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Introduction and outline
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General introduction
The liver has been a subject of investigation since ancient history. Its strategic
location in the body, more than 3000 documented functions as well as its
extraordinary capacity to regenerate have made the liver the topic of Greek legends
and medical science alike. The historical role of the surgeon has been one of
controlling the liver's blood supply. However, this role has changed significantly in
recent decades. The first liver resection for malignancy by Langenbuch (1888) and the
first liver transplantation in man by Starzl (1963)1 have led to a new era of liver
surgery, in which the surgeon occupies a central role in the multidisciplinary
treatment of liver disease. Advances in the understanding of liver anatomy and
physiology have reduced mortality of elective liver resections from 20% to less than
5% in major centers2. With improved safety has come an increased confidence in liver
surgery, an expansion of the indications for resection, and the development of new
procedures leading to significant therapeutic advances.
Angiogenesis is defined as the formation of new microvasculature from pre-existing
blood vessels. Even though the hypervascularity of tumors has long been recognized,
it was not until the 1940s that Ide suggested this hypervascularity might be the result
of the development of new blood vessels3. Subsequent work by Folkman during the
early 1970s indicated that the hypervascularity of tumors may be ascribed to the
proliferation of endothelial cells from pre-existing blood vessels4. The concept that
angiogenesis is an integral part of tumor progression and metastasis has now become
well established5 (figure 1-1). The inhibition of tumor-associated angiogenesis is
currently one of the most promising new developments in cancer treatment with over
150 active clinical trials testing new antiangiogenic drugs6.

Figure 1-1 (see color appendix). The angiogenic process is balanced by the activity of numerous
proangiogenic and antiangiogenic molecules. When the activity of proangiogenic factors exceeds
that of antiangiogenic factors, new blood vessels are formed. Constitutive expression of angiogenic
factors is influenced by stimuli of the cell environment, such as hypoxia, pH, cytokines, growth
factors, and genetic alterations. From: Stoelzing et al., Ann Surg Onc 2003.
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This thesis focuses on the role of angiogenesis in the liver. Two processes of primary
importance to the hepatic surgeon are investigated: liver regeneration and hepatic
tumor metastasis. The most common indication for hepatic resection is metastatic
disease. In the USA alone, 20,000 patients per year develop hepatic metastases from
colon cancer and surgery (i.e. partial hepatectomy) is their only curative option.
Sadly, only 10% of these patients have potentially resectable disease5. Evidently, the
increase of the patient group eligible for resection could have large curative
consequences, substantiating the need for a better understanding of metastatic
disease progression, and the mechanisms associated with hepatic tumor resection.
Extensive research has revealed that angiogenesis is essential for the establishment
and progression of metastatic lesions in the liver. In addition, it is becoming evident
that angiogenesis is an integral part of the regeneration process that follows partial
hepatectomy. The work described in this dissertation was done to further define
molecular mechanisms involved in tumor-associated and regeneration-associated
hepatic angiogenesis. Detailed knowledge of angiogenesis in these two processes
should contribute to an increase in the number of patients eligible for resection and
an improved long-term prognosis, making angiogenesis-based therapy a valuable
component in the multi-modality treatment of liver disease.
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Angiogenesis in liver regeneration
Hepatic microcirculation
Bloodflow to the liver is approximately 25% of cardiac output. Blood enters the liver
through the portal vein and the hepatic artery (at a volume ratio of 3:1, respectively).
In the acinus (the smallest hepatic functional unit as described by Rappaport7), the
portal vein is accompanied by the hepatic arteriole to form the hepatic sinusoid. In
the sinusoids, blood comes in contact with the hepatocytes and then drains into the
central vein. The hepatocytes are aligned in single-cell plates, bordered on each side
by a sinusoid to maximize the hepatocyte-blood interface. The hepatocytes are
arranged into three zones from portal vein to central vein, where zone 1 is adjacent to
the portal vein, zone 2 is intermediate, and zone 3 is bordering the central vein.
Sinusoids are bordered by liver-specific endothelial cells, characterized by
intercellular openings or fenestrae. This is essentially different from other tissues,
where endothelial cells are firmly connected by tight junctions to form the
endovascular lining. The space between the sinusoidal endothelial cell lining and the
hepatocytes is termed the space of Disse. This perisinusoidal space includes
important supportive cells such as Kupffer cells (liver specific macrophages), Ito
cells (a heterogenous group of stellate cells that produce growth factors and have
myofibroblastic characteristics), fibroblasts and neurons.
The mechanism of liver regeneration
Surgical resection of the liver is followed by regeneration of liver mass8. The
mechanisms underlying this fascinating tissue response are not yet fully understood.
An important finding is that each host organism has a set-point for the required
amount of functional liver mass. Whether small-size livers are transplanted into large
recipients (e.g., baboon liver into human recipient9) or vice versa (e.g., large canine
liver into small recipient10), the liver will precisely regulate its size relative to the
host organism. Even small resections (<10%) are followed by restoration to full size11.
In humans, the set-point of functional liver mass is 25 ± 1.2 ml per kgreference 2. These
data indicate that liver mass is exactly controlled and that the body produces signals
that regulate liver mass until the desired set-point has been reached.
It is becoming increasingly evident that all hepatic cellular components and their
surrounding tissues contribute to the regeneration process and its control12. Although
exciting new evidence suggests that the liver does contain some type of stem cell13,14,
it has been shown that (contrary to other regenerating tissues such as the skin) in the
liver, all mature hepatic cell populations proliferate and contribute to regeneration
(figure 1-2). These include hepatocytes (the first cells in the liver to regenerate by
proceeding from the G0 into the G1 and S-phase), Kupffer cells, Ito cells, biliary
epithelial cells, and sinusoidal endothelial cells. The interactions between
proliferating hepatocytes, non-parenchymal cells and the extracellular matrix are
important in the regulation of liver regeneration.
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Figure 1-2 (see color appendix). Time kinetics of DNA synthesis in different liver cell types
during liver regeneration after partial hepatectomy in rats. The four major types of liver cells
undergo DNA synthesis at different times. Regenerating hepatocyte DNA synthesis peaks at 24
hours, whereas the other cell types proliferate later. Hepatocytes produce growth factors that
function as mitogens for non-parenchymal cells. This has suggested that hepatocytes stimulate
proliferation of the other cells by a paracrine mechanism. From: Michalopoulos et al., Science 1997.

With the onset of regeneration, the architecture of the hepatic acinus undergoes
significant yet transient changes. Hepatocytes are the first to proliferate and form
avascular islands consisting of 10-14 hepatocytes15, compressing adjacent sinusoids16.
Ito cells proliferate and form delicate processes that protrude into the hepatocyte cell
clusters and deposit structural proteins (e.g., laminin), thus forming a new scaffold of
extracellular matrix17. With the proliferation of bile duct cells, Kupffer cells and
sinusoidal endothelial cells and notably the appearance of newly formed sinusoidal
bloodvessels in the hepatocyte clusters, the normal hepatic architecture (i.e., singlecell hepatocyte plates bordered by sinusoids) is gradually restored.
As stated previously, the interactions between the various hepatic cell types and the
extracellular matrix are extremely important in the regulation of liver regeneration.
Researchers have found that within minutes after partial hepatectomy, urokinase
plasminogen activator (uPA) and its receptor (uPA-R) are upregulated18. uPA
activates both plasminogen (to the active protease plasmin)18 and hepatocyte growth
factor (the most potent hepatocyte mitogen which is stored in the matrix in its
inactive form, HGF)19. The receptors for uPA (uPA-R) and HGF (cMet) are present on
hepatocytes, and their activation induces the expression of the cytokine interleukin-6
(IL-6)20, which in turn leads to upregulation of several transcription factors (e.g.,
STAT3 and NFκB). These transcription factors then activate a special set of genes
(termed 'immediate early genes') that enable DNA synthesis and proliferation of the
hepatocyte21. Taken together, these data show that the onset of matrix degradation
not only allows for the structural adaptation of the regenerating liver remnant, but
also has important functional implications for cell proliferation immediately after the
removal of liver tissue.
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Regeneration-associated angiogenesis
The observation that the liver remnant quickly regrows to its original weight after
partial hepatectomy, and the architectural changes in the acinus described above
make angiogenesis an intuitive requirement for the regeneration process. In addition,
many of the mitogenic growth factors that are upregulated during liver regeneration
happen to be pro-angiogenic factors as well (table 1-1). These perceptions led to the
hypothesis that angiogenesis plays an important role in liver regeneration. Indeed,
investigators have found some indirect evidence for this concept. For instance,
important angiogenic growth factors and their receptors are upregulated after partial
hepatectomy, and their presence can be localized to the sinusoidal endothelial cell2224. In Chapters 2 and 3 we have set out to determine whether angiogenesis actually
occurs during liver regeneration. More specifically, we have attempted to find direct
evidence for regeneration-associated angiogenesis by determining the actual number
of microvessels through standardized methods25, and to determine the influence of
endothelial cell proliferation on vessel function in the regenerating liver.

Growth factors
Vascular endothelial growth factor (VEGF)
VEGF receptors Flt-1, Flk-1/KDR
Angiopoietins (Ang-1, Ang2)
Angiopoietin receptors (Tie-1, Tie-2)
Hepatocyte growth factor (HGF)
Urokinase plasminogen activator (uPA)
Tumor necrosis factor alpha (TNF-α)
Interleukin-6 (IL-6)
Epidermal growth factor (EGF)
EGF receptor (EGF-R)
Transforming growth factor alpha (TGF-α)
Basic fibroblast growth factor (bFGF)
Platelet derived growth factor receptor (PDGF-R)

Table 1-1. Molecular growth factors that are upregulated during liver regeneration
and angiogenesis.

If liver regeneration is angiogenesis dependent, then inhibition of angiogenesis should
impair liver regeneration. In Chapters 2 and 4 we test this hypothesis in detail. In
Chapter 2 we examine whether angiostatin, a powerful angiogenesis inhibitor26, can
inhibit regeneration-associated angiogenesis and, subsequently, liver regeneration. In
Chapter 4, we use the previously mentioned concept to determine the role of
specific angiogenic factors. Mice were genetically engineered to display a single-gene
deletion of plasminogen, uPA, tPA, or PAI-1, all key players in the plasmin cascade of
the fibrinolytic system. These mice were then subjected to partial hepatic resection
to evaluate the role of the deleted factor(s) in angiogenesis during liver regeneration.
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Fibrosis-associated angiogenesis
Hepatic fibrosis can be summarized as a tissue response to chronic liver damage,
ultimately leading to cirrhosis and the necessity for liver transplantation. Key
elements include inadequate regeneration, uncontrolled formation of excess
connective tissue and vasculature, and severe disturbance of hepatic lobular
architecture. It is evident that, in addition to cellular events (e.g., stellate cell
activation27), microvascular changes contribute to the development of this
condition28. One example is the formation of microvessels outside the normal
microcirculatory unit in fibrotic livers. These new or angiogenic vessels possibly
contribute to the shunting of blood away from the hepatocytes in fibrotic and
cirrhotic livers29. Some of these vessel changes could be characterized as
pathological vessel growth, which appear to be mediated by well-known angiogenic
pathways30. In Chapter 5, we analyze pathological angiogenesis in an animal model
for liver fibrosis, and examine whether angiostatin will inhibit this fibrosis-associated
pathological angiogenesis.
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Angiogenesis in hepatic metastasis
In the USA, 1,36 million people are diagnosed with invasive cancer every year.
Approximately half of these patients will develop liver metastases, making this the
leading cause of fatal liver disease second to cirrhosis31. Surgical resection and/or
ablation of liver metastases is the only treatment that improves long-term survival
and provides a potential cure. However, only about 10% of these patients is eligible
for resection. Chemotherapy only modestly improves their prognosis; most patients
die within 2 years of the detection of liver metastases5. These distressing statistics
warrant an aggressive approach -including genetic, molecular and animal researchtowards the development of new therapeutic strategies. Angiogenesis is one such new
strategy, and an exponential number of studies have recently been undertaken to
produce clinically effective anticancer drugs. Because angiogenesis is a complex,
multi-stage process (including the breakdown of extracellular matrix, endothelial cell
activation, proliferation, migration, and tube formation), the initial findings are often
heterogeneous and difficult to interpret32. On the other hand, the multi-stage nature
of angiogenesis has spurred the development of a wide variety of potential
antiangiogenic drugs effective in reducing tumor metastasis to the liver. These
include inhibitors of angiogenic growth factors33, endogenous antiangiogenic
compounds34 and protease inhibitors35. The realization that angiogenesis is an
integral part of tumor metastasis has led to the emergence of such a strategy: how to
reduce blood vessel growth in tumors. In Chapter 6, we review recent studies on
basic angiogenesis mechanisms, new antiangiogenic treatments, and current clinical
studies that evaluate the use of antiangiogenic agents for liver tumors.
Recent work indicates that during the early phase of tumor metastasis, invasion of
the host tissue by tumor cells is dependent on cell adhesion mediated by integrins36.
Integrins are a family of extracellular matrix receptors with specific cellular and
adhesive characteristics. There is evidence that integrins mediate contact between
tumor cells and the host tissue during the early phase of tumor metastasis and
angiogenesis37. One of the ligands of integrins is vitronectin, a protein that is present
in elevated amounts during the early phase of tumor metastasis38. The binding of
vitronectin to its integrin receptor is thought to enable extravasation and migration of
tumor cells from the vascular compartment into the host tissue. The ample in vitro
data supporting this hypothesis39,40 encouraged us to explore the concept that
interference with vitronectin binding to its receptor should inhibit tumor cell
adhesion in the host tissue. In Chapter 7 we employ a human antibody directed
against activated vitronectin. This antibody is tested for its efficacy in preventing
tumor cell adhesion to extracellular matrix components in vitro and under flow
conditions. In addition, we determine the effectiveness of anti-vitronectin antibody in
preventing tumor attachment and extravasation in our model of liver metastasis.
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Outline
The studies described in this work focus on the role of angiogenesis in the liver. The
central concept is that microvessel development is important in hepatic regenerative
conditions as well as in tumor metastasis to the liver. Specifically, we set out to study
the following issues:

• to determine whether liver regeneration is an angiogenesisassociated tissue response (Chapters 2, 3, and 4).
• to find direct evidence for new vessel sprouting in the
regenerating liver (Chapters 2 and 3).
• to investigate the dynamic microvascular changes in the
regenerating liver (Chapter 3).
• to identify specific genes involved in regeneration-assocated
angiogenesis (Chapter 4).
• to investigate whether inhibition of angiogenesis is accompanied
by inhibition of liver regeneration (Chapters 2 and 4).
• to investigate whether inhibition of angiogenesis can limit
progression of pathological vessel growth in fibrosis (Chapter 5).
• to review current developments in antiangiogenesis to combat
liver tumors (Chapter 6).
• to test the efficacy of huMab Vn18, an antibody directed against
activated vitronectin, as an inhibitor of tumor cell attachment
during early tumor metastasis (Chapter 7).
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Chapter 2

