Optimizing the conditions for monitoring the proliferation and differentiation of Mesenchymal Stromal Cells during bone formation
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Summary

Bone tissue engineering is an interesting research field for the treatment of large bone defects and bone related diseases. Mesenchymal stromal cells are an attractive cell source to use in bone tissue engineering. In animal models the combination of mesenchymal stromal cells and scaffolds showed increased bone formation and fracture healing. Bioluminescent imaging is an attractive tool to monitor in vivo bone formation, because it makes it possible to monitor real time reactions without the need to sacrifice animals. The technique is based on the activity of the enzyme luciferase, which catalyses the reaction of the substrate D-luciferin into oxyluciferin, which leads to the emission of photons. This light can be detected with a very light sensitive camera, called bioluminescent imaging. Mesenchymal stromal cells are multipotent cells, they can differentiate in vitro into osteoblasts, chondrocytes, adipocytes, myocytes and tendon fibroblasts. They are isolated from different sources, but mainly from the bone marrow. They can be easily isolated because of their plastic adherence, and expanded in culture in the presence of growth factors and cytokines. A luciferase gene driven by a constitutive promoter can be used to monitor the proliferation of transduced mesenchymal stromal cells. A luciferase gene driven by a bone tissue specific promoter (osteocalcin or collagen type I) could be used to monitor the differentiation of the mesenchymal stromal cells during bone formation. Lentiviral transduction, has been used for a stable integration of the promoter with the transgene in the mesenchymal stromal cells. Titrations showed that the optimal conditions for transduction is a 24 hour incubation and a polybrene concentration of 6 μg/ml. The transduction efficiency was determined, according to the percentage of green fluorescence protein positive cells, using fluorescence activated cell sorting. The green fluorescence protein expression is stable integrated in the genome and showed longterm expression in time. Transduced mesenchymal stromal cells are still able to differentiate into adipocytes and osteoblasts. However, the luciferase activity decreases after osteoblast differentiation. This could be due to a lower metabolism of the cells. To test the functionality of the LV-OC-Luc2-CMV-GFP construct; human mesenchymal stromal cells were transduced and induced with vitamin D3. The stimulation with vitamin D3 resulted in a 1.7 ± 0.3 fold induction of luciferase expression. Previous experiments showed that it is not possible to transduce human mesenchymal stromal cells in the presence of platelet lysate or human serum albumin. Pre-conditioning of the cells with one of the following methods, an acidic wash on a cell pellet or on the cells in the flask, trypsinisation of the cells or 10 times washing with phosphate buffered saline before the transduction makes it possible to transduce cells which are cultured in platelet lysate medium. Bioluminescent imaging has, after optimalisation, the potential to monitor and quantify the dynamic process of bone production and to study underlying molecular mechanisms
Samenvatting

Bone tissue engineering is een interessante techniek voor de behandeling van grote bot defecten en bot gerelateerde ziekten. Mesenchymale stromale cellen zijn hiervoor een interessante bron van cellen, ze kunnen namelijk uitgezaaid worden op scaffolds, van verschillende biomaterialen, en zo gebruikt worden als voor het opvullen van bot defecten en verbeterde fractuur heling. Bioluminescent imaging maakt het mogelijk om directe reacties waar te nemen zonder dat het dier gedood hoeft te worden. Hierdoor is het een interessante techniek voor het volgen van in vivo botvorming. Het enzym luciferase katalyseert de reactie van het substraat D-luciferine naar oxyluciferine, dit resulteert in de emissie van fotonen. Het licht kan gedetecteerd worden door een zeer lichtgevoelige camera, deze techniek wordt bioluminescent imaging genoemd. Mesenchymale stromale cellen zijn multipotent, ze kunnen in vitro differentiëren naar kraakbeen, bot, vet, spier en peescellen. Isolatie van mesenchymale stromale cellen is vrij simpel omdat ze zich hechten aan plastic, ze kunnen makkelijk in vitro geëxpandeerd kunnen worden in de aanwezigheid van groeifactoren en cytokines. Om de proliferatie van de mesenchymale stromale cellen in vivo te volgen, kan er een luciferase gen gekoppeld aan een constitutieve promoter gebruikt worden. Voor het volgen van de differentiatie, tijdens de botvorming, kan er gebruik gemaakt worden van een luciferase gen dat gekoppeld is aan een specifieke promoter voor botweefsel (osteocalcine of collageen type 1). Het lentivirus is vervolgens gebruikt om de promoter met het transgen in het genoom te laten integreren van de humane mesenchymale stromale cellen. Uit titraties is gebleken dat de optimale condities voor transduceren is een incubatie van 24 uur en een polybreen concentratie van 6 μg/ml. Aan de hand van het signaal van het green fluorescent protein, werd de transductie efficiëntie bepaald met behulp van fluorescence activated cell sorting analyse. De expressie van het green fluorescence protein blijft gelijk wanneer de cellen prolifereren. Mesenchymale stromale cellen zijn ook na transductie nog in staat tot differentiatie naar adipocyten en osteoblasten. De luciferase expressie neemt echter wel af na differentiatie in osteoblasten, dit wordt mogelijk veroorzaakt door een verlaagd metabolisme van de cellen. Om de functionaliteit van het LV-OC-Luc2-CMV-GFP construct te testen waren humane mesenchymale stromale cellen getransduceerd en gestimuleerd met vitamine D3. Deze stimulatie resulteert in de verhoging van de luciferase expressie met een factor 1,7 ± 0,3, in met osteocalcine promoter gestuurde luciferase getransduceerde, mesenchymale stromale cellen. Voorgaande experimenten toonde aan dat het onmogelijk is om mesenchymale stromale cellen in de aanwezigheid van plaatjes lysaat of humaan serum albumine te transduceren. Voorbehandeling van de cellen met een zuur wassing op de cel pellet of op de cellen in de fles, het trypsiniseren van de cellen en het veelvuldig wassen van de cellen met fosfaat gebufferd fysiologischzout maakt het echter wel mogelijk om cellen te transduceren die voorheen zijn gekweekt met plaatjes lysaat. Het gebruik van bioluminescent imaging is, na optimalisatie, een potentiële techniek voor het volgen en kwantificeren van het dynamische proces van botvorming en het bestuderen van de onderliggende moleculaire mechanismen.
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Basic fibroblast growth factor
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Good manufacturing practice
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HSA 

Human serum albumin
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Human telomerase reverse transcriptase
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Isobutyl methylxanthine
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Internal ribosomal entry site
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Luria broth
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Long terminal repeat
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Multiplicity of infection
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New England biolabs
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Penicillin/Streptomycin
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Phosphate buffered saline
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Poly(A) tail
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RRE

Rev response element
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Room temperature

SAP

Shrimp alkaline phosphatase

SIN

Self-inactivating
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Super optimal catabolite

SSC 

Side light scatter

TGF-β1 
Transforming growth factor-β1
TU

Transduced units

UV

Utra-violet

Vpr

Viral protein R



VSV-G

Vesicular stomatitis virus glycoprotein G
MEM

 Minimal essential media
1. Introduction

1.1 Bone Tissue Engineering

Bone tissue engineering is an interesting research field for the treatment of large bone defects and bone related diseases. Large bone defects can be caused by a trauma, inflammation and tumour surgery. Present therapeutic approaches, like bone graft transplants, do not work efficiently. Mesenchymal stromal cells (MSCs) would be an attractive cell source to use in bone tissue engineering because of their bone forming potential, their ease of expansion in culture and their immunological characteristics. Scaffolds of different biomaterials seeded with MSCs can be used as substitute for present therapeutic approaches. They have the ability to integrate with the host bone. Bone tissue engineering allows the use of patients own cells or unrelated donors [1,2].
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1.2 Mesenchymal Stromal Cells
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MSCs are fibroblast-like (figure 1.1) multipotent cells, they can differentiate in vivo into mesenchymal tissues such as bone, cartilage, muscle, ligament tendon and adipose (figure 1.2). In vitro they can differentiate into at least osteoblasts, chondrocytes, adipocytes [3], myocytes [4] and tendon fibroblasts [5]. MSCs can be isolated from peripheral blood, umbilical cord blood, adipose tissue, fetal liver, amniotic fluid, lumbal stroma of the eye, placenta and muscles, but are mainly isolated from the bone marrow [6]. The incidence of MSCs in the bone marrow is very low, less than 0.001% of all mononucleated cells. MSCs are isolated easily from the mononuclear cells of the bone marrow, because they adhere to tissue culture plastic. The colonies that grow from fresh bone marrow are called colony forming unit fibroblast (CFU-F). MSCs do not express a specific marker, but they are positive for the general MSC markers CD73, CD90 and CD105, they are also positive for the adhesion markers CD13, CD29, CD44, CD49e, CD55 and CD117. They are negative for the hematopoietic markers CD3, CD14, CD19, CD34, CD45 and CD235a [3,7]. MSCs are regarded as non-immunogenic and have immunosuppressive and immunomodulatory properties. They produce, for example, immunosuppressive cytokines which inhibit T cell and dendritic cell activity [8].
In vitro differentiation

