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ABSTRACT

Organ Regeneration as a field of study was introduced in the late 1980s; however,
as a notion, was part of humankind since ancient times. The inability to self-
repair/self-regenerate has been a growing medical issue, as accidents provoke
significant injuries. To overcome this inconvenience, Tissue Engineering and
Regenerative Medicine (TERM) has emerged as a multidisciplinary field that
combines engineering futures with biological elements such as cells and growth
factors.

The usual approach of TERM has been using specific platforms (scaffolds) made
of biocompatible materials with the ability to mimic the microenvironment
surrounding the cell. Notwithstanding, this system focused on finding the perfect
result to “fill in” the area of damaged tissue with poor consideration of the
biological pathways for self-healing.

This thesis proposes a novel methodological algorithm, henceforth named
Regenerative Algorithm. In this regard, it is proposed a three-step process that
considers the main stages of the self-healing mechanisms of the human body. This
thesis is divided into four main chapters; each one shows a case study related to
each of the steps proposed in the Regenerative Algorithm.

Chapter 1 presents a validation study of a novel collagenase extracted from the
anaerobic bacterial culture of Vibrio alginolyticus. In clinical practice, collagenases
are used in the treatment of damaged tissue as a debriding instrument, which is
related to the first part of the algorithm, which is the destructuring of the tissue.
This study evaluated the V. alginolyticus-based collagenase in vitro compared with
the effects provoked by commercial collagenases obtained from the Clostridium
histolyticum strain. Initially, the V. alginolyticus-based collagenase was optimized
in terms of concentration and reaction time for extracting Stem Cells from Adipose
Tissue. Once the best concentration and incubation time were detected, the novel
collagenase was compared with two C. histolyticum-based collagenases, one the
standard used in laboratory practice and the other a commercial collagenase,
evaluating cellular yield, clonogenic and proliferation capacity of the extracted
cells. In addition, the three evaluated collagenases were placed in contact with
expanded cells to evaluate the cytotoxic effect. The results showed that the novel
collagenase at a concentration of 3.6 mg/mL and 20 min of incubation time allows
for obtaining a comparable number of cells with the other two evaluated
collagenases; moreover, the cytotoxicity test showed that the V. alginolyticus-based
collagenase does not affect the vitality of the cells while the commercial one
presents an essential reduction of vitality. The results indicate that there is high
potential for using the V. alginolyticus-based collagenase in clinical practice, given
its efficacy on stem cell extraction without affecting cellular integrity.

Chapter 2 displays an in vitro and in vivo evaluation of decellularized collagen
membranes as one approach for the second step of the algorithm, which involves
the recreation of the tissue structure with external materials to support the
regeneration process. There are diverse methods to accomplish the second stage
according to the degree of damage, in this chapter it is presented an invasive method
using a 3D scaffold for the specific treatment of capsular contracture formation
during breast reconstruction. Three decellularized collagen membranes were placed
in contact with stem cells to evaluate the migration and proliferation and the
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possible stimulation guided by the membranes. Consequently, the membranes were
implanted on the left flank of balb/c mice to evaluate dermal integration, absorption
degree and biostimulation in vivo. The results showed that the physicochemical
characteristics of the membranes influence the differentiation capacities of cells and
tissue stimulation, affecting the development of well-organized adipose tissue.
Chapter 3, on the other hand, presents a non-invasive method for the second step of
the algorithm by studying an injectable Low Molecular Weight Hyaluronic Acid
(LMW-HA) in a case study of aberrant scar treatment. Initially, the LMW-HA was
tested in vitro at different concentrations to analyze its influence on the
differentiative stimulation of stem cells and their interaction through CD44 cell
surface receptor, and later it was used in a double-blinded clinical study for the scar
treatment. The results indicated that HA influences the differentiation mechanisms
of cells, where the process depends on the concentration, being faster with
concentrations ranging from 2 to 5 mg/mL. It seems that lower concentrations of
HA slowly stimulate cellular processes while higher concentrations saturate the
cells reducing their activation. Moreover, in the clinical study, the patients treated
with HA presented a more structured and smoother tissue, which means that the use
of HA may increase the total recovery of the tissue and therefore improve the
quality of life of patients.

Chapter 4 exposes a study of the validation of a device that introduces the last stage
of the algorithm, which is the use of cellular elements that enhance the regeneration
process of the tissue. This chapter presents the characterization of the product
obtained after processing fat tissue with a novel Nanofat system in terms of cellular
yield, morphology, proliferation and clonogenic capacity, immunophenotyping and
differentiation potential. The results demonstrated that the product could
differentiate into the three mesodermal lineages, and more importantly, the
immunophenotyping analysis revealed the presence of pluripotent stem cells.
Moreover, the main secretome of the product presents proliferative, pro-angiogenic,
pro-differentiative and pro-antiapoptotic factors, which are vital in the regenerative
process.

According to the results obtained with each approach, following the proposed
Regenerative Algorithm, the regenerative process of damaged tissue can be
significantly improved.
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RESUME

La rigenerazione degli organi come campo di studio ¢ stata introdotta alla fine degli
anni '80; tuttavia, come nozione, faceva parte dell'umanita fin dai tempi antichi.
L'incapacita di auto-ripararsi/auto-rigenerarsi ¢ stato un problema medico
crescente, poiché gli incidenti provocano lesioni significative. Per superare questo
inconveniente, I'ingegneria dei tessuti e la medicina rigenerativa (TERM) ¢ emersa
come un campo multidisciplinare che combina il futuro dell'ingegneria con
elementi biologici come cellule e fattori di crescita.

L'approccio abituale di TERM ha utilizzato piattaforme specifiche (scaffold)
realizzate con materiali biocompatibili con la capacita di imitare il microambiente
che circonda la cellula. Nonostante cio, questo sistema si ¢ concentrato sulla ricerca
del risultato perfetto per "riempire" l'area del tessuto danneggiato con scarsa
considerazione dei percorsi biologici per l'autoguarigione.

Questa tesi propone un nuovo algoritmo metodologico, d'ora in poi chiamato
Algoritmo Rigenerativo. A tal proposito si propone un percorso in tre fasi che
considera le fasi principali dei meccanismi di autoguarigione del corpo umano.
Questa tesi ¢ suddivisa in quattro capitoli principali; ognuno mostra un caso di
studio relativo a ciascuno dei passaggi proposti nell'algoritmo rigenerativo.

I1 capitolo 1 presenta uno studio di validazione di una nuova collagenasi estratta
dalla coltura batterica anaerobica di Vibrio alginolyticus. Nella pratica clinica, le
collagenasi sono utilizzate nel trattamento del tessuto danneggiato come strumento
di sbrigliamento, che ¢ correlato alla prima parte dell'algoritmo, che ¢ la
destrutturazione del tessuto. Questo studio ha valutato la collagenasi basata su V.
alginolyticus in vitro rispetto agli effetti provocati dalle collagenasi commerciali
ottenute dal ceppo Clostridium histolyticum. Inizialmente, la collagenasi a base di
V. alginolyticus ¢ stata ottimizzata in termini di concentrazione e tempo di reazione
per l'estrazione di cellule staminali dal tessuto adiposo. Una volta individuate la
migliore concentrazione e il tempo di incubazione, la nuova collagenasi ¢ stata
confrontata con due collagenasi a base di C. histolyticum, una standard utilizzata
nella pratica di laboratorio e l'altra una collagenasi commerciale, valutando la resa
cellulare, la capacita clonogenica e proliferativa delle cellule estratte. Inoltre, le tre
collagenasi valutate sono state poste a contatto con cellule espanse per valutare
l'effetto citotossico. I risultati hanno mostrato che la nuova collagenasi ad una
concentrazione di 3,6 mg/mL e 20 min di tempo di incubazione consente di ottenere
un numero comparabile di cellule con le altre due collagenasi valutate; inoltre il test
di citotossicita ha dimostrato che la collagenasi a base di V. alginolyticus non
intacca la vitalita delle cellule mentre quella commerciale presenta una sostanziale
riduzione della vitalita. I risultati indicano che esiste un alto potenziale per l'utilizzo
della collagenasi basata su V. alginolyticus nella pratica clinica, data la sua efficacia
nell'estrazione di cellule staminali senza compromettere l'integrita cellulare.

I1 capitolo 2 mostra una valutazione in vitro e in vivo delle membrane di collagene
decellularizzate come un approccio per la seconda fase dell'algoritmo, che prevede
la ricreazione della struttura del tessuto con materiali esterni per supportare il
processo di rigenerazione. Esistono diversi metodi per realizzare la seconda fase in
base al grado di danno, in questo capitolo viene presentato un metodo invasivo che
utilizza uno scaffold 3D per il trattamento specifico della formazione di contratture
capsulari durante la ricostruzione del seno. Tre membrane di collagene
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decellularizzato sono state poste a contatto con cellule staminali per valutarne la
migrazione ¢ la proliferazione e l'eventuale stimolazione guidata dalle membrane.
Di conseguenza, le membrane sono state impiantate sul fianco sinistro dei topi
balb/c per valutare l'integrazione dermica, il grado di assorbimento e la
biostimolazione in vivo. I risultati hanno mostrato che le caratteristiche fisico-
chimiche delle membrane influenzano le capacita di differenziazione delle cellule
e la stimolazione dei tessuti, influenzando lo sviluppo di tessuto adiposo ben
organizzato.

Il capitolo 3, invece, presenta un metodo non invasivo per la seconda fase
dell'algoritmo studiando un acido ialuronico a basso peso molecolare iniettabile
(LMW-HA) in un caso studio di trattamento di cicatrici aberranti. Inizialmente,
I'LMW-HA ¢ stato testato in vitro a diverse concentrazioni per analizzare la sua
influenza sulla stimolazione differenziativa delle cellule staminali e la loro
interazione attraverso il recettore di superficie cellulare CD44, e successivamente ¢
stato utilizzato in uno studio clinico in doppio cieco per il trattamento della
cicatrice. [ risultati hanno indicato che I'HA influenza i meccanismi di
differenziazione delle cellule, dove il processo dipende dalla concentrazione,
essendo piu veloce con concentrazioni comprese tra 2 € 5 mg/mL. Sembra che
concentrazioni piu basse di HA stimolino lentamente i processi cellulari mentre
concentrazioni piu alte saturino le cellule riducendone l'attivazione. Inoltre, nello
studio clinico, 1 pazienti trattati con HA presentavano un tessuto piu strutturato e
piu liscio, il che significa che 1'uso di HA pud aumentare il recupero totale del
tessuto e quindi migliorare la qualita della vita dei pazienti.

Il capitolo 4 espone uno studio sulla validazione di un dispositivo che introduce
|'ultima fase dell'algoritmo, ovvero l'utilizzo di elementi cellulari che potenziano il
processo di rigenerazione del tessuto. Questo capitolo presenta la caratterizzazione
del prodotto ottenuto dopo la lavorazione del tessuto adiposo con un nuovo sistema
Nanofat in termini di resa cellulare, morfologia, proliferazione e capacita
clonogenica, immunofenotipizzazione e potenziale di differenziazione. I risultati
hanno dimostrato che il prodotto poteva differenziarsi nelle tre linee mesodermiche
e, cosa piu importante, 1'analisi di immunofenotipizzazione ha rivelato la presenza
di cellule staminali pluripotenti. Inoltre, il secretoma principale del prodotto
presenta fattori proliferativi, pro-angiogenici, pro-differenziati e pro-antiapoptotici,
vitali nel processo rigenerativo.

Secondo 1 risultati ottenuti con ciascun approccio, seguendo l'algoritmo
rigenerativo proposto, il processo rigenerativo del tessuto danneggiato puo essere
notevolmente migliorato.
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INTRODUCTION

PROLOGUE:

Shakespeare wrote, “Our bodies are our gardens...”; however, acute and chronic
disorders that result in organ malfunction/failure have been a constant puzzle for
humankind. This introductory chapter explains the concepts of Tissue Engineering
and Regenerative Medicine that have been present since the prehistoric age.
Additionally, it is proposed a novel approach for tissue regeneration by creating a
methodological Regenerative Algorithm.
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TISSUE ENGINEERING AND REGENERATIVE MEDICINE SHORT
HISTORY AND FUTURE PERSPECTIVES

The human body is a beautiful design of nature that has evolved over time; however,
damage to organs and tissues can occur from disease and accidents. Since ancient
times, the health of people has been of great importance in society, which is why a
large part of the scientific advances have been made in this area so that the quality
of life of the people can be improved.

The concept of Organ Regeneration has been part of humankind since immemorial
times. In the Book of Genesis in the Holy Bible, the story of the first woman Eve
who was created from the rib of Adam presents the classical concept of a whole
organism regeneration from a body part (1).

Ancient Greek mythology presents several examples of human creation without
sexual reproduction. The myth of Prometheus, who was chained, spending his days
at the mercy of an eagle that ate his liver, and at night his tissue regenerated,
presented the concept of liver regeneration. This story suggests the knowledge of
ancient Greeks of the regeneration capability of the liver, which is probably why
they named it “hepar,” which means “repair itself’(2).

The lack of organs has been a growing problem as accidents involving total or
partial organ failure and the inability to meet the demand with existing donors
increase (3)(4), and the option of autologous transplantation (tissue from the same
patient, taken from another area of the body) is limited by the amount of tissue
available and possible infections in situ (5). Due to this inconvenience, Tissue
Engineering (TE) arose to help tissue cell regeneration using natural or synthetic
materials that meet the necessary biocompatibility conditions. Today, the study of
TE i1s increasingly promising in the medical field since it offers a new alternative in
terms of using synthetic materials to promote cell growth (6). Thus, Cell Growth
Platforms (Scaffolds) began to be created using biocompatible materials with
similar characteristics to those of the tissue for which they were created.

The use of compatible materials dates from around 1500 B.C. with the use of wood
in limb prostheses (7) or skins to cover naked bodies. In Capua, Italy, an artificial
leg dating to approximately 300 B.C. made of iron and bronze, with a wooden core,
was unearthed, which already demonstrates the use of natural materials in the
manufacture of prostheses (7). The first prostheses were used for the replacement
of a limb so that motor problems could be solved when a limb is missing; this is to
some extent, an indication of bone replacement.

Biomaterials have been part of human evolution; however, TE became known in
1962 when scientists began to develop the first synthetic skin, being used as a
successful therapy in the treatment of burns in the mid-1970s (8). Even so, TE as a
field of study was defined in the late 1980s (9). By then, research in the field began
to grow, as reflected in the number of articles published to date and which can be
seen in Figure 1, where it is evident that since the 1960s, there had already been
research related to TE, but it is since mid-‘70s and early 80's when this field began
to gain strength, defining itself as an interdisciplinary field in the mid-1980's and
coining the term Tissue Engineering in 1987 (10)(11).
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Figure 1. Publications related to Tissue Engineering through years. Analysis performed using Scopus
Database tool (12).

During the early years, research focused on studying tissues and cells. In the early
70s, W.T. Green (11) carried out a series of experiments to regenerate cartilage
using a chondrocyte culture in combination with a bone scaffold. Although he was
unsuccessful in generating cartilage, his experiment laid the theoretical and
practical foundation for the concept of connecting cells with cell growth matrices.
The research conducted by Green led to promising work in TE focusing on skin
regeneration using keratinocytes or fibroblasts in synthetic matrices to promote new
tissue growth. The first functional synthetic leather was developed between the
1970s and 1980s; this was a starting point for what is now known as Tissue
Engineering (8)(9). Following the study on skin regeneration using cells combined
with cell growth matrices or scaffolds, a series of TE works began to be developed
to regenerate different types of organs.

This is the case of Pro-Osteon, developed by Interpore International, a coral
derivative used as bone implant material developed in 1993 (8). But it was in the
year 1997 that the complete regeneration of cartilage tissue is achieved. The
experiment developed by Charles Vacanti in 1997 (growing ear-shaped cartilage
cells on the dermis of a mouse) (13) revolutionized TE in the musculoskeletal
system.

However, it has only been possible to develop commercial products that allow the
regeneration of skin and cartilage; such as Alloderm, Dermagraft, and TransCyte,
among others (9); while for the other tissues, it has not yet been possible to advance
from the laboratory stages.

The discovery of cell by Robert Hooke in 1665 marked a breakthrough in the history
of Regenerative Medicine, but with the knowledge of the dynamic between cells
and their micro niche for tissue development by Christian Pander in 1817 and the
tissue regeneration guided by cell proliferation discovered by Rudolf Virchow in
1858 paved the development of a multidisciplinary approach for TE (1).

Figure 2 shows the timeline of greatest discoveries that have revolutionized the
field of Tissue Engineering (14).
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Currently, TE uses three main components, the so call Tissue Engineering Triad
(9): living cells, biocompatible materials and signaling factors (biochemical and
physical elements as shown in Figure 3.
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Figure 3. Illustration of the key elements of Tissue Engineering and Regenerative Medicine.

Tissue Engineering and Regenerative Medicine (TERM) is an extensively complex
field that requires profound knowledge of the key actuators in developing and
maintaining tissues and organs. In this regard, a novel approach is proposed in this
study describing a methodological pathway to achieve the able tissue regeneration,
named the Regenerative Algorithm.

As a common understanding in the construction field, it is important to remove all
the compromised areas before repairing structural damages in buildings or other
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infrastructures. After the removal of the damaged parts, it is required to generate a
new supportive framework to finally be filled with new material.

In the case of TERM, following the previous analogy, the regeneration can only
start after the appropriate removal of the damaged or altered tissue, known as a
destructuring of the tissue. Then, the Regenerative Algorithm suggests creating a
supporting material with similar physical characteristics to the damaged tissue that
allows the conformation of favorable conditions for the last step of the algorithm,
which is the promotion of tissue restructuration by using cells and signaling
molecules that induce the regeneration, these last two steps are commonly known
as the Tissue Regenerative Triad. Accordingly, the independent development of
each mentioned step will contribute to consolidating the optimization of the final
Regenerative Algorithm, which has as central target Tissue Regeneration.

This study presents four distinct research approaches focused on the stages
proposed for the novel regenerative algorithm. Every chapter presents independent
research focused on different pathologies of interest for Regenerative Medicine.
Chapter 1 highlights the first step of the proposed algorithm, which is the
destructuring or removal of damaged tissue. The chapter presents the in vitro
optimization for using a Vibrio alginolyticus-based collagenase and its comparison
with commercial ones. In clinical practice, collagenases have been used in the
treatment of necrotic tissue as a debriding instrument for the remotion of damaged
tissue.

Chapters 2 and 3 display two approaches for the second phase of the algorithm,
which is the use of external supports that recreates the natural structure of the target
tissue. Chapter 2 is focused on the in vitro and in vivo stimulation promoted by
decellularized collagen membranes in a specific pathological case. On the other
hand, chapter 3 shows the study on injectable hyaluronic acid and its effect on in
vitro adipogenesis. Natural biomaterials have been widely used for their
biocompatibility and the capacity to recreate the physical structure of tissues
providing a sort of framework for the newly generated tissue to grow.

Finally, chapter 4 displays validation research of a novel kit for isolating the stromal
vascular fraction (SVF) from adipose tissue, an excellent source of stem cells and
connective tissue that enhance tissue restructuration. The use of SVF in clinical
practice is gaining attention due to its regenerative effect attributable to the presence
of stem cells, and endothelial cells, among others, and especially to the
proliferative, pro-angiogenic, pro-differentiative and pro-antiapoptotic factors
present in SVF secretome which are key factors in the regenerative process
induction.
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CHAPTERI:

ISOLATION OF ADIPOSE-
DERIVED STEM CELLS USING
Vibrio alginolyticus-based
COLLAGENASE: CASE STUDY

PROLOGUE

Brene Brown wrote, “To fall in love with yourself is the first secret to happiness.”
Personal interactions are highly ruled by how a person sees himself. Damage tissue,
significantly damaged skin, affects not only the tissue itself but the psychological
well-being of the person. This chapter presents a case study of the evaluation of a
novel collagenase with future applications in wound debridement necessary for scar
treatment.
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1. BACKGROUND

Regenerative cell therapy, which passes on to the therapeutic accomplishment of
stem cells to recover diseased or damaged tissue, has obtained strengthening
consideration from scientists and clinicians (1,2). In this regard, the use of
enzymatic treatments has been described as a good method in the remotion of
lesioned tissue stimulating the endogen staminal regenerative niche to induce the
self-healing capacity (3). However, it is important an initial in vitro approach to
understand the enzymatic characteristics of new enzymes.

