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1. Liver fibrosis 

Liver is known as the most regenerative organ which has the capability to renew and repair itself 

after injury. However, when the injury is sustained, chronic inflammation and accumulation of 

extracellular matrix (ECM) persist and lead to a progressive substitution of liver parenchyma by 

scar tissue, resulting in liver fibrosis 1-6. The inflammatory response by macrophages is one of the 

first events that occur following liver injury due to viral infections, alcohol consumption, or 

hepatotoxic substances 7,8. They respond among others with an increased production of cytokines, 

such as TGF-β, TNF-α, IL-1, IL-6, and IL-10 that are predominantly secreted by the resident 

macrophages, known as Kupffer cells (KC) 7,9. These cytokines are involved in the activation of 

hepatic stellate cells (HSC), which results in excessive ECM deposition, containing mainly 

collagen3,6. In the normal liver, quiescent HSC have a role in storing vitamin A, but upon activation 

they lose their vitamin A droplets, transdifferentiate into myofibroblast-like cells, proliferate, 

contract and release pro-inflammatory, profibrogenic and promitogenic cytokines 3,6,10. Another 

important feature of liver fibrosis is vascular changes which involve capillarization of hepatic 

sinusoids and angiogenesis that lead to an abnormal angioarchitecture of the liver 11,12.  

The complexity of the processes involved in liver fibrosis makes it difficult to understand the 

disease, which complicates the development of effective treatment for this disease. Over the past 

few years, numerous compounds have been developed as antifibrotic, and their efficacies have 

been tested either in in vitro models using human and animal HSC or in vivo animal models of liver 

fibrosis, or both 13. However, none of these compounds have passed clinical trials and reached the 

market as therapy for fibrosis 13,14. Several different strategies were employed in the effort to 

develop a pharmacotherapy for fibrosis. A first strategy was to reduce the initial injury with 

hepatoprotectants, for instance by using antioxidants that can interfere with reactive oxygen species 

(ROS) formation 4,15, as an elevated intracellular ROS concentration was shown to be linked to the 

increased production of profibrogenic mediators by KC and recruitment of circulating 

inflammatory cells 16. Silymarin is an antioxidant that was shown to have antifibrotic properties in 

a rat model of biliary cirrhosis 17,18. However, it failed to show significant effects in patients with 

primary biliary cirrhosis 19. A second strategy was directed to the activated myofibroblasts and 

involved interference with fibrosis-relevant pathways in activated myofibroblasts such as kinase 

inhibitors or siRNA 20-24, stimulation of matrix degradation, for example by inhibiting the activity 

of collagen cross-linking enzyme lysil oxidase like 2 (LOXL2) 4,25, induction of reversion of 

activated HSC, or induction of cell death in the activated HSC, for instance by utilizing tumor 

necrosis factor-related apoptosis-inducing ligand (TRAIL). This latter approach resulted in 

elimination of activated HSC but this approach raised a concern of risking the resident hepatocytes 
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as well 4,26. Attempts to target the antifibrotic molecules to the activated myofibroblasts by coupling 

them to ligands that are recognized by specific receptors on the surface of these cells were 

successful in animal studies, but this approach has not been tested in man yet 13,14,27-29. As a third 

strategy, therapies directed to the inhibition of angiogenesis have been investigated in the recent 

years 21,30,31. 

 

2. Angiogenesis and its role in liver fibrosis 

Angiogenesis, defined as the formation of new blood vessels from pre-existing ones, is one of the 

features in liver fibrosis and cirrhosis that was first introduced by Moschowitz in 1948 in a 

histological study in patients with Laennec cirrhosis 32.  A few years later, angiogenesis was shown 

to be accompanied by increased portal cellularity, fibroblast proliferation, bile duct proliferation 

and altered liver structures in patients with cirrhosis 33. However, it lasted until 1984 until the first 

anti-angiogenic approach in experimental liver fibrosis was published 34, more than 10 years after 

the first published finding on the role of angiogenesis in tumor progression 35. Since then, the role 

of angiogenesis in liver fibrogenesis has been studied extensively.  

Structural and anatomical changes, and particularly the increased collagen disposition, in the 

liver during fibrogenesis have been proposed to affect liver perfusion and compromise oxygen 

supply 10,36. In addition, new formation of blood vessel takes place in the fibrotic liver, as was also 

observed in cancer, where neovascularization is initiated to compensate for the shortage of oxygen 

supply 10,37,38. Whether this angiogenesis in liver fibrosis is a consequence of the compromised 

oxygen supply still remains to be confirmed. Moreover, the activated HSC, endothelial dysfunction 

and the inflammatory cells were hypothesized to be involved in the production of pro-angiogenic 

factors and the creation of a supporting milieu for neovascularization in fibrogenesis 1,10,36. 

Although it has been shown that angiogenesis is positively correlated with liver fibrogenesis, the 

role of angiogenesis in liver fibrosis is hitherto not elucidated. There is still a debate on whether 

this angiogenesis is a defense mechanism in response to the fibrosis and helps to protect the 

hepatocytes against oxygen deprivation, or whether it supports and even aggravates the fibrotic 

condition. Several anti-angiogenic compounds that were tested both in vitro using HSC and in vivo 

using mouse or rat models of liver fibrosis, such as brivanib, TNP-470, sunitinib and sorafenib, 

have shown antifibrotic effects in these models 21,22,30,31. However, these compounds are multi-

target kinase inhibitors, which imply that the antifibrotic effect cannot unequivocally be ascribed 

to their anti-angiogenic properties. For example, an anti-angiogenic compound that inhibits 

activation of vascular endothelial growth factor receptor 2 (VEGFR2), also inhibits the activation 

of platelet derived growth factor receptor β (PDGFRβ) 22. Since PDGFRβ is an important receptor 
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involved in activation and proliferation of HSC, the antifibrotic effect of sunitinib could also be 

ascribed to its direct effect on HSC rather than to its anti-angiogenic effect 39. Moreover, there are 

conflicting data showing that angiogenesis inhibition eventually can aggravate liver fibrosis and 

decelerate fibrosis resolution 40-42. For example, cilengitide, a specific inhibitor of integrin αvβ3 and 

integrin αvβ5, has been shown to have anti-angiogenic effect in patients with recurrent 

glioblastoma in phase II clinical trial 43 and antifibrotic activity on human HSC in vitro 44. Although 

it was shown that cilengitide inhibits angiogenesis in rat models of secondary biliary fibrosis and 

panlobular fibrosis, this compound aggravated the fibrosis condition in both models in spite of its 

antifibrotic effect in vitro 41. Another example is the recent discovery of the effect of genetic ablation 

of vascular endothelial growth factor (VEGF) in scar-infiltrating myeloid cells in a fibrosis model 

of bile duct ligation (BDL) and CCl4-exposed mice 40. The effect of genetic ablation was evaluated 

during fibrogenesis and during recovery after the fibrosis induction was terminated. The specific 

genetic targeting prevented the sinusoidal angiogenesis during fibrogenesis in CCl4-exposed mice 

but not in the BDL mouse model. However, no effect was observed on the degree of liver fibrosis 

during fibrogenesis, but the specific genetic ablation of VEGF prevented the resolution of fibrosis 

in both models during the recovery phase 40.   

Angiogenesis is tightly controlled by the balance of pro- and anti-angiogenic factors. These 

factors can influence one or more of the different steps in the angiogenesis process (Fig. 1). Most 

angiogenic factors have been characterized in the pathogenesis of tumor growth and some have 

been investigated for their involvement in liver fibrosis, i.e. VEGF and angiopoietin-1 42,45-47. These 

factors are either produced by the endothelial cells or by other cells present in the liver 46. For 

example, VEGF-A (one of the VEGF subtypes which is known as a potent angiogenic activator) 

is involved in the increased permeability of the vessel wall, in endothelial cell proliferation and 

migration and in mesenchymal proliferation and migration (Fig. 1) and is not only expressed by 

endothelial cells but also by hepatocytes and hepatic stellate cells 46. The evidence of production of 

angiogenic factors by other liver cell types than the endothelial cells supported the hypothesis that 

angiogenesis has an important role in chronic liver diseases caused by damaged hepatocytes, or 

activated HSC. Such damage may result in the altered expression of angiogenic factors, which may 

be involved in disease progression. However, conflicting hypotheses on the role of VEGF-A in 

liver fibrosis have emerged in the recent years. VEGF-A is an indispensable factor in the induction 

of angiogenesis and vasculogenesis. It enhances endothelial cell proliferation, promotes vessel 

sprouting and branching and increases microvessel permeability 48. In the human and rat liver, 

VEGFR1 and VEGFR2 are expressed on endothelial cells and on hepatic stellate cells 49,50, but 

their role in fibrogenesis is unclear. VEGF-A is one of the most potent angiogenic activators and 
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an increased VEGF-A expression in the fibrotic liver has been shown in some studies in human, 

mouse and rat 2,45. In contrast, recent studies showed that VEGF-A is decreased in fibrogenesis 

and re-augmented during fibrosis resolution in mouse models of CCl4 and BDL induced liver 

fibrosis 21,40.  There have been suggestions for the explanation of this discrepancy, such as the use 

of different fibrosis models or different methods to quantify VEGF-A expression, but the most 

feasible explanation for the finding in the fibrosis model of CCl4-exposed mice was the different 

time point for measuring the VEGF-A level 40. Kantari-Mimoun et al. showed that an increased 

VEGF-A expression at 6 weeks of CCl4 exposure was followed by a decreased level after 12 weeks 

of exposure, indicating a transient peak after liver injury with subsequent decrease in prolonged 

CCl4 exposure 40. In contrast, Nakamura et al. found a decreased VEGF-A expression even at an 

earlier time point (4 weeks of CCl4 exposure) 21. No specific explanation of this phenomenon has 

been found yet. 

 

 
Fig. 1 Mechanism of angiogenesis. Blood vessel formation is a multifactorial process. The first 
step is destabilization through Ang-2 (1) and hyperpermeability (2) of the vessel wall. Followed by 
EC proliferation and migration (3). Cell-to-cell contact is established through VE-cadherin and 
integrins (4). Tube formation is completed via TNF-α, FGF and PDGF (5), followed by 
mesenchymal proliferation and migration (6) and pericyte differentiation (7). Vessel formation is 
completed after stabilization (8). Some of these steps can be inhibited by endostatin, angiostatin 
and thrombospondin. Ang, angiopoietin; EC: endothelial cell; EGF, epithelial growth factor; FGF, 
fibroblast growth factor; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factor; 
TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.  
This figure is republished with permission 36 
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Liver fibrogenesis is mainly sustained by hepatic myofibroblasts (MF) which represent a 

heterogeneous population of  cells 3,5,6,8. It is clear that HSC are the leading actors in liver 

fibrogenesis because hepatic MF are mainly originated from activated HSC 5,8. However, the role 

of  hepatocytes in liver fibrogenesis has not been completely understood. Hepatocytes, which 

comprise ~80% of liver mass, are often regarded as “victims” and “bystanders” in liver fibrosis 51 

and have been proposed to contribute in liver fibrosis through a process of  epithelial to 

mesenchymal transition, but this issue remains controversial 8,52,53.  Nevertheless, hepatocytes 

express important angiogenic factors, i.e. VEGF-A, and thrombospondin-1 (THBS-1) 54-56.  

 The contribution of  hepatocyte to angiogenesis in fibrosis has not been investigated yet and is 

one of  the aims of  the studies that are discussed in this thesis. We aimed to investigate if  targeting 

of  interferon alpha (IFNα) to the hepatocytes to inhibit the expression of  angiogenic factors by 

the hepatocytes could result in the reduction of  fibrosis. The effect of IFNα on angiogenesis aside 

from its known antiviral activity was discovered by Brouty-Boyè and Zetter in Folkman’s 

laboratory and published in 1980 57. IFNα as angiogenic inhibitor has been used in hemangioma 

and cancer therapy since 1988 57,58. However, IFNα receptors are expressed in most of  the tissues 

in the body 59 which makes the strategy of  utilizing IFNα in this study inefficient. Therefore, a 

modified IFNα was designed by coupling galactose moieties to IFNα, which will be recognized by 

the asialoglycoprotein receptors that are expressed abundantly on hepatocytes 60,61. 

3. Evaluation of Angiogenesis in the Liver  

One of the problems in studying the role of angiogenesis in liver fibrosis is the absence of rapid 

and specific assays to evaluate angiogenesis and the efficacy of potential therapies, and to 

investigate possible targets within the angiogenic process and its effect on liver fibrosis. A number 

of in vitro, ex vivo and in vivo assays have been developed based on the different steps involved in 

the mechanism of angiogenesis (Fig. 1), 

Ø Endothelial cells cultured in vitro, testing proliferation, migration, and differentiation 

Discovery of the method to isolate and culture endothelial cells derived from human umbilical 

veins was reported in the annual meeting of the Federation of American Societies for 

Experimental Biology in 1973 by Folkman and Jaffe 62. Since then, freshly isolated or 

commercially available human umbilical vein endothelial cells (HUVEC) have been one of the 

mostly used models in angiogenesis study in vitro. In vivo, in the process of formation of new 

blood vessels, endothelial cells from existing blood vessels migrate towards an angiogenic 

stimulus, such as pro-angiogenic factors produced by tumor cells, and behind this migrating 

front, endothelial cells proliferate to provide the necessary cells that can form the new vessel 63. 

Subsequently, the new outgrowth of endothelial cells will reorganize into a three-dimensional 
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tubular structure 63. The HUVEC model is used to characterize this proliferation, migration and 

differentiation process. During 2D culture, the HUVEC proliferate and migrate and form blood 

vessel-like structures. Based on this behavior, three assays are commonly applied to study the 

mechanism of and the effect of mediators on angiogenesis, i.e. a proliferation assay, a migration 

assay and a differentiation assay. In the proliferation assay, the effect of angiogenic or anti-

angiogenic compounds is tested by assessing the net cell number with a cell counting device or 

with other common cell proliferation assays, such as the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay, the incorporation of [3H] Thymidine or of BrdU 63,64. This 

method was used to study the anti-angiogenic effect of sorafenib and sunitibib on the 

proliferation of HUVEC and prostate tumor derived endothelial cells (PTEC) 65. The results 

showed that both compounds inhibited the proliferation of HUVEC but only sunitinib 

inhibited the proliferation of PTECs. Although the different effect was unexpected because 

both compounds share a similar target, i.e. the vascular endothelial growth factor receptor 2 

(VEGFR2), it was suggested that it might be due to the different level of activation in normal 

(HUVEC) and tumor (PTEC) endothelial cells of the intracellular pathways that are the target 

of sunitinib 65. This study highlighted the importance of carefully selecting the most relevant 

cell type to investigate the effect of anti-angiogenic compounds on endothelial cells.  Moreover, 

two different assays for the evaluation of the effect on the endothelial cells proliferation were 

used. The combination of two or more different methods is strongly recommended to achieve 

the most reliable conclusions in the proliferation assay 63,64. The MTT assay or direct cell 

counting is often combined with a measure of DNA synthesis such as BrdU or [3H] Thymidine 

incorporation assay 64. Although proliferation assays provide simple and rapid methods, each 

assay has technical problems. For example, cellular autofluorescence is one of the problems in 

the evaluation of BrdU content of the cells with fluorescence activated cell sorters (FACS) 64.  

The most frequently used migration assay evaluates chemotaxis as driving force for migration 

using the Boyden chamber, in which the endothelial cells are cultured on the upper layer of a 

cell-permeable filter and allowed to migrate towards an angiogenic stimulus added to the 

medium below the filter 63,64. The Boyden chamber was used for the evaluation of oxytocin 

effect on angiogenesis using HUVEC 66. The result showed that oxytocin induced HUVEC 

migration in a concentration-dependent manner, but a decreased number of migrated cells was 

observed at the highest concentration. It was suggested that the bell-shaped response curve is 

typical for chemotactic substances, but this might also occur because of the loss of the 

concentration gradient. The problem with maintaining the gradient concentration between the 

upper and lower chambers in the Boyden chamber assay is one of the technical difficulties in 
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this assay, especially during prolonged incubation time, because of the equilibration between 

the chambers over time due to diffusion of the effector molecule 64.  

In the tube formation assay, the differentiation of endothelial cells into a tubular structure is 

measured as a model for the formation of new blood vessels. This assay is mostly used to test 

novel angiogenic stimuli or inhibitors as a first screen before animal testing 67.  The endothelial 

cells are plated onto or into a layer of gelled basement matrix (Matrigel is the commonly used 

matrix). After the cells are attached to the matrix, they migrate towards each other, align and 

form tubular structures within 1h and completely form tubules within 12h 64,67. The required 

time for the cells to form tubules in this assay is variable and depends among others on the type 

of matrix, the total protein concentration of the matrix, the source and type of endothelial cells. 

Therefore, it is important to optimize these factors before testing a compound using this assay67. 

Using this method, the influence of the matrix type on the differentiation rate was shown:  rat 

capillary endothelial cells cultured on collagen I and III showed minimal tubule formation, while 

culturing on collagen IV and V showed extensive tubule formation 64,68.       

Ø Organ culture  

Since an in vitro assay of endothelial cells in monoculture does not include the surrounding cells 

(fibroblasts, macrophages, and pericytes) which also have important role in angiogenesis, there 

was an urge to develop an ex vivo assay that bridges the gap between the in vitro and in vivo results. 

The rat aortic ring assay was introduced as the first ex vivo angiogenesis assay by Nicosia and 

Ottinetti, and was later extended to the use of mouse aorta showing similar responses to those 

of rat aortic rings 69-71. In this essay, the thoracic aorta, dissected from rat or mouse, is cut into 

rings and these rings are placed individually into drops of matrix (collagen, Matrigel or fibrin) 

in a well plate. The medium is added when the gel has solidified and the embedded ring is 

further incubated for one to three weeks. The endothelial microvessel outgrowth from the ring 

is used as the parameter to determine angiogenesis. The number and the length of the 

outgrowths can be measured and used to evaluate angiogenesis quantitatively 69-71. This assay 

represents the in vivo situation better than other in vitro assays because the system includes 

pericytes as supporting cells in neovascularization 64. However, the use of aorta is far from ideal 

because angiogenesis is a microvascular process 64.      

Ø Chick chorioallantoic membrane (CAM)  

This assay is categorized as in vivo assay because it uses the intact chick embryo in the egg. The 

CAM is a highly vascularized extraembryonic membrane which has important roles during 

embryonic development, among others, gas exchange 72.  In this assay, the CAM inside the egg 

is exposed by cutting a window in the shell or by transferring the entire egg without shell to a 
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plastic culture dish which allows better imaging of the blood vessels 73. Test substances can be 

added directly into the CAM by placing it on the filter disc and the angiogenic effect can be 

measured by counting the blood vessels around the filter disc 74,75. One of the advantages in this 

assay is its ability to support the growth of inoculated xenogenic tumor cells, in which the 

primary tumor is rapidly formed due to the highly vascularized environment in the CAM 75. 

Thus, besides testing the anti-angiogenic activity of the substances, this assay allows us to test 

the antitumor activity in the same system 75. Since CAM itself is well vascularized, one of the 

technical difficulties in this assay is to distinguish new capillaries from the existing ones 64. 

Moreover, it is important to keep in mind that this assay is run on chicken cells, which may limit 

the clinical translation of the assay 73. 

 

There are several other assays that have been developed for the study of angiogenesis after the 

discovery of tumor-associated angiogenesis 35, such as the corneal angiogenesis assay and the 

Matrigel plug assays 63,64. But the aforementioned three assays are the most frequently used ones, 

because they are well validated, technically easy, relatively low cost, and can be quantitatively 

interpreted. However, these assays have some drawbacks that should be taken into consideration 

when interpreting the test results. For example, species difference might be a problem in clinically 

translating the results from the mouse or rat aortic ring assay and the chick CAM assay to the 

human situation. Although human endothelial cells such as HUVEC are used successfully in in vitro 

assays, it only portrays the response of one cell type and ignores the fact that mural cells are also 

involved in the new formation of blood vessels. This issue was tackled by co-culturing mural cells 

with endothelial cells. Several methods have been published on how to co-culture both cell types76, 

but up to now this needs further optimization 76-78.   

For the application of these assays for studying angiogenesis in liver fibrosis, it is important to 

take into account that they were developed to study angiogenesis in carcinogenesis and some 

specific limitations hamper their applicability in liver fibrosis-associated angiogenesis studies. The 

main limitation is that the distinctive features of hepatic angiogenesis, which are substantially 

different from homologues processes in other organs or tissue, are not well reflected in these 

models. One of the unique features of the liver is the presence of two different microvascular 

structures, i.e. the sinusoids lined by fenestrated endothelium and the large vessels lined by a non-

fenestrated endothelium. Therefore, hepatic angiogenesis cannot be simply evaluated with an assay 

using human umbilical vein endothelial cells (HUVEC) for instance, because HUVEC represent 

the macrovasculature only, whereas there are strong indications that also the sinusoidal endothelial 

cells are involved in hepatic angiogenesis 11,79. The use of liver sinusoidal endothelial cells (LSEC) 
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has been reported in some in vitro studies 80,81, but the same issue on lack of cell-cell interaction in 

in vitro assay using HUVEC also applies here as in fibrosis-associated hepatic angiogenesis, the HSC 

and other liver MF are key players. These cells produce several growth factors, such as VEGF and 

PDGF, that also stimulate angiogenesis, and they also express the receptors of these growth 

factors, which mean that the assay using only LSECs might ignore the possibility of the competition 

of the cells for the angiogenic stimulus or inhibitor. 

Precision-cut liver slices (PCLS) from rat, mouse and human liver have been used as model to 

study fibrosis since the introduction of the model by van de Bovenkamp et al. in 2006 82-86. The 

PCLS serves as a mini-model of the liver because in this model, all liver cells are present in their 

natural environment with intact cell-cell and cell-matrix interactions during the incubation 87. Liver 

slices (~200 µm of thickness) can be prepared from different species, including rat, mouse and 

even human 87,88. Both normal and cirrhotic livers can be used in this model 83-85. Human liver tissue 

was obtained from patients following partial hepatectomy in metastatic colorectal cancer or from 

organ donors, remaining as surgical surplus after reduced-size liver transplantation 83. An 

incubation of PCLS for two days has been shown to increase fibrosis markers at mRNA and 

protein levels, including collagen 1, alpha smooth muscle actin and HSP47 83-86. A recently 

published study on rat PCLS incubated for five days showed a high increase of collagen disposition 

with maintained viability, morphology and function 89. Although it has been well validated as 

fibrosis model, this model has never been formerly used to investigate fibrosis-associated 

angiogenesis. If signs of angiogenesis would be found in cultured slices, it would pave the way to 

develop a novel liver-specific approach in unraveling the role of fibrosis-associated angiogenesis.  