As mentioned before, MSCs can differentiate in vitro into osteoblasts, chondrocytes and adipocytes. MSCs differentiate into osteoblasts in the presence of ascorbic acid, β-glycerophosphate and dexamethasone. During this differentiation the expression of alkaline phosphatase is increased. Adipocyte differentiation is achieved by adding dexamethason, isobutyl methyl xanthine (IBMX), indomethacin and insulin. Clusters of vacuoles filled with lipid will appear within the cells [3]. MSCs differentiate into chondrocytes in the presence of dexamethason, natriumpyruvate, L-proline and transforming growth factor-β1 (TGF-β1), this results in a major induction of glycosaminoglycans within the extracellular matrix. Collagen type II and aggrecan are produced, which are both important proteoglycans in cartilage structures [3,9].
Platelet lysate

MSCs are usually cultured in medium supplemented with fetal calf serum (FCS) and growth factors. For the use of MSCs in clinical applications, it is required that the MSCs are cultured under good manufacturing practice (GMP). The use of FCS carries the risk of transmission of animal pathogens and immunological reactions against FCS proteins [10]. GMP requirements can be achieved by the use of platelet lysate (PL) as a FCS substitute [11]. Platelet lysate is obtained by lysis of platelet by freezing (-20 °C), the cell debris is removed by centrifugation.

PL can be used as a natural source of growth factors. The use of medium supplemented with PL results in a more efficient in vitro expansion, an increased CFU-F size and maintained differentiation capacity as compared with FCS cultured MSCs [11]. In vivo experiments also revealed that cells cultured with PL results in bone formation with all donors, which is not the case with cells cultured with FCS. For this reason the use of PL in the cultures of MSCs in clinical should be the method of choice. They also appear to perform better than FCS in applications in bone tissue engineering and bone related diseases (unpublished data). 
1.3 Lentiviruses
Lentiviral vectors are based on human immunodeficiency virus type 1 (HIV-1), and belong to the retroviruses. They have, in contrast to other retroviruses, the ability to infect both dividing as non-dividing cells [12]. Lentiviral vectors are effective agents for the delivery of a transgene in several tissues, they integrate stably into the genome of the host cell, which results in a long-term expression and transmission of the transgene to daughter cells. They are less prone to transcriptional silencing than other retroviral vectors [13,14] and they do not transfer viral genes [15].
Biosafety

Every mammal has its own wild type viruses, to prevent development of replication competent recombinants of the virus, vector biosafety is necessary. An important step in vector biosafety is achieved by elimination of non-essential, but crucial virulent, genes [16]. It is possible to eliminate so many genes, because of the targets and the port of entry varies from that of the wild type virus. There is also a main difference between the wild type virus and the vector in the immune defence of the host and the aim of the infection. The vector only delivers the genes in the genome of the host, while the wild type virus has more features, like viral replication [12].
The biosafety was further ensured by the development of the self-inactivating (SIN) lentiviral vectors. This means that the viruses only infect the target to deliver the transgene, but they are not able to perform any replication. This effect could be achieved by a deletion in the U3 region of the 3’ long terminal repeat (LTR). Because of this deletion, production of vector transcripts containing packaging signals is not possible anymore. [12,13].
Lentivirus production
Lentiviruses are produced by a transient co-transfection of 3 constructs in 293T cells. This results in a virus of the second generation (figure 1.3). One of the constructs provides the envelop protein (env), one is the packaging construct (ψ) and the other is the lentiviral vector which contains the genes of interest. Several elements are provided on the constructs, they can be either cis- or trans-acting.

Cis-acting elements are sequences which do not encode for proteins but mediate the replication, integration and packaging of the lentiviruses. Trans-acting elements encode for proteins which are necessary for the transduction (attachment, entry, reverse transcription and integration), they are excluded from the vector of interest, but present on the other vectors. This makes the use of lentiviral vectors safer; there is no viral replication possible when only the lentiviral vector is present [17].


There are 3 important structural genes; gag, pol and env, these genes are also available in other retroviruses. Gag encodes for three unspliced subunits, which are responsible for the capsid and the matrix [14,17]. Pol encodes for three enzymes: protease, reverse transcriptase and integrase. The protease is responsible for the cleavage of the gag proteins. The env gene encodes for the envelope glycoprotein G of the vesicular stomatitis virus (VSV-G) which is essential for the binding and entry of the virus into to target cell [17].

The genome of lentiviruses is very complex, besides the structural genes there are also other genes which acquire different features like Ψ, this is the packaging signal which is required for the packaging of the transfer vector into the virus. The LTR, tat gene and rev gene are essential for viral gene replication. Rev interacts with Rev Response Element (RRE), which is required for the transport of the vector genome from the nucleus to the cytoplasm [17].
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Transduction of non-dividing cells can be achieved due the viral protein R (Vpr) [17]. Vpr, the Gag matrix, and the integrase proteins in the pre-integration complex mediate active transport through the nucleopores during interphase. This is not possible in other retroviruses, because there the vector could only be delivered when the nuclear membrane is fragmented during mitosis [14].
1.4 Bioluminescent Imaging

Bioluminescent Imaging (BLI) can be used for in vivo and in vitro experiments. BLI is a interesting technique, because it is highly sensitive and it makes it possible to monitor real-time reactions during in vivo experiments without the need to sacrifice the animals. This property makes it possible to repeat measurements in the same animal.

Luciferase is the most commonly used reportergene for BLI. It is isolated from the firefly Photinus pyralis, and it is an enzyme that catalyses the reaction of the substrate D-luciferin into oxyluciferin, which leads to the emission of photons (figure 1.4). 
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Adenosine Triphosphate (ATP) and O2 are present in every organ, and the substrate D-luciferin diffuses after intra peritoneal injection within a few minutes through the entire body, and is rapidly taken up by cells. Because of the long wavelength of the light, >500 nm, the light can penetrate through tissues including bone and can thereby be detected with a very light sensitive camera, a cooled charged coupled device (CCCD) camera [18].
1.5 Aim of study
MSCs would be an attractive cell source to use in bone tissue engineering because of their bone forming potential, their ease of expansion in culture and their immunological characteristics. Goat MSCs (gMSCs) are already been monitored in vivo during bone formation. gMSCs marked with a luciferase gene, were seeded on porous ceramic scaffolds and implanted in immune deficient mice. BLI was used as a tool to monitor the MSCs during the in vivo bone formation. They found a correlation between the proliferation rate of the gMSCs and bone formation on the scaffolds. Little is known on the survival and outgrowth of the human MSCs after implantation [19]. This leads to the aim of my research project:
· Monitor the proliferation and differentiation of hMSCs during bone formation using bioluminescent imaging

For that we transduced hMSCs with a luciferase gene driven by a constitutive or tissue-specific promoter using lentiviruses. This makes it possible to follow the MSCs in real-time after transplantation. A constitutive promoter will be used to follow the proliferation. Differentiation will be followed with a tissue specific promoter like osteocalcin or collagen type I. These proteins are produced during differentiation of MSCs into osteoblasts, and are therefore a marker for osteogenic differentiation. 
2. Materials and Methods