Mesenchymal Stem Cells (MSCs) are multipotent fibroblast-like cells capable of
self-renewal and differentiate under adequate stimuli into different cell lineages
such as adipocytes, chondrocytes, or neurons that can be harvested from diverse
adult tissues (4—7). MSCs are responsible for maintaining the functionality of the
body by substituting cells that can no longer accomplish their role in an organ or
tissue (8). It has been found that MSCs not only present the capacity to differentiate
into a variety of cell types but also possess the ability to secrete high quantities of
cytokines and growth factors (fibroblast growth factor, keratinocyte growth factor,
IL-6, IL-7, among others) increasing the MSCs effect in the reparative processes
(9). MSCs carry considerable engagement for tissue regeneration due to their
essential capability to supply a renewable contribution of progenitor cells that can
build several cell varieties, whole tissue structures, and organs (10,11). The primary
sources used to isolate MSCs are some adult and fetal tissues such as amniotic fluid,
peripheral blood, bone marrow, adipose and so forth (12). Among these, adipose
tissue stands out the most, given that it is an abundant and available supply of MSCs
and is considered as a discarded tissue after procedures such as liposuction or
abdominoplasty (13). For this reason, autologous adipose-derived stem cells
(ASCs) have developed into highly interesting for the usage of regenerative cell
therapy given the high availability and differentiation capability into different
cellular lineages (14—19). The clinical use of ASCs is increasing rapidly because of
their encouraging results across a wide range of clinical applications (20-22).
Optimizing the isolation of ASCs is essential not only to improve the extraction
efficiency but also to correctly identify the physiological level of extracted ASCs,
which determines their possible clinical applications (23). There have been studied
different isolation methodologies of ASCs to optimize the extraction separating the
highest possible amount of living ASCs from the lowest achievable quantity of
adipose tissue in the shortest workable time. Some of these methods are focused on
mechanical isolation using shear force, centrifugal force or turbulence force (24—
32), and some others use enzymatic digestion (33,34). In this last regard, bacterial
collagenase is the most conventional proteolytic enzyme used to disaggregate
tissues (35). The most popular commercially available bacterial collagenase is a
lyophilized extract of the anaerobic culture of Clostridium histolyticum. Among the
best-known uses of C. histolyticum collagenase in the medical field are wound
debridement (3,36), treatment of Dupuytren's disease (37-39), and treatment of
collagen plaque in the tunica albuginea of Peyronie's disease (40,41). However, C.
histolyticum collagenases present low collagen selectivity degrading other
membrane proteins such as fibronectin and decorin, which are fundamental
components of the extracellular matrix (42). The low selectivity of C. histolyticum
collagenases is probably due to their proteolytic composition variability (43). On
this regard, the study on collagenases derived from diverse bacteria strains has
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gained attention. Those of the genus Vibrio are one of the most encouraging
bacteria, a non-pathogenic strain well known as protease producers, praiseworthy
of furthermore attention and investigation as a wellspring of enzymes (44,45). The
first reported collagenolytic enzyme was the collagenase from Vibrio alginolyticus
chemovar iophagus bacteria which was first named as Achromobacter collagenase
or achromase, recently known as Vibrio collagenase. The V. collagenase is an
81875Da zinc metalloproteinase with a specific activity towards collagen substrates
(42,44,46). Due to its low metabolic activity against fibronectin and decorin, the
primary utility of Vibrio collagenases counts on their capability to perform the
careful eradication of necrotic tissue (42,47) with the only minor implication of the
peri-wound healthy tissues (48,49). The V. collagenase has established to be
valuable and suitable as debriding instrument and is being favorably related to
pharmaceutical uses (50). The value and accordance of collagenase has been a
recurring changeable in the literature between batches and manufacturers (51).
Moreover, at the present day, the use of enzymes implies high costs and might
impact on safety and efficacy (52,53).

The translation of research-based methods into the process for large-scale
preparation of clinical-grade ASCs contemplating the Good Manufacturing Practice
rules is crucial and firmly based on the safety, purity, and efficacy of cells. The
procedure demands rigorous Quality Control validation of all pivotal points during
fabrication (54).

This study aimed to evaluate a novel Vibrio collagenase enzyme for the isolation of
Adipose-derive Stem Cells, comparing cellular yield, cellular viability, and number
of living cells per ml of lipoaspirate in comparison with the standard research-used
Clostridium collagenase.

2. MATERIALS AND METHODS
2.1.Adipose tissue collection

The adipose samples were collected from 10 patients after an informed consent
through a liposuction procedure. The samples collection followed the ethical
guidelines established by the review committee for human studies. To obtain the
adipose sample, it was injected Klein tumescence solution (2% Lidocaine solution:
0.8% w/v; Adrenaline 1mg/mL solution: 0.1% v/v in 0.9% saline) 10 min before
the liposuction. Around 30mL of lipoaspirate was collected from the abdominal
area of each donor with a cannula of 11 G, 6 holes, and a 20 mL Vac-Lock syringe.

2.2.Adipose tissue enzymatic digestion

The study was divided into two main parts. The first part consisted of the
optimization of the adipose digestion using a novel Vibrio alginolyticus-based
collagenase with an enzymatic activity of 1U/mL. For this purpose, it was selected
as a control the standard enzymatic digestion consisting of 1mg/mL of enzyme and
45min of incubation time. Additionally, to optimize the Fidia collagenase process,
the enzyme concentration and the incubation time were modified. The evaluated
enzyme concentrations are displayed in Table 1 with the different evaluated
incubation times for each concentration.
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Table 1. Name code of the evaluated enzyme concentration of Fidia collagenase with the evaluated
incubation time for each concentration.

Name code Enzyme concentration Incubation time (min)
(mg/mL)
1x 0.9 45
2x 1.8 45, 30, 20
4x 3.6 30, 20

The lipoaspirate sample was divided into portions of 5 mL each for every evaluated
combination of parameters. Every part was added into 5 mL of 1X PBS (Phosphate
Base Solution) with the evaluated concentration of V. alginolyticus collagenase and
2% BSA (Bovine Serum Albumin) and placed in agitation at 37°C, evaluating
different incubation times. Once the time passed, the digestion process was stopped
with complete growth medium (DMEM supplemented with 10% Fetal Bovine
Serum, 1% of 1:1 penicillin/streptomycin and 0,6% Amphotericin B) and
centrifuged for 5 minutes at 3000 rpm.

The obtained pellet of each portion was resuspended in 1 mL of complete growth
media and filtered with a cell strainer to be seeded in a T25 flask. The extracted
cells were evaluated regarding cellular yield, clonogenic and proliferation capacity,
and the optimized parameters were further characterized with flow cytometry and
differentiation potential.

The second part of the study consisted of the confrontation of the previously
optimized method with two commercial Clostridium histolyticum-based
collagenases with an enzymatic activity of 250 U/mL: a commercial C. histolyticum
blend and Collagenase Type I (GIBCO life technology, USA). Both commercial
collagenases were prepared in 1mg/mL concentration in 1X HBSS (Hank's
Balanced Salt Solution) with 2% of BSA. The adipose tissue was divided into
portions of 5 mL and was enzymatically digested in SmL of each commercial
collagenase solution at 37°C for 45 min in agitation. The enzymatic action was
blocked with complete growth medium, and the following steps were executed as
previously described. The extracted cells with the optimized method and the
commercial enzymes were compared in terms of cellular yield, clonogenic and
proliferation capacity, and in terms of cellular viability on expanded cells.

Intra and inter-donor comparative analyses were performed. Figure 1 summarizes
the followed methodology.
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Figure 1. Experimental plan for the V. alginolyticus collagenase optimization method and comparison with
commercial enzymes.

2.3.Cellular yield

The extracted cells were counted for cellular yield calculation considering the
number of extracted free cells divided by the processed fat volume. The number of
living cells was calculated using the Trypan Blue exclusion assay in a CytoSMART
counter (Automated Image-Based Cell Counter, version 1.5.0.16380, CytoSMART
Technologies B.V., Eindhoven, Netherlands).

2.4.Clonogenic capacity

To evaluate the clonogenic capacity of the extracted cells, they were plated in
triplicate in a 12-well plate at a concentration of 1000 cells/mL. The cells were
incubated in a humidified atmosphere with 5% CO; at 37°C for 14 days changing
the medium every 48 h. The cells were stained with Toluidine Blue (Sigma-Aldrich,
Milan, Italy) on the last study day to count the colonies. The colony former unit
(CFU-F) was calculated as a percentage of the number of colonies divided by the
number of seeded cells.

2.5.Proliferation capacity

The extracted cells were seeded on a 25 cm? T-flask with complete culture medium
and incubated in a humidified atmosphere at 37°C with 5% COx. The first medium
change was performed after 72 h from the enzymatic digestion, and the subsequent
changes every 48 h. The proliferation capacity was determined considering the
required days to reach 80% confluence.

2.6.Immunophenotyping

Collected cells with the optimized enzymatic digestion immediately after (Passage
0), as well as the subsequent subculture cells (Passage 4), were characterized by
flow cytometry. The digested adipose tissue was centrifuged at 3000 rpm for 6 min.
The cell pellet was incubated with 1 mL of erythrocyte lysis buffer 1X (Macs
Miltenyi Biotec, Milan, Italy) for 10 min and filtered through a 70 um cell-strainer.
Subsequently, cells were washed with 1 mL in PBS (1X) and incubated (1 x 10° for
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each tube) with conjugated antibodies on ice for 30 min. After incubation, the
pellets were centrifuged (5000 rpm, 7 min) and resuspended in 100 uL of PBS (1X).
The antibodies used were: CD45 FITC conjugate (1:20 dilution), CD34 PE
conjugate (1:5 dilution), CD90 PE conjugate (1:20 dilution), CD73 BV421
conjugate (1:5 dilution), CD34 APC conjugate (1:20 dilution), CD146 APC
conjugate (1:5 dilution), CD105 PE conjugate (1:5 dilution), SEEA3 FITC
conjugate (1:5). For cell viability, Propidium lodide was used. All antibodies were
purchased from BD Biosciences (Becton Dickinson Italy S.P.A., Milano, Italy).
Immunophenotyping was performed through a chant II FACS (BD, Becton
Dickinson, Milano, Italy).

2.7.Differentiation assay

To evaluate the differentiation potential of the extracted cells with the optimized
parameters, cells from passage 4 (P4) were used for both treated and control stained
compared with differentiated cells extracted with Collagenase Type I, each in
triplicate. For adipogenic and osteogenic differentiation, 5000 cells were seeded in
a 12-well plate in triplicate and incubated at 37°C with 5% CO,. After 24 h of cell
incubation, the complete culture medium was replaced with adipogenic and
osteogenic medium, respectively (StemPro osteogenesis differentiation Kit—
GIBCO Life Technology, Monza, Italy). For the adipogenic differentiation
capability, cells were fixed after 14 days of study with Baker's fixative (Bio-Optica,
Milan, Italy) for 10 min at 4°C as recommended by the fabricant, washed for 10
min with tap water, stained with Oil-Red-O ready-to-use solution (Bio-Optica,
Milan, Italy) for 15 min and Mayer's Hematoxylin (Bio-Optica, Milan, Italy) for 5
min. Finally, the cells were washed with tap water for 5 min and mounted with
Mount Quick aqueous solution (Bio-Optica, Milan, Italy).

After 14 days of incubation, the osteogenic differentiation capacity was evaluated
by staining the cells with Alzarin Red solution (Merck KGaA, Darmstadt,
Germany) for 3 min post-fixation with 4% formaldehyde (Bio-Optica, Milan, Italy)
in PBS 0.05 M for 30 min at 4°C. The Alzarin Red was washed with distilled water,
followed by immersion of the samples in Mayer's Hematoxylin for 30 s. Finally,
the glass coverslips were dehydrated in an ethanol gradient concluding with two
passages in xylene to be mounted with Entellan (Merck KGaA, Darmstadt,
Germany).

The differentiation in the chondrogenic lineage was evaluated by resuspending 1 x
10% cells in SuL of complete culture medium in triplicate and incubating for 2 h in
a 12-well plate. After time passed, the chondrogenic medium (StemPro
chondrogenic differentiation Kit, GIBCO Life Technology, Monza, Italy) was
added and changed every 3 days. After 21 days of study, the cells were fixed with
4% formaldehyde in PBS 0.05 M for 30 min at 4°C. The fixative was washed with
distilled water, and the cells were stained with Alcian Blue solution (Merck KGaA,
Darmstadt, Germany) for 40 min in slow agitation and later with Nuclear Fast Red
(Bioptica, Milan, Italy) for 20 min. The samples were dehydrated and mounted with
Entellan.

The same 4™ passage cells with complete culture media were used as control, and
they were seeded and stained following the same procedure for every lineage. Once
the samples were completely dried, the cells were imaged in light microscopy using
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an Olympus BX-51 microscope (Olympus, Tokyo, Japan) equipped with a digital
camera (DKY-F58 CCD JVC, Yokohama, Japan) and connected to a PC endowed
with Image-Pro Plus 7.0 software. The mounted samples were gently cleaned with
ethanol, then placed on the microscope slides holder, and 5 images for each slide
were acquired using a 20X objective for quantifying the lipid droplets, 10X
objective for the osteogenic and 4X for chondrogenic quantification. Photoshop
software (Adobe Photoshop CS6 v13.0 extended) was used for each quantification
to isolate the specific differentiation staining color (red for lipid droplets and
calcium deposits, blue for cartilage-like matrix). Successively, a custom-designed
ImagelJ plugin (U.S. National Institutes of Health), in blind condition, was used to
make a binary image and quantify the differentiation-specific color previously
isolated. The number of lipid droplets (referred to as red spot on the cell cytoplasm)
was quantified for the adipogenic differentiation. For chondrogenic differentiation
was considered the Area of the chondrogenic aggregates (marked by the Alcian blue
staining), and for the osteogenic differentiation was quantified as the calcium
deposit area (marked from the Alzarin Red staining). After the semi-quantification
with ImagelJ, the data was transferred into a PRISM file for the statistical analysis
and graph creation.

2.8.Cellular viability test

To evaluate the potential cytotoxicity activity of the V. alginolyticus Collagenase at
the optimized protocol, two viability tests were performed compared with
Collagenase type I and C. histolyticum blend. The first viability test was the Trypan
Blue Exclusion test. Expanded cells (P4) were detached and divided into three
portions, one for each evaluated collagenase. The viability of each part was
measured with Trypan Blue solution in a CytoSMART counter (Automated Image-
Based Cell Counter, version 1.5.0.16380, CytoSMART Technologies B.V.,
Eindhoven, Netherlands) and named as Viability Pre-Treatment. The cells were
then placed in contact with the evaluated collagenases at the optimized
concentration for V. alginolyticus collagenase and 1mg/mL for Collagenase type I
and C. histolyticum blend and incubated at 37°C for 20 min in agitation. As
previously mentioned, the Viability Post-Treatment was measured with Trypan
Blue at the end of the incubation time. The test was performed in triplicate.

The second viability test was the Methyl-thiazolyl-tetrazolium (MTT) colorimetric
assay for metabolic activity. P4 cells were detached and divided into four portions,
one with no treatment as control and the remaining three were treated with the
evaluated enzymes at the optimized concentration for V. alginolyticus collagenase
and 1mg/mL for Collagenase type I and C. histolyticum blend. All four portions
were incubated at 37°C for 20 min in agitation. After the time passed, 1x10* cells
were seeded in sextuplicate for each evaluated enzyme with 100uL of complete
growth medium in a 96-well plate. The cells were incubated for 24 hours at 37°C
and 5% CO». The medium was removed after the incubation time, and the cells
were washed with 1X PBS. The cells were treated with 100 uL of MTT (3-(4,5-
dimethylthiazol-2-y1)2,5-diphenyltetrazolium bromide) at a concentration of
Smg/mL (Sigma, Italy) and incubated for 4 hours in the dark. Subsequently, the
formed formazan crystals were dissolved in 100 pL of dimethyl sulfoxide (DMSO)
for 10 min. The optical density was measured in a microplate reader (HTX
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Microplate Reader BioTek Instruments, Winooski, VT, USA) at a wavelength of
530 nm. The cell viability was calculated using equation 1 as a percentage of the
absorbance of the treated cells in relation to the absorbance of control cells. All
measurements were performed in triplicate for each treatment and control cell.

ATreatment

%cells viability = ( ) * 100

Control

Finally, the expanded cells treated with the evaluated enzymes were
morphologically analyzed through a Transmission Electron Microscope (TEM) to
evaluate cell integrity. The expanded cell pellets obtained after enzymatic
treatments were fixed for 1 h in 2% glutaraldehyde in 0.1 M phosphate buffer
solution (PBS) and, after washed, postfixed for 1 h in 1% OsO4 diluted in 0.2 M
KsFe (CN)s. After rinsing in 0.1 M PBS, the samples were dehydrated in graded
acetone concentrations and embedded in a mixture of Epon and Araldite (Electron
Microscopic Sciences, Fort Washington, PA, USA). Ultrathin sections were cut at
70 nm thickness on an Ultracut E ultramicrotome (Reichert-Jung, Heidelberg,
Germany), placed on Cu/Rh grids and contrasted with lead citrate. Samples were
observed with a Philips Morgagni 268 D electron microscope (Fei Company,
Eindhoven, The Netherlands) equipped with a Megaview Il camera to acquire
digital images.

2.9.8tatistical Analyses

Statistical analyses were performed using GraphPad Prism 7.03 for Windows
(GraphPad Software, La Jolla, CA, USA). The data is reported as the mean =+
standard error obtained after analyzing four consecutive patients. One-way analysis
of variance (ANOVA) and the multiple comparisons tests (Tukey test) was
employed. A confidence interval of 95% was contemplated to compare the
evaluated experimental groups considering a p-value < 0.05 to indicate the
differences were statistically significant.

3. RESULTS
3.1.0ptimization of V. alginolyticus collagenase adipose tissue digestion
process

3.1.1. Cellular yield, clonogenic potential and proliferation capacity

The extracted cells obtained after the enzymatic digestion with the V. alginolyticus
Collagenase in different concentrations and incubation time were analyzed in
cellular yield, viability, proliferation capacity, and clonogenic potential. Figure 2.A
shows the number of nucleated cells for mL of fat of all the evaluated protocols
being higher with the 4x / 20 min treatment compared to the other protocols.
Considering the concentration of 1 mg/mL with an incubation time of 45 min as the
"standard method" (cell yield 100%), the cellular yield of the method 4x / 20 min
resulted in 235.49 + 35.85%. However, there are no significant differences among
the treatments. Figure 2.B shows the relative proportion of CFU-F (colony-forming
unit fibroblast) evaluated 7 and 14 days after the seeding. The graphic shows that
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the 2x / 45 min protocol presents the highest among the treatments to extract colony-
forming units from adipose tissue. However, it can be seen from Figure 2.C that
cells extracted with 4x / 20 min protocol present a faster population doubling time,
which means that these cells required fewer days to reach confluence than the other
methods.

A
B 40 60 =
1
2500+ a0 H !
£
0
2000 T

CFU-F (day 7)
n
o
CFU-F (day 14)

-

o
hy
=

a8t e e e e o™ e ™ g0 et Wy g0

Number of nucleated cells/mL of Fat

0
s “““ﬂm‘-‘ ‘“‘“111 20 ‘“\n.,_ﬂ'le ‘“\\‘\“‘N’!1° ‘“\“&,”10 o

Cells yield (%) IS 5
1X/45 min 100.00 + 0.00 g E
2X/45 min 183,44 + 36,99 g F
b g
2X/30 min 147.44 + 48,87 5 £
2X/20 min 197.98 £ 60.53
4X/30 min 209.94 +28.95
4%/20 min 235.49 + 35.85 e ™00 20 0 e g RS “"‘“wm “‘“11J3° "““}m“ 20 e
C
6 _ —m— 1X/45 min|
1:4xil0 —m— 2X/45 min
. F /' ‘ B 2X/30 min
s —m— 2X/20 min
1,2x10° - / /' W 4X/30 min
S / —B—4X/20 min|
r . s y
1,0x10° H
£
0
3 s
O 8,0x10°
5]
e
3
= 6,0x10°
3
=z
4,0x10°
2,0x10°
T T T T T T 1
5 10 15 20 25 30 35
Days

Figure 2. (A) Cellular yield, (B) clonogenic potential and (C) cellular growth of extracted cells after the
enzymatic digestion with V. alginolyticus collagenase varying concentration and incubation time. The results
are shown as the mean + standard error indicating the significant statistical differences (*: p-value <0.05, **:

p=<0.01, ***: p<0.001).

Figure 3.A shows the percentage of cellular viability obtained with the studied
methods. As seen, there is no significant difference among the treatments in terms
of cell viability; for all the protocols, it was found to be over 96%. Additionally,
Figure 3.B presents the proliferation capacity of the different evaluated protocols.
From the graphic, the elevated proliferative function of the extracted cells is
notorious after the 2x / 20 min methodology compared to the other procedures.
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Figure 3. (A) Viability and (B) proliferation capacity of extracted cells after the enzymatic digestion with V.
alginolyticus collagenase varying concentration and incubation time. The results are shown as the mean +
standard error indicating the significant statistical differences (**: p<0.01, ****: p<(0.0001).

Considering the obtained results, the selected optimized protocol was with a
concentration of 4x with an incubation time of 20 min. The protocol was preferred
given that its biological behavior is comparable to the other protocols but requires
less time to digest adipose tissue.