 

4. Aim and scope of the thesis 

The studies described in this thesis are focused on the role of angiogenesis in liver fibrosis. 

Different approaches were used to elucidate the controversial role of fibrosis-associated 

angiogenesis. The first strategy as described in chapter 2 and 3 was to use angiogenesis inhibitor 

to study the role of hepatocytes in fibrosis-associated angiogenesis. In this study, IFNα was used 

as angiogenesis inhibitor to interfere with the balance of angiogenesis factors produced by 

hepatocytes, i.e. VEGF-A and thrombospondin-1 during liver fibrogenesis. Therefore, we aimed 

to target IFNα to the hepatocytes. This was done by coupling IFNα to galactose, resulting in a 

galactosylated protein, which is specifically recognized by the asialoglycoprotein receptors 

expressed abundantly on hepatocytes 60,61. Moreover, this allowed us to unravel the role of 

hepatocytes in liver fibrogenesis.  In chapter 2, the synthesis of the galactosylated IFNα and its 

characterization is described, and the biological activity of the construct was tested in vitro using 
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HepG2 and HUVEC cells. In chapter 3, this construct was tested in an in vivo fibrosis model of 

carbon tetrachloride (CCl4)-exposed mice.  

In chapter 4, the effect of the pro-angiogenic factor VEGF-A in liver fibrosis was investigated 

in order to elucidate the controversial in vivo discoveries on the exact role of VEGF-A in liver 

fibrogenesis. Besides studying the expression in vivo of VEGF-A and related receptors in livers of 

CCl4-exposed mice with low and high degree of fibrosis, the direct effect of VEGF-A on liver 

fibrosis was tested in mouse and human PCLS. 

In chapter 5, three different assays were developed using PCLS in order to generate a liver-

specific model to study angiogenesis. These assays differ in the readout, the degree of fibrosis, and 

the employed method. In the first assay, rat PCLS were incubated with and without VEGF-A and 

sunitinib for two days, and the mRNA expression levels of fibrosis and angiogenesis markers were 

measured. In the second assay, rat PCLS were incubated for five days in two different media, i.e.  

Williams’ E Medium (WME) and RegeneMed®. Blood vessel formation was subsequently studied 

using immunofluorescence. The third assay was adapted from the aortic ring assay, by embedding 

PCLS in collagen matrix for five days and the microvessel outgrowth was evaluated. 

Lastly, in chapter 6 the results are summarized and discussed and perspectives on future 

directions towards a better comprehension on the role of angiogenesis in liver fibrosis are 

presented. 
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ABSTRACT 

It is well known that the hepatic stellate cells, differentiated into myofibroblasts, play a major role 

in fibrogenesis. However, although hepatocytes make up ca. 80% of  the liver mass, their role in 

liver fibrosis has remained under-examined. Hepatocytes produce important angiogenic factors 

and since it is known that angiogenesis emerges in parallel with liver fibrosis, it can be hypothesized 

that hepatocytes play a role in fibrogenesis by regulation of  angiogenesis. Based on this hypothesis, 

drugs aimed to influence angiogenesis in hepatocytes could be developed as a potential new 

antifibrotic therapy. In order to unravel the role of  hepatocytes in angiogenesis in liver fibrosis, we 

aimed to interfere with the angiogenic balance regulated by hepatocytes through delivery of  

interferon alpha (IFNα), a cytokine with anti-angiogenic properties, to the hepatocytes. To 

specifically deliver IFNα to the hepatocytes, IFNα was conjugated to galactose-polyethylene glycol 

(galactose-PEG) in order to increase the hepatocyte delivery by binding to the asialoglycoprotein 

receptors (ASGPR) that are expressed abundantly on hepatocytes. This galactose-PEG-IFNα 

(GPI) showed comparable biological activity with respect to STAT1 phosphorylation as native 

IFNα in HepG2 cells.  The binding of  GPI to the ASGPR on HepG2 cells was confirmed by 

competition with the ASGPR ligand lactosylated human serum albumin (LacHSA). The STAT1 

phosphorylation of  GPI but not of  free IFNα was partly inhibited by LacHSA. Both GPI and free 

IFNα induced a decrease in vascular endothelial growth factor (VEGF) secretion and increase in 

thrombospondin-1 (THBS-1) protein expression in hepatocytes. In addition, the tubule formation 

of  human umbilical vein endothelial cells (HUVEC) in vitro was inhibited by incubating the 

HUVEC in conditioned medium of  HepG2 cells treated with GPI or IFNα but not by that of  

control HepG2. In conclusion, both IFNα and its galactose-PEG conjugate GPI induce an anti-

angiogenic effect in HepG2 cells. In the future, the effect of  GPI on fibrogenesis will be studied 

in vivo in a mouse model of  fibrosis. 
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1. INTRODUCTION 

Liver fibrogenesis is mainly sustained by hepatic myofibroblasts (MF) which represent a 

heterogeneous population of  cells 1-4. Hepatic stellate cells (HSC) are non-parenchymal cells in the 

liver known to be the leading actor in liver fibrogenesis, because hepatic MF are mainly originated 

from activated HSC 1,2. On the other hand, the role of  hepatocytes, which comprise ca. 80% of  

the liver volume, in liver fibrogenesis has not been completely elucidated. Hepatocytes have been 

proposed to contribute in liver fibrosis through a process of  epithelial to mesenchymal transition, 

but this issue remains controversial 1,5,6.  In addition, hepatocytes in normal and cirrhotic livers 

express several important angiogenic factors, such as vascular endothelial growth factor (VEGF) 

and thrombospondin-1 (THBS-1) 7-9, suggesting a role in angiogenesis. 

Angiogenesis emerges in parallel with liver fibrogenesis 9-12. However, it has not been 

understood yet whether angiogenesis occurs as a consequence of  fibrosis or whether it has a causal 

role in fibrosis 13,14. Since hepatocytes produce important angiogenic factors, we hypothesized that 

hepatocytes play role in liver fibrosis through supporting angiogenesis. Thus, we aimed to explore 

the role of  hepatocytes in angiogenesis in liver fibrosis.  

In order to investigate the contribution of  hepatocyte by interfering with their role in 

angiogenesis, we exposed HepG2 cells to interferon alpha (IFNα). IFNα has been used in the 

treatment of  hepatitis C and several cancers 15. Besides its antiviral activity, IFNα is also known to 

have an anti-angiogenic effect due to its capability in downregulating the expression of  the pro-

angiogenic factors VEGF in many human cancer cells and inhibits endothelial cell migration in 

vitro and in vivo 16-19. However, interferon alpha receptors (IFNAR) are expressed in most of  the 

tissues in the body 20 and IFNα treatment is known to cause many unfavorable side effects, which 

hamper the use of  IFNα as anti-fibrotic drug and to study the role of  hepatocytes in angiogenesis. 

In order to solve this, we designed a construct by coupling galactose-polyethylene glycol (galactose-

PEG) to IFNα. This galactose-PEG-IFNα (GPI) will be recognized by the asialoglycoprotein 

receptors (ASGPR) which are expressed abundantly on the hepatocytes 21,22, thereby reducing the 

exposure of  other cells in the body. The galactose part was pre-coupled with PEG to increase the 

biological half-life of  IFNα. In this study, we present the characterization of  the GPI and its 

biological activity on angiogenesis in HepG2 cells in vitro. 

 

2. MATERIALS AND METHODS 

2.1 Synthesis and characterization of  GPI 

2.6 nmol of  human recombinant interferon alpha 2b in PBS (19.4 kDa, Jena Biosciences, Jena, 

Germany) was coupled to 130 nmol of  galactose-polyethyelene glycol-succinimidyl carboxymethyl 
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(galactose-PEG-SCM) ester (5 kDa, Jenkem Technology, Beijing, China). The reaction was carried 

out for 1 h at room temperature and continued overnight at 4 °C with vigorous shaking. 

Purification was done by extensive dialyzing against PBS with Slide-A-Lyzer™ with 20K molecular 

weight cut-off  (Thermo Fisher Scientific, Rockford, USA). The construct (GPI) was characterized 

by western blot analysis and MALDI-TOF.  

For western blot analysis, the GPI construct and the free IFNα as a positive control were applied 

on a 10% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel and after electrophoresis, 

transferred to polyvinylidene difluoride (PVDF) membrane. The membrane was blocked for 1 h 

in tris-buffered saline with 0.1 % Tween 20 (TBST) containing 5% non-fat dried milk and was 

further incubated with anti-interferon alpha 2b mouse monoclonal antibody (1:200; Abcam, 

Cambridge, UK) for overnight at 4 °C. The membrane was then washed with TBST and incubated 

for 2 h at room temperature with a secondary horseradish peroxidase (HRP)-coupled anti-mouse 

IgG antibody (DAKO). After washing three times with tris-buffered saline (TBS), the protein 

bands on the membrane were visualized using electrochemiluminescence (ECL) detection reagent.  

The molecular weight of  GPI was determined with MALDI-TOF Voyager DE™-Pro (Applied 

Biosystems, Foster City, USA). GPI (1 mg/mL) and standard (1 µM bovine serum albumin) were 

spotted onto a MALDI-plate well and allowed to dry. Next, matrix solution (sinapinic acid in 0.1% 

trifluoroacetic acid and 50% acetonitrile) was overlaid on the sample and allowed to dry. The 

instrument was operated with an accelerating voltage of  25 kV and was set to acquire mass spectral 

peaks with mass/charge (m/z) ratios from 10 to 80 kDa. 

 

2.2 In vitro experiments 

2.2.1 Cell lines 

HepG2 cells were obtained from ATCC (Manassas, USA) and human umbilical vein endothelial 

cells (HUVEC) were obtained from pooled donors (Lonza, Walkersville, USA). HepG2 cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad) supplemented 

with 10% fetal bovine serum (FBS) and antibiotics (50U/mL penicillin and 50 ng/mL 

streptomycin).  HUVEC were cultured in Endothelial Basal Medium-2 (EBM-2) supplemented 

with EGM-2-MV bullet kit (Lonza, Walkersville, USA) containing VEGF, IGF-1, EGF, bFGF, 

hydrocortisone, ascorbic acid, heparin and 2% FBS. 

 

2.2.2 STAT1 phosphorylation 

HepG2 cells were incubated with 10 and 100 ng/mL GPI or IFNα for 4 and 24 h. The 

concentration of  GPI was calculated based on the concentration of  IFNα, which was determined 
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with an ND-1000 spectrophotometer at 280 nm (Fisher Scientific, Landsmeer, the Netherlands). 

The influence of PEG on the IFNα quantification was tested by adding unconjugated gal-PEG to 

IFNα which did not result in a change in absorbance.  

STAT1 phosphorylation was measured by western blot analysis using an antibody specific for 

phosphorylated STAT1 (pSTAT1).  The cells were lysed in loading buffer (0.5 mM Tris-HCl pH 

6.8, Glycerol, 8% SDS, 400 mM dithiothreitol and 0.0125% bromophenol blue) on ice, sonicated 

for 5 sec and boiled at 90 °C for 5 min. The cell lysate from each sample was applied on the 10% 

SDS-PAGE gel and after electrophoresis, transferred to a PVDF membrane. The membrane was 

blocked for 1 h in TBST containing 5% non-fat dried milk and was further incubated with anti-

pSTAT1 (Tyr701) rabbit monoclonal antibody (1:1000; Cell Signaling Technology, Danvers, USA) 

and anti-GAPDH mouse monoclonal antibody (1:10000, SIGMA, Missouri, USA) overnight at 4 

°C. The membrane was then washed with TBST and incubated for 2 h at room temperature with 

a secondary HRP-coupled anti-rabbit IgG antibody (DAKO) for pSTAT1 and HRP-coupled anti-

mouse IgG antibody (DAKO) for GAPDH. After washing three times with TBS, the protein bands 

on the membrane were visualized using the VISIGLO™ HRP Chemiluminescent Substrate Kit 

(Amresco, Solon, USA). 

 

2.2.3 Inhibition with Lactosylated HSA (LacHSA) 

LacHSA was prepared according to the method described by van der Sluijs et al. 23. This LacHSA 

contained ca. 25 galactose moieties per molecule of  HSA. HepG2 cells were first incubated with 

1.3 or 13 nM of  LacHSA for 10 min. Thereafter, 10 ng/mL of  IFNα or GPI were added and the 

cells were incubated for 4 h. After 4 h, the cells were lysed and STAT1 phosphorylation was 

analyzed with western blot according to the method described in 2.2.2. 

 

2.2.4 The effect of  GPI on VEGF secretion and THBS-1 expression by HepG2 cells  

HepG2 cells were incubated with 10 and 100 ng/mL IFNα and GPI for 24h. The incubation 

medium was collected and the cells were lysed in loading buffer (composition is described in 

method 2.2.2). The amount of  VEGF in the collected incubation medium was analyzed by using 

the Human VEGF-A ELISA reagent kit (Thermo Fisher Scientific, Rockford, USA). 

Western blot analysis of  the cell lysates was performed using anti-THBS-1 mouse monoclonal 

antibody (1:200; Thermo Fisher Scientific, Rockford, USA) and anti-GAPDH mouse monoclonal 

antibody (1:10000, SIGMA, Missouri, USA) overnight at 4 °C. The membrane was then washed 

with TBST and incubated for 2 h at room temperature with a secondary temperature with a 

secondary HRP-coupled anti-mouse IgG antibody (DAKO). After three wash steps with TBS, the 
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protein bands on the membrane were visualized using the VISIGLO™ HRP Chemiluminescent 

Substrate Kit (Amresco, Solon, USA).  

 

2.2.5 In vitro angiogenesis: endothelial cell tube formation assay 

The effect of  IFNα and GPI on the production of  VEGF by the HepG2 cells was tested in vitro 

using HUVEC according to the protocol described by Arnaoutova et al. 24. HepG2 cells were 

incubated with medium alone or medium containing 10 and 100 ng/mL IFNα or GPI for 24 h. 

The medium was collected and stored at -80 °C until further analysis.  

HUVEC were cultured in the EBM-2 medium and split when the confluence was around 80% 

until they reached passage 3. The cell suspension (4x104 cells/well) was plated in a 96-well plate 

coated with Matrigel® (Corning, USA). HepG2 conditioned medium was transferred to the 

HUVEC and incubated for 4 h. The tube formation of  the HUVEC was observed by microscopy 

and pictures were taken at 40x magnification. The length of  the tubes was measured with ImageJ 

by using Angiogenesis Analyzer Plugin. 

 

2.3 Statistics 

Data are presented as mean ± standard error mean (SEM). The statistical analysis was performed 

by using one-way ANOVA and followed with Dunnett’s Multiple Comparisons.  A p-value < 0.05 

was considered significant. 

 

3. RESULTS 

3.1 Characterization of  Gal-PEG-IFNα (GPI) 

The successful coupling of  IFNα with activated galactosylated-PEG-SCM (5 kDa) was confirmed 

by western blot using an anti-IFNα antibody (Fig. 1A) and by MALDI-TOF (Fig. 1B). Fig. 1A 

shows two bands of  free IFNα (lane 2 and 3) representing the monomer and the dimer of  this 

protein. GPI showed several bands (lane 4) of  coupling products and the presence of  a minor 

amount of  free IFNα. The percentage of  free IFNα in the GPI sample was calculated by 

quantification of  the bands of  the monomer IFNα in the samples of  free IFNα and GPI using 

GeneTools software (SynGene) and showed that less than 10% unconjugated IFNα (monomer) 

remained present without any unconjugated dimer. However, it is not possible to assess the 

apparent molecular weight (MW) of  the GPI constructs because it is known that pegylation 

influences the mobility in the gels 25.  Therefore, to analyze the MW of  GPI and to determine the 

amount of  gal-PEG coupled to IFNα, MALDI-TOF analysis was applied. The result can be 

observed in Fig. 1B showing that the GPI construct consists of  a mixture of  1, 2, and 3 Gal-PEG 
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coupled to IFNα. The MALDI-TOF spectrum was used to identify the molecular weight of  the 

GPI and not the relative abundance of  each of  the constructs, as the area under the peak does not 

reflect the abundance of  the molecule but rather the ionazibility and/or the ion stability 26. Since 

PEG is known to suppress the ionization of  the protein 25,27, the intensity of  the various GPI 

constructs in the MALDI-TOF analysis is dependent on the degree of  pegylation.  

Based on both the western blot and the MALDI-TOF results, we conclude that the majority of  

the construct consists of  IFNα conjugated with 1 galactosylated-PEG, and that constructs with 2 

and 3 galactosylated PEG molecules are present in a lower amount. 

 

 

 
Fig. 1 Characterization of  GPI. (A) Western blot analysis using anti-IFNα antibody; lane 1: marker; 
lane 2: IFNα 50 ng/mL, lane 3: IFNα 25 ng/mL, and lane 4: GPI 50 ng/mL. (B) MALDI-TOF 
analysis of  GPI showing the free IFNα and three different coupling products of  galactose-PEG - 
IFNα. 
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3.2 STAT1 phosphorylation  

STAT1 phosphorylation to pSTAT1 is an essential step in the response to IFNα. The results in 

Fig. 2 showed that after 4 h, both free IFNα and GPI induced phosphorylation of  STAT1. After 

24h, the amount of  pSTAT1 in HepG2 cells treated with either IFNα or GPI was strongly 

diminished.   

 

 
Fig. 2 Western blot of  phosphorylated STAT1 (pSTAT1) in HepG2 cells treated with IFNα and 
GPI and GAPDH expression as loading control. HepG2 cells were incubated for 24 h without any 
treatment (C); or treated with 10 and 100 ng/mL of  IFNα or GPI for 4 and 24h. 
 

3.3 Inhibition with LacHSA 

In order to show the potential contribution of  binding of  GPI to the ASGPR to the pSTAT1 

phosphorylation, we did an inhibition study in vitro using HepG2 cells. HepG2 cells express both 

IFNAR and ASGPR 28,29. Our results showed that the inhibition with 1.3 nM of  LacHSA (molar 

ratio= 1:2.6) resulted in the reduction of  pSTAT1 formation by GPI, but the pSTAT1 formation 

by IFNα remained unchanged (Fig. 3A, B). The inhibition with a higher amount of  13 nM 

LacHSA (molar ratio= 1:26) did not further reduce the pSTAT1 formation (Fig. 3A, B).  
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Fig. 3 (A) Effect of  lactosylated HSA (LacHSA) on STAT1 phosphorylation in HepG2 cells 
treated with medium alone (C), 10 ng/mL of  IFNα (I) or GPI (G) and co-incubated without 
LacHSA or with 1.3 nM or 13 nM LacHSA with molar ratio of  1:2.6 and 1:26; GAPDH was used 
as loading control. (B) Quantification of  the results showing that the addition of  LacHSA reduced 
the STAT1 phosphorylation of  GPI but the activity of  IFNα remained unchanged (n=5). 
Data are presented as means (± SEM) 
*p<0.05; **p<0.01 
 

3.4 The effect of  GPI on the expression of  angiogenic factors in HepG2 cells 

VEGF is a potent pro-angiogenic factor, which is secreted in the liver mostly by hepatocytes 7, 8, 

while THBS-1 is known as anti-angiogenic factor produced in hepatocytes 9. The effect of  GPI 

and IFNα on the expression of  these angiogenesis factors was determined by measuring the 

secretion of  VEGF in the HepG2 medium and the expression of  THBS-1 in the cells after 6 and 

24 h. After 6 h, neither IFNα nor GPI showed an effect on VEGF secretion and THBS-1 

expression (data not shown). After 24 h of  incubation, a small but significant reduction of  VEGF 

secretion by the HepG2 cells treated with IFNα and GPI (Fig. 4A) was found. The effect was 

similar at both concentrations.  
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Fig. 4.  The amount of  the pro-angiogenic factor VEGF (A) and the anti-angiogenic factor THBS-
1 (B) expressed by HepG2 cells after 24 h treatment with 10 and 100 ng/mL of  IFNα or GPI 
expressed as fold of  control (untreated cells). IFNα and GPI significantly decreased VEGF-A 
secretion. GPI induced a significantly higher expression of  THBS-1, but the effect of  IFNα was 
not significant.  
Data are presented as means (± SEM); n=3 
*p<0.05; **p<0.01; compared to control 
 

In addition, we observed a dose-dependent increase of  the expression of  THBS-1 in HepG2 

cells treated with IFNα and GPI after 24 h of  incubation (Fig. 4B), which was only significant for 

GPI (Fig. 4B). 

 

3.5 The effect of  GPI on HUVEC tube formation 

In order to investigate the effect of  GPI on angiogenesis in HepG2 cells, an endothelial cell tube 

formation assay with HUVEC was performed. The HUVEC were incubated in the medium of  

untreated or IFNα- or GPI-treated HepG2 cells. After 4 h incubation of  HUVEC with medium 

of  untreated HepG2 cells, the HUVEC formed a stable interconnected network of  tube-like 

structures (Fig 5A), which was not formed in unconditioned medium (results not shown). The 

tube length was measured as an indicator of  the angiogenic response. The HUVEC that were 

incubated in HepG2 cells medium treated with 10 ng/mL of  IFNα or GPI showed smaller tube 

lengths compared to untreated HepG2 cells medium (Fig. 5A, B). However, no effect was 

observed in cells treated with conditioned medium from HepG2 cells treated with the higher 

concentrations of  both IFNα and GPI (Fig.5A, B). We also tested whether the effect on HUVEC 
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was due to the presence of  IFNα and GPI in the medium by using medium containing both 

compounds incubated for 24 h without cells. The result showed that there was no direct effect of  

IFNα or GPI on HUVEC tubule formation (data not shown). 

 

(A) 

 
(B) 

 
Fig. 5 (A) Microscopic images and (B) quantification of tube formation of  HUVEC treated with 
HepG2 cells conditioned medium, i.e. control (untreated HepG2 cells) and HepG2 cells treated 
with 10 and 100 ng/mL of  IFNα or GPI for 24 h, showing that incubation of  HUVEC in 
conditioned medium from HepG2 cells treated with 10 ng/mL of  IFNα or GPI  resulted in shorter 
tube length compared to conditioned medium of  untreated HepG2 cells and no effect was 
observed in medium of  HepG2 cells treated with 100 ng/mL of  IFNα or GPI. 
Data are presented as means (± SEM). n=5 (1 batch of  HUVEC treated with conditioned medium 
of  5 independent HepG2 experiments)  
*p<0.05; **p<0.01; compared to control 
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4. DISCUSSION 

In this study, we designed a modified IFNα, with 1-3 moieties of  galactose-PEG coupled to IFNα, 

aimed to be recognized by the ASGPR of  HepG2 cells, and we evaluated its biological activity in 

vitro. IFNα is known to have anti-angiogenic properties 16-19 and with this construct, we ultimately 

aim to deliver IFNα to the hepatocytes in the liver in vivo via the ASGPR. This would enable us to 

investigate the role of  hepatocytes in the regulation of  angiogenesis during fibrosis and to elucidate 

the role of  angiogenesis in fibrosis.  We used HepG2 cells as in vitro model to investigate the effect 

of  GPI because these cells express both the ASGPR and IFNAR 28,29. The results of  the western 

blot and MALDI-TOF analysis showed that IFNα was successfully coupled to multiple moieties 

of  galactosylated PEG, varying from mono to trivalent. These amounts are supposed to be 

sufficient for selective recognition by the ASGPR, which is abundantly expressed on hepatocytes30. 

