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Preface

Regenerative medicine is a promising interdisciplinary field that applies basic
principles of engineering and life sciences to repair, replace, or regenerate damaged
or lost tissues and organs. Unlike conventional medicine, regenerative medicine
uses human cells and other substances to regrow tissues or restore their functions.
An important characteristic of regenerative medicine is that its effects, if not
permanent, are long lasting. The main aim of regenerative medicine is to use
culturing methods to develop techniques and products using the body’s own cells
for medical treatment. Regenerative medicine combines approaches such as the use
of cell-based, cell-free soluble molecules, stem cells from different sources, gene
therapy, tissue engineering, reprogramming of cells and, more recently, cell-free
regenerative therapies. This book, Regenerative Medicine, provides details of recent
advancements in regenerative therapies for regenerative medicine applications.

Regenerative medicine therapies have gained significant popularity in recent years
and have provided novel therapeutic approaches for a number of diseases. This
book examines research in bone marrow aspirates, adipose tissue-derived stem
cells and growth differentiation factor 11, platelet-rich plasma, and nanowires for
use in regenerative medicine applications. Chapters focus on the use of stem cells
(specifically mesenchymal stem cells derived from bone marrow or adipose tissue)
and platelet-rich plasma for regenerative purposes. In addition, the book discusses
regenerative medicine applications for eyes, skin, musculoskeletal disorders, spinal
disorders, critical limb ischemia, and joint degeneration. Further, it covers the role
of hypoxic preconditioning as a strategy to enhance the regenerative potential of
stem cells. The chapter by Dr. Everts et al., “The Rationale and Roles of Autologous
Prepared Bone Marrow Aspirate Concentrate Cells in Regenerative Medicine
Applications,” highlights the applications of autologous bone marrow-derived
concentrate in regenerative medicine. This chapter begins with a brief introduction
of stem cells and their different types and addresses the cellular contents of bone
marrow tissue, harvesting, and preparation techniques. In addition, this chapter
further discusses characteristics of bone marrow-derived mesenchymal stem

cells and their applications in musculoskeletal disorders, spinal disorders, chronic
wounds, and critical limb ischemia.

The chapter “Adipose-Derived Stem Cells (ADSCs) and Growth Differentiation
Factor 11 (GDF11): Regenerative and Antiaging Capacity for the Skin” by

Dr. Mazini et al. describes how ADSCs cross-react with GDF11 to assure dermal
fibroblasts’ and keratinocytes’ proliferation to reverse the aging process. It also
discusses the involvement of cell signaling pathways related to GDF11 and TGF-p
in balancing cell rejuvenation and cell regeneration as well as skin anatomy,
mechanism of skin aging, role of ADSCs in skin rejuvenation, and interactions of
ASDCs with TFG-f and GDF11 for skin regeneration. Finally, the chapter presents
immunomodulatory effects and antiaging mechanisms of ADSCs with respect to
TFG- p and GDF11.

“Isolation, Activation and Mechanism of Action of Platelet-Rich Plasma and its
Applications for Joint Repair” by Dr. Sanchez et al. highlights the importance



of platelet-rich plasma (PRP) use for joint repair. This chapter describes joint
physiology and the process of joint degeneration followed by a description of
PRP as a bioactive source. It also discusses in detail methods of PRP isolation and
preparation, its types, and process of activation. Finally, the chapter describes the
therapeutic potential of PRP in joint degeneration and its clinical translation.

In “Regenerative Medicine and Eye Diseases,” Dr. Vingolo et al. examine the use of
stem cells in ophthalmological pathologies affecting both the anterior and posterior
eye segments. The authors review the most relevant clinical trials describing the
role and potential of stem cell-based regenerative therapy in corneal and retinal
pathology. They also analyze and comment on the results of scientific literature
and possible side effects related to the use of stem cell therapy. Further, the chapter
describes the route of cell administration and role of regenerative medicine in

the anterior and posterior segments of the eye. Finally, the authors share their
experience of cell therapy in atrophic retinal diseases.

“Applications of Nanowires for Retinal Diseases” by Dr. Kharaghani et al. provides
an introduction of retinal anatomy, retinal disorders, and the latest progress in
the research for retinal regeneration and vision using nanowires. In addition, the
chapter examines different structures including core-shell and functionalized
nanowires with nanoparticles. It also describes the nanowire-based mechanism of
retinal regeneration along with challenges and prospects of its use.

In the final chapter, “Hypoxic Preconditioning as a Strategy to Maintain the
Regenerative Potential of Mesenchymal Stem Cells,” Dr. Bashir et al. discuss hypoxic
preconditioning for improving regenerative potential of stem cells. In this chapter,
the authors describe how regenerative potential of stem cells is compromised by

age of donor and in vitro passaging, and how hypoxic preconditioning could be
employed to enhance the age- and passage-depleted function of stem cells.

Although my name appears on this book’s cover, I am grateful to the wonderful
work of all the authors who contributed chapters. I am also grateful for the support
provided by the staff at IntechOpen. I would like to thank my brother Muhammad
Hanif for his continuous support and my wife Ruhma Mahmood Choudhery for
her assistance and support. Thanks to all my students at King Edward Medical
University and those who worked with me at University of Arizona, USA. Thanks
also to Professor David T. Harris for his sincere advice and belief in me.

Dr. Mahmood S. Choudhery, PhD
King Edward Medical University,
Lahore, Pakistan
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Chapter1

The Rationale of Autologously
Prepared Bone Marrow
Aspirate Concentrate for use
in Regenerative Medicine
Applications

Peter A. Everts, Glenn Flanagan II, Joshua Rothenberg
and Kenneth Mautner

Abstract

Autologously prepared bone marrow aspirate concentrates, have the potential
to play an adjunctive role in various patient pathologies that have not been able
to heal with conventional treatment modalities. The use of bone marrow aspirate
(BMA) and concentrates in regenerative medicine treatment plans and clinical
applications is based on the fact that bone marrow cells, including progenitor
and nucleated cells, platelets, and other cytokines, support in tissue healing
and tissue regenerative processes. The use of concentrated BMA cells focuses
primarily on mesenchymal stem cells (MSCs), with the ability to self-renew and
differentiate into multiple cell types. Concentrated bone marrow cells can be
retrieved from harvested BMA and ensuing minimal manipulative cell process-
ing techniques, executed at point of care (POC). The application of bone marrow
biological therapies may offer solutions in musculoskeletal pathologies, spinal
disorders, chronic wound care, and critical limb ischemia (CLI), to effectively
change the local microenvironment to support in tissue healing and facilitate tis-
sue regeneration. This chapter will address the cellular content of bone marrow
tissue, harvesting and preparation techniques, and discuss the biological char-
acteristics of individual marrow cells, their inter-connectivity, and deliberate on
the effects of BMA concentration.

Keywords: regenerative medicine, bone marrow aspiration, niche
microenvironment, bone marrow concentrate, centrifugation, hematopoietic stem
cells, mesenchymal stem cells, differentiation, immunomodulation

1. Introduction
The objectives of regenerative medicine applications are to support the body to
form new functional tissues to replace degenerative or defective ones and to provide

therapeutic treatment for conditions where conventional therapies are inadequate.
The human body has an endogenous system of regeneration through stem cells,
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as they are found almost in every type of tissue. Regenerative medicine treatment
options using autologous stem cells can be safely executed by well-trained physi-
cians at point of care (POC). This review is not meant to be exhaustive, but our
aims are to shed light on the bone marrow progenitor and stem cell mechanisms and
highlight present and future applications of autologous bone marrow-derived stem
cells in this exciting new regenerative medicine discipline.

In this chapter a definition is provided on embryotic and non-embryotic stem
cells, followed by an intensive review of non-embryotic autologous adult stem cells.
The use of allogeneic MSCs, the fabrication of engineered constructs by seeding of
natural or synthetic scaffolds with cells, released from autologous tissues will not be
presented in this chapter, as only relatively few of these cell-based approaches have
entered the clinical arena. In particular, we deliberate on the biology and clinical
application of mesenchymal stem cells originating from freshly harvested bone
marrow. We portray on the techniques of a marrow harvesting procedure using
ultrasound and fluoroscopic techniques. Explicit scientific information is provided
on the bone marrow aspirate cellular content, their specific biological functions and
intercellular interactions, as these, among others, contribute to tissue regeneration
following clinical regenerative medicine applications. Furthermore, we underline
the differences between bone marrow aspirate and, centrifugated, bone marrow
aspirate concentrate injectates, both prepared at point of care from freshly aspirated
Marrow.

Finally, a condensed literature review addressing a variety of clinical ortho-
biological indications, spinal disorders, chronic wounds, and critical limb ischemia
is provided. Regenerative medicine technologies, using marrow-derived mesen-
chymal stem cell-based therapies, as part of the regenerative medicine treatment
armamentarium, offer solutions to a number of undeniable clinical conditions that
have not been able to adequately result in a solution through the use of medicines or
surgeries.

2. What are stem cells?

Becker, McCulloch, and Till first conducted experiments that lead to the dis-
covery of stem cells in 1963. After injecting bone marrow cells into irradiated mice,
nodules developed in proportion to the number of bone marrow cells injected, and
they concluded that each nodule arose from a single marrow cell. At a later stage,
they produced evidence that these cells were capable of endless self-renewal, which
is as we know now, a fundamental feature of stem cells [1]. A stem cell is a type of
cell that is non-specific/specialized in its function; in contrast, for instance, a heart
or brain cell is functionally specific.

Generally, we recognize two types of stem cells, embryonic and non-embryonic,
with two defining properties. Firstly, they have the capacity of self-renewal, there-
fore giving rise to more stem cells. Secondly, they are capable of differentiating into
different lineages under appropriate conditions.

Embryonic stem cells (ESCs) are obtained from 5- to 12-day-old embryos,
and they are pluripotent and have a high plasticity as they can differentiate into
ectoderm, mesoderm, and endoderm layers, whereas non-embryonic stem cells
(non-ESCs) are multipotent, and it appears that they are able to form multiple cell
lineages which form an entire tissue, usually specific to one germ layer, e.g., adult
stem cells [2].

The capability for stem cell potency, in combination with the relative ease
to prepare bone marrow stem cell injectates, is an invaluable property for
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regenerative medicine cell-based therapies in general and more specifically to
treat, e.g. musculoskeletal disorders (MSK-D), chronic wounds, and critical limb
ischemia.

2.1 Non-embryotic autologous adult stem cells

Non-ESCs are undifferentiated, and their proliferation potential compared to
embryogenic stem cells is limited, as they have lost their pluripotent capability,
placing them lower in the stem cell hierarchy. Nonetheless, it has been suggested
that non-ESCs maintain their multipotent differentiation potential. Since they are
categorized as allogenic products, they are commercially prepared from several
allogenic sources, like amniotic fluid, umbilical cord, and Wharton’s jelly [3]. In this
chapter we will only deliberate on non-embryotic, autologous adult bone mar-
row aspirate (BMA)-derived progenitor/stem cells and other bone marrow (BM)
stromal cells, prepared at POC with dedicated and approved centrifuges for BM
concentration.

2.2 Bone marrow-derived stromal cells

Friedenstein and colleagues reported first on the isolation of bone marrow-
derived stem cells from BM stroma and incubated it in plastic culture dishes and
identified mesenchymal stem cells as colony-forming unit fibroblasts (CFU-Fs)
[4]. The BM stroma is made up of a network of fibroblast-like cells and includes
a subpopulation of multipotent cells which are able to generate the mesenchyme,
known as the mass of tissue, that develops mainly from the mesoderm of the
embryo subpopulation. The cells are referred to as mesenchymal stem cells
(MSCs) [5]. The Friedenstein culture method revealed that MSCs are capable of
differentiating into several connective tissue cell types [6], described first by
Pittenger and associates [7].

3. Bone marrow anatomical structure

The bone is an organ composed of cortical and trabecular bone, cartilage, and
hematopoietic and connective tissues. The bone tissue has an essential role in
the structure and protection of the human body. Spongy, or trabecular bone, is
composed of a lattice of fine bone plates filled with hematopoietic marrow, fat-
containing marrow, and arterial-venous sinusoidal blood vessels. Furthermore, it
consists of bone cells at different developmental stages (including pre-osteoblasts,
osteoblasts, and osteocytes), collagen fibrils, and calcium and phosphate deposits
[8]. Arterial vessels enter the marrow through foramina nutricia and then divide
into several arterioles. Small arterioles and capillaries from these vessels span
throughout the bone marrow and supply sinusoids, which are interconnected by
inter-sinusoidal capillaries [9]. The BM tissue is soft, similar to the peripheral
blood, flexible connective tissue comprising the center and the epiphysis of bones,
referred to as the BM cavity. In this place a variety of new blood cells are produced
and ultimately released to the peripheral circulation.

3.1Red and yellow bone marrow

We recognize two categories of bone marrow tissue: the red and yellow marrow.
Depending on age, teh red marrow is replaced by the yellow marrow. In adults, the
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red bone marrow is a rich source of bone marrow-derived cells and present in most
skeletal system bones of the iliac crest, tibia, spine vertebrae, humerus, calcaneus,
ribs, and near point of attachment of long bones of legs and arms. In this well-
shielded environment, an estimate of 500 billion cells per day can be produced, in
particular erythrocytes, granulocytes, and platelets [10]. Regenerative medicine
applications have a focus on the use of the red bone marrow as it contains myeloid
and lymphoid stem cells and MSCs. In contrast the yellow marrow consists primar-
ily of fat cells with poor vascularity and is deprived of the multipotential MSCs [11].

3.2 Bone marrow-specific regions

The BM cavity in the trabecular bone is subdivided into four regions: endosteal,
sub-endosteal, central, and perisinusoidal regions [12]. In Figure 1, the four regions,
according to the model of Lambertsen and Weis, have been adopted and modified
[13]. In general, the bone marrow consists of a hematopoietic component (paren-
chyma) and a vascular component (stroma). The parenchyma includes hematopoi-
etic progenitor and hematopoietic stem cells (HSCs), which are localized close to
the endosteum and around the blood vessels. BM stroma cells, including endothelial
cells, are recognized as multipotential non-hematopoietic progenitor cells, capable
of differentiating into various tissues of mesenchymal origin, including osteoblasts,
chondrocytes, tenocytes, endothelial cells, myocytes, fibroblasts, nerves, and
adipocytes, as verified in in vitro and partially in in vivo research [14, 15]. The
bone marrow’s microvasculature includes single layers of endothelium arising in
sinusoids, where they also contribute in rolling extravasations of leukocytic cells into
and out of the BM tissue structures. The function of the vasculature and BM-derived
endothelial cells is that they provide a barrier between the BM compartment as a
functional and spatial entity from the extra-lymphoid BM section and the peripheral
circulation, as described by Kopp et al. [9]. The endothelial cells likewise contribute

Skin and soft tissues

~ Cortical bone and periosteum

s Endosteal region

:‘ %»;i%;? Subendosteal region

v

Figure 1.

Bo%ze marrow subdivisions. On the left side, the Aspire introducer (Aspire Bone Marrow Harvesting System™,
EmCyte Corporation, Fort Myers, FL, USA) has passed the cortical bone entering the marrow cavity. The
havrvesting cannula is inserted through the introducer in the marrow cavity. On the vight side, a representation
of the subdivisions in the bone marrow cavity subdivisions is indicated, showing the endosteal, sub-endosteal,
central, and perisinusoidal regions. The endosteal and sub-endosteal regions compose the endosteal niche,
harboring the proliferative and quiescent HSC-MSC niches. The marrow tissue is extracted via the side holes of
the harvesting cannula (adapted and modified from Lambertsen and Weis [13]).
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to tissue regeneration, as endothelial precursor cells are essential in improving
vascularization of damaged and degenerative tissue cells by the secretion of pro-
angiopoietic factors of invading cells [16].

3.3 Bone marrow niches

A niche is defined by anatomy and function. Stem cell niches are defined as
specific cellular and molecular microenvironments regulating stem cell and progeni-
tor functions. A niche consists of signaling molecules, intercellular contact, and the
interaction between stem cells and their neighboring extracellular matrix (ECM).
This three-dimensional microenvironment is thought to control genes and proper-
ties that define “stemness,” including the control and balance between quiescence,
self-renewal, proliferation, and differentiation of diverse cell types. Additionally, the
microenvironment provides stem cell autonomous signaling mechanisms [17, 18],
and it engages in specific cascades to a stress response [19]. Acquired and prepared
BM stem cells from one of the niches and subsequently injected into a totally dif-
ferent microenvironment can potentially differentiate into cell types of this new
environment [20]. Zhao et al. used a rat stroke model in which BM-MSCs were
transplanted into neural tissues. They demonstrated that MSCs originating from
the BM-MSC niche differentiated into neuronal cells after transplantation into the
neural microenvironment [21]. Their observation revealed the plasticity potential
of BM-MSCs, as well as the possible influence of the recipient niche, as BM-MSCs
were capable of dedifferentiation into cells from other cell lineages. Their finding has
potentially significant clinical implications for regenerative medicine applications
overall. Since autologously prepared MSCs originate from their specific and original
BM niche but are used in other cellular tissue types to treat various pathologies, they
can be successfully engaged in tissue repair and regeneration through regenerative
medicine application techniques. This is a distinctly different approach in the physi-
ological release of newly formed BM cells, because they are retained in the BM cavity
until they mature and thereafter released in the vascular peripheral circulation [15].

3.3.1 Hematopoietic and mesenchymal niche

HSC niches are present in various (prenatal) tissues, like the aorta-gonad-
mesonephros region and the yolk sac, followed by the placenta, fetal liver, spleen,
and bone marrow. Postnatally, the bone marrow is the primary site of HSC pres-
ence [22]. The model of the HSC niche was first described by Schofield in 1978
[23], later confirmed by others, to describe the physiologically limited microen-
vironment in which HSCs, MSCs, and their progenitors reside in the bone cavity
where they are enfolded by BM stromal cells [24], covered by the bony structure
of the BM cavity. The stem cell niches in bone have been extensively described by
Yin and Li, providing insights into the actions of osteoblastic and vascular niches,
revealing central roles for numerous signaling and adhesion molecules [25]. A
significant portion of these hematopoietic cells is found next to the endosteal
bone surface, designating a clear role for osteoblasts in the regulation of HSCs and
thus hematopoiesis [26]. Based on flow cytometry research by Kiel et al., HSCs
are more likely than other hematopoietic cells to be immediately adjacent to a
sinusoid, in the trabecular region of the BM [27]. This location suggests that HSCs
and their niche may be directly, or indirectly, regulated by factors present near
the bone planes. The HSC niche is comprised of many different niche constituents
including osteoclasts, endothelial cells, fibroblasts, adipocytes, and the HSC
progenitor cells [28].
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3.3.2 Perivascular niche

The BM is highly vascularized, with large central arteries branching into
progressively smaller microvessels like arterioles and transitioning into venous
sinusoids near the bone (endosteal) surface. Therefore, it has been suggested that
HSCs are maintained in a perivascular niche by endothelial or perivascular cells,
as they are frequently located adjacent to the blood vessels [29]. These occur-
rences resulted in the expression of various perivascular mesenchymal cell makers
CD146, stromal cell-derived factor-1 (SDF-1) also referred to as CXCL12, and
Nestin-GFP, defining the heterogenous BM stroma cell composition [9], including
the MSCs that surround the blood vessels [30]. The more perivascular nature of
MSC niches was validated by Shi and Gronthos, demonstrating the expression
of a-smooth muscle actin (aSMA) at perivascular sites, with the immunohisto-
chemical localization of specific CD marker cells [31]. Mores studies confirmed
the presence of MSCs in BM, expressing a Nestin-GFP transgene, localized and
attached around the BM blood vessels and part of the perivascular HSC niche [32].
Kunisaki et al. indicated that most HSCs do not only have a perivascular presence,
but they are preferentially located in the BM endosteal regions. The endosteal
regions contain a complex network of stromal cells as well that have been impli-
cated in HSC maintenance, including arteriolar and venous endothelial cells,
pericytes, and chemokine (C-X-C) ligand 12 (CXCL12) reticular cells. Their study
also suggested that quiescent HSCs localize preferentially to small arterioles near
the endosteum, suggesting that distinct niches may exist for both quiescent and
proliferating HSCs [33]. From all these findings, it can be concluded that pericytes
are in fact MSCs, because they can differentiate in osteoblasts, chondrocytes, and
adipocytes [34].

3.3.3 Megakaryocyte niche

Megakaryocytes (MK) are the precursor cells of blood platelets. BM hema-
topoietic cells are responsible for platelet production. MK may regulate HSCs
indirectly as they are closely associated with BM sinusoidal endothelium, extend-
ing cytoplasmic protrusions into the sinusoids to produce platelets. A direct
regulation of HSC by MK through signaling of transforming growth factor beta
1 was established, with activation of quiescent HSCs and increased proliferation
rate. In the event of a sudden response to systemic stress signaling, fibroblast
growth factor-1 as part of the MK growth factor pool will start signaling HSCs and
will overshadow the TGF-b1 signaling in order to stimulate high volumes of HSC
expansion [35].

3.4 Extracellular matrix

The role and function of the extracellular matrix (ECM) can be defined as key
structural-functional components of cell niches, including soluble factors, cell-cell
contacts, and cell-matrix adhesions present in these microenvironments. ECM com-
ponents include fibrillar proteins, with, among others, collagen fibers, fibronectin,
and other filamentous network components. The ECM’s mechanical stability is
provided by collagen [36]. Other significant ECM components supporting the BM
niches are glycosaminoglycans and mainly hyaluronic acid via its receptor CD44.
The surface marker is also expressed by MSCs and HSCs [37]. Intracellular signal-
ing in the ECM occurs through cytokine and growth factor membrane receptors,
similar to the MSC niche. These cytokines and receptor activities contribute to cross
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talk between ECM components and MSC niches, provoking cell differentiation.
For instance, Djouad et al. demonstrated that the induction of MSC differentia-
tion towards chondrocytes in articular cartilage was induced and/or influenced by
molecules from both the MSC niche and the ECM components of this microen-
vironment, leading to chondrogenic differentiation of MSCs [38]. Other studies
suggested that ECM deposited by microvascular endothelial cells enhances MSC
endotheliogenesis [39]. In general, no specific ECM components are identified that
maintain MSCs in their immature state, as a niche matrix would do. However, it
has become clear that the ECM can regulate MSC differentiation on a solitary basis,
indicating potential applications for regenerative medicine applications and tissue
engineering.

4. Bone marrow aspiration procedures

Exploiting BM preparations at POC seeks to overcome the limitations of
ex vivo MSC culturing. Clinicians utilizing regenerative medicine applications
have a growing interest in using the concentrated bone marrow products, since
it is well acknowledged that BM is a plentiful source of MSCs, progenitors, and
other cells residing in the trabecular part of flat and long bones, acquired via
appropriately performed BMA procedures [40, 41]. The regenerative medicine
market is rapidly growing, with many procedures performed in musculoskeletal,
orthopedic, and spinal disorders, wound care management including critical
limb ischemia, and tissue engineering [42-45]. Several groups have mentioned
some considerations when performing BM harvesting procedures, addressing
a variety of factors that have an impact on patient comfort and the quality of
the harvested BM. Emphasis was given to procedural safety issues when using
harvesting needle systems, level of experience of the operator, the choice for
concentration technology and centrifugation devices, and pain management
[46]. Autologous regenerative medicine BM-MSC applications may range from
a harvesting a low volume of BM and direct, unprocessed, tissue injection to the
use of centrifugation protocols to concentrate and filter the BMA prior to inject-
ing it in patients [47].

4.1 Bone marrow harvesting needle systems

Various bone marrow needle harvesting systems are available on the market,
each with their own proprietary design characteristics and thus marrow aspira-
tion dynamics when transferring marrow cavity cells through a needle system
into collection syringes. In Figure 2, three different needle systems are shown.
Potentially, different needle design features might affect the quality and viability of
the harvested BM tissue, as well as the cellular yields. Therefore, BM needle system
features and harvesting dynamics are important considerations when considering
BMA procedures. Physicians have been using a variety of harvesting needles during
the last decades, including the traditional Jamshidi™ harvesting needle (Ranfac
Corporation, Avon, MA, USA). Based on design differences, not every BMA is born
equal, and cellular yields, composition, and viability might vary among harvest-
ing devices. For interpretation purposes, some of the cellular difference between
two newly developed BMA needle harvesting systems, the Aspire Bone Marrow
Harvesting System™ and the Marrow Cellution Bone Marrow Aspiration Device™
(EmCyte Corporation, Fort Myers, FL, USA, and Ranfac Corporation, Avon, MA,
USA, respectively) is shown. A significant difference between the two harvesting



Regenerative Medicine

i

>

WEN W 30V

g
Is os'ov o olz ohdoe o ole ole'oa s ole ol oz’ ol dolz ols ' ols ol ol 'als' ol 'l 'ol2 ol a0l

o
kit

Figure 2.

Bone marrow aspiration devices. (A) Jamshidi™ device (Ranfac Corporation, Avon, MA, USA), with a
sharp and open distal tip, allows for more peripheral blood aspiration. (B) Aspire Bone Marrow Harvesting
System™ (EmCyte Corporation, Fort Myers, FL, USA) consists of a separate trocar introducer and aspiration
needle with a completely closed and blunt tip. The side holes of the aspiration needle are designed to minimize
cellular trauma and hemolysis during aspiration. (C) Marrow Cellution Bone Marrow Aspiration Device™
(Ranfac Corporation, Avon, MA, USA) is used as an aspiration device only, to aspirate 10 ml of bone marrow,
followed by unfiltered injection.

systems is that the Marrow Cellution device is developed and used by physicians
for BMA aspiration with direct injection only, without filtration or processing prior
to patient injection [47]. Therefore, these specimens mimic the marrow cavity
cellular content and their specific cell concentrations. This includes a red blood

cell (RBC) content and hematocrit which is similar to the peripheral blood values.
Conditional negative forces occur with the syringe pull during marrow aspira-

tion; this particular BMA injectate can have high plasma-free hemoglobin (PFH)
concentrations, which cannot be removed from the injectate. The Aspire™ harvest-
ing system is designed to penetrate the trabecular bone, maintaining a quiescent
tissue environment during deployment and collection, contributing to a reduction
in tissue activation, plasma-free hemoglobin content, and clotting. The Aspire™
harvesting system is intended to provide a BMA for centrifugation processing,
leading in this occasion to the creation of PurePRP SupraPhysiologic BMC®
(EmCyte Corporation, Fort Myers, FL, USA). In Table 1, comparative laboratory
data between the abovementioned needle systems in a bilateral patient harvesting
model are disclosed.
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Laboratory parameters BMA-MC BMA-A BMC
10 ml 10 ml 11ml
TNC x 10%/mL 258 31.8 737
Platelets x 10°/mL 117 117 576
CD34+ (HSCs) x 10°/mL 142 112 2,51
CFU-F (MSCs) x 10*/mL 446 113 837
Hematocrit % 36.2 36.2 9.8
RBCs x 10°/mL 4.02 4,08 144
PFH mg/dl 913 721 299
Hemolysis % 4.6 32 16
Cell viability % 94.4 94.4 96.8

BMA-MC, bone marrow aspirate Marrow Cellution System; BMA-A, bone marrow aspirvate Aspire System; BMC,
bone marrow concentrate; TNC, total nucleated cells; CD34+, hematopoietic stem cell marker/expression in bone
marrow; CFU-F, colony-forming unit fibroblast: assay for bone marrow mesenchymal stem cell analysis, MSCs,
mesenchymal stem cells. (BMA-MC, Marrow Cellution Device™—Ranfac Corporation, Avon, MA, USA; BMA-A,
Aspire Bone Marrow Harvesting System™—EmCyte Corporation, Fort Myers, FL, USA).

Table 1.
Comparative quantification between two different bone marrow aspiration systems and bone marrow
concentrate, in a bilateral patient model.

4.2 Large vs. small BMA collection syringes

In theory, a larger-volume BMA collection syringe should produce a stronger
negative pressure and therefore harvest more MSCs. However, Hernigou et al. found
that the aspiration of only 10-20% of the full syringe volume resulted in a higher
MSC concentration in both 10 and 50 ml syringes, indicating that high-quality
harvesting of MSCs requires a significant negative pressure in the marrow cavity
to liberate MSCs. They also concluded that the collection of MSCs decreased as the
syringe was filled, at a lower negative pressure [40]. Therefore, smaller syringes and
thus smaller aspiration volumes result in higher MSC concentrations than with larger
aspiration volumes [48]. This translates to the physical equation, “Negative Pressure
= Pull Force/Plunger Surface Area,” resulting in the fact that with the same pull force
and a smaller diameter syringe plunger, a higher negative pressure is created [49].
Lately, the authors use 10 ml syringes, employing a fast and intermittent pull tech-
nique to collect small volumes from different intra-trabecular sites (Figure 3). This
is in accordance with a trend towards small-volume HPD aspiration techniques [50].
Another advantage for using 10 ml syringes is that anticoagulation protocols can be
better managed. Smaller syringes fill considerably quicker than larger syringes, and
smaller syringes can be adequately agitated with the anticoagulant to avoid clotting.

4.3 Image-guided aspiration

In order to perform BM-MSC procedures, a certain volume and quality of mar-
row tissue are required in order to prepare a bone marrow concentrate (BMC). The
aspiration volume is contingent on the processing volume of the BMC concentration
system that is being used. It is imperative to locate precisely the donor site, as MSCs
are located in the marrow cavity subcortical area and around the blood vessels [19].
The precise delivery of local anesthetics and safe trocar placement are accomplished
by using image guidance during aspiration procedure. In the following section,
we focus on the posterior super iliac spine (PSIS) sites, as it is the most frequently
reported anatomical site for BMA.
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Figure 3.

Bone marrow aspivation. After the aspiration needle has been advanced in the marrow cavity, the marrow is
extracted using a firm, but a gentle, aspiration pressure is applied to the 10 ml syringe. The aspiration needle is
easily rotated to collect marrow from a fresh area.

4.3.1 Ultrasound imaging

When the PSIS is targeted, patients are positioned in the prone position, while
avoiding lumbar lordosis. Sonographic assessment using a portable ultrasound
system with a 5-2 MHz low-frequency curvilinear transducer is positioned in a
transverse plane over the hyperechoic bilateral sacral cornua, with the patient lying
prone and the monitor screen in the line of sight of the operator. The probe is then
translated contralaterally from the physician, keeping the hyperechoic sacrum visu-
alized. Next, the probe is translated proximally, with the hyperechoic ilium coming
into view, while maintaining the hyperechoic sacrum, until the most superficial
depth of the ilium is reached, known as the PSIS, contralateral to the examiner
[51]. After identification of the PSIS, the most superficial depth is confirmed in
both transverse and longitudinal orientation (Figure 4). With the probe in the
transverse plane at the PSIS, the slope of the iliac wing is noted for correct angula-
tion of the BM trocar, and the most superficial depth of the PSIS is brought under
the most medial aspect of the ultrasound probe. Using a sterile marker, a mark and

10



The Rationale of Autologously Prepared Bone Marrow Aspirate Concentrate for use...
DOI: http://dx.doi.org/10.5772/intechopen.91310

Figure 4.

Ultrasound imaging of the PSIS. With the probe in the transverse plane, the PSIS is confirmed, and the slope
(D) of the iliac wing is noted for correct angulation of the BM trocar (B), and the most superficial depth

(C) of the PSIS is brought under the most medial aspect of the ultrasound probe. Note: (A) indicates the skin
surface, and (E) marks the depth of the PSIS below the skin, in this patient approximately 1.6 cm (courtesy of
J. Rothenberg).

directional line is made in both parallel and perpendicular orientations to form an
intersection at the most superficial depth of the PSIS. This mark is maintained on
the patient during skin preparation prior to the introduction off the BM trocar, and
a superficial wheal of local anesthetic is placed at the point of planned trocar skin
entry. Following the local antiseptic measures, sterile ultrasound gel is applied at
the marked area, and a sterile probe cover is applied to the 5-2 MHz curvilinear
array transducer. Typically, a mixture of local anesthetics is injected around the
PSIS cortex and periosteal sleeve, under continued sonographic guidance, making
sure to “walk off” the PSIS in four directions (superiorly, medially, laterally, and
inferiorly), confirmed by sonographic guidance. The trocar is then introduced,
using either a manual force that is perpendicular and slightly lateral to the patient,
at 9-12 counterclockwise-clockwise rotations, or a mallet. The next steps of the
procedure are subject to the implementation of the instructions for use provided by
the manufacturer of the aspiration harvesting system.

4.3.2 Fluoroscopic imaging

After proper patient positioning, the fluoroscopic equipment is installed to
optimize the positioning for fluoroscopic imaging, using ipsilateral or contralateral
oblique beam angulations for viewing the targeted PSIS site. The perpendicular

fluoroscopic approach requires a beam angle around 15° ipsilateral to the PSIS
entering laterally with angulation towards the sacroiliac joint. This angle will view
the lateral ilium outer wall, and a needle is directed anteromedially. Fluoroscopic
images support in positioning the tip of the trocar above the target area for enter-
ing the PSIS. The parallel fluoroscopic approach results in viewing down the PSIS
table, at a 25° contralateral oblique beam position. This results in a classic view of
the “teardrop” (Figure 5). Imaging can confirm the entry point into the PSIS table
and visualize the angle through the cortex, allowing for safe trocar advancement
in the BM cavity, at the tick part of the ilium bone [52]. Using proper fluoroscopic
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Figure 5.

