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Abbreviations 

7-Aad     7-actinomycin D 
α1,3Gal    galactose α1-3-galactose 
AHXR     Acute humoral xenograft rejection 
APC     allophycocyanin 
BALB Rag/γc uPA mice  BALB/c Alb-uPAtg(+/+)Rag2(-/-)IL-2Rγc

null 
CD/Cd     cluster of differentiation 
dH2O     distilled water 
dNTPs     desoxynucleotides 
hCD47     human CD47 
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Fig.     figure 
HAR     Hyperacute rejection 
HCM     hepatocyte culture medium 
HEPES    4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
IAP     Integrin associated protein (CD47) 
IF     Immunofluorescence 
Cd47     Murine Cd47 gene 
CD47     CD47 (in general) 
LV-mCD47-eGFP   Lentiviral vector encoding for murine CD47-eGFP 
LV-eGFP    Lentiviral vector encoding for eGFP 
mCD47    murine CD47 protein 
mls     Milliliters 
MMS     Multiple membrane spanning 
MOPS     3-(N-morpholino)propanesulfonic acid 
PCR     Polymerase chain reaction 
PE     Phycoerythrin 
qPCR     Quantitative PCR 
rcf     Rotational centrifugal force 
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Rh     Rhesus 
RT     Room temperature 
SHP     Src homolgy protein 
SHPS     Src homology protein substrate 
SIRPα     Signal Regulatory Protein α 
5-TAMRA    5 - Carboxytetramethylrhodamine 
TG     Tris-glycine 
TGS     Tris-glycine-SDS buffer 
TSP-1     Thrombospondin-1 
WB     Western blot 
 
--------------CD47 abbreviations------------ 
 
hCD47: human CD47 
mCD47: murine CD47 protein; in lentiviral vectors leading to expression of mCD47 
Cd47: murine CD47 gene; used in plasmids and in context of real-time PCR 
CD47: CD47 of all species in general, when explaining e.g. interactions and mechanisms 
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1. Abstract 
 

Johan Waern 

 

“Effects of ectopic murine CD47 expression on human hepatocyte engraftment in Rag/γc 

uPA mice” 

 
Humanised mouse models have emerged to become a cost-efficient and important tool in 

medical research to investigate the effects of innovative medical applications outside the 

human body. However, models still need improvement to explore highly complex 

interactions, which are in demand of high-level threshold of humanisation to be conducted in 

a representative manner. In respect to liver research, immunodeficient mice repopulated with 

human hepatocytes have already proven useful for the study of hepatitis virus life cycles and 

new antiviral approaches. In this project, a BALB/c Alb-uPAtg(+/+)Rag2(-/-)IL-2Rγc
null mouse 

model was used for transplantation experiments. This mouse model is characterised by severe 

liver damage, requiring hepatocyte transplantation within two weeks after birth for survival. 

Although most of the immune system is dysfunctional, macrophages remain intact and pose a 

threat to transplanted xenogeneic hepatocytes. 

Macrophages play an important role in the rejection of xenogeneic cells. Some ligands are 

known to downregulate macrophage activity upon contact. One of the candidates is the 

integrin associated protein (IAP) CD47, which has been shown to inhibit macrophage 

phagocytosis by species-specific interaction with signal regulatory protein α (SIRPα). This 

study mainly focuses on the benefits of human hepatic cells expressing murine CD47 

(mCD47) when encountering murine macrophages in vitro and upon transplantation into 

mice. 

Vsv-g pseudotyped lentiviral vectors encoding for mCD47 were generated to transduce 

human HepG2 cells. Expression of mCD47 in HepG2 cells was confirmed by Western blot 

and cells were incubated with RAW264.7 murine macrophages to monitor the downregulating 

effect of mCD47. These experiments clearly demonstrated that mCD47- HepG2 cells were 

more frequently contacted and phagocytosed by murine macrophages than mCD47+ HepG2 

cells. Encouraged by these results, transplantation experiments were carried out to monitor 

engraftment of cryopreserved human hepatocytes expressing mCD47. Mice were sacrificed 8 

weeks after transplantation and liver sections were analysed for expression of mCD47 and 

human serum albumin. The percentage of mCD47 expressing human hepatocyte clusters had 

increased by 101 % in comparison to the percentage of mCD47 expressing cells at the time of 
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transplantation, indicating that human hepatocytes expressing mCD47 showed improved 

survival in the mice liver. 

The results were able to show that expression of mCD47 in hepatic cells protects from attacks 

by murine macrophages in vitro. Furthermore, mCD47+ human hepatocytes demonstrated 

higher engraftment rates when transplanted into immunodeficient mice. This may be an 

important finding for pre-clinical studies of novel medical approaches, as they are in need of 

robust humanised mouse models with high repopulation rates. 
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Johan Waern 
 
“Auswirkungen auf die Einnistung von humanen Leberzellen in Rag/γc uPA Mäusen 

durch die Oberflächenexpression von murinem CD47“ 

 

Humanisierte Mausmodelle haben sich zu kosteneffizienten und wichtigen Instrumenten 

entwickelt, die der Erforschung innovativer medizinischer Errungenschaften außerhalb des 

menschlichen Körpers dienen. Dennoch müssen Mausmodelle weiterhin verbessert werden, 

damit komplexe biologische Zusammenhänge represantiv überprüft werden können, die ein 

hohes Maß an Humanisierung bentötigen. Im Gebiet der Leberforschung haben sich 

immundefiziente Mäuse, die mit humanen Hepatozyten transplantiert worden sind, zur 

Erforschung des Lebenszyklus der Hepatitsviren und neuen antiviralen Therapien als nützlich 

erwiesen. In dieser Arbeit wurden BALB/c Alb-uPAtg(+/+)Rag2(-/-)IL-2Rγc
null Mäuse für 

Transplanationsexperimente verwendet. Diese Mäuse sind durch einen weitreichenden 

Leberschaden charakterisiert und benötigen spätestens 14 Tage nach Geburt eine 

Transplantation mit Hepatozyten um zu überleben. Obwohl dieses Mausmodell ein 

weitgehend funktionsloses Immunsystem besitzt, sind Makrophagen noch aktiv und stellen 

eine Gefahr für transplantierte xenogenetische Hepatozyten dar. 

Makrophagen spielen bei der Abstoßung von xenogenetischen Zellen eine wichtige Rolle. 

Einige Liganden, wie z. B. integrin associated protein (IAP) CD47, sind jedoch in der Lage 

Makrophagen bei Kontakt zu inaktivieren. CD47 kann durch Spezies-spezifische Interaktion 

mit signal regulatory protein α (SIRPα) die Makrophagen-vermittelte Phagozytose inhibieren. 

Diese Arbeit beschreibt hauptsächlich die Vorteile von humanen hepatischen Zellen, die 

murines CD47 (mCD47) exprimieren, wenn sie in vitro mit Makrophagen konfrontiert 

werden und bei Transplantation in Mäuse. 

Vsv-g pseudotypiserte lentivirale Vektoren, die die genetische Information für mCD47 

beinhalten, wurden hergestellt um humane HepG2 Zellen zu transduzieren. Die Expression 

von mCD47 in HepG2 Zellen wurde mittels Western blot bestätigt und die Zellen wurden mit 

murinen RAW264.7 Makrophagen inkubiert um den inhibierenden Effekt von mCD47 auf 

murine Makrophagen zu überprüfen. Dabei stellte sich heraus, dass mCD47- HepG2 Zellen 

vermehrt mit murinen Makrophagen in Kontakt traten und phagozytiert wurden als mCD47+ 

HepG2 Zellen. Zur Überprüfung der in vitro Ergebnisse hinsichtlich der Einnistungseffizienz 

wurden mCD47+ kryokonservierte humane Hepatozyten transplantiert. Die Mäuse wurden 8 

Wochen nach Transplantation getötet und Leberschnitte wurden auf Expression von mCD47 

und humanes Albumin hin überprüft. Im Vergleich zum Anteil an mCD47+ Hepatozyten zum 
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Zeitpunkt der Transplantation konnte eine Zunahme an mCD47+ humanen Clustern von 101 

% nachgewiesen werden. Dies gilt als Hinweis dafür, dass mCD47+ humane Hepatozyten 

nach Transplantation in Mäuselebern eine bessere Überlebenschance haben. 

Zusammenfassend konnte gezeigt werden, dass humane hepatische Zellen in vitro durch die 

Expression von mCD47 gegenüber Angriffen durch Makrophagen geschützt sind. Weiterhin 

konnten mCD47+ humane Hepatozyten nach Transplantation in immundefiziente Mäuse eine 

deutlich verbesserte Einnistungsrate aufweisen. Dies könnte in Hinblick auf die Durchführung 

präklinischer Studien eine wichtige Erkenntnis sein, da diese ein robustes humanisiertes 

Mausmodell mit einem hohen Maß an Repopulation durch humane Zellen benötigen. 
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2. Introduction 

2.1 Transplantations 

The human body consists of numerous organs that are vital to maintain the homeostatic 

equilibrium and biochemical processes that are needed for ongoing life of each individual. 

The critical need of organs is seen immediately when they fail to meet their workload. Organ 

failure can cause symptoms in seconds. However, prolonged failure of tissues is sometimes 

only detected by the means of specific tests. In both cases the failing organ needs to be 

functionally replaced to sustain life. This difficulty can be met by the use of machines like 

heart-lung machine or dialysis, although the use of this equipment is limited over time and 

highly inconvenient for patients. Therefore, the replacement of failing organs by organ grafts 

is the ultimate solution in selected patients to overcome the problems of organ failure. 

Solid organ transplantation has evolved from an experimental procedure for desperately ill 

patients to a widely accepted and standardized method to treat patients with end-stage organ 

failure. First serious attempts of organ transplantation reach far back to the beginning of the 

20th century, when Emerich Ullmann performed the first transplantation of kidneys between 

dogs in Vienna in 1902. By the beginning of World War I, the procedural difficulties of 

transplantation had been resolved; in fact, some techniques like the anastomosis of vessels 

between human body and graft organ described by Alexis Carrel in 1902 are still in use 

(Rinaldi, 1987; Morris, 2004). 

On December 23, 1954, a surgical team lead by Joseph Murray removed a kidney and 

transplanted it into the donor’s identical twin who suffered from chronic glomerulonephritis. 

The recipient survived for nine years and died from organ failure due to recurrent 

glomerulonephritis (Sayed & Carpenter, 2004). Transplantation between non-twins remained 

an unresolved hurdle, because there was no solution to overcome the immune responses 

directed against the allograft. It was not before the development of immunosuppressive agents 

that the problem of graft rejection was solved in an adequate way. These agents are still 

widely used in combination with corticosteroids and are able to counteract the immune 

responses directed against the graft organ (Morris, 2004). Nevertheless, intensive preparation 

of patients before the transplantation and tight follow-up after transplantation will still be 

obligate in the future to maintain the high standard. 

The standardization of organ transplantation has brought up new problems that were unknown 

before. In 2007, there were 90000 patients in the United States awaiting organ transplantation 

(Yang & Sykes, 2007). Medical doctors and scientists have been discussing various 

approaches to overcome the shortage of organs and some of them may become available for 
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clinical trials. E.g. xenotransplantation and cell transplantation are seen as promising tools for 

the future to replace and regenerate organs function of critically ill patients. 

 

2.1.1 Xenotransplantation 

Xenotransplantation is by definition of the World Health Organisation as the transplantation, 

implantation, or infusion into a human recipient of living xenogeneic cells, tissues or organs 

(WHO, 2005). Approaches of xenotransplantation have been reported as early as 1501, when 

an Iranian surgeon replaced a piece of skull bone from a patient suffering from osteomyelitis 

with the bone of a dog (Elgood, 1966). After the introduction of immunosuppressive agents in 

1963, a 43-year-old man receiving immunosuppressive treatment survived 63 days after 

transplantation of a kidney from a rhesus monkey (Reemtsma, 1964). The most famous 

xenotransplantation was carried out in 1984: 12-day-old “Baby Fae”, who was diagnosed with 

hypoplastic left-heart-syndrome, received a baboon heart and she survived transplantation for 

20 days (Bailey et al., 1985). After many discouraging attempts, clinical xenotransplantation 

was put on hold. However, the ever-increasing knowledge in the mechanisms of the immune 

system and molecular genetics will soon be able to overcome the hurdles involved in 

xenotransplantation, making it a serious alternative to regular organ transplantation 

(Deschamps et al., 2005). 

 

2.1.2 Liver cell transplantation 

Liver regeneration may be established by transplantation of hepatocytes or cells with stem-

cell-like properties (Cantz et al., 2003). Stem cells may develop into mature cells and form 

tissues. Recent reports have demonstranted that cultured liver progenitor cells isolated from 

rat fetal liver show expression patterns equivalent to differentiated hepatocytes and 

cholangiocytes (Sahin et al., 2008). Even repopulation of rat liver with liver progenitor cells is 

possible (Sandhu et al, 2001). Similarly, hepatic progenitor cells isolated from a mouse fetal 

liver are able to repopulate mice livers (Cantz et al., 2003). Furthermore, reports have 

suggested the use of haematopoietic stem cells as a source for hepatocyte differentiation 

(Petersen et al., 1999). Lagasse and co-workers have demonstrated that haematopoietic stem 

cells were able to differentiate into functional hepatocytes and restore liver function in mice 

with hereditary tyrosinemia (Lagasse et al, 2000). In addition, mesenchymal stem cells have 

shown differentiation into hepatocytes and subsequent engraftment after isolation, cultivation 

and transplantation (Kuo et al., 2008). There are also experiments involving the 
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transplantation of embryonic stem cells. However, positive outcome has been limited due to 

teratoma formation and failing engraftment (Yamamoto et al., 2003, Haridass et al., 2009).  

Recent reports have shown the successful therapy of patients with acute liver failure by 

transplantation of liver cells. Ott and co-workers were able to treat a 64-year-old female 

patient that suffered from loss of liver function due to intoxication after ingestion of death cap 

mushroom. The doctors injected cryoconserved hepatocytes into the portal vein and the 

patient fully recovered. Immunosuppressive therapy was stopped twelve weeks after 

transplantation and abdominal ultrasound showed regular liver architecture (Ott et al., 2006, 

Schneider et al., 2006). For some hereditary diseases of the liver, cell transplantation is 

considered a promising alternative to transplantation of solid organ grafts (Meyburg et al. 

2010). In humans, severe urea cycle defects have been successfully treated with liver cell 

transplantation (Meyburg et al., 2009). The potential treatment of other hereditary liver 

diseases by the means of cell transplantation – possibly in combination with gene therapy - is 

currently under investigation in life animal models. Clinical trials are underway but limited in 

number (Meyburg et al,. 2008). 

Liver cell transplantation may also help patients to survive while waiting for live 

transplantation (Strom et al., 1999). In future, there will be a special need to evaluate 

standardized methods in liver and stem cell transplantation to improve patient safety and 

clinical outcome. These methods include preconditioning of the liver for cell transplantation 

by partial hepatectomy, focal irradiation and mild ischemia injury to enhance engraftment of 

cultivated liver cells (Ott, 2008; Haridass et al., 2009). 

 

2.1.3 Obstacles in xenotransplantation 

Xenotransplantation is implicated with numerous obstacles that are slowly about to be 

resolved. Substantial problems are experienced by - but are not limited to - the mechanisms of 

immune system. These include antibody-mediated processes like hyperacute rejection (HAR) 

and acute humoral xenograft rejection (AHXR). In case these are overcome, cell-mediated 

rejection is causing failure of the transplant.  

Non-human primates are considered to be most suitable as donors of xenografts because of 

their close phylogenetical relationship. However, these animals show similar level of 

intellectual development and this raises ethical issues about their use as a human reservoir of 

organs. In addition, there are also considerations dealing with the possibility of cross-species 

transmission of diseases by transplanted xenografts (Yang & Sykes, 2007). 
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2.1.3.1 Hyperacute rejection and acute humoral xenograft rejection 

HAR is a result of first-line immunological responses towards immunogenic antigens on the 

surface of transplanted cells. Cell surface proteins of most animals show a typical 

glycosylation pattern unknown to the human body. One specific pattern involves a terminal 

galactose-α1-3-galactose (α1,3Gal) (Yang & Sykes, 2007). Immunization against α1,3Gal 

develops at an early stage of life by permanent exposure to microbial organisms colonizing 

the human intestinal tract (Galili et al., 1993). Natural antibodies against α1,3Gal are 

produced, circulate the blood stream and recognize α1,3Gal on vascular endothelium of 

xenograft organs. This activates the complement system and destroys the endothelial barrier 

within minutes, resulting in massive interstitial haemorrhage, edema, and thrombosis of small 

vessels of the transplanted organ (figure 1) (Yang & Sykes, 2007). 

Unfortunately, depletion of α1,3Gal does not entirely prevent the human immune system from 

attacking the xenograft. Xenoreactive antibodies directed against various other epitopes may 

react with endothelial surfaces activating the complement system. The course of this process 

is called acute humoral xenograft rejection (AHXR) is prolonged and develops after days or 

weeks (Schuurmann et al., 2003; Shimizu et al., 2006). In addition, disseminated intravascular 

coagulation (DIC) and thrombotic microangiopathy are features often seen in transplanted 

organs because of endothelial cell-activation and injury (Gollackner et al., 2004, Shimizu et 

al., 2004). This is further augmented by the cross-species incompatibility of coagulation 

factors such as coagulation factor Xa leading to inadequate inhibition of coagulation (figure 2) 

(Schulte et al., 2001). 
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2.1.3.2 T-cell-mediated xenograft rejection and innate immune system in xenograft 

rejection 

HAR and AHXR are the mechanisms most acutely leading to xenograft failure and only little 

attention has been paid to cell-mediated rejection. In general, T-cell responses against 

antigens from other species seem to be strong compared to those against pathogenic antigens, 

suggesting an important role of T-cells in xenograft rejection (Davila et al., 2006; Zhuo et al., 

2004; Kuwaki et al., 2005). T-cell mediated responses are not limited to direct T-cell 

cytotoxity. There are various ways for T-cells leading to xenograft rejection, involving 

cytokine production and recruitment of cytotoxic cells of the innate immune system such as 

macrophages and neutrophils (Yang & Sykes, 2007). 

Cells of the innate immunity such as macrophages, natural killer cells and neutrophils can be 

considered to be the waste bin of the body. In general, these cells are activated by surface 

Figure 1: Hyperacute rejection. Xenoreactive 

antibodies bind to xenoantigeneic epitopes like 

α1,3Gal on donor cells. Complement is recruited and 

activated. Rejection is initiated within seconds by 

the thrombotic events and migration of cells of the 

innate immune system (Yang and Sykes, 2007; © 

2007 Nature Reviews) 

Figure 2: Acute humoral xenograft 

rejection. AHXR is the prolonged form of 

acute graft rejection. It is mediated by low 

leves of natural xenoreactive antibodies and 

leads to activation of complement and cell-

mediated cytotoxicity. Endothelial cell 

activation, thrombosis and vasoconstriction 

are typical signs of AHXR (Yang and Sykes, 

2007; © 2007 Nature Reviews) 
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patterns not known to the immune system. Mostly, these patterns are found on pathogens and 

are therefore referred to as pathogen-associated molecular patterns (PAMPs). To prevent 

immune responses against the own body, the cells of the innate immune system are 

downregulated by ‘self’-molecules. However, NK cells and macrophages consider xenogeneic 

cells as an imminent threat upon confrontation. Reactivity of innate immune cells is triggered 

by the abnormal glycosylation pattern and the disproportion of major histocompatibility 

complexes (MHC) on xenogeneic cells lacking the ability to downstimulate cells of the innate 

immune system (Yang & Sykes, 2007). Transduction of human MHC molecules into porcine 

endothelial cells before transplantation showed to effectively induce tolerance against these 

cells after transplantation (Seebach et al., 1997). In addition, natural killer cells may be 

directly activated by various antigen-acting epitopes like UL16-binding protein (ULBP1) or 

even α1,3Gal on the xenograft cells (Lilienfeld et al., 2006). Inhibitory stimulus is lacking due 

to the cross-species incompatibility between foreign CD47 and human signal regulatory 

protein α (Wang et al., 2007). Furthermore, NK cells may be activated by natural and induced 

antibodies against xenogenic targets, leading to antibody mediated cell cytotoxity. Activated 

NK cells also secrete cytokines, interferon-γ and tumor necrosis factor (TNF) in order to 

stimulate macrophages and endothelial cells (Goodmann et al., 1997). The overall outcome of 

these processes is a sustained and intense inflammation of the xenograft (figure 3). 

 

Figure 3: Innate cell-mediated rejection. Macrophages and natural killer cells are regulated by inhibitory 

and stimulatory signals on cell surfaces. Stimulatory signal on xenogeneic cells include ULBP1 and 

α1,3Gal that are bound by NKG2D and Galectin-3, respectively. When inhibitory signals like CD47 fail to 

bind to bind to its receptor, cells of the innate immune system are not downregulated and try to destroy 

xenogeneic cells. This activity is further augmented by the release of cytokines by T-cells, which are 

activated by xenoantigen presentation (Yang and Sykes, 2007; © 2007 Nature Reviews) 
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2.1.4 Humanised mouse models 

2.1.4.1 Development of humanised mouse model 

Humanized mouse models have been become a widely accepted and available source to 

investigate biological systems and engraftment of human tissues in vivo outside the human 

body. Humanized mice have previously been defined as immunodeficient mice that either 

transgenically express human genes or have engrafted human cells or tissues (Shultz et al., 

2007). Various immunodeficient strains have emerged from different labs over time, one of 

the most prominent being a mouse model characterised by a mutation in the Prkdc
scid gene, 

resulting in severe combined immunodeficiency (scid) (Bosma et al., 1983). This mouse strain 

was used to show engraftment of human cells and tissues for the first time, although 

spontaneous T- and B cell development was shown and NK cell activity was high. The scid-

mouse model was further used as a background to generate non-obese diabetic-scid mice 

(NOD-scid) that also showed impairment of the NK cell activity, thus improving engraftment 

success (Shultz et al., 1995; Hesselton et al., 1995; Christianson et al., 1996). Targeted 

mutations at the interleukin-2 receptor (IL-2R) γ-chain locus (Il2rg) further improved 

immunodeficiency of available mice strains, as these showed rigorous deficiencies in function 

and development of lymphoid tissues, T- and B- and NK cells (DiSanto et al., 1995; Cao et 

al., 1995). Mutations of the IL-2R lead to truncation of affinity receptors for various 

interleukins, and signalling of the immune system is greatly undermined (Sugamura et al., 

1996). Even more efficient was the generation of Il2rg
-/- mice, which were characterized by 

the complete absence of the IL-2R γ chain and lead to long-term engraftment of human 

hematopoietic stem cells (HSCs) and peripheral-blood mononuclear cells (PBMCs) (Shultz et 

al., 2005; Ishikawa et al., 2005). Deactivation of the recombination–activating gene (Rag1 and 

Rag2) additionally impairs recombination ability and therefore T- and B-cell development 

(Mombaerts et al., 1992). Numerous variants of the mice strains mentioned above have been 

generated to meet specific needs (Shultz et al., 2007). 

Although already highly immunodeficient, Il2rg
-/- mice need to undergo sublethal irradiation 

before transplantation with human HSCs to acquire optimal and long-term engraftment. When 

engraftment was accomplished in these mice, platelet, red blood cell and T-cell generation 

was detected (Shultz et al., 2005; Ishikawa et al., 2005). Sustainable engraftment of human 

cells on long-lived mouse models was considered valuable for investigating the risks and 

effects of gene therapy to correct hereditary disorders of the immune system (Ott et al., 2006; 

Shultz et al., 2007). Some humanised mouse models demonstrated a partially functional 

human immune system with T-cell maturation, negative selection on mouse MHC antigens 
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and antibody production (Ishikawa et al, 2005; Camacho et al., 2004; Matsumura et al., 2003). 

These mice models are still subject to improvement and will play an important role when e.g. 

infectious diseases like HIV are studied in humanised mice (McCune et al., 1991). In context 

of autoimmune diseases, humanised mouse models have allowed the exploration of more 

detailed mechanisms involved in arthritis and Graves disease (Davis et al., 2002; Martin et al., 

1992). Mouse tumour models have demonstrated that human tumour growth may derive from 

tumorous stem cells transplanted into mice (Reya et al., 2001). 

Transplantation of human cells into immunodeficient mice have allowed a deeper 

understanding of mechanisms involving organ regeneration. Various experiments have 

demonstrated that bone-barrow- and cord-blood-derived stem cells may generate small parts 

of human tissue, including pancreatic islets and cardiac myocytes (Shultz et al., 2006; Ma et 

al., 2006). Several mechanisms have been suggested to be involved in tissue regeneration. The 

most promising one states that stem cells undergo transdifferentation into more differentiated 

cells. However, there is also the possibility that transplanted cells fuse with host cells to 

restore some host cell functions (Pauwelyn et al., 2006). 

The use of human stem cells is limited due to its potential to generate teratomas in mouse 

models (Cooke et al., 2006). On the contrary, transplantation of differentiated human 

hepatocytes has proved an efficient tool to investigate liver regeneration in mouse models. 

The integration of human hepatocytes into mice has already become an important instrument 

in the search for novel vaccines to fight hepatic diseases such as viral hepatitis, as complex 

biochemical interaction can be investigated in a live animal model. However, these mice 

models need further improvement to establish long-term engraftment of hepatocytes 

(Meuleman et al., 2008). 

 

2.1.4.2 BALB/c Alb-uPA
tg(+/+)

Rag2
(-/-)

IL-2Rγc
null

 

To engraft human hepatocytes efficiently into mice, one needs to generate an environment 

that enables transplanted human hepatocytes engraft more readily into murine livers. An 

immunodeficient mouse model, which is transgenic for the albumin-promoter/enhancer 

urokinase-type plasminogen activator (uPA), can meet this requirement. Overexpressed 

urokinase induces activation of plasmin and the dissolution of fibrin, which ultimately leads 

to fatal bleeding of young mice (Heckel et al., 1990). However, the production of urokinase is 

cytotoxic to hepatocytes and hepatocytes were suggested to be replaced by fat tissue already 

before birth (Sandgren et al., 1991). The intensity of the liver damage is dependent in 

transgene expression, as mice hemizygous for uPA demonstrate regenerative nodules in livers 
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while homozygous do not (figure 4). As homozygous uPA mice continuously loose functional 

hepatocytes, protein plasma levels are reduced and oncotic pressure in the vessels is lost. The 

mice die from edema 3-6 weeks after transplantation. 

 

 

 

Figure 4: Architecture of uPA transgenic mouse liver. While livers from wildtype mice demonstrate 

normal liver architecture, increased transgene expression results in loss of functional liver mass. 

Hemizygous mice still demonstrate red liver nodules (middle). Red nodules representing functional 

liver mass are absent in homozygous mice (right). (Sandgren et al., 1991; © 1991 Cell Press) 

 

Furthermore, the empty space that was occupied by murine hepatocytes represents an ideal 

niche for transplanted human hepatocytes to settle down. The extracellular matrix of the 

murine liver is, although it is somewhat degenerated by the activation of matrix-

metalloproteinases, an ideal environment for transplanted human hepatocytes (Meuleman et 

al., 2008; Haridass et al., 2010). 

This makes homozygous uPA mice an ideal model for human hepatocyte transplantation. First 

of all, because this is a live/dead model depending on successful engraftment of human 

hepatocytes; and secondly, engraftment of transplanted human cells is more efficient in mice 

homozygous for uPA than in heterozygous mice or other immunodeficient mice strains 

(Meuleman et al., 2008). 
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Figure 5: Engrafted human hepatocytes in the uPA mouse liver. Human hepatocytes were transplanted 

into uPA/SCID mice. The mouse was sacrificed 80 days after transplantation. The picture demonstrates one 

liver lobe of the sacrificed mouse. Arrows indicate clusters of murine hepatocytes that are not replaced by 

human hepatocytes. The rest of the liver is occupied with human hepatocytes (Yoshizato & Tateno, 2009; © 

2009 Informa UK Ltd) 

 

For this study, Alb-uPAtg(+/+)Rag2(-/-)IL-2Rγc
null mice with BALB/c background were used to 

carry out transplantation experiments. These mice are homozygous for albumin-

promoter/enhancer urokinase-type plasminogen activator (BALB/c Alb-uPAtg(+/+)Rag2(-/-)IL-

2Rγc
null mice, further referred to as BALB Rag/γc uPA mice) (Heckel et al., 1990; Di Santo, et 

al., unpublished data; Waern et al., 2012). As mentioned above, this mouse model is 

characterised by severe damage of the liver architecture, including the barriers of the liver 

sinusoids enabling transplanted cells to penetrate cell layers forming the sinusoidal wall 

(Joseph et al., 2006; Mohammed et al., 2005). In addition, transplanted liver cells show no 

significant deregulation in regards to their biochemical pathways and are, upon engraftment, 

selectively favoured in proliferation in comparison to endogenous mouse liver cells transgenic 

for uPA (Shultz et al., 2008; Haridass et al, 2010). Although the BALB Rag/γc uPA mice are 

not NOD-Scid, most of the immune system is dysfunctional, however macrophages in this 

mouse model remain intact (van Rijn et al., 2003). This is especially favourable for this study 

as we are focusing on engraftment success when macrophages are downregulated by mCD47 

expressed on the surface of transplanted human hepatocytes (Waern et al., 2012). 

Downregulation of macrophages is a promising approach, as previous studies have described 

an improved engraftment of human hepatocytes in immunodeficient mice that were treated 
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with liposome encapsulated clodronate, which is highly toxic to macrophages (Morosan et al., 

2006). 

 

2.2 Integrin associated protein (CD47) 

2.2.1 The origins of CD47 

Integrin-associated Protein (IAP), also known as CD47, was first discovered as a plasma 

membrane protein by co-immunoprecipitation with the integrin αvβ3 from platelets, placenta 

and leukocytes. Several antibodies recognizing IAP and antibodies to β3-integrins were able 

to inhibit Arg-Gly-Asp-stimulated phagocytosis by polymorph nuclear leukocytes (PMN) 

(Brown et al., 1990). Therefore, it was postulated that integrins and IAP form together a 

complex activating a signal transduction pathway mediating phagocytosis activity (Lindberg 

et al., 1993). Further research indicated that IAP interacted with various integrins such as 

αIIbβ3, αvβ3 and α2β1 on platelets, melanoma cells, ovarian carcinoma cells and smooth 

muscle cells (Chung et al., 1997; Gao et al., 1996; Green et al., 1999, Wang & Frazier, 1998; 

Chung et al., 1999). CD47 was independently discovered by comparison of the expression 

pattern of Rh+/+ and Rhnull erythrocytes. CD47 was shown to be one of several poorly 

expressed antigens on Rhnull erythrocytes (Anstee & Tanner, 1993). Specificity analysis of 

antibodies directed against CD47 soon showed that they also recognized IAP, proving that 

IAP and CD47 are the same protein (Lindberg et al., 1994). 

 

2.2.2 Genetics and structure of CD47 

CD47 is an extraordinary transmembrane protein belonging to the immunoglobulin 

superfamily. The IgV-domain is heavily glycosylated resulting in slow migration on SDS-

PAGE at 40-60 kD. Comparison with known signal peptides have lead to the conclusion that 

the 20 amino acids at the N-terminus of CD47 serve as a signal sequence locating CD47 to the 

cell membrane. Membrane integration is mediated by the multiple membrane spanning 

(MMS) domain consisting of five transmembrane segments (fig. 1) (Brown et al., 2001; 

Lindberg et al., 1993). The cytoplasmic C-terminus is subject to heavy splicing, resulting in 

isoforms that differ in length. So far four distinct isoforms have been discovered in humans. 

