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ABSTRACT 
 
Haematopoietic stem cell transplantation (HSCT) is curative therapy for many malignant and 
non-malignant diseases. Effective conditioning regimen is an important component of HSCT in 
order to achieve a successful engraftment and to pursue a curative treatment. Conditioning 
regimens consist of chemotherapy with or without total body irradiation. Despite improved 
techniques and invention of new drugs, HSCT is still associated with transplantation related 
complications that negatively affect the outcome. Mechanisms behind the engraftment and the 
onset of the haematopoietic stem cells (HSC) proliferation and differentiation are not fully 
understood. Some studies have shown an evidence for trans-differentiation of HSC to non-
haematopoietic tissues, but other studies claim that it is either cell fusion or transplantation of 
other progenitor cells.  
 
The aims of this thesis were to investigate plasticity of donor HSC and the occurrence of tissue 
specific cells of donor origin in recipient using the fluorescens in situ hybridization (FISH) 
technique and immunophenotyping. We also studied the effect of the different conditioning 
regimens on the engraftment, chimerism and the outcome of HSCT in mouse model. 
 
In study I, we investigated the effect of the administration sequence of busulphan (Bu) and 
cyclophosphamide (Cy) on the myeloablative and immunosuppressive effects, engraftment and 
toxicity in mouse model. Female BALB/c mice were transplanted with syngenic male donors 
after Bu-Cy or Cy-Bu conditioning and followed up to 90 days after HSCT. Sex mismatch 
enabled assessment of chimerism by detection of Y-chromosome carrying cells using FISH. 
Chimerism within specific cell populations, CD11c+ dendritic and CD4+CD25+ regulatory T 
cells, was assessed using FISH in combination with fluorescence immuno-phenotyping.  
In both Bu-Cy and Cy-Bu groups, comparable levels of chimerism were detected in the bone 
marrow with the peak at day 60 after HSCT, and this level remained stable. In spleen, both 
treatments produced similar levels of chimerism, but at the end of the study the chimerism level 
in Bu-Cy treated animals was significantly higher compared to the Cy-Bu group. The portion of 
CD11c+ and CD4+CD25+ of donor origin in the spleens was significantly lower in Cy-Bu 
treated animals compared to the Bu-Cy group until day +40. However, until day +90 dendritic 
and regulatory T cells of donor origin in the Cy-Bu group slightly exceeded those in Bu-Cy 
treated animals. Both dendritic and regulatory T cells play an important role in graft-versus-host 
disease and graft-versus leukemia effect in HSCT. Immunosuppressive effect and immune 
reconstitution expressed as spleen cellularity were similar in both groups. Toxicity profile 
expressed as decrease in body weight and levels of liver enzymes was advantageous for Cy-Bu 
regimen.  In summary, the patterns of long-term reconstitution of the bone marrow and spleen 
in Bu-Cy and Cy-Bu treated animals were comparable, with less liver toxicity in Cy-Bu group. 
Thus, altering the administration order from Bu-Cy to Cy-Bu may be beneficial in clinical use 
and may have positive impact on the outcome of HSCT. 
  
In study II and III, we approached the plasticity of the stem cells by combining FISH with 
immunophenotyping. We studied the occurrence of non-haematopotietic cells of donor origin in 
female recipients transplanted with male donors. We found that 2-6% of pneumocytes type II 
(cytokeratin +/surfactant protein A+) were carrying Y-chromosome, and thus originating from 
the donor. In endometrial blood vessels about 10% of endometrial endothelial cells 
(CD34+/VEGFR2+) were of donor origin. In conclusion, bone marrow derived donor 
progenitor cells may trans-differentiate to other than haematopoeitic cells. 
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1 Introduction 
 
1.1 Allogeneic haematopoietic stem cell transplantation 

From the beginning of the 1950s through the 1970s, research of Donnall Thomas and his co-

workers started a new era of the treatment of hematological diseases using bone marrow 

transplantation. During this time also human leukocyte antigens were discovered which 

enabled a better matching between donors and recipients (Dausset J, Brecy H. Nature 1957). 

The first allogeneic hematopoetic stem cell transplantation was carried out in 1957 in a patient 

with end-stage leukemia at the Fred Hutchinson Cancer Research Center by E. Donnall 

Thomas and his co-workers. In 1968, the first successful bone marrow transplantations were 

performed and since that more than 200 000 allogeneic stem cell transplantations have been 

performed worldwide (Ringdén  et al. 2005). E Donnall Thomas´ pioneer work was in 1990 

recognized with a Nobel Prize in Physiology and Medicine. 

 

Haematopoietic stem cell transplantation (HSCT) is a curative therapy for many malignant 

diseases such as acute and chronic leukemias, myelodysplastic syndrome, neuroblastoma, 

Ewing sarcoma and lymphoma. HSCT is also used as a treatment for a number of non-

malignant disorders such as severe combined immunodeficiency, thalassemia, familial 

hemophagocytic lymphohistiocytosis, Hurler syndrome and aplastic anaemia (Burt et al. 

2001; Little 2002; Rainer 2003). During the first decades, bone marrow aspirates from donors 

were the main source of stem cells, while during the last 15 years the majority of stem cell 

transplantations are carried out using stem cells collected from peripheral blood after 

stimulation with granulocyte colony-stimulating factor (G-CSF) (Ringdén et al. 2005). Faster 

engraftment of neutrophils and platelets has been reported in HSCT using peripheral blood 

stem cells compared to other stem cell sources. However, the use of PBSC showed an 

increased risk of extensive graft-versus-host disease (GVHD) (Ringdén et al. 2005).  
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1.2 Condition regimens  

Conditioning regimen is an important part of HSCT. Patients undergoing HSCT are treated 

“conditioned” in order to achieve a successful stem cell engraftment and to pursue a curative 

treatment. Conditioning regimens consist of total body irradiation (TBI) in combination with 

cytostatics or only combinations of cytostatics. The conditioning regimen is selected with 

regards to the diagnosis for which the patient is transplanted, the age, other diseases, match 

between the donor and recipient, stem cell source, and risks for transplantation-related 

complications. Conditioning regimen can be divided in two categories according to the 

intensity and the effect on bone marrow: A. myeloablative and B. reduced-intensity/non-

myeloablative (Baron et al. 2004; Ringdén et al. 2005; Barrett et al. 2006). An ideal 

conditioning regimen should fulfil the following criteria;  

• Eliminate malignant cells  

• Create space for donor cells in recipients marrow  

• Suppress the host immune system in order to prevent graft rejection  

• Eliminate immune memory cells  

• Impress minimal or no toxic effects on the host tissues (Vriesendorp 2003)  

Cytostatics-based myeloablative conditioning regimens consists of busulpan (Bu) and 

Cyclophosphamide (Cy). Busulphan was introduced as an alternative to TBI in 1980 by Santos 

et al in order to avoid the side effects of TBI in children (Santos 1993; Ferry et al. 2003).  

Busulphan and cyclophospamide are alkylating agents that act directly on DNA causing cross-

linking of the DNA strands and  abnormal base pairing, prevent cell division and thus, 

ultimately cause cell death (Schulman 1993).  

Severe side effects and treatment related complications such as veno-occlusive disease (VOD), 

interstitial pneumonia (IP), neurotoxicity and graft-versus-host disease (GVHD) are related to 
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HSCT and have negative effect on the transplantation outcome (Ringdén et al 1996; Socie et 

al. 1999).  

 

1.2.1 Total body irradiation 

Historically, TBI in combination with cyclophosphamide is the most frequently used 

conditioning and well documented treatment prior to haematopoietic stem cell transplantation. 

The advantage of TBI is its ability to eradicate tumour cells in localities such as the central 

nervous system. However, TBI has adverse effects such as secondary malignancies and 

endocrinological disturbances, and in children causes growth retardation (Ferry et al. 2003; 

Ringdén et al. 2005). 

 

1.2.2 Cyclophosphamide 

Mustard gas was first developed as a chemical weapon during World War I. Its toxic effects 

on the skin as well as its myelosuppressive effect were observed in the soldiers that had been 

exposed to the gas. During the World War II continuous research led to the discovery of 

nitrogen mustard and its derivates. These compounds were classified as alkylating agents. 

They showed less CNS toxicity compared to mustard gas, but they had cytotoxic effects. In 

1958, cyclophosphamide (Cy) was introduced as an anti-cancer drug (Arnold et al. 1958; 

Ringdén et al. 1996) and it is still one of the most frequently used agents in cancer therapy. 

Cyclophoshamide is used in the treatment of both haematological malignancies as well as 

solid tumours and it is is also a potent immunosuppressive agent. Cyclophosphamide is a pro-

drug that has to be metabolised in the liver by cytochrome P-450 enzymes 2B6, 3A4 and 2C9. 

The active metabolite 4-hydoxycyclophosphamide (4-OH-Cy) is formed and penetrates the 

cell, where it forms the alkylating agent phosphoramide mustard crosslinking DNA. 

