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Abstract

The early cellular and molecular activities determining the early tissue response and bone
formation at bone/implant interface are not fully understood. The general aim of the
current thesis was to develop a model for studying the early molecular and cellular
activities in different bone types, and in response to different implant surface properties.
The studies were performed by analyzing gene expression of implant-adherent cells using
a sampling procedure and subsequent qPCR. The developed model was combined with
histology and immunohistochemistry to study cellular relations and early tissue
organization at the interface with the implant, governing the early structural basis of
osseointegration. The ultimate aim was to determine the strength of the early formed
bone/implant interface, by measuring the removal torque forces, and thereby to correlate
the results with the degree of inflammation, bone formation and bone resorption, as
measured by a gene expression panel. The evaluation time for the studies ranged between
3 hours up 28 days from implantation. The present studies provided a combination of
gene expression, morphological, and biomechanical data.

The present results demonstrated biological differences between cortical and trabecular
bone types, both in the normal steady-state condition and in response to biomaterial.
During steady-state conditions, bone with trabecular architecture expressed higher level
of bone turnover markers compared to cortical bone, while the latter had a higher
inflammatory constitutive expression. The response to anodically oxidized titanium
implants was different in trabecular and cortical bone sites after 3 days of implantation.
Early differences in gene expression in cells associated with different implant materials
can be detected as early as 3 hours after implantation. Higher level of osteogenic activity
indicated by significantly higher expression of mesenchymal stem cell recruitment and
adhesion markers and higher expression of markers for coupled bone formation and
resorption, were found at oxidized surfaces. A higher expression of CXCR4 homing
receptor for stem cells, and the integrins, av, B1 and 2 were detected in cells at oxidized
surfaces. On the other hand, higher proinflammatory activity was detected at the
machined surfaces, as exemplified by the expression of TNF-a and IL-1B. Scanning
electron microscopy and immunohistochemical analysis confirmed the presence of both
inflammatory monocytes/macrophages and mesenchymal stem cells at the implant
surfaces with predominance of the mesenchymal cells on the oxidized surfaces. Gene
expression analyzed on the screw level provided additional information in comparison
with that of surrounding bone. The rapid recruitment and adhesion of mesenchymal stem
cells, the rapid triggering of gene expression crucial for bone remodeling and the
transient nature of inflammation correlated with higher stability of the oxidized implants.
In conclusion, the combination of the in vivo experimental model, qPCR and
morphological and biomechanical techniques provided hitherto unexplored opportunities
to analyze in detail the mechanisms of osseointegration. A major conclusion of the
studies is that material surface properties elicit early, significant differences in gene
expression in interfacial cells. This observation is important in order to understand the
mechanisms behind osseointegration and the role of material surface properties.
Furthermore, this knowledge is essential for the ability to design the material and
biological conditions for optimal tissue regeneration in association with implanted
medical devices.
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Introduction

Osseointegration

Osseointegration is the privileged outcome of bone tissue healing around titanium
implant. It is a biological process in which a direct anchorage is established by formation
of bone tissue around the implant without the growth of fibrous tissue at the bone-implant
interface [1, 2]. The regenerative process described by this definition and other
definitions represent a part of multiple phases of healing which are governed by series of
cellular and molecular events. The current knowledge on the process of healing at
titanium implants is predominantly gained from histological data and correlation with
normal fracture healing. In addition, few studies have addressed the early events during
the healing process, and the cellular behavior at the interface has been largely neglected.
Histologically, it has been shown that the process of bone formation at titanium implants
is preceded by recruitment of cells of different types and at different levels of
morphological differentiation [3, 4]. However, the functional activities of the different
cells and the roles of cells other than osteogenic ones in the healing process have not been
clearly defined. Such mechanisms underlying bone formation and maintenance at the
implants surface in vivo are yet to be understood.

Histological and biomechanical evidence strongly suggest that bone would respond
differently by alteration of the implant surface properties [5]. Subsequently, great
attention has been given to study, in vitro, the cellular behavior on different substrates
and to extrapolate the results to the actual interfacing between implant and living bone
tissue. Taking into account the important information acquired from these studies,
however, they remain to large extent unrepresentative for the actual paradigm of the in
vivo implantation. The great advances in research technologies have made it possible to
apply molecular techniques to analyze the interface between the living tissues and
implant surface. Such tools can be used at high degree of precision to discover
mechanisms that govern bone healing at the implant surface including events of early
inflammation, mesenchymal cell recruitment and cell-cell communication. Nevertheless,
the advent of these approaches requires establishing reliable procedures to collect cell
samples from within the in vivo interface in the way that their spatial distribution can be
determined.

Despite the high success/survival rate of osseointegrated implants, failure of developing
and/or maintaining osseointegration is still happening and in many cases as early as
before implant loading [6]. Irrespective of the etiological factors, the biological failure of
an implant is underlined by unfavorable biological processes, including inflammation
which adversely influences the regeneration process. As specific biological sequences
characterize the healing at the bone-implant interface, possibly unique biological markers
would also characterize pathological responses resulting in fibrosis and failure. An
increased understanding of the cellular and molecular mechanisms of osseointegration
will provide new tools for the screening, diagnosis and monitoring of implants in clinical
care.
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Introduction

Bone

Bone is a viable, cellular, highly mineralized connective tissue and although one of the
hardest tissues in the body, still maintaining some degree of elasticity due to its structure
and composition. The mineral constituent of bone is mainly hydroxyapatite crystals laid
down in organic matrix. Collagen fibers, mainly of type I, form approximately 95 % of
the total protein in bone and the rest being extracellular substance containing
proteoglycan and non-collagenous proteins. Bone exists in different shapes which include
long bone, like tibia and femur, flat bone, like bones of skull and mandible, and irregular
bone, like hip bone. The internal (endosteal) and external (periosteal) surfaces of bone are
each lined with cellular layers called the endosteum and periosteum, respectively. The
interior of bone is filled with loose vascular connective tissue, the bone morrow, which
reside in direct contact with the endosteal surfaces. Bone marrow contains multipotent
stem cells, localized in a defined microenvironment, i.e. niches, [7]. These primitive cells
are capable for differentiation along multiple mesenchymal and hematopoietic lineages.
The mesenchymal stem cells (MSCs) differentiate into various cell types which include
cells from osteoblastic lineage in addition to chondroblasts, fibroblasts, adipocytes and
myoblasts [8], whereas the hematopoietic stem cells give rise to erythrocytic, leukocytic
and thrombocytic lineages. Osteoclasts, the major bone resorptive cells, are derived from
the hematopoietic lineage.

In addition to its fundamental roles, bone serves as the major reservoir for calcium and
inorganic ions, regulating the mineral homeostasis in the whole body. Bone marrow is the
site where hematopoiesis and synthesis of blood cells take place. Bone matrix also has
endocrinal contributions by serving as a storage site for different growth factors and
proteins.

Cellular components of bone

Under control of specific growth and transcriptional factors, mesenchymal stem cells
differentiate toward osteogenic lineage during a number of developmental stages, starting
from commitment to osteoprogenitors, through preosteoblasts and osteoblasts and finally
osteocytes or lining cells [9]. It is thought that during the early stages, commitment
osteoprogenitors maintain certain degree of plasticity allowing de- and trans-
differentiation to other mesenchymal lineages whereas osteoblasts and osteocytes
represent a terminal differentiation stage as they become specialized functional cells [10].
However, it has also been suggested that even mature osteoblasts are being able to trans-
differentiate to other phenotypes [8].

Osteoprogenitors

Osteoprogenitor cells are committed to the bone cell lineage, i.e. restricted to osteoblast
development and bone formation. These cells are from mesenchymal origin and have the
properties of stem cells: the potential for proliferation and a capacity to differentiate.
However, they lack the self-renewal capacity [9]. A wide range of cytokines and growth
factors control the differentiation of osteoprogenitors to preosteoblasts and osteoblasts.
These include, but not limited to, transforming growth factor-beta (TGF-), bone
morphogenetic protein-2 (BMP-2), insulin-like growth factor-1 (IGF-I), fibroblast growth
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Introduction

factor (FGF), parathyroid hormone-related protein (PTHrP), vitamin D (1,25(0OH)2D3),
leptin and members of interleukin-6 (IL-6) family. The regulations are precisely
controlled by specific transcription factors that ensure the osteogenic differentiation and,
later on, bone matrix formation and mineralization. Runt related transcription factor 2
(cbfal/Runx?2) is considered as a master gene for osteogenic differentiation and has the
major role in maintaining the osteo-phenotype [11]. Furthermore, other transcription
factors like the activator protein (AP) family, osterix and DIx5 (Distal-less homeobox),
and intracellular signaling pathways such as the mitogen-activated protein kinase
(MAPK) system, Wnt and Smad signaling pathways are majorly involved [12].

Preosteoblasts and osteoblasts

Preosteoblasts are less cuboidal in shape and less matrix producing than osteoblasts.
These cells are localized adjacent to the osteoblasts and represent a transitional stage
between the highly proliferative osteoprogenitor cells and the mature osteoblast [9].
Despite their low production of matrix proteins, preosteoblasts still have the ability to
divide. Studies have also shown that preosteoblasts can produce collagen I precursors
[13] and express a panel of early bone formation markers such as alkaline phosphatase
(ALP), growth factor receptors, several integrins and osteoblast specific factor-2
(periostin) [8, 13]. Preosteoblasts differentiate into osteoblasts which are typically
cuboidal in shape and actively and ultimately secrete the organic bone matrix.
Osteoblasts show the characteristics of protein producing cells with eccentric nuclei,
prominent Golgi apparatus and rough endoplasmic reticulum. The early secretion of
osteoblasts, the osteoid, contains collagen type I and other non-collagenous proteins
including osteopontin (OPN), bone sialoprotein (BSP) and osteocalcin (OC). During the
early stage of bone formation, osteoblasts express high activity of ALP enzyme. They
also express growth factors and molecules involved in auto- and para-crine regulations
and cell-cell interactions. As the osteoid formation proceeds, osteoblasts extend cellular
protrusions or pseudopodia toward the osteoid seam, and adhere to the existing matrix
and neighboring cells via integrins, predominately of B1 type, and other adhesion
molecules. As the bone matrix form, osteoblasts regulate the mineralization process by
mechanisms that are not completely understood. Small membrane-bound matrix vesicles
are budded from the processes of the osteoblast cell membrane and secreted to the matrix.
These vesicles contain ALP and other phosphatases that neutralize the effect of
pyrophosphate, which is a major inhibitor of calcium and phosphate deposition [14]. The
deposition of hydroxyapatite, the predominant mineral crystal phase present in bone
matrix, occurs both within and between the collagen fibrils which act as a template for
the crystal initiation and propagation. A layer of unmineralized osteoid is always present
on the bone surface under the osteoblasts. As bone matrix deposition and mineralization
continue, some osteoblasts periodically become embedded in the osteoid and become
osteocytes. Prior to mineralization, the buried cells establish numerous cytoplasmic
connections with the surface osteoblasts and the adjacent osteocytes [15].

Osteocytes

The osteocyte is a mature osteoblast, embedded in the bone matrix and plays an
important role in its maintenance. At the early stage of osteoblast to osteocyte
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differentiation these cells assume larger size and hence are called large osteocytes or
osteoid-osteocytes [15]. On maturation of the osteoid, osteocytes becomes smaller in size
with prominent reduction in the protein forming organelles. Hereby, many of the
previously expressed bone markers, such as collagen I, ALP, periostin, OC and integrins
are down regulated or switched off. Nevertheless, they still have the capacity to sanitize
matrix and further they can resorb bone to a limited extent. Further, osteocytes are also
implicated as the major mechanosensory cells in bone [16, 17].

Bone lining cells

Lining cells are flat elongated and inactive cells that cover the surfaces of quiescent bone
sites. The nature and function of these cells are not well-recognized and generally
considered as mature late stage osteoblasts [8]. However, lining cells have also been
speculated to be precursors for osteoblasts [14]. Increasing evidence suggest important
roles of endosteal lining cells in maintaining and supporting hematopoietic stem cells
[18-20]. They have also been shown to have important roles in coordination of bone
resorption and formation [21].

Osteoclasts

Osteoclasts are derived from hematopoietic origin and are primarily involved in bone
resorption. The osteoclast is an end-differentiated multinucleated cell generated by
differentiation and fusion of precursors from monocyte/macrophage lineage [22, 23]. Key
cytokines are crucial for the process of osteoclastogenesis and osteoclast development.
Several investigations have shown that osteoclastogenesis is critically dependent on
Macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor-
kappaB ligand (RANKL) [24-26]. M-CSF is considered to be critical for the proliferation
of the osteoclast precursors as well as survival of mature osteoclasts, whereas RANKL
appears to directly control the differentiation process upon binding to the receptor
activator of nuclear factor-kB (RANK) expressed on the surface of osteoclast precursor
[24]. Binding of M-CSF and RANKL to M-CSF receptor and RANK, respectively,
initiates intracellular cascade and stimulates series of events inside the cell leading
eventually to the development of mature osteoclast. In addition to M-CSF and RANKL,
pro-inflammatory cytokines, tumor necrosis factor alpha (TNF-a) and member of TNF
receptor family, osteoprotegerin (OPG), have been shown to encompass crucial positive
and negative roles on osteoclast differentiation, respectively [24]. TNF-a binds to TNFR1
and augments the RANK-RANKL pathway. Furthermore, in vitro studies have shown
that TNF-a promotes osteoclast formation independently of RANKL, through other
pathways [27, 28]. On the other hand, OPG has high affinity to RANKL and act as
inhibitor to it and hence block its binding to RANK. Moreover, other cytokines and
growth factors, including interleukin-betal (IL-1), IL-6 and TGF-B1, are known to exert
direct positive effects on osteoclastogenesis. It is worthwhile that marrow stromal cells
and their derivative osteoblasts, express most of these cytokines and growth factors
which are absolutely required for osteoclastogenesis. Furthermore, some of these ligands,
particularly RANKL, are membrane bound which indicate that differentiation of
osteoclasts requires direct interaction of the non-hematopoietic, bone cells, with
osteoclast precursors. Such interactions outline the mechanisms by which the processes
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of bone resorption and formation are finely coupled between osteoclasts and osteoblasts
during physiological and fracture remodeling.

During bone resorption, osteoclast precursors are recruited and subsequently
differentiated at the site of prospected bone resorption. It is not clear how specific sites
are chosen for resorption and how the earliest steps in resorption start. It is thought that
cells from osteoblastic lineage, probably lining cells, prepare and condition the sites of
resorption before and after the resorption takes place by osteoclasts [29]. During
osteoclastogenesis, the precursor cells express a variety of integrins including those
specific for monocyte lineage, integrin-f2. On maturation osteoclasts predominantly
express avp3 integrins, which recognize exposed, specific, sequences of some bone
proteins such as OPN and BSP [30]. Binding of integrins forms a tightly sealed zone
under which bone resorption proceeds by creation of highly acidic microcompartment
where the dissolution of mineral phase take place followed by enzymatic degradation of
organic components by lysosomal proteases such as cathepsin K (CATK). Bone
resorption is followed by bone formation as the osteoclasts are leaving the resorption pits.
The signals that lead to recruitment and differentiation of osteogenic cells, for the
subsequent bone formation, are unclear. It is possible that the release of growth factors,
crucial for bone formation, such as TGF-B1, IGF-I and BMP-2, from the dissolved
matrix, plays important role in providing directional information for osteoblastic bone
formation. Furthermore, direct effects from osteoclasts on osteoblastic cells, by
synthesizing growth factors such as TGF-B1 [31] and IGF-I [32] , or by cell-cell contact,
via ephrine and ephrine receptor signaling pathway [33], have been described.
Interestingly, recent investigations indicate that osteoclasts may recruit osteoprogenitors
to the site of bone remodeling through mechanisms which involve secretion of
chemokines and BMP-6, and stimulate bone formation through increased activation of
Wnt/BMP pathways [34].

Woven vs. lamellar bone

Woven bone is the name given to the early developed bone during embryogenesis. It is
also the first bone to form during fracture healing and repair. This primitive bone is
produced when osteoblasts produce osteoid rapidly. It is characterized by thick, irregular
"woven" network of collagen fibers in the matrix and the lack of order of osteocytes.
Woven bone is more flexible than lamellar bone and is mechanically weak. Once formed,
woven bone is rapidly resorbed and replaced by mature lamellar bone. Lamellar bone is
the mature bone where the tissue is well organized and regular. Lamellar bone formation
takes place more slowly, and it is characterized by regular and parallel alignment of
collagen into concentric sheets (lamellae) and regularly arranged osteocytes which have
lower proportion and more flattened shape as compared to woven bone. Lamellar bone is
mechanically stronger and it can be formed as a solid mass (cortical bone) or in an open
sponge-like manner (trabecular bone).

Cortical vs. trabecular bone types

Morphologically, bone is divided into cortical (compact or dense) and trabecular
(cancellous or spongy). Cortical bone forms the hard outer layer of bones and it is formed
by overlapping cylindrical units termed osteons. Trabecular bone is found principally at
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the ends of long bones, and in the vertebral bodies and the flat bones. It is composed of a
meshwork of trabeculae within which are intercommunicating spaces allowing room for
blood vessels and bone marrow. It is considered that the differences in structure are
related mainly to their functions [14]. Cortical bone provides mechanical and protective
functions while trabecular bone provides metabolic functions. Nevertheless, studies
showed that there are also differences in their protein contents [35] and the basal gene
expression of the members of bone morphogenetic proteins [36].

Intramembranous vs. intracartilaginous bone formation

Bone formation occurs by either direct (intramembranous) or indirect (intracartilaginous)
processes. Intramembranous ossification occurs during embryonic development (cranial
vaults, major part of mandible, maxilla and some facial bones and clavicle) [14]. It also
forms an essential process during the natural healing of bone fractures. During
intramembranous ossification, a group of mesenchymal cells within a highly vascularized
area of the embryonic connective tissue, and the hematoma of fracture site, proliferates
forming early mesenchymal condensations within which cells differentiate directly into
osteoblasts. Bone Morphogenetic Proteins, as well as other growth factors appear to be
essential in the process of mesenchymal cell condensation. Runx2 transcription factor is
critical and decisive element for intramembranous bone formation [37]. The newly
differentiated osteoblasts will synthesize a woven bone matrix, while at the periphery
mesenchymal cells continue to differentiate into osteoblasts. Blood vessels are
incorporated between the woven bone trabeculae and will form the bone marrow. Later,
the woven bone will be remodeled through the classical remodeling process, resorbing
the woven bone and progressively replacing it with mature lamellar bone.

Intracartilaginous ossification takes place majorly during embryonic development of long
bones and postnatal growth of long bones and mandible. It also forms a part of the natural
healing process of bone fracture. It begins with the formation of a cartilage analogue
(model) from a mesenchymal condensation. Members of Sox transcription factor family,
namely Sox9, L-Sox5, and Sox6, are the master regulators of the early chondrogenesis
[38]. Runx2 and related isoforms are also indispensible [37]. Mesenchymal cells undergo
division and differentiate into chondroblasts rather than directly into osteoblasts. These
cells secrete the cartilaginous matrix, where the predominant collagen type is collagen II.
Like osteoblasts, the chondroblasts become progressively embedded within their own
matrix, where they lie within lacunae, and they are then called chondrocytes.
Chondrocytes undergo well-ordered and controlled phases of cell proliferation,
maturation, and apoptosis. Hypertrophic chondrocytes express predominantly type X
collagen and mineralize the surrounding matrix. The hypertrophic chondrocytes (before
apoptosis) secrete vascular endothelial growth factor and bone morphogenetic proteins
that induces the invasion of blood vessels, hematopoietic cells and osteoprogenitor cells
leading finally to replacement of the cartilaginous matrix by trabecular bone.

