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Abbreviations 
 
AT-MSCs – adipose tissue mesenchymal stromal cells 
BAG – bioactive glass  
BMP – bone morphogenic protein 
BM-MSCs – bone marrow mesenchymal stromal cells 
CAD/CAM – computer-aided design and computer-aided manufacturing  
CM – conditioned media 
CSD – critical –sized defect 
CT – computed tomography 
DMEM/F-12 – Dulbecco’s modified Eagle’s medium/Ham’s Nutrient Mixture F-12 
ECM – extracellular matrix 
EM – electron microscopy 
EV – extracellular vesicle 
FBS – fetal bovine serum 
FBS-EVs – fetal bovine serum extracellular vesicles 
dFBS – depleted FBS 
HA – hydroxyapatite 
ICAM – intercellular adhesion molecule 1  
LPS – lipopolysaccharide 
M-CSF – macrophage colony-stimulating factor 1  
MC – monocyte  
MC-EVs – monocyte extracellular vesicles 
ME – microenvironment  
MM – maintenance medium  
MNGCs – multinucleated giant cells 
MMP – matrix metalloprotease 
MSC – mesenchymal stromal cell 
MVB – multivesicular bodies 
NTA – nanoparticle tracking analysis 
ODM – osteogenic differentiation medium  
OS-EVs – osteosarcoma extracellular vesicle 
PBS – phosphate buffered saline 
PCL – polycaprolactone 
PGA – polyglycolide  
PSI – patient specific implants 
PLA – polylactide  
PTMC – poly[trimethylene carbonate]  
RANK – receptor activator of nuclear factor k-B 
RANKL – receptor activator of nuclear factor k-B ligand 
RT-qPCR – reverse transcription quantitative polymerase chain reaction 
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SLA – stereolithography   
TME – tumor microenvironment 
TGF-β – transforming growth factor beta 
TMJ – temporomandibular joint 
UC – ultracentrifugation 
UF – ultrafiltration  
UC-dFBS – ultracentrifugation EV depleted FBS 
UF-dFBS – ultrafiltration EV depleted FBS 
Wnt – wingless-type protein 
β-TCP – beta-tricalcium phosphate 
 
Full gene nomenclature can be found at www.genenames.org 
 
  



 
 

8 
 

Abstract  
 
Defects in bone structures are extensive problems, faced by millions of people worldwide. Still, 
current methods do not always provide a satisfactory result in restoring functions after trauma or 
disease treatment. Bone tissue engineering methods require refinement; therefore, cell-derived 
agents could be used to enhance treatment outcomes. 
 
The extracellular vesicles (EVs) are potential new agents that could improve bone formation in tissue 
engineering. EVs are released from the cellular membrane and contain mRNA, miRNA and other 
tissue factors, affecting recipient cells. As EVs can initiate cell differentiation, it is important to 
understand the mechanisms behind their operation, since they have shown applicability as 
biomimetic tools for guided lineage-specific differentiation and cell-free therapies. For harvesting 
EVs of choice, cell cultures are often needed. The supplement most used in cell culture experiments 
is fetal bovine serum (FBS), which contains large numbers of bovine EVs, hindering the analysis of 
the secreted EVs from the preferred cell type. To overcome this problem, the bovine derived EVs 
must first be eliminated from the cultures. In this thesis, a novel cost-effective and easily 
standardizable method for EV isolation was developed, based on ultrafiltration of cell culture media. 
The method may be used in a wide range of cell culture applications increasing reproducibility of EV 
research results between laboratories. 
 
As EVs are proposed to be central in intercellular communication, the potency of EVs from activated 
monocytes (MC) and osteoclasts was evaluated on adipose tissue mesenchymal stromal cells 
(MSCs). The EVs from activated MCs promoted secretion of cytokines, potentially representing an 
immunomodulatory mechanism, while also upregulating gene expression of matrix 
metalloproteinases in MSCs, affecting tissue remodeling. Therefore, it may be speculated that MCs 
facilitate tissue remodeling through EV-mediated signaling, representing an additional mode of cell-
cell signaling during the transition from injury and inflammation to bone regeneration, and may thus 
play an important role in the coupling between bone resorption and bone formation.  
 
Further, to investigate the role of EVs in malignant bone conditions, MSCs and pre-osteoblasts were 
treated with EVs released from osteosarcoma cells (OS-EVs) and the epigenetic signature of OS-EVs 
was assessed. The study showed, that OS-EVs regulated the fate of MSCs by modulating the 
epigenetic status and influenced expression of genes related to bone microenvironment 
remodeling. Overall, this study provided evidence that epigenetic regulation appears to be an early 
event in the transformation of MSCs during the development of OS.  
 
To develop new methods for tissue engineering, we conducted an in vivo study on minipigs. The 
minipig was selected as the large animal model of choice due to physiological and anatomical 
similarities of the jaws and teeth with humans. To reconstruct a large continuous defect in the 
mandible, a composite consisting of PTMC (poly[trimethylene carbonate]) and calcium phosphate 
ceramic was tested in a mechanically loaded area. The bioimplant scaffolds were manufactured 
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individually based on CT imaging data from each minipig using computer-aided design and 
manufacturing (CAD-CAM). The mandibular defect was stabilized with custom-made 3D printed 
titanium reconstruction plates as the bioimplant itself was not load-bearing. 
 
The results of this thesis work investigated different strategies in bone remodeling, e.g., the effect 
and mechanisms of EVs on the immune system and bone remodeling as well as in malignant 
transformation. Further studies are necessary to confirm the proof-of-concept in bone remodeling 
to implement these strategies in patient treatments. 
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Tiivistelmä  
 
Luupuutokset leukojen ja kasvojen alueella ovat laaja ongelma, joka koskettaa miljoonia ihmisiä 
maailmassa. Tällä hetkellä käytössä olevat menetelmät eivät aina tarjoa toiminnallisesti ja 
esteettisesti tyydyttäviä tuloksia. Tämän vuoksi tarvitaan uusia työkaluja, hyödyntämällä 
esimerkiksi solujen erittämiä molekyylejä kliinisten tulosten parantamiseksi.  
 
Viimeaikaiset tutkimukset ovat osoittaneet, että solujen erittämät ekstrasellulaarivesikkelit (EV:t) 
soveltuvat biomimeettisiksi työkaluiksi sekä solujen erilaistumisen ohjaamiseen. EV:t vapautuvat 
solukalvosta ja sisältävät mRNA:ta, miRNA:ta ja muita kudostekijöitä, jotka vaikuttavat monin eri 
tavoin niitä vastaanottavissa soluissa. Koska EV:t voivat käynnistää solujen erilaistumisen, on 
tärkeää ymmärtää niitä mekanismeja, jotka ovat esimerkiksi luun muodostumisen taustalla.  
 
Soluviljelykokeissa käytetään usein kasvatusliuoksessa naudan seerumia lisäravinteena. Naudan 
seerumi sisältää suuria määriä naudan EV:eitä, jotka estävät varsinaisesta tutkittavasta solutyypistä 
erittyvien EV:en tunnistamisen. Tämän ongelman ratkaisemiseksi nautaperäiset EV:t on ensin 
poistettava viljelmistä. Tässä väitöskirjassa kehitettiin uusi kustannustehokas ja helposti 
standardisoitava menetelmä EV-eristykseen, joka perustuu seerumin ultrasuodatukseen ja tarjoaa 
merkittävää parannusta nykyisiin käytössä oleviin menetelmiin. 
  
Koska EV:t ovat keskeisiä tekijöitä solujen välisessä viestinnässä, selvitimme aktivoituneista 
monosyyteistä ja osteoklasteista peräisin olevien EV:den vaikutus rasvakudosperäisten 
kantasolujen geenien ilmentymiseen. Aktivoituneiden monosyyttien EV:t edistivät kantasolujen 
sytokiinien eritystä, kuvastaen EV:den immunomoduloivaa mekanismia, sekä myös 
matriisimetalloproteinaasien geenien ilmentymiseen, vaikuttamalla luun mikroympäristön 
uudistumiseen. Näin ollen oletamme, että monosyytit voisivat EV-välitteisen signaloinnin avulla 
parantaa kudosten uusiutumista lisäten solujen välistä viestintää luupuutosten paranemisessa.  
  
EV:en merkitystä tutkittiin lisäksi myös pahanlaatuisen kasvaimen, osteosarkooman (OS), 
kehittymisessä, altistamalla kudosperäisiä kantasoluja ja pre-osteoblasteja OS-soluista peräisin 
olevilla EV:llä (OS-EV). Tutkimuksemme osoitti, että OS-EV:t vaikuttivat muokkaamalla sekä 
kudosperäisten kantasolujen epigeneettistä tilaa, että luun mikroympäristön uudistumiseen 
liittyvien geenien ilmentymistä. Näin ollen osoitimme, että epigeneettinen säätely voisi olla 
varhaisimpia tapahtumia kudosperäisten kantasolujen transformaatiossa OS:n muodostuksessa.  
  
Kehittääksemme uusia kudosteknologisia menetelmiä luukudoksen tuottamiseksi, suoritimme in 
vivo-tutkimuksen minisialla. Ihmisen ja minisian hampaiden ja leukojen samankaltaisuuksien vuoksi 
minisika valikoitui tutkimuksemme eläinmalliksi. Suuren alaleuan kontinuiteettipuutoksen 
korjaamiseen testasimme yhdistelmämateriaalia, joka koostui polytrimetyleenikarbonaatista ja 
kalsiumfosfaatista. Tätä bioimplanttimateriaalia on testattu aikaisemmin in vivo luupuutosten 
korjaamisessa, tosin ei mekaanisesti kuormitetulla alueella. Jokainen bioimplantti valmistettiin 
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yksilöllisesti minisian leuan tietokonetomografian kuvantamisdatan pohjalta, tietokoneavusteisen 
suunnittelun ja valmistuksen (CAD-CAM) avulla. Alaleuka tuettiin yksilöidyillä mittatilaustyönä 
tehdyillä 3D-tulostetuilla titaanirekonstruktiolevyillä, koska itse bioimplantti ei yksin olisi kestänyt 
pureskelusta ja muusta purentaelimen toiminnasta syntyviä voimia.  
 
Tämän väitöskirjan tulokset osoittivat EV:en vaikuttavan solujen immuunijärjestelmään ja 
mikroympäristöön, sekä luun uudistumisessa että luusyövän muodostumisessa. Kuitenkin, 
lisätutkimukset ovat välttämättömiä luun uudistamisen konseptien vahvistamiseksi 
kudosteknologisten strategioiden toteuttamiseksi potilashoidoissa. 
  



 
 

12 
 

List of original publications 
 

I. Kornilov R*, Puhka M*, Mannerström B, Hiidenmaa H, Peltoniemi H, Siljander P, Seppänen-
Kaijansinkko R, Kaur S. Efficient ultrafiltration-based protocol to deplete extracellular 
vesicles from fetal bovine serum. J Extracell Vesicles. 2018; 1422674 

 
II. Gebraad A, Kornilov R, Kaur S, Miettinen S, Haimi S, Peltoniemi H, Mannerström B, 

Seppänen-Kaijansinkko R. Monocyte-derived extracellular vesicles stimulate 
cytokine secretion and gene expression of matrix metalloproteinases by mesenchymal 
stem/stromal cells. FEBS J. 2018; 2337-2359. 

 
III. Mannerström B*, Kornilov R*, Abu-Shahba AG, Chowdhury IM, Sinha S, Seppänen-

Kaijansinkko R, Kaur S. Epigenetic alterations in mesenchymal stem cells by osteosarcoma-
derived extracellular vesicles. Epigenetics. 2019; 352-364. 

 
IV. Dienel K, Abu-Shahba A*, Kornilov R*, van Bochove B, Snäll J, Kontio R, Björkstrand R, 

Partanen J, Seppälä J, Seppänen-Kaijansinkko R, Mannerström B.  Manufacturing patient-
specific bioimplants and reconstruction plates for mandibular defects: production workflow 
and in vivo large animal model study. Manuscript submitted. 
 
*) shared contribution 

  



 
 

13 
 

1 Introduction  
 
Bone tissue engineering is a multidisciplinary field which involves remodeling of bone and 
reconstruction of lost tissue with combination of cells, biomaterials and growth factors. Traditionally 
bone defects are being substituted with grafts or self-healed with immobilizing fixation. To improve 
traditional methods and avoid their limitations it is essential to introduce new approaches. Cellular 
level provides the knowledge of bone inner forces, biomaterials provide us with a scaffold that will 
support during reparation, and growth factors give the pivotal stimuli for initiation and progression 
of these processes. 
 