Flz%oroscopy imaging of the PSIS. General prone position of the patient on a fluoroscopic table for

BMA. The parallel fluoroscopic approach results in viewing down the PSIS table, at a 25° contralateral
oblique beam position. This results in a classic view of the “teardrop,” referring to the outline of the medial
and lateral borders, as shown in the monitor. The tip of a needle (black circle), in the numbed skin, is
marking the entry site of the bone marrow trocar to be placed in the marrow cavity, while the physician is
on the ipsilateral side of the fluoroscope, viewing the correct position on the monitor (ved circle) (courtesy of
G. Flanagan II).

techniques, the parallel approach technique allows for a safe deeper marrow
penetration. However, at all times, regardless of the approach, avoid increased
manipulation and tissue trauma using the sharp trocar, as this will increase the risk
for neurovascular injury, bleeding, tearing of lateral gluteal muscle origins, and
post-procedural pain.

4.4 Bone marrow aspiration anatomical sites

As MSCs represent a small population of BM cells [7], it is of critical impor-
tance to choose a BMA site that will yield the most MSCs. BM is relatively easy to
harvest, largely available, and dispensable. Obviously, it is important that the BMA
procedure is performed impeccably to obtain an optimal quality of viable BM tissue
[5, 53]. In humans, the most common anatomical location to obtain BM is the iliac
crest, but other BMA sites have been utilized (Table 2). Recently, McDaniel and
co-workers, using a porcine model, reported that all studied anatomical bone mar-
row harvesting locations contained MSCs but the iliac crest was the most abundant

Anterior superior iliac spine (ASIS)

Posterior superior iliac spine (PSIS)

Proximal tibia

Distal tibia

Distal femur

Proximal humerus

Vertebral body

Calcaneus

Sternum

Table 2.
Bone marrow aspivation sites in humans.
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source of MSCs [10]. These findings were confirmed in a clinical study, where MSCs
were found in BM acquired from the metaphysis of the distal femur, the proximal
tibia, and iliac crest. A similar MSC immunophenotype and differentiation poten-
tial (into the bone, fat, and cartilage) were seen in BMA from all sites. However, in
their study the concentration of MSCs in the iliac crest was significantly higher than
in samples from the distal femur and proximal tibia. More specifically, the literature
indicates high yields of BM-MSCs acquired from the posterior superior iliac spine
(PSIS) [50, 54]. Noteworthy, the group of Narbona-Carceles commented on the
relative easiness and safety of lower extremity aspiration techniques [55].

5. Major type of cells in bone marrow

The literature pronounces BMAs as a heterogenous mix of cells, referring in
most instances to MSCs, HSCs, and mononuclear cells. Platelets, megakaryocytes,
and RBCs are seldomly mentioned, let be subject to BM research [24].

5.1 Hematopoietic stem cells

The major function of the bone marrow is to generate blood cells. In particular
in adults, marrow-derived HSCs are the principle cells of origin of all mature hema-
topoietic cell phenotypes. HSCs are adult stem cells with extensive self-renewal
capabilities and are able to differentiate into specialized blood cells with key roles
in some biological activities: control homeostasis balance, immune functions, and
response to microorganisms and inflammation. Most HSCs are in a quiescent state
within the BM niches. They respond to the signals after the balance of blood cells,
or HSC pool, is disturbed from either intrinsic or extrinsic stimuli and signaling
processes [56].

5.1.1 Hematopoiesis

Hematopoiesis—the process by which mature blood cells are formed—has been
studied intensely for over a century. The vast majority of hematopoiesis occurs in
the bone marrow where it must balance enormous production needs. More than 500
billion blood cells are produced every day, with precise regulation of the number
of each blood cell type released in the circulation [57]. Hematopoiesis is considered
as a pyramidal/hierarchical process with cells of greatest maturation potential
or primitiveness sitting at the top of the hierarchy and cells that have undergone
terminal differentiation at the bottom. Terminally differentiated blood cells are
classified into one of the two major lineages: those derived from myeloid lineages
and from lymphoid progenitors. Myeloid cells include erythrocytes, platelets, and
cells responsible for cellular immunity, such as macrophages and granulocytes
(Figure 6). Cells derived from lymphoid progenitors are major participants in
coordinating humeral and cellular immunity. Experimental data suggested that
HSCs differentiate into hematopoietic progenitor cells that are capable of exponen-
tial proliferation as well as continuing the process of differentiation. Alternatively,
HSCs are capable of self-replicating activities, which may give rise to one or two
identical daughter cells. As a result, HSC activity must be tightly regulated to
meet physiologic demands but also to protect HSCs from oncogenic, physical, and
chemical damage to occur. The site or physical location that regulates self-renewal,
proliferation, and differentiation of HSCs has been discussed in the HSC niche
paragraph.
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Hematopoietic stem cell hievarchy. Self-renewing HSCs give rise to common myeloid progenitors

and common lymphoid progenitors, producing different types of progenitor cells and ultimately fully
differentiated cells. The myeloid progenitors produce granulocyte-macrophage progenitors giving rise to
differentiated leukocytic cells and mast cells. The megakaryocyte/erythrocyte progenitors give rise

to megakaryocytes, platelets, and erythrocytes. The lymphoid progenitors differentiate ultimately in
lymphocytic cell variances.

5.1.2 HSC and angiogenesis

Emerging evidence suggests that BM-derived endothelial cells and HSCs, includ-
ing their progenitor cells, contribute to tissue vascularization. HSCs deliver specific
angiogenetic factors, facilitating the incorporation of endothelial progenitor cells
into newly sprouting vessels. Several clinical studies have shown that BM-derived
cells contribute to neo-angiogenesis during wound healing [44], critical limb
ischemia [45], and postmyocardial infarction [58]. This should contribute to the
clinical discussion of the value of BM-derived HSC and vascular progenitor as they
are able to contribute to tissue restoration by accelerating tissue vascularization and
regeneration [15, 59].

5.2 Mesenchymal stem cells

In recent decades, physicians performing regenerative medicine applications
have been more interested in the potential of BM-MSCs than of HSCs. Imaginable
reasons for this particular interest in MSCs might be recent published expert
opinions: the iz vivo ability of MSCs to migrate into tissues, their sturdy regenera-
tive and reparative properties, and the MSC-mediated immunomodulatory actions.
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These typical characteristics and particular mode of actions enable conceivable BM
cell-based treatment options [60, 61]. In particular, MSCs do not express signifi-
cant histocompatibility complexes and immune-stimulating molecules, leading to
graft rejection. Likewise, a rapid development in clinical outcome reporting, with
a better understanding of BM tissue molecular biology, improved bone marrow
aspiration techniques and, at POC BM concentration and preparation methods,
has increased the interest and demand for autologous BM stem and progenitor cell
therapies.

5.2.1 MSC isolation procedure from bone marrow aspirates

An effective BM-MSC injection is reliant on the performance of the marrow
aspiration procedure, minimizing cellular trauma, while maximizing cellular
yields and simultaneously avoiding peripheral RBC infiltration [62]. BM aspiration
procedures, and not diagnostics, are routinely performed to collect bone marrow
tissue to be processed using dedicated BM-MSC concentration kits for regenera-
tive medicine applications. Kits may include a harvesting needle system and/or
BM concentration device (Figure 7). These at POC MSC isolation techniques are
a streamlined method to concentrate marrow cells, including MSCs, HSCs, and
progenitor cells. These MSC centrifugation procedures demand less time and
attention than laboratory preparation and culturing methodologies which are
technically demanding. Double-spin centrifugation protocols create a layered BMC
buffy coat stratum, based on different centrifugal forces that accomplish density
cellular separation, as a result of the specific cellular gravity of the individual mar-
row components, as shown in Figure 8. Furthermore, BMA concentration-based
technologies provide an economic and clinical/patient advantage when compared
to the culturing technologies.
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Figure7.

Bone marrow preparation essential components. In bone marrow concentration and preparation kits, the
foremost components are a bone marrow harvesting needle and a concentration device (courtesy of EmCyte
Corporation, Fort Myers, FL, USA).
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Gravity separation in g/mL.

Plasma: 1.025 - 1.029

Platelets: 1.060 - 1.067
Monocytes:  1.062 - 1.068
Lymphocytes: 1.068 - 1.072
HSCs: 1.069 - 1.071
MSCs: 1.073 - 1.077

Neutrophils:  1.080 - 1.090
Erythrocytes: 1.086-1.100

Figure 8.

Bo%te marrow gravity separation following centrifugation. (A) Bone marrow aspirate in concentration device
before centrifugation. In (B), the bone marrow aspirate is concentrated, with a view on the buffy coat stratum
(gray layer on top of the RBC layer), referenced by the two black lines. Following a two-step centrifugation
protocol, the centrifugal forces achieve density marrow cell sepavation due to the specific gravities of the
individual marrow components.

5.2.2 MSC culturing protocols

Traditionally, BM-MSCs have been separated from other BM cells following
strict laboratory cell processing protocols. These cell processing techniques are
lengthy procedures, as they cannot be performed at POC, as a same-day proce-
dure. In many parts of the world, clinicians are allowed to use autologous, fresh,
and non-cultured BMA and BMC products that are prepared at POC. In the USA,
regenerative medicine biological procedures demand the use of the so-called 510-K
FDA-approved devices. The use of MSCs following laboratory expansion techniques
is facing considerable legislative barriers. Furthermore, the literature has cited
potential risks associated with laboratory MSC cell processing techniques, like
tumorigenicity [63], genetic instability [64], and immunogenicity [65]. Others raise
concern regarding the efficacy and function of cultured MSCs by in vitro culture
conditions during the cell passages for cell expansion. Karp and Teo reported on the
loss of specific MSC surface receptors functions, negatively affecting chemotaxis
[66]. Others have informed on impaired homing abilities and disappearing CXCR4
receptors following cell culturing, when compared to non-cultured BMA, in which
high CXCR4 concentrations were measured [67]. Last but not least, laboratory MSC
cell culturing methods for regenerative medicine practices require the availability
of a specialized and dedicated facility, using strict regulatory protocols which will
increase costs [68].

5.2.3 Characterigation of bone marrow mesenchymal stem cells
In order to better understand the specifics of MSC cell concentrations, counts,

and quality, it’s important to understand the differences between laboratory tech-
niques analyzing HSCs and MSCs, as they differ with regard to the specificity
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and relevance of the different BM cell types, possibly effecting regenerative
medicine therapy outcomes.

5.2.3.1ISCT criteria

The International Society of Cellular Therapy (ISCT) has developed criteria in
order to outline human MSCs for both laboratory-based scientific investigations
and for preclinical studies [69]. MSCs are defined as those cells that are able to
adhere to plastic and express a number of cell surface markers while undergoing
multilineage differentiation [70].

5.2.3.2 Flow cytometry and CD markers

It has been difficult to determine what type of cells is neighboring both MSCs
and HSCs and contributes to the regulation of the functional continuation of
stem cell, as immunostaining methods are complex procedures to perform. Flow
cytometry is a laboratory technique used to detect and measure characteristics of
cell/particle populations by measuring their physical and chemical properties. A
specific protocol for the identification of dissimilar cell surface molecules is called
cluster of differentiation (CD) where monoclonal antibodies (markers) are used to
establish positive and negative staining for certain cell types. Specifically for MSC
and HSC, explicit CD markers are established to validate BM cellular content, as it
is widely accepted that MSC cultures are a heterogenous source of cells with varying
self-renewal and differentiation properties [71]. This indicates that there is no single
unique indicator for identification. Hence, a panel of both positive and negative
protein markers is used to identify the cell surface markers that are expressed by
MSC populations, like CD29, VD44, CD51, CD73, CD90, CD105, CD166, and Strol.
While they must be negative for hematopoietic stem cell markers like CD14, CD34,
and CD45 [72], some of these markers are included in the minimum ISCT criteria.

5.2.3.3 Colony-forming unit fibroblast assay

In the initial BM monolayer, several hematopoietic oriented cells (macrophages,
endothelial cells, and lymphocytes) adhere to plastic [7]. Nevertheless, in culturing
conditions only fibroblast-like spindle-shaped cells proliferate and form ultimately
CFU-F colonies. These cells are representative of the more highly proliferative
cells in MSCs [73]. The CFU-F assay is a different method used to determine the
MSC presence in a vial of BM tissue. Unlike a complete blood count test, which isa
quantitative blood cell analysis, the CFU-F assay is a laboratory assay in particular
for stem and progenitor cell determination (Figure 9) [74]. The CFU-F assay is a
qualitative indicator of the proliferative and differentiation capability of individual
MSC cells within a BMA or BMC sample. The cells are seeded and cultured in a
growth medium where they have to adhere to plastic, at 37°C. After 14 days the
cultures are evaluated, and CFU-Fs are counted, whereby a minimum of 50 cells per
CFU need to be defined.

5.3 MSC capacities
MSCs are multipotent stem cells which can be obtained from various adult

tissues, like the BM stroma, adipose tissue, synovium, periosteum, and trabecular
bone. Typical features are their ability for self-renewal, defined as sustaining
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Figure 9.

MEC culturing. A picture of a flask cultured with stained human MSCs. The zoomed-in area is a light
micrograph showing the morphology of a MSC colony in a patient treated with BMC. After culturing for
14 days, the MSC count in this example was 1065/mL (picture courtesy of BioSciences Research Associates,
Cambridge, MA, USA).

biological pathways and mechanisms to preserve the undifferentiated stem state,
and the regulation of lineage-specific differentiation [39]. Although the number
of MSCs represents only a small fraction of non-hematopoietic, multipotent cells
of the bone marrow (0.001-0.01%), understanding these unique cells has taken
great strides forward. Generally, MSCs have developed a great attractiveness for
regenerative medicine autologous therapeutic applications and tissue engineering
opportunities, because of their multipotentiality and relative ease of isolation from
numerous tissues, like BM [75]. MSCs can be also identified as specialized popula-
tions of mural cells or pericytes, sharing a niche with HSCs. Under appropriate
conditions and an optimal microenvironment, MSCs can differentiate into various
mesodermal lineages like osteoblasts, chondrocytes, endothelial cells, adipose
tissue, and smooth muscle cells (Figure 10) [76]. These MSC proficiencies have led
to the use of MSC as a potential strategy for treating various diseases, since they
encourage biological processes, for example angiogenesis, cell proliferation, and cell
differentiation [77]. Furthermore, they synthesize cytokines and trophic mediators
which participate in tissue repair processes, immune modulation, and the regula-
tion of inflammatory processes [78]. Caplan also suggested that the modulation of
inflammation is instigated by the suppression of inflammatory T-cell proliferation
and inhibition of monocyte and myeloid cell maturation [79]. Based on the above
characteristics, it can be assumed that MSCs are capable to institute a regenerative
microenvironment at the site of release and improve the various cell recruitment,
cell-signaling, and differentiation of endogenous stem cells, with the potential to
instigate tissue repair in a variety of disease states.

5.4 MSC immunomodulatory effects

In parallel with their major role as undifferentiated cell reserves, MSCs have
immunomodulatory functions which are exerted by direct cell-to-cell contact,
secretion of cytokines, and/or by a combination of both mechanisms. MSCs have
been shown to exert profound anti-inflammatory and immunomodulatory effects
on almost all the cells of the innate and adaptive immune systems via a variety of
mechanisms, notably cytokine and chemokine secretion [80]. The immunosup-
pressive capabilities of MSCs are only exploited when they are exposed to suffi-
ciently high concentrations of pro-inflammatory cytokines, like interferon-gamma
(IFN-vy), tissue necrosis factor o, (TNF- a), and interleukins o or {3 (IL-1a, IL ).
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M§C differentiation potential. MSC differentiation potential into endodermal, ectodermal, and mesodermal
lineages. The mesodermal lineage differentiation has been recognized as the most attractive differentiation
lineages for regenerative medicine applications, executed at point of care, as these produce osteoblasts,
chondrocytes, tenocytes, adipose tissues, and smooth muscle cells.

In order for MSCs to become “immunosuppressants,” they need to be triggered by
these inflammatory cytokines, and the inflammatory environment is then a crucial
factor for MSCs to exert their immunomodulatory effects. These are wielded by
blocking apoptosis of native and activated neutrophils, aside from decreasing
neutrophils from binding to vascular endothelial cells and the mobilization of neu-
trophils to the area of damage [81]. Furthermore, MSCs constrain the complement-
mediated effects of peripheral blood mononuclear cell proliferation [82], and they
limit mast cell degranulation and the secretion of pro-inflammatory cytokines,
while at the same time MSCs migrate towards CXCL12 and other chemotactic
factors [83]. In Figure 11 the MSC cell-dependent trophic support mechanisms are
shown. Data from Jiang and others suggested that MSCs can block the differentia-
tion of CD34+ cells from BM or blood monocytes into mature dendritic cells by
direct contact as well as by secreted paracrine factors [84]. Under their influence,
M1 (pro-inflammatory) macrophages are transformed into M2-type cells with an
anti-inflammatory phenotype, and the interleukin-10 secreted by them inhibits
T-cell proliferation. This immunosuppressive effect related to T-cell proliferation
and decrease in cytokine production by MSCs was, among others, confirmed

by Sato et al. [85]. However, the mechanisms by which MSCs are mobilized and
recruited to damaged sites are not known. In addition, how they survive and
differentiate into distinct cell types is still not clear. Once MSCs have been applied
to the microenvironment of injured or degenerated tissues, many factors stimulate
the release of many growth factors by MSCs; a detailed growth and trophic factor
overview is shown in Table 3. These growth factors stimulate the development of
fibroblasts, endothelial cells, and tissue progenitor cells [86]. It is credible to state
that the use of MSCs and their potential in immunomodulation in regenerative
medicine applications hold great promise [87].

5.5 MSC growth factor activity

In order for MSCs to differentiate into several cell lineages, the action of specific
growth factors and chemical mediators are needed in these processes [88, 89].
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Figure 11.

MSC trophic mechanisms. After bone marrow cell injections, MSCs produce a variety of trophic factors
impacting healing cascades by reducing cell apoptosis, fibrosis, and inflammation. Furthermore, by acting on
cell proliferation cascades, they contribute to differentiation and mobilization of cells. MSC paracrine trophic
factors are potentially important in maintaining endothelial integrity and promoting angiogenesis and the
secretion of various growth factors and reparative cytokines.

Growth factor/cytokine Activity in MSC regenerative repair
Epidermal growth factor Wound healing

Tissue regeneration
Fibroblast growth factor Tissue repair

Intrinsic stem cell survival

Tissue regeneration

Neurogenesis

Hepatocyte growth factor Vasculogenesis

Intrinsic neural cell regeneration

Insulin-like growth factor Wound healing
Neurogenesis
Keratinocyte growth factor Wound healing
Platelet-derived growth factor Tissue repair
Transforming growth factor beta Wound healing
Vascular endothelial growth factor Angiogenesis
Wound healing
Angiopoietin-1 Angiogenesis
Tissue repair
Erythropoietin Angiogenesis
Interleukin-8 Wound healing
Stem cell-derived factor-1 Neuroprotective effect
Wound healing
Table 3.

Growth and trophic factors contributing to MSC tissue regenevative processes.
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Once MSCs are mobilized, or after BM tissue injections, they produce a number

of trophic factors that impact healing responses. At a local tissue level, they act by
reducing cell apoptosis, fibrosis, inflammation, and activation of cascades that

lead to cell proliferation and differentiation, mobilization of cells, and an onset of
angiogenesis via paracrine and autocrine pathways [90]. Crucial agents involved

in these processes include a variety of growth factors. The MSC trophic effects are
associated with the secretion of reparative cytokines and growth factors [91], which
contribute finally to tissue repair of inflamed and degenerated tissues, retaining
positive MSC paracrine effects [92]. Many of the MSC growth factors are generated
on the principle of the cell regulating protein nuclear factor-kB activation, after an
initial exposure to pro-inflammatory stimuli such as IFN-y, TNF-«, and IL-1p or
even hypoxia [93]. These factors most likely coexist in prepared MSC-containing
BM vials and delivered at tissue injury sites. In this situation, MSC growth factors
and other cell mediators may have the potential to exert their specific activities via
molecular interplays and subsequently promote optimal MSC-associated thera-
peutic tissue healing, in particular in a highly concentrated environment [94]. The
endothelial monolayer barrier function of tissue capillary beds is often disturbed
under degenerative and inflamed conditions, allowing for the blood to release
proteins and white blood cells, while MSCs produce and release growth factors that
affect endothelial cell and subsequently promote the development of tissue pro-
genitor cells and fibroblasts and support tissue regeneration and repair [95]. Some
clinicians combine platelet-rich plasma concentrations [96] with BM products in
order to have a more biologically active graft, projected to optimize regenerative
medicine treatment outcomes. However, it is important to comprehend the detailed
mechanisms underlying the inflammation-modulated production of growth factors
by MSCs, as this will provide a better perspective for the clinical application of
MSCs or their paracrine factors in tissue regeneration.

5.6 MSCs and angiogenesis

MSC paracrine trophic factors are potentially important in maintaining endo-
thelial integrity and promoting angiogenesis through their ability to regulate
endothelial cell proliferation and ECM production [97]. Furthermore, endothelial
cell permeability is reduced, and MSCs inhibit interactions between leukocytes
and endothelial cells [98]. Apart from MSC trophic factors, fibroblasts have fun-
damental functions in maintaining tissue integrity and promote tissue healing
through their secretion of cytokines that support ECM building. These endothelial
and angiogenetic capabilities have been demonstrated in clinical studies addressing
chronic wound healing [99] and recovery from postmyocardial infarction [100].

5.7 Homing and migration

An enduring problem in the field of cell-based regenerative medicine therapies
is the factual delivery of the harvested and prepared cells to the site of injury, a
process termed “homing” [101]. One of the major characteristics of MSCs after
administration is that they are able to migrate to sites of inflammation and tissue
damage, which are typically associated with cytokine outburst [102]. Homing
mechanism to degenerated and injured tissue sites are influenced by factors like
age, cell viability, the number of available cells (dosage), and the delivery method.
Unlike the well-characterized phenomenon of leukocyte homing by de novo, or
exogenously delivered (BM) MSCs, is still unclear. Evidently, an increase in leu-
kocyte migration, with induced rolling response to inflamed tissue sites, has been
noted by engineered MSCs [103]. For successful cell-based regenerative therapies,
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it is critically important for MSCs to control cell adhesion in the ECM of the treated
tissue. This will occur through the expression of fibronectin and specific integrin
and selectin protein adhesion molecules, which are binding to collagen and fibrin
ECM components [102], initiating tissue healing and regeneration through cell
adhesion, cell growth, migration, and differentiation [104]. The migration abil-

ity of MSCs is further controlled by a wide range of growth factors, acting under
the receptor tyrosine kinase signaling principle [105], once more illustrating the
importance and presence of platelets and their growth factors in the collected BM
vial. Furthermore, the administration of MSCs via various delivery routes (intra-
venous, intraperitoneal, intra-arterial, in situ injections) seems to have an effect on
MSC homing [66].

6. Bone marrow aspirate aspiration and processing

When applying regenerative medicine MSC applications, physicians have a
choice to use either a BMA as a regenerative injectate, without any processing steps,
or they can harvest a particular BMA volume necessary to produce a BMC, with
dedicated devices and centrifuges. Additionally, the differences between a BMA
injectate only and a BMA concentrate are discussed.

6.1 BMA-MSC procedural steps

In the freshly aspirated BMA samples, the heterogenous cellular content is
pervasively distributed in the vial, as long as clotting is prevented.

6.1.1 Anticoagulation protocol

Prior to a BMA procedure, it is recommended that bone marrow harvesting
devices, concentration devices, and all of the processing accessories that will be in
contact with BM are subject to a thorough heparin rinsing. Furthermore, several
instructions for use advice to leave a volume of anticoagulant in the aspiration
syringes and processing device as well, as BM tissue has the potential for rapid
clotting. Before a BMC concentration device is loaded for processing, the aspira-
tion syringes volumes are transferred into one consolidating collection syringe and
subsequently filtered through a 200u heparin rinsed filter to eliminate particles,
fibrin strands, and fat tissue.

6.1.2 Two-step BMA centrifugation protocol

It is our belief that the preparation of a vial of concentrated MSCs is best created
by the so-called double-spin protocols, using dedicated and approved disposable
concentration devices. BMA centrifugal processing techniques, to produce a viable
BM-MSC injectate, are generally accepted methods when executed at POC, because
these preparation protocols seek to overcome the limitations of MSC ex vivo cell
culturing techniques. In this section we touch on a BMC preparation protocol to
produce PurePRP SupraPhysiologic Bone Marrow Concentrate (PureBMC®SP,
EmCyte Corporation, Fort Myers, FL, USA). The PureBMC®SP autologous biologic
is part of an autologous cellular platform technology, facilitating the preparation
of platelet-rich plasma and adipose tissue concentrates. A two-step centrifugation
and preparation protocol will concentrate the indispensable BMA cellular content
to a BMC. Following a first centrifugation spin, the BMA is sequestered in a BM
plasma fraction (BMPF), containing a buffy coat layer and RBCs. The BMPF is
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aspirated, immediately followed by a separate collection of 2 ml of RBCs, following
the instructions for use of the PureBMC® concentration device. Both volumes are
then transferred for a second centrifugal spin cycle to the concentration compart-
ment of the same device. During the second spin, a specific centrifugation protocol
is accomplished, leaving the bone marrow cells in a concentrated fashion attached
at the bottom of the chamber. Excessive BMPF is manually removed, leaving behind
a specific BMC volume for resuspension. The amount of this volume depends on the
requirements for clinical applications. Therefore, the BMC injectate volume may
vary between 3 and 10 ml, with increased cell concentrations according to this final
volume varying between 4- and 10-fold the native concentrations.

6.2 Cellular differences between BMA and BMC injectates

In a BMA injectate, the concentrations of the cells resemble the concentration of
the cells that are present in the bone marrow cavity. However, based on aspiration
techniques, the number of MSC might be increased. A BMC is a small volume of
fluid containing a high concentration of cells extracted from the bone marrow, such
as high yields of MSCs (can be measured as CFU-Fs), HSCs, progenitor cells, total
nucleated cells, and platelets, at a significant concentration above BMA baseline
values. Furthermore, the heterogenous nature of marrow cells is completed by the
presence of increased levels of growth factors [106, 107], cytokines like IL-8, and
interleukin-1RA [94]. Additionally, in a BMC injectate following a two-step cen-
trifugation procedure, the RBC and plasma-free hemoglobin (PFH) concentrations
are significantly decreased when compared to a BMA injectate.

6.2.1 Red blood cells and hemolysis

Throughout the aspiration procedure, RBCs can be damaged as a result of high
shear forces [108]. As a consequence, the RBC membrane will start to disintegrate,
and hemolysis, with the release of PFH, will occur. Damaged RBCs and free
hemoglobin (Hb) lead to the development and release of toxic Hb forms, like free
hemin, ferric Hb, and iron [109]. This is of particular concern as PFH and their split
products, heme and iron, cannot be cleared, by natural scavenger proteins, when
bone marrow injectates are applied in any microenvironment, as these are outside
of the blood stream. A graphic representation of the pathophysiological effects and
reactions of PFH, leading to various hemolytic-related sequelae and potentially
encumbering clinical outcomes, is presented in Figure 12.

6.2.2 Comparative laboratory data BMA vs. BMC

In Table 1 the effects of concentrating BMA to BMC with regard to some of the
most important marrow constituents and factors are shown, as discussed in Section
4.1. The data in the table represent a clinical bilateral BMA model, using two differ-
ent harvesting systems. For both systems, BMA was aspirated in an identical man-
ner, at three different depth levels collecting in total 10 ml of marrow. Furthermore,
to compare the cellular differences between a BMC injectate and a BMA injectate
(BMA-MC), we collected an additional 40 ml of BMA with the Aspire system,
after the first 10 ml. This allowed for a total processing volume of 60 ml to produce
BMC. Laboratory analysis resolved that both BMA devices were almost similar with
regard to cell viability and numbers. Interestingly, with regard to CFU-Fs, the data
are in accordance with Hernigou [40], and the first marrow aspiration provides
the highest number of CFU-Fs. However, when comparing the BMA-MC cellular
composition (a patient treatment specimen) with the BMC treatment specimen,
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Figure 12.

Pa%hophysiologiml effects and reactions of RBCs in BMC vials. In absence of scavengers and compensatory
mechanisms, PFH split products can lead to toxic consequences like inflammation and prooxidant

effects, endothelial cell dysfunction, and vasoconstriction. Biological treatment specimen, containing high
concentrations of RBCs, will lead to RBC cell membrane disruption (eryptosis,) releasing macrophage
migration inhibitory factor (MIF) (courtesy of P. Everts and modified from Schaer et al. [109]).

significant differences occur. Centrifugation foremost significantly increases cells
who take part in regenerative processes when compared to the BMA-MC product.
In contrast the non-regenerative RBCs and PFH concentrations are significantly
reduced in the treatment vial, while maintaining a higher cell viability after cen-
trifugation. Our findings, with regard to cellular enrichments comparing a BMA
with a BMC, are in agreement with others [41, 110], but not regarding RBC content
and PFH. The cell concentrations are not only depending on the centrifugation
protocols and the final BMC volume but are contingent of a meticulously executed
BMA procedure, maintaining high cell viability, with minimal cell destruction.

6.3 Not every bone marrow concentrate is born equal

Currently, eight BMC harvesting devices are available on the market, produc-
ing different formulations of BMC and tissue viabilities and yielding different
cellular concentration characteristics [111, 112]. As such, BMC preparations may
vary widely regarding HSCs, MSCs, progenitors, platelet growth factors, and RBC
content. Given this heterogeneity, the impact of BMC therapies on tissue regen-
eration may vary greatly. Explicitly, it is important to understand that the BMC
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non-stem cell cellular components in the treatment vial might have significant
roles regarding behavior and function of MSCs. Recently, the cellular variances
were confirmed in a systematic review, evaluating BMC studies in musculoskeletal
pathologies [53]. Presumably, as postulated by numerous authors, the variances in
BMC cellular compositions have a significant effect on the biological activity and
regenerative potency of the treatment specimen, and these inconsistencies impact
clinical outcomes [111, 113]. Unfortunately, an exact understanding of the underly-
ing signaling relationships is not completely understood [114].

7. Bone marrow-derived mesenchymal cells in musculoskeletal disorders

The use of autologous BM-derived MSCs for the treatment of a variety of mus-
culoskeletal ailments is progressing significantly. Literature findings demonstrate
positive outcomes after regenerative medicine MSC applications, in particular in
joints, tendons, and bone, and hold great promise for future MSK-D applications,
especially if more research and larger clinical trials are performed, focusing on cell
validation processes and elucidating on potential dose responses.

7.1 Knee osteoarthritis

In this section we will present several clinical studies in which autologous, heter-
ogenous BMC was used as a regenerative biologic to treat a variety of musculoskel-
etal disorders [42, 115]. Studies reporting on similar pathologies using BM-derived/
cultured MSCs are not mentioned as it has been reported that these technologies
have different biomedical properties and extraction methods [116] and potentially
possess new challenges and indications, when compared to at POC prepared fresh
autologous BMCs. In clinical settings, BMC has been exploited as an ortho-biologi-
cal treatment option for a range of indications, like symptomatic focal femoral head
osteonecrosis, OA of the knee and hip, focal chondral defects, as well as another
MSK-D. The rationale to use autologous BMC in osteoarthritic (OA) joints and other
indications is its potential in facilitating anti-inflammatory and anabolic effects
after injection. Moreover, the heterogenous BMC cellular assortment is known for
its angiogenetic properties, therefore contributing to chondrocyte metabolism and
inducing homing of (progenitor) stem cells to the treated areas [117]. Rodriguez-
Fotan and co-workers used a two-step BMC preparation protocol in patients
with early onset of OA in the knee or hip (Kellgren-Lawrence grades I-II, Ténnis
grades I-II, respectively), with BMA aspirated from the anterior iliac crest. After
a single BMC injection, 63% of treated patients had improved clinical symptoms
at 6-month postinjection. They concluded that the intra-articular BMC injections
are safe procedures and no adverse events were reported [118]. In a prospective
single-blind, placebo-controlled trial, 25 patients with bilateral knee OA and a
median age of 60 years were randomized to receive BMC into one knee and saline
placebo into the contralateral knee, thereby utilizing each patient as his/her own
control. Safety data, effect of pain relief, knee function (Osteoarthritis Research
Society International) measures, and the visual analog scale (VAS) for pain
were observed until 6 months after the injections [119]. However, no differences
between the two groups were observed. Of interest in this study was that the final
injectate composition consisted of a mix of BMC and BMPF suspension. However,
the eventual consequences of diluting BMC with BMPF on outcomes were not
discussed. In another case series by Kim et al., a more invasive treatment approach
was used. BMC was mixed with adipose tissue as a multi-tissue preparation for knee
OA injections, in patients with a mean age of 60.7 years. At 9-month follow-up,
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all patients showed clinical improvement, with satisfactory results in 70.7% of
patients [120]. Remarkably, the authors found that patients with inferior treat-
ment results had a greater severity of OA prior treatment, as they were marked at
Kellgren-Lawrence grade IV, suggesting that advanced OA may be more restrained
to BMC therapy. The side effects encountered in this study, joint inflammation

and pain, were in accordance with data from Rodriguez-Fotan [118]. Recently, a
similar (retrospective) study was executed by Mautner and associates. Patients
were prospectively treated either with bone marrow aspirate concentrate (BMAC)
or micro-fragmented adipose tissue (MFAT) injections, for symptomatic knee OA
[121]. The follow-up responses consisted of 76 patients (with 106 knees). The Knee
Injury and Osteoarthritis Outcome Score (KOOS) questionnaire, Emory Quality of
Life (EQOL) questionnaire, and VAS for pain were compared with baseline scores
for all patients, and outcomes between BMAC and MFAT groups were evaluated.
Data demonstrated a significant improvement in joint function and VAS pain scores
after both MFAT and BMAC injections. No significant difference between the two
autologous biological groups was demonstrating that BM- or adipose tissue-derived
ortho-biological injections resulted in similar functional improvements.