Treatment with Cy has several side effects such as nausea, vomiting, alopecia, immuno-
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suppression, gonad damage, haemorrhagic cystitis, CNS toxicity and interstitial pneumonitis 

(de Jonge et al. 2005). 

 

1.2.3 Busulphan 

Busulphan (Bu) was introduced in 1952 as low dose (2-6 mg/day) treatment for chronic 

myeloid leukaemia and polycythemia vera. In the beginning of 1980’s, busulphan in high doses 

(4 mg/kg/day for 4 days) in combination with Cy was introduced as a new myeloablative 

conditioning regimen prior to HSCT instead of TBI. The efficacy of the Bu-Cy combination 

fulfils the criteria for a conditioning regimen; however, this treatment has several drawbacks. 

Several studies have reported a wide variability in Bu kinetics and several underlying factors 

such as bioavailability, age and interaction with other drugs have been pointed out (Hassan et 

al. 1994; Nilsson et al. 2003). High plasma levels of busulphan were correlated with increased 

risk of veno-occlusive disease of the liver, haemorrhagic cystitis and chronic graft versus host 

disease,while low plasma concentrations of Bu were related to leukaemic relapse and graft 

rejection. Busulphan has a narrow therapeutic window and thus, therapeutic drug monitoring 

and dose adjustment are important factors to increase therapeutic efficacy and to decrease drug 

related toxicity. Several reports showed a similar or even better clinical outcome of the patients 

using busulphan in conditioning regimen compared to TBI (Clift et al.1994; Ringdén et al. 

1999; Socié et al. 2001). Moreover, Bu has been shown to have less late adverse effects such as 

growth retardation and secondary malignancies in pediatric patients compared to TBI (Ferry et 

al. 2003). 

 

1.3 Graft-versus-host disease 

Despite the invention of new drugs and improvements in donor selection, stem cell harvest, 

supportive treatment and diagnostic techniques, haematopoietic stem cell transplantation is still 
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associated with high morbidity and mortality. Graft-versus-host disease (GVHD) is the most 

serious complication both in short- and long-term (Lee 2005). According to the time elapsed 

from the stem cell infusion, GVHD is defined as acute or chronic. 

 

1.3.1 Acute GVHD  

Acute GVHD occurs during the first three months after transplantation and is graded on a five 

point scale from 0 to IV with multi organ involvements. Basically, this is an immune reaction 

due to disparity between donor and recipient in HLA (human leukocyte antigens) where donor 

T-cells are activated by recipient HLA antigens. Skin, gut and liver are the most frequently 

involved organs (Ringdén et al. 2005; Bolanos-Meade 2006). Depletion of the donor T-cells 

before graft infusion has been successful in reducing the rate of acute GVHD, however, this 

treatment may increase the risk of graft failure and relapse (Baird et al. 2006). Other risk 

factors for GVHD development are female donor to male recipient, certain HLA alleles, 

seropositivity to several viruses and the host environment (Ringdén et al. 2005; Schultz et al. 

2006). 

 

1.3.2 Chronic GVHD  

Chronic GVHD is the major cause of late death after HSCT. It occurs in 20 – 70% of the 

transplanted patients more than 100 days after stem cell infusion (Lee 2005). Extent of chronic 

GVHD varies from limited to extensive with involvement and dysfunction of several organs. 

Indeed, in half of the patients suffering from chronic GVHD three or more organs were 

involved (Lee 2005). Chronic GVHD deteriorates the life quality of the patients undergoing 

HSCT and increases the risk of developing secondary malignancies or others diseases leading 

to death (Baird et al. 2006).  The relationship between acute and chronic GVHD has not been 

fully understood yet. Analysis of clinical studies and patients outcome has not shown evidence 
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that chronic GVHD is always preceded by acute GVHD. About one third of the patients who 

experienced acute GVHD never developed chronic GVHD and about 30% of the chronic 

GVHD cases were not preceded by acute GVHD. Despite the fact that the same organs are 

affected in both forms of GVHD, chronic GVHD shows more inflammatory and fibrotic 

changes, while acute GVHD is more associated with apoptosis and necrosis (Ringdén et al. 

2005; Lee 2005, Baird et al. 2006) 

 

1.3.1 Dendritic cells 

Dendritic cells (DCs) belong to the antigen presenting cells and are derived from the bone 

marrow. In human at least four types of DCs have been identified, with the most common  

phenotype markers CD11c+ or CD11c-, while in animal models all DCs are CD11c+ (Young 

et al. 2007). DCs are central in the immune response, both innate and adaptive. They are 

considered to be the most potent stimulators of T-cell responses and also produce an array of 

cytokines (Aufferman-Gretzinger et al. 2002, Young et al. 2007). Several studies indicate that 

the donor DCs play an essential role in acute graft-versus-host disease, relapse and graft failure 

after HSCT (Chan et al. 2003; Young et al. 2007; Auffermann-Gretzinger et al. 2002; Boeck et 

al. 2006). 

 

1.3.2 Regulatory T-cells 

Regulatory T-cells (TREG) belong to the T-cell population and develop in the thymus.  Within 

the naive CD4+ T-cell population 3 - 12% of the cells are co-expressing IL-2 receptor α chain 

(CD25) both in rodents and humans. This subpopulation of T-cells, TREG, is characterized as 

CD4+CD25+ (double positive) cells and also express the transcriptional repressor FOXP3. 

Their function is to maintain self tolerance and prevent proliferation and activation of auto 

reactive T-cells (Trenado et al. 2003; Blazar et al. 2005; Zorn et al. 2005; Ziegler 2006). 
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Several studies have demonstrated their role in alloreactive response after allogeneic HSCT 

since the presence of donor TREG cells favours the engraftment of haematopoietic stem cells 

and prevents GVHD (Hoffmann et al. 2002; Edinger et al. 2003; Hoffmann et al. 2006). 

 

1.4. Stem cell “homing” and plasticity 

Though the HSCT is commonly used, there is much more to explore about the molecular 

mechanisms behind the engraftment and the onset of the haematopoietic stem cells 

proliferation and differentiation (Nilsson et al. 2006). The “homing” process to the bone 

marrow involves recruitment of circulating HSC by bone marrow microvasculature followed 

by trans-endothelial migration. In the marrow cavity, stem cells migrate to specific sites – 

locations of stem cells niches or also called the HSC lodgement. In the niche a complex of 

cell interactions, growth factors and adhesion molecules start the proliferation and 

differentiation process. Recent studies emphasize the importance of direct contact and 

interaction between HSC and osteoblasts at the endosteal surface as a factor in regulation for 

the HSC proliferation (Lapidot et al. 2005; Nilsson et al. 2006).  

Recent research on the adult stem cell and its plasticity has led to initiation of studies aiming to 

develop new cell therapies for other organs than the bone marrow and to design organ specific 

gene therapy. However, the results from these studies are controversial (Tao et al. 2003; Raff 

2003; LeBlanc et al. 2005). Several studies concluded that adult stem cells not only 

differentiate into multiple blood cell lineages but also trans-differentiate into non-

haematopoietic cells in other organs. However, more studies about the homing process, 

molecular mechanism and differentiation are still required (Lagasse et al. 2000, Forbes et al. 

2002; Hirschi et al 2002; Horwitz 2003; Horwitz 2003; Eisenberg et al. 2003; Tao et al. 2003; 

Theise et al. 2003; Quesenberry et al. 2004; Asahara et al 2004; Lakshmipathy et al. 2005;  

Sata 2006). Other studies have shown different results claiming that spontaneous cell fusion of 
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donor and recipient cells may explain occurrence of non-haematopoietic cells of donor origin 

or that other circulating donor progenitor cells engraft into the specific organs (Wagers et al. 

2002; Raff 2003; Rutenberg et al. 2004; Nygren et al. 2004). 

 

1.5 Fluorescence In Situ Hybridization (FISH) 

During the 1980th several new molecular genetic technologies were developed together with 

the world wide genome mapping, the HUGO project (Palotie et al. 1996). One of the new 

approaches was Fluorescence In Situ Hybridization, which was also abbreviated and usually 

mentioned as FISH technique. FISH developed rapidly from similar in situ methods using 

radioactive labelling (Lichter et al. 1988; Lichter et al. 1991). FISH has become quickly a 

powerful complementary analysis in the cytogenetic laboratory work as it is an in situ 

visualisation method for detection of genetic alterations in the cell nuclei, and cryptic 

aberrations in chromosomes in the metaphase. Compared to strict cytogenetic applications, 

FISH has also enabled a wider field of use, such as identification of a single cell as a sole 

analysis of different species in somatic cell hybrids, or combination with other techniques 

(Palotie et al. 1996; Lichter et al. 1990; Weber-Maththiessen 1992; Cotteret et al 1998; Baron 

et al. 2006). This was a new field between cytogenetics and pure molecular techniques and was 

named molecular cytogenetics (Palotie et al. 1996).  