In vitro experiments for bone remodeling are in a strong dependence to the cell culture 
components. The supplement most commonly used is fetal bovine serum (FBS) which contains 
factors required for cell attachment and proliferation, thus it is used as a universal cell culture 
supplement for most types of human and animal cellular research (Brunner et al .2010). It is 
essential for cell growth, metabolism and stimulation of proliferation. One of the major problems 
with FBS is that it is ‘contaminated’ with fetal bovine serum extracellular vesicles (FBS-EVs). These 
vesicles are secreted by all cells and play a key role in cell-to-cell communication by shuttling 
protein, lipids, RNA and other molecules between cells with diverse functional consequences in 
health and various diseases, including cancer (Camussi et al. 2010, Ratajczak et al. 2006, Thery et al. 
2006, Thery et al. 2009). 
 
As we look deeper into extracellular vesicles (EVs) functions and their capabilities in cell-to-cell 
communications, it becomes obvious that EVs are a potential biomimetic tool to induce lineage-
specific differentiation of stromal cells (Ratajczak et al. 2006, Valadi et al. 2007). This phenomenon 
is very useful in regenerative medicine. In particular, EVs derived from mononuclear phagocytes 
may contribute to bone regeneration through regulation of osteogenic differentiation of 
mesenchymal stromal cells (MSCs) (de Jong et al. 2014). EVs from these cells most likely have a role 
in crosstalk between immunity and tissue healing (Silva et al. 2017). 
 
The immune and mononuclear phagocytic systems strongly influence tissue repair and regeneration 
(Julier et al. 2017), including bone remodeling (Wang et al. 2013). Osteoclasts, which share 
precursors with monocytes/macrophages, couple their bone-resorbing activity to the activity of 
osteoblasts by providing signals that promote osteogenic differentiation of MSCs and coordinate 
osteoblastic bone formation (Pederson et al. 2008, Henriksen et al. 2012). Signals from 
monocytes/macrophages and osteoclasts play a pivotal role in biomimetically engineered bone 
regeneration (Henriksen et al. 2012). 
 
When the errors in signaling related to tissue remodeling occur, cellular lineage could change 
towards malignancy. The mechanism of osteosarcoma (OS) origin is still unknown; the hypothesis 
suggests that it is influenced by microenvironment alterations and epigenetic signals to MSCs 
(Mutsaers et al. 2014). Meaning that if we would like to prevent tumor progression, we need to 
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study the tumor microenvironment (TME) in relation to MSCs signaling molecules, e.g EVs (Baglio 
et al. 2017). Although OS is considered a rare type of cancer, its mortality rate among pediatric 
patients is one of the highest (Longhi et al. 2009). The major issue with the mortality rate is that it 
frequently tends to recur and metastasize. It is essential to understand the pathway of metastasis 
formation in osteosarcoma for the development of new treatments. Identification of tumor driving 
genetic alterations associated with OS development is hindered due to the lack of precursor lesions, 
presence of complex karyotypes, high genetic instability, and lack of recurrent genetic alterations 
(Martin et al. 2012). 
 
As surgical resection is one of the most common treatments for malignant tumors, it is important 
to substitute the removed tissue, to restore function and reconstruct form. Scaffold-based bone 
tissue engineering strategies are veritable options for repairing bone defects (Kolk et al. 2012). 
Further, osteoinductive factors are used to induce osteogenic differentiation to enhance healing of 
the defect site. However, scaffold constructs are still dissimilar to native bone owing to lack of 
sophisticated structure and delicate organization of multiple cell types, poor vascularization, and 
difficulty in integrating with the host environment. Novel strategies to induce bone development in 
a more sustainable manner are therefore in high demand. 
 
An attractive approach to use tissue-engineered biomimetic osteostimulatory scaffold (Kolos et al. 
2006) is combining chemical components and structural support while being bioresorbable over 
time. The biomaterial scaffold would optimally provide structural closure of the defect and restore 
the biomechanical properties of the bone, while beta-tricalcium phosphate (β-TCP) granules 
improve osteogenesis (Gao et al. 2016). To date, however, there are no convincing therapeutic 
approaches available to treat these defects without complications, but the pursuit continues. 
 
 
2 Review of the literature 
 
2.1 Extracellular vesicles 
 
Cells release different vesicular bodies into their intercellular space during metabolic activity. The 
fraction ranging in size between 50-200nm are called extracellular vesicles (EVs) (Figure 1). At least 
four different types of EVs have been defined based on phenotype and physical characteristics (Van 
der Pol et al. 2012, Mathieu et al. 2019). It is unclear whether each of these types indeed represent 
distinct types of vesicles. These vesicles are present inside large multivesicular endosomes, and they 
express transferrin receptor, which is a marker for distinguishing cellular membrane budded 
extracellular vesicles (Thery et al. 2001). 
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Figure 1. The secretion of extracellular vesicles from a donor cell and their uptake and internalization in a recipient 
cell. Figure modified from Breakefield et al. (2011)

As extracellular vesicles are heterogenous by composition, to distinguish one type from another 
they are generally grouped by size (Figure 2). The family of vesicles consists of macrovesicles, 
apoptotic bodies, exosomes and microvesicles (MVs). MVs and exosomes are the major of points of 
interest because they contain mRNA, miRNA and other tissue factors which influence recipient cells 
(Raposo et al. 2013). Vesicles form by invagination and budding from the surface membrane of late 
endosomes. Fusion profiles of multivesicular endosomes with the plasma membrane can be 
confirmed by electron microscopy (EM). The extracellular fraction can be purified with 
ultracentrifugation (UC). Several studies have established the existence of fusion profiles between 
extracellular vesicles and viruses as they share the same size (50-200nm) (Nolte-‘t et al. 2016, Akers 
et al. 2013).
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Figure 2. Size ranges of major types of membrane vesicles surface markers and origin of the vesicles released by the 
cell.
Figure modified from György et al. (2011)

2.1.1 Functions of extracellular vesicles

Cell-to-cell communication is a key regulator of many biological and pathological processes. Cells 
communicate by secreting signaling molecules such as hormones, cytokines, growth factors, lipid 
mediators, and neurotransmitters that locally or remotely activate the target cells, inducing a broad 
range of responses. The transfer of functional RNA species and proteins have given proof that EVs 
can effectively deliver their cargo to recipient cells (Montecalvo et al. 2012, Doyle et al. 2019, 
Panagopoulou et al. 2020).
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Functions of EVs could be summarized by: 
 

1) Angiogenesis: Vesicles exhibit pro- and anti-angiogenic properties (Bonavia 2012). 
Angiogenesis involves the formation and growth of new blood vessels to provide expanding 
tissues and organs with oxygen and nutrients, and concurrently remove the metabolic waste. 
 

2) Intercellular communication: EVs can transfer biomolecules to recipient cells e.g. adhesion 
receptors or ligands, cytokines, and genetic information, and therefore are capable of 
changing the composition and function of recipient cells (Ratajczak et al. 2006). 
 

3) Cell survival:  Cancer cells treated with chemotherapeutic drugs release vesicles containing 
corresponding drugs. Tumors have shown drug accumulation and release in EVs. It is 
proposed that vesicles reduce drug concentration, however, it is still unknown how such 
mechanisms contribute to resistance of the cells to the chemotherapies (Tatischeff 2012). 
 

4) Inflammation and immune response: Extracellular vesicles effect on cells as 
immunomodulators. They can trigger cells to produce inflammatory mediators as well as 
enhance anti-tumor response via various mechanisms (Valenti et al. 2006).  

 
5) Coagulation: Tissue factor (TF) initiates coagulation as well as induce angiogenesis and 

transmembrane signaling. EVs exuding coagulant TF have been reported in various 
pathological conditions (Henriksson et al. 2005). However, it is unknown to which extent 
vesicles contribute to these processes.  

 
6) Waste management: Vesicles act as waste disposal bags and remove redundant 

components. Such vesicles could be removed via phagocytosis by other cells. In pathological 
conditions when recognition of signal is failed, waste management may be not functioning 
properly, accumulating unwanted biomolecules in the cells (Lima et al. 2009). 

 
 
2.1.2 Purification of extracellular vesicles 
 
EVs are released and can be isolated from all types of cells (Thery et al. 2018). One of the most 
common ways to obtain EVs from cell cultures is ultracentrifugation of conditioned media (CM). 
Conditioned medium is the medium used to culture cells, which contains secreted metabolites, 
growth factors, and extracellular matrix proteins secreted by cells. The most common procedure to 
purify the vesicular fraction is applying a series of ultracentrifugation steps to pellet the vesicular 
fraction. Nevertheless, this material is still highly contaminated with protein aggregates or 
nucleosomes from apoptotic bodies (Thery et al. 2001). Previously, it has been suggested that FBS 
can be depleted by overnight ultracentrifugation (Thery et al. 1999, Blanchard et al. 2002), however, 
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recent analyses (Forteza-Genestra et al. 2020) show the presence of bovine proteins as well as high 
amounts of miRNA in EV-depleted serum (Kaur et al. 2018). Therefore, purification of supernatant 
with ultrafilters of 0,22μm is required after ultracentrifugation to clear it from residual components. 
This procedure is essential to the experimental setup to be certain that investigated EVs originate 
from the cells and not from any other sources used during the analysis (Shelke et al. 2014, Wei et 
al. 2016). 
 
 
2.1.3 Molecular composition of EVs 
 
EVs carry a wide variety of molecules in their cargo that partly resemble their parent cells (Thery et 
al. 2009). EVs are composed of a lipid bilayer enclosing membrane-associated and soluble proteins, 
nucleic acids, lipids, and other metabolites (Kim et al. 2015). The specific design of EVs protects the 
internal cargo from enzymatic degradation, and thus preserves them as a source of biological 
information. Mechanisms of EV biogenesis are maintained by membrane phospholipid asymmetry. 
The loss of membrane asymmetry leads to the clearance of the cells from apoptotic bodies and 
other vesicles. (Piccin et al. 2007, Thery et al. 2009). At the same time, exact regulatory mechanisms 
responsible for EV formation are still unknown. 
 
Due to the endosomal and plasma membrane origin of EVs, they display within their cargo features 
of intraluminal vesicles, multivesicular bodies (MVBs), and cellular plasma membranes. The 
molecular composition of EVs is heterogeneous, however, they are significantly enriched with 
proteins involved in metabolism (Zhang et al. 2018). Other genes commonly detected in EVs, include 
flotillins, CD9, CD63, CD81, Alix1, Tsg101, HSC70, HSPA8 and Hsp90, as well as numerous Rab 
proteins (Fevrier and Raposo et al. 2004, Mathivanan et al. 2010, Witwer et al. 2013, Zöller 2009), 
and these may therefore be considered conventional vesicular markers. However, based on the 
simultaneous biogenesis of several EV subpopulations, and limited efficacy of methods for isolation 
of pure EV subsets, the exact composition and characteristics of EVs are not yet fully clarified, as 
they tend to vary. 
 
The detailed information about currently known components of vesicular cargo can be found in 
EVpedia “evpedia.info” (Kim et al. 2015), Exocarta “exocarta.org” (Mathivanan et al. 2012), 
Vesiclepedia “microvesicles.org” (Kalra et al. 2012). 
 
 
2.1.4 Role of EVs in health and disease  
 
The specific physiological and pathological properties of EVs depend on the origin and 
characteristics of their parent cells (Kalluri 2016, Thery et al. 2009). In healthy individuals, EVs 
participate in the regulation and maintenance of embryonic development, reproduction and 
coagulation, cell death, inflammation, angiogenesis, tissue repair or act as immune modulators 
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(Yáñez-Mó et al.  2015, Siljander et al. 2015, Bayraktar et al. 2017). In pathological settings such as 
cancer, EVs contribute in epithelial-to-mesenchymal transition, anti-apoptosis, metastasis, tumor 
proliferation, stimulation of angiogenesis, immunosuppression and pre-metastatic niche formation 
(Azmi et al. 2013, Nawaz et al. 2014, Rak 2013, Mazumdar et al. 2020) (Figure 3). 
 

 

Figure 3. Physiological and pathological functions of vesicles on target cells. Figure modified from Morhayim et al. 

(2014) 

 
It is considered that the driving force in initiating the oncogenic pathway of primary tumor could 
potentially be EVs, which are produced by stromal cancer cells (Li et al. 2016, Chowdhury et al. 2016, 
Haga et al. 2015). These EVs contain nucleic acids, proteins and lipids which are encoding the cancer-
genome and transferred to the target cells. All these factors lead to the assumption that EVs have a 
role in initiating and progressing tumorigenesis via controlling tumor microenvironment (Guenat et 
al. 2017, Bebelman et al. 2018). This occurs by sustaining proliferative signaling, resisting cell death, 
promoting angiogenesis, increasing invasion and metastasis and evading clearance by the immune 
system. The hypothesis that EVs could be released by various cells, including tumor cells, provides 
significant understanding as to how progression of cancer and development of metastasis occurs 
(Azmi et al. 2013, Zhang et al. 2015, Kahlert et al. 2013, Mannerström et. al 2019). 
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2.2 Bone remodeling

2.2.1 Basics of bone tissue

Bone by definition is a substance that forms skeleton and contains of bone marrow, blood vessels 
and nerves. It has two principal components: collagen and calcium phosphate, which distinguish 
bone from other hard tissues such as chitin, enamel and shell. The main role of bone is to support 
the soft tissues structurally and to protect soft organs and tissues (e.g., the skull). Bone can is a 
reservoir for minerals (Ca and P) and a “factory” for hematopoietic lineage cells in the bone marrow. 
Metabolism is normal homeostasis of renewing bone tissues, where bone remodeling is maintained 
by osteoblasts and osteoclasts (Figure 4). The balance between the functions of these two cell types 
represents normal bone remodeling. This process also controls reshaping or replacement of injured 
bone after traumas such as cracks or micro-fractures (Rockville et al. 2004).