Semi-quantative PCR studies on the tissue-specificity have come to the conclusion that 

isoform 2 is highly expressed on endothelial cells and on bone-marrow derived cells, whereas 

isoform 4 is found in the brain, the peripherous nervous system and the intestines (Fig. 2) 

(Reinhold et al., 1995). 
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Figure 6: Structure of human CD47. CD47 is divided 

into three parts. 1) the glycosylated extracellular IgV-

like domain 2) 5 transmembrane domains and 3) an 

intracellular domain of varying length depending on 

expressed isoform sequences (Brown and Frazier, 2001; 

© 2001 Trends in Biology) 

 Table 1: Expression pattern of CD47. CD47 

is widely expressed in various tissues. Some 

tissues express specific isoforms of CD47 

(Reinhold et al., 1995) 

 

2.2.3 Functions and signalling of CD47 

CD47 is a ubiquitously expressed protein with a wide variety of functions. There is evidence 

that CD47 may induce adhesion, chemotaxis, spreading, secretion, phagocytosis, and other 

consequences of cell activation. Numerous publications have illuminated the potential of 

CD47 not only to activate in cis-signal transduction in the same cell, but also to induce in 

trans-signal activation in other cells interacting with CD47 (Brown et al., 2001).  

 

2.2.3.1 In cis-signalling of CD47 

In cis signalling of CD47 is often mediated by integrins. E.g. the platelet fibrinogen receptor 

αIIbβ3, the RGD receptor αvβ3 and the collagen receptor α2β1 have shown to specifically 

interact with CD47 in the same plasma membrane (Lindberg et al., 1993; Brown et al., 2001). 

Interestingly, binding stability is significantly increased by the MMS-domain and can be 

further improved by other factors (Lindberg et al., 1996; Green et al., 1999). 

One prominent binding partner of CD47 is thrombospondin-1 (TSP-1). TSP-1 is a member of 

the family of multidomain glycoproteins that influence cell migration, attachment, 
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proliferations and differentiation of various cell types (Adam et al., 1993). It is especially 

contributing to tumorigenesis, wound healing, angiogenesis and in developmental processes 

(Iruela-Rispe et al., 1993). Binding to CD47 is mediated by a specific amino acid sequence of 

the C-terminal binding domain of TSP-1 (Gao et al., 1994, Frazier et al., 1993; Kosfeld & 

Frazier, 1993). 

The interaction between CD47 and TSP-1 has been demonstrated to increase platelet 

aggregation and spreading on collagen in a mechanism involving the activation of inhibitory 

G proteins (Wang et al., 1999; Chung et al., 1999). To be more specific, CD47 and TSP-1 

leads to the inhibition of mononucleotide cyclases, a downstream effector of the G protein 

pathway (Isenberg et al., 2008; Wang et al., 1999). As a conclusion of these results, scientists 

have come up with a model putting CD47 into the spotlight as a direct activator of the 

inhibitory G protein Gi. In this model, CD47 with its MMS will form a seven-transmembrane 

spanning complex together with associated integrins, which contribute with two 

transmembrane segments. This complex will then activate Gi, which in turn switches off the 

adenylate cyclase leading to decreasing cAMP levels (Frazier et al., 1999). 

In addition, CD47 may play an important role in modulating the release of pro-inflammatory 

cytokines IFN-γ, IL-2, and IL-12. However, these finding have been limited to in vitro 

experiments and it remains unclear, if CD47 really is capable of modulating secretion of 

cytokines in vivo (Hermann et al., 1999, Armant et al., 1999, Reinhold et al., 1997). 

 

 

Figure 7: CD47 may act as G protein-coupled receptor. The peptide 4N1K, part of the 

binding domain of TSP-1, binds to CD47. Ligation of CD47 mediates binding to integrins and 

generates a 7-transmembrane segment structure. Heterotrimeric G protein is associated with this 

structure (Brown et al., 2001; © 2001 Trends in Cell Biology) 
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2.2.3.2 CD47 in trans-signalling 

2.2.3.2.1 CD47 interacts with signal regulatory protein α 

SIRPα, also known as p84, SHPS-1, was originally identified as an immunoglobulin family 

member expressed in cerebellar neurons. The protein consists of one transmembrane domain, 

three extracellular Ig-like domains and a cytoplasmic tail that includes tyrosine 

phosphorylation sites. It was observed that it is involved in adhesive properties in neurons as 

well as neurite outgrowth (Chuang & Lagenaur, 1990). Both observations lead to the 

conclusion that SIRPα may be involved in synaptic adhesion and signal transduction (Abosh 

& Lagenaur, 1993).  

The association between CD47 and SIPRα was discovered by cloning and expression of 

cDNA from mouse brain cDNA libraries. Expressed proteins were then used in binding 

assays and CD47 was found to associate with SIRPα. Anti-CD47 antibody was able to block 

binding of erythrocytes, thymocytes, neurons and retinal cells to P84 covered coverslips, 

suggesting that CD47 is an ubiquitous receptor for SIRPα (Oldenborg et al., 2001; Jiang et al., 

1999). 

 

2.2.3.2.2 CD47-SIRPα in phagocytosis 

The first evidence suggesting that CD47 might be involved in the regulation of macrophage 

activity was presented when the effect of mCD47-/- erythrocytes injected into mCD47+/+ mice 

was investigated. In this study, mCD47-/- murine red blood cells (RBC) were rapidly 

eliminated by red pulp macrophages in mCD47+/+ mice. On the other hand, mCD47+/+ 

erythrocytes were not cleared from the bloodstream by interaction of mCD47 and SIRPα. 

However, elimination was evident when interaction was inhibited by antibody against SIRPα. 

It was assumed that CD47 may act as a “marker of self” on red blood cells. Interestingly, the 

immune system of Rhnull individuals with poor expression of CD47 do not show elimination 

and therefore may adapt to low levels of CD47 on RBCs, preventing phagocytosis of CD47-/- 

RBCs (Oldenborg et al., 2000). 

When CD47 is absent, phagocytosis has been shown to be dependent on opsonisation and 

activation of the FCγ receptor (FCγR) (Oldenborg et al., 2005, Okazawa et al., 2005). 

Interestingly, opsonized mCD47+/+-RBCs are phagocytosed to a high degree when incubated 

with peritoneal macrophages (PEMs) expressing mutant SIRPα lacking the cytoplasmic tail. 

mCD47-/--RBCs were phagocytosed to the same extent by wildtype-PEMs. It was also shown 

that antibody against SIRPα blocking the interaction between SIRPα and mCD47 increased 

phagocytosis of wt-RBCs by wt-PEMs (Okazawa et al., 2005). In addition, mev/mev mice 
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lacking SHP-1, the downstream mediator of SIRPα, showed rapid elimination also of wt-

RBCs. All these results indicate that a functional interaction between SIRPα and CD47 is 

needed to prevent phagocytosis (Oldenborg et al., 2001). 

 

2.2.3.2.3 Signal transduction of CD47-SIRPα 

The signalling pathway involved in immunoreceptor-mediated phagocytosis is not fully 

understood. However, there is proof that tyrosine kinases may signal the cell that it should 

prepare for phagocytosis. In general, tyrosine phosphorylation at immunoreceptor tyrosine-

based activating motifs (ITAMs) increases when macrophages phagocytose IgG-opsonized 

targets (Greenberg et al., 1994). 

In contrast, when macrophages encounter wt-RBCs, SIRPα accumulates at the macrophage 

synapse. The synapse now shows decreased levels of tyrosine phosphorylation and recruited 

non-muscle myosin (fig. 8) (Tsai et al., 2008). This is consistent with several experiments that 

have shown that the cytoplasmic tail of SIRPα may play an important role in phagocytosis 

inhibition by recruitment of phosphatases: Initially, the cytoplasmic domain is phosphorylated 

by Src kinase family proteins at its immunoreceptor tyrosine-based inhibitory motifs (ITIMs) 

(Kharitenkow et al., 1997). The phosphorylated tyrosine residues recruit SHP-1 and SHP-2, 

son of sevenless (SOS), Src kinase Fgr, and Grb2, which are hereby activated (Oldenborg et 

al., 2001). Interestingly, Fgr also associates with FcγRs and leads to even greater amounts of 

SHP-1 bound to SIRP in order to reduce phagocytotic activity. This effect is not limited to 

FcγR-mediated phagocytosis and is also seen in complement mediated phagocytosis. It was 

also demonstrated that the negative regulation happened before the formation of the 

phagocytotic cup and did not effect FCγR clustering and endocytosis into the cytoplasm 

(Gresham et al., 2000).  
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As mentioned above, Tsai and co-workers also showed decreased accumulation of 

phosphorylated proteins in the synapse between macrophages and RBCs. Surprisingly, the 

phosphorylated protein was shown to be non-muscle myosin IIA, which plays an important 

role in organizing the cytoskeleton and endocytosis. These results suggest that CD47/SIRPα 

may be a direct regulator of NMM IIa phosphorylation and endocytosis. 

Figure 8: Recruitment of SIRPα, phospho-tyrosine, F-Actin and NNM IIA into the phagocytotic cup. 

A Human red blood cells were incubated with human macrophages. SIRPα in human macrophages is 

recruited to the cell membrane (= distance =0). When sheep RBC are incubated with human macrophages 

are if CD47 is blocked by anti-CD47 antibody, no SIRPα is recruited to the cell membrane. B – D When 

human RBCs encountered human macrophages, phospho-tyrosine levels of SIRPα, F-actin levels and non-

muscle myosin IIA levels nearby the cell membrane decreased as an expression of phagocytosis inhibition. 

Phagocytosis is mediated by F-actin and Myosin recruitment to the cell membrane and are dependent on 

phosphorylation of SIRPα. However, isogenic CD47 ligation inhibits this pathway. (Tsai et al., 2008; © 

2008 The Rockefeller University Press) 
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Figure 9: Phagocytosis of foreign cells is regulated by the lacking CD47/SIRPα interaction. If CD47 is not 

recognized on the cell encountered by the macrophage, a phosphorylation cascade is initiated which ultimately 

leads to myosin contraction and engulfment of the foreign cell. This cascade is normally inhibited by 

phosphatases, which are recruited by the ITIMs on SIRPα (Tsai et al., 2008; © 2008 The Rockefeller University 

Press) 

 

2.2.3.2.4 CD47 in xenotransplantation 

CD47 is highly expressed in a wide variety of tissues in mammalians. However, the amino 

acid sequence homology is limited to 70 % - 80 % between species, suggesting that 

interspecies compatibility and interaction with binding partners may not be possible (Wang et 

al., 2007). Experiments dealing with the interaction between porcine wt-RBCs and mouse wt-

macrophages showed that porcine CD47 failed to induce phosphorylation of SIRPα in mouse 

macrophages. It was also demonstrated that porcine RBCs were eliminated from blood more 

rapidly in WT mice than in mCD47-deficient mice, according to the observation that 

phagocytes in mCD47-deficient mice attenuate to lack of mCD47. To avoid the process of 

elimination mediated by the incompatibility between species-specific CD47 on pig RBCs and 

murine binding partners, porcine B lymphoma-like cell lines (LCL) were transfected with 

mCD47. The modified cell line was co-cultured with mouse macrophages and overall survival 

of the transfected cell line was determined. Readouts showed increased survival of mCD47 

expressing cell lines in comparison to a control cell line. Furthermore, splenic macrophages in 
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mice were not able to engulf LCL expressing mCD47 as efficiently as WT-LCL (Wang et al., 

2007). These findings were later confirmed by Ide and co-workers who produced LCL 

expressing human CD47 to induce suppression of phagocytosis by human macrophages. The 

macrophages showed absence of SIRPα phosphorylation in accordance with SHP-1 

upregulation confirming similar experiments with mice macrophages (Ide et al., 2007). 
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3. Material and methods 

3.1 Material 

3.1.1 Equipment 

2-chamber slides        LabTek 
+ 4°C freezer         Liebherr 
- 20°C freezer         Liebherr 
- 80°C freezer         Liebherr 
Bacterial plate incubator       Thermo Corporation 
Beaker          Duran 
Biophotometer        Eppendorf 
Cell counting chamber, improved (Neubauer)    Roth 
Cell spreader         Sarstedt 
Centricon Plus-70 Filter Centrifugation Device    Millipore 
Centrifugation conical tube (15 ml, 50 ml)     Sarstedt 
Centrifuge 5415D        Eppendorf 
Cryotubes         Sarstedt 
Cuvettes         Eppendord 
Cuvettes (UV)         BioRad 
Desktop PC         CS PC 
Erlenmeyer flask        Duran 
FACSCalibur         BDBiosciences 
Filter paper         Whatman 
Fluorescence microscope Nikon Ecclipse TS100 (contact assay)  Nikon 
Fluorescence microscope Olympus IX81 (IF-staining)   Olympus 
Fluorescence microscope Olympus FV1000  (time-lapse)   Olympus 
ICycler (PCR)         Biorad 
Gel doc 2000 (DNA)        Biorad 
Gloves , latex         Hartmann 
Gloves, nitril         Kimberley-Clark 
Heat incubator microcentrifuge tubes     Thermo Corporation 
Heraeus Pico 17 Centrifuge       Thermo Corporation 
Herasafe S1/S2 hood        Thermo Corporation 
Incubator Heracell 240       Thermo Corporation 
Inoculatio loops        Sarstedt 
Lightcycler 480        Roche 
Measuring cylinder        Duran 
Microcentrifuge tube centrifuge      Eppendorf 
Microwave         Siemens 
Needles         BD 
Pipettes         Eppendorf 
Parafilm         Roth 
Petri dishes         Sarstedt 
Pipette tips         Sarstedt 
Pipette tips (cell saver)       Biozym 
Pipette tips (for PCR)        Biozym 
PCR 96-well plates        Sarstedt 
PCR reaction tubes        Biozym 
Polyvinylidendifluoride membrane      Milipore 
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Printer          HP/Canon 
Rack          Roth 
Reaction tubes (0.5, 1.5, 2 ml)      Biozym 
SDS-Page tank        Biorad 
Serological pipettes        Sarstedt 
Sorvall Centrifuge        Sorvall 
Sterile filters (0,45 µm, 0.22 µm)      Sarstedt 
Syringe         Braun 
Task wipes         Kimtech 
Tissue culture dishes (10 cm, 6 cm, 6-, 12-, 24-, 96-well)   Sarstedt 
Tissue culture flasks (25, 75, 175 cm2)     Sarstedt 
Thermomixer comfort/compact      Eppendorf 
Water bath, small        GFL 
Water incubator        Huber 
Wet blotting system        Biorad 
Western blot detection (digital)      INTAS 
X-Ray film         GE Healthcare 
 

3.1.2 Chemicals 

Chemical Provider 

Acetone Applichem 
Acetic acide (96%) Merck 

Acrylamid solution 30 % Roth 
Agar Fluka 
Agarose, universal Gold Peqlab 
Agarose (low melting 100-1000 bp) Biozym 

Agarose (low melting > 1 kb) Biozym 
7-Amino-actinomycin D Sigma-Aldrich 
Ammonium acetate Sigma-Aldrich 
Ammonium persulfate Roth 

Ampicillin Ratiopharm 
Ampicillin Sigma-Aldrich 
Bacto yeast extract BD Bioscience 
Bacto tryptone BD Bioscience 

Bovine serum albumin (BSA) Sigma-Aldrich 
Bradford 1x Quickstart BioRad 
Bromophenol blue Merck 
Calcium chloride  Merck 

5-Carboxytetramethylrhodamine (5-TAMRA) Invitrogen 
Chloroquine Sigma-Aldrich 
Coomassie Brilliant Blue R 250 Serva 
Disodium hydrogenphosphate Roth 

Dimethylsulfoxide Roth 
dNTPs  Abgene 
Dithiothreitol Roth 
DMEM, Gibco® 41966-029 Invitrogen 
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Donkey serum Abcam 

Ethanol, spoilt (96 %) Th. Geyer 
Ethanol, 100 %, molecular biology grade Appli Chem 
Ethidium bromide Sigma-Aldrich 
Ethylenediaminetetraacetic acid AppliChem 

Formaldehyde LSG 37 % AppliChem 
Fetal calf serum (FCS) Standard PAA 
Gelstar nucleic acid gel stain Cambrex 
L-Glutamine PAA 

Generuler 1 kb #SM1333 Fermentas 
Generuler 100 bp #SM0243 Fermentas 
Glycerine Roth 
Glycine Roth 

ß-Glycerolphosphat disodium salt pentahydrat Fluka 
Hepatocyte culture medium (HCM) Lonza 
HEPES pH 7.5 PAA 
Hoechst 33342 Invitrogen 

Hydrocloride acid T.J. Baker 
Isopropanol Sigma-Aldrich 
Loading dye (6x) Fermentas 
Magnesium chloride hexahydrate Appli Chem 

Magnesium hydroxide Merck 
β-Mercaptoethanol Sigma-Aldrich 
Methanol T.J. Baker 
3-(N-morpholino)propanesulfonic acid Sigma-Aldrich 

Oligonucleotides MWG Operon, Sigma 
Ortho-phosphoric acid Roth 
Paraformaldehyde Fluka 
Penicillin/Streptomycin PAA 

pH-Meter calibration stock solutions (pH 4, pH 7, pH 10) Roth 
Ponceau S Serva 
Potassium chloride Roth 
Potassium dihydrogenphosphate Roth 

Prestained Protein Marker #P7708 NEB 
Prestained Protein Marker #SM0671 Fermentas 
Protein A Sigma-Aldrich 
RNAse ZAP Sigma-Aldrich 

Rubidium chloride Roth 
Sodium dodecyl sulfate 10% Gibco 
Sodium acetate Sigma-Aldrich 
Sodium azide Merck 

Sodium carbonate Appli Chem 
Sodium chloride Roth 
Sodium citrate Sigma-Aldrich 
Sodium formamide Sigma-Aldrich 
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Sodium hydroxide Flucka 

Sodium orthovanadate AppiChem 
Sodium phosphate Sigma-Aldrich 
Sodium sulfate Merck 
Skim milk powder Appli Chem 

TEMED Roth 
Tris Roth 
Tris base, acetic acid and EDTA buffer (TAE) (10x) Roth 
Triton X-100 Appli Chem 

Trypan blue Fluka 
Trypsin-EDTA PromoCell 
Tryptone-peptone Roth 
Tween® 20 Roth 

Tween® 80 Roth 
Whatman filterpaper Roche 
Yeast extract Roth 

 

 

3.1.3 Solutions 

5 % blocking solution    5 g powdered carnation milk 
      100 ml western washing buffer 
 
Blocking solution (Immunofluorescence) 1 % donkey serum 
      0.3 % Triton X-100 
      in PBS 
 
CaCl2 (2.5 M)     36.75  g CaCl2 

      100 ml dH2O 
      sterile filter 
 
DMEM (+ suppl.)    10 % (v/v) FCS 
      1 mM penicillin/streptomycin 
      1 mM L-glutamine 
 
DMEM (hepatocytes transduction)  5 % (v/v) FCS 
 
EDTA (0.5 M, pH 8.0)   186.1 g EDTA*2H20 
      800 ml dH2O 

adjust to pH 8.0 (NaOH) 
 
FACS buffer     5  % bovine serum albumin 
      2  mM EDTA 
      in PBS 
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HCM (concentrations not provided)  xx Hepatocyte basal medium (HBM) 
      xx Ascorbic acid 
      xx BSA-FAF 
      xx Hydrocortisone 
      xx Transferrin 
      xx Insulin 
      xx rhEGF 
      xx GA-1000 
 
HBS (HEPES buffered saline)  140 mM NaCl 

1.5 mM Na2HPO4•2H2O 
50 mM HEPES 
pH 7.0 with NaOH 

 
Laemmli buffer (2x)    4  % (w/v) SDS 
      0.2 % (w/v) bromophenol blue 
      126  mM Tris, pH 6.8 
      20 % (v/v) glycerol 
 
LB agar plates     10 g tryptone-peptone 
      5 g yeast extract 
      10 g sodium chloride 
      15 g agar 
      autoclave 
 
LB medium (5x)    50 g tryptone-peptone 
      25 g yeast extract 
      50 g sodium chloride 
      pH 7.5 
      autoclave 
 
Paraformaldehyde (4 %)   4 % (w/v) paraformaldehyde 
      pH 7.5 with sodium chloride (6 M) 
 
PBS (20x, pH 7.4)    160 g NaCl 
      4 g KCl 
      28.8  g Na2HPO4 

      4.8 g KH2PO4 

      ad 1 l dH2O 
 
Ponceau S stain    0.1 % (w/v) Ponceau S solution 

5 % (v/v) acetic acid 
in PBS 

 
Primary antibody diluent (WB)  1  % (w/v) BSA 
      in PBS 
 
SDS-PAGE gel buffer (accumulative) 0.5 M Tris 
      0.4 % SDS 
      pH 6.8 (KOH) 
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SDS-PAGE gel buffer (seperative)  1.5 M Tris 
      0.4  % SDS 
      pH  8.8 (KOH) 
 
SOC medium     0.5 % (w/v) yeast extract 
      2 % (w/v) tryptone 
      10 mM sodium chloride 
      2.5 mM potassium chloride 
      autoclave 
      20 mM magnesium chloride (sterile filtered) 
      20 mM glucose (sterile filtered) 
 
Tris-glycine-SDS-PAGE buffer (5 x) 
      125 mM Tris 
      960 mM glycine 
      0.1 % (w/v) SDS 
 
Transfer buffer    192 mM glycine 
      25 mM Tris 
      10 % (v/v) methanol 
 
Transfection medium (TFM)   DMEM + suppl. 
      10 mM HEPES 
      25 µM chloroquine 
 
Transformation buffer 1   100  mM RbCl2 

      50 mM MnCl2 
      30 mM potassium acetate 
      10 mM CaCl2  
      15 % glycerol 
      pH 5.8 (acetic acid) 
      sterile filter 
 
Transformation buffer 2   10 mM MOPS 
      10 mM RbCl2 
      75 mM CaCl2 
      15 % glycerol 
      pH 6.8 (KOH) 
      sterile filter 
 
Tris buffer     1 M Tris base 
      Desired pH (sodium chloride) 
 
Western blocking buffer   5 % (v/v) skim milk powder  
      in PBS 
 
Western wash buffer    0.05  % (v/v) Tween 20  
      in PBS 
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3.1.4 Kits 

Name Provider 

Calcium Phosphate Transfection Kit Sigma 

Click It® Edu Flow Cytometry Assay Kit Invitrogen 

Complete lysis-M Roche 

ECL Plus Western Blotting detection reagent GE Healthcare 

iScriptTM cDNA Synthesis Kit BioRad 

NuceloBond® Xtra Midi Macherey & Nagel 

NuceloBond® PC2000 Macherey & Nagel 

Human Albumin ELISA Quantitation Set Bethyl 

One Shot® Mach1TM-T1R
 chemically competent E. coli Invitrogen 

One Shot® TOP10 Chemically Competent E. coli Invitrogen 

One Shot® STBL3 Chemically Competent E. coli Invitrogen 

PeqGOLD Pwo-DNA-Polymerase* PeqLab 

PeqGOLD Plasmid Miniprep Kit PeqLab 

Plasmid Midi Kit Machery & Nagel 

Plasmid Mega Kit Machery & Nagel 

Phusion® High-Fidelity PCR Master Mix Finnzymes 

Taq Polymerase Kit Qiagen 

TOPO® TA Cloning® Kit for Sequencing Invitrogen 

Quick Start Bradford Protein Assay Biorad 

RNeasy Mini Kit Qiagen 

SuperScript™ III First-Strand Synthesis SuperMix Invitrogen 

Weighing scale BP 612/BL610 Sartorius 

XL1 Blue chemically competent cells E. coli Stratagene 
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3.1.5 Antibodies 

Primary antibodies 

Antigen raised in clonality dilution Company catalog # 

CD47, murine goat polyclonal 
1/250 (WB) 

1/100 (IF) 
R&D systems Baf 1866 

CD47, murine goat polyclonal 1/200 (WB) Santa Cruz SC-7059 

CD47, murine rat monoclonal 1/200 (WB) BD Pharmigen 555297 

Albumin, human goat polyclonal 1/200 (IF) Bethyl A80-229A 

GFP Rabbit polyclonal 1/100 (IF) Invitrogen A11122 

Actin rabbit monoclonal 1/1000 (WB) Sigma A5060 

 

Secondary antibodies 

Antigen raised in label clonality dilution Company catalog # 

Goat IgG - 

H&L - F(ab)2 
rabbit HRP polyclonal 1/1000 (WB) Abcam ab5755 

Rabbit IgG - 

F(ab)2 
goat HRP polyclonal 1/5000 (WB) Abcam ab6112 

rat IgG whole goat HRP monoclonal 1/1000 (WB) Acris R1614HRP 

Goat IgG 

(H+L) 
donkey AF647 polyclonal 1/500 (IF) Invitrogen A-21447 

Rabbit IgG 

(H+L) 
donkey AF488 polyclonal 1/500 (IF) Invitrogen A-21206 
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3.1.6 Enzymes 

 

Enzyme Provider 

BamHI restriction enzyme (20 U/µl) New England BioLabs 

BglII restriction enzyme (10 U/µl) New England BioLabs 

Calf intestine alkaline phosphatase (CIAP) Fermentas 

DNAse Fermentas 

Endo H glycosidase New England BioLabs 

IScript reverse transcriptase BioRad 

NcoI restriction enzyme (10 U/µl) New England BioLabs 

Phusion polymerase Finnzymes 

Pwo polymerase Peqlab 

RNAsin Promega 

Ribolock RNAse inhibitor Fermentas 

Superscript reverse transcriptase Invitrogen 

T4 ligase (5U/µl) Fermentas 

Taq polymerase Invitrogen 
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3.1.7 Software 

 

Name Purpose 

Adobe Photoshop (Adobe) 7, CS5 Image processing 

CellQuest Pro FACS acquisition/analysis 

Cell^M Acquisition (Olympus) Immunofluorescence image processing 

ChemStar (INTAS) Western blot detection 

FlowJo FACS analysis 

Fluoview 10 (Olympus) Live image processing 

LightCycler 480 Software (Roche) Real-time PCR data acquisition and analysis 

Image J Image processing 

MacOS 11.0 (Apple) Operating system 

Microsoft Windows 2000/XP/7 Operating system 

Microsoft Office Text processing, presentations, calculations 

Microsoft Internet Explorer Internet browsing 

Mozilla Firefox Internet browsing 

SigmaPlot 8.0 Calculations, graph processing 

Vector NTI 11.0 (Invitrogen) Vector and cloning design 

Quantitity One (BioRad) Agarose gel monitoring 
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3.1.8 Markers 

3.1.8.1 DNA ladders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.8.2 Protein ladders 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Generuler 1 kb Plus #SM1333 Figure 11: Generuler 100 bp #SM0243 

Figure 12: Prestained Protein Marker #P0771 Figure 13: Prestained Protein Marker #SM0671 
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3.1.9 Plasmids 

 

pCR4
®

TOPO
®

 

pCR4-TOPO

3957 bp

Amp(R)

ccdB (no ATG)

Kan(R )

M13 ( -20)  forward primer

M13 ( -40)  forward primer

M13 reverse primer

T3 primerT7 primer

bla promoter

Kan promoter

lac promoter

T7 promoter

lac repressor binding site

TOPO binding siteTOPO binding site

pUC origin3'-T overhang 3'-T overhang

 

 

Figure 14: pCR4
®
 -TOPO

®
 vector. The pCR4® -TOPO® vector is used for simple 

subcloning of PCR inserts amplified with Taq-Polymerase. The insert is ligated into the 

pCR4® -TOPO® vector by a topoisomerase I from Vaccinia that is covalently bound to 

pCR4® -TOPO®
 (Invitrogen manual).  

 

pCR4
®

TOPO
®

-Cd47 

pCR4-TOPO-Cd47

4888 bp

Amp(R)

ccdB (no ATG)

Kan(R)

Cd47

M13 (-20) forward primer

M13 (-40) forward primer

M13 rev erse primer

T3 primer

T7 primer

bla promoter

Kan promoter

lac promoter

T7 promoter

lac repressor binding site

TOPO binding site

TOPO binding sitepUC origin

BamHI (4)

BamHI (925)

EcoRI (939)

EcoRI (4878)

 

Figure 15: pCR4
®
 -TOPO

®
-Cd47: Murine CD47 was subcloned into the pCR4® -TOPO® vector 
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pcDNA3.1/Zeo(+)

5015 bp

Amp(R)

Zeo(R)

MCS

SV40 pA

BGH pA

BGH rev erse primer

CMV forward primer

T7 primer

CMV promoter

SV40 early promoter

bla promoter

EM7 promoter

T7 promoter

f1 origin

pUC origin

BamHI (930)

pcDNA3.1/Zeo(+) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: pcDNA3.1/Zeo (+). The pcDNA3.1/Zeo (+) vector is an eukaryotic 

expression vector used for expression of proteins in mammalian cells. Expression of 

proteins is mediated by the strong CMV promoter and selection of mammalian cells 

is conducted with zeomycin. 

 

pcDNA3.1/Zeo (+)-Cd47 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: pcDNA3.1Zeo(+)-Cd47. The pcDNA3.1/Zeo (+) was 

used to express mCD47 in mammalian cells. Cd47 was cloned into 

pcDNA3.1/Zeo (+) vector by restriction with BamHI 
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pSFFV-IRES-eGFP

789 4  bp

Amp(R)

IRES

SIN

PRE*

SFFV

PPT

RRE

dGag

PBS

RU5

RSV

EGFP

BamH I (1)

NcoI (59 3)

NcoI (2517)

pSFFV-mCD47-IRES-EGFP

8816 bp

CD47

Amp(R)

IRES

SIN

PRE*

SFFV

PPT

RRE

dGag

PBS

RU5

RSV

EGFP

Bam HI (1)

Bam HI (923)

Nco I (324)

Nco I (1515)

Nco I (3439)

pSFFV-eGFP          pSFFV-IRES-EGFP 

 

 

 

 

 

 

 

 

 

 

Figure 18: pSFFV-eGFP. pSFFV-eGFP transfer 

vector was used to generate LV-eGFP lentiviral 

vectors. Expression is mediated by a strong SFFV 

(spleen focus-forming virus) promoter. The orginal 

construct pRRL.PPT.PGK.GFPpre was kindly 

provided by L. Naldini (milano, Italy). 

 Figure 19: pSFFV-IRES-eGFP. pSFFV-IRES-eGFP 

is a modified version of the pSFFV-eGFP lentiviral 

transfer vector. The vector enables co-expression of a 

gene of interest with eGFP for easy every-day 

identification of infected cells. However, if no gene of 

interested is inserted, eGFP expression is weak. In 

this case, control cell lines should be transduced with 

LV-eGFP 

 

pSFFV-Cd47-IRES-eGFP 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: pSFFV-Cd47-IRES-eGFP. The pSFFV-mCD47-IRES-eGFP transfer vector was used to 

generate LV-mCD47 lentiviral vectors. LV-mCD47 were used to transduce mammalian cell lines and 

human hepatocytes with mCD47 co-expressed with eGFP. Cd47 was cloned into the vector by restriction 

with BamHI. 
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psPAX2

10703 bp

Orf0

Gag HIV(variant)

Orf2

Orf0

Ampicillin

CAG enhancer

pCAG F primer

cPPT

RRE

HIV Rev NES

M13 reverse primer

M13 pUC rev primer

SV40pro F primer

EBV rev primer

lac promoter

SV40 promoter

AmpR promoter

SV40 origin

pBR322 origin

rb glob PA terminator

SV40 PA terminator

pMD2.G

5824 bp

vsv-G

Ampicillin

SV40pro F primer

CAG enhancer

CMV fwd primer

pCEP fwd primer

LNCX primer

bGlob int

CMV immearly promoter

CMV promoter

CMV2 promoter

AmpR promoter

pBR322 origin

Packaging plasmids: 

pMD2.G (vsv-g)     Gag-pol-rev 

 

 

 

 

 

 

 

 

 

 

Figure 21: pMD2.G. The pMD2.G plasmid is a 

packaging plasmid encoding for the vesicular stomatitis 

virus (vsv-g) envelope glycoprotein, which enables 

lentiviral vectors to infect a broad variety of mammalian 

cells. 