Although previous studies have shown that the binding affinity increases with increasing numbers 

of  galactose moieties 30, oligonucleotides coupled to one gal-PEG showed hepatocyte specific 

uptake in vivo in the rat, which could be inhibited by galactosylated bovine serum albumin 31. This 

indicates that coupling one galactose-PEG to IFNα could be sufficient to induce internalization 

via the ASGPR.   

The in vitro results showed that the coupling reaction did not influence the biological activity of  

GPI to a large extend, as phosphorylation of  STAT1 by GPI was similar to that of  free IFNα in 

HepG2 cells. Binding of  GPI to the ASGPR was verified by the competitive inhibition with 

LacHSA. LacHSA has about 25 lactose molecules coupled to HSA and was previously shown to 

be taken up by the ASGPR 23. Indeed, a significant decrease was observed in the STAT1 

phosphorylation by GPI when this construct was added together with 1.3 nM LacHSA. This effect 

was not observed in cells that were treated with free IFNα, indicating that the effect of  GPI was 

partly mediated by the ASGPR. The presence of  13 nM LacHSA did not further decrease the 

STAT1 phosphorylation of  GPI, indicating saturation of  the ASGPR at 1.3 nM. The remaining 

effect on the phosphorylation of  STAT1 was apparently mediated by the IFNAR. As a result of  

uptake via the ASGPR, one would expect that GPI should have a higher effect compared to free 

IFNα. However, the results showed that the biological activity of  both compounds were similar. 

This can be explained either by decreased biological activity of  GPI due to the conjugation 

conditions or by saturation of  STAT1 phosphorylation in the cells. The former option seems 

unlikely as IFNα exposed to the same reaction conditions as applied during conjugation, showed a 

similar STAT1 phosphorylation as free IFNα (data not shown). Our result showed that even with 

higher concentration of  free IFNα or GPI, there was no further increase of  STAT1 
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phosphorylation in the HepG2 cells, supporting the explanation that saturation of  STAT1 

phosphorylation is the reason for the lack of  increased effect of  GPI. 

There are two different possibilities for the effect of  GPI via the ASGPR. First, GPI can be 

taken up by the ASGPR and internalized via receptor-mediated endocytosis. Although in general 

via this route the ligands are usually degraded by the enzymes in lysosomes, in some cases it has 

been shown that the ligand can escape the endosome 32. This route would result in binding of  the 

GPI construct to the intracellular domain of  the IFNAR. A construct of  siRNA coupled to gal-

PEG has been shown to be internalized by the ASGPR and to exert a gene silencing effect 33. In 

that study, the disulfide bond between the PEG and siRNA was cleaved in the cytoplasm allowing 

the release of  free siRNA 33. In our study, we conjugated PEG to the IFNα via a non-cleavable 

amide bond to the lysine residues. Although cleavage of  GPI apparently is not necessary for 

activation of  the extracellular receptor, it remains unknown whether PEG has to be cleaved from 

the GPI to exert its effect after the cellular uptake 34. Interestingly, Jung et al. showed that there 

was no difference in silencing activity of  siRNA conjugated to PEG via either cleavable or non-

cleavable linkage 35. Another possibility of  ASGPR mediation of  GPI uptake is facilitating the 

binding of  the construct to the IFNAR on the surface of  the HepG2 cells, as a form of  receptor 

cross talk as illustrated in Fig. 6.  

The effects of  IFNα and GPI on angiogenesis were tested by determining the secretion of  

VEGF and THBS-1 by HepG2 cells in the medium. While VEGF is known as a potent 

angiogenesis activator, THBS-1 is known as angiogenesis inhibitor 36. When HepG2 cells were 

treated with IFNα or GPI, the VEGF secretion was significantly reduced but the decrease was 

relatively small. In addition, treatment with GPI significantly increased the expression of  THBS-1 

in a dose-dependent manner. However, the effect of  IFNα on THBS-1 expression was not 

significant. From this result, it seems that GPI has a stronger effect on THBS-1 compared to IFNα. 

Based on these data, we concluded that the treatment of  HepG2 cells with GPI resulted in 

excretion of  factors that may induce an anti-angiogenic effect.  

To test this anti-angiogenic effect, we evaluated the effect of  conditioned medium of  HepG2 

cells on the formation of  a tubular network by migration of  endothelial cells in vitro using 

HUVEC24. Treatment of  HUVEC with conditioned medium obtained from untreated HepG2 cells 

showed the migration of  HUVEC and the formation of  a tubular network, as a result of  basal 

excretion of  VEGF 37. The length of  the tubes was used as a parameter in this study to indicate 

the angiogenic response of  conditioned medium of  HepG2 cells treated with IFNα and GPI. The 

results showed that conditioned medium of  HepG2 cells treated with the lower dose of  IFNα and 

GPI significantly reduced the length of  the tubes formed by migrating HUVEC, in line with the 
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reduced VEGF and induced THBS-1 excretion. However, the effect was not seen with medium of  

HepG2 cells exposed to the higher concentration of  both compounds. Although this result does 

not match with our findings in the effect of  these compounds on the expression of  the angiogenic 

activator and inhibitor, this results can be explained by the review of  Reynolds et al. who observed 

that some anti-angiogenic compounds exhibited a bell-shaped or U-shaped dose response 38, as 

was also found for the anti-angiogenic effect of IFNα in human bladder cancer 39.  

In conclusion, we present in this study a biologically active galactose-PEG modified IFNα that 

is recognized by the ASGPR and induces an anti-angiogenic reaction in HepG2 cells. We 

hypothesize three possible ways for GPI to exert its biological activity (Fig. 6), i.e. through uptake 

of  the ASGPR, followed by escape from the endosomes and binding to the intracellular IFNAR, 

through binding to and activation of  the IFNAR on the cell surface directly or with the help of  

ASGPR, where the binding to the ASGPR enables a better contact of  the IFNα moiety with the 

IFNAR, without internalization of  the ligand by the ASGPR. This construct will be further 

investigated in vivo to evaluate its effect on liver fibrogenesis.   

 

 
Fig. 6 Schematic representation of  the hypotheses on the binding mechanism of  GPI to exert its 
effect. 1: via interferon alpha receptor (IFNAR); 2: via the asialoglycoprotein receptor (ASGPR); 
and 3: via receptor cross talk of  the IFNAR and the ASGPR. 
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ABSTRACT 

Hepatocytes are often regarded as “victims” and “bystanders” in liver fibrogenesis, but the role of  

hepatocytes in liver fibrosis is under-examined. Hepatocytes in normal and cirrhotic livers express 

the pro-angiogenic vascular endothelial growth factor A (VEGF-A) and the anti-angiogenic factor 

thrombospondin-1 (THBS-1) that might be involved in liver fibrogenesis. In order to unravel the 

role of  hepatocytes in liver fibrosis, we aimed to interfere with the angiogenic balance regulated by 

hepatocytes through delivering interferon alpha (IFNα) to the hepatocytes. In vitro using HepG2 

cells, we have previously shown that our construct, galactose-PEG-IFNα (GPI), was recognized 

by the asialoglycoprotein receptor (ASGPR) and has similar antiangiogenic effects as native IFNα. 

In the present study, we aimed to deliver GPI to the hepatocytes in vivo and to test its effect on 

angiogenesis in a fibrosis model of  CCl4-exposed mice with native IFNα used as positive control. 

Moreover, we aimed to get more insight in the role of  angiogenesis in fibrosis. The localization of  

the GPI in the liver was detected by immunohistochemical staining with an IFNα recognizing 

antibody. The results showed that GPI was not only found in hepatocytes, but also in other cell 

types (endothelial cells and (myo)fibroblasts) in the liver and no difference was observed between 

the distribution of  GPI and native IFNα. This suggests the presence of  the IFNα receptor 

(IFNAR) on other liver cells besides hepatocytes in the mouse. In the current study, both IFNα 

and GPI decreased the CD31 and VEGF receptor 2 (VEGFR2) expressions, suggesting inhibition 

of  angiogenesis by the lower dose, but not by the higher dose. In addition, an increased VEGF-A 

expression was found in parallel with this angiogenesis inhibition possibly indicating a feedback 

mechanism. The angiogenesis inhibition did not affect the liver fibrogenesis in this model, as 

expression of  collagen remained unaltered. 

In conclusion, in mice with liver fibrosis, IFNα treatment inhibited angiogenesis without 

affecting fibrosis. However, since we did not observe a difference in the cellular distribution of 

GPI and IFNα in the fibrotic liver, we cannot conclude on the role of hepatocytes in this 

angiogenesis inhibition. In this study, we also did not observe an effect of IFNα on fibrogenesis, 

despite a decrease in angiogenesis, suggesting that angiogenesis has no direct role in fibrogenesis 

but may occur as the consequence of increased profibrotic factors that also have an angiogenic 

effect.  
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1. INTRODUCTION 

Hepatocytes comprise ~85% of the liver mass and have an important role in most of the functions 

of the liver, such as protein synthesis, glucose metabolism, fat digestion, drug metabolism and bile 

production 1,2. Hepatocytes are also prone to several injuries, including toxic, metabolic, and viral 

insults 3,4. Persistent injury can result in chronic inflammation and wound healing response and can 

lead to liver fibrogenesis 3,5. Hepatocytes are often regarded as “victims” and “bystanders” in liver 

fibrogenesis 1, however, it cannot be excluded that they also play a role in fibrogenesis. Recently, 

hepatocytes have been proposed to contribute to liver fibrosis through a process of  epithelial to 

mesenchymal transition, but this issue remains controversial 5-7.  

One of the characteristics in liver fibrosis is the existence of abnormal angioarchitecture due to 

the formation of new blood vessels, known as angiogenesis 8-10. Angiogenesis is tightly controlled 

by the balance of angiogenic activators and angiogenic inhibitors 11. Angiogenesis factors in the 

liver are produced by different cell types, one cell type can produce more than one angiogenic 

factor and each angiogenic factor can be produced by more than one cell type 8. Hepatocytes in 

normal and cirrhotic livers express several important pro- and anti-angiogenic factors, i.e. vascular 

endothelial growth factor A (VEGF-A) and thrombospondin 1 (THBS-1) 9,12,13. Therefore, we 

hypothesized that hepatocytes play role in liver fibrogenesis through angiogenesis.  

We aimed to unravel the role of hepatocytes in liver fibrogenesis by interfering with the balance 

of pro- and anti-angiogenic factors produced by the hepatocytes, through delivery of an anti-

angiogenic compound specifically to the hepatocytes. In this study, interferon alpha (IFNα) was 

used to inhibit angiogenesis because it has been shown in previous studies that IFNα can inhibit 

endothelial cell migration and proliferation and decrease the secretion of the pro-angiogenic factor 

VEGF in many human cancer cells 14-16. IFNα has been used for many years as a therapeutic 

cytokine in Hepatitis C treatment, hemangioma and cancer therapy 17,18. However, IFNα therapy is 

associated with a lack of therapeutic specificity due to the presence of interferon alpha receptors 

(IFNAR) in most of the tissues in the body 19. In the liver, IFNAR is expressed by hepatocytes 20 

and there is no specific report yet on the expression of IFNAR by other cell types in the liver. 

In chapter 2, we designed an IFNα construct with galactose-polyethylene glycol in order to 

specifically deliver it to the asialoglycoprotein receptor (ASGPR), which is expressed abundantly 

on hepatocytes and recognizes and internalizes galactosylated proteins 21,22. We designed this 

construct by coupling galactose-polyethylene glycol (gal-PEG) moieties to IFNα to enhance uptake 

in the hepatocytes. In the in vitro study, this modification of IFNα did not affect its biological 

activity and this construct had similar anti-angiogenic properties as native IFNα. In the current 
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study, we administered this construct, gal-PEG-IFNα (GPI), to mice with CCl4-induced liver 

fibrosis to evaluate its distribution in the liver in vivo and its effect on angiogenesis and fibrosis.  

 

2. MATERIALS AND METHODS 

2.1 Synthesis of gal-PEG-IFNα (GPI) 

IFNα (Jena Biosciences, Jena, Germany) was coupled to galactose-polyethyelene glycol-

succinimidyl carboxymethyl (galactose-PEG-SCM) ester (5 kDa, Jenkem Technology, Beijing, 

China) according to the procedure described in chapter 2.  

 

2.2 CCl4-exposed liver fibrosis mouse model  

Liver fibrosis was induced in six different groups of Balb/c mice (20-22g; Harlan). One group 

consisted of healthy mice (n=6) and the other five groups were exposed to CCl4 twice weekly by 

intra-peritoneal injections with increasing doses (week 1: 0.5 mL/kg; week 2: 0.8 mL/kg and week 

3-4: 1 mL/kg of a solution of 0.25 mL CCl4/mL olive oil, resulting in doses of 0.125, 0.2 and 0.25 

mL/kg respectively) for 4 weeks. In week 3 and 4, mice were treated intravenously with 100 µL 

phosphate-buffered saline (PBS) (n=5), IFNα 400 ng/mL/day (n=4), IFNα 2000 ng/mL/day 

(n=6), GPI 400 ng/day (n=5), and GPI 2000 ng/day (n=6) three times per week. The dose of GPI 

refers to the amount of IFNα in the construct. All groups were sacrificed at the end of week 4, 

blood and livers were collected for further analysis. To investigate the cellular distribution of IFNα 

and GPI in the liver, a single dose (100 µL) of 4000 ng/mL was injected intravenously 20 min 

before sacrifice. The experimental protocols were approved by the Animal Ethical Committee of 

the University of Groningen.   

 

2.3 Immunohistochemical staining 

To determine the distribution of IFNα and GPI and the protein expression of CD31 and collagen 

I, immunohistochemical staining was performed on cryostat liver sections (4 µm). Sections were 

fixed with acetone, rehydrated with PBS and incubated with the primary antibody in appropriate 

dilution, i.e rabbit polyclonal IFNα antibody (1:600, Thermo Scientific, Rockford, USA), rat 

monoclonal CD31 antibody (1:200, BD Pharmingen, San Jose, USA) or rabbit polyclonal collagen 

I antibody (1:50, Rockland, USA) for 1 h at room temperature. The sections were washed with 

PBS three times and further incubated with a horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:100, DAKO, Belgium), followed by HRP-conjugated tertiary antibody (1:100, DAKO, 

Belgium), each for 30min. Peroxidase activity was developed with ImmPACT™ NovaRED™ 

(Vector Laboratories, Burlingame, USA) for IFNα staining and 3-amino-9-ethyl carbazole (Sigma, 
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USA) for CD31 and collagen I staining. Subsequently, the nuclei were counterstained with 

haematoxylin (Fluka Chemie, Buchs, Switzerland). Staining quantification was performed on 

sections before counterstaining by using Aperio Imagescope (Positive Pixel Count Algorithm v9) 

and presented value is the ratio between the total area of CD31 or collagen I positive pixels (red) 

to the total area of pixels in percentage. 

Double staining was performed with red staining using NovaRed for IFNα staining to locate 

the injected compounds and blue staining using BCIP/NBT (Vector Laboratories, Burlingame, 

USA) for CD31 and goat polyclonal desmin antibody (1:100, Santa Cruz Buiotechnology, USA) to 

identify (myo)fibroblasts. 

 

2.4 Real-time quantitative RT-PCR  

The mRNA expression of angiogenesis and fibrosis markers in the mice liver was analyzed using 

real-time RT-PCR. Liver samples were snapped frozen and total RNA was isolated using the 

Maxwell® 16 LEV SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands). The amount of 

isolated RNA was measured with an ND-1000 spectrophotometer (Fisher Scientific, Landsmeer, 

the Netherlands). Reverse transcription of RNA to cDNA was performed using Reverse 

Transcription System (Promega, Leiden, The Netherlands) in the Eppendorf master cycler gradient 

at 20 °C for 10 min, 42 °C for 30 min, 20 °C for 12 min, 99 °C for 5 min and 20 °C for 5 min. The 

mRNA level of each marker was measured using the SYBR Green Mastermix (GC Biotech, Alphen 

aan de Rijn, The Netherlands) and the following primers (50 µM): 

 

Table 1. List of primers used in this study 

Gene Forward Reverse 
Procollagen 1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 
CD31 TCCCTGGGAGGTCGTCCAT GAACAAGGCAGCGGGGTTTA 
VEGF-A GTTCCCGAAACCCTGAGGAG CTGTGCAGGCTGCTGTAACG 
VEGFR2/KDR CAGGACTGAAAGCCCAGACTGT TCAGGCACAGACTCCTTCTCC 
b-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACC 

 

The PCR reaction was performed using a 7900HT Real Time PCR (Applied Biosystems) with 

1 cycle of 10 min at 95 °C and 40 cycles of 15 secs at 95 °C and 25 secs at 60 °C with a dissociation 

stage at the end (95 °, 15 secs; 60 °C, 15 secs; 95 °C, 15 secs). Ct values were corrected for the Ct 

values of the housekeeping gene b-actin.  The Ct value of b-actin was similar in all experimental 

groups. 
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2.5 ELISA 

Liver homogenates were prepared in cold RIPA buffer (10 mL of RIPA buffer containing 50 mM 

Tris/HCl pH 7.5,150 mM NaCl, 0.1% Igepal in 0.5% sodiumdeoxycholaat, 0.1% sodium dodecyl 

sulphate (SDS), and 1 tablet of protease inhibitor) and sonicated for 90 secs. The lysates were 

centrifuged at 12,000 rpm for 1 h at 4 °C. The supernatants were stored at -80 °C until use. Protein 

expression of VEGF-A in the liver was determined by using the Murine VEGF Mini ABTS ELISA 

Development Kit (Peprotech, London, UK) with a small modification. Instead of using 2,2'-

Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS) substrate provided by 

the kit, 3,3’,5,5’- Tetramethylbenzidine (TMB) substrate (R&D Systems, Minneapolis, USA) was 

used. Color development was monitored with an ELISA plate reader at 450 nm wavelength and 

correction set at 550 nm. The calculated concentrations of VEGF-A in the liver homogenates were 

normalized with the total protein content of the liver homogenate, which was measured using 

Lowry (BioRad, Veenendaal, The Netherlands). 

 

2.6 Western Blot 

Liver homogenates were prepared as described for the ELISA. Homogenates containing 500 µg 

of protein were mixed with an equal amount of loading buffer (62.5 mM Tris/HCl pH 6.8, 10% 

glycerol, 2 % SDS, 1.55% dithiothreitol and 0.0125% bromophenol blue) and boiled at 95 °C for 

5 min. From each sample, 100 µg of protein was applied on SDS-polyacrylamide gel (7.5%). The 

gel was run by applying 150 V and subsequently transferred to polyviniylidene fluoride (PVDF) 

membranes. The membranes were blocked for 1h in tris-buffered saline with 0.1 % Tween 20 

(TBST) containing 5% non-fat dried milk (BioRad, Veenendaal, The Netherlands) and were 

incubated with mouse monoclonal THBS-1 antibody (1:500, Thermo Fisher Scientific, Rockford, 

USA) or rabbit monoclonal VEGFR2 antibody (1:1000, Cell Signaling Technology, Danvers, USA) 

or mouse monoclonal b-actin antibody (1:10000, Sigma, Saint Louis, USA) overnight at 4 °C. The 

membranes were further washed with TBST and incubated for 1 h at room temperature with HRP-

conjugated secondary antibody (1:2000, DAKO, Belgium). The membranes were washed with 

TBST for 30 min and with tris-buffered saline (TBS) for another 30 min. The protein bands were 

visualized using VISIGLO™ HRP Chemiluminescent Substrate Kit (Amresco, Solon, USA). 

 

2.7 Statistics 

The results were analyzed with One Way ANOVA followed with Dunnett’s Multiple Comparison 

using GraphPad Prism 7. Data are presented as mean ± standard error mean (SEM). A p-value < 

0.05 was considered significant. 
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3. RESULTS 

CCl4 exposure for 4 weeks reduced the bodyweight of the mice and treatment with either IFNα or 

GPI did not alter this reduction (Fig. 1A). White blood cell counts were highly increased by CCl4- 

treatment and a significant reduction was observed in mice treated with the lower dose of GPI 

compared to untreated fibrotic mice, but not with the high dose of GPI and both doses of native 

IFNα (Fig. 1B). The level of aspartate aminotransferase (AST) and alanine transaminase (ALT) in 

the blood were used as an indicator of liver injury, and were both increased in response to CCl4. 

Mice treated with the lower dose of IFNα showed a higher AST level compared to untreated 

fibrotic mice (Fig. 1C). This effect, however, was not observed at the higher dose and no 

difference was observed in the ALT level in the mice treated with either IFNα or GPI (Fig. 1D). 

 
Fig. 1 Effects of IFNα and GPI on body weight and white blood cell count in control and CCl4-
exposed mice. Fibrosis induction with CCl4 for 4 weeks reduced mice body weight (A) and 
increased white blood cell (WBC) count (B). Neither IFNα nor GPI altered the body weight 
reduction, but treatment with 40 ng of GPI significantly decreased the WBC in CCl4-exposed mice. 
(C) Significant increase in liver enzyme aspartate aminotransferases (AST) was observed in mice 
treated with 40 ng of IFNα but no effect was observed on ALT level (D).   
*p<0.05 compared to PBS-treated CCl4 mice. Data are presented as means (±SEM). n=4-6  

 

Immunohistochemical staining of IFNα in fibrotic livers of mice treated with IFNα or GPI 

showed that there was no difference in the distribution of native IFNα and GPI (Fig. 2A and 2B 

respectively). The staining showed that the location of both compounds was not specific for one 

cell type, but IFNα staining was found in the endothelial cells of the portal veins, arteries and 
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central veins, and was most prominent in the fibrotic septa but absent in the bile ducts (Fig. 2A, 

B). The staining was not found in the livers of animals that did not receive IFNα or GPI (data not 

shown). Moreover, staining was also observed in hepatocytes as cytoplasmatic staining and in some 

areas, the basolateral membrane was positive (Fig. 2C). Double staining with CD31 as endothelial 

cell marker and with desmin as (myo)fibroblasts marker confirmed the co-localization of both 

compounds in the CD31 positive endothelial cells (Fig. 2D) and desmin positive (myo)fibroblasts 

(Fig. 2E).  

 

 
Fig. 2 Distribution of IFNα (A) and GPI (B) in the CCl4-exposed mice liver. The positive staining 
(red) shows the location of respectively IFNα and GPI. There was no difference in the distribution 
of both compounds, the staining was found in the endothelial cells of the portal vein (pv), artery 
(a), and central vein (cv), staining was prominent in the fibrotic septa (f) and absent in the bile 
ducts. The staining of GPI in the cytoplasm and basolateral membrane of the hepatocytes is 
indicated with the black arrow in (C). The red arrow in (D) shows the co-localization of the GPI 
(red) in CD31 positive cells (blue). While the blue arrow in (E) shows the co-localization of the 
GPI (red) in desmin positive cells (blue). Pictures in (C, D, E) are similar for IFNα (not shown) 
Scale bars = 300 µm (top figures) and 50 µm (bottom figures). 
 

CD31, the endothelial cell marker, was used as a surrogate marker for angiogenesis. In healthy 

mice, the CD31 staining was located on larger veins and arteries with faint staining along the 

sinusoids (Fig. 3A1). In CCl4-exposed mice, the CD31 protein expression was strongly increased 

and this CD31 staining was prominent in the fibrotic septa in addition to the vascular and 
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sinusoidal endothelial localization indicating angiogenesis (Fig. 3A2). VE-cadherin staining 

showed similar pattern to the CD31 staining in the liver of healthy and fibrotic mice (data not 

shown). Treatment of fibrotic mice with the lower dose of IFNα and GPI reduced the CD31 

protein expression (Fig. 3A3, 3A5, 3B), confirming the anti-angiogenic effect of IFNα but the 

higher dose of both compounds did not affect the CD31 protein expression significantly (Fig. 

3A4, 3A6, 3B). Remarkably, the CD31 mRNA expression was similar in control and fibrotic livers 

and no effect was observed in mice treated with either IFNα or GPI (Fig. 3C). 

 

 
Fig. 3 Effect of IFNα and GPI on the level of the endothelial cell marker (CD31) in CCl4-exposed 
mice. (A) In healthy controls, strong CD31 staining was observed in veins and arteries and faint 
staining was seen in the sinusoids (A1). A strong CD31 staining was visible in fibrotic septa (A2) 
in PBS-treated CCl4 mice in addition to the vascular and sinusoidal endothelial staining, which was 
suppressed by the low dose of both IFNα (A3) and GPI (A5) but not by the high dose (A4, A6). 
The results of the quantification CD31 protein expression are given in (B) as percentage of stained 
area.  Fibrosis induction with CCl4 did not alter the mRNA expression of CD31 (C) (mRNA levels 
of CD31 in all groups were normalized with b-actin as housekeeping gene). 
*p<0.05 compared to PBS-treated CCl4 mice. Data are presented as means (±SEM). n= 4-6 
Scale bars = 200 µm 

 

Our previous in vitro study showed the effects of IFNα and GPI on VEGF-A and THBS-1 in 

HepG2 cells. Both compounds showed anti-angiogenic effects by decreasing the protein 
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expression of the pro-angiogenic factor VEGF-A and increasing the expression of the anti-

angiogenic factor THBS-1. In contrast, in the fibrotic liver in vivo both compounds increased the 

pro-angiogenic VEGF-A protein expression without any effect on the mRNA expression (Fig. 

4A, 4B). In addition, the untreated CCl4-exposed mice showed a lower VEGF-A mRNA and 

protein expression (Fig. 4A, 4B) compared to the healthy controls. Moreover, the THBS-1 

expression was reduced in CCl4 treated animals compared to healthy animals, but was not affected 

by either IFNα or GPI at mRNA (data not shown) and protein level (Fig. 4C). 

 

 
Fig. 4 Effect of IFNα and GPI on the expression of angiogenic factors in CCl4-exposed mice. 
Fibrosis induction with CCl4 decreased the mRNA (A) and protein (B) expression levels of the 
pro-angiogenic factor VEGF-A in the liver. VEGF-A protein expression was determined with 
ELISA and expressed relative to the total protein in the liver. Treatment with 40 ng IFNα and GPI 
increased VEGF-A protein expression. (C) Western blot analysis of THBS-1 and VEGFR2; b-
actin was used as loading control. Along with a decreased VEGF-A expression in CCl4-exposed 
mice, the protein (D) and mRNA (E) expressions of its receptor (VEGFR2) were also decreased. 
Treatment with IFNα and GPI (40 ng) further reduced the VEGFR2 protein expression, but its 
mRNA expression remained unchanged.  
*p<0.05 compared to PBS-treated CCl4 mice. Data are presented as means (±SEM). n=4-6 
 

VEGF-A binds to VEGF receptor 1 and 2 (VEGFR1 and VEGFR2) but exerts its angiogenic 

effect only through VEGFR2 8,23,24. In the current study, fibrotic mice treated with the lower dose 
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of IFNα and GPI had lower protein expression of VEGFR2 compared to untreated fibrotic mice 

(Fig. 4C, D). This result is consistent with the effect of both IFNα and GPI at lower dose on 

CD31 and VEGF-A protein expressions. However, we did not observe any effect of the treatment 

on VEGFR2 expression at mRNA level (Fig. 4E).  

 

 
Fig. 5 Effects of IFNα and GPI on the levels of fibrosis in CCl4-exposed mice. Both IFNα and 
GPI did not affect the mRNA levels of procollagen 1α1 (C) and the protein levels of collagen I 
(D) in CCl4-exposed mice. (E) Photomicrographs of representative collagen I staining (red) in 
mice livers.  
*p<0.05 compared to PBS-treated CCl4 mice. Data are presented as means (±SEM). n=4-6 
Scale bars = 300 µm 
 

Lastly, we investigated the effect of IFNα and GPI on liver fibrogenesis. Both IFNα and GPI 

showed no effect on the mRNA expression of procollagen 1α1 and on the collagen I protein 

expression compared to untreated fibrotic mice (Fig. 5C, D, E). Similar results were obtained for 

the expression of alpha smooth muscle actin (data not shown). 
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4. DISCUSSION 

In this study, we aimed to target IFNα to the hepatocytes of mice with CCl4-induced liver fibrosis 

by coupling it to galactose-PEG. However, the in vivo results show that there was no difference in 

cellular distribution of IFNα and GPI in the liver. Both compounds showed binding to endothelial 

cells, (myo)fibroblasts and hepatocytes and no difference in the relative distribution among these 

cell types was observed between IFNα and GPI. The galactose ligand coupled to the IFNα was 

hypothesized to drive the GPI to the ASGPR expressed by hepatocytes. Both IFNα and GPI 

induced STAT1 phosphorylation in HepG2 cells, which in case of GPI could be inhibited by 

lactosylated HSA, suggesting the involvement of the ASGPR to the effect of GPI (chapter 2). In 

the current in vivo study, no such targeting to the ASGPR on hepatocytes could be observed from 

the immunohistochemical data.  

The lack of targeting of GPI to the hepatocytes in vivo might be due to the fact that binding of 

both IFNα and GPI to the IFNAR is much higher on the endothelial cells, (myo)fibroblasts and 

hepatocytes, than binding to the ASGPR. As a consequence, the binding to the ASGPR on the 

hepatocytes is negligible compared to the binding to the IFNAR.  IFNAR is a common receptor 

for type I interferons including IFNα and consists of two subunits, a low- (IFNAR1) and a high-

affinity (IFNAR2) receptor component 19,25. IFNAR1 and IFNAR2 form a heteromeric complex 

upon binding and activation by type I interferons 19,25. The distribution of IFNAR on hepatocytes 

has been previously reported 19,20. Although there has not been any study yet showing the 

distribution of IFNAR expression in the liver other than hepatocytes, the reported IFNAR 

expression in human umbilical vein endothelial cells 26 and cardiac fibroblasts 27 suggests that 

IFNAR might be also expressed by endothelial cells and fibroblasts in the liver. Indeed, our 

histochemical results for the first time indicate the binding of IFNα in vascular and sinusoidal 

endothelial cells, (myo)fibroblasts and hepatocytes of the fibrotic mouse liver, which is similar to 

that of GPI, suggesting the presence of IFNAR in these cells, thereby supporting our hypothesis 

on the lack of effect of targeting of IFNα.   

Another explanation is that GPI might bind to scavenger receptors expressed by endothelial 

cells 26,28, macrophages 28,29 and hepatic stellate cells 30. Binding of gal-PEG to IFNα increases its 

negative charge and it is known that negatively charged proteins are substrates for scavenger 

receptor-mediated internalization 28. This increased binding of GPI compared to IFNα to the 

scavenger receptor could have counteracted the binding to the ASGPR on the hepatocytes. 

However, we did not observe a difference in the binding of GPI and IFNα. Thus, we think that 

the scavenger receptor is less likely to influence the binding of GPI compared to the IFNAR. The 

third explanation is the internalization of GPI by ASGPR might degrade the compound, thereafter 
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cannot be detected by immunohistochemical staining. Whether the compound was rapidly 

internalized and degraded in hepatocytes remains to be tested. The ASGPR is still present on 

hepatocytes in fibrotic mice (data not shown). 

In order to test whether coupling to gal-PEG would reduce the systemic immunosupressive 

effect of IFNα, WBC count was assessed as an inflammation marker. The increased WBC count 

in the mice exposed to CCl4 indicates the inflammation that accompanies fibrosis. A decrease of 

WBC count was found in fibrotic mice treated with the lower dose of GPI, which might indicate 

less inflammation, although intrahepatic TNFα level was not reduced (data not shown). 

Nevertheless, a decrease of WBC count might also indicate IFNα-mediated bone marrow 

suppression 31,32, due to the presence of IFNAR in the bone marrow 33. However, the effect on the 

WBC count was not observed in mice treated with native IFNα. This might be due to the higher 

systemic exposure to GPI compared to IFNα, as it is well known that pegylation can cause 

prolongation of the half-life in the blood circulation, as was shown by Bansal et al. for IFNγ coupled 

to 5kD PEG 34. Of note, their results also showed that PEG-IFNγ decreased the WBC count and 

there was no difference in WBC count when IFNγ was coupled to PEG of different size. The 

result in our study showed that the conjugation of galactose to PEG apparently does not reduce 

the systemic effect of IFNα. 

To investigate the effect of GPI on angiogenesis, we used CD31 as marker for endothelial cells. 

Angiogenesis emerges in parallel with liver fibrogenesis 8-10. Indeed, immunohistochemical staining 

showed an increased CD31 protein expression that was observed in the sinusoids in the fibrotic 

septa in fibrotic mice. Surprisingly, in this experiment we did not observe a difference in CD31 

mRNA expression between healthy mice and CCl4-exposed mice, indicating upregulation at the 

posttranslational level. Treatment with the lower dose of IFNα and GPI reduced the CD31 protein 

expression significantly, indicating indeed an anti-angiogenic effect. The effect, however, was not 

observed with the higher dose of both IFNα and GPI. Such a U-shaped dose-response was also 

found in our in vitro study on the effect of IFNα and GPI using HepG2 cells and HUVEC. A U-

shaped dose response was also observed for the anti-angiogenic effects of IFNα in human bladder 

cancer 35. In addition, several other molecules, used for therapeutic targeting of angiogenesis in 

cancer, have been shown to display hormesis with bell-shaped, U-shaped or J-shaped dose-

response curves 36.  

VEGF-A is also well known as marker of angiogenesis because an increase in VEGF-A 

expression is correlated with the progression of angiogenesis 24,37. However, we observed a different 

result in our study. Compared to healthy mice, the mice that were exposed with CCl4 had a 

decreased VEGF-A expression in parallel with the increased CD31 protein expression. This 
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decrease of VEGF-A expression in fibrotic mice was also observed by Kantari-Mimoun et al., in 

mice that were exposed with CCl4 for 12 weeks. When the mice were left untreated for 4 weeks 

(recovery period), the VEGF-A expression increased again in parallel with a decrease of fibrosis 

markers 38,39.  

The increase of VEGF-A expression after treatment of fibrotic mice with free IFNα or GPI is 

inconsistent with the result from the findings with HepG2 cells in chapter 2, which showed a 

decrease of VEGF-A expression upon exposure to IFNα and GPI. This discrepancy between the 

results in HepG2 cells and in the fibrotic mouse livers could indicate a species difference. However, 

it is always difficult to extrapolate in vitro data in cell lines to the in vivo situation during disease 

progression. Moreover, we have strong indications that the effect of IFNα in the liver is an overall 

result of the effect in several different cell types in addition to that in hepatocytes. An anti-

angiogenic effect that is accompanied by an increased VEGF-A expression was also observed in a 

study using cilengitide, an inhibitor of integrin αvβ3 and αvβ5, to assess its anti-angiogenic effect 

in liver fibrosis. Cilengitide inhibited angiogenesis in bile duct ligation and thioacetamide-induced 

liver fibrosis in the rat but aggravated liver fibrogenesis 40. The increased VEGF-A expression along 

with decreased CD31 expression could indicate a feedback mechanism due to hypoxia. The lack 

of supplying blood vessels because of the angiogenesis inhibition can compromise oxygen delivery 

to the liver parenchyma 40. As a consequence, the expression of hypoxia-inducible proteins is 

increased, including the expression of VEGF-A 40. Interestingly, a decreased VEGFR2 expression 

was also observed after IFNα treatment. This decreased VEGFR2 expression might be the reason 

why the increased VEGF-A expression did not result in increased angiogenesis. In addition to 

VEGF-A, we also investigated the effect on THBS-1 to explain the anti-angiogenic effect observed 

in this study, but we did not find any difference in the expression of THBS-1 at mRNA and protein 

level. A possible explanation of the effect of IFNα and GPI on angiogenesis in our study is a direct 

effect on endothelial cells, assuming that IFNAR is present in these cells, which is supported by 

the immunohistochemical localization 19,25.  

Lastly, one of the aims of this study was to evaluate the role of angiogenesis in liver fibrosis. In 

this study, we did not observe any effect on the fibrosis markers upon angiogenesis inhibition. We 

are not the first to observe this. In the study conducted by Kantari-Mimoun et al., genetic ablation 

of VEGF in scar-infiltrating myeloid cells inhibited angiogenesis in 12-week CCl4-exposed mice 

but did not affect liver fibrogenesis 38. Although our immunohistochemical studies suggest that the 

IFNAR is expressed by the HSC, it seemed that treatment with IFNα or GPI did not influence the 

liver fibrogenesis. 
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In conclusion, we have successfully inhibited angiogenesis in CCl4-exposed mice with IFNα and 

GPI. However, since we did not observe a difference in the cellular distribution of both 

compounds in the fibrotic liver, we cannot conclude on the role of hepatocytes in this angiogenesis 

inhibition. In this study, we also did not observe an effect of IFNα on fibrogenesis, despite a 

decrease in angiogenesis, suggesting that angiogenesis has no direct role in fibrogenesis but may 

occur as the consequence of increased profibrotic factors that also have an angiogenic effect.  
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ABSTRACT 

Angiogenesis emerges in parallel with liver fibrogenesis. Vascular Endothelial Growth Factor A 

(VEGF-A) is a potent angiogenic factor but its effects in liver fibrosis are unclear. We aimed to 

investigate the role of VEGF-A in carbon tetrachloride (CCl4)-exposed mice in vivo and in 

precision-cut liver slices (PCLS) of mouse and human livers ex vivo. The correlations of fibrosis 

markers with the endothelial cell marker (CD31), VEGF-A and VEGF receptor 1 and 2 (VEGFR1 

and VEGFR2) were tested in CCl4-exposed mice with low (LF) and high (HF) degree of fibrosis. 

The mRNA expression of the aforementioned markers was also tested in human and mouse PCLS 

exposed to VEGF-A. In LF and HF mice, an increased CD31 protein expression was located 

predominantly in the fibrotic scars and a decreased VEGF-A expression was observed in HF mice. 

In mouse PCLS, VEGF-A enhanced the expression of CD31, VEGFR1 and VEGFR2 significantly 

but had no effect on fibrosis. In human PCLS, however, an increased procollagen 1α1 and 

VEGFR1 expression levels were observed in slices exposed to VEGF-A. In vivo results showed a 

strong induction of fibrosis-associated angiogenesis, but the negative correlation between VEGF-

A expression and fibrosis markers suggests that VEGF-A does not enhance fibrosis. This was 

confirmed by ex vivo results in mouse PCLS showing that VEGF-A increased angiogenesis but had 

no effect on fibrogenesis in the mouse. In human PCLS, fibrosis and angiogenesis were affected 

by different concentrations of VEGF-A than in mouse PCLS, reflecting species differences.  
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1. INTRODUCTION 

Hepatic fibrogenesis is characterized by chronic inflammation and changes in extracellular matrix 

composition with a shift to an interstitial matrix-type-containing fibril-forming collagen 1,2. 

Angiogenesis has become a salient part in the study of liver fibrosis since it has been shown that 

angiogenesis emerges in parallel with hepatic fibrogenesis 1,3-7. Structural and anatomical changes 

in the liver fibrogenesis have been proposed as one of the factors that affect liver perfusion and 

compromise oxygen supply 2,8. In addition, the involvement of activated hepatic stellate cells 

(HSC), endothelial dysfunction and inflammatory cells was hypothesized to relate with the 

production of pro-angiogenic factors and the creation of a supporting environment for 

neovascularization 2,8,9. 

To date, the impact of angiogenesis in liver fibrosis is still a contentious concern. In most 

studies, angiogenesis is conceived to promote fibrosis, based on the observations that it occurs 

simultaneously with fibrosis 5,6,8 and inhibition of angiogenesis attenuates the development of liver 

fibrosis 10-14. Nevertheless, other studies show that angiogenesis inhibition eventually aggravates 

liver fibrosis and decelerates fibrosis resolution 6,15,16. Angiogenesis is tightly controlled by the 

balance of pro- and anti-angiogenic factors. Most angiogenic factors have been characterized in 

the pathogenesis of tumor formation and some have been investigated for their involvement in 

liver fibrosis, including vascular endothelial growth factor (VEGF) 1,3,16,17. It is generally known that 

VEGF is one of the most potent pro-angiogenic factors 18. The VEGF family consists of five 

homologues i.e. VEGF-A, -B, -C, -D and placental growth factor (PIGF) that bind with different 

affinities to their receptors, i.e. VEGFR1, VEGFR2, and VEGFR3; of which only the first two are 

involved in angiogenic signal transduction 8. VEGF-A is an indispensable factor in the induction 

of angiogenesis and vasculogenesis. It enhances endothelial cell proliferation, promotes vessel 

sprouting and branching and increases microvessel permeability 19. In the liver, VEGFR1 and 

VEGFR2 are expressed on endothelial cells and on HSC 20,21, but their effects on fibrogenesis are 

unclear. VEGF-A exerts its effects through binding to VEGFR2, but the signaling transduction 

after VEGFR1 binding remains controversial. In endothelial cells, VEGFR1 was hypothesized to 

act as decoy receptor that has no direct signaling output, but rather affects VEGFR2 signaling 8,22-

24. In HSC, however, VEGFR1 may exert other effects. An increased VEGFR1 expression was 

observed in activated rat HSC, while VEGFR2 expression was diminished. VEGF treatment in 

these activated rat HSC decreased alpha smooth muscle actin (α-SMA) expression through the 

stimulation on signal transduction of PI3K/Akt via VEGFR1 25,26. 

Since VEGF-A is a potent angiogenic activators, an increased VEGF-A expression in the 

fibrotic liver is expected 1,3. Nevertheless, recent studies showed that VEGF-A is decreased in 
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fibrogenesis and re-augments during fibrosis resolution 6,14. To study the role of VEGF-A in 

fibrosis, we analyzed the expression of fibrosis markers, endothelial cell marker (CD31) as a 

surrogate marker for angiogenesis, VEGF-A and VEGF-receptor expression (VEGFR1 and 

VEGFR2) in CCl4-exposed mice with low and high degree of fibrosis. To investigate the direct 

effects of VEGF-A, we also evaluated its effect in an ex vivo model of fibrosis. Precision-cut liver 

slices (PCLS) of mouse and human livers were used as fibrosis model 27-31. A prolonged incubation 

for 48 h has been shown to increase the expression of several fibrosis markers including 

procollagen 1α1, in particular the onset of liver fibrosis can be studied in this model 27. This is the 

first study using human and mouse PCLS to investigate fibrosis-associated liver angiogenesis, 

allowing us to untangle angiogenic and fibrotic processes. 

 

2. MATERIALS AND METHODS 

2.1 In vivo experiment 

The in vivo liver fibrosis experiment was done in three different groups of Balb/c mice (20-22 g; 

Harlan), i.e. healthy control (N=6), low (N=5) and high (N=5) degree fibrosis-induced mice with 

6 weeks and 8 weeks of CCl4 respectively. CCl4 was given twice weekly by intra-peritoneal injections 

with increasing doses (week 1: 0.5 mL/kg; week 2: 0.8 mL/kg and week 3-8: 1 mL/kg of a solution 

of 0.25 mL CCl4/mL olive oil). The Animal Ethical Committee of the University of Groningen 

has approved the experimental protocols. 

 

2.2 PCLS experiments 

Healthy livers were obtained from C57BL/6 mice (N=6) and human (N=8; consisting of multi-

organ human donors remaining as surgical waste after split liver transplantation (n=5), cardiac 

death donors (n=2), and from a patient after partial hepatectomy because of liver metastasis of 

colorectal carcinoma (n=1)) as described in previous studies 31,32. The sample size was calculated 

with GPower 3.1 (F tests: ANOVA repeated measures, within factors; α= 0.05; power= 90%; 

effect size was obtained from pilot experiments, for mouse= 1.98; for human= 1.53). PCLS were 

prepared in ice-cold Krebs-Henseleit buffer supplemented with 25 mM D-glucose (Merck, 

Darmstadt, Germany), 25 mM NaHCO3 (Merck, Darmstadt, Germany), 10 mM HEPES (MP 

Biomedicals, Aurora, OH, US0041) and saturated with carbogen (95% O2/5% CO2) using the 

Krumdieck tissue slicer 33. PCLS with a diameter of 5 mm and a thickness of 250 µm were incubated 

individually in 1.3 mL of Williams Medium E (with ι-glutamine, Invitrogen, Paisley, Scotland) 

supplemented with 25 mM glucose and 50 µg/mL gentamycin (Invitrogen, Paisley, Scotland) at 37 

°C and under continues supply of 80% O2/5% CO2 in 12-well plates while gently shaken.  
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After 1 h of pre-incubation, the slices were transferred to fresh medium and further incubated 

for 24 and 48 h with or without 1, 10, and 100ng/mL VEGF-A (Recombinant Murine VEGF-A 

and Recombinant Human VEGF-A, Peprotech, USA).  