Figure 4. Schematic diagram of osteoblast differentiation, osteoclast differentiation, and osteoblast-osteoclast 
crosstalk. Figure modified from Liu et al. (2019).

2.2.2 Osteoblast lineage 

Osteoblasts are differentiated from MSCs through the osteogenic pathway. These cells are 
components of normal bone tissue and their role is to produce bone matrix, containing irregular 
crystals of hydroxyapatite (HA) (Figure 5). Hydroxyapatite consists of natural minerals calcium 
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apatite-calcium, phosphorus, and oxygen. These mineral deposits form a strong and dense 
mineralized matrix of which inorganic bone consists. 

Figure 5. Source of bone marrow MSCs from long bones. The bone is made up of compact bone, spongy bone, and bone 
marrow. Compact bone makes up the outer layer of the bone. Spongy bone is found mostly at the ends of bones and 
contains red marrow. Bone marrow is found in the center of most bones and has many blood vessels. There are two 
types of bone marrow: red and yellow. Red marrow contains blood stem cells that can become red blood cells, white 
blood cells, or platelets. Yellow marrow consists mostly of fat. Digital image is downloaded from freestock archive on 
Shutterstock.

During osteogenesis, pre-osteoblasts express runt-related transcription factor 2 (RUNX2) which is 
regulated via several different factors, such as TAZ (transcriptional co-activator with PDZ-binding 
motif), DLX5 (Distal-less homeobox 5) and MSX2 (msh homeobox homologue 2) (Long 2011). At the 
early stage of differentiation, both DLX5 (upregulating osteoblast differentiation) and MSX2 
(suppressing osteoblast differentiation) work in opposite directions controlling commitment of the 
cells into osteogenic differentiation (Lee et al. 2005). Further, expression of Sp7 (Osterix) plays an 
important role in developing skeleton where it regulates expression of several osteoblastic genes 
(Barbuto et al. 2013). Alkaline phosphatase (ALP) expression is upregulated only in the early stages 
of osteogenic differentiation, as it is responsible for extracellular matrix (ECM) mineralization and 
regulates phosphate metabolism (Desai et al. 2012, Orimo 2010). Mineralization occurs in two steps. 
It begins with the formation of hydroxyapatite crystals within matrix vesicles, followed by 
propagation of hydroxyapatite through the membrane into the extracellular matrix (Orimo 2010). 
In these processes, numerous other osteogenic marker proteins are involved, such as osteopontin 
(OPN, SPP1) and bone sialoprotein (BSP) as well as cytokines and hormones (Desai et al. 2012).
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To imitate in vivo conditions in the laboratory environment, MSCs can be chemically activated to 
induce the differentiation into the osteogenic pathway. Chemical stimulation is mediated by 
dexamethasone, b-glycerol phosphate, and ascorbic acid added into cell culture media (Pittenger et 
al. 1999). As an inorganic equivalent for osteogenic differentiation, extracellular vesicles can also be 
used (Ekström et al. 2013). Studies have shown that it is only the beginning of understanding the 
complexity of osteoblast maturation. 
 
 
2.2.3 Osteoclast lineage 
 
Osteoclasts play the main role in demineralization of bone and regulating the amount of newly 
formed bone. Their role and differentiation pathways have been subject to speculations and 
controversy in the past. In fact, it is now clear that formation of bone involves several different 
factors from both osteoblasts, osteoclasts and bone marrow stromal cells. Macrophage colony-
stimulating factor 1 (M-CSF1) (Lacey et al. 1998) and receptor activator of nuclear factor k-B ligand 
(RANKL) are the main factors in these processes. Also, it is known that tumor necrosis factor ligand 
superfamily member 11 (Tnfsf11) plays important role (Asagiri et al. 2006, Boyle et al. 2003). 
Osteoclasts act in three steps which take place consecutively, however, when resorption is 
established, all three steps can occur simultaneously. First step is “attachment” when osteoclasts 
seal off an area forming an actin ring where resorption will occur. In step two, “resorption” and 
forming a “ruffed border” occurs, observed in histological sections as resorption pits. Mineral 
components are dissolved by large amounts of H+-ATPase at the surface of the tissue.  Step three is 
“vesicular trafficking” when osteoclasts transport digested collagen and soluble minerals (Figure 4). 
The content of these secretions recruit osteoblasts and blood vesicles to these sites (Merolli et al. 
2018). 
 
 
2.2.4 Osteoblast-osteoclast crosstalk 
 
Osteoblasts and osteoclasts have a feedback loop activity in which signaling from osteoclasts 
regulates the activity of osteoblasts and bone formation (Karsdal et al. 2007, Boyce 2013). Although 
the role of osteoclasts is to “degrade” the bone, it is reported that in vitro maturation of osteoblasts 
could be achieved via application of CM from osteoclasts (Henriksen et al. 2012). Within the small 
champers called lacuna resides osteocytes which communicate between osteoclast-osteoblast by 
lacuno-canalicular network (Wittig et al. 2019). This process is essential for bone remodeling 
because osteocytes regulate cell recruitment. They derive from osteoblasts, or bone-forming cells, 
and are essentially osteoblasts surrounded by the products they secreted. Osteoclasts produce 
BMP6 (bone morphogenetic protein 6) and Wnt10b (wingless-type 10b), which play a role in the 
processes of bone “construction”. Osteoclasts also secrete S1P (Sphingosine-1-phosphate), which 
induces osteoblast precursor recruitment (Pederson et al. 2008). Migration of MSCs to resorption 
site and formation of new bone is mediated by TGF-b1 (transforming growth factor beta 1) which is 
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released from bone resorption from bone matrix (Tang et al. 2009). All these molecules play a 
pivotal role in healthy bone remodeling.  
 
 
 
2.2.5 Osteosarcoma 
 
In osteosarcoma (OS), one of the most common types of bone cancer (excluding bone marrow 
tumors), malignant MSCs are present (Kansara et al. 2014). It usually affects metaphysis of long 
bones in children and adolescents (Raymond et al. 2002). Most tumors develop around the knee 
and in the proximal humerus, but the fourth most common site of origin are the jawbones, 
accounting for approximately 6% of all osteosarcomas (Baumhoer et al. 2014). Morphologically 
these tumors are identical, although there are several crucial differences. Long bone osteosarcoma 
is usually affecting younger patients, while osteosarcoma in the maxilla or mandible affects patients 
that are middle aged (Wang et al. 2012, Kontio et al. 2019). Patients with peripheral OS present with 
primary metastases in approximately 25% of cases and of these up to 90% develop lung metastases 
subsequently when treated by surgery only (Bielack 2002). On the contrary, metastases arising from 
the tumors in the maxillofacial area   are less frequent.   
 
Current treatment of osteosarcoma consists of surgical resection in combination with 
chemotherapy (Bishop et al. 2016). Tumor grades highly affect the survival of the patients after the 
treatment. Radiotherapy is commonly used, if it is not possible to remove all cancer cells during the 
surgery or the area of invaded tissues is inaccessible. The survival rate for the metastatic patients is 
approximately 20% (Meyers et al. 2011). Therefore, new therapies are required and, hence, there 
are several clinical trials ongoing investigating the new methods to treat osteosarcoma. The 
successful treatment requires close cooperation within an experienced multidisciplinary team 
including oncologists, surgeons, pathologists, radiologists and other medical and technical 
specialists. (Ritter et al. 2010). 
 
In order to develop new methods, it is important to understand the mechanisms of OS initiation and 
the ME. It is proposed that the origins for this cancer are MSCs as they are participating in osteogenic 
lineage. (Ratajczak et al. 2006). 
 
Studies on OS ME suggest that carcinogenesis and tumorigenic processes of highly metastatic cancer 
are being mediated via EVs (Allison 2012 et al., Abarrategi et al. 2016). A number of microRNAs, 
detected in tumor-derived EVs, play important roles in the pathogenesis of OS acting as oncogenic 
or suppressive RNAs. For example, miR-370 suppresses the invasion of OS cells by inhibiting the 
Wnt/β-catenin signaling pathway (Zhang et al. 2017). Based on these findings, the Wnt signaling 
pathway plays an important role in the progression and metastasis of OS. Thus, preventing autocrine 
activation of Wnt/β-catenin signaling by regulating tumor cell EVs is one of the new approaches for 
inhibiting OS development and metastasis (Lan et al. 2018, Mazumdar et al. 2020). These treatment 
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studies with EVs shed light on the complex mechanisms of tissue-vesicles-cancer interactions and 
are vastly interesting to the whole surgical and oncological medical community. 
 
 
2.3. Bone tissue engineering 
 
Regenerative medicine refers to approaches that aim to replace or regenerate human cells, tissues 
or organs, and restore or establish normal form and function. Such new approaches have great 
potential to tackle incurable diseases especially among elderly groups. These methods should 
reduce medical costs and improve quality of life (European Commission 2018). So far, though, 
regenerative medicine has only proven itself in the treatment of a few specific indications. However, 
enthusiasm about the broad potential of applications has led to gaps between expectations, often 
inflated by media reports, and the realities of translating regenerative medicine technologies into 
clinical practice. The combination of poor-quality science, unrealistic hopes and unscrupulous 
private clinics could undermine the potential of regenerative medicine (Cossu et al. 2018).  
 
Further, there is ongoing discussion about the size of the defect that should be considered as 
“critical-sized-defect (CSD)” or the “defect that is not able to heal by itself”. In the presence of the 
periosteum at the reconstruction area; segmental defect should be at least 6 cm and without 
periosteum it could be only 2 cm in length (Ma et al. 2009). 
 
Tissue engineering is a highly interdisciplinary research field. In principle, it could be divided into 
three main categories based on the intended application and usage; scaffold-free, scaffold based or 
combined. Each of these methods has some advantages and disadvantages. At the same time, 
combination of these methods gives us a perception of the current options available in tissue 
engineering (Rubin et al. 2016; Rubin et al. 2020).  
 
Tissue engineering strategies involve the combination of biomaterials or scaffolds with cells, and 
bioactive agents. These components are especially essential for the repair of damaged bone and 
bone regrowth. Advances in biological sciences and engineering have helped to develop new 
components that become excellent substitutes for lost tissues (Henkel et al. 2013, Langer et al. 
2015). 
 
 
 
2.3.1 Biomaterials 
 
Biomaterials can replace parts of the body and can be easily interacted with full biological systems 
in a complex network of biologically relevant entities (Williams 1999). The ability of a biomaterial to 
function as it was initially designed, with regards to medical therapy and without complications or 
systemic effects on the recipient, is called biocompatibility (Black et al. 2005). This function is pivotal 
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in tissue engineering, as such scaffolds or matrixes will support the appropriate cellular activity 
including the facilitation of molecular and mechanical signaling systems (Onuki et al. 2008). 
 
The first historical use of biomaterials for regenerative medicine dates to antiquity, when ancient 
Egyptians used sutures made from animal sinew (NIH 2017). As for modern history, the first material 
used as biomaterial, according to the NCBI database, was bioactive glass (BAG), which has been 
used for more than 50 years (Thompson et al. 1998). These materials or scaffolds were first to 
answer minimal requirements, having low toxic response in the host cells and matching the physical 
properties of the replaced tissues. 
 
