1.1 Mucopolysaccharidosis type I (MPS-I)
Mucopolysaccharidosis type I (MPS-I) is a lysosomal storage disease due to mutations in the gene encoding (-L-iduronidase (IDUA), resulting in deficiency of (-L-iduronidase and accumulation of glycosaminoglycans (GAGs)1. The lysosomal enzyme (-L-iduronidase hydrolysis the terminal (-L-iduronic acid-residues on glycosaminoglycans (GAGs), the accumulation of these GAGs result in a disruption of cell – and organ function. 
A deficiency in this enzyme could result in a variety of clinical symptoms (figure 1). The spectrum of clinical features in MPS I range from skeletal abnormalities, hepatosplenomegaly, severe mental retardation, dysostosis multiplex, corneal clouding, cardiac involvement and death in early childhood to milder symptoms consisting of corneal clouding, hearing loss, and mild visceral involvement with normal intelligence and life span.2, 3  These clinical features appear during childhood and early death can occur due to organ damage. All mucopolysaccharidoses have a frequency of 1 in every 25,000 births while the incidence of Hurler syndrome is about 1 in every 100.000 births.  
Although a spectrum of severity is seen within the MPS I subgroup, Hurler syndrome (MPS I-H) represents the most common and severe manifestation of this enzyme deficiency with Scheie syndrome (MPS I-S) representing the more mild form of the disease. Hurler syndrome is related to Hunter's Syndrome.
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Diagnosis often can be made through clinical examination and urine tests (excess mucopolysaccharides are excreted in urine). Enzyme assays (testing a variety of cells or body fluids in culture for enzyme deficiency) are also used to provide definitive diagnosis of mucopolysaccharidosis. 
Because Hurler syndrome is an autosomal recessive disorder (figure 2), affected persons have two affected copies of the IDUA gene. If someone is born with one normal and one mutated copy of the gene he is called a carrier, incidence of the carriers is unknown, and will produce less (-L-iduronidase than an individual with two normal copies of the gene. The slightly reduced production of the enzyme in carriers, however, remains sufficient for normal function and the person should not show any symptoms of the disease.3 
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1.2 Treatment of MPS-I
For Hurler syndrome patients, a variety of treatments have been tried. The goal of treatment is to get the missing enzyme into the body.  
Delivery of (-L-iduronidase may be achieved by either the exogenous administration of (-L-iduronidase or through the endogenous production of (-L-iduronidase following stable engraftment of cells producing enzyme within the affected individual4.
To introduce (-L-iduronidase into the body, enzyme replacement therapy as well as blood -, bone marrow - and umbilical cord blood transplants are being explored.
The enzyme enters the tissues via the blood circulation of the patient and is taken up by the patient cells via the manose-6-phosphate receptor. In the cells it is transported to the lysosomes were it breaks down the accumulated GAGs. 

Enzyme replacement therapy
Enzyme replacement therapy (ERT) is a medical treatment administering an enzyme in patients who lack this particular enzyme. In the case of MPS-I, (-L-iduronidase (IDUA), it is intravenously given to the patient weekly. While the enzyme is now FDA-approved and available as “Larodinase”, studies have shown to be ineffective for bones or brain to prevent the neurological and osteogenic aspects of the disorder, possibly due to the hard exterior of bones and because the enzyme can not cross the blood-brain barrier8. Freely circulating enzymes are not able to cross the blood-brain barrier; therefore the central nervous system (CNS) relies on the infiltration of macrophages alone to deliver the enzyme to the brain5.
Therefore, ERT seems to be a very promising therapeutic regimen for patients with MPS I, especially for those with the less severe variants. However, as laronidase does not cross the blood-brain barrier it will probably not influence the central nervous manifestations in the most severely affected patients with the Hurler phenotype, although it may improve general lung and heart function, making bone marrow transplantation easier to tolerate6.
Stem cell transplantation
Stem cell transplantation (SCT) has been shown to be effective for several important clinical outcome parameters, with mental retardation as the most important one. The reported clinical outcome after successful SCT is variable among Hurler syndrome patients but there are still some limitations, like getting the enzyme into bones and graft failure7.  
Following successful stem cell transplantation, the donor derived stem cells provide a continuous endogenous source of the deficient enzyme. The various peripheral tissues (including liver, lung, spleen and heart) benefit from both enzyme secretion by infiltrated (donor) macrophages as well as enzymes secreted into the bloodstream by (donor) leukocytes. The most successful transplants are those that are performed soon after diagnosis in young children, especially for the brain because the transplantation cannot repair the considerable damage already done.
Once in the CNS these macrophages differentiate into microglia, which secrete the deficient enzyme for recapture by surrounding neurons.7, 8
Problems with stem cell transplantations are the risk of graft versus host disease (GvHD) and finding a matching donor. GvHD occurs when the functional immunological cells in the transplant recognize the recipient cells as foreign and initiate an immunologic response against the recipient cells.