3.1.2. Immunophenotyping of optimized V. alginolyticus collagenase method

The cells extracted with the optimized protocol were characterized to identify the
cellular composition of the suspension after the extraction (passage 0; P0O) and after
being cultured them until passage 4 (P4). Figure 4 shows the FACS results at PO for
the different analyzed antibodies. It can be seen by the large cloud of data located
on the negative side of the Propidium Iodide (PI) marker that most of the evaluated
cells (approximately 99.8 %) were alive, which indicates that the results for the
different antigens accurately represent the cellular population on the sample.
Firstly, it was analyzed the CD45 antibody of the total evaluated cells, 6.4% were
positive for CD45, representing a population of leucocytes. The remaining cells
were negative for this marker which, alongside the positive expression of CD90,
CD73, CD34 and CDI0S, characterize mesenchymal stem cells and cells of
hematopoietic origin. On the same CD45 negative population, the positive
expression of CD146 represents pericytes on the cellular suspension.

Additionally, it was characterized by the presence of another subpopulation, the
Multilineage-differentiating stress-enduring cells (MUSE), by the simultaneous
expression of CD105 and SEEA3.
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Figure 4. Inmunophenotyping of the extracted cells with the optimized protocol of Fidia collagenase after
the adipose tissue enzymatic digestion (P0).

On the other hand, Figure 5 shows the cellular characterization of the extracted cells
with the optimized protocol after being cultured until passage 4. As seen with the
PO analysis, most of the evaluated cells were alive during the study. It can be seen
that the cell expressed the typical markers for mesenchymal stem cells with a
reduced presence of other subpopulations, as seen with the almost non-existent
positive result for CD45 and CD34, markers for leucocytes and hematopoietic stem
cells, respectively. Moreover, the cells maintain their multipotency, proven by the
simultaneous positive response for CD105 and SEEA3 markers.
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Figure 5. Immunophenotyping of extracted cells with the optimized protocol after culture procedure until
reach passage 4 from the adipose digestion.

3.1.3. Analysis of multipotency

The extracted cells show a differentiative capacity in the three evaluated cellular
lineages after being seeded in the differentiative culture medium in the evaluated
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time. Figure 6.A shows representative images of the differentiation process
compared with the differentiated cells extracted with collagenase type I and control
(cells cultured in complete growth medium). The semi-quantification analysis of
lipid droplets presented in figure 6.B showed comparable adipogenic differentiation
between V. alginolyticus collagenase (215,3 + 17,5, n=3) and Collagenase Type 1
(227,1 £ 29,7, n=3), while negative control resulted in 3,867 + 1,348, n=3.
Otherwise, V. alginolyticus collagenase resulted in a statistically significantly
higher differentiation potential for chondrogenic (313114 um? + 79755 um?, n=3)
and osteogenic (185119 um? + 8431 um?, n=3) lineages when compared to Col.
Type 1 (124643 pm? + 8240 pm?, n=3, 75572 pm? £+ 13652 pm?, n=3) and negative
controls (0+0,n=3,31,73 £ 18,67, n=3) as seen in figures 6.C and 6.D respectively.
The results showed that the extracted cells with the optimized treatment present the
capacity to proliferate in adipocytes, osteocytes, and chondrocytes.
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Figure 6. (A) Optical microscopy images of extracted cells with the optimized protocol compared with
extracted cells with Col. Type lafter being induced with differentiation medium (adipocytes present lipid
droplets identified with black arrows, chondrocytes in blue and osteocytes in red) in comparison with not

induced cells (CTRL-). Statistical graphs of semi-quantitative analysis of (B) lipid droplets number for
adipogenic differentiation, (C) the cartilage-like matrix area for chondrogenic differentiation and (D) the

Calcium deposits area for the osteogenic differentiation. The results are shown as the mean =+ standard error
indicating the significant statistical differences (* p<0,05 ** p<0,01, *** p<0,001, **** p<0,0001).

3.2.Comparison of the optimized protocol with commercial collagenases
3.2.1. Cellular yield, clonogenic potential and proliferation capacity

Figure 7.A. shows the number of cells obtained after the three enzymatic treatments
in the study. As seen in the graphic, an average of 1.49x10° + 2.27x10? cells are
obtained with V. alginolyticus collagenase 4x/20 min, while in the case of the two
control treatments, the average of cell number was 9.64x10* + 3x10? and 9.51x10?
+ 1.75x10? for Collagenase Type I and C. histolyticum blend, respectively.
Considering Collagenase Type I as the "gold standard,” and therefore with a cellular
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yield of 100% in terms of the number of extracted cells per mL of processed adipose
tissue, the cellular yield percentage of V. alginolyticus collagenase 4x/20 min was
154.96 + 23.59 proving to be more efficient, whereas for C. histolyticum blend the
cellular yield percentage was of 98.70 + 18.12. However, there was no statistical
significance among the data. Figure 7.B. reports the number of Fibroblasts-like
Colony Forming Units (CFU-F) for the evaluated enzymatic treatments counted 7
and 14 days after the enzymatic digestion. The average CFU-F obtained with V.
alginolyticus collagenase 4x/20 min was 18.42 + 1.40 and 30 + 2.74 after 7 and 14
days, respectively. In the case of both control collagenases, the average number of
CFU-F after 7 days was 21.25 £ 2.66 and 25.75 = 3.40 for Collagenase Type I and
C. histolyticum blend, respectively. Even though the number of CFU-F for V.
alginolyticus collagenase after 7 days is lower than the other two treatments, there
is no statistical significance among the data. Notwithstanding, after 14 days, the
number of CFU-F for C. histolyticum blend (45.25 + 3.20) is statistically higher
than the one reported for Fidia collagenase but with no difference from the average
number for Collagenase Type [ (36.50 +3.52). The graph also shows the clonogenic
efficiency (CFE) at 7 and 14 days. V. alginolyticus collagenase 4x/20 min reports a
CFE lower than Liberase at 7 days and even lower after 14 days.

Figure 7.C. shows the cell growth curve of the evaluated enzymatic treatments. To
assess the proliferative capacity of each product, after the enzymatic digestion,
2x10° cells were seeded for every treatment, and the time and number of cells were
evaluated once the plates reached confluence. The proliferative capacity is
comparable between the three methods with no statistical differences.
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Figure 7. (A) Cellular yield, (B) clonogenic potential and (C) cellular growth of extracted cells after the
enzymatic digestion with the optimized V. alginolyticus collagenase compared with Collagenase Type I and
C. histolyticum blend. The results are shown as the mean + standard error indicating the significant statistical

differences (*: p-value <0.05).

Figure 8 shows the cellular viability and proliferation capacity of the products
extracted with the three enzymatic methods. It can be seen from the figure that there
is no significant difference among the treatments. In terms of cell viability, all the
evaluated methods present a viability percentage over 95%, while the proliferative
capacity is over 5 days to confluence.
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Figure 8. (A) Viability and (B) proliferation capacity of extracted cells after the enzymatic digestion with the
optimized V. alginolyticus collagenase compared with Collagenase Type I and C. histolyticum blend. There
are no statistical differences among the data.

3.2.2. Cellular integrity assay

To evaluate whether the studied collagenases preserve the integrity of the cell
membrane, expanded ASCs were subjected to treatment with the three enzymes
being assessed (V. alginolyticus collagenase 4x/20 min, Collagenase Type I and C.
histolyticum blend) for 20 min.

The cellular viability was measured with the Trypan Blue mortality test before (pre)
and after (post) the treatment with the collagenases. Figure 9.A. shows the mean
percentage value of viability where it is noticeable that there is no difference
between pre and post-treatment for V. alginolyticus collagenase 4x/20 min and
Collagenase Type I, but a decrease in viability for cells treated with C. histolyticum
blend is appreciable (pre-viability 97.81+0.92%, post-viability 82.03+1.69%).
Figure 9.B. shows the viability percentage of cells treated with the evaluated
enzymes after 24 h of treatment assessed with the MTT test compared with control
cells (cells not subjected to enzyme exposure). The cells treated with V.
alginolyticus collagenase 4x/20 min and Collagenase Type I present viability of
94.88+17.88% and 86.46+6.06%, respectively. C. histolyticum blend, on the other
hand, shows a viability percentage of 46.16+2.59%, which is nearly half of that for
V. alginolyticus collagenase.
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Figure 9. Viability percentage of expanded cells placed in contact with the optimized V. alginolyticus
collagenase compared with Collagenase Type I and C. histolyticum blend for 20 min evaluated with the (A)
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trypan blue exclusion test and (B) MTT test. The results are shown as the mean =+ standard error indicating the
significant statistical differences ( p<0.01, ***: p<0.001, ****: p<0.0001).

Finally, the cells were morphologically evaluated through transmission electron
microscopy. Figure 10 shows some TEM-selected images of P4 cells treated with
the evaluated collagenases. The cells treated with the V. alginolyticus collagenase
present a regular profile with characteristics of cellular activation and polarization;
in fact, many cytoplasmic membrane extroversions are noted. The same aspects can
be seen in the cells treated with Collagenase type 1. Both treatments allow the
release of extracellular vesicles following the formation of sessile and pedunculated
bubbles on the cytoplasmic membrane. On the other hand, the cells treated with the
C. histolyticum blend collagenase show irregularities of shape and size, with most
of the cells characterized by diffuse cytoplasmatic vacuolization and
autophagosomes, which indicate cellular degenerative processes.

Finally, the control cells present a rounded morphology consistent with the
literature. The cytoplasm is well conserved with smooth endoplasmic reticulum
activation, and the plasmalemma shows short microvillar protrusions.
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Figure 10. Representative images of TEM analysis of P4 cells treated with the optimized V. alginolyticus
collagenase compared with Collagenase Type I and C. histolyticum blend for 20 min and cells placed in
agitation for 20 min as control group.
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4. DISCUSSION

Bacterial collagenases are a usual proteolytic family of enzymes for the
disintegration of tissue; among these the most recognized in the medical practice is
the lyophilized extract of Clostridium histolyticum (55). However, collagenases
extracted from C. histolyticum possess reduced protein selectivity degrading not
only collagen but other essential proteins (42). Though the C. histolyticum
collagenase has been used for over four decades in laboratory, it is not suited for
clinical practice given its long-lasting and non-standardized procedure (30,56).
Collagenases extracted from Vibrio alginolyticus are primarily unexplored and
understudied. Nevertheless, their uses are different and highly effective in the
wound fields. This manuscript aimed to clarify the effects of a novel collagenase
blend from V. alginolyticus strain, compared with standard collagenases regarding
cell isolation, cellular yield, cell viability and number of extracted living cells from
human adipose tissue.
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The V. alginolyticus-based collagenase was evaluated at different concentrations
and with different incubation periods. It was found that all evaluated protocols
presented no statistical differences with respect to number of extracted cells,
cellular viability, and cellular growth. However, regarding cellular growth, the
mean necessary days to the confluence was lower for the concentration of 3.6
mg/mL with an incubation time of 30 and 20 min than the rest of the protocols,
indicating a faster replication capacity that might influence cell behavior in vivo.
Even though both protocols presented similar results for all the evaluated
parameters, the one with the faster enzymatic reaction is preferable. The optimized
method based on a concentration of 3.6 mg/mL of V. alginolyticus collagenase, and
20 min of incubation was used for further characterization. The FACS data showed
that the extracted cells presented the stem cells characteristics preserving the
distinctive phenotype. Additionally, these cells can differentiate in three
mesodermal cellular lineages (adipocytes, chondrocytes, osteocytes) and are
comparable with the extracted cells after collagenase Type 1 enzymatic reaction.
The higher chondrogenic and osteogenic potential showed by V. alginolyticus
collagenase in the multipotency analysis could be due to the higher integrity of
extracellular and membrane proteins, and cellular receptors, essentials for signaling
and differentiation processes.

Additionally, the optimized protocol was compared with the standard enzyme for
laboratory procedures and a commercial blend of C. histolyticum-based
collagenase. It was found that, in terms of cellular yield, clonogenic potential and
proliferation capacity, there are no differences among the optimized V.
alginolyticus collagenase and the standard ones. Even though there were not
statistical differences among the data, the results showed that the mean value for
the optimized protocol cellular yield was higher than those reported for both of the
C. histolyticum-based collagenases. Furthermore, it was demonstrated with the
cellular growth curve that the extracted cells with the V. alginolyticus collagenase
reach confluence faster than the other two evaluated enzymes.

Finally, it was seen that the evaluated enzymes in direct contact with stem cells
provoke different reactions affecting cellular vitality. It was found that cells in
contact with C. histolyticum blend enzyme presented a considerably vitality
reduction after 45 min of treatment, meanwhile cells in contact with the optimized
method presented the highest vitality among the treatments.

These findings show that while the V. alginolyticus collagenase has a comparable
enzymatic function than those C. histolyticum based, it does not affect additional
structures that might be of vital importance in tissue regeneration applications. The
enzymatic characteristics of V. alginolyticus collagenase are gentle on extracellular
matrix structures as they are selective in their degradation capacity (44).

5. CONCLUSION

Using the V. alginolyticus-based Collagenase at a concentration of 3.6 mg/mL for
20 min of incubation time at 37°C, the highest enzymatic efficiency with the low
incubation time was found compared with the other evaluated parameters.
Additionally, the selected method showed comparable efficiency with two
commercial collagenases, Collagenase Type I (GIBCO life technology) and C.
histolyticum blend, but without affecting cellular integrity when used on expanded
cells.
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The cells extracted with V. alginolyticus collagenase at a 3.6 mg/mL concentration
presented the phenotypic characteristic of stem cells and can differentiate into three
mesenchymal lineages showing the potential applications of this enzyme in
different areas of regenerative medicine.
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CHAPTER 1I:

COLLAGEN MEMBRANES FOR
RECONSTRUCTIVE PURPOSES:
CASE STUDY

PROLOGUE

The use of collagen membranes in regenerative medicine has been increasing since
its beginnings in the mid-80s as an evolution of barrier membranes for regenerative
applications. This chapter presents a case study where three different collagen
membranes were evaluated to avoid capsular contracture during breast
reconstruction/augmentation surgery.
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1. BACKGROUND

After introducing breast prostheses in 1962, the number of these surgical
procedures increased over the years, with an estimated 1°841,049 procedures
worldwide in 2018 only for cosmetic purposes (1)(2). The growing incidence of
breast cancer is the main reason for the rise of mastectomy interventions, which
ultimately increase the number of reconstructive breasts surgery. In accordance to
the World Cancer Research Fund, the most typical type of cancer in women is breast
cancer, that reached over 2 million new cases in 2018, with European countries
accounting for the highest proportion (3). The number of women undergoing breast
reconstruction surgery after mastectomy through silicone implant-based procedures
is steadily increasing (4). The formation of the peri-prosthetic capsule (PPC) is
considered part of the local reparative process against the foreign material
(implant), which involves a diversity of inflammatory cells (5-7). The PPC
formation can become a problematic response when it contracts around the inserted
material, causing hardness and deformity to the breast, known as capsular
contracture (CC). The CC is an inflammatory reaction characterized by fibrosis
surrounding the implant due to the action of excessive collagen production, which
provokes hard and painful breasts (8). According to Atlan et al. (2018) (9), collagen
fibre alignment presents a significant role in CC, which means that disrupting this
orientation may reduce the incidence and severity of the contracture. The
differences among the surfaces of mammary implants may influence the CC. In
contrast, smooth surfaces allow the proper collagen fibre alignment; the texturized
ones interfere with the fibre growth protecting against the CC (9)(10).

The CC formation is one of the most commonly reported complications after
implant-based breast augmentation and represents an important and persistent cause
of women morbidity (11). More than 10% of cases of CC report a noticeable and
painful deformity (12). Its etiology and a proper strategy to prevent its formation
must be ascertained. Different hypotheses about the formation of capsular
contracture have been formulated, such as the activation of a cascade of
biochemical events due to the movement of the prostheses (7). The pathogenesis of
capsular contracture has been described as a multifactorial process: fibrotic reaction
and recruitment of different cellular elements under pro-inflammatory stimulation
(8). This fibrotic reaction is beneficial to support the implant by maintaining it in
its position; however, if this fibrosis is excessive, it can cause pain and deformity
to the breast (13). According to extensive studies, the capsular contracture
pathogenesis seems to be due to an elevated recruitment of immune system cells
such as macrophages, lymphocytes and fibroblasts, the predominant cell types
within the capsule (14). It has been reported that the number of fibroblasts
accumulated at the place of contact between the implant and the capsule is
correlated with a high degree of pain and deformity (8). Fibroblasts regulate the
secretion and orientation of collagen fiber during the contracture formation. During
the formation of capsular contracture, the thickness of collagen bundles is
increased, and the orientation of fibers appears regulated directly by fibroblasts
(15). Another important type of cells involved in the development of capsule
contracture are myofibroblasts which are contractile fibroblasts that are believed to
furnish a contractile force reducing the capsule surface area, while the matrix of
collagen remodels and gives support to the contracture (8)(16). Other cell types,
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like lymphocytes and macrophages, have been described as having a role during the
formation of capsular contracture due to the secretion of cytokines by
myofibroblasts and fibroblasts (5). Regrettably, no successful preventive therapies
are currently developed, and the conventional treatment requires surgical
intervention for capsular remotion (11).

Since their introduction in the mid-80s as barrier cover, collagen membranes have
been widely spread to be used as highly biocompatible and versatile scaffolds for
tissue engineering applications due to native components that enhance cell
migration, differentiation, and proliferation (17)(18). The use of acellular matrices
(ACMs), the main element of the extra-cellular matrix (ECM) structure, has been
gaining attention. They are obtained from human or animal tissues, properly treated,
and deprived of any resident cell population (19)(20).

ACMs can be used to treat difficult-to-heal wounds, deep burn closure, and as a
scaffold for organ parts and tissue reconstruction due to their capacity to support
host tissue cell colonization and promote their differentiation (18)(21)(22). ACMs
healing ability is regarding their capacity to induce wound repair by amplifying the
collagen secretion and deposition and adjusting the reparative healing phases
(23)(24). ACMs have been used as a coating material for silicone breast implants
to prevent PPC contracture and the recruitment of macrophages, neutrophils, and
cellular elements responsible for contracture formation (myofibroblast). It is
considered that there is a high possibility that ACMs can attenuate the inflammatory
response of tissue (25).

Due to ACMs being considered scaffolds, they must accomplish the same
characteristics, such as promoting the healing process, progenitor cell
differentiation, and mimicking the extra-cellular environment (26). Some
researchers have described the influence of materials in stem cell differentiation,
where the type of material directly affects the final differentiated cell (27).
Restoring the damaged tissue requires different types of cells, appropriate ECM
components, and the collaboration of cytokines. Among these cells, adipocytes,
which are the primary energy storage location, have a regenerative role due to the
production of different adipocytokines involved in repair and regeneration
processes (28)(29).

This study aimed to investigate three natural ACMs, two porcine-derived and one
bovine-derived membrane, with different physical structures, such as porosity,
thickness, and stratification, both in vitro and in vivo. In vitro cell-biomaterial
interaction was analyzed through colonization capacity of adipose-derived stem
cells (ASCs) in direct contact with the ACMs. Subcutaneous implantation of ACMs
in mice was assessed to evaluate the tissue integration and biostimulation
membrane-induced.

2. MATERIALS AND METHODS
2.1. In vitro evaluation
2.1.1. Acellular collagen membranes

In this study, three xenogeneic non-crosslinked membranes provided by DECO
med S.r.l. (Venice, Italy) were evaluated:
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e (0.6 mm thick porcine acellular dermis, without additional chemicals,
manufactured by ADIPOMATRIX® processes (subjected to industrial
secrecy) named ACMI.

e (.6 mm thick porcine-derived dermal membrane prepared with a common
enzymatic deantigenation named ACM2.

e 0.4 mm thick bovine-derived acellular pericardium membrane with a
common enzymatic deantigenation named ACM3.

2.1.2. Morphological and Physical properties of membranes

Scanning Electron Microscopy (SEM) was performed to evaluate the membranes
in dry and wet conditions. Each piece was fixed for 4 hours with glutaraldehyde 2%
(Sigma Aldrich, Milan, Italy) in 0.1 M Phosphate Buffer Solution (PBS), postfixed
in 1% osmium tetroxide (Sigma Aldrich, Milan, Italy) in PBS 0.1 M for 1 hour.
Then, the samples were dehydrated in a graded concentration of ethanol (Sigma
Aldrich, Milan, Italy), followed by a critical point dryer (CPD 030, Balzers, Vaduz,
Liechtenstein), fixed to stubs with colloidal silver and sputtered with gold by a MED
010 coater (Balzers), to be imaged with FEI XL30 scanning electron microscope
(FEI Company, Eindhoven, Netherlands). The increment of mean porous size of
membranes due to the embedding in culture growth media was calculated using
Image-J Software using 10 SEM images taken before and after the embedding
process at the same magnification. In addition, the swelling ratio of the evaluated
membranes was measured using Equation 1, where Wi is the initial weight of the
membrane under dry conditions and Ww the weight after submerging the membrane
in PBS for 24 hours at room temperature (30)(31).