2.1 Transformation

To obtain large amount of deoxyribonucleic acid (DNA) of the constructs, DH5( competent cells (Invitrogen, Carlsbad, USA) were used for transformation. 1 μg DNA of the vector was added to 25 μl of DH5 competent cells and incubated for 20 minutes (min) on ice. To heat-shock the bacteria, the cells were incubated for 90 seconds (sec) at 42 °C, and cooled on ice for 2 min. 800 µl Super Optimal Catabolite medium (SOC-medium, Invitrogen) was added and the suspension was incubated for, at least, 20 min at 37°C. The suspension was centrifuged (Eppendorf centrifuge) for 1 min at 15,000 rpm and the supernatant was discarded. The bacterial pellet was resuspended in de remaining SOC-medium and plated on a Luria Broth Base (LB, Invitrogen) plate containing 1 mg/ml ampicillin. When the vector is taken up by the bacteria, they receive a ampicillin resistance, which is used for selection. The plates were incubated overnight (o/n) at 37 °C. A single colony was transferred to 3 ml LB medium containing 1 mg/ml ampicillin and incubated for 4-6 hours. This bacteria culture was transferred to 250-500 ml LB medium containing 1 mg/ml ampicillin and incubated at 37°C o/n. The bacteria culture was centrifuged at 4,000 g at 4 °C for 15 min. The vector was isolated from the pellet using a Nucleobond AX500 Maxi-prep kit (Macherey-Nagel, Hoerdt, France) according to manufacturers instructions. The DNA concentration was measured using a biophotometer (Eppendorf), and diluted to 11μg/ μl).

2.2 Restriction Analysis

Restriction analysis was performed to determine the size and purity of the constructs obtained after isolation. For pLV-CMV-Luc2-IRES-GFP, 1μg DNA was digested in buffer NEB2 (New England Biolabs, NEB, Frankfurt, Germany) and 1x BSA (bovine serum albumin, NEB) with 20 units (U) of XhoI (NEB) and XbaI (NEB). This results in 2 bands of 9276 bp and 1724 bp. For pLV-OC-Luc2-CMV-GFP, 1μg of DNA was digested in buffer NEB3 with 20 U of EcoR1(NEB) and BamHI (NEB). This results in 4 bands of 6 kb, 2 kb, 1.3 kb and 600 bp. All reactions were performed by a incubation for 1 hour at 37 °C. The digestions were analysed with gel electrophoreses, described in chapter 2.3.

2.3 Development of pLV-Col1-Luc2-CMV-GFP

During osteoblast differentiation there is expression of collagen type 1, this expression is earlier in the differentiation than the expression of osteocalcin. To monitor early osteoblast differentiation in vivo with BLI, a lentiviral construct with a collagen type 1 driven luciferase could be used. Construction of pLV-Col1-Luc2-CMV-GFP was performed in a two steps method. The first step was the construction of a vector with a luciferase gene driven by the collagen type 1 promoter, pGL3-Col1-Luc2 construct (figure 2.1A). Subsequently, the osteocalcin promoter with the luciferase gene of the construct pLV-OC-Luc2-CMV-GFP, were replaced by the Col1-Luc2 from the pGL3-Col1-Luc2 construct (figure 2.1B), which results in pLV-Col1-Luc2-CMV-GFP.


2.3.1 Development of pGL3-Col1-Luc2

The construct pOB-Col2.3-GFPemd contains a collagen type 1 promoter with a rat intron (the insert), and will be inserted into the pGL3-Luc2 construct. The 3’ side of the insert has a compatible site with the pGL3-luc2 vector, the 5’ side of the insert has no compatible site with the pGL3 construct, this means that the ligation will be half sticky and half blunt. 

The insert and the green fluorescent protein (GFP) gene (together 5 kb) were digested from pOB-Col2.3-GFPemd. 5 μg DNA was digested in buffer NEB3 with 1x BSA and 20 U of the restriction enzyme SalI (NEB). SmaI (NEB) was used in combination with buffer NEB4 to digest 5 μg DNA of pGL3-Luc2 (4818 bp), which results in blunt ends. After 1 hour of incubation at 37 °C, the bands were separated by gel electrophoreses. The DNA and a 1kb marker was loaded on a 1% agarose gel containing 0.1 μg/ml ethidiumbromide, and incubated for 1 hour at 100 V. The bands were visualised using ultra-violet (UV) light. The bands of interest were cut out of the agarose gel and the DNA was isolated from the gel using a Qiagen gel extraction kit (Qiagen, Venlo, Netherlands) according to manufacturers instructions. The sticky ends of the insert were changed into blunt ends by adding 5 U PFU DNA polymerase (Stratagene, La Jolla, USA), PFU DNA polymerase buffer (Statagene) and 2 mM deoxynucleoside triphosphates (dNTPs, Roche) to the DNA and incubated for 15 min at room temperature (RT).  After this reaction, the insert, was purified using a Qiagen PCR purification kit (Qiagen) according to manufacturers instructions. To eliminate the GFP gene from the insert a digestion with BamHI, in buffer NEB3 with BSA, was performed. A band of 3,9 kb was cut out and isolated from the agarose gel. To obtain a sticky end, which is compatible with BamHI, at the 5’ side of the vector, a digestion was performed using 20 U BglII (NEB) in buffer NEB3. The reaction was purified using Qiagen PCR Purification Kit (Qiagen). To verify the purity, the size and the concentration of the vector and insert, a gel electrophorese was performed. A ligation with 4 U T4 DNA ligase (Roche) and T4 DNA ligase buffer, o/n at RT, was performed in a 1:1 and 1:5 ratio, of vector and insert. Competent DH5 cells were transformed with the ligation products by heat-shock method, described in chapter 2.1. When colonies were formed, these colonies were cultured in 3 ml LB medium supplemented with ampicillin. The construct was isolated by using a Plasmid mini kit (Qiagen) according to manufacturers instructions. To determine the right orientation of the insert of pGL3-Col1-Luc2 restriction analysis was performed. DNA was incubated with buffer NEB2 (New England Biolabs), 1x BSA and 20 U of SpeI. The bands were separated with agarose gel electrophoreses, and visualised using UV light.
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2.3.2 Development of pLV-Col1-Luc2-CMV-GFP

The collagen promoter with the luciferase gene from the pGL3-Col1-Luc2 construct and the osteocalcin promoter with the luciferase gene from the pLV-OC-Luc2-IRES-GFP, were  cut out of the vectors by a digestion using 5 μg DNA, NEB2, 1x BSA and the restriction enzyme SpeI. After incubation for 1 hour at 37 °C, the bands were separated with agarose gel electrophoreses. The insert (5621 bp) and the vector were cut out and isolated from the agarose gel. To prevent self-ligation of the vector a dephosphorylation reaction was performed by adding 3 U shrimp alkaline phosphatase (SAP, Usb corporation, Cleveland, USA) and alkaline phosphatase buffer (Usb corporation) to the DNA. This reaction was purified using Qiagen PCR Purification Kit (Qiagen). To verify the DNA purity, size and concentration of vector and insert, the DNA was analysed on a 1% agarose gel. A ligation of vector and insert in a ratio 1:1 and 1:5 was performed o/n at RT. 

2.4 Cell Culture

2.4.1 hMSCs Culture

Bone marrow derived hMSCs were cultured in standard FCS medium which consists of  Minimal Essential Media (MEM, Gibco, Paisley, Scotland) supplemented with 10% FCS of a selected serum batch for the culture of hMSCs, 2mM L-glutamine (Gibco), 100 U/ml Penicillin and 100 ug/ml Streptomycin (P/S, Gibco), 0.2 mM L-Ascorbic acid 2-phosphate (Sigma Aldrich, St. Louis, USA) and 1 ng/ml basic fibroblast growth factor (bFGF, Invitrogen) or in standard PL medium which consist of MEM medium supplemented with 5% PL, P/S and 10 U/ml heparin (LEO Pharma BV, Breda, Netherlands). The cells were incubated at 37 °C and 5% CO2. The cells are cultured in tissue culture treated flasks with vented cap (BD Falcon, Le Point, France), medium was changed twice a week and the cells were harvested before reaching a 100% confluence. 

