
scaffold remained undisclosed, thus it was decided to examine in depth whether this property was a

feature of our scaffold or not.

4.3.1 Pro angiogenic factor are retained in the mDD

The ability to stimulate and control angiogenesis was firstly assessed via the well-known CAM assay
[302], which takes advantage of the high vascularity of the chorioallantoic membrane, easily
distinguished by making an opening on the eggshell. The specimen to be analysed is simply placed
on top of the membrane and, if able to stimulate angiogenesis, will result in converging or additionally
even penetrating vessels, depending on the potential and, of course, on the day after placement as
well. Since, as described in 4.3.3, the interference with a normal healthy system elicits a baseline
angiogenesis, it is necessary to use an inert negative control, as well as a positive control to verify the
results (usually represented by a porous material filled with pro-angiogenetic molecules, i.e. VEGF).
When mDDs were placed onto the CAMs, vessels started to surround the tissues, displaying a directed
growth as early as 24h after. At day 7, vessels attracted, organized in a network surrounding the

tissues, were much higher compared to both negative and positive controls.

In the sections before, it was mentioned many times the existence of a molecule reservoir lying within
the decellularized matrices. This hypothesis rose from the established role ECM has in vivo, which is
known to interact with cells not only via mechanical signals [303], but acts also via release of the
molecules attached to the ECM components or even derived from digestion of such (ref su ECM

varie). This, was turned into a confirmation during time, disclosed by several studies describing the
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effects derived from interaction between acellular matrices and cells both in vitro(ref) and in vivo
(ref), the study herein likewise. In this respect, angiogenesis in no exception, as it is acknowledged
that during this process, interaction with ECM and resulting signals, are of paramount significance
[197,304]

Hence, consequently to the results seen with CAM assay, possible angiogenetic molecules within the
developed decellularized matrix were investigated. By the means of a pre-patterned array, 53
molecules known to be involved in mouse angiogenesis processes, either directly or indirectly, were
probed among the proteins extracted from mDD homogenization. Almost all of the spots in the
membrane developed a signal, whereas the negative controls were undetectable, indicating that
several of the molecules essayed were still present and measureable after decellularization.
Comparison with the amount of proteins spotted in the membranes developed from a FD healthy
diaphragm revealed that while for some a significant reduction occurred, for others the decrease was
moderate (e.g. VEGFs, ANGPTs). Interestingly, the proportion of many proteins ECM-related was

maintained as well (eg. MMP8,9 and TIMP-1).

The protein array data however, not being a direct quantification method, can be used only as
comparison between two or more conditions, or simply to evaluate presence/absence of a
proteinhapter 4 of interest. Considering this, it was decided to quantify via ELISA test two among the
cytokines known to be important for angiogenesis, VEFG and EGF , one cytokine directly involved
in both angiogenesis and skeletal muscle growth/repair, HGF [305], and a protein generally linked to
many important processes (i.e. chemotaxis of immune cells), SDF-1 [306]. Unlike EGF, which was
the only that could not be detected, the other factors, expectedly from the array results, experienced

a significant decrease, but could still be quantified.

The confirmation of angiogenetic potential, derived not only from the mechanical effect induced by
contact (in CAM), but most likely due also to factors demonstrated to be retained within the ECM of
mDDs, has a significant impact on the abovementioned (chapter 4) applications for this scaffold. For

TE in particular, adds up to the many features demonstrated, alleging this as an ideal component for
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the delivery of cells or for tissue reconstruction. Moreover, since the presence of almost all of the array
proteins, the similarity to the native reservoir (although reduced) was confirmed to be maintained.
This can both allow for the scaffold to avoid the pre conditioning that usually other types of support
undergo but also, in case the aim is to further enhance angiogenesis, to top up the matrix with a lower
amount of chosen factor. In this respect, having quantified some of the cytokines most important for
angiogenesis, could be the initial step for a tunable control of this process. This, for instance, might
be the case for VEGF, since gradient of this molecule are known to regulate proliferation and

sprouting process of ECs [307]

4.3.2 Scaffold-driven angiogenesis in vivo

Aiming at the completion of the characterization, we decided to further analyse the angiogenic
potential in vivo. At first, it was used a common method to evaluate angiogenetic potential of both a
cell population or a contruct, namely subcutaneous implant, which was considered as preliminary
setting to confirm CAM assay results.

It was chose to use as recipient a GFP+ mouse, hypothesizing that this would have helped to mark
and recognize the vessel forming host eventually formed. Implanted patches of mDDs where then
analysed 7 days or 15 days after surgery. Moreover, explanted mDDs were used for Drabkin assay (ref

da sigma datasheet), which is used to quantify haemoglobin, to confirm presence of functional vessels

in the scaffold.

At both time point, GFP+/SMA+ vessels could be detected via IF, indicating a complete integration
of hosts vasculature. Functionality of these vessels, was confirmed as the explanted tissue,
subsequently to the application of Drabkin protocol, displayed at both time point the presence of
haemoglobin and of blood flow consequently. Interestingly, while at 15 days the totality of vessels
SMA+ in the scaffold where GFP+ as well, after 7 days from implantation displayed a dual situation
instead, with vessels either SMA+/GFP- or SMA+/GFP+, hinting that not only our DET could have

preserved the innermost (as intima was depleted) connective layer, but also the hollow structure of
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media. Hence, taking a step back, SMA IF, performed hunting for SMA+ vessels in the mDDs, turned
out positive, as such structure even though collapsed, could be detected indeed. Just to have a hint on
whether these leftover vessels, on top of the overall ECM properties, could be recognized thus
interacting with cells, HUVECs, a cell population known to be able to form capillary-like networks
[308]were seeded on mDDs. Surprisingly, after 48h of interaction with the scaffold, cells seemed to

have not only migrated toward vessels, but also to have arranged into their natural location.

After evaluating the effects of subcutaneous transplant, the next step was to proceed with the analysis
of angiogenetic response in a setting that could better validate the scaffold properties for a clinical
use, namely the orthotropic transplant in a healthy diaphragm. This, was the ultimate scenery chosen,
hence it was in this model that angiogenetic potential and host response were assessed. Since the
prolonged contact of any device, either synthetic or biological, result always in a FBR, which in turn
activates angiogenesis during the cascade of events involved [261], it was decided to add a further
control. On top of the diaphragm healthy condition, the implantation of PTFE, the gold-standard
material used for such applications in clinical settings [155,309], hence the ideal material for a
comparison with others [253], was added as FBR comparison condition. Again, time point of implants
were 7 days (known as the peak of FBR), and 15 days (far enough to evaluate chronic responses).
Outcome of mDD vs PTFE displayed an extremely marked difference in all the analysed aspects, some

expected (i.e. a synthetic material cannot be remodelled), and unexpected

To start, histological analyses (colorations and IF) revealed in mDD implants a remodelling consistent
with the previous results, both from cell migration (chapter 4) and angiogenesis potential (outlined
above) points of view, whereas the PTFE seemed to have elicited an abrupt response, which after 15
days appeared to have stabilized. Precisely, recipient CD31+ cells could be detected in the ECM of the
biological scaffold, as well as functional and leftover vessels, of which the latter decreased in time. The
presence of functional vessel was detected two ways i) through staining for vWF, a protein belonging
to both platelet and ECs secretome [310], thereby indicating the constitution of both epithelium and

blood flow in SMA+/vW{+ vases and ii) by detection of the dye Evans Blue, a compound with a use
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comparable to isodextran, in the vessels [311]. PTFE implants instead, while displaying the presence
of CD31+ only inside functional vessels (detected this time only with the first method), appeared to
have elicited angiogenesis more rapidly, but with a different aim. Indeed, distribution among the size
of the vessels found in the two environmental settings, in the case of mDD after 15 days resembled a
normal tissue, whereas the synthetic material at first seemed to recall a normal distribution, which
later regressed. The possible explanation for this dissimilarity could be that the already exhibited pro-
regenerative and immunomodulatory properties of the scaffold developed in the present study,
resulted in a coherent angiogenetic response alongside. In contrast, the inert synthetic material, being
not recognized as natural by the recipient, elicited the previously hypothesized baseline FBR. In both
cases indeed, a response coherent to normal biological processes was stimulated [312]. While the
latter was aimed at managing the intromission and restoring the normal physiology (as seen after 15
days), creating vessels aimed more at delivering host immune cells efficiently, rather than constituting
a remodelled tissue, the mDD transplanted instead was recognized as tissue to be remodelled and
reabsorbed, stimulating a regenerative angiogenesis, thus aimed at stable functional vessel,

simultaneously.

The striking difference among the two situation was further confirmed with the same protein array
used for angiogenesis protein detection (4.3.1). Indeed, the pattern displayed by PTFE implants
reflected the hasty effect hypothesized, with an intense increase observed after 7 days, when compared
to mDDs. Intriguingly, both patterns in most of the cases appear to trend similarly, by increasing or
decreasing after 7 days, to then tend to baseline (healthy diaphragm), suggesting that, although with

different aims, some extend of overlap had occurred in the responses.

The understanding of construct-host interactions is essential to avoid any adverse effect by both
modulating FBR (i.e. graft vs host) and enhancing regeneration (i.e. functional integration). These
two feature, were demonstrated to be directly interconnected, widening the aspects to look after while
developing a TE approach. The mDD this way proved to be a promising material, adding to its list of

desirable features, the pro-angiogenesis potential. Precisely, the ability to modulate the immune
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system reflected on the FBR, which was driven towards a constructive remodeling, resulting in the
induction of the myogenic program and ultimately into a restoration of normal condition (healthy
environment) or amelioration on the way to it (atrophic model).

The proteins which displayed an inverse or different pattern compared to the PTFE, are involved in
several aspect of angiogenesis, however, if taken together seem to endorse the hypothesized difference
between the two mechanisms. Specifically, while in the case of mDD these mirror a coherent time
course of events, leading to stability (turning off the responses and actualizing maintenance), the
intensity of protein expression still found after 15 days from PTFE implantation support the idea of

a chronic response elicited by the perpetuated contact with this non-absorbable material.

Since angiogenesis and its machinery are undeniably a complex topic, yet to be completely
understood, it is of fundamental importance to deepen investigation on the interactions between the
scaffold and the host, unveiling the specific players from both sides, either cellular, mechanical or

molecular.
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Chapter 6 : Diaphragm-derived decellularized scaffold as

potential tool for CDH repair

6.1. Introduction

6.1.1 Diaphragm muscle

The diaphragm is the largest of the respiratory muscles; with a unique shape of a modified half-dome
made of musculofibrous tissue, it separates the thoracic from the abdominal cavity. Formation of this
muscle is made up by four embryologic components: the septum transversum, the pleuroperitoneal
folds (PPFs, two in total), the cervical myotomes and the dorsal mesentery. During development,
muscle precursors migrate from the dermomyotome of cervical somites following guidance cues
provided by the somatopleure substructure, then localize in the pleuroperitoneal fold. Next,
concomitantly with phrenic branch outgrowth, diaphragmatic myoblasts migrate from the fold and
fuse to form muscle fibers, which then extend from i) the lateral aspect of the septum transversum to
the body wall in the costal areas and ii) the esophageal mesentery to the dorsal aspects of the crural
region. The tendinous central portion, namely the central tendon, derives instead from the septum
transversum, which eventually becomes surrounded by the growing muscle fibers. Once fully
developed, these are disposed concentrically from the central tendon to the rib cage, so boundaries of
diaphragm muscular portion will be the lower sixth rib (bilaterally), the posterior xiphoid process,

and the external and internal arcuate ligaments [313].

While several structures traverse the diaphragm, distinct apertures of the diaphragm are three, and
exist to allow the passage of the aorta, esophagus, and vena cava from the thoracic to the abdominal
cavity. The aortic aperture is the lowest and most posterior of the openings, lying under the median
ligament at the level of the 11-12th thoracic vertebrae. The esophageal hiatus opens ventrally next to
the aortic, but is fully surrounded by muscle and lies at the level of the 10th thoracic vertebra. Last
and highest of the openings, vena cava crosses the diaphragm at level of the disk space between the

8th and 9th thoracic vertebrae. Arterial supply to the diaphragm comes from the right and left phrenic
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arteries, the intercostal arteries, and the pericardiophrenic and musculophrenic branches of the
internal thoracic arteries. Venous drainage instead occurs via the inferior vena cava and azygous vein

on the right and the adrenal/renal and hemizygous veins on the left.

The diaphragm receives its unique neurological impulse from the phrenic nerve, which originates
primarily from the 4th cervical ramus but also has contributions from the 3rd and 5th rami. It is
important to remember that muscles in the diaphragm are striated though belong to the skeletal type,
hence respiratory functions are not controlled by the involuntary nervous system (sympathetic and

parasympathetic) (Fig. 6.1).

Stemocosaal irignghe

Stedtial pasvol diophragin Antesior biracch of kel pheenic nerve

Anterior hiranch of nght pheenic aeny Castal port of duphragm

Right ineertor pheenic anery Cendral tesdon of diaphragm
[sophageal hiatus

4 Fibers from rght crus passing
Right <rus of diapheagm to heit of esophageal hats

Leitinferioc phrenic artery
Recurrent branch 1o csophagus
Anterior branh

Cavalopening

Caeater tharacic splanchnic nerve

Lesses tharacic splanchiic nerve

Ao v L . Laterad beanch

Loast theeaok - A % L el superion

splanchnic oene / . . ‘ Spraeenal atery
g Nt Ledt phyonic nerve
Costal part & J
of diapheagm N ' 4 ¥ o A :

| 2
| | lr | .
L ] I N, Y 3 Lofe orus ol

diaphragm

Transversus
abdomires
mwsscde

N

Lumbocostal irangle
12th rib

Loters arcuate ligamert

Lumdac part of disphragnn

Quadratys Y - 3 a : 2
lambsoram masche . Medkal arcuate ligament
Transuerse pencess of L1 vestebra o

Props major muscie

Aoetic hilatus

Y4
& sa Median arcuate Sgament ‘x

minal a0t Chachpdh
rir

©@ ELSEVIER. INC. - NETTERIMAGES.COM N
Figure 6.1: Overview of human diaphragm from abdominal side (from Atlas of Human Anatomy - 4th
Edition. Author: Frank H. Netter).