Hydroxyapatite (HA) is essential for bone bonding as it is the natural form of Ca present in all bones 
and teeth; bone consists of approximately 60 wt% HA crystals incorporated into a collagen matrix. 
HA in the form of natural calcium apatite Ca10(PO4)6(OH)2 stimulates bone remodeling. This interest 
is related to the fact that the main component of bone is an apatite calcium phosphate mineral. 
Therefore, it is essential to use biodegradable scaffolds, as they fix the integrity of the defect site as 
well as being able to deliver calcium to the bone defect site. HA implants are chemically more stable 
and accordingly non-degradable upon implantation (Ogose 2005). The absence of degradation may 
lead to bone deformities and to a long-term increase of bone fracture risk around HA bone 
substitute Among one of the most studied calcium phosphate ceramics is β-TCP (beta-tricalcium 
phosphate). It is resorbable and is readily replaced by new bone (Bohner et al.  2020) Its solubility 
is close to that of bone mineral, and it is well resorbed by cells, generally osteoclasts (Zebro et al. 
2005). Beside this osteotransductive ability, some studies have shown the high osteoinductive 
potential of β-TCP (Yuan et al. 2010) As such, β-TCP has emerged as one of the most attractive bone 
graft substitute materials. Thus, scaffolds that will be combined with β-TCP are able to deliver β-TCP 
into newly formed bone without disturbing surrounding tissues (Samavedi et al. 2013) 
 
There are numerous biomedical procedures for 3D scaffold fabrication, and the field is evolving 
rapidly as new processes emerge. The more established methods include solvent casting and 
particle leaching, freeze-drying, gas foaming, and electrospinning, all of them having several 
advantages and disadvantages (Abdala et al. 2019). Some of the more recently emerged techniques 
include stereolithography (SLA).  The manufacturing of 3D objects by stereolithography is based on 
the spatially controlled solidification of a liquid resin by photo-polymerization (Melchels et al. 2010). 
The recent methods still require optimization, but could potentially expedite the process of 
producing custom-made implants in a clinical setting (Martinez-Marquez et al. 2018). 
 
BAG, polylactide (PLA), polyglycolide (PGA) and polycaprolactone (PCL) biomaterials containing β-
TCP/HA are widely studied and used in clinical trials. They have shown biocompatible properties for 
the maturation and growth of bone tissues (Yuan et al. 2001, Chen et al. 2006, Thesleff et al. 2011, 
Sandor et al. 2013, Zheng et al. 2017). BAG makes a chemical bonding to host bone via formation of 
a carbonated hydroxyapatite layer on the glass surface (Thompson et al. 1998). Polymer-based nets 
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filled with ceramic granules are also used, yet their acidic degradation products may have an 
inhibiting effect on the bone healing rate (Athanasiou et al. 1996).  
 
One of the new promising and effective methods to enrich scaffolds with β-TCP is SLA, in which 3D 
printed biodegradable patient specific implants (PSI) are prepared from e.g. poly[trimethylene 
carbonate] (PTMC) and calcium phosphate. This photo-crosslinked scaffold is very promising 
material as it contains β-TCP which mimics natural bone structure (Zheng et al. 2017).  Based on the 
experimental design wt% of β-TCP could be adjusted and used in reconstruction of a large 
continuous defect in craniofacial area. Exhibiting biocompatibility properties PTMC- β-TCP material 
is degrade by surface erosion, thereby maintaining its structural mechanical integrity overtime, 
while the β-TCP component provides the implant osteoconductive properties. The absence of acidic 
degradation products enhances bone formation (Kasten et al. 2008). Additionally, composites of 
PTMC with osteoinductive β- TCP have shown promising results in orbital floor reconstruction as 
PTMC has rubber-like material properties compensating for the brittleness of the ceramic (calcium 
phosphate) component (van Leeuwen et al. 2010). 
 
 
2.3.2 MSCs in bone tissue engineering 
 
Adipose tissue mesenchymal stromal cells (AT-MSCs) from fat tissue have sparked a great interest 
in the scientific community since the late 90s, when Zuk et al. (2002) successfully isolated AT-MSCs 
from lipoaspirate. Liposuction is a common procedure in plastic surgery and surgical waste could be 
used to obtain stromal cells, it is relatively easy and an abundant source of AT-MSCs (Katz et al. 
1999, Zuk et al. 2002). One milliliter of lipoaspirate can provide between 1 to 6 million stromal cells. 
(Aust et al. 2004, Suga et al. 2010). 
 
Although bone marrow mesenchymal stromal cells (BM-MSCs) are also viable options for stromal 
cell harvest, there are more drawbacks to utilizing the source. Obtaining cells from the bone marrow 
is a painful procedure with possible site morbidity as a result (Miyazaki et al. 2008). There is also 
limitation in the quantity of available cells. The yield of BM-MSCs from bone marrow aspirate is 
relatively low for the requirements of MSC research. One milliliter of aspirate provides between 
1.000 to 6.000 stromal cells (Hernigou et al. 2013, Pittenger 2008), which is only 0,001% of the yield 
from lipoaspiratie. Additional problems arise with the collection of aspirates of over 2 ml, as it easily 
becomes significantly contaminated with peripheral blood (Batinic et al. 1990, Bacigalupo et al. 
1992, Bolwell et al. 1995, Muschler et al. 1997). 
 
To confirm origin and capabilities of the cells, there are minimal criteria for defining multipotent 
mesenchymal stromal cells (Dominici et al. 2006) (Figure 6). 
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Figure 6. According to the guidelines, to be classified as MSCs, they must 1) be plastic adherent when kept under 
standard culture conditions 2) express the proper positive and negative MSC markers and 3) retain a multipotent 
phenotype with the ability to differentiate into adipocytes, osteoblasts and chondrocytes under the standard 
differentiation conditions. Figure modified from digital image from SigmaAldrich.

2.3.3 Paracrine functions of stromal cells

Characteristics of stromal cells have been extensively described in the literature before in Lindroos 
review (Lindroos et al. 2011). However, their functions are not limited to immunogenic modulation 
or functioning as building material. MSCs produce various paracrine factors, which could be used 
for e.g., treatment of myocardial infarcts (Gnecchi et al. 2016, Zhao et al. 2019). Several studies 
confirm that different types of stromal cells, such as BM-MSCs (Orlic et al. 2001) and AT-MSCs 
(Bayas-Genis et al. 2010) secrete proangiogenic growth factors. Uemura and Leiker (Uemura et al. 
2006, Leiker et al. 2008) were the first to show evidence that a trophic effect of injected stromal 
cells played a major role in tissue treatment and very few cells actually engrafted in the tissue. In 
these studies, conditioned media (CM) from stromal cells was collected and applied to another 
group of stromal cells. During these applications it was observed that recipient cells had been 
influenced and altered by the CM. These results suggest that stromal cells themselves produce 
highly functional secretion and instead of using the whole cells, their extracts or CM might be much 
easier to utilize (Park et al. 2019).

2.3.4 In vivo applications of biomaterials

Biological requirements for biomaterials have been described previously in the bone tissue 
engineering section. Recent studies have suggested that mechanical properties of the cell ME have 
a pivotal role on MSC fate and functions as well as impact on tissue regeneration (Engler et al.  2006, 
Lo et al. 2000, Huebsch et al.  2015, Neffe et al. 2015). The biomaterial performance also depends 
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on their architecture and structure. Optimization of the mechanical properties and degradation 
rates of the biomaterials improves the quality of the regenerated tissue (Qu et al. 2019, Dang et al. 
2018). In clinical applications, biomaterials are placed into surgically created host beds (Al-Maawi 
et al. 2017). The cellular reaction in response to the biomaterial is induced by the interaction 
between the host tissue and the biomaterial-specific surface immediately after its implantation in 
vivo (Brodbeck et al. 2002). The biomaterial specific physicochemical characteristics are decisive for 
the induced cellular reaction, which influences the regenerative capacity. After biomaterial 
implantation, both the innate and adaptive immune systems are involved in a localized cellular 
reaction (Anderson et al. 2008). 
 
A recent study showed that biomaterials could be distinguished and classified according to their 
capabilities to induce cellular reactions. The study outlined the relevance of the biomaterial induced 
cellular reaction (Al-Maawi et al. 2020). Furthermore, the induction of multinucleated giant cells 
(MNGCs) depended on the biomaterial-specific physicochemical properties, such properties as 
porosity, polarity, and hydrophilicity, and not on the biomaterial origin (synthetic vs. natural). 
According to some studies (Tanneberger et al. 2020), performance of the biomaterials could be 
classified by their in vivo induced cellular reaction. There are three different cellular reaction 
patterns based on the biomaterial properties (Al-Maawi et al. 2020). Class I includes biomaterials 
that do not induce MNGCs at any time point; class II includes biomaterials that induce MNGCs with 
a constant number over 30 days; and class III includes biomaterials that induce MNGCs and 
continuously increase their number over 30 days. Even though most clinically used biomaterials are 
collagen-based (Meyer 2019), different in vivo outcomes have been reported. This outcome may be 
due to variability in biomaterial properties, manufacturing techniques, surface morphology and 
structure of scaffolds. This knowledge provides clinicians with a tool to assess the regeneration 
pattern of biomaterials and aid in one's critical thinking regarding the suitability of a product for an 
intended clinical situation. 
 
Geometric shape of pores can direct tissue regeneration and based on size they may guide cells into 
different lineages and help heal the local tissues. Further, concave or convex surfaces have an 
impact on cell morphology and osteogenic differentiation of MSCs (Lo et al. 2016). Studies have 
shown that cell lineage determination could be organized or altered by curvatures much larger than 
the cell size (Blanquer et al. 2017). Cells migrated significantly faster on concave spherical surfaces 
than on flat and convex spherical surfaces. For example, convex surfaces showed an osteogenically 
stimulating environment confirmed by osteocalcin markers. This knowledge allows to develop cell-
instructive biomaterials and design materials with controlled surface curvature and could be a 
powerful tool in improving tissue regeneration (Figure 7). 
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Figure. 7. Material surface patterns and cell differentiation. The “triangle” of materials refers to variations in chemistry, 
stiffness, and nanotopography to control the interactions with MSC focal adhesions.
A) Chemical functionality can be used to fabricate areas of high adhesion (red) extracellular matrix protein or low 
adhesion (capped in green).
Stiffness will affect the cells' ability to produce tension through focal adhesions formation (the cell is shown on a planar 
surface). 
Topography will present the adhesion ligands to the cells in either a favorable or unfavorable manner, again affecting 
adhesion and subsequent tension and signaling (the cell is shown on a 2D surface).
RGD= Arg-Gly-Asp tripeptide. RGE= Arg-Gly-Glu tripeptide. ERK = extracellular signal-regulated kinase.
B) Topography of adhesion surfaces 
C) Differentiation outcomes of the cells, based on topography and stiffness of the surface as well as soluble factors 
affecting the pathway. 
Rho= Ras homolog gene family member. ROCK= Rho-associated protein kinase.
Figure modified from Anderson et al. (2016), Gong et al. (2015),
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2.3.5 Large bone defects in the cranio-maxillofacial area 
 
Transplantation of bone grafts is the first choice for reconstruction of bone defects. Using 
autologous bone grafts is considered the “golden standard” for clinical therapies as they have 
exceptional properties and high success rates. However, the donor site morbidity and the limited 
amount of material that may be harvested are the main weaknesses for this technique.  This 
supports the need for development of xenogenic as well as alloplastic biomaterial substitutes (Dau 
et al. 2016).  
 
Missing or fractured segments of bone, due to e.g., trauma, congenital diseases or ablative surgery, 
presents a severe problem in craniomaxillofacial area due to immediate restriction in physiological 
functions such as breathing, eating, swallowing and speaking. Current treatment approaches have 
limitations and there are no convincing therapeutic solutions available to treat these defects. 
Current methods include bone grafts, free flaps, composites or just bone flaps (Ma et al. 2019, 
Arealis et al. 2015). Bone grafts provide structural 3D scaffolding, bone forming cells, cytokines, and 
vascularization to promote optimal bone healing, and consequently result in best outcomes, in the 
treatment of large bone defects (Nau et al. 2015). However, these operations are associated with 
significant morbidity and the reconstruction may not be anatomically ideal (Majidinia et al. 2017). 
Further, they are costly, might require two surgical teams and several surgeries possibly increasing 
the risk of surgical complications.  
 
One option to improve treatment could be to utilize custom-made patient-specific implants (PSIs) 
made of composites using computer-aided-design-computer-aided manufacturing technology 
(CAD-CAM). In complex 3D craniomaxillofacial reconstructions, advanced methods need to be 
applied. Individually produced implants are required to fit the best complex defects.  To be able to 
manage this procedure and achieve results in a time efficient manner while decreasing the duration 
of surgery, standardized workflows are emerging. To streamline the procedure, computed 
tomography (CT) data should be utilized in preoperative planning and by creating anatomical 3D 
models, whereas implants will be preoperatively produced by CAD/CAM. The use of 
osteoconductive and osteoinductive biomaterials are alternatives or supplementary therapies for 
conventional methods of bone tissue reconstruction (Hakimi et al. 2009).  
 
The choice of biomaterial substituting autologous bone grafts should be based individually 
depending on the site and size of the defect. In conditions where both materials present a similar 
outcome, synthetic material should be the first choice to eliminate the theoretical risk of infectious 
diseases or diseases from organic sources that can be spread by xenogeneic materials (Dau et al. 
2016). 
 