Biological aspects of bone healing

Bone regeneration around titanium implants has classically been regarded as similar to
that observed after injury or fracture. This healing is based traditionally on the succeeding
phases of inflammation, regeneration and remodeling with possible overlapping at certain
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occasions. However, the presence of biocompatible, not inert, material in close vicinity to
the healing tissue would largely influence the critical steps during the regeneration
process. Therefore, it is likely that events that occur during normal healing are modulated
in the presence of a biomaterial. Nevertheless, for proper interpretation of the cascades of
cellular and molecular signaling, encompassing the recruitment of inflammatory and
progenitor cells and the expression of different cytokines, matrix protein and growth
factors at the implant interface, it requires proper understanding of such events during
early healing processes after bone injury.

Healing of bone injury has been widely investigated in different models including:
transverse long bone fracture [39], distraction osteogenesis [40], large segmental bone
defect [41], injured growth plate model [42], marrow ablation model [43] and drill-hole
injury [44]. Despite the fact that in most cases bone will heal in a very orchestrated
manner of events with formation of new bone tissue without any scar formation, there are
differences in the way how the bone will be formed, i.e. intramembranous,
intracartilaginous or a combination of both. The cellular and molecular signals that
underlay these types of healing would also be different. During healing of a drill-hole,
which is the case when preparing an implant site, and marrow ablation injury, the
intramembranous route is the principle mechanism of bone formation. Whether intra-
membranous or cartilaginous, several factors influence which type of ossification will
occur. These factors include the defect size, stability of fracture site, blood supply and
oxygen tension together with the spectrum of cytokines and growth factors at the site of
fracture. The time factor is important depending on which events are taking place.

Based on histological observations, healing involving cartilaginous ossification may take
several weeks for complete replacement of cartilaginous tissue with bone. On the other
hand, intramembranous healing occurs within few days after injury. In femur diaphysis
transverse fracture [39], woven bone produced by osteoblasts appeared within 3 d after
fracture and was associated with upregulation of ALP and collagen I on d 3, and
maximum early peak of these genes on d 5. In the same fracture site, cartilage was
evident on d 9 in conjunction with increased expression of ALP and collagen. The
expression of these two genes showed early peak after 15 d in the soft callus cartilaginous
site.

Cellular components

Healing of bone fracture is not exclusively limited to osteogenic cells per se, but a
complex interplay of sequential, yet overlapping phases of establishing hemostasis,
inflammation, tissue regeneration and remodeling. These events are orchestrated by both
hematopoietic progenies: platelets, neutrophils, monocytes/macrophages, lymphocytes,
endothelial cells and osteoclasts together with mesenchymal progenies of osteogenic
and/or chondrogenic phenotypes.

Molecular components

Multiple factors control the coordinated complex interactions of hematopoietic and
immune cells and the mesenchymal skeletal cells during fracture healing. Plethora of
cytokines, chemokines, integrins, growth, and differentiation factors are temporally and
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spatially affecting the different stages of healing during processes such as inflammation,
migration and chemotaxis, adhesion, proliferation, differentiation and extracellular matrix
synthesis.

Pro-inflammatory cytokines

TNF-o and IL-B are major proinflammatory cytokines secreted primarily by
hematopoietic immune cells, such as monocytes/macrophages and neutrophils, and also
by cells from mesenchymal osteogenic lineage [45]. They have wide range of effects and
can either trigger cell death or promote cell survival depending on the specific cell
surface receptor they bind, the cell type, and the intracellular signaling cascade that is
subsequently activated [46]. The central effect of IL-1p has been shown to contribute to
the inflammation associated pain and fever [47]. In relation to bone injury, studies
suggested that osteoblasts were removed from the injury site via a coordinately regulated
apoptosis during bone healing [48] and evidence were found suggesting that IL-183
mediated the appearance and disappearance of osteoblasts, possibly by affecting the rates
of differentiation and apoptosis [49]. Besides, positive effects of proinflammatory
cytokines on osteoclastic differentiation have been documented. The critical roles of TNF
member (RANKL) and the member of TNF receptor family (OPG) and the direct effect
of TNF-a and IL-1p on osteoclastogenic differentiation have been largely investigated
[24]. Generally, proinflammatory cytokines have been considered to be crucial regulatory
component during bone healing. The expression of these cytokines significantly increases
during the initial inflammatory phase after bone injury and show peak expression within
the first 24 h following fracture [50]. Their levels are seen to reduce during the
regenerative phase and increase again during the remodeling phase.

TNF-a

Despite the numerous investigations on the role of TNF-a and their receptors, TNFR1
and TNFR2, on the osteogenic cells, their exact effects and mechanisms are still unclear.
Studies with marrow ablation model in TNFR1 and TNFR2 knockout mice have
indicated that TNF-a signaling is necessary for intramembranous ossification [51].
Furthermore, TNF-a is strongly implicated in the induction of ectopic calcification, for
instance in arteries during atherosclerosis or aortic valve disease [52, 53].These in vivo
observations are in agreement with in vitro data showing that human MSCs increase their
proliferation and invasion in response to TNF-a via inhibitor of NF-xB kinase (IKK-2)
[54]. Recent in vitro work showed that TNF-a increased the matrix mineralization, BMP-
2 and ALP expression by activating the NK-kB signaling pathway in hMSCs during
osteogenic differentiation [55]. Furthermore, the activated NK-«xB has led to inhibition of
the differentiation of hMSCs toward myogenic [56] and chondrogenic [57] direction by
down-regulating the critical transcription factors MyoD and Sox9, respectively. In
addition, other in vitro data showed that TNF-a may stimulate the recruitment of MSCs
by a process related to the expression of intercellular adhesion molecule 1 (ICAM-1) with
possible involvement of p38 signaling pathway [58].

Nevertheless, it is generally recognized that TNF-a contributes to a decrease of bone
mineral density by inhibiting osteoblast differentiation and bone formation. For instance,
in growth plate injury model, TNF-a has been reported to activate p38 pathway and, yet,
results in recruitment and proliferation of mesenchymal cells; however, by suppressing
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expression of cbfal/Runx2, TNF-a signaling inhibited bone cell differentiation and bone
formation [59]. In addition, several in vitro data showed that TNF-a may decrease or
inhibit Runx2 expression [60-62] and promote its degradation [63].

Chemokines

Healing of bone injury requires continuous influx of various cell types for each ongoing
process, whether inflammation, regeneration and/or remodeling. Whereas the
mechanisms by which inflammatory cells are recruited to the injury site are well
characterized, the trafficking of mesenchymal stem cells to the healing site is still largely
unknown. The local release of inflammatory mediators, such as the chemicals released
from injured tissue (e.g. prostaglandins), products of coagulation and complement (e.g.
C5a) and products of fibrinolysis, initiates the cascade that controls early inflammatory
events. These events involve the production and release of primary acute phase cytokines
(such as TNF-o0, ILIPB and IL-6). By activation of their target cells, these cytokines
generate a second wave of cytokines, including members of the chemokine family. The
latter are small inducible secondary cytokines with a characteristic cysteine residue motif.
Chemokines are divided into four families depending on the spacing of their first two
cysteine residues, namely CC, CXC, C and CX;3C [64]. Binding of chemokines to their
specific receptors start a complex biological process, the chemotaxis, which involves the
rolling, adhesion to and penetration of blood vessel and migration toward the site of
highest chemokine concentration.

CCL2/MCP-1

CC-chemokines act primarily on monocytes/macrophages and they are further subdivided
into 8 ligands. CCL2, also named MCP-1 (Monocyte Chemoattractant Protein-1), is
majorly responsible for monocyte trafficking in the body. In mice that lack MCP-1
receptor (CCR2) gene, the recruitment of monocytes/macrophages to sites of injury is
impaired [65, 66]. The receptor of MCP-1 is also involved in osteoclast differentiation
were CCR2-mutant mice developed osteopetrosis (increased bone mass and density), and
this was not caused by osteoblasts but mainly due to altered number and function of
osteoclasts [67]. In tibial fracture site in normal mice, the expression of MCP-1/CCL2
and its receptor was closely related to the recruitment and function of macrophages.
Furthermore, similar fracture in CCR2 mutant mice revealed significantly fewer
macrophages, altered vascular response, impaired osteoclast function and delayed
fracture healing [68]. It is worthwhile that MCP-1 is expressed by osteoblasts in vitro
[69] and during healing of bone lesion in vivo [70].

CXCL&/IL-8

Interleukin-8 (CXCLS/IL-8) is a major chemokine involved in neutrophil chemotaxis by
binding to its receptors CXCR1 and CXCR2 [71]. Large induction of CXCLS8/IL-8
expression was revealed in injured growth plate on d 1 coinciding with neutrophil influx
and was associated with increased expression of TNF-a and IL-1f [42]. Using neutrophil-
neutralizing antiserum in that model decreased neutrophil infiltration by 60 % which
although did not affect mesenchymal cell infiltration on d 4, it significantly reduced the
proportion of mesenchymal repair tissue on d 10 and tended to increase osteogenic
differentiation by increased expression cbfal/Runx2 and OC [42].
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CXCL12/SDF-1

Stromal derived factor-1 (SDF-1) is a growth-stimulating factor belonging to the CXC
subfamily of chemokines, which was initially identified as a bone marrow stromal cell-
derived factor. SDF-1 plays many important roles through activation of its exclusive, a G
protein-coupled receptor, CXCR4. Developmentally, SDF-1 and its receptor direct the
migration of hematopoietic cells from liver to bone marrow. Mice which were knocked-
out for CXCLI12 or its receptor CXCR4 were lethal before birth or within 1 h of life [72].
CXCR4 is broadly expressed by hematopoietic leukocytes, especially neutrophils, and
regulates their homing, retention and mobilization [73, 74].

Accumulating data have supported an emerging hypothesis that SDF-1/CXCR4 also
plays a critical role in the biologic and physiologic functions of MSCs [75-79]. In
segmental femoral defect in mice, the expression level of SDF-1 mRNA was significantly
increased on d 2 when compared with its level at d 0, and the new bone formation was
inhibited by the administration of anti-SDF-1 antibody [78]. Similar defect in mutant
mice partially lacking SDF-1 and CXCR4 (SDF-1*" and CXCR4"" mice) showed
reduced bone formation after 14 d as indicated histologically (the area of new bone
formation was significantly reduced in both SDF-1*"" and CXCR4"" mice, by 55 % and
65 %, respectively) [78].

Integrins

Integrins are heterodimeric receptors that mediate cell-cell and cell-ECM attachment.
They also play important roles in cell signaling and thus control cellular shape, mobility
and regulate the cell cycle. They consist of two non-covalently linked molecules, alpha
and beta subunits. Integrins are thought to be expressed by virtually every cell type. Cells
of the osteoblastic linage predominantly express B1, a4, a5 and av integrins in various
combinations while the osteoclast exhibits higher levels of avp3 complexes in addition to
al and o2 heterodimers [80]. On the other hand, at least 13 integrins are expressed by
leukocytes, among which the B2 is a unique leukocyte-specific integrin [81], with
putative roles in leukocyte chemotaxis, phagocytosis, and other adhesion-dependent
processes [82]. The B2 integrin has also been shown to be expressed by monocytes
committed towards the osteoclast lineage [83]. With respect to MSCs, it was shown that
MSCs are capable of rolling and adhering to blood vessel walls in a P-selectin and
integrin-f1/VCAM-1 dependent manner [84]. Transgenic mice with impaired integrin-f1
function showed reduced bone mass, with increased cortical porosity in long bones and
thinner flat bones in the skull [85]. On the other hand, healing of tibial fracture in
integrin-B3 null mice reveled significantly increased amount of new bone within the
fracture callus after 7 d, compared to wild type mice [86]. Furthermore, twenty-three
genes, that were primarily related to osteogenesis, were up-regulated at least twofold in
B3-null mice compared to wild type mice [86]. However, the null mice had fewer red
blood cells, less hemoglobin, fewer neutrophils and prolonged bleeding time compared to
the wild type mice.
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Growth factors

Fracture repair is controlled by several growth factors, hormones and hormone-related
proteins. Several of these factors are already stored within the mineralized bone matrix
and released during the active remodeling occurring as a part of tissue repair. In addition,
most of the cells, whether inflammatory, osteogenic, angiogenic or osteoclastic, are
known to synthesize and release many of these factors. TGF-, BMP-2, PDGF-bb, IGF-I,
FGF, VEGF and PTHrP have been largely studied during bone development, healing [87,
88] and physiological remodeling. Most of these factors are pro-osteogenic. However,
degrees of diversity in their effects are also known. As with cytokines and related
proteins, growth factors act mainly by binding to specific or non-specific cell surface
receptors thereby stimulating the proliferation and/or differentiation of the target cells.
Furthermore, some of these factors elicit strong chemotactic effects for osteogenic as well
as inflammatory cells.

TGF-B1

Transforming growth factor-betal is a member of large family of secreted proteins
including at least 3 members TGF-B1, 2 and 3 and also bone morphogenetic proteins,
activins, inhibins, and growth and differentiation factors [89]. During early fracture
healing it is widely thought that the degranulated platelets are the primary source for
TGF-B1. However, it known that TGF-B1 is produced by several cell types, including
osteoblasts [90] and fibroblasts [91]. Most leukocytes express TGFs and their expression
serve in both autocrine and paracrine modes to control the differentiation, proliferation,
and state of activation of these immune cells [92, 93]. TGF-B1 influences a wide range of
cellular events by activating specific receptors on target cells, which generally consist of
type I and II serine/threonine kinase subunits [94]. Binding of TGF-B1 leads to activation
of Smad signaling pathway with major effects on osteogenic differentiation. In addition
to the classical Smad pathway, TGF-B1 also activates other signaling cascades through its
ability to phosphorylate TGF-activated kinase-1 (TAK1), which in turn activates the
MAPK system [95, 96]. This wide range of activity explains in part the diversity of
effects of TGF-B1 on cellular activations. TGF-1 has been also implicated in committing
monocytes to the osteoclast lineage in the presence of RANKL or TNF-a. However, it
was also suggested that TGF-Bl may inhibit osteoclastic activation and promote
osteoclast apoptosis [97]. Large scale gene expression analysis during intramembranous
ossification in rat femoral ablation model showed suppression of TGF-1 expression at d
1 and stimulation at d 5 — 14, with a distinct peak at d 7 [43]. In rat tibial drill-hole defect,
TGF-B1 together with TNF-a peaked on d 1 [98]. Comparable results were observed in
transverse, diaphyseal fractures of mice tibia where TGF-$1, which was expressed at very
high levels in unfractured bones, showed a sharp rise 1 d after fracture, but then returned
to the baseline level seen in unfractured bone [99].

PDGF

Platelet derived growth factor is one of the numerous growth factors that regulate cell
growth and division with significant role in formation of blood vessels (angiogenesis)
[100]. It exist as a homo- or heterodimeric polypeptide consisting of A and B chains and
exerts its effects by binding to, and activating, specific high-affinity cell surface receptors
that have tyrosine kinase activity [101]. It is synthesized by platelets, monocytes,
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macrophages, endothelial cells and osteoblasts. PDGF-BB is a potent mitogen for
mesenchymal cells and also strongly induces their proliferation and migration [102, 103].
It is assumed to recruit MSCs to lesion sites to accelerate the repair process [104],
although its effects on MSCs are largely contradictory. Interestingly, mutant mice
depleted for PDGF receptor, PDGFRJ, significantly increased the ratio of woven bone to
callus after 7 d in tibial fracture [103]. The results were supported by the accompanying
in vitro data where the depletion of PDGFRP in MSCs enhanced osteogenic
differentiation as indicated by increased expression levels of ALP, OC, BMP-2, Runx2,
and osterix. However, depletion of these receptors decreased the mitogenic and migratory
responses of the MSCs. Gene expression of PDGF-B was upregulated on d 3 after drill-
hole injury in proximal tibia [98].

BMP-2

Bone morphogenetic proteins are growth factors that belong to the TGF-f superfamily of
proteins. There are more than 25 bone morphogenetic proteins (BMPs) divided into at
least four separate subgroups depending on their primary amino acid sequence. Group
one consists of BMP-2 and BMP-4, and group two includes BMP-5, -6, and -7. The main
difference from other TGF-f3 members is the ability of BMPs to induce bone formation in
non-skeletal tissue sites (e.g. muscular or subcutaneous) [105]. As for TGF-B, BMP
ligand signal is mediated by type 1 and 2 serine/threonine receptor kinases which activate
receptor substrates, the Smad proteins that move into the nucleus. Once activated,
receptor kinases phosphorylate R-Smads (regulatory Smads), and the phosphorylated R-
Smads then complex with C-Smads (common-mediator Smads). The complexes, which
act as transcriptional regulators, then translocate into the nucleus [24]. BMP-2, -6, -7 and
-9 may be the most potent to induce osteoblast lineage-specific differentiation of MSCs
[106]. BMP-2 and BMP-7 induce the critical transcription factors Runx2 and Osterix in
mesenchymal stem cells and promote osteoblast differentiation [107, 108]. The
extracellular matrix comprises a main source of BMPs and further they are produced by
osteoprogenitors, mesenchymal cells, osteoblasts, and chondrocytes. BMPs induce
ordered cascades of events for osteogenesis, including chemotaxis, mesenchymal and
osteoprogenitor cell proliferation and differentiation, angiogenesis, and controlled
synthesis of extracellular matrix [50]. Recent investigations revealed that hematopoietic
cells secrete and express BMP-2 and BMP-6 [109] and BMP receptor (BMPR1A) [20],
mediating important interactions between hematopoietic and mesenchymal osteoblastic
lining cells. During healing of bone injury, BMP-2 expression increased along the days 1
— 21 of bone healing where it was one of the earliest genes to be induced with second
elevation during osteogenesis [99, 110]. In intramembranous healing of rat femoral
ablation, BMP-2 showed sharp increase from d 1 to d 3 and continuously increased with
peak at d 7 and a second peak, slightly lower, at d 10 [43]. In rat ulnar stress fracture, the
peak of BMP-2 was attained already after 1 d and maintained until d 4 [111]. Different
model with transverse diaphyseal tibia fracture in mice revealed that the maximum peak
of BMP-2 was on d 1, suggesting its role as an early response gene in the cascade of
healing events [99]. In contrast, BMP-3, BMP-4 and BMP-7 showed a restricted period
of expression from d 14 through d 21 corresponding to the period of cartilage
replacement with bone [99].
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Transcriptional regulators

During the different phases of fracture healing, binding of cytokines, chemokines and
growth factors to their respective receptors leads to the induction of intracellular
transduction systems. The signal transduction via phosphorylation-dephosphorylation
mechanisms results in activation of target transcription factors which enter the nucleus
and binds to specific region of DNA resulting in up- or down-regulation of gene
expression determining the activity of the target cell. Throughout the different phases of
healing, several transcriptional factors are activated depending on the cells present, the
receptor expressed and the availability of specific ligands. Inflammatory events are
regulated by several transcription factors with major contribution of NF-xB as well as
other transcription factors including AP-1 and STATs (signal-transducer and activator of
transcription proteins). Similarly, osteogenic commitment, differentiation and functions
are governed by several transcription factors. Major transcription factor in osteogenic
differentiation is the Runx2 [37]. However, given the multiple stages of osteogenic
differentiation, other transcriptional factors are also involved, including members of AP
and DIx families, Smads, CCAAT/enhancer binding protein beta (C/EBP) and delta
(C/EBPS), members of Wnt signaling pathways, activating transcription factor 4, and
peroxisome proliferator-activated receptor-gamma (PPAR-y). Transcriptional regulations
during healing events are highly-controlled, complex processes owing to the multiplicity
of many cells types with different levels of differentiation and the several cross-talks
between the different factors. In rat femoral fracture, microarray analysis revealed that at
least 18 molecular pathways were potentially involved and 11 of these were active at
more than one cellular event [112].