2.4.2 293T Cell Culture

Human embryonic kidney (HEK) 293T cells were cultured in standard 293T medium which consists of Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) containing 10% FCS, 2 mM L-glutamine and P/S. The cells were incubated at 37 °C and 5% CO2. The cells are cultured in tissue culture flasks (Nunc, Rocherster, USA), medium was changed twice a week and the cells were harvested before reaching a 100% confluence.
2.4.3 Harvesting

The cells were harvested before reaching a 100% confluence by trypsinisation. After washing with phosphate buffered saline (PBS, UMC pharmacy) containing 2 mM ethylenediamine tetraacetic acid (EDTA), cells were incubated with Trypsin-EDTA (Lonza, Verviers, Belgium). To inactivate the trypsin, medium containing serum was added and the cells were harvested. The harvested cells were used for freezing, FACS analysis or passaging of the cells. hMSCs were seeded in a cell density of 1,500 cells/cm2, 293T cells were seeded in a cell density of 5,000 cells/cm2.
2.5 Virusproduction

To obtain hMSCs with luciferase activity and the GFP, cells must be transduced with virus of the vectors pLV-CMV-Luc2-Ires-GFP or pLV-OC-Luc2-CMV-GFP. These viruses were produced by the packaging cell line human embryonic kidney (HEK) 293T cells. To this end, a packaging vector (psPAX2), a envelop vector (pLP/VSVG) and the lentiviral vector containing the gene of interest, were transient co-transfected into 293T cells.

293T cells, cultured in their standard medium, were seeded in 15 cm culture dishes (Greiner Bio-one, Frickenhausen, Germany) in a concentration of 6 x 106 cells per dish. The cells were incubated o/n at 37°C and 5% CO2. A total amount of 35 μg DNA (equally amounts, corrected for their size, of psPAX2, pLP/VSVG and the lentiviral vector) was dissolved in a total volume of 575 μl of ddH2O per dish, subsequently 575 μl of 0,5 M CaCl2 was added. This DNA/CaCl2 solution was added to 1150 μl 2x HBPS (5 mM Na2HPO4, 10 mM KCl, 280 mM NaCl, 12 mM glucose and 50 mM HEPES pH 7.1) in a slow, dropwise method while making air bubbles in the 2x HEPES solution. The mixture was incubated for 60 min at RT. After 1 hour of incubation at RT, 20 ml of the standard 293T medium was added. The medium of the 293T cells was replaced by this transfection medium. The transfection medium was replaced 24 hours post transfection by the standard medium of hMSCs, the target cells of the virus. The virussupernatant was harvested 48 hours post transfection and stored at 4 °C, fresh medium was added to the 293T cells. 72 hours post transfection the virussupernatant was harvested again and pooled with the virussupernatent of 48 hours post transfection and centrifuged for 5 min at 1,250 rpm. The supernatant, containing the virus, was passed through a 0.45 μm filter (Sartorius, Groetingen, Germany). The flow-through was stored at -80 °C in aliquots. The titer of the virus was determined by a titration on 293T cells and hMSCs, described in chapter 2.8. 

2.6 Transduction of hMSCs

The cells were transduced when they had a 30-40% confluence. Transduction was performed by adding standard FCS medium containing 6 μg/ml polybrene (hexadimethrine bromide, Sigma Aldrich) and virus. The virus dilution was defined in order to achieve 1 integration per cell. After 24 hours of incubation, the cells were washed with PBS and the medium was changed for basic medium. The transduction efficiency was measured, at least 48 hours post transduction, by FACS analysis, described in chapter 2.7.

2.7 FACS Analysis

2.7.1 FACS Analysis

The percentage of transduced cells was determined with Fluorescent Activated Cell Sorting (FACS). The cells were harvested by trypsinisation to receive a single cell suspension and fixated with 4% formaldehyde. 1x104 cells were measured by a FACS Calibur (DB, Franklin Lakes, USA). Untransduced cells were used to define the negative population. The cell size was determined with the forward scatter (FSC), the inner complexity and granularity of the cell was determined with the sideward scatter (SSC) and the green fluorescence, derived from GFP, with the FL1 channel. The data was analysed using CellQuest Pro software (BD).


2.7.2 Cell Sorting

One integration per cell, can be accomplished when the transduction efficiency is between 5 and 50% positive cells. To obtain a cellpopulation with more than 95% positive cells, and only 1 integration per cell, the cells must be sorted. Non-fixated cells were sorted with the FACS Aria (BD Becton). Untransduced cells were used as a negative control. The cells were gated according to their high green fluorescence. hMSCs are hugh cells and are therefore difficult cells to sort, the optimal condition for hMSCs sorting is the use of a nozzle of 100 μm and a low flow rate. The sorted cells were collected in FACS tubes (BD Falcon) coated with FCS, a rerun of 1000 cells was performed to determine the success rate of the sort. The sorted cells were seeded in their basic medium in tissue culture treated flasks with vented cap (BD Falcon).

2.8 Virus titration

To determine the quality of the virussupernatent, a titration was performed. The target cells, either 293T or hMSCs, were seeded in a 6 well plate (BD Falcon) with 1x105 cells per well and incubated o/n. The virus was diluted with medium containing 6 μg/ml polybrene in the following dilutions; undiluted, 1/3, 1/9, 1/27 and 1/81 in a volume of 2 ml. These dilutions were added to the wells. In one well only medium with 6 μg/ml polybrene was added, these cells were used as a negative control. The cells were washed with PBS and fresh standard medium was added after 24 hours of incubation at 37 °C and 5% CO2. The cells were harvested 48 hours after transduction and analysed by FACS to determine the percentage of GFP positive cells, as described in chapter 2.7.1.

2.9 Optimizing of the Lentiviral Transduction Conditions for hMSCs

2.9.1 Polybrene Concentration

To determine the optimal polybrene concentration during hMSC transduction, a titration was performed. hMSCs cultured in standard FCS medium were seeded in a 6-well plate in a concentration of 1x105 cells per well in duplo in a total volume of 2 ml per well and incubated o/n at 37°C and 5% CO2. Cells were transduced with a lentivirus containing a luciferase gene and a GFP, LV-CMV-Luc2-Ires-GFP, in a 1:15 dilution. Polybrene was added in the following concentration 0; 0.5; 1; 2; 4; 6; 8 μg/ml. After 24 hours of incubation, the cells were washed with PBS and the medium was changed for basic medium. The transduction efficiency was determined 48 hours post transduction by FACS analysis.

2.9.2 Incubation Times

To determine the optimal incubation time of the virus with hMSC, a time titration was performed. hMSCs cultured in standard FCS medium were seeded in a 6-well plate in a concentration of 1x105 cells per well in duplo in a volume of 2 ml per well and incubated o/n at 37°C and 5% CO2. Cells were transduced with LV-CMV-Luc2-Ires-GFP in a 1:15 dilution with 6 μg/ml polybrene. The cells were incubated for the following periods 0, 2, 4, 2 times 4, 8, 16, 24, 48 and 72 hours. Between the first and the second hit of the 2 times 4 hours sample, the cells were incubated in their standard medium without virus. After the transductions, the cells were washed with PBS and the medium was changed for standard FCS medium. The transduction efficiency was determined 48 hours post transduction by FACS analysis.

2.10 Vitamin D3 Stimulation

During matrix production in osteoblast differentiation, osteocalcin is produced, and can thereby be used as a tissue-specific marker for bone formation. Vitamin D3 induces the expression of the osteocalcin gene. When using a vector with a luciferase gene driven by a osteocalcin promoter, osteoblast differentiation or vitamin D3 stimulation will result in a higher expression of luciferase.

Transduced cells, with LV-OC-Luc2-CMV-GFP, were seeded in a 6-well plate in a concentration of 1x105 cells per well and incubated o/n. Untransduced cells were used as a negative control. Medium containing 1 μg/ml vitamin D3 (Sigma Aldrich) was added to the medium of the untransduced and transduced cells, in triplo. After 48 hour of stimulation, the effect of vitamin D3 was determined with BLI. 100 μl of the substrate D-luciferin (luciferase assay substrate, Dual-Luciferase® Reporter Assay System, Promega, Madison, USA) was added to the cells, and were measured for 10 min with the ФImager (Biospace lab, Paris, France). The data was analysed with the software Photovision+ (Biospace lab).
2.11 Differentiation

hMSCs are capable of differentiation in vitro into chondrocytes, osteoblasts and adipocytes. To determine this multipotency of the untransduced and transduced cells, differentiation assays were performed.