The FISH method has been used in several studies on the outcome of HSCT, and has shown a 

powerful strength for the identification of the subgroups of cells both in human and in mouse 

models. Many studies have been focused on minimal residual disease, chimerism and 

engraftment rate in relation to cells that may cause GVHD. On the other hand, only few studies 

have reported on the relationship between the conditioning and GVHD (Hawkins et al. 1992; 

Cotteret et al.1996; Vinigradova et al. 2001; Le Blanc et al. 2005; Nilsson et al. 2005).  
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2 AIMS OF THE STUDY 
 
The objectives of this thesis was to increase the knowledge on stem cell engraftment, 

plasticity and homing using simultaneously the FISH technique and immunophenotyping  

 

Specific aims of the study 

• To investigate plasticity of donor haematopoietic stem cells and the occurrence of tissue 

specific cells of donor origin in recipient using the FISH technique and immunophenotyping.  

• To study the effect of the different conditioning regimens on the engraftment, chimerism 

and the outcome of stem cell transplantation. 

 

3 Materials and Methods  
 
3.1 Animals (Paper I and III) 

Female and male BALB/C (H-2d) mice 7-8 weeks old were purchased from B&K Universal 

(Sollentuna, Sweden). The mice were housed in individual cages (10 animals per cage). Cages 

were placed in acclimatized rooms with a 12 hours dark/12 hours light cycle. Animals had free 

access to food and water ad libitum. The mice were allowed to acclimatize for one week before 

treatment. All experiments were approved by the regional ethics committee for animal research 

in accordance with the Animal Protection Law, the Animal Protection Regulation and the 

regulation of the Swedish National Board for Laboratory Animals. 

 

3.1.1 Treatment and conditioning regimens 

The female BALB/C (H-2d) mice were divided into three groups. 

Group 1: The Bu – Cy group received liposomal Bu (15mg/kg/day) divided in two daily doses 

for four days followed by Cy (100 mg/kg/day) for two days.  

 17



Group 2: The Cy – Bu group was treated with the same doses of Bu and Cy as group I, but the 

drugs were administered in the reversed order, starting with the Cy for two days followed by 

the liposomal Bu for four days.  

Group 3: Untreated controls. 

Conditioning treatment was administered similarly to standard clinical settings and started at 

day -7 before HSCT. The time interval between busulphan and cyclophosphamide 

administration was 24 hour in both treatment groups. The day before HSCT was the resting 

day. 

 

3.1.2 Bone marrow transplantation 

The donor male mice were killed by cervical dislocation and both femurs were removed 

aseptically. A single cell suspension was prepared using PBS containing 2% BSA. Stem cells 

(Sca-1+) were isolated by positive selection using magnetic beads (StemCell Technologies Inc. 

Vancouver, BC, Canada) following the procedure protocol from the manufacturer. Sca-1+ cells 

were washed and re-suspended in sterile PBS. Six hundred thousands Sca-1+ cells in PBS were 

injected in final volume of 150 µL into lateral tail vein of the female mice. 

 

3.1.3 Specimens sampling 

Treated and control mice were euthanized on days -5, -3, 0 (time point for HSCT), +1, +3, +6, 

+10, +20, +30, +40, +60 and +90 after HSCT. For chimerism analysis, bone marrow and 

spleen cells were collected at days 20, 40, 60 and 90 after HSCT. At each time point, 3-5 

animals were used from each group.  

The activity of the liver enzymes and the bilirubin levels were examined at days 10, 20, 40, 60 

and 90. Animals were bled by retro-orbital puncture under light anaesthesia (isoflurane) and 

blood samples were clothed at 4ºC followed by centrifugation to obtain serum. Samples were 
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stored at -20º until analysis. Bilirubin, alanine amino transferase (ALT) and aspartate amino 

transferase (AST) were analysed with a Konelab 30i chemistry analyzer at ILS Laboratorie 

Scandinavia AB, Sollentuna, Sweden.  

For study III endometrial biopsies were taken from 2 mice at day 40. 

 

3.1.4 Preparation of single cell suspension  

The spleens were removed aseptically and placed into tubes containing RPMI 1640 medium 

(GIBCO). Spleens were punctured using two forceps and the splenocytes were passed through 

cell-strainers (70µm) and rinsed with RPMI 1640 medium followed by centrifugation at 1200 

rpm for 5 minutes at 10ºC. Supernatant was discarded and erythrocytes were lysed with 

ammonium chloride solution on ice for 3 minutes. Cells were washed twice in Dulbecco´s PBS 

without calcium and magnesium and centrifuged as described above. Splenic cells were re-

suspended in RPMI 1640 supplemented with 2% FBS. Cells were counted using Türk solution. 

For FISH and fluorescence immunophenotyping analyses, cells were applied to object slides 

(25000-50000 cells/slide) by cyto-centrifugation. Slides were air-dried at room temperature for 

12 hours and stored at -80ºC until analysis. 

Single cell suspension of bone marrow was prepared in similar way as spleen cells. The femurs 

were removed aseptically and both ends of the femurs were cut. Bone marrow was flushed out 

using RPMI 1640 medium, erythrocytes were lysed with ammonium chloride solution on ice 

and than the cells were washed twice in PBS. After centrifugation the cells were resuspended 

in RPMI 1640 supplemeted with 2% FBS, counted and cyto-centrifuged onto slides (25000-

50000 cells/slide). 

 

 

 19



3.2 Patients and controls (Paper II and III) 

For study II, autopsy lung tissue specimens were obtained from four female patients who 

underwent non-myeloablative allogeneic HSCT at Huddinge University Hospital during 2001. 

Patients died 2 to 16 months after HSCT. The patients chosen for this study were divided into 

two groups. In the sex mis-matched group, both patients received male donor cells and none of 

them gave birth to male child. The control group received female donor cells and gave birth to 

male children. The study was approved of the Ethics Committee of Huddinge University 

Hospital. 

In study III endometrial biopsies were obtained from a 30-years old female patient who 

underwent non-myeloablative HSCT with donor cells from brother and also from two healthy 

non-transplanted women who served as controls. Both patient and non-transplanted controls 

gave birth to boys and all of them had deliveries through caesarean section. Biopsies were 

taken under anaesthesia during operation. For follow-up study the patient was sampled again 

one year after HSCT. 

The study was approved by the Ethics Committee of the Karolinska University Hospital and all 

women gave their informed consent to the study. 

 

3.2.1 Preparation of histological specimens 

Specimens from lung and endometrial biopsies were fixed in 4% formaldehyde, de-hydrated 

and paraffin embedded according to routine methods. The blocks were cut using microtome 

with section thickness of 3 – 4 µm. Before cutting a new block, the microtome was cautiously 

cleaned to avoid contamination from other samples. Samples were stored at -20ºC and -80ºC 

until assay. 
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3.3 Fluorescence in situ hybridization 

3.3.1 Fluorescence in situ hybridization (FISH) analysis for detection of total chimerism 

FISH analysis was performed on the cyto-centrifuged spleen and bone marrow cell slides with 

total paint Cy3 labeled mouse chromosome Y DNA probe (Cambio, Cambridge, UK) as 

follows.  

All slides were treated in Carnoy´s solution (HAc/methanol) for cell fixation and cytoplasm 

cleaning for 5 minutes followed by 2 minutes in 99.5% ethanol and air drying. As pre-

treatment for digestion of the proteins, the slides were incubated in a solution of 0.01M HCl 

and pepsin (Sigma Chemical Co, St Louis, MO, USA) at 37ºC. Then 1,5 µL of the probe 

mixture was applied onto each slide. The slides were covered with cover slips and sealed with 

rubber cement. The slides and the probe were simultaneously denatured in a HYBrite (Abbott-

Vysis Inc, USA) at 73°C for 3 minutes, and hybridized at 37°C for 16 h.  

During post-hybridization, the slides were washed in 0.4xSSC/0.3% Igepal CA-630 (Sigma) at 

72°C for 2 minutes and 2xSSC/ 0.1% Igepal CA-630 for 30 seconds. The slides were air dried 

protected from light. Slides were counterstained with VectaShield DAPI (4´6-diamidine-2-

phenylidole dihydrochloride)/antifade (Vector laboratories, Burlingame, Ca, USA) for easier 

detection of the cell nuclei. Five hundred cells per slide were scored for the Y spot signals.  

A Nikon Eclipse E800 microscope (Nikon Corp., Tokyo, Japan), equipped with adequate filter 

set was used for the signal spot counting. The documentation was carried out using an 

Olympus BH-2 (Olympus Optical Co, Hamburg, Germany) microscope equipped with 

adequate filter set and connected to a CytoVision image analysis system (Applied Imaging 

Corp, CA, USA).  
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3.3.2 Combined fluorescence immunophenotyping and interphase cytogenetics for 

detection of chimeric CD11c+ and CD4+CD25+ cells. 