Runx2

Runx?2 is a transcription factor that belongs to the Runx family. Runx2 is an osteoblast-
specific transcription factor necessary for the differentiation of pluripotent mesenchymal
cells to osteoblasts. The transcriptional control of Runx?2 is required for commitment of
progenitor cells to the osteoblast lineage and to exclude options for divergence towards
other lineages [113]. It has been clearly demonstrated that Runx2 is essential for in vivo
bone formation. Runx2 null mice exhibited complete absence of intramembranous and
intracartilaginous bone formation despite the normal cartilaginous skeletal patterning
[114]. The binding elements of Runx2 are present in the promoter region of collagen I,
OPN, BSP and OC genes. Activation of Runx2, for example by MAPK via stimulation of
integrin a2f1 [115], results in translocation of Runx2 into the nucleus where it triggers
the expression of the responsive genes during the early stage of osteoblast differentiation.
The subnuclear activity of Runx2 is regulated by several factors resulting in either
enhancing or inhibiting effects. Major co-activator is the core binding factor-beta (Cbfb)
since the activity of Runx?2 is largely dependent on dimerization with this factor [116].
Several other transcriptional factors interact with Runx2 with major enhancing effects.
On the other hand, factors like DIx3, PPAR-y, Statl and inhibitory Smads (Smad 3 and 4)
have mainly inhibitory effects of Runx2 activity. The inhibition of Runx2 in mature
osteoblasts does not reduce the expression of collagen I and OC in mice [117]. Thus,
Runx2 is suggested to direct pluripotent mesenchymal cells to the osteoblast lineage,
triggers the expression of major bone matrix protein genes during early osteoblast
differentiation but does not play a major role in the maintenance of the expression of
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collagen I or OC in mature osteoblasts [117]. Runx2 has also been shown to negatively
control osteoblast proliferation by acting on pathways associated with cell cycle [118].
Furthermore, Runx2 may indirectly affect osteoclast differentiation by modulation of
RANKL gene expression by the osteoblasts [119]. The expression pattern of Runx2
showed large variation between different fracture models. For example, in rat femoral
ablation, with mainly intramembranous ossification, the expression of Runx2 increased
steadily from d 1 to peak at d 7, with first peak at d 3 and relatively high levels at d 1
[43]. In ulnar stress induced fracture in rat, the expression of Runx2 showed a peak after
4 d [111]. Drill-hole defect in rat femoral diaphysis showed sharp decline of Runx2
expression from d O (non-injured) to d 3 followed be maximum peak at d 5 and decline
thereafter [120].

PPAR-y

Peroxisome proliferator-activated receptor-gamma is a member of the nuclear receptor
super family and was originally shown to be the master transcription factor for
adipogenic differentiation of mesenchymal stem cells [121]. However, it has also been
shown to play roles in the control of proliferation, differentiation and survival of various
cell types [121]. PPAR-y is ligand-dependent transcription factor, which associate with
retinoic acid receptor, binds to specific response element termed peroxisome proliferator-
response element (PPRE), and regulates the expression of target genes [122]. During
mesenchymal stem cell differentiation, activation of PPAR-y inhibited Runx2 expression
in mouse osteoblastic MC3T3-El1 and rat osteogenic sarcoma cell lines, and hence
hindered the expression of OC [123]. On the other hand, in vitro data using human
marrow mesenchymal progenitors showed the coexistence of osteogenic transcription
factor, Runx2, and PPAR-y at higher levels in ALP-positive cells compared the ALP-
negative population, and upon osteogenic stimulation, the increased expression of OC
was accompanied by increased expression of PPAR-y [124]. It was also shown that
activation of PPAR-y pathway inhibits osteoclast differentiation [125]. Furthermore,
using transgenic mice, that lack PPAR-y in osteoclasts, it was suggested that PPAR-y
functions as a direct regulator of c-fos expression, an essential mediator of
osteoclastogenesis, and thereby promote osteoclastogenesis [126]. In addition, evidence
is available describing roles of PPAR-y on regulation of monocyte/macrophage gene
expression and activities [122, 127].

Osteogenic differentiation, bone formation and remodeling

During their differentiation along the osteogenic lineage, osteogenic cells start to express
and release components specific with the developmental stage of the osteoblastic cells
and the ongoing activity during healing cascades. Likewise, and owing to the availability
of cytokines and factors required for their differentiation, osteoclasts develop and switch
on specific mediators responsible for the resorptive activity. The gene expression of these
markers has been shown to be largely correlated with the prospective phase whether bone
formation or resorption. Nevertheless, many of these genes are active at more than one
cellular event, indicating the complex and interdependent nature of the bone repair
processes.
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ALP and OC

ALP is a hydrolase enzyme responsible for removing phosphate groups from many types
of molecules. Several possible roles for ALP in bone formation have been proposed. It
may increase local concentrations of inorganic phosphate, destroy local inhibitors of
mineral crystal growth, transport phosphate, or act as calcium-binder.

OC was first discovered as a calcium binding protein in bone. It is characterized by three
residues of K-dependent g-carboxyglutamic acid (Gla), and has a very narrow expression
pattern being expressed only by the osteoblasts and osteocytes in bone. Whereas ALP
represents an early marker during osteogenic differentiations for MSCs in vitro, and bone
formation in vivo, OC is considered as a late differentiation marker of osteogenesis and
bone formation. In the locations of intramembranous ossification during healing of femur
diaphysis fracture, the expression of ALP peaked at d 5 and then declined, while OC
levels were very low during the first 7 d [39]. Comparable results were observed during
healing of marrow ablation injury where the peak of ALP was attained at d 5, however,
OC expression showed a high peak of expression at d 7 in this model [43].

TRAP and CATK

Tartrate-resistant acid phosphatases (TRAPs) are a class of metalloenzymes that catalyze
the hydrolysis of various phosphate esters under acidic conditions. TRAP is a
characteristic constituent of osteoclasts and some mononuclear preosteoclasts and,
therefore, used as a biochemical and immunohistochemical marker for osteoclasts and
bone resorption [128]. In bone, TRAP is found not only in osteoclasts but also in
mononuclear cells presumed to represent osteoclast precursor cells [129]. Nevertheless,
histological, immunohistochemical and biochemical studies have shown that osteoblasts
and osteocytes also express TRAP, albeit the expression level is much lower than that in
osteoclasts [130].

Several cathepsins including CATK have been localized in vacuoles at the ruffled border
membrane of osteoclasts [131]. CATK is a member of the cysteine protease family that,
unlike other cathepsins, has the unique ability to cleave both helical and telopeptide
regions of collagen I, the major type of collagen in bone [132]. CATK has the ability to
catabolize collagen, allowing it to break down bone and cartilage, and it is required for
osteoclastic resorption. Cathepsin K null mouse manifested osteopetrosis and osteoclasts
isolated from CATK null mice showed severely impaired function in vitro [133]. In situ
hybridization studies in mandibular distraction osteogenesis and transverse tibial fracture
showed that the expression signals for CATK and for TRAP and CATK, respectively,
were restricted to osteoclasts [134, 135]. The expression of TRAP and CATK in the
transverse fracture showed first significant increase after 7 d, peak of expression after 14
d and decreased at d 28 [134]. Comparable results were observed in femoral ablation
model for CATK where first peak of expression was attained at d 7 and continued at high
levels at d 10 and 14 [43].
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Effect of titanium surfaces on cellular and molecular activities

Unlike fracture healing, cellular and molecular activities regulating the in vivo bone
formation for osseointegration are largely unknown. Even though bone healing around
titanium implants is regarded to simulate fracture healing with the hallmark cascade of
hemostasis, inflammation, regeneration and remodelling, the presence of foreign, yet
biocompatible but not inert, titanium implant may influence these phases [5]. A simple
and obvious support of this statement is that while fracture healing will finalize in
reproduction of the original bone shape and its associated tissues, healing around titanium
implant will end, preferentially, in a distinctive continuous layer of mature bone in
intimate contact with the implant surface. Besides, it is generally observed that the
process of bone formation at the interface is not preceded or accompanied by obvious
chondrogenic activity [136], which represents a prominent phase during fracture healing.
In the same context, histological and biomechanical data indicate that bone respond
differently when interfacing to different titanium implant surfaces [137, 138]. Different
surface alteration techniques such anodization, blasting, etching, surface coating, and
combinations of some of these techniques are increasingly used, and claimed to induce
prompt tissue healing and stronger bone formation than the original machined implant
surface. While these asserts have largely been addressed morphologically and
biomechanically, the potentially different in vivo cellular and molecular responses to
such surfaces have not been established.

Inflammation during early osseointegration is obscure and has not received similar
attention as that given during soft tissue integration [139]. Histological studies in bone
revealed that macrophages and multinucleated cells from monocytic lineage are present
at the interface with machined titanium [3, 4] and hydroxyapatite coated [140, 141]
implants during early phases after implantation. The exact role of these cells during
implant integration in bone is not known. Further, the relationship between their gradual
disappearance in parallel with the bone apposition at the implant surface is largely
unexplored [3-5]. These cells are known to express a wide range of proinflammatory and
anti-inflammatory cytokines, growth and differentiation factors and chemotactic
mediators which would be expected to influence the ultimate bone response. For instance,
titanium discs with various degrees of roughness, from smoothly polished to coarsely
rough, were placed in contact with the periosteum of rat parietal bone. On the first week,
rough, but not the polished, surfaces formed an interface dominated by ED1-positive
recruited macrophages [142]. These implants were associated with higher mineralization
and bone nodule formation over the following weeks [142]. In agreement, J774A.1
murine macrophage cell plated on polished, machined, and blasted surfaces in vitro
showed faster and higher expression of BMP-2 on the machined and blasted surfaces
[143]. In soft tissue healing around titanium discs, higher release of TNF-a was observed
in response to porous titanium with and without plasma protein layer compared to
machined titanium after 3 h [144], as well as for machined titanium compared to copper
after 12 h [145]. The soft tissue data presents strong evidence on the modulation of
inflammatory cell responses by titanium surface roughness and composition,
respectively. From these examples, it is suggested that material surface properties
influence the activity of inflammatory cells which in turn may modify the elaboration of
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extracellular matrix. Nevertheless, in order to verify such possible effects in bone,
quantitative data on the recruitment and adhesion of inflammatory cells, solely or in
parallel with matrix forming cells, to the implant surface and surrounding matrix are
essentially required.

The mechanisms of cellular recruitment and adhesion to titanium implants in vivo are
hitherto unknown. Available in vitro data has focused on the adhesion of cells to titanium
surfaces rather than how different cells would be recruited to the surfaces, and whether or
not the implant surface will influence the magnitude of the chemotactic signals. So far,
most of the available literature on the chemotactic signals at biomaterials is based on the
cellular response to particulates and debris. In one in vitro study, murine macrophage-like
RAW 264.7 cell line, were cultured on titanium-coated epoxy resin replicas of polished,
coarsely blasted, acid etched and blasted/acid etched titanium surfaces. The results
showed roughness-, time- and stimulation- dependant expression of MCP-1 with highest
expression at blasted/acid etched after LPS stimulation [146].

The extensive in vitro data on cell-on-substrate response have demonstrated that cellular
adhesion, morphology, differentiation and/or the abilities to synthesize or release organic
or inorganic components are largely dependant on the physico-chemical properties of the
titanium surfaces [147]. For instance, early studies on osteoblastic cell adhesion to
polystyrene and titanium and cobalt chromium alloys, with or without protein coatings,
showed specific pattern of integrin expression for each material and this was largely
dependent on the type of protein coating whether fibronectin, laminin or collagen [148].
Using pure titanium modified with machining, grit blasting or with calcium phosphate
coating, Ter Brugge el al. showed temporal difference in the expression of different
integrins expressed by rat bone marrow cells cultured on these surfaces in osteogenic
media [149, 150]. In another study [151], cellular attachment was decreased on calcium
phosphate coated titanium after a pre-treatment with either anti-integrin-f1 or anti-
integrin-B3 antibodies, whereas on the pure titanium, cell adhesion was only slightly
affected after a pre-treatment with anti-integrin-f3 antibodies. While many of these in
vitro studies show prominent effect of surface physico-chemical properties on cellular
adhesion, with the ability of different osteoblastic cell-lines to attach directly to the
implant surface, it is unknown if similar scenario will take place in the in vivo
surrounding and whether or not the cell-to-surface migration and contact will be
influenced by the implant surface.

Likewise the inflammation and inflammatory cells, the importance of osteoclasts and the
bone remodeling at implants have either been neglected or, considered as processes in the
late stage of bone healing at titanium implants. In conjunction with the bone-forming
osteoblasts, the long term significance of osteoclasts on the renewal and repair of
interfacial bone, by replacing the old and damaged foci while maintaining the structural
integrity of the interface, is obvious [152].

On the other hand, the exact role and participation of these sophisticated cells during the
early process of osseointegration is yet to be detailed. Such demands for understanding
are gained from the in vivo morphological studies showing bone remodeling as an
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integral early component after implantation irrespective of the implant surface properties
[153]. In addition, there are other circumstances which have prompted the current work,
examining e.g. the contribution of these cells during the early events after the titanium
implantation in bone. The first line is the established mutual cross-talk between
osteoblasts and osteoclasts at different stages of differentiation with possibility of such
cross-talk at the titanium implant interface. Secondly, osteoclasts have been shown in
vitro, to resorb hydroxyapatite, [154, 155] and calcium phosphate [156, 157] substrates.
In most cases the resorption was influenced by the roughness of the substrate [155] or the
precoating with collagen [154] or extracellular matrix [156]. While there is no evidence
that osteoclasts can resorb metallic titanium surface in vivo, however, it does not seem
unlikely the possibility that osteoclasts can condition the biologically coated titanium
implant or, may be, expose the implant surface parameters to allow other cells for direct
contact with the surface.
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Table I: A number of in vitro experiments investigating cellular and molecular activities on substrates with different surface properties.

Implant/surface Cells and time Factors Main findings Ref.
Titanium Mouse macrophage IL-1B, IL-6 Unstim. [158]
e Polished cell line J774A.1 IL-1B: increased on rough>smooth at 24 and 48h.
e Grit blasted Gene expression | IL-6: Significantly increased from 24 to 48h for both surfaces,
24, 48 and 72h analysis smooth>rough at 72h.
LPS stim.
IL-1p: Significantly increased for both surfaces at 24h. Significantly
lower at 48 and 72h for both surfaces.
Inhibition of NF-kB resulted in significant decrease of IL-1 on rough
and smooth surfaces.
Titanium-coated epoxy- Murine macrophage- | TNF-a, IL-1p, Unstim. [146]
resin replicas of the like cells RAW 264.7 | IL-6, MCP-1 TNF-a: increased on AE>other surfaces at 6 and 48 h.
following surfaces Increased on AE and B/AE>other surfaces at 24h.
e Polished (PO) 6, 24, and 48h Cytokine IL-1p and IL-6: Undetectable.
¢ Blasted (CB) secretion MCP-1: lower on B/AE < other surfaces at 6, 24 and 48h.
e Acid etched (AE) (ELISA) LPS stim.
e Blasted/acid etched TNF-a: increased on B/AE >all surfaces>TCP.
(HCI/H,SO,) (B/AE) IL-1B: TCP>all surfaces; PO>B/AE at 6h. B/AE >PO and AE at 24h.
IL-6: B/AE>TCP at 6h. B/AE >TCP, PO and AE at 24h. B/AE and
Tissue culture polystyrene AE>all surfaces at 48h.
(TCP) MCP-1: Increased significantly at all time points on B/AE surface
compared with unstim B/AE. B/AE>PO, AE and TCP at 24h. B/AE
and AE >all surfaces at 48h.
Surface topography influenced the release of cytokines from unstim.
and stim. macrophages. Roughness and LPS show synergistic effect
on cytokines and chemokines secretion, particularly in B/AE.
Titanium Human embryonic Runx2, OC With f-glycerophosphate and ascorbate treatment: [159]
e Blasted palatal mesenchymal Runx2 increased significantly (2-fold) on both grooved and rough
e Grooved cells Gene expression | surfaces compared to TCP.

Tissue culture polystyrene
(TCP)

3 weeks

analysis

OC increased significantly (5-fold) on grooved and (2.5-fold) rough
surface as compared to TCP.
Without treatment: No differences.




