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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




Review of the Literature 17

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



22 Review of the Literature

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
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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 (Karp et al.,
1992) without intermediate cartilage template. Animal models are commonly used to
study the healing of bone defects (reviewed in Horner et al., 2009).

Especially in weight bearing bones, the method of fixation is important. Sufficient rigidity
is needed to ensure bone healing, but too rigid fixation might also prevent it (Panagiotis,
2005). Numerous other factors, like the location and configuration of the fracture, large
distances between the healing bone surfaces, inadequate daily biomechanical forces,
associated soft tissue damage, and the age, affect the healing ability of bone defects
(Panagiotis, 2005; Strube et al., 2008). The size of the defect is important as well. If the
defect size exceeds certain limits (often called the “critical size™), the defect never heals.
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Different vertebrates have different critical sizes, but in general the healing rate seems to
be faster in small animals (Schmitz et al., 1990; reviewed in Horner et al., 2009).

2.5.2.3 Current clinical treatment of bone loss situations

Treatment of large size bone defects takes place usually by bone transplantation. Already
in 1950’s it was noticed that bone contained native osteoinductive factors that regulate
bone metabolism (Urist, 1953). Since then the use of autogenous bone in bone-grafting
has been the gold standard in orthopedics. Autologous bone grafts are osteogenic,
osteoconductive, osteoinductive and completely biocompatible. However, the use of
the autologous bone is associated with postoperative pain and the potential donor site
morbidity. The supply of the autologous bone might also be limited, and the quality of the
autologous bone in some cases might be unsatisfactory. Because of these disadvantages,
several bone-graft substitutes have been widely used. Allografts and demineralized bone
matrices are osteoinductive choices, but they have many negative aspects as well. Fresh
allografts possess bacterial, viral and prion contaminant and immune response risks, but
the preparation and sterilization of allografts and demineralized bone matrices weaken
their osteoinductive properties (reviewed in Keating and McQueen 2001; reviewed in
Finkemeier, 2002).

However, due to reasons listed above proper biomaterial scaffolds are expected to replace
bone grafts in the future therapies of bone defects. Numerous bone-graft substitutes of
artificial materials have been developed. The ideal substitute material should provide
mechanical support, and possess same characteristics as autologous bone, namely
osteogenicity, osteoinductivity and osteoconductivity. The ideal material does not exist
yet, so the hunt for the perfect bone substitute, the perfect biomaterial, is still going on.

2.5.3 Regulation of wound healing and bone repair

Wound and bone healing are complex processes involving intricate interactions among a
variety of different cell types, structural proteins, growth factors, cytokines, proteinases
and gaseous mediators. Both tissues use their own specific signaling pathways, but the
general principles of the repair processes are relatively similar. Inflammation response
is important in initiation and guiding of both processes. The main difference between
bone and wound healing is the end result, because fracture repair leads to the total bone
regeneration, whereas the end result of wound healing is a fibrous scar with impaired
tensile strength.

Cutaneous wound healing is an extremely dynamic process where the protective barrier
function of skin is quickly reconstituted in a timely and spatially coordinated manner.
One crucial mediator of cellular interactions during the healing is the ECM, where many
important signals are mediated via cell-ECM interactions. During cell migration, the
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proteins of ECM are cleaved in a strictly controlled proteolysis leading to increased cell
motility and division. Several proteases, like MMPs, PA-Plasmin system, ADAMs and
ADAMTSs proteases, are involved in this process, which often produces biologically active
cleavage products (reviewed in Toriseva and Kéhéri, 2009). Proteases also activate various
growth factors and other proteases, in addition to regulating growth factor signaling by
shedding growth factor receptors on cell surface (reviewed in Toriseva and Kéhéri, 2009).

Nitric oxide (NO) is an important gaseous signaling molecule in wound repair (reviewed
in Schwentker et al., 2002). All cell types participating in the healing process are capable
of producing NO via three isoforms of nitric oxide synthases (NOS). Two NOS isoforms,
neuronal and endothelial are expressed constitutively, whereas the third NOS isoform,
inducible NOS (iNOS), is produced in large quantities in response to inflammatory
cytokines and/or bacterial products (Shi et al., 2001, Weller, 2003). After tissue injury,
iNOS expression is upregulated (Bogdan et al., 2000), and the produced NO affects
several aspects of wound healing, including modulation of cytokine production,
angiogenesis, inflammation, cell proliferation, matrix deposition, and remodeling (Shi
et al., 2001; reviewed in Schwentker et al., 2002; reviewed in Luo and Chen, 2005).
Consequently NO influences all steps in the wound repair process.

Like wound healing, bone repair is a cascade of complex biological events involving
intracellular and extracellular molecular signaling for bone induction and conduction.
During the repair process, the pathway of embryonic development is repeated with
coordinated participation from several cell types (Ferrara and Davis-Smyth, 1997).
At the injury site, the cortex, the periosteum, the bone marrow, and the external soft
tissues contribute to the healing process (Tsiridis et al., 2007). The extent to which each
component is involved depends on the conditions present at the injured tissue, such
as the level of growth factors, hormones, nutrients, pH, oxygen tension, the electrical
environment, an the mechanical stability of the fracture (Riedel and Valentin-Opran,
1999). The activation of the immune system and the initiation of the inflammatory
response are crucial in the beginning of the repair process (Tsiridis ef al., 2007).

Historically, the ECM was viewed as an inert environment that provided only stromal
support. To date, the matrix is seen as an active and dynamic biochemical system that
conveys important regulatory cues to nearby cells, effecting gene expression and changes
at the cytostructural level (Allori et al., 2008, Part I). Various hormones, cytokines, and
growth factors serve as signaling molecules, which affect to cellular migration, adhesion,
proliferation, differentiation, transcription and translation. These signaling molecules
may mediate their message to cells either locally or systematically, that is, in autocrine,
paracrine, juxtacrine or endocrine fashion.

Besides growth promoting molecules, numerous inhibitory molecules that regulate
different signaling pathways are needed as well. These inhibitory molecules help to
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maintain the adequate balance of growth promoting factors. Inhibition may happen
via various mechanisms, mainly via negative feedback loops and crosstalk of different
pathways, for example at the extracellular level (noggins, DAN family, Chordin/
Twisted Gastrulation, Follistatin, BMP-3, Ahsg), at the receptor level (BAMBI), or at
the intracellular level (Inhibitory Smads, Smurf-1, Smurf-2, Ski, Tob, Smad-8B, CIZ).
(Tsiridis et al., 2007)

In addition to signaling molecules, the ECM contains molecules, which participate
actively to cell adhesion and mineral nucleation. The key components of ECM include
fibrillar and nonfibrillar proteins, minerals and enzymes, such as the MMPs. By binding
to receptors (e.g., integrins and transmembrane proteoglycans) on bone cells, ECM
molecules cause cytoskeletal deformations that activate second-messenger systems and
lead to altered gene expression, adhesion, migration, proliferation, differentiation, growth
and cell death (Allori ef al., 2008, Part II). ECM molecules may influence the expression
of genes encoding other ECM molecules, so these molecules are continuously under a
dynamic balance via this feedback process.

2.5.3.1 Growth factors and cytokines in wound and bone healing

In addition to the importance of cell-cell and cell-matrix interactions, all stages of the
repair process are controlled by a wide variety of different soluble factors such as growth
factors and cytokines. Growth factors are naturally occurring proteins regulating a
variety of cellular processes. They represent the intercellular signaling that orchestrates
the complex sequence of cell migration, division, differentiation, and protein expression.
The term cytokine is sometimes used interchangeably with the term growth factor.
However, many cytokines also exhibit growth factor activity, but some cytokines have
an inhibitory effect to cell growth or proliferation.

Growth factors and cytokines are produced by a variety of cell types and can exert
autocrine, paracrine, juxtacrine, and endocrine effects. They bind to the surface receptors
of the target cell, which in turn triggers the intracellular domain that generally activates a
protein kinase. The kinase cascade activates transcription of a gene into mRNA, which is
then translated into proteins to be used within cells or exported. Many signaling molecules
may be bound and immobilized in the matrix or at the cell surface, and therefore, are
no longer soluble. Consequently, the activity of signaling molecules in vivo reflects a
delicate balance between free and bound forms.

To date, numerous growth factors and cytokines are held as key regulators of the wound
healing process (Puolakkainen et al., 1995; reviewed in Werner and Grose, 2003; Barrientos
et al., 2008; reviewed in Toriseva and Kéhéri, 2009). After trauma the expression of growth
factors and cytokines is frequently upregulated, and different cell types express multiple
growth factors and cytokines and their receptors in healing skin wounds. When the skin
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is injured, the epidermal barrier is disrupted and the keratinocytes release prestored IL-1
alerting surrounding cells to the barrier damage. Degranulating platelets secrete growth
factors as epidermal growth factor (EGF), platelet derived PDGF and TGF-B. PDGF and
proinflammatory cytokines, like IL-1, attract bacteria removing neutrophils, whereas
TGF-f helps monocytes to convert into macrophages. The macrophages, in turn, release
a variety of proinflammatory cytokines like interleukins and growth factors like fibroblast
growth factor (FGF), EGF, TGF-f and PDGF promoting for example granulation tissue
formation and re-epithelialization of the wound. VEGF released from platelets together
with FGF promote endothelial cell proliferation and angiogenesis. Synthesis, deposition
and organization of new ECM are controlled i.e. by FGF, TGF- and PDGF. The accurate
balancing of the pro- and anti-inflammatory signals is essential for successful wound
healing, so therefore the concentration and duration of exposure to each growth factor and
cytokine is strictly controlled in relation to other factors (reviewed in Gurtner et al., 2008;
Barrientos et al., 2008).

In bone healing, the most crucial growth factors and cytokines involved are much
the same that participate in cutaneous wound healing, namely the proinflammatory
cytokines, the members of the TGF-B superfamily, and angiogenic factors (Tsiridis
et al., 2007). The TGF-B superfamily contains numerous growth and differentiation
factors that include bone morphogenetic proteins (BMPs), TGF-s, activins, inhibins,
and the Mullerian inhibiting substance. Although multiple factors are important in
bone healing, probably the most critical group in regulating osteoblast growth,
differentiation, and apoptosis is the BMPs. Each type of BMPs has a unique role in
fracture repair process, and especially BMP-2 and BMP-7 have been noticed to possess
enhanced osteoinductive activity (Israel et al., 1996; Geesink et al., 1999; Riedel
and Valentin-Opran, 1999). At the moment, both of these factors are commercially
available in a recombinant form for clinical treatment of impaired bone repair (Tsiridis
etal., 2007).