Sympathetic trank
Celisc burnk

108



Functional and histological analyses revealed that most of the diaphragm fibers are the type I (slow
twitch, oxidative type). Indeed, the mean relative proportion of these was found to be about 50%, the
remaining proportion being evenly divided into type Ila and IIb fibers (fast twitch,
oxidative/glycolytic type and glycolytic type, respectively) [314]. As normal respiration is dependent
on the diaphragm functionality. Contraction of the diaphragm has following functions: (i) decreasing
intrapleural pressure, (ii) expanding the rib cage through its zone of apposition by generating positive
intra-abdominal pressure, and (iii) expanding the rib cage using the abdomen as a fulcrum. Therefore,
it is important to understand how different diseases and disorders result in diaphragm dysfunction

[315].
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6.1.1.1 Disorders that can affect diaphragm

When normal activity of the diaphragm is disrupted, as result of any damage or defect, respiratory
dysfunctions occur. Although our body is able to intrinsically compensate the decrease of
diaphragmatic function, it cannot successfully restore compromised respiration resulting from a
significantly lowered or absent excursion of the diaphragm. This inability to provide adequate
negative intrathoracic pressure leads to decreased ventilation, which in turn lowers the amount of
oxygen provided to the alveoli.

Diaphragm disorders are typically classified into two broad categories: congenital and acquired. The
most common cause of acquired diaphragmatic disorders is trauma, which is usually a rupture that
can occur secondary to both blunt and penetrating trauma. Examples of the latter are motor vehicle
accidents and direct perforation through gunshot or stab wounds. For blunt trauma instead, several
theories have been postulated regarding the mechanism of rupture, including shearing of a stretched
membrane, avulsion of the diaphragm from its points of attachment, and sudden force transmission
through viscera acting as a viscous fluid. Conversely, congenital defects take place due to genetic
disorders that affect the development or the correct function of the diaphragm. Congenital
diaphragmatic hernia (CDH) is an example of disease that occurs when the muscular entities of the
diaphragm do not develop normally, usually resulting in displacement of abdominal components into
the thorax [3]. Specific origin and different type of CDH will be further discussed in 4.2. In general,
any myophathy involving the skeletal muscles results in the decrease of muscular development and
function of the diaphragm, as i.e. result of atrophy or dystrophy.

The most known and common myopathies are dystrophies, such as Duchenne’s muscular dystrophy
(DMD) and Myotonic Dystrophy 1 and 2 (DM1, DM2), followed by atrophies, for example spinal
muscular atrophy (SMA). Although genetics behind each disorder are heterogeneous, usually
outcome result in similar effects. For example, in DMD the main symptom is muscle weakness
associated with muscle wasting and the voluntary muscles being first affected. Symptoms and signs
classically associated with DM1 are generally mild and involve the smooth muscle (including gastro-

intestinal symptoms), hypersomnia (daytime sleepiness), muscle wasting, dysphagia, and respiratory
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insufficiency. In SMA, symptoms vary depending on the disorder type, the stage of the disease and
individual factors, and may include: areflexia, marked hypotonia of muscles, difficulty in achieving
developmental milestones, difficulty sitting/standing/walking, respiratory distress, bell-shaped torso
(caused by using only abdominal muscles for respiration), and fasciculation (twitching) of the tongue.
Several animal models have been made to investigate which genes could be responsible of each
pathology or to evaluate clinical approaches to ameliorate the condition of affected individuals. For
example, mdx is a mouse model that lacks dystrophin, which absence is known to be one of the
reasons of insurgence of the DMD [316]. Instead, in HSA-Cre,SmnF7/F7 mouse model, the absence
of the protein Smn mirrors the lack of the same protein that causes SMA in human, resulting in an
atrophy of the muscles [266].

Since the diaphragm belongs to the skeletal musculature, as soon as progression of the disease extends
to it, affected individuals exhibit breathing difficulties that can ultimately result in death. Indeed, most

common cause of death, next to heart failure, is respiratory insufficiency.

6.1.2 Congenital diaphragmatic hernia

Any event that interferes with the integrity of diaphragm structure, leading to an opening through
which abdominal organs can herniate into the thoracic cavity, is categorized as diaphragmatic hernia.
If the opening is caused by incomplete development due to a genetic disorder, it takes the name of
congenital diaphragmatic hernia (CDH), otherwise it is generally registered as traumatic or acquired.
With an incidence lower than 1 in 2500 live births, CDH accounts for 8% of birth defects and 1-2%
of infant mortality [317].

Location where the incomplete closure of the diaphragm occurs can be different (figura difetti) and
each type of hernia is categorized accordingly. When the defect is present posterolaterally (either
side), it is called Bochdalek hernia (70-75% of the cases). Alternatively, 23-28% of the cases are
represented by Morgagni hernia, located ventrally close to the sternum, while remaining 2-7% is just
described as central hernia (Fig. 6.3) . The size of defect in Bochdalek hernias is described by the CDH

study group classification from A to D accordingly [155], determining the severity of the symptomps
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(Fig. 6.3, inset). Associated mortality rates rise with the severity of the defect or concomitant
malformations (i.e. 2% in A, 61% in D), because the bigger the opening, the more it is accompanied
by herniation of the stomach, intestines, liver, and/or spleen into the chest cavity (Georgescu), with
topical decrease in lung performance consequently. Although majority of this types of hernias
originate on the left or right side (85% and almost 10% respectively), there is also the change to
develop the defect bilaterally (5%) [318].

Lastly, in rare cases, fetus is missing almost a complete side of the diaphragm, which thus far is a
condition resulting in no survival.

In general, the 40% of CDH cases are present concomitantly with other defects, for example
congenital heart defects, which occurs in the 20% of CDH patients [309].

Examples of Congenital Diapragmatic Hernias sites

Foramen of Morgagni
Severe type (Agenesis of large portion)
Oesophagus hiatus

Foramen of Bochdalek

Defect Type A Defect Type B
i A

Defect Type C Defect Type D

e=x

Figure 6.3 Types of congenital diaphragmatic hernias (inset, classification accordin CDH study group)
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6.1.2.1 CDH Pathogenesis

Throughout the years, many were the hypothesized mechanism behind CDH, which pathogenesis
thus far, remains poorly understood.

One of the oldest hypotheses was the existence of a link between retinoids and the devolpment of the
defect. This was effectively demonstrated in rats, where variations of Vitamin A in dams’ diet during
gestation led to different incidence in the offspring. Indeed, lack of Vitamin A increased CDH
insurgence to a frequency of 25-40% of live born pups, while restoring a normal diet during gestation
decreased number of CDH cases (49 cate). More recently, significance of retinoic acid pathway was
not only confirmed for diaphragm development, but also for organogenesis in general (91, 24 cate).
Through the use of molecules able to interfere downstream or upstream the pathway, it was also
possible to model the defect in animals. A well-known example is the nitrofen-induced rat model of
CDH, which as name suggests take advantage inhibitory action of nitrofen on retinal dehydrogenase
RALDH-2. In humans, risk of CDH development is thought to increase in association with smoke,
alcohol, obesity, drugs and immunosuppressive mucophenylate mofetil as well [319].

Interestingly, there seems to be a connection also with multiple genetic disorders, as in the 10-35% of
patients affected were found chromosomic alterations associated with other pathologies.
Complete/mosaic aneuploidies, deletions or duplications are only some of the defects detected. For
example, common in child affected by Morgagni hernia, is the aneuploidy cause of the Down’s
syndrome, the trisomy 21. Another example is the tetrasomy 12p, which is a copy number variation
disease, known as Pallister-Killian syndrome [320]. A recent study, linked the expression of Gata4 to
the development of CDH, as deletion of this gene led to formation of a lateral opening in the
diaphragm. Surprisingly, this gene was expressed only by connective tissue cells of PFFs, but not by
myogenic cells, revealing the significance of connective tissue during tissue morphogenesis (Merritt
2015). This work was in line with previous knowledge of 3-5% of CDH patients having the 8b23.1
deletion syndrome, which involves genes Sox7 and Gata4. In general, genomic characterization of
CDH patients revealed that more than 20 genes have mutations, thus gene-disease correlation cannot

be clarified yet.
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6.1.2.2 Associated morbidity and causes of mortality

Mortality associated to CDH has to date a range varying from 42 to 68% of cases, mainly depending
on size of the defect (58 cate). As described above, pulmonary distress due to the inadequate pressure
of the thoracic cavity, caused both by the hole itself and by other organs herniation, results in
hypoplasia or hypertension of lungs [309].

Herniated organs, not in their physiological location anymore, can be functionally impaired as well.
Oesophageal reflux is one of the most common resulting additional defects (45 to 89% of CDH),
which, concomitantly to other issue, often leads to poor growth with failure to thrive in the first year
of life (58). Also, causes not directly connected with involved organs were reported. Delays in control
of motility, neurodevelopmental and even language problems, on top of behavioural disorders, have
a rate that varies between 12 and 77% of cases. These defects can probably be associated to alteration
in oxygen supply caused by respiratory dysfunction, which negatively reflect on correct brain
functions. Extracorporeal membrane oxygenation (ECMO), a current treatment for CDH, can
represent a higher risk in this sense as well.

At least, obstruction of the organs don’t belonging to thoracic cavity can impair correct muscoskeletal
development of the thorax itself, resulting in deformities such as pectus deformities, asymmetry of
chest wall or scoliosis. Moreover, use of non-elastic patches for hernia repair can increase incidence

of these deformities [230]

6.1.2.3. Diagnosis

Since human diaphragm begins to develop at the third week of gestation, being complete by the eighth
week, congenital defects take place quite soon. However, current prenatal diagnosis is possible in
about 80% of cases. Abnormalities are usually detected via sonography or echocardiography, which
allows to detect eventual heart dysfunctions as well. Furthermore, magnetic resonance imaging (MRI)

is the election methodology to detect herniated organs. Alternatively, diaphragmatic hernia can be
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detected indirectly by the means of the impairment caused in lung development. Methods used with

this aim are MRI lung volumetry or expected lung head ratio (O/E LHR).

If for some reason CDH remains undetected until birth, it is still possible to evaluate whether is
present by checking newborn symptoms, such as respiratory or feeding problems, then confirming

suspects with chest radiography [321].

6.1.2.4. Current treatments

Approaches to CDH are currently focused on facing the issues resulting from the defect two ways: 1)
intervening on the lung located on the side of the opening to help its correct development and/or ii)
close the gap using prosthetic meshes.

Fetal endoluminal tracheal occlusion (FETO) is a technique developed aiming at i). However, its use
is not evenly approved hence to date is applied only in cases of high risk for the patient.
High-frequency oscillatory ventilation (HFOV), to prevent trauma or extracorporeal membrane
oxygenation (ECMO), which uses a heart-lung artificial machinery to purify the blood from dioxide
carbon and to oxygenate it, are other methods to help lung recovery and increase survival rate .
However, ECMO, which is a very invasive technique, has not proven significant survival benefits yet.
As alternative therapies, molecular intervention via the local delivery of specific molecules that could
help lung development and growth were tested. Two examples of these approaches were nitric oxide
(iNO) and sildenafil: while the former was unsuccessful to the point that patients continued to need
ECMO, with any decrease in mortality, the latter showed some successes, functioning as a pulmonary
vasodilator [309,321]

Surgical closure of the gap via thoracotomy or laparotomy is currently the standard procedure for
hernia repair, concomitantly with the restoration of the original location of the herniated organs.
Closure approach depends on size and position of the opening, with a 60 to 70% of cases resolved
with primary suture repair (small defects). In cases where size of hernia is too extended to allow the

abovementioned technique, surgeons will need a prosthetic or naturally-derived mesh. Examples of
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natural meshes are autologous tissues such as abdominal/thoracic muscle flaps, free fascia lata grafts
or, more recently, xenogeneic acellular matrices [158], while prosthetic materials can be
polypropylene meshes, reinforced silastic sheets (made of silicone) and combinations of PTFE
(named often by its commercial name Goretex®) alone or with other materials. Although the latter
was registered to be the material currently used most frequently (81% of cases), it is not free of
disadvantages and limitations [23]. Being an inert material, on one hand it has an elevated durability,
but on the other is non-functional and does not comply patient growth. Moreover, although as foreign
body it triggers neovascularization and fibrosis, patient tissue does actually not grow within the graft
(Meyer 2015). At last, its lack of compliance due to inadequate stiffness, compared to diaphragm
elasticity and fluidity, is associated with spinal/thoracic/abdominal wall deformities, as well as
detachment of the patch resulting in recurrence of herniation [322,323].

Other possible complications that may rise after surgical treatment are associated with adhesions,
infections and short bowel obstruction.

All these drawbacks have encouraged the development of biologic and cell-based engineered

constructs, opening the way to regenerative medicine and tissue engineering approaches.