 Figure 22 psPAX2. The psPAX2 packaging 

plasmid allows expression of HIV the gag and rev 

genes of HIV. The plasmids carries the information 

of regulatory elemts of HIV to allow gene 

transcription in target cells. 

 

3.1.10 Mouse models 

For this study, mice with BALB/c Rag2(-/-)IL-2Rγ(null) background were crossed with mice that 

are homozygous for albumin-promoter/enhancer urokinase-type plasminogen activator, 

generating BALB/c Alb-uPAtg(+/+)Rag2(-/-)IL-2Rγ(null) mice (further referred to as BALB 

Rag/γc uPA mice) (Waern et al., 2012). This mouse model is characterised by severe damage 

of the liver architecture including the barriers of the liver sinusoids enabling transplanted cells 

to penetrate cell layers forming the sinusoidal wall. In addition, transplanted liver cells show 

no significant deregulation in regards to their biochemical pathways and are, upon 

engraftment, selectively favoured in proliferation in comparison to endogenous mouse liver 

cells transgenic for uPA. Although the BALB Rag/γc uPA mice are not NOD-Scid, most of 

the immune system is dysfunctional. However, macrophages in this mouse model remain 

intact (van Rijn et al., 2003). This is especially favourable for this study as we are focusing on 

engraftment success when macrophages are downregulated by mCD47 expressed on the 

surface of transplanted human hepatocytes (Waern et al., 2012). 
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3.1.11 Bacterial strains 

One Shot
®

 TOP10 E. coli (Invitrogen):  

F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 ∆lacX74 deoR recA1 endA1 ara∆139 

∆(ara, leu)7697 galU galK λ- rpsL(StrR) nupG 

 

E. coli TOP10 cells were used for initial cloning and maintaining plasmids. Their key features 

are high transformation efficiency and high yields of plasmid DNA due to its mutations in the 

recA and the endA genes, which destroy mechanisms for recombination and replication 

events (Yanisch-Perron et al., 1985). This strain only expresses the β-fragment of β-

galactosidase, which makes it useful for blue-white screening when transformed with 

plasmids expressing the α-fragment (Sambrook et al., 1989). The mcrA gene restricts DNA 

with methylcytosine in certain sequences (Promega guide for E. coli markers). The deoR gene 

encodes for a protein the DeoR repressor which regulates expression of the nupG nucleoside 

transport genes and deo operon transcription initiating from both the cyclic AMP 

(cAMP)/cAMP receptor protein-independent and the cAMP/cAMP receptor dependent 

promoter-operator sites PO1 and PO2 (Singer at al., 1985). The mutation makes constitutive 

expression of genes for nucleotide synthesis and propagation of large plasmids. The TOP10 

cells are affected in their ability to produce LPS and to metabolize galactose due to the 

mutation in the galU and the galK genes (Priebe et al., 2004; Choi et al., 2002). The mutation 

in the ara gene blocks arabinose catabolism (Kessler and Englesberg, 1969).  

 

One Shot
®

 Mach1
TM

-T1
R
 E. coli (Invitrogen): 

F- 
φ80(lacZ)∆M15 ∆lacX74 hsdR(rK

-mK
+) ∆recA1398 endA1 tonA 

 

One Shot® Mach1TM-T1R
 have the hsdR-mutation which prevents transformed DNA to be 

restricted by endogenous endonucleases. The tonA mutation changes an outer membrane 

protein so this bacterial strain can provide resistance to phage T1. 

 

STBL3 E. coli 

F– 
mcrB mrr hsdS20(rB

–, mB
–) recA13 supE44 ara-14 galK2 lacY1 proA2 rpsL20(StrR) xyl-5 

λ
– 

leu mtl-1 
 

The Stbl3™ 
E. coli strain is derived from the HB101 E. coli strain and is recommended for use 

when cloning unstable inserts such as lentiviral DNA containing direct repeats. Unlike TOP10 
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E. coli, these cells reduce the frequency of unwanted homologous recombinations of long 

terminal repeats (LTRs) found lentiviral and other retroviral vectors. 

 

XL1 Blue E. coli 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZ∆M15 Tn10 (Tetr)] 
 

XL-1 cells are tetracycline resistant. XL1-Blue cells are endonuclease (endA) deficient, which 

greatly improves the quality of miniprep. DNA, and are recombination (recA) deficient, 

improving insert stability. The hsdR mutation prevents the cleavage of cloned DNA by the 

EcoK endonuclease system. The lacIqZ∆M15 gene on the F´ episome allows blue-white color 

screening. 

 

3.1.12 Eukaryotic cell strains 

All cell cultures were grown in DMEM containing 10 % FCS, 1 mM L-glutamine, 100 I.U. 

penicillin and streptomycin and in 5 % CO2 if not stated otherwise.  

 

HEK293T 

HEK293T cells were originally generated by transformation of human embryonic kidney cells 

with sheared adenovirus 5 DNA in the 70’ies by Graham et al. (1977). Later genomic analysis 

showed that 4.5 kb of viral DNA had become incorporated into chromosome 19. It was 

unclear for a long time which cell line HEK cells belong to. Recent results suggest that they 

derive from neuronal lineage cells, as they show a filamentous pattern when stained for major 

neurofilament subunit (Shaw et al., 2002). The cell line has proven to be very reliable in 

transfection experiments and is easily handled. The HEK293T cell lineage contains the SV40 

large T antigen that allows episomal replication of transfected plasmids containing the SV40 

origin of replication and temporary expression of genes of interest. As HEK293T cells 

express various adenoviral transcription units like E1 and E3. They are used for propagation 

of adenoviral vectors, in which these genes are deleted (Lieber et al., 1997). HEK293T cell 

line is therefore also called packaging cell line. They are also used for production of lentiviral 

and retroviral vectors, which have been designed to match HEK293T cells. 
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HepG2 

The HepG2 cell line was isolated from tumour tissue of a 15 year-old boy with hepatocellular 

carcinoma in 1975. This cell line has been shown to produce a wide variety of liver-specific 

proteins and is deficient of the hepatitis B virus. 

 

Hepa 1-6 

Hepa 1-6 cells are derived from mouse hepatoma cells from the BW7756 tumour that arose in 

a C57L mouse. The cell line is adherent and grows as monolayer. Secretion of several liver-

specific products has been described (Darlington, 1987) 

 

HT1080 

The HT1080 cell line was isolated from a massive tumour located at he acetabulum of a 35 

year-old Caucasian male in 1972 (Rashed et al., 1972). The HT1080 cell line is characterised 

by high proliferation rates and has especially proved useful in experiments with expression of 

recombinant proteins. 

 

RAW264.7 

The RAW cell line was originally acquired from ascites of a tumour in male mouse by 

intraperitoneal injection of Abselon Leukaemia virus (A-MuLV). The cell line has been 

demonstrated to expression numerous inflammatory mediators of mature murine 

macrophages, making the cell line a useful tool in research to investigate immune responses in 

vitro. The cells are able to lysis of cells by the means of antibody-opsonization (Raschke et 

al., 1978). 

 

Primary Human Hepatocytes 

BD Gentest™ Human CryoHepatocytes were acquired from BD Biosciences. 

 

For initial expression experiments, primary human hepatocytes were acquired from CytoNet. 

Hepatocytes had been isolated from human liver tissue of patients with hepatacellular 

carcinoma that underwent curative hepatectomy. 
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3.1.13 Reference CD47 sequences 

 

name protein comment 

HQ585874 ADQ812919 Murine CD47 updated short version (by the author) 

NM_010581 NP_034711 Murine CD47 long version 

AK_151922 BAE30800 Murine CD47 short version 

NM_001777.3 NP_001768.1 Human CD47 precursor 1 with extended c terminus 

NM_198793.2 NP_942088.1 Human CD47 precursor 2 
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3.2 Methods 

3.2.1 Cloning of murine Cd47 

3.2.1.1 Polymerase chain reaction 

Murine Cd47 forward (JW1) and reverse (JW4) primers with integrated restriction sites for 

BamHI flanking the start and the stop codon, respectively, were designed based on full-length 

murine Cd47 sequence isoform 2 (accession number NM_010581.3). 

 

Table 2: Primers for the polymerase chain reaction of full-length Cd47 

Primer Sequence Restriction site 

JW1 5’ – GCGGATCCGGAGATGTGGCCCTTGGCG – 3’ BamHI 

JW4 5’ – CGGGATCCCACCTATTCCTAGGAGGTT – 3’ BamHI 

 

cDNA from mouse embryonic liver (embryonic day 13.5) was acquired from a cDNA library 

and used as DNA template for the polymerase chain reaction to amplify Cd47 with the Taq-

polymerase PCR kit from QIAGEN. The PCR reaction was carried out in an ICycler (Biorad). 

 

 

 

 

 

 

The PCR products were analysed on a 1 % agarose gel prepared in Tris-acetate buffer along 

with 6x loading dye. DNA was stained with ethidium bromide for visualisation in ultraviolet 

light and photographed using the GelDoc 2000 (GFL). 

 

 

 

Table 3: Polymerase chain reaction  

of murine Cd47 

Table 4: Cycles of the PCR for amplification of murine Cd47 

step Temperature [°C] Time cycles comments 

1 95 5 min 1 Initial Denaturation 

95 45 sec Denaturation 

55 45 sec Annealing 2 

72 45 sec 

35 

Elongation 

3 72 7 min 1 Elongation 

4 4 hold 1 Final step 

reagent volume [µl] 

Buffer (10x) 5 

Q-solution 10 

JW1 (10 µM) 5 

JW4 (10 µM) 5 

dNTPs (1 mM) 1 

Water 22.5 

Taq-Polymerase (1 U/µl) 0.5 

cDNA 1 

Total volume 50 
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3.2.1.2 Cloning into pCR
®

4-TOPO
®

 

The PCR product of Cd47 was used in the TOPO cloning reaction without previous 

purification. Reagents for the TOPO cloning reaction were added as suggested by the 

Invitrogen manual. 

 

 

 

 

 

 

 

 

 

The reaction mixture was incubated for 5 min at room temperature. The Cd47 PCR product 

was hereby incorporated into the pCR®4-TOPO® to yield pCR®4-TOPO®-Cd47. 

 

3.2.1.3 Generation of competent E. coli 

The following protocol is a slightly modified version of the protocol described by Hanahan 

(Hanahan, 1991). 25 µl of acquired One Shot® TOP10/ One Shot® Mach1TM-T1R/ One Shot® 

STBL3 chemically competent E. coli were plated on LB-agar plates (no antibiotics) and 

grown overnight at 37 °C. Colonies were picked and transferred into 100 prewarmed SOC 

medium (no antibiotics) and grown at 37 °C. When optical density at 600 nm measured 0.55, 

bacterial cultures were cooled for 5 minutes on ice and cells were pelleted by centrifugation 

(2500 rcf, 10 min, 4 °C). The cells were resuspended in 30 ml transformation buffer 1 and 

incubated on ice for 90 minutes. The cells were collected by centrifugation (2500 rcf, 10 min, 

4 °C). The cells were resuspended in 4 ml ice-cold transformation buffer 2, aliquoted into pre-

chilled 1.5 microcentrifugation tubes and snap-freezed in liquid nitrogen. The competent cells 

were stored at –80 °C. 

 

3.2.1.4 Transformation of TOPO cloning reaction 

The TOPO cloning reaction was used for transformation of competent One Shot® TOP10 E. 

coli. 2 µl of TOPO cloning reaction were transferred into 25 µl of competent cells. After 

incubation on ice for 10 minutes the cells were heat-shocked for 30 seconds at 42 °C. 250 µl 

of SOC medium (no antibiotics) were added and the cells were grown at 37 °C for 1 hour. 100 

reagent volume [µl] 

Cd47 PCR product 2 

Salt solution 1 

water 2 

pCR4® TOPO® 1 

Total volume 6 

Table 5: Setup of TOPO cloning reaction 
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µl were plated on LB-Agar dishes (+80 µg/ml ampicillin) and plates were incubated overnight 

at 37 °C. Positive colonies were inoculated in LB-medium (+ 80 µg/ml ampicillin) at 37 °C 

overnight. 

 

3.2.1.5 Purification of plasmids 

Plasmid DNA was isolated from transformed E. coli by using the peqGOLD Plasmid 

MiniPrep Kit according to manufacturer’s instructions (PeqLab manual). DNA concentration 

was determined by measuring UV extinction at 260 nm and 280 nm with the Biophotometer 

(Eppendorf). The isolated plasmids were prepared for sequencing by GATC (Konstanz) and 

SeqLab (Göttingen) according to the company’s instructions along with M13 sequencing 

primers provided with the TOPO®-Cloning Kit for Sequencing. 

 

Table 6: Sequencing primers for pCR4
®
-TOPO

®
-Cd47 

 

 

 

 

 

Proper plasmids were re-transformed into One Shot® TOP10 competent cells and plasmid 

DNA were purified in large scale following the manufacturer’s instructions (Macherey & 

Nagel NucleoBond® Xtra Midi manual; Macherey & Nagel NucleoBond® PC 2000). 

 

3.2.1.6 Restriction analysis of pCR
®

4-TOPO-Cd47 

Restriction analysis of pCR®4-TOPO®-Cd47 was performed to investigate the presence of the 

Cd47-insert. BamHI was selected for restriction analysis as its restriction sites had been 

introduced in the previous PCR flanking the Cd47 insert. EcoRI was chosen due to its 

endogenous restriction sites within pCR®4-TOPO®, thereby also flanking the gene insert. 

 

 

 

 

 

 

 

Primer Sequence 

M13 forward primer 5’ – GTAAAACGACGGCCAG – 3’ 

M13 reverse primer 5’ – CAGGAAACAGCTATGA – 3’ 
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reagent Volume [µl] Volume [µl] 

pCR®4-TOPO® -Cd47 5 5 

NEB 3 (10 x) 2 2 

EcoRI 0.5 -- 

BamHI -- 0.5 

nuclease-free water 12.5 12 

Total volume 20 20 

 

The mixtures were incubated at 37 °C for 2 hours and heat-inactivated at 65 °C for 15 

minutes. Restriction patterns were analysed on a 1 % agarose gel and visualised as described 

before. 

 

3.2.1.7 Polymerase chain reaction of Cd47 

To obtain high amounts of Cd47 insert, PCR was performed using pCR®4-TOPO® -Cd47as a 

DNA template and the proof-reading polymerase Pwo. Reaction conditions were set as 

described above (3.2.1.1) 

 

3.2.1.8 Ethanol purification of Cd47 insert 

1/10 volume of 3 M sodium acetate was added to the PCR reaction along with 2.5 volumes of 

100 % ethanol. The mixture was incubated on ice at least for 20 minutes and centrifuged at 

maximum speed for 25 minutes. The supernatant was decanted and 200 µl of 70 % ethanol 

were added. The reaction was incubated on ice for 20 minutes and centrifuged at maximum 

speed for 5 minutes. The supernatant was decanted and the DNA pellet was air-dried. The 

pellet was dissolved in 50 µl of dH2O. The DNA concentration was determined as described 

above. 

 

3.2.1.9 Restriction digest of Cd47 insert and vector backbones 

Purified Cd47 PCR insert, lentiviral transfer vector pSFFV-IRES-eGFP and eukaryotic 

expression vector pcDNA3.1/Zeo(+) were digested with BamHI restriction enzyme for 

subsequent cloning. Components of the digestion reaction were added as follows. 

 

 

 

Table 7: Setup of restriction digest of  pCR
®
4-TOPO

®
-Cd47 
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Table 8: Composition of the digestion of Cd47 insert and pSFFV-Cd47-IRES-eGFP 

 
reagent pcDNA3.1 [µl] pSFFV-IRES-eGFP [µl] Cd47 PCR insert [µl] 

DNA 6 µg 6 µg 20 

NEB 3 (10x) 2 2 5 

BamHI (5 u/µl) 3 3 3 

nuclease-free water Ad 20 Ad 20 19 

Total volume 20 20 50 

 

The mixtures were incubated at 37 °C for 2 hours and heat-inactivated at 65 °C for 15 

minutes. Restriction patterns were analysed on a 1 % agarose gel as described above. 10 units 

calf intestine alkaline phosphotase was added to the remaining mixture and the samples were 

incubated at 37 °C for 30 minutes and inactivated for 15 minutes at 85 °C. A small aliquot 

was left untreated with calf intestine alkaline phosphotase as control. DNA was purified by 

ethanol purification and the DNA concentration was as described above. 

 

3.2.1.10 Ligation of Cd47 into backbones 

Digested and purified Cd47 insert, pcDNA3.1 and pSFFV-IRES-eGFP vector backbones were 

ligated using T4 ligase. Insert were ligated with 200 ng vector backbone in 5:1, 3:1 and 1:1 

ratios. The amount of digested PCR product was calculated according to the following 

formula: 
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1 µl of T4 ligase (5 U/µl) was added along with 2 µl 10x T4 ligase reaction buffer and 

samples were filled up with dH2O to a total volume of 20 µl. Samples left untreated with calf 

intestine alkaline phosphotase and dephosphorylated backbones without addition of Cd47 

insert were added as dephosphorylation and ligation control. Ligation reaction was performed 

at 25 °C for 16 hours. Ligase was inactivated by heating to 65 °C for 15 minutes and stored at 

4 °C until transformation into STBL3 chemically competent cells. Ligation products were 

named pSFFV-Cd47-IRES-eGFP and pcDNA3.1/Zeo(+)-Cd47. 
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3.2.1.11 Transformation of ligation reaction 

The ligation reaction was used for transformation into competent MDS42 or OneShot® 

STBL3 competent cells. 5 µl of ligation reaction were transferred into 50 µl of STBL3 

chemically competent cells. After incubation on ice for 20 minutes, the cells were heat-

shocked for 30 seconds at 42 °C. 250 µl of SOC medium was added and the cells were grown 

at 37 °C for 1 hour. 100 µl were plated on LB-Agar plates (+ 80 µg/ml ampicillin). The plates 

were incubated overnight at 37 °C, colonies were picked and incubated in LB-medium (+ 80 

µg/ml ampicillin) at 37 °C overnight. Plasmids were isolated by minipreparation as described 

above and submitted for sequencing. 

 

Table 9: Sequencing primers for pSFFV-Cd47-IRES-eGFP 

 
Primer Sequence Description 

JW12 5’ – AACCAATCAGCCTGCTTCTC – 3’ Forward sequencing primer for insert in pSFFV-Cd47-IRES-EGFP 

JW13 5’ – AGCGGCTTCGGCCAGTAACG – 3’ Reverse sequencing primer for insert in pSFFV-Cd47-IRES-EGFP 

JW16 5’ – TACAGTGCAGGGGAAAGAAT – 3’ Forward sequencing primer for SFFV promoter 

JW18 5’ – TGAAGTTTGTCGCTTCCAAC – 3’ Forward sequencing primer for IRES sequence 

JW19 5’ – ATGTGTTTAGTCGAGGTTAA – 3’ Forward sequencing primer for EGFP sequence 

 

3.2.1.12 Restriction analysis of pcDNA3.1-Cd47 and pSFFV-Cd47-IRES-eGFP 

Restriction analysis of the eukaryotic expression vector pcDNA3.1-Cd47 and the lentiviral 

transfer vector pSFFV-Cd47-IRES-eGFP was performed to investigate the presence of the 

Cd47-insert with flanking BamHI restriction sites. Vectors without Cd47 insert were digested 

as a control. NcoI was selected as a suitable restriction enzyme as one could discriminate the 

direction of insertion of Cd47 into the backbones. 

 

 

reagent Volume [µl] Volume [µl] Volume [µl] 

vector 5 5 5 

NEB 3 (10 x) 2 2 2 

BamHI (5 u/µl) 0.5 -- -- 

NcoI (5 u/µl) -- 0.5 0.5 

nuclease-free water 12.5 12.5 12.5 

Total volume 20 20 20 

 

 

Table 10: Setup of restriction digest of  pCR
®
4-TOPO

®
-Cd47 
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The mixtures were incubated at 37 °C for 2 hours and heat-inactivated at 65 °C for 15 

minutes. The samples were analysed on a 1 % agarose gel along with 6x loading dye. DNA 

was stained with ethidium bromide for visualisation in ultraviolet light and photographed 

using the GelDoc 2000 (GFL). Proper plasmid products with Cd47 insert were purified with 

large scale plasmid purification kits (3.2.1.5). 

 

3.2.2 Production of lentiviral vectors 

3.2.2.1 Cell propagation and splitting 

Eukaryotic cell lines were grown in DMEM (+ suppl.) if not stated otherwise. In general, cells 

were split in a 1:10 dilution every 4-5 days and medium was changed every 2-3 days. To split 

cells, the cell monolayer was washed with prewarmed PBS and treated with 2x trypsin-EDTA 

for 5 minutes. Prewarmed DMEM (+ suppl.) was added to stop trypsin reaction. Cells were 

transferred to a conical tube and centrifuged at 700 rcf for 5 minutes. The supernatant was 

removed and cells were resuspended in appropriate amount of DMEM (+ suppl.). The cells 

were transferred into a new cell culture flask in appropriate dilution. To determine the exact 

number of cells, viable cells were counted in an improved Neubauer cell counting chamber 

using trypan blue dead cell exclusion. 

 

3.2.2.2 Transient transfection of HEK293T for lentiviral vector production 

Lentiviral vectors were prepared by using calcium phosphate-mediated transfection of 

subconfluent HEK293T cells (Duff et al., 1998). It was essential to use highly proliferating 

HEK293T in order to get high levels of virus production. This was accomplished by splitting 

cells 3 times a week in a 1:5 dilution prior to transfection. 

24 hours prior to infection, 5*106 HEK293T cells were seeded on a 10 cm dish. 7 mls of 

DMEM (+ suppl.) were added. 2 hours prior to transfection, medium was replaced with 

transformation medium consisting of DMEM (+ suppl.) with 10 mM HEPES and 25 µM 

chloroquine. For each 10 cm dish, 10 µg of pSFFV-Cd47-IRES-eGFP was mixed along with 

12 µg gag-pol-rev plasmid, 1.5 µg VSV-G plasmid and 5 µg rev plasmid in a 15 ml conical 

tube. As a negative control, pSFFV-IRES-eGFP or pSFFV-eGFP without Cd47 insert was 

prepared accordingly. Plasmids were diluted with dH2O to 450 µl. 50 µl of 2.5 M CaCl2 were 

added. The CaCl2-plasmid mixture was added slowly to 500 µl of 2x HBS while air-bubbling. 

The solution was incubated at room temperature for 20 minutes and added dropwise to the 

HEK293T cells. The plates were incubated at 37 °C. 12 hours later, the medium was replaced 
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with DMEM (+ suppl.) containing 10 mM HEPES. The lentiviral vectors produced by 

transfected HEK293T cells are further referred to as LV-mCD47-eGFP and LV-eGFP. 

 

3.2.2.3 Concentration of lentiviral vectors 

Medium containing either LV-mCD47 or LV-eGFP was collected after 24, 36 and 48 hours 

post transfection and sterile filtered through a 0.45 µm filter to retain HEK293T cells. The 

filtered medium was concentrated using Centricon Plus-70 filter centrifugation device by 

centrifugation at 3500 rcf for 15-25 minutes to a final volume of approximately 3 mls. The 

non-filtered supernatant containing concentrated LV-mCD47-eGFP or LV-eGFP was 

aliquoted to a microcentrifuge tubes and stored at -80 °C. 

 

3.2.2.4 Titration of lentiviral vectors 

3.2.2.4.1 Preparation of cells 

1*105 HepG2 cells were plated in 24-well plates and treated for 2 hours with DMEM (+ 

suppl.) containing 10 mM HEPES and 4 µg/ml protamine sulfate. Concentrated LV-mCD47-

eGFP or LV-eGFP was diluted 1:10 in DMEM (+ suppl.) and 1, 2, 5, 10, 20 µl were added to 

HepG2 cells. Medium was replaced after 24 hours and cells were grown for 4 days to allow 

expression of viral genes and eGFP. Medium was changed every second day. To determine 

the transduction efficiency of the virus, fluorescence-activated cell sorting (FACS) analysis of 

transduced HepG2 cells was performed to quantify eGFP fluorescence (Schambach et al., 

2006). 

 

3.2.2.4.2 Fluorescence activated cell sorting and staining 

To conduct fluorescence activated cell sorting (FACS), cells were trypsinized and transferred 

into 96-well chambers. The 96-well plate was centrifuged at 1200 rcf for 2 minutes and the 

supernatant was removed. Cells were washed once in FACS buffer.  

If staining for surface antigens was required, cells were resuspended in 100 µl FACS buffer. 

An appropriate amount of FACS-staining antibody was added along with 0.25 µg 7-amino-

actinomycin D for dead cell exclusion. Antibodies were incubated with cells for 10 minutes at 

4 °C in the dark and cells were washed twice in FACS buffer.  

Cells were resuspended in an appropriate amount of FACS buffer and sampled for FACS 

analysis. Desired cells were gated according to their size and forward scatter (FSC) and side 

scatter (SSC). eGFP-fluorescence of sample cells and control cells was measured in the FL-1 

channel at the FACSCalibur. 
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3.2.2.4.3 Calculation of multiplicity of infection 

The multiplicity of infection (MOI) was calculated by using the following formula: 
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dilution (volume) = total volume µl / virus volume 

transduction efficiency = percentage of eGFP positive cells 

e.g. 2 µl virus in 500 µl medium: dilution (volume) 500 / 2 = 250 

 

The mean MOI was determined and used to calculate the amount of infective particles per ml 

virus: 

 

Titer (infective particles/ml) = MOI * seeded cell number * dilution (virus) 

 

where dilution (virus) = (volume virus + volume diluent) / (volume virus) 

e.g. 10 µl concentrated virus diluted in 90 µl DMEM: dilution (virus) = 10 

 

The multiplicity of infection was calculated for each dilution of one specific virus batch (e.g. 

LV-mCD47-eGFP 24 hours harvest). The values were averaged for each batch, thereby 

ignoring values from dilutions that demonstrated more than 25 % eGFP-fluorescence or of 

those that were obvious outliers. Determination of the multiplicity of infection is an important 

tool to standardize the amount of viral particles used to transduce different cell lines at 

different occasions. 

 

3.2.3 Characterisation of human and murine cells 

3.2.3.1 Transient transfection of HEK293T with pcDNA3.1-Cd47 

4.5*106 highly proliferating HEK293T cells were plated on a 10 cm dish one day before 

transfection. Medium was changed to DMEM (+ suppl.) containing 10 mM HEPES buffer pH 

7.5 and 25 µM chloroquine two hours before transfection. 10 µg of pcDNA3.1-Cd47 were 

diluted with dH2O to a final volume of 450 µl. 50 µl 2.5 M CaCl2 were added and the mixture 

was incubated at room temperature for 20 minutes. The mixture was added dropwise to the 

cells and medium was changes after 12 hours. Cells were lysed with 500 µl Complete Lysis-

M 48 hours after transfection and prepared for Western blot analysis. 
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3.2.3.2 Transduction of cells with lentiviral vectors 

3.2.3.2.1 Transduction of eukaryotic cell lines 

1.25*105 HT1080 and HepG2 cells were plated on 12-well plates and incubated with DMEM 

(+ suppl.) containing 10 mM HEPES and 4 µg/ml protamine sulfate for 2-4 hours. Cells were 

transduced with desired amounts of infective particles per cell with concentrated LV-mCD47-

eGFP or LV-eGFP lentiviral vectors as a control. Medium was changed after 24 hours to 

DMEM (+ suppl.) eGFP positive cells were sorted after 4 days and the percentage of eGFP 

positive cells was determined by FACS. Cell lines stably expressing mCD47 are further 

referred to as HepG2-mCD47-eGFP and HT1080-mCD47-eGFP or HepG2-eGFP and 

HT1080-eGFP for control cell lines. Cells were further propagated for experiments and 

analysis of mCD47 expression. 

 

3.2.3.2.2 Transduction of primary hepatocytes 

For initial expression experiments, primary hepatocytes were acquired from CYTONET. The 

hepatocytes had been recovered from patients that underwent hepatectomy because of 

hepatocellular carcinoma. Non-tumour hepatocytes were isolated and stored on ice before 

processing for culturing in hepatocytes culture medium (HCM). 

6*105 primary hepatocytes were plated on 6 well plates and grown in HCM containing 

protamine sulphate (4 µg/ml). Cells were infected at desired multiplicity of infection. Medium 

was changed every second day and cells were harvested at different time points for real-time 

PCR and Western Blot to analyse expression of mCD47. 

 

3.2.3.3 Analysis of Cd47 transcription 

3.2.3.3.1 Total RNA isolation 

5*105 cells Transduced cells were plated on 6-well plates and grown in DMEM (+ suppl.) for 

3 days to allow gene expression. Total RNA was isolated using the RNeasy Kit provided by 

Qiagen following the manufacturer’s instructions. In short, cells were washed with PBS and 

350 µl of RLT buffer containing 10 % β-mercaptoethanol was added. Cells were incubated 

for 3 minutes at room temperature and transferred to a microcentrifuge tube. 350 µl of 70 % 

ethanol was added and cells were lysed by aspirating several times with a syringe. The 

suspension was transferred into the RNeasy mini column and centrifuged at 10000 rcf for 1 

minute. RNA bound to the column was washed once with 700 µl buffer RW1, twice with 500 

µl of buffer RPE and remaining buffer was removed by centrifugation at maximum speed for 
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1 minute. RNA was eluted with 30 µl RNAse-free water. RNA concentration was determined 

with the Biophotometer (Eppendorf). 

If total RNA was isolated from animal tissue, 50 mg of tissue was thoroughly homogenized 

with a scalpel and resuspended in 600 µl RLT buffer containing 10 % (v/v) β-

mercaptoethanol. The suspension was incubated at room temperature for 3 minutes and 600 

µL 70 % Ethanol was added. Remaining steps are equivalent to those described above. 

 

3.2.3.3.2 Reverse transcription into cDNA 

The following steps were performed to remove genomic DNA and to transcribe RNA into 

cDNA. 1 µg of total RNA was treated with 1 µl of DNAse buffer, 1 µl RiboLock RNAse 

Inhibitor, and 1 U DNAse. Nuclease-free water was added to a volume of 10 µl. DNA was 

digested at 37 °C for 15 minutes. 1 µl of 25 mM EDTA was added and DNAse was 

inactivated at 65 °C for 10 minutes. 4 µl of 5x IScript reverse transcriptase buffer including 

random primers was added along with 4 µl of nuclease-free water and 1 µl IScript reverse 

Transcriptase. Random primers were included in the buffer and annealed at 25 °C for 5 

minutes. Transcription into cDNA was carried out at 42 °C for 5 minutes and reverse 

transcriptase was heat-inactivated at 85 °C for 5 minutes. cDNA was diluted 1:10 with 

nuclease-free water. 

 

3.2.3.3.3 Real-time PCR 

Quantitative PCR was carried out at the LightCycler 480 (Roche). Primers were designed to 

be as specific for Cd47 as possible by selecting primers with a high mismatch frequency 

between murine and human CD47. Transcription of the long and short Cd47 isoform was 

discriminated by designing a forward primer specific for long Cd47. Primers specific for 

murine and human glycerine-aldehyde-3-phosphate-dehydrogenase (GAPDH) were included 

to normalize Cd47 transcription against the housekeeping gene GAPDH. Amplification cycles 

of qPCR products were carried out as listed in the table below. Melting curve analysis was 

performed to identify and discriminate the different PCR products. 