Chemokines are small chemotactic pro-inflammatory cytokines released by the cells at
the site of the injury. They stimulate the migration of multiple cell types at the wound
site, particularly inflammatory cells (Barrientos et al., 2008). Chemokines are suggested
to contribute to the regulation of re-epithelialization, tissue remodeling and angiogenesis
(reviewed in Raja et al., 2007). The CXC, CC, and C families of ligands act by binding
to G protein-coupled surface receptors, CXC-receptors and the CC-receptor. Especially
interesting is SDF-1a, (CXCL12), which is a member of CXC family and works via the
CXCR4 receptor. It plays a role in the inflammatory response, promotes angiogenesis,
and furthermore, recruits proangiogenic subpopulations of hematopoietic cells (bone
marrow progenitors) from circulation to peripheral tissues (Grunewald et al., 2006;
Schantz et al., 2007).
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Table II1. The most common growth factors in wound and bone healing. (reviews of Werner and
Grose, 2003; Tsiridis et al., 2007; Barrientos et al., 2008; Gurtner et al., 2008; Lau et al., 2009).

Growth factor Cells Function Special notes
Angiogenic factors (Angiopoietins and Vascular endothelial growth factors)
Angiopoietin-1, -2 Endothelial cells Formation of larger Regulators
vessels of vascular
Development of morphogenetic
collateral branches molecules
VEGF-A Platelets Granulation tissue Hypoxia is a
Neutrophils formation major stimulus for
Macrophages Chemotaxis VEGF-A release
Endothelial cells Angiogenesis Binds to the
Smooth muscle cells Lymphangiogenesis tyrosine kinase
Fibroblasts receptors Flt-1 and
Keratinocytes KDR
VEGF-C Macrophages Inflammation Receptors
Hematopoietic cell VEGFR-2 and-3
recruitment Increases vascular
Angiogenesis permeability via
Lymphangiogenesis VEGFR-2

Epidermal growth factor —family

EGF Platelets Re-epithelialization Acts mostly via
Macrophages Increases tensile EGFR
Fibroblasts strength Ligand also to several

other receptors

Fibroblast growth factor

FGF-2 (basic FGF) Keratinocytes Granulation tissue FGF-7 and FGF-
Mast Cells formation 10 other important
Fibroblasts Re-epithelialization family members
Endothelial cells Matrix formation
Smooth muscle cells  and remodeling
Chondrocytes

Granulocyte macrophage colony-stimulating factor

GM-CSF Macrophages Inflammation Upregulates IL-6
T-cells Re-epithelialization
Mast Cells Increase endothelial
Endothelial cells cell migration and
Fibroblasts proliferation

Hepatocyte growth factor

HGF Mesenchymal Stimulation of Role in embryonic
cells keratinocyte migration  organ development

Targets and acts
epithelial and
endothelial cells

and adult organ
regeneration

Insulin-like growth factors

IGF-I

IGF-1I

Bone matrix
Endothelial cells
Osteoblasts
Chondrocytes
Same as IGF-I

Bone matrix formation
by fully differentiated
osteoblasts

Later stage of
endochondral bone
formation

Growth hormone
regulates the serum
level of IGF-I
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Growth factor Cells Function Special notes

Platelet derived growth factor -family

PDGF Platelets Inflammation A family of
Macrophages Granulation tissue several homo and
Endothelial cells formation heterodimers:
Fibroblasts Re-epithelialization -AA, -AB, -BB,
Keratinocytes Matrix formation and -CC,DD

remodeling Important in each
Blood vessel stage of healing
maturation Counteracts with
many other factors
Proinflammatory cytokines
Interleukin-1 Neutrophils Inflammation Increases FGF-7
Monocytes Re-epithelialization secretion
Macrophages IL-1P elevated
Keratinocytes in chronic wounds
Interleukin-6 Neutrophils Inflammation Important in
Macrophages Re-epithelialization initiating the
healing response
TNF-a Neutrophils Inflammation Levels elevated in
Macrophages Re-epithelialization chronic wounds
Transforming growth factor B -superfamily
TGF-B1 Platelets Inflammation Predominates in
Keratinocytes Granulation tissue cutaneous wound
Macrophages formation healing
Lymphocytes Wound contraction Potent stimulator
Fibroblasts Re-epithelialization collagen synthesis
Osteoblasts Matrix formation —> scar formation
Chondrocytes
and remodeling
TGF-B2 Same as TGF-$1 Same as TGF-$1 Scar formation
Chemotaxis for bone More important in
forming cells bone repair than
TGF-B1
TGF-B3 Same as TGF-$1 Inflammation Stop signal for
Keratinocyte migration  terminal wound
Neovascularization differentiation
Keratinocyte DNA Inhibits scarring
synthesis inhibition Promotes better
collagen organization
BMP-2 Osteoprogenitors Recruitment of Potent inducer of
Mesenchymal cells mesenchymal cells MSC differentiation
Osteoblasts Chondrogenesis
Chondrocytes Initiation of healing
cascade
BMP-4 Same as BMP-2 Early stage callus
formation
BMP-6 Same as BMP-2 Ossification regulation
Chondrocyte maturation
BMP-7 Same as BMP-2 Ossification regulation
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2.5.4 Stem cells in wound healing

Plasticity and ability to differentiate into various tissue types is valuable during wound
healing. Both hematopoietic and mesenchymal stem cells have been shown to play an
importantrole inmany tissue injuries. HSCs are capable to differentiate intoneovasculature
(Asahara et al., 1999), and they seem to be the key mediators in endothelial repair.
Injection of HSCs into mice accelerates revascularization of ischemic limbs (Schatteman
et al., 2000) and wound healing (Sivan-Loukianova, 2003). In addition to their vascular
repair ability, HSCs have an ability to differentiate into non-hematopoietic cells (see
chapter 2.2.1). Thus, their role in wound healing might be much wider than has been
assumed.

HSCsand MSCs seemto have functional interaction in the bone marrow microenvironment
(Valtieri and Sorrentino, 2008) and it is likely that both cell types are needed in wound
healing. MSCs home to the wound site and differentiate to the connective tissue cells
that produce the ECM of the granulation tissue (Yamaguchi et al., 2005; Liu et al., 2006;
McFarlin et al., 2006; Cha and Falanga, 2007; Kwon et al., 2008). Furthermore, MSCs
release factors that not only enhance non-hematopoietic tissue repair but also yield
proangiogenic factors essential for HSCs/EPCs survival, proliferation and differentiation
(Kinnaird et al., 2004). This indicates that MSCs are important in blood vessel formation
as well.

The injured area sends both attractive and repulsive cues to bone marrow-derived stem
cells to target them exactly to the correct location (Chan-Ling et al., 2006). Stem cells
migrate to sites of injury because they are attracted by locally produced growth factors
and/or cytokines, including the chemokine stromal-derived factor-1 (SDF-1) (Aiuti et
al., 1997; Tachibana et al., 1998). The fate of stem cells is ultimately dictated by the
local environment.

For tissue engineering, there are several optional sources of stem cells. Embryonic stem
cells are derived from the inner cell mass of the embryonic blastocysts, and represent an
attractive alternative for cell-replacement therapy due to their pluripotency (reviewed
in Metcalfe and Ferguson, 2007). Their use is, however, limited because of many
controversial ethical and technical issues. A more acceptable choice might be cord
blood cells, which are more primitive than adult bone marrow cells, and have increased
capacity for multilineage differentiation (Ballen, 2007).

Multipotent adult stem cells do not possess the full range of plasticity of embryonic stem
cells, but they offer practical advantages including ease of isolation and propagation (Lee
et al., 2009). The treatment with autologous adult stem cells also helps to avoid rejection
problems, and the harvesting of stem cells is relatively easy from the bone marrow area
or from peripheral blood (reviewed in Metcalfe and Ferguson, 2007). Nowadays more
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attention has been focused on adult somatic stem cell sources, especially to the skin
and fat tissue (Shi et al., 2006; Jeong, 2010), which both represent a large reservoir of
adult stem cells. The advantages of these tissues are that they are easily accessible and
immune privileged. Adult stem cells reside in specific niches and the niche exposes the
stem cells to different differentiation cues (reviewed in Metcalfe and Ferguson, 2007).
These cells are essential for tissue repair, wound healing and regeneration, because they
are responsible for all cell replacement within a tissue. It has also been speculated that
the use of cells with stem cell properties might reduce scar formation (Shi et al., 2006).
A new source of stem cells, so called induced pluripotent stem cells, can be generated
directly from somatic differentiated cells by silencing several key genes of differentiation
by various techniques. Examples of such techniques are expected to revolutionize the
stem cell technology (Nakagawa et al., 2008; Voigt and Serikawa, 2009; Aoki et al.,
2010; Tat et al., 2010).

2.5.5 Impaired wound healing and chronic wounds

Normally the end result of uncomplicated wound healing in postnatal life is a scar with
little fibrosis, minimal if any wound contraction, and a return to near normal tissue
architecture and organ function. The wound is considered chronic, if the healing process
does not occur in orderly or timely sequence or does not result in structural integrity
(Robson, 1997). Impaired wound healing is characterized by granulation tissue formation
that is not resolved in a proper time and often leads to the excessive fibrosis causing
hypertrophic scars or keloids.

Skin ulcers are probably the most common types of chronic wounds. They are
characterized by missing or insufficient granulation tissue and are caused by an underlying
disease, environmental factors (such as elevated skin pressure), prolonged inflammation
and infections. The most common ethiological reason for chronic ulcers is the lack of
adequate blood circulation, usually due to venous insufficiency or arterial diseases or
both. Other important etiological factors are diabetes, vasculitis, trauma and neoplasia
(Sarkar and Ballantyne, 2000, Mekkes et al., 2003, Simon et al., 2004). Whatever the
cause behind the ulcer, chronic wounds often demand a long-lasting treatment, worsen
the individual’s quality of life and are a remarkable burden on the community.

Despite the etiology of a chronic wound, local molecular and cellular pathophysiologies
are much alike (Mast and Schultz, 1996). The secretion or function of many molecular
and cellular factors is disturbed. In non-healing wounds, inflammation is usually
counterproductively prolonged. Thus, the presence of macrophages, B cells and plasma
cells are elevated in chronic wounds and diabetic ulcers (Ko6ssi, 2000). The levels of
glucose, total protein and albumin are decreased in chronic leg ulcers compared to
healing wounds (Trengove et al., 1996) suggesting a diminished availability of energy.
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In addition, the amount of many crucial growth factors, e.g. PDGF, FGF-2, EGF, and
TGF-B, has been shown to be reduced compared with the amounts in acute wounds (Cooper
etal., 1994). Chronic wounds have often lost the delicate balance between adequate growth
factor and cytokine production versus prolonged activation of pro-inflammatory cytokines
and diminished anti-inflammatory cytokine function (reviewed in Barrientos et al., 2008).
As a matter of fact, fluid collected from acute wounds stimulates DNA synthesis up to
three times that seen in non-treated fibroblasts cell cultures, whereas fluid collected from
chronic wounds failed to stimulate any synthesis at all (Bennett and Schultz, 1993). It
has also been claimed that both keratinocytes and endothelial cells isolated from chronic
wounds are unable to upregulate chemokines and cytokines necessary for the resolution of
chronic inflammation (Galkowska et al., 2006).

