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Introduction 

 

Kinase inhibitors have been proposed as valuable potential new chemical 

entities for the treatment of many diseases including liver fibrosis (1-3). 

Protein kinases function as important mediators in both physiological 

and pathological processes in the cell, so their inhibition may have pro-

found effects. However, there are still many potential problems associ-

ated with the use of these inhibitors for the treatment of chronic disor-

ders. Although kinase inhibitors have caused a breakthrough in the clini-

cal management of neoplastic diseases like chronic myeloid leukemia 

(4), other clinical trials examining the use of kinase inhibitors against 

chronic, non-malignant disorders have failed due to a lack of effect of 

the drug (5, 6) or due to intolerable side-effects (7-11). Cell-specific 

delivery of kinase inhibitors may improve the efficacy of these inhibitors 

by increasing local concentrations in the target area, while side-effects 

in non-target cells are avoided.  

 

One chronic disease for which kinase inhibitors have been considered as 

a treatment is liver fibrosis. This is the final common pathway of most 

forms of chronic liver injury, either caused by viral infections (e.g. hepa-

titis), metabolic disorders, alcohol or drug abuse (12). Chronic injury to 

hepatocytes leads to inflammation and activation of non-parenchymal 

cells in the liver, most notably the hepatic stellate cells (HSC), which 

then proliferate and transform into myofibroblasts (13). These cells are 

the most prolific producers of extracellular matrix proteins and pro-

fibrotic cytokines. The imbalance between excessive extracellular matrix 

production and decreased matrix degradation is the hallmark of fibrosis 

and eventually results in tissue scarring which impedes the function of 

the liver. Liver fibrosis ultimately leads to cirrhosis, which is associated 

with an increased risk of hepatocellular carcinoma and can lead to other 

co-morbidities such as portal hypertension (14). 

 

Since the process of liver fibrosis is regulated by excessive expression of 

several growth factors, which often signal via protein kinases, the inhibi-

tion of these kinase pathways has been examined in a number of pre-

clinical studies (15-20). Transforming growth factor-β1 (TGF-β1) and 

platelet derived growth factor (PDGF) are considered as the main pro-
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fibrotic cytokines, which can activate multiple kinase pathways. Both 

these growth factors signal via a receptor that possesses kinase activity 

in itself (21-24). However, most kinase controlled pathways are not spe-

cific for pathological processes and consequently their inhibition can also 

cause deregulation of essential physiological processes. 

 

 

Scope 

 

To provide an overview of possibilities for specific delivery of kinase in-

hibitors, in chapter 2 we have included an extensive review on the tar-

geting of kinase inhibitors to tumors and diseased kidney, liver or endo-

thelium. The mechanism of action of kinase inhibitors is first introduced, 

together with several reasons for targeting this class of drugs. Probably 

because kinase inhibitors are relatively new therapeutic entities, there 

are not many studies on the delivery of these drugs compared to the 

amount of studies on the targeting of the almost half-a-century old cyto-

toxic drugs. However, pre-clinical studies with tissue- or cell-specific 

targeted kinase inhibitors have shown that specific delivery of kinase 

inhibitors can improve the pharmacokinetics and effects of these drugs. 

Our review highlights important new developments and illustrates that 

the specific targeting of kinase inhibitors can significantly improve their 

effectivity in a variety of disease models. Still, there is still a relative 

lack of data on in vivo effectivity and the side-effect profile of the tar-

geted constructs. 

 

Rho-kinase is one of the protein kinases shown to play an important role 

in the pathogenesis of liver fibrosis in experimental animals (17, 19, 20, 

25). Chapter 3 describes the specific delivery of a Rho-kinase inhibitor, 

Y27632, to HSC in acute fibrogenesis in mice. We studied the pharma-

cokinetics of the conjugated drug by comparing liver and plasma levels 

of the free and the conjugate-bound drug and by determining the intra-

hepatic distribution of the protein carrier. In addition, we examined the 

effects of both free drug and conjugate in this acute model for liver fi-

brogenesis.  
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Since liver fibrosis is a chronic disease, it is very important to also de-

termine the effect of targeted conjugates in a chronic model. To that 

end, we examined the effects of the conjugated Rho-kinase inhibitor on 

fibrotic markers in a chronic liver fibrosis model in mice and described 

this in chapter 4. Furthermore, we studied the effect of the conjugate 

on primary rat HSC and examined whether the use of this conjugate 

might reduce Rho-kinase inhibitor-specific side-effects. 

 

Chapter 5 deals with the specific delivery of a TGFβ-receptor type I 

(ALK5-)inhibitor to HSC. TGF-β1 is one of the major pro-fibrotic cyto-

kines, but it also has major effects on the homeostasis of the immune-

system and may influence tumorigenesis (26, 27). Therefore, HSC-

specific targeting may strongly improve the benefit-risk ratio of this in-

hibitor. We investigated this hypothesis in primary rat HSC, a hepato-

cyte cell line and in an acute mouse model for fibrogenesis. 

 

Kinase inhibitors were first introduced as a new treatment for cancer, 

and in that field evidence in favour of inhibiting multiple kinases simul-

taneously is increasing (6, 28). To examine whether inhibition of two 

major kinase pathways at the same time would improve treatment op-

tions in liver fibrosis as well, we studied the inhibition of PDGF and TGFβ 

signaling together (Chapter 6) using a PDGFreceptor-β-inhibitor and an 

ALK5 inhibitor. The effect of this ‘double therapy’ was compared to the 

use of each inhibitor separately, in primary human HSC and in a mouse 

model for acute fibrogenesis. Because the expression of TGF type I-

receptor is ubiquitous, we also studied the combined treatment with an 

HSC-specific conjugate of the ALK5-inhibitor and the PDGFRβ-inhibitor in 

vivo. 

 

 

Aim 

 

As outlined above, the key aim of this thesis is to examine the possibili-

ties and limitations of cell-specific inhibition of protein kinase signaling in 

HSC, the most pivotal players in the pathogenesis of liver fibrosis. This 

thesis describes the whole spectrum from the design, chemical synthesis 

and analysis of new cell-specific constructs, to their pharmacological 
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testing in vitro and finally the assessment of their pharmacokinetic pro-

file and efficacy in vivo in experimental animal models. For HSC-specific 

delivery, conjugates of the carrier mannose-6-phosphate human serum 

albumin coupled to kinase inhibitors were synthesized and characterized 

in vitro. For the coupling of drugs to the protein-based carriers we ap-

plied a new coupling strategy based on the use of the Universal Linkage 

System (ULS). The pharmacokinetic aspects of cell-specific delivery 

and the pharmacological effects of the conjugates relative to the corre-

sponding free drugs were studied in vivo in acute and chronic CCl4-

induced mouse models for liver fibrosis. The results of these studies 

provide new information on the importance of kinase signaling pathways 

in HSC and in experimental liver fibrosis. 
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Abstract 

 

Introduction: Kinase inhibitors have been hailed as a breakthrough in 

the treatment of cancer. Extensive research is now being devoted to the 

development of kinase inhibitors as a treatment against many non-

malignant diseases. However, the use of kinase inhibitors in both malig-

nant and non-malignant diseases is also associated with side-effects and 

the development of resistance. Cell-specific delivery of kinase inhibitors 

may solve these problems, by improving the therapeutic efficacy and 

reducing side effects. 

 

Areas covered: This review aims to provide an overview of the pre-

clinical studies performed to examine the specific targeting of kinase 

inhibitors in vitro and in vivo. We will give an introduction on kinase sig-

naling pathways induced during disease, along with the possible prob-

lems associated with their inhibition. Then, we will discuss the studies on 

specific delivery, and show that altering the specificity of kinase inhibi-

tors by targeting methods improves their effectivity and safety. 

 

Expert opinion: Compared to delivery of cytotoxic compounds, the spe-

cific delivery of kinase inhibitors has not yet been studied extensively. 

The studies discussed in this review provide an insight into methods 

used to target kinase inhibitors to different organs. The targeting of dif-

ferent kinase inhibitors has improved their therapeutic possibilities, but 

many questions still remain to be studied. 
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1. Introduction 

 

Protein kinase inhibitors have been the subject of intense research for 

the last two decades, leading to the approval of several kinase inhibitors 

for clinical use, mainly for the treatment of cancer. The first of the small 

molecule kinase inhibitors in use was imatinib (Gleevec), which was ap-

proved as a treatment against chronic myelogenous leukemia by the 

FDA in 2001 (1), and as such was the first FDA-approved kinase inhibi-

tor in clinical use. Up to 2009 approximately 10,000 possible kinase in-

hibitors had been patented and further research on the development of 

novel inhibitors is still thriving (2). At the moment of writing this review 

approximately 2400 clinical trials studying kinase inhibitors are in pro-

gress and registered on www.clinicaltrials.gov. Currently, interest is 

growing in the use of kinase inhibitors for disorders other than cancer. 

Since signaling pathways are also deregulated in many non-malignant 

diseases, inhibition of these pathways using kinase inhibitors is a good 

strategy for the treatment of such diseases (3). 

 

This review will first briefly describe the mechanism of action of kinase 

inhibitors, and then discuss some of the problems encountered with ki-

nase inhibitor treatment, which give the rationale for specific targeting 

of these inhibitors. Although kinase inhibitors can be very potent drugs, 

they are not without side-effects. These can either be caused by inhibi-

tion of target kinases in non-target tissues, or by off-target inhibition of 

other kinases. Furthermore, resistance to kinase inhibitors is increasing-

ly becoming a problem in the clinic (4). By increasing the local drug lev-

els in target cells or organs and decreasing levels elsewhere these prob-

lems may be solved. Therefore, organ and/or cell-specific targeting of 

kinase inhibitors has been proposed in a number of studies. These stud-

ies will be discussed and different methods for specific delivery of kinase 

inhibitors will be examined. 

 

 

2. Protein kinase inhibitors 

 

Protein kinases are the phosphorylating enzymes present in all cells, 

although their expression varies from cell to cell and is dependent on 
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the disease state. The transfer of a phosphate group from ATP to a pro-

tein, called phosphorylation, is a reversible process, which can cause 

activation or inactivation of the target protein, thus leading to a very 

diverse set of effects. To date 518 protein kinases are known in human 

(5), although the function of some of these kinases is still unclear. 

 

2.1 Protein kinase structure 

Generally, each kinase consists of two lobes, an N-terminal and a C-

terminal part, with the ATP-binding pocket located in the cleft between 

these lobes (1). While all kinases have a structural similarity, the ATP-

binding region in particular is very well conserved between different ki-

nases. In most kinases, ATP can only bind when the protein kinase is in 

an active conformation. Conformational changes in the kinase protein 

induce changes between the active and inactive states of the kinase. 

Although these are commonly perceived as the only two possible con-

formations, kinases do not have one active and one inactive confor-

mation. Instead there is a spectrum of conformations, some of which 

are active and others not (6). 

 

Protein kinases can also be classified into groups according to sequence 

comparison of the catalytic domains, combined with information on se-

quences outside of the catalytic domain and biological function. This 

results in a classification into 9 groups of kinases, which can be further 

divided into families and subfamilies (5). Of these groups the receptor 

tyrosine kinases and serine/threonine kinases have been studied most 

extensively, and the currently approved inhibitors are all targeted to-

wards members of these two groups (1). 

 

 

2.2 Classification of protein kinase inhibitors 

Kinase inhibitors comprise different classes of molecules, which can be 

classified according to whether they compete with ATP or not, to wheth-

er they target the active state of the kinase and the reversibility of the 

binding (7). Apart from small molecule inhibitors, monoclonal antibodies 

are also able to inhibit kinase proteins; however, this review will focus 

only on the small molecule inhibitors. 
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The kinase inhibitors currently approved for use in the clinic are almost 

all ATP-competitive compounds (1) and exert their effects by blocking 

the ATP-docking site on a protein kinase directly or indirectly. Thus the 

transfer of a phosphate group from ATP by the kinase is blocked. ATP-

competitive inhibitors can target both the active and the inactivated 

state of the kinase (7). Some ATP-competitive inhibitors bind directly in 

the ATP-docking site, which is a highly conserved structure, leading to 

high similarity in this region between different kinases. This explains a 

large part of off-target effects of these inhibitors (8), since they are able 

to block the ATP-docking site on several different kinases. The specificity 

of these inhibitors can be improved by fitting side-groups that bind to 

hydrophobic pockets near the ATP-binding site, which are more variable 

between target kinases. 

 

Non-ATP competitive inhibitors block the functioning of the target kinase 

by binding to a site away from the ATP-binding pocket, often altering 

the conformation of the protein kinase in such a way that it can no long-

er function. It has been hypothesized that these inhibitors inherently 

would have a lower rate of off-target effects. Binding sites away from 

the ATP-pocket display a higher degree of variation, and as such, inhibi-

tors aimed at these sites should be more specific to a particular kinase. 

However, no such inhibitors have been approved yet (7). 

 

 

2.3. Therapeutic use and limitations of kinase inhibitors 

Kinases are involved in all basic cellular processes, such as proliferation, 

apoptosis, migration and invasion. These processes are often dysregu-

lated in disease, making them inviting druggable targets (9). The versa-

tility and the dependence of many homeostatic processes on kinase ac-

tivity regulation also explains part of the potential for side-effects that 

this class of drugs has. The kinase inhibitors currently in use in the clinic 

are approved as a treatment for different forms of cancer. However, 

there is a number of non-malignant diseases in which kinase pathways 

are also deregulated and where kinase inhibitors may be a valuable 

treatment. A recent review has dealt with the use of tyrosine kinase in-

hibitors in several non-malignant disorders, mainly proliferative diseas-

es, such as lung fibrosis and cardiac hypertrophy (3, 10). Even though 
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promising results with kinase inhibitors have been shown in (pre-)clinical 

trials, the same problems facing kinase inhibitor treatments for cancer, 

such as side-effects and resistance, may also occur with these treat-

ments. The results of clinical trials performed to study the efficacy of 

p38-mitogen-activated protein kinase inhibitors as a treatment for 

rheumatoid arthritis show that even though potent effects were found in 

pre-clinical tests, in patients the effects of these inhibitors were not so 

strong (11, 12). The reason in this case seems to be the redundancy of 

pathways in this disease. Inhibition of one pathway can then lead to the 

upregulation of others, which take over its function. The solution could 

be to switch to inhibitors of more upstream kinases or to inhibitors that 

inhibit multiple pathways (12), which could also lead to more side-

effects. 

 

Pre-clinical research has shown that several types of kinase inhibitors 

can reduce fibrogenesis in animal models. This would address an unmet 

medical need because fibrogenic or sclerotic diseases are generally very 

difficult to treat and there is no pharmacotherapy available for such dis-

eases. An added difficulty in determining the clinical value of anti-fibrotic 

therapies is the disease process itself, where it may take decades for the 

injury to develop into a severe fibrosis with clinical symptoms. Although 

idiopathic pulmonary fibrosis generally evolves within 3 years, disease 

progression in other disease like liver or renal fibrosis may take decades 

(13, 14). To treat such a chronic disease, chronic treatment will be 

needed to evaluate the added value of a drug, necessitating a prolonged 

clinical trial. Moreover, adverse effects of drugs used for a long time as 

a treatment for a chronic disease, which may display in the first reversi-

ble, treatable phases only slight clinical symptoms, are not tolerated. 

 

2.3.1 Side effects of kinase inhibitors 

Although most inhibitors are targeted towards processes that are 

dysregulated in a diseased organ, many of these kinases or processes 

also can have essential functions in non-pathological processes. An ex-

ample of this is formed by the experience with experimental MEK inhibi-

tors, which all cause the same dose-dependent side-effect on the eye, 

pointing to an essential role of MEK in the regulation of vision (15). 

 



Specific delivery of kinase inhibitors 

 
 

23 

C
h
a
p
te
r 
2
 

The inhibitors in clinical use have been found to also exhibit side-effects 

with varying degrees of severity (8, 16). One of the most severe side-

effects during treatment of patients with kinase inhibitors is the devel-

opment of cardiac problems, although opinions are still divided as to the 

severity and rate of occurrence of these side-effects (17, 18). Addition-

ally, kinase inhibitors can cause a variety of other side-effects, such as 

skin toxicity, haematological side-effects, edema and nausea (16). In 

comparison to conventional chemotherapy and in the context of relative-

ly short-term treatment for cancer, these side-effects are often seen as 

negligible. However, in the context of chronic treatment for other dis-

eases, they may turn out to be dose-limiting, or even preclude the use 

of these inhibitors altogether. 

 

In some cases side-effects might be avoided by inhibiting a kinase that 

functions further downstream in a signaling cascade, thus avoiding the 

inhibition of essential processes. However, this approach carries with it 

the danger that the inhibited kinase is redundant in the disease process 

(7). The inhibitory effect on one kinase can be readily circumvented by 

activation of another kinase and thus the inhibition will not have the 

desired effect as a treatment. 

 

2.3.2 Resistance to kinase inhibitors 

Particularly in the field of cancer treatment, a new and growing concern 

is the fact that the inhibition of just one kinase may not be enough, 

since resistance to kinase inhibitors is increasingly seen in patients (4). 

Many inhibitors currently in use are targeted to kinases that are mal-

functioning because of a genetic mutation. It appears that it is also pos-

sible for the kinase gene once mutated to acquire extra mutations, 

which may confer resistance to the inhibitor upon the tumor cells. Other 

causes for resistance include decreased drug bioavailability, amplifica-

tion of oncogenes and continued activation of downstream pathways (4, 

19). Resistance to kinase inhibitors may be partly mediated through 

upregulation of efflux transporters, such as ATP-binding cassette trans-

porters (20). There is evidence that at higher concentrations kinase in-

hibitors can inhibit these transporters, while at lower doses they may be 

substrates for these transporters, which decreases their effectivity (21, 

22). A solution to combat resistance to specific kinase inhibitors might 
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be the development of multi-targeted inhibitors or the use of a combina-

tion therapy, treating patients with several kinase-specific inhibitors 

combined (23). Additionally, there is evidence that the use of higher 

doses may prevent the development of resistance altogether (19). How-

ever, higher doses or combination therapies obviously increase the risk 

of side effects. Since kinase inhibitors have only been in clinical use as a 

treatment against malignant diseases, so far there is no information 

available to assess how much this problem would also affect the use of 

kinase inhibitors in the treatment of non-malignant diseases. 

 

3. Specific delivery of kinase inhibitors 

 

The problems described with the use of kinase inhibitors point to several 

possible improvements which may be achieved using specific delivery of 

kinase inhibitors. The first reasons for specific delivery would of course 

be to avoid side-effects and increase the therapeutic levels of the drug 

in the target organ or designated cell type. This will increase the thera-

peutic window of the inhibitors. Additionally, a cell-specific action would 

prevent effects on neighboring cells. The change in pharmacokinetics 

might also be very beneficial in the treatment of chronic diseases, by 

increasing the circulation time of the altered drug. Moreover, due to bio-

logical barriers, such as the blood brain barrier, it is difficult to reach 

sufficiently high drug levels in some organs, and specific targeting may 

improve transport of kinase inhibitors over this barrier, which is essen-

tial for the treatment of glioblastoma or other central nervous system 

disorders. In addition, the increasing problem of resistance might also 

be solved by cell-specific targeting, since higher peak concentrations in 

the target cell may reduce or prevent resistance (19). As stated above, 

circumvention of redundancy in the signaling pathways can also be pre-

vented by the use of upstream inhibitors. However, this in turn might 

affect physiological processes in non-target cells which warrants the use 

of cell-specific delivery tools. A final possible advantage of cell-specific 

targeting is the option of combining several drugs within one carrier to 

inhibit several kinases at once in the target cell. Below we will discuss 

several malignant and non-malignant syndromes in which cell- or organ-

specific kinase inhibitor treatments have been studied (see also Table 

1). 
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Table 1: An overview of studies examining the cell-specific deliv-

ery of several kinase inhibitors in different experimental models 

of malignant and non-malignant diseases. 

Disease Pathway Ref. Delivery 

system 

Effects in vitro Effects in vivo 

Liver 

fibrosis 

PDGFR 35 M6PHSA Antifibrotic effects 

on HSC. 

Liver accumulation in 

d10 BDL rats, sus-

tained drug levels. 

Inhibits collagen and 

α-SMA in d10 BDL 

rats. 

 

 Rho-

kinase 

46, 

47 

M6PHSA Specific receptor 

binding. Antifibrot-

ic effects in HSC. 

Binds to target cells. 

High drug concentra-

tion in liver during 

48h. Stronger anti-

fibrotic effects than 

free drug. 

 

Renal 

fibrosis 

p38-

MAPK 

55 Lysozyme Inhibition of colla-

gen gene expres-

sion in TGF-

activated HK-2 

cells. 

Accumulation in tubu-

lar cells during 3 

days. Reduction of 

p38 phosphorylation 

and α-SMA expres-

sion after ischemia / 

reperfusion in rat 

kidney. 

 

 ALK5 58, 

59 

Lysozyme Inhibition of colla-

gen gene expres-

sion in HK-2 cells. 

Accumulation in tubu-

lar cells during 3 

days. Inhibition of 

activation of tubular 

cells and fibroblasts 

and reduced renal 

inflