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The Liver
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The liver is one of the largest organs in the human body accounting for
approximately 2-5% of total body weight (1). It plays an important role in essential
liver functions including detoxification of metabolites, production of various
proteins such as clotting factor VIII, storage of vitamins and minerals and the
production of bile. Another remarkable characteristic of the liver is its capacity to
regenerate to its original size and volume following injury. The regenerative
capacity of the liver allows it to restore lost mass without jeopardizing viability of
the entire organ. In this chapter, background information will be given about the
various characteristic features of the liver, which demonstrate that the liver is a
vital and unique organ making it impossible to reconcile life without its presence.

Liver Anatomy and Function
The healthy human liver has a brown reddish color and is situated in the peritoneal
cavity. The liver is divided into lobes, which in turn are further divided into lobules.
The majority of the cells in the liver are the hepatocytes. They make up
approximately 75% of the total liver mass (1). Hepatocytes are polarized cells that
are arranged along cords of one cell thickness. They excrete bile into canaliculi on
the apical surface of the hepatocytes. Bile from the canaliculi is drained into bile
ducts lined by cholangiocytes and further transported to the gall bladder for
storage (2, 3). The basolateral microvillus covered surface of the hepatocytes is
exposed to the space of Disse. The space of Disse is separated from the blood flow
by the sinusoidal liver endothelium as shown in the enlargement of figure 1. The
space of Disse is continuous with lymphatic vessels found at the portal triad.
Plasma collected at the space of Disse flows back to the lymph vessels at the portal
vein (4).
Even though hepatocytes are key players in the exertion of many liver functions,
they can only function properly alongside the cholangiocytes, Kupffer cells, hepatic
stellate cells and endothelial cells, which are termed the non-parenchymal cells.
Cholangiocytes are epithelial cells that contribute to bile secretion through release
of bicarbonate and water (5). Stellate cells, which were first recognized by Toshio
Ito in 1950, reside in the peri-sinusoidal space of Disse, store high levels of vitamin
A in lipid droplets and contribute to synthesis of extracellular matrix (6, 7). Also
located in the space of Disse are the Kupffer cells, which were first described by
Karl Wilhelm Von Kupffer in 1876. They are specialized macrophages and play an
important role in local liver innate immunity through phagocytosis of antigens and
8
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Figure 1. Microscopic presentation of hepatic architecture of a lobule and sinusoid.
In healthy liver, hepatocytes are arranged along cords and surrounded by fenestrated endothelium. The
space of Disse is located between the hepatocytes and the sinusoidal endothelial cells (SEC). Kupffer
cells reside within the sinusoids (8).

micro-organisms and production of cytokines (9). Finally, the largest group of nonparenchymal cells is formed by the endothelial cells, which make up approximately
3% (10) of the total liver cell mass, or 10-20% of total number of liver cells (11,
12). This cell type plays an important role in this thesis and will be discussed in
more detail below.

Liver Sinusoidal Endothelial Cells
Endothelial cells are present throughout the human body and form the inner lining
of blood and lymph vessels. Endothelial cells display phenotypic heterogeneity and
can be divided in three major groups (figure 2). The first group is termed
continuous endothelium and contains endothelial cells that are tightly connected
to each other and are surrounded by a basement membrane. The basement
membrane consists of collagen IV, collagen VI, fibronectin and tenascin amongst
others (13). In continuous fenestrated endothelium, endothelial cells have
fenestrae, which are cytoplasmic pores that extend through the full thickness of
the cell. The fenestrae in this second group of endothelial cells possess a
diaphragm across their opening. The third group is called the discontinuous
endothelium (14). Liver sinusoidal endothelial cells (LSEC) constitute the sinusoidal
wall and belong to this type of endothelium. Morphologically they are
characterized by the presence of fenestrae, which are arranged in sieve plates. The
fenestrae of liver sinusoidal endothelial cells lack, in contrast to continuous
9
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fenestrated endothelium, a diaphragm and the basement membrane is poorly
formed or absent. The diameter of the fenestrae is dynamic, between 100-200 nm,
and influenced by hormones, drugs, toxins and diseases (15). Furthermore, while
the size of the fenestrae decreases from the periportal to the centrilobular region,
the number of fenestrae increases (16). The fenestrae act as a sieve, allowing
bidirectional exchange of fluids and particles between the sinusoidal blood and the
hepatocytes via the space of Disse. Endothelial cell transport can occur through
receptor-mediated endocytosis and transcytosis (17). Hyaluronic acid and
acetylated low-density lipoprotein are among the macromolecules that are taken
up by the liver sinusoidal endothelial cells.
Phenotypic characterization of liver sinusoidal endothelial cells by the expression
of cell membrane proteins to distinguish them from other (endothelial) cells
remains problematic. Liver sinusoidal endothelial cells have been shown to express
CD31 or platelet adhesion molecule 1 (PECAM-1), a transmembrane glycoprotein
belonging to the immunoglobin superfamily. It is expressed on all types of
endothelial cells and some hematopoietic cells, functioning as an adhesion and
signaling receptor (18). Liver sinusoidal endothelial cells can be isolated from the
human liver using magnetically labeled antibodies directed against CD31 as
demonstrated by our experiments described in the present thesis. In vitro studies
have shown that liver sinusoidal endothelial cells also express CD34, CD105, and
CD144, also known as lymphatic vessel endothelial receptor 1 (LYVE-1) (19-21).
Since the above mentioned markers are also expressed by other cell types, caution
must be used in the identification of liver sinusoidal endothelial cells by cell
surface markers.

Figure 2. Phenotypic heterogeneity of endothelium.
Endothelial cells can be divided in three major groups, continuous non-fenestrated, continuous
fenestrated and discontinuous fenestrated endothelium (14).
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The role of liver sinusoidal endothelial cells in immunity
The liver is exposed to pathogens as well as to dietary antigens derived from the
gastro-intestinal tract. While pathogenic micro-organisms must be efficiently
cleared from the liver, unnecessary activation of the systemic immune system
should be avoided in order to prevent possible damage to hepatocytes. Instead of
inducing a systemic immune response, the liver seems to favor the induction of
tolerance to antigens (20, 22). Interestingly, the liver seems to be capable of
actively inducing peripheral tolerance as systemic specific-antigen tolerance is
achieved following intra-portal antigen application (23-25).
Liver sinusoidal endothelial cells are exposed to a variety of antigens and play an
important role in the induction of tolerance by the liver through local regulation of
the immune response (22). Leucocytes that pass through the sinusoids adhere to
liver sinusoidal endothelial cells by interacting with CD54 and CD106 (26, 27). Liver
sinusoidal endothelial cells can control leucocyte adhesion under influence of the
local microenvironment resulting in increased leucocyte adhesion by strong
inflammatory stimuli.
Besides leucocytes, T cells also pass the liver allowing for direct interaction with
Kupffer cells and liver sinusoidal endothelial cells (28, 29). Similar to Kupffer cells
and stellate cells, liver sinusoidal endothelial cells act as antigen presenting cells in
the liver. They present antigen to CD8+ T cells and CD4+ T cells via major
histocompatibility complex (MHC) class I and II molecules respectively (30)
alongside the expression of CD40, CD80 and CD86 (31). Even though antigen
presentation is a feature shared by other types of endothelial cells (32-34), liver
sinusoidal endothelial cells are unique as they are able to endocytose, process and
present antigen to T cells without prior stimulation with pro-inflammatory
molecules such as interferon-γ (35, 36). Furthermore, liver sinusoidal endothelial
cells have been found to express CD4 (37), the mannose receptor (38) and low
levels of CD11c (39) making them resemble dendritic cells.
Sinusoidal endothelial MHC class I interaction with CD8+ T cells is believed to
result in immune tolerance to prevent excessive immunological response to
various dietary antigens from the gastro-intestinal tract (22). Previous studies
showed that naïve murine host CD8+ T cells stimulated by liver sinusoidal
endothelial cells failed to develop towards cytotoxic effector cells, finally leading
to antigen specific tolerance (40). Furthermore, murine host CD4+ T cells, which
were primed by donor liver sinusoidal endothelial cells, failed to differentiate into
11
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effector Th1 cells. Instead they expressed high levels of IL-4 and IL-10, which are
immune suppressive mediators (31). This mechanism of tolerance induction may
in part explain the relatively high tolerance of transplanted donor liver by the
allogeneic host (20, 41).

Liver Development
Development of the liver, also known as hepatogenesis, is an evolutionary
conserved process that involves the interaction of endodermal and mesodermal
germ layers and begins in the mouse at embryonic day 8 (42). In the earliest stages
of embryonic development, ectodermal, endodermal and mesodermal germ layers
are established. The endodermal germ layer forms the primitive foregut tube,
which is subdivided in the foregut, midgut and hindgut region. The embryonic liver
originates from the ventral foregut endoderm as a thickening of the ventral
endodermal epithelium, following signals from the adjacent cardiac mesoderm,
forming the hepatic diverticulum (1, 43) (figure 3). In the next step, cells from the
hepatic diverticulum invade the adjacent septum transversum mesenchyme to
form the liver bud (figure 3) (44, 45).
The caudal part of the hepatic diverticulum will develop into the extrahepatic bile
ducts, the cystic duct and the gall bladder, while the cranial part of the hepatic
diverticulum will eventually give rise to bipotential fetal hepatoblasts (46, 47). The
hepatoblasts of the hepatic diverticulum will later differentiate in either
hepatocytes or cholangiocytes, while the septum transversum mesenchyme
contributes the fibroblasts and stellate cells of the adult liver (46, 48).

Figure 3. Embryonic development of the liver.
Schematic overview of an embryo at the
fourth week of gestation. At this stage cells
from the hepatic diverticulum invade the
adjacent septum transversum mesenchyme to
form the liver bud. L = lung, H = heart, ST =
septum transversum, M = mesonephros.
www.bionalogy.com/respiratory_system.htm
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Development of liver vasculature
In the embryo, de novo development of the vasculature occurs through a process
called vasculogenesis by angioblasts. Angioblasts are endothelial progenitor cells
(EPC) that have the capacity to differentiate into mature endothelial cells. Peichev
et al. were able to isolate endothelial progenitor cells from human fetal liver and
characterized them based on the expression of cell surface markers CD34, vascular
endothelial growth factor receptor 2 (VEGFR-2) and CD133 (49). However, the
primary vasculature is extended by sprouting of new capillaries from pre-existing
mature endothelial cells by a process termed angiogenesis (50-52). As the liver bud
is further generated by expansion of hepatoblasts, the hepatic vasculature starts
to develop by vasculogenesis as well as angiogenesis. At this stage, the general
architecture of the adult liver, which is crucial for normal liver function, is
established. Mouse studies have shown that endothelial cells play a crucial role in
controlling the growth of the hepatic diverticulum before the embryonic liver
vessels, that supply blood and oxygen, are even developed (53). The development
of the centrilobular veins and portal arteries, through vasculogenesis, is preceded
by the development of portal veins and sinusoids (54). Portal veins and sinusoids
differentiate from pre-existing vessels through angiogenesis. The portal veins are
derived from vitelline veins, which are developmental veins that run from the yolk
sac and form a plexus around the duodenum before entering the sinus venosus of
the heart (54).
The sinusoids either develop from cells that originate in the capillary vessels of the
septum transversum or from the disruption of pre-existing vitelline veins (46, 48,
54, 55). They acquire their characteristic features through a multistage process
starting with non-fenestrated continuous endothelial cells lining at the fourth
week of gestation. In humans, between the 10th and 17th week of gestation, the
subendothelial basement membrane is lost, endothelial fenestrations develop and
the composition of extracellular matrix changes being rich in tenascin and poor in
laminin (55-57). After this first phase of liver sinusoidal differentiation, which ends
approximately around the 12th week of gestation, a second differentiation phase
takes place. The second phase ranges from the 12th to the 20th week of gestation
and is characterized by the appearance of cell surface markers such as CD4, a
glycoprotein involved in immune mechanisms (48). The final and third stage of
liver sinusoidal differentiation takes place from the 20th week of gestation up to
the perinatal period, when definitive structural differentiation of the sinusoidal
endothelium is achieved (58).
13
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The structural changes that occur in the liver sinusoidal endothelial cells during the
first phase of sinusoidal differentiation coincide with the beginning of the
hematopoietic function of the fetal liver (46, 48). Human hematopoiesis starts
outside the embryo in the yolk sac and from cells originating in the embryonic
aorta and vitelline artery (59, 60). Hematopoiesis then transiently proceeds to the
liver and is ultimately established and stabilized in the bone marrow. The yolk sac
mainly sustains primitive erythropoiesis enabled by mesoderm-derived blood
islands, whereas hematopoietic stem cells derived from within the embryo are in
addition capable of lymphopoiesis (61-63). The fetal liver is colonized by
hematopoietic progenitors twice, first by stem cells from the yolk sac followed one
week later by stem cells from within the embryo (figure 4).
Hematopoiesis however can only exist through dynamic interaction with the
parenchymal compartment. Fetal liver stromal cells – which is a heterogeneous
population of cells including hepatoblasts, fibroblasts and endothelial cells – have
been shown to enhance hematopoietic stem cell proliferation through Wnt
signaling, whereas after inducing hepatoblasts to differentiate to a mature form
using oncostatin M, the ability to support hematopoiesis is diminished (64, 65).
Interestingly, the structure of the sinusoids of the fetal liver resembles that of the
hematopoietic bone marrow as both tissues contain sinuses that are lined by
fenestrated discontinuous endothelium (66) and are devoid of a basement
membrane containing laminin (48).

Figure 4. Chronology of appearance of hematopoietic stem cells in the developing human embryo.
The fetal liver is first colonized by stem cells from the blood islands of the yolk sac followed by
colonization of intra-embryonic stem cells (61).
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Vascular origin of hematopoietic cells
Hematopoietic stem cells give rise to myeloid (including monocytes, macrophages,
erythrocytes and dendritic cells amongst others) and lymphoid (T-cells, B-cells and
natural killer (NK) cells)) cells. They are known to express cell surface markers
CD34 (67), CD31 (68, 69), CD90, CD117 and CD133 (70, 71), In keeping with their
immaturity, they do not express lineage-specific antigens as CD38 and CD45RA for
example and are referred to as lineage negative cells (Lin- cells) (70). The first
human hematopoietic stem cells are produced in the yolk sac in the third week of
development (72). Fusion of multiple blood islands in the yolk sac ultimately forms
the capillary network of the yolk sac. Hematopoietic cells emerge in close physical
association with endothelial cells in the yolk sac. Hematopoietic cells are
generated at the center of the blood islands, whereas endothelial cells are
produced from endothelial progenitor cells at the periphery of the blood islands
(73). In addition to this physical association, hematopoietic stem cells and
endothelial progenitor cells share several cell surface markers such as CD31, CD34,
VEGFR-2 and CD133 suggesting a common mesodermal ancestor called the
“hemangioblast”.
The existence of the hemangioblast was first postulated by Sabin and Murray in
the early 20th century (74, 75). Later studies using embryonic stem (ES) cell cultures
amongst others confirmed the existence of the hemangioblast (76-78). Besides
angioblasts and hematopoietic stem cells, the hemangioblast can also give rise to a
subset of vascular endothelial cells, which have a transient blood-forming capacity
in the blood islands of the yolk sac and embryonic aorta (79-81). These bloodforming endothelial cells are also called hemogenic endothelium. The emergence
of multilineage hematopoietic stem cells from endothelium was demonstrated by
lineage-tracing studies and in vivo imaging amongst others (82-84). Blood-forming
endothelial cells have also been isolated from embryonic liver and fetal bone
marrow (60, 85-88). In an attempt to distinguish hemogenic endothelium from
non-hemogenic endothelium, studies showed that hemogenic endothelium
expresses CD143, Angiotensin Converting Enzyme (60, 85, 89).

Liver Regeneration
The liver has the remarkable capacity to regenerate, after loss of up to 75% of
hepatic cell mass complete regeneration can occur. Liver regeneration has been
studied extensively in mice, after partial hepatectomy, a surgical procedure which
removes 2/3 of the liver mass, liver mass is restored within 5-7 days. In humans
15
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regeneration is slower, with complete regeneration after hepatectomy occurring
after 8-15 days (90). Liver regeneration is a tightly controlled process, which
involves all cell types of the liver and which is coordinated by signals from various
growth factors, including epidermal growth factor (EGF), hepatocyte growth factor
(HGF) and insulin that are produced within the liver as well as released from extrahepatic organs. Following 2/3 partial hepatectomy, hepatocytes are the first to
proliferate during the first 3 days starting in the periportal areas and then
proceeding to the pericentral areas forming clumps of small hepatocytes. These
clumps are then invaded by stellate cells initiating the restoration of the normal
hepatic architecture (90-92). The hepatic vasculature is then remodeled by existing
liver sinusoidal endothelial cells through angiogenesis (93). Proliferation of
hepatocytes is initiated by VEGFR-2 activation at the cell surface of liver sinusoidal
endothelial cells with subsequent up-regulation of transcription factor Id1 in
endothelial cells and secretion of HGF and Wnt2 angiocrine factors (94). Ding et al.
have shown that besides the production of HGF and Wnt, direct contact between
hepatocytes and liver sinusoidal endothelial cells is necessary for the first wave of
hepatocyte proliferation to occur. Furthermore, their study shows that the VEGFR2 - Id1 pathway is important in the restoration of liver vasculature. Regeneration is
eventually terminated by apoptosis of hepatocytes to correct for over-shooting of
the regenerative response (95).
In the normal liver, regeneration following injury is accomplished by quiescent
hepatocytes that re-enter the cell cycle from G0 to G1. Studies have shown that
when the remaining mature hepatocytes are incapable of proliferation due to
injury or chemical inhibition, liver regeneration is performed by hepatic stem cells,
also known as the oval cells in rodents (96-98). Oval cells are small cells with a
large nucleus, which have the potential to differentiate in either hepatocytes or
cholangiocytes and reside in the smallest and most peripheral branches of the
biliary tree, the canals of Hering (2).
However, despite the capacity of the liver to regenerate following injury,
inadequate liver regeneration forms an unresolved problem and may have a
lifelong impact on both recipients and living donors (99). Studies that increase our
understanding of the regeneration process and aim at improving the regeneration
capacity of the liver would thus greatly benefit this group of patients.
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Liver Disorders
Considering the large amount of functions that are performed by the liver, many
different liver disorders have been described. These liver disorders form an
important health problem and can be divided into acquired and inherited liver
disorders. Among the acquired disorders viral hepatitis and (non-)alcoholic
steatohepatitis are the most prevalent causes of liver disease with an increased
risk of developing cirrhosis and subsequently hepatocellular carcinoma. Inherited
liver disorders are less common and can be grouped in disorders that primarily
affect the liver or disorders that lead to extra-hepatic manifestations. Examples of
disorders that cause primary liver disease are Wilson’s disease, α1-antitrysin
deficiency and progressive familial intrahepatic cholestasis (PFIC). These rare
disorders are caused by genetic mutations in the hepatocytes that lead to
accumulation of toxic substances, which in turn damage the hepatocytes.
Inherited disorders such as the hemophilia’s and Crigler-Najjar syndrome (100) are
characterized by the fact that even though the genetic mutation affect liver
function, patients suffering from these disorders exhibit mainly extra-hepatic
symptoms (101, 102).

Treatment of Liver Disorders
Nowadays, the only curative treatment option for many patients suffering from an
inherited liver disorder is a whole liver transplantation, also referred to as
orthotropic liver transplantation (OLT). In the years from 1968 to 2010
approximately 100,000 transplantations have been performed in Europe.
According to the European Liver Transplant Registry, 6% of patients were
transplanted because of a metabolic liver disease. Even though the number of
successful transplantations has increased considerably over the past years,
shortage of donor organs remains. Not all patients can benefit from this procedure
and die while waiting for transplantation (103). Furthermore, between 10-20% of
transplanted patients require a retransplant (104). Therefore, curative treatment
options besides whole liver transplantation need to be investigated.

Cell transplantation
Instead of whole liver transplantation, patients suffering from a liver disorder
could also be helped with liver cell transplantation. Cell transplantation offers
several advantages over whole liver transplantation. Cells from a single donor can
be used for multiple recipients, the procedure is less invasive and cells may be less
immunogenic than solid organs. First experiments exploring this technique were
17
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performed in 1976 (105) and hepatocyte transplantation was first applied in
humans in 1992 (106). Transplantation studies have shown that the liver is the
most optimal site for transplanted hepatocytes to survive and function properly
(107). Hepatocytes can be delivered to the liver by intrasplenic or intraportal
infusion (108, 109). Approximately 70-80% of transplanted cells that reach the
sinusoids are destroyed within a day or two. The remaining fraction of
transplanted cells has to cross the sinusoidal barrier before they can engraft into
the hepatic parenchym of the host (110). Transplantation of hepatocytes in rats
with normal healthy livers leads to an engraftment of only 0.5-3% (111, 112).
Following engraftment, replacement of host hepatocytes by transplanted donor
cells, a process known as repopulation, can only occur if the transplanted cells
have a growth advantage over the host hepatocytes. This occurs in diseased
animal models such as the multidrug resistance (mdr2) knockout mouse, a model
of PFIC III. The hepatocytes of these mice have a defective export pump that
belongs to the superfamily of the ATP-binding cassette (ABC) transporters on their
canalicular membrane. As a consequence, these mice fail to secrete phospholipids
in their bile causing chronic bile-salt induced damage to hepatocytes when fed
with a high bile salt diet. When these mice are transplanted with healthy
hepatocytes, the liver is repopulated by the transplanted cells (113, 114).
Extensive repopulation of transplanted hepatocytes also occurs in
fumarylacetoacetate hydrolase (FAH) deficient mice, which is a model for
hereditary tyrosinemia type I in humans. Accumulation of toxic metabolites of the
tyrosine catabolic pathway in the hepatocytes of these mice can be prevented by
administration
of
NTBC
(2-(2-nitro-4-trifluoromethyl-benzoyl)-1,3cyclohexanadione). Transplantation of healthy mouse or human hepatocytes in
FAH (immune)-deficient mice and discontinuation of NTBC treatment causes cell
death in host hepatocytes, but not in transplanted cells leading to near total liver
replacement of donor cells (115, 116).
However, repopulation of transplanted cells does not occur in liver disease where
the liver remains unaffected as is the case in disorders as hemophilia A or CriglerNajjar syndrome. To ensure repopulation in these disorders, transplanted cells
need a selective growth advantage over the host hepatocytes. In experimental
models, this situation can be created by inducing liver injury to the host
hepatocytes prior to transplantation using a variety and combination of chemicals
such as galactosamine, carbon tetrachloride and monocrotaline (111, 117, 118).
Transplantation experiments performed in rodents have shown that a combination
18
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of treatment with retrorsine or monocrotaline followed by 2/3 partial
hepatectomy led to repopulation by the transplanted hepatocytes (118, 119).
Retrorsine and monocrotaline are naturally occurring structurally related
pyrrolizide alkaloids, which are metabolized to bioactive compounds in the liver
were they can inhibit proliferation of host hepatocytes by alkylating proteins and
DNA (120, 121). Additional toxicology studies have shown that liver sinusoidal
endothelial cell damage precedes hepatocyte injury (122, 123). Monocrotaline
causes endothelial cell death leading to denudation of liver sinusoids and
enhancing engraftment of transplanted hepatocytes (124, 125). Unfortunately,
most of these drugs are toxic and not suitable for clinical application.
The success of hepatocyte transplantation in animal models led to several clinical
trials of hepatocyte transplantations in patients suffering from inborn errors of
metabolism as well as chronic (106, 126) and acute liver diseases (127, 128). The
most successful outcome of hepatocyte transplantation has been for patients that
suffer from an inborn error of metabolism (129). In a study performed by Dhawan
et al. factor VII deficiency was treated with intraportal hepatocyte infusions in two
brothers which reduced the need for exogenous factor VII by 80% (130). Other
examples of inborn errors of hepatic metabolism that were treated with
hepatocyte transplantation are familial hypercholesterolemia (131-133), α1antitrypsin deficiency (134) and Crigler-Najjar Syndrome type I (135, 136).
Unfortunately, the long-term results of these clinical studies have thus far been
disappointing.
Stem and progenitor cells as alternative sources for liver-directed cell
transplantation
Major obstacles in clinical implementation of hepatocyte transplantation are the
low engraftment yield, the limited availability of donor cells and the difficulty of
manipulating hepatocytes in vitro. These problems have encouraged the use of
stem cells as an alternative cell source with the aim to generate mature and
functionally active hepatocytes. Stem cells can be isolated from the bone marrow,
but also from the adult and fetal liver. The human fetal liver is a rich source of
various stem and progenitor cells including the hepatoblasts. As mentioned earlier,
hepatoblasts can differentiate into either mature hepatocytes or cholangiocytes
(47). Several groups studied the engraftment and repopulation capacity of
hepatoblasts isolated from human fetal livers (137-139). Following transplantation
of hepatoblasts from human fetal liver at 11 to 13 weeks of gestation in a non19
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conditioned athymic mouse, a repopulation success of 10% was found (137).
However, transplantation studies performed by other groups showed only
marginal capacities of repopulation by human fetal liver hepatoblasts (140-142).
These varying results emphasize the need for further studies into the potential of
hepatoblasts as an alternative cell source.
The human fetal liver is an important source of hematopoietic stem cells
consisting for up to 60% of blood cells (43). Hematopoietic stem cells isolated from
the human fetal liver have proven to be very useful in developing mice with a
humanized immune system (143, 144). Studies have explored the capacity of bone
marrow-derived hematopoietic stem cells to differentiate into a variety of nonhematopoietic cell tissues such as heart and brain (145, 146). Furthermore, some
studies have suggested that the bone marrow is an alternative source of (oval)
stem cells that can give rise to mature hepatocytes (147, 148). Bone marrowderived cells have been shown to promote liver regeneration and decrease
hyperbilirubineamia in the Gunn rat (149). Subsequent studies, however, have
shown that the apparently normal bone marrow-derived hepatocytes were the
result of fusion between hematopoietic stem cells and host hepatocytes (98, 150).
The presence of recipient endothelial cells in donor liver biopsies several months
after liver transplantation has raised the question whether circulating (endothelial)
progenitor cells contribute to repair of damaged liver endothelium (151, 152).
Ashara et al. were the first to demonstrate that damaged vascular endothelium
can be repaired by endothelial progenitor cells, which are derived from
hematopoietic stem cells and circulate in the peripheral blood (153). Besides
peripheral blood, endothelial progenitor cells have also been isolated from cord
blood and bone marrow (154, 155). Endothelial progenitor cells were able to
improve chronic liver injury in mice and rats (156-162). According to these studies,
endothelial progenitor cells differentiated into endothelial cells and incorporated
in the liver vasculature. In contrast, recent studies in hemophilia A mice did find
phenotypic correction following transplantation of healthy bone marrow, but this
was not due to differentiation of the transplanted cells in endothelial cells, but to
donor bone marrow derived mononuclear and stromal cells, which expressed FVIII
mRNA and protein (163).
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Gene Therapy
Another treatment option for patients suffering from a liver disorder is gene
therapy. The goal of gene therapy is permanent cure of disease by introducing
therapeutic genes in (diseased) target cells. This genetic modification of cells can
be achieved by gene transfer using viral vectors. The vectors can be administered
directly into the patient, a procedure known as in vivo gene therapy. In ex vivo
gene therapy, target cells from normal donors or the patient’s own cells are
isolated and genetically modified in vitro and then administered to the patient.
Lentiviral vectors
Lentiviral vectors, which are derived from the human immune deficiency virus
(HIV-1), belong to the group of integrating viral vectors and have the ability to
transduce non-dividing cells efficiently (164, 165). Because they integrate, they are
especially useful for long-term gene therapy in cells that can undergo replication.
Lentiviral vectors are retroviruses and like all retroviruses, the RNA genome of the
lentiviral vector is converted in double-stranded linear DNA by reverse
transcription and integrated in the host genome (166). Over the years, lentiviral
vectors have undergone multiple modifications to build in several safety features
that minimize the risk of generating replication-competent virus (167, 167-169,
169, 170, 170). In third generation lentiviral vectors, the genes coding for the viral
proteins are separated from the transfer vector (171). The transfer vector
expresses the transgene sequence and the elements necessary for integration of
the therapeutic gene into the target cells (169, 172, 173). The sequences for the
viral proteins are divided over three plasmids. The gag and pol genes code for the
structural and enzymatic proteins, which are required to form functional vector
particles and are present on a single plasmid. The Rev protein regulates the
nuclear export of the vector transcript and is coded by the rev gene present on a
separate plasmid. The third plasmid contains the sequence for the envelope
protein (171) (figure 5). Using this methodology, viral particles can be generated
that transduce host cells and integrate into the host genome, but are incapable of
viral replication.
Vector targeting
Viral infection of the target cell is dependent on the interaction between the
envelope protein and cell surface molecules present on the target cells. The
vascular stomatitis virus G (VSV-G) envelope protein has broadened lentiviral
vector tropism, facilitating transduction of various cell types (174). In the past
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years, other glycoproteins have been used to design different types of envelope
proteins for lentiviral vectors, a process known as pseudotyping (175). While broad
tropism of lentiviral vectors is suitable for in vitro cell transduction, in vivo gene
therapy requires restricting gene transfer to the desired cell type relevant for a
particular therapeutic application in order to improve safety and efficacy. Efficient
long-term correction by gene therapy is hampered by an activated immune
response following systemic administration of the viral vector. The immune system
becomes activated as it recognizes the viral vector and/or the therapeutic protein
as foreign, but also because of transduction of antigen presenting cells resulting in
elimination of the transduced cells (176, 177). Studies modifying the Sendai virus
fusion (SV-F) envelope protein improved hepatocyte specific transduction both in
vitro as well as in vivo (178, 179). Restricted tropism of lentiviral vectors was also
accomplished by fusion of the measles hemagglutinin envelope protein with a
single chain variable fragment (scFv) with a high affinity for the target receptor of
a variety of cell types (180-183). Further studies are needed to determine whether
restricting vector delivery and transgene expression to the target cell type
prevents the activation of the host immune response.