Cytospin slides of spleen cells stored at -80ºC were thawed at room temperature for one hour 

followed by fixation and antigen retrieval in equal parts of methanol and acetone at room 

temperature for 90 seconds. After air-drying, the slides were equilibrated for 5 minutes in 

1xPBS (GIBCO). Thereafter slides were incubated with FITC-conjugated hamster anti-mouse 

CD11c (diluted 1:25 in PNM buffer) or monoclonal FITC-conjugated rat anti-mouse CD4 in 

combination with PE-conjugated rat anti-mouse CD25 antibody (both diluted 1:25 in PNM 

buffer) for 1h at room temperature (all antibodies were purchased from BD Biosciences, 

Pharmigen, San Jose, CA, USA). The slides were washed three times in 1xPBS, once in 1% 

paraformaldehyde and once in distilled sterile aqueous solution, one minute in each solution, 

respectively. Then, the slides were mounted in, DAPI/antifade (1:5) solution (Vector 

Laboratories, Burlingame, CA, USA). Slides were evaluated for staining quality. Positive cells 

per 100 cells were counted using an Olympus fluorescence microscope BH60 connected to a 

CytoVision image analysis system (Applied Imaging Corp, CA, USA). Cover slips were de-

mounted in 1xPBS and 1.5µL of the total paint Cy3 labeled mouse chromosome Y DNA probe 

(Cambio, Cambridge, UK) were applied onto the slides without further pre-treatment. The 

preparations and the probe were simultaneously denatured in a HYBrite at 70ºC and hybridized 

at 37ºC for 2h. This low denaturation temperature maintained the antibody staining better. 

Stringency wash followed the same protocol as in FISH method described above. The slides 

were again mounted in DAPI/antifade solution. 

Evaluation and complete examination of all slides were carried out at magnification 100x1.3 

(oil immersion objective) and the documentation was done using the CytoVision system. For 

CD11c, twenty-five positive cells were assessed for carrying Y signal and the same procedure 

was done for the double positive CD4/CD25 cells. 
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3.3.3 Immunohistochemistry and FISH 

A series of eight lung sections were taken from each block, heat treated over night and pre-

treated with 0.1% protease (Sigma Chemical Co, St Louis, MO, USA). Staining was performed 

in a Techmate 500 plus using Dako ChemMate detection kit (Dako Cytomation, Glostrup, 

Denmark). Staining for cytokeratin was done using monoclonal mouse anti-human cytokeratin 

antibody in dilution 1:200 on sections 2 and 4. Section 1 was stained for surfactant protein A  

using monoclonal mouse anti-human antibody in dilution 1:100 and section 5 was stained for 

macrophages with monoclonal mouse anti-human CD68 antibody in dilution1:300 (all 

antibodies from DAKO). Section 8 was used as negative control with no primary antibodies 

applied. 

Before continuing with the FISH analysis, all slides were scanned and documented for 

cytokeratin positive cell areas matched with positive cells from section 1 and negative cells 

from section 5. The cytokeratin stained slides were used for the FISH analysis.  The tissue was 

treated in a pre-treatment solution (Q-BIOgene) at 45ºC for 15 minutes and then in proteinase-

K solution for 30 to 60 minutes before adding the XY centromeric DNA probes (Abbott-Vysis, 

Abbott Park, IL, USA and Q-BIOgene, Illkirch, France). Tissue slides and probes were 

simultaneously denatured in a HYBrite at 73ºC, 2 minutes and hybridized at 37 ºC for 18 

hours. Post-hybridisation washes and counterstaining was carried out as described for FISH 

analysis in paragraph 4.3.1. 

The FISH prepared slides were again scanned in the previously documented areas and 200 

cytokeratin positive cells/section were counted for XX and XY signals. The cytokeratin 

positive XY cells were evaluated for CD68 and surfactant protein A staining. Documentation 

was done with an Olympus BH2 microscope with adequate filter set and connected to a 

CytoVision image system. 
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3.3.4 Fluorescence immumophenotyping and interphase cytogenetics for detection of 

donor derived endometrial endothelial cells. 

After de-paraffination in xylene and re-hydration in ethanol series, the tissue sections were pre-

treated in microwave oven for antigen retrieval in 10mM citrate buffer, pH 6.0. Thereafter 

slides were blocked with peroxidase for 15 min followed by biotin blocking using DAKO 

Biotin blocking system. 

For double staining of human tissues the following antibodies were used:  

• CD34+ primary antibody, mouse anti-human CD34+ monoclonal, QBEnd 10 

(BioGenex, San Ramon, CA, USA) ).  

• Goat anti-mouse F(ab´)2 fragment secondary antibody, Alexa Fluor 488 conjugated  

(Molecular probes Eugene, OR, USA) 

• VEGFR2 primary antibody, mouse anti-human VEGFR2 (Flk-1) monoclonal IgG1 

(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) 

• Rabbit anti-mouse secondary antibody, Cy3 conjugated (Jackson Immuno Research 

Laboratories) 

Washing and blocking were done in between the staining steps. 

For double staining of mouse tissue the following antibodies were used: 

• CD34+ primary antibody, anti-mouse CD34+ monoclonal IgG2a (Cederlane CL, 

Hornby, Ontario, Canada) 

• Biotinylated rabbit anti-rat antibody secondary antibody (Vector Laboratories Inc., 

Burlingame, CA, USA) visualized with AMCA streptavidin (Jackson Immuno 

Research, West Grove, PS, USA) or with Chromogen Fast-red (BioGenex) 

• VEGFR2 primary antibody, polyclonal rabbit anti-mouse to VEGFR2, IgG (Santa Cruz 

Biotechnology Inc.) 

• Goat anti-rabbit secondary antibody, Alexa Fluor 488 conjugated (Molecular Probes) 
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Washing and blocking were done in between the staining steps. 

Single staining and blank controls were also stained both in the humans and mouse protocol. 

FISH analysis was performed without any further pre-treatments. For human cells, a 

centromeric probe Vysis CEPXY (Abbott-Vysis Inc.) was used and for mice specimens, a total 

paint chromosome Y DNA probe Cy3 and FITC labelled (Cambio). Manufacturers protocols 

for FISH procedures were followed. Finally all preparations were mounted in VectaShield 

DAPI/antifade solution (Vector Laboratories) for easier detection of cell nuclei and 

maintaining of immunofluorescence. 

Olympus BH60 fluorescence microscope with adequate filter set and equipped with a CCD 

camera connected to a CytoVision image analysis system (Applied Imaging) was used for 

evaluation. For each specimen ten adequate vision fields, 100 cells/field, were chosen always 

by the same way, starting at the left upper side of the specimen. In each field the number of 

CD34+, VEGFR2+ and double positive cells with or without Y for mice specimens was 

counted. In human samples, the probe made possible categorization of X, XX, XY, and single 

Y cells. 

 

3.4 Chimerism analyses using polymerase-chain reaction 

Paper II: Polymerase-chain reaction (PCR) analysis using proper primer pairs was performed 

on sequential patient samples. PCR amplified products were separated using a ready-to-use 

PAGE system (Pharmacia Biotech, Uppsala, Sweden) by 12.5% non-denaturing 

polyacrylamide gel electrophoresis. PCR amplified band patterns were analyzed in visible light 

after 90 minutes automated silver staining procedure (Pharmacia Biotech). Recipient and donor 

band intensity were compared with 10 step serial dilution assay by mixing patient and donor 

DNA.  
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Paper III: Detection and quantification of the DNA of interest was performed on the ABI 7000 

Sequence Detection System (Applied Biosystems, Foster City, CA, USA) using TaqMan 

technology. PCR parameters were standard and the reactions were performed in a total of 25µL 

including 1xTaqMan Universal PCR Master Mix (Applied Biosystems), 5 µL DNA sample,  

300 nM of each primer and 200 nM probe. The amount of amplifiable DNA in each sample 

was assessed by parallel amplification of the reference gene GAPDH (glyceraldehyde 

phosphate dehydrogenase). All samples were run in duplicates. 

 

3.5 Statistical analyses 

Data in tables and figures in paper I are expressed as means ± SE (standard error). Differences 

between parameters for the control and treated groups were analyzed for statistical significance 

using Mann-Whitney (U-test). WinSTAT soft ware was used (R. Fitch Software, Medina AB, 

Vänersborg, Sweden). A value of p< 0.05 was considered to be significant. 

 

4 RESULTS 
 
Paper I        

Conditioning regimens containing busulphan and cyclophosphamide in standard (Bu-Cy) and 

reversed (Cy-Bu) order were investigated in the mouse model for the myelosuppressive and 

immunosuppressive effects, chimerism of different cell subpopulations and finally the liver 

function. 

The toxicity profile in transplanted mice was examined using following criteria: body weight, 

ruffled fur, exhaustion, poor grooming or other changes in behaviour during the whole period 

of 90 days. All mice from the both groups decreased in body weight starting from day 2 before 

HSCT. Body weight in all animals in both groups recovered within day 7 and 40 days after 

HSCT (Fig 1). A persistent recovery of the weight was observed in the Cy-BU group, while 
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mice in Bu-Cy group lost their weight again starting from day 60 until end of study at day +90 

(Fig. 1). No animals were withdrawn from the study due to toxicity. 