6.1.3 Clinical and pre-clinical evidence for TE-based solutions for CDH

Thus far, eight patients affected by different diaphragm defects were treated using an acellular
matrices either from human acellular dermis (HADM), porcine acellular dermis (PADM) or a fetal
bovine dermal mesh (FBDM). It is important to underline that these were all traumatic defects hence
outcomes do not and cannot fully reflect those in paediatric patients. Cases and follow up outcomes
are summarized in table 5.1.

Choice of biological meshes was done due to the results acellular matrix had thus far. It was felt that
synthetic meshes would have been a high risk for infection, adhesion and eventual recurrence,
whereas biological properties were demonstrated to be more compliant, less adhesiogenic and to have

vascular ingrowth stimulating cell turnover and proper remodeling.
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Indeed, with the aim of supporting clinical scaling of TE applications for CDH repair, several
prospective animal models and several repair approaches have been studied. However, as described
in the previous chapter, besides the effective TE approaches summarized in table 2, the other
approaches were more focused on evaluating outcomes using different types of repair patches by
means of scaffold-only transplantations [230,253,323,324].

Ideally, right after prenatal diagnosis of a diaphragmatic defect, patient cells (or other non-
immunogenic but myogenic cell sources) would be cultured and combined with autologous or
xenogeneic acellular tissue readily available for surgical correction after birth.

Although by then, PTFE stand still as gold standard for CDH closure, it is foreseeable that further

diaphragmatic engineering will find its way into clinics.

6.2 Results

6.2.1 Experimental design and pilot implants

As it was never tried in mice, the surgical model of CDH needed to be accurately designed and
standardized. With this aim, pilot experiments were performed in order to create a hole (which at
first was of approximately 3x2 mm) in the left side of the diaphragm of B6 mice, mimicking the type
A Bochdalek hernia phenotype. Patches of mDD (prepared as in chapter 3) were tailored to fit the
opening then used to cover the defect. Alternatively, implantation of PTFE patches of same size were
considered the control treatment. Sacrifice was done after 15 days (mDD implantation only) and after
30 days (for both conditions). Number of animals used, along with overall survival rates, are

summarized in table 5.1.

Table 6.1|Pilot experiments implants

Set of implants Animals/scaffold implanted Survival percentage starting weight (g) Harvest (days p.i.)

#1 3mDD 33,3% <20 15
#2 2mDD and 1 PTFE 66,7% <22 and <30 30
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At all conditions, after both time points, implanted material stayed in place, managing to keep the
defect covered (Fig 6.4). As expected, mDD patches were distinguishable from the surrounding tissue
only for the sutures, whereas PTFE, being non-absorbable, was visible but partially covered by a layer
of host tissue (Fig. 6.4, 30d p.i. PTFE, red circle). Liver was found in adherence.

To evaluate inflammatory state and structural integrity altogether, double IF directed against laminin
and CD11b (a pan-macrophage marker) was performed on the samples. Remarkably, while 15 days
post mDD implantation several inflammatory cells (CD11b+ cells) were present at the site of injury,
with the scaffold being rapidly digested, remodelled and surrounded by small fibers (indicating
regeneration, Fig. 6.5, CD11b-Lam IF), after 30 days both the defect and mDD patch were completely
absent. Importantly, unlike PTFE implants, which were still injured and filled with immune cells, the
muscle seemed to be still regenerating, as a strong indication of scaffold pro-regenerating properties

(Fig. 6.5).

Pre-implant

Fig 6.4 Macroscopic appearance of either PTFE or mDD 30d p.i.

Continuous stitch helped the detection of the implanted materials; While 30 d p.i. PTFE was trapped in the
recipient FBR capsule, with some end still visible (red circle), 30d p.i. mDD was undistinguishable from host

tissue.
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A mDD

DAPICD11bLam

Fig 6.5 Comparison of the immune response and closure attempt by mDD vs PTFE

Closure repair efficiency of mDD vs PTFE; A) 15 days p.i. the opening could be distinguished but displayed a
high number of new forming fibers (inset), which resulted in gap closure 30 days p.i. ,whereas B) in PTFE

implants the defect was still present.

While these preliminary experiments proven useful for the standardization of the procedure, as well
as displaying host response upon implantation, it was felt that a type A defect was not really
reproducing the clinical condition wusually requiring mesh implantation, often non syngeneic.
Consequently, not only the testing was shifted to an allogeneic implantation ( B6 derived mDDs on
BALB/c recipients), but also a larger defect was set (approximately 66 mm?). Lastly, as it was
hypothesized that to appreciate regeneration of a more severe defect, more time would be needed,
time points were prolonged from 15 to 30 and from 30 to 90 days respectively. The experiments
performed after this pivotal set were then considered as experimental phase. Below are summarized
the experiments performed thus far , as well as reported body weight before/after implant (at time of

the harvest).
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Table 6.2| Summary of CDH experiments

Setof Animals/scaffold Survival Harvest
. . starting weight (g) final weight (g) .
implants implanted percentage (days p.i.)

23 24 30
#3 2mDD 100,0%
25 28 90
28 32 30
#4 2 PTFE 100,0%
28 41 90
#5 1 mDD 100,0% 31 38 90
#6 1 mDD 100,0% 31 28 30
26 28 30
#7 2mDD 100,0%
27 28 90
30 34
#8 2mDD 50,0% 30
36 N/A
#9 2PTFE 0,0% N/A N/A N/A
#10 1 PTFE 26 28
100,0% 30
#11 1 mDD 32 34
36 37
#12 2 PTFE 100,0% 90
28 24
24 28 30
#13 2 PTFE 50,0%
N/A N/A 90
27 23 30
#14 2 PTFE 50,0%
N/A N/A 90
28 Ongoing
#15 2mDD 50,0% 90
N7A N/A

6.2.2 mDD vs PTFE implantation in CDH surgery model

A total of 20 mice underwent surgical creation of defect, which was covered with either mDD patch
or PTFE patch straight after. The overall survival percentage was averagely 71,4% (higher than in
pilot experiments). Of the remaining 28% deceased, only one mouse did not survive further than 10
days after surgery, whereas the other animals mortality was registered within 48 hours, probably due

to poor recovery after the surgical procedures.
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6.2.2.1 Macroscopic appereance, diaphragm excursion and histological outcomes

Symptomatology of mice during time, along with the appearance of recipient diaphragms at moment
of harvest, confirmed that no host vs graft reaction occurred, thus confirming the non-
immunogenicity of both materials. Thirty days after surgery, animals underwent a chest echography
(n=X). BALB/c mice, used as untreated controls, allowed estimating the excursion of the left hemi-
diaphragm to a mean 1.26 + 0.01 mm during normal breathing. 30 days p.i., while PTFE mice
displayed and excursion of the treated side of 0.67 + 0.23 mm, mDD-implanted diaphragm ranged
0.63 + 0.12 mm, significantly lower than the control, but not to the synthetic mesh treated mice (Fig.
6.6 D). At the later time point instead, echography displayed a significant increase in the mDD-
implanted animals (0.80 + 0.03 mm), while also the excursion of PTFE-implanted increased, but to a
rate which was 143% of the baseline control.

Macroscopically, mDD seemed to have well integrated with host diaphragm, without displaying any
sign of detachment or re-herniation, whereas PTFE was not as efficient. Indeed, while in all cases liver
adhesion occurred, in _ implants done with PTFE it manage to herniate into the thoracic side as well
(Fig. 6.6 A, PTFE, dark gray circle)). More importantly, as displayed in chapter 4, blood vessels
extended also in the mDD, while due to its composition, PTFE could not be invaded nor integrated
with the host. Implants harvested at the later time point, did not display any particular macroscopic
difference: the mDD implant was still distinguishable only by the sutures, whereas PTFE was still
covered by a dense layer of connective tissue. Remarkably, while the excursion with the first seemed
to be ameliorating after 90 days, the latter had negatively influenced the diaphragm of the recipient,
as the excursion was springing from one to the other side, probably due to the stiffness of the PTFE
(Fig. 6.6 B).

Histological analysis confirmed the different action the two types of materials did. The implanted
mDDs underwent high remodelling, and were found almost completely digested. Indeed, thickness
of mDDs was averagely 104.4 + 19.68 um in the middle part; significantly lower (P < 0.0001) than a
mFD (234.63 £ 9.24 um), to further decrease, as found in the later time point (38,44 + 2,217 um).

Despite this, as seen macroscopically, the defect was not present anymore (Fig. 6.6, C, mDD. Being
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inert, PTFE was unchanged after all time points (around 170 um). In particular, HE stain confirmed
the previous seen migration of the host cells, which will be described deeper in the next section. MT
stain instead revealed the fibrosis occurred in both samples. Precisely, implanted PTFE was
surrounded by a dense fibrotic capsule while host diaphragm on the sides looked scarred, whereas on
the contrary, although some extent of fibrosis was detected at the edges, most of the connective tissue
marked by the coloration was the leftover mDD in the defected area (Fig. 6.6, MT, blue areas). These

results were in line with the remodelling seen in Chapter 3.
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Figure 6.6 Macroscopic appearance and first measurements of mDD vs PTFE implant.

Outcomes after 30 days and 90 days from implant. A) Macroscopically, while mDD was well integrated with
recipient muscle (mDD, light gray circle), PTFE displayed recurrence of the hernia (dark gray circle); B) TO
confirm integration, it was evaluated level of remodelling in the central area; C) overview of the defected area
covered with either mDD or PTFE, through time; D) diaphragm excursion was measured via echography.

Arrow=0esophagus hiatus, H=Host, L=Liver. Scalebar=100 um.
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6.2.2.3 Cellular response upon implantation

In the interval between 30 and 90 days, besides MyoD, which appeared to be slightly increased, the
other analysed markers decreased. Interestingly, while displaying this trend, the proportion between
PTFE and mDDs seemed to be maintained (Fig. 6.7). To be more detailed, the amount of Ki67+ cells
was still not significant among the two conditions, as it was in the earliest time point (Fig. 6.7, B, D,
both ns in Ki67). On the inflammatory side, CD68+ cells were more abundant in the PTFE implant
than in the mDD, but then again the statistical difference from 30 to 90 days was kept (Fig. 6.7 B, D,
both p < 0.05 in CD68). Last (thus far), MyoD was evaluated to determine the myogenic population
response specifically. In this case, it was detectable in the mDD implants (Fig. 6.7 A, B, MyoD),
whereas in the PTFE-implanted diaphragm it was very difficult. Hence it was thought of using another

way to evaluate the effects of both scaffolds on such population, namely the gPCR.

All the result, calculated as fold change over the housekeeping gene f2 microglobulin (B2m), in any
case, resulted significant among samples nor time points, since thus far only one set of samples was
analyzed. Despite this, although only at transcriptional level, qPCR allowed to detect several myogenic
markers, as well as providing a hint of the effects yielded by the implants. These, are summarized
below.

Myf5. Expression was found to be lower than all other samples in both time points after PTFE implant,
whereas mDD-implanted diaphragms had a comparable expression through time, slightly inferior
than control (Fig. 6.7, A).

MyoD. The condition displayed at transcriptional level mirrored the issues experienced while trying
to detect MyoD at protein level via IF. Indeed, control and equally PTFE-implanted samples
expression levels were much lower than the ones measured for the mDDs (Fig. 6.7, B).

Mpyogenin. As seen for MyoD, the synthetic material did not seemed to have elicited an increased
transcription of this gene. On the contrary, it appeared that the biological scaffold had much higher

effect in this respect (Fig. 6.7 C).
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Myh3 and MyHC. These early (the first) and late (the latter) differentiating markers had a different
expression pattern. Apparently indeed, there has not been any change in mature fibers amount (Fig.
6.7, E), which were probably still in the early generation phase, as depicted by Myh3 expression.
Moreover, besides the marked difference among PTFE-implanted and mDD-implanted samples, in
the first case young fibers seemed to decrease through time, whereas in the second levels behaved

contrarily (Fig. 6.7 D).
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Fig. 6.7 Overview of cellular response in the implanted diaphragms

The response of the host was evaluated both at protein and at mRNA expression level. A) Comparison betwenn
mDD and PTFE at both time point, for the proliferation marker Ki67, the pan-macrophage CD68 and the
myogenic marker MyoD; B) respective quantification of each marker stained with IF; C) gPCR for MyoD , D)

Myogenin and E) eMYHC (Myh3) genes. H=host, L=liver, HC=Host capsule. Scalebar=100um
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6.2.3 Autologous excised tissue as sham

The transplantation of vital autologous tissue excised either from the same animal undergoing surgery
(autograft) or from another donor (allograft), was hypothesized or done by different groups, as
control of the ideal TE construct to be delivered. In our case, an allograft was performed. The portion
of a vital and healthy diaphragm from a syngeneic donor, matching the size of recipient defect, were
excised and implanted to cover the defect. As this was recently done, thus far only histological

coloration of the samples was performed.