Figure 5. Lentiviral vector plasmid system
In third generation lentiviral vectors, the genes coding for the viral proteins are separated from the
transfer vector. 1) The transfer vector expresses the transgene sequence and the elements necessary
for integration of the therapeutic gene into the target cells. 2) The gag and pol genes code for the
structural and enzymatic proteins, which are required to form functional vector particles and are
present on a single plasmid. 3) The Rev protein regulates the nuclear export of the vector transcript and
is coded by the rev gene present on a separate plasmid. 4) The fourth plasmid contains the sequence
for the envelope protein.
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Regulated gene therapy
The ability to control the level and timing of expression of a therapeutic gene is a
desired feature for clinical implementation of gene therapy. Several controllable
transgene expression systems have been developed (184-187). Among these
systems, the tetracycline inducible system has been extensively studied with
proven efficacy both in vitro as well as in vivo (188-191) and with successful
incorporation in different viral vectors (192-194) (figure 6). In the original design of
this system, expression of the transgene was only possible in the absence of
tetracycline or its analog doxycycline. In the absence of tetracycline, the bacterial
tetracycline repressor protein (TetR) binds to a specific DNA sequence, the
tetracycline operator sequence (TetO), also referred to as the tet response
element (TRE) with expression of the transgene situated downstream of the TetO.
The TetR protein was fused to the VP16 activation domain from Herpes Simplex
Virus generating the transcriptional activator protein (tTA) suitable for mammalian
cells (195). Further modifications of the tTA protein led to the reverse phenotype,
reverse tTA (rtTA), in which binding to the TetO with subsequent expression of the
transgene was only possible in the presence of tetracycline or doxycycline (195).
This system is also known as the “Tet-on” system. Additional improvements made
the system more suitable for in vivo application with an increased sensitivity and
responsiveness to low concentrations of doxycycline (196). Initially, the TetO and
rtTA proteins were expressed from two separate constructs requiring cotransduction of cells making it difficult to work efficiently in vivo. This problem was
solved combining all the elements into a single vector in an autoregulatory loop
(197). The low basal expression of rtTA has proven to be sufficient to initiate the
autoregulatory loop after doxycycline administration (197-199). rtTA is based on a
bacterial gene and even though improvements have been made in the basal
activity and sensitivity of rtTA, animal studies have detected immune responses
against rtTA leading to clearance of transduced cells followed by loss of transgene
expression (200-202).

Liver-directed cell and gene therapy
Cell and gene therapy can be combined in ex vivo liver gene therapy as an
alternative approach in providing long-lasting treatment of liver disorders.
Transplantation of genetically modified autologous hepatocytes not only
overcomes limitations of shortage of donor hepatocytes, but also reduces the
need for immunosuppression and raises the possibility of using freshly isolated –
instead of cryopreserved- hepatocytes. In the Watanabe heritable hyperlipidemic
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Figure 6. Regulation of gene expression using the tetracycline inducible system
A) In the absence of tetracycline, the bacterial tetracycline repressor protein (TetR) binds to the
tetracycline operator sequence (TetO). B) The TetR protein was fused to the VP16 activation domain
generating the transcriptional activator protein (tTA). C) The Tet-on regulatory system. Gene expression
requires the addition of tetracycline or doxycycline (203).

rabbit, an animal model for familial hypercholesterolemia (FH), a decrease in
serum cholesterol level of 30-50% was achieved following transplantation of
autologous hepatocytes that were genetically corrected ex vivo with a
recombinant retroviral vector (204). The positive results obtained in this study led
to a clinical trial in patients with FH, which was carried out approximately 20 years
ago. In this pilot study, three of the five patients showed a significant and
prolonged reduction in low-density lipoprotein (LDL)-cholesterol following
transplantation of autologous hepatocytes transduced ex vivo with a retroviral
vector expressing the human LDL receptor (205). Even though the feasibility and
safety of liver-directed ex vivo gene therapy were demonstrated, the observed
transgene expression in the transplanted hepatocytes of these patients was at a
low level (<5%) ending further clinical ex vivo liver gene therapy trials (131).
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One of the obstacles that limited the clinical outcome in these studies was the low
transduction efficiency of the transplanted hepatocytes by the oncoretroviral
vector due to low in vitro proliferative ability of adult hepatocytes. In order to
overcome this problem, the feasibility of ex vivo gene therapy was recently
explored in the Gunn rat, which is the animal model for Crigler-Najjar syndrome
type 1 using a lentiviral vector instead of the oncoretroviral vector. Hepatocytes of
the Gunn rats lack bilirubin UDP-glucuronosyltransferase (UGT1A1) enzyme
activity, leading to high serum levels of unconjugated bilirubin. Following
transplantation of ex vivo transduced hepatocytes using a lentiviral vector,
hyperbilirubinemia in Gunn rats was ameliorated by a decrease in bilirubin serum
levels of 30% lasting at least 8 months (206). Significant progress has been made in
ex vivo liver-directed gene therapy over the past years, leading to biosafety and
efficacy studies in non-human primates (207-209). Unfortunately, low engraftment
of transplanted genetically modified hepatocytes was found in these studies,
emphasizing the need for additional studies before routine clinical implementation
is achieved.
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The only curative treatment option for many patients that suffer from a liver
disorder remains whole liver transplantation. This is an invasive procedure, which
is accompanied by increased morbidity and mortality. In search of alternative
treatment options, several research groups have performed animal studies
investigating liver-directed cell and gene therapy for the treatment of acute liver
failure, chronic liver disease and inherited metabolic liver disorders (100, 210-212).
The successful results encouraged scientists to perform clinical studies (129). Even
though these clinical trials have shown that liver-directed cell and gene therapy is
feasible, long-term outcome is disappointing and not as successful as the animal
studies.
A problem in translating results of animal studies to a treatment for patients with
liver disease is the difference in liver physiology between humans and rodents. A
pre-clinical step usually involves testing new therapy strategies on primates, which
is both expensive and ethically difficult. To avoid this, we set out to develop a
mouse with a “humanized liver”, which would serve as an excellent in vivo model
for studies on liver-directed cell and gene therapy.
A mouse with a humanized liver can be developed by transplanting human liver
cells into the spleen of immune deficient mice. In the first set of experiments
performed for this thesis, we found that human fetal liver sinusoidal endothelial
cells were able to engraft and repopulate the mouse liver. This serendipitous
finding set the basis for subsequent experiments with the aim to:
1)

Identify cells suitable for liver engraftment

2)

Use mice with humanized liver endothelium in gene therapy

In the present thesis we first show in chapter 2 that transplantation of human fetal
liver sinusoidal endothelial cells in immune deficient mice is feasible and provide a
good alternative cell transplantation therapy. We compared the engraftment and
repopulation capacity of human adult liver endothelial cells to fetal liver
endothelial cells and performed transplantation experiments assessing the
engraftment and repopulation potential of other types of endothelial cells.
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As mentioned in the general introduction, the liver has a remarkable capacity to
regenerate following injury and like hepatocytes, most of the regeneration of the
liver vasculature is due to mitotic division of preexisting endothelial cells (213).
However, the presence of recipient endothelial cells in donor liver biopsies several
months after liver transplantation has raised the question whether circulating
bone marrow-derived progenitor cells contribute to repair of damaged liver
endothelium (151, 152). Since livers are well tolerated following transplantation, it
has been hypothesized that replacement of donor endothelium by recipient
progenitor cells may play a role in decreasing graft rejection (214). The human
fetal liver is a rich source of progenitor cells. However, it is unknown whether
human hematopoietic progenitor cells from the fetal liver have the capacity to
differentiate into endothelial cells in vivo. In chapter 3 we therefore induced
angiogenesis by monocrotaline administration to immune deficient mice and
subsequently analyzed the capacity of human hematopoietic progenitor cells to
regenerate damaged mouse liver endothelium.
Adult liver cell transplantation is hampered by numerous factors such as poor
engraftment of donor hepatocytes in the host liver and loss of hepatocytes after
transplantation, despite the use of immunosuppression. Fetal liver cells are able to
proliferate in cell culture and could therefore present an alternative source of cells
for transplantation. The human fetal liver contains a mixture of cells including liver
precursor cells called the hepatoblasts. In chapter 4 we examined which fetal liver
cell type can be most efficiently transplanted and used for liver-directed cell and
gene therapy.
Clinical implementation of ex vivo gene therapy will require the ability to regulate
the expression of genes to maintain expression levels within a therapeutic window
(188) amongst others. The second objective of chapter 4 was to investigate
whether the use of human fetal liver cells in long-term ex vivo gene therapy is
feasible by performing transplantation experiments using tetracycline induced
regulated transgene expression.
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Research in surface targeting of lentiviral vectors has recently led to the
development of a lentiviral vector specifically targeting human endothelial cells
(180). In this thesis we show that human liver endothelial cells can engraft and
repopulate the liver of immunodeficient mice. This mouse model with a
humanized liver endothelium makes it possible to test human liver endothelial cell
directed gene therapy in vivo. In chapter 5 we performed experiments to
investigate whether human CD105-targeted lentiviral vectors can specifically
transduce human endothelium following systemic administration.
Finally, in chapter 6 the experiments and their results will be discussed and
perspectives are given.
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Liver cell transplantation has had limited clinical success so far, partly due to poor
engraftment of hepatocytes. Instead of hepatocytes other cell types, such as
endothelial cells, could be used in ex vivo liver gene therapy. The goal of the present
study was to compare the grafting and repopulation capacity of human endothelial
cells derived from various tissues.
Human endothelial cells were isolated from adult and fetal livers using anti-human
CD31 antibody conjugated magnetic beads. Human macrovascular endothelial cells
were obtained from umbilical vein. Human microvascular endothelial cells were
isolated from adipose tissue. Cells were characterized using flow cytometry. Liver
engraftment and repopulation of endothelial cells was studied after intrasplenic
transplantation in monocrotaline treated immunodeficient mice.
Following transplantation, human liver endothelial cells engrafted throughout the
mouse liver. With immuno-scanning electron microscopy, fenestrae in engrafted
human liver endothelial cells were identified, a characteristic feature of liver
sinusoidal endothelial cells. In contrast, CD31 negative liver cells, human
macrovascular and microvascular endothelial cells were not capable of repopulating
mouse liver. Characterization of human liver-, macrovascular and microvascular
endothelial cells demonstrated expression of CD31, CD34 and CD146 but not CD45.
Our study shows that only human liver endothelial cells, but not macro- and
microvascular endothelial cells, have the unique capacity to engraft and repopulate the
mouse liver. These results indicate that mature endothelial cells cannot
transdifferentiate in vivo and thus do not exhibit phenotypic plasticity. Our results have
set a basis for further research to the potential of human liver endothelial cells in liverdirected cell and gene therapy.
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Introduction
Whole liver transplantation remains the only curative treatment for many patients
suffering from inherited and acquired liver disorders. Because donor livers are
scarce, treatment options such as liver cell transplantation are an attractive
alternative. Although clinical trials have shown that transplantation of hepatocytes
is feasible, long-term outcome is disappointing (1). This is due to numerous factors
such as poor engraftment of donor hepatocytes in the host liver and loss of
hepatocytes after transplantation despite the use of immunosuppression (2-4).
The use of ex vivo genetically modified autologous hepatocytes overcomes the
problem of donor scarcity and immunosuppression. However, the problem with
poor efficiency of hepatocyte engraftment and repopulation still remains (5).
Instead of hepatocytes, other cell types, such as endothelial cells, could potentially
be used in ex vivo liver gene therapy. Cell transplantation studies performed in
mice have shown that mouse liver sinusoidal endothelial cells can engraft and
repopulate the liver endothelium of hemophilia A mice with subsequent
correction of this bleeding disorder (6, 7). However, it is unknown whether human
liver endothelial cells have the capacity to engraft and repopulate the liver and
thus be used in cell transplantation therapy.
Unfortunately, obtaining sufficient liver endothelial cells for transplantation is
difficult due to donor scarcity. Therefore, other sources of endothelial cells
suitable for liver-directed cell therapy have to be examined if endothelial cell
transplantation is going to be a viable alternative treatment option.
Endothelial cells form the inner lining of blood vessels throughout the human
body. These cells exhibit phenotypic heterogeneity which is displayed by different
morphology and functions depending on their environmental niche (8, 9). Liver
sinusoidal endothelial cells for example are specialized endothelial cells,
characterized by the presence of fenestrae and the lack of a basement membrane
(10-12). Regeneration studies in rats have shown that bone marrow progenitor
cells are capable of replacing liver sinusoidal endothelial cells after injury (13, 14).
Thus far, it is unknown whether other types of human endothelial cells, such as
microvascular endothelial cells, also exhibit this trait of phenotypic plasticity by
functionally repopulating the mouse liver.
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In the present study, we therefore compared the grafting and repopulation
capacity of human liver endothelial cells with macrovascular and microvascular
endothelial cells.

2

Materials and Methods
Animal experiments
Animal experiments were performed in accordance with the Animal Ethical
committee guidelines at the Academic Medical Center of Amsterdam. Male and
female Rag2-/-yc-/- (15) mice ages 3-8 weeks were used in all studies and fed ad
libitum on standard laboratory chow.
Animals received an intraperitoneal injection of 200 mg/kg monocrotaline (16)
(Sigma-Aldrich, St. Louis, MO, USA) in saline 7 days and 24 hours prior to the
intrasplenic cell transplantation.
Mice were anaesthetized with an intraperitoneal injection of FFM mix (2.5 mg
Fluanisone/0.105 mg Fentanyl citrate/1.25 mg Midozalam HCl/kg in H20, 7 ml/kg).
Under deep anesthesia, the spleen was exposed after a sub costal incision at the
left flank. The cell suspension containing 1 x 106 cells in 100 µl PBS was injected
into the tip of the spleen with a 30-gauge insulin needle. Control mice were
injected with PBS. Homeostasis was secured by brief pressure for up to 5 minutes
on the injection site. The animals were sutured and received the analgesic
Temgesic (30-50 µl, 0.03 mg/ml) subcutaneously following recovery from FFM.
The mice were sacrificed 14-28 days after the transplantation procedure by in vivo
fixation. Under deep anesthesia, the peritoneal cavity was opened and the animals
were perfused intracardially with 20 ml PBS followed by perfusion with 20 ml 2%
paraformaldehyde in PBS. Prior to formaldehyde perfusion, part of the left liver
lobe was cut off and snap frozen in liquid nitrogen for DNA analysis. After
perfusion, the liver and spleen were removed and fixed in a 4% formaldehyde
solution in PBS for 2-4 hours at 4°C. The tissues were transferred to a 30% sucrose
solution and incubated overnight at 4°C. The following morning, the tissues were
snap frozen in liquid nitrogen and stored at -80°C.
In order to determine the hepatotoxicity of monocrotaline, four animals received
two intraperitoneal injections of 300 mg/kg monocrotaline 7 days apart. The
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animals were sacrificed 24 hours after the second intraperitoneal injection by in
vivo fixation under deep anesthesia as described above. Blood was collected
before the first monocrotaline intraperitoneal injection by orbital puncture and
prior to in vivo fixation by heart puncture.
Serum alanine aminotransferase (ALT) and aspartate transaminase (AST) were
measured by routine clinical chemistry. Hyaluronic acid (HA) level was measured
using the Kordia Life Sciences ELISA microplate kit.
Cell isolation
The use of human fetal liver, human adult liver, human umbilical vein endothelial
cells and human subcutaneous adipose tissue was obtained following informed
consent.
Human fetal liver Human fetal liver was obtained from elective abortions.
Gestational age ranged from 14-20 weeks. Fetal livers were digested in 0.05%
collagenase IV (Sigma-Aldrich) in Hanks balanced salt solution (BioWhittaker) for
30 minutes at 37ºC. Dissociated cells were pelleted at 1000 rpm for 5 minutes and
washed once with Hanks balanced salt solution. The cells were seeded out on
Primaria plates (BD Falcon) and cultured for 2-7 days in Williams’ E medium
(BioWhittaker) containing 10% heat-inactivated fetal bovine serum (HI-FBS,
BioWhittaker), 2 mM glutamine (BioWhittaker), 10 µg mL insulin, 5.5 µg/mL
transferrin, 6.7 ng/ml selenium-X (ITS-mix, Life Technology), 100 U/ml penicillin,
100 µg/mL streptomycin (penicillin/streptomycin mix, BioWhittaker) and 1 µM
Dexamethasone (Sigma). Medium was refreshed the first day following isolation to
remove most of the non-adherent cells.
Human adult liver Mature primary human liver was obtained from non-tumor liver
tissue from 3 female patients undergoing liver resection because of adenoma or
secondary carcinoma with ages ranging from 36-67 years old. The liver tissue was
used for hepatocyte isolation as described by Hoekstra et al (17). The endothelial
cells were collected from the supernatant remaining after washing the
hepatocytes. The endothelial cells were pelleted at 1000 rpm for 5 minutes and
cultured on Primaria plates for 2-7 days in EGM2-basal medium plus EGM-2 MV
bulletkit (Lonza, Walkersville, USA). Medium was refreshed the first day following
isolation to remove most of the non-adherent cells.
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Human umbilical vein endothelial cells were isolated as previously described (18)
and kept in culture in M199 medium supplemented with 20% (v/v) fetal calf serum
(FCS), glutamine, penicillin/streptomycin mix (Invitrogen), 0.05 mg/ml heparin and
ECGS 12.5 µg/ml (Sigma Aldrich).

