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Chapter 1

INTRODUCTION

1.1  Skin

The skin is the largest organ in the human body, covering the entire external surface
and forming about 8% of the total body mass. The skin forms a self-renewing
and self-repairing interface between the body and the environment. At the body’s
surface, the main function of the skin is to act as a barrier to prevent the loss of
essential body fluids and invasion of microbes and irritants. Loss of the integrity of
large portions of the skin as a result of injury or illness may lead to major disability
or even death [1].

The adult skin consists of two tissue layers: a keratinized stratified epidermis
and the dermis, an underlying thick layer of collagen-rich dermal connective tissue
providing support and nourishment. Appendage such as hairs and glands are derived
from and linked to the epidermis but project deep into the dermal layer [2]| (see
Figure 1.1).

The epidermis consists mainly of keratinocytes and contains few Langerhans
cells, a specialized form of dendritic cells, some pigment-producing melanocytes,
and Merkel cells. Keratinocytes express several types of cytokeratins, cytoplasmatic
proteins which are expressed only by epithelial cells and form intermediate filaments
through assembly into bundles and generate the toughness properties of the epider-
mal surface. [3].

The dermal layer is organized by loose and dense irregular connective tissue,
which is composed predominantly of an extracellular matrix (ECM) made of collagen
fibers bundles in a basket wave arrangement, all embedded within proteoglycans.
Fibroblasts, the major cell type of the dermis, produce and maintain most of the
ECM components. Several types of immune cell can be found in the dermis, such as

macrophages, T cells, and mast cells. Also, endothelial cells line the blood vessels
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Figure 1.1: Structure of Human Skin. Source: Health Illustrated Encyclopedia,
A.D.AM.

and play a critical role in the skin’s immune response by controlling the extravasation
of leukocytes. In addition, a network of nerve fibers extends throughout the dermis,
serving a sensory role in the skin. These nerve fibers also secrete neuropeptides,
which influence immune and inflammatory responses in the skin through their effect
on endothelial cells, leukocytes and keratinocytes [4].

In contrast to the dermis, the epidermis is a constantly renewing tissue. The
proliferation of keratinocytes is restricted to the basal cell layer, where stem cells are
located. During an apoptosis-like process of terminal differentiation, keratinocytes
change their expression profile and properties and migrate to the outer surface of the
epidermis. This generates several densely-packed layers of keratinocytes with dead,
flat and keratin-filled corneocytes at the surface, which form a protective envelope
[5].

Cutaneous wounds are the result of disrupted skin integrity. Wound healing
is a dynamic, interactive biological process involving soluble mediators, blood cells,
extracellular matrix proteins, and parenchymal cells. The purpose of wound heal-
ing is to repair the skin to prevent infection and to restore the tissue integrity and
function. Wound healing consists of three distinct and overlapping phases: inflam-
mation, cell proliferation (neoangiogenesis, granulation, and re-epithelialization),
and a remodeling phase (extracellular matrix remodeling).

Healing of most of the injuries ends in the formation of a scar; that is a tissue
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mainly composed of dense regular connective tissue. Scar tissue lacks a range of
physiological epidermal appendages, such as follicles or sweat glands. As a result,
healing by fibrosis generates life-long disability with huge spending on public health,
whereas the response to injury through the process of regeneration can completely
restore the original tissue architecture what would considerably improve human

health [6].

1.2 Wound Healing

1.2.1 Phases of wound Healing
1.2.1.1 Inflammation (Figure 1.2 (a))

Tissue injury causes the disruption of blood vessels and extravasation of blood com-
ponents. Haemostasis occurs immediately after injury and involves the constriction
of blood vessels and the formation of a platelet plug, followed by a fibrin matrix,
which becomes the scaffold for infiltrating cells [8]. Platelets not only facilitate the
formation of a hemostatic plug but also degranulate by releasing a wide range of
growth factors (i.e., epidermal growth factor (EGF), platelet-derived growth factor
(PDGF), and transforming growth factor-beta (TGF-B)) from the alpha granules.
These and other growth factors provide chemotactic signals for recruiting inflamma-
tory cells to the wound site, initiate the process of re-epithelialization and connective
tissue contraction, and stimulate the wound angiogenic response |[2].

The inflammatory process begins with the recruitment of neutrophils,
macrophages, and lymphocytes. Leukocytes are slowed down and pulled from the
rapid bloodstream due to the expression of adhesion molecules of the selectin family
on the surface of endothelial cells lining capillaries at the wound site. Then, tighter
binding and arrest of the rolling leukocytes, mediated by adhesion molecules of
the integrin family, lead to transendothelial migration or diapedesis, allowing to the
leukocytes cross the endothelial lining of the blood vessel and enter the extravascular
space [9].

Several leukocyte lineages infiltrate the wound site at different time points dur-
ing the inflammatory response to tissue damage. Neutrophils are the first leuko-
cytes to be recruited into the wound. They mainly clean the wounded area of
foreign particles and bacteria, but they also serve as a source of pro-inflammatory
cytokines that activate local fibroblasts and keratinocytes. If the wound is not
highly infected, the neutrophil infiltration ceases after a few days and then expended

neutrophils and other cells and extracellular matrix debris at the wound site are
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Figure 1.2: Phases of wound healing: inflammation (a), re-epithelialization (b)
and remodeling (c) [7].



CHAPTER 1. INTRODUCTION 13

cleared away by tissue macrophages. In response to specific chemoattractants, such
as fragments of extracellular-matrix protein, TGF-f, and monocyte chemoattrac-
tant protein 1 (MCP-1), monocytes also appear in the wound, where differentiate
into macrophages. Macrophages are the major producers of cytokines (e.g. IL-1
and IL-6), chemokines and growth factors (fibroblast growth factor (FGF), epider-
mal growth factor (EGF), transforming growth factor beta (TGF-B), and platelet-
derived growth factor (PDGF)) that direct ulterior cell migration in response to
injury [1, 10].

Thus, the inflammatory response after any tissue damage protects the wound
from microbial infection and produces bioactive molecules that act at the wound site.
Therefore, wound closure is a greatly regulated process in terms of time-dependent
expression of cytokines, chemokines and growth factors, as well as in their actions
on cellular receptors. These factors are crucial not only for enhancing inflammation
but also for setting well-defined stop signals to block the inflammatory cascade when
appropriate since a prolonged inflammatory reaction is the main reason for impaired

wound healing [11].

1.2.1.2 Re- epithelialization (Figure 1.2 (b))

The second stage of wound repair occurs 2-10 days after injury and is characterized
by cellular migration and proliferation of different cell types. The first event is the
migration of keratinocytes over the injured dermis. An epidermal layer is recon-
stituted from the edges of the wound and the hair follicles remnants. The migrating
epidermal cells permeate the wound, separating eschar tissue from the provisional
matrix and healthy dermis. Cells surrounding hair follicles contribute importantly to
re-epithelialization. These cells act as normal cut epidermal wound edges and spread
out like growing islands from the follicle stump. Finally, the epidermal cells at the
wound margin begin to proliferate behind the actively migrating cells what provides
a supply of extra cells to replace those lost during injury [2|. Extracellular matrix
proteins, including collagen, fibronectin, and vitronectin, provide support for cell
movement, vehicles for changing cell behavior, and structures that restore function
and integrity to the tissue [12]. Once the epithelial defect has been repaired, and
epidermal migration has ceased, basement membrane proteins reappear in a very
coordinated sequence from the margin of the wound inward. Finally, epidermal cells
return to their normal phenotype, over again tightly attaching to the reestablished
basement membrane and underlying connective tissue [1].

The migration and proliferation of epidermal cells during re-epithelialization is

due in part to the local release of growth factors (i.e., epidermal growth factor
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(EGF), transforming growth factor-alpha (TGF-a), and keratinocyte growth factor
(KGF)), and increased expression of growth factor receptors.

The formation of new blood vessels through angiogenesis and the sprouts of
capillaries associated with fibroblasts and macrophages replace the fibrin matrix with
new stroma or granulation tissue. Macrophages release growth factors that stimulate
fibroplasia and angiogenesis; fibroblasts produce the new extracellular matrix needed
to support cell ingrowth, and blood vessels carry oxygen and nutrients necessary to
maintain cell metabolism. Several growth factors released at the wound site, e.g.,
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF
or FGF2) promote the proliferation of endothelial cells.

Upon injury, resident dermal fibroblasts surrounding the wound begin to pro-
liferate, and after 3-4 days following damage they migrate into the provisional ma-
trix of the wound clot where they lay down their own collagen-rich matrix. The
fibroblasts are responsible for the synthesis, deposition, and remodeling of the ex-
tracellular matrix. Several growth factors at the wound site, e.g., FGF, TGF-j,
and PDGF serve either as mitogens or as chemotactic factors for wound fibrob-
lasts. TGF-3 and PDGF also cause phenotypic changes in these cells transforming
fibroblasts into myofibroblasts, which express o-smooth muscle actin («-SMA) and
resemble smooth muscle cells in their capacity to generate a strong contractile force,

enabling wound closure [13].

1.2.1.3 Remodeling (Figure 1.2 (c))

The last stage of wound repair begins 2-3 weeks after injury and last for even more
than a year. Every process initiated upon injury decrease and end during the remod-
eling. Cells in the wound site, i.e., endothelial cells, macrophages, and myofibrob-
lasts undergo apoptosis or get out of the wound, leaving a relative acellular mass
that is made primarily of collagen and other extracellular matrix proteins. Matrix
metalloproteinases (MMPs) and other enzymes, e.g., tissue plasminogen activator
and urokinase plasminogen activator are important components of the wound that
facilitate cell movement and the expected remodeling of ECM. MMPs are responsi-
ble for transforming an acellular matrix composed mainly of type III collagen to one
predominantly made of type I collagen [7]. Integrins are also important since these
transmembrane receptors represent the bridges for cell-cell and cell-extracellular ma-
trix interactions. Thus, integrins have two main functions: the attachment of the
cell to the ECM, and the signal transduction from the ECM to the cell (outside-in
signaling) [12].

The final result is a scar, which keep approximately 70% of the tensile strength
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of the normal skin [1].

1.2.2 Growth factors and cytokines involved in wound heal-
ing

The success of the wound healing process depends on growth factors, cytokines,

and chemokines involved in a complex integration of signals that coordinate cellular

processes. These agents are biologically active polypeptides that act to alter the

growth, differentiation and metabolism of a target cell [13].

1.2.2.1 Epidermal Growth Factor family

Members of the EGF family are the most important growth factors involved in
epithelialization during cutaneous wound healing. The main members involved
in wound healing include: EGF, transforming growth factor-alpha (TGF-a) and
heparin-binding EGF (HB-EGF). These ligands bind to and activate the EGF re-
ceptor (EGFR) that plays an important role in re-epithelialization by increasing
keratinocyte proliferation and cell migration in acute wounds.

EGF is secreted by platelets, macrophages, and fibroblasts and acts in a
paracrine fashion on keratinocytes, significantly accelerating re-epithelialization and
increasing tensile strength in wounds after acute injury. One in vivo study has shown
that topical application of human biosynthetic EGF accelerates epidermal regener-
ation in split-thickness wounds and partial-thickness burns [14]. The significant
enhancement of epidermal regeneration suggested the potential clinical use of EGF
for accelerating healing of burns, wounds from trauma, diabetic ulcers, skin graft
donor sites, and others. Thus, EGF may be useful for treating patients with chronic
wounds if delivered by gene therapy, polymers, or electrospun nanofibers that keep
a constant growth factor concentration, maintaining its presence in the wound and
avoiding its rapid degradation.

TGF-a is secreted by platelets, keratinocytes, macrophages, fibroblasts, and
lymphocytes and function in an autocrine fashion on keratinocytes. Li et al. proved
that TGF-a promotes in vitro human keratinocyte migration and proliferation [15].
In vivo studies found that TGF-a is required for early stimulation and maintenance
of wound epithelialization when granulation tissue is not present (i.e., partial thick-
ness wounds). Moreover, wound epithelialization occurs normally in full-thickness
wounds in the absence of TGF-a, probably due to some compensation for the other
growth factors in the EGF-family [16].

HB-EGF is produced and secreted by human keratinocytes and acts as an
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autocrine growth factor after binding to the EGFR subtypes HER1 and HERA.
Given that HB-EGF is a potent mitogen for fibroblasts and keratinocytes as well as
being an inducer of cell migration, it was suggested that HB-EGF might be involved
in the induction of granulation tissue and re-epithelialization [17]. Studies of wound
healing revealed that wound closure was markedly impaired in keratinocyte-specific
HB-EGF-deficient mice. Shirakata et al. demonstrated that endogenous HB-EGF is
the predominant growth factor involved in the epithelialization of skin wound healing
in vivo and that it functions by up-regulating keratinocyte migration, rather than

proliferation [18].

1.2.2.2 Fibroblast Growth Factor family

FGFs comprise a structurally related family of at least 22 members, of which FGF-
1 (acidic FGF), FGF-2 (basic FGF), FGF-7 (keratinocyte growth factor (KGF-1))
and FGF-10 (KGF-2) have been shown to be the most important for keratinocyte
migration. FGFs are expressed in specific spatial and temporal patterns and are
involved in angiogenesis, wound healing, embryonic development and various en-
docrine signaling pathways. FGFs are produced by fibroblasts, endothelial cells,
smooth muscle cells, chondrocytes and mast cells. In vertebrates, FGFs may have
an intracrine, paracrine or endocrine functions. Paracrine and endocrine FGFs act
via cell-surface FGF receptors (FGFRs), while, intracrine FGFs act independent of
FGFRs [19].

FGF-2, FGF-7, and FGF-10 are the most important members involved in cuta-
neous wound healing. FGF-2 (basic FGF) stimulates the proliferation, differentia-
tion and migration of regenerated keratinocytes. It favors angiogenesis in granula-
tion tissue by stimulating the infiltration and proliferation of capillary endothelial
cells and, as well as promoting migration of fibroblasts; it also stimulates them to
produce collagen. Due to its early release by inflammatory cells in wound healing,
FGF-2 is involved in initiating granulation tissue formation, although it continues
to be important during subsequent tissue remodeling [20].

FGF-7, or keratinocyte growth factor-1 (KGF-1), and its homolog FGF-10, or
KGF-2, are important members of the FGF family and are both highly expressed
during the early stages of wound healing. These growth factors accelerate the repair
of injured skin and mucosal tissues by stimulating the proliferation, migration and
differentiation of epithelial cells, and they have direct chemotactic effects during the
tissue remodeling process [21]. Also, FGF-7 and FGF-10 reduce reactive oxygen
species (ROS)-induced apoptosis of keratinocytes in the wound bed by increasing

the transcription of several factors involved in the detoxification of ROS, that is
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good for preserving these cells for re-epithelialization.

Finally, FGF-7 is a paracrine and epithelium-specific growth factor produced by
cells of mesenchymal origin in response to pro-inflammatory cytokines and steroid
hormones. A number of studies showed that pro-inflammatory cytokines such as
tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), and especially IL-1 are po-
tent inducers of KGF expression, suggesting that infiltrating inflammatory cells
such as monocytes and neutrophils produce inflammatory cytokines, which induce
KGF /FGF-7 expression from local mesenchymal cells to promote epithelial prolif-

eration [22].

1.2.2.3 Transforming growth factor g family

The TGF-{ family consists of a number of closely related proteins designated TGF-
B1-3, as well as a number of distantly related proteins that include the Inhibins and
Activins, Miilllerian Inhibitory Substance (MIS), the Bone Morphogenic Proteins
(BMPs), Growth Differentiation Factors (GDFs), and the Glial-derived Neurotrophic
Factors (GDNFs) family.

TGF-B1, TGF-B2, and TGF-33 are the main forms found in mammals, but
TGF-B1 predominates. TGF-§ is produced by activated macrophages, fibroblasts,
keratinocytes, lymphocytes and platelets. TGF- is a particularly pleiotropic growth
factor family, having effects on cell proliferation, adhesion, and differentiation. It is
known to be the most potent growth factor involved in wound healing throughout
the body.

TGF-B1 is released by degranulating platelets at the site of injury where plays
an important role in the phases of inflammation, angiogenesis, re-epithelialization,
ECM deposition, and remodeling. Several studies suggest that TGF-31 is a potent
chemoattractant for fibroblasts and cellular mediators of inflammation, including
neutrophils and monocytes [23].

Montesano and Orti investigated the influence of TGF-3, PDGF, FGF and EGF
on the ability of fibroblasts to contract a collagen matrix in an in wvitro system.
TGF-{, but not the other growth factors tested, markedly enhanced the efficiency
of human fibroblasts to contract collagen gels that is likely due to mechanisms such
as increased synthesis of actin, fibronectin, and matrix receptors. Thus, TGF-$
released from platelets and inflammatory cells at sites of tissue injury stimulates
wound healing not only by recruiting fibroblasts for stimulating them to produce
collagen (particularly type I and III) and other matrix constituents but also by
promoting the contraction of the provisional wound matrix [24, 25].

Angiogenesis is a complex and multistage process, which is controlled by a variety
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of factors and whose stimulation may be responsible for an increased healing capac-
ity. VEGF is a potent direct angiogenic factor that stimulates in vitro endothelial
cell migration and activation, and n vivo angiogenesis. Riedel et al. demonstrated
a decreased expression of angiogenic VEGF in tissue samples of chronic wounds
compared to normal skin. Furthermore, the treatment of human keratinocytes with
TGF-$ antisense oligonucleotides in vitro upregulated VEGE secretion and angio-
genic activity. The angiogenic activation of endothelial cells probably plays a role
in promoting and regulating other biological events, such as inflammation, fibrob-
last proliferation, ECM synthesis, and epithelialization in wound healing. It was
suggested that antisense TGF-$ oligonucleotides might have a potential therapeutic
role in the treatment of chronic wounds due to their pro-angiogenic effect [26].
TGF-$ regulates expression of several matrix metalloproteinases, enzymes that
degrade the extracellular matrix. Some investigators have documented the in-
hibitory effect of TGF-$ on several MMPs, e.g. MMP-1, MMP-3 and MMP-
9. MMP-9 degrades the type IV collagen in the basement membrane, MMP-3
(stromelysin 1) degrades a broad range of matrix proteins, and MMP-1 (collagenase-
1) specifically degrades the interstitial collagens, types I, II and III. Because of
its ability to break down collagen and its expression by many different cell types,
MMP-1 has a major role in modeling and remodeling the extracellular matrix. Since
TGF-B1 can suppress transcription of the MMP-1 gene, this growth factor has an
important role in modulating matrix metabolism [27, 28]. Finally, TGF-$ may also
be of importance in its ability to inhibit B and T-lymphocyte function and prolifer-

ation.

1.2.2.4 Platelet-derived growth factor (PDGF)

PDGF comprises a family of homo or heterodimeric growth factors including
PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD. PDGFs
bind to and activate two structurally related protein tyrosine kinase receptors,
PDGF receptor-a and PDGF receptor-f3. This growth factor is produced by platelets,
macrophages, vascular endothelium, fibroblasts, and keratinocytes. Thus, the prin-
cipal cells involved in early wound healing all synthesize and secrete PDGF, although
platelets are the earliest and largest source [29].

PDGEF plays a role in every phase of wound healing. Following injury PDGF,
is released from platelet granules and is present in wound fluid. Afterward, this
growth factor stimulates mitogenicity and chemotaxis into the wound first of mono-
cytes and then for fibroblasts, smooth muscle cells, and endothelial cells. PDGF
acts synergistically with TGF-$ and EGF and besides stimulates the production of
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fibronectin and hyaluronic acid. PDGF is, therefore, involved in cell recruitment
at all stages of wound healing: the stimulation of epithelial and endothelial cells,
matrix formation and modulation of other growth factor activities [20].

Uutela et al. have shown that PDGF-D recruits macrophages to sites of its
expression and causes significant increase in interstitial fluid pressure in the dermis
of PDGF-D-overexpressing mice during the wound healing process. Also, combined
expression of PDGF-D with VEGF-E can induce a strong angiogenic response and
promote stabilization of the newly generated enlarged and leaky vessels induced by
VEGF-E alone [29]. Lindahl et al. demonstrated that PDGF-B-deficient mouse
embryos were found to lack microvascular pericytes in capillaries formed through
angiogenesis. These mice developed numerous capillary microaneurysms that caused
hemorrhages and edema after the rupture at late gestation when blood pressure
increased. Thus, PDGF is important for proliferation and migration of pericytes
to the capillaries and consequently increase the structural integrity of these vessels
[30].

1.2.2.5 Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor is a homodimeric glycoprotein that exists in five
isoforms referred to as VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental
growth factor (PIGF). VEGF is produced by many cells types that participate in
wound healing: endothelial cells, fibroblasts, smooth muscle cells, platelets, neu-
trophils, and macrophages. In humans, VEGF binds to receptors Flt-1 (VEGFR-1)
and KDR (VEGFR-2), both high-affinity receptors that are localized to the endothe-
lial surface of developing and mature blood vessels.

An essential feature of normal wound repair is the formation of granulation tissue,
i.e. fibrovascular tissue containing fibroblasts, collagen and blood vessels, which is
the hallmark of an established healing response. The vascular component depends
upon angiogenesis, in which new vessels appear as early as day three after wounding
[31].

VEGEF is a highly specific mitogen for endothelial cells in vitro, and it has an-
giogenic properties in vivo. Moreover, it enhances the permeability of local blood
vessels. Since angiogenesis and increased vascular permeability are characteristic fea-
tures of wound healing, VEGF may play an important role in tissue repair. VEGF
is released by activated platelets following an injury. Monocytes have both a direct
and indirect role in the angiogenic phase of wound healing. Monocytes express the
VEGEF receptor Flt-1 and respond chemo tactically to VEGF. Once recruited to the

tissue, macrophages induce angiogenesis by releasing VEGF, but also in part by
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producing TNF-o, which may in turn induce VEGF expression in keratinocytes and
fibroblasts. Other cytokines and growth factors that act as paracrine factors en-
hancing VEGF expression include TGF-$1, EGF, TGF-a, KGF (from keratinocytes
and arterial smooth muscle cells), bFGF, PDGF-BB, and IL-18 [32].

Stimulation of angiogenesis is one of the most important roles of VEGF in wound
healing. Wound healing angiogenesis involves multiple steps including vasodilation,
basement membrane degradation, endothelial cell migration, and proliferation. Sub-
sequently, capillary tube formation occurs, followed by anastomosis of parallel cap-
illary sprouts (loop formation), and finally new basement membrane formation.

VEGEF induces endothelial cell migration in wound healing through two primary
mechanisms, chemotaxis and by increasing vascular permeability mediated by nitric
oxide and prostacyclin. In the initial phase of angiogenesis, endothelial cells migrate
before mitotic division. VEGF induces endothelial cells growth on the surface of a
collagen matrix to invade the underlying matrix and stimulates their proliferative
response.

VEGEF is also upregulated by hypoxia due to metabolic derangements of the
wound environment. The resulting angiogenesis restores tissue perfusion, reestab-
lishes microcirculation, and increases oxygen tension at the wound site. Specifically,
hypoxia enhances VEGF expression in monocytes and other cell types such as fi-
broblasts, keratinocytes, myocytes, and endothelial cells [33]. Similarly, hypoxia
stimulates the expression of Flt-1 on cultured endothelial cells. As a result, there is
a gradient of VEGF expression that parallels the hypoxic gradient, and endothelial
cells afterward migrate towards the most hypoxic areas [34].

In summary, direct and indirect evidence implicates VEGF as a significant factor
in wound healing immediately after an injury. Induced by inflammatory cells and
local wound conditions, VEGF potentially alleviates tissue hypoxia and metabolic
deficiencies by promoting early events in angiogenesis, as well as endothelial cell
function. Maximal activity occurs during a “window” period approximately three
to seven days after injury. Once the wound is granulated, angiogenesis ceases, and
blood vessels decline as endothelial cells undergo apoptosis. The reduction in VEGF
and the loss of apoptosis may contribute to this transition from hypercellular gran-

ulation tissue to a hypocellular scar [35].

1.2.2.6 Granulocyte-macrophage colony-stimulating factor (GM-CSF)

GM-CSF is a highly pleiotropic cytokine with many effects on granulo-
cytes/macrophages, including chemotaxis and cellular adhesion, also priming the

production of pro-inflammatory cytokines. In vivo studies have shown that GM-CSF
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enhances wound healing by promoting re-epithelialization, recruitment of leukocytes,
increased angiogenesis and upregulation of pro-inflammatory mediators (e.g., 1L-6
and MCP-1). Promotion of re-epithelialization following GM-CSF treatment of dia-
betic mice also lead to a parallel reduction in collagen deposition in diabetic wounds
[36].

GM-CSF can promote the growth and maturation of myeloid cells, in particular,
the proliferation and differentiation of neutrophil progenitors both in wvitro and in
vivo. It also stimulates the function of mature neutrophils. Thus, it may be sug-
gested that GM-CSF may have a crucial role in the neutrophil response to infection.
Yonem et al. investigated the effects of systemic human recombinant GM-CSF treat-
ment in diabetic patients with foot infections. They found that GM-CSF treatment
caused significant improvement in the absolute number and phagocytic activity and
the respiratory burst of neutrophils in patients with a diabetic foot infection. Never-
theless, the amelioration of neutrophil function was not associated with shortening
of either duration of antibiotic administration or duration of hospitalization [37].

Finally, in vivo studies have demonstrated that GM-CSF influence the migration
and proliferation of human endothelial cells suggesting that this growth factor may
act as a regulatory signal outside the hematopoietic system by promoting angiogen-

esis [38].

1.2.2.7 Pro-inflammatory Cytokines

Some pro-inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6),
and TNF-a are up-regulated during the inflammatory phase of wound healing [1]. IL-
1B and IL-6 have mitogenic and proliferative effects on keratinocytes and contribute
to the process of wound healing.

IL-1 is strongly expressed by monocytes, tissue macrophages, and dendritic cells,
but is also produced by B lymphocytes, NK cells, and epithelial cells. IL-1 is an
essential pro-inflammatory cytokine which possesses multiple properties and affects
almost all cell types. It is a mediator of the acute phase of inflammation by induc-
tion of local and systemic responses. IL-1 can increase the expression of adhesion
molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell ad-
hesion molecule—1 (VCAM-1) on mesenchymal and endothelial cells, which together
with the induction of chemokines, promote the infiltration of inflammatory and im-
munocompetent cells from the circulation into the extravascular space. IL-1( is also
an angiogenic factor and plays a role in tumor metastasis and blood vessel formation
[39].

Thomay et al. investigated the role of IL-1 signaling in the constitution of the
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inflammatory cellular infiltrate and the healing response that follows cutaneous and
deep tissue wounds in mice. The most important findings of the study were the re-
ductions in inflammatory cell infiltration, epidermal hyperplasia, and fibrosis found
in incisional wounds in IL-1 receptor type I (IL-1R) knockout mice. In addition,
these mice had a marked decrease in fibrosis in deep tissue wounds. These findings
suggested that pharmacological interference with IL-1 signaling could have thera-
peutic value in the prevention of hypertrophic scarring and the treatment of fibrotic
diseases [40].

IL-6 is a pleiotropic cytokine produced by macrophages, T cells, fibroblasts,
keratinocytes, and endothelial cells. It exhibits various activities on a wide range of
cells including lymphocytes, hepatocytes, and neurons.

Several studies suggested that IL-6 has crucial roles in inflammation, particularly
during the early phase. Zi-Qing et al. evaluated the pathophysiological role of 1L-6
in wound healing processes of IL-6-deficient BALB /c knockout (KO) mice compared
to wild-type (WT) control mice. In WT mice, skin excisions upregulated IL-6 gene
expression by keratinocytes, neutrophils, macrophages, and myofibroblasts at the
wound sites. There was no significant difference in T-cell recruitment between WT
and IL-6 KO mice. However, reduced neutrophil and macrophage infiltration in IL-6
KO mice was observed along with lowered expression of some adhesion molecules and
cytokines such as ICAM-1, VCAM-1, IL-1, MIP-1, MIP-2, KC, and TGF-3. IL-6
can upregulate the IL-1 expression and consequently the expression of some adhe-
sion molecules (i.e., ICAM-1 and VCAM-1) what affect both leukocyte extravasation
and chemokines gene expression. TGF- and VEGF gene expression was also signif-
icantly attenuated in IL-6 KO mice that could be responsible for reduced collagen
accumulation and angiogenesis. These observations suggested that IL-6 had crucial
roles in wound healing, probably by regulating leukocyte infiltration, angiogenesis,
and collagen accumulation [41].

On the other hand, TNF-a is produced by activated macrophages, although it
can be produced by many other cell types such as CD4" lymphocytes, NK cells,
neutrophils, mast cells, eosinophils, and neurons. TNF-o has a beneficial role in

host defense against pathogens, but in excess, it is associated with damaging effects.

TNF-a can exert several functions depending on the concentration and duration
of the exposure to this cytokine. Low levels of TNF-o can promote wound healing
by indirectly stimulating inflammation and enhancing macrophage-produced growth
factors. However, TNF-a has a detrimental effect on healing when present at higher

levels and prolonged periods of time. In addition, TNF-o suppresses synthesis of
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ECM proteins and TIMPs while increasing synthesis of MMPs (MMP-1, MMP-
2, MMP-3, MMP-9, MMP-13, and MT1-MMP) in impaired acute wound healing
and chronic wound healing states what finally affect cell migration and collagen
deposition [13].

Ashcroft et al. described an animal model of severely impaired wound healing
(i.e., Secretory Leukocyte Protease Inhibitor (SLPI) null mouse model), comparable
to chronic wound healing in elderly humans, which have in common augmented
leukocyte infiltration and protease activity during initial stages of injury and tissue
destruction. They have reported that TNF-a levels, both systemically and in acute
wounds, were significantly increased in humans predisposed to impaired healing
and that elevated local tissue levels declined in parallel with healing. They have
shown that TNF-a inhibition reverses the impaired healing phenotype and dampened
excessive inflammation in the SLPI null animals and significantly accelerated the rate
of wound healing [42].

IL-1B3 and TNF-o can promote the induction of keratinocyte growth factor, FGF-
7, which can in turn promote re-epithelialization at the wound site. Thus, these pro-
inflammatory cytokines are directly and/or indirectly involved in the wound healing

process, and their upregulation is required for optimal skin wound healing [19].

1.2.2.8 Chemokines

Chemokines constitute a family of chemoattractant cytokines that selectively re-
cruit monocytes, neutrophils, and lymphocytes, inducing chemotaxis through the
binding to G-protein-coupled receptors (GPCRs). Chemokines could act as sec-
ondary pro-inflammatory mediators, i.e., they are typically induced by primary pro-
inflammatory mediators such as IL-1 and or TNF-a. By recruitment of leukocytes,
chemokine activity leads to activation of host defense mechanisms and stimulates
the early events of wound healing [43].

Chemokines can be classified into four subfamilies on the basis of the number
and location of the cysteine residues at the N-terminus of the molecule, and are
named CXC, CC, CX3C, and C, in agreement with the systematic nomenclature.
Chemokines are also grouped into two main functional subfamilies: inflammatory
and homeostatic chemokines. Inflammatory chemokines control the recruitment of
leukocytes in inflammation and tissue injury, whereas homeostatic chemokines fulfill
housekeeping functions such as homing leukocytes to and within secondary lymphoid
organs as well as in the bone marrow and the thymus during hematopoiesis [44].

Monocyte chemoattractant protein-1 (MCP-1 or CCL2) is a member of

the CC chemokine family and a potent chemotactic factor for monocytes. CCL2 is
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produced by many cell types, including endothelial, fibroblasts, epithelial, smooth
muscle, mesangial, astrocytic, monocytic, and microglial cells. However, mono-
cyte/macrophages are found to be the major source of CCL2. CCL2 regulates the
migration and infiltration of monocytes, memory T-lymphocytes, and natural killer
(NK) cells.

CCL2 mediates its effects through its receptor CCR2, and, unlike CCL2, CCR2
expression is relatively restricted to certain types of cells. It is important to note
that CCR2 has dual roles and has both pro-inflammatory and anti-inflammatory
actions. The pro-inflammatory role of CCR2 is dependent on antigen-presenting
cells (APCs) and T cells, whereas the anti-inflammatory role of CCR2 is dependent
on CCR2 expression in regulatory T cells [44].

Wetzler et al. observed a large induction and sustained expression of the inflam-
matory cytokines IL-13 and TNF-o mRNA during the late phase of repair in diabetic
mice, indicating a prolonged inflammatory response at the wound site. MCP-1 was
also strongly increased at the mRNA and protein level in keratinocytes what brought
about a prolonged presence of neutrophils and macrophages in the chronic wound.
In addition, macrophages can also express MCP-1 in a regulatory feedback mech-
anism that triggers attraction of additional macrophages into the wound. Finally,
MCP-1 represents an attracting signal also for wound keratinocytes and endothelial
cells during repair in vivo [45|. Thus, delayed wound-re-epithelialization, angiogen-
esis, and collagen synthesis is also present within the wounds of MCP-1 KO mice
[46].

Engelhardt et al. found by using incisional adult skin wounds that changes in
sets of chemokines actively regulate the migration and accumulation of the major
leukocyte subtypes in wounds (i.e., neutrophils, monocytes/macrophages, and lym-
phocytes). Firstly, migration of neutrophils to the denuded wound surface at day 1
correlates temporally and spatially with IL-8 and GRO-a mRNA expression, whereas
the enhanced expression of MCP-1 is responsible for the migration of macrophages
from day 2 onward. Then, lymphocyte migration is initially paralleled by MCP-1
expression and then after four days by IP-10 expression [47].

IL-8 and GRO-a stimulate re-epithelialization, i.e., by increasing keratinocyte
migration and proliferation, but also augment neoangiogenesis as evidenced by an
increase in the number of vessels within the wound area. The chemokines MCP-1,
MIG, and IP-10, are both T-cell attractant and highly expressed at sites of lym-
phocyte accumulation. Mig and IP-10 can also inhibit endothelial cell chemotaxis
and angiogenesis induced by IL-8 or bFGF; thus these chemokines may exert an

angiostatic effect that prevent from possible unlimited vessel growth produced by
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the continuous presence of factors such as bFGF and PDGF without blocking other
repair processes involved in wound healing. Because MCP-1, IL-8, and GRO-u are
inducible by TNF-a and IL-1 whereas synthesis of MIG and IP-10 is stimulated
mainly by IFN-8, the differential chemokine expression profiles may reflect a high
expression of TNF-a and IL-1 in the early phase and a delayed expression of IFN-6
in the late phase of wound healing [47].

Persistent production of pro-inflammatory cytokines and reduced release of pro-
angiogenic and pro-healing factors are associated with persistent inflammation, re-
duced angiogenesis and granulation tissue formation, and impaired closure seen dur-
ing impaired healing. Cytokines can modulate the activity of keratinocytes, fibrob-
lasts, endothelial cells and inflammatory cells by acting both autocrine and paracrine
fashion to achieve efficient healing.

Mirza and Koh determined the relative contributions of different cell subsets to
the production of cytokines and growth factors during normal and impaired wound
healing. They found that the monocytes/macrophages subset was the dominant
producer of pro-inflammatory cytokines IL-13, TNF-o and IL-6 in both non-diabetic
and diabetic mice and was a significant producer of VEGF-A, IGF-1, and TGF-31.
The neutrophils/T cells/B cells subset was also a significant producer of TNF-o
and IL-10 whereas the keratinocyte/fibroblast/endothelial cells subset contributed
significant amounts of VEGF, IGF-1, and TGF-£1. Sustained production of pro-
inflammatory cytokines and impaired production of healing associated factors were
evident in each subset in diabetic mice [48].

The skin is frequently exposed to aggressive molecules (e.g., ultraviolet irra-
diation, toxic chemicals) which induce the formation of reactive oxygen species
(ROS). In skin wounds, ROS are produced largely by inflammatory cells as a de-
fense against bacterial infection. Nonetheless, these molecules can damage the in-
flammatory cells themselves and other cells at the wound site. For this reason,
cells produce low molecular weight antioxidant proteins and increase the expression
of ROS-detoxifying enzymes as a mechanism to protect inflammatory and resident
cells from ROS toxicity. Genes encoding the ROS-detoxifying enzymes are under the
control of the Nrf2 transcription factor. The Nrf2 gene is a target of keratinocyte
growth factor (KGF), a cytoprotective growth factor for epithelial cells that is highly
expressed in skin wounds [49]. Nrf2 mRNA was significantly up-regulated in ker-
atinocytes and macrophages in a murine full-thickness excisional wound model, thus
regulating inflammation but not re-epithelialization in skin wounds [50].

One of the wound-regulated genes encodes peroxiredoxin 6 (Prdx6). Peroxire-

doxins consist of a family of six enzymes that catalyze the reduction of hydrogen
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peroxide and a wide range of organic peroxides through redox-active cysteines. Some
studies revealed that overexpression of Prdx6 in different cell types protected from
ROS-induced cytotoxicity, whereas antisense-mediated knockdown of this enzyme
enhanced the sensitivity to oxidative stress. Kumin et al. shown that peroxiredoxin-
6 deficient mice had a severe hemorrhage in the granulation tissue following skin
injury, which correlates with the extent of oxidative stress and counteract proper
wound healing. At the ultrastructural level, endothelial cells appeared highly dam-
aged, and their rate of apoptosis was enhanced. Furthermore, knocking down Prdx6
in cultured endothelial cells increased their susceptibility to oxidative stress [51].
The wound microenvironment attracts MSCs, and local inflammation and oxidative
stress influences the behavior of these cells by creating a low-oxygen environment.
Hypoxia induces MSCs to proliferate at a faster rate and promote wound healing

through increased epithelialization, accelerated wound closure, and angiogenesis [52].

1.3 Abnormal Wound Healing. Chronic Wounds

Chronic wounds are defined as wounds that do not heal within three months. Be-
sides, these wounds do not follow the gradual process of physiologic healing, thus
being unable to restore anatomic and functional integrity in an appropriate period.
Chronic wounds are often associated with diabetes or obesity. It has been estimated
that 1-2% of people in developed countries will suffer from chronic wounds in their
lifetime. With an aging population and increasing rates of obesity and diabetes, it
is clear that this problem is set to rise [6].

Multiple local and systemic factors can lead to impaired wound healing by ad-
versely affecting one or more phases of this process. The factors that influence repair
include oxygenation, infection, age and sex hormones, stress, diabetes, obesity, med-
ications, alcoholism, smoking, and nutrition. Many of these factors are related, and
the systemic factors act through the local effects affecting wound healing [53|. In
contrast, the wound healing process can sometimes result in excessive dermal fibro-
sis that can induce the formation of keloids and hypertrophic scars in predisposed
individuals [54].