It seems that prevention is still the best option to avoid GvHD. It has been known that T-cells are the case of GvHD in the acute setting. Eliminate the T-cells and there is no GvHD. However, without T cells, the risk of relapse is high; but where T cell population are high, the risk of GvHD is high. The goal is to maintain enough T cells to establish engraftment of the transplant, but not enough to cause GvHD13. This is the reason why umbilical cord blood is tried as a stem cell source.
The potential advantage of using umbilical cord blood is a better engraftment, less partial chimerism, the immediate availability, the lower risk of graft versus host disease, less change of a viral infection like CMV and the fact that HLA matching is easier9.
While outcomes after SCT have improved with the availability of improved methods for stem cell graft typing and supportive care, concerns remain regarding the toxicity of transplants10, 11.
Gene therapy
Cord blood -, bone marrow -, peripheral blood transplantations and enzyme replacement are therapies considered only moderately successful for affected patients, making the development of novel treatment necessary12. 
Gene therapy uses the insertion of a gene into an individual’s cells and tissue’s to treat a disease. In hereditary diseases a defective mutant allele is replaced with a functional one. Currently only done in laboratory animals, most gene therapy studies, inserts a "correct copy" or "wild type" gene into the genome of the recipient. The dysfunctional gene is not replaced, but rather extra, correct copies of genes are provided to complement the loss of function. A carrier called a vector must be used to deliver the therapeutic gene to the patient's target cells. Currently, the most common type of vectors are viruses that have been genetically altered to carry normal human DNA. This therapy is considerd to be most effective one, at least in animal models, due to the high engraftment, no graft versus host disease, no HLA matching nessecary and high availiblity.
1.3 Mesenchymal stromal cells
Mesenchymal stromal cells (MSCs) are fibroblast-like cells that can differentiate into a variety of cell types (figure 4). 

In vitro they can differentiate via lineage progression into osteoblasts, chondrocytes, adipocytes16, myocytes17 and tendon fibroblasts18. 
It has been suggested that they can also transdifferentiate into neuronal cells and astrocytes, although this result could be a misinterpretation of spontaneous cell fusion between a damaged neuron and a mesenchymal stem cell placed in the brain.19
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In vivo MSCs have been shown to differentiate into osteoblasts, chondrocytes, adipocytes and are regarded as non-immunogenic and have immunosupressive and immunoregulatory properties, such as the production of immunosupressive cytokines wich inhibit T-cell and dendritic cell activity20. MSCs can be isolated from peripheral blood, adipose tissue, umbilical cord blood, fetal liver, amniotic fluid, lumbal stroma of the eye, placenta and muscles, but MSCs are mainly isolated from bone marrow with a low incidence.
About 0,001% of all mononucleated cells in the bone marrow are MSCs, and are relativly easy to isolate from the mononuclear cells due to the fact that these cells adhere to tissue culture plastic and the other cells do not or do not divide anymore when adhered to culture plastic so the MSCs overgrow them. MSCs do not express a specific marker (table 1), but are positive for some general markers (CD29, CD44, SCA1, CD90, CD106 SSEA1 and SSEA4). Whereas they are negative for some hematopoietic markers (CD11b, CD34, CD45, TER119, MHCI and MHCII).21
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1.4 Cell labeling
Short-term labelling
To determine were transplanted cells will home to hours after infusion, short-term studies are being done. Its important that the transplanted cells can be dicriminated from the population using a labeling method of high intensity.

One method is to stain the cells using a dye like Cell Tracker©.

Cell Tracker© is a fluorescent chloromethyl derivative which is processed into membrane impermeable compounds that are retained inside the cells up to 72 hours after loading (figure 5), and can be passed to daughter cells. One slightly disadvantage is that the dyes are diluted in DMSO which can harm sensitive cell lines. The full extent of dye interaction with the intracellular components is not known.
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Another way to label cells for short-term studies is with the use of PKH26, which is a membrane bond dye from Aldrich-Sigma, and enters the cell by diffusion and is stable for 96 hours after loading. These labelling methods have one disadvantage; the intensity of the signal is divided over the daughter cells after cell division so the labelled cells need to have a low proliferation rate.
Long-term labelling
To determine were transplanted cells will home to hours to days after infusion, long-term studies are being done. Its important that the transplanted cells can be dicriminated from the population using a stable labeling method of high intensity like a viral construct. One method for long-term labelling and tracing of transplanted cells is to transduce the cells with a lentivirus (figure 6), this is a labeling method where a LV-Luc2-IRES-GFP construct is build in the genome of the recipient cells. Lentiviral vectors are retrovirusses based on human immunodeficiency virus type 1 (HIV-1), and belongs to the retroviruses. 
They have the ability to infect both dividing as non-dividing cells making them suitable for experimental use. 