2

Human subcutaneous adipose tissue White adipose tissue was obtained from
female patients undergoing reconstructive breast surgery using the deep inferior
epigastric artery perforator (DIEP) flap procedure. Tissues from 6 different patients
with ages ranging from 40-61 years old were included in this study. Microvascular
endothelial cell isolation from white adipose tissue was performed by an
adaptation of the protocol as described by Arts et al (19). In short, adipose tissue
was mechanically minced and incubated in crude collagenase type 1 from
Clostridium histolyticum (0.2% w/v, Sigma Aldrich) in a ratio of 1:3 (fat:
tissue:collagenase solution) for 30-60 minutes at 37°C under continuous vigorous
shaking. The adipose tissue was centrifuged for 12 minutes at 1200 rpm. The cell
pellet containing microvascular endothelial cells was resuspended in Hanks
balanced salt solution and centrifuged again for 5 minutes at 1200 rpm. The cell
pellet was seeded out on Primaria plates and cultured in EGM2-basal medium plus
EGM-2 MV bulletkit.
Enrichment of endothelial cells from human fetal and adult liver
The human liver endothelial cells were isolated from the human fetal and adult
liver cell suspension, after 2-7 days in culture, via magnetic separation using antihuman CD31 antibody conjugated magnetic beads (Miltenyi Biotec, Auburn CA,
USA) according to the protocol provided by the manufacturer. The human liver
endothelial cells were seeded out in Primaria 6-wells plates in a density of 0.5 x 106
cells per well overnight in EGM2-basal medium plus EGM-2 MV bulletkit.
Lentiviral transduction
To facilitate tracking the transplanted cells in the mouse liver, the cells were
transduced with a GFP containing lentiviral vector driven by a PKG promoter 24
hours prior to transplantation with a multiplicity of infection of 3, as described
earlier (20).
Flow cytometry analysis
The purity of the CD31 positive cell fraction from human adult and fetal liver was
determined immediately after isolation by flow cytometry. 1 x 105 CD31 positive
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cells were resuspended in Williams’ E medium containing 10% heat-inactivated
fetal bovine serum, 2 mM glutamine, 10 µg mL insulin, 5.5 µg/mL transferrin, 6.7
ng/ml selenium-X (ITS-mix, Life Technology), 100 U/ml penicillin, 100 µg/mL
streptomycin and 1 µM Dexamethasone. The cells were incubated for 10 minutes
at 4°C with FITC-conjugated mouse anti-human CD31 (Miltenyi Biotec, Auburn CA,
USA) according to the protocol provided by the manufacturer.
For further characterization of the isolated endothelial cells, the CD31 positive cell
population from human adult (n=2) and fetal (n=3) liver, the macro- and
microvascular endothelial cells (n= 5 and n=3 respectively) were simultaneously
co-stained for CD45, CD146 and CD34 (Miltenyi Biotec, Auburn CA, USA). Cells
were analyzed with a flow cytometer (FACS Calibur). Isotype matched nonspecific
antibodies were used as controls.
Transmission electron microscopy
To determine the effect of monocrotaline on sinusoidal endothelial cells, liver
tissue was prepared for transmission electron microscopy (TEM) as previously
described (21). Following in vivo fixation, small blocks of liver were put in 1%
glutaraldehyde and 4% formaldehyde in 0.1M sodium cacodylate buffer (pH 7.4)
for subsequent immersion fixation and stored at 4°C. After fixation the liver was
washed in distilled water, osmicated for 60 minutes in 1% OsO4 in water and
washed again in distilled water. For contrast enhancement the liver blocks were
block stained overnight in 1.5% aqueous uranyl acetate. Dehydration was done
through a series of ethanols and the tissue was embedded in epon LX-112 (ladd).
Ultrathin sections of 80 nm were stained with uranyl acetate and lead citrate and
examined in a FEI Technai T-12.
Scanning electron microscopy
The presence of fenestrae in human liver endothelial cells upon culturing, but prior
to transplantation was determined by scanning electron microscopy (SEM). Liver
endothelial cells were plated out on collagen coated cover slips following antihuman CD31 conjugated magnetic bead isolation as described above and kept in
culture overnight in EGM2-basal medium plus EGM-2 MV bullet kit. The following
day, the cells were fixed in 2.5% glutaraldehyde in 0.1 M PBS for 60 minutes and
washed 3 times with 0.1 M PBS. Cells were fixed in 1% OsO4 in 0.1 M PBS for 60
minutes, washed 3 times with PBS then dehydrated through a graded series of
ethanol (30-100%) and finally chemically dried with hexamethyldisilazane. The
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cells were visualized using a JEM-6335F field emission gun scanning electron
microscope (JEOL, Peabody, MA, USA).
Immunohistochemistry
Cryosections were made of the liver and spleen by embedding the tissue in TissueTek OCT medium (Bayer). Sections of 5-6 µm were cut, affixed to poly-L-lysine-
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coated glass slides and kept at -20°C before use. Sections were washed in PBS for
15 minutes and subsequently incubated in specific primary monoclonal antibody
against human CD31 (1:100, DakoCytomation) or human CD45 (1:100,
eBioscience) for 1 hour at room temperature. After incubation, the sections were
washed in PBS/Tween 0.05% followed by incubation with Texas red-conjugated
goat anti-mouse (1:1000, Rockland Immunochemicals) for another hour at room
temperature. The sections were washed for another 15 minutes and embedded in
mounting medium containing DAPI.
Confocal imaging
Livers were sectioned at 7 μm and placed on Superfrost/Plus slides (Fisher
Scientific, Pittsburgh, PA). Immunostaining was performed essentially as described
earlier (22). Livers were labeled for 1 hour with either rabbit anti-human LYVE-1
(Angiobio, Del Mar, CA) or rabbit anti-mouse LYVE-1 (Abcam, Cambridge, MA),
both used 1:100 in PBG (PBS supplemented with 0.5% bovine serum albumin and
0.15% glycine). Goat anti-rabbit secondary antibodies conjugated to Cy3 (Jackson
ImmunoLabs, West Grove, PA), were added at a 1:1000 dilution in PBG for 1 hour.
Tissue was then rinsed 3 times with PBG, 3 times with PBS, counterstained with
0.001% Hoechst dye (bis Benzimide) in ddH2O for 30 seconds. Samples were
coverslipped using gelvatol (23 g poly (vinyl alcohol) 2000, 50 ml glycerol, 0.1%
sodium azide to 100 ml PBS) and viewed on a Fluoview 1000 confocal microscope
(Olympus, Central Valley, PA).
Immuno-Scanning electron microscopy
The presence of fenestrae in the transplanted human endothelial cells in the
mouse liver was determined by immuno-SEM. Liver from transplanted cell
recipients and untreated control mice was removed after in vivo fixation with 2%
paraformaldehyde in PBS. The tissue was incubated in fixative for another 2-4
hours and then transferred to PBS. One mm tissue slices were obtained and
evaluated under a fluorescence microscope for the presence of GFP-positive
human endothelial cells. The positive slices were washed 3 times with PBS then 3
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times with PBG, blocked as above then stained with rabbit anti-human LYVE-1
(AngioBio 11-032) in PBG for 4 hrs. Following 6 washes with PBG, cells were
labeled with goat anti-rabbit secondary antibody (1:25 in PBG) conjugated to 15
nm gold particles (Amersham) overnight at 4oC followed by 3 washes with PBG,
then 3 washes with PBS. Cells were fixed in 2.5% glutaraldehyde in PBS for 1 hr.
Cells were washed 3 times with PBS then dehydrated through a graded series of
ethanol (30-100%), chemically dried with hexamethyldisilazane, then overcoated
with vaporized carbon (Cressington 108 Carbon/A, Watford, England). The cells
were visualized using a JEM-6335F field emission gun scanning electron
microscope (JEOL, Peabody, MA, USA). Field emission backscattered electron and
standard scanning electron digitized images were taken in tandem to identify
areas of gold labeling on the cell surfaces.
Quantification
We determined the repopulation success of the transplanted human endothelial
cells in the mouse liver using the PCR approach involving the amplification of
human repetitive sequences according to Becker et al (23). DNA was extracted
from cryopreserved liver tissue of transplanted and control mice and normal
human liver tissue using either the NucleoSpin Tissue DNA isolation kit (Bioke) or
the QIAamp DNA FFPE Tissue (Qiagen) isolation kit for PFA fixed tissue. 100 ng of
DNA was used to amplify the human DNA sequence by quantitative PCR in the
Roche LightCycler480 with the fast-start SYBRgreen kit. Primers: forward GGG ATA
ATT TCA GCT GAC TAA ACA G and TaqMan reverse AAA CGT CCA CTT GCA GAT TCT
AG. The PCR cycles were as follows: 94°C for 10 minutes, 94°C for 10 seconds, 60°C
for 10 seconds, and 72°C for 20 seconds (45x). Chromosomal DNA was isolated
from human and mouse livers and dilutions of human DNA in mouse DNA were
used to generate standard curves. The quantitative PCR data were analyzed using
the LinRegPCR program (24).

Results
Characterization and analysis of the endothelial cells
We isolated endothelial cells from human fetal and adult liver using magnetic
separation with anti-human CD31 conjugated magnetic beads. As shown by flow
cytometry, CD31 positive cells were efficiently purified from human adult and fetal
liver (Fig. 1).
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Human liver endothelial cells were examined for the presence of fenestrae in vitro
using SEM. As shown in figure 1, the cells were largely defenestrated.
The CD31 positive cells were isolated from fetal liver as described and fixed on
collagen coated cover slips. SEM imaging showed that liver endothelial cells were
largely defenestrated, but occasional cells expressed fenestrations (arrows, inset).

2

Figure 1. Purification and morphological characterization of human liver endothelial cells.
The purification of endothelial cells was analysed by flow cytometry using an antibody to CD31. CD31
positive cells were efficiently purified from human adult (top) and fetal liver (bottom). In each panel,
the solid peaks represent staining with an isotype control antibody. The right peaks represent CD31
staining and show that the cells were efficiently purified.

The phenotype of isolated endothelial cells from human adult (n=2) and fetal liver
(n=3) was characterized using flow cytometry. The CD31 positive cell fraction from
both adult as well as fetal liver highly co-stained for CD146 (85% and 64% ± 14
respectively). The endothelial cells isolated from fetal liver also highly co-stained
with CD34 (55% ± 9). In contrast, lower staining was observed of adult liver
endothelial cells with CD34 (54%). There was a minimal amount of CD45 positive
cells present in the CD31 positive cell suspension from both adult and fetal liver
(3% and 7% ± 5) that co-stained with CD31 (Fig. 2, upper two rows). This indicates
that the majority of CD31 positive cells are not of hematopoietic origin.
The macrovascular endothelial cells were isolated from human umbilical veins and
characterized after passage 0, 2 and 4. All macrovascular endothelial cells (n=5)
expressed CD31. They were positive for CD34 (66% ± 35), CD146 (98% ± 1) and
CD45 negative (1% ± 1) (Fig. 2, third row).
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Microvascular endothelial cells were isolated from human subcutaneous adipose
tissue. Using flow cytometry, we found that the microvascular endothelial cells
(n=3) were positive for CD31 and highly positive for CD34 (81% ± 15). They were
also CD146 positive (9% ± 3), although the signal was not as strong. They were
negative for CD45 (3% ± 1) (Fig. 2, lower row).
All gates were corrected for background staining with isotype control matched
antibodies (data not shown).

Figure 2. Characterization of endothelial cells from different tissues.
Endothelial cells isolated from different tissues were characterized using a panel of different
antibodies. Endothelial cells isolated from adult liver and fetal liver are CD31 positive and CD45
negative. The CD31 positive cells from fetal and adult liver are highly CD146 positive. The endothelial
cells from fetal liver are also highly CD34 positive. In contrast, endothelial cells isolated from adult
liver have a low CD34 expression. All macrovascular (HUVECs) endothelial cells are CD31 positive and
CD146 positive. There is no co-staining with CD45 and they are low positive for CD34. The
microvascular (human white adipose tissue) endothelial cells are CD31 positive and few cells are
CD45 positive. There is a high CD34 expression, but CD146 expression is low.
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Selective injury of mouse sinusoidal liver endothelium following monocrotaline
treatment
The serum ALT and AST levels were not significantly increased following 2
intraperitoneal injections of 300 mg/kg monocrotaline 24 hours after the second
injection (Fig 3B). Furthermore, the serum hyaluronic acid level, a marker for liver
endothelial cell injury was also not significantly increased following monocrotaline
treatment (Fig. 3A). However, sinusoidal endothelial cell injury could be observed
by electron microscopy in monocrotaline treated mice (Fig. 3C) compared to the
control mouse (Fig. 3D). The mouse endothelium was disrupted, but the
morphology of the remaining liver was normal.

Figure 3. Selective injury of liver sinusoidal endothelial cells following monocrotaline treatment.
Animals treated with monocrotaline were analyzed for liver injury. Following two intraperitoneal
injections of monocrotaline no increase in serum liver hyaluronic acid was observed 24 hours after the
second injection (A). Neither was there an increase in liver enzyme levels (B). However, electron
microscopy shows disruption of the mouse liver endothelium (C) compared to the control mouse (D).
Arrows point at the endothelium. The bar depicts 2 µm and 5 µm respectively.
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Human liver endothelial cells can engraft and repopulate the liver of Rag2-/-yc-/mice
We determined whether human liver endothelial cells are suitable for
transplantation and restoration of the liver endothelium by intrasplenically
transplanting human liver endothelial cells in Rag2-/-yc-/- mice that had been
treated with monocrotaline (16). To facilitate tracking, endothelial cells were
transduced with a GFP-expressing lentiviral vector prior to transplantation. The
mice did not show any signs of adverse effects after monocrotaline treatment.
Intrasplenic transplantation of 0.8-1.2 × 106 human fetal endothelial cells resulted
in substantial engraftment and repopulation in mouse liver (n=6) (Fig. 4). Clusters
of GFP-expressing cells were seen in the spleen and throughout the mouse liver.
There was staining of the repopulated human liver endothelial cells with an antihuman CD31 antibody that does not cross react with mouse CD31. In shamoperated negative control mouse liver and spleen sections no GFP-expressing cells
and no human CD31 staining was observed. There was no co-staining of GFPexpressing CD31 positive cells with specific anti-human CD45 (data not shown).
Transplanted human liver endothelial cells were not observed in sections of the
lungs and kidneys.
Macrovascular and microvascular endothelial cells did not repopulate the mouse
liver
In order to compare grafting and repopulation capacity of different endothelial cell
populations, we transplanted macrovascular and microvascular endothelial cells
using the same transplantation protocol as with transplantation of human liver
endothelial cells. Transplantation of 1 ×106 macrovascular (n=9) or microvascular
endothelial cells (n=9) showed GFP-expressing cells in the spleen, demonstrating
successful transplantation. However, in contrast to human liver endothelial cells,
macrovascular and microvascular cells did not engraft in the liver.
Immunohistochemical anti-human CD31 staining confirmed that the
macrovascular and microvascular cells did not repopulate the mouse liver (Fig. 4).
Strikingly, in contrast to microvascular endothelial cells, the macrovascular
endothelial cells did incorporate in the large vessel walls of the spleen (Fig. 4).
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Figure 4. Immunohistochemistry shows engraftment of human liver endothelial cells in mouse liver.
-/- -/Cryosections of the spleen and liver of Rag2 yc mice were stained with a specific anti-human CD31
antibody after intrasplenic transplantation with either CD31 negative cells from the human fetal liver,
macrovascular (HUVECs) endothelial cells or microvascular (human white adipose tissue) or liver
endothelial cells (CD31 positive) from the human fetal or adult liver. All spleen sections show the
presence of the transplanted GFP positive cells, indicating the transplantations were successful. In the
liver, clusters of GFP-expressing cells that exhibit specific anti-human CD31 red co-staining in mouse
livers were only found after transplantation with human liver endothelial cells. Nuclei were stained blue
with DAPI. Scale bar: 50 µm.
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Figure 5. Confocal image showing GFP-positive cells with LYVE-1 membrane staining.
-/- -/Cryosections of the liver of Rag2 yc mice were stained with a specific anti-human LYVE-1 antibody
after intrasplenic transplantation with endothelial cells from the human adult liver. The white arrows in
the enlargement show LYVE-1 membrane staining of a transplanted GFP positive cell. Nuclei were
stained blue with Hoechst’s dye. Scale bar top panels: 10 µm, bottom panel: 5 µm.

Figure 6. Immuno-scanning electron microscopy of
LYVE-1 positive sinusoids.
A) Bottom panels show a set of human LYVE-1
positive cells as determined by strong backscattered
signal within the sinusoid (white punctata
representing 20 nm gold-conjugated goat anti-rabbit
LYVE-1). Top panels show no backscattered signal
indicating there is no human LYVE-1 positive cells in
this sinusoid. Hepatocytes also do not stain for LYVE1. (B) High magnification of repopulated mouse liver
shows human LYVE-1 positive sinusoidal endothelial
cells form fenestrated endothelium. Gold particles
are pseudo-colored pink in the left panel
(backscattered signal merged on top of the scanning
EM image) and are white in the right panel
(backscattered signal only). Arrows identify some of
the fenestrations, indicating the engrafted human
cell has the specific characteristic of liver sinusoidal
endothelium. All LYVE-1 positive signals originates from the endothelium surface as none of the gold
particles are found within the fenestrations which would suggest signal from the underlying hepatocyte or
stellate cell.
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Quantification of repopulation
We determined the repopulation success of the transplanted human liver
endothelial cells by quantifying the amount of human DNA in the repopulated
mice livers using quantitative-PCR. After transplantation of human liver
endothelial cells we found an average of 0.1 ± 0.3% of total human DNA in
repopulated mouse liver (table 1).
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Table 1. Quantitative PCR shows that only transplantation with human liver endothelial
cells leads to detectable repopulation.
Cell type

Microscopical
detection
of engraftment

Total percentage of
human DNA in mouse
liver

LSEC adult (n=2)
LSEC fetal (n=5)
CD31 negative (n=5)
macrovascular (n=4)
microvascular (n=4)

Yes
Yes
No
Sporadic single cells
Sporadic single cells

0.1 ± 0.1
0.3 ± 0.4
Below threshold
Below threshold
Below threshold

Repopulation percentage
of mouse endothelium by
human endothelial cells
1%
3%
N/A
N/A
N/A

We compared the repopulation percentage of different endothelial cell types by determining the
amount of human DNA in transplanted mouse livers using quantitative PCR. The mice were
transplanted with human liver endothelial cells (LSEC, adult or fetal), CD31 negative liver cells,
macrovascular or microvascular endothelial cells. N/A: not applicable. Mean values are presented with
± SD.

Discussion
The present study is the first to show that transplanted human fetal and adult liver
endothelial cells can effectively repopulate the liver of immunodeficient mice. The
human fetal and adult liver endothelial cells were capable of incorporating in the
mouse liver endothelium. We also show that the capacity to repopulate the liver
endothelial niche is restricted to liver endothelial cells and that macro- and
microvascular endothelial cells are incapable of repopulating the liver.
CD31 is a transmembrane glycoprotein also known as PECAM-1 (platelet
endothelial cell adhesion molecule 1) and is present on the surface of most
endothelial cells (25). In the present study we isolated endothelial cells from
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human fetal and adult liver via magnetic separation using anti-human CD31
antibody conjugated magnetic beads. In addition to CD31, the human liver
endothelial cells expressed both endothelial cell surface markers CD34 and CD146.
After transplantation, the engrafted human liver endothelial cells still expressed
CD31 and formed a fenestrated sinusoidal lining, a specific characteristic of liver
sinusoidal endothelial cells, as shown by the immuno-SEM on repopulated mouse
liver sections.
There are several studies that indicate that liver endothelial cells, in culture lose
their fenestrae organized in sieve plates (26, 27). In our study, the liver endothelial
cells dedifferentiated and lost their fenestrae in vitro as well. Regardless of their
phenotype in vitro, we have shown that after transplantation, the CD31 positive
cells were capable of engrafting and repopulating the mouse liver and furthermore
exhibited fenestrae in vivo. This observation indicates that in the appropriate liver
micro-environment, these cells resemble true liver sinusoidal endothelial cells in
vivo.
In some of the transplantation experiments, endothelial cells isolated from human
fetal liver were used. The human fetal liver is a prominent site of hematopoiesis
and contains differentiated blood cells as well as hematopoietic stem cells (28, 29).
Potentially, the human fetal liver can also contain endothelial progenitor cells.
However, the CD45 positive hematopoietic cells present in the fetal liver were
negative for CD31. Also, immunohistochemistry showed that CD31 positive
transplanted human liver endothelial cells were negative for CD45. Furthermore,
there are also CD45 positive hematopoietic cells present in the CD31 negative cell
fraction and that fraction did not give rise to repopulation of the liver endothelium
(data not shown). These experiments confirm that the repopulation can be
entirely attributed to CD31 positive human liver endothelial cells.
Phenotypic plasticity is a trait most commonly attributed to stem cells. Recent in
vitro studies however have suggested that endothelial cells may also exhibit
phenotypic plasticity (30, 31). In order to examine whether mature endothelial
cells can transdifferentiate in vivo, we compared the grafting and repopulation
capacity of macro- and microvascular endothelial cells to human liver endothelial
cells. In vitro, all three types of endothelial cells expressed CD31, CD146 and CD34
at different levels. However, in contrast to human liver endothelial cells, both
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macrovascular and microvascular endothelial cells were incapable of repopulating
the mouse liver after intrasplenic transplantation.

2

After transplantation of human liver endothelial cells we found a repopulation
success of 0.1 ± 0.3% of total DNA. Since human liver endothelial cells constitute
10-20% of total liver cells (9) an average of 1-3% of the mouse endothelium was
replaced by human cells. In some cases, up to 10% replacement was detected.
In contrast, the livers of mice transplanted with either macrovascular or
microvascular endothelial cells did not contain a detectable amount of human
DNA. From the results of our in vivo transplantation experiments, it appears that
repopulation of the mouse liver is a specific characteristic of human liver
endothelial cells. Apparently, under our experimental conditions, mature
endothelial cells do not have the capacity to transdifferentiate and thus do not
exhibit phenotypic plasticity. Our results also indicate that macrovascular and
microvascular endothelial cells are not suitable sources for cell transplantation for
liver disorders.
In summary, human fetal and adult liver endothelial cells can incorporate in the
mouse liver after transplantation. After transplantation, the engrafted human liver
endothelial cells exhibited fenestrae. Compared to human macro- and
microvascular endothelial cells, human liver endothelial cells can be transplanted
with a high efficiency and are the only endothelial cell type that can incorporate in
the mouse liver niche. These results show that mature endothelial cells do not
exhibit phenotypic plasticity and the ability to repopulate the liver endothelium is
a specific characteristic of human liver endothelial cells.
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Liver sinusoidal endothelial cells perform important functions in the secretion of
plasma proteins, immunity and regulation of blood flow. Studies in animal models
and patients that have undergone liver transplantation have shown that bone
marrow derived hematopoietic progenitor cells are able to differentiate into liver
endothelium. However, in other reports differentiation of bone marrow derived
hematopoietic cells in liver endothelium was not observed and controversy thus
surrounds the possible origin of liver endothelial cells.
We therefore examined whether human hematopoietic progenitor cells, isolated
from fetal liver, were able to regenerate damaged mouse liver endothelium.
Hematopoietic progenitor cells from human fetal liver were used to reconstitute
the immune system in immune deficient mice. Subsequently, the liver
endothelium of these mice with humanized immune systems was damaged. In
parallel, hematopoietic progenitor cells from human fetal liver were also directly
transplanted in immune deficient mice with damaged liver endothelium. In neither
of these conditions restoration of mouse liver endothelium with human cells was
observed. In contrast, endothelial cells from human fetal liver, obtained after
proteolytic digestion, were capable of rapid and abundant reconstitution of mouse
liver endothelium.
We conclude that human hematopoietic progenitor cells have minor or no ability
to regenerate damaged mouse liver endothelium in vivo suggesting that
contribution of these cells in liver angiogenesis remains questionable and mainly
occurs through outgrowth of (non-) circulating endothelial cells.
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Introduction
Liver endothelial cells form the inner lining of the liver vasculature. They are a
specialized type of endothelial cells characterized by the presence of fenestrae,
the lack of a basement membrane and these cells play an important role in uptake
of compounds such as hyaluronic acid and the regulation of the immune system
(1-3). The liver has a remarkable capacity to regenerate following injury, with
endothelial cells playing an important role in the regulation of this regeneration (4).
The cell source that contributes to regeneration of damaged liver endothelium is a
matter of controversy. The presence of recipient endothelial cells in biopsies of
liver transplant recipients raised the possibility that circulating (endothelial)
progenitor cells contribute to repair of damaged liver endothelium (5, 6). This
micro-chimerism is important, because it has been hypothesized that replacement
of donor endothelium by recipient progenitor cells may play a role in decreasing
graft rejection (6).
A great variety of studies have shown that bone marrow or peripheral blood
derived endothelial progenitors can improve chronic liver injury in mice and rats
(7-13). According to these studies, bone marrow cells or circulating progenitor
cells can differentiate into endothelial cells, incorporate in the liver vasculature
and mediate therapeutic effects. The relevance of these precursors remains
uncertain, especially since several other groups have not been able to detect
differentiation of hematopoietic bone marrow progenitors into endothelium. For
instance, phenotypic correction of hemophilia A mice was obtained following
transplantation of wild type murine bone marrow cells, but this correction was not
due to differentiation of transplanted cells into liver endothelium (14).
Transplantation experiments in other model systems also failed to detect bone
marrow derived endothelium (15-17). The detection of donor derived endothelium
in livers of hematopoietic transplant recipients has been questioned as the
methodology to determine assignment of liver cells in biopsy material is not
unequivocal (18). An elegant paper using parabiotic mice showed that circulating
cells do not contribute to regenerating limb vasculature (19). These conflicting
data require more scientific evidence, to test whether hematopoietic progenitor
cells may play a role in regenerating damaged liver endothelium.
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In embryology, hematopoiesis takes place in the fetal liver. Just before birth,
hematopoiesis is established in the bone marrow, which remains the principal site
of hematopoiesis postnatally. Until 25 weeks after gestation, the human liver is
the main hematopoietic organ. In this period extensive proliferation of liver
parenchymal cells and endothelium takes place with establishment of liver
architecture completed after gestation week 25. Thus, the developing liver is a rich
source of hematopoietic and endothelial precursors. Peichev et al. characterized a
subpopulation of CD34 positive cells from human fetal liver that can differentiate
into endothelial cells in vitro (20). It is however unknown whether these cells have
the ability to differentiate into endothelium in vivo.