04) = Wy — W, ;

S(%) = ( /Wi) * 100 Equation 1.

The porosity percentage was evaluated according to Archimedes principle and the
procedure suggested by Lou T. et al. (2014 and 2016) (30)(31) using pure ethanol
(Sigma-Aldrich, Milan, Italy) as displacement liquid. Membranes were weighed in
dry (W) and subsequently soaked in 70% ethanol (Sigma-Aldrich, Milan, Italy) for
I hour in vacuum conditions. After the time passed, wet membranes were
submerged in a known volume (V1) and weight (W) of pure ethanol. The system
weight (W2) and the displaced volume (V) were measured. The porosity
percentage (&) was calculated using Equation 2, considering pure ethanol density
(p) at 20°C.

W, =Wy - W) /
E= P / A Equation 2.

2.1.3. Isolation and seeding of Adipose-derived Stem Cell

ASCs were isolated from human lipoaspirate of healthy donors (women of ages
between 35 and 45 years) after informed consent, following the protocol described
by Peroni et al. (2018) and Busato et al. (2020), using an enzymatic method
(32)(33). The lipoaspirate samples were incubated in 1 mg/mL of Collagenase type
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I (GIBCO life technology, Monza, Italy) dissolved in Hank’s Balanced Salt
Solution (HBSS, GIBCO Life Technology, Monza, Italy) with 2% of Bovine Serum
Albumin (BSA, GIBCO Life Technology, Monza, Italy). Complete growth medium
(Dulbecco’s Modified Eagle’s Medium (DMEM), Sigma-Aldrich, Italy)
supplemented with 10% of Fetal Bovine Serum (FBS, GIBCO Life Technology,
Monza, Italy), 1% of 1:1 penicillin/streptomycin (P/S, GIBCO Life Technology,
Monza, Italy) solution, and 0.6% of Amphotericin B (GIBCO Life Technologies,
Monza, Italy) was added to neutralise the enzymatic action. The extracted cells were
incubated in a humidified atmosphere with 5% CO; at 37°C in a 25 cm? flask with
complete growth medium. The cells were detached after reaching between 70 and
80% confluence by incubation with 0.25% trypsin (GIBCO Life Technology,
Monza, Italy) at 37°C for 5 min, centrifuged at 3000 rpm for 7 minutes, and the cell
pellet was re-plated in a 25 cm? flask. The cells were cultured until passage four
(P4), following the procedure mentioned above.

2.1.4. ASCs colonization capacity and in vitro biostimulation

For each ACM, two 6-well plates were prepared for in vitro test, consisting of the
incubation of a 1 cm? of the membrane with P4 cultured ASCs, for 7 and 14 days.
For this aim, a glass was positioned at the bottom of the wells and simultaneously
1x10* cells were seeded in each well, covered with 2 ml of complete growth
medium and incubated at 37°C, 5% of CO; for 24 hours. After incubation, 1 cm? of
each ACM was positioned in the wells (with both layers facing the bottom of the
well) and incubated for 24 hours with complete growth medium (DMEM
supplemented with 10% FBS, 1% P/S and 0.6% Amphotericin B). After 24 hours,
ASCs were homogeneously seeded above and over the membranes. All the
conditions were performed in triplicates. For all the wells, complete growth medium
was replaced every 72 hours.

After 7 and 14 days, the medium was discarded and, both membranes and cells were
processed for SEM (with the protocol reported above) and Oil-Red-Oil staining,
respectively. Briefly, once the membranes were removed from the 6-well plate, the
coverslips with adherent ASC were washed with PBS 0.1 M pH 7.4 and fixed for
30 min with 4% formalin (Bio-Optica, Milan, Italy) in PBS 0.05 M. The adherent
cells were washed with PBS 0.1 M three times and stained with Oil Red Oil ready-
to-use solution (Bio-Optica, Milan, Italy) for 30 minutes at room temperature.
Samples were washed with PBS and stained with Mayer’s Hematoxylin ready-to-
use solution (Bio-Optica, Milan, Italy) for 2 minutes, at room temperature, and
washed with tap water. The coverslips were mounted on a microscopy glass with a
Mount Quick aqueous solution (Bio-Optica, Milan, Italy). Once the microscopy
glasses were dried under the cabinet, samples were observed in light microscopy
using an Olympus BX-51 microscope (Olympus, Tokyo, Japan) equipped with a
DKY-F58 CCD JVC digital camera (Y okohama, Japan) with Magnification 20X.
ASCs cultured with complete growth medium (without ACMs) were used as a
negative control. Instead, ASCs cultured with specific adipogenic media (Sigma-
Aldrich, Milan, Italy) were used as a positive control.
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2.2. In vivo evaluation
2.2.1. Membranes subcutaneous implant in mice

For in vivo study were used n=30 Balb/c female mouse strain of 10-weeks old
purchased from Envigo (Envigo, Milan, Italy) implanted in the left flank, 10 mice
for each evaluated membrane. Animals were housed in a controlled environment,
as indicated by the Interdepartmental Center for Animal Study and Research of
Verona University (CIRSAL), with free access to food and water. The protocol of
membrane implant was approved by CIRSAL and by the Italian Ministry of Health
(protocol number 56DC9.38). For the subcutaneous implant, animals were
anaesthetized using a face mask by inhalation of 2% isoflurane for 5 minutes and
left at 1% for the duration of surgery. Moreover, animals were positioned on a
heated bed to maintain a stable temperature during surgical procedures.

A subcutaneous pocket was made at the dorsal region, and 1 cm? of each membrane
was implanted above the muscular fascia followed by a suture using a non-
absorbable silk 3/8 13 mm 4.0 suture-thread. At the end of the surgery, animals
were housed following the CIRSAL guidelines. Three mice for each group were
sacrificed 7 days after surgery, three after 14 days, and the remaining mice were
sacrificed at 30 days.

In addition, silicone prostheses were implanted in a group of n=3 animals (positive
control) using the previously described protocol, and the animals were sacrificed
30 days after surgery.

2.2.2. Magnetic resonance imaging (MRI) acquisition

MRI was performed at different time points (7, 14, and 30 days after subcutaneous
implantation) to evaluate the membranes and silicone prosthesis localisation and
integration. Magnetic resonance images were acquired with a Bruker system
operating at 7 T (Bruker Biospin, Ettlingen, Germany). T> weighted 3D RARE
(Rapid Acquisition Refocused Echo) sequence was performed with the following
parameters: echo time (TE) = 4 ms, repetition time (TR) = 1200 ms, field of view
(FOV) =25 x 25 x 30 mm, number of averages = 16, flip angle = 180 degrees, slice
thickness = 0.350 mm, and matrix size (MTX) =256 x 128 x 32 pixels. During the
procedure, mice were anaesthetized by inhaling a mixture of O; and air containing
1-1.5% of isoflurane, placed in a prone position in the heated animal bed in a 3.5
cm diameter bird-cage coil. The acquisition parameters were maintained during the
time of observation for all the animals. Moreover, the volume of each subcutaneous
implant was determined with the MRI acquisition to quantify the reabsorption
degree at different time points. The area occupied by the subcutaneous implant was
manually selected, drawing a Region of Interest (ROI) in every slice, and the
volume was calculated with Equation 3.

V = QL py;) * image resolution Equation 3.
where pu; represents the number of pixels manually selected.

The percentage of membrane reabsorption was calculated at each time point using
Equation 4:
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Reabsorption = ((Vt - VO)/VO) * 100 Equation 4.

where V¢ is the volume at a time ¢ and Vo is the initial volume.
2.2.3. Exvivo evaluations

After MRI acquisition at 14 and 30 days from subcutaneous implantation, mice
were sacrificed, and ACMs with surrounding tissue was excised. The explanted
samples were fixed in 10% formalin for 24 hours, paraffin-embedded and cut with
a microtome to obtain sections of 7um. For the histological evaluation, the slices
were deparaffinised and stained with Mayer’s Hematoxylin and Eosin (H&E, Bio-
Optica, Milan, Italy) and Mallory’s trichrome (MT, Bio-Optica, Milan, Italy). The
same histological stainings were performed for the excised tissue exposed to the
silicone prostheses after 30 days of implantation.

In addition, the samples were processed with Collagen type I (Coll. I) and Vascular
Endothelial Growth Factor (VEGF) for immunohistochemical analysis to evaluate
the tissue-ACMs integration. The slides were deparaffinized in xylene for 20
minutes, rehydrated and incubated with Sodium Citrate Buffer (10 mM Sodium
Citrate and 0.05% of Tween 20, pH 6.0) for 20 minutes at 95-100°C to promote the
antigen retrieval procedure. After slow cooling, the slices were incubated in
hydrogen peroxide (3% in methanol) (Sigma Aldrich, Milan, Italy) for 30 minutes
to cease the endogenous peroxidase activity. The slices were washed in phosphate-
buffered saline (pH 7.4) and incubated with blocking solution (10 g/LL BSA, 3 mL/L
Triton X-100 and 10 mL/L normal goat serum) for 30 minutes. The samples were
incubated with the following primary antibodies overnight at 4°C: rabbit anti-
collagen type I, dilution 1:500 (GTX41286; GeneTex, Irvine, CA, USA); mouse
anti-VEGF, dilution 1:100 (GTX83426; GeneTex). After a short washing in
phosphate-buffered saline (pH 7.4), the slices were covered with biotinylated
secondary antibody (anti-rabbit antibody diluted 1:400 for collagen type I; anti-
mouse antibody diluted 1:400 for VEGF) for 1 hour at room temperature. The
samples were then incubated with avidin-biotin complex (VECTASTAIN Elite
ABC-HRP Kit, Vector Laboratories, Burlingame, CA, USA) for 45 minutes at room
temperature, and the immunoreaction was identified adding 3,3’-diaminobenzidine
tetrahydrochloride (Dako, Santa Clara, CA, USA) for 5 to 10 minutes. Finally, the
sections were re-dehydrated and mounted with Entellan (Merck, Kenilworth, NJ,
USA). The glasses were examined by light microscopy using an Olympus BX-51
microscope, equipped with a DKY-F58 CCD JVC digital camera.

To characterize the adipogenic biostimulation, the newly formed adipose tissue was
analysed at 30 days for mouse anti-collagen type III (Coll. III), dilution 1:1000
(GTX26310; GeneTex) and VEGF using the same protocol previously described.

3. RESULTS
3.1. In vitro evaluation
3.1.1. Morphological and physical characterization

Structural and physical properties of the evaluated membranes were measured in
order to analyse the morphological characteristics and the porosity in dry and wet
conditions in culture growth media.
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Figure 1.a shows the SEM images at cross-view in dry conditions of the ACMs.
The stratification is noticeable due to the different pressing grades of ACM1 and
ACM?2, which present two and three layers, respectively. While ACM3 results
composed by a single stratum where the elastic fibres (EF) are clearly identifiable,
as indicated in the higher magnification reported in figure 1.a. ACM1 presents a
two-layer structure, one is highly porous (porous layer: PL), while the other appears
more compact (compact layer: CL). SEM images reveal that ACM2 is composed
of three layers; both external layers are thinner and more compact (CL), while the
middle one results porous (PL).

Figure 1.b presents the top view of the membranes in dry and wet conditions at two
different magnifications. ACMI1 exhibits a porous surface composed of crossed
collagen fibres forming an irregular porosity through 3D structure with a mean
porous size near 2 pm as reported in Figure 1.c. After the embedding procedure in
culture growth media, it can be seen that the lamellar organization is more
noticeable, and the size of the porous is increased. In the case of ACM2, the surface
displays a porous configuration when analysed dry with a mean porous size ranging
between 4 and 5 pum (Figure 1.c). After embedding in culture growth media, the
lamellar structure appears non-homogenous, and the porous size of the membrane
surface increases (from 4.5+1.1 to 8.3+1.8 um), as reported in Figure 1.c.
Likewise, ACM3 was analysed before and after embedding in culture growth
media. Under dry conditions, the membrane surface is highly dense and smooth,
composed of a compact fibre structure that creates porous (0.2+0.1 pm) as reported
in Figure 1.c. After the embedding process, the membrane is characterised by a
more irregular surface and the porous results closed due to the liquid uptake.

The table in Figure 1.c reports the swelling ratio and the porosity percentage. It is
appreciable that liquid absorption capacity influences the porosity and, therefore,
the increment of porous size. For ACMI, the increment of mean porous size is
higher than the reported for the other two evaluated membranes (88.9%) with a
porosity percentage of (56.50+6.84%). On the contrary, for ACM2, the swelling
ratio is higher, which probably increases the size of the fibres that might affect the
increase of the porous size (45.6%), and in addition, its porosity percentage is
increased (71.77+6.01%). The same effect is reported for ACM3, which loses its
porosity due to liquid uptake (swelling ratio of 100+6.65%), affecting its porosity
percentage (17.22+6.56%).
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ACM2 4.5%1.1 8.3+1.8 45.6% 206.417.10% 71.7746.01%
ACM3 0.2+0.1 @ @ 100%6.65% 17.12+6.56%

Figure 1. Morphological and physical characterization of the ACMs. a) SEM of ACMs in cross-view. The
layered structure is identifiable for ACM1 and ACM2 (white bars indicates the different layers, Scale bar 200
um), while ACM3 is composed of a single layer (Scale bar 200 um) and are recognizable the elastic fibres
(white square indicates the area of higher magnification, Scale bar 20 um). b) SEM images of ACMs at top
view at two magnifications in dry and wet conditions (Scale bar: upper 200 um, bottom 5 pm) show the
surface porosity created by the crossed collagen fibres. ¢) The table summarizes the physical properties of
ACMs (data reported as mean + standard deviation). CL: Compact layer; PL: Porous layer; EF: Elastic fibres.

3.1.2. ASCs colonization capacity

To evaluate the colonization capacity of ASCs on ACMs surfaces, the cells were
cultured over the membranes for 7 days and subsequently were studied with SEM
images. Figure 2 shows on the upper panel the membranes surface colonized by
cultured cells. It is appreciable that for ACM1 and ACM?2, the surface is covered
with ASCs with elongated filopodia, while for ACM3 cells are hardly detectable.
Seeing the middle panel, cells in contact with ACMI1 reveal the presence of
numerous cytoplasmic flaps (CF) over the surface, which indicates strict adherence
with the membrane. The CF detectable on the ASCs surface in contact with ACM?2
appears scarce. The cells in contact with ACM3 present a non-conventional shape
with a wrinkled plasmatic membrane (WPM). Furthermore, the adhesion between
cells and the membrane is reduced.

The last panel shows the cells growing and spreading through the porous of ACMs
colonizing the 3D structure. Those cells seeded over ACM1 and ACM2 generate
connections between them; while, in the case of ACM3, the cells are not adherent
to the surface and are not characterised by the presence of filipodia.

56



Figure 2. SEM analysis of ASCs colonization capacity over ACMs at different magnifications. Some
cytoplasmic flaps are appreciable on cells cultured with ACM1 and ACM2, while cells in contact with ACM3
present a wrinkled plasmatic membrane. (Scale bar: upper 20 um, middle 5 pm, bottom 10 um) (ASCs:
Adipose-derived stem cells on ACMs surface and spreading through their porous, CF: cytoplasmatic flaps on
ASCs Surface, WPM: wrinkled plasmatic membrane).

3.1.3. In vitro biostimulation

ASCs attached to the bottom of wells in which the ACMs were placed for 7 and 14
days were stained with Oil-Red-Oil solution and compared with positive and
negative controls at the same time points. Figure 3 shows the images of the stained
cells at the same magnification. On day 7, ASCs in contact with ACM1 started to
internalise lipid droplets seen as red spots on the cytoplasm. The amount and size
of the lipid droplets indicate an early stage of differentiation compared with the
positive control. Additionally, small amounts of membrane debris around the cells
can be seen in the culture medium (Figure 3, black arrows). On the other hand,
ASCs in contact with ACM2 do not present lipid droplets on their cytoplasm,
appearing with the typical morphology of stem cells as compared with the negative
control. Moreover, a high quantity of membrane debris is detectably dispersed
among the cells, probably due to the elevated degradation rate of the membrane.
The cells cultured with ACM3 are reduced in number and appear stressed with a
suffering morphology.

After 14 days of study, ASCs exposed to ACMI1 show their capacity to duplicate
actively, reaching the confluence and with a visible increment of lipid droplets,
indicating the progression in adipogenic differentiation similar to the reported for
positive control. ASCs growing in the presence of ACM2 starts to accumulate lipid
droplets in the cytoplasm, indicating a slow ASCs differentiation into adipocytes
compared to the positive control and cells in contact with ACM1. Finally, for
ACM3, the behaviour found on the 7" day continues in time, showing that the
membrane affects both the growth, the shape, and the vacuolization (Figure 3,
dotted arrows) of ASCs. No adipose differentiation is visible.
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Figure 3. In vitro biostimulation. ASCs after 7 and 14 days of contact with the evaluated ACMs were
compared with ASCs cultured growth medium (negative control) and adipose differentiative medium
(positive control). (Scale bar 20 um) (Arrows indicate membrane debris, dotted arrows indicate
vacuolization).

3.2. In vivo and ex vivo evaluation
3.2.1. Tissue integration

In order to evaluate how silicone prosthesis affects the tissue, MR images and
histological analysis were performed on mice subcutaneously implanted with
silicone prosthesis. The MRI was performed for 7, 14 and 30 days after the silicone
implantation. The images clearly identify the area of the silicone graft (Figure 4,
arrow) surrounded by an area of fluid accumulation (Figure 4, dotted arrow) that
appears stable over time. The ex vivo findings display an altered tissue morphology
in the area of silicone prosthesis insertion (Figure 4, H&E) compared to the positive
control (Figure 4, healthy skin H&E). Analysing the tissue with MT is possible to
identify an accumulation of elastic fibres (Figure 4, MT black arrows) surrounded
by an inflammatory infiltration (Figure 4, MT white asterisks) on the site of contact
with the silicone implant. MT staining of healthy skin shows the physiological and
non-altered subcutaneous structure.
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30 days

Silicone implant

Silicone implant

Healthy skin

Figure 4. Elastosis formation after silicone prosthesis implantation. Magnetic Resonance images of control
group are shown on the upper line after 7, 14 and 30 of follow-up. Histology images on the middle and
bottom panels show H&E (Scale bar 100 um) and MT (Scale bar 100 pm and 20 um) staining of negative
control group (uncovered silicone prosthesis) compared with positive control (healthy skin). (Arrow: silicone
prosthesis; dotted arrow: fluid accumulation: black arrow: elastosis, White asterisks: inflammatory reaction,
H&E: Hematoxylin/Eosin staining; MT: Mallory’s Trichrome)

The in vivo tissue integration induced by the evaluated membranes was assessed
after the subcutaneous implantation in mice of the ACMs. Figure 5 shows the MRI
acquisitions after 7, 14 and 30 days from the surgery. On day 7th of study, the
membranes are completely visible (Figure 5, arrows), and a fluid accumulation
(Figure 5, dotted arrows) is observed in the subcutaneous region adjacent to all the
evaluated grafts. After 14 days of study, the membranes reabsorption degree was
calculated (Figure 5, reabsorption degree tables). Images reveal minimal
reabsorption of ACMI1 (12.2145.5), while the reabsorption rate of ACM2 and
ACM3 results faster (67.2843.4 and 72.82+8.1, respectively). On the contrary, the
fluid accumulation bordering the ACM1 seems to be reabsorbed faster than ACM2
and ACM3 (64.23+10.30, 37.13+16.70 and 36.36+14.20, for ACM1, ACM2 and
ACM3, respectively).

On the 30™ day of follow-up, the fluid accumulation is not already visible in the
surroundings of ACMI1 with a reabsorption degree of 93.40+4.8%, while only
53.7545.3% of the membrane was reabsorbed. At the same time point, both ACM2
and the fluid accumulation around the membrane were almost entirely reabsorbed
with a reabsorption degree of 94.60+2.7% and 97.13+6.5%, respectively. In the
case of ACM3, while the fluid accumulation is still present (reabsorption degree of
79.84+6.9%), the membrane appears highly reabsorbed (reabsorption degree of
92.59+4.3%), and the remains appear adherent to the muscular tissue of the animal.
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Figure 5. Evaluation of in vivo tissue integration. Magnetic resonance images performed after 7, 14, and 30
days of implantation of the evaluated ACMs allowed the calculation of the membrane’s reabsorption degree
and the surrounding fluid accumulation. (Arrow: ACMs, dotted arrow: fluid accumulation)

After 14 and 30 days from implantation, the ex vivo examinations were performed
to analyse the morphological structure modifications of ACMs (H&E and MT
staining) and tissue integration and colonization (Coll. I and VEGF) as shown in
Figure 6.

After 14 days of surgery, histological examinations confirm the MRI results, and
all the ACMs are still distinguishable. ACM1 appears well preserved, and the three-
layer results are non-altered, as shown in Figure 6 (H&E and MT). As confirmed
with the immunohistochemical analysis. Mallory’s staining revealed that the
membrane was colonised by resident cells and collagen fibre (Figure 6, Coll. I).
Indeed, the positive result for the collagen type I antibody suggests an early
integration between the autologous connective tissue and the membrane (Figure 6,
Coll. 1, arrows). No positive expression of VEGF was found.

