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4 Abstract

ABSTRACT

Miretta Tommila

GRANULATION TISSUE FORMATION -The effect of hydroxyapatite coating of
cellulose on cellular differentiation

Department of Medical Biochemistry and Genetics, University of Turku, and
Department of Anesthesiology, Intensive Care, Emergency and Pain Medicine,
University of Turku and Turku University Hospital, Finland

Annales Universitatis Turkuensis, Ser. D, Medica — Odontologica, 2010, Turku, Finland

Cellulose was coated with a silica-rich hydroxyapatite layer resembling the mineral
composition of bone in search for a possible bone filler material. The hydroxyapatite-
coated cellulose did not, however, promote bone repair but instead favored inflammation
and fibroplasia. When implanted subcutaneously, these sponges rapidly generated a highly
vascular granulation tissue. Further investigation revealed that hydroxyapatite-coated
cellulose attracted not only inflammatory cells but also stem cells of both hematopoietic
and mesenchymal origin.

In the bone marrow, the hematopoietic stem cells reside near the endosteal surface of
bone, where the calcium concentration is more than 20-fold of that observed in serum
due to bone remodeling by osteoclasts. The hematopoietic stem cells are known to attach
to their niche via calcium sensing receptors. The presence and release of calcium ions
from the hydroxyapatite layer of the coated sponges might offer an explanation for
more abundant accumulation of hematopoietic stem cells to the hydroxyapatite coated
implants. Indeed, calcium sensing receptor-positive cells were found especially near
the apatite-coated cellulose fibers in the implants. Further analyses indicated that the
hematopoietic stem cells were able to differentiate into hemoglobin expressing cells.
The presence of erythroid cell markers in the sponges suggests that granulation tissue is
capable of extramedullary erythropoiesis. These cell-guiding properties of HA coated
cellulose might be utilized in impaired wound healing situations.

Key words: wound healing, cellulose, hydroxyapatite coating, stem cells, cell guiding
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TIIVISTELMA

Miretta Tommila

HAAVAN JYVAISKUDOKSEN MUODOSTUMINEN - Hydroksiapatiittipinnoi-

tetun selluloosasienen vaikutus solujen erilaistumiseen paranemisprosessin aikana

Biolddketieteen laitos, Lééketieteellinen biokemia ja genetiikka, Turun Yliopisto ja
Anestesiologian, tehohoidon, ensihoidon ja kivunhoidon klinikka, Turun Yliopisto ja
Turun Yliopistollinen keskussairaala.

Annales Universitatis Turkuensis, Ser. D, Medica — Odontologica, 2010, Turku, Finland

Etsittdessd uusia luun bioyhteensopivia tdytemateriaaleja selluloosasieni paillystettiin
luun koostumusta muistuttavalla runsaasti piitd siséltdvalla hydroksiapatiittikerroksella.
Vastoin odotuksia hydroksiapatiittipinnoitettu selluloosa ei parantanut luun kasvua, vaan
painvastoin yllépiti tulehdusta ja sidekudossolujen hakeutumista vamma-alueelle. Thon
alle implantoituna sama sienimateriaali edisti merkittdvésti haavan verekkdin jyvais-
kudoksen kasvua. Tdmén 16ydoksen perusteella hydroksiapatiittipinnoitetun selluloo-
sasienen vaikutusta haavan soluihin paranemisprosessin aikana tutkittiin tarkemmin ja
havaittiin, ettd tulehdussolujen lisdksi sieniin kertyi tavallista enemmaén sekd hematopoi-
eettisia ettd mesenkymaalisia kantasoluja.

Hematopoieettiset kantasolut sijaitsevat luuytimessé lahelld luun sisépintaa. Luun hyd-
roksiapatiitista vapautuu kalsium-ioneja luun jatkuvan fysiologisen uudismuodostuksen
ja hajottamisen yhteydessé. Kantasolut etsiytyvét luuytimeen kalsiumia aistivien resep-
torien valitykselld. Koska luun pintakerrosta muistuttavasta hydroksiapatiittipinnoittees-
ta vapautuu kalsiumia, timén ajateltiin toimivan selityksena sille, ettd hematopoieettiset
kantasolut hakeutuvat runsaslukuisesti juuri hydroksiapatiittipinnoitettuihin selluloosa-
sieniin. Tdmén hypoteesin mukaisesti hydroksiapatiittipinnoitettujen selluloosapalkkien
laheisyydestd l10ydettiin suuria méérid kalsiumreseptoreja siséltdvid soluja. Jatkotutki-
muksissa todettiin lisdksi, ettd hematopoieettiset kantasolut pystyivit sienissa erilais-
tumaan hemoglobiinia tuottaviksi soluiksi. Havaittujen punasolulinjan merkkiaineiden
perusteella néyttdisikin siltd, ettd haavan paranemiskudoksessa tapahtuu paranemisen
aikana ekstramedullaarista erytropoieesia. Naméa soluja ohjaavat vaikutukset saattavat
olla hyddyllisid vaikeasti paranevien haavojen hoidossa.

Avainsanat: haavan paraneminen, selluloosa, hydroksiapatiitti-pinnoite, kantasolut,
solujen ohjaus
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ABBREVIATIONS

ADAM A disintegrin and metalloproteinase family

ADAMTS A disintegrin-like and metalloproteinase with thrombospondin type I
motifs

ALAS2 Erythoidspecific isoform of 5-aminolevulinate synthase
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CaR Calcium-sensing G-protein-coupled receptor

Cbfal Core binding factor alpha 1

CDh Cluster of differentiation

CXCR4 Chemokine cxc-motif receptor 4

DAPI 4’,6-diamidino-2-phenylindole

ECM Extracellular matrix

EGF Epidermal growth factor

EPC Endothelial progenitor cells

FACIT Fibril-associated collagens with interrupted triple helices

FDA US Food and Drug Administration

FGF Fibroblast growth factor

GAG Glycosaminoglycan

GM-CSF Granulocyte macrophage colony-stimulating factor

HA Hydroxyapatite

Hb Hemoglobin

HSC Hematopoietic stem cells

IGF Insulin-like growth factor

IL Interleukin

MHC II Major histocompatibility complex class 11

MMP Matrix metalloproteinase

MSC Mesenchymal stem cells

NO Nitric oxide

iNOS Inducible nitric oxide synthase

PCNA Proliferating cell nuclear antigen

PDGF Platelet derived growth factor

RT-PCR Reverse transcriptase polymerase chain reaction
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SDF-1a Stromal-derived factor-1 alpha

TGF-p Transforming growth factor beta

TNF-a Tumor necrosis factor alpha

VEGF Vascular endothelial growth factor
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1. INTRODUCTION

Impaired bone repair and wound healing are both clinically remarkable problems. In
orthopedic and reconstructive surgery, autologous bone transplantation is still the gold
standard of treatment. The supply of living bone is, however, limited and bone from bone
banks may carry a risk of contagious diseases. Thus, synthetic and/or biotechnically
processed bone substitutes are needed to fulfill clinical demands. Another important
subject is chronic cutaneous ulcers, which are very common among elderly people.
Despite their generality, efficient treatment methods for persistent ulcers are still
insufficient.