7.2 Shoulder disorders

Lately, Darrow et al. reported on patients treated for shoulder osteoarthritis
or rotator cuff tears (N = 50), with either BMC or BMA injections. Patients were
grouped in receiving one or two injections [122]. Outcome reports included resting
pain, active pain, upper extremity functionality scale, and overall improvement
percentage. Data were compared to baseline and between the two groups. All
patients had significant posttreatment improvements in resting pain, active pain,
and functionality scores, when compared to baseline values. Patients receiving two
treatments, average interval duration of 22 days, experienced statistically signifi-
cant more improvements in active pain than the patients receiving one injection.
There were no significant outcome differences between patients with a rotator cuff
tear or OA. Unfortunately, no information was provided on the BMA and BMC
procedure, and no laboratory validation data were reported.

7.3 Osteonecrosis

Philippe Hernigou, world renowned for treating femoral head osteonecrosis,
advocates the use of autologous BMC cell therapies [123]. He described a substantial
repair and stabilization of necrotic femoral heads with percutaneous injection of
autologous BMC, in combination with surgical core decompression. In a later paper,
he reviews three decades of BMC therapies in hip osteonecrosis, emphasizing the
quality of the BMC and cellular competence and addressing the effects of BM cell
concentrates on the microenvironmental changes within osteonecrotic bone [124].
Other groups reported on prospective randomized clinical trials for femoral head
osteonecrosis, comparing surgical decompression alone versus decompression
augmented by autologous BMC preparations. The biologics were implanted during
the surgical decompression procedure. In one study, patients were evaluated using
the Western Ontario and McMaster Universities Osteoarthritis (WOMAC) Index
questionnaire, VAS pain index, and MRI. The mean WOMAC and VAS scores in all
patients improved significantly (P < 0.001). Post-procedural MRIs showed a sig-
nificant (P = 0.046) improvement in patients in whom the surgical procedure was
combined with BMC [125]. In a similar study, a significant decrease in pain associ-
ated with a functional benefit lasting the entire observation period was observed
in the BMC-treated patients. However, no difference in clinical outcomes between
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the two study groups was seen during a 2-year follow-up period, with no significant
difference between the femoral head survival rate [126]. Importantly, they analyzed
the MSC and nuclear cell content of the BMC. There was a significant rise in nuclear
cells and CFU-Fs (6.3-fold and 1.5-fold baseline values, respectively). Despite a
significant rise in CFU-Fs in the BMC, the total deliverable MSC cell counts were
relatively low. This might be related to the design features and specifications of the
fully automated, sensor-controlled processing BMC device that was used with a
single-step centrifugation protocol.

7.4 Cartilage repair

Awad and associates recently published a meta-analysis on knee cartilage repair
[127]. They conducted a systematic review using the PRISMA guidelines and the
Cochrane Handbook for Systematic Reviews of Interventions. A meta-analysis was
conducted to estimate the effect size for function and pain in 724 patients, with a
mean age of 44.2 years. In this review, both cultured BM-MSCs and autologous non-
cultured BMC were used. All autologous BMC treatment specimens were prepared
following a two-step centrifugation method. Their most important meta-analytic
finding was that the administration of non-cultured, fresh, BMC significantly
reduced pain and improved knee function. This might be induced by the heteroge-
neous composition of the non-cultured BMC, as all constituents will synergistically
foster cartilage regeneration and local pain management. Furthermore, BMC holds
a certain volume of autologous plasma which can function as a cellular scaffold
with the advantage of a more sustained release, compared to a pure cultured MSC
product.

7.5 Tendinopathies

In a retrospective study, Stein et al. used BMC for primary Achilles tendon
repairs, following traumatic injuries [128]. The BMC was adjunct to augment the
surgical correction. Although the study lacked a control group, at a mean follow-
up of 30 months, there were no re-ruptures reported. In a small patient study,
centrifuged BMC specimen were injected in patients, refractory to conservative
therapies, with clinical and radiological evidence of chronic patellar tendinopathy.
Long-term follow-up showed statistically significant improvement in the major-
ity of its reported scores [129]. A series of patients, diagnosed with clinical lateral
epicondylitis, were treated with a single-spin BMC protocol. A significant improve-
ment was noted when pre-BMC scores were compared with postinjection scores, at
12-weekpost-intervention. The authors suggested that BMC injections in patients
who have failed non-operative treatment, before a surgical intervention, should
be considered, and in their belief BMC injections can be developed as second-line
conservative treatment in chronic tendinopathy, potentially reversing the degenera-
tive process [130].

8. Bone marrow concentrates in spinal disorders

Degenerative disk disease (DDD) affects the disks that separate the spine
bones. Age-related changes can lead to arthritis, disk herniation, or spinal stenosis.
Pressure on the spinal cord and nerves may cause pain. DDD is associated with
significant morbidity. Conservative treatment options, physical therapy, self-care,
medication, and spinal injections are used to manage the symptoms. However, these
measures are often not significantly responsive. Surgery has been an option if the
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pain is chronic. Nowadays, autologous regenerative applications have been made
available to patients as an alternative treatment option.

8.1 Degenerative disk disease

Pettine et al. studied the use of intra-discal BMC injections in patients with
DDD [131]. The authors injected 26 symptomatic patients for lumbar diskogenic
back pain and disability and evaluated their postinjection outcomes using disability
scores, pain scores, and MRIs. At 2-year follow-up, patients experienced significant
improvements in disability and pain scores. This group was the first to report on
MSC dose-dependent outcome responses. Patients receiving greater concentrations
of autologous BM-MSC (expressed as CFU-Fs > 2000/ml) experienced a faster
and greater reduction in pain scores. Later, these findings were strengthened with
a follow-up study at 36 months, showing similar outcome results [43]. At 5-year
follow-up, absolute and percentage reductions in pain and disability scores were
sustained, with no adverse events reported through the 5-year follow-up period
[132]. The American Society of Interventional Pain Physicians published recently
guidelines addressing responsible and safe use of autologous biologics in the
management of lower back pain [133]. Their extensive analysis revealed that there
is level III evidence for the use of PRP and BM-MSCs. The guidelines also state that,
following diagnostic evidence, regenerative therapies should be provided to patients
as an independent therapy. If appropriate and indicated, regenerative therapies can
be combined with conventional medicinal therapy or in conjunction with physical
and behavioral therapy.

8.2 Spinal surgery

Hart et al. informed on a prospective, randomized, and blinded study in patients
with lumbar disease the use of BMC mixed with allograft spongiosa chips during
surgical posterolateral fusion (PLF) procedures. Patients underwent instrumented
lumbar spine PLF procedures [134]. Fusion status and the degree of mineraliza-
tion were evaluated by two radiologists blinded to patient group affiliation. X-ray
examination, in control patients at 12-month follow-up, showed that the bone graft
mass fused in none of the cases and, at 24-months, in four cases (10%). In the BMC
treatment group, 6 cases (15%) achieved fusion at 12 months and 14 cases (35%) at
24 months. Computed tomography scans showed that 40% of control patients and
80% of BMC-treated patients had evidence of at least a unilateral continuous bridg-
ing of the bones between neighboring vertebrae at 24 months, significantly favoring
the mixture of spongiosa bone with autologous BMC (P < 0.05) as an efficient
option to augment PLF healing.

9. Bone marrow concentrates in chronic wounds

Cell-based therapies are an attractive approach for the treatment of recalcitrant
chronic wounds. BM-MSCs have been studied as a therapeutic strategy in chronic
hard-to-heal wounds [135]. The orchestrated process of wound healing entails
cellular and hormonal physiological processes in inflammation, proliferation,
collagen matrix formation, and epithelialization which are regulated by various
platelet-derived growth factors, such as TGF-b, VEGF, PDGF, granulocyte-
macrophage colony-stimulating factor, the interleukin family, EGF, FGF, and TNF-a
[44, 105]. In chronic, poor-healing wounds, the activity and effectivity of growth
factors and cytokines are often reduced due to a chronically inflamed wound.
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Under these conditions the neo-angiogenetic wound healing potential is reduced,
resulting in poor or no full wound epithelialization. The rationale for using BMC
in these patients is the potential to modulate the immune response and secreting
paracrine factors which promote (neo) angiogenesis, thereby providing biological
ingredients for wound tissue repair that can jumpstart full wound closure [76, 136].
Optimal wound bed preparation is of the essence in wound healing strategies and
encompasses tissue debridement with proper management of the bacterial load.
Based on BM-MSC characteristics and their biological activity, MSCs are capable
of interacting with resident wound cells to transform resident cells to functional
matrix building cells, as described by Balaji et al. [137]. This finding might be of
particular importance for dermal rebuilding processes, to stimulate (transplanted)
keratinocyte-mediated wound epithelialization.

10. Bone marrow concentrates in critical limb ischemia

Patients with significant, below the knee, vascular diseases and who are, first
of all, not eligible for revascularization surgery or endovascular treatments due
to several comorbidities or have high operative risk and had multiple failures
of revascularization or high rate of re-stenosis, might be suitable candidates for
biological cell-based therapy with BM-MSCs. Patients diagnosed with critical
limb ischemia (CLI) might also suffer from chronic non-healing wounds, and the
estimated amputation and mortality rates are high [138]. The application of regen-
erative medicine therapies, in particular the use of BM-MSCs protocols, has merged
as a treatment option in patients with CLI. In these patients, the justification to use
BMC is to promote the regeneration of impaired endothelium and stimulate neo-
angiogenesis in ischemic areas [139]. Several varieties of BM-MSC therapies have
been studied in CLI patients, ranging from BM-derived mononuclear cells, CD34 +
BM cells, to mesenchymal stromal cells. The outcomes of cell-based trials have been
encouraging and demonstrated a significant decrease in the rate of amputation
[140]. It can be concluded that BM-MSC applications have the potential to modify
the natural history of intractable CLI, while high-quality randomized trials are
needed [45].

11. Conclusions

Regenerative medicine technologies offer solutions to a number of compel-
ling clinical problems that have not been able to adequately result in a solution
through the use of drugs, surgery, or permanent replacement devices. Reviewing
the last decades regarding autologous biological therapies, BM-MSCs have gained
great interest. The purpose of this chapter was to review specific characteristics of
bone marrow tissue and its cellular content, in particular the mesenchymal stem
cells. Considerations when performing aspiration techniques and bone marrow
concentrate preparations were presented, including explicit roles of hematopoietic
and mesenchymal stem cells and other cytokines. Among autologous tissue-based
cellular therapies, bone marrow mesenchymal cell therapies have been the most
frequently employed and reported on, despite the fact that effects of coadjuvants,
dosing, repetitive procedures, etc. are not yet established. Cultured MSC thera-
peutic interventions require strict procedures and biological license agreements,
making them less attractive for same-day regenerative therapies. Using at POC
BM-MSC concentrates overcomes these lengthy regulatory processes without the
need for mandates. Clinical translation of BM-MSC-based therapies remains a work
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in progress, as proper standardization has not yet been recognized [53]. However, in
the clinical setting, effective and safe autologous BMA harvesting and preparation
of BMC have been reported [42]. More, better, organized randomized clinical trials
that are warranted with accurate follow-up data revealing the efficacy of BM-MSC
therapy, including laboratory validation of the used products, should be a future
goal. Furthermore, proper deliberations should manage the enormous variability
aspects, like aspiration techniques, imaging options and procedures, BMC prepara-
tion protocols, effect of patient age, as well as tissue disease state. Therapy failures
should also be highlighted in order to understand how they impact the therapy
outcomes. Ultimately, the adoption of an accepted standard of overall regenerative
biological preparations, including critical and ambivalent nuances, is crucial for
future regenerative medicine practices.
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Abstract

Adipose-derived stem cells (ADSCs) have proven their efficiency in wound
healing and skin regeneration in vitro and in vivo. They were reported to differenti-
ate into skin cell types and migrate to wounded sites to restore cell deficiencies and
functions. Secretome of ADSCs is involved in the migration and proliferation of
dermal fibroblasts (DFs) and keratinocytes where growth differentiation factor
11 (GDF11) and transforming growth factor-p (TGF-f) are expected to play the
principal role. Both factors are implicated in immune responses, skin cell differen-
tiation, proliferation and pigmentation, migration and secretion of the extracellular
matrix proteins. Increasing evidence has pointed the fact that ADSCs are expected
to cross-react with GDF11 to ensure DF and keratinocytes proliferation to reverse
the aging process. Moreover, these factors share similar intracellular mechanisms
pathways that are SMAD-dependent, and target different cellular mechanisms
related to regeneration or rejuvenation. This intriguing balance between GDF11-
dependent aging and TGF-$-dependent regeneration still remains unclear and
might be regulated in a spatio-temporal manner. Considering the clinical relevance
of the mechanisms slowing or delaying the onset of age, we aimed to clarify the
involvement of cell signaling pathways related to GDF11 and TGF-p in balancing
cell rejuvenation and cell regeneration. Increasing the organ lifespan and function-
ality might be challenging issues.

Keywords: adipose-derived stem cells, skin, aging, regeneration, rejuvenation,
wound healing, GDF11, TGF-$, SMAD pathways

1. Introduction

Skin covers the human body and acts as a protective barrier against external
aggressions; it consists of three component layers: epidermis, dermis, and hypo-
dermis. Skin also has a pivotal role in thermoregulation, water retention, and
cell regeneration. However, the skin remains the first exhibition of time passing
characterized externally by skin winkles’ manifestations, loss of integrity elasticity
and functionality. These processes vary between individuals but altogether reflect
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cellular and molecular changes leading to progressive reduction in cell proliferation
and regeneration as a result of increasing cell senescence and apoptosis [1].

A recent work has testified that adult multipotent stem cells are present in the
dermal sheets and in the interfollicular dermis; they can also be derived from the
pericytes [2]. They are expected to play a crucial role in regulating skin function
and turnover. Furthermore, these cells were considered as mesenchymal stem cell
(MSC)-like expressing the specific mesenchymal markers and differentiating into
adipocyte, chondrocyte, osteoblast and myocyte [3]. These cells are identified
within the subcutaneous adipose tissue as adipose-derived stem cells (ADSCs) and
have been reported to differentiate into skin cells, thus ensuring skin regenera-
tion and maintaining homeostasis [4-6]. Several studies have shown the ability of
ADSCs to act through cell-cell contact, but mostly by secreting a panel of cytokines
and chemokines, being involved in different biological pathways including cell
proliferation, differentiation, homing and migration, senescence, and apoptosis
[7-11]. These mechanisms are implicated in the whole process of skin regeneration
during wound healing.

ADSC-based therapy is very promising in treating damaged tissues and in
completing full-thickness skin replacement. Some clinical applications benefit
from its simple and abundant collection from adipose tissue. The capacity of these
cells to proliferate and self-renew in vitro as well as in vitro added to their innate
differentiation has targeted more scientific advancements in the field of regenera-
tive medicine. Their immunomodulatory effects also make them more suitable for
use compared to their counterpart from bone marrow and umbilical cord blood
[12]. These cells have been used for many investigations and are largely used for
graft improvement in cosmetic remodeling to prevent fat necrosis [13-15]. ADSCs
have presented a great ability to migrate and were recruited rapidly into wounded
sites where the process of cell differentiation toward various skin cell components
occurred. ADSCs have helped in cicatrization and regulating inflammation and the
phases of wound healing [6]. These cells secrete growth factors in their extracellular
vesicles [16-18] and produce different amounts of the extracellular matrix (ECM)
proteins, thus promoting and accelerating skin regeneration in 3D raft cultures
from adult expanded human skin [19, 20]. This suggested that these cells repre-
sent a rich source of factors necessary for accelerating wound healing and tissue
regeneration.

Among the secreted growth factors, transforming growth factor-p (TGF-p) and
growth differentiation factor 11 (GDF11) are highlighted and both are involved
in biology of skin and different organs [5, 21, 22]. Both factors belong to the same
superfamily of TGF-f and target similar skin cells including dermal fibroblast (DF),
keratinocytes, melanocytes, and dermal microvascular endothelial cells [23-25].
Moreover, these factors activate the intracellular SMAD signaling pathways, thus
targeting skin cell properties to repair wounded tissues. Consequently, TGF-p
reduces wrinkles and photoaging signs [24, 26, 27]. On the other hand, GDF11 has
received more attention with its ability to produce age-reversing effects [25, 28] and
increase skin cell proliferation and functionality [23-25].

In the current research, many questions have been raised about the involvement
of GDF11 in the inflammatory, proliferative, and remodeling phases of wound
healing. Adding to the fact that TGF-p was secreted by utmost epithelial cells and
participated extensively in this cascade, an interaction between GDF11 and TGF-f
for sustainable skin biology and function has been suggested. Additionally, they
share similar intracellular mechanisms involved in healing and aging. Cross-talking
with the surrounding cells, mainly resident ADSCs, keratinocytes, DF, melano-
cytes, and macrophages, these factors might be activated, autoactivated, and/or
mediate other cytokines and chemokines to attain and orchestrate even similar
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mechanism pathways but taking advantage for skin repair and cell regeneration or
cell rejuvenation through resident’s stem cell proliferation and differentiation.

When secreting TGF-p and GDF11, ADSCs underwent autoinduction by bind-
ing these factors to their transmembrane specific receptors ActIIBR and TGF-fR
respectively and initiating the intracellular signal transduction cascade. However,
circulating GDF11 has been reported to decrease with age [21, 29] and, in the same
way, younger ADSCs and MSCs were found to be more proliferative, secrete more
ECM proteins, and be more rejuvenating as compared to the aged ones [18]. On
the other hand, positive effects on skin vasculature, skin integrity, density and
strength, and wrinkles reduction have been reported when using recombinant
GDF11 (rGDF11) [24] likely by cross-talk between DF, keratinocytes, ADSCs, and
endothelial cells. Its beneficial involvement in skin microvasculature impaired dur-
ing aging is highly expected through proliferation and differentiation of progenitor
endothelial cells [30]. Other reports suggested that TGF-f was more involved in
skin repair and cell regeneration during normal biological process or after injury
and is considered as a key tool in the regulation of wound healing by promoting
angiogenesis, cell proliferation, and migration [31]. Through its immunoregulating
capacity, TFG-p and GDF11 were also specifically implicated in skin inflammatory
process during wound healing and skin aging or inflamm-aging by downregulating
proinflammatory cytokine genes expression [32, 33].

However, the relationships between TGF-p and GDF11 are not fully understood.
With regard to their secretion levels and the skin regeneration and youth during
aging, an expected ratio of TFG-p/GDF11 might be considered and regulated in a
spatio-temporal manner and balance the whole cellular and molecular mechanisms
associated to regeneration or rejuvenation. These regulating aspects must draw
more attention as an important potential target attaining antiaging processes during
wound healing.

2. Skin: anatomy and physiology

Skin thickness varies between people and with age and ranges on average from
0.05 to 2 mm. Skin is comprised of three layers: non-vascularized and stratified
epidermis, underlying the dermis composed of a connective tissue and the sub-
cutaneous adipose tissue forming the hypodermis including the adnexal structure
[34]. The epidermis is preceded by an organized structure the stratum corneum
formed by as interdigitated dead cells called corneocytes disposed as bricks between
multiple lipid bilayers holding the structure defined as “brick and mortar” [35]
and represent the first barrier to external factor penetration. The viable layers
of the epidermis are stratum lucidum, stratum granulosum, stratum spinosum, and
stratum germinativum. Keratinocytes composing these layers undergo progressive
differentiation from the basal stratum germinativum to the outermost layer. These
self-renewal and differentiation processes are important for epidermal regenera-
tion and lead to generation of solid lipid-rich cornified layers [36]. Melanocytes
are other cells present in the epidermis; they synthetize the melanin pigment being
transferred to mature keratinocytes, providing principal skin protection against
UV damages. Merkel cells, dendritic cells, adipocytes, and Langerhans cells are also
present within the epidermis.

Fibroblasts are the principal cells constituting the dermis; they are mesenchymal
and represent skin scaffolds where they support other epithelial cells and the epi-
dermis through their elongation and shaped form, but especially through secretion
of fibrous and elastic components constituting the ECM responsible for cutaneous
strength and elasticity [34]. ECM is composed of fibrous proteins and a ground
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substance. Both these components are rearranged to provide a three-dimensional
microenvironment where epithelial cells, stem cells, and the vascular network

are closely related to collagen, elastin, and fibronectin fibers [37]. In human skin,
collagen fibers, mostly type I, III, and V, are the dominant components in the ECM
accounting for 75% of the dry skin weight and confer elasticity and strength. Type
I collagen represents 80-90% of the total collagen and type III up to 8-12% while
type V collagen represents the remaining minor proportion [38]. ECM not only
provides a structural support for skin cells but also plays very critical role in regulat-
ing cell behavior in normal conditions and wound healing [39]. This regulation
occurs through molecular signaling mediated by integrin cell surface, which orients
cells toward proliferation, differentiation, migration, or apoptosis [40].

Additional skin components residing in the dermis and sometimes in the hypoder-
mis are immune cells represented by lymphocytes, macrophages, mast and dendritic
cells. Adnexal structures are located in the dermis and hypodermis and include hair
follicles, blood vessels, nerves, eccrine glands, sebaceous glands, and apocrine gland.

The hypodermis layer or subcutaneous layer is composed mostly by adipose tis-
sue containing adipocytes, stem cells (ADSCs), and blood and lymph vessels. This
adipose tissue is the main actor in regulating skin homeostasis, thermoregulation,
metabolism, immune responses, and immunomodulation through a wide range of
cytokines and chemokines secreted. This secretory panel conditions the microenvi-
ronment of the surrounding ADSCs and consequently their secretome to modulate
skin cell proliferation, differentiation, migration, melanin production, and to
induce skin rejuvenation [41-43].

3. Skin aging
3.1 Mechanisms of skin aging

Skin aging dependent on age or photoaging represents actually a real challenge
of the new ADSCs advancements. The apparent skin physiology and morphol-
ogy represent the first signal of cell aging. Skin aging is represented by epidermal
atrophy, wrinkles appearance, reduction of dermal thickness, and ECM degrada-
tion; adnexal structures also decrease in their number and function. Decrease in
the number of epithelial cells including DF, melanocytes, and Langerhans cells was
reported as well. Their replicative ability decreases with age, leading to senescent
and non-dividing cells.

The thickness of subcutaneous adipose tissue is also reduced, showing a decrease
in mitotic activity and self-renewal of ADSCs and increase in senescence of the
surrounding cells. ADSCs might behave differently according to the context of
stimulation, but the mainly important factors that are relayed to cell proliferation,
proinflammation, and angiogenesis altogether are involved in cell regeneration.

3.2 Physiological markers of skin aging

We believe now that aging is associated to many intrinsic signaling pathway
related to epigenetic factors, some genetic predispositions, and extrinsic factors
such as ultraviolet radiations, air and water pollution, resulting in the impairment
of skin integrity and youth. One could consider that UV/infrared (IR) irradia-
tions might lead to more cell damage than intrinsic factors. Indeed, following IR
irradiation, skin cells present different DNA damages. Also, wrinkles, elasticity
loss, pigmentation dysfunction, or hyperkeratosis are the most common symptoms
reflecting the visual extent of aging as a result of the progressive atrophy of the
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dermis. These manifestations rely on the impairment of cell senescence, a multi-
factorial event leading to skin integrity loss. Collagen production decreases and its
degradation increases, leading to a quantitative and structural change in collagen
fibers, which impact the dermis structure [44-46].

In humans, GDF11 is connected to age-related diseases and its serum level is
associated with the physiology of aging [47, 48]. Its circulating level has been associ-
ated with aging in many human organs [23, 49, 50]. This factor was found to be able
to antagonize aging specifically [29] and its remarkable action against myocardial
hypertrophy and inflammation has been largely reported [28, 51, 52].

During skin aging, keratinocytes, DF and although endothelial cells secrete
ubiquitous endopeptidases able to degrade the ECM proteins and called matrix
metalloproteinase (MMP). Degradation of collagen fibers occurs with the major
protease present in human skin MMP-1 that degrades type I and III collagen, fol-
lowed by MMP-3 and MMP-9 [53]. The specific tissue inhibitors of metalloprotein-
ases (TIMPs) regulate MMP processes where their increase in levels during aging
was not concomitant with that of TIMPs leading to intrinsic collagen deficiency
and accelerated skin aging. Moreover, Patel et al. have suggested that the ratio
of MMP/TIMPs could be considered as a biomarker of wound healing and aging
[54]. In photoaging, elastic fiber disorganization and degradation were observed,
mainly due to activation of MMP-2, MMP-3, MMP-9, MMP-12, and MMP-13 [45,
55, 56]. UVA-treated fibroblasts presented a typical senescence phenotype including
upregulation of a-SMA, MMP-1, and MMP-2 expression [25].

Behind the increase in MMP levels, another component generated in skin cells
is represented by reactive oxygen species (ROS). When activating the mitogen-
activated protein kinase (MAPK) family, transcriptional factors such as activator
protein 1 (AP-1) and nuclear factor-kB (NF-kB) induce upregulation of MMP
in DF and keratinocytes [57-60]. In addition, when cells aged, dysfunctions of
mitochondrial electron transport chains and a decrease in mitochondrial activity
were reported leading to higher production of ROS [61, 62]. Accumulation of ROS
induced oxidative damages of structural proteins and lipoproteins, thus favoring
cell senescence. On the other hand, this senescence might also be induced by the
decline in replicative capacity due to DNA damage, including DNA methylation,
histone deacetylation, or to chromatine architecture change and to gene expression
which compromise the intended cellular function. The increase in mitochondrial
ROS generation was also correlated to the decrease in DF size and spreading
observed during progressive ECM degradation and impaired DF attachment due
probably to the involvement of MMP production [57, 63, 64].

ROS also regulated different biological mechanisms including generation of
inflammatory responses. Indeed, aging is associated to an increased secretion of
proinflammatory proteins such as interleukin-6 (IL-6) and matrix metalloprotein-
ase (MMP)-9, leading to immune changes. Prolonged release of ROS in skin might
amplify the inflammatory injury and promote chronic inflammation [65].

Some transcription factors such as P63 (P53 related protein) and P16 are
reported as indicators of keratinocytes senescence. Indeed, expression of P16™<*
positive cells increased with chronological aging in human dermis and epidermis
while P63 expression was reduced [66, 67].

4. Role of ADSCs in skin regeneration
During normal development, skin regeneration is performed by the resident

ADSCs providing for cellular turnover during skin homeostasis and repair after
injury [41]. The basal layer is the skin location where these active multipotent stem
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cells are responsible for recruiting and sending mature differentiated cells (kerati-
nocytes) to the outer layer of epidermis. Through a hierarchic gradient, these stem
cells induced the regeneration of epidermis layer by ensuring self-renewal and a
continuous production of transient amplifying cells [68]. Epidermal cells including
ADSCs and DF closely interact to maintain local microenvironment propitious for
cell turnover, leading to skin regeneration. Adding to their tendency to differenti-
ate into keratinocytes, DF, and probably melanocytes, cross-talk of ADSCs and
these cells is a part of normal skin function where ECM secretion leads to a physical
environment critical for the maintenance of the stem cell niche [69].

Another proof of the interactions between fibroblasts and ADSCs has been pro-
vided by Hu et al. where skin fibroblasts cell line HS27 was found to activate ADSCs
to differentiate into fibroblast-like cells highly expressing vimentin, HSP47, and
desmin mRNA level [70]. The interactions of microvascular endothelial cells and
ADSCs are also of great interest in skin cell regeneration and proliferation by provid-
ing IL-6, IL-8, monocyte chemoattractant protein-1 (MCP-1) and VEGF, leading to
inflammation and angiogenesis regulation [71, 72]. In normal conditions, ADSCs are
continuously activated by human serum and platelets to induce their proliferation
and differentiation. While in wounded tissues, platelets induced stem cells to initiate
the inflammatory phase by secreting platelet-derived growth factor (PDGF), IL-6
and IL-8, which lead to migration of macrophages and neutrophils to the wounded
site [73], and TGF-p inducing induction of monocytes to macrophages (Figure 1).

ECM

Collagen 1, 11
! e, Elastin, Eibronestin
GDF11 | CxCR-4 expression I 1L-6, IL-1B, IL-8, IL-10 Merkelcalls? Desmin,
A / \ et — -
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Figure 1.

Implication of adipose-derived stem cells in the different phases associated to wound healing and in the
rejuvenation process. ADSCs act on fibroblasts, macrophages, and skin cells through their secreted growth
factors. GDF11 and TGF-f are present in all the phases, amplify fibroblast, macrophage, and ADSC secretion,
leading to immune response, cell proliferation, and angiogenesis. However, their interactions are more relevant
during proliferation phases where GDF11 might induce TFG-f induction in a spatio-temporal manner in
addition to boosting fibroblast proliferation, resulting in the production of skin cell presenting young profile.
GDFi1: growth differentiation factor, TGF-p: transforming growth factor, ECM: extracellular matrix, PDGF:
platelets-derived growth factor, 11-1,6,8,10: interleukin-1, TNF-q: tumor necrosis factor-a, b-FGF: basic-
fibroblast growth factor, VEGEF: vascular endothelial growth factor, CXCR-4: C motif chemokine receptor 4,
SDF-1: stromal derived factor-1, TLR2, 4: toll-like receptor2,4, GM-CSF: granulocyte monocyte-colony
stimulating factor, IGF: insulin growth factor, MMP-1,-2, -9: matrix metalloproteinase-1, -2, -9, a-SMA:
a-smooth muscle actin.
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Similar to platelets, ADSCs additionally secrete prostaglandin E2 (PGE2), TNF-a,
and GDF11, thus potentiating proinflammatory responses and later anti-inflamma-
tory cytokine secretion by polarizing macrophages from M1 to M2.

In addition to TGF-p and GDF11, ADSCs secrete other growth factors such
as basic-fibroblast Growth Factor (b-FGF), stromal-derived factor-1 (SDF-1),
insulin-like growth factor (IGF), hepatocyte growth factor (HGF), and wingless
10b (Wnt10b), which are involved in the mechanisms regulating skin cell regenera-
tion and repair [10, 23, 74]. The factors VEGF, PDGF, TGF-p, b-FGF, and HGF
induce the formation of new blood vessels during the proliferative phase, probably
through their differentiation into endothelial progenitor cells [10, 75]. The secreted
GM-CSF can take part in this activation by inducing differentiation into committed
monocytes potentially activated to macrophages and endothelial cells. In chronic
radiation wounds, the use of ADSCs promoted new blood vessels damaged by
the irradiation and increased the capillary density. These cells were found to act
through stimulation of fibroblast proliferation and increase in VEGF secretion
level [76].

However, endothelial cells and macrophages migration have been possible
once after macrophages leaded to secretion of the ECM proteins especially col-
lagen I and III, elastin and fibronectin and to activation of DF to proliferate and
migrate. DF also secretes VEGF, TGF-f, and b-FGF, leading to angiogenesis [75,
77]. ADSCs are expected to participate actively in ECM production, whereby
its abundant accumulation would facilitate cell migration and angiogenesis by
autoinduction and amplification of the growth factor secretion implied. When
miming injured conditions iz vitro, ADSCs were indeed demonstrated to acceler-
ate neovascularization through the expression of hypoxia-inducible factor-1a [78]
by regulating VEGF gene expression in endothelial cells [79]. These observations
were confirmed iz vitro in addition to an activation of stem cell proliferation
and to keratinocytes chemoattraction and migration [80] likely facilitated by
MMPs [81].