The promise of rapid regeneration of large bone defects in accordance with the principles of tissue 
engineering has not yet been fulfilled, but promising results have been reported (Lopez et al. 2018). 
Local delivery of bioactive agents such as β-TCP is possible when they are combined with 3D printed 
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biomaterials (Zhang et al. 2017). Therefore, the ideal regenerative material should replace the 
defect and integrate with the bone, ideally incorporating with the native skeleton. As it was 
mentioned before, β-TCP is resorbed by osteoclasts and showed osteotransductive ability as well as 
high osteoinductive potential. As such, it has emerged to withstand the mechanical forces 
associated with growth and bone maturation as well as stresses caused by mastication. Thus, it is 
one of the most attractive bone graft substitute materials. 
 
 
2.3.6 Pig as an animal model for bone healing 
 
For treatment of craniomaxillofacial defects, development of bone treatment therapies in a 
predictable manner is required. As a preclinical model, the pig has some advantages over other large 
animal models. The pig mandible shares physiological and anatomical similarities with humans in 
terms of anatomy, morphology, healing and transformation and is, therefore, considered an 
appropriate model. The microstructure of bone in pigs is lamellar bone, which resembles that of 
humans (Mosekilde et al. 1987). The pig mandible consists of the body (corpus mandibulae) and 
massive ramus (ramus mandibulae) (Figure 8). Results of bone density measurements and 
mechanical testing for minipigs show similarities to those of human bone.  analyses, pig is the 
species most resembling the human regarding the maxillo-mandibular areas (Aerssens et al. 1998).  
 
Bone healing process of the jaws due to the compression forces in the reconstruction area and 
strongly relates to the biting and maxillo-mandibular physiology. These forces should be taken into 
account, as they may cause inflammation during the healing processes and formation of new bone. 
The forces cause a bending moment on the mandible via temporomandibular joint (TMJ) and 
muscles of mastication. For the biting force it has been found that in humans it is around 130 newton 
per square centimeter (N/cm²) (Takaki et al. 2014), however, some sources have claimed even 
higher forces (Edmonds and Glowacka 2020). For literature in pigs, it was stated that lateral 
transverse bending was predicted as the most important loading regime because the predicted 
maximum torque was well beyond the largest torque during medial transverse bending, exceeding 
1700 (N/cm²) (Langenbach et al. 2006). The movements of the mandible have also been studied and 
it has been reported that in omnivorous mammals like pigs they are not limited to altering the 
amplitude of jaw movements (e.g., how wide the jaw opens or deviate from the midline during the 
power stroke), but rather also encompass significant changes in their variability (Montuelle et al. 
2020). Hence, animals who lack precise occlusion will be compensated by altered kinematic profile 
and repeated movements of the mandible as well as increased masseteric forces. In humans the 
data revealed that an increase in chewing frequencies is compensated with precision (Wada et al. 
2017) and as response to food properties may be associated with flexibility in the amplitude of these 
movements themselves (Montuelle et al. 2018). 
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Figure 8. The different morphology of the minipig and human mandible. 3D renderings of an adult human mandible 
(green) and a mandible of a 21-months old Göttingen Minipig. Both segmentations are presented at the same scale. 
Where: Con = condylion, Cor = coronion, Sn = lowest point of the sigmoid notch, Go = gonion, Mf = posterior prominent 
mental foramen, Me = menton, Id = infradentale. Image taken from Corte et al. (2019). 
 
 
3 Aims of study  
 
The aim of the thesis work was to understand mechanisms of the bone remodeling 
microenvironment and to find “new players” in these processes, such as EVs, which will lead to 
development of novel tissue-engineering approaches for treatment of bone defects. 
 
Specifically, the aims were to: 
 

1. develop a standardized protocol for EV depletion of FBS for investigating the cell produced 
particles only. 

 
2. evaluate the potency of EVs from activated human primary monocytes and osteoclasts to 

induce osteogenic differentiation in human AT-MSCs. 
 

3. assess the potential of MSC EVs to induce osteogenic differentiation and their role in 
osteosarcoma initiation and progression. 

 
4. evaluate the bone regeneration potential of 3D printed custom-made biodegradable 

composite biomaterials containing bone-inducing bioactive agents (β-tricalcium phosphate) 
in the reconstruction of a large bone defect in the minipig mandible.  
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4 Materials and methods 
 
4.1 Cell types (I, II, III, IV) 
 
Cells from donor patients used in this thesis were harvested according to the ethical approval from 
the committee of the Helsinki and Uusimaa Hospital District (I, II, III, IV, ethical approval DNro: 
217/13/03/02/2015) with informed consent from the donors. Detailed description of the isolation 
procedures is included in the publications (I, II). 
 
As described previously (Gimble et al. 2007), AT-MSCs were obtained from water-assisted 
liposuction aspirates from different donors using mechanical and enzymatic isolation. All donors 
were female (n=9), with an age range of 33–55 years and a BMI range of 22–29. Once AT-MSCs 
adhered to the culture flask, non-adherent populations were rinsed away with PBS, and fresh 
culture media was added. The patient-derived cultures were established in culture media 
supplemented with regular FBS, after which the cells were rinsed three times with PBS before 
culturing in media containing 10% of different depleted FBS (dFBS) or in serum-free media for up to 
96 h (Table 1). 
 

Table 1. Cell types used in the thesis work. 

Cell type Source Culture media Publication 

AT-MSC 
human adipose 
liposuction 
aspirates 

(EV-depleted) MM, 
ODM I, II, III, IV 

BM-MSC* human bone-
marrow aspirates 

(EV-depleted) MM, 
ODM II, III 

Human Osteosarcoma cell line 
143B  

HOS143b (CRL-
8303TM, ATCC®) RPMI Media I, III 

Human osteosarcoma line 
U2OS  

U-2 OS (HTB-96TM, 
ATCC®) MM III 

Oral tongue squamous cell 
carcinoma HSC3 

HSC-3 (Japan 
Health Sciences 
Foundation**) 

MM I 

Prostate cancer cell line PC-3 ATCC (CRL-
1435TM, ATCC®) MM I 

CD14+ monocyte human blood buffy 
coats*** 

LPS-activation 
medium, (EV-
depleted) OCDM 

II 

*BM-MSCs were provided by Assoc.Prof. Susanna Miettinen (University of Tampere) 
**Oral cancer cells HSC3 were provided by Prof. Tuula Salo (University of Helsinki)  
***Human buffy coats were purchased from the Finnish Red Cross Blood Service (Helsinki, Finland). 
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4.1.1 Characterization of human AT-MSCs (I, II, III, IV) 
 
In all publications, AT-MSCs were expanded in FBS-supplemented MM. After primary culture, AT-
MSCs were characterized by flow cytometry to confirm the mesenchymal origin of the cells. 
Allophycocyanin (APC)-conjugated monoclonal antibodies against CD14 (clone: M5E2), CD19 (clone: 
HIB19), CD34 (clone: 581), CD45RO (clone: UCHL1), CD54 (clone: HA58), CD73 (clone: AD2), CD90 
(clone: 5E10), CD105 (clone: 266) and HLA-DR (clone: G46-6) (BD Pharmingen, Becton Dickinson) 
were used. A total of 100 000 cells per sample were analyzed, and positive expression was defined 
as the level of fluorescence greater than 99% of the corresponding unstained cell sample. 
 
 
4.1.2 Cell culture media (I, II, III, IV) 
 

Table 2. The compositions of media used in the thesis work. 

Medium  Publication Composition 

Maintenance medium 
(MM) I, II, III, IV 

DMEM/F12 with GlutaMAX (Gibco), 10% fetal 
bovine serum (FBS, Gibco), 100 units/ml 
penicillin and 100μg/ml streptomycin 

UC-dFBS I, II, III 
DMEM/F12 with GlutaMAX, 10% FBS, 100 
units/ml penicillin and 100μg/ml streptomycin 

UF-dFBS I 
DMEM/F12 with GlutaMAX, 10% FBS, 100 
units/ml penicillin and 100μg/ml streptomycin 

LPS-activation medium II 

EV-depleted MM, 10 ng/ml lipopolysaccahride 
(LPS; E. Coli O111: B4, Merck Millipore, Billerica, 
MA, USA) 

EV-depleted osteoclast 
differentiation medium 
(OCDM) II 

EV-depleted MM, 10 ng/ml recombinant human 
macrophage-colony stimulating factor (M-CSF, 
R&D systems, Minneapolis, MN, USA), 20 ng/ml 
receptor activator of nuclear factor k-B ligand 
(RANK-L, Peprotech, Rocky Hill, NJ, USA) 

EV-depleted osteogenic 
differentiation medium 
(ODM) II, III 

EV-depleted MM, 50μM L-Ascorbic acid 2-
phosphate (Sigma-Aldrich), 10 μM B-
glycerophosphate disodium salt hydrate (Sigma-
Aldrich) 100nM dexamethasone (Sigma-Aldrich) 

SBI-dFBS I 

DMEM/F12 with GlutaMAX, 10% Exosome 
depleted FBS media (System Biosciences, 
Mountain View, CA, USA), 100 units/ml 
penicillin and 100μg/ml streptomycin 

RPMI media I, III 

RPMI Medium 1640 + GlutaMAX, 10% fetal 
bovine serum, 100 units/ml penicillin and 
100μg/ml streptomycin 
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4.1.3 Proliferation assays (I, II, III, IV) 
 
CCK8 (I, II, III, IV) 
The metabolic activity of live cells was analyzed using the Cell Counting Kit-8 (CCK8) (Dojindo, US). 
The principle of the assay is based on the dehydrogenase activity in viable cells cleaving the 
tetrazolium salt into water-soluble colored formazan dye. The dehydrogenase activity is directly 
proportional to the number of living cells. Assay was performed according to the manufacturer’s 
instructions and measured at wavelength 450 nm using a microplate reader (PerkinElmer VICTORTM 
X4 Multilabel Microplate Reader 2030).  
 
CyQuant (I, II, III, IV) 
The total cellular DNA was determined using the CyQUANT Cell Proliferation Assay Kit (CyQUANT; 
Molecular Probes, Invitrogen, Paisley, UK) which is a highly sensitive fluorescence-based method for 
quantifying cells and assessing cell proliferation and cytotoxicity. Fluorescence was measured with 
a microplate reader (PerkinElmer VICTORTM X4 Multilabel Microplate Reader 2030) at 480/520 nm.  
 
ROS-Glo H2O2 assay (I) 
GLO H2O2 Assay (Promega; Fitchburg, WI, USA) is a fast and sensitive bioluminescent assay that 
measures the level of hydrogen peroxide (H₂O₂), a reactive oxygen species (ROS), directly in cell 
culture or in defined enzyme reactions. For the luminescence signal detection, a microplate reader 
was used (PerkinElmer VICTORTM X4 Multilabel Microplate Reader 2030).  
 
Osteogenic differentiation (I, II, III) 
Cells were first plated in MM overnight before the medium was changed to osteogenic 
differentiation media (ODM).  After 7 days of osteogenic induction, cells were lysed, and RNA 
extraction was performed using the Nucleospin RNA kit (Macherey-Nagel, Ref. no. 740955.50, 
Düren, Germany) according to the manufacturers’ instructions. The concentration and purity of RNA 
was measured using NanoDrop - 1000 (Thermo Fisher Scientific, Waltham, MA, USA). The RNA was 
further analyzed in qRT-PCR, see section below. 
 
Alkaline phosphate activity (I, II) 
Alkaline phosphate (ALP) activity was measured by mixing the cell lysate with p-nitrophenyl 
phosphate (Sigma-Aldrich) and 2-amino-2-methyl-1-propanol (Sigma-Aldrich). The amount of 
produced p-nitrophenol was measured in a VICTORTM X4 Multilabel Microplate Reader 2030 at 
405nm.  
 
Collagen content quantification (I, II) 
Total collagen content was quantified using a hydroxyproline assay (Sigma-Aldrich). The cell lysate 
was hydrolyzed in 6 N hydrochloric acid (Sigma-Aldrich) at 110 C for 3h followed by quantification 
of hydroxyproline content based on the reaction of oxidized hydroxyproline with 4-
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(dimethylamino)benzaldehyde (DMAB). Absorbance was measured at 544 nm in a VICTORTM X4 
Multilabel Microplate Reader 2030. 
 
Quantitative reverse transcription PCR (qRT-PCR) (I, II, III) 
Total RNA was converted into cDNA by reverse transcription using a SuperScriptTM IV VILOTM 
reaction mixture (Thermo Fisher Scientific). Gene expression was quantified using TaqMan assays 
(Thermo Fisher Scientific). Three housekeeping genes were used to normalize the data. The PCR 
reactions were conducted in triplicates using the Applied Biosystems 7500 Fast Real-Time PCR 
System (Thermo Fisher Scientific). Data were analyzed using the 2ΔΔCt method to quantify the 
relative gene expression (Livak et al. 2001) (Table 3). 
 

Table 3. Genes analyzed in the thesis work. 