Liver regeneration is an angiogenesisassociated phenomenon
T.A. Drixler, J.M. Vogten, E.D. Ritchie, Th.J.M.V. van Vroonhoven,
M.F.B.G. Gebbink, E.E. Voest, and I.H.M. Borel Rinkes
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Abstract
Introduction
The present study was undertaken to investigate whether liver regeneration (LR) is
an angiogenesis-associated phenomenon. Angiogenesis is predominantly known for
its pivotal role in tumor growth. However, angiogenesis could also play a role in
physiological processes involving tissue repair, such as LR.
Methods
Mice subjected to 70% partial hepatectomy (PH) were treated with human angiostatin
(100 mg/kg bw). Regeneration-induced hepatic angiogenesis was deteremined by
assessing intrahepatic microvascular density using CD31 staining of frozen liver
sections. LR was evaluated by assessing (i) wet liver weights and (ii) BrdUincorporation in DNA at regular intervals post-PH. Possible direct effects of
angiostatin on hepatocytes were studied by assessment of liver enzymes (ASAT,
ALAT, Bilirubin, LDH), MTT-assay (cytotoxicity), aminophenol production (metabolic
function), and TUNEL (apoptosis).
Results
In a regenerating liver microvascular density increased with 38%. Angiostatin
significantly inhibited this response with 60%. In addition, angiostatin inhibited LR by
50.4% and 24.9% on postoperative days 7 and 14, respectively. In control mice liver
weights regained normalcy in 8 days, whereas those in angiostatin treated mice
normalized only after 21 days. In angiostatin treated mice, the maximal BrdU
incorporation was decreased and delayed. Direct adverse effects of angiostatin on
cultured and in vivo hepatocytes were not observed. Angiostatin did neither induce
necrosis on H/E staining, nor affect serum levels of liver enzymes.
Conclusion
Liver regeneration is accompanied by intra-hepatic angiogenesis. Antiangiogenic
treatment using angiostatin inhibits both phenomena. We conclude that liver
regeneration is, at least in part, an angiogenesis-dependent phenomenon.
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Introduction
Angiogenesis, defined as the formation of new microvasculature from pre-existing
blood vessels, has received much attention in recent years, since it has been proven
to be a pivotal event in tumor growth and metastasis1. Inhibition of tumor-associated
angiogenesis has, in fact, become one of the most promising novel developments in
cancer treatment, which has resulted in the evaluation of more than 31 angiogenesis
inhibitors in clinical trials2. However, the role of angiogenesis in physiological
processes, such as in wound healing, ovulation, and menstruation, is less well
established. In addition, vast differences exist between physiological and tumorassociated angiogenesis. Tumor-associated angiogenesis is uncontrolled and is
featured by a tortuous, dilated, and disorganized microvascular network3,4. This is
accompanied by the presence of vascular leakiness5, the influx and presence of
inflammatory cells6 and the deposition of fibrin7. In contrast, resting endothelial cells
rarely proliferate under physiological conditions. Only 0,01% of adult endothelial cells
is in the S-phase at any given time8. The latter is remarkable since endothelial cells
are surrounded by many pro-angiogenic factors. Furthermore, physiological
angiogenesis is transient, lasting only days before it is turned off abruptly9,10.
Liver regeneration is a tissue repair response of the liver following the loss of hepatic
tissue11. The exact mechanisms underlying liver regeneration have not been fully
characterized. Nevertheless, studies have shown that, after 70% partial hepatectomy
(PH), many mitogenic molecules are upregulated resulting in the regenerative
outgrowth of the liver remnant until the full original liver weight has been regained1214. Remarkably, many of the growth factors upregulated in a regenerating liver are
known for their angiogenic properties in vivo. For instance, vascular endothelial
growth factor (VEGF) is upregulated after partial hepatectomy15-17. It is a major proangiogenic factor18, and is thought to improve sinusoid reconstruction during the
liver regeneration process19. Hepatocyte growth factor (HGF) is dramatically
increased following PH20,21 but is also a potent angiogenic factor in vivo and
stimulates endothelial cell protease production, motility, proliferation, and
differentiation in vitro22,23. Although it has been demonstrated that many major proangiogenic factors are upregulated in a regenerating liver, there is no in vivo evidence
that intra-hepatic angiogenesis occurs during liver regeneration.
The present study was undertaken to investigate whether liver regeneration is
accompanied by angiogenesis, and to test the hypothesis that liver regeneration is
angiogenesis-dependent. This was done by subjecting mice to potent antiangiogenic
treatment using angiostatin during liver regeneration. For this purpose we studied
liver regeneration following 70% partial hepatectomy in mice treated with angiostatin.
Angiostatin, a fragment of human plasminogen, is one of the most potent
antiangiogenic agents presently known24,25. From our studies we conclude that
angiogenesis plays an important role in liver regeneration.
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Materials and methods
Experimental design
For the in vivo experiments animals were divided in control mice (n=10), mice
subjected to 70% PH (PH-group; n=7) and mice subjected to both 70% PH and
angiostatin treatment (PH-AS-group; n=7). Intrahepatic vascularization was evaluated
by determination of the microvascular density using a monoclonal antibody against
CD31. LR was evaluated by determination of the hepatocyte cell proliferation (BrdUincorporation) en wet liver weight. For the evaluation of direct effects of angiostatin
on hepatocytes primary isolated murine hepatocytes were subjected to incubation
with angiostatin. Apoptosis, synthetic capacity, and detoxifying features of
hepatocytes were evaluated.
Animals
Male Balb/C mice were purchased from the General Animal Laboratory, University
Medical Center Utrecht (Utrecht, The Netherlands). In all experiments mice were 8-10
weeks of age. Animals were maintained under specific pathogen-free conditions, food
and water ad libitum, and kept on a 12-hour light/12 hour dark cycle. Experiments
were performed according to the guidelines of the Utrecht Animal Experimental
Committee, University Medical Center Utrecht, The Netherlands.
Angiostatin
The antiangiogenic properties and the production of plasminogen-derived human
angiostatin have been previously reported24,26. Briefly, recovered outdated human
plasma was used to elute plasminogen. SDS-polyacrylamide gel electrophoresis of the
eluant revealed one band of 92 kD corresponding to plasminogen. The eluant was
subjected to proteolytic digestion with porcine pancreatic elastase in a concentration
of 0.8 units/mg plasminogen. Then, angiostatin was isolated by applying the solution
over a lysine-Sepharose® column followed by elution with 0.2 mM ε-ACA. SDSpolyacrylamide gel electrophoresis revealed three distinct bands of approximately 40
kD, 42 kD and 45 kD, resembling the triplet first described by O'Reilly et al.27 After
freeze-drying angiostatin was dissolved in PBS (175 mg/ml) and stored at -800C. To
examine the effects of angiostatin treatment on regeneration-associated hepatic
angiogenesis, BALB/c mice were subjected to PH immediately followed by
implantation of subcutaneous pumps containing angiostatin (PH-AS-group). 10 Min.
prior to PH mice received a single bolus injection with angiostatin (2.5 mg/200µl; s.c.)
to ensure therapeutic angiostatin levels during the operation (half-life of human
angiostatin in mice is 4-6 hours)25.
Liver regeneration
LR was induced by subjecting mice to 70% partial hepatectomy as described by
Higgins and Anderson28. Mice were anaesthetized with halothane. After a midline
laparotomy the liver was exposed and the left lateral and caudal lobes were ligated
(Vicryl® 3.0) and resected resulting in removal of 68% of liver volume. Prior to
closure of the abdominal wall in two layers (Vicryl® 5.0) 250 µl 5% glucose solution
(at 370C) was injected into the abdominal cavity.
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Cell proliferation
In order to determine the proportion of hepatocytes in S-phase, a BrdU pulse-labeling
technique was used29. Two hours prior to ending the experiment mice received an
intraperitoneal injection with BrdU (150 mg/kg bw in PBS; Sigma Chemical Co., St.
Louis, MO, USA). Upon termination of the mice, liver lobes were fixed in
formaldehyde, 4 µm thick paraffin sections were deparaffinized, and DNA was
denatured with warm HIO4 (600C; 30 min.). Slides were washed thoroughly with
phosphate buffered saline (PBS), and then incubated with 5% bovine serum albumin
(BSA) in PBS to block non-specific binding sites of the antibodies. Subsequently, the
slides were incubated (60 min.) with the primary antibody, a monoclonal anti-BrdU
antibody (Becton Dickinson, Mountain View, CA, USA), diluted 1:40 in PBS. After
washing steps in PBS, slides were incubated for 30 min. with a secondary non-labeled
polyclonal anti-mouse IgG (DAKO, ITK Diagnostics BV, Uithoorn, The Netherlands),
diluted 1:80 in PBS including 1% BSA in a humidified chamber. Furthermore, slides
were incubated with 0.45% 10 nm Protein A Gold (PAG; 60 min) kindly provided by H.
van de Kant (Department of Cell Biology, University Medical Center Utrecht, The
Netherlands). After extensive washing with PBS (30 min.) and deionized water (30
min.) the gold particles were silver-enhanced with Aurion R-GENT (30 min; Aurion,
Wageningen, The Netherlands). Finally, slides were counterstained with Mayer's
haematoxylin and mounted in Pertex mounting medium. A minimum of 1500
hepatocytes were counted for estimation of the BrdU labeling index defined as the
percentage of BrdU positive nuclei.
Intrahepatic vascularization
Immunohistochemical staining was performed on acetone-fixed 5-µm cryosections of
hepatic tissue. The sections were incubated in PBS containing 1,5% hydrogen
peroxide at room temperature for 15 min to block endogenous peroxidase activity.
The sections were stained with anti-CD31 mAb (MEC 13.3; kindly provided by
Dr.Vecchi; Istituto di Ricerche Farmacologiche Mario Negri, Milan, Italy) for 60 min.
followed by fixation in phosphate buffered formaldehyde 3,7% (10 min.)30. Sections
were incubated for 1 hour with a horseradish peroxidase-coupled rabbit antirat
antibody. After three washes, labeling was visualized with 0.03% 3,3'diaminobenzidine tetrahydrochloride (DAB) solution containing 0.1% hydrogen
peroxide for 10 min. Sections were counterstained for 45 seconds in Mayer's
haematoxylin and mounted. The MVD was determined by analyzing at least 4
independent microscopic fields per tissue section and at least 2 sections per liver
remnant. The number of microvessels stained for CD31 was counted by two
independent observers (T.A.D. and J.M.V.) at a magnification of 250x. MVD was
expressed as the mean number of microvessels (± S.E.M.) per field.
Hepatocyte isolation
Hepatocytes were isolated by a two-step collagenase perfusion of the liver as
described by Seglen et al. but modified to compensate for the smaller size of the
animals (20% of the original flow rate and 50% reduction in perfusate volume)31. Mice
were anaesthetized using a mixture of Hypnorm® (0.3 mg/mouse ip.; Janssen-Cilag,
Brussels, Belgium) and Dormicum® (12.5 mg/mouse ip.; Roche, Brussels, Belgium).
After cannulation of the portal vein the liver was perfused with 200 ml Ca2+ -and Mg2+
-free Hanks balanced saline solution (370C; 10 ml/min.). After 10 minutes the liver
was perfused with the same buffer supplemented with 0.05% collagenase (Boehringer
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Mannheim Biochemica, Germany) and 2.5 mM CaCl2 for a period of 10 min. After
resecting the entire liver, the lobes were thoroughly cut in small pieces and diluted in
medium (=HBBS supplemented with 2.5% Bovine Serum Albumin (Sigma-Aldrich
Chemie A-9647, Zwijndrecht, The Netherlands) and 2.5 mM CaCl2. Dispersed cells
were centrifuged (50G~ 600 rpm) three times for 3 min. Cell viability was routinely
~90%, as determined by trypan blue exclusion. Hepatocytes were plated at a density
of 8,3x103/cm2 in Williams medium E (Flow Laboratories, Irvine, Scotland)
supplemented with 10% heat-inactivated newborn calf serum (Gibco Life
Technologies Inc., Rockville, MD, USA), sodium bicarbonate (0.23%), L-glutamine (2
mM; BioWhittaker, Verviers, Belgium), gentamycin (50 g/ml; Sigma-Aldrich Chemie G3632, Zwijndrecht, The Netherlands), insulin (5.75 g/ml; Sigma-Aldrich Chemie I5500), and hydrocortisone (5 g/ml; Sigma-Aldrich Chemie H-4881). Hepatocytes were
incubated at 370C in an atmosphere of 5% CO2 for 4 hours before they were subjected
to experiments.
Synthetic capacity of hepatocytes
To monitor the effects of angiostatin on hepatocellular synthetic capacity, primary
hepatocytes were incubated with analin. Analin is metabolized by hepatocytes to 4aminophenol which can be measured spectrophotometrically32,33. Twenty-four hours
after plating, culture medium was refreshed by serum-free medium containing 5mM
analin and different concentrations of angiostatin (0.1, 10, and 1000 and µg/ml).
Controls consisted of serum-free medium containing 5mM analin and PBS. Another 24
hours later samples were taken from the medium and used for the determination of 4aminophenol (free and conjugated). Four-aminophenol was detected according to the
method of Evelo32. The amounts of 4-aminophenol (free and conjugated) were
expressed as nmol metabolite formed/106 cells/24 hours. Determination of analine
and its metabolites: (1) for determination of glucuronide conjugate, 4 units of
glucuronidase in 600µl of a 200 mM KH2PO4/NaHPO4 buffer, pH 6.2 were added to an
equal volume of medium and incubate in a water bath (370C; 1 hour). Following
hydrolysis, protein was precipitated by adding 300µl of aq. trichloracetic acid
soln./1000 µl of incubation mixture in vials. After centrifugation, equal volumes of 1 M
HCl were added to the supernatants. The acidic solutions were stored overnight at
40C and the determination of liberated 4-aminophenol was performed the next day.
For determination of free 4-aminophenol (i.e. 4-aminophenol not conjugated at C-4)
the same procedure was followed, but without addition of glucuronidase. (2) To
hydrolyze the sulphate conjugates, 1 ml of the glucuronidase-treated acidified
solution was boiled for 6.5 min. in a 20 ml glass tube, topped with a glass marble.
Corrections were made for the amount of free 4-aminophenol lost during acid
hydrolysis. The amount of sulphate conjugate liberated in this way was shown to be
equal to the amount liberated by enzymic hydrolysis with
glucuronidase/arylsulphatase. (3) To detect 4-aminophenol 300 µl of phenol reagent
(2.5% w/v phenol, 1.25M NaOH, 1.25 Na2C03) was added to 750 µl sample and the
absorption was determined using a spectrophotometer.
Hepatocellular detoxification
To monitor the effects of angiostatin on the detoxification capacity, primary
hepatocytes were subjected to incubation with MTT (3-(4, 5-dimethylthiazol)-2,5diphenyl 2-H-tetraliumbromide; C18H16BrN5S2). MTT is a substrate for mitochondrial
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succinate dehydrogenase that is catalyzed into formazan. In case of the presence of a
cytoxic agent the mitochondria are less functional, which is expressed as less
transformation of MTT into formazan. Therefore, the MMT-assay is a sensitive assay
to detect cytotoxic effects34. MTT (1 mg/ml) was added (45 min, 370C) to primary
hepatocytes in culture (3x105/6 cm well) that had been incubated for 24 hours with
angiostatin (0.1 mg/ml - 10 mg/ml) or medium (control). After extensive washing
(PBS) cell membranes were permeabilized with isopropanol (10 min.) to extract
intracellular MTT, the optical density of which was measured with a multiwell
scanning spectrophotometer at 560 nm.
Apoptosis
To determine whether angiostatin induces apoptosis in hepatocytes in vivo, liver
slides were subjected to a TUNEL assay. All reagents were part of the In Situ Cell
Death Detection Kit-AP (Cat. No 684-809, Roche Diagnostics BV, Almere, The
Netherlands). Tissue sections (5µm) were fixed with formaldehyde in 3.7% PBS for 20
min. at room temperature (RT). After washing in PBS, sections were incubated in 0.1
% Triton® X-100 in citrate phosphate buffer (10 min.) followed by a final wash step in
PBS again (10 min.). Next, sections were incubated in TUNEL reaction mixture (60
min at 370C). After washing in PBS sections were incubated in TUNEL Converter -AP
(30 min. at 370C) followed by a PBS wash step. Signal conversion was performed by
the TUNEL BM Purple AP substrate. Finally, sections were mounted using DPX
mounting medium. A minimum of 1500 hepatocytes were counted for estimation of
the apoptotic index defined as the percentage of positive cells.
Statistical Analysis
Data were expressed as mean ± standard error of mean (SEM) unless mentioned
otherwise in the text. The significance of differences was determined by the unpaired
Students t-test. P<0.05 was considered to be statistically significant.
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Results
In normal livers of BALB/c mice (control-group) 63±5 blood vessels per high power
field were counted (figures 2-1 and 2-2a). In mice subjected to partial hepatectomy
(PH-group) the hepatic MVD increased significantly to 81±5 blood vessels/hpf
(p=0.001 vs. control) during the first 3 days following PH. Thereafter, MVD reached a
plateau phase of 87 ± 5.7 blood vessels/hpf (p=0.009 vs. control) until the end of the
observation period on POD 21 (figures 2-1 and 2-2b). Besides a difference in the
number of blood vessels the histological appearance of hepatocytes was found to
change during liver regeneration. This change was characterized by hepatocellular
hyperplasia, and thickening of the hepatocyte cords (i.e. double-cell plates)(figure 2-3).

Figure 2-1. Effects of angiostatin on microvascular density in a regenerating liver. In control
mice (∆) 62.8 ± 4.9 sinusoidal blood vessels per high power field (hpf) were counted. Following
70 % PH (• = PH-group) microvascular density increased to 87.0 ± 5.6 blood vessels/hpf
(p=0.009 vs. control; POD14). In angiostatin treated mice ( = AS/PH-group) vascular density
was reduced to 73.8 ± 2.8 (NS from control mice; POD 14).
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2-2b

2-2c

Figure 2-2 (see color appendix). Effects of angiostatin on microvascular density in a
regenerating liver 14 days following 70% partial hepatectomy. The identification of SECs was
performed by immunostaining with antibodies against CD-31 (PECAM). Figures a, b and c
represent the control group, PH-group, and PH-AS-group, respectively. Fourteen days after
partial hepatectomy the microvascular density has increased significantly when compared to
both angiostatin treated mice and control, non-hepatectomized mice.

2-3a

2-3b

{
Figure 2-3 (see color appendix). Histological appearance of regenerating liver 7 days
following 70% partial hepatectomy. In angiostatin treated mice following PH no necrosis was
observed (a), H&E, magnification 100x. Hyperplasia (increase in number of hepatocytes) and
thickening of the hepatocyte cords (double-cell plates) as pointed out by the accolade is noted
(b), H&E, magnification 400x.

In angiostatin treated animals MVD decreased significantly with 64% (p=0.023 vs. PHgroup) to a level that was not significantly different from non-PH controls (figure 2-1
and figure 2-2c). Angiostatin not only affected vascular density after partial
hepatectomy, but also the kinetics of liver regeneration. In control mice WLW
returned to the normal range within eight days post-PH. Contrastingly, in angiostatintreated mice WLW normalized only after 21 days. As judged by WLW, angiostatin
inhibited liver regeneration with 51% and 26% on POD7 and POD14, respectively
(figure 2-4). The observed delay in liver regeneration was accompanied by a decrease
of the maximal BrdU incorporation from 26% in the control group to 13.3% in the
angiostatin group. In addition, the BrdU peak shifted from 48 hours to 96 hours posthepatectomy (figure 2-5).
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Figure 2-4. Effects of angiostatin on wet liver weight in resting and regenerating liver. In
normal mice ( = control) wet liver weight was 1.326 ± 0.031 g. Angiostatin treatment did not
affect wet liver weight in normal mice ( = AS-group); 1.323 ± 0.015 g (NS vs. control).
Following 70% PH in non-treated mice (o = PH-group) the liver remnant returned to normal
(original) weight in 8 days. In angiostatin treated mice (• = AS/PH-group) this took
approximately three weeks.

Figure 2-5. Effects of angiostatin on proliferation of hepatocytes in resting and regenerating
liver. BrduU uptake is represented by the ratio of labeled and non-labeled hepatocytes x 100%.
In normal resting liver hepatocellular BrdU labeling index was approximately 0.2% (data not
shown). Two days following 70% PH (• = PH-group) a maximum of 26 ± 3.4% hepatocytes was
labeled. In angiostatin treated mice (o = PH/AS-group) the BrdU labeling index peak was
delayed to 96 hours after 70% PH. The BrdU peak was was also significantly lower compared to
the PH-group (13.3 ± 2.9%; p<0.001 vs PH-group).
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Figure 2-6. Effects of angiostatin on of synthetic capacity of cultured primary murine
hepatocytes. The formation of the C-hydroxylated analine metabolite 4-aminophenol (o) and its
sulphate ( ) and glucuronide (•) conjugates, in primary cultures of mouse hepatocytes, was
used to investigate the possible effects of plasminogen-derived human angiostatin on these
hepatocellular biotransformation processes. For all angiostatin concentrations tested no
significant differences were detectable between treated and control hepatocytes.

To exclude any direct adverse effects of angiostatin on hepatocytes, we tested
whether angiostatin affected the synthetic and detoxification capacity of primary
hepatocytes. The synthetic capacity of hepatocytes was not influenced by angiostatin.
Four-aminophenol was translated into glucuronide and sulphate in similar
concentrations for all angiostatin concentration tested (figure 2-6). In addition,
angiostatin did not affect detoxifying capacity of primary hepatocytes (data not
shown). Finally, angiostatin did not induce programmed cell death (apoptosis). In
control mice the apoptotic index was 0,27 ± 0,01 compared to 0,28 ± 0,042 in
angiostatin treated mice (NS).
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Discussion
The findings presented in this paper point towards an important role of angiogenesis
in physiological liver regeneration following 70% partial hepatectomy. Our results
correspond with the observed increase in expression of pro-angiogenic growth
factors, such as VEGF17,19, HGF35, and uPA17. In addition, earlier data of Widmann &
Fahimi36, and the more recent work of Sato16 and Shimizu17 showing an increase of
the mitotic activity of the SECs following 70% partial hepatectomy support our
concept. All indicate a maximum mitotic activity of the SECs within 96 hours after
70% partial hepatectomy. The actual increase of the MVD in the liver remnant as
reported here is therefore not unexpected. The fact that angiostatin treatment
resulted in inhibition of liver regeneration and inhibition of hepatocellular
proliferation supports our hypothesis that liver regeneration is partially angiogenesis
dependent.
The observed development of hepatic angiogenesis as represented by an increase in
MVD during liver regeneration, corresponds with the general concept that formation
of new blood vessels is required for adequate tissue repair. Mammalian cells need to
be surrounded by a vascular network that is located on a maximal distance of 100200µm37. Within this distance nutrition and oxygenation is secured by diffusion. An
increase in the number of cells, which is seen during tissue repair, results in
expansion of tissue, leading to increase of the distance between cells and vascular
network. In order to prevent the distance from surpassing the critical 100-200 µm,
new blood vessels are recruited from pre-existent vasculature. Similar to tumor
angiogenesis, expansion of hepatic tissue is made possible, not only because of
paracrine stimulation by several (proangiogenic) growth factors, but because of
angiogenesis as well. According to Folkman, the lessons learned from tumor
angiogenesis might be used to understand angiogenesis in many non-neoplastic and
physiological conditions3. From the data presented we conclude that liver
regeneration is one of those physiological conditions in which angiogenesis plays an
important role.
Previously, we have reported the inhibitory effects of angiostatin on accelerated
growth of hepatic metastases, subcutaneous tumor growth, corneal angiogenesis and
retinal angiogenesis24,26. However, the exact mechanism(s) responsible for the
antiangiogenic action of angiostatin have not been fully resolved. Stack et al. have
suggested that t-PA (tissue plasminogen activator), when occupied by angiostatin, is
prevented in a ternary complex formation between t-PA, plasminogen and matrix
protein. This results in the inhibition of plasminogen activation and a reduced
endothelial cell migration and invasion38. Since matrix breakdown by proteases such
as plasmin is known to play an important role in liver regeneration, it is conceivable
that the observed inhibitive effects of angiostatin on liver regeneration may be
explained by interference in the fibrinolytic cascade. Alternatively, Moser et al. have
attributed the antiangiogenic effects of angiostatin to binding to the α-/β subunits of
ATP-synthase on the cell surface of endothelial cells resulting in the down-regulation
of endothelial cell proliferation and migration39. Finally, Lucas et al. have proposed
that the antiangiogenic activity of angiostatin may be ascribed to its apoptic effect on
endothelial cells40. In our opinion this latter hypothesized mechanism does not
appear to be important in regeneration-associated angiogenesis, since apoptosis was
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not observed in hepatocytes nor in SECs at any time point. In addition, we could not
discern any direct adverse effects of angiostatin treatment on hepatocytes regarding
hepatocellular metabolism and detoxifying capacity.
In this paper we have used manual counting of intrahepatic blood vessels as a
measure of angiogenesis in the liver. This is based on the pioneering work of
Weidner41 on MVD, currently the most widely used method to asses tumor-associated
angiogenesis. Although manual counting of MVD suffers from inter- and intraobserver variation, computer image analysis of MVD is not more accurate than
manual counting42. We have found remarkably little variation in intrahepatic vascular
counts between two independent observers. Sato et al. have reported data on relative
sinusoidal surface area as a vascular parameter in rat livers43. We believe that such
values should be treated with some caution since their correlation with the number of
blood vessels may be problematic. This is particularly true in conditions in which the
surrounding hepatic tissue is subjected to volume changes (i.e., hyperplasia during
liver regeneration). An increase in volume and/or number of the hepatocytes may
result in compression of blood vessels (figure 2-2b). Compression of blood vessels in
combination with hyperplasia of hepatocytes, together with our observation of
increased MVD, can only be explained by the formation of new blood vessels i.e.
angiogenesis. Determination of angiogenesis by measurement of the surface area of
the compressed vascular structures would be an underestimation compared to a
counting method, which is independent of volume changes.
The data presented indicate an important role of angiogenesis in physiological
conditions of tissue repair, such as liver regeneration. Blocking this role might have
important implications for prolonged therapy. Both in animals and humans surgical
hepatic resection (e.g., for liver tumors; metastases) results in liver regeneration until
the full original liver weight has been regained. A major problem is the recurrence of
liver tumors due to accelerated tumor growth of micrometastases in the remnant
liver, as previously described by our group24. Angiostatin was able to inhibit this
accelerated tumor growth without completely blocking liver regeneration. Apart from
the delay in liver regeneration, no clinical or biochemical side effects were noted in
this study. Regarding potential clinical use of angiostatin in peri-operative setting in
metastatic liver surgery, we could speculate that a brief post-operative
discontinuation of angiostatin treatment could facilitate early liver regeneration. Such
an intermission in antiangiogenic treatment could still be considered oncologically
effective44.
In conclusion, liver regeneration following 70% partial hepatectomy is associated with
angiogenesis as judged by an increase in MVD. Inhibition of this phenomenon leads to
a delay of liver regeneration suggesting that liver regeneration is at least partial
dependent on angiogenesis.
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Chapter 3

Intravital analysis of microcirculation
in the regenerating mouse liver
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Abstract
Introduction
Liver tissue remodeling after surgery includes development of new hepatic
microvasculature. Although various endothelial growth factors have been shown to
play a role in liver tissue repair, the functional consequences of rapid endothelial cell
proliferation are unknown. To determine the influence of endothelial cell
proliferation on vessel functionality, we have analyzed the in vivo morphology of
microvasculature in the regenerating liver.
Methods
Mice were subjected to 70% partial hepatectomy (PH) and at 24, 48, 96 hours, 7 and
14 days post-PH and underwent intravital microscopy of the exposed liver remnant.
Intrahepatic microvessels were visualized with fluoresceine-labeled dextran.
Recorded parameters were: functional vessel length (VL), functional vessel diameter
(VD), hepatic cell plate width (PW) and functional vessel surface area (FVSA).
Results
VL showed a transient decrease (17-31%) after PH. PW was significantly increased in
the regenerating liver. VD significantly increased on days 1 and 2 post PH. On days 4,
7, and 14, VD returned to normal. In contrast, FVSA remained within normal range
until day 14 post PH.
Conclusions
Despite changes in vessel length and hepatic cell plate widthin the early regenerating
liver, functional vessel surface area remains normal until day 14 post PH. These
changes may indicate compensatory vascular growth mechanisms to ensure adequate
hepatocyte perfusion during liver regeneration. Better understanding of functional
variations during physiological liver regeneration may be of use in liver conditions
characterized by defective regeneration, e.g. cirrhosis.

40

Binnenwerk

23-03-2004

11:44

Pagina 41

Introduction
Remodeling of the liver after partial hepatectomy includes regeneration-associated
angiogenesis and enables the restoration of lost liver mass within days1. During this
time, avascular islands consisting of 10-14 hepatocytes appear2, compressing adjacent
sinusoids3. Similar to characteristics of angiogenic vessel sprouting described in
tumor growth, these adjacent sinusoids display microvascular outgrowths with blind,
pointed ends, presumably indicating proliferating sinusoidal endothelial cells (SECs)
moving into the hepatocyte clusters3. From fixed-tissue studies investigating gene
upregulation and expression, it has become evident that mediators of this SEC
proliferation in the regenerating liver are well known pro-angiogenic growth factors,
including vascular endothelial growth factor (VEGF)4-6 angiopoietins7 and their
receptors4,8. Together, these reports suggest the activity of a signalling system
between parenchyma and microvascular compartment, acting to restore normal liver
architecture9-11.
Several interesting studies have addressed mechanistic aspects of hepatic
angiogenesis observed during regeneration5,7,8. However, there are differences in
microvascular function in the regenerating liver and in other conditions, e.g. tumor
growth, that remain poorly understood. Whereas hepatic microvasculature is able to
maintain adequate perfusion during the entire time of regeneration, the proliferating
vasculature of tumor growth is structurally and functionally abnormal and impedes
adequate perfusion12. To clarify these apsects, the dynamic changes in microvascular
structure and function during liver regeneration demand further attention.
Intravital microscopy (IVM) allows for direct visualization of dynamic changes in
functional microcirculation, and has proven to be useful in other hepatic conditions
including tumor growth13, ischemia-reperfusion injury14 and cirrhosis15. In this study,
we have applied IVM to examine microvasculature in the regenerating liver and to
answer the question whether structural changes that occur during hepatic
regeneration after surgery have functional consequences for the hepatic
microcirculation. The present study provides the first in vivo analysis of
microcirculation in the regenerating liver.
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Materials and Methods
Animals and Surgery
All experiments were performed in accordance with the guidelines of the University's
Animal Experimental Committee, University Medical Center Utrecht, the Netherlands.
Same-age male balb/c mice (18-22g) were used in all experiments. Animals were
maintained under specified pathogen free standard housing conditions. 70% partial
hepatectomy was performed as described previously16. Briefly, mice received
anaesthesia (continuous flow of 2% halothane in O2/N2O mix), after which a midline
incision was made. Using Vicryl 4/0, the caudal and left lateral lobes were ligated and
removed resulting in 70% PH. After IP deposition of glucose (0.5 ml of 5% glucose in
0.9% NaCl), the incision was closed in two layers. Sham surgery consisted of
anaesthesia induction, midline incision, intra-abdominal deposition of glucose and
closure of the incision as described above.
Experimental groups (n = 3) were anaesthesized 1,2,3,4, and 7 days after partial
hepatectomy with fentanyl citrate/fluanisone (0.3 mg/mouse; Janssen-Cilag, Brussels,
Belgium) and midazolam chloride (12.5 mg/mouse; Roche, Brussels, Belgium)
administered via IP injection. Anesthesia mixtures were corrected for liver remnant
size known from previous studies. The abdominal wall was opened and the most
ventral liver lobe exposed. The animal was placed in prone position on a salinemoistened glass plate (0.15 mm thick, scratch-resistant glass, 20 x 20 cm) with a liver
fixation device placed over the exteriorized lobe to limit the transfer of breathing
movement to the liver lobes. The stage was then placed over the microscope.