Upon retroviral transduction the green fluorescent protein (GFP), and a luciferase gene is intergrated in the genome of the recipient cell. The GFP gene makes it possible to distinct these cells from the naïve, untransduced cell population using a FACS flow cytometer. Once the cells are engrafted, the luciferase gene can be activated bij injection of luciferin which is broken down by the enzym emmiting a photon as a by product making them traceable in vitro and in vivo using a luminometer or bioluminescense imaging (BLI).
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1.5 Aim of the study

To investigate where injected MSCs will home to after systematic injection, the cells that are injected need to be labeled to track them in vivo. There are multiple labeling protocols available using different methodes with their own advantages. Its known that MSCs can home to the bone15, induce a better ingrafment of the transplant due to there immunosuppressive abilities and therefore reduce the chance on GvHD. Regarding this immunosuppressive ability, nitric oxide (NO) is involved in the MSC-mediated suppression of T cell proliferation14. To determine where MSCs wil home to after systematic injection, labelling of MSCs prior to systematic injection, followed by harvesting tissue’s to deterimine the overal homing of the MSCs using flow-cytometry is an option.
To study the severity and progress of mucopolysaccharidosis type 1 an animal model was created by knocking out the gene coding for IDUA, so that these mice were lacking this enzyme just like the patients.
The aim of Drs. Marieke Backers’ PhD project is to deliver (-L-iduronidase in the recipient’s tissue cells and bones to help break down the accumulated GAGs, to reduce the severity of the symptoms, using HSCs in combination with MSCs.
The aim of the project is to study if there is a rationale for treating Hurler patients with MSCs. 

To address this issue we investigate the homing of MSCs to the different target organs. The questions which should be answered are:

(1) What is the effect of age of the mice on the bio-distribution?
(2) What is the effect of the different infusion routes on the bio-distribution?
(3) What is the effect of conditioning the mice by irradiation on the bio-distribution?
2.0 Materials & methods

Animals 
The mouse model of MPS I was generated by disruption of the IDUA gene by insertion of the neomycin resistance gene an a tk (herpes simplex virus thymidine kinase) promoter into the unique BstEII site (blunt-ended) in exon 6, in the opposite orienation and placed onto a C57Bl/6 inbred background by repeated back-crossing.18  
The wild-type mice used in this pilot experiment were of C57Bl/6 origin and were between 12 and 15 weeks at time of injection.
All animals were housed in a special infection unit of the animal housekeeping facility. Food and water were available ad libitum. Housing, care and all animal experiments were done in accordance with Dutch legal regulations, which includes approval by a local committee.
Cell isolation

MSCs were isolated from the femora and tibiae of 8-12 weeks old mice (C57Bl6/J). After dissection of attached muscle and connective tissue from the bones, the marrow was extruded by clipping the bones and flushing using a 26 gauge needle with 3 x 1 ml of IMDM (Gibco, Breda, the Netherlands). Single cell suspensions were prepared from the marrow plugs by resuspending the cells and passing them through a 100 μm cell strainer (Falcon, Micronic, Lelystad, The Netherlands). The cells were plated in the desired density and Mesencult medium was refreshed twice a week until 80% confluency.
MSC culturing

A MSCs of a high passage (P6) were thawed and grown in DMEM low-glucose medium (Gibco, Breda, The Netherlands) containing 20% Fetal Calf Serum (FCS) (Integro, Hardenberg, The Nederlands) and 1% Penicilin/Streptomicin (Gibco, Breda, The Netherlands) and placed in a humidified incubator. Medium was refreshed every 3-5 days, when the flask had confluency of 80% the cells were harvested by trypsinisation with 0,25% trypsin/EDTA (Lonza, Belgium) and plated in a new culture flask in a 1:3 dilution.
Adipogenic differentiation

The cells were plated into 24-well plates and were grown in culture medium until 80% confluency. Then the cells were placed in adipogenic medium containing 10% FCS, 1% Pen/Strep (Invitrogen, Carlsbad, USA), 250 nM Dexamethasone (Sigma-Aldrich), 170nM Insulin (Sigma-Aldrich), 500 μM IBMX (Sigma-Aldrich) and 2,5 nM Rosiglitazone (Cayman chemicals, Michigan, USA)  and left for 2 days. After 2 days the medium was changed with medium containing 10% FCS, 1% Pen/Strep, 170 nM Insulin and 2,5 nM Rosiglitazone and left for 3-5 days before refreshing medium every 3-5 days for three weeks. Adipogenic differentiation was assessed by Oil Red O staining after adipogenic induction. Prior to staining, the cells were fixed in 10% formaldehyde for 10 minutes at room temperature and washed twice with PBS. The cells were incubated with Oil Red O (Sigma, Steinheim, Germany) for 10 minutes at room temperature. The stained cells were observed under the light microscope and photographed.
Osteoblast differentiation
The cells were cultured in a FALCON filter cap flask (BD, biosciences, San Jose CA, USA) till near confluency, trypsinized counted. 2.500-5.000-10.000 cells were seeded in a 24-well plate (2 plates: 1 control and 1 differentiation). At day 1 the control plate was washed with PBS (Apotheek UMC, Utrecht) fixed with ice-cold methanol for 30’ on ice, air dried and stored at 4 0C. The basic culture medium was replaced with differentiation medium A containing FCS, Pen/Strep and L-glutamine (Invirtogen, Carlsbad, USA). At day 4 the medium was replaced with differentiation medium B containing FCS, Pen/Strep, L-glutamine and L-ascorbic (Sigame-Aldrich). At day 11 the medium was replaced with differentiation medium C containing FCS, Pen/Strep, L-glutamine, L-ascorbic, b-glycerol-phosphate (Sigma-Aldrich).
Cell labelling using PKH26