Investigated genes   assay ID   Housekeeping genes   assay ID   
RUNX2   Hs01047973_m1    TBP   Hs00427620_m1    
ALPL   Hs01029144_m1    RPLP0   Hs99999902_m1    
PPARg   Hs00234592_m1    YWHAZ   Hs03044281_g1    
ICAM1   Hs00164932_m1      
MMP1   Hs00899658_m1      
VEGF-A   Hs00900055_m1      
ACAN   Hs00153936_m1     
BMP2   Hs00154192_m1     
COL15A1   Hs00266332_m1     
CXCL5   Hs00171085_m1     
FGL2   Hs00173847_m1     
ITGA3   Hs01076879_m1     

 
 
4.2 Extracellular vesicles (I, II, III) 
 
4.2.1 Isolation of EVs (I, II, III) 
 
EVs were extracted from conditioned media, using UC at 26 000 rpm (121 896 gmax) for 2h at 4°C 
with SW28 rotor to collect the EV pellet, which was rinsed by filtered PBS (0.1 μm filter), and then 
the UC was repeated. The final EV pellets were suspended in filtered PBS and stored in Protein 
LoBind microcentrifuge tubes (Eppendorf) at -80°C.  
 
 
4.2.2 Nanoparticle tracking analysis (I, II, III) 
 
Isolated extracellular vesicles were analyzed by NTA to determine vesicle concentration and size 
distribution using Nanosight model LM14 (NanoSight Technology, Salisbury, UK, http:// 
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www.malvern.com) equipped with blue (404 nm, 70 mW) laser and CMOS camera (Hamamatsu 
Photonics K.K., Hamamatsu City, Japan).  
 
 
4.2.3 Western blotting (I, II, III) 
 
Western blotting was performed using an antibody against Hsp70 (BD Biosciences), anti-transferrin 
receptor/CD71 (Thermofisher Scientific) at 1:1000 dilution, lysosomal-Associated Membrane 
Protein 3 (CD63), (BD Biosciences) at 1:1000 dilution, calnexin (Cell Signaling Technology), 1:800, 
tumour susceptibility gene 101 (TSG101) (Sigma-Aldrich,) 1:500, Thy-1 CD90 (Sigma-Aldrich), 1:500. 
Samples were denatured at 95°C for 5 min in reducing Laemmli sample buffer, separated using Mini- 
PROTEAN® TGXTM 4–20% gradient SDS-PAGE gel (Bio-Rad, Hercules, CA, USA) with page ruler 
prestained protein ladder (Thermo Scientific, Rockford, IL) as a standard and blotted on Immobilon-
P PVDF membrane (Millipore, Bedford, MA). Blocking and antibody incubations were performed in 
Odyssey blocking buffer (LI- COR) without or with 0.1% Tween-20, respectively.  
 
 
4.2.4 Transmission electron microscopy (I) 
 
Samples from three independent EV isolations, each with two or more technical replicates, of all 
sample types were viewed with transmission EM using Tecnai 12 (FEI Company, Eindhoven, the 
Netherlands) or Jeol JEM- 1400 (Jeol Ltd, Tokyo, Japan) operating at 80 kV. Images were taken with 
Gatan Orius SC 1000B CCD- camera (Gatan Inc., USA) with an image size of 4008 × 2672 px and no 
binning.  
 
 
4.3 Epigenetic profiling (III) 
 
4.3.1 LINE-1 methylation analysis (III) 
 
DNA extraction was done using NucleoSpin Tissue XS (Macherey-Nagel). 70ng of DNA was used to 
perform MS-MLPA reaction using the SALSA MS-MLPA Reagents kit P300-A1 Human DNA 
Reference-2 (MRC-Holland), following a MS-MLPA standard reaction protocol as described in MRC-
Holland instructions. (http://www.mrc-holland.com). As controls, commercially available colon 
cancer cell line RKO, pooled sample from healthy individual, and one unmethylated sample 
generated using GenomePlex (Sigma-Aldrich) complete whole genome amplification (WGA) kit were 
used.  
 
 
4.3.2 Methylation of tumor suppressor genes (III) 
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The methylation status of tumor suppressor genes was assessed using commercially available MS-
MLPA kit (SALSA MS-MLPA ME001-C2 and ME002-C1 Tumor suppressor, from MRC Holland) 
according to the manufacturer's instructions (http://www.mrc-holland.com), using 150ng of DNA 
for the analysis. Cut-off value of Dm ≥0.20 was considered to indicate promoter methylation. 
(Pavicic et al. 2012) 
 
 
4.5 Animal surgeries (IV) 
 
The animals (n=11) were randomly assigned to each study group: PTMC, PTMC+TCP, empty defect 
(negative control), bone (positive control). Biomaterial scaffolds were developed and produced by 
Aalto University, Department of Chemical and Metallurgical Engineering (Prof. Jukka Seppälä). 
Production of scaffold and custom-made plates have been reported previously (Dienel et al. 2020, 
Salmi et al. 2012).  During the first surgical intervention, three molar teeth (M1-M3) were extracted 
from the right side of the mandible. Extraction was performed under general anesthesia under 
maintenance by a veterinarian and performed by oral and maxillofacial surgeons. Wounds were 
closed with sutures and all animals were CT scanned for patient specific implant manufacturing. 
 
In the second surgery, performed by the same team, a 25 mm long continuity defect was created in 
the right mandibular body region. The patient-specific reconstruction plate was fit into place and 
attached with the screws (Figure 9). The mandibular defect was reconstructed with either 3D 
fabricated bioimplants, autologous bone segments (positive control) or left empty as a negative 
control. In the follow up, the animals were CT scanned at 6 weeks, 16 weeks and at termination 
time point at 24 weeks, samples of the mandibles were collected, μCT scanned and analyzed by 
histology (Figure 10). 
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Figure 9. Implantation of biomaterial scaffold with titanium plate into minipig mandible. 
Image is taken from publication IV. 

Figure 10. Timeline of animal experimental setup.

4.6 Statistical analysis (I, II, III)

In Publication I, II and III statistical analyses were performed with GraphPad Prism 6 (GraphPad 
Software Inc.). Cultures were analyzed using ANOVA two-way analysis of variance. Bonferroni post-
hoc tests were used to determine individual significant differences. The results were considered 
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significant when the Bonferroni corrected p-value was below 0.05. For the statistical analysis, 
technical duplicates (or triplicates) of each sample were used in all assays. Statistical analyses were 
performed on single observations from independently performed experiments (cell cultures).  
 
In publication II the effects of medium composition and EV source on normalized gene expression 
levels were assessed for AT-MSCs from 6 donors per group. AT-MSC cultures were analyzed using 
Kruskal–Wallis one-way analysis of variance by ranks. Mann–Whitney U post hoc tests were 
conducted to analyze specific conditions against the control (EV-depleted MM) for significant 
differences.  
 
 
5 Results 
 
5.1 Characterization of mesenchymal stromal and osteosarcoma cells 
 
Human MSC lines grown in the FBS-supplemented medium demonstrated high expression of surface 
markers CD73, CD90 and CD105, and lacked the expression of CD14, CD19, CD45 and HLA-DR. In 
addition, CD34 showed low and CD54 moderate expression. All MSCs showed the basic MSC 
phenotype; as confirmed by fluorescence intensity (Table 4). Similar results were reported 
previously (Kozlowska 2019). These results indicated that AT-MSCs and BM-MSCs meet the criteria 
set by Mesenchymal and Tissue Stromal Cell Committee of the ISCT (Dominici et al. 2006). 
 
Human osteosarcoma (HOS143b) was strongly positive to CD54 and low in CD90 compared to MSCs 
and U2OS. Human bone osteosarcoma epithelial cells (U2OS) were strongly negative to CD54 
compared to HOS143b and strongly positive CD90 and CD271 compared to HOS143b. 
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Table 4. Surface marker expression (%) of AT-MSCs (n=12), BM-MSC (n=5), U2OS (n=2*), HOS143b (n=3*) analyzed by 
flow cytometric analysis.  
 

Antigen  Surface protein  AT-MSC  BM-MSC    U2OS    HOS143b  

CD14   

Serum 
lipopolysaccharide
-binding protein    0,2 ± 0,1   0,3 ± 0,1   0,2 ± 0,1   0,3 ± 0,1   

CD19   

B lymphocyte-
lineage 
differentiation 
antigen    0,1 ± 0,1   0,1 ± 0,1   0,1 ± 0,1   0,2 ± 0,1   

CD34   
Sialomucin-like 
adhesion molecule   32,5 ± 15,5   1,1 ± 0,2   0,2 ± 0,2   2,2 ± 4,3   

CD45   
Leukocyte 
common antigen   0,3 ± 0,1   0,2 ± 0,1   0,3 ± 0,1   0,4 ± 0,1   

CD54   

Inter-Cellular 
Adhesion 
Molecule (ICAM1)   62,4 ± 24,7   12,6 ± 0,5   5,9 ± 0,4   99,7 ± 0,3   

CD73   
ecto-5ʹ-
nucleotidase   99,9 ± 0,3   99,4 ± 0,1   0,4 ± 0,1   98,95 ± 0,1   

CD90   

Thy-1 (T cell 
surface 
glycoprotein)    99,9 ± 0,3   97,6 ± 0,1   99 ± 0,1   4 ± 0,2   

CD105   SH-2, endoglin    97,1 ± 2,3   96,6 ± 0,2   37,1 ± 4,8   97,65 ± 3   

HLA-DR   

Major 
histocompatibility 
class II antigens   0,6 ± 0,3   1,3 ± 0,1   0,5 ± 0,2   0,9 ± 0,1   

CD106   
Vascular cell 
adhesion protein 1           0,2 ± 0,1   0 ± 0   

CD271   

Low-affinity Nerve 
Growth Factor 
Receptor           86,9 ± 3   1,9 ± 0,1   

*n stands for separate donors (biological replicates), while in the commercial cell lines the n stands for technical 
replicates. 
 
 
We also observed the MSCs morphology via light microscopy after culturing in all the media (Figure 
11). In all conditions, a characteristic mesenchymal stromal cell morphology, i.e., a small spindle-
shaped cell body with a few long and thin cell processes, was detected during the follow-up period.   
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Figure 11. Morphological characterization of adipose-tissue derived mesenchymal stromal cells by light microscopy 
after culturing in the maintenance media. AT-MSCs are from separate donor samples. Arrows pointing on spindle 
shape cell morphology confirming mesenchymal origin. Scale bar 100 μm.

To evaluate whether MSCs still retained their potential to differentiate after isolation from adipose 
tissues, we applied an osteogenic simulative media. They were plated in dFBS media and were then 
chemically induced with osteogenic differentiation for 7 days. Osteogenic markers and detailed RT-
PCR analysis results are presented in Publication I, Figure 8a. 

5.2 Optimization of EV depletion efficacy 

Ultracentrifugation is a purification method for EV isolation. Its efficacy was compared with 
commercially available EV-depleted media (SBI-dFBS) and related to non-depleted FBS. Electron 
microscopy analysis indicated absence of particles in UF-dFBS, partial absence in UC-dFBS while 
particles were still present in SBI-dFBS. Regular FBS contained a larger number of particles, which 
were analyzed with NTA and described as EV-like particles, mostly on the smaller size spectrum (50-
200 nm).  

Subsequently, total protein analysis was performed by silver staining, where EVs from UF-dFBS, FBS, 
UC-dFBS and SBI-dFBS were analyzed. UF-dFBS showed almost complete removal of EV proteins, all 
other depleted FBS and FBS had similar kinds of pattern of protein bands. In Western blotting, the 
EV marker Hsp70 was absent in UF-dFBS, and only a faint band of CD71 protein was detected. Both 
of these EV markers gave faint bands from the UC-dFBS sample, whereas the corresponding bands 
were clearer in the SBI-dFBS. The strongest bands for Hsp70 and CD71 were detected in the regular 
FBS sample.
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EV depletion efficiency was further confirmed by RNA extraction from EVs, which were isolated from 
all depleted FBSs. Results indicated an absence of peaks from UF-dFBS samples. At the same time, 
SBI-dFBS and UC-dFBS showed small amounts of EV-RNAs, whereas non-depleted RNA was used as 
negative control detecting large amounts of RNA.

5.3 Effect of EVs derived from monocytes and osteoclasts for AT-MSCs differentiation in vitro.

In order to study that EVs enter MSCs in vitro, monocyte EVs (MC-EVs) and osteoclast EVs (OC-EVs) 
were labeled with lipophilic dye DiD before they were added to cell culture (Figure 12). Cells were 
cultured for 3 days with labeled EVs and observed with a confocal microscope. Results were 
confirmed with flow cytometry, where results of 95% or greater fluorescence confirmed the EV-
positive AT-MSC fraction of the cells (Publication II, Figure 5).

Figure 12. EVs were added to cultures of AT-MSCs and uptake was examined after 72 h using confocal microscopy. EVs 
were stained with lipophilic dye DiD (red), cell nuclei were stained with Hoechst 33342 (blue), cell membranes were 
stained with CellTraceTM CFSE (green). Scale bar 25 μm. Images are taken from publication II.