3

Endothelial progenitor cells are considered to be derived from the same precursor
as hematopoietic progenitor cells, termed the hemangioblast (21). During
development, the formation of hematopoietic and endothelial cells is closely
linked. Furthermore, hematopoietic cells can be produced by a specialized type of
endothelial cell, the hemogenic endothelium (22). In this light the formation of
endothelium from bone marrow derived precursors is not surprising.
Most of the studies mentioned above have been performed in mouse and rat
models, data on the differentiation of human progenitor cells in vivo are scarce.
We have developed a model system in which repopulation of immune deficient
mouse livers with human endothelial cells can be studied. This model is thus very
well suited to establish the potential of human hematopoietic progenitor cells in
the regeneration of damaged liver endothelium.
In previous experiments, we have shown that mature endothelial cells in fetal liver
can engraft and repopulate the mouse liver (23). In the present study we
examined whether human hematopoietic progenitor cells from fetal liver have the
capacity to differentiate into endothelial cells in vivo. Two different approaches
were used. Human hematopoietic progenitor cells (HPC) from fetal liver were
transplanted in immune deficient mice to reconstitute a human immune system.
Subsequently the liver endothelium was damaged and repair by human
hematopoietic cells examined. In the second approach, human hematopoietic
progenitor cells from fetal liver were directly transplanted in mice with damaged
liver endothelium and repair by human cells was also examined.
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Materials and Methods
Isolation of progenitor cells and endothelial cells from human fetal liver
Human fetal liver was obtained from elective abortions following informed
consent. Gestational age ranged from 14-20 weeks.
The tissue was subjected to mild mechanical disruption and the supernatant cells
were used to isolate CD34+CD38- lineage-negative (CD3, CD11c, CD19, CD56 and
BDCA2) hematopoietic progenitor cells (HPC) as described earlier, using the CD34
Progenitor Cell Isolation kit (Miltenyi Biotec) followed by a sorting enrichment step
using a FACS-Aria (BD Biosciences) (24). Throughout the manuscript these cells are
referred to as hematopoietic progenitor cells (HPC). HPC were used for flow
cytometry analysis directly after isolation or plated out for overnight transduction
followed by transplantation experiments the next day.
The larger tissue fragments were digested by collagenase (25) and CD31 positive
(endothelial) cells were isolated as described earlier. In short, fetal liver tissue was
digested in 0.05% collagenase IV (Sigma-Aldrich) in Hanks balanced salt solution
(BioWhittaker) and seeded out on Primaria plates (BD Falcon). After 2-7 days in
culture, CD31 positive cells were isolated from the human fetal liver cell
suspension via magnetic separation using anti-human CD31 antibody conjugated
magnetic beads (Miltenyi Biotec, Auburn CA, USA) according to the protocol
provided by the manufacturer. These cells are referred to as liver sinusoidal
endothelial cells (LSEC) throughout the manuscript. CD31 positive cells were used
for flow cytometry analysis directly after isolation or plated out for phase contrast
imaging 24 hours and 5 days later using a Leica DM IRE2 microscope.
Animals
Animal experiments were performed in accordance with the Animal Ethical
committee guidelines of our institute. Male and female Rag2-/-yc-/- (26) mice (own
colony) with a mixed background and aged 3-6 weeks were used in the
transplantation studies. Newborn male and female NOD/SCID IL-2Rγc-/- mice
(Jackson Laboratory, Maine, USA) or BALB/c Rag2-/-IL-2Rγc-/- (own colony) were
used to generate HIS mice. The mice were fed ad libitum on standard laboratory
chow.
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Transplantation experiments
Rag2-/-yc-/- (n=10) mice received an intraperitoneal injection of 200 mg/kg
monocrotaline (27) (Sigma-Aldrich, St. Louis, MO, USA) in saline 7 days and 24
hours prior to cell transplantation in order to specifically damage the murine liver
endothelium. The mice were anaesthetized with an intraperitoneal injection of
FFM [2.5 mg Fluanisone/0.105 mg Fentanyl citrate (Hypnorm, Vetapharma, Leeds,
UK) and 1.25 mg Midozalam HCl/kg in H20 (Roche, Indianapolis, USA), 7 ml/kg].
Under anesthesia, the spleen was exposed after a sub costal incision at the left
flank. The cells, 2 x 105 HPC in 100 µl PBS, were injected into the tip of the spleen
with a 30-gauge insulin needle (Terumo, Somerset, USA). Control mice were
injected with PBS (Frensius, Kabi, Bad Homburg, Germany). Homeostasis was
secured by brief pressure for up to 5 minutes on the injection site. The animals
were sutured and received the analgesic Temgesic (30-50 µl, 0.03 mg/ml; Reckitt
Benckiser, Slough, UK) subcutaneously following recovery from FFM.
Generation of human immune system mice and injury of liver endothelium
Human immune system mice were generated as previously described (28, 29).
In short, 5 day old NOD/SCID IL-2Rγc-/- mice (n=8) or BALB/c Rag2-/-IL-2Rγc-/- (n=6)
were sub-lethally irradiated and injected focally in the liver with 1 x 104 HPC. Eight
weeks after transplantation of HPC, human CD45, CD3 and CD19 (Biolegend) was
measured in peripheral blood from HIS mice to determine the percentage of
repopulation (30). HIS mice with a reconstitution of > 20% human CD45+ cells
received 1 x 200 mg/kg or 2 x 200 mg/kg intra-peritoneal injections of
monocrotaline 7 days apart.
Tissue sampling
All mice were sacrificed 14-28 days after the second monocrotaline injection as
described earlier (23). In short, blood was collected via a heart puncture and the
animals were perfused intracardially with 20 ml PBS followed by perfusion with 20
ml 2% paraformaldehyde (Merck KGaA, Darmstadt, Germany) in PBS. After
perfusion, the liver, and spleen were removed and processed for
immunohistochemistry as described (23) earlier.
Differentiation of hematopoietic progenitor cells (HPC) into endothelial cells
HPC were plated on collagen coated (1 µg/well in 60% ethanol) 24 wells plate at a
density of 1 x 106 cells/well in EGM2-basal medium plus EGM-2 MV bulletkit
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(Lonza, Walkersville, USA). After 5 days, the medium was refreshed every 3 days.
Phase contrast images were taken using a Leica DM IRE2 microscope.
Lentiviral transduction
HPC and LSEC were transduced overnight with a codon-optimized mCD47expressing pHEF lentiviral vector (31) 24 hours prior to transplantation as
described earlier (32).
Flow cytometry analysis
Cells (n=3) were characterized by co-staining for CD31, CD34, CD133, CD146
(Miltenyi Biotec, Auburn CA, USA), CD45 (eBioscience) and CD309 (BD Pharmingen)
(table 1; supplementary methods). Isotype matched nonspecific antibodies were
used as controls (eBIoscience). Mean values are presented with ± SD.
Immunohistochemistry
Cryosections of 5-6 µm were affixed to poly-L-lysine-coated glass slides and kept at
-20°C before use. Sections of fetal liver were fixed for 10 minutes in 2%
paraformaldehyde before use. Sections were stained with antibodies specific for
human proteins without cross reactivity to murine homologues. Monoclonal antihuman CD31, CD34 (1:100, DakoCytomation), CD45 (1:100, eBioscience) or
polyclonal rabbit anti-human lymphatic vessel endothelial receptor 1 (LYVE-1)
(Angio, Del, Mar, CA, USA) for 1 hour at room temperature (table 1;
supplementary methods). Primary antibodies were detected with Alexa 594 or
Alexa 488 conjugated goat anti-mouse or goat anti-rabbit antibodies (1:1000,
Rockland Immunochemicals) followed by embedding in mounting medium
containing DAPI (Vector labs, Burlingame). Images were taken with a Leica DM RA2
microscope or a Leica SP8-X Confocal microscope.

Results
Immunohistochemical characterisation of human fetal liver
Human fetal liver tissue, gestation week 14 to 16, was stained for LYVE-1 and CD31,
CD34 and CD45 respectively (Figure 1). LYVE-1 has been shown to be expressed in
human liver endothelium and was used to test colocalization with CD31, CD34 and
CD45. Islands of hepatocytes surrounded by endothelial cells can be clearly
distinguished. All LYVE-1 positive cells colocalize with CD31 and CD34. Cells
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positive for CD31 and CD34 but negative for LYVE-1 are also observed. The LYVE-1
negative and CD31 or CD34 positive cells are round, do not have endothelial
morphology and therefore likely represent cells of hematopoietic origin. In
contrast, no colocalization of CD45 with LYVE-1 was observed. These data show
that the endothelial cells surrounding the fetal liver sinusoid are positive for CD31,
CD34 and LYVE-1 but negative for CD45.

3

Figure 1. Immunohistochemical characterisation of human fetal liver
Human fetal liver tissue was stained for CD31 and LYVE-1, CD34 and LYVE-1 and CD45 and LYVE-1.
Nuclei were stained with DAPI. Images were collected by confocal microscopy. LYVE-1 colocalizes with
CD31 and CD34, these cells form the lining of the developing sinusoid and represent human fetal liver
endothelium. No colocalization of LYVE-1 and CD45 was observed. Cells positive for CD31 or CD34 but
negative for LYVE-1 are also observed. These cells are round, do not form a sinusoidal lining and
represent hematopoietic cells. The panels represent sections of 125 μm squared.
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Characterization of human fetal liver cells by flow cytometry
Hematopoietic progenitor cells (HPC) were isolated from human fetal liver by mild
mechanical disruption and cell sorting for CD34. These cells show a phenotype
consistent with hematopoietic stem cells as they are positive for CD31, CD34 ,
CD45 and CD133 with low expression of endothelial markers such as CD146 and
CD309 (Figure 2). Throughout the manuscript these cells are referred to as
hematopoietic progenitor cells (HPC).
Liver sinusoidal endothelial cells, which are obtained after enzymatic digestion of
human fetal liver, are also highly positive for CD31 and CD34 as shown in figure 2.
They are mostly negative for the hematopoietic marker CD45 and the stem cell
marker CD133. In contrast, endothelial cell marker CD146 is expressed in a higher
frequency and endothelial cell marker CD309 in a comparable frequency to HPC.
This phenotype is consistent with endothelial cells and these cells are referred to
as liver sinusoidal endothelial cells (LSEC) throughout the manuscript. This
characterization shows that only enzymatic digestion of human fetal liver is able to
liberate differentiated endothelial cells.

Figure 2. Characterisation of human fetal liver cells by flow cytometry
The phenotype of freshly isolated HPC from human fetal liver after mild mechanical disruption and
CD34 sorting was analyzed by staining for CD31, CD34 (72±34%), CD45 (37±38%), CD133 (36±25%),
CD146 (10±8%) and CD309 (23±36%) by flow cytometry. Upper panel, n=3. The corresponding isotype
controls are shown as solid peaks. For comparison the same staining is shown for cells isolated from
fetal liver after enzymatic disruption and magnetic CD31 isolation 2-7 days later (CD31 (84±6%), CD34
(37±35%), CD45 (21±22%), CD133 (0±0%), CD146 (36±25%), CD309 (23±9%)). Lower panel n=3.
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Differentiation of human fetal liver-derived hematopoietic progenitor cells into
endothelial cells
The CD34 positive HPC were cultured in endothelial cell specific medium on
collagen coated wells. After 5 days the medium was refreshed. Cells had adhered
and exhibited heterogeneity in morphology (Figure 3 bottom panel). Fourteen to
22 days after plating, several colonies of endothelial like cells displaying cobble
stone morphology could be found. Phase contrast images taken from human liver
endothelial cells (LSEC) purified using human CD31 conjugated magnetic beads are
shown for comparison (Figure 3 bottom panel). After 14-22 days in culture,
differentiated HPC were harvested and analyzed for the expression of several cell
surface markers as depicted in the histograms of figure 3. Comparing the flow
cytometry results of figure 2 and 3, it is shown that culture of HPC leads to
complete loss of CD34 and partial loss of CD31. However, expression of CD45
remained confirming the heterogeneity of cells from the HPC pool that adhere
after plating. More importantly, expression of the endothelial cell markers CD146
and CD309 was induced. These experiments show that some cells in the purified
CD34 positive fraction that was obtained after mild mechanical digestion are
capable of differentiating into endothelium. Our results thus confirm that cell
populations with the potential for reconstituting a complete hematopoietic system
also contain cells that can be differentiated into endothelium in vitro.
Human fetal liver-derived hematopoietic progenitor cells do not regenerate
damaged liver mouse endothelium following intrasplenic transplantation
We next determined whether the population of human fetal liver hematopoietic
progenitor cells, that should include cells with endothelial potential, are capable of
restoring mouse liver endothelium in vivo by transplantation in immune deficient
mice with damaged liver endothelium. The transplanted cells were previously
transduced with a lentiviral vector encoding murine CD47 to protect the cells from
mouse phagocytic activity and increase grafting. CD47 is a membrane protein, also
known as integrin-associated protein, which prevents phagocytosis by
macrophages through interaction with signal regulatory protein alpha (SIRPα) (33).
Human hematopoietic reconstitution of HIS mice is improved following
transplantation of mCD47-expressing HPC (34).
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Figure 3. Differentiation of HPC into endothelial like cells.
A) Hematopoietic progenitor cells (HPC) were isolated after mild mechanical disruption of fetal liver and
cultured for 14-22 days in endothelial cell medium. Flow cytometry was used to detect expression of
CD31, CD34, CD45, AC133, CD146 and CD309 by differentiated HPC. Compared to freshly isolated HPC as
shown in figure 2, expression of the endothelial specific markers CD146 and CD309 was increased after
culture in endothelial cell medium (clear peak). In each panel, the solid peaks represent staining with an
isotype control antibody. B) Adhered HPC show varying morphology. After 7 and 19 days in culture in
endothelial cell medium, colonies of endothelial like cells displaying cobble stone morphology were
present. As a comparison liver sinusoidal endothelial cells (LSEC) cultured in endothelial cell medium for
24 hours and 5 days after isolation from human fetal liver using magnetic separation are also shown
(lower panels). Magnification: 10X.

For our experimental purpose we used monocrotaline that selectively damages
liver endothelial cells and denudes the parenchymal plates (35, 36). The immune
deficient mice received an intraperitoneal injection of monocrotaline 7 days and
24 hours prior to intrasplenic HPC transplantation. The mice did not show signs of
adverse effects after monocrotaline treatment. Following transplantation of HPC
(n=10) sporadic human CD45 positive cells could be detected in the liver,
indicating that the transplantation was successful. The CD45 positive cells did not
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resemble endothelium in morphology (Figure 4). No LYVE-1 positive cells were
detected, thus showing that HPC obtained from human fetal liver are not capable
of restoring damaged liver endothelium. Additionally, transplanted human cells
were not observed in sections of the lungs and kidneys (data not shown).

3

Figure 4. Immunohistochemistry shows that only human liver sinusoidal endothelial cells are capable
of restoring damaged liver endothelium.
-/- -/Livers from Rag2 yc mice transplanted with human hematopoietic progenitor cells (HPC), human
-/-/-/immune system mice (HIS) (NOD/SCID IL-2Rγc mice (n=8) or BALB/c Rag2 IL-2Rγc (n=6)) and mice
transplanted with human liver sinusoidal endothelial cells (LSEC) (n=10) were stained for LYVE-1, CD31,
CD34 and CD45. Nuclei are stained blue with DAPI. Only single CD45 positive cells were found in liver
sections of mice transplanted with HPC (upper panels). Mice with reconstituted human immune
systems (HIS) had an abundance of CD31 and CD45 cells present in the liver (middle panels). The
morphology of these cells is consistent with a hematopoietic origin. No LYVE-1 positive cells were
observed in any of liver sections of the mice transplanted with HPC and the HIS mice. In contrast,
following transplantation of human liver sinusoidal endothelial cells (LSEC) (n=2), multiple clusters of
cells could be found in both spleen and liver that co-stained with LYVE-1, CD31 and CD34. The
morphology of these clusters is consistent with endothelium. GFP-signal is not displayed. Magnification:
20X.

76

Liver engraftment of stem cells
Liver endothelium of mice with humanized immune systems is not regenerated
from human hematopoietic cells.
Although the human fetal liver-derived hematopoietic progenitor cells were not
directly able to restore damaged liver endothelium, it remained possible that the
HPC need a differentiation step in vivo to be able to restore damaged liver
endothelium.
We therefore used HPC to reconstitute a human immune system in immune
deficient mice before damaging the liver endothelium. Mice with human immune
systems had on average 35±10% human CD45 positive cells with differentiation in
T and B cell lineages as indicated by positive human CD3 and CD19 staining
respectively (Supplementary figure).
We damaged the liver endothelium of mice with human immune systems to
determine if differentiated hematopoietic progenitor cells play a role in liver
vascular regeneration.
Monocrotaline treatment did not change the percentage of human CD45 cells in
peripheral blood two weeks after the second injection (data not shown).
Immunohistochemistry showed abundant presence of human CD31 and CD45
positive cells in the liver but these cells did not resemble endothelium. LYVE-1
staining was negative, showing that, in this model, HPC are also not able to
differentiate into liver endothelium (Figure 4). Sections of lungs and kidneys did
not contain differentiated endothelial cells from human hematopoietic origin (data
not shown).
These experiments show that differentiated human hematopoietic cells are not
capable of restoring damaged liver endothelium.
Regeneration of damaged mouse liver with human liver sinusoidal endothelial
cells.
As a positive control, immune deficient mice (n=2) were transplanted with mCD47expressing human liver sinusoidal endothelial cells obtained after enzymatic
digestion of human fetal liver. In contrast to the transplantation experiments with
HPC, all transplanted mice had abundant clusters of CD31 and LYVE-1 positive cells
that resembled endothelium in morphology. These results were consistent with an
earlier study from our group (23). No human CD45 positive cells could be detected
(Figure 4). These experiments confirm that our model of liver endothelial damage
is sensitive and can be used to determine the liver endothelial regeneration
potential of transplanted cells.
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Discussion
The ability of progenitor cells from peripheral blood to repair damaged blood
vessels has been demonstrated in a number of studies (10, 13, 37, 38). The aim of
our study was to examine the capacity of hematopoietic progenitor cells isolated
from human fetal liver to regenerate damaged liver vasculature.

3

We have examined the potential of human hematopoietic progenitor cells (HPC)
for the repair of liver endothelium in two ways. In the first approach we
transplanted HPC in immune deficient mice, which had been treated with
monocrotaline to damage the liver endothelium. Histological examination of the
mouse liver revealed only low amounts of human CD45 positive HPC or HPC
derived cells. These cells likely are hematopoietic in origin. Incorporation of human
cells in liver and spleen endothelium of transplanted mice was not observed.
Staining for human LYVE-1 was negative. Thus, direct differentiation of HPC into
liver endothelium does not appear to be an efficient process.
In the second approach, HPC were used to reconstitute a human immune system
in immunodeficient mice before inducing liver endothelial damage. After good
multi-lineage reconstitution of the murine immune system with human cells was
observed, liver damage was induced by monocrotaline. In contrast to the mice
directly transplanted with HPC, livers of the mice with human immune systems
contained large amounts of CD31 and CD45 positive cells. These cells were not
incorporated into the sinusoids, did not form a vascular network and were likely
hematopoietic in origin. Because no LYVE-1 staining was observed, we conclude
that no differentiation of human cells into liver endothelium occurred.
In contrast, transplantation of liver sinusoidal endothelial cells, isolated after
digestion of human fetal liver with protease, gave rise to abundant repopulation of
mouse liver endothelium, as evidenced by the presence of LYVE-1 positive clusters
of human endothelium throughout the livers of transplanted mice. This result is
consistent with our previous study in which we also showed that transplantation
of human fetal liver-derived sinusoidal endothelial cells in immune deficient mice
leads to grafting of differentiated and functional human endothelium (23). A
crucial finding of this study therefore is that enzymatic digestion of fetal liver with
collagenase followed by a culture step is required to obtain cells with endothelium
regenerative properties. This strongly suggests that the only cells capable of
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restoring damaged liver endothelium are differentiated liver sinusoidal endothelial
cells.
Although our studies were performed using human cells, engraftment of human
cells in murine liver is only an approximation of the situation in humans in vivo.
Nevertheless, we are convinced that our results also describe the behavior of
hematopoietic progenitor cells in humans in vivo. The HPC were transduced by a
lentiviral vector expressing mouse CD47. CD47 is a membrane protein, also known
as integrin-associated protein, which prevents phagocytosis by macrophages
through interaction with signal regulatory protein alpha (SIRPα) (33). Human
hematopoietic reconstitution of HIS mice is improved following transplantation of
mCD47-expressing HPC (34). Thus, scavenging of HPC with endothelial potential by
mouse macrophages is not likely to have occurred. In addition, both HPC and
human liver sinusoidal endothelial cells were isolated from the same source, both
transduced overnight under comparable circumstances and transplanted under
similar conditions whereas only the human liver sinusoidal endothelial cells were
shown to have endothelial regenerative potential in vivo.
Our results thus show that, in fetal liver, mechanical dissociation releases a
population of CD31 and CD34 positive cells in which the hematopoietic stem cells
reside. After enzymatic digestion of human fetal liver, a different population of
CD31 and CD34 positive cells is released.. We have previously shown that CD31
negative cells obtained after enzymatic digestion of fetal liver are unable to
regenerate damaged liver endothelium (23). Our study therefore conclusively
shows that human fetal liver hematopoietic progenitor cells do not contribute
significantly to restoration of damaged liver endothelium. However, in a previous
study, we have also shown that liver endothelium can only be regenerated by fetal
or adult liver endothelial cells. Microvascular endothelium from subcutaneous fat
and macrovascular endothelium from umbilical cord is not able to restore
damaged liver endothelium. Furthermore, examination of other tissues of mice
transplanted with HPC or HIS mice showed that HPC are also incapable of restoring
endothelia other than those in liver.
The HPC expressed cell surface markers CD31, CD34, CD45 and CD133, but did not
express the endothelial cell markers CD309 and CD146. Recent studies have found
that CD34+CD133+CD309+ cells are hematopoietic cells that do not yield
endothelial cell progeny (39, 40). We confirmed that HPC could be differentiated
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to endothelial cells in vitro as evidenced by the appearance of expression of
endothelial cells markers CD146 and CD309. This could be differentiation of EPCs
within the HPC suspension into endothelial cells. There remains however a
possibility, that small amounts of CD34 positive liver sinusoidal endothelial cells
were isolated from the human fetal liver along with the HPC and adhered and
expanded following plating.

3

Several studies have been performed that examine the potential of endothelial
progenitor cells for repair of damaged vasculature. The percentage of successful
regeneration of damaged vasculature varies enormously from approximately 50%
(7) to minimal (41, 42) or no incorporation at all (16, 17). Female rat liver
endothelium was repaired very efficiently by transplanted male bone marrow
derived stem cells following treatment with monocrotaline (8). However, in this
study the engrafted endothelial cells were positive for CD45, a finding not
reproduced by us and other groups (39, 40, 43, 44).
The role of hematopoietic progenitor cells in the regeneration of damaged
endothelium is therefore controversial. A variety of studies has shown benefit of
bone marrow derived stem cell transplantation in animal and human models of
endothelial damage (8, 10, 45). However, other studies, including ours, show that
the contribution of progenitor cells to endothelial regeneration is minimal (16, 46).
A confounding factor that might explain these discrepancies is the lack of markers
specific for progenitor cells and endothelium (18). Markers such as CD31 and CD34
are present on progenitor and differentiated endothelial cells (18). Thus, it is well
possible that studies reporting endothelial grafting and repair by transplanted
progenitor cells were in fact looking at the effects of dislodged differentiated
endothelial cells. This hypothesis is strengthened by our observation that digestion
of tissue with proteases is required for the liberation of cells with endothelial
regenerative capacity. Only complete tissue breakdown liberates cells with CD146
and CD309 expression and morphology consistent with differentiated endothelial
cells.
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Conclusions
We could not confirm that hematopoietic progenitor cells from human fetal liver
have the ability to differentiate in liver sinusoidal endothelial cells in vivo and
regenerate damaged mouse liver endothelium. Our results suggest that the role of
circulating HPC in postnatal neovascularization of liver sinusoids is limited.
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Supplementary figure. Generation of mice with human immune systems by transplantation of human
fetal liver-derived hematopoietic progenitor cells.
Hematopoietic progenitor cells (HPC) were isolated after mild mechanical disruption of fetal liver and
-/-/-/transplanted in neonatal irradiated (NOD/SCID IL-2Rγc mice or BALB/c Rag2 IL-2Rγc )
immunodeficient mice. Grafting of human cells was determined by flow cytometry of peripheral blood
eight weeks after transplantation. Panel A shows staining for human CD45, in panel B cells gated for
human CD45 are shown to express human CD3 and CD19, indicating the presence of differentiated
human B and T cells. A typical result is shown.
Table 1: Antibodies used in this study

Marker

Cells

Method

CD3

T-cells

Flow cytometry

CD19

B-cells

Flow cytometry

CD31

LSEC, HPC

Flow cytometry and immunofluorescence

CD34

LSEC, HPC

Flow cytometry and immunofluorescence

CD45

LSEC, HPC

Flow cytometry and immunofluorescence

CD133

LSEC, HPC

Flow cytometry

CD146

LSEC, HPC

Flow cytometry

CD309

LSEC, HPC

Flow cytometry

LYVE-1

LSEC

Immunofluorescence

Various anti-human antibodies were used in the present study. LSEC: liver sinusoidal endothelial cells.
HPC: hematopoietic progenitor cells.
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Abstract

4

Possible risks and lack of donor livers limit application of liver transplantation.
Liver cell transplantation is at this moment not a feasible alternative, because
engraftment in the liver is poor. Furthermore, there is also shortage of cells
suitable for transplantation. Fetal liver cells are able to proliferate in cell culture
and could therefore present an alternative source of cells for transplantation. In
this study we investigated the utility of human fetal liver cells for therapeutic
protein delivery.
We transplanted human fetal liver cells in immunodeficient mice, but were not
able to detect engraftment of human hepatocytes. In contrast, transplantation of
human adult hepatocytes led to detectable engraftment of hepatocytes in murine
liver.
Transplantation of fetal liver cells did lead to abundant reconstitution of murine
liver with human endothelium, indicating that endothelial cells are the most
promising cell type for ex vivo liver cell gene therapy. Human liver endothelial cells
were subsequently transduced with a lentiviral autoregulatory erythropoietin
expression vector. After transplantation in immunodeficient mice, these cells
mediated long term regulation of murine hematocrits.
Our study shows the potential of human liver endothelial cells for long-term
regulated gene therapy.
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Introduction
Liver transplantation is the only available treatment for a variety of inherited
deficiencies, but organ shortage and the risks associated with an invasive
procedure limit the application of this technique. Because many inherited diseases
would already be treated by partial restoration of the deficiency, complete organ
replacement is often not necessary. Thus, hepatocyte transplantation seems an
attractive alternative to whole liver transplantation. However, poor grafting of
transplanted hepatocytes and shortage of donor organs limits the utility of this
approach.
Fetal hepatocytes, or hepatoblasts, could represent an attractive source of liver
cells for transplantation because they can be expanded in cell culture (1).
Furthermore, studies in rats suggested that fetal hepatocytes might have better
engraftment and repopulation properties than adult hepatocytes (2). In addition
to hepatoblasts, fetal liver also contains large amounts of endothelial cells,
forming the inner lining of the sinusoids of the liver.
We have shown previously that we are able to repopulate the liver of
immunodeficient Rag2-/-yc-/- mice with fully differentiated human liver endothelial
cells (3). In this study we compare the grafting potential of liver endothelial cells
and fetal hepatoblasts to identify the most suitable fetal liver cell type for
therapeutic gene delivery. Our previous studies showed engraftment of cells
derived from human fetal and adult liver in immunodeficient Rag2-/-yc-/- mice (3, 4).
These mice lack B and T lymphocytes and natural killer (NK) cells, but have residual
macrophage function. Recent studies have shown that transplantation of human
cells in Rag2-/-yc-/- immunodeficient mice is improved by expressing murine CD47
in the transplanted human cells (5). CD47 is a membrane protein, also known as
integrin-associated protein, which prevents phagocytosis through interaction with
signal regulatory protein alpha (SIRPα) (6). In order to determine the full potential
of human fetal liver cells in ex vivo gene therapy, we therefore used human fetal
liver cells expressing murine CD47.
Lentiviral vectors have the ability to stably transduce dividing and non-dividing
cells (7, 8) and lentivirus mediated ex vivo gene transfer is already clinically used to
correct inherited hematopoietic disorders such as metachromatic leukodystrophy
and Wiscott-Aldrich syndrome (9, 10). The safety record of lentiviral vectors
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appears to be better than that of older generation murine retroviral vectors and
lentiviral vectors are now used in a number of clinical trials with promising results
(9-11). The combination of ex vivo lentiviral gene transfer with fetal liver cell
transplantation could thus represent an attractive treatment for metabolic
disorders.
However, for many disorders, clinical implementation of ex vivo gene therapy will
require the ability to regulate the expression of genes to maintain expression
levels within a therapeutic window (12). Erythropoietin (Epo) is a glycoprotein with
a critical role in erythropoiesis and is used for the treatment of patients suffering
from anemia induced by a variety of causes (13). Overexpression of Epo can lead
to serious adverse effects making regulated expression necessary. In previous
experiments, we have shown that the tetracycline inducible system can be used to
regulate the expression of Epo in rats following systemic administration (14, 15).
In this study we examined which fetal liver cell type can be most efficiently
transplanted and used for regulated ex vivo gene therapy.