 

 

 

 

 

 

 

 

Both regimens induced myelosuppression. The Bu-Cy treatment seems to be more effective in 

decreasing the marrow cellularity by 94% compared to Cy-Bu where marrow cellularity was 

reduced by 61%. However, the long term monitoring of bone marrow cellularity has shown no 

significant difference in bone marrow cell reconstitution (Fig. 2).  

 

 

 

 

 

 

 

 

Figure 2. Long-term effects of administration sequence of busulfan (Bu) and 

cyclophosphamide (Cy) on the bone marrow cellularity of haematopoietic stem cell 

transplanted mice. 
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The immunosuppressive effect of both conditioning regimens was investigated using the spleen 

weight and cellularity before and after HSCT. At the day of stem cell injection, spleen weight 

and cell number were decreased in both groups in similar manner. However, in mice 

conditioned with Cy-Bu complete splenocyte reconstitution was observed at day +3, while in 

the Bu-Cy treated animals the spleen reconstitution was observed at day +6. At end of the 

study (day +90) both groups showed total splenocyte reconstitution.  

The FISH technique was used to examine the donor male cells in the bone marrow and spleen 

of the recipient. In bone marrow comparable levels of donor cells were observed with a peak at 

day +60 and chimerism remained stable until the last day of the study in both groups (Fig. 3a). 

Similar pattern of donor chimerism was observed in the spleen in both groups except that on 

day +90 the Bu-Cy group had a significantly higher level of donor chimerism (Fig. 3b).  

 

 

Figure 3. Long-term Effects of administration sequence of busulfan (Bu) and 

cyclophosphamide (Cy) on the splenic weight and cellularity of haematopoietic stem cell 

transplanted mice. 
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Chimerism of the dendritic (CD11c+) and T regulatory (CD4+/CD25+) cells was examined 

using a combination of fluorescence immunophenotyping and FISH on cytospinned cells from 

the spleen (Fig. 4 A,B,C). Thus, donor chimerism within the specific cell population was 

studied. The donor chimerism increased with the time elapsed after stem cells injection in both 

groups. However, significantly lower numbers of donor CD11c+ and CD4+/CD25+ cells were 

observed in Cy-Bu group compared to Bu-Cy group on day 40 after HSCT. On day 60 and 90 

after HSCT, the donor CD11c+ and CD4+/CD25+ cells reached similar levels in both groups 

(Fig. 5). The liver function was evaluated by measuring the serum levels of the transaminases 

AST and ALT and bilirubin. The Bu-Cy group showed higher levels of AST with highest level 

at the end of the study compared to Cy-Bu and control group. ALT and bilirubin levels showed 

no differences between the treated and control groups.    

 

Paper II 

The origin of lung epithelial cells was examined in four patients who underwent allogeneic 

HSCT. The lung epithelial cells we identified using the criteria of cell size and 

immunohistochemistry.  All the slides were completely examined for immunohistochemistry 

staining for cytokeratin positive, CD68 (macrophage) negative and surfactant protein A 

positive cells (Fig. 4D,E,F). Areas containing these cells were documented before the FISH 

and again after hybridisation with the specific centromeric XY DNA probe to identify lung 

epitethelial cells carrying XX or XY.  In both patients in the sex mis-matched group 2 and 6%  

of XY positive lung epithelial cells were found. In the control group no XY cells were 

identified in the lung tissue. All patients in this study showed engraftment after HSCT and also 

complete donor chimerism in all cell lineages except in CD34+ cells for one patient in the 

control group. 
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Paper III 

The origin of endothelial cells was examined in endometrial biopsies in human and mouse.  

Samples were analyzed for CD34 and VEGFR2 double positive endothelial cells in areas with 

typical blood vessels defined with a distinct lumen on longitudinal or cross sections in the 

endometrial functional layer. Two biopsies from each transplanted patient and one from each 

of non-transplanted controls were analyzed. Ten visual fields of 100 cells were examined in 

each slide. In the human samples double positive cells were analysed and categorised for FISH 

signals for centromeres of chromosomes X and Y (Fig, 4 G,H,I)). At the time of caesarean 

section, double positive cells carrying XY were detected in the sex mismatched transplanted 

patient with the mean of 14.2% (SE7.1). One year later, the mean of double positive cells 

carrying XY chromosomes was 9.6% (SE3.0). In the non-transplanted controls, no cells 

carrying Y signals were detected. Real-time PCR and defined SNP markers were used to 

confirm the origin (donor or son) of the XY endometrial endothelial cells in human biopsies. 

At the time of the caesarean section 30% of total DNA originated from donor and 5% from the 

son. In the sample taken one year after delivery, the amount DNA from donor had decreased to 

about 5% and no DNA from son was detected. 

In similarity to human study, endometrial biopsies from transplanted mice and non-

transplanted controls were analyzed. The analysis was performed the same way as in human.  

Ten visual fields of 100 cells were examined and double positive cells were analysed for signal 

of Y chromosome. In the transplanted mice, the mean of double positive cells carrying Y was 

6.2% (SE 2.2). No cells carrying Y signals were detected in the controls mice. 
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Figure 4 
 
A Mouse: Female control, CD4+ cells - green, negative cells – blue. 
 
B CD11c+ cell (green) with red signal for Y chromosome (arrow), CD11c+ (green) cell  
female. Negative cell with Y (arrow) and negative female cell.  
 
C CD4+ green/CD25+ red and Y signal 
 
D Cytokeratin positive (brown) arrow indicates XY identified cell 
 
E Same cell surfactant protein A positive. 
 
F FISH showing X-red and Y-green signal in the same cell as in D and E 
 
G CD34+ cells (green) arrows indicates XY cells (X red, Y green) 
 
H VEGFR2+ cells (red) arrows indicates same XY cells as in G. 
 
I Double positive cells, arrows indicates same XY cells as in G and H. 
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Figure 5. Long-term Effects of administration sequence of busulfan (Bu) and 

cyclophosphamide (Cy) on the chimerisms of facilitating and T regulatory cells in the spleen 

of haematopoietic stem cell transplanted mice. 
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5 Discussion  
 

The FISH method is mainly used in the cytogenetic field where it enables to detect small re-

arrangements as gene fusions and to verify abnormalities when karyotyping tumour and 

leukaemic cells (Lichter et al., 1991). FISH is also suitable for studies on bone marrow 

engraftment and chimerism after HSCT, especially when there is a sex mis-match between a 

donor and a recipient, since the FISH method allows detection of the X and Y chromosomes 

(Hawkins et al., 1996; Baron et al. 2006). In the present thesis, the FISH method has been 

utilized in different ways either alone or in combination with immuno-phenotyping to study 

engraftment and to quantify donor cells within a specific cell population. FISH was also used to 

study the stem cell plasticity by identification of donor cells in different organs with special 

reference to lung and uterus (Weber-Maththiessen 1992; Peters et al., 2005).  

Myeloablative conditioning with Bu-Cy was introduced by Santos in the beginning of 1970’s as 

an alternative to Cy-TBI combination (Santos 1993). However, even if Bu-Cy treatment is equal 

or better than TBI-Cy (Clift et al., 1994), still the side-effects are limiting factors in the clinical 

use (Ringdén et al. 1994; Ringdén et al. 1999; Davies et al. 2000).  Several risk factors for VOD 

have been identified. The addition of a third akylating agent to Bu-Cy regimen increased the risk 

for VOD (Meresse et al., 1992). Hassan et al have shown that time interval between 

administration of Bu and Cy is critical and a 24h interval reduced incidence of VOD (Hassan et 

al., 1999). In our present study we investigated the long term effect of altering the administration 

order from Bu-Cy to Cy-Bu since the results found in short term study in an experimental animal 

model were encouraging (Nilsson et al., 2005). Nilsson et al have shown that there was no 

difference in the myeloablative and immunosuppressive effects between both regimens, but a 

lower liver toxicity was observed in short-term follow up study in Cy-Bu regimen. In our long 

term follow up study, we confirmed the previous results in that lower levels of liver enzymes 
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following Cy-Bu treatment and equal myelosuppressive effects followed by equal engraftment 

until the end of study (day+90) were observed.  

Animals’ weight was regularly examined as the weight loss was considered to be a sign of 

toxicity. Animals from both groups lost weight starting two days before HSCT, but regained the 

weight within seven days after transplantation, when a recovery was noticed for both groups. The 

weight remained then stable in the Cy-Bu group while in the Bu-Cy group new weight decrease 

was observed at day+40. These results have to be further investigated in order to clarify if it is 

possible to avoid growth impairment from Bu treatment in paediatric patients since our mice 

were transplanted in a young age.  