Chronic ulcers contain elevated MMP levels and activity (Impola et al., 2005) as well as
interleukin-1o (IL-1a and tumor necrosis factor alpha (TNF-o) compared to normally
healing surgical wounds (Saarialho-Kere et al., 1993; Barone et al., 1998; Wallace and
Stacey, 1998; reviewed in Toriseva and Kéhiri, 2009) and the levels of growth factor
degrading proteases are up to 100-fold greater than in acute wound fluids (Tarnuzzer
and Schultz, 1996). The degradative effect of chronic wound fluid is associated with
increased levels of elastase and diminished levels of proteinase inhibitors (Yager at al.,
1997), so even if relevant growth factors are present in a chronic wound, the presence of
wound proteinases may play a significant role in neutralizing their effect.

In normal skin, types I and I1I collagen exist in a ratio approximately 4:1. In hypertrophic
and immature scars, the percentage of type III collagen may be as high as 33%, altering
the ratio of type I to type III collagen to 2:1 (reviewed in Stadelmann ez al., 1998). As the
wound heals, granulation tissue converts from a cell-rich, highly vascularized medium
to a much less vascular and cellular matrix of collagen. To achieve this stage, the cells
present in granulation tissue must be removed from the wound by apoptosis. A failure of
this process leads to a high degree of cellularity and abundant scar formation.

Many impaired wound healing states have been associated with depleted NO production.
For example, disturbance in the availability of NO explain many of the poor wound
healing characteristics found in diabetes (Curran et al., 2006, Boykin JV Jr, 2010).
Although NO is a prerequisite for successful wound healing, a surfeit of this gaseous
signaling molecule may be as detrimental as its underproduction, affecting among other
things collagen synthesis (reviewed in Schwentker et al., 2002).

Wound infection often leads to impaired wound healing. Infection inhibits the multiple
processes involved in wound healing (Tachi et al., 2004). Bacteria and bacterial products
attenuate fibroblast proliferation, collagen synthesis, growth factors activities, and
increase degradation of collagen (Tarnuzzer and Schultz, 1996). The process is mediated
by inflammatory cells. Adequate tissue oxygen tension is important for adequate bacterial
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killing by polymorphonuclear cells via oxidative intracellular mechanisms (reviewed
in Stadelmann et al., 1998). Hemoglobin plays an important role in a tissue oxygen
delivery, and an insufficient hemoglobin level has been shown to be an independent risk
factor causing delayed healing (Takahashi ef al., 2009).

Chronic ulcers are a common problem especially among elder people. Recent evidence
suggests also, that age-related decline in repair and regeneration potential might be a
significant factor behind non-healing wounds in the skin (Wall ef al., 2008). Chronicity,
maintained by chronic inflammation or bacterial infection, may lead to localized
cellular/tissue aging within the wound site. The failure to resolve inflammation might be
a consequence of fibroblast dysfunction, caused by the lack of the precise cues required
to guide infiltrating leukocytes to the injury site (Wall ez al., 2008). This theory is based
to the new concept of a stromal address code, reviewed by Parsonage et al., (2005).

Fibroblast dysfunction is seen when an increased proportion of cells undergo irreversible
growth arrest or replicative senescence (Dimri et al., 1995). Senescent fibroblasts, which
are still metabolically active, are highly stable and express numerous ECM-related
enzymes and structural molecules (Wall et al., 2008), while downregulating type I
collagen (Varani et al., 2004). Fibroblasts isolated from chronic wounds have decreased
proliferation potential in cultures and increased replicative senescence compared with
normal non-wound skin fibroblasts (Stanley and Osler, 2001). However, not all studies
have shown similar findings, and the role of aging and altered life span of fibroblasts
within the wound is still not fully understood (Wall et al., 2008) but might be related to
the limited number of mitotic divisions of specialized cells (Goldstein et al., 1974).

2.5.5.1 Current clinical treatments of chronic ulcers

At the present time, the basic treatment of chronic ulcers is to take care of the underlying
reasons causing ulceration, for example by balancing blood glucose levels of diabetic
patients, optimizing treatment of cardiovascular diseases, for selected patients surgical
interventions, and correcting anemia. Decreasing and preventing tissue edema is crucial
(O'Mearaetal.,2009). Topical care includes a careful conservative treatment with various
methods according to the clinical situation of the wound, e.g. mechanical cleaning of the
wound bed, antiseptic baths, enzymatic gels and different wound covering materials.
Some commonly used methods and new clinical tests for wound bed cleaning are listed
in the table IV below. Antibiotics are needed in cases of bacterial infections (O Meara
et al., 2010). The most complicated ulcers are treated with skin grafts or even with
microvascular reconstructions. Simultaneous vascular reconstructions are often essential
to prevent fast relapses. Some milder cases can be treated with skin strip grafts performed
by dermatologists or general practitioners. This technique is simpler and the demand of
resources is much lower than in techniques of plastic surgeons.
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Table IV. Methods used for wound bed cleaning.

Treatment methods References

Enzymatic gels Ramundo and Gray, 2008
Honey Jull et al., 2008
Hyperbaric oxygen Hunter et al., 2010
Larvae Dumville et al., 2009
Resin salve Sipponen et al., 2008
Silver Bergin and Wraight, 2006
Topical Activated Protein C Whitmont et al., 2008
Wound dressings Palfreyman et al., 2006

In general, a serious injury to the skin requires an immediate coverage to facilitate
repair and restore skin function. This is valid in severe burns and traumas, but active
interference is as well important in chronic ulcers. The gold standard is autologous skin
graft. However, autologous skin grafting is not always possible, therefore numerous
commercial artificial skin constructs have been developed. For example, Alloderm®
is made from cadaver skin and processed acellular to become immunologically inert
whereas Integra®, Dermagraft®, Apligraf® and Epigel® are artificial ECM constructs
made from natural or synthetical materials (reviewed in Metcalfe and Ferguson, 2007).
These substitutes are mainly used for a temporary coverage of wounds. None of these
materials are able to fully recreate the functions and esthetics of the skin. Common
problems with existing skin substitutes include reduced vascularization, scarring,
absence of differentiated structures, poor biocompatibility, poor mechanical and handling
properties, and in some cases, delay involving cell culture or persistence of cells in
heterologous grafts (reviewed in Metcalfe and Ferguson, 2007). These materials are also
often very expensive.

Because there are no artificial skin substitutes that completely replicate normal uninjured
skin (reviewed in Metcalfe and Ferguson, 2007), the interest to enhance wound healing
by exogenous growth factors is growing. The outcome of studies concerning growth
factor therapy has been inconsistent. A delicate balance of different growth factors and
cytokines is a key question, because an overexpression of one subject might disturb the
complex entity of the healing process. Furthermore, topical delivery of growth factors
to chronic wounds is difficult because of the rapid degradation of agents caused by
the proteolytic environment of chronic wounds (reviewed in Barrientos et al., 2008).
Currently, gene therapy and developing biomaterial technology have provided new
possibilities, and there are multiple novel delivery systems, including adenovirus and
slow-releasing polymers, which are being investigated as growth factor delivery systems.
The most promising growth factors for clinical testing are bFGF (Robson ef al., 1992),
GM-CSF (Bianchi et al., 2002; Cianfarani et al., 2006), EGF (Ferndndez-Montequin et
al., 2009), and VEGF (Saaristo et al., 2006). At the moment, the only growth factor in
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real clinical use, approved by the FDA, is topically applied PDGF-BB, which is used in
the treatment of chronic ulcers with good results (Margolis et al., 2000; Margolis et al.,
2004).

A new area under intensive investigation is stem cell application to engineered constructs.
With different scaffolds, stem cells can be selectively delivered to certain areas. Locally
implanted MSCs seem to be effective in bone, cartilage and tendon repair (Burns et al.,
2010; Charbord et al., 2010). The treatment can be targeted also for example straight
to the cardiac muscle (Lesman et al., 2010), or neural tissue (Gelain et al., 2006). In
wound healing, new multifunctional biological scaffolds are often combined with wound
dressing and films. These scaffolds are able to release shielded bioactive substances, such
as MSCs, or to anchor endogenous circulating repairing cells (Kobayashi and Spector,
2009; Dainiak et al., 2010; Drago et al., 2010).

2.6 BIOMATERIALS

A biomaterial is defined as a material, either man-made or natural, which is used and
adapted for a medical application. It does not have a chemical effect in the organism, nor
does it need to be metabolized to be active like for example drugs (Ratner et al., 2004).

2.6.1 General aspects of biomaterials

The major classes of biomaterials include metals, ceramics, polymers and composites,
but an autograft, allograft, or xenograft used as a transplant material can be considered as
a biomaterial as well. Metals and phosphate ceramics have already been used for a half
of a century and polymers for over 30 years to replace diseased or damaged tissues, so
they are supposed to be non-toxic and biocompatible. At first biomaterials were selected
to be as bio-inert as possible, meaning that they are not degraded in tissues and not
recognized as a foreign material. Some bioactive materials are, however, capable to form
a bond between an implant and a living tissue (Hench, 2006). Most new biomaterials are
also biodegradable and metabolized into non toxic compounds, which are either utilized
by the host or secreted into urine. To date, many biomaterials combine bioactive and
bioresorbable properties in order to activate in vivo mechanisms of tissue regeneration,
stimulating the body to heal itself and leading to replacement of the scaffold by the
regenerating tissue (Boccaccini and Blaker, 2005).

Current strategies for producing improved biomaterials are alteration of implant
chemistry and changing the physical properties of the implant (Khang ez al., 2008). Novel
sophisticated scaffolds are combined for example with different growth factors or stem
cells, aiming to enhance the tissue repair (reviewed in Metcalfe and Ferguson, 2007).
The clinical applications of biomaterials are numerous, from silicon breast implants and
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contact lenses to heart valves. The field of applications is continuously expanding and
consists of dentistry (Smith et al., 2008), head and neck surgery (Biicheler and Haisch,
2003), and orthopedics (Navarro et al., 2008), cartilage repair (Stoddart et al., 2009),
skin tissue regeneration (Priya ef al., 2008), and tissue engineering of cornea (Shah,
2008), myocardium (Jawad, 2008), and genitourinary tract (Wood et al., 2008). There
are also biomaterials for central nervous system (Zhong et al., 2008), for targeted and
prolonged drug delivery (Kim S et al., 2009), and even for nanoparticle oxygen carries,
which act as a hemoglobin substituent (Piras et al., 2008).