Cellulose is a biopolymer, which is inexpensive to produce, can be manufactured in
porous form, and trimmed into desirable shape. Subcutaneously implanted cellulose
sponges induce a rapid growth of granulation tissue, and due to this property cellulose
has been used for experimental and clinical wound healing studies for several decades.
As bone implants in rats, cellulose has been shown to be osteoconductive, but not
osteoinductive (Mértson, 1999). In order to promote the osteostimulating property of
cellulose, it was coated with a silica-rich hydroxyapatite (HA) layer that mimics the
natural surface of bone. The HA coating was formed by incubating cellulose sponges
with a special bioactive glass in simulated body fluid ((SBF); for SBF constituents see
study I). This bioactive glass possesses a high osteoconductivity, but is difficult to handle
because of its brittleness and fragility. The aim of this combination was to unite the
beneficial features of both materials and to primarily create a functional bone substitute
material. Since the bone implantation study revealed unexpectedly an enormous ability
of the HA-coated cellulose to induce granulation tissue, the coated cellulose was tested
subcutaneously as well for its possible suitability as a treatment method for chronic
ulcers and other poorly healing wounds.
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2. REVIEW OF THE LITERATURE

2.1 CONNECTIVE TISSUE

The anatomical structures of all mammals are classified into connective, epithelial,
nerve and muscle tissues. Connective tissue is a form of fibrous tissue, derived from
mesodermal origin, which provides structural and metabolic support for other tissues
and organs of the body. Each connective tissue is composed of two major components;
cells and extracellular matrix (ECM).

2.1.1 Different types of connective tissue

The most common form of connective tissue is loose connective tissue, which is found almost
everywhere in the body, as it provides support for structures passing through it, such as blood,
lymph vessels and nerves. It also serves to bind together other tissues, including organs and
their components. Basically, loose connective tissue fills many free spaces in the body.

Dense connective tissues are completely dominated by fibers. In dense irregular
connective tissue, found for example in skin, the fibers do not show a clear orientation
within the tissue but instead form a densely woven three-dimensional network. The fibers
in regular dense connective tissue run parallel to each other as in tendons and ligaments.
Adipose tissue, blood, cartilage and bone are specialized forms of connective tissue.
Blood serves as a vascular tissue, whereas the two latter ones are specific rigid forms of
specialized supporting tissue, being the major components of the skeleton.

2.1.1.1 Cartilage

Cartilage is a type of dense connective tissue. It is composed of specialized cells called
chondrocytes that produce a large amount of ECM. The three major types of cartilage are
hyaline cartilage, fibrocartilage and elastic cartilage, each of these types having a varying
composition of ECM. Cartilage has diverse roles in the body, and is found on most articular
surfaces, in intervertebral discs and rib cage, in respiratory tract, in external ear, in epiglottis
and in larynx. In adult mammals, cartilage has a limited distribution whereas in immature
individuals, cartilage forms a template for most of the developing bony skeleton. Unlike
other connective tissues, cartilage is avascular and its nutrition depends on diffusion from
surrounding tissues. Therefore, cartilage repair is slow and often incomplete.

2.1.1.2 Bone

Bone is a rigid form of connective tissue and exists in two main forms; woven and
lamellar bone. The immature woven bone consists of randomly organized collagen,
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whereas lamellar bone has a highly organized infrastructure of collagen. In addition,
lamellar bone is divided morphologically into two subgroups, cortical (compact) and
cancellous (spongy or trabecular) bone in relationship 80 % to 20 % of the total bony
mass. Cortical bone is harder and covers the external surfaces of all bones, while
cancellous bone mainly forms a porous internal matrix of interconnecting plates and
columns (reviewed in Marks and Hermey, 1996).

Bonenotonly functionsasasupportingorprotectivetissue, butalsoparticipates inthe production
of movement and sound transduction via the ossicles . Bone also takes part in metabolic
actions, like mineral and fat storage, detoxification (Haussler ef al., 2008), and maintenance
of acid-base balance by buffering excess metabolic H+ with alkaline hydroxyapatite (Arnett,
2008). In addition, the red bone marrow is the site of hematopoiesis.

Osteoid tissue is characterized by an ECM in which the four bone cell types are
embedded. Osteoprogenitor cells are immature stem cells that act as a reserve for the
production of future bone-forming cells. Osteoblasts are fully differentiated cells that
are able to make bone. Osteocytes are mature osteoblasts imbedded within the bone
matrix and responsible for its maintenance. Osteoclasts are large, multinucleated cells,
which constantly degrade bone. The bone tissue is, thus, in a continuous turnover state,
and there is a strict balance between bone formation and resorption. The purpose of this
remodeling is to maintain calcium homeostasis of the body, as well as to repair its micro-
damages and to shape the skeleton during growth.

Bone matrix, unlike other connective tissues, has the unique ability to become mineralized.
Mineralization is mainly caused by deposition of inorganic ions, especially calcium and
phosphate. Spindle or plate-shaped crystals of hydroxyapatite ((Ca, (PO,)(OH),), are
found on the collagen fibers and within or between them (Viguet-Carrin et al., 2006;
Allori et al., 2008 Part II).