We have analysed total donor chimerism and donor cells within specific subpopulations, 

CD11c+ dendritic cells and CD4+/CD25+ cells. In several studies, these cells have been shown 

to play an important role in engraftment and control of GVHD and in eliminating tumour cells 

(Kaufman et al., 1994; Edinger et al., 2003; Jones et al., 2003; Colson et al., 2004; Fugier-Vivier 

etal., 2005; Salomon et al., 2006). By using the FISH method alone or in combination with 

immunophenotyping it was possible to follow the engraftment directly in situ both for the total 

cell population and also within the selected cell subpopulations.  

Appropriate conditioning is the prerequisite for a good engraftment and our findings have shown 

comparable levels of total chimerism in the bone marrow after Bu –Cy and Cy -Bu implying that 

both treatments provide suitable condition allowing donor cell engraftment. In spleen, however, 

the total chimerism with Cy-Bu treatment was lower at the end of the study compared to Bu-Cy. 

This may indicate that changing administration order might reduce the 

immunosuppresive/immunotoxic properties of the conditioning and further studies are warranted. 

In the spleen, the follow up of chimerism within the subpopulation of dendritic and regulatory  

T-cells have shown a slower donor engraftment in the Cy-Bu, but at the end of the study, both 

treatments were comparable. This may indicate that Cy-Bu treatment might be more beneficial in 
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inhibiting GVHD. However, no GVHD was observed in our mice since transplantation setting 

was syngeneic.  

 

In the studies on stem cell plasticity the combination of FISH analysis with specific DNA probes 

for X and Y chromosomes and immunophenotyping was successfully performed on lung- and 

endometrial tissues from female who underwent HSCT from sex mismatched donor. The subject 

of plasticity has been discussed and is referred as cell fusion in some studies (Wagers et al., 

2002; Raff, 2003; Nygren et al., 2004). Others in line with our results have an opposite opinion 

and claims that donor-derived stem cells may differentiate into other cell types than 

haematopoietic cells (Krause et al., 2001; Horwits et al., 2003).  In the first study of lung 

epithelial cells, FISH was combined with immunohistochemistry and analyses were sequentially 

done on serial sections. This way of analysis made it possible to identify the same cells within 

the areas of interest by following serial sections. The cytokeratin positive XY cells were also 

positive for surfactant protein A, while in the next section we could exclude CD68 positive 

(macrophages) cells. These results indicated that donor derived type II pneumocytes were 

detected for the first time in human recipients.  

To investigate the endometrial cells, we combined double fluorescence staining for CD34+ and 

VEGFR2+ cells in combination with X and Y FISH probe simultaneously on tissue sections. The 

female recipient was transplanted with sex mismatched donor but had also given birth to a son. 

In this study we have been able to assess if the endometrial endothelial cells with Y 

chromosomes derived from the son or from the donor. Our results are in agreement with two 

other recently published studies by Taylor and Peters et al who showed that endothelial cells 

were derived from the donor (Taylor et al., 2004; Peters et al., 2005). Both groups utilized 

similar techniques for identifying cells in sections including immunophenotyping in combination 

with PCR or FISH analyses. In our study we have also performed PCR with specific markers for 
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donor and son. Our results obtained one year after delivery confirmed the result found 

immediately after delivery. The combination of simultaneously used fluorescence immuno-

phenotyping and FISH also excluded cells derived from the son in non-transplanted females.  

In order to confirm our results from patients, we investigated the endothelial cells in 

endometrium of female mice transplanted from male mice donors. We have found similar results 

in the mouse model confirming that haematopoietic progenitor cells derived from donors may 

differentiate into other cells than haematopoietic cells after haematopoietic stem cell 

transplantation. 

 

6 Conclusions 
 

FISH method in combination with immunophenotyping contributes to the possibility to follow-

up donor cells within specific cell population in sex mis-matched HSCT. 

 

The donor origin of type II pneumocytes in the lung and endometrial endothelial cells in uterus 

biopsies from transplanted patients and animal models indicate the plasticity of the stem cells 

and their ability to differentiate to other than haematological tissues after HSCT. 

 

Altering the administration order from Bu-Cy to Cy-Bu may contribute to lower regimen-related 

toxicity and may be beneficial in avoiding GVHD. Cy-Bu regimen gives comparable 

myeloablative and immunosuppressive effects, less liver toxicity and may also reduce growth 

impairment in children undergoing HSCT. 

 36



7 Acknowledgements 
This work was performed at the Department of Laboratory Medicine, Experimental Cancer 

Medicine (ECM) and Haematology lab, KFC, Karolinska Institutet, Karolinska University 

Hospital, Huddinge. 

I wish to express my gratitude to all of you who have contributed to this thesis and made it 

possible.  

My head supervisor Professor Moustapha Hassan for his huge enthusiasm and faith in that 

nothing is impossible. 

My co-supervisor Dr. Zuzana Hassan for excellent help in writing and your concern about 

the student group. 

My co-supervisor Docent Annika Wernerson Östman for all encouragement in the “lung” 

project. 

Docent Jonas Mattsson, Dr. Miriam Mints and Professor Jan Palmblad,  

Docent Manucher Abedi-Valugerdi thank you for all help, support and discussions. 

Behnam Sadeghi co-worker, always polite, nice and helpful. Good luck with your project. 

All friends in the ECM student group; Parvaneh Afsharian – good luck when you go home 

to Iran, Hairong Song – Hydro happy girl, Rana Said – be happy, Hatem Sallam and Souad 

Abau – the young couple, Kim – the Irish, Suleiman – the new 

Very special thanks to Professor Gösta Gahrton for your support and all cytogenetic years.  

Also a special thanks to Britt Sundman Engberg for asking in 1989 if I was interested of 

working at the lab. (That was my big dream.) 

Professor Per Ljungman – head of the Haematology centre, thank you for the support. 

Thanks to docent Eva Hellström-Lindberg for your consideration. 

Docent Eva Kimby – always enthusiastic. 

All my dear colleagues and best friends at the haematology lab. 

Chromosome friends and colleagues; Ann Wallblom – knows everything about gardening, 

Emma Emanuelsson – we miss you, Kristina Friberg – left the chromosomes to become 

data manager! and Mats Merup – we did a good work together. And of course Birgitta 

Stellan – so much work to do, so much fun we had. Hareth Nahi – welcome to the FISH 

world!!! 

 37



Docent Hans Hägglund a good biking friend and co-author. Dr. Jessica Lindvall always 

sweet and nice. 

MDS friends; Lalla Forsblom also my Jazz friend, Maryam Nikpour, Rasheed Z Kahn, 

Martin Jädersten, Mikael Grövdal – excellent PhD Students 

Room friends; Tina Nilsson always seeing things from the bright side, good luck with the 

biking project – wish I could join you and Micke Hammarstedt. Gayane Avetisyan always 

happy, good luck in November. Hamdy Omar - clever man. 

Gene therapy friends; Mari Giljam, Ulrika Felldin, Alexandra Treschow, Tolga Sutlu, 

Christian Unger and of course the man with million ideas Evren Alici. Thanks for all chats 

and coffee smells. Hernan Concha – the whistling intellectual.  

Cytostatic friends: Kerstin Jönsson-Videsäter – welcome back from being home with the 

boys, Sofia Bengtzén – our sport pro, Ann Svensson – the golfer, Dina Omar – clever as her 

husband  and our new FoUU responsible Sören Lehman – hope the -150 freezers are not too 

depressing. 

CHIF lab; Inger Vedin – thanks for morning chats, Anette Landström  - skilful co-worker, 

Ann-Sofie Johansson – the singer 

Thanks to my new fellow-worker in Katarina LeBlancs group, you are all so kind to me. 

Cecilia Götherström, have a nice “mammaledighet” 

Thanks also to KFC staff for all your hard work to make a good working environment. 

Åke Ellin, Lotti Fohlin, Agneta Nilsson, Kirsti Törnroos, Micke Gradin, Isa Inekci, 

Nelson Morales, Gladys Wigh, Hanna Eriksson and Merja Häkkinen. 

And to all of you other working at KFC labs, thank you for making a nice working 

atmosphere and nice Friday coffee meetings. 

To my family – thank you for encouragement. I love you all. 

 

 

This work was made possible thanks to generous contribution from: 
Swedish Children Cancer Society, Swedish Cancer Foundation and Karolinska Institutet. 