3-1a

3-1b

Figure 3-1. Intravital epifluorescence microscopy set-up. Mice were subjected to laparotomy
and placed on a inverted microscopic stage (a). Images were captured by CCD camera and
directly relayed to a PC, obliterating the need for analogue video recording. Liver tissue was
gently placed under a balanced fixation device (b) to limit interference by breathing motion.
Excitation and emission light is produced and collected beneath the stage, yielding the bottom
plate as a level surface available for microscopy without limitations of body size.
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Intravital fluorescence microscopy
At indicated time points after partial hepatectomy, intravital fluorescence microscopy
was performed using a Nikon TE-300 inverted microscope (Uvikon, The Netherlands)
equipped with fluorescence filter sets for fluorescein isothiocyanate (FITC),
excitation 450-490 nm, emission >515 nm and rhodamine, excitation 530-560 nm,
emission >580 nm. Images were registered with a charge coupled device camera
(Exwave HAD, Sony, the Netherlands) and recorded digitally on a personal computer
(Dell Dimension 8200 with pIV 2.5 GHz processor, Dell, The Netherlands) (figure 3-1).
To visualize intrahepatic vessels, FITC-labelled dextran was injected (2% dextran in
0.9% NaCl; 0.1 ml per 20 g bodyweight IV; Sigma-Aldrich, Zwijndrecht, The
Netherlands) and excited with blue light (450-490 nm). Images were recorded for 45
seconds and stored until further use. To visualize leukocytes, rhodamine-6G was
injected (0.025% in 0.9% NaCl; 0.1 ml per 20g bodyweight IV) and excited with green
light (530-560 nm). Using a low magnification 10x lens, 10-15 fields containing
abundant straight course sinusoidal vessels were chosen in each animal. At 40x
magnification, images were recorded for one minute with each filter set. Further
enlargement of the image within the video system (i.e. C-mount, CCD-camera, PC and
monitor) resulted in a final magnification of ~800x.
Microvascular measurements
Images were analyzed off-line for the following parameters: 1) functional vessel
length (VL), defined as the total length of perfused microvessels per unit area; 2)
functional vessel diameter (VD), defined as the mean vessel diameter of perfused
vessels and calculated as the mean of at least 5 measurements per field; 3) hepatic
cell plate width (PW), defined as the distance between two adjacent sinusoids and
calculated as the mean value of at least 10 measurements per field 4) functional
vessel surface area (FVSA), defined as total surface area of sinusoids displaying
blood flow per microscopic field and calculated as the sum of products of VD and VL
of all isodiametric segments per field:
M

FVSA =

Σ dnLn

n=1

where d = vessel diameter of nth isodiametric segment; L = length of the nth segment
and M is the total number of segments within the image. In all fields, measurements
were limited to vessels exhibiting active perfusion, and did not include vessels that
appeared collapsed and without any flow. At least 10 fields per mouse were
measured.
Statistical analysis
All data were expressed as mean standard error of the mean (SEM). The
significance of differences was determined by unpaired student's t-test. P<0.05 was
considered to be statistically significant.
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Results
Functional hepatic microvessels (sinusoids) were adequately vizualized at high
magnification (400x) with our setup. In the normal liver, sinusoids display even
bloodflow through straight, evenly spaced microvessels (figure 3-2a, left panel). 24
Hours after PH, sinusoids display a criss-cross pattern and can be characterized by
increased vessel diameter, increased distance between sinuoids, and decreased
functional vessel length per field (figure 3-2b, right panel).

3-2a

3-3b

{

{

Figure 3-2 (see color appendix). Hepatic microvessels change after partial hepatectomy.
Representative images from livers after sham laparotomy (left panel) or partial hepatectomy
(right panel). In the normal liver, sinusoids display even bloodflow through straight, evenly
spaced (accolade) microvessels. 24 Hours after PH, sinusoids display a criss-cross pattern and
can be characterized by increased vessel diameter, increased distance between sinuoids, and
decreased functional vessel length per field.

Figure 3-3. Functional vessel length (VL). Functional vessel length, defined as functional
length per unit area, is decreased in regenerating liver as compared to sham-operated control
mice during the first 14 days following partial hepatectomy (p<0.03).

Functional vessel length displayed a transient decrease following PH (figure 3-3). In
sham operated livers, functional vessel length was measured to be 653 ± 19 µm (n=7).
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In the regenerating livers subjected to partial hepatectomy, functional vessel length
decreased to 510 ± 27 µm, 515 ± 20 µm, 452 ± 22 µm and 544 ± 26µm on days 1 (n=5),
2 (n=3), 4 (n=8) and 7 (n=4), respectively. These changes denoted a significant
decrease on each post-hepatectomy day compared to sham operated control livers
(p<0.03). On day 14, functional vessel length was returning towards normal liver
values and meaured 636 ± 9 µm (n=6).

Figure 3-4. Functional vessel diameter (VD). Functional vessel diameter was measured as
mean diameter of functional hepatic microvessels and showed a transient increase during
regeneration.

Functional vessel diameter measured 4.8 ± 0.3 µm in livers from sham operated
control animals. Diameters recorded at 24 and 48 hours after PH were significantly
increased to 6.0 ± 0.4 µm (p=0.047 vs control) and 6.6 ± 0.3 µm, respectively (p=0.001
vs control). On days 4, 7 and 14 post PH, diameter returned to pre-operative values
and was 5.1 ± 0.5 µm, 4.2 ± 0.3 µm, and 4.5 ± 0.4 µm, respectively (figure 3-4).
Hepatic cell plate width was measured to be 9.9 ± 0.2 µm in sham operated control
livers. In the regenerating mouse liver, hepatic plate width measured 15.6 ± 1.3, 15.5 ±
1.0, 18.3 ± 1.3 and 17.3 ± 1.1 µm ± SEM on days 1 (n=5), 2 (n=3), 4 (n=8), and 7 (n=4)
after partial hepatectomy (figure 3-5). On these days post-hepatectomy plate width
was significantly greater (p<0.001) than plate width in sham operated control livers.
On day 14 post PH, hepatic cell plate width was 10.8 ± 0.7 µm.
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Figure 3-5. Hepatic cell plate width (PW). An increase in hepatic cell plate width, defined as
the average distance between two adjacent sinusoids, was observed following partial
hepatectomy. Differences measured in all groups were significant when compared to sham
operated control livers (p<0.01).

In contrast to vessel length and vessel diameter, the functional vessel surface area
showed little variation in the regenerating liver (figure 3-6). In sham operated mice,
hepatic functional vessel area was 3084 ± 204 µm2 per field. In regenerating livers,
functional vessel surface area was measured to be 3076 ± 313 µm2 per field on day 1,
3408 ± 114 µm2 on day 2, 2404 ± 316 µm2 on day 4, 2254 ± 173 µm2 on day 7, and 2739
± 90 µm2 on day 14 post hepatectomy. Only vessel area on day 7 post PH was shown
to differ significantly (p=0.023) from sham operated control livers.

Figure 3-6. Functional vessel surface area (FVSA). Functional vessel surface area was defined
as the sum of areas of all isodiametric vessel segments per field. Surface area showed little and
non-significant variations in the regenerating liver.
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Discussion
Intravital microscopy allows for real-time analysis of changes in microvascular
function that occur in the regenerating liver. In this study we present the first in vivo
data on the dynamics of microvessel functionality in the regenerating mouse liver. We
have found a transient increase in hepatic cell plate width in the regenerating liver
during the first 14 days post PH. This finding corresponds to earlier reports of
increased plate width in rats as determined by fixed-tissue studies2,3. In addition, we
observed a decrease in functional vessel length of over 20% in the regenerating liver.
Together, these observations confirm that structural changes in architecture reported
in fixed-tissue studies can be demonstrated in vivo in the regenerating liver.
Exchange of oxygen and nutrients between hepatocytes and the blood is crucial for
the preservation of metabolic function, especially in conditions of reduced functional
liver mass, such as directly after PH. A key determinant of microenvironment
oxygenation is microvascular permeability, which in turn is dependent on vascular
surface area17. For this reason, we calculated functional vessel surface area in the
regenerating liver. Interestingly, the amount of functional vessel surface area showed
no significant changes during the first 14 days of regeneration post PH. During this
time, despite the considerable changes in hepatic microenvironment that occur
directly after PH, the functional sinusoid surface area remains essentially unchanged.
This is a notable difference when compared to changing microvaculature in other
conditions, such as a) tumor growth, in which microvessels are highly abnormal and
impede normal perfusion dynamics12, and b) hepatic fibrosis and cirrhosis,
characterized by decreased sinusoidal density, microvascular shunting and
disturbances in diffusion and permeabilty15,18-21. Together, these findings may indicate
that in conditions of hepatic tissue loss, the rapid development of a sufficiently large
exchange interface between hepatocytes and the blood may be a prerequisite for
adequate regenerative capacity. It appears that the vascular changes seen in
regenerating liver activate a most efficient repair mechanism to compensate
functional tissue loss, which leads to rapid and complete restoration of normal
hepatic architecture.
On day 7 post PH, the decrease in vessel length is no longer negated by an elevated
vessel diameter and thus vessel surface area is decreased. Interestingly, by that time
the liver has already grown to within 95% of its original weight (results not shown)
and therefore, the decline in functional vascular area is less likely to pose a threat to
metabolism at this time. It is tempting to speculate that this decrease might
constitute a (paracrine or autocrine?) growth arrest signal for either hepatocytes or
non-parenchymal cells.
In addition to these findings, we have observed a significant increase in hepatic
vessel diameter on days 1 and 2 post PH. Others have reported decreased sinusoidal
diameter under similar conditions. However, these qualitative reports either concern
sinusoids located immediately adjacent to avascular areas3, or were limited to
pericentral sinusoids7. In our experiments, measurements were performed on straight
course, midzonal sections of functional liver tissue. Therefore, discrepancies could be
explained by regional selection or by vascular collapse, although the latter is not
likely to occur during vascular casting used in those studies.
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In conclusion, despite changing vessel morphology during early liver regeneration,
functional vessel area remains constant immediately following partial hepatectomy.
These findings indicate that functional bloodflow constitutes a prefusion-related
regulator of liver regeneration. The understanding of functional aspects of
regeneration-associated angiogenesis can help to identify new treatment modalities in
conditions of defective or inadequate hepatic regeneration.
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Abstract
Background
Plasmin system components as well as pro-angiogenic factors are upregulated after
partial hepatectomy. However, the in vivo contribution of plasmin system components
to surgery-induced hepatic angiogenesis and regeneration is unclear. Here, liver
regeneration and angiogenesis following partial hepatectomy were examined in mice
deficient for plasminogen or urokinase plasminogen activator.
Methods
Mice with a single-gene deletion of plasminogen or plasminogen activator were
subjected to 70% partial hepatectomy. Liver regeneration was measured as relative
liver weight and cell proliferation index. Angiogenesis was quantified by determining
hepatic microvessel density after staining for sinusoidal endothelial cells.
Results
In mice deficient for plasminogen or urokinase plasminogen activator subjected to
partial hepatectomy, liver remnant weight was significantly reduced on days 2 and 7
post-hepatectomy as compared to wildtype mice. These delays were correlated with
impaired cell proliferation. In wildtype mice, regeneration was accompanied by a
significant increase in microvessel density after hepatectomy. This increase was
impaired in mice deficient for plasminogen.
Conclusion
Plasminogen and urokinase plasminogen activator are essential for optimal liver
regeneration. In addition, plasminogen appears to be a major determinant in
regeneration-associated hepatic angiogenesis. Precise understanding of regenerationassociated angiogenesis may aid in treating conditions of impaired hepatic
regeneration.
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Introduction
Surgical resection of the liver is followed by rapid regeneration in humans1 and other
species2. It is becoming increasingly evident that the interactions between
hepatocytes, non-parenchymal cells (e.g. endothelial cells) and the extracellular
matrix are important for the regulation of liver regeneration3,4. Immediately after
partial hepatectomy (PH), numerous cytokines, growth factors and proteases are
upregulated and facilitate matrix remodeling and proliferation of the different hepatic
cell populations as the liver remnant regenerates. Plasminogen, the inactive precursor
of the matrix protease plasmin, and hepatocyte growth factor, are both found in
increased amounts in liver tissue isolated shortly after PH5,6. In addition, urokinase
plasminogen activator (uPA), which activates both plasminogen and hepatocyte
growth factor in vivo7,8, and the uPA receptor are upregulated immediately following
PH9. The transient upregulation of these factors is correlated with remodeling of the
extracellular matrix and successive proliferation of hepatocytes and endothelial
cells10,11. Taken together, these reports indicate a stringent coordination between
matrix remodeling and proliferation of hepatocytes and endothelial cells in the
regenerating liver.
Angiogenesis has become a new field of focus in the effort to shed more light on
hepatic regenerative mechanisms. Several important angiogenic growth factors,
including vascular endothelial growth factor12 and angiopoietins13, are upregulated
after PH and are thought to constitute a proliferative signal for sinusoidal endothelial
cells14,15. Furthermore, the receptors for these factors are expressed on specific
endothelial cells (large vessel endothelial cells versus sinusoidal endothelial cells)
during specific time frames after PH11, indicating the complexity of these paracrine
and autocrine signalling pathways.
As emphasized in a recent review, the exact relations between the vast number of
growth factors and the different hepatic cell populations responding to PHx are still
unclear16. Although in vitro studies indicate that plasminogen and its activator uPA
are important during liver regeneration and angiogenesis, the necessity of
plasminogen and uPA for adequate post-surgical hepatic revascularization has not
been investigated in vivo. The best way to investigate the significance of a single
factor in vivo is studying regeneration and revascularization in mice with a single
gene deletion for that factor. To test the hypothesis that plasminogen and its activator
uPA are required for adequate vessel growth during tissue repair following hepatic
surgery, the current study focusses on liver regeneration and angiogenesis after PH in
mice deficient for two key factors of the plasmin system, plasminogen or uPA.
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Materials and Methods
Animals
Mice (6-8 weeks of age) deficient for one of two plasmin system factors, plasminogen
(Plg-/-) or uPA (uPA-/-), and littermate wildtype controls (i.e. identical phenotype
apart from the deleted gene) were developed by P. Carmeliet (Center for transgene
technology and gene therapy, KU Leuven, Belgium) and were described
previously17,18. All animals were maintained under specified pathogen free conditions,
received food and water ad libitum and were kept on a 12-hour light/dark cycle.
Experiments were performed in accordance with guidelines of the University's
Animal Experimental Committee, University Medical Center Utrecht, the Netherlands.
Experimental groups
To obtain a time course of data, experimental groups (n=3) were terminated at
several time points following surgery, including immediately after surgery (day 0 post
PH) and on days 2, 7 and 14 post PH. Because the time to complete the majority of
the regenerative process is 5-7 days in rodents4, these time points allowed us to
detect changes in regeneration with a limited number of genetically modified animals.
Control animals were subjected to sham laparotomy and terminated on days 0, 2, 7
and 14 post PH.
Surgical procedures
Partial hepatectomy was performed as described by Higgins and Anderson2 with
some modifications. Briefly, mice received anaesthesia (continuous flow of 2%
halothane in O2/N2O), after which a midline incision was made. Using Vicryl 4/0, the
caudal and left lateral lobes were ligated and removed resulting in 70% PH (range 6874%, data not shown). After IP deposition of 0.5 mL glucose (5% in physiological
saline), the incision was closed in two layers using Vicryl 5/0 and 4/0. Sham
laparotomy consisted of anaesthesia induction, midline incision, depositing glucose
solution and closing the incision as described above. At the indicated time points,
four or more animals were anaesthetized and terminated by total hepatectomy and
exsanguination. Relative liver weight (i.e. the ratio of the weight of the liver to the
weight of the body2) was measured and indicated as units in the results section.
Livers were either snap frozen in liquid nitrogen and stored at -80ºC or fixed in 4%
formalin and embedded in paraffin until further use.
Cell Proliferation
In order to determine the proportion of cells in S-phase, mice received bromo-deoxyuridine (BrdU) two hours prior to termination (150 mg/kg in phosphate buffered
saline IP; Sigma Chemical Co., St. Louis, MO). Liver sections (four micron) were
deparaffinized; DNA was denaturalized with warm HIO4 (60ºC, 30 min.). Slides were
washed in saline and incubated with 5% bovine serum albumin in saline to block nonspecific binding sites. Subsequently, slides were incubated with monoclonal anti-BrdU
antibody (diluted 1:40 in saline; Becton Dickinson, Mountain View CA; 60 min. at
room temperature). After washing, slides were incubated for 30 minutes with
secondary antibody (polyclonal anti-mouse IgG, Dako, Uithoorn, The Netherlands,
1:80 in saline including 1% bovine serum albumin). Slides were then incubated for one
hour with protein A gold (0.5% 10 nM). After washing in saline (30 min.) and
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deionisation (30 min.), gold particles were silver enhanced (Aurion R-Gent ,
Wageningen, the Netherlands). Finally, slides were counterstained with Mayer's
haematoxylin and mounted. The number of hepatocytes undergoing DNA synthesis
was determined by counting the number of BrdU positive nuclei per 1500
hepatocytes.
Vessel staining and counting: microvessel density
To quantify angiogenesis, we determined microvessel density (MVD) by counting the
number of highlighted microvessels (i.e. sinusoids) per field. Because sinusoidal
endothelial cells express CD3119,20, microvessels were highlighted using a monoclonal
antibody to CD31 in a standard immunohistochemical procedure. Briefly,
immunohistochemical staining was performed on acetone-fixed, 5-µm cryosections of
hepatic tissue. Endogenous peroxide was blocked by incubating in saline containing
1,5% hydrogen peroxide at room temperature for 15 min. Sections were incubated
with primary antibody to CD31 (anti-CD31 monoclonal antibody MEC13.3; kindly
provided by Dr. Vecchi; Istituto di Ricerche Farmacologiche Mario Negri, Milan, Italy)
for 60 min.21, washed, and incubated for 1 hour with secondary peroxidase-labelled
rabbit anti-rat antibody. After washing, labeling was visualized by incubation with
0.03% 3,3'-diaminobenzidine tetrahydrochloride solution containing 0.1% hydrogen
peroxide for 10 min. and counterstained with Mayer's haematoxylin.
MVD was determined by the method of Weidner et al.22 with minor adaptations. MVD
was assessed without knowledge of phenotype. Areas of the liver containing the most
capillaries and small vessels (i.e. areas of most intense neovascularization) were
found by scanning the liver sections at low power magnification (40x and 100x) and
identifying the areas of liver with the highest number of discrete microvessels
staining for CD31. After areas of highest neovascularization were identified,
individual microvessels were counted in a 200x field. Any brown-staining endothelial
cell or endothelial cell cluster that was clearly separate from adjacent microvessels
including sinusoids, hepatocytes and other elements was considered a single,
countable microvessel. Vessel lumina, although usually present, were not necessary
for a structure to be defined as a microvessel. Each count was expressed as the
highest number of microvessels defined within any 200x field. At least 10 fields were
counted per liver. Counts were randomly repeated by a second investigator to
determine interobserver variability (i.e. <3%).
Statistical analysis
All data were expressed as mean ± standard error of the mean (S.E.M.). Statistical
analysis of data was performed using (non-parametric) 2-way ANOVA analysis of
variance. P<0.05 was considered to be statistically significant.
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Results
General appearance and body weight
The majority of wildtype and knockout mice in all groups appeared generally healthy
during all experiments. No significant differences were observed in body weight
between wildtype and knockout mice (21.7 ± 0.5 g in Plg+/+ vs 22.6 ± 0.9 g in Plg-/mice [p=0.356], and 21.8 ± 0.3 in uPA+/+ vs 21.8 ± 0.4 g in uPA-/- mice [p=0.926]).
Regeneration of liver weight
To test the hypothesis that plasmin system factors are necessary for normal liver
regeneration, the weight of the hepatic remnant was measured on several days after
partial hepatectomy. Because hepatic growth regulation is controlled by the ratio
between liver weight and body weight rather than liver weight alone23, data were
expressed as relative liver weight. Results are shown in figure 4-1. Wildtype mice
showed increases in relative liver weight comparable to data from other animal
studies2. In Plg-/- mice, relative liver weight was decreased on days 2 and 7 post PH
(day 2: 0.030 ± 0.001 units in Plg-/- vs 0.041 ± 0.002 units in wildtype mice [p=0.007];
day 7: 0.046 ± 0.003 units in Plg-/- vs 0.056 ± 0.001 units in wildtype mice
[p=0.032])(figure 4-1a). On day 14 post PH, relative liver weight was slightly but not
significantly decreased in Plg-/- mice as compared to wildtype control mice.
We also tested for the hypothesis that urokinase plasminogen activator is an essential
component of hepatic regeneration by examining liver regeneration in transgenic
mice deficient for uPA (uPA-/-). Relative liver weights in uPA-/- mice subjected to PH
were decreased on days 7 and 14 post PH, as compared to wildtype mice (day 7: 0.036
± 0.001 units in uPA-/- vs 0.053 ± 0.002 units in wildtype mice [p=0.001]; day 14: 0.058
± 0.049 units in uPA-/- vs 0.062 ± 0.004 units in wildtype mice [p=0.019]) (figure 4-1b).