Standard treatment of chronic wounds is commonly addressed to modify con-
trollable causative factors such as antibiotic treatment of infected wounds, pressure
relief of decubitus areas, revascularization of ischemic limbs, and compression gar-
ments for venous insufficiency. Surgical debridement and negative pressure wound
therapy are frequently used techniques, even when they are not an optimal treat-

ment because of the lengthy healing time required for this method. The use of skin
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substitutes has been proved to be a useful tool for treating this difficult condition,
but so far no ideal therapy is available to treat troublesome chronic wounds. Thus,
new therapies in this area are required to optimize outcomes for the patients [55].
Mesenchymal stem cells are emerging as a promising candidate for cell-based
therapy for the treatment of chronic wounds because of their enormous potential
for enhancing tissue repair and regeneration following injury. MSCs can be iso-
lated from a variety of adult and fetal tissues, including dental pulp, adipose tissue,
skin, cord blood, liver, synovium, pancreas, lung, placenta, amniotic fluid, and pe-
ripheral blood. Bone marrow MSCs are usually considered as a gold standard and
the most investigated cell type. However, the use of MSCs obtained from bone
marrow exposes the donor to a painful and invasive procedure, leading to the use
of non-invasive and ethically non-problematic sources. Thus, MSCs obtained from
ethically approved sources that otherwise would be discarded in hospitals, i.e., MSCs
from placenta (P1-MSCs), umbilical cord (UC-MSCs), Wharton’s jelly (Wj-MSCs),
and adipose tissue (AT-MSCs), are also used in studies, considering their multiple

properties [56].

1.4 Mesenchymal Stem Cells

1.4.1 Definition

Mesenchymal stem cells (MSCs) are undifferentiated cells that can self-renew and
differentiate into multiple cell types. Friedenstein et al. first isolated and recognized
the multilineage differentiation capacity of the mesenchymal stromal cell [57]. Their
plasticity or potency is hierarchical ranging from totipotent (differentiating into all
cell types including placenta), pluripotent (differentiating into cells of the three germ
layers, ectoderm, mesoderm and endoderm, but not trophoblastic cells), multipotent
(differentiating into cells of more than one type but not necessarily into all the cells
of a given germ layer) to unipotent (differentiating into one type of cell only, e.g.
muscle or neuron) [58].

The International Society for Cellular Therapy (ISCT) proposed three minimal
criteria to define human MSCs [59):

e MSC must be plastic-adherent when maintained in standard culture conditions

using tissue culture flasks.

e More than 95% of the MSC population must express CD105 (endoglin), CD73
(ecto-5’-nucleotidase) and CD90 (Thy 1), as measured by flow cytometry.
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Besides, these cells must lack expression (< 2% positive) of CD45 (pan-
leukocyte marker), CD34 (primitive hematopoietic progenitors and endothelial
cells marker), CD14 or CD11b (expressed on monocytes and macrophages),
CD79a or CD19 (markers of B cells) and HLA class II (not expressed on MSC
unless stimulated, e.g. by IFN-y). Only one of the macrophage and B cell

markers needs to be tested.

e The cells must be able to differentiate into osteoblasts, adipocytes and chon-

droblasts under the standard in wvitro tissue culture-differentiating conditions.

1.4.2 Classification

Stem cells can be classified into embryonic, fetal, and adult stem cells based on their

time of isolation during ontogenesis.

1.4.2.1 Embryonic Mesenchymal Stem Cells (EMSCs)

EMSCs are derived from the inner cell mass (ICM) of the blastocyst which is an early
stage pre-implantation embryo. EMSCs divide indefinitely (self-renewal) in culture
while maintaining their capacity for extensive in vitro and in vivo differentiation
(pluripotency) [60]. Use of EMSCs for tissue regeneration application is limited
because the differentiation of these cells is difficult to control, and the ability to
form all tissue types brings about the risk of in vivo tumorigenicity and teratoma
formation. Moreover, chromosomal stability is difficult to preserve when EMSCs are
kept in culture over multiple passages. Embryonic stem cell (ESC) research also has
ethical problems since isolation of EMSCs implicates destruction of the embryo while
the cells are extracted, a process that has provoked objection from political, religious,
and social groups. Therefore, the use of EMSCs in clinical practice remains largely
theoretical, and ESC research is mainly directed toward studying disease states and

biological processes [52].

1.4.2.2 Adult Mesenchymal Stem Cells (AMSCs)

AMSCs are the most commonly used MSCs and they have been extensively char-
acterized for their therapeutic potential. AMSCs can be isolated from many tissue
types including brain, dental pulp, skeletal muscle, bone marrow, skin, fat, and
pancreas. However, these cells are difficult to extract in sufficient numbers for ther-
apeutic applications and have restricted plasticity and limited proliferative capacity
compared with EMSCs [58]. Finally, use of AMSCs in cell-based therapy could avoid



CHAPTER 1. INTRODUCTION 29

many of the ethical limitations associated with other stem cell types, especially em-
bryonic stem cells. Among the wide range of adult stem cells, bone-marrow-derived
mesenchymal stem cells (BM-MSCs) and adipose-derived- stem cells are of partic-
ular relevance to tissue engineering in the setting of chronic wounds. Stem cells
proffer great potential for enhancing tissue repair and regeneration upon injury.
Continuous advances in stem cells biology and skin tissue engineering have gener-
ated translational opportunities for the development of novel stem cell-based wound
healing therapies, which manifest promising results in preclinical and clinical trials

for the treatment of chronic wounds [55].

1.4.2.3 Fetal Mesenchymal Stem Cells (FMSCs)

FMSCs can be isolated from two distinct sources, the fetus proper and the sup-
portive extra-embryonic structures (amniotic fluid, Wharton’s jelly, placenta, and
amnion). Extra-embryonic tissues as stem cell source offer many advantages over
both embryonic and adult stem cell sources. Extra-embryonic tissues are routinely
discarded at birth, so little ethical concerns attend the harvest of the resident stem
cell populations. The extracorporeal nature of fetal stem cell sources facilitates
isolation, eliminating invasive procedures for patients; that implies adult stem cell
isolation. Most significantly, the comparatively high volume of extra-embryonic tis-
sues and ease of physical manipulation augment the number of stem cells that can
be isolated. In this sense, Wj-MSCs have shown to exhibit high proliferation capac-
ity compared to adult BM-MSCs, and thus can be scaled up easily for regenerative
medical applications [60, 61].

General functions of MSCs include supporting of the ezr wivo expansion of
hematopoietic stem cells, act as immune modulators, release cytokines and growth

factors, and home to sites of pathology.

1.4.3 Human Umbilical Cord
1.4.3.1 Wharton’s Jelly Mesenchymal Stem Cells

In 1656, Thomas Wharton first described the umbilical cord as the connective tissue
that links fetus and the human placenta. The umbilical cord contains two umbilical
arteries and one umbilical vein, which are protected by a gelatinous matrix rich in
proteoglycans and mucopolysaccharides named Wharton’s jelly. McElreavey et al.
in 1991 first isolated the mesenchymal stromal cells from Wharton’s jelly portion of
the human umbilical cord (Wj-MSCs) [62].

The umbilical cord is normally thrown away after either normal vaginal delivery
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or cesarean section, and then it can be easily obtained with no risk for collection
and ethical concerns. The umbilical cord MSCs have more primitive properties
than other adult MSCs obtained later in life, which might make them a useful
source of MSCs for clinical applications. Furthermore, Wj-MSCs are more similar
to fetal MSCs regarding their in vitro expansion potential, and lengthy passaging of
them is not related to any aberrant cell cycle profile and acquired tumor formation
capabilities [61].

Wj-MSCs have been used for broad range of applications such us Parkinson’s
disease [63, 64, 65|, neurological disorders [66], neural damage associated with car-
diac arrest/resuscitation [67], kidney injury [68], lung injury [69], orthopedic injury
[70], cancer therapy [71], retinal disease [72], and cerebral global ischemia [73].

1.4.4 Immunomodulatory Properties of Mesenchymal Stem
Cells

The immunomodulatory effects of MSCs are not only apparent in T lymphocytes
but also in B lymphocytes, dendritic cells (DC), or NK cells. MSCs can inhibit
immune cell proliferation, reduce immune cell cytokine secretion, and alter immune
cell subtypes [74].

Mesenchymal stem cells have immune avoidance mechanisms that reduce im-
munogenicity that is necessary to avoid the acute rejection response by the host
following xenogeneic transplantation. Hypoimmunogenicity of MSCs confers a criti-
cal advantage in their use for cell therapy. In humans, these cells express low surface
levels of major histocompatibility complex (MHC) class I molecules and express nei-
ther MHC class IT molecules nor costimulatory molecules, such as CD40, CD40L,
CD80, or CD86. The expression of MHC class I, although weak, protects MSCs
from NK cell-mediated killing; also, the lack of MHC class II expression confers to
these cells the ability to escape immune recognition by CD4" T cells [56].

Two different general mechanisms, one cell contact-dependent and one -
independent, have been proposed to explain the immunosuppressive capability of
mesenchymal stem cells.

Nicola et al. conducted a key study aimed to analyze the mechanisms underlying
BM-MSC-mediated suppression of T-lymphocyte proliferation in both mixed lym-
phocyte culture and the presence of polyclonal activators. BM-MSCs significantly
inhibited both CD4" and CD8" T cell proliferation even when using transwell sys-
tem, suggesting that soluble factors were also involved in this process besides the
cell-cell contact [75]. Regarding the direct effect of MSC on T cells, it was demon-

strated that MSCs express adhesion molecules on their surface such as integrins,
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intercellular adhesion molecules (ICAM-1, ICAM-2), vascular cell adhesion protein
(VCAM)-1, CD72, and CD58, that bind to T lymphocytes with high affinity [76].

Recent studies have shown that MSCs have the capacity to sense their microen-
vironment and migrate in response to signals produced by inflamed tissues (e.g.,
growth factors, cytokines, or chemokines). These cues may have a role in determin-
ing the function of MSCs, either promotion of pathogen clearance or suppression of
inflammation.

MSC immunomodulation takes place over a multistage process involving (1) MSC
responsiveness to inflammation and possible migration to the site of tissue injury,
(2) licensing or activation of MSCs, (3) promotion of pathogen clearance if required
and (4) modulation of inflammation [77].

Following the migration of MSCs to the site of inflammation, they need to be
activated to exert their immunosuppressive effects. In particular, the immunosup-
pressive function of MSCs is elicited by IFNy and the concomitant presence of
any of three other pro-inflammatory cytokines, TNF-a, IL-1ao, or IL-1(3 (78, 79, 80].
Importantly, regulation of several MSC immunomodulatory molecules (including
indoleamine 2,3-dioxygenase (IDO), prostaglandin E2 (PGE2), TGF-8, TSG-6 and
nitric oxide (NO) by pro-inflammatory cytokines has been observed [80]. In addi-
tion to pro-inflammatory cytokines, toll-like receptors (TLRs) signaling may differ-
entially license MSCs; with TLR4 priming inducing a pro-inflammatory phenotype
(MSC1) and secretion of IL-6, IL-8, and TGF-$, and TLR3 priming inducing anti-
inflammatory MSCs (MSC2) (producing IDO, PGE2, IL-4, and IL-1RA) [81]. Other
study showed that, in the presence of INF-y, either TNF-o or IL-1a induces the ex-
pression of adhesion molecules ICAM-1 and VCAM-1, which are also essential for
MSC-mediated immunosuppression [82].

The effect of INF-y in MSCs licensing has been studied in vivo, in an experi-
mental murine model of Graft versus Host Disease (GVHD). MSC, pre-treated with
IFN-v, became immediately active and could suppress GVHD more efficiently than
a fivefold greater number of MSC that were not activated. Furthermore, when ad-
ministered at the time of bone marrow transplantation, INF-y-treated MSCs could
prevent GVHD mortality [79].

1.4.4.1 MSCs Re-educate Monocytes/Macrophages in the Context of

Tissue Repair

In response to activating signals, macrophages become polarized into either a clas-
sical M1 phenotype (pro-inflammatory, stimulated by TLR engagement or IFN-v)
or an alternative M2 phenotype (anti-inflammatory, stimulated by IL-4/1L-13). M1
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macrophages are characterized by their high-level production of pro-inflammatory
cytokines including TNF-o and IL-13 whereas M2 are commonly associated with
secretion of IL-10 [83].

It has been described that MSCs may interact with macrophages at sites of in-
flammation and influence their polarization. Several studies have demonstrated that
production of IDO and PGE2 are involved in MSC modulation of macrophage func-
tion. Ylostalo et al. shown that human MSCs cultured as 3D spheroids produced
PGE2 that changed stimulated macrophages from a primarily pro-inflammatory M1
phenotype to a more anti-inflammatory M2 phenotype [84].

1.4.4.2 MSCs Produce Immunosuppressive Soluble Factors

Many of the mechanisms by which the MSCs modulate the immune responses implies
the production of immunosuppressive factors, most of which are produced once the
MSCs have been activated. More than thirty soluble factors have been associated
with the immunomodulation capacity on T-lymphocyte activation and proliferation
by MSCs, such as hepatic growth factor (HGF), TGF-8, IDO, PGE2, NO, IL-
6, IL-10, semaphorin-3A, galectin (Gal)-1, and Gal-9. Nonetheless, some relevant
differences are well acknowledged between species and should be considered for the
interpretation of results obtained by the use of MSCs from mice [56].

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that catabolizes tryp-
tophan (an essential amino acid required for T-cell proliferation) into kynurenine
metabolites that regulate T-cell proliferation. Expression of IDO on MSCs is in-
duced by stimulation with IFN-y or through stimulation with TLR3 and TLR4
ligands [78, 85]. MSC-derived IDO has been associated with the re-education of
immune cells including macrophage polarization to the anti-inflammatory M2 phe-
notype, induction of tolerogenic dendritic cells (DCs) and T regulatory cells in vivo
as well as promoting a Th1-Th2 switch [86].

IDO is also known to have a role in microbial defense; thus it may be possible
that MSC-derived IDO could enhance microbial clearance as well as inhibition of
immune responses [77].

Tumor necrosis factor-inducible gene 6 protein (TSG-6) is an IL-1/TNF-
inducible protein with anti-inflammatory properties. TNF-o stimulation of MSCs
leads to the production of significant amounts of TSG-6.

MSC-derived TSG-6 has been shown to mediate protective effects in murine
models of myocardial infarction [87], corneal injury [88], allogeneic corneal transplant
as well as zymosan-induced peritonitis [89]. In all models, TSG-6 inhibited the early

inflammatory response, and specifically neutrophil infiltration and pro-inflammatory
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cytokines.

Prostaglandin E2 (PGE2) Prostaglandins are small lipid molecules that regu-
late numerous processes in the body, including kidney function, platelet aggregation,
neurotransmitter release and modulation of immune function. The production of
prostaglandins begins with the liberation of arachidonic acid from membrane phos-
pholipids by phospholipase A, in response to inflammatory stimuli. After, arachi-
donic acid is converted to PGH, by the cyclooxygenase enzymes COX-1 and COX-2
(known formally as prostaglandin endoperoxide H synthases). Then, cell-specific
prostaglandin synthases convert PGH, into a series of prostaglandins [90]. MSCs
constitutively express COX-2 and produce PGE2 that is enhanced by stimulation
with IFN-y and TNF-o as well as by TLR3 but not TRL4 ligands [81].

Several studies support the role of MSC-derived PGE2 in the suppression of T-
cell activation and proliferation both in wvitro and in vivo, MSC reprogramming of

macrophages and DCs, and inhibition of mast cell function.

MSCs alter the Helper T-Cell Balance Efficient host defense against invading
pathogenic microorganisms is achieved through coordination of complex signaling
networks that link the innate and adaptive immune systems. Upon interaction with
cognate antigen presented by antigen-presenting cells such as dendritic cells (DCs),
CD4" T cells can differentiate into a variety of effector subsets (i.e., classical Thl
cells and Th2 cells, Th17 cells, follicular helper T (Tth) cells, and induced regulatory
T (iTreg) cells) and produce distinct patterns of cytokines [91].

MSCs have the capacity to modulate T-cell proliferation and function through
shifting the balance from a pro-inflammatory Thl phenotype (secreting IFN-y and
TNF-a) to a more anti-inflammatory Th2 profile (secreting increased levels of 1L-4,
IL-5, IL-10, IL-13 and the Th2 chemokine CCL1), and vice versa for Th2-driven
pathologies. MSCs also modulate Th17 differentiation in favor of IL-4-producing
Th2 cells or the generation of Treg [92].

MSCs induce tolerogenic DCs MSCs can interfere with the development of
both myeloid and plasmacytoid DCs but also with the key features of DC function;
i.e., migration, maturation and antigen presentation. Several mechanisms have been
implicated in these effects including both soluble factors and contact-dependent
signals [93]. MSCs can also re-programme conventional lymphocyte stimulatory DCs
into anti-inflammatory DCs with a tolerogenic phenotype. These DCs may produce
higher levels of anti-inflammatory cytokines including IL-10 and lower levels of the
pro-inflammatory cytokines IL-12 and TNF-a. The exposure to MSCs also results
in enhanced phagocytic activity typical of tolerogenic DCs [94].
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MSC induction of Treg and immune tolerance Regulatory T cells (Tregs)
are a subpopulation of T lymphocytes characterized by surface expression of CD4,
IL-2 receptor (CD25) and the transcription factor forkhead box P3 (FoxP3). These
cells possess the capacity to suppress other immune cells (including T cells) and can
be produced both in the thymus, as a functionally mature subpopulation of T cells,
or induced from naive T cells in the periphery. Di lanni et al. suggest that MSCs
provide a homeostatic niche for Tregs, since they recruit, regulate, and maintain T
regulatory phenotype and function over time [95].

Tregs have an important role in controlling not only allo- and autoreactive T cell
responses but also inducing and maintaining tolerance to self and non-self antigens.
MSC expansion or induction of Tregs has been associated with protection from some
of alloreactive, autoimmune and allergic diseases including organ transplantation,
allergic airway disease, type-1 diabetes and inflammatory bowel disease [77].

PGE2, TGF-3, and IL-10 are the major soluble factors involved in MSC promo-
tion of Tregs in vivo, although the mechanisms that lead to the generation of Tregs
and subsequent induction of tolerance are varied and dependent on the microenvi-
ronment (i.e., allergic, alloreactive, autoreactive) [96, 97|.

Regarding organ transplantation, MSCs may enhance allograft survival and in
some cases, induce tolerance by the promotion of Tregs [98]. Ge et al. performed a
study to address whether MSCs induce kidney allograft tolerance. They found that
MSCs inhibited T cell proliferation and promoted a Th2-dominant response, while
inducing tolerogenic DCs with attenuated allostimulatory capacity and decreasing
anti-donor antibodies. These anti-inflammatory effects and the induction of toler-
ance maintaining Tregs were mediated by MSC-derived IDO, as evidenced by the
inability of IDO-knockout MSCs to achieve allograft tolerance [86].

1.5 Stem Cell Therapy and Tissue Regeneration

1.5.1 Mesenchymal Stem Cells for Cutaneous Wound Healing

The rapidly developing fields of stem cell biology and skin tissue engineering have
created translational opportunities for the development of novel stem cell-based
wound healing therapies that show promising results in preclinical and clinical trials
for the treatment of chronic wounds. Cell therapy is most appropriately defined as
a set of strategies to use living cells as regenerative therapy to repair, replace, or
restore biological function [6].

The prognosis of extensive and deep burns is not entirely satisfactory because of

scar formation and the loss of normal function and skin appendages, which severely
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affects the quality of life after survival. Therefore, reducing the formation of scars
and reestablishing the normal anatomy and function of the skin and its appendages
have become the aim of regenerative medicine research. Fortunately, with research
focused on a better understanding of stem cell biology, several experiments have
shown that adult stem cells can participate in tissue and organ regeneration in
almost all lesions. Mansilla et al. performed a full-thickness skin defect on the
dorsum of mice and used human BM-MSCs obtained from a healthy young donor
to accelerate the wound healing. The cells were injected intravenously or applied to
the wound in a fibrin polymer implant. There was no immune rejection, and all skin
defects healed without scar or retraction at a median time of 14 days after wounding
[99].

Recently, Isakson et al. have extensively reviewed the role of adult MSCs in
cutaneous wound healing. They demonstrated accelerated wound closure and en-
hanced histological parameters in wounds treated with MSC therapies, irrespective
of cell isolation or delivery method [55].

Badiavas et al. were the first to treat chronic wounds with MSCs. Three patients
having chronic cutaneous ulcerations with more than 1-year duration received treat-
ment with both fresh autologous bone marrow aspirate and cultured bone marrow
cells derived from those aspirates. All patients showed clinical improvement in their
wounds within days following administration of bone marrow aspirate or cultured
bone marrow cells. Wounds showed a steady overall decrease in wound size and
increase in the vascularity of the dermis and the dermal thickness of the wound bed
[100].

Another of the earlier studies investigating the effects of human BM-MSCs on
skin repair was performed by Mansilla et al. BM-MSCs were either injected system-
atically or applied in a polymer implant onto full-thickness skin defect in mice, which
resulted in accelerated wound healing without scar or retraction in comparison to
control group. Besides, there was not an immune rejection of the transplanted cells
thus confirming that human MSCs are not immunologically reactive, trespassing
species defense barriers either when locally implanted or systemically administered
[99].

Falanga et al. used autologous BM-MSCs from patients with acute wounds
from skin cancer surgery and patients with chronic, long-standing, nonhealing lower
extremity wounds. The MSCs were delivered using a fibrin polymer spray system,
and the cells were found to promote the generation of new elastic fibers within the
wound with strong direct correlation between the number of cells applied and the

subsequent decrease in wound size [101].
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Dash et al. again used autologous BM-derived MSCs to treat chronic nonhealing
ulcers (diabetic foot ulcers and Buerger disease) of the lower extremities. Treat-
ment with MSCs led to a significant reduction in ulcer size and increased pain-free
walking distance in the implant group as compared to the control group. Biopsy
micro-sections of implanted tissues showed the development of dermal cells (mainly
fibroblasts), including mature and immature, inflammatory cells. This study in-
dicated that autologous implantation of BM-derived MSCs in nonhealing ulcers
accelerates the healing process and improves clinical parameters significantly [102].

Clinical benefit of systemic administration of MSCs has also been observed by
Lu et al., who made a comparison of BM-MSCs with BM-derived mononuclear
cells (BM-MNCs) for the treatment of diabetic critical limb ischemia (CLI) and
foot ulcers. Under ordinary treatment, the limbs of 41 type 2 diabetic patients
with bilateral CLI and foot ulcers were injected intramuscularly with BM-MSCs,
BM-MNCs, or normal saline. The ulcer healing rate of the BM-MSCs group was
significantly higher than that of BM-MNCs at six weeks after injection and reached
100% four weeks earlier than BM-MNCs group. After 24 weeks of follow-up, the im-
provements in limb perfusion induced by the BM-MSCs transplantation were more
significant than those by BM-MNCs regarding painless walking time, ankle-brachial
index, transcutaneous oxygen pressure, and magnetic resonance angiography anal-
ysis. Thus, BM-MSCs therapy turned out to be better tolerated and more efficient
than BM-MNCs for increasing lower limb perfusion and promoting foot ulcer healing
in diabetic patients with CLI [103].

All these clinical results suggest that MCSs provide clinical benefits and should
be used in a range of wound types to increase the rate of healing as well as reduce
scarring. However, there are still many issues to be addressed including the effect of
the source of the MSCs, the benefits of MSCs alone or within a matrix, the timing

and frequency of MSC administration, and the number of cells administered.

1.5.2 Mesenchymal Stem Cells Delivery

Both topical and systemic MSCs delivery methods have been shown to be effective
for wound healing. While systemic delivery of MSCs has been shown to deposit cells
at the injury site, cell engraftment and survival, have been limited. This has led
to the majority of studies looking at novel cell delivery systems to enhance wound
healing [55].

Yoshikawa et al. cultured human BM-MSCs and placed them in artificial dermis
made of collagen sponge that was later implanted subcutaneously into the dorsal

wound of a nude mouse. Furthermore, BM-MSCs suspension was injected sub-
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cutaneously around the wound without the artificial dermis. Concerning histologic
findings, only the artificial dermis containing the cultured cells showed any improve-
ment in repair with increased vascularity, fat, and matrix deposition compared to
the other groups. The next step following the study in mice was to treat 20 patients
with chronic wounds using cultured autologous BM-MSCs/artificial dermis compos-
ite grafts. The wounds mostly healed in 18 of the 20 patients; the remaining two
patients died of causes unrelated to transplantation. Thus, autologous BM-MSCs
transplantation was shown to be therapeutically effective in all patients [104]. This
study was the first to suggest that the use of scaffold for administering the MSCs
to the wound may be more beneficial than just injecting the cells around the wound
site. Hence, the delivery of cells is an important and often neglected aspect of
any therapeutic approach. Recent studies have used new and innovative cell deliv-
ery systems that maximize the efficacy of MSC therapy for non-healing cutaneous
wounds.

Recent advances suggest that Wj-MSCs reinforced with microparticles [105] and
scaffolds [106] can be effectively used for a variety of clinical applications. Voj-
tassdk et al. described a technique for treatment of chronic non-healing wound
(diabetic ulcers) using autologous biograft composed of autologous skin fibroblasts
on biodegradable collagen/hyaluronan membrane (Coladerm) in combination with
autologous MSCs derived from the patient’s bone marrow. The bone marrow aspi-
rate was applied directly to the wound and injected into the edges of the wound,
finally covered with prepared autologous biograft. The patient received two addi-
tional treatments with cultured MSCs on day 7 and 17. The wound showed a steady
overall decrease in wound size and increase in the vascularity of the dermis and the
dermal thickness of the wound bed after 29 days of combined treatment [107].

More recently, Sabapathy et al. have proved that combined therapy of Wj-MSCs
and decellularized amniotic membrane has better wound healing capabilities when
compared to injection of BM-MSCs alone. The histological analysis of regener-
ated wound tissue revealed reduced scar formation with hair growth, and better
development and organization of the glandular tissues in membrane grafted tissues

compared to control, or plain Wj-MSCs injected animal model [61].
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1.6 Electrospun Silk Scaffold for Regenerative

Medicine

1.6.1 Silk Fibroin

Silk is a biomaterial composed of fibrous proteins synthesized in specialized glandular
epithelial cells of organisms members of the class Arachnida, and several worms of
the order Lepidoptera, i.e. mites, butterflies, and moths. Among silk variants,
particular interest is given to the silkworm silk of Bombyx mori specially in the
textile industry and medical sutures [108].

Native Bombyx mori silk is composed of silk fibroin (SF) protein coated with
sericin, a group of hydrophilic glycoproteins (20-310 kDa) produced in the middle
silk gland of B. mori, that act with glue-like functions. The silk fibroin fibers are
about 10-25 ym in diameter, and consists of a light (~26 kDa) chain (L-chain) and
a heavy (~390 kDa) chain (H-chain), which are present in a 1:1 ratio and linked by
a single disulfide bridge (Figure 1.3, A) [109]. Glycoprotein P25 (25 kDa) is also
associated with these chains, primarily by non-covalent interactions, providing the
integrity of the complex [110]. H-fibroin, L-fibroin, and P25 are assembled in the
ratio of 6:6:1 in mulberry silk [111].

The amino acid composition of silk fibroin consists mainly of 43% glycine (Gly),
30% alanine (Ala), and 12% serine (Ser). Heavy chain SF is characterized by a
series of alternating hydrophobic and hydrophilic domains rendering the molecule
amphiphilic [112]. The heavy chain consists of 12 domains that form the crystalline
regions (B-sheet structures) in silk fibers. These regions are composed of Gly-X
repeats, where X is Ala, Ser, Threonine (Thr), and Valine (Val). Each domain is
comprised of sub-domain hexapeptides that are rich in Gly, Ala, Ser and tyrosine
(Tyr). The less crystalline forming regions of the fibroin heavy chain or linkers, are
between 42-44 amino acid residues in length and have an identical 25 amino acid
residue not found in the repetitive domains [113|. The result is a hydrophobic protein
that self-assembles to form strong and resilient materials. The prevalence of 3-sheet-
forming regions within the fibroin structure confers the protein-based materials with
high mechanical strength and toughness (Figure 1.3, B) [114].

The concentration of silk protein augments during the succession from synthesis
to spinning in the glands, with changes in chemistry and physical characteristics,
along with mechanical alignment in shear flow. Chain alignment is involved in later
processing stages, and the internal drawdown of fibers plays a significant role in the

critical final steps that lead to fiber formation. Silks are not “squeezed out” of the
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A

Figure 1.3: Silk chemical structure [116].

glands but are mostly pulled out by the “figure eight” movement of the head of the
silkworm while spinning [115].

Silk fibroin biomaterial in various formats has shown good biocompatibility, slow
and controllable degradability, and minimal inflammatory response. Furthermore,
the excellent mechanical properties of silk fibroin make it a unique natural poly-
mer. Silk fibroin matrices in the form of electrospun nanofibers have demonstrated

potential in various tissue regeneration/repair applications [117].

1.6.2 Electrospinning of Silk Fibroin Fibers

Electrospinning process was first introduced in the early 1930s and has been used for
many years in the textile industry for manufacturing non-woven fiber fabrics. In re-
cent years, this technology has gained much interest, especially in the production of
ultra-fine polymer fibers for tissue engineering. The electrospun nanofibrous struc-
ture is a nonwoven, three-dimensional, porous and nano-scale fiber-based matrix
produced by an electrospinning process [118]. Electrospun fibers can be produced
in a broad range of diameters, ranging from a few nanometers to a few microns,
depending on the mode of processing. The fibers can be made to form a porous
structure that is ideal for drug and/or cell delivery [119].

In the method of electrospinning, many factors can be manipulated to create

scaffolds of different geometries and with various structural properties. These ele-
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ments include electrospinning parameters, e.g., the electrical force, the distance of
the electric field, the length and radius of the spinneret, and the solution flow rate.
Likewise, solution parameters, such as concentration, viscosity, ionic strength and
conductivity [120].

Electrospun silk fibroin scaffolds have two distinctive characteristics that make
them very appropriate for tissue engineering. First, the morphology and architecture
of the electrospun structure is similar to those of some natural ECM in the skin, that
are composed of randomly oriented collagens of nanometer-scale diameters. Second,
the scaffold structure changes dynamically over time, as the polymer nanofibers
degrade allowing the seeded cells to proliferate and produce their own ECM. The
mechanical property of a scaffold is another important aspect of its design since it
must maintain the structural integrity and stability at the defect site of the host.
Also, the structure at the implant site must provide sufficient biomechanical support
during the process of tissue regeneration and structure degradation after surgery
[118, 121].

Porosity is thought to be an essential parameter for tissue engineering scaffolds
used for the skin reconstitution. Such nanofibrous scaffolds should mainly be made
porous to benefit cellular infiltration and proliferation. The better porosity of scaf-
folds used for cellular penetration should normally be within the range of 60-90%.
It is not easy to make well-defined pore sizes through the electrospinning technique
because of the randomly deposited fibers. Thus, the overall network architecture
structure created best mimics the natural ECM, and this provides an advantage in

its application as tissue engineering scaffolds [122].

1.6.3 Characteristics of Silk Fibroin as Biomaterial

Biomaterial design is an important element of tissue engineering, incorporating phys-
ical, chemical, and biological cues to guide cells into functional tissues via cell mi-
gration, adhesion, and differentiation. Many biomaterials need to degrade at a rate
commensurate with new tissue formation to allow cells to deposit new ECM and re-
generate functional tissue. In addition, biomaterials may need to include provisions
for mechanical support appropriate to the level of functional tissue development
[108].

There are several general characteristics necessary for scaffold design. The first
requirement is that the material should be biocompatible, able to support appro-
priate cellular activity to optimize tissue regeneration without eliciting undesirable
local or systemic responses, such as rejection, inflammation or immune activation, in

the host. Because of its non-mammalian origin, use of silk proteins could be associ-
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ated with some adverse immunological response to a foreign body. Sericin has been
linked to immunogenic reactions of silk whereas silk fibroins have not, albeit it can
be easily separated from SF by extraction in alkaline solutions. Toxicological eval-
uations of SF have been encouraging, placing foreign body reactions following the
implantation of SF films comparable to those observed with type I collagen films and
less than what was observed for films made from polylactide-co-glycolide (PLGA)
synthetic polymer, which is a slowly degrading polymer used in the pharmaceutical
market for controlled drug delivery [112].

Secondly, the scaffold should have a porous architecture with high surface area to
allow for maximum cell loading and cell-matrix interactions, as well as to improve
transport into and out of the matrix for nutrients and oxygen. Moreover, this
structure is desirable for locally sequestering and delivering bioactive molecules,
and providing space for tissue in-growth. Furthermore, the large surface area of
electrospun nanofibers allow the adsorption of liquids and protects the wound from
bacterial penetration and dehydration [123].

On the other hand, most tissue engineering applications and tissue regeneration
approaches require scaffolds that are fully biodegradable or absorbable. Biodegrad-
ability implies the disintegration of solid polymeric devices by biological elements,
giving fragments that can disperse, but not eliminate from the body. While bio-
sorption reflects the total elimination of the initial foreign material through natural
pathways, i.e. through filtration or metabolization of the degraded bio-products
[124]. Furthermore, it is useful if the degradation rate of the scaffold matches the
rate of tissue regeneration to optimize the transfer of functions from the artificial ma-
trices to native ECM on a time-dependent basis during tissue regeneration. Faster
rates of degradation of the scaffold may lead to a loss of tissue integrity and func-
tion while a degradation rate that is too slow can result in barriers to transport or
mechanical mismatches such as stress shielding, resulting in long-term failure of the
system [117].

Scaffolds should also be mechanically matched to the target tissue, sterilizable
without compromising structural or other related properties and for clinical success
the production of the scaffold must be reproducible, economical and scalable. Col-
lectively, these general rules for scaffold design are focused more at the macroscopic
level. In order to realize the active role of artificial scaffolds in regulating the behav-
ior of cells, the interface between the biomaterial and the cells must be examined
[117].

Silkworm silk is an excellent polymer for biomedical application due to the higher

strength when compared to commonly used polymeric degradable biomaterials, e.g.
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collagen and polylactic acid (PLA). Besides the excellent mechanical properties,
silk fibroin has other significant advantages such as biocompatibility, water based
processing, biodegradability and the presence of easy accessible chemical groups for
functional modifications [125]. Finally, the degradation rate can be adapted from
months to years after implanting in vivo, based on processing procedures employed

during material formation [126].

1.7 Silk Fibroin Biomaterial for Tissue Regenera-
tion

The main aim of engineered tissue regeneration is the construction of a biocom-
patible scaffold that, in combination with living cells and/or bioactive molecules,
replaces, regenerates, or repairs damaged tissues [123]. Tissue engineering basically
involves the process of harvesting relevant cells from a patient or donor, expanding
or manipulating the cells in vitro, seeding these cells into a three-dimensional (3D)
scaffold and inducing them to proliferate, differentiate and eventually develop into
the desired tissue for implantation. In this regard, at least three key factors should
be considered for successful tissue regeneration: (i) the cells that will form the tis-
sue, (ii) the scaffold that provides structural and anchoring support to the cells, and
(iii) cell-matrix (scaffold) interactions that direct tissue growth [127].

The scaffold serves as a mimic for the native ECM and plays a pivotal role in
tissue regeneration by providing temporary support for the cells during the forma-
tion of a more natural ECM by the cells. The scaffold also plays a critical role in
providing the appropriate chemical, morphological and structural cues to direct the
cells towards a targeted functional outcome. Therefore, scaffold design has become
one of the central themes in regenerative medicine, and many efforts are spent on
designing suitable scaffold systems to optimize cell and tissue outcomes [117].

Silk fibroin biomaterial in various formats has shown good biocompatibility, slow
and controllable degradability, and minimal inflammatory response. Furthermore,
the excellent mechanical properties of silk fibroin make it a unique natural poly-
mer. Silk fibroin matrices in the form of electrospun nanofibers have demonstrated

potential in various tissue regeneration/repair applications [117].

1.7.1 Skin Tissue

Min et al. have carried out a series of studies to investigate the potential of silk

electrospun matrices for accelerating early stages wound healing. They studied the



CHAPTER 1. INTRODUCTION 43

cell attachment and spreading of normal human keratinocytes and fibroblasts seeded
on methanol-treated silk fibroin nanofibers alone or coated with ECM proteins (i.e.,
type I collagen, fibronectin, and laminin). In the cell activity assessment, the elec-
trospun SF nanofibers coated with collagen-1 were found to promote the adhesion
and spread of keratinocytes, but not for fibroblasts. Laminin coating stimulated
cell spreading, but not cell attachment. Importantly, cell adhesion and spreading
on fibronectin-coated silk matrices was found comparable to that on BSA controls
[128].

In another study Min et al. prepared three types of SF matrices, including a
matrix woven from SF microfibers, a nonwoven matrix of SF nanofibers, and a matrix
of SF film. Then, they examined the effect of the three types of SF matrix on the cell
adhesion and spreading of normal human epithelial cells. The results indicated that
the SF nanofiber matrix may be preferable than SF film or SF microfiber matrices
for biomedical applications since nanofibrous matrices promoted human keratinocyte
adhesion and spreading, especially when a type I collagen coating was included. The
authors attributed the results to the higher level of surface area for cells to attach to
due to its three-dimensional features (high porosity and high surface area-to-volume
ratio) and less brittle structure provided by SF nanofibers. Since the final goal
of the scaffold design is the production of an ideal structure that can replace the
natural ECM proteins until host cells can repopulate and resynthesize a new natural
matrix, SF nanofibers may be a good candidate for the biomedical applications, such

as wound dressing and scaffolds for tissue engineering [129].

1.8 Mouse Excisional Wound Splinting Model

The mouse excisional wound healing model has been broadly used to study wound
healing, cutaneous regeneration, stem cell and tissue transplantation, and immune
rejection [130, 131]. Nevertheless, this model has some limitations because of the
differences in the characteristics of wound healing between rodents and humans.
In rodents, whose skin is mobile, the primary mechanism of wound closure is con-
traction; while, in humans, where the skin is tethered to the subcutaneous tissue,
wounds are heal by re-epithelialization and granulation tissue formation [132]. In
mice, full-thickness incisional and excisional wounds on the dorsum that are allowed
to heal by second intention show marked contraction due to the activity of the pan-
niculus carnosus. Such wound contraction occurs very early during wound healing
and can account for up to 90% of wound closure, a situation very different from that

in man [133].
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The aim of animal wound healing models is to reproduce human physiology and
predict therapeutic outcomes. There are several types of animal wound models
described in the literature. In an excisional wound model, healing occurs from
the wound margins. This kind of model allows the broadest assessment of the
mechanisms involved in wound healing. The wounds are easily harvested and can
be analyzed by immunohistochemistry and molecular methods. In addition, this
technique allows drugs and bioactive factors to be applied directly to the wound
bed or injected into the tissue around the wound, providing an evaluation of new
pharmacologic treatment and predicting potential clinical outcomes in humans [134].