Regarding ACM2, the membrane is well visible, and it is possible to recognise the
layered structure (Figure 6, H&E and MT): CL has been positioned immediately
after the reticular dermis, and PL is placed on the opposite side (Figure 6, MT). The
immunohistochemical analysis shows no migration of native collagen fibres nor
new vessels formation in the membrane (Figure 6, Coll. I and VEGF). However,
the membrane results highly infiltrated by cells, probably due to an inflammatory
reaction. For ACM3, the membrane appeared dense and compact (Figure 6, H&E
and MT) except in the central portion in which the fluid accumulation has caused
the loss of fibres density (Figure 6, MT, asterisk). Moreover, thanks to MT staining,
the architecture of ACM3 is clearly visible: the elastic fibres that typically compose
the pericardium are detectable as the red fibres in Figure 6. No evidence of cells
colonisation (Figure 6, H&E), resident collagen fibres infiltration (Figure 6, Coll.
I), and neovascularization (Figure 6, VEGF) are detectable.
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Figure 6. Ex vivo tissue integration after 14 days of study. The excised samples (ACMs with surrounding
tissue) were stained with H&E and MT showed in upper panel (Scale bar 100 pm). Additionally,
immunohistochemical analyses were performed with Coll. I and VEGF antibodies in bottom panel (Scale bar
30 um). Asterisk indicates loss of fibre density; arrows indicate Coll. I positivity. CL: compact layer, PL:
porous layer, H&E: Hematoxylin/Eosin staining, MT: Mallory’s Trichrome, Coll. I: Collagen type I staining,
VEGF: Vascular Endothelial Growth Factor staining.

At 30 days after the surgery, the ACM1 shows a reduced stratification and results
partially reabsorbed, in accordance with MRI findings (Figure 7, H&E and MT).
Moreover, the membrane appears compact with a well-structured collagen fibre
(Figure 7, MT). Comparing the results with those at 14 days, ACM1 seems
homogenously colonized by resident cells and collagen fibres (Figure 7, Coll. 1,
arrows) but with no new vessel formation identified (Figure 7, VEGF).

In the case of ACM2, the dermis of the mice shows a physiological organisation
while the membrane is hardly detectable (Figure 7, H&E and MT), probably due to
the high degree of reabsorption as reported by MRI investigation. Moreover, an
organically structured layer of resident collagen fibres (Figure 7, Coll. I, arrows) is
detectable near the ACM2 implantation site, suggesting that the dermal
compartment is fully restored, but the membrane results less colonized by collagen
fibres than ACM1. Immunohistochemical analysis for neo-vascularization reveals
no positive response for ACM2 (Figure 7, VEGF).

Finally, histological analysis of ACM3 confirms that the membrane is completely
adherent at the muscular tissue and an unfolded, not compact, and disorganized
structure is clearly identifiable (Figure 7, H&E and MT), justifying the high
reabsorption degree obtained with MRI images. Immunohistochemical analysis
reveals a partial integration between the membrane and the surrounding tissue.
Native collagen fibres (Figure 7, Coll. I, arrows) and resident cells start to migrate
through the ACM3. VEGF analysis reveals no signal of neo-angiogenesis
surrounding the ACM3 after 30 days.
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Figure 7. Ex vivo tissue integration after 30 days of study. The excised samples (ACMs with surrounding
tissue) were stained with H&E and MT are shown in upper panel (Scale bar 100 pm). Additionally,
immunohistochemical analyses were performed with Coll. I and VEGF antibodies in bottom panel (Scale bar
30 um). Arrows identify positive responses for Coll. I. H&E: Hematoxylin/Eosin staining, MT: Mallory’s

Trichrome, Coll. I: Collagen type I staining, VEGF: Vascular Endothelial Growth Factor staining.
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3.2.2. Invivo adipogenic biostimulation

Analysing the ACMs-induced biostimulation after 30 days of study, histological
examination reveals an adipogenic induction thanks to ACMI, but no signs were
found on ACM2 and ACM3 (Figure 8.a., H&E). Mallory’s trichrome shows a well-
organised adipose tissue deposition inside the membrane (Figure 8.b., MT, arrow
indicating ACM1). Mature adipocytes resulted connected through a thin extra-
cellular matrix of newly formed collagen fibre (Figure 8.b., Coll. III, arrows), and
immunohistochemical analysis for VEGF detects the formation of new vessels
distributed in the adipose tissue (Figure 8.b., VEGF, arrows).

Figure 8. Induced adipose biostimulation study. a) shows H&E of the evaluated membranes (ACM1, ACM2
and ACM3) revealing an adipogenic formation inside ACM1.b) MT staining of newly formed adipose tissue
inside ACM1 (arrows delimited the membrane, scale bar 100 pm) and immunohistochemical analysis of
newly formed adipose tissue for Coll. III and VEGF antibodies (scale bar 30 pm). H&E: Hematoxylin/Eosin
staining, MT: Mallory’s Trichrome, Coll. III: Collagen type III staining, VEGF: Vascular Endothelial Growth
Factor staining.
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4. DISCUSSION

The number of women undergoing breast reconstruction surgery after mastectomy
through silicone implant-based procedure is steadily increasing; however, silicone
or polyurethane prostheses are associated with foreign body response which results
in the PPC formation (6)(7). An unsolved issue is the elevated frequency of CC, in
particular, related to breast irradiation. The CC is an inflammatory reaction
characterised by fibrosis surrounding the implant due to the action of excessive
collagen production, which provokes painful deformity (8).

To date, the standard treatment for CC is surgical remotion which is a highly
invasive procedure. For this reason, the development of non-invasive approaches to
prevent CC is necessary. Many positive reports are emerging about using biological
materials to improve alloplastic breast reconstruction (7). In this study, ACMs
different in morphology and physical structure have been evaluated in vitro and
after subcutaneous implant in mice. Firstly, ACMs were incubated with ASCs to
assess the interaction between the acellular scaffold and mesenchymal stem cells,
representing one of the cellular elements involved in regeneration and repair
pathways (34). According to the literature, the stimulation and differentiation of
ASCs increase wound repair and regeneration ability by intensifying collagen
secretion and deposition (21)(26). Recent studies have demonstrated a link between
adipocytes and wound healing, given that adipocytes also act as key regulators of
skin health (35). Collected data showed that in vitro colonisation capacity and
adipogenic differentiation potential of ASCs are membrane dependent. Our results
show that the ASCs in contact with the three evaluated ACMs have different
behaviour. In particular, the high swelling ratio (more than 200%) of ACM2
improves the surface ASCs colonisation, but the non-homogenous lamellar
structure and the pores mean diameter (about 8 um) after the embedding procedure
reduce the ability of ASCs to move across the 3D structure. Additionally, the cells
in contact with ACM2 exhibit few cytoplasmic flaps indicating a poor activation
capability. In the case of ACM3, the direct contact of ASCs with this material leads
to cell stress. Indeed, SEM and optical microscopy evaluation showed a non-
conventional shape of ASCs with a wrinkled and damaged cytoplasmic membrane.
On the contrary, ACM1 presented an appropriate swelling ratio (about 160%) that
increases the mean porous diameter (88. 9%), allowing the complete colonisation
of cells through the 3D structure. The numerous cytoplasmic flaps found on the
ASCs surface reveal that ACM1 is able to stimulate and activates the cells. Indeed,
Dasgupta S et al reports that an increased number of cytoplasmatic processess
positively affects the attachment and the spreading of cells on biomaterial surfaces
(36). Moreover, ASCs resulted stimulated by ACMI1 improving their differentiation
capacity into adipose-like cells.

The ACMs physical properties also influenced the degree of integration with the
resident tissue and biostimulation (such as adipogenic stimulation, angiogenesis, or
new collagen fibres deposition) in vivo. The control group implanted with the
silicone prosthesis showed the formation of a high elastosis in the surroundings of
the implant. On the contrary, ACMs presented a different tissue response. This
suggests that using biological materials as implant beds avoiding direct contact
between the silicone prosthesis and the resident tissue could favour a physiological
integration (37). Schmitz M. et al. (2013) reported that the implantation of an
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acellular dermal matrix covering a silicone prosthesis reduced the rate of
inflammation in rats (7).

Our analysis reported an initial reaction of the resident subcutaneous tissue to the
membrane implantation. Indeed, a different degree of membrane architecture
modification and a consequent fluid accumulation surrounding the ACMs were
reported. On day 14, the membrane structure of ACM1 appeared unaltered, and
longitudinal MRI results revealed that it is still present until day 30, indicating a
slow reabsorption rate. Moreover, the fluid accumulation appeared almost
completely reabsorbed, indicating the high biocompatibility of ACM1 with the
surrounding tissue. The slow reabsorption rate of ACM1 could be due to the two
layers with different thicknesses and porosity that constitute the membrane. Low
reabsorption could be advantageous for materials used as breast prosthesis coating
due to a higher possibility of breast prosthesis integration that could reduce the PPC
formation. A slow degradation rate allows the material to maintain its mechanical
structure during tissue regeneration (38). Instead, the volume of ACM2 and ACM3
decreased about 70% from 7 to 14 days after implantation, indicating a faster
reabsorption degree than ACM1. On the other hand, the fluid accumulation remains
elevated (of about 75%), allowing the development of oedema and recruitment of
inflammatory cells.

The integration between ACMs and subcutaneous tissue was evaluated by
analysing the membrane colonisation by resident cells and collagen fibres matrix.
While ACM2 and ACM3 resulted poorly infiltrated, ACM1 appeared highly
colonised, and native collagen fibres spread within the membrane starting from day
14. As suggested by histological evaluation, the integration process of ACM3 was
detectable from day 30, indicating a later migration of endogenous extra-cellular
matrix components through the membrane compared to ACM1. These results are
supported by previous in vitro experiments, in which ASCs culture with ACM3
appeared suffering. A different behaviour was observed for ACM2. At 30 days, the
membrane was not detectable by MRI or histological analysis, suggesting a rapid
degradation and absorption process. This phenomenon could be attributable to an
immune-inflammatory response induced by oedema visible at day 14.

Finally, adipogenic biostimulation was also evaluated. Only ACMI1 showed
positive results at the last evaluated time point. Specifically, a deposition of adipose
tissue inside the membrane was clearly visible. The newly formed adipocytes
appeared surrounded by extra-cellular matrix components. Collagen fibres, which
constitute the major matrix component, resulted positive for collagen type III
antibody by immunohistochemical analysis. Moreover, the angiogenesis
phenomenon was detectable, and new vessels were found inside the adipose tissue.
Since mature adipose tissue is composed of multiple components (such as
adipocytes, extra-cellular matrix, vessels) (39), our findings suggest a multiple
functional biostimulation induced by ACMI1, which stimulated the formation of
new well-structured adipose tissue. Indeed, ECM is responsible for providing
growth factors for signalling, immunological response and modulation of structure
properties of the tissue leading to its restoration and maintaining homeostasis (40).
The activation of adipogenesis after ACMs implantation hypothesises that
adipocytes could improve the interaction between membrane and tissue, favouring
the regeneration and repair processes. Another aspect that positively influences the
regeneration is the angiogenesis by which resident mesenchymal stem cells could
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migrate into the damage site with growth factors and cytokines. In different models
and clinical protocols, the implant of ACMs restores the physiologic vascularisation
(41). The stimulation of adipogenesis and the restoration of physiologic
angiogenesis could ensure a restitution ad integrum of the dermis and subcutis (41).

5. CONCLUSION

This study evaluated three acellular matrices to be used as possible coating of breast
silicone prosthesis. The results have shown that subcutaneously implanted natural
membranes can induce biological activation in the surrounding tissue. Specifically,
the induction of adipogenic stimulation is morphological-dependent on the
porosity, thickness and swelling ratio of the membrane. The deposition of newly
formed adipose tissue could play a key role in forming a well-organised tissue
architecture preventing capsular contracture formation.
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CHAPTER III:

INFLUENCE OF CONCENTRATION

OF A LOW MOLECULAR WEIGHT

HYALURONIC ACID IN SCAR SKIN
TREATMENT: CASE STUDY

PROLOGUE:

Mark Twain wrote, “The finest clothing made is a person’s own skin, but, of course,
society demands something more than this.” With these words, the author highlights
the importance of skin in a personal and social context. The overall well-being of
the skin highly influences personal interactions and relations. This chapter presents
an evaluation of a hyaluronic acid with the potential to improve aberrant scar
treatment.
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1. BACKGROUND

Although Skin is only a few centimeters thick, it is the largest organ of the body,
with an average surface area of 2 m? and 3.6 kg in adults (1). It is a highly organized
organ that functions as the first barrier against chemicals, diseases, UV light and
physical damage by covering the external portion of the body and acting as a
waterproof insulated shield (1)(2). The skin is composed of three layers that are
different (3)(2) as represented in Figure 1:

- The epidermis is the external layer composed mainly of keratinocytes and
melanocytes. It is the main barrier against environmental damage,
protecting against pathogens, dehydration, UV radiation and pollution.

- Under the epidermis is the dermis, mostly composed of an extracellular
matrix (ECM) that provides mechanical support to the tissue. The dermis
also plays a vital role in hosting relevant structures such as sensory nerve
cells, cutaneous vasculature and organelles.

- The inner layer is the hypodermis, which serves as a deposit of fat that helps
in thermoregulation, isolation, storing nutrition and protecting inner soft
tissues from injuries.
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Figure 1. Schematic representation of a healthy skin morphology with the three main layers (Epidermis,
dermis and hypodermis) clearly distributed.

This barrier could be destroyed if a person suffers from a major skin loss which
may be produced either by external damage or by a secondary effect of some
diseases (4)(5). In humans, an optimal healing process involves an overlapping
sequence of four stages: coagulation, inflammation, proliferation and remodeling
(6)(7). However, the sequence can be interrupted before completing the stages,
leading to undesired results such as severe scar formation or organ-encompassing
fibrosis (6). Those results produce malfunction of the tissue or even chronic wounds
that will affect patients quality of life (7).

Due to the dynamic and complex process of natural wound healing, skin wound
repair is still a challenging problem especially in the repair of burns, severe
cutaneous trauma or diabetic foot ulcers (5) and even more laborious if this process
is under low-hydration conditions that require additional time to tissue restoration
(4). Therefore, how to promote complete wound healing is an increasing research
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topic in the medical field. Although several treatments have been used to improve
scarring in different stages, all of these approaches have yet to be successful.
Different approaches have been proposed for scar treatment from pharmaceutical
products, biomaterial-based dressing, cell therapy, and tissue-engineered
substitutes that provide good results in scar reduction, such as honey, pycnogenol,
microbial cellulose, or the use of Stem Cells (8). Some studies have demonstrated
the influence of mechanical forces in the skin regeneration alongside hydration and
chemical signaling (9). For this reason, studies are focused on biomaterials that
allow moisture maintenance while providing mechanical support during tissue
restoration. Among these biomaterials, natural polymers represent an essential
group given their biocompatibility, biodegradability and availability (10). In recent
years, scar treatment research has focused the attention on the production of wound
dressings. A wound dressing is designed to be in contact with the wound, different
from a bandage used to hold the dressing in place (11). The wound dressing
characteristics have overcome the traditional wound dressing system to improve
wound regeneration. Modern wound dressing made of synthetic materials can be
classified as passive, which are non-occlusive materials used to cover the wound to
restore the functionality of damaged tissue (ex., gauze). Another type of dressing is
interactive ones that could be semi-occlusive or occlusive in the forms of hydrogels,
foams, films or hydrocolloids. Finally, bioactive dressings, which are designed with
biocompatible materials, make cells improve the healing process (11). Even though
hydrogel dressings protect against microorganisms while maintaining a moist
environment at the wound site, injectable hydrogels can adopt the shape of the
defect, encapsulate molecules in situ and adhere to the wound (7)(12). Among the
materials used for bioactive injectable hydrogels production, Hyaluronic Acid (HA)
stands out as an attractive material due to its ability to self-assemble that provides
a space to deliver encapsulated drugs or even living cells actively (7).

HA is a non-sulfated glycosaminoglycan belonging to the extracellular matrix
(ECM) consisting of repeating disaccharide units of d-glucuronic and N-acetyl-d-
glucosamine involved in skin moisture (13)(14). HA has been frequently used as a
filler in aesthetic medicine or as significant component in scaffolds for regenerative
applications due to its biocompatibility and remarkable capacity to promote cell
proliferation and migration (15). It has been demonstrated that HA functions are
primarily dictated by its size ranging between 5,000 to 20,000,000 Da in vivo (13).
Moreover, this biomaterial has been used in aesthetic medicine to treat wrinkles,
and scars, among others (15)(16). Several studies have suggested that HA promotes
adipogenesis in vitro and in vivo, especially those with molecular wights over 60
kDa (13). However, the concentration and molecular weight influence in the
adipose differentiation process is unclear.

The HA interacts with the cell through its binding with the type I transmembrane
glycoprotein CD44 antigen (17)(18). The CD44 is a receptor found on the surface
of most cell types of the dermis and plays an essential role in the cell-cell and cell-
ECM interactions; it is also involved in cellular differentiation, migration and
angiogenesis (17). Some studies have suggested that HA alone does not induce
cellular migration nor stimulate wound healing (19). HA combined with the CD44
are involved in cell guidance, inducing the expression of genes related to
differentiation, inflammation, and wound healing, among others (20)(21),
suggesting the important role of the combined role of HA and CD44 receptor in the
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tissue regeneration. However, this interaction can be modified by changing the
physicochemical characteristics of the employed HA, as usually occurs when
producing hydrogels (22).

This study aimed to evaluate the influence of concentration in the in vitro
adipogenesis differentiation of a Low Molecular Weight Hyaluronic Acid (LMW-
HA) in contact with Adipose-derived Stem Cells (ASC) and its capacity to bind
with the CD44 receptor. In addition, the HA potential influence in the regeneration
of different types of skin scars was studied in a clinical study due to the direct role
in tissue remodelling when anchored to the cell surface through the CD44 receptor.

2. MATERIALS AND METHODS
2.1.Materials

In this study was evaluated a Low Molecular Weight Hyaluronic Acid (LMW-
HA) of 200 kDa at a concentration of 15 mg/mL in 1X Phosphate Buffer Solution
(PBS) provided by Fidia Pharmaceutics (Abano Terme, Italy).

2.2.In vitro evaluation
2.2.1. Isolation and seeding of Adipose-derived Stem Cell

ASCs were isolated from human lipoaspirate of healthy donors (women of ages
between 35 and 45 years) after informed consent, following the protocol described
by Peroni et al. (2018) and Busato et al. (2020), using an enzymatic method [18,19].
The lipoaspirate samples were incubated in 1 mg/mL of Collagenase type I (GIBCO
life technology, Monza, Italy) dissolved in Hank’s Balanced Salt Solution (HBSS,
GIBCO Life Technology, Monza, Italy) with 2% of Bovine Serum Albumin (BSA,
GIBCO Life Technology, Monza, Italy). Complete growth medium (Dulbecco’s
Modified Eagle’s Medium (DMEM), Sigma-Aldrich, Italy) supplemented with
10% of Fetal Bovine Serum (FBS, GIBCO Life Technology, Monza, Italy), 1% of
1:1 penicillin/streptomycin (P/S, GIBCO Life Technology, Monza, Italy) solution,
and 0.6% of Amphotericin B (GIBCO Life Technologies, Monza, Italy) was added
to neutralize the enzymatic action. The extracted cells were incubated in a
humidified atmosphere with 5% CO> at 37°C in a 25 cm? flask with complete
growth medium. The cells were detached after reaching between 70 and 80%
confluence by incubation with 0.25% trypsin (GIBCO Life Technology, Monza,
Italy) at 37°C for 5 min, centrifuged at 3000 rpm for 7 minutes, and the cell pellet
was re-plated in a 25 cm? flask. The cells were cultured until passage four (P4),
following the above procedure for the following studies, as represented in Figure 2.
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Figure 2. Representative scheme of the employed methodology for the in vitro evaluation of the evaluated
LMW-HA.
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2.2.2. In vitro biostimulation

The evaluated hyaluronic acid was mixed with the complete culture media in
different concentrations (0.5, 1, 2.5, 5 and 10 mg/mL in triplicate) to evaluate the
amount of hyaluronic acid in the differentiative stimulation of stem cells for 7, 14,
21 and 28 days. At each time point, it was studied the ability to induce adipose
differentiation of the HA at the evaluated concentrations comparing with the
positive control (cells in adipose-inductive media) and negative control (cells with
standard growth media), all in triplicate for each time point. Initially, the cells were
seeded in 12-well plates and incubated in complete culture medium at 37°C and 5%
CO2 for 24 hours. Once the cells were attached, the culture medium was replaced
with the mixture of HA and medium at the evaluated concentrations. For both the
controls, complete culture medium and adipose inductive medium were used. For
all the conditions, the medium was replaced every 72 hours.