 

2.3 mRNA expression 

The effects of VEGF-A on fibrosis and angiogenesis were determined by mRNA expression of 

specific markers using Real Time RT-PCR. Liver samples from healthy and CCl4-exposed mice and 

pooled samples of three slices were snap frozen and total RNA was isolated using a Maxwell® 16 

LEV SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands). The amount of isolated RNA 

was measured with ND-1000 spectrophotometer (Fisher Scientific, Landsmeer, The Netherlands). 

Reverse transcription of RNA to cDNA was performed with 2 µg RNA using Reverse 

Transcription System (Promega, Leiden, The Netherlands). The reaction was performed in the 

Eppendorf master cycler gradient at 20 °C for 10 min, 42 °C for 30 min, 20 °C for 12 min, 99 °C 

for 5 min and 20 °C for 5 min. The mRNA expression of each marker was determined using SYBR 

Green Mastermix (GC Biotech, Alphen aan de Rijn, The Netherlands).  List of primers used in this 

study are shown in Supporting Table 1. 

 

2.4 Immunohistochemical staining 

Immunohistochemical staining was performed on cryostat sections (4 µm) of liver tissue obtained 

from the in vivo experiment. The sections were dried and fixed with acetone and then rehydrated 

with PBS and incubated with the primary antibody, i.e. anti-CD31 rat monoclonal antibody (1:200, 

BD Pharmingen, San Jose, USA) for 60 min. Sections were further incubated with a secondary 

HRP-coupled anti-rat IgG antibody (1:100, DAKO, Belgium) and followed by a tertiary HRP-

coupled anti-rabbit IgG antibody (1:100, DAKO, Belgium), each for 30 min. Peroxidase activity 

was developed with 3-amino-9-ethyl carbazole (Sigma, USA) for 20 min and nuclei were 

counterstained with haematoxylin (Fluka Chemie, Buchs, Switzerland)  34. α-SMA staining was 

performed using M.O.M kit (Vector laboratories, Burlingame, CA) with anti-α-SMA mouse 

monoclonal antibody (1:600, Sigma, USA) as per manufacturer’s instructions. Staining 

quantification was performed on sections before counterstaining by using Aperio Imagescope 

(Positive Pixel Count Algorithm v9) and presented value is the ratio between the total area of CD31 

or α-SMA positive pixels (red) to the total area of pixels in percentage. 
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2.5 Immunofluorescence staining 

Immunofluorescence staining was performed on cryostat sections (4 µm) of liver tissue obtained 

from the in vivo experiment. The sections were dried and fixed with formaldehyde solution 4% 

(Klinipath, Deventer, The Netherlands) for 15 min at room temperature. Permeabilization was 

carried out with Triton X-100 0.2% for 15 min. Sections were subsequently incubated with the 

primary antibody, i.e. anti-VEGFR1 rabbit monoclonal antibody (1:50; Abcam, UK) or anti-

VEGFR2 rabbit monoclonal antibody (1:200; Cell Signaling Technology, USA) for 90 min. 

Sections were further incubated with goat anti-rabbit Alexa 488 (1:100; Invitrogen, Paisley, 

Scotland) for 60min. To reduce the auto-fluorescence background, sections were incubated with 

Sudan Black B 0.1 % (Sigma-Aldrich) for 20 min and washed with PBS 35.  The nuclei of the cells 

were stained with DAPI (Sigma-Aldrich, USA) for 10 min and were mounted with Mowiol (Sigma) 

on the glass slide.  

 

2.6 Statistical analysis 

A minimum of three different mice and human livers were used for each experiment. In the slice 

experiments, three slices per treatment were used from each liver. The results were analyzed with 

One Way ANOVA (in vivo) and Repeated Measures ANOVA (ex vivo), both were followed with 

Bonferroni’s Multiple Comparisons using GraphPad Prism 7. Data are expressed as mean ± SEM. 

A p-value < 0.05 was considered significant.  

 

3. RESULTS 

3.1 VEGF-A negatively correlates with fibrogenesis in CCl4-exposed mice 

In low degree fibrotic mice (LF), CCl4 exposure for 6 weeks increased procollagen 1α1 and desmin, 

but not α-SMA mRNA expression (Fig. 1a, b, c). The continuation of CCl4 treatment increased 

all three markers and resulted in a high degree of fibrosis (HF). α-SMA protein expression was 

significantly increased in LF mice (Fig. 1d, e). Moreover, positive α-SMA staining was clearly seen 

along the fibrotic septa in the HF mice (Fig. 1e). 

  



 

THE EFFECTS OF VEGF-A ON FIBROSIS-ASSOCIATED ANGIOGENESIS 
 
 

 
 

71 

4 

 
Fig. 1 Levels of fibrosis markers in healthy and CCl4-exposed mice with low (LF) and high (HF) 
degree of fibrosis. Graphs depict quantification of mRNA levels for procollagen 1a1 (a), desmin 
(b), and a-SMA (c) as fold over control (healthy mice). (d) Percentage of stained area was 
determined by quantitative analysis of a-SMA staining. (e) Photomicrographs of representative a-
SMA staining (red) in healthy and fibrotic mouse livers; PV= portal vein and F= fibrotic area.   
*p<0.05; **p<0.01; ***p< 0.001; ****p<0.0001 
Data are presented as means (± SEM). Scale bars = 200 µm. 
 

In LF and HF mice, CD31 mRNA expression was not altered (Fig. 2a), but increased at protein 

level (Fig. 2b). In healthy mice, a strong CD31 staining was found along arteries and larger veins, 

whereas faint staining was seen along the sinusoids (Fig. 2c). The CD31 expression in LF and HF 

mice was most prominent in the fibrotic septa but was also present in arteries, veins and sinusoids 

(Fig. 2c).  
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Fig. 2 Levels of the endothelial cell marker CD31 in healthy and CCl4-exposed mice with low (LF) 
and high (HF) degree of fibrosis. (a) Graphs depict quantification of mRNA levels for CD31 as 
fold over control (healthy mice). (b) Percentage of stained area was determined by quantitative 
analysis of CD31 staining. (c) Photomicrographs of representative CD31 staining (red) on healthy 
and fibrotic mice livers; PV= portal vein, A= artery F= fibrotic area. (d) mRNA levels of VEGF-
A as fold over control (healthy mice). 
*p<0.05; **p<0.01; ***p< 0.001 
Data are presented as means (± SEM). Scale bars = 200 µm. 
 

In HF mice, a significant reduction in VEGF-A mRNA expression was seen (Fig. 2d). We 

subsequently investigated the correlation between VEGF-A mRNA expression and the expression 

of procollagen 1α1, α-SMA, and CD31 using the data of all experimental groups (Table 1). 

Although VEGF-A has angiogenic properties, its expression in the fibrotic livers did not correlate 

with either CD31 mRNA (Table 1) or protein expression (data not shown). In contrast, VEGF-

A mRNA expression was negatively correlated with procollagen 1α1 and α-SMA mRNA 

expression (Table 1; Supporting Fig. S2).   
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Table 1. Correlation between mRNA expression levels of the different markers 

 Procollagen 1α1 α-SMA CD31 VEGF-A VEGFR1 VEGFR2 
Procollagen 1α1  0.856**** 0.087 -0.651** -0.445 -0.751*** 

α-SMA   0.065 -0.735** -0.555* -0.743*** 
CD31    0.217 0.061 0.126 

VEGF-A     0.409 0.629** 
VEGFR1      0.762*** 
VEGFR2       

Correlation coefficient was calculated by using Pearson’s correlation method based on the fold 
induction of the gene of interest as compared to control (healthy mice); *p<0.05; **p<0.01; ***p< 
0.001; ****p<0.0001.  
 

3.2 mRNA and protein expression of VEGFR2 and VEGFR1 in LF and HF mice 

A significant decrease of VEGFR1 and VEGFR2 expression was observed in HF mice, whereas 

in LF mice both VEGFR1 and VEGFR2 expression remained unaltered (Fig. 3a, b). In this study, 

we found a strong correlation of VEGF-A and VEGFR2 expression (Table 1). Furthermore, we 

observed a significant negative correlation between VEGFR2 expression and the expression of 

fibrosis markers (Table 1, Supporting Fig. S2). At protein level, a positive staining of VEGFR1 

was observed along the sinusoids in healthy mice, while VEGFR2 staining was observed on 

sinusoids and Kupffer cells.  In LF and HF mice, VEGFR1 and VEGFR2 staining was also 

observed in myofibroblasts in the fibrotic area. In the healthy areas of LF and HF mouse livers, 

VEGFR2 expression was decreased compared to healthy mice, while the VEGFR1 expression 

remained unaltered (Fig. 3c). 
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Fig. 3 VEGFR1 (a) and VEGFR2 (b) mRNA levels in healthy and CCl4-exposed mice with low 
(LF) and high (HF) degree of fibrosis are presented in graphs as fold of control (healthy mice). (c) 
Photomicrographs of immunofluorescence staining on VEGFR1 and VEGFR2 in healthy, LF and 
HF mice. Blue (DAPI) and green (VEGFR1/VEGFR2); F: fibrotic area; PV: portal vein; CV: 
central vein.     
*p<0.05; **p<0.01; ***p< 0.001; ****p<0.0001.  
Data are presented as means (± SEM). Scale bars = 100 µm. 
 

3.3 The effects of VEGF-A in mouse PCLS 

In accordance with the in vivo situation, an increased (1.8 fold) CD31 expression in parallel with 

fibrosis markers was observed in mouse PCLS after 48 h of incubation (Fig. 4a). In contrast, 

VEGFR1 and VEGFR2 were both decreased after 48 h and no significant difference was observed 

in VEGF-A expression (Fig. 4b). Treatment with VEGF-A had no significant effect on 

procollagen 1α1 or α-SMA (Fig. 4c). However, VEGF-A caused a significant increase in CD31 

expression when the PCLS were treated with 10 and 100 ng/mL VEGF-A (Fig. 4c), accompanied 

by a significant increase in the expression of both VEGFR1 and VEGFR2 (Fig. 4d). 
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Fig. 4 mRNA expression levels of endothelial cell, angiogenesis and fibrosis markers in the 48 h 
incubation of mouse PCLS. Quantification of mRNA expression of fibrosis markers (procollagen 
1a1 and a-SMA) and endothelial cell marker (CD31) (a), and angiogenesis marker VEGF-A and 
its receptors (VEGFR1 and VEGFR2) (b) after 24 h and 48 h incubations are presented in graphs 
as fold of 0h control. The effects of VEGF-A on the aforementioned genes are presented in (c 
and d) as fold of 48 h control.  *,#p<0.05; **,##p<0.01; ***,###p< 0.001; ****p<0.0001. 
*: compared to 0 h control; #: compared to 24 h incubation  
Data are presented as means (± SEM). 
 

3.4 The effects of VEGF-A in human PCLS  

An 8.8-fold (compared to the 0-hour control) increased CD31 expression was observed in 48h-

incubated human PCLS, which was higher than the increase in mouse PCLS (1.8 fold) (Fig. 4a, 

5a). Unlike in mouse, in human PCLS, both VEGFR1 and VEGFR2 mRNA levels were 

significantly increased after 48h (Fig. 5b). A small increase in procollagen 1α1 expression was 

observed in human PCLS exposed to VEGF-A 1 ng/mL and there was no significant change in 

CD31 expression of PCLS treated with VEGF-A (Fig. 5c). VEGF-stimulation increased the 

expression of VEGFR1 in a dose-dependent manner without any change in the expression of 

VEGFR2 (Fig. 5d). Although CD31 mRNA expression was not altered by VEGF-A treatment, 

five out of eight human PCLS showed increased CD31 and VEGFR1 expression after treatment 

with 10 and 100 ng/mL VEGF-A (Fig. 5e, f).  
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Fig. 5 mRNA expression levels of endothelial, angiogenesis and fibrosis markers in the 48 h 
incubation of human PCLS. Quantification of mRNA expression of fibrosis markers (procollagen 
1a1 and a-SMA) and endothelial cell marker (CD31) (a), and angiogenesis marker VEGF-A and 
its receptors (VEGFR1 and VEGFR2) (b) after 24 h and 48 h incubations are presented in graphs 
as fold of 0h control. The effects of VEGF-A on the aforementioned genes are presented in (c 
and d) as fold of 48 h control. Graphs e and f show the effects of VEGF-A on CD31 and VEGFR1 
mRNA expression relative to the untreated slices in the individual human PCLS, respectively.   
*,#p<0.05; **,##p<0.01; ***,###p< 0.001; ****,####p<0.0001. 
*: compared to 0 h control; #: compared to 24 h incubation  
Data are presented as means (± SEM). 
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4. DISCUSSION 

The results in this study indicate that the pro-angiogenic factor VEGF-A does not directly affect 

fibrogenesis despite the fact that HSC express VEGF receptors. Some studies in mice have shown 

that fibrogenesis is accompanied by an increased VEGF-A expression, paralleled by angiogenesis 
1,3,11. However, other studies showed that VEGF-A protein and mRNA expression are decreased 

in experimental fibrosis in mice 6,14. In line with the former, studies that targeted the 

VEGF/VEGFR2 pathway using VEGFR tyrosine kinase inhibitors showed decreased fibrosis 11,12. 

Nevertheless, a recent study showed that 12-week-CCl4 treated mice failed to recover during a 4-

week recovery period when VEGFR2 signaling was inhibited 6. In our study, a decrease in VEGF-

A expression was observed along with an increase in fibrosis. HF mice showed significantly lower 

expression of VEGF-A compared to healthy mice. This decrease, however, was not observed in 

LF mice, indicating that VEGF-A might have a transient role in this chronic fibrosis model. When 

the data of all individual livers of the three treatment groups were taken together, the VEGF-A 

expression showed a significant negative correlation with the fibrosis markers. Although this does 

not portray a causal relation between these two parameters, it appeared that the severity of liver 

fibrosis is inversely related to VEGF-A expression. 

In this study, we aimed to unravel the direct effect of VEGF-A on liver fibrogenesis using PCLS 

as a model by exposing the slices to VEGF-A. During incubation for 48 h in the absence of VEGF-

A, the CD31 expression increased significantly in parallel with the increase in the fibrosis markers, 

similar to the in vivo situation. The VEGF-A expression, however, remained unchanged and the 

decreased expression of VEGFR2 that we observed in the CCl4-exposed mice, also occurred in 

this model, implying the applicability of this model to investigate angiogenesis in the fibrotic liver. 

Treatment of PCLS with VEGF-A increased the CD31 expression, but did not affect procollagen 

1α1 and α-SMA expression. Thus, although it is known that HSC express VEGF receptor 1 and 2, 

VEGF-A does not seem to have a direct effect on fibrogenesis. This supports the finding by 

Kantari-Mimoun et al. showing that genetic ablation of VEGF in CCl4-exposed mice did not affect 

fibrogenesis although it reduced angiogenesis 6. 

In human PCLS, we also observed an increased CD31 expression during control incubation for 

48 h. In contrast to what occurred in mouse PCLS, VEGFR1 and VEGFR2 increased significantly 

after 48 h incubation of human PCLS. The increased expression of these receptors is consistent 

with previous reports in cirrhotic patients 6,36. This indicates that the intertwined processes of 

angiogenesis and fibrosis are not identical in mouse and man and highlight the importance of using 

human tissue to unravel the pathogenesis of fibrosis. In order to investigate the role of VEGF-A 

in the human liver, we exposed healthy human PCLS to VEGF-A. We observed in five out of eight 
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human PCLS an enhanced CD31 and also VEGFR1 expression when treated with 10 and 100 

ng/mL VEGF-A. In the other three liver samples, in which VEGFR1 expression was not 

stimulated by VEGF-A, also the CD31 expression was not altered. Although the VEGFR1 and 

the CD31 expression were not significantly correlated (results not shown), the non-responsive 

VEGF-A treated slices had the highest pre-incubation VEGFR1 expression level compared to the 

responsive ones (Supporting Table 2). It could be speculated that, since the basal expression was 

already high, the stimulation with VEGF-A might not further increase the VEGFR1 and the CD31 

expression.  

Interestingly, we observed an increased procollagen 1α1 expression in human slices exposed to 

the low VEGF-A concentration. Some in vitro studies have shown a direct effect of VEGF-A on 

proliferation, migration and transformation of human HSC but not on the procollagen 1α1 

expression 14,21. The increased VEGFR1 seen in human PCLS at higher VEGF-A concentrations 

may have acted as decoy receptor 22-24, thus attenuating the VEGF-A effects in this PCLS. Activated 

HSC have higher VEGFR1 expression compared to the quiescent ones 25,26. So, if VEGF-A 

activates HSC and VEGFR1 acts as decoy receptor, the effects of VEGF-A on HSC are transient. 

Further studies are warranted to explore the role of VEGFR1 during fibrogenesis. 

The increased VEGFR2 expression as observed in mouse PCLS was not observed in human 

PCLS treated with VEGF-A. The correlation of the expression data in CCl4-exposed mice 

represented in Table 1 suggests that in the mouse, VEGFR2 has a more important role than 

VEGFR1. VEGFR1, however, is known to be a decoy receptor that can sequester VEGF 22-24. 

Some reports suggest that VEGFR1 might protect the liver from CCl4-exposed injury without 

affecting angiogenesis 37. The exact role of VEGFR1 and VEGFR2 in liver fibrosis is yet to be 

resolved. 

In conclusion, this study shows that the potent pro-angiogenic factor VEGF-A has no direct 

effect on fibrogenesis. Angiogenesis is a prominent feature during liver fibrosis, but neither in vivo 

correlation studies in mice nor ex vivo studies in mouse and human tissue show a direct effect of 

VEGF-A on fibrogenesis. Our studies do show significant alterations in VEGF-A expression 

during liver fibrosis and changes in CD31, VEGFR1 and VEGFR2 expression induced by VEGF-

A. This implies a well-regulated homeostatic response that needs further investigation.  Our 

findings support the study of Kantari-Mimoun et al. and Yang et al. who concluded that VEGF-A 

involvement in fibrosis was not due to direct effects on fibrogenic cells, but on the infiltration of 

pro-fibrotic immune cells 6,16. Since blood cells are not present in our ex vivo model, the effect of 

immune cells infiltration is not included in our PCLS studies. However, by combining in vivo data 

in mice with ex vivo results in liver slices obtained from mice and human tissue, important insights 
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into the intertwined processes of angiogenesis and fibrosis and species differences therein can be 

obtained. 
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 SUPPORTING INFORMATION 

 

METHOD 

Viability 

ATP level was used to assess the viability of the slices. After the incubation, the slices were 

transferred to a 1 mL sonication solution, containing 70% ethanol and 2 mM EDTA, and snap-

frozen in liquid nitrogen and stored at -80 °C. ATP was measured in the supernatant of samples 

homogenized in a minibead beater for 45s and centrifuged at 4°C and 13,000 rpm for 5 min, using 

the ATP bioluminescence kit (Roche diagnostics, Mannheim, Germany). ATP values (pmol) were 

normalized to the total protein content (µg) of the slice estimated by Lowry (Bio Rad, Veenendaal, 

The Netherlands).  

 

TABLES 

Supporting Table 1. Primers used in this study 
Species Gene Forward Reverse 
Mouse Procollagen 1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCT 
 α-SMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAA 
 Desmin ATGCAGCCACTCTAGCTCGT CTCATACTGAGCCCGGATGT 
 CD31 TCCCTGGGAGGTCGTCCAT GAACAAGGCAGCGGGGTTTA 
 VEGF-A GTTCCCGAAACCCTGAGGAG CTGTGCAGGCTGCTGTAACG 
 VEGFR1/Flt-1 CTGAAGCGGTCTTCTTCCGA TGCAGAGGCTTGAACGACTT 
 VEGFR2/KDR CAGGACTGAAAGCCCAGACTGT TCAGGCACAGACTCCTTCTCC 
 b-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACC 
 GAPDH ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTG 
Human Procollagen 1α1 GTACTGGATTGACCCCAACC CGCCATACTCGAACTGGAAT 
 α-SMA CCCCATCTATGAGGGCTATG CAGTGGCCATCTCATTTTCA      
 CD31 TTTCTGCTTTTCACAGGGCG GAGTTTTCTTGACCCTCAAGGC 
 VEGF-A GGGAGCTTCAGGACATTGCT ATGGGCTGCTTCTTCCAACA 
 VEGFR1/Flt-1 ACCTCACTGTTCAAGGAACCTC CGCTCACACTGCTCATCCAA 
 VEGFR2/KDR CGGTCAACAAAGTCGGGAGA TCCCACATGGATTGGCAGAG 
 GAPDH ACCCAGAAGACTGTGGATGG TCTAGACGGCAGGTCAGGTC 
 

Supporting Table 2. VEGFR1 mRNA expression relative to GAPDH in pre-incubated human 
PCLS (sorted from highest to lowest VEGFR1 mRNA expression relative value)  

Sample VEGFR1 mRNA expression 
(relative to GAPDH) 

Liver 2 0.159 
Liver 5 0.117 
Liver 7 0.067 
Liver 8 0.065 
Liver 1 0.056 
Liver 3 0.054 
Liver 4 0.027 
Liver 6 0.024 
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FIGURES 

 
Supporting Fig. S1 The viability of mouse (a) and human (b) PCLS were not altered by VEGF-
A treatment. The determination of viability was carried out by measuring ATP in the PCLS. Three 
slices per treatment were measured individually and presented as the average of pmol ATP per µg 
total protein in each experiment. 
*p<0.05; **p<0.01; ***p< 0.001; ****p<0.0001. Data are means (SEM)  
 

 
Supporting Fig. S2 Correlation between mRNA expression of VEGF-A, VEGFR-2 and fibrosis 
markers (procollagen 1α1 and α-SMA) in LF and HF mice 
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ABSTRACT 

Liver fibrosis is typically featured with angiogenesis. One of the challenges in studies on 

angiogenesis in liver fibrosis is the lack of suitable in vitro assays as the currently available assays 

were developed to study angiogenesis in tumors. Therefore, we aimed to develop a specific ex vivo 

assay for fibrosis-associated angiogenesis using a fibrosis model of rat precision-cut liver slices 

(PCLS). As a first step, to evaluate angiogenesis in the early onset of fibrosis, PCLS were incubated 

for 48 h and the mRNA expression levels of CD31 and procollagen 1α1 were measured. 

Angiogenesis was stimulated with vascular endothelial growth factor (VEGF-A) and inhibited with 

sunitinib to verify the model. An increased CD31 mRNA expression was observed in PCLS 

exposed to VEGF-A, while sunitinib decreased CD31 and procollagen 1α1 mRNA expression. 