Titanium MC3T3-El Runx2 Runx2: Slightly increased on SrP at 7d. At 14d, Runx2 decreased on RBM compared | [160]
e Blasted, ALP with 7d, but increased on P and SrP compared with 7d. Higher on P and SrP than on
(RBM) 7 and 14d OPN RBM (3.8-fold) at 14d.
e P-incorporated BSP ALP: increased with incubation time on all groups. ALP was higher on RBM than P
P) oC (2.9-fold) and SrP (2.2-fold) at 7d. This pattern was reversed at 14d where ALP on P
e P/Sr and SrP was higher than on RBM (2.4- to 3.4-fold).
incorporated Gene OPN: higher on P and SrP than on RBM (8- to 11.2-fold) at 7d. At 14d: OPN on P
(StP) expression and SrP decreased or maintained a level similar to 7d, but increased on RBM.
analysis BSP: in all groups, levels at 14d were greater than at 7d. BSP levels were similar
between groups at 7d. At 14d, higher on P and SrP than on RBM (3.1- to 4.1-fold).
OC: no differences between groups at 7d. OC on P and SrP was higher than on RBM
(1.4-fold) at 14d.
Titanium hMSCs Runx2 Runx2: was 3.5-fold higher on Nano at 14 and 28d. For GB, varied to 2.5-fold over [161]
¢ Smooth (S) Osterix (OSX) | same period. On S increased to 2-fold at 14d.
¢ Blasted (GB) 3,7, 14, and 28d ALP OSX: was 2.5-, 3.5-, and 4- fold higher at 7, 14 and 28d on Nano. For the S, OSX was
¢ Blasted/acid- OPN 2.5-fold on 7d and then decreased to baseline. OSX on GB reached 4-fold at 7d, but
etched BSP subsequently dropped to baseline levels.
H,S0,/H,0, ocC ALP: was 12-fold and 38-fold higher on Nano compared to S (6-fold) and (13-fold)
(Nano) and GB (5-fold) and (19-fold) at 14d and 28d, respectively.
Gene OPN: constant for (S) throughout the 28d. At 28d, OPN on GB and Nano > 50-fold.
expression OC: modestly increased (3-fold) on S and Nano at 14d and kept the same rate at 28d
analysis for Nano. OC on S dropped close to the baseline level at 28d. For GB, OC reached 2-
fold at 7d and kept constant thereafter.
Titanium MG63 osteoblast- | ALP ALP activity was significantly higher on B/AE and TPS compared to TCP. Further [162]
e Acid etched like cells enhanced with 10,25(0OH)2D3.
(HCI/H,SO.) (Enzyme Inhibition of MAP kinase inhibited ALP activity on TCP, PT, and B/AE surfaces.
(AE) 7d specific On TPS, there was only a partial inhibitory effect of MAP kinase inhibitor (PD98059).
e Blasted/etched activity) The effects of surface roughness and 10,25(0OH)2D3 on ALP activity were mediated
(B/AE) through (MAPK) pathway.
¢ Plasma-sprayed
(TPS)
® Pretreated
Hydrofluoric/

nitric acid (PT)

TCP




Titanium MSCs Runx2 RUNX2: increased on titanium and higher on mod.B/AE compared to TCP. [163]
e Pretreated (PT) OC OC: significantly upregulated on mod.B/AE surfaces.
e Blasted/acid 7d DKK1 Intg-a2: slightly increased on mod.B/AE, but the expression on mod.B/AE was
etched (B/AE) DKK2 significantly increased when compared to TCP and PT.
(HCI/H,SO,) Intg-a2 Intg-p1: expression increased 30% on mod.B/AE compared to other surfaces.
e Blasted/acid Intg-B1 DKKT1: was slightly lower on mod.B/AE surfaces and significantly down regulated on
etched and B/AE than on TCP and PT.
protected OC secretion DKK2: was 200% higher on B/AE and mod.B/AE than on TCP or PT.
(mod.B/AE) (ELISA) When MSCs cocultured with MG63, OC secretion was significantly higher in cells
adherent to B/AE and mod.B/AE.
Tissue culture Knockdown of integrin-a2 and silencing Dickkopf-2 resulted in reduced osteogenic
polystyrene (TCP) differentiation of the MSCs.
Titanium Human fetal- Including: Compared to TCP, rough surfaces showed roughness-specific modulation. [164]
e Machined (Ti- | osteoblast cell line, | Runx2 and 3, Independent of the material (titanium, zirconia), higher Runx2, Runx3 and BMP-7
m) hFOB 1.19 ALP, were observed for Ti-ox, rough polycrystal zirconia at 3d.
e Oxidized (Ti- CollagenlAl, | PCNA did not seem to be affected.
0X) From 3 up to 28d Collagen2A1, | After the cells started to differentiate at d7, roughness led to a specific and significant
OPN, BSP, up-regulation of Intg-f3 at 21d.
Zirconia with OC, TGF-B1, During the differentiation at the onset of ECM mineralization, specific reaction to
different surface Intg-B1, Intg- | titanium started: On titanium, higher BSP and Intg-B1 at 21d, independent of
roughnesses and B3, roughness. OC was affected similarly, increased, however, only on Ti-ox.
crystallinity PCNA (gene Differences in gene regulation assigned to three different phases
marker for Proliferation: Regulatory genes RUNX2, RUNX3 and BMP-7 showed up-regulation
Tissue culture proliferation) on all rough surfaces at 3d.
polystyrene (TCP) ECM maturation: higher BSP and Intg-B1 at 21d on Ti independent of roughness.
TGF-B1, collagen1Al, collagen2A1, ALP, and OPN were not affected.
ECM mineralization: biglycan and decorin are switched on at 28d.
Titanium plates RAW264 TRAP In presence of RANKL, expression of TRAP and CATK was observed after 3d on [165]
finished by: mouse/macrophage | CATK titanium as well as on TCP.
e 2000 grit cell line RANK TRAP and RANK was higher on TCP compared to titanium.
e 1200 grit TRAF6 Higher TRAP expression in association with the increased roughness.
* 600 grit In presence or Highest CATK was on the medium roughness samples.
* 180 grit absence of Enzyme In presence or RANKL, multinucleated giant cells appeared at 5d.
Tissue culture RANKL activity of RANK and TRAF6 were expressed even in absence of RANKL.
polystyrene (TCP) | Up to 5d TRAP




Introduction

Biomechanical stability during development of osseointegration

A titanium implant is functionally and structurally defined to be osseointegrated when
there is no progressive relative movement between the implant and the surrounding bone
with which it has a direct contact [166]. The biomechanical stability of the machined
screw-shaped titanium implant has been studied in detail during the healing period in
different species [167]. The results of these studies in rats revealed unchanged torque
values during the first four weeks but with significant increases after 8 and 16 weeks.

Biomechanical studies on implants with modified surfaces have largely focused on
comparisons with controls or other surfaces, at specific time periods, rather than
evaluating the development of torque strength for the same implant over different healing
periods. Furthermore, large variations in torque results between the different surfaces
have been observed with possible major influences by the different animal models, torque
instruments and implant designs used.

Frequently, increased torque values have been revealed for many surface modifications
[168-173]. For instance, comparisons were performed in distal femur of rabbit between
three screw-shaped titanium implants with machined (MA), dual acid etched
(H,SO4/HCI1) (DAE) and titanium plasma sprayed (TPS) implants [170]. In that study,
while the torque was relatively constant after 1, 2 and 3 months periods at the machined
implants, it increased from 1 month to 2 months and kept similar levels after 3 months for
the dual etched implants, and progressively increased during the three evaluation periods
for the plasma sprayed implants. The increased torque values were: TPS>SDAE>MA at
every evaluation period.

Machined implants in previous studies [174] revealed positive correlation with healing
time and bone formation parameters over the whole evaluation period. Furthermore, not
only the implant surface properties appeared to influence the rate of biomechanical
stability but also the bone type in which the implant is inserted [175]. In the latter study,
Sennerby et al. evaluated the removal torque of machined implants in cortical tibial bone
and trabecular intraarticular bone over periods of 6 weeks, 3 months and 6 months. The
results showed that whereas higher and constant torques values were registered for the
machined implants in the cortical sites, torque was lower at 6 weeks in the trabecular
bone and increased over time to reach similar values as the machined implant in cortical
bone after 6 month period.

From the available scientific data, whereas a relationship between biomechanical strength
and the bone formation parameters and bone types has been demonstrated, the
relationship between the biomechanical strength and the molecular activities during early
stages of inflammation, regeneration and remodeling has yet to be determined.
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In vivo cellular and molecular techniques in relation to bone-
implant interface

Different approaches have been used to investigate the host response to titanium surfaces.
The in vitro model has been applied extensively to determine the biological responses of
single cell type, cultured on titanium surface. However, this model remains to a large
extent limited prediction of the in vivo events. Such limitation has been largely addressed
when biomaterials were investigated in soft tissue of animal models where the latter
provided excellent information by taking the advantage that all potentially affected cells,
blood and tissue components and biological molecules are present in contact with the
surface. The kinetics of inflammatory cell responses, recruitment of different cell types
and their molecular activities has been widely analyzed in soft tissue. However, the
access to the bone/implant interface is a major challenge in order to apply the molecular
tools.

Immunohistochemistry and protein targeting procedures

Immunohistochemical analysis relies on the combination of histological, antibody-
labeling and microscopic imaging procedures to identify different cell types and proteins.
Different sets of mono- and poly-clonal antibodies can be used to reorganize and bind to
specific epitopes in the plasma membrane and secreted proteins. At the implant interface,
it can be used to study the distribution and localization of specific cell phenotypes,
biomarkers and differentially expressed proteins. Visualization of the epitope-antibody
binding can be performed using an antibody conjugated to an enzyme that can catalyze a
colour-producing reaction. Difficulties of obtaining intact metallic titanium-bone
interface sections, the semi-quantitative nature, destruction of the cell epitopes by
fixation and decalcification steps and the limitation for using multiple antibodies on one
section make the main drawbacks of immunohistochemistry in studying the temporal
molecular processes at the implant-bone interface. Yet, immunohistochemical studies
have been widely used with non-metallic implants in bone and with studies on titanium
implant-bone interface, after implant removal using different approaches [176, 177].

RNA targeting procedures

Translation or synthesis of any protein or glycoprotein, including all cytokines,
chemokines, adhesion molecules, growth factors, enzymes and matrix components, is
dependent on the presence of corresponding messenger RNA (mRNA) molecules in the
cell. The expressions of different mRNA represent the dynamic activity of the cell as in
most cases detection of specific mRNA molecules correspond to the proteins which is
being actively synthesized.

Northern analysis

Northern blotting is the technique in which mRNA fragments harvested from cells are
separated by electrophoresis and immobilized in agarose gel. Membrane-bound DNA,
labeled with radioactive nucleotides is used as probe for the target gene of interest. When
the probe find complimentary mRNA it anneal strongly to that area and upon exposure to
x-ray it allow for detection and localization of the target mRNA. In relation to cellular
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response to titanium this technique has mainly used in cell culture experiments in vitro.
The low resolution of the gel and the limited sensitivity to low amount of mRNA
constitute the main disadvantages for applying it to study the in vivo bone response to
titanium implants. Northern blotting has e.g. been used to study the relative expression of
osteoblastic genes in bone callus during fracture healing [39].

In situ hybridization

In this technique, the expressed mRNA molecules are localized by applying labeled
complementary DNA or RNA probes in place (i.e. in the tissue where they are
expressed). The technique involves fixation of the target transcripts followed by
hybridization to the target sequences at elevated temperature. The excess probes are then
washed away and the antigen- or fluorescent-labeled probes are visualized and quantified
in the section using enzyme-conjugated antibodies (immunohistochemistry) or
fluorescence microscopy, respectively. This technique can be used to detect two or more
transcripts on the same section. The main advantage of this technique, giving the ability
to get intact bone-implant interface, is the possibility to determine the spatial distribution
of the expressed gene marker in relation to the implant surface. Furthermore, it can be
combined with immunohistochemical studies on separate sections to determine the cell
specificity for the expressed genes. In situ hybridization has e.g. been used to study
osteoblastic gene expression at non-metallic biomaterials in bone [178, 179]. It has also
been used to study the sequential expression of osteoblastic genes in bone tissue collected
from assembled titanium chambers retrieved from sheep tibia at different time periods
[180].

Polymerase chain reaction

The technology of PCR relies on the amplification of single or few double stranded DNA
molecule/s to several thousand copies identical to the original starting template. The
technique takes the advantage of the heat-stable enzyme, DNA polymerase, which
assembles a new DNA strand using the single-stranded DNA as a template in the
presence of DNA primers (the probe) and the building blocks, dNTPs (deoxynucleoside
triphosphates). The reaction is performed by temperature cycling in special reaction
tubes. The DNA double strand, which contains the sequence of interest, is first heated to
a high temperature (around 95 °C) in order to separate the strands of the double helical
DNA (denaturation temperature). The temperature is then lowered to about 65 °C
(annealing temperature) which allow for the primers to anneal to the target sequences on
the separated DNA strands. After that, the temperature is set around 72 °C (extension
temperature) which is optimum for the polymerase that extends the primers by
incorporating the dNTPs. By repeating these temperature cycles, the original single or
few templates will be amplified in an exponential manner resulting in thousands of copies
amenable for identification and quantification.

PCR is a common and often essential technique used in medical and biological research
laboratories for a variety of applications. These include, but not limited to, DNA cloning
for sequencing, DNA-based functional analysis of genes, and the diagnosis of infectious
and hereditary diseases and cancers. In biomedical research field there is more interest to
target the mRNA expression denoting for the biological events during tissue healing at
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the implanted biomaterials. Therefore, modifications of the original PCR technique are
quite often used in this field of research.

Reverse transcription-polymerase chain reaction (RT-PCR)

In this technique, the mRNA molecules, isolated from individual cells or living tissue, are
first transcribed into complimentary DNA (cDNA) using the enzyme, reverse
transcriptase. The resultant cDNA template is amplified using the heat-stable DNA
polymerase in a typical PCR procedure as described above. The resultant PCR product
can be subsequently analyzed by size separation on agarose gel and visualization by
ethidium bromide staining. The product identity, based on the starting mRNA transcripts
in the sample, can be then confirmed using a Southern blotting technique, which is the
DNA equivalent of the Northern analysis. This end-point RT-PCR can be used to
measure changes in expression levels in different ways such as the relative and
comparative methods. The relative quantification compares transcript abundance across
multiple samples, using a co-amplified internal control for sample normalization. Results
are expressed as ratios of the gene-specific signal to the internal control signal. Albeit the
advantage of quantifying mRNA levels from much smaller samples, this method of
analysis is at best semi-quantitative and it needs to ensure that the PCR is terminated
when the genes of interest and the internal control are in the exponential phase of
amplification. Furthermore, the low sensitivity and resolution of the agarose gel make it
less valuable when compared with the new detection technologies used with the
quantitative real-time PCR.

Quantitative polymerase chain reaction (qPCR)

The major difference of the quantitative real time PCR from the conventional reverse
transcription PCR is that the former incorporate fluorescent reporter that binds to the
product formed and reports its presence by fluorescence. Reporter binding takes place
during the cDNA amplification and upon accumulation the signal develops which
increase exponentially until reaching a saturation level. A number of dyes and probes are
available covering a range of non-specific fluorescent dyes, which react with all double-
stranded DNA, and sequence-specific DNA probes. SYBR Green I fluorescent dye is one
of the most commonly used reporters in gene expression analysis. These dyes do not
fluorescence when they are free and become brightly fluorescent when they bind to
cDNA, and the fluorescence increases with the amount of double stranded product
formed. The amount of cDNA products during the exponential phase are determined by
plotting fluorescence against cycle number. By setting a common threshold for the
different cDNA products (representing the starting mRNAs to be quantified), the cycle at
which the fluorescence from a gene crosses the threshold is called the cycle threshold, Ct
value for that gene. The differences in the Ct values between the different cDNAs during
the analysis reflect the differences in their initial amounts of template molecules. Ct value
relates to the number of initial template molecules as:

NCtNO=(1+E)Ct

Where NCt is the number of double-stranded DNA molecules after Ct amplification
cycles, NO is the initial number of double-stranded target molecules, and E is the PCR
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efficiency. E is assumed to be independent of NO over the studied concentration range,
and can be estimated from dilution series of mRNA, cDNA or genomic DNA, or from the
real-time PCR amplification response curve.

Relative gene expression analysis

Quantification by real-time PCR may be performed as either absolute measurements
using an external standard, or as relative measurements, comparing the expression of a
reporter gene with that of a presumed constantly expressed reference gene. Quantitative
gene expression analysis is most commonly performed as a relative measurement
between two genes. The expression ratio is given by an equation which is commonly
referred to the delta delta Ct-method and it is a convenient way to analyze the relative
changes in gene expression from real-time quantitative PCR experiments.

Normalization

Real-time PCR is the method of choice for expression analysis of a limited number of
genes. The measured gene expression variation between subjects is the sum of the true
biological variation and several confounding factors resulting in non-specific variation.
Comparing samples requires normalization to compensate for differences in the amount
of biologic material analyzed. The purpose of normalization is to remove the non-
biological (sample to sample and run to run) variations as much as possible. Several
normalization strategies have been proposed, but the use of one or more reference genes
is currently the preferred way of normalization. For each target gene sample, the relative
abundance value obtained is divided by the value derived from the control sequence in
the corresponding target gene. The normalized values for different samples can then
directly be compared.

A standard gene expression analysis consists of sample collection, RNA isolation,
removal of any possible DNA contamination, reverse transcription, real-time PCR and
data analysis, respectively. Special attention should be given when designing the primers
for the target genes ensuring the specificity, short amplicons production, minimum
artifact formation and annealing at the specified PCR temperature. Furthermore, restrict
adherence to RNase-free procedure is required which include appropriate sample
preservation, the use of RNase decontamination agents.

The quantitative PCR represent powerful, efficient, and highly reproducible and reliable
methods for molecular analysis. In the present thesis, quantitative PCR together with
histological, ultrastructural and biomechanical tools were used to explore the bone-
implant interface during the early process of osseointegration.
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Aims
The main aim of the current thesis was to further understand the biological mechanisms
of osseointegration. Therefore, the following specific aims were formulated:

To develop an in vivo model for molecular analysis of osseointegration by analyzing
gene expression both at the immediate interface at implant surface and in the surrounding
bone.

To compare gene expression denoting inflammation and bone remodeling between
cortical and trabecular bone types both during steady-state condition and at the interface
with titanium implants.

To investigate the cellular and molecular activities denoting cell adhesion, chemotaxis
and inflammation at different titanium implants during the first day of implantation.

To investigate the cellular and molecular activities denoting inflammation, osteogenic
activity and bone remodeling at different titanium implants during osseointegration (1d-
28d)

To correlate the interfacial molecular activities with the bone response and biomechanical
capacity at different titanium implants.
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Materials and Methods

Implants

Screw-shaped titanium implants, 2 mm in diameter and 2.3 mm in length were used. In
paper I, anodically oxidized implants were used. In papers II, III and IV the implant
surfaces were either machined or anodically oxidized (TiUnite) surfaces. All the implants
were produced, sterilized and delivered in glass containers by the manufacturer (Nobel
Biocare, Goteborg, Sweden).

Surface characterization (paper 1V)

Profilometry

Topographical analysis of the two implant surfaces was performed using non contact 3D
interference microscopy (WYKO NT-9100). The measurements were made over a 125 x
95 um area on flanks, tops, and valleys of two nonadjacent threads of each implant type.
Before calculating the topography parameters, raw data were processed with a tilt and
cylindrical correction. A built-in median filter (5 x 5 pixel smoothing) was then applied
for further reduction of noise. From the corrected and smoothed data the surface
parameters Sa (arithmetic mean of the absolute values of deviations from a mean plane),
St (peak-to-valley distance) and Sdr (developed interfacial area ratio) were derived.

Scanning electron microscopy

To evaluate the morphological features of the two surfaces, the implants were mounted
on stubs by means of carbon-coated adhesive tape and sputter-coated with palladium. The
samples were examined in a Zeiss DSM 982 Gemini scanning electron microscope.

Auger electron spectroscopy

The top atomic layers were analyzed using PHI 660 scanning Auger microscope to
evaluate the chemical compositions of the implant surfaces. The analysis was made on
the thread top and valley of the implant over 30 x 30 um analysis area. The implants were
analyzed either as-received or after short cleaning with argon ion resulting in
approximately 3 nm reduction of the outer surface. The primary beam energy was 3.0
keV and beam current 300 nA. Five scans were performed per each analysis area and the
analysis time was 50 ms/eV.

To determine the oxide thickness of the oxidized implants, AES analysis combined with
argon ion etching was performed on one oxidized sample. The depth profiling was
conducted on the top of the third thread using 3.5 keV Ar+ ion gun with sputter rate at
32nm/min. The oxide thickness was calculated.