The excisional wound splinting model differs from the excisional wound model
in that a splinting ring firmly adheres to the skin around the wound. Consequently,
wound closure caused by skin contraction is avoided, and wounds heal through a
process similar to human [135].

The mouse excisional splinting model provides an appropriate method for assess-
ing the effect of stem cells in cutaneous regeneration. Wu et al. have used this model
to study the effects of MSCs and cytokines on cutaneous repair and regeneration in
wild-type and genetically modified mice [130, 131, 136].

HYPOTHESIS Nowadays, non-healing or chronic wounds represent an increas-
ingly prevalent and costly public health problem. As a consequence of longer lifes-
pans in the current population, the number of patients who suffer diabetes, and other
chronic aging-related diseases is growing significantly. Importantly, there is a link
with aging-associated diseases and wound healing impairment [137]. On the other
hand, other wound healing challenges also arise at any age because of accidents,
burns, and other traumatic injuries. However, despite the significant therapeutic
advances, many patients fail to respond to the available treatments, being necessary
the finding of more effective alternative therapies.

MSCs based-therapies present some advantages over pharmaceuticals, or pro-
tein/growth factors treatments, and progenitor cells, as MSCs can interact with
the surrounding cell types and biochemical environment to express in a regulated
manner the appropriate trophic factors for enhanced dermal wound healing. Thus,
a paracrine signaling, such as the release of factors that promote angiogenesis, im-
munomodulation and recruitment of endogenous tissue stem cells, as well as dif-
ferentiation, have been described as possible mechanisms underlying the positive
wound healing effects of MSCs 138, 139]. Therefore, MSCs have emerged as impor-
tant therapy to reduce the formation of fibrotic tissue and the appearance of scars

following a cutaneous injury [140].
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From the different available sources of MSCs, the umbilical cord represents a cost-
effective, productive, feasible, accepted, and non-invasive method to isolate MSCs,
and is considered advantageous compared with bone marrow and adipose-derived
MSCs for some researchers [141].

However, one limitation of MSC therapy is the method of delivering the cells.
Although systemic delivery is an attractive possibility, the engraftment efficiency
can be difficult to predict without improved methods to ensure that the cells will
home to the site of injury. Therefore, local administration of the MSCs may require
an appropriate carrier and/or scaffold to ensure that the cells remain viable and can
efficiently migrate into the wound bed [142]. Recently, several different biosynthetic
scaffolds have been used alone or in combination with cells to treat wounds [143, 144].
Among the various scaffolds employed, silk fibroin cellularized with MSCs from
different sources has been shown to be effective in repairing experimental wounds of
the skin [145, 146].

Given their mesenchymal phenotype and easy isolation, we hypothesized that
human Wj-MSCs may constitute an alternative source of cells for dermal wound
healing as they avoid the inherent sourcing limitations displayed by human BM-
MSCs. In this study, we pretended to investigate the behavior of Wj-MSCs both in
vitro and in vivo when cultivated on electrospun silk fibroin scaffolds and implanted
in immunocompetent mice. Thus, the purpose of the present study was to determine
whether Wj-MSCs delivered in silk fibroin scaffolds into skin defects in SKH1 mice

would contribute to dermal wound healing.
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OBJECTIVES

2.1 General

. Standardize the protocol for the isolation and characterization of human Whar-

ton’s jelly mesenchymal stem cells.

. Investigate the therapeutic effect of transplanted human Wharton’s jelly mes-

enchymal stem cells on cutaneous wound healing process in mice.

2.2 Specific

1.

To standardize the explant method for the isolation of mesenchymal stem cells

from the Wharton’s jelly of the human umbilical cord.

. To study the ability of the Wharton’s jelly mesenchymal stem cells to differ-

entiate into adipocytes, osteoblasts, and chondroblasts and compare to that

displayed by bone marrow-derived mesenchymal stem cells.

. To analyze the expression of mesenchymal stem cell markers by flow cytometry

when cultured on plastic and after seeding in a silk fibroin scaffold.

. To analyze the proliferation kinetics of bone marrow and Wharton’s jelly-

derived mesenchymal stem cells.

. To study the mechanisms involved in the immunosuppressive properties of the

Wharton’s jelly mesenchymal stem cells.

. To test the ability of a three-dimensional nanofibrous scaffold fabricated by

electrospinning of silk fibroin to support the growing and spreading of human

Wharton’s jelly MSCs and its use in wound healing.

46
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7. To assess the effect of Wharton’s jelly mesenchymal stem cells in cutaneous

regeneration by using the excisional wound splinting model in SKH1 mice.

8. To perform an histological and immunohistochemical study of the wound
healing process in the transplanted mice, regarding inflammation, re-
epithelialization, granulation tissue formation, angiogenesis and remodeling

of the wound.

9. To test the safety and biodistribution of the locally implanted human Wij-

MSCs in the murine model of wound healing.
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MATERIALS AND METHODS

3.1 Collection of Human Umbilical Cord Samples

Human umbilical cords were collected after obtaining informed consent from patients
undergoing full-term pregnancy elective caesarean section either at hospitals in the
Netherlands (according to Netcord-FACT standards) or, at the Virgen de la Ar-
rixaca Clinical University Hospital (HCUVA) in Murcia, Spain. Ethical permission
from the Medical Ethical Board of the Leiden University Medical Center (LUMC),
Leiden, The Netherlands, and from the Research Ethics Committee (CEIC) of the
HCUVA was fulfilled.

The informed consent outlined the project and was signed by the donor and
witnessed (see Annexes). Cords were excluded from individuals with stillbirth,
preeclampsia, infectious disease, sexually transmitted disease, or hepatitis-positive
mother.

A sheet containing the information about the collection of the umbilical cord
was fulfilled after the delivery and before processing the cord. Time of delivery,
time of explant procedure, cord weight and general appearance of the umbilical cord
(i.e., thickness, length and proportion of Wharton’s jelly) were registered in the

registration form (see Annexes).

3.2 Wharton’s jelly Mesenchymal Stem Cells Isola-
tion

Protocols for isolation and characterization of the Wharton’s jelly mesenchymal
stem cells (Wj-MSCs) were first carried out in the Jon J van Rood Center for Clini-
cal Transfusion Medicine Research (Sanquin Blood Supply Foundation, Leiden, the
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Netherlands) and Leiden University Medical Center (LUMC, Leiden, the Nether-
lands). The initial project was partially supported by the Department of Immuno-
hematology and Blood Transfusion (LUMC) and the Hematopoietic Transplant and
Cellular Therapy Unit, Hematology Department (HCUVA, Spain).

Some of the steps used to isolate mesenchymal stem cells (MSCs) from the Whar-
ton’s jelly of the umbilical cord were adapted from the method previously described
by Seshareddy et al. and DeBruyn et al. [147, 148].

Mesenchymal stem cells from the Umbilical Cord were compared to the Bone
Marrow-derived mesenchymal stem cells (BM-MSCs) regarding the differentiation
capability and T-cell proliferation inhibition potential.

Bone marrow (BM) was collected from patients undergoing knee or hip replace-
ment surgery at the LUMC with the informed consent of the donor. First, mononu-
clear cells (MNCs) were isolated from the BM aspirates using a Ficoll-Paque density
gradient centrifugation (1.077 g/ml, GE Healthcare Life Sciences, Little Chalfont,
United Kingdom). Then, the MNCs were seeded into culture flasks, containing Dul-
becco’s Modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), and
1% Penicillin-Streptomycin (all from Life Technologies, Carlsbad, CA, USA), at a
density of 1.5x10° cells/cm?. After overnight culture in a humidified incubator at
37° C and 5% CO,, non-adhering cells were washed from the flask with phosphate-
buffered saline (PBS) (BioWest, Nuaillé, France). Adherent cells were grown to
confluence and passaged. After three passages, cells were cryopreserved in FBS
with 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA). The
MSCs that were used throughout this study were between passage 3 and 6.

3.2.1 Explant Method for the Isolation of Wharton’s jelly
Mesenchymal Stem Cells

After the labor, the umbilical cord was clamped at both ends and then was cut using
a scalpel to separate it from the placenta and the newborn. Then, the umbilical
cord was collected and stored in a sterile specimen cup, containing PBS with 1%
antibiotic/antimycotic mix (Life Technologies, Woerden, The Netherlands), at 4°C
until processing. The cord was processed within 12 hours after birth and, it was
handled in an aseptic fashion, and treated in a type II Biological Safety Flow Cabinet
(see Figure 3.1).

First, the surface of the cord was rinsed with sterile PBS to remove as much
blood as possible. It was manipulated in a sterile 150 mm@ petri dish (Soria Genlab,
Spain). Subsequently, the cord was placed in a sterile cup containing a povidone-

iodine antiseptic solution (Betadine®) for three min and then was deposited into
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A C
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Figure 3.1: Explant method for the isolation of Wj-MSCs. (A-B) Human
umbilical cord was collected from a full-term pregnancy elective caesarean section,
(C) umbilical cord was cut into 3-5-cm long pieces using a sterile scalpel, (D) amnion
was incised lengthwise, and blood vessels with clots inside were removed, (E) cord
pieces were placed with the inside faced to the bottom of a sterile 10-cm petri dish,
(F) 10 ml of complete culture medium were added carefully, (G) the culture plates
were placed in a humidified incubator at 37 °C and 5% CO,.

another cup containing 70% ethanol for few seconds. Afterward, the cord was rapidly
transferred to another container with PBS to remove the alcohol and to finish the
process of washing and sterilization.

The cord was cut into 3-5-cm long pieces using a sterile scalpel. After, the tissue
sample was washed with PBS thoroughly and then was cut along the horizontal
axis. Also, blood vessels with blood clots inside were removed. Cord pieces were
placed with the inside faced to the bottom of a sterile 10-cm petri dish (Greiner,
Alphen a/d Rijn, the Netherlands). Then, the explants were left to attach to the
plate, and next 10 ml of complete culture medium were added carefully. The culture
plates were placed in a humidified incubator at 37 °C and 5% CO,. The medium
was refreshed every three days, and after ten days of culturing, the segments were
removed. Finally, the MSCs adhering to the plate were grown to confluence and

submitted to serial diluted passages.
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3.3 Protocols for 2n vitro Culture, Storage and Re-
covery of Wharton’s jelly Mesenchymal Stem
Cells

Umbilical cord-derived mesenchymal stem cells are easily cultured and expandable in
vitro, and may be cryogenically stored, thawed, and later recovered. The collection

process is described below.

3.3.1 Passaging the cells

Wj-MSCs must be passaged when they are 80-90% confluent by following the next

steps:

1. The medium is aspirated off, and the cells are rinsed twice with sterile PBS
(Ca%" free).

2. Certain amount of pre-warmed, trypsin-EDTA (0.05%) solution is added to
the plate and/or flask to cover the culture surface, i.e., for T-25 flask- ~1 ml,
for T-75 flask or 10 cm petri dish- ~2 ml, and for T-175 flask add a5 ml of

the enzymatic solution.

(a) The plate and/or the flask is allowed to sit at 37°C for 1-2 min. Then, the
detachment of the cells is observed under a microscope and facilitated by

repeatedly tapping the plate and/or the flask gently on a hard surface.
(b) It is important to avoid contact with trypsin-EDTA for more than 5 min

because the cells are sensitive to enzymatic treatment. Thus, if the cells
do not lift, gently scrape the bottom of the flask, with a cell scraper, side
to side for several min until the entire surface has been scraped free of

cells.

3. The trypsinization reaction is neutralized by adding the same volume of
medium containing 10% FBS. Afterward, the solution containing the cells
is transferred to 50 ml sterile tube, and centrifuged at 1200 rpm 5 min at
room temperature. Then, the supernatant is discarded, and the cells are re-

suspended gently in 1 ml of culture medium.

4. Next, the cells are counted by trypan blue exclusion using an automated
cell counter and then transferred to a new flask at a concentration of 3-

5x10° cells/cm? in fresh complete medium. Afterward, the plates and/or flasks

are labeled and incubated at 37°C and 5% COs.
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. The cells are fed every three days by aspirating off the medium and replacing

it with fresh complete medium. The amount of medium in a plate or flask is
as follows: for 10 cm petri dish- ~10 ml; for T-25 flask- ~7 ml; for T-75 flask-

~10 ml; and for T-175 flask correspond =20 ml of culture medium.

3.3.2 Cryopreservation

The cells collected for freezing should be in the growth phase. This procedure is

made as follows:

1.

Previously, the cells are detached by trypsinization as described in 3.3.1 sec-

tion.

. After, calculate the amount of vials that are pretended to freeze. Usually, one

million cells are frozen per vial in a final volume of 1 ml.

. Prepare 2X freezing medium (FBS + 20% DMSO)

. Then, add FBS to the cell suspension to the appropriate volume that corre-

spond to half of the total volume (e.g., to freeze four vials, add FBS until the

volume is 2 ml). Cool the cell suspension to 4°C in the fridge.

Slowly add 2X freezing medium to the cell suspension until the final volume

is reached (e.g., for four vials, add 2 ml of 2X freezing medium).

. The cells in the freezing medium are transferred into cryovials at 4°C. Imme-

diately, the cryovials are transferred to a controlled rate cooler and placed in
a -80°C freezer. Finally, after 1 or 2 days, the cryovials are transferred to a

liquid nitrogen tank.

3.3.3 Thawing the mesenchymal stem cells

For thawing the Wj-MSCs:

Remove the vials from the liquid nitrogen tank and plunge into 37°C water bath

with gently swirling.

1.

2.

Before the last ice crystal has melted, the vials are wiped down twice with
70% ethanol and moved to the biosafety cabinet. It is important not vortex

cells at any time.

After, the contents of the vials are added slowly with gentle swirling to 10 ml

of fresh complete medium in a 50 ml tube.
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3. Next, the cells are centrifuged at 1200 rpm 5 min at room temperature. Af-
terward, the supernatant is discarded, and then the pellet is resuspended in
1 ml of medium. It is recommended to make a live/dead counting of cells by

trypan blue exclusion, to check the cell viability.

4. Finally, the mesenchymal stem cells are seeded at a density of 1x10* cells/cm?
for the first passage following the thaw. After 24 hours of seeding, remove non-
adherent cells and add fresh complete medium. If cells do not attach to the
bottom of the flask after 24 hours of being thawed and do not start growing,

discard and try a second vial.

3.4 Characterization of Human Wharton’s jelly

Mesenchymal Stem Cells

3.4.1 In wvitro Multilineage Differentiation Capacity

Differentiation analysis was carried out to demonstrate that Wj-MSCs possess meso-
dermal plasticity under in wvitro conditions. Protocols for MSCs differentiation were
followed as previously described [149, 150|. Differentiation capacity of MSCs from
the umbilical cord was compared to that from adult’s bone marrow-derived MSCs.
Mesenchymal stem cells from both cell sources at passage four were used in these
assays. An arbitrary scoring system was used for assessing the degree of cell differen-
tiation. Cultures showing no differentiated cells were scored as 0, a few differentiated

cells as 1, moderate differentiation as 2, and robust differentiation as 3 (Figure 4.5).

3.4.1.1 Osteogenic and Adipogenic Differentiation

For osteogenesis and adipogenesis, hWj-MSCs and BM-MSCs were plated at a den-
sity of 5x10% cells/cm? in 24-well culture plates. Half of the wells were grown
in osteogenesis-inducing medium and the other half in osteogenesis/adipogenesis-
inducing medium. Cells kept in standard culture medium (DMEM (4.5 g/1 glu-
cose) supplemented with 10% FBS, 50U /ml penicillin/streptomycin, and 2 mM L-
glutamine) were used as negative control. After three weeks, the cultures were tested
by histochemical staining for the presence of alkaline phosphatase activity, calcium
deposits, and lipid droplets.

Osteogenic induction was accomplished using a standard culture medium sup-
plemented with 50 ug/ml ascorbic acid, 10 mM B-glycerol phosphate, and 100 nM

dexamethasone. Ascorbic acid facilitates osteogenic differentiation by increasing col-
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lagen type 1 secretion into the extracellular matrix while B-glycerol phosphate serves
as a phosphate source for hydroxylapatite, also inducing osteogenic gene expression.
Dexamethasone is a glucocorticoid that modulates muscle, fat, cartilage and bone
differentiation from multipotential progenitors by inducing Runx2 expression by
FHL2/B-catenin-mediated transcriptional activation [151, 152].

Under the influence of the differentiation medium, the mesenchymal stem cells
form aggregates or nodules and increase their expression of alkaline phosphatase
(ALP). Alkaline phosphatase is a hydrolase enzyme responsible for dephosphorylat-
ing molecules such as nucleotides, proteins, and alkaloids under alkaline conditions.
ALP is present in all tissues but is particularly concentrated in bone, in which it
plays a role in mineralization. 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) is a
chromogenic substrate often used in combination with nitro blue tetrazolium chlo-
ride (NBT) for the colorimetric detection of alkaline phosphatase activity. The
BCIP/NBT substrate system, when reacted with intracellular alkaline phosphatase,
produces an insoluble dark blue-purple precipitate that is easily observable. On the
other hand, Alizarin red S is a commonly used stain to identify calcium deposits into
the extracellular matrix (i.e., nodules of mineralization) in the differentiated culture
of mesenchymal stem cells. Calcium forms an Alizarin Red S-calcium complex in a
chelation process, and the end product is an orange-red birefringent precipitate.

Adipogenesis was induced using a standard culture medium supplemented with
0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 100 uM indomethacin, 5 ug/ml in-
sulin, and 1 yM dexamethasone. Insulin is a hormone that is known to prompt the
proliferation and differentiation of preadipocyte by mimicking the role of insulin-like
growth factor-1 (IGF-1) and activating mitogen-activated protein kinase (MAPK)
pathways [153].

IBMX is a widely-used non-specific inhibitor of adenosine 3’,5’-cyclic monophos-
phate (cAMP) and guanosine 3’,5-cyclic monophosphate (cGMP) phosphodi-
esterases (PDEs). By inhibiting PDEs, IBMX increases cellular cAMP and ¢cGMP
levels, activating cyclic nucleotide-regulated protein kinases. Elks et als. showed
that physiological concentrations of corticosteroids (e.g., dexamethasone) are re-
quired to produce optimal differentiation of 3T3-L1 adipocytes, as observed by in-
creased expression of a-glycerophosphate dehydrogenase, a key enzyme in lipogenesis
and neutral lipid accumulation. IBMX, while not as important as dexamethasone
in inducing differentiation, clearly augmented a-glycerophosphate dehydrogenase ac-
tivity and the accumulation of neutral fat, and enhanced the rate at which insulin
and dexamethasone promote differentiation [154].

Indomethacin is a non-selective inhibitor of cyclooxygenase (COX) 1 and 2, en-
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zymes that participate in prostaglandin synthesis from arachidonic acid. Styner et
al. have shown that indomethacin has a unique role in promoting early adipogenesis
in MSCs, that is independent of its effects on COX2 or prostaglandins generated
from COX2. Thus, indomethacin may serve as ligands for PPARYy2, enhancing
transcription of critical gene targets important for the fat formation [155].

The adipogenic differentiation was manifest by the accumulation of lipid-rich
vacuoles within the cells and confirmed using Oil Red O staining. Oil Red O is a
lysochrome (fat-soluble dye) diazo dye used for staining of neutral triglycerides and
lipids on frozen sections, and some lipoproteins on paraffin sections.

Control cultures were maintained without osteogenic and adipogenic supple-
ments, respectively. All cells were maintained for 21 days in a humidified incubator

at 37°C and 5% CO, with medium change once a week.

3.4.1.2 Chondrogenic Differentiation

For chondrogenic differentiation studies, nearly confluent Wj-MSCs and BM-MSCs
at passage four on T-75 tissue culture flasks were detached by 0,25% trypsin-EDTA
solution, and consequently 2x10° MSCs were seeded in a 96-well plate. After that,
the culture plate was centrifuged at 120g for 10 min. Following the removal of
the supernatant, culture media was gently added to wells without disturbing the
cell pellets, and then allowed to settle down at 37°C in 5% CO, in a humidified
incubator. Upon observing the detachment of cell cluster in few days, the medium
was carefully replaced with serum-free standard culture medium in the control group,
whereas in the others, it was replaced with the same culture medium containing 50
ug/ml ascorbate-2-phosphate, 40 ug/ml L-proline, and 100 yg/ml sodium pyruvate,
supplemented with 1% insulin-transferrin-sodium selenite media supplement (ITS),
10 ng/ml transforming growth factor-3 (TGF-$3) and 100 nM dexamethasone.
Ascorbate-2-phosphate has been known to modulate chondrocyte growth and
differentiation by stimulating proliferation in monolayer, and by increasing collagen
type II mRNA expression in short-term cultures. The TGF-3 superfamily of cy-
tokines has been long known to regulate chondrogenic events during development.
Dexamethasone and TGF-33 have been shown to upregulate type II collagen, ag-
grecan, and anionic proteoglycans genes expression in micromass pellets of human
mesenchymal stem cells. Nonetheless, the presence of culture supplements, such as
ITS, is necessary to regulate the balance between cell growth (proliferation) and
tissue growth (extracellular matrix synthesis), that may be critical to functional
differentiation and tissue growth [156|. The presence of amino acid L-proline in the

medium for chondrogenic differentiation contributes to collagen formation since its
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ring structure helps to stabilize the collagen a-helice conformation.

The cell pellet was treated with chondrocyte differentiation medium for 21 days
with medium changes every 3-4 days. After, the cell spheres were fixed with 10%
neutral buffered formalin for 24 hours at room temperature, and then paraffin-
embedded and sectioned (5 ym thick) to be finally stained with Toluidine blue dye.
Toluidine blue (TB) is a basic thiazine metachromatic dye that selectively stains
acidic tissue components (e.g., sulfates, carboxylates, and phosphate radicals). TB
stains tissues based on the principle of metachromasia, i.e., the dye reacts with the
tissues to produce a color different from that of the original dye and the rest of the
tissue. It is used to stain proteoglycans and glycosaminoglycans in tissues such as
cartilage. The strongly acidic macromolecular carbohydrates of cartilage are colored
red or dark pink by the blue dye [157].

3.4.2 Proliferation Kinetics of Bone Marrow and Wharton’s

jelly-derived Mesenchymal Stem Cells

3.4.2.1 Growth characteristics of bone marrow and Wharton’s jelly-
derived MSCs

One of the most important parameters of clinical cell culture is the population
doubling level (PD). Because the growth of cells varies significantly between donors
and between preparations, the estimation of population doubling levels is a more
precise way to measure cell growth kinetics compared to just consider the passage
number of the cells. The passage number simply refers to the number of times
the cells in the culture have been subcultured, often without consideration of the
seeding densities or recoveries involved. The population doubling level refers to the
total number of times the cells in the population have doubled since their primary
isolation in wvitro. PD level is synonymous with cumulative population doublings
and its number directly correlates with replicative senescence (which is linked to
loss of potency), and also with genomic instability.

On the other hand, the population doubling time (PDT) means the interval,
calculated during the logarithmic phase of growth, during which the population has
doubled.

Bone marrow and Wharton’s jelly-derived MSCs of the primary cultures were
subcultured under standard conditions. Briefly, freshly isolated MSCs were seeded in
triplicate at a density of 3x103 cells/cm? into T-25 flasks containing standard culture
medium. When reaching 80-90% of confluence, around five days of culture, cells were

trypsinized, and viable cells were counted and replated at the identical density into
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new T-25 culture flasks. Ten passages were performed for each sample from both
sources of mesenchymal stem cells. After each passage, the total number of viable
cells was counted, and the population doubling time was calculated according to the
following formula: (No: number of viable cells at seeding, Nt: number of viable cells

at harvest, ¢: time)

log,, 2
PDT =t

Cumulative population doubling levels at each passage were calculated from the

cell count by using the formula:

1 Nt
PD = -1 —
<10g10 2) o810 (No)

The population doubling for each passage was calculated, and then added to the

population doubling levels of the previous passages to yield the cumulated doubling
level.
Five independent experiments were performed for the diverse umbilical cord

donors and bone marrow samples.

3.4.2.2 MTT assay

The MT'T assay was used to determine the metabolic activity of mesenchymal stem
cells. The principle of the MTT assay lies in that for most viable cells mitochondrial
activity is constant, and thereby increase or decrease in the number of viable cells is
linearly related to the mitochondrial activity. Then, metabolically active cells react
with the tetrazolium salt in MTT reagent to produce formazan crystals, which can
be solubilized for homogenous measurement [158].

BM-MSCs and Wj-MSCs were cultured in T-75 flasks, and when confluence
reached around 80-90%, the cells were detached by adding 0,25% trypsin-EDTA
solution. The enzymatic activity of trypsin was neutralized by adding complete cul-
ture medium, and subsequently the cell suspension was centrifuged at 1200 rpm for
5 min. Next, the supernatant was removed, the pellet was resuspended in complete
culture medium, and lastly the cell number was determined in the cell suspension
by using an automated cell counter (TC20™. BIO-RAD).

Several amounts of cells, i.e., 5.0x10%, 1.0x10%, 2.5x10%, 5.0x10%, and 7.5x103
were plated in triplicates in 96-well plates and maintained in an incubator with 5%

COg at 37°C. The outer wells were not used for the experiments due to evaporation
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and were filled with PBS, to avoid the evaporation of the plate. Additional three
wells were used as blanks, using culture medium only.

The colorimetric MTT assay was performed at several time points, i.e., 1, 2, 3,
4 and 7 days as follows:

After the appropriate incubation time, the culture medium was aspirated and
replaced with DMEM high glucose without glutamine and phenol red (Gibco-
Invitrogen, Paisley, Scotland).

Next, MTT solution (Thiazolyl Blue Tetrazolium Bromide) (Sigma-Aldrich) (5
mg/ml), was added to each well, and then the plate was kept in an incubator at 37
°C for 3.5 hours.

Once the incubation time was over, and the formazan crystals had been formed,
MTT reagent was removed, and the DMSO solution was added to dissolve the
crystals. The 96-well plate was then placed on a spectrophotometric plate reader
(Infinite® 200 PRO, Tecan, Ménendorf, Switzerland), and the optical density (OD)
of each well was measured at 565 nm (measure wavelength), and 690 nm (reference
wavelength) in order to get a more exact measurement by correcting the background
noise. Thus, any increase or decrease in viable cell number can be detected by

measuring the OD; that is related to the formazan concentration.

3.4.3 Immunological Properties of Wharton’s jelly Mes-
enchymal Stem Cells

3.4.3.1 Immune inhibition of adult peripheral blood mononuclear cells

by Wj-MSC using allogeneic mature dendritic cells as stimulator

Dendritic cells (DCs) can be generated after culture of peripheral blood isolated
monocytes in the presence of granulocyte-macrophage-colony-stimulating factor
(GM-CSF) and interleukin-4 (IL-4). Dendritic cells are derived from CD34+ pro-
genitors in the bone marrow. Human peripheral blood DCs are closely related
to monocytes, being considered as a link between the innate and adaptative im-
mune responses. Their common precursor is derived from the common granulocyte
macrophage colony-forming unit (CFU-GM). DCs circulate in the blood in very low
numbers and migrate into various tissues as a part of steady-state traffic. After
contact with antigen, DCs migrate to draining lymph nodes, where they undergo
functional maturation to become specialized antigen presenting cells (APCs). DCs
are capable of activating naive T cells in the initiation of immune responses, and

therefore, are desirable APCs for clinical adoptive immunotherapy [159].
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Mixed lymphocyte culture experiments were used to evaluate whether Wharton’s
jelly-derived MSCs were able to suppress T-lymphocyte proliferation after stimula-

tion with allogeneic mature DCs.

Isolation of Human Peripheral Blood Monocytes Monocytes were isolated
from blood samples from healthy volunteers using the Human Monocyte Enrichment
Cocktail (StemCell Technologies, Grenoble, France) following manufacture’s proto-
col. All the protocols used to obtain and process the human samples were approved
by the Clinical University Hospital Virgen de la Arrixaca Ethics Committee, and

the patient’s informed consent was previously signed.

Procedure:

1. Blood was drawn from an antecubital vein by using 21 gauge butterfly cannula
system, and collected in 3 ml tubes (K3EDTA) (Venosafe™, Terumo, Tokyo,
Japan). EDTA was added to the heparinized blood samples to a final concen-
tration of 1 mM, i.e., 40 uyl of a 250 mM EDTA solution for 10 ml of whole
blood. Subsequently, RosetteSep™ Human Monocyte Enrichment Cocktail
was added at 50 pl/ml of whole blood, i.e., 500 ul of cocktail for 10 ml of
blood. It was mixed well and then incubated in an orbital shaker for 20 min

at room temperature.

2. After, the sample was diluted with an equal volume of PBS + 2% FBS and 1
mM EDTA, and then mixed gently.

3. The diluted sample was carefully layered on top of the Ficoll- Paque™ solution
to minimize mixing of density medium and sample. Volumes and tube sizes
were used according to the manufacture’s recommendations, e.g., for 10 ml of
whole blood add 10 ml of PBS + 2% FBS and 15 ml of Ficoll-Paque solution
in a 50 ml tube. Afterward, the tube was centrifuged for 20 min at 1200g at

room temperature with the brake off.

4. The enriched monocytes were recovered from the interface between the plasma
and the Ficoll-Paque layer and washed twice with PBS + 2% FBS. After cen-
trifuging the sample at 700g for 7 min, the supernatant was removed, and
the cells were resuspended in DMEM Low Glucose supplemented with 15%
FBS, penicillin/streptomycin and L-glutamine. The final suspension of mono-
cytes was counted and evenly distributed in a 6-well flat-bottom plate at a

concentration of 1x10° cells/ml.
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Immature myeloid dendritic cells (iDCs) differentiation  For iDCs dif-
ferentiation, 50 ng/ml GM-CSF (Sigma-Aldrich) and 25 ng/ml IL-4 (Invitrogen,
Waltham, MA, USA) were added to the culture medium. The plate was maintained
in an incubator at 37°C and 5% CO2, with successive addition of the cytokines every
three days for seven days. By day seven, more than 95% of the cells were CD14
CDllc" CDla™ BDCA-1".

Mature myeloid dendritic cells (mDCs) were obtained from iDCs, cultivated for
6 days as described above, by stimulation with 200 ng/ml lipopolysaccharide (LPS)
(Sigma-Aldrich) for additional 24 hours as reported [160].

Mixed lymphocyte cultures and analysis of cytokine secretion Peripheral
blood mononuclear cells were obtained by Ficoll-Paque centrifugation from fresh an-
ticoagulated blood (no older than 8 hours) samples from healthy donors provided
from the Department of Hematology, Clinical University Hospital Virgen de la Ar-
rixaca. The mixed lymphocyte cultures (MLC) were performed by incubating re-
sponders MNCs and allogeneic stimulator mDCs at a 5:1 ratio, in 96-well round
bottom plates (Sarstedt, Niimbrecht, Germany) maintained at 37°C and 5% COq
for 5 days. Wj-MSCs were previously seeded in the wells at several ratios, i.e.,
1:100, 1:25, 1:10, 1:5, and 1:1 (MSCs:MNCs) in triplicates, in order to study the
dose-response suppressive effect of the Wj-MSCs on the proliferation capacity of
MNCs. Wj-MSCs and mDCs were irradiated with 30 Gy after being seeded onto
the plates, to prevent their proliferation.

Cellular proliferation was determined using an enzyme-linked immunoabsorbent
assay (ELISA) BrdU colorimetric kit (Roche Diagnostic, Mannheim, Germany),
based on the measurement of BrdU incorporation during DNA synthesis in prolif-
erating cells. Briefly, BrdU labeling reagent was added to the wells 16 hours before
determination. Then, the cells were fixed, DNA denatured and incubated with an
anti-BrdU-POD antibody. After washing and substrate addition, OD at 450 nm was
measured, also determining OD at 650 nm as reference wavelength. All experiments
were performed in triplicate.

To quantify released cytokines, supernatants of MLCs were harvested on day
five before the addition of BrdU and frozen at -80°C until analysis. Human TGF-(
(eBioscience, Hatfield, United Kingdom), PGE; (R&D Systems, Minneapolis, MN,
USA), Indoleamine 2;3-dioxygenase (IDO) (Cusabio Biotech, BioNova Cientifica,
Madrid, Spain), and INF-y (Diaclone, BioNova Cientifica, Madrid, Spain) levels

were measured by ELISA kits according to the manufacturer’s protocols.
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Inhibition assays Furthermore, several inhibitors were added from the beginning
of the MLC, i.e., Indomethacin [50 uM]¢, 1-Methyl-tryptophan [1 mM]¢, and SB-
431542 [10 uM];, to investigate if PGE,, IDO, and TGF-$ inhibition respectively
had any effect on T-cell proliferation.

Indomethacin is a non-selective inhibitor of both COX-1 and COX-2, en-
zymes that participate in prostaglandin synthesis from arachidonic acid. 1-methyl-
tryptophan (1-MT) is a competitive inhibitor of IDO, which is a rate-limiting enzyme
in the catabolism of tryptophan. SB-431542 is a potent and specific inhibitor of
the transforming growth factor-beta superfamily type I activin receptor-like kinase
(ALK) receptors, specifically ALK4, ALK5, and ALK7 [161].

3.4.3.2 Immune inhibition of adult peripheral blood MINCs by Wj-MSCs
and BM-MSCs using anti-CD3/CD28-coated beads

Dynabeads® Human T-Activator CD3/CD28 (Thermofisher Scientific, Waltham,
MA, USA) is a simple method for activation and expansion of T lymphocytes using
magnetic beads coated with anti-CD3 and anti-CD28 that does not require APCs
stimulation. It provides a more physiologically related mechanism of activating T
cells in comparison to the traditionally used mitogens such as phytohemagglutinin
(PHA) and concanavalin A (ConA), by mimicking the binding of APCs to T cells
[162].

The BM-derived MSCs served as positive controls and were isolated from bone
marrow (BM) aspirates taken from patients undergoing knee or hip replacement
surgery at the LUMC after informed consent of the donor. The MSC that were used
throughout the study were between passage 3 and 6.

To analyze the effect of MSCs on the proliferation of peripheral blood MNCs,
1x10° responders MNCs were cultured for 5 days in 24 well plates with a«CD3aCD28
beads alone or in combination with different ratios of BM -or WJ-derived MSCs in
a fully humidified incubator at 37°C and 5% CO2. On day 5, cultures were pulsed
with [3H|thymidine ([3H|TdR; Amersham, Buckinghamshire, United Kingdom) 18
hours before harvest. Cells were harvested onto glass fiber filters, and radionuclide
uptake was measured using a micro [-liquid scintillation counter. All experiments

were performed in triplicate.
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3.5 Elaboration and Characterization of Electro-
spun Silk Fibroin Scaffolds

3.5.1 Elaboration of Electrospun Silk Fibroin Scaffolds

3.5.1.1 Preparation of Fibroin

Preparation of fibroin is the starting point to obtain any of the scaffold formats it
can be transformed (e.g., sponges, films, fibers and gels). Cocoons were obtained
from silkworms reared in the sericulture facilities of the Instituto Murciano de In-
vestigacion y Desarrollo Agrario y Alimentario (IMIDA, Murcia, Spain). Silk fibroin
scaffolds were made in the Department of Biotechnology (IMIDA) by following the
protocol previously described by Aznar-Cervantes et al. [163].

Cocoons of Bombyx mori were chopped into 4 or 5 pieces and boiled in 0.02
M sodium carbonate (NapyCOg) solution for 30 min, to remove the glue-like sericin
proteins (Fig. 3.2 (A-B)). Then, the raw SF was rinsed thoroughly with water
and dried at room temperature for three days (Fig. 3.2 (C)). The extracted SF
was dissolved in 9.3 M lithium bromide (LiBr) (Acros Organics) for 3 h at 60°C
(Fig. 3.2, (D)), to generate a 20% solution that was dialyzed against distilled water
for three days (Snakeskin Dialysis Tubing 3.5 KDa MWCO, Thermo Scientific) with
eight total water changes (Fig. 3.2, (E)). The resultant 5-6% regenerated silk fibroin
(RSF) solution was recovered and concentrated by dialysis against 30% polyethylene
glycol (PEG) (10 kDa) for 24 h at 10°C (Fig. 3.2, (F)), to obtain 19-20% RSF
solutions that were used for the electrospinning experiments. The RSF solutions
were kept in sealed Falcon tubes and refrigerated at 4°C (Fig. 3.2, G)). This aqueous
solution of pure silk fibroin could be processed into multiple material formats for

use in biomaterials for biomedical applications.

3.5.1.2 Electrospinning and post-treatment of the SF Scaffold

The electrospinning system used in these experiments followed the design described
in detail by Jose et al. [118]. It consisted of an insulated cabinet which housed an
electrically-charged spinneret protruding through a focal plate, a syringe pump, and
a grounded circular metallic collector. The collector surface (200 cm?) was covered
with aluminum foil. The electrospinning conditions were adjusted so that the Taylor
cone was stable. A voltage of 19-21 kV was applied to the capillary tube, the distance
between the tip of the tube and the collector was adjusted to 44 cm, and the selected
injection rate of the polymer solution was 1ml/h. In all cases, 2.5 ml of 19% RSF

solution were electrospun onto the same surface. The environmental conditions were
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Figure 3.2: Preparation of Fibroin. Cocoons of Bombyx mori were chopped into
4 or 5 pieces and boiled in 0.02 M NayCO3 to remove the glue-like sericin proteins
(A-B). Then, the raw silk fibroin was rinsed thoroughly with water and dried at room
temperature for three days (C). The extracted SF was dissolved in 9.3 M LiBr for 3
h at 60°C (D), to generate a 20% solution that was dialyzed against distilled water
for three days (E). The resultant 5-6% RSF solution was recovered and concentrated
by dialysis against 30% PEG for 24 h at 10°C (F), to obtain 19-20% RSF solutions

that were used for the electrospinning experiments (G).

recorded during the experiments, the average temperature and humidity ranging
from 25-27°C and 40-50%, respectively. After fabrication, the electrospun meshes
were annealed by immersion in a bath of absolute methanol for 45 min, to induce
a structural transition from an amorphous (random coil) to a 3-sheet conformation.
The electrospun meshes were placed between two pieces of filter paper, to facilitate
drying for 24 h. This technique was employed to prevent the mats from curling or

folding.

3.5.1.3 Sterilization of silk fibroin scaffolds

1. The silk fibroin meshes were cut by hand with an Iris Scissor curved sideways

into 10 mm diameter disks.