6.3 Discussion

The high mortality still associated to CDH, along with the lack of a treatment to be considered
ultimate, displayed by levels of recurrence in the patients managing to survive (ref Llosty2014,
Leeuwen 2014), accounts for the increasing pursuit of the ideal strategy for a stable and positive
outcome. The mortality rates, as well as the recurrence, increase accordingly to the type of defect,
which in turn determines the degree of herniation into the chest cavity (Georgescu), which result in
decreased lung performance accordingly. While approaches to repair the defect were tried also
prenatally (ref), even evaluating to avoid lung hypoplasia via cell therapy in utero (IUT, [325]), the
approach to date most frequently employed is surgical closure of the defect. These, range from
primary closure or muscle flap auto transplant, i.e. for small defects, from the implantation of a
synthetic inert material for mild to severe cases [154,230]. However, the composition of synthetic
meshes often represent a double-edged sword, as on one hand, their non-absorbable structure allows
a long-term preservation, on the other though, especially in large defects, their rigidity can lead to
outcomes such as hernia recurrence (due to tearing) or even structural deformities [24,230]

Regenerative medicine, and subsequently TE, were born while trying to overcome, among other
clinical issues, the problems related to the use of synthetic materials. Ever since, several approaches

were studied, by applying the elements of this interdisciplinary field either alone [323] or combined
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[116]. Amid these, the several features displayed by decellularized tissues allowed not only for
translation of such into clinical trials, among which some also aimed at hernia repair, but also for

their commercialization to large-scale distribution [232]

Previously to the present work, a mouse diaphragm was successfully turned into an ECM devoid of
cells, then, the resulting decellularized scaffold, was characterized confirming not only its similarity
to the original tissue but also its potentiality as therapeutic tool, under several points of view
(Immunity, myogenicity, angiogenetic potential). Next in line towards clinical application of a
decellularized diaphragm-derived scaffold, there is the validation in the environmental setting
reproducing the defect meant to repair. With this aim, it was developed the first mouse model of
surgical model of diaphragmatic hernia [319]. This model was subsequently used in a syngeneic
environment to evaluate the decellularized diaphragm as potential tool for the repair of this defect

compared to the material to date most commonly used (PTFE, [253]).

As expected, mortality rates of the animals were not due to a graft vs host rejection (further
confirming absence of foreign cellular antigens), but mainly because of a poor recovery after surgical
procedure. This is indeed a quite invasive procedure, reason why the surgeons are always pursuing
for the best procedure also from this point of view [21,326]. Among animals that arrived to analyses
endpoint, only one did not experienced weight gain, hence it was further confirmed that poor
outcomes were not related to rejection. The particular differences between excursion of mDD and
PTFE implanted diaphragms during breathing, measured via echography, may have different
explanations, one per implant type, according to each material properties, and one physiological,
which adds up to the other two. Starting from the physiology, the phrenic nerve might have been cut
during surgery, thus removing the motor control of the defected area, resulting in a slower recovery
not yet occurred after 30 days; in CDH this nerve instead finds, during development, other ways
around [318]. The result seen at both time points with PTFE could be due to the stiffness of this
material. Indeed, its lack of compliance may have caused its springing from one to the other side:

every time the force applied by the action of breathing surpasses the yield point, PTFE experience a
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plastic deformation, flicking towards the direction of inhalation/exhalation with a consequent higher
force, thus resulting in a wider range. On the contrary, while at first the thickness and flexibility of
the mDD may impair the fluidity of the breathing movements, the constructive remodelling occurred
after 90 days, along with the thinner hence more compliant dimension of the patch, allow for an
ameliorated movement. As suggested before, both implant type could have started from a further
impaired situation, whether a portion of the phrenic nerve is excised. In general, focusing on the
response gave by the mDD, the outcome was quite positive considering the excursion recovery
experience, along with the lack of recurrence, since one of the scaffold alone concerns is that
reabsorption might be too quick, thereby impairing a full recovery.

Coherently with previously reported outcomes of diaphragm implantation, liver was adherent to the
implant area and, only in defects closed with PTFE, it was observed recurrence (as well in line with
previous reports) [323], precisely by liver herniation. Moreover, again, lack of compliance cause by
the stiffness of the synthetic patch, resulted in some cases in chest deformity due to the strain induced
on the rib cage. Expectations on the appearance of the two implants at the harvest were fulfilled, with
PTFE having the capsule seen 7 and 15 days after implant (chapter 4) whereas not being able to

distinguish mDD from the recipient tissue.

Unlike previous experiments though, the starting condition of the muscle was an injury, hence
microscopically, the regeneration environmental setting was quite different. Nevertheless, as
introduced before while explaining diaphragm excursion, non-defected implant likewise the mDD
experienced an elevated remodelling, becoming thinner during time, a normal consequence of in vivo
remodelling kinetics seen with [259]. This time however, evaluation of the fibrotic response was more
difficult, because the leftover ECM, as well as the FBR capsule, are mostly constituted by collagen
fibers, thus markedly staining blue when performing MT coloration. Even so, if considering only the
two ends of the defect, mDD-implanted diaphragm experienced much less fibrosis than the PTFE-
treated. Additionally, histological coloration also displayed the better outcome of mDD, since higher
number of blood vessels, again in the ends of the defect treated with the decellularized scaffold, along

with small, regenerating fibers, could be found. This difference, could be the result of a less focused
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response in the PTFE implants, which forces to restore the physiological condition are divided into
both trying to repair the defect while continuously engaging a foreign non-absorbable material
through FBR [312,327]. On the contrary, besides the previously demonstrated angiogenetic potential
(Chapter 4) of mDD over the inert material, the other scaffold features collaborate and guide the host
to a constructive response [104,221,328]. This was hypothesized and partially confirmed, also in the
present study, to be happening via the molecules released during that very same constructive

remodelling [223].

The cell response detected via IF, from one hand was in line with the result accounting for the healthy
environment published by Piccoli et. al, , on the other, the molecular biology performed, underlined
important aspects differently occurring, of the myogenic response specifically. Precisely, 30 days post-
implantation, the amount of proliferating cells was less than 5% in both of the implants (coherent
with the published data), whereas the amount of immune cells detected was prominent among the
cell types (while in Piccoli et al. trended to baseline before this time point), but however significantly
different between PTFE-implants, which displayed the higher amount. The myogenic response was
studied in depth also this time, nevertheless, the qPCR results, being two completely different
experimental sets, despite using the same type of control (healthy diaphragm) cannot be compared to
the results seen before. As additional difference, both Myf5 and MyoD appeared to be active in both
implants.In any case, since as depicted i) this environment sets differently from before (injury vs
healthy) and ii) there is already an internal control treatment (mDD vs PTFE), this issues cannot be
considered limiting.

Quite the opposite, comparison between PTFE and mDD allowed to appreciate the beneficial effects
elicited by the latter, as well as being the right setting for testing aimed at clinical treatment of CDH
[253]. For instance, all the myogenic markers analysed, which represent different differentiation
phases, from activated progenitor (Myf5+ overlapping MyoD+) through myoblasts committed to
fusion (MyoD+ overlapping Myogenin) until young formed fibers (Myh3) [329] , were more
expressed in mDD implants. Moreover, while the early phase were stable, the maturing markers

increased over time, whereas the PTFE situation stayed still for all.
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Despite these outcomes, which in comparison to PTFE confirm the potentialities of decellularized
diaphragm as repair alternative to CDH, the defect size of this model sets between the types A and B
Bochdalek hernias. As consequence, although true that the double-edged sword of the neonatal
setting (growth distress on scaffold vs higher staminal potential of recipient cell) was not took in
account, we do not know whether the scaffold only approach would be enough. Indeed, the host cells
alone, even if supported and instructed by the decellularized ECM, could not be sufficient to reach a
functional remodelling/recovery complete enough to be considered adequate for clinical use in larger
defects (types C and D) without additional help [155].

Therefore, as well as in general, there is space for improvement, for example aiming at the completion
of the TE approach, by adding cells, signals or both. This, which was already tried in other models
[154], could represent the right improvement in this model as well, leading to the delivery of a
functional portion of muscle, able to better integrate with the edges of the defects, resulting in the
restoration of a normal condition. With this in mind, the next step of experiments took place: to test
the effects of allotransplant, as control of best condition [116,118,330] and the development of a

recellularization approach, further discussed in the next chapter, aiming at re-vitalizing the muscle.
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Chapter 7 : Evaluation of a recellularization approach

7.1 Introduction

7.1.1 Cells in TE

As described in chapter 1, to fall correctly under the definition of TE, the cellular component must be
added to chosen scaffolding structure. Thus, not only the correct scaffold, but also the choice of an
appropriate cell source is key for a successful approach. On top of the compatibility that cells must
have, that translates in the ability of avoiding host’s rejection, desirable features are high potency,
proliferation and differentiation potential, while being non-tumorigenic. Cell sources are introduced

below.

7.1.1.1 Embryonic stem cells

Originating from the ICM, Embryonic stem cells (ESCs) are the cell population deriving the three
primary germ layers: ectoderm, endoderm, and mesoderm. Thus, this cell population can be defined
as pluripotent as is able to expand into the majority of cellular lines except the extra-embryonic tissues
only, which originate in the trophoblast that surrounds the ICM [331].

Due to the nature of their origin, hindrance towards clinical use of this cell population lies mainly on
ethical and immunogenicity concerns. In fact, while tumorigenic potential could be avoided by
terminal differentiation into the desired lineage (loss of pluripotency), increasing expression of Major
Histocompatibility Complex class I (MHC-I) is observed upon commitment of these cells [332].
Hence, even though in an allogeneic context immunogenicity would be less compared to whole organ

transplantation, some form of immunosuppression would still be required.
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7.1.1.2 Induced pluripotent stem cells

Based on the idea that genetic material of a somatic cell is not lost upon differentiation, but lies
inactivated and intact (40), Takahashi & Yamanaka selected 24 genes that had been associated with
maintenance of pluripotency in ESCs and retrovirally transduced them onto mouse embryonic
fibroblasts. Then, after obtaining colonies with ESC-like properties, each gene was removed one by
one to assess whether there could have been one or more necessary and sufficient to induce
reprogramming. After a huge screening, four were the factors found: Oct3-4, Sox2, c-Myc and Klf4
[333]. Cells resulting from transfection of only these four factor were termed induced pluripotent
stem cells (iPSCs), as they exhibited ESC-like characteristics in the sense of morphology, proliferation

and could form teratomas upon implantation as well.

After scaling to human origin, immunogenicity and ethical issues associated with hESCs were
overcome. Indeed, since human iPSCs can be developed from an autologous biopsy, allogeneic
immunogenicity is not a problem [334]. Still, the tumorigenicity associated to pluripotency remains
a concern. Indeed, although these cells can be re-differentiated to different lineages, they were found
to maintain a sort of memory from the somatic lineage they were derived [335]. Thus, iPSCs are

currently being further investigated and have not scaled up to clinical applications yet.

7.1.1.3 Adult stem cells

In some tissues, cells turnover occurs normally, due to the presence of undifferentiated cells able to
activate, proliferate and differentiate, without exhausting their reservoir (i.e. intestinal epithelium;
skin). In other cases, a particular cell population is activated upon injury, with the aim of
differentiating and restoring normal tissue physiology (i.e. skeletal muscle). As they are found in the
adult, are able to self-renew and usually reside in a defined niche, they are generally defined Adult

stem cells (ASCs). According to potency, they are usually broadly divided in [336]:
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(i) Mesenchymal stem cells (MSCs). They are found in bone marrow, adipose tissue and likely in
other tissues, in close connection to the vascular bed.
(ii) Progenitor cells as the organ-specific stem cells that have either a multipotent or unipotent role

in organ regeneration [for example muscle Satellite cells (SCs), Mesoangioblasts (MABs)].

Many were the studies involving the application of ASCs, but most of them focused on the use of
haemapoietic stem cells (HSCs) and MSCs, which have already found application in clinic for both
allogeneic (55) and autologous (54) transplantation (59-63). While mostly on the cellular therapy side,

a specific TE approach involving MSCs was already applied in clinic as well [220].

7.1.1.4 Amniotic fluid stem cells

With the aim of verifying the existence of a pluripotent cell population in the amniotic fluid, which
was expressing Oct4 both at the transcriptional and protein level (79), de Coppi et al. not only
confirmed the previous report, but also demonstrated that these cells were able to generate clonal cell
lines. Remarkably, they seemed capable of differentiating into lineages representative of all three
embryonic germ layers [337]. Named amniotic fluid stem cells (AFSCs) due to their origin, these cells
are characterized by the expression of the surface antigen c-kit (CD117), the type III tyrosine kinase

receptor of the stem cell factor.

AFSCs can be isolated from the amniotic fluid of humans and rodents and, once isolated, they can be
expanded in feeder layer-free, serum-rich conditions without evidence of spontaneous differentiation
in vitro.

While almost all clonal human AFSC lines express Oct4 and NANOG, which are markers of
pluripotency, they do not form tumours when injected into severe combined immunodeficient

(SCID) mice.
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Interestingly, upon primary and secondary transplantation in mice, AFSCs display a multilineage
hematopoietic potential [338]. In the presence of lung injury, AFSCs not only exhibited tissue
engraftment, but also expressed specific alveolar and bronchiolar epithelial markers.

More recently, AFSCs were shown to integrate and ameliorate both a mouse model of necrotic

intestinal injury [339] and a mouse model of spinal muscular atrophy [266].

7.1.2 Candidates specifically for SMTE

Throughout the years, several cells types were found to reside in the skeletal muscle, revealing
different potential and role in physiological and repair processes of this tissue. Among these more
than a progenitor cell was discovered to be able to take a myogenic fate and to differentiate into
skeletal muscle, both in vitro and in vivo [340] Nevertheless, after all these years the population
considered the main progenitor stem cell, responsible of the majority of the homeostasis of this tissue,
are the Satellite cells (SCs) [341].

Besides resident progenitor cells, which as seen are categorized as ASCs, multipotent or pluripotent
stem cells able to differentiate towards the mesodermal lineage, particularly into paraxial mesoderm,
represent attractive candidates for SMTE.