4
Results
Transplantation of fetal and adult liver cells
Unfractionated fetal liver cells were transduced with a mouse CD47-GFP
expressing lentiviral vector to protect them from mouse phagocytic activity and
increase transplantation efficiency (n=4). Adult hepatocytes were transduced with
a GFP-expressing lentiviral vector for better visualization of engraftment (n=4).
Intrasplenic transplantation of murine CD47 transduced human fetal liver cells
resulted in substantial engraftment and repopulation of human liver endothelial
cells throughout the mouse liver, as shown by positive human LYVE-1 staining
(Figure 1). However, human fetal liver hepatoblasts were not able to engraft and
differentiate into mature hepatocytes as shown by the absence of human albumin
staining (Figure 1). In contrast to the human fetal liver hepatoblasts, transplanted
mature hepatocytes did engraft in the mouse liver and expressed human albumin
(Figure 1). These results show that fetal liver hepatocytes are not able to efficiently
differentiate into adult hepatocytes and emphasize that human liver endothelial
cells have a better potential for liver engraftment and repopulation than other
fetal liver cell types.

90

Regulated ex vivo erythropoietin gene therapy
Mice were also transplanted with purified fetal liver endothelial cells transduced
with the murine CD47-GFP lentiviral vector (n=6). The repopulation success of the
endothelial cells was determined by measuring the amount of human DNA in the
repopulated mouse livers using quantitative-PCR. An average of 1.6 ± 1.2% of total
human DNA in repopulated mouse livers was detected. Because the endothelium
comprises only a small fraction of total liver cells, this represents an efficient
reconstitution of murine livers with human endothelium.

Figure 1. Fetal liver endothelial cells but not hepatoblasts engraft in murine liver.
Human adult hepatocytes were transduced with a GFP- lentiviral vector and human fetal liver cells
were transduced with a mouse CD47-GFP lentiviral vector prior to transplantation. Human endothelium
engrafted in the murine livers was identified by positive LYVE-1 staining and morphology one week
after transplantation. Human hepatocytes engrafted in the murine livers were identified by positive
staining for human albumin and morphology. After transplantation of adult hepatocytes, occasional
engrafted hepatocytes, positive for albumin, were observed (bottom left). No endothelial cells positive
for LYVE-1 were observed (bottom right). Transplantation of mCD47-expressing human fetal liver cells
did not lead to engraftment of hepatocytes, as shown by negative human albumin staining, (top left),
but did result in abundant engraftment and repopulation of human liver endothelial cells throughout
the mouse liver as shown by positive LYVE-1 staining (top right). Sections of 240 μM squared are shown.
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Human liver endothelial cells can be used for long-term regulated gene therapy
We have shown previously in rats that in vivo intramuscular administration of the
doxycycline regulated erythropoietin expressing lentiviral vector TREAutoR4rEPO
resulted in a doxycycline dependent Epo expression and subsequent regulation of
hematocrit in vivo. However, an immune response rapidly cleared the transduced
muscle cells. In the present study we examined the use of the TREAutoR4rEPO for
ex vivo gene therapy by transducing human liver endothelial cells with this vector
followed by intrasplenic transplantation in Rag2-/-γc-/- mice (n=8). Blood was
collected every two weeks for hematocrit determination. The hematocrit level of
the mice was on average 0.5 ± 0 PCV (packed cell volume) before transplantation.
Two weeks after transplantation, but before starting doxycycline administration,
the hematocrit remained at the same level showing tight regulation of background
expression of the lentiviral vector. Two weeks after transplantation, the mice
received doxycycline in their drinking water for two weeks. The hematocrit level
increased significantly to 0.7 ± 0 PCV and 0.7 ± 0.1 PCV two and four weeks after
starting the doxycycline water respectively (Figure 2). After withdrawal of
doxycycline, the hematocrit returned back to baseline. Second and third rounds of
doxycycline administration resulted in similar responses showing robust and long
term (7 months) regulation by this vector system. These results not only show that
human liver endothelial cells are capable of engraftment and long-term
repopulation following transplantation, but also that they can be used for
successful regulated gene expression.
Figure 2. Long-term doxycycline regulation of
hematocrit.
Mice were transplanted with 50.000 human liver
endothelial cells transduced with the autoregulatory
Epo expression vector at day 0 (n=8). Blood was
sampled every two weeks. Doxycycline was
administered in the drinking water at 2, 12 and 20
weeks after cell transplantation and continued for
two weeks as indicated by the solid bars. Top panel:
average hematocrit levels are shown on the y-axis in
PVC (packed cell volume). Up to 16 weeks n=8, up to
28 weeks, n=4. Bottom panel: the amount of rat
erythropoietin in transplanted mouse serum was
determined by ELISA. Following induction by
doxycycline administration in the drinking water, the
concentration
of
erythropoietin
increased
significantly, P< 0.0001. Mean values are shown ± SD
(n=6).
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The regulated hematocrits were mirrored by Epo concentrations in the serum of
transplanted mice. Epo concentration was on average 234 ± 61 pg/ml (n=6) before
starting administration of doxycycline water and increased significantly (P>0.0001)
to an average of 1216 ± 452 pg/ml (n=8) after 14 days of administration of
doxycycline water. After stopping administration of doxycycline water the
concentration decreased again to baseline levels (Figure 2).

Figure 3 Histological staining for hematopoietic and endothelial markers in murine liver transplanted
with endothelial cells expressing Epo.
Sections of paraplast embedded human fetal livers (3A) or murine livers transplanted with endothelial
cells transduced with an autoregulatory Epo expression vector were stained with a specific anti-human
LYVE-1 antibody (3B). The murine liver was harvested 3 months after transplantation in a period the
mouse did not receive doxycycline water. In the human fetal liver (gestation 14-18 weeks) that is
shown as a positive control, LYVE-1 positive sinusoidal endothelium lines islands of hematopoietic cells
and hepatoblasts (arrow). In the transplanted murine liver, clusters of hematopoietic cells can be seen
showing extramedullary hematopoiesis (asterisk). Occasionally, LYVE-1 human liver endothelial cells
were also detected (arrow). Liver tissue from mice with a humanized immune system that is shown as a
positive control (3C) or mice transplanted with endothelial cells transduced with an autoregulatory Epo
expression vector (3D) were stained for human CD45. The mouse transplanted with endothelial cells
was harvested 4 months after transplantation in a period the mouse received doxycycline water.
Human CD45 positive hematopoietic cells were detected in mice with humanized immune systems but
not in mice transplanted with endothelial cells.

93

Chapter 4
Four months after transplantation, the mice were sacrificed and sections of spleen
and liver were embedded in paraffin and stained for human LYVE-1 (Figure 3B).
Interestingly, the transplanted mice showed signs of extramedullary
hematopoiesis in liver en spleen (not shown). For comparison, in Figure 3A a
section of human fetal liver with LYVE-1 positive endothelium surrounding islands
of hepatoblasts and hematopoiesis is shown. To determine whether the
hematopoietic cells in the liver were of human or murine origin, we used an
antibody specific for the human hematopoietic marker CD45. No CD45 positive
cells were detected in our transplanted mice (Figure 3 D). As a control, positive
CD45 staining in a mouse with a humanized immune system is shown (Figure 3 C).
No other gross abnormalities were observed.

Discussion

4

Because ex vivo lentiviral gene therapy has been successful in the treatment of
hematological disorders (9-11), this approach could also be promising for inherited
disorders affecting the liver. In order to determine the full potential of human liver
cells in ex vivo gene therapy, it is important to know their capacity to integrate and
repopulate the liver under conditions that resemble transplantation in human
hosts as closely as possible.
In the present study we therefore transduced human fetal liver cells with a
lentiviral vector conferring murine CD47-expression. Following transplantation,
multiple clusters of human liver endothelial cells were present. Although the
murine CD47-expressing transplanted human fetal liver cell suspension also
contained a large proportion of hepatoblasts, no human hepatocytes were
detected in the transplanted livers. Using the same transplantation strategy,
sporadic engraftment of human adult hepatocytes was observed, showing that our
approach is suitable for engraftment and detection of mature hepatocytes. These
results emphasize the high potential of human liver endothelial cells for cell
transplantation therapy and show that the potential of human fetal liver
hepatoblast for the replacement of liver parenchyma is poor. Because we also
show that undifferentiated human hepatocytes poorly engraft in the liver, our
results parallel recent studies using human cells in a model with severe liver
damage (16) and a milder model using murine fetal liver cells (17) and thus further
question the utility of undifferentiated cell transplantation in the treatment of
liver disorders.
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Because CD31 is also present on several types of hematopoietic lineages (18) it
would be possible that the engrafted endothelial cells were derived from a
hematopoietic precursor or through cell fusion with a hematopoietic cell type.
However, we did not detect cells positive for the human pan hematopoietic
marker CD45 in mice transplanted with CD31 positive endothelium.
We have also transplanted purified hematopoietic stem cells in our model and
treated mice with humanized immune systems with monocrotaline. In neither of
these experiments engraftment of human endothelial cells was detected (El Filali
et al, unpublished, submitted). Thus, the human endothelium in our transplanted
animals is derived from endothelial cells and not, directly or indirectly through cell
fusion, from a hematopoietic precursor.
After transplantation of purified murine CD47-expressing human liver endothelial
cells, 1.6 ± 1.2% of total liver DNA was human. Since human liver endothelial cells
constitute 10-20% of total liver cells (19, 20) an average of 16-32% of the mouse
endothelium was replaced by human cells. Since 1 gram rat liver contains
approximately 217 million cells (21) and our mice had average liver weights of 1.3
gram, the total number of human endothelial cells in our fully repopulated mice
would be approximately 4.5 million. Previously, we transplanted an enriched
suspension of GFP-expressing human liver endothelial cells, that did not express
mCD47 and found a repopulation success of 0.3 ± 0.4% of total DNA (3). Thus, in
the absence of macrophage activity against xenogenic cells, such as will be the
case in human/human transplantation, grafting of transplanted endothelial cells is
likely going to be very efficient.
We also examined whether human liver endothelial cells can be used for ex vivo
regulated gene therapy by transplanting human liver endothelial cells transduced
with an autoregulatory lentiviral vector that mediates erythropoietin expression
controlled by doxycycline. Mouse hematocrits could successfully be regulated by
doxycycline following transplantation of human liver endothelial cells transduced
with the erythropoietin auto-regulatory lentiviral vector. Comparable results were
found in immunodeficient mice that had received a subcutaneous implant of
human erythropoietin expressing endothelial colony forming cells (22). Yet, these
experiments were continued for a maximum of four weeks. In our present study,
multiple rounds of doxycycline stimulation for a total duration up to 7 months
were possible, indicating that long-term functional engraftment of human liver
endothelial cells is feasible.
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Transplantation of as little as 50.000 human liver endothelial cells transduced in
vitro with an erythropoietin expressing autoregulatory lentiviral vector, was
enough to result in robust therapeutic and regulated Epo expression. At the end of
our experiment, our mice had an average weight of 29 grams. To regulate Epo
expression in a human with a body weight of 75 kg, we would thus need 129
million cells. Since the hematocrits we obtained in mice were supraphysiological, a
lower relative dosing of cells would likely suffice for human use. Because the
amount of transplanted cells was low, few LYVE-1 positive human endothelial cells
were detected by histology. Epo is a protein hormone, low expression levels
already give a robust therapeutic effect. However, for correction of inherited
disorders such as hemophilia, a larger amount of cells is likely necessary. Together,
our results emphasize the potential of liver endothelial cells for therapeutic gene
delivery. We observed extramedullary hematopoiesis in the mice transplanted
with Epo expressing endothelial cells. The absence of human CD45 positive cells
showed that this process was of murine origin. The tetracycline inducible system is
characterised by low basal expression of rtTA and erythropoietin in the absence of
doxycycline stimulation. Previously, in vivo administration of this vector in Wistar
rats led to an immune response to rtTA regardless of the low basal level of rtTA
(15). In the present study, we examined whether human liver endothelial cells can
be used for ex vivo regulated gene therapy using the same tetracycline inducible
system in immune deficient mice. It is likely that transduction of antigen
presenting cells by lentiviral vectors administered in vivo is responsible for the
strong immune response to transduced cells (23, 24). However, transplantation in
immune competent animals is necessary to investigate whether ex vivo
transduction of transplanted cells prevents the induction of a cytotoxic immune
response.
Our animals were pretreated with monocrotaline which caused a mild disruption
of endothelium in mice. Because of potential side effects, the use of
monocrotaline is not clinically acceptable. In the absence of endothelial damage,
engraftment of endothelium is very low. For human use a mild pretreatment with
antineoplastic drugs that disturb liver endothelium such as the tyrosine kinase
inhibitor sorafenib (25) or the alkylating agent cyclophosphamide(26) might be
required.
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In conclusion, the results of our transplantation experiments show that human
liver endothelial cells can be used for long-term regulated gene therapy and might
be an excellent platform for clinical implementation of ex vivo gene therapy.

Materials and Methods
Cell isolation
Human fetal liver The use of human fetal liver was obtained following informed
consent. Human fetal liver was obtained from elective abortions. Gestational age
ranged from 14-20 weeks. Fetal livers were processed and cells cultured as
described earlier (3, 27).
Human adult liver Mature primary cells were obtained from non-tumor liver tissue
following informed consent from a patient undergoing liver resection because of
adenoma aged 55 years. The liver tissue was used for hepatocyte (28) and
endothelial cell isolation as described earlier (3).
Enrichment of endothelial cells from human fetal liver
The human liver endothelial cells were isolated from the human fetal and adult
liver cell suspension, after 2-7 days in culture, via magnetic separation using antihuman CD31 antibody conjugated magnetic beads (Miltenyi Biotec) according to
the protocol provided by the manufacturer. The human liver endothelial cells were
seeded out in Primaria 6-wells plates in a density of 0.5 x 106 cells per well
overnight in EGM2-basal medium plus EGM-2 MV bulletkit (Lonza).
Lentiviral vector production and transduction
The autoregulatory lentiviral vector (TREAutoR4rEPO) expressing rat Epo (15) was
produced as previously described (29). Human fetal liver endothelial cells used for
studying regulated ex vivo gene therapy were transduced overnight with the
TREAutoR4rEPO lentiviral vector. Human fetal liver cells and human fetal liver
endothelial cells were transduced overnight with a combination of a codonoptimized mCD47-expressing pHEF (30) lentiviral vector and a green fluorescent
protein (GFP) containing lentiviral vector driven by a phosphoglycerate kinase (PGK)
promoter 24 hours prior to transplantation as described earlier (29). Adult human
hepatocytes were transduced with a green fluorescent protein (GFP) containing
lentiviral vector driven by a phosphoglycerate kinase (PGK) promoter 24 hours
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prior to transplantation as described earlier (29). Transduction efficiency of fetal
liver cells was routinely approaching 100%, whereas primary hepatocytes were
transduced with maximal 68% efficiency (29).
Animals
Animal experiments were performed in accordance with the Animal Ethical
committee guidelines at the Academic Medical Center of Amsterdam. Male and
female Rag2-/-yc-/- (31) mice ages 3 weeks to 6 months were used in all studies and
fed ad libitum on standard laboratory chow.

4

Animal experiments
Mice were treated with monocrotaline (Sigma-Aldrich) by intraperitoneal injection
of 200 mg/kg monocrotaline (32) in saline 7 days and 24 hours prior to the
intrasplenic cell transplantation. Transplantation experiments were performed as
described earlier(3). In short, under deep anesthesia, the spleen was exposed after
a sub costal incision at the left flank. The cell suspension, in 100 µl PBS (Frensius),
was injected into the tip of the spleen with a 30-gauge insulin needle (Terumo).
For experiments with primary adult hepatocytes (n=4), fetal liver cells (n=4) and
purified fetal liver endothelium (n=6), 1 x 106 cells were transplanted. For
experiments with fetal liver endothelial cells transduced with the autoregulatory
Epo expression vector (n=8), 5 x 104 cells were transplanted.
Mice with humanized immune systems were generated as described (33).
Control mice were injected with PBS. Transplanted mice were sacrificed by in vivo
fixation for tissue sampling as described earlier (3).
Doxycycline administration, blood collection and analysis
Drinking water was prepared containing 200 ug/ml doxycycline, 1% sucrose pH 6.0
and administered ad libitum for induction of Epo expression in periods of two
weeks. Blood was collected every two weeks by cheek puncture. Hematocrit levels
were determined by centrifugation using a heparin coated 75 mm long glass
capillary (Hirschmann). Plasma was frozen at -20°C for determining erythropoietin
level using the Quantikine Epo Elisa (R&D Systems) according to the protocol
provided by the manufacturer.
Immunohistochemistry
Cryosections were made of the liver and spleen by embedding the tissue in TissueTek OCT medium (Bayer). Sections of 5-6 µm were cut, affixed to poly-L-lysine98

Regulated ex vivo erythropoietin gene therapy
coated glass slides and kept at -20°C before use. Sections were stained for human
LYVE-1 (Dilution 1/100, DakoCytomation) as described earlier (3) or human
albumin (dilution 1/100 Bethyl laboratories). Sections were embedded in
mounting medium containing DAPI for nuclear staining. Images were taken using
Leica SP8 confocal microscope.
For histology, tissues were processed and embedded in paraplast as described
previously. Tissues were stained for human LYVE-1 (1:100, DakoCytomation), CD45
(dilution 1/250, clone HI30, eBioscience) processed and counterstained with
hematoxylin and eosin, for the LYVE-1 staining only, as described (34). Pictures
were taken using an Olympus BX51 microscope.
Quantification
We determined the repopulation success of transplanted human endothelial cells
in the mouse liver using a PCR approach involving the amplification of human
repetitive sequences according to Becker et al (35). DNA was extracted from
cryopreserved liver tissue of transplanted and control mice and normal human
liver tissue using either the NucleoSpin Tissue DNA isolation kit (Bioke) or the
QIAamp DNA FFPE Tissue (Qiagen) isolation kit for PFA fixed tissue as described
earlier (3).
Statistics
Statistical analysis was performed using the Mann-Whitney U test with SPSS
software. Values were indicated as significantly different with p<0.05. Mean
values are presented with ± SD.
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Abstract

5

Different types of endothelial cells (EC) fulfill distinct tasks depending on their
microenvironment. ECs are therefore difficult to genetically manipulate ex vivo for
functional studies or gene therapy. We assessed lentiviral vectors (LVs) targeted to
the EC surface marker CD105 for in vivo gene delivery. The mouse CD105-specific
vector, mCD105-LV, transduced only CD105-positive cells in primary liver cell
cultures. Upon systemic injection, strong reporter gene expression was detected in
liver where mCD105-LV specifically transduced liver sinusoidal ECs (LSECs), but not
Kupffer cells which were mainly transduced by non-targeted LV. Tumor ECs were
specifically targeted upon intratumoral vector injection. Delivery of the
erythropoietin gene with mCD105-LV resulted in substantially increased
erythropoietin and hematocrit levels. The human CD105-specific vector (huCD105LV) transduced exclusively human LSECs in mice transplanted with human liver
ECs. Interestingly, when applied at higher dose and in absence of target cells in the
liver, huCD105-LV transduced ECs of a human artery transplanted into the
descending mouse aorta. The data demonstrate for the first time targeted gene
delivery to specialized endothelial cells upon systemic vector administration. This
strategy offers novel options to better understand the physiological functions of
endothelial cells and to treat genetic diseases such as those affecting blood
factors.
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Introduction
The endothelium lining the inner surface of the vascular system performs a
multitude of functions, including transport, cell migration and cytokine secretion1.
Depending on their respective microenvironment endothelial cells evolved
functions focusing on specialized tasks. Of broad interest are liver sinusoidal
endothelial cells (LSEC) which are heavily fenestrated thus promoting not only
passage for a variety of substances but also uptake of particles and presentation to
lymphocytes2,3.
As the endothelium and, especially, subtypes of ECs cannot easily be explanted
and retransplanted and thus be genetically modified ex vivo, EC-specific vectors
that enter only the EC type of interest after systemic administration are needed
for in vivo gene transfer. Current state of the art vectors for gene transfer are
usually of broad tropism, i.e. they enter a large variety of different cell types to
express their payload. Some selectivity for endothelial cells has been achieved by
exploiting EC specific promoters and miRNA target sequences in the transfer
vector, which can detarget gene expression from particular types of non ECs4,5.
However, such vector particles enter into target and non-target cells equally well
and miRNA based detargeting cannot be used in the whole spectrum of non-target
cells.
Direct surface targeting of vectors via displayed attachment domains specific for a
receptor exposed on the membrane of the EC of interest may be an option to
achieve this goal. Surface targeting of lentiviral vectors (LVs) has been described
before6–8. One system with a high, if not absolute, target cell specificity relies on
engineered measles virus glycoproteins9. Specific targeting to a large variety of cell
types such as B lymphocytes8, T lymphocytes10, dendritic cells11, hematopoietic
progenitors9, neurons,9 and tumor cells12,13 via the corresponding cell surface
marker proteins has demonstrated the unique flexibility of this vector system.
Specificity is usually mediated by a single-chain variable fragment (scFv) with high
affinity for the target receptor fused to the measles virus hemagglutinin envelope
protein engineered to be deficient in natural receptor binding. By displaying a scFv
specific for human endoglin (CD105) a targeting vector for human ECs (huCD105LV) has been generated, which demonstrated unprecedentedly high specificity in
vitro9.
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As a cofactor in the TGF-β signaling pathway CD105 is conserved in sequence and
expression profile between man and mouse14,15. Here, we investigated the in vivo
gene delivery mediated by systemically applied CD105-targeted vectors. A newly
generated mouse CD105-specific vector was highly specific and effective in genetic
modification of LSECs even when applied systemically. Correspondingly, huCD105LV specifically transduced human LSECs or vascular arterial ECs in two different
xenograft mouse models.

Methods

5

Primary cells and tissue
Mouse non-parenchymal liver cells were prepared from CO2 sacrificed, adult
C57/Bl6 mice, which were perfused through the left ventricle with 5-10 ml prewarmed perfusion buffer (Gibco) for 10 min, followed by 5-10 ml Liver Digestion
Medium (Gibco) supplemented with collagenase IV (Serva, Heidelberg, Germany)
for 5 min. Parenchymal cells were eliminated by centrifugation for 4 min at 50g.
The supernatant was pelleted at 150g for 5 min and plated in ECGM-2 (Promocell,
Heidelberg, Germany) supplemented with 5% FCS, 100 U/ml penicillin and 100
µg/ml streptomycin in rat-tail collagen coated 24-well plates. Medium was
changed after 6 hours and transduction was performed on the next day.
Human pulmonary arteries and human saphenous veins were obtained with
approval of the local ethics committee of the Medizinische Hochschule Hannover
and after written consent from patients undergoing cardiopulmonary surgery.
Vessels were immediately transferred into ice-cold PBS to remove blood cells.
Transduction with huCD105-LV was carried out 1-2 hours after surgery in ECGM (C22010, Promocell) using 5x107 t.u./dish. Medium was replaced after 24 hours and
changed every two days. GFP fluorescence was monitored 8-10 days later by
immunofluorescence microscopy.
Human fetal liver cells were obtained after informed consent and the use was
approved by the Medical Ethical Committee at the Academic Medical Center of
Amsterdam.
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Vector production and transduction
Seven different vector types were applied in this work. LVs specific for murine
CD105 transferring GFP (mCD105-LVGFP), luciferase (mCD105-LVluc), luciferase and
GFP (mCD105-LVluc-GFP), erythropoietin (mCD105-LVepo), LVs specific for human
CD105 transferring luciferase and GFP (huCD105-LVluc-GFP), and VSV-G pseudotyped
LVs transferring GFP (VSVG-LVGFP), as well as luciferase and GFP (VSVG-LVluc-GFP).
Vectors were produced by polyethyleneimine mediated transfection of HEK-293T
cells (CRL-11268, ATCC, Manassas, U.S.) seeded one day before transfection
(1.6x107 cells per T175 flask). Immediately before transfection medium was
replaced by 13 ml DMEM containing 15% FCS and 1.5% glutamine. 1.3 µg pCGHmut-αmCD105 was mixed with 4.1 µg of pCG-Fd30,8 14.6 µg of pCMV-dR8.916
packaging plasmid and 15 µg transfer vector plasmid in 2.3 ml DMEM. 140 µl of 18
mM polyethyleneimine solution was diluted into 2.2 ml DMEM. Both solutions
were combined, mixed and incubated for 20 min before they were added to the
cells. Next day, medium was exchanged and supernatant collected 24 hours later
and cleared by filtration through a 0.45 µm filter. Vector particles were then
centrifuged through a 20% (wt/vol) sucrose cushion for 25 hours at 4500g at 4°C.
Vector particles were resuspended in OptiMEM (Gibco) and stored at -80°C in
aliquots. Transduction was performed in 24-well plates one day after seeding.
Vector-stocks were diluted into 250 µl of medium supplemented with 4 ng/ml
protamine-sulfate (Sigma-Aldrich). After 14 hours 750 µl medium was added.
Animal experiments
For all in vivo targeting experiments Athymic Nude-Foxn1Nu mice (Harlan, Rossdorf,
Germany) were injected once with 200 µl of vector stock diluted in OptimMEM.
Tumor xenografts were established by subcutaneous implantation of 5x106 MCF-7
cells (HTB-22, ATCC) into the right flank of Athymic Nude-Foxn1Nu until they
reached a volume of 200-400 mm3. For intratumoral application 100 µl vector was
injected fan-shaped through a 27g needle. For in vivo imaging mice were injected
i.p. with 250 µl luciferin (150 mg/kg body weight), anesthetized with 2.5%
isoflurane and analyzed within 10 to 20 minutes after luciferin administration.
Images were acquired on an Ivis Spectrum optical imager (Caliper Life science,
Hopkinton, U.S.) and analyzed using the Living Image 4 software. Aortic
interposition grafts were performed with human internal mammarian artery side
branches into the abdominal aorta of NOD/c.rag2-/-c.gamma-/- (NRG) mice with an
end-to end anastomosis using a technique described by Koulack et al.17.
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Human liver endothelial cell engraftment was achieved by intrasplenic injection of
1x106 human liver endothelial cells in Rag2-/-yc-/-mice (N=4). Mice were sacrificed,
fixed by in vivo perfusion and livers were excised for histology and
immunohistochemistry as described.18
After erythropoietin gene transfer, hematology was performed on a Scil Vet
ABCCounter (Scil animal care, Viernheim, Germany).
Histology and Immunostaining
Mice were sacrificed by CO2 and perfused through the left ventricle with PBS,
followed by 4% formaldehyde in PBS. Livers or tumor slices were incubated in 4%
formaldehyde for four to six hours before dehydration in ascending sucrose
concentrations and finally snap frozen in OCT medium (Sakura Finetek, Europe). 89 µm cryosections were permeabilized for 15 min in 0.25% TritonX100/PBS,
blocked with 10% donkey serum and incubated with rat-anti-CD31 antibody (1:20,
SZ31, Dianova, Hamburg, Germany), rat-anti F4/80 (1:200, BM8, Dianova) or of the
GFP-specific rabbit antiserum (1:400, Life technologies), respectively. For
detection, donkey-anti-rat-DyLight-549 F(ab)2 (1:250, Dianova) and donkey-antirabbit Dylight-649 (1:250, Biolegend, San Diego, U.S.) were applied. Stained tissue
was embedded in Fluoroshield with DAPI (Sigma-Aldrich).