2. SF patches were placed in a 48-well flat bottom plate (well diameter, bottom-
11 mm) and next disinfected with 70% aqueous ethanol solution for 10 min.
After that, ethanol was aspirated carefully and slowly to avoid sucking the
scaffold, and then patches were left to dry in a sterile cell culture flow cabinet

for one hour.
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B D

Figure 3.3: (A) Schematic diagram of electrospinning apparatus. Schematic
diagram of electrospinning apparatus. Electrospinning involves the use of high volt-
age applied to a needle of a syringe, filled with an entangled polymer solution. The
solution is pumped through a syringe at a constant rate, forming a droplet at the
end of the needle. When the surface tension is overcome by electrostatic repulsion of
charges within the solution, the jet is ejected, moving then toward metallic collector
that is usually grounded. The solvent evaporates during jet traveling while the jet
is elongated at very high strain rates (Polymer Physics Laboratory. Institute of
Fundamental Technological Research. Poland). (B) Electrospinning apparatus.
(C) Taylor cone. (D) Silk fibroin scaffold.
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3. Two consecutive washes were made with sterile PBS for 15 min, and after
pipetting out the liquid, the scaffolds were air-dried once again to ensure that

all traces of alcohol had been cleared.

(a) It was important to keep the plate uncovered for faster drying of the

scaffolds after disinfection or washes steps.

(b) Plates with scaffolds inside were left under the UV-C germicidal lamp in

the cabinet for a couple of hours to ensure sterilization of the patches.

The fibers did not suffer any change in morphology during sterilization. Thus,
there was no apparent disruption of the architecture of the SF patches, as
assessed by scanning electron microscopy analysis; in particular, the random

arrangement typical of the SF fiber was kept.

3.5.2 Characterization of Physical and Mechanical Proper-
ties of Electrospun Silk Fibroin Scaffolds

3.5.2.1 Scanning Electron Microscopy

Conformational and structural analysis of electrospun silk fibroin scaffolds before
and after seeding with mesenchymal stem cells was performed by Scanning Electron
Microscopy (SEM) in the Experimental Science Support Service (SACE) at the
University of Murcia.

The silk fibroin patches were fixed with 3% glutaraldehyde in 0.1M cacodylate
buffer for 1.5 h at 4°C, and then they were rinsed and post-fixed in osmium tetroxide
for 1 h. Subsequently, they were dehydrated by washing with solutions of increasing
concentrations of ethanol, i.e. 30, 50, 70 and 90%, with a final dehydration in
absolute ethanol. Finally, the samples were placed on metal stubs, dried by the
Critical Point Method and gold coated. The meshes were visualized using a Jeol T-
6100 scanning electronic microscope (SEAL Labs, El Segundo, CA, USA) at 15 kV,
after being sputter-coated with gold. The pictures obtained were used to determine
the maximum transverse size of the electrospun fibers, by means of ImageJ software;
60 fibers were measured as representative of each mesh, using at least three images

per mesh (randomly-selected portions).

3.5.2.2 Mechanical Properties

Tensile tests were performed using a universal test frame machine (Qtest. MTS

Systems, MN, USA). The mechanical properties of specimens (10 mm x 30 mm)
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were recorded with a crosshead speed of 0.1 mm/s and a load cell of 5 N, under
ambient conditions. The thickness of each piece of SF scaffold was determined
with a Mitutoyo Digimatic Micrometer (Mitutoyo America Corporation, IL, USA)
0-25mm, with a resolution of 0.001mm and an accuracy of £2 ym. Young’s modulus
(MPa), ultimate strength (MPa), and elongation at rupture (%) were determined
using the stress—strain curves. Young s modulus was calculated in the linear elastic
portion of stress-strain curves generated. FEach test was performed at least four

times per scaffold.

3.6 Electrospun Silk Fibroin Scaffolds and Whar-
ton’s jelly Mesenchymal Stem Cells

Electrospun silk fibroin patches were used as scaffolds for culturing Wj-MSCs before
transplantation. Initially, Wj-MSCs were grown in complete culture medium and
maintained in a humidified incubator at 37°C with 5% CO,. Once Wj-MSCs reached
80-90% confluence, they were trypsinized as previously described, and passaged
consecutively till passage four (see 3.3.1).

Four days before transplantation, MSCs were trypsinized, the number of cells
was counted with a hemocytometer, and cells in suspension were then seeded onto

the silk fibroin scaffolds as follows:

e Silk fibroin scaffolds were pretreated with FBS in order to facilitate initial
adhesion of the mesenchymal stem cells. Thus, 100 yuL of FBS were added

over the mesh and incubated at 37°C for a couple of hours.

o Afterward, the MSCs were seeded at different densities, i.e., 3x10%, 4x10%,
5x10%, and 6x10%*cells/cm? onto the scaffold once the serum was removed from

wells.

— The different amount of cells were seeded onto the scaffolds in a volume
of 200 uL and immediately incubated for half an hour at 37°C. Finally,
500 uL of medium were added to each well and then the plate was kept

in an incubator for four days until surgery or in vitro experiments.

SEM micrographs were taken when Wj-MSCs at different densities attached and
proliferated on the silk fibroin scaffold four days after seeding (described in 3.5.2.1).
Therefore, Scanning Electron Microscopy was used to evaluate cell adhesion, spread-

ing and proliferation of human Wj-MSCs on the surface of the silk fibroin scaffolds.
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3.6.1 Analysis of Expression of Mesenchymal Stem Cell Sur-
face Markers by Flow Cytometry

To analyze possible phenotypic changes in the expression of mesenchymal markers
on Wj-MSCs seeded on silk fibroin scaffolds, cells were seeded at a density of 5x10%
cells/cm? in 48-well plates covered or not with silk fibroin scaffolds, and maintained
in culture medium at 37°C for four days. Then, the Wj-MSCs were detached using
a 0,25% trypsin-EDTA solution and afterward washed with PBS. Subsequently, the
cells were incubated with fluorescence-conjugated specific monoclonal antibodies for
CD73, CD90, CD105, CD14, CD20, CD34, CD45, CD80, CD86, and HLA-DR, (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) for 30 min at 4°C in the dark. This
set temperature diminishes the possible nonspecific staining caused by temperature,
whereas fluorescent attenuation is avoided by maintaining the sample in the dark
during incubation. Unlabeled cells were used as control, and specific isotype mon-
oclonal antibodies were used to exclude non-specific staining. The determination
of these markers is recommended by the International Society for Cellular Therapy
(ISCT) as essential to confirm the mesenchymal phenotype of the cells [59, 164].
After labeling and washing, cells were acquired using a BD FACS Canto flow
cytometer (BD Biosciences, San Diego, CA) and analyzed with Kaluza analysis

software (Beckman Coulter, Inc., Brea, California, USA).

3.6.2 Cell Viability Analysis

Apoptosis is a normal physiologic process that occurs during embryonic develop-
ment besides in the maintenance of tissue homeostasis. The apoptotic program is
characterized by certain morphologic features, including chromatin condensation, a
reduction in cell volume, and internucleosomal cleavage of DNA. Apoptosis is also
accompanied by a loss of plasma membrane asymmetry and attachment, resulting in
the exposure of the membrane phospholipid phosphatidylserine (PS) at the surface
of the cell. Annexin-V is a 36 kDa Ca?" dependent phospholipid-binding protein
that has a high affinity for PS, which is exposed on the surface of apoptotic cells
but not on viable cells [165, 166].

Annexin-V conjugated to fluorochromes, e.g., phycoerythrin (PE), have been
developed as a sensitive probe for flow cytometry analysis of apoptotic cells. Stain-
ing with Annexin-V is typically used in conjunction with a vital dye such as 7-
Amino-Actinomycin (7-AAD) to identify live (Annexin-V—/ 7-AAD™), early apop-
totic (Annexin®/ 7-AAD™) or late apoptotic and necrotic cells (Annexin-V- / 7-
AAD™ and Annexin-V* / 7-AAD™).
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In this study, apoptosis analysis by using Annexin-V Apoptosis Detection Kit
(BD Bioscience, CA, USA) was carried out to discard possible cytotoxic effects of
silk fibroin scaffolds on Wj-MSCs. At first, mesenchymal stem cells were seeded at

a density of 1.5x10% cells/cm?

on the silk fibroin scaffolds or the plastic bottom
(as controls) in 48-well plates. They were maintained in complete culture medium
for 1, 3, 5, 7, and 10 days in an incubator at 37 °C and 5% CO,. Finally, cells
were detached using a 0.25% trypsin-EDTA solution, washed with PBS and stained
with PE-conjugated Annexin-V and 7-AAD (BD Biosciences) in Annexin-V-binding
buffer for 15 min at room temperature according to the manufacturer’s instructions.

The percentage of live, early apoptotic or late apoptotic and necrotic cells was
analyzed on a FACS Canto flow cytometer. Lastly, percentages of each population
were calculated and analyzed with Kaluza analysis software. All determinations

were performed in triplicate.

3.7 Mouse excisional wound splinting model

3.7.1 Animals

Eight- to twelve-week-old hairless SKH1 male mice were used in the model of wound
healing. Five animals were housed per cage and kept in a temperature-controlled
animal facility with a 12-hour light /dark cycle before surgery. Mice were given ad
libitum access to food and water. All techniques, protocols and animal proceedings
employed were performed according to the Animal Ethics Committee of Murcia
University following the Spanish and European governmental regulations on the use
of animals for scientific research (Directive 86/609/EC (RD223,/1998, RD1201,/2005,
LAW 32/2007) and Directive 2010/63/EU (RD53/2013, LAW 6/2013, Commission
Recommendation 2007/526/EC)).

Hairless mice (SKH1 mice) are excellent for wound healing studies, as hair re-
moval and associated inflammation are avoided, and hair regrowth does not obscure
the wound healing response. Additionally, the lack of hair and skin pigmentation
in hairless mice makes them ideal subjects for the application of new techniques
of in vivo imaging, particularly light-based techniques such as luciferase-catalyzed
luciferin light emission [167].

The mouse excisional wound splinting model was carried out as previously de-
scribed by Galiano et al. and Wang et al. with some modifications (see Figure 3.4)
[134, 135|. This model is readily reproducible, and the success rate for maintenance
of the splint was 100%.
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3.7.1.1 Anesthesia and creation of excisional wound

On the day of the surgery, the mice were individually anesthetized with 3% sevoflu-
rane mixed with oxygen by using a vaporizer, and given preoperative analgesia with
buprenorphine (0.1 mg/kg subcutaneously) 30 min before surgery, and then every
12 hours for three post-operative days. The anesthetic gas provides rapid induction
and recovery and smooth adjustment of depth and duration of anesthesia (Fig. 3.4
(A)).

Each mouse then was prepared for aseptic surgery. The skin surface on the
back of the mice was disinfected with povidone-iodine, followed by a rinse with
70% ethanol. Subsequently, two donut-shaped Silicone Wound Splints, 14 mm outer
diameter (OD) X 10 mm inner diameter (ID) X 5 mm thick (Grace Bio-Labs, Bend,
OR, USA), were fixed to the skin on each side of the dorsal surface midline. To
ensure position interrupted 4-0 nylon sutures (Ethicon, Inc., Somerville, NJ, USA)
were passed through the wound splint’s suture sites (Fig. 3.4 (B)).

Next, a 10-mm diameter full-thickness wound, extending through the panniculus
carnosus, was made aseptically within the splint using an Iris Scissor curved side-
ways. The inside edge of the splint exactly matched the edge of the wound, and
thus the splinted hole area represented the original wound size (Fig. 3.4 (C)).

Photographs of individual wounds in each animal were taken with a digital cam-
era (Nikon 1 J1, Tokyo, Japan) at different time points, i.e. on the day of surgery
(day 0) and time of sacrifice (days 2, 7, 14, 21 and 28). At this point, stems cells
can be employed according to the experimental protocol, i.e., injected into the edge
of the wound or applied by silk fibroin patches cellularized with the Wj-MSCs.

In all cases, an occlusive sterile adhesive membrane (Oper film, IHT, Barcelona,
Spain) was used to cover the wounds and splints completely (Fig. 3.4 (F)). Also, a
self-adherent elastic wrap (Coban™, 3M Health Care, Loughborough, United King-
dom) dressed the wounds to prevent mice of removing the rings from the back. It
is important to trim the wound dressing and adjust the tightness of the bandage so
as not to restrict the breathing and movement of the mice.

The animals were placed in individual cages under a warming lamp and allowed
to recover fully from anesthesia. Afterward, they were housed individually in a clean
facility to avoid chewing of wounds and bandages by other mice. The animals were
checked daily to ensure that the bandage was on, and to monitor manifestations of
pain and weight loss. It is important to remark that the splints must be maintained
positioned throughout the experiment, as removal of them will lead to rapid wound
contraction and differ from the pattern of wound healing observed in humans. An-

tibiotic therapy was not administered since they can modify or alter some of the
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phases of the wound healing process.

3.7.1.2 Removing bandages, photographing and harvesting wound tissue

After uncovering bandages, wounds can be photographed, and percentages of wound
closure can easily be calculated. However, the presence of the scaffold along with the
inflammatory exudate that occurs in response to surgery prevented from displaying
the edges and then evaluate the resolution in time of the wound. Nevertheless, serial
photographs can be used to estimate the clinical evolution of the wound regarding
final appearance and scarring.

The Tegaderm® transparent dressings, sutures, and splints were carefully re-
moved to collect wound tissue samples. Thus, the entire wound along with the
5-mm surrounding skin tissue was thoroughly excised and bisected by using an Iris
Scissor.

Each wound sample was dissected across the center into two equal pieces;

e The outer half was left in RNAlater solution (Thermo Fisher Scientific) and

stored at -80 °C for further molecular analysis.

e The middle piece was carefully placed on a piece of sponge and secured with
four stitches, one at each corner. Next, it was fixed in freshly prepared cold
4% paraformaldehyde in PBS at room temperature overnight for immuno-

histopathologic analysis.

3.7.2 Experimentation Groups and Stem Cell Transplanta-
tion

Two groups of seventy-five mice each group were experimentally related to two dif-
ferent human umbilical cord donors. Both groups were divided into five different
subgroups (n=15), based on the type of treatment applied. Every subgroup under-
went the sacrifice of three mice at different times, i.e., 48 hours, 7 days, 14 days,
21, and 28 days. There were made two wounds per mice with the same treatment
applied to it, thus allowing replicate the number of experiments per animal and then
diminishing the final number of mice. It was preferred not to use one wound as an
internal control since the treated wound could have a local or systemic effect on the

healing of the contralateral wound.

e Group 1: Wounds covered by Linitul® (Bama-Geve SLU, Barcelona, Spain),

a gauze impregnated with Peru balsam and castor oil typically used to treat
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Figure 3.4: Mouse excisional wound splinting model and stem cell trans-
plantation. (A) Following anesthesia, (B) silicone wound splints (14 mm OD X
10 mm ID X 5 mm thick) are fixed with interrupted sutures to the skin on each
side of the dorsal surface midline. After, (C) two equal-sized 10-mm full-thickness
cutaneous wounds are created on the dorsal skin so that the wound is centered
within the splint. Subsequently treatment is applied, i.e., (D) stem cells are injected
into the dermis around the wound edge or (E) cellularized silk fibroin scaffolds are
placed onto the wound bed. Finally, (F) the wounds are dressed with Tegaderm®
and self-adhering elastic bandages.
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wounds, served as control group. In this group, neither cell transplantation

nor scaffold grafting was carried out.

e Group 2: Wounds covered by silk fibroin scaffolds.

— Sterile silk fibroin patches 10-mm diameter were placed on the wound
bed. A hydrogel made from silk fibroin 0.7 % was dropped over the

scaffold to keep it damp over time.
e Group 3: Wounds treated with Wj-MSCs injected at the edge (Fig. 3.4 (D))

— A total number of 1x10° human Wj-MSCs at passage 4 in 100 ul PBS
were injected into the dermis in all the four directions around the wound
edge, with a 25@G, 0.1-cc syringe. It was important to ensure that the
cell solution was injected into the dermis, but not into the subcutaneous

layer of the skin.

e Group 4: Wounds treated with silk fibroin patches cellularized with Wj-MSCs
(Fig. 3.4 (E))

— Sterile electrospun silk fibroin patches 10-mm diameter were seeded with
5x10* Wj-MSCs at passage 4 for four days. On the day of surgery, the
cellularized scaffolds (hWj-MSCs-SF) were placed over the wound beds
on the back of SKH1 mice, and few drops of a silk fibroin hydrogel 0.7 %

were left to cover them to prevent drying.

e Group 5: Wounds treated with Wj-MSCs injected at the edge along with silk

fibroin patches cellularized with MSCs covering the wound site.

— Same amount of Wj-MSCs (1x10° cells at passage 4) in 100 ul PBS were
injected into the dermis around the wound edge. Also, silk fibroin patches
10-mm diameter cellularized with Wj-MSCs were placed onto the wound
bed. Likewise, the silk fibroin hydrogel was left to drop over the wound
to avoid drying.

Group 2 was considered as control for the mice that were also treated with SF
scaffolds, but now cellularized with mesenchymal stem cells. In short, neither cell
transplantation nor cellularized silk fibroin scaffold grafting was carried out in con-

trol mice.
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Critical Steps:

e All Wj-MSCs were used at passage 4 and didn’t exceed the 80% of confluence

when transplanted into the wound edge or seeded on the SF scaffold.

e MSCs should be prepared under sterile conditions immediately before trans-
plantation; otherwise they form aggregates in PBS and viability decreases

gradually over time (data not shown).

e As mentioned earlier, the onset of an inflammatory exudate in the wound site
after the surgical procedure, led to hiding the wound edges thus limiting the

assessment of the progression in time of the wound closure.

3.8 Histological and Immunohistochemical Study of
Wound Healing

A chronologic histological and immunohistochemical analysis of wound samples from
all experimental groups was carried out to determined the changes produced in situ
after the inclusion of silk fibroin scaffold and/or Wharton’s jelly mesenchymal stem

cells during the skin regeneration process.

3.8.1 Sample preparation

Preparation of the sample is critical for maintaining cell morphology, tissue architec-
ture and the antigenicity of target epitopes. This requires proper tissue collection,

fixation, and sectioning.

3.8.1.1 Fixing

Samples from normal skin, brain, liver, spleen, kidneys, testes, heart, lungs and bone
marrow were fixed in 4% neutral buffered formalin (Panreac Quimica, Barcelona,
Spain), for 24 hours at room temperature. Then, samples were sectioned into smaller
representative slices, placed in plastic cassettes, and re-fixed in 4% neutral buffered
formalin for another 24 hours. Fixative volume should be 10 times that of tissue
on a weight per volume (1 ml of formalin per 100 mg of tissue) minimum. It is
recommended to keep fixation conditions standard for a particular study to minimize

variability.
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3.8.1.2 Processing - dehydration, clearing, and embedding

The aim of tissue processing is to remove water from tissues and replace it with a
medium that solidifies at room temperature to preserve indefinitely the tissues with-
out degenerative changes, and to allow thin sections to be cut. For light microscopy,
the paraffin wax embedding is most frequently used.

Once fixed, samples were rinsed with running tap water to remove any excess
of formalin, and then dehydrated through a series of graded ethanol baths. This
is followed by a hydrophobic clearing agent (such as Xylene) to remove the alco-
hol, and finally molten paraffin wax, the infiltration agent that replaces the Xylene.
Histowax® (Thermo Corporation, Waltham, MA, USA), a low-temperature melting
paraffin (56-58°C), was used as the embedding agent. This paraffin is ideal for im-
munohistochemical studies because its low-melting temperature assures an optimal
preservation of antigen structure.

The samples were processed on a Leica TP1050 (Leica Microsystems, Wetzlar,
Germany) tissue processor as follows: 50% ethanol for 1 hour, 70% ethanol for 2
hours, 96% ethanol for 2 hours, absolute ethanol (3 steps of one hour each), Xylene
substitute (3 steps of one hour each) and finally inclusion in Histowax® (2 steps of
1 hour each and then 1 steps of 2 hours).

Once finished the processing, the samples were embedded into paraffin blocks by
using an embedding workstation (HistoStar™ Thermo Scientific). Tissues embed-

ded into these blocks can be stored at room temperature for years.

3.8.1.3 Sectioning

Paraffin blocks were sectioned using a Leica RM 2155 (Leica) motorized rotary
microtome that operates with Accu-Edge® Disposable Microtome Blades (Sakura,
Osaka, Japan). 4 and 5-micrometer-thick sections were made for histopathological
and immunohistochemical analysis, respectively. The sections were floated on the
surface of a 40°C water bath (Kunz Instruments, Nynashamn, Sweden), and then
placed onto the surface of glass microscope slides (Dakocytomation. Barcelona,

Spain). Then, the mounted sections are treated with the appropriate stain.

3.8.2 Staining
3.8.2.1 Hematoxylin and Eosin (H&E) Stain

Staining of biological material is used to confer both contrasts to the tissue, as
well as highlighting particular features of interest. Hematoxylin and eosin stain is

the most commonly used light microscopical stain in histology and histopathology.
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Hematoxylin, a basic dye, has a dark blue-purple color and stains acids structures,
e.g., nucleic acids in the cell nucleus. FEosin, an acidic dye, is orange-red, and
stains basic structures. Thus, the stain shows abundant structural information,

with particular functional implications [168].
Protocol:

1. Dewaxed of sections with Xylene substitute (Thermo Scientific™) for 15 min.

2. Rehydration of the sections in ethanol baths in the following order: 100%
ethanol 5 min (x2), 96% ethanol for 5 min and 70% ethanol for 5 min.

3. Rinse in tap water for 5 min and then dip the slide into a Coplin jar containing
Harris Hematoxylin (Thermo Scientific™) for 5 min. Rinse the slide in tap

water for 5 min.
4. Partially dehydration of the sections by immersion in 70% ethanol for 5 min.

5. Stain the slide with eosin alcoholic solution (Thermo Scientific™) for 5 min,

and then rinse the slide in water for few seconds.

6. Dehydrate the sections with one step of 96% ethanol (1 min), and two changes

of absolute ethanol for 5 min each.

7. Extract the alcohol with two changes of Xylene substitute (Thermo Scientific™)
and finally,

8. Add one or two drops of a non-aqueous mounting medium (Neo-Mount™.

Merck) onto the sample and cover with a coverslip.

3.8.2.2 Masson-Goldner Trichrome Stain

Masson’s trichrome is a three-colour (azophloxine, Orange G, and light green SF)
staining protocol used in histology for selectively staining muscle fiber, collagenous
fiber, fibrin, and erythrocytes. Most protocols derived from Claude L. Pierre Mas-
son’s (1880-1959) original assay have been used for different specific applications,

but all are suitable for distinguishing cells from surrounding connective tissue.

Procedure of Masson-Goldner trichrome staining (Merck, Darmstadt,

Germany):

1. Deparaffinate the sections, and rehydrate up to 70% alcohol solution.
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2. Since Trichrome stainings use acid dyes, nuclei have to be stained with
Weigert’s iron hematoxylin for 5min. Afterward, wash with running tap water

5 min, and then rinse in 1% acetic acid for 30 sec.
3. Azophloxine solution (10 min) and then rinse in 1% acetic acid for 30 sec.

4. Tungstophosphoric acid Orange G solution 1min and then rinse in 1% acetic

acid for 30 sec.
5. Light green SF solution (2min) and next rinse in 1% acetic acid for 30 sec.

6. Dehydration in ascending alcohol series, clearing with xylene, and mounting
with Neo-Mount®,

Results:  Cell nucleus: dark brown to black / Cytoplasm and muscle: brick
red / Connective tissue and acidic mucous substance: green / Erythrocytes: bright
orange.

Under light microscopy, the sections were observed using an Axio A-10 (Carl
Zeiss) microscope, then photographed with an AxioCam ICc 3 digital camera, and
at last the images were processed with the Axio Vision 4.8 digital image processing

software.

3.8.2.3 Immunohistochemical Staining

Immunohistochemistry (IHC) is a biological method for demonstrating the presence
and location of specific antigens or cellular components in tissue sections. Developed
from the antigen-antibody binding reaction, it enables the observation of processes
in the context of intact tissue. Immunohistochemical staining is accomplished with
antibodies that recognize the target protein. Since antibodies are highly specific,
the antibody will bind only to the protein of interest in the tissue section. The
antibody-antigen interaction is then visualized using either chromogenic detection,
in which an enzyme conjugated to the antibody cleaves a substrate to produce a
colored precipitate at the location of the protein. In this study, we used an indirect-

Avidin-Biotin Complex (ABC) immunohistochemistry method.

The steps of the IHC staining protocol are as follows:

1. Dewaxing of the tissue sections with Xylene substitute (Thermo Scientific™)

for 15 min and rehydration through a series of degraded ethanol baths.

2. Rinse the sections in tap water for 5 min.
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3.

10.

11.

12.

13.

Demasking antigen procedure.

(a) As formalin fixation induces cross-linking between proteins that can affect
the immunological features of the antigens, a demasking antigen proce-
dure was performed. Thus, the sections were immersed in a high Ph
demasking antigen solution (Dako) and heated to 98°C for 30 min in a

demasking antigen chamber (Dako Pascal®, Dako).

Once the demasking procedure was finished, the sections were washed three
times in Tris-Buffered-Saline solution (TBS, 0.05M; pH 7.6) for 5 min.

. Block endogenous peroxidase activity with a 1.5% hydrogen peroxide (Merck)

solution in methanol (J.T. Baker) for 30 min.

. Wash in TBS (3 steps 5 min each) and next, incubate in normal serum (diluted

1:100 in TBS) in a humid chamber at 30°C for 20 min.

Incubate with the primary antibody (diluted in TBS) in a humid chamber at
30°C for 1 hour and then, wash in TBS (three steps 5 min each).

. Incubate with a biotinylated secondary antibody, diluted 1:250 in TBS, in a

humid chamber at 30°C for 20 min.

. Wash in TBS (three steps 5 min each) and next, incubate with the Avidin-

Biotin-Peroxidase Complex (Vector Laboratories. Burlingame, CA, USA),
diluted in TBS, in a humid chamber at 30°C for 20 min.

Wash in TBS (3 steps 5 min each) and subsequently, reveal the immunostain-
ing by incubating in 0.05% 3-3’diaminobenzidine (DAB) tetrahydrochloride
solution (Sigma) and 0.03% hydrogen peroxide solution in TBS (pH: 7.6) for

5 min.

Wash in running tap water for 5 min and then counterstain with hematoxylin

for 3 min, to provide contrast that helps the primary stain stand out.

Wash in water for 5 min, dehydrated through graded ethanol baths, and then

clear with xylene.

Finally, mount the sample in Neo-Mount (Merck) and view the staining under

the microscope.
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Figure 3.5: Visual identification of polymorphonuclear neutrophils (<) in
mouse skin tissue sections by using H&E staining. Scale bar 20um.

Immunohistochemical Studies of Excisional Wounds
e Measurements of Leucocyte Infiltration

The number of infiltrating polymorphonuclear neutrophils (PMN) (Figure. 3.5),
macrophages, and lymphocytes within the wound beds at all post wound time points
were counted in 15-20 randomly chosen visual fields (at high power fields X400) of
the sections stained with H&E solution, or with anti-F4/80 and anti-CD3 antibodies,
respectively. Half of the fields were selected from each edge of the wound bed, and
the remaining fields were from the middle of the wound bed. All measurements were
repeated twice and were carried out under double-blind conditions.

Rat anti-F4/80 antibody [clon CI:A3-1] recognises the mouse F4/80 anti-
gen, a 160kD glycoprotein expressed by murine macrophages (see Figure 3.6). Ex-
pression of F4/80 is heterogeneous and is reported to vary during macrophage matu-
ration and activation. The F4/80 antigen is expressed on a wide range of macrophage
populations including Kupffer cells, microglial cells, epidermal Langerhans cells, and
also peri-epithelial macrophages associated with simple epithelia throughout the gas-
trointestinal, respiratory, and male and female reproductive tract as well as the brain
ependyma [169].

Rabbit anti-human CD3 antibody recognizes the intracytoplasmatic portion
of the CD3 antigen expressed by T cells. The CD3 is a multimeric protein complex
composed of four distinct polypeptide chains (g, v, 8, {) that assemble and function
as three pairs of dimers (ey, €6, {{). The CD3 complex associates non-covalently

with a molecule known as the T-cell receptor to generate an activation signal in T
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Figure 3.6: Immunohistochemical expression of F4/80 antigen in mouse
skin tissue. Scale bar 20um.

lymphocytes. CD3 antigen is first expressed in the cytoplasm of prothymocytes,
i.e., the progenitor cells from which T-cells arise in the thymus, in the first stages of
lymphocyte development. In cortical thymocytes, the antigen is mostly present in
the cytoplasm, but then it appears on the T cell surface at the medullary thymocyte
stage [170]. The high specificity, combined with the presence of CD3 at all stages
of T-cell development, makes it a useful immunohistochemical marker for T-cells in

tissue sections (see Figure 3.7).

e Assessment of Angiogenesis by Expression of CD31 in Wound Sites

Angiogenesis was assessed by immunostaining for the platelet endothelial cell adhe-
sion molecule (PECAM-1), also known as cluster of differentiation 31 (CD31) that
recognizes a 100kDA glycoprotein in endothelial cells and 130kD in platelets. In the
present study vascular areas, defined as CD31-positive ones, were measured in the
wound beds at all post wound time points and were expressed as the percentage
of the entire wound bed areas. All measurements were performed without a prior
knowledge of the experimental procedures. The extent of microvessel formation dur-
ing the healing process was determined through a qualitative scale as depicted in
Table 4.2 which correlates with the images in Figure 3.8 [Normal skin, Grade I (+),
Grade IT (++), and Grade III (++++)].

e Expression of Alpha-Smooth Muscle Actin during Wound Healing
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Figure 3.7: Immunohistochemical expression of CD3 antigen in mouse skin
tissue. Scale bar 20um.

Figure 3.8: Representative images of CD31 expression in skin sections,
according with the qualitative scale depicted in Table 4.2. (a) Normal Skin
(b) + Grade I (¢) ++ Grade II (d) +++ Grade III. Scale bar 50um.
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Rabbit monoclonal [E184] to alpha smooth muscle Actin is a specific marker
for the single isoform of alpha-smooth muscle actin (-SMA), the 42 kD weight
actin isoform that predominates within vascular smooth-muscle cells. Actin is a
globular structural protein that polymerizes in a helical fashion to form an actin
filament. Actin filaments provide mechanical support for the cell, determine the
cell shape, enable cell movements [171]. During the development of granulation
tissue in the inflammatory phase of wound healing process, fibroblasts are activated
and express a-SMA up turning thus into myofibroblasts. These myofibroblastic
cells synthesize and deposit a large amount of extracellular component proteins.
Also, these cells exhibit contractile properties, due to the expression of a-SMA in
microfilaments bundles or stress fibers, playing a significant role in the contraction
and maturation of the granulation tissue [172]|. The immunohistochemical expression
of cytoplasmatic a-SMA in myofibroblasts was assessed through a qualitative scale
as shown in Table 4.3 which correlates with the images in Figure 3.9 [< 10% (-),
10-25% (+), 26-50% (++), and >50% (+++) a-SMA expression]|.

e Expression of mesenchymal stem cell marker CD-90 on wound sites

The Rabbit monoclonal (EPR3133) antibody specifically binds to human CD90,
which is also known as Thy-1. CD90 is a 25-35 kDa glycophosphatidylinositol-
anchored membrane glycoprotein of the Ig superfamily that can be used as a marker
for a variety of stem cells. Immunohistochemical staining using of a pellet composed
of mesenchymal cells from Wharton’s jelly served as positive control for the different
experimental groups (see Figure 4.27 (132)).

Finally, Table 3.1 summarizes the antibodies used for immunohistochemical anal-

ysis of skin wound sections.

Marker | Origin Isotype Supplier

Cellular
Location

F4/80 Rat Monoclonal (CI:A3-1) | AbdSerotec | Membrane | Macrophages 1/100

CD3 Rabbit Polyclonal DAKO Membrane | T Lymphocytes 1/500
CD31 Rabbit Polyclonal Abcam Membrane | Endothelium 1/100
o Actin | Rabbit Monoclonal (E184) Abcam Cytoplasm | Myofibroblasts 1/500
CD90 | Rabbit | Monoclonal (EPR3133) Abcam Membrane Stem Cells 1/50

Table 3.1: Antibodies used for immunohistochemical analysis of skin
wound sections. Antigen retrieval at high pH, 97°C. Incubation time: overnight.

Specificity Dilution
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Figure 3.9: Representative images of a-SMA expression in skin sections,
according with the qualitative scale depicted in Table 4.3. (a) < 10%
(-) / (b) 10-25% (+) / (c) 26-50% (++) / (d) >50% (+++) a-SMA expression.
(e) Immunohistochemistry (paraffin-embedded normal skin section) - alpha smooth
muscle Actin antibody [E184] (ab32575). Scale bar 50um.

82
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Statistics

All statistics were performed using GraphPad Prism software package (version 6,
CA. USA). Results are presented as mean + standard deviation. To test for statis-
tical significance, a Mann-Whitney test or one-way ANOVA was used. Results were

considered to be significant if the p-value was equal to or less than 0.05.



Chapter 4

RESULTS

In vitro Study of the Wharton’s Jelly Mesenchymal
Stem Cells

4.1 Characterization of human Wharton’s jelly

mesenchymal stem cells

4.1.1 Morphology of the Mesenchymal Stem Cells derived
from human Umbilical Cord Wharton’s jelly

Asseen in Figure 4.1, mesenchymal stem cells derived from the Wharton’s jelly of the
human umbilical cord displayed a fibroblastic, spindle-shaped morphology compara-
ble to that of unrestricted somatic stromal cells (USSCs), cord blood mesenchymal
stem cells (CB-MSCs), and bone marrow-derived MSCs.

4.1.2 Proliferation Kinetics of Bone Marrow and Wharton’s

Jelly Mesenchymal Stem Cells

4.1.2.1 Cumulative Population Doubling Level (PD) and Population
Doubling Time (PDT)

The proliferation and growth efficiency of Wj-MSCs and BM-MSCs were determined
by the total cumulative population doubling level, and the population doubling time
using the formulas described in the Materials and Methods chapter (3.4.2). Both
cell populations demonstrated differences in their growth dynamics being as the
mesenchymal stem cells from the umbilical cord displayed an increased proliferative

capacity compared to bone marrow counterparts.

84
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200 um

Figure 4.1: Phase contrast micrograph of human Wj-MSCs at passage 4.
Scale bar: 200 ym.

Figure 4.2 represents the proliferation dynamics of the bone marrow and Whar-
ton’s jelly-derived mesenchymal stem cell populations during prolonged wn vitro sub-
cultivation. The mean cell yield is the one that derived from the serial proliferation
of the MSCs following the subculture protocol described in 3.4.2.1. This was sig-
nificantly higher for Wj-MSCs compared to BM-MScs (1.9-fold, **= p<0.01) and
related to a relatively constant number of about 3.7 PD per passage (represented
by the linearity of the graph showed in Figure 4.2(A)) accumulating to a total of 37
PD (vs 21 PD for BM-MSCs) in the 58-days culture period (ten passages).

Also, the population doubling time of BM-MSCs and Wj-MSCs was calculated
from passage 1 to passage 10. There was considerable differences in PDT between
BM-MSCs and Wj-MSCs in every single passage. Wj-MSCs had significantly shorter
PDT compared to BM-MSCs (P1= 32,46+1,70 vs. 51,0140 h; P2= 27,80£2,92 vs.
51,02+1,98 h; P3= 27,254+3,19 vs. 46,60+7,30 h; P4= 25,14+1,61 vs. 52,35+0,14
h; P5= 28,73+2,48 vs. 54,0841,13 h; P6= 29,46+2,49 vs. 54,79+5,59 h; P7=
31,7844,98 vs. 60,61+0,73 h; P8= 32,67+3,73 vs. 58,47+9,36 h; P9=39,23+5,05 vs.
60,20-:21,92 h; and P10~ 38,92+4,96 vs. 74,36 £23,83 h. (P1—P8, ***—p<0.001;
P9, *=p<0.05; P10, **=p<0.01) (Figure 4.2(B)). Wj-MSCs grew consistently until
passage 10 in contrast to BM-MSCs that showed signs of growth slowdown from
passage 9 (*= p<0,05).
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Figure 4.2: Proliferation kinetics of Wj-MSCs and BM-MSCs over ex-
tended in wvitro propagation. (A) number of cumulative population doubling
level (PD) as a function of time in culture. (B) cell population doubling times -PDT-
(hours) at respective passages. Abbreviations: PD: population doubling level; PDT:
population doubling time; Wj-MSCs: Wharton’s jelly mesenchymal stem cells; BM-
MSCs: bone marrow mesenchymal stem cells. Statistically significant differences
using one-way ANOVA, * = p< 0.05, ** = p< 0.01, *** = p< 0.001.
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4.1.2.2 MTT assay

Figure 4.3 depicts the proliferation rates of Wharton’s jelly and bone marrow-derived
MSCs at passage fourth after being cultured at a density of 5000 cells/cm? in 96-
well plates for a week. Both mesenchymal stem cell sources displayed approximately
the same proliferation rate during the first 24 hours of culture. However, Wj-MSCs
began to proliferate considerably faster than BM-MSCs from the second day of
culture onward being these differences statistically significant (* = p< 0.05, ** =
p< 0.01, *** = p< 0.001). In all cases, the proliferation rate of Wj-MSCs was
higher than that observed for BM-MSCs, reaching a maximum peak after a week
of culture (***= p<0.001). These results confirmed the previous findings obtained
when calculated the PD and PDT in the proliferation kinetics assays using WJ and
BM-MSCs over prolonged passaging.

4.1.3 In vitro Multilineage Differentiation Capacity

BM-MSCs obtained from 23 different donors and Wj-MSCs derived from 18 different
umbilical cords were subjected to differentiation induction protocols (as previously
described) to evaluate their stem cell multipotency. While most BM-MSCs samples
showed the ability to differentiate into adipocytes, osteoblasts, and chondroblasts,
over 75% of the Wj-MSCs samples (14 out of 18) failed to generate adipocytes, and
over 85% of the Wj-MSCs samples (16 out of 18) failed to form osteoblasts (Figure
4.4). On the other hand, cartilage was formed by half of the Wj-MSCs samples
(9 out of 18). Scoring system of the level of differentiation of Wj-MSCs or BM-
MSCs into adipogenic, osteogenic and chondrogenic lineages is shown in Figure 4.5.
These results suggest that Wj-MSCs are limited with respect to their capacity to

differentiate into mature mesodermal cell lines when compared to BM-MSCs.