Migration of ADSCs to the injured site is of pivotal interest; their immune
profile and their potential shift toward a more anti-inflammatory phenotype is
required for the proliferation and remodeling phases of healing [82-84]. The cyto-
kine profile of T, B, and dendritic cells was influenced by ADSCs, which lead to the
interruption of the inflammatory phase and starting the proliferation and remodel-
ing phases in chronic wounds [6, 85, 86]. The potential involvement of GDF11 in
disrupting the proinflammatory status toward the anti-inflammatory one is likely
due to its highly stimulation of DF and ADSCs and also by amplifying the action
of TGF-p on ADSCs proliferation and secretome. This epigenetic modification and
regulation of ADSCs’ microenvironment might be crucial in restoring cellular age
defects and/or increasing cells’ ability to differentiate and migrate. The impact of
changing microenvironment on induction of cell proliferation, differentiation, and
migration has already been reported [41-43].

The collagen production amplified by cross-talk between ADSCs, DF, and
TGF-p would facilitate the remodeling phase through inhibiting ECM degradation
by increasing TIMPs’ secretion and their binding to MMPs [87]. Xiao et al. have
reported that adipose tissue secretome increased N-cadherin and CD44 adhesion
molecules involved in fibroblasts’ motility during wound healing and stimulation
of fibronectin expression during ECM remodeling [88]. Combination of activin B
and ADSCs led to rapid wound closure and to accelerated epithelialization through
promoting keratinocytes and fibroblasts proliferation [5]. The integrin af6 exclu-
sively expressed by epithelial cells was associated to the regeneration of basement
membrane zone during wound repair [89].

Figure 1 summarizes ADSCs’ mechanisms involved in tissue repair.
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5. ADSCs’ interactions with TFG-f and GDF11 for skin regeneration

Increasing evidence has implicated ADSCs in maintaining skin homeostasis at a
cellular level through cell differentiation and at the paracrine level. The exosomes
they secrete respond to the hemostasis of skin microenvironment by releasing the
growth factors promoting neo-angiogenesis, cell differentiation, cell proliferation,
and migration [11, 16, 90-92].

5.1 Proliferation and differentiation of ADSCs into skin cells

Through their secreting growth factors, ADSCs impacted cell proliferation,
migration, and senescence, which are the physiological parameters associated with
wound injury and aging. During wound healing, ADSCs and DF have been reported
to optimize and address their local environment, the secreted ECM proteins have
been reported to modulate the activity of keratinocytes and DF through mediating
secretion of growth factors such as TGF-f to activate the healing process [41-43,
69]. TGF-p plays a critical role in ECM protein production and especially collagen
synthesis and degradation via the SMAD pathway [44]. Sasaki et al. were the first to
identify the implication of MSCs in skin regeneration by their ability to differentiate
and to repopulate damaged tissues [93]. Also, green fluorescent protein (GFP)-
positive bone marrow MSCs were able to differentiate into keratinocytes, endothe-
lial cells, and pericytes presenting altogether specific cell line markers [42].

Nevertheless, other factors are secreted by ADSCs or other epithelial cells that
were recently identified to pave the way to the ones reported above or even have
a place of honor in favoring skin regeneration or rejuvenation. In regard to this
fact, the first on the list might be the GDF11, another member of the TGF-p fam-
ily recently involved in the structural and functional amelioration of skin cell and
supporting skin stem cell proliferation and differentiation [23, 24].

GDF11, also known as bone morphogenetic protein-11 (BMP-11), is a disulfide-
linked dimer existing in a proactive form maturing after cleavage by furin-like
proteases with 407 amino acids. This factor is expressed in embryonic tissues while
mRNA and protein levels were differently appreciated with higher protein levels
in soft tissue, cerebral cortex, adrenal gland, testis, and hippocampus [5]. Many
physiological and pathophysiological functions are attributed to this factor, includ-
ing cell embryonic development, erythropoiesis, proliferation and differentiation,
cardiovascular diseases, diabetes mellitus, and age-related diseases [5, 94].

However, the mostly important fact reported is that secreting GDF11 by ADSC
originates the mechanisms related to cell differentiation and proliferation and cell
migration even by upregulating genes involved in skin barrier function, in cellular
proliferation, to epidermal turnover and differentiation and via modulating the
TGF-p/SMAD pathway. Genes related to ECM production were also found upregu-
lated after Smad2 and Smad3 activation, in parallel to decrease in IL-1p proinflam-
matory cytokine-related gene [24]. Indeed, DF produced TGF-p and GDF11
[95, 96] in addition to laminin, collagen, elastin, and fibronectin to ensure mechan-
ical stability of the dermis and participated to epidermis cell functions including
those of keratinocytes and melanocytes. ADSCs were also reported to secrete ECM
proteins participating in this activation loop.

Additionally, ADSCs might be automodulated by the secreted GDF11. On the
other hand, GDF11 increased MMP-9 gene expression, which is known to interact
with TGF-p to help wound closure and facilitate wound healing. However, high
production of this protein is expected to improve matrix remodeling after injury
rather than its degradation [97].
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5.2 Skin cell migration

Subcutaneous MSCs mainly identified as ADSCs were considered as the prin-
cipal actor in the process of skin cell migration [93] but their presence within skin
layers has not been established yet. Additionally, adipose tissue extract containing
evidently ADSC’s secretome was able to significantly stimulate DF migration [25].

By expressing the chemokine receptor CCR7, which is the specific receptor of
SLC/CCL21 involved in cell migration, MSCs accelerated their recruitment and
migrated to the injured site, thus stimulating wound repair by giving rise to differ-
entiated skin cells in vivo.

TGF-p is secreted by DF, macrophages, and ADSCs and consequently amplifies
angiogenesis and migration of ADSCs, keratinocytes, and DF by stimulating the
SMAD?2/3 pathway and increasing the expression of CXCR-4 receptor of SDF-1.
This migration has been confirmed in vitro while ADSCs were recruited into
damaged sites by SDF-1 [98], using the SDF-1/CXCR-4 axis and the intracellular
Jak/AKt regulation pathway [99]. GDF11 also stimulated DF and keratinocytes
to migrate into wounded sites [23]. By activating the same SMAD2/3/pathway,
GDF11 and TGF-p stimulate skin endothelial cells to migrate, thus improving
angiogenesis. This suggested that GDF11 activates the identical pathway in other
skin cells such as DF and keratinocytes to improve cell migration and wound
repair [24].

Other mechanisms leading to ADSC migration were reported after their activa-
tion by activin B, JRK, and ERK signaling appeared to be responsible for actin
stress fiber formation involved in cell migration [5]. Interestingly, activin B was
found to promote ADSC migration by enhancing a-SMA expression and stress fiber
formation.

5.3 Melanocytes regulation

ADSCs also interplay with the activation loop of melanocytes by modulating
enzyme-producing melanin activity. ADSCs by increasing their TGF-f} secretion
induced melanocytes to downregulate the expression of melanogenic enzymes and
prevent site-specific pigmentation in reconstructed skin grafts. These interactions
might be of interest in clinical applications by modulating melanin synthesis and
impacting whitening of the skin through TGF-p [100]. DF increased TGF-f secre-
tion, thus maintaining melanocytes in an immature state, and acted on melanocytes
to modulate melanin-producing enzymes and thus skin pigmentation [101], sug-
gesting that dermal composition in cells might determine the production of mature
melanocytes and hence melanin transfer to keratinocytes. However, a recent study
has shown that rGDF11 significantly reduced melanin production in melanocytes
and 3D skin equivalents [24]. On the other hand, during aging, ROS accumulation
by cell proliferation was reported as the initiator of the occurrence of vitiligo and its
progression [102].

These reports might increase our thought on a potential ratio of GDF11 and
TGF- in different skin type and color. This ratio could result on a balance between
skin pigmentation and skin yought and lead to a sustainable skin biology and
function through regulation of the mechanisms related to skin cell proliferation and
rejuvenation. If this is the case, one should conclude that white skins should present
higher amounts of GDF11 and youthful aspects and present less symptoms of cell
apoptosis and senescence during cell life. These observations must draw more
attention in the future to better understand the paradigms triggering the mecha-
nisms related to skin aging and pigmentation.
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6. TGF-p and GDF11 impacts on immunoregulatory effects
of ADSC in skin

Evidence of involvement of ADSCs in immunomodulation of tissues and their
presence within the epidermal layer have suggested that these cells might play
a crucial role in skin immunological functions in physiologic and injured skin.
Accumulation of senescent cells is related to the production of proinflammatory
factors such as IL-6, IL-8, and TNF-a; we can postulate that the associated chronic
inflammation is a promoting age-associated disease due to tissue aging. This skin
inflamm-aging was also supported by highly secreted proinflammatory cytokine
IL-1 P [32, 33]. Microvascular endothelial cells also interact with ADSCs to increase
secretion of IL-6, IL-8, and MCP-1 to modulate skin inflammation [72].

TFG-p, secreted by ADSCs and other epithelial cells, is involved in the
inflammatory, proliferative, and remodeling phases of wound healing. This fac-
tor activates M2 macrophages and secretion of ECM proteins involved in skin
structure repair, in angiogenesis, in DF proliferation and cell migration, and
re-epithelialization.

The integrin af6 secreted by epithelial cells was reported to activate TGF-f
modulation and thus the innate immune surveillance in skin [89]. Recently, the
collagen triple helix repeat containing one protein was reported to contribute to
healing process via increasing M2 macrophages recruitment and TGF-p expression
level [103].

In the same way, IL-6, the major proinflammatory component of ADSC’s
secretome, was reported to initiate the inflammatory phase in injured tissues.
Autoactivated ADSCs amplify their secretion and stimulate the secretion of TNF-a,
TLR2, TLR4, IL-10, b-FGF, VEGF, TGF-p, and GDF11. These secretions would
take place to short and shift the ADSCs profile to an anti-inflammatory profile and
enhance angiogenesis, cell migration, and proliferation (Figure 2). Like TGF-p,

Adipose-derived stem cells EADSCs!_

TLR4, TLR2, IL-1B, IL-10, IL-6, IL-8, TNF-a, TGF-B, GDF11

/ =
/ \ / \\\Ml / M2
\ \\

TGF- B, VEGF, b-FGF IL-10, IL-13
\ TGF- B, VEGF b-FGF, G|:}4:11
Anti-inflammmation, Migration

Angiogenesis '
Figure 2.

Immunomodulatory effects of ADSCs. Through their secretome, these cells change the macrophages’
polarization and acquive an anti-inflammatory profile to enhance skin cell proliferation and migration and
accelerate angiogenesis.
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GDF11 was found to be associated to the skin inflammatory status in both physi-
ological process and injury and participate in the regulation of the immune
response.

To determine the effect of GDF11 on skin inflammation, a recent work of Wang
et al. has shown that skin treatment with rGDF11 decreased the secretion of inflam-
matory cytokines by immune cells iz vitro and in vivo in mice models of psoriasis-
associated inflammation, an extended infiltration of immune cells sustaining skin
inflammation. Suppression of the severity of this inflammation by GDF11 was
achieved by reducing macrophages infiltration to the skin and inhibiting the NF-kB
signaling pathway [51]. Moreover, macrophages activation has been reported in
skin autoimmune inflammatory diseases [104]. Other evidences argued on the
protective effect of GDF11 from inflammatory reaction by inhibiting inflammatory
responses in RAW?264.7 macrophages [105], probably by inhibiting TNF-a release
[106]. Additionally, TNF-a was activated by NF-kB signaling pathway during
inflammation reaction, being suppressed by GDF11 in atherosclerosis. By reducing
the NF-kB pathway, GDF11 also protected against apoptosis [105]. This suggested
that the anti-inflammatory effect of GDF11 could open the way to potential new
strategies for treating skin inflammations.

7. Antiaging mechanisms of ADSC within TFG-p and GDF11
7.1 Cellular implication

The mechanisms inducing tissue degeneration and cell aging remain multifacto-
rial and still unclear. Senescent ADSCs were likely found to be impacted in their
ability to sustain tissue hemostasis and hence resulted in loss of tissue and organ
integrity. Even these cells display a rich secretory profile; their ability to secrete
ECM proteins, cytokines, and chemokines was largely impaired iz vitro during
culture expansion [107].

A recent clinical study has demonstrated that secretome of adipose tissue
lipoaspirate extracellular fraction stimulates epidermal and dermal cell prolifera-
tion in a dose-dependent manner. This secretome has also the ability to delay
apoptosis, enhance fibroblasts proliferation and migration, and reverse specifically
the aging process and the associated skin symptoms [25, 28]. Exposure of fibro-
blasts to UVA was followed by preventing the upregulation of MMP1, MMP2, and
a-SMA expression as well as lower elastin and collagen production associated to
the senescence-like phenotype [25]. Indeed, ADSCs have proven their superiority
in improving and increasing dermal thickness and reducing wrinkles more likely
by inducing paracrine DF and angiogenesis [17, 18, 108]. Administrated intrader-
mally to an aged skin, skin texture and wrinkles as well as dermal thickness were
found improved 8 weeks after treatment [74]. The extracellular vesicles released
in ADSCs’ secretome or conditioned media enable the targeted cells to increase
the production and deposition of ECM proteins including collagen and elastin [11,
16, 90, 109, 110]. Among these autocrine/paracrine factors, TGF-f and GDF11
appeared to be strongly associated (Figure1).

Indeed, ADSCs-conditioned media iz vitro and in vivo have proven their effi-
ciency in stimulating rejuvenation of human skin by improving skin elasticity and
reducing wrinkles in a GDF11-dependent manner [111-113]. Their extract acted
in a similar manner by activating DF and keratinocytes to proliferate and migrate
into damaged sites [114]. An anti-wrinkle effect and dermal density increase were
shown after in vivo treatment [23]. Moreover, the young cells secreting more GDF11
supported higher proliferation rate of keratinocyte stem cells than those from aged
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donors [115]. In the same manner, using platelets-rich plasma (PRP) for anti-wrin-
kle and anti-aging skin aspects appeared legitime related to its higher quantities of
GDF11 [116]. Interestingly, GDF11 expression and activity were reduced in adult
DF compared to the neonatal ones [95].

Fibroblasts were also recognized to play a crucial role in skin regeneration
through GDF11 secretion in both neonatal and adult cells [95]. MSCs derived from
placenta and umbilical cord blood promote fibroblasts plasticity [117] probably
through GDF11 release, thus stimulating the rejuvenation of human skin [118].
These authors have effectively demonstrated that GDF11 activated fibroblasts to
increase ECM proteins’ production and especially collagen I and III and fibronectin
[23]. Also, MSCs have proven their proliferative superiority in young donors rather
than the elderly [18].

In an animal model, transplanted autologous ADSCs improved skin-graft
survival through secreting factors presenting anti-apoptotic activity [119]. In
addition to ADSC, DF also appeared attractive in terms of protein secretion [109].
ADSC-conditioned media were anti-apoptotic and ensured skin tissue regeneration
[119]; their protective and antiaging properties have been demonstrated on DF by
preventing their oxidative stress and increasing their superoxide dismutase and
glutathione peroxidase activities [120]. These cells act through their different and
directed secretome to improve and induce tissue repair, consolidating their place as
better candidate for regenerative medicine and opening recently the way for a new
cell-free therapy [109, 121].

Moreover, by increasing collagenase matrix metalloproteinase-9 (MMP-9)
secretion, rGDF11 participated in matrix remodeling maybe through interaction
of MMP-9 with TGF-p1 to facilitate skin wound closure [97, 122]. These cell inter-
actions reveal the role of the TFG-p and GDF11 mechanisms used by ADSCs to
interfere with the aging process [24, 95, 101].

7.2 Intracellular mechanisms pathway balancing between TGF-f
and GDF11in skin aging

Aging of ADSCs and DF was associated to upregulation of apoptotic genes
and, consequently, the number of senescent cells increased [123]. However, recent
studies have demonstrated that this senescence can be induced by TGF-p/SMAD as
anormal developmental process [124]. Also, in aged skin, accumulation of senes-
cent cells and ROS likely impaired TGF-B pathway at least in DF. The mechanisms’
pathways SMAD and Sirtuins are the mostly reported pathways whereby TGF-p and
GDF11 acted.

The sirtuins are a family engaged in metabolism regulation and in aging-associ-
ated diseases, in addition to the mechanistic target of rapamycin (mTOR) signaling
[16, 62, 125]. SIRT1 upregulation was reported to delay fibroblast’s senescence
and its expression is significantly reduced in aged skin [126]. Additionally, SIRT1,
SIRT3, SIRTS, SIRT2, SIRT6, and SIRT7 are involved in the regulation of oxidative
stress and ROS production [127, 128]. Moreover, SIRT6 is implicated in the relation
of DNA repair proteins to chromatin [129].

In wound healing, phosphorylation of TGF-p/Smad?2/3 intracellular pathways was
increased and resulted in protein transfer to skin cell [16, 130, 131], in DF proliferation
and ADSCs differentiation into fibroblasts [70], and in improvement of angiogenesis
[24]. Interestingly, aging and cell differentiation have been reversed by inhibiting this
pathway [132]. Indeed, activation of SMAD2/3-dependent-TGF-p signaling inhibits
adipogenic and osteogenic MSCs’ differentiation iz vitro and in vivo [133, 134].
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ADSCs self-renew is regulated by AKT signaling through targeting PDGFA and
activating the PI3K/AKT?2 axis is required for ADSCs proliferation and maintenance
in the dermis [135]. Hypoxic conditions might play a pivotal role in wound repair,
and the same pathway has been found leading to the activation of PI3K/AKt signal-
ing [130]. In response to wound, ERK, AKt, and STAT-3 mechanisms pathways were
activated and associated to stem cell proliferation and keratinocyte migration [80].
Interestingly, wound healing was specifically associated to microRNA and protein
transfer to skin cells through the TGF-p/SMAD?2 pathway, TGF-p being identified as
a “mediator” [16, 132, 136].

TGF-p signaling pathway was recently reported as the main regulator of pluri-
potency [137]. Although epigenetically lacking myostatin is a highly homologous
factor of GDF11, muscle multipotent stem cells can be reprogrammed to became
pluripotent cells as embryonic cell-like. MicroRNA participates in this regulation
probably by inhibiting TGF-p/Smad?2 [132]. Epithelial differentiation was achieved
by ADSCs through secreting Wnt10b and Wnt3a, a modulator of the Wnt/p-catenin
implicated in replicative senescence regulation, suggesting that the regenerating
and rejuvenating effect of GDF11 might also act via Wnt/p-catenin activation [138].
However, further investigations should be conducted to increase the knowledge on
the intracellular mechanism used by the Wnt/f-catenin to delay the senescence of
ADSCs and other targeted cells.

GDF11 is likely expected to act on other epidermal cells including DF, kerati-
nocytes, and melanocytes by regulating the genetic expressions of the different
proteins involved in the antiaging process. Recombinant GDF11 was likely reported
to reinforce human skin by highly increasing ECM genes expression related to
ECM production such as COL1A1, COL6A6, CL14A1, ELN, TGFBR3, and HASI.
Skin barrier function was likely improved by enhancing expression of ALOX12,
ALOX12B, ALOXE3, DSG1, and DSP genes. Genes related to epidermal cell pro-
liferation and differentiation were also upregulated in human skin through the
Smad2/3mechanisms pathways [24].

Recently, fibroblast growth factors (FGFs) have been proposed as a therapeutic
option to avoid skin aging aspects and to counter the cellular responses related to
aging [139, 140]. Binding to tyrosine kinase receptors, they activate the autophos-
phorylation of Raf-1 belonging to the family of mitogen-activated protein kinase,
kinase, kinase (MAPKKK), followed by that of MAPKK, which phosphorylates ERK
(belonging to MAPK). Phosphorylation of these cyclin-dependent kinases in cell
nucleus is involved in controlling cell division.

These FGFs are derived from fibroblasts and are decreased during their pro-
liferative and metabolic activities, thus reducing ECM proteins’ production. The
decrease in FGF production also converge on the reduced amounts of collagen,
decrease of dermal and epidermal integrity and elasticity and strength as signs of
aging [141]. In addition to FGF secretion, fibroblasts are also targeted by TFG-f
and GDF11 to activate the SMAD pathway leading them to have a pivotal role in
skin regeneration. This suggests that FGF was expected to act independently but
simultaneously to TGF-f and GDF11 to improve skin structure and aging aspects.
Having a high mitogenic activity and high stability, rFGF-1 has been reported
to strongly activate fibroblasts and keratinocytes proliferation with a potential
use in angiogenesis, wound healing, and skin antiaging [142, 143]. In the same
way, FGF-2 or b-FGF and keratinocyte growth factor (KGF) reduced wrinkles
and increased proliferation of fibroblasts and keratinocytes modulating normal
process of angiogenesis, tissue repair, and wound healing as well as significantly
improving the antiaging process [27, 144, 145].
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8. The spatio-temporal role of the TFG-f pathway in relationship
with GDF11 in skin aging

When stimulating ADSCs through binding to their specific receptor mem-
brane, activin type IIB (ActIIBR), GDF11 activates the SMAD2/3 pathways.
Similar mechanism might be achieved on ADSCs by TGF-p, suggesting that
interference with TGF-$ and GDF11 mechanisms might be the key regulator
of healing and aging. The same activated SMAD mechanisms pathway did not
achieve similar biological activity and targeted probably different intracellular
and intranuclear effectors. These considerations might suggest that even different
specific receptors are involved in the extracellular interactions of these factors, a
competitive attractivity might be observed between their intracellular effectors,
which are the SMAD 2/3 proteins. When the factors compete for these proteins,
one can speculate that the favored pathway would be associated either to the
amount of the activated receptor (TGF-p or GDF11) or to the sensibility of these
receptors to their respective ligands.

Another point of view that could be important to mention is the variation in
secretion level of these factors during aging. At this fact, serum level of GDF11 has
been reported to decrease during age while TGF-p variation was not really investi-
gated. The antiaging pathway GDF11-dependent could be replaced progressively
during aging by the TGF-p regenerating one. This might favor tissue regeneration
and repair rather than rejuvenation, leading to the appearance of the symptoms
of age.

Thus complicating the dilemma between rejuvenation and regeneration.
Secretome composition of ADSCs might be impacted by the aging process or the
different epigenetic factors.

9. Conclusion

In wound defects, ADSCs presented a great ability in migration and were
recruited rapidly into wounded sites where the process of cell differentiation
toward various skin cell components occurred. However, ADSCs participate
more likely in all the phases of wound healing through autocrine and paracrine
pathways [6]. Otherwise, during aging, senescent cells increase and the paracrine
senescent secretome of ADSCs can trigger and reinforce senescence within their
microenvironment [124]. This paracrine effect can be transmitted by ligands of
TGF-p by mediating changes in the transcriptional program through SMAD family
members [146].

Another surprising capacity of these cells is that secretome derived from
younger cells is more suitable to increase proliferation than that derived from
older cell [18], suggesting that younger cells have the potential to secrete a youth
growth factor identified as GDF11, able to quantitatively increase cell proliferation
at the younger stage. Targeted cells are the other crucial parameters leading to this
increase; younger cells presented less senescence characteristics including DNA
damage and ROS accumulation, thus, inducing cell rejuvenation. This process
might be used to directly induce secretome of these cells toward tissue regeneration
or rejuvenation.

We cannot exclude that MSCs and ADSCs secreted other cytokines than GDF11
and TGF-f, such as PDGF, IL-1, bone morphogenic protein (BMP)6, BMP9, and
exerted autocrine and paracrine effects on DF and keratinocytes, promoting
cell differentiation, proliferation, and migration. Nevertheless, the antiaging
paracrine effect seemed to be induced, perhaps not exclusively but at least to
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a significant degree, by a combinatorial effect of both GDF11 and TGF-p. It is
probable that both signals vary with age and that the strength of each of them is
reciprocal to the sites of secreted signals and to the length of the exposure to the
signal. Based on these considerations, further investigations on TGF-$ and GDF11
molecular mechanisms’ implication on skin rejuvenation are needed to increase
our knowledge and draw conclusions on the regulation of aging process. Exciting
therapeutic approaches might arise from the implication of GDF11 as an antiaging
mechanism to increase the lifespan and the long-lasting functionality of different
organs.
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Abstract

Platelet-Rich Plasma (PRP) is a biologic therapy that uses the patient’s own blood
to obtain products with a higher platelet concentration than in blood. This technology
provides a controlled drug delivery system of growth factors suitable for regenerative
medicine. The biological effects of PRP mimic and influence biological processes
such as inflammation, analgesia, and cell stimulation, providing this therapy with
promising therapeutic potential. All these processes participate in maintenance, cor-
rect function, and homeostasis of the joint, where all tissues are involved. Alterations
in one joint element have impact on the rest, outstanding the cellular and molecular
interaction between the cartilage and subchondral bone. Therefore, the joint is an
optimal therapeutic target for PRP therapy, which favors biological environment for
joint repair. This chapter collects the basic concepts of joint function and the biologi-
cal processes that participate in its degeneration, the definition and obtention of PRP,
as well as its therapeutic potential and clinical translation.

Keywords: Platelet-Rich Plasma, growth factors, joint degeneration, cartilage,
subchondral bone, intra-articular injection, intraosseous injection

1. Introduction

Despite joint degeneration, caused mainly by osteoarthritis (OA), not being
a threat to life, it meets conditions that make it a real problem for both patients
and health systems. This pathology is one of the leading causes of disability in the
middle-aged and elderly population, and although any joint can be affected, the
hip and knee are the most affected ones. This high prevalence, with 250 million
people with knee OA throughout the world, represents up to 2.5% of gross domestic
product for developed countries [1]. In the coming years, prevalence and costs will
increase because the risk factors that favor OA are inherent to today’s society such as
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the aging of the population, overweight, or an uncontrolled sports practice, both by
excess and by default.

Patients with OA are characterized by pain, stiffness, and limitation of function,
becoming disabling in the most advanced stages [2]. Initial conservative treatments
include physiotherapeutic work, nutritional supplements, and oral administration
of analgesic and anti-inflammatories. In the next phases, patients can be treated
with intra-articular injections of hyaluronic acid. Regardless of the success of these
treatments, all of them focus on symptomatic relief without stopping or slowing the
progression of the disease, and the only solution for patients with the most severe
degrees of OA is total knee arthroplasty [3]. This surgical intervention not only
entails the risks derived from surgery, which may be unacceptable by some patients,
but also involves the majority of the cost of health systems [4, 5]. Therefore, it is
necessary to develop new therapies that improve the current ones in order not only
to alleviate the symptoms but also to modify the course of the pathology to slow its
progression or even reverse it. This would improve the quality of life of patients,
delaying or avoiding a large number of surgical interventions as well as the expense
they entail.

These therapies must be based on two main pillars that sustain a new approach
in joint degeneration: first, treatments based on regenerative medicine which can
act on tissue biology and modify the pathophysiology of OA such as gene therapy,
Platelet-Rich Plasma (PRP), or mesenchymal stem cells (MSCs). Among these
treatments, PRP is currently the most widely used due to its greater ease of regulat-
ing, obtaining, and applying as well as its low cost [6, 7]. However, it is necessary
to deepen their knowledge and standardize products and protocols to optimize
clinical results. The second cornerstone is to understand the joint as a whole organ,
taking into consideration all its elements [8]. Knowing the relationships between
the different tissues that form and define the joint is key for the correct application
of treatments and address degenerative pathology completely. Thus, this chapter is
intended to explain the role of PRP in joint degeneration, highlighting the therapeu-
tic potential of PRP in all the components of the joint and its clinical translation.

2. The joint as an organ
2.1Joint components and homeostasis maintenance

All joint structures present a unique molecular and cellular composition as
well as specific biomechanical properties; consequently, each element of the joint
performs characteristic functions. However, they are all coordinated and related
to create the biological machinery that allows the joint to have dynamic stability
(Figure 1) [9]. This gives the joint a great adaptability to maintain a mechanical
and biological balance, supporting and confronting physical forces or physiologic
disorders. In a short look at the components of the joint, the periarticular muscles
appear in the outermost section. This tissue presents vascular irrigation, many
neuronal terminals, and high plasticity. The configuration of its extracellular matrix
in a network of muscle fibers provides muscle elasticity and allows the mechanical
forces generated by the muscle cells to be transmitted to the tendons, which will
translate them into joint mobility [10]. However, its stability capacity is even more
important than mobility in order to maintain joint homeostasis, the quadriceps
muscle being key in knee anteroposterior steadiness. In addition, muscle tissue is
essential in shock-absorbing, and together with the subchondral bone and liga-
ments, it accounts for 30-50% of the total absorbing energy [11]. Ligament com-
position is characterized by a high-water content and an extracellular matrix with
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Joint as an organ. All the elements of the joint participate in its covrect function and in the maintenance of the
homeostasis. Although they all contribute to mechanical and biological stabilization, ligament and meniscus
muscles play a mainly mechanical vole, wheveas the synovium, cartilage, and subchondral bone have a more
biological action. Correct mechanical adaptation and a favorable biological environment allow the cells to
maintain a gene expression that promotes the optimal maintenance of the extvacellular matrix.

a small number of fibroblasts. Collagen is the most predominant protein, mainly
organized in type I collagen fibers that adopt many directions and orientations due
to several forces these structures are subjected to [12]. Apart from their stabiliz-

ing function due to their biomechanical and viscoelastic properties, they are also
responsible for detecting and controlling the position and movement of the knee. In
this way, the joint has a balanced biomechanical behavior that prevents the origin of
mechanical problems that lead to degeneration. The meniscus plays a fundamental
role in functions of mechanical nature such as stability and shock-absorbing. It is

a fibrocartilaginous tissue with an abundant extracellular matrix where cells such

as fibroblasts and fibrochondrocytes are dispersed and where type I collagen is

the predominant molecule. The presence of vascularization and nerve terminals

is limited to the external zone or meniscal wall. These intra-articular elements
located between the femoral condyles and the tibial plateau help stabilize the joint
and withstand compression and sharing forces. In addition, they participate in the
lubrication of the joint with the synovial membrane or synovium [13].

The synovium, together with the cartilage and subchondral bone, forms an
important biological triangle to maintain homeostasis of the knee. Both nerve fibers
and blood vessels are abundant in the synovium, which provides nutrients not only
to this structure but also to the adjacent avascular cartilage. Its cellular composition
stands out mainly for synoviocytes (macrophagic cells or type A and fibroblast-like
cells or type B), although immune system cells and even MSCs are also present, the
synovium being a source of stem cells of increasing interest [14]. Its main function
is the production of synovial fluid, which is produced by type B synoviocytes. It
soaks the intra-articular space and structures, being essential in the lubrication of
the joint due to its hyaluronic acid and lubricin content. The synovial fluid is also an
important source of nutrients, biomolecules, and cellular signals, so it is essential for
the biological balance of the joint [15]. The second element of this biological triangle
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is the hyaline articular cartilage. It has a very low coefficient of friction that resists
compression and shear forces and absorbs only 1-3% of the total energy. The main
cellular element of this tissue is a low population of chondrocytes that is distributed
along the extracellular matrix composed principally of type 2 collagen, in addition
to other molecules such as proteoglycans or aggrecans. Its functions of lubrication
and transmission of mechanical forces are performed thanks to a stratified tissue in
different zones, from the most superficial, with a higher water content and chondro-
cytes, to a deeper area of calcified cartilage that is over the subchondral bone [16].

Subchondral bone, together with the osteochondral unit, completes the triad of
elements with a predominant role in the biological maintenance of the joint. This
structure consists of a plate of cortical bone from where the bone marrow and tra-
becular bone areas emerge. The importance of the subchondral bone lies in its com-
munication with the cartilage, providing this tissue with at least 50% of the oxygen
and glucose requirements. This communication not only is limited to the nutritional
contribution but also covers the cellular and molecular signaling that participates in
the cartilage homeostasis. Besides this, it is also a source of MSCs and participates in
absorbing joint loads along with the other elements mentioned above [17].

The joint adaptability is both mechanical and biological, and it is in this last
component where the action of regenerative medicine could positively influence.
All the structures and tissues described above participate in joint stability by
adapting to the different alterations and stimuli received, ultimately maintaining a
healthy cartilage. Because of the “mechanical stabilizers” of the joint, the mechani-
cal loads and forces that it receives become molecular and cellular stimuli that are
maintained at physiological levels. These stimuli activate the chondrocyte gene
expression, allowing them to synthesize proteins, such as proteoglycans, collagen,
and metalloproteases, that ensure the integrity and renovation of the articular
cartilage [18]. The continuous adaptation of the cells to the mechanical stimuli they
receive in order to maintain the adequate extracellular matrix is based on a very
delicate anabolic/catabolic balance, and any mechanical or biological alteration can
break it resulting in joint degeneration [19].

2.2 Joint degeneration process

The balance present in the joint may be broken because of multiple causes
(Figure 2). For example, injuries of the tissues involved in the mechanical stabiliza-
tion of the knee could entail an abnormal load distribution. This would cause an
unsatisfactory shock absorption into the joint, and the stimuli generated would
exceed the physiological level [20]. Lifestyle can also have an impact on the genera-
tion of pathological stimuli. Both uncontrolled physical activity and sedentary
lifestyle lead to an excess or defect of stimuli, respectively. The result is a biological
and cellular malfunction and, consequently, a defective tissue renewal. In addition,
pathologies and biological disorders such as inflammatory processes or those affect-
ing the structures responsible for maintaining and nourishing the cartilage could
also cause cellular failures that lead to imbalance and joint degeneration.