In order to quantify Cd47 transcription, known copy numbers of long and short Cd47 inserted 

into pCR®4-TOPO®-Cd47 and pSFFV-Cd47-IRES-eGFP were amplified with specific 

primers. The exact copy numbers of Cd47 were calculated by the molecular weight and the 

concentration of the plasmid constructs. Cycle threshold (Ct) values were plotted against 

known copy numbers to determine a quantification formula by linear regression. Application 

of this formula made possible to determine the copy number of Cd47 and normalize against 
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murine or human GAPDH in cDNA samples transcribed from murine tissues and various cell 

lines. 

 

Table 11: Species-specific primers for Cd47 for quantitative PCR. 

 

Primer Sequence Description 
Mismatch percentage 

(mismatch bp/total bp) 

JW10 5’ – CCAAGGATCAGCCTGTTCTT – 3’ forward primer for long Cd47 100 % to short Cd47 

JW11 5’ – AATGATTCTCTTATTCGTAT – 3’ reverse primer for long Cd47 0%  to short Cd47 

JW20 5’ – TAGCACTACTACAGATCAAA – 3’ forward primer for total Cd47 75 % (15/20) 

JW21 5’ – CACCATGGCATCGCGCTTAT – 3’ reverse primer for total Cd47 54 % (14/26) 

JW23 5’ – CAAGTCCACTGTCCCCACTG – 3’ forward primer for human CD47 75 % (16/20) 

JW24 5’ – TGTGTGTGAGACAGCATCACT – 3’ reverse primer for human CD47 66 % (14/21) 

JW56 5’ – ACTTCTTCAAGTCCGCCATG – 3’ forward primer for eGFP -- 

JW57 5’ – AGCTCGATGCGGTTCACCAG – 3’ reverse primer for eGFP -- 

mGAPDH-fw 5’ – CCTGCACCACCAACTGCTTA – 3’ forward primer murine GAPDH -- 

mGAPDH-rev 5’ – TCATGAGCCCTTCCACCATG – 3’ reverse primer for murine GAPDH -- 

hGAPDH-fw 5’ – CTCTGGTAAAGTGGATATTG – 3’ forward primer for human GAPDH -- 

hGAPDH-rev 5’ – CTCCCCCCTGCAAATGAG – 3’ reverse primer for human GAPDH -- 

 

 

 

 

 

 

 

 

Table 12: Reaction mixture for 

qPCR of hCD47 and murine Cd47 

Table 13: Reaction cycles for qPCR of CD47 

step Temperature [°C] Time cycles comments 

1 95 5 min 1 Initial Denaturation 

95 10 sec Denaturation 

55 10 sec Annealing 2 

72 10 sec 

35 

Elongation 

3 72 1 min 1 Elongation 

4 Decrease 5 °C 
Every 

10 sec 
1 Melt curve 

5 4 Hold 1 Hold 

reagent volume [µl] 

cDNA(1:10) 5 

Primer forward (10 µM) 0.5 

Primer reverse (10 µM) 0.5 

IScript SYBR Green buffer 12.5 

Water 6.5 

Total volume 25 
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3.2.3.4 Western Blot analysis of mCD47 expression 

4.5*106 cells were plated on 10 cm dishes and grown in DMEM (+ suppl.) at 37 °C for 4 days 

to allow gene expression. Medium was changed every 2 days. Cells were washed with PBS 

and lysed using 300 µl of Complete Lysis-M buffer by incubation at room temperature for 5 

minutes. Cells were transferred into a microcentrifuge tube and cell debris was removed by 

centrifugation at 14000 rcf for 5 minutes at 4 °C. The supernatant was transferred into a new 

microcentrifuge tube on ice and total protein concentration was determined using the Quick 

Start® Bradford Assay Kit. If necessary, protein lysates were treated with 1 µl Endo H 

glycosidase in an appropriate volume of 10 x buffer for 30 minutes to remove excessive 

polysaccharation.  

Equal amounts of protein were loaded and electrophorised at 120 V for 1.5 hours by SDS-

PAGE in Tris-glycine-SDS-buffer and blotted to polyvinylidene difluoride (PVDF) 

membranes in transfer buffer for one hour at 100 V. Blots were air-dried for 5 minutes and 

stained with 5 % Ponceau S staining. Membranes were blocked overnight at 4°C with 

Western blocking solution. Membranes were washed once with western was buffer and 

incubated overnight at 4 °C with primary antibody appropriately diluted in primary antibody 

diluent. Membranes were washed 4 times for 10 minutes with western wash buffer. Secondary 

antibody was diluted in western wash buffer and membranes incubated with the diluted 

antibody for one hour at room temperature. Membranes were washed 4 times for 10 minutes 

in western wash buffer. Secondary antibody conjugated to horse radish peroxidase was 

detected by ECL following the manufacturer’s instructions with Chemocom (INTAS). 

 

3.2.3.5 Fluorescence activated cell sorting of transduced cell lines and RAW264.7 

macrophages 

Cells were prepared for FACS as described above. mCD47 surface antigen was stained with 

primary anti- mCD47 -antibody and donkey anti-goat IgG AF647 labelled secondary antibody 

along with 7-actinomycin D dead cell exclusion. AF647 and eGFP fluorescence was detected 

in FL-4 and FL-1 channels at the FACSCalibur. 

Murine RAW 264.7 macrophages were stained for mCD47 as described above. Furthermore, 

macrophages were stained with anti-mouse SIRPα antibodies (PE-abelled) to detect 

endogenous SIRPα expression. Deead cell exclusion was performed using 7-Aad. 
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3.2.3.6 EdU proliferation assay 

We treated HepG2-mCD47-eGFP and HepG2-eGFP with DMEM containing 10 µM EdU and 

incubated the cells for 4 hours at 37 °C and 5 % CO2. Cells were then fixated, permeabilised 

and stained for incorporated EdU following the manufacturer’s protocol (Invitrogen Click-

It®Alexa Fluor 647). Alexa Fluor 647 fluorescence was measured at the FACSCalibur (BD 

Biosciences). 

 

3.2.3.7 eGFP-fluorescence proliferation assay 

3*105 HepG2-mCD47-eGFP or HepG2-eGFP were equally mixed with non-transduced 

HepG2 cells, respectively and plated on 6 well chambers and incubated at 37 °C 5 % CO2. 

One baseline sample was directly taken to determine the baseline percentage of EGFP-

fluorescence at time point 0 hours. eGFP-fluorescence was further measured after 24, 48 and 

72 hours. Flourescence intensities were then normalised by dividing with the fluorescence 

with the baseline fluorescence at time point 0 hours. HT1080-mCD47-eGFP and HT1080-

eGFP were treated and analysed for eGFP fluorescence accordingly. 

 

3.2.4 Contact and phagocytotic assays 

3.2.4.1 Contact assay of RAW264.7 macrophages and HepG2-mCD47-eGFP 

1.25 *105 HepG2-mCD47-eGFP or HepG2-eGFP cells were seeded on 12-well plates and 

were allowed to attach for two hours at 37 °C in DMEM (+ suppl.). Murine RAW264.7 

macrophages were added in a 2:1 ratio. Cells were incubated another 8-14 hours in DMEM (+ 

suppl.) containing 10 µg/ml lipopolysaccharide (LPS). HepG2-mCD47-eGFP and HepG2-

eGFP cells were identified by eGFP fluorescence and RAW264.7 macrophages in bright-field 

light using a Nikon Ecclipse TS100 fluorescence microscope. RAW264.7 macrophages were 

counted and divided into attaching and non-attaching macrophages. The percentage of 

macrophages engulfing eGFP-positive HepG2 cells expressing mCD47 or not was determined 

and named “contact index”. Statistical analysis was performed by using paired student’s t-test. 

Differences were considered significant if P < 0.001 

 

3.2.4.2 Time-lapse videos of phagocytotic events 

5*105 HepG2-mCD47-eGFP or HepG2-eGFP were seeded on 2-chamber slides from Lab-

Tek® and allowed to attach at 37 °C for two hours. RAW264.7 macrophages were incubated 

in serum-free DMEM at 37 °C for 15 minutes and labelled with 20 µM 5 – 

Carboxytetramethylrhodamine (5-TAMRA) for 15 minutes at 37 °C. RAW264.7 
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macrophages were washed with ice-cold PBS and counted in an improved Neubauer cell 

counting chamber. 5*105 RAW264.7 macrophages were added along with 10 µg/ml LPS just 

prior to installation of the cell chamber into the Olympus FV1000 flourescence microscope 

time-lapse detection system. The live imaging experiment was carried out at 37°C, 5 % CO2 

and 33 % relative humidity. Environment conditions were constantly controlled by the 

Olympus climatisation control software. eGFP- and 5-TAMRA-fluorescence was detected 

every 10 minutes in 200-fold magnification at different positions evenly distributed between 

HepG2-mCD47-eGFP/RAW264.7 or HepG2-eGFP/RAW264.7 samples. Total detection time 

was 18 hours and the image sequence from each location was processed by the Olympus 

FV10-ASW 2.0 software into time lapse videos. Videos were analysed for phagocytotic 

events in the HepG2-eGFP sample by identifying 5-TAMRA- and eGFP-positive RAW264.7 

macrophages and compared with the number of phagocytotic events detected in the HepG2-

mCD47-eGFP sample. 

 

3.2.5 Transplantation of mCD47 expressing primary hepatocytes into 

BALB Rag/γc uPA mice  

3.2.5.1 Transduction of primary hepatocytes 

BD Gentest™ Human CryoHepatocytes were used for transduction and transplantation 

experiments. Cryopreserved hepatocytes were thawed at 37 °C for 10 minutes and washed in 

PBS by centrifugation at 600 rcf for 3 minutes. Cell numbers were counted in an improved 

Neubauer cell counting chamber using trypan blue dead cell exclusion. Hepatocytes were 

transduced with LV-mCD47-eGFP or LV-eGFP in DMEM containing 5 % FCS for four 

hours at 4 °C at a multiplicity of infection of 20. Cells were washed twice with PBS to 

remove lentiviral vectors and resuspended in DMEM containing 5 % FCS. Transduced and 

non-transduced samples were cultured in HCM for expression analysis by FACS, real-time 

PCR and Western blot to determine transduction efficiency after 6 days. Medium was 

changed every three days. 

 

3.2.5.2 Transplantation into mice 

The BALB Rag/γc uPA mice newborns (5-14 days old) were anaesthetized with 5 % (v/v) 

isoflurane in an anaesthesia chamber. After loss of consciousness, they were transferred to the 

masker of the anaesthesia machine. During the entire surgical procedure, the mice constantly 

inhaled isoflurane. To maintain the body temperature the mice were kept on a warming 

blanket. A left costal margin incision in the upper abdomen was performed to expose the 
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spleen. The spleen was mobilized and 5 – 7.5*105 transduced BD Gentest™ Human 

CryoHepatocytes suspended in 40 µl PBS were slowly injected with needle (33G). The 

incision was stitched continuously with 5-0 Vicryl suture (Ethicon, Germany) after bleeding 

had stopped. Animals were kept on a warming plate until fully recovered from anaesthesia 

and replaced to their mother. 

 

3.2.5.3 Quantification of human albumin serum levels 

The tail vein of transplanted mice was punctured to acquire blood from transplanted mice 6 

weeks after transplantation. Serum was separated from blood cells by adding M sodium 

citrate and centrifugation at rcf for 5 min. Blood sera were diluted in an appropriate volume of 

Bethyl serum diluent and human serum albumin levels were determined using the Bethyl 

Human Serum Albumin Quantitaion Set following the manufacturer’s instructions. 

 

3.2.5.4 Sampling of liver tissue from transplanted mice 

Liver, lung and spleen from transplanted mice were sampled from transplanted mice two 

months after transplantation. Animals were anesthetized by isofluran and sacrificed. Lungs, 

liver, and spleen were removed by a thoracotomy and laparatomy. Lung and spleen were 

resuspended in PBS and frozen at -80 °C for further processing to determine Cd47 

transcription levels by the means real-time PCR. For cryosections, livers were transferred into 

4 % paraformaldehyde for 4 hours at room temperature. Livers were transferred to 30 % 

sucrose and incubated overnight at 4 °C. Livers samples were embedded in Tissue-Tek and 

cross-sectioned at the cryotome. Slides were stored at –80 °C for subsequent 

immunofluorescence staining. 

 

3.2.6 Evaluation of transplanted mice 

3.2.6.1 Immunofluorescence staining 

Liver cross sections were air-dried for 20 minutes at room temperature and washed twice in 

PBS for 10 minutes. Native eGFP-fluorescence was detected with the Olympus 

IX81fluorescence microscope for an initial evaluation of transplantation success. Sections 

were blocked with PBS containing 5 % donkey serum and 0.3 % Triton X-100 for 30 minutes. 

Sections were incubated with primary rabbit anti-GFP antibody (diluted 1:100 in blocking 

solution) and primary goat anti-human albumin (1:200) or primary goat anti-mCD47 antibody 

(1:100) for 1 hour at room temperature or left untreated as a control. Slides were washed three 

times for 5 minutes with PBS. Positive and negative controls were incubated with secondary 
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antibodies anti-rabbit AF488 and anti-goat AF647 diluted 1:500 in blocking solution along 

with 1:2000 dilution of Hoechst 33342 for 30 minutes covered from light at room 

temperature. Sections were washed three times in PBS for 5 minutes and fluorescence was 

detected with the Olympus IX81 fluorescence microscope. Overlay pictures were assembled 

by processing eGFP, Texas Red, AF647 and Hoechst fluorescence. 

 

3.2.6.2 Evaluation of transplanted cell clusters 

Cell clusters of transplanted human hepatocytes were analysed for eGFP and AF647 

fluorescence. mCD47 expression of eGFP-positive cell clusters was also analysed in one 

section per transplanted mouse by monitoring AF647 fluorescence to confirm transplantation 

of mCD47+ human hepatocytes. The percentage of eGFP-positive mCD47 expressing clusters 

in comparison to overall human hepatocyte clusters expressing human albumin (AF647) was 

determined. Values were compared with transduction efficiencies determined from cultured 

human hepatocytes by FACS (3.2.5.1) by dividing the two values. The ratio determined 

whether the percentage of eGFP expressing clusters had increased (ratio > 1.0) or decreased 

(< 1.0). 
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4. Results 

4.1 Amplification of murine Cd47 

In preparation for this study, murine Cd47 primers with integrated BamHI restriction site 

flanking the start and the stop codons were designed based on the Cd47 coding sequence 

(NM_010581.3). In the following, Cd47 was successfully amplified from a cDNA library 

using embryonic and adult liver cDNA from a C57BL/6 mouse. Surprisingly, the PCR of 

Cd47 from embryonic liver cDNA reveals a more intense amplification of a product at ~ 900 

bp rather than the expected band at 975 bp. The PCR even completely failed to amplify full-

length Cd47 from adult liver cDNA (fig. 23 A). 

Both Cd47 amplifications products were cloned separately into the pCR4®-TOPO® vector for 

restriction analysis and sequencing. The two pCR4®-TOPO®-Cd47 plasmids were digested 

with BamHI to confirm the presence of the Cd47 insert. Restriction analysis revealed the 

integration of two distinct Cd47 isoforms, which were sequenced and identified as Cd47 

inserts similar to the long NM_010581 (975 bp) and the short AK151922 (912 bp) nucleotide 

sequence, respectively. In detail, the sequences are distinguished by a 21-amino acid insertion 

in the near-membrane part of the extracellular domain of the long isoform of mCD47 

(supplementary fig. 1). This additional part of the extracytoplasmic domain is not present in 

human CD47 (fig. 23 C). 
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Figure 23: Cloning of Cd47. A PCR of murine Cd47 using cDNA from embryonic liver (embryonic day 13.5, 

d13.5) and adult liver. Amplification reveals the presence of a short and a long isoform of Cd47 in embryonic 

liver samples. However, only short Cd47 was amplified from adult liver cDNA. B Amplified Cd47 isoforms 

were subcloned into pCR4®-TOPO® (Topo-Cd47). Two separately isolated plasmid products pCR4®-TOPO®-

Cd47 were digested with BamHI (B) or left undigested (ud). The bands at around 900-1000 bp represent two 

Cd47 inserts with different migration lengths. C depicts a schematic of human CD47 where the location of the 

21 amino acid insert in the long isoform of murine CD47 is marked (modified from Brown and Frazier, 2001) 

 

In addition, both sequences demonstrated an adenine nucleotide exchange to guanine at 637 

bp of the open reading frame of the short Cd47 isoform (AK_151922, supplementary fig. 1) 

and at 700 bp of the open reading frame of the long Cd47 isoform (NM_010581, 

supplementary fig. 1). This results in an amino acid exchange I213V in the short isoform and 

I234V in the long Cd47 isoform (supplementary fig. 2). Cd47 from cDNA using various 

murine tissues and Hepa1.6 cell line was amplified and subcloned into the pCR4®-TOPO®- 

vector for sequencing. Sequencing data confirmed the nucleotide base exchange (data not 

shown). The modified sequence was registered at GenBank as accession number HQ585874.1 

for the nucleotide sequence and protein ID ADQ12919.1. 

 

4.2 Homology analysis of murine and human CD47 

The overall homology between the short isoform of murine Cd47 (HQ585874) and human 

CD47 is 75.5 % (NM_198793) based on the nucleotide sequence. Based on the amino acid 

sequence, the overall homology between human (NP_942088) and mCD47 (ADQ12919) is 

70.2 % (supplementary fig. 2). However, the crucial interaction between mCD47 and murine 

SIRPα, which is important for this study, takes place at the extracellular IgV-like domain 
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region of mCD47. The extracellular domain of hCD47 and mCD47 share only 63.0 % 

homology, about 7 % less homology than overall CD47 homology (fig. 24). 

 

                  1                                               50 

 hCD47_IgV    (1) MWPLVAALLLGSACCGSAQLLFNKTKSVEFTFCNDTVVIPCFVTNMEAQN 

muCd47_IgV    (1) MWPLAAALLLGSCCCGSAQLLFSNVNSIEFTSCNETVVIPCIVRNVEAQS 

                  51                                             100 

 hCD47_IgV   (51) TTEVYVKWKFKGRDIYTFDGALNKSTVPTDFSSAKIEVSQLLKGDASLKM 

muCd47_IgV   (50) TEEMFVKWKLNKSYIFIYDGNKNSTTTDQNFTSAKISVSDLINGIASLKM 

                  101                     127 

 hCD47_IgV  (101) DKSDAVSHTGNYTCEVTELTREGETII 

muCd47_IgV  (100) DKRDAM--VGNYTCEVTELSREGKTVI 

 

 

 

 

 

 

 

4.3 Murine Cd47 transcription in murine tissues 

Total RNA was isolated from various tissues from BALB/c mice and BALB Rag/γc uPA mice 

and transcribed into cDNA. Mean transcription levels of murine Cd47 were determined by the 

means of real-time PCR. Specifically designed primers were used to discriminate the 

transcription of long and short isoform of Cd47. This was achieved by designing a forward 

primer that exclusively binds within the 63 bp nucleotide sequence unique to the long Cd47 

isoform (fig. 25 A). 

Before conducting real-time PCR experiments, standard curves for the newly designed 

primers pairs were calculated to determine the copy number of the specific gene in cDNA 

transcripts. Standard curves for the Cd47 primer pairs were initially created by performing 

real-time PCR of known copy numbers of Cd47. The cycle threshold (Ct) for known copy 

number was determined and plotted against the log10-value of the copy number. A standard 

curve formula was calculated by linear regression and used to determine the copy numbers in 

the murine cDNA samples. 

 

Figure 24: Homology of the extracellular binding domain of mCD47 and hCD47. The protein 

sequence of the extracellular domains of hCD47 and mCD47 are responsible for binding to SIRPα. 

Yellow amino acid represent conserved amino acids of hCD47 and mCD47. The sequence homology is 

63 %.  
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Transcribed cDNA samples from murine tissues were analysed by real-time PCR for the 

transcription of total and long Cd47. It was essential to determine which murine Cd47 isoform 

was significantly transcribed in murine tissues to include the appropriate isoform for 

subsequent overexpression and transplantation experiments. 

In BALB/c mice, mean transcription levels of total Cd47 were highest in spleen and pancreas 

in respect to mGapdh transcription levels. However, isolation of pancreatic tissue may be 

largely contaminated with fat tissue because of their close neighbourhood and their high 

similarity in macroscopic appearance. Second, splenic tissue accumulates erythrocytes that 

demonstrate high levels of Cd47 expression. For this reason, erythrocytes in the spleen may 

Figure 25: qPCR primer design for murine Cd47. A Start and end nucleotides of transcripts by primers 

for long murine Cd47 (NM_010581) and short murine Cd47 (HQ585874) are presented. Primer pair 

JW20/21 (black, 219 bp – 321 bp) detects a short sequence of both long and short Cd47 and copy numbers 

in the qPCR will represent the copy numbers of total Cd47. The forward primer of primer pair JW10/JW11 

binds within the 63 bp stretch specific to long Cd47 NM_010581 (red, bp 408 – 588 of long Cd47). 

Therefore, it will not amplify HQ58574 and discrimination of signals deriving from long Cd47 and total 

Cd47 is possible B Real-time PCR standard curves of primers JW20/21 for total Cd47 C Real-time PCR 

standard curve for JW 10/11 specific for long Cd47. Mean Ct-values were calculated from two independent 

dilution series. 
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give false high values of Cd47. Transcription levels of total Cd47 were moderate in lung, 

intestines and muscle. In kidney, brain, liver, heart, and Hepa1.6 cells copy numbers of total 

Cd47 transcripts were less than the copy numbers of mGapdh transcripts (fig. 26 A). 

With exception for the spleen (1.16-fold of mGapdh transcription), transcription levels of 

long Cd47 were below transcription levels of mGapdh in all tissues. In detail, transcription 

levels of long Cd47 were relatively high in the pancreas, showing 0.83-fold transcription in 

respect to mGapdh. Muscle and lung tissue also demonstrated notable transcription levels of 

long Cd47 at around 0.32 - 0.34 -fold transcription in comparison to mGapdh. However, 

transcription of long Cd47 was low in kidney, brain, liver, heart, the intestines and Hepa 1.6 

cell line in respect to mGapdh transcription levels (fig. 26 B). 

Transcription levels of Cd47 in BALB Rag/γc uPA mice were analysed only in spleen and 

lung tissue as representative samples. In the spleen, transcription levels of total Cd47 were 

higher than in BALB/c mice: Transcription levels of total Cd47 was 21-fold of mGapdh 

transcription in splenic tissue and approximately 10-fold in lung tissue. However, one has to 

take into account that spleen and lung tissues are subject to blood stasis when mice are 

sacrificed (fig. 26 C). 

As in BALB/c mice, transcription levels of long Cd47 were only minor in respect to 

transcription levels of the short Cd47 isoform (fig. 26 D). While transcription levels of long 

Cd47 were still higher than mGapdh transcription in splenic tissue (1.84-fold), transcription 

of long Cd47 was just 0.21-fold of mGapdh transcription. 

Figures 26 A - D represent mean transcription levels normalised to mGapdh transcription 

levels and do not compare transcription levels of the two Cd47 isoforms with each other. To 

determine whether short or long Cd47 isoform is preferably transcribed in murine tissues, the 

ratio of long Cd47 transcription to total Cd47 transcription was determined. Interstingly, 

transcription levels of long Cd47 ranged from 0.02 (2 %) to 0.29 (29 %) of total Cd47 

transcription levels. On average, long Cd47 transcription represented only 11 % of total Cd47 

transcription. Highest transcription levels of long Cd47 were detected in splenic tissue from 

BALB/c mice and Hepa1.6 cell line. Lung tissue from the BALB Rag/γc uPA mice and the 

intestines from BALB/c mice demonstrated the lowest transcription levels of long Cd47 in 

comparison to total Cd47 (fig. 26 E). 

The data shows that the short isoform of Cd47 is favourably expressed in all tissues of 

BALB/c mice. Therefore, the short isoform of Cd47 was cloned into the lentiviral transfer 

vector pSFFV-IRES-eGFP and eukaryotic expression vector pcDNA3.1/Zeo(+). Insertion of 

Cd47 was confirmed by sequencing and restriction analysis (data not shown). 
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Figure 26: Real-time PCR of Cd47 in mice tissues. Total RNA was isolated from various tissues from two 

BALB/c (A, B) and three BALB Rag/γc uPA mice (C, D) and transcribed into cDNA. Samples were analysed 

for transcription levels of total Cd47 (A, C) and long Cd47 (B, D) with specific primers. Transcription levels 

are depicted as mean from three independent RNA preparations together with standard deviation (error bars). 

A Transcription levels of total Cd47 in tissues from BALB/c. High transcription levels of total Cd47 were 

detected in the spleen and the pancreas. Moderate Cd47 transcription was detected in muscle, lung, heart and 

the intestines. B Transcription levels of long Cd47 was highest in the spleen. In remaining tissues, 

transcription of long Cd47 was below transcription levels of mGapdh. C In uPA mice, transcription levels of 

total Cd47 were higher in spleen and lung in comparison to BALB/c mice. D Transcription levels of long 

Cd47 in splenic and lung tissue in BALB Rag/γc uPA mice. Transcription levels of long Cd47 were higher in 

the spleen than in lung tissue. E Ratios of transcription levels of long Cd47 to total Cd47 in BALB/c and 

BALB Rag/γc uPA mice. Transcription of long Cd47 was relatively high in the spleen and in Hepa1.6 cells in 

comparison to total Cd47 transcription. On average, transcription levels of long Cd47 was calculated to 

approximately 11 % (= 0.11) of total Cd47 transcription. However, transcription of long Cd47 was relatively 

low in intestines of BALB/c mice and lung tissue of BALB Rag/γc uPA mice. 
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4.4 Characterisation of cell lines 

Lentiviral vectors were generated in a large scale by transfection of HEK293T cells with 

lentiviral transfer vectors and plasmids encoding for virus assembly components. Viral 

supernatants were concentrated by ultrafiltration. The number of infective particles per ml of 

concentrated LV-mCD47-eGFP and LV-eGFP was determined by titration against HepG2 

cells. For LV-mCD47-eGFP, vector titers above 2*108 infective particles per ml were 

repeatedly achieved. Interestingly, titers for LV-mCD47-eGFP were constantly higher than 

those of the LV-eGFP control vector (table 14). 

 

 

 

 

HepG2 and HT1080 were transduced with LV-mCD47-eGFP at desired multiplicity of 

infection to generate cell lines stably expressing mCD47 and eGFP. Cells transduced with 

LV-eGFP were taken along as controls. Cell lines were harvested for qPCR- Western blot or 

FACS analysis. 

 

4.4.1 Cell lines expressing mCD47 by lentiviral gene transfer 

4.4.1.1 Western blot analysis 

Lysates of HT1080 and HepG2 transduced with LV-mCD47-eGFP and LV-eGFP as control 

were analysed by Western blot for mCD47 expression using antibodies against mCD47 and 

actin as loading control. Western blot analysis confirms successful overexpression of mCD47 

in transduced cell lines. mCD47 appears as a 50 kD band with broad migration due to 

polysaccharation as stated in the literature (Brown et al., 2001). Cell lysates were treated with 

glycosidases to remove significant polysaccharation, making it difficult in the beginning to 

identify the 50 kD band of mCD47 (data not shown). It was essential to use low dilutions of 

Table 14: Lentiviral titers of LV-mCD47-eGFP. Lentiviral vectors encoding for mCD47-eGFP or eGFP as 

control were generated by transfection of HEK293T cells. Viral supernatants were concentrated by ultrafiltration 

and titers were determined by titration against HepG2 cells. Optimal titers were achieved 36 hours after 

transfection of HEK293T cells. For LV-mCD47-eGFP titers of above 2*108 infectious particles / ml were 

repeatedly achieved and higher than control LV-eGFP. The titers shown below are the ones determined from one 

round of lentiviral vector production and are representative for all batches of lentiviral vectors that were used for 

transduction experiments. 

hours of harvest 24 h 36 h 48 h 
LV-mCD47-eGFP 3,44E+08 4,47E+08 3,38E+08 

LV-eGFP 2,15E+08 1,35E+08 1,51E+08 
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anti-mCD47 primary antibody (1:200) and to extend the incubation time to at least 16 hours at 

4 °C to acquire bands in Western blot (fig. 27). 

 

 

 

Figure 27: Expression of mCD47 in HepG2 and HT1080 cell lines. Cell lysates of HepG2 and HT1080 cells 

transduced with LV-mCD47-eGFP (+) or LV-eGFP as control (-) (MOI 10) were electrophorised by SDS-

PAGE and blotted to a PVDF-membrane. Expression of mCD47 and actin were detected with anti-mCD47 

(1:200) and anti-actin (1:1000) antibodies and secondary HRP-conjugated antibodies. HRP activity was 

monitored by chemolumoniscence reaction. mCD47 was as a 50 kD protein. Samples had been treated with 

glycosidases to remove excessive polysaccharation.  

 

Purified primary hepatocytes (Cytonet) and BD Gentest™ cryopreserved hepatocytes were 

transduced with LV-mCD47-eGFP and LV-eGFP as a control. In addition, HEK293T cells 

were transiently transfected with pcDNA3.1/Zeo(+)-Cd47 or empty pcDNA3.1/Zeo(+) to test 

overexpression mediated by a traditional eukaryotic expression vector. Cell lysates were 

treated with Endo H glycosidase to remove excessive polysaccharation. Expression of 

mCD47 was analysed by Western blot. Transduced hepatocytes and HEK293T cells show 

expression of the 50 kD protein mCD47 (fig. 28). 
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Figure 28: Expression of mCD47 in HEK293T and primary human hepatocytes. Cryopreserved human 

hepatocytes were transduced with LV-mCD47-eGFP (+) or LV-eGFP (-) as control. HEK293T cells were 

transiently transfected with pcDNA3.1/Zeo(+)-Cd47 (+) or control pcDNA3.1/Zeo(+) (-). Cell lysates were 

treated with Endo H glycosidase to remove excessive polysaccharation and electrophorised by SDS-PAGE and 

blotted to a PVDF membrane. Expression of mCD47 and actin were detected with anti-mCD47 (1:200) and anti-

actin (1:1000) antibodies and secondary HRP-conjugated antibodies. HRP activity was monitored by 

chemolumoniscence reaction. mCD47 is expressed as a 50 kD protein. 

 

4.4.1.2 Real-time PCR 

Transcription of murine Cd47 in cells transduced with LV-mCD47-eGFP was monitored by 

real-time PCR. Primers binding specifically to mismatch nucleotide sequences were designed 

to discriminate transcription products of murine Cd47 from endogenous human CD47 in 

transduced HepG2 cell lines and primary human hepatocytes. The most commonly expressed 

human CD47 precursor 2 nucleotide sequence NM_198793.2 shows high base pair mismatch 

at 219 – 238 bp and 307 - 327 bp in comparison to murine Cd47 (fig. 29 B). Human CD47 

precursor 2 has 6 additional base pairs within the amplified region of JW23/24, explaining the 

nucleotide shift at the binding site of reverse human CD47 primer. Therefore, primers 

recognizing these specific nucleotide sequences in human CD47 and murine Cd47 were 

designed to quantify mRNA transcription levels. A standard curve for human CD47 was 

generated amplifying known number of hCD47 (fig. 29 C). 
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Figure 29: Primer design for murine and human CD47. Specific real-time PCR primers were designed to 

detect human CD47 (NM_198793) and murine Cd47 (HQ585874). A Binding locations of human CD47 and 

murine Cd47 primer pairs. The human CD47 sequence is 6 bp longer than the murine Cd47. B Binding 

sequences of human CD47 primers (JW23/JW24, NM_198793_ORF) and murine Cd47 primers (JW20/21, 

HQ585874_ORF). Respective binding sites of human CD47 and murine Cd47 are marked in yellow. Human 

CD47 forward and reverse primers show a base pair mismatch of 75 % and 66 % to murine Cd47, 

respectively. Murine Cd47 primers JW20/JW21 bind specific to murine Cd47 and are characterized by a base 

pair mismatch of 75 % and 54 %, respectively. Human CD47 has 6 additional base pairs within the amplified 

region, explaining the base pair shift of the binding region of the reverse primer. C Standard curve for human 

CD47 primers. Mean Ct-values were calculated from two independent dilution series. 
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Total RNA was isolated from primary human hepatocytes and HepG2 cells transduced with 

LV-mCD47-eGFP or LV-eGFP and transcribed into cDNA. Human CD47 and murine Cd47 

transcripts were detected by real-time PCR. Human CD47 transcription remained non-

detectable in transduced HepG2 cells while it was expressed at low levels in primary human 

hepatocytes in regards to human GADPH (0.2 +/- 0.03) (fig. 30 A). Transcriptions levels of 

Cd47 in HepG2 cells transduced with LV-mCD47-eGFP were 1.2-fold (+/- 0.05) higher in 

comparison to human GAPDH (fig. 30 B) while eGFP transcription was comparable in 

HepG2 transduced with LV-mCD47-eGFP and LV-eGFP as control (data not shown). 