5

Human vessels were fixed in 4% PFA and 30% sucrose before embedding in TissueTek® and cryosectioning for immunofluorescence staining. Sections were probed
with primary antibodies rabbit-anti-GFP (1:200, Life technologies) and mouse-antihuCD105-APC (1:3, Miltenyi Biotec) and appropriate secondary antibodies.
Immunofluorescence was acquired at an Olympus IX81 immunofluorescence
microscope using the Cell-M software.
Statistical analysis
All data are displayed as mean and the standard error of the mean (SEM).
Statistical significance between two groups was determined using unpaired
Student’s t-tests. P-values are given in figure legends. A P-value of less than 0.05
was considered significant.
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Results
Targeting gene transfer to murine CD105
To generate a LV specific for mouse endothelial cells we displayed the scFv mE12,
which binds mouse but not human CD105 with nanomolar affinity19 on the H
protein (see Supplemental information for details). The Hmut-mE12 fusion protein
was readily expressed on the cell surface and efficiently incorporated into LV
particles along with F protein (Supplemental Figure 1). HT1080 cells stably
expressing mouse CD105 were efficiently transduced by mCD105-LV while even at
a high vector dose no GFP-expression on the parental, murine CD105-negative,
HT1080 cells was observed (Supplemental Figure 2A). Likewise, mCD105-LV
transduced up to 50% of primary endothelial endoglin positive cells without
interfering with their ability to form capillary-like structures (Supplemental Figure
2B-C).
Together with Kupffer cells, LSECs comprise about 30% of all liver cells. As it is well
established that VSVG-LV is taken up by Kupffer cells20,21, mCD105-LV was next
tested on cultures of non-parenchymal primary liver cells consisting mostly of
LSECs and Kupffer cells and less than 10% hepatocytes. Upon incubation with
mCD105-LV only distinct polygonally shaped cells in the size of LSEC22 became GFP
positive, while cells with a great variability in morphology were transduced with
VSVG-LV (Figure 1A). These observations were confirmed by flow cytometry
(Figure 1B). While VSVG-LV transduced CD105-positive and -negative cells equally
well, almost 50% of the CD105-positive cells had become GFP positive upon
mCD105-LV treatment compared to less than 1.5% GFP positive cells in the CD105negative fraction.
Systemic in vivo gene transfer
Next we analyzed gene transfer mediated by mCD105-LV in vivo upon systemic
administration. Transduced cells were tracked by in vivo imaging (via the
transferred luciferase gene) and by histology (via the transferred GFP gene). The
by far strongest luciferase activity (73.6 ±10%; N=6) in the mCD105-LV group was
present in liver (Figure 2A). VSVG-LV showed strong signals in liver too (50.5
±15.2%; N=6), but gave in addition rise to signals in bone (26.9 ± 8.6%) and spleen
(6.4 ± 4.4%). This pattern of transgene expression was maintained over the whole
observation period of more than four weeks. The strong preference of mCD105-LV
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for liver gene transfer was further confirmed by determining the luciferase
activities in organ lysates. Over a range of three different vetor doses, more than
90% of the activity was detected in liver. Spleen exhibited the second strongest
activity, while negligible activities were present in lung, heart, kidney, brain and
lymph nodes (Supplemental Figure 4).
Figure 1. Transduction of
primary liver cells.
Mouse non-parenchymal liver
cells were isolated and
cultivated for 36 hours before
mCD105-LV or VSVG-LV were
added (MOI of 3, respectively).
(A) After 96 h, photographs
were taken under fluorescence
(top)
and
bright
field
microscopy (bottom). Scale
bar: 200µm. (B) Cells were
then detached to quantify the
percentage of GFP-positive
cells in the CD105-positive
(upper panel) and CD105negative fractions (bottom
panel) by flow cytometry using
rat anti-mouse CD105-APC
(1:20,
MJ7/18,
Miltenyi
Biotec). Data were acquired on
a LSRII-FACS (BD Bioscience,
Heidelberg, Germany) and
analyzed using the FCS-express
software (Denovo Software,
Los Angeles, U.S.).

5

In histology, Kupffer cells were identified by the specific marker F4/80 and liver
endothelial cells via CD31, since available antibodies against mouse CD105 are
non-functional in formaldehyde fixed tissue which is essential for proper GFP
detection23. GFP signals in the mCD105-LV treated group did not colocalize with
the strong CD31 staining of large blood vessels (Figure 2B, left panel) but were
restricted to a population of cells exhibiting the typical morphology of LSECs (thin
cells, lining the capillary sinuses of the liver) (Supplemental Figure 3). LSECs
express only low levels of CD3124 and co-staining for CD31 and GFP was detected
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Figure 2. Reporter gene expression of systemically applied mCD105-LV.
6
Mice were injected Intra- venously into the tail vein with mCD105-LV or VSVG-LV (single dose of 2x10
t.u.,respectively) transferring a bicistronic luciferase-GFP reporter gene (pS-luc2-GFP-W). (A) In vivo
luminescence imaging monitored two weeks after vector injection.
Two representative mice out of 6 are shown for each group. (B) Mice were sacrificed at two weeks
after vector injection and livers were excised for histology. Images were acquired on a fully automated
Axio-ObserverZ1 microscope equipped with an ApoTome optical sectioning unit (Carl Zeiss, Jena,
Germany). For quantification, four large high resolution images from different liver areas were
assembled by acquisition of 100 adjacent fields of view per section at 20x magnification using the
MosaiX module (Carl Zeiss). The left panel shows a representative overview of mCD105-LV transduced
mouse liver composed of 100 tiles at 20x magnification stained against CD31 (red), GFP (green) and
with DAPI (blue). Scale bar: 500 µm. The right panel shows a higher magnification of representative
sections either stained against CD31 for LSEC (upper right) or against F4/80 for Kupffer cells (lower
right). Scale bar: 25 µm. (C) Quantification of GFP co-localization with F4/80 or CD31, respectively, for
mCD105-LV (red) and VSVG-LV (blue) injected mice. Per marker and vector four sections derived from
2
two mice corresponding to a total liver area of 62 mm , in total more than 100,000 cells corresponding
to about 500 transduction events were analyzed. Morphometric analysis for F4/80/GFP-colocalization
45
as well as nuclei quantification was performed using the Cell Profiler software. CD31/GFP
colocalisation was quantified by manual counting. (D) Results from morphometric analysis of Kupffer
cell transduction. Intensities of GFP positive cells were correlated to F4/80-staining and plotted against
the total GFP intensity of the respective cells. Below the threshold of 0.35 no Kupffer cell transduction
was observed.
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at high magnification (Figure 2B, right panel). There was no evidence for GFP
expression by stellate cells, which have been found to be CD105 positive.25 While
in the VSVG-LV injected mice about 85% of the GFP-positive cells co-localized with
the Kupffer cell specific F4/80-antigen, only few GFP-positive cells were F4/80
positive in the mCD105-LV injected group (Figure 2C). In the mCD105-LV group
98%, in the VSVG-LV group only 14% of all GFP-positive cells also expressed CD31
(Figure 2D).
Targeting tumor endothelial cells
Next, we assessed the transduction of endothelial cells in mice carrying a
vascularized human tumor xenograft growing subcutaneously. We selected the
MCF-7 tumor model which is known to induce CD105-positive neovasculature
originating from the host’s tissue26. When mCD105-LVluc was injected
intratumorally, luciferase activity was restricted to the tumor (Figure 3A). Several
consecutive tumor tissue slices were luciferase positive. Histology revealed that all
cells transduced by the vector exhibited the typical morphology of endothelial cells
but not that of tumor cells. CD31, which is known to be expressed in later stage of
tumor angiogenesis than CD10527 was detected on many of these cells (Figure 3B).
Endothelial cells in tumor tissue were also transduced upon systemic
administration of mCD105-LV but to a much lower extent (Figure 3A). In this
setting, the vast majority of luciferase activity was present in liver (Figure 3A).

5

Delivery of the erythropoietin gene by mCD105-LV
Next, we analyzed if the LSEC-restricted gene transfer mediated by mCD105-LV
allows delivery of biologically active erythropoietin into immunodeficient and –
competent mice.28 In vitro, mCD105-LVEpo mediated efficient erythropoietin
expression in a dose dependent manner in target cells (Supplemental Figure 6). In
injected NOD-SCID mice, erythropoietin levels increased to above 8-fold of
baseline already by day four and to more than 25-fold of the physiological level by
the end of the observation period (Figure 4A). The hematocrit followed the
erythropoietin levels with a delay of 3-5 days finally reaching almost 80%. In all
treated animals spleen size had increased by more than four-fold (Supplemental
Figure 7), further confirming the high red blood cell load. In C57/Bl6 mice,
mCD105-LVEpo raised erythropoietin levels by about 10-fold resulting in a similar
high hematocrit value as in NOD/SCID mice indicating that CD105 targeting did not
induce an immune response against transduced cells (Figure. 4B).
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Figure 3. Targeting tumor endothelial cells.
6
Athymic Nude mice bearing subcutaneous MCF-7 tumors were injected with either 1x10 t.u.
6
intratumorally, or 2x10 t.u. intravenously with mCD105-LV transferring luciferase (A), or GFP (B). Gene
transfer was analyzed 5 days after vector injection by luciferase imaging (A) and histology (B). A)
Luciferase imaging of the whole living animal (upper panel) or in dissected tumor slices (~2 mm in
width) (lower panel). B) On the cellular level, gene transfer was visualized by immunofluorescence of
explanted tumors with antibodies specific for mouse CD31 (red, lower panel), and GFP (green, center
panel) and merge (upper panel). Nuclei in the 9 µm cryosections were stained by DAPI (blue); scale bar
30 µm.

In vivo targeting of human CD105-positive cells
We next studied huCD105-LV9 in vivo. Stocks of this vector were on average 3-fold
more potent in titer than those of its murine counterpart mCD105-LV. For this
purpose, Rag2-/-yc-/-mice were reconstituted with human liver ECs, resulting in
patches of humanized liver endothelium as described previously.18 Only CD31positive cells exhibiting the typical morphology of endothelial cells were
transduced by huCD105-LV (Figure 5A). No murine LSECs or F4/80-positive Kupffer
cells were transduced demonstrating the cell specificity of huCD105-LV (Figure
5A). The majority of LSEC clusters were at least partially transduced while just
about 15% showed no GFP expression (Figure 5B). On average, approximately 40%
of the human LSEC showed GFP expression. In control mice without human LSECs,
no transduction was detected (Supplemental Figure 8). Thus, even in absence of
target cells no off-target gene transfer occurred.
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5
Figure 4. Erythropoietin gene transfer by mCD105-LV.
Immunodeficient (A) NOD/SCID mice (N=5) or immunocompetent (B) C57/Bl6 mice (N=3) were injected
6
EPO
once intravenously with 3x10 t.u. mCD105-LV (filled symbols) or medium (empty symbols, dotted
lines) on day 0. Two days before tail-vein injection, blood samples were taken and hematological
baseline-levels were determined. Erythropoietin levels in blood (left panel) as well as hematocrit values
(right panel) were determined regularly at the indicated time points. **p<0.01; ***p<0.001;
****p<0.0001 as determined by unpaired two-sided t-tests.
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Figure 5. Transduction of human liver endothelial cell repopulated mice by huCD105-LV.
-/- -/Rag2 yc mice were repopulated with human liver endothelial cells. Two weeks after reconstitution
6
mice were injected once with 2x10 t.u. huCD105-LV. (A) Six to eight days after vector injection liver
sections were stained for human CD31 (upper panel), or F4/80(lower panel). Nuclei were stained with
DAPI. GFP expression was observed by direct fluorescence. GFP/CD31 double positive clusters of
repopulated human liver ECs are indicated by arrows. Scale bars: 29.63 µm (upper panel) and 27.12 µm
(lower panel). No GFP positive cells were detected after administration of huCD105-LV to mice without
human liver endothelium (Supplemental Figure 8). (B) As individual human LSECs cannot be identified
within the tightly connected clusters in the mouse liver, the amount of GFP-positive cells in the CD31positive clusters was divided in quintiles of 0%, 25%, 50%, 75% or 100% GFP expression. The relative
quantities of these quintiles are plotted.
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Figure 6. Ex vivo and in vivo transduction of
human vessels.
(A) Human saphenous veins were removed from
patients undergoing coronary bypass surgery and
transferred immediately into culture dishes. The
vessels were transduced with huCD105-LV and
cultivated for 7-10 days before fixation and
immunofluorescent staining. Cells were stained
for human CD105 (left column), for GFP (middle
column), or merged to display co-localization
(right column). Arrows point to the luminal side of
the vessel. (B) Mammarian arteries from patients
requiring coronary bypass surgery were
transplanted
intra-abdominally
into
the
-/null
descending aorta of NOD Rag2 IL-2Rγc mice.
7
HuCD105-LV (3x10 t.u.) was injected into the tail
vein of transplanted mice at 2, 5 and 8 days after
transplantation and mice were sacrificed after 16
days. The transplanted artery was cryosectioned
and prepared for immunofluorescence staining.
Staining for GFP and human CD105 revealed
CD105-positive cells lined up facing the lumen
(orange arrows, top left) which were also positive
for GFP (green arrows top right). Co-localization
depicted in merge (bottom, green arrows).
Representative pictures from one mouse, three
mice transplanted.

5
Discussion

We demonstrate that specialized ECs can be specifically targeted to express
reporter or therapeutic genes upon systemic administration of rationally designed
lentiviral vectors. The targeting strategy relies on the specificity of the scFv
displayed on the vector surface; in this case directed against CD105 (endoglin). It
was surprising that both, the murine and human CD105-targeted vectors were so
efficient and specific for LSECs when injected intravenously into the tail vein of
mice. A single vector injection was sufficient to reach 8x105 LSECs per liver, which
corresponds to about 40% of the administered vector particles having transduced
LSECs. This number is supported by more than 90% of the overall luciferase activity
found to be present in liver. Thus, a high fraction of the administered vector
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particles must have hit LSECs. In contrast, conventional LVs pseudotyped with VSVG show a clear preference for Kupffer cells. Only at high dose also other liver cells
including hepatocytes, LSECs and stellate cells can be hit29–31. To end up in LSECs
after tail vein injection, the targeted vector particles must have bypassed the
endothelium of the vena cava, lung and heart. Expression profiles for murine
CD105 are based on PCR or histology. The bottom line from these publications is
that CD105 is predominantly expressed on cells of the microvascular endothelium
and ECs present in tissue undergoing active angiogenesis, e.g. during regeneration
or tumor vascularization32. In healthy, adult animals CD105 is mainly expressed in
the distal arteries, distal veins and capillaries of lung and liver27,22,33.
The pronounced preference of mCD105-LV particles for liver LSECs is most likely
due to a combination of vector particle properties, blood circulation kinetics and
accessibility of the CD105 receptor for the vector particles present in the lumen of
the blood vessels. We know from previous work with huCD105-LV9 but also other
targeting vectors12 that transduction efficiency closely correlates with the cell
surface density of the targeted receptor. It is therefore likely, that also mCD105-LV
preferentially transduces those cells displaying the highest CD105 density.
Quantitative data for the CD105 densities on CD105-positive cells are not
available. However, at least for stellate cells, which have been defined CD105positive by biochemical data25, the CD105 density must be much lower than on
LSECs as these can be easily purified from liver using CD105-specific antibodies22.
In addition, stellate cells are rather inaccessible for systemically applied mCD105LV as these would have to pass the endothelium to reach the space of Disse34.
Resting vascular ECs express only low levels of CD105 and, moreover, the velocity
of blood flow is relatively high in large vessels, but slows down substantially in the
sinuses of the liver3,18. At low flow rates the likelihood for functional contacts
between CD105-LV and CD105 leading to gene delivery is considerably enhanced.
This explains the efficient gene delivery observed for mCD105-LV and for
huCD105-LV in EC transplanted mice. We did however also observe gene transfer
into ECs exposed to high blood flow, i.e. into transplanted arteries, upon systemic
administration of huCD105-LV. While this clearly demonstrates the potency of
vector targeting, it has to be considered that this was achieved at an
approximately 30-fold higher vector dose administered by multiple vector
applications. Moreover, as by this approach a human receptor was targeted in a
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mouse environment, vector particles could most likely travel several rounds
through the circulation until they reached their target cells in the transplanted
artery.
Our data thus demonstrate that EC targeting in vivo is not only determined by the
specificity of the targeting domain displayed on the vector surface but can be
controlled through the application route and the presence and accessibility of
target cells. This is nicely illustrated in the tumor model we investigated. While
local intratumoral injection resulted in gene transfer to the tumor ECs and absence
of LSEC gene transfer, tail vein vector injection resulted in the opposite: most of
the gene transfer activity in liver and only minor activity in tumor ECs. This
biodistribution of mCD105-LV corresponds well to that of CD105-specific
antibodies systemically applied into tumor bearing mice. Such antibodies end up
mainly in liver and spleen and only a minority labels the tumor vasculature35,36.

5

The data provided here for a systemically applied vector recognizing a mouse
receptor in the mouse environment places the measles virus glycoprotein based
targeting system in a unique position among other vector systems. For LV, the
alternative targeting technology based on engineered Sindbis virus envelope
proteins37 has only been evaluated ex vivo for EC targeting (via transferrin receptor
or via CD146) but not in vivo38,39. Besides LV, AAV vectors have been redirected to
ECs by displaying small endothelium-specific peptides on their capsid40. However,
transduction of liver as non-target tissue was only moderately reduced and offtargeting on a cellular level was not quantified40, suggesting that this approach
with AAV vectors rather leads to an extension of vector tropism than to a
complete restriction to a specialized EC type as demonstrated here for CD105
targeting.
While the specificity of the CD105 targeted vectors is unprecedented, functional
titers are at present lower compared to VSVG-LV. Despite this, our experiments
impressively demonstrate that a single tail vein injection of mCD105-LVepo was
sufficient to increase erythropoietin levels in the circulation to 25-fold above
physiological values. Importantly, dose-response analysis revealed no toxicity in
treated animals and liver enzyme values remained unchanged even at a particle
dose (15 µg p24) similar to that which substantially raised liver transaminase levels
for VSVG-LV (25 µg p24)41 (Supplemental Figure 5). These and the resulting high
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hematocrit values remained constant over several weeks also in
immunocompetent mice indicating that no cellular immune response against the
transduced cells was mounted. This indicates that off-target related unwanted
effects typically observed for VSVG-LVs can be avoided by targeted CD105-LVs. It
remains to be seen whether functional particle titers need to be further increased
for the efficient delivery of other therapeutic gene products in a clinical setting. To
this end, vector production may be improved by CD105-specific affinity
chromatography of particles or by replacing scFv with CD105-specific ankyrin
repeat proteins (DARPins) that we recently demonstrated as very effective and
highly stable targeting motifs12. .The vectors described here will facilitate
functional studies of specialized ECs in their natural environment. Physiological
changes can now be evidently linked to the genetic modifications introduced into
the EC type of choice. In different settings LSECs promoted immunotolerance to
model antigens rather than immunity22,42,43. Interestingly, after systemic injection
of transcriptionally targeted vectors specific for either hepatocytes or LSEC,
immunoreactivity against GFP was even more reduced in the hepatocyte group
demonstrating also immunomodulatory functions of other liver cell populations5.
The here described CD105-targeting will be instrumental to further clarify the role
of LSECs for the long-term expression of foreign immunogenic molecules.
In addition, the unique specificity of CD105-targeting for LSECs offers the
possibility to restrict gene delivery and expression of therapeutic proteins to be
released into the blood stream to cells that naturally fulfill this task. An important
example here is hemophilia A, for which an efficacious gene therapy strategy is still
lacking43. Finally, cancer (CD105 overexpression in ECs)44 and liver fibrosis
(exhibiting CD105 overexpression in hepatic stellar cells)25 can be added to the list
of potential therapeutic target diseases for CD105-specific vectors.
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Supplemental Material
Western blot and ELISA
Vector particles were analyzed by Western blot as described1. Briefly, vector
particles were denatured and separated by electrophoresis over a 10% sodium
dodecyl-sulfate (SDS) polyacrylamide gel, transferred to nitrocellulose membrane
(Hybond, GE-healthcare, Chalfont St. Giles, U.K.), and probed with antibodies
specific for H protein (rabbit-anti H H606), F protein (rabbit-anti F F431), or p24
(mouse anti-p24, Gentaur, Aachen, Germany). Erythropoietin present in cell
culture medium was detected by Western blot analysis of supernatants cleared for
5 min at 5000g and stored for analyses at -80°C. Supernatants were denatured in
2x urea sample buffer (5% SDS, 8 mol/l urea, 200 mmol/l Tris–HCl, 0.1 mmol/l
EDTA, 0.03% bromphenol blue, 2.5% dithiothreitol, pH 8.0) for 10 min at 95°C,
separated over a 10% SDS-gel, and blotted onto nitrocellulose membrane.
Membranes were blocked in 10% horse serum in TBS-Tween (0.1%) buffer and
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then incubated with a 1:500 dilution of a mouse erythropoietin specific goat
antibody (R&D-Systems, Abingdon, U.K.) over night at 4°C. Matching secondary
antibodies conjugated to horseradish-peroxidase were applied for one hour at
25°C. Images were acquired on a FusionFX7 luminescent imager (Vilber-Lourmat,
Eberhardzell, Germany) using CPS-1 detection substrate (Sigma-Aldrich). The
mouse erythropoietin specific ELISA (R&D-Systems) was performed as
recommended by the manufacturer except that mouse plasma samples were
diluted 1:3 in mouse dilution buffer before measurement.
Intracellular staining and flow cytometry
For the detection of intracellularly expressed luciferase or erythropoietin cells
were detached, permeabilized (Fix/Perm-Kit BD-Biosciences) and then incubated
with antibodies before final fixation in 1% formaldehyde/PBS. For detection of
erythropoietin cells were cultivated for 12 h in presence of Brefeldin A (1:1000,
Golgiplug, BD-Biosciences) and then treated as described above.

Plasmid construction
For generation of pCG-Hmut-mE12 the coding region of scFv A5 in pCG-HmutαCD1052 was exchanged against that of mE12 in pAB1-scFv-mE123 via SfiI/NotI
restriction sites. The transfer vector plasmids pS-luc-W, pS-luc-sfGFP-W and pSmEpo-W (Supplemental Figure 5) are all based on pSEW4. For pS-luc2-W, the luc2
gene was PCR amplified using pGL4.50 (Promega, Mannheim, Germany) as
template and primers Sense: (5’-GACAGGATCCTGGTAAAGCCACCATGGAA-3’) and
Antisense:
(5’-TCGTCCTGCAGGCCCCGACTCTAGAATTA-3’)
thereby
adding
BamHI/SbfI restriction sites for subcloning. For pS-mEpo-W, the mouse
erythropoietin coding sequence (NM_007942.2) was generated codon-optimized
by de-novo synthesis (MWG-Eurofins). For generation of pS-luc2-GFP-W, the stop
codon of the luc2 gene in pS-luc2-W was replaced by a V5-tag followed by a selfcleavable T2a site5. The coding sequence for “superfolder GFP” (sfGFP)6 was fused
in frame to the T2A site resulting in pS-luc-sfGFP-W

Cell lines, primary cells and tissue
HT1080 (CCL-121, ATCC) and HuH-7 (0403, JCRB, Japan) cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal calf
serum (FCS) and 2 mM glutamine. HT1080-CD105 were generated by transfection
with the mouse CD105 expression plasmid pCMV6-Kan/Neo-MC202877 (Origene,
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Rockville, U.S.). Stably transfected cells were selected with 0.5mg/ml G418 (Gibco,
life technologies, U.S.). Single clones were enriched by FACS-sorting. Mouse heart
endothelial cells were prepared and cultivated according to Marelli-Berg et al7. For
transduction, cells were seeded in gelatin coated 24-well plates (Nunc, Thermo
Fisher Scientific, Germany) at a density of 1x104 cells/cm2. For Matrigel assays8
1x104 cells were seeded on MatrigelTM (BD Biosciences, Heidelberg, Germany)
coated 24-well plates.
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Supplemental

Figure

1.