4.1.4 Immunomodulatory Properties of Wharton’s Jelly
Mesenchymal Stem Cells

e Wharton’s jelly mesenchymal stem cells suppress T cell
proliferation after stimulation with anti-CD3/CD28 beads

Experiments in Figure 4.6 show the immunomodulatory effects of hWj-MSCs on the
proliferative response of anti-CD3/CD28-stimulated T cells and compared with the
effects mediated by hBM-MSCs. The anti-CD3/CD28-stimulated T cells prolifer-

ation was decreased when the ratio of hWj-MSCs present in the same culture was
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Figure 4.3: Proliferation rate of Wharton’s jelly and bone marrow-derived
mesenchymal stem cells as determined by the MTT Cell Proliferation
Assay. Mesenchymal stem cells from both sources were seeded at a density of
5000 cells/cm? in 96-well plates and cultured for a week. Abbreviations: Wj-MSCs:
Wharton’s jelly mesenchymal stem cells; BM-MSCs: bone marrow mesenchymal
stem cells. All values are presented as the mean =+ SD. Proliferation rate was
significantly increased, * = p< 0.05, ** = p< 0.01, *** = p< 0.001, according to
one-way ANOVA.
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Figure 4.4: (A) Capacity of Wharton’s jelly mesenchymal stem cells to differentiate
into adipocytes (Oil Red O staining), osteoblasts (NBT/BCIP and Alizarin Red
staining), and chondrocytes (Toluidine blue staining). Degree of differentiation was
assessed using the following scoring system: 0= no differentiated cells, 1= < 20%
differentiated cells, 2= < 60% differentiated cells, 3= > 60% differentiated cells.
(B) Representative pictures of differentiation cultures after incubation with different
cell-specific stains.
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Figure 4.5: Scoring system of the level of differentiation of Wj-MSCs and
BM-MSCs into adipocytes, osteoblasts, and chondroblasts. The level of
staining was assessed for all different samples after specific differentiation cultures
and compared to reference stains to determine the final percentage of differentiation,
i.e., 0(+) = no differentiated cells, 1(+/-) = < 20% differentiated cells, 2(+) = <
60% differentiated cells, 3(++) = > 60% differentiated cells.
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increased. Figure 4.6 also shows that the dose-response effect mediated by hWj-
MSCs was the same as that mediated by hBM-MSCs (***= p<0.001 for all ratios of
MSC:T cells compared to anti-CD3/CD28-stimulated T cells alone). Interestingly,
the inhibition of proliferation mediated by hBM-MSCs was slightly lower than that
observed for hWj-MSCs at ratios 1:100, 1:33 or 1:10, although not statistically sig-
nificant. However, hBM-MSCs-mediated inhibition of proliferation was significantly
lower than that achieved for hWj-MSCs at ratio 1:1 (BM-MSC 57+5% vs. Wj-MSC
324+3%, ##: p<0.01). Moreover, hWj-MSCs did not induce any proliferative re-
sponse of allogeneic T cells in the absence of anti-CD3/CD28 stimulation, whereas

anti-CD3/CD28-activated T cells were used as positive control.

¢ Wharton’s jelly mesenchymal stem cells suppress T cell proliferation

after allogeneic mDCs stimulation

Irradiated mDCs (as stimulators) were co-cultured with responder allogeneic T cells
in the presence of increasing numbers of hWj-MSCs to investigate the immunomod-
ulatory effects of these MSCs on activated T cell proliferation. After five days of
co-culture, the proliferation of responder T cells was measured. As observed in
Figure 4.7, a significant hWj-MSCs-mediated dose-dependent inhibitory effect on T
cell proliferation was observed when compared to proliferation achieved on mDCs/T
cells co-cultures in the absence of hWj-MSCs. At the lowest ratio Wj-MSCs: effector
T cells (1:100) T cell proliferation was significantly reduced compared to the control
co-culture in the absence of MSCs (11,3 % reduction, * = p<0.05). Nevertheless,
the addition of a higher number of MSCs to the co-culture led to a more marked
inhibition of T cell proliferation, ranging from 43,6% (ratio 1:25) to 95,5% (ratio
1:1) (***= p<0.001).

e Wharton’s jelly mesenchymal stem cells downmodulate the in vitro

production of inflammatory cytokines

To identify the soluble factors that could be involved in the immunosuppressive
effects mediated by hWj-MSCs, the production of the pro-inflammatory cytokine
IFN-vy released during the culture of T cells stimulated by allogeneic mDCs in the
presence of MSCs was investigated. As shown in Figure 4.8, the secretion of IFN-y
was significantly inhibited by hWj-MSCs in a dose-dependent manner. Proportions
of at least 1:100 (MSC: effector T cells) in the culture had a significant effect on
the production of IFN-y compared to basal levels produced in the absence of MSCs
(reduction of 10,69%, *= p<0.05). Furthermore, ratios above 1:25 also significantly
decreased the levels of IFN-y in supernatants from MLC (1:25 = reduction of 35,10%;
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Figure 4.6: Effect of Wj and BM-MSCs on in wvitro immunological re-
sponses: the capacity of BM or Wj-MSCs to inhibit the proliferation of
peripheral blood T cells stimulated with anti-CD3/CD28 beads. BM or
Wj-MSCs were cultured with 1x10° MNCs in different ratios and stimulated with
CD3/CD28 beads for five days. After, the proliferation of the T cells was measured
by thymidine incorporation and compared to control without MSCs. The MSCs
from both sources significantly inhibited the proliferation of the T cells in a dose-
dependent manner (***= p<0.001 for all ratios according to one-way ANOVA).
The proliferation of T cells in the presence of BM-MSCs was significantly higher
than that obtained using Wj-MSCs at the same ratio (##= p<0.01). All data
are presented as mean + SD. Abbreviations: hMSCs: human mesenchymal stem
cells. Wj-MSC: Wharton’s jelly mesenchymal stem cells. BM-MSC: bone marrow
mesenchymal stem cells.
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1:10 = reduction of 48,58%; 1:5 = reduction of 59,06%, and 1:1 = reduction of
71,85%; ***= p<0.001 for all ratios).

These results showed that MSCs downmodulate the production of pro-
inflammatory cytokines such as IFN-y by activated T lymphocytes.

¢ Immunosuppressive effect of Wharton’s jelly mesenchymal stem cells
on T-lymphocyte proliferation in response to allogeneic mDCs stim-
ulation is mediated by TGF-(3

Several soluble factors have been associated with the immunomodulation capacity
on T-lymphocyte activation and proliferation by MSCs, such as transforming growth
factor-g (TGF-B). TGF-B was quantified by Human TGF-B1 Instant ELISA (eBio-
science) in the supernatants of co-cultures of T cells and allogeneic mDCs in the
absence or presence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells).
As shown in Figure 4.9, the co-culture of stimulator mDCs and responder T cells in
the presence of hWj-MSCs significantly increased the secretion of TGF-{ in a dose-
dependent manner (1:100= 1.32-fold increase, *= p<0.05; 1:25= 2.06-fold increase,
*k— p<0.01; 1:10= 3.62-fold increase, ***= p<0.001; 1:5= 4.28-fold increase, ***=
p<0.001, and 1:1= 4.62-fold increase, ***= p<0.001), compared to basal levels de-
termined in the absence of MSCs. The maximum level of TGF-$ was achieved at

1:1 ratio.

e PGE, is an in wvitro mediator of the Wharton’s jelly mesenchymal
stem cells immunosuppressive effects on T lymphocyte proliferation

in response to allogeneic mDCs stimulation

PGE,; was investigated as one of the mediators responsible for the inhibitory effects
of MSCs on the proliferation of activated T lymphocytes. PGE,; was quantified by
PARAMETER™ PGE, Assay (R&D Systems) in the supernatants of MLC in the
absence or presence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells).
As shown in Figure 4.10, the co-culture of stimulator mDCs and responder T cells
in the presence of hWj-MSCs at ratios higher than 1:25 significantly increased the
secretion of PGEy (1:25= 2.47-fold increase; 1:10= 5.39-fold increase; 1:5= 7.12-
fold increase; and 1:1= 12.5-fold increase. ***= p<0.001 for all ratios), compared
to basal levels determined in the absence of MSCs. No significant differences were
observed when MSCs were scarcely present in the MLC (53,33+10,40 pg/ml; ratio
1:100).

e Inhibition of allogeneic T cell proliferation in vitro mediated by in-

doleamine 2,3-dioxygenase (IDO)
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IDO is also known to have a key role in the T cell immunosuppression mediated by
MSC. Therefore, it was quantified by Human indoleamine 2, 3-dioxygenase (IDO)
ELISA Kit (Cusabio Biotech) in the supernatants of MLC in the absence or pres-
ence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells). As shown in
Figure 4.11, the co-culture of stimulator mDCs and responder T cells in the pres-
ence of hWj-MSCs at ratios higher than 1:25 significantly increased the secretion
of IDO (1:25= 7.52-fold increase, **= p< 0.01; 1:10= 17.52-fold increase, ***=
p< 0.001; 1:5= 31.14-fold increase, ***= p< 0.001; and 1:1= 35.08-fold increase,
Rk — p<0.001), compared to basal levels determined in the absence of MSCs. No
significant differences were observed when MSCs were present in the MLC at 1:100

ratio.

e PGE,, TGF-3, and IDO play a major role mediating the immuno-
suppressive effects of Wj-MSCs on T lymphocyte proliferation after

allogeneic mDCs stimulation

To investigate that the anti-inflammatory factors TGF-f, PGE, and IDO secreted
by hWj-MSCs accounted for the inhibition of T cell proliferation after allogeneic
mDCs stimulation, it was carried out additional MLCs experiments in the presence
of different specific inhibitors of the biosynthesis or signaling of these factors such
as SB-431542, indomethacin (IDM) or 1-methyl-tryptophan (1-MT), respectively
(Figure 4.12). T cell proliferation after allogeneic mDCs stimulation was measured
in the absence or presence of hWj-MSCs. The same proportion of hWj-MSCs and
effector T cells (ratio 1:1) was used in this experimental assay because of the max-
imum inhibitory effect obtained for this condition in previous experiments (Figure
4.7).

Importantly, the addition of SB-431542, IDM, and 1-MT in the MLCs in the
absence of hWj-MSCs did not affect the maximum proliferative capacity of effector
T cells, neither the basal proliferation of stimulator mDCs, responder T cells or
hWJ-MSCs alone.

The proliferation of mDCs-stimulated T cells significantly decreased when hWj-
MSCs were present in the MLC and in the absence of any inhibitor (control) (93,91%
reduction). However, the addition of the inhibitors SB-431542, IDM, or 1-MT sig-
nificantly recovered the proliferative response of mDCs-stimulated T cells compared
to the control condition (***= p<0.001), although still remained significantly lower
than in absence of hWj-MSCs (A= p<0.05, AA= p<0.01, AAA= p<0.001).

Strikingly, the simultaneous treatment with the three inhibitors together recov-

ered almost entirely the proliferation rate of mDCs-stimulated T cells, suggesting
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that PGE,, TGF-8, and IDO play a major role mediating the immunosuppressive
effects of hWj-MSCs on T lymphocytes proliferation after allogeneic stimulation.
Even so, it is not discarded the possibility that some other anti-inflammatory factors
released by hWj-MSCs had a minor role in the suppression of T cell proliferation.

On the whole, the co-culture of stimulator mDCs and responder T cells in the
presence of hWj-MSCs at 1:1 ratio increased the production of TGF-§ (Figure 4.9),
PGE, (Figure 4.10), and IDO (Figure 4.11) compared to MLCs without MSCs.
According to these results, the T cell proliferation rescue mediated by SB-431542,
IDM, and 1-MT was correlated to the increase in the levels of the respective anti-
inflammatory cytokines TGF-3, PGE;, and IDO in the co-cultures.

4.2 Electrospun Silk Fibroin Scaffolds

4.2.1 Characterization of Physical and Mechanical Proper-
ties of Electrospun Silk Fibroin Scaffolds

4.2.1.1 Scanning Electron Microscopy (SEM)

The SEM pictures of the SF meshes produced were used to visualize the topography
and appearance of fibers generated by electrospinning. As can be observed in Figure
4.13, the fibers produced from regenerated silk fibroin solutions were cylindrical and
uniform throughout their lengths. In relation to the diameter of electrospun fibers
obtained, the average value was 2417+£547 nm. No significant differences were found
between replicates of the study (Kruskal-Wallis, p>0.05), which shows a consistent

production method.

4.2.1.2 Mechanical Properties of Electrospun Silk Fibroin Scaffolds

Average values of Young’s modulus (MPa) (51.848.5), the elongation at break (%)
(4.4£1.1), and the ultimate strength (MPa) (1.440.5) were calculated using stress-
elongation curves (Figure 4.14) generated from tensile tests. There were no signifi-
cant differences in the mechanical properties between the three replicates tested for
each experimental condition (ANOVA, p>0.05).

Based on the morphology and mechanics of the scaffold, it was suggested that

the electrospun nanofibrous structure would be suitable as a skin substitute.
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4.3 Electrospun Silk Fibroin Scaffolds Cellularized
with Wharton’s Jelly Mesenchymal Stem Cells

4.3.1 Scanning Electron Microscopy Micrographs Analysis

Following an incubation period of four days in the culture medium, silk fibroin
scaffolds maintained their integrity and three-dimensional structure after seeding
with Wj-MSCs. Cell morphology and the interaction between MSCs and silk fibroin
nanofibers were analyzed in vitro by scanning electron microscopy (SEM) to evaluate
the efficacy of cellularization of the scaffolds. The Wj-MSCs displayed a characteris-
tic spindle-shaped morphology and stretched across the nanofibrous scaffold during
their proliferation (Figure 4.15).

The MSCs adhered and spread on the surface of the silk fibroin fiber network
and migrated through the pores and grew under layers of the fiber network. Also,
these cells interacted and integrated well with the surrounding fibers. Cells grew
in the direction of fiber orientation, forming a three-dimensional and multicellular
network according to the architecture of the scaffold.

Analysis of the images revealed that Wj-MSCs seeded at intermediate densities
formed a continuous monolayer on the silk fibroin scaffold but leaving some spaces
available for further growth and avoiding an early confluence. For this reason, it
was decided to use silk fibroin scaffolds seeded with Wj-MSCs at a density of 5x10*

cells/cm? for further transplantation in the mouse wound healing model.

4.3.2 Immunophenotype by Flow Cytometry

In order to confirm the mesenchymal phenotype of isolated hWj-MSC and to de-
termine possible phenotypic changes after their culture on the silk fibroin scaffolds,
flow cytometry studies were carried out. These analyzes showed that the MSC sur-
face markers CD73, CD90 and CD105 were expressed to levels greater than 99,5%,
whereas expression of the hematopoietic markers CD14, CD20, CD34, and CD45,
the MHC-class II HLA-DR, or the costimulatory molecules CD80 and CD86 were
less than 5% (Figure 4.16, upper panels). Hence, the cell surface antigen profile
denotes the MSCs isolated from the Wharton’s jelly of the umbilical cord as belong-
ing to a population of non-hematopoietic, non-endothelial, but mesenchyme-derived
adult stem cells. Moreover, flow cytometry analysis revealed that hWj-MSCs cul-
tured on silk fibroin patches for four days maintained their mesenchymal phenotypic

profile (Figure 4.16, bottom panels).
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4.3.3 Cytotoxicity of Fibroin-based Scaffolds. Apoptosis
Analysis

The fundamental principle of tissue engineering in wound healing involves the use of
an appropriate cell source and a biocompatible scaffold to produce a construct that
structurally and functionally could mimic the skin. Thus, for evaluating the possible
toxicity and the biocompatibility of fibroin-based scaffolds, apoptosis analysis of the
Wj-MSCs was carried out using the Annexin-V kit (BD Pharmingen, CA, USA).
Wj-MSCs were seeded on plastic culture plates (control) or silk fibroin patches and
cultured for 1, 3, 5, 7, and 10 days. After, the cells were stained with Annexin-V
and 7-AAD and analyzed by flow cytometry.

As seen in Figure 4.17, human Wj-MSCs cultured or not on SF scaffolds displayed
a slight initial cell death (94,4740,19 % viable cells). The percentage of viable cells
in the control group decreased significantly after one day of culture (*= p<0.05) but
recovered soon after three days, reaching and maintaining initial values throughout
the assay. On the other hand, Wj-MSCs seeded on silk fibroin patches (Wj-MSCs-
SF) displayed a significant decrease in viability over the first three days (70,52+4,65
% viable cells at day 3, **= p<0.01) and then increased progressively to values
above 80% from day five onward. Even though the percentage of living cells in Wj-
MSCs-SF group was significantly lower than the control group during the first five
days of culture (#= p<0.05, ##+#= p<0.001), no differences between them were
detected in later days. Thus, a silk fibroin-based biomaterial could be considered as
a promising biocompatible scaffold since it may preserve hWj-MSCs proliferation,

viability, and function.

In vivo Study of Wound Healing by Wharton’s Jelly
Mesenchymal Stem Cells

4.4 Chinical and Paraclinical Observations in mice

during Wound Healing

All mice were continuously monitored from the day of surgery until sacrifice. Neither
spontaneous mortality occurred in the course of the study, nor it was displayed any
pathological condition. At the date of surgery, all mice weighed 27-28 g and main-
tained their body weight and spontaneous behavior throughout the study. Besides,

no significant macroscopic differences were observed between experimental groups
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during the necropsy at the end of the study.

Complete blood count (CBC) and serum biochemistry analysis were performed
on blood samples taken from the abdominal aorta of the mouse the day of sacri-
fice. Significant differences in some biochemical parameters were found between the
experimental groups Wj-MSCs-SF and Wj-MSCs-Edge+SF and the control group.
However, none of these values were outside the normal laboratory reference ranges
(Figure 4.1, bold numbers).

4.5 Histological and Immunohistochemical Study of
Wound Healing

4.5.1 Hematoxylin and Eosin (H&E) Stain (Figures 4.18 to
4.21)

Normal Skin (photos 11, 22, 38 and 54)

Normal skin has a thin stratified squamous epithelium (i.e., the epidermis), com-
posed of proliferating basal and differentiated suprabasal keratinocytes. The dermis
is tightly connected to the epidermis by a basement membrane and is structurally
divided into two areas: a superficial area adjacent to the epidermis, called the pap-
illary region, and a deep thicker area known as the reticular region. The reticular
region lies deep in the papillary region and is usually much thicker. It is composed of
dense irregular connective tissue and receives its name from the dense concentration
of collagenous, elastic, and reticular fibers that weave throughout it. Also located
within the reticular region are the roots of the hair, sebaceous glands, and blood
vessels. However, SKH1 hairless mice lose most of their hair shafts after the first

hair cycle at three weeks after birth and majority of hair follicles form cysts.

Group A: wounds covered with Linitul®

A well-formed fibrin mesh was observed at 48 hours (photo 1), in which was evident
the presence of an acute inflammatory infiltrate composed mainly of polymorphonu-
clear (PMN) neutrophils and macrophages (photo 12). At week 1 after wounding,
the fibrin mesh started to organize, and a well-formed granulation tissue could then
be appreciated (photo 2). In this granulation tissue, both edema and an acute in-
flammatory infiltrate were still present (photo 13), together with a well-established
vascular tissue that was particularly abundant in the area next to the muscular

layer. At this point, no signs of epithelialization were observed.
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In contrast, at week 2, the epithelialization was completed (photo 3), although
it was still immature (given the fact of the presence of intercellular edema of the
stratum spinosum of the epidermal sheet in several areas). There was still some
edema, but the most important finding was the organization of the granulation
tissue (photo 14), mainly composed of fibroblasts, inflammatory component (PMN,
lymphocytes and macrophages), and numerous blood vessels distributed throughout
the thickness of the dermis.

At week 3 after wounding, the epithelial layer was completed, with higher thick-
ness than that at week 2 (photo 4). At this point, the organization of the dermal
layer was completed, being composed mainly of fibroblasts, well organized connec-
tive tissue, and scarce blood vessels (photo 15). Inflammatory cells (PMN and
macrophages mostly), forming clusters as microabscesses, remained in certain areas
of the dermis.

Finally, one month after injury, the process of scar formation was completed
(photo 5), with an hyperplastic epidermal layer and a dermal layer mainly composed
of fibroblasts interspersed within a well-organized connective tissue, with scarce
blood vessels in it (photo 16). Thus, a mature scar was indeed configured.

Compared with normal skin (photos 11 and 22), which is composed mainly of
a dense irregular connective tissue with its appendages (hair follicles and sebaceous
glands), the pattern of organization of the dermis in the group of animals treated
with Linitul® was completely different, i.e., with a dense regular connective tissue
pattern (causing loss of the elastic and mobile properties), typically observed in

scars, and loss of all skin appendages.

Group B: wounds covered with Silk Fibroin (SF) Scaffolds

At 48 hours, the silk fibroin scaffold could be appreciated onto the surface of the
wound site (photo 6), and also the presence of an acute inflammatory infiltrate
(photo 17), mainly composed of PMNs and macrophages. At this point, the fibrin
layer was smaller than that observed in the Linitul®-treated animals.

The main differences started appearing at 1 week after wounding. At this time,
the epithelial layer could not be observed (photo 7), and an abundant inflammatory
infiltrate (mainly composed of PMNs neutrophils and macrophages) was detected,
either in SF scaffolds and the dermal layer (photo 18), suggesting an immunogenic
inflammatory reaction against the SF scaffold, a feature not described in the liter-
ature [112|. Immature granulation tissue was also observed, and ingrowing vessels,
infiltrating either dermis and scaffold could be observed, features consistent with the

biocompatibility and biodegradability properties of the SF as a biomaterial. Below
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the scaffold, there was a larger cellular component compared with Linitul®-treated
animals at this time, mainly composed of fibroblasts, acute inflammatory cells, and
blood vessels.

At week 2, the SF scaffold had been partially reabsorbed, but still covered the
wound surface (photo 8). The epithelial layer was still not completed, and the
granulation tissue of the dermal layer, which resembles that found in the group
treated with Linitul® at week 1 (photo 19), was composed of an abundant cellular
infiltrate (fibroblasts, PMNs, lymphocytes, and macrophages) and blood vessels,
with apparently less amount of connective tissue.

At week 3, the epithelialization was completed, with a hyperplastic epithelial
layer (photo 9). The dermal layer, which resembles that found in the group treated
with Linitul® at week 2, had fewer collagen formation, with the presence of abundant
dermal blood vessels (photo 20).

Finally, at week 4 after wounding, a hyperplastic epithelial layer was completed
(photo 10). The dermis had similar histologic features that those observed at week
3 in the group of mice treated with Linitul® and was mainly composed of well-
formed dense connective tissue with a regular configuration (photo 21). Blood vessels
interspersed with collagen fibers and some resorption areas (microabscesses) could
also be observed. At this point, the thickness of the dermal layer was apparently

lower than that observed in mice treated with Linitul®.

Group C: wounds with hWj-MSCs injected at the edge

At 48 hours, a fibrin mesh covering the wound surface was observed (photo 23), in
similarity to that found in the Linitul®-treated group, but in this instance a dense
cellular infiltrate could be appreciated (photo 39). This infiltrate was composed of
acute inflammatory cells (PMN neutrophils and macrophages), and spindle-shaped
cells.

At week 1 after wounding, although the epithelial layer was still not completed
(photo 24), the migrating front was quite advanced, with keratin pearls located
below the epithelial layer. The dermal layer was composed of a well-developed and
highly-cellularized granulation tissue (photo 40), with blood vessels interspersed
with spindle-shaped cells and an acute inflammatory infiltrate (mainly consisting of
PMNs and macrophages).

At week 2, the epithelial layer was completed, although it was still immature
(photo 25). The dermal layer was structurally similar to that observed in SF-treated
mice at week 2, in which a dense connective tissue, high blood vessels density, and

mixed inflammatory infiltrate (composed of lymphocytes, PMNs, and macrophages)
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were present. These features, which were similar to those observed in the group B at
this stage, suggested that the addition of both SF scaffold or MSCs injected at the
edge of the wounds induced a delay in the regular wound healing process (observed
in the Linitul®-treated group).

At week 3, the epithelial layer was completed, although it was still immature and
hyperplastic (photos 26 and 42). The dermal layer was composed of a dense regular
connective tissue, with fibroblasts interspersed with collagen fibers (photo 42), and
blood vessels.

At week 4 after wounding, the wound healing was completed, with a well con-
formed and hyperplastic epithelial layer, with a dermal configuration similar to those
described in the Linitul®-treated group at this stage. As similar to groups A and

B, no skin adnexal structures were evidenced.

Group D: wounds covered with silk fibroin patches cellularized with hWj-
MSCs

At 48 hours, the SF scaffold could be easily recognized (photo 28), but in contrast to
group B, it was much higher cellularized (presumably due to the MSCs seeded onto
the scaffold before transplantation). As similar to other groups described before,
the presence of an acute inflammatory infiltrate was also observed (photo 44).

At week 1, as similar to group B, the epithelialization was not completed. Be-
sides, the SF scaffold was infiltrated by an acute inflammatory infiltrate (photo 29),
and there was a discrete edema in the transition between the SF scaffold and the
dermal granulation tissue. The dermal layer was structurally similar to those ob-
served in group C at this stage, although higher cellularity of the granulation tissue
was observed. This granulation tissue was mostly composed of a large number of
blood vessels, spindle-shaped cells, and a mixed inflammatory infiltrate consisting
of PMNs, macrophages and lymphocytes (photo 45).

Unlike what happens in group C, the epithelial layer was not completed at week 2
post-surgery, in where the SF scaffold was still being reabsorbed (photo 30). At the
dermal layer, the granulation tissue was still being organized, with a small amount
of dense connective tissue (photo 46), and a dense cellular infiltrate composed of
fibroblasts, PMNs, lymphocytes, and macrophages, with a dense network of blood
vessels.

Similar to group C, at week 3 after wounding, the epidermal layer was completed,
but it was still immature (intercellular edema at the stratum spinosum) (photos 31
and 47). The dermis was composed of dense regular connective tissue, which was

highly infiltrated by fibroblasts, blood vessels, and mixed inflammatory infiltrate
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(photo 47).

Finally, at 1 month, the epidermal layer was completed, and surprisingly, was
not hyperplastic. The dermal layer, which was less thick than that in groups A,
B, and C, was similar in composition, i.e., dense regular connective tissue with
blood vessels and fibroblasts interspersed with collagen fibers. As analogous to the

previous groups, not adnexal structures were observed at any stage.

Group E: wounds with silk fibroin patches cellularized with hWj-MSCs
over the wound bed combined with hWj-MSC's injected at the edge

The histopathologic analysis of this group at 48 hours (photo 33) revealed a similar
spectrum to that described for group C. A higher cellular infiltrate in comparison
to groups B and D was observed (photo 49) at this time. As seen in these groups,
the epithelialization process had not been completed, and the SF scaffold was being
reabsorbed (photo 34). The dermal layer was analogous to that described in group
D but, in contrast, the number of spindle-shaped cells was apparently higher (photo
50).

At week 2, the epithelialization process was still not completed due to the reab-
sorption process of the SF scaffold (photo 35). The granulation tissue of the dermal
layer was still being organized and consisted of small amount of collagen fibers, and
a dense cellular infiltrate interspersed with numerous blood vessels (photo 51).

At week 3, the epithelialization process was completed and being this slightly
hyperplastic (photo 36). The dermal layer was well organized and consisted of a
dense regular connective tissue, with fibroblasts and inflammatory cells in it (mainly
lymphocytes, PMNs, and macrophages, occasionally forming microabscesses). In
contrast to the other groups, several adnexal structures (fully functional hair follicles,
and sebaceous glands), could be evidenced in some animals at this time (photo 52).
In some cases, a mild inflammatory infiltrate could be observed surrounding these
annexes.

At week 4, a completed and hyperplastic epithelial layer could be evidenced
(photo 37). The dermis was well developed, with some areas of irregular dense
connective tissue, fibroblasts, and blood vessels (photo 53). Surprisingly, the adnexal
structures observed at week 3 were disappeared, although atrophic hair follicles could
still be observed.
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Figure 4.7: Wharton’s jelly mesenchymal stem cells suppress T cell pro-
liferation after stimulation with allogeneic mDCs. Responder T cell pro-
liferation was significantly inhibited in a dose-dependent manner when Wj-MSCs
were added to mixed lymphocyte cultures (MLCs) at different ratios. Results are
shown as mean + SD of three independent experiments performed in triplicate.
Proliferation of T cells was significantly inhibited, * = p<0.05, ** = p<0.01, ***
= p<0.001, according to one-way ANOVA. Abbreviations: Stim mDCs: stimulator
mature myeloid dendritic cells, Resp T cells: responder T cells, hWj-MSCs: human
Wharton’s jelly mesenchymal stem cells.
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Figure 4.8: Inhibitory effect of Wharton’s jelly mesenchymal stem cells on
the production of IFN-v cytokine secreted by mDCs-activated T lympho-
cytes. Analysis of the production of IFN-y in supernatants from mixed lymphocyte
cultures in the absence and the presence of hWj-MSCs added at several ratios (i.e.,
hWJ-MSCs: effector T cells 1:100, 1:25, 1:10, 1:5, and 1:1). IFN-y levels were nor-
malized to concentrations of IFN-y detected in co-cultures without mesenchymal
stem cells (mDCs + T cells). Results are shown as mean + SD of three independent
experiments performed in triplicate. Level of IFN-y was significantly decreased, * =
p<0.05, ** = p<0.01, *** = p<0.001, according to one-way ANOVA. Abbreviations:
IFN-vy: interferon gamma, Stim mDCs: stimulator mature myeloid dendritic cells,
Resp T cells: responders T cells, hWj-MSCs: human Wharton’s jelly mesenchymal
stem cells.
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Figure 4.9: Immunosuppressive effect of Wharton’s jelly mesenchymal
stem cells on T-lymphocyte proliferation in response to allogeneic mDCs
stimulation is mediated by TGF-3. TGF-§ levels assayed by enzyme-linked
immunoabsorbent assay (ELISA) in the supernatants of MLC in the absence or
presence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells 1:100, 1:25,
1:10, 1:5, and 1:1) were measured. TGF-{3 levels were normalized to concentrations
of TGF-$ in co-cultures without mesenchymal stem cells (mDCs + T cells). Results
are shown as mean £+ SD of three independent experiments performed in tripli-
cate. Level of TGF-B was significantly augmented, * = p<0.05, ** = p<0.01, ***
= p<0.001, according to one-way ANOVA. Abbreviations: TGF-3: transforming
growth factor beta, Stim mDCs: stimulator mature myeloid dendritic cells, Resp
T cells: responder T cells, hWj-MSCs: human Wharton’s jelly mesenchymal stem
cells.
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Figure 4.10: PGE; is an in vitro mediator of the Wharton’s jelly mesenchy-
mal stem cells immunosuppressive effects on T lymphocyte proliferation
in response to allogeneic mDCs stimulation. PGE; levels assayed by enzyme-
linked immunoabsorbent assay (ELISA) in the supernatants of MLC in the absence
or presence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells 1:100, 1:25,
1:10, 1:5, and 1:1) were measured. PGE; levels were normalized to concentrations
of PGE; in co-cultures without mesenchymal stem cells (mDCs + T cells). Results
are shown as mean + SD of three independent experiments performed in triplicate.
Level of PGE, was significantly augmented, ***= p<0.001, according to one-way
ANOVA. Abbreviations: PGE,: prostaglandin Es, Stim mDCs: stimulator mature
myeloid dendritic cells, Resp T cells: responder T cells, hWj-MSCs: human Whar-
ton’s jelly mesenchymal stem cells.
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Figure 4.11: Inhibition of allogeneic T cell proliferation in wvitro mediated
by indoleamine 2,3-dioxygenase (IDO). IDO levels assayed by enzyme-linked
immunoabsorbent assay (ELISA) in the supernatants of MLC in the absence or
presence of Wj-MSCs at differents ratios (hWj-MSCs: effector T cells 1:100, 1:25,
1:10, 1:5, and 1:1) were measured. IDO levels were normalized to concentrations
of IDO in co-cultures without mesenchymal stem cells (mDCs + T cells). Results
are shown as mean £ SD of three independent experiments performed in triplicate.
Level of IDO was significantly increased, **= p<0.01, ***= p<0.001, according to
one-way ANOVA. Abbreviations: IDO: indoleamine 2,3-dioxygenase, Stim mDCs:
stimulator mature myeloid dendritic cells, Resp T cells: responder T cells, hWj-
MSCs: human Wharton’s jelly mesenchymal stem cells.
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Figure 4.12: PGE2, TGF-8, and IDO play a major role mediating the
immunosuppressive effects of Wj-MSCs on T lymphocyte proliferation
after allogeneic mDCs stimulation Responder T cell proliferation was signif-
icantly inhibited when hWj-MSCs at a ratio 1:1 were added to the MLCs in the
absence (control) or presence of SB-431542, IDM or 1-MT (A= p<0.05, AA=
p<0.01, AAA= p<0.001), according to one-way ANOVA. Also, the proliferation
rate of mDCs-stimulated T cells was significantly recovered (***= p<0.001). Re-
sults are shown as mean 4+ SD of three independent experiments performed in trip-
licate. Abbreviations: Stim mDCs: stimulator mature myeloid dendritic cells, Resp
T cells: responder T cells, hWj-MSCs: human Wharton’s jelly mesenchymal stem
cells, SB-431542: TGF-{ inhibitor, IDM: indomethacin (PGE, inhibitor), 1-MT:
I-methyl-tryptophan (IDO inhibitor).

Figure 4.13: SEM micrographs and histogram of fiber diameters of electro-
spun SF mats produced with 19% regenerated silk fibroin solutions [173].
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Figure 4.14: Examples of stress-elongation curves of SF electrospun mats
produced from 19% regenerated silk fibroin solutions [173].

20X 100X 500X 3000X

Figure 4.15: Scanning electron microscopy micrographs of hWj-MSCs
growing on electrospun silk fibroin scaffold at different cell densities. Silk
fibroin patches were seeded at a density of 3x10%cells/cm? (A) , 4x10%*cells/cm? (B),
5x10%cells/cm? (C) , and 6x10%cells/cm? (D), and culture for four days. Images at
a magnification of 20X, 100X, 500X, and 1000X are shown.
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Figure 4.16: Immunophenotype analysis of hWj-MSCs by flow cytometry.
Wj-MSCs were seeded at a density of 5x10%cells/cm? on plastic culture plates (con-
trol) (upper panels) or silk fibroin patches (bottom panels) for four days. After, cells
were detached, washed and labeled with fluorescence-conjugated specific antibodies
for the indicated markers or their control isotypes. Insert numbers represent mean
fluorescence intensity values from viable cells. Histograms show representative flow

cytometry results obtained from three independent experiments.
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Figure 4.17: Viability of hWJ-MSCs cultured on electrospun silk fibroin
scaffolds for different times. (A) Percentages of Annexin-V-/7-AAD- cells were
analyzed by flow cytometry. (B) Percentage of viable cells significantly decreased
compared to values obtained at time 0 (*= p<0.05, **~ p<0.01), according to
one-way ANOVA. Also, percentages of viable cells significantly decreased after cul-
ture on silk fibroin patches compared to the control group at each time point (#:
p<0.05, ##+#= p<0.001). Results are shown as mean + SD of three independent
experiments performed in triplicate.
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Control Wj-MSCs-Edge Wj-MSCs-SF Wj-MSCs-Edge-+SF

Mean SD Mean SD Mean SD Mean SD
Weight(1) 27,59 1,85 27,35 2,84 28,47 1,36 27,81 2,27
Weight; (1) 27,79 2,48 27.50 1,67 27.34 1,64 27,11 1,77
WBC (2) 5,75 1,52 6,16 2,02 5,52 1,07 8,32 2,14
NEU (2) 1,49 0,88 1,89 1,38 1,63 0,70 3,05 1,52
LYM (2) 4,03 1,07 4,01 1,16 3,61 0,88 4,80 1,39
MONO (2) 0,09 0,08 0,12 0,16 0,12 0,06 0,26 0,21
EOS (2) 0,01 0,01 0,01 0,01 0,00 0,01 0,01 0,01
BASO (2) 0,14 0,09 0,18 0,11 0,17 0,07 0,20 0,13
RBC (3) 8,77 0,69 9,02 0,52 8,79 0,46 8,76 0,43
HGB (4) 13,56 1,14 14,28 2,76 13,87 0,83 13,31 0,88
HCT (5) 43,98 3,49 45,39 2,35 44,79 2,83 43,85 2,08
MCYV (6) 50,15 0,73 50,37 0,54 50,94 0,88 50,06 0,53
MCH (7) 15,50 1,20 15,82 2,81 15,77 0,36 15,25 0,95
MCHC (4) 34,80 1,42 35,41 1,79 35,47 1,02 33,88 0,60
PLT (2) 38,43 1,49 39,08 1,88 39,19 1,06 37,29 0,54
MPV (6) 42,06 1,56 42,75 1,97 42,90 1,11 40,69 0,49
GLUCOSE (38) 285,30 72,33 240,10 34,08 218,30 34,34 233,20 33,58
UREA (8) 37,35 7,96 40,00 5,73 39,50 6,90 39,92 6,60
T. PROTEIN (4) 4,08 0,73 4,36 0,24 4,41 0,18 4,40 0,22
ALBUMIN (4) 2,69 0,55 2,82 0,27 2,99 0,22 2,80 0,34
BILIRRUBIN (8) 0,06 0,02 0,07 0,02 0,07 0,02 0,06 0,02
SODIUM (9) 140,50 22,58 147,20 4,76 146,10 3,01 143,40 2,18
POTASSIUM (9) 21,59 5,99 22.58 4,08 22,98 3,67 23,22 5,28
CHLORINE (9) 100,70 16,91 103,20 4,13 103,60 2,50 101,70 2,10
TRIG (8) 83,82 38,38 107,00 55,79 80,43 19,31 84,77 39,46
CHOL (8) 77,87 16,50 87,67 7,52 82,93 10,00 85,69 10,09
GOT (10) 65,24 18,72 74,36 26,51 68,71 14,12 70,69 24,67
GPT (10) 30,89 13,72 31,60 11,46 33,07 6,91 31,69 14,75

Table 4.1: Complete blood count and serum biochemistry analysis of blood
samples. Experimental groups: Controls (wounds covered with Linitul®or Silk
Fibroin patches), Wj-MSCs-Edge (wounds with hWj-MSCs injected at the edge),
Wj-MSCs-SF (wounds covered with silk fibroin patches cellularized with hWj-
MSCs), and Wj-MSCs-Edge+SF (wounds with silk fibroin patches cellularized
with hWj-MSCs over the wound bed and hWj-MSCs injected at the edge). Ab-
breviations: Weightg(initial weight, day of surgery), Weightg(final weight, day
of sacrifice), WBC(white blood cells), NEU (neutrophils), LYM(lymphocytes),
MONO(monocytes), EOS(eosinophils), BASO(basophils), RBC(red blood cell
count), HGB(hemoglobin), HCT (hematocrit), MCV (mean corpuscular volume),
MCH (mean corpuscular hemoglobin), MCHC (mean corpuscular hemoglobin con-
centration), PLT (platelets), MPV (mean platelet volume), TRIG (triglycerides),
CHOL (cholesterol), GOT(glutamic oxaloacetic transaminase), GPT(glutamate-
pyruvate transaminase). Units: (1) g; (2) 10e3/ul; (3) 10e6/ul; (4) g/dL; (5) %;
(6) L; (7) pg: (8) me/dL; (9) mEq/dL; (10) U/L.
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Figure 4.18: Hematoxylin and Eosin (H&E) Stains. Control Groups: L
(wounds covered with Linitul®) and SF (wounds covered with Silk Fibroin scaf-
folds). Fb: fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E:
epidermis, M: muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD:
papillary dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale
bar: 100um.