2.11.1 Adipocytic Differentiation

Cells were seeded in a 24-well plate (BD Falcon) with 50,000 cells per well in triplo in a volume of 1 ml per well and incubated o/n at 37°C and 5% CO2. The next day, the basic medium was replaced by differentiation medium containing DMEM supplemented with 10% FCS, P/S, 1x10-8 M Dexamethason (Sigma Aldrich), 0.5 mM IBMX (Sigma Aldrich),  0,2 mM indomethacin (Sigma Aldrich), 1x10-5 M insulin (Sigma Aldrich). The control was fixated, 24 hours after seeding, with 1 ml 10% formaldehyde and incubated for 10 min at RT, and stored at 4 °C. Medium was changed twice a week, after 3 weeks the cells were fixated. The differentiation was determined by staining for positive lipid droplets in the cells with Oil Red O (Sigma Aldrich) The fixated cells were washed twice with dH2O and once with 60% isopropanol. The Oil Red O solution was prepared by diluting 6/10 of the stock solution (a saturated solution of 500 mg Oil red O in 100 ml isopropanol) with 4/10 dH2O. The solution was incubated for 10 min at RT, and filtered with a Whattman filter before use. Cells were stained for 10-20 min at RT. Cells were washed with dH2O to remove excess stain and air dried. 

2.11.2 Chondrocytic Differentiation

Cells were seeded in a 15 ml tube (BD Falcon) in a concentration of 5x105 cells per tube in a volume of 1 ml per tube. The cells were centrifuged at 1700 rpm for 10 min and incubated o/n at 37°C and 5% CO2. The next day, the control cells were fixated by 10% formaldehyde and stored at 4 °C. The basic medium was replaced with differentiation medium containing DMEM, P/S, 1x10-8 M Dexamethason, 1x ITSTM + Premix (Universal Culture Supplement,BD Biosciences, Bedford, USA), 0.1 mg/ml Natriumpyruvate, 40 μg/ml L-proline, 0.01 μg/ml TGF-β1 (added freshly before use). Medium was changed twice a week, after 3 weeks the pellets were fixated. The differentiation was determined by embedding the pellets in paraffin for making slides for histological staining.

2.11.3 Osteoblastic Differentiation

Cells were seeded in a 24-well plate in a concentration of 4x104 cells per well in duplo in a volume of 1 ml per well and incubated o/n at 37°C and 5% CO2. The next day, the control cells were washed with PBS and then fixated with ice-cold methanol for 30 min on ice, after air drying, the cells were stored at 4 °C. The basic medium of the other plates was replaced by NH OsteoDiff medium (Miltenyi Biotec, Bergisch Gladbach, Germany). The medium was changed twice a week, after 10-12 days the cells were fixated. The differentiation was determined by staining of alkaline phosphatase (ALP) with NBT-CB/T substrate (Sigma Aldrich). The cells were washed with PBS and stained for 1 hour, shaking, at RT. Cells were washed with dH2O to remove excess stain and air dried. 

2.12 Luciferase Expression After Osteoblast Differentiation

To determine whether the luciferase expression maintains after differentiation of the hMSCs into osteoblasts, the luciferase activity of LV-CMV-Luc2-Ires-GFP transduced cells were determined before and after osteogenic differentiation.

Untransduced cells were used as a negative control. The cells were seeded in a 24-well plate in a concentration of 4x104 cells per well in duplo in a volume of 1 ml per well and incubated o/n at 37°C and 5% CO2.. At day 1 the cells harvested and counted. The cells were centrifuged for 5 min at 1300 rpm. The cell pellet was lysed by adding 100 μl 1x lysis buffer (Dual luciferase assay reporter system, Promega), and a incubation of 15 min at RT. The cell lysate was stored at -80 °C until measurement.

Transduced cells were seeded in a 24 well plate in a concentration of 4x104 cells per well in duplo in a volume of 1 ml per well and incubated o/n at 37°C and 5% CO2.. One plate was used to determine the luciferase activity at day 1. To determine the luciferase activity after differentiation into osteoblasts, the standard medium was changed for differentiation medium and replaced twice a week. Because it is not possible to receive a single cell suspension by trypsinisation, the cells were lysed, after 14 days, in the well by adding 300 μl 1x lysis buffer. To quantify for the amount of cells in the differentiation, cells were proliferated for 14 days. The cells were harvested and counted, and stored at -80 °C after lysis on the cell pellet. After centrifugation at 13 000 rpm for 1 minute, the samples were measured on a Berthold luminograhp LB 960 (Berthold Instruments, Milton Keynes United Kingdom) with the substrate D-luciferin.

2.13 Transduction of Platelet Lysate Cultured hMSCs

hMSCs cultured in standard PL medium, results in better bone formation in vivo than of hMSCs cultured in standard FCS medium. Therefore would it be interesting to monitor the proliferation and differentiation during bone formation of both hMSCs cultured in standard FCS and PL medium. It is not possible to transduce hMSCs when they are cultured in the standard PL medium, with the standard transduction method. 

Platelet lysate cultured hMSCs were seeded in T25 flasks in a concentration of 2x105 cells / 5 ml to obtain a 40% confluence at day 1. The cells were incubated o/n at 37°C and 5% CO2. The next day a transduction was performed by using LV-CMV-Luc2-Ires-GFP in a 1:15 dilution in the standard FCS medium supplemented with 6 µg/ml polybrene. This dilution was added to the cells and incubated for 24 hours. Before transduction, several treatments were performed on the cells.

· Untransduced cells were used as a control for the FACS and to compare the cell growth with transduced cells. The medium was changed for standard FCS medium.

· Transduction with medium containing PL, as a negative control to demonstrate that it is not possible to transduce cells in the presence of PL. The cells were transduced with a 1:15 dilution in standard PL medium supplemented with 6 µg/ml polybrene.

· 10x washed with PBS before the transduction. The cells were washed 10 times with PBS before the transduction.

· Incubated with acidic wash, on pellet, before the transduction. The cells were trypsinised and collected in a 15 ml tube. After centrifugation at 1250 rpm for 5 min the supernatant was discarded. 1.5 ml acidic wash was added to the pellet and incubated for 30 sec, 13.5 ml medium with FCS was added to neutralize. This procedure was repeated once. The pellet was seeded in a new flask containing medium with FCS and incubated for 4 hours, to let the cells adhere to the flask. When the cells were attached to the culture flask, the 1:15 diluted virus was added to the cells. 

· Incubated with acidic wash, in flask, before the transduction. The medium was discarded and 1.5 ml acidic wash was added and incubated for 30 sec. 3.5 ml medium with FCS was added to neutralize, after the neutralisation, the cells were washed with 5 ml medium with FCS. After repeating this procedure once, the cells were transduced by adding the 1:15 diluted virus.

· Trypsinised and plated in a new flask. The cells were trypsinised and plated in a new flask with medium with FCS and incubated for 4 hours, to let the cells adhere to the flask. When the cells were attached, the 1:15 diluted virus was added to the cells.

· Transduction with medium containing human serum albumin (HSA). The cells were trypsinised and plated in a new flask with medium supplemented with 2% HSA and incubated for 4 hours, to let the cells adhere to the flask. When the cells were attached, the 1:15 diluted virus in medium containing 2% HSA was added to the cells.

