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ABSTRACT

Regenerative medicine represents a promising medical science field, focusing on repairing, replacing
or regenerating damaged tissues and organs. Among the most promising strategies are Autologous
Platelet Concentrates (APCs), widely used for the infiltrative treatment of Knee Osteoarthritis (OA)
to improve tissue healing and relieve pain, and Bone Marrow Aspirate Concentrates (BMACs), for

the treatment of Critical Limb Ischemia (CLI).

APCs have demonstrated potential in enhancing tissue healing by promoting cell proliferation,
angiogenesis, and collagen synthesis, making them valuable in musculoskeletal injuries, chronic
wounds, and cartilage repair. BMACs, a source of mesenchymal stem cells and hematopoietic
progenitors, offer significant regenerative capabilities, particularly in orthopedic and cartilage repair,

through cell differentiation and tissue remodeling.

My doctoral thesis focuses on two studies. In both cases, a panel of cytokines, chemokines, and
growth factors (GFs) was determined to identify biomarkers predictive of clinical outcome in grade |

OA and CLI patients.

In Study 1, the Numeric Pain Rating Scale (NPRS) was evaluated as a clinical readout before and after
APC infiltrations. Lower white blood cell count (WBC) and higher Monocyte-chemoattractant
Protein-1 levels in peripheral blood (PB) were associated with APC-induced pain relief. Platelet-
derived Growth Factor (PDGF) levels in APC were significantly higher in OA patients displaying larger
NPRS reduction, independently of platelet count. Finally, simultaneous determination of PDGF,
Vascular Endothelial Growth Factor, and Macrophage Inflammatory Protein-1ain APC discriminated
OA patients with very poor and no response. Thus, platelet-released GFs rather than platelet count

may predict clinical outcomes in grade 1 knee OA.

In Study 2, bone marrow (BM) samples were collected before and after cell concentration with the
Sepax-2 instrument. In parallel, peripheral blood (PB) samples were collected at baseline (TO0).
Treadmill Test and Transcutaneous partial pressure of oxygen were evaluated as clinical outcomes.
POST-SEPAX samples showed a statistically significant increase in cell count and viability compared
to PRE-SEPAX samples. Inflammatory cytokines such as IL-1ra, IL-8, IL-10 and growth factors such as

bFGF, gCSF, and PDGF were found at higher concentrations in BM compared to PB. In bone marrow
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POST-SEPAX, among the released factors, IL-2 and TNF-a concentrations, negatively correlated with

TpcO2.

This study confirmed the useful application of stem cell therapy in improving pain and
revascularization in patients affected by CLI and promoted soluble factors, such as IL-2 TNF-q, as

prognostic factors in the management of pathology.



1. BACKGROUND
Regenerative medicine is an emerging interdisciplinary field of research and clinical
applications focused on the repair, replacement, or regeneration of cells, tissues, or
organs to restore impaired function resulting from defects, disease, or trauma. This
field integrates multiple biotechnological approaches, including growth factors, stem
cell therapies, tissue engineering, and cellular therapies, advancing beyond

traditional methods of transplantation and tissue replacement’.

Historically, therapeutic strategies were limited to autologous and allogenic
transplants: in the first case, they are constrained by the availability of donor tissue
from the patients, while allogeneic transplants are associated with significant
drawbacks, including high costs, the risk of immune rejection, and the need for
lifelong immunosuppressive treatment. Consequently, recent research has
increasingly focused on novel and less invasive strategies to achieve tissue

regeneration, with the goal of overcoming these limitations?2.

The gold standard in regenerative medicine focuses on restoring impaired anatomical
structures and inducing self-renewal processes within damaged tissues. This differs
from traditional medical practices, which typically focus on replacing damaged
structures rather than promoting their regeneration. The targets of regenerative
medicine and the conditions to which it is applicable are broad: degenerative articular
cartilage, ischemic, chronic degenerative and metabolic diseases, which lead to
organ failure. Furthermore, regenerative medicine is increasingly focused on
prevention and early intervention, emphasizing not only the treatment of existing
diseases but also the prophylactic restoration of tissue function before permanent
damage occurs. This approach offers the potential to mitigate the onset of chronic
degenerative diseases and prevent the need for more invasive interventions later in

life?.



1.1 Soluble Factors in Tissue Regeneration

The success of the wound healing process depends on growth factors (GFs), cytokines,
and chemokines, which are involved in a complex network of signaling pathways,
regulating cellular processes essential for tissue repair®. New strategies in
regenerative medicine focus on understanding and exploiting the therapeutic
potential of autologous growth factors. These peptide molecules are involved in

stimulating proliferation, chemotaxis, migration and wound healing.

1.1.1 Growth Factors

Growth Factors (GFs) are soluble, diffusible, polypeptidic macromolecules which are
produced by a great variety of cells. GFs are multifunctional and participate in tissue
repair and healing. They regulate key processes, such as mitogenesis, chemotaxis,
cellular differentiation and metabolism3. Their biological activity is mediated through
paracrine, autocrine, or endocrine signaling mechanisms, wherein they bind to
specific receptors on target cells, initiating a cascade of intracellular signaling events.
These signaling cascades regulate a wide array of cellular functions, including gene
expression, cell cycle progression, and extracellular matrix remodeling®. A deeper
understanding of the molecular interactions governing growth factors activity has
paved the way for the development of targeted regenerative therapies aimed at
enhancing wound healing and tissue regeneration, with the potential to improve

clinical outcomes and accelerate recovery #°,

1.1.2 Cytokines

Cytokines are soluble proteins with low molecular weight, that play a critical role in
cell signaling within the immune system and other physiological processes. They are
produced by various cell types, including immune cells (macrophages, lymphocytes,
and dendritic cells), endothelial cells, and fibroblasts, in response to infections,
inflammation, or injury. Cytokines mediate and regulate immune responses,
inflammation, hematopoiesis, and tissue repair by binding to specific receptors on
target cells . They can be classified into several families based on their structure and
function, including interleukins (ILs), interferons (IFNs), tumor necrosis factors

(TNFs), and chemokines 8.



1.2 Autologous Platelet Concentrates (APCs)

Platelets represent a natural reservoir of soluble mediators, including cytokines and
growth factors located within the a-granules. Platelets are involved in maintaining
vascular integrity by sensing and responding to endothelial damage and have
additional roles in wound healing and repair as well as activation of inflammatory and
immune response °. Platelet activation may occur at the site of injury with the release
of bioactive molecules, which synergistically act to promote tissue repair processes

and to modulate immune and inflammatory responses 1°.

Autologous Platelet Concentrates (APCs) can be defined as preparations derived from
specific centrifugation of the patient’s whole blood. The result is a biomaterial
containing high concentrations of platelets, as well as leukocytes and GFs, such as
PDGF, TGF-B1 and - B2, VEGF, FGF, and insulin-like growth factor-1 (IGF-1)>'1. The
efficacy of APCs in promoting wound healing and tissue regeneration has been the
subject of considerable scientific interest in recent years. Platelet concentrates may
be beneficial for tissues with limited blood supply, slow cell turnover, and limited
extracellular matrix repair, due to their ability to facilitate the recruitment,
proliferation, and maturation of cells involved in the regeneration of tendons,

ligaments, bones, and cartilage?.

APCs have several applications in the medical field, including stimulation of tissue
regeneration in orthopedics, dentistry, plastic surgery, ulcer healing, repair of
musculoskeletal injuries and treatment of osteoarthritis. The main advantages of
using platelet derivatives are their autologous nature and the simplicity of collection
and preparation. They can be classified into several different generations based on

their characteristics and the preparation methods required 3.

1.2.1 Platelet Rich Plasma (PRP)

The first generation of platelet concentrates includes Platelet Rich Plasma (PRP). PRP
is derived from the patient’s whole blood and is obtained by a two-stage

centrifugation process: separation and concentration? (Figure 1).



For the separation phase, the whole blood is collected in a sterile tube containing a
citrate-phosphate-dextrose anticoagulant solution and centrifuged at 5600 rpm. At

the end, a three-layer separation is obtained 4:

The first layer contains platelet-poor plasma (PPP) and represents 40% of the total

volume;

The middle layer is the buffy coat (BC) and contains platelets and leukocytes, making

up only 5% of the total volume;

The bottom layer is made of red blood cells (RBCs) and represents 55% of the total

volume.

—_— —_—
5600 rpm 2400 rpm

Red Blood
Cells
(RBC)

—‘ RBC

Venous blood sample

Figure 1. PRP preparation scheme. Venus blood is collected in a sterile tube containing a citrate—
phosphate—dextrose anticoagulant solution and is centrifuged first at 5600 rpm. Three layers are
formed: PPP, BC, and RBC. PPP, BC, and a small proportion of RBC are transferred to another tube
without anticoagulant. This is then subjected to centrifugation at 2400 rpm, which leads to the
formation of three distinct layers: residual RBC at the bottom, PPP at the top, and an intermediate
layer known as PRP. To obtain “activated” PRP, the platelets are first resuspended in an appropriate
volume of plasma, and then a mixture of bovine thrombin and calcium chloride is added to activate
the platelets®.

PPP and BC are aspirated with a sterile syringe and transferred into another tube
without anticoagulant, which is then centrifuged at 2400 rpm. This second step
concentrates the platelets at the bottom of the tube and produces three distinct
layers: residual RBC, PPP at the top, representing 80% of the total volume, and an

intermediate layer of buffy coat, known as PRP3>'4. PRP is then prepared by



resuspending the platelets in an adequate volume of plasma (2-4 mL), then a mixture
containing bovine thrombin and calcium chloride is added to activate the platelets,
resulting in ‘activated’ PRP. The PRP appears as a gel due to the incorporation of the
platelets into a fibrin network and only then is it ready for use. The concentration of

platelets and growth factors in PRP is 3-5 times higher than in peripheral blood*°.

Based on the platelet and leukocyte content, PRP can be further divided into two
categories: leukocyte-poor (or pure) platelet-rich plasma (P-PRP) and leukocyte- and
platelet-rich plasma (L-PRP). In order, P-PRP has a low-density fibrin network, a low
or absent leukocyte content, and platelets may be damaged during preparation. L-
PRP is characterized by a high concentration of leukocytes and platelets, while the

fibrin network remains relatively lose316.

PRP has been shown to contain numerous growth factors involved in tissue repair, but
it has a significant drawback: its preparation requires the use of anticoagulants and
bovine thrombin to induce fibrin polymerization, which can interfere with

physiological healing process?’.

1.2.2 Platelet Rich Fibrin (PRF)

The second generation of platelet concentrates is platelet-rich fibrin (PRF), which was
introduced by Choukroun in 2000 as an alternative to PRP!*. Venous blood samples
of 10 mL are taken without anticoagulants and centrifuged at 3000 rpm for 10 min
(Figure 2). At the end of this process, three layers are obtained: the lower layer
consisting of RBC, the intermediate layer containing the fibrin clot, known as PRF, and

the upper layer of plasma, PPP,



3000 rpm

Red Biood
Cells (RBC)

Venous blood sample

Figure 2. PRF preparation scheme. Venous blood samples of 10 mL are collected without the use of
anticoagulants and then centrifuged at 3000 rpm for 10 min. At the conclusion of this process, three
distinct layers are obtained: the bottom layer composed of RBC, the middle layer containing the
fibrin clot, referred to as PRF, and the top layer consisting of plasma, PPP.

In the absence of anticoagulants, the platelets are activated, and clotting factors are
released. Initially, fibrinogen is concentrated in the upper part of the tube before
exogenous thrombin converts it to fibrin, which is then localized in the center of the
tube between the red cell layer and the acellular plasma layer**°. The cellular
component of the PRF includes platelets, leukocytes, macrophages, granulocytes,
neutrophils, and red blood cells. Platelets contribute to the initial phase of healing,

while other cell populations participate in the anti-inflammatory phase.

1.2.3 Concentrated Growth Factors (CGFs)

The third and latest generation of platelet derivatives are Concentrated Growth
Factors (CGFs)?°. These are obtained by centrifuging the blood sample (8 mL) at
alternating speeds for 13 min (2 min at 2700 rpm, 4 min at 2400 rpm, 4 min at 2700
rpm, and 3 min at 3000 rpm) using a specific centrifuge, the Medifuge MF200 (Figure
3). At the end, three different layers can be observed in the sample?!: on upper layer
of plasma, PPP, a middle layer containing fibrin and growth factors, CGFs, and a lower
layer of RBC. The middle layer, CGF, can be further subdivided into the upper white

part, the lower red part, and the intermediate BC.
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Figure 3. Scheme of CGF preparation. CGFs are obtained by centrifuging the blood sample at
alternating speeds for a total of 13 minutes: 2 minutes at 2700 rpm, 4 minutes at 2400 rpm, 4 minutes
at 2700 rpm and 3 minutes at 3000 rpm. After this procedure, the sample separates into three
distinct layers: the top layer consists of plasma, PPP, the middle layer contains CGFs, and the
bottom layer consists of RBCs. The CGFs can be further divided into three parts: the upper white
part, the lower red part and the middle BC.

The process of alternating-speed centrifugations results in the formation of a denser
fibrin matrix containing more growth factors and cells compared to PRF and PRP*&22,
The fibrin scaffold acts as a dense network containing platelets, leukocytes, and
CD34+ cells?3. Growth factors that are more abundant in CGFs include PDGF, TGF-B1,
FGF-b, VEGF, IGF-1, EGF, and BMP. These are trapped in the fibrin matrix and released
gradually, ensuring that regenerative properties are controlled and sustained over
time, as well as reducing the risk of an inflammatory response associated with

excessive concentrations of growth factors3.

1.3 Mesenchymal Stem Cells for Tissue Regeneration

Recently, regenerative medicine has focused on research into minimally invasive
techniques to regenerate damaged tissues. A breakthrough in this direction has been
the use of stem cell therapy, which aims to regenerate damaged tissues and organs
with new cells derived from stem cell transplantation®?*. Numerous studies have
investigated Mesenchymal Stem Cells (MSCs) for tissue regeneration, including bone,
cartilage meniscus, tendons, ligaments, both in vitro and in vivo?*. Although stem cell
therapy represents a novel approach to tissue regeneration, its clinical application is
hampered by challenges, such as the limited survival and differentiation capacity of

transplanted cells. In addition, MSC therapies involve collection, isolation, and in
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vitro expansion of these cells to ultimately enable their transplantation. This clinical
use is also hardened by the potential contamination of the cell culture, the overall

duration of the whole process, and the high costs involved® (Figure 4).