CHAPTER 4. RESULTS 114

Figure 4.19: Hematoxylin and Eosin (H&E) Stains. Control Groups: L
(wounds covered with Linitul®) and SF (wounds covered with Silk Fibroin scaf-
folds). Fb: fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E:
epidermis, M: muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD:
papillary dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale
bar: 50um.
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Figure 4.20: Hematoxylin and Eosin (H&E) Stains. Treated Groups: ED
(wounds with hWj-MSCs injected at the edge), C (wounds covered with silk fibroin
patches cellularized with hWj-MSCs), and ED+C (wounds with silk fibroin patches
cellularized with hWj-MSCs over the wound bed and hWj-MSCs injected at the
edge). Fb: fibrin, * : inflammatory infiltrate and edema, > : blood vessels, E:
epidermis, M: muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD:
papillary dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale
bar: 100um.
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Figure 4.21: Hematoxylin and Eosin (H&E) Stains. Treated Groups: ED
(wounds with hWj-MSCs injected at the edge), C (wounds covered with silk fibroin
patches cellularized with hWj-MSCs), and ED+C (wounds with silk fibroin patches
cellularized with hWj-MSCs over the wound bed and hWj-MSCs injected at the
edge). Fb: fibrin, * : inflammatory infiltrate and edema, > : blood vessels, E:
epidermis, M: muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD:
papillary dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale
bar: 50um.
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4.5.2 Masson-Goldner trichrome Stain (Figures 4.22 to 4.25)
Normal Skin (photos 65, 76, 92, and 108)

Reticular dermis in normal skin consists of a dense and not shaped connective tissue.
Degenerated hair follicles are present along the dermal layer in the skin of SKH1
mice. Note the organization of collagen fibers at the dermis (photo 108), with a

dense irregular connective tissue configuration.

Group A: wounds covered with Linitul®

A dense fibrin mesh with abundant inflammatory infiltrate comprised the scab ob-
served at 48 hours (photos 55 and 66). One week after wounding, some edema and
fibroblast proliferation, with discrete collagen synthesis (photos 56 and 67), asso-
ciated with profuse neovascularization were present in the area next to the muscle
sheet.

At week 2, there were still some areas of reabsorption and inflammatory infiltrate
in the dermal layer (photo 57). Collagen synthesis was much more prominent, and
fibers were disposed following the same direction. Thus, the dermis consisted of an
immature, dense and regular connective tissue (photo 68).

At week 3, the dense connective tissue forming the dermis was now well struc-
tured (photo 58), and newly formed blood vessel were prompt to bleed because of
the weakness of the vascular walls. There were some remaining areas of edema and
inflammatory infiltrate (photo 69).

Hyperplasia of the epithelial sheet with the consequent increase of thickness
was evident one month after wounding (photo 59). At this time point, the dermis
was formed by a well-structured, dense, and regular connective tissue, as seen in a

standard scar with not skin appendages in there (photo 70).

Group B: wounds covered with Silk Fibroin (SF) Scaffolds

At 48 hours, there was no evidence of collagen synthesis into the dermal layer yet
(photos 60 and 71). At week 1, the amount of collagen in the connective tissue
present in the dermal sheet was less compared to the group treated with Linitul®
(photos 61 and 72). Newly formed blood vessels grew from the muscle sheet upward.

At week 2, there were areas of SF scaffold reabsorption with lots of cells around
it (photo 62). It was noticeable a large number of blood vessels, running from the
bottom upward, that penetrated the SF scaffold. There were fewer collagen fibers
forming the granulation tissue compared to the group treated with Linitul® (photo

73). On the whole, it was an unresolved granulation tissue.
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Figure 4.22: Masson-Goldner trichrome Stains. Control Groups: L (wounds
covered with Linitul®) and SF (wounds covered with Silk Fibroin scaffolds). Fb:
fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E: epidermis, M:
muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD: papillary
dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale bar:
100um.

Noteworthy changes occurred from week 2 to week 3 in the skin of mice treated
with SF scaffold. At this time point, there was less amount of collagen fibers, which
were still disorganized, in comparison to Linitul®-treated animals (photo 63). Thus,
the dermal layer was mostly composed of an immature dense connective tissue with
blood vessels interspersed between collagen fibers (photo 74).

At week 4, the histological structure of the skin was quite similar to that from
the group treated with Linitul® (photo 64). The hyperplastic epithelial sheet was
completed, and the dermal layer still possessed some areas of reabsorption and
inflammatory infiltrate (photo 75). A dense, regular, and mature connective tissue

built the new scar tissue with no skin appendages in it.

Group C: wounds with hWj-MSC's injected at the edge

At 48 hours (photo 77), there were numerous cells interspersed within fibrin (photo

93). At week 1, epithelialization was in progress and some "pearl-like" regions result-
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Figure 4.23: Masson-Goldner trichrome Stains. Control Groups: L (wounds
covered with Linitul®) and SF (wounds covered with Silk Fibroin scaffolds). Fb:
fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E: epidermis, M:
muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD: papillary
dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale bar:
50um.
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ing from clustering of epithelial cells were displayed in areas close to the epithelial
sheet (photo 78). Many spindle-shaped cells intermingled with some areas of inflam-
matory infiltrate made up most of the dermis. Additionally, scarce collagen fibers
and newly formed blood vessels gave rise to a net that provided support to the cells
(photo 94).

At week 2, epithelization was complete but still immature (photo 79). Dermis
comprised two roughly divided areas (photo 95). The outer area near the epithelium
consisted of a granulation tissue with a huge amount of cells (i.e., inflammatory
cells and spindle-shaped cells), a higher amount of blood vessels compared to the
control group treated with Linitul®, and few collagen fibers. A dense connective
tissue formed the deepest dermal layer, what it was previously formed by a more
disorganized collagen matrix. These findings were consistent with those observed
both in Linitul® and SF-treated groups.

At week 3, the connective tissue on both the surface and the deep area of the
dermal sheet was much more organized (photo 80). Hence, the dermis was formed
by a dense and regular connective tissue, with areas of neovascularization on it. The
thickness of the epithelial layer apparently was less than control groups, and some
areas of inflammatory infiltrate were still present in the dermis. Skin appendages
were absent (photo 96).

At week 4, the collagen fibers forming the dermal layer followed a regular pattern

(photo 81). No skin appendages were present in the newly formed tissue (photo 97).

Group D: wounds covered with silk fibroin patches cellularized with hWj-
MSCs

At 48 hours, only the SF scaffold along with many cells were visualized (photo 82),
occupying the wound site. As expected, there was still no collagen synthesis (photo
98).

At week 1, there was less production of collagen fibers compared to the previous
group (photo 83), and many branched blood vessels were immersed in the connective
tissue matrix that configures the dermis (photo 99). SF scaffolds coupled with the
hWj-MSCs seemed to exert a synergistic control on the production of collagen.

At week 2, the amount and configuration of collagen (photo 84) differed from
that observed in group A. In this case, collagen fibers were disposed interspersed
within blood vessels, resembling an irregular dense connective tissue (photo 100).

Epithelialization was completed, at week 3 post-wounding (photo 85). Some
areas of inflammatory infiltrate were still present in the dermis. The amount of

connective tissue was less in the area near the epithelium, and in the deep dermis
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the collagen fibers began to arrange to form a more organized and regular structure
(photo 101).

One month after the injury occurs, the dermis was finally formed (photo 86) by
a dense and regular connective tissue whose thickness was much smaller than all the
groups described above (photo 102).

Group E: wounds with silk fibroin patches cellularized with hW3-MSC's
over the wound bed and hWj3-MSCs injected at the edge

At 48 hours, SF scaffold along with much more cells, compared to previous
groups, covered the wound site (photo 87). As in other groups, collagen had not
been produced yet in the wound site (photo 103).

At week 1, SF scaffold and the consequent foreign body reaction with large num-
bers of inflammatory cells and some edema were present in the external region of the
dermis (photo 88). On the other hand, a higher synthesis of connective tissue, and
randomly arranged blood vessels (neovascularization), with many spindle-shaped
cells around filled the internal region of the dermal sheet (photo 104). From the
structural point of view, the image at one week manifested the histological findings
of the other two treated groups.

At week 2, collagen fibers in the dermis were randomly disposed following the
tortuous path of the newly formed blood vessels which provided it with a non-shaped
connective tissue (photos 89 and 105). Nonetheless, the connective tissue found in
the deep dermis tended to organize into a banding pattern as seen in the previous
group.

Noteworthy changes occurred between the second and third week in this ex-
perimental group (photo 90). The dermis was made up of a dense and organized
connective tissue with a regular configuration, whose thickness was smaller than the
other groups. Most importantly, the presence of skin appendages along the entire
new tissue was what made it different from other experimental groups (photo 106).

At week 4, the collagen tended to organize into a pattern resembling the dense
irregular connective tissue of the reticular dermis in normal skin (photo 91). The
most relevant finding was the presence of degenerating skin appendages as observed
in the normal skin of SKH1 mice (photo 107). The thickness of the dermis was
apparently less than control group treated with Linitul®.
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Figure 4.24: Masson-Goldner trichrome Stains. Treated Groups: ED (wounds
with hWj-MSCs injected at the edge), C (wounds covered with silk fibroin patches
cellularized with hWj-MSCs), and ED+C (wounds with silk fibroin patches cellu-
larized with hWj-MSCs over the wound bed and hWj-MSCs injected at the edge).
Fb: fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E: epidermis,
M: muscular layer, D: dermis, C: collagen, SF: silk fibroin scaffold, PD: papil-
lary dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale bar:
100um.
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Figure 4.25: Masson-Goldner trichrome Stains. Treated Groups: ED (wounds
with hWj-MSCs injected at the edge), C (wounds covered with silk fibroin patches
cellularized with hWj-MSCs), and ED+C (wounds with silk fibroin patches cellu-
larized with hWj-MSCs over the wound bed and hWj-MSCs injected at the edge).
Fb: fibrin, *: inflammatory infiltrate and edema, > : blood vessels, E: epidermis,
M: muscular layer, D: dermis, C: collagen, SF': silk fibroin scaffold, PD: papillary
dermis, RD: reticular dermis, Sb: sebaceous gland, F: hair follicle. Scale bar: 50um.
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4.5.3 Measurements of Leucocyte Infiltration
4.5.3.1 Polymorphonuclear neutrophils

As seen in Fig. 4.26 (a-c), wounds treated with Linitul® exhibited an early rise
(at 48 hours) and a subsequent progressive decrease in the number of neutrophils as
normally occurs during the healing process of skin wounds.

In the group of wounds treated with SF scaffolds a significant increase in neu-
trophils was observed within two weeks of implanting the biomaterial, and then they
abruptly decreased the third week reaching values close to those of the control group
(Fig. 4.26 (a-c)).

The number of neutrophils in the group of wounds treated with MSCs injected at
the edge (Fig. 4.26 (a)) was significantly lower during the first week when compared
to the Linitul®group. However, it remained constant until the second week, when
started decreasing to significantly fewer counts compared to the control group. It
is noteworthy that after two weeks following injury the number of neutrophils was
significantly lower compared to wounds treated with the SF scaffold, and not con-
siderably higher (no significant differences) than the group treated with Linitul®.

The behaviour followed by neutrophils during the first two weeks of healing in
the group of mice treated only with cellularized SF scaffolds (Fig. 4.26 (b)) or with
the biomaterial together with Wj-MSCs injected at the wound edges (Fig. 4.26
(c)) was quite similar to that described above. That is, neutrophils rose over the
first week, and then they kept constant until the second week when they started
descending to lower levels than controls. The presence of mesenchymal stem cells
in all cases were associated with a lower inflammatory response, expressed by less
amount of neutrophils in the wound tissue, than the foreign body reaction induced

by the biomaterial itself.

4.5.3.2 Macrophages infiltration at the wound site (Figure 4.26 (e-h))

As seen in Figure 4.26 (e-g), maximum values of macrophages were reached a week
post-injury in the control group treated with Linitul® like in those treated with the
SE' scaffold, being significantly lower in the latter. However, in the group treated
with Linitul®, the number of macrophages gradually descended from the first week,
following a dynamic similar to that outlined by the wounds treated with the scaffold
(no significant differences were seen between them from the second week onwards).

Importantly, wounds treated with MSCs injected at the wound edges (Fig. 4.26
(e)) also showed the highest counts of macrophages during the first two weeks, al-

though later they descended to significantly lower levels than the control groups. It
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is striking that combining stem cells with the biomaterial caused a limited influx of
macrophages into the wound site, especially the first two weeks. This immunomod-
ulatory effect was observed throughout the entire healing process and was expressed
by the significantly lower counts of macrophages in groups treated with hWJ-MSCs-
SF and hWJ-MSCs-SF + Edge (fig. 4.26 (f-h)) in comparison to those treated with

Linitul® or the biomaterial alone.

4.5.3.3 CD3 T Lymphocytes (Figure 4.26 (i-1))

It is well known that lymphocytes normally migrate to the wound site in large
numbers four to 7 days following injury. After reaching a peak at two weeks, they
begin to decline slightly over the next few weeks, as observed in the control group
treated with Linitul®. The same trend was seen in the beds of wounds covered by
the SF scaffold, being the number of lymphocytes significantly higher at all times
from the first week, compared to the Linitul® group (fig. 4.26 (i-k)).

The influx of lymphocytes into the wounds was higher during the first two weeks
in all groups treated with MSCs, i.e., both injected into the wound edge (Fig. 4.26
(1)) as those seeded onto the transplanted scaffolds (Fig. 4.26 (j, k)), compared to the
control group treated with Linitul®. However, two weeks after injury, the number
of lymphocytes turned importantly lower in the group treated only with MSCs
or remained at slightly higher counts when combining biomaterials with MSCs,
although not significant (Fig. 4.26 (1)).

4.5.4 Assessment of Angiogenesis by Expression of CD31 In
Wound Sites

As seen in Table 4.2 (A), during normal healing conditions (Linitul®) a moderate
expression (grade II) of CD31 into the newly formed granulation tissue was observed
during the first two weeks, and then it decreased gradually to come practically
negative one month after wounding.

Maximum CD31 expression (grade III) was reached the initial 2 weeks of healing
in wounds that underwent either treatment with SF scaffolds or the stem cell-based
therapy, separately or in combination. The group of wounds that were covered only
with the SF scaffolds adopted during the last two weeks the same level of CD31
expression than wounds from the control group (Table 4.2 (B)). On the contrary,
angiogenesis remained at moderate and constant levels in all experimental groups
receiving treatment with Wj-MSCs (Table 4.2 (C-E)). It is striking that the group
of wounds treated with Wj-MSCs at the edge + Wj-MSCs/SF scaffolds had the
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highest expression of CD31 throughout the healing process, thus reflecting robust
angiogenic processes at the wound site in this particular experimental group (Table

12 (E)).

| EXPERIMENTAL GROUPS [48H| 1W [ 2W | 3W [4W |

(A) LINITUL® - T |+ T _
(B) SF SCAFFOLD - | A + :
(C) WI-MSCs EDGE -~ [ [
(D) WJ-MSCs-SF - A ++ ++
(E) WJ-MSCs-SF + EDGE - | | | |

Table 4.2: Qualitative scale for immunohistochemical analysis of CD31 ex-
pression in wound sections. Experimental groups: (A) wounds covered with
Linitul®; (B) wounds covered with silk fibroin scaffolds; (C) Wharton’s jelly mes-
enchymal stem cells injected at the wound edge; (D) wounds covered with silk fi-
broin scaffolds cellularized with Wharton’s jelly mesenchymal stem cells (E) wounds
treated with Wharton’s jelly mesenchymal stem cells injected at the wound edge and
cellularized silk fibroin scaffolds onto the wound bed. Scale for CD31 expression: -
no expression, +: Grade I / ++: Grade II / +++: Grade IIIL.

4.5.5 Expression of Alpha-Smooth Muscle Actin during
Wound Healing

Table 4.3 comprises the immunohistochemical analysis of alpha-smooth muscle actin
expression (a-SMA), as the most reliable marker of the myofibroblastic phenotype,
in wound sections of the different experimental groups. Skin healing process in the
control group (Linitul®) showed a moderate expression of o-SMA (26-50%) during
the first week following injury. Then, it diminished forth the second and third week
of healing (10-25%) until having an expression less than 10% at one-month post
wounding (Table 4.3 (A)).

In the group of mice treated with SF scaffolds, a huge amount of myofibroblasts
was present at the wound site during the first two weeks of healing since the expres-
sion of a-SMA was much higher in this group in comparison to that treated with
Linitul®. However, the number of myofibroblasts dropped steeply after the second
week to follow the same trend as the control group (Table 4.3 (B)).

Wounds treated with Wj-MSCs injected at the edge also showed high expression
of .-SMA (>50%) one week after the injury occurs but unlike the SF-scaffold group
the number of myofibroblasts was much lower on day 14. Then, it returned to the
normal level as did preceding groups (Table 4.3 (C)).

Both Wj-MSCs-SF and Wj-MSCs-SF+Edge groups had the same expression pat-
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tern of a-SMA throughout the wound healing stages. It resembled the one observed
with the control group, i.e., moderate expression of myofibroblast marker (26-50%)
the first week and then a gradually decrease from the second week onward (Table
4.3 (D-E)).

In brief, the highest influx of myofibroblasts into the granulation tissue at the
wound site was observed during the first two weeks following injury in the group
of wounds only treated with SF scaffolds (group B) or with the mesenchymal stem
cells injected at the edge of the wound (group C). On the contrary, the expression of
a-SMA marker was importantly less in the group of wounds treated simultaneously

with both therapeutic agents (groups D and E).

| EXPERIMENTAL GROUPS [48H| 1W | 2W [3W [4W |

(A) LINITUL® = 1 |+ |+ |-
(B) SF SCAFFOLD e
(C) WJ-MSCs EDGE e
(D) WJ-MSCs-SF S T I A
(E) WI-MSCs-SF + EDGE | - | ++ | + | +/-| -

Table 4.3: Qualitative scale for immunohistochemical analysis of alpha-
smooth muscle actin expression in wound sections. Experimental groups:
(A) wounds covered with Linitul®; (B) wounds covered with silk fibroin scaffolds;
(C) Wharton’s jelly mesenchymal stem cells injected at the wound edge; (D) wounds
covered with silk fibroin scaffolds cellularized with Wharton’s jelly mesenchymal
stem cells (E) wounds treated with Wharton’s jelly mesenchymal stem cells injected
at the wound edge and cellularized silk fibroin scaffolds onto the wound bed. Scale
for alpha-smooth muscle actin expression: - (<10%) / + (10-25%) / ++ (26-50%)
/ +++ (>50%).

4.5.6 Expression of the Mesenchymal Stem Cell Marker
CD90 on Wound Sites (Figures 4.27 to 4.29)

As mentioned above, a rabbit monoclonal antibody (clone EPR3133) that specifi-
cally binds to human CD90 protein was used as a marker to identify human mes-
enchymal stem cells. The specificity of the anti-CD90 antibody was previously
demonstrated by the intense membrane staining of the human Wharton’s jelly mes-
enchymal stem cells that made up the pellet that served as positive control (Fig.
4.27 (118) and Fig. 4.28 (132)).

Contrary to what was observed in the positive control, CD90 immunohistochem-
ical staining was absent on normal mouse skin (Fig. 4.27 (117) and Fig. 4.28 (131))
and also in the wound sites of mice treated with Linitul® (Fig. 4.27 (109-112)) or
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with the SF-scaffolds (Fig. 4.27 (113-116)) over the different time points. Thus, it
suggests that the anti-CD90 antibody did not bind to any CD90 positive cell in the
normal mouse tissues or wounds that did not receive human mesenchymal stem cell
therapy.

On the other hand, a clear and abundant positivity to CD90 protein was im-
munohistochemically evidenced into the wound sites of mice treated with human
Wj-MSCs applied either by injection into the wound edge or by covering the wound
bed with cellularized SF scaffolds (Fig. 4.28). Numerous spindle-shaped cells posi-
tive for CD90 were immersed in the granulation tissue of wounds from mice treated
with human MSCs during the first two weeks following the injury (Fig. 4.28 (119-
120, 123-124, 127-128)). The immunostaining was clearly negative from the second
week, so seemingly transplanted mesenchymal stem cells “faded” from the tissue
(Fig. 4.28 (121-122, 125-126, 129-130)).

Figure 4.29 shows the expression at week 2 of the mesenchymal stem cell marker
CD90 in wounds from mice treated with silk fibroin patches cellularized with hWj-
MSCs over the wound bed, and hWj-MSCs injected at the edge. CD90 positive cells
were appreciated forming the migrating epithelial front, but also making up small
clusters of about 8-10 cells nearby the newly formed epithelium (Figure 4.29 (135-
136)). These cells share the same round-cuboid shape resembling epithelial cells.
Nonetheless, many other CD90-positive cells maintained the typical mesenchymal

shape in deeper areas of granulation tissue as depicted in Figure 4.29 (133-134).

4.5.7 Histopathological Examination of Distant Organs and
Analysis of Tumor Formation after Transplantation of
Wj-MSCs

In wvivo toxicity and biodistribution of Wj-MSCs was evaluated in SKH1 mice to
rule out ectopic tissue formation and tumorigenesis. Lungs, heart, liver, spleen,
kidneys, testis, brain and bone marrow were examined by hematoxylin and eosin
stain (Figure 4.30).

A mild associated acute interstitial inflammatory infiltrate in lung tissue, and an
increased number of alveolar macrophages were observed until the second week after
the wound occurs in some mice treated with MSC-seeded SF scaffolds (depicted in
Figure 4.31 (a-b)). Same findings were identified over the four weeks following injury
in some of the mice given both therapies, i.e., cells injected into the wound edge and
cellularized SF scaffolds covering the wound bed.

As seen in Figure 4.31 (c-d), scarce hepatic microabscesses were occasionally
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evidenced until two weeks following injury, in mice treated with MSCs injected at
the edge, and in those whose wounds were covered with cellularized SF scaffolds.
This liver involvement lasted until the fourth week of healing in mice receiving
combined treatment.

Hyperplasia of the splenic white pulp was observed in all experimental groups
until the third week after surgery. This affection was still present until the fourth
week in mice treated simultaneously with MSCs injected at the wound edge, and
MSC-seeded SF scaffolds (Figure 4.31 (e-f)).

Histopathological examination of all the excised organs at different time points
did not reveal tumor formation in any experimental group. After human Wj-MSCs
injections or biomaterial-assisted mesenchymal stem cell therapy, transplanted stem
cells did not seem to have anarchical proliferation, form teratomas or undergo spon-
taneous malignant transformation.

Besides, analysis of biodistribution of transplanted Wj-MSCs by immunohisto-
chemistry using an anti-CD90 antibody showed no presence of MSCs in any exam-

ined organs.



CHAPTER 4. RESULTS 130

Figure 4.26: Influx of inflammatory cells into wounded tissues: polymor-
phonuclear neutrophils (a-d), macrophages (e-h), and lymphocytes (i-1).
Experimental groups: wounds covered with Linitul® (purple line); wounds covered
with silk fibroin scaffolds (red line); Wharton’s jelly mesenchymal stem cells injected
at the wound edge (hWJ-MSCs Edge) (black line); wounds covered with silk fibroin
scaffolds cellularized with Wharton’s jelly mesenchymal stem cells (hWJ-MSCs-SF)
(green line); and wounds treated with Wharton’s jelly mesenchymal stem cells in-
jected at the wound edge and cellularized silk fibroin scaffolds onto the wound bed
(hWJ-MSCs-SF + Edge) (blue line). Statistically significant differences (p<0.05)
compared to Linitul® (value 1); Scaffold (value 2); hWJ-MSCs Edge (value 3); hWJ-
MSCs-SF (value 4), and hWJ-MSCs-SF + Edge (value 5), according to one-way
ANOVA.
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Figure 4.27: Expression of mesenchymal stem cell marker CD90 on der-
mal wounds. Experimental Groups: L (wounds covered with Linitul®) and SF
(wounds covered with Silk Fibroin scaffolds). Immunostaining with the anti-CD90

antibody of a pellet made of Wj-MSCs served as positive control (117). Scale bar:
50um.
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Figure 4.28: Expression of mesenchymal stem cell marker CD90 on der-
mal wounds. Experimental Groups: ED (wounds with hWj-MSCs injected at the
edge), C (wounds covered with silk fibroin patches cellularized with hWj-MSCs),
and ED+C (wounds with silk fibroin patches cellularized with hWj-MSCs over the
wound bed and hWj-MSCs injected at the edge). Scale bar: 50um.
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Figure 4.29: Expression at two weeks of mesenchymal stem cell marker
CD90 at the migrating epithelial front in wounds from mice treated with silk fibroin
patches cellularized with hWj-MSCs and mesenchymal stem cells injected at the
edge. Scale bar: 100um (image 133) and 20um (images 134-136).
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Figure 4.30: H&E staining for standard histological examination of (a)
lungs, (b) heart, (c) liver, (d) spleen, (e) kidneys, (f) testis, (g) brain and
(h) bone marrow. Scale bar: 50um.
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Figure 4.31: Histopathological findings in lung (a-b), liver (c-d), and spleen
(e-f) sections stained by H&E. (a, b) Interstitial inflammatory infiltrate (#),
and alveolar macrophages (<) in lung tissue. (c, d) Image of a liver microabscess
(§), with polymorphonuclear cells in it (*). (e, f) Hyperplasia of the splenic white
pulp (+ splenic arteriole). Abbreviations: wp: white pulp; rp: red pulp. Left panel
- 20X magnification. Right panel 40X magnification.
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DISCUSSION

In this study, we have first standardized the protocol for the isolation and charac-
terization of mesenchymal stem cells derived from the Wharton’s jelly of the human
umbilical cord. Further, these MSCs along with the combination of silk fibroin scaf-
folds were used to test their wound healing properties by creating skin wounds in
an experimental murine model.

MSCs can be isolated from several compartments of the umbilical cord, i.e.,
from umbilical cord blood, umbilical vein subendothelium, and the Wharton’s jelly.
Within Wharton’s jelly, MSCs have been isolated from three relatively indistinct
regions: the perivascular zone, the intervascular zone, and the subamnion [174].
This discussion is aimed to the MSCs isolated from the Wharton’s jelly of the human
umbilical cord.

MSCs from Wharton’s jelly can be isolated using either enzymatic digestion
(e.g., collagenase, hyaluronidase) or mechanical dissection of the umbilical cord (i.e.,
explant method). We compared both methods of isolation proving the explant
method to be more suitable because of its ease and speed of completion. Thus, Wj-
MSCs were isolated from explants and then expanded following the in vitro culturing
protocols of the LUMC and the Jon J van Rood Center for Transfusion Medicine
Research (Leiden-The Netherlands).

Cells isolated from the Wharton’s jelly of the umbilical cord exhibited a fibrob-
lastic morphology, as shown by mesenchymal stem cells from other sources, and after
a lag phase of 10 days, they grew and became confluent layers of adherent cells. At
passage fourth, Wj-MSCs cultures displayed MSC surface markers uniformly pos-
itive for CD90, CD105, CD73 with no detectable presence of hematopoietic cells
suggesting that they belonged to the MSC family.

Although several authors claim that Wj-MSCs can differentiate into adipocytes,

chondrocytes, and osteoblasts, we found that these cells are limited in their ability
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to differentiate into mature mesodermal cell lines. These findings are supported by
a recently published paper by the group of Kogler [175], who also looked at the
transcriptome for lineage-specific gene expression in differentiated cells. Likewise,
others authors found that Wj-MSCs differ from BM-MSCs because of their poor
capacity to differentiate into adipocytes [60, 176, 177|.

One of the most important factors for successful cellular therapy using MSC is
the amount of cells available for transplantation to provide a therapeutic effect. The
cells from cultures in their first passages are preferred for cellular therapy. Therefore,
a larger number of MSCs in early passages is required from a single source and single
donor [178].

The proliferation analysis performed in this study revealed that mesenchymal
stem cells from the umbilical cord were highly proliferative whereas the growth
potential of BM-MSCs cultured in the same conditions was significantly lower. Such
proliferation characteristics did not change even after ten passages, unlike BM-MSCs
that increased the PDT from passage nine. This feature is thought to reflect the
relatively primitive nature of cells derived from the umbilical cord compared to adult
BM-MSCs [174]. Besides, Wj-MSCs were easily accessible since a high number of
cells could be isolated from close to 100% of the umbilical cords processed in our
facilities with no donor site morbidity.

As highlighted earlier, an accumulating number of publications show that fetal
stem cells present some advantages, e.g., ease expandability, differentiation ability,
and immunomodulatory capacity, that renders these cells an excellent alternative
for regenerative medical applications in comparison to adult mesenchymal stem cells
[61].

In addition to pluripotency, MSCs are known to be immunoprivileged as well
as they have immunosuppressive effects involving various mechanisms, resulting in
evading the allogeneic host immunosurveillance system. Hence, neither autologous
nor allogeneic MSCs induce immunoreactivity in the host on local transplantation
or systemic administration [99, 179]. Thus, these cells represent an important ther-
apeutic tool for regenerative medicine and tissue engineering [180].

In wound healing process, inflammation is a very important phenomenon because
include induction of inflammatory factors and accumulation of various inflammatory
cells that start tissue regeneration by replenishment of cells and extracellular compo-
nents [181]. MSCs have the ability to modulate both innate and adaptive immune
response by complex interactions with T cells, B cells, NK cells, dendritic cells,
macrophages, neutrophils and Toll-like receptors (TLRs).

Wj-MSCs were shown to have significant immune modulatory effects on the pro-
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liferative response of peripheral T cells subjected to CD3/CD28-beads stimulation as
compared with the effects mediated by BM-MSCs. The CD3/CD28 beads-mediated
proliferation of T cells decreased when the proportion of Wj-MSCs in the culture
was increased. The same dose-response effect mediated by hWj-MSCs was seen on
MLCs after allogeneic mDCs stimulation. In all experiments, maximal inhibition
was achieved when MSCs and MNCs were co-culture at a 1:1 ratio. It is unlikely
that the reduction in lymphocyte proliferation was caused by the exhaustion of the
culture media or cell crowding in the wells. The culture medium in MLCs including
MSCs was normal in color and were used as control cultures. Also, Trypan Blue
staining showed >95% cell viability of both MSCs and lymphocytes at the time of
harvest.

When we studied the effects of MSCs on lymphocyte proliferation in MLC, it was
evident that Wj-MSCs were immunosuppressive and inhibited T-cell proliferation.
Ennis et al. also found these cells to be non-immunogenic since a single injection
of MHC-mismatched unactivated umbilical cord tissue-derived cells did not induce
a detectable immune response. However, when injected into an inflamed region,
repeatedly injected in the same area or stimulated with IFN-y before injection,
these cells were immunogenic [182]. The finding that MSCs induced inhibition of
MLCs and T cells has clinical implications since allogeneic stem cell transplantation
could modulate the immune response during stem cell-based regenerative therapy.

Several studies have shown that fetal MSCs significantly express a higher level
of immunomodulatory factors (e.g., TGF-$1, IDO, PGE2) in comparison to adult
bone marrow-derived MSCs [61]. This fact matches well with what we found after
performing the in vitro characterization of the immunological properties of the Wj-
MSCs.

Regarding the in vitro immunoregulatory properties of Wj-MSCs, our data are
also consistent with previous studies showing that these MSCs (a) do not induce
proliferation of allogeneic T cells, (b) suppress the proliferation of T cells induced
either by CD3/CD28 beads or allogeneic mDCs cells, (c) secrete soluble factors that
mimic the immunosuppressive effects associated with the co-culture of the MSCs
with the T cells (i.e., TGF-B, IDO, and PGE2), and (d) inhibit the production of
pro-inflammatory cytokines (e.g., IFN-y) of T cells stimulated by allogeneic stimuli.

Wound healing is a complex process involving coordinated interaction between
cells, growth factors, and extracellular proteins. Several reports on different animal
models and clinical trials indicate that MSCs may play a beneficial role in augment-
ing the wound healing process. Thus, an excisional wound splinting model in SKH1

mice were used herein to study the therapeutic effect of human Wj-MSCs in wound
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healing. We found that splinting prevented skin contraction, and consequently mini-
mizing the variations caused by it which finally led uniform wound closure. Also, this
model allowed wounds to heal through granulation and re-epithelialization, as pre-
viously reported [134]. This model allowed the study of the mechanisms underlying
wound healing and provided means to modulate the wound milieu with exogenous
factors to enhance wound healing. In this study, Wj-MSCs were implanted into the
wound bed in an electrospun silk fibroin scaffold and/or injected into the dermis of
the surrounding skin.

SKH1 mice were divided into five groups based on the type of treatment. The
first two groups have been classified as control groups, of which one group was
treated with Linitul® and the other one with silk fibroin scaffolds without MSCs.
In the third group, only Wj-MSCs were injected in the wound edge, the fourth group
consisted of grafting of Wj-MSCs seeded on the silk fibroin scaffolds over the wound
site, and the last group was treated with MSCs injected in the edge together with
the cellularized SF scaffold onto the wound.

In cell-based regenerative medicine applications, choice of cell delivery vehicle
is an important consideration. The delivery of cells to cutaneous wounds presents
a unique and specific set of challenges. Although systemic delivery is an attrac-
tive option, the engraftment efficiency can be difficult to predict without improved
methods to ensure that the cells will home to the site of injury [140].

On the other hand, the injection of a suspension of cells may be the simplest
method, but this may not be the optimum method to deliver cells to a cutaneous
wound. First of all, direct injection into the wound may be difficult in long-standing
leg ulcers that have a thick layer of dense scar tissue. To solve this issue and to
also provide a more receptive environment for administered cells, debridement of the
wound site is often performed before the delivery of cells. The debridement removes
any scar tissue, fibrin, and necrotic tissue and also achieves bleeding from the wound
bed. This bleeding aims to tackle the second issue; most chronic wounds are ischemic
in nature. They exhibit poor blood flow and present a hostile environment for any
cells. It is theorized that, by inducing bleeding, this may be enough to mitigate
the hostile environment for long enough for the administered cells to take hold and
stimulate a healing cascade. These limitations led to the development of alternative
approach with the aim of reducing costs or increase efficacy [6].

It is important to know that the choice of biomimetic scaffold plays a pivotal role
in driving appropriate tissue regeneration in vivo. Since the extracellular matrix
plays a key role in guiding various biological processes, electrospun nanofibrous

scaffolds could provide a three-dimensional structure that mimic the in vivo stem cell
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niche providing cues for stem cells attachment, growth, migration and differentiation
into host cells. Furthermore, nanoscaffolds can be designed to biodegrade at required
times allowing the stem cells to complete healing until wound closure [106].

MSCs have been incorporated into three-dimensional scaffolds as a mean to im-
prove skin substitutes that are used to repair full-thickness wounds resulting from
trauma or burns [183]. We have used electrospun silk fibroin as a scaffold for cultur-
ing Wj-MSCs before transplantation since it is a clinically relevant method to deliver
cells to dermal wounds. In addition, SF is a substrate that acts as a provisional ma-
trix through which cells migrate, during wound healing process, to populate the
wound site.

In this study, cells seeded on silk fibroin scaffolds were found to have appropri-
ate interactions with their environment based on the following observations. First,
the cells maintained a spindle-shaped morphology, suggesting that cells function bi-
ologically within this structure. Also, Wj-MSCs cultured on SF scaffolds did not
show any change in the cell surface marker expression profile or viability when com-
pared to cells cultured on plastic culture plates. Second, the cells adhered to the
fibers and stretched across the nanofibrous substrates during proliferation. Third,
these cells crosslinked the nanofibers and integrated with the surrounding fibers to
form a three-dimensional cellular network. Therefore, the electrospun SF scaffolds
cellularized with Wj-MSCs were found to be suitable as a skin substitute since the
architecture of the structure is similar to that of natural extracellular matrix found in
normal skin. Besides, this artificial “dermal layer” proved to adhere to and integrate
well with the wound. Hence, we considered SF scaffold as the ideal MSC-delivering
biomaterial because of its ability to retain MSC potential and long-term survival
within a hostile microenvironment.

Yoshikawa et al. cultured human BM-MSCs and then placed them in artificial
dermis made of collagen sponge that was later implanted subcutaneously into the
dorsal wound of a nude mouse. Furthermore, BM-MSCs suspension was injected sub-
cutaneously around the wound without the artificial dermis. Macroscopic findings
showed that the artificial dermis without cultured BM-MSCs was flattened within
two weeks after implantation. When BM-MSCs were injected without artificial
dermis, marked tissue regeneration was not observed macroscopically. In contrast,
when the artificial dermis was implanted with cultured BM-MSCs, the artificial der-
mis was not flattened at two weeks after graft placement, and its thickness was
maintained macroscopically. Concerning histologic findings, only the artificial der-
mis containing the cultured cells showed any improvement in repair with increased

vascularity, fat, and matrix deposition compared to the other groups. The next step
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following the study in mice was to treat 20 patients with chronic wounds using cul-
tured autologous BM-MSCs/artificial dermis composite grafts. The wounds mostly
healed in 18 of the 20 patients; the remaining two patients died of causes unrelated
to transplantation. Thus, autologous BM-MSCs transplantation was shown to be
therapeutically effective in all patients [104]. This study was the first to suggest that
the use of scaffold for administering the MSCs to the wound may be more beneficial
than just injecting the cells around the wound site. Hence, the delivery of cells is
an important and often neglected aspect of any therapeutic approach.

Recent studies have used new and innovative cell delivery systems that maximize
the efficacy of MSC therapy for nonhealing cutaneous wounds. Tam et al. evalu-
ated the use of a wound dressing patch made up of an aloe vera-polycaprolactone
nanoscaffold impregnated with hWj-MSCs or its conditioned medium (CM) for en-
hanced healing of excisional and diabetic wounds in vitro and in vivo. They previ-
ously reported that hWj-MSCs or its conditioned medium alone without a scaffold
enhanced healing of excisional and diabetic wounds [184]. Histological examination
of wound biopsies in groups treated with hWj-MSCs or its CM on days 7 and 14
showed the formation of stratified squamous epithelium, increased numbers of seba-
ceous glands and hair follicles and greater cellularity and vasculature compared to
controls. Immunohistochemistry of excisional and diabetic murine wound biopsies
showed the presence of human keratinocyte markers such as cytokeratin, involu-
crin, and filaggrin. Moreover, the gene expression profiles showed the upregulation
of ICAM-1, TIMP-1, and VEGF-A compared to controls favoring cell adhesion,
increased angiogenesis and epithelialization during wound healing. Finally, high
concentrations of proteins comprising the ECM, i.e., fibronectin that provides fi-
broblast migration, and collagen and elastin that give tissue strength and resiliency;,
were produced, suggesting their contribution to the wound healing process [106].

Sabapathy et al. have shown that combinational therapy of Wj-MSCs and de-
cellularized amniotic membrane scaffold had the best regeneration according to the
histomorphologic Singer’s classification to quantify cutaneous scars after burns. The
results also showed that the Wj-MSCs labeled with fluorescence probes were tracked
successfully in vivo for around 10 days. Furthermore, the analysis of the biome-
chanical properties of the regenerated skin tissue demonstrated that biomechanical
property of the Wj-MSCs/scaffold was better compared to other groups including
Wj-MSCs injected tissue [61]. The enhanced efficiency of wound healing in the two
treatment groups (hWj-MSC-SF and hWj-MSCs-SF-+Edge) of the present study may
be attributed to the synergistic effect of the stem cells and nanoscaffolds, where the

nanoscaffold provided the stem cell niches and porosity for the Wj- MSCs to attach,
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differentiate and allow its secretions to penetrate into the wound beds.

The wound healing potential of Wj-MSCs was assessed by classical histopatho-
logical staining techniques (i.e., H-E, and Masson’s trichrome staining) and immuno-
histopathological examination of the skin at different time points after performing
the wound. After analyzing all skin samples, significant differences regarding wound
healing can be found between the experimental groups. The groups of mice treated
with hWj-MSCs injected at the wound edge or SF scaffolds cellularized with hWj-
MSCs (hWj-MSC-SF), or both treatments healed better compared to controls (i.e.,
wounds treated with Linitul® or SF scaffold without MSCs).

Best quality of scarring regarding mobility and aesthetic appearance could be
attributed to the group of wounds treated with the hWj-MSC/SF scaffold at one
month since the epithelial sheet and the dermis were apparently thinner compared
to other groups. Nevertheless, wounds treated with both hWj-MSC/SF scaffold
and hWj-MSCs injected at the wound edge had more histological similarities with
normal skin. As mentioned earlier, the newly formed dermis of these mice was made
of a dense and irregular connective tissue whose collagen fibers were disposed in a
disorganized fashion that resembled the mesh-like pattern seen in the dermis of the
normal skin. Also, the transitory presence of skin appendages such as hair follicles
in the dermis after three weeks of injuring makes it structurally comparable to the
normal skin even when at one month only degenerating appendages were present.

The histological study of regenerated wound tissue three weeks post-injury
demonstrated the striking presence of skin appendages such as hair follicles into the
dermal layer of the skin in mice receiving the combined treatment. Some considera-
tions should be taken into account when analyzing the origin of the hair follicles in
the Wj-MSC-SF+Edge group. First, the presence of hair follicles could be related
to some effect exerted by the MSCs during wound healing since appendages were
not present in the control groups. That means that Linitul® and SF scaffolds are
not able on their own to stimulate the emergence of skin appendages.

The theory of transdifferentiation of hWj-MSCs into skin appendages (here into
hair follicles) is not discarded at all considering that MSCs can differentiate into any
cell type under certain conditions. It is hard to think that the hair was of murine
origin since SKH1 mice lose their hair during growth and then manifest rudimentary
hair follicles most of which form cysts. On the other hand, the size of the hair did
no correspond to the normal dimensions of the appendage in mouse skin. As shown
in Figure 4.21 (52), the hair follicle was very large compared to the size of the other
structures that make up the skin and also it was located in the area of skin that had

been newly regenerated.
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Regarding the speed of healing, wounds treated with SF scaffolds alone or in
combination with hWj-MSCs showed a delay in the formation of the epithelial sheet
of the skin during the first two weeks of healing. Moreover, the SF scaffold may
slow the process of granulation tissue maturation. On the contrary, wounds treated
with Linitul® and those treated with hWj-MSCs injected at the wound edges had
completely re-epithelialized after two weeks of injuring, and the granulation tissue
in the dermis was formed by a mature, dense, and regular connective tissue. Mat-
uration of the granulation tissue was completed at three weeks in all cases, except
for the control group treated with Linitul®, in which the healing process was faster
and ended earlier. Nevertheless, the wound healing process in this group of mice
finished with the formation of scar tissue that was thick and possessed structural
characteristics that made it less mobile and aesthetics with respect to the other
groups.

Healing by connective tissue starts with the formation of granulation tissue.
It consists of new capillaries (neovascularization) in an edematous environment
of fibroblasts, myofibroblasts, mononuclear inflammatory cells, macrophages, neu-
trophils, and cellular debris. Collagen fibers are aligned following the course of
fibrin and the newly formed blood vessels so that the more dispersed the vessels are
greater disorganization/destructuration will have the connective tissue. Then, the
maturation of granulation tissue will replace the damaged area with a scar.

The presence of the SF scaffold and the continuous inflammatory infiltrate, gen-
erated with the intention to remove it from the wound site, promotes the formation
of new blood vessels which could delay the reorganization of connective tissue during
the healing process. This phenomenon was particularly evident in the group treated
with SF scaffolds before three weeks post-wounding. Thus, the group of wounds
treated with hWj-MSCs injected at the edge lack of any scaffold covering the wound
bed and, therefore, had the added advantage of prompt formation of the epithelial
sheet. However, the wound healing process in the group of wounds treated with the
cellularized SF scaffold ended with the formation of a very thin dermal layer whose
collagen fibers arranged more loosely giving the scar tissue less stiffness and more
resemblance to normal skin.

Although several reports have proved some efficacy for MSCs, it is still contro-
versial whether MSCs can contribute significantly to regenerate damaged tissue via
tissue-specific transdifferentiation. This may be explained, at least in part, by the
poor viability of the transplanted cells. Furthermore, a suitable microenvironment
to promote specific transdifferentiation might be strictly provided, so that MSCs

local application without additional treatment failed to form a biologically complete
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tissue. Physiological accumulation of enough MSCs might induce further cell type
differentiation, resulting in the better functional organization of the wounded tissue
[181].

In our case, accumulation of MSCs, predominantly delivered by applying cel-
lularized SF scaffolds to the specific tissue might be one of the efficient strategies
for tissue regeneration. Wounding stimulated the engraftment of Wj-MSCs to the
skin and induced them to incorporate into and differentiate into skin structures.
Other explanations of the effect of Wj-MSCs application might be due to the release
of soluble factors that regulate inflammation and angiogenesis. Fong et al. have
postulated that the introduction of soluble bioactive molecules into wounds via the
hWj-MSC-conditioned medium and secretion of the same molecules by the engrafted
hWj-MSCs creates a niche for the recruitment of native skin MSCs and progenitor
cells to the wound site to facilitate healing [184].

In the present study, the Wj-MSCs-SF and Wj-MSCs-SF+Edge groups displayed
noticeable better wound healing compared to controls suggesting that direct and
indirect mechanisms of wound healing may taking place by directed differentiation
of Wj-MSCs into keratinocytes and indirectly by the release of important bioactive
molecules that initiate and facilitate the host response to tissue repair.

Several animal transplantation studies have shown that MSCs can differentiate
into cells of the residing tissue, repair tissue damaged by trauma or disease, and
partially restore its normal function. During the proliferative phase of wound healing
process, native MSCs are recruited to differentiate into new keratinocytes [185].

The potential of MSCs to differentiate into skin tissue cells has been extensively
described [130, 186, 187, 181], albeit there are many issues still to be addressed
with respect to the use of these cells for skin regeneration, not least of which are
the concerns that adnexal structures are generally not found in the reconstituted
epithelium. Even though, the work of Sasaki et al. indicated the possibility of trans-
germ line differentiation of MSCs in this regard. Sasaki’s research group injected
BM-MSCs, derived from GFP transgenic mice, into the tail vein of back skin-injured
mice and showed that MSCs had the capacity to differentiate into multiple skin cell
types including keratinocytes, endothelial cells, pericytes, and monocytes [181].

Several studies have also shown that human umbilical cord MSCs could enhance
the healing of mice skin defect wounds and that the implanted MSCs could differenti-
ate into keratinocytes when administered locally into the wound beds [188]. Similar
results have been observed in a murine excisional injury model, in which mouse BM-
MSCs accelerated wound closure by increasing re-epithelialization, cellularity and

by differentiating directly into epithelial cells expressing keratin, a keratinocyte-
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specific protein. In addition, wounds treated with MSCs appeared to have increased
numbers of skin appendages and formed glandular structures, suggesting a direct
contribution of BM-MSCs to cutaneous regeneration [130].

In turn, Ma et al. showed that allogeneic BM-MSCs seeded onto a nanofiber ma-
trix and applied to full-thickness excisional wounds in rats significantly increased the
rate of wound closure. Besides, BM-MSCs (labeled with fluorescent quantum dots)
were found to colocate with the expression of the epithelial cells-specific markers
keratin 10 and filaggrin after wound closure, which suggested that BM-MSCs had
undergone epidermal differentiation at the early and intermediate differentiation
stages [189).

In this study, immunostaining for CD90 on human MSCs showed that cells from
the Wharton’s jelly of the umbilical cord were engrafted into the newly formed tissue
and closely associated with other cells in the wound. While the SF scaffold could
ensure better survival of MSCs into the wound site, CD90" cells were present at the
wound site until the second week after the injury occurred, and then no hWj-MSCs
were visualized in any of the groups. These cells appeared to acquire an epithelial-
like phenotype, i.e., they shared the same round-cuboid shape typically displayed
by epithelial cells, and unexpectedly were localized forming the migrating epithelial
front. However, many CD90" cells kept their spindle-shaped morphology, in deeper
areas of granulation tissue, suggesting that these cells may not only transdifferen-
tiate into specialized skin cells but also participate in the healing process through
other inherent stemness mechanisms. Strikingly, hWj-MSCs incorporated into skin
appendages in the wound of mice treated with hWj-MSCs-SF-+Edge at day fourteen.
Thus, our results indicate that Wj-MSCs can contribute to cutaneous structures.

The repair functions of MSC are thought to involve the secretion of factors such as
vascular endothelial growth factor (VEGF) or fibroblast growth factor (FGF) which
could help prevent apoptosis, promote angiogenesis, assist in matrix reorganization,
and increase the recruitment of circulating MSC [190]. One substantial benefit of
including MSCs into three-dimensional tissue-engineered constructs is to promote
angiogenesis throughout the scaffold, which allows for the transport of nutrients and
reparative cell types that can remodel the scaffold [140].

Our data suggest that promotion of angiogenesis is one of the mechanisms by
which Wj-MSCs enhanced wound healing in SKH1 mice. This fact was corroborated
by the higher expression of CD31 marker observed in wounds that underwent stem
cell-based therapy in comparison with the control group treated with Linitul®. Sim-
ilarly, the use of silk fibroin scaffold onto the wound bed also promoted angiogenesis

during the first two weeks of healing. This effect was maintained throughout the
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healing process only when MSCs were associated with the scaffold.

Certainly, the increased vascularity of the Wj-MSCs-treated wounds, compared
to controls, corroborates the findings of many researchers who have reported the
angiogenic effects of human MSCs. However, equally important is the impact gen-
erated by the SF scaffolds in the wound site on the proliferation and migration of
blood vessels within the biomaterial and the newly formed granulation tissue.

Ichioka et al. used a skinfold chamber of original design which visualized mi-
crocirculation following wound creation on the dorsal skin of the mouse to establish
an in viwo experimental model to estimate angiogenesis. They used collagen matrix
impregnated with murine bone marrow MSCs for the promotion of wound heal-
ing. Wounds treated with BM-MSCs showed an increased rate in the functional
capillary density when compared to controls on days 3, 5 and 7 after the creation
of the wound. This fact led the group to test this application in a patient with
a chronic leg ulcer that was unhealed for over a year despite conventional therapy.
BM-MSCs were obtained from her iliac crest, and a collagen matrix (TERDERMIS)
was impregnated with the autologous MSCs suspension and applied to the debrided
surface. Two weeks later well vascularised healthy granulation tissue had developed,
and split-thickness skin was grafted onto it to close completely the wound. The
patient remained free of complications for 1.5 years since treatment [191].

Another alternative method of delivering MSCs was described by Falanga et al.
in an attempt to facilitate the translation of a cell-based wound healing therapy into
clinical practice. They cultured autologous BM-MSCs and applied them up to four
times to full-thickness wounds using a fibrin polymer spray system with a double-
barreled syringe. This biologic wound dressing was sufficient to stimulate complete
closure in diabetic mice, whereas controls remained in a chronic, non-healing state.
Furthermore, tracking of green fluorescent protein (GFP)"™ MSC in mouse wounds
showed GFP ™" blood vessels, suggesting that the applied cells may persist as well as
act to stimulate the wound repair process through angiogenesis [101].

Similarly, Egana et al. combined the use of a bioartificial collagen scaffold and a
defined human mesenchymal cell line termed V54/2 in order to improve vasculariza-
tion during dermal regeneration. The mesenchymal cells seeded in the scaffold were
able to survive, proliferate, and secrete significant amounts of vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor (bFGF) during 2 weeks in
vitro. Afterward, scaffolds with or without cells were transplanted into nude mice
full skin defect model to induce dermal regeneration. After 2 weeks of transplan-
tation, scaffolds seeded with V54/2 cells showed more vascularization during the

dermal regeneration process than controls suggesting that combined use of MSCs
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and bioartificial scaffolds may induce therapeutic angiogenesis during the scaffold-
based dermal regeneration process [192].

Lee et al. observed an improvement in vascularity in patients with critical limb
ischemia who had been treated with intramuscular injections of autologous adi-
pose tissue MSCs (AT-MSCs). Clinical improvement occurred in 66.7% of patients
together with a decrease in pain rating scales and claudication walking distance.
Digital subtraction angiography before and six months after AT-MSCs implanta-
tion showed the formation of numerous vascular collateral networks across affected
arteries. They had previously demonstrated that the proangiogenic action of adipose
tissue-derived cells in hindlimb ischemia model of nude mice is mostly resulted from
AT-MSC-derived paracrine factors including angiogenic and antiapoptotic factors,
although a small fraction of transplanted cells is differentiated into endothelial cells
[193].

Zebardast et al. harvested an MSC population from human umbilical cord
perivascular tissue and then delivered these cells in a fibrin vehicle into skin de-
fects in immune-compromised mice. Compared to fibrin-only controls, the intro-
duction of human umbilical cord perivascular cells (hlUCPVCs) within fibrin sealant
provided a decrease in contraction of the wound, an increase in matrix deposition
and wound strength, and rapid re-epithelialization of the wounds. They postulate
that hUCPVCs may play both a structural role -maintaining the dermis, prevent-
ing wound collapse- and a paracrine role; eliciting increased vascularization and
epithelial overgrowth [194].

Wu et al. studied the effect of BM-MSCs in wound healing by using an exci-
sional wound splinting model. They found that injection around the wound and
application to the wound bed of allogeneic BM-MSCs significantly enhanced wound
healing in normal and diabetic mice compared with that of allogeneic neonatal der-
mal fibroblasts or vehicle control medium. BM-MSCs-treated wounds exhibited
accelerated wound closure with increased angiogenesis. Immunohistological stain-
ing of tissue sections for the endothelial marker CD31 showed increased vasculature
and capillarity density in BM-MSC-treated wounds at 7 and 14 days compared with
vehicle medium-or fibroblasts-treated wounds. They also showed that BM-MSCs
conditioned medium promoted endothelial cell tube formation and consequently pro-
posed that MSCs could enhance angiogenesis through a paracrine effect. Real-time
polymerase chain reaction and Western blot analysis revealed high levels of vascular
endothelial growth factor and angiopoietin-1 and significantly greater amounts of
the proteins in BM-MSC-treated wounds [130].

Li et al. demonstrated that bone-marrow-derived MSCs contribute to wound
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healing of skin appendages. They co-cultured BrdU-labeled adult human BM-MSCs
with heat-shocked confluent adult human-derived sweat gland cells (SGCs) in vitro
and later intravenously injected into full-thickness skin wounds in rats. Immu-
noenzymatic double-staining showed that BrdU-labeled MSCs were incorporated
into SGC layers, and some BrdU-labeled human MSCs were also positive for the
SGC markers, CK19 and CEA. The in vivo results revealed BrdU" MSCs into skin
structures, such as blood vessels, hair follicles, sebaceous glands, and dermis in full-
thickness wounds. After wound healing, some labeled MSCs returned to the bone
marrow, whereas other were retained in the dermis [187].

The key cellular mediator of fibrosis is the myofibroblast, which when activated
serves as the primary collagen-producing cell. Myofibroblasts are generated from
a variety of sources including resident mesenchymal cells, epithelial and endothe-
lial cells in processes termed epithelial/endothelial-mesenchymal (EMT/EndMT)
transition, as well as from circulating fibroblast-like cells called fibrocytes that are
derived from bone-marrow stem cells. Activated fibroblasts transform into a-SMA-
expressing myofibroblasts as they migrate along the fibrin lattice into the wound.
Following activation, the myofibroblasts promote wound contraction, the process in
which the edges of the wound migrate towards the center. The reversal of experi-
mental tissue fibrosis in vivo has been highly correlated with a decreasing expression
of profibrotic mediators type I collagen and o-SMA [195].

In our study, the a-SMA expression was examined by immunohistochemical stain-
ing to determine whether Wj-MSCs have an influence on the expression of this pro-
tein. Immunohistochemical staining of «-SMA was strongly detected during the first
two weeks of healing in wound areas of the control group treated only with the SF-
scaffold and the group treated with MSCs injected around the wound margins. It is
striking that MSCs transplanted by applying cellularized SF patches onto the wound
bed resulted in a scarce arrangement of the collagen, similar to normal skin collagen
distribution. Besides, a-SMA-positive cells in this group were less detectable by day
14 after wounding. By contrast, when applied separately Wj-MSCs or silk fibroin
scaffolds, increased a-SMA-positive cell expression was seen at day 14. Therefore,
Wj-MSCs appear to promote the production of an ECM that more closely resembles
uninjured dermal tissue.

Similarly, Huang et al. found that wounds treated with MSCs delivered by
microspheres had reduced the thickness of collagen fibrils that were well-organized
in a basket-weave pattern after 14 days. Also, the expression of type I collagen and
a-SMA was downregulated in MSCs treatment groups and significantly decreased in

wounds with MSCs delivered by microspheres. Besides, their results suggested that
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MSCs could exert the suppressive effect on the inflammatory cytokine-induced excess
proliferation of fibroblasts by releasing growth factors that reduce scar formation in
the skin such as HGF and TGF-33 [196].

The influx of neutrophils and macrophages during the inflammatory phase after
damage to tissues is important for both clearing the wound from invading microbes
but also for producing wound growth factors and cytokines signals that are impor-
tant for the repair process. Martin et al. reported wound healing studies in PU.1
null mouse, which is genetically incapable of setting up the normal inflammatory
response due to lack of macrophages and functioning neutrophils. They showed that
PU.1 null mice were able to heal skin wounds with similar time course to wild-type
siblings. Moreover, PU.1 null wounds had a more mature, repaired keratinocyte
epidermal layer, overlaying a fairly well-organized wound connective tissue (with
not apparent inflammatory cells or apoptotic cell corpses) that is quite similar to
that present in the adjacent unwounded dermis. Besides, it was shown by trans-
mission electron microscopy that cell and matrix debris were engulfed and removed
by stand-in fibroblast phagocytes in PU.1 null wounds, which was also associated
with an enhanced angiogenic response. The absence of inflammatory cells was also
responsible for the modified profile of growth factor and cytokine signals present at
the wound site, which was associated with scarce matrix deposition and scar con-
tracture post-repair. These data strongly suggested that the inflammatory response
not is entirely necessary for efficient tissue repair and might be causal of fibrosis at
sites of adult healing [197].

We also studied whether the immunoregulatory properties that characterized Wj-
MSCs in wvitro had a biological effect on the experimental murine model of wound
healing. Local modulation of the cellular inflammatory response, demonstrated by
a low number of PMN and macrophages, at the wound site of mice treated with Wj-
MSCs might be a beneficial therapeutic strategy for management of tissue repair
since it is associated with reduced scar formation and the replacement of damaged
tissue with equally functional skin. This study corroborated previous findings that
xenograft MSCs elicit little immunogenicity from their host [99, 198], and indicate
that MSCs are immunoprivileged during cutaneous wound healing.

Shumakov et al. showed that the transplantation of autologous and allogeneic
bone marrow mesenchymal stem cells on the surface of deep burn wounds in rats
decreases inflammatory cell infiltration into the wound and accelerates the forma-
tion of new vessels and granulation tissue in comparison with burn wounds without
cell transplantation. The regeneration process was most active after the transplan-

tation of autologous cells, which was confirmed by a more rapid decrease in burn
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surface area. Wound healing after transplantation of BM-MSCs was associated with
the long functioning of transplanted cells, as was shown that transplanted cells re-
mained viable on the surface and in the depth of regenerating wounds throughout
the observation period [199].

Neutrophils are not often found in normal skin, but they are quickly recruited
in high numbers within 24-48 hours following injury. They are the first circulating
inflammatory cell to move to the site of the wound, probably due to their function
of defense against infections. The immune reaction to an implant begins with an
acute response to the injury and innate recognition of foreign materials, with the
subsequent chronic immune response involving specific recognition of antigens (e.g.,
transplanted cells) by the adaptive immune response, which can eventually lead to
rejection of the implant.

Biomaterials aim to create a local environment to promote tissue growth; how-
ever, both the injury incurred during the implantation process and the host in-
flammatory response to the implanted material can negatively impact this local
environment. This response can lead to the repair of the injury site through repop-
ulation with granulation tissue that can result in fibrosis while regeneration by local
progenitor cells can produce fully functional tissue. An immune response immedi-
ately follows tissue injury, which can have a large impact on whether the wound is
merely repaired or regenerated [200].

Normally, the epithelial sheet is completed formed two weeks after the wound oc-
curs, as demonstrated by the H&E and Masson-Goldner trichrome Stains of wound
tissues in mice treated with Linitul®. When the silk fibroin scaffold was present
in the wound bed, re-epithelialization was delayed about a week, and granulation
tissue maturation took longer to be reached. Therefore, the enhanced and prolonged
innate immune response of the body against the biomaterial would justify the tem-
porary presence of greater number of polymorphonuclear neutrophils in the wound
tissue. Once the Wj-MSCs are transplanted to the wound site either associated
with the scaffold or injected at the wound edge, the immune response against them
is importantly diminished. A quick resolution (two weeks) to this chronic cellular
presence at the tissue-material interface is often compatible with implant acceptance
while persistence of a large immune cell presence often indicates infection and/or
rejection of the implant [200].

An understanding of the foreign body reaction is important as it may impact the
biocompatibility (safety) of the implanted biomaterial and may significantly impact
short- and long-term tissue responses with tissue-engineered constructs containing

proteins, cells, and other biological components for use in tissue engineering and
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regenerative medicine [201].

Macrophages appear at the site of injury within 48-96 hours in response to
chemoattractants such as TGF-§, which is produced primarily by platelets. In our
study, the number of macrophages in wounds treated with SF scaffold remained
lower in comparison to control wounds treated with Linitul®. The huge differ-
ence observed between both groups was probably due to the easy degradation by
macrophages of silk fibroin fibers forming the scaffold compared to the fibrin mesh
that is shaped during the normal healing process. As shown in Fig. 4.26 (e-h),
macrophages were still present in the wound tissue one month after wounding.
Thereby, it is important that macrophages be kept until the healing process has
ended since they are necessary for the reorganization of the granulation tissue.

Once again, the combination of Wj-MSCs with the SF-scaffold limited impor-
tantly the influx of macrophages to the wound site in comparison with the control
groups. This effect could be due to the immunomodulatory effect referred to MSCs
and previously demonstrated here by in vitro assays. On the whole, it is evident that
the MSCs exert an immunomodulatory role over the cellular components of innate
immunity response generated during the inflammatory phase of wound healing. This
regulating action over the immune system seems not to involve adaptative T cell-
mediated immunity, as demonstrated by the noteworthy existence of T-CD3 cells
during the first two weeks of healing. In any case, further investigation is needed
to elucidate the interactions between Wj-MSCs and the various immune and wound
healing cell types that are present in the wound bed, as these studies would be use-
ful to optimize the timing and dosage of MSC delivery to the wound for maximal
efficacy.

Histopathological examination of distant organs of mice receiving MSCs ther-
apy revealed certain affections such as acute interstitial inflammatory infiltrates in
lungs, scarce hepatic microabscesses, and hyperplasia of the white pulp in the spleen.
Nevertheless, they were not common for all mice and were negative for CD90 im-
munoexpression. In addition, no clinical or paraclinical manifestations were seen
throughout the healing process and human Wj-MSCs transplanted into the wound
bed did not experience abnormal proliferation or formed teratomas and/or tumors.

Finally, analysis of biodistribution of transplanted Wj-MSCs did not show the
presence of the cells in any examined organs. Thus, xenotransplant of human Whar-
ton’s jelly MSCs in SKH1 mice proved to be safe and effective for the treatment of
skin wounds.

On the whole, the data suggested that the combined treatment of MSCs injected

at the wound edge along with cellularized SF scaffolds covering the wound site
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exhibited better wound healing capabilities compared to both single treatments and
control groups. Therefore, Wj-MSCs delivered in an SF scaffold onto the wound bed
contributed to the generation of a high-quality, well-vascularized granulation tissue,
enhanced re-epithelialization of the wound, and attenuated the formation of fibrotic
scar tissue. In conclusion, we propose al least two possibilities by which Wj-MSCs
may improve wound healing. First, Wj-MSCs have the capacity to secrete a variety
of growth factors and cytokines either constitutively or upon stimulation, which
are relevant to tissue repair and regeneration. The production of these soluble
mediators by Wj-MSCs could complement endogenously produced growth factors
and cytokines that regulate cellular processes such as chemotaxis, cell proliferation,
cell signaling, extracellular matrix formation and angiogenesis in the wound. The
second possibility relates to the extraordinary plasticity and the ability of MSCs to
differentiate into a variety of cell types and integrate into tissues as described by
McFarlin et al. [202].

Thus, Wj-MSCs may facilitate wound healing by trans-differentiating into ker-
atinocytes or glandular cells. Although our data showed localization of topically
administered Wj-MSCs to the wound, they did not directly addressed whether lo-
cal growth factor production and integration of Wj-MSCs into wound tissue were
part of the mechanisms by which these cells improve wound healing. Therefore,
more rigorous investigations are needed to substantiate the role of growth factor
production and differentiation of Wj-MSCs into cellular components of the wounds.
Nowadays, Wharton’s jelly MSCs are being commercially collected and stored for
preclinical works. We expect that the combination of human Wj-MSCs and SF
scaffolds could be considered as improved therapy to accelerate skin wound healing

especially refractory, common therapy-resistant skin ulcers.
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CONCLUSIONS

1. The explant method proved to be an efficient method for the isolation of

mesenchymal stem cells from the Wharton’s jelly of the human umbilical cord.

2. Human Wharton’s jelly mesenchymal stem cells have greater growth potential
than bone marrow mesenchymal stem cells and possess a limited capacity to

differentiate into mature mesodermal cell lines.

3. Wharton’s jelly MSCs have reduced immunogenicity, did not express costimu-
latory molecules, and express cytokines that may modulate immune function.
The immunosuppressive effects on T lymphocytes proliferation induced by al-
logeneic mDCs or CD3/CD28 beads stimulation are mediated by the secretion
of the anti-inflammatory factors TGF-$, PGE2 and IDO and by inhibiting the
production of the pro-inflammatory cytokine IFN-y. Together, these results
suggest that human Wj-MSCs could be immuno-tolerated after their allogeneic

transplantation.

4. Electrospun silk fibroin scaffolds are suitable from both the morphological
(fiber size and porosity) /structural (stability), and biological (cytocompatibil-
ity) point of view to be used as tissue engineering matrices in tissue regenera-

tion of skin.

5. The excisional wound splinting model created in SKH1 mice allowed to study
the mechanisms underlying wound healing after the implantation of cellular-
ized silk fibroin patches or the injection of Wj-MSCs into the wound edges.
This SKH1 mice skin injury model suggests that combination of electrospun
silk fibroin scaffolds along with Wj-MSCs can be efficiently used to treat the

skin injury.

153



CHAPTER 6. CONCLUSIONS 154

6. Wharton’s jelly mesenchymal stem cells combined with silk fibroin scaffolds
in the wound bed contributed to the generation of a high-quality, well-
vascularized granulation tissue, enhanced re-epithelialization of the wound,
and attenuated the formation of fibrotic scar tissue. Wj-MSCs could transdif-
ferentiate into epidermal cells, keratinocytes, and microvascular endothelium,
therefore they seem to promote the production of an ECM that more closely

resembles uninjured dermal tissue.

7. Wharton’s jelly from the human umbilical cord may be an adequate source
for obtaining mesenchymal stem cells for wound healing given its several ad-
vantages and together with the synergistic benefits of a nanoscaffold they
make ideal combinations as wound dressings for slow healing and hard-to-heal

chronic wounds.



Chapter 7

ABSTRACT

Introduction: The skin is the largest organ in the human body and forms a self-
renewing and self-repairing interface between the body and the environment. Cu-
taneous wounds are the result of disrupted skin integrity [1]. Wound healing is a
dynamic, interactive biological process involving soluble mediators, blood cells, ex-
tracellular matrix proteins, and parenchymal cells. The purpose of wound healing
is to repair the skin to prevent infection and to restore the tissue integrity and
function.

Wound healing consists of three distinct and overlapping phases: inflammation,
cell proliferation (neoangiogenesis, granulation, and re-epithelialization), and a re-
modeling phase (extracellular matrix remodeling). Standard treatment of chronic
wounds is commonly addressed to modify controllable causative factors, but so far no
ideal therapy is available to treat troublesome chronic wounds. Mesenchymal stem
cells are emerging as a promising candidate for cell-based therapy for the treatment
of chronic wounds because of their enormous potential for enhancing tissue repair
and regeneration following injury.

Bone marrow MSCs are usually considered as a gold standard and the most
investigated mesenchymal stem cell source. However, the use of MSCs obtained
from bone marrow exposes the donor to a painful and invasive procedure, leading to
the use of non-invasive and ethically non-problematic sources. Thus, MSCs obtained
from ethically approved sources that otherwise would be discarded in hospitals are
also used in studies, considering their multiple properties [56].

From the different available sources of MSCs, the umbilical cord represents a cost-
effective, productive, feasible, accepted, and non-invasive method to isolate MSCs,
and is considered advantageous compared with bone marrow and adipose-derived
MSCs for some researchers [141].

Mesenchymal stem cells have immune avoidance mechanisms that reduce im-
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munogenicity that is necessary to avoid the acute rejection response by the host
following xenogeneic transplantation. Hypoimmunogenicity of MSCs confers a crit-
ical advantage in their use for cell therapy. Furthermore, MSC immunomodulation
takes place over a multistage process involving (1) MSC responsiveness to inflam-
mation and possible migration to the site of tissue injury, (2) licensing or activation
of MSCs, (3) promotion of pathogen clearance if required and (4) modulation of
inflammation [77].

The rapidly developing fields of stem cell biology and skin tissue engineering
have created translational opportunities for the development of novel stem cell-based
wound healing therapies that show promising results in preclinical and clinical trials
for the treatment of chronic wounds.

Both topical and systemic MSCs delivery methods have been shown to be effec-
tive for wound healing. While systemic delivery of MSCs has been shown to deposit
cells at the injury site, cell engraftment and survival, have been limited. This has led
to the majority of studies looking at novel cell delivery systems to enhance wound
healing [55].

Several different biosynthetic scaffolds have been used alone or in combination
with cells to treat wounds. Among the various scaffolds employed, silk fibroin cellu-
larized with MSCs from different sources has been shown to be effective in repairing
experimental wounds of the skin [145].

Electrospun silk fibroin scaffolds have two distinctive characteristics that make
them very appropriate for tissue engineering. First, the morphology and architecture
of the electrospun structure is similar to those of some natural extracellular matrix
(ECM) in the skin that are composed of randomly oriented collagens of nanometer-
scale diameters. Second, the scaffold structure changes dynamically over time, as
the polymer nanofibers degrade allowing the seeded cells to proliferate and produce
their own ECM [118].

Given their mesenchymal phenotype and easy isolation, we hypothesized that
human Wj-MSCs may constitute an alternative source of cells for dermal wound
healing as they avoid the inherent sourcing limitations displayed by human BMM-
SCs. In this study, we pretended to investigate the behavior of Wj-MSCs both in
vitro and in vivo when cultivated on electrospun silk fibroin scaffolds and implanted
in immunocompetent mice. Thus, the purpose of the present study was to determine
whether Wj-MSCs delivered in silk fibroin scaffolds into skin defects in SKH1 mice
would contribute to dermal wound healing.

Objectives

General: Standardize the protocol for the isolation and characterization of
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human Wharton’s jelly mesenchymal stem cells and investigate its therapeutic effect
on cutaneous wound healing process in mice.

Specific:

1. To standardize the explant method for the isolation of mesenchymal stem cells

from the Wharton’s jelly of the human umbilical cord.

2. To characterize the Wharton’s jelly mesenchymal stem cells regarding its differ-
entiation capacity, immunophenotype, proliferation kinetics, and immunomod-

ulatory properties.

3. To test the ability of a three-dimensional nanofibrous scaffold fabricated by
electrospinning of silk fibroin to support the growing and spreading of human

Wharton’s jelly MSCs and its use in wound healing.

4. To assess the effect of Wharton’s jelly mesenchymal stem cells in cutaneous

regeneration by using the excisional wound splinting model in SKH1 mice.

5. To perform an histological and immunohistochemical study of the wound
healing process in the transplanted mice, regarding inflammation, re-
epithelialization, granulation tissue formation, angiogenesis and remodeling of
the wound. Furthermore, to test the safety and biodistribution of the locally

implanted human Wj-MSCs in the murine model of wound healing.

Methodology: In this study, we have first standardized the protocol for the isola-
tion and characterization of MSCs derived from the Wharton’s jelly of the human
umbilical cord. Further, these MSCs along with the combination of silk fibroin scaf-
folds were used to test their wound healing properties by creating skin wounds in
an experimental murine model.

Human umbilical cords were collected after obtaining informed consent from
patients undergoing full-term pregnancy elective caesarean section. Wj-MSCs were
isolated from explants and then expanded following the standard in vitro culturing
protocols.

For the characterization of Wj-MSCs, differentiation analysis was carried out to
demonstrate that these cells possess mesodermal plasticity under ¢n vitro conditions.
In addition, proliferation kinetics of Wharton’s jelly was stimated by determining
the population doubling levels and population doubling time, and compared to that
displayed by BM-MSCs. Also, MTT assay was performed to determine the metabolic
activity of the MSCs.

MSCs from the Wharton’s jelly of the umbilical cord were compared to bone

marrow-derived MSCs regarding the T-cell proliferation inhibition potential after
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stimulation with allogeneic mDCs or CD3/CD28 coated beads. Besides, cytokines
released by the MSCs were quantified in the supernatants of MLCs.

Silk fibroin scaffolds were made by the Department of Biotechnology (IMIDA)
by following the protocol previously described by Aznar-Cervantes et al. [162].
Analysis of expression of MSC surface markers by flow cytometry and cell viability
analysis were performed to discard possible cytotoxic effects of silk fibroin scaffolds
on Wj-MSCs.

Two groups of seventy-five mice each group were divided into five different sub-
groups (n=15), based on the type of treatment applied, i.e., Group 1: wounds
covered by Linitul®; Group 2: wounds covered by silk fibroin scaffolds; Group 3:
wounds treated with Wj-MSCs injected at the edge (Wj-MSCs Edge); Group 4:
wounds treated with silk fibroin patches cellularized with Wj-MSCs (Wj-MSCs-SF);
and Group 5: wounds treated with Wj-MSCs injected at the edge along with silk
fibroin patches cellularized with MSCs covering the wound site (Wj-MSCs-SF +
Edge). Every subgroup underwent the sacrifice of three mice at different times, i.e.,
48 hours, 7 days, 14 days, 21, and 28 days.

A chronologic histological and immunohistochemical analysis of wound samples
from all experimental groups was carried out to determine the changes produced in
situ after the inclusion of silk fibroin scaffold and/or Wharton’s jelly MSCs during
the skin regeneration process.

Results: Cells isolated from the Wharton’s jelly of the umbilical cord exhibited
a fibroblastic morphology and displayed MSC surface markers uniformly positive for
CD90, CD105, CD73 with no detectable presence of hematopoietic cells markers,
suggesting that they belonged to the MSC family. Moreover, Wj-MSCs were lim-
ited with respect to their ability to differentiate into adipocytes, chondrocytes, and
osteoblasts.

The proliferation analysis performed in this study revealed that MSCs from the
umbilical cord were highly proliferative whereas the growth potential of BM-MSCs
was significantly lower. Such proliferation characteristics did not change even after
ten passages, unlike BM-MSCs that increased the PDT from passage nine.

Wharton’s jelly MSCs suppressed T cell proliferation after stimulation with anti-
CD3/CD28 coated beads and allogeneic mDCs. This effect was dose-dependent, and
maximal inhibition was achieved when mononuclear cells and MSCs were cultured in
a 1:1 ratio. Wharton’s jelly MSCs downmodulated the in vitro production of the pro-
inflammatory cytokine IFN-y by activated T lymphocytes. This immunosuppressive
effect was also mediated by the production of the anti-inflammatory cytokines TGF-
B, IDO, and PGE2. MLCs experiments in the presence of different specific inhibitors
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of the biosynthesis or signaling of these anti-inflammatory factors such as SB-431542,
indomethacin (IDM) or 1-methyl-tryptophan (1-MT), respectively, recovered almost
entirely the proliferation rate of mDCs-stimulated T cells.