Depending on the need, different approaches may be chosen, thus influencing choice of the cell
population as well. Indeed, whether the aim is to repair a portion of the muscle or to re-create a whole
muscle itself, ASCs may be preferred over pluripotent stem cells or vice versa. For example, the use of
a population that can differentiate just into skeletal muscle could be considered sufficient to repair a
damaged muscle, grafting functional skeletal units whilst leaving the subsequent muscle tissue
growth, innervation and vascularization to the host’s cells. Nevertheless, as many SMTE approaches
displayed, outcome of the implantation varies significantly depending on scaffold properties as well
(see table 1.1), making thus far unclear which cell population is the best.

Conversely, when considering the substitution of large portion of tissue, things become more
complicated hence making unfeasible the use of just a type of ASC. Since is necessary to give the graft

the adequate support to guarantee its survival and functionality, it is not possible to think of just
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transplanting muscle units, but instead must be delivered a construct as complete as possible to
rapidly integrate with the host. To this aim, cells able to differentiate into one or more germinal layers
represent and advantage, because due to their potential, it could be possible to reproduce the
development of the tissue with just one cell source, thereby ideally obtaining a construct closely
resembling the natural counterpart. Alternatively, the combination of two or more progenitor cells
could be used, prioritizing the structures that can help construct survival and integration. Actually,
this second option was the only one already applied, with the first still being investigated, due to the
time that manipulation and differentiation of pluripotent stem cells requires. In these approaches,
cells to be combined were: i) a muscular progenitor population, to constitute the main component of
the tissue, ii) an endothelial progenitor cell with known ability to form vascular networks in vitro and
iii) cells able to interact and secrete ECM, namely fibroblasts.

In general, when considering which should be the right candidate, on top of the abovementioned
desirable features for cells to be used in TE approaches (section 7.1.1) , cells should not only be able
to reproduce mature skeletal muscle, but also it is highly desirable to reconstitute the natural SCs
reservoir of the muscle. Furthermore, the more they can be expanded in vitro whilst maintaining
these features, the better.

Cells used or considered for SMTE are summarized below.

7.1.2.1 SCs

Being the endogenous organ-specific adult stem cell population, prone to myogenic differentiation
and specialized in muscle growth and repair, SCs show several advantages over other cell sources. Not
only as resident they can be harvested from muscle biopsies, but also unique expression of the marker
Pax7 makes possible to purify such population [342]. Their natural commitment towards the
formation of skeletal muscle eliminates the manipulation that other cells may require to obtain
progenitor cells with same potency, avoiding concerns about possible de-differentiation or tumour
formation. However, this represents a sort of double edged sword, because in vitro expansion often

leads to spontaneous differentiation, with loss of proliferative potential and stemness. Overcoming
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this issue is not impossible though: as this has been linked to loss of contact with their natural niche,
it could be sufficient to reproduce the same environment of the ECM in vivo. By this mean, growth
of these cells in the right environment (i.e. acellular matrix derived from muscle) in vitro, or delivery
in vivo taking advantage of the natural mechanisms that occur during muscle regeneration were tried.
Although a degree of muscle growth and regeneration was found, these studies underlined the limits
that using a single cell population represents, reflecting the complexity of the processes involved.
Indeed, SCs interact with many other cells populations, which are known to help and improve muscle

regeneration [47,343]

7.1.2.1 Muscle precursor cells

A step forward in the myogenic commitment, muscle precursor cells (MPCs) are commonly referred
to as Myoblasts. Although not as stem as SCs, these cells display the same myogenic potential, and
where shown to be able to restore their pool as well. Myoblasts can be considered the effectors of
muscle repair, as they are the cells that, further differentiating into myocytes, will form new skeletal
muscle. These cells are easily harvested and expanded from rodent and human muscle biopsy as well,
in which can be further selected mainly through the specific marker CD56. One of the advantages of
using myoblasts is that they and are naturally more numerous than SCs, which represent only the 4-
5% of the whole muscle population [344]. Unlike their population of origin, there is also a commercial
version of an immortalized line both for mouse (C2C12) and for rat (L6), which therefore can be
ideally expanded endlessly, obtaining high numbers of cells. On one hand, this represents a great
advantage when considering that one of the major limitations in TE is the number of cells, but on the
other hand, their usage is limited in animal models, as the use of such cells cannot be translated to
clinic. Another disadvantage of cell lines is that while being well characterized, they do not really
reflect natural variety.

Though these cell lines are still used also in SMTE approaches, it would be preferable to use primary

cells.
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7.1.2.3 Other myogenic ASCs

Though as mentioned before SCs and MPCs are still the population of main interest when considering
cells for SMTE, one of the main limitations to their usage is the low survival rate displayed in vivo
[150]. as well as low migratory capacity. After many years of studies focused on skeletal muscle
physiology, it is now largely accepted that other stem cells participate, at least to some extent, to its
development and regeneration [345,346]. While displaying a multipotent profile, many of these cells
are able of to differentiate into myogenic cells (upon certain conditions) and to migrate to (or at?) the
site of muscular injury, thus representing a potential alternative to SCs and MPCs. Listed following
are the worth-mentioning populations.

CD133+ progenitors cells: Already considered in a cellular therapy approach for muscular dystrophy,
these cells displayed higher regenerative potential when compared to myoblasts. Moreover, the
adhesion markers expressed right after isolation reflect their migratory potential. Limit to the use of
these cells is due to their low number in the muscle [347].

Muscle derived stem cells (MDSCs): Can be considered an extremely enriched sub-population of
muscle progenitor cells, which are isolated from muscle biopsied after many pre-plating passages,
based on their late adherence when cultured. As CD133+ cells, comparison with myoblasts revealed
a more favourable outcome for MDSCs upon transplantation.

PW1+ interstitial cells (PICs): Multipotential progenitor able to give rise to smooth, skeletal muscle
and to fibroadipose cells, PICs were found to be involved in muscle repair through TNFa/caspase
signalling. Though Pax7- while quiescent, upon injury they can express this marker and assume a
myogenic fate [348]

SK-34: Another interstitial population, these cells express CD34 and Sca-1, but do not express
myogenic specific markers nor CD45. These cells were found to be multipotential, as upon
transplantation, they were able to differentiate into muscular, vascular and neural glia cells [349].
Mesoangioblasts (MABs): So called due to their vessel-associated location and to their mesenchymal
differentiating potential, MABs already reached the pre-clinical large animal level, with promising

results. Another advantage of these cells is the high migratory potential [91].
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Mpyogenic Endothelial Cells (MECs): As the name suggests, MECs express both myogenic and
endothelial specific markers, i.e. Pax7, CD56 (humans), CD144 and CD34. Moreover, they display
osteogenic and chondrogenic differentiation potential. Human MECs were used in a SCID model of
cardiotoxin injury, revealing a more efficient muscle repair compared to myoblasts.

Pericytes: These cells became more interesting as, recently, were found to be closely involved in the
regulation of vessel formation. In vivo, they are mural cells found in micro-vessels in close contact
with both endothelial cells and basal lamina. Pericytes have great plasticity, emerging as a
heterogeneous population able to differentiate into smooth muscle cells, adipocytes, osteoblasts,
chondrocytes and myoblasts. Not only, as for MECs, transplantation in the cardiotoxin-injured
muscle of SCID mice led to positive outcomes, but later it was also demonstrated that pericytes

contribute to muscle growth and satellite cells pool [350].

7.1.2.4 ESCs and iPSCs

Since ESCs and iPSCs can differentiate into the three germ layers, to direct their fate into a specific
one or even more precisely into a particular cell lineage, an accurate and complicated management of
their genetic program is required. Thus far, while generation of functioning muscle cells has been
achieved by forcing the expression of muscle specific transcription factors (such as Myod1, Pax3 and
Pax7 ), these strategies usually yield a population which reflects poor control and reproducibility, as
percentages of the target cell population varies. Among these, there was also a study using
differentiated ESCs to restore a cardiotoxin-injured muscle [351], which on one hand displayed no
de differentiation nor teratoma formation whilst regenerating the muscle and even the SCs, on the
other did not documented the efficiency nor the degree of differentiation of the cells. Lately,
alternative approaches taking advantage of molecules able to modulate signalling pathways to induce
a paraxial mesoderm fate. Although efficiency and precision in the determination of the fate was
increased, length and complexity of the protocol still makes cost and feasibility for clinical translation

a limit [352]
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7.1.2.6 MSCs

Due to their well-known multipotency, mesenchymal stem cells (MSCs) have also been considered as
potential source; moreover, they can be isolated from several adult tissues. Free from ethical issues
compared to ESCs, their myogenic potential has been already elucidated in several studies [353].
Another advantage of these cells, is that they have been proved to have an immunomodulatory effect
as well, hence they adhere to the non immunogenic criteria transplanted cells must have, helping the
regeneration of the muscle. As summarized in table 1, so far MSCs were tested combined with
autologous acellular muscle in a VML and in a CDH model [115,116], but while representing an
improvement compared to other constructs, the outcome of the implantation still resulted in limited

regeneration.

7.1.2.7 AFSCs

Recently, AFSCs were tested in a model of spinal muscular atrophy (SMA), in which these cells were
able to both integrate in the muscle during its regeneration and to replenish the SCs niche [266].
Others, differentiated human AFSCs into myogenic cells by either taking advantage of a combination
small molecule/myogenic environment or by directly forcing the expression of the gene MYOD by
lentiviral transfection [354]. In general, AFSCs proven to have immunomodulatory properties as well,
thus making these cells a potential candidate not only for SMTE but also for many other regenerative

medicine applications [355].

7.1.3 Methods to combine cells and constructs in SMTE

It is necessary to keep in mind that although possible to implant a scaffold alone, either artificially
functionalized or not, thereby relying on endogenous cell population for the cellularization and

remodelling, this approach cannot really be considered a TE approach. In SMTE as well, the
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combination of the cellular component and the scaffold, must be done beforehand. In the past decade,
the techniques tested for scaffold cellularization were many, but can be summarized as follows:

- Incorporation of the cells in a liquid form of the scaffolding material, which is then stimulated
to solidify [91]

- DPlating the cells in particular mechanic condition, thereby ensuring the self-assembly of
autologous secreted ECM [87]

- Seeding of the cells on top of the scaffold, trying to take advantage of either their innate ability
of migrating into the 3D structure, or of the scaffold porosity [116]

- Lately, on top of injecting the cells in the muscular tissue, it cells were also perfused. This
however was possible just because the vascular tree was left intact, as a whole limb was
decellularized via incannulation [92].

In general, the choice of which method to use aiming at re-creating a tissue as efficiently as possible,
not only depends on cell source, but also on scaffold properties. Indeed, if the scaffold is an acellular
matrix derived from native tissue, ‘only’ seeding/injecting or perfusing the cells is possible. This
however does not necessarily represents a limit, because as said the starting structure already closely
resembles the originals’. Next, once determined the method to combine cells with the scaffold, of
extreme importance is the choice of growth condition of the construct. Indeed, to guarantee cell
survival, proliferation and differentiation in the scaffold, is the necessary condition in order to build
an organ or a tissue in vitro, or to stimulate its regeneration in vivo. To achieve this, the construct can
be i) grown controlling and recreating the ideal environment artificially or ii) implanted in vivo right
after combining cells and scaffold, thus taking advantage of the stimuli and nutrients delivered by the
host tissue [220]. While in case of in vivo implant choices are limited to the location in which the
construct will grow (excluding direct orthotropic delivery of the construct, usually a highly
vascularized area), in vitro growth gives rise to a variety of conditions that can be applied. In detail,
culture condition can be static or dynamic. In both cases, it is possible to control cells fate accordingly
to differentiation protocols of given population (i.e. exposing the construct to cytokines, small
molecules or through the variation of nutrients in the medium), but dynamic condition adds variables

that can enhance efficiency of cell integration via mechanical and/or electrical stimulation as well.
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Hence, static condition can be carried out normally, using same culture condition of cell lines,
whereas dynamic condition will require a machinery allowing a further control of the environmental
condition, namely a bioreactor. Ideally, bioreactors can enhance construct cellularization and allow
the growth of larger portions of tissue to even entire organs, allowing the delivery of a more complete

construct.

7.1.3.1 Platelet Gel to support cellularization and graft remodeling

While recreating the ideal conditions for cell growth, survival and differentiation through the
abovementioned conditions, it is also possible to add to scaffold or to cell preparation molecules and
nutrients that can boost and help the preliminary phases of cellularization and, in vivo, constructive
remodelling. To this aim, a potential candidate is represented by platelet gel (PG), a gelatin-like
substance obtaine by activating platelet rich plasma (PRP) took from cord or pheripheral blood, with
either human thrombin or batroxobin, supplemented with calcium gluconate [356] PG is known to
be rich in several growth factors, previously contained in the platelet granules, as PDGF, TGFbetal,
HGF, basic FGF and VEGEF, thereby allow the delivery of a multiple set of factors with a single
preparation. Another advantage of PG is that it has been already employed to improve tissue repair
in orthopedic, oral maxillofacial, dermatological surgery , and muscle injuries, hence is already
clinically approved. Moreover, although PRP was not considered immunogenic so far, it is possible
to reduce risks by concentrating the factors released through a series of centrifugations, as most of
these remain in the supernatant fraction of PG (SPG). Therefore, both PG or SPG can be used for cell
delivery. For SMTE interests in particular, not only it has been demonstrated that PRP favors the
proliferation of hMPCs whilst maintaining either stemness and differentiation abilities, but it is also

considered an useful tool to modulate regeneration and fibrotic response in the muscle [357,358].
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7.2 Results

7.2.1 Development of a methodology aimed at scaffold recellularization

7.2.1.1 Cell delivery method development

Considering the width of the diaphragm, two methodologies were tested: i) to seed on top or ii) to
inject the cells into the decellularized tissue. As the most limiting condition, set up of the methodology
was performed on mDDs only, whereas rDDs were used only once protocol was set. Moreover, for
simplicity only one cell population (mSCs) was used. Outcomes of the two procedures are described
below.