Transmission electron microscopy

Ultrathin sections for TEM analysis were prepared from machined and oxidized implants
using focused ion beam microscope (Figure 1). Prior to ultrathin sectioning, the implants
were embedded in LR White plastic resin and cut longitudinally into two halves using a
band saw and grinding equipment (EXAKT® Apparatebau GmbH & Co, Norderstedt,
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Germany). Sputter coat with a thin film of palladium was applied on the exposed side of
the implant. The sample was mounted on stub by means of carbon-coated adhesive tape
and placed into the focused ion beam (FIB) microscope (FEI Strata DB235, FEI
Company, Eindhoven, Netherlands). Cross-section samples were prepared using an in-
situ lift-out method, where the area of interest was protected by platinum deposition [181,
182]. A thick lamella (= 5 um) was cut and transferred to a TEM-grid. Final thinning
using decreasing ion beam current was performed until a thickness of 100 nm was
obtained. Bright field and dark field imaging, selected area electron diffraction analysis
(SAED) and energy dispersive X-ray spectroscopy (EDS) were performed.

RES

Figure 1: Serial images of sample preparation steps using FIB technique. (a) Area
of interest was selected at the interface of titanium implant (Ti) with the plastic resin
and protected by platinum deposition (Pt). (b) Rough cutting of trenches on either
side of the platinum (c) The lamella was transferred to a V shaped TEM grid (d)
Final thinning of the lamella was performed using beam current down to 50 pA.

Endotoxin test

All the implants were sterilized and kept in glass containers until analysis. However, to
exclude endotoxin contamination of the implants, limulus test was performed on
machined and oxidized implants immediately after removal from glass storage
containers.
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Animal model and surgical procedures (papetrs I-1V)

The animal experiments were approved by the local ethical committee for laboratory
animals, University of Gothenburg, Sweden (Dnr 306-2006 and 301-2009). Sprague—
Dawley rats (200 — 250 g), fed on a standard pellet diet and water were used in the four
studies. Implantation procedures were carried out under isoflurane inhalation anesthesia
(Isoba Vet, Schering-Plough Uxbridge, England) using Univentor 400 anesthesia unit
(Univentor, Zejtun, Malta). Each rat received analgesic (Temgesic 0.03 mg/kg, Reckitt &
Coleman, Hull, Great Britain) subcutaneously prior to the implantation, and daily
postoperatively. Prior to implantation, rats were shaved and cleaned (5 mg/mL
chlorhexidine in 70 % ethanol). In papers II, III and IV machined and oxidized implants
were installed in the left and right tibiae, two implants per tibia (Figure 2). The
implantations were performed according to a predetermined schedule ensuring rotations
between locations. The medial aspect of the proximal tibial metaphysis was exposed
through an anteromedial skin incision, followed by skin and periosteum reflection with
blunt instrument. Proximal and distal implant sites were prepared using @ 1.4 and 1.8
mm round burs under profuse irrigation with NaCl 0.9 %. The implants were inserted
with a hexagonal screw driver and the surgical wounds were sutured. The subcutaneous
layer of the wound was closed with resorbable polyglactin sutures (5-0, Vicryl, Ethicon,
Johnson & Johnson, Brussels, Belgium) and the skin was closed with transcutaneously
placed nonresorbable nylon sutures (5-0, Ethilon, Ethicon, Johnson & Johnson, Brussels,
Belgium). In paper I, oxidized implants were inserted in the proximal femoral epiphysis
and distal tibial metaphysis. After surgery, the animals were allowed free postoperative
movements with food and water ad libitum.

Figure 2: Images from surgical
procedure (paper 1II). (a and b)
Two implants have been inserted in
each tibia. (c and d) Implants were
unscrewed by hexagonal screw
driver and the peri-implant bone
was retrieved by trephine.

43



Materials and Methods

Table II: Summary of the number of rats and implants used for each analytical technique
per each time period.

Paper | No.of | Analysis Type of sample Samples (n)
rats
3 qPCR Bone biopsies from femur, proximal and distal tibia 15
(1 biopsy per site, right and left).
Oxidized implants in femur and tibia (1 implant per 9
I 18 qPCR rat, left).
4 H Bone blocks with or without oxidized implants (1 4
block per site, left).
5 qPCR Machined and oxidized implants (2 implants per 10
tibia, right and left).
I 2 SEM Machined and oxidized implants (1 implant per 2
tibia, right and left).
2 H and IHC Machined and oxidized implants (1 implant per 2
tibia, right and left).
qPCR: Machined and oxidized implants (2 implants 15
per tibia, right and left).
gqPCR gqPCR: Peri-implant bone of the machined and 10
10 and SEM oxidized implants (right and left).
0L SEM: Machined and oxidized implants (2 implants 3
per tibia, right and left).
3 H Machined and oxidized implants (1 implant per 3
tibia, right and left).
3 HC Machined and oxidized implants (1 implant per 3
tibia, right and left).
qPCR and gPCR and biomechanics: Machined and oxidized BM (14)
biomechanic implants (2 implants per tibia, right and left). qPCR (10)
test gqPCR: Peri-implant bone of the machined and 10
oxidized implants (right and left).
7
H a;gl\lj[IB Machined and oxidized implants (2 implants per 2
v (fractured tibia, right and left).
interface)
Hand FIB- | Machined and oxidized implants (2 implants per 6
3 TEM (intact | tibia, right and left).
interface)

gPCR = quantitative polymerase chain reaction, SEM = scanning electron microscopy,

H = histology, IHC = immunohistochemistry, FIB-TEM = focused ion beam-
transmission electron microscopy, BM = biomechanical test.

Animal sacrifice was performed using intraperitoneal overdose of sodium pentobarbital
(60 mg/mL; ATL Apoteket Production & Laboratories, Kungens Kurva, Sweden) under
anaesthetisation with a 0.5-mL mixture of pentobarbital (60 mg/mL), sodium chloride,
and diazepam (1:1:2). Sample retrieval was performed after 3 d (paper I), 3 h - 1 d (paper
I), 1 d - 6 d (paper III) and 6 d - 28 d (paper IV). Different retrieval procedures were
performed depending on the intended analyses. For qPCR analysis and SEM, implants
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were unscrewed with adherent biological material by a hexagonal screw driver (papers I -
IV). Trephines, with internal @ 2.3 mm, were used to retrieve the peri-implant bone
(papers III and IV). Similar trephines, with internal @ 2.1 and 2.3 mm, were used to
retrieve bone biopsies from femoral epiphysis, proximal, and distal tibial metaphysis
(paper I). For histology and immunohistochemistry, the rats were first anaesthetized and
fixated by perfusion of modified Karnovsky media (2 % paraformaldehyde, 2.5 %
glutaraldehyde in 0.05 M sodium cacodylate) (pH 7.4) via the left heart ventricle.
Implants with the surrounding bone were dissected en bloc using dental disc. In paper IV,
the implants were tested for torsion torque before complete removal.

Gene expression analysis (papers I-1V)

Procedure

Bone | Implant

Sample preservation

Immediately after retrieval, implants, peri-implant bone or
bone biopsies were preserved in separate tubes containing
RNAlater® solution®. The samples were stored at 4°C
overnight, and then at — 80°C until analysis.

Sample homogenization

In  phenol/guanidine-based
Qiazol lysis reagent using 5
mm stainless steal bead and
TissueLyser”.

In RLT
TissueLyser".

Buffer and

RNA extraction

After adding chloroform and
centrifugation, aqueous phase
was used for RNA extraction.
Total RNA was extracted
using RNeasy® Mini kit™.

After centrifugation, aqueous
phase was used for RNA
extraction. Total RNA was
extracted using RNeasy®
Micro kit®.

RNA purification

DNAse treatment was performed in order to eliminate any
contamination from genomic DNA.

Reverse transcription
and cDNA synthesis

Reverse transcription was carried out using iScript cDNA
Synthesis Kit” in a 10 ul reaction.

Primer design

Design of primers was performed using the Primer3 web-
based software [183]. Design parameters were:

¢  Minimum formation of artifact products.

® Annealing temperature in the PCR at about 60 °C.

e Short amplicons (preferably shorter than 200 bp)

¢ Function well with SYBR Green I fluorescent dye.
The following primers were designed throughout the project:
OC, ALP, TRAP, CATK, TNF-a, IL-1B, TGF-f1, BMP-2,
PDGF-B, Runx2, PPAR-y IL-8R, MCP-1, CXCR4, vinculin,
integrins av, 1, B2, B3 and 18S
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Procedure Bone Implant
Real time polymerase e Performed in duplicates using the Mastercycler ep
chain reaction realplex® in 20 pl reactions.

e Cycling conditions were 95 °C for 3 min followed by 45
cycles of 95 °C for 20 s, 60 °C for 20 s and 72 °C for 20 s.

¢ Fluorescence was read at the end of the 72 °C step.

e Melting curves were recorded after the run by stepwise
temperature increase (1 °C/5s) from 65 — 95 °C.

Quantification Quantities of target genes were determined as either a total
content or normalized using the expression of 18S ribosomal
RNA. Normalized relative quantities were calculated using
the delta Ct method and 90 % PCR efficiency (k*1.9A°t) [184].

Table III: A description of different steps during gene expression analysis.
“OIAGEN GmbH, Hilden, Germany. Bio-Rad, Hercules, USA. ‘Eppendorf, Hamburg,
Germany

Histology (papers I - IV) and immunohistochemistry (papers Il
and lll)

For decalcified paraffin embedded section (papers 1 - III), bone and implant-bone
specimens were post-fixed in modified Karnovsky media for 2 h, decalcified in 10 %
EDTA for 10 d and embedded in paraffin. Implants were unscrewed form the blocks
during paraffin embedding stage and the procedure was continued. Ten um sections were
produced, mounted on glass slides and stained with hematoxylin and eosin for light
microscopy (Nikon Eclipse E600). For immunostaining, 4 um sections were produced,
mounted on poly-L-lysine slides (Menzel GmbH and Co KG, Braunschweig, Germany),
deparaffinized, hydrated and incubated with primary antibodies CD163 (sc-58965, Santa
Cruz Biotechnology), and periostin (ab14041, Abcam, Cambridge, UK). The
immunoreactivity of CD163 labeled sections was detected and visualized using LSAB®?2
System-HRP kit (K0609; DAKO, Sweden), diaminobenzidine (Victor's Kkit,
Immunokemi, Sweden) and counterstained with Mayer's hematoxylin. Periostin staining
was detected with PK6101 kit, diaminobenzidine (Victor's kit, Immunokemi, Sweden)
and counterstained with Mayer's hematoxylin. The primary antibodies were diluted in 1%
bovine serum albumin (BSA, Sigma A7638 from Sigma Aldrich, Sweden) in phosphate
buffered saline (PBS). Negative control slides were prepared by omission of the primary
antibody and incubation with 1% BSA in PBS.

For ground section preparations (paper 1V), bone-implant specimens were fixated and
dehydrated prior to plastic embedding (Technovit 7200, Heraeus Kulzer GmbH &
c0.KG). The implants were divided along the long axis (EXAKT® cutting and grinding
equipment, EXAKT® Apparatebau GmbH & Co, Norderstedt, Germany). Ground
sections were prepared by the method described elsewhere [185]. The ground sections
were stained with 1 % toluidine blue before the histological examination in an optical
microscope (Nikon Eclipse E600).
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Scanning electron microscopy (papers Il - 1V)

In papers II and III, retrieved implants were fixed in modified Karnovsky solution (2 %
paraformaldehyde, 2.5 % glutaraldehyde in 0.05 M sodium cacodylate) (pH 7.4) for 4 h.
Implants were then rinsed with sodium cacodylate buffer and subsequently impregnated
with a conductive, metallic layer of osmium using a modified osmium-
thiocarbohydrazide-osmium technique (OTOTO). Specimens were then dehydrated in
graded series of ethanol and dried with hexamethyldizilasane for 2 x 5 min. Specimens
were mounted on stubs with carbon coated adhesive tape. In case of reduced
conductivity, specimens were subjected to an additional sputter coating with palladium.
All specimens were examined in a Zeiss DSM 982 Gemini scanning electron microscope.

For backscattered SEM analysis (paper IV), the other half of the embedded and divided
bone-implant specimens was used. The blocs were glued on SEM stubs and coated with
thin layer of palladium prior to mounting in the microscope.

Removal torque analysis (paper 1V)

At different time points after surgery, the rats were sacrificed and implants retrieved
using torque test equipment. The implants were exposed with careful dissection of the
overlaying soft tissues. Special hexagonal screw driver, connected to the torque test
machine, was fitted into the implant internal hexagon (Figure. 3). The torque measuring
equipment is an upgraded version of previously described set-up [174, 186]. The torque
test equipment was calibrated prior to angular torque measurement. Torque was
registered versus the rotation angle and followed in real time. After the break point was
reached, the procedure was continued under the constant rotation to determine the pattern
of deformation before the complete failure.

Figure 3: Procedure during removal torque
analysis. (a) Biomechanic equipment. (b) The screw
driver was aligned with the implant while the tibia
was firmly held using a vise.
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Statistics

Non parametric tests were used to compare gene expression between machined and
oxidized samples (except for paper III where t-test was used). Multiple comparisons were
performed using analysis of variance (ANOVA). Pearson correlation analyses were
performed between removal torque values and the expression levels of different analyzed
genes.
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Surface characterization

Oxidized and machined implants were characterized morphologically, topographically,
chemically and ultrastructurally using SEM, profilometry, Auger electron microscopy
and transmission electron microscopy, respectively. The main results of surface
characterizations are presented in Table IV.

Surface morphology

Different surface morphology was observed between machined and oxidized implants.
Machined surface showed a smooth appearance, characterized by ordered grooves and
ridges, due to the manufacturing process (Table 1V). The oxidized surface was
characterized by a porous surface texture with open pores, in micrometer range,
protruding from the surface (Table IV). Small depressions, in submicron-micrometer
range, were also observed on the oxidized surface.

Surface topography

All averaged roughness parameters (S,, S¢ and S4) were significantly higher for the
oxidized implants than those registered for the machined implants (Table IV). Site-
specific comparisons showed oxidized implants to have greater height of deviation,
surface enlargement as well as larger peak-to-valley distance at every location (flank, top
or valley) compared to the equivalent locations on machined implants.

Surface chemistry

AES analysis revealed the presence of Ti, O and C at machined and oxidized surfaces,
both as received and after 3 nm sputter cleaning. Machined implants showed higher
oxygen peak and less carbon at the outermost surface. Phosphorus was detected (about
3.6 %) in the oxidized surface and increased to 6.4 % after sputtering. EDS analysis
confirmed the presence of substantial amount of phosphorus (Figure 4).

—=— Carbon
90 - —e—Oxygen
—4— Phosphorus

80 \(\ —— Titanium

% at

i ~ o,
Bulk Oxide Resin

Figure 4: EDS scanning acquired in direction from the bulk to the surface
of oxidized implant through the oxide layer. The graph shows the
integrated intensities from Ti, O, C and P spectra along the line.
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Table 1V: Summary of the surface characterization of machined and oxidized implants
(presented in paper 1V)

_ achied

Oxidized

Morphology
Smooth parahc Porous texture
Ordered grooves and ridges Open pores in um range
Smooth edges
(Insert shows lower right area in
higher magnification)
Machined thread flank Oxidized thread flank
Topography
Oxide thickness
and
Crystallinity
Thin native TiO,, about 10 nm. Thick TiO,, up to 10 um.
Crystallinity was not determined | Crystalline clusters (anatase)
embedded in amorphous TiO,
Chemistry Mainly O, Ti, C Mainly O, Ti, C

Traces of B and Si detected

Contains phosphorus
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Oxide thickness and ultrastructure

Depth profiling using a combination of argon ion sputtering and AES revealed that the
oxide thickness of the oxidized implants was = 7.5 um (Figure 5).

Low resolution examination of FIB produced sections of the oxidized implant showed a
surface oxide layer with 2-10 um thickness range. High resolution imaging of the oxide
layer showed both amorphous and crystalline phases (Table IV). SAED analysis revealed
that the crystalline phase was anatase TiO,. A surface layer of about 10 nm thickness was
visible between bulk titanium of the machined implant section and the plastic resin,
which is most likely the native titanium oxide. However, further analysis was difficult
due to the limited thickness of the oxide.

Oxygen

—— Titanium
Phosphorus
80 /
Figure 5: AES depth profile of oxidized
implant. The oxide thickness, defined at 0
which the oxygen signal has dropped to ;40_
half its maximum value, was measured to
be 7.5 um. 20 \
o /}_f—l/-\ T
1 2 3 4 5 6 7 8
Surface #» Bulk

Endotoxin test

The results from Limulus test did not show any contamination for neither machined nor
oxidized implants. The endotoxin contents were < 0.005 and 0.009 EU/ml for oxidized
and machined implants, respectively.

Molecular activity of different bone types (paper I)

Gene expression of bone formation, bone resorption and pro-inflammatory markers was
evaluated in bone samples from femoral epiphysis, proximal tibial metaphysis and distal
tibial metaphysis representing trabecular, mixed cortico-trabecular and mainly cortical
bone types, respectively. Then, the panel of genes was measured and compared in cells
adherent to oxidized titanium implants after unscrewing them from either trabecular or
cortical bone locations.

Steady-state gene expression in cortical and trabecular bone types

The results and are presented in Figure 6 a and b. Normalized ALP expression showed 3-
fold higher expression in femoral epiphysis compared to proximal and distal tibia
metaphysis. For OC, the normalized expression was significantly higher, by a factor of 2,
in femur compared to the distal tibia. The normalized TRAP expression level was 5-fold
higher in the femur compared to the proximal tibia. No significant differences in the
normalized expression of CATK were observed among the different bone sites.
Significantly higher expression levels of TNF-a and IL-18 were detected in both
proximal and distal tibia compared with femur.
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[ IFemur b [ 1Femur
I Proximal tibia 100 * I Proximal tibia
I Distal tibia [ Distal tibia

-
(=3
=]
ul "]
*
*
j*
* | *
*

Relative expression
Relative expression

TRAP CATK TNF-a IL-1b ALP OC TRAP CATK TNF-a IL-1b

[_]Oxidized implant in femur
Il Oxidized implant in distal tibia

(o)

Figure 6: Gene expression in femoral 1009,
i

epiphysis (trabecular), proximal (mixed) . M
and distal (cortical) tibial metaphysis sites. _ "
(a) Steady-state total expression (b) Steady- ']
state 18S-normalized expression. (c) Gene -
ocC

expression in  implant-adherent  cells
(oxidized titanium) retrieved after 3 d.
Significant differences are indicated (*p < 0.01 5
0.05; **p < 0.005). ALP
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TRAP CATK TNF-a IL-1b

Gene expression at oxidized implants in cortical and trabecular bone

types

The normalized expression of ALP and OC were 12- and 41-fold, respectively, higher at
the implants retrieved from tibial cortical bone than those retrieved from the femoral
trabecular bone (Figure 6c). No significant differences could be observed between the
two locations when comparing the expression levels of the bone resorption markers at the
implants retrieved from femur and tibia. Anodically oxidized implants retrieved from
trabecular femoral bone showed 2-fold higher expression of IL-1f compared to similar
implants retrieved from tibial cortical bone.