2.1.1.3 Skin

The skin is the largest organ of the body in vertebrates and provides protection against
water loss, chemicals, sunlight and microorganisms. It is composed of three distinct layers.
The two upper layers, epidermis and dermis, are separated by a basement membrane.
The main cells in the epidermal epithelial sheet are keratinocytes, but it also contains
melanocytes, dendritic (Langerhans) cells and Merkel cells (Proksch et al., 2008). The
dermis contains fibroblasts, macrophages, mast cells, and endothelial cells (Proksch ef al.,
2008). The third innermost layer hypodermis, also called subcutaneous tissue, binds skin
loosely to subjacent tissues. In rodents, this layer mainly consists of loose connective tissue
that lies between the dermis of the skin and underlying fascia. In humans, hypodermis also
contains more or less abundant amount of fat. Understandingly, the size of this layer varies
throughout the body and individual. The subcutaneous adipose tissue insulates the body,
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absorbs trauma, and serves as a reserve energy source. Thus, the subcutaneous layer is
important in the regulation of temperature of the skin itself and the body.

2.1.2 Extracellular matrix components of connective tissue

Most of the cells in multicellular organisms are surrounded by an ECM, a complex
mixture of proteins and polysaccharides. ECM offers structural support, but also regulates
tissue development and regeneration via several mechanisms. The macromolecular
constituents of ECM vary in different tissues.

Collagens are the major constituent of the ECM. They serve as fibrous protein building
blocks, which provide strength, integrity and structure. To date, at least 28 different types
of collagen are known (Kadler et al., 2007; Jarveldinen et al., 2009). A specific gene
codes for each collagen chain, but they all share a similar basic structure, which is made
of three polypeptide chains. The amino acids of these chains constantly repeat the Gly-
X-Y triplet. Although X and Y can be any amino acid residue, the most often represented
are proline and hydroxyproline (van der Rest and Garrone, 1991). Each chain winds upon
itself in a left-handed helix, and then three chains unite to form a right-handed coil called
tropocollagen. These tropocollagen units are arranged in a highly regular fashion to form
collagen filaments, which further combine to collagen fibrils. Finally, collagen fibers are
formed from aggregated collagen fibrils (reviewed in Stadelmann ef al., 1998).

Collagen has different amino acid compositions, which most probably reflect their specific
functions in the body. Collagens are classified into fibrillar (types L, 11, III, V), nonfibrillar
(e.g. type IV), or so-called FACIT (fibril-associated collagens with interrupted triple helices
collagen (Raghow, 1994; Kadler et al., 2007), and their various combinations. About 80-
90 % of the collagen in the body consists of types I, II and III (reviewed in Kavitha and
Thampan, 2008). The organic matrix of bone consists almost exclusively of type I collagen
(two a1(I) chains and one a2(I) chain), which is involved in the mechanical properties of
bone. Trace amounts of I1I, V, XI, and XIII may be present and modulate the fibril diameter
(Gehron Robey, 1989; Viguet-Carrin et al., 2006). The most abundant types of collagen
in skin are I and III, which mostly are responsible for its mechanical properties. The skin
contains smaller amounts of collagen V, VI, and XII, which seem to have a supportive
function. Collagens have also an important role in both wound and bone healing (reviewed
in Kavitha and Thampan, 2008). The most common collagen types participating in wound
and bone healing, and their distribution is shown in Table II.

Proteoglycans are a group of proteins, which have developed a number of different
functions, including maintenance of tissue sturdiness and stiffness. Structurally,
proteoglycans consist of a protein core covalently bound to long sulphated
glycosaminoglycan (GAG) chains of variable lengths. The structures of the disaccharides
of the GAG determinate the character of the proteglycan. On the basis of the constituting
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disaccharide units, three different types of sulphated GAGs can be distinguished: 1)
chondroitin/dermatan sulphate, 2) heparin sulphate/heparin and 3) keratan sulphate.
Proteoglycans are enormously heterogeneous in structure and in function, and they are
believed to be important mediators of ECM-cytokine interactions (Rapraeger et al.,
1991; Yayon et al., 1991; reviewed in Schonherr and Hausser, 2000).

Decorin belongs to the largest group of the matrix-associated proteoglycans, the small
leucine-rich repeat proteoglycans. Decorin received its name because it binds to the
surface of collagen fibrils, thus “decorating” them (Fisher et al., 1989; reviewed in
Schonherr and Hausser, 2000). With its glycosaminoglycan chain, decorin stabilizes
the inter-fibrillar organization of ECM (Orgel et al., 2009), and regulates collagen
fibrillogenesis (Zhang et al., 2006). In addition to binding different types of collagen,
decorin can also interact with a variety of molecules. For example, decorin is linked
to inflammatory induced angiogenesis (Nelimarkka et al., 2001), and it can modulate
growth factor balance during chronic inflammation (Jarveldinen et al., 2006).

Glycoproteins contain oligosaccharide chains covalently attached to their polypeptide
chains. This group includes a variety of distinct constituents, and their expression
depends on the tissue type. The prevalent ECM glycoproteins are fibronectin, laminin,
thrombospondin, osteonectin, tenascin and entactin (Raghow 1994; Allori et al., 2008
Part II; reviewed in Jarveldinen et al., 2009). Glycoproteins have several functions, but
they are specifically involved in cell attachment. The signals between individual matrix
molecules and cells are primarily mediated via specific cell-surface receptors called
integrins. Integrins are transmembrane heterodimeric glycoproteins composed of one o
and one 3 subunit (Hynes, 2002). To date, 18 o and 8 B subunits have been identified in
mammals, making it possible to form at least 24 combinations of integrins, each able to
specifically bind one or several ECM molecules (reviewed in Jarveldinen et al., 2009).

In addition to structural components of ECM, quite recently the term “matricellular
proteins” has been applied to a group of ECM molecules, including thrombospondin-1 and
-2, SPARC (secretes protein, acidic and rich in cysteine), tenascin-C, and osteopontin (Reed
et al., 1993; reviewed in Jarveldinen et al., 2009). These molecules modulate cell-matrix
interactions and cell functions e.g. in tissue repair (reviewed in Bornstein and Sage, 2002;
reviewed in Kyriakides and Bornstein, 2003; Sage et al., 2003; Puolakkainen et al., 2005).