Seeding on top. A common methodology used aiming at recellularization, in our case was not as
efficient. Although allowing in most cases survival of the cells, these were found stuck on top of the
tissue, thus not being able to integrate nor migrate into the scaffold (Fig. 7.1 A). This though might
be due to the known low migratory ability of the used cells (ref), supported as well by recent studies
(ref ghost fibers).

Injection of cells. Unlike seeding, which does not require any particular tool, while developing this
method thinness of the scaffold had to be taken in account designing this method, because a piercing
material too big would have certainly damaged the tissue excessively. With this aim, 27, 29G syringe
were firstly tested, but it was immediately felt that they were not suitable. Secondly, 31G needle insulin
syringes and the pulled tip of a Pasteur pipette (which were comparable in size) were tested (Fig. 7.1
B). However, since another parameter to consider was the tool that could ease the procedure the most,
the Pasteur pipette was discarded, as it required a complicated setting (operator had to suck and blow
from a tube connected through a filter to the pipette, while holding the pipette as well). The 31G
syringe, similarly to the other insulin syringes, had a piercing surface that was considered too
damaging. The last tool tested was a 33G Hamilton syringe. This was the final tool chosen, as it was
both easy to handle and allowed to pierce the scaffolds within their size, without causing damages big

as the whole width (Fig. 7.1 C).
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Fig 7.1 Schematic representation of method development.

The use of the 33G came up after several tests. A) Simple seeding efficiency was not successful, and cells did
not seem to stay attached to the scaffold; B) It was then thought of an injection, from left to right: a tip for gel
loading, a head of a glass pipette molded with fire and a 31G needle; C) Microscopic appearance of a 33G

needle compared to a mDD on the right, while left is a final procedure step.

7.2.1.2 Culture condition evaluation

Considering the importance of the culture conditions (as described in the general introduction),
several settings were tested alongside delivery method. These, were decided accordingly, then further
enhanced considering the nature of the scaffold (muscle). Culture conditions, described below, kept
all 7 days during the method development.

mDD patches on the bottom of a well plate. Scaffold patches were simply placed on the bottom of a
24w plate, then covered with culture medium. This condition was only used for seeding experiments

(Fig. 7.2A; Fig. 7.1 for outcomes).
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mDD as whole in a well plate. Tried with either seeding or injection, taking advantage of the support
that the rib cage naturally gives to the diaphragm. Whole mDDs were covered with medium as for
the previous condition (Fig. 7.2 B). Although on one hand an ideal condition due to the perfect
matching measure fitting a 24plate well and to the position maintained thanks to the rib cage, on the
other this setting made size matter. Indeed, the amount of medium needed was much higher that the
quantity required in the previous setting, moreover, the second thought was that also cell number
required and/or consequently time needed for repopulation had to (or would have, considering time)
increase.

Harbor structure. A prototype system designed by Harvard Apparatus, this was tested only in the
injection setting. Although originally intended to be used in a bioreactor, it was used in static culture
instead, placed on the bottom of a 75 cm? flask, then covered with medium (Fig. 7.2 C, right). This
support was particularly interesting because, besides the potential use in a bioreactor, the mounting
setting represented also a form of tensile stimulus (Fig. 7.2 C, left). The harbor was used with mDDs
and in the preliminary experiments with rDDs.

Semicircular silicon support. Tested in both seeding and injection. The semicircular shape reproduced
in a way the dome shape of the diaphragm, while the silicon allowed a firm fixation of the specimen
to the support (necessary to ease injection) using pins. Moreover, by pinning the tissue in a tense
fashion, the semicircular shape of the support could reproduce the dome shape of the diaphragm.
Length was set to fit a well of a 6well plate, which was used for culture (Fig 7.2 D). This condition was

tested only with mDD.
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Figure 7.2 Different culture condition used for DDs

Culture condition varied according to the method. A) Seeded scaffold were placed on the bottom of a well, B)
harbour served for both injected mDDs and RDDs; C) It was tried the culture maintaining the rib cage as if it

were a well; D) last, the best setting so far was the use of semi cylindrical tubes.

7.2.2 Characterization of selected cells

Cells to be tested in recellularization experiments, isolated and cultured as described in 1.9, were

characterized beforehand. Features of each is described below.

7.2.2.1 mSCs

Isolated mSCs could be expanded avoiding the contamination of other cell types, as depicted by the
rounded (typical of stem cells) or spindle shape (Fig. 7.3, A), by using an well-known protocol aimed
at ‘stripping’ the SCs from the isolated fibers (ref Luca, Anna, original? Guarda tesi). Cells were
expressing as expected, Pax7 as well as expression of other myogenic markers such as MyoD (Fig. 7.3,
B). As control of myogenesis, differentiation was induced. IF to detect MyHC displayed the formation

of several myotubes (Fig. 7.3, C).
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Fig. 7.3 Schematic representation of mSCs used

Isolated SCs display the typical A) round shape, express B) myogenic markers Pax 7 and MyoD (stem and early

myogenic respectively) and can differentiate upon stimulation, forming C) myotubes MyHC". Scale=100um

7.2.2.2 mFbs

Fibroblast could be easily expanded and in short was first the predominant, then the only population
present in culture, upon isolation from a mFD (ref anna u). Several Ki67+ cells were found while in
culture, confirming proliferation state of cells before injection (Fig. 7..4, A). For mFbs, unfortunately,
thus far the recognition relies mostly on morphology of the cells, however, to underline the typical

fibroblast shape, a staining for Vimentin was performed (Fig. 7.4)
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7.4 Exemplification of cultured mFbs.

The high proliferative state typical of these cells was coherent in these cultures as well. A) Ki67" cells; B)

Recognition of fibroblast shape by staining of Vimentin.

7.2.2.3 mMPCs and mFbs resulting from whole muscle digestion

Cell isolated by digesting the whole muscle were less easier to expand without interferences resulting
from the mFbs intrinsic higher resistance and proliferative state, compared to other populations,
which are usually decrease in number through passages (i.e. mSCs) or even disappear after first (i.e.
Neural cells, Immune cells) or second passage (i.e. ECs) if kept in altogether. Nevertheless, though
starting from a fair variety of cell types (Fig. 7.5, Phase contrast) our culture condition resulted in a
good balance between mMPCs and mFbs at early passages (Fig. 7.5). This, was also confirmed by

different morphology highlighted by Vimentin IF (Fig. 7.5).
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Fig. 7.5 Cells variety isolated by whole muscle digestion.

Unlike single fiber isolation, by isolating the cells from the whole muscle the variability is higher. A) Primary
culture (p0) has, besides muscle cells (thin arrow), also other cell types like ECs (medium arrow) and Fbs (thick

arrow); B) after the first passages this variety is usually lost and only mMPCs and mFbs persist.

The amount of Ki67+ cells was high, indicating that cells were comfortably growing (Fig. 7.6, Ki67).
Myogenic marker expression allowed appreciating the variety among mMPCs, which could be found
still in a stem-like state (Fig. 7.6, Pax7) or as myoblasts (Fig. 7.6, MyoD). By inducing differentiation,
it was possible to evaluate differentiation potential as well, which was detected as MyHC+

myocytes/myotubes (Fig. 7.6, MyHC)
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Fig 7.6 Exemplification of proliferation and profile of the whole muscle population.

Despite the variety displayed, cells become with time more and more myogenic. A) There seem to be a good
balance between proliferation (Ki67) and quiescence or early state (Pax7 and MyoD), before p2 is still possible
to find cells which are not myogenic or fbs (CD31); Cells able able to readily differentiate (MyHC); C)

proportion of Syndecan-4 cells by Flow cytometry (marker of satellite cells). Synd4=Syndecan-4

7.2.2.4 phMPCs

While at first it was thought of using adult biopsies , the higher potentiality in the paediatric ages

make the biopsies more interesting, although much less frequent. The protocol recently published
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(ref Franzin C et al. 2015), allowed to isolate MPCs from human paediatric biopsies as well as from

adult muscle. Donor age and biopsies number are summarized in table 7.1.

Table 7.1| Summary of paediatric biopsies used for cell seeding

Donor Birth date Sex
1 2008 M
2 2002 F
3 2009 F
4 2011 M
5 2014 M
6 2000 F
7 1998 M

As human, percentage of muscle precursor cells could be easily evaluated by CD56 flow cytometry
(FC), as indicator of efficient isolation and expansion of myogenic cells (Fig.7.7 A; from an average
0f92.17 £ 5.41% at p3 to a 87.8 £ 1.4% at p5). In general, both isolation and expansion were considered
successful whenever the phMPCs reached or surpassed the 80% of cells. Doubling time, calculated in
order to evaluate the proliferation abilities throughout passages, reflected the youth origin of these
cells (mean 22.65 + 2.089 at p3, 25.10 £ 3.57 at p5 and 22.44 + 1.22 at p8, expressed in h, Fig. 7.7 B).
Expression of Ki67 was used as additional proliferation index (Fig. 7.7, D). Same as the other cell
populations, myogenicity assessed via the muscle-specific markers (PAX7, MYF5 and MYOD), in
order to both confirm FC analyses and evaluate distribution among the myogenic lineage, was
consistent with the previous result (considering probable transitory double positive cells) at
equivalent passage (Fig. 7.7 D). Overall, KI167" cells were 52.62 + 4.52%, PAX7" cells were 21.50 +
2.26%, MYE5" cells were 64.02 + 2.51% and MYOD™ cells were 52.68 + 3.08%. The percentage of
myogenic cells seen with FC was further confirmed by the almost complementary proportion of
fibroblast (mean 22.50 + 3.34% of cells, Fig. 7.7 C), which was measured through IF against TE-7, a

recently discovered human fibroblast specific marker (Fig. 7.7, D, TE-7).
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Lastly, this percentage of non-myogenic cells was not an impairment, since the maintenance of a good

differentiation capacity of the myogenic cells. MyCH+ myotubes, could be formed indeed efficiently,

confirming potentiality of these cells (Fig. 7.7, D, MyHC).
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Figure 7.7. Human MPCs characterization.

Characterization panel for phMPCs. A) Histogram representing the percentage of CD56" cells (p5); B)
doubling time (hours) of human MPCs; C) quantification of KI67+, PAX7+, MYF5+, MYOD+ and TE7+ cells;

D) IF performed at p5 for K167, PAX7, MYF5 and MYOD D) IF performed at p5 for TE7 upper panel and
MyHC down below. Scale bar:=100 pm
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7.2.2.4 hMFbs

As for mFbs, it was possible to obtain a pure culture of hMFbs every time the isolation procedure
yielded a low number of CD56+ cells, simply expanding the culture. As less limiting population, it
was cultured in the same medium as phMPCs, which did not seem to affect hMFbs healthy state (Fig.

7.8).

DAPIKI67
DAPITE-7

Figure 7.8 Exemplification of hFbs cultured in hM-GM

7.2.3 Evaluation of mDD recellularization

Among the tested settings, the two elected methodologies were: i) Injection in the scaffold mounted
in the harbor and ii) injection in the scaffold fixed to the semicircular tube. Also, while among the
different cell populations chosen, only mSCs co-injected with mFbs were used with the first method,

for the second were preferred mMPC or hpMPC, since the isolation was more practical.
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7.2.3.1 Injection with mSCs and mFbs

Various degrees of cellularity were observed in the different samples analyzed, but in all cases, most
of the surface was colonized, whereas the inner part was less homogeneously populated (Fig. 7.9).
Interestingly, cells still proliferating although in differentiating condition, were detected more on the
surface (Fig. 7.9 A, Ki67). The ones expressing less committed myogenic markers (Fig. 7.9 A, MyoD),
as well as differentiating (Fig. 7.9 A, MyHC), were instead found across all the populated areas. The
disproportion between proliferating and differentiating cells, was however expectable from cells
growing in differentiating condition (Fig. 7.9 B, Ki67 and MyHC on graph). Notably, it did not seem
that particular interactions occurred among cells and the surrounding fibers, which appeared in close
contact more likely due to the deposition done with the injection, preferring to grow and secrete
laminin on their own, or growing on the surface, rather than a real attachment or integration (Fig.

7.9, Arrows).
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Figure 7.9 Summary of outcomes co-injecting mSC and mFbs grown separately.

Compared to seeding only, injection and harbour growth system led to much better results. A) Cells deposit
laminin (thick arrow), express marker such as MyoD, proliferate and cooperate with fibroblasts (thin arrow),
finally growing into layers of MyHC* cells. B) Quantification of markers detected via IF Ki67 14,96 + 2,756,

Lam 27,54 + 3,572, MyoD 41,53 + 1,328, MyHC 25,75 + 4,973. Scalebar=100pm
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7.2.3.2 Preliminary results of injection with mMPCs on semi cylindrical tubes

Consistent with the results seen with the co-injection, the use of a single population originally mixed
but with a similar type of cells (mSCs, mMyoblasts and mFbs) leaded to a comparable distribution in
the injected mDDs. Actually, proportion between surface and inner part of the scaffold looked better,
as cells seemed more evenly distributed (Fig. 7.10). Not surprisingly, the amount of proliferating cells
was coherent with the differentiating conditions sustained during culture (Fig. 7.10, A, Ki67). On the
contrary, the distribution along the myogenic commitment span was shifted towards the

differentiation (Fig. 7.10, B).
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Fig 7.10 Summary of preliminary results with mMPCs

Results staring already with a combination of myogenic and a little of non-myogenic cells seem to reproduce
what seen with the co-injection. A) Also in this case cells depositing laminin on their own were found (arrow);
cells were found to be Desmin positive, as expected from myogenic cells, while the proliferating cells (Ki67)

were low as expected, being in differentiation; B) Remarkably, mononucleated and mature myotubes could be

found; C) Quantification of markers in this set of experiments.