Secondly, to determine the formation of new intrahepatic blood vessels, PCLS were incubated for 

five days in two different media, i.e. RegeneMed® (Reg) and Williams’ Medium E (WME) and the 

CD31 protein expression was determined using immunofluorescence staining. An increased CD31 

expression in Reg-incubated PCLS was observed after five days, while the expression in WME 

remained unchanged. Thirdly, a three-dimensional angiogenesis assay was developed by embedding 

PCLS in a collagen matrix and analyzing the outgrowth of cells from the tissue. Outgrowth of cells 

was observed after five days of culture in WME resulting in tubular structures, which were CD31 

positive. In conclusion, we have developed a new model to evaluate liver-specific angiogenesis in 

an ex vivo model of fibrosis. The response of the model towards pro- and anti-angiogenic factors, 

the parallel increase in angiogenesis along with the fibrosis, and the evidence of microvessel 

sprouting indicate that this model can be used to investigate fibrosis-associated angiogenesis. 
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1. INTRODUCTION 

Liver fibrosis is a reversible wound healing process which is characterized by the scarring of the 

liver due to the excessive accumulation of extracellular matrix proteins, predominantly collagen 1,2. 

Besides an increased collagen deposition, liver fibrosis is characterized by the formation of new 

blood vessels also known as angiogenesis 2-4. Hypoxia and inflammation have been postulated as 

major inducers of angiogenesis 2,4,5. In addition, the increased expression of some cytokines and 

growth factors during wound healing in liver fibrogenesis also affects the proliferation of 

endothelial cells which is a fundamental step in angiogenesis 2,6,7. Although angiogenesis is crucial 

for tissue growth and development, it is still unclear whether fibrosis-associated angiogenesis 

contributes to the progression of the disease or promotes tissue repair 6,8-14. Some studies 

demonstrated that inhibition of angiogenesis attenuated the development of liver fibrosis 8-12. In 

contrast, other studies showed that angiogenesis inhibition aggravated liver fibrosis and decelerated 

fibrosis resolution 6,13,14. 

Further definition of the role of angiogenesis in liver fibrosis and vice versa would benefit from 

a model that can reflect both processes. Although there are a number of in vitro and in vivo assays 

available to study angiogenesis, these assays have several limitations that hamper their applicability 

in liver fibrosis-associated angiogenesis studies. The main limitation of these in vitro assays is that 

they do not reflect the distinctive features of hepatic angiogenesis that are substantially different 

from homologue processes in other organs or tissues 4. One of the unique features of the liver is 

the presence of two different microvascular structures, i.e. sinusoids lined by fenestrated 

endothelium versus large vessels lined by a continuous one 4. This is why hepatic angiogenesis 

cannot be simply evaluated with a tube formation assay using human umbilical vein endothelial 

cells (HUVEC), because HUVEC are isolated from macrovasculature 15. Another feature of 

fibrosis-associated hepatic angiogenesis is the possible role of hepatic stellate cells (HSC) and other 

liver myofibroblasts (MF) as the key players in liver fibrogenesis 4. These cells produce several 

growth factors that also stimulate angiogenesis, for instance vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), etc. 4. This implies that to study the role of 

angiogenesis in liver fibrosis ideally, a liver model should contain the liver microvasculatures and 

at the same time provide a fibrotic milieu. In vivo assays provide the information of the integrated 

processes involved in angiogenesis. However, the interpretation of in vivo experiment is generally 

complex, and the experiment is relatively expensive because it often requires large number of 

animals and it can cause significant discomfort to the animals.  

In order to overcome the drawbacks of the currently available angiogenesis assays, we explored 

the possibility of using precision-cut liver slices (PCLS) to investigate fibrosis-associated 
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angiogenesis. PCLS contain all different liver cells that play role in the development of liver fibrosis, 

embedded in their natural extracellular matrix. PCLS have been well-validated as a model to study 

the early onset of fibrosis 16-19. It has been shown that during culturing for 48 h, PCLS 

spontaneously develop characteristics of fibrotic liver tissue, such as deposition of collagen and 

increased expression of collagen 1, alpha smooth muscle actin and HSP47 mRNA, which can be 

reverted by anti-fibrotic compounds 16-19. A recently published study on rat PCLS incubated for 

five days showed a high increase of collagen deposition with maintained viability, intact 

morphology, and function of the parenchymal and non-parenchymal cells, which was influenced 

by the type of the culture medium 20. However, the fibrosis model of PCLS has never been used 

to study fibrosis-associated angiogenesis. Therefore, we aimed to develop a novel liver-specific ex 

vivo assay as an alternative model to study fibrosis-associated angiogenesis.   

As a first step, angiogenesis and fibrosis were evaluated by the gene expressions of the respective 

markers of both processes after 48 h culturing of the PCLS. The angiogenesis response of the 

model was tested by treating the PCLS with the pro-angiogenic factor VEGF-A and the anti-

angiogenic compound sunitinib. VEGF-A is one of the most important factors in the induction of 

angiogenesis. It enhances endothelial cell proliferation, promotes vessel sprouting and branching 

and increases microvessel permeability 21. Sunitinib is a general multi-targeted receptor tyrosine 

kinase inhibitor targeting the VEGF receptor 2 (VEGFR2) and the PDGF receptor beta 

(PDGFRβ) 22. Since both of these receptors are important in the stimulation of angiogenesis, 

sunitinib is widely used and known as angiogenesis inhibitor 22. Secondly, the protein expression 

of markers that indicate the presence of endothelial cells (CD31 and SE-1) and the effects of 

different culture media were evaluated in slices incubated for five days. Finally, slices were 

embedded in collagen to serve as a matrix for outgrowth of microvessels at the surface of the 

fibrotic slices cultured for five days. The outgrowth from the PCLS was evaluated by light 

microscopy and the presence of microvessel outgrowth was demonstrated with CD31 

immunofluorescence staining.  The effect of VEGF-A and sunitinib and the influence of the 

different media on the outgrowth were evaluated.  

 

2. MATERIALS AND METHODS 

2.1 Preparation of PCLS 

The precision-cut liver slices were prepared according to the protocol by de Graaf et al 23. The 

livers were excised from adult male Wistar rats (~300 g; Harlan PBC, Zeist, The Netherlands) that 

were anesthetized under 2% isofluorane/O2 (Nicholas Piramal, London UK) and collected in ice-

cold University of Wisconsin solution (UW/ViaSpan, 4 °C, Du Pont). The liver cores were 
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prepared by using a drill with a hollow bit (5 mm) and transferred to the cylindrical core holder of 

the Krumdieck Tissue Slicer (TSE systems, Sophisticated Life Science Research Instrumentation). 

Slices of 5 mg wet weight and a thickness of approximately 250 µm were cut and collected in ice-

cold Krebs-Henseleit buffer (KREBS), supplemented with 25 mM NaHCO3 (Merck), 25 mM D-

glucose (Merck, Darmstadt, Germany), 10 mM HEPES (MP, Biomedicals, Aurora, OH, USA), 

saturated with carbogen (95% O2/ 5% CO2, pH 7.4). 

 

2.2 mRNA expression of fibrosis and angiogenesis markers in PCLS model of the early 

onset fibrosis 

Slices were individually pre-incubated for 1 h in 1.3 mL of Williams’ Medium E (WME) (with ι-

glutamine, Invitrogen, Paisley, Scotland) supplemented with glucose (final concentration 25 mM) 

and 50 µg/mL gentamycin (Invitrogen, Paisley, Scotland) in 12-well plates at 37 °C and under 

continues supply of 80% O2/5% CO2 while gently shaken. After pre-incubation, the slices were 

transferred to fresh medium and further incubated for 24 and 48 h with or without 1, 10, and 100 

ng/mL recombinant rat VEGF-A (Peprotech, USA) and with or without 0.1 and 0.2 µM sunitinib 

(Sellekchem, Houston, USA). Medium was refreshed every 24 h. 

The effects of VEGF-A and sunitinib on fibrosis and angiogenesis were determined by mRNA 

expression of specific markers using Real Time RT-PCR. Pooled samples of three rat liver slices 

were snap frozen and total RNA was isolated using a Maxwell® 16 LEV SimplyRNA Tissue Kit 

(Promega, Leiden, The Netherlands). The amount of isolated RNA was measured with a ND-1000 

spectrophotometer (Fisher Scientific, Landsmeer, The Netherlands). 

Reverse transcription of RNA to cDNA was performed with 2 µg RNA using Reverse 

Transcription System (Promega, Leiden, the Netherlands). The reaction was performed in the 

Eppendorf master cycler gradient at 20 °C for 10 min, 42 °C for 30 min, 20 °C for 12 min, 99 °C 

for 5 min and 20 °C for 5 min. The mRNA expression of each marker was determined using SYBR 

Green Mastermix (GC Biotech, Alphen aan de Rijn, The Netherlands).  

List of primers used in this study are shown in Table 1. 

 

Table 1. Primers used in this study 

Gene Forward Reverse 
Procollagen 1α1 AGCCTGAGCCAGCAGATTGA CCAGGTTGCAGCCTTGGTTA 
CD31 GAAATGGTGCTTCGGTGCTC GCTTCGGAGACTGGTCACAA 
GAPDH CGCTGGTGCTGAGTATGTCG CTGTGGTCATGAGCCCTTCC 
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2.3 Protein expression of endothelial cell markers in PCLS incubated for  five days  

After 1 hour of pre-incubation, slices were incubated individually in 1.3 mL of two different types 

of medium, i.e. WME (with ι-glutamine, Invitrogen, Paisley, Scotland) supplemented with 25 mM 

glucose and 50 µg/mL gentamycin (Invitrogen ,Paisley, Scotland) or RegeneMed® medium (Reg) 

(WME supplemented with RegeneMed® additives (L3STA), antibiotics (L3MAB) and 

supplements (L3TS) in ratio 100:15.1:1:2.5 (RegeneMed®, San Diego, CA, USA)) at 37 °C and 

under continues supply of 80% O2/5% CO2 in 12-well plates while gently shaken. The incubation 

was carried out for five days with daily medium replacement 20. Cryosections of the samples were 

prepared by embedding fresh slices in KP-CryoCompound (Klinipath, Deventer, The 

Netherlands) followed by freezing in 2-methylbutane (Sigma-Aldrich, Germany) at -80 °C.  

Sections (4 µm) were obtained from cutting the slice perpendicular to its surface with a CryoStar 

NX70 cryostat (Thermo Fisher Scientific, Germany). 

 

2.4 Three-dimensional ex vivo angiogenesis assay in collagen-embedded PCLS 

2.4.1 Preparation of collagen matrix 

The collagen matrix was prepared on ice by adding type I collagen (Gibco) to a mixture of distilled 

water, 1 N NaOH and 10x PBS to achieve the required concentration. It is important to 

homogenize the mixture well, because failure to mix adequately will cause uneven polymerization 

of the collagen. pH optimization was done by varying the amount of NaOH 1N added to the 

mixture. In this study, we tested the influence of different collagen concentrations (1, 2, and 3 

mg/mL) and different pH (7.0 and 8.0) on sprout formation and matrix firmness. Matrix firmness 

was evaluated from the capability of the matrix to keep the slices embedded. 

2.4.2 Embedding in collagen 

After 1 h of pre-incubation, slices were embedded individually in collagen matrix on a circular 

coverslip (19 mm diameter; VWR, Istanbul, Turkey) and put on the bottom of each well of a 12-

well plate. It is important that the slices are not too wet, because this can dilute the collagen and 

inhibit the firming of the matrix. After embedding of the slices, the plates were incubated at 37 °C 

with 80% O2/ 5% CO2 humidity in a non-shaking incubator for 2 h to allow polymerization. When 

the matrix was firm, 1.3 ml of WME or Reg medium was added to the embedded slices. To test 

the response of the model on pro- and anti- angiogenic compounds, the embedded-slices were 

treated with or without 20 ng/mL recombinant rat VEGF-A (Peprotech, USA) and/or 0.2 µM 

sunitinib (Sellekchem, Houston, USA). The incubation was carried out for five days and medium 

was refreshed every 24 h. Daily observation of the sprouts was carried out by using light 

microscopy. 
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2.5 Immunofluorescence staining  

Immunofluorescence staining was performed on sections of slices that were incubated for five days 

and on whole mount collagen-embedded slices. Cryosections (4 µm) of five-day incubated slice 

were dried and fixed with 4% formaldehyde solution in PBS (Klinipath, Deventer, The 

Netherlands) for 15 min and then washed in PBS. Permeabilization was carried out with Triton X-

100 (0.2% in PBS) for 15min. The staining of two endothelial cell markers, CD31 and SE-1, was 

performed. Whole mount staining was done on intact collagen-embedded slices. Slices on the 

coverslips were fixed with 4% formaldehyde solution for 20 min and subsequently washed with 

sterile water. The slices were stored in the last washing step at 4° C for at least 24 h 24. Thereafter, 

the embedded slices were removed from the well together with the coverslip. The staining of CD31 

and BS1 lectin was performed on whole mount section. For CD31 staining, permeabilization was 

performed with Triton X-100 (0.2% in PBS) for 15min. 

Sections and slices were subsequently incubated with the primary antibody in an appropriate 

dilution, i.e. anti-CD31 mouse monoclonal antibody (1:50; BD Biosciences, USA), hepatic 

sinusoidal endothelial cells (anti-SE-1 mouse monoclonal antibody, 1:100; IBL, Japan) and 

Rhodamine-conjugated Bandeiraea Simplicifolia Lectin (BS1 lectin, 0.1 mg/mL; Vector 

Laboratories, USA) as marker for the luminal side of endothelial cell for 90 min. For CD31 and 

SE-1 staining, sections were further incubated with goat- anti-mouse-Alexa 488 (1:100; Invitrogen, 

Paisley, Scotland) for 1 h. To reduce the autofluorescence background, sections and slices were 

incubated with 0.1 % Sudan Black B (Sigma-Aldrich) for 20 min and washed with PBS 25.  The 

nuclei of the cells were stained with DAPI (Sigma-Aldrich, USA) and both sections and slices were 

mounted with Mowiol (Sigma) on the glass slide.  

An epifluorescence microscope (Leica AF6000) was used to obtain images from sections of 

five-day incubated slices and from whole mount collagen-embedded slices that were incubated for 

five days and a confocal microscope (Leica SF8) was used to obtain images from whole mount 

sections of collagen-embedded slices. The number of blood vessel in five-day incubated slices was 

indicated by the intensity and the area of pixels marked above a threshold of CD31 positive staining 

which was measured using ImageJ (Particle Analyzer) and normalized with the total area covered 

by DAPI.   

 

2.6 Statistics 

For each experiment, 3 slices each prepared from three to five different rat livers were used. The 

results were further analyzed with Repeated Measures ANOVA (two-day incubated PCLS) and 

One Way ANOVA (five-day incubated PCLS), both were followed with Dunnett’s Multiple 
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Comparisons using GraphPad Prism 7. Data are expressed as mean ± SEM. A p-value < 0.05 was 

considered significant.  

 

3. RESULTS 

3.1 mRNA expression of fibrosis and angiogenesis markers in PCLS incubated for 48 h 

A significant increased expression of procollagen 1α1 as fibrosis marker was observed after 48 h 

of PCLS incubation (Fig. 1A), while CD31, as a marker for the endothelial cell, decreased after 24 

h and increased again after 48 h of incubation reaching the same level as the 0 h control (Fig. 1A).  

 

 
Fig. 1 mRNA expression levels of angiogenesis and fibrosis markers in the 48 h incubation of rat 
PCLS. (A) mRNA expression levels of the CD31 and procollagen 1α1 after 24 h and 48 h 
incubations are presented in graphs as fold of 0 h control. The effects of VEGF-A (1, 10, and 
100ng/mL) and sunitinib (0.1 and 0.2µM) on CD31 (B) and procollagen 1α1 (C) are presented as 
fold of 48 h control. Statistical analysis was done on ΔCt (with GAPDH as housekeeping gene) by 
Repeated Measures ANOVA and Dunnett’s Multiple Comparisons. (D) Correlation graph 
between CD31 and procollagen 1α1 mRNA expression in VEGF-A treated PCLS. Correlation 
coefficient (r) was calculated with Pearson’s correlation method based on the fold induction of the 
gene of interest. 
*p<0.05; **p<0.01; ***p<0.001. Data are presented as means (±SEM); n=5      
 

In order to validate this model as a tool to study fibrosis-associated angiogenesis, we tested the 

response of PCLS on pro- and anti-angiogenic treatments. VEGF-A and sunitinib were used to 

stimulate and inhibit angiogenesis respectively. Slices exposed to a high concentration of VEGF-
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A had a significantly increased CD31 expression (Fig. 1B). A concentration-dependent increase 

was also observed in procollagen 1α1 expression, but it was not statistically significant (Fig. 1C). 

Yet, procollagen 1α1 expressions in the slices treated with VEGF-A showed a significant 

correlation with CD31 expression (r=0.811; P<0.0001; Fig. 1D). Sunitinib did not significantly 

affect the CD31 expression in slices that were not treated with VEGF-A, but it significantly 

decreased the CD31 expression in slices treated with 1, 10 and 100 ng/mL VEGF-A (Fig. 1B). 

Treatment with sunitinib also significantly decreased the procollagen 1α1 expression in slices 

treated with or without VEGF-A (Fig. 1C). 

 

3.2 Protein expressions of endothelial cell markers in PCLS incubated for five days  

In a previous study, our group published the successful maintenance of the viability of rat PCLS 

during five days of incubation in an enriched medium (Reg) developed to maintain differentiation 

in cultured hepatocytes, and in standard medium (WME) 20. After five days of incubation, 

development of fibrosis was observed in slices which was characterized by an increased number 

of myofibroblasts and increased deposition of collagen I and III 20. In the present study, 

immunostaining was used to measure the level of endothelial cell marker expression on these five-

day-incubated rat PCLS. Two markers were tested in this study, i.e. CD31 and SE-1. In slices that 

were not incubated (0 h), a faint CD31 staining (green) was observed along the sinusoids (Fig. 

2A). An increased CD31 staining intensity was seen in slices starting on the third day of incubation 

in Reg medium (Fig. 2A, B). This increased CD31 staining intensity was unaltered after five days 

of incubation. The CD31 expression in slices incubated in WME medium, however, remained 

unchanged (Fig. 2A, B). 
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Fig. 2 CD31 expression on five-day (120 h) incubated slices in Williams’ E (WME) and RegeneMed 
® (Reg) medium. (A) Images obtained from epifluorescence microscope depicting the CD31 
staining (green) on 0, 48, and 120 h incubated slices. Cell nuclei were stained with DAPI (blue). 
(B) The intensity of green staining was quantified with ImageJ and normalized with the total area 
stained by DAPI, while graph (C) showed the number of blood vessels on the slices that was 
quantified based on the total area of CD31 positive pixels normalized with total area stained by 
DAPI. 
Statistical analysis was done by One Way ANOVA and Dunnett’s Multiple Comparison test; 
*p<0.05; **p<0.01; ***p<0.001. Data are presented as means (±SEM). 
Scale bar = 100 µm. 
        

Since an increased intensity of CD31 stained structures does not necessarily indicate an 

increased number of blood vessels, we estimated the number of blood vessels in slices based on 

the area covered by the CD31 positive pixels. We observed a similar trend in this parameter as in 

CD31 staining intensity (Fig. 2B, C). Slices incubated in Reg showed a significantly increased 

number of CD31 positive counts starting on the third day of incubation, while slices incubated in 

WME medium did not show any notable changes (Fig. 2C). 
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Fig. 3 SE-1 expression on five-day (120 h) incubated slices in Williams’ E (WME) and RegeneMed 
® (Reg) medium. Images obtained from epifluorescence microscope depicting the SE-1staining 
(green) on 0, 48, and 120 h incubated slices. Cell nuclei were stained with DAPI (blue). 
Scale bar = 50 µm. 
 

Another endothelial cell marker used in this study is SE-1 which is a specific marker for rat 

sinusoidal endothelial cells. In slices that were not incubated (0 h), immunostaining of SE-1 was 

observed along the sinusoids (Fig. 3). Unlike the CD31 expression, the SE-1 expression was 

notably decreased after 48 h incubation in both WME and Reg medium (Fig. 3). The SE-1 

expression was completely gone after 120 h of incubation and no difference was observed on the 

slices incubated with WME and Reg medium (Fig. 3).  

 

3.3 Cellular outgrowth in collagen-embedded PCLS 

In the present study, we developed a novel assay using PCLS embedded in collagen matrix. This 

method was developed based on the rat and mouse aortic ring assays that are commonly used in 

angiogenesis studies 26. We first optimized the assay by trying different collagen concentrations and 

varying the pH of the mixture to generate an optimum collagen polymerization, while slices 

remained embedded during the five days of incubation. After three days of incubation in WME 

medium, the slices started to show sprouts that increased progressively in number and length on 

the following days. The results demonstrated that 3 mg/mL of collagen allowed the best 

visualization of the outgrowth, in which the length of the sprout and the space between sprouts 

were clearly visible allowing good quantification during prolonged incubation (Fig. 4). However, 

we experienced difficulties with the immunostaining of the sprouts because of the dense collagen 

surrounding the slices. Therefore, since the outgrowth was also observed in the PCLS embedded 

in collagen 2 mg/mL (Fig. 4), we chose this concentration for further experiments. 
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Fig. 4 Characterization of cell sprouts in different collagen concentrations. Light microscopic 
image of the outgrowth from the slices (S) after five days of culture in WME medium, indicated 
by black arrows. (A) Slices without collagen were used as a control. The collagen matrices were 
prepared in three different concentrations 1 mg/ml (B), 2 mg/ml (C) and 3 mg/ml (D).  
Scale bar = 500 µm 
 

Besides optimizing the collagen concentration, we also tested the effect of pH on the firmness 

of collagen matrix. The firmness was evaluated from the capability of the collagen to keep the slices 

embedded in the matrix during incubation on a reciprocal shaker. It appeared that the collagen was 

firmer when higher pH (8.0 instead of 7.0) was used, resulting in a better attachment of the slices 

in collagen matrix after five days of incubation.  

 



 

PRECISION-CUT LIVER SLICES AS AN ALTERNATIVE MODEL TO STUDY FIBROSIS-
ASSOCIATED ANGIOGENESIS 

	

 

 

97 

97 

5  
Fig. 5 Immunofluorescence staining of collagen-embedded slices with the endothelial cell marker 
CD31 (A) and BS-1 lectin (B). Green: CD31; Red: BS-1 lectin; and blue: DAPI.  The white arrows 
indicate the sprouts.  
Scale bar = 50 µm.  
 

The identification of the outgrowths was carried out by immunofluorescence staining using 

endothelial-specific markers, i.e. CD31 and BS1 lectin. The CD31 antibody used in this study 

recognize the cytoplasmic tail of this protein in the endothelial cells, while BS1 lectin stains the 

luminal side of endothelial cells. The outgrowths were both positively stained using CD31 (Fig. 

5A) and BS1 lectin (Fig. 5B). A high-power image of the outgrowths using confocal microscopy 

is shown in Fig. 6. The picture shows the three-dimensional structure of a newly formed 

microvessel, positively stained for CD31.  