3. Results

3.1 Development of pLV-Col1-Luc2-CMV-GFP

During osteoblast differentiation there is expression of collagen type 1, this expression is earlier in the differentiation than the expression of osteocalcin. To monitor these early osteoblast differentiation in vivo with BLI, a lentiviral construct with a collagen type 1 driven luciferase is necessary. The first step of construction of pLV-Col1-Luc2-CMV-GFP is construction of pGL3-Col1-Luc2. The vector, pGL3-Luc2 (4818 bp), was digested, as described in materials and methods, with SmaI to receive blunt ends. The collagen promoter with the GFP gene (5 kb) was cut out, with SalI, of the pOB-Col2.3-GFPemd. The bands were separated with gel electrophoreses, see figure 3.1A. The bands of interest were cut out of the agarose gel. A second digestion on the vector was performed with BglII, to obtain a sticky end, this digestion could not take place in the first digestion because BglII and SmaI have different optimal reaction buffers. When the sticky ends of the insert were changed into blunt ends, the GFP gene was cut out from the insert by a new digestion was with BamHI, which results in a sticky which is compatible with the sticky end of BglII. The bands were separated with gel electrophoreses and the band of interest (3,9 kb) was cut out of the gel (figure 3.1B). 
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Before ligation, the insert and the vector were checked with gel electrophoreses, to determine the correct sizes (4818 bp and 3,9 kb), concentration and purity (figure 3.1C). The fragments were ligated and transformed into DH5( competent cells, as described in materials and methods. The DNA was isolated and a restriction analysis with SpeI was performed to determine if the insert was ligated into the vector. To compare the bands with that of the original vector, pGL3-Luc2 was also digested with SpeI. The bands were separated with gel electrophoreses. Results, are shown in figure 3.1D, indicating that the digestion performed with SpeI on the pGL3-Col1-Luc2, (lane 3 and 4) was not completely. When the insert is ligated into the vector, you expect that there is one band that is of the same size as the biggest band of the with SpeI digested pGL3-Luc2 (lane 6). The other band, which is the insert and a part of vector, you expect to be bigger than the smallest band of the with SpeI digested pGL3-Luc2 (lane 6). But it is, as shown in figure 3.1D lane 3 and 4, smaller. This means that the construct which is isolated, is not pGL3-Col1-Luc2.
3.2 Virusproduction and Quantification

The titer of the produced lentiviruses LV-CMV-Luc2-Ires-GFP (Figure 3.2) and LV-OC-Luc2-CMV-GFP (Figure 3.3) was determined by performing a titration on hMSCs and 239T cells. The percentages of transduced cells were determined using FACS analysis, as described in materials en methods.
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The titer of harvested virus is expressed in transducing units per ml (TU/ml), which represents the quantity of infectious virus particles per ml supernatant. Based on GFP expression in 293T cells and hMSCs, determined by FACS analysis, titers were calculated. The following formula for the linear part of the curve (5-50%) in which the percentage of GFP positive cells was plotted against the dilution of virussupernatant was used. 

    Cells day 2 ∙ Virus dilution (3, 9 etc) ∙ GFP positive cells (%)
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TU/ml =

                         Total volume (ml)

The titer LV-CMV-Luc2-Ires-GFP on hMSCs and 293T cells, was 4.9 x 105 TU/ml and 1.5 x 106, respectively. For LV-OC-Luc2-CMV-GFP the titer was 7 x 104 TU/ml on hMSCs and 1.8 x 105 on 293T cells.
3.3 Optimizing of the Lentiviral Transduction Conditions for hMSCs

3.3.1 Polybrene Concentrations 

Polybrene is necessary for efficient lentiviral transduction, but toxic in high concentrations for hMSCs. A titration was performed to determine the optimal polybrene concentration for lentiviral transduction of hMSCs. The percentages of transduced cells were determined using FACS analysis. The results of the effect of the polybrene concentration on the transduction efficiency are shown in figure 3.4. A low amount, 0.5 μg/ml of polybrene already results in a transduction efficiency of 15%. Higher concentration of polybrene results in a higher transduction efficiency until 6 μg/ml. Using polybrene concentrations higher than 10 μg/ml results in dying of all the cells (data not shown).
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3.3.2 Incubation Times

The optimal incubation time of the lentivirus for transduction of hMSCs was determined by a time titration, described in materials and methods. The cells were incubated with a virusdilution for the 2, 4, 8, 16, 24, 48, 72 and 2 times 4 hours. With this last condition (2 times 4 hours) was a incubation of 20 hours, with standard FCS medium included. The percentages of transduced cells were determined using FACS analysis. The results are shown in figure 3.5A. There is a linear correlation between the hours of incubation and GFP positive cells, until 48 hours. An incubation of 2 times 4 hours resulted in a higher transduction efficiency than continuously 8 hours incubation. To determine the effect of the incubation time on GFP expression and the proliferation rate of the hMSCs, the cells were followed for 24 days. Results from this experiment are shown in figure 3.5B. The GFP expression is stable for the incubation times between the 2 and 24 hours, for at least 24 days post transduction. The measurement of the cells of 48 and 72 hours incubation time were ended early, because of a to low proliferation rate, which means that a incubation time longer than 24 hours has a toxic effect on the cells.
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3.4 Vitamin D3 Stimulation

To test the functionality of the OC-Luc2-CMV-GFP construct in hMSCs, hMSCs of 6 donors were transduced. The transduction efficiency was determined using FACS analysis (table 3.1). The cells were stimulated with vitamin D3, as described in materials and methods. This induces the expression of the osteocalcin and results in a higher expression of luciferase. After addition of the substrate D-luciferin, the light emission was monitored for 10 min by ФImager. The results, shown in figure 3.6 and table 3.1, indicate that there is an increase in luciferase expression after stimulation with vitamin D3 for al the donors. There is a donor variability. There is a difference in the luciferase expression.
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Table 3.1 Increased luciferase activity after vitamin D3 stimulation
	Donor
	GFP positive cells
	Fold induction of luciferase activity

	D020793 A
	59%
	1,8

	D020793 B
	49,7%
	2

	D84
	90%*
	1,2

	D291099
	35,2%
	1,6

	D03
	35,9%
	1,9

	D020505
	35,7%
	1,5
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* GFP positive sorted cells

3.5 Differentiation of Transduced hMSCs
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To determine whether transduced hMSCs are still multipotent, the cells were in vitro differentiated toward osteoblasts, adipocytes and chondrocytes after transduction, as described in materials and methods. hMSCs were transduced with LV-CMV-Luc2-Ires-GFP, sorted with FACS to obtain a >90% positive population and subsequently seeded and differentiated as described in materials and methods. Untransduced cells were included in the differentiation assay as a control. The differentiation capacity was analysed by staining with Oil red O for lipid droplets for the adipocytes. The osteoblasts were analysed with an ALP staining. The results of the staining are shown in figure 3.7. The red colored droplets in the adipocyte differentiation indicate the lipid vacuoles in the cells. The control cells are negative, while the differentiated cells some red staining is indicated. There are no with lipid filled vacuoles visible, but there is some staining, which means their was differentiation but this was not optimal. There is no difference observed between the untransduced and the transduced cells. The ALP, excreted by osteoblasts are indicated by a purple colored layer on top of the cells. The control cells are negative for the ALP staining, while the differentiated cells all differentiated into osteoblasts. Results of the differentiation towards chondrocytes is still in progress.
3.6 Luciferase Expression after Differentiation into Osteoblasts

To determine if the expression level of luciferase is stable after differentiation of hMSCs into osteoblasts, the luciferase activity was measured before and after osteoblast differentiation. hMSCs were transduced with LV-CMV-Luc2-Ires-GFP, and sorted with FACS to obtain a >90% positive population. The luciferase activity of the cell lysate, before and after osteoblast differentiation was measured in a luminometer. The cells were differentiated as described in materials and methods. The results, are shown in figure 3.8, suggest that the luciferase activity per cell decreases after differentiation.
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3.7 Follow Up of the GFP Expression After Cell Sorting
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It is important for in vivo experiments that the luciferase expression of transduced cells is stable. To test the stability of the GFP expression in vitro, hMSCs were transduced with LV-CMV-Luc2-Ires-GFP and LV-OC-Luc2-CMV-GFP. The cells were sorted by FACS, they were gated on their high green fluorescence expression. A GFP positive and negative cell population was collected. The GFP positive and negative sorted and non sorted cells were expanded in culture and followed for their long-term GFP expression. A rerun of the sorted cells indicated that the cell population of 75% and 80% was achieved. A high percentage of GFP positive cells were present in the GFP negative sorted population. The GFP expression decreases in the first 20 days, this is probably caused by transient transfection of the lentiviral vector in stead of a integration in the genome. The transient transfections disappear during proliferation of the cells. The GFP expression is relatively stable 20 days post the transfection, as shown in figure 3.9. 
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3.8 Transduction of Platelet Lysate Cultured hMSCs