7.2.3.3 Injection with phMPCs

Presence of cells was successfully detectable also after injection of phMPCs (Fig. 7.11), which seemed

to have distributed more homogeneously. Same as mMPCs, on the surface of the scaffold cells started
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to group and tended to grow in layers, where the scaffold seemed more remodeled. Proliferation
detected were in line as well (Fig. 7.11 A, KI67). The amount of PAX7 expressing cells instead, despite
the differentiating condition of culture, could be resulting from the paediatric origin of these (Fig.
7.11, A, PAX7. Later myogenic markers (Fig. 7.11 A, MYF5) was considerably low, whereas SAA, a
marker of late differentiation, was found at a percentage (Fig. 7.11 A, SAA) that could match the
different between quiescent and differentiated cells, as well as the proliferating (considering the

presence of cell in an intermediate state).

Last, another additional analysis step was performed by molecular biology. The following preliminary
results were aimed at further assessing the expression of specific myogenic genes in injected mDDs.
The housekeeping $2-microglobulin was used as marker of basal expression for comparisons. Both
early (Fig.6.20, MYOD) and late (Fig. 6.20, MYHC) genes were expressed in all loaded samples,
endorsing the results previously obtained, remarkably, it was also possible to detect expression of
Dystrophin, whereas differently, the other common myogenic marker MYF5 (Fig. 7.11, A, MYF5) was

detected only in the cultured cells control.
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Figure 7.11 Overview of phMPC injection outcomes

phMPC are an attractive choice, both able to maintain stemness and to differentiate. A) Proliferating cells were
low also in this experimental set (Ki67), but the amount of cells PAX7, along with the committed marker
MYF5 and SAA are coherent, indicating that proliferation phase had ended; B) Quantification of the markers

detected via IF; C) qPCR of myogenic markers
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7.2.3 Preliminary recellularization test with rDD scaffold

Efficiency of cell injection was higher than the observed with mDDs, more likely because of both
larger surface and width of rDDs, as demonstrated by distribution both inside and outside the
scaffolds (Fig. 7.12). Interestingly, while on the surface cells reproduced the layered organization seen
in mDDs, in the inner part the majority positioned either circularly around pre-existing fibers (Fig.
7.12, thick arrow) or in a circular fashion as well, but forming clusters in the interstitial space in-
between (Fig 7.12, thin arrow). In both cases, new laminin seemed to have been secreted and
deposited, since some cluster were formed by a multinucleated laminin envelope. Another interesting
feature of injected cells was the expression pattern of laminin and vimentin. Indeed, it seemed that in
most cases expression of these two proteins was mutually exclusive (Fig. 7.12, laminin-vimentin).
Expression of myogenic specific markers, such as Pax7 and Myogenin, indicated the differentiation

state of mSCs as both still progenitors (Fig. 7.12, Pax7+ cells) and committed (data not shown)
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Figure 7.12 Overview of preliminary result obtained via rDD injection

Behaviour in rDD scaffold was much different to what seen with mDD. A) Similarly to hpMPC, myogenic
program appears to be shifter either on the quiescent (Pax7) or committed program (MyHC), due also to the
culture not favouring proliferation (Ki67) for the last three days; Intriguingly, there is a mutual expression of
Vimentin (Lam-Vimentin), but more important the distribution of the cells resemble more the native state,

forming cluster around fibers (thick arrow) or themselves (thin arrow), probably creating new fibers (MyHC).

B) Quantification of markers expressed in the samples
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7.3 Discussion

Despite the encouraging effects that the mDD demonstrated in healthy, atrophic and CDH setting,
the scaffold-only approach must be considered limited, compared to a fully developed TE approach.
Indeed, regeneration seen with CDH model, from one hand endorses the idea of this scaffold as ideal,
from the other rises doubts concerning the time required to constitute a functional recovery, even
more if considering larger defects. Indeed, it was demonstrated, although in a VML setting, that when
a defect is too extended, the acellular matrix alone do not seem sufficient [25].

Hence, aiming at the delivery of a more complete construct, which can further help the recipient cells,
it was evaluated in several studied the addition of the two other components of TE triad to the scaffold:
the cells, as well as the signals. Precisely, if using a customizable synthetic or naturally derived
structures, cells can i) be combined simultaneously to polymerization of the material, thus enveloping
the cells within [56], or ii) by seeding the cells in a custom pre patterned structure, which occurently
can also be made porous [50]. On the contrary, delivery of a complete construct starting from an
acellular matrix represents a new setting, which was just recently dealt with, to date only partially
disclosed consequently [87,92]. For this reason, starting almost from the scratch, it was necessary at

first to determine the method to combine cells to both mDD and rDD scaffods.

It was decided to develop the method starting from the mouse, because of both the advantages and
limitations of the size. From one hand, considering the little dimension of the mDD patches, it was
though affordable using less cell; from the other, feasibility in such thin structure was thought to
reflect doable use in larger tissues (i.e. rDD). Nevertheless, the thinness of the mouse diaphragm,
which at first was considered a feature helping the scaffold repopulation, was instead just a
challenging issue. In fact, the seeding only approach, firstly tried hypothesizing that low muscle cells
migration would have not been a problem in such little width, was ineffective, made impossible also
by the connective barrier on both sides of the diaphragm . Reason for not deepening seeding was that
requiring more manipulation, it was felt to be more interesting to test another condition, so an

alternative method was evaluated consequently.
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Aiming at releasing the cells inside the structure, it was thought of injection as a good way to deliver
the cells into the scaffold, however, at the same time the limits seen previously reflected on the choice
of the tool used for injection. Indeed, among these, the one set as best (the Hamilton syringe with 33G
needle), was the one with the smallest piercing volume. The decision not to decrease any further the
dimension of the needle (34-36G), was due to the distress that being pushed through a small diameter
may cause to the cells (as for example in flow cytometry, ref su morte o stress su cell). To both increase
efficiency and ease the procedure, DDs were put in a tense environment: in a flag fashion on a harbour
or pinned on a semi-cylindrical support. The two conditions, helped the angle used to inject, as well
as making the scaffold easy to handle, and were subsequently used as advantageous culture condition
as well. Indeed, the very same tension helping the procedure, is a type of mechanical directional stress
known to help myogenic cells (along with other types) alignment and consequent differentiation.
Moreover, these supports can be further customized to fit in a bioreactor, thus adding features that
can help the constitution of a complete graft, for example electrical stimulation, another known

physical induction of alignment and differentiation [39] .

Once conditions of these methods were set, it was proceeded with testing of different cell populations,
cell-scaffold interaction (i.e. survival and differentiation), and scaffold permissiveness to be
repopulated. Being this the case of a skeletal muscle-derived scaffold, SCs and MPCs were considered
an obvious candidate, although known to not migrate extensively within muscle, an issue thought to
be possibly overcome by multiple, homogenous injections. Indeed, mSCs were the cells used during
the development of the method. Moreover, as this could be considered an autologous setting, was

thought to be the ideal test field to evaluate eventual re-vitalization of the scaffold.

Culture condition with mSCs co-injected with mFbs, mMPCs and hMPCs were kept for 7 days, trying
to balance proliferation phase with differentiation phase, by changing the medium from a growth
sustaining to a differentiating in the middle. Due to the (although slightly) higher complexity of

culturing mSCs and mFbs separately, the injection of mMPCs and hMPCs was preferred
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subsequently. Moreover, since the first experiments with rDDs were done during a year of exchange-
experience in London, as well as using a support that could just be found there, in Padua it was not

possible to reproduce rabbit experiments.

In the mDDs the three different cell population were able to survive, while displaying both still
proliferation phase (although 4 days since put in differentiation medium) as well as myogenic
markers. Precisely, while markers accounting for differentiation (Myf5, MyoD)(56,62,97 cate) and
fiber maturation (Myh3) (1 cate) could be detected, some extent of Pax7+ cells were found as well
and interestingly, low in the mouse cells, but considerably high in the human. This however, as
marker of stemness of muscle cells may be human resulting from the paediatric origin of the human
cells, which are much higher than in an adult [27,359].

In general, mDD permitted for the cells to survive, not inhibiting proliferation nor differentiation.
Moreover, the proportion between cells and non-myogenic cells in the cells seeded, appeared to be
maintained, resulting in a positive collaboration, when compared to a single population injection. It
must be taken in account though, that in order to add the signal component to the approach, the
delivery of the cells was performed in a suspension of PGS, which is known to be filled in growth

factors [170] , hence the effects observed were enhanced to an yet unknown extent.

On the contrary, preliminary results in the rDD attained with injection of mSCs and mFbs, displayed
both how the larger surface/width resulted in a higher efficiency and, since in a PGS-less setting, the
particular interaction/influence in this environment. Although still requiring optimization, as the
area of the scaffold was not homogeneously populated, in those where the cells were present both
proliferation and differentiation where displayed. Intriguingly, the appearance of cell disposition
displayed an additional feature, compared to mDD. While the layered organization seen on the
surface of the mouse scaffolds was observed also in the rabbit, in the inner part most of the cells
seemed to have differentiated, deposited new laminin and either positioned in an ordered fashion

around fibers or, alternatively, forming cell clusters enveloped in laminin where the space between
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fibers was enough. On this last result in particular, would be interesting whether the mFbs digested

the fibers to lead the way towards the reconstitution of new, young fibers [41,346].

Despite these results, in particular the one of rDD, it appear that cells act on their own, stimulated to
grow by the scaffold, but forced to look for space and engaged in digesting the pre-existing fibers,
rather than becoming part of them. Recently, Webster et al demonstrated how, naturally, during
muscle repair the cells are strictly allocated, with no sign of migration through the neighbouring
barriers [360]. Although not considering other cell populations than SCs, this may be an explanation
of what seen in vitro. Hence, whether the maintenance of the fibers is positive or not, has yet to be
clarified. On one hand, the hollow fiber was depicted as a binary-like structure, guiding cells, on the
other tough, it could be an idea to functionalize the fiber to direct the cells to home and subsequently
fuse in it, as it happens with the dead ends of a broken fiber, during regeneration [29], a process a
little further in the regeneration time span.

This, could be tested taking inspiration from the exactly the regeneration mechanism, by trying to
reproduce between the cells and the scaffold, what happens in nature. Since the molecules involved
in muscle fusion, as well as the mechanism behind , were uncovered though the past years in several
studies, this opens a whole new chapter in the potential approach to attain a revitalized muscle

[189,361].

Until then, the method developed, meant as both delivery of cells and culture system setting,
represents a good platform to further evaluate cell-scaffold behaviour, scaffold effects and even cell-
cell interaction (as seen with CM experiments) due to the resemblance to the natural tissue. This latter
feature, additionally, could be the testing of the ideal test field to essay each cell population to obtain

a complete skeletal muscle construct [340].
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Chapter 8 ; Conclusions

The present study, developed during my PhD, has been aimed at obtaining decellularized matrices
from mouse and rabbit diaphragm that preserve architectural organization similar to the original
tissue while being devoid of cellular antigens. Following, the mouse diaphragm-derived scaffold
effects were characterized in vivo under three different circumstances: a healthy environment, an
atrophic model and a surgical model of CDH. Lastly, it was developed a method in vitro to both focus
on cell-scaffold interaction and che rappresentasse un metodo per valutare il comportamento delle

cellule in un ambiente che somiglia alla matrice in vivo.

8.1 Chapter 4 conclusions

The work in this chapter shows that an acellular natural matrix can be obtained via DET from both
mouse and rabbit, avoiding the disruption of structural and mechanical characteristics of the native
tissue. Outcomes of implantation in vivo, although only temporary and topical, disclosed the potential
of using decellularization-derived scaffolds for TE and even maybe non-TE applications. Indeed, the

effect naturally achieved (no modification nor customization was applied to matrices after

F7/F7

decellularization) with the scaffold, particularly in the HSA-Cre, Smn mouse model, from the

immunomodulatory-guided effects to the local thickening, strongly indicate the pro-regenerative
potential of such material, which even produced a strong improvement in the anatomy of the chest.
The findings described in this chapter, led to a publication that was submitted and published in

September 2015 [104].
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8.2 Chapter 5 conclusions

The work presented in this chapter indicates that the previously developed acellular ECM have pro-
angiogenetic potential, which in part derives from the reservoir of molecules preserved after
decellularization. In line with the features observed in chapter 3, upon implantation the scaffold was
able to steer the host response towards a constructive response over a chronic response, effect that
was appreciated also in comparison with the implantation of a synthetic inert material (PTFE). With
this chapter, the characterization of this mouse diaphragm-derived decellularized as scaffold can be

considered complete, thus allowing to move on to the next steps of the scaling-up stairway.

8.3 Chapter 6 conclusions

In summary, this chapter developed around the testing of mDD as potential tool for the repair of
CDHs. This potential was validated by comparison with PTFE, the election material actually used for
surgical closure of defects in the diaphragm, which not only elicited in some cases adverse effects (re-
herniation, chest deformity), but also was in general less effective in inducing muscle growth.