Target

cell

specificity of mCD105-LV in vitro.
(A) HT1080 cells, HT1080 cells stably
expressing mCD105 (HT1080-mCD105), or
HuH-7 cells, were incubated with medium
only (blank), mCD105-LV or VSV-G-LV at
an MOI of 10, respectively. 72 hours later,
GFP-positive cells were quantified by FACS
analysis.

(B)

Primary

mouse

heart

endothelial cells were incubated with
medium only (blank) or mCD105-LV at
MOIs of 0.3 or 3, respectively. 72h after
incubation cells were analyzed for GFP
and for mCD105 expression by flow
TM

cytometry or cultivated on Matrigel . (C)
Tube formation on Matrigel was analyzed
the next day under UV-light (left panel) or
bright field (right panel).

Supplemental Figure 2.
Characterization of
mCD105-LV.
(A) Surface expression of
Hmut-mE12 on 293T producer
cells

pCG-Hmut-mE12

transfected

was

into 293T-cells

and surface expression was
analyzed by FACS via His-tag
specific antibodies (red line). Empty vector transfected cells served as negative control (gray, dotted
line). (B) Incorporation of Hmut-mE12 and F protein into LV particles. Similar amounts of concentrated
vector stock preparation were separated on a 10% sodium dodecyl sulfate polyacrylamid gel and
transferred to nitrocellulose membrane. Membrane was cut at the indicated positions and probed with
either anti-H (top), anti-F (center) or anti p24 (bottom) antibodies.
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Supplemental Figure 3.
Histological aAnalysis of
liver

sections

from

vector injected mice.
Overview

of

large,

MosaiX constructed high
resolution images of liver
sections

from

mice

injected intravenously
with

mCD105-LV

or

VSVG-LV as described in
Figure

3.

Mice

were

sacrificed at two weeks
after vector injection and
livers were excised for histology and sections were stained for CD31 or F4/80 as well as GFP and DAPI.
Images represent one of four high resolution images composed of 100 tiles for each group which were
used for quantification and co-localization of gene transfer events. (Scale-bar: 500 µm).
Supplemental Figure 4. Distribution of mCD105-LV in
relation to vector dose.
Mice were injected intravenously with different
luc.

amounts of mCD105-Lv

5

(N=3) 12 days after injection

mice were sacrificed, organs excised, snapfrozen and
stored at -80°C until lysis. Lysis was performed in PLBBuffer (Promega, Mannheim) on a FastPrep instrument
with lysing MatrixD (both MP-Biomedicals, Eschwege).
Luciferase activity was determined by luminometry on
a

Microlumat

Plus

luminometer

(Berthold

Technologies, Bad Wildbad, Germany) using the
Luciferase Assay System (Promega). (A) Total amount
of luciferase expression found in each organ, acquired
as relative light units. (B) Relative distribution of
luciferase activity in the organs of each animal. Luciferase activity present in the indicated organs was
normalized to the total luciferase activity present in the particular animal (100%). Values are plotted as
mean + SEM, *below background of mock injected mice (400 RLU/sample).
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Supplemental Figure 5. ALT and ALKP values after
vector injection.
Mice were injected intravenously via the tail vein
luc

with the indicated amounts of mCD105-LV . 18
hours later blood was collected retro-orbitally in
heparin tubes (BD Biosciences), diluted 1:1 in
saline and analyzed for liver alanine transaminase
(ALT) and alkaline phosphatase levels (ALKP) on a
VetTest analyzer (IdeXX, Ludwigsburg, Germany).
Mock treated animals received OptiMEM. Dashed
lines represent reference values for laboratory
mice. All values are plotted mean + SEM; (N=3).

Supplemental Figure 6. Erythropoietin gene
transfer with mCD105-LV

EPO

.

(A) Immunoblot analysis of secreted mouse
erythropoietin after transduction of HT1080mCD105 cells with serial dilutions of mCD105EPO

LV

in 24-well plates. After 72h secreted

erythropoietin was collected in 0.5 ml of fresh
medium for two hours. 25 µl and 2.5 µl of
medium were applied to a 10% SDS-gel, blotted
onto nitrocellulose membrane and probed with
mouse erythropoietin specific antibodies. (B)
Supernatants were analyzed by erythropoietin
specific

ELISA

to

quantify

erythropoietin

secretion. (C) Three days after transduction
erythropoietin secretion was inhibited by adding
Golgi-Plug for 12 hours. Cells were then stained
intracellularly

with

erythropoietin

specific

antibodies and analyzed by FACS to quantify the
percentage of transduced cells.
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Supplemental Figure 7. Enlarged spleen sizes after injection of mCD105-LV

EPO

.

Spleens were collected 34 days after intravenous vector injection when mice were sacrificed.
Differences in spleen size were determined by weight. Each point represents an individual animal, bars
indicate group means ± SEM.

5

Supplemental Figure 8. Transduction of human liver endothelial cells repopulated in the liver of
-/-

-/-

Rag2 yc mice.
Control mice (A) and mice transplantated with human liver endothelial cells (B) were injected with
6

huCD105-LV (2*10 t.u.) via the tail vein as shown in Figure 5. Liver sections were stained for the
presence of human CD31 (red) and monitored along with GFP (green) by epifluorescence. Nuclei were
counterstained with DAPI (blue). No CD31 staining or GFP fluorescence were observed in the control
mice. In the transplanted mice, GFP expression co-localizes with human CD31 staining. Magnification
10x.
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Supplemental Figure 9. Ex vivo transduction of mammarian artery by huCD105-LV.
Human mammarian arteries were removed from patients undergoing coronary bypass surgery and
transferred immediately into culture dishes. The vessels were incubated with huCD105-LV within 50
min (A) or 90 min (B/C) after surgery and cultivated for 7-10 days. Transduction was analyzed through a
Nikon Eclipse TS100 microscope equipped with fluorescent filters in which GFP expressing cells appear
light blue. The magnifications are indicated, red arrows point at transduced cells.

Supplemental Figure 10. Schematic drawing of transfer vector constructs.
Relevant elements of the employed transfer vector constructs are shown. Abbreviations used: 5’-LTR:
5’-long terminal repeats; CPPT: central poly purine tract; SFFV: spleen focus forming virus promoter;
EGFP: enhanced green fluorescent protein; mEpo: mouse erythropoietin; luc2: firefly luciferase; T2A:
T2A-ribosomal cleavage site; sfGFP: superfolder green protein; WPRE: Woodchuck hepatitis virus
posttranscriptional regulatory element; Δ3’-LTR: partially deleted, self-inactivating 3’-long terminal
repeats.
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Chapter 6

General Discussion
In search of potential treatment options for patients suffering from a liver disorder
that requires transplantation, scientists have explored the possibilities of liverdirected cell and gene therapy. Although these studies have shown that liverdirected cell and gene therapy is feasible, long-term clinical outcome remains
disappointing (1). Translating animal studies to the human situation remains
problematic and hampers the outcome of clinical studies. In the present thesis, we
sought out to solve this problem by developing a mouse with a “humanized liver”.
In the first transplantation experiments using human fetal liver cells, we came
across a surprising result. Instead of finding human hepatocyte engraftment, we
discovered clusters of human liver sinusoidal endothelium throughout the liver of
transplanted mice. Apparently, the liver sinusoidal endothelial cells present in the
human fetal liver were able to engraft and repopulate the liver following
transplantation in the spleen of the immune deficient mice. This was a
serendipitous finding and the starting point of the development of a mouse with a
humanized liver endothelium. The results of subsequent transplantation
experiments increased our knowledge about phenotypic plasticity of differentiated
endothelial cells, the inability of human fetal liver-derived hematopoietic
progenitor cells to give rise to differentiated endothelium, the capacity of human
liver sinusoidal endothelial cells in long-term regulated gene therapy and the
usefulness of mice with humanized liver endothelium in studies of vector
targeting. However, they also gave rise to several questions. In this chapter our
findings will be discussed and suggestions for future experiments given.

Most suitable cell type for mouse liver engraftment and repopulation

6

Liver-directed cell transplantation requires an unlimited source of healthy cells
that are capable of restoring liver function. Many metabolic functions are
performed by the hepatocytes, hence most liver-directed cell transplantation
experiments have been performed, focusing on transplantation of hepatocytes.
Healthy hepatocytes can be isolated from donor livers, but due to donor shortage
and the fact that primary hepatocytes only divide once or twice in vitro,
researchers have tried to create an unlimited source of hepatocytes by
manipulating culture conditions and immortalizing hepatocytes using viral vectors.
However, this approach has had limited in vivo success (2-5). Alternatively, human
fetal liver cells represent a suitable source as they are able to expand in culture.
Furthermore, fetal hepatoblasts, isolated from rats, are believed to have a higher
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engraftment and repopulation potential compared to adult hepatocytes (6-8). We,
however, could not reproduce similar results in this thesis as shown in chapter
four. After transplanting human fetal liver cells intrasplenically in immune
deficient mice, multiple clusters of human liver sinusoidal endothelium were
present, but no hepatocytes could be detected, even though the human fetal liver
contained hepatoblasts. In contrast, human adult hepatocytes were able to
engraft the mouse liver using the same transplantation protocol. This surprising
result not only emphasizes the potential of human liver sinusoidal endothelial cells
in liver-directed cell and gene therapy, but also shows that the ability of
transplanted human fetal liver hepatoblasts to graft and/or differentiate into
mature hepatocytes within the host liver is limited.
In subsequent transplantation studies, we showed that sinusoidal endothelial cells
from human adult liver were also able to engraft and repopulate the murine liver,
following intrasplenic transplantation, in line with what we found for human fetal
liver sinusoidal endothelial cells. The endothelial cells were kept in culture for a
maximum of 5-7 days after isolation from either human adult or fetal liver and
never passaged prior to transplantation. In order to serve as a suitable source of
cells for liver-directed cell and gene therapy, it is important to know whether
human liver sinusoidal endothelial cells keep their liver engraftment and
repopulation potential after long-term culture conditions and passaging. This can
be easily tested by using our established transplantation protocol as described in
this thesis.
Liver sinusoidal endothelial cells and hepatocytes have to be isolated from normal
donor liver or from the patient’s own liver, before transplantation in the patient
can be performed. Unfortunately, there is a donor shortage and the procedure
needed to obtain cells from autologous liver remains invasive. With the
unexpected discovery that human fetal liver endothelial cells are able to engraft
and repopulate the mouse liver, doors were opened to look for an alternative cell
source. We isolated endothelial cells from human umbilical vein (macrovascular
endothelial cells) and human subcutaneous adipose tissue (microvascular
endothelial cells) and compared their potential to engraft and repopulate
damaged mouse liver endothelium. It was reported earlier that endothelial cells
may exhibit phenotypic plasticity (9, 10). However, in our studies following
transplantation of both macrovascular and microvascular endothelial cells,
minimal liver engraftment and no liver repopulation was found. Our results show
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that endothelial cells are not capable of transdifferentiation in vivo, which means
they cannot adapt their phenotype depending on their micro-environment and
thus do not exhibit phenotypic plasticity. Similar results were found after
transplantation of GFP-expressing mouse lung endothelial cells in irradiated
allogenic mice. GFP-expressing lung endothelial cells could be located in the lungs
up to 24 hours after tail vein injection, but not in the spleen or liver of the
transplanted mice (11).
Even though different types of endothelial cells share characteristics, phenotypic
differences may play an important role in their ability to engraft in the mouse liver.
Phenotypic differences may be due to differences in their extracellular
environment, but also because of differences in genetics and epigenetics. This was
demonstrated by in vitro studies, which used DNA microarrays to reveal
differences in transcriptional profiles between endothelial cells isolated from
different vascular beds (12). In another study, an increased expression of genes
associated with susceptibility to atherosclerosis was found in human coronary
arterial endothelial cells following stimulation with oxidized LDL compared to
endothelial cells from human saphenous vein (13).

6

After intrasplenic transplantation several hurdles, such as entrapment of
transplanted cells in the sinusoids and circumvention of clearance by Kupffer cells,
need to be overcome, before liver engraftment can take place (14-17). A crucial
step in liver engraftment is adhesion of transplanted cells to the extracellular
matrix and resident liver cells. Cell attachment is mediated by adhesion proteins
such as integrins. Integrins are cell surface molecules that bind to components of
the extra-cellular matrix and are of great importance for cell invasion and
migration (18-20). Since the different types of endothelial cells in our studies were
transplanted under identical conditions, differences in their ability to engraft the
mouse liver may be due to differences in expression of integrins and/or other cell
adhesion molecules. In order to get an answer to this question further studies are
needed using fast-developing techniques such as serial analysis of gene expression
(SAGE) (21, 22). By comparing differences in gene expression between liver
sinusoidal endothelial cells, macro- and microvascular endothelial cells, hopefully
significant differences could be identified regarding adhesion molecules that will
provide insight in our understanding of liver engraftment and perhaps lead to the
development of an unlimited supply of endothelial cells for liver-directed cell and
gene therapy.
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Besides differentiated endothelial cells, stem cells and/or progenitor cells could
also serve as an unlimited source of cells suitable for cell therapy. The liver has a
remarkable capacity to regenerate following injury and, like hepatocytes, most of
the regeneration of the liver vasculature is due to mitotic division of preexisting
endothelial cells (23). However, the presence of recipient endothelial cells in donor
liver biopsies several months after liver transplantation has raised the question
whether circulating bone marrow-derived progenitor cells contribute to repair of
damaged liver endothelium (24, 25). In the third chapter of this thesis experiments
were performed trying to answer this question and this will be discussed in more
detail below.

The role of human hematopoietic progenitor cells in liver regeneration
Stem cells have the capacity for self-renewal, are pluripotent and give rise to cells
that differentiate further into multipotent tissue specific stem cells. These
multipotent stem cells eventually give rise to cells that generate new tissue (26).
Some of the stem cells must undergo cell division without differentiation so that
there remains a pool of undifferentiated cells, while other cells proliferate and
differentiate (27).
Transplantation of bone marrow-derived stem cells is an established therapy for
patients suffering from hematologic diseases. Hematopoietic stem cell
transplantation is used for patients suffering from hematologic cancers and
inherited disorders such as, X linked SCID, thalassemia major and sickle cell anemia
(28). Thanks to the progress made in the field of stem cell therapies, life
expectancy and quality of life of these patients is improved. The success of clinical
stem cell therapy has led researchers to expand the possibility of using
hematopoietic stem cell therapy for other groups of diseases such as acute and
chronic heart diseases (29-33), diabetes mellitus (34-36) and also liver diseases
(37-40).
Endothelial progenitor cells are considered to be derived from the same precursor
as hematopoietic progenitor cells, termed the hemangioblast (41-43). During
embryonic development, hematopoiesis takes place in the fetal liver. Just before
birth, hematopoiesis is established in the bone marrow, which remains the
principal site of hematopoiesis postnatally (44).
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In the third chapter of this thesis we examined whether human hematopoietic
progenitor cells from the fetal liver have the capacity to differentiate into
endothelial cells and repair damaged mouse endothelium in vivo. Two different
approaches were used. Human hematopoietic progenitor cells (HPC) from fetal
liver were transplanted in immune deficient mice to reconstitute a human immune
system. Subsequently, the liver endothelium was damaged and repair by human
hematopoietic progenitor cells examined. In the second approach, human
hematopoietic progenitor cells from fetal liver were directly transplanted in mice
with damaged liver endothelium and repair by human cells was also examined. In
both sets of experiments human fetal liver hematopoietic progenitor cells were
not able to engraft and repair damaged mouse liver endothelium.

6

Several studies have been performed examining the potential of endothelial
progenitor cells to repair damaged vasculature. The percentage of successful
regeneration of damaged vasculature varies enormously between these studies
with studies suggesting an important contribution of progenitor cells in repair of
damaged blood vessels (45-48) up to approximately 50% (49). In one of these
studies CD133/CD45 positive bone marrow-derived progenitor cells were able to
replace up to 30% of damaged rat liver endothelium (50). Strikingly, the clusters of
endothelial cells that were supposedly derived from differentiated bone marrowprogenitor cells were able to express the hematopoietic cell marker CD45, a result
which could not be reproduced by us or other groups. The expression of CD45 by
these clusters suggests that the liver was repopulated by bone marrow-derived
monocytes/Kupffer cells rather than endothelial cells as suggested by the authors.
In other studies, transplanted endothelial progenitor cells were able to ameliorate
liver cirrhosis in rats that had previously been treated with carbon tetrachloride
(51-53). In these studies, immunohistohemical analysis of the liver of transplanted
rats, anti-CD31 antibody was used to demonstrate the presence of endothelial
progenitor cells that had differentiated into liver endothelial cells. However, these
stainings are insufficient as CD31 is also expressed by various other cell types as
hematopoietic stem cells and/or monocytes. In fact, only indirect evidence was
shown as proof for the ability of endothelial progenitor cells to differentiate into
liver endothelial cells. We did not observe such cells in transplanted mice livers in
the in vivo experiments conducted for this thesis and we were not able to
reproduce these findings.

136

General Discussion and Conclusions
On the other hand, several other groups have found minimal (54, 55) to no
incorporation at all (56, 57) comparable to our study. There are several reasons
that may explain the large discrepancy between these studies such as the use of
different mouse strains, the use of different antibodies to identify endothelial cells
or differences in isolation and culture methods of progenitor cells, which may
influence their capacity to integrate into target tissue. However, it has to be noted
that under physiological conditions the amount of progenitor cells found in
peripheral blood represents less than 1% of the total number of cells. In most of
these studies, including ours, progenitor cells were isolated, cultured and
transplanted in excessive amounts exceeding the amount of endogenous
progenitors and still only limited to no incorporation was found. Based on these
facts and our in vivo data, we conclude that hematopoietic progenitor cells derived
from the human fetal liver do not give rise to endothelial progenitor cells capable
of differentiating into liver sinusoidal endothelial cells.
A fast-growing field of study has been the development of induced pluripotent
stem cells (iPS) (58-60). Induced pluripotent stem cells are mature somatic cells
(most commonly fibroblasts) that have been reprogrammed to pluripotency
following overexpression of a few transcription factors. Several studies thus far
have been able to differentiate iPS cells into neurons (61), hematopoietic cells (62)
and hepatocytes (63-65). In a recent study, phenotypic correction of murine
hemophilia A was achieved using murine iPS cells that had been differentiated into
CD31 and CD34 expressing endothelial cells and secreted factor VIII (66). Perhaps
similar results can be achieved with human iPS cells. Our protocol for the
development of a mouse with a humanized liver endothelium is especially suitable
for evaluation of the potential of human iPS cells. Provided that iPS cells are able
to differentiate into mature liver sinusoidal endothelial cells, they may be able to
repair damaged liver endothelium. However, taking our results, regarding liver
engraftment and repopulation potential of human fetal liver-derived stem cells
and other endothelial cells into account, we have limited expectations from iPS
cells.

Clinical applicability of liver sinusoidal endothelial cells in ex vivo gene
therapy
Clinical implementation of liver sinusoidal endothelial cells in ex vivo gene therapy
will require the ability to regulate the expression of genes to maintain expression
levels within a therapeutic window (67). In chapter four of this thesis, we show
137

Chapter 6
that human liver sinusoidal endothelial cells can be used in ex vivo regulated gene
therapy. Following in vitro transduction using an auto-regulatory lentiviral vector
(68), transplanted human liver sinusoidal endothelial cells were able to express the
protein erythropoietin in vivo, only in the presence of doxycycline. Adding
doxycycline to the drinking water was sufficient to regulate hematocrit levels in
transplanted mice. Unfortunately, the immunogenicity of the rtTA protein has
limited its clinical usefulness following in vivo administration (68, 69). By
transducing the human liver sinusoidal endothelial cells ex vivo, the induction of a
cellular and humoral immune response may be circumvented because no
transduction of antigen presenting cells takes place (70, 71). Furthermore, liver
sinusoidal endothelial cells are known to cross-present exogenous antigen on
major histocompatibility class I (MHC I) molecules to CD8+ T cells. Instead of
inducing immunity, cross-presentation by liver sinusoidal endothelial cells results
in tolerance, (72-74) suggesting that liver sinusoidal endothelial cells could be used
in ex vivo gene therapy to avoid an immune response to the transgene.
Transplantation experiments in immune competent mice are necessary to
investigate whether ex vivo transduction of transplanted mouse (or human) liver
sinusoidal endothelial cells can prevent induction of a cytotoxic immune response.

6

Conditioning of the patient by inflicting damage to the liver endothelium before
cell administration is an important aspect of successful cell engraftment and needs
to be optimized before human liver sinusoidal endothelial cells can be considered
for clinical application. In this thesis we used the drug monocrotaline to damage
mouse liver endothelium in order to increase engraftment and repopulation of
transplanted human liver sinusoidal endothelial cells. Unfortunately,
monocrotaline is toxic, has oncogenic potential and so cannot be used in the clinic.
Sorafenib, is a multikinase inhibitor that is widely used for the treatment of
patients suffering from advanced renal cell carcinoma or unresectable
hepatocellular carcinoma (75) and has been shown to inhibit neoangiogenesis
through VEGF-mediated autophosphorylation of VEGFR-2 expressed by
endothelial cells (76). Cyclophosphamide is an alkylating agent used for the
treatment of patients suffering from cancer and as a conditioning regimen for
bone marrow stem cell transplantation (77, 78). Hepatocyte transplantation
experiments in rats have shown that it facilitates engraftment and repopulation by
disrupting the hepatic endothelial cell barrier (79). In a pilot experiment we
therefore performed transplantation experiments using sorafenib and
cyclophosphamide as alternative conditioning agents. However, human liver
138

General Discussion and Conclusions
sinusoidal endothelial cell engraftment following intrasplenic transplantation and
conditioning with either sorafenib or cyclophosphamide was low compared to
mice that had been conditioned with monocrotaline (unpublished data). This may
be due to suboptimal doses used in our experiments. Nevertheless, more
experiments are required before the use of both substances can be excluded for
application in liver-directed cell and gene therapy with human liver sinusoidal
endothelial cells. Additionally, doxorubicin, which is also a clinically approved drug
and has previously been shown to be effective at disrupting the liver endothelium
(80), may be evaluated as an alternative to monocrotaline for clinical application
of human liver sinusoidal endothelial cell and gene therapy.

The potential of a mouse model with a humanized liver endothelium
Studies into therapy for human diseases including inherited liver disorders have
mostly been performed in rodents as experimental animal models. A major
disadvantage of this approach is the considerable species difference in physiology
between humans and rodents. For example, studies on drug metabolism are
impaired by the large differences in cytochrome P450 enzyme expression between
humans and rodents. In recent years, various types of humanized mice,
transplanted with human cells or tissues (81, 82), have been developed to
overcome this problem. Over the years, the development of humanized mice has
progressed rapidly and it is now possible to achieve high levels of human
chimerism in various organs and tissues such as the immune system (83) and liver
(84-88). These mouse models provide new opportunities in the development of
therapeutic agents for human use.
In the fifth chapter of this thesis our mouse model with a humanized liver
endothelium has proven very useful in the evaluation of targeted gene therapy in
vivo. Here we show that upon systemic administration of a human CD105 targeted
lentiviral vector, human liver endothelial cells in mice with humanized liver
endothelium were transduced with high specificity. Besides the usefulness in the
development of in vivo gene therapy, a mouse with a humanized liver endothelium
could also be very helpful in studies concerning liver drug metabolism and their
role in human liver tumorigenesis (89).
Mouse models that combine several humanized organs and compartments will
have even better clinical translational capacity. Human liver endothelial cells could
for example be co-transplanted with human hepatocytes and lead to a more
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potent mouse model that is able to better answer questions in the field of drug
metabolism and liver pathophysiology.
As mentioned in the introduction, one of the remarkable characteristics of the
liver is its capacity to regenerate following loss of cell mass (90, 91). Liver
resections are performed regularly in the treatment of hepatic tumors. However,
resections have to be kept to a minimum to preserve enough residual functional
liver tissue and prevent fatal clinical course (92, 93). Clinical studies have shown
that, unfortunately, incomplete liver regeneration forms an important unresolved
problem (94). Therefore, therapeutic strategies that improve liver regeneration
would be of great benefit, especially for those patients with impaired liver
regenerative capacity due to cirrhosis or acute necrosis of the liver. Several studies
have shown that erythropoietin stimulates liver regeneration (95-97). In these
studies erythropoietin was administrated intravenously, subcutaneously or
intraperitoneally. We have shown in chapter four that liver sinusoidal endothelial
cells can be successfully transduced with a lentiviral vector expressing rat
erythropoietin. Following transplantation, these cells were able to engraft in the
mouse liver and express erythropoietin under the regulation of doxycycline. In
order to examine whether liver sinusoidal endothelial cells can be used for
stimulating liver regeneration, experiments in which mice are subjected to partial
hepatectomy followed by an intrasplenic transplantation of erythropoietinexpressing liver sinusoidal endothelial cells the next day could be performed. In
patients, liver endothelial cells could be isolated from the patient’s own resected
liver tissue and in vitro transduced by an erythropoietin expressing lentiviral
vector.