2.2 STEM CELLS

Stem cells are immature cells capable of self-renewing and differentiating into a variety of
mature cell types under appropriate conditions. A characteristic feature is an asymmetric
division in which one daughter cell is committed to differentiation whereas the other
remains as a stem cell (Chan-Ling et al., 2006). Stem cells are found in the embryo and in
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most adult tissues participating in endogenous tissue regeneration (Chan-Ling et al., 2006;
Tarnok et al., 2010). The true totipotent stem cells are the cells of the early morula stage
embryo. These cells are able to differentiate to all possible embryonic and extraembryonic
cell types, and thus capable of forming the entire organism. During embryogenesis the
differentiation capacity gradually diminishes. The cells of the blastocyst stage embryo are
pluripotent and can differentiate into any specialized cells of the adult organisms, but lack
the potential to form extraembryonic tissue. Some of the undifferentiated cells remain in
adulthood, but have lost some of their differentiation capacity. Adult stem cells are able to
differentiate into a number of cell types originating from different germ layers, which is
referred to as stem cell plasticity (Ohishi and Schipani, 2010).

2.2.1 Adult bone marrow-derived stem cells

Adult bone marrow-derived stem cells are usually classified into two major groups;
hematopoietic (HSC) and mesenchymal (MSC) stem cells. This division is based on
their dissimilar differentiation potential. Their identification is based on detection of
surface antigens. However, thus far no perfect markers have been identified for different
stem cells, therefore the conclusions are made by testing the existence or lack of several
antigens. The markers used vary between publications, and different species of animals,
including humans, may also differ in their antigenic patterns. In addition, the line between
immature and mature is artificial, and the concept of stem cells often includes progenitor
cells with various levels of maturation.

The most common surface antigens for hematopoietic and mesenchymal stem cells are
listed in the table below.

Table 1. Identification of hematopoietic and mesenchymal stem cells based on the presence of
certain cell surface antigens. (Tao and Ma, 2003; Le Blanc, 2006; Lee et al., 2009).

Surface antigen @ HSC MSC Marker of

CDlla + - lymphocytes

CDl11b + - granulocytes, monocytes
CD14 + - monocyte/macrophage
CD29 - + mesenchymal stem cells
CD31 ) - endothelial cells

CD34 + - hematopoietic stem cells
CD44 + + hemato- and non-hematopoietic
CD45 + - pan-hematopoietic marker
CD73 - + mesenchymal stem cells
CD90 - + mesenchymal stem cells
CD105 - + mesenchymal stem cells
CD166 - + mesenchymal stem cells
c-kit (CD117) + ) general primitive cell marker
HLA-DR + - hematopoietic stem cells
Sca-1 + - hematopoietic stem cells
Stro-1 - + mesenchymal stem cells
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2.2.1 Hematopoietic stem cells and progenitors

Already in the 1950"s, bone marrow was found to function as a reservoir of hematopoietic
stem cells, which continually replenish circulating blood cells during the entire human
life span (Lorenz et al., 1951). This finding lead to syngeneic bone marrow transplant
experiments in animals (Nowell et al., 1956), and eventually to the current therapies of
hematological malignancies in humans.

HSCs are responsible for the generation of all mature blood cells. In adults, HSCs mainly
reside in the bone marrow, where they sustain hematopoiesis throughout life. During the
classical scheme of hematopoiesis, HSCs gradually lose one or more developmental options
according to a certain hierarchy: HSCs can undergo either self-renewal or differentiation into
multilineage committed progenitor cells, which are either common lymphoid or myeloid
progenitors (Kaushansky, 2006). These cells then give rise to more differentiated precursors,
which then produce erythrocytes, leukocytes and platelets. In human embryogenesis from
week three to week six, the primary site of hematopoiesis is the yolk sac, followed by the
aorto-gonado-mesonephric region, then fetal liver from week six to 22, and finally the bone
marrow for the rest of life (Sequiera Lopez et al., 2003; Qiu ef al., 2005).

In recent years, knowledge on the details of hematopoiesis has undergone a rapid
change. In embryonic yolk sac blood islands, hematopoietic and endothelial cells emerge
simultaneously and in close association with each other from mesodermal aggregates
(Palis and Yoder, 2001). In the current view, cells at the periphery of these blood islands
develop into endothelial cells, while inner cells form primitive erythrocytes (Jaffredo
et al., 2005). The close developmental link between these two cell types has lead to the
hypothesis of the hemangioblast, a common progenitor of endothelial and hematopoietic
cells. An alternative explanation for embryogenic hematopoiesis is the existence of
hemogenic endothelium. In this concept, definitive hematopoietic cells are generated
through an endothelial intermediate that has the potential to give rise to hematopoietic
cells (Jaffredo et al., 2005). The hematopoietic capacity of an embryo is more widespread
than earlier has been thought, and multiple regions of the embryo are capable of forming
blood both before and during organogenesis (Sequiera Lopez et al., 2003).

Adult HSCs are considered a heterogenic cell population that consists of stem cells
committed to hematopoiesis and endothelial progenitor cells (Asahara et al., 1999).
Accumulating evidence indicates that hematopoietic cells with hemangioblast activity
persist into adulthood (Park ef al., 2005). Bone marrow-derived HSCs or their progeny may
contribute to the maintenance and repair of both the hematopoietic and vascular systems
during adult life (Bailey and Fleming, 2003). A large number of signaling molecules (such
as BMP4, Flk-1, c-kit, Notch, and Hedgehog) and transcription factors (such as Brachyury,
Scl, Lmo2, GATA-2, Runx1, CBFp, c-Myb, and Stat5a) are involved in the hematopoietic
stem cell differentiation (Jaffredo et al., 2005; Park et al., 2005). The multipotent HSCs
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can transdifferentiate, at least in vitro, into non-hematopoietic cell types such as epithelium
(Borue et al., 2004), myocardium (Balsam ef al., 2004; Orlic, 2003), liver (Petersen et al.,
1999), osteoblasts (Matsumoto ef al., 2008), and brain (Bonilla et al., 2005).
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Figure 1. A general model of hematopoiesis. Hematopoietic stem cells differentiate to
hematopoietic precursors, and further to mature cells representing erythroid, megakaryocytic,
myeloid, macrophage, and lymphoid lineages.

2.2.1.2 Hematopoietic stem cell niche and calcium sensing receptor

Stem cells require a specific microenvironment for self-replication, and for this
reason stem cells gather to certain anatomic locations called niches during vertebrate
development (Ballen, 2007). The word niche descends from French; its literal meaning
is a doghouse. The niche harbors stem cells and regulates their growth proliferation and
differentiation (Ballen, 2007). In adult individuals, stem cell niches are found in several
different tissues, such as skin (Crigler et al., 2007), skeletal muscle (Pallafacchina et al.,
2010), heart (Gherghiceanu and Popescu, 2010), kidney (Park et al., 2010), and brains
(Liu and Martin, 2006). The HSC niche is located in the bone marrow and functions as
a dynamic system, where stem cells and their surrounding are in an active interaction
(Ballen, 2007).