Remarkably, transcription of Cd47 in primary human hepatocytes transduced at an equal 

multiplicity of infection demonstrated an even more efficient transcription of Cd47: 

Transcription levels of murine Cd47 are 61-fold of human GAPDH (fig. 30 C). 

 

Figure 30: Real-time PCR of human CD47 and murine Cd47. HepG2 cells and primary human 

hepatocytes were transduced with LV-mCD47-eGFP (Cd47) or LV-eGFP (eGFP) (MOI 10). mRNA was 

transcribed into cDNA. Transcription levels are depicted as mean from three independent RNA 

preparations together with standard deviation (error bars). A Human CD47 is not transcribed in HepG2 cell 

lines while it is transcribed at detectable levels in human primary hepatocytes (approximately 0.2 +/- 0.03). 

B HepG2-mCD47-eGFP show 1.2-fold (+/- 0.05) transcription of murine Cd47 in comparison to human 

GAPDH while Cd47 transcription is not detectable in control HepG2-eGFP. C Murine Cd47 transcription 

is about 61-fold (+/- 4.3) in comparison to GAPDH in primary human hepatocytes transduced with LV-

mCD47-eGFP while murine Cd47 remained non-detectable in control human hepatocytes. 
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4.4.1.3 Transduction efficiency and expression of mCD47 

HepG2 and HT1080 cells were transduced with LV-mCD47-eGFP or LV-eGFP at a 

multiplicity of infection of 10. eGFP and mCD47 expression was analysed by FACS analysis 

to determine transduction efficiency and mCD47 surface expression of the transduced cell 

lines. 

Expression of mCD47 was comparable with the expression of eGFP in both HepG2 and 

HT1080 cell lines transduced with LV-mCD47-eGFP. Approximately 72 % of HepG2 cells 

transduced with LV-mCD47-eGFP showed mCD47 and eGFP expression while 

approximately 80 % of control HepG2-eGFP expressed eGFP but no mCD47 (fig. 31). 

 

Figure 31: Characterisation of transduced HepG2 cell lines. HepG2 cells were transduced with LV-mCD47-

eGFP or LV-eGFP as control (MOI 10) and labeled with anti-mCD47 antibodies and secondary AF647 

antibodies. Viable cells were identified by dead-cell exclusion with 7-Aad. Native eGFP and AF647 

fluorescence was detected by FACS analysis. HepG2-mCD47-eGFP (upper panel) demonstrated high 

expression of mCD47 and eGFP expression while expression of mCD47 was not detectable in control HepG2-

eGFP (lower panel). eGFP expression was comparable in both cell lines (72 % and 80 %, respectively). Each 

plot is representative for at least three independent transduction samples. 
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HT1080 cells generally showed transduction efficiencies that were 11 – 18 % higher than 

HepG2 cells at the same multiplicity of infection. While HT1080-mCD47-eGFP demonstrated 

a transduction efficiency of approximately 88 % with LV-mCD47-eGFP and strong mCD47 

expression, the negative control population showed a transduction efficiency of 91 % with no 

mCD47 expression (fig. 32). 

 

 

Figure 32: Charactarisation of transduced HT1080 cell lines. HT1080 cell lines were transduced with LV- 

mCD47-eGFP or LV-eGFP as control (MOI 10) and labelled with anti-mCD47 antibodies and secondary 

AF647 antibodies. Viable cells were identified by dead-cell exclusion with 7-Aad. Native eGFP and AF647 

fluorescence was detected by FACS. mCD47 was well expressed on HT1080-mCD47-eGFP (upper panel) 

while expression of mCD47 was not detectable on control cell lines (lower panel). eGFP expression and 

transduction efficiency was comparable in both cell lines (87.8 % and 91.4 %, respectively). Each plot is 

representative for at least three independent transduction samples. 

 

4.4.1.4 EdU-proliferation assays 

HT1080 and HepG2 cells transduced with LV-mCD47-eGFP or LV-eGFP were analysed by 

the Click-It® Edu proliferation assay. Cells were incubated with DMEM supplemented with 

EdU for 4 hours. AF647-marked EdU was determined by FACS analysis. EdU incorporation 

was approximately 8 % higher in HepG2-eGFP than in HepG2-mCD47-eGFP while there was 
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no significant difference in HT1080 cells. Expression of mCD47 in human cell lines had no 

favourable impact on proliferation, but showed some decreased proliferation upon 

overexpression depending on the cell line (fig. 33). 

 

 

Figure 33: EdU proliferation assay of transduced HT1080 and HepG2 cell lines. HepG2 and HT1080 cells 

transduced with LV-mCD47-eGFP or LV-eGFP as control (MOI 10) were incubated with EdU for 4 hours. 

Incorporated EdU was labelled with AF647 by covalent binding and cells were analysed by FACS. A Edu 

incorporation from two (out of three) independent experiments is shown as FACS analysis experiments: AF647-

labelled EdU incorporation in HepG2 cells (left half) and HT1080 cells (right half) expressing mCD47 (upper 

row) or only eGFP (lower row) B Mean percentage and standard deviation of Edu incorporation as determined 

from the three incubation experiments. HepG2 cells expressing mCD47 showed significant decrease of EdU 

incorporation (mean 51.8 % +/- 2.8) in comparison to HepG2 cells expressing only eGFP (mean 58.7 % +/- 2.3). 

HT1080 cells expressing mCD47-eGFP or eGFP showed no difference in EdU incorporation (mean ~ 33 % +/- 

0.1 and +/- 0.4 respectively). 
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4.4.1.5 eGFP assisted cell proliferation assay 

HT1080 and HepG2 cells transduced with LV-mCD47-eGFP or LV-eGFP as a control were 

mixed with non-transduced cells in a 1:1 ratio. The percentage of the eGFP+ population was 

analysed by FACS analysis after 0, 24, 48 and 72 hours to determine proliferation behaviour 

of transduced and non-transduced cells. The percentage of eGFP+ cells at each time point was 

normalized against the percentage at 0 hours to acquire the proliferation change of eGFP+ 

cells since 0 h. In general, results showed an advantage for cell lines expressing only eGFP in 

comparison to expressing mCD47-eGFP. The ratio of HepG2 cell lines expressing eGFP was 

significantly higher than HepG2 expressing mCD47-eGFP over all time points. HT1080 cells 

expressing only eGFP showed a significant proliferation advantage after 72 hours of 

proliferation. Interestingly, transduced HepG2 cells show an increase of ratio over time in 

respect to non-transduced cells, reflecting an increase of the eGFP positive population of cells 

transduced with SFFV-promoter driven lentiviral vectors (fig. 34). 

 

Figure 34: eGFP-assisted proliferation assay. HepG2 and HT1080 cells transduced with LV-mCD47-eGFP 

or LV-eGFP as control were mixed with non-transduced cells in a 1:1 ratio. Viable cells were identified by 

dead-cell exclusion with 7-Aad. The percentage of eGFP-positive cells were analysed after 0, 24, 48, and 72 

hours of incubation. The percentage of eGFP-positive cells at a given time point (FL1 (time)) was normalised 

against the baseline fluorescence at time point 0 hours (FL1 (0)). HepG2-eGFP cells showed increased 

proliferationin respect to HepG2-mCD47-eGFP over all times. Transduced HepG2 cells demonstrated 

increased proliferation (>1.0) in comparison to non-transduced cells at all time points. An increased 

proliferation of HT1080-eGFP in comparison to HT1080-mCD47-eGFP was only seen after 72 hours of 

growth. The presented data demonstrate a qualitative trend in one experiment confirmed in several 

independent experiments (not shown). 
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4.4.2 RAW264.7 macrophages 

RAW264.7 is a tumorous macrophage cell line and has not yet been analysed for mCD47 and 

SIRPα expression. It was essential to validate mSIRPα expression on RAW264.7 

macrophages to ensure that interaction of macrophages with overexpressed mCD47 on target 

cells could take place. Second, there was a small chance that RAW264.7 macrophage derived 

from mCD47-/- mice. mCD47-/- mice may develop tolerance towards mCD47-/- cells and 

necessary interaction between mSIRPα and mCD47 for macrophage inactivation would 

become obsolete.  

RAW 264.7 macrophages were stained with anti-mSIRPα and anti-mCD47 antibodies to 

detect expression of mCD47 and mSIRPα by FACS analysis. The results showed that 

mSIRPα was highly expressed on RAW264.7 macrophages while mCD47 is expressed on a 

majority of RAW264.7 macrophages (fig. 35). 

 

Figure 35: Characterization of RAW264.7 macrophages. Dead RAW 264.7 were excluded by staining with 7-

Aad (right upper panel). RAW264.7 macrophages were stained with anti-mCD47 and anti-mSIRPα antibodies to 

detect expression by FACS analysis. All macrophages show surface expression of mSIRPα. (PE labelled). mCD47 

(AF647) is expressed in a majority of RAW264.7 macrophages. Data are representative for three independent 

FACS experiments. 
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4.6 Contact assays 

HepG2-mCD47-eGFP or HepG2-eGFP were incubated with RAW264.7 macrophages for 14 

hours at 37 °C. HepG2 cells were identified by eGFP-fluorescence to discriminate against 

eGFP-negative RAW264.7 macrophages. Interestingly, the macrophages were randomly 

distributed between HepG2 cells expressing mCD47-eGFP (fig. 36 A, C, D). Quite in 

contrast, RAW264.7 macrophages showed aggregation around HepG2 cell clusters expressing 

only eGFP (fig. 36 B, E, F). To quantify the characteristic distribution of the macrophages in 

the two samples, the macrophages were discriminated into engulfing and non-engulfing 

macrophages. The percentage of macrophages engulfing HepG2 cells was determined in 5 

independent experiments and a total of 4135 macrophages were counted. 66.9 % (+/- 9.87 %) 

RAW264.7 macrophages engulf HepG2 cells not expressing mCD47 while only 43.0 % (+/- 

7.66 %) engulf mCD47+ HepG2 cells (fig. 36 G). Macrophage distribution was analysed 15 

minutes after the addition of macrophages to determine of the baseline value, which estimates 

the number of macrophages contacting HepG2 cells solely by chance. The baseline 

represented the value of macrophages that were in contact with HepG2 cells just by chance. 

The baseline value was determined to be 36 %, which means that 36 % of the macrophages 

exhibited contact with HepG2 cells just by chance. The results were statistically significant (P 

= 1.11*10-7). 
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Figure 36: Contact assay: RAW264.7 macrophages were incubated with HepG2 cells expressing mCD47-

eGFP (+mCD47) or eGFP (-mCD47). Distribution of macrophages was determined after 14 hours of 

incubation. Macrophages encountering HepG2 cells expressing mCD47 do not accumulate around HepG2 

cells and are randomly distributed (A, C, D). However, RAW264.7 macrophages accumulate around HepG2 

cells not expressing mCD47 (B, E, F). The pictures show are representative examples from 5 independent 

rounds of contact assay experiments. G For quantification purposes, RAW264.7 macrophages were classed as 

engulfing or non-engulfing macrophages. 66.9 % (+/- 9.87 %) of all macrophages engulfed HepG2-eGFP 

while only 43.0 % (+/- 7.66 %) of macrophages engulfed HepG2-mCD47-eGFP. The results have been 

calculated by analysing six still images from 5 independent experiments. In total, 2033 (+ mCD47) and 2102 

(- mCD47) macrophages were counted to calculate the mean engulfing rate and the standard deviation (error 

bars). The black line indicates that 36 % of macrophages were in contact with HepG2 cells just by chance as 

determined by counting engulfing RAW264.7 macrophages some minutes after mixing in two independent 

experiments..  

A student’s T-test was performed and P-value was 1.11*10-7. 

* indicate clusters of RAW264.7 macrophages gathering around HepG2 cells not expressing mCD47 

 

The setup demonstrated above allowed the observation of the contact assay experiment only 

at static time points. Therefore, time-lapse experiments were conducted to monitor the active 
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movement of the RAW264.7 macrophages. Macrophages were labelled with 5-TAMRA and 

incubated with HepG2 cells expressing eGFP. Fluorescent cells were monitored by Olympus 

FV1000 for 14 hours to acquire time lapse videos. The distribution of cells was analysed from 

time-lapse videos at selected time points. 

In the beginning at 1 hours of incubation time, RAW264.7 macrophages were evenly 

distributed between cells (fig. 37, 1 h). After 5 hours, macrophages aggregated around eGFP 

positive HepG2 cells (fig. 37, 5h). At the end of the experiment, macrophages had 

accumulated around HepG2-eGFP cell clusters while areas lacking HepG2 cells only had very 

sparse distribution of RAW264.7 macrophages (fig. 37, 11 h). 
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Figure 37: Time-lapse video of contact assay. TAMRA-labelled RAW264.7 macrophages (red) were incubated 

with HepG2 cells expressing eGFP. Initially, macrophages were evenly distributed between HepG2 cells (1h). 

After 5 hours, macrophages started to accumulate around HepG2 cells clusters while areas lacking HepG2 cell 

clusters showed only few macrophages. The area marked in yellow shows RAW264.7 macrophages that have 

accumulated around HepG2 cells expressing eGFP. The still-images shown are representative images from three 

independent incubation series. 
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4.7 Time-lapse videos of phagocytotic events 

To test whether RAW264.7 macrophages were in fact able to phagocytose the big HepG2 

cells, TAMRA-labelled macrophages and eGFP positive HepG2 cells expressing mCD47 or 

not were incubated for 14 hours. Fluorescent cells were monitored with Olympus FV1000 

fluorescence microscope to create time-lapse videos. The images were analysed for live 

phagocytotic events by identifying eGFP and TAMRA positive macrophages. 

In three independent experiments, 94 time-lapse videos with a total playing time of 1316 

hours were recorded to identify phagocytotic events. Macrophages that had performed 

phagocytosis were identified by yellow sprinkled cytoplasm. A few phagocytotic events were 

recognized in samples containing HepG2 cells expressing mCD47 (fig. 38, left panel). 

However, the vast majority of phagocytotic events was seen in samples were HepG2 cells did 

not express mCD47 (fig. 38, middle and right panel). In addition, numerous videos showed 

multiple phagocytotic events in samples with mCD47 negative HepG2 cells. 
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Figure 38: Phagocytotic assay. TAMRA labelled RAW264.7 macrophages (red) were incubated with 

eGFP positive HepG2 cells (green) expressing mCD47 (+mCD47, left panel) or not (-mCD47, middle 

and right panel) for 14 hours. The pictures represent still images from 4 +mCD47 and 4 –mCD47 

experiments. Phagocytotic events (yellow arrows) are shown magnified in the right panel. While 

phagocytosis of mCD47- HepG2 cells happened continuously, only single phagocytosed mCD47+ 

HepG2 cells were spotted (upper left panel, no magnification). The still-images are taken from one 

independent experiment for +mCD47 and –mCD47 samples, respectively. They are generally 

representative for all videos, however the number of phagocytotic events vary somewhat between the 

locations that were recorded. 
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Time-lapse videos were initially carried without lipopolysaccharide. 20 separate locations 

equally distributed between +mCD47 and –mCD47 were analysed for phagocytotic 

events. Phagocytotic events were identified double as often in –mCD47 samples than in 

+mCD47 samples (fig. 39 A). To investigate whether lipopolysaccharide was able to 

improve phagocytotic events by stimulation of RAW264.7 macrophages, further 

experiments were carried out with 10 µg/ml lipopolysaccharide supplemented in the 

medium. Analysis of all time-lapse videos showed a significant increase of phagocytotic 

events when RAW264.7 macrophages were incubated with HepG2 cells not expressing 

mCD47. In total 32 videos from macrophages incubated with HepG2-mCD47-eGFP 

showed 35 phagocytotic events. In contrast, phagocytotic assays performed with HepG2-

eGFP cells showed 84 phagocytotic events. (fig. 39 B). 

 

 

 

Figure 39: Phagocytotic events. Phagocytotic events in time-lapse videos in absence and presence of LPS. 

Phagocytotic assays were performed with RAW264.7 macrophages incubated with HepG2-mCD47-eGFP or 

HepG2-eGFP. Time-lapse videos were created by monitoring fluorescence at specific locations every 10 

minutes for 14 hours and assembling the still images to time-lapse videos. A When no LPS was added, 

phagocytotic events doubled when RAW264.7 macrophages were incubated with mCD47-negative HepG2 

cells in comparison to HepG2- mCD47. The number of phagocytotic events was determined on 10 locations 

in one experiment. B Addition of lipopolysaccharide (LPS) further enhances phagocytotic activity of 

RAW264.7 macrophages. However, RAW264.7 macrophages showed still only moderate phagocytosis of 

HepG2 cells expressing mCD47 (35) while phagocytotic events increased when macrophages were incubated 

with HepG2-eGFP cells (84). The number of phagocytotic events was determined from 32 locations each 

(+mCD47 and –mCD47) in two independent experiments. 
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4.8 Transplantation of BALB Rag/γc uPA mice 

The in vitro results suggested that expression of mCD47 on human hepatic cells inhibits 

phagocytosis by murine macrophages. To evaluate possible benefits of human hepatocytes 

expressing mCD47 in respect to engraftment rates in immunodeficient mice, mCD47+/eGFP+ 

cryopreserved human hepatocytes were transplanted BALB Rag/γc uPA mice. Control 

animals were transplanted with cryopreserved hepatocytes expressing eGFP only. 

Transplanted human hepatocytes are confronted with murine macrophages upon 

transplantation and may be cleared from the system before achieving sustainable engraftment. 

Cell-surface expression of mCD47 allows hepatocytes to actively downregulate macrophage 

activity (Tsai et al., 2008) and may increase engraftment into the mice liver. 

 

4.8.1 Transduction efficiency of transplanted human hepatocytes 

Cryopreserved human hepatocytes were thawed and incubated with LV-mCD47-eGFP or LV-

eGFP as a control for four hours at 4 °C. Transduction allowed co-expression of mCD47 and 

eGFP (BD-mCD47) or solely eGFP in control hepatocytes (BD-eGFP). Hepatocytes were 

washed with PBS to remove viral particles and transplanted into the splenic vein of BALB 

Rag/γc uPA mice. A running number for each mouse was created on the date of 

transplantation to identify mice after transplantation for sample processing. 

However, not all human hepatocytes were transduced by lentiviral vectors. Transduction of 

human hepatocytes generated a mixture of CD47+/eGFP+ (control BD-eGFP: mCD47-/eGFP+) 

and CD47-/eGFP- cells. The ratio of eGFP transduced hepatocytes to the total number of 

hepatocytes was defined as transduction efficiency. To determine transduction efficiencies of 

transplanted hepatocytes, a sample from transduced hepatocytes were transferred into cell 

cultures and grown in HCM. In initial experiments, transduction efficiencies were determined 

3, 5 and 7 days after transduction by detecting eGFP-fluorescence using FACS. Quite 

interestingly, eGFP+ population still increased between days 3 and 5, but not after day 5 (data 

not shown). Thus, if eGFP-fluorescence was detected 3 days after transduction, transduction 

efficiencies would be calculated too low. This made it necessary to delay the detection of 

eGFP-fluorescence to 5 days after transduction, as this allowed calculating actual transduction 

efficiencies. 

Figure 40 demonstrates the eGFP fluorescence of transduced hepatocytes analysed 5 days 

after transplantation. Transduction efficiencies were between 4.59 and 21.2 %. These values 

were used as baseline values to perform the benchmark that analysed whether transplanted 

mCD47+/eGFP+ hepatocytes engrafted better than non-transduced mCD47- hepatocytes. 
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Figure 40: Transduction efficiencies of transplanted human hepatocytes. Cryopreserved human 

hepatocytes from BD Biosciences were thawed and transduced with LV-mCD47-eGFP or LV-eGFP as 

control. This allowed co-expression of mCD47 and eGFP in transduced hepatocytes (BD-mCD47-eGFP). In 

control hepatocytes, only eGFP was expressed (BD-eGFP). Transduced hepatocytes were transplanted into 

BALB Rag/γc uPA mice with designated running numbers as stated below the FACS. To determine 

transduction efficiencies at the time of transplantation, samples were kept in culture to detect eGFP 

fluorescence by FACS 5 days after transplantation. Data are representative for three independent FACS 

experiments. 

 

4.8.2 Human serum albumin levels 

Mice were transplanted with human hepatocytes transduced with LV-mCD47-eGFP or LV-

eGFP. One group of mice was transplanted with non-transduced hepatocytes directly after 

thawing to determine the loss of engraftment due to transduction. 6 weeks after 

transplantation, serum samples from mice were collected and prepared in appropriate 

dilutions. Secreted human serum albumin levels were determined by using the Bethyl Human 

Serum Albumin Quantitation Kit. Serum albumin levels from all transplanted mice are listed 

in the table below. (table 15). The table also contains information about whether human 

hepatocyte clusters were found in liver sections after the mice had been sacrificed. In detail, 
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human serum albumin levels of transplanted mice ranged from 0.17 µg/ml to 4820 µg/ml. 

Furthermore, human hepatocyte clusters were identified in liver sections from all mice with 

human serum albumin levels above 15 µg/ml. However, human hepatocyte engraftment was 

also confirmed in a liver section from one mice with serum albumin levels as low as 6.98 

µg/ml (mouse no. 37498). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 15: Human serum albumin levels. Cryopreserved hepatocytes transduced with LV-mCD47-eGFP (BD-

mCD47) were transplanted into uPA-mice with designated running numbers (No.). Non-transduced hepatocytes 

(BD) or hepatocytes transduced with LV-eGFP (BD-eGFP) were taken along as controls. Human serum albumin 

levels were determined in µg/ml from mice sera by ELISA assay 6 weeks after transplantation. Sections from 

mouse livers were later analysed for the presence of human hepatocyte clusters by immunofluorescence staining 

(clusters in IF?). No human hepatocytes clusters were identified in mice with human serum albumin levels 

below 6.98 µg/ml. Values were determined in two independent experiments *concentration of human albumin 

was not determined in this mouse and mouse was excluded from further statistics 

BD-mCD47 
No. clusters in IF? µg/ml 

56244 no 32.04 

56245 no 10.54 

56248 yes 18.42 

56249 yes 39.06 

56250 no 32.71 

20906 no 7.76 

20907 no 5.11 

20908 yes 44.06 

26570 yes 72.35 

26571 yes 57.84 

26564 no 3.97 

26565 no 5.15 

37497 yes 820 

37498 yes 6.98 

37499 no 3.61 

37500 no 11.41 

37501 yes 129.63 

37502 no 76.31 

37503 yes 33.53 

37505 yes 420 

44701 yes 3890 

44702 no 14.47 

44703 no 1.21 

44704 no 0.17 

44705 yes 1690 

44706 no 6.39 

BD/eGFP 
No. comment clusters in IF? µg/ml 

56207 BD-eGFP no 2.53 

56208 BD-eGFP no 8.29 

20909 BD yes 4820 

20910 BD yes 4390 

20911 BD no 220 

20912 BD no 58.3 

27906 BD-eGFP yes 1480 

27869 BD not determined 2056 

27870 BD not determined --* 

27871 BD not determined 179.37 

27872 BD not determined 45.9 

27873 BD not determined 1898 

27874 BD not determined 1999 

37496 BD yes 1070 

42274 BD-eGFP yes 2220 

42275 BD-eGFP no 3.14 

44707 BD-eGFP yes 4200 

44708 BD-eGFP yes 21.25 

44709 BD-eGFP yes 17.96 

44710 BD-eGFP yes 36.79 

44711 BD-eGFP yes 1360 
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A total of 46 BALB Rag/γc uPA mice were transplanted with cryopreserved hepatocytes. 26 

mice were transplanted with BD-mCD47 while 10 mice were transplanted with BD-eGFP or 

non-transduced BD hepatocytes as control, respectively. Interestingly, all BD hepatocytes left 

untreated showed significant serum albumin levels between 45.9 µg/ml and 4820 µg/ml. With 

respects to the serum albumin level - taking into account the positive identification of human 

clusters in immunofluorescence staining experiments presented later in this study - a cut-off 

value of 10 µg/ml human serum albumin was set to define positive engraftment. Based in this 

cut-off value, approximately 65-70 % of transduced hepatocytes succeeded in repopulation of 

mouse livers upon intrasplenic transplantation. In detail, 17 out of 26 mice (65.4 %) 

transplanted with BD-mCD47 demonstrated positive engraftment, while seven out of ten mice 

(70 %) transplanted with BD-eGFP showed positive engraftment. Quite surprisingly, 

cryopreserved human hepatocytes left untreated showed overall engraftment success of 100 % 

(fig. 41). Therefore, gene therapy treatment of thawed cryopreserved human hepatocytes for 4 

hours at 4 °C results in a 30 % percent loss of viable cells engrafting into BALB Rag/γc uPA 

mice livers. 

 

 

Figure 41: Human hepatocytes engraftment efficiency. Mice were transplanted with cryopreserved 

hepatocytes transduced with LV-mCD47-eGFP (BD-mCD47). Non-transduced hepatocytes (BD) or 

hepatocytes transduced with LV-eGFP (BD-eGFP) were taken along as controls. Engraftment rates of 

transplanted mice based on a human serum albumin cut-off of 10 µg/ml. BD-mCD47 (17 out of 26 mice 

= 65.4 % engraftment) and BD-eGFP (7/10 = 70 %) showed similar engraftment rates after transduction 

with lentiviral vectors for four hours. Cryopreserved BD hepatocytes that were transplanted directly after 

thawing showed engraftment rates of 100 % (10/10). 
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4.8.3 Immunofluorescence staining of liver sections 

BALB Rag/γc uPA mice transplanted with BD-mCD47-eGFP or BD-eGFP were sacrificed 8 

weeks after transplantation. Livers were fixated with PFA and water was removed with 30 % 

sucrose to preserve cryosections. Liver sections were stained for mCD47, eGFP and human 

albumin by immunofluorescence staining. It was essential to include various parts of the liver 

to overcome the variable distribution of transplanted liver cells. The distribution of 

transplanted human hepatocytes is dependent on the blood flow in the portal vein system of 

each individual mouse and hepatocytes may be randomly situated throughout the entire liver.  

 

4.8.3.1 Immunofluorescence of secreted human albumin 

The presence of human serum albumin secreted into to the liver sinusoids was visualised by 

immunofluorescence staining. As an example, liver sections from sacrificed mice no. 44703 

(human serum albumin 1.21 µg/ml, no engraftment) and 42274 (human serum albumin 2220 

µg/ml, high engraftment) were stained for human serum albumin. While the negative mouse 

no 44703 did not show any specific staining for human serum albumin in the liver sinusoids, 

human serum albumin was identified in the section from mouse no 42274 as secreted protein 

floating alongside the hepatocyte membranes in the liver sinusoidal space (fig. 42). This 

background staining of secreted human serum albumin posts a problem when identifying 

human hepatocyte clusters actively expressing human serum albumin. 
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Figure 42: Immunofluorescence of human serum albumin. Liver sections were prepared for 

immunofluorescence staining using antibodies against human serum albumin (orange) and Hoechst 33342 

(blue) for nucleus staining. The pictures shown above demonstrate exemplary appearances of the mouse 

sections of mice characterised by no engraftment or high-level engraftment: Negative mouse no 44703 (serum 

level 1.21 µg/ml) shows no peripheral staining for human serum albumin (A - C). Mouse no 42274 (D - F) 

with high levels of engraftment (2220 µg/ml) demonstrates a peripheral, cell membrane near staining for 

secreted human albumin flowing alongside the hepatocytes membrane in the liver sinusoids (F). Bars in A, B, 

D, and E represent 250 µm, bars in C and F represent 50 µm. 

 

4.8.3.2 Immunofluorescence of human hepatocyte clusters expressing human serum 

albumin 

Liver sections from sacrificed mice were stained for human albumin by immunofluorescence 

staining. Human hepatocyte clusters in mice with low engraftment of human hepatocytes 

showed distinct staining of human albumin within the human hepatocytes clusters. The 

boundary between the integrated human hepatocyte cluster and surrounding murine 

hepatocytes was clearly visible (fig. 43, A and C). Furthermore, the cell nuclei of engrafted 

human hepatocytes were further apart than the cell nuclei of murine hepatocytes (fig. 43, B). 

Quite in contrast, identification of human hepatocyte clusters in mice with high repopulation 

(> 1400 µg/ml human serum albumin) became difficult as liver sections demonstrated high 

background staining of human serum albumin secreted into the liver sinusoids. (fig. 43 D, E, 

F). Specific staining of human serum albumin was determined by extensive evaluation of the 

immunofluorescence pictures. Direct staining of human serum albumin was visualised by 

punctual staining of the cytoplasm of human hepatocytes (fig. 43, G and I). In addition, 
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human hepatocyte clusters were distinguished from murine hepatocytes by analysing the 

distances between the cell nuclei. The cell nuclei of engrafted human hepatocytes were further 

apart from each other than the cell nuclei of murine hepatocytes (fig. 43, B and E). Taking 

these observations together, immunofluorescence staining of human albumin in mice livers 

with high engraftment allows identification of human hepatocyte clusters by direct and 

indirect observation. 

 

Figure 43: Identification of human serum albumin in human hepatocytes by immunofluorescence  

staining. Examplary liver sections mice with low-moderate (A - C) and high engraftment (D – I) were 

prepared for immunofluorescence staining using antibodies against human serum albumin (orange) and 

Hoechst 33342 for cell nucleus staining. Characteristic expression of human serum albumin in transplanted 

human cells in livers with low-moderate engraftment (mouse 35701, 130 µg/ml) allows discrimination against 

murine hepatocytes (A, C). Cell nucleus staining reveals the more sparse distribution of nuclei in transplanted 

human hepatocytes and creates a darker area within the mouse liver (arrows, B). Identification of human 

serum albumin within hepatocyte clusters in mice with high engraftment (mouse no. 44701, 3890 µg/ml) is 

difficult because of high background staining of human serum albumin secreted into the extracellular matrix 

(D, F). Human hepatocyte clusters can be distinguished by the punctual staining of human serum albumin 

within the cytoplasm which is absent in murine hepatocytes (arrows G, I). Furthermore, the distances between 

the cell nuclei of engrafted human hepatocytes is larger than in murine hepatocytes and allows an indirect 

identification of human hepatocytes (E, F). Bars in C and F represent 250 µm, bars in I represent 50 µm. 
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4.8.3.3 Immunofluorescence of human hepatocytes expressing mCD47 

All transplanted mice were sacrificed 8 weeks after transplantation and liver sections were 

prepared for immunofluorescence staining as cryosections. It was essential to include various 

parts and lobes of the removed liver to identify as many human hepatocyte clusters as 

possible. 

Cryosections were co-stained for GFP and human albumin or GFP and mCD47, respectively. 

Liver sections were initially stained for mCD47 surface expression in human hepatocyte 

clusters to confirm actual mCD47 surface expression in vivo on transplanted hepatocytes (fig, 

44). For practical reasons, the sections were only stained for GFP and human albumin in 

consecutive experiments in order to evaluate the distribution of GFP positive and negative 

clusters. 