AT-MSCs were cultured with monocyte EVs and osteoclast EVs for 18 days in EV-depleted 
maintenance media. Stimulation with MC-EVs resulted in 111 upregulated genes and 149 
downregulated genes compared with EV-depleted MM (Publication II, Table 1). A total of 3187 
genes were found to be differentially expressed between the culture conditions (false discovery rate 
<0.05). To confirm gene findings, direct RT-qPCR quantification was performed on selected nine 
genes. (Publication II, Figure S1). In all these cases, a strong correspondence between the microarray 
and RT-qPCR data was observed (Publication II, Figure 9).

MSCs stimulated by osteoclast EVs and monocyte EVs were evaluated and compared with each 
other (Publication II, Figure 12). Then quantitative PCR analysis of gene expression of CXCL5, MMP1, 
ICAM1, ALPL and RUNX2 was performed on AT-MSCs and BM-MSCs. In the presence of MC-EVs, the 
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expression of CXCL5 was increased for both AT-MSCs and BM-MSCs, the difference was also 
statistically significant with UC LPS stimulated BM-MSCs. Further, the MMP1 expression levels were 
also slightly increased in AT-MSCs in response to MC-EVs, while a similar response in BM-MSCs was 
not detected. In MMP1 expression by BM-MSCs was substantially decreased when BM-MSCs were 
cultured in ODM. Culture in ODM slightly decreased expression levels of ICAM1 in AT-MSCs. 
Osteogenic marker genes RUNX2 and ALPL stayed at similar or even slightly lower levels in both EV 
supplemented conditions compared to non-EV conditions, although not significant. Expression of 
BMP2 was downregulated in ODM. 
 
 
5.4 Methylation status of MSCs influenced via EVs 
 
In publication III, we analyzed epigenetic changes in AT-MSCs, which were stimulated by different 
dosages of OS-EVs, and changes were observed after 0, 3, 7 and 14 days of treatment. Untreated 
AT-MSCs were used as negative control and pre-osteoblasts were used as positive control. LINE-1 
expression at time point 0 was set as baseline. OS-EVs caused hypomethylation in the MSCs after 3 
days, and after 7 days methylation level returned to a state of baseline. It remained there until the 
end of the experiment after 14 days (Publication III, Figure 4). 
 
Gene expression of both AT-MSCs and pre-osteoblasts were evaluated to see the effect of OS-EV 
treatments. OS-EV treated AT-MSCs and pre-osteoblasts showed significantly elevated expression 
of MMP1, ICAM1, and vascular endothelial growth factor (VEGF-A) (*p > 0.05), however, EV 
treatment had a more pronounced effect on MMP1 expression in untreated AT-MSCs compared to 
pre-osteoblasts. As expected, adipose marker PPARγ expression was reduced after OS-EV treatment 
(**p > 0.001). (Publication III, Figure 5). 
 
 
5.5 In vivo treatment of large cranio-maxillofacial defects 
 
The surgical procedures were implemented without complications. In 12 days after teeth extraction, 
all animals (12 animals) were CT scanned under general anesthesia. Individual 3D models were 
designed based on the CT data, and individual biomaterial scaffolds were printed using SLA. To 
support the mandible, individually made titanium plates were manufactured. Second surgery was 
done after 8 weeks from the teeth extraction. The mandibular resection was created according to 
the CAD/CAM 3D planning in accordance with experimental setup. All surgical procedures were 
performed by the same team of surgeons to avoid inter-operator variability.  
 
In the follow-up, after biomaterial implantation, CT scans were taken of the pig skull at 2- and 4-
months. All radiography analyses were performed under general anesthesia. Section of mandible 
and temporomandibular joint (TMJ) were fixed in formalin. After fixation, mandible dissects were 
immediately scanned with μCT and sectioned for subsequent histological analysis. Pieces were 
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divided into two groups: decalcified paraffin-embedded histology, and hard tissue resin-embedded 
histology. Newly formed bones inside the biomaterial scaffold were analyzed from μCT scans.  
 
In control groups (empty defect and autologous bone) four animals exhibited generally evident new 
bone formation with variable degrees, dense cortical bone generally occupied most of the samples. 
In contrast to the other control animals, the autologous bone group showed marked chronic 
purulent osteomyelitis, abscess formation with sequestration of alveolar bone. The bone-
bioimplant interface was smooth and there was minimal or no reaction towards the bioimplant, and 
merely a thin fibrous layer between the biomaterial and the newly formed bone was seen 
confirming the osteoconductive properties of the scaffold. Histopathological analysis showed mild 
chronic inflammatory reactions spreading around the surface of the implant material in one animal. 
Biomaterial scaffolds of PTMC+TCP showed new bone formation, the bioimplant was 
osseointegrated within the newly formed bone. The new bone is attached directly to the bioimplant 
surface forming an irregular junction with intrusions 20-30 μm into the bioimplant. Osteoclast-type 
cells were also covering the surface of implants, confirming osteoconductive properties of 
biomaterial.  Nevertheless, histopathological analysis showed that all PTMC+TCP-implanted animals 
developed variable degrees of chronic necrotic inflammation (Figure 13). Radiological evaluation of 
CT data supported this finding.  
 
All animals in the biomaterial scaffold groups showed the bone formation around the scaffold, while 
the bone formation inside the biomaterials varied. Animals in PTMC and PTMC+TCP group showed 
substantial bone growth within the scaffold (34-39% of total volume). No substantial differences 
can be stated between the two biomaterial scaffold groups, due to small study groups.  
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Figure 13. Histopathological analysis of bone sections from minipig mandible. 
Histology of the defect site. Masson’s Trichrome staining on hard tissue sections. Rows A-C; PTMC, D-F; PTMC+TCP, G-
I; empty defect, J-L; autologous bone. In group B, fibrotic/necrotic mass is seen in pink (right upper corner) both in 
overview and close up.  =new bone formation, bm=bioimplant, dashed line= interface between native bone and 
defect site. Scale bar in image 500 μm.

6 Discussion

6.1 Optimization of media purification 

In study I, we aimed to optimize the use of extracellular vesicles in bone research, which is a very 
relevant topic, since the most commonly used supplement for cell culturing is FBS, consisting of high 
amounts of bovine vesicles. These vesicles may be internalized by the recipient cells and can 
potentially compromise the results of the study, causing confounding physiological effects (Eitan et 
al. 2015, Shelke et al. 2014). FBS-EV contamination of media (Lasser et al. 2011) may obscure finding 
potential markers in studies aiming at identifying EV-derived biomarkers from cultured cells. Wei 
and coworkers (2016) have revealed that FBS contain regulatory RNAs (miRNA, rRNA, snoRNA and 
Y-RNA). Publicly available datasets of EV RNA sequencing confirm the detection of bovine RNA (Kaur 
et al. 2018, Tosar et al. 2017), for example, mir-122, mir-451a and mir1246, derived from FBS are 
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present in abundance in cell culture derived EVs. In order to achieve reliable results, it is pivotal to 
remove FBS-derived RNA from FBS to be able to assess the actual effect of cell-derived EVs. 
 
Currently, the methodology for FBS purification of EVs is not standardized. Even though the demand 
is high, current purification methods are not optimal. UC of FBS only partially removes EVs or EV-
RNA from media (Shelke et al. 2014, Wei et al. 2016, Tosar et al. 2017, Kaur et al 2018) and these 
protocols vary extensively from one lab to another (Ratajczak et al. 2006). Technical variability is 
caused by different equipment and multiplied by operator skills producing huge methodological 
differences between different laboratories. Also, commercially available products of EV-depleted 
serums are still not pure and contain FBS EVs. Thus, a lack of transparency of protocol details and 
harmonization of the dFBS production renders comparison of the EV research results from different 
laboratories somewhat troublesome. 
 
We developed an UF-based procedure for purification of FBS, which appears to be an efficient and 
affordable method compared to existing protocols. It is standardizable as the filter is commercially 
available, and the protocol can be performed in any laboratory using commonly available 
equipment. Additionally, according to our research, using NTA, EM, protein analysis and RNA 
detection, UF-dFBS showed no signs of residual EVs. UF-serum can maintain cells in culture and 
when compared to serum-free media, shows higher viability and proliferation rate as well as lower 
ROS-levels. Thus, the UF-based method yields an EV-free serum, which is crucial for pure cell –
culture-based EV research. 
 
The UF filters used in our study retain proteins larger than 100 kDa, allowing smaller proteins to 
pass into filtrate. Thus, it allowed cell growth and formation of ECM (Sakai et al. 2003). Due to the 
filter size cut-off, the limited availability of large molecules, such as glycoproteins, may have had 
suboptimal effects on cell differentiation and proliferation (Banerje et al. 2016), which may still 
require additional optimization studies. 
 
Presumably, due to the lack of proteins in UF-dFBS, AT-MSCs showed slower proliferation rate and 
growth capacity compared to normal FBS. Interestingly, this was not observed in cancer cells, 
indicating that there is a cell type dependent limitation. Similarly, UC-dFBS has also been reported 
to induce decreased growth rate, migration rate and differentiation capacity in some cell types, such 
as human A549 lung epithelial cells (Shelke et al. 2014), human cardiac progenitor cells (Angelini et 
al. 2016), human U87 glioblastoma cells, human HEK293t cells, human SH-SY5Y neuroblastoma cells 
and mouse N2a neuroblastoma cells (Eitan et al. 2015). Importantly, although the cell proliferation 
was less efficient in UF-dFBS media than in UC-dFBS and regular FBS, as UF-FBS filters out more 
'nutrients' from the media. Although, the condition in UF is still more 'stable, less variability thus 
better reproducibility. Large heterogeneity in the proliferation rates in UC-dFBS and FBS media was 
detected compared to UF-dFBS media. Since there was less variation between the test repeats in 
UF-dFBS supplemented medium than in other media, UF-dFBS appears to offer higher 
reproducibility of experiments. 



 
 

48 
 

 
As adhesion was potentially affected in the UF-DFBS conditions, we performed flow cytometry using 
CD34 and CD54 on AT-MSCs, which shed light onto the behavior of the cells in the purified media 
conditions. The expression of these markers has been shown to relate to cell adhesion factors 
(Sidney et al. 2014). Cells cultured on normal culture plates in UF-dFBS showed a tendency for 
increased expression in these markers, which could potentially be affected by the absence of large 
molecules such as glycoproteins. Lack of glycoproteins causes adaptation of the cells via 
upregulation of adhesion molecule expression (Banerje et al. 2016). This mechanism eventually 
helps cells to attach to the surface and subsequently enhances proliferation. 
 
For the first time, we demonstrated that EV-depleted dFBS could be produced in any laboratory 
while maintaining cells up to 96h, which should be sufficient for collecting cell-produced-vesicles 
based on the most published EV experiments.  
 
 
6.2 Effect of extracellular vesicles on AT-MSCs and bone remodeling pathways 
 
Monocytes secrete many soluble factors prompting osteogenic differentiation and proliferation of 
mesenchymal precursors (Pirraco et al. 2013). We have tested the osteogenic potential of 
monocytes in different conditions and compared them. Osteogenic potential was stronger when 
AT-MSCs were activated with LPS (Omar et al. 2011). There are studies confirming that EVs collected 
from conditioned media in LPS stimulated cells to upregulate the expression of osteogenic markers, 
such as RUNX2 and BMP2 (Ekström et al. 2013). In this study, we did not see significant upregulation 
of osteogenic markers in AT-MSCs by MC-EVs, neither in maintenance medium nor in osteogenic 
conditions. Osteoclasts have a back-loop ability to stimulate osteoblast activity and osteogenic 
differentiation of MSCs (Pederson et al. 2008, Henriksen et al. 2012). Simultaneously, osteoclast EVs 
can transfer miR-214-3p to inhibit osteoblast activity (Li et al. 2016; Tang et al. 2016).  The 
remodeling pathways in bone differ, depending on the EV cargo.  
 
Tissue repair mechanisms are mediated via new ECM deposition, when old ECM components are 
degraded (Silva et al. 2017). Microenvironment remodeling also involves metalloproteinases 
(MMPs) which could be delivered by EVs. Many different cells secrete EVs that carry MMPs 
(Shimoda et al. 2013), including immunomodulatory cells (Dalli et al. 2013). Our study showed that 
EVs from activated immunomodulatory cells do not only carry MMPs, but they can also upregulate 
its expression in mesenchymal progenitors. In bone remodeling, MMP-dependent removal of ECM 
components occurs during the reversal phase that precedes bone formation: collagens protruding 
from the bone surface are removed by bone lining cells (Everts et al. 2002). Based on our data, we 
suggest that monocytes are involved in processes related to ECM structure reorganization, for 
example removal of collagens. Our findings suggest that monocytes produce EVs which enable 
differentiation of MSCs into bone lining cells. ICAM1 is upregulated in the presence of MC-EVs media 
compared to EV-depleted MM and ODM (Everts et al. 2002).  
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6.3 Epigenetic alteration in AT-MSCs by osteosarcoma-derived EVs 
 
Tumorigenesis is strongly linked with TME and could be impacted by cell derived EVs (Deregibus et 
al. 2007, Deregibus et al. 2013). Vesicles may have two, sometimes simultaneously occurring 
opposite functions as there are both immune-stimulatory and -inhibitory (Kahlert et al. 2013). 
Stimulation or inhibition of cells is the outcome of the EV balance and its activity, therefore EVs are 
potential biomarkers for cancer development, progression, and metastasis. 
 