The MSCs were labelled using the PKH26 labelling kit (Sigma-Aldrich catalogue: PKH26-PCL) and were incubated for 2-5 minutes at room temperature and washed with PBS-5% FCS which stops the reaction and keeps the dye in the cell. The cell suspension was centrifuged for 10 minutes at 1500 rpm, washed 3 times with PBS-5% FCS, to remove unbound dye, and resuspended in DMEM low glucose +20% FCS + 1% Pen/Strep. Analysis to determine the efficiency was done using the FACSCalibur (BD biosciences, San Jose, CA USA).
Cell labelling using Cell Tracker©
The MSCs were labelled using Cell Tracker© (Invitrogen, Carlsbad, USA catalogue nr: SKU# C2925) diluted in DMEM low glucose (0,5 μM) without supplements and was incubated for (40 min at room temperature. The efficiency was determined on the FACSCalibur (BD biosciences, San Jose, CA USA), before the cells were expanded and injected in mice.

Lentiviral transduction

MSCs were incubated until a confluence of 40% was reached. The lentivirus, containing the CMV-Luc2-IRES-GFP construct, with 8 mg/ml polybreen was added to the cells in the optimal dilution (1:3). The cells were incubated overnight. After transduction the cells were cultured without the virus for proximally 2-5 days before determining the transduction efficiency using a FACSCalibur (BD biosciences, San Jose, CA USA). After additional culturing the GFP-positive cells were isolated by sorting using a FACSAria (BD biosciences, San Jose, CA USA)

Transplantation of pre-treated MSCs in wild type mice

MSCs were pre-treated with Cell Tracker©, were harvested with 0,25% trypsin/EDTA from the culture flasks (Falcon, biosciences, San Jose, CA USA) and suspended in PBS/BSA/Heparin at 15 x 106 cells/ml. The cells were injected into sublethaly irradiated (3,5 Gy) mice via different routes:

Intravenous (i.v.)
The labelled cells (200 μl containing 3x106 cells) were transplanted in the mice via the tail vein.

Intrahepatic (i.h.)
The animals were anesthetized by intraperitoneal injection of Nembutal (30 mg/kg, CEVA Santé Animale, Naaldwijk, Netherlands).

MSCs were injected into the liver lobe after partial hepatectomy. A total of 1,5x106 cells diluted in 200 μl were injected per mouse.

Intraspleen (i.s.)
The mice were anesthetized by intraperitoneal injection of Nembutal (30 mg/kg, CEVA Santé Animale, Naaldwijk, Netherlands).

The labelled MSCs were injected into the spleen after spleenectomy. A total of 7,5x105 cells diluted in 50 μl were injected per mouse. The mice were given Temgesic for the pain.

Intracardial (i.c.)
The mice were anesthetized by intraperitoneal injection of Nembutal (30 mg/kg, CEVA Santé Animale, Naaldwijk, Netherlands).

The labelled MSCs were injected in the left ventricle. Mouse 1 received 1.5x106 cells, mouse 2 received 7,5x105 diluted in cells and mice 3 and 4 received 5x105 cells suspended in 100 μl.

Intrafemural (i.f.)
The mice were anesthetized by intramuscular injection of 20 μl KXA ( Ketamin, Xylazine, Athropin 7:6:1, GDL, Utrecht).

The labelled MSCs were injected into the right femur, all mice received 1,8x106 cells diluted in 20 μl.  

Neonates 
The neonatal mice were injected with 5*106 cells in 25 μl via the temporal vein.

Tracking of the MSCs in vivo
The mice that received the cells were examined at 4 and 24 hours after cell injection. The distribution of MSCs was determined by FACS analysis of single cell suspensions of blood, bone marrow extruded from the femur, brain, lung, liver and spleen.

For retrieval of cells from soft tissues, the tissues were mechanically treated and filtered through a cell strainer (BD Falcon biosciences, San Jose, CA USA). Bone marrow was extruded from the femora by cutting of the bone and flushing of the bone with a 26 gauge needle filled with medium. Blood was pre-treated with eryshock for 15 minutes on ice, centrifuged at 1500 rpm for 10 minutes and resuspended in PSA. Before analysis we added a known amount of fluorescent beads to the suspensions in order to quantize the analysis. This is done by counting the beads during FACS analysis and then calculate back to the known amount of added bead in order to determine the analysed fraction. 
The prepared suspensions were analysed using a FACSCalibur (BD biosciences, San Jose, CA USA) and the data was analysed using Cell Quest (BD biosciences, San Jose, CA USA)

Statistical analysis 

All variables are expressed as mean +/- standard deviation. All calculations were done using Excel (Microsoft B.V., Amsterdam, Netherlands) and all graphs were made using GraphPad Prism (GraphPad Prism 4.00, La Jolla, CA USA). Statistical analysis was done using the student t-test.
3.0 Results
3.1 Characterization of MSCs
To determine whether the cells we have injected in the mice were mesenchymal stromal cells, we need to differentiate them into adipocytes, chondrocytes or osteoblasts. We also need to characterize the phenotype of the cells using antibodies against a subset of surface markers.
Cell culture