Cellular and molecular activities at different implant surfaces
(papers Il - 1V)

Studies on the interfacial gene expression were performed from 3 h until 28 d after
implantation of machined and oxidized implants. In addition, electron microscopic and
immunohistochemical observations were made during the early phase of
osseointegration. Biomechanical and histological analyses were performed during the late
phase.

Cellular and molecular activity during first day of implantation (paper
I

Gene expression in cells adherent to machined and oxidized implants was evaluated 3, 12
and 24 h after implantation. Retrieved implants and bone were also examined with SEM
and immunohistochemistry, respectively.
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Gene expression in implant-adherent cells

Gene expression of chemotaxis, cell adhesion and pro-inflammatory markers was
analyzed. The total expression levels were normalized to 18S expression at the implant
surfaces. The results are presented in Figure 7. Significantly higher expression of CXCR4
(at 12 h) and integrins, av (at 12 h), 1 (at 24 h) and B2 (at 12 and 24 h) was detected at
the oxidized surfaces. On the other hand, higher TNF-a (at 3 h) and IL-1P (at 24 h)
expression was demonstrated for the machined surface.

Chemotaxis markers Cell adhesion markers Proinflammatory markers
IL-8R Intg-av ) TNF-a

10] I
-

3hours 12 hours 24 hours 3hours 12 hours 24 hours 3hours 12 hours 24 hours

MCP-1 Intg-p1 IL-1B

*
20 1

1.5

154
1.04

104

0.5
I 59 /‘\‘[
I
=
0

0.0

o

3hours 12 hours 24 hours 3hours 12 hours 24 hours 3hours 12 hours 24 hours

CXCR4 _ Intg-B2
1.2
1.0
0.84
0.64
0.44

Oxidized —j—

3hours 12 hours 24 hours 3hours 12 hours 24 hours ‘P\/Iachined .

0.2
0.0

o

Figure 7: Gene expression at machined and oxidized implants retrieved 3, 12 and 24 h
after implantation. Significant differences are indicated (*p < 0.05).

Correlation analysis of gene expression at the oxidized surface during the 24 h period
(Table V) revealed significant positive relationship between the expressions of
chemokines and integrins. IL-8R was in correlation with integrins- 2 and B3 whereas
MCP-1 showed correlation with all integrins except integrin-av. CXCR4 exhibited
association with integrin-f1. Strong correlation was also revealed at the oxidized
implants between IL-8R, MCP-1 and integrin-f2.

At machined implants (Table VI), significant correlation was revealed between CXCR4,
IL-8R and integrin-B2. Significant correlation was also revealed at the machined implants
between MCP-1, TNF-a and IL-1.
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Table V: Correlation analysis of different genes expressed after 24 h in cells adherent to
oxidized implants

MCP-1 | CXCR4 | IL-1B | TNF-a | Intg-av | Intg-p2 | Intg-B1 | Intg-B3

ILSR Corr. | .8927 [ .592 9147 | -.136 137 9357 552 7097
Sig. | .001 .093 001 | .727 725 0.0002 | .123 .049

MCP-1 Corr. 7707 9107 | -318 201 8407 736 762"
Sig. 015 001 | .404 .605 .005 024 028
CXCR4 | Corr. 716" | -.038 377 394 680" 649
Sig. 030 |.923 317 293 044 082

IL-1pB Corr. -253 145 8477 | .644 732"
Sig. 511 709 .004 061 .039

TNF-o Corr. 657 -312 -437 -.101
Sig. 055 414 240 811

Intg-av Corr. .027 259 .555
Sig. 945 502 154

Intg-p2 | Corr. 565 775
Sig. 113 024

Intg-B1 Corr. 886
Sig. .003

Table VI: Correlation analysis of different genes expressed after 24 h in cells adherent
to machined implants

MCP-1 | CXCR4 | IL-1p | TNF-o | Intg-av | Intg-p2 | Intg-B1 | Intg-B3

ILSR Corr. | -.320 989" | -163 |-.175 514 8577 | .087 254
Sig. | .402 .000005 | .675 | .653 157 .003 823 543

MCP-1 Corr. -.282 896" | 8917 561 -231 -.349 697
Sig. 462 001 | .001 116 550 357 055
CXCR4 | Corr. -100 | -.156 517 857 057 283
Sig. 797 | .688 154 .003 884 497

IL-1B Corr. 9057 | .502 -.154 -341 728"
Sig. .001 .168 693 370 041

TNF-a Corr. 618 -205 -358 631
Sig. 076 597 345 .093

Intg-av | Corr. 518 -382 745"
Sig. 153 310 034

Intg-p2 Corr. 011 283
Sig. 978 498

Intg-B1 Corr. -.546
Sig. 161
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Scanning electron microscopy of the implant-adherent cells

Retrieval of the implants after 24 h of implantation revealed high proportion of fibrinous
material adherent to the machined implant surfaces. Numerous erythrocytes and
leukocytes were captured within the fibrin-like mesh (Figure 8 a, c). Mesenchymal-like
cells assumed more flat shape on the machined surfaces (Figure 8b). Oxidized implants
showed more mesenchymal-like cells attached over the surfaces with predominance at
the bottom valley of the threads (Figure 8d, f). Leukocytes and erythrocytes were also
observed at the oxidized surface (Figure 8e). Firm anchorage of the mesenchymal-like
cells on the oxidized implants was observed (Figure 8g).

b LR \ \ 7 y L\ A & ~
Figure 8: SEM images of machined and oxidized implant retrieved 24 h after
implantation. Biological material adherent the machined implant was highly fibrinous
with numerous erythrocytes and leukocytes (a, b and c). On the oxidized implants,
mesenchymal-like cells are frequently seen (d, f and g). Leukocytes and erythrocytes are
also evident (g).
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Immunohistochemistry of the interface

The immunohistochemically stained sections (Figure 9) revealed an early organization of
blood hematoma within the threads of both implant types after 24 h of implantation.
CD163 (a marker for monocytes and tissue macrophages) and periostin (a marker for
mesenchymal and osteoprogenitor cells) positive cells were scattered into the newly
formed hematoma within the threads and at some locations very close to implant surface.
Fibrin-like strands running parallel to the implant surface were prominently seen at the
machined surfaces but not the oxidized ones.

Machined
implant

< Odelzed
1m{BIa~nt

20 pm

Machined
implant

20 pm

Figure 9: Immunohistochemical sections of the interfacé 24 h after implantation
showing CD163 (a and b) and periostin (c and d) positive cells.

20 pm

Cellular and molecular activity during first week of implantation
(paper lll)

After 24 h, 3 d and 6 d, interfacial gene expression was evaluated in the implant adherent
cells as well as in the peri-implant bone retrieved following implant unscrewing. Cellular
and tissue organization on the retrieved implants were examined with SEM. Histological
and immunohistochemical sections were prepared from bone-implant blocks after
implant removal.
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Gene expression in the implant-adherent cells

The results are presented in Figure 10. Machined implants induced 2-fold and 5-fold
higher level of TNF-a and IL-1p, respectively, after 1 d. 3-fold higher expression of IL-
1B was also observed after 6 d at the machined implants. OC and ALP expression were 5-
fold and 2-fold higher after 3 d and 6 d, respectively, at oxidized compared with
machined surfaces. In addition, CATK was up-regulated 4-fold at the oxidized implants
after 3 d.
Proinflammatory markers Bone formation markers = Bone resorption markers
TNF-a ALP TRAP
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The expression of Runx2 was significantly higher (6-fold) at the oxidized compared to
the machined surfaces 3 d after implantation (Figure 10). The expression of transcription
factor PPAR-y was significantly higher by 3-fold at the machined surface compared to
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oxidized surface 1 d after implantation. After 3 d, the expression of PPAR-y was 6-fold
higher at the oxidized surface (Figure 10). TGF-B1 expression was significantly higher by
4-fold at the machined surfaces compared to the oxidized ones 1 d after implantation.
Generally, the highest peaks of bone formation and remodeling markers were observed
after 3 d of implantation. On the other hand, high peaks of inflammatory markers were
detected 1 d after implantation and decreased to lower levels 6 d after implantation.

Gene expression in the peri-implant bone

No significant differences in gene expression were observed between the peri-implant
bone collars of machined and oxidized implants (Figure 11). The temporal pattern of the
osteogenic markers was different in the peri-implant bone from that seen in the implant-
adherent cells during the time course of implantation. 18S, OC, ALP, TRAP and CATK
expression levels were increasing steadily with time with peak at 6 d after implantation.
On the other hand, the pro-inflammatory marker expression in the peri-implant bone
showed comparable pattern to that occurring in implant adherent cells with the lowest
levels 6 d after implantation.

Proinflammatory markers Bone formation markers = Bone resorption markers
TNF-a ALP TRAP
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Figure 11: Gene expression in the peri-implant bone Oxidized
retrieved 1, 3 and 6 d after implantation. xidized —jl—
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Scanning electron microscopy of the implant-adherent cells

At all the time points the oxidized surface showed better organization of tissue attached
to the implants and more attached mesenchymal cells. At 6 d (Figure 12a, b), tissue
adherent to the machined implant was loosely attached to the surface and less organized
than that seen at oxidized surface. Numerous erythrocytes and white blood cells were
captured within the fibrin-like tissue at different locations of the implant. On the other
hand, SEM imaging of oxidized implants retrieved after 6 d (Figure 12c, d) showed fairly
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organized tissue with bundles of collagen forming a mesh and mesenchymal-like cells on
most parts of the implant surface.

. 2 FE- % / . > I
UNaoS) At N S8 b = o "
e & it = N I y ¥y

Figure 12: SEM images of machined and oxidized implants retrieved 6 d after
implantation. (a) Fibrinous mesh covered large part of the machined implant surface. (b)
Infrequently, mesenchymal-like cells were observed at the machined surface. (¢ and d)
Well-organized collagen network with numerous mesenchymal-like cells were observed
on the oxidized implant. (e) Mesenchymal-like cell on the oxidized surface assuming
more rounded shape with firm anchorage of cell extensions onto the pores of oxidized
surface.

Histology and immunohistochemistry of the interface

For both types of implants the tissue located inside the threads was well organized and
different cellular populations could be distinguished 3 d after implantation (Figure 13).
The oxidized implants appeared to show a higher degree of vascularity and organization
compared to machined implants. Substantial new bone formation was observed for both
implant surfaces 6 d after implantation (Figure 14). Immunohistochemical studies
showed high reactivity of the periostin (a marker for osteogenic cells and bone formation)
throughout the regenerated tissue at both implant surfaces. Osteoblasts lining bone
trabeculae stained strongly for periostin. Positively stained cells were also localized at
interface. Macrophages, labeled positively with CD163 antibodies, were also scattered in
the newly organized tissue within the threads.
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Figure 13: Debalcified paraffin-embedded and H&E stained sections
interface after 3 d of implantation (the implants are removed).
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Figure 14: Decalcified paraffin-embedded and H&E stained section of tissue-implant
interface 6 d after implantation (the implant is removed). (a) Bright-field. (b) Dark-field.
The images show the newly formed bone almost all over the implant surface. The implant
was unicortically inserted in the cortical bone (CB) of tibial metaphysis.

Cellular and molecular activity during first month of implantation
(paper 1V)

Gene expression in implant-adherent cells

The results are presented in Figure 15. IL-1B was significantly higher at the machined
implants by factors of 3, 2.4 and 2.3 after 6, 14 and 28 d of implantation, respectively.
The expression of TNF-a was higher by factors of 3 at the machined implants after 6 and
28 d of implantation. No significant difference in the cellular expression of ALP was
detected between machined and oxidized implants at all evaluation periods. On the other
hand, higher expression levels of OC were detected at the oxidized implants compared to
the machined ones during all evaluation periods. This was indicated by 5.4- , 3- and 2.8-
fold upregulated expression of OC at the oxidized implants after 6, 14 and 28 d,
respectively. Statistically significant difference was also detected for the transcriptional
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factor, Runx2, at the 28 d with higher expression by 1.7-fold at the oxidized implants.
Oxidized implants were further associated with higher expression of bone resorption
transcripts and this was demonstrated by about 2.5-fold upregulated expression for TRAP
and CATK at the oxidized implants 6 and 14 d after implantation. At the 28 d, whereas
CATK expression revealed comparable levels at both surfaces, the expression of TRAP
kept twofold higher expression at the oxidized surface. Temporally, there were no
statistically significant differences in the temporal courses for all genes at the machined
implants. No major changes were detected in the temporal courses for the
proinflammatory cytokines and OC at the oxidized implants. On the other hand, ALP
demonstrated significant decrease from 6 to 14 d and kept constant level thereafter. Both
CATK and TRAP showed constant temporal expression from 6 to 14 d and then
significantly decreased at the 28 d.

Proinflammatory markers Bone formation markers = Bone resorption markers
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Gene expression in the peri-implant bone

In contrast to gene expression during the early periods 1, 3 and 6 d (paper II), significant
differences in gene expression levels were observed between peri-implant bone collars of
machined and oxidized implants after 14 and 28 d (Figure 16). At 14 d period, IL-1p and
CATK revealed higher expression in the peri-implant bone of machined compared to
oxidized implants. At 28 d, TNF-o and IL-1f expression levels were about 3-fold higher
in the peri-implant bone of the oxidized implants compared to the machined ones. At the
same time, higher expression levels of Runx2 and ALP, by factor of 2 and OC, by factor
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of 3 were detected in peri-implant bone of the oxidized implants. Similar expression
levels of TRAP and CATK were observed in bone related to both implant types after 28
d. Temporally, peri-implant bone of the oxidized implants revealed upregulation of both
inflammatory cytokine genes and osteoblastic genes from 14 to 28 d while osteoclastic
genes revealed a trend for downregulation. Similar trend for downregulation was also
observed for osteoclastic genes and OC in bone related to the machined implants,
whereas all other genes revealed a relatively constant expression.

Proinflammatory markers Bone formation markers = Bone resorption markers
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Biomechanical evaluation (paper 1V)

In comparison to machined implants, significantly 170 % and 190 % larger removal
torque values (breakpoints) were recorded for the oxidized implants after 14, and 28 d,
respectively (Figure 17). Oxidized implants showed mean values of 3.37, 6.84 and 9.68
Ncm, while machined implants showed means of 1.4, 2.5 and 3.33 Ncm after the
evaluation periods 6, 14 and 28 d, respectively. Significant temporal increases for the
oxidized implants were, 102 % from 6 to 14 d and 41 % from 14 to 28 d. The resultant
overall increase from 6 to 28 d for the oxidized implants was 187 %. On the other hand,
the slightly increased removal torque for the machined implants was not significant
during the all periods of evaluation. The tested implants showed distinctly different
patterns of deformation (Figure 18). At all time points, machined implants showed a
relatively similar load-deformation plot with less well defined break point and long
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plateau phase. The oxidized implant curve showed sharp torque increase at larger torsion
angles and distinct breakpoint with shorter or no plateau period.
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Figure 17: Removal torque
analysis of the machined and
oxidized implants. The box
shows  median, standard
deviation and the range of
values for each type of implant
and time point. Mean values
and standard error of the mean
are given in the text.

*n<0.05 indicates significant
differences between the mean
values of the two implant
types;  #p<0.05 indicates
significant differences between
different time points for each
implant type.
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Figure 18: Typical load deformation curve for machined (A) and oxidized

implants (B), 28 days after implantation.

Histology and backscattered scanning electron microscopy (paper

IV)

The histological evaluation in paper IV showed comparable appearance for the interface
for machined and oxidized implants 28 d after implantation (Figure 19). Endosteal bone
downgrowth was observed for all sections, irrespective of implant type. Remodeling
within the original cortical bone as well as in the endosteal downgrowth was also evident.
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Area of bone
formation

Figure 19: Histological evaluation 28 d after
implantation.  Machined implant. (A) Bone
formation along the implant surface (SB =
subperiosteal bone, CB = cortical bone, EB =
endosteal bone, BM = bone marrow.(B) Areas of
coupled bone formation and resorption are
observed within the thread.

The implants in Figure 20 had been subjected to the removal torque. For the machined
implants, the separation between the implant surface and the adjacent bone was not
determined if it is due to the removal torque or an artifact due to sample preparation.
However, no fracture lines were evident for the machined implants. For the oxidized
implants, fracture lines appeared at many locations perpendicular to the implant surface.

Figure 20: Light microscopy images for the titanium implants after torque
removal test. (A) Machined implants. (B) Oxidized implants (fracture lines are
indicated by arrows. Ti=titanium, BM=bone marrow.

Backscattered SEM evaluation of non-torqued implants (Figure 21) showed that the
threads contained mineralized bone with typical osteocyte lacunae and blood vessel
spaces. Often machined implant was separated from bone by a narrow gap (Figure 21A,
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B). Direct contact of the bone with the oxidized implant was detected with generalized
bone ingrowth into different sized micropores (Figure 21C, D).

10 pm

Figure 21: Backscattered SEM images (AAand B) Machined implants. (C and D) Oxidized
implants. The black arrows indicate some osteocyte lacunae. The white arrows indicate bone
ingrowth.

Correlations between expression of individual genes and between
individual genes and biomechanical torque (paper 1V)

After 28 d, gene expression in cells adherent to oxidized implants (Table VII) showed
statistically significant correlation between Runx2 and all other genes except for IL-1.
Significant correlation was also detected between bone formation and bone resorption
gene expression. No significant correlations were observed between the expression of
individual genes at the machined implants except the significant positive correlation
between TNF-o and Runx2 expression (data not shown).
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No significant correlation was demonstrated between any of the analyzed individual gene
expressions and the torque values after 28 d, irrespective of implant type.

Table VII: Correlation analysis of genes expressed at the oxidized implants 28 d after
implantation. Pearson correlation coefficients and p-values are presented.

TNF-a IL-1B ALP oC TRAP CATK Runx2

351 .838 .876 51 641 .841  Pearson

TNF-o 319 .002 .001 012 046 002 Sig.
.368 A15 519 .808 357  Pearson

IL-1p 296 752 124 .005 311 Sig.
932 966 .802 975  Pearson

ALP .000085 .000005 .005 .000002  Sig.
828 .605 917  Pearson

oc .003 064 .000192  Sig.
.860 952 Pearson

TRAP 001 000022 Sig.
175  Pearson

CATK

008447  Sig.
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In vivo interfacial gene expression model

In the present thesis, the combination of quantitative gene expression analysis,
immunohistochemistry and biomechanical test was successfully used to analyze the
process of osseointegration. In paper I, discrimination between cortical and trabecular
bone gene expression was achieved, both constitutively and in response to titanium
implants. The initial events of cell recruitment, adhesion and early phase inflammation
were the focus of paper II, whereas the osteogenic, osteoclastic and later inflammatory
phases were studied in papers III and IV. Furthermore, in paper IV, the molecular events
were correlated with the temporal development of implant stability as judged by
measurement of interfacial torsional strength.

An advantage with the experimental set-up in paper IV was the possibility to perform
biomechanical torsion test on the same implant used for analysis of gene expression. The
quality of RNA did not differ between implants that were torqued or not. Further, the
torque analysis was performed using an upgraded version of a biomechanical instrument
that has previously been applied on similar sized, machined, threaded titanium implants
in same rat model [174]. The results for the machined implants in the present thesis were
similar to the results after 14 d and 28 d in the latter study.