Wj-MSCs seeded on silk fibroin scaffolds maintained a spindle-shaped morphol-
ogy and did not show any change in the cell surface marker expression profile.
Therefore, the electrospun SF scaffold cellularized with Wj-MSCs were found to
be suitable as a skin substitute. Treatment of skin injury of SKH1 mice model
demonstrated that combination of Wj-MSCs and silk fibroin scaffold exhibited sig-
nificantly better wound-healing capabilities, and contributed to the generation of
a high-quality, well-vascularized granulation tissue, enhanced re-epithelialization of
the wound and reduced the formation of fibrotic scar tissue, ending in a better
aesthetic appearance of regenerated skin compared to Wj-MSCs alone.

Analysis of biodistribution of transplanted Wj-MSCs did not show the presence
of cells in any examined organs, and besides these cells did not experience abnormal
proliferation or formed teratomas and/or tumors.

Conclusions: The explant method proved to be an efficient method for the
isolation of MSCs from the Wharton’s jelly of the human umbilical cord.

Human Wharton’s jelly MSCs have greater growth potential than bone marrow
MSCs and possess a limited capacity to differentiate into mature mesodermal cell
lines.

Wharton’s jelly MSCs have reduced immunogenicity, did not express costimu-
latory molecules, and express cytokines that may modulate immune function. The
immunosuppressive effects on T lymphocytes proliferation induced by allogeneic
mDCs or CD3/CD28 beads stimulation are mediated by the secretion of the anti-
inflammatory factors TGF-3, PGE2 and IDO and by inhibiting the production of
the pro-inflammatory cytokine IFN-y. Together, these results suggest that human
Wj-MSCs could be immunotolerated after their allogeneic transplantation.

Electrospun silk fibroin scaffolds are suitable from both the morphological (fiber
size and porosity) /structural (stability), and biological (cytocompatibility) point of
view to be used as tissue engineering matrices in tissue regeneration of skin.

The excisional wound splinting model created in SKH1 mice allowed to study
the mechanisms underlying wound healing after the implantation of cellularized silk
fibroin patches or the injection of Wj-MSCs into the wound edges. This SKH1 mice
skin injury model suggests that combination of electrospun silk fibroin scaffolds
along with Wj-MSCs can be efficiently used to treat the skin injury.

Wharton’s jelly MSCs combined with silk fibroin scaffolds in the wound bed

contributed to the generation of a high-quality, well-vascularized granulation tissue,
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enhanced re-epithelialization of the wound, and attenuated the formation of fibrotic
scar tissue. Wj-MSCs could transdifferentiate into epidermal cells, keratinocytes,
and microvascular endothelium, therefore they seem to promote the production of
an ECM that more closely resembles uninjured dermal tissue.

Wharton’s jelly from the human umbilical cord may be an adequate source for
obtaining MSCs for wound healing given its several advantages and together with
the synergistic benefits of a nanoscaffold they make ideal combinations as wound

dressings for slow healing and hard-to-heal chronic wounds.



Chapter 8

RESUMEN

Introduccion: La piel es el 6rgano méas extenso del cuerpo humano y forma una
interfase entre el cuerpo y el medio ambiente, que se autorenueva y regenera [1].
Las heridas cutéaneas son producto de la ruptura de la integridad de la piel. La
cicatrizacion de heridas es un proceso bioldgico dindmico que implica mediadores
solubles, células sanguineas, proteinas de la matriz extracelular y células del paren-
quima. La finalidad del proceso de cicatrizacion de heridas es reparar la piel para
evitar la aparicion de infecciones y restaurar la integridad y funcion del tejido.

El proceso de cicatrizacion consiste en tres fases distintas que se solapan en-
tre si: inflamacion, proliferacion celular (neoangiogénesis, formacion de tejido de
granulacion y re-epitelizacion) y una fase de remodelado (remodelado de la matriz
extracelular). El tratamiento estandar de las heridas cronicas esta dirigido a mod-
ificar los factores que originan las mismas, sin embargo no existe un tratamiento
ideal para tratar heridas cronicas de dificil cicatrizacion. Las células mesenquimales
(MSCs) estan emergiendo como fuertes candidatas para ser usadas como terapia
celular en el tratamiento de heridas crénicas, dado su enorme potencial para mejo-
rar la reparacion y regeneracion de los tejidos posterior a una lesion.

Las MSCs de la médula 6sea (BM-MSCs) son consideradas el modelo de refer-
encia y siguen siendo las células mas investigadas hasta el momento. Sin embargo,
el uso de MSCs obtenidas de la médula 6sea requiere la realizacion de un proceso
invasivo que resulta doloroso e implica riesgos para el donante, lo que ha conllevado
al uso de otras fuentes de MSCs que no estan relacionadas con procesos invasivos ni
generan problemas de caracter ético para su obtencion [56].

De las diferentes fuentes disponibles de MSCs, el cordén umbilical representa
una fuente rentable, productiva, viable, aceptada, y no invasiva para aislar MSCs,
y algunos investigadores consideran que tiene ventajas en comparacion con MSCs

provenientes de la médula 6sea y del tejido adiposo [141].
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Las MSCs tienen mecanismos de evasion inmune que reducen su inmunogenici-
dad evitando asi la respuesta de rechazo agudo por el huésped después del trasplante
xenogénico. La baja inmunogenicidad de las MSCs les confiere una ventaja impor-
tante en su uso para terapia celular. Ademas, la inmunomodulacién que presentan
las MSCs es un proceso que tiene lugar a través de multiples etapas que implican:
(1) la capacidad de respuesta de las MSCs a la inflamacion y posible migracion al
sitio de la lesion tisular, (2) la activacion de las MSCs, (3) promocion de eliminacion
de agente patégeno cuando es necesario, y (4) modulacion de la inflamacion [77].

El rapido desarrollo de los campos de la biologia de las células madre y de
ingeneria tisular han creado una oportunidad en la medicina traslacional para el
desarrollo de nuevas terapias para la cicatrizacion de heridas basadas en la utilizacion
de células madre mostrando resultados prometedores en ensayos preclinicos y clinicos
para el tratamiento de heridas cronicas.

Tanto los métodos de aplicacion topica como sistémica de MSCs han demostrado
ser efectivos para la cicatrizacion de heridas. Aunque la aplicacién sistémica de
MSCs ha demostrado ser capaz de llevar las células hasta el lugar de la lesion, el
injerto y la supervivencia de las células es limitada. Esto ha conllevado a la bisqueda
de nuevos sistemas de administracion de células para mejorar la cicatrizacion de
heridas [55].

En la actualidad se han utilizado diferentes constructos biosintéticos, ya sean
solos o combinados con células, para el tratamiento de heridas. Entre los diversos
constructos empleados, la fibroina de la seda celularizada con MSCs de diferentes
fuentes ha demostrado ser eficaz en la curacion de heridas experimentales de la piel
[145].

Los constructos electrohilados de fibroina de la seda tienen dos caracteristicas
distintivas que los hacen muy adecuados para su utilizaciéon en ingenieria tisular.
En primer lugar, la morfologia y la arquitectura de la estructura electrohilada es
similar a la observada en la matriz extracelular de la piel, la cual se compone de
nanofibras de coldgeno orientadas al azar. En segundo lugar, la estructura del
constructo cambia dindmicamente con el tiempo, ya que las nanofibras del polimero
se degradan permitiendo que las células sembradas proliferen y produzcan su propia
matriz extracelular [118].

Dado su fenotipo mesenquimal y su facilidad de aislamiento, nuestra hipotesis
es que las MSCs de la gelatina de Wharton del cordon umbilical humano (Wj-
MSCs) pueden constituir una fuente alternativa de células para ser utilizadas en la
cicatrizacion de heridas dado el hecho de que su uso no conlleva las limitaciones

inherentes a las MSCs derivadas de la médula 6sea. En este estudio pretendemos
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investigar el comportamiento de las Wj-MSCs tanto in wvitro como in vivo tras ser
sembradas en un constructo electrohilado compuesto de fibroina de la seda y pos-
teriormente implantado en ratones inmunocompetentes. Por lo tanto, el propoésito
del presente estudio fue determinar si las Wj-MSCs aplicadas mediante constructos
de fibroina de seda en heridas creadas en el dorso de ratones SKH1 contribuyen a
mejorar la cicatrizacion de la lesion.

Objetivo general: Estandarizar el protocolo de aislamiento y caracterizacion
de las MSCs de la gelatina de Wharton del cordén umbilical humano e investigar su
efecto terapéutico en el proceso de cicatrizacion de heridas en un modelo murino.

Objetivos especificos:

e Estandarizar el método de explante para aislamiento de las Wj-MSCs y poste-
riormente realizar la caracterizaciéon de las mismas en cuanto a su capacidad de
diferenciacion, inmunofenotipo, cinética de proliferacion, asi como el estudio

de sus propiedades inmunomoduladoras.

e Estudiar la capacidad del constructo fabricado mediante electrohilado de fi-
broina de la seda para mantener el crecimiento y extension de las Wj-MSCs y

su uso para la cicatrizaciéon de heridas.

e Determinar el efecto de las Wj-MSCs en la regeneracion cutanea usando para
ello un modelo murino de heridas, realizando posteriormente un estudio his-
tologico e inmunohistoquimico del proceso de cicatrizacion. Finalmente, estu-

diar la seguridad y biodistribuciéon de las MSCs en los ratones transplantados.

Metodologia: En este estudio inicialmente hemos puesto a punto el protocolo para
el aislamiento y caracterizacion de las MSCs derivadas de la gelatina de Wharton
del cordén umbilical humano. Posteriormente, estas MSCs en combinacién con un
constructo fabricado a partir de la fibroina de la seda fueron utilizados para probar
sus propiedades terapéuticas en un modelo murino experimental de heridas.

Los cordones umbilicales de origen humano fueron recolectados luego de la obten-
cion del consentimiento informado de pacientes con embarazo a término que iban
a ser sometidas a cesarea. Las Wj-MSCs fueron aisladas mediante el método de
explante y posteriormente fueron expandidas siguiendo los protocolos estandar de
cultivo wn wvitro.

Para realizar la caracterizacion de las Wj-MSCs, se llevd a cabo un analisis de la
capacidad de diferenciaciéon de estas células para demostrar que tienen plasticidad
mesodérmica bajo ciertas condiciones in wvitro. Ademas, se analizé la cinética de

proliferaciéon mediante la determinacion del nimero y tiempo de duplicaciéon de la
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poblacién celular y se compar6 con la mostrada por las MSCs de la médula 6sea.
Por otra parte, también se realizaron ensayos de MTT para determinar la actividad
metabolica de ambas fuentes de MSCs.

Las MSCs mesenquimales derivadas del cordén umbilical fueron comparadas con
las aisladas de la médula 6sea en cuanto al potencial para inhibir la proliferacion
de linfocitos T tras ser estimulados con esferas conjugadas con anticuerpos anti-
CD3/CD28, asi como con células dendriticas maduras (mDCs) alogenicas. También
se cuantifico mediante ELISA la produccion de citokinas pro-inflamatorias y anti-
inflamatorias en los sobrenadantes de los cultivos mixtos de linfocitos.

Los constructos de fibroina de seda fueron fabricados en el departamento de
Biotecnologia del Instituto Murciano de Investigacién y Desarrollo Agrario y Ali-
mentario (Murcia, Espana) siguiendo el protocolo descrito previamente por Aznar-
Cervantes y colaboradores [163]. Ademaés, se realiz6 mediante citometria de flujo
el analisis de la expresion de marcadores de superficie mesenquimales y un estudio
de viabilidad celular para descartar posibles efectos citotoxicos del constructo de
fibroina de seda sobre las MSCs de la gelatina de Wharton.

Los experimentos in wvivo fueron realizados en dos grupos de setenta y cinco
ratones cada uno que a su vez fueron divididos en cinco subgrupos diferentes (n
= 15), dependiendo del tipo de tratamiento aplicado sobre la herida. Es decir,
el grupo 1, estuvo compuesto por los ratones cuyas heridas fueron cubiertas con
Linitul®; en el Grupo 2 , las heridas fueron cubiertas por los constructos de fibroina
de seda; en el Grupo 3, las heridas fueron tratadas con Wj-MSCs inyectadas en el
borde de la herida (Wj-MSC Edge); en el Grupo 4, las heridas fueron tratadas con
parches de fibroina de seda celularizados con Wj-MSCs (Wj-MSC-SF); y finalmente
el Grupo 5, cuyas heridas fueron tratadas con Wj-MSC inyectadas en el borde junto
con parches de fibroina de seda celularizados con MSCs que cubrian la zona de la
herida (Wj-MSC-SF + Edge). Tres ratones de cada subgrupo fueron sacrificados a
distintos tiempos, es decir, a las 48 horas, 7 dias, 14 dias, 21 y 28 dias sucesivos a
la realizacion de la herida. Posteriormente se llevaron a cabo anélisis histolégicos e
inmunohistoquimicos de las muestras de las heridas de todos los grupos experimen-
tales a lo largo del tiempo para determinar los cambios producidos in situ después
de la inclusion del constructo de fibroina de seda y/o de MSCs de la gelatina de
Wharton durante el proceso de regeneracion de la piel.

Resultados: Las MSCs aisladas de la gelatina de Wharton del cordén umbilical
mostraron una morfologia fibroblastica, y presentaron en su superficie la expresion
de marcadores mesenquimales que fueron positivos de manera uniforme para CD90,

CD105, CD73, y sin presencia detectable de marcadores de células hematopoyéticas,
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lo que sugirié que estas células eran de origen mesenquimal. Por otra parte, las
Wj-MSCs mostraron una capacidad limitada para diferenciarse hacia adipocitos,
condrocitos, y osteoblastos.

El analisis de la proliferacion realizado en este estudio reveld que las MSCs proce-
dentes del cordon umbilical fueron altamente proliferativas mientras que el potencial
de crecimiento de las BM-MSCs fue significativamente menor. Tales caracteristicas
de proliferacién no cambiaron incluso después de realizar diez pases, a diferencia de
las BM-MSCs que aumentaron el tiempo de duplicaciéon de la poblacion a partir del
pase 9.

Las MSCs de la gelatina de Wharton inhibieron de forma significativa la pro-
liferacion de células T tras ser estimuladas con esferas anti-CD3/CD28, asi como
con células dendriticas maduras alogénicas. Este efecto fue dosis-dependiente, con-
siguiéndose la inhibicién méxima cuando las células mononucleadas y las MSCs se
cultivaron en una proporciéon de 1: 1. Las MSCs de la gelatina de Wharton dis-
minuyeron la producciéon in wvitro de la citoquina pro-inflamatoria IFN-y por los
linfocitos T activados. Este efecto inmunosupresor también estuvo mediado por la
produccion de los factores anti-inflamatorios TGF-3, IDO, y PGE2. Los experimen-
tos con cultivos mixtos de linfocitos en presencia de diferentes inhibidores especifi-
cos de la biosintesis o la senalizacion de estos factores anti-inflamatorios tales como
SB-431542, indometacina (IDM), o 1-metil-triptofano (1-MT) respectivamente, re-
cuperaron casi en su totalidad el nivel de proliferacion de las células T estimuladas
con células dendriticas maduras.

Las Wj-MSCs sembradas sobre constructos de fibroina de seda mantuvieron una
morfologia fibrobldstica y no mostraron ningin cambio en el perfil de expresion
de marcadores de superficie celular. Por lo tanto, los constructos electrohilados
de fibroina de seda celularizados con Wj-MSCs resultaron ser adecuados como un
sustituto de la piel. El tratamiento de las heridas de la piel en ratones SKH1
demostré que la combinacion de Wj-MSCs y el constructo de fibroina de la seda
mejord significativamente la capacidad de cicatrizacion de heridas, y contribuyo
a la generacion de un tejido de granulacion bien vascularizado y de alta calidad,
al aumento de la re-epitelizacion de las heridas y a la reduccion de la formacion
de tejido cicatrizal, culminando en la formaciéon de una piel regenerada con mejor
aspecto estético en comparacion con los animales tratados sélo con Wj-MSCs o los
grupos controles.

El analisis de la biodistribuciéon de las Wj-MSCs trasplantadas no mostro la
presencia de células en ninguno de los 6rganos examinados tras el sacrifico de los

ratones. Ademas, estas células no experimentaron proliferacién anormal ni formaron
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teratomas y/o tumores.

Conclusiones:

e El método de explante demostré ser un método eficaz para el aislamiento de

MSCs de la gelatina de Wharton del cordén umbilical humano.

e Las MSCs de la gelatina de Wharton tienen mayor potencial de crecimiento
que las células madre mesenquimales de la médula 6sea y poseen una capacidad

limitada para diferenciarse en lineas celulares mesodérmicas maduras.

e Las MSCs de la gelatina de Wharton del cordéon umbilical humano son poco
inmunogénicas, no expresan moléculas coestimuladoras, y expresan citoquinas
que pueden modular la funcién inmune. Los efectos inmunosupresores sobre
la proliferaciéon de linfocitos T inducidos por mDCs alogénicas o esferas anti-
CD3/CD28 estan mediados por la secrecion de los factores anti-inflamatorios
TGF-3, PGE2 y IDO y la inhibicion de la produccion de la citoquina pro-
inflamatoria IFN-y. En conjunto, estos resultados sugieren que las Wj-MSCs

podrian ser inmunotoleradas después de su trasplante alogénico.

e Los constructos electrohilados de fibroina de seda son adecuados tanto desde
el punto de vista morfologico (tamano de la fibra y porosidad) / estructural
(estabilidad), y biologico (citocompatibilidad) para ser utilizado como matrices

de ingenieria tisular en la regeneracion de la piel.

e El modelo murino de herida creado en ratones SKH1 permitié estudiar los
mecanismos subyacentes a la curacion de heridas después de la implantacion
de los parches de fibroina de seda celularizados o la inyeccion de Wj-MSCs en
los bordes de la herida. Este modelo sugiere que la combinacién de construc-
tos electrohilados de fibroina de seda junto con Wj-MSCs puede ser utilizada

eficientemente para el tratamiento de lesiones de la piel.

e La combinacion de MSCs de la gelatina de Wharton con los constructos de
fibroina de seda contribuy6 a la generacion de un tejido de granulacion de
alta calidad, y escasa formacién de tejido cicatrizal. Las Wj-MSCs podrian
transdiferenciarse hacia células epidérmicas, queratinocitos, y endotelio mi-
crovascular, y por lo tanto, parecen promover la producciéon de una matriz

extracelular que se asemeja bastante al tejido dérmico no lesionado.

e La gelatina de Wharton del cordéon umbilical humano puede ser una fuente
adecuada para la obtencion de MSCs para ser utilizadas en la cicatrizacion de

heridas debido a sus diversas ventajas y junto con los beneficios sinérgicos de
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un constructo pudieran conformar una combinacion ideal como apésitos para

heridas cronicas de lenta y dificil curacion.
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DOCUMENTO DE INFORMACION AL DONANTE (v.3)

UTILIZACION DE DATOS CLINICOS Y MATERIAL BIOLOGICO EXCEDENTE DEL PROCESO ASISTENCIAL PARA
INVESTIGACION BIOMEDICA Y SU CONSERVACION EN UN BIOBANCO.

En el Hospital Clinico Universitario Virgen de la Arrixaca, igual que en la mayoria de hospitales, ademas de la
asistencia a los pacientes, se realiza investigaciéon biomédica. La finalidad de esta investigacién es progresar en el
conocimiento de las enfermedades y en su prevencion, diagndstico, prondstico y tratamiento. Esta investigacién
biomédica requiere recoger datos clinicos y muestras biolégicas de pacientes y donantes sanos para analizarlos y
obtener conclusiones con el objetivo de conocer mejor las enfermedades y avanzar su diagnéstico y/o tratamiento.

Las muestras y datos clinicos obtenidos para el diagnéstico o control de las enfermedades, una vez utilizadas con esta
finalidad, resultan también utiles y necesarias para la investigaciéon. De hecho, muchos de los avances cientificos
obtenidos en los ultimos afios en medicina son fruto de este tipo de estudios

Solicitamos su autorizacién para incorporar al Biobanc-Mur Nodo Area I del hospital el material biolégico
sobrante de las pruebas que, como parte del actual proceso asistencial, se le han realizado o se le van a
realizar en este centro, con el fin de que puedan ser utilizadas en investigacion biomédica.

Siguiendo lo establecido por la Ley 14/2007, de Investigacién Biomédica, la Ley Organica 15/1999, de Proteccion de
Datos Personales, y sus normas de desarrollo, le solicitamos que lea detenidamente este documento de informacién y
el consentimiento informado que se le adjunta al final para su firma, si esta de acuerdo en participar en esta propuesta

;Qué es un biobanco?: Institucion para favorecer la investigacion y la salud.

Un biobanco es una institucidon, regulada por leyes especificas, que facilita la investigacion biomédica, es decir, aquella
dirigida a promover la salud de las personas.

Las muestras incluidas en un biobanco pueden ser cedidas para investigacién en Medicina, siempre bajo la supervision
de un comité cientifico y otro de ética. Las muestras se cederan generalmente sin informacién personal asociada,
aunque a veces podra ser necesario el acceso a la historia clinica o al resultado de otras pruebas para completar la
investigacion.

La investigacién biomédica es, hoy en dia, un fenémeno global por lo que ocasionalmente estas muestras podran ser
cedidas a grupos de investigacién fuera de Espafia, siempre que se cumplan los requisitos de la legislacion espafiola y
lo aprueben los correspondientes comités.

Muestras bioldgicas e informacidon asociada: En ningiin caso se le practicardn mds pruebas de las
imprescindibles para su adecuada atencién médica.

Se guardara y dispondra del material biol6gico sobrante que se le extraiga durante el proceso asistencial (muestras de
sangre, liquidos biolégicos y/o tejidos), sin que este hecho le cause molestias adicionales. La donacién de muestras
excedentes de este proceso asistencial no impedira que usted o su familia puedan usarlas, cuando sea necesario por
motivos de salud, siempre que estén disponibles. Las muestras y la informacion asociada a las mismas se custodiaran
y/o guardaran en el Biobanco Biobanc-Mur Nodo Area I del Hospital Clinico Universitario Virgen de la Arrixaca
hasta su extincién. Este Biobanco forma parte como nodo de la Red Tematica de Investigacién Cooperativa (RETIC) de
Biobancos del Instituto de Salud Carlos III con la referencia RD09/0076/00065, y esta en proceso de Registro con el
desarrollo de la normativa regional de Biobancos que aplica la normativa nacional.

Este biobanco acoge colecciones organizadas de muestras bioldgicas e informaciéon asociada en las condiciones y
garantias de calidad y seguridad que exige la legislacién anteriormente referida y los cédigos de conducta aprobados
por los Comités de Etica. Dichas muestras y su informacién asociada quedan disponibles para aquellos investigadores
que lo soliciten al biobanco.

Biobanc-Mur. Biobanco en Red de la Regién de Murcia
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Cualquier estudio de investigaciéon para el que se solicite la utilizacién de estos datos o muestras deberd disponer
siempre de la aprobacién del Comité de Etica de la Investigacién (CEI) competente, que velara para que los
investigadores desarrollen sus estudios siguiendo siempre las mas estrictas normas éticas y legales. Ademas, el comité
cientifico del biobanco garantizara que los proyectos sean de excelencia cientifica.

A partir de las muestras donadas, en los casos en que la investigacion lo requiera, se realizaran estudios genéticos, y a
partir de ellos se puede obtener informacidn acerca de su salud y la de sus familiares. Siempre se actuara velando por
la proteccion de esta informacién (ver apartado de proteccién de datos y confidencialidad).

Por este consentimiento, los responsables del Biobanco del Hospital podran consultar su historial clinico, solamente en
el caso de que ello sea imprescindible para la realizacién del proyecto para el que se soliciten las muestras y previa
autorizacion por parte del Comité de Etica correspondiente.

En caso de ser necesaria alguna muestra adicional, la institucién sanitaria se podria poner en contacto con usted para
solicitarle nuevamente su colaboracion. En este caso se le informara de los motivos y se le solicitara de nuevo su

consentimiento.

Proteccién de datos y confidencialidad: Las muestras se conservardn codificadas.

Los datos personales que se recojan seran obtenidos, tratados y almacenados cumpliendo en todo momento el deber
de secreto, de acuerdo con la legislacion vigente en materia de proteccion de datos de caracter personal.

La identificaciéon de las muestras bioldgicas del Biobanco sera sometida a un proceso de codificaciéon. A cada muestra
se le asigna un cédigo de identificacion, que sera el utilizado por los investigadores. Unicamente el personal autorizado
por el biobanco podra relacionar su identidad con los citados cddigos. Mediante este proceso los investigadores que
soliciten muestras al biobanco no podran conocer ningin dato que revele su identidad. Asimismo, aunque los
resultados obtenidos de la investigacidn realizada con sus muestras se publiquen en revistas cientificas, su identidad
no sera facilitada. En aquellos estudios en los que no se prevean resultados potencialmente utiles para su salud, y de
acuerdo con el correspondiente Comité de Etica, las muestras y datos podran ser anonimizadas, es decir, no habra
ninguna posibilidad de volver a asociar la muestra con su identidad.

Sus muestras y los datos clinicos asociados a las mismas, pasaran a formar parte del fichero del Biobanco, inscrito en la
Agencia de Proteccion de datos.

Responsable del fichero : Fundacién para la Formacién e Investigacion Sanitarias de la Regién de Murcia.
Direccién Postal: Calle Luis Fontes Pagan, 9-1, 30003 Murcia

Usted podra ejercer sus derechos de acceso, rectificacién, cancelacién y objecidn, asi como obtener informacién sobre
el uso de sus muestras y datos asociados, dirigiéndose a:

Fundacién para la Formacidn e Investigacion Sanitarias de la Regién de Murcia
Responsable del nodo Calle Luis Fontes Pagan, 9-1, 30003 Murcia
Tel.: 968359757 E-mail: juanp.serna@carm.es

Caracter altruista de la donacidon. La cesion de muestras bioldgicas que usted realiza al Biobanco del
Hospital Clinico Universitario Virgen de la Arrixaca es gratuita.

La donacioén tiene por disposicién legal caracter altruista, por lo que usted no obtendra ni ahora ni en el futuro ningiin
beneficio econémico por la misma, ni tendra derechos sobre posibles beneficios comerciales de los descubrimientos
que puedan conseguirse como resultado de la investigacion biomédica. Sin embargo, los conocimientos obtenidos
gracias a los estudios llevados a cabo a partir de su muestra y de muchas otras pueden ayudar al avance médico y, por
ello, a otras personas.
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Participaciéon voluntaria. Su negativa NO repercutird en su asistencia médica, presente o futura

Su participacién es totalmente voluntaria. Si firma el consentimiento informado, confirmara que desea participar.
Puede negarse a participar o retirar su consentimiento en cualquier momento posterior a la firma sin tener que
explicar los motivos y esto no repercutird negativamente en su asistencia médica, presente o futura.

Revocacion del consentimiento: si usted decide firmar este consentimiento, podrd también cancelarlo
libremente.

Si en un futuro usted quisiera anular su consentimiento, sus muestras bioldgicas serian destruidas y los datos
asociados a las mismas serian retirados del biobanco. También podria solicitar la anonimizacién de las muestras, en
cuyo caso se eliminaria la relacion entre sus datos personales (que revelan su identidad) y sus muestras biolégicas y
datos clinicos asociados. Los efectos de esta cancelaciéon o anonimizacién no se podrian extender a la investigacién que
ya se hubiera llevado a cabo.

Si deseara anular su consentimiento, deberd solicitarlo por escrito al Director del Biobanco, en la direccién
anteriormente indicada.

Informacién sobre los resultados de la investigacidon: se le proporcionard informacion si usted desea
recibirla

En el caso de que usted lo solicite expresamente, el Biobanco podra proporcionarle informaciéon acerca de cudles son
las investigaciones en que se han utilizado sus muestras y de los resultados globales de dichas investigaciones, salvo en
el caso de cancelacién o anonimizacion.

Los métodos utilizados en investigacion Biomédica suelen ser diferentes de los aprobados para la practica clinica, por
lo que no deben de ser considerados con valor clinico para usted. Sin embargo, en el caso que estas investigaciones
proporcionen datos que pudieran ser clinica o genéticamente relevantes para usted e interesar a su salud o a la de su
familia, le seran comunicados si asi lo estima oportuno. Asimismo, podria darse el caso de obtenerse informacién
relevante para su familia, le corresponderd a usted decidir si quiere o no comunicarselo. Si Ud. quiere que se le
comunique dicha informacidn relevante debe consignarlo en la casilla que aparece al final de este documento.

Si usted no desea recibir esta informacion, tenga en cuenta que la ley establece que, cuando la informacién obtenida
sea necesaria para evitar un grave perjuicio para la salud de sus familiares biolégicos, un Comité de expertos estudiara
el caso y debera decidir si es conveniente informar a los afectados o a sus representantes legales.

Por favor, pregunte al personal sanitario que le ha comunicado esta informacion sobre cualquier duda que
pueda tener, ahora o en el futuro, en relacion con este consentimiento. Asimismo, puede comentar sus
dudas con su médico, quien le pondra en contacto con el personal sanitario autorizado.

Le agradecemos su desinteresada colaboracién con el avance de la ciencia y la medicina. De esta forma estd
usted colaborando a vencer las enfermedades y ayudar a multitud de enfermos actuales y futuros.
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CONSENTIMIENTO INFORMADO

UTILIZACION DE DATOS CLINICOS Y MATERIAL BIOLOGICO EXCEDENTE DEL PROCESO ASISTENCIAL
PARA INVESTIGACION BIOMEDICA Y SU CONSERVACION EN UN BIOBANCO

Nombre y Apellidos (donante).........ccovevvcernsnccinrineciesis s Persona del centro que informa

Edad: Sexo: | D)\ ) | D)\\)

Si ha comprendido la informacion que se le ha proporcionado, ha resuelto cualquier duda que pudiese tener y decide
colaborar con Biobanc-Mur Nodo Area | en los términos antes explicados, por favor, lea y firme a continuacién esta hoja

El abajo firmante autoriza al Hospital Clinico Universitario Virgen de la Arrixaca a que el material biol6gico sobrante
de las pruebas que se le han realizado o se le van a realizar como parte del actual proceso asistencial sean
incorporadas en el Biobanco Biobanc-Mur Nodo Area I, y que sea cedido desde el mismo con la finalidad de llevar a
cabo proyectos de investigacién biomédica, siempre que éstos cuenten con la obligada aprobacién del Comité de Etica
de Investigacion competente. Esta autorizacion la concede tras haber sido informado verbalmente y haber leido la
informacién adjunta.

Confirmo que:

1. Autoriza al Hospital Clinico Universitario Virgen de la Arrixaca a que el material bioldgico sobrante de las pruebas
que se le han realizado o se le van a realizar como parte del actual proceso asistencial sean incorporadas en el
Biobanc-Mur Nodo Area I,y que sea cedido desde el mismo con la finalidad de llevar a cabo proyectos de investigacién
biomédica, siempre que éstos cuenten con la obligada aprobacién del Comité de Etica de Investigacién competente.
Esta autorizacion la concede tras haber sido informado verbalmente y haber leido la informacién adjunta.

aslI ONO

2. Desea que se le comunique la informacién derivada de la investigacién que realmente sea relevante y aplicable para
su salud o la de su familia [JsI1 LINO Teléfono o E-mail de contacto........cceveverenvennnnerninnen

3. Autoriza a ser contactado en el caso de necesitar mas informacién o muestras bioldgicas adicionales

0IsI LINO Teléfono o E-mail de contacto: ......ccoceveeveieiencenceniennenne
4. He expresado mi deseo de que se respeten las siguientes excepciones respecto al objetivo y métodos de las
investigaciones:
DONANTE PERSONA QUE INFORMA
Firma Firma
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NSENTIMIENTO INFORMADO ANTE TESTI

UTILIZACION DE DATOS CLINICOS Y MATERIAL BIOLOGICO EXCEDENTE DEL PROCESO ASISTENCIAL PARA
INVESTIGACION BIOMEDICA Y SU CONSERVACION EN UN BIOBANCO.

Nombre y Apellidos (donante)..........coceeeereeerernenereneenecne s Persona del centro que informa
Edad: Sexo: | DJ\\) DN
Nombre y apellidos del testigo qUE firma........coeeerreessmeesnmeessmeesreesseesseesssessssessssenens D]\ (S

Si ha comprendido la informacién que se le ha proporcionado, ha resuelto cualquier duda que pudiese tener y decide
colaborar con Biobanc-Mur Nodo Area | en los términos antes explicados, por favor, lea y firme a continuacién esta hoja

El abajo firmante confirma que el donante:

1. Autoriza al Hospital Clinico Universitario Virgen de la Arrixaca a que el material bioldgico sobrante de las pruebas
que se le han realizado o se le van a realizar como parte del actual proceso asistencial sean incorporadas en el
Biobanc-Mur Nodo Area I,y que sea cedido desde el mismo con la finalidad de llevar a cabo proyectos de investigacién
biomédica, siempre que éstos cuenten con la obligada aprobacién del Comité de Etica de Investigacién competente.
Esta autorizacion la concede tras haber sido informado verbalmente y haber leido la informacién adjunta.

asI ONo

2. Desea que se le comunique la informacién derivada de la investigacién que realmente sea relevante y aplicable para
su salud o la de su familia asI ONOo Teléfono o E-mail de contacto........ccccveeeeiicnsniniensen
3. Autoriza a ser contactado en el caso de necesitar mas informacién o muestras biolégicas adicionales

aslI No Teléfono o E-mail de contacto: ........ccceeoeeevnceeeieeinecnecnen

4. He expresado mi deseo de que se respeten las siguientes excepciones respecto al objetivo y métodos de las
investigaciones:

5. Me autoriza a firmar en su nombre.

TESTIGO PERSONA QUE INFORMA

Firma Firma
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CONSENTIMIENTO INFORMADO PARA MENORES

UTILIZACION DE DATOS CLINICOS Y MATERIAL BIOLOGICO EXCEDENTE DEL PROCESO ASISTENCIAL PARA
INVESTIGACION BIOMEDICA Y SU CONSERVACION EN UN BIOBANCO.

Nombre y Apellidos (donante)..........cccceeeeivvrieiieiiiiieieiciec Persona del centro que informa
Edad: Sexo: DN DN
Nombre y apellidos del tutor legal que firma.........coenenseneeenseensernneeseeseesseessessseesseees 1D]\\) DT

Si ha comprendido la informacion que se le ha proporcionado, ha resuelto cualquier duda que pudiese tener y decide
colaborar con Biobanc-Mur Nodo Area | en los términos antes explicados, por favor, lea y firme a continuacién esta hoja

El abajo firmante autoriza al Hospital Clinico Universitario Virgen de la Arrixaca a que el material biol6gico sobrante
de las pruebas que se le han realizado o se le van a realizar como parte del actual proceso asistencial sean
incorporadas en el Biobanco Biobanc-Mur Nodo Area I, y que sea cedido desde el mismo con la finalidad de llevar a
cabo proyectos de investigacién biomédica, siempre que éstos cuenten con la obligada aprobacién del Comité de Etica
de Investigacién competente. Esta autorizacién la concede tras haber sido informado verbalmente y haber leido la
informacién adjunta.

El abajo firmante confirma que:

1. Se me ha informado que, llegada la mayoria de edad de mi representado, este tendra derecho a revocar o modificar
este consentimiento, para lo cual debera estar debidamente informado. En caso de que no ejerza dicho derecho, se
considerara que el actual documento de consentimiento informado sigue vigente.

asI ONo

2. Desea que se le comunique la informacién derivada de la investigacién que realmente sea relevante y aplicable para
su salud o la de su familia asI ONo Teléfono o E-mail de contacto........cccceeeeencensniersen e
3. Autoriza a ser contactado en el caso de necesitar mas informacién o muestras biolégicas adicionales

asI ONOo Teléfono o E-mail de contacto: ........cccceoevevveremceineinecnecnne

4. He expresado mi deseo de que se respeten las siguientes excepciones respecto al objetivo y métodos de las
investigaciones:

5. Me autoriza a firmar en su nombre.

TUTOR ASENTIMIENTO DEL MENOR | PERSONA QUE INFORMA
CAPACITADO
Firma Firma Firma
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REVOCACION DEL CONSENTIMIENTO

UTILIZACION DE DATOS CLINICOS Y MATERIAL BIOLOGICO EXCEDENTE DEL PROCESO ASISTENCIAL PARA
INVESTIGACION BIOMEDICA Y SU CONSERVACION EN UN BIOBANCO.

POR EL DONANTE:
YO, D. /DA, cotterrereenneeseesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssses con DNI ....coooviiiiiiiiiiiii anulo el consentimiento
prestado en fecha.......... (o [T de 20.......... y no deseo proseguir la donacién voluntaria al biobanco Biobanc-
Mur Nodo Area I, que doy por finalizada al dia de hoy.

[0 SOLICITO ELIMINACION SOLO DE LA MUESTRA.

[0 SOLICITO ELIMINACION SOLO DE MIS DATOS PERSONALES.
La muestra quedara anonimizada irreversiblemente y podra ser utilizada en proyectos de investigacion.

O SOLICITO ELIMINACION TOTAL DE MIS DATOS Y MUESTRAS.

Fdo.:
20 TR - N o [T de 20.........
POR EL TUTOR/REPRESENTANTE LEGAL DEL DONANTE:
YO, D./DRia. coreeeeereereerseesreeseessesssessesssessssssssssesssssssssssesaes COn DNI ..o , Como representante legal de
D/DNa. it e ,con DNI.............c..eccesuvennennnr, anulo el consentimiento prestado en
fecha.......... o [T de 20......y no deseo proseguir la donacion voluntaria al biobanco Biobanc-Mur Nodo Area I,

que doy por finalizada al dia de hoy.
[J SOLICITO ELIMINACION SOLO DE LA MUESTRA.
[0 SOLICITO ELIMINACION SOLO LOS DATOS PERSONALES.

La muestra quedara anonimizada irreversiblemente y podra ser utilizada en proyectos de investigacion.
O SOLICITO ELIMINACION TOTAL DE MIS DATOS Y MUESTRAS.

Fdo.:
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UMBILICAL CORD DATA SHEET

Patient ID:
Age:
Patient Medical Record number:

Umbilical Cord record number:

Date of Cesarean:
Time of Umbilical Cord collection:
Time of Umbilical Cord processing:

General Appearance:

Thickness: Thin: Medium: Thick:
Blood Clots: Few: Moderate: Plenty:
Wharton’s jelly: Scarce: Moderate: Plenty:
Initial Weight: Final Weight:

Lenght:

Mycobacterial Testing with BacT/ALERT? Systems:

Explant Procedure: Number of plates:

Date/Time:
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