The cells exhibit fibroblast-like morphology and were rapidly growing, dividing once every 12-15 hours. The number of round-shaped cells found in primary cell cultures rapidly decreased and the growth rate of the fibroblastic cells gradually increased with each passage.
Characterization of MSCs
Surface profiles of cells from passage 15-20 were examined for surface molecule expression. The relative proportions of positive and negative cells for each marker are summarized in table and depicted in table 1. The cells were 99% negative for hematopoietic markers (CD34, CD11b, CD45, TER119, CD34, MHCI and MHCII) and the adhesion marker CD44. For the self-renewal marker (SCA1) and the non-specific MSC marker (CD90, CD106, SSEA1, SSEA4) the cells were 99% positive (figure 7). Untransduced cells were used as a control to define the negative population and set the quadrant in order to discriminate between the two populations.
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Adipogenic differentiation

We chose the adipogenic differentiation because during the osteoblastic differentiation the culture was infected by a bacterial contamination, and due to time, we could not redo the osteoblastic differentiation.
The induction of adipogenic differentiation results in inhibition of cell proliferation and changes in morphology (figure 8). The first intracellular lipid droplets appeared during the end of the second week of culture and at day 21 this amount of lipid droplets was not increased. Oil Red-O staining proved that some cells had actively deposited intracellular lipid (< 1%). The adipogenic differentiation therefore wasn’t successful in all cells.
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The cell culture showed all the characteristics of MSCs in culture with the fibroblast-like morphology of the cells and increasing proliferation rate. All cells were 99% negative for the hematopoietic markers and the adhesion marker CD44 and 99% positive for the non-specific markers and the self-renewal marker SCA1. All these results and the formation of lipid droplets during the adipogenic differentiation show that the cells in culture were multipotent mesenchymal stromal cells.
3.2 Labeling of cells
Lentiviral transduction

We transduced MSCs with a batch of the lentiviral vector (LV-Luc2-IRES-GFP) to produce a stable population of luciferase-expressing cells. We used 2 different virus-titers (e.g. 1:3 and 1:5) to establish the optimal concentration of virus particles to successfully transduce the MSCs. We also divided 4 different groups (e.g. one trypsinized transduced group in duplo (A & B), one non-trypsinized transduced group (C) and one control group (D)) to determine whether trypsinization has negative effects on the transduction efficiency (figure 9). Trypsinization occurred just before lentiviral transduction by adding 0,25% trypsin/EDTA to the culture flask so that all cells were in suspension when they were being transduced. Using this approach we were able to achieve average transduction efficiency of 30% (mean of the 1:3 virus dilution group), due to problems with the FACSAria we were unable to successfully sort the GFP-positive cells and expand them. Trypsinization prior transduction seems not to have effect on the efficiency (34,34 % for the non-trypsinized group 1:3 A, and 36,54% for the trypsinized group 1:3 C). Were as virus titer did, the 1:3 dilution reached a transduction efficiency of 43,8% were the 1:5 dilution reached a transduction efficiency of 7,09% (Significance was tested using a one sided t-test, p= 0,05).
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Cell labeling using PKH26
We labelled MSCs using the PKH26GL cell labelling kit (Sigma-Aldrich). We established 3 different groups; one unstained control group (A), one non-trypsinized group (B), one trypsinized group (C) to determine whether trypsinization has negative effects on cell viability and proliferation rate (figure 10). Trypsinization occurred just before adding PKH26, by adding 0,25% trypsin/EDTA to the culture flask so that all cells were in suspension when they were being labeled. Cells displayed a normal fibroblast-like phenotype and proliferation rate after treatment with PKH26. Trypsinization seems to have no effect on the efficiency with the trypsinized group reaching an efficiency of 99,39% and the non-trypsinized group reaching an efficiency of 96,16% (Samples were too small for statistical analysis n=1).
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Cell labelling using Cell Tracker©
Cells labelled with Cell Tracker© showed a high expression level in vitro (up to 103 times background) and a high efficiency (up to 99,8%) but it seemed that cell concentration had an effect on the binding level as well as on the efficiency (figure 11). Trypsinization did have a effect on the labelling efficiency, but because the method uses medium without FCS we decided not to use this method in order to preserve the viability of the cells. We tested different cell concentrations in a 6-well plate (1*105 cells/well, 2*105 cells/well, 5*105 cells/well and 1*106 cells/well). We also tested two different dilutions of Cell Tracker© (1/20.000 (A) and 1/40.000 (B))

We found no significant difference between the 1/20.000 (99,06% expression) and 1/40.000 (99.80% expression). We did see a decline in expression level as the cell concentration increased (samples were too small for statistical analysis n=1). 
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Because we were not able to sort and expand the lentiviral transduced MSCs, we were forced to choose one of the other labeling methods. Cell labeling using Cell Tracker© gave the highest in vitro intensity en because of the feasibility and availability, we decided to use this labelling method for the in vivo experiments.
3.3 Bio distribution
Homing to bone marrow
Because skeletal abnormalities are a clinical feature of Hurlers syndrome, we want to get MSCs to home to the bone marrow to deliver IDUA to the affected cells to break down the accumulated GAGs. To determine which injection route is the most effective to get MSCs into the bone marrow, we compared them with each other and most of the cells home to the bone using the intracardial injection route. (The data of the other injection routes can be found in the appendix)
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Intracardial injection
The intracardial injection routes gave the best homing to the bone marrow but what happens with the cells when they are injected. 