In mammalian bone marrow, HSCs are located close to the endosteal surfaces, with more
differentiated cells closer to the axis of the bone (Lord, 1990). This organized structure
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of the marrow suggests a relationship between HSCs, osteoblasts and osteogenic cells
lining the endosteal surface (Ballen, 2007). The interaction between HSCs and the niche
is mediated by two important receptors, namely osteopontin and a calcium-sensing
G-protein-coupled receptor, CaR. Osteopontin is a sialoprotein, whose production varies
with the activity of osteoblasts. One of its functions is to limit stem cell numbers (Nilsson
et al., 2005). CaR is expressed by HSCs, and acts as a regulatory component of the HSC
niche. This receptor seems to retain HSCs in close physical nearness of the endosteal
surface, where the concentration of ionic calcium is high (Adams ef al., 2006).

HSCs can also be found in extramedullary tissues, such as spleen and liver, despite the
absence of bone or endosteum, implying that other cells than osteoblasts and osteoclasts
can create an environment capable of sustaining adult HSCs. It is suggested that HSCs
reside in extramedullary tissues in so called perivascular niches (Kiel and Morrison,
2008). This implies that there might be other adhesive proteins besides Ca-receptors that
retain HSCs in their sites.

2.2.1.3 Mesenchymal stem cells

Mesenchymal stem cells or multipotent stromal cells isolated from the bone marrow
of adult organisms were initially characterized as plastic adherent, fibroblastoid cells
with the capacity to generate heterotopic osseous tissue when transplanted in vivo
(Friedenstein ef al., 1968). MSCs comprise less than 0,1% of all bone marrow cells, but
can be isolated from whole bone marrow aspirates by their ability to adhere to plastic and
form colonies (Lee et al., 2009).

Consequently, in 2006, the International Society of Cellular Therapy defined MSCs by
three criteria: 1) MSCs must be adherent to plastic under standard tissue culture conditions;
i1) MSCs must express certain cell surface markers such as CD105, CD90 and CD73, but
must not express other markers including CD45, CD34, CD14 or CD11b; and iii) MSCs
must have the capacity to differentiate into mesenchymal lineages including osteoblasts,
adipocytes and chondroblasts under in vitro conditions (Dominici et al., 2006).

In bone marrow, MSCs are presumed to reside at perivascular sites, lining blood vessels
(da Silva Meirelles et al., 2006; reviewed in Kolf al., 2007) and function as support
cells for HSCs (Mendes et al., 2007). It is obvious that MSCs are far more versatile
than acting only as a supportive scaffold. They are capable to differentiate in vitro
and in vivo to several mesenchymal tissues, including bone, cartilage, tendon, muscle,
adipose tissue and possibly bone marrow stroma (Pittenger et al., 1999; Tao and Ma,
2003). These cells are also a rich source of growth factors, and they have a wide range
of immunomodulatory effects. MSCs secrete paracrine soluble factors that modulate
immune responses as well as alter the responses of endothelium or epithelium to injury
through the release of growth factors (Parekkadan et al., 2007; Rasmusson ef al., 2007;
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Lee et al., 2009; Nemeth et al., 2009). MSCs can also upregulate the expression of
major histocompatibility complex class II (MHC II) antigens when exposed to low
levels of inflammatory cytokines, and function as antigen-presenting cells stimulating
the adaptive immune system (Chan et al., 2006; Stagg et al., 2006). They have also been
claimed to prevent neutrophil apoptosis and degranulation in culture without inhibiting
their phagocytic or chemotactic capabilities (Raffaghello et al., 2008). Furthermore,
systemically administrated MSCs have been proved to have protective effect against a
bacterial infection in a mouse model of bacterial sepsis (Nemeth et al., 2009).

Due to their anti-proliferative, immunomodulatory and anti-inflammatory properties (Le
Blanc, 2006; Lee et al., 2009), MSCs are expected to develop into therapeutic agents in
various clinical settings. Recent studies have suggested that MSCs may have potential in
treatment of several clinical disorders, including myocardial infarction (Li ez al., 2005;
Miyahara et al., 2006; Iso et al., 2007), diabetes (Lee ef al., 2006), sepsis (Nemeth et al.,
2009), hepatic failure (Parekkadan et al., 2007), acute renal failure (Togel et al., 2005),
and acute lung injury (ALI), and adult respiratory distress syndrome (ARDS) (Lee et al.,
2009) even though contradictory results have been published as well.
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Figure 2. HSCs are mainly responsible for blood cell production, but MSCs also release
proangiogenic factors essential for blood cell proliferation. Both of these stem cell types are
able to differentiate into several non-hematopoietic cell lineages. Modified from Tao and Ma,
2003, Figure 2.)
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2.2.2 Stem cell trafficking

Hematopoietic stem and progenitor cell mobilization from the bone marrow enables
migration to peripheral blood and homing to peripheral tissues. The process is tightly
controlled by various chemoattractant cytokines, such as stromal derived factor-1 alpha
(SDF-1a)) (Magnon and Frenette, 2008), growth factors, such as granulocyte colony-
stimulating factor (Kong et al., 2004) (Magnon and Frenette, 2008), and hormones like
(mostly by parathyroid hormone) (Brunner et al., 2007). HSCs and their progeny exit
the bone marrow through the bone marrow-blood barrier and are then distributed into the
circulation, from where they can home back to the bone marrow. HSCs can also home
to peripheral extramedullary tissues, stay there for several days and then return to the
bloodstream through the lymphatic system (Massberg et al., 2007; reviewed in Schulz
et al., 2009)

It is not known why HSCs migrate between the bone marrow, blood, extramedullary
tissues, and lymph compartment. It is proposed that circulating hematopoietic stem and
progenitor cells help to locally replenish tissue-resident subsets of specialized myeloid
cells like monocytes and macrophages. Migratory HSCs also seem to possess the ability
to inspect peripheral tissues and respond rapidly to situations, such as tissue injury and
infections, which require prompt influx of large amount of innate immune cells (reviewed
in Schulz et al., 2009).

Compared to HSCs, less is known about the trafficking of MSCs. Host MSCs seem to
mobilize in response to inflammation or injury, but the mechanisms of this process are
still unresolved.

