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Sommario

Cellule staminali mesenchimali e loro procedure di estrazione: il tessuto adiposo
(grasso corporeo) e fondamentale per la salute e un'importante fonte di MSC.
Insieme alle cellule adipose e staminali, il tessuto adiposo contiene numerose
cellule nervose e vasi sanguigni. Si ritiene che le MSC siano un elemento chiave
per l'adipogenesi che pud essere isolata dal grasso corporeo dopo la liposuzione.
Nella medicina rigenerativa e negli interventi di chirurgia plastica, il grasso della
liposuzione viene elaborato in diversi meccanismi per isolare la SVF che viene poi
rimessa all'uomo per diversi scopi di trattamento.

Materiale e metodo: nel nostro esperimento, abbiamo mostrato tre nuove procedure
meccaniche e una enzimatica per elaborare il grasso, che richiedono meno tempo e
sono piu efficienti rispetto ad altre procedure esistenti. Nelle tre procedure, una e
Rigenera® che impiega circa 12 minuti per essere processata mentre le altre due
sono Hy-Tissue SVF e Hy-Tissue Nanofat di Fidia Pharmaceuticals che impiegano
circa 10 minuti per processare il grasso. Dopo l'elaborazione meccanica e stata
raccolta la SVF, di cui una parte é stata assegnata al monitoraggio della crescita in
vitro e alla differenziazione in diverse linee cellulari. Un'altra parte € stata assegnata
al test di citometria a flusso per vedere il contenuto di cellule staminali presenti al
passaggio 0. Nel caso di Rigenera, la SVF ottenuta e stata sottoposta al ginocchio
del cane per osservarne la capacita di differenziazione. Nel caso di Hy-Tissue SVF,
una parte di SVF raccolta e stata iniettata per via sottocutanea a topi con/senza
scaffold semi-liquido (HA) per osservare l'adipogenesi. Per il processo enzimatico,
e stato eseguito solo il test di tossicita in vitro confrontando con la procedura di
digestione dei grassi esistente, ovvero la digestione con collagenasi di tipo I.

Risultati: Tutto il processo meccanico ed enzimatico ci ha dato buoni risultati
positivi. Abbiamo osservato lI'adipogenesi sia in vitro che in vivo con la SVF che
abbiamo isolato dalle procedure meccaniche.

Conclusione: queste nuove tecniche e dispositivi sono pronti per sostituire alcune
vecchie tecniche che richiedono molto tempo. | nostri esperimenti hanno mostrato
un miglioramento vitale nell'elaborazione del grasso e nell'isolamento delle MSC,
che & economico e potrebbe essere facilmente utilizzato nei trattamenti rigenerativi
da chiunque senza alcuna precedente esperienza in questo campo.



Abstract

Mesenchymal stem cells and their extraction procedures: Adipose tissue (body fat)
is crucial for health and an essential source of MSCs. Along with fat & stem cells,
adipose tissue contains numerous nerve cells and blood vessels. MSCs are essential
for adipogenesis that can be isolated from body fat after liposuction. In regenerative
medicine and plastic surgeries, Liposuctioned fat is processed in different
mechanisms to isolate SVF and then put back into humans for different treatment
purposes.

Material & method: In our experiment, we have shown three new mechanical and
one enzymatic procedure to process the fat, which is less time-consuming and more
efficient than other procedures. Of the three procedures, one is Rigenera® which
takes around 12 min to process, whereas the other two are Hy-Tissue SVF and Hy-
Tissue Nanofat from Fidia Pharmaceuticals, taking about 10 min to process the fat.
After mechanical processing, the SVF was collected, of which one part was
assigned to in vitro growth monitoring and differentiation to different cell lines.
Another part was assigned to the flow cytometry test to see the stem cell content at
passage 0. In the case of Rigenera, the SVF obtained was subjected to the knee of
the dog to observe its differentiation ability. In the case of Hy-Tissue SVF, a part
of collected SVF was injected subcutaneously to mice with/ without semi-liquid
scaffold (HA) to observe adipogenesis. For the enzymatic process, only in vitro
toxicity test was compared with the existing gold stand procedure of fat digestion,
i.e., Collagenase Type-I digestion.

Results: The mechanical and enzymatic process has given us good positive results.
We have observed adipogenesis both in vitro and in vivo with the SVF we isolated
from the mechanical procedures.

Conclusion: These new techniques and devices are ready to replace some old time-
consuming methods. Our experiments have shown vital improvement in fat
processing and isolating MSCs, which are cheap and could be easily used in
regenerative treatments by anyone without any previous expertise.
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Introduction

i) Tissue regeneration: State of Art

Biology of regeneration

In biology, regeneration is the process of restoration, renewal, and tissue growth
that makes genomes, cells, organisms resilient to events that cause a disturbance,
damage, or natural fluctuations *. From bacteria to humans, every species can
regenerate > 2. Stem cells are specialised cells capable of renewal. They can
differentiate into different cell types in the human body, which populate to form
tissue, i.e., they possess information that allows them to become any cell in the body
or a restricted cell type with a specialised function. These abilities make stem cells
extremely useful for biomedical applications and regenerative medicine and have
become the primary molecular tool. For example, skeletal muscles can regenerate
and form new muscle tissue, while cardiac muscle cells do not regenerate. Smooth
muscle cells have the most significant ability to regenerate.

Regenerative medicine

This new branch of medicine tries to study the regenerating tissues and organ
systems that fail due to age, genetic defects, disease, tissue engineering, or damage.
Regenerative medicine has quickly become one of the promising treatment options
for patients with tissue failure. 'Regenerative medicine' and 'Tissue engineering'
have become highly interchangeable, with the field hoping to focus on treatments
rather than complex and often chronic disease treatments. However, tissue
engineering is an emerging biomedical field aimed at helping to restore physical
tissue defects to the point of self-repair and replacing the biological functions of
damaged and injured members using cells with differential and reproductive
abilities.

Tissue engineering technology has evolved from developing biological materials
(biomaterials), which combine scaffolds, cells, and biologically active molecules of
functional tissues. Tissue engineering aims to gather structures that restore,
maintain, or improve damaged tissues or whole organs. Artificial engineered
cartilage and skin tissues have been recently authorised by the FDA *. When
scaffolds are created, cells with or without a 'mix' of growth factors can be
introduced. Then, assuming that the environment is appropriate, the tissue grows.



Sometimes, cells, growth factors, and scaffolds are mixed simultaneously, allowing
the tissue to ‘self-assemble’.

The scaffold uses different ways to create a new fabric or tissue. The donor tissue
or organ cells are stripped, and the maintained collagen scaffold forms new tissue.
A new tissue has been created in the biological engineering of the rat's heart, liver,
lungs, and kidney tissues. This approach holds great promise for using scaffolds
from human tissues discarded during surgery and integrated with the patient's cells
for the work of dedicated members that the immune system cannot reject. The tissue
needs a good "draining and plumbing system" (veins or arteries) to feed cells and
carry waste. Without blood supply or any similar mechanism, cells die quickly.
Ideally, scientists would like to create engineered tissue using a plumbing system
that has already been built (lattices). New hope for the bum knee: cartilage has been
challenging if it is not impossible to repair since cartilage lacks a blood supply to
promote regeneration. The gel/adhesive combo successfully regenerated cartilage
tissue following surgery in a recent clinical trial of patients .

The present scaffold uses different ways to create a new fabric or tissue. The donor
tissue or organ cells are stripped, and the maintained collagen scaffold is used to
form new tissue. A new tissue has been created in the biological engineering of the
heart, liver, lungs, and kidney tissues. This approach holds great promise for using
scaffolds from human tissues discarded during surgery and integrated with the
patient’s cells for the work of dedicated members that the immune system cannot
reject.

The main goal of the tissue regeneration study

The main goal of tissue regeneration studies is to acquire knowledge to enhance the
new wide range of regenerative medicine. This information may include evidence
to stimulate stem cell activity, structural engineering of better scaffolds or direct
initiation of biologic regeneration programs. Scientists already understand some
forms of regeneration enough to manipulate and modify major events for
therapeutic reasons. For example, the common practice of bone marrow
transplantation is to guide hematopoietic cells to regenerate blood cells properly.
However, research has begun to acquire knowledge and techniques for most
innovative models to selectively ban or enhance selective steps during renewal.

Cell-based therapeutic strategies have been developed to treat and reverse such
disorders in the past decades. Stem cells are appealing in the field, being a
responsive undifferentiated population, with the ability to self-renew and
differentiate into different lineages. Mesenchymal stem cells can be obtained from

10



several adult tissues, including the synovial membrane. Synovia-derived
mesenchymal stem cells can be found in individuals of any age and are associated
with intrinsic regenerative processes through paracrine and cell-to-cell interactions,
thus contributing to host healing capacity. Studies have demonstrated the potential
benefit of synovia-derived mesenchymal stem cells in these regenerative processes
in both human and veterinary medicine.

Structure of dermis

The dermis is the mesenchymal component of the skin, separated from the
epidermis by the basement membrane.

DWAT

() (b)

Figure 1. Skin structure: (a) murine skin structure. The mouse back skin has four types: guard
(tylotrich) and awl, auchene, and zigzag HFs (non-tylotrich). The panniculus carnosus (PC) is
under the hypoderm. (b) Human skin structure. Human skin structure differs from that of
murine. The epidermis is thicker and forms ingrowths called rete ridges. Accordingly, the
papillary dermis forms dermal papillae.
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WAT & BAT:

Localization

Morphology

Cell composition

Function

WHITE ADIPOSE
TISSUE

* Subcutaneous

+ Intra-abdominal
« Epicardial

* Gonadal

Spherical

» Single lipid droplet
* Few mitochondria

« Flattened peripheral
nucleus

« Little endoplasmic
reticulum

Storing energy

BROWN ADIPOSE
TISSUE

« Interscapular

* Paravertebral

* Perirenal

* Cervical

+ Supraclavicular

Elliptical and smaller than
white

* Multiple small lipid
droplets

* Large number of
mitochondria

+ Oval central nucleus

+ Expending energy and

heat production (non-
shivering thermogenesis)

Uncoupling protein Undetectable Positive

Table 1: Differences between White & Brown Adipose tissue

Adipose tissue and wound healing

Adipose tissue (AT) can be classified into three groups: white (WAT), brown
(BAT) and beige (BeAT). WAT is the most common one. It represents a storage of
lipids and a source of adenosine triphosphate (ATP) derived from the release of
fatty acids during the B-oxidation process. Recent studies have identified a new type
of white adipose tissue, DWAT, which plays a vital role in various methods: wound
healing, the immune response, HF homeostasis, and thermoregulation *2. It has been
shown that intradermal adipocytes are necessary and sufficient for HF stem cell
activity. PDGF (platelet-derived growth factor) expression in immature adipocytes
regulates follicular stem cell activity and activation of HF growth. Data from Festa
et al. indicated that adipocyte lineage cells form the niche of epithelial stem cells,
positively regulate their activity, and induce HF regeneration . In mouse skin,
DWAT is located between the dermis and panniculus carnosus (Figure 1a). DWAT
is deposited around single pilosebaceous units in human skin, including the HF bulb
with a hair shaft, a sebaceous gland, and erector pili muscles. DWAT engulfs HFs
in the form of a cone (Figure 1b) 2. Interestingly, in humans, the cone-shaped
structures of DWAT are found only in areas of the body that are prone to scarring
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(for example, the abdomen, neck, chest, etc.) and are not pronounced in areas
associated with reduced scarring (scalp, forehead, or early fetus) 4.

It is reported that adiponectin-positive dermal progenitor cells can differentiate into
Fibroblasts (FBs). During the induction of fibrosis by bleomycin in mouse skin,
adiponectin-positive precursors, whose presence is usually limited to DWAT,
distributed over the entire damaged dermis over time, lost their adipocyte-specific
markers and expressed FB markers . Reduction of adipogenesis and the loss of
DWAT are consistent features of cutaneous fibrosis. At the same time, DWAT can
be replenished since the regeneration of adipocytes from FBs is possible 1°.

FBs are the most abundant cells in the dermis. A characteristic feature of these cells
is synthesising and remodelling the extracellular matrix (ECM). Remodelling is
supported by the synthesis of the cleaving metalloproteinases and their inhibitors.
Collagen synthesis is the primary and unifying typical feature of FBs °. FBs of the
dermis are a heterogeneous population of cells, the specificity of which is
determined mainly by their location relative to the dermis layers. Interactions
between the epithelium and mesenchyme are critically important for the
development and regeneration of the epidermis.

Wound healing in the skin depends on the coordinated collective activity of several
cell types. Keratinocytes and FBs migrate into the wound to restore skin structure.
Furthermore, other cells participate in the process, including hemopoietic,
endothelial, immune, neural, white fat cells, pericytes, Schwann cells, tissue-
specific stem cells, and progenitors. FBs and mesenchymal cells play a pivotal role
in wound healing, mediate fibrosis, participate in inflammatory networks,
synthesise matrix, and modulate immune cell functions.

Shortly after wounding, the wound is populated with FBs from the reticular dermis
and cells from the hypodermis ©. FBs of the reticular dermis can produce thick and
well-organized collagen fibres compared to papillary FBs that are attracted later
(during epithelialisation) and synthesise poorly organised ECM. Reticular FBs
generate a collagen matrix typical for fibrosis ® 7 8. Rognoni and colleagues ° reflect
a model where the lack of ability to form HFs by postnatal wounded skin is
associated with an increase in the activation of WNT/B-catenin signalling in the
wound bed, which in turn increases the number of reticular FBs unable to induce
HF formation. When injured, the density of papillary FBs decreases, and the -
catenin activity in the dermis increases with age, which is linked to an increase in
reticular FB expansion. In this case, the expansion of FBs takes place with minimal
proliferation. Repair of postnatal skin wounds occurs quickly by attracting reticular
FBs but at the cost of losing the regeneration of HFs at the wound site °. It can be
supposed that specific epithelial-mesenchymal interactions occur between the
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epidermis and the upper layer of the dermis represented by its papillary part, and
maintenance of this interaction is vital for scarless healing and the generation of
new appendages. Reticular FBs fail to provide valuable clues for skin
morphogenesis.

Moreover, they organise the matrix typical for fibrosis in the wound. Therefore, the
papillary dermis may provide reparative regeneration of the skin. Interestingly, in
clinical practice, surgeons have learned to destroy the upper layer of the skin down
to the interface between the papillary and reticular dermis to improve acne scars.

However, it’s known that one should not go deeper to prevent permanent scarring
10

Collagen I is the dominant component of the ECM in the dermis and accounts for
approximately 70% of its dry weight. Moreover, in intact adult skin, collagen I to
collagen 11 is approximately 4:1, whereas it is approximately 1:1 in neonatal skin.
In mature skin, less hyaluronic acid (HA) is secreted. Therefore, the amount of
collagen I11 temporarily increases when the skin is injured and during the formation
of the new dermis. The collagen I and 111 ratios are about 1:1 in neonatal skin in
newly healed human skin. At the same time, in response to a wound, fetal skin
shows a higher amount of collagen 111 and HA and lower collagen 1 1012,

ii) Adipose tissue and SVF

Stromal Vascular Fraction (SVF) is a heterogeneous collection of cells within
adipose tissue traditionally isolated using enzymes such as collagenase. With
removing adipose cells, connective tissue, and blood from lipoaspirate comes the
SVF, a mixture of mesenchymal stem cells, endothelial precursor cells, T regulatory
cells, macrophages, smooth muscle cells, pericytes, and preadipocytes. Aside from
their use in chronic conditions, SVF enrichment of fat grafts has proven a
significant advance in maintaining fat graft volume and viability. Many SVF studies
are currently in preclinical phases or are moving to human trials. Overall,
regenerative cell therapy based on SVF is at an early investigative stage, but its
potential for clinical application is enormous.

In tissue engineering and regenerative medicine, adipose tissue has emerged as an
attractive cell source because it can be easily isolated and enriched with
stem/progenitor cell populations. The SVF derived from adipose tissue contains
heterogeneous cell populations such as preadipocytes, endothelial cells,
mesenchymal progenitor/stem cells, T cells, pericytes, and M2 macrophages. In
vitro, SVF-derived mesenchymal progenitor/ stem cells can be easily expanded and
create diverse lineages of cells. However, there are specific issues related to their
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isolation and purification. SVF cells demonstrate regenerative potential in damaged
tissues or organs through paracrine and differentiation mechanisms.
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Keratinocyte =
’ Chondroblast
@ @ Osteoblast
’ . Parathyroid like cell
Qil and Debris y
@ Differentiation potentjg]

_Aqueous layer Pancreatic cell ADSCs ! ./\cumu "
with blood p ~a £
@ A%
A
a sl Hepatocyte Hhmhl;%
PO .; ﬁ.y
Fraction containing ADSCs Cardiomyocyte Endothelial cell
E— Muscle cell =S

-_—

Figure 2: SVF containing ADSCs and their capability to differentiate into cell lines

iii) Fat grafting

Fat grafting is common in reconstruction and aesthetics. The lack of standardised
protocols can partly explain reconstructive plastic surgery’s unpredictable clinical
outcomes of fat grafting for processing, harvesting, and transplanting adipose tissue
(AT). Historically, plastic surgeons have relied on trial and error and clinical
experience to develop fat grafting protocols '.

In addition to vertical tissue descent, The process of ageing results from
subcutaneous loss of volume. Surgeons emphasise soft tissue augmentation to
achieve a natural, rejuvenated appearance in patients. Autologous fat grafting is
now a commonly performed aesthetic procedure. Autologous fat grafting is a
challenging procedure due to the fragile characteristic of adipose tissue. The
viability of transplanted fat is the primary consideration when fat grafting is
performed. Poor fat viability produces a preliminary result and thus is considered a
complication of this procedure. Many studies have demonstrated that fat longevity
depends on the handling and preparation of fat 8,

Yo' non P |
Therefore AFG, an autologous R =
. . . . 91 88k
biological  tissue  containing e
several critical cellular @ @ @ @
co mpo nents (ad ipocytes and The treatment Fat'is removed Fat is processed  Injections are
mesenchymal stem CE"S), ECM' area is. numbed from target to separate fat made to
prior to areas using a cells & prepare transfer the fat
vessels, and nerves °, can be liposuction omall cannula_ for grafting  to low volume
considered either as ‘bioactive

material” when it is grafted into the  Figure 3: General fat grafting procedure
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soft tissue defects aiming to improve the volume and tissue quality or as "bioactive
scaffold" when ASCs enriches it. In this last case, AFG also acts as a scaffold for
the ASCs, representing an autologous biological matrix (cellular and extracellular)
to improve fat graft maintenance through an autologous regenerative approach
based on adipogenesis and vascularisation improvement *°,

Harvesting

Autologous fat grafting is a surgical technique in which adipose tissue is transferred
from one body area to another to reconstruct or regenerate damaged or injured
tissues. To avoid inflammation and preserve graft viability before reinjection,
adipose tissue must be purified from blood and cellular debris. For purification,
different enzymatic and mechanical methods can be used. Autologous fat grafting
has become increasingly used for multiple volume filling applications. However,
the major obstacle to widespread clinical use is the lack of standardised guidelines
during harvesting, processing, and implantation steps 2°. Indeed, many authors have
recognised no universally accepted methodology for fat grafting 2% 22,

Fat is a delicate tissue and must be handled with maximal care to maintain its
viability 2%. Therefore, the ideal methodology to approach autologous fat grafting
has been a significant focus in the last years, but patient-related factors should also
be considered when designing a study.

Distinct harvesting procedures lead to different outcomes of fat graft take. As
aforementioned, details such as the best donor-site, what adipose tissue harvesting
technique to use, what harvesting cannula diameter to choose, what pressure to
apply to avoid the decrease of cell viability or the possibility of injecting a
tumescent solution with anaesthetics before tissue collection are considered to get
the highest cell viability and survival rates possible. Direct excision, syringe hand
aspiration, and suction-assisted liposuction using various pressures (and different
mechanisms to create that pressure) are some of the currently used techniques %>
26 In addition, a liquid jet, ultrasound pulses, or laser energy can also assist
liposuction 27:28:29,

Usual fat grafting areas
Chest (breast reconstruction), Butt, Face, Cheek, Lips, Scars across the body, Neck,

Hollow areas around the eyes, Hands, Arms, and the other regions experiencing
volume loss.
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Processing

In the past years, AT has gained the attention of researchers for being an exciting
source of adult stem cells for plastic surgery and regenerative medicine. The
lipoaspirate is processed in many ways to collect SVF for autologous fat grafting
purposes. In the mechanical procedure, the tissue is massaged manually (or blended
inside the device in the case of Rigenera) to break down the collagen and then is
centrifuged at a certain rpm to collect the SVF. In the enzymatic procedure, the
tissue is incubated inside a rotating incubator for a specific time and then
centrifuged.

iv) Goal and Findings

This work aimed to optimise an excellent device to isolate SVF (containing MSCs,
which is thought to be one of the significant regenerative elements), its in vitro
differentiation capability to confirm regenerative material inside, and application in
vivo in contact with biomaterials to induce adipogenesis.