Cells were injected into the left ventricle of the heart in order to bypass the lungs. The best injection was with 500.000 cells suspended in 100 μl of PBS/BSA/Heparin, the mortality rate increased when more concentrated suspensions were injected. Most cells labelled with Cell Tracker© were indeed not found in the lung but in the liver and after 4 hours most cells are found back in blood, bone marrow, liver and lungs, after 24 hours, most cells were found in the liver, lungs and spleen. However, most cells could not be found back using FACS analysis.
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Intravenous injection
Because the intravenous injection route is the most clinical relevant, we looked what happens to the injected cells.

Cells obtained after isolation of biomaterial were analysed using the FACSCalibur. Flow-cytometry determined that most of the cells labelled with Cell Tracker© were found in the lungs and liver and some were found in bone marrow and the brain, no cells were found in blood circulation. This indicates that most of the cells have migrated. But most of the injected cells could not be found back using FACS analysis. 
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Intravenous Versus intracardial injection

To determine the best route for systematic cell delivery to the bone marrow, we compared intravenous versus intracardial injection. Relative expression of labelled cells revealed that the highest expression in the lungs and liver compared with other organs. There were also more transplanted cells retrieved from blood and bone marrow in the intracardial injection route.
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Homing of transplanted MSCs in a system

To determine what happens to the transplanted MSCs when they are injected into an organ or system, we have injected MSCs in the spleen, liver and in the femur to determine if the cells could be found back in circulation. Most of the transplanted MSCs did not leave the system they were injected in suggesting that they do not migrate back into circulation in 4- or 24 hours.
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Effect of irradiation on homing
To determine whether irradiation has an effect on the homing of MSCs to the bone marrow, we compared irradiated mice with non-irradiated mice. Both groups were treated the same way.
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The effect of age on the homing of MSCs

To determine whether age of the mice has an effect on the overall homing of transplanted MSCs, we tested three different ages (12 weeks old, 3 weeks old and neonatal mice) and injected the MSCs intravenously via the tail vein. When the mice are younger, more cells become trapped in the lung and the liver. This is possibly due to the smaller size of these organs in comparison with adult mice. In neonatal mice more MSCs were retrieved from bone marrow. This can probably be explained by the fact that these mice are growing and that this process attracts MSCs.
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Homing to the brain
Because mental retardation is a clinical feature of Hurlers syndrome, we investigated if the transplanted MSCs could home to the brain. The amount of positive labeled cells found in the brain suggests that the transplanted MSCs can not cross the blood-brain barrier.
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Mortality of the recipient

Mortality rate of the recipient during transplantation of MSCs varied among the different injection routes. Also the mortality varied with different amounts of transplanted MSCs (table 3), the more MSCs transplanted, the more risk on mortality. The intracardial injection route had the highest mortality rate (50%).
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Transplantation of MSCs
We investigated the effect of injection route (intravenous, intracardial, intrahepatic, intraspleen, intrafemural), ages of the mice ( 12 weeks, 3 weeks and neonatal mice) and irradiation on the homing pattern of MSCs in black6 mice After harvesting of the biomaterial we prepared single cell suspension and analysed the suspensions using the FACSCalibur (BD, biosciences, San Jose, CA, USA). A low percentage of cells could be found back using flow cytometry, with the highest percentage cells found back 4% (intrahepatic injection result in appendix and table 4). The intravenous and intracardial injection routes resulted in the best overall homing and these results are depicted in the next section (other data can be found in the appendix).

	
	blood
	BM
	brain
	liver
	lung
	spleen
	animals
	injected cells
	sum of recovered cells

	Intravenous
	0
	0,04
	0,02
	0,83
	0,53
	0,01
	4
	3,00E+06
	1,22E+05

	Intracardial
	0,69
	0,38
	0
	2,89
	0,71
	0,11
	4
	5,00E+05
	9,44E+04

	Intrahepatic
	0,08
	0,15
	0,04
	4,15
	0,11
	0,10
	2
	1,50E+06
	1,36E+05

	Intraspleen
	0,04
	0,15
	0,01
	0,07
	0,08
	2,23
	4
	7,50E+05
	7,60E+04

	intrafemur
	0
	0
	0
	0,62
	0,26
	0,03
	3
	1,80E+06
	6,82E+04

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	I.v. irradiated
	0,03
	0,02
	0
	0,04
	0,46
	0,003
	3
	3,00E+06
	1,73E+05