2.3 NEOVASCULARIZATION

For along time all neovascularization was thought to happen via angiogenesis, the process
in which new capillaries are formed from pre-existing vessels. Angiogenesis occurs in
several physiological and pathological conditions, for example embryonic development,
wound healing, diabetic retinopathy, and tumors. A suitable microenvironment is
a requirement for angiogenesis, and in postnatal life an appropriate inflammatory
response is needed (Naldani and Carraro, 2005). The most common pro-inflammatory
and angiogenic cytokines and growth factors are presented in included to the table III in
chapter 2.5.3.1.

Vasculogenesis is defined as the initial differentiation of mesoderm into angioblast
precursor cells that form the primary capillary network in the developing embryo. In
contrast to earlier concepts, accumulating evidence suggests that postnatal vasculogenesis
may also take place (Ribatti et al., 2001; reviewed in Bauer et al., 2005). In the adults,
bone marrow-derived, circulating endothelial progenitors contribute to postnatal
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neovascularization and enhance vascular repair following ischemic injury (Bailey and
Flemming, 2003). In later studies, it has even been claimed that vasculogenesis and
hematopoiesis are parts of the same process, in which formation of a blood vessel is
accompanied by the simultaneous in sifu production of blood cells within the vessel
(hemo-vasculogenesis) (Sequiera Lopez et al., 2003).

24 HEMOGLOBIN EXPRESSION

In the vertebrate embryo, hematopoietic and vascular endothelial cells are the
first cells to differentiate in response to induction of the mesoderm (Baron, 2001).
Primitive hematopoiesis is restricted to the formation of nucleated erythrocytes
(Wong et al., 1986) and macrophages (Cline and Moore, 1972). During primitive
hematopoiesis, nucleated erythrocytes express embryonic hemoglobin (Wong et al,
1986). Definitive hematopoiesis is the process whereby all types of blood cells are
formed followed by their differentiation, including the enucleation of erythrocytes
(Sequiera Lopez et al., 2003). During the latter stages of erythroid cell development,
large amounts of globin chains and heme molecules are synthesized (reviewed in
Sadlon et al., 1999).

In mammals, hemoglobin serves as the main oxygen transporter in the blood. The
hemoglobin molecule is an assembly of four globular protein subunits. These
subunits are covalently bound to each other, and usually consist of two o subunits
and two other subunits, which vary according to the developmental state and in
some case, according to disease states. During the embryonic period the two other
subunits are & type, which are replaced by y subunits during the fetal period. In
adult humans, the most common type is Hb A, in which the two other subunits are
B type. Less than 3% of adult hemoglobin consists of Hb A-2, in which two alpha
chains are combined with two delta chains. This hemoglobin may be present in high
amounts in hemoglobinopathies such as sickle cell anemia and beta thalassemia.
The conventional globin family includes also other members, namely myoglobin,
neuroglobin and cytoglobin. Myoglobin stores oxygen temporally and enhances
oxygen diffusion to the mitochondria in the cardiac and striated muscle (Nishi et
al., 2008). The physiological roles of neuroglobin are still uncertain, but it has been
assumed to possess an essential, conserved function beneficial to neurons (Burmester
and Hankeln, 2009). Cytoglobin is present in almost all tissues and organs, and serves
as an antioxidative protein (Nishi et al., 2008).

Regulation of hemoglobin synthesis is perhaps the best-known example of feedback
regulated protein synthesis. Hemoglobin genes are situated in the genome in clusters
that are regulated by upstream locus control regions. The expression of the various
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globin genes, especially the non-a-cluster genes corresponding to the embryonic,
fetal, and adult developmental stages, has been used as a measure of the maturation
stage of erythropoiesis in primates and humans (Peschle ez al., 1984). In a recent study,
Lu et al. (2008) managed to differentiate human embryonic stem cells into functional
oxygen-carrying erythrocytes, and a significant amount of adult 3-globin synthesis
was noticed after 28 days in a cell culture. B-globin expression correlated directly to
the expression of the mature erythrocyte marker glycophorin A. Overall, hemoglobin
expression is regulated by a numerous different factors, such as hormones, enzymes,
iron, hypoxia, stress, and growth factors (reviewed in Tsiftsoglou et al., 2009). One
essential enzyme is an erythroid-specific isoform of 5-aminolevulinate synthase
(ALAS2), which is specifically required for the expression of -globin (Sadlon et
al., 1999).

Adult vertebrate hemoglobin expression has traditionally been thought to concentrate
entirely to the bone marrow area. However, recent evidence shows that extramedullary
hematopoiesis occurs also during adult life in situations, when blood availability is
affected. Observations of extramedullary hematopoiesis have been made in various
tissues and organs, i.e. skull (Joseph et al., 2000), brain (Fucharoen et al., 1985), liver,
spleen, kidneys, adrenal glands, breast, paravertebral and presacral areas (Tunaci et al.,
1999), skin, testicles (Ruberto ef al., 1995), heart (Hill and Swanson., 2000), lung (Yusen
and Kollef, 1995), gastrointestinal tract (Sunderland ef al., 1994), pancreas (Crider ef al.,
1998), prostate (Humphrey and Vollmer, 1991), endometrium (Dassen et al., 2008), and
mesangial cells (Nishi ez al., 2008). This phenomenon has been explained by the fact that
hemo-vasculogenesis is widespread throughout the whole embryo during development,
and therefore hematopoiesis can be reactivated as a compensatory mechanism in organs
or regions, where it previously occurred during embryonic and fetal life (Sequiera
Lopez et al., 2003). Despite the numerous observations of hemoglobin expression in
nonhematopoietic organs, the exact function of extramedullary hemoglobin expression
is still mostly unknown.
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Figure 3. Erythropoiesis is a complex process involving many steps.

2.5 HEALING OF CONNECTIVE TISSUE

Tissue repair is normally a rapid process that has been devised through evolution to
allow animals to rapidly recover tissue integrity after an injury using scarring to join the
wound edges or to fill tissue voids (Caplan, 2003). However, the potential of connective
tissues to heal varies greatly. For example, articular cartilage has a low healing
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potential, whereas bone can regenerate itself without scar or functional degradation.
Most connective tissues heal via three distinct but overlapping phases; hemostasis and
inflammation, proliferation, and remodeling. Thus, the repair process itself is a series
of complex biological events, which are coordinated via various intra- and intercellular
pathways. All these phases are important and a disturbance in any of them will result in
defective tissue repair.