Engrafted BD- mCD47 were successfully stained for lentivirally expressed mCD47. In fact, 

hepatocytes showed distinct transmembrane expression of mCD47. Overexpression of 

mCD47 in transplanted hepatocytes (fig. 44 B, D, E) was clearly be distinguished from 

weaker expression of endogenous mCD47 in the neighbourhood of the engrafted hepatocyte 

cluster (fig. 44 E). 
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Figure 44: Immunfluorescence staining of mCD47. Liver sections from mice 37497 (A, B) and 37501 (C, D 

and E) were prepared for immunofluorescence staining using antibodies against mCD47 (orange) , GFP (green) 

and Hoechst 33342 for cell nucleus staining (blue) (A - E). The pictures are representative for the mCD47 

staining in all transplanted livers. Human clusters showed distinct expression of mCD47 (left panel, A and C). 

mCD47 is located at the cell surface (B, and D, orange arrows) while GFP is located throughout the cytoplasm. 

Co-localisation of GFP and mCD47 was visualised by the yellow signal at the cell membrane (right panel). E 

Weak expression of endogenous mCD47 was spotted outside of the GFP-positive human hepatocyte clusters 

(weak orange signal), while overexpressed mCD47 was characterised by strong transmembrane staining of the 

human hepatocytes (strong orange signal). Orange arrows indicate the boundary between the human cell cluster 

and murine hepatocytes. F, G The staining for mCD47 was specific as the negative control (no primary 

antibody) does not show any signal. Bars in A, C, and F represent 250 µm, bars in B, D, and E represent 50 µm. 
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4.8.3.4 Engraftment of human hepatocytes clusters expressing mCD47/eGFP in 

comparison to human hepatocytes not expressing mCD47 

Human hepatocytes were either transduced with LV-mCD47-eGFP or LV-eGFP as control 

prior to transplantation into BALB Rag/γc uPA mice. Transduction of human hepatocytes 

generated a mixture of mCD47+/eGFP+ (control BD-eGFP: mCD47-/eGFP+) and non-

transduced mCD47-/eGFP- cells. The aim was to show whether the proportion of engrafted 

eGFP+ hepatocytes changed in respect to the proportion of eGFP+ hepatocytes transplanted 

into the mice. Latter was determined by FACS analysis of an aliquot of transplanted cell that 

had been cultured 5 days after transplantation.  

8 weeks after transplantation, mice showing detectable human serum albumin levels were 

analysed for engraftment of human hepatocyte clusters. The clusters from various lobes of the 

mouse liver were analysed for expression of human serum albumin, mCD47 and eGFP by the 

means of immunofluorescence staining (fig. 45). 

 

 

 

Figure 45: Judgement of human hepatocyte clusters by immunofluorescence staining. Liver sections 

from all transplanted mice were prepared for immunofluorescence staining using antibodies against human 

serum albumin (orange), GFP (green) and Hoechst 33342 for cell nucleus staining (blue). The clusters were 

analysed for GFP (yes/no) and human albumin expression and this judgement represented the basis for the 

statistical analysis of improved, mCD47-related engraftment in transplanted mice. The total number of eGFP 

expressing clusters in one mouse was calculated and related to the number of human albumin expressing 

clusters to determine the percentage of eGFP expressing clusters. Bars represent 250 µm. 

 

The percentage of mCD47-eGFP-expressing clusters of total human albumin expressing 

humane hepatocyte clusters was determined. This value was divided with the percentage of 

transplanted eGFP+ human hepatocytes determined by FACS analysis 5 days to acquire a 

ratio. This ratio expressed whether mCD47+/eGFP+ clusters showed favoured long-term 
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engraftment (>1.0) or not (<1.0). Fig. 46 to 48 show the evaluation of mouse no 37501 with 

relatively moderate engraftment of human hepatocyte clusters. Immunofluorescence staining 

of mouse 37501 demonstrated engraftment of 7 clusters expressing mCD47/eGFP while a 

total 19 of clusters expressing human albumin were identified. The percentage of eGFP 

expressing clusters was calculated to 36.84 %. In comparison, FACS analysis showed that 

transplanted hepatocytes were 21.2 % eGFP positive 5 days after transplantation. This 

represents a ratio of 36.84 % / 21.2 % = 1.74 and long-term engraftment of mCD47/eGFP is 

favoured in comparison to human hepatocytes not expressing mCD47/eGFP. 
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Figure 46: Judgment of human hepatocyte clusters in mouse no 37501, clusters 1-7. Mouse no 37501 

was transplanted with BD-mCD47 and sacrificed 8 weeks after transplantation. Liver sections from all 

transplanted mice were prepared for immunofluorescence staining using antibodies against human serum 

albumin (orange),0 GFP (green) and Hoechst 33342 (cell nucleus staining, blue) to identify isolated 

clusters. In mouse 37501, 7 out of 19 human albumin expressing clusters were eGFP positive (36.84 %) 

compared to 21.2 % eGFP+ cells upon transplantation. Ratio was calculated to 36.84 % / 21.2 % = 1.74. 

Figures 46-48 show the judgement of all human hepatocytes clusters identified in mouse no. 37501 that are 

randomly and sparesly distributed throughout the liver. This analytical approach was used to determine 

engraftment statistics in mice 20908, 26570, 26571, 37497, 37503, 37505, 44701, 44705, and 44708-44710. 

Bars represent 250 µm. 
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Figure 47: Judgment of human hepatocyte clusters in mouse no 37501, clusters 8-13. Mouse no 37501 was 

transplanted with BD-mCD47 and sacrificed 8 weeks after transplantation. Liver sections from all transplanted 

mice were prepared for immunofluorescence staining using antibodies against human serum albumin (orange),0 

GFP (green) and Hoechst 33342 (cell nucleus staining, blue). Clusters 10/11 and 12/13 are in close proximity to 

each other and are marked with an arrow with respective judgement. Bars represent 250 µm. 
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Figure 48: Judgment of human hepatocyte clusters in mouse no 37501, clusters 14-19. Mouse no 37501 

was transplanted with BD-mCD47 and sacrificed 8 weeks after transplantation. Liver sections from all 

transplanted mice were prepared for immunofluorescence staining using antibodies against human serum 

albumin (orange),0 GFP (green) and Hoechst 33342 (cell nucleus staining, blue). 
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Some mice transplanted with BD-mCD47 and BD-eGFP demonstrated substantial 

engraftment of human hepatocytes with repopulations of more than 30 % of the mouse liver. 

To evaluate the characteristics of the engrafted human hepatocytes efficiently, it was 

necessary to perform a sequential fluorescence image scan of the entire liver making it 

possible to create an overview of the entire liver. 4 out of 12 mice transplanted with BD- 

mCD47-eGFP demonstrated high engraftment, which made it necessary to perform sequential 

scanning of the entire liver to acquire an overview picture. Figure 49 shows one liver lobe of 

mouse no 37505 that engrafted 44 human albumin expressing human hepatocyte clusters. 14 

clusters are mCD47/eGFP positive (31.8 %). Transplanted cells were 21.2 % eGFP positive. 

Considering just this liver lobe, the ratio was calculated to 1.5 for mouse 37505. Later during 

this study, further lobes from mouse 37505 were analysed for eGFP and human albumin 

clusters. A total of 98 cluster were found of which 31 were eGFP positive. This represents a 

GFP percentage of 31.63 and the total ratio was calculated to 1.49. 
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Figure 49: Immunofluorescence staining of mouse no 37505. Mouse no 37505 was transplanted with BD-

mCD47 and sacrificed 8 weeks after transplantation. Liver sections from mouse no 37505 were prepared for 

immunofluorescence staining using antibodies against human serum albumin (orange) and GFP (green). Hoechst 

33342 was used for cell nucleus staining (blue). This picture demonstrates one liver lobe of mouse 37505 that 

has been ripped apart. The right edge of the big part matches to the left edge off the small part. 14 out of 44 

human albumin expressing clusters were eGFP positive (31.8 %). B Transplanted hepatocytes demonstrated 

21.2 % eGFP positive cells 5 days after transplantation. Ratio was calculated to 31.8 % / 21.2 % = 1.5. This 

overlay image has been assembled from approximately 400 single one-colour images. Assembled images were 

used to analyse the engraftment ratios in transplanted mice 37505, 42274, 44707, and 44711. The bar in the right 

bottom corner represents 1 mm. 

 

In total, 9 mice were transplanted with BD-mCD47 and survived. For all mice, repopulation 

advantage of CD47+/eGFP+ human clusters was determined by comparing the percentage of 

eGFP+ human hepatocyte clusters with respective transduction efficiencies at 5 days after 

transplantation. The overall result was that CD47+/eGFP+ clusters demonstrate a repopulation 

rate that is 101.6 % (ratio 2.016) higher than the transplanted population of CD47+/eGFP+ 

hepatocytes at the time of transplantation. In detail, improvement of engraftment ranged from 

21.2 % (ratio 1.212) for mouse no 26571 to 212.1 % (ratio 3.121) for mouse no 44701. For 

control mice transplanted with BD-eGFP, fewer hepatocytes expressing eGFP showed 
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engraftment compared with the percentage of eGFP+ transplanted hepatocytes. Only 39.2 % 

(ratio 0.392) of transduced eGFP+ expressing hepatocytes had engrafted into the murine livers 

(table 16, figure 50). 

Despite the fact that much effort was put into scanning the complete liver, no eGFP clusters 

were found in control mice 44708 – 44710. In general, these mice demonstrated less 

repopulation of the liver by human hepatocytes. 

 

Table 15: Repopulation of uPA mice by mCD47
+
 human hepatocytes. BALB Rag/γc uPA mice were 

transplanted with BD-mCD47 or BD-eGFP. Mice were sacrificed 8 weeks after transplantation and liver 

sections were analysed for human hepatocyte clusters expressing eGFP (GFP+) or human albumin (ALB+) 

only. The percentage of eGFP-expressing clusters in liver sections was divided by the transduction 

efficiency to calculate the repopulation ratio (ratio = GFP [%] / transduction efficiency [%]). Engraftment of 

mCD47-eGFP expressing clusters had doubled (ratio 2.016) in comparison to the transplanted 

mCD47/eGFP-expressing hepatocyte population. Control mice demonstrated less engraftment of 

transplanted eGFP expressing control hepatocytes (ratio 0.392) 

 

BD-mCD47 
mouse no transduction efficiency [%] GFP+ ALB+ total GFP [%] Repopulation ratio 

20908 5.18 1 7 8 12.50 2.413 

26570 13.7 5 12 17 29.41 2.147 

26571 13.7 2 10 12 16.67 1.217 

37497 21.2 15 16 31 48.39 2.282 

37501 21.2 7 12 19 36.84 1.738 

37503 21.2 2 5 7 28.57 1.348 

37505 21.2 31 67 98 31.63 1.492 

44701 4.93 2 11 13 15.38 3.121 

44705 4.93 4 30 34 11.76 2,386 

     mean 2.016 
       

BD-eGFP 
mouse no transduction efficiency [%] GFP+ ALB+ total GFP [%] Repopulation ratio 

42274 4.3 9 217 226 3.98 0.926 

44707 4.59 4 94 98 4.08 0.889 

44708 4.59 0 20 20 0.00 0.000 

44709 4.59 0 4 4 0.00 0.000 

44710 4.59 0 7 7 0.00 0.000 

44711 4.59 4 159 163 2.45 0.535 

     mean 0.392 
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4.8.3.5 Evaluation of BALB Rag/γc uPA mouse model engraftment 

For this study, homozygous mice were chosen as a transplantation model because they show 

increased engraftment in comparison to heterozygous mice (Haridass et al., 2010, Meulemann 

et al., 2008). However, it remained unclear whether repopulation rates of 90 % and above 

described by Meulemann and co-workers was reproducible in our specific mouse model. Our 

mouse model was based on a BALB/c background quite different from the uPA mouse model 

with SCID background that was used by Meulemann and co-workers (Meulemann et al., 

2008). 

Figure 50: Repopulation of uPA mice by CD47
+
 human hepatocytes. BALB Rag/γc uPA mice were 

transplanted with BD-mCD47 or BD-eGFP. Mice were sacrificed 8 weeks after transplantation and 

liver sections were analysed for human hepatocyte clusters expressing eGFP (GFP+) and human 

albumin (ALB+). The percentage of eGFP-expressing clusters was divided by the transduction 

efficiency to calculate the repopulation ratio (ratio = GFP [%] / transduction efficiency [%]). Mean 

ratios are marked as black lines in respective groups. Engraftment of mCD47-eGFP expressing 

clusters had doubled (ratio 2.016) in comparison to the transplanted mCD47/eGFP-expressing 

hepatocyte population. Control mice demonstrated less engraftment of transplanted eGFP expressing 

control hepatocytes (ratio 0.392). 



Results 

111 

BALB Rag/γc uPA mice were transplanted with cryopreserved human hepatocytes and 

engraftment in mice livers was monitored by immunofluorescence staining for human serum 

albumin 8 weeks after transplantation. While several mice only showed moderate engraftment 

of human hepatocytes (< 160 µg/ml human serum albumin), some mice demonstrated 

substantial repopulation by transplanted cells. Liver sections from mouse no 42274 that 

showed highest human serum albumin levels was analysed for expression of human serum 

albumin. Immunofluorescence staining demonstrated that parts of the liver were vastly 

repopulated by human hepatocytes. The area of repopulation of some parts of the liver was 

calculated to approximately 90 % (fig. 51). 

 

 

 

Figure 51: Immunofluorescence staining of mouse 42274. Mouse no 42274 was transplanted with BD-eGFP and 

sacrificed 8 weeks after transplantation. Liver sections from mouse no 42274 (2220 µg/ml human serum albumin) 

were prepared for immunofluorescence staining using antibodies against human serum albumin (orange) and GFP 

(green). Hoechst 33342 was used for cell nucleus staining (blue). Human hepatocyte clusters are marked with orange 

or green circles (GFP). This liver section demonstrates a repopulation rate of about 90 % and is representative for all 

analysed liver sections of mouse 42274. 
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4.8.3.6 Distribution of transplanted liver cells 

After analysis of several livers from transplanted mice, it became apparent that transplanted 

hepatocytes do not integrate evenly throughout the liver. Limitations in material did not allow 

a broad-scale analysis of a large number of animals, which would allow a general conclusion 

of which liver lobes that are favoured in respect to engraftment of intrasplenic transplantation 

of human hepatocytes. Therefore, this study concentrated to identify the distribution of 

transplanted hepatocytes throughout the liver of one animal. 

Several liver lobes of mouse no 44711 (1360 µg/ml human serum albumin) were analysed for 

human hepatocyte engraftment by immunofluorescence staining (fig. 52 A – F). However, a 

proper identification of liver lobes in respect to their macroscopic topography was not 

possible anymore because of the treatment in preparation for the immunofluorescence 

staining. Therefore, liver lobes were named A – F. 

Orange areas in the liver sections indicate human hepatocyte clusters. Lobes A – D are greatly 

repopulated with rates between 50 – 70 %. Lobe E is moderately repopulated (40 %). Quite in 

contrast, lobe F only demonstrates staining for cell nuclei indicating no engraftment by human 

hepatocytes at all. Background staining by secreted human serum albumin is also absent, 

which indicates that there is no secreted human serum albumin being drained from human 

hepatocyte clusters in this specific lobe. 
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Figure 52: Immunofluorescence staining from mouse no 44711. Mouse no 44711 was transplanted with BD-

eGFP and sacrificed 8 weeks after transplantation. Liver sections from mouse no. 44711 (1360 µg/ml human 

serum albumin) were prepared for immunofluorescence staining using antibodies against human serum albumin,  

GFP and Hoechst 33342 to stain cell nuclei. The picture demonstrates uneven distribution of transplanted 

hepatocytes between liver lobes. Unfortunately, the quality of the sections from only one mouse liver allowed 

thourough analysis of the distribution of transplanted cells in respect to the liver lobes. Lobes were named A – F 

as proper identification of liver lobes was not possible after cryosectionning. Lobes A - D demonstrate high and 

lobe E moderate repopulation by human hepatocytes. Quite in contrast, despite being from the same mouse, lobe 

F has not integrated hepatocytes at all and reveals no staining of secreted human albumin. 
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5. Discussion 

Medical and pharmaceutical research have longed for biological systems and live animal 

models that represent a human environmental setting to conduct pre-clinical tests of novel 

medical approaches. Despite the availability of well-working humanised models, medical 

research is continuously trying to improve mouse models with the aim to conduct research of 

more complex interactions that are in need of high-level engraftment of human cells (Shultz et 

al., 2007). The strategy is to create a near-optimal humanised mouse model that can be used to 

mimic human biochemical pathways and mechanisms of drugs in a highly representative 

manner.  

Humanised mice are immunodeficient, i.e. they lack functional T-, B-, and sometimes natural 

killer-cells and have, at most, poorly developed lymphoid tissues (Shultz et al., 2007). Despite 

this, some concern has been expressed about the presence of macrophages that remain 

functional in humanised mice (van Rijn et al., 2003). Macrophages have been shown to be 

key players in the rejection of xenogeneic cells and organs, ultimately leading to apoptosis, 

thrombosis and loss of xenogeneic grafts (Yang & Sykes, 2007). 

Gene therapeutical approaches allow constitutive expression of proteins in xenogeneic cells 

that may deregulate signal transduction pathways in macrophages, thus inactivating 

phagocytosis. CD47 has been shown to downregulate macrophages in various experiments in 

a species-specific manner by interaction with SIRPα expressed on the surface of macrophages 

(Ide et al., 2007, Tsai et al., 2008, Subramanian et al., 2006, Wang et al., 2007). However, no 

in vivo experiments that involve expression of isogenic CD47 on transplanted xenogeneic 

cells aiming to improve engraftment have been performed so far. This study mainly focuses 

on investigating possible protective effects in vitro and in vivo against murine macrophages 

by expressing mCD47 on human hepatic cells. 

 

Amplification of murine Cd47 from fetal mouse liver revealed the presence of two distinct 

isoforms of Cd47 (912 bp and 975 bp). The translated short isoform lacks a 21-amino acid 

extracytoplasmic extension located N-terminal of the multiple membrane spanning domain. 

The existence of a long isoform has been described earlier (Carninci and Hayashizaki, 1999). 

However, no function of the extension has yet been discovered (Brown and Frazier, 2001). 

One could imagine that the additional amino acid stretch may act as an extension arm to 

physically enable mCD47 to reach out for ligands, making mCD47 more flexible in its 

interaction with other cells. However, functional assays comparing the implications of 

recombinant mCD47 isoforms on proliferation, migration and macrophage inhibition may test 



Discussion 

115 

unique properties of the long mCD47 isoform. Chances are that the long isoform of mCD47 

may even play a more important role in the developmental stage of mouse embryos, as 

transcription levels in livers from mouse embryos are higher than in adult tissue. Similarly, 

long Cd47 was transcribed in the hepatoma cell line Hepa1.6, allowing to speculate about the 

need for long mCD47 in fast proliferating cells. 

The mCD47 isoform is unique in comparison to its human counterpart. Human CD47 is also 

expressed as various isoforms. However, they are characterised by the addition or deletion of 

amino acids at the cytoplasmic tail, thus modulating in cis signal transduction (Reinhold et al., 

1995). 

Transcription levels of total and long Cd47 were analysed by real-time PCR. In general, one 

has to take into account that readings were dependent on the blood content of harvested 

organs. CD47 has been shown to be highly expressed on red blood cells (Oldenburg et al., 

2000). To evaluate Cd47 transcription levels of organ tissues more specifically, tissues 

cleared from blood and erythrocytes should be used for analysis in future experiments. 

Interestingly, transcription levels were elevated also in the intestines. The intestines are 

considered as an active part of the immune system, fighting off ingested pathogens and 

foreign material. High levels of mCD47 expression in cells of the intestines may induce 

tolerance in cells of the immune system towards isogenic mCD47 but not xenogeneic CD47. 

This would be quite in accordance with previous observations suggesting that intestines are 

involved of the development of immune responses against foreign glycosylation patterns on 

pathogens and materials (Galili et al., 1993). 

The results indicate that long Cd47 was only transcribed to a minor extent. This confirms 

previous publications which describe the short Cd47 isoform as the “standard” one. However, 

no data have been published until now on transcription levels of long Cd47. This study 

reveals for the fist time that average transcription of long Cd47 is approximately 11 % of total 

Cd47 transcription in murine tissues. This finding was important in order include the proper 

CD47 isoform in subsequent phagocytotic assays and transplantation experiments with 

lentivirally transduced human cells. 

 

Lentiviral expression systems have proven to be a relatively safe and effective way to express 

recombinant proteins (Dull et al., 1998; Pauwels et al., 2009). They stably integrate into the 

genome of target cells and allow continuous expression of genes of interest in a broad range 

of human cells, including stem cells (Modlich et al., 2009). They are a promising tool in gene 

therapy of hepatocytes to correct hereditary diseases of the liver and have already been tested 
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in various clinical trials (Meyburg, et al., 2010; Nguyen et al., 2006; Ott et al., 2006). For this 

study, VSV-G pseudotyped lentiviral vectors were chosen to co-express mCD47 and eGFP in 

human cell lines and primary hepatocytes. Co-expression of eGFP allowed instant every-day 

identification of mCD47+ cells by immunofluorescence microscopy. However, to test actual 

expression of the gene of interest, newly transduced cell lines were screened for expression of 

mCD47 by the means of Western blot, FACS, real-time PCR and immunofluorescence 

staining. 

 

Western blot analysis demonstrated expression of the 50 kD mCD47 in transduced HepG2, 

HT1080 and transplanted human primary hepatocytes. Interestingly, expression of mCD47 

was most efficient in human hepatocytes and HT1080 while HepG2 cells transduced at a 

comparable MOI demonstrated weaker expression of mCD47. In addition, real-time PCR 

results demonstrated that less copy numbers of mCD47 were present in HepG2 compared 

with transduced hepatocytes. First of all, this indicated a generally reduced transcription of 

lentiviral genes in HepG2 cells that are put under control of a SFFV promoter. Secondly, 

HepG2 is a tumorous cell line with deregulated biochemical pathways with regards to DNA 

processing and protein assembly (Wilkening et al., 2003; Osna et al., 2003). 

As production of the lentivirally transduced gene is limited already on the first level, i.e. 

transcriptional activity, the author suggests that lentiviral transduction of proteins in HepG2 

may be limited due to restriction upstream of the translational machinery: Lentiviral gene 

production may be imperfect due to altered susceptibility of the cell line to infection by 

lentiviral particles. Just to mention a few, restricted integration into the genome of transfer 

genes, inadequate mRNA transcription and processing of lentiviral components may also 

contribute to inefficient lentiviral protein production. 

FACS data confirmed previous results that lentiviral gene transduction is efficient when cells 

are incubated for 24 hours with an MOI of 10 (Schambach et al, 2006). Transduced cells were 

analysed for mCD47 and eGFP expression and more than 80 % of cells showed expression of 

mCD47 at comparable eGFP levels. Transduced HepG2 cells demonstrated minor loss of 

mCD47 expression in comparison to transduced HT1080 cells, indicating that lentiviral gene 

transduction is dependent on the infected cell type. 

Real-time PCR using species-specific primers for CD47 turned out to be a highly efficient 

technique to discriminate transcription of endogenous human CD47 and lentivirally 

transduced Cd47. The use of real-time PCR may be a cost-efficient alternative to detect 
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protein production when species-specific antibodies are expensive, poor in quality or hardly 

available. 

Immunofluorescence staining of liver sections from transplanted animals was performed to 

measure sustainable expression of mCD47 in vivo after transplantation. Staining experiments 

showed membrane-bound staining of mCD47, indicating cell-membrane targeting of 

lentivirally expressed mCD47. The strong intensity of peripheral mCD47 compared to 

endogenous staining of murine hepatocytes indicates that mCD47 is expressed at high 

densities on the hepatocyte cell surface, thereby improving chances that encountering 

macrophages bind to mCD47 and detect the xenogeneic cells as “self”. 

 

While monitoring the eGFP-fluorescence of transduced cell lines, it became apparent that 

transduction with lentiviral vectors containing the transfer vector with integrated mCD47 

cDNA demonstrated strong eGFP expression. Quite in contrast, lentiviral vectors containing 

the control pSFFV-IRES-eGFP transfer vector (LV-IRES-eGFP) without any gene of interest 

showed lowered intensity of eGFP fluorescence in preliminary experiments. A possible 

explanation for the weak expression of eGFP in control cell lines transduced with LV-IRES-

eGFP lays in the design of the transfer vector initially used to transduce control cell lines. The 

transfer vector contains an internal ribosomal entry site (IRES) ahead of the eGFP sequence. 

Upon translation of the mRNA transcript, ribosomes bind to the SFFV promoter and the IRES 

sequence in parallel. Two separate amino acid chains are produced this way. In this case, 

binding of ribosomes to the IRES may be suppressed by steric limitations because of the 

proximity of the SFFV promoter. It became necessary to exchange the transfer vector 

containing the IRES sequence with a transfer vector designed only with SFFV and eGFP 

sequence in order to achieve efficient expression of eGFP (LV-eGFP). This was especially 

important for transplantation experiments where strong expression of fluorescent markers was 

necessary to detect transplanted cells. 

 

Earlier publications have demonstrated that CD47 together with integrins may act as an 

inhibitory G protein-coupled receptor in cis (Frazier et al., 1999; Green et al., 1999). 

Ultimately, inhibitory G protein may act inhibitory or stimulatory depending on function and 

cell linage (Stryer, 1995). By now, there is no evidence that the cytoplasmic tail of mCD47 

may interact with integrins expressed on the cell surface of human cells to generate a seven 

transmembrane domain receptor. However, if there was any proliferative effect by mCD47 

signalling in transplanted hepatocytes, this would have vast consequences on the repopulation 
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by human hepatocytes. On the one hand, excessive proliferation would pose the threat of the 

generation of tumours in repopulated livers. Secondly, increased repopulation could be falsely 

interpreted as an effect of macrophage downregulation by in trans signalling mediated by 

mCD47. On the contrary, inhibition of proliferation would greatly impair repopulation 

efficiencies, and one might assume that mCD47 does not inactivate macrophages. 

However, proliferation assays demonstrated in this work indicate that expression of mCD47 

does not trigger proliferation. Instead, HepG2 demonstrated a slight decline of proliferation 

when expressing mCD47. However, this may rather be an effect of protein overexpression in 

general, as the transcriptional and translational machinery are presumably pushed closer to 

their limits. The experiments were repeated with primary human hepatocytes using extended 

incubation times with EdU-containing medium. However, primary human hepatocytes 

demonstrated only insignificant EdU incorporation as primary hepatocytes do not proliferate 

in cell cultures (data not shown). 

The data of the in vitro assays does not allow any conclusions to foresee proliferation 

behaviour of primary human hepatocytes expressing mCD47. Human hepatocytes clusters in 

transplanted mice were analysed for differences in size and shape. However, no significant 

differences were found. 

 

The murine RAW264.7 macrophage cell line is a convenient and common cell line that allows 

research of murine macrophage responses in vitro. Nevertheless, they have never been used to 

investigate the effects mediated by mCD47. To investigate whether they are suitable for in 

vitro experiments involving the inactivating effect by mCD47, expression of murine SIRPα 

and mCD47 was tested by FACS analysis. mCD47 inhibits phagocytosis by interaction with 

SIRPα expressed on the surface of macrophages. Therefore, it was crucial to show expression 

of SIRPα in RAW264.7 macrophages to ensure that recognition of mCD47 on transduced cell 

lines was possible. FACS analysis clearly demonstrated that RAW264.7 macrophages highly 

express SIRPα.  

FACS analysis also showed surface exp ression of mCD47. If RAW264.7 macrophages 

derived from mCD47-/- mice, they would eventually exhibit tolerance against mCD47- non-

transduced cell lines and hepatocytes. In this case, xenogeneic mCD47- cells may be ignored 

and the anti-phagocytotic effect of mCD47 expressed on transduced cell lines would become 

irrelevant (Oldenburg et al., 2000). 

The results showed that RAW264.7 are suitable for in vitro experiments analysing the anti-

phagocytotic effect of mCD47. RAW264.7 macrophages were included in various contact and 
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phagocytotic assays to illustrate that CD47- are more readily engulfed and phagocytosed than 

CD47+ cell lines. 

 

The interaction between SIRPα and CD47 has been demonstrated to be species-specific at 

several occasions (Subramanian et al., 2006, Ide et al., 2007). In fact, Subramanian and co-

workers demonstrated that binding of murine SIRPα to murine mCD47 was 22-fold more 

efficient than binding to human CD47, indicating that efficient SIRPα-CD47 interaction is 

species-specific also in a human-mouse setting (Subramanian et al., 2006). 

Despite this, if binding did occur, there is little chance that the signal transduction is triggered 

because of the lack of homology in both proteins between species. The binding domains of 

SIRPα and CD47 are located within the extracytoplasmic part of the proteins. While the 

extracytoplasmic part of murine SIRPa shows 66 % homology with its human counterpart, 

murine mCD47 extracytoplasmic IgV-like domains demonstrates were only 63 % 

homologous to their human counterparts. The limited homology makes it rather unlikely that 

human CD47 may trigger tolerance against xenogeneic cells by interaction with SIRPα on 

murine macrophages.  

There is also the possibility that human CD47 binds to murine SIRPα but does not activate the 

SIRPα pathway. This would resemble the situation in a pig-human setting: Porcine CD47 has 

been shown to bind to human SIRPα. Nevertheless, porcine CD47 does no trigger 

dephosphorylation events in human macrophages, thus does not inhibit phagocytosis by 

human macrophages (Ide et al., 2007). 

The in vitro results clearly demonstrated that murine macrophages were attracted to human 

hepatic cells that do not express mCD47. Quite in contrast, mCD47+ cells were less contacted 

and phagocytosed by murine macrophages. This indicates that human cell lines may escape 

murine macrophages by expression of mCD47 and that endogenous expression of human 

CD47 is not sufficient for “self” recognition by macrophages. mCD47+ human cells are 

recognized as “self” upon binding of mSIRPα to mCD47 and macrophages de-attach in search 

for new xenogeneic cells. 

The contact index was a useful tool to quantify contact behaviour of murine macrophages. 

The percentage of macrophages having contact with HepG2 cells was interpreted as a way to 

express macrophage recognition in numbers. However, these observations posed the question 

whether macrophage recognition of mCD47 would also inhibit active phagocytosis of 

mCD47+ cells. 
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To address this question, time-lapse videos of fluorescence-labelled macrophages and HepG2 

cells expressing mCD47 or not were performed. The aim was to identify actual phagocytotic 

events and to quantify macrophage activity. More than double as many phagocytotic events 

were identified when macrophages were incubated with mCD47- HepG2 cells. This indicates 

that expression of mCD47 may in fact allow cells to evade phagocytosis by murine 

macrophages in a species-specific manner. This is consistent with earlier findings where 

expression of isogenic CD47 was able to trigger the SIRPα pathway to inhibit phagocytosis 

(Wang et al., 2007; Ide et al., 2007; Tsai et al., 2010). 

This is a substantial finding in the context of transplantation of human cells into 

immunodeficient mice. Murine macrophages may be directly inactivated by mCD47 

expressed on xenogeneic hepatocytes. Transplanted hepatocytes are confronted with 

macrophages not only in the blood stream directly after transplantation, but also when 

entering the liver parenchyma after migrating through the sinusoidal barrier of the liver 

(Joseph et al., 2006). However, mCD47 expression on human hepatocytes can inactivate 

macrophages, thereby reducing phagocytosis of hepatocytes and improving engraftment 

(Waern et al., 2012). 