At each time point, the medium was discarded, and the cells were stained with Oil-
Red-Oil solution. Briefly, the coverslips with adherent ASC were washed with PBS
0.1 M pH 7.4 and fixed for 10 min with Baker’s fixative (Bio-Optica, Milan, Italy)
at 4°C. The adherent cells were washed in tap water for 10 min and stained with Oil
Red Oil ready-to-use solution (Bio-Optica, Milan, Italy) for 15 minutes at room
temperature. Samples were washed in tap water for 10 min followed by a short rinse
in distilled water and stained with Mayer’s Hematoxylin ready-to-use solution (Bio-
Optica, Milan, Italy) for 5 minutes, at room temperature, and washed with tap water.
The coverslips were mounted on a microscopy glass with a Mount Quick aqueous
solution (Bio-Optica, Milan, Italy). Once the microscopy glasses were dried under
the cabinet, samples were observed in light microscopy using an Olympus BX-51
microscope (Olympus, Tokyo, Japan) equipped with a DKY-F58 CCD JVC digital
camera (Yokohama, Japan) with Magnification 20X. The Oil-Red-Oil solution
stains the lipid droplets in the cytoplasm, while the nuclei are colored in blue by the
Hematoxylin solution. Lipid droplets are an accumulation of lipids that characterize
the differentiation into adipose cells.

For a statistical evaluation, 10 images of each sample were acquired and processed
with a custom-made script for Image J software and the statistical analysis with
Graph Prism. The response variables were the number of lipid droplets, the area of
the lipid droplets and the rate of positive cells.

ASCs cultured with complete growth medium (without ACMs) were used as a
negative control. Instead, ASCs cultured with specific adipogenic media (Sigma-
Aldrich, Milan, Italy) were used as a positive control.

2.2.3. Antibody expression analysis

Additionally, to identify the activated pathway of the cells while in contact with the
HA, a flow cytometry assay was performed to examine the CD44 expression, which
is a hyaluronic acid receptor. It has been discovered that the possible regulatory role
of CD44 in metabolic syndrome during obesity. An increment of CD44 expression
is related to an increase in lipid accumulation. Passage 3 ASCs were seeded in T25
flasks at the different confluence to have an amount of 100000 cells at each
evaluated time point. The cells were treated with HA at the two concentrations with
the highest performance during the biostimulation assay. Additionally, there were
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cultured cells without HA as a control group. Once the cells reached the evaluated
time points, they were characterized by flow cytometry. The cells were detached
with 0.25% trypsin (GIBCO Life Technology, Monza, Italy) at 37°C for 5 min,
centrifuged at 3000 rpm for 7 minutes, and the cell pellet was resuspended in ImL
of 1X PBS. The cells were counted, and 1 x 10° cells were placed in 15mL Falcon
tubes and centrifuge to obtain a pellet. According to datasheet, the cells were
resuspended and incubated in 100 pL of conjugated antibody diluted in 1X PBS for
30 min on ice. After incubation, the pellets were centrifuged (5000 rpm, 7 min) and
resuspended in 100 pL of 1X PBS.

The antibodies used were: CD44 FITC conjugate (1:100 dilution) for the HA-
treated cells and one non-treated cells as CD44 baseline; Rat IgG2b kappa Isotype
Control was used in non-treated cells as isotype control. Both the CD44 antibody
and the isotype were purchased from Invitrogen (ThermoFisher). Propidium Iodide
was used in non-treated cells for cell viability, purchased from BD Biosciences
(Becton Dickinson Italy S.P.A., Milano, Italy). Immunophenotyping was
performed through a chant II FACS (BD, Becton Dickinson, Milano, Italy).

2.3.Clinical study

To evaluate the regenerative capacities of the evaluated HA, a double blinded
clinical study was conducted in the aberrant scar treatment executed by the medical
team of Cesena and Udine hospitals (Italy). For this purpose, four patients with
visible skin scars were selected to be treated either with HA or saline solution. After
the informed consent, a small biopsy of the scar for each patient was excised before
and after 30 days of the treatment. The samples were paraffin-embedded and stained
with Hematoxylin/eosin for histological analysis. The samples were imaged at light
microscopy and were considered 4 main parameters for the analysis (aspect and
size of the stratum corneum, epidermis size, aspect of the dermal-epidermal
junction, and aspect of the epidermis). Given that it was a double blinded study, 4
different researchers independently evaluated the sample measuring and classifying
the parameters mentioned above to analyzed them together to identify the samples
treated with the HA and those treated with saline solution (control group). Figure 3
shows a representative scheme of the employed methodology during the clinical
study.
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Figure 3. Schematic representation of the performed clinical study evaluating the LMW-HA at the
commercial concentration.

3. RESULTS
3.1.In vitro evaluation
3.1.1. Adipose stimulation

After an initial visual evaluation, it was determined that from the 7" day of study,
it was observable adipose-like cells in the presence of the HA at a concentration of
2.5 and 5 mg/mL, less for the concentration of 1 mg/mL and none for the remaining
ones. After 14 days of study, the cells in contact with the concentration of 0.5
mg/mL started to differentiate. This differentiation process continued increasing for
the concentrations of 0.5, a, 2.5 and 5 mg/mL until the 28" day. In the case of 10
mg/mL concentration, the cells subjected to this concentration started to
differentiate only after 28 days of study. Figure 4 is a comparative example of
imaged cells after 28 days of study at each evaluated concentration.
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Figure 4 Representative images of colored cells after 28 days of study. The evaluated concentrations are
compared with negative and positive controls. The number of red spots in 2.5 mg/mL concentration is
comparable with the positive control.
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The statistical analysis confirmed the visual study showing that hyaluronic acid at
a concentration of 2.5 and 5 mg/mL stimulates an adipose differentiation faster than
the other evaluated concentration and the positive control. However, after 28 days
of study, the results are similar for the concentrations of 1, 2.5 and 5 mg/mL and
the positive control. Figure 5 shows the statistical analysis for each response
variable.
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Figure 5. Statistical analysis for the rate of positive cells (up), amount of lipid droplets (down left) and the
area of the lipid droplets (down right). It can be seen that the evaluated concentrations of 2.5 and 5 mg/mL
are comparable with the positive control on three measured parameters.

Table 1. summarizes the statistical significance among the data for the percentage
of positive cells parameter during the different days of evaluation. The analysis has
been performed with Graph Prism performing a Two-Way Anova.
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Table 1. Statistical significance of % adipo-positive cells/tot among the treatments at each evaluated time.
Significant statistical differences are indicated (p-value <0.05=*, 0.005<p-value <0.001=**, p-value
<0.001=*** or p-value <0.0001="***%*),

0 days 7days 14days 21days 28 days
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3.1.2. Analysis of antibody expression

Considering the results of the previous study for adipose stimulation, for the
evaluation of the CD44 expression were selected the concentrations of 2.5 and 5
mg/ml to be evaluated. Figure 6 shows a graphic of the measured percentage of the
CD44 antibody during the different evaluated time points comparing the selected
concentrations and the control. It can be seen in the figure that the percentage of
active CD44 gene in the control group remained almost stable during the days of
study with a light decrement. On the other hand, the percentages of the treated cells
decreased considerably from 7 to 14 days of study, with a more significant reduction
for the cells treated with the HA at 5 mg/ml. The percentage continued decreasing
for both treatments but with a reduced variability during the remaining days of the
study. This behavior could be due to a downregulation mechanism of the cells that
provoke the internalization of the CD44 antigen in the presence of an HA saturated
medium.
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Figure 6. Comparison of the CD44 expression of cells treated with the evaluated LMW-HA at two different
concentrations (2.5 and 5 mg/mL) for 7, 14, 21 and 28 days compared with control cells. It can be seen that
both treatments down regulate the CD44 expression.

3.2.Clinical evaluation

The clinical results showed, among the 4 received samples, two of them presented
improvements in the general aspect of the skin tissue with an increase in papillary
and microvessels formation. After deeper analysis, it was found that LMW-HA at
a concentration of Img/mL starts to repair the tissue after 30 days of treatment.
Figure 7 shows representative images of the sample treated with the HA pre and
post-treatment. The scar after 30 days presented a smoother and vascularized
appearance indicating an initial restructuration of the tissue with a noticeable
papillary layer.

Pre-treatment

Post-treatment

Figure 7. Representative images of a scar beforé and after the treatment with HA at two different
magnifications (scale bars 100 um (left) and 20 um (right)) showing that after the treatment it is noticeable a

papillary layer.
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On the other hand, the samples treated with the saline solution displayed a compact
structure with few vessels, disorganized collagen fibers and lymphocytic infiltrates.
Additionally, after 30 days of study, the control samples do not present papilla
formation. Figure 8 shows some representative images of a scar before and after the
treatment with saline solution.

Pre-treatment

Post-treatment

Figure 8. Representative images of a scar treated with saline solution pre and post injection at two
magnifications (scale bars 100 um (left) and 20 um (right)) to evidence the presence of lymphocytic
infiltrates after the treatment.

4. DISCUSSION

The skin is the largest organ of the human body; therefore, it daily subjected to
injuries after either trauma, surgery, or skin burns. Annually millions of people
develop some sort of skin scar; of these people, more than 11 million require
medical treatment around the world, as reported by the World Health Organization
(WHO) (10)(25). Aberrant scarring affects the overall well-being of the patients
giving them physical and psychological implications in their daily life (26).
Aberrant scars, although are asymptomatic, when they grow large and/or are located
at the joints may cause functional limitations and discomfort to the patients (27)
and their treatment is a burden for the healthcare system (7). Reducing the required
time for scar treatment might influence the restoration of the physiological function
of the affected area (28).

Despite the number of therapies used for scar treatment, none has shown
encouraging results which is why scars remain a medical and cosmetic challenge
(10). In this study was evaluated a Low Molecular Weight Hyaluronic Acid to
improve skin scar treatment. Initially, ASCs were placed in contact with the
evaluated HA to elucidate the influence of concentration in the stimulation of stem
cell differentiation through the activation of the CD44 receptor. It has been
discovered that the differentiation of ASCs into adipocytes increases wound repair
and regeneration capacities of the tissue (29)(30). The HA interacts with the cells
by bonding with the cell surface receptor CD44; some studies have demonstrated
that upregulation of CD44 expression is characteristic in cancer cells, increasing
the possibilities for metastasis (31).
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The results show that the evaluated HA stimulates the differentiation of stem cells
to different degree by modifying the concentration. It was seen that both lower
concentrations and higher take a longer time to promote lipid accumulation,
probably because lower concentrations required more time to activate the
differentiative pathways of cells. Meanwhile, higher concentrations encapsulate the
cell avoiding its cell-cell communication, which affects the differentiation process.
Our results demonstrated that concentrations of 2.5 and 5 mg/mL presented the
fastest stimulation, as it can be seen with the accumulation of lipid droplets in the
cytoplasm of the cells in contact with both treatments, which increased in size
during the days of the study. According to the literature, mature adipocytes possess
one lipid droplet of a size more significant than the cell nucleus (32). Considering
the differentiation results, the selected concentrations for the study of CD44
regulation were 2.5 and 5 mg/mL. It was found that the presence of LMW-HA
downregulates the CD44 expression being more remarkable for the concentration
of 5 mg/mL. It could be possible that once the cell receives enough stimulation, it
does not generate additional antigens, which means that there are no more receptors
available for bonding with the used antibody for the FACS analysis resulting in an
under-expressed antigen. These results suggest that HA concentration directly
influences cellular differentiation mechanisms.

Translating these results into the clinical study, it was noticeable that the
adipogenesis stimulation generated by the evaluated HA promotes the restitution of
the tissue from a damaged structure into a healthy one. It was seen that using HA
in the scar treatment increases the wound healing capacities inducing the formation
of microvessels and a smoother appearance. The tissue regeneration in scar
treatment may increase the possibility of total recovery of the tissue and therefore
improve the quality of life of patients with difficult-to-treat scars. Reducing the
required time for scar treatment might influence the restoration of the physiological
function of the affected area (28).

5. CONCLUSION

The results suggest that the activation of ASC to differentiate and the degree of
activation depends on the physicochemical characteristics of biomaterials, as seen
in this study with HA. The results also reveal that adipogenesis stimulation is
strongly dependent on the HA concentration, confirming that HA is a crucial player
in the tissue regeneration process and that an increase in concentration may reduce
the recovery time of damage tissue.
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CHAPTER1V:

A NOVEL TRANSLATIONAL SYSTEM
IN STEM CELL THERAPY: CASE
STUDY

PROLOGUE

Since its discovery, the use of stem cells in tissue regeneration is increasingly
gaining attention. However, the ethical implications of cellular-based therapies
reduced their wide applications. In this regard, new approaches are required. This
chapter presents a study using a novel system to obtain not only stem cells but a
new type of stromal vascular fraction that might provide new possibilities for
cellular therapies.
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1. BACKGROUND

The autologous fat graft is used mainly in aesthetic medicine, particularly for face
rejuvenation and volume restoration, but also for reconstructive purposes such as
breast reconstruction, hypertrophic scars and painful hand neuromas, thanks to its
simple harvesting through liposuction and its autogenous and biocompatible nature
[1]. Nevertheless, fat graft presents some limitations, such as the size of the
injectable product, the unpredictable fat resorption rates [2] and subsequent adverse
events [3]. Moreover, injecting the fat graft into the dermal layer to treat superficial
rhytides, wrinkles, and atrophic scars is still challenging [4]. Therefore, many
patients still need to be convinced to use this procedure. Fortunately, modern
commercial medical devices can make up for the shortcomings of the original
techniques [5]. Moreover, during the last years, surgeons and researchers tested
different protocols to manipulate fat and inject it rapidly without inflammatory
reactions. In particular, the adipose tissue should adequately integrate within the
damaged tissue through sufficient vascularization. This makes the fate of the fat
uncertain when used as a volumetric filler. Derivatives of adipose tissue, such as
microfat, nanofat, microvascular fragments, stromal vascular fraction, and stem
cells, are commonly used in research but also clinically to enhance the
vascularization of implants and grafts at defect sites. In plastic surgery, adipose
tissue is harvested via liposuction and can be manipulated in three ways (macro-,
micro- and nanofat) in the operating room, depending on its ultimate use and the
disgregation system [6]. Whereas macro- and microfat are used as a filling material,
nanofat is a viscous extract that can induce tissue remodelling because it is rich in
growth factors and stem cells [6].

Nanofat is defined as an autologous liquid-like tissue obtained through the
mechanical manipulation of lipoaspirates. During the process, the harvested fat is
filtered and shuffled between two 10-cc syringes with a 30 passes connector,
destroying nearly all adipocytes, resulting in a purified emulsion product [6]. The
final product can be directly injected into the target site with high precision, even
in difficult areas, allowing it to work superficially with finer sharp needles (27 or
30 gauge) [7,8]. Nanofat is widely used in clinical practice to treat facial
compartments, hypertrophic and atrophic scars, wrinkle attenuation, skin
rejuvenation and alopecia [9-12]. Recently, Nanofat has been investigated for
broader applications, such as wound healing by the paracrine effect of nanofat
products [13] [1]. The regenerative effect of Nanofat is attributable to the presence
of microfragments of stromal connective tissue composed of adipose-derived stem
cells (ASCs), endothelial precursor cells, endothelial cells, macrophages, smooth
muscle cells, lymphocytes, pericytes and pre-adipocytes [1,14—16]. The nanofat
main secretome consists of proliferative, pro-angiogenic, pro-differentiative and
pro-antiapoptotic factors such as Platelet-Derived Growth Factor (PDGF), Vascular
Endothelial Growth Factor (VEGF), Insulin-like Growth Factor (IGF), among
others[14][17].

Among cellular components of nanofat, ASCs represent the leading actor of tissue
regeneration, cooperating with other cellular elements in the whole process of
restitutio ad integrum [18]. ASCs are adult plastic-adherent mesenchymal stem cells
easily isolable from adipose tissue allowing autologous cell transplantation [19,20].
According to the literature, ASCs module the inadequate healing responses which

86



lead to tissue degeneration, such as chronic inflammation [21], hypermetabolic
responses [22] and fibrosis [23]. Moreover, ASCs stimulate extracellular matrix
production, new collagen deposition and early revascularisation [24,25]. Initial in
vitro experiments demonstrated the angiogenic effect of ASC [26], were then
attributed to the presence of the secretome [27]. Their biological effect is due to the
self-renewal property, immunosuppressive potential and ability to differentiate into
different mesodermal cell lineages, such as adipocytes, osteocytes and
chondrocytes [28-30]. For these reasons, in vitro characterization of nanofat in
terms of ASCs content could reflect the regenerative potential of the product,
indicating how many cells are capable of duplicating and differentiating in a short
time, which can guarantee a replicable result for patients and reduce the recovery
time.

Recent studies have focused on a subpopulation of mesenchymal stem cells defined
as Multi-lineage differentiating stress enduring cells (MUSE). MUSE cells are
defined as non-tumorigenic stress-tolerant and pluripotent cells with high
regenerative potential [31-34] and migration capacity into the damaged tissue [35].
MUSE, were isolated from different sources such as skin, bone marrow and hair
bulbs, but principally were isolated from adipose tissue, in which researchers found
a higher number of MUSE cells [36-38]. MUSE cells are characterized by high
integration capacity, and restoration of tissue function, as evidenced in numerous
preclinical studies [34][39]. Thanks to their unique features, MUSE cells are a
promising candidate for tissue regeneration and stem cell therapy.

This study aimed to characterize at morphological and cellular levels a promising
and standardized single-use assembled system named Hy-Tissue Nanofat that
allows obtaining a final product enriched in pluripotent and proliferative ASCs with
highly potential use in clinical practice.

2. MATERIALS AND METHODS
2.1.Adipose Tissue Collection

The adipose tissue was collected from 8 women undergoing liposuction for
aesthetic purposes, aged between 41 and 69 years. Informed consent was taken
before collecting lipoaspirates following the ethical guidelines established by the
review committee for human studies of AOU “Ospedali Riuniti”, Ancona, Italy
(Micro-adipose graft 01, 18 May 2017). Klein solution (2% Lidocaine solution:
0.08% w/v; Adrenaline 1mg/mL solution: 0.1% v/v in 0.9% saline) was injected 10
min after the liposuction. A cannula of 11 G, 6 holes, and 20 mL Vac-Lock syringe
provided with the Hy-Tissue Nanotaf Plus system was used to obtain lipoaspirate
(about 30 mL of fat from each donor’s) from the abdominal area. The fat was
transported in an adiabatic container to the laboratory and processed within 20 h
from harvest.

2.2.Procedure for NANOFAT-derived microfragment production
Each adipose tissue sample (about 30 mL) was divided into 3 portions. The first

portion (about 10 mL) was processed with the Hy-Tissue Nanofat system (Fidia
Farmaceutici, Abano Terme, Italy). The lipoaspirate was shuffled and emulsified
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through two 10 cc coupled syringes via a 30 passes connector. The emulsified
lipoaspirate was filtered into the inner bag with a pore size of 120 um and was
collected into a lower syringe.

To characterise the product at a cellular level, it was centrifuged at 3000 rpm for 6
min and filtered through a 70 um nylon mesh. The product obtained by this method
was named “Nanofat-derived SVF (N-ASC)”.

2.3.Enzymatic Digestion of Fat

The second portion of lipoaspirate (about 10 mL) was processed using an enzymatic
method, as reported by Busato et al., 2020 [30]. The samples were digested with
collagenase type I at the concentration of 1 mg/mL (GIBCO Life Technology,
Monza, Italy) dissolved in Hank’s Balanced Salt Solution (HBSS, GIBCO Life
Technology, Monza, Italy) with 2% of Bovine Serum Albumin (BSA, GIBCO Life
Technology, Monza, Italy) for 45 min at 37°C. Complete culture medium
(Dulbecco’s Modified Eagle’s Medium (DMEM), Sigma-Aldrich, Italy),
supplemented with 10% of Fetal Bovine Serum (FBS, GIBCO Life Technologies,
USA), 1% of 1:1 penicillin/streptomycin (P/S solution, GIBCO Life Technologies,
USA) and 0.6% of Amphotericin B (GIBCO Life Technologies, USA), was added
to neutralise the enzyme action. After the neutralisation process, the sample was
centrifuged at 3000 rpm for 5 min. The cell pellet was incubated with 1 mL of
erythrocyte lysis buffer 1X (Macs Miltenyi Biotec, Milan, Italy) for 10 min at room
temperature. Again, the cell suspension was centrifuged and resuspended with 1
mL of complete culture medium. Finally, the cells were filtered through a 70 um
nylon mesh. The product obtained by this method was named “collagenase derived
ASCs (ED-ASCs)”.