2.6.2 Cellulose as a wound healing material

Cellulose is a natural polymer, which is degraded by microbial enzymes. It is a linear

homopolymer of glucose (C.H ,O,), consisting of B-D-glucopyranose units linked by

12
B(1-4) bonds to form long, straight chains strengthened by cross-linked hydrogen bonds
(Mayes, 1988). Cellulose is the most common organic compound on Earth, being the
structural component of the primary cell wall of green plants, many forms of algae and
the oomycetes. For industrial purposes cellulose can be manufactured from wood pulp
or other cellulose materials. The production of the cellulose is cheap, and it is easily

fabricated to different structures and derivatives.

Cellulose and its derivatives are well tolerated by several tissues and cells (Miyamoto et
al., 1989; Barbié et al., 1990; Kino et al., 1998). Because of its good biocompatibility
and non-toxicity, cellulose and its derivatives have also been used in biomedicine.
The examples of the different biomedical applications are, among the others, coating
materials for drugs, blood coagulants, additives of pharmaceutical products, supports
for immobilized enzymes, artificial kidney membranes and stationary phases for optical
resolution (Miyamoto et al., 1989). Cellulose induces a moderately strong foreign
body reaction in tissues. When implanted subcutaneously, vital and well-vascularized
granulation tissue grows rapidly into the cellulose sponge (Viljanto and Kulonen,
1962; Raekallio and Viljanto, 1975). This process resembles wound healing assayed by
histological or chemical criteria (Edwards ef al., 1957; Holund et al., 1979; Pajulo et al.,
1996; Inkinen et al., 2003). Cellulose acts as a chemoattractant for cells that are involved
in the repair process, but it does not interfere with the normal wound healing process.

Because of this good granulation tissue formation ability, cellulose sponges have beenused
in experimental surgery since 1959 (Viljanto and Kulonen, 1962), and the subcutaneous
implantation of the cellulose sponge is a widely accepted method to study wound healing
(Edwards et al., 1957; Holund et al., 1979; Pajulo et al., 1996; Inkinen et al., 2003).
Cellulose sponges have also been used to stimulate granulation tissue in the wound base
after deep burns and traumatic injuries (Viljanto, 1972; Viljanto and Jaéskeldinen, 1973;
Viljanto and Raekallio, 1976 A;B). Several cellulose products for wound healing purposes
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(e.g. Cellspon®, Cellstick®, Sponcal®, Visella® and Absorpal®) are commercially
available. These products are made from sponge form viscose cellulose, which has a
homogenous porous structure, characterized by thin pore walls with one or more interpore
openings. The sponge is elastic and can be compressed and expanded repeatedly without
damage to the internal structure, thus providing a free entrance for the cells to inner parts
of the sponge (Viljanto, 1995). Because of these properties, viscose cellulose sponge is
easy to shape to a suitable form prior implantation.

The greatest disadvantage in cellulose use as a biomaterial is its low biodegradability.
Animal cells do not have enzymes that can cleave the f1-4- bond between two glucose
moieties. Thus cellulose degradation in tissues takes place by a slow nonenzymatic
hydrolysis of the f1-4 bond. Because of this slow degradation, cellulose can be considered
as an almost stable matrix. The time needed for the total disappearance of the cellulose
sponge from subcutaneous tissue is longer than 60 weeks (Mirtson ef al., 1999). The
biocompatibility of the cellulose sponge with the bone is also good. The osteogenic
potential of the cellulose has been investigated, and the cellulose sponge has been shown
to allow osteoconduction, but not to have osteoinductive properties (Martson et al., 1997,
Mirtson et al., 1998). In practice, this means that when implanted into bone, cellulose
does not inhibit the growth of new bone at sites where bone should be formed.

2.6.3 Hydroxyapatite coating of biomaterials

Mature compact bone consists of about 70% inorganic salts and 30 % organic matrix
by weight. The mineral components of bone are mainly calcium and phosphate in the
form of HA crystals. Because of their physicochemical similarity to the teeth and bones,
HA ceramics have been used in oral, maxillofacial, and orthopedic applications (Hench,
1991). Hydroxyapatite has good bioactivity and osteoconductivity (Park and Lakes,
1992, Hench, 1998, Domingo et al., 2003), but the material itself has poor mechanical
properties. HA coating for stiff materials, like stainless steel, titanium or titanium and
magnesium alloy implants (Habibovic et al., 2002, Kim ef al., 2005, Zhang et al., 2009),
have been used in order to enhance their biocompatibility and adherence to bone.

Bioactive glasses are a group of synthetic silica-based bioactive materials with bone
bonding properties. They were developed in 1969 by Larry Hench, as the first and the
original 45S5 Bioglass®. The bioactive glass 45S5 is a silica-based melt-derived glass
characterized by a SiO, content of less than 60 %, a high Na,O and CaO content, and a
high CaO:P,O; ratio (Hench, 2006). These silica, calcium, and phosphate groups form
a reactive surface allowing bonding with bone. Especially silica is believed to play a
critical role in bioactivity (Valiméki and Aro, 2006). Indeed, bioglass 45S5 and other
similar bioactive glass formulations have been shown to stimulate bone regeneration
(Jell and Stevens, 2006), and thus have been used in a variety of clinical applications, for
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example in dentistry, head and neck surgery, and orthopedics. The mechanical properties
of bioglasses are, however, poor for clinical purposes, because they are relatively stiff,
brittle and difficult to form (Thomas et al., 2005).

Bioactive glasses can also be used to produce a HA coating for different materials. This
so called biomimetic method was first presented by Kokubo et al., 1991. In this method,
a substrate is set in contact with particles of bioactive CaO-SiO,-based glass soaked in
a simulated body fluid (SBF) with inorganic ion concentrations nearby equal to those of
human blood plasma. This leads to apatite nuclei formation in situ, resulting in a coating
resembling a natural bone surface.
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3. AIMS OF THE STUDY

In this study, the biocompatibility of silica-rich HA coating of cellulose sponges was
tested both in femoral bone defects and in the subcutaneous space in rats. All studies
have been executed in experimental rat models.

The detailed aims were:
- To test the compatibility of the HA-coated cellulose sponge for a bone substitute
material (I)

- To investigate the granulation tissue forming ability of the HA-coated cellulose
sponge in rat subcutaneous tissue (II)

- To study the reasons behind the induced granulation tissue forming ability of HA-
coated cellulose sponges, and the possible presence and attachment mechanisms
of bone marrow-derived stem cells (I1T)

- To examine hemoglobin expression in experimental granulation tissue (IV)
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4. MATERIALS AND METHODS

4.1 HYDROXYAPATITE COATING OF CELLULOSE

The viscose cellulose sponge was manufactured by Cellomeda Oy, Turku, Finland. A
specific bioactive glass, S53P4 (Abmin Technologies Ltd/Vivoxid, Turku, Finland) was
used as the source of ions in the hydroxyapatite coating process, which is explained in
more detail in study 1.

4.2 EXPERIMENTAL ANIMALS

A total of 94 male Sprague-Dawley rats aged 8-13 weeks and weighing 310 + 75 grams
(SD) at the time of implantation were used in this study. During the experiments the
rats were housed individually in cages with free access to food pellets and water. The
animal facilities are managed according to the European Convention for the Protection of
Vertebrate Animals Used for Experimental and Other Scientific Purposes and inspected
for GLP (Good Laboratory Practice) Compliance. The study design was approved by the
Animals Ethical Committee of the State Provincial Office of Southern Finland.

4.3 IMPLANTATION PROCEDURE

The experimental animals were anesthetized with a subcutaneous injection 10 ml/kg
of a mixture of midazolam 5 mg/ml (DormicumR, Roche, Switzerland) and fentanyl-
fluanisole 0.3-10 mg/ml (HypnormR, Jansen Pharmaceuticals, Belgium) in sterile water
1:1:2. The backs of the animals were shaved, disinfected with a solution of chlorhexidine
gluconate 5 mg/ml (KlorhexolR, Leiras, Finland) and draped with sterile towels.

Study I: An incision, 1.5 cm of length, was made on the midline of the antero-lateral aspect
of the femur. By dissecting femoral muscles and periosteus, a unicortical defect (diameter
2.4 mm), perpendicular to the longitudinal axis of the diaphysis just below the trochanter
major femoris was created, using serial drills with increasing diameters. Using an applicator,
another unicortical defect was created 8 mm distal to the same direction. The holes were
connected by drilling leaving a unicortical defect of ca. 10 x 2.3 mm. Before insertion
into defect, each implant was moistened with 0.9% NaCl solution to retard blood clotting
at the dry implant surface and to allow easier migration of repair cells into the implants.
Moisturized sponges also swell by ca. 10-15% and adhere better than dry sponges into
the defect cavity, and do not break during implantation. The edges of fascia and dissected
muscles were sutured with an X-type 6-0 stitch (Vicryl, Ethicon).
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Studies II, I1T and IV: Two separate 2 cm long midline incisions, cranial and caudal, were

made on the back of the animals. The sterilized sponge implants ca. 10 mm x 5 mm were
moistened with 0.9% NaCl solution, after which the implants were inserted bilaterally
into pockets of subcutaneous space without fixation. Skin wounds were closed with
interrupted 4-0 sutures (Vicryl-rapid, Ethicon).

In each experiment, mineralized and non-mineralized implants were inserted alternatively
into the left and right sides to reduce biological variation.

Figure 5. A schematic representation of the subcutaneous implantation model used in
studies II-IV. Two midline incisions were made on the back of the rats, and sponge implants
were inserted bilaterally into subcutaneous pockets.

44 METHODS

The methods and analytical techniques used in this study are listed in Table V and
described in detail in the original publications (I-IV) or in the references. The cDNA
clones used as probes in the Northern analyses are listed in Table VI and the antibodies
used in immunohistological stainings, Western analyses, immunofluoresence stainings
and flow cytometry analyses are listed in Table VII.
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Table V. Methods used in this study.