The multifactorial nature of this pathology makes it difficult to know the
exact origin of the triggered processes as well as their sequence and timing. These
events take place with special importance in the interaction between the synovial
membrane, cartilage, and subchondral bone. Regardless of the original cause, one
of the main consequences of this imbalance is the deterioration of the extracellular
matrix and the generation of degradation products that are released to the synovial
fluid [21]. The cells of the different joint tissues such as chondrocytes, synovial
macrophages, osteoblasts, or fibroblast interact with these molecules, which act as
Toll-like-receptors (TLRs) and damage-associated molecular patterns (DAMPs).
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Joint degeneration processes. Different causes such as abnormal mechanical loads, injuries of stabilizing
structures, or pathologies and biological disovders cause nonphysiological stimuli that modify the gene expression
of cells. As a consequence, the extracellular matrix degenerates, activating pro-inflammatory pathways that
create a harmful environment and joint degeneration.

As a consequence of these interactions, the intracellular pathway of the nuclear
factor kappa p (NF-kB) is activated, connecting the mechanobiological program
and the inflammatory response. The gene expression of the affected cells shifts

to an inflammatory pattern synthesizing molecules, namely, interleukins (IL-1b,
IL-6, IL10), prostaglandins (PEG-2) and other pro-inflammatory biomolecules,
and cytokines (necrosis factor alpha (TNF-a), interferon gamma, or nerve growth
factor (NGF)). Pathological levels of these molecules also interfere in physiologi-
cal repairing responses. For instance, the action of MSCs from the bone marrow is
altered by high levels of transforming growth factor beta (TGF-p), compromising
their modulating and repairing functions [22].

All the harmful biological environment generated by this event cascade leads
to pathological outcomes in the cartilage, synovium, and subchondral bone.
Chondrocytes of cartilage turn into a much more active state, forming cell clus-
ters and increasing their proliferation. They also increase the synthesis of both
extracellular matrix proteins and enzymes, causing an altered remodeling of
the matrix with hypertrophy and calcifications [19]. Concerning the synovium,
inflammation occurs in the early stages together with macrophage infiltrates and
an increased synovitis in the advanced stages [23]. Communications between the
cartilage and subchondral bone are increased due to the presence of fissures and
microcraks, in addition to the remodeling of this tissue with fibroneuroangiogene-
sis because of the overexpression of molecules like TGF-p and vascular endothelial
growth factor (VEGF) [24].

Moreover, the negative effects arising from joint degeneration can affect other
tissues as well [8]. For example, studies conducted in the meniscus of patients with
arthrosis showed a tissue with increased vascularization and nerve terminals, with
the unstructured extracellular matrix, abnormal cell organization, and cell death
[25]. Likewise, ligaments with osteoarthritic patients also showed calcifications and
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disorganized collagen fibers [26]. Finally, muscle tissue is also affected by inflam-
mation produced in joint degeneration, showing fibrosis, collagen depositions, and
muscle wasting [27]. Considering all this, it is clear that joint degeneration is not a
sole cartilage disease. Instead, it affects all the elements present in the joint, and,
therefore, it should be clinically tackled taking into consideration all of them in
order to reverse or slow down the degenerative progression.

3. Platelet-Rich Plasma
3.1 Platelets as a source of bioactive molecules

PRP is an autologous biological therapy framed in the regenerative medicine
whose basic principle is to obtain a fraction of blood plasma that contains platelets
at a higher concentration than in the blood. From the pharmacological perspective,
it is very difficult to define it since the PRP presents a large number and variety of
active substances, even often antagonistic. Its therapeutic potential lies both in the
biomolecules present in the plasma and in the platelet and its content that is the core
element of this therapy.

The platelets are produced by the megakaryocytes of the bone marrow, which
migrate to the endothelial barrier after maturation and project their prolongations
releasing into the bloodstream the proplatelets or precursors that will generate the
platelets [28]. Platelets are discoid and anucleated blood elements with a diameter
of 2-3 pm; their blood concentration is 150.000-400.000 platelets/pL with a life
span of 7 to 10 days. Platelets are limited by an external plasma membrane that
contains a large network of receptors that trigger intracellular signals that allow
platelets to perform their numerous functions. Among them glycoprotein Ib (GPiB)
and glycoprotein VI (GPVI) receptors can be found, which are involved in func-
tions related to homeostasis, the main function of platelets. GPIb and GPVI bind
to von Willebrand factor (VWF) and collagen when there is a discontinuity in the
endothelial barrier that exposes the extracellular matrix. These interactions cause
conformational changes in platelets and allow them to bind to fibrinogen, tissues,
and other platelets to form the thrombus that will participate in tissue repair. In
addition, this platelet activation also causes the release of their internal content that
has regenerative abilities and justifies the use of PRP.

The internal content of platelets is stored in different granules called dense
granules, a-granules, and lysosomes. The material present in these granules may
have been synthesized by the original megakaryocyte as well as captured by
platelets by endocytosis. The a-granules are those that have a higher content of
active biomolecules related to tissue repair. Hundreds of these molecules have
been identified, including adhesive proteins, fibrinolytic and coagulation factors,
antimicrobial molecules, cytokines, and growth factors, among others. These last
two groups of molecules participate in tissue repair and regeneration processes such
as angiogenesis, chemotaxis, migration, or cell proliferation [29]. When platelets
are activated, not only these molecules are released but also other elements such
as platelet microparticles, which are involved in anti-inflammatory processes, or
exosomes. Exosomes are small vesicles of 100-400 nm that carry several proteins
in addition to other biomolecules as genetic material. Although not much is known
about these platelet exosomes, it has been found that they are very important in
cellular communication [30].

The activation of the PRP platelets causes the release of platelet content related to
tissue repair to the outside, and it joins to the circulating biomolecules in the plasma.
Thus, the levels of many growth factors will depend on the platelet concentration of
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the PRP. Among these platelet growth factors, there is platelet-derived growth factor
(PDGF), which is a potent chemotactic for several cell types and has an important
effect on tissue repair over tissues such as cartilage and meniscus. Another growth
factor with a large presence in platelets is TGF-f, whose effects are varied and can
be of different nature depending on the molecules and cells with which it interacts.
It influences early responses in tissue repair, on the differentiation processes of
mesenchymal stem cells, and on the maintenance of cartilage and subchondral bone.
Other regulatory factors in tissue repair are VEGF, epidermal growth factor (EGF),
or basic fibroblast growth factor (bFGF) with key roles in cell migration, prolifera-
tion, differentiation, or angiogenesis. In addition, circulating molecules such as
insulin-like growth factor type I (IGF-I) or hepatocyte growth factor (HGF) have
also crucial importance in the effect of PRP; they are growth factor enhancers of
regeneration processes as well as modulators of inflammatory processes [31].
Therefore, PRP is a cocktail of thousands of biomolecules from plasma and
platelets that regulate hemostasis, coagulation, tissue repair and regeneration,
inflammation, cellular behavior, or defense against microorganisms, among other
biological processes. All this therapeutic potential depends largely on its composi-
tion, which may vary according to the method used to obtain it. As a result, there is
awide variety of PRP products as will be explained below.

3.2 Obtaining process
3.2.1 Blood collection

As stated previously, the PRP obtaining technique is used to achieve a fraction
of blood plasma with higher levels of platelets than blood. The first step consists in
the collection of a small volume of peripheral blood from the patient using tubes
with anticoagulant—to prevent blood clotting. Different types of anticoagulants
can be used such as sodium citrate and ethylenediaminetetraacetic acid (EDTA),
which chelate calcium and prevent the coagulation cascade, or heparin that inhibits
thrombin. However, sodium citrate is the most recommended anticoagulant since
it ensures a better preservation of platelets [32]. It also causes less secretion of
microvesicles that are the result of platelet activation, which is increased when
EDTA and heparin are used as blood anticoagulants [33].

3.2.2 Blood fractionation and Platelet-Rich Plasma obtention

After blood collection, a centrifugation process is performed, whose force and
time vary according to the methodology and, hence, the PRP formulation to be
obtained. Centrifugation has to generate sufficient force to create a gradient that
separates the blood into different fractions but without damaging its components
(Figure 3). These centrifugations can be single or double, with a centrifugal force of
between 350 and 2000 g and a centrifugation time of 3 to 15 minutes depending on
the method used. Thus, the blood is divided into a lower fraction of red blood cells,
a thin layer of leukocytes or buffy coat, and finally the plasma fraction with plate-
lets, which gradually decrease their number in the uppermost areas. This last layer
will constitute the PRP, and depending on the centrifugation process, the number
of platelets may vary. However, a higher number of platelets are not strictly linked
to an improved effect of PRP. In fact, several studies have reported that an exces-
sive concentration of platelets may have inhibitory effects on cell proliferation or
differentiation in populations such as tenocytes or adipose tissue-derived stem cells.
Thus, the optimal platelet concentration for an optimized function is considered
two- to threefold compared to blood levels [34, 35].
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Obtaining Platelet-Rich Plasma. After blood fractionation, the platelet-enriched plasma fraction is obtained.
The activation of this fraction causes the velease of the platelet content that together with the plasma molecules
constitutes the effector biomolecules of the PRP. It also generates the polymerization of the fibrinogen that will
create a network of fibrin where these biomolecules will be trapped, and that will be released progressively.

When separating the PRP from the rest of the blood fractions, there is the
option to include or not the leukocyte layer, thus obtaining different PRP products,
which will be detailed below. Although in some musculoskeletal disorders the use
of Leukocyte-Rich PRP (LR-PRP) need further research, there is an increasingly
broad consensus by which the use of leukocyte-poor PRP (LP-PRP) preparations is
recommended for joint degeneration [36]. The inclusion of leukocytes in the PRP
generated pro-inflammatory molecules that had negative effects on cell prolifera-
tion and chondrogenic differentiation as well as a worse regeneration of articular
cartilage [37]. However, the fraction of red blood cells must be discarded in order to
avoid the presence of erythrocytes in the PRP. The presence of erythrocytes in the
PRP entails their own degradation processes such as hemolysis and eryptosis. Asa
result, products that promote inflammation and cellular stress are generated, which
would hinder the beneficial action of PRP [38].

3.2.3 Platelet-Rich Plasma activation

The last step in the process to obtain PRP is the activation of platelets, through
which its platelet content not only is released but also triggers the polymerization
of fibrinogen in a fibrin mesh that traps the molecules. Thus, a controlled release
system that delivers the molecules as it degrades is obtained. Activation can be
exogenous either by physical methods such as freeze-thaw cycles or by the addi-
tion of certain substances (calcium chloride, thrombin). Some methods propose
endogenous activation in which PRP is administered without prior activation and
platelets are physiologically activated inside the body [39]. However, the use of
exogenous activation allows a more versatile PRP, and depending on the time that
has elapsed since the activation, different formulations are achieved at the point
of care. The addition of calcium chloride as an activation method avoids the use of
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exogenous biological elements such as thrombin. It also prevents local hypocalce-
mia that can be caused by the calcium-chelating anticoagulants previously used in
blood collection to prepare the PRP. Thus, PRP can be used as an injectable liquid
formulation immediately after activation or as a fibrin membrane-clot minutes
after adding the activator. In this case, and due to its consistency, this formulation
can be used as a biological and autologous scaffold in surgical interventions that
promote tissue repair [40].

3.3 Types of Platelet-Rich Plasma

As mentioned above, many variables may be involved in the obtaining process.
It is not the intention of this chapter to delve into the large number of PRP types
that exist both in the market and in the scientific literature. However, it is important
to mention the variables that condition not only the type of PRP and therefore the
different biological effects but also the classification systems (Table 1).

The three main variables that condition the obtaining of PRP, namely, number
of platelets, presence or not of leukocytes, and activation, generate many different
products under the PRP term which are necessary to differentiate. Not only a wide
variety of products have emerged but also several classification systems that have
attempted to clarify the inconsistency that accompanies the term PRP. Initially, the
main difference was the presence or not of leukocytes. In the first classification of
Dohan et al., PRPs could be distinguished in leukocyte-poor PRP and Leukocyte-
Rich PRP, besides contemplating the fibrin presence [41]. Subsequently, Mishra [42]
and DeLong [43] took into consideration the number of platelets and the activation
of PRP. In the following classifications, the presence of erythrocytes [44] was also
mentioned, and in recent years aspects such as recovery efficiency or centrifuga-
tion and application methods were addressed [45, 46], trying to classify as much as
possible the different PRP products (Table1).

As if that were not enough, new denominations are being coined in products
derived from blood but that share the fundamental principles of PRP. This is the
case of the Platelet-Rich Fibrin. These types appeared initially in the Dohan classi-
fication and refer to the fibrin clots that are formed either by centrifuging the blood
without anticoagulants or by activating the liquid PRP and waiting for the forma-
tion of fibrin net, as mentioned above. A product derived from this is the hyper-
acute serum that is obtained with a procedure similar to that of the PRP but without
using anticoagulants. Thus, after centrifugation of the blood, the upper fraction
is a fibrin clot (Platelet-Rich Fibrin), which is squeezed to obtain the hyperacute
serum [47]. It contains all the plasma and platelet biomolecules without coagula-
tion proteins such as fibrinogen, namely, the product obtained is almost identical
to the exudate gradually released from the fibrin net achieved after the activation
of PRP. However, many growth factors present in the hyperacute serum will be
eliminated quickly after its injection into the affected area due to its short half-life,
whereas if they are released in a controlled manner as in the activated PRP, its time
of action will be longer [48].

The lack of standardization is one of the main limitations in the application of
PRP. Although all these products are called PRP, their composition may differ from
many others and as a consequence their biological effects and clinical results. For
instance, the presence of leukocytes determines the levels of pro-inflammatory
molecules, and the activation or not of platelets affects the biomolecule release
kinetics. Therefore, the comparison of PRP studies, assuming that it is the same
product, yields contradictory data, so it is necessary to specify the type of PRP used
in these works [49].
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4. Platelet-Rich Plasma and joint degeneration
4.1 Therapeutic potential of PRP in joint degeneration

As PRP is a product that contains a large number of bioactive molecules, it
is wrong and impossible to define the effect of the PRP based on the isolated
actions of each molecule. The biological effect of PRP depends not only on its
molecules but also on its synergistic effect, which also considers interactions
between molecules. Indeed, many PRP molecules are activated in the presence of
others, or on the contrary many have antagonistic effects, conditioning the final
effect of PRP.
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Figure 4.

Biological effects of Platelet-Rich Plasma on joint degeneration. The inhibition of the intracellular signaling
pathway NF-KPp, the veduction of reactive oxygen species, and the promotion of M2 macrophages cause the
drop of pro-inflammatory molecule levels, achieving an anti-inflammatory effect. In addition, this decrease in
pro-inflammatory molecules such as prostaglandin E2 achieves an analgesic effect, which is also favored by the
activation of endocannabinoid systems. On the other hand, PRP modulates the cellular response, stimulating
the proliferation of chondrocytes and synoviocytes, which increase the production of the substances responsible
for lubrication. This modulation also affects mesenchymal stem cells, which increase their chondrogenic
potential and decrease their aberrant and senescent forms.
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Multiple actions are attributed to the PRP in the treatment of pathologies of the
musculoskeletal system. However, this chapter will be limited to highlighting the
effects that have the greatest impact on improving joint degeneration (Figure 4).

4.1.1 Anti-inflammatory effect

Due to the complex OA pathophysiology, inflammation can be both the cause
and consequence of other pathological processes. Because of this, it is important to
reverse the pro-inflammatory environment of this pathology and restore homeo-
stasis of the joint to promote tissue repair. Many of the PRP molecules participate in
the regulation of these inflammatory processes, which are key in the progression of
the pathology. The anti-inflammatory effect of PRP is achieved through the action
of its biomolecules at different levels. Molecules such as IGF-1 or HGF restore the
original acquiescent state of cell populations from an inflammatory state because
of joint degeneration. This effect occurs through the inhibition of the intracellular
signaling pathway NF-Kp by these molecules, and, as a result, the generation of pro-
inflammatory molecules such as IL-p or TNF-a is reduced [50, 51]. The use of PRP
rich in leukocytes can be especially important in this mechanism of action since,
instead of inhibiting this inflammatory pathway, they activate it due to the presence
of certain pro-inflammatory molecules in this type of PRP [37]. This inhibitory
effect not only is limited to chondrocytes but also affects other cell populations such
as fibroblast, osteoblasts [52], or macrophages [53]. The consequence of silencing
this pathway in the different cell types of the joint is the drop in the inflammatory
molecular levels of the synovial fluid, relieving the inflammatory environment [54].

Within its anti-inflammatory action, PRP also acts on macrophages by changing
its phenotype. This effect may be indirect due to the decrease in pro-inflammatory
molecules or direct by a direct action on the PRP components such as the mic-
roparticles produced by platelet apoptosis. The result is a phenotype shift of the
macrophages from inflammatory (M1) to reparative (M2) phenotype, where the
reduction of inflammation is favored and tissue repair is stimulated [55]. This effect
is especially important in macrophages present in the synovial membrane. The
increase in anti-inflammatory macrophages to the detriment of pro-inflammatories
results in a decrease in inflammation of the synovial membrane, which is a hallmark
of OA [56]. This polarization towards a reparative state may be due to the action
of the interleukin 1 receptor antagonist, present in the PRP, which in addition to
avoiding the inflammatory effect of IL-1 promotes the repair phenotype M2 of
macrophages [57].

The inflammatory environment in the osteoarthritic joint is also potentiated
by the increased presence of reactive oxygen species (ROS), which participate in
the OA pathogenesis through synovium inflammation, cartilage degradation, or
subchondral bone dysfunction [58]. PRP activates the antioxidant response element
through the intracellular signaling pathway NrF2-ARE in osteoblasts [59]. This
achieves an antioxidant and protective effect in these cell populations, avoiding
damage caused by ROS increment.

The interaction of PRP biomolecules in the mechanisms that trigger inflamma-
tion results not only in a decrease in the levels of pro-inflammatory molecules and
ROS but also in a promotion of gene expression related to anti-inflammatory action.
It has recently been shown that gene expression of enzymes related to aggrecan
destruction and metalloproteinase modulation, namely, metalloproteinase with
thrombospondin motifs-5 (ADAMTS-5) and tissue inhibitor of metalloprotein-
ases-1 (TIMP-1), are decreased in cartilage and synovium under the presence of
PRP. However, gene expression related to the formation of collagen 1 and aggrecan
is increased [60].
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4.1.2 Analgesic effect

Pain is one of the most characteristic symptoms of OA and one of the most
limiting factors for the patient, affecting its functionality and quality of life. One
of the main causes of pain associated with joint degeneration is the inflammation
that occurs. Solving the inflammatory problem would partly relieve the pain of the
OA patient. This relief is one of the most observed effects in clinical studies since
it is the most studied variable. However, it is necessary to deepen the mechanisms
of action by which the PRP achieves the analgesic effect. During the inflammatory
processes, molecules are generated by resident macrophages outstanding prosta-
glandin E, (PGE,), which is one of the main causes of the inflammatory pain [61].
As mentioned earlier, PRP favors the change in macrophages from pro-inflamma-
tory to anti-inflammatory phenotype as a consequence of the production of PGE2
and other pro-inflammatory molecule reductions [56]. In addition, the action of the
PRP over the NF-Kp pathway could also reduce the levels of substances that stimu-
late the nociceptors of the joint synovitis [62]. Therefore, inhibition of the synthesis
of these substances is one of the mechanisms of action by which PRP reduces pain.

Although the action on inflammation may be the most predominant mechanism
in pain relief, the implication of other pathways has been studied, namely, the
peripheral endocannabinoid-mediated mechanism, which could be a promising
therapeutic target in the synovial tissue of OA patients [63]. The influence of PRP
on this signaling system is associated with the stimulation that occurs in the cells
located in inflammatory environments. In the presence of PRR, these cells would
generate analgesic substances such as anandamide and 2-arachidonoylglycerol,
which are agonists of cannabinoid receptors 1 and 2. This effect is observed both
in vitro and in vivo, with a lower nociceptive response in treated animals [62].

4.1.3 Biolubricanting effect

One of the problems associated with osteoarthritis is the lack of lubrication and
therefore the increased friction in the joint. In a healthy joint, the synovial fluid has
a natural lubricant function due to the presence of hyaluronic acid. The alteration
of the components of the synovial fluid worsens the lubrication, deteriorating the
cartilage. In addition, this layer of lubricant decreases progressively as the disease
worsens, creating a vicious circle [64]. Restoring joint lubrication is one of the pri-
orities to improve the course of the disease, and it is the purpose of intra-articular
hyaluronic acid infiltrations [65].

The application of PRP also may restore joint lubrication through several
mechanisms. First, it has a stimulating effect on the chondrocytes and synovio-
cytes, due to the fact that it not only enhances its proliferation but also increases the
production of hyaluronic acid, improving the lubricating capacity of the synovial
fluid [66-68]. Secondly, PRP also influences lubrication through the superficial
zone protein (SZP) or lubricin. This protein synthesized by chondrocytes and
synoviocytes acts as a chondroprotective barrier against direct contact in joints. PRP
improves lubrication both directly, since it contains endogenous SZP, and indirectly
by stimulating the SZP secretion by articular cartilage and synovium [69].

4.1.4 Cellular modulating effect
All the effects described above are generated through the interaction between
growth factors and cell membrane receptors, triggering intracellular pathways

and affecting gene expression that generates the biological effects. In addition to
these, which are the most influential in the asymptomatic relief of OA, namely,
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inflammation, pain, and lubrication, there are other trophic and regulating effects
that, although they do not have such a drastic clinical outcome, are necessary to
promote tissue repair and reverse or slow down the disease.

PRP has demonstrated its biological effect over the chondrocytes of articular
cartilage and its consequent impact on cartilage repair. Fice et al. published a
systematic review including numerous in vitro and in vivo studies that showed
the action of PRP on the cellular response [70]. On the one hand, it acts on cellular
behavior, increasing growth, migration, and proliferation rates and reducing nega-
tive effects such as apoptosis. On the other hand, PRP enhances the synthesis of
glycosaminoglycans (GAGs), proteoglycans, and collagen, improving the produc-
tion of extracellular matrix.

In addition, stimulation of cartilage repair is also conditioned by the action of
MSCs. They are able not only to differentiate into cells with specialized functions
such as chondrocytes, osteoblasts, and adipocytes but also to release molecules and
cellular signals that regulate the repair processes [71]. The behavior of MSCs in OA
is modified, increasing in number in synovial fluid as the severity of the disease
increases [72]. These MSCs come from resident joint niches such as the synovial
membrane, the surface of the articular cartilage, and the subchondral bone, once
again confirming the involvement of all the joint structures in the development of
OA [17]. In this pathological environment, these cells have their function altered,
losing their restorative activity [73]. Bearing this in mind, mesenchymal stem cells
are considered a therapeutic target for the PRP to modulate its behavior and restore
its physiological functions. Muifios-Lépez et al. observed a decrease in MSCs in
synovial fluid of patients with severe OA after the application of PRP directly into
the subchondral bone [74]. The regulatory capacity of PRP on MSCs may be due to
the direct action on their cellular response as well as the improvement of the bio-
logical environment in which the cells reside. Bone marrow-derived MSCs treated
with PRP showed an increase in proliferation and chondrogenic capacity [75]. This
increased proliferation was also observed in human adipose-derived stem cells,
although their chondrogenic differentiation potential was retained [76]. Restoring
tissue homeostasis where MSCs reside, for instance, by decreasing inflammation by
inhibiting pro-inflammatory molecules, also improves the action of these cells. The
attenuation of a TGF-B-mediated signaling excess in the subchondral bone during
OA restores the dysfunction of the MSCs, preventing cartilage degeneration [77].
Liu et al. observed that intraosseous infiltrations of PRP promoted MSC cell prolif-
eration and osteogenesis in an in vivo study, whereas adipogenesis, senescence, and
oxidative stress were decreased [78].

4.2 Clinical translation

The transfer of the PRP from the laboratory to the clinical application has been
very fast with extensive worldwide expansion. This has occurred in part because of
its ease of obtaining and its high safety as an autologous product, and, as a conse-
quence, more and more clinical studies are being published on the use of PRP in
OA. Tt is not the intention of this chapter to analyze all these studies but to highlight
the most relevant aspects of this translation. The latest published meta-analyses
concluded that the use of intra-articular PRP infiltrations achieves effects on
symptoms such as pain relief or improved function better than the use of hyaluronic
acid or placebo especially for the long term [79-81]. Based on these data, it could
be accepted that the PRP has evolved from being a promising alternative to a real
option for clinicians and patients.

However, it should not be forgotten that it is necessary to continue to carry
out high-quality clinical studies to clarify possible doubts and achieve the ideal
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protocol for both obtaining and applying PRP products [82]. Some of the clinical
studies carried out have attempted to elucidate this type of questions, the presence
of leukocytes being one of the most critical issues. Several authors have studied

the clinical effect of including leukocytes in the PRP. Mariani et al. studied the
pro-inflammatory effect that intra-articular infiltrations of Leukocyte-Rich PRP
could have. Surprisingly, and contrary to the in vitro studies, patients who received
this treatment did not experience an increase of pro-inflammatory molecules in the
synovial fluid or plasma in the short or long term [83]. These data were confirmed
in a meta-analysis where there were no differences in adverse reactions between
PRP with and without leukocytes, being very rare and local such as pain and
inflammation. However, as far as efficacy is concerned, this same work carried out
by Riboh et al. showed that PRP poor in leukocytes had significantly better results
than those obtained by hyaluronic acid and placebo, whereas this difference did
not occur in PRP rich in leukocytes. Therefore, according to the studies carried out
in this matter, the inclusion of leukocytes in the PRP does not affect the safety of
the product but does diminish its effectiveness in the treatment of knee OA [36]. In
spite of these advances, it is necessary to continue studying the rest of the composi-
tion variables that may condition the clinical response of the PRP, such as platelet
concentration. Recent studies suggest that a concentration below fivefold blood
platelet concentration is recommended [84].

Not only the variables related to the obtaining or composition of the PRP
products condition the clinical effect of this therapy but also the different methods
of application. Several clinical studies addressed the effect of a single or repeated
administration of intra-articular infiltrations of PRP. A first group of studies
focused on analyzing the differences between a single infiltration of PRP and
several repeated infiltrations every 1 or 2 weeks. These studies demonstrated
that PRP obtained better results than control treatment and, in addition, patients
who received repeated intra-articular infiltrations of PRP achieved better clinical
response on items such as pain, symptomatology, and function [85-87]. Other
studies analyzed the effect of applying several cycles of PRP infiltrations, referring
to a cycle as a series of repeated infiltrations in a short period of time. Gobbi et al.
compared the efficacy of administration of one PRP cycle against two PRP cycles
separated by 1 year, one cycle being three intra-articular infiltrations of PRP in
1 month. In both groups, there was an improvement in patients 1 year after the first
cycle, which was accentuated at 18 months after the application of a second cycle
[88]. Vaquerizo et al. conducted a similar study comparing patients treated with
one PRP cycle with patients treated with two PRP cycles separated by 6 months, one
cycle being three weekly intra-articular PRP infiltrations. The results showed that
although there were no significant differences in pain improvement, patients who
received two cycles had better symptoms and functionality 1 year after treatment
[89]. Thus, the different studies that analyze this variable recommend the applica-
tion of repeated PRP injections instead of isolated ones.

Following with the PRP administration modality, it is important to remem-
ber that the mechanism of action of PRP biomolecules is cell stimulation and
improvement of the biological environment to favor tissue repair. Furthermore, as
explained at the beginning of this chapter, OA is an alteration of the whole joint and
not just a few elements. Considering these two assumptions, it would be advisable
to act on the majority of the tissues involved in the joint and especially on those that
perform a more predominant biological function. When PRP is intra-articularly
administered, it soaked the articular space, reaching and acting on the cells present
both in the synovial membrane and on the articular surface. However, this route
of administration does not reach the subchondral bone which communicates with
the cartilage, especially in OA case, and it is fundamental both in the maintenance
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Figures.

Intraosseous administration of PRP. Intraosseous PRP administrations allow the subchondral bone to be reached
and its thevapeutic effect to be extended. Intraosseous infiltrations are applied in the femoral condyle (A) and
tibial plateau (B) in patients with knee OA and in the acetabulum (C) and femoral head (D) in cases of hip OA.

of homeostasis and in the pathophysiology of joint degeneration [17]. In order

to extend the range of action of the PRP and also act on the subchondral bone,
Sanchez et al. described the technique of PRP intraosseous infiltrations (Figure 5).
This method of application combines conventional intra-articular injection of PRP
with intraosseous infiltrations into the subchondral bone of the femoral condyle
and tibial plateau in severe cases of knee OA [90]. Afterward, this technique was
adapted to treat advanced cases of hip OA, combining intra-articular infiltration
with intraosseous infiltrations into the femoral head and acetabulum [91]. In both
cases, intraosseous administration must be assisted by imaging, ultrasound, or
fluoroscopy, to ensure correct delivery in the required area.

The first published works carried out using this technique provided promising
results. In a pilot study performed with patients who presented knee OA of grades
3 and 4 according to the Ahlbick scale, pain was significantly reduced, and an
increase in joint function was observed at 6 months after receiving the combina-
tion of intra-articular and intraosseous PRP injections. In addition, the number
of MSCs present in the synovial fluid decreased after this treatment [92]. This
finding was not observed in patients treated only with intra-articular infiltrations,
suggesting the importance of the subchondral bone in the modulation of cellular
response in joint degeneration [74]. Following the same trend, an observational
study compared the intra-articular administration of PRP versus the combination
of intra-articular and intraosseous injections in patients with severe knee OA. The
results of this study showed that although there was no difference between both
groups at 2 months after treatment, patients who received the PRP intraosseously
showed clinically superior results at 6 and 12 months [93]. Su et al. conducted a
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clinical trial in which, in addition to comparing intra-articular against intraosseous
injections, they used hyaluronic acid as a control treatment. The patients enrolled in
this study presented knee OA of grades 2 and 3 according to the Kellgren-Lawrence
scale. The results achieved with treatment based on intraosseous infiltrations of
PRP were superior to those obtained with both intra-articular PRP and hyaluronic
acid [94]. No severe adverse effects were reported in any of these studies, and they
were limited to pain after infiltrations. One of the characteristics of the subchondral
bone in patients with knee OA is the presence of fibroneurovascular proliferation.
Although the PRP contains proangiogenic and profibrotic molecules, no basic or
clinical study showed the uncontrolled induction of this effect after the application
of intraosseous PRP [22].

Finally, intra-articular injections of MSCs derived from various sources associ-
ated with PRP were analyzed in some studies. The vehiculization of MSCs in PRP
could entail an improvement in cell viability and may be translated into better
clinical results. Although studies performed with both bone marrow [95, 96]- and
stroma fraction [97, 98]-derived MSCs showed improvement in these patients
after the application of this therapeutic combination, the association of PRP with
the MSCs did not lead to a greater clinical improvement in patients. However, the

therapeutic potential of the synergy of both therapies justifies further research in
this field.

5. Conclusions

Joint degeneration is a pathology that affects a large part of the population, dete-
riorating their quality of life being disabling in many cases. It is also related to aging
and unhealthy lifestyle habits; thus it is expected that its prevalence will increase
in the coming years, assuming a great cost to health systems. Current conventional
treatments focus on symptomatic relief without addressing the cause of the disease.
Because of this, new treatments based on regenerative medicine are emerging in
order to expand the therapeutic arsenal and delay or prevent joint replacement,
which is currently the only definitive solution for patients. Moreover, in order to
achieve an optimal treatment for joint degeneration, it must be understood that
the joint works as a whole organ. All elements of the joint participate in the main-
tenance of homeostasis, the synovial membrane, cartilage, and subchondral bone
being key for biological balance.

This balance could be maintained or restored by means of several biological
therapies such as PRP that is a cocktail of plasma and platelet biomolecules, and
it is obtained after fractionating small blood volumes by centrifugation. PRP has
a great versatility since it allows its use through different types of formulations,
being able to be applied both in outpatient infiltrations and surgical interventions.
The therapeutic potential of PRP in joint degeneration lies in its ability to modulate
inflammation, lubrication, and pain, acting on different cell populations to create
a biological environment conducive to tissue repair. However, the variety in the
composition of PRP products leads to different biological effects and consequently
contradictory clinical results. It is, therefore, necessary to identify and characterize
the PRP used in order to advance both research and clinical practice.