 

 
Fig. 6 Confocal image of the sprout from a collagen-embedded PCLS. (A) and (B) show the CD31 
(green) and DAPI (blue) positive cells lining the sprout, with the magnification of 200x and 400x, 
respectively. White arrow indicates the sprout. S= slice. 
Scale bar = 25 µm.  
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In order to test the response of the tissue on angiogenic factors, the embedded PCLS were 

treated with the pro-angiogenic factor VEGF-A and the anti-angiogenic compound sunitinib for 

five days. We did not observe an influence of 20 ng/ml VEGF-A on the outgrowth of sprouts 

(Fig. 7). However, the outgrowth on the slices was completely prevented by 0.2 µM sunitinib alone 

or sunitinib together with VEGF-A (Fig.7). 

    

 
Fig. 7 Collagen embedded slices were cultured for five days in WME medium. The  slices (S) were 
untreated (A) or treated with 20 ng/ml VEGF-A (B), 0.2 µM sunitinib (C) and 20 ng/ml VEGF-
A + 0.2 µM sunitinib (D). The sprouts were observed in control slices (A) and VEGF-A treated 
(B) slices, indicated by black arrows. Scale bar = 500 µm. 
 

Since we observed a higher CD31 expression in slices incubated in Reg medium (Fig. 2), we 

also tested this medium on the embedded PCLS. We observed a large increase in sprouts number 

in the slices incubated in Reg medium compared to WME medium (Fig. 8A). However, the 

sprouts did not show the typical branched-tube like structure that was seen with WME as culture 

medium. Immunofluorescence staining on the sprouts showed that the cells were CD31 negative 

(data not shown) but alpha smooth muscle actin (αSMA) positive indicating that these cells were 

fibroblasts (Fig. 8B).         
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Fig. 8 Light microscopic (A) and confocal (B) image of the collagen-embedded slices (S) incubated 
in Regenemed® medium. The sprouts are indicated with white arrows. The sprouts were positively 
stained for αSMA (green) and DAPI (blue) was used to stain the nuclei.  
Scale bars: (A) = 500 µm; (B) = 25 µm  
 

4. DISCUSSION 

In this study, we have successfully developed a new technology using PCLS to evaluate 

angiogenesis in the fibrotic liver. Three different assays were optimized to provide for a more 

physiologically relevant ex vivo model for fibrosis-associated angiogenesis. The formation of new 

blood vessels from pre-existing ones (angiogenesis) can occur in physiological conditions, like liver 

regeneration, or in pathological settings like cirrhosis and cancer 27. Although angiogenesis in the 

liver shares similar features with angiogenesis in other tissues and organs, pathological angiogenesis 

in liver fibrogenesis is highly affected by liver-specific events and by the cellular environment. For 

instance, the contribution of the hepatic stellate cells, which are the key-player in liver fibrosis, and 

the presence of two different microvascular structures (sinusoids lined by fenestrated endothelium 

and large vessels lined by a continuous one) 4,28. The liver-specific factors on fibrosis-associated 

angiogenesis are the reasons why the available non-hepatic in vitro and ex vivo assays in angiogenesis 

research are not sufficient to provide for an accurate and reliable model that represents the in vivo 

situation. In addition, these assays were developed for tumor-related studies which do not resemble 

the physiological situation in liver fibrogenesis.  

At first, rat PCLS cultured for 48 h as a model for the early onset of liver fibrosis 16,19 were 

applied to investigate fibrogenesis. In this model, an increased procollagen 1α1 expression after 

48h of incubation was reported 16,19. In the study described in chapter 4 using mouse and human 

PCLS, we observed an increased CD31 mRNA expression in parallel with the increase of 

procollagen 1α1 expression. However, in the present study using rat PCLS, the CD31 mRNA was 

decreased after 24 h and increased again to its pre-incubation level after 48 h of incubation. This 

result highlights species differences in angiogenic response upon fibrogenesis in untreated PCLS 
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from mouse, rat and man. The lack of angiogenic response during incubation for 48 h of rat PCLS 

was also supported by the unaltered CD31 expression after sunitinib treatment. However, sunitinib 

affected the CD31 expression in VEGF-A treated PCLS, whereas it decreased the procollagen 1α1 

expression in both untreated and VEGF-A treated PCLS. The latter can be explained by the 

inhibitory effect of sunitinib on the PDGF receptor β, which is an important receptor in HSC 

activation 19. Although the increased procollagen 1α1 expression in the VEGF-A treated PCLS was 

not significant, we found a significant correlation between the CD31 expression and the 

procollagen 1α1 expression in VEGF-A treated PCLS. This correlation does not provide proof for 

a causal correlation between fibrosis and angiogenesis in this model, but it suggests a close 

relationship between these processes. However, based on the increased CD31 mRNA expression 

we cannot discriminate between extra formation of endothelial cells or increased expression on the 

existing endothelial cells.     

Therefore, we evaluated the CD31 expression at the protein level in slices after five days of 

incubation, where fibrosis was more extended. Slices were incubated for five days in a standard 

medium (WME) and in an enriched medium (Reg). The slices remained viable after five days based 

on unchanged ATP levels, although necrotic zones were observed in the inner cell layers of Reg-

incubated slices 20. An increased protein expression of Collagen I and III was observed in the five-

day incubated slices, together with an increased vimentin, desmin, and αSMA staining 20. In the 

present study, the results show a significantly increased number of CD31 positive cells and an 

increased intensity of CD31 staining in the slices incubated in Reg but not in WME. The increased 

CD31 expression in Reg-incubated slices was observed in the outer cell layers, where also an 

increased collagen deposition was found. Although there were no significant differences in the 

expression of the fibrosis marker between the slices incubated in WME and Reg, the collagen 

deposition in both slices was located in different areas 20. In WME-incubated slices, the collagen 

was predominantly expressed in areas with bile duct proliferation, while in Reg-incubated slices, 

collagen deposition was distributed in the parenchyma in the outer cell layers 20. In addition, it was 

demonstrated in the previous study that slices incubated in Reg developed hypoxic regions inside 

the slices due to the thickening of the slices that might block the oxygen penetration 20. In liver 

fibrogenesis, structural and anatomical changes have been proposed as factors that affect liver 

perfusion and compromise oxygen supply 1,29. As a consequence, neovascularization is initiated to 

compensate for the shortage of oxygen supply 1,30,31. Hypoxia is an important stimulus of 

angiogenesis by stimulating the production of VEGF through hypoxia-inducible factor-1α (HIF-

α) signaling pathway 27. In liver fibrosis, HIF-1α is known to have an important role in the activation 

and proliferation of HSCs by regulating different signaling pathways 32,33.   
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Besides CD31, we also tested the expression of another endothelial cell marker, SE-1, which is 

specific for liver sinusoidal endothelial cells and is correlated with the presence of fenestrae 34. The 

SE-1 expression was diminished after five days of incubation, indicating that the fenestrae are 

absent in the new blood vessels. This is in line with the loss of sinusoidal fenestration observed in 

liver fibrosis in vivo.  Thus, although SE-1 cannot be used as marker to evaluate angiogenesis, our 

finding supports this model as a tool to study liver fibrosis. A further study is required to support 

the use of this five-day incubated PCLS as model to investigate fibrosis-associated angiogenesis, 

for instance by adding fibrosis stimulating compounds and test the effect on angiogenesis. 

Although we have shown that it was possible to quantify blood vessels in the slices, the 

technique is relatively time consuming including sample preparation, staining, imaging and image 

analysis. Therefore, we developed a third assay based on the widely-used aortic ring assay, using 

PCLS instead of aorta rings to generate liver-specific angiogenic sprouts. This assay provides for a 

real-time evaluation of the angiogenic response in the slices. In the aortic ring assay, a rat or mouse 

aorta was embedded in a three-dimensional culture system, which was constructed from 

extracellular matrix components. There are three different matrices that are commonly used in this 

aortic ring assay, i.e. fibrin, Matrigel, and type I collagen. In a preliminary study, we tested Matrigel 

and type I collagen for slice embedding and we observed that Matrigel was not suitable for our 

system because the sprouts mostly consisted of fibroblasts (data not shown). Therefore, we 

continued the experiments using type I collagen matrix. In aortic ring assays, 1-1.5 mg/mL collagen 

was commonly used to generate a collagen matrix with the addition of NaOH. However, this 

concentration was not sufficient to keep the slices embedded in the matrix because the slices are 

incubated on a reciprocal shaker to generate a homogenous oxygen distribution. Therefore, the 

concentration used in this assay was increased to 2 mg/mL, thereby increasing the firmness of the 

matrix 35. Higher concentration of collagen resulted in problems in the immunohistochemical 

staining and imaging. Using 2 mg/mL, CD31 positive cells sprouted into the collagen, indicating 

that these cells are endothelial cells, thereby confirming that this model can be used to study 

angiogenesis ex vivo. 

In order to verify the response of collagen-embedded slices as model for angiogenesis, we tested 

the effect of pro- and anti-angiogenic compounds and different media on the production of the 

sprouts. The addition to the pro-angiogenic factor VEGF-A at a concentration of 20 ng/mL did 

not alter the number or the length of the sprouts. Either a concentration of 20 ng/mL was too low 

in collagen-embedded slices or endogenous VEGF production was already sufficient to induce 

maximum sprouting. Interestingly, slices that were treated with sunitinib did not generate any 

sprout, which indicates that the angiogenic process was fully inhibited. As in the five-day cultured 
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PCLS incubation in Reg caused significantly increased blood vessel numbers compared to WME-

incubated medium, we investigated the effect of Reg medium on the sprouting. The results show 

that the cells appearing in the collagen after incubation in Reg medium were all positive for αSMA 

expression and did not express CD31, which indicates that the sprouts only consisted of 

fibroblasts. The outgrowths consisting of single cells, many of which are likely to be fibroblasts, 

are not considered to be microvessel sprouts 26. This result was not in line with our finding of 

increased number of blood vessels in Reg-incubated slices. The only difference between both 

assays is the collagen matrix that surrounded the slices. Since the information of the medium 

composition is not disclosed, we are not able to explain the difference. 

To summarize, the first assay, using rat PCLS incubated for 48 h, may be used for rapid 

screening of pro- or anti-angiogenic compounds, but it does not allow definitive conclusions on 

the formation of new blood vessels since the increased CD31 mRNA expression may also mean 

that the resident endothelial cells are activated. The second assay, PCLS cultured for five days in 

Reg medium, can show increased formation of CD31 positive cells as well as increased CD31 

staining intensity, allowing discrimination between new formation and activation of endothelial 

cells, as well as characterization of the fenestration of the new blood vessels. Although promising, 

the effect of fibrotic and angiogenic compounds on CD31 protein expression has not been tested 

yet and this assay is relatively time consuming. The sprouting assay showed the possibility of 

generating liver-specific angiogenic outgrowth which can be inhibited by an anti-angiogenic 

compound. Future experiments should further verify this model and show whether the formation 

of sprouts is linked to fibrosis in the slices. In the future, we will also test the effect of adding 

profibrotic proteins, such as transforming growth factor β (TGF-β) on the sprouting formation.   

In conclusion, the developed assays in this study allow us to evaluate fibrosis-associated 

angiogenesis. The response of the model towards pro- and anti-angiogenic factors, the parallel 

increase in angiogenesis along with the fibrosis, and the evidence of microvessel sprouting indicate 

that this model can be used to investigate liver-specific angiogenesis. This model can be expanded 

to the use of human PCLS, which will allow a better translation to the human situation. Finally, 

this model will contribute to the reduction, replacement and refinement of animal experiments by 

avoiding in vivo animal experiments with serious discomfort. 
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1. Summary and Discussion 

Angiogenesis has been perceived as one of the promoters in liver fibrosis since it was discovered 

that angiogenesis emerges in parallel with liver fibrogenesis 1-4. Indeed, some in vivo studies in mouse 

and rat models of bile duct ligation (BDL) or carbon tetrachloride (CCl4)-exposed fibrosis have 

shown reduction of fibrosis in animals treated with angiogenesis inhibitors 5-9. Notwithstanding the 

foregoing, recent findings showed that angiogenesis inhibition eventually aggravates fibrosis in the 

liver and decelerates fibrosis resolution 10-12.  

The conflicting findings on the role of angiogenesis in liver fibrosis are described in chapter 1. 

To date, there is still a dialog whether angiogenesis occurs as a defense mechanism to compensate 

for the shortage of oxygen supply or whether it stimulates and aggravates the fibrotic condition. 

Angiogenesis is tightly controlled by the balance of pro- and anti-angiogenic factors 13. These 

factors are produced by different cell types in the liver including hepatocytes and hepatic stellate 

cells (HSC) 6, which indicates a multicellular crosstalk in fibrosis-associated angiogenesis. 

Hepatocytes are often regarded as “victims” and “bystanders” in liver fibrogenesis 14, however they 

express important angiogenic factors, such as vascular endothelial growth factor A (VEGF-A) and 

thrombospondin 1 (THBS-1) 15-17. Yet, the contribution of hepatocytes to angiogenesis in fibrosis 

has not been extensively investigated yet.  

With the aim to address the role of hepatocytes in angiogenesis during liver fibrosis, we 

developed an interferon alpha (IFNα)-construct by conjugating galactose-polyethylene glycol to 

IFNα to obtain a targeted delivery to the asialoglycoprotein receptors (ASGPR) expressed at the 

sinusoidal membrane of the hepatocytes. In chapter 2, the construct (galactose-PEG-IFNα, GPI) 

was evaluated in vitro using HepG2 cells, a human liver cancer cell line that has been widely used 

as a model for the study of human hepatocytes. The STAT1 phosphorylation by GPI was partly 

inhibited by lactosylated HSA, which indicates that the GPI activity was partly mediated by the 

ASGPR and the remaining effect was most likely mediated by the interferon alpha receptor 

(IFNAR). In vitro, the anti-angiogenic activity of both IFNα and GPI was shown by the decreased 

secretion of the pro-angiogenic factor VEGF-A and increased expression of the anti-angiogenic 

factor THBS-1. In addition, both IFNα- and GPI-treated HepG2 cells inhibited the tubular 

formation of HUVEC cells indicating release of anti-angiogenic factors. Interestingly, the anti-

angiogenic activity was only shown at the lower dose, while the higher dose did not affect the 

tubular formation by HUVEC. A similar phenomenon was also observed in the in vivo evaluation 

of both IFNα and GPI in a fibrosis model of CCl4-exposed mice as described in chapter 3. A U-

shaped dose-response upon IFNα used as angiogenesis inhibitor was previously observed in 

human bladder cancer 18. In addition, other angiogenesis inhibitors also displayed different types 
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of hormesis in the dose-response. For instance, the proteasome inhibitor bortezomib displayed a 

bell-shaped dose response in HUVEC, in which the lower dose promoted angiogenesis while the 

higher dose inhibited it 19. The molecular mechanism of hormesis in angiogenesis has not been 

understood yet. This phenomenon might be generated by one receptor, but can also be explained 

by assuming that the anti-angiogenic agent binds to more than one receptor, in which one receptor 

mediates angiogenesis stimulation and other receptors mediate the inhibition of angiogenesis 20. 

Another explanation is that proteins, such as endostatin may contain both pro-angiogenic and anti-

angiogenic sequences and the activity balance of these different sequences may mediate the 

hormesis phenomenon 20,21. Nevertheless, there is no specific explanation yet for the hormetic 

dose-response of IFNα.  

Our results in chapter 3 show that the aim to reveal the role of hepatocytes in fibrosis-

associated angiogenesis cannot be achieved by using GPI, since we did not observe a notable 

difference in the cellular distribution of GPI and native IFNα. Both molecules were present on 

hepatocytes, endothelial cells, and (myo)fibroblasts, apparently at similar relative concentrations. 

We hypothesize that this localization is mainly due to binding to the IFNAR present on the 

aforementioned cell types in the liver. IFNAR is a common receptor for type I interferons 

including IFNα and consists of two subunits, a low- (IFNAR1) and a high-affinity (IFNAR2) 

receptor component 22,23. It has been previously shown that IFNAR is expressed on mouse 

hepatocytes 24. However, there has not been any study yet showing the distribution of IFNAR 

expression in the liver and whether it is present on other cell types than hepatocytes. Nevertheless, 

the reported IFNAR expression in human umbilical vein endothelial cells 25 and cardiac fibroblasts 
26 suggests that IFNAR might also be expressed by endothelial cells and fibroblasts in the liver. An 

immunohistochemical staining of IFNAR is required to confirm this finding. Expression of this 

receptor on endothelial cells and fibroblasts would explain the uptake of both compounds in these 

cells, as found in our studies.   

We have shown in chapter 3 that IFNα and GPI inhibited angiogenesis, yet there was no effect 

observed on fibrogenesis. IFNα was previously shown to have antifibrotic effects in BDL and CCl4 

models of liver fibrosis in rats 27,28. Our in vivo study did not show a similar result and this might be 

due to the difference in species as we used mice, and the dose of IFNα. In the rat studies 100,000 

IU of IFNα was dosed, while the highest dose that we used was 200 ng IFNα/day which equals to 

ca. 50,000 IU of IFNα. Nevertheless, the lower dose that we used was sufficient to inhibit 

angiogenesis in the CCl4-exposed mice without any significant effect on liver fibrogenesis. 

Therefore, we conclude that angiogenesis has no direct role in fibrogenesis but may occur as the 

consequence of increased profibrotic factors that also have angiogenic effects. This angiogenesis 
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inhibition without any effect on liver fibrogenesis was also observed by Kantari-Mimoun et al. using 

genetic ablation of VEGF in scar-infiltrating myeloid cells. The absence of VEGF in those myeloid 

cells inhibited angiogenesis in 12-week CCl4-exposed mice but did not affect liver fibrogenesis 12. 

VEGF-A is a potent angiogenic factor that enhances endothelial cell proliferation, promotes 

vessel sprouting and branching and increases microvessel permeability 29. Since VEGF-A is a pro-

angiogenic factor, an increased VEGF-A expression in the fibrotic liver is expected. Interestingly, 

our result in chapter 3 showed a decreased VEGF-A expression at mRNA and protein level in the 

CCl4-exposed mice. Other recent studies also showed a similar phenomenon, in which VEGF-A 

is decreased in fibrogenesis and re-augmented during fibrosis resolution 9,12. To further study the 

role of VEGF-A in fibrosis, in chapter 4 we studied the correlation between VEGF-A expression 

and fibrosis markers in mice with a low and a high level of liver fibrosis. We discovered a negative 

correlation between VEGF-A and procollagen 1α1 expression suggesting that VEGF-A has no 

effect on fibrogenesis in CCl4-exposed mice. Thus, we sought to investigate the direct role of 

VEGF-A in a fibrosis model of precision-cut liver slices (PCLS). PCLS incubated for 48 h has been 

well validated as a model to study liver fibrosis 30-33. However, this model has never been previously 

used to investigate fibrosis-associated angiogenesis. Similar to the in vivo situation, we observed an 

increased CD31 expression and decreased vascular endothelial growth factor receptor 1 and 2 

(VEGFR1 and VEGFR2) expression along with an increased procollagen 1α1 expression in 

untreated mouse PCLS cultured for 48 h. One of the advantages of using PCLS is the possibility 

to study these processes in the human liver, which provides a better clinical translation of the result. 

In human PCLS, we also observed an increased CD31 expression after 48 h of PCLS incubation. 

Interestingly, the expressions of VEGFR1 and VEGFR2 were increased in human PCLS during 

48 h of incubation. The increased expression of both receptors is consistent with previous reports 

on cirrhotic patients 12,34. The different response in mouse and human PCLS indicates that the 

intertwined processes of angiogenesis and fibrosis are not identical in mouse and human.  

Upon treatment with VEGF-A, we observed an increased CD31 expression in the mouse PCLS 

indicating the responsiveness of the model to VEGF-A, but no effect was observed in the fibrosis 

marker procollagen 1α1.  In addition, an enhanced CD31 expression was observed in five out of 

eight human PCLS. Interestingly, the responsive PCLS also showed an increased VEGFR1 

expression upon VEGF-A treatment, which was not observed in the non-responsive PCLS. We 

discovered that the non-responsive PCLS had a higher basal expression of VEGFR1 compared to 

the responsive ones. Thus, we speculate that in these PCLS the stimulation with VEGF-A could 

not further increase the VEGFR1 and CD31 expression.   
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Another interesting finding in chapter 4, which is related to species-specific response, is the 

effect of VEGF-A treatment on procollagen 1α1 expression. In mouse PCLS, we found that 

VEGF-A treatment has no direct effect on liver fibrogenesis. In contrast, treatment of human 

PCLS with low dose of VEGF-A increased the procollagen 1α1 expression. Previous in vitro studies 

have shown a direct effect of VEGF-A on proliferation, migration, and transformation of human 

HSC but not on the procollagen 1α1 expression 9,35.  The effect of VEGF-A on procollagen 1α1 

expression in human PCLS was not observed at the higher dose. We hypothesize that this might 

be related to the increased VEGFR1 expression. The exact role of VEGFR1 is not yet understood, 

but some studies indicate that VEGFR1 acts as decoy receptor 36-38. So, if VEGF-A activates HSC 

and VEGFR1 acts as decoy receptor, the effects of VEGF-A on HSC are transient. LeCouter et al. 

suggest that VEGFR1 protects the liver from CCl4-exposed injury in mice without affecting 

angiogenesis 39. Overall, we conclude that the potent pro-angiogenic factor VEGF-A does not have 

a direct effect on fibrogenesis, even though HSC express both VEGFR1 and VEGFR2. Our results 

support the study of Kantari Mimoun et al. and Yang et al. who concluded that VEGF-A affects 

fibrogenesis indirectly through the effects on the infiltration of pro-fibrotic immune cells 11,12. We 

could not observe this indirect effect because blood cells are not present in our PCLS model. Thus, 

the effect of immune cells infiltration is not included in our studies.   

The results in chapter 4 not only showed the effect of VEGF-A but also highlighted a new 

model to study fibrosis-associated angiogenesis that needs to be further validated. Therefore, in 

chapter 5 we aimed to develop an alternative model using PCLS as a liver-specific approach to 

investigate fibrosis-associated angiogenesis. The advantages and disadvantages of the currently 

available angiogenesis assays have been described in chapter 1. The main limitation of these assays 

is that the distinctive features of hepatic angiogenesis are not well reflected in the models. Our 

results in chapter 5 showed that the rat PCLS respond positively towards treatment with the pro-

angiogenic factor VEGF-A and the anti-angiogenic sunitinib. The response of PCLS towards 

VEGF-A treatment was in line with our finding in mouse PCLS, which was described in chapter 

4. In rat PCLS, however, we did not observe the parallel increase of CD31 with procollagen 1α1 

expression in the untreated PCLS. Interestingly, after VEGF-A treatment the increased CD31 

expression was highly correlated with the increased procollagen 1α1 expression in rat PCLS. This 

indicates that VEGF-A might play role in rat liver fibrogenesis. Yet, we did not observe this in 

mouse and human PCLS. Again, we highlight the species-specific response in the intertwined 

processes of angiogenesis and fibrosis.  