Methods Described in Used in
Imaging techniques

Scanning electron microscopy I I
Fourier transform infrared spectroscopy I I
Histology

Hematoxylin-eosin I I, 11
Weigert-van Gieson I L 1I
Histomorphometry I I
Radiographic examination I I

DAPI DNA staining II II
Giemsa staining I I
RNA analyses

RNA isolation Chomczynski and Sacchi 1987,1V 1, 11, 111, IV
Northern blot 1 LIL IV
RT-PCR v v
[llumina microarray v I, IV
Protein analyses

Binding of TGF-B1 to cellulose sponges 1 I
Picrosirius Red staining I 11
Avidin-biotin immunolabeling L1I LIL L IV
Immunofluorescence 11 11

Cell sorting

Flow cytometry 11T 111

Table VI. The cDNA clones used as hybridization probes used in this study.

mRNA c¢DNA probe Used in Reference

mouse proo1(I) collagen pMCollal-1 LI Metséranta et al., 1991
mouse prool(Il) collagen  pMCol2al-1 I Metsdranta ef al., 1991
rat proa1(11I) collagen pRGRS5 LI Glumoff et al.,1994
mouse decorin pMDcn-1 LI Sddmaénen et al., 2001
o globin v Satoh et al., 1987

B globin v Satoh et al., 1987
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Table VII. Antibodies used in different protein analyses and cell sorting

Antibody Host animal Used in Supplier/reference

CaR mouse 111 Santa Cruz, USA

CD31 rabbit 11 Santa Cruz, USA

CD34 rat 1T Santa Cruz, USA

CD117 (c-kit) rabbit 11T Santa Cruz, USA

Collagen type | rabbit LI Research Diagnostic, USA

Collagen type I1I rabbit L1II Research Diagnostic, USA

Decorin (LF-113) rabbit LI Fisher et al.,1989

ED-1 mouse 11 Acris Antibodies GmbH,
GER

Glycophorin A mouse v Santa Cruz, USA

Hemoglobin o rabbit v Santa Cruz, USA

Hemoglobin B, d, y rabbit v Santa Cruz, USA

PCNA mouse II Zymed Laboratories, USA

PDGF-A rabbit 1I Research Diagnostic, USA

Stro-1 mouse I Zymed Laboratories, USA

TGF-1 rabbit I, II Santa Cruz, USA

TGF-p1 rabbit I RD, UK

TNF-a goat II Santa Cruz, USA

VEGF rabbit II Research Diagnostic, USA

4.5 STATISTICAL ANALYSIS

In study I, statistical significance was calculated by the two-way analysis of variance
(ANOVA). In study II, all data were expressed as the mean +SD. The raw data was
analyzed with the statistical program SPSS 12.0 (SPSS Inc., USA). Paired #-tests were
used to test difference between coated and uncoated groups. The differences were
considered statistically significant at p < 0,05. In study III, the two-tailed #-test was

used.
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5. RESULTS

5.1 CHARACTERIZATION OF THE HYDROXYAPATITE SURFACE

The HA-coated sponges were approximately 30% heavier than uncoated ones of similar
size. The SEM images taken from the surfaces of cellulose sponges before and after
mineralization revealed successful homogenous coating with small spherical HA
precipitates. Despite the coating, the interconnecting pores inside the sponges remained
open. The quality of coating was identified as carbonated HA by Fourier transform
infrared spectroscopy (FTIR) spectroscopy (I; Fig 2).

5.2 EXPERIMENTAL ANIMALS AND IMPLANTS

The rats recovered quickly from the operation, walked freely, and continued to gain
weight throughout the observation period. No wound or implant infections were detected,
and all animals were alive and healthy at the end of the experiment.

5.3 BIOCOMPATIBILITY OF HYDROXYAPATITE COATED
CELLULOSE SPONGES WITH BONE (I)

5.3.1 General histological findings, histomorphometric results and radiographic
examination

The aim of the study was to test the compatibility of HA-coated cellulose sponges in an
experimental rat femoral cortical defect model up to one year.

Light microscopy examination of hematoxylin-eosin (not shown) and van Gieson stained
sections revealed that the HA-coated sponges induced a much stronger inflammatory
reaction with rapid connective tissue proliferation than uncoated sponges. This inflammatory
reaction persisted throughout the observation period, and even after 52 weeks HA-coated
sponges were richer in giant cells and macrophages than the controls (I; Fig 3).

Bone formation was clearly delayed in the HA-coated sponges compared to the uncoated
sponges. At four and six weeks, new bone was formed all over the marrow side of
the uncoated sponges, but the HA-coated sponges were mostly filled with a fibrous
granulation tissue rich in foreign body giant cells. Hardly any progress of bone formation
was seen at twelve weeks after the operation in the HA-coated sponges. At the end of
the experiment, at 52 weeks, most parts of the implants were still filled with connective
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tissue and giant cells, only the sponge edges being ossified. New bone growing beneath
the HA-coated implants had, however, pushed the implants upwards and started to fill
the bottom of the defects. This phenomenon was not seen in the uncoated sponges, in
which the new bone grew straight into the sponge structure. (I; Fig 4)

Histological findings were supported by morphometric analysis, where less bone tissue
was observed in HA-coated sponges at 2-12 weeks compared to the uncoated sponges.
Still at 52 weeks, the total amount of new bone in the defect area with both types of
sponges was almost similar, because new bone had started to fill the cavity beneath the
HA-coated sponges (I; Fig 5). This fact was also seen in radiographs of 52-week-old
implants (I; Fig 6).

5.3.2 Expression of connective tissue genes in bone implants

The expression of four skeletal connective tissue specific proteins was investigated by
Northern analysis of the implants. In the HA-coated implants, type III collagen (p=0,016)
and decorin (p=0,036) expression at 2 and 4 weeks remained lower than in the uncoated
implants. At 6 weeks, the last time point in RNA analysis of this study, the differences were
non-significant. The differences in type I collagen expression between the HA-coated and
uncoated sponges were also non-significant in each time-point (I; Fig 7). No cartilage-
specific type Il collagen mRNA signals were observed in the implants at any time.

5.3.3 Binding of TGFpI to cellulose sponges in vitro and in vivo and
immunodetection of TGFB1

One reason for the observed in vivo fibrous reaction of the HA-coated sponges could be a
strong binding of the fibrogenic growth factor, TGF-B1, to the sponges. To test this hypothesis,
HA-coated and uncoated cellulose sponges were incubated with TGF-1 in SBF solution.
Indeed, even after washing the sponges incubated withTGF-B1 for 1 h in SBF at 37°C, the
HA-coated sponges showed more TGF-31 immunoreactivity indicating a higher binding
affinity of TGF-B1 to the HA-coated sponges compared to the uncoated sponges. A stronger
immunoreactivity of TGF-31 was also seen in vivo in the coated samples. (I; Fig 8).

5.4 BIOCOMPATIBILITY OF HYDROXYAPATITE COATED
CELLULOSE SPONGES IN SUBCUTANEOUS TISSUE (II)

5.4.1 Visual evaluation and general histological findings of subcutaneous implants

In study I, HA-coated cellulose sponges did not permit osteoid ingrowth, instead of
bone tissue the sponges were filled with a fibrous tissue rich in inflammatory cells. This
indicated that HA-coated cellulose was not suitable for bone substitute material, but in



Results 53

other clinical applications a rapid granulation tissue growth might be needed. Thus, in
study II we investigated further the granulation tissue forming capacity of the HA-coated
cellulose sponges in the rat subcutaneous tissue.

Observations were made at a total of nine time points; 1, 3, 5, 7, 10, 14, 30, 90 and
365 days post-surgery. During the whole experiment, both implant types were easily
visualized at the sites of implantation. Especially from postoperative day 3 to day
7, the HA-coated sponges were darker in color as a sign of high cellularity and rich
vascularization, whereas the uncoated sponges were pale (II; Fig 1a). Up to 14 days,
the HA-coated sponges were also heavier compared to control sponges (a statistically
significant weight increase at days 3 (p=0,018) and 7 (p=0,021; II; Fig 1b)).

In microscopic examination, already at day 1 a vigorous inflammatory response with
lymphocytes, granulocytes, monocytes, macrophages and extravasated erythrocytes
was seen in the HA-coated sponges. The inflammatory cells were gathered around the
mineralized sponge fibers and filled the inner space of the sponge. The growth of granulation
tissue started in the area of the capsule which had powerful angiogenesis. The pores of
the HA-coated implants were entirely filled with the granulation tissue already at day 14
postoperatively, whereas the pores in the inner space of the controls were sparsely populated.
After this time-point, these differences gradually vanished, and at later observations points
the structure of the granulation tissue looked similar in both types of sponges. (II; Fig 2)
No differences in the number of apoptotic cells were seen between the two sponge types in
staining of nuclei with DAPI DNA stain (II; not shown).

5.4.2 Expression of connective tissue proteins in subcutaneous implants

The total amount of RNA was on average twice as high in the coated samples until
day 14 postoperatively. The relative expression of collagens I and III and decorin were
similar in the coated and control sponges despite the greater amount of total RNA in
the coated samples. At later time points the total RNA content was approximately the
same in both types of sponges. The expressions of type I and III collagens had greatly
diminished by postoperative day 14, whereas decorin expression continued throughout
experiment in both implant groups.

On the other hand, the measurement of total collagen from picrosirius red-stained sections
revealed statistically significant difference (1 day, p = 0.028; 30 days, p = 0.037) in the
HA -coated sponges compared with the control sponges. This difference lasted until
30 days, after which both types of sponges seemed to be filled with similar amounts of
connective tissue and differences in collagen staining were no more observed (II; Fig 3a,
b). Immunohistological stainings of collagens type I and III, and decorin, showed also
more rapid tissue reaction in the coated samples, but similar to other results, differences
remain only during the first two weeks (II; Fig 3c).
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5.4.3 Immunohistochemical detection of macrophages, blood vessels, growth
factors and PCNA

To investigate the level of inflammation in both types of sponges, the sponge sections
were stained with ED1 antibody to reveal macrophages and giant cells. Under light
microscopy examination it was obvious that more macrophages had gathered earlier to
mineralized sponges compared to controls (II; Fig 4b), but no statistical significance was
reached (II; Fig 4a). Sections were also stained with a pro-inflammatory growth factor,
namely TNF-a, and in both implants especially the macrophage and giant cell areas
were strongly positive (II; Fig 4c¢).

The amount of blood vessels in the implants was detected immunohistologically with
anti-CD31. A forceful neovascularization was noticed particularly in capsule areas of
HA-coated sponges (II; Fig 5a). Statistically significant differences in the amounts of
CD31-positive blood vessels were observed at post-operative days 5 (p = 0.007) and 10
(»p = 0.043) (II; Fig 5¢). Additionally, similar positive areas were obtained from VEGF
stainings (II; Fig 5b).

Immunohistological staining with TGF-B1, PDGF-A and the cell proliferation marker
PCNA (II; Fig 6), followed a similar pattern; a heavy staining, the most intense in the
capsule areas, was observed in the coated sponges during the first two weeks. After
several weeks the capsules became inactive, and the maximal staining was observed in
the center of the sponges.

5.5 STEM CELL HOMING INTO HYDROXYAPATITE-COATED
CELLULOSE SPONGES (I1I)

5.5.1 Visual inspection of hematoxylin-eosin and Giemsa staining

In study II, enhanced granulation tissue formation and a vigorous neovasculature in
subcutaneously implanted HA -coated sponges was noticed. We hypothesized that this reaction
might be caused by increased bone marrow-derived stem cells homing to the HA-coated
sponges mediated by calcium-sensing G-protein-coupled receptors (CaR). To verify this
assumption, we studied more specifically to two time points after subcutaneous implantation,
namely 3 and 7 days. These time points were chosen based on the results of study I1.