	I.v. naive
	1,34
	0,03
	0
	0,09
	1,32
	0,01
	3
	3,00E+06
	4,73E+04

	3 weeks old
	0
	0,1
	0
	0,8
	0,1
	0,01
	4
	8,00E+05
	3,32E+04

	neonates
	0,07
	1,2
	0,01
	15,6
	0,3
	0,1
	4
	5,00E+05
	1,98E+05



4.0 Conclusion & discussion
The major findings of the present pilot experiment are as followed:
Cell culture

The fibroblast-like morphology of the cells and the fact that the amount of round-shaped cells declined with each passage as well as the fact that the proliferation rate increased over time showed that the cells in culture were MSCs.
Characterization of MSCs

The cells were 99% positive for the self-renewal marker SCA1 and for the non-specific marker, and were 99% negative for the hematopoietic marker suggesting that the analysed cells were indeed MSCs.
Adipogenic differentiation

We have induced adipogenic differentiation, but because the cells did not fill up with lipids, we could not stain the differentiated cells because oil red o stains the triglycerides and lipid molecules. In a next experiment should be studied what happens after a period of three weeks differentiation, because the cells were only three weeks cultured/differentiated for. Another issue that need to be further investigated is the cell/area ratio. Too many cells results in detaching of the cells from the culture plastic, while putting too less cells in a 24-well plate results in proliferating instead of differentiating cells. Therefore we have to optimize the cell concentration so the cells will differentiate instead of profilate.

Cell labelling
Cell labelling using Cell Tracker© is the most effective labelling method for short-term studies because it gives the highest intensity after labelling compared with PKH26. To determine were the MSCs will home to in long-term; transduction with a lentiviral construct is the best option because the percentage Luc2-GFP-positive cells will not decline after cell division and the cells can be tracked with a bioluminescence imager. One disadvantage is the silencing of the gene by tissue specific restriction factors22, 23.

Transplantation of MSCs
We have investigated different injection routes to administer MSCs to the recipient to see if they could home to the different target organs.
We have tested the intravenous, intracardial, intraspleen, intrahepatic and intrafemural injection route and compared these with each other.

With the intraspleen, intrahepatic and intrafemural injection, the MSCs did not leave the system or organ they were injected in 24 hours. Suggesting that the migration back into circulation takes longer than 24 hours, or they need various stimuli to actively migrate back into circulation.

Systematic intracardiac delivery of MSCs is the most efficient way to get MSCs home to the bone marrow, but is still limited by the entrapment of most of the MSCs in the liver. There seems to be a correlation between viscosity/pressure of the injected cells and the mortality rate of the mice. To study this hypothesis, different volumes at different speeds and different cell concentrations at various speeds need to be injected.
One other factor in the homing ability of MSCs could be the age of the MSCs themselves. The MSCs used in this pilot experiment were of high passage and it is known that the homing ability of MSCs will decline if they are cultured for a longer period24. However, during our pilot the mortality rate in this group was high, so the procedure needs to be further optimized.
Effect of irradiation on overall homing

In the clinic, Hurler syndrome patients often have many radiation sessions prior to a bone marrow transplantation to ensure a better engraftment.

Our model showed that irradiation seems to have no significant effect on the overall homing of the transplanted cells. We did retrieve more cells in the radiated group but the difference was not significant (p<0,05). It could be that more radiation sessions are needed to see a significant beneficial effect on the homing of MSCs to the bone marrow. 
Effect of age of the recipients on homing

The age of the mice seem to have a negative effect on the homing of MSCs. We did retrieve more cells from the younger mice, but in neonatal mice most of the cells were found in the lung and the liver. This could be because the lungs and liver of these mice are considerably smaller in size than the lungs and livers of adult mice so that the transplanted cells are entrapped when they enter the lung or liver of these younger mice. Long-term studies have shown that transplanted cells migrate though out the body of the recipient after a longer time period15, so long-term study using a lentiviral construct is needed.  The highest percentage of transplanted cells found back in the bone marrow of the recipients was in the group of neonatal mice, this could be because these mice are growing rapidly and the growing bone could act as a attractant for the transplanted MSCs. This finding leads to the assumption that a MSC could work in children with Hurler syndrome because the recipient mice are of similar age as the Hurler patients when they are being transplanted.
All data leads to the assumption that the transplanted MSCs can not cross the blood-brain barrier and migrate into the brain, one way to study this is to isolate the meninges and determine if there are positively labelled MSCs on these meninges using FACS analysis and microscopy.

Due to the small size of the lungs, and large size of the transplanted MSCs, most of the cells will be entrapped in the lungs and liver of the recipient mice. These findings suggest that there is still more study needed on how we can bypass these organs and on how we can influence the homing pattern of MSCs using bioluminescence.
Fig. 2: A systematic scheme of the inheritance of genes and their dominant or recessive properties. 





Fig. 1: A little boy with Hurler syndrome.





Fig. 4: An overview of the cell lineages mesenchymal stem cells can differentiate into.





Table 1: An overview of the markers that are expressed on the cell surface of MSCs, the Ag specific cell type, and the functions of Ag and/or specific cell type. 