An advantage of the present method, utilized for the first time, was the possibility of
isolating RNA from both the threaded implant surface and the peri-implant bone collar.
Gene expression analyses were performed separately on the implant-adherent cells and
on the peri-implant bone, allowing for spatial distinction of gene expression at the
immediate vicinity to the implant surface from those occurring at some distance. The few
available studies on the in vivo gene expression at interface have either examined the
implant associated cells of disks [187, 188] or the overall expression in the bulk bone-
implant unit [189-192]. With the present model, spatial differences were detected in
material surface-triggered gene expression during the first week as well as at later time
periods. For instance, different implant surface properties resulted in significant
modulation of the gene expression in implant-adherent cells, whereas no major
differences were detected in the peri-implant bone during the first week of implantation
(paper III). After 14 d and 28 d, differences in gene expression between the two material
surfaces, were also detected in the peri-implant bone, however, the gene expression
fingerprint was not completely similar to that of implant-adherent cells (paper IV). These
observations show that material surface properties are rapidly “sensed” by the biological
system during the early phase of osseointegration (h - d), and that with time, material-
specific differences are also expressed at a distance from the implant surface. In addition,
the temporal change of ALP, OC, TRAP and CATK gene expression in the surrounding
bone was different than that observed at the surface of the implants. In contrast, a similar
time course was observed for the expression of pro-inflammatory TNF-a and IL-1f close
to and distant to the implant. These observations suggest that, despite the differences in
the magnitude, the inflammatory gene response, but neither the osteogenic nor the
osteoclastic, follow similar time course at the immediate interface and some distance to
the implant surface.
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The distribution and localization of different cells adherent to the implant or in the nearby
organizing tissue was qualitatively studied by SEM and immunohistochemistry,
respectively. Due to the difficulty to section and perform immunoincubation of intact
implant-undecalcified bone specimens, the true relationship between the cells and the
implant surface was not possible to determine. Further, in order to determine the immune
phenotype of implant surface-adherent cells, additional immunoincubation of the surface
adherent cells, e.g. prepared for SEM, would probably have been providing additional
data on the specific cell types in the interface.

Gene expression in trabecular and cortical bone types

Hitherto, major structural, mechanical, elemental and different responses to metabolic
and hormonal disorders have been identified when comparing cortical and trabecular
bone types. In paper I, the hypothesis was that the constitutive gene expression was
different between the two different types. Further, it was of interest to determine if the
molecular activities in the respective bone types would be differently triggered in
response to titanium implants.

Steady-state gene expression

The constitutive gene expression in trabecular, cortico-trabecular and cortical bone sites
revealed significant differences with respect to “finger-print” markers of bone formation
(ALP and OC), bone resorption (TRAP and CATK) and inflammation (TNF-a and IL-
1B). The differences were detected both in the total gene expression in the retrieved
samples as well as in the 18S-normalized expression, indicating the relative expression
per cell. In both cases, trabecular bone demonstrated higher levels of osteoblastic and
osteoclastic activities and less inflammatory gene expression. In the total expression it
was clearly evident that constitutive expression of bone formation and bone resorption
decreased with the reduction of trabecular fraction. The normalized expression showed
significant differences mainly between the trabecular femoral samples and the cortical
tibial ones. The opposite was observed in the expression of TNF-a and IL-1B where both
cytokines demonstrated higher expression levels in both tibial sites as compared to
femoral trabecular site. Differences in the bone-related protein levels between spinal
trabecular and tibial cortical biopsies have been previously reported [35] where trabecular
bone showed higher and lower levels of osteonectin and OC, respectively, as compared to
the cortical bone. Since the present results on OC are at variance with this finding,
possible feedback mechanisms controlling the gene expression levels may be operative.
Additionally, osteonectin has been reported to be critically effective modulator for the
steady-state remodeling [193] which could explain the higher remodeling gene
expression activity observed in the present data. In other reports, higher level of the
BMP-2 gene expression was detected in epiphyseal trabecular bone than in cortical distal
diaphysis of human femur [36].
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Gene expression at cortical and trabecular bone interfaces with
oxidized implants

In response to the oxidized implants, trabecular bone expressed a higher level of IL-1[,
whereas the implants in cortical bone were associated with higher expression of ALP and
OC. The reason behind this reversal in the expression of some gene levels from their
constitutive expression is not clear. It is may be that different stimulation of osteogenic or
inflammatory cells, in response to the surgical trauma and/or the presence of implant, in
the two different bone environments would affect one type of cells which consequently
regulate the other type. This would lead to a second question if there are important roles
of cellular cross-talk between osteoblastic and inflammatory cells in such events?
Emerging scientific data have shown important regulatory effects of osteoblasts on
hematopoietic cells [19] and visa versa [109]. Bone type-specific mechanisms may
involve signaling from osteogenic cells to existing inflammatory cells to change e.g. the
cytokine environment. Transgenic mice targeted to express higher levels of M-CSF by
osteoblasts, showed increased bone formation and thickness only in the cortical distal
area of femur whereas the trabecular proximal area was not affected [194]. A second
possible mechanism is that the upregulated expression of pro-inflammatory cytokines,
such as TNF-a, in the trabecular bone environment may lead to inhibition of key
osteogenic differentiation factors. For instance, in vivo [59] and in vitro [62, 195] studies
have shown negative effects of TNF-o on the osteogenic response by the inhibition of
Runx2. Nevertheless, and in order to approach such questions, it needed to further
explore the two different bone types including additional time points and analyzing other
cytokines and differentiation factors.

The demonstrated differences in the expression of genes important for inflammation and
bone formation/remodeling could be important for explaining previous differences
detected between cortical and trabecular bone with respect to implant performance (bone
area, bone density and bone-implant contact). However, the available studies on such
differences are largely contradictory. Whereas some authors have noticed a superior
response of trabecular bone over the cortical type [196-198], others have proved stronger
bone formation at implants in cortical bone locations [199-201]. Studies on oxidized
implants with and without phosphorylcholine coating showed that the peri-implant bone
density, within as well as immediately outside the implant threads, was considerably
greater at the tibial cortical sites than at the femoral trabecular sites [200]. In another
study [202], machined and anodically oxidized implants were inserted in cortical and
trabecular bone sites of rabbit tibia and evaluated after 1 month of implantation. The
results revealed significantly higher bone contact for the oxidized implants over the
machined ones in both cortical and trabecular sites. On the other hand, the oxidized
implants were associated with higher bone area only in cortical sites while no differences
to machined implants were detected in the trabecular sites.
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Interfacial gene expression at machined and oxidized implants

Gene expression at the interface: Initial inflammation, cell recruitment
and adhesion

In paper II (first 24 h after implantation), the material-specific and temporal pattern of
gene expression of factors implicated in cell migration and adhesion was evaluated. This
early phase coincided with a major influx of inflammatory cells after implantation.
Results showed, for the first time, that the in vivo expression levels of members of
chemokine system at the interface between materials and bone were largely influenced by
the different implant surface properties. For both implant surfaces, significant temporal
upregulation of IL-8R and MCP-1 gene expression was observed from 3 to 12 hours after
implantation. IL-8R is a chemokine receptor involved in recruitment of PMN by binding
to a specific chemokine IL-8 whereas MCP-1 is a major chemoattractant protein for
monocytes/macrophages. Whereas the expression of IL-8R showed significant
downregulation after 24 h for both surfaces, MCP-1 expression was continuously
increasing at machined but not oxidized surfaces. These results are in agreement with
previous in vitro studies on the participation of leukocyte subsets using titanium plates
with different surface oxide thickness and roughness in contact with human blood [203]:
a predominance of PMN during the first hours, subsequently decreasing to low numbers
for all surfaces after 24 h of contact. In contrast, the number of monocytes increased to
reach a peak after 24 h. At this time point, significant differences in the number of
monocytes were detected between the different surfaces. The results obtained in the
present in vivo model and the previous in vitro studies are consistent with the transient
nature of PMN. Furthermore, the results demonstrate a strong influence of material
surface properties on the accumulation of monocytes during the first 24 hours. The
temporal expression profile for MCP-1 was similar to the expression of proinflammatory
cytokines TNF-a and IL-1p suggesting that the recruitment of inflammatory cells was
accompanied by cytokine activity at both material surfaces, but the prolonged signal of
monocyte recruitment by the MCP-1 was coupled with prolonged expression of
proinflammatory cytokines at the machined implants.

Immunohistochemical sections and SEM images of the retrieved implants showed
CD163-labeled monocytes/macrophages together with periostin-positive osteoprogenitor
cells. A general observation in all sections was that a large amount of fibrinous material
covered the machined implants. Fibrin has been shown to enhance the proinflammatory
response to biomaterials [204] which might explain the upregulated proinflammatory
cytokine expression at this surface as early as 3 and 24 h (paper II) and at later time
periods (paper III).

One of the major observations during the initial 24 h was the significant modulation of
the chemokine receptor CXCR4 (paper II). As with other chemokines, the present study
provided the first set of data on the expression of this chemokine receptor at titanium
implants in bone. Already after 3 h there was significant expression of this receptor at
both implant surfaces, however the expression thereafter was differently modulated
depending on the implant surface. Whereas an upregulated level was demonstrated at
oxidized implants after 12 h, a significant reduction was observed at the machined
implants making 11-fold difference with the level at the oxidized implants at this time
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point. From 12 to 24 h, CXCR4 expression was decreased at the oxidized surfaces while
increased at the machined surfaces, being at comparable level at the two implant surfaces
at 24 h. CXCR4 together with its exclusive ligand, chemokine SDF-1a, form an
important migration axis for both hematopoietic and mesenchymal stem cells and has
recently gained significant attention as a major axis for local and systemic recruitment of
MSCs to sites of tissue repair and regeneration [75, 205-207]. Blocking of CXCR4
significantly inhibited in vivo migration of circulating ALP positive osteoblast progenitor
cells to subcutaneously implanted BMP-2 containing collagen pellets. Together with
other evidences, the results strongly suggested that CXCR4 on the progenitor cells react
with SDF-1 to induce their migration to the region of regenerating bone [208]. This study
was further corroborated with bioluminescence imaging, demonstrating that MSC
migration to a fractured tibia site was highly dependent on CXCR4 in a time- and dose-
dependant manner [209].

Integrins contribute to the processes of chemotaxis, cellular adhesion and activation and
cell-cell contact. The attachment to a surface is one of the first critical steps in the cell
response to a biomaterial [147]. The results in paper II showed that, for both types of
implants, all analyzed integrins showed peak expression at 12 h except for integrin-av
expression at the machined implants which peaked after 24 h. The early association
between the upregulated expression of chemotactic signals and the expression of
integrins has been documented [210]. It is therefore hypothesized that chemotactic
signals and integrins have decisive roles in the recruitment of different cells toward the
implant surface during the healing process, subsequent matrix deposition and bone
formation. For instance, B2 has been shown to be important integrin for rolling, adhesion
and transvessel migration of leukocytes during chemotaxis [211]. Similarly, integrin-1
has been suggested to be important for MSCs recruitment in the same manner as for
hematopoietic cells [212]. In the present thesis, the correlation analysis of gene
expression at the oxidized surface during the 24 h period revealed significant positive
relationship between the expressions of chemokines and integrins. Particularly, IL-8R
was in correlation with integrins-p2 and B3 whereas MCP-1 showed correlation with all
integrins except integrin-av. On the other hand, CXCR4 exhibited association with
integrin-f1 which with the increased expression of osteogenic markers demonstrated in
study III and the higher number of mesenchymal cells, as shown in SEM observations,
altogether suggests that the oxidized implant was associated with higher recruitment of
MSCs through mechanisms which involve modulation of CXCR4 chemokine receptor
and integrin-flexpression. In contrast, strong correlation was revealed between CXCR4,
IL-8R and integrin-f2 (specific for leukocytes) at the machined implants. Taken together
with the prolonged and upregulated expression of proinflammatory cytokines (paper II
and III), a potential role of CXCR4 and IL-8R expression for leukocyte activation is
suggested.

Implant surface properties significantly influenced the level of expression of different
integrins evaluated in paper II as demonstrated by the finding that oxidized implants were
associated with about 2-fold higher expression levels of integrins av, B2 (after 12 h) and
B1 (after 24 h). In vitro studies have demonstrated major influence of material surface
properties on the patterns of cell attachment and integrin expression [148, 150, 160, 164,
213-215]. Hitherto, no in vivo data has been provided on the role of integrins for cell
attachment to implant surfaces. At late time periods, T-shaped hollow titanium implants
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treated with sulphuric and hydrochloric acids and implanted in rat femur showed higher
expression levels of B1 and B3 integrins in the bone formed within the implants after 1
week in rat femur compared to bone related to the machined implants and in the non-
implant defect [190]. In another study by the same research group [192], the T-shaped
dual acid etched implants revealed 3- to 7-fold and 2- to 4-fold increased expressions of
B1 and B3 integrins in the implant-associated bone compared to native bone and bone
defects without implants after 2 and 4 w of implantation in rat femur. In the same study,
ovariectomized rats were also operated and the expression of integrins B1 and B3 in the
implant bone was lower in the ovariectomy group compared to the normal rats.
Interestingly, the expression of the two integrins in the ovariectomy group was neither
affected in the native bone nor in the defect site, as compared to the normal rats.

The present upregulated expression of specific integrins may reflect specific temporal
and conformational changes in protein adsorption influenced by the physico-chemical
properties of the surface. In vitro observations on the stromal cell response to different
proteins precoated on tissue culture plastics showed protein-specific expressions of
integrins -B1, -av and -B3 [216]. It was also shown that osteoblast-like cells growing on
orthopedic materials appear to be capable of attaching directly to implant materials
through integrins, whereas the type of substrate determines which integrins and
extracellular matrix proteins are expressed by these cells [217]. The latter in vitro data
have also shown that, among many upregulated integrins, integrin-f1 was the integrin
subunit with the greatest increase on a variety of substrates compared to the base-line
expression. Using small interfering RNA (siRNA), integrin B1-silencing inhibited the
positive effects of titanium surface roughness on the activity of ALP and the secretion
levels of OC, TGF-B1, prostaglandin E2 and OPG [218]. Due to the complex multi-
protein and cellular in vivo environment it should be kept in mind that there is no specific
or cell-limited expression of integrins and all cells express various integrins in different
combinations depending on the their stage of maturation, activity and the intermediate
protein between different cells and the implant surface. Some integrins have lineage-
specificity. For instance, integrin-Bf2 has been shown to be specific for leukocytes [81]
and not expressed by cells of osteoblastic linage [80]. Integrin- B2 [83] and integrin av
[23, 219] have also been shown to have important role in osteoclastogenesis. The
upregulated expressions of these integrins at the oxidized surface suggest their
involvement in the upregulated expression of osteoclastic activity at the oxidized surfaces
observed during later periods in paper III.

Inflammatory, osteogenic and osteoclastogenic gene expression at
the interface

Over the following periods (i.e. from 1 — 28 d), gene expression in implant-adherent cells
was analyzed after 1, 3 and 6 d (paper III) and 6, 14 and 28 d (paper IV). Two distinctive
phases of expression characterized each period.

In the early period (i.e. during the first week of implantation) (III) both types of implants
demonstrated higher expression levels of proinflammatory cytokines, TNF-a and IL-1p,
at the first day and significantly lower levels at d 6 after implantation. Generally, the
temporal modulation of both proinflammatory genes did not change significantly from d
I1tod3.
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Comparatively, similar results where observed after drill-hole injury without implants in
the proximal tibia [98]: peaks of IL-1B and TNF-o were detected after 16 h and 1 d,
respectively, and decreased to minimum levels 7 d after injury. These results reflect the
early acute and transient inflammation induced by the tissue injury.

A prominent finding in the present study was that the magnitude of inflammatory
cytokine expression was significantly modulated by the implant material properties. This
was shown by the 5- and 3-fold lower expression level of IL-1f at the oxidized implants
in comparison with machined implants after 1 and 6 d, respectively.

Albeit speculative, the temporal modulation of TNF-a at the oxidized implant surface
may be important for the osteogenic and osteoclastogenic differentiation since the peak of
TNF-expression (after 3 d) coincided with the highest peak expression of ALP, OC,
TRAP and CATK (after 3 d). This assumption was supported by the correlation analysis
for expression of genes after 3 d at the oxidized implants where significant correlations
was observed between TNF-a and Runx2, ALP, TRAP or CATK. Such correlation was
not revealed at machined implants. A similar temporal upregulation of TNF-a, showing
an early peak of expression after 5 — 7 d in a rat femur ablation model, was associated
with peaks of ALP, collagen I, osteonectin, OC, cbfal/Runx2 and CATK after 5 — 7 d
[43]. Moreover, TNF-a is critical for intramembranous bone formation in vivo [51] and
increases MSCs migration and proliferation in vitro [58]. On the other hand, whereas the
recruitment and proliferation of MSCs was reduced, the expression of transcription factor
Runx2/cbfal and OC and trabecular bone formation was increased by local inhibition of
TNF-a after drill-hole injury [59].

In the late period (i.e. between 6 and 28 d after implantation) (paper IV), the expression
of TNF-a and IL-1B was relatively constant for both machined and oxidized implants.
Correlating these levels with levels presented in the paper III (1, 3 and 6 d) was not
possible since the two analyses were performed separately. A major observation, similar
to what was observed during the early (1 d — 6 d) period, was a significantly higher
expression of TNF-a and IL-1PB detected for machined implants 6 d — 28 d. The
significantly lower levels of expression of both cytokines at the oxidized implants (in
range of 2- to 3-fold lower expression levels in comparison with machined implants)
suggest major role of the physico-chemical properties of the implant surface for
influencing the expression of cytokines even after the earlier phase of woven bone
formation has been established. This observation is at least partly in agreement with
recent studies in an experimental rabbit model [187]. Gene expression in cells adherent to
coin shaped titanium implants blasted with TiO2 particles with or without hydrofluoric
acid demonstrated a significant increase in anti-inflammatory IL-10 expression for
hydrofluoric acid treated implants between 4 and 8 weeks. Further, titanium implants
with medium hydrofluoric acid treatment were associated with lower expression levels of
TNF-a and IL-6 and higher expression of IL-10 in comparison with other surface
modifications and control 4 w after implantation [188].

In parallel with temporal downregulation of the proinflammatory gene expression during
the first week period (study III), a significant temporal upregulation of genes associated
with osteoblastic and osteoclastic phenotypes was demonstrated. Peak expression for
ALP, OC, TRAP and CATK was detected 3 d after implantation. Previous studies in
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bone fracture model (without implants) in rat have shown that ALP and OC expression
attained their peaks after 5 d and 11 d, respectively [39]. Further, in a rat femur ablation
model, the ALP and OC expression peaked after 5 d and 7 d, respectively [43].
Osteoclastic gene expression levels of TRAP and CATK have been shown to attain their
earliest peaks between 7 — 14 d and gradually decrease to lower levels during the
following weeks in bone fracture model [120, 134]. The present observations that the
peak expression of osteogenic and osteoclastic markers was detected as early as 3 d at the
implant surface and that oxidized implants were associated with significantly higher
levels than machined implants indicate, firstly, that bone remodeling around implants
starts much earlier than what has previously been assumed (mainly based on conclusions
from fracture models and in vitro experiments with one cell population), and, secondly,
that the implant surface has an influence on the level of expression of bone differentiation
and remodeling markers. Possible mechanisms for the accelerated implant-associated
bone response include multiple cell participation and cross-talk, influenced by material
surface physicochemical properties and topography and the size and micromechanics of
the bone defect.