Histological sections of both sponge types were stained with hematoxylin-eosin (HE) and
Giemsa dyes (III, Fig. 1). Like in the earlier study, granulation tissue grew notably faster
into the HA-coated sponges. The foreign body reaction started from the sponge surfaces
from where the cells invaded further towards the sponge centers. Those cells gathered to
the sponge centers resemble remarkably histologically stained bone marrow cells.
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5.5.2 Flow cytometry and immunohistochemical detection of stem cell markers

The appearance of bone marrow-derived stem cells in the both types of implants was
screened with flow cytometric analysis. C-kit, a common premature cell marker, was
chosen as a stem cell marker. Flow cytometry revealed a significantly higher (p < 0.05)
c-kit expression in the HA-coated sponges than in the uncoated ones (I1; Fig 2).

After this finding, sponge sections were examined more closely with immunohistological
stainings of c-kit and two other common stem cells markers, namely CD34 for
hematopoietic stem cells, and stro-1 for mesenchymal stem cells. All markers stained
numerous cells in the HA-coated sponges, whereas in the uncoated sponges only a few
positive cells were observed. C-kit and CD34 positive cells were accumulated to the
sponge center, whereas stro-1 positive cells were, on the other hand, found closer to
the sponge surface areas, which were rich in new granulation tissue. All studied stem
cells seemed to seek to close contact with cellulose fragments, especially in HA-coated
sponges (I1I; Fig 3).

5.5.3 Immunofluorescence detection of CaR-positive cells

To investigate the possible mechanism of bone marrow-derived stem cell homing into the
HA- coated implants, the sponge sections were stained with CaR-antibody and visualized
by immunofiuorescence. Although CaR is expressed in various cell types, including
macrophages and monocytes, these receptors are especially important in retaining
HSCs in close physical nearness of the endosteal surface in bone marrow. Indeed, a
greater amount of CaR-positive cells was observed in the HA-coated implants in the new
granulation tissue, but also in the central area of the sponges, where most of them were
gathered near the HA-coated cellulose fragments. In the uncoated implants, only few
CaR-positive cells were observed, mainly near the sponge surfaces (III; Fig 4).

5.6 HEMOGLOBIN EXPRESSION IN GRANULATION TISSUE (1V)

In study 1V, hemoglobin expression was discovered for the first time in the developing
granulation tissue.

5.6.1 Hemoglobin gene expression in experimental granulation tissue

B-globin expression was observed in 10-day old HA coated and uncoated cellulose
implants by RT-PCR (IV; Fig. 1a). Sequencing of the f—globin PCR product verified
that the product was a specific amplification of the B—globin gene transcript. The
hemoglobin gene expression was verified by Northern blot analysis, which revealed a
biphasic expression pattern of a- and B-globin mRNAs in both sponge types. The first
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peak appeared during the most active phase of the inflammatory stage and the second
one when other than inflammatory cells invaded the sponges. Although similar but
postponed expression pattern was observed in the uncoated samples, the maximal globin
expression levels did not reach those in the coated ones (IV; Fig. 1 b,c).

5.6.2 Expression of inducible nitric oxide synthase

The expression of iNOS was studied with conventional RT-PCR from 3 and 10 day-old
samples (IV, Fig. 2). In the HA coated sponges, iNOS expression was intense at day 3,
correlating with the first hemoglobin expression peak observed during the most active
inflammatory stage. However, there was no sign of iNOS expression at day 10 in the HA
coated sponges. In contrast, in the uncoated sponges iNOS expression was detected only
in the later time point studied.

5.6.3 Microarray data of globin and hemoglobin-related genes

Microarray analysis was made from 1- and 3-day old sponges to characterize early gene
expression in experimental granulation tissue formation. The data obtained supported
the earlier findings of globin expression. In addition to a- and B-globin mRNAs, also
embryonic and fetal &-, -, y- and 6- globins were found. Furthermore, several important
hemoglobin-related genes were expressed, such as erythropoietin (Epo), hypoxia-
inducible factor 1 alpha (Hifla), GATA-1 and -2, erythroid-associated factor (Eraf)
and ALAS-2. The latter one is an erythroblast specific enzyme, and its expression was
confirmed by RT-PCR from 14 days old sponge samples (IV; Fig. 3).

5.6.4 Immunohistological findings of hemoglobin and glycophorin A-positive cells

istological sections taken from HA-coated and control implants were stained with
polyclonal antibodies against rat hemoglobin o-chain, rat hemoglobin (-, 5- and y-chains
(IV, Fig. 4), and glycophorin A (IV, Fig. 6). More abundant positive cells were noticed in
the HA-coated implants, especially in the sponge center, whereas the uncoated implants
contained clearly less positive cells.

The hemoglobin immunoreactive cells in the 7 day-old samples were rounded in shape,
and approximately 8-10 pm in size, resembling morphologically primitive erythroid
precursor cells. The fewer hemoglobin immunoreactive cells found from the uncoated
sponges were larger and more irregularly shaped, befitting for example giant cells. The
staining with glycophorin A, which is an erythroid-specific transmembrane protein,
showed positive cells throughout the implant area specifically in the HA- sponges,
indicating the presence of erythroid lineage cells.
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6. DISCUSSION

6.1 EXPERIMENTAL ANIMALS

Animal experiments have been discussed among the public for many years. Due to
public pressure the interest to replace animal experiments with alternative methodologies
has grown. To date, various optional techniques are available, such as cell and organ
cultures, and unliving systems or computer simulations depending on the purpose of the
experiments. The “Three Rs” principle has been implemented to biomedical research,
meaning replacement, reduction and refinement. This principle is thought to be a key
foundation concept in optimizing the welfare of animals used in experiments (Obora and
Kurosawa, 2009).

Unfortunately all the developed alternative models are unable to mimic the complex
interactions of living tissues (Grossblatt and Clark, 1996) and in vitro tests are often
incapable of predicting the behavior of a biomaterial in vivo (Mértson, 1999). For this
reason animal experiments are still very important in biomedical research (Rusche,
2003; Hendriksen, 2006). The “Three Rs” principle has, however, increased critical
discussion concerning animal experiments and the total number of animal experiments
is slowly decreasing (Rusche, 2003). The role of animal experimentation has shifted into
the direction of confirmation of results obtained by animal-free methods.

Apatite coating of a culture plate or other material has been used in numerous cell culture
experiments and found to maintain the growth and differentiation of osteoblastic cells.
In addition, apatite coatings are useful in the adhesion of metal implants to the host
bone. Therefore it was presumed that apatite coating could make the cellulose sponges
more suitable for bone tissue engineering, and the fate of the HA-coated cellulose was
studied by using an experimental rat bone defect model. Rats were chosen instead of
mice because of their bigger size, which facilitates bone implantation, and because of
the earlier experience of rats in bone healing studies in our laboratory (Penttinen, 1972;
Ekholm et al.,1995; Ekholm et al., 2000). Rats also have a mobile subcutaneous tissue
(Kawamata et al., 2003), which makes subcutaneous implantation easier. However, in
relation to mice, rats have one severe disadvantage — less commercial antibodies are
available for rats.

At the time of implantation the age of the animals varied between 9-13 weeks. For
the bone implantation work, rats weighing at least 300 grams were used to facilitate
the operation and prevent fractures at the implant sites. For long-term follow-up it was
meaningful to use relatively young animals to diminish the risk of natural removal. On
the other hand, when young animals are used, there might be a chance for too optimistic
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results. Young animals have better healing capabilities, and have more numerous and
perhaps more viable stem cell population, compared to older rats. In fact, MSCs of old
mice have been shown to inhibit rather than promote wound healing when applied to
wounds in diabetic mice (Schatteman and Ma, 2006).

6.2 EXPERIMENTAL MODEL AND METHODOLOGICAL ASPECTS

The implantation of biomaterials to experimental animals is a widely used technique to test
the biocompatibility and the behavior of materials in living organisms. The implantation
procedure initiates a posttraumatic tissue response, and the recognition of an implant as
foreign material causes a foreign body reaction (Morehead and Holt, 1994). The intensity
of the reaction varies widely according to the implanted material, from frank toxicity
and rejection to biocompatibility and bioactivity. Subcutaneous implantation of porous
biocompatible material induces the formation of granulation tissue, which repeats the
normal phases wound healing, except the re-epithelialization. If host-specific general
responses are studied, samples can be taken from the implantation skin wound, however.
The subcutaneous implantation of a biocompatible porous material, such as cellulose, has
been accepted as an experimental model for wound healing studies (Edwards et al., 1957,
Holund et al., 1979; Pajulo et al., 1996; Inkinen et al., 2003; Puolakkainen et al., 2005).

Non-healing segmental long bone defect model (Bonnarens and Einhorn, 1984, Einhorn
et al., 1984) is well established for testing biomaterial destiny in bone. Experimental
animal model offers an appropriate microenvironment reflecting the clinical situation.
When a porous biomaterial is implanted in bone, the pores are first filled with blood clots,
then osteoprogitor cells, and finally, after about 4 weeks, with bony trabeculae (Mértson,
1999). The ingrown bone is then remodeled as a response to mechanical stress. In this
model, many factors influence bone formation, such as the animal species, the location
and the size of the defect, the method of creation, fixation method, and the duration of
the study (Horner et al., 2009). For testing the feasibility of scaffold materials to repair
bone defects, small animals, like rats, could be more advantageous, because of the bigger
number of test samples with similar expenses. Controversially, larger animals may be
more appropriate for testing the mechanical stability (Homer et al., 2009).

Compared to dense bodies or granules, porous scaffolds allow tissue ingrowth. Porous
materials have a high surface area to volume ratio (Lakes, 1995), which allows easier
access of migrating cells and offers resources for sufficient blood circulation. Porosity,
distribution of pore size and shape, as well as the degree of interconnection between
the pores are important for tissue ingrowth into material (Lakes, 1995). The fate of the
implanted material depends on its chemical properties. In cases when the degradation is
incomplete, the remaining implant is covered with a connective tissue capsule.
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In this study, several proteins were analyzed both at the RNA and protein level. Changes
in mRNA levels make it possible to gather interesting information about gene expression
alterations. The disadvantage of RNA analyses is that they are not always able to predict
the amount of gene product that is made. The actual implementation of gene transcription
and translation of the transcript and the amount of post-translational modifications of
the proteins strongly affects the results at the protein level. Likewise, protein analyses
alone are not sufficient methods to investigate incidents in living tissues, mainly due to
technical difficulties. For example, maintaining the functionally important secondary and
tertiary structures of proteins during analysis, and the lack of amplification possibilities
compared to nucleic acids, may cause problems especially in the quantitative protein
analysis. Therefore, RNA and protein analysis complement each other, and it is justified
to use various methods from both categories (reviewed in Metcalfe and Ferguson,
2007).

Antibody selection for rats was relatively problematic from the beginning. It was
especially hard to find suitable commercial markers for stem cell studies. In addition to
this, markers between different species vary, and there is no proper data so far on which
stem cell markers to use for specific stem cell lines. In general, stem cells are difficult
to define, and most of the cell type classifications have been made by exclusion using
several positive and negative markers per each cell type. Antibodies in this study were
selected on the basis of the most commonly used stem cell markers in the literature.