[image: image46.wmf]Transduction efficiency of

platelet lysate cultured hMSCs

Trypsin

Acidic wash on pellet

10x PBS

Acidic wash in flask

0

5

10

15

20

25

30

35

40

45

D250473

D36

D33

D030806

GFP positive cells (%)

Transduction of PL cultured hMSCs, without any pre-conditioning is not successful. Therefore, the hMSCs were pre-conditioned before transduction with LV-CMV-Luc2-Ires-GFP. Pre-conditions performed on the cells were trypsinisation and plated in a new flask, 10 times washing with PBS and an acidic wash on a cell pellet or on the cells in the flask, as described in materials and methods. The transduction efficiency was measured by FACS analysis, untransduced cells were used to define the negative population. Transductions were performed on 4 different donors. Results of the transduction efficiency are shown in figure 3.10. Pre-conditioned PL cultured hMSCs result in a transduction efficiency between the 20 and 45%. A transduction in the presence of PL and HSA was also performed, did not result in any GFP positive cells (data not shown). The cells were expanded in culture and followed for their GFP expression in time. Figure 3.11 shows that there is a decrease observed in GFP expression of all treatments.
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3.9 Follow up of the GFP expression of hMSCs cultured with PL and FCS

It seems that there is a difference in stable GFP expression between PL and FCS cultured cells, as shown in 3.9 and 3.11. To determine if this difference is caused by the culturing difference, the treatment or donor variability, hMSCs of one donor cultured in FCS and PL are transduced and followed for their long-term GFP expression and proliferation rate. The GFP expression is determined using FACS analysis with untransduced cells as a control. Figure 3.12 shows that transduction of hMSCs cultured with FCS results in a higher transduction efficiency than hMSCs cultured in PL. The GFP expression of the FCS and PL cultured hMSCs is stable. There is a difference in the proliferation rate, the hMSCs cultured in standard FCS medium are less proliferating than the cells cultured in standard PL medium.
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4. Conclusion and Discussion

MSCs would be an attractive cell source to use in bone tissue engineering because of their bone forming potential, their ease of expansion in culture and their immunological characteristics. MSCs can be seeded on scaffolds and implanted in immune deficient mice. There is little known on the survival and outgrowth of the hMSCs after implantation. My research topic was to work on monitoring of the proliferation and differentiation of hMSCs during bone formation. The hypothesis is that it should be possible by using hMSCs, marked with a luciferase gene driven by a constitutive or a tissue specific promoter, and visualize it by optical imaging (BLI). Before start of an in vivo experiment, some in vitro conditions has to be investigated. 
During osteoblast differentiation several promoters are getting activated, among them collagen type 1 and osteocalcin. Collagen type 1 expression is earlier in the differentiation than the expression of osteocalcin. To monitor early osteoblast differentiation in vivo with BLI, a lentiviral construct with a luciferase gene driven by a collagen type 1 promoter could be more useful than an osteocalcin promoter, part of the study was to develop this vector. The development of this vector was checked with a digestion with a restriction enzyme that should indicate whether the insert was ligated in the vector. The results indicate that the insert is not ligated in the vector, because the bands are too small to contain the insert, what means that it is not the right construct. Similar results were repeatedly obtained. Remarkable is that the bands could not result from self ligation of the vector or a double ligation of the insert. This suggests that the plasmid DNA, which is isolated from the DH5( competent cells, is not a product of the ligation of the DNA of the insert and vector. The vectors were obtained from other research labs and no sequences were available. Therefore it would be useful to sequence the vectors. Blunt ligation is a very inefficient method and therefore it would possibly be easier to clone the construct using polymerase chain reaction (PCR). 
Constructs with a luciferase gene driven by a constitutive promoter (pLV-CMV-Luc2-Ires-GFP) and a luciferase gene driven by a osteocalcin promoter (pLV-OC-Luc2-CMV-GFP) were already available. To transduced hMSCs with this vector, lentiviruses were produced. The titer of the produced virus LV-CMV-Luc2-Ires-GFP, determined by a titration on hMSCs and 293T cells, was 4.9 x 105 TU/ml and 1.5 x 106, respectively. For LV-OC-Luc2-CMV-GFP the titer was 7 x 104 TU/ml on hMSCs and 1.8 x 105 on 293T cells. This means that a transduction efficiency between the 5 and 50% for hMSCs, can be achieved with a multiplicity of infection (MOI) of respectively 1 and 0.5. To optimize lentiviral transduction of hMSCs a polybrene concentration and time titration were performed. Results showed that the optimal conditions for lentiviral transduction of hMSCs are 6 μg/ml polybrene and a incubation time of 24 hours. The use of polybrene concentrations higher than 6 μg/ml has a toxic effect on the cells. Incubation times with the virusdilution longer than 24 hours results in an early senescence of the cells, which indicate that incubation with polybrene and elements in the virussupernatant had a toxic effect on the cells.. There was no difference observed in the proliferation rate of the hMSCs with polybrene concentration of 6 μg/ml or lower concentrations and incubation times of 24 hours or shorter.
Vitamin D3 induces expression of osteocalcin [20]. The unstimulated cells have a basic expression of osteocalcin in hMSCs which results in background luciferase expression in LV-OC-Luc2-CMV-GFP transduced cells. To test the functionality and donor variability of the pLV-OC-Luc2-CMV-GFP construct, transduced hMSCs were stimulated with vitamin D3 for at least 48 hours. This resulted in a 1.7 ±  0.3 fold induction of the expression of luciferase. It was shown that the effect of vitamin D3 stimulation is donor variable. This could be a reason for the low luciferase induction after stimulation. It is not known if the osteocalcin increase, induced by vitamin D3 stimulation, is comparable with the osteocalcin upregulation during osteoblast differentiation. This would be interesting to know, because there is a donor variability in the effect of vitamin D3 stimulation which could be a problem in in vivo experiments to monitor the dynamic process of in vivo bone formation and study underlying molecular mechanisms. 
hMSCs are capable of differentiation in vitro into chondrocytes, osteoblasts and adipocytes. No difference was observed between the untransduced and transduced hMSCs in adipocyte differentiation, which means that lentiviral transduction of hMSCs does not influence adipocytic differentiation. There was a difference observed between the undifferentiated and differentiated adipocytes in the morphology of the cells, vacuoles were formed in the differentiated cells but it seemed that they did not fill completely with lipid. Because of this, it is possible that the Oil red O staining did not stain perfectly. Also a small proportion of the hMSCs were differentiated into adipocytes. In literature it is already described that only 30% of all hMSCs are capable of differentiation into both osteoblasts, chondrocytes and adipocytes [21]. This is probably a reason for the low differentiation percentage, another reason could be that the used differentiation method is not optimal. Therefore we are currently optimizing the adipocytes differentiation. 
hMSCs are after transduction also still capable of differentiation into osteoblasts. There was no difference observed between differentiation potential of untransduced and transduced hMSCs, according to the colour intensity of the ALP staining. The luciferase activity after differentiation into osteoblast decreases compared with the luciferase activity before the differentiation. When cells differentiate they stop proliferating. An effect of this senescence is a decrease in their metabolism, which possibly results in a lower luciferase expression. The cells which were cultured in proliferation medium instead of differentiation medium for 14 days, probably also went in senescence because of contact inhibition. Therefore, these cells are no good controls for the amount of cells in the differentiation and for the luciferase expression. This means that when a decrease in the luciferase signal during the in vivo experiment is determined, it does not have to mean that the cells are dying but it could also mean that the cells are differentiating (in case of the CMV driven luciferase) or that they are still alive but in senescence. 
The ultimate goal is to monitor the transduced hMSCs during in vivo bone formation in a mouse model. The scaffolds will be seeded with cells and analysed for bone formation by histological staining after the in vivo experiment. To exclude that the bone which is formed on the scaffold is produced by untransduced hMSCs it is required that all cells are transduced and contain the luciferase gene. Because both vectors also contain a second marker (GFP), the cells could be sorted for their high green fluorescence. Transduced hMSCs were enriched, after two rounds of sorting, to a population of approximately 90% GFP positive cells. The expression of GFP is relatively stable in time in hMSCs cultured with standard FCS medium. To improve the purity of the transduced cell populations and to circumvent cell stressing FACS sorting, addition of a selection marker, like puromycin, in the lentiviral vector would be interesting. Addition of resistance gene puromycin to the medium of the transduced cells will than result in a population of 100% transduced cells [13]. 
hMSCs cultured in standard PL medium, results in better bone formation in vivo than in FCS cultures. Therefore, would it be interesting to monitor the proliferation and differentiation during bone formation of both hMSCs cultured in standard FCS and PL medium. Previous experiments already showed that, it is not possible to transduce hMSCs in the presence of PL or HSA. Pre-conditioning methods were tested to make it possible to transduce PL cultured cells. The pre-conditioning methods that were an acidic wash on cell pellet or the cells in the flask, a 10 times washing with PBS and trypsinisation of the cells. This pre-conditioning methods resulted in a 20-45% transduction efficiency. But after transduction, the GFP expression of these cells decreased in time. This could be because the untransduced cells have a survival advantage and overgrow the transduced hMSCs, or the transfection is transient, or there is no stable integration of the lentiviral construct in the genome of the cells. This decrease of GFP positive cells was not observed in hMSCs cultured with standard FCS medium. To determine if this decrease in GFP expression in PL cultured cells is caused by culturing difference, the treatment or donor variability, the transduced cells were followed for their long-term GFP expression and proliferation rate. There was no difference observed in stability of the GFP expression between the hMSCs cultured with standard PL and standard FCS medium. This suggests that the stability of the GFP expression is donor variable, more donors should be tested to conclude that. The donor variability and early senescence of hMSCs are limiting factors in hMSC experiments. One solution for this problem would be to develop a MSC cell line, which has still a multipotential character. An immortalized cell line could be made by the over-expression of the human telomerase reverse transcriptase gene (hTERT) [22]. hMSCs can now be cultured in vitro for 40 population doublings [6], with a MSC cell line their is no limitation in passaging the cells anymore. The bone forming potential of donors is very low and there is a donor variability. When a cell line could be used with a substantial bone forming potential, in vivo experiments can be performed more efficiently. 
We think that, after optimalisation, BLI has the potential to monitor and quantify the dynamic process of bone production and to study the underlying molecular mechanisms.
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Figure 1.3 A schematic overview of the virusproduction. Virusproduction is achieved by a transient co-transfection of a packaging construct, a envelop construct and the lentiviral vector in 293T cells. The viral proteins are produced by the cell and the lentiviral vector is replicated. Due to the packaging signal in the lentiviral vector, only the lentiviral vector is packaged in the virus particles and released by budding.