Of course, this simple in vitro model cannot be compared with the complex surroundings 

transplanted cells encounter upon transplantation into mice. Macrophage activity is 

determined by a number of factors that are present within a body of live mice. Phagocytosis 

by macrophages is stimulated by the secretion of IFN-γ from other cells of the immune 

system (Fernandez et al., 1992; Li et al., 2007), which are absent in the in vitro model. The 

inhibitory effect of mCD47 may be overestimated in the in vitro model due to the lack of 

stimulatory effects. There is a chance that modulation of macrophage activity is lifted above a 

crucial threshold by co-stimulation of e.g. IFN-γ, triggering phagocytosis despite of 

expression of isogenic CD47. 

In addition, FACS experiments were performed to monitor the possible downregulation effect 

of macrophage activity markers CD86 when incubated with mCD47+ cells. However, data 

was inconsistent and did not allow any secure interpretation. In some experiments, the mean 

fluorescence index of dye labelled CD86 showed a decline of up to 15 %. However, no 

downshift of the total CD86+ population was seen. Moreover, immunoprecipitation assays 

tried to detect phosphorylation events on mSIRPα without any success. 

 

Summing up, the experiments were clearly able to demonstrate that expression of mCD47+ on 

target cells was able to downregulate macrophage activity. The assays were evaluated to be a 
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representative model in regards to transplantation experiments with xenogeneic cells. 

Xenogeneic cells would have the chance to evade phagocytosis by host macrophages if they 

expressed mCD47. Therefore, to test possible downregulation effects in vivo, human 

hepatocytes expressing mCD47 were transplanted into BALB Rag/γc uPA mice. 

 

Immunodeficient mice with the Rag/γc uPA mice background are a valuable tool to engraft 

human hepatocytes into a live animal model. The mice are characterised by severe liver 

damage, and human hepatocytes engraft after passage through the sinusoidal barrier (Heckel 

et al., 1990; Rhim et al., 1995; Mohammed et al., 2005; Joseph et al., 2006; Meuleman et al., 

2008). Previous reports studies have shown that depletion of murine macrophages with 

liposome-encapsulated clodronate in uPA with SCID background improves engraftment of 

human hepatocytes into the liver. However, this study also included treatment with anti-

thrombomodulin β-1 antibodies to inhibit NK cells (Morosan et al., 2006). In the BALB 

Rag/γc uPA mouse model, NK cells are absent and clearance of xenogeneic cells is solely 

mediated by macrophages (van Rijn et al., 2003; Shultz et al., 2007). Therefore, targeting of 

macrophages by manipulating surface expression on xenogeneic cells has been discussed as a 

promising approach to improve engraftment success. 

Furthermore, immunodeficient mice models with Il2rg mutations demonstrate higher 

engraftment than other immunodeficient mice mouse models, including the SCID mouse 

model (Shultz et al., 2007). The high engraftment efficiency makes the BALB Rag/γc uPA 

mouse model an ideal tool not only to monitor engraftment success in general, but also to 

compare long-term engraftment of a mixed population of human hepatocytes in a statistically 

representative manner. If engraftment rates were lower, comparable analysis of the 

engraftment of two different populations, i.e. mCD47+ and mCD47- human hepatocytes, 

would be based on a small number of engrafted human cell clusters. 

A protocol was established to efficiently and gently transduce cryopreserved human 

hepatocytes within a limited time frame (Nguyen et al., 2006). Thawed human hepatocytes 

are fragile and may undergo cell death upon vigorous and extended treatment before 

transplantation. Transplantation of human hepatocytes has proved efficient if approximately 

5*105 – 5*106 viable hepatocytes were transplanted (Haridass et al., 2009, Morosan et al., 

2006). It was therefore essential to measure cell viability upon transduction to include a 

sufficient number of human hepatocytes (Waern et al., 2012). 

BALB Rag/γc uPA mice were transplanted with a mixture of mCD47+/eGFP+ and non-

transduced mCD47-/GFP human hepatocytes. Control mice were transplanted with a mixture 
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of transduced GFP-only human hepatocytes and non-transduced hepatocytes. To investigate 

the capability of mCD47+ hepatocytes to engraft in BALB Rag/γc uPA mice, 

immunofluorescence staining of mouse liver sections was performed to identify mCD47+ 

human hepatocyte clusters 8 weeks after transplantation. The relative engraftment rates of 

mCD47+ clusters was determined and compared with initial transduction efficiencies upon 

transplantation to evaluate engraftment advantages of mCD47 + human hepatocytes. The 

results demonstrated that long-term engraftment of mCD47+ clusters doubled, suggesting a 

protective effect of mCD47 in vivo. This is consistent with the in vitro data previously 

described and presented in the first part of this work (Wang et al., 2007; Tsai et al., 2008). 

However, this is the first time that the protective effects of CD47 have been shown in vivo 

(Waern et al., 2012). 

The protective effect of mCD47 expression on human hepatocytes may be underestimated in 

this study. Previous data have described that efficient expression of lentivirally introduced 

proteins starts after 48 – 72 hours. However, transplantation of human hepatocytes occurs 4 

hours after first contact with lentiviral vehicles. Therefore, mCD47 will not be expressed in 

freshly transduced hepatocytes and most transplanted hepatocytes will be cleared from the 

blood stream. The advantageous effect of mCD47 described in this study may be purely the 

effect of mCD47 expressing hepatocytes that by chance have already penetrated through the 

sinusoidal barrier and settled down in the mouse liver parenchyma. The author of this work 

suggests that the protective effect of mCD47 would be increased if human hepatocytes 

actively express mCD47 when transplanted into mice.  

One also has to take into account that a human hepatocyte clusters do not necessarily arise 

from one single engrafted hepatocytes (monoclonality). In several sections, fused hepatocyte 

clusters deriving from multiple engrafted hepatocytes were found (oligoclonality). This is 

consistent with results from a recent publication where transplantation of multicolour-

transduced hepatocytes demonstrated that hepatocytes clusters are fused together from 

multiple single hepatocytes (Weber et al., 2011). 

In recent years, mouse models have been developed to engraft human lymphoid tissue 

enabling mice to mimic the human immune system (Ito et al., 2002; Traggiai et al., 2004; 

Shultz et al., 2005). It would be interesting to investigate the tolerance of introduced human 

immune cells against transplanted human cells transduced with mCD47+. Transplanted 

mCD47+ human cells may be tolerated because of the expression of endogenous hCD47 or be 

rejected because of the high-level expression of mCD47. Furthermore, the tolerance 

behaviour of the humanised immune system might alter if the haematopoietic stem cells, 
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which are responsible for the development of the humanised immune system, are transduced 

with mCD47. 

It is known that the level of humanisation reaches a plateau and may even decrease after a 

period of time (Sandgren et al, 1991). In respect to this study, mCD47+ and mCD47– 

hepatocytes may initially engraft at comparable levels. However, the expression of mCD47 

protects cells from phagocytosis from host macrophages. mCD47- hepatocytes/clusters may 

on a long-term basis become subject to attack by host macrophages, thus decreasing the 

number of mCD47- clusters in analysed liver sections. To evaluate the reactions of mCD47+ 

and mCD47- over time, one would have to monitor engraftment of human clusters at 2 weeks, 

4, weeks, 6 weeks and 8 weeks after transplantation. 

Human hepatocyte clusters integrate well into the murine livers and are capable of interacting 

with non-hepatic cells and the extracellular matrix of the mouse liver (Yoshizato & Tateno, 

2009). This may be true to some extent, and analysis of human hepatocyte clusters in BALB/c 

uPA mice demonstrated the relatively firm integration of clusters. However, at some 

locations, human hepatocyte clusters were disrupted exactly at the human-murine cell borders 

while performing sections. This indicates that integration of human hepatocyte clusters are not 

as well integrated as are mouse hepatocytes. Expression of ligands of the extracellular matrix 

may improve stable engraftment of human hepatocytes. 

Different immunodeficient mice have been used to engraft human hepatocytes into the mice 

liver. The results were greatly dependent on the mouse model used. uPA/RAG-2-knockout 

mice show repopulation efficiencies of about 95 % consistently. (Yoshizato & Tateno, 2009; 

Meuleman et al., 2005). NOD/Shi-scid/IL-2Rγc
null (NOG) mice demonstrated 80 % 

repopulation rate of the murine liver with human hepatocytes (Suemizu et al., 2008). 

In this study, BALB Rag/γc uPA mice were used to engraft human hepatocytes into the 

murine liver. Human albumin staining demonstrated that some liver lobes were repopulated 

with up to 90 % human hepatocytes. However, repopulation rates varied greatly between liver 

lobes and also between animals. This can be explained by the distribution of transplanted 

human hepatocytes in the blood stream when transplanted into the splenic vein. Parts of the 

liver which are initially reached by the blood stream will be well populated by human 

hepatocytes while others only get a minor portion of transplanted hepatocytes. This results in 

a high-level engraftment of some specific liver lobes while others are left out. 

Mouse models transgenic for uPA are subject to DNA rearrangement. This results in 

inactivation of the uPA transgene. Inactivation occurs only in single hepatocytes, which give 

rise to regenerative nodules that are able to repopulate the liver with healthy murine 
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hepatocytes (Sandgren et al., 1991). In this work, hepatocyte engraftment was highly variable: 

Some mice showed high engraftment while others had only sparsely engrafted human 

hepatocytes. This can be explained by variable levels of uPA transgene expression in different 

mice. In addition, elaborated surgical skills are needed to perform transplantation of uPA mice 

and engraftment success is also dependent of the surgical procedure.  

CD47 has also been suggested to facilitate xenotransplantation of animal organs into human 

due to the limited source of human donors. Organs from animals transgenic for human CD47 

could become available for xenotranplantation. However, rejection of the xenotransgrafts 

cannot be solely slowed down by the expression of isogenic CD47 on transplanted organs. 

Human patients would have to undergo intensive depletion of xenoreactive antibodies to 

inhibit attacks of the host immune system against the glycosylation patterns on xenogeneic 

organs (Shimizu et al., 2006). Furthermore, the introduction of xenotransplantation is met 

with great concern in ethical committees and national advisory boards that evaluate the safety 

of new medical approaches. By now, xenotranplantation has only been tested in a highly 

experimental setting and has never been introduced into clinical development. Transgenic 

expression of human CD47 in donor animals would additionally pose the question about the 

safety of organs that derive from transgenic animals. Transgene expression may modulate 

metabolism of the host system in a negative manner that cannot be foreseen. The development 

of xenotransplantation research in the next decades will allow a conclusion whether this is a 

real alternative to replace non-functioning organs in the human body. 

 

Outlook: 

This study reports that expression of isogenic CD47 greatly enhances long-term engraftment 

of human hepatocytes transplanted into mice. This may be relevant to improve humanised 

mouse models in order to investigate the mechanisms of specific diseases or novel drugs in a 

human environment. Some approaches need optimised long-term engraftment of hepatocytes 

to investigate the outcome in detail. Transplantation of mCD47+ human cells may be a step 

forward towards reaching a near-optimum engraftment in mice. Despite the fact that this 

study deals with human hepatocytes chances are good that isogenic expression of CD47 may 

also improve engraftment of other tissues. Haematopoietic stem cells may be suitable for 

isogenic CD47 expression with the aim to further improve the development of human immune 

system in mice. As CD47 plays an important role in the mechanisms of the immune system, 

expression of isogenic CD47 in human haematopoietic cells in mice may have further 
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advantages in the context of generating cross-specific tolerance. However, due to the 

numerous and complex interactions of CD47, the final outcome cannot be predicted. 

Overall, CD47 demonstrates a great potential to greatly enhance the development of 

humanised mouse models. Further research involving expression of isogenic CD47 in cell of 

the haematopoietic system needs to be conducted to investigate the full function of CD47. 

 



Literature 

126 

6. Literature 
 
Abosh, A., and Lagenaur, C., 1993, Sensitivity of neurite outgrowth to microfilament 
disruption varies with adhesion molecule substrate., J. Neurobiol. 24, 344-355 
 
Adams, J., and Lawler, J., 1993, Extracellular matrix: the thrombospondin family. Curr. Biol. 
3, 188-190 
 
Anstee, D.J. and Tanner, M.J., 1993 Biochemical aspects of the blood group Rh (rhesus) 
antigens. Bailliere's Clin. Haematol. 6, 401–422 
 
Armant, M., M. Rubio, G. Delespesse, and M. Sarfati., 1995. Soluble CD23 directly activates 
monocytes to contribute to the Ag-independent stimulation of resting T cells. J. Immunol. 
155: 4868-4875 
 
Armant, M., Avice, M., Hermann, P., Rubio, M., Kiniwa, M., Delespesse, G., Sarfati, M., 
1999, CD47 Ligation selectively downregulates human interleukin 12 production. J. Exp. 
Med. 190, 8, 1175-1181 
 
Bailey, L.L., Nehslen-Cannarella, S.L., Concepcion, W., Jolley, W.B., 1985, Baboon-to-
human cardiac xenotransplantation in a neonate. JAMA 254, 3321 
 
Brown, E.J. Hooper, L., Ho, T., Gresham H., 1990 Integrin-associated protein: a 50-kD 
plasma membrane antigen physically and functionally associated with integrins. J. Cell Biol. 
111, 2785–2794 
 
Bosma, G.C., Custer, R.P., Bosma M.J., 1983 A Severe Combined Immunodeficiency 
Mutation in the Mouse. Nature 301, 527-530 
 
Brown, E.J., Frazier, W.A., 2001 Integrin-associated protein (CD47) and its ligands, Trends in 
Cell Biology 11¸130-135 
 
Camacho, R.E., Wnek, R., Shah, K., Zaller, D.M., O'Reilly, R.J., Collins, N., Fitzgerald-
Bocarsly, P., Koo, G.C., 2004, Intra-thymic/splenic engraftment of human T cells in HLA-
DR1 transgenic NOD/Scid mice. Cell Immunol. 232, 86-95 
 
Cantz, T., Zuckermann, D.M., Burda, M.R., Dandri, M., Goricke, B., Thalhammer, S., Heckl, 
W.M., Manns, M.P., Peteresn, J., Ott, M., 2003, Quantitave gene expression analysis reveals 
transition offetal liver progenitor cells ito mature hepatocytes after transplantation in 
uPA/Rag-2 mice. Am J Pathol 162 37-45 
 
Cao, X., Shores,. E.W., Hu-Li,. J., Anver, M.R., Kelsail, B.L., Russell, S.M., Drago, J., 
Noguchi, M., Grinberg, A.,Bloom, E.T., Paul, W.E., Katz, SE., Love, P.E., Leonard, W.J., 
1995, Defective lymphoid development in mice lacking expression of the common cytokine 
receptor γ-chain. Immunity 2, 223–238 
 
Choi, J.Y., Lee, J., Lee, J., Kim, J.H., Chang H.C, Chung, D.K., Cho, S.K., Lee, H.J., 2002, 
Expression of the galactokinase gene (galK) from Lactococcus lactis ssp. lactis ATCC7962 in 
Escherichia coli, J. Microbiology 40, 156-160 
 



Literature 

127 

Christianson. S.W., Greiner, D.L., Schweitzer, I.B., Gott, B., Beamer, G.L., Schweitzer, P.A., 
Hesselton, R.M., Shultz, L.D., 1996 Role of natural killer cells on engraftment of human 
lymphoid cells and on metastasis of human T-lymphoblastoid leukemia cells in C57BL/6J-
scid mice and in C57BL/6J-scid bg mice. Cell. Immunol. 171, 186–199 
 
Chuang, W., and Lagenaur, C.F., 1990, Central nervous system antigen P84 can serve as a 
substrate for neurite outgrowth. Dev Biol 137, 219-232 
 
Chung, J., Wang, X.Q., Lindberg, F.P., Frazier, W.A., 1997, Thrombospondin acts via 
integrin-associated protein to activate the platelet integrin αIIbβ3. J. Biol. Chem. 272, 14740–
14746 
 
Chung, J., Wang, X.Q., Lindberg, F.P., Frazier, W.A., 1999, Thrombospondin-1 acts via 
CD47/CD47 to synergize with collagen in α2β1-mediated platelet activation. Blood 94, 642–
648 
 
Cooke, M.J., Stokjovic, M. & Przyborski, S.A., 2006, Growth of teratomas derived from 
human pluripotent stem cells is influenced by the graft site. Stem Cells Dev 15, 254-259 
 
Darlington, G.J., 1987, Liver cell lines, Methods Enzymol. 151, 19-38 
 
Davila, E., Byrne, G.W., LaBreche, P.T., McGregor, H.C., Schwab, A.K., Davies, W.R., Rao, 
V.P., Oi, K., Tazelaar, H.D., Logan, J.S., McGregor, C.G., 2006, T-cell responses during pig-
to-primate xenotransplantation. Xenotransplantation 143, 31-40 
 
Davis, L.S., Sackler, M., Brezinschek, R.I., Lightfoot, E., Bailey, J.L., Oppenheimer-Marks, 
N., Lipsky, P.E., 2002, Inflammation, immune reactivity, and angiogenesis in a severe 
combined immunodeficiency model of rheumatoid arthritis. Am J. Pathol. 160, 357-367  
 
Deschamps, J-y., Roux, F.A., Sai, P., Gouin, E., 2005, History of xenotransplantation. 
Xenotransplantation 12, 91-109 
 
DiSanto, J. P., Muller, W., Guy-Grand, D., Fischer, A. & Rajewsky, K. 1995 Lymphoid 
development in mice with a targeted deletion of the interleukin 2 receptor γ-chain. Proc. Natl. 
Acad. Sci. USA 92, 377–381 
 
Duff, T., Zufferey, R., Kelly, M., Mandel, R.J., Nguyen, M., Trono, D., Naldini, L., 1998, A 
third generation Lentivirus with a Conditional Packaging System. J. Virol. 8463-8471 
 
Elgood, C., 1966 Safavid surgery. In Analecta Medicao-Historica. Oxford: Pergamon Press 
 
Frazier, W.A, Prater, C.A., Jaye, D., and Kosfeld, M.D., 1993, in Thrombospondin (Lahav, J., 
ed) 91-109, CRC Press, Boca Raton, FL 
 
Frazier, W.A. Gao, A.G., Dimitry, J., Chung, J., Brown, E.J., Lindberg, F.P., Linder, M.E., 
1999, The thrombospondin receptor integrin-associated protein (CD47) functionally couples 
to heterotrimeric Gi. J. Biol. Chem. 274, 8554–8560 
 
Galili, U., 1993, Interaction of the natural anti-Gal antibody with α-galactosyl epitopes: a 
major obstacle in xenotransplantation. Immunol. Today 14, 480-482 
 



Literature 

128 

Gao, A-G. and Frazier, W.A., 1994, Identification of a receptor candidate for the carboxyl-
terminal cell binding domain of thrombospondins. J. Biol. Chem. 269, 29650–29657 
 
Gao, A-G., Lindberg, F.P., Dimitry, J.M., Brown, E.J., Frazier, W.A., 1996, Thrombospondin 
modulates αvβ3 function through integrin- associated protein. J. Cell Biol. 135, 533–544 
 
Goodmann, D.J., Millan, M.T., Ferran, C., Bach, F.H., 199, in Xenotransplantation: The 
transplantation of organs and tissues between species. Springer, Heidelberg, Eds Cooper, 
D.K.C., Kemp, E., Platt, J.L., White, D.J.G., 77-94 
 
Gollackner, B. Goh, S.K., Qawi, I., Buhler, L., Knosalla, C., Daniel, S., Kaczmarek, E., 
Awwad, M., Cooper, D.K., Robson, S.C., 2004, Acute vascular rejection of xenografts: roles 
of natural and elicited xenoreactive antibodies in activation of vascular endothelial cells and 
induction of procoagulant activity. Transplantation 77, 1735–1741 
 
Graham, F.L., Smiley, J., Russell, W.C., Nairn, R., 1977, Characteristics of a human cell line 
transformed by DNA from human adenovirus type 5, J. Gen. Virol. 36, , pp. 59-74 
 
Gresham, H.D., B.M. Dale, J.W. Potter, P.W. Chang, C.M., Vines, C.A. Lowell, C.F. 
Lagenaur, and C.L. Willman., 2000, Negative regulation of phagocytosis in murine 
macrophages by the Src kinase family member Fgr. J. Exp. Med. 191:515–528. 
 
Green, J.M., Zhelesnyak, A., Chung, J., Lindberg, F.P., Sarfati, M., Frazier, W.A., Brown, 
E.J., 1999, Role of cholesterol in formation and function of a signaling complex involving 
αvβ3, integrin associated protein (CD47) and heterotrimeric G proteins. J. Cell Biol. 146, 
673–682 
 
Greenberg, S., Chang, P., Silverstein, S.C., 1994, Tyrosine phosphorylation of the gamma 
subunit of Fc gamma receptors, p72syk, and paxillin during Fc receptor-mediated 
phagocytosis in macrophages. J. Biol. Chem. 269: 3897–3902 
 
Haridass, D., Narain, N., Ott, M., 2008 Hepatocyte transplantation: Waiting for stem cells. 
Curr Opin Organ Transplant 13, 627-632 
 
Heckel , J.L., Sandgren, E.P., Dege, J.L., 1990, Palmiter, R.D., Brinster, R.L., Neonatal 
bleeding in transgenic mice expressing urokinase-type plasminogen activator. Cell 62, 447-
456 
 
Hesselton, R.M,, Greiner, D.L., Mordes, J.P., Rajan, T.V., Sullivan, J.L., Shultz, L.D., 1995 

High levels of human peripheral blood mononuclear cell engraftment and enhanced 
susceptibility to HIV-1 infection in NOD/LtSz-scid/scid mice. J. Infect. Dis. 172, 774–782 
 
Jiang, P., Lagenaur, C.F., Narayanan, V., 1999, Integrin-associated protein is a ligand for the 
p84 neural adhesion molecule. J Biol. Chem. 274, 559-562 
 
Ide, K., Wang, H., Tahara, H., Lio, J., Wang, X., Asahara, T., Sykes, M., Yang, Y., Ohdan, 
H., 2006, Role for CD47-SIRPα signalling in xenograft rejection by macrophages. PNAS 104, 
5062-5066 
 



Literature 

129 

Isenberg, J.S., Romeo, M.J., Abu-Asab, M., Tsokos, M., Oldenborg, A., Pappan, L., Wink, 
D.A., Frazier, W.A., Roberts, D.D., 2007, Increasing survival of ischemic tissue by targeting 
CD47. Circ. Res. 100:712-20 
 
Isenberg, J.S., Pappan, L.K., Romeo, M.J., Abu-Asab, M., Tsokos, M., Wink, D.A., Frazier, 
W.A., Roberts, D.D., 2008, Blockade of thrombospondin-1-CD47 interactions prevents 
necrosis of full thickness skin grafts. Ann. Surg. 247 (1):180-90 
 
Isenberg, J.S., Romeo, M.J., Maxhimer, J.B., Smedley, J., Frazier, W.A., Roberts, D.D., 2008, 
Gene silencing of CD47 and antibody ligation of thrombospondin-1 enhance ischemic tissue 
survival in a porcine model: implications for human disease. Ann. Surg. 247(5):860-8 
 
Isenberg, J.S., Roberts, D.D. Frazier, W.A., 2008, CD47: A new target in cardiovascular 
therapy, Arteriosclerosis, Thrombosis, and Vascular Biology 28, 615-621 
 
Ishikawa, F. Yasukawa, M., Lyons, B., Yoshida, S., Miyamoto, T., Yoshimoto, G., Watanabe, 
T., Akashi, K., Shultz, L.D., Harada, M., 2005, Development of functional human blood and 
immune system in NOD/SCID/IL2 receptor γ-chainnull mice. Blood 106 1565-1573 
 
Ito, M., Hiramatsu, H., Kobayashi, K., Suzue, K., Kawahata, M., Hioki, K., Ueyama, Y., 
Koyanagi, Y., Sugamura, K., Tsuji, K., Heike, T., Nakahata, T., 2002, NOD/SCID/γc

null mice : 
an excellent recipient mouse model for engraftment of human cells. Blood 100, 3175-3182 
 
Joseph, B., Kumaran, V., Berishvili, E., Bhargave, K., Palestro C., Gupta, S., 2006, 
Monocrotaline promotes transplanted cell engraftment and advances liver repopulation in rats 
via liver conditioning. Hepatology 44, 1411-1420 

 
Kessler, D.P., Englesberg, E., 1969, Arabinose-leucine deletion mutants of Escherichia coli 
B/r, J Bacteriology 98, 1159-1169 
 
Kharitenkow, A., Chen, Z., Sures, I., Wang, H., Schilling, J., Ullrich, A., 1997, A family of 
proteins that inhibit signalling through tyrosine kinase receptors. Nature 386, 181-186 
 
Kosfeld, M.D. and Frazier, W.A., 1993, Identification of a new cell adhesion motif in two 
homologous peptides from the COOH-terminal cell binding domain of human 
thrombospondin. J. Biol. Chem. 268, 8808–8814 
 
Kuo, T.K., Hung, S.P., Chuang, C.H., Chen, C.T., Shih, Y.R., Fang, S.C., Yang, V.W., Lee, 
O.K., 2008, Stem cell therapy for liver disease: parameters governing the success of using 
bone marrow mesenchymal stem cells. Gastroenterology 134, 2111-2121 
 
Kuwaki, K., Tseng, Y.L., Dor, F.J., Shimizu, A., Houser, S.L., Sanderson, T.M., Lancos, C.J., 
Prabharasuth, D.D., Cheng, J., Moran, K., Hisashi, Y., Mueller, N., Yamada, K., Greenstein, 
J.L., Hawley, R.J., Patience, C., Awwad, M., Fishman, J.A., Robson, S.C., Schuurman, H.J., 
Sachs, D.H., Cooper, D.K., 2005, Heart transplantation in baboons using alpha1,3-
galactosyltransferase gene-knockout pigs as donors: Initial experience. Nat. Med. 11:29-31.  
 
Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M., Dohse, M., Osborne, L., Wang, X., 
Finegold, M., Weissman, I.L., Grompe, M., 2000, Purified hematopoietic stem cells can 
differentiate into hepatocytes in vivo. Nat. Med, 6, 1229-1234 
 



Literature 

130 

Lawler, J., and Hynes, R.O., 1989, An integrin receptor on normal and thrombasthenic 
platelets that binds thrombospondin. Blood 74, 2022-2027 
 
Lieber, A., He, C.Y., Kay, M.A., 1997, Adenoviral preterminal protein stabilizes mini-
adenoviral genomes in vitro and in vivo, Nat. Biotechnol. 15(13):1383-7 

 
Lindberg, F.P., Gresham, H.D., Schwarz, E., Brown, E.J., 1993, Molecular cloning of 
Integrin-Associated Protein: an immunoglobulin family member with multiple membrane 
spanning domains implicated in αvβ3-dependent ligand binding. J. Cell Biol. 123, 485–496 
 
Lindberg, F.P., Lublin, D.M., Telen, M.J., Veile, R.A., Miller, Y.E., Donis-Keller, H., Brown, 
E.J., 1994, Rh-related antigen CD47 is the signal-transducer integrin associated protein. J. 
Biol. Chem. 269, 1567–1570 
 
Li, S., Yan, Y., Lin, Y., Bullens, D.M., Rutgeerts, O., Goebels, J., Segers, C., Boon, L., 
Kasran, A., De Vos, R., Dewolf-Peeters, C., Waer, M., Billiau, A.D., 2007 Rapidly induced, 
T-independent xenoantibody production is mediated by the marginal zone B cells and requires 
help from natural killer cells. Blood 110, 3926-3935 
 
Lilienfeld, B.G., Garcia-Borges, C., Crew, M.D., Seebach, J.D., 2006, Porcine UL16-binding 
protein 1 expressed on the surface of endothelial cells triggers human NK cytotoxicity 
through NKG2D. J. Immun. 177, 2146-2152 
 
Lindberg, F.P., Gresham, H.D., Reinhold, M.I., Brown, E.J., 1996 Integrin-associated protein 
immunoglobulin domain is necessary for efficient vitronectin bead binding. J. Cell Biol., 134, 
1313–1322 
 
Lindberg, F.P., D.C. Bullard, T.E. Caver, H.D. Gresham, A.L. Beaudet, and E.J. Brown., 
1996, Decreased resistance to bacterial infection and granulocyte defects in IAP-deficient 
mice. Science 274:795-798 
 
Lütgehetmann, M., Volz, T., Köpke, A., Broja, T., Tigges, E., Lohse, A.W., Fuchs, E., 
Murray, J.M., Petersen, J., Dandri, M. , 2010, In vivo proliferation of hepadnavirus-infected 
hepatocytes induces loss of covalently closed circular DNA in mice. Hepatology 52, 16-24 
 
Ma, N., Ladilov, Y., Kaminski, A., Piechaczek, C., Choi, Y.H., Li, W., Steinhoff, G., Stamm, 
C., 2006, Umbilical cord blood cell transplantation for myocardial regeneration. Transplant 
Proc. 38, 771-773 
 
Manual for TOPO TA Cloning® Kit for Sequencing (Invitrogen), version O, April 2006 
 
Manual for peqGOLD Plasmid Miniprep Kit I (Peqlab), version V0111 
 
Manual for RNeasy® Mini Kit from Qiagen. Total RNA extraction 
 
Manual for Nucleobond® Xtra Midi: Midi-preparation (Machery & Nagel) 
 
Manual for Nucleobond® PC2000: Mega-preparation (Machery & Nagel) 
 
Manual for Nucleospin Exrtact II: gel extraction (Machery & Nagel) 



Literature 

131 

Martin, A., Kimura, H., Thung, S., Fong, P., Shultz, L.D., Davies, T.F., 1992, 
Characterisation of long-term human thyroid peroxidase autoantibody secreation in scid mice 
transplanted with lymphocytes from patients with autoimmune thyroiditis. Int. Arch. Allergy 
Immunol. 98, 317-323  
 
Matsumura, T., Kametani, Y., Ando, K., Hirano, Y., Katano, I., Ito, R., Shiina, M., 
Tsukamoto, H., Saito, Y., Tokuda, Y., Kato, S., Ito, M., Motoyoshi, K., Habu, S., 2006, 
Functional CD5+ B cells develop predominantly in the spleen of NOD/SCID/γcnull (NOG) 
mice transplanted either with human umbilical cord blood, bone marrow or mobilized 
peripheral blood CD34+ cells. Exp. Hematol. 31, 789-797 
 
McCune, J., Kaneshima, H., Krowka, J., Namikawa, R., Outzen, H., Peault, B., Rabin, L., 
Shih, C.C., Yee, E., Lieberman, M., et al., 1991, The SCID-hu mouse: a small animal model 
for HIV infection and pathogenesis. Annu. Rev. Immunol. 9, 399-429 
 
Meulemann, P. & Leroux-Roels, G., 2008, The human liver-uPA-SCID mouse: A model for 
the evaluation of antiviral compounds against HBV and HCV. Antiviral research 80, 231-238 
 
Meulemann, P., Libbrecht, L. De Vos, R., de Hemptinne, B., Gevaert, K., Vandekerckhove, 
J., Roskams, T., Leroux-Roels, G., 2006 Morphological and biochemical characterization of a 
humanized liver in a uPA-SCID mouse chimera. Hepatology 41, 847-856 
 
Meyburg, J., Hoffmann G.F., 2010, Liver, liver cell and stem cell transplantation for the 
treatment of urea cycle defects. Mol Genet Metab. 100 77-83 
 
Meyburg, J., Das, A.M., Hoerster, F., Lindner, M., Kriegbaum, H., Engelmann, G., Schmidt, 
J., Ott, M., Pettenazzo, A., Luecke, T., Bertram, H., Hoffmann, G.F., Burlina, A., 2009, One 
liver for four children: first clinical series of liver cell transplantation for severe neonatal urea 
cycle defects. Transplantation 15 636-641 
 
Meyburg, J., Hoffmann G.F., 2008, Liver cell transplantation for the treatment of inborn 
errors of metabolism. J Inherit Metab. Dis ePub only 