4-1a

4-1b

Figure 4-1. Regeneration of relative liver weight is delayed in Plg-/- and uPA-/- mice subjected
to PH. Ratio of liver weight to body weight was measured in wildtype mice (solid lines)
subjected to sham operation (•) or PH ( ) and in single gene deletion knockout mice (dashed
lines) subjected to sham operation (∆) or PH ( ). Mice were deficient for (a) plasminogen or
(b) uPA.
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Cell proliferation
Cell proliferation was determined in the regenerating mouse liver by measuring BrdU
labeling indices in liver tissue from wildtype, Plg-/- and uPA-/- mice. Although the
majority of positive nuclei was observed in hepatocytes, we did not specifically
differentiate between hepatocytes and non-parenchymal cells. Results are shown in
figure 4-2. In wildtype mice, we observed a peak of cell proliferation at 48 hours post
PH; at this time 22.8% of counted nuclei were BrdU positive. In Plg-/- mice, this BrdU
labeling peak was delayed and reduced (peak at 96 hours post PH, 9.5 ± 1.7% labeled
cells) compared to wildtype mice (peak at 48 hours post PH, 22.8 ± 3.0% labeled
cells). In uPA-/- mice, similar kinetics were observed: BrdU labeling was delayed and
reduced (peak at 96 hours post PH, 8.2 ± 1.6% labeled cells) compared to wildtype
controls (peak at 48 hours post PH, 22.8 ± 3.0% labeled cells).

4-2a

4-2b

Figure 4-2. Cell proliferation is impaired in regenerating livers of Plg-/- and uPA-/- mice. The
number of BrdU-positve nuclei was measured to assess cell proliferation in wiltype mice (solid
lines) subjected to sham operation (•) or PH ( ) and in single gene deletion knockout mice
(dashed lines) subjected to sham operation (∆) or PH ( ). Mice were deficient for (a)
plasminogen or (b) uPA.

Angiogenesis during liver regeneration
To test the hypothesis that deficiency of plasminogen or uPA would lead to impaired
angiogenesis during liver regeneration, we determined MVD in regenerating livers
after immunohistochemical staining of sinusoidal endothelial cells using PECAM-1
antibody (figure 4-3). In (resting) livers of sham operated wildtype mice, we measured
67 ± 4 microvessels per high power field. In regenerating livers from wildtype mice,
MVD increased significantly to 85 ± 3 and 86 ± 3 microvessels per field on days 7 and
14, respectively (p = 0.018). In Plg-/- mice subjected to sham operation, MVD was 67 ±
1 vessels per field, i.e. did not differ from MVD in livers from sham operated wildtype
animals. However, in livers of Plg-/- mice subjected to PH, MVD was decreased
compared to regenerating wildtype livers. In Plg-/- livers, MVD was 65 ± 2 and 68 ± 1
vessels per field on day 7 and 14 after PH, respectively. In contrast to Plg-/- mice, the
post-hepatectomy MVD in uPA-/- mice was elevated in a similar manner as the MVD in
wildtype mice (83 ± 4 and 85 ± 4 vessels per field on day 7 and day 14, respectively).
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4-3a

4-3b

Figure 4-3. Microvessel density in regenerating livers of Plg-/- and uPA-/- mice. To quantify
angiogenesis, we determined microvessel density by counting the number of highlighted
microvessels (i.e. sinusoids) per field adapted from Weidner et al. Microvessels were
highlighted using immunohistochemistry for CD31 as described in materials and methods.
Microvessel density was determined in wildtype mice (solid lines) subjected to either sham
operation (•) or PH ( ) and in single-gene deficient mice (dashed lines) subjected to sham
operation (∆) or PH ( ). Mice were deficient for (a) plasminogen or (b) uPA.

4-4a

4-4b

Figure 4-4 (see color appendix). Visualization of microvessels with anti-CD31 antibody.
Representative images of hepatic microvessels visualized with anti-CD31 antibody as described
in materials and methods. Panels show wildtype livers after (a) sham laparotomy and (b)
partial hepatectomy.
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Discussion
In this study liver regeneration and angiogenesis were examined in mice deficient for
plasminogen or uPA. A reduced relative liver mass was observed on the days
following PH in Plg-/- and uPA-/- mice, indicating a delay in hepatic regeneration. In
both phenotypes, this delay correlates with impaired DNA synthesis. These results
provide direct in vivo evidence that not only uPA but also plasminogen is important
for normal regeneration after liver resection, and correspond with other data
demonstrating the importance of these factors during liver regeneration5. In addition,
these findings correspond with other in vivo studies reporting impaired hepatic
regeneration in mice deficient for uPA subjected to PH24 or toxic damage25 and, vice
versa, accelerated regeneration in mice deficient for plasminogen activator inhibitor125. Taken together, these data underline the significance of adequate ECM
remodeling during several forms of hepatic damage. Furthermore, this study provides
additional evidence for the hypothesis that liver regeneration is an injury-specific
tissue reponse. The delays in regeneration after surgery observed in this study were
associated with impaired cell proliferation, whereas other studies report normal cell
proliferation in Plg-/- and uPA-/- mice displaying impaired regeneration after nonsurgical (i.e. toxic) damage26. This indicates that the liver responds differently to
different types of tissue loss (surgical vs toxic), a specificity that could be enabled by
the availability of multiple secondary signaling mechanisms beyond the level of
hepatocyte loss.
Increased microvessel density was observed in the regenerating wildtype liver. This
finding is in keeping with observations of increased expression of pro-angiogenic
growth factors and sinusoidal endothelial cell proliferation at this time27,28, thus
providing in vivo evidence for microvascular proliferation during revascularization of
the growing liver remnant. However, increased MVD at this time appears to contrast
with a reported finding of a decreased percentage of sinusoidal endothelial cell area
after PH in rats. That study measured total endothelial cell surface area in periportal
and central zones13, which yields useful insight into lobular microvessel architecture
during post-surgical regeneration. Although gender-, species-, and antibody-related
variance could lie at the basis of a discrepancy with the current data, an equally
plausible explanation not contradicting the previous report is the local distribution of
proliferating endothelial cells in the regenerating liver. In this study, MVD was
determined by counting CD31 positive vessels (with 200x high power magnification)
in selected areas containing the most sinusoidal vessels (as identified by low power
scanning). This was done because spatiotemporal expression patterns of proangiogenic growth factor receptors suggest local autocrine and paracrine regulation
of proliferating endothelial cell populations in the regenerating liver11. Other studies,
vizualizing regenerating hepatic sinusoids using von Willebrand Factor (an adhesion
molecule expressed by newly formed endothelial cells29,30) have reported similar
results with the observation of specific local expression patterns of vWF on newly
formed endothelial cells in the regenerating liver31. Together, these results indicate
that in the regenerating liver, autocrine and/or paracrine pro-angiogenic signalling
gives rise to local proliferation of new microvessels.
In wildtype mice subjected to PH, areas of increased density of CD31-positive
microvessels were found until 14 days post PH, while others have reported the return
of normal single cell hepatocyte plates in regenerating rat liver as soon as 10-12 days
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post-PH32. This discrepancy could be due to interspecies variance, immunospecific
characteristics, or locoregional distribution of CD31-positive sinusoids. Further
studies are indicated to clarify this issue and should focus on spatial and temporal
expression patterns of (proliferating) endothelial cell-specific markers during the
restoration phase of hepatic architecture.
It was hypothesized that deficiency in plasmin system factors would lead to reduced
vessel growth in the regenerating liver. Indeed, reduced MVD was found in
regenerating livers from Plg-/- mice as compared to regenerating wildtype livers. This
observation supports other indications of plasminogen-dependent fibrinolysis during
neovascularization in vitro33 and in vivo34. It is tempting to speculate that plasmin,
generated from plasminogen in response to upregulation of uPA immediately after
partial hepatectomy5,35 is required for adequate revascularization of the avascular
clusters32 that have resulted from hepatocyte proliferation in the liver remnant.
Contrary to the findings in plasminogen knockout mice, uPA deficiency did not lead
to impaired regeneration-associated angiogenesis. This appears to be in contrast with
the importance of uPA during angiogenesis. However, there could be cooperation
between plasminogen activators in this model, which has been found in other studies
as well17,36. Secondly, the existence of multiple uPA signaling pathways during
angiogenesis has been suggested37. Thus, the absence of uPA could have different
effects in different angiogenic processes. Taking these findings into account, it is
concluded that uPA must be functioning -at least in part- as an activator of
hepatocyte growth factor to enable hepatocyte proliferation without affecting MVD.
This study presents direct in vivo evidence for the importance of plasminogen and
uPA during early liver regeneration after PH. The observed delays in surgery-induced
regeneration are correlated with impaired angiogenesis in mice deficient for
plasminogen. It is concluded that plasminogen is necessary for optimal
revascularization after surgery-induced liver regeneration. Such precise knowledge of
the in vivo contribution of these signalling factors facilitates the development of new
therapeutic strategies for conditions in which hepatic regeneration is inadequate,
such as (partial) liver transplantation, pre-operative portal embolisation prior to
hepatic resection for malignancy, and cirrhosis.
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Chapter 5

Angiostatin inhibits experimental liver
fibrosis in mice
J.M. Vogten, T.A. Drixler, E.A. te Velde, M.E. Schipper,
Th.J.M.V. van Vroonhoven, E.E. Voest and I.H.M. Borel Rinkes
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Abstract
Introduction
Liver fibrosis is a response to chronic hepatic damage, which ultimately leads to liver
failure and necessitates liver transplantation. A characteristic of fibrosis is
pathological vessel growth. This type of angiogenesis may contribute to the
disturbance of hepatocyte perfusion dynamics and lead to aggravation of disease. We
hypothesized that angiostatin can inhibit pathological vessel growth and,
consequently, the development of hepatic fibrosis.
Methods
Hepatic fibrosis was induced by injection of carbon tetrachloride for 5 weeks.
Angiostatin mice received carbon tetrachloride for five weeks and angiostatin during
weeks 4 and 5. After 5 weeks, immunohistochemistry for endothelial cell marker von
Willebrand Factor and for cell proliferation was performed. Angiogenesis was
quantified by counting the number of immunopositive microvessels. Also, the relative
fibrotic surface was determined using Sirius Red histostaining and computer image
analysis.
Results
Immunohistochemistry revealed increased expression for von Willebrand factor in
fibrotic livers. Immunopositive microvessels were localized in fibrotic areas
surrounding larger vessels and in emerging fibrotic septa. Angiostatin reduced the
number of immunopositive microvessels by 69% (p<0.001). In addition, angiostatin
reduced the relative fibrotic area in the liver by 63% (p<0.001). Finally, angiostatin
treatment was not associated with differences in cell proliferation.
Conclusions
Angiostatin inhibits the development of pathological angiogenesis and liver fibrosis in
mice. These results warrant further evaluation of angiostatin as an antifibrotic agent,
potentially contributing to the deferment of liver transplantation and reduced
recurrence of fibrotic disease in the transplanted liver.
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Introduction
Liver fibrosis is a generally irreversible response to chronic hepatic damage,
preceding cirrhosis and ultimately necessitating liver transplantation.
Pathophysiological insight has revealed that, in addition to molecular events (e.g.
stellate cell activation1), microvascular changes contribute to the development of
fibrosis2. These microvascular events include the transformation of sinusoids
(discontinuous capillaries) into continuous capillaries3,4, as well as proliferation of
microvessels5 that appear to form a perinodular plexus6, and may contribute to
intrahepatic capillary shunting of blood away from the sinusoid-hepatocyte interface7.
Some of these microvascular changes, which could be classified as pathological
vessel growth, appear to be mediated by well-known angiogenic pathways. There is
experimental evidence that vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor, two major angiogenic growth factors, are upregulated during
early fibrosis5,8-10. The upregulation of these factors has been associated with
increased endothelial cell proliferation and immunospecific staining of sinusoidal
endothelial cells in fibrotic areas10. In addition, one group has reported that the
progression of fibrosis can be inhibited by a moderately antiangiogenic agent (TNP470). This effect appears to be mediated by hepatic stellate cell inhibition11.
Angiostatin is a potent angiogenesis inhibitor that is produced by proteolytic cleavage
of plasminogen12. Angiostatin has been shown to act specifically on endothelial cells
by inhibiting their proliferation13, migration14 and tube formation15. These effects
result in strong anti-tumor activity16, which is currently being evaluated in clinical
trials17. Although the mechanism by which angiostatin exerts its effects is not
completely clear, Stack et al. have suggested that angiostatin binds to tissue
plasminogen activator (tPA) which prevents plasminogen activation and, thus,
endothelial cell migration and invasion during angiogenesis18. In addition, tPA is
known to play an important role in hepatic fibrosis19 and cirrhosis20.
Taken together, these observations have led us to hypothesize that angiostatin can
inhibit the development of pathological hepatic vessel growth, and consequently the
progression of liver fibrosis. To test this hypothesis, we investigated the effects of
angiostatin on carbontetrachloride (CCl4) induced experimental liver fibrosis in mice.
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Materials and Methods
Animals and induction of experimental fibrosis
Female balb/c mice, 10 weeks of age, were used in all experiments. All animals were
maintained at the university's animal facility and all experiments were performed in
accordance with guidelines of the university's Animal Experimental Committee. To
study hepatic fibrosis, a chronic CCl4-induced liver injury model was used, as
described previously21-23. In these studies, CCl4 was injected into mice for periods
between 3-12 weeks, yielding hepatic fibrosis. According to our pilot experiments and
other data24, the first histological evidence for increased fibrosis is found after 4
weeks of CCl4 injection. Because of these findings, and because we were interested in
inhibiting angiogenesis that might accompany this initial development of fibrosis, we
chose a CCl4 injection period of 5 weeks. CCl4 was injected intraperitoneally (0.2 ml
10% CCl4 in olive oil) three times a week for 5 weeks. Control animals received same
volume olive oil injections. Animals were killed 72 hrs after the last CCl4 injection.
Angiostatin treatment
Angiostatin was purified from human plasminogen as described previously25. Briefly,
plasminogen was recovered from outdated plasma by gel electrophoresis, after which
it was subjected to proteolytic digestion with porcine pancreatic elastase. Angiostatin
was acquired by applying plasminogen over a lysine-sepharose column.
Electrophoresis samples revealed three distinct bands of approximately 40 kD, 42 kD,
45 kD, resembling the triplet first described by O'Reilly et al.26 After freeze drying,
angiostatin was stored at -80°C until use. Bioactivity was measured per batch in the
cornea neovascularization assay as described elsewhere27.
Mice received angiostatin (100 mg/kg/d in phosphate buffered saline, PBS) via
osmotic pump (Alzet 2002, Alza Corporation, Palo Alto, CA) implanted
subcutaneously under anaesthesia. Control animals received identical pumps loaded
with PBS only. At termination, liver lobes were excised and fixed in 4% formalin and
embedded in paraffin.
Experimental groups and treatment schedule
Animals were randomized into one of 3 groups. (I) Mice in the control group (n=6)
received vehicle injections, i.e. olive oil (0.2 ml 3 times a week). (II) Mice in the liver
fibrosis group (n=6) received CCl4 as described above and PBS via subcutaneous
osmotic pump. (III) Finally, mice in the angiostatin group (n=5) received CCl4
injections (0.2 ml 10% CCl4 three times a week) and angiostatin via continuous
infusion by a subcutaneous osmotic pump (100 mg/kg/d). Treatment schedules are
summarized in figure 5-1.
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Figure 5-1. Treatment Schedule. Hepatic fibrosis was induced by injections with CCl4 in olive
oil 3 days a week for 5 weeks. Angiostatin was administered continuously via subcutaneous
osmotic pump during weeks 4 and 5.

Vessel staining and counting
To highlight pathological blood vessels we performed immunohistochemistry for von
Willebrand Factor (vWF), which, in the normal liver, is expressed in large vessels of
the portal tract and central veins, but not along sinusoids28. Paraffin-embedded tissue
sections (4 µm) were deparaffinized and endogenous peroxide was blocked by
incubation in 1,5% H2O2. Samples were incubated with primary antibody against vWF
(polyclonal peroxidase-labeled anti-vWF, Dako, Amsterdam, The Netherlands),
washed, and incubated for 30 minutes with secondary antibody (Dako Powervision).
After washing, slides were incubated in diaminobenzidine (10 minutes at room
temperature) and counterstained with Mayer's Hematoxylin.
Microvessel density (MVD) was determined by the method of Weidner et al.29 with
minor adaptations. MVD was assessed without knowledge of treatment group. Areas
of fibrotic liver containing the most capillaries and small vessels (i.e. areas of most
intense neovascularization) were found by scanning the liver sections at low power
(40x and 100x) and identifying the areas of fibrotic liver with the highest number of
discrete microvessels staining for vWF. After the area of highest neovascularization
was identified, individual microvessels were counted on a 200x field. Any brownstaining endothelial cell or endothelial cell cluster that was clearly separate from
adjacent microvessels including sinusoids, hepatocytes and other elements was
considered a single, countable microvessel. Vessel lumina, although usually present,
were not necessary for a structure to be defined as a microvessel. Each count was
expressed as the highest number of microvessels defined within any 200x field.
Counts were randomly repeated by a second investigator to determine interobserver
variability which was consistently <3% (data not shown). At least 10 fields of
higlighted vessels were counted from each liver.
Measurement of fibrosis
Fibrotic tissue was histochemically stained using azan and sirius red staining. Semiquantitative analysis of hepatic fibrosis was performed by morphometric analysis as
described by others23. Fibrotic area was determined as relative fibrotic surface area
(number of pixels colored by histological stain divided by total number of pixels per
image) in fifteen randomly selected fields from at least three non-sequential slides per
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liver, using image analysis software (Leica Q-win, Leica, the Netherlands). Counts
were repeated by an independent observer blinded to treatment.
Cell proliferation
To assess cell proliferation we performed immunohistochemical staining for the cell
proliferation marker Ki-67. A rabbit polyclonal antibody against Ki-67 (Rabbit
polyclonal anti-Ki-67, Novocastra, Newcastle UK; 1:1500; 1 hour incubation at room
temperature) was used in a standard two-step immunohistochemical procedure
described above.
Only cells with distinct and complete nuclear staining for Ki-67 were considered as
positive. A variable amount of nonspecific background cytoplasmic staining was
identified in all cases and was not taken into consideration when determining the
labeling index. Scoring was performed by counting 1500 hepatocytes in each
specimen. Results are shown as the labeling index, which is the percentage of
hepatocyte nuclei that were positive for Ki-67.
Statistical analysis
All data were expressed as mean ± SEM. The significance of differences was
determined by one-way ANOVA. P<0.05 was considered statistically significant.
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Results
The course of body and liver weights is summarized in table 5-1. Body weight did not
differ between the three treatment groups (Control, CCl4 and angiostatin/CCl4) at the
initiation or termination of experiments. After 5 weeks, liver weights of mice from the
CCl4 group and the angiostatin/CCl4 group were reduced as compared to control
mice, indicating that mice receiving CCl4 experienced liver weight loss. Angiostatin
did not significantly inhibit this liver weight loss.

Parameter

Control

CCl4

Angiostatin/CCl4

Body weight (start)
Body weight (termination)
Liver weight (termination)

20.92 ± 0.42
21.48 ± 0.60
1.45 ± 0.07

20.8 ± 0.45
21.05 ± 1.06
1.12 ± 0.05*

20.74 ± 0.55
21.94 ± 0.72
1.24 ± 0.06*

Table 5-1. Course of mouse body weight and liver weight during liver fibrosis. General
parameters obtained at start and termination of experiments. Mouse body weight was
unaffected by CCl4 exposure and angiostatin. Liver weight was measured as wet liver weight
immediately at termination. Liver weight in mice treated with angiostatin/CCl4 and CCl4 alone
was significantly reduced as compared to liver weight in mice treated with vehicle only.
Asterisk (*) denotes p-value <0.05.

Pathological microvessels
To investigate pathological angiogenesis in the fibrotic liver, we visualized
microvessels by immunohistochemical staining for vWF (figure 5-2). In normal livers,
expression of vWF was limited to large vessels located in the periportal zone. No
vWF expression was observed along sinusoids (figure 5-2a). In CCl4-treated fibrotic
livers, we observed vWF-positive microvessels located in fibrotic areas surrounding
larger vessels, as well as in emerging fibrotic septa (figure 5-2b). In these fibrotic
livers, we counted 32 ± 4 microvessels per field (figure 5-2c). Treatment with
angiostatin reduced the amount of vWF-positive microvessels to 10 ± 2 microvessels
per field (figures 5-2c and 5-2d; p<0.001 compared to livers exposed to CCl4 alone).
Finally, the distribution pattern of vWF positive vessels in angiostatin treated livers
was similar to that observed in CCl4 treated livers, i.e. primarily located around large
vessels and in emerging fibrotic septa.
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5-2a

5-2b

5-2c

5-2d

Figure 5-2 (see color appendix). Pathological microvessel growth in fibrotic livers is
reduced after treatment with angiostatin. Immunohistochemistry for vWF was performed to
analyze microvessel growth. In normal livers (a), vWF expression was minimal. In CCl4 treated
livers (b), increased vWF positive microvessels (arrows) were seen mainly in fibrotic areas.
Angiostatin treated liver showed reduced amounts of vWF positive microvessels, which were
also concentrated in fibrotic areas (c). (d) Bargraph representation of microvessel density,
counted as described in materials and methds and expressed as number of vWF-positive
microvessels per field.

Fibrotic area measurements
Azan staining of normal livers showed minimal perivascular staining of fibrous tissue.
Computer image analysis demonstrated a fibrotic surface area in these normal livers
of 2.4 ± 0.3%. Azan staining of livers after 5 weeks of CCl4 administration showed a
clear increase in fibrotic staining with increased perivascular fibrosis and signs of
bridging fibrosis. Fibrotic surface area was significantly increased in these livers to
19.6 ± 3.3% (p<0.0001). Treatment with angiostatin during the last two weeks of CCl4
administration significantly reduced the development of liver fibrosis as compared to
CCl4 administration alone (8.9 ± 2.1% vs 19.6 ± 3.3%; p<0.01). To confirm these results
with a different histological technique, these livers were analyzed with sirius red
staining (figure 5-3). Normal livers showed very limited fibrous surface area (0.6 ±
0.1%) as compared to azan stained normal livers. CCl4 livers stained with sirius red
showed an increase in fibrotic surface area to 5.4 ± 0.3% (p<0.0001) as compared to
normal livers. Treatment with angiostatin reduced hepatic fibrosis to 2.0 ± 0.1%
compared to livers exposed to CCl4 alone (p<0.001).
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5-3a

5-3b

5-3c

5-3d

5-3e

5-3f

Figure 5-3 (see color appendix). Development of hepatic fibrosis is inhibited by angiostatin.
azan (a-c) and sirius red (d-f) stained sections showing fibrosis in normal (a, d), fibrotic (b, e)
and angiostatin treated (c, f) livers. Emerging bridging fibrosis is apparent especially around
portal tracts and central veins. Livers treated with angiostatin for 2 weeks show a marked
reduction in extent of fibrosis.