In addition, the immune system is also activated as a response to the injury. Mammals have
a very highly developed adaptive immunity but a relatively poor capacity to regenerate,
whereas urodeles regenerate structures more easily but have a less robust immune system
(reviewed in Godwin and Brockes, 2006). Emerging evidence suggests that the immune
system might play a more positive role in tissue regeneration in immune privileged sites
than the inflammation process (Mastellos et al., 2001; Mastellos and Lambris 2002;
Kimura et al., 2003; reviewed in Godwin and Brockes, 2006). The outcomes of wound
repair and regeneration are profoundly different, but may be mechanistically linked by
subtle differences in signaling pathways (Whitby and Ferguson, 1991 A,B; reviewed in
Metcalfe and Ferguson, 2007).

Here, the stages of wound healing are individually examined and the healing of bone is
more briefly discussed as its early repair stages share similarities with soft connective
tissue healing.

2.5.1 The biology of wound healing

The repair of wounds is essential for maintaining life. The wound healing process
resembles embryogenesis, but after the fetal period wound repair is controlled via
inflammation and healing leads to a scar formation (Martin, 1997; reviewed in Ferguson
and O'Kane, 2004). The entire wound healing process is an intricate series of events
that begins at the moment of injury and can continue for months to years. Most of the
information on biochemistry and cell biology of wound healing and development of
the granulation tissue has been obtained from animal studies using model wounds or
inductive scaffolds (Davidson, 2001; Dorsett-Martin, 2004; Lindblad, 2008).

2.5.1.1 The inflammatory phase

Inflammatory response after injury has an essential role in orchestrating a series of
cellular events aiming to wound healing. Scars are the end point of the normal continuum
of mammalian tissue repair. On the contrary, fetal wound repair until a gestational age
equivalent to the first trimester of human development occurs without scarring and
fibrosis (reviewed in Ferguson and O'Kane, 2004; Buchanan ef al., 2009). Fetal scarless
healing is characterized by minimal inflammation and complete restoration of normal
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skin structure. Therefore, early fetal wound repair is essentially a regenerative process
(reviewed in Ferguson and O Kane, 2004).

In later periods of life, inflammation is needed to initiate proper healing response. It
occurs immediately after tissue damage and lasts approximately the following 48 hours.
The components of the coagulation cascade, inflammatory cells and components of the
immune system are needed to prevent ongoing blood and fluid losses, to remove dead and
devitalized tissues and to prevent infection. The inflammatory response is composed of
two major components, a vasomotor-vasopermeability response with increased capillary
permeability and active leukocyte infiltration (Steele and Wilhelm, 1970; reviewed in
Stadelmann ef al., 1998; Kim M-H et al., 2009). A key chemical mediator responsible of
these changes is believed to be histamine.

The initiation of the repair process is platelet activation and fibrin clot formation,
which leads to hemostasis. Fibrin and fibronectin form a primitive or provisional
matrix, which functions as a scaffold for infiltrating cells. Platelets not only
participate to hemostasis, but are also storehouses for a number of growth factors
and vasoactive substances, and are important in initiating the complement cascade
with the formation of the complement factors C3a and C5a (reviewed in Steed, 1997,
Amara et al., 2008). The secreted substances act as cues for other cells. The next
cells to arrive at the wound site are the polymorphonuclear cells, i.e. neutrophils,
which respond to the activation of the complement, the degranulation of platelets
and the products of bacterial degradation. Like platelets, polymorphonuclear cells
are an important source of proinflammatory cytokines, providing signals that activate
adjacent fibroblasts and keratinocytes (Hubner et al., 1996; reviewed in Aukhil,
2000). Furthermore, these cells are important in protecting the wound from infection
by killing bacteria and assisting in the removal of devitalized tissue fragments and
debris (reviewed in Stadelmann et al., 1998; Brinkmann et al., 2004; reviewed in
Martin and Leibovich, 2005). Activated neutrophils release free oxygen radicals and
lysosomal enzymes, including matrix metallo- and other proteinases, collagenases
and elastases, which help fight infection and clean the wound (Kajiki et a/., 1988;
reviewed in Steed, 1997).

Circulating monocytes appear shortly after the polymorphonuclear cells at the wound
site, where they are activated and subsequently transformed into macrophages. Wound
macrophages are voracious phagocytes that clear the wound of all matrix and cell
debris, including fibrin and spent neutrophils. They also play a central role in fibroblast
chemotaxis, proliferation, and the subsequent collagen synthesis and degradation
(Leibovichand Ross, 1976; reviewed in Stadelmann et al., 1998). Macrophages continue
growth factor and cytokine secretion into the wound environment, thus maintaining
the wound repair signals initiated by degranulating platelets and polymorphonuclear
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cells (Leibovich and Ross, 1975; Rappolee et al., 1988; reviewed in Aukhil, 2000;
Lucas et al., 2010). Although essential in the commencement of the wound repair, the
disappearance of the inflammation is a prerequisite for the normal progression of the
healing process.

2.5.1.2 The proliferative phase

The second stage of wound repair, the proliferative phase, also called the granulation
tissue formation phase, is characterized by rapid new tissue formation and migration of
different cell types. The provisional ECM is gradually replaced with granulation tissue.
Normally this stage starts two to three days after injury and lasts approximately two
to three weeks. Granulation tissue consists mainly of new capillaries, macrophages,
fibroblasts, and loose connective tissue within loosely associated fibrils of collagen,
proteoglycans and other ECM proteins (reviewed in Aukhil, 2000). The cellular events
in the healing process are further regulated by growth factors and cytokines, derived
mostly from macrophages.

Fibroblasts produce numerous proteins of the ECM, such as collagens, elastin, and
proteoglycans. Collagen synthesis is a seminal feature of fibroplasia and its synthetic
activity reaches its maximum rate at one week after wounding. From numerous different
collagens, type III and type I are the major factors causing the mechanical strength of
the wound. The synthesis of type III collagen dominates during the first few days of
wound healing, followed then by a massive synthesis of type I collagen (Kavitha and
Thampan, 2008). Thick collagen fibers of ECM are mainly formed from type I collagen.
Additionally, type V and VI collagens are also significant for achieving a proper
tensile strength (Hildebrand and Frank, 1998; Breuls et al., 2009). Collagen levels rise
continually approximately for three weeks until a point of homeostasis is achieved. At
this point the rate of collagen degradation equals the collagen synthesis (reviewed in
Stadelmann et al., 1998).