The success of the PRP also depends on the method of clinical application. The
administration of PRP has to cover the main joint tissues so that the biological
effects of PRP act over the cells of in order to reverse the course of the pathology.
Although the safety and ease of obtaining PRP have allowed a quick transfer from
the laboratory to the hospital, much is still unknown about this therapy, and further
basic and clinical research is needed.
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Abstract

The chapter examines the use of stem cells in ophthalmological pathologies
affecting both the anterior and posterior segments. The authors review the clini-
cal trials that have most contributed to defining the role and potential of stem cell
regenerative therapy in corneal and retinal pathology. The results described in the
scientific literature are analyzed and commented, without neglecting the possible
side effects related to the use of this therapy. Within the anterior segment, the
greatest efforts were made to study the possible uses of limbal epithelial stem cells
(LESCs). They were the first stem cells to be discovered at the level of the anterior
segment and currently the only ones involved in clinical practice with satisfactory
results. At this juncture there have been significant successes in the treatment of
corneal stem cell deficiency and of corneal scars. The chapter later investigates
the possible applications of stem cell therapy in degenerative retinal diseases, with
particular reference to retinitis pigmentosa, Stargardt’s disease, and age-related
macular degeneration. It then describes how the use of cell therapies, in particular
those that use ADSC, can contribute, through various methods, to the containment
of the evolution of retinal degenerative diseases. These mechanisms cover various
biological aspects and can be summarized as follows: neurotrophism, oxidation,
vascular changes, apoptosis, inflammation, or immunology. The ophthalmological
modalities of the cell graft and what is the ideal approach for an ophthalmological
cellular surgery are later on described. Finally, the technique used by the author and
the possible outcomes in the course of degenerative retinopathy are described.

Keywords: ophthalmology, stem cells, regenerative medicine, degenerative diseases

1. Introduction

Regenerative medicine has been a major topic in the last few decades. The use of
stem cells has opened up new perspectives in the therapeutic approach to many dif-
ferent diseases. Even in the ophthalmological field, the use of stem cells has allowed
an improvement in the clinical outcome of different pathologies such as limbal stem
cell deficiency, corneal scarring, retinitis pigmentosa, Stargardt’s disease, age-
related macular degeneration, and retinal atrophy following various vascular condi-
tions. Many of these pathologies have always been considered untreatable, leading
to a progressive sight loss; the arrival of stem cell therapy has led to an entirely new
clinical and therapeutic approach to these conditions. Different types of stem cells
have been tested as a solution for tissue repair in the different ocular structures.
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As for the anterior segment, the most used cells are limbal epithelial stem cells
(LESCs), found at the level of the Vogt palisades. As regards the posterior segment,
the stem cells used for the treatment of retinal degenerative diseases are embryonic
stem cells (ESCs), induced pluripotent stem cells (IPSCs), and mesenchymal stem
cells (MSCs).

LESCs: Also known as corneal epithelial stem cells, they are located in the basal
epithelial layer of the corneal limbus. They form the border between the cornea and
the sclera and are implied in the regular corneal renewal. They are also implied in
corneal repair activity after severe damage of corneal surface.

ESCs: The first ESCs were obtained from mouse embryos and immediately
showed their ability to express neural markers and to migrate into the retina when
applied intravitreally. Also, they seemed to be able to integrate into the retinal layers
and act as neuroprotective factors. Clinical trials conducted in the human eyes
have demonstrated that the subretinal application of these cells shows no signs of
rejection, ectopic tissue development, negative proliferation, or tumor formation in
a 1-year follow-up.

IPSCs: These cells are obtained from reprogramming adult somatic fibroblasts
through retroviruses or lentiviruses. Compared with ESCs, they show less risk of
rejection and less need for immunosuppressive therapy. However, further studies
have suggested that IPSCs can stimulate oncogenes/suppress tumor suppressor
genes, resulting in gene mutations and malignant transformation. The many
molecular passages required for their production also seem to act as a trigger for the
genetic instability shown by these cells.

MSCs: These cells are derived from many different tissues (peripheral blood,
bone marrow, adipose tissue, cord blood, teeth, central nervous system, and liver).
Once acquired, MSCs can be expanded in cell cultures maintaining their stemness.
They can differentiate into various cells (mesodermal, ectodermal, and endodermal
cells), including neuron-like cells. Since they are capable of secreting neurotrophic
factors, repairing neural connections, and stimulating the formation of synapses,
MSCs are also appreciated for their “structural” function. Moreover, they have
shown a strong immunosuppressive action inhibiting the release of pro-inflamma-
tory cytokines; therefore they allow both autologous and allogenic transplantation.
Finally, their use does not seem to be related to tumor formation. For these reasons,
researchers look at stem cells as a promising therapeutic option for degenerative
retinal diseases. Nevertheless, it must be said that various ocular complications
related with the use of these cells have been described (see Section 3).

2. Regenerative medicine in the anterior segment of the eye

Stem cells are unspecialized cells that have been a focal point of the field of
regenerative medicine, frequently considered as the future of medicine. The first
medical science branch which directly benefits from stem cells for regenerative
treatment was ophthalmology. The triumph of regenerative medicine in ophthal-
mology can be attributed to its accessibility, ease of follow-up, and the eye being
an immune-privileged organ. Two key characteristic attributes of stem cells are
pluripotency, the capacity to differentiate into multiple lineages, and proliferation.
These cells have the ability to replace damaged or diseased cells under certain spe-
cific circumstances. Stem cell-based therapy has now reached a state where ocular
tissues damaged by disease or injury can be repaired and/or regenerated. The eye is
an ideal organ for studying regenerative medicine thanks to the ease of access for
the therapeutic procedure as well as its status of being an immune-privileged organ.
Such therapy involves various techniques in which stem cells are injected into both
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the cellular and extracellular matrix microenvironments. Corneal epithelial stem
cell transplantation has been the most employed stem cell-based therapy after bone
marrow transplantation. Stem cell-based treatment in ophthalmology follows two
possible ways: a cell replacement therapy strategy or a strategy involving trophic
factor-based guidance cues. Throughout treatment, outcomes are related to differ-
ent factors like our in-depth knowledge of the disease, the source of stem cells, the
plausible mechanism driving the therapeutic outcome, and the mode of treatment.
Considering specifically the anterior segment, we will analyze separately stem cell
pools of the conjunctiva, the cornea, the trabecular meshwork, and the lens. In
addition we will make few words about the iris stem cell pool. This pool also subspe-
cializes in three types of cells with different capacities for multiplication: putative
stem cells with high reproductive potential, the generally slow-cycling activity cells,
and transit amplifying cells (TAC), which have a reduced reproductive potential but
rapid expansion time.

2.1 Conjunctiva

The conjunctiva, apart from being a protection against pathogenic entry, is
a connective tissue provided by a high vascularization that offers channels for
proper flow of nutrients and fluids. From the anatomical point of view, the con-
junctiva is an unkeratinized stratified squamous epithelium, in which goblet cells
are also present, that covers the exposed scleral surface (bulbar conjunctiva) and
the interior part of the eyelids (tarsal conjunctiva). Conjunctival cells undertake
renewal similar to the corneal epithelium, but with a still elusive source of stem
cells. Conjunctival stem cells undergo a differentiation pathway that can take them
to become either mucin-producing goblet cells or epithelial cells. The dividing basal
cell migration starts from the bulbar conjunctiva and takes it to the corneal surface
before differentiation. Conjunctival epithelial cells are negative for CK3 and CK12
but positive for CK19. As shown in clonal culture assays, the stem cells located in the
fornical niche can differentiate into epithelial cells as well as goblet cells. This pro-
vides important evidence that the stem cell pool supporting conjunctival renewal
is located in the fornix region. Commitment to differentiate into goblet cells occurs
relatively late; in fact goblet cells are generated by stem cell-derived transient
amplifying cells. The decision of a conjunctival keratinocyte to differentiate into a
goblet cell appears to be dependent upon an intrinsic “cell doubling clock.” Ocular
processes that affect the cornea also affect the conjunctiva; some examples are con-
junctival scarring, cicatricial pemphigoid, thickening, dry eye, or mucin. In order
to treat conjunctival stem cell deficiency and scarring, conjunctival autografts, oral
mucous membrane grafts, nasal turbinate mucosa grafts, and amniotic membrane
are often used. Conjunctival cells cultured on amniotic membrane have been used
for cell transplantation in patients with limbal stem cell deficiency (LSCD). Recent
patient follow-up reports have shown that transplantation of autologous conjunc-
tival epithelial cells improved the clinical parameters of total LSCD with respect to
vision acuity, impression cytology, and in vivo confocal analysis. These cells were
cultivated ex vivo on amniotic membrane with the presence of epidermal growth
factor, insulin, cholera toxin, and hydrocortisone to produce the corneal lineage;
the cells were transplanted after 2 weeks of culture. Ultrathin polymembrane
substrate has also been shown to support conjunctival epithelial cell proliferation.

2.2 Cornea

The cornea is at the outermost surface of the eye, and its fundamental character-
istic is transparency, which is crucial for vision. It is a clear lens that determines the
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majority part of the dioptric power of the eye (about 43D). Its normal thickness is
between 520 and 540 pm and is composed of five layers which are from the outside
to the inside: corneal epithelium, Bowman layer, corneal stroma, Descemet’s mem-
brane, and corneal endothelium. Forty-five million people worldwide are bilaterally
blind, and another 135 million have a severe impaired vision defect in both eyes
because of loss of corneal transparency. In order to correct this kind of problems,
therapies ranging from local medications to corneal transplants, and more recently
to stem cell therapy, could be applied. The corneal epithelium is a squamous epithe-
lium that has a constant renewal activity, with a vertical turnover of 7-14 days. The
corneal stem cell pool is located in the limbus, at the periphery of the cornea, and
these cells are called limbal epithelial stem cells (LESCs). The corneal epithelium
has a renewal process which is performed by cells generated at the limbus and,
migrating from there, in opposition to other squamous epithelia in which each stem
cell has the role of regenerating a limited area of epithelium. In the corneal epithe-
lium, stem cells are located at the corneal periphery in the basal layer of the limbal
region, called the palisades of Vogt. These are visualized in small clusters and are
strictly associated with the stromal matrix and the basal membrane, thereby assist-
ing in cell-cell, cell extracellular matrix, and paracrine signaling communication.
The corneal epithelial basal layer is composed mostly of TAC at various stages of
maturity, and this could be demonstrated by their elevated expression of a specific
isoform of the transcription factor p63 along with a high nuclear to cytoplasmic
ratio. The positivity of ATP-binding cassette subfamily G member 2 (ABCG2) has
been detected in LESCs as well as in several other cells located in the suprabasal
region of the limbus, and these markers could be used to identify the LESC pool.
Some reports also indicate that an RNA binding protein called Musashi-1 can be
used to stain LESCs. Corneal stem cells also express some other specific markers,
enolase, cytokeratin (CK)19, and vimentin, but do not express CK3, CK12, or con-
nexin 43, which are present only in mature corneal epithelial cells. Stromal multi-
potent stem cells have been identified and expanded to neurospheres in cultures.
Corneal stromal stem cells are located in the anterior region of the stroma adjacent
to the basal side of the palisades of Vogt and were identified as a side population
using the DNA-binding dye Hoechst 33342. These cells expressed genes encoding
ABCG2, Bmil, CD166, c-kit, Pax6, Six2, and Notchl similarly as mesenchymal
stem cell and corneal early development markers. Corneal stromal stem cells, when
differentiated, express keratocyte markers like keratocan, ALDH3A1, CXADR,
PTDGS, and PDK4. LESC deficiency, either partial or complete, is pathological and
is caused by either chemical or mechanical injury or thermal burns or acquired by
diseases like aniridia and Stevens-Johnson syndrome. Treatment of such conditions
involves LESCs transplantation therapy. In unilateral cases of ocular disease, LESCs
from the healthy eye are expanded ex vivo for therapeutic purposes using specific
protocols which involve amniotic membrane or fibrin in the presence or absence of
growth-arrested 3T3 fibroblast feeder layers. Taking in consideration non-limbal
cell types, cultured oral mucosal cells and conjunctival epithelial cells have been
transplanted with success to treat LSCD in humans. The peripheral cornea has been
proven to contain a higher density of keratocyte precursors with high proliferative
capacity. Restoration of corneal transparency, stromal thickness, and collagen fibril
defects have been demonstrated as solvable through the injection of corneal stromal
stem cells in mice. If it will be shown as successful, such therapy would eliminate
the shortage of corneas from donors needed for transplantations. Although stem
cell transplantation is performed worldwide, standardized protocols need to be
established because of variability in clinical outcomes. An application example of
LESCs transplant could be in patients with LSCD who are suffering from a severe
loss of vision and annoying irritation, being also poor candidates for conventional
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corneal transplant. Hence, new surgical strategies have been devised by transplant-
ing LESCs from an autologous or allogeneic source. When in total LSCD only one
eye is involved, the reconstruction of the damaged corneal surface can be effectively
performed by the application of conjunctival limbal autograft. Although conjunc-
tival limbal autograft has high success rates, if transplantation is carried out at the
acute stage of chemical burns when inflammation remains in “active” stage, the
surgical outcome is not satisfactory; this notion has been verified in a rabbit model.
The potential risk to the patient’s donor eye could be reduced with the application
of different techniques: the first alternative is to perform LESCs allograft, in which
an allogeneic source of LESCs is derived from either living donors matched with
HLA or not matching cadavers. Systemic immunosuppression with cyclosporin A or
other agents is necessary because the donor tissue is allogeneic, but this solution is
potentially toxic. The success rate of limbal allografts declines with time even with
systemic application of cyclosporin A. Elements implicated as factors contributing
to the poor prognosis for keratolimbal allografts are keratinization, severe dry eye,
chronic inflammation, uncorrected lid, and lid margin abnormalities. A combined
immunosuppressive regimen together with a meticulous restoration of the ocular
surface defense has been shown to further improve the long-term visual outcome of
keratolimbal allografts.

2.3 Trabecular meshwork

The trabecular meshwork is a tissue included between the cornea and the iris
in the anterior region that has the role of draining the aqueous fluid. It is divided
into three parts which have their characteristic ultrastructures: inner uveal mesh-
work, corneoscleral meshwork, and juxtacanalicular tissue. Intraocular pressure
is determined by the correct balance between aqueous production and outflow;

a malfunction in this mechanism is a possible risk factor for the development of
glaucoma. Trabecular meshwork cells also are implied in the removal of debris in
the circulating aqueous humor. Trabecular meshwork cellular markers are vimen-
tin, non-muscle actin, aquaporin-1, acetylated and acetoacetylated alpha-2 adren-
ergic receptor, matrix GLA protein, and chitinase-3-like-1. Recently, the isolation,
characterization, and specific markers of trabecular meshwork cells have been
widely studied. These studies suggest that trabecular meshwork cellular popula-
tion has properties similar to stem cells, expressing mesenchymal cell-associated
markers such as CD73, CD90, and CD105, and they have also the ability to dif-
ferentiate into adipocytes, osteocytes, and chondrocytes. Moreover, further studies
showed that trabecular meshwork cells with mesenchymal phenotype are isolated
as a side population or as clones expressing specific stem cell markers, not present
in mature cells, such as Notchl, OCT-3/OCT-4, ABCG2, AnkG, and MUCI1. These
stem cells have the ability to differentiate into the trabecular meshwork lineage
expressing CHI3L1, AQP1, and TIMP3 markers that underlies to a phagocytic
function. Lowering the intraocular pressure is the aim of treatments for glaucoma.
The idea for this came primarily from the observation that trabecular meshwork
cell division increased after argon laser trabeculoplasty. Current first-line treat-
ments are topical and oral drugs, argon laser trabeculoplasty, and some surgical
approaches. Stem cells isolated from human trabecular meshwork and expanded
in vitro showed evidence of the ability to home to mouse trabecular meshwork and
differentiate into trabecular meshwork cells in vivo according to recent studies.
The expanded trabecular meshwork stem cells expressed the stem cell markers
Notchl, ABCG2, and MUC1 and were expressing also the trabecular meshwork
marker protein CHI3L1. These trabecular meshwork cells were multipotent and
had phagocytic properties. Some groups are working on transplanting trabecular
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meshwork cells or trabecular meshwork progenitor cells combined with argon laser
trabeculoplasty as a novel cell-based therapy for glaucoma.

2.4 Lens

The lens is composed of the lens capsule, epithelium, and fibers and, like the
cornea, is transparent. It is hypothesized that lens-specific stem cells reside in
the lens capsule, although they have not yet been identified. The most confirmed
hypothesis is that this cell pool comes from the ciliary body, which is anatomically
close to the lens. It has been demonstrated that lens capsule regeneration occurs in
lower vertebrates from cells residing in the ciliary body. According to this fact, the
probability that lens stem cells might reside in the lens capsule is high. Lens pro-
genitor cells have been derived from human ESCs as well as from induced pluripo-
tent stem cells (iPSCs). Lens stem cells are presumed to have a significant role in
the maintenance of the lens transparency and might be implied in cataractogenesis
process or other lens abnormalities.

2.5Iris

The iris has the anatomical role of dividing the space between the cornea and
lens into anterior and posterior halves. The microscopic structure consists of an
anterior limiting layer that lines the anterior part of the iris stroma that contains
muscles, nerves, and vessels and is posteriorly lined by a layer of pigmented
and non-pigmented cells. The stroma and the vascular structure of the iris take
embryological origin from the anterior region of the optic cup. Epithelial cells of
the iris pigment have the ability to grow in spheres and express markers of neural
stem/progenitor cells such as Msi, Nestin, and Pax6. It has been revealed by studies
from the mouse iris that these cells can also differentiate both in neuronal and glial
lineages and express markers such as Rho, Chx10, Otx2, and Olig2. The iris pigment
epithelial cells have the potential to be used in cell-based therapy, but nevertheless
not much work on validation and quality assessment has been done. Further studies
are needed before iris pigment epithelial cells can be used clinically.

3. Regenerative medicine in the posterior segment of the eye

Considering the posterior segment, the main interest is focused on the retina,
the target of regenerative medicine. Retinal anatomy is quite complex, and focusing
to the microscopic structure, it can be divided into nine layers of nervous tissue that
interfaces with the outermost layer of the pigmented epithelium. From external to
internal, there are inner segment/outer segment layer, external limiting membrane,
outer nuclear layer, outer plexiform layer, inner nuclear layer, inner plexiform layer,
ganglion cell layer, nerve fiber layer, and inner limiting membrane.

Stem cells are immature, undifferentiated, highly proliferative cells which are
capable of self-renewing and differentiating into many cell types [1]. Therefore,
stem cells represent a potentially endless source of tissue renewal; that is why, in
the modern era, stem cell therapy has been considered a valid approach for many
different pathologies. Ophthalmologists and researchers were not slow to guess
the potential applications of stem cell therapy in various degenerative retinal
diseases such as retinitis pigmentosa, age-related macular degeneration, Stargardt’s
macular dystrophy, and other pathological conditions affecting the posterior
pole of the eye, including retinal vascular occlusions [1, 2]. These pathologies
are responsible for a progressive decline in visual acuity which, in the case of RP,
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Stargardt’s disease, and AMD, are due to a constant and irreversible loss of retinal
photoreceptors and outer nuclear layers. With such premises, it is easy to imagine

a therapeutic approach based on the use of stem cells to restore the lost retinal
tissue. Stem cells have shown to be able to perform additional functions, such as
nutritional support, apoptosis inhibition, synapse formation, immunoregulation,
and neurotrophin secretion [1] and have increased even more the enthusiasm for
their application in the ophthalmological field. Furthermore, the use of stem cells
in the eye seems to offer numerous advantages: firstly, the amount of stem cells
required is relatively low, which implies lower costs than those required for the
treatment of other tissues of the human body; secondly, the surgical approach is
quite easy and the transplanted cells can be easily monitored with the imaging
methods currently used in clinical practice. Finally, the immune privilege of the eye
allows avoiding long-term immunosuppressive treatment [1]. Several experimental
studies conducted on embryonic stem cells (ESCs), induced pluripotent stem cells
(IPSCs), or mesenchymal stem cells (MSCs) have demonstrated that they tend to
adapt to the retinal environment and can differentiate not only into photoreceptors
and RPE cells but also into Miiller, amacrine, bipolar, horizontal, and glial cells

[1]. Retinitis pigmentosa represented one of the first targets of stem cell therapy in
the ophthalmological area: pioneering animal studies have shown that pluripotent
stem cells, when placed in murine retinitis pigmentosa models, are able to survive,
multiplicate, differentiate, organize into, and function as photoreceptor cells,
developing a retina-like organizational structure [3]; using mouse models, Singh

et al. have established that at a stage when all host rod cells are lost, transplanted
rod precursors can lead to the re-establishment of a proper, correctly polarized
outer nuclear layer, indicating that stem cells may recreate a light-sensitive cell
layer de novo and restore structurally damaged visual circuits. It has to be said

that current methods for photoreceptor derivation from human pluripotent stem
cells require long periods of culture and are often inefficient. Boucherie et al. [4]
reported that formation of a transient self-organized neuroepithelium from human
embryonic stem cells cultured together with extracellular matrix can induce a rapid
conversion into retinal progenitors, which are capable of subsequently differentiat-
ing into photoreceptor precursors in only 10 days and later acquire rod cell identity
within 4 weeks.

Following such promising results, the first phase I/II clinical trials in humans
were approved in the United States in 2010; hESC-derived retinal pigment epi-
thelium cells were transplanted into the eyes of patients with Stargardt’s macular
dystrophy and dry age-related macular degeneration [5]. During differentiation,
the stem cells “displayed typical RPE behavior and integrated into the host RPE
layer forming mature quiescent monolayers”[5]; after surgery, structural exams
showed that cells had attached and persisted during the study. An improvement in
best corrected visual acuity was reported both in the patient affected by Stargardt’s
macular dystrophy and in the patient affected by dry AMD. And what is more
important, in 4 months of follow-up, clinicians did not identify signs of hyperp-
roliferation, abnormal growth, ectopic tissue development, or immune-mediated
rejection [1, 5], which represent the main concern about stem cell therapy. These
findings support the safety of ESC-derived stem cells [1, 6].

Since they are autologous, IPSCs (obtained from reprogramming adult somatic
fibroblast cells using retroviruses or lentiviruses) seem to have an even lower risk
of rejection. However, because of their abnormal genetic composition, the risk of
T cell-mediated immune response or oncogenesis should not be underestimated. In
2015, in fact, a Japanese study on IPSCs that was being conducted on human retinas
was interrupted because of a new genetic mutation that occurred in the IPSCs of
one of the patients.
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MSCs can differentiate into mesodermal, ectodermal, and endodermal cells
and can be obtained from many different tissues, including cord and peripheral
blood, teeth, central nervous system, liver, bone marrow, and adipose tissue [1].
Several studies have demonstrated that MSCs can easily turn into neuron-like cells
and repair damaged cells through a paracrine action which results in a neuropro-
tective function. In rats, subretinal transplant of MSCs led to their differentiation
into different retinal cell types. These results encouraged clinical trials on humans.
In a study, Park et al. [2] isolated CD34+ cells from bone marrow and injected it
intravitreally. They enrolled six patients affected by dry AMD, retinitis pigmen-
tosa, or retinal vascular diseases. Follow-up included serial ophthalmic examina-
tions, perimetry and/or microperimetry, fluorescein angiography, ERG, and
OCT. After 6 months of follow-up, there was no evidence of worsening neither in
BCVA nor in full-field ERG. No signs of intraocular inflammation were observed.
Other studies on MSCs confirmed their safety in terms of hyperproliferation
and systemic side effects. However, as reported, further MSC applications led to
other sight-threatening intraocular complications such as elevated intraocular
pressure, vitreous hemorrhages, tractional and rhegmatogenous retinal detach-
ment, development of preretinal and vitreal fibrous tissue, and shallowing of the
anterior chamber.

Retinal pigment epithelium replacement represents a promising evolution of
stem cell therapy. The outer segments of photoreceptors have a very high metabolic
demand and undergo a daily renewal; in the healthy retina, the apical processes of
the RPE envelope the outer segments of rods and cones, which contain visual pig-
ment, resulting in a diurnal outer segment recycling. Pathological conditions such
as drusen deposits, accumulation of lipofuscin, or ischemic insult can result in a dis-
ruption of RPE, slowing photoreceptor metabolism and leading to cellular damage.
RPE was one of the first tissues to be differentiated in vitro. Nowadays, there are
many ongoing clinical trials for pluripotent stem cell-derived RPE replacement. The
success of RPE replacement can be explained by various factors: for a start, RPE cell
biology and phenotypes are precisely described and conserved among species [7];
the differentiation of embryonic stem cells into RPE cells follows default pathways
that are well characterized; animal models of RPE dysfunction are easily available;
the amount of RPE required to functionally restore affected retinas is relatively
small compared with photoreceptors [7]; and the RPE layers within the retina can
be easily visualized using optical coherence tomography, adaptive optics scanning
laser ophthalmoscopy, and fundus image. Moreover, studies on animal models
have established that sheet transplantation is much more beneficial and effective
than single-cell suspension [7], making retinal patches a fascinating approach to
degenerative retinal diseases. However, further studies have proven this technique
unsuccessful in human models. Nevertheless, studies on retinal sheet transplanta-
tion are still ongoing.

Retinal tissue engineering is another intriguing idea for treating late-stage reti-
nal conditions, but various technical and biological issues coming from lab-grown
neuroretinal tissue design still need to be solved before it can work in clinics. The
size of 3D retinal tissue derived from human pluripotent stem cells is much smaller
than that required to obtain a significant clinical outcome, and the implantation
of a single piece of retinal organoid may not result in an appreciable improvement
in visual acuity in humans [8]. Because of their plasticity, human pluripotent stem
cells make an extraordinary source for regenerative medicine. The current chal-
lenges of retinal tissue engineering include establishing reproducible protocols
for the creation of retinal organoids from stem cells, producing larger pieces of
retinal tissue from stem cells along with quality supporting biomaterials, improving
surgical methods of delivering retinal organoids into subretinal space, and finding
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biomaterials to facilitate the survival and functional integration of hPSC-derived
grafts into the host’s synaptic environment [8].

In conclusion, pioneering studies conducted on animal models have provided
hopeful evidence for the hypothesis that stem cell therapy is a valid approach to
sight-threatening degenerative retinal diseases, including retinitis pigmentosa,
Stargardt’s disease, dry age-related macular degeneration, and vascular occlusions.
A number of phase I/II clinical trials on humans seem to have confirmed the effec-
tiveness of this method. We now know for sure that when placed in an appropriate
tissue niche stem cells not only survive and proliferate but are capable of differ-
entiating into proper retinal cells which exhibit functional characteristics of real
photoreceptors, resulting in the development of a retina-like structure [9]. Further
studies are needed to put such promising experimental data into clinical practice
and establish standardized procedures for the application of stem cell therapy in the
ophthalmological field.

4. Cell therapy and atrophic retinal diseases: our experience

Visually impaired patients are affected by a series of different neuroretinal
diseases that can target nerve cells such as ganglion cells (RCG), photoreceptors, or
support cells such as retinal pigment epithelium cells (RPE). The evolution of these
pathologies leads to serious impairment of vision. There are many types of retinal
degenerative diseases, including glaucoma, hereditary retinal dystrophy such as
retinitis pigmentosa (RP) or Stargardt’s disease, age-related macular degeneration
(AMD), degenerative myopia, and diabetic retinopathy (DR). In each of these
pathologies, regardless of its nature, a certain sequence of molecular events gradu-
ally leads to the death of retinal cells.

These mechanisms cover various biological aspects and can be summarized as
follows:

* Neurotrophic aspects

* Oxidative aspects

* Vascular alterations

» Apoptosis

* Inflammation and para-inflammation [10, 11]

The sequence can begin with oxidation, photooxidation, or photosensitivity.
This is followed by the release of oxidizing substances and free radicals in the cel-
lular environment which in turn causes lipid peroxidation, oxidation of the critical
bonds in the protein chains and rupture in those of the DNA, activation of the
endogenous nuclease, inhibition of the expression of the Bcl2 gene, and priming of
mechanisms of cell apoptosis.

In physiological conditions, healthy retinal cells possess an arsenal of sub-
stances with protective action, including antioxidant systems (e.g., SOD) and
enzymes, which serve to balance oxidants and free radicals, minimizing damage.
One of the best known mechanisms to block or procrastinate apoptotic processes is
the activation of the Bc12 gene by growth factors, thus avoiding the fate of death,
regardless of the triggering cause. There are cells such as Miiller cells or RPE cells,
capable of producing, under hypoxic conditions, angiogenic and neurotrophic
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factors such as FGF and VEGF in order to counterbalance the insult, provided
that it is transient [12]. In the case of cellular imbalance, for example, for genetic
or inflammatory reasons, for reduction of the chorioretinal blood flow or when
alarge part of the cells has undergone apoptosis and death with consequent
induction of a chronic para-inflammatory condition, the trigger of neuroretinal
pathologies, or their progression, can occur. In our opinion, it is possible to apply
a therapy aimed at reducing the impact and progression of the disease based on
these mechanisms. The therapeutic aim is to slow down or prevent the death of
residual retinal cells [13, 14], highlighting the possible efficacy of cell therapy on
neurotrophic pathologies of the retina. Currently, in the presence of a dystrophic
pathology responsible for a low vision condition, the patient can resort to visual
rehabilitation using magnifying aids or filters to improve contrast. In a smaller
number of centers, it is possible to benefit from therapies based on the neuro-
modulation of visual signals, in order to improve not only the image on the retina
but also the perception of the same at the cortical level.

However, the progressive loss of photoreceptors contributes to reducing the per-
formance obtained with visual rehabilitation, and the social impact of the progres-
sive loss of functional autonomy should not be underestimated. New therapeutic
approaches to neuroretinal degenerations for therapy include restoring defective
genes, when the disease is caused by a genetic defect, and transplanting stem cells
to replace or repair defective or dead cells, regardless of the cause [15, 16]. Gene
therapy is a causal therapy but is currently not clinically available, and the thera-
peutic results obtained experimentally are still marginal in vivo. For this reason,
the interest of the scientific community is also addressed to stem cell-based repair
strategies, consisting in the systemic or local injection of stem/progenitor cells for
the treatment of multiple chronic pathologies [15, 16]. Stem cells are undifferenti-
ated cells that have the ability to self-renew and differentiate into mature cells. On
this basis, cell replacement therapy has been evaluated in recent years as a viable
alternative for various pathologies. This therapy hypothesizes the generation of
retinal cells from stem cells to replace damaged cells in the diseased retina. This goal
can be achieved by releasing embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), and mesenchymal stem cells (MSCs) [17] in specific target positions
of the eye. Stem cell therapy opens up the possibility of replacing or regenerating
the cells now destroyed during the most common neurodystrophic diseases of the
retina. However, ESC and iPCS have generated much controversy over ethical,
immunological, and oncological issues. Instead, the use of MSC appears to be free
from these concerns. The reparative therapy operated by the implanted cells aims to
create better conditions for the viability of the residual cells, preventing or slow-
ing their decline. We could therefore define cell therapy, or mediated cell therapy,
or any therapeutic modality based on the use of cell grafts that aim not only at the
neuroenhancement of compromised cells and the possible regeneration of some
elements (such as receptors, mitochondrial components, connection fibers) but also
to their integration with the above cells. It remains to be asked whether it is easier
to preserve or promote the survival and function of diseased cells than to actively
restore retinal cells after they have disappeared following the disease.

4.1 Mesenchymal stem cells as a therapeutic tool

MSCs are characterized by a panel of superficial cell markers proposed by the
International Society for Cellular Therapy in 2006. The MSC population is defined
as positive over 95% for CD105, CD73, and CD90 and negative over 95% for CD45,
CD34, CD14 or CD11b, CD79« or CD19, and HLA-DR [18]. Some molecules pres-
ent on the surface of MSCs and endothelial cells, such as P-selectin and integrins,
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let the MSCs themselves migrate to the lesion sites, following their intravascular
administration. After joining the endothelium, the MSCs are able to cross itina
metal-dependent way. MSCs are obtainable from umbilical cord blood, peripheral
blood, bone marrow, and adipose tissue. MSCs are multipotent: appropriate culture
conditions associated with specific growth factors drive the differentiation of MSCs
into specific cell types and can differentiate into various cell types, including osteo-
cytes, adipocytes, vascular endothelial cells, cardiomyocytes, pancreatic beta cells,
and hepatocytes. Therefore, MSCs play a key role in organogenesis, remodeling, and
tissue repair. Experimental studies have also reported that MSCs have the potential
to differentiate into retinal progenitor cells, photoreceptors, and retinal neuron-like
cells. Furthermore, stem cells, in particular mesenchymal stem cells (MSCs), are
able to perform multiple functions, such as immunoregulation, anti-apoptosis of
neurons, and neurotrophin secretion, and the current opinion is that MSCs can
exert neuroprotective and proregenerative effects, through the secretion of factors
that act in a paracrine way. An increasing number of studies also report that MSCs
are capable of giving rise to neuron-like cells. Not only are they able to differentiate
into neurons for cell replacement therapy but to maintain and regulate the microen-
vironment through paracrine effects by modulating the plasticity of damaged host
tissues [19, 20].

Of all the MSC collection sites, adipose tissue is particularly interesting and rich
in stem cells derived from fat, called ADSCs [21]. These cells are able to secrete neu-
rotrophic growth factors and promote survival, restore the release of the synaptic
transmitter, integrate into existing neural and synaptic networks, and re-establish
functional connections [22]. ADSCs produce bFGF, vascular endothelial growth
factor (VEGF), macrophage colony stimulating factor (M-CSF), granulocyte-
macrophage colony stimulating factor (GM-CSF), placental growth factor (PIGF),
the transforming growth factor (TGFp), hepatocyte growth factor (HG), insulin
growth factor (IGF-1), interleukin (IL) and angiogenin, ciliary neurotrophic factor
(CNTF), and the brain-derived neurotrophic factor (BDNF). Another type of mes-
enchymal tissue is represented by adipose tissue which, just like the bone marrow,
contains a large population of stem cells within its stromal compartment. Stromal
adipocytes or fat stromal cells secrete a series of hormones, factors, and protein
signals, called adipokines, which are associated with the role of the adipocyte in
energy homeostasis. Fat cells produce the base fibroblast growth factor (bFGF),
the epidermal growth factor (EGF), the insulin-like growth factor-1 (IGF-1), the
interleukin (IL), the transforming growth-p (TGFp), the pigmented epithelium-
derived factor (PEDF), and adiponectin. Another type of cell of mesenchymal
origin is the platelet, originating from the subdivision of megakaryocytes. Platelets,
normally known for their hemostatic action, also release substances that promote
tissue repair, angiogenesis, and inflammation modulation. In addition, they induce
cell migration and adhesion at angiogenesis sites, as well as the differentiation of
endothelial progenitors into mature endothelial cells. Platelets produce platelet-
derived growth factor (PDGF), IGF-1, TGFp, VEGF, bFGF, EGF, platelet-derived
angiogenesis factor (PDAF), and thrombospondin (TSP) [23].

The therapeutic potential of mesenchymal cells is based on the stabilizing
effect against the retinal cells exerted by the cytokines and the growth factors
released paracrinically when they are grafted. The binding of the growth factor
to the specific surface receptor placed on the cytoplasmic membrane of the target
cell is the initial step that triggers a cascade of events, activating particular second
messengers that guarantee the signal transduction at the intracellular level. The
ultimate goal is the regulation of enzyme activity or gene expression (Figure 1)

[24, 25]. In particular, activated transcription factors, entering the nucleus and
binding directly or indirectly to DNA, regulate the expression of various genes with
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The growth factors produced by mesenchymal cells implanted in the suprachoroidal space can act both

divectly on the retinal cells and indirectly, through the mediation of Miiller (MC) and RPE cells, generating
angiotrophic, neurotrophic, anti-inflammatory, and antiapoptotic effects [26, 27]. Image courtesy of P. Limoli-

Milan Low Vision Study Center.

different mechanisms, promoting greater synthesis of proteins including enzymes
and cytokines. These end products play a key role in cell survival, as assessed by
the improvement in electrical activity recorded by ERG [27]. The growth factors
are essential to trigger the cell transition from GO or resting phase to G1 or growth
phase. Furthermore these molecules stimulate a wide range of cellular processes,
including mitosis, cell survival, migration, and cellular differentiation.

4.2 Pathophysiological co-factoriality and cell therapy

The grafting of mesenchymal cells into the suprachoroidal space promotes a
continuous paracrine increase in GF that can positively interfere with the evolution
of retinal diseases in several ways.

Therapeutic activity can be classified into:

1. Hemorheological activity

2. Antioxidative activity

3. Anti-inflammatory activity

4. Antiapoptotic activity

5. Cytoprotective activity

6. Therapeutic synergy with electrical stimulation (ES)

It is worth noting that the boundaries between these categories are not neces-
sarily defined. The hemorheological activity and its increase help to restore an
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effective retinal perfusion. Photoreceptor loss that occurs in retinal diseases has
been identified as the cause of microvascular dysfunction due to the release of
cellular waste secondary to apoptosis. In fact, there is a correlation between the
extent of the blood flow and the evolutionary stage of the atrophic pathology, in
avicious circle that leads to the final loss of other photoreceptors. Several fac-

tors such as VEGF, bFGF, angiogenin, PDAF, PIGF, PDGF, EGF, and TGF-p have
been shown to promote endothelial regeneration and therefore can contribute to
the reperfusion of the choriocapillaris. Furthermore, others, including TSP and
PEDF, inhibit pathological neovascular processes [28, 29]. Antioxidative activ-

ity prevents oxygen-induced photoreceptor cell death. One of the underlying
causes of photoreceptor deterioration, which may explain the evolution of retinal
degeneration, is hyperoxia which results in a more intense oxidation process and
in the formation of reactive oxygen species (ROS). Excessive generation of reac-
tive oxygen species causes damage to membrane lipoproteins and cellular DNA,
thus leading to apoptosis and the death of photoreceptors [30]. The mechanism
involved in hyperoxia can be illuminated by the excessive amount of oxygen in the
choroid, similar to the arterial oxygen level, which results from the deterioration
and death of the photoreceptor, in addition to foveal exposure to light and the
concomitant lack of anti-enzyme oxidants, such as superoxide dismutase (SOD),
glutathione-peroxidase, and catalases, normally expressed in the mitochondria

of the internal segments of the cone and capable of catalyzing the decomposition
of hydrogen peroxide into water and oxygen molecules [31]. The concentration of
bFGF within photoreceptors has been shown to increase in response to stress in
order to promote retinal cell survival and prevent oxygen-induced photoreceptor
cell death [32, 33]. Anti-inflammatory activity can counteract the negative effects
induced by microglial activation, which occurs as soon as the apoptotic processes
induced by retinal degeneration begin [34, 35]. In turn, the apoptosis and death of
photoreceptors are suggested by the ignition of an inflammatory microclimate that
supports the chronicity and progression of a large number of neurodegenerative
diseases. In particular, RPE performs a series of essential processes for homeostasis
and retinal function and constitutes the front of the immune defense of the retina:
RPE cells are able to secrete a diversified panel of pro-inflammatory cytokines,

for example, IL-6, IL-8, chemoattractant monocyte protein-1 (MCP-1), and
interferon-f (IFN-B), as well as anti-inflammatory factors, e.g., IL-11 and TGF-p.
Intravitreal administration of MSC has been shown to exert a significant effect on
the host’s immune response by suppressing the production of pro-inflammatory
cytokines, such as IFN-f and TNF-a through IL-1 receptor antagonist (IL-1RA) and
prostaglandin E2 receptor (PGE2R) activation [36]. The therapeutic effect of MSCs
is corroborated by the neurotrophic action of ciliary neurotrophic factor (CNTF)
and brain-derived neurotrophic factor (BDNF): in culturing retinal ganglion cells,
under conditions of oxidative stress, MSC expels the last factor that helps reduce
pro-inflammation cytokine release, e.g., tumor necrosis factor-o (TNF-a) and
interleukin-1 (IL-1) [33]. M-CSF, GM-CSF, and IL exercise an anti-inflammatory
function and recruit macrophages by chemotaxis that help remove intraretinal cell
debris [37]. The antiapoptotic activity is regulated by cytokines with an inhibiting
(antiapoptotic) or inducing apoptosis (pro-apoptotic) action [38].

Proteins of the Bcl-2 family are particularly known for their regulation of apop-
tosis by interacting with caspases, a family of cysteine-containing protease enzymes
(proteinases or caspases specific to cysteine’s aspartate). RPE and Miiller cells produce
awide heterogeneity of factors, e.g., fibroblast growth factors (FGF-1, FGF-2, and
FGF-5), transforming growth factor-p (TGF-p), insulin-like growth factor 1 (IGF-1),
ciliary neurotrophic factor (CNTF), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), some members of the Interleukin family, and the
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pigmented epithelium factor (PEDF). This multitude of growth factors, released in
the retinal cytosol, is able to produce a wide trophic action on adjacent structures.

As a consequence, the progressive loss of RPE and Miiller cells hinders the incre-

tion of these bioactive agents: their antiapoptotic action is therefore slowed down

or completely blocked. The administration of mesenchymal cells can interfere with
the apoptotic process involved in retinal degeneration. The growth factors excreted
by the grafted mesenchymal cells perform a variety of functions; in particular they
are able to facilitate the expression of the Bcl-2 gene in order to avoid the inexorable
death of the cells, regardless of the root causes [17]. The cytoprotective activity of
the GF contributes to neuroprotection by regulating the metabolic activity of the
photoreceptors, which is widely compromised in diseases of the retina. Like bFGF,
PEDF has been found to exert neurotrophic activity, inducing the overall survival of
photoreceptors [39]. Significant data currently exist to suggest that certain factors
such as EGF play a role in potentiating the neuroprotective action of Miiller cells by
stimulating their intracellular transcription and bFGF expression [40]. The VEGF
released by the PRP has been shown to stimulate the proliferation of ADSCs which
therefore promote the survival of grafted autologous fat and adipocytes [41]. BFGF is
known to directly promote the survival of photoreceptors [42]. Synergy with electri-
cal stimulation (ES) addresses four main aspects: survival of native cells, survival of
transplanted cells, integration of transplanted cells, and functional formation of syn-
apses/axon regeneration [43]. In recent years, the synergy between cell therapies and
electrical stimulation has started to be considered as a possible treatment for degen-
erative diseases. Rat retinas treated with ES showed a reduction in apoptosis [44]. It
has also been shown that in light-induced retinal degeneration models, stimulation
with ES contains the death of photoreceptors and preserves the length of the external
segment [45]. Consequently, it can be assumed that ES treatment can create a more
balanced and less hostile environment by modifying the secretion of neurotrophic
factors. ES affects the upregulation of neurotrophic factors in Miiller cells normally
involved in this protection mechanism. After ES, increased expression of in vivo beta
fibroblast growth factor (b-FGF), insulin growth factor 1 (IGF-1), and brain-derived
neurotrophic factor (BDNF) was observed. Conversely, ES reduces the production of
pro-inflammatory cytokines such as tumor necrosis factor-o (TNF-a), interleukin-1p
(IL-1pB), and the pro-apoptotic gene Bax. The release of neurotrophic factors from
the postsynaptic membrane made possible by neuromodulation, together with the
enrichment of the same factors in the extracellular environment managed by autolo-
gous grafts, determines the formation of synapses at a presynaptic level, facilitating
and strengthening neurotransmission [44, 45].

4.3 Cell therapy and routes of administration

The effectiveness of cellular treatments for atrophic pathologies of the retina,
in order to stabilize and enhance the visual function, is based on two key elements:
on the one hand, the surgical implant techniques and the cell lines used, and on
the other by the quantity and quality of residual retinal cells, in other words from
the earliness of the treatment. The technique must be simple, totally risk-free, and
painless, and the exploited cells must not cause further damage to the residual reti-
nal cell or to the person. Cytokines and growth factors, released paracrinically from
the cells administered, must bind to membrane receptors to trigger the pathway of
intracellular signal transduction. They still require retinal cells that are still alive.

From the studies carried out so far, it seems that the greater the number of
residual cells, the greater the interaction between GF and chorioretinal cell
membrane receptors, cellular activity, and, ultimately, the improvement of visual
performance (VP) [27]. The release of growth factors in a retina with very low
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cellularity hardly causes detectable neuroenhancement. To achieve this goal, differ-
ent approaches have been explored by inserting these cells in the subtenonian space
and in the intravitreal or subretinal space. But it seems that positioning the implant
in the suprachoroidal space can satisfy efficacy and safety. In fact, the graft under
the tenon, although it has therapeutic significance, does not allow the growth
factors produced to reach the neuroretinal tissues inside the sclera in important
quantities.

Intravitreal injections of cellular material are effective and simple to perform,
but it is necessary to pierce the bulb and leave this material free in the vitreous
chamber. Serious complications such as infection, vitreoretinal tractions, and
bleeding are also possible.

The release in the subretinal area seems to be the best for the possibility of a
potential modification of cell lines due to the direct contact of MSCs with neuronal
cells, but their grafting is even more dangerous when the retina is compromised by
atrophic diseases [46]. The suprachoroidal graft maximizes the supply of growth
factors that flow directly to the choroidal level and through the choroid to the
entire retina without creating bulbar perforation. In our experience, in order to
have the therapeutic action of growth factors in the retinal environment, we have
explored the possibility of treating the dystrophic retina with the implantation of
the cell types of mesenchymal origin mentioned above, in detail adipose stromal
cells (ASC), stem cells derived from adipose tissue (ADSC) contained in the
stromal-vascular fraction (SVF) of adipose tissue, and platelets (PLT) recovered
in platelet-rich plasma (PRP) [47-49]. To this end, we used a surgical technique
called Limoli retinal restoration technique (LRRT), described in previous works
(Figure 2) [27, 50, 51]. The autotransplantation of ADSC, ACS, and PLT above
the choroid plane improves the incretion of the bioactive factors produced in the
choroidal flow and, consequently, promotes their widespread diffusion through the

_’/ Scleral Flap

Vessel - Sclera

Choroid Orbital
Adipocytes PRP Growth Pactors

Figure 2.

Autotransplantation of adipose tissue, ADSCs from vascular-stromal fraction, and PRP according to the Limoli
retinal restoration technique (LRRT). The production of growth factors (GF), characteristic of these cells,

is poured directly into the choroidal flow in paracrine mode, helping to maintain the trophism of the retinal
cells. The GF, through the choroidal flux, have a direct action on the choroid, on the Miiller cells, on the RPE
cells with improvement of the physiology of the external segments (OS), on the rods, and on the cones. Image
courtesy of P. Limoli-Milan Low Vision Center.
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retinal tissue, finally exuding in the vitreous body. This action positively influences
some functional parameters after interaction with the residual cells.

The relapses of cell therapy favor a better choroidal perfusion and a higher
trophism of the photoreceptors, both directly (GF) and mediated by the RPE and
Miiller cells. It is therefore believed that the interaction between retinal cells and
growth factors plays a crucial role in leading to an improvement in the prospects of
degenerative retinopathy, to prevent and/or delay its progression.

The possible goals with cell therapy are schematically:

* Restoration and neuroenhancement on residual cells (Figure 3)
* The partial reduction of the scotoma (Figure 4)

* The improvement of the reading performance by stabilizing the fixation
obtained with neuroenhancement (Figure 5)

* The improvement of the choroidal flow (Figure 6)

* The conservation of useful areas such as the fovea (when it is still present) or
the preferential reading field (Figure 7)

* The slowing down of retinal disease (Figure 8)
In our study, greater foveal or retinal thickness is associated with a better prog-

nosis. On the other hand, the lack of cells cannot make interactions between growth
factors and membrane receptors possible [27, 51]. For this reason, cell therapies

TO T180
0,045 logMar (0,9) 7 pts dB 14,41 BCEA 2,0 0,000 logMar (1,0) 6 pts, dB 16,61 BCEA 0,9
Figure 3.

The image shows the effect of a suprachoroidal implantation of autologous mesenchymal cells in a patient with
retinitis pigmentosa. The wealth of cells in the foveal area, documented by OCT, and therefore the high number
of interactions between growth factors produced and specific membrane receptors, has allowed (T180) an
increase in visual performance (BCVA, dB, pts). Image courtesy of P. Limoli-Milan Studies Center.
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Figure 4.

Patient suffering from dry AMD with arveolar evolution (vetinography top left). The patient treated for 3
months with supplements did not show any increase in sensitivity even if we vecorded a near viscous increase
(picture below left). After suprachoroid implantation of autologous mesenchymal cells (T30 and T180), we
observed an increase in sensitivity outside the atrophic area and a further improvement in the visual acuity.
The near vision passes from 18 points of the initial evaluation to 10 points of the final evaluation which took
place 9 months later. Image courtesy of P. Limoli-Milan Low Vision Center.

T00,6 12 cp dB 15,4 maxERG 80,97 mV T300,8 9 cp dB 18,8 max ERG 85,87 mV

Figure 5.

Tl'i‘ figure shows a case of dry AMD with a small atrophic area. An autologous suprachoroidal implant was
performed and from the first month (bottom right) an improvement in visual performance was observed in
terms of sensitivity, electrical activity, and visual acuity for far and near. Retinal neuroenhancement favored
the re-centering and stabilization of fixations. Image courtesy of P. Limoli-Milan Low Vision Center.

must be proposed as soon as the disease starts to progress, when the cells are still

numerous and the patient realizes the functional change. If a disease is stable and
its impact on vision is accepted by the patient, it is not advisable to propose cellular
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Figure 6.

Patient suffering from dry AMD with a peripheral areolar evolution (blue arrows at the top left). Sensitivity
appears to be compromised by a paracentral scotoma, but survival of the fovea allows for good visual ability
(bottom left). After autologous suprachoroidal graft of mesenchymal cells (T180), we observed an increase in
the thickness of the choroid (top right and center right). Despite the increase in the paracentval scotoma which
has become more profound as an expression of a now dying area, the improvement of the choroidal civculation
has contributed to the maintenance of the foveal avea and the stabilization of visual performance. Image
courtesy of P. Limoli-Milan Low Vision Center.

surgery. Knowledge of the overall amount of retinal cells is of particular impor-
tance: the rehabilitator and surgeon should be aware of this as a precise predictor of
outcome for patients treated with cell therapy.

5. Conclusions

Stem cell therapy is going to change the natural history of various ophthal-
mologic conditions. For example, several studies have highlighted the chance to
repair corneal damage through the implantation of conjunctival cells grown on the
amniotic membrane with a good clinical outcome. In addition, an improvement
in clinical parameters was observed in patients with limbal stem cell deficiency
through the implantation of autologous conjunctival stem cells. This is evidenced
by an increase in the visual acuity and a reduction of irritation. Despite biochemical
evidences of the existence of stem cell populations in the remaining portions of the
anterior segment (trabecular, iris, and crystalline), their clinical use is still under
study.

Pioneering studies conducted on animal models have provided hopeful evi-
dence for the hypothesis that stem cell therapy is a valid approach to sight-threat-
ening degenerative retinal diseases, including retinitis pigmentosa, Stargardt’s
disease, dry age-related macular degeneration, and vascular occlusions. A number
of phase I/1I clinical trials on humans seem to have confirmed the effectiveness
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Figure 7.

Another case of dry AMD with saving of the foveal area (above) and To. Six months after LRRT, despite the
progression of the scotoma within the paracentral atrophic areas, the fovea has maintained its sensitivity, and
visual performance has been preserved (T180). ERG activity (bottom left) showed an increase (bottom right).
Image courtesy of P. Limoli-Milan Low Vision Center.

T2Y 24,8 dB 0,2 14 pts 91,5X

Neuroenhancement help to attenuate scotoma and
Starga rdt slow down the evolution of degenerative maculopathy
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Figure 8.

Patient with molecular diagnosis of Stargardt’s maculopathy. In 2014, a suprachoroidal graft of autologous
mesenchymal cells was performed. Visual performance after 5 years appears unchanged. Image courtesy of
P. Limoli-Milan Low Vision Center.
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of this method. We now know for sure that when placed in an appropriate tissue
niche stem cells not only survive and proliferate but are capable of differentiating
into proper retinal cells which exhibit functional characteristics of real photore-
ceptors, resulting in the development of a retina-like structure. Further studies
are needed to put such promising experimental data into clinical practice and
establish standardized procedures for the application of stem cell therapy in the
ophthalmological field.

Abbreviations

LESCs limbal epithelial stem cells

ADSC adipose-derived stem cells

IPSCs induced pluripotent stem cells
HPSC human pluripotent stem cells

MSCs mesenchymal stem cells

ESCs embryonic stem cells

TAC transit amplifying cells

LSCD limbal stem cell deficiency

ABCG2 ATP-binding cassette family G member 2
CK cytokeratin

AMD age-related macular disease

RPE retinal pigment epithelium

ERG electroretinography

BCVA best corrected visual acuity

RGC retinal ganglion cells

RP retinitis pigmentosa

DR diabetic retinopathy

FGF fibroblast growth factor

VEGF vascular endothelial growth factor
GM-CSF granulocyte-macrophage colony stimulating factor
M-CSF macrophage colony stimulating factor
PIGF placental growth factor

TGFp transforming growth factor beta

HG hepatocyte growth factor

IGF-1 insulin growth factor

IL interleukin

CNTF ciliary neurotrophic factor

BDNF brain-derived neurotrophic factor
EGF epidermal growth factor

PEDF pigmented epithelium-derived factor
PDGF platelet-derived growth factor
PDAF platelet-derived angiogenesis factor
TSP thrombospondin

MC Muller cells

SOD superoxide dismutase

IFN-B interferon beta

IL-1RA interleukin 1 receptor antagonist
MCP-1 chemoattractant monocyte protein 1
PGE2R prostaglandin E2 receptor

CNTF ciliary neurotrophic factor

ES electrical stimulation

VP visual performance
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LRRT Limoli retinal restoration technique
(0N external segment

ASC adipose stromal cells

PLT adipose tissue and platelets

PRP platelet rich plasma
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Abstract

Nanowires aim at developing advanced architectures are gaining popularity for
damaged neural systems. The retina with a complicated structure is an essential part
of our visual nervous system. Any disorder inside retina could lead to blindness due
to irregularity in transferring neural signals to the brain. In recent years, the emer-
gence of nanostructures, as well as nanowires, has provided a viable means for
enhancing the regeneration of retinal. Nanowires with the ability to sense light and
converting it to the electrical signals simulate the extracellular electrical properties,
which are the newest nanostructures for the retinal applications. The different
structure of nanowires has been examined in vitro, and several others are undergo-
ing in vivo for vision recovery. Among the structures, core-shell nanowires and
functionalized nanowires with gold nanoparticles attract the attention for the
regeneration of retinal neural systems. Herein, subsequently provide an introduc-
tion to the anatomy of the retina, and retinal disorders, the latest progress in the
regeneration of retina and vision using nanowires will be reviewed. Also, the dif-
ferent structures, including core-shell and functionalized nanowires with
nanoparticles, will be examined. Eventually, the point of view and perspective of
applying nanowire in retinal regeneration will be offered.

Keywords: regeneration of retina, nanowires in ophthalmology, nanowires
for tissue engineering, nanowires biocompatibility

1. Introduction

The retinal transplantation is limited due to the complex neural network [1].
Retina senses light and converts it into the neural signals and transfers neural
signals to the brain and cause visual perception [2, 3]. Nanostructures have evolved
as multidisciplinary applications by combination with materials as an advanced
architecture to develop functional substitutes for various proposes such as wound
dressing [4-6], tissue engineering [7-11], and biomedical applications [12-14].
Neuroscience, related to the retina is one of the most exciting fields where
nanostructures with modified properties serve as scaffolds to promote and facilitate
the migration and adhesion of the cells [15].

Until recently, it was believed that scaffolds simulated the extracellular matrix
(EMC) in the regeneration of retina, and served as a support for cell migration,
adhesion, and morphology only [16-18]. Emphasis was on loaded materials and
morphology construction to develop biocompatible and biodegradable scaffolds
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with appropriate mechanical properties [19-22]. However, the first definition of
tissue regeneration is developing scaffolds with acceptable biocompatibility to
implant in the host body to repair damaged tissues or organs. Therefore, the
electrospun nanofibers with a high ratio of surface-to-volume, tunable porosity,
and similarity to natural EMC show the ability to modify the surface functions with
different structures for a wide range of tissue regeneration [23]. Nanofibers have
emerged as a potential to simulate the ECM in many tissues such as bone [10],
nerves [24], and various techniques have been employed to fabricate the nanofibers
with excellent properties [25].

As extracellular electrical simulation involves in neuroscience and neural tissue
engineering [26-28], attention is focused on nanowires applications for visual neu-
ral system [29-31], brain [32, 33] and cardiac [34]. Nanowires have recognized as
widely used nanostructure for the cell microenvironment where the electrodynamic
properties [35] have permanently affected cellular functions, such as morphology,
adhesion, differentiation, and proliferation [36]. As a consequence, researchers
have developed new structures for better electroconductivity, biocompatibility, and
cell adhesion [37-39].

Nanowires have been shown that simulate the nerve signals in the retina and
transfer between the layers could improve the vision loss by the damaged retina. To
explain the recovery of vision with nanowires, which lost by retinal degeneration,
we will begin by describing the retinal anatomy, and how various retinal disorders
may cause blindness. Then we will investigate the nanowires which could enhance
retinal organization with sensing light and converting it to the electrochemical
signals with different materials, structures, and properties. Finally, we will discuss
the challenges ahead and prospect in the application of nanowires for recovery of
vision that lost by retinal destruction.

2. Retina
2.1 Anatomy of the retina

The retina is the innermost multilayered structure of the eye with an approxi-
mate thickness of 0.50 mm [40]. Retina first translates light into a biochemical
message and then prepared biochemical messages converted into the electrical
messages, cause to the visual information with transmitted to the primary visual
cortex of the brain via the optic nerve.

The retina is composed of retinal pigment epithelium (RPE) and neuroretina,
which is further divided into nine layers. Respectively, the neuroretina layer
includes the outer and inner segments of photoreceptors (PL), outer limiting mem-
brane, outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer
[41], inner plexiform layer (IPL), ganglion cell layer (GCL), nerve fiber layer
(NFL) and inner limiting membrane (ILM) from nearest layer to choroid up to
nearest layer to vitreous [40]. This part is consists of five types of neurons: the
visual receptors cells (the rods and cones), the horizontal cells, the bipolar cells, the
amacrine cells, and the retinal ganglion cells [42].

RPE with a function to absorb light is a monolayer of pigmented hexagonal cells
which are denser in the macular area. Mostly, the interaction between RPE and
photoreceptors has a significant effect on the ability of photoreceptors to detect
light and convert the light into the electrical signals, which caused vision prepara-
tion [43]. RPE is separated from the choroid by the Bruch’s membrane. As RPE is
located between the outer segments of the photoreceptors and the vascular layer of
the choroid, it has a two-directional function. RPE with transports ions, water, and
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metabolic products from the subretinal space to the blood and receiving nutrients
such as glucose and retinol from the blood to nourish the photoreceptors playing the
critical role in the retina layer. However, failure in mentioned functions can lead to
retinal degeneration, visual loss, and eventually blindness [43].

PL is the only light-sensitive part of the neuroretina and is composed of outer
and inner segments of the rod and cone cells. Cone cells are responsible for color
detection and are found in high number in the macula, especially foveal region,
whereas rods are more active in the dark and are abundant in the peripheral retina.
OLM layer separates PL from the photoreceptor nuclei, and it is not considered as
an actual layer. ONL contains the nuclei of photoreceptors, and its thickness varies
across the retina with the maximum thickness at the fovea. However, the axons of
the photoreceptors cells and their synapses with bipolar and horizontal cells form
the OPL. On the other hand, cell bodies of horizontal cells, bipolar cells, amacrine
cells, and Muller glial cells are in the INL layer. The INL layer, playing the critical
role to transmit inputs signals from IPL to OPL, which is composed of synapses
between the bipolar, ganglion, and amacrine cells. The innermost layer of the retina
is GCL and located in the place near to the vitreous and contains the cell bodies of
ganglion cells and displaced amacrine cells, astrocytes, and Muller cell bodies that
their axons converge on the way to the optic disc and form NFL. The latest layer of
the retina is ILM, which forms the inner boundary of the retina on the vitreous side.
Figure 1 is showing the retinal layer that divided into nine layers with nine different
cell type [40].

The macula is a region inside the retina which contains the highest number of
ganglion cells and cause the optimal vision and color perception process [44]. Rods
and cones are responsible for the initiation of the scotopic and photopic visual
processing, respectively. When the light absorbed by photoreceptors, rod, and cone
cells with releasing glutamate as a neurotransmitter cause to transfer the electrical
signals from synapse onto the bipolar cells at the OPL layer. Afterward, transferring

) Asirocyte (Asio)

Figure 1.

Thgeltmatomy of retina from outer layer (up) to inner layer (down) is containing of retinal pigment epithelium
(RPE), outer segment of photoreceptors (OS), outer nuclear layer (ONL), outer plexiform layer (OPL), inner
nuclear layer [41], inner plexiform layer (IPL), ganglion cell layer (GCL), inner segments of photoreceptors
(IPL), optic fiber layer (OFL), and inner limiting membrane (ILM) from nearest to choroid to nearest to
vitreous, respectively. The retina is consist of nine cell line consisting of vod photoreceptor (R), cone
photoreceptors (C), horizgontal cells (HC), bipolar cells (BC), amacrine cells (AC), displaced amacrine cells
(dAC), retinal ganglion cells (RGC), Muller cells, and astrocyte cells (Astro) [2].
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the electrical signals from bipolar cells synapse by amacrine and ganglion cells at the
IPL to the axons of the ganglion cells lead to the output neurons signals formation as
the optic nerve and deliver the visual information to the brain [45].

2.2 Retinal pathology

It is reported that half of the blindness in the world is related to the various
retinal damages. Degenerative damages such as age-related macular degeneration
(AMD) and retinitis pigmentosa (RP), optic neuropathy such as glaucoma and
vascular retinopathy as well as diabetic retinopathy (DR) are the most common
retinal diseases and the leading causes of legal blindness [46].

AMD is an age-related retinal problem occur in two forms of dry and wet. The
dry form is mainly diagnosed by drusen and extracellular materials deposition such
as lipids and proteins which accumulate in Bruch’s membrane, and loss of photore-
ceptors by geographic atrophy of the macula. However, wet form or neovascular/
exudative AMD is diagnosed by choroidal neovascularization (CNV), blood vessel
development and hemorrhage/leakage of blood and fluid accumulation into the
neural retina which can lead to the RPE detachment. The hallmark of AMD is the
degeneration of neurons in the macula, which may result in central vision loss at the
early stage of the disease [47].

RP refers as a hereditary and neurodegenerative disease of the retina may appear
in different forms. The outcome in all forms is photoreceptor degeneration and
subsequently, cell death. Photoreceptor degeneration starts from the periphery of
the retina, which progressively decreases the visual field and consequently makes a
tunnel vision for the patient. Vision impairments in RP will start with rod photore-
ceptors and followed by cone photoreceptors degeneration that latter can lead to
alteration and abnormalities in the RPE [48].

Glaucoma is the most common optic nerve disease that can lead to blindness.
Glaucoma with increasing the intraocular pressure may cause retinal ganglion cells
degeneration. However, disorders in the retinal nerve fiber layer and optic nerve
proceed during glaucoma and will lead to irreversible vision loss if the treatment is
not appropriate [49].

DR as vascular retinopathy is another cause for blindness in the worldwide
which divided into type-one and type-two. There is evidence for possible
dysfunction of Muller cell during diabetic neuropathy [50]. DR is classified into
the proliferative stage with loss of blood supply and non-proliferative stage
with altered retinal vascular permeability, intraretinal microaneurysms, and
macular edema [51].

There is no definite cure for retinal diseases, and most of them end up with
severe visual impairment or blindness. Current medical treatments may help to
decrease the progression of the disease and are unable to cure them. Therefore there
is a need for novel approaches to target restoring partial vision by preparing the
advanced structure as well as nanowires and nanomedicines.

3. Structure and overview of nanowires

Nanostructures could be useful to follow the development of advanced struc-
tures for retinal applications where functionality depends on materials properties.
Moreover, the combination of scaffolds with existing nanomaterials may improve
the required functions [52]. In a recent study, nanowires with various structures
have been used for regeneration of retina. The synthesis and fabrication of
nanowires, with a narrow range of subtracting such as gold and TiO, nanoparticles
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combined with polymers as well as poly (e-caprolactone) cast onto anodized
aluminum oxide template, have been used for retinal regeneration
applications [53-55].

Gallium phosphide is another example of materials have been employed for the
regeneration of retinal. Gallium phosphide as multimodel nanowire employed for
different geometries such as rod and cone photoreceptor, ganglion cells, and bipolar
cells [56]. Also, the same structure coated with poly-L-ornithine showed that
nanowires have significant potential on morphology, adhesion, and metabolism of
cells in comparison to the flat surface [57, 58].

The nanostructures designs based on silicone, to simulate the retina photorecep-
tor was improved by nanomaterials coating as well as gold and titanium oxide
nanoparticles [59]. Whereas, silicon nanowires have been shown to form spontane-
ous conjunction with photoreceptor cells. Such nanostructures showed that they
could improve the quality of photoreceptor simulation and increase cell adhesion to
the nanowires when placed in direct contact with cells [60].

Silicon nanowires coated with gold were shown to be more effective at the
simulation of photoreceptors; this is mostly attributed to the higher surface to the
area for sensing light and charge transfer [61, 62]. Another type of nanostructures is
thin films functionalized with the nanoparticle to sense light. Thine film structures
were able to simulate cultured photoreceptors when subjected to direct visible
light [50, 63-65].

In addition to sense light, nanowires can use for transferring the electrical signals
through the cells such as rode and cone cells [66]. One way for transfer signals
between the nanostructures and cells is to simulate solar panels structure in
nanosize via materials such as n-type and p-type silicon, which can sense the light
and convert the light signals into the electrical signals. In particular, silicon
nanowires are useful to sense light and transfer the signals to the internal layer of
the retina to recover the eyesight [67, 68].