6
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Conclusions
Liver sinusoidal endothelial cells are a specific type of endothelial cell with a
characteristic phenotype, and play an important role in multiple crucial functions
of liver physiology (98). The studies performed in this thesis have shown that
human liver sinusoidal endothelial cells have the unique ability to engraft and
repopulate the mouse liver niche, while macrovascular and microvascular
endothelial cells fail to do so.
Unexpectedly, differentiated human liver sinusoidal endothelial cells had a much
higher liver engraftment and repopulation potential than human fetal liver-derived
progenitor cells. This group of cells, which includes hepatoblastst as well as
hematopoietic stem cells, failed to generate mature functional liver cells in vivo
following transplantation.
Subsequently, we took advantage of the efficient repopulation capacity of human
liver endothelial cells by developing ex vivo regulated erythropoietin gene therapy
and used to mice with humanized liver endothelium as a model to study targeted
in vivo gene therapy.
The results described in this thesis have set a basis for the use of human liver
endothelial cells in cell transplantation and ex vivo gene therapy. However, they
have also generated more questions about factors that play a role in liver
engraftment and repopulation and emphasize the need for further
experimentation. Before a step towards clinical application of human liver
endothelial cells in cell transplantation and ex vivo gene therapy can be made,
more work will need to be performed focusing on optimizing the repopulation
success of transplanted human liver endothelial cells, elucidating the cause of
differences in engraftment and repopulation capacity between different types of
endothelial cells using fast developing techniques such as DEEP-SAGE and
examining the role and effect of the immune system on long-term clinical effect of
ex vivo gene therapy. Although a lot of challenges remain, the progress that has
been made in the field of cell transplantation and ex vivo gene therapy so far could
well lead to potential treatment options for patients that suffer from an inherited
liver disorder.
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Summary
The liver is one of the largest organs in the human body and plays an important
role in various metabolic functions. Thus far, the only curative treatment option
for a large proportion of patients suffering from a liver disorder is liver
transplantation. This is however a very invasive procedure and, due to shortage of
healthy donor livers, only limited numbers of patients can benefit from this
procedure. The use of ex vivo genetically modified autologous lever cells could
overcome the problem of donor scarcity. For several years now, scientists have
therefore studied the potential of cell transplantation, instead of whole liver
transplantation, as a possible treatment option. Even though clinical trials have
shown that transplantation of liver cells is feasible, long-term outcome is
disappointing. Other obstacles in clinical implementation of hepatocyte
transplantation such as poor engraftment of transplanted donor cells and difficulty
of manipulating hepatocytes in vitro also remain. These considerations highlight
the need for development of better transplantation procedures.
Poor translation of animal studies to humans is one of the reasons for the
disappointing outcome of clinical studies on cell transplantation. In the present
thesis, we sought out to solve this problem by developing a mouse with a
“humanized liver”, which would serve as an excellent in vivo model for studies on
liver-directed cell and gene therapy. A mouse with a humanized liver can be
developed by transplanting human liver cells into the spleen of immune deficient
mice. In the first set of experiments performed for this thesis, we found that
human fetal liver sinusoidal endothelial cells were able to engraft and repopulate
the mouse liver. This serendipitous finding set a basis for subsequent experiments
with the aim to:

Summary

1)
2)

Identify cells suitable for liver engraftment
Use mice with humanized liver endothelium in gene therapy

In chapter 1 an overview of the current knowledge about the normal anatomy,
physiology and development of the liver is given. These include embryonic liver
hematopoiesis, liver regeneration and characteristic features of the liver that are
important for understanding the experiments described in this thesis. Additionally,
the importance of developing treatment options for patients suffering from a liver
disorder is emphasized and the most recent developments in liver-directed cell
150

and gene therapy are reviewed. Endothelial cells form the inner lining of blood
vessels and are present throughout the human body. In this chapter we also
describe the heterogeneity and origins of endothelium.
In chapter 2 we describe transplantation of human liver sinusoidal endothelial
cells in the spleen of immune deficient mice. The endothelial cells were
transduced with a GFP-expressing lentiviral vector prior to transplantation to
facilitate tracking. Following transplantation, human liver sinusoidal endothelial
cells engrafted and repopulated throughout the mouse liver. We also investigated
the capacity of other types of endothelial cells to engraft and repopulate liver by
transplanting human macrovascular and microvascular endothelial cells in the
spleen of immune deficient mice. In contrast to human liver sinusoidal endothelial
cells, human macrovascular and microvascular endothelial cells were not able to
engraft the mouse liver. In this chapter we show that only human liver sinusoidal
endothelial cells have the unique capacity to engraft and repopulate the mouse
liver niche, indicating that mature endothelial cells cannot transdifferentiate in
vivo and thus do not exhibit phenotypic plasticity. The results from the
experiments found in this chapter set a basis for further research to the potential
of human liver sinusoidal endothelial cells in liver-directed cell and gene therapy as
described in following research chapters.
The presence of recipient endothelial cells in donor liver biopsies several months
after liver transplantation raised the possibility that circulating bone marrowderived progenitor cells contribute to repair of damaged liver endothelium. Like
bone marrow, the human fetal liver is a rich source of progenitor cells. In chapter
3 we examined whether hematopoietic progenitor cells from the human fetal liver
have the capacity to differentiate into endothelial cells in vivo. We used two
different approaches to try and answer this question. Hematopoietic progenitor
cells (HPC) from human fetal liver were transplanted in immune deficient mice to
reconstitute a human immune system. Subsequently, the liver endothelium was
damaged and repair by human hematopoietic cells examined. In the second
approach, hematopoietic progenitor cells from human fetal liver were directly
transplanted in immune deficient mice with damaged liver endothelium and repair
by human cells was also examined. In neither of these conditions restoration of
mouse liver endothelium with human cells was observed, indicating that human
fetal liver-derived hematopoietic progenitor cells are not a source of liver
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endothelium and that repair of damaged liver endothelium mainly occurs through
outgrowth of differentiated (non-)circulating endothelial cells.
For many disorders, clinical implementation of ex vivo gene therapy will require
the ability to regulate expression of genes to maintain expression levels within a
therapeutic window. The aim of chapter 4 was to investigate, which human fetal
liver cell type can be most efficiently transplanted and used for regulated ex vivo
gene therapy. After transplanting human fetal liver cells in immune deficient mice,
no engraftment of human hepatocytes could be detected. However, following
transplantation of unsorted human fetal liver cells, abundant reconstitution of
murine liver with human endothelium was achieved. Furthermore, following in
vitro transduction using an auto-regulatory lentiviral vector, transplanted human
liver sinusoidal endothelial cells were able to express erythropoietin in vivo only in
the presence of doxycycline. These findings demonstrate that human liver
sinusoidal endothelial cells are a promising cell type for long-term ex vivo
regulated gene therapy.
The potential of our mouse model for studying vector targeting is described in
chapter 5. We show that upon systemic administration of a human CD105
targeted lentiviral vector, human liver endothelial cells in mice with humanized
liver endothelium were specifically transduced. These results demonstrate that
our mouse model with a humanized liver endothelium is very useful for the
evaluation of targeted in vivo gene transfer.

Summary

The results of the experiments described in this thesis have set a basis for the use
of human liver endothelial cells in cell transplantation and ex vivo gene therapy. In
the general discussion chapter 6, the data of our work are discussed in relation to
recent developments in the field of cell and gene therapy A lot of challenges
remain, but hopefully the progress that has been made in the field of cell
transplantation and ex vivo gene therapy so far will lead to potential treatment
options for patients that suffer from a liver disorder.
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Samenvatting
De lever is een van de grootste organen in het menselijk lichaam en speelt een
belangrijke rol in diverse lichamelijke functies. De lever van patiënten die lijden
aan een erfelijke of verworven lever aandoening is niet in staat om al deze functies
te vervullen. Tot nu toe is de enige genezende behandelingsoptie voor de meeste
patiënten met een levensbedreigende leverziekte een levertransplantatie. Dit is
echter een ingrijpende procedure en door het tekort aan gezonde donorlevers
kunnen slechts enkele patiënten daadwerkelijk profiteren van deze procedure.
Sinds enkele jaren hebben wetenschappers de mogelijkheden van cel
transplantatie bestudeerd als behandeling in plaats van een hele
levertransplantatie. De lever is opgebouwd uit verschillende soorten cellen. De
meeste cellen in de lever zijn de hepatocyten. Hoewel klinische studies hebben
aangetoond dat transplantatie van hepatocyten praktisch uitvoerbaar is, zijn de
uitkomsten op de lange termijn teleurstellend en blijven er grote obstakels
bestaan in de klinische toepassing van hepatocyte transplantatie. Dit wordt onder
andere veroorzaakt door slechte hechting van getransplanteerde hepatocyten en
de moeite die het kost om met hepatocyten in het laboratorium te werken.

Samenvatting

Een andere verklaring voor de teleurstellende resultaten van klinische studies
wordt gegeven door het feit dat het moeilijk is om resultaten, die verkregen
worden van experimenten met proefdieren, te vertalen naar de menselijke
situatie. In dit proefschrift hebben we hier een oplossing voor willen geven door
een muis te ontwikkelen met een “menselijke lever”. Dit muismodel zou dan goed
kunnen dienen voor studies gericht op het ontwikkelen van
behandelmogelijkheden zoals celtransplantatie, maar ook gentherapie. Een muis
met een menselijke lever kan ontwikkeld worden door menselijke levercellen te
transplanteren in de milt van muizen, die geen afweersysteem hebben. De
menselijke levercellen worden na transplantatie dan niet aangevallen en
opgeruimd door het afweersysteem van de muis en kunnen hechten in de lever
van de muis. Dit proces wordt repopulatie genoemd.
In de eerste set van experimenten, die we hadden verricht voor dit proefschrift,
ontdekten we dat lever endotheel cellen (afkomstig van de humane foetale lever)
in staat waren om in de muizenlever te hechten en te repopuleren. Dit was een
toevalsbevinding en leidde tot het uitvoeren van experimenten om de volgende
doelen te bereiken:
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1)
2)

Het type cel te identificeren dat het meest geschikt is om in de muizen
lever te hechten en repopuleren.
Muizen met een menselijke lever te gebruiken voor het ontwikkelen van
gentherapie.

In hoofdstuk 1 wordt een overzicht gegeven van de huidige kennis over de
normale anatomie, fysiologie en ontwikkeling van de lever. Deze omvatten
bloedaanmaak in de embryonale lever en herstel van de lever na schade,
kenmerken van de lever die van groot belang zijn voor het begrijpen van het
succes van de in dit proefschrift beschreven experimenten. Daarnaast wordt het
belang van de ontwikkeling van andere behandelingsopties voor patiënten die
lijden aan een leveraandoening benadrukt en de meest recente ontwikkelingen
van cel- en gentherapie gericht op de lever besproken.
In hoofdstuk 2 hebben we menselijke lever sinusoïdale endotheelcellen
getransplanteerd in de milt van immuun-deficiënte muizen. De endotheelcellen
werden vóór de transplantatie bewerkt, zodat zij in staat waren om een eiwit te
maken dat green fluorescent protein (GFP) heet. Door dit eiwit krijgen de
getransplanteerde cellen een groene kleur en zijn ze later gemakkelijk terug te
vinden in de milt en de lever van de muis. Menselijke lever sinusoïdale
endotheelcellen bleken na transplantatie in staat om te hechten en te delen in de
muizen lever en meerdere clusters van menselijk endotheel in de muizen lever
werden gevonden.
Endotheelcellen vormen de binnenbekleding van bloedvaten en zijn aanwezig in
het hele menselijke lichaam. In ditzelfde hoofdstuk wilden we onderzoeken of het
vermogen om in de lever te hechten en te repopuleren gedeeld wordt door
andere types van endotheelcellen. Daarom transplanteerden we humane
macrovasculaire (afkomstig van navelstrengvaten) of microvasculaire (afkomstig
van vetweefsel) endotheelcellen in de milt van immuun deficiënte muizen gebruik
makend van hetzelfde protocol. In tegenstelling tot de menselijke lever sinusoïdale
endotheelcellen, waren de menselijke macrovasculaire en microvasculaire
endotheel cellen niet in staat in de muizenlever te hechten. De resultaten
beschreven in dit hoofdstuk tonen aan dat alleen menselijke lever sinusoidale
endotheelcellen de unieke capaciteit hebben om in de muizen lever te hechten en
te repopuleren. Bovendien tonen we aan dat macrovasculaire en microvasculaire
endotheelcellen niet in staat zijn om hun eigenschappen aan te passen in een
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ander orgaan. De resultaten van de experimenten in dit hoofdstuk hebben de
basis gelegd voor verder onderzoek naar het potentieel van de menselijke lever
sinusoïdale endotheelcellen in de toepassing in cel- en gentherapie, zoals
beschreven staat in de volgende hoofdstukken.

Samenvatting

Door de aanwezigheid van endotheelcellen afkomstig van de gastheer in
getransplanteerde donorlevers, is het idee ontstaan dat er in de bloedsomloop van
de gastheer stamcellen circuleren, die in staat zijn een bijdrage te leveren aan
herstel van beschadigd lever endotheel. De humane foetale lever is een rijke bron
van stamcellen. In hoofdstuk 3 onderzochten we of stamcellen uit de humane
foetale lever het vermogen hebben om zich tot endotheel cellen te ontwikkelen.
We gebruikten twee verschillende benaderingen om deze vraag te beantwoorden.
Stamcellen uit de humane foetale lever werden getransplanteerd in bestraalde
immuun deficiënte muizen zodat deze muizen werden voorzien van een menselijk
immuunsysteem. Vervolgens werd het muizen lever endotheel beschadigd en
werd reparatie door menselijke stamcellen onderzocht. In de tweede benadering,
werden stamcellen uit de humane foetale lever rechtstreeks getransplanteerd in
immuun deficiënte muizen met een beschadigd lever endotheel en werd reparatie
door de getransplanteerde humane cellen eveneens onderzocht. In geen van deze
omstandigheden werd herstel van het muizen lever endotheel met menselijke
stamcellen waargenomen. Deze resultaten geven aan dat stamcellen uit de
humane foetale lever cellen geen bron zijn van lever endotheel en dat reparatie
van beschadigd lever endotheel hoofdzakelijk gebeurt door uitgroei van
endotheelcellen.
Celtransplantatie kan als behandeling gecombineerd worden met gentherapie.
Gentherapie is het inbrengen van erfelijk materiaal in cellen, waarna deze cellen in
staat zijn bepaalde eiwitten aan te maken. Het overbrengen van dit erfelijk
materiaal gebeurt met behulp van vectoren. Als het erfelijke materiaal buiten het
lichaam in de cellen wordt gebracht spreken we van ex vivo gen therapie. Voor
veel aandoeningen zal het nodig zijn om de aanmaak van de eiwitten van de
ingebrachte genen te handhaven binnen een therapeutisch venster om klinische
toepassing van ex vivo gentherapie te realiseren. Dit noemen we gereguleerde ex
vivo gentherapie. Het doel van hoofdstuk 4 was om te onderzoeken welk foetale
lever celtype het meest efficiënt getransplanteerd en gebruikt kan worden voor
gereguleerde ex vivo gentherapie. Na het transplanteren van menselijke foetale
levercellen in immuun deficiënte muizen werd er geen innesteling van humane
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hepatocyten (het meest voorkomende celtype in de lever) gevonden. Echter, na
transplantatie van humane foetale levercellen werd overvloedige herstel van
muizen lever met humaan endotheel bereikt. Bovendien toonde de transplantatie
experimenten, die we voor dit hoofdstuk hebben verricht, dat de
getransplanteerde menselijke lever sinusoïdale endotheelcellen in staat waren om
het eiwit erythropoietine te maken. Hierbij kon, door de aanwezigheid van een
tetracycline-gevoelige promotor, de aanmaak van erythropoietine worden
gereguleerd door toediening van doxycycline (een antibioticum). Dit had als gevolg
het dikker worden van het bloed van getransplanteerde muizen. Deze resultaten
tonen aan dat menselijke lever sinusoidale endotheelcellen gebruikt kunnen
worden in lange termijn ex vivo gereguleerde gentherapie.
In het laatste wetenschappelijk hoofdstuk van dit proefschrift is ons muismodel
met menselijk lever endotheel zeer nuttig gebleken op het gebied van onderzoek
van in vivo gentherapie. Bij in vivo gentherapie wordt het erfelijk materiaal
rechtstreeks in de bloedbaan van de patiënt geïnjecteerd. Bij deze behandeling is
het van belang dat het erfelijke materiaal alleen terecht komt in bepaalde cellen,
zoals in ons geval de levercellen. Dit wordt ook wel specifieke vector targeting
genoemd. Om het potentieel van ons muismodel te onderzoeken, hebben we met
een groep wetenschappers samengewerkt, die veel ervaring hebben op het gebied
van specifieke vector targeting. In hoofdstuk 5 laten we zien dat na inspuiting van
een, op menselijk CD105 gerichte, lentivirale vector in de bloedbaan van muizen
met menselijk leverendotheel, erfelijk materiaal alleen in menselijke lever
endotheelcellen werd ingebracht.
De veelbelovende resultaten van de experimenten uitgevoerd in dit proefschrift
hebben een basis voor het gebruik van menselijke lever endotheelcellen in cel
transplantatie en ex vivo gentherapie gelegd. In de algemene discussie in
hoofdstuk 6 worden de gegevens van ons werk verder besproken in relatie tot de
recente ontwikkelingen op het gebied van cel- en gentherapie. De punten die in dit
hoofdstuk ter sprake zijn gekomen, hebben niet alleen geleid tot meer vragen,
maar benadrukken ook de noodzaak voor verdere experimenteren. Veel
uitdagingen blijven, maar hopelijk zal de vooruitgang die is geboekt op het gebied
van cel transplantatie en ex vivo gentherapie leiden tot een potentiële
behandeling voor patiënten die lijden aan een leverziekte.
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Addendum

Dankwoord
PhD Portfolio
Abbreviations

Dankwoord
De afgelopen jaren heb ik met veel plezier gewerkt aan mijn promotieonderzoek.
Dit proefschrift was echter niet tot stand gekomen zonder de hulp en inzet van
vele anderen, die ik op deze laatste pagina’s van mijn proefschrift wil bedanken.
Als eerste wil ik beginnen mijn promotor Ronald Oude Elferink te bedanken voor
de kans, die hij me heeft gegeven om onderzoek te doen op het enerverende
Tytgat instituut. Beste Ronald, dankzij jouw steun en kritische blik, bleef ik
gefocust en gemotiveerd om door te zetten.
Speciale dank gaat ook uit naar mijn co-promotor Jurgen Seppen. Beste Jurgen,
bedankt voor je dagelijkse begeleiding en geduld. Ik voel me vereerd dat ik met
zo’n briljante, maar ondanks de zwarte humor, zeer passievolle wetenschapper,
heb mogen samenwerken. Ik heb veel van je geleerd en genoten van onze
gesprekken, die altijd eindigden op “lekker eten” als gespreksonderwerp.
Een hoop experimenten waren niet mogelijk geweest zonder de hulp en inzet van
de medeauteurs en weefsel van de afdeling Celbiologie en Experimentele Chirurgie
van het AMC en de afdeling chirurgie van het Antonie van Leeuwenhoek
ziekenhuis. Bedankt voor het materiaal en de expertise.
Christian und Tobias, dank für unsere angenehme zusammenarbeit.
Mijn hartelijke dank gaat ook uit naar de commissieleden voor het beschikbaar
stellen van hun tijd en energie om zich in mijn proefschrift te verdiepen en er bij
de verdediging hun gedachten met mij over te wisselen.
Dear Donna, meeting you at the FASEB conference was the starting point of a
fruitful collaboration. Thank you very much for the exciting results and taking the
effort and time to travel all the way to Amsterdam for my dissertation.

Dankwoord

Gelukkig liepen er vele vriendelijke mensen op het AMC en de vakgroep rond, die
me met een praatje opbeurden als het werk eens tegenzat.
Beste Ruth, mijn lieve paranimf, binnenkort ben jij ook doctor. Bedankt voor je
steun en hulp in deze laatste fase van mijn promotietraject.
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Mijn vrienden ben ik dankbaar voor de vele etentjes en uitjes, die ervoor zorgden
dat ik af en toe wat afleiding had van het nooit eindigende wetenschappelijke
onderzoek.
Zonder mijn familie en schoonfamilie was het doorlopen van mijn
promotieonderzoek nooit zo leuk geweest. In het bijzonder wil ik mijn
schoonouders bedanken voor hun onzelfzuchtige en onvoorwaardelijke steun en
het inlassen van extra oppassessies.
Mijn lieve broertjes Samir en Youssef, bedankt voor jullie interesse en het lachen
om mijn grapjes.
Mijn allerliefste zusje Mariam, als geen ander weet jij hoe het is om een
promotietraject te combineren met het moederschap. Twee jaar geleden was ik
jouw paranimf en nu ben jij de mijne. Bedankt voor je steun, nuchterheid en
gezelligheid.
Lieve mama en papa,

ﺇﻟﻰ ﺃﻣﻲ ﻭ ﺃﺏ
ﺷﻜﺮﺍ ﻟﻌﻄﺎ ﺋﻜﻢ ﺍﻟﺬﻱ ﻟﻴﺲ ﻟﻪ ﺣﺪﻭﺩ
ﻟﻘﺪ ﺗﻌﻠﻤﺖ ﻣﻨﻜﻢ ﺍﻟﻜﺜﻴﺮ ﻳﺎ ﺃﻏﻠﻰ ﺍﻟﻨﺎﺱ
ﺷﻜﺮﺍ ﻟﺪﻋﺎﺋﻜﻢ ﺍﻟﺬﻱ ﺣﻞ ﺑﺮﻛﺔ ﻋﻠﻲ
ﺷﻜﺮﺍ ﻟﻮﻗﻮﻓﻜﻢ ﺑﺠﺎﻧﺒﻲ ﺩﻭﻣﺎ ﻭ ﺑﻼ ﺗﺮﺩﺩ
ﺍﻫﺩﻳﻛﻡ ﻧﺟﺎﺣﻲ ﻳﺎ ﺳﺭ ﻧﺟﺎﺣﻲ
ﺃﺣﺑﻛﻡ ﺩﻭﻣﺎ ﻭ ﺍﺑﺩﺍ.... ﺷﻛﺭﺍ ﻟﻛﻡ

Lieve Niek, bedankt voor je steun, tomeloze geduld, advies en enthousiasme.
Dankzij jouw liefde en humor heb ik tot het einde kunnen doorzetten.
Lieve Iman, Rayan en Imran, mijn schatjes, zullen we gezellig naar de Ikea gaan en
daarna naar de speeltuin?
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PhD Portfolio
PhD-training
General courses

Basic module: the AMC world of science

2005

Basisveiligheid laboratoria

2006

PubMed Biomedical Sciences

2010

Reference Manager Advanced

2010

Specific courses

Macroscopic, microscopic and
Pathologic anatomy of the mouse

2006

In the footsteps of Antonie van
Leeuwenhoek

2006

DNA technology

2007

Crash Course: Basic chemistry,
Biochemistry and molecular biology

2010

Scientific writing in English for
Publication

2010

Conferences

PhD Portfolio

Year

Annual meeting Dutch Society of
Gene therapy (NVGCT)

2006

Annual meeting Nederlandse
Vereniging gastro-enterologie
en hepatologie

2006

Stem Cells, development and
regulation, International symposium

2007
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PhD-training
Presentations

Year

FASEB Sumer Research Conference
“Liver growth, development and disease”
Snowmass, Colorado, USA

2008

2nd International Workshop on
Humanized Mice (IWHM)
St Olofskapel, Amsterdam, Netherlands

2009

Annual meeting Nederlandse
Vereniging gastro-enterologie
en hepatologie

2009

ACM meeting, PhD-retraite

2011

Annual meeting Dutch Society of
Gene therapy (NVGCT)

2011

Annual meeting American Society
of Gene And Cell Therapy
Seattle, Washington, USA

2011

Dutch Liver Retreat (DLR)
Spier, Netherlands

2011

Supervising

Scientific internship of
Eva Gras, medical student

2008

Scientific internship of
Floor Hageman, biomedical
student

2008

“De zieke Lever onder de loep”
Students: Amanda Scheffer
and Steffie Nieuwendijk

2011

Book Chapters

Seppen J, Filali EE, Elferink RO. Small animal models of hepatocyte transplantation.
Methods Mol Biol 2009; 481:75-82
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Abbreviations

Abbreviations
APC

allophycocyanin

BAL

bioartificial liver

BUGT

bilirubine UDP-glucuronosyltransferase

CD

cluster of differentiation

CMV

cytomegalovirus

DAPI

diamidinophenylindoldiacetate

DMEM

Dulbecco’s Modified Eagle’s Medium

DNA

deoxyribonucleic acid

EGF

epidermal growth factor

ELISA

enzyme-linked immunosorbent assay

EPC

endothelial progenitor cell

EPO

erythropoietin

FAH

fumarylacetoacetatedehydrolase

FGF

fibroblast growth factor

FITC

fluoriscein isothiocyanate

GFP

green fluorescent protein

HGF

hepatocyte growth factor

HIS

human immune system

HIV-1

human immune deficiency virus

hPC

human progenitor cell

HUVEC

human umbilical vein endothelial cell

iPS

induced pluripotent stem cells
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LSEC

liver sinusoidal endothelial cell

LTR

long terminal repeat

LV

lentiviral vector

LYVE-1

lymphatic vessel

MHC

major histocompatibility complex

NTBC

2-(2-nitro-4-trifluoromethyl-benzoyl)-1,3-cyclohexanadione

OLT

orthotopic liver transplantation

PBS

Phosphate buffered saline

PCR

polymerase chain reaction

PE

phycoerythrin

PECAM-1

platelet adhesion molecule 1

PFA

paraformaldehyde

PFIC

progressive familial intrahepatic cholestasis

RNA

ribonucleic acid

rtTA

reverse tetracycline transcriptional activator

SD

standard deviation

SIN

self-inactivating

VEGFR

vascular endothelial growth factor receptor

VSV-G

vesicular stomatitis virus G protein
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