MSCs are an ideal cell source for tissue regeneration. They are located in almost all
tissues, including bone marrow, adipose tissue, and synovium, and are easily isolated.
MSCs can differentiate into almost any end-stage cellular lineage to enable their
seeding in specific scaffolds. Their immunological properties, including anti-
inflammatory, immunoregulatory, and immunosuppressive capacities, contribute to

their potential role as immune tolerant agents?*.

g 3.
{ A ol ©
»‘ Treg Osteoblasts @®
NK ! Chondrocytes
o1t N, Boﬁglfnoasrfow F G
CD4'Th  TGF-B, VEGF, Synovium Stimulate " Neyrons
PGE2, HGF  4m Moo MSCs faslicks :
o TNF-q, IFN-y, UCB Mechanical —
Q IL-6, IL-8, IDO, stimulation, etc :
efe. ¥ Myoblasts
CD8* CTL etc.l S
)
i . e
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Figure 4. Schematic diagram of regenerative medicine based on Mesenchymal Stem Cells (MSCs).
The MSCs can be easily extracted from varies tissues, and the multilineage differentiation and

immunoregulatory properties of MSCs make them an ideal cell therapeutic candidate?°.

MSCs show a strong propensity to improve tissue damage in response to injury and
disease. Recent studies have suggested the capacity of MSCs to secrete soluble
factors that alter the tissue microenvironment. They can enhance regeneration ability
of injured tissues, stimulate proliferation and differentiation of endogenous stem-like

progenitors, decrease inflammatory and immune reactions?%27,

1.4 Endothelial Progenitor Cells for Tissue Regeneration

The role of Endothelial Progenitor Cells (EPCs) in regenerative medicine is increasingly
recognized as crucial in tissue repair and vascular regeneration. EPCs plays a pivotal
role in both neovascularization and tissue homeostasis by contributing to the repair

of damaged endothelium and promoting angiogenesis. EPCs are primarily mobilized
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from the bone marrow and peripheral blood in response to tissue injury or ischemia,
where they home to sites of vascular damage, incorporating into existing blood
vessels or facilitating the formation of new capillaries?®. Their function is mediated
through a combination of mechanisms including paracrine signaling, direct cellular
differentiation, and integration with endothelial cells already present at the site of

injury?® (Figure 5).

B. Vessel

C. Capillary

Figure 5. EPCs are bone marrow-derived cells that contribute to postnatal angiogenesis. EPCs (seen
in purple at A) can be mobilized from the bone marrow stroma by various growth factors and exit
through sinusoidal vessels. Once in the bloodstream (B), EPCs begin to differentiate (indicated by
the color change). Subsequently, these cells home to sites of angiogenesis in capillary beds (C) and
attach to the endothelium?,

In regenerative medicine, EPCs are being explored for their potential therapeutic
applications in a variety of conditions such as cardiovascular diseases, diabetic ulcers,
and wound healing, where endothelial dysfunction and inadequate blood supply are
major limiting factors. Moreover, the use of EPCs in tissue-engineering approaches
holds promise for developing bioengineered vascular grafts, improving the success of
organ transplants, and enhancing the efficacy of other regenerative therapies by
improving tissue perfusion and oxygenation. Despite their therapeutic potential,
several challenges remain, including the need for better understanding of EPC biology,

their long-term functional stability post-transplantation, and strategies to enhance
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their efficacy in vivo. Nonetheless, ongoing advancements in stem cell biology and
bioengineering may help overcome these limitations, positioning EPCs as a key

component in the future of regenerative medicine°.

1.5 Polymeric Scaffold

Scaffolds are artificial structures capable of supporting the formation of three-
dimensional tissue. Their use in the orthopaedic field appears to be a powerful
weapon for treating numerous diseases3!. Polymeric materials and films significantly
impact regenerative medicine applications used as antimicrobial films and scaffolds
(cell expansion or a transplant). Polymers are organic materials composed of long
chains of atoms joined by covalent bonds that can be naturally derived or synthetic.
The ideal polymer for tissue engineering should be mechanically stable,
biocompatible and bioactive, and biodegradable. Mechanical properties are crucial in
the development of new biopolymers. A scaffold should provide the stiffness of the
tissue origin, ensuring its native mechanical properties; considering that different
tissues require specific mechanical characteristics, due to multicellular composition,
it is ideal to create tunable polymeric matrices that allow mechanical changes inside
of the construct through time3%33 (Figure 6).

Tissue

Engineering

Tissue architecture

Novel Cell sources :
techniques

Figure 6. The emerging field of tissue engineering aims to recover injured tissues by consolidating
cells from thehost body or donor’s body with exceptionally porous scaffold biomaterials that can act
as a template for tissue recovery, tocontrol the development of new tissue. Signals, cells, and
scaffolds are triad components of tissue engineering that combineto produce functional tissue and
organs (https://commons.wikimedia.org/wiki/File:Tissue_Engineering.png)
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Biocompatibility means cells or tissue can survive interacting with polymer, but not
necessarily for them to duplicate or differentiate. Some biocompatible polymers
support cell viability, but cells are not able to self-duplicate, differentiate, or migrate.
This results in cell death within short period of time. In this context, polymeric
material must be both biocompatible and bioactive. When a polymer is bioactive, in
general, it is biocompatible and allows cell attachment, migration, differentiation,

proliferation, and the cell can perform its biological functions34.

Last, biomaterial should be biodegradable in a short (one month for soft tissue, or
salivary glands) or a long time (six months to one year for hard tissue like bone). In
soft tissue, this will allow the host to reabsorb the material once an artificially
regenerated tissue or organoid has been implanted, driving the interaction of artificial
and host environments. For hard tissue such as bone, the calcification process takes
time, thus the polymeric scaffold should provide mechanical support for a longer
period, ensuring the host could accept the new implant and allowing host cells to

interact with the new, engineered graft®.
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2. STUDY 1

Platelet-derived growth factor as biomarker of clinical outcome for
autologous platelet concentrate therapy in Osteoarthritis

2.1 Cartilage tissue

Articular cartilage is a specialized connective tissue of mesenchymal origin, devoid of
blood and lymphatic vessels, that lines the bone inside the joints. Cartilage consists
of cells called chondrocytes, which are embedded in an extracellular matrix (ECM),
consisting of collagen fibres, H20, hyaluronic acid, and proteoglycans. This tissue
plays a crucial role in providing structural support and facilitating smooth joint
movement. There are three main types of cartilage—hyaline cartilage, fibrocartilage,
and elastic cartilage—each with distinct structural and functional properties3®.
Hyaline cartilage, the most common type, forms the articular surfaces of joints, the
respiratory tract, and the fetal skeleton. Fibrocartilage, characterized by dense
collagen fibers, provides tensile strength and is found in intervertebral discs and
menisci. Elastic cartilage contains elastin fibers and contributes to the flexibility of

structures like the ear3=3° (Figure 7).

Elastic Cartilage Hyaline Cartilage

" pericellular matrix

Protecglycans  Elastin nbrane
ors

Chondrocyte  Collagenfand il CollagenVi P

Figure 7. Extracellular matrix heterogeneity (ECM) of different cartilage types. Elastic cartilage and
hyaline articular cartilage are arranged in different zones with the chondrocyte shape becoming
smaller and flatter towards the outer region and superficial zone, respectively. Proteoglycan (PG)
concentration articular cartilage in the knee joint increases with depth of the tissue. In meniscal
cartilage (fibro cartilage) the PG concentration is highest in the outer region. The pericellular matrix
surrounds the chondrocytes and contains a high amount of PGs such as aggrecan and perlecan, and
collagen type VI in articular and meniscal cartilage®®.
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In adult joints, the tissue exhibits a complex organization consisting of superficial,
medial and deep zones, an intricate and abundant extracellular matrix, composed of
numerous molecules and macromolecules, and a subchondral junction that is
important for physical stability and bonding to the underlying bone. The main ECM
components are type Il collagen and type X collagen organized in fibrils providing
tensile strength, and aggrecan organized in multimeric superstructures providing
elasticity. These macromolecules establish the basic and fundamental biomechanical

property of articular cartilage: resilience®® (Figure 8).
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Figure 8. Hyaline cartilage structure and biochemical composition. Schematic representation of

hyaline cartilage zonal structure and variable cellular distribution, morphology, collagen

organization, and biochemical composition37.

Cartilage has limited regenerative capacity, which presents challenges in treating
injuries and degenerative conditions, such as Osteoarthritis (OA)***2, Understanding
the complex biology of cartilage, maintenance, and response to injury, is crucial for

advancing therapeutic approaches in regenerative medicine and tissue engineering®’.

2.2 Osteoarthritis - Epidemiology and Treatment

Articular cartilage is tissue matrix-rich, hypocellular, and avasculare. This structure
enables it to function as a lubricating and load-bearing surface in the joints. Injury to

cartilage often progresses from the articular surface to the subchondral bone, leading
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to the development of degenerative joint diseases such as Osteoarthritis (OA). OA is
a degenerative joint disease characterized by the progressive deterioration of
articular cartilage, subchondral bone remodeling, and synovial inflammation. It is the
most common form of arthritis, primarily affecting weight-bearing joints such as the
knee, hip, and spine, although it can involve any joint. The pathophysiology of OA is
multifactorial, involving mechanical, biochemical, and genetic factors. Cartilage
breakdown occurs due to an imbalance between anabolic and catabolic processes
within the joint, where increased protease activity, particularly by matrix
metalloproteinases (MMPs) and aggrecanases, leads to the degradation of
extracellular matrix components. OA is the most common cause of mobility loss,
severely affects quality of life, work productivity and cost of health care, and is the
most prevalent form of musculoskeletal disease worldwide. Clinical symptoms

include activity limitation and pain**** (Figure 9).

NORMAL JOINT OSTEOARTHRITIS
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Figure 9. Structural comparison of normal joint with osteoarthritic knee. Healthy knee joint with soft
bone surface, normal meniscus and articular cartilage. In osteoarthritic knee, osteophytes, bone
cysts and sclerosis occurred in subchondral bones. Fibrillated cartilage, meniscal tear, and
inflammation of synovial membrane are other abnormalities could be seen in osteoarthritic knee
joint.

Concurrently, inflammatory cytokines play a significant role in amplifying joint
inflammation and promoting cartilage degradation. In the early stages of OA, the
cartilage undergoes softening, fibrillation, and loss of proteoglycan content. Over
time, the cartilage thins and becomes less able to withstand mechanical stress,

leading to subchondral bone sclerosis, the formation of osteophytes, and synovial
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membrane thickening. These structural changes contribute to pain, stiffness, and
impaired joint function. Diagnosis is typically based on clinical symptoms,
radiographic imaging, and in some cases, laboratory tests. Radiographic findings may
include joint space narrowing, osteophyte formation, and subchondral sclerosis®. In
patients with OA, several clinical trials have been carried out using biological
products, including platelet concentrates and cell therapies, by means of infiltrative

treatment*®4’(Figure 10).
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Figure 10. Overview of the inflammatory mediators in OA. The interplay between the different pro-
inflammatory mediators and mechanisms in the different tissues of the 0Ajoint46.

These are valuable therapeutic agents, with main advantages of reduced immune
reactions, ease of collection and preparation, and relatively low costs. Pharmacologic
treatment may include nonsteroidal anti-inflammatory drugs, and intra-articular
corticosteroid, hyaluronic acid injection. In more advanced -cases, surgical

interventions such as joint replacement may be considered.

2.2.1 Knee Osteoarthritis

Knee osteoarthritis (KOA), one of the most common types of OA, is mainly
characterized by cartilage and subchondral bone impairment. In addition, meniscus
and ligament injuries and synovitis could be associated. Furthermore, inflammation
is evidenced as a trigger factor in KOA pathogenesis and its association is directly

related to the severity of pain®.
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The Kellgren-Lawrence classification determines the progression of KOA into five
grades, which have been determined as follows: grade 0, absolute absence of
radiological features; grade 1, beginning of osteophyte formation and doubtful joint
space narrowing; grade 2, definite osteophytosis and possibility of observing joint
space narrowing; grade 3, multiple osteophytes, sclerosis, joint space narrowing and
likelihood of bone deformation; grade 4, giant osteophyte, intense sclerosis and joint

space narrowing, bone deformation, particularly in the femoral head**(Figure 11).

STAGE OF KNEE OSTEOARTHRITIS
| I i v

Doubtful Mild Moderate Severe

) g ) g

I
I l \
Minimum disruption. Joint-space narrowing. Moderate joint-space reduction Joint-space greatly reduced

There is already The cartilage to begin breaking down. Gaps in the cartilage can 60% of the cartilage s already lost
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Figure 11. Kellgren-Lawrence (KL) classification system. The KL classification system classifies degrees
of severity according to two crucial aspects of OA: the extent of joint space narrowing and the degree
of osteophyte formation.

The rising burden of this chronic degenerative disease and increased demands for
efficient treatment for KOA have highlighted regenerative medicine as a promising
approach®. Regenerative medicine represents novel therapeutic modalities for KOA
such as autologous platelet concentrates (APCs), monoclonal antibodies, and cell-

based therapies with different cells®°.
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3. AIM OF THE STUDY

Degenerative joint cartilage diseases have a strong social impact, significantly
affecting quality of life. In recent decades, several non-invasive and quite successful
solutions have been proposed for the treatment of pain by improving joint function.
Traditional clinical treatments, which include palliative and reparative methods, have
shown some improvement in pain reduction and are also widely used in the

treatment of Osteoarthritis (OA).

OA is a chronic disease affecting the joint and its tissues, primarily leading to
progressive damage to articular cartilage and, subsequently, to the subchondral bone
and surrounding synovial structures. OA is a disabling condition with increasing
incidence and prevalence in the worldwide>!. Clinical trials on the use of biological
products, such as Autologous Platelet Concentrates (APCs) and cell therapies, through
infiltrative treatment are effective in patients with OA. Platelet concentrates are
autologous products, obtained by centrifugation from patients peripheral blood
samples. The rationale for the use of these therapies is the presence of cytokines,
chemokines, growth factors and other biologically active substances with

immunomodulatory, angiogenic and pain-relieving functions>%%3,

The aim of this study is to evaluate whether the determination of soluble factors in
peripheral blood samples and autologous platelet concentrates could identify

predictive biomarkers for clinical outcomes in patients with OA.
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4. MATERIAL AND METHODS

4.1 Population Enrolment

The study population included 51 patients with knee grade | OA, recruited at ASL
Napoli 2 Nord. The inclusion criteria for APC infiltration therapy were as follows: age
> 18 vyears; presence of pain, spasm, or functional disability with failure of
conservative treatment for at least 3 months but less than 5 years. The exclusion
criteria were inflammatory or autoimmune diseases, pregnancy, and bleeding
disorders. APC infiltration into the articular cavity was performed at enrolment (TO)
and after 30 days (T1). For each patient, biometrical, biochemical (glycaemia,
creatininemia, alanine-amino-transferase, total and HDL cholesterolemia,
triglyceridemia, total protidemia, ferritinemia, C-Reactive protein), and clinical data
were collected at outpatient hospital admission before APC infiltration (T0), and
follow-up biochemical and clinical data were collected at T1, before the second APC
infiltration, and at 120-days (T2). Numeric Pain Rating Scale (NPRS) scores were also
recorded at TO, T1, and T2. The NPRS is a one-dimensional, 11-point scale that
assesses pain intensity in adults. It consists of a horizontal line, ranging from 0 to 10,

corresponding to "no pain" and "worst pain imaginable>*.