Figure 1.4 The enzyme luciferase catalyses the reaction of the substrate D-luciferin into the products oxyluciferin and light.





Figure 1.1 human Mesenchymal Stromal Cells, isolated from bone marrow.



























































Figure 1.2 In vivo differentiation capacity of hMSCs into osteocytes, chondrocytes, myocytes, stromal cells, tenocytes and adipocytes.
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Table 3.1 Effect on the luciferase activity after vitamin D3 stimulation of LV-OC-Luc2-Ires-GFP transduced hMSCs. The percentage of GFP positive cells, determined by FACS analysis, for the different donors are indicated in the second column. The fold induction between the vitamin D3 unstimulated and stimulated hMSCs is indicated in the last column. 





Figure 2.1 Development  of pLV-Col1-Luc2-CMV-GFP. A schematic overview of the construction of pGl3-Col1-Luc2 (A) and pLV-Col1-Luc2-CMV-GFP (B). Abbreviations of the figure; AMP: Ampicillin resistence; GFP: Green fluorescence protein; pA: poly(A) tail; Col1: Collagen type I promoter; R intr: Rat intron; MCS: Multiple cloningsite; Luc2: Luciferase 2; OC: Osteocalcin promoter; Ires: Internal ribosome entry site.
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Figure 3.1 Development  of pGL3-Col1-Luc2. Bands are separated on a 1% agarose gel, and incubated for 1 hour at 100 V, the bands were visualized by UV-light. Positions of the molecular size markers are indicated in kilobase. (A) In lane 1, the vector pGL3-Luc2 of 4818 bp, digested with SmaI is shown. In lane 2, pOB-Col2.3-GFPemd, digested with SalI is shown. The insert with GFP of 5 kb was cut out of the gel (the marked band). (B) The marked band is the collagen type 1 promoter of 3,9 kb, the insert  with GFP was digested with BamHI and cut out of the gel. (C) The insert (lane 1) and the vector (lane 2) are checked for their size and purity before ligation. (D) Restriction analysis was performed with SpeI to determine if the insert was ligated into the vector. In lane 1 and 2, non digested pGL3-Col1-Luc2 vectors  are shown, in lane 3 and 4 digested pGL3-Col1-Luc2 vectors  are shown, in lane 6 non digested pGL3-Luc2 vector is shown, in lane 7 digested pGL3-Luc2 is shown. 
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Figure 3.2 Titration of LV-CMV-Luc2-Ires-GFP. A titration was performed with LV-CMV-Ires-GFP on hMSCs (A) and 293T cells (B). On the X-axis the Forward Scatter is shown and on the Y-axis the FL-1 (GFP). Untransduced cells were used as a control to define the negative population and to set the quadrant. The numbers given in the dot plots are the percentage of cell in the upper right quadrant, which was considered to be positive.
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Figure 3.3 Titration of LV-OC-Luc2-CMV-GFP. A titration was performed on hMSCs (A) and 293T cells (B). On the X-axis the Forward Scatter is shown and on the Y-axis the FL-1 (GFP). Untransduced cells were used as a control to define the negative population and to set the quadrant. The numbers given in the dot plots are the percentage of cell in the upper right respective quadrant, which was considered to be positive.








Figure 3.4 Effect of the polybrene concentration during transduction on the transduction efficiency. On the X-axis the polybrene concentration is shown and on the Y-axis the percentage of GFP positive cells. Data are presented as the mean of two separated experiments, with the standard deviation.
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 Figure 3.5 Effect of the incubation time of the virussupernatant on the transduction efficiency and proliferation. (A) The effect of different incubation times on the transduction efficiency. On the X-axis the incubation time  is shown and on the Y-axis the percentage of GFP positive cells. Data are presented as the mean of a duplo, with the standard deviation. (B) The long-term GFP expression is followed in time. On the X-axis the days after transduction are shown, and on the Y-axis the percentage of GFP positive cells. The measurement of the cells of 48 and 72 hours incubation time were ended early, because of a low proliferation rate. 
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Figure 3.6 Effect on the luciferase activity after vitamin D3 stimulation of LV-OC-Luc2-Ires-GFP transduced hMSCs. The lower wells of the 6 wells plates are the vitamin D3 stimulated cells. The plates were measured for 10 min. The colors represent the light intensity, as shown in the scale. Untransduced cells were used as a control, and were negative. The notation in the upper left corner represent the donors, the numbers indicate the day of birth of the donor.
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Figure 3.7 Differentiation of transduced hMSCs. Comparison of the differentiation capacity between untransduced and transduced hMSCs shown. Magnification osteocytes 3x; magnification adipocytes 200x





Figure 3.8 Luciferase activity of differentiated hMSCs. The luciferase activity of transduced cells was measured before and after differentiation into osteoblasts. Transduced cells were proliferated to quantify for the amount of cells in the differentiation. Untransduced cells were used as a negative control. Data are presented as the mean of two separated experiments, with the standard deviation.





Figure 3.9 Longterm GFP expression of sorted and non sorted transduced hMSCs. On the X-axis the days post the FACS sorting are shown, and on the Y-axis the percentage of GFP positive cells.











Figure 3.10 Transduction efficiency of PL cultured hMSCs. hMSCs cultured in PL, were pre-conditioned with different methods and transduced with LV-CMV-Luc2-Ires-GFP. The transduction efficiency was determined using FACS analysis. On the X-axis the treatment is shown, on the Y-axis, the percentage of GFP positive cells is shown.








Figure 3.11 Long-term GFP expression of PL cultured hMSCs. On the X-axis the days post transduction are shown, and on the Y-axis the percentage of GFP positive cells. 








Figure 3.12 A comparison of stable GFP expression, between PL and FCS cultured hMSCs. On the X-axis the days post transduction are shown, and on the Y-axis the percentage of GFP positive cells. 
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