 38



8 References 
 

Arnold H, Bourseaux F, Brock N. Chemotherapeutic action of a cyclic nitrogen mustard 
phophamide ester (B 518-ASTA) in experimental tumours of the rat. Nature 1958;181:931 

 

Asahara T, Kawamoto A. Endothelial progenitor cells for postnatal vasculogenesis. Am J 
Physiol., 2004;287(5):C572-9 

 

Auffermann-Gretzinger  S, Eger L, Bornhäuser M, Schäkel K, Oelschlaegel U, Schaich M, 
Illmer T, Thiede CH, Ehninger G. Fast appearance of donor dendritic cells in human skin and 
blood dendritic cells after allogeneic hematopoetic cell transplantation. Translantation, 2006; 
81:866-73 

 

Baird K, Pavletic SZ. Chronic graft versus host disease. Curr Opin Hematol, 2006;13(6):426-
35 

 

Baron F Baker JE, Storb R et al. Kinetics of engraftment in patients with hematologic 
malignancies given allogeneic hematopoetic cell transplantation after nonmyeloablative 
conditioning. Blood 2004;104(8):2254-2262 

 

Baron F, Sandmaier BM. Chimerism and outcome after allogeneic hematopoietic cell 
transplantation following nonmyeloblative conditioning. Leukemia, 2006;20:1690-1700 

 

Barrett AJ, Savani BN.Stem cell transplantation with reduced-intensity conditioning 
regimens: a review of ten years experience with new transplant concepts and new therapeutic 
agents. Leukemia 2006;20:1161-1172 

 

Blazar BR, Taylor PA. Regulatory T cells. Biol Blood Marrow Transplant, 2005;11(suppl 
2):46-9 

 

Boeck S, Hamann M, Pihusch V, Heller T, Diem H, Rolf B, Pihusch R, Kolb HJ, Pihusch M. 
Bone Marrow Transplantation, 2006;37:57-64 

 

Bolanos-Meade J. Update on the management of acute graft-versus-host disease. Curr Opin 
Oncol, 2006;18(2):120-5 

 

Burt RK, Barr W, Oyama Y, Traynor A, Slavin S. Future strategies in hematopoietic stem cell 
transplantation for rheumatoid arthritis. J Rheumatol. Suppl. 2001; 64:42-8 

 

 39

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Burt+RK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Barr+W%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Oyama+Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Traynor+A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Slavin+S%22%5BAuthor%5D


Clift RA, Bucker CD, Thomas ED, Bensinger WL, Bowden R, Bryant E, Deeg HJ, Doney KC 
et al. Marrow transplantation for chronic myeloid leukaemia: a randomized study comparing 
cyclophosphamide and total body irradiation with busulfan and cyclophosphamide. Blood, 
1994; 84:2036-43 

 

Chan GW, Gorgun G, Miller KB, Foss FM. 

Persistence of host dendritic cells after tranplantation is associated with graft-versus-host 
disease. Biol Blood marrow Transplant, 2003;9(3):170-6 

 

Colson YL, Christopher K, Glickman J et al. Absence of clinical GVHD and the in vivo 
induction of regulatory T cells after transplantation of facilitating cells. Blood, 
2004;104:3829-35. 

 

Cotteret S, Belloc F, Boiron J et al. Fluorescent In Situ Hybridization on Flow-Sorted Cells as 
a Tool for Evaluating Minimal, Residual Disease or Chimerism After Allogenic Bone 
Marrow Transplantation. Cytometry 1998,34:216-222 

 

Eisenberg LM, Eisenberg CA. Stem cell plasticity, cell fusion and transdifferentiation. Birth 
Defects Res C Embryo Today, 2003;69(3):209-19  

 

Davies SM, Ramsay C, Henslee-Downey PJ et al. Comparison of preparative regimens in 
transplants for children with acute lymphoblastic leukaemia. J Clin Oncol, 2000;18:340-7. 

 

Edinger M, Hoffman P, Ermann J, Drago K, Fathman CG, Strober S, Negrin RS. 
CD4+CD25+ regulatory T cells preserve graft-versus-tunor activity while inhibiting graft-
versus-host diseaseafyer bone marrow transplantation. Nat Med., 2003;9:1144-50 

 

Ferry Ch, Socié G. Busulfan – cyclophosphamide versus total body irradiation as a 
preparative regimen before allogenic hematopoetic stem cell transplantation for acute myeloid 
leukaemia: What have we learned? Exp Hematology, 2003;31:1182-86 

 

Forbes SJ, Poulsom R, Wright NA. Hepatic and renal differentiation from blood-borne stem 
cells. Gene Ther., 2002;9(10):625-30 

 

Fugier-Vivier IJ, Rezzoug F, Huang Y et al. Plasmacytoid precursor dendritic cells facilitate 
allogeneic haematopoietic stem cell engraftment. J Exp Med, 2005;201:373-83. 

 

Hassan M, Ljungman P, Bolme P, Ringdén O, Syruccková Z, Békàssy A, et al. Busulphan 
bioavailability. Blood, 1994;84:2144-50 

 

 40



Hassan M, Hassan Z, Nilsson C et al. Pharmacokinetics and distribution of liposomal 
busulfan in the rat: a new formulation for intravenous administration. Cancer Chemother 
Pharmacol., 1998;42:471-8 

 

Hassan M, Nilsson C, Olsson H et al. The influence of interferon –alfa on the 
pharmacokinetics of cyclophosphamide and it´s 4-hydroxy metabolite in patients with 
multiple myeloma. Eur J Haematol, 1999;63:163-70. 

 

Hawkins A, Jones R, Zehnbauer B et al. Fluorescence In Situ Hybridization to Determine 
Engraftment Status After Murine Bone Marrow Transplant. Cancer Genet Cytogenet, 
1992;64:145-148 

 

Hirschi KK, Goodell MA. Hematopoietic, vascular and cardiac fates of bone marrow-derived 
stem cells. Gene Ther., 2002;9(10):648-52 

 

Hoffman P, Edinger M. CD4+CD25+ regulatory T cells and graft-versus-host disease. Semin 
Hematol.,2006;43(1):62-9 

 

Horwitz EM. Stem cell plasticity: a new image of the bone marrow stem cell. Curr Opin 
Pediatr., 2003;15(1):32-7 

 

Horwitz EM. Stem cell plasticity: the growing potential of cellular therapy. Arch Med Res., 
2003;34(6):600-6 

 

Huib M. Vriesendorp. Aims of conditioning. Exp Hematol. 2003; 31:844–854 

 

Jones SC, Murphy GF, Korngold R. Post-haematopoetic cell transplantation control of graft-
versus-leukaemia response. Biol Blood Marrow Transplant, 2004;9:243-56. 

 

de Jonge ME, Huitema AD, Rodenhuis S, Beijnen JH. Clinical pharmacokinetics of 
cyclophosphamide. Clin Pharmacokinet, 2005;44:1135-64 

 

Kauffman CL, Colson YL, Wren SM et al. Phenotypic characterization of a novel bone 
marrow derived cell that facilitates engraftment of allogeneic bone marrow stem cells. Blood, 
1994;84:2436-46. 

 

KrauseDS, TheiseND, Collector MI et al. Multi-organ, multi-lineage engraftment by a single 
bone marrow-derived stem cell. Cell, 2001;105(3):369 

 

 41



Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M, Osborne L, Wang X, Finegold 
M, Weissman IL, Grompe M. Purified hematopoietic stem cells can differentiate into 
hepatocytes in vivo. Nature Medicine, 2000;6(11):1229-34 

 

Lakshmipathy U, Verfaillie C. Stem cell plasticity. Blood Rev., 2005;19(1):29-38 

 

Lapidot T, Ayelet D, Kollet O. How do stem cells find their way home? Blood 
2005;106(6):1901-10 

 

LeBlanc K, Götherström C, Ringdén O, Hassan M, McMahon R, Hoewitz E, et al. Fetal 
Mesenchymal Stem-Cell Engraftment in Bone after In Utero Transplantatiion in a Patient 
with Severe Osteogenesis Imperfecta. LeBlanc et al. 

Transplantation. 2005;79:1607-1614 

 

Lee SJ. New approaches for preventing and treating chronic-graft-versus host disease. Blood, 
2005;105:4200-4206 

 

Lichter P, Cremer T, Borden J, Manuelidis L, Ward D C. Delineation of individual human 
chromosomes in metaphase and interphase cells by in situ suppression hybridization using 
recombinant DNA libraries. Human Genetics, 1988;80:224-234 

 

Lichter P, Boyle A L, Cremer T, Ward D C. Analysis of Genes and Chromosomes by 
Nonisotopic in situ Hybridization. GATA, 1991;8:24-35 

 

Lichter P, Ledbetter S A, Ledbetter, D H, Ward D C. Fluorescence in situ hybridization with 
Alu and L1 polymerase chain reaction probes for rapid characterization of human 
chromosomes in hybrid cell lines. Proc Natl Acad Sci, 1990;87:6634 

Little MT, Storb R. History of haematopoietic stem-cell transplantation.Nat Rev Cancer. 
2002; 2:231-8 

 

Meresse V et al., Risk factors for hepatic veno-occlusive disease after high-dose busulfan-
containing regimens followed by autologous bone marrow transplantation: a study in 136 
children. Bone Marrow Transplant, 1992;10(2);135-41. 