After hemostasis, the fibrin clot is degraded by plasmin and different matrix
metalloproteinases (MMPs), which are a family of enzymes specifically cleaving a
subset of matrix proteins (Agren et al., 2001; Hieta et al., 2003; Pirild et al., 2007;
Toriseva et al., 2007; reviewed in Toriseva and Kéhari, 2009). Degradation process
begins from under the clot and allows the growth of granulation tissue. Degradation of
the more superficial layers is necessary for the epithelialization that is needed to control
the growth of the repair tissue and wound closure. In addition, neovascularization is also
dependent on proteolytic activity.

The goal of the proliferative phase is to diminish the area of tissue loss by contraction
and fibroplasia and to establish a viable epithelial barrier by the activities of the
keratinocytes. Seven to ten days after wounding, fibroblasts in the wound transform
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into myofibroblasts and express a-smooth muscle actin (reviewed in Aukhil, 2000;
Opalenik and Davidson, 2005; reviewed in Gurtner ef al., 2008). Such transformation
allows these myofibroblasts to generate strong contractile forces responsible for
wound contraction (Hinz ef al., 2001). Expression of smooth muscle a-actin has also
been shown to correspond with the initiation of cell apoptosis (programmed cell death)
and may reflect a terminal differentiation event (Garbin et al., 1996). When the wound
matures, mechanical stress decreases, and myofibroblasts are eliminated via apoptosis
(Hinz, 2007).

Neovascularization accompanies this fibroblastic phase and is essential for the tissue to
grow. Another important feature of skin wound healing is wound re-epithelialization.
This process is regulated mainly by the contact inhibition. In skin wounds, contact
inhibition is lost, and epithelial cells immediately adjacent to the injury site begin to
divide and migrate (reviewed in Stadelmann et al., 1998) until the wound is covered and
the wound edges are met.

2.5.1.3 The remodeling phase

By three weeks after injury, the balance between collagen synthesis and degradation is
achieved and wound remodeling and maturation begins (reviewed in Stadelmann et al.,
1998; reviewed in Gurtner ef al., 2008). The main objective of this remodeling phase of
tissue repair is to achieve maximum tensile strength by reorganization, degradation and
resynthesis of the ECM.

The wound tensile strength increases progressively. The randomly distributed collagen
fibers are cross-linked, aggregate into fibrillar bundles, and organize according to
mechanical stress (Levenson et al., 1965; reviewed in Singer and Clark, 1999; reviewed
in Toriseva and Kéhéri, 2009). The rate of collagen synthesis within the wound is
higher than in normal tissues for up to six-twelve months (Barnes et al., 1975), and
also the composition of the ECM changes, for example the type III collagen matrix
is replaced by a type I collagen matrix (Bailey et al.,1973). This final process may
last even several years, before the new granulation tissue rich in cells and vascular
capillaries has matured into a relatively acellular and avascular scar that lacks
appendages, including hair follicles, sebaceous glands, and sweat glands (reviewed in
Gurtner et al., 2008).
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Figure 4. The phases of normal cutaneous wound healing. Each phase utilizes specific cell
types, which release chemical mediators to carry out specific biological functions. (Modified
from Murphy et al., 2006)

2.5.2 Bone healing

Bone healing is a complex, but well-orchestrated regenerative process that is initiated
in response to injury. The mechanisms that regulate fetal skeletogenesis are common to
the regulation of adult skeletal regeneration, and as a result, bones possess a remarkable
ability to heal completely (reviewed in Tsiridis et al., 2007). Thus, bone formation is
a life-long event, which begins during fetal development and persists as a continuous
remodeling process throughout the life (Ekholm, 2001).

2.5.2.1 Fracture healing

The earliest stage of bone fracture healing has clear connections with skin wound
healing; the hematoma formed immediately after fracture between the bone fragment
ends is rapidly invaded by richly vascular granulation tissue. This loose ECM contains
small diameter fibrils made of type III collagen. Characteristic for long bone healing is
that the undifferentiated soft connective tissue is gradually replaced by hyaline cartilage
containing large amount of type II collagen. The cartilage is replaced by type I collagen-
rich woven bone in a process that closely resembles endochondral ossification. During
the remodeling phase, the new bone eventually matures into compact lamellar bone and
returns to its original shape (Ekholm, 2001). In addition to bone forming cells, osteoclasts



30 Review of the Literature

are also needed in order to achieve the fine architecture of bone tissue (Han and Zhang,
20006).

Optimal bone regeneration requires adequate blood flow. Ossification of the cartilaginous
matrix occurs in parallel with revascularization (Allori et al., 2008 Part II). During the
final stages of endochondral ossification and the remodeling phase, specific MMPs
degrade cartilage and bone, allowing infiltration of blood vessels (Gerstenfeld et al.,
2003). Neovascularization is regulated by different angiogenic factors, such as vascular
endothelial growth factors (VEGFs) and angiopoietins (reviewed in Tsiridis et al.,
2007).

Table II. The most common collagen types in wound and bone healing and their distribution
(References Stadelmann et al.,1998; Kadler ef al., 2007; Kavitha and Thampan 2008).

Type Structure Distribution

I fibrillar Bone, tendon, skin, dentin, ligament, fascia, arteries, uterus, granulation tissue
1I fibrillar Hyaline cartilage, eye tissues

111 fibrillar Granulation tissue, skin, arteries, uterus, bowel wall

v nonfibrillar Basement membrane

\'% fibrillar Cell surfaces, hair, placenta; associated with type I collagen

VI nonfibrillar Most interstitial tissue; associated with type I collagen

IX FACIT Cartilage; associated with type II and XI fibrils

X nonfibrillar Hypertrophic and mineralizing cartilage

XI fibrillar Cartilage

2.5.2.2 Healing of bone defects

In humans, there are several conditions, such as bone tumor removal, severe fractures
with bone defects and posttraumatic impaired bone healing (delayed unions, nonunions
and malunions), which include bone loss. New bone formation in mechanically stable
defects, as well as in rigidly fixed fractures, differs from natural fracture healing in that
bone formation occurs primarily through intramembraneous ossification (