The investigations were carried out in accordance with the guidelines of the
Declaration of Helsinki of 1975, revised in 2013. Informed consent was obtained from
all patients prior to the procedure. The study protocol was approved by the ethics

committee “Universita Federico Il — AORN A. Cardarelli” (prot. N. 172/2023).

4.2 Specimen Collection

Peripheral Blood (PB) and APC samples were collected from each patient at TO and
T1. APC was obtained by centrifugation of venous blood samples using an automated
and standardized cell separator (IMPACT — Plasmaconcept). After obtaining the
samples, 3 ml was infiltrated intra-articularly at the site of the injured cartilage and
an aliquot (500 ml) was collected for further analysis. Samples were then centrifuged

at 3.000 g for 10 minutes and stored at -80°C until assay was performed.
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4.3 IMPACT - Plasmaconcept
The IMPACT platform is a CE-certified medical device that enables the fully

automated production of blood components for non-transfusion use, separating
fractions from blood to be used for a specific therapy. IMPACT's innovative

technology enables the production of different concentrations of PRP and cytokines.

The various IMPACT programmes have been scientifically tested with specific

parameters for each therapeutic target (https://ngmed.it/prodottingmed/impact-

plasmaconcept/).

For the kit preparation, the starting point is always the patient’s venous whole blood.
The separation of the desired blood fractions is controlled by the optical sensor,
which sits in the centre of the rotor — one sensor for each rotor unit. The two sensors
work independently, so you can process two blood samples from two different

patients at the same time.

Depending on the therapeutic objective, different cellular components are
separated, at different concentrations. The IMPACT system makes it possible to
produce different PRP formulations: Leukocyte-rich or leukocyte-poor variants can
be prepared, which can also be further concentrated. In this way, an individualised
and patient-specific therapy can be realised according to the indications. Ready-to-

use IMPACT sets are available for the preparation of various PRP formulations.
For the APC we have:

rAPC “Red” APC: Leukocyte-rich, erythrocyte-poor
WAPC “White” APC: Leukocyte-poor, erythrocyte-free

IMPACT APC is a platelet concentrate optimized for maximum platelet yield. The final
volume used for evaluations is 1ml of APC concentrate. The operator has the

possibility to change the final volume himself between 1ml to 3 ml.

4.4 Determination of Cytokines, Chemokines, and Growth Factors

PB and APC samples were screened for the concentrations of interleukin (IL)-1ra, IL-

1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, Eotaxin,
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basic Fibroblast Growth Factor (bFGF), Granulocyte-Colony Stimulating Factor (G-
CSF), Granulocyte and Macrophage-Colony Stimulating Factor (GM-CSF), Interferon-y
(IFN-y), Interferon-y inducible Protein 10 (IP-10), Monocyte Chemoattractant Protein-
1 (MCP-1), Macrophage Inflammatory Protein-1 (MIP-1) a, MIP-18, Platelet-Derived
Growth Factor (PDGF) bb, C-C motif Chemokine ligand 5 (CCL5)/RANTES, Tumor
Necrosis Factor (TNF) a, and Vascular Endothelial Growth Factor (VEGF) using the Bio-
Plex Pro Human Cytokine Grpl Panel 27-Plex kit for a Multiplex Elisa (cat. No.
MS500KCAFQY)®>.

The method is based on the principle of ELISA, an immunochemical method for
detecting and quantifying concentrations of analytes in the biological sample of
interest. Besides being a highly specific method, it is also very sensitive, reproducible
and automated. It requires enzymes, which can mark the antibody or antigen and
allow its detection when the specific antigen-antibody binding takes place. The Bio-
plex can be considered an evolution of the ELISA, as it is capable of analysing up to
one hundred analytes simultaneously, in a short time and with a high throughput.
Indeed, it is possible to quantify multiple cytokines in a single plate in 3 hours, using
only 12.5 ul of serum. This allows a complete cytokine profile to be obtained, limiting

the amount of sample used, reducing preparation time, and maximising throughput.

The magnetic bead-based assay was performed on a Bio-Plex 200 analyzer with Bio-
Rad Bio-Plex Manager (Bio-Rad, Hercules, CA, United States). All the values obtained
were included within the detection limits indicated by the manufacturer (bio-

rad.com/Bio-Plex/AnalyteGuide)>®>’.

4.5 Statistical Analysis

Statistical Analyses were performed using the R statistical platform (https://www.R-
project.org/) in RStudio GUI software, version 4.1.2, and GraphPad Prism 8.4.2

software (GraphPad Software Inc., La Jolla, CA).

Continuous variables were described as mean * standard deviation or median
InterQuartile Range (IQR, 25™ to 75" percentile). Shapiro-Wilk normality test was

used to evaluate whether the continuous data were normally distributed and,

24



according to the results, a Welch’s two-tailed t-test for independent samples (for
parametric data) or a Mann—Whitney U-test (for non-parametric data) was used for
unpaired comparisons. Paired comparisons were performed using the paired t-test
(for normally distributed data) or Wilcoxon matched-pairs signed-rank test (for non-
normally distributed data). Fold change tests were analyzed with either a one-sample
t-test (for normally distributed data) or Wilcoxon signed-rank test, with a hypothetical
value set at 1. NPRS progression throughout the study was analyzed with a mixed
effect analysis, Geisser-Greenhouse correction, and Tukey’s post hoc multiple
comparisons test. Categorical variables were reported as counts of occurrences
(percentages) and were compared using Fisher’s exact test. Correlations among
continuous variables were assessed using non-parametric Spearman’s correlation.
Receiver operating characteristic (ROC) curves were constructed using the 95% Cl De
Long’s method. The ROC curve for the combined effect of multiple continuous
parameters was evaluated by generating a multivariate logistic regression model and
combining each prediction value with their relative outcomes. All p-values <0.05 were

considered statistically significant.

4.5.1 Shapiro-Wilk test

The Shapiro-Wilk test was used to check normality by comparing two alternative
estimators of variance; through this test, we assessed whether the continuous data
were normally distributed, and the results showed that the values were expressed

as median and interquartile.

4.5.2 Mann Whitney U Test

The Mann-Whitney test allows to check whether two statistical samples come from
the same population. We used this test to determine significant differences between
two independent samples. The null hypothesis in the Mann-Whitney test (MW) is
that the two samples are drawn from a single population, and therefore for this
reason their probability distributions are equal. The alternative hypothesis is that one
of the samples is larger in a stochastic way. This requires that the two samples be
statistically independent and that the observations are at least continuous or discrete

ordinals. The assumptions of the MW test are:
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- The two samples under study by the test are mutually independent and the

observations within each sample are independent.

- The observations are comparable (for example, for any two observations, it is
possible to establish whether they are equal or whether on the contrary, which of

the two is greater).

This test is used to make comparisons on the medians of two subgroups of
observations, and therefore constitutes the non-parametric counterpart of the

independent-sampled t-test>®.

4.5.3 Wilcoxon test

The Wilcoxon signed-rank test is a non-parametric statistical hypothesis test used
either to test the location of a set of samples or to compare the locations of two
populations using a set of matched samples. When applied to test the location of a
set of samples, it serves the same purpose as the one-sample Student's t-test. On a
set of matched samples, it is a paired difference test like the paired Student's t-test
(also known as the "t-test for matched pairs" or "t-test for dependent samples").
Unlike Student's t-test, The Wilcoxon signed-rank test does not assume that the

differences between paired samples are normally distributed®°.

4.5.4 ROC curve

A tool for assessing the accuracy of a diagnostic test, based on sensitivity and
specificity, is provided by the ROC (Receiver Operating Characteristic) curve, a
statistical technique to identify the optimal threshold value (best cut-off), i.e. the test
value that maximises the difference between true positives and false positives. To
obtain valid results from ROC curves, it is essential that the presence/absence of a
specific disease is ascertained by means of a gold standard. A summary indicator,
which provides a concise and objective measure of the efficacy or accuracy of a test,

is the area under the ROC curve, denoted AUC (Area Under the Curve)®.

ROC curves can be compared with each other by means of an appropriate statistical
test available in almost all commercially available software. The ROC curve is

constructed by considering all possible test values and for each of these, the
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proportion of true positives (sensitivity) and the proportion of false positives are
calculated. Sensitivity, specificity, negative predictive power and positive predictive
power classify individuals as affected or unaffected by a specific disease on the basis
of a predefined test value (threshold value). A diagnostic test with an area under the
curve = 80%, whose values are between 0.5 and 1.0, is considered adequate. For the
interpretation of the values of the area under the ROC curve, it is possible to consider

the classification proposed by Swets (1998)°:
- AUC = 0.5 the uninformative test
-0.5<AUC<0.7 inaccurate test

-0.7< AUC £0.9 moderately accurate test
-0.9< AUC < 1.0 highly accurate test

- AUC = 1.0 perfect test
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5. RESULTS

5.1 Patients Phenotyping

51 consecutive patients with grade | OA eligible for APC infiltration therapy were
recruited for this study. Forty patients were female (78.43%). The population had an
overall mean age of 67.22 years and a body mass index (BMI) of 28.4. Nineteen
patients (37.25%) were obese (BMI > 30 Kg/m2), and nine (17.65%) had Type-2
Diabetes (Table 1). Blood cell and platelet counts, glycemia, and C-reactive protein,

ferritin, AST, and ALT levels were within the expected ranges at TO, T1, and T2 (Table

2).

Table 1: Biometrical and clinical phenotyping of the recruited population
(N=51) Continuous data are reported as Mean  SD or Median [IQR], while
categorical variables are reported as count (%).

Sex (Females) 40 (78.43%)
Age (Years) 67.22 +10.21
BMI (Kg/m?) 28.4 £5.17

Obesity 19 (37.25%)
Diabetes 9 (17.65%)
Smoke 15 (29.41%)

Table 2: Biochemical phenotyping for the recruited population, stratified for Females and Males groups. Data

are reported as Median [IQR].

T0 T1 T2
RBC (10%/1)
Males 5.08 [4.85; 5.38] 5.08 [4.86; 5.39] 5.24 [4.44; 5.58]
Females 4.5 [4.29; 4.76] 4.48 [4.28; 4.59] 4.55 [4.32; 4.83]
WBC (102/])
Males 7.97 [6.35; 9.65] 7.73 [6.58; 8.38] 7.85[7.08; 8.5]
Females 6.75 [5.64; 8.05] 6.59 [5.09; 7.8] 7.05 [5.64; 7.9]
PLT (20°/1) 247 [198; 278] 239 [184; 263] 235 [195.5; 281.5]
Glycaemia (mg/dl) 93 [84; 107] 91 [81.5; 105] 92 [79; 97
CRP (mg/l) 0.145 [0.07; 0.42] 0.14 [0.08; 0.25] 0.17[0.1; 0.26]
Ferritin (ng/ml)
Males 105 [67; 155] 167 [112; 241.5] 163 [92; 291]
Females 43 [22.25; 75.5] 33 [13; 63] 24 [10; 61]
AST (ng/ml)
Males 22 [16; 24.5] 24 [19.65; 26] 20 [18; 27.5]
Females 18 [15; 21.75] 16 [15; 19] 17 [15; 24]
ALT (ng/ml)
Males 22 [16; 24.5] 24 [20; 51] 14 [13.5; 35.5]
Females 17 [14.25; 21] 17 [13; 20] 15 [11; 19]
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At enrolment (T0), the mean Numeric Pain Rating Scale (NPRS) score was 8.12 + 1.6,
indicating severe pain. Upon 30 days (T1) from APC infiltration, NPRS score was 6.64
+ 1.93 (paired p-value <0.001); the reduction was more pronounced upon 120 days

(T2), with a mean value of 5.08 £ 2.01 (paired p-value <0.001) (Figure 12).

Numeric Pain Scale Rate

T0 T T2

Figure 12. Numeric Pain Rating Scale distribution. NPRS was recorded at the enrolment (T0), after 30
days (T1) and 120 days (T2). Box plots denote median and 25th to 75th percentiles (boxes), while
whiskers represent the Tukey interval. Asterisks denote statistical significance (***: p<0.001).

5.2 Cytokines and growth factors screening in PB and APC

PB and APC samples were collected, and the concentrations of cytokines and GFs
were determined. All tested factors, except for interleukin (IL)-7 and IL-15, were
detectable in both PB and APC. IL-4, IL-5, IL-10, IL-13, Platelet-Derived Growth Factor
(PDGF), C-C motif Chemokine Ligand 5 (CCL5/RANTES), and Vascular Endothelial
Growth Factor (VEGF) increased by more than 1.5-fold in APC compared with PB
(Table 3). No significant difference was detected between cytokine and GF levels in

APC at TO compared to T1 (Table 4).
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Table 3: PB and APC screening for Cytokines, Chemokines and Growth factors at TO. Results are reported as
median [IQR] and expressed as pg/ml. Emboldened p-values are statistically significant (p<0.05).

. Fold Change
Marker TOPB T0 APC Paired

prval Est (95% Cl) pval

IL-18 0.71 [0.42; 1.30] 0.79 [0.57; 1.15] 0713  1.31(1.08-154)  0.009
IL-1ra 165 [139; 274] 206 [165; 293] 0187  1.34(1.07-16)  0.013
IL-2 2.55 [1.55; 4.01] 3.04 [2.05;4.72) 0531  2.25(0.402-4.11)  0.158
IL-4 1.91[1.29; 2.68] 2.43[1.91; 3.2] <0001  1.79(1.32-225)  0.001

IL-5 34.5 [20.4: 42.1] 43.6 [43.6; 54] 0054  2.07(1.11-3.03)  0.03
IL-6 0.6 [0.17; 1.48] 1.19 [0.46; 2.38] 0147  9.90(-2.48-213)  0.148
IL-8 5.88 [4.4; 8.87] 6.87 [5.88; 8.37] 0138  1.19(1.03-135)  0.022
IL-9 267 [209; 329] 329 [284; 379] <0001  1.31(1.19-143)  <0.001
IL-10 3.01[L.5; 4.98] 4.98[3.51;7.9] <0001  2.57(1.95-3.19)  <0.001
IL-12 12.5[7.63;17.3] 26.8 [17.3; 41] <0001  8.65(2.3-19.6)  0.166
IL-13 1.91[1.59; 3.64] 2.65 [2.16; 4.47] <0001  17(1.41-199)  <0.001
IL-17 23.5 [16.4; 30] 29.1(25.7; 32.5] <0001  1.34(12-149)  <0.001
Eotaxin 55.9 [37.9; 77.9] 4933.1; 65.7] 011  0.953(0.843-1.06)  0.388
bFGF 14.9 [12.8; 16.8] 20.6 [16.8; 25.1] <0001  1.43(1.27-159)  <0.001
G-CSF 93.2 [65.8; 135] 109 [87.9; 151] 0.004  1.26(1.13-138)  <0.001
GM-CSF 1.9[1.14; 2.9] 3.51[2.25;5.18] <0001  4.03(0.73-7.34)  0.071
IFN-y 7.55 [5.48; 9.63] 9.63 [8.07; 12.5] <0001  1.41(1.26-156)  <0.001
IP-10 255 [181; 440] 230 [155; 332] <0.001 0.882(0.826-0.939) <0.001
MCP-1 16.5 [11; 26.6] 15.7 [12.6; 24.5] 0058  1.15(1.02-1.28)  0.026
MIP-1a 1.44 [1.11; 1.86] 1.73 [1.44; 2.12] <0001  1.27(1.15-139)  <0.001
MIP-18 105 [92.6; 133] 132 [108; 149] <0001  121(1.12-13)  <0.001
PDGF 170.74[92.03;242.91]  423.22[232.01;688.56] <0.001  3.96 (2.91-501)  <0.001
RANTES 1461 [1171; 2270] 2823[2201;4399]  <0.001  1.97(1.68-2.25)  <0.001
TNF-a 107 [89; 136] 140 [119; 174] <0001  1.37(1.25-148)  <0.001
VEGF 106 [77.7; 152] 148 [68.7; 202] 0.026  1.77(1.33-221)  0.001
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Table 4: APC screening for Cytokines, Chemokines and Growth factors at both T0O and T1. Results are indicated
as median [IQR] and expressed as pg/ml. p-values in bold are considered as statistically significant (p<0.05).

. Fold Change

Marker T0 APC T1 APC Paired
p-val Est (95% Cl) p-val
IL-18 0.79 [0.57; 1.15] 0.71[0.57; 1.01] 0.11 1.06(0.72—-139) _ 0.737
IL-1ra 206 [165; 293] 206 [165; 260] 0121  092(0.79-1.05)  0.233
IL-2 3.04 [2.05;4.72] 2.55[0.903;6.96] | 0713  1.16(0.96-136)  0.121
IL-4 2.43[1.91;3.2] 2.68 [2.05; 3.40] 0789  1.16(-0.17-250)  0.755
IL-5 43.6 [43.6; 54] 45.1[29.9; 70.1] 0424  1.25(0.99-151)  0.056
IL-8 6.87 [5.88; 8.37] 7.87 [5.88; 8.87] 0.35 1.14(0.81-191)  0.136
IL-9 329 [284; 379] 292 [274; 311] 0964  1.10(0.92-129)  0.259
IL-10 4.98[3.51;7.9] 4.98 [4.12; 9.46] 0898  1.04(0.95-112)  0.421
IL-12 26.8[17.3; 41] 22.1[14.9; 36.3] 0863  1.28(0.90-166)  0.144
IL-13 2.65 [2.16; 4.47) 3.12[2.16; 4.91] 0701  1.30(0.83-177)  0.205
IL-17 29.1[25.7;32.5] 29.4 [23.5; 34.1] 0882  1.12(0.85-138) 0378
Eotaxin 4933.1; 65.7] 41.2[33.2;58.2] 0982  1.07(0.92-123) 0331
bFGF 20.6 [16.8; 25.1] 18.8 [16.8; 24.3] 0247  1.14(0.99-130)  0.063
G-CSF 109 [87.9; 151] 119 [93.2; 140] 0999  1.13(0.92-134) 0215
GM-CSF 3.51[2.25;5.18] 3.8[2.9;5.05] 0757  1.06(0.91-122) 0418
IFN-y 9.63 [8.07; 12.5] 8.93 [8.24; 12.1] 0682  2.93(-045-632)  0.251
IP-10 230 [155; 332] 168 [132; 246] 0782  1.06(0.88-124)  0.497
MCP-1 15.7 [12.6; 24.5] 13 [10.2; 19.4] 0112  095(0.81-110)  0.491
MIP-1a 1.73 [1.44;2.12] 1.86 [1.59; 1.99] 0915  1.09(0.91-127) 0319
MIP-18 132 [108; 149)] 118 [103; 128] 0782  1.08(0.93-124) 0274
PDGF  423.22[232.01; 688.56] 331 [143;488] 0639  1.05(0.95-114) 0325
RANTES 2823 [2201; 4399)] 2367[1836;2532] | 0221  1.03(0.85-120)  0.762
TNF-a 140 [119; 174] 121 [106; 132] 0925  1.03(0.93-114) 0519
VEGF 148 [68.7; 202] 141 [96.5; 186] 0683  1.89(0.66-3.11)  0.147

In APC, a correlation matrix displayed a cluster of PDGF, RANTES/CCL5, and VEGF,

which were mainly representative of platelet-released factors (54). An additional
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cluster included IL-4, IL-5, IL-10, IL-17, basic Fibroblast Growth Factor (bFGF),
Interferon-y (IFN-y), and Macrophage Inflammatory Protein-1 (MIP-1) a (Figure 13 A).
In PB at TO, MIP-1a was negatively correlated with patients’ NPRS (p = -0.306, p =
0.029) and positively correlated with WBC count (p = 0.455, p = 0.001). Moreover, a
negative correlation between the WBC count and NPRS was detected (p: -0.419, p-val

=0.003) (Figure 13 B). No other significant correlations were observed.
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IL-17
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Figure 13. Correlation Analysis in PB and APC. (A) APC correlation matrix and hierarchical clustering.
Spearman’s correlation coefficients for APC cytokine and growth factor scaled measurements at TO
are visualized by tile-color intensity (according to the legend on the right). p-values closer to 1 show
a positive correlation; p-values closer to -1 show a negative correlation; p-values closer to 0 denote
the absence of a correlation among the considered variables. All values not labeled with a black X
are statistically significant (p-value <0.05). Dendrograms on top of the matrix show the hierarchical
clustering. (B) Correlations among biochemical data in peripheral blood and NPRS. Scatter plots
represent the patients’ distributions: TO NPRS and PB MIP-1a (top left), TO NPRS and WBC (bottom
left); TO WBC and PB MIP-1a (top right). For each plot, a linear regression is reported, with 95%
confidence interval marked in grey, as well as the p Spearman correlation value with the relative
95% Cl. Every correlation reported is statistically significant (p<0.05).

5.3 Relationship between early NPRS variation and biochemical parameters

The population was then stratified according to the variation in NPRS score from TO
to T1 (indicative of an early response to therapy). Patients with an NPRS reduction
above the mean (ATO-T1:1.48, Table 5) were labeled as early responders (n= 28),
while patients with an NPRS reduction lower than the mean were labeled as poor

early responders (n=23). Basal (TO) NPRS was significantly higher in early responders
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compared to their counterparts (8.71 + 1.46 vs 7.39 + 1.48, respectively; p-val: 0.003).
The WBC count was lower in early responders than in poor early responders (6.3

[5.33; 7.88] vs. 8.05 [6.57; 10.4]; p = 0.005) (Table 6).

Table 5: Numeric Pain Scale Rate (NPRS) score. NPRS is reported as Mean + Standard Deviation for the three
time points. Mean Differences throughout times are reported as Mean (95% Cl). p<0.005 were considered
statistically significant.

T0 T1 T2
NPRS 8.12+16 6.64 +1.93 5.08+2.01

ATO-T1 AT1-T2

Mean (95% Cl) - 1.48 (0.82-2.13) 1.55(0.798 - 2.32)
Paired p-val <0.001 <0.001
ATO-T2

Mean (95% Cl) - - 3.04 (2.35-3.73)
Paired p-val <0.001

Table 6: Biometrical, biochemical and clinical phenotyping for early responders and poor early responders at
T1. PB and APC cytokines are reported as pg/ml. p-values in bold denote statistical significance (p<0.05).

Poor Early Responders Early Responders

p-val
(n: 23) (n: 28)

Sex (Females) 17 (73.91%) 23 (82.14%) 0.514
Age (years) 67.7 £ 827 66.9 +11.7 0.778
Weight (Kg) 78 [68; 88] 77 [65; 80] 0.159
Height (m) 1.65[1.60; 1.69] 1.60[1.59; 1.70] 0.199
BMI (Kg/m?) 27.3[24.2;32.4] 28.1[24.6; 30.9] 0.919

Obese 10 (43.48%) 9 (32.14%) 0.563
Diabetes 4 (17.39%) 5 (17.86%) 0.999
Smoke 6 (26.09%) 10 (35.71%) 0.552
TO NPRS 7.39+1.48 8.71+1.46 0.003
RBC (10%/1) 4.73 [4.30;5.01] 4.61[4.12; 4.96] 0.356
WBC (102/1) 8.05 [6.57; 10.4] 6.3 [5.33; 7.88] 0.005
PLT (10%/1) 248 [202; 275] 244 [192; 290] 0.655
PB MCP-1 11.83 [10.23; 16.46] 20.16 [12.03; 25.52] 0.012
APC PDGF 274.9 [155.47; 446.52] 486.6 [335.7; 688.56] 0.009
APC RANTES 2462 [2128; 3101] 3554 [2375; 4888] 0.023
APC VEGF 139.65[72.67; 163.4] 171.06 [114.48; 235.79] 0.027
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Moreover, early levels

responders had significantly higher of Monocyte
Chemoattractant Protein-1 (MCP-1) in PB at TO than poor early responders (p = 0.012;
Figure 14 A). Interestingly, early responders displayed significantly higher values of
PDGF (p = 0.009), RANTES/CCL5 (p = 0.023), and VEGF (p = 0.027) in APC than poor

responders (Figure 14 B-D, Table 6).

ROC curves for both MCP1 in PB (AUC, 0.751; 95% Cl, 0.563 — 0.867; p = 0.005; Figure
14 A) and PDGF, RANTES/CCL5, and VEGF in APC (PDGF AUC: 0.726, p = 0.004, RANTES
AUC: 0.686, p = 0.014; VEGF AUC: 0.679, p = 0.025; Figure 14 B-D) displayed a
significant accuracy for early response to APC treatment with respect to NPRS score
variation. No other biometric, biochemical,

or clinical data showed significant

differences between the two groups.
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Figure 14. Soluble factors in PB and APC of early responders vs poor early responders. Boxplots
depict concentrations at TO of MCP-1 in PB (A) and of PDGF (B), RANTES (C) and VEGF (D) in APC for
early responders and poor early responders. Concentrations are expressed as pg/ml. For each
molecule, the relative ROC Curve for discriminating among the two groups is shown. The figure
reports only those factors displaying statistical significance (p<0.05).

5.4 Relationship between long-term NPRS variation and biochemical parameters.

Patients were then stratified according to NPRS reduction from TO to T2 (mean ATO-
T2:3.04; 25" percentile: < 2.0; 75" percentile: > 5.0); thus, 12 patients were classified
as overall low responders, 23 as mid responders, and 16 as high responders. Again, a

larger decrease was observed in individuals with higher NPRS (p-val <0.001) and lower
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WABC count (p: 0.015) at TO (Table 7). The concentration of PDGF in APC was higher in
high and mid compared to low responders (p-val: 0.004; Figure 15). No other

significant difference among groups was found in PB and APC.

Table 7: Biometrical, Biochemical and Clinical phenotyping for Responders and Non-Responders at T2.
Peripheral Blood and APC cytokines are reported as pg/ml. p-values in bold denote statistical significance

(p<0.05).

Low Responders

Mid Responders

High Responders

(n: 12) (n: 23) (n: 16) p-val

Sex (Females) 10 (83.3%) 15 (65.2%) 15 (93.8%) 0.092
Age (years) 68 +12.3 65.82 £7.35 68.6 +12.3 0.679
Weight (Kg) 79 [70.5; 85.75] 80 [69; 83.5] 70 [65; 73.5) 0.095
Height (m) 1.62 [1.6; 1.67] 1.67 [1.6; 1.71] 1.6 [1.6; 1.68] 0.263
BMI (Kg/m?)  29.24[25.36;33.45]  29.43[26.26;31.05] 26.44 [24.23; 27.73] 0.183
Obese 6 (50%) (47.8%) (12.5%) 0.062
Diabetes 4 (33.3%) 3 (13%) 2 (12.5%) 0.265
Smoke 2 (16.7%) 9 (39.1%) 4 (25%) 0.344
TO NPRS 6.54 +1.34 8.46 +1.32 8.81+1.39 <0.001
RBC (10%/1) 4.61[4.26; 4.78] 4.62[4.28;5.13] 4.7 [4.39; 4.99] 0.554
WBC (102/1) 9.09 [6.54; 10.31] 7.65 [6.39; 8.48] 6.15 [5.43; 6.78] 0.015
PLT (10%/1) 265[250.25;280.5]  236.5 [202; 274.25] 244 [186.5; 278.5] 0.452
APC PDGF 155.5[141.1;469.8]  411.1[281.6;526.6] 494 [340.9; 652.5) 0.004

pg/ml

APC PDGF

1250 A

1000 +

7501 _

500

250 1

Low Mid High

Figure 15. Soluble factors in APC in overall responders. Boxplots denote PDGF concentrations in APC
at TO for patients displaying Low, Mid and High response to therapy at T2. PDGF concentration in
APC is expressed as pg/ml. Asterisks denote statistical significance (*: p<0.05).
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5.5 Comparison between optimal responders and poor responders

Of the fifty-one total patients, eleven (21.57%) showed NPRS reduction at both T1
and T2 (optimal responders), while eight (15.69%) displayed slight to no-NPRS
reduction (never responders). These two groups did not display significant difference
in biometrical and clinical data other than basal NPRS, which was higher in optimal
responders (p-val: 0.004). The WBC count was lower in optimal responders, compared
to never responders (p-val: 0.008). No other significantly different biochemical
feature was found in PB of the two groups. Intriguingly, in APC, optimal responders
displayed slightly lower levels of MIP-1a (p-val: 0.033), and 2.5- and 2.4-fold higher
levels of PDGF (p-val: 0.027) and VEGF (p-val: 0.032), respectively, compared to never
responders. These markers also displayed a significant predictive value in
discriminating optimal responders from never responders (MIP-1a AUC: 0.801, p-val:
0.006; PDGF AUC: 0.793, p-val: 0.011; VEGF AUC: 0.781, p-val: 0.013) (Figure 16 A,

Table 8). Thus, the combined effect of MIP-1a, PDGF and VEGF resulted in a higher
predictive power in discriminating optimal from never responders (AUC: 0.931, p-val<

0.001) (Figure 16 B).

Table 8: Biometrical, Biochemical and Clinical phenotyping for optimal responders and never responders
through T1 and T2. PB and APC cytokines are reported as pg/ml. p-values in bold denote statistical
significance (p<0.05).