5-4a

5-4b

Figure 5-4. Computer image analysis of fibrotic surface area. The surface area of fibrotic
tissue was computed in azan (a) and sirius red (b) stained livers from all animals. Images were
computer analyzed as described in materials and methods. Angiostatin treatment shows a
reduction of 40% and 55% in azan and sirius red-stained livers, respectively.

73

Binnenwerk

23-03-2004

11:45

Pagina 74

Cell proliferation
Cell proliferation of hepatic cells was analyzed by determining expression of Ki-67, a
naturally occuring proliferation marker (figure 5-5). In normal liver tissue, virtually
no Ki-67 positive nuclei were found (<1%, figure 5-5a). Administration of CCl4 induced
an increase in Ki-67 positive nuclei (3%, figure 5-5b; p<0.01). Finally, in livers from
mice exposed to CCl4 and treated with angiostatin, cell proliferation was unchanged
as compared to mice exposed to CCl4 alone (3%, figure 5-5c).

5-5a

5-5b

5-5c

Figure 5-5 (see color appendix). Cell proliferation in fibrotic livers is not affected by
angiostatin. Immunohistochemistry for Ki-67 was performed to assess cell proliferation in
during angiostatin treatment of fibrotic livers. In normal livers, Ki-67 positive nuclei were seen
sporadically (a). In livers exposed to CCl4 (b) and in livers also treated with angiostatin (c),
cell proliferation was slightly increased.
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Discussion
Hepatic fibrosis poses a significant contribution to end-stage liver disease,
aggravation of which ultimately requires liver transplantation to restore adequate
hepatic function. In addition, the improved survival of transplant recipients makes
recurrence of fibrotic disease in liver grafts a progressively realistic threat30,31.
Recent advances in understanding mechanisms of early fibrotic disease include the
notion that changes in microvasculature constitute a pathological form of
angiogenesis that lies at the basis of this condition2,32. In this study, we show that
treatment with angiostatin inhibits angiogenesis associated with early fibrosis, and
inhibits the development of hepatic fibrous depositions in mice. These data may point
to a novel treatment option to improve pre- and posttransplantation fibrotic disease.
The CCl4 model used in this study has been described extensively21-24. Although no
model can exactly reproduce human fibrosis, the CCl4 model has several key
characteristics also found during human fibrogenesis (e.g., the involvement of hepatic
stellate cells and TGF-β33 and the upregulation of the α1(I) collagen gene22.
Therefore, the CCl4 model can serve to enhance our understanding of pathogenic
mechanisms of liver fibrosis.
In normal livers, we observed vWF expression only in the large bloodvessels while
staining of sinusoidal endothelium was virtually absent. This observation is
consistent with other studies reporting vWF expression in normal livers that is
restricted to hepatic macrovasculature28. Interestingly, in livers treated with CCl4, we
observed regionally increased vWF expression, especially in fibrous septa, indicating
the emergence of pathological microvasculature. These results are in accordance
with other described findings, namely the upregulation of key angiogenic factors5,8-10,
proliferation of endothelial cells10, and microvessel sprouting5,6 during liver fibrosis.
We hypothesized that angiostatin, a powerful inhibitor of angiogenesis, can reduce
this pathological microvessel growth during the development of liver fibrosis. In
fibrotic livers treated with angiostatin, the total expression of vWF-positive
bloodvessels was indeed decreased. Although our results correspond with
observations made in fibrotic livers treated with the antiangiogenic compound TNP470 as reported by Wang et al.,11 the mechanisms underlying the observed inhibitory
effects are probably different. While TNP-470 appears to interfere with stellate cell
activation, our findings suggest a direct inhibition of angiogenic vessel sprouting.
Because these newly formed vessels are reported to contribute to perinodular flow in
the cirrhotic stage by connecting afferent and efferent vessels6,7, we suggest that
decreased angiogenesis results in normalization of microvasculature at an early stage
of fibrogenesis and thus improves sinusoidal flow during this time.
The objective of this study was to obtain a beneficial effect during fibrogenesis by
suppressing fibrosis-associated angiogenesis. However, although newly formed
vessels in the fibrotic liver contribute to the loss of the zonal perfusion gradient7 and
progression of fibrosis by shunting blood away from sinusoids5, it could be that
fibrosis-associated angiogenesis is, at least in part, a physiological response
mechanism to hepatic damage. Additional studies are required to determine
specifically the effect of antiangiogenic drugs on the function of the fibrotic liver.
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Angiostatin has been described extensively for its antiangiogenic and antitumor
activity16. Although these effects are attributed to endothelial cell targeting, the exact
mechanism remains unclear. Besides evidence that angiostatin can interact with
integrins34 and induce endothelial cell apoptosis15, angiostatin has been shown to
bind to tissue plasminogen activator (tPA), thus inhibiting migration of proliferating
endothelial cells18. Because tPA is thought to play a role in the development of
fibrosis19, a possible explanation for our observations is that angiostatin binds to tPA,
thereby inhibiting proliferation of endothelial cells and reducing the ability of the
liver to remove excess ECM components at this early stage. However, preliminary
experiments with tPA-deficient mice do not indicate that tPA is necessary for
deposition of excess fibrous tissue and formation of fibrosis-associated microvessels
during early CCl4-induced fibrosis (results not shown). Additional work is needed to
clarify the role of tPA in fibrogenesis and in any angiostatin-induced events.
Alternatively, angiostatin might interfere with the activation of the hepatic stellate
cell, which is a crucial event during early fibrogenesis. To our knowledge, no such
interaction has been reported to date.
Because proliferative events are important in the fibrotic liver, and, more specifically,
may influence the development of liver fibrosis35, we also analyzed cell proliferation
in our model. Treatment of fibrotic mice with angiostatin was not correlated with any
changes in cell proliferation as measured by Ki-67 expression in (primarily)
hepatocytes. This result corresponds with other reports that found similar cell
proliferation rates between treated and untreated groups11.
This study shows that angiostatin may reduce the development of experimental
fibrosis in association with a decrease in pathological vessel growth. These results
warrant further evaluation of angiostatin for use as (part of) a novel antifibrotic
therapy and could possibly contribute to the deferment of liver transplantation and
reduced recurrence of fibrotic disease in the transplanted liver.
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Angiogenesis: a new target for cancer therapy
Angiogenesis is defined as the formation of new blood vessels from pre-existing
microvasculature1. The realization that blood vessel formation is an integral part of
tumor progression has led to the development of a new topic in cancer research: how
to reduce blood vessel growth in tumors. In contrast to previous work (focusing
primarily on killing tumor cells), efforts in the field of angiogenesis have
concentrated on inhibiting proliferation and migration of the endothelial cell. The
increased scientific attention that angiogenesis has received over the last few years
has yielded many promising results and has provided the basis for a new approach to
fighting cancer. The application of experimental knowledge to everyday practice is
now being tested in clinical trials involving many antiangiogenic agents. In this
chapter we review recent work on basic angiogenesis mechanisms, experimental
antiangiogenic treatments, and current clinical studies that evaluate the use of
antiangiogenic therapy to combat liver tumors.
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Angiogenesis: vessel proliferation
All healthy microvessels are lined with endothelial cells (EC), which are connected
by tight junctions and surrounded by a basement membrane and pericytes. In
addition to forming vessel lining, ECs are an integral part of the blood coagulation
system and the immune response, and they participate in metabolic processes. In
steady-state physiological situations, endothelial cells undergo virtually no
proliferation (0.01% of cells are in S-phase at any given time). However, in certain
physiological conditions involving tissue repair (e.g., wound healing and liver
regeneration) endothelial cells become activated and will proliferate rapidly (with
over 25% of cells in S-phase). This physiological angiogenesis is a self-limiting
response, with the spontaneous return of ECs to their nonproliferative state2.
In addition to cellular insights, understanding on a molecular level has improved over
recent years. To date, over 300 signalling compounds that influence angiogenesis have
been identified. The main concepts regarding this issue are that angiogenesis
modulators can be categorized as positive and negative regulators (table 6-1) and that
control of angiogenesis depends largely on the relative balance of these regulators. In
quiescent tissues, positive and negative regulators are balanced and therefore no
notable angiogenesis occurs. Changing this balance to a relative excess of positive
regulators provides the signal for onset of angiogenesis (termed the angiogenic
switch), and will lead to vessel growth in four stages: endothelial cell activation,
proliferation, migration, and, finally, tube formation.
As the EC undergoes these proliferative events, the surrounding extracellular matrix
(ECM) undergoes changes as well. The extracellular matrix is an intricate, dynamic
network of collagen fibers and other macromolecules that provides structural support
for cells. It is clear that angiogenesis is dependent on tightly controlled interactions
between cells and the ECM. These interactions are mediated by proteins that
selectively bind cells to the ECM (such as the integrin family) and by proteases and
their inhibitors (including plasmin, plasminogen activators, metalloproteinases, and
their respective inhibitors), which facilitate the controlled breakdown and remodeling
of the ECM. Controlled breakdown and remodeling of the ECM is a crucial process in
angiogenesis: Excessive proteolysis will prevent migrating cells from establishing
contact with the ECM (leading to apoptosis3), whereas insufficient ECM breakdown
will prevent migrating cells from invading surrounding tissues. Balanced proteolysis
is a prerequisite for outgrowth of vessels into the surrounding tissue. Finally, the
connection of newly formed vessels with existing vasculature will allow for perfusion
of the surrounding tissues to occur.
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Stimulators

Inhibitors

Fibroblast growth factor (FGF)
Vascular Endothelial Growth Factor (VEGF)
Transforming Growth Factors (TGF)
Platelet-Derived Endothelial Growth Factor (PDGF)
Angiogenin
Placenta Growth Factor (PlGF)
Interleukins (IL-1, IL-6, IL-8)
Angiotensin
Angiotropin
Tumor Necrosis Factor (TNF)
Hepatocyte Growth Factor (HGF)
Histamine
Heparin
Substance P

Angiostatin
Endostatin
Thrombospondins (TSP-1,2)
Tissue inhibitors of metalloproteinase (TIMP)
Platelet Factor 4 (PF-4)
Transforming Growth Factor-beta (TGF-β)
Interferons (IFN)
Plasminogen Activator Inhibitor (PAI)
Prolactin Fragment
Placental proliferin-related protein
Interleukins (IL-1, IL-10, IL-12)
Hydrocortisone
Thalidomide
Pentosan

Table 6-1. Positive and negative regulators of angiogenesis.
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Tumor growth is dependent on angiogenesis
Tumor hypervascularity has been noted for decades4; however, it was not until 1971
that Folkman claimed that hypervascularity of solid tumors could be ascribed to the
formation of new blood vessels from pre-existing host blood vessels1. The concept
behind tumor angiogenesis is as follows. Small tumors and micrometastases (< 2
mm3) are diffusion limited for their metabolism, and therefore dormant. For growth
beyond this diffusion-limited volume, expansion of tumor vasculature is necessary.
This occurs when the angiogenic switch takes place: proangiogenic regulators are upregulated or antiangiogenic regulators are down-regulated, thereby tilting the balance
toward proliferation. After tumors have undergone this angiogenic switch, endothelial
cells proliferate and migrate to form new vascular structures (figure 6-1).
Experimental evidence for this hypothesis was summarized by Folkman in 19905 and
includes the following observations:

• The growth rate of tumors implanted subcutaneously in mice is slow and
linear before vascularization, and rapid and near exponential after
vascularization.
• Tumors grown in isolated perfused organs where blood vessels do not
proliferate are limited to 1- 2 mm3 but expand rapidly to 1- 2 cm3, after
vascularization or transplantation to mice.
• Within a solid tumor, the [3H]-thymidine labeling index of tumor cells
decreases with increasing distance from the nearest open capillary. The
mean labeling index for a given tumor is a function of the labeling
index of the vascular endothelial cells in that tumor.
• Vascular casts of metastases to the liver in rabbits show that these
tumors are avascular up to 1 mm in diameter. Beyond that size, tumors
are vascularized.
• After subcutaneous injection of tumor cells into mice, tumors have
become vascularized at about 0.4 mm3. With increasing tumor size, the
blood vessels occupied approximately 1.5% of the tumor volume, a 400%
increase over normal subcutaneous tissue. The tumor infiltrated
surrounding connective tissue and expanded into the newly formed
vessels in that tissue.
• Angiogenesis inhibitors that are not cytostatic to tumor cells in vitro
inhibit tumor growth in vivo.
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Figure 6-1. Schematic representation of angiogensis. The proliferation of endothelial cells
from preexisting vasculature is influenced by tumor-secreted factors, host cell mediators, and
protease-driven remodeling of the extracellular matrix.
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Angiogenesis in liver tumors
The liver presents a unique microenvironment for the angiogenic process. First, the
liver is the main source of plasma proteins, including proangiogenic factors such as
hepatocyte growth factor (HGF)6 and vascular endothelial growth factor (VEGF)7. In
addition, the liver is the main source for precursors of naturally occurring
antiangiogenic compounds: plasminogen (which in its active form modulates
breakdown of ECM components) can be converted to angiostatin, and collagen XVIII
(a basement membrane component) can be converted to endostatin. It has been
noted that the synthesis and secretion of these precursors by the liver may indicate a
new hepatic function: control of angiogenesis8. A final indication that the liver is a
distinctive environment for angiogenesis is best illustrated by a study reported by
Fukumura et al. regarding the influence of host microenvironment on tumor growth9.
In this study, tumor vasculature in mice bearing either liver metastases or
subcutaneous tumors was analyzed in vivo. Liver tumors exhibited lower vessel
diameter and lower vessel density than subcutaneous tumors. These findings were
consistent with the measurement of lower VEGF mRNA in liver tumor samples
compared with tissue from subcutaneous tumors. In contrast, vessel permeability was
higher in liver tumors than in subcutaneous tumors, likely the result of a higher
degree of fenestration in liver tumor endothelium, which is derived from highly
fenestrated sinusoidal endothelium9. The above study illustrates the uniqueness of
the angiogenic process in the hepatic environment. Current concepts from these and
other investigations include the notion that angiogenesis is a heterogeneous process,
requiring different mediators in different situations and displaying apparent tissue
specificity10. This implies that tumor angiogenesis may be different from angiogenesis
in physiological conditions (e.g., liver regeneration11). Moreover, it indicates that
angiogenesis in liver tumors has unique features that are different from those in other
tumors.
Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) is a hypervascular liver tumor, justifying
investigation of angiogenic growth mechanisms in HCC progression. One of the first
observations in this area has been published by Gleadle et al., who reported that
cultures of HCC cells under hypoxic conditions produce several angiogenic growth
factors, including VEGF12. This data not only suggested a role for VEGF during HCC
growth, but also provided insight into possible mechanisms of VEGF up-regulation in
tumors. Analysis of human HCC tissue also has suggested involvement of VEGF in
HCC growth. Indeed, several studies have found increased expression of VEGF
mRNA and protein in resection specimens from HCC patients13-17, with reports
ranging from 36 to 77% of cases testing positive for VEGF expression in tumor cells.
Although this data indicates, in general, the relevance of VEGF during HCC, the exact
implications of these findings are less clear. Chow et al. found that VEGF expression
is associated with higher tumor cell proliferation, but found no correlation with the
clinical staging of HCC. They concluded that analysis of VEGF expression in HCC
tissue provides no additional prognostic information14. In addition, El Assal et al.
found no correlation between VEGF expression and tumor vessel density or any
histopathological features, and consequently postulated that VEGF was not important
in HCC-associated angiogenesis18.
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In contrast, other authors did find VEGF expression to be correlated with the
occurrence of poorly encapsulated tumors15, tumor dedifferentiation19, and the
histological grade of the tumor16,20. Also, VEGF expression was found to gradually
increase with the stepwise development of hepatocarcinogenesis from low grade
dysplasia to high grade dysplasia, early HCC, and then advanced HCC17. In addition,
both Flt-1 and KDR, two high affinity receptors for VEGF, have been found in
endothelial cells of intratumoral blood vessels21, suggesting a receptor-mediated role
for VEGF in HCC.
There is other evidence for the involvement of angiogenesis in HCC. One group has
reported that medium taken from hepatoma cell cultures can induce formation of
capillary structures by endothelial cells in vitro. In addition, this culture medium can
induce production of urokinase plasminogen activator (uPA, a known proangiogenic
factor) by these endothelial cells. Addition of antibody against basic fibroblast
growth factor (bFGF, another proangiogenic factor) abolished the up-regulation of
uPA and blocked the formation of capillary-like structures, indicating a role for bFGF
in these events22. In humans, bFGF was found to be expressed at a higher level in
HCC tissue than in surrounding nontumor tissue23, and was correlated to capsular
infiltration13. In one study, elevated expression of bFGF in HCC samples was found to
correlate with increased vessel density of tumors. In addition, concomitant
expression of bFGF and heparanase (believed to act as a proteolytic activator of
heparan-bound inactive bFGF during tumor progression24) was found to be
associated with higher tumor microvessel density (MVD) than either factor alone25.
Taken together, these findings indicate that the angiogenic activity of bFGF is
important for HCC progression.
Regardless of the array of angiogenic growth factors that may play a role in HCC
growth, a relevant issue to be considered is the correlation of MVD in HCC to clinical
parameters. Further analysis of tumor samples and clinical records of HCC patients
showed that tumor size, poor differentiation, and portal invasion were significantly
related with the high MVD subgroup of HCC26. In another study, MVD was correlated
with intrahepatic recurrence after curative hepatic resection. The authors concluded
that MVD can be used as an independent predictor of disease-free survival18 (figure 62). Interestingly, this paper also suggested that tumor vessel density might be size
specific, implying that in HCC, angiogenesis may be of variable importance depending
on tumor size. Small HCCs (<2 cm) had a significantly lower tumor MVD than
moderate size HCCs (2- 5 cm); large HCCs (>5 cm) were also found to have lower
MVD compared to moderate size HCCs. In addition, analysis of MVD in 50 HCC
resection samples by Ng et al. revealed a significant negative correlation between
MVD and tumor size27. Both papers found reduced MVD in larger tumors, possibly the
result of intratumoral vascular collapse and necrosis in larger tumors; however, the
implications of the conflicting findings in smaller tumors have not been fully clarified.
One hypothesis is that angiogenesis may play a more important role in tumor
progression and prognosis in smaller tumors than in larger ones. At present, the
measurement of MVD has no role in the management of HCC. Additional
investigation, including in vivo microscopic analysis of perfusion at different stages
of tumor progression, is necessary to elucidate this issue.
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Because patients can clearly benefit from early detection of HCC, levels of angiogenic
factors in human blood also have been investigated. The first few studies with
reasonable series (n > 40) reported elevated concentrations of VEGF in the blood of
HCC patients compared to those in non-HCC patients28. In a more recent study, serum
VEGF was measured prior to tumor resection in 100 HCC patients. Findings included
a positive correlation between elevated serum VEGF and absence of tumor capsule,
presence of microscopic venous invasion, and advanced disease stage. In addition, it
was found that 48% of patients with high VEGF serum concentrations developed
postoperative recurrence, compared to 27% of patients with low VEGF concentrations
(in a 12-month follow-up period, using a cut-off concentration of 500 pg/ml29). These
studies indicate that serum analysis of VEGF might be useful for prediction of
invasiveness and recurrence of HCC; however, because platelets can influence VEGF
release, sensitivity and specificity of such assays remain to be determined.

Figure 6-2. The impact of tumor microvessel density (MVD) on disease-free survival (DFS) in
HCC. Patients with low MVD tumors (thin line) had a significantly better DFS rate than those
with high MVD tumors (thick line) (log rank; p = .0035). The estimated 1-, 3-, and 5-year DFS
rates were 73%, 48%, and 42% in patients with low MVD tumors compared with 60%, 16%, and
less than 6% in those with high MVD tumors, respectively. From: El-Assal et al., Hepatology
1998.

The value of measuring serum concentrations of other angiogenic factors is unclear.
Although serum bFGF was reported to be significantly increased in patients with
advanced HCC, bFGF elevations were also observed in other liver diseases (e.g.
cirrhosis)30, limiting the specificity of this parameter. A recent study did find
correlations between preoperative serum bFGF and tumor size, TNM stage, and
decreased disease-free survival31. In another study, serum concentrations of
endostatin (an angiogenesis inhibitor discussed below in the section Antiangiogenic
agents) in HCC patients did not appear to reflect HCC activity32. Further investigation
is necessary to elaborate on the role of bFGF and other possible angiogenesis factors
and their potential use as HCC serum markers.
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Hepatic metastases
A crucial study on the significance of angiogenesis in liver metastases was done by
Warren et al33. They reported an analysis of liver metastasis samples from 30 colon
carcinoma patients that revealed strong VEGF expression in metastatic tumor cells in
all samples. In addition, mRNA of two VEGF receptors (KDR and Flt-1) was
expressed in hepatic metastases but not in surrounding liver tissue, suggesting that
VEGF-driven angiogenic events in hepatic metastases are receptor mediated.
Moreover, a positive relationship between VEGF overexpression in the primary tumor
and the occurrence of liver metastases has been reported34. These and other
investigations strongly suggest that VEGF acts (through its receptor) as a
proangiogenic growth factor during the progression of hepatic metastates. In
addition, they suggest that VEGF expression in tumors might have predictive value
with respect to the development of liver metastases. If proangiogenic bioactivity of
VEGF is indeed important for the development of metastases in the liver, then it
could be expected that the amount of microvessels present in tumors is associated
with highly angiogenic tumors and, therefore, the occurrence of liver metastases. Few
reports have directly investigated the correlation between MVD and metastasis to the
liver. One paper that has done so describes, as expected, a positive correlation
between high MVD in the primary tumor and occurrence of liver metastases35. In
addition, the density of microvessels in metastatic liver tumors was found to be
inversely related to disease-free interval following partial hepatic resection for tumor
removal36. This data suggests that the angiogenic activity in both the primary tumor
and metastatic tumor, as measured by MVD, may be predictive of the subsequent
development of colorectal liver metastasis after initial curative resection.
Other factors that are currently under investigation for their angiogenic roles in liver
metastasis progression include PD-ECGF, IL-8, CD44, tissue factor, TGF-β and
thrombospondins. Because evidence for involvement of these proteins is scarce,
more research is necessary before considering their application to current
therapeutic management of hepatic metastasis.
A relatively new technique that has been used to investigate tumor microcirculation
is intravital microscopy (IVM). This technique combines the advantages of selective
fluorescent labeling of cells (tumor cells, hepatocytes, endothelial cells, etc.) with
real-time video imaging and computer image analysis. Experimental animal models
provide useful tools for studying various aspects of the metastatic process in the liver
using IVM. Fukumura et al. described increased vascular permeability in a liver
metastasis model providing key evidence for host specificity in angiogenesis9.
Naumov et al. provide an interesting account in another paper of fluorescent-labelled
tumor cells metastasizing to the liver37. IVM was elegantly employed to visualize the
different steps of metastasis, including arrest of tumor cells in the liver
microvasculature, extravasation, growth into micrometastases, and continued growth
into macroscopic tumors in which angiogenesis has taken place. In addition, Gervaz
et al. have studied the role of sinusoidal endothelial cells (SEC) in angiogenesis
during growth of liver metastases. Fluorescent labeling of SECs in tumor-bearing
mice and subsequent IVM revealed that tumor vessels contained ECs of sinusoidal
origin. Furthermore, labelled SECs were initially found at the periphery of
intrahepatic tumors; however, when tumors grew beyond 200 µm, there was an
invasion of fluorescent SECs into the tumor in a tubular pattern, indicating
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angiogenesis38. These studies illustrate that the combination of microbiological
techniques with advanced intravital imaging will help provide valuable insights to
angiogenesis, encouraging the continued development of antiangiogenic agents.

Drug

Category
Phase I

Angiostatin
Endostatin
2-methoxyestradiol
Combrestatin
HuMV883
Squalamine

Endogenous inhibitor (unknown)
Endogenous inhibitor (unknown)
VEGF antagonist
EC apoptosis inducer
Anti-VEGF antibody
Na/H exchanger inhibitor
Phase II

COL-3
EMD-121974
IFN-α*
Interleukin-12
SU 5416
Vitaxin

Synthetic MMPI
Integrin antagonist
bFGF antagonist
IFN-γ inducer
VEGF-R antagonist
Integrin antagonist
Phase III

AG-3340
Bevacizumab
IFN-α
IM-862
Marimastat
Neovastat
Thalidomide*

Synthetic MMPI
Anti-VEGF antibody
bFGF antagonist
VEGF antagonist
Synthetic MMPI
Inhibitor of MMP and VEGF-R
Unknown

* also tested in patients with refractory or recurrent HCC

Table 6-2. Antiangiogenic agents in clinical trials. Several agents also are currently examined
in combination therapy (Data from www.nci.nih.gov, 2002).

91

Binnenwerk

23-03-2004

11:45

Pagina 92

Antiangiogenic agents
Due to the various stages that comprise angiogenesis (breakdown of surrounding
matrix, endothelial cell activation, proliferation, migration, and tube formation) and
the vast array of growth factors, receptors, and signalling pathways mediating these
events, extensive efforts in basic research have provided a wide variety of potential
antiangiogenic drugs (table 6-2). Because the first indications for antiangiogenic
action are mostly the result of in vitro and in vivo animal experiments, results from
these pioneering studies need to be interpreted with caution. Issues such as side
effects, drug mechanisms of action, and extrapolation from murine to human
situations have yet to be resolved. Nevertheless, preliminary results are promising
and certainly warrant clinical testing of these compounds. An interpretive review on
this subject has recently been published39 and illustrates the potential of angiogenesis
inhibition as a successful cancer therapy.
Inhibition of angiogenic factors: vascular endothelial growth factor
Together with their findings of increased expression of VEGF and its receptors in
human liver metastasis tissue, Ferrara's group also reported proof of concept that
VEGF targeting can be used to counter tumor progression. In a mouse model of
hepatic metastases, animals receiving anti-VEGF antibody showed a 10-fold reduction
in the number of metastases and an 18-fold reduction in estimated metastasis volume
compared to control mice. In addition, an abundance of smaller (< 1 mm), poorly
vascularized tumors also was noted in livers from mice treated with anti-VEGF
antibody (as opposed to an abundance of larger tumors with extensive
vascularization in untreated controls) (figure 6-3), providing further evidence for
antiangiogenic activity in these experiments40. Other researchers have applied the
concept of VEGF inhibition to HCC. Yoshiji et al. reported an interesting model in
which VEGF expression can selectively be switched off and on by adding or removing
tetracycline in the animal's drinking water. In HCC-bearing mice, the degree of tumor
growth corresponded with the level of VEGF expression. Conversely, suppression of
VEGF expression led to decreased tumor growth, even in established carcinomas. In
addition, the observed stimulation of tumor growth by VEGF could be negated by
administrating anti-KDR/Flk-1 antibody, providing elegant evidence that the
stimulatory effect of VEGF on HCC is receptor mediated41. Ellis and coworkers have
reported that VEGF (receptor-mediated) events not only mediate formation of tumor
vasculature, but also function as endothelial cell survival factor42. This group has
extensively investigated VEGF in tumor models and has reported a decrease of tumor
MVD in conjunction with increased apoptosis of endothelial cells in tumor-bearing
mice treated with the VEGF receptor antagonists DC101, SU6668, and SU541643,44.
Encouraging results with VEGF (receptor) blockers in experimental studies has
warranted further investigation; several of these drugs are currently being tested in
phase I/II/III clinical trials39.
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Control

anti-VEGF

Figure 6.3. Neutralizing antibody to human VEGF inhibits growth of experimental hepatic
metastases in mice 4 weeks after tumor inoculation (right) compared to tumor bearing control livers
(left). From: Warren et al., J Clin Invest 1995.

Inhibition of angiogenic factors: epidermal growth factor receptor blockers
Because epidermal growth factor (EGF) can induce VEGF production in tumor cells,
and because the EGF receptor is highly expressed in pancreatic cancer, researchers
have sought to reduce the development of liver metastases from pancreatic cancer by
blocking the EGF receptor. Indeed, when a blocking agent of EGF-R (PKI166) was
administered orally for 4 weeks, the development of liver metastases was
significantly inhibited45. Similar results were achieved with administration of the antiEGF-R antibody C225. After systemic therapy, liver metastases from pancreatic
cancer were present in 20% of the C225-treated animals, compared to 50% of control
animals46. Findings of reduced tumor growth in both studies were correlated with
decreased production of VEGF and IL-8 by the tumor, which in turn were associated
with increased EC apoptosis and decreased MVD in treated tumors, suggesting an
antiangiogenic mechanism for these agents. Moreover, in both studies, antitumor
effects were potentiated by adding gemcitabine, a conventional chemotherapeutic
agent.
Endogenous antiangiogenic compounds
Angiostatin
Angiostatin, a naturally occuring proteolytic fragment of plasminogen, is one of the
most potent antiangiogenic compounds to date. Angiostatin was discovered in tumorbearing mice as an endogenous peptide generated by the primary tumor, and capable
of suppressing metastasis growth. After removal of the primary tumor, metastases
were vascularized and displayed accelerated growth. Interestingly, angiostatin from
these mice was not able to prevent propagation of the primary tumor. This finding
was attributed to local production of proangiogenic factors by the tumor, which
outweighed the antiangiogenic regulators such as angiostatin, shifting the angiogenic
balance toward vessel formation47. In contrast, exogenous angiostatin has been
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shown to effectively suppress growth of primary tumors in mice, regardless of tumor
cell type48. A similar peak in local growth factor production (including angiogenic
factors) occurs during liver regeneration after extensive resection49. Because residual
dormant micrometastases in the remaining liver also display stimulated growth after
partial hepatic resection, our group hypothesized that exogenously administered
angiostatin could suppress this outgrowth of dormant micrometastases after partial
hepatectomy. In a mouse model, outgrowth of colorectal liver metastases in the
remnant liver was inhibited by 60% and 49% in mice treated with angiostatin for 7 and
14 days, respectively, compared to untreated mice50 (figure 6-4). Based on the
encouraging experimental data from several groups, angiostatin is now being tested
in clinical trials.

Figure 6-4. Angiostatin (AS) inhibits outgrowth of colorectal liver metastases in remnant liver
7 (POD7) and 14 (POD14) days after partial hepatectomy (PH). From Drixler et al., Cancer Res
2000.

Naturally occurring angiostatin appears to play a role in HCC as well. In resected
tissue specimens from HCC patients, HME (human macrophage elastase, an enzyme
believed to play a role in angiostatin generation from plasminogen) and endogenous
angiostatin were analyzed. HME mRNA was detected in HCC samples, primarily
located in HCC tumor cells. The presence of angiostatin in these tissues was shown
to correlate with HME expression. Interestingly, patients whose tumors did not
express HME (and thus did not produce angiostatin) showed poorer survival than
those whose tumors showed high expression of HME and angiostatin51. In a later
study, the same group showed that HME gene expression was associated with
hypovascularity of HCC tumors on hepatic angiography52. These data suggest that
HME-mediated angiostatin production inhibits angiogenesis of HCC and that HME
expression is a potential prognostic marker for HCC patients after partial
hepatectomy.

94

Binnenwerk

23-03-2004

11:45

Pagina 95

Endostatin
Endostatin was discovered as a product of hemangioendothelioma cells and is a
naturally occurring proteolytic fragment derived from collagen XVIII53. The
antiangiogenic effects of endostatin are attributed to inhibition of endothelial cell
proliferation and migration, resulting in decreased tumor vascularity and tumor
regression, including inhibition of liver metastasis54. In a human study, serum
concentrations of endostatin were found to be elevated in 30 colorectal cancer (CRC)
patients with liver metastases and to correlate with disease progression following
surgery55. From these results a number of important questions arise: Which cells
regulate production and cleavage of collagen and endostatin? Why does a tumor
produce an antiangiogenic compound, basically inhibiting its own angiogenesis and
progression? Which signalling mechanisms, paracrine or other, are at work?
Musso et al. have investigated the production of endostatin precursor by the liver.
Analysis of human HCC samples revealed that a lower expression of collagen XVIII is
associated with larger tumor size, increased microvessel density, and architectural
features associated with tumor progression, indicating that expression of the
endostatin precursor decreases with tumor progression in HCC56. A recent paper by
this group has shown that hepatocytes, stromal cells, and malignant hepatocytes all
produce collagen XVIII, albeit in different isoforms. The authors conclude that
production of the endostatin precursor in liver cancer results from combined
expression profiles of tumor cells, stromal cells, and hepatocytes particular to each
type of cancer57. Even though the exact mechanism of action of endostatin remains to
be elucidated, the promising results that have been achieved so far have led to the
admission of endostatin to clinical trials. Initial results indicate that endostatin is
nontoxic and can be administered for a prolonged period of time without side effects.
Thalidomide
Thalidomide was first introduced in 1953 as an oral sedative. After withdrawal for
teratogenicity, it was reintroduced as an immunomodulator. Additional insight into
the biological effects of thalidomide revealed antiangiogenic activity, including
inhibition of bFGF- and VEGF-induced vessel growth. These findings have prompted
application to cancer treatment. Initial clinical testing of thalidomide in HCC patients
reported antitumor activity58. The most important side effect appears to be
drowsiness. Interestingly, disease stability was associated with an increase in
survival, even in patients with progressive disease. Current opinion is that
thalidomide could be considered for HCC treatment regimens, even for patients with
severe liver cirrhosis58.
Fumagillin
First isolated from a contaminated endothelial cell culture, fumagillin (a secreted
antibiotic from A. fumigatus fresenius) has been identified as a potent inhibitor of
angiogenesis in vitro and in vivo59. Evidence of the antimetastatic effect of fumagillin
and its analogues (TNP-470, AGM-1470) in animal studies is extensive. In the liver,
TNP-470 has been shown to inhibit the growth of HCC and liver metastases. One of
the first papers addressing the use of TNP-470 in liver tumors reported extended
survival and reduction in the number of liver metastases after removal of the primary
sarcoma in rats treated with TNP-470 compared to untreated control animals60. Other
reports have confirmed the efficacy of TNP-470 in animal models of posthepatectomy
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colorectal liver metastasis growth. In a recent paper, the number of metastatic foci in
the liver was reduced to 21 (± 17) after 4 weeks of TNP-470 treatment compared to 78
foci (± 30) in untreated control animals61. In a lengthy study by Kin et al., HCC was
chemically induced in rats by subjecting them to a choline-deficient L-amino acid
defined (CDAA) diet. After treatment with TNP-470 for 53- 68 weeks, tumor size and
vascularity of HCC were reduced compared to untreated controls62. Prompted by
these and other results, phase I and II clinical trials of this drug have been initiated.
Protease Inhibitors
The concept behind protease inhibitors as antiangiogenic agents is that breakown and
remodeling of the extracellular matrix is an integral part of angiogenesis and tumor
progression. Experimental evidence includes observations that tumor growth is
impaired in metalloproteinase-deficient mice63 and that tumor growth can be
inhibited by inhibition of metalloproteinase activity64. Synthetic metalloproteinase
inhibitors (MMPIs) have long been regarded as a promising category of
antiangiogenic drugs; experimental testing with these drugs has indeed demonstrated
antimetastatic activity. In one study using a murine liver metastasis model, a reduced
number of liver metastases was observed in mice treated with batimastat for several
weeks65. Studies with marimastat, a synthetic MMPI that can be administered orally,
also have produced promising initial results. Marimastat has been evaluated for
treatment of pancreatic cancer66.
Problems with these broad spectrum MMPIs have been encountered, however.
Administration of MMPIs has produced severe side effects, mainly of musculoskeletal
origin (e.g., arthritis)67. In addition, experimental studies have reported adverse
effects after MMPI use. In a recent report, tumor-bearing mice treated with batimastat
were found to have a higher number of liver metastases 52 days after tumor
inoculation as compared to untreated controls. At the same time, overexpression of
metalloproteinases was found in livers of batimastat-treated animals68. This study
indicates that treatment with synthetic MMPIs can induce liver-specific
overexpression of metalloproteinases, which can promote hepatic tumor progression.
Moreover, clinical efficacy of broad-spectrum MMPIs has been disappointing. The
combination of these rather unsatisfactory findings with recent insights into
metalloproteinase pathophysiology has led to the decision that future MMPI clinical
trials should focus on patients with early cancer, because metalloproteinases appear
to be important in early events (i.e., local invasion and micrometastasis) of tumor
progression and angiogenesis69. In addition, the development of selective MMPIs may
have significant clinical advantages by reducing side effects and improving efficacy
for selected tumors70. A phase I study with BAY12-9566, an MMPI selective for MMP2, -3, and -9, reports minimal toxicity, absence of musculoskeletal side effects, and
adequate dose tolerance71. Further testing of existing and new selective MMPIs may
provide the basis for future application of these drugs to current treatment regimens.
Combination of antiangiogenic drugs with conventional treatment modalities
The concept that antiangiogenic therapy specifically targets the endothelial cell has
led to the idea of combining antiangiogenic drugs with conventional treatment
modalities to achieve synergism in tumor inhibition. This idea of targeting two cell
populations important for tumor progression has been suggested in several papers72.
Experimental work has provided initial support for this hypothesis73. In a study from
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our group, mice were subjected to induction of liver metastases and subsequently
received angiostatin or endostatin in combination with a conventional
chemotherapeutic, doxorubicin. Mice treated with both angiostatin and doxorubicin
showed a greater reduction in tumor hepatic replacement area (HRA) compared to
mice treated with either angiostatin or doxorubicin alone. Combination treatment of
similar mice with endostatin/doxorubicin also showed a greater reduction of HRA
compared to mice treated with either drug alone74. This indicates that a combination
of different antiangiogenic drugs with cytotoxic agents may be additive. In a phase
I/II clinical study, patients with metastatic colon cancer were treated with a
combination of VEGF receptor blocker SU5416 and 5-FU/leucovorin. Of the 28
patients that were treated, six responded (one complete regression, five partial
regressions), nine had stable disease and four had progressive disease75. However,
these results need explanation. First, optimal drug dose of each drug needs to be
evaluated to minimize drug toxicity. In addition, the efficacy of combination therapy
could very well be dependent on the "vascular status" of the tumor, including
perfusion dynamics and permeabilty. The importance of this concept has been
demonstrated by the group of R.K. Jain. One study reports the presence of so-called
"mosaic" vessels in various tumors. It was shown that approximately 15% of perfused
vessels of colon carcinoma xenografts have tumor cells in contact with vessel
lumen76. In addition, It was shown that vasculature from various tumors has a
characteristic pore cut-off size that limits permeability. This pore size is tumor
specific and hormone dependent77. These studies show that the vascular status of
various tumors has important implications for drug delivery and provides important
insights into potential strategies for combining antiangiogenic agents with
conventional anticancer drugs. Further analysis of combination therapies is certainly
necessary. In fact, it may very well be useful to exploit tumor vasculature for
purposes of drug delivery to tumors before destroying them78. In addition, issues of
optimal drug concentrations and dose scheduling remain to be addressed.
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Vascular targeting
Vascular targeting is a therapy directed against existing tumor vasculature instead of
tumor cells or the development of new blood vessels. Attacking a tumor's vasculature
has several advantages over attacking tumor cells, including accessibility of tumor
endothelial cells, reduction of side effects due to regional administration, and lack of
drug resistance due to genetic stability of endothelial cells. One of the first examples
of vascular targeting was reported in the early 1970s when surgeons attempted to
induce tumor necrosis by hepatic artery ligation in patients with primary and
secondary hepatic neoplasms79. An example of vascular targeting in the treatment of
liver tumors is chemoembolization, which can be used to treat HCC80. Another
example of vascular targeting is isolated limb perfusion. One paper reports that
isolated limb perfusion of melanoma patients with tissue necrosis factor alpha and
interferon gamma causes detachment and apoptosis of angiogenic endothelial cells.
This effect is mediated by the integrin αvβ3, an EC adhesion receptor that plays an
important role in angiogenesis81. Antibody-mediated vascular targeting also has been
examined. The ideal antibody for vascular targeting of solid tumors recognizes a cell
surface antigen that is present on a high proportion of endothelial cells in different
tumors and shows no cross-reactivity with cells outside the tumor. Possible antigen
candidates include integrins, receptors for VEGF, uPA, and angiopoetins82.
Unfortunately, to date no antibodies have been found that meet both criteria for the
"ideal antibody", because most antigens - although up-regulated on tumor ECs - are
also present on normal ECs and other cell types. More clinical data are needed to
assess the therapeutic value of vascular targeting therapy in cancer.
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Future perspectives
It is clear that antiangiogenic therapy has become a new paradigm in oncology,
including as a therapy for liver tumors. Insights into the process of angiogenesis has
provided several categories of antiangiogenic agents that are currently being tested in
clinical trials; however, there are still several difficulties that remain to be overcome.
First, the concept behind antiangiogenic therapy is that instead of killing tumor cells,
it builds a diffusion-limited barrier for tumors by inhibiting new vessel growth. The
usefulness of this strategy is illustrated by the relatively high incidence of tumors
found in autopsy studies. Because the actual incidence is much higher than the
clinical incidence of many tumors, a considerable portion of tumors in the general
population is subclinical. Therefore, the reduction of clinically apparent tumors to a
level below this "clinical threshold" could be adequate anticancer therapy.
Consequently, rather than evaluating tumor regression per sé, clinical evaluation of
antiangiogenic drugs should include survival and time to progression as endpoints. In
accordance with this angiogenic barrier concept, the first indications from human
studies are that antiangiogenic drugs will probably be most effective when
administered for prolonged periods of time. Studies on the subject of possible side
effects of antiangiogenic drugs will need to incorporate this concept into their design.
For some drugs (e.g., angiostatin), analysis of side effects is further complicated by
limited knowledge about their mode of action. These insights have resulted in the
development of new criteria for antiangiogenic drug testing by the Angiogenesis
Foundation. The investigation of the above-mentioned issues and the combination of
antiangiogenic drugs with other treatment modalities - including surgery, radiation
therapy, vascular targeting, and cytotoxic drugs - should, in time, enable optimal
application of antiangiogenic therapy to liver tumors.
The abundant support from preclinical models for the hypothesis that tumor growth
is angiogenesis dependent has ignited great enthusiasm for the development of
antiangiogenic agents for treatment of liver malignancies. However, it must be kept in
mind that this area of research is new and that the mature use of these agents may
require extensive clinical investigations that may take several years to complete.
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Chapter 7