 
Modlich, U., Schambach, A., Li, Z., Schiedlmeier, 2009, Murine hematopoietic stem cell 
transduction using retroviral vectors. Methods in Molecular Biology, Methods and Protocols, 
506, 23-31 
 
Mohammed, F.F., Pennington, C.J., Kassiri, Z., Rubin, J.S., Soloway, P.D., Ruther, U., 
Edwards, D.R., Khokha, R., 2005, Metalloproteinase inhibitor TIMP-1 affects hepatocyte cell 
cycle via HGF activation in murine liver regeneration. Hepatology 41, 857-867 
 
Mombaerts, P., Iacomini, J., Johnson, R.S., Herrup, K., Tonegawa, S., Papaioannou, V.E., 
1992, RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68, 869–877 
 
Morosan, S., Hez-Deoubaix, S., Lunel, F., Renia, L., Giannini, C., van Rooijen, N., Battaglia, 
S., Blanc, C., Eling, W., Sauerwein, R., Hannoun, L., Belghiti, J.,Brechot, C., Kremsdorf, D., 
Druilhe, P., 2006, Liver-stage development of Plasmodium falciparum, in a humanised mouse 
model. Journal of infectious diseases 193, 996-1004 
 
Morris, P.J., 2004, Transplantation – A medical miracle of the 20th Century. N Engl. J. Med., 
351, (26), 2678-2680 



Literature 

132 

Munoz Ferndandez, M.A.: Fernandez, M.A., Fresno M., 1992, Synergism between tumor 
necrosis factor-α and interferon –γ on macrophage activation for the killing of of intracellular 
Trypanosoma crusi trough a nitric-oxide-dependent mechanism. Eur. J. Immunol. 22, 301-307 
 
Nguyen, T.H., Birraux, J., Wildhaber, B., Myara, A., Trivin, F., Coultre,C., Trono, D., 
Chardot, C., 2006, Ex vivo transduction and immediate transplantation of uncultured 
hepatocytes for treating hyperbilirubinemic gunn rat. Exp. Transplant. 82, 794-803 
 
Okazawa, H., Motegi, S., Ohyama, N., Ohnishi, H., Tomizawa, T., Kaneko, Y., Oldenburg, 
P., Ishikawa, O., Matozaki, T., 2005, Negative regulation of phagocytosis in macrophages by 
the CD47-SHPS-1 System. J. Immun. 174, 2004-2011 
 
Oldenborg, P.A., Zheleznyak, A., Fang, Y.-F. LAgenaur, C.F., Gresham, H.D., Lindberg, 
F.P., 2000, Role of CD47 as marker of self on red blood cells, Science 288, 2051-2053 
 
Osna, N., Clemenss, D., Donohue. T., 2003 Interferon gamma enhances proteasome activity 
in recombinant HepG2 cells that express cytochrome P4502E1: Modulation by ethanol. 
Biochemical Pharmacology 66, 697-710 
 
Ott, M., Schneider, A., Attaran, M., Manns, M.P., 2006, Transplantation of hepatocytes in 
liver failure, Prinzip & Perspektive, 888-891 
 
Ott, M., 2008, A symphony of techniques for liver cell therapy, only applicable to rats?. J. 
Hep. 49, 6-8 
 
Ott, M.G., Schmidt, M., Schwarzwälder, K., Stein, S., Siler, U., Koehl, U., Glimm, H., 
Kühlcke, K., Schilz, A., Kunkel, H., Naundorf, S., Brinkmann, A., Deichmann, A., Fischer, 
M., Ball, C., Pilz, I., Dunbar, C., Du, Y., Jenkins, N.A., Copeland, N.G., Lüthi, U., Hassan, 
M., Thrasher, A.J., Hoelzer, D., von Kalle, C., Seger, R., Grez, M., 2006, Correction of X-
linked chronic granulomatous disease by gene therapy, augmented by insertional activation of 
MDS1-EVI1, PRDM16 or SETBP1. Nature Medicine, 12 (4), 401-409 
 
Pauwels, K., Gijsbers, R., Toelen, J., Schambach, A., Willard-Gallo, K., Verheust, C., 
Debyser, Z., Herman, P., 2009, State of the art lentiviral vectors for research use: risk 
assessment and biosafety recommendations. Current Gene Therapy 9, 459-474 
 
Pauwelyn, K.A. & Vefaille, C.M., 2006, Transplantation of undifferentiated, bone marrow-
dervied stem cells. Curr. Top. Dev. Biol. 74, 201-251 
 
Petersen, B.E., Bowen, W.C., Patrene, K.D., Mars, W.M., Sullivan, A.K., Murase, N., Boggs, 
S.S., Greenberger, J.S., Goff, J.P., 1999, Bone marrow as a potential source of hepatic oval 
cells. Science, 284, 1168-1170 
 
Petersen, J., Dandri, M., Mier, W., Lütgehetmann, M., Volz, T., von Weizsäcker, F., 
Haberkorn, U., Fischer, L., Pollok, J.M., Erbes, B., Seitz, S., Urban, S., 2008, Prevention of 
hepatitis B virus infection in vivo by entry inhibitors derived from the large envelope protein. 
Nat. Biotechnol. 26, 335-341 
 
Platt, N., da Silva, R.P. & Gordon, S., 1998, Recognizing death: the phagocytosis of apoptotic 
cells. Trends Cell. Biol. 8, 365–372 
 



Literature 

133 

Priebe, G.P., Dean, C.R., Zaidi, T., Meluleni,G.J., Coleman, F.T., Coutinho, Y.S., Noto, M.J.,  
Urban, T.A., Pier, G.B., Goldberg, J.B., 2004, The galU ene of Pseudomonas aeruginosa is 
required for corneal infection and efficient systemic spread following pneumonia but not for 
infection confined to the lung, Infection and Immunity 72, 4224-4232 
 
Raschke, W., Baird, S., Ralph,P., Nakoinz, I., 1978, Functional Macrophage Cell Lines 
Transformed by Abelson Leukemia Virus, Cell 15, 261-267 
 
Rasheed, S., Nelson-Reesh, W.A., Toth, E., Arnstein, P., Gardener, M., 1972, 
Characterization of a newly derived human sarcoma cell line (HT-1080), Cancer 33, 1027-
1033 
 
Reemtsma, K., McCracken B.H., Schlegel, J.U., 1964, Heterotransplantation of the kidney: 
Two identical experiences. Science 143: 700 
 
Reinhold, M.I., Lindberg, F.P., Plas. D., Reynolds, S., Peters, M.G., Brown, E.J., 1995, In 

vivo expression of alternatively spliced forms of integrin-associated protein (Cd47). J. Cell 
Sci. 108, 3419–3425 
 
Reinhold, M.I., Lindberg, F.P., Kersh, G.J., Allen, P.M., Brown, E.J., 1997, Costimulation of 
T cell activation by integrin-associated protein (CD47) is an adhesion-dependent, CD28 
signalling pathway. J. Exp. Med., 185, 1-11 
 
Reya, T., Morrison, S.J., Clarke M.F., Weissman, I.L., 2001, Stem cells, cancer and cancer 
stem cells. Nature 414, 105-111 
 
Rhim, J.A., Sandgren E.P., Palmiter R.D. et al., 1995, Complete reconstitution of mouse liver 
with xenogeneic hepatocytes. Proc. Nat. Acad. Sci USA 92, 4942-4946 
 
van Rijn, R.S., Simonetti, E.R., Hagenbeek, A., Hogenes, M.C., de Weger, R.A., Canninga-
van Dijk, M.R., Weijer, K., Spits, H., Storm, G., van Bloois, L., Rijkers, G., Martens, A.C., 
Ebeling, S.B., 2003, A new xenograft model for graftversus-host disease by intravenous 
transfer of human peripheral blood mononuclear cells in Rag2–/–γc–/– double-mutant mice. 
Blood 102, 2522–2531 
 
Rinaldi, E., 1987, The first homoplastic limb transplant according to the legend of Saint 
Cosmas and Saint Damian. Ital. J. Orthop. Traumatol. 13, 393 
 
Sahin, M.B., Scharzt, R.E., Buckley, S.M., Heremans Y, Chase, L., Hu ,W.S., Verfaillie, 
C.M., 2008, Isolation and characterization of a novel population of progenitor cells from 
unmanipulated rat liver. Liver Transplantation, 14, 333-345 
 
Sambrook, J., Fritsch, E.F., Maniatis, T., 1989, Molecular Cloning, A Laboratory Manual, 
2nd ed., Cold Spring Harbor, Laboratory Press (Plainview, NY), pp. 1.8-1.9, 1.85-1.86, 4.7-
4.12 
 
Sandgren, E.P., Palmiter, R. D., Heckel, J.L., Daugherty, C.C., Brinster, R.L., Degen, J.L., 
1991, Complete hepatic regeneration after somatic deletion of an albumin-plasminogen 
activator transgene. Cell 66, 245-256 
 



Literature 

134 

Sandhu, J.S, Petkov, P.M., Dabeva, M.D., Sharitz, D.A., 2001, Stem cell properties and 
repopulation of the rat liver by fetal liver epithelail progenitor cells. Am J PAthol 159, 1323-
1334 
 
Sayed, M., H., Carpenter, C.B, 2004, Transplantation 50 years later - progress, challenges, 
and Promises. N. Engl. J. Med. 351 (26), 2761-2766 
 
Schambach, A., Galla, M., Modlich, U., Will, E., Chandra, S., Reeves, L., Colbert, M., 
Williams, D, v Kalle, C., Baum, C., 2006, Lentiviral vectors pseudotyped with murine 
ecotropic envelope: Increased biosafety and convenience in preclinical research. Experimental 
Hematology 34, 588-592  
 
Schneider, A., Attaran, M., Meier, P.N., Strassburg, C., Manns, M.P., Ott, M., Barthold, M., 
Arseniev, L., Becker, T., Panning, B., 2006, Hepatocyte transplantation in an acute liver 
failure due to mushroom poisoning. Transplantation 82, 1115-1116 
 
Schneider, M., Seebach, J., 2008, Current cellular innate immune hurdles in pig-to-primate 
xenotransplantation. Xenotransplantation 13, 171-177 
 
Schulte, E.J., Rogiers, X., Robosn, S.C., 2001, Molecular incompatibilities in hemostasis 
between swine and men – impact on xenografting. Ann. Transplant. 6, 12-16 
 
Schuurmann, H.J., Cheng, J., Lam, T., 2003, Pathology of xenograft rejection: a commentary. 
Xenotransplantation 10, 293-299 
 
Seebach, J.D., Comrack, C., Germana, S., LeGuern, C., Sachs, D.H., DerSimonian, H., 1997, 
HLA-Cw3 expression on porcine endothelial cells protects against xenogeneic cytotoxicity 
mediated by a subset of human NK cells. J. Immunol., 159, 3655-61 

 
Shaw, G., Morse, S., Ararat, M., Graham, F.L., 2002, Preferential transformation of human 
neuronal cells by human adenoviruses and the origin of HEK 293 Cells, FASEB J 16, 869-
871 

 
Shultz, L.D., Schweitzer, P.A., Christianson, S.W., Gott, B., Schweitzer, I.B., Tennent, B., 
McKenna, S., Mobraaten, L., Rajan, T.V., Greiner, D.L., 1995, Multiple defects in innate and 
adaptive immunologic function in NOD/LtSz-scid mice. J. Immunol. 154, 180–191 
 
Shultz, Lyons, B.L., Burzenski, L.M., Gott, B., Chen, X., Chaleff, S., Kotb, M., Gillies, S.D., 
King, M., Mangada, J., Greiner, D.L., Handgretinger, R., 2005, Human lymphoid and 
myeloid cell development in NOD/LtSz-scid IL”rgnull mice engrafted with mobilized human 
hematopoietic stem cells J. Immun. 174, 6477-6489 

 
Shultz, L.D., Ishikawa, F., Greiner, D.L., 2007, Humanized Mice in Translational Biomedical 
Research, Nature Reviews 7, 118-130 
 
Singer, J., Barbier, C., Short, S., 1985, Identification of the Escherichia coli deoR and cytR 
gene products, J. Bact. 163 1095-1100 
 
Strom, S.C., Chowdhury, J.R., Fox, I.J., 1999, Hepatocyte Transplantation for the treatment 
of human disease. Semin Liver Dis, 19, 39-48 
 



Literature 

135 

Stryer, L., 1995, Biochemistry, 4th edition, Spektrum Akademischer Verlag, Heidelberg, 
Berlin, Oxford 
 
Subramanian, S., Parthasarathy, R., Sen, S., Boder, E., Discher, D., 2006, Species- and cell 
type specific interactions between CD47 and SIRPα, Blood 107, 2548-2556 
 
Suemizu, H., Hasegwawa, M., Kawai, K. et al., 2008, Establoishment of a humanised model 
of liver using NOD/Shi-scid IL2Rgnull mice. Biochem. Biophys. Res. Commun. 377, 248-
252 
 
Sugamura, K., Asao, H., Kondo, M., Tanaka, N., Ishii, N., Ohbo, K., Nakamura, M., 
Takeshita, T., 1996, The interleukin-2 receptor γ-chain: its role in the multiple cytokine 
receptor complexes and T cell development in SSCID. Annu Rev Immunol. 14, 179-205 
 
Traggiai, E., Chicha, L., Mazzucchelli, L., Bronz, L., Piffaretti, J.C., Lanzavecchia, A., Manz, 
M.G., 2004, Development of a human adaptive immune system in cord blood cell-
transplanted mice. Science 304, 104-107 
 
Tsai, K., Discher, D.E., 2008, Inhibition of “self” engulfment through deactivation of myosin-
II at the phagocytic synapse between human cells, JCB, 180, 989-1003 
 
Waern, J.M., Yuan, Q., Rüdrich, U., Becker, P., Schulze, K., Wursthorn, K., Di Santo, J., 
Guzman, C.A., Manns, M.P., Ott, M., Bock. M., 2012, Ectopic expression of murine CD47 
minimizes macrophage rejection of human hepatocyte xenografts in immunodeficient mice. 
Hepatology, EPub ahead of print, April 26, 2012 

 
Wang, X.Q. and Frazier, W.A., 1998, The thrombospondin receptor CD47 (CD47) modulates 
and associates with α2β1 integrin in vascular smooth muscle cells. Mol. Biol. Cell 9, 865–874 
 
Wang, H., VerHalen, J., Madariaga, M.L., Xiang, S., Wang, S., Lan, P., Oldenborg, P., Sykes, 
M., Yang, Y., 2007, Attenuation of phagocytosis of xenogeneic cells by manipulating CD47, 
Blood 109, 836-842 
 
Weber, K., Thomaschewski, M., Warlich, M., Volz, T., Cornils, K., Niebuhr, B., Täger, M., 
Lütgehetmann, M., Pollok, J.M., Stocking, C., Dandri, M., Benten, D., Fehse, B., 2011, RGB 
marking facilitates multicolor clonal cell tracking. Nature medicine 17, 504-509 
 
Wilkening, S., Stahl, F., Bader, A., 2003, Comparison of primary human hepatocytes and 
hepatoma cell line HepG2 with regard to their biotransformation properties. Drug Metabolism 
and Disposition 31(8), 1035-1042 
 
WHO, Statement from the Xenotransplantation advisory consultation, Geneva, 18-20 April 
2005 
 
Yamamoto, H., Quinn, G., Asari, A., Yamanokuchi, H., Teratani, T., Terada, M., Ochiya, T., 
2003, Differentiation of embryonic stem cells into hepatocytes: biological functions and 
therapeutic application. Hepatology 37, 983-993 
 
Yang, Y.-G., Sykes, M., 2007, Xenotransplantation: current status and a perspective on the 
future. Nature reviews 7, 519-531 
 



Literature 

136 

Yannisch-Perron, C., Vieira, J., Messing, J., 1985, Improved M13 phage cloning vectors and 
host strains: nucleotide sequences of the M13mp18 and pUC19 vectors. Gene 33, 103–109 
Yoshizato, K., & Tateno, C., 2009, In vivo modelling of human liver for pharmacological 
study using humanized mouse. Expert Opinion Drug Metab. Toxicol. 5, 1435-1446 
 
Zhou, D., Mattner, J., Cantu, C. 3rd, Schrantz, N., Yin, N., Gao, Y., Sagiv, Y., Hudspeth, K., 
Wu, Y.P., Yamashita, T., Teneberg, S., Wang, D., Proia, R.L., Levery, S.B., Savage, P.B., 
Teyton, L., Bendelac, A., 2004, Lysosomal glycosphingolipid recognition by NKT cells. 
Science 306, 1786-1789. 



Aknowledgements 

137 

7. Acknowledgements 

The pSFFV-IRES-eGFP lentiviral transfer vecors was provided by L. Naldini (Milano, Italy) 

and modified by Ben Maasoumy from the Ott lab. RAW264.7 were acquired from the Dr. Eva 

Borst at the Department of Virology at the Medizinische Hochschule Hannover. Time-lapse 

videos were conducted after a short introduction by Dr. Rudolf Bauerfeind, Department of 

Cell Biology, Medizinische Hochschule Hannover. Special thanks to Dr. Qinggong Yuan who 

carried out cell transplantations into BALB Rag/γc uPA mice and harvested organs from 

sacrificed mice. Cryopreserved Gentest™ Human CryoHepatocytes were provided by Prof. 

Guzman at the Helmholtz Institute for Infection Research in Braunschweig. 

I also want to mention Dr. Urda Rüdrich for her support and practical advice in the past years 

and for conducting the human serum albumin quantitation experiments. I also highly 

appreciate that Prof. T. Pietschmann gladly accepted to be second supervisor of this thesis.  

Last but not least, I would like to thank my supervisors Dr. Michael Bock and Prof. Dr. 

Michael Ott for their all-around-the clock support, their practical advice, the paper work, for 

funding this study and their flexibility in regards to the clinical work I was involved in at 

times during my research. 

 

Experiments were carried out at the TWINCORE – Centre for Experimental and Clinical 

Infection Research, a joint venture of the Medizinische Hochschule Hannover and the 

Helmholtz Institute for the Research of Infectious diseases.  

 

This study was supported by the “Grand Challenge Program” of the Bill and Melinda Gates 

Foundation and the Cluster of Excellence “Rebirth” by the German Research Foundation. 

 

 

 

 

 

 

 

 

 

 



Supplementary 

138 

8. Supplementary 

 

Supplementary figure 1:  

Sequence of long Cd47 (NM_010581), short Cd47 (AK_151922) and updated Cd47 

HQ585874. The additional nucleotide sequence in the long Cd47 is marked blue while 

nucleotide base pair exchange is marked red and green. 

                     1                                               50 

NM_010581_ORF    (1) ATGTGGCCCTTGGCGGCGGCGCTGTTGCTGGGCTCCTGCTGCTGCGGTTC 

AK_151922_ORF    (1) ATGTGGCCCTTGGCGGCGGCGCTGTTGCTGGGCTCCTGCTGCTGCGGTTC 

 HQ585874_ORF    (1) ATGTGGCCCTTGGCGGCGGCGCTGTTGCTGGGCTCCTGCTGCTGCGGTTC 

                     51                                             100 

NM_010581_ORF   (51) AGCTCAACTACTGTTTAGTAACGTCAACTCCATAGAGTTCACTTCATGCA 

AK_151922_ORF   (51) AGCTCAACTACTGTTTAGTAACGTCAACTCCATAGAGTTCACTTCATGCA 

 HQ585874_ORF   (51) AGCTCAACTACTGTTTAGTAACGTCAACTCCATAGAGTTCACTTCATGCA 

                     101                                            150 

NM_010581_ORF  (101) ATGAAACTGTGGTCATCCCTTGCATCGTCCGTAATGTGGAGGCGCAAAGC 

AK_151922_ORF  (101) ATGAAACTGTGGTCATCCCTTGCATCGTCCGTAATGTGGAGGCGCAAAGC 

 HQ585874_ORF  (101) ATGAAACTGTGGTCATCCCTTGCATCGTCCGTAATGTGGAGGCGCAAAGC 

                     151                                            200 

NM_010581_ORF  (151) ACCGAAGAAATGTTTGTGAAGTGGAAGTTGAACAAATCGTATATTTTCAT 

AK_151922_ORF  (151) ACCGAAGAAATGTTTGTGAAGTGGAAGTTGAACAAATCGTATATTTTCAT 

 HQ585874_ORF  (151) ACCGAAGAAATGTTTGTGAAGTGGAAGTTGAACAAATCGTATATTTTCAT 

                     201                                            250 

NM_010581_ORF  (201) CTATGATGGAAATAAAAATAGCACTACTACAGATCAAAACTTTACCAGTG 

AK_151922_ORF  (201) CTATGATGGAAATAAAAATAGCACTACTACAGATCAAAACTTTACCAGTG 

 HQ585874_ORF  (201) CTATGATGGAAATAAAAATAGCACTACTACAGATCAAAACTTTACCAGTG 

                     251                                            300 

NM_010581_ORF  (251) CAAAAATCTCAGTCTCAGACTTAATCAATGGCATTGCCTCTTTGAAAATG 

AK_151922_ORF  (251) CAAAAATCTCAGTCTCAGACTTAATCAATGGCATTGCCTCTTTGAAAATG 

 HQ585874_ORF  (251) CAAAAATCTCAGTCTCAGACTTAATCAATGGCATTGCCTCTTTGAAAATG 

                     301                                            350 

NM_010581_ORF  (301) GATAAGCGCGATGCCATGGTGGGAAACTACACTTGCGAAGTGACAGAGTT 

AK_151922_ORF  (301) GATAAGCGCGATGCCATGGTGGGAAACTACACTTGCGAAGTGACAGAGTT 

 HQ585874_ORF  (301) GATAAGCGCGATGCCATGGTGGGAAACTACACTTGCGAAGTGACAGAGTT 

                     351                                            400 

NM_010581_ORF  (351) ATCCAGAGAAGGCAAAACAGTTATAGAGCTGAAAAACCGCACGGCCTTCA 

AK_151922_ORF  (351) ATCCAGAGAAGGCAAAACAGTTATAGAGCTGAAAAACCGCACGG------ 

 HQ585874_ORF  (351) ATCCAGAGAAGGCAAAACAGTTATAGAGCTGAAAAACCGCACGG------ 

                     401                                            450 

NM_010581_ORF  (401) ACACTGACCAAGGATCAGCCTGTTCTTACGAGGAGGAGAAAGGAGGTTGC 

AK_151922_ORF  (395) -------------------------------------------------- 

 HQ585874_ORF  (395) -------------------------------------------------- 

                     451                                            500 

NM_010581_ORF  (451) AAATTAGTTTCGTGGTTTTCTCCAAATGAAAAGATCCTCATTGTTATTTT 

AK_151922_ORF  (395) -------TTTCGTGGTTTTCTCCAAATGAAAAGATCCTCATTGTTATTTT 

 HQ585874_ORF  (395) -------TTTCGTGGTTTTCTCCAAATGAAAAGATCCTCATTGTTATTTT 

                     501                                            550 

NM_010581_ORF  (501) CCCAATTTTGGCTATACTCCTGTTCTGGGGAAAGTTTGGTATTTTAACAC 

AK_151922_ORF  (438) CCCAATTTTGGCTATACTCCTGTTCTGGGGAAAGTTTGGTATTTTAACAC 

 HQ585874_ORF  (438) CCCAATTTTGGCTATACTCCTGTTCTGGGGAAAGTTTGGTATTTTAACAC 

                     551                                            600 

NM_010581_ORF  (551) TCAAATATAAATCCAGCCATACGAATAAGAGAATCATTCTGCTGCTCGTT 

AK_151922_ORF  (488) TCAAATATAAATCCAGCCATACGAATAAGAGAATCATTCTGCTGCTCGTT 

 HQ585874_ORF  (488) TCAAATATAAATCCAGCCATACGAATAAGAGAATCATTCTGCTGCTCGTT 
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                     601                                            650 

NM_010581_ORF  (601) GCCGGGCTGGTGCTCACAGTCATCGTGGTTGTTGGAGCCATCCTTCTCAT 

AK_151922_ORF  (538) GCCGGGCTGGTGCTCACAGTCATCGTGGTTGTTGGAGCCATCCTTCTCAT 

 HQ585874_ORF  (538) GCCGGGCTGGTGCTCACAGTCATCGTGGTTGTTGGAGCCATCCTTCTCAT 

                     651                                            700 

NM_010581_ORF  (651) CCCAGGAGAAAAGCCCGTGAAGAATGCTTCTGGACTTGGCCTCATTGTAA 

AK_151922_ORF  (588) CCCAGGAGAAAAGCCCGTGAAGAATGCTTCTGGACTTGGCCTCATTGTAA 

 HQ585874_ORF  (588) CCCAGGAGAAAAGCCCGTGAAGAATGCTTCTGGACTTGGCCTCATTGTAG 

                     701                                            750 

NM_010581_ORF  (701) TCTCTACGGGGATATTAATACTACTTCAGTACAATGTGTTTATGACAGCT 

AK_151922_ORF  (638) TCTCTACGGGGATATTAATACTACTTCAGTACAATGTGTTTATGACAGCT 

 HQ585874_ORF  (638) TCTCTACGGGGATATTAATACTACTTCAGTACAATGTGTTTATGACAGCT 

                     751                                            800 

NM_010581_ORF  (751) TTTGGAATGACCTCTTTCACCATTGCCATATTGATCACTCAAGTGCTGGG 

AK_151922_ORF  (688) TTTGGAATGACCTCTTTCACCATTGCCATATTGATCACTCAAGTGCTGGG 

 HQ585874_ORF  (688) TTTGGAATGACCTCTTTCACCATTGCCATATTGATCACTCAAGTGCTGGG 

                     801                                            850 

NM_010581_ORF  (801) CTACGTCCTTGCTTTGGTCGGGCTGTGTCTCTGCATCATGGCATGTGAGC 

AK_151922_ORF  (738) CTACGTCCTTGCTTTGGTCGGGCTGTGTCTCTGCATCATGGCATGTGAGC 

 HQ585874_ORF  (738) CTACGTCCTTGCTTTGGTCGGGCTGTGTCTCTGCATCATGGCATGTGAGC 

                     851                                            900 

NM_010581_ORF  (851) CAGTGCACGGCCCCCTTTTGATTTCAGGTTTGGGGATCATAGCTCTAGCA 

AK_151922_ORF  (788) CAGTGCACGGCCCCCTTTTGATTTCAGGTTTGGGGATCATAGCTCTAGCA 

 HQ585874_ORF  (788) CAGTGCACGGCCCCCTTTTGATTTCAGGTTTGGGGATCATAGCTCTAGCA 

                     901                                            950 

NM_010581_ORF  (901) GAACTACTTGGATTAGTTTATATGAAGTTTGTCGCTTCCAACCAGAGGAC 

AK_151922_ORF  (838) GAACTACTTGGATTAGTTTATATGAAGTTTGTCGCTTCCAACCAGAGGAC 

 HQ585874_ORF  (838) GAACTACTTGGATTAGTTTATATGAAGTTTGTCGCTTCCAACCAGAGGAC 

                     951                   975 

NM_010581_ORF  (951) TATCCAACCTCCTAGGAATAGGTGA 

AK_151922_ORF  (888) TATCCAACCTCCTAGGAATAGGTGA 

 HQ585874_ORF  (888) TATCCAACCTCCTAGGAATAGGTGA 
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Supplementary figure 2: 

Amino acid sequence of long (NP_034711), short (BAE30800) and updated (ADQ812919) 

mCD47 and human CD47 precursor 1 (NP_001768) and commonly expressed precursor 2 

(NP_942088). The overall homology between human CD47 precursor 2 and updated murine 

mCD47 is 80 %. 

 

                 1                                               50 

 ADQ12919    (1) MWPLAAALLLGSCCCGSAQLLFSNVNSIEFTSCNETVVIPCIVRNVEAQS 

 BAE30800    (1) MWPLAAALLLGSCCCGSAQLLFSNVNSIEFTSCNETVVIPCIVRNVEAQS 

NP_034711    (1) MWPLAAALLLGSCCCGSAQLLFSNVNSIEFTSCNETVVIPCIVRNVEAQS 

NP_001768    (1) MWPLVAALLLGSACCGSAQLLFNKTKSVEFTFCNDTVVIPCFVTNMEAQN 

NP_942088    (1) MWPLVAALLLGSACCGSAQLLFNKTKSVEFTFCNDTVVIPCFVTNMEAQN 

                 51                                             100 

 ADQ12919   (51) TEEMFVKWKLNKSYIFIYDGNKNSTTTDQNFTSAKISVSDLINGIASLKM 

 BAE30800   (51) TEEMFVKWKLNKSYIFIYDGNKNSTTTDQNFTSAKISVSDLINGIASLKM 

NP_034711   (51) TEEMFVKWKLNKSYIFIYDGNKNSTTTDQNFTSAKISVSDLINGIASLKM 

NP_001768   (51) TTEVYVKWKFKGRDIYTFDGALNKSTVPTDFSSAKIEVSQLLKGDASLKM 

NP_942088   (51) TTEVYVKWKFKGRDIYTFDGALNKSTVPTDFSSAKIEVSQLLKGDASLKM 

                 101                                            150 

 ADQ12919  (101) DKRDAM--VGNYTCEVTELSREGKTVIELKNRT----------------- 

 BAE30800  (101) DKRDAM--VGNYTCEVTELSREGKTVIELKNRT----------------- 

NP_034711  (101) DKRDAM--VGNYTCEVTELSREGKTVIELKNRTAFNTDQGSACSYEEEKG 

NP_001768  (101) DKSDAVSHTGNYTCEVTELTREGETIIELKYRV----------------- 

NP_942088  (101) DKSDAVSHTGNYTCEVTELTREGETIIELKYRV----------------- 

                 151                                            200 

 ADQ12919  (132) ----VSWFSPNEKILIVIFPILAILLFWGKFGILTLKYKSSHTNKRIILL 

 BAE30800  (132) ----VSWFSPNEKILIVIFPILAILLFWGKFGILTLKYKSSHTNKRIILL 

NP_034711  (149) GCKLVSWFSPNEKILIVIFPILAILLFWGKFGILTLKYKSSHTNKRIILL 

NP_001768  (134) ----VSWFSPNENILIVIFPIFAILLFWGQFGIKTLKYRSGGMDEKTIAL 

NP_942088  (134) ----VSWFSPNENILIVIFPIFAILLFWGQFGIKTLKYRSGGMDEKTIAL 

                 201                                            250 

 ADQ12919  (178) LVAGLVLTVIVVVGAILLIPGEKPVKNASGLGLIVVSTGILILLQYNVFM 

 BAE30800  (178) LVAGLVLTVIVVVGAILLIPGEKPVKNASGLGLIVISTGILILLQYNVFM 

NP_034711  (199) LVAGLVLTVIVVVGAILLIPGEKPVKNASGLGLIVISTGILILLQYNVFM 

NP_001768  (180) LVAGLVITVIVIVGAILFVPGEYSLKNATGLGLIVTSTGILILLHYYVFS 

NP_942088  (180) LVAGLVITVIVIVGAILFVPGEYSLKNATGLGLIVTSTGILILLHYYVFS 

                 251                                            300 

 ADQ12919  (228) TAFGMTSFTIAILITQVLGYVLALVGLCLCIMACEPVHGPLLISGLGIIA 

 BAE30800  (228) TAFGMTSFTIAILITQVLGYVLALVGLCLCIMACEPVHGPLLISGLGIIA 

NP_034711  (249) TAFGMTSFTIAILITQVLGYVLALVGLCLCIMACEPVHGPLLISGLGIIA 

NP_001768  (230) TAIGLTSFVIAILVIQVIAYILAVVGLSLCIAACIPMHGPLLISGLSILA 

NP_942088  (230) TAIGLTSFVIAILVIQVIAYILAVVGLSLCIAACIPMHGPLLISGLSILA 
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