Being though defective hernias even more severe than the model used, the enhancement of the

scaffold alone with the other elements of the TE triad (cells and signals) needs to be considered.

8.4 Chapter 7 conclusions

The method developed allows to efficiently deliver cell into the DDs developed previously, thus
representing a good candidate for further settings, aimed at evaluating different cell types, as well as
scaffold-cell interactions and cell-cell interaction, as hinted by the CM experiments. Results in the
rDDs particularly underlined the significance of testing environments closer to the actual clinical

situation, as well as the resulting effects of having a structure easier to be handled and repopulated.
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8.5 Areas of future work/future directions

8.5.1 Decellularization

Combination of the most appropriate scaffold, along with correct choice of the cells, is a fundamental
requirement for successful regenerative medicine.

The results seen in both chapter 4 and 5, have added the decellularized diaphragm from mouse to the
previous list of appropriate scaffold, while re-proposing the rabbit. Indeed, adapting the protocol used
for mDD to fit the different size of the latter, decellularized diaphragms from rabbit were efficiently
achieved as well. However, while this protocol yields a structural similarity whilst removing cells only
by immersion, there is still space for improvement. Indeed, recently rat diaphragm-derived scaffolds
were achieved by Gubareva et al. via incannulation [116], a well-known procedure that can lead to
same results [250,297], by also preserving the vasculature, a feature that can become useful for several
applications, from the perfusion seeding [92]to a quicker anastomosis. This way, it is foreseeable in

near future the further scaling up of this treatment to obtain DDs from even larger animals.

8.5.2 Applications for mDDs

Although being from small animal, resulting in applications only at pre-clinical level, mDD represents
an optimal tool for any proof of concept studies. Some examples could be the evaluation of cell-ECM
interactions in an autologous setting or even the constitution of a mix of environmental cues aimed
at driving a specific differentiation from a multipotent state [362].

Another application could be the comparison with another biomaterial either as standard or to
evaluate other aspects in vivo. As example, this last possibility, along with the increasing significance
of mechanotransductional interactions during the last years [255], led to the thought that there was
still space left for maneuver in the the evaluation of the properties of mDD and of its interaction in
vivo. As consequence, preliminary studies, in which we introduced two decellularized materials

starting from two tissues with a completely different stiffness (skin and intestine) compared to the
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diaphragm, are underway. These two were prepared the same way as the mDDs, made acellular via 3
cycles of DET (Fig. 8.1). As result, we had two tissues with mechanical properties such that diaphragm
scaffold stiffness set in-between (data not shown). The implant in vivo of a stiffer (skin) and a more
flexible scaffold (intestine), led to responses which reflected the opposite mechanical properties.
Indeed, while skin led to a faster response (Fig. 8.2 A), the one raised by intestine seemed to be taking

place delayed (Fig. 8.2 B).
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Figure 8.1 Overview of skin and intestine decellularization.

Decellularized skin and intestine were prepared via 3 cycles of DET. A, B) Laminin IF counterstained with
DAPI to evaluate nuclear content leftover in skin and intestine scaffolds compared to original tissues; C, E)
Nuclei count for DAPI content in skin and intestine compared with the derived scaffolds ; D, F) quantification
of extracted DNA from fresh and decellularized skin and intestine; G, H) Panel of histologies performed on

skin and intestine.
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Figure 8.2 Preliminary evaluation of recipient diaphragm behaviour with different scaffolds

Different scaffolds elicited different responses. A, C) appearance of scaffold (right) and host diaphragm (left)
upon implantation; B, D) Variation of diaphragm thickness and response resulting from the implant of

decellularized skin (stiffer) or intestine (softer).

8.5.3 Applications for rDDs

On top of the aforementioned potential applications, rabbit diaphragm can result in a scaling up of
the proposed analyses, and potentially represents, since considered a large animal, a candidate for

paediatric clinical trials. Indeed, according to the defect to close, a rabbit hemi-diaphragm could be
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an appropriate solution for CDH closure in the newborn [363]. Thus, in the next future, a deeper

characterization of the rDD will be performed, and will likely be tested in vivo as well.

8.5.2 In vitro applications of the methodology

The methodology and culture settings developed, supported by the results seen in chapter 7, can be
considered a valid tool through which apply the uses proposed for the DDs. Indeed, it can provide an
easy setting to evaluate cell-scaffold interactions, subsequent effects and cell-cell interactions, since
the delivery in an ECM, although devoid of cells, might mimic the natural scenery. This could be the
example of trying to test or reproduce in vitro what seen recently with the concept of ghost fibers (ref),
by simply essaying in comparison a scaffold like the DET-derived, in which fibers are complete, or a
scaffold in which fibers are hollow but still structured (ref muscolo via SDS, é stato pubblicato
qualcosa?). Thus, comparison is also another application of this tool, which can be used to both
evaluate whether a scaffold is prone to repopulation as well as the right environmental combination,
while looking for the best scaffold candidate and conditions to yield the best muscle-like construct.

Following this trail, seeing the efficiency yielded by the co-presence of Fbs with MPCs, preliminary
experiments were designed and performed to assess whether the effect between cells could be
paracrine or not. Additionally, being these cells interacting with a scaffold, the experimental plan (Fig.
8.3) was tailored to evaluate its influence. Following preliminary results were obtained using mDDs

only. For these experimental set up it was decided to use human cells.
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Fig. 8.3 Experimental design

Fibroblasts cultured both on plastic (PL) or scaffold (mDD), were growing normally after 4 days of
culture (Fig. 8.4). Remarkably, while distribution of the cells in the control and CM-PL condition was
consistent with all the previous results, in the culture exposed to CM-mDD cells where found

clustering, displaying late proliferation markers and a better organized structure as well (Fig. 8.4).

>

SAADAPI

Fig. 8.4 The striking difference between the two culture condition.
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These results, which will be further investigated in future, seem to both endorse the present study
results of mDD stimulation (seen in chapter 4-7) and previous studies on paracrine influence of
fibroblasts enhancing myogenic cell differentiation in a paracrine fashion, either mechanically

activated, as studied by Hicks et al. [364] or under normal conditions [365].

8.5.3 In vivo applications resulting from methodology

As introduced in the previous section, the methodology can be used to evaluate and then set the best
conditions: i) from the cell side, ii) the scaffold side, iii) the molecules side and lastly but as important
iv) environmental side, to deliver a construct for muscle substitution, in case of DDs, particularly for
the clinical management an treatment of CDHs. An example of the third was for instance the CM-
mDDs driven amelioration of mMPCs differentiation.

Hence, the methodology can represent a valid benchmark aimed at reproducing what is indeed the
ultimate aim of SMTE. Moreover, if the ideal parameters will be set, it could represent a step of the

pre-implantation phase, aiding the preparation of the final construct to delivery
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Appendix A: Antibody and primer tables

Table A.1| List of antibodies

Antibody Host  Brand Dilution
Alpha Sarcomeric
Actin Mouse Sigma 1:100
Argl Rabbit Abcam 1:100
CD11b Rat Abcam 1:100
CD3 Rabbit Abcam 1:100
CD31 Rat Invitrogen 1:100
CD4 Rabbit Abcam 1:100
CD68 Rat Abcam 1:100
CD86 Rabbit Abcam 1:100
eMYHC (Myh3) Mouse Santa Cruz 1:100
FoxP3 Rabbit Abcam 1:100
Life
GFP-AlexaFluor 594 . technologies 1:150
Ki67 Rabbit Abcam 1:100
Laminin Rabbit Sigma 1:200
Laminin Rat Sigma 1:100
Myf5 Rabbit Santa Cruz 1:50
MyHC Mouse R&D systems 1:100
MyoD Rabbit Santa Cruz 1:20
MyoD1 Mouse Dako 1:80
Pax7 Mouse R&D systems 1:100
TCF-4 Mouse Millipore 1:100
TE-7 Mouse Millipore 1:100
Vimentin Mouse Abcam 1:100
VvWF Rabbit Dako 1:200
aSMA Mouse Abcam 1:100
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Table A.2 | List of human primers

Product

Gene Primers T (°C) length (bp)

FW: CCACCTCCAACTGCTCTGAT
MYF5 60 171
RV: AGGTGATCCGGTCCACTATG

FW: CAGCCCGCGCTCCAACTGCT
MYOD 62 126
RV: TTCCCGGGCCTGGGTTCGCT

FW: CAGCCTGGAGCAGCTGTGCAT
MYHC 58 176
RV: TGCCCATAGGCTTCTCGATGAGCTC

FW: TCATCTGCTGCTGTGGTTATCTCCT
DYSTR 56 194
RV: ACTTCCTCTTCACTGGCTGAGTGG

FW: CAACTTCAATGTCGGATGGATG
beta2M 60 161
RV: GCTGTGCTCGCGCTACTCT
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Appendix B: Publications and Presentations

Publications

1. Improvement of diaphragmatic performance through orthotopic application of decellularized
extracellular matrix patch - M. Piccoli, L. Urbani, M.E. Alvarez-Fallas, C. Franzin, A. Dedja, E.
Bertin, G. Zuccolotto, A. Rosato, P. Pavan, N. Elvassore, P. De Coppi and M. Pozzobon. Biomaterials,

2015

- The Human Pancreas as a Source of Protolerogenic Extracellular Matrix Scaffold for a New-
generation Bioartificial Endocrine Pancreas. A Peloso, L Urbani, P Cravedi, R Katari, P Maghsoudlou,
ME Alvarez Fallas, V Sordi, A Citro, C Purroy, G Niu, JP McQuilling, S Sittadjody, AC Farney, SS
Iskandar, ] Rogers, R] Stratta, EC Opara, L Piemonti, C Furdui, S Soker, P De Coppi and G Orlando.

Annals of Surgery, 2015.

Conference abstracts

- A decellularized matrix as tissue engineering approach for remodeling diseased diaphragm of
HSA-Cre, Smn F7/F7mouse model - L. Urbani, M. Piccoli, M. E. Alvarez Fallas, A. Dedja, E.
Magrofuoco, J. Fishman, N. Elvassore, C. Franzin, M. Pozzobon, P. De Coppi.

Presented at EUPSA 2013 and ISSCR 2013

. Acellular skeletal muscle matrix ameliorates atrophic diaphragm — M. Piccoli, L. Urbani, M.E.

Alvarez Fallas, A. Dedja, C. Franzin, P. De Coppi, M. Pozzobon.

Presented at TERMIS EU 2014
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- Muscle acellular matrix prootes diaphragm remodelling and regeneration through m2
macrophage polarization — L. Urbani, M. Piccoli, M. E. Alvarez Fallas, A. Dedja, C. Franzin, M.
Pozzobon, P. De Coppi.

Presented at EMBO 2014

- Tissue engineering approach with acellular matrix supports affected diaphragm of an atrophic
mouse moel with activation of resident cells - L. Urbani, M. Piccoli, M. E. Alvarez Fallas, A. Dedja, E.
Magrofuoco, N. Elvassore, C. Franzin, M. Pozzobon, P. De Coppi.

Presented at Perinatal Medicine 2014

- Tissue engineered skeletal muscle produced in vitro with natural extracellular matrix and
muscle precursor cells for in vivo regeneration - - A. Urciuolo, F. Scottoni, S. Loukogeorgakis, R. R.
Wong, P. Maghsoudlou, M. E. Alvarez Fallas, A. Gjinovci, S. Eaton, P. De Coppi, L. Urbani

Presented at EUPSA 2015

- Bioreactor 3d tissue culture for the development of an artificial oesophagus for congenital
atresia - L. Urbani, C. Camilli, C. Crowley, F. Scottoni, M. E. Alvarez Fallas, A. Urciuolo, R. R. Wong,
P. Maghsoudlou, G. Cossu, M. Lowdell, P. De Coppi.

Presented at EUPSA 2015

- Efficient muscle regeneration potential of human muscle precursor cells expanded in hypoxia
— M. Pozzobon, C. Franzin, M. Piccoli, M. E. Alvarez Fallas, V. Parazzi, L. Urbani, C. Biz, L. Lazzari,

P. De Coppi.

Presented at ISSCR 2015
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- Angiogenic potential of diaphragm derived acellular matrix obtained using detergent
enzymatic treatment - M. E. Alvarez Fallas, L. Urbani, M. Piccoli, C. Franzin, E. Bertin, C. Trevisan,
M. Pozzobon.

Presented at TERMIS 2015

- Development of an Artificial Oesophagus Engineered with Mesoangioblasts in a Peristaltic 3d
Dynamic Culture - L. Urbani, C. Camilli, C. Crowley, F. Scottoni, M. E. Alvarez Fallas, A. Urciuolo,
R. R. Wong, P. Maghsoudlou, G. Cossu, M. Lowdell, P. De Coppi.

Presented at TERMIS 2015

- Reconstruction of Gut Muscle Layer: Mesoangioblasts’ Delivery Optimization in
Decellularised Scaffolds - L. Urbani, C. Camilli, F. Scottoni, C. Crowley, E.Hannon. A. Urciuolo, M.
E. Alvarez Fallas, R. R. Wong, P. Maghsoudlou, G. Cossu, P. De Coppi

Presented at TERMIS 2015

- Acellular Muscular Tissue and Muscle Precursor Cells for In Vivo Regeneration - A. Urciuolo,
E. Scottoni, S. Loukogeorgakis, R. R. Wong, P. Maghsoudlou, M. E. Alvarez Fallas, A. Gjinovci, S.
Eaton, P. De Coppi, L. Urbani.

Presented at TERMIS 2015
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