We have optimised three mechanical devices and one new collagenase to isolate
SVF within a short period. These devices and the enzyme all are set to be used in
any regenerative surgery. They have different time and handling measures to
process the lipoaspirates without requiring previous expertise. Anyone can easily
use these simple devices without any prior expertise, be transferred to any lab for
research purposes and are ready to be used in fat-processing for stem cell therapy
immediately after harvesting. We have successfully shown that the product
generated after the fat processing is safe to use. We have applied the product
subcutaneously in nude mice with HA, and yellowish adipose tissue was observed
with naked eyes (after sacrificing the mice) and with 7T MRI; later, we confirmed
induction of adipogenesis by examining the fat.
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Mechanical isolation, characterisation of the
regenerative element from lipoaspirates and its
application

2.1. Introduction to Rigenera®

v) Introduction and overview of the machine

While adipose tissue has been considered a waste product for years, its essential
role as a regenerative agent has only recently been recognised 3% 3! Indeed,
autologous fat grafting has many applications, including breast reconstruction
following tumour therapies 3 33, the treatment of burn scars and congenital and
post-traumatic malformations **°, and rejuvenation aims %. It is believed that the
main agents responsible for regeneration are adipose-derived stem cells (ASCs),
which are adult plastic-adherent mesenchymal stem cells abundant in, and easily
isolable from adipose tissue 3"°, They self-renew and are multipotent, which means
that they can differentiate, under appropriate stimulation, into different mesodermal
cell lineages, especially into adipocytes, osteocytes, and chondrocytes %45, After
liposuction, the processing of adipose tissue is a crucial step in avoiding
inflammation and preserving the fat graft viability. The traditional purification
method is enzymatic digestion, which involves using collagenase. This method
consists of collagenase digestion, centrifugation, and washing steps to remove red
blood cells, allowing adipocyte separation from dense cellular tissue, called the
stromal vascular fraction (SVF) “6. The SVF contains different cells, including
ASCs, mesenchymal and endothelial progenitor cells, leukocytes, and pericytes.
Although the enzymatic method is the most effective for SVF isolation, it is an
expensive and time-consuming open system, requiring further enzyme purification.
In addition, it destroys the stem-cell niche, known as the microenvironment, which
surrounds the stem cell, allowing interactions with neighbouring cells that promote
cell survival, proliferation, and differentiation.

Moreover, according to the Good Manufacturing Practice regulations of the
European Parliament and Council (EC regulation no. 1394/2007), only minimal cell
manipulation is allowed in a clinical setting. Therefore, enzymatic methods are
forbidden 47 %8, Furthermore, it is mandatory in clinics to purify the adipose tissue
in the operating room immediately after the surgery without laboratory processing
and in sterile conditions. For these reasons, many companies have developed
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automatically closed devices based on mechanical methods %>, One of these,
named Rigenera® (HBW, Turin, Italy), composed of an engine and disposable
sterile capsules, uses mechanical disaggregation operated by steel blades rotating at
80 rpm, followed by filtration through 70-80 um pores, to produce immediately
injectable micrograft. The present study aimed to in vitro characterises the product
obtained by the Rigenera® device in terms of the cell viability and morphology,
immunophenotyping, colony-forming unit, and differentiation potential. The study
focused on adipose tissue isolated from the thigh and abdomen. We characterised
in vitro the product of a closed automatic device based on mechanical
disaggregation, named Rigenera®, focusing on two sites of adipose tissue
harvesting.

vii) Optimising Rigenera and analysing its product

Adipose Tissue Sample Collection

The current non-enzymatic system (named Rigenera®, HBW, Turin, Italy) was
designed to collect and prepare human disaggregated biological tissue, such as
dental pulp %, the dermis °, scars °¢, cartilage “8, and adipose tissue, for re-injection.
This study harvested adipose tissue from nine women subjected to liposuction, aged
between 41 and 69 years. According to the ethical guidelines set by the review
board for human studies, consent was obtained before tissue collection. The tissue
was subsequently processed with Rigenera® technology with 16 ml capsules, as De
Francesco and colleagues *'.

Cell Isolation and Culture

Each adipose tissue sample was divided into two portions. In the Rigenera® capsule,
4 ml of lipoaspirate and 4 ml of the complete culture medium Dulbecco Minimum
Essential Medium (DMEM) (Merck KGaA, Darmstadt, Germany) containing 10%
Fetal Bovine Serum (FBS), 1% of a mix of penicillin/streptomycin 1:1 (GIBCO
Life Technology, Monza, Italy), and 0.5% amphotericin B (GIBCO Life
Technology, Monza, Italy) were added. The Rigenera® device was operated for 30,
45, or 60s. The collected cell pellet was withdrawn from the capsule by a syringe,
filtered through a 70-um nylon mesh, and centrifuged at 3000 rpm for 7 min. The
supernatant was discarded, and the cell pellet was resuspended in 6 ml of complete
medium, plated in a 25 cm? flask (BD FalconTM, Becton Dickinson, Milano, Italy),
and incubated at 37 °C and 5% CO». The second portion of lipoaspirate was
digested with collagenase following the collagenase protocol, as reported in °2.
Briefly, 4 ml was digested with 1 mg/ml type I collagenase (GIBCO life technology,
Monza, Italy) in Hank's Balanced Salt Solution (HBSS) and 2% bovine serum
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albumin (BSA) at 37 °C for 45 min. The enzymatic action was neutralised by adding
a complete medium. Then, the sample was centrifuged at 3000 rpm for 7 min, the
supernatant was discarded, and the cell pellet was incubated with 3 ml of 160 mM
NH4CI at room temperature for 10 min to lyse the erythrocytes. After
centrifugation, the cells were resuspended in 6 ml of complete medium, filtered
through a 70-um nylon mesh, plated in a 25 cm?flask with complete culture
medium, and incubated at 37 °C and 5% CO2. The medium was first changed after
72h and, successively, every 48h. At confluence, cells were detached by incubating
them with trypsin-EDTA 1% (GIBCO Life Technology, Monza, Italy) at 37 °C for
5 min and re-plated in a 75 cm? flask.

Morphological Analysis: Scanning and Transmission Electron Microscopy

For transmission electron microscopy, the pellets of the product obtained after the
treatment with Rigenera 60 min were fixed with glutaraldehyde 2% in Sorensen
buffer pH 7.4 for 2h, post-fixed in 1% osmium tetroxide, in aqueous solution for 2h
and dehydrated in graded concentrations of acetone. At the end of the dehydrating
process, samples were positioned in a multi-well grid for electron microscopy and
observed using an EM10 electron microscope (Zeiss, Oberkochen, Germany).

For scanning electron microscopy analysis, the pellets of the product obtained after
the treatment with Rigenera 60 min were fixed to 2% glutaraldehyde in a phosphate
buffer for 2—4 h, post-fixed in 1% osmium tetroxide in the same buffer for one hour
and dehydrated in graduated acetone concentrations. The samples were then treated
with a critical-point dryer (CPD 030, Balzers Vaduz, Liechtenstein), mounted on
metal samples, and coated with gold (MED 010 Balzers). SEM imaging was
performed with XL30 ESEM (FEI-Philips Eindhoven, The Netherlands).

Morphological Analysis and Cell Viability Test

Morphological analysis of the cells obtained with the three different
Rigenera® operating timings and the enzymatic method visualised them under a
light microscope from the two different harvesting sites (Optika Microscopes
Ponteranica, Italy). In addition, the cell viability and growth rate were evaluated by
the cell viability test with the trypan blue exclusion method.

Cell Colony-Forming Unit Assay

A colony-forming unit-fibroblast (CFU-F) assay was performed for cells treated
with Rigenera® and enzymatic digestion. Briefly, cells isolated from the thigh and
abdomen and treated with the Rigenera® device were plated in 6-well culture plates
at a density of 3000 cells/cm? and cultured in the complete media. On the 15th day
after plating, the total number of cell colonies (CFU-F, a cluster of at least 50
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adhered and fibroblast-like cells) was stained with Toluidine Blue (Sigma) and
counted.

Immunophenotyping

After isolation, cells were counted, and 2 x 10° cells were placed in a tube for
cytofluorimetric analysis. The pellet was washed with 1 ml of 1% FBS in PBS and
then labelled with fluorescent-dye conjugated antibodies in a final volume of 100
pl and incubated for 30 min in ice. The examined antibodies were APC-conjugated
CD90 (dilution 1:5), PerCP-Cyt5.5-conjugated CD105 (dilution 1:20), BV421-
conjugated CD73 (dilution 1:20), BV785-conjugated CD44 (dilution 1:20), PE-
conjugated CD34 (dilution 1:5), FITC-conjugated CD29 (dilution 1:20), and
BV650-conjugated CD45 (dilution 1:20). All antibodies were purchased from BD
Biosciences (Becton Dickinson Italy S.p.A., Milan, Italy). Alexa Fluor-488-
conjugated SEEA3 (dilution 1:20) was purchased from Aurogene (Aurogene S.R.L,
Rome, Italy). After the incubation, the pellet was rinsed, resuspended in 300 pl of
1% FBS in PBS, and transferred to flow cytometry tubes. The immunophenotyping
was performed through a FACS canto Il (BD, Becton Dickinson, Italy).

Cell Differentiation Assay

The multilinear differentiation potential was evaluated by testing the ability of the
product obtained after treatment with Rigenera (the 60s) and the enzymatic method
to differentiate into adipocytes, chondrocytes, and osteocytes. Briefly, adipocyte
differentiation was achieved after 16 days culture of MSCs with adipogenic
medium, containing 10® M dexamethasone, 10 pg/ml insulin, and 100 pg/ml 3-
isobutyl-1-methylxanthine (Sigma). Chondrocyte differentiation was achieved after
14 days of culture with the StemPro osteogenesis differentiation kit (GIBCO Life
Technology, Italy). Osteoblast differentiation was achieved after 21 days of culture
with the StemPro osteogenesis differentiation kit (GIBCO Life Technology, Italy).
Oil Red O, Alcian blue, and Alizarin Red Stain were employed to identify
adipocytes, chondrocytes, and osteocytes.

Adipogenic Differentiation

A total of 7000 cells were seeded on the slides in the 6-well plate. After 24h, the
media was changed to an adipogenic medium. To confirm adipogenic
differentiation, after 16 days, the cells were fixed with 4% paraformaldehyde (PFA)
for 30 min, washed, and stained with a solution of Oil Red O (Bioptica) for 20 min
and hematoxylin (Bioptica) for 2 min. They were then washed with distilled water.
Images were obtained using optical microscopy.
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Chondrogenic Differentiation

1 x 10° cells were seeded on the slides in the 24-well plate, and after 2h, the media
was changed to a chondrogenic medium. To confirm chondrogenic differentiation,
after 14 days, cells were fixed with 4% PFA for 30 min, and Alcian Blue 8GX
(Sigma-Aldrich) was used to stain the extracellular matrix mucopolysaccharides
and hematoxylin (Bioptica) for 2 min. The staining solution was prepared by
dissolving 1% Alcian Blue 8GX in 0.1 N HCI. This solution was filtered and added
to each culture well for 30 min, and the cells were then washed with distilled water.
Images were obtained using optical microscopy.

Osteogenic Differentiation

In total, 5000 cells were seeded on the slides in the 12-well plate. After two h, the
media was changed to an osteogenic medium. To confirm osteogenic
differentiation, after 21 days, cells were fixed with 4% PFA for 30 min and
incubated in 0.2% Alizarin Red S (Sigma-Aldrich) for 5 min and hematoxylin
(Bioptica) for 2 min. Then, they were washed with PBS (Gibco), and images were
obtained using optical microscopy. The control group cells were cultured with the
ASC complete medium (Dulbecco’s Modified Eagle Medium (DMEM), 10% FBS,
and 1% penicillin/streptomycin). The cells were stained with hematoxylin to
highlight the nucleus.

Statistical Analysis

Data were expressed as the mean + standard deviation. Unpaired sample student's t-
tests were performed, and differences between two groups were considered
statistically significant when p-value < 0.05.

Although the enzymatic method, which has been used for 40 years in the laboratory
to isolate cells, is the best available method, it is not compatible with clinics due to
the long-lasting procedure and legal restrictions. Many efforts have been made to
establish a mechanical method with a yield comparable to collagenases.
Unfortunately, so far, none of them has displayed the same performance. In
addition, to use it in vivo, a closed device is needed, and the method must be fast,
safe, standardised, and autologous. Rigenera® addresses all these requirements. In
this study, we characterised in vitro the Rigenera® product, focusing on two sites of
adipose tissue harvesting. At first, we optimised the Rigenera® operating time,
demonstrating that the 60s of treatments allows a higher cellular yield in terms of
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the cell number and growth rate. This result optimises the mechanical
disaggregation and can increase the final product's clinical efficiency. Then,
comparing the thigh and abdomen, our results showed that the thigh provides a
higher number of mesenchymal-like cells, with a faster replication rate and a higher
ability to form colonies. Finally, the immunophenotypic analysis confirmed that a
much higher yield of ASCs was obtained from thigh samples. We conclude that it
is possible to get the most efficient product by collecting adipose tissue from the
thigh and treating it with the Rigenera® device for the 60s. This should lead
surgeons to prefer the thigh as a harvesting site, especially for surgeries requiring a
small injectable volume.

The Rigenera® device is a technology that allows the mechanical disaggregation of
a small amount of adipose tissue to obtain an autologous product that can promote
regeneration. The procedure consists of tissue manipulation conducted by a ceramic
blade and filtration (filter of 80 um). After processing, the product is collected from
the reservoir located at the bottom of the removable capsule of the Rigenera®
device. At first, the composition of the product obtained from the mechanical
disaggregation and harvested from two different anatomical sites—the thigh and
abdomen—were examined at an ultrastructural level. In Figure 4, SEM and TEM
images of the product obtained from adipose tissue of the thigh are shown. No
difference was observed at an ultrastructural level between the two sites of adipose
tissue collection (images not shown). The adipose tissue SEM images (Figure 4. a,
b) show connective tissue fragments consisting of elastic fibres (see the black arrow
in Figure 4. a), collagen fibres (white arrow in Figure 4. a, b), and different kinds
of isolated cells (Figure 4. b). Among the isolated cells, mesenchymal-like cells
(Figure 4. c), characterised by rough endoplasmic reticulum (see the black arrow in
Figure 4. ¢) and small size lipidic droplets (white arrow, Figure 4. c) were visualised
by TEM.

Figure 4. Representative SEM (a, b) and TEM (c) images of the Rigenera product were obtained
from the thigh. The Rigenera® device provides fragments consisting of elastic fibres ((a) black
arrow), collagen fibres ((a, b) white arrow), and different kinds of isolated cells (b), including
mesenchymal-like cells (c), characterised by rough endoplasmic reticulum (black arrow) and
lipidic droplets (white arrow). No differences at an ultrastructural level were found between the
two sites of adipose tissue collection (thigh and abdomen).
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To determine the mechanical processing time (seconds of sample treatment with
ceramic blades) affects the cellular yield of the device, the number of ASCs, the
growth rate, and the cell morphology were evaluated. Based on preliminary results
47, the best processing time was chosen among 30, 45, and 60s. At first, the cells
were counted at passage O (Figure 5. a). The number of cells with 60s treatment was
much higher compared to 45s and 30s (respectively, 15.16 x 10° + 0.49 compared
to 6.84 x 10°+ 0.19 and 4.13 x 10° + 0.33 for the abdomen and 21 x 10° + 0.16
compared to 9 x 10° + 0.35 and 7.2 x 10° + 0.28 for the thigh, as shown in Figure
5a). After one week, only cells capable of forming fibroblast-like colonies were
attached to the flask and were countable. Compared to the 60s treatment, the thigh
cell yield after the 45s treatment was about 42%, and after the 30s, it was about
20% (tab in Figure 5. b). In addition, the meantime of confluence was eight + 2.8
days lower with 60s treatment than with 45s treatment. The 30s-treated cells grew
very slowly and were discarded after 45 days (Figure 5. b). In the case of abdominal
cell extraction, the cell yield of the 60s treatment was about 36% compared to the
45s treatment, whereas the 30s-treated cell yield was about 5%. The mean time of
confluence was seven days less with 60s treatment than with 45s treatment (Figure
5. ¢). Additionally, the 30s treatment cells grew very slowly for abdomen samples
and were discarded after 45 days (tab in Figure 5). By calculating the mean cell
growth per day, 60s treatments showed a higher replication rate (29.23 x 10° and
7.27 x 103 for the thigh and abdomen, respectively), as reported in the table of
Figure 5. The ASC micrographs in Figure 5(d-k) represent the cell morphology in
the flask. The Rigenera® treatment did not affect the cell morphology compared to
cells obtained from enzymatic digestion (g—k), exhibiting a homogeneous
fibroblast-like morphology. Indeed, no suffering signal was observed, and the
membranes and nuclei were well-preserved (Figure 5d-f, h-j) for the thigh and
abdomen, respectively). By analysing the results obtained for the cell yield, several
cells, and growth rate, the 60s treatment can be considered the most efficient for the
Rigenera® method.
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Mean 10°cells/ml (after | Mean time of Mean Mean cells
Thigh 1week) +SD confluence | 10°cells/ml (at | growth perday
30 seconds 0.127+0.05 >45 <0.5 1.127
45 seconds 0.842+ 0.04 29+1.4 2.10:0.33 7.488
60 seconds 2.320+0.14 21414 6.05+0.64 29.237
Mean 10°cells/ml (after | Mean time of Mean Mean cells
Abdomen 1week) +SD confluence 10°cells/ml (at | growth perday
30 seconds 0.147+0.05 >45 <0.5 1.134
45 seconds 0.305+ 0.09 3446.5 0.677+0.15 2.107
60 seconds 0.722+0.13 2743.7 1.93+4.20 7.272
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Figure 5. Rigenera® method optimisation. The tabs show all the results obtained. (a) Cell

viability test with the trypan blue exclusion method. At passage 0, total cells were much higher

with the 60 s Rigenera® treatment than the other timings (30 and 45 s). After one week, the

number of pure adipose-derived stem cells (ASCs) was still higher with the 60s

Rigenera® treatment in both the thigh (b) and abdomen (c). Microscopic images (resolution

10x) of cells extracted from the thigh (d—f) and abdomen (h—k) with the Rigenera® device
operating at different timings of the 30s (d, h), 45s (e, i), and 60s (f, j), and the enzymatic

method (g, K).
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Next, the cells obtained from the 60s treatment were compared with those obtained
with the enzymatic method. After one week of culture, the Rigenera® cell yield for
the thigh was 62% and for the abdomen, was around 25%, compared to the
enzymatic method (table in Figure 6)

2x108 1.2x108

1x10° 9x10°

8x10° 6x10°
4x10° 3x10°
0

p2 pb pi0

® Enzymatic method M Rigenera 60sec

N CELLS/ML

N* CELLS/ML

o

p2 pb p10
® Enzymatic method M Rigenera 60sec

c d Rigenera 60sec Enzymatic method

1.6x10°

1.2x10°
8x10*
4x106 I.
Ll
p2 p6

p10
® Rigenera 60sec Thigh  m Rigenera 60sec Abdomen

N CELLS/ML
Thigh

Abdomen

Enzymatic method vs | Mean 10°cells/ml (after | % of cells growth | Mean time of |mean 10°cells/mi| Mean cells
Rigenera 1week) +SD confluence | (at confluence) | Erowth perday
Enzymatic Method Thigh 3.760t 0.71 100 13#35 8.07:0.75 67.710
Rigenera 60s Thigh 2.320£0.14 62 21:1.4 6.05:0.64 29,237
Enzymatic Method 2.890+1.10 100 1242.30 5.81:0.98 46,591
Rigenera 60s Abdomen 0.722¢0.13 25 2743.7 1.93+4.20 7.272

Figure 6. Comparison of Rigenera® and the enzymatic method. (a) Growth rate comparison of
ASCs from Rigenera® extracted from the thigh and the enzymatic process. (b) Growth rate
comparison of ASCs from Rigenera® extracted from the abdomen and the enzymatic method.
(c) Growth rate comparison of ASCs extracted with Rigenera® from the thigh and abdomen.
(d) Microscopic images (resolution 10x) of ASCs at high passages (p10). The tab shows all the
results obtained.

Additionally, the replication rate was lower when using the Rigenera® device:
extracted cells reached the confluence in 21 + 1.4 and 27 + 3.7 days with
Rigenera® (for the thigh and abdomen, respectively), while, when using the
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enzymatic method, they took 13 + 3.5 and 12 + 2.30 days (for the thigh and
abdomen, respectively), as reported in the table of Figure 7.
* %

Rigenera Rigenera
Thigh Abdomen

Enzymatic  Enzymatic
method method
Thigh Abdomen

Figure 7. The colony-forming unit-fibroblast (CFU-F) assay of ASCs obtained by
Rigenera® ((a) thigh and (b) abdomen) and the enzymatic method ((d) thigh and (e) abdomen).
CFU-F values were determined at day 15 after plating using the Toluidine Blue staining
method. ASCs extracted from the thigh (a—d) formed larger colonies containing more cells than
those extracted from the abdomen (b—e); (c) CFU-F numbers at day 15 obtained by the
Rigenera® device; CFU-F numbers showed significant differences between the two groups
(thigh and abdomen). (f) The enzymatic method received CFU-F numbers on day 15; CFU-F
numbers showed no significant differences between the two groups (thigh and abdomen). Data
are presented as the mean + SE, withn=6 (** p <0.01)

Comparing the two extraction sites, the cell yield for the abdomen was about 31%
lower than that of the thigh. Moreover, the cells extracted from the thigh reached
confluence six = 2.3 days before the cells extracted from the abdomen (table in
Figure 7), demonstrating a higher replicative rate.

The histograms in Figure 6. a, b show the number of cells from cellular passages 2
(p2), 6 (p6), and 10 (p10). Although the resulting rate of replication was higher with
the enzymatic method, and the cells obtained with the enzymatic method were able
to reach confluence faster than cells obtained with the Rigenera® method, at high
passages (i.e., 10), no statistically significant difference in cell number was
observed between the Rigenera®-obtained cells and Collagenase digestion (Figure
6a, b, p-value < 0.05). This means that, at these passages, the growth rate was
comparable. Figure 6¢ compares the replication rate (in terms of the number of cells
at passages 2—6 and 10) of the thigh and abdomen. The difference is evident at the
low cellular passage (3.02 x 10° cells for the thigh and 9.92 x 10 cells of the
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abdomen at passage 2). In contrast, the difference between the thigh and abdomen
was not statistically significant after a long period of culture and many passages
(such as at p10) (p-value < 0.05) (Figure 6.c). Finally, the morphological analysis
highlighted a slight difference between the thigh and abdomen: for example, the
cells obtained from the abdomen were flatter and more widely spread (Figure 6.d).

To compare the ability to form colonies of ASCs obtained from the thigh and
abdomen, colony-forming unit-fibroblast (CFU-F) assays were performed. Figure
7 displays representative micrographs of CFU-F detected by Toluidine Blue
staining after 15 days of Rigenera® treatment (Figure 7. a thigh, and b, abdomen)
compared with enzymatic digestion (Figure 7.d, thigh, and b, abdomen). The
images show that both ASCs treated with Rigenera® and isolated from the thigh and
abdomen were able to grow to form clusters. Still, larger colonies (created by a
higher number of cells) could be observed in samples obtained from the thigh
compared to those from the abdomen (Figure 7. a, b). These differences are not
evident in the samples treated with enzymatic digestion (Figure 7.d, e). Moreover,
when the CFU-F numbers were counted, more colonies were detected in samples
isolated from the thigh (16.17 + 1.8) than the abdomen (8.83 + 1.1), as reported
in Figure 7. c. There were no statistical differences in the number of CFU-F between
thigh and abdomen samples treated with enzymatic digestion.

To demonstrate the presence of ASCs in the Rigenera® product, an
immunophenotypic assay at pO (immediately after the treatments) was
performed. Figure 8 shows a scatter plot that combines the signals obtained from
the Forward Scatter (FSC) and Side Scatter (SSC). Based on the size, shape, and
internal structure of cells, it was possible to select the mesenchymal-like cells
presented in the scatter plot. In addition, the cytogram at pO confirmed the much
higher yield of stem cells for the enzymatic method (12.7% of ASCs from the thigh
and 4.36% of ASCs from the abdomen) (Figure 8. a for the thigh, and b for the
abdomen) compared to Rigenera® (0.92% of ASCs from the thigh and 0.15% of
ASCs from the abdomen) (Figure 8.c for the thigh, and d for the abdomen).
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Figure 8. Cytograms of enzymatic digestion (a thigh; b, abdomen) and Rigenera® product (c,
thigh; d, abdomen) at passage 0. Mesenchymal-like cells were selected based on Forward
Scatter (FSC) and Side Scatter (SSC) information

Subsequently, specific single antigens or a combination of two antigens were tested
on the previously selected cells. At p0, the ASCs isolated by the enzymatic method,
including CD105, CD90, CD73, CD44, and CD29 (Figure 9 c—¢), were expressed
at a medium level. In contrast, the hematopoietic marker CD45 (Figure 9. a) was
poorly expressed, and the hematopoietic marker CD34 was highly expressed
(Figure 9).
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Figure 9. Flow cytometry after enzymatic digestion. Immunophenotyping analysis of ASCs
atp0 from enzymatic digestion. Cell markers CD45 (a), CD34 (b), CD44/CD90 (c),
CD73/CD105 (d), CD73/CD29 (e), and SSEA3 (f).

The ASCs obtained from the Rigenera® method at p0 showed a medium expression
of mesenchymal stem cell markers (CD105, CD73, and CD29) (Figure 9. c—€)
comparable with the results of the enzymatic method, confirming the presence of
the ASC phenotype. In contrast, a different expression of the hematopoietic marker
CD34 (Figure 9. b) was observed for the two techniques. Indeed, this antigen was
more highly expressed after collagenase digestion, probably meaning that the
Rigenera® method allowed the isolation of a purer cell population (see Figure 10).
Finally, we also identified a generally low (8%) and medium (20.8%) presence of
multi-lineage differentiating stress enduring cells (MUSE cells) for the enzymatic
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and Rigenera® method, respectively (Figure 9. f and Figure 10. ). No differences
in the marker expression level were found for the thigh and abdomen.
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Figure 10. Flow cytometry after Rigenera® treatment. Immunophenotyping analysis of ASCs
at p10 from Rigenera® treatment. The presence of the ASC phenotype is confirmed. Cell
markers CD45 (a), CD34 (b), CD44/CD90 (c), CD73/CD105 (d), CD73/CD29 (e), and SSEA3
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At a higher passage (p10), the antigen pattern was similar between cells obtained
from the Rigenera® and enzymatic method, resulting in an increased expression of
the mesenchymal stem cell surface marker and confirming phenotype maintenance.
The immunophenotypic analysis at pl0 also showed that the surface marker
expression profiles of ASCs from the thigh and abdomen were comparable and
preserved over time.
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Figure 11. Cell differentiation assay. Multilineage differentiation potential of the ASCs from
the thigh and abdomen after treatment with Rigenera® compared to enzymatic methods (EM).
(A) Cells were cultured with complete ASC medium (CRTL) (a, b, ¢, scale bar 100 um, d scale
bar 50 um) and adipogenic medium (AM) (e, f, g scale bar 100 um, h scale bar 50 um). In the
adipogenic medium, adipogenesis was indicated by the accumulation of neutral lipid vacuoles
stained with Oil Red O, while the nucleus was stained with hematoxylin. (B) Cells were
cultured with complete ASC medium (CRTL) (a, b, ¢ scale bar 100 um, d scale bar 50 um) and
osteogenic medium (OM) (e, f, g, h scale bar 100 um). In the osteogenic medium, osteogenesis
was indicated by Alizarin Red S staining of extracellular matrix calcification, while the nucleus
was stained with hematoxylin. (C) Cells were cultured with complete ASC medium (CRTL) (a,
C, d scale bar 50 um, b scale bar 100 um) and chondrogenic medium (CM) (e, f, g scale bar 100
um, h scale bar 50 um). In a chondrogenic medium, chondrogenesis was shown by the
deposition of sulphated proteoglycan-rich matrix stained with Alcian blue, while the nucleus
was stained with hematoxylin.
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To determine the multipotency of ASCs isolated from samples treated with
Rigenera®, a differentiation assay for adipocyte, chondrocytes, and osteocytes was
performed. In this experiment, we observed cellular differentiation
macroscopically, and the results were compared with those of the enzymatic
method and non-induced cells (Figure 11). The adipogenic differentiation of ASCs
was confirmed by Oil Red O staining after 14 days of induction. Compared to the
non-induced cells (Figure 11. A (a—d)), the cells stained with Oil Red O solution
showed the formation of lipid droplets within the cytoplasm (Figure 11. A (e-h)).
Moreover, there were no notable differences between ASCs isolated from the thigh
and abdomen. The osteogenic potential was determined by Alizarin Red staining
(Figure 11. B (e-h)) to indicate the extracellular matrix calcification. Both samples
(thigh and abdomen) demonstrated positive staining in osteo-induced cells in
contrast to the non-induced cells, indicating the osteogenic differentiation of ASCs.
Finally, ASCs were chondrogenically cultured for three weeks and stained with
Alcian blue. Chondrogenesis was observed in all samples by the deposition of the
sulphated proteoglycan-rich matrix (Figure 11. C (e-h)). The differentiation
potential between cells obtained with Rigenera® and enzymatic digestion was
comparable. This result shows that ASCs obtained with Rigenera® treatment can
differentiate towards multilineage cell fates.
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viii) Application of Rigenera product in vivo (Dog)

Osteoarthrosis (OA) is a common degenerative, chronic, inflammatory, painful, and
disabling condition which affects the joints. High rates of OA have been observed
in dogs " ™ and 20% of the canine population older than one year presenting OA
across different stages "® ’". OA is one of the most disabling diseases in dogs 882
and is characterised by lameness, chronic pain, and functional impairment with a
reduced quality of life. OA ultimately reduces mobility and can result in the
complete loss of motor function 8. Treatment of OA aims mainly to reduce pain
and inflammation through drug administration, appropriate diets, and
physiotherapeutic sessions. Typically, the non-operative approach is the most
common. However, when this fails, surgical treatment can be performed 8488,

OA is still the leading cause of non-traumatic euthanasia in dogs since
pharmacological drugs mitigate articular pain without affecting OA progression. In
recent years, scientific research has focused on substances able to slow down the
progression of OA, regenerating the damaged tissues through local delivery instead
of oral or parenteral drug administration, to avoid systematic side effects. For this
purpose, oral visco-supplementation and intra-articular substances such as
hyaluronic acid, platelet-rich plasma (PRP), and mesenchymal stem cells (MSC)
have increased over time 8 % MSCs are in the bone marrow, adipose tissue,
synovial membrane, and muscular tissue, exerting an immunosuppressive, anti-
inflammatory, and antifibrotic effect. Tissue engineering considers adopting MSCs
as an option for regenerating tissues, regarding bone and cartilage, due to their
ability to differentiate into multiple cytotypes, including chondrocytes and
osteoblasts %2, Still, MSCs are also able to heal the damaged tendon . Therefore,
the “stromal vascular fraction” (SVF), which is mainly located around blood
vessels, is a heterogeneous solution stemming from adipose tissue and composed
of adipose stem cells (ASCs), endothelial cells, and stromal cells %. According to
the literature, ASCs are genetically and morphologically stable in long-term
cultures and characterised by slow senescence and a high %', Cell therapies and
“minimally manipulated” tissue micrografts mainly differ because the adipose
tissue is not enzymatically digested but only processed mechanically. Autologous
adipose micrografts consequently contain MSCs and an extracellular matrix (ECM)
%, 9 Compared to enzymatic digestion treatments, mechanically obtained
micrograft approaches are considered advantageous due to preserving the stromal
vascular niche, permitting adequate growth factor release, and discharge bioactive
molecules by exosome-rich mechanically processed fat.
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Furthermore, mechanically obtained-Adipose SVF techniques can retain the
structure and morphology of the micro-environment where micrografts reside.
Previous studies regarding “minimally manipulated” adipose tissue administration
have confirmed its safety 19 191 put specific issues are not as clear-cut. The
benefits, for instance, of SVF in repairing tissue and its bridging potential of new
and old tissue is well-known. Still, these advantages are not as appropriate
concerning intra-articular fat injections due to the lack of tissue fragments to
connect 1%, Interestingly, SVF possesses fundamental trophic, anti-apoptotic, anti-
scarring, mitogenic and immunomodulatory properties 1% 104 which aid in
generating numerous bioactive elements, growth factors and cytokines. Such cells
can perceive and mark modifications within the specific microenvironment %, The
field of research has also addressed the use of purified adipose tissue and revealed
positive anti-inflammatory and reconstructive outcomes related to cartilage
regeneration 1 within in vitro and in vivo studies. Good manufacturing practice
regulations %7 exert restrictions on enzymatic therapy, and therefore minimally
manipulated autologous adipose tissue is a favourable treatment alternative. In this
context, micro-fragmented adipose tissue has been promptly used and
commercialized to offer minimally manipulated 1 options, avoiding cell expansion
and enzymatic treatments. However, it is worth recalling that optimal acquirement
of the SVF is not always possible . However, some authors have recently
demonstrated 1°%1%° the efficacy of a medical device named Rigenera® (CE
certification, Class 1l, Human Brain Wave, Turin, Italy), which can obtain adipose
micrograft enriched by cellular progenitors which are immediately available for
everyday clinical practice. Adipose micrograft is characterised by high cell viability
and is obtainable through mechanical disruption %16, This work describes the SVF
obtained by a well-known commercial system (Rigenera®) through mechanical
disruption of canine adipose tissue without substantial manipulations.

ix) What we did and what we found

Isolation and Expansion of ASC

Adipose tissue samples (8 ml) were harvested from two different anatomical
regions (lumbar and thigh) of n = 6 dogs, donated by the owners and with
appropriate informed consent to the University of Camerino, using a standard
surgical procedure previously described °. The study was conducted according to
the guidelines of the Declaration of Helsinki and approved by the Animal Welfare
Organization (or OPBA) of Camerino University (protocol code 1D580.18A).

Each adipose sample was divided into two portions. The first portion was processed
in the Rigenera® and the experiment was performed as stated before (page 19)
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Cells Yield

Cells obtained from the Rigenera® and the ED process were counted through the
Trypan Blue exclusion method by dividing the number of viable cells per ml of
processed fat. Data are expressed as several likely cells/ml fat + standard errors of
the mean (SEM).

Cell Colony Forming Unit Assay

Colony-forming unit-fibroblast (CFU-F) assay was performed for tissue processed
with Rigenera® and ED. Briefly, isolated cells were plated into six-well culture

plates at a density of 1000 cells/cm2 and cultured in the complete media. On the
15th day after plating, the total number of cell colonies (CFU-F, a cluster of at least
50 adhered and fibroblast-like cells) was rinsed with phosphate-buffered saline
twice, fixed with 10% neutral buffered formalin for 30 min and then stained with
toluidine blue (Sigma Aldrich, Milan, Italy) and counted. Colony-forming
efficiency (CFE) was calculated by dividing the number of colonies counted by the
number of cells seeded x 100. Data are expressed as CFE + SEM.

Proliferation Capacity

On day four from ASC isolation, cells were detached using Trypsin-EDTA 1%
(GIBCO Life Technology, Monza, Italy) and replated at a density of 10,000
cell/lcm? plated into six-well culture (in triplicates). Cells were detached and
counted with CytoSMART counter (Automated Image-Based Cell Counter, version
1.5.0.16380, CytoSMART technologies B.V, Eindhoven, The Netherlands) after
24, 72, and 96h. The population doubling time (PDT) was calculated using the
following equation: pdt = [t (h) x log2]/log (Nf/Nj) (as reported in Martinello T. et

al. 2010) *°, where Nj and Nf are initial and final cell numbers, respectively.

Cellular Yield CFE and Proliferation Capacity: our findings

The cell yield of freshly isolated micrograft from Rigenera device was 2.23 x 10*
+6.94 x 103 cells/ml fat 2.29 x 10° + 4.54 x 10* cells/ml Fat (Figure 1a), for lumbar
and thigh, respectively. Compared to ED, the cell yield of Rigenera results were
23.9 £ 3.2% and 41.6 £ 4.5% for lumbar and thigh, respectively. Moreover, the cell
yield obtained from the thigh region was 10 and 6 times higher than the lumbar
region for Rigenera and ED, respectively. To analyse the clonogenic potential of
Rigenera cells, a CFU-F assay was performed, and CFE was evaluated (Figure 1b).
The ED method allowed cell isolation with 2.58 + 0.55% and 2.77 + 0.47% of CFE,
for lumbar and thigh, respectively, while Rigenera cells presented a clonogenic
efficiency of 1.17 + 0.44% for the lumbar region and 1.2 + 0.29% for the thigh. The
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difference between the lumbar and thigh region was not statistically significant.
Figure 1c represents a clone for the CFU-F assay. To better characterise the cellular
products, the proliferation capacity and the time required by cells to duplicate in
number were estimated. As shown in Figure 12.d, ED cells needed less time to
duplicate when compared to Rigenera cells. As reported in Figure 12, the
population doubling time mean value was 50.17 + 7.8h and 47.02 £ 6.4h for
Rigenera lumbar and thigh, respectively. ED cells have a population doubling time
1.4 times higher than Rigenera (34.46 + 4.8 and 32.16 + 2.58 h for ED lumbar and
thigh, respectively). Statistically significant differences between the lumbar and
thigh were not detected.
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Figure 12. Cells yield, CFE and proliferation capacity of Rigenera® obtained from lumbar
and thigh region. a) Cells yield of Rigenera® and ED product. b) CFE calculated based on
CFU-F assay. ¢) Representative petri dish of CFU-F assay and an amplified image of a
CFU-F observed with light microscope stained with Toluidine Blue (4x magnification). d)
Proliferation capacity after 24, 72 and 96 hours (left) and population doubling time (right).
Data are expressed as average + SEM.

Immunophenotyping
After isolation, cells were counted, and 2 x 10° cells were placed in a tube for

cytofluorimetric analysis. The pellet was washed with 1 ml of 1% FBS in PBS and
then labelled with fluorescent-dyes conjugated antibodies in a final volume of 100

37



ul and incubated for 30 min in ice. This study examined specific antibodies: APC-
conjugated CD90 (dilution 1:5), APC Alexa Fluo-conjugated CD73 (dilution 1:20),
PE-conjugated CD34 (dilution 1:5), BV650-conjugated CD45 (dilution 1:20), and
APC-conjugated MHC 11 (dilution 1:5). The antibodies were purchased from BD
Biosciences (Becton Dickinson Italy S.p.A., Milan, Italy). After the incubation, the
pellet was rinsed, resuspended in 300 pl of 1% FBS in PBS, and transferred to flow
cytometry tubes. The immunophenotyping was performed through a FACS canto
Il (Becton Dickinson Italy S.p.A., Milan, Italy).

The relative expression percentages of surface markers of Rigenera micrograft
analysed by flow cytometry are shown in Figure 13. a. The presence of surface
molecules was analysed using specific monoclonal antibodies against MHC 1I,
CD45, CD34, CD73, and CD90. MHC 11 was not expressed in the cell population
examined, and CD45 was poorly expressed. In contrast, the hematopoietic marker
CD34 (endothelial cells, pericytes and potential ASCs) was expressed, especially
in cells extracted from the thigh region (6.5 £ 1.1%). Cells were positive for the
mesenchymal stem cells marker CD 73 (23.2 + 3.8% and 18.4 + 7.1for lumbar and
thigh, respectively) and CD 90 (24.9 £ 8.5% and 20.5 £ 5.3 for lumbar and thigh,
respectively) (Figure 13. a). Comparing the surface marker expression profiles of
cells obtained after Rigenera® and ED, no significant statistical differences were
found (Figure 13.b).
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Figure 13. Immunophenotype of Rigenera® product. Representative results show that cultures
were negative for MHC class I, low positive for CD45 and CD34, positive for CD73 and
CD90. (Results are expressed as average £ SEM of n = 3 samples).
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Qualitative Analysis of Multipotency

The potential of the ASCs, obtained after Rigenera® and ED, to differentiate into
multilinear cell lineage (adipocytes, chondrocytes, and osteocytes) was evaluated
by adding adipogenic, chondrogenic, and osteogenic media separately. ASCs were
cultured until p3 to remove peripheral blood contaminants and other non-adherent
stromal cells, detached using Trypsin-EDTA 1% (GIBCO Life Technology,
Monza, Italy) and replated in triplicates in a multi-well plate with the above-
mentioned different media.

Adipocyte differentiation was achieved after 16 days of culture of MSCs with

adipogenic medium, containing 1070 M dexamethasone, 10 pg/ml insulin, and 100
pg/ml 3-isobutyl-1-methylxanthine (Sigma Aldrich, Milan, Italy). Chondrocyte
differentiation was achieved after 14 days of culture with the StemPro
chondrogenesis differentiation kit (GIBCO Life Technology, Monza, Italy).
Osteocyte differentiation was achieved after 21 days of culture with the StemPro
osteogenesis differentiation kit (GIBCO Life Technology, Monza, Italy). The non-
induced cells of the control group were cultured with the ASC complete medium
(Dulbecco’s Modified Eagle Medium (DMEM), 10% FBS, and 1% p/s).

Oil Red O, Alcian blue, and Alizarin Red Stain were employed to identify
adipocytes, chondrocytes, and osteocytes.

Adipogenic Differentiation

Around 5000 cells were seeded, and the same procedure was followed as described
on page 21. Images were obtained using optical microscopy (Olympus BX-51
microscope, equipped with a KY-F58 CCD camera, magnification 20x).

Chondrogenic Differentiation

The cells were cultured as described on page 22. The cells were then washed with
normal water and fixed with aqueous mounting media. Images were obtained using
an Olympus BX-51 microscope, equipped with a KY-F58 CCD camera
(Magnification 10x).
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Osteogenic Differentiation
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Figure 14. Representative photographs of differentiation capacity of ASCs obtained with
Rigenera device. AM, adipogenic medium; CM, chondrogenic medium; OM, osteogenic
medium. Control cultures were maintained in a normal medium. The samples were stained
with Oil Red O, Alizarin Red, and Alcian Blue for adipo-, osteo- and chondrogenic
differentiation. Scale bar: AM, 5 um; OM, 20 um; CM, 50 um; Control, 20 um.

The same procedure was performed as stated for the previous differentiation assay.
Images were obtained using optical microscopy (Olympus BX-51 microscope,
equipped with a KY-F58 CCD camera, magnification 4x).

To evaluate the multi-potency of Rigenera® micrograft, ASCs were exposed to the
adipogenic, osteogenic, and chondrogenic medium. As shown in Figure 14, all
samples could differentiate into mesodermal lineages. Oil Red O staining
confirmed the adipogenic differentiation and red lipid droplets were visible in the
cytoplasm of cells; Alizarin Red staining highlighted the extracellular matrix
calcification typical of osteogenic differentiation, while chondrogenesis was
observed by deposing sulfated proteoglycan-rich matrix stained with Alcian blue.
No significant differences were observed between Rigenera® and ED and between
the lumbar and thigh regions.
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Hy-Tissue SVF® (Fidia pharmaceuticals, Italy)

x) Overview of the device

Biological therapies have become popular in the last few decades since they
represent an alternative to the classical pharmacologic or surgical approaches to
treat acute and degenerative chronic injuries. In this sense, adipose tissue has been
an essential biological product for treating chronic and acute degenerative
conditions since it is a source rich in adult multipotent stem cells 1%,

This work aims to characterise a novel commercial system (Hy-Tissue SVF) for
obtaining SVF by mechanical disruption of adipose tissue without substantial
manipulations. As we stated, SVF represents a freshly isolated heterogeneous cell
mixture present in the adipose tissue. It comprises smooth muscle cells,
preadipocytes, endothelial cells (ECs), and multipotent adult stem cells, such as
endothelial and hematopoietic progenitor cells (EPC), pericytes, and ADSCs,
among others *27-128, The higher mesenchymal stem cell concentration in the native
adipose tissue has led researchers and clinicians to focus on the bone marrow to the
adipose tissue. For example, the frequency of MSC in bone marrow is 0.01-0.001%
cells ¥2°, while adipose tissue contains 500 times more MSC per volume of fat than
the volume of bone marrow %,

Moreover, ADSC has been proven helpful in modifying inadequate healing
responses that lead to the degeneration of a tissue and its improper remodelling,
such as chronic inflammation *3°, fibrosis 3!, and hypermetabolic responses %,
Thus, SVF is considered important due to its potential in regenerative medicine,
particularly for osteoarthritis treatment 331, SVF can be obtained from adipose
tissue by enzymatic or non-enzymatic processes 3. Enzymatic digestion of adipose
tissue is the most common isolation technique based on proteases, such as
collagenases, which digest the tissue matrix *3’. This procedure results in an SVF
cell product with a high cellular yield with a high frequency of progenitor cells.
However, it is time-consuming (requires a 30-45 min incubation step with a

controlled temperature of 37 °C), and the cells obtained are considered substantially
manipulated, which makes the product to be classified as an advanced-therapy
medicinal product (ATMP) by regulatory authorities in Europe and USA
(Regulation (EC) No 1394/2007; 21 CFR 1271.10, respectively). Alternatively,
non-enzymatic (mechanical) methods use physical forces to disrupt the tissue and
obtain adipose stroma 8. This procedure has the advantage that it is not considered
a substantial manipulation, and, on the other hand, it is faster and more
straightforward than the enzymatic method.
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xi) Characterizing and analysing the product

Adipose Tissue Collection

The adipose tissue was collected from 27 women undergoing liposuction for
aesthetic purposes, aged between 41 and 69 years. Informed consent was taken
before the collection of adipose tissue by the ethical guidelines established as
written before.

Procedure for SVF Production

Each sample of adipose tissue (about 30 ml) was decanted to remove excess oil and
divided into 2 portions. The first portion of the lipoaspirate sample was processed
by different trained technicians with the Hy-Tissue SVF kit (Fidia Farmaceutici,
Abano Terme, Italy) through a mechanic disaggregation process. The kit provided
a sterile, single-use, tissue collection double bag with an inner filter bag of 120 um
mesh. A volume of lipoaspirate (25-30 ml) was transferred into the inner bag by
the upper port. Placing the bag vertically, the Klein solution containing part of blood
cells was recovered in the lower part of the processing bag and removed. At the
same time, the adipose tissue remained in the inner filter bag. An equal volume of
PBS solution equal to Klein solution removed was introduced into the processing
bag through the upper port. The fat was processed according to the instruction for
use. Briefly, fat tissue was massaged for 5 min and disaggregated using a small
plastic rod and enforced to pass through the filter bag by manual massaging. The
disaggregated tissue was collected with a syringe using the lower valve port of the
outer bag and centrifuged at 400 G for 10 min at room temperature, followed by
resuspension in 1 ml of complete culture medium to count the number of cells
inside. The product obtained by this method was named “SVF”.

42



oil
Compacted
adipose tissue

Aqueous
fraction

SVF
Pellet

Figure 15. Diagram of the Hy-Tissue Stromal Vascular Fraction (SVF) process; (A)
Lipoaspiration; (B) mechanical disaggregation of adipose tissue using the double bag; (C)
centrifugation, (D) phase separation: From up to down, it is possible to distinguish the following
layers: Qil, condensed fat, aqueous fraction, and a bottom pellet with the SVF product.

We have investigated the composition of the SVF obtained with the Hy-Tissue SVF
kit. For this purpose, 22 lipoaspirates were processed following the protocol
recommended by the manufacturer. Once the adipose tissue was filtered (and
disrupted) by the nylon membrane of 120 pm, the centrifugation step separated the
disrupted tissue into three different layers, based on the water or lipid content. The
upper phase consisted of a liquid oily phase resulting from the release of stored oil
from mature adipocytes. Then, there is a phase of condensed adipose tissue
(Coleman-like), which still have adipocytes allowing it to float in an aqueous
solution, and finally, a non-floating pellet that contains the SVF (Figure 15)

Enzymatic Digestion of the Fat

The 2nd portion of lipoaspirate (5 ml) was processed using an enzymatic method,
as reported in Dai Pre et al., 2020. Briefly, fat samples were digested with
collagenase type I at the concertation of 1 mg/ml (GIBCO Life Technology, Monza,
Italy) resuspended in Balanced Salt Solution of Hank (HBSS, GIBCO Life
Technology, Monza, Italy) and bovine serum albumin (BSA, 2%, GIBCO Life

Technology, Monza, ltaly) at 37 °C for 45 min. Complete culture medium was
added to neutralise the enzyme action, and the sample was centrifuged at 400 G for
10 min. After centrifugation, the pellet was incubated with 2 ml of lysis buffer for
10 min. The cell suspension was centrifuged and resuspended with 2 ml of complete
culture medium. The product obtained by this method was named “FAT-ED”.
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Enzymatic Digestion of the SVF

Adipose tissue (25 ml) of N = 5 patients was subjected to Hy-Tissue SVF treatment
using the described protocol. An aliquot of each SVF product was stored for
proliferation capacity and CFU-F analysis of the portion of the free cell while the
rest was centrifuged at 400 G for 10 min. The pellet obtained was resuspended in 1
ml of 1 mg/ml of collagenase type |1 (GIBCO Life Technology, Monza, Italy)
solution in the HBSS (GIBCO Life Technology, Monza, Italy) and 2% of BSA

(GIBCO Life Technology, Monza, Italy) for 20 min at 37 °C inside a shaking
incubator, then the complete medium was added (1:1 v/v) to block enzymatic
digestion. The digested material was centrifuged (400 G, 10 min). The product
obtained by this method was named “SVF-ED”.

Cell Counting and Yield

Free cells were counted using Trypan Blue exclusion assay using a Burker chamber
manually and with CytoSMART counter (Automated Image-Based Cell Counter,
version 1.5.0.16380, CytoSMART Technologies B.V, Eindhoven, The
Netherlands). Cell or CFU-F yield was calculated considering the total amount of
free cells of SVF, SVF-ED, or FAT-ED divided by the volume of fat processed
after discarding the Klein solution.

Cell Proliferation Capacity

To determine the cell proliferation capacity of the free cells in either SVF, SVF-
ED, or FAT-ED, 2 x 10° cells of each product were plated on a 25 cm? T-flask and

incubated at 37 °C with 5% CO2. Three days after the cell extraction, the complete

medium was changed every 48 h until 80% confluence. The days the culture
required to reach confluence (passage 1) determined the proliferation capacity.
Moreover, to estimate the time required by cells to duplicate their number,
population doubling time assays were performed. Four days after the seeding, 5 x
10% cells from

“SVF,” “SVF-ED,” and “FAT-ED” were plated in T-25 Flasks (in triplicates) and

cultured with 5 ml of complete media and incubated at 37 °C, 5% CO2, for 24, 72,
and 96h. At each time point, cells were washed with PBS 1x, detached with
trypsin/EDTA, resuspended in 1 ml of media, and counted using a CytoSMART
counter (Automated Image-Based Cell Counter, version 1.5.0.16380, CytoSMART
Technologies B.V, Eindhoven, The Nether- lands). The population doubling time
(pdt) was calculated using the following equation: pdt = [t(h)*log2]/log (Nf/Ni) (as
reported in Martinello T. et al., 2010), where Ni and Nf are initial and final cell
numbers, respectively.
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Colony Forming Unit Assay

In triplicate, free cells from SVF, SVF-ED, or FAT-ED were seeded in a 6-well
plate at 1000 and 5000 cells/well. Cells were cultured for 14 days. Toluidine blue
(Sigma- Aldrich, Milan, Italy) staining was performed to count the colony, and only
clusters of at least 50 fibroblast-like cells were considered. The frequency of CFU-
F within SVF, SVF-ED, or FAT-ED was expressed as a percentage of seeded cells.

Optical Microscopy

SVF pellets (N = 8) obtained after Hy-Tissue SVF treatment were analysed by the
whole-mount method (Larsen PL 1989) and paraffin included. Briefly, N = 4 pellets
were washed with saline, stained with Hematoxylin and Eosin (Bio-Optica, Milan,
Italy), and placed on the slide without dissection with the whole-mount method.
Other pellets (N = 4) were washed with PBS and fixed with 10% formalin (Sigma-
Aldrich, Milan, Italy) for 4h, dehydrated until xylene, and included in paraffin.
Sections of 5 um were cut with a microtome into sections. The sections were then

dried at 37 °C for 24h and stained with Hematoxylin and Eosin (Bio-Optica, Milan,
Italy). All slides were examined under an Olympus BX51 microscope (Olympus,
Tokyo, Japan) equipped with a digital camera (DKY- F58 CCD JVC, Yokohama,
Japan). The digital images were analysed with Image-ProPlus 7.0 software (Media
Cybernetics, Silver Spring, MD, USA).

SEM Analysis

For scanning electron microscopy analysis (SEM), SVF pellets (N = 4) were fixed
in 2% glutaraldehyde (Sigma-Aldrich, Milan, Italy for 4h, postfixed in 1% osmium
tetroxide (Sigma-Aldrich, Milan, Italy) for 1 h, and dehydrated in graduated acetone
concentrations (Sigma-Aldrich, Milan, Italy). The samples were treated with a
critical-point dryer (CPD 030, Balzers Vaduz, Liechtenstein), mounted on metal
samples, and coated with gold (MED 010 Balzers). SEM images were acquired with
XL30 ESEM (FEI-Philips, Eindhoven, The Netherlands).

Immunophenotyping

Free cells from SVF and SVF-ED products and the subsequent subculture cells
(named as passage 1-P1) were characterised by flow cytometry. For this purpose,
SVF and FAT-ED products were passed through a 45 pm cell-strainer to remove
micro-fragments and cell clumps. Then, 0.2 x 10° cells were washed with 1 ml in
PBS (1X). Cells were incubated with conjugated antibodies for 30 min. After
incubation, the pellets were centrifuged (7000 rpm, 5 min) and resuspended in 300
ul of PBS (1X). The antibodies used were: CD90 APC conjugate (1:5 dilution),
CD105.5 PerCP-Cyt5.5 conjugate (1:20 dilution), CD73 BV421 conjugate (1:20
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dilution); CD44 BV785 conjugate (1:20 dilution), CD34 PE conjugate (1:5
dilution), CD29 FITC conjugate (1:20 dilution), CD45 FITC conjugate (1:20
dilution), CD146 APC conjugate (1:20 dilution), CD68 FITC conjugate (1:20
dilution), CD116 FITC conjugate (1:20 dilution). 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 11 FACS (BD, Becton Dickinson, Milano, Italy). Moreover, we performed
a white blood cell differential (WBC diff) count on the Advia 120 automated
haematology analyser (Bayer Diagnostics, Berkshire, Newbury, UK). The WBC
was divided into four main cell subpopulations, corresponding to neutrophils
(NEUT), lymphocytes (LYMPH), monocytes (MONO), eosinophils (EO).
Basophils (BASO) were counted in a separate channel.

In Vitro Differentiation Assays

The differentiation potential was evaluated in vitro for SVF and SVF-ED (control).
Differentiation was carried out employing expanded cultured cells from passage 4.
For adipogenic differentiation, 7000 cells were seeded on a 6-well plate, incubated,
and after 24h, the media was replaced with adipogenic media (Sigma-Aldrich,
Milan, Italy) and incubated for 16 days. Then, cells were fixed with 4%

paraformaldehyde (PFA) for 30 min at 4 °C, washed twice with PBS, and stained
with Oil Red O (Bio-Optica, Milan, Italy) for 20 min and Hematoxylin (Bio-Optica,
Milan, Italy) for 1 min. For chondrogenic differentiation, 1 x 10° cells resuspended
in 5 ul of complete media were seeded in a 24-well plate. After 2h, the chondrogenic
media was added (StemPro chondrogenic differentiation Kit -GIBCO Life
Technology, Monza, Italy). After 14 days of incubation, changing the media every

3 days, cells were fixed with 4% PFA for 30 min at 4 °C, washed twice with PBS,
and stained with Alcian Blue 8GX (Sigma-Aldrich, Milan, Italy) to detect
mucopolysaccharide extracellular matrix. Five thousand cells were seeded on a 12-
well plate with complete media for osteogenic differentiation. After 24h, the media
was changed with osteogenic media (StemPro osteogenesis differentiation Kit—
GIBCO Life Technology, Monza, Italy). After 21 days, cells were fixed with 4%

PFA for 30 min at 4 °C, washed twice with PBS, and incubated with 0.2% Alizarin
Red (Sigma-Aldrich) for 5 min and Hematoxylin (Bio-Optica, Milan, Italy) for 1
min. Images were obtained using optical microscopy.
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xii) Result

We have investigated the composition of the SVF obtained with the Hy-Tissue SVF
kit. For this purpose, 22 lipoaspirates were processed following the protocol
recommended by the manufacturer. Once the adipose tissue was filtered (and
disrupted) by the nylon membrane of 120 um, the centrifugation step separated the
disrupted tissue into three different layers, based on the water or lipid content. The
upper phase consisted of a liquid oily phase resulting from the release of stored oil
from mature adipocytes. Then, there is a phase of condensed adipose tissue
(Coleman-like), which still have adipocytes allowing it to float in an aqueous
solution, and finally, a non-floating pellet that contains the SVF (Figure 15)

Microscopical Analysis of the SVF

Microscopical analysis of the sediment obtained with the mechanical dissociation
process of the fat (SVF) revealed the presence of a cells pellet (Figure 16. A)
composed of free cells (Figure 16. B) and micro-fragments (Figure 16. C) of stromal
connective tissue.

A heterogeneous cell population was observed) and stars in Figure 16. B highlights
the nuclei and cytoplasm (see stars in Figure 16. B). The micro-fragments appeared
as elongated cylinders with an average diameter of about 30 - 70 um of variable
length with a fibrinoid assembly with tubular structures (stained in deep purple),
which represents microvascular elements consistent in capillaries of variable length
containing endothelial and perivascular cells (Figure 16.D, E). The evidence of
optical microscopy was supported by SEM images (Figure 16. F, H). The micro-
fragments were composed of dense connective tissue with the presence of collagen
structured as isolated fibrils (Figure 16. F arrow) or coarse bands (Figure 16G
arrow) containing adherent cells (Figure 16. F, G*). Moreover, SEM images show
the presence of adipocytes (Figure 16. H) that appear of small size (102 pm),
attributable to adipocytes that have lost their lipid content or are not completely
differentiated.
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Figure 16. Morphological and ultrastructural analysis of Hy-Tissue SVF product. (A—C) Light
microscopy of a single-layer section of pellet stained with Hematoxylin and Eosin. Black stars
in (B) highlight cell heterogeneity. The squares indicate the location of the higher magnification
image in (B, C). (Scale bar: (A) 100 um, (B, C) 10 um). (D, E) Hematoxylin and Eosin Staining
location of the higher magnification image in (E) (scale bar: (D): 10 pm; (E): 5 pm). (F—H)
SEM images of connective as tubular structures (stained in deep purple) containing endothelial
and perivascular cells. The rectangle indicates the tissue micro-fragments. Arrows: collagen
fibres; asterisks: adherent cells. SEM allows identifying also small adipocytes in Hy-Tissue
SVF product (H) (Scale bar: (F, G): 10 um; (H) 20 um).

In Vitro Characterization of the SVF

The SVF products obtained by the mechanical disaggregation process of the Hy-
Tissue SVF kit were analysed in terms of cell yield, product quality, viability,
proliferation capacity, immunophenotyping, and differentiation potential.

The cell yield of free nucleated cells of the SVF product was 4.1 x 10* + 2.0 x 10*
cells/ml Fat (Figure 17. a). When the SVF pellet (containing free cells and adipose
tissue micro-fragments) was submitted to enzymatic digestion, the product obtained
(SVF-ED) increased 3.2 times the yield of free nucleated cells (1.3 x 10° + 4.7 x
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10* cells/ml Fat: Figure 17. a). To evaluate the ability to form colonies of Hy-Tissue
SVF product, colony-forming unit-fibroblast (CFU-F) assays were performed.
CFU-F assay revealed that CFU-F yield of SVF was 178 + 49 CFU-F/ml fat and
after enzymatic digestion of the micro- fragments of the SVF increased over 2.4
times (424 + 181 CFU/ml fat, Figure 17. c). The relative proportion of CFU-F in
the SVF (0.3 £ 0.2%) did not increase significantly after the enzyme digestion of
the micro-fragments (Figure 17.d), suggesting that the micro-fragments were
composed not only of cells with adhesion potential but also of other non-adherent
cell types. Free-cells yield and CFU-F of SVF were compared to fat tissue digested
enzymatically (FAT-ED), used as a control. FAT-ED yielded 12-times more
nucleated cells (5 x 10° + 2 x 10° cells/ml FAT) and 27-times more CFU-F (4877
+ 2477 CFU-F/ml Fat) compared to the SVF component based on the fraction of
the free cells obtained by mechanical procedures. Additionally, the frequency of
CFU-F of the fat tissue treated with enzymes (FAT-ED) was 5.6 times higher than
the SVF product (FAT-ED: 1.7 + 1.9%; SVF: 0.3 = 0.2%; SVF-ED: 0.3% £ 0.1).
Finally, to analyse the proliferation capacity of adherent cells in the SVF product,
cells from SVF, SVF-ED, or FAT-ED (control) were seeded in T-flasks until
confluence (Figure 17. e). SVF and SVF-ED cells did not show statistically
significant differences to reach confluence (8 + 2 days; 8 + 1 day, respectively; p >
0.05). FAT-ED (control) required less time to reach confluence (5 = 2 days),
probably due to the higher frequency of adherent cell content. Proliferation capacity
results were confirmed with a population doubling time assay (Figure 17. f).
Histograms show that the doubling time of SVF and SVF-ED cells was comparable
(59.35 + 2.8 and 57.38 * 3.9 h, respectively), while cells from FAT-ED required
less time to duplicate their number (45.31 + 3.95h).
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Figure 17. (a) Nucleated cells of the SVF obtained after treatment with Hy-Tissue SVF and the
SVF after enzyme digestion Figure 3. (a) Nucleated cells of the SVF obtained after treatment
with Hy-Tissue SVF and the SVF after enzyme digestion of the micro-fragments (SVF-ED).
Fat tissue enzymatically digested (FAT-ED) was used as a control.; (b) representative T-flask
flask of the CFU-F assay and an amplified image of a CFU-F observed with a light microscope
after Toluidine Blue staining (4x magnification). (¢) CFU-F yields of the SVF were obtained
after treatment with Hy-Tissue SVF and the SVF after enzyme digestion of the micro-fragments
(SVF-ED). Fat tissue enzymatically digested (FAT-ED) was used as control; (d) percentage of
CFU-F contained in SVF, SVF-ED and FAT-ED. The results are shown as the mean and error
bars represents standard deviation; (e) proliferation capacity of cells contained in SVF, SVF-
ED and FAT-ED in t-25 flasks. Box and whisker plots represent the median, the lower and
upper quartile, and the minimum and maximum; (f) Population doubling time of SVF, SVF-
ED and FAT-ED. The results are shown in the mean, and the error bars represent the standard
deviation.

Immunophenotypic Analysis

To determine the stromal vascular fraction composition obtained with Hy-Tissue
SVF, we used flow cytometry to evaluate the proportions of CD34" (endothelial
cells, pericytes, and potential ADSC) in the free cell fraction. Cells from a scatter
plot (FSC/SSC) were analysed for viability, and dead cells were excluded. The
proportion of CD34" cells in the SVF fraction was 9.9 + 1.5% (Figurel8.a)
compared to the cells obtained after enzyme digestion of the fat (3.7 £ 1.3%).
Moreover, the frequency of CD73 and C105 positive cells (mesenchymal stem cells
marker) were analysed (Figure 18. a). The percentage of expression was 7.61 +
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2.59% and 6.28 = 2.40% for CD73 and CD105, respectively (Figure 18. a), not thus
far from the percentage of expression obtained for the same antibody with ED
(control). Flow cytometry was performed to characterise the cellular composition
of SVF obtained with Hy-Tissue SVF kit, labelling SVF cells with CD146, CD 116,
CD68 and CD45. Figure 18. b (left) reported the percentage of maker expression.
The proportion of CD146, CD116, CD68, and CD45 cells in SVF fraction was 2.6
1+ 0.2%, 0.7 £ 0.1%, 3.5 £ 1.5%, and 5.5 £ 1.34%, respectively. Among the WBC
fraction, four main cell subpopulations were determined, and the percentage of
expression for neutrophils, lymphocytes, monocytes, eosinophils, and basophils
was reported in Figure 18. b (right).

Figure 18. ¢ shows the immunophenotypic analysis of surface marker expression
profiles of MSC obtained after the cellular expansion of the adherent cells obtained
from SVF or enzymatic digestion of the FAT (FAT-ED) were similar. Most cells
have expression low for CD45 and CD34 and positive for MSC-associated markers
such as CD105, CD90, CD73, CD29, and CD44 (Figure 18c).
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Figure 18. Expression of surface markers detected by flow cytometric analysis of free cells
from SVF or FAT-ED (a). The percentage of positive cells for each marker was calculated after
subtracting the non-specific fluorescence obtained with the control (unmarked). Data show a
representative set of dot-plot from one individual in each isolation protocol. (b) Percentage of
positive cells to CD markers to characterise cell subpopulations in SVF (left), White Blood
Cells differential (WBC diff) to characterise the Neutrophils (NEUT), Lymphocytes (LY MPH),
Monocytes (MONO), Eosinophils (EO) and basophils (BASO) subpopulation in SVF
(percentage of positive cells). (c) Percentage of positive cells to CD markers (as an average of
the samples) after in vitro cell expansion for SVF or FAT-ED (control). Results are presented
as the mean and error bars one standard deviation; significant statistical differences are
indicated with “*”, p-value < 0.05
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Analysis of Multipotency of SVF Product

The multilineage differentiation potential of the SVF obtained with Hy-Tissue SVF
was evaluated by testing the ability of adherent cells obtained in the SVF to
differentiate toward adipocytes, chondrocytes, and osteocytes using the expanded
cells from FAT-ED as a control. Peripheral blood contaminants and other non-
adherent stromal cells of the SVF were removed by replating until passage 4, and
only adherent cells with fibroblastic morphology remained in the flask. The results
of the multipotency of the SVF product are shown in Figure 19. Adherent cells
obtained with Hy-Tissue SVF can differentiate into the three mesodermal lineages
as enzymatically extracted (FAT-ED) cells. Oil Red O, Alizarin Red, and Alcian
Blue staining were positive compared to the control for adipogenic, osteogenic, and
chondrogenic differentiation.
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Figure 19. Multilineage differentiation of passage 4 of SVF or FAT-ED adipose-derived
stromal cells isolated by each method. AM: Adipogenic medium; CM: Chondrogenic medium;
OM: Osteogenic medium. (a—h): Optical microscopy images of cells induced or not (control; a,
e) with differentiation medium (scale bar 100 um); (b, ) adipogenesis was indicated by the
accumulation of neutral lipid vacuoles that stained with Oil Red O; (c, g) chondrogenesis was
indicated by the deposition of the sulfated proteoglycan-rich matrix that stained with Alcian
Blue; (d, e) osteogenesis was indicated by Alizarin red S staining of extracellular matrix
calcification.

The technique evaluated was simple and provided SVF in free cells and micro-
fragments within a short time (15-20 min), without expansion and enzymatic
treatment.

The technique reduced the size of the cluster inside the adipose tissue (previously
fragmented by the lipoaspiration procedure) by gently forcing the tissue to pass
through a sieve of 120 um (filtered microfat) and a subsequent centrifugation step
that allowed to break most of the mature adipocytes for finally obtaining a pellet
with free cells (blood and stroma origin) and micro-fragments of adipose tissue
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without mature adipocytes, which were broken by the mechanical disaggregation
and the centrifugal forces.

Application of the HY-Tissue SVF® product with HA

xiv) Introduction

In plastic surgery, soft tissue reconstruction is a challenge when replacing lost
materials and correcting contour defects. Many permanent and temporary fillers
have been used to restore the volume of these lesions, but often with poor results
and even complications. ASCs and adipose tissue engineering have been suggested
as valuable alternatives. It was essential to find a suitable vehicle to inject these
cultured cells. This study aimed to evaluate the induction of adipogenesis via SVF
in contact with HA, an injectable biomaterial. HA, an extracellular matrix
glycosaminoglycan, may play a role in mesenchymal stem cell differentiation to fat
but results using murine models and cell lines are conflicting. Adipogenesis was
evaluated using Oil Red O (ORO), counting adipogenic foci, and a terminal
differentiation marker. MTT was performed to test the toxicity of the HA. For in
vivo experiment, MRI was done of the mice injected with HA and SVF to check for
adipogenesis. HAL is ACP, and the other two HA were termed HA2 and HA3 (Fidia
pharmaceuticals, Italy)

EXPERIMENTAL PLAN

HA «—2 §— HassvF

5 Nude Mice

Subcutaneous injection of
HAL+ SVF and HA1 (n=5)

Subcutaneous injection of
HA2+ SVF and HA2 (n=5)
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HA3+ SVF and HA3 (n=5)

1 In vitre characterization:
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Figure 20. The lipoaspirate was divided into parts and the product SVF was injected with
three different HA provided by Fidia Pharmaceuticals, Italy.
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xv) Materials and Method

Collection of adipose tissue

The adipose tissue was collected from 10 patients undergoing liposuction.

Sample processing

The patients' adipose samples (around 80 ml) were divided into four groups. The
first three collected SVF were mixed with three different HA (ACP named as HA1,
and the other two HA2, HA3).

In vitro experiments
Cell seeding

The extracted SVF was diluted in 1 ml of complete culture media (Sigma-Aldrich,
Italy) containing 10% FBS, 1% of a mixture of penicillin/streptomycin 1:1 (GIBCO
Life Technology, Italy), and 0.5% of amphotericin B (GIBCO Life Technology,
Italy). The mixture was then filtered through a 0.45 mm cell strainer followed by
plating into a T25 flask with the other 4 ml of complete media. After three days, the
media was changed every two days until confluency.

Cell proliferation capacity test

To determine the cell proliferation capacity of the cells inside the SVF, the media
was changed every three days and then every two days until confluency, which was
incubated at 37 °C 5% CO2. The cells were grown until passage four, and every
time detaching, the number of cells and viability was counted using trypan blue.
CFU assay

Around 5000 cells from SVF were seeded in a 6-well plate in triplicate. Cells were
cultured in complete culture media for 14 days. For colony counting, wells were

stained with Toluidine Blue (Sigma). The only cluster of at least 50 fibroblasts-like
cells was counted.

Cell cytotoxicity test (MTT assay)
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To test the metabolic activity of cells and the toxicity of the Hyaluronic Acids, an
MTT assay was performed at two different time points, i.e., 24h and 72h. Five
thousand and two thousand five hundred cells (for 24h and 72h, respectively) were
mixed with 100 pl of complete media and plated in the wells of 96-multiwell (6
micro-wells for each HAs). After 24h, the media was removed, and 100 pl of three
different concentrations of HAs were plated (i.e., 25%, 15%, 7%) in contact with
cells and without cells. Next, 100 pl of MTT solution (0.5 gm/ml, i.e., 10% of MTT
solution in 90% of complete media) was added to each well and incubated in the
dark at 37 °C for 4h. After the incubation, the MTT solution was removed, and 100
pl of DMSO (solubilising solution) was added to each well and incubated on a
rotating mixer slowly for 20 min. Then the absorbance was measured with a
spectrophotometer at 570 and 630 nm. The same procedure was performed for the
72h incubated plate as well.

Optical microscopy of SVF

The SVF pellets (N=10) obtained after Hy-Tissue SVF treatment were analysed by
the whole-mount method (Larsen PL 1989) and paraffin inclusion. Briefly, pellets
were washed with saline, stained with hematoxylin and eosin, and placed in the
slide without dissection with the whole mount method. Other pellets (N=4) were
washed with 0.1 M PBS and fixed with 10% formalin for 4h. Subsequently, the
samples were dehydrated with a gradient of increasing alcohol concentration from
70% to 100% and then xylene for final processing. Finally, the pellets were included
in paraffin and cut with the microtome into 5 pum sections. The sections are then
dried at 37 °C for 24h and stained with hematoxylin and eosin. All slides were
examined under an Olympus BX51 microscope (Olympus, Tokyo, Japan) equipped
with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan). The digital images
were analysed and processed with Image-ProPlus 7.0 software (Media Cybernetics,
Silver Spring, MD, USA).

In Vitro Cell differentiation assay

The differentiation potential of the SVF into three different cell lines (adipocytes,
osteocytes & chondrocytes) were evaluated in vitro and was compared to control.
Differentiation was done using expanded cultured cells from passage 4. For
adipogenic differentiation, 7000 cells were seeded on a 6-well plate incubated.
After 24h, the media was changed to adipogenic media (Sigma SCM122-1KT) and
set for 16 days while the media was changed every 72. Then, cells were fixed with
4% paraformaldehyde (PFA) for 30 min, washed, and stained with a solution of oil
red O (Bioptica) for 20 min and hematoxylin (Bioptica) for 2 min. For chondrogenic
differentiation, 1x10° cells were seeded in a 24-well plate, and after two h, the
media was changed to chondrogenic medium (StemPro chondrogenic
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differentiation Kit (GIBCO Life Technology, Italy). After 14 days of incubation,
cells were fixed with 4% PFA for 30 min and stained with Alcian Blue 8GX
(Sigma-Aldrich) to detect the mucopolysaccharide extracellular matrix. For
osteogenic differentiation, 5000 cells were seeded on 12 well plates, and after two
h, the medium was changed to osteogenic medium (StemPro osteogenesis
differentiation Kit - GIBCO Life Technology, Italy). After 21 days, cells were fixed
with 4% PFA for 30 min and incubated in 0.2% Alizarin Red S (Sigma-Aldrich)
for 5 min and hematoxylin (Bioptica) for 2 min. Images were obtained using optical
microscopy.

In Vivo experiment
Injection of Hyaluronic acid

Only HA (300 ul) was injected subcutaneously on the left side of the mouse, and
250 pl of HA plus 40 pl saline solution mixed with the SVF was injected on the
right side. Fifteen nude mice were taken for this injection, five each for three
different HA. At several time points for one month, MRI was performed to observe
the behavioural growth of adipose tissue. Proliferated cells from SVF obtained after
Hy-Tissue manipulation were expanded, termed ‘ASCs.’

Magnetic resonance imaging (MRI) acquisition

MRI was performed at different time points (1, 7, 15, and 30 days after
subcutaneous implants and injection) to evaluate any possible growth of newly
formed tissue. MRI images were acquired using a 7Tesla using the following
parameters: TE = 7 ms, TR= 2800 ms, a field of view = 22 x 8 mm, number of
averages = 16, flip angle 180 degrees, slice thickness 0.350 mm, and matrix size
256 x 128 pixels. During the procedure, mice were anaesthetised by inhaling
isoflurane at 2% and placed in a prone position in the heated bed positioned in the
birdcage coil. The acquisition parameters were maintained during observation for
all the animals. Moreover, the volume of each subcutaneous implant was
determined on MRI slices to quantify the reabsorption degree at different time
points. On each piece, the area occupied by the subcutaneous implant of the 3D
scaffold and injection of HA was manually tracked and measured by fat suppression
technique, and 1H Magnetic Resonance Spectroscopy was performed.
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Ex Vivo analysis
Histological analysis

At the end of in vivo experiment, after 30 days, all the mice were sacrificed, and the
skin was cut near the injection area (for HA injection). The tissue was immediately
transferred to buffered formalin 4% for 4 hours, dehydrated in a gradient of ethanol
(from 70% to 100%), and two passages of xylene (100%) followed by paraffin
embedding cut with the microtome to 5 pum sections. The sections were then dried
at 37 °C for 24 hours and stained with Hematoxylin and Eosin. Alcian Blue staining
was also performed in the sample in another slide to confirm the new collagen
formation. All slides were examined under an Olympus BX51 microscope
(Olympus, Tokyo, Japan) equipped with a digital camera (DKY-F58 CCD JVC,
Yokohama, Japan). The slices were stained with Hematoxylin and Eosin staining
for histological evaluation and were studied with Image-ProPlus 7.0 software
(Media Cybernetics, Silver Spring, MD, USA).

xvi) Results
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Figure 21. The Figure on the left side shows that cell yield, CFU-F rate, and proliferation
capacity are comparable to previously obtained results. Figure a-f (right side) shows the cells
stained with ORO, Alcian Blue, Alizarin Red and after putting them into three differential

media.

The obtained ASCs were then incubated with HA1, HA2, and HA3 to test a possible
cytotoxic effect of hyaluronic acids. The MTT test was performed at three different
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concentrations of hyaluronic acids (7, 15 and 25% of HA concerning the culture
medium) after 72h of incubation. The results obtained are shown in the graphs in
figure 23. None of the concentrations tested altered the cell viability of the ASCs
after 72h. Subsequently, the ASC cells were cultured with the three different HAs
(25% of HA to the culture medium) for ten days to evaluate a possible adipogenic
stimulation induced by HA 1, HA2, HA3. The images in figure 21 show how after
ten days, the three HAs can induce adipogenic differentiation in vitro

Viability 25% |15% [7%
ASC 100,00 |100,00 |100,00
HAl 100,89 /98,02 98,42
HA2 96,21 |103,5999,67
HA3 94,07 196,25 196,85

Figure 22. The table shows the viability of ASCs cells with and without contact with the HAs.
The right picture proves that these cells can form CFU cultured in T25 flasks. The rightmost
image is a magnified form of one of those colonies.

Viability 72h HA1 Viability 72h HA2 Viability 72h HA3
120
120 120
100
100 100
80
80 80
60 60; 60
40 40 40
20 20 20
0 V] 0
ASC HAl1 HAl HA1l ASC HA2 HA2 HA2 ASC HA3 HA3 HA3
7% 15% 25% 7% 15% 25% 7% 15% 25%

ASC+HA1 ASC+ HA2 ASC+ HA3

Figure 23. MTT assay to evaluate the cell viability of ASCs incubated with three different
concentrations of HAL, HA2, HA3 for 72h (top); ASC cells after ten days of incubation with
HAL, HA2, HA3 show lipid droplets, adipogenic differentiation characteristics (staining: Oil
Red O, Magnification 10x).
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The images revealed that SVF-HA1 induces adipogenesis in vivo about 14 days
after injection and is maintained for up to 30 days (Figure 23). MRI analyses also
showed that HAL is reabsorbed seven days after the subcutaneous injection.

The results obtained in vivo were confirmed by subsequent histological analyses
(Figure 23). The tissue extracted at the injection of only HA1 shows an unaltered
morphology. In contrast, in the tissue extracted at the injection of SVF-HA1, the
formation can be observed of newly formed adipose tissue underlying the furrier's
muscle. Furthermore, the presence of micro-vessels is noted in the newly formed
tissue. Micro-vessels.

DAY3 DAY 14 DAY 30

HA1

SVF-HA1

Figure 23. Magnetic resonance images at 3, 14, 30 days after the injection of HA and SVF-HA.
Fourteen days after the SVF-HA injection, the newly formed adipose tissue is circled (red) in
the image. The histological images of the area where the injection took place (after 30 days)
confirm the results obtained (staining with hematoxylin and eosin) (magnification 4x and 20x).

The analysis of images obtained with magnetic resonance (Figure 24) revealed that
SVF-HA2 shows an adipogenic power after 14 and 30 days after injection, while
HA2 is reabsorbed within seven days. The subsequent histological and
ultrastructural analysis confirmed this observation. The formation of newly formed
adipose tissue interposed by collagen matrix and micro-vessels can be observed in
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the underlying part of the furrier's muscle. The newly formed tissue appears more
like fibrogenic tissue with accumulations of lipid drops inside. Histological
analyses of tissue injected with HA2 alone show an unaltered morphology.

OPTICAL MICROSCOPY §9

Figure 24. A. MRI images of mic injected with HA2 only and with SVF. The histological
images show adipogenesis (bottom right) and no adipogenesis induction with only HA2 (top
right) Magnetic resonance images at 3 and 30 days after the injection of HA2 and SVF-HA2
The newly formed adipose tissue 14-30 days after the injection of SVF-HA is circled (red) in
the image. The histological and ultrastructural images of the area where the injection took place
(after 30 days) confirm the results obtained, stained with hematoxylin (B, top left) and eosin
and Alcian blue (B, top middle and tight), Magnification 4x and 20x
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Analysis of images obtained with magnetic resonance revealed that SVF-HA3
mediates adipogenic stimulation seven days after injection (Figure 25). The MR
analyses also showed that HA3 tends to be reabsorbed seven days after the
subcutaneous injection. The subsequent histological analysis confirms the in vivo
results (Figure 25). In the tissue extracted from the right side of the animals, the
formation of newly formed adipose tissue organised in lobules and the presence of
micro-vessels can be noted. In contrast, the tissue in which only HA3 was injected
(left side) shows an unaltered morphology.

HA3

SVF-HA

Figure 25. Magnetic resonance images at 3, 7, and 30 days after the injection of HA3 and SVF-
HAZ3. The red circles in the resonance images highlight the newly formed adipose tissue 7 and
30 days after the injection of HA3. Histological images of the area where the injection took
place (after 30 days) stained with hematoxylin and eosin with magnification on the formation
of new adipogenic tissue (magnification 4x and 20x).
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Figure 26. The top left figure (a) shows the images of MRI at days 3, 7, and 14 of the mice
injected with ASC and the hyaluronic acids, whereas the top right picture (b, fat-suppressed,
and fat not suppressed) shows the mice injected with only three different HAs. The last figure
(c) is the MRI image is T2 weighted FAT-SUPPRESSED sequence and 1H-MRS Image.

No evident formation of adipose tissue was found in vivo after 14 days of injection
(Figure 26). The MRI images show how at seven days after injection, ASC-HA is
still visible (red circle), while it is wholly reabsorbed on day 14. The histological
pictures confirm the result obtained in vivo, showing an unaltered tissue
morphology.
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Hy-Tissue Nanofat® (Fidia pharmaceuticals, Italy)

xvii) Overview

Fat graft is widely used in plastic and reconstructive surgery. However, the size of
the injectable product, the unpredictable fat resorption rates and subsequent adverse
effects make it tricky to inject untreated fat into the dermal layer. Mechanical
emulsification of fat tissue, which Tonnard introduced, solves these problems, and
the product obtained was called “nanofat”. Nanofat is widely used in clinical, such
as to treat facial compartments, hypertrophic and atrophic scars, wrinkle
attenuation, skin rejuvenation and alopecia. Several studies demonstrate that the
tissue regeneration effects of nanofat are attributable to its rich content of adipose-
derived stem cells. This study aimed to characterise Hy-Tissue Nanofat product at
the macrostructural and cellular level, investigating the morphology, cellular yield
and viability, ASC proliferation rate and clonogenic capability, and
immunophenotyping and differential potential. The percentage of SEEA3-CD105
expression was also analysed to establish the presence of multi-lineage
differentiating Stress Enduring cell (MUSE). NANOFAT-derived Adipose Stem
Cells were compared to ASC obtained with enzymatic digestion. Our results
showed that the Hy-Tissue Nanofat system could isolate 3.75x10* + 1.55x10%
proliferative nucleated cells for each ml of the treated fat. NANOFAT-derived ASC
can grow in colonies and show high differentiation capacity into adipocyte,
osteocyte, and chondrocytes. Finally, immunophenotyping analysis revealed the
expression of typical mesenchymal stem cells marker, including SEEA3-CD105
specific for MUSE cells, making this product of potential interest in regenerative
medicine.

The autologous fat graft is primarily used in aesthetic medicine for face
rejuvenation and volume restoration, 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 1’2 and subsequent adverse events 1’3, Moreover,
injecting the fat graft into the dermal layer to treat superficial rhytides, wrinkles,
and atrophic scars is still challenging 1. Therefore, surgeons and researchers tested
different protocols to manipulate fat to inject it rapidly and without inflammatory
reactions during the last years. One of these protocols were generally named nanofat
175

Nanofat is defined as an autologous liquid obtained through the mechanical
manipulation of lipoaspirates. During this process, the harvested fat is filtered and
shuffled between two 10-cc syringes with a 30 passes connector, which destroys
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nearly all adipocytes, resulting in a purified emulsion product 17°. The final product
can be directly injected into the target site with high precision, even in difficult
areas, working superficially with still more delicate, sharp needles (27 gauge) 17
177 Nanofat is widely used in the clinical field to treat facial compartments,
hypertrophic and atrophic scars, wrinkle attenuation, skin rejuvenation, and
alopecia 18181, Moreover, it has been under investigation for broader applications,
such as wound healing and vascularisation 1'%,

Previous clinical studies of nanofat injection evaluated the long-term survival in
transplant areas in volume maintenance 182, Recently, several studies demonstrated
that the tissue regeneration effect of Nanofat is attributable to its rich content of
adipose-derived stem cells (ASC) and different growth factors 171 182,183

ASCs are adult plastic-adherent mesenchymal stem cells easily isolable from
adipose tissue allowing autologous cells transplantation 8+ 185 According to the
literature, ASC module the inadequate healing responses lead to tissue
degeneration, such as chronic inflammation %, hypermetabolic answers ¥7 and
fibrosis %8 Moreover, ASC stimulates extracellular matrix production, new
collagen deposition and early revascularisation 8% 2%, 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 2929, For these reasons, in vitro characterisation of nanofat in
terms of ASC content could reflect the regenerative potential of the product,
indicating how many cells are capable of duplicating and differentiating to
guarantee a replicable result on patients.

Recent studies have been focused on a subpopulation of mesenchymal stem cells
defined as multi-lineage differentiating stress enduring cells (MUSE). MUSE are
non-tumorigenic stress-tolerant and pluripotent cells, with high regenerative
potential 2°42°7 and migration capacity into the damaged tissue 2%, MUSE cells can
regenerate skin, muscle, liver, and kidney tissues 2°7, exhibiting high integration
capacity able to restore the function of the tissues, as evidenced in preclinical
studies 2°7. MUSE cells result in a promising candidate for tissue regeneration and
stem cell therapy, thanks to their unique features.
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Figure 27. 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.

xviii) Method of Experiment

The adipose tissue was collected from 10 women undergoing liposuction for
aesthetic purposes, aged between 41 and 69 years. Informed consent was taken
before collecting adipose tissue 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). In brief, Klein tumescence solution (2%
Lidocaine solution: 0.08% wi/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, six holes, and
20 ml Vac-Lock syringe provided with the kit was employed to lipoaspirate
between 30 ml of fat from each donor’s abdominal area. The fat was transported in
an adiabatic container to the laboratory and processed within 18h from harvest.

Procedure for NANOFAT-derived ASC production

Each adipose tissue sample (about 30 ml) was divided into three 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
through two 10 cc coupled syringes via a 30 passes connector. Next, 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 pum nylon mesh. The
product obtained by this method was named “NANOFAT-derived ASC (N-ASC)”.
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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 %, The samples were digested with
collagenase type | at the concertation 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 11
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. The cell
suspension was again 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 “ED-ASC”.

Enzymatic Digestion of Hy-Tissue Nanofat product

The remaining portion of lipoaspirate (10 ml) was first processed with the Hy-
Tissue Nanofat kit, followed by the treatment with collagenase type I. The product
was incubated with collagenase type | at the concertation 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. Next, the cell pellet was incubated with 1 ml of
erythrocyte lysis buffer 1X (Macs Miltenyi Biotec, Milan, Italy) for 10 min at room
temperature. The cell suspension was again centrifuged and resuspended with 1 ml
of complete culture medium. Finally, the cells were filtered through a 70 pum nylon
mesh. The product obtained by this method was named “N-ED-ASC”.

Optical microscopy

To evaluate the morphology of the Hy-Tissue Nanofat product whole-mount assay
was performed, as reported in Busato et al. 2020 . The emulsion was swiped in a
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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).

Cellular Yield

Collected cells 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 free cells of N-ASC, ED-ASC, and N-
ED-ASC divided by the fat volume.

Proliferation capacity

To evaluate the cell proliferation capacity of the cells collected with N-ASC, ED-
ASC, and N-ED-ASC, 2 x 10° cells of each product 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 at the cultured cells to reach
confluence (cellular passage 1) were used for determining the proliferation
capacity. Furthermore, the population doubling time (PDT) assay was performed to
estimate the time request for cell replication. Four days after the seeding, five 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
in each time point.

Clonogenic capacity

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

For N-ASC were plated 5x103 while N-ED-ASC and ED-ASC were used 1x103
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.
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Immunophenotyping

N-ASC, ED-ASC, and N-ED-ASC and the subsequent subculture cells (cellular p2)
were characterised by flow cytometry. To perform cytofluorimetric analysis, the
different cells product was centrifuged at 3000 rpm for 6 min. Next, the cell pellet
obtained was resuspended with a 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 um 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 B.D. Biosciences (Becton
Dickinson Italy S.P.A., Milano, Italy). Immunophenotyping was performed through
a chant Il FACS (BD, Becton Dickinson, Milano, Italy).

Differentiation assay

The differentiation potential was evaluated in vitro for the N-ASC. ED-ASC was
used as a control. Differentiation was carried out employing expanded cultured cells
from p4.

For adipogenic differentiation, 5000 cells were seeded on a 12-well plate, incubated
at 37°C, 5% CO», and after 24h, the complete culture medium was replaced with
adipogenic media (Sigma-Aldrich, Milan, Italy). To evaluate the adipogenic
differentiation capacity, after 5 and 10 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-O 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. After 2h, the chondrogenic media was
added (StemPro chondrogenic differentiation Kit -GIBCO Life Technology,
Monza, Italy). After 5 and 10 days of incubation, changing of the media every 2
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).
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Five thousand cells were seeded on a 12-well plate with complete culture media for
osteogenic differentiation. After 24h, the media was replaced with osteogenic
media (StemPro osteogenesis differentiation Kit—GIBCO Life Technology, Monza,
Italy). To evaluate the osteogenic differentiation capacity, after 5 and 10 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).

Once the slides were dried under the cabinet, cells were observed with light
microscopy using an Olympus BX-51 microscope (Olympus, Tokyo, Japan)
equipped with a digital camera (DKY-F58 CCD JVC, Yokohama, Japan).

xix) Result

Microscopical Analysis of Hy-Tissue Nanofat product

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

The microscopical analysis revealed that the product was mainly composed of intact
lipid droplets of different sizes (Figure 27. B). The size distribution of the lipid
droplets (Figure 27. C) showed that nanofat was composed of droplets classified in
four main clusters: with a diameter lower than 60 um (42.42 + 10.10), between 60-
100 pm (76.59 + 11.77), between 100-200 um (143.43 + 33.42) and over 200 pum
(245.45 + 38.07).
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Figure 28. Morphological analysis 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 B, right) indicates the location of the higher
magnification (Figure B left). (Scale bar: (right) 300 um, (left) 100pm). (C) Size distribution
of the lipid droplets.

The emulsion obtained was centrifuged to characterise the Hy-Tissue Nanofat
product at a cellular level. The cellular pellet was analysed in terms of cells yield,
cells proliferation capacity, and clonogenic potential. NANOFAT-derived ASC
obtained with Hy-Tissue Nanofat system (N-ASC) were compared with ASC
enzymatically extracted (ED-ASC). Moreover, to verify the regenerative unit's total
amount and quality, the Hy-Tissue Nanofat product was subjected to enzymatic
digestion (N-ED-ASC). Figure 28 shows the experimental procedure followed to
characterise the cellular product.

Cellular yield, proliferation capacity, and clonogenic potential of N-ASC

The N-ASC products 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 per ml of fat obtained with Hy-Tissue Nanofat
system was 3.75 x 10* + 1.55 x 10* cells/ml fat (Figure 29. A), while the number
of cells extracted after enzymatic digestion of the fat tissue and after the enzymatic
digestion of the filtered emulsion was 1.25x10° + 4.65x10* and 4.38x10° +
9.41x10% respectively. Considering the enzymatic treatment as the gold standard
protocol (cell yield 100%), the cellular yield for N-ASC resulted in 7.87 + 3.15%,
which increased to 28.53 + 9.49% after the enzymatic digestion of the emulsion (N-
ED-ASC), as reported in the table in Figure 29. A.

To analyse N-ASC’s adhesion and proliferation capacity, cells were seeded in T-

flasks until confluence (Figure 29. B). N-ASC and ED-ASC show statistically
significant differences to reach confluence. Indeed, ED-ASC required less time to
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reach confluence (4.80 = 2.28 days) than N-ASC (10.8 £ 2.59 days). This result
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 PDT assay (Figure 29. C). PDT reveals that the
replication rate of ED-ASC and N-ED-ASC was comparable (52.84 + 6.40 and
57.06 £ 25.41h, respectively), while cells obtained from N-ASC required more time
to duplicate their number (81.85 = 18.87h). Figure 29D 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. Moreover, cellular membranes and
nuclei were well-preserved, indicating no signal of cell suffering.

CELLS YIELD (%)
5x10°%
ED-ASC 100.00 + 0,00
N-ASC 7.87+3.15
3x10°%

28.53+9.49

n° cells / ml FAT
s
%
2

.
— N-ED-ASC

i -

30

Days
o s
Hours

N-ASC N-ED-ASC ED-ASC

Figure 29. Cellular yield and proliferation capacity of N-ASC. (A) Nucleated cells were
obtained after the three evaluated treatments. Cells yield (n° of cell/ml fat) was evaluated
considering the enzymatic digestion as 100%; (B) Proliferation capacity N-ASC, N-ED-ASC,
and ED-ASC in T25 flasks. The days required at the adherent cells to reach confluence (passage
1) were counted. (C) The population doubling time of N-ASC, N-ED-ASC and ED-ASC were
analysed to evaluate the growth rate of adherent cells; (D) microscopic images of adherent cells
three days after the extraction. The results are shown as the mean, and error bars represent the
standard deviation. 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=**%*),
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To evaluate the ability of N-ASC to form colonies, colony-forming unit-fibroblast
(CFU-F) assays were performed. Figure 30. A shows a representative micrograph
of CFU-F detected by Toluidine Blue staining after 14 days. On day 14, 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 CFU-F yield of N-ED-ASC
increased over 11-times (702.29 £ 368.40 CFU/ml fat, Figure 30. 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 (Figure 30. C) compared
to N-ASC (0.18 £ 0.05 %). CFU-F obtained with ED-ASC 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 30. B), with a relative proportion of CFU-F of 2.54
+ 0.69 % (Figure 30. C).
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Figure 30. Clonogenic potential of Hy-Tissue Nanofat product. (A) The representative light
microscope of CFU-F assay stained with Toluidine Blue (scale bar 20 um); (B) CFU-F yields of
N-ASC, N-ED-ASC, and ED-ASC. (C) Percentage of CFU-F contained N-ASC, N-ED-ASC,
AND ED-ASC. Results are presented as the mean, and error bars represent the standard
deviation. Significant statistical differences are indicated (p-value <0.05=*, 0.005<p-value
<0.001=** or p-value <0.001=**%*),

Immunophenotyping

A cytofluorimetric analysis at pO (immediately after the treatments) and after in vitro
cellular expansion was performed to characterise N-ASC immunophenotypically.
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Specific single antigens (such as CD43, 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 31. A), not thus far from the percentage of CD34 expression
obtained in N-ED-ASC and ED-ASC (7.99 = 4.6 % and 491 £ 25 % for
NANOFAT+ED and E.D., respectively). The hematopoietic surface marker CD45
was 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 31. B. Moreover, the
frequency of CD105, C29, and CD 73 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, CD 29 and CD73,
respectively (Figure 31. A), comparable with the results obtained for the same
antibody in N-ED-ASC and ED-ASC (Figure 31. B). Finally, cultured cells (cellular
passage 2) were also analysed to confirm the phenotype preservation over time
(Figure 31. C). 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 31. C).

74



D34
337£1,67%

CD 45
1,27 £0,45%

SSC-A
SSC-A

3 3 4 5
<100 0 10 10 10
BV-650A

250K 250K J
200K 100K
< 9 < 50K
3 50K & 73
Bl 2 ook 1,8+0,2%
50K 50K 4
o 9 vy - 3
4 3 3 4 5 =
40°0 100 100 10° 410" 0 10 10 10 a0 100 10° 10
PerPC-Cy-5-5-A FITC-A V-450A
B 30 C 100
O N-ASC
@ N-ED-ASC
B ED-ASC
g g ™
2 2 2
8 8
®
g £
] 3
2 so
k] s
° . &
—
B :
o o
a
& 2
0+ PPN,
CD34 CD45 CD105 CD73 CD29 CD34 CD45 CD105 CD73 CD29

Figure 31. 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, 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 (error
bars represent the standard deviation); significant statistical differences are indicated (p-value
<0.05=%*).

Analysis of multipotency

The multilineage differentiation ability of N-ASC was determined by verifying the
ability of adherent cells to differentiate toward adipocytes, chondrocytes, and
osteocytes. Differentiation potential (Figure 32) was evaluated 5 and 10 days after
the induction by a selective medium containing lineage-specific induction factor.
Induced N-ASC were stained with Oil-Red-O, Alizarin Red, and Alcian Blue for
adipogenic, osteogenic, and chondrogenic differentiation, respectively (Figure 32.
A) and compared with ED-ASC (Figure 32. B). Figure 32. A shows that N-ASC
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were able to differentiate into the three mesodermal lineages starting from day 5.
Applying Oil-Red-O solution, red spots reveal the generation of lipid droplets at
day 5, which increases during adipogenesis differentiation until day 10. Alizarin
Red staining shows the formation of in vitro calcification 5 days after medium
induction, resulting in a more intense extracellular matrix calcification at day
10. Chondrogenic differentiation assay reveals the generation of cartilage-like
matrix started from the 5th day upon the specific culture media induction. On day
10, a well-organized cartilage-like matrix rich in collagen type II and sulfated
proteoglycans was detectable, as shown with Alcian blue staining (Figure 32.A).
All the positive staining were compared with the control not induced.

Likewise, the multipotency assay was performed on ED-ASC, showing positive
staining compared with the not-induced control (CTR). However, the
differentiation started ten days after the specific medium induction, indicating a
slower differentiation capacity than N-ASC.
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Figure 32. Multilineage differentiation assay. (A) Optical microscopy of N-ASC induced or not
(CTR) with differentiation medium at day 5 and 10 (ORO staining bar m. Alizarin Red staining
bar 20 um. Alcian Blue staining bar 10 um. (B) Optical microscopy images of ED-ASC induced
or not (CTR) with differentiation medium at day 5 and 10 (ORO staining scale bar 10 pm.
Alizarin Red 20 um. Alcian blue 10 pm) Red spots indicated by the accumulation of neutral lipid
vacuoles stained with ORO. Alizarin red staining reveals in red the extracellular matrix
calcification, deposition of sulphated proteoglycans rich matrix was marked with Alcian Blue.

N-ASC and ED-ASC were then analysed by flow cytometry to verify the presence
of the multi-lineage differentiating stress enduring cells (MUSE cells), investigating
the SSEA-3 and CD105 antibodies expression. Figure 33 shows the percentage
expression of the evaluated antibodies. N-ASC expressed 25.5 + 6.5% of SSEA-3,
while ED-ASC cells was 0.5 £ 0.2%. The expression of CD-105 antibody was 100%
for both treatments as a typical percentage for cultured mesenchymal stem cells.
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Figure 33. Multi-lineage differentiating stress enduring cells expression. Flow cytometry of N-
ASC and ED-ASC to investigate the presence of MUSE cells. The percentage of positive cells
to SEEA-3 and CD105 markers was indicated as an average of three samples. Results are
presented as the mean + standard deviation.
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Existing mechanical devices for fat (adipose tissue) processing

Korpo, Genoa, Italy, https://www korpo.com/it/ adipofilling-adipopimer/

Arthrex, Inc., Naples, Florida, USA, https://www.arthrex.com/orthobiologics/bone-
marrow- concentrate-bme

GID Group, Inc., Louisville, Colorado, USA, https:// thegidgroup.com/gid-
technology/

Microfat©, Milan, Italy, http://www .microfat. com

Fidia Farmaceutici S.p.A., Abano Terme, Padua, Italy,

https://pro fidiapharma.com/it/

Genesis Biosystems, Inc., Lewisville, Texas, USA,
https://www.genesisbiosystems.com/lipivage-system-autologous- fat-transfer/

‘Lipocell  Tiss'You srl, Domagnano RSM, hitps://www tissyou. com/portfolio_page/lipocell/
Lipogems International S.p.A., Milan, Italy, https:// www lipogems.com/

Medi-Khan International, Korea, http://www. medikanint.com/lipokit.html

'Puregraft®  Cytori Therapeutics, Inc., San Diego, California, USA , http://www puregraft.com/
LifeCell Corporation, Branchburg, New Jersey, USA,

http://hcp revolvefatgrafting.com/en

Rigenera-HBW, Turin, Italy, https://rigenerahbw.com/ All these devices perform
purely mechanical treatments. Hy Tissue SVF (Fidia Farmaceutici S.p.A., Abano
Terme, Padua, Italy

Fidia Farmaceutici S.p.A., Abano Terme, Padua, Italy,

https://pro fidiapharma.com/it/

Table 2: Currently patented, published, or commercially available non-enzymatic adipose tissue
defragmentation devices/ systems and their company
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Tissue is inserted into a canister, and a centrifugal force is applied to
separate fat cells from contaminants that can degrade the adipocytes such as
blood cells, lipids, and anaesthetics. Centrifugation speed (expressed in
revolutions per minute, rpm, or in acceleration—gravitational force, g) is
correlated with the final density of the adipose tissue, number of progenitors,
cell viability, and contaminants removal.

This method can be performed manually or mechanically. In manual mode,
tissue is inserted into a bag and manually massaged. In mechanical mode,
tissue is slowly shifted several times (from 2 to 30 steps) between two
syringes connected to each other by a Lock connector.

Tissue is filtered under sterile conditions using different strainers (form
common metal strainers to cotton gauzes) with different calibre meshes.
Tissue is inserted into a canister and manually or mechanically ground to
obtain a chop of desired size.

Tissue is inserted into a canister and reduced to a puree by means of single
or multiple blades devices. The blades can be of different materials (from
ceramic to metal).

Tissue remains into a canister (the syringe or others) for the time necessary
to obtain a natural gravity sedimentation.

Tissue is collected into a syringe and the piston squeezes the tissue through a
weight-mesh-filter inside the same syringe or between two connected
canisters.

Tissue is poured onto large (3 x 8-in) pieces of nonadherent Tefla dressing,
rolled and kneaded gently for 5 min using a sterile scalpel handle.

Tissue is washed with saline solution or lactated Ringer solution

Table 3: Current mechanical adipose tissue processing methods
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xx) Comparing our three devices

Device Method Automation  TPT (Until Approval Close/
Grade (ona  reinjection) and Open
scale of 0-3) trademark  system

Rigenera Washing 3 10-12 min CE Close

Sedimentation trademark
Centrifugation
Mincing
Filtration
Hy-Tissue Filtration Device 2; 14-15 min CE Close
SVF Emulsification Procedure 3 trademark

Centrifugation

Hy-Tissue Emulsification 3 10-12 min CE Close
Nanofat Filtration trademark
Centrifugation

Table 4: Comparing our three devices according to their automation and processing technique.
To highlight the automation degree, we have defined a 0—3 grading scale, with 0 corresponding
to a fully automatic device that produces an injectable tissue and 3 to a nonautomatic device, in
which processing is manual.

The broad spectrum of pathologies in which fat grafting can be applied requires
different types of adipose tissue processing treatments. The type of treatment must
optimise the tissue based on the final grafting site to improve regenerative efficacy.
While initially, the fat tissue was considered a simple filler for the expansion of soft
tissue, with the passage of time and the discovery of its properties, it assumed the
role of an accurate regenerative material.

The ability of the injected adipose tissue to increase the stem properties of a
tissue/structure probably makes fat grafting the primary anti-ageing regenerative
technique today. In parallel to the considerations on the regenerative properties of
this tissue, numerous reviews have also developed concerning the biological role of
the injected tissue within the damaged structures. In the past, Rigotti et al. (2007)
suggested that the basis of the therapeutic mechanism consists of a
mesenchymalization effect operated by the stem component of the adipose tissue
that involves several phases, the first of which are the recall of liquid and
angiogenesis.

At the same time, considerations have been made on the role of stem cells in the
healing process (which represent a minimal part of the injected tissue) and stem
niches in which stem cells are maintained in their molecular and cellular
microenvironment.
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From the need to adapt the tissue to be injected to the different pathological
conditions to be treated and to the other grafting districts, an effort was made by the
international scientific community to obtain increasingly effective and safe
preparations for the patient and, at the same time, adaptable to different conditions.

The combination of different processing techniques changes the final composition
of the tissue to be reinjected. For this reason, and given that the works found in the
literature adopt comparison techniques that are not always comparable, it is
impossible to indicate one or more processing methods, such as the optimal
methods, to be preferred to the others.

Comparing the devices, the negative data that emerge are that these tools are not
automatic. None of the devices analysed even reach level 1 on the scale used in this
study. This means more significant intervention by the operators, a greater
possibility that mistakes are made, the tissue is damaged, and more substantial
quantities of the final injectable tissue are lost. Apart from the Rigenera device,
which has been classified as a level 2 device, all the other devices and procedures
have been classified as level 3. Nevertheless, despite having the same classification,
the variability of the processing methods makes them very different. The results of
the 17-g centrifugation carried out with the Adipopimer are undoubtedly different
from those of 400-g centrifugation (e.g., Hy Tissue SVF and Rigenera). Manual
centrifugations (e.g., GID700 and Revolve) differ further. In the latter case,
moreover, differences in the processing results can be noted based on the same
operator performing the centrifugation, in terms of applied force and consequent
speed reached invariance of the applied force and resulting maintenance of the
rotation speed. In these cases, there is no variability related only to the automation
of centrifugation.

Similar considerations can be made for all manual emulsification procedures (e.g.,
Hy Tissue SVF, Lipogems, and Puregraft), for which the variance linked to the
operator and his experience is indisputable. This means that all these devices and
the same device used by different people can produce a highly variable quality of
injectable tissue.

At present, fat grafting techniques present a relatively broad spectrum of
approaches. They are obtaining significant therapeutic results and allowing us to
get biological data that were previously unthinkable. The extension of the
therapeutic indications has favoured the proliferation of methods for processing fat,
often still under study, refinement, and optimisation.

Considering the diffusion of the fat grafting method and the technical variables
described, a confrontation of the scientific community is necessary. For each
pathology, the optimal processing conditions must be identified, and the operating
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standards of the various devices must be defined. This last aspect would allow a
more straightforward comparison of existing devices and new future devices.
Undoubtedly, the scientifically consolidated data is that tissue regeneration through
the insertion of autologous stem niches allows a real restitution ad integrum and not
a simple repair.

Other available devices which were not compared in our studies:

-LipoCube™ Nano (LipoCube, London, United Kingdom),

-MicroFat systems (Kluter Medical SL, Seville, Spain),

-Nano Fat Processing Set (Xelpov Surgical, Rochester, Michigan, USA),

-Nano Fat Transfer Processing Set (HK Surgical, San Clemente, California, USA),
-Tulip NanoTransfer Set™

-Single-Use Transfer™ (Tulip Medical Products, San Diego, California, USA).
-Aquavage (M.D. Resource Corp., Livermore, California, USA),

-Fat  Collection  Canister (HK Surgical, San Clemente, California, USA), -
LipoCollector® (Human Med AG, Schwerin, Deutschland),

-Tissu-Trans® FILTRON® (Shippert Medical Technologies, Centennial,
Colorado, US
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3

3. Enzymatic isolation and characterisation of SVF and

its application

The gold standard Vs new collagenases

In aesthetic medicine and reconstructive surgery, post-harvest fat processing aims
to eliminate contaminants, including cellular debris, free oil, and other non-viable
components of the lipoaspirate, such as hematogenous cells. One of the significant
fibrous components of animal extracellular connective tissue is collagen, which
must be degraded before fat grafting. Collagenase type I (an endopeptidase from
Clostridium histolyticum 1is a crude collagenase preparation capable of cleaving
native collagen in the triple helix region under physiological conditions in
vivo and in vitro, which is used for the isolation of adipocytes, hepatocytes, and
cells from the lung, epithelium, and adrenal tissue the isolation of primary cells or

tissue dissociation, however, at present days there is a specific prohibition (within
European Union and some other countries) on type 1 collagenase due to its
destructive activity which tends to disrupt the regenerative component of the
stromal vascular fraction, and this generates a need to have another similar enzyme
that can replace the former & preserve specific membrane proteins by maintaining
its regenerative potential. In our study, we are trying to optimise and propose a new
collagenase (Fidia Pharmaceuticals, Italy) of which the adipose tissue treatment
results are comparable to the existing type 1 collagenase and of the enzyme Liberase
(Sigmaaldrich) digested product, which might keep more intact cells and take less
time to process the fat.

In reconstructive surgery, autologous fat is used for fat grafting to augment adipose
tissue volume (i.e., as filler). There is almost no chance of allergic or foreign body
reaction; moreover, the plentiful source of fat, which is easily obtainable,
inexpensive, repeatable, biocompatible, with low donor-site morbidity, makes it
possible the closest to the ideal filler 2°8, Enzymatic digestion using collagenase is
the conventional processing method to isolate adipose SVF, which is thought to be
the main element for the induction of adipogenesis. However, there are different
processes (enzymatic, mechanical for adipose tissue digestion). Type 1 collagenase
allows isolating the maximum number of nucleated cells per gram of lipoaspirate
from all existing fat-digestion procedures, giving >80% viable cells 2°°21° The SVF
is not only composed of adipose-resident stromal cells but is home to macrophages,
preadipocytes, endothelial progenitor cells, and vascular cells. However, being a
crude-production enzyme, collagenase type -1 has been proven to adversely affect
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the product after fat digestion by disrupting cells and not maintaining cell integrity.
As a result, many countries, especially in the European Union, have restricted its
use, which generates a need to produce another enzyme that can act similarly to
collagenase type 1 but protect the cell membrane integrity and include viable
nucleated cells 2*2, Herein, we focus on using a new collagenase for fat grafting
techniques (Fidia Pharmaceuticals, Italy) to harvest SVF enriched with integrated
nuclear viable cells before fat grafting. We have compared the product obtained
after Coll-1 and FC digestion with another digested product obtained from Liberase.
Liberase ™ contains highly purified Collagenase | and Collagenase Il. These two
collagenase isoforms are blended in a precise ratio and with a medium
concentration of Thermolysin, a non-clostridial neutral protease.

xxi) Materials and Methods

Adipose tissue collection

Fat samples were collected from 11 patients going through liposuction. Informed
consent was taken from all of them before the collection of pieces. Around 30 ml
of lipoaspirate was collected from the abdominal area of each donor with a cannula
of 11G, six holes, and a 20 ml VVac-Lock syringe. Fat was transported in an adiabatic
container to the laboratory of the University of Verona and processed within 18
hours from harvest.

Enzymatic digestion of fat

Collagenase type 1 digestion

Adipose tissue samples, i.e., lipoaspirates, were processed (digested) using the
enzymatic method (as reported in Dai pre et al.) with type 1 collagenase (GIBCO
life technology, USA) solution at the concertation of 1 mg/ml, i.e., 0.005 gm of
Collagenase type 1 powder and 0.1 gm of Bovine Serum Albumin (BSA, 2%)
suspended in 5 ml of Balanced Salt Solution of Hank (HBSS) at 37 °C for 45 min.
After the incubation in the shaking incubator, the complete medium was added to
neutralise the enzymatic action, followed by centrifugation at 7000 rpm for 7 min
at RT. The supernatant was discarded, and the pellet was diluted with complete
medium (Dulbecco Minimum Essential Medium, DMEM from Sigmaaldrich, Italy
with 10% of FBS, 0.5% of amphotericin B, and 1% of a mixture of
penicillin/streptomycin 1:1 both from GIBCO Life Technology, Italy, and used for
further experiments, i.e., cell growth, CFU assay, Viability test, etc.
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Fidia Collagenase and Liberase digestion

The second portion of lipoaspirate (5 ml) was digested simultaneously with 5 ml of
the new Collagenase named ‘Fidia collagenase’ (Fidia pharmaceuticals, Italy)
solution at 0.5x, 1x and 2x concentration (i.e., 0.016% and 0.32% of Fidia
collagenase, respectively mixed with 0.1 gm of BSA {2%} diluted into 5 ml of
PBS) and incubated for 45 min (1x and, 2x concentration), 90 min (1x
concentration) and 20 min (2x concentration) to compare and optimise the best
result. The third portion was digested with 5 ml of the 1x Liberase solution (i.e., 5
gm of powder liberase {Sigmaaldrich} diluted into 25 ml of PBS and then divided
into five portions (5 ml each) with an incubation period of 45 min at RT in shaking
incubator)

After the incubation period with different incubation periods, 5 ml of complete
culture medium was added to neutralise the enzymatic action, and the sample was
centrifuged at 7000 rpm for 7 min. After centrifugation, the supernatant was
discarded, and the pellet was resuspended with 1 ml of complete culture medium
and processed the same way as the type 1 collagenase digestion.

Viability assay, Cell culture, and expansion

After all three collagenases at pO (passage 0), collected cells were put on a burker
chamber and 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. Around 5,00,000 cells from the end
product after digestion were plated in a 25 cm? flask with a complete culture
medium and incubated at 37 °C and 5% CO2. The medium was first changed after
72h and, successively, every 48h. At confluence, cells were detached by incubating
them with trypsin-EDTA 1% (GIBCO Life Technology, Monza, Italy) at 37 °C for
5 min and re-plated in a 75 cm? flask. Next, most of the rest of the cells were mixed
with another 4 ml of complete medium, plated into a 25 cm2 flask, and cultured
inside an incubator maintaining 37°C and 5 % CO,. After 72h, the media was
changed, followed by changing every 48h. This way, the cells were cultured and
expanded until p4 for the further experiment, and at last growth curve of the cells
was compared among the three different enzymes.
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CFU assay

Five to seven thousand cells from the pO (passage 0) were plated inside a 6-well
plate with cover glass into triplicate for the colony-forming unit assay. They were
cultured until 7-10 days with media change every two days, and at the end of the
experiment, colonies were counted using toluidine blue. Further, the number of
colonies from the enzymes were compared.

Treatment of collagenases on expanded cells

Cells cultured until p4 were then detached using 0.25% trypsin (Trypsin-phenol red,
GIBCO™), and the viability was checked similarly as explained before with the
trypan blue method (pre-viability). After that, about 250,000 cells were re-digested
with all the three kinds of collagenases (Diagram) at two different time points, i.e.,
20 min and 30 min, in a shaking incubator at 37 °C. After that, the enzymatic action
was neutralised by adding 1 ml of complete media and centrifuged at 7000 rpm for
5 min. The supernatant was discarded, and the pellet was diluted in 1 ml of complete
media and counted for viability (post-viability). In this procedure, three different
concentrations of Fidia collagenase were considered, i.e., 0.5x, 1x, and 2x. The
viability was compared with both the cells from 1x concentration of Collagenase
type 1 and Liberase 1x solution after the digestion.

Viability of mixed ASDAS

Three different samples were mixed, and the viability was checked. Collected cells
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 cytotoxicity assay (MTT)

This assay was performed on expanded cells digested with all three kinds of
collagenases to check the viability of the 30 min and 20 min digestion for all three
different collagenases. After the viability check with trypan blue by CytoSmart,
around 10x10* cells were mixed in 100 pl of complete media and were plated in
sextuplicate for each enzyme (for Fidia collagenase, three different concentration
was considered, i.e., 0.5%, 1x, 2x) inside the wells of a 96-well plate and cultured
for 24h inside an incubator, maintaining 37 °C and 5 % CO.. After the incubation
period, the media was removed, and 100 ul of MTT solution (i.e., 10% MTT
solution in complete media) was added to each well and incubated for 4 hours in
the dark inside the same incubator containing a humified atmosphere, 37°C and 5%
CO>. The MTT solution was removed after the incubation, and 100 pul of DMSO
was added to each well to dilute the formazan for 10-15 min on a slowly moving
incubator at room temperature. At last, the plate was read with a spectrophotometer
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(Chromate, Software version, company) and measured at 570 and 630 nm
wavelength.

xxii) Analyzing the product in vitro

According to the gold standard enzymatic digestion protocol, Fat (5 ml) samples
from N = 11 patients were treated with Collagenase type 1, FC, and Liberase for 45
min at 1x concentration. The number of nucleated cells inside the pellet after type-
1 collagenase digestion at pO was higher than Fidia collagenase (Figure 34. A) but
lower than Liberase digestion. In the case of cell yield, the type 1 coll digested cells
were considered standard; compared to this, the liberase outlined several cells were
more, and FC cells were less (lower table of Figure 34. A). Also, a similar situation
was observed for the colony-forming-unit assay (upper two bar charts, Figure 34.
B), where the number of colonies for FC digested lipoaspirate was lower than the
other two collagenases after two weeks. The lower two bar charts of Figure 34. B
comprehend the same result showing the CFU efficiency in percentage. Cell yield
(lower graph, Figure 34. C) and proliferative capacity (upper diagram, Figure 34.
C) show that cells digested with FC took more days to reach the same number of
cells compared to the other two collagenases, i.e., type-1 and Liberase. This means
FC digested cells (45 min) take longer to proliferate in vitro compared to the two
types of collagenases. The typical multi-well plate for the CFU assay is shown in
Figure 34.D and, Figure 34. E is the magnified image of 1 colony from the 12 multi-
well culture plates. All the experiments were repeated three times to ensure
consistency.
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Figure 34. Evaluation of FIDIA Collagenase efficiency using the "gold standard" protocol (1x,
45”); A. Comparison of the number of nucleated cells/ml of fat at PO among FC, Type 1 and
Liberase digested cells; B. Colony-forming unit assay for all the coll digested cells and their
efficiency. Percentage of CFU contained in the enzymatically digested pellet. Results are
presented as the mean and error bars one standard deviation; C. Proliferative capacity of the
digested lipoaspirates until day 14; D. Representative image of a colony-forming unit assay
inside 12-Well plates; E. An amplified image of a colony from Figure 1.D, i.e., CFU observed
with a light microscope with Toluidine Blue staining (4x magnification)

After digesting the standard protocol, we wanted to see what happens by increasing
digestion time, so lipoaspirates from N=5 patients were treated with FC for 90 min
at 1x concentration. In contrast, for type 1 and liberase, the time was 45 min. Post
digestion, the number of nucleated cells inside the pellet of FC at p0O was almost
like that of liberase digested cells and more than type 1 collagenase digested cells
(upper bar diagram, Figure 35. A). So, the cell yield shows the same result (lower
bar diagram, Figure 35. A). However, after two weeks for the liberase treated cells,
the number of colonies was more than FC and type-1 collagenase (Figure 35. B).
Also, the growth curve (Figure 35. C) shows that to reach 10x10° cells, the
collagenase type-1 and Liberase treated cells took less time than the FC. However,
at p0, the cell count was good for the 90-min FC digested cells; in the long term,
their growth rate was slower than the other collagenase digested cells.
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Figure 35. Evaluation of the efficiency of FC digested cells by increasing the incubation time
from 45 min to 90 min at 1x conc; A. Comparison of the number of nucleated cells/ml of fat at
PO among FC (90 min digestion), type 1 and Liberase derived cells (45 min digestion), the
lower table of 2. A states the cell yield considering type 1 coll as control; B. Colony-forming
unit assay for all the coll digested cells and their efficiency at days 7 and 14. Results are
presented as the mean and error bars one standard deviation; C. The lower graph shows the
growth and proliferative capacity of the digested lipoaspirates until day 14; FC digested cells
took more days to reach confluence (similar number of cells like type 1 and liberase digested)

Fat (5 ml) samples were treated with all three collagenases for 45 min, but the
concentration of Fidia collagenase was increased to 2x. The number of cells/ml of
fat inside the pellet from FC treated fat at pO was higher (Figure 36. A) than
collagenase type-1 and Liberase treated fat. The cell yield (lower table of 37. A
comprehend the same result). The number of colonies and the CFU efficiency after
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two weeks derived from the Fidia collagenase treated fat was more than Liberase
and type-1 collagenase (Figure 36. B). The FCDC proliferated at a similar rate as
the type 1 collagenase, i.e., around day nine, they became confluent.

In contrast, the liberase treated fat-derived cells took a long time to become
confluent (36. C). The growth curve of Figure 36. C shows that to reach 10x10°
cells, the collagenase type-1 and Liberase treated cells took more time than the
FCDC.
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Figure 36. Evaluation of the efficiency of FC by doubling the enzyme concentration (2x) but
keeping 45-minute incubation time; A. Comparison of the number of nucleated cells/ml of fat
at PO among FC, type 1 and Liberase derived cells (45 min digestion), the left lower table of
37. A state the cell yield considering type 1 coll as control; B. Colony-forming unit assay for
all the three coll digested cells and their efficiency at day 7 and 14. Results are presented as
the mean and error bars one standard deviation; C. The upper graph shows the proliferative
capacity, and the lower graph shows the growth rate of the digested lipoaspirates-derived cells
until day 14
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Figure 37: Evaluation of the efficiency of FC by doubling the enzyme concentration and
decreasing the incubation time to 20-min

To determine whether FC preserves the integrity of the membrane and surface
proteins, the expanded ADAS (around 250,000 cells) from passage 4 were digested
again with all three collagenases for 30 min. They were checked for viability at p0
with trypan blue (Figure 38. C), followed by growing again to check CFU (2
weeks), MTT test (after 24h) and to observe population doubling time. The number
of colonies was the highest for the 2x FCDC, whereas liberase digested cells
produced fewer colonies—figure 38. C shows the trypan blue viability test of cells
pre- and post-digestion with enzymes at PO. The cells derived after FC digestion
were more viable and comparable to the others. MTT was performed to check cell
viability, proliferation, and cytotoxicity. The liberase digested cells (Figure 38. F)
were also less viable and more toxic than others. However, Fidia 0.5x and 1x were
almost similar viable. The colony-forming unit test also showed (Figure 38. A, B)
that the cells treated with a 2x concentration of FC gave a maximum number of
colonies and efficiency in comparison with the others. The cell proliferation
capacity (Figure 38.D) and population doubling time (Figure 38. E) were highest
for the liberase digestion, which means FCDC took more time to double than
liberase & type 1 digestions. All the results were compared to control (CTR). The
differences are all statistically significant vs the CTR.
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Figure 38. Evaluation of expanded ADAS treated with collagenases for 30 min A. Colony-
forming unit assay after 14" day; B. Colony-forming efficiency of the different collagenases
after two weeks; C. Trypan Blue viability assay after 30” of digestion of expanded ADAS; D.

Proliferation capacity of the expanded cells; E.

Population doubling time analysis; F. Cell

viability checked with MTT assay for the expanded digested ADAS
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Figure 39. A shows the viability of cells with trypan blue after 20-minute digestion
of the expanded ADAS. The number of colonies increased for all three
concentrations of the FCDC and decreased for the Liberase and type-1 collagenase
digestions. For the viability check with trypan blue (Figure 39. C) and MTT (Figure
39. F), the 0.5x and 1x digested cells were more viable. However, the 2x FCDC
was a little less viable than the others.
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Figure 39. Evaluation of expanded ADAS treated with collagenases for 20 min. Figure A shows
the difference among the CFU-F, while Figure B shows the treated cells’ pre and post digestion
viability. Figure C is the MTT viability test result.

N = 3 patient’s lipoaspirate was mixed and was treated with all the three kinds of
collagenases; for the Fidia collagenase, three different concentrations (0.5x, 1x, 2x)
were considered to compare the result. Figure 39 suggests that the viability was
highest for the ADSC was highest for FCDCs than the others, and in the case of
Liberase, it was the lowest.
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Figure 40. Viability of mixed B

ADSC; A. The bar represents ~ wom s Apscs
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viability of cells from mixed 500 87,07+6,14
ADAS compared to other ¥ 82,40 + 3.60
digestions B. Representative 3, =
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and Liberase

The colour generation in the multi-wells after MTT assay was seen clearly in
different wells for different enzymes. The table shows that FCDC after 20-minute
of type-1 was more viable than that of the 30-min digestion, whereas, in the case of
liberase, it was the opposite.

ADSC Mixed 100,00 +0 100,00 +0

Fidia 9645 +9,68 8707 +6,14
Fidia x2 9542 +£623 8240 +3,60
Fidia/2 9478 +1033 88,80 +345
Collagenase 86,46 +14,.84 80,31 +933
Liberase 46,16 +6,35 50,99 +8,03

Table 5: MTT assay; Viability (%) after 24h

While comparing the MTT viability results, it was observed that viability of the
mixed ADSCs was highest for both 20 and 30 mins of digested cells while Liberase
treated cells were least viable (Table 5)
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Discussion

Although the enzymatic method, which has been used for 40 years in the laboratory
to isolate cells, is the best method available, it is not compatible with clinics due to
the long-lasting procedure and legal restrictions %8 °5%2, Furthermore, it destroys the
stem-cell niche, which is the microenvironment surrounding the stem cell, allowing
interactions with neighbouring cells and promoting cell survival, proliferation, and
differentiation 63%4. Many efforts have been made to establish a mechanical method
with a yield comparable to collagenase. Unfortunately, so far, none of them has
exhibited the same performance. In addition, to use it in clinics, the method must
be fast, safe, and standardised. Rigenera® addresses all these requirements. This
technology allows the mechanical disaggregation of a small amount of adipose
tissue previously harvested from the same patient. Rigenera® technology provides
selective filtration, applying a filter of 80 um, and the product is collected from the
reservoir located at the bottom of the Rigenera® device, making it a safe and closed
device. The Rigenera® device can be used for various problems, such as ulcers,
alopecia, and post-traumatic skin defects %570,

The product obtained with this technology consists of fragments of connective
tissue (collagen and elastin fibres) and isolated cells (Figure 4), among which
mesenchymal-like cells are considered the primary agent responsible for the
regenerative potential of the product 3-8, Therefore, this study was conducted to
characterise cell viability, morphology, and immunophenotyping of the
mesenchymal-like cells obtained with the Rigenera® device.

We optimised the operating time, demonstrating that, to obtain a higher yield of
cells, the best choice is the mechanical disaggregation of adipose tissue for 60 s.
Indeed, processing the adipose tissue by the ceramic blades contained in
Rigenera® for 60 s, we obtained a higher number of cells with better replication
capacity compared to the 30 and 45 s treatments. We hypothesise that a short sample
processing time is not enough to produce the proper mechanical disaggregation of
fat tissue, allowing only a partial extraction of cells contained within it. These
limitations could affect the clinical product’s efficiency.

We also proved that Rigenera® treatment does not affect the cell morphology since
the cell appearance under the microscope was not altered and was preserved over
time (passages higher than the ninth). In addition, when plated in a flask, the cells
obtained by the Rigenera® device were able to grow, forming clusters, which is a
typical feature of mesenchymal cells, named the colony-forming capacity.
Moreover, the differentiation potential of cells extracted with the Rigenera® device
towards adipogenic, osteogenic, and chondrogenic lineages was demonstrated.
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Unfortunately, the cell yield and, thus, the meantime of confluence was lower than
that of the enzymatic method. Still, the replication rate was comparable at higher
passages (from the tenth passage). The typical mesenchymal stem cell markers
(CD105, CD90, CD73, CD44, and CD29) and the hematopoietic markers (CD45
and CD34) were preserved like the collagenase method over time. Therefore, no
alteration in the ASC phenotype was observed.

Moreover, an average expression of the MUSE-SSEA3 antigen was detected.
MUSE cells are a subpopulation of mesenchymal stem cells, double-positive for
the mesenchymal marker CD105 and the pluripotency marker stage-specific
embryonic antigen-3 (SSEA-3), discovered by Kuroda in 2010 **. They are known
to be pluripotent, i.e., they can differentiate into cells belonging to the three germ
layers and can endure stress, such as oxygen deprivation. They could be considered
the primary agent responsible for regeneration and reparation **' *2, Together with
multipotent cells, MUSE cells allow a significant advantage in tissue regeneration,
as MUSE cells are present in various connective tissues. This provides safety and
ethical benefits for clinical applications.

Finally, since surgeons harvest adipose tissues from various anatomical districts ",
we compared the cells' regenerative potential obtained from the thigh and abdomen.
Although subcutaneous regions are considered the most appropriate sites to harvest
adipose tissue’*"2, we demonstrated the ASC yield (in terms of the number of cells
extracted, replicative rate, and number of CFU) from the thigh was higher than that
from the abdomen, using the Rigenera® device. In addition, we found that the
progenitor cell frequencies (the ability to form colonies) were higher in ASCs
extracted from the thigh. These ASCs could produce more colonies containing more
significant numbers of cells compared to those from the abdomen. Moreover, the
immunophenotypic analysis confirmed that a much higher yield of ASCs was
obtained from thigh samples. However, both the samples (thigh and abdomen)
expressed a phenotype profile specific for ASC markers.

Moreover, a difference between cells obtained from the thigh and abdomen was
appreciable in cell morphology: abdomen cells were flatter and more widely spread
in the flask. This large and flat cell morphology is reflected in the lower replication
rate (number of cells at confluence) and the more significant time required to reach
confluence than cells extracted from the thigh. These results demonstrated the
characteristics of senescent cells . These differences could be since the thigh is
often a virgin extraction site. The adipose tissue remains more uniform, with a
thinner collagen matrix than adipose tissue obtained from the abdomen. This results
in a tissue that is easier to process with the Rigenera® device.

Regenerative medicine involves several activities to repair, regenerate, or
substitute damaged tissue or organs using ex vivo manipulated cells 7. We
wanted to investigate a well-known commercial system (Rigenera®) to obtain
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SVF by mechanical disruption of canine adipose tissue without substantial
manipulations comparing, in addition to the obtained micrograft to ASCs.

Before the procedure, blood and any cellular debris are removed to depurate
the adipose tissue, preventing inflammatory activity, and maintaining graft
sustainability via various enzymatic and mechanical techniques. Typically,
collagenase enzymatic digestion is the most common and effective method
available. However, it is not without limitations.

The enzymatic digestion via collagenase can eradicate the stem-cell niche
competent in relating to the surrounding cell environment and enhancing cell
viability, expansion, and differentiation 8. Furthermore, GMP guidelines of
the European Parliament and Council (EC Regulation no. 1934/2007) strictly
indicate the use of techniques with minimal cell manipulation within a clinical
context, thus excluding the adoption of enzymatic methods.

Accordingly, many efforts have been made to develop medical devices able to
disaggregate tissue mechanically. The Rigenera® (HBW, Turin, Italy) system
presents a disposable, motor-driven sterile device that deserves to be
considered °. Injectable micrografts are instantly produced and consist of
fragments of adipose tissue with a dimension of 80 um capable of stimulating
the regeneration of damaged tissue *°.

This study thus was focused on the in vitro characterization between the proposed
treatment and the gold standard enzymatic digestion in terms of cell yield, CFE,
proliferation capacity, immunophenotyping, multipotency and anti-inflammatory
activity. Additionally, adipose tissue samples were harvested from two anatomical
regions (the lumbar and the thigh) to evaluate differences in the regenerative
potential.

Our results showed that the cell yield, and thus the number of CFU, the
proliferation capacity, and the time required by cells to duplicate, were higher
for ED cells compared to Rigenera® cells, pointing out the main limitation of the
treatment. Nevertheless, this restriction was not due to the Rigenera® technology
alone, but as reported in literature * *, all non-enzymatic methods show lower
cell recovery than enzymatic methods.

Some authors %6 129 clarified that the differences might be partly related to the
SVF cell site within adipose tissue in the perivascular niche. Similar cell
release from the perivascular niche is not commonly observed within the
mechanical procedures of SVF isolation since the enzymatic method does not
allow for complete disruption of the extracellular matrix due to the use of
proteolytic enzymes digesting the extracellular matrix and withal consolidating
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the adipose tissue. In light of these findings, the setting and application of an
appropriate protocol are imperative.

Besides, in terms of cell yield, a slight difference between cells obtained from
the lumbar and the thigh regions was detected from both ED and Rigenera®in
favour of the thigh part, most likely attributable to the thigh being a new
reserve site regarding extraction and to the uniformity of the adipose tissue
and a thinner collagen matrix, consequently yielding more accessible tissue
114 "We confirm how cells extracted via the Rigenera® device may easily
differentiate. Results showed the comparable ability of both ED and Rigenera®
cells to differentiate to mesodermal lineages through staining with oil red o,
Alizarin red and Alcian blue for osteo, adipogenic and chondrogenic
recognition, respectively. For this reason, multipotent cells will efficiently
regenerate and repair tissue. Moreover, the immunophenotypic analysis

attested that cell from Rigenera® Was highly positive for the mesenchymal
stem cells markers CD73 and CD90, low positive forhematopoietic CD45 and
CD34, and negative for MHC class Il antibodies, playing a role inimmune
responses.

Finally, the study did not show statistically significant differences between the
lumbar and the tight regions from which samples were collected except for the
mentioned cell yield.

Autologous, adipose tissue-derived micrograft, obtained with the Rigenera®
technology, represents an innovative approach that introduces an entirely novel
concept in regenerative medicine, showing minimal tissue manipulation's safety
and potential benefits. The impressive in vitro outcomes demonstrated that this
technology might be used to restore functionality and relieve pain in dogs with
severe OA. Additionally, such a procedure is a straightforward, rapid, and
sustainable one-step method (as well as being a minimally invasive and secure
option) compared to the enzymatic process, which, albeit consolidated as a method
for 40 years, remains inoperable in clinical settings due to the time-consuming
applications, legal limitations, and scientific constraints. Our future work will
involve an in vivo experimental study to perform the dog model’s clinical, eco-
graphic, and sonographic evaluations.

A relevant aspect of the Hy-Tissue SVF product study was the detection of micro-
fragments in the SVF pellet. Indeed, the morphological characterisation of the SVF
product revealed the presence of the micro-fragments of connective tissue that
preserved part of the original architecture of adipose tissue with multiple cell types
but without mature adipocytes. Only a few small adipocytes (probably pre-
adipocytes were observed by the SEM microscopy). We also found the presence of
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preserved micro-vessels within the micro-fragments with the perivascular niche left
unaltered. We believe that the presence of the perivascular cells could represent an
essential feature of the Hy-Tissue SVF product since perivascular cells have MSC
in vivo *°. Furthermore, Micro-grafts of fat could have a superior therapeutic
potential for tissue repair and regeneration compared to enzymatically extracted
ADSCs by the enhanced secretory activity of growth factors and cytokines of the
cells 149,

Moreover, ADSC in their niche prolong the long-term survival of their ADSC
content and induces a long-lasting anti-inflammatory activity 4. Other authors
suggest that endothelial cells and ADSC in the SVF could be advantageous since
they can cause proliferative, pro-angiogenic and vasculogenic effects through
paracrine mechanisms and cell-cell contact 214 Additionally, the fat of the
extracellular matrix plays an essential role in the effectiveness of some indications,
such as the healing of chronic and acute wounds promoting the healing by the
differentiation of multipotent cells into fibroblasts 4" 48 Moreover, the
employment of autologous micro-fragmented adipose tissue with SVF in patients
with knee OA increases the levels of GAG in cartilage, reducing pain and improving
movement abilities 42,

To control variables that could affect the cell yield, only a narrow range of ages was
included in our study for women. Besides, lipoaspiration was done by the same
physician and using the same technique. It is known that intrinsic factors such as
anatomic donor site, harvesting technique, and age can affect the cell yield of the
SVF product %15 A normal lipoaspirate can yield between 1 x 10° up to 1 x 10°
nucleated cells/ml processed lipoaspirate 2%, which represents a high variability,
probably due to the nature and complexity of adipose tissue and intrinsic factors.
Besides, the yield of ADSC from an enzymatic digestion process can be between
1-5% of the total nucleated cells, depending on the donor site 8. However, we
found a high variability between fat samples regarding cell content and yield even
controlling these variables.

In our study, we recovered up to 25% of the total stromal vascular fraction (131.200
cell/ml fat) when both fractions (free cells and micro-fragments) were considered,
compared to the stromal vascular fraction obtained by enzymatic digestion,
suggesting that the process of the Hy-Tissue SVF system was highly efficient for
separating nucleated stromal cells. Other mechanical methods produce similar or
less nucleated cells yield than Hy-Tissue SVF. For instance, Markarian et al.
examined a non-enzymatic procedure with centrifugation that recovered near
10,000 nucleated cells/ml of lipoaspirate °°. Baptista et al. reported a similar
proportion to our results of adherent cells obtained by enzymatic digestion vs the
mechanical manual method evaluated (10:1) °. Shah et al. evaluated a similar
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method using PBS instead of RBC lysis buffer and reported an average of 25,000
ADSC/ml of processed lipoaspirate %1, Raposio et al. isolated about 125,000
nucleated cells per ml of processed lipoaspirate. About 5% of these cells were
probably progenitor cells detected by flux cytometry but not confirmed by CFU-F,
which, in turn, is a more reliable technique for identifying multipotent cells 62,

Due to the high variability in methods and results °3, we considered that the most
reliable and best comparator were the results obtained for the FAT-ED of each
lipoaspirate rather than the results of other described adipose-processing platforms.
In our study, the mean CFU-F yield obtained in the SVF was ten times lower
compared to CFU-F yield obtained by the enzymatic digestion of fat tissue, which
is a reasonable yield value considering that mechanical forces are not efficient for
releasing cells attached to their natural matrix niche %4 and that cells can be retained
in the phase of condensed adipose tissue (Coleman-like) formed after
centrifugation. However, this result does not necessarily imply an inferior potential
of mechanical SVF for therapeutic purposes. For instance, the doses of expanded
ADSCs used in clinical trials are much higher than any system producing SVF 1%
186 However, both products (ADSCs and SVF) have shown similar profile
improvements in pain, function, stiffness, and quality of life in comparative clinical
trials, suggesting that the ADSCs dose is not the most relevant variable for
obtaining a therapeutic effect 3 7. In vitro, ADSCs obtained by mechanical
dissociation proved to have immunosuppressive properties like those obtained by
enzymatic digestion®®®. In a randomised clinical trial, SVF obtained with the Hy-
Tissue SVF kit was an effective treatment for recalcitrant Achilles tendinopathy *6°,
The previous study also demonstrated the immunomodulatory potential of SVF in
co-culture systems with activated lymphocytes by the reduction of secretion of IL-
6.

It is well known that CD34 is a marker of the stromal cell-containing population*?®,
In this sense, the detection of CD34+ expression in the free cell fraction of SVF,
together with CD73 and CD105, the latter two being classical MSC markers 17°,
suggests that the free cells of this fraction contain not only nucleated blood cells of
hemopoietic origin but also stromal cells. Moreover, in the free cells fraction of
SVF, cells are positive for the endothelial marker (CD146). Together with stromal
cells, endothelial cells are crucial for the long-term viability and proliferation of
MSC 143 144 gubsequent studies should be devoted to characterising enzymatic
digestion, which probably would have provided a more reliable profile of the total
type of cells of the Hy-Tissue SVF product, such as pericytes fraction, which was
very low in our analysis.

The main limitations of our study were the small patient population and the no
discrimination of peripheral blood cells from the cell’s free fraction. However,
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considering that the cell-free fraction was around 30% of the total nucleated cell
content of SVF and that near 10% were positive for CD34, we estimated that the
blood contamination was less than 25% of the whole cells, which in our opinion, is
not relevant considering the high variability of the adipose tissue. Finally, although
this study characterised the product at a morphological, structural, and cellular
level, further application studies aimed to investigate the product's functionality are
necessary.

We demonstrated that our experimented innovative device allows the isolation of
stromal vascular fraction in free cells and micro-fragments of connective tissue
containing stromal cells and extracellular matrix, making this product of potential
interest in regenerative medicine.

A histological examination from the Hy-Tissue SVF product confirms the presence
of newly formed adipose tissue and micro-vessels. HA1+SVF stimulates in vivo
adipogenesis after 14 days of injection, whereas HA1 were reabsorbed within seven
days. HA2 were reabsorbed within seven days. HA2+SVF stimulates in vivo
adipogenesis after 14-30 days from the injection. Histological examination
confirms the presence of newly formed adipose tissue interposed with the collagen
matrix.

No evidence was found of newly formed adipose tissue after 14 days from the
injection of HA+ASC (Figure 26, top left). But mice injected with only HAs were
shown to have some fat like signs as ‘dense white’ form, which was confirmed
when a spot (Red box, Figure 26) was analysed and was compared with literature.
The subcutaneous injection of micro-fragments of connected adipose tissue
enriched with SVF (product of Hy-Tissue SVF kit) promotes in vivo adipogenesis.
Hyaluronic acid supports adipogenic stimulation in vivo and stimulates adipogenic
differentiation in vitro. No evidence of newly formed adipose tissue was found after
HA+ASC. HA3+SVF stimulates in vivo adipogenesis after seven days from the
injection. HA3 was reabsorbed within seven days. Histological examination
confirms the presence of newly formed adipose tissue and micro-vessels.

Nanofat is a well-described and straightforward procedure that allows the injection
of small adipose tissue volumes. The product obtained is an emulsion 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 . Thanks to its
fluid consistency, surgeons promoted nanofat for face treatments, rejuvenation,
volume restoration, wrinkles, hypertrophic and atrophic scars, and defects
correction 178181,
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Hy-Tissue Nanofat is a new, simple system that drastically reduces adipose tissue
processing time and guarantees regenerative units' survival. The device reduces the
size of the fat micro-fragments obtained after emulsification by shuffling the
lipoaspirates 30 times between two connected syringes and filtering the emulsified
adipose tissue through a membrane of 120 um. In this study, a deep characterisation
has been performed, and the abundance of regenerative cells has been described.

Morphological analysis of the fat emulsion shows the presence of lipid droplets of
different dimensions, mainly ranging between 60 and 100 um, making the product
easy to inject into the desired location with high precision and suitable for injection
under challenging times areas with thin skin.

In vitro results obtained with the Hy-Tissue Nanofat system have been compared
with the results obtained through enzymatic digestion (collagenase type 1),
considered the standard gold technique to purify mesenchymal stem cells 200201
and with the enzymatic digestion of filtered emulsion. 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 product.

We were studying the Hy-Tissue nanofat device, and we saw that the cellular yield
of the Hy-Tissue Nanofat product resulted in about 8% (N-ASC), which increased
by 29% after the enzymatic digestion of the emulsion (N-ED-ASC), suggesting that
the system was highly efficient for extracting nucleated cells. Indeed, the number
of N-ED-ASC resulted in 1.25x10° + 4.65 x10* cells employing 10 ml of
lipoaspirate not so far from the results obtained in Tonnard et al. 2013 ' for 100
ml of lipoaspirates.

Subsequently, duplication and clonogenic assays have been performed to
characterise units presented into the Hy-Tissue Nanofat product. N-ASC's growth
rate and clonogenic capability resulted lower than ED-ASC, which agrees with
cellular yield results since mechanical emulsification is not as efficient as an
enzymatic procedure to extract cells from their collagen matrix 193292, Nevertheless,
comparing the CFU-F assay of N-ED-ASC with N-ASC, the colony yield increased
11-times. It is only 2.6 times lower than CFU-F obtained with ED-ASC,
reproducing the real clonogenic potential of the Hy-Tissue Nanofat product.

Previous studies established that CD34" cells represent a stem cell population with
higher proliferative capacity. According to the literature, the immunophenotypic
analysis of N-ASC reveals 3.37 + 1.67% of CD34+ expressing markers. Tonnard
et al. have reported 4.5 to 6.5% of CD34" cells in nanofat product. Moreover, a non-
statistically significant difference has been noted between the treatments. When

101



cultured, cells acquired a mesenchymal solid stem cell phenotype, increasing the
expression of specific surface markers (CD73, CD105 and CD 29) and confirming
phenotype maintenance. 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 5 and 10 days from
specific media induction. N-ACS can efficiently differentiate starting from the 5%
day, underling a higher differentiative potential comparable with cells
enzymatically extracted. Usually, the uptake of lipid droplets, a marker of
adipogenic differentiation, is revealable between 10 and 14 days after media
stimulation 17°182:192.193 '\hile the calcification and proteoglycan matrix formation
are detectable after 21 days 182192193,

In addition, N-ASC were immunophenotypically analysed for SEEA3 expression
as a specific marker for a subpopulation of mesenchymal stem cells called MUSE
cells 194198203 These cells are composed of pluripotent mesenchymal stem cells,
able to migrate in damaged areas, as described in different preclinical and clinical
models 2°42% 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 1°2 7. These cells differentiate in numerous tissues, not
only of mesenchymal origin, in a short time and could support the results obtained
with differentiation assay. The use of fat emulsion enriched MUSE cells in
regenerative medicine could represent a novel aspect, increasing the treatment
efficacy and the recovery time. A deeper analysis is necessary to understand the
mechanism that undergoes high differentiative potential and MUSE expression.

These results indicate Hy-Tissue Nanofat as a rapid, standardised, efficient system
able to produce fat-emulsion rich in viable, proliferative, and multipotent ASC.

We have optimised these three devices (Rigenera, Hy-Tissue SVF and Hy-Tissue
nanofat) to produce the re-injectable product from adipose tissue for autologous fat
grafting. Products from all these devices have a positive result in vitro. However,
the device ‘nanofat’ took comparatively less time to give us the re-injectable effect,
and the handling was more accessible too.

Adipose tissue is unique as a source of MSCs. Historically, the fat was relegated to
energy storage and structural supportive roles. However, enzymatic dissociation
and centrifugation of adipose, yielding a single-cell suspension, called the stromal
vascular fraction (SVF), allowed the characterisation of its cellular components,
including the adipose-specific MSC: the adipose-derived stromal cell (ASC) 2%,
One gram of adipose tissue obtained with minimally invasive liposuction yields
approximately 5000 putative stem cells, which is 500 times greater than the number
of stem cells isolated from 1 g of BM 2. Thus, adipose offers autologous
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mesenchymal progenitors with multilineage differentiation potential in unrivalled
quantity, accessibility, and expandability. In 1964, Martin Rodbell described the
first enzymatic dissociation of murine adipose tissue into a single-cell suspension.
Since then, many studies have demonstrated reproducible collagenase digesting and
isolating cellular fractions either intact (and subsequently minced) or aspirated with
tumescent liposuction. The uncultured SVF consists of leukocytes, erythrocytes,
endothelial cells, perivascular cells, a particular interest, putative stem, and
progenitor cells.

Spindle-shaped cells attach and expand when the heterogeneous SVF cells are
cultured in plastic. These cells, selected by plastic adherence, are ASCs '8 Previous
studies have reported using the enzymatic digestion of lipoaspirate material to
separate the SVF from adipocytes before using both the SVF and adipocytes as part
of the autologous graft. Typically, the enzymatically isolated SVF is added to
adipocytes that have not been enzymatically digested (a reserved portion of
lipoaspirate). Still, reports have described the use of collagenase-digested
adipocytes as part of the graft.

In their practice using collagenase-digested adipocytes to surgically correct
infraorbital dark circles, collagenase digestion of the adipose tissue increased the
contouring ability of the fat graft by making it a ‘more liquid filler’ they reported
safe and productive results. Although SVF/ adipocytes harvested from collagenase-
digested lipoaspirate is not currently approved by the United States Food and Drug
Administration (FDA), collagenase has gained acceptance in the treatment of
Dupuytren contracture and Peyronie disease. Furthermore, with the increasing use
of enhanced fat grafting, specifically in large volume reconstructions and in cases
with patients who have minimal adiposity, it will be essential to study the effect of
collagenase digestion on the adipocytes. In such circumstances, it may be necessary
to use all the fat harvested from the patient, including that used to obtain SVF, to
have adequate volume for grafting. Future studies on collagenase-digested
adipocytes and SVF may provide grounds for FDA approval of collagenase-isolated
SVF and adipocytes in fat grafts.

The in vitro effect of collagenase digestion on adipocytes and SVF for both human
and murine adipose tissue.*® We found that increasing the duration of collagenase
digestion is detrimental to both the SVF and the adipocytes, causing decreases in
the viability of both interstitial cells (which comprise the SVF compartment) and
adipocytes. Collagenase digestion affected both adipocyte and interstitial cell
viability in a dose- and time-dependent manner. For human tissue, the viability of
adipocytes and SVF was significantly decreased when collagenase digestion times
exceeded 50 min. Although our in vitro studies were the first to indicate the
potentially detrimental effects of collagenase digestion on SVF and adipocytes, it
is imperative to consider the impact of collagenase digestion on in vivo graft
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survival. To our knowledge, no studies have examined the effect of collagenase
digestion on in vivo graft survival.

Tissue regeneration includes delivering specific types of cells or cell products to
injured tissues or organs to restore tissue and organ function. Stem cell therapy has
drawn considerable attention since transplantation of stem cells can overcome the
limitations of autologous transplantation of a patient’s tissues; however, it is not
perfect for treating diseases.

Our objective of this experiment was to standardise an enzyme (FC) which, after
digestion, maintain the surface protein of the cells similar or better than the typical
Collagenase type-1 and Liberase (Company name of Liberase that we used) and
preserves the natural regenerative content of ADAS by maintaining the intact cell
membrane within a short period and easy to be used.

In this study with new collagenase, we demonstrated that the product obtained after
the further Fidia Collagenase digestion could be compared to the existing two other
collagenases because it has isolated live and proliferative adipose-derived
mesenchymal stem cells, which could replace the type 1 collagenase. Furthermore,
it also has the potential to be promising in aesthetic and regenerative medicine,
which enhances its possible use for autologous fat grafting to be used by plastic
surgeons in their medical purposes.

Ethics statement

Written consent was taken from all the patients undergoing liposuction to avail the
adipose tissue for our experiment.
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