6.3 STATISTICAL ANALYSIS

The number of animals per analyses (2-5 animals/ time point/ group) was obviously
small. Generally, statistical analyses of at least three values in the group are possible.
Normal biological variation is, however, more obvious in relatively small animal groups,
which make statistically significant results more difficult to achieve. In this work, the
emphasis is on observing events caused by the biomaterial in living organisms, and for
this reason relatively small animal groups is justified not only for economical but for
ethical reasons as well. All the conclusions in this study were based on the consistent
and uniform results of several methods. Therefore, experiments in this thesis can be
considered as valid description of certain biological events.

6.4 THE EFFECT OF HYDROXYAPATITE COATING OF
CELLULOSE TO BONE FORMATION

The HA coating of biomaterials has been used widely to increase the osteoinductive
properties of materials (Sartoris et al., 1986; Bucholz et al., 1989; Soballe ef al., 1991;
Vaughn et al., 1991). Based on this, the biomimetic treatment of cellulose implants
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with bioactive glass was expected to improve the bone forming capacity of cellulose.
Instead of improvements, chronic inflammation and poor ossification was observed
in the HA-coated sponges, whereas the untreated cellulose adhered better to the old
bone and permitted new bone ingrowth. In the HA-coated sponges, most of the new
bone was formed beneath the implants leaving them filled with a fibrous tissue rich in
inflammatory cells.

Theoretically, a precipitation of a thick apatite layer that clogged the implant pores could
cause reduced ossification, but the SEM examination showed a thin apatite layer and
open pores of the HA-coated cellulose. Histological inspection revealed that the femoral
HA-coated implants were completely filled with repair cells within two weeks, as they
favored rapid granulation tissue ingrowth throughout the whole implant area. Thus,
some other explanation than the blocking of porous interconnections is more probable
for the poor of bone.

The silica-rich HA coating induced a strong inflammatory reaction with rapid connective
tissue proliferation, which might be a better explanation for the weak bone forming
outcome. Persistent activation of inflammatory cells causes prolonged secretion of
proinflammatory cytokines, like interleukins and TNF-a, and these agents may inhibit
differentiation of bone progenitor cells and bone matrix biosynthesis, and stimulate lytic
activities as well resulting in altered bone formation and remodeling. Especially the
expression of TNF-o downregulates the bone specific transcription factor Cbfal, which
depresses the function of differentiated osteoblasts (Gilbert et al., 2002; Nanes, 2003).

Like TNF-a, also TGF-B1 has been proven to repress transcription of Cbfal, and for
this reason to inhibit osteoblast differentiation (Alliston et al., 2001). TGF-fs are potent
promoters of cellular proliferation and collagen production (Allori et al., 2008, Part
I). Their effects are mediated via cellular mitogen-activated protein kinase signaling
pathways, which crosstalk with Smad signaling (Woodward, 2009). Smad proteins are
intracellular molecules responsible of canonical signaling cascade of TGF-f superfamily
growth factors (Song et al., 2009). TGF-B1 has been shown to be a powerful stimulator
of fibroblast activity, and excessive supply of TGF-1 may lead to fibrosis (Branton and
Kopp, 1999).

As shown by in vitro—studies, the HA-coated sponges bound TGF-1 more effectively
compared to untreated sponges. This might explain the early fibroblastic proliferation
and formation of a fibrous tissue in the bone implants instead of osteoid ingrowth. The
tightly attached TGF-B1 is not released from the apatite layer either. Thus, there is
less available TGF-B1 in the HA-coated sponges to block the inflammatory cytokine
production of macrophages (Xiao et al., 2002), which might favor the development of
chronic inflammation. Although not beneficial in bone repair, the rapid granulation tissue
ingrowth capacity of HA coating might be useful in other applications.
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6.5 THE EFFECT OF HYDROXYAPATITE COATING OF
CELLULOSE ON THE GRANULATION TISSUE FORMATION

Biocompatibility has often been said to be one of the most important properties of
biomaterials. However, in some situations a strong foreign body reaction might be useful.
In acute wound healing, the prerequisites for the normal progress of the healing process
are adequate inflammatory response, connective tissue formation and neovascularization.
In chronic wounds, some key elements of compromised healing are a protracted, non-
resolving inflammatory phase, the presence of contaminating bacterial populations and
high levels of oxidative stress (Wall et al., 2008).

Growth factors, cytokines and chemokines are major regulators during the wound healing
process, coordinating the functions of multiple cell types. These agents control the healing
process in a complex spatio-temporal order, in connection to wound environment signals
modulating their activity. This delicate balance is disturbed in chronic wounds, which
are arrested in a state of chronic inflammation. As a consequence, the generation of
a proteolytic environment by inflammatory cells infiltrating the wound site as well as
a prolonged up-regulation of pro-inflammatory cytokines and chemokines inhibit the
normal progression of wound healing (Barrientos ef al., 2008).

Cellulose sponge has been used for wound healing purposes in experimental and clinical
settings for several decades (Viljanto, 1972, Viljanto and Jaéskeldinen, 1973). Despite
reported good treatment results (Pajarre, unpublished data), the clinical use of cellulose
has been modest. As shown in study II, the HA coating of cellulose improved the
granulation tissue inducing capacity of the cellulose. The inflammatory response in the
HA-coated sponges was faster and more vigorous compared to the uncoated implants.
This response seems to enhance the cleaning of bacteria and other harmful material from
the wound bed, and resident inflammatory cells act as important activators and mediators
of growth factors, cytokines and chemokines.

Hydroxyapatite coating enhanced significantly granulation tissue formation estimated
by macroscopic observations and histological criteria. Further analyses revealed more
abundant accumulation of inflammatory and stem cells, and production of connective
tissue components in the HA-coated implants. Total RNA production was increased in
the coated sponges compared to the controls, but the specific expressions of several
connective tissue protein mRNAs were at similar levels to those of the uncoated sponges.
This finding suggests that even though the growth of granulation tissue was quicker
in the HA-coated sponges, the biochemical composition of the ECM produced by the
forming granulation tissue was similar in both sponge types. This is important if apatite
coated sponges are to be used in clinical wound care. During the long-term follow-up of
both implant types, a mild permanent foreign body reaction remained in both sponges.
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The HA-coated sponges also activated vigorous neovascularization. Many growth factors
essential for wound healing were detected, again in greater amounts in the HA-coated
sponges. Due to all these results, the HA layer seems to activate the body’s own healing
mechanisms. Because of the continuous foreign body reaction and slow ossification seen
in the HA implants, these sponges are not suitable in bone tissue engineering. On the other
hand, they might be efficient in short-term treatments of poorly healing dermal wounds,
e.g. chronic ulcers or serious burn injuries. This material may have a potential to correct
the impaired stromal address code common in chronic wound cells (Wall et al., 2008),
and reactivate the sequences of the healing process by recruiting the inflammatory cells
necessary to drive an acute-phase inflammatory response that could possibly overcome
the non-resolving inflammation of chronic wounds.

The effect of the silica-rich HA coating in subcutaneous tissue is most likely caused
by several factors. Macrophages are functionally responsible for the clearance of
foreign particles and when they try to resorb the HA coating, large amounts of calcium,
phosphate, and silica are released into the implant area. All of these agents are key players
in many biological events. Calcium has an established role in the normal homeostasis
of mammalian skin, and it serves as a modulator in keratinocyte proliferation and
differentiation (Lansdown, 2002). Experimental models suggest that management of
calcium is essential in wound healing, and although the exact roles of calcium remain
unclear (Lansdown, 2002), extracellular calcium has been shown to promote stem cell
mobilization and homing (Wu ez al., 2009). Furthermore, local release of phosphate offers
more building material for various biochemical syntheses, such as biosynthesis of DNA,
RNA, and proteins, activation of amino acids, signaling, and for sugar metabolism.

Silicon (Si) participates in the biosynthesis of collagen, strengthens and makes the walls
of blood vessels more flexible, and accelerates wound healing process (Puzanowska-
Tarasiewicz et al., 2009). Silica (SiO2) has been shown to activate macrophages and to
induce pro-inflammatory cytokine release (Liu et al., 2007; Hamilton et al., 2008). Thus,
the irritating effect of silica might be the essential component in the HA coating that
greatly enhances granulation tissue formation. Eventually, the forming fibrous capsule
around the HA-coated implant seems to isolate the silica-rich HA surface from the direct
cell contact of host animal, and the strong tissue response gradually settles down.

6.6 BONE MARROW-DERIVED STEM CELL ACTIVATION
CAPACITY OF HYDROXYAPATITE COATED CELLULOSE

The HSC niche is known to be located close to the endosteal surface in the bone
marrow, where active bone modeling and remodeling takes place causing an increased
extracellular calcium ion concentration. The interaction between the HSCs and
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endosteum is mediated via CaR (Adams et al., 2006). Tissue injury releases growth
factors, cytokines and chemokines, which mobilize HSCs and EPCs from the bone
marrow into peripheral blood. These circulating cells home to the sites of nascent
neovascularization and differentiate into mature vascular endothelial cells (Kawamoto
et al.,2003).

Both HSCs and MSCs are needed in wound healing process (Lau et al., 2009), but their
exact roles in tissue repair are still unknown. As HSC /EPCs are nowadays believed
to be in a central role in postnatal blood vessel formation (Velasquez, 2007), MSCs
regulate tissue repair via multiple mechanisms including promotion of the survival and
proliferation of endogenous cells, and inhibition of inflammatory and immune responses
(Phinney and Prockop, 2007). In addition to enhancing the regeneration of non-
hematopoietic tissues, MSCs are also essential for of HSCs/EPCs survival (Kinnaird et
al., 2004), supporting successful angiogenesis and vasculogenesis.

In study 11, the HA coating of cellulose was shown to induce a more effective formation
of highly vascularized granulation tissue when implanted subcutaneously in rat. The
HA coating was formed by treating the cellulose with a bioactive glass in SBF, which
creates a silica-rich calcium phosphate layer mimicking the natural composition of bone.
In the HA-coated sponges, plentiful giant cells/macrophages were gathered around the
mineralized cellulose fragments, and while these cells try to phagocyte or hydrolyze the
silica-rich foreign material, Ca®+ is released creating an environment that resembles the
stem cell niche in bone marrow, attracting hematopoietic progenitors. This theory was
supported by the observation of a greater amount of CaR-positive primitive cells in the
centers of the HA coated implants.

The increased expression of stromal-derived factor-1 (SDF-1), a vital chemokine
in stem and progenitor cell recruitment for tissue repair after injury (Hattori ef al.,
2003; Kollet et al., 2003), and its receptor CXCR4 (our unpublished data) most
probably facilitate the homing of circulating stem cells to the HA-coated subcutaneous
implants.