OS-EVs have demonstrated the ability to start the modification processes in MSCs (Cortini et al. 
2017, Vallabhaneni et al. 2016, Urciuoli et al. 2018).  For example, in an in vivo mouse study, OS-EVs 
carrying functional TGF-β were internalized by MSCs and shown to alter the MSCs phenotypes 
towards a pro-tumorigenic and pro-metastatic phenotype by activating oncogenic IL6-STAT3 
signaling pathways, thereby promoting tumor growth and metastasis (Baglio et al. 2017). 
 
It has previously been reported that OS-EVs contain proteins related to tumor progression and 
metastasis (Jerez et al. 2017, Garimella et al. 2014), in addition to the presence of repetitive DNA, 
including satellites and transposable elements (Bronkhorst et al. 2018). To see the capacity of 
vesicles in initiating differentiation processes in MSCs, we tested several different concentrations of 
EVs. As these concentrations are non-standardized and heterogeneous, it is difficult to propose 
what the optimal composition for an experimental setup would be. The heterogeneous cargo of EVs 
supposedly includes molecules which have strong reprogramming capability. It has been previously 
reported that OS cargo induces an epigenetic response in recipient cells by affecting their 
methylation status, thereby promoting genomic instability (Zhu et al. 2014). 
 
In our study, a decline in global LINE-1 methylation level in MSCs after 3 days of OS-EV exposure 
was observed. It remained at the same level until day 7, before it returned to base level, meaning 
that OS-EVs, indeed, have capabilities to initiate MSC transformation, but require stronger input to 
promote sustained transformation. When the same experiment was performed on pre-osteoblasts, 
hypomethylation was not observed, indicating that more differentiated cells could be interpreted 
to be less affected by tumorigenic processes. However, full transformation of MSCs was not 
observed, likely due to the transient effect of OS-EV exposure or need for several oncogenic hits.  
 
Transformation of normal cells is a multistep process, which is linked to accumulation of genetic and 
epigenetic alterations. To address the timing of genome-wide methylation and to determine 
whether it is causing the transformation of MSCs, Wild and co-authors (2010) developed a model 
to produce fully transformed MSCs by introducing five consecutive oncogenic hits.  Contrary to our 
results, they show that DNA hypomethylation can occur later during stepwise transformation, 
although in vitro transformation could also take place in the absence of hypomethylation. However, 
it should be noted that the actual epigenetic changes occurring during the in vivo transformation 
may not recapitulate in a simplified cell model.  
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As global hypomethylation affects the genome-wide methylation levels (Ehrlich et al. 2002), we 
further investigated whether OS-EVs influenced tumor suppressor genes. The methylation status of 
the 29 tumor suppressor genes was not affected by the treatment with OS-EVs, meaning that 
application of OS-EVs over a short period of time is not enough to induce promoter 
hypermethylation of the selected genes. This points towards the fact that long-term changes occur 
at a later stage of transformation. 
 
Gene expressions of MMP1, VEGF-A and ICAM1 were significantly upregulated in MSCs and pre-
osteoblasts after application of OS-EVs, indicating that there was a similar effect from OS-EVs on 
differentiated and undifferentiated AT-MSCs. MMP1, for example, is involved in extracellular matrix 
remodeling and in facilitating invasion and metastasis (Bjornland et al. 2005). Binding of VEGF-A to 
its receptor results in the expression of MMPs, which subsequently allows for ECM degradation and 
formation of new vessels. Further, overexpression of VEGF-A in OS is associated with lung metastasis 
and poor overall survival (Chen et al. 2013).  ICAM1 is highly expressed in many cancers and relates 
to cell invasion via ECM. Increased expression of ICAM1 has previously been reported in OS cells co-
cultured with AT-MSCs (Cortini et al. 2017). Our findings have been confirmed by protein level data 
which was analyzed by flow cytometry. These findings suggest that MSCs can be transformed into a 
cancer associated fibroblast phenotype by the OS-EVs treatment. 
 
In our study, we assessed genes related to osteogenesis (RUNX and ALPL) and genes related to 
adipogenesis (PPARγ). When OS-EVs were introduced, it produced a unique signature to the 
regulation of these genes, by upregulating RUNX2 and downregulating ALPL and PPARγ, although 
only PPARG showed statistically significant results. It is also known that expression of RUNX2 and 
PPARγ can be regulated by either the Smad or the p38 MAPK pathway, depending on the 
composition and concentration of signaling cues in the microenvironment (Chen et al. 2016) Our 
results demonstrate an upregulation of RUNX2 in MSC with osteogenic stimulation, while 
simultaneously inhibiting adipogenesis, as indicated by the expression of PPARγ. OS cells are known 
to share many features with osteoprogenitors, such as expression of osteogenic markers (RUNX2, 
ALPL), furthermore, more aggressive OS phenotypes often resemble early osteoprogenitors, while 
less aggressive tumors appear to share similarities with osteogenic MSCs that have progressed 
further along the differentiation cascade. For instance, ALPL exhibits lower expression in OS tumor 
cells compared to committed osteoblastic cell line (Wagner 2011). These results cannot fully prove 
the commitment of MSCs into changing towards tumorigenic phenotype, but the cargo of OS-EVs 
initiated the MSCs alteration towards it. 
 
 
6.4 Custom-made implants for treatment of large mandibular defects 
 
While human body has a capacity to regenerate itself, the size of the bone loss may inhibit full 
recovery. That, however, could be achieved by improving the mechanical properties and 
degradation kinetics of biomaterials to provide better solutions for tissue reconstruction (Qu et al. 
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2019, Yu et al. 2015). Therefore, restoration of the anatomical and physiological properties of bone 
requires, bone grafts, custom-made implants or other bone substitutes. With the development of 
technology in the field of tissue engineering, the invasiveness of procedures is decreasing. This 
reduces the need for repeating surgical procedures by eliminating the need for donor tissue harvest. 
As a result, research in this field improves the regenerative outcomes, and makes the results more 
predictable, with less alteration in size/dimension of the biomaterial over time.  
 
In fact, as the defects in our study were covered with mucoperiosteal flap, most of the bone formed 
was due to growth factors released from the periosteum and bone, rather than the osteoinduction 
of scaffolds. Although the study was carried out mimicking a CSD, the exact size of CSD in pigs is still 
unknown (Ruehe et al. 2009, Konopnicki et al. 2015). Ma and his team (2009) showed that if 
periosteal integrity is disrupted in a continuity defect in the body of the mandible of minipig, 2 cm 
is of critical-size, and if the periosteum is left intact, a 6 cm defect is of critical-size. Our study 
supports this conclusion by showing that the periosteum influences the healing of a large empty 
defect. 
 
It was also noticeable from the radiographic analysis, that there was a distinguishable difference 
between newly formed bone inside biomaterial and natural bone edges in the scaffold group. New 
bone formed primarily through an intramembranous ossification mechanism. However, 
histologically, the newly formed bone showed successful integration with PTMC+TCP. The 
composites showed intimate osseointegration of new bone on the surface of the bioimplant without 
interfering loose connective tissue as observed with pure PTMC. It has been previously emphasized 
that the lack of mechanical stability and subsequent micro-modifications in the implanted structures 
may prevent bone formation inside the bioimplants (Konopnicki et al. 2015). In our case, the 
implants were stable, and inflammation appeared most likely due to infection.  
 
In our study, PTMC+TCP bioimplants were susceptible to infection, the pathogenesis of which has 
not yet been fully elucidated. It is possible that the rapid rate of degradation of large amounts of β-
TCP from the surface caused local changes in the microenvironment resulting in subsequent 
inflammation and infection. Since the aim of this study was to develop a workflow for reconstructing 
a large sized defect with osteoinductive scaffolds, for such a heavy load-bearing area infection could 
be considered as a minor complication.  
 
Although animal models may closely represent the mechanical and physiologic human clinical 
situation, it should be remembered that they reflect only approximations, with each animal model 
having unique advantages and disadvantages. Their postoperative co-operation is also lacking. 
Nevertheless, the ultimate goal of the use of an animal model is to transfer the obtained results to 
clinical practice. 
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6.5 Future perspectives  
 
The immune response plays a crucial role in tissue remodeling and healing processes. Discovery of 
EVs is of great interest to the regenerative medicine field as EVs are part of the bridge between 
immune response and tissue healing, being a biological alternative to growth factors (Silva et al. 
2017). Our studies showed how EVs were able to initiate and control functions between MSCs and 
EV donor cells. Signals secreted from osteosarcoma cells or monocytes initiated remodeling of 
microenvironment and played a crucial role in altering the recipient cells. These in vitro models 
provided the scientific community with a better comprehension of the exact mechanisms involved 
in bone remodeling. By promoting the formation of bone lining cells, EVs could facilitate enhanced 
bone remodeling and may prove useful in the treatment of bone disease or injury.  
 
Currently, techniques to repair bone defects in humans focus primarily on restoration of the 
mechanical properties of a body part. These techniques offer solutions for delivery and fixation, 
although they are not focused on the integrity of the tissues. Our proposed strategies offer 
immediate mechanical stability and custom made bioimplants for clinical use based on the patient 
specific defect. To build new bone tissue, it is important to investigate further clinical applications 
of bioimplants in vivo in combination with chemical and biological factors such as EVs. 
 
Improved understanding of signaling pathways in bone regeneration will hopefully lead to the 
design of advanced bone-substitute materials. The development of biomaterials with easy handling 
is one of the future goals in tissue engineering. Current knowledge to plan the reconstruction in 3D 
and print the biomaterial, with signaling agents such as TCP and extracellular vesicles, is emerging, 
but lacks standardization. Development of validated GMP (good manufacturing practice) protocols 
and stable workflows for clinical application are the future research goals for biomedicine.  
 
 
7 Key findings and conclusions 
 
The overall aim of the thesis was to understand bone remodeling mechanisms and find “new 
players” in these processes, such as EVs, as well as to develop novel tissue-engineering approaches 
for rehabilitation after the surgical interventions.  
 

1. We performed a thorough comparison between the different methods of obtaining pure 
fraction of EVs and commercially available products. For the first time, we were able to 
obtain completely EV-free dFBS that can be easily produced in any research laboratory. Our 
method is cost-effective and simple to standardize. It also fully supports cell proliferation for 
up to 96h, which is sufficient for most EV experiments. This protocol will help the researchers 
obtain pure cellular EVs with high confidence, thus improving the quality of further research. 
(Publication I) 
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2. A bone remodeling study was performed with AT-MSCs, where we used human osteoclast 
EVs to promote osteogenesis in different conditions. The effect of osteoclast EVs on gene 
expression was compared to the EVs from LPS-activated monocytes. The EVs derived from 
activated monocytes upregulate the expression of various cytokines involved in the 
chemotaxis of leukocytes. In addition, the EVs stimulated processes related to 
reorganization of the ECM structure, in particular, the removal of collagens. The signals 
conveyed by MC-EVs appear to engage MSCs into remodeling of the microenvironment, a 
crucial step in tissue repair. (Publication II) 
 
 
 

3. The effects induced by OS-EVs on AT-MSCs showed for the first time that OS-EVs are 
implicated in epigenetic reprogramming of MSCs. Global LINE-1 hypomethylation level was 
used for assessing global methylation level. We have also detected an oncogenic effect of 
OS-EVs on MSCs gene expression related to bone microenvironment remodeling, and 
further observed a dose-dependent effect of OS-EVs on adhesion molecule expression 
ICAM1/CD54 in MSCs. Additional studies are needed to investigate the elements responsible 
for global LINE-1 hypomethylation in OS-EVs as well as for identifying the mechanisms by 
which LINE-1 hypomethylation affects MSC behavior. (Publication III) 

 
 
 

 
4. The animal project was set out to create a new personalized treatment and improve the 

restoration of form and function caused by large bone defects in the cranio-maxillofacial 
area. The bioimplant design was based on CT images and adjusted by simulation of the effect 
of biting forces on supporting plates. The PTMC+TCP biomaterial implants showed 
osteoconductive and osteoinductive properties and integrated very tightly with the bone 
tissue. Although the PTMC+TCP scaffolds developed inflammation in the pigs, TCP scaffold 
groups show new bone formation on the scaffold surface and implants were also lined with 
osteoclast-type cells. (Publication IV) 
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