Fig. 5: Intracellular reactions of CellTracker Green CMFDA (5-chloromethylfluorescein diacetate). Once this membrane-permeant probe enters a cell, esterase hydrolysis converts nonfluorescent CMFDA to fluorescent 5-chloromethylfluorescein, which can then react with thiols on proteins and peptides to form aldehyde-fixable conjugates. This probe may also react with intracellular thiol-containing biomolecules first, but the conjugate is nonfluorescent until its acetates are removed.                                                   (http://probes.invitrogen.com/handbook/sections/1402.html)








Table 3: The mortality rate of the different injection routes and for the different amounts of transplanted cells. Depicted as diseased mice/total number of transplanted mice 





Fig. 6: A schematic overview of the lentiviral production procces and the lentiviral transduction.





Fig. 21: The effect of age of the recipient on the homing. With 12 week old mice, 3 week old mice and neonates depicted as mean +/- standard deviation. Most cells were found back in neonatal mice. Depicted as percentage of transplanted cells.








Fig. 20: Overall homing pattern of transplanted MSCs in 3 week old mice, depicted as mean +/- standard deviation. Most cells were found back in the bone marrow, liver and lungs after 4 hours, after 24 hours most cells were found in the bone marrow and lungs. Depicted as percentage of transplanted cells.








Fig. 15: Comparison of intravenous injection versus intracardial injection as mean +/- standard deviation. The black bars are the values determined with the intravenous injection, the open bars of the intracardial injection. More cells are found back in blood, bone marrow, liver and spleen with the intracardial injection. Depicted as percentage of transplanted cells with the absolute number of recovered cells as number in the graph.





Fig. 13: The overall homing of the intracardial injection route depicted as mean +/- standard deviation. After 4 hours most cells are found back in blood, bone marrow, liver and lungs, after 24 hours, most cells were found in the liver, lungs and spleen. The black bars are the 4 hour values and the open bars the 24 hour values. Depicted as percentage of transplanted cells.





Fig. 14: The overall homing of the intravenous injection route, depicted as mean +/- standard deviation. The black bars are the 4 hour values and the open bars the 24 hour values. Most cells were found back in the liver and lungs of the recipient. Depicted as percentage of transplanted cells with the absolute number of recovered cells as number in the graph.





Fig. 11: Fluorescence-activated analysis of cells labelled with Cell Tracker©. 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 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. The cell concentration per well is depicted above the analysis graph. The 1/20.000 Cell Tracker© dilution (A) gave a higher expression level.
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Fig. 10: Fluorescence-activated analysis of cells labelled with PKH26. With on the leftside the control (A), the non-trypsinisized (B) in the middle and the trypsinisized (C) on the right. On the X-axis the Forward Scatter is shown and on the Y-axis the FL-2 (PE) Untransduced cells were used as a control to define the negative population and 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. The non-trypsinisized (B) cells labelled with PKH26 have a higher expression level.
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Fig. 17: Homing to the bone marrow using the different conditioning. Depicted as mean +/- standard deviation with the absolute number of retrieved cells in the bars. n=3 in both groups
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Fig. 9: Fluorescence-activated analysis for Luc2-GFP positive cells. 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 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. With A & B as the trypsinized transduced group, C non-trypsinized transduced group and D as the control group. The cells transduced with the 1:3 virus dilution gave more positive cells with higher expression levels





Table 2: An overview of the markers that were found on the cell surface,(+ if we found it on the cells surface and – if we did not find any on the cells surface) and some negative markers that we screened the cells with. 





Fig. 7: Fluorescence-activated analysis of the expression of different surface markers. Untransduced cells were used as a control to define the negative population and set the quadrant. On the X-axis the Forward Scatter is shown and on the Y-axis: CD11b (FITC) and the SCA1 (PE).





Fig. 8: Determination of adipogenisis. MSCs were cultured in standard culture medium (a) and in adipogenic medium and stained with Oil Red O after 3 weeks (b). Light inverted microscope, 200x
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Fig. 12: Homing to the bone marrow using the different injection routes. Depicted as mean +/- standard deviation with the absolute number of retrieved cells in the bars and the sample size above the bars.





Table 4: Results of the MSCs found back with the different injection routes (depicted as percentage of transplanted MSCs), ages, conditioning, sample size, injected cells and sum of recovered cells.





Fig. 19: Overall homing pattern of transplanted MSCs in neonatal mice, depicted as mean +/- standard deviation. The open bars are the values of the 4 hour group and the closed bars from the 24 hour group. Most cells were found back in the liver and lung in both time points. Depicted as percentage of transplanted cells.





Fig. 18: Homing to the bone marrow using the ages of recipients. Depicted as mean +/- standard deviation with the absolute number of retrieved cells in the bars and the sample size above the bars. Most cells were found back in the neonatal mouse.
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Fig. 22: Homing to the brain using the different injection routes, conditioning and ages of therecipients. Depicted as mean +/- standard deviation with the absolute number of retrieved cells in the bars.





Fig. 16: Homing of transplanted MSCs injected in an organ or system. Most of the transplanted cells were found in the organ or system they were injected in, suggesting that these cells can not migrate back into circulation in 4- or 24 hours
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