In some wounds, like chronic ulcers or non-healing burns, it is thought that the
mesenchymal cells filling the dermis become phenotypically altered or senescent (Wall
et al., 2008). The plasticity of bone marrow-derived stem cells means that they have an
inherent capacity to produce new granulation tissue if the conditions for growth were
correct (reviewed in Metcalfe and Ferguson, 2007). Because of their plasticity, stem
cells are widely used in wound healing studies, and they have proved to be powerful
enhancers of the healing process (Schatteman et al., 2000; Sivan-Loukianova, 2003;
McFarlin et al., 2006).
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6.7 HEMOGLOBIN EXPRESSION AND ITS ROLE IN WOUND
HEALING

Local hypoxia may severely jeopardize the survival of the traumatized tissue, and as a
main oxygen carrier, hemoglobin is important in wound healing process (Takahashi et
al., 2009). Although extramedullary hemoglobin expression has been well documented,
the local hemoglobin expression during wound granulation tissue formation was
demonstrated for the first time in this thesis work. Specifically the finding of B-globin
mRNA confirms the presence of active hemoglobin synthesis in the granulation tissue.
In another repair situation, Setton-Avruj and co-workers (2007) reported co-globin
expression and bone marrow cell migration in injured sciatic nerves.

Wound healing and embryogenesis share many similarities (Martin, 1997). After the
fetal period, inflammation is needed to initiate the healing process, but the final tissue
repair follows the same principles as during embryonic tissue development. There
are a couple of optional explanations for the ability of adult tissue to generate blood
under circumstances of abnormal physiology or disease after a period of latency: The
reactivation of a gene program in differentiated cells that have retained the capacity to
reacquire an embryonic phenotype, or more likely the differentiation of resident precursor
cells with hemo-vasculogenic potential when the physiological conditions demand it to
increase tissue oxygenation (Sequiera Lopez ef al., 2003).

In this study, Northern blots showed a biphasic expression pattern of o- and B-globin
mRNAs in both HA coated and uncoated implants. This finding suggests that during
granulation tissue formation, globin expression is induced in different cell types. The
first peak occurred during the most active phase of the inflammatory stage. Activated
macrophages have been shown to express globin (Liuetal., 1999) mostlikely in connection
to the regulation of the inflammation process (Nishi et al., 2009). As demonstrated in
study II, macrophages invaded both types of subcutaneously implanted sponges, but
more rapidly the HA-coated implants. For this reason it is logical to assume that the first
globin expression peak referees to the activated macrophages. There were no statistically
significant differences between the relative levels of globin mRNAs in HA-coated and
uncoated samples due to the biological variation between the animals and the low animal
number. However, when looking at the globin expression levels in each individual
animal, there was a clear difference at day 3 with average 3.5 (+ 1.9) times higher levels
in HA-coated samples correlating with the earlier onset of the inflammatory phase. The
observation that globin expression was also linked to the intensy of the inflammatory
reaction mirrors the approximately same mRNA levels at day 5, 7, and 10. During this
time period, the inflammatory reaction started to decline in the coated samples, whereas
it was activated in the uncoated ones.
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Oxygen transport is probably the most important task of hemoglobin, but it is obvious
that hemoglobin has various other not yet fully understood functions as well. Activated
macrophages have been shown to express globin (Liu et al., 1999), which has been
connected to the regulation of the inflammation process. Hemoglobin has also been
shown to serve as a carrier of NO and regulate the activity of NO (Veeramachaneni
et al., 1999; Gladwin et al., 2003). NO is produced by iNOS, which is upregulated
during wound healing (reviewed in Schwentker et al., 2002). Here, the expression of
iNOS, which reflects the production of NO, paralleled the inflammatory situation in
both implant types. It is likely that the enhanced hemoglobin production in HA-coated
sponges compared to uncoated ones during the early inflammatory phase eliminates the
excess NO and prevents its damaging effects on matrix deposition, neovascularization
and apoptosis.

After the most vigorous inflammation reaction had started to decline, neovascularization
took place. The timing of the second globin expression peak fits the observations of new
vessel formation. It is likely that the latter globin expression arises from immature cells of
the erythroid series. The detection of positive erythroid-specific markers, such as ALAS2
and glycophorin A, supports this theory. The invasion of cells able to differentiate into
immature erythropoietic cells was more rapid in HA-coated implants, which explained
the 2 (+ 0.2) and 3 (£ 1) fold globin expression level in these sponges 2 and 4 weeks
after implantation. Again, a slower cell invasion but over a longer time period is obvious
in uncoated implants reflected by the similar relative a- and B-globin mRNA levels at 6
weeks.

This study shows a novel finding of local hemoglobin synthesis during the wound healing
process. The HA coating of cellulose sponges strengthens hemoglobin production in the
forming granulation tissue, which might be one more factor why these sponges could
improve impaired wound healing.

6.8 FUTURE PERSPECTIVES

The hypothesis to improve the bone forming capacity of cellulose sponges by HA coating
proved to be incorrect. The subcutaneous testing of these same sponges was started before
the results of the bone implantation study were obtained. In general, a good biomaterial
should be non-toxic, non-antigenic, sterile, and easy to handle, have appropriate physical
and mechanical properties, undergo controlled degradation, and also evoke minimal
inflammatory reaction (reviewed in Metcalfe and Ferguson, 2007). This is crucial for a
bone substituent material, but for other applications various properties e.g. induction of
granulation tissue growth might be useful.
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In addition to the pilot usage in 1970s by Viljanto, pure cellulose sponge has also been
used in treatment of chronic leg ulcers (Pajarre, unpublished data) and in severe burn
injuries (Lagus, unpublished data) in the 1990°s with good results. The cellulose sponge
attracts inflammatory cells, and absorbs debris and bacteria from the wound site. In this
case, a short-term, powerful inflammatory response is actually necessary. After cleaning
the wound bed, the cellulose induces vital granulation tissue formation, and smoothens
and prepares the wound bed for successful skin transplantation. Based on the present
findings, the silica-rich HA coating of cellulose sponges improves the tissue repair
enhancing properties of the cellulose. The granulation tissue growth was considerably
accelerated and magnified, but the quality of the induced granulation tissue was equal
to that in the untreated cellulose implants. For this reason, it is logical to expect that
the HA-coated cellulose sponges are more efficient in the treatment of poorly healing
wounds, and should be tested in a proper clinical trial.

Different biomaterials are combined with various growth factors and stem cells intending
to improve tissue repair. Another tissue engineering concept is cell guidance aimed at
total in vivo tissue engineering without the need for cell seeding (Schantz et al., 2007).
The fascinating property of the HA-coated sponges is its ability to amplify the healing
mechanisms of the body. It acts as a cell-guiding material, attracting stem cell reserves.
The novel innovations of stem cell therapies have raised great enthusiasm, but also a
lot of criticism. The ethics of stem cells therapies has been questioned, but mostly the
concern is focused on the use of embryonic stem cells. From the ethical point of view,
HA-coated sponges are acceptable as there is no need to harvest and culture autologous
cells for implantation.

Both the cellulose and the biomimetic HA coatings have been used in research and clinical
applications in experimental animals and in humans. Separately these materials have
been proven to be safe for living organisms. On the basis of their chemical constituents,
there is no reason to expect any harmful effects when they are used together. The planned
treatment model for future clinical experiment includes application of sponges on the
wound and their frequent changes at three days intervals. The treatment continues
until the wound base is smooth and ready for skin transplantation, and according to
expectations the maximum exposure time would be less than two weeks. The contact
to the sponge would be only local and temporary, so the risk of possible disadvantages
remains very minimal. In addition to safety issues, the HA-coated cellulose sponges are
also easy to handle and form, and they can be sterilized in an autoclave. In addition, the
manufacturing process of the HA sponges is relatively simple and cheap to do in large
quantities.

The interesting finding of hemoglobin expression during wound healing brought into
day-light new data concerning blood formation and development of neovascularization
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in the wound healing process. Compared to housekeeping gene expression, there were
no differences in the relative expression of hemoglobin alpha and beta genes in either
sponge type. However, in the HA-coated sponges, the expressions started earlier and, as
much more hemoglobin synthesizing cells were present, much more hemoglobin RNA
and consecutively hemoglobin protein was produced. The clinical relevance of this
individual subject is the development of more, abundant well vascularized granulation
tissue in the critical early phases (1-10 days of treatment) of wound healing. If this can
be confirmed in clinical trials it will shorten the hospitalization time of chronic wound
patients.
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7. SUMMARY AND CONCLUSIONS

Current clinical treatment methods of impaired bone and wound healing are insufficient,
and novel therapeutical applications are needed. In this study, the biocompatibility of
silica-rich HA coating of cellulose sponges was tested both in femoral bone defects and
in the subcutaneous space in rats.

Based on the present studies, following conclusions can be made:

1. The HA coating reduced osteoid tissue ingrowth to cellulose sponges. Instead of
bone formation, the HA coating favored rapid fibrous tissue proliferation. Also
abundant amounts of activated macrophages and giant cells were seen as a sign
of chronic inflammation. /n vitro studies revealed tight binding of TGF-B1 to
the apatite layer. Excessive TGF-B1 supply, as well as TNF-a expression, might
inhibit osteoblast differentiation by repressing Cbfal transcription. According to
these results, silica-rich HA coating of cellulose does not improve bone healing,
and for this reason HA-coated cellulose was not considered to have any value as
a bone replacement material.

2. When cellulose sponges were implanted subcutaneously, the biomimetic HA
coating clearly enhanced granulation tissue formation compared to the uncoated
cellulose sponges. The HA-coated sponges activated inflammatory response and
the secretion of growth factors important to wound healing, such as TGF-f31,
TNF-a, VEGF, and PDGF-A. Despite the magnitude of the early events in the
HA sponges, the granulation tissue was similar in both implants at the end of the
long-term follow-up.

3. The HA-coated sponges attracted more HSCs and MSCs compared to the uncoated
sponges. The more abundant homing of HSCs to HA implants is suggested to
be caused by the calcium of hydroxyapatite coating. In the bone marrow, HSCs
localize to their stem cell niche via calcium sensing receptors. HA-coated sponges
contained indeed more CaR-positive cells, which most likely participate to the
more abundant vascularization of the granulation tissue.

4. Hemoglobin expression, both at mRNA and protein levels, was detected for the
first time during granulation tissue formation. The expression pattern was biphasic,
the first peak appeared during the inflammatory response in the initiation of the
healing process, and the second peak appeared simultaneously when hematopoietic
progenitor cells invaded the implants. iNOS expression was noticed earlier in
the HA-coated implants reflecting the progress of the inflammatory process.
Furthermore, the expression of erythroid markers was also found indicating that
local hematopoiesis occurs in experimental granulation tissue.
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HA-coated cellulose is able to facilitate homing of both hematopoietic and mesenchymal
progenitors more efficiently than the untreated cellulose. Because of this cell guiding
property, in combination with the capacity to promote proliferation of richly vascularized
connective tissue, HA-coated cellulose might have potential for clinical application in
the treatment of poorly healing wounds.
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