In the present thesis, the oxidized implants, which showed enhanced osteogenic gene
expression, were characterized by relatively higher roughness values and thicker oxide
layer in contrast to the machined implants. These observations are corroborated by
morphological studies showing that anodic oxidation of electropolished titanium surfaces,
which produced areas of increased roughness on the submicrometer scale and a thicker
surface oxide, had an enhancing effect on the rate of bone formation [220]. Furthermore,
the surface chemical analysis, performed in paper IV, revealed substantial amount of
phosphorus, both in the outermost layer and deeper along the oxide layer, which together
with increased roughness and oxide thickness, might synergistically influenced the
osteogenic differentiation. The incorporation of elements in the implant surface has been
suggested to improve the early osteogenic gene expression [221], bone contact and
biomechanical capacity [222-226] in vivo. For example, an increased expression of
osteogenic differentiation markers, Runx2, ALP and BSP, was detected at
blasted/hydrofluoric acid treated implants in comparison to blasted implants separated
from dissected rat tibia 7 d after implantation [221].

In the present thesis (study IV), the triggering effects of the altered surface properties was
also revealed at the later periods of osseointegration. The increased expression of coupled
bone formation and bone remodeling markers at the oxidized implants suggests that
surface-elicited gene expression was not only limited to the early cellular differentiation
and woven bone formation but extended during the major remodeling and maturation
phase. On the other hand, a significant decrease in TRAP and CATK expression was
observed after 28 d, indicating a decrease in bone remodelling. A coupled upregulation of
osteoblastic (OC) and osteoclastic (TRAP) genes was also observed for 0.01 %
hydrofluoric acid treated coin-shaped titanium implants after 4 w in a rabbit tibia model
[188]. Further, the present data are in agreement with observations on a higher OC
expression in bone harvested from dual acid etched hollow implants compared to
machined controls, 2 and 4 w after implantation in rat femur [191].
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Taken together, the results presented in this thesis show that changing the physico-
chemical properties of the titanium implants results in significant acceleration and
upregulation of genes crucial for bone formation and remodeling during the period of
osseointegration. Furthermore, different surface treatments appeared to influence the
temporal differences in the upregulated expressions levels. Nevertheless, consideration
for the different animal models and different sample types, whether implant-adherent
cells or peri-implant bone, should be accounted.

Transcriptional and growth factor regulators of interfacial gene
expression

The mechanisms for the revealed implant-induced modulation of different chemokines,
integrins and differentiation markers at the immediate interface most likely involves the
generation of signaling molecules, which promote the recruitment, adhesion, and
activation of mesenchymal stem cells and osteoblast progenitors in addition to cells
belonging to the defense system and osteoclasts. A selection of genes were investigated
during the early time stage (1 — 3 d) in order to pin-point some of the chemotactic/
growth factors which may be particularly important during the early stage and differently
expressed depending on the two implant surfaces oxidized and machined. The expression
of both PDGF-B and BMP-2, two growth factors known to have chemotactic effects on
different cells including mesenchymal cells with osteogenic potential [227], was
associated with a significant temporal increase from 1 d to 3 d at oxidized implants. This
increased expression was in parallel to an increased expression of ALP and OC during
the same time period. These observations are at variance with the finding of significant
reduction of BMP-2 during similar period in a rat ulnar fracture model (without implants)
[111]. In fact, observations on growth factor expression in fracture model and for
machined implants in the present study point to common temporal expression. This is
also supported by the present finding of a significantly higher expression level of TGF-f1
at the machined implant after 1 d of implantation, coinciding with high expression of
proinflammatory cytokines. TGF-B1 has dual effects and is considered to possess both
proinflammatory and anti-inflammatory effects [93, 228].

Differentiation of the recruited mesenchymal cells requires induction of specific
transcription factors. Runx2 is a major differentiation factor responsible for committing
MSCs toward the osteoblastic linage. In paper III of the present thesis, the 5-fold
upregulated expression of osteogenic differentiation marker ALP and OC were in parallel
with about 6-fold higher expression of Runx2 at the oxidized implants compared to the
machined ones after 3 d of implantation. Also after 28 d (paper IV) there was a
significant correlation between the expressions levels of Runx2 and OC at the oxidized
implants with significantly higher levels of the two genes compared to the machined
implants.

The parallel increase in expression of Runx2 and osteogenic differentiation markers was
also revealed at blasted/hydrofluoric acid etched implants compared to blasted implants
after 7 d and 8 w in rat [221] and rabbit [187] tibiae, respectively. Further, machined
implants inserted in transgenic mice, lacking osterix, a downstream factor of Runx2,
showed lower expression of OC and BSP and reduced bone formation in comparison
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with machined implants in mice receiving local administration of virus encoding for
osterix [229].

Taken together, these results suggest that implant surface-induced upregulated expression
of osteogenic differentiation markers is mediated via a key transcription factor Runx2.
The expression of Runx2 was decreasing with time (6 d — 28 d) whereas OC expression
was continuously upregulated at this time period for oxidized implants (paper IV).
Although Runx2 is crucial for directing pluripotent mesenchymal cells to the osteoblast
lineage and triggering the gene expression during early osteoblast differentiation, Runx2
has been suggested not to play a major role in the maintenance of the expression of OC in
the mature osteoblast [117]. Further, maximum level of OC mRNA expression in
osteoblast cell line was associated with continuous recruitment of Runx2 protein to the
promoter region of the OC gene despite low level of Runx2 mRNA [230].

In study III, there was significant upregulation of adipogenic transcription factor, PPAR-
v, at the 3 d period. Furthermore, it showed significant switch from 2.5-fold higher
expression level at the machined implant after 1 day to about 6-fold higher expression
level at the oxidized implants after 3 d of implantation. It is not known if there is any role
for the adipogenic differentiation at the implant site, however, PPAR- y has been
suggested as important regulator for Runx2 expression via BMP-2 Smad pathway [231].

Molecular activities in the peri-implant bone

In papers III and IV, peri-implant bone revealed different temporal phases of the gene
expression than those observed in the implant-adherent cells.

During the first week after implantation (paper III), peri-implant bone revealed two
dissimilarities and one similarity with that of implant-adherent cells. Firstly, there was an
increase in the expression of osteogenic and osteoclastic markers from 1 d to 6 d. These
temporal changes did not match those observed in the implant adherent cells that
demonstrated earlier peaks (3 d) for osteogenic and osteoclastic genes. Secondly, no
statistically significant differences between oxidized and machined implants were
detected for osteogenic and osteoclastic markers in the peri-implant bone. This was also
different from what occurred in implant-adherent cells. Finally, a similar pattern of pro-
inflammatory expression was detected in peri-implant bone as in implant-adherent cells.

In study IV, gene expression in the peri-implant bone was analyzed after 14 d and 28 d.
The analysis of peri-implant bone revealed three dissimilarities and two similarities with
that of implant-adherent cells. The dissimilarities were: Firstly, the temporal expression
of proinflammatory and osteogenic markers showed significant increase between 14 d
and 28 d in peri-implant bone around the oxidized implants. This was different from that
observed in cells adherent to oxidized implants where the temporal expression was
constant. Secondly, after 28 d, there was significantly higher expression of
proinflammatory cytokines in the peri-implant bone of the oxidized implants compared to
the machined ones. This was the opposite in the implant adherent cells, where cells
adherent to machined implants demonstrated higher expression of proinflammatory
cytokines compared to those adherent to the oxidized ones. Thirdly, after 28 d, there was
significantly higher expression of ALP in the peri-implant bone of the oxidized implants
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compared to the machined ones. This was different from that observed in the implant-
adherent cells where no difference was detected in the expression of ALP between cells
adherent to machined or oxidized implants. The similarities between peri-implant bone
and the implant cells where: Firstly, similar temporal patterns of osteoclastic markers
were observed in peri-implant bone as in implant-adherent cells for both implant types.
Secondly, similar temporal patterns of proinflammatory and osteogenic markers were
observed in peri-implant bone of machined implants as in implant-adherent cells.

The differences between the early and late and implant-adherent or distant peri-implant
responses may indicate different modes of surface/matrix attachment and/or cell-cell
contact/cross talk of inflammatory, osteogenic and/or osteoclastic cells during the early
tissue organization phase and at later time when bone matrix is formed and remodeled.

The temporal changes in the peri-implant bone of oxidized implants appeared to be
similar to those observed in the tibial drill-hole injury in rat [98] and transverse fracture
in mice [232]. In these studies, the proinflammatory cytokine TNF-a showed an early
peak after 1 d, followed by downregulation after 7 d, subsequently reaching a second
peak after 4 w. Furthermore, OC demonstrated continuous upregulation to reach highest
peaks after the 4 w periods. In the latter study, the expression of the osteoclast
differentiation gene, RANKL, showed temporal reduction from the 2 w to level
comparable to the base-line value 4 w after fracture.

Data from early and relatively late time points during the process of osseointegration of
titanium implants, show that the implant surface-induced effect on pro-inflammatory,
osteogenic and osteoclastic markers is expressed with a significant delay in the peri-
implant bone in comparison with implant-adherent cells. This is supported by the absence
of statistically significant differences in gene expression between the implants in peri-
implant bone at the early time period 1 d — 6 d. Data from the relatively late time points
also indicate that the implant surface-induced effect on implant-adherent cells is
continuous throughout the entire process of osseointegration.

Biomechanics and the correlation with the molecular activities at
the interface

In paper IV, the in vivo interfacial gene expression model was combined with removal
torsion analysis to determine possible relationship between cellular and molecular events
and the biomechanics of the interface. The measurement of the torsional capacity of the
interface before failure and the subsequent gene expression analysis on the same implant
allowed the analysis of the relationship between the cellular activity and the
biomechanical capacity at the interface. Major and significant observations were
demonstrated when evaluating the mechanical capacities of machined and oxidized
bone/implant interfaces during the process of osseointegration:

1. Breakpoint torque and gene expression in relation to time

2. Deformation curve
A significant and constant increase in the breakpoint torque was registered for the
oxidized implants from 6 d to 14 d and from 14 to 28 days. The major explanation for the
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observed findings is an increased amount and/or quality of the newly formed bone in
direct contact with the oxidized implant surface. This is supported by morphological data
showing an increased number of mesenchymal cells, rapid bone formation and extension
of bone into the microporous surface and organization of the tissue within threads. In
agreement, gene expression analysis demonstrated up-regulation of bone formation genes
(ALP, OC). Interestingly, equally early in the process, markers of gene expression of
bone resorption (TRAP, CATK) were detected. Correlation analysis of genes analyzed in
the present study did not reveal strong correlation for any particular gene with the
increased torque at any specific time period, as the correlation coefficients were always
below the strong significance. This probably indicate that the improved implant stability
is due to the overall generalized modulation of genes in favor of osteogenic
differentiation and coupled bone formation/bone remodeling, hence enhanced bone
contact and increased implant stability.

The subsequent high expression of bone formation and bone resorption indicated an
intense remodeling throughout the time period. Although no measurement of the
maturation and bone density was made, a development of a stronger interface than the
surrounding bone was suggested by morphological observations of torques specimens.
Hitherto, little attention has been focused on the development of interfacial strength and
its associated cellular and molecular background. In agreement with the present
observations after 28 d, in two recent studies [188, 233], Lamolle et al. compared the
expression of different genes and the pull-out force of coin-shaped titanium modified
with different hydrofluoric acid concentrations in rabbit tibia after 4 w. The results
indicated that the group of hydrofluoric modification was associated with increased pull-
out values, increased expression of osteocalcin, collagen I and TRAP and decreased
expression of TNF-a and IL-6 in the implant-adherent cells. The interesting observation
seen in the present thesis and the previous studies [188, 233] of the increased co-
expression of both bone formation and bone resorption genes in the implant-adherent
cells reflect the ongoing bone remodeling activity at the implant surface without
decreasing the stability of the implant.

In contrast to oxidized implants, the temporal course of the breakpoint torque of the
machined implants did not reveal any significant changes during the evaluation periods 6,
14 and 28 d after implantation. This finding is in agreement with a previous study, using
similar animal model and biomechanical equipment, which demonstrated that the
breakpoint torque values for machined implants did not increase between 14 d and 28 d
but increased significantly between 28 d and 16 w after implantation [174]. In the latter
study, the breakpoint torque values for the tested machined implants were almost
identical as in study IV in this thesis. Similarly, in a recent study in a similar rat tibia
model but using different torque setup, machined, dual acid etched and nano/alumina
coated titanium implants had comparable results: for all implant types, the torque did not
increase significantly after 7, 14 and 21 d of implantation, but thereafter increased
significantly at 56 days [234].

On the basis of previous morphological and biomechanical studies of the initial process
of osseointegration [153, 174], it has been suggested that one possible mechanism for the
initial reduction and/or plateau in biomechanical shear strength of machined implants
could be due to a post-surgical inflammation and/or bone resorption. This is partly
supported by the present results. In the present study, increased expression of pro-
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inflammatory markers (TNF-o and IL-1B) in cells adherent to machined implants was
detected at all studied time periods during the osseointegration process. Prolonged
interfacial expression of pro-inflammatory markers and relatively less expression of bone
remodeling markers in cells adherent to machined implants did not lead to increased
biomechanical strength whereas for oxidized implants prolonged interfacial expression of
bone formation coupled to bone resorption with less expression of pro-inflammatory
markers promoted a completely different development of biomechanical strength.

The torsion test is assumed to be primarily probing the interface mechanics, since the
threaded implant design will first transfer the stresses to the interface region which is
weaker than the intact bone [167]. Two differently distinctive deformation curves were
observed for the machined and the oxidized implants. The deformation curve for
machined implants was qualitatively similar to that observed in previous study at the
same time periods in rat tibia [174] and after 56 days in rabbit tibia [235]. This curve was
characterized by a moderate increase in the torsion resistance before the breakpoint and
was followed by uniform and slightly increased plateau before complete failure was
reached. In contrast, oxidized implants showed a completely different form of
deformation. The main difference from the machined implant curve was the significantly
higher breakpoint which needed higher rotation angle before it was reached. A second
difference was the relatively shorter or absent plateau phase before the complete failure.
Similar curve has previously been demonstrated for laser-modified titanium alloy implant
when evaluated after 6 weeks with similar instrument [235].

Using different torque setup, both sandblasted/acid etched (sulfuric and hydrochloric
acids) and machined/acid etched implants showed similar sharp curves after 4, 8 and 12
w in pig maxilla [236]. When the sandblasted/acid etched implant was tested with or
without NaCl treatment and storage, the modified surface showed flattening of the curve
after 8 weeks in the pig maxilla [169].

Taken together, the present gene expression, morphological and biomechanical results
suggest that an optimal local interface environment for osseointegration is characterized
by the recruitment of several cell types, promotion of osteogenic differentiation,
modulation of inflammation and control of bone remodeling, hence providing an
elaborated bone matrix in intimate contact with the implant surface and enhanced
mechanical interlocking and/or bone bonding.
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Summary and Conclusions

An experimental in vivo model was developed which enabled analysis of quantitative
gene expression both at the implant surface and in the peri-implant bone,
immunohistochemistry and biomechanical test, thereby providing a new combination of
tools for the analysis of mechanisms of osseointegration.

Material surface-induced gene expression was detected in implant-adherent cells,
whereas no major differences were detected between materials in the peri-implant bone
during the first week. After 14 and 28 d, differences in gene expression between the two
material surfaces were detected in the peri-implant bone, however, the gene expression
fingerprint was not similar to that in the implant-adherent cells.

During the steady-state condition, rat trabecular bone demonstrated higher expression
levels of bone formation markers (ALP and OC) and bone resorption markers (TRAP and
CATK), whereas cortical bone revealed higher expression of proinflammatory cytokines
(TNF-a and IL-1pB). In response to oxidized titanium implants, 3 d after implantation,
implant-adherent cells in cortical site expressed higher level of OC while a higher IL-18
expression in implant-adherent cells were detected in trabecular site. It is concluded that
rat femoral and tibial bone sites exhibit different constitutive gene expression of
inflammatory and remodeling markers. Further, given the limits of the present
experimental conditions, it is suggested that gene expression at implant surfaces is
dependent on the bone type.

During the initial 24 h after implantation in rat cortical bone, oxidized implants were
associated with a greater influx of cells and higher expression of chemokine homing
receptor CXCR4 and integrins 1, B2 and av in comparison with machined implants. In
contrast, machined implants exhibited higher expression of proinflammatory cytokines
TNF-a and IL-1p. It is concluded that shortly after the surgical trauma, implant surface
properties modulate the inflammatory response, cell recruitment, and adhesion during the
first stage of osseointegration/bone regeneration.

During the period from 1 d to 28 d, material surface properties resulted in significant
modulation of gene expression denoting inflammation, bone formation and bone
resorption. The oxidized implant was associated with higher expression levels of
osteogenic differentiation and bone formation (Runx2, ALP and OC) and bone
remodeling (TRAP and CATK). This implant demonstrated higher magnitude and
significant increase in biomechanical resistance during the first 28 d. In contrast, the
machined implant was associated with higher expression levels of the proinflammatory
cytokines (TNF-o and IL-1p). This implant showed lower magnitude and non-significant
increase in biomechanical resistance during the first 28 d.
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Summary and Conclusions

According to the load-deformation plots, different failure patterns were demonstrated for
oxidized and machined implants subjected to torque. The oxidized implant showed a
fracture-like breakpoint while the machined implant showed the typical curve with
mainly separation in the immediate bone-implant interface.

In conclusion, the present experimental studies show, firstly, that the gene expression of
implant-adherent cells is a more sensitive indicator of the biological response around
implants than that obtained by analyzing the peri-implant bone collar. Secondly, the
material surface properties (physicochemical and topography) extremely rapidly govern
the rate of osseointegration by modulating inflammation, cell recruitment, adhesion, bone
regeneration and remodeling. Finally, these early interfacial cellular responses are
strongly influencing the development of implant torsion stability.
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Topics for future research

Future studies may focus on the effect of each specific material surface property on the
regulation of gene expression in close vicinity to the implant surface. Furthermore, it is of
great importance to analyze the biological components that might be implicated in the
interfacial processes of inflammation and bone formation, like for example, MAPK
system and the Smad and WNT signaling pathways. The determination of specific role of
particular molecules or group of molecules in the osseointegration process may require
the modulation of specific target genes by, for instance, the local application of specific
growth factors, the use of small interfering RNA (siRNA) or the employment of the
knock-out or gene-deficient animals. Such information will be important and vital for our
future research on exploring the potential for using the ex vivo genetic modification of
cells to produce osteoinductive factors to enhance bone regeneration at the implant
surface.

Currently, studies are being designed to combine the present model with other
techniques. Some of these studies focus on the distinct proof and quantification of
specific cellular subsets adherent to the retrieved implants or at different locations within
the interface area.

Furthermore, the clinical application of the sampling procedure and the subsequent gPCR
may be evaluated as screening and monitoring procedure for the biological conditions
associated with implant treatment.
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