 

Nilsson C, Aschan J, Hentschke P, Ringdén O Ljungman P, Hassan M. the effect of 
metronidazole on busulfan pharmacokinetics in patients undergoing stem cell transplantation. 
Bonr marrow transplantation, 2003;31:429-35 

 

Nilsson C, Forsman J, Hasan Z et al. Effect of altering administration order of busulphan and 
cyclophosphamide on the myeloblative and immunosuppressive properties of the conditioning 
regimen in mice. Experimental Hematology, 2005;33:380-387 

 42

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Little+MT%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Storb+R%22%5BAuthor%5D


 

Nilsson SK, Simmons PJ, Bertoncello I. Hemopoetic stem cell engraftment. Exp Hematol 
2006;34(2):123-9 

 

Nygren JM, Jovinge S, Breitbach M, Sawen P, Roll W, Hescheler J, Fleischmann BK, 
Jacobsen SE. Bone marrow-derived hematopoietic cells generate cardiomyocytes at a low 
frequency through cell fusion, but not transdifferentiation. Nat Med., 2004;10(5):494-501 

 

Quesenberry PJ, Abedi M, Aliotta J, Colvin G, Demers D, Dooner M, Greer D, Hebert H, 
Menon MK, Pimentel J, Paggioli D. Stem cell plasticity: an overview. Blood Cells Mol Dis., 
2004;32(1):1-4 

 

Peters BA, Diaz LA, Polyak K et al. Contribution of bone marrow derived endothelial cells to 
human tumor vasculature. Nature medicine, 2005;11(3):261-262. 

 

Palotie A, Heiskanen M, Laan M, Horelli-Kuitunen N. High-resolution Fluorescence In Situ 
Hybridization. A new approach in Genome Mapping. Annals of  Medicine, 1996;28:101-106 

 

Raff M. Adult stem cell, fact or artifact? Adult stem cellplasticity: fact or artefact? Annu Rev 
Cell Dev Biol, 2003;19:1-22 

 

Ringdén O, Ruutu T, Remberger M et al. A randomized trial comparing busulfan with total 
body irradiation as conditioning in allogeneic marrow transplant recipients with leukaemia: a 
report from the Nordic Bone Marrow transplantation Group. Blood, 1994;83:2723-30. 

 

Ringden O, et al. A comparison of busulphan versus total body total body irradiation 
combined with cyclophosphamide as conditioning for autograft or allograft bone marrow 
transplantation in patients with acute leukaemia. Acute leukaemia working party of the 
European group for blood and marrow transplantation (EBMT). Br J Haematology 
1996;93:637-645 

 

Ringdén O, Labopin M, Tura S, Arcese W, Iriondo A, Zittouin R et al. A comparison of 
busulphan versus total body irradiation combined woth cyclophosphamide as conditioning for 
autograft or allograft bone marrow transplantation in patients with acute leukaemia. Br J of 
Haematology, 1996;93:637-45 

 

Ringdén O, Remberger M, Ruutu T, Nikoskelainen J, Volin L, Vindeløv L. The Nordic Bone 
Marrow Transplantation Group. Increased risk of chronic graft-versus-host disease, 
obstructive brochiolitis and alocepia using busulfan compared to total body irradiation: long 
term results of a randomized trial in allogeneic marrow recipients with leukaemia. Blood, 
1999;93:2196-201  

 

 43



Ringdén O, Le Blanc K. Allogeneic Hematopoetic stem cell transplantation: state of the 

art and new perspectives. APMIS 2005;113:813-20 

Rutenberg MS, Hamazaki T, Singh AM, Terada N. Stem cell plasticity, beyond alchemy, Int J 
Hematol.,2004;79(1):15-21 

 

Santos GW, Busulfan  and cyclophosphamide versus cyclophosphamide  and total body 
irradiation for marrow transplantation in chronic myelogenous leukaemia  - a review. Leuk 
Lymphoma,1993;11(suppl 1):201-4 

 

Sata M. Role of circulating vascular progenitors in angiogenesis, vascular healing, and 
pulmonary hypertension: lessons from animal models. Arteroiscler Thromb Vasc Biol., 
2006;26(5):1008-14 

 

Salomon BL, Sudres M, Cohen JL. Regulatory T cells in graft-versus-host disease. Springer 
Semin Immunopathol, 2006;28:25-9. 

 

Schulman LN. The biology of alkylating-agent cellular injury. Hematol Oncol Clin North Am 
1993;7:325-335 

 

Schultz KR, Miklos BD, Fowler D, Cooke K, Shizuru J, Zorn E et al. Towards biomarkers for 
chronic graft-versus-host disease: Natioanl Institutes of Health consensus development 
project on criteria for clinical trials in chronic graft-versus-host disease: III, Biomarker 
Working Group Report. Biol Blood marrow transplant, 2006;12(2):126-37 

Socie G, Gluckman E. Allogeneic hematopoetic stem cell transplantation: current issues and 
future prospects. Ann Med International 1999;150:642-655 

 

Socié G, Clift RA, Blaise D, Devergie A,  Ringdén  O, Martin PJ, et al. Busulfan plus 
cyclophosphamide compared with total body irradiation plus cyclophosphamide before 
marrow transplantation for myeloid leukaemia: long-term follow-up of 4 randomized studies. 
Blood, 2001;98:3569-74 

 

Storb Rainer. Allogeneic hematopoietic stem celltransplantation—Yesterday, today, and 
tomorrow. Exp Hematol. 2003; 31:1–10 

 

Tao H, Ma DD. Evidence for transdifferentiation of human bone marrow-derived stem cells: 
recent progress and controversies. Pathology, 2003;35(1):6-13 

 

Taylor HS. Endometrial cells derived from donor stem cells in bone marrow transplant 
recipients. JAMA, 2005;292(1):81-85. 

 

 44



Theise ND, Wilmut I. Cell plasticity: flexible arrangement. Nature, 2003;425(6953):21 

 

Trenado A, Charlotte F, Fisson S, Yagello M, Klatzmann D, Salomon B, Cohen J. Recipient-
type specific CD4+CD25+ regulatory T cells favour immune reconstitution and control graft-
versus-host disease while maintaining graft-versus-leukemia. J. Clin Invest., 
2003;112(11):1688-96 

 

Vinogradova O, Savchenko V, Neverova A et al. Study of the time course of mixed 
chimerism by fluorescent in situ hybridization in patients with chronic myeloid leukaemia 
after allogenic transplantation of bone marrow. Ter Arkh, 2001;73(7):26-34  

 

Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little evidence for developmental 
plasticity of  adult hematopoietic stem cells. Science, 2002;297:2256-59 

 

Weber-Matthiessen K, Winkeman A, Muller-Hermelink A, Schlegelberger B, Grote W. 
Simultaneous Fluorescence Immunophenotyping and Interphase Cytogenetics: A 
Contribution to the Characterzation of Tumor Cells. The Journal of Histochemistry and 
Cytochemistry, 1992;40:171-175 

 

Wilkinson D G. In Situ Hybridization, A practical approach. Oxford 1994;ISBN 
0199633274:137-158 

 

Young JW, Mread M, Hart DN. Dendritic cells in transplantation and immune-based 
therapies. Biol Blood Marrow Transplant, 2007;13 Suppl 1:23-32 

 

Ziegler SF. FOXP3: Of Mice and Men. Annual Rev  Immunol, 2006;24:209-26 

 

Zorn E, Kim HT, Lee SJ, Floyd BH, Litsa D, Arumugarajah S, Belluci R, Alyea EP,Antin JH, 
Soiffer RJ, Ritz J. Reduced frequency of FOXP3+CD4+CD25+ regulatory T cells in patients 
with chronic graft-versus-host disease. Blood, 2005;106(8):2903-11 

 

 

 

 45


	ABSTRACT
	Contents
	LIST OF ABBREVIATIONS
	1 Introduction
	1.1 Allogeneic haematopoietic stem cell transplantation
	1.2 Condition regimens
	1.2.1 Total body irradiation
	1.2.2 Cyclophosphamide
	1.2.3 Busulphan
	1.3 Graft-versus-host disease
	1.3.1 Acute GVHD
	1.3.2 Chronic GVHD
	1.3.1 Dendritic cells
	1.3.2 Regulatory T-cells
	1.4. Stem cell “homing” and plasticity
	1.5 Fluorescence In Situ Hybridization (FISH)

	2 AIMS OF THE STUDY
	Specific aims of the study

	3 Materials and Methods
	3.1 Animals (Paper I and III)
	3.1.1 Treatment and conditioning regimens
	3.1.2 Bone marrow transplantation
	3.1.3 Specimens sampling
	3.1.4 Preparation of single cell suspension
	3.2 Patients and controls (Paper II and III)
	3.2.1 Preparation of histological specimens
	3.3 Fluorescence in situ hybridization
	3.3.1 Fluorescence in situ hybridization (FISH) analysis for
	3.3.2 Combined fluorescence immunophenotyping and interphase
	3.3.3 Immunohistochemistry and FISH
	3.3.4 Fluorescence immumophenotyping and interphase cytogene
	3.4 Chimerism analyses using polymerase-chain reaction
	3.5 Statistical analyses

	4 RESULTS
	5 Discussion
	6 Conclusions
	7 Acknowledgements