HuMab Vn 18, a human antibody directed
against activated vitronectin, inhibits
tumor cell attachment in vitro and in vivo
H.J. Bloemendal, J.M. Vogten, H.C. de Boer, Y.P. Wu, N. Smakman,
T. Logtenberg, M.F. Gebbink, I.H.M. Borel Rinkes, E.E. Voest
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Abstract
Introduction
The arrest of tumor cells in the blood stream, their extravasation, and the successive
interactions with the host tissue are pivotal steps in the development and growth of
liver metastases. These events involve the integrin-mediated adhesion by interaction
of tumor cells with the blood vessel wall (i.e. endothelial cells), and the perivascular
matrix. Activated vitronectin is a critical matrix component and binds to integrins.
We hypothesized that inhibition of activated vitronectin interferes with the binding of
tumor cells in the liver. To test this hypothesis, we used a human monoclonal
antibody to activated vitronectin, huMab Vn18, to inhibit adhesion of tumor cells to
host tissue components.
Methods
Endothelial cells or C26 colon carcinoma cells in culture were allowed to adhere to
matrix components in the presence of either huMab Vn18 or a control antibody.
Perfusion studies were performed by passing viable tumor cells over vitronectincontaining matrix in a flow system, and tumor cell attachment was measured in the
presence or abscence of huMab Vn18. To test the efficacy of huMab Vn18 in vivo,
mice were treated with either active or control antibody and the attachment of tumor
cells in the liver was measured using in vivo microscopy.
Results
HuMab Vn18 was shown to inhibit attachment of tumor cells and endothelial cells to
vitronectin in a dose-dependent manner. Under flow conditions, the addition of
huMab Vn18 almost completely inhibited the attachment of tumor cells compared to
controls (0% vs 6% coverage, respectively, p<0.05). Finally, the treatment of mice with
huMab Vn18 prior to the induction of liver metastases showed a 2-fold reduction in
the amount of tumor cells arrested in the liver (1.2 ± 0.1 vs 2.0 ± 0.2 cells per field,
respectively, p=0.0017).
Conclusions
This study shows that interaction between tumor cells and the extracellular matrix
can be inhibited by huMab Vn18 under static and flow conditions. We also show that
tumor cell seeding in the liver is inhibited by treatment with huMab Vn18 antibody.
These results warrant further investigation of vitronectin directed antibodies and
their effect on the prevention of early metastasis, either alone or in combination with
other treatment modalities.
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Introduction
The arrest of tumor cells in the blood stream, their extravasation, and the successive
interactions with the host tissue are pivotal steps in the development and growth of
liver metastases1. In the circulation, tumor cells are exposed to shear forces, plasma
proteins, blood cells and platelets, all of which may affect tumor cell survival, arrest,
and extravasation. Prior to the extravasation of tumor cells into the host tissue,
platelets form complexes with tumor cells and leucocytes in the circulation and
contribute to the arrest of tumor emboli in the vasculature2. Another aspect of tumor
cell arrest and extravasation involves the adhesion and subsequent interaction of
tumor cells with the blood vessel wall (i.e. endothelial cells), and the perivascular
matrix. Once extravasated, the tumor cells need to proliferate into multicellular
tumors. These micrometastatic tumors then need to form a provisional matrix and
bloodvessels in order to grow beyond their diffusion-limited volume and advance to
clinically relevant tumors3,4.
The provisional matrix facilitates adhesion and migration of tumor cells, endothelial
cells and blood cells, including platelets. Moreover, the provisional matrix is
important for cell proliferation and survival. Proteins that are thought to participate
in the interactions between the provisional matrix and tumor cells include the serine
protease plasmin5 (converted from its inactive precursor plasminogen) and the
adhesion molecules fibronectin6, fibrin7 (converted from its inactive precursor
fibrinogen) and vitronectin6. These matrix proteins contain cryptic, biologically active
sites (termed matricryptic sites) that become exposed after structural or
conformational alterations to these molecules8,9.
Vitronectin is a 75 kD member of the pexin protein family and is found in the serum
and in tissues. In the serum, vitronectin can exist in its inactive, monomeric
conformation, or it can be stored (in its active conformation) in the α-granules of
platelets10. Tumor cells have also been shown to secrete vitronectin11. Vitronectin can
be activated by conversion from its monomeric conformation to its multimeric
conformation, and these two forms appear to interact with eachother12. Activated
vitronectin is a critical component of the provisional matrix of tumors13 and has been
suggested to play a role in various events associated with angiogenesis and tumor
metastasis. These events include proliferation, migration, survival, and apoptosis of
tumor cells as well as endothelial cells14-17. During conditions of tissue injury
(including tumor growth), vitronectin is recruited from the plasma into the
extracellular matrix and assumes an active conformation through multimerization.
Secretion of vitronectin by activated platelets and tumor cells can also contribute to
the accumulation of active vitronectin in such conditions. Taken together, these data
suggest that vitronectin occupies a central position in the interactions between
metastatic tumor cells and the host tissue.
We hypothesize that inhibition of activated vitronectin interferes with the binding of
tumor cells in the liver. To test this hypothesis, we employed a human monoclonal
antibody to vitronectin, huMab Vn18, which specifically recognized activated
vitronectin. Using this antibody, we investigate the role of activated vitronectin in the
adhesion of tumor cells to host cells in vitro and in vivo.
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Materials and Methods
Antibodies
The human monoclonal antibody huMab Vn18 has been described in detail
elsewhere18. Purified huMab Vn18 only recognizes activated vitronectin with an
affinity constant of 9.3 nM as measured by plasmon resonance (Biacore, Pharmacia)
and a halflifetime in rodents of approximately 20 hours. The human antibody antiGBS is raised against gram-negative bacteria and has been described in detail
previously19. In addition, polyclonal antibodies against vitronectin were raised in
rabbits and the IgG fraction was isolated using established procedures. The rabbit
polyclonal anti-vitronectin antibody Ra60 was a kind gift of Dr. K.T. Preissner
(Institute of Biochemistry, Giessen, Germany).
Cell lines
The human colorectal cancer cell line LS174T was obtained from the American Type
Tissue Culture Collection (ATCC, Rockville, MD). Cells were cultured in Dulbecco's
Modified Eagle's Medium (DMEM; Dulbecco, ICN Pharmaceuticals, Costa Mesa, CA)
supplemented with 10% fetal calf serum, 2mM glutamine, 0.1 mg/ml streptomycin and
100 U/ml penicillin. The murine colon carcinoma cell line C26 was routinely cultured
in DMEM supplemented with 10% heat-inactivated fetal calf serum, 2mM glutamine,
0.1 mg/ml streptomycin and 100 U/ml penicillin. Primary human umbillical veinderived endothelial cells (HUVEC) were isolated as described20 and cultured in RPMI
1640 medium (Dulbecco, ICN Pharmaceuticals, Costa Mesa, CA, USA), supplemented
with 20% heat-inactivated human serum, 2mM glutamine, 0.1 mg/ml streptomycin and
100 U/ml penicillin. All cells were stored at 37°C in a humidified atmosphere
containing 5% CO2.
Vitronectin
Activated human, mouse, rat and chicken vitronectin was purified from plasma as
described by Yatohgo21.
Static adhesion assay
To estimate attached cell numbers, a chromogenic substrate for the ubiquitous
lysosomal enzyme, hexosaminidase was used. The protocol for the adhesion assay
has been described previously22. Briefly, urea-treated vitronectin was coated to wells
of a 96 well plate overnight (5 µg/ml). Plates were blocked with phosphate buffered
saline containing 1 mM calciumchloride, 1mM magnesium-chloride (PBS) and 3%
bovine serum albumin (BSA) for 2 hours. LS174T cells (human coloncarcinoma cell
line), HUVEC or HMEC were added to the wells (5x104) in the presence of huMab
Vn18 or control antibodies and allowed to adhere for 2 hours at 37°C in a 5% CO2
humidified incubator. The plates were washed four times with PBS/3% BSA. 100 µl of
7.5 mM p-nitrophenol-N-acetyl- -D-glucoseaminide in 0.1 M citrate buffer (pH 5),
mixed with an equal volume of 0.5% Triton X-100 in water (NPAG/TX100) was added
to the wells and incubated for 90 min. at 37°C in a 5% CO2 humidified incubator.
Enzyme activity was stopped by addition of 150 µl 50 mM glycine buffer (pH 10),
containing 5 mM EDTA. Absorbance was measured at 405 nm.
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Preparation of adhesive surfaces on coverslips
Glass coverslips (Menzel Gläser, Braunschweig, Germany) were cleaned overnight
using 2% chromium trioxide solution and rinsed with distilled water. Multimeric Vn
(100 µg/ml) was coated overnight at room temperature, washed and blocked for 15
min. with 1% human albumin solution (HAS) dissolved in PBS to prevent non-specific
protein binding. Fibrin was formed by adding 0.5 U/ml thrombin (final concentration)
to a fibrinogen (Fbg) solution dissolved in PBS (1 mg/ml), which was sprayed on
glass coverslips using a retouching airbrush (model 100, Badger Brush Co., Franklin
Park, IL, USA). The combined surface of fibrin and Vn was made by the same
procedure from a mixture of Fbg (1 mg/ml), multimeric Vn (200µg/ml) and thrombin
(0.5 U/ml). After spraying, all surfaces were incubated for 15 min. with 100 nM
PPACK in PBS to block residual thrombin activity and subsequently blocked for 15
min. with 1% HAS.
The plasma-derived clots were generated according to Collet et al23. Briefly, blood
from healthy volunteers was anti-coagulated with trisodium citrate. PFP was obtained
by centrifugation and plasma was recalcified up to a final concentration of 20
mmol/L. After 1 min., thrombin was added to a final concentration of 1 U/ml.
Immediately after the addition of thrombin, the plasma was sprayed on coverslips
using the retouching airbrush. Then the coverslips were left to form the fibrin
network, incubated for 15 min. with 100 nM PPACK in PBS to block residual thrombin
activity and blocked for 15 min. with 1% HSA. After each step, the coverslips were
washed three times with PBS. The coverslips coated with the endothelial cell matrix
(ECM) were made by growing human umbilical vein endothelial cells (HUVEC) to
confluence on gelatin coated coverslips in RPMI 1640 medium (Dulbecco, ICN
Pharmaceuticals, Costa Mesa, CA), supplemented with 20% heat-inactivated human
serum, 2mM glutamine, 0.1 mg/ml streptomycin and 100 U/ml penicillin. After a
monolayer was formed the cells were scraped and removed and the coverslips
covered with endothelial cell matrix were used in the flow experiments.
Two photon laser scanning microscopy and data acquisition
To check whether tumor cells, platelets and vitronectin actually form aggregates we
performed flow studies using tumor cells added to whole blood. In this model an
endothelial cell matrix was used. After perfusion, samples were incubated with a
primary goat anti human vitronectin antibody (Vitronectin 65, Santa Cruz
Biochnology, Inc.), which was subsequently visualized with a fluorescently
conjugated secondary antibody. To visualize the actin cytoskeleton of the tumor cells
and platelets Phalloidin-Alexa Fluor 568 (Molecular Probes A12380, USA) was used.
To visualize the tumor cells the nuclei were stained with Hoechst 33342 (Sigma
B2261, St. Louis, Missouri). The coverslips were mounted by fluorescence medium,
FluorSaveTM, Calbiochem 345789, La Jolla, CA). Images were first identified at low
magnification using a confocal laser scanning fluorescence microscope (Leica TCS
4D, Heidelberg, Germany). They were then visualized with a custom built 2-photon
microscope equipped with dual, external photomultipliers (Radiance 2100 TM, BioLad, UK). Except for slight contrast and brightness adjustments, no image
enhancement or filtering manipulations was done on these images.
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Perfusion studies
To study the relative effect of vitronectin on tumor cells and platelets perfusion
studies were performed. Platelets and C26 or LS174T tumor cells were used in the
perfusion studies. Perfusion studies were carried out in a specially devised vacuum
perfusion chamber with well-defined rheologic characteristics24. Whole blood was
anti-coagulated with 80 µM PPACK.
In a separate series of experiments reconstituted blood was used, prepared as
follows: one volume of Krebs-Ringer buffer (4 mM KCl, 107 mM NaCl, 20 mM
NaHCO3, 2 mM Na2SO4, 4.76 mM citric acid, 14 mM Na-citrate and 5 mM d-glucose,
pH 5.0) was added to one volume of PRP. A platelet pellet was obtained by
centrifugation (10 min. at 500xg, 20ºC), and washed twice in Krebs-Ringer buffer (pH
6.0). Platelet concentration was adjusted to 200,000 platelets/ l in 4% HAS (4% human
albumin, 4 mM KCl, 124 mM NaCl, 20 mM NaHCO3, 2 mM Na2SO4, 2.5 mM CaCl2, 1.5
mM MgCl2, 5 mM d-glucose and 20 U/ml LMWH, pH 7.35). Red cells were washed 3
times with 124 mM NaCl and 5 mM d-glucose by centrifugation at 2000xg at 20ºC for 5
min. and packed by centrifugation for 12 min. at 2000xg. Packed red cells were added
to the perfusate to obtain a hematocrit of 40%, 5 min. before perfusion. Whole blood
or reconstituted blood was prewarmed to 37ºC for 5 min. and then drawn from a
container through the perfusion chamber over the coated coverslips during 5 min.
Wall shear rates of 500s-1 was maintained with an automated syringe pump (Harvard
Apparatus, South Natick, Mass.). Coverslips were rinsed in Hepes buffer (10 mM
Hepes, 0.15 M NaCl, pH 7.4), fixed in 0.5% glutaraldehyde in PBS, dehydrated in
methanol and stained with May Grünwald-Giemsa. All perfusions were performed in
triplicate. Results are presented as the mean ± standard error of the mean.
Evaluation of tumor cell or platelet adhesion by light microscopy
Platelet or tumor cell adhesion was evaluated with a light microscope equipped with
a JAI-CCD camera (Copenhagen, Denmark) coupled to a frame grabber (Matrox
Electronic Systems Ltd. Quebec, Canada) using Optimas 6.0 software (DVS, Breda,
the Netherlands) for image analysis. Tumor cell or platelet adhesion was expressed as
percentage of the surface covered with platelets.
In vivo liver metastases model
Balb/C male mice, aged 8-10 weeks, were purchased from Harlan (Leicestershire, UK)
and housed under standard conditions and received food and water ad libitum.
Colorectal liver metastases were induced in all mice as follows. Mice were
anaesthetized intraperitoneally with fentanyl citrate/fluanisone (0.3 mg/mouse;
Janssen-Cilag, Brussels, Belgium) and midazolamchloride (12.5 mg/mouse; Roche,
Brussels, Belgium). Through a midline incision C26 colorectal carcinoma cells (1.0 x
105 cells in 100 µL) were injected into the splenic parenchyma. Mice were then placed
in heated cages until microscopy. All experiments were performed in accordance with
the guidelines of the university's Animal Welfare Committee.
To examine the fate of tumor cells in the liver after intrasplenic injection by in vivo
microscopy, C26 cells were labeled with a fluorescent probe. Tumor cells were
incubated for 15 minutes at 37ºC with 20 µL of 4% carboxyfluorescein succinyl ester
(CFSE, excitation 450-490 nm and emission >515 nm, Molecular Probes, Leiden, the
Netherlands) in phosphate buffered saline containing 0.1% bovine serum albumin.
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Cells were centrifuged and resuspended in medium. Cells were then centrifuged and
resuspended in saline with fluorescent latex beads (ratio tumor cells:beads = 5:1) for
intrasplenic injection. Fluorescent latex beads (Polystyrene fluorospheres, 10 um,
excitation 580 nm, emission 605 nm, Molecular probes, Leiden, the Netherlands) were
included to provide an internal control for the volume injected. A fraction of tumor
cells was cultured in parallel to confirm fluorescence of the cells until at least 8
hours post labeling.
Mice were randomly distributed in two groups (n=9 per group). The mice were either
treated with Humab Vn18 or the control antibody (anti-GBS) at 24 hours and 1 hour
prior to tumor cell injection.
Intravital microscopy
Intravital microscopy was performed according to previously described techniques25.
One hour after intrasplenic injection of C26 tumor cells intravital fluorescence
microscopy was performed using a Nikon TE-300 inverted microscope (Uvikon,
Bunnik, the Netherlands) equipped with two filter sets (fluoreceine: excitation 450490 nm and emission >515 nm and rhodamine: excitation 530-560 nm and emission
>590 nm) Mice were placed on a microscopic stage with the liver exposed to the
viewing surface. Images of fluorescent tumor cells seeded in the liver were registered
with a charge coupled device camera (Exwave HAD, Sony, the Netherlands) and
directly recorded onto a personal computer (Dell Dimension 8200 with 2.5 GHz
processor and 1024 MB of random access memory) using Adobe Premiere® software.
Using a high magnification lens (20x), 30 randomly selected hepatic fields were
chosen in each animal. Images were recorded and were analyzed off-line. At indicated
time points, the extent of metastasis was measured as number of tumor cells per high
power field. Data are average counts of two procedures performed by independent
observers blinded to treatment.
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Results
Adhesion assay
To evaluate the capacity of huMab Vn18 to inhibit tumor cell adhesion, we performed
an adhesion assay using the coloncarcinoma cell lines LS174T and C26 and two
endothelial cell lines (HUVEC and HMEC). First, the effect on tumor cell and
endothelial cell adhesion was analyzed under static conditions. Compared to a
control antibody huMab VN18 inhibited adherence of C26 tumor cells and endothelial
cells (HUVEC) to vitronectin-coated plates in a dose dependent fashion (figure 7-1).
Maximum inhibition of tumor and endothelial cell binding was 80-85% at
concentrations of huMab Vn18 of 10 and 40 g/ml, respectively. Using the cellines
LS174T and HMEC similar results were obtained (data not shown).

7-1a

7-1b

Figure 7-1. HuMab Vn18 inhibits adhesion of endothelial cells and tumor cells. Adhesion
assays were performed and HUVEC or C26 colon carcinoma cells were allowed to adhere in
the presence of huMab Vn18 or a control antibody. HuMab Vn18 inhibited cell adhesion of both
the HUVEC (a) and C26 cell (b) in a dose-dependent manner.

Tumor cells, platelets and vitronectin can be colocalized in vitro
To check whether platelets, tumor cells and activated vitronectin actually form
aggregates on a matrix, we performed flow studies using tumor cells added to whole
blood. Vitronectin was visualized with a polyclonal antibody against vitronectin, the
tumor cells with a marker of the nucleus and the platelets and tumor cells with an
actin-cytoskeleton staining. Figure 7-2 shows that, as expected, tumor cells, platelets
and vitronectin can be colocalized on a matrix in the in vitro flow model.
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Figure 7-2 (see color appendix). Adherence of microthrombi to an extracellular matrix in a
flow model is shown in panel A. The colocalization of tumor cells (blue staining, panel B),
vitronectin (green, panel C), and platelet aggregates (red, panel D) is shown.

Figure 7-3. HuMab Vn18 inhibits tumor cell adhesion under flow conditions. Real time
imaging showed that in the presence of a control antibody, significant tumor cell adhesion
occurred (A), whereas no tumor cell adhesion occurred when huMab Vn18 was added (C).
After perfusion, coverslips were processed for light microscopic evaluation and quantified (B).
Tumor cell coverage in the presence of huMab Vn18 was almost completely inhibited as
compared to control (0% vs 6%, respectively, panel D).
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HuMab Vn18 inhibits tumor cell adhesion under flow conditions
We evaluated the capacity of huMab Vn18 to inhibit tumor cell adhesion under flow
conditions (i.e., subjected to shear rates of 500 s-1). To mimick a physiological
provisional matrix, a fibrin-vitronectin matrix was used and the effect of HuMab Vn18
on the adhesion of tumor cells in the flow model was measured (figure 7-3). Under
standard conditions, tumor cells covered approximately 6% percent of the surface.
The control antibody had no effect on this percentage. However, when huMab Vn18
was added this adhesion was completely inhibited.
HuMab Vn18 inhibits platelet adhesion under flow conditions
Under flow conditions platelets adhere to a fibrin matrix. This adhesion is increased
when a fibrin-vitronectin matrix, a plasma clot or an endothelial cell matrix is used.
Compared to the fibrin matrix, these matrices represent a more physiological
situation. Platelet adhesion on these matrices was clearly inhibited by huMab Vn18
(figure 7-4).

Figure 7-4. HuMab Vn18 inhibits platelet adhesion under flow conditions. Platelet adhesion
after perfusion was quantified as percentage of platelet coverage. Platelet adhesion occurs on a
fibrin matrix, but is increased using matrices containing Vn. Platelet adhesion on a fibrin/Vn
matrix, plasma clot and endothelial cell matrix (ECM) is inhibited by huMab Vn18 (white bars)
as compared to controls (black bars).

HuMab Vn18 inhibits tumor cell seeding in vivo

To confirm our in vitro findings in an in vivo tumor metastasis model, C26 tumor cells
were fluorescently labeled and injected into the spleens of recipient mice of two
groups. Fluorescently labeled latex beads were injected together with tumor cells, to
ensure administration of equal numbers of tumor cells between the experimental
groups. Mice were treated with either huMab Vn18 or control antibody. Tumor cells
and latex beads arriving in the liver were then visualized in two separate channels by
fluorecence microscopy. The number of fluorescent latex beads did not differ
between both experimental groups (results not shown), indicating that the volumes
injected intra-splenically were equal in both experimental groups.
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Tumor cells reaching the liver were easily discernable from the hepatic tissue. One
hour after intrasplenic injection of tumor cells, the control mice showed a mean of
2.0 ± 0.2 fluorescent tumor cells per high power field (figure 7-5) whereas mice
treated with huMab Vn18 showed a two-fold reduction of arrested tumor cells (1.2 ±
0.1 cells/hpf; p=0.0017).

Figure 7-5. HuMab Vn18 significantly reduces seeding of C26 tumor cells in vivo. Results
represent mean number of fluorescently labeled tumor cells per field (inlay, average of two
counts by independent observers) ± SEM. Values are statistically significant as measured by
two-tailed Mann-Withney test (p=0,00173).
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Discussion
In this study we show that the interaction of vitronectin with three types of cells
involved in the development and progression of tumor metastases (i.e. tumor cells,
endothelial cells, and platelets) can be inhibited by huMab Vn18, a human monoclonal
antibody against activated vitronectin. In addition, we show that tumor cell seeding in
the liver is significantly inhibited by huMab Vn18 in vivo. These results support
previous reports suggesting that vitronectin is a key component in the early
metastatic process6,26 and warrant further studies to determine the feasability of
vitronectin inhibitors from a clinical perspective.
Together, the current data and other reports may provide understanding of the
mechanism through which vitronectin contributes to the arrest and extravasation of
circulating metastatic tumor cells. More specifically, these data contribute to the
following concepts: 1) integrin-mediated binding of platelets and tumor cells to
vitronectin and endothelial cells promote a stable, specific, receptor-ligand-like
adhesion of tumor cells to the vessel wall and the perivascular space27, 2) activated
vitronectin acts as an adhesive to create platelet-tumor cell microthrombi to help
stabilize tumor cells in the microvasculature of the host tissue2,28, and 3) activated
vitronectin, released by platelets, tumor cells and/or derived from the plasma, is an
important component of the provisional extracellular matrix and supports the
migration of tumor cells along this provisional matrix into the host tissue during early
metastasis6.
Tumor dissemination is a cascade of events involving many factors favoring the
survival of only the "fittest" tumor cells1. Although tumors shed large numbers of
tumor cells into the circulation no more than 0.01% of these cells will eventually
develop into metastases29. The succesful metastatic cancer cell must leave the
primary tumor, enter the lymphatic and blood circulation, survive within the
circulation, overcome host defenses, extravasate and grow into a vascularized
metastatic colony. When a patient is diagnosed with cancer at an early stage curative
therapeutic options are still available. However, when a patient is diagnosed with
detectable metastases, treatment is generally only temporarily succesful. Tumor
metastasis is the principal event leading to death in individuals with cancer, but,
unfortunately, the molecular processes that are responsible for tumor metastasis to a
distant site are still poorly understood. This is not suprising, because the initial steps
in the metastatic process are difficult to observe. Studies using in vivo microscopy
and quantitative approaches coupled to molecular techniques that follow the fate of
cancer cells in the body can contribute to the understanding of these hidden
mechanisms.
Based on the recognition that activated vitronectin plays an important role in plateletplatelet interaction, tumor cell-endothelial cell interaction and tumor cellextracellular matrix interaction we hypothesized that by blocking activated
vitronectin the metastasis of tumor cells could be inhibited. In this paper we describe
that individual processes, including the arrest and seeding of colon carcinoma cells in
the liver, can indeed be obstructed using huMab VN18. Further in vivo studies should
be undertaken to determine effective treatment regimens and efficacy of treatment
alone or in combination with other treatment modalities. Our first study analyzing the
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effect of huMab Vn18 on long-term in vivo tumor growth did not show significant
differences in hepatic metastatic growth 12 days after tumor inoculation (results not
shown). However, this experiment was done with only one treatment regimen and
one type of tumor cell. In contrast, we showed that huMab VN18 was able to target
activated vitronectin in a Rous Sarcoma virus-induced poultry tumor model (results
not shown). A more careful analysis, including pharmacokinetics, dose response, time
response and tumor cell type analysis should be undertaken to further analyze the
preclinical efficacy of huMab Vn18 in vivo.
Monoclonal antibody therapy of solid tumor continues to evolve and provide exciting
opportunities for new approaches to cancer treatment30. Although many antibodies
do not show direct cytotoxic actions, this does not guarantee they are suited for
clinical use. Even though the concept behind this type of treatment is straightforward
and promising, new therapeutics - including huMab Vn18 - should be thoroughly
tested in the laboratory before clinical efficacy can be assessed. In addition, the use
of monoclonal antibodies as drug delivery instruments should be considered. An
expanding field in antibody-based cancer therapy now uses monoclonal antibodies to
direct selective cytotoxic agents. Radionuclides31, toxins32 and prodrug-converting
enzymes33 have all been delivered conjugated to monoclonal antibodies and are at
various stages of development in clinical trials34.
This study shows that interaction between tumor cells and the extracellular matrix
can be inhibited by huMab Vn18 under static and flow conditions. We also show that
tumor cell seeding in the liver is inhibited by treatment with huMab Vn18 antibody.
We conclude that activated vitronectin plays a role in the initial phase of tumor
dissemination. These results warrant further investigation of vitronectin directed
antibodies and their effect on the prevention of early metastasis, either alone or in
combination with other treatment modalities.
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It is clear that angiogenesis has become a new paradigm in hepatology. The
exponential effort to unveil the mechanisms involved in the proliferation of new
blood vessels from pre-existing ones has led to important insights in the various
aspects of liver disease. Two of these topics, liver regeneration and liver metastasis,
both of great importance to the hepatic surgeon, have been examined in this work.

Angiogenesis in liver regeneration
Liver regeneration after partial hepatectomy involves the coordinated proliferation of
all major hepatic cell types. This proliferation of mature cells occurs in coordination
with breakdown and remodeling of the extracellular matrix. Recent experimental
findings that angiogenic growth factors are active in the liver at this time1 are indirect
but obvious indicators of the (intuitively attractive) speculation that angiogenesis
must play an important role in the regeneration process. In the first part of this
dissertation, we have employed various methods to directly analyze angiogenesis in
the regenerating liver.
In Chapter 2 we report that liver regeneration following partial hepatectomy is
characterized by an increase in microvessel density. These data support other studies
that have found increased mitotic activity of sinusoidal endothelial cells2, as well as
presumed growth and migration of endothelial cells into clusters of hepatocytes seen
with electron microscopy3 after partial hepatectomy. The second objective of this
chapter has been to test the hypothesis that liver regeneration is angiogenesisdependent. If angiogenesis is a requirement for normal liver regeneration, then
inhibition of blood vessel development with angiostatin should impair the restoration
of liver mass. Indeed, we have found a delay in regeneration in livers treated with
angiostatin, which complements other reports of delayed liver regeneration when
angiogenesis was inhibited at different levels (e.g., blocking the receptor for VEGF, a
major proangiogenic growth factor4). Additional evidence for this hypothesis is
presented in Chapter 4 discussed below. Interestingly, this concept has also been
proven by the appropriate counter experiment: addition of a proangiogenic factor
accelerates regeneration of new bloodvessels and liver mass5.
Chapter 3 describes the changes in functional vessel morphology after partial
hepatectomy. To our knowledge, this is the first in vivo study on the dynamics of
microvessel function in the regenerating mouse liver. We have found an increase in
hepatic cell plate width, which is consistent with previously mentioned histological
data6. Another interesting finding is that functional vessel surface area does not
change during the course of regeneration. Because vessel surface area correlates with
tissue permeability and therefore tissue oxygenation7, this observation of unchanged
surface area suggests that tissue perfusion is constant over the course of
regeneration. This is in contrast with other conditions of angiogenesis such as: 1)
tumor angiogenesis, where microvessels are highly abnormal and display aberrant
perfusion8, and 2) fibrosis and cirrhosis, characterized by decreased sinusoidal
density, microvascular shunting and abnormalities in tissue permeability9,10.
Apparently, the vascular changes seen during liver regeneration activate an efficient
repair mechanism to restore lost tissue without compromising tissue perfusion.
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In Chapter 4 we report on the in vivo contribution of two specific plasmin system
factors, plasminogen and urokinase plasminogen activator, to the regeneration
process. Genetically engineered mice (i.e. lacking a single gene) were subjected to
partial hepatectomy. Mice with a deletion for either plasminogen or urokinase
plasminogen activator displayed reduced DNA synthesis and liver mass after partial
hepatectomy, indicating impaired liver regeneration. These results provide direct in
vivo evidence that both plasminogen and urokinase plasminogen activator are
required during the early phase of regeneration after hepatic surgery, and are
consistent with other studies11,12. Together, these findings underline the necessity of
matrix remodeling to enable adequate hepatic regeneration. In mice deficient for
plasminogen that were subjected to partial hepatectomy, we have found reduced
microvessel density, indicating a delay in regeneration-associated angiogenesis. We
conclude that plasmin, generated from plasminogen in response to the upregulation
of urokinase plasminogen activator immediately after partial hepatectomy13, is
required for revascularization of the hepatocyte clusters6 that have resulted from
hepatocyte proliferation in the liver remnant. Knowledge of the exact mechanism of
action of these enhancing factors will encourage the development of new therapeutic
strategies for conditions in which regeneration is inadequate, such as (partial) liver
transplantation, preoperative portal embolization before hepatic resection for
malignancy, and cirrhosis.
Chapter 5 describes the novel use of antiangiogenic therapy in the treatment of
experimental liver fibrosis. We have shown that angiostatin can inhibit the
development of fibrosis and fibrosis-associated angiogenesis. In accordance with
previous reports of microvessels acting as a shunting mechanism to conduct
bloodflow away from hepatocytes14,15, we hypothesized that a decreased number of
pathological microvessels in angiostatin-treated livers contributes to a more
structural bloodflow within the liver lobule, leading to a better perfusion of
hepatocytes and, therefore, less fibrosis. Although these results certainly suggest new
possibilities to advance antifibrotic therapy, an appropriate consideration is that the
observed fibrosis-associated angiogenesis is not necessarily a 'bad thing'. Perhaps the
development of microvessels in the early fibrotic liver is a compensatory mechanism,
albeit inadequate. Additional studies are required to determine specifically the effect
of antiangiogenic drugs on the function of the fibrotic liver.
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Angiogenesis in liver metastasis
Tumor metastasis to the liver is currently associated with poor prognosis (a median
survival of less than 2 years in patients with colorectal carcinoma16) and a limited
number of treatment options. A better understanding of the pathogenesis of
metastasis is clearly necessary, and the widespread acceptance that angiogenesis is a
crucial step in the metastatic process has provided researchers with a new target for
cancer therapy. In addition, autopsy studies show that the true prevalence of cancer
is much higher than the clinical prevalence would suggest. In a report by Black et al.,
the prevalence of thyroid cancer and breast cancer in autopsy studies (of non-cancer
related deaths) is found to be 36% and 39%, respectively, which is remarkably higher
than the clinical prevalence of these malignancies (0.1% and 1%, respectively)17.
Although studies of this nature have not been performed with respect to liver tumors,
it is tempting to speculate that this underestimate holds true for liver metastasis as
well, and that angiogenesis is the rate-limiting step in the progression of these tumors
from pre-clinical to clinical extent. This implies that long-term antiangiogenic therapy
could be effective in the suppression of liver metastasis to a subclinical level.
In Chapter 6 we have reviewed current aspects of angiogenesis in primary and
metastatic liver tumors. There is ample evidence indicating that tumor growth in the
liver is influenced by angiogenesis. One of the most descriptive findings is that
survival rates of patients with hepatocellular carcinoma are directly related to the
microvessel density of the tumor18. The once heavily criticized concept that tumor
progression is dependent on proliferation of endothelial cells has now been widely
accepted. It has led to a great number of antiangiogenic compounds currently being
evaluated for clinical use. However, several difficulties need to be overcome.
Antiangiogenic agents should not be concidered 'wonderdrugs' that are capable of
curing cancer in a short period of time without any side effects. Rather than killing
tumor cells (as classical chemotherapeutics attempt to achieve), antiangiogenic
agents build a diffusion-limited barrier for tumors by inhibiting new vessel growth.
Therefore, long-term administration of these drugs in a combination regimen with
other treatment modalities (most notably surgery) is a prequisite for their efficacy.
Experimental data already supports this notion19, and clinical trials are being
redesigned to accommodate for this.
In Chapter 7 we describe the development and effects of a new antiangiogenic
agent, huMab Vn18. Activated vitronectin plays an important role in the tumor
metastasis cascade by mediating tumor cell attachment to endothelial cells and the
surrounding extracellular matrix. This has led us to test a monoclonal antibody that
binds to activated vitronectin for its efficacy in preventing attachment of tumor cells
to matrix components, as well as its usefulness in inhibit tumor metastasis to the
liver. We have shown that HuMab Vn18 inhibits the attachment of tumor cells and
endothelial cells to a vitronectin-coated surface in vitro and under flow conditions. In
addition, mice that are treated with huMab Vn18 show reduced tumor cell seeding to
the liver in our liver metastasis model. We conclude that activated vitronectin plays
an important role in the initial phase of tumor dissemination to the liver. These
results warrant further investigation of vitronectin directed antibodies and their
effect on the prevention of early metastasis, either alone or in combination with other
treatment modalities.
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Conclusions
The following conclusions may be drawn from the experiments described here.

• Liver regeneration following partial hepatectomy is associated with
intra-hepatic angiogenesis (Chapter 2).
• The functional area of bloodvessels (and therefore tissue oxygenation)
remains unchanged during the course of liver regeneration (Chapter 3).
• Plasminogen is required for adequate regeneration-associated
angiogenesis after partial hepatectomy (Chapter 4).
• Antiangiogenic therapy should be researched as a potential treatment for
fibrotic pathology of the liver (Chapter 5).
• Antiangiogenic therapy should be clinically evaluated to augment
surgical therapy of liver tumors (Chapter 6).
• HuMab Vn18 inhibits the seeding of colon carcinoma cells in the liver by
inhibiting their attachment to vitronectin in the extracellular matrix
(Chapter 7).
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Samenvatting
De lever spreekt sinds de klassieke oudheid tot de verbeelding. De strategische
lokatie in het lichaam, meer dan 3000 beschreven biologische functies en de
opmerkelijke regeneratiecapaciteit hebben ertoe geleid dat de lever onderwerp is van
talloze geschriften, variërend van godensage tot wetenschappelijke publicatie. De
klassieke functie van de leverchirurg is het controleren van bloeding. Echter, de
laatste eeuw is daar verandering in gekomen. De eerste leverresectie wegens
maligniteit door Langenbuch (1888) en de eerste levertransplantatie in de mens door
Starzl (1963) zijn mijlpalen in de ontwikkeling van een nieuw soort leverchirurgie,
met voor de chirurg een centrale rol in de multidisciplinaire behandeling van
leverziekten. De wetenschappelijke vooruitgang geboekt op genetisch, moleculair en
fysiologisch niveau heeft ertoe geleid dat de mortaliteit van electieve leverresecties in
gespecialiseerde centra is gedaald van 20% naar minder dan 5%. Hiermee is het
mogelijk geworden de toepassingen van chirurgische therapie bij leverziekten op
verantwoorde wijze uit te breiden.
Angiogenese is de vorming van nieuwe capillaire bloedvaten uit bestaand
vaatweefsel. Het concept dat angiogenese een integraal deel is van tumorprogressie
kreeg in de zeventiger jaren aandacht van Folkman, een Amerikaans chirurg die door
middel van experimenteel onderzoek aantoonde dat maligne tumoren in principe
diffusie-gelimiteerd zijn. Alleen door de ontwikkeling van nieuwe, door de tumor zelf
geïnitieerde bloevaten is het mogelijk om voorbij dit diffusie-gelimiteerde volume
(ongeveer 2 mm3) te groeien en uit te zaaien naar andere organen. inmiddels is dit
angiogenese concept veelvuldig bevestigd en wordt de remming van tumorgeïnduceerde bloedvatvorming gezien als een veelbelovende optie voor de
ontwikkeling van een nieuwe categorie geneesmiddelen tegen progressie en uitzaaiing
van kwaadaardige tumoren. Op dit moment worden ten minste 150 geneesmiddelen
getest in klinische trials.
Dit proefschrift beschrijft de rol van angiogenese in de lever. Twee processen welke
van groot belang zijn voor de chirurg worden bestudeerd: leverregeneratie en tumor
metastasering naar de lever. Zoals genoemd is angiogenese van belang bij de
uitzaaiing van tumorcellen naar de lever. Daarnaast is recent indirect bewijs geleverd
dat angiogenese tevens een rol speelt bij de regeneratie van leverweefsel na resectie
(bijvoorbeeld om tumorhoudend leverweefsel te verwijderen). Een beter begrip van
de rol van angiogenese bij tumormetastasering en bij leverregeneratie kan een
bijdrage leveren aan de chirurgische behandeling van patiënten met levermetastasen
en zou kunnen leiden tot een hoger percentage patiënten dat voor een leverresectie in
aanmerking komt.
In Hoofdstuk 1 wordt een inleiding gegeven door beschouwing van de
wetenschappelijke gegevens die aanleiding hebben gegeven tot de verschillende
hypothesen in dit proefschrift.
Hoofdstuk 2 beschrijft de toename van het aantal microvaten in de lever die wij
hebben gevonden in proefdieren onderworpen aan partiële hepatectomie. Dit is een
van de eerste directe aanwijzingen dat angiogenese plaatsvindt in de regenererende
lever. Daarnaast wordt in dit hoofdstuk beschreven dat angiostatine, een krachtige
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angiogeneseremmer, deze toename in microvaten tijdens regeneratie kan inhiberen.
Dit is een aanwijzing dat leverregeneratie een angiogenese afhankelijk proces is.
In Hoofdstuk 3 beschrijven wij het onderzoek naar functionele microvaten in de
regenererende lever. Om dit te onderzoeken is een in vivo video microscopie
opstelling vervaardigd, waarmee microvaten direct in het levende proefdier bekeken
kunnen worden. Onze bevindingen bevestigen eerdere hypothesen welke door middel
van ex vivo licht- en electronenmicroscopie werden gedaan. Daarnaast wordt in dit
hoofdstuk gerapporteerd dat het functionele vaatoppervlak (en dus de perfusie) van
de lever vrijwel niet veranderd tijdens regeneratie. Dit is in tegenstelling tot andere
vormen van angiogenese, meer bepaald angiogenese geassocieerd met tumorgroei of
leverfibrose en cirrhose. Bij deze laatste aandoeningen worden namelijk microvaten
gezien die aberrant zijn en gepaard gaan met evidente veranderingen in perfusie en
permeabiliteit.
In Hoofdstuk 4 onderzoeken wij de functie van enkele specifieke factoren van het
plasmine systeem in het regeneratieproces. Zowel plasminogeen als urokinase
plasminogen activator blijken nodig tijdens de vroege fase van leverregeneratie; dit
bevestigt het belang van remodelering van de extracellulaire matrix tijdens
leverregeneratie. Daarnaast is plasminogeen noodzakelijk voor de angiogenese tijdens
de vroege regeneratie, zodat de eerder beschreven hypovasculaire clusters van
prolifererende hepatocyten kunnen worden voorzien van nieuwe bloedvaten.
Hoofdstuk 5 beschrijft de toepassing van angiostatine als geneesmiddel tegen
leverfibrose. De behandeling van proefdieren met angiostatine is geassocieerd met
een een verminderd aantal pathologische bloedvaten in de lever. De remming van
deze pathologische vorm van angiogenese in de fibrotische lever met angiostatine is
geassocieerd met een afname van de hoeveelheid fibrotisch weefsel in de lever. Dit
hoofdstuk beschrijft de nieuwe toepassing van antiangiogene therapie bij de
behandeling van leverfibrose.
Hoofdstuk 6 geeft een overzicht van de huidige status van antiangiogene therapie als
behandeling van primaire en secundaire levertumoren. Een illustratief gegeven is dat
de hoeveelheid microvaten in een hepatocellulair carcinoom direct gerelateerd is aan
de prognose van de betreffende patiënt, meer bepaald het ziekte-vrije interval na
verwijdering van de levertumor. Antiangiogene therapie is er daarom op gericht de
bloedvaten van een tumor te vernietigen (in tegenstelling tot klassieke antitumor
therapie, welke de tumorcellen aanvalt). Dit hoofdstuk beschrijft de experimentele en
klinische gegevens welke de basis vormen voor angiogenesegerichte therapie als
behandeling van levertumoren.
In Hoofdstuk 7 wordt de werking van huMab Vn18, een nieuw antiangiogeen
geneesmiddel, getest. Vitronectine is een eiwit dat een rol speelt bij het vasthechten
van uitzaaiende tumorcellen aan de vaatwand. HuMab Vn18 is een antilichaam gericht
tegen geactiveerd vitronectine en blijkt de hechting van tumorcellen aan de
extracellulaire matrix tegen te gaan. Daarnaast wordt aangetoond dat huMab Vn18 de
hechting van tumorcellen in de lever van proefdieren tegengaat. Uit deze data kan
worden geconcludeerd dat geactiveerde vitronectine een rol speelt in de hechting van
metastaserende tumorcellen aan de vaatwand in de lever. Deze resultaten legitimeren
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verder onderzoek naar vitronectin-gerichte antilichamen en het effect van deze
categorie geneesmiddelen op de uitzaaiing van tumorcellen naar de lever.

De conclusies die uit dit onderzoek kunnen worden getrokken zijn de volgende:
• Leverregeneratie na partiële hepatectomie is geassocieerd met
intrahepatische angiogenese (Hoofdstuk 2).
• Het functionele vaatoppervlak (en daarom de weefseloxygenatie)
verandert vrijwel niet tijdens leverregeneratie (Hoofdstuk 3).
• Plasminogeen is nodig voor een adequate regeneratie-geassocieerde
angiogenese na partiële hepatectomie (Hoofdstuk 4).
• Antiangiogene therapie moet worden overwogen bij de ontwikkeling van
nieuwe behandelingsopties voor leverfibrose (Hoofdstuk 5).
• Antiangiogene therapie moet klinisch worden geëvalueerd ter
augmentatie van andere (chirurgische) behandelingsmodaliteiten bij de
behandeling van levertumoren (Hoofdstuk 6).
• HuMab Vn18 verhindert de hechting van tumorcellen in de lever door
het blokkeren van actieve vitronectine.
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Figure 1-1. The angiogenic process is balanced by the activity of numerous proangiogenic and
antiangiogenic molecules. When the activity of proangiogenic factors exceeds that of antiangiogenic
factors, new blood vessels are formed. Constitutive expression of angiogenic factors is influenced by
stimuli of the cell environment, such as hypoxia, pH, cytokines, growth factors, and genetic alterations.
From: Stoelzing et al, Ann Surg Onc 2003.

Figure 1-2. Time kinetics of DNA synthesis in different liver cell types during liver regeneration after
partial hepatectomy in rats. The four major types of liver cells undergo DNA synthesis at different times.
Regenerating hepatocyte DNA synthesis peaks at 24 hours, whereas the other cell types proliferate later.
Hepatocytes produce growth factors that function as mitogens for non-parenchymal cells. This has
suggested that hepatocytes stimulate proliferation of the other cells by a paracrine mechanism. From:
Michalopoulos et al., Science 1997.
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2-2a

2-2b

2-2c

Figure 2-2. Effects of angiostatin on microvascular density in a regenerating liver 14 days following 70%
partial hepatectomy. The identification of SECs was performed by immunostaining with antibodies
against CD-31 (PECAM). Figures a, b and c represent the control group, PH-group, and PH-AS-group,
respectively. 14 days after partial hepatectomy the microvascular density has increased significantly
when compared to both angiostatin treated mice and control, non-hepatectomized mice.

2-3a

2-3b

{
Figure 2-3. Histological appearance of regenerating liver 7 days following 70% partial hepatectomy. In
angiostatin treated mice following PH no necrosis was observed (a), H&E, magnification 100X.
Hyperplasia (increase in number of hepatocytes) and thickening of the hepatocyte cords (double-cell
plates) as pointed out by the accolade is noted (b), H&E, magnification 400X.

3-2a

3-2b

{

{

Figure 3-2. Hepatic microvessels change after partial hepatectomy. Representative images from livers
after sham laparotomy (a) or partial hepatectomy (b). In the normal liver, sinusoids display even
bloodflow through straight, evenly spaced (lines) microvessels. 24 Hours after PH, sinusoids display a
criss-cross pattern and can be characterized by increased vessel diameter, increased distance between
sinuoids, and decreased functional vessel length per field.

142

Binnenwerk

23-03-2004

11:45

Pagina 143

4-4a

4-4b

Figure 4-4. Visualization of microvessels with anti-CD31 antibody. Representative images of hepatic
microvessels visualized with anti-CD31 antibody as described in materials and methods. Panels show
wildtype livers after sham laparotomy (a) and partial hepatectomy (b).

5-2a

5-2b

5-2c

Figure 5-2. Pathological microvessel growth in fibrotic livers is reduced after treatment with
angiostatin. Immunohistochemistry for vWF was performed to analyze microvessel growth. In normal
livers (a), vWF expression was minimal. In CCl4 treated livers (b), increased vWF positive microvessels
(arrows) were seen mainly in fibrotic areas. Angiostatin treated liver showed reduced amounts of vWF
positive microvessels, which were also concentrated in fibrotic areas (c).

5-3a

5-3b

5-3c

5-3d

5-3e

5-3f

Figure 5-3. Development of hepatic fibrosis is inhibited by angiostatin. Azan (a-c) and Sirius red (d-f)
stained sections showing fibrosis in normal (a, d), fibrotic (b, e) and angiostatin treated (c, f) livers.
Emerging bridging fibrosis is apparent especially around portal tracts and central veins. Livers treated
with angiostatin for 2 weeks show a marked reduction in extent of fibrosis.
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5-5b

5-5c

Figure 5-5. Cell proliferation in fibrotic livers is not affected by angiostatin. Cell proliferation was
assessed after angiostatin treatment of fibrotic livers. In normal livers, Ki-67 positive nuclei (arrows)
were seen sporadically (a). In livers exposed to CCl4 (b) and in livers also treated with angiostatin (c),
cell proliferation was slightly increased.

control

anti-VEGF

Figure 6.3. Neutralizing antibody to human VEGFinhibits growth of experimental hepatic metastases in
mice 4 weeks after tumor inoculation (right) compared to tumor bearing control livers (left). From:
Warren et al., J Clin Invest 1995.

Figure 7-2. Adherence of microthrombi to an extracellular matrix in a flow model is shown in panel A.
The colocalization of tumor cells (blue staining, panel B), vitronectin (green, panel C), and platelet
aggregates (red, panel D) is shown.
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