The architecture of nanowires has been clarified as complex core-shell
nanowires with complex chemical profiles. These advanced structures have been

Nanowire Forms Length (pm) Modification Refs
Iridium wire Pillar array electrode 75 Embedded with glass [66]
Poly Nanowire 2.5-27.5 Cast onto anodized aluminum [53]
(e-caprolactone) oxide template

Poly Short nanowire 25 Electrospinning method [55]
(e-caprolactone)

Gallium phosphide Nanowire 0.5-4 Gold nanoparticles [56]
Parylene/silicon Silicon tip Not reported Platinum and gold tine film [59]
Gallium phosphide Functionalized Not reported Gold/palladium nanoparticles, [57]

nanowire nanowires coated with

poly-L-ornithine

Silicon Nanowire/ 20 Coated by polyimide [62]
microelectrode
n-type silicon Nanowire Not reported Gold/palladium nanoparticles  [60]
Titanium dioxide Nanowire Not reported Gold nanoparticles [67]
n-typelp-type Coaxial nanowire Not reported Gold nanoparticles [69]
silicon
Table 1.

The materials have been used to prepare the nanowires structuve for vetinal implant applications.
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made from n-type and p-type silicon for making connections between the mem-
branes of live bipolar cells and nanowires to sense the light for the recovery of
vision [69]. Table 1 represents the materials have been used as nanowires for vision
recovery lost due to retinal disorders.

4. Nanowire based mechanism of retina regeneration
4.1 Extracellular matrix simulation and cell adhesion

Tissue engineering specified as two foremost policies to redevelop the injured
tissues or organs such as (1) cell-based; when cells are the critical substance to
modify the place before transplanted to the host body, and (2) scaffold-based; when
an extracellular matrix (ECM) from biomaterials designed and simulate in vivo
structures. Recreating the retina requires effective architecture to mimic the extra-
cellular matrix with physiological and morphological features resembling the
in vivo structure [70]. The ECM with the composition of an intricate interweaving
of protein provides the appropriate structure for cells grow with vast morphogene-
sis, which creates the vary forms of tissue and organs. However, the ECM classified
into the two main categories of interstitial and pericellular. The interstitial matrices
define as matrices that surround cells, whereas; pericellular matrices are with close
contact with cells. The obvious example is the basement membrane, which is a type
of pericellular matrix, and with providing an anchoring, membrane prevents
parenchymal cells to break apart [71]. Also, unique ECM is associate to differenti-
ate, changes in morphology and topography of cells to form the unique tissue and
organs [72].

The mature mammalian retina is consists of two basement layer such as Brunch
membrane at the interface between retinal pigment epithelium (RPE) membrane
and choroid and second is the inner limiting membrane (ILM) at the interface of the
neural retina with the vitreous body [73]. Figure 2 is showing the two basement
layers in the structure of the retina and their morphogenesis.

Figure 2.

Immunohistochemistry of the 8 weeks gestation human that stained with the immunofluorescent antibody. The
yellow line labeled are showing the Bruch’s and ILM membrane that continues the same identical membrane
folded over inside the eye (A), the scanning electron microscope of the ILM membrane showing that the surface
in contact with RPE (Ret) is irvegular whereas the vitread surface (Vit) represents the smooth surface (B), and
Bruch’s membrane showing the composition of aligned collagenous fibers (F) in composition of cell process (C)
[74, 751

124



Application of Nanowires for Retinal Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.90149

Recently, Kharaghani and co-workers [76] reported a study emphasizing the
importance of morphogenesis in the three-dimension (3D) nanofibers scaffold
structure in guiding the seeded cells for ophthalmic tissue engineering mainly for
cornea and retinal applications. The necessities for using scaffolds in ophthalmic
tissue engineering are cell adhesion besides to tensile strength, effectiveness on cell
morphology, and topography of scaffolds [76]. This report stressed the significance
of the underlying ECM in endorsing exclusive micro and nanoenvironments that
fosters tissue regeneration. However, it is unfortunate that there is no report about
the study of ECM simulation by nanowires or surface chemistry of nanowires that
shows cell adhesion, where it is used for retinal regeneration. At the moment, all
reports have been used the single nanowire for the regeneration of retina.

In attempts to control the cell adhesion on nanowires, researchers repopulated
their strategy to change the surface chemistry nanowires prepared based on tita-
nium, silicon, and zinc [77-79]. However, the in vitro and in vivo researches have
been don around the regeneration of retina by nanowires, and results show that
cells tended to encompass. Also, it should be happening due to electrical stimulation
of place based on the extracellular electrical.

4.2 Extracellular electrical simulation

It is mentioned here earlier that converts light into the neural signals and trans-
fer neural signals to the brain by retina will lead to visual perception. Extracellular
electrical involving ion channels has a vital role in nervous systems such as the
retina. Photovoltaic polymers such as silk have been shown the great potential to
use a connection between the layer of the retina to restore the vision with transfer
the electrical signals [80]. The intracellular voltage is one of the unknown metrics
that many types of research have been focused on recording signal strength use a
nanoscale electrode as well as nanowires. Nanowires have been shown the tremen-
dous potential upon extracellular electrical stimulation of cells to promote cell
growth, adhesion, and differentiation. Also, Vodovnik and coworkers showed that
the external electrical field had a significant effect on the polarization of cells on the
cathodal and anodal side of the electrode [81].

On the other hand, the positive and negative charge should be optimized for the
clinical implant to achieve successful results. The cationic polymers and
nanoparticles with high concentrations of nitrogen may help to compaction of
negative charge DNA and RNA and lead to better gens protection and endosomal
escape in addition to high transaction efficiency and stability [2]. Figure 3 is
showing how nanowires with simulating the extracellular electric could cause cell
adhesion to the nanowires and effect on the recovery of vision after implantation
in mice eye.

Among the various nanostructures, gold nanoparticles due to high electrocon-
ductivity, biocompatibility, and chemical inertness have been attracting the atten-
tion to develop scaffolds for neural systems such as retinal applications. However,
it is unfortunate that the development of high-quality gold nanowires faces chal-
lenges in the absence of robust methods for synthesis. Nevertheless, the gold
nanoparticle with the electrical resistance of 52 Q is one of inseparable part of
scaffolds have been used for retinal applications as reported in Table 1, which gold
nanoparticles have embedded with nanowire structures [61].

In an attempt to design an implantable electronic device for regeneration of
retina when photoreceptors are damaged, electrically stimulate of retinal neurons,
become an essential challenge. Whereas, several retinal prostheses are going on, but
none of them have shown the ability to evoke phosphenes in blindness. Refer to
retinal anatomy controlling the signal impedance is the most crucial subject to
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Figure 3.

The immunohistochemical graph of glial cells from mouse have been cultured on gallium nanowires, the cells
stained green by glial fibrillary acidic protein (GFAP) and cells nuclei stained blue by 4,6-diamidino-2-
phenylindole (DAPI) (A), SEM image from rat dorsal root ganglion cell surrounded a single a coaxial n-
type/p-type silicon nanowire (B), SEM image from interface between the mice vetina (RPE) and titanium
dioxide array nanowire modified by gold nanoparticles (C), and the response of UV-light-evoked in the blind
mice retina after implantation with titanium dioxide array nanowires modified with gold nanoparticles (a),
blind mice without any implantation (b) and control (c) [67, 69, 82].

prepare the appropriate prosthesis due to discerption of the retina as a layered
structure with different electrical conductivity for each layer which the inner layers
have higher resistivity in comparison to outer layers such as retinal epithelial pig-
ment and membrane [83].

However, among the different research, simulation of photovoltaic materials, as
well as silicon and titanium nanowires functionalized by gold nanoparticles that
have the ability to receive the light signals and change the light signals to the
electrical signals, are attracting the interests [68, 84]. Also, photovoltaic nanowires
started the new generation of materials with extracellular electrical simulation and
conjunction with the cells that are remaining the main challenges as implants used
for retinal regeneration (Table 2).

4.3 Light sensation

Nanowires have been explored extensively as a component of photovoltaic to
improve the efficiency of sensing light for retinal applications. The use of single
nanowire as photovoltaic nanostructures present the several crucial advantages,
which may leverage to produce robust, high efficiency and compatibility with cells.
The simple example of sensing light and converting the light signals to the electrical
signals are solar cells made from n-type and p-type silicon. Briefly, the p-type silicon
produced by materials that have one free place for accepting one extra electron on
the outer layer of orbital despite the #n-type silicone which produced by elements and
has one extra electron in the outer layer of their orbital and electron is not involved
in any bonding. However, light absorption by the n-type silicon layer will cause to
the movement of an extra electron to the empty orbital of p-type silicon, and this
electron movement between the 7-type and p-type silicon layers lead to changing the
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Nanowire In vitro In vivo Cell responses Refs

Iridium wire — Subretinal Implant connected to inner nuclear layer  [66]
(rat)

Poly (e- Retinal progenitor cells — Cells developed on the place that short [53]

caprolactone) nanowires aggregated

Poly (e- — Subretinal Short nanowires have done better [55]

caprolactone) (pigs) interaction with cells in comparison to

electrospun nanofibers.

Gallium Rod and cone — Glial cell did not overgrow the neurons [56]
phosphide photoreceptor, may be due to topographical of nanowires.
ganglion cells and
bipolar cells

Parylene/ — — [59]
silicon
Gallium Cortical neural stem — Nanowires embedded with cells strongly ~ [57]
phosphide cells and nanowires did not have a significant

effect on the morphology and RNA

microarray.
Silicon — — [62]
n-type silicon  Mice retinal cell — The nanowires showed good cell [60]

distributions even though the nanowires
do not permit the neural network

formation.
Titanium — Subretinal ~Array nanowires could transfer the neural [67]
dioxide mice signals and partly recover the vision of

blind mice.
n-typelp-type  Dorsal root ganglion =~ — Cells successfully surrounded the [69]
silicon nanowires, and in vitro light senses

showed the ability of produced nanowires
for senses the light and neural signal
transfer.

Table 2.
The in vitro and in vivo responses of nanowires.

light signals to the electrical signals [41, 85]. Figure 4 is showing the process of
turning light signals to the electrical signals used for regeneration of retinal photo-
receptor. Also, sensing the light and electron travels between the n-type, p-type
silicon will cause to the preparation of local extracellular electrical simulation, and
conjunction between nanowires and cells as explained earlier. However, the gold
nanoparticles with one free electron in the outermost layer of orbital play a vital role
in improving the sensitivity of light perception in composition whit coaxial silicon
nanowires [86]. Therefore in most of the nanowires have been produced for the
regeneration of retina, gold nanoparticles loaded on the surface of nanowires.

Another example of using the same construction introduced by Tang et al. [67]
use titanium dioxide nanowire loaded by gold nanoparticles. Also, they show that
titanium dioxide nanowire loaded by gold nanoparticles with size 10 nm have the
ability to efficient electron injection into the nanowires and implant as photorecep-
tor simulation in the rat retina success upon photo-illumination [67].

In the past years, nanowires with various structures but the same proposition for
the regeneration of retina, recovery of vision have been developed, and their per-
formance has been investigated. The researchers found that nanowires loaded with
gold nanoparticles, showed a robust potential compare with cheapest and devices
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Figure 4.

Schematic of electron movement and holes toward the n-type and p-type silicon at the neural cell membrane for
simulating the light senses. Light with receive to the n-type silicon containing the positive ions causes to the
movement of electrons to the p-type silicon layer containing negative ions cause to senses the light and transfer
produced faradic current to the cells [69]. (Refer to ACS ChemMatters online archive 2013-2014).

for vision recovery lost due to retinal degeneration. Such observation emphasizes
that nanowires are starting point in the progress for regeneration and implantable
artificial photoreceptors.

5. Challenges and prospects

We believe that future strategies could involve incorporating smart
nanostructures to simulate the extracellular matrix in addition to extracellular elec-
tric based on the intracellular electric charges to follow the polarization and adhe-
sion of cells in the retina. For example, when the level of light changes, the system
would control the transferred electrical signals by implants. Therefore we believe
that nanostructures such as carbon nanotubes could serve to control the extracellu-
lar electrical charge incorporation nanoparticles such as gold nanoparticles for
light sensation with a size of less than 10 nm to control the thermal stability.
Figure 5 is showing the retinal cell polarization when external electrical charge

C—3 10 pm 000 200 400 600 W00 1000 1200 14.00

Figure 5.

Thgeuconfoml microscopy image of seeded vetinal ganglion cells into the random polypyrrole/graphene/poly
(lactic-co-glycolic acid) nanofibers (a), polypyrrole/graphene nanofibers (b), the aligned polypyrvole/
graphene/poly (lactic-co-glycolic acid) nanofibers (c), the SEM mapping of loaded gold nanoparticles into the
polyvinylpyrrolidone nanofiber (d) and the energy-dispersive X-ray for loaded gold nanoparticles into the
polyvinylpyrvolidone nanofibers (e) [24, 26].
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supplied into the aligned nanofiber [26] and how nanofibers can simulate the
extracellular matrixwith loading the gold nanoparticles into the nanofibers which
done by our team [24].

Finally, we envisage the use of stem cells incorporation of smart nanostructures
and instruct the formation and regeneration of retina. Smart nanostructures with
the ability to control the neural signals and simulation of the extracellular matrix
could potentially circulate inside the retina and repair by cell adhesion, and in
conjunction with smart nanostructures followed by transferring the adjusted signals
to the brain in order to form clear vision. Therefore, our team has suggested to use
the carbon nanowires to prepare the appropriate scaffold that can support both
extracellular matrix and extracellular electric for improving the cell adhesion and
light sensation.

6. Conclusion

Nanowires have had a substantial impact on retinal applications and still,
have great potential to advance therapeutic implants for retinal regeneration. The
development of new structures, and their incorporation into the simulation of the
extracellular matrix, extracellular electric and light senses may lead to improvement
of advanced structure for developing artificial retina. However, challenges still need
to be addressed in controlling the local charges and light sensation improvement. It
is believed that engineered nanowires with high efficiency will be increasingly used
in retinal implantations. In recent years, several in vitro and in vivo reports have
indicated the possibility of a significant effect of nanowires on the recovery of
vision that lost due to retinal degeneration. Another challenge that must be
addressed is the extracellular matrix to create a 3D scaffold, where it did not discuss
in reports that have been done for nanowires usage in vision recovery, due to a
limitation in synthesizing of nanowires. Also, it is crucial to discover the key factor
promoting the assemblies of different layers of the retina and create specific
scaffolds for polarization and construction of cells for transferring the neural
signals to the brain. Developing nanowires to control the neural signals and guide
the cells for polarization will be useful for engineering complex architecture as
well as the retina.
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Chapter 6

Hypoxic Preconditioning as
a Strategy to Maintain the
Regenerative Potential of
Mesenchymal Stem Cells

Bushva Bashiv, Mahmood S. Choudhery and Ijaz Hussain

Abstract

Mesenchymal stem cells (MSCs) are non-hematopoietic cells with high proliferative
potential and multi-lineage differentiation capacity. MSCs are promising therapeutic
candidates for cell-based therapies, and hundreds of clinical trials have been regis-
tered using these cells. Potential of stem cells is compromised with the factors such as
disease condition and age of donor. Therefore, taking the cells from such patients for
autologous use may compromise the benefits of cell-based therapies. It is therefore
required to enhance the potential of these cells before use in stem cell-based therapies.
Optimization of culture conditions is preferred strategies to enhance the regenerative
potential of cells before use. This chapter briefly overviews the benefits of hypoxic
preconditioning of stem cells to enhance the regenerative potential of cells in terms of
their survival, proliferation, and differentiation.

Keywords: mesenchymal stem cells, hypoxic preconditioning, regenerative potentials

1. Introduction

Clinical use of stem cells is rapidly growing in recent years because of their
capabilities to repair and regenerate tissues and organs of body [1]. Stem cells have
self-renewal potential and can differentiate into cells of multiple lineages under
appropriate conditions. They can secrete a large number of bioactive molecules
that are involved in repair and regeneration of damaged tissues and organs. Based
on their potential, stem cells are classified as totipotent, pluripotent, multipotent
and unipotent. Fertilized eggs (zygote) are totipotent as they can make cells of all
three lineages and extra embryonic tissue such as placenta. Embryonic stem cells
(ESC) are derived from inner cell mass of 5 days old embryos and are pluripotent
as they have potential to differentiate into all cells and tissues of the body except
placenta. MSC are the most widely used cells and they can be isolated from various
adult body tissues (bone marrow, adipose tissue, articular cartilage, synovium,
synovial fluid, dental pulp, etc.) as well as from neonatal stem cell sources (cord
blood, cord tissue, placenta) [2]. Currently, hundreds of clinical trials have been
registered using MSCs (www.clinicaltrials.org) for various conditions such as
degenerative brain disorders, stroke, cardiac dysfunctions, myocardial ischemia,
renal disorders, wound healing, diabetes etc. [3]. MSCs exert their effect either by
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transdifferentiation into respective tissues and/or through their paracrine effects by
releasing different cytokines and growth factors [4].

The potential of adult stem cells such as MSCs is severely compromised in vitro
by culture conditions and by number of passages of the cells [5]. In addition, “disease
conditions” and “age” of the donor also reduces regenerative functionality of MSCs
and their clinical use for repair and regeneration of damaged and lost tissues [6]. It is
pertinent to note that elderly population is the main portion of population for potential
stem cell-based regenerative therapies. However, autologous use of cells from aged
individuals seems not to provide the expected benefits of stem cell-based therapies
due to age depleted function of stem cells from such patients [7]. It is therefore
required to enhance the potential of stem cells before clinical use. Different strategies
have been employed for this purpose such as growth factors preconditioning [8], mild
heat shock [9], and glucose depletion [10].

Different pretreatment strategies have been employed to enhance the regenerative
potential of stem cells, however; hypoxic preconditioning seems more effective for
enhancing stem cell function because relatively low oxygen concentrations prevail in
stem cells niches as compared to normoxic conditions. Hypoxia can be an effective
strategy for enhancing the cells function because it can make the cells adapt external
microenvironment, reduce oxidative stress, shift metabolism towards glycolysis,
enhance proliferation, differentiation and maintain stemness, and improve their
motility to tolerate the hypoxic preconditioning after transplantation [11].

2. Regenerative potential of stem cells is compromised with age
2.1 Effect of donor age on regenerative potential of stem cells

Autologous stem cell-based therapies seem promising for several diseases.
As humans get older, stem cell function deteriorate like other cells of the body.
Diseases, especially degenerative diseases generally affect elderly people and
therefore using autologous cells for such patients may have practical concerns [12].
With aging, superoxide dismutase activity (SOD) declines [13]. Studies indicate
that differentiation potential of stem cells is negatively related with age of donor
[12, 14-16], and therefore cell potential to form osteoblasts [12, 15-17], cartilage
[12, 14-16] and other cell types is compromised. Another important aspect for
cell-based therapies, that is, proliferation is also adversely effected with increasing
donor age. Choudhery et al. [15] indicated that the number of population doublings
decreased while the time of population doublings increased for cells obtained from
aged donors as compared to cells from the young donors. Similarly, number of the
colony forming units, size of colonies and plating efficiency of aged cells decreases
in vitro [13-17]. Overall, growth kinetics and differentiation potential of the cells
are inversely proportion to the donor age [15-18].

2.2 Effect of in vitro passaging

Cell-based therapies require large number of cells to get the favorable results in
patients. For this purpose cells are expanded in vitro before use in most of clinical
applications [12]. Leonard Hayflick in 1960 described that after a limited number
of cell divisions the cells stop dividing. Cell morphology changes and they become
enlarged and irregular in shape. The cells undergo a replicative senescence and
this limited life span of cells is called as Hayflick’s limit [19]. In this way replica-
tive senescence limits the therapeutic potential of stem cells. The differentiation
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potential of cells decreases with increasing number of in vitro passages. For
example, bone marrow derived MSC showed decreased differentiation towards
adipogenesis, osteogenesis and chondrogensis at late passages as compared to
initial passages [20]. In addition, the proliferative potential of MSCs decreases after
long term passages [21]. Human Wharton’s jelly-derived mesenchymal stem cells
showed significant decrease in growth kinetics and differentiation when cultured
for longer time as compared to the cells in initial passages [22]. Feline adipose tissue
derived MSC showed a progressive decrease in pluripotency and proliferation over
continuous passaging [23].

3. Oxygen levels vary in tissues

The structural and functional microenvironment in tissues where stem cells
reside is known as stem cell niche described for the first time by Schofield [24]. A
cell niche maintains the identity and functional characteristics of resident cells [25].
Important identified stem cell niches are in bone marrow [26], vascular vessels [27],
liver [28] adult kidneys [29] intestine [30] endometrium [31], oral tissue [32], skin
[33] and adipose tissue [34]. Table 1 shows variable oxygen concentrations in some
important stem cell niches.

Organ/tissues PO2 References
values
Lungs (tracheal, bronchial, bronchiolar and alveolar epithelial cells) 13-14% [35]
Subcutaneous 3-8% [36]
Adipose tissue 3-10% [37,38]
Heart 2-6% [39]
Brain (superficial cortex to deep white matter) 3-5% [40]
Brain (hypothalamus, hippocampus, midbrain) 0.5% [40]
Liver (parenchyma) 4-7% [41]
Kidney (renal cortex) 4-9.5% [42]
Kidney (medulla) 2% [42]
Pancreas (exocrine) 2.7-4.6% [43]
Pancreas (endogenous beta cell) 5-6% [43]
Stomach 6-10% [44]
Small intestine 2-5% [45]
Lumen 3-6%
Mucosa 5-9%
Serosa
Large intestine lumen and mucosa 0-2% [46]
Serosa 4-6%
Uterus 2.5% [47]
Bone marrow 1-7% [48]
Umbilical vein and arteries 2.4-3.8% [35]
Blood 5-13% [35]
Table 1.

Oxygen levels in different tissue in-vivo.
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It indicates that oxygen levels significantly vary in various tissues of the body
and are significantly low as compared to normoxic oxygen concentration. Initially,
oxygen level of 21% were adopted for in vitro culturing the cells based on normal
oxygen conditions in environment, however, latter, it was realized that the cells
grow better in vitro when cultured in those oxygen conditions which are represen-
tative of their respective niche.

Similarly, when cells are transplanted in the body, they face hypoxic in vivo
environmental conditions [49, 50]. A large number of grafted cells die due to harsh
in vivo environmental conditions (such as hypoxia) at transplanted site. The cell
death due to hypoxic microenvironment is especially considerable for tissues that
are not vascularized and or already injured or wounded [51].

4. How hypoxic preconditioning enhance stem cell function
4.1 Effect of hypoxia on gene transcription

The survival and functioning of stem cells in hypoxic environment depends
upon their metabolic switch controlled by hypoxia inducible factors (HIFs). HIFs are
transcription factors that are present in eukaryotes. They have two subunits, that is,
alpha(a) and beta(p). Their a subunit has three isoforms (HIF1-3). The post transla-
tional modification of a subunit depends on hydroxylation which is oxygen depen-
dent. When intracellular oxygen falls, « subunit forms a stable a/p dimer because
hydroxylation did not occur. This dimer is transcriptionally active; it enters into the
nucleus, binds to hypoxia response elements and initiates transcription of hypoxia
sensitive genes [52, 53]. HIF3-a is the negative regulator of HIF1 and HIF2 (Figure1).

Effect of hypoxia on HIF- a is different for different types of stem cells

GRP78-Akt axis induced by HIFla is important in augmenting functions like
proliferation and survival of MSCs under hypoxia [54].

4.2 Reactive oxygen species (ROS) and hypoxia

Reactive oxygen species are oxygen containing substances that are produced
in cellular metabolism. They are detrimental to cellular functions. Hypoxic

Intracellular O. ¢ Intracellular O A

J’ Hydroxylation S Proteasome degradation
> HIF1la
No. Hydroxylation “ Dimer formation

HIF1B
Translocation to
nucleus
HIFB .
mRNA of hypoxia sensitive genes
Figure 1.

Mechanism of HIF1 formation and transcription of hypoxia sensitive genes. HIF (hypoxia inducible factor),
HRE (hypoxia response element).
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preconditioning results in up regulation of Nuclear factor erythroid 2 related factor
2 (NRF2), which is a redox sensitive transcription factor involved in regulation of
antioxidant genes [55]. Hypoxic preconditioning results in increased glycolytic
metabolism and decreased tricarboxylic acid (TCA) cycle and oxidative phosphory-
lation. This mechanism leads to decreased mitochondrial ROS production and
increase in the levels of antioxidant enzymes [52, 56]. Unbalanced redox homeosta-
sis can cause stem cells aging and decreased proliferation. Hypoxic preconditioning
augments redox metabolism [54] ROS acts paradoxically, at higher levels its cause’s
damage, and at lower levels it plays a role of signaling molecule. ROS also controls
the hydroxylation of HIF1a, it causes inactivation of prolyl-hydroxylase enzymes
(PHD), as a result degradation of alpha subunit does not occur and HIF1 formation
occurs [57].

5. Hypoxic preconditioning improves regenerative potential of cells
5.1 Effect of hypoxia on stemness and survival of stem cells

Hypoxic preconditioning improves survival and stemness of cells and has
been investigated in a number studies. SOX2, OCT4, NANOG and c-Myc are the
markers that show stemness of cells. It has been found that stem cells grown in
hypoxia are more viable, have decreased apoptosis through effects on HIFla and
p53 pathways [58].

When cultured under hypoxic (3 or 5% oxygen) condition for 5 days, stem cell
markers were found to be statistically higher in dental pulp MSC [59].

PI3K/Akt signaling pathway get activated in cells exposed to hypoxia which
in turn regulates many genes of cell cycle and CDK2 resulting in increased self-
renewal and decreased apoptosis. Under hypoxic conditions cells switch their
metabolism more towards glycolytic pathways and less towards oxidative phos-
phorylation resulting in less reactive oxygen species production (ROS) and more
production of antioxidant enzymes [49, 60].

Hypoxia (1%) results in decreased senescence, increased lifespan of mesen-
chymal stem cells and were able to maintain proliferation rate, morphology and
genetic stability [61]. Cryopreserved adipose derived stem cells cultured at 2 and
5% oxygen tension resulted in increased number and viability as compared to
counterparts grown at 21% oxygen. In addition, all stemness related gene expres-
sion NANOG, SOX-2, REX-1, and OCT-4 were much higher in hypoxia group than
in normoxia group. Another group demonstrated the upregulation of stemness
related genes OCT4, SOX2 and NANOG in MSC grown in 3% oxygen culture
conditions [62, 63]. Stemness of MSCs remains preserved in hypoxic cultures.
Hypoxia results in decreased expression of apoptotic BCL-2 and CASP3 and
increased expression of anti-apoptotic genes [64]. Stem cells derived from apical
papilla of wisdom teeth also showed increased proliferation and upregulation of
SSEA4 which is an embryonic stem cell marker surface antigen. Human umbilical
cord derived MSC grown in a culture under 5% oxygen showed better proliferation
and maintenance of stemness [65]. MSC derived from different sources showed
increased expression of pluripotency markers Oct4, C-Myc and Nanog when
cultured at 5% oxygen concentration levels [66]. Low oxygen tension also helped
iPSCs from liver cells to preserve their stemness and decrease the time to switch
from G1 phase to S phase, increase proliferation but the physiological oxygen level
of tissue of origin should be kept in mind because these cells were grown in 10%
oxygen level. The same group showed that culturing these cells at very low level
result in loss of stemness [67].
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5.2 Hypoxia improves differentiation potential of cells

Most of the studies use stem cells for regenerative purposes. MSC are mul-
tipotent cells that can differentiate into adipocytes, osteoblasts, chondrocytes
and neurons under appropriate conditions [68]. The main advantage of stem cell
therapy is living biological replacement rather than palliation through drugs.
The use of stem cells to replace functional loss of specific tissue is determined by
effective differentiation [69].

The results of differentiation are controversial; this variability may be due to:

1. Use of stem cells from different sources [70].
2.Due to heterogenous population of cells with similar morphology [71].
3.Designing of delivery system for successful transplantation of stem cells [72].

Biomaterials can be designed to act as carriers for the local delivery of stem
cells, support cells or molecular niche cues [73]. Basal nutrients, cell density, spatial
organization, mechanical forces, growth factors and cytokines have a profound
influence on hMSC differentiation [71]. The role of hypoxia preconditioning in
differentiation of stem cells into other lineages seems controversial due to incon-
sistent results of various studies [74]. Different studies have used different hypoxia
percentages with variable times. Previously, cells were usually insulted with hypoxia
using hydrogen peroxide, however, new trigas incubators have been developed
recently that creates the precise hypoxic conditions even for longer period of
times [59].

It has been shown that placenta derived MSC showed up regulation of osteogenic
genes including osteopontin (OPN), osteocalcin (OCN), and alkaline phosphatase
(ALP) as well as increased mineralization at 5% oxygen levels [75]. Another study
found an increased osteogenic differentiation of human MSCs cultured at 5% oxygen
for 5 days [66]. Contrary to this, multilineage differentiation potential including
osteogenic differentiation of tendon derived MSc was compromised in hypoxia
cultures [76]. Minsheng Yang and colleagues found that 9% hypoxia increased
osteogenesis whereas 1% results in decreased osteogenic potentials due to upregula-
tion of Notch 1 expression [77]. Cells cultured throughout in hypoxic culture (5%)
showed less osteogenic potential, less mineralization as compared to cells primed
with hypoxia (5% for 7 days). These results also emphasis that appropriate time for
hypoxia is important to maneuver the different potentials [78].

Gale et al. analyzed the chondrogenic differentiation potential of equine
synovial membrane and bone marrow derived MSCs and found no appreciable dif-
ference between cells cultured either at 5% oxygen or in normoxic conditions for
28 days. The results of expression of chondrogenic genes SOX9, ACAN, and COL2b
were also variable between the groups [79]. Similar to this Li J and Pei M found no
significant differences in chondrogenic index between normoxic and 5% hypoxic
culturing for 7 days in synovium derived MSCs [80]. On the contrary adipose
derived MSC showed better chondrogenesis and upregulation of several chon-
drogenic specific genes when grown in 2% oxygen cultures [81]. Bae et al. found
increased expression of COL2A1, ACAN, and the transcription factor SOX9 in
synovium derived MSC cultured at 5% oxygen levels. They also observed increased
proteoglycan, glycosaminoglycans and collagen II contents from pellets in hypoxic
condition [82]. Henrionnet et al. observed the effects of 5% oxygen conditions on
bone marrow derived MSC cultures for their chongrogenic potential and resulted
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in efficient and strong overexpression of chondrogenic genes COL2A1, ACAN,
SOX9, and COMP along with down regulation of osteogenic genes ALP, and
RUNX2 [83].

Valorani et al. found that pre-exposure hypoxia of 2% oxygen level results in
increased expression of adipogenic genes including peroxisome proliferator acti-
vated receptor y (Ppary), lipoprotein lipase (Lpl) and fatty acid binding protein 4
(Fabp4) and adipogenesis in MSC derived from murine adipose tissue [84]. Another
research found enhanced adipogenesis of human adipose tissue mesenchymal
stem-cell (hAT-MSC) exposed to 2% hypoxic conditions for 7 days before shifting to
normoxia during differentiation [85]. 2% hypoxia resulted in increased adipogenic
differentiation of dental pulp and periodontal ligament derived stem cells [86].
Choi JR et al. found decreased adipogenesis and decreased expression of adipo-
genic genes including LPL, PPARc and FABP4 under hypoxia (2%) as compared to
normoxia cultures [87]. Another research also found a decreased differentiation of
stem cells under hypoxia [88].

5.3 Effect of hypoxia on proliferative potential of cells

Hypoxic preconditioning results in enhanced proliferation and increased colony
forming units as compared to mesenchymal stem cells cultured in normoxia.
Higher oxygen tensions increase oxidative stress to cells and activate apoptosis
[55]. Zhang et al. explored the effects of 1 and 5% oxygen culture conditions on
rat bone marrow derived MSC and compared them with their counter parts at 18%
oxygen level cultures. They found significant increase in proliferation along with
upregulation of BCL2 (antiapoptotic gene) and down regulation of BAX (apop-
totic gene) [89]. About 5% oxygen tension resulted in greater size, cell number and
cell density of MSC colonies [90]. Antebi et al. evaluated the potential of cells at
different oxygen concentrations and found that proliferative potentials of porcine
MSC was higher at 1, 2, and 5% oxygen tensions as compared to normoxic condi-
tions. They also found that 48 hour hypoxia in their study resulted in more pro-
liferation as compared to proliferative potential of cells when cultured for longer
times (10 days) [64]. Elabd et al. suggested that hypoxic preconditioning should
be used as a strategy for in vitro expansion of MSC before their clinical use. They
cultured human bone marrow MSCs in 5 and 20% oxygen and observed greater
effects of hypoxia not on the regenerative potentials but also on the gene expres-
sions of hypoxia exposed MSCs [91]. Notch2-c-Myc signaling cause’s proliferation
under hypoxia and inhibits apoptosis. Hypoxia can have a great effect on prolif-
eration of MSCs [92]. Hypoxia (1%) increases the proliferation not only in early
passages but also in late passages as compared to normoxic cultures and extends
the lifespan of MSCs [61]. Significantly higher number of cells as well as increased
viability of ADSC occurs in hypoxic conditions [93]. Rat bone marrow MSC
cultured at 5% oxygen levels exhibited increased number of colonies and shorter
population doubling time as compared to normoxic cultured cells [94]. Asadpoor
Dezaki et al. showed increased expansion, population doublings, viability and
colony forming unit fibroblasts in a group cultured in 2.5% oxygen tension than
normoxia group [95].
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