Never Responders (n: 8) Optimal Responder (n: 11) p-val

Sex (Females, %) F: 6 (75%) F: 10 (90.91%) 0.546
Age (years) 66.25 +7.27 65.64 + 12.08 0.806
Weight (Kg) 79 [71.75; 94.25] 72 [65.75; 79] 0.163
Height (m) 1.64 [1.62; 1.69] 1.6 [1.53; 1.64] 0.587
BMI (Kg/m?) 30.48 [25.32; 34.28] 28.51[26.66; 30.5] 0.485
Obese 5 (62.5%) 3 (30%) 0.342
Diabetes 2 (25%) 1(9.09%) 0.546
Smoke 1(12.5%) 2 (18.18%) 0.999
TO NPRS 6.62+1.41 9.05 £ 1.56 0.004
RBC (10°/1) 4.42[4.22; 4.75] 4.5[4.06; 4.9] 0.707
WBC (102/1) 9.83 [9.22; 10.44] 5.91 [4.84; 6.19] 0.008
PLT (10%/1) 248 [245; 257] 205 [171; 258] 0.571
APC MIP-1at 2.12[1.85;2.22] 1.59 [1.16; 1.79] 0.033
APC PDGF 189.79 [115.02; 400.77] 467.86 [358.21; 670.54] 0.027
APC VEGF 76.67 [42.57; 152.43] 181.74 [143.64; 238.35] 0.032
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Figure 16. Soluble factors in APC in optimal vs never responders. (A) Boxplots depict concentrations
of MIP-1a, PDGF, and VEGF in APC (B) for optimal responders and never responders. Concentrations
are expressed as pg/ml. For each molecule, the relative ROC Curve for discriminating among the two
groups is shown. The figure reports only those factors displaying statistical significance (p<0.05). (B)
ROC Curve for the multivariable model including APC MIP-1a, APC PDGF and APC VEGF (p<0.05).
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6. DISCUSSION

Osteoarthritis (OA) is a chronic disease with multifactorial pathogenesis, that affects
the joint and its tissues, primarily causing progressive damage to articular cartilage
and, subsequently, to the subchondral bone and surrounding synovial structures. OA
is a disabling condition with increasing incidence and prevalence in the general
population. Several joints can be involved, most notably the hip and knee. The
epidemiology and pathogenesis of hip and knee OA have been studied more
extensively than in other joints, and increasing interest has been devoted to the study
of molecular mechanisms leading to cartilage damage because of their central role in
the pathogenesis of OA. The risk factors most frequently associated with knee OA are
ageing, genetic predisposition and obesity. It is crucial to understand that OA is the
end stage of numerous alterations that overcome the compensatory mechanisms
that limit damage to articular cartilage, as the reactive capacity of cartilage tissue in
the face of injury is limited. In this scenario, inflammatory processes and activation of

the immune system play a crucial role>'.

The use of platelet concentrates to enhance tissue regeneration and wound healing
has been largely exploited in the last two decades for the repair of articular cartilage
injuries®>>>%2, The rationale for the use of platelets is their ability to exert specific
effects on inflammation, proliferation, and differentiation of chondrocytes by
releasing a large number of cytokines, chemokines, and GFs®3. Their infiltration into
articular cavities may allow the enrichment of soluble mediators in tissues with
limited blood supply and slow cell turnover. Effective pain relief and improvement of
quality of life have also been documented following intra-articular injection of platelet

concentrates®°.

We observed a progressive decrease in pain after APC treatment in patients with
grade | OA. Pain relief was detected one month after the first APC administration and
was further enhanced following the second injection, as measured after four months.

Nevertheless, the degree of response to APC varied among the patients, and they
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were classified based on NPRS variation. The highest degree of response was
observed in the patients with the highest initial NPRS scores. Interestingly, however,
an early response was also associated with a low WBC count and low MIP-1a levels in
PB, suggesting that systemic inflammation could be a detrimental factor for the APC
response. Indeed, MIP-1a plays a major role in the development of systemic
inflammation and may interfere with organ repair process®. Surprisingly, we also
found that MCP-1 levels were higher in peripheral blood of patients displaying better
early response (as recorded 1 month after injection) to APC treatment. MCP-1 is one
of the key chemokines that regulates the migration and infiltration of
monocytes/macrophages. High circulating MCP-1 levels may contribute to monocyte
recruitment into healing tissues. However, MCP-1 role in cartilage repair requires

further investigation>®.

To assess whether predictive factors for APC response could be identified, we
measured the concentrations of GFs and cytokines in APC. The concentrations of
PDGF, VEGF, and RANTES/CCL5 were positively associated with early response to APC.
Notably, a hierarchical cluster of PDGF, VEGF, and RANTES/CCL5 was detected in
platelet concentrates, which was consistent with the degranulation pattern and

release of healing mediators>667-68,

When the overall response was evaluated four months after intra-articular injections
of APC, better outcomes were achieved in the presence of higher concentrations of
PDGF and VEGF, and lower concentrations of MIP-1a. Interestingly, no association was
found with platelet count, suggesting that growth factor release, rather than platelet
number, is relevant to clinical outcomes. There is still controversy regarding the most

effective platelet concentration for in vivo applications®.

In vitro studies have shown conflicting results in terms of cell proliferation or other
regenerative effects’?. Some reports have shown that high concentrations of platelets
are most beneficial, while others have provided evidence that very high
concentrations of platelet-rich plasma (PRP) could be counterproductive, with a

potential risk of cell death. We have previously shown that distinct effects on
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individual cell types may be due to the release of different amounts of specific GFs,

including PDGF and VEGF®’.

The functional relevance of PDGF has been largely addressed and is widely accepted.
Indeed, PDGF plays a pivotal role in cell proliferation and tissue repair’l. Moreover,
PDGF has recently been shown to attenuate OA development by inhibiting
inflammation and enhancing cell proliferation via the JAK2/STAT3, PI3K/AKT, and p38
signaling pathways’2. Consistently, PDGF has been used in functionalized scaffolds to
promote the recruitment of synovial mesenchymal stem cells for osteochondral

repair’3.

Cartilage lacks blood and lymphatic supply. Normal articular cartilage resists vascular
invasion due to its matrix composition and the production of diffusible angiogenesis
inhibitors’>74. Hence, the action of VEGF on cartilage repair is still not well defined.
Undoubtedly, VEGF is a relevant factor for tissue repair and regeneration 7>76,
However, previous studies have shown that angiogenesis blockade promotes cartilage
repair in animal models. VEGF-attenuated PRP, by means of VEGF-binding
microspheres, had no effect on PRP-induced chondrogenic differentiation of stem
cells in vitro and improved therapeutic effect on cartilage repair in rats’’. On the other
hand, VEGF may exert non-angiogenic actions’8. It has also been described that VEGF
may be involved in macrophage recruitment and M2 polarization,which may
contribute to relieving intra-articular inflammatory burden. Nevertheless, VEGF
release by APC might represent a surrogate marker of platelet degranulation and, in

addition to being a relevant biomarker of clinical outcome, might have a neutral or

even inhibitory effect on chondropathic pain’®.

Finally, our data revealed that the presence of MIP-1a in both PB and APC might be
detrimental to clinical outcomes. Low MIP-1a levels in APC of optimal responders may
be due to low systemic inflammation in patients. Therefore, it is conceivable that
favorable clinical outcomes are facilitated by the transfer of low levels of

inflammatory cytokines into the articular cavity.
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In conclusion, PDGF in platelet concentrates is a highly reproducible predictive
biomarker of APC-induced pain reduction in individuals with grade | OA. High levels
of PDGF, but not platelet counts, are associated with better clinical outcomes. The
simultaneous determination of PDGF, VEGF, and MIP-1a in platelet concentrates may

confer higher accuracy in predicting clinical outcomes.
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7. STUDY 2

Functional interaction between mesenchymal stem cells and soluble factors
for bone marrow aspirate concentrate therapy in Critical Limb Ischemia

7.1 Peripheral Arterial Disease

Peripheral Arterial Disease (PAD) is a vascular disease, characterized by reduced
perfusion or obstruction of peripheral arteries, most frequently in the legs. This
condition is caused by the accumulation of atherosclerotic plaques (deposits of fat,
cholesterol, and other substances) in the arterial walls, resulting in reduced blood
flow. PAD can cause various symptoms, including claudication (pain, cramping, or
fatigue in the legs during physical activity), ischemia, wounds that do not heal and, in
severe cases, gangrene. The main risk factors for PAD are smoking, diabetes mellitus,

hypertension, hyperlipidaemia, and a history of cardiovascular disease® (Figure 17).

Peripheral Arterial Disease

Healthy peripheral artery Narrowing of peripheral artery

Plaque build-up
(atherosclerosis)

\ Normal blood flow Reduced blood flow
Narrowing or blocked

peripheral artery

J

Figure 17. Peripheral Arterial Disease (PAD). PAD is a chronic condition where narrowed arteries
reduce blood circulation to the limbs and is usually caused by a buildup of fatty deposits in arteries.
PAD occurs when your limbs such as your legs do not receive enough blood flow. This in turn causes
symptoms such as cramping, or leg pain when walking (claudication).
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Individuals with PAD have a significantly higher risk of stroke and myocardial infarction
due to the common atherosclerotic process. Treatment strategies include lifestyle
modifications (such as smoking cessation, exercise and dietary changes),
pharmacotherapy to manage underlying risk factors, and revascularisation
procedures (such as angioplasty or bypass surgery) for more advanced cases. PAD can
be a debilitating condition if not managed properly, resulting in impaired mobility and
increased morbidity. The prevalence of the disease in the population is 5% and
increases most in adults. In individuals over the age of 70, it can be as high as 20%.

From an aetiological point of view, it is classified as:

- in 90-95%, obstructive arteriopathies of a degenerative and fibrotic type on an
atherosclerotic basis, accumulation of cholesterol in the walls of the arteries with loss

of elasticity

- in the remaining 5% of cases, obstructive arteriopathies of a phlogistic, or

inflammatory type.

Most patients with PAD have mild or even no complaints. In other cases, they may
present with necrosis or gangrene of the limb. This depends on the severity of the
disease and thus the degree of occlusion. The most common symptom is claudicatio
intermittens, acute pain, numbness, weakness and fatigue in the muscle groups of
the lower limbs, especially at the calf level. This manifestation occurs following more

or less intense exercise and resolves after a few minutes of rest®!.

The clinical manifestations of the disease can vary widely, patients with PAD are
classified into different stages, according to the Fontaine (or Leriche-Fontaine)

classification (Figure 18).
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Figure 18. Schematic representation of the stages of PAD according to Leriche-Fontaine's
classification.

Currently, a different classification is preferred, giving importance to the timing of

surgery:

- moderate ischemia, a condition in which the patient may present the main

symptoms in more or less severe forms;

- severe ischemia, a condition in which the patient risks amputation, following
necrosis or gangrene of the limb, and therefore surgery will be necessary for possible

revascularisation.

7.2 Critical Limb Ischemia

Critical Limb Ischemia (CLI) is an advanced manifestation of PAD, characterized by the
presence of rest pain, intermittent claudication (IC), and trophic lesions, such as ulcers
and/or gangrene, due to a severe compromise of blood flow to the affected extremity.
Unfortunately, to date, the most probable outcome of CLI, in the absence of
significant hemodynamic improvements, is represented by a high rate of mortality

and amputation® (Figure 19).
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Figure 19. Critical Limb Ischemia (CLI). CLI is typically associated with advanced atherosclerosis and
can result in major complications, including limb amputation if left untreated. It occurs when there
is a substantial blockage of the arteries, leading to insufficient oxygen and nutrient supply to the
tissues, often resulting in rest pain, non-healing ulcers, or gangrene.

The incidence of CLI is largely underestimated, since the data of severe arteriopathy
affecting lower limbs are based on extrapolations deriving from the evolution of

intermittent claudication®3.

7.2.1 Risk factors of CLI

Risk factors of CLI are different and include atherosclerosis, cigarette smoking,
diabetes mellitus, hypertension and hyperhomocysteinemia. Atherosclerosis
accounts for more than 90% of cases of PAD®. The chances of developing PAD in
smokers compared to non-smokers are doubled and the severity of the disease is
directly related to the number of smoked cigarettes and the length of time they
smoke. In addition, smoking triples the risk of worsening arterial disease and doubles
the risk of amputation®. In subjects with diabetes mellitus, CLI shows a triple
frequency compared to the corresponding non-diabetic arterial disease and has a 15
times higher amputation rate. Interestingly, hypertension is associated with CLI
although weaker than coronary artery disease®. Among the most recent risk factors
of CLI, elevated homocysteine levels have been associated with a 2-3 times greater
risk of developing PAD, and approximately 30-40% of patients with CLI have high

levels of homocysteine®’.
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7.2.2 Symptoms, Diagnosis and Treatment

The typical symptom of the CLI at rest is a constant burning sensation or numbness in
the ankle or foot in the absence of activity. Elevating the extremity increases
symptoms while placing the limb in a dependent position provides relief. Intermittent
claudication, a cramping pain in the muscles of the lower limbs downstream of the
vascular lesion occurs during exercise, such as walking, and is relieved by a short
period of rest. This symptom is due to the discrepancy between the oxygen demand
and oxygen supply by the muscle and has a negative impact on various aspects of

quality of life®?.

Progression of CLI induces the onset of pain even at rest, during the hours of night
sleep, where the supine position exacerbates an already compromised hemodynamic
situation. In a minority of patients, clinical overview can evolve towards critical
ischemia, with the possible appearance of trophic lesions and gangrene due to severe
skin hypoxia. This condition may require in the most serious forms surgical
revascularization or amputation of the affected limb. Among patients with
claudication followed for 5 years, about 75% remain stable, 20% develop an
aggravation of claudication and 5% have critical ischemia of the lower limbs. The risk
of amputation in patients with claudication is about 1% per year. Amputation is much
more frequent once resting pain symptoms or tissue ulcerations become manifest.
Diagnosis of CLI is usually based on the anamnesis and physical examination, that
allow to identify signs and symptoms of this diseases. However, to achieve the correct
diagnosis it is necessary to perform several other clinical tests. For this purpose, non-
invasive techniques are used including the measurement of the Ankle-Brachial Index
(ABI), consisting in the systolic pressure at the ankle, divided by the systolic pressure
at the arm, that represents the ratio of ankle-to-brachial systolic blood pressure.
Normal values measured at rest are between 1.30 and 0.91; values between 0.90 and
0.40 indicates a mild to moderate degree, values below 0.40 indicate a severe level
of illness. Values over 1.30 are an indication of incompressibility of the vessels

probably due to calcinosis®°.
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The ABI can be falsely high in the presence of stiffened ankle arteries related to medial
artery calcification, a condition mostly observed in patients with diabetes or chronic
kidney disease®®. When required, especially in anticipation of surgery, the execution
of other more sophisticated radiological imaging techniques such as computed
tomography angiography (CTA), magnetic resonance angiography (MRA), or the more
invasive angiography may be indicated. For evaluating the indication of
revascularization in patients with PAD, both CTA and MRA are considered as
appropriate imaging tests. The sensitivity and specificity of multidetector CTA

compared with angiography is = 90% for detecting PAD%.

CTA uses iodinated contrast and ionizing radiation to visualize pathology from the
aorta to the lower extremity. The scan times take a few seconds, but diagnosis can be
difficult in small tibial vessels with calcification and multiple occlusions. The sensitivity
and specificity of MRA in detecting PAD with stenosis >50% is the same as CTA, 90%
to 100%. MRA has several advantages in diagnosing PAD over CTA. Indeed, MRA
requires no radiation, and calcium does not interfere with the diagnosis. Another

advantage of MRA is that it allows for hemodynamic measurements®.

Further investigations that can be carried out are the evaluation of microcirculation
through the monitoring of the transcutaneous oxygen and carbon dioxide tensions
(TcpO2 and TcpCO2). This technique is a non-invasive method for patients who need
continuous monitoring of oxygen and carbon dioxide with minimal blood draws and
can quantify the level of local muscle oxygenation in the arteriopathic patient during
the execution of an incremental protocol on the treadmill and for the study of oxygen

consumption at rest%,

Diagnostic angiography, the gold standard for preoperative imaging, requires less
contrast than CTA, provides optimal resolution for distinguishing distal lesions, and
facilitates immediate endovascular treatment. However, catheter-based angiography

is invasive and not without complications®?.

The prognosis of patients affected by CLI is particularly severe due to the high

mortality and morbidity rate, already evident within a few months of follow-up from
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the diagnosis of CLI. Indeed, both the European Consensus and subsequently by the
Trans-Atlantic Inter-Society Consensus (TASC) indicated that about 20-25% of the
patients have a risk of major amputations and mortality already within one year of
diagnosis. In addition, an Italian multicenter study of 1.560 patients with no option
CLI showed a rate of amputations greater than 12% within one year of diagnosis,
while the mortality rate was 13% within six months, 22% within 1 year and 31.6%

within two years®2.

Therapeutic treatments of CLI patients depend on the severity of the disease. They
should predict the progression of the atherosclerotic process, prevent morbidity and
mortality from cardiovascular events, improve walking performance and quality of life
and in multiple severe stages also suggest the best choice between the different
surgical revascularization techniques. The reduction of the atherosclerotic and the
cardiovascular risks should include the elimination of cigarette smoking and the
monitoring of glycemia, blood pressure and dyslipidemia. Among the drugs
specifically indicated for PAD, it seems recommended the only the use of antiplatelet

agents, in particular aspirin and alternatively clopidogrel®3.

The main treatment of CLI in patients with salvageable limbs is revascularization to
improve distal perfusion. Revascularization includes various techniques, such as
dilatation and recanalization of an artery (percutaneous transluminal angioplasty or
PTA) or traditional surgical techniques such as thromboendarterectomy or bypass of
obstructed arteries. Recourse to surgery is justified in more advanced stages of the
disease, while in intermediate stages it should be considered for situations of
symptomatic failure or failure of comprehensive rehabilitation and

pharmacotherapy®*.

Despite the rapid development of interventional techniques, therapeutic options for
patients with CLI remain limited: approximately 40% of patients with CLI are not
eligible for surgical or endovascular revascularization (patients with chronic critical
limb ischemia without the possibility of revascularization). Therefore, new diagnostic

and therapeutic options for revascularization are of utmost importance.
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7.3 New Therapeutic Approaches

Among possible new therapeutic approaches to treat patients with CLI are cell
biological therapies, including gene therapy and cell-mediated therapy. Gene therapy
is a potentially usable treatment for patients with CLI. It has been observed that, in
some patients, treated by transfection of the plasmid DNA-VEGF at scalar doses, after
one year of follow-up, there was an improvement in clinical conditions, such as:
reduction in pain, increase in ABI, neoformation of collateral vessels and an increase
in distal flow. These studies have also shown that the use of VEGF has limitations, as
the clinical use of growth factors can lead to the development of pre-existing tumours,
the worsening of diabetic retinopathy and the induction of angiogenesis within the

stable atheromasic plaque, which could lead to dangerous instability*? (Figure 20).
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Figure 20. Pro-vascular progenitor cells in patients with CLI - Depletion of pro-vascular progenitor
cells in patients with critical limb ischemia. The human bone marrow is a rich reservoir of progenitor
cells that coordinate blood vessel repair. Circulating, vessel-resident endothelial precursor cells serve
as the building blocks of blood vessels and inosculate into the vessel wall during vasculogenesis.
MSCs generate pericytes that surround the vessels and smooth muscle cells that stabilise the newly
formed vessels and secrete trophic factors that recruit accessory cells (M2 macrophages) involved in
activating arteriogenic remodelling and perfusion of collateral vessels (96).

Cell-mediated therapy is based on the use of Endothelial Progenitor Cells (EPCs) or
Mesenchymal Stem Cells (MSCs), derived from bone marrow and peripheral blood,
for endothelial regeneration and neo-angiogenesis after tissue ischemia, and thus

have been identified as a new potential therapeutic target in CLI®.
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7.4 Endothelial Progenitor Cells (EPCs)

Until a few years ago it was thought that the vascularization of ischemic tissues in
adults was restricted to the migration and proliferation of mature endothelial cells, a
process known as "angiogenesis"®®. However, a population of mononuclear cells
(MC), including endothelial progenitor cells (EPCs), has been identified in both bone
marrow and peripheral blood. The first descriptions of EPCs were by Asahara et al. in
1997, who showed that, even in adults, bone-marrow-derived hematopoietic
progenitor cells (PCs) can give rise to endothelial cells (ECs) that contribute to active
neovascularization in ischemic tissues?®. These cells were termed EPCs, and since
their discovery intense effort has been focused on defining the role of EPCs in the
regeneration of injured endothelium, neovascularization of ischemic tissue and
cancer angiogenesis. Other evidence has suggested that particular stimuli (e.g.,
growth factors) or pathological conditions (e.g., ischemia) are able to mobilize EPCs,
which are cells circulating in small quantities in the blood stream and are capable of
implanting themselves in physiological and pathological neovascularization sites orin
damaged tissues and then, to differentiate into endothelial cells. This process is

known as “vasculogenesis” % (Figure 21).
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Figure 21. Mechanism of blood vessel regeneration. Vasculogenesis is the process by which new
blood vessels are formed de novo from endothelial progenitor cells during early embryonic
development. It primarily occurs in the mesodermal layer, where mesodermal cells differentiate
into angioblasts, which then organize into vascular structures. Vasculogenesis is a critical process in
establishing the initial vascular network before angiogenesis, the formation of new vessels from
pre-existing ones, takes over during later stages of development.
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Studies, conducted both in animals and in humans, have shown that EPCs are able to
improve the function of ischemic tissues, both by inducing and modulating
vasculogenesis and angiogenesis, in areas with reduced oxygen supply, and by

stimulating the re-endothelialization of damaged blood vessels®”.

EPCs express some markers including CD34, vascular endothelial growth factor
receptor-2 (VEGF-R2) and CD133. Upon release, EPCs begin to lose the expression of
CD133, and acquire the expression of markers characterizing endothelial cells,
particularly CD31, which plays an important role in the interaction between adjacent
endothelial cells, VE-Cadherin, involved in the organization of new vessels and vWF,
a multimeric protein that mediates platelet adhesion closer to endothelial damage®’.
The release of EPCs into the circulation from the bone marrow is regulated by a large
variety of molecules such as the endothelial nitric oxide synthase (eNQOS). Tissue
ischemia stimulates the production of factors such as VEGF, which by acting on its
KDR receptor, activates the phosphorylation of eNOS via Akt. The production of nitric
oxide (NO) is essential for the activation of MMP-9, a key enzyme, for the mobilization
of stem and progenitor cells, including the haemangioblast®®; eNOS-mediated NO
production is also under the control of the adrenergic system, which through the a2
and B adrenergic receptors (BARs) modulates the release of NO, causing endothelial

vasodilation®.

Several evidence has indicated that CLI risk factors play a negative role in EPC. Indeed,
smoking is the major independent predictor for the reduction of EPC levels, while a
reduced migration is mainly related to high blood pressure. Hyperglycemia
significantly affects the function of EPCs, reducing their survival and altering their

functioning®,

7.5 Mesenchymal Stem Cells (MSCs)

Mesenchymal Stem Cells (MSCs) represent an important group of cells used in
vascular regeneration. They are stromal cells with the ability of self-renewal and
differentiation into various cell types such as chondrocytes, osteoblasts, adipocytes,
and myoblasts. These cells were discovered more than 40 years ago by Friedenstein

A.J. et al., which described a population of bone marrow cells similar in appearance
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to fibroblasts, capable in vitro of differentiating into typical cells of the mesenchymal
line, using specific medial®. Several studies have demonstrated the ability of these
cells to differentiate both in vitro than in vivo, into neuronal cells, hepatocytes,
skeletal muscle cells, cardiac cells. Human mesenchymal stem cells were initially

isolated from the bone marrow (hMSCs) and subsequently identified in other tissues

as well, such as muscle, connective tissue, adipose tissue and various fetal tissues?
(Figure 22). Amniotic fluid and placenta are also rich in MSCs 101 103,
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Figure 22. Isolation and characterization of MSCs — MSCs have been successfully isolated from
multiple tissues, such as bone marrow, adipose tissue, umbilical cord, placenta, kidney, liver and
lung. Analyses to date indicate that the tissue from which the MSCs originate affects their ability to
differentiate, their secretome and their immunoregulatory potential as well as their reparative
ability. Both endogenous and infused MSCs actively migrate to injured tissues. Through crosstalk
with the components of inflammatory niches, such as extracellular matrix (ECM), immune cells,
inflammatory factors and other stromal cells, MSCs facilitate the process of tissue repair by rectifying
aberrant immune responses and promoting tissue regeneration (right panel)'°2,

Adult MSCs isolated from bone marrow aspirates are characterized by a
heterogeneous morphology and represent the ideal candidates for the development

of future cellular and gene therapies for several reasons:

- they are easily obtainable from adult tissues and therefore their use does not

present ethical problems, unlike embryonic stem cells;

- they show poor immunogenicity as they possess a superficial phenotype poorly

recognized by T cells (absence of MHC II) with consequent poor rejection reaction in

autologous and allogeneic transplants%4;

- they are able to migrate to damaged tissues and inflammation sites
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- they can be rapidly expanded in vitro and grown over several passages, without

losing the phenotype or differentiation capacity.

In addition, MSCs placed in culture are easily identifiable as they form colonies of
adherent cells characterized by the typical fibroblastoid morphology. MSCs can be
induced to differentiate through the use of specific media or several tissue factors,
such as basic fibroblast growth factor (bFGF) or heparin-binding epidermal growth
factor-like growth factor (hb-EGF), which seem able not only to increase their
proliferation, but also to interfere with the differentiation capacity, keeping them in
the state of multipotentiality!®>1%, Unfortunately, to date, it is difficult to determine
with certainty the role of these multipotent stem cells in vivo, a role that cannot be
predicted from in vitro culture. For this reason, the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy proposes minimal
criteria to define human MSC. They must be plastic-adherent when maintained in
standard culture conditions. MSC must express CD105, CD73 and CD90, and lack
expression of CD45, CD34, CD14 or CD11b, CD79a or CD19 and HLA-DR surface
molecules, and MSC must differentiate to osteoblasts, adipocytes and chondroblasts

in vitro®’.

The therapeutic potential of MSCs transplantation for the treatment of ischemic
conditions such as coronary artery disease, peripheral arterial disease, and stroke has
been explored in animal models and early-phase clinical trials. The mechanism of the
therapeutic effect of MSC transplantation in ischemic disease has been postulated to
be due to paracrine, immunomodulatory, and differentiation effects!®®. MSCs are
reported to promote angiogenesis because of their capacity to induce ECs
proliferation, migration, and tube formation, while decreasing apoptosis and fibrosis.
Furthermore, MSCs support neoangiogenesis, releasing soluble factors that
contribute to stimulating angiogenesis. These cells are thought to improve hind limb
ischemia by secreting cytokines that regulate macrophage differentiation to M2, an

anti-inflammatory phenotype!®.

Despite promising pre-clinical studies in animal models, transplantation of bone

marrow-derived cell populations in patients with CLI has shown partial benefit
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preventing limb amputation®. Thus, careful preclinical evaluation of emerging
concepts and technologies are critical for the expedited development of cell therapy

trials for CLI.
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8. AIM OF THE STUDY

Critical limb ischemia (CLI) is the most advanced form of peripheral arterial disease
and has serious clinical implications such as rest pain, intermittent claudication, and
trophic lesions. Smokers, as well as patients with type 2 diabetes and cardiovascular
diseases, are the most affected and have a high risk of amputation. Therapy can be
pharmacological, but when the used drugs fail, it is required a surgical approach. In
particular, the goals of surgical revascularization are to provide an adequate flow in
the periphery to alleviate ischemic pain at rest or promote the healing of trophic
lesions. However, the treatment and management for CLI patients must not only aim
to rescue the limb through a peripheral revascularization intervention, but also to

optimize medical therapy and to promote tissue repair and regeneration.

Recent studies have highlighted the role of endothelial progenitor cells (EPCs), or
mesenchymal stem cells (MSCs) derived from bone marrow or peripheral blood in
restoring tissue response. CLI patients not amenable to surgical or endovascular
revascularization showed a clear improvement in the disease after treatment with cell
concentrates extracted from autologous bone marrow. These improvements are
evidenced by increased blood flow, increased tissue oxygen saturation, and
significantly reduced pain. Furthermore, amputation has been avoided in 75% of

cases.

The main purpose of this study has been to identify possible predictive biomarkers
presumably released by stem cells derived from bone marrow for the therapy of no

option critical ischemia in patients who have no other therapeutic options.
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9. MATERIAL AND METHODS

9.1 Population Enrolment

The study included 22 patients from Vascular Surgery of Casa di Cura Villa dei Fiori -
Acerra, affected by Critical Limb Ischemia (CLI). The inclusion criteria were: diagnosis
of CLI in which the infiltration of bone marrow concentrate was expected; age> 18
years; ability to understand the treatment and acceptance of informed consent;

patients in whom at least one of the following diagnostic criteria was found:

- occlusion of the ankle artery with absolute pressure <50 mmHg or ABI <0.4

- toe pressure <40 mmHg

- Initial non-hemodynamic macroangiopathic lesions (stage 1)

- Intermittent claudication (stage )

- arterial disease with pain at rest (stage Ill)

- vasculopathy with the presence of trophic lesions and / or gangrene (stage V)
- tcp02 <35% in ambient air.

The patient enrolled in therapy with the following drugs had to show at least one
month of stability of the relative reference hematochemical parameters:
Plavix/aspirin, TAO, statins, anti-hypertensive; Hct> = 28%, GB <= 14000/mmc, Plt> =
50000/mmc, INR <= 1.6 or PTT <1.5 x control (to avoid bleeding) NB patients on

Coumadin therapy had to an INR <1.6 at the moment enrollment.

The exclusion criteria were: life expectancy <6 months for other diseases; history of
hematological diseases (Non-Hodgkin's Lymphomas, Hodgkin's Lymphomas,
Myelodysplastic Syndromes) which prevent bone marrow transplantation; chronic
renal failure during the dialysis treatment; malignant neoplasms or changes in the
following tests: PSA (age > 45 years), chest x-ray (age > 50 years), mammography (age
> 40vyears), PAP test (age > 21 years); decompensated Diabetes Mellitus (glycosylated
hemoglobin > 10%); high anesthetic risk (ASA class 1V, V); ischemic injury that puts the

patient's life at risk and requires immediate amputation; complete occlusion of the
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iliac axis not treated surgically or endovascularly, ipsilateral to the side to be treated;
extensive necrosis of the lower limb to be treated or other conditions that make limb
amputation inevitable; clinically active infection treated with antibiotics within 7 days
of enrollment; treatment with immunosuppressive drugs (including Prednisone > 5

mg/day); women who were pregnant or breastfeeding.

Personal, anamnestic, and biochemical data were collected at the admission in
hospital (TO) and after 30 days (T1) (glycaemia, creatininemia, alanine-amino-
transferase, total and HDL cholesterolemia, triglyceridemia, total protidemia,
ferritinemia, C-Reactive protein). Measurements of height, weight and abdominal
circumference were taken. In all subjects, a peripheral blood sample and an aliquot
of bone marrow aspirate were collected before and after cell separation with SEPAX-
2 instrument. The bone marrow samples (2 mL of pre-concentration bone marrow

aspirate and 2 mL of post-concentration bone marrow aspirate) have been used for:

- determination of the percentage of mesenchymal stem cells (MSCs) and endothelial

progenitors (EPCs) by flow cytometry analysis (FACS) of specific surface antigens.
- the isolation and in vitro culture of MSC and EPC cells population.

- the determination of a panel of cytokines, chemokines, and growth factors by ELISA

in Multiplex.

The study was approved by the local Ethics Committee. All procedures performed in
the study were in accordance with the ethical standards of the institutional or
national research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards and conformed to the Declaration of
Helsinki on human research. All patients included in the study gave written informed
consent after receiving an accurate explanation of the study protocol and of the

potential risks related to the procedures adopted by the study.
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9.2 Specimen collection — Sepax® System

Bone marrow samples were collected during surgery employing Sepax-2 technology.
The Sepax® system equipment, combined with the kits for each application protocol,
is a fully automated cell separation technology, with the CE ed approval by the
American FDA. The Sepax cell separator is a medical device that processes blood or
other biological matrixes, and its own components through a closed system, therefore
sterile, safe, and operator independent. The Sepax operation is based on
centrifugation, density gradient separation and extraction for optical detection using
the latest generation of high-quality sensors frequency. The equipment also has the
unique ability to automatically process small volume cells products. Sepax®
technology is patented by Biosafe SA, protected by patents EUR 0912250 and US
6123655, and GMP-compatible. The application software included in the device has
been developed specifically to manage processes of volume reduction and automated
cell separation, ensuring their total safety. The Sepax system works in combination
with dedicated, exclusive disposable separation kits Biosafe SA production. The Sepax
disposable kit, an integral part of the Sepax system, offers a system closed and sterile

circuit in which the cellular product is separated into its various components.

The software protocols represent an integral part of the Sepax system. The ReadyCell
protocol is designed to isolate the fraction of total nucleated cells (TNC, Total
Nucleated Cells) from bone marrow blood (30ml to 220ml) in a small final volume of
7-20 ml, with a processing time of about 20 minutes. The procedure involves the
withdrawal of the medullary blood; the connection of the bag to the disposable kit
(CS-470.1); the installation of the kit on the Sepax equipment; the automatic
procedure with the priming and filtration phase; and finally, the cells are collected in
a final vial present in the disposable kit. The disposable kit CS-470.1 is designed to
process the bone marrow, with the aim of obtaining TNC fraction with a high cell

concentration, placing the product final in a vial.
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9.3 Cell isolation and growth

An aliquot (800 pL) of Peripheral Blood (PB) and Bone Marrow Aspirate samples were
used for the isolation and characterization of mononuclear cells. For each sample, 8
mL of erythrocyte lysis solution (BD Pharm Lyse™ 10X) were added at room
temperature and incubated for 15 minutes in the dark. The peripheral blood
mononuclear cell (PBMC) fraction containing stem cells was obtained by
centrifugation at 200 g for 5 min. After having carefully aspirated the supernatant, 1X
PBS containing 1% heat-inactivated fetal bovine serum and 0,1% sodium azide (PBS-
FBS) was added to each sample that was next centrifugated at 200 g for 5 min. Then,
supernatant was carefully aspirated, and the pellet was resuspended in 1mL of PBS
1X. Then the cell count was performed using Trypan Blue dye (1:1) to assess the
viability of the samples. For growth evaluation, cells were counted with the TC10TM
automated cell counter (Bio-Rad, Hercules, CA, USA) according to the manufacturer's
protocol and divided equally in two aliquots that were plated in T-25 flasks in regular
Dulbecco's modified Eagle's medium (DMEM)-F12 (1:1) supplemented with 20% fetal
bovine serum, 2-mM glutamine, 100-unit/ml penicillin, and 100-unit/ml streptomycin
for MSC isolation (Lonza Group Ltd, Basel, Switzerland) and EGM-2 Endothelial
Medium BulletKit supplemented with 2% fetal bovine serum and specific growth
factor (human Epidermal growth factor hEGF, vascular endothelial growth factor
VEGF, R3-Insulin-like growth factor R3-IGF-1, Ascorbic acid, Hydrocortisone, human
Fibroblast growth factor-beta hFGF-B, Heparin) for EPCs isolation (Lonza Group Ltd,

Basel, Switzerland).

9.4 Flow cytometry analysis

Percentage and expression of endothelial and mesenchymal markers on isolated cells
were analyzed by flow cytometry. Total BM and PB samples were suspended in 100ul
phosphate-buffered saline (PBS) for analysis. Cells were incubated with PE-conjugated
anti-CD73 antibody, FITC-conjugated anti-CD90 antibody, APC-conjugated anti-CD34
antibody, PE-conjugated anti-CD133 antibody and PE Vio770-conjugated anti-CD45
antibody as well as dye/isotype-matched antibodies (all from BD Biosciences, San
Jose, CA, USA) in the dark for 20 min at 4C. Afterward, unbound antibodies were

washed out and the samples were centrifuged at 200 g for 5 minutes. Then, the
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supernatant was carefully aspirated, the pellet was resuspended in 400ul PBS and
each sample processed by a BD LSR Fortessa (BD Biosciences, San Jose, CA, USA) and

analyzed using BD FACS Diva software.

9.5 Determination of cytokines, chemokines, and growth factors

Samples obtained after 10.000 g for 10 minutes centrifugation were stored at -80°C
until the assay was performed. Samples were screened for the concentration of
interleukin (IL)-1ra, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13,

IL-15, IL-17A, basic Fibroblast Growth Factor (FGF), Eotaxin, Granulocyte- Colony
Stimulating Factor (G-CSF), Granulocyte-Macrophage Colony-Stimulating Factor (GM-
CSF), Interferon-y (IFN-y), Interferon-y inducible Protein 10 (IP-10), Monocyte
Chemoattractant Protein-1 (MCP-1), Macrophage Inflammatory Protein-1 (MIP-1) q,
MIP-1B, C-C motif Chemokine ligand 5 (CCL5)/RANTES, TNF-a, Platelet derived
Growth Factor (PDGF-BB) and Vascular Endothelial Growth Factor (VEGF) by using the
Bioplex multiplex Human Cytokine, Chemokine and Growth factor kit (cat. n.
M500KCAFOY, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s protocol,

and as previously described in “Material and Methods - Study 1”.

9.6 Statistical analysis

Statistical Analysis were performed using both R software platform (http://www.R-
project.org/) and GraphPad Prism 8.4.2 software (GraphPad Software Inc., La Jolla,
Ca).

The D’Agostino-Pearson normality test was performed to check whether continuous
variables followed the normal (or gaussian) distributions model. According to the
results obtained from the normality test, to check the differences among two
continuous variables, t-test for normal distributions and Mann Whitney U test for
non-normal distributions were performed. Simultaneously, paired t-test and
Wilcoxon test were used for paired comparisons among two distributions.
Comparisons between more than two variables were made using the Tukey corrected
ANOVA test or the Kruskal-Wallis test with Dunn’s post hoc adjustment. The

correlations between two variables were obtained by either Pearson correlation test
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or Spearman rho ranking test. To assess the Odds Ratio for variables, univariate

logistic regression models were used.

All p-values <0.05 are considered statistically significant.
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10. RESULTS

10.1 Patients Phenotyping
22 patients with CLI were recruited for this study. Clinical characteristics of the study
population are reported in Table 9. Twenty patients were male (90.9%). The
population had an overall mean age of 68.09 and a body mass index (BMI) of 26.9.
Seven patients (31.8%) were smokers, and ten (45.5%) had Type-2 Diabetes.

Table 9. Clinical phenotyping of the population enrolled

(N=22). Age and BMI are expressed as mean * SD. Smoker and
Diabetic patients are indicated as number and percentage.

Parameters [unit] Total Population
(N=22)
Age [years] 68.09 + 11.04
Gender M (90.9%)
BMI 26.93+3.31
Smoker; Yes 7 (31.8%)
Diabetic; Yes 10 (45.5%)

Samples of bone marrow (BM) aspirate before cell separation (PRE-SEPAX), after cell
separation (POST-SEPAX), and peripheral blood (PB) at baseline (TO) were collected

for each patient.

10.2 Isolation and characterization of Bone Marrow Cells

BM and PB samples were isolated to collect mononucleated cells. After isolation, the
obtained pellet was counted to assess cell number. Total POST-SEPAX cells increased
by around 2.5-fold compared to total PRE-SEPAX cells, demonstrating the efficacy of
SEPAX-2 instrument to obtaining the fraction of total nucleated cells with a higher cell

concentration (Figure 23).
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Figure 23. Total Bone Marrow cells count and viability. An aliquot of bone marrow aspirate collected
before (PRE-SEPAX) and after cell separation with SEPAX-2 instrument (POST-SEPAX) were isolated.
Total BM cells were counted, and the results were reported as fold over basal. The graph on the right
reported the increase in viability in POST-SEPAX samples around 2.5-fold compared to PRE-SEPAX
samples. Data in the graphs represent the mean * SD of patients enrolled in the study. Asterisk
denotes statistically significant differences (*p<0.05; **p<0.01).

Total BM samples and PB samples were analyzed to assess the presence of the
different stem cell populations. In detail, the erythrocyte were lysed, and the
mononucleated cells were incubated with the following antibodies: anti CD34, anti
CD133 and anti CD45 for EPCs identification and anti CD90, anti CD73, anti CD45 for
MSCs identification. The population was identified by analyzing the cellular physical
parameters, therefore the side scatter (SSC) versus forward scatter (FSC). Then, it was
determined the positive and negative population for the markers of interest. Briefly,
for EPCs, the CD45dim population was selected, and next was defined as the
percentage of this population that was simultaneously positive for CD133 and CD34.
In addition, for MSCs, the population that was simultaneously negative for CD45 and
positive for CD73 and CD90 was selected. The results show that the fraction of EPCs
and MscS were statistically increased in BM samples compared to peripheral blood.
Conversely, there were no differences in MSCs concentration between BM and PB

cells (Table bottom 10).

10.3 Cytokines and growth factors screening in bone marrow PRE-SEPAX, POST-
SEPAX and PB

Next, aliquots of bone marrow PRE-SEPAX, POST-SEPAX, and PB collected at baseline
(TO) were used to evaluate a panel of growth factors, cytokines and chemokines

such
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as IL-1PB (interleukin 1beta), IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70),
IL-13, IL-15, IL-17, Eotaxin, FGF basic (fibroblast growth factor), G-CSF (granulocyte
colony stimulating factor), GM-CSF (granulocyte macrophage- colony stimulating
factor), IFN-y (interferon gamma), IP-10 (interferon-gamma-inducible protein-10),
MCP-1 (monocyte chemoattractant protein-1), MIP-1a, MIP-13 (macrophage
migration inhibitory factor-1 alpha and 1 beta), PDGF-BB (platelet-derived growth
factor), RANTES, TNF-a and VEGF (vascular endothelial growth factor) by a
multiplexed ELISA assay (Bioplex). The results in Table 10 show that bone marrow had
a significant increase in IL-1ra, bFGF, gCSF, IFNy, MCP-1, MIP-1a, MIP-1p and PDGF
compared to the peripheral blood sample at baseline. Notably, these inflammatory
molecules have a significant correlation between systemic and bone marrow levels.
In addition, EPC and MSC cells correlate positively between PB and BM levels (Table
bottom 10).
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IL-18 1.77 [1.03; 3.49] 1.55[0.74; 8.75] 0.369 0.528 (0.008 —0.824) 0.035
IL-1ra 805.28 [563.29; 1101] 1248 [805.28; 3214] 0.028 0.554 (0.113 —0.813) 0.011
IL-2 2.61[1.33;5.38] 5.43 [4.05; 6.29] 0.144 0.546 (0.02 —0.848) 0.043
IL-4 2.05[1.51; 2.96] 2.23[1.45;3.57] 0.416 -0.02 (-0.459 —0.426) 0.932
IL-5 25.89[26.89;52.17] 75.38[60.17; 100.37] 0.068 -0.396 (-0.983 —0.912) 0.604
IL-6 1.93[1.42;2.84] 7.48[2.73; 21.95] 0.328 -0.408 (-0.888 —0.498) 0.364
IL-7 15.25[7.65; 28.91] 24.65 [15.23; 49.06] 0.296 0.620(-0.579 —0.971) 0.265
IL-8 8.97[5.91; 18.37] 16.37 [9.4; 69.98] 0.252 0.787 (0.478 —0.923) <0.001
IL-9 361.08 [244.49; 440.81] 370.09 [224.96; 437.08] 0.168 0.493 (0.065 —0.768) 0.027
IL-10 3.01[1,27;3.98] 6.04 [4.04; 7.54] 0.201 -0.461 (-0.768 —-0.016) 0.047
IL-12 1.41[1.41;5.33] 2.65[0.76;5.14] 0.777 0.736 (0.141 —0.941) 0.024
IL-13 1.25[0.57;1.97] 0.88[0.47;1.18] 0.601 0.263 (-0.311 —0.696) 0.364
IL-15 94.17 [44.31; 118.8] 256.39 [229.9; 291.18] 0.559 -0.02 (-0.887 —0.877) 0.974
IL-17 9.47[7.63;16.47] 11.42[8.49; 16.55] 0.162 0.464 (0.027 —0.752) 0.039
Eotaxin 31.4[25.44;42.71] 101.69 [73.15; 195.55] 0.758 -0.173 (-0.572 —0.292) 0.466
bFGF 38.05[27.49; 42.02] 47.34[32.97; 66.25] 0.041 0.082 (-0.374 —0.506) 0.731
gCSF 56.44 [46.58; 74.8] 92.05[62.27;118.13] 0.006 0.068 (-0.386 —0.496) 0.774
gmCSF 1.25[0.37;2.2] 2.68[1.97;4.23] 0.105 0.031(-0.689 —0.720) 0.942
IFNy 8.88[6.69; 11.24] 18.55[14.98; 24.25] 0.029 0.237(-0.229 - 0.615) 0.313
IP10 242.26 [185.58;372.11] 216.16 [155.86;323.32]  0.968 0.483 (0.051 -0.762) 0.031
MCP-1 20.72 [15.95; 27.07] 130.59[79.17; 160.73] 0.03 -0.082 (-0.506 —0.374) 0.729
MIP-1a 2.38[2.1;2.76] 3.05[1.9;5.08] 0.009 0.519 (0.068 —0.794) 0.019

MIP-18 215.69 [184.83;242.21] 227.84[194.28;251.71]  0.009 0.114 (-0.346 —0.529) 0.632

PDGF 109.86 [54.2;252.76]  216.07 [134.22;331.82] 0.029  0.712(0.394 —0.878) <0.001
RANTES 2118 [1133; 3883] 8441[3446;10958]  0.343  -0.002 (-0.444—0.441)  0.993
TNFa 34.64[32.6; 46.87] 37.46[32.44;58.23]  0.662  0.504 (0.079 —0.774) 0.023
EPC (%) 10 [2.5;17.5] 26.6[19.38;35.55]  <0.001  0.506 (0.02 —0.799) 0.032
MSC (%) 0.3[0.17; 0.4] 0.4[0.12; 0.67] 0.05 0.532 (0.012 —0.826) 0.034
CD34+ (%) 2.1[1.4;3.2] 2.3[1.7;3.9] 0.363  0.498(-0.109 —0.835) 0.083
CD34/45 (%) 3.1[1.3;3.8] 2.2[1.4;3.4] 0.506  0.573(0.017 —0.867) 0.041

Table 10. PB and BM-related cytokines — PB and BM samples were isolated and analyzed by Bioplex
assay. The concentration of cytokines, chemokines, and growth factors are expressed in pg/ml, as
median values with interquartile ranges for each marker.

Table 11 shows the levels of cytokines and growth factors in the PRE-SEPAX and POST-
SEPAX bone marrow samples. IL-1B, IL-1ra, bFGF, gCSF, IFNy, MCP-1, MIP-1a, MIP-18,
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PDGF and RANTES increased by more 2.5-fold in bone marrow POST-SEPAX compared
with PRE-SEPAX.

M Bone Marrow PRE Bone Marrow POST BM PonT/PRE sM F;,o:;/ PRE

IL-18 1.55[0.74; 8.75] 3.2[0.82; 6.96] 2.25(1.18 - 3.33) <0.001
IL-lra 1248 [805.28; 3214] 5089 [2209; 11403] 5.96 (2.25 - 9.67) 0.003
IL-2 5.43 [4.05; 6.29] 5.84[3.73; 7.88] 1.39(1.04 - 1.82) 0.077
IL-4 2.23[1.45;3.57] 2.06 [1.49; 2.85] 1.31(0.51-2.11) 0.424
L5 75.38[60.17;100.37]  115.29[61.95;177.44]  5.21(-1.29-11.72) 0.179
IL-6 7.48 [2.73; 21.95] 6.82[4.7; 17.37] 1.31(0.44-2.17) 0.439
IL-7 24.65 [15.23; 49.06] 23.98[16.73;32.44]  0.86(-0.14—1.87) 0.696
IL-8 16.37 [9.4; 69.98] 76.2[25.84;530.57]  14.33(-6.54 —35.21) 0.196
IL-9  370.09 [224.96;437.08] 383.02[266.03;463.16]  1.31(0.94 - 1.68) 0.092
IL-10 6.04 [4.04; 7.54] 6.9 [4.74; 9.91] 1.41 (0.97 — 1.85) 0.07
IL-12 2.65 [0.76; 5.14] 3.28[1.41;5.17] 14.49 (-3.66 — 32.63) 0.131
IL-13 0.88[0.47; 1.18] 1.54 [0.88; 1.97] 2.49 (0.9 - 4.08) 0.06
IL-15  256.39[229.9;291.18]  331.46[210.28;432.7]  1.23(0.75-1.72) 0.292
IL-17 11.42 [8.49; 16.55] 11.02 [4.5; 15.21] 0.97 (0.61—1.34) 0.892
Eotaxin  101.69[73.15;195.55]  88.75([51.13;189.01]  1.46 (0.39 — 2.54) 0.376
bFGF  47.34[32.97;66.25] 53.06 [44.24; 69.34] 1.39 (1.12 - 1.67) 0.007
gCSF 92.05[62.27;118.13]  135.33[70.87;255.84]  1.94 (1.36-2.52) 0.003
gmCSF 2.68[1.97; 4.23] 4.24[2.46; 4.98] 10.25 (-7.97 — 28.47) 0.299
IFNy 18.55 [14.98; 24.25] 26.67[19.38; 38.57] 1.65 (1.24 — 2.06) 0.003
P10  216.16[155.86;323.32] 201.35[112.71;330.03]  1.08 (0.83 - 1.33) 0.504
MCP-1  130.59[79.17;160.73] 169.68 [113.22;210.62]  2.02 (1.07 —3.51) 0.02
MIP-1a 3.05 [1.9; 5.08] 6.11[3.22;9.52] 2.23 (1.49-2.97) 0.002
MIP-18 227.84[194.28;251.71]  291.1[219.27;383.6]  1.55(1.09-2.01) 0.022
PDGF  216.07[134.22;331.82]  399.81[218.48;1545]  4.35(1.34—7.36) 0.007
RANTES 8441 [3446; 10958] 12866 [7861;20938]  2.86 (1.33 —4.39) 0.019
TNFo  37.46[32.44;58.23] 46.14 [33.72; 55.37) 1.15 (0.88 — 1.42) 0.248

Table 11. PRE-SEPAX and POST-SEPAX related cytokines — PRE-SEPAX and POST-SEPAX samples were
isolated and analyzed by Bioplex assay. The concentration of cytokines, chemokines, and growth
factors are expressed in pg/ml, as median values with interquartile ranges for each marker. The table
also shows the fold change values and the associated p-value. Values in italics indicate trends close
to statistical significance.
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10.4 Basic evaluation of CLI patients

Diagnosis of CLI cannot be stressed enough as consequences of the high morbidity
and mortality associated with the disease process itself. Although diagnosis of CLI is
defined by clinical findings, it should be confirmed by other objective examinations
including the transcutaneous partial pressure of oxygen (TcpO2) and treadmill test
(TT). TT evaluates the patient’s ability to ambulate, and the distance after which the
patient is forced to stop because of severe pain and muscle cramps. TcpO2 and TT
parameters were collected at baseline (TO) and after 30 days at follow-up (T1), to
evaluate the efficacy of the infiltration of bone marrow concentrate. The ATT was
obtained by subtracting ambulation distance at TO from that at T1. A similar ratio is
used for AtcpO2. At the end of follow-up patients improved their functions and a
significant increase of both ATT and AtpcO2 was observed at T1 compared to TO (Table
12).

Table 12. Clinical parameters of patients enrolled in the study. The Treadmill test is
expressed as meter walked by patient and TcpO; is expressed as mmHg. The bold p-value
indicates a statistically significant difference between T1 and T0 values (p < 0.05).

a = Wilcoxon matched-pairs test.

10 T At p-value (test)
990 1225 750 .
rim (10; 1000] [275; 1500] [245; 950] <0.0001
33 34 27 )
tepz (mmFie) (15; 48] (30; 64] (7; 34] <0.0001

10.5 Correlation between clinical parameters and release of soluble factors

A correlation between AtcpO2 with a panel of 27 different cytokines, chemokines,
and growth factors was performed, to verify whether the increase of soluble factors
observed in serum at baseline could be a predictor of physical function recovery. In
PB, bone marrow PRE-SEPAX and POST-SEPAX samples, inflammatory molecules such
as IL-2 (Interleukin 2) and TNF-a (Tumor Necrosis Factor-alpha) negatively correlated
with tcpO2 at baseline (IL-2 r:-0.627 p=0.037; r: -0.449 p=0.061; r: -0.560 p=0.013)
(TNF- ar: -0.528 p= 0.024; r: -0.507 p= 0.027; r: -0.505 p= 0.027) (Figure 25).
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Figure 25. Correlation analysis in PB, PRE-SEPAX and POST-SEPAX samples among clinical parameter
tcp0; and a panel of soluble factors at baseline. For each plot, a linear regression is reported, with a
95% confidence interval marked in grey, as well as @ Spearman correlation value with relative 95%
Cl. Every correlation reported is statistically significant (p<0.05).

Thus, the population was stratified according to the variation in outcome tcpO; from
TO to T1 (ATpcO,). Patients with ATpcO; >17mmHg were classified as positive
outcome TcpO;. In PB, the concentration of IL-12 and MSC cells were significantly
higher (p= 0.026, OR=0.035; p= 0.007 OR=0.05 respectively), compared to negative

outcome tcpO; patients (<17mmHg). In bone marrow POST-SEPAX, IL-9 was a
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negative biomarker (p= 0.017, OR= 0.047), while CD34+ (%) was higher in positive

outcome TcpO, patients (Figure 26).

ATpcO, ATpcO,
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Figure 26. Relationship between ATpcO,soluble factors in PB and bone marrow POST-SEPAX.
Population was stratified in negative and positive outcome ATpcO,. Boxplots depict concentrations
in PB and bone marrow POST-SEPAX. Concentrations are expressed as pg/mL. The figure reports
only those factors displaying statistical significance (p<0.05).
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11. DISCUSSION

Critical Limb Ischemia (CLI) is a severe manifestation of peripheral artery disease
(PAD), characterized by insufficient blood flow to the lower extremities, resulting in
tissue ischemia, pain at rest, and an increased risk of limb loss. CLI has a significant
impact on patients’ quality of life, with the risk of amputation being one of the most
devastating outcomes. Traditional therapeutic options include revascularization
procedures, pharmacological interventions, and in some cases, amputation when
other treatments fail. However, emerging regenerative therapies, particularly
autologous stem cell transplantation, have demonstrated potential in restoring blood
flow and promoting tissue regeneration.

CLI is a growing global health concern, particularly in elderly populations and
individuals with diabetes mellitus, smoking history, or hypertension. According to the
World Health Organization (WHO), the incidence of CLI is expected to increase with
the aging population and the rising prevalence of lifestyle-related diseases. In the
United States and Europe, CLI affects an estimated 1-2% of adults over the age of 65,
with a significant burden on healthcare systems due to the high cost of treatment and
long-term care. The global prevalence is even higher in low- and middle-income
countries, where access to advanced diagnostic and treatment options is limited. CLI
is often diagnosed at advanced stages, leading to increased healthcare costs and the
potential for amputations!1®111,

In Italy, CLI is a leading cause of amputation, with an estimated 15,000-20,000 new
cases reported annually. The prevalence of CLI is notably high among the elderly and
individuals with comorbid conditions, particularly diabetes, which is a major risk
factor for the disease. Despite the availability of modern revascularization techniques,
including endovascular procedures, the rates of major amputations remain
concerning. Approximately 10-15% of CLI patients in Italy require amputation due to
non-healing ulcers, gangrene, or failure of revascularization treatments.

The application of autologous bone marrow stem cells in the treatment of CLI
represents a promising and minimally invasive approach to improving limb salvage

and reducing the risk of amputation.
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Studies have shown that the infusion of autologous bone marrow-derived stem cells
leads to significant improvements in blood flow, tissue oxygenation, and even clinical
outcomes in some CLI patients 112113,

Bone marrow is a rich source of stem cells, including hematopoietic stem cells (HSCs)
and mesenchymal stem cells (MSCs). MSC cells have attracted attention due to their
ability to differentiate into various cell types, such as endothelial cells, smooth muscle
cells, and adipocytes, which are critical for vascular repair and regeneration. These
cells also secrete a range of bioactive molecules, including growth factors, cytokines,
and extracellular matrix components, which help modulate inflammation, promote
angiogenesis, and facilitate tissue repair!'®. Bone marrow concentrates re-infused to
patients include a cell fraction, consisting of MSCs and EPCs. Indeed, these cells can
be isolated by the bone marrow and have emerged as potentially useful substrates
for neovascularization and tissue repair and bioengineering. To date, it is unclear
which cell type and source yields superior benefit on a per cell basis during the CLI. In
any cell therapy application, it is essential to identify active cells that mediate
beneficial effects. In addition, each patient has a different concentration of cells
present in the bone marrow aspirate!?.

Study 2 focused on cellular and soluble components in bone marrow concentrates to
identify some possible prognostic biomarkers in patients undergoing stem cell
therapy. This study was conducted on 22 CLI patients and for each patient a bone
marrow aspirate (BM) sample was collected before (PRE-SEPAX) and after (POST-
SEPAX) cell separation with the SEPAX-2 instrument and a peripheral blood (PB)
sample at baseline (TO). SEPAX-2 is a medical device, already used in vascular surgery
with excellent clinical results, which enables automated cell separation in a sterile and
safe manner. After cell isolation, a significant increase in count and viability cell was
observed in POST-SEPAX bone marrow aspirates compared to PRE-SEPAX samples,
confirming the effectiveness of this technology. As it is unclear which cells and/or
molecules are involved in improving patient health, different cell populations in the
bone marrow concentrate and PB collected at baseline were characterized by FACS

analysis. Next, to verify the possible involvement of the soluble factors released by
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the BM and PB samples in the revascularization process, a panel of 27 cytokines,
chemokines and growth factors has been evaluated by ELISA in multiplex assay.

In PRE-SEPAX samples, there was a significant increase in IL-1ra, bFGF, gCSF, IFN-y,
MCP-1, MIP-1a, MIP-1B, and PDGF concentration compared to PB. EPC and MSC cells
are significantly higher in bone marrow, compared to systemic levels. Finally, we have
evaluated the same panel of cytokines, chemokines, and growth factors in bone
marrow PRE-SEPAX and POST-SEPAX. IL-1b, IL-1ra, gCSF, IFN-y, MCP-1, MIP-1qa, and
PDGF increased by more 2.5-fold after cell separation.

A correlation between the release of soluble factors in serum and bone marrow the
transcutaneous partial pressure of oxygen (TcpO2 mmHg) at the baseline has been
performed. Results show a negative correlation for both IL-2 and TNF-a
concentrations with TcpO2 in serum and bone marrow at TO. These pro-inflammatory
cytokines stimulate a series of events that can increase oxygen demand in tissues
involved in the immune response, increasing vascular permeability. During acute or
chronic inflammation, activated immune cells (such as T-cells, in response to IL-2) and
the production of reactive oxygen species (ROS) require more oxygen. However,
limited perfusion reduces the ability to respond to this increased oxygen demand,
leading to a decrease in Tcp0O,116117,

Finally, ATcpO; was detected one month after BMAC administration. The degree of
response displayed variability among patients, and they were classified based on
TcoO; variation. Outcome ATcpo2 positive patients showed a significant systemic
increase in IL- 12 and MSC cells. Both parameters might represent positive biomarkers
in responders’ patients. In bone marrow samples, after separation, a decrease in IL-9
and in addition a significant increase in CD34+ hematopoietic stem cells were
detected. These cells are essential for maintaining the balance of the blood cell
population and are widely utilized in clinical settings, particularly in stem cell
transplantation and gene therapy, where they can be harvested, expanded, and
transplanted to treat various blood disorders, such as leukemia, lymphoma, and other
hematological malignancies. Additionally, CD34-positive cells are important in
regenerative medicine due to their potential to differentiate into other cell types

under certain conditions.
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In conclusion, different types of cell populations have been identified in bone marrow
and peripheral blood collected from CLI patients. This study adds new information on
cell-based applications that can improve pro-vascular function and be used as an

alternative treatment option for CLI.
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