The CD31 mRNA expression is not sufficient to discriminate between formation of new 

endothelial cells or increased expression in the existing endothelial cells. For this reason, we 
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evaluated the CD31 expression at the protein level in slices after five days of incubation where 

fibrosis was more developed. An increased protein expression of collagen I and III was observed 

in the five-day incubated PCLS 40. Our results showed a significant increased area of CD31 positive 

staining and increased CD31 staining intensity in the slices incubated in an enriched culture 

medium developed for long term culture of liver cells, Regenemed (Reg), but not in the commonly 

used Williams’ Medium E medium (WME). Both media caused a similar increase in collagen 

expression, but the collagen deposition was located in different areas of the slices 40. In addition, it 

was demonstrated that Reg-incubated slices developed hypoxic regions inside the slices due to the 

thickening of the slices that might block the oxygen penetration to the inner cell layers 40. Hypoxia 

is an important stimulus in both angiogenesis and fibrosis. Structural and anatomical changes in 

liver fibrogenesis have been proposed as factors that cause a reduced oxygen supply 4,41. To 

compensate for the lack of oxygen supply, angiogenesis is initiated 41-43. 

Although culturing the PCLS for five days was sufficient to observe intrahepatic angiogenesis, 

the technique is relatively time consuming including sample preparation, staining, imaging and 

image analysis. Therefore, we developed another assay which was modified from the well-known 

aortic ring assay, where outgrowth of endothelial cells is used as marker for angiogenesis. Instead 

of using aorta rings, we used rat PCLS embedded in collagen matrix. An outgrowth of cells was 

observed in these collagen-embedded PCLS incubated for five days in WME. Immunofluorescence 

staining revealed that in WME the outgrowths were CD31 positive, identifying them as endothelial 

cells. Treatment with sunitinib prevented the outgrowth, but there was no response to VEGF-A 

treatment. This might be due to the endogenous VEGF production, which was already sufficient 

to induce maximum sprouting. However, we cannot exclude that the additional VEGF-A was not 

sufficient to stimulate a notable increase of the angiogenic sprouts. We also evaluated the influence 

of medium on the sprouting since we discovered that Reg-incubated slices showed a significant 

increase in the number of blood vessels in the liver tissue. In collagen-embedded PCLS incubated 

for five days in Reg, we observed massive outgrowths in the collagen matrix. However, none of 

the outgrowths was CD31 positive. We discovered that the cells were alpha smooth muscle actin 

positive indicating that they may be fibroblasts. The result was not consistent with our finding in 

Reg-incubated slices, in which an increased number of blood vessels was observed. Thus, we 

conclude that this medium is not suitable for the collagen-embedded PCLS assay. 

 

2. Concluding Remarks and Future Perspectives 

We applied different approaches to understand angiogenesis in liver fibrogenesis, started from 

designing the GPI construct from the anti-angiogenic IFNα which was recognized by the ASGPR 
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expressed by hepatocytes. This targeting strategy was aimed to reveal the role of hepatocyte in liver 

fibrosis. Since we discovered that the construct was also associated with other liver cell types after 

administration in mice in vivo, we cannot draw any conclusion on whether the anti-angiogenic effect 

of GPI was due to an effect on the hepatocytes. However, we discovered a consistent phenomenon 

of both IFNα and GPI showing a U-shaped dose response in inhibiting HUVEC tubular formation 

and decreasing CD31 expression in the in vivo fibrosis model of CCl4-exposed mice. In addition, 

we did not observe any difference in the expression of procollagen 1α1 although angiogenesis was 

inhibited. Thus, we concluded that angiogenesis did not have a significant role in liver fibrogenesis. 

This finding was also supported in our study on VEGF-A, a potent angiogenic activator, which 

had no direct effect on liver fibrogenesis in the fibrosis model of PCLS treated with VEGF-A. 

However, in human PCLS we observed that the lower dose of VEGF-A increased procollagen 1α1 

expression. Thus, the results of our studies highlighted the importance of using human tissue to 

have a more clinically relevant model that reflects pathogenesis in liver fibrosis. For future work, a 

wide range of VEGF-A concentration may give a useful information on the effect of VEGF-A in 

the human PCLS. Besides, evaluation at protein level may provide additional information on the 

translational regulation of VEGF-A in liver fibrogenesis.     

Another issue in the study of fibrosis-associated angiogenesis is the lack of specific assays that 

represent the physiological condition in liver fibrogenesis. We tried to solve this issue by developing 

three different methods using PCLS as fibrosis model. The response of the model towards pro- 

and anti-angiogenic treatment, the parallel increase of CD31 expression with procollagen 1α1 

expression and the evidence of CD31 positive outgrowths in the collagen-embedded PCLS indicate 

that we have a promising model that can be used to study fibrosis-associated angiogenesis. In the 

future, this model will be further validated by using molecules that have been known to have pro-

fibrotic effects and human PCLS to investigate human-specific responses.  

Since there is no effective treatment yet for liver fibrosis, different approaches need to be done 

to understand the complexity of the processes involved in liver fibrosis. One of them is using 

knock-out mice to have a better understanding on the specific effect of angiogenic factors. This is 

because of the available anti-angiogenic inhibitors are multi tyrosine kinase inhibitors which are 

not specific for angiogenesis but also affect the fibrosis. These inhibitors might lead to a false 

conclusion on the correlation or causal relation between angiogenesis and fibrosis.  

Ultimately, PCLS offer a promising model to investigate fibrosis-associated angiogenesis with 

the opportunity of using human tissue for translation of the results to patients. The collagen-

embedded PCLS is a novel approach in investigating liver-specific angiogenesis with real-time 

evaluation, which may accelerate the work in this relevant field and will contribute to the reduction, 
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replacement and refinement of animal experiments by avoiding in vivo animal experiments with 

serious discomfort. 

In conclusion, our approaches are not sufficient to resolve the puzzling relation between 

angiogenesis and fibrosis and the role of hepatocytes in liver fibrosis. However, our studies do 

bring further insights and introduce a new ex vivo model using PCLS to study angiogenesis. Recent 

findings on the involvement of macrophages in bridging both processes can be included in the 

PCLS model of fibrosis as a new approach to unravel the link between fibrosis and angiogenesis. 

It is clear that although important steps have been taken in this area, much is needed to be done.  
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Sinds de ontdekking dat nieuwe bloedvaten worden gevormd (angiogenese) tijdens de 

ontwikkeling van leverfibrose, werd angiogenese beschouwd als een factor die fibrose bevorderend 

is. Enkele in vivo studies in muis- en ratmodellen voor fibrose lieten een afname in fibrose zien 

wanneer de dieren met angiogenese-remmers werden behandeld. Meer recente studies geven 

daarentegen aan dat remming van angiogenesis de leverfibrose juist bevordert en de afbraak van 

bindweefsel tegengaat. 

De tegenstrijdige bevindingen over de rol van angiogenesis in leverfibrose zijn beschreven in 

hoofdstuk 1. Tot op heden is de discussie over angiogenesis als een beschermingsmechanisme om 

te compenseren voor het tekort aan zuurstof of als bevorderende factor voor fibrose nog steeds 

gaande. Angiogenesis wordt nauwkeurig gereguleerd door middel van een balans tussen pro- en 

anti-angiogenese factoren. Deze factoren worden geproduceerd door verscheidene celtypen in de 

lever waaronder hepatocyten en hepatische stellaatcellen (HSC). Dit impliceert dat er 

communicatie plaatsvindt tussen deze typen levercellen met betrekking tot fibrose-geassocieerde 

angiogenesis. De hepatocyten worden vaak beschouwd als de “slachtoffers” of “toeschouwers” in 

lever fibrose, terwijl ze echter belangrijke angiogenese factoren produceren, zoals vasculaire 

endotheliale groeifactor A (VEGF-A) en thrombospondin 1 (THBS-1).  Tot nu toe is de bijdrage 

van de hepatocyten aan de angiogenesis tijdens fibrose niet grondig onderzocht. 

Met het doel om de rol van hepatocyten in angiogenesis tijdens lever fibrose te bestuderen, 

hebben we een interferon alfa (IFNα)-construct ontwikkeld waarbij galactose-polyethylene glycol 

verbonden is met IFNα om het specifiek te brengen naar de asialoglycoprotein receptoren 

aanwezig op het sinusoïdale membraan van de hepatocyten. Het effect van dit construct (galactose-

PEG-IFNα, GPI) in vitro in HepG2 cellen wordt beschreven in hoofdstuk 2. De resultaten laten 

zien dat GPI de fosforylering van STAT1 bevordert en dat dit gedeeltelijk kan worden geremd 

door humaan serum albumine (HSA) geconjugeerd met lactose groepen, wat impliceert dat de GPI 

activiteit gedeeltelijk wordt bevorderd door binding aan de asialoglycoproteine receptor (ASGPR) 

en dat het overige deel van het effect waarschijnlijk tot stand komt via de interferon alfa receptor 

(IFNAR). De anti-angiogenese activiteit van zowel IFNα als GPI kon in vitro worden aangetoond 

doordat het de uitscheiding van de pro-angiogenese factor VEGF-A verminderde en de expressie 

van de anti-angiogenese factor THBS-1 stimuleerde. Daarnaast bleken de aan IFNα- en aan GPI 

blootgestelde HepG2 cellen factoren uit te scheiden die remmend werkten op de vorming van op 

bloedvat lijkende structuren door menselijke bloedvatcellen (HUVEC).  Deze anti-angiogenese 

activiteit werd echter alleen gevonden bij blootstelling van de HepG2 cellen aan een lage 

concentratie van GPI, en niet bij de hoge concentratie.  
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Een vergelijkbaar fenomeen werd geconstateerd tijdens de evaluatie van IFNα en GPI in vivo in 

het fibrose model van aan CCl4-blootgestelde muizen, zoals beschreven in hoofdstuk 3.  Een U-

vormige dosis-response curve werd eerder ook al vastgesteld voor het gebruik van IFNα als 

angiogenesis remmer in humaan blaas kanker.  

Onze resultaten in hoofdstuk 3 tonen aan dat de rol van hepatocyten in de angiogenese die is 

geassocieerd met fibrose niet kan worden ontrafeld door middel van GPI, aangezien we geen 

verschil in de cellulaire distributie van GPI en IFNα konden waarnemen. Beide moleculen waren 

in vergelijkbare concentraties aanwezig op hepatocyten, endotheel cellen, en (myo)fibroblasten. 

Deze lokalisatie zou erop kunnen wijzen dat de receptor voor INF α (IFNAR) aanwezig is op alle 

genoemde celtypen in de lever. 

IFNAR is een algemene receptor voor type I interferon, waaronder IFNα, en bestaat uit twee 

subeenheden, een component met een lage (IFNAR1) en een met een hoge affiniteit (IFNAR2). 

Het is eerder aangetoond dat IFNAR wordt geproduceerd door hepatocyten in muizen. Echter, 

geen enkele studie heeft de distributie van IFNAR expressie in de lever onderzocht en of het 

aanwezig is op andere cel typen dan hepatocyten. Niettemin suggereert de eerder aangetoonde 

aanwezigheid van IFNAR op humane navelstrengendotheelcellen en fibroblasten van het hart dat 

IFNAR ook tot expressie kan worden gebracht door endotheelcellen en fibroblasten in de lever. 

Toekomstig onderzoek middels een immunohistochemische kleuring van IFNAR is nodig om dit 

te bevestigen. 

In hoofdstuk 3 hebben we ook aangetoond dat IFNα en GPI angiogenese remmen, maar er 

werd geen effect op fibrose vorming waargenomen. Dit is in tegenstelling tot eerder onderzoek 

waarin werd gevonden dat IFNα anti-fibrotische effecten heeft in twee ratmodellen voor fibrose. 

Dit verschil kan veroorzaakt zijn door verschillen tussen diersoorten, aangezien wij muizen 

gebruikten, of door een verschil in de gebruikte dosering van IFNα. Desalniettemin was de lagere 

dosering gebruikt in onze studie voldoende om angiogenese te remmen in CCl4-blootgestelde 

muizen zonder significante effecten op fibrose-vorming in de lever. Daarom concluderen we dat 

angiogenese geen directe rol heeft in fibrose-vorming maar dat het kan voorkomen als gevolg van 

toegenomen pro-fibrotische factoren die ook angiogenese-bevorderende effecten hebben. 

VEGF-A is een sterke pro-angiogenese factor die de proliferatie van endotheel cellen versterkt, 

het ontstaan en vertakken van bloedvaten bevordert, en de permeabiliteit van micro-bloedvaten 

doet toenemen. Aangezien VEGF-A een pro-angiogenese factor is, kan een verhoogde expressie 

van VEGF-A verwacht worden in een fibrotische lever. Onze resultaten in hoofdstuk 3, tonen 

echter een afname in VEGF-A expressie op mRNA en eiwit level in de aan CCl4-blootgestelde 

muizen. Om de rol van VEGF-A in fibrose verder te bestuderen, onderzochten we in hoofdstuk 
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4 de correlatie tussen VEGF-A expressie en fibrotische markers in muizen met een hoge en een 

lage hoeveelheid lever fibrose. We vonden een negatieve correlatie tussen VEGF-A en pro-

collageen 1α1 expressie wat suggereert dat VEGF-A geen fibrose bevorderend effect heeft in aan 

CCl4-blootgestelde muizen. Vervolgens hebben we de directe rol van VEGF-A onderzocht in een 

fibrosemodel van precies-gesneden lever plakjes (PCLS). PCLS, gedurende 48 uur geïncubeerd, 

zijn een goed gevalideerd model voor leverfibrose. Dit ex vivo model is echter niet eerder gebruikt 

om met fibrose-geassocieerde angiogenese te bestuderen. Net als in vivo, detecteerden we ex vivo 

een toename in CD31 expressie en een afname in vasculaire endotheel groei factor receptor 1 en 2 

(VEGFR1 en VEGFR2) expressie, samen met een verhoogde pro-collageen 1α1 expressie in 

onbehandelde muizen PCLS na 48 uur incubatie. Een voordeel van het gebruik van PCLS is de 

mogelijkheid om de processen ook in de humane lever te bestuderen, wat een betere klinische 

vertaling van de resultaten mogelijk maakt. Interessant is dat de expressie van VEGFR1 en 

VEGFR2 toenam in humane PCLS na 48 uur incubatie. De hogere expressie van beide receptoren 

is in overeenstemming met eerdere studies in patiënten met levercirrose. Het verschil in 

verandering in muizen en humane PCLS tonen aan dat de processen van agiogenese en fibrose niet 

gelijk zijn in muizen en mensen.  

Een andere interessante vondst in hoofdstuk 4, met betrekking tot soort-specifieke reacties, is 

het effect van VEGF-A behandeling op de pro-collageen 1α1 expressie. In muizen PCLS vonden 

we geen direct effect van VEGF-A behandeling op de vorming van leverfibrose. Daarentegen 

verhoogde de behandeling van humane PCLS met een lage dosering van VEGF-A de expressie 

van pro-collageen 1α1. Eerder in vitro onderzoek met humane HSC toonde een direct effect van 

VEGF-A op proliferatie, migratie, en transformatie van deze cellen aan, maar niet op pro-collageen 

1α1 expressie. Het effect van VEGF-A op pro-collageen 1α1 expressie in humane PCLS werd niet 

waargenomen met de hogere dosering. We veronderstellen dat dit kan komen door de gelijktijdige 

toename in VEGFR1 expressie. De exacte rol van VEGFR1 is nog niet bekend, maar sommige 

onderzoeken suggereren dat VEGFR1 werkt als een ‘lokaas’ receptor.  Daarmee concluderen wij 

dat de sterk pro-angiogenese factor VEGF-A geen direct effect heeft op fibrose-vorming, hoewel 

HSC zowel VEGFR1 als VEGFR2 tot expressie brengen. Onze resultaten ondersteunen het 

onderzoek van Kantari Mimoun et al. en Yang et al. welke concludeerden dat VEGF-A een indirect 

effect heeft op fibrose-vorming door de invloed op infiltratie van pro-fibrotische immuuncellen. 

Wij konden dit indirecte effect niet waarnemen, omdat bloedcellen niet aanwezig zijn in ons PCLS 

model. Dus is het effect van infiltratie van immuuncellen niet opgenomen in ons onderzoek. 

De resultaten in hoofdstuk 4 toonden niet alleen een effect van VEGF-A aan, maar 

benadrukken ook een nieuw model om fibrose-geassocieerde angiogenese te bestuderen welke nog 
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verder gevalideerd dient te worden. Daarom hebben we in hoofdstuk 5 een nieuw, alternatief 

model ontwikkeld waarbij PCLS gebruikt kunnen worden als een lever-specifieke methode om 

fibrose-geassocieerde angiogenese te bestuderen. De voordelen en nadelen van de momenteel 

beschikbare angiogenese testen zijn beschreven in hoofdstuk 1. De belangrijkste beperking van 

deze bestaande testen is dat lever-specifieke kenmerken van angiogenese niet goed weerspiegeld 

worden in deze modellen. Onze resultaten in hoofdstuk 5 laten zien dat de rat PCLS positief 

reageren op de behandeling met de pro-angiogenese factor VEGF-A en sunitinib, een stof met 

anti-angiogenese activiteit. De reactie van PCLS van de rat op de blootstelling aan VEGF-A komt 

overeen met de bevindingen in muizen PCLS, welke beschreven zijn in hoofdstuk 4. In rat PCLS 

namen we echter niet de toename van CD31 met pro-collageen 1α1 expressie waar tijdens incubatie 

van onbehandelde PCLS. Interessant echter was dat de toename in CD31 expressie na VEGF-A 

blootstelling sterk gecorreleerd was met de verhoogde pro-collageen 1α1 expressie in rat PCLS. 

Dit suggereert dat VEGF-A een rol zou kunnen spelen in de vorming van fibrose in de rattenlever. 

Maar we namen dit niet waar in muizen en humane PCLS, wederom een soort-specifieke reactie 

in de processen van angiogenese en fibrose. 

Uit de toename van de CD31 mRNA expressie kan geen onderscheid gemaakt worden of dit 

wijst op de vorming van nieuwe endotheel cellen of op een toename in expressie in bestaande 

endotheel cellen. Om deze reden evalueerden we de CD31 expressie op eiwitniveau in PCLS na 5 

dagen incubatie wanneer de fibrose meer ontwikkeld is. Onze resultaten tonen een significante 

toename in aantal CD31-positieve cellen aan en een verhoogde intensiteit van de CD31-kleuring 

van de cellen in de PCLS die geïncubeerd waren in een verrijkt kweekmedium ontwikkeld voor 

lange termijn kweek van lever cellen, Regenemed (Reg), maar niet in het algemeen gebruikte 

Williams’ Medium E (WME). Het was eerder aangetoond dat in het midden van de Reg-

geïncubeerde plakjes zuurstofgebrek ontstaat door de toegenomen dikte van de plakjes. 

Zuurstofgebrek is een belangrijke prikkel voor zowel angiogenese als fibrose. Structurele en 

anatomische veranderingen tijdens de vorming van leverfibrose kunnen ook de zuurstoftoevoer 

verminderen. Als compensatie voor de verlaagde zuurstoftoevoer zou angiogenese kunnen worden 

geïnitieerd.  

Alhoewel het kweken van PCLS gedurende vijf dagen voldoende was om de intra-hepatische 

angiogenese waar te nemen, is de techniek, inclusief de monstervoorbereidingen, kleuring, 

beeldvorming, en afbeelding analyse, relatief tijdrovend. Daarom hebben we een ook andere test 

ontwikkeld, welke gebaseerd is op de beschreven aorta-ring test, waar de uitgroei van 

endotheelcellen uit de aorta-ring gebruikt wordt als marker voor angiogenese. In plaats van aorta-

ringen gebruiken we rat PCLS ingebed in een collageen matrix. Uitgroei van cellen werd 
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waargenomen in deze collageen ingebedde PCLS na vijf dagen incubatie in WME. 

Immunofluorescentie kleuring liet zien dat in WME de uitgroei CD31-positief was, waardoor de 

uitgroei kon worden geïdentificeerd als endotheel cellen. Behandeling met sunitinib verhinderde 

de uitgroei, maar er was geen verandering na VEGF-A blootstelling. We kunnen echter niet 

uitsluiten dat in deze experimenten de VEGF-A concentratie onvoldoende was om endotheelcel 

uitgroei te stimuleren. Toekomstige experimenten met hogere concentraties aan VEGF-A zijn 

nodig om de rol van VEGF-A in dit model te verduidelijken. Wij bepaalden ook de invloed van 

het medium op de endotheelcellen, aangezien we ontdekten dat in PCLS die geïncubeerd werden 

in Reg een significante toename van het aantal bloedvaten in het lever weefsel werd waargenomen. 

In de collageen-ingebedde PLCS gekweekt voor vijf dagen in Reg namen wij een indrukwekkende 

uitgroei van cellen waar in de collageen matrix. Die uitgroei was echter niet CD31 positief. Wij 

ontdekten dat de cellen alfa gladde spier actine positief waren wat erop wijst dat het fibroblasten 

kunnen zijn. Dus concluderen we dat dit medium niet geschikt is om de uitgroei van 

endotheelcellen te meten in collageen ingebedde PCLS. 

We hebben verscheidene methoden toegepast om de rol van angiogenese in leverfibrose te 

begrijpen. Aangezien er nog geen effectieve behandeling is voor leverfibrose, zijn verschillende 

methoden nodig om de complexiteit van de processen betrokken in lever fibrose te begrijpen. 

PCLS bieden een veelbelovend model om fibrose-geassocieerde angiogenese te onderzoeken met 

de mogelijkheid om humaan weefsel te gebruiken voor de vertaling van de resultaten naar de 

patiënt. De collageen-ingebedde PCLS is een nieuwe methode om lever-specifieke angiogenese te 

bestuderen met real-time evaluatie, wat het werk in dit relevante terrein zou kunnen versnellen en 

wat zal bijdragen aan de vermindering, vervanging en verfijning van dierexperimenten door in vivo 

dierexperimenten met ernstig ongerief te vermijden. 

Tenslotte, onze methoden zijn niet voldoende om de nog steeds onbegrepen relatie tussen 

angiogenese en fibrose en de rol van hepatocyten in leverfibrose geheel te ontrafelen. Onze 

onderzoek heeft wel meer inzicht gebracht en tevens een nieuw ex vivo model geïntroduceerd, 

waarin PCLS gebruikt worden om angiogenese te bestuderen. Het is duidelijk dat alhoewel 

belangrijke stappen zijn genomen op dit gebied, er nog veel onderzoek nodig is. 
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