2.4. Enzymatic Digestion of Hy-Tissue Nanofat-SVF

The remaining portion of lipoaspirate (10 mL) was first processed with the Hy-
Tissue Nanofat kit, followed by the treatment with collagenase type 1. The Nanofat-
SVF, obtained, as described in the paragraph a), was incubated with collagenase
type I at a concentration of 1 mg/mL (GIBCO Life Technology, Monza, Italy)
dissolved in Hank’s Balanced Salt Solution (HBSS, GIBCO Life Technology,
Monza, Italy) with 2% of Bovine Serum Albumin (BSA, GIBCO Life Technology,
Monza, Italy) for 45 min at 37°C. Complete culture medium (Dulbecco’s Modified
Eagle’s Medium (DMEM), Sigma-Aldrich, Italy), supplemented with 10% of Fetal
Bovine Serum (FBS, GIBCO Life Technologies, USA), 1% of 1:1
penicillin/streptomycin (P/S solution, GIBCO Life Technologies, USA) and 0.6%
of Amphotericin B (GIBCO Life Technologies, USA, was added to neutralise the
enzyme action. After the neutralisation process, the sample was centrifuged at 3000
rpm for 5 min. The cell pellet was incubated with 1 mL of erythrocyte lysis buffer
1X (Macs Miltenyi Biotec, Milan, Italy) for 10 min at room temperature. Again, the
cell suspension was centrifuged and resuspended with 1 mL of complete culture
medium. Finally, the cells were filtered through a 70 um nylon mesh.

The product obtained by this method was named “enzymatic digestion of Nanofat-
SVF (N-ED-ASCs)”.
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Table 1 summarizes the used code names to identify the different processes
employed to treat the fat tissue.

Table 1. Code names of the products obtained with the evaluated protocols for fat tissue digestion.

Evaluated protocol Code name
Nanofat-derived SVF N-ASC
Collagenase-derived ASC ED-ASC

Enzymatic digestion of Nanofat SVF N-ED-ASC

2.5. Morphological analysis

To evaluate the morphology of the Hy-Tissue Nanofat SVF whole-mount assay was
performed, as reported in Busato et al. 2020 [30]. The emulsion was swiped in a
histological glass and stained with Toluidine Blue (Sigma-Aldrich, Milan, Italy).
All slides were examined under an Olympus BX-51 microscope (Olympus, Tokyo,
Japan) equipped with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan).
In addition, for a deeper morphological understanding the Hy-Tissue Nanofat SVF
was studied in a Scanning Electron Microscopy (SEM). The sample was fixed with
glutaraldehyde 2% diluted in 0.1M phosphate buffer (pH 7.4) for 2 hours at 4°C,
post-fixed in 1% osmium tetroxide (OsO4) diluted in 0.2M potassium hexa-
cyanoferrate for 1 hour at 4°C. The samples were dehydrated in a graded
concentration of ethanol, followed by a critical point dryer (CPD 030, Balzers,
Vaduz, Liechtenstein), mounted to stubs with colloidal silver and sputtered with
gold by a MED 010 coater (Balzers), and exanimated with FEI XL30 scanning
electron microscope (FEI Company, Eindhoven, Netherlands).

2.6. Cellular Yield

Collected cells from the evaluated procedures were counted using Trypan Blue
exclusion assay using a CytoSMART counter (Automated Image-Based Cell
Counter, version 1.5.0.16380, CytoSMART Technologies B.V, Eindhoven,
Netherlands). Cell yield was calculated considering the total amount of cells of N-
ASC, ED-ASC, and N-ED-ASC divided by the fat volume.

2.7. Proliferation capacity

To evaluate the cell proliferation capacity of the cells derived from the three
different isolation procedures (N-ASC, ED-ASC, and N-ED-ASC), 2 x 10° cells of
each procedure were plated on a 25 cm? T-flask and incubated in a humidified
atmosphere with 5% CO» at 37°C. 72 h after the cell extraction, the complete culture
medium was changed and, subsequently, every 48 h until 80% confluence. The days
required for the cultured cells to reach confluence (cellular passage 1) were used
for determining the proliferation capacity. Furthermore, the population doubling
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time (PDT) assay was performed to estimate the time request for cell replication.
Four days after the seeding, 5 x 10* cells from N-ASC, ED-ASC, and N-ED-ASC
were plated in T-25 Flasks (in triplicates) with 4 mL of complete culture media.
They were incubated in a humidified atmosphere with 5% CO at 37°C for different
time points, 24, 72, and 96 h. At each time point, after a brief wash with PBS, the
cells were incubated with 0.25% trypsin (GibcoBRL/Life Technologies) at 37°C
for 5 min, centrifugated, and the cell pellet was resuspended in 1 mL of complete
culture media. CytoSMART counter (Automated Image-Based Cell Counter,
version 1.5.0.16380, CytoSMART Technologies B.V, Eindhoven, Netherlands)
was used to detect the number of cells at each time point. PDT was calculated using
the following equation: PDT = [t(h)*log2]/log (Nf/Ni) [40], where Ni and Nf are
initial and final cell numbers, respectively.

2.8. Clonogenic capacity

N-ASC, ED-ASC, and N-ED-ASC were seeded in a 6-well plate in triplicate.

For N-ASC were plated 5x10°, while for N-ED-ASC and ED-ASC were used 1x10?
cells. Cells were cultured for 14 days. Toluidine Blue (Sigma-Aldrich, Milan, Italy)
staining was performed to count the colonies. The frequency of CFU-F within N-
ASC, ED-ASC, and N-ED-ASC was expressed as a percentage of seeded cells.

2.9. Immunophenotyping

N-ASC, ED-ASC, and N-ED-ASC and the subsequent subculture cells (cellular
passage 2) were characterised by flow cytometry. To perform cytofluorimetric
analysis, the different cells product was centrifuged at 3000 rpm for 6 min. The cell
pellet obtained was resuspended in complete culture medium, incubated with 1 mL
of erythrocyte lysis buffer 1X (Macs Miltenyi Biotec, Milan, Italy) for 10 min at
room temperature, and filtered through a 70 pm cell-strainer. Subsequently, cells
were washed with 1 mL in PBS and incubated (1 x 10° for each tube) with
conjugated antibodies on ice for 30 min. After incubation, the pellets were
centrifuged (5000 rpm, 7 min) and resuspended in 100 pL of PBS.

The antibodies used were: CD105 APC conjugate (1:20 dilution), CD73 BV421
conjugate (1:20 dilution), CD34 PE conjugate (1:5 dilution), CD45 FITC conjugate
(1:20 dilution), CD146 APC conjugate (1:20 dilution), SEEA3 FITC conjugate
(1:20 dilution). All antibodies were purchased from BD Biosciences (Becton
Dickinson Italy S.P.A., Milano, Italy). Also the isotypes of each antibody were
incubated with cells, in order to determine the threshold of fluorescence and to
exclude not specific signal. Isotypes were indicated by the datasheet of each
primary antibody and incubated with cells at the same concentration of primary
antibodies.

Immunophenotyping was performed through a chant II FACS (BD, Becton
Dickinson, Milano, Italy).
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2.10. Differentiation assay

The differentiation potential was evaluated in vitro for the N-ASC compared with
ED-ASC and N-ED-ASC. Not-induced cells were used as control (CTR).
Differentiation was carried out employing expanded cultured cells from passage 4.
For adipogenic differentiation, 5000 cells were seeded on a 12-well plate containing
one slide per well to make the cells grow adherent, incubated at 37°C, 5% CO», and
after 24 h, the complete culture medium was replaced with adipogenic media
(Sigma-Aldrich, Milan, Italy). To evaluate the adipogenic differentiation capacity,
after 4 and 9 days of incubation, the cells were fixed with Baker’s fixative (Bio-
Optica, Milan, Italy) for 10 min at 4 °C, washed with tap water for 10 min, and
stained with Oil-Red-Oil solution (Bio-Optica, Milan, Italy) for 10 min and Mayer’s
hematoxylin (Bio-Optica, Milan, Italy) for 5 min. Finally, the glass coverslips were
mounted with Mount Quick aqueous (Bio-Optica, Milan, Italy).

For chondrogenic differentiation, 1x10° cells resuspended in 5 pL of complete
culture media were seeded in a 12-well plate, and after 2 h, the chondrogenic media
was added (StemPro chondrogenic differentiation Kit -GIBCO Life Technology,
Monza, Italy). After 4 and 9 days of incubation, changing the media every 3 days,
cells were fixed with 4% formaldehyde (Bioptica, Milan, Italy) in PBS 0.05M for
30 min at 4 °C, washed twice with distilled water, and stained with Alcian Blue
solution (Merck KGaA, Darmstadt, Germany) for 40 min and with Nuclear Fast
Red (Bioptica, Milan, Italy) for 20 min. Finally, after brief dehydration, the glass
coverslips were mounted with Entellan (Merck KGaA, Darmstadt, Germany).

For osteogenic differentiation, 5000 cells were seeded on a 12-well plate with
complete culture media, and after 24 h, the media was replaced with osteogenic
media (StemPro osteogenesis differentiation Kit—-GIBCO Life Technology, Monza,
Italy). To evaluate the osteogenic differentiation capacity, after 4 and 9 days of
incubation, the cells were fixed with 4% formaldehyde (Bioptica, Milan, Italy) in
PBS 0.05M for 30 min at 4 °C, washed twice with distilled water, and incubated
with Alizarin Red Solution (Merck KGaA, Darmstadt, Germany) for 2/3 min and
Mayer’s hematoxylin (Bio-Optica, Milan, Italy) for 30 sec. Finally, after brief
dehydration, the glass coverslips were mounted with Entellan (Merck KGaA,
Darmstadt, Germany).

The stained cells were imaged using a bright-field optical microscope, Olympus
BX-51 (Olympus, Tokyo, Japan) and equipped with a digital camera (DKY-F58
CCD JVC, Yokohama, Japan). Slides were gently cleaned with ethanol, then placed
on the microscope slides holder, and 5 images for each slide were acquired using a
20X objective for quantifying the lipid droplets and a 10X objective for the calcified
and collagenous matrices quantification. The acquired images contained 8 to 12
cells to standardize the quantification.

The semi-quantitative analysis was performed using a custom-designed Image J
Software plug-in (U.S. National Institutes of Health), in blind condition, with
previously treated images (binary images). In the case of adipogenic differentiation,
the number of red spots (lipid droplets) on the cytoplasm of the cell was considered.
For chondrogenic and osteogenic differentiation was considered, the area covered
by collagen aggregates stained in blue and calcification deposits stained in red,
respectively.
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2.11. Immunostaining for MUSE detection

An immunostaining assay was used to reveal the presence of MUSE cells in
Nanofat derived ASCs at cellular passage 4. N-ASC were seeded on a glass with a
diameter of 24 mm in six well-plates in triplicates with complete medium. The wells
were incubated at 37 °C and 5% of COa». After 24 h, cells were fixed with 4%
buffered formalin for 1 h at 4 °C in the dark, washed three times with sterile PBS
1x and incubated with SEEA3 (FITC conjugate, 1:200 dilution) and CD105 (APC
conjugate, 1:200 dilution) antibodies in the dark at 4 °C for 30 min. At the end of
the incubation with the antibodies, the glasses were washed with PBS, and
mounting medium containing DAPI was added. The slices were imaged with an
Olympus BX-51 microscope (Olympus, Tokyo, Japan) equipped with a digital
camera (DKY-F58 CCD JVC, Yokohama, Japan) at 60% objective. Images were
prepared using Las X software.

2.12. Statistical Analysis

The data were reported as mean + standard deviation (SD). Mann—Whitney tests
were performed, and differences between groups were considered statistically
significant when p-value < 0.05. All statistical analyses were performed using
GraphPad Prism version 8.00 for Windows, GraphPad Software, La Jolla, CA,
USA.

3. RESULTS
3.1. Microscopical Analysis of Hy-Tissue Nanofat SVF

Hy tissue Nanofat-SVF was examined at a morphological level to investigate its
composition. For this purpose, lipoaspirates were processed following the protocol
recommended by the manufacturer (Figure 1.A). The adipose tissue was shuffled
30 times between two connected syringes, filtered through a membrane of 120 pm,
and collected with a syringe using the lower valve port of the outer bag, resulting
in an autologous whitish emulsion ready to inject.

The microscopical analysis revealed that the Nanofat SVF was mainly composed
of intact lipid droplets of different sizes (Figure 1.B). The size distribution of the
lipid droplets (Figure 1.C) showed that Nanofat SVF was composed of droplets
classified in four main clusters: with a diameter lower than 60 um (42.42 = 10.10
um), between 60-100 pum (76.59 £+ 11.77 pum), between 100-200 um (143.43 £
33.42 um) and over 200 um (245.45 + 38.07 um). At the end of procedure, Hy
Tissue Nanofat-SVF appears as connective tissue micro-fragments consisting of an
extracellular matrix, preserved capillaries with endothelial and perivascular cells
(Figure 1.C). The morphologies observed with SEM images (Figure 1.D) allows to
evidence the presence of some adipocytes, elastic fibres (dotted arrow in Figure
1.D), connective tissue lamina (asterisk in Figure 1.D) and single collagen fibres
(arrow in Figure 1.D). The images shows that the mechanical treatment consents a
possible scaffold-like connective tissue formation.
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Figure 1. Morphologlcal analysm of Hy- Tissue Nanofat product. (A) Scheme of the Hy-Tissue Nanofat
procedure; (B) Light microscopy of Hy-Tissue Nanofat product obtained with the whole-mount method. The
square (in Figure 1B, left) indicates the location of the higher magnification (right). (Scale bar: (left) 300 pm,
(right) 100pm). The graph represents the size distribution of the lipid droplets. (C). Light microscopy of Hy-

Tissue Nanofat product obtained with the whole-mount method after centrifugation. The square (in Figure
1C, left) indicates the location of the higher magnification (Figure 1C, right) (Scale bar: (left) 80 um, (right)
40 um). (D) Scanning electron microscopy of Hy-Tissue Nanofat product after centrifugation. The square (in

Figure 1D, left) indicates the location of the higher magnification (Figure 1D, right), the elastic fibre, the

connective tissue lamina and the single collagen fibre are showed with a dotted arrow, an asterisk and an

arrow, respectively. (Scale bar: (left) 50 um, (right) 5 um).

To characterise the Hy-Tissue Nanofat SVF at a cellular level, ASCs were isolated
(N-ASC) and compared with ASCs enzymatically extracted (ED-ASC). Moreover,
to verify the total amount and quality of the regenerative units, the Hy-Tissue
Nanofat-SVF was subjected to enzymatic digestion (N-ED-ASC) (see Material and
Methods section). Figure 2 shows the experimental procedure followed to
characterise the product in cellular yield, proliferative and clonogenic capability,
immunophenotyping and multipotential capacity.
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Figure 2. Experimental methodology. The fat sample was divided into three portions to be processed in N-
ASC, N-ED-ASC and ED-ASC and evaluated for cell proliferation capacity, CFU-F assay,
immunophenotyping and differentiation potential.

3.2. Cellyield, proliferation capacity, and clonogenic potential of N-ASC

The Nanofat derived-SVF obtained by the mechanical disaggregation were
analysed in terms of cell yield, product quality, viability, proliferation capacity, and
clonogenic potential.

The number of nucleated cells (N-ASC) for ml of fat obtained with the Hy-Tissue
Nanofat system was 3.74 x 10 + 1.31 x 10* cells/ml FAT (Figure 3.A), while the
number of cells extracted after enzymatic digestion of the filtered emulsion (N-ED-
ASC) and after the enzymatic digestion of fat (ED-ASC) was 1.20 x 10° £ 3.90 x
10*and 4.13 x 10° £ 1.15 x 104, respectively. Considering the enzymatic treatment
as the gold standard protocol (cell yield 100%), the cellular yield for N-ASC
resulted in 9.02 + 3.18%, which increased to 28.98 + 9.44 after the enzymatic
digestion of the emulsion (N-ED-ASC), as reported in the table in Figure 3.A.
Cells were seeded in T-flasks until confluence to analyse the ASC adhesion and
proliferation capacity (Figure 3.B, left). The results show that ED-ASC required
less time to reach confluence (4.80 + 2.28 days) than N-ASC (10.8 £+ 2.59 days).
This finding reflects the higher frequency of adherent cell content obtained with the
enzymatic digestion of the fat. On the contrary, no significant statistical differences
were shown between ED-ASC and N-ED-ASC (7.60 + 3.29 days). Proliferation
capacity results were confirmed with a Population Doubling Time assay (PDT)
(Figure 3.C, right). PDT reveals that the replication rate of ED-ASC and N-ED-
ASC was comparable (52.84 + 6.40 and 57.06 £ 25.41 h, respectively), while cells
obtained from N-ASC required more time to duplicate their number (81.85 = 18.87
h).

Figure 3.C shows a representative image of N-ASC, N-ED-ASC, and ED-ASC
morphology three days after extraction (first change of culture media). Hy-Tissue
Nanofat treatment did not affect the cell morphology compared to cells obtained
from enzymatic digestion, exhibiting a homogeneous fibroblast-like morphology.
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Moreover, cellular membranes and nuclei were well-preserved, indicating no sign
of cell suffering.
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Figure 3. Cellular yield and proliferation capacity obtained with the three evaluated procedures (A) Obtained
nucleated cells after the three evaluated treatments. Cells yield (n° of cell/ml FAT) was evaluated considering
the enzymatic digestion as 100%; (B, left) Proliferation capacity N-ASC, N-ED-ASC and ED-ASC in T25
flasks. The days required for the adherent cells to reach confluence (passage 1) were counted. (B, right) The
PDT of N-ASC, N-ED-ASC and ED-ASC were analysed to evaluate the growth rate of adherent cells; (C)
Microscopic images of adherent cells 3 days after the extraction. All the results are shown as mean =+ standard
deviation represented by the error bars. Box and whisker plots represent the median. Significant statistical
differences are indicated (p-value <0.05=%*, 0.005<p-value <0.001=** or p-value <0.001=**%*),

Colony-forming unit-fibroblast (CFU-F) assays were performed to assess the ability
of the evaluated methods to grow as colonies. Figure 4.A shows a representative
micrograph of CFU-F detected by Toluidine Blue staining after 14 days of seeding.
On day 14th, the morphology of CFU-F appeared comparable between the three
treatments. CFU-F yield of N-ASC was 61.29 + 45.10 CFU-F/ml FAT, while the
CFU-F yield of N-ED-ASC increased over 11-times (702.29 + 368.40 CFU/mL
FAT, Figure 4.B). Furthermore, the relative proportion of CFU-F in the N-ED-ASC
(0.54 + 0.09 %) increases significantly after the enzyme digestion of the emulsion
compared to N-ASC (0.18 £ 0.05 %, Figure 4.C). CFU-F obtained with ED-ASC
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resulted in 29- and 3-times more (1830.59 + 1190.82 CFU-F/mL FAT) compared
to the N-ASC and N-ASC-ED, respectively (Figure 4B), with a relative proportion
of CFU-F of 2.54 £ 0.69 % (Figure 4.C).
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Figure 4. Clonogenic potential of Hy-Tissue Nanofat product. (A) Representative light microscope of CFU-F
assay stained with Toluidine Blue (scale bar 20um); (B) CFU-F yields of N-ASC, N-ED-ASC, and ED-ASC.
(C) Percentage of CFU-F of N-ASC, N-ED-ASC, and ED-ASC. All the results are shown as mean + standard
deviation represented by the error bars. Significant statistical differences are indicated (p-value <0.05=*,
0.005<p-value <0.001=* * or p-value <0.001=**%*),

3.3. Immunophenotyping

To characterise N-ASC immunophenotypically, a cytofluorimetric analysis was
performed immediately after the treatments (at cellular passage 0, PO) and after in
vitro cellular expansion (cellular passage 2, P2). Specific single antigens (such as
CD34, CD45, CD105, CD29, CD73) were analysed on the previously selected cells.
The proportion of CD34 cells in N-ASC was 3.37 + 1.67% (Figure 5.A), not thus
far from the percentage of CD34 expression obtained in N-ED-ASC and ED-ASC
(7.99 £4.6 % and 4.91 £ 2.5 %, respectively). The hematopoietic surface marker
CD45 resulted in less expressed (1.27 = 0.45 %, 1.35+0.71 % and 1.53 + 0.40 %
for N-ASC, N-ED-ASC, and ED-ASC, respectively), as reported in Figure 5.B.
Moreover, the frequency of CD105, CD29, and CD73 positive cells (Mesenchymal
Stem Cells marker) was evaluated. In N-ASC, the percentage of antibody
expression was 15.9+ 8.86 %, 3.59 £ 2.00 % and 1.79 + 0.23 % for CD105, CD29
and CD73, respectively (Figure 5.A), comparable with the results obtained for the
same antibody in N-ED-ASC and ED-ASC (Figure 5.B). Finally, cultured cells (P2)
were also analysed to confirm the phenotype preservation over time (Figure 5.C).
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The immunophenotypic analysis after the cellular expansion showed that the
surface marker expression profiles of N-ASC, N-ED-ASC and ED-ASC were
comparable, revealing a low expression for CD45 and CD34 and a high expression
for Mesenchymal Stem Cells associated markers such as CD105, CD73, and CD29
(Figure 5.C).
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Figure 5. Surface markers expression was detected by flow cytometric analysis of N-ASC. The percentage of
positive cells for each marker was calculated after subtracting the non-specific fluorescence obtained with the
control (unmarked). (A) Representative set of flow cytometry analysis for CD34, CD45, CD105, CD29, and
CD73 markers performed on N-ASC. Percentage of positive cells to CD markers was indicated as an average
of the samples; (B) Percentage of positive cells to CD markers (as an average of the samples) in N-ASC
compared to N-ED-ASC and ED-ASC; (C) Percentage of positive cells to CD markers after in vitro cell
expansion in N-ASC, N-ED-ASC, and ED-ASC. Results are presented as the mean =+ standard deviation
portrayed with error bars. Significant statistical differences are indicated (p-value <0.05=%).

3.4. Analysis of multipotency

The multilineage differentiation ability of N-ASC was determined by analysing
qualitatively and semi-quantitatively the ability of adherent cells to differentiate
toward adipocytes, chondrocytes, and osteocytes. The differentiation assay was
conducted for 4 and 9 days of evaluation after the induction with a selective medium
containing lineage-specific induction factors for the lineages mentioned above.

Induced N-ASC were stained with Oil-Red-Oil, Alizarin Red, and Alcian Blue to
visualise the adipogenic, osteogenic, and chondrogenic differentiation,
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respectively; and the results were compared with ED-ASC and N-ED-ASC. Figure
6.A and Figure 6.B show that N-ASC were clearly differentiated into the three
mesodermal lineages on days 4 and 9. Applying the Oil-Red-Oil solution, red spots
revealed the generation of lipid droplets on day 4, which increases during
adipogenesis differentiation until day 9. In the case of osteogenic differentiation,
Alizarin Red staining shows the formation of in vitro calcification 4 days after
medium induction with an intensification of the calcium deposits on day 9 of the
study.

Similarly, the chondrogenic differentiation assay revealed the generation of
cartilage-like matrix started from the 4th day upon the specific culture media
induction. On day 9, a well-organised cartilage-like matrix rich in collagen III and
sulfated proteoglycans was detectable, as shown with Alcian blue staining (Figure
6.A and 6.B). Likewise, the multipotency assay was performed on N-ED-ASC and
ED-ASC, showing positive staining compared with non-induced cells (CTR). For
N-ED-ASC, the assay reveals that multilineage differentiation started on day 4,
while ED-ASC differentiation started 9 days after the specific medium induction,
suggesting a slower differentiation capacity than N-ASC for both methodologies.
Figure 6.C shows the semi-quantitative analysis of the number of lipid droplets for
the adipogenic differentiation, Figure 6.D the calcified area for the osteogenic
differentiation and Figure 6.E the cartilage-like matrix area for the chondrogenic
differentiation. These results confirmed the previous optical analyses where the
number of lipid droplets for N-ASC after 9 days of induction was 469.20 + 44.35,
which was higher than those found for ED-ASC (110.60 + 22.81), N-ED-ASC
(158.00 £ 34.10) and CTR (7.40 + 2.29). In the same manner, the calcium
deposition area was higher for N-ASC (3010.4 £+ 699.4 pm?) compared to ED-ASC
(493.2+167.4 um?), N-ED-ASC (1273.2 £268.7 um?) and CTR (41.0 pm? £ 23.17
um?) after 9 days of the osteogenic induction. Finally, the semi-quantification of
the cartilage-like deposition area reveals a faster formation of a collagen matrix for
the N-ASC (79716 + 31360 um?) in comparison with ED-ASC (1744 = 372 um?),
N-ED-ASC (13740 £+ 5944 pm?) and CTR (0 pm?) after 9 days of study.
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Figure 6. Multilineage differentiation assay. (A) Optical microscopy images of induced N-ASC, N-ED-ASC
and ED-ASC and not induced (CTR) with differentiation medium at days 4 (Oil-Red O staining scale bar 10
um; Alzarin Red staining scale bar 20 um; Alcian blue staining scale bar 10 um); (B) Optical microscopy
images of induced N-ASC, N-ED-ASC and ED-ASC and not induced (CTR) with differentiation medium at
days 9 (Oil-Red O staining scale bar 10 pm; Alzarin Red staining scale bar 20 pm; Alcian blue staining scale
bar 10). Red spots indicated by the accumulation of neutral lipid vacuoles stained with Oil-Red-Oil; Alzarin
Red staining reveals in red the extracellular matrix calcification; deposition of sulfated proteoglycan-rich
matrix was marked in blue with Alcian Blue staining; (C) Graph represents the mean amount of lipid droplets
of the induced ASC. After 9 days of the induction, N-ASC shows higher lipid droplets formation than ED-
ASC, N-ED-ASC, and CTR. (D) The graph showed the extracellular matrix calcification area measurement
(um?) of the induced ASC. After 9 days of treatment, N-ASC showed the highest calcium deposit formation.
(E) The graph represents the area measurement of the generated cartilage-like matrix (um?). On the 9™ day,
N-ASC showed the larger cartilage deposit formation. In graphics C, D and E, the pink line represents N-
ASC, the green line ED-ASC and the blue line N-ED-ASC. The data is presented as the mean + standard
deviation, significant statistical differences are indicated (p-value<0.05=*, 0.05<p-value<0.001= **, p-
value<0.001= *** or p-value<0.0001= ****),

To confirm the pluripotency of N-ASC, cells were then analysed at flow cytometry
to verify the presence of the Multi-lineage differentiating stress enduring cells
(MUSE cells), investigating the SSEA-3 and CD-105 antibodies expression. Figure
7.A shows the percentage expression of the evaluated antibodies. N-ASC expressed
25.5 £ 6.5% of SSEA-3, while for N-ED-ASC and ED-ASC was 3.12 + 2.2% and
0.5 £ 0.2%, respectively. Finally, the immunofluorescence assay (Figure 7.B)
confirmed the presence of MUSE cells in N-ASC, revealing positive cells for the
expression of CD105 and SEEA3 simultaneously.
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Figure 7. Multilineage differentiating stress enduring cells expression. A) Flow cytometry of N-ASC, N-ED-
ASC, and ED-ASC to investigate the presence of MUSE cells. The percentage of positive cells to SEEA-3
and CD105 markers were indicated as an average of three samples, and the results are presented as the mean
+ standard deviation. B) Immunofluorescence microscopy of MUSE cells. MUSE cells in N-ASC were
detected as a positive cell for CD105 (left), SEEA3 (middle) and the simultaneous expression of CD105-
SEEA3 (right).

4. DISCUSSION

Nanofat is a simple and well-described procedure that allows small volumes of
adipose tissue injection. The product obtained is an emulsified fat, rich in viable
cells avoiding expansion or enzymatic treatments. The emulsification procedure
reduces the size of adipose fragments harvested by liposuction, by a delicate
filtration, obtaining an immediately injectable product [41]. Thanks to its fluid
consistency, surgeons have promoted nanofat for face treatments rejuvenation,
volume restoration, wrinkles, hypertrophic and atrophic scars, and defects
correction [9—12].

This micro-fragmentation is able to produce smaller adipose niches than traditional
techniques of adipose tissue manipulation with enormous advantages, allowing
ASCs to migrate easily from the adipose lobules. Additionally, Nanofat is a
“gentle” fragmentation that enables the preservation of the regenerative
components in connective niches increasing cellular vitality, migration rate and
allows a faster secretion of growth factors. This could be of crucial importance in
clinical practice because it provides more beneficial regenerative effects for
patients.
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Hy-Tissue Nanofat is a new, simple system that reduces the time of adipose tissue
processing drastically and guarantees the survival of regenerative units. The device
reduces the size of the fat microfragments obtained after emulsification by shuffling
the lipoaspirates 30 times between two connected syringes and filtering the
emulsified adipose tissue through a membrane of 120 pum. In this study, deep
characterisation of the product has been performed, and the abundance of
regenerative cells has been described.

Morphological analysis of the emulsified fat shows the presence of lipid droplets of
different dimensions, mainly ranging between 60 and 100 pm, making the product
easy to inject into the desired location with high precision and suitable for injection
in difficult areas with thin skin. The liquid consistency of nanofat, which also
contains several endogenous cytokines and growth factors that are beneficial for
vascularization initiation, allows it to be easily injected or be loaded onto a scaffold
for various applications throughout body [1][42].

The microanatomy of emulsified fat is primarily comparable to that of native
adipose tissue, with capillaries and microvessels organized and disseminated
between adipocytes, and pericytes wrapped around endothelial cells. Consequently,
if the therapeutic value of Hy-Tissue Nanofat is related to the extraction of the
adipose-connective niche, those complexes (cells, extracellular matrix, and ASCs)
might exercise their regenerative performance more indirectly, via growth factor
secretion, than as progenitor cells.

In vitro results obtained with the Hy-Tissue Nanofat system have been compared
with the results obtained through enzymatic digestion (collagenase type I),
considered the gold standard technique to purify mesenchymal stem cells [43,44],
and with the enzymatic digestion of Nanofat -SVF. Specifically, this last procedure
was performed to evaluate the total amount of regenerative units, in terms of
mesenchymal stem cells, that contribute to the tissue remodelling, rejuvenation and
regeneration, describing the real regenerative potential of the Hy-Tissue Nanofat
SVEF. The results of cellular yield and CFU assay, showed that N-ASCs was
characterized by lower cellular yield and capacity to form colonies, if compare with
the classic enzymatic digestion, used to collect regenerative units from adipose
tissue. The cellular yield resulted in about 9% (N-ASC), which increased to 29%
after the enzymatic digestion of the emulsion (N-ED-ASC), suggesting that the
system was highly efficient in extracting nucleated cells. Indeed, the number of N-
ED-ASC resulted in 1.20 x 10° £ 3.90 x 10* cells employing 10 ml of lipoaspirate,
not so far from the results obtained in Tonnard et al. 2013 [6] for 100 ml of
lipoaspirates. Subsequently, duplication and clonogenic assays have been
performed to characterise the regenerative units present in the Hy-Tissue Nanofat
SVEF. The growth rate and the clonogenic capability of N-ASC resulted lower than
ED-ASC, which agrees with cellular yield results. Mechanical emulsification
represents the minimal manipulation required to consider the injection of Nanofat-
SVF an autologous fat implant. On the contrary, enzymatic digestion represents
stronger method to isolate regenerative units, higher in number, but characterized
by slower differentiation capability.

Previous studies established that CD34" cells represent a stem cell population with
higher proliferative capacity. Immunophenotypic analysis of N-ASC reveals
3,37+1,67% of CD34" expressing marker, which is in accordance with the literature
[23]. Tonnard et al. [6] have reported 4,5 to 6,5% of CD34+ cells in nanofat SVF.
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Moreover, a non-statistically significant difference has been noted between the
treatments. When cultured, cells acquired a strong mesenchymal stem cell
phenotype, increasing the expression of specific surface markers (CD73, CD105
and CD 29) and confirming phenotype maintenance after 4 passages in culture.
N-ASC have also been tested for the capacity to differentiate in three mesenchymal
cell types: adipocytes, osteocytes, and chondrocytes. The differentiation ability was
evaluated after 4 and 9 days from specific media induction. N-ACS can efficiently
differentiate starting from the 4" day, underling a higher differentiative potential
comparable with cells enzymatically extracted. Usually, the uptake of lipid droplets,
a marker of adipogenic differentiation, is detectable between 10 and 14 days after
media stimulation [6,15,29,30], while the calcification and proteoglycan matrix
formation are detectable after 21 days [15,29,30].

In addition, N-ASC were immunophenotypically analysed for SEEA3 expression
as a specific marker for a subpopulation of mesenchymal stem cells called MUSE
cells [31-35,45]. These cells are composed of pluripotent mesenchymal stem cells,
able to migrate in damaged areas, as described in different preclinical and clinical
models [46—48]. The results showed that N-ASC expressed 25.5 £ 6.5% of SEEA3
marker, while ED-ASC was 0.5 + 0.2%. This difference might be due to mechanical
manipulation of fat tissue since MUSE cells are mainly expressed after severe
cellular stress conditions [29,34]. These cells differentiate in numerous tissues, not
only of mesenchymal origin, in a short time and could contribute to supporting the
results obtained with differentiation assay. The use of emulsioned fat-enriched of
MUSE cells in regenerative medicine could represent a novel aspect, increasing the
treatment efficacy and the recovery time, even if a deeper analysis to understand
the mechanism that undergoes high differentiative potential and MUSE expression
1S necessary.

Particularly, it is known that tissue enzymatic disaggregation can cause alterations
in gene expression [49] and exosome amount [50] and this research displays how
much the emulsified adipose tissue seems to be enriched with growth factors which
are necessary to promote the reparative actions in damage tissues [51][52]. Taken
together, our data reveal a greater regenerative and differentiative impact of the
adipo-connective niches that emerge from this “gentle micro-fragmentation”, which
provide the basis on which to build an explanation of therapeutic superiority. These
results indicate Hy-Tissue Nanofat as a rapid, standardised and efficient system able
to produce an emulsioned fat rich in viable, proliferative and multipotent ASC;
suggesting a potential use in regenerative medicine and tissue engineering when
translated into clinical practice.

5. CONCLUSION

In this study, we demonstrated that Hy-Tissue Nanofat Plus is a rapid, easy to use
and standardised device that allows the extraction of live and proliferative
multipotent and pluripotent adipose-derived stem cells able to rapidly differentiate
into adipocyte, osteocyte, and chondrocytes, making this product of potential interest
in regenerative medicine. The regenerative potential of nanofat product is a safer
alternative treatment given its intrinsic immunomodulatory, antiapoptotic,
angiogenic, proliferative factors without administering whole cells. Nevertheless,
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further research is needed to understand the specific role of nanofat secretome in
repairing damaged and diseased tissues.
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FINAL
REMARKS

PROLOGUE:

Abraham Lincon said, “the best way to predict the future is to create it.”

Part of the work of a researcher is to be aware that every small contribution to
science can allow it to grow and develop humanity. This thesis intends to contribute
to how new strategies can be approached to improve Tissue Engineering and
Regenerative Medicine applications. This final chapter presents a general
discussion and some future perspectives that elucidate the broader possibilities that
can be accomplished when applying the proposed Regenerative Algorithm.
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DISCUSSION

Tissue Engineering and Regenerative Medicine (TERM) is a field of research that
has been increasingly growing, and its main objective is to promote the healing or
replacement of damaged tissue (1). The term “tissue engineering” was only known
to the scientific community until 1997, when a BBC documentary showed for the
first time the experiment performed by Vacanti when made grow a human ear in
the back of a nude mouse (2). Since then, the world has become well-known for the
words “Regenerative Medicine and Tissue Engineering.”

TERM is a multidisciplinary field that involves cell engineering, molecular biology,
and biomaterial engineering, among others, to develop structures that help to
replace/repair injured or damaged tissue (3). The research in TERM for the last
decades has been focused on three main approaches: 1) cell implantation, 2)
substances delivery and 3) cell implantation using biomaterials (4). However, spite
the various research in the field, these studies are centered on one part of the
problem; the efforts are focused on “filling” the missing or damaged part limiting
the effectiveness and safety of the current treatments (5).

This work introduced a new concept in the TERM field, the Regenerative
Algorithm, Figure 1 presents a summary of the Regenerative Algorithm. In the
Introductory chapter, a construction analogy was used to explain the importance of
understanding the regeneration process in living tissues.

Step 1.
Mesenchymalisation
(Destructuring)

Damaged Tissue Repaired Tissue

——

Step 3. Step 2.
Restructuration Scaffolding
(Signaling) (Guidance)

Figure 1. Representative scheme of the proposed Regenerative Algorithm.

The proposed Regenerative Algorithm explains the importance of the initial
destructuring of the tissue. To elucidate this concept, it was presented a study case
in Chapter 1. It described the use of a novel enzyme for the debridement of wounded
tissue. The study presented the in vitro analysis of the Vibrio alginolyticus-based
collagenase, where it was proved its efficacy in the digestion of collagen structure;
in the case of the study, this was performed for the liberation of stem cells.
However, it allows to predict its future applications in treating injured tissue
because destructuring damaged structures stimulates the endogen regenerative
capacity. As part of the algorithm, the tissue debridement is vital for the remotion
of injured structures that might affect the correct restructuration of the tissue and
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the possible induction to the tissue dedifferentiation. It has been discovered in some
eukaryotic organisms that to repair damaged tissue, it is critical to recreate tissue
formation from its initial structure instead of forming a scar (6). Recent studies have
demonstrated that in mammals, it is possible to promote self-regeneration
mechanisms by impeding the formation of scars (7). Using the studied collagenase
to remove the disorganized collagen structure that tends to appear during scar
formation might provide an appropriate environment, to begin the healing process.
The second part of the algorithm uses pre-formed structures that emulate the
original natural structure. In this regard were introduced Chapters 2 and 3 with
studies using biomaterials that support the newly formed tissue. Chapter 2 showed
a research on 3D structures conformed on descellularized collagen for the
prevention of capsular contracture formation, and Chapter 3 presented a research
on hyaluronic acid for the treatment of scars. Both of these studies are examples of
using structures biomaterials that provide a framework in which the new tissue can
grow. During the classic stages of wound repair, this frame is formed by a fibrin
matrix that is later colonized by cells that will form the new tissue (6). However,
the greater the damage, the more disorganized 1is the natural
healing processes of the body, because of this, external aid is required. In
superficial situations non-invasive treatment is preferred; in this regard, injectable
materials are a plus, such as the studied hyaluronic acid, while for more complex
damages, 3D configurations are the alternatives. Additionally, the constructs that
support the newly formed tissue must provide some degree of stimulation on the
peri-wound tissue that induces the self-healing processes (8). Both presented studies
showed the guided stimulation of the descellularized membranes and hyaluronic
acid in vitro and in vivo.

The last part of the proposed algorithm is the promotion of the restructuration of
damaged tissue using different types of biomolecules. Following this step, it was
introduced Chapter 4, where a novel device was validated for the extraction of
stromal vascular (SVF) fraction from adipose tissue through mechanical
disaggregation. SVF extracted from mechanical methods presents preserved
extracellular matrix and all stromal cells providing to the host tissue precursors that
activate the natural healing cascade (9)(8). It has been proved that the extracted
connective microfragments contribute to pro-angiogenic, pro-differentiative and
pro-antiapoptotic factors (10). In the study of chapter 4 was proven that the
extracted microfragments with a novel mechanical device is composed of various
elements that not only enable cell differentiation but reduce the required time for
this process to occur. Moreover, it was found that using this device, it is possible to
extract an important subpopulation of cells known as Multi-lineage differentiating
stress enduring cells (MUSE). The multipotency of MUSE increases their potential
in TERM applications.

FUTURE PERSPECTIVES

Based on the above mentioned, the development of the algorithm has been
developed in single steps without progressive feedback among them, because of
this the importance on generating complete research where all the steps of the
Regenerative Algorithm are employed. However, as it is proposed in the las step of
the algorithm, the use of cells is fundamental for the colonization of the structures
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formed in the second step, but cells required the necessary nutrients to grow and
later differentiate. In the previous section was exposed the first “successful”
experiment on the generation of a tissue, the growth of a human ear on the back of
amouse; sadly this ear lack of vascularization, impeding the nutrients transportation
to the cells in the center of the structure. This outcome elucidates the importance of
using alternative biomolecules that activate the tissue self-reparative pathways. To
overcome this impairment, recent studies have shown that using cellular elements
such as nanovesicles that can be employed as nanocarriers for different growth
factors and can induce vascularization (11). Nevertheless, there are some possible
difficulties when applying the Regenerative Algorithm that must be solved.
Considering the first step, the remotion of damaged tissue might require extensive
time, allowing infections to occur. For this reason, selecting the appropriate method
for the destructuring of the tissue is highly important. On the other hand,
considering the current research stage, the algorithm is not appropriate for more
extensive damages because of the difficulties in creating bigger and steady
constructs that can accomplish with the second part of the algorithm. However, the
current efforts point out tackling this drawback with new engineered strategies in
the field of 3D bioprinting, developing more biocompatible and resistant bioinks
that can provide a steady frame and be loaded with different elements that promote
and improve the regeneration process (12).
Finally, some ethical problems must be considered when studying the last step of
the algorithm given the involvement of cells and biological components. Current
controversies of cell-based therapies are the broad differentiative capacities of stem
cells that can be seen as a human risk either because they might promote tumor
growth or because they can be used in human cloning (13). Additionally, the FDA
(Food and Drug Administration) permits only the use of cell and cell-derived
product therapies when they undergo minimal manipulations (14). Considering this
last statement, the proposed technique in Chapter 4 provides excellent advantage in
extracting stem cells and cellular components due to the lowest manipulation of the
product without the aforementioned risks.
Notwithstanding the difficulties, the future of Tissue Engineering and Regenerative
Medicine is based on a multistep treatment that considers all the natural processes
that occur in biological systems during self-healing and attempts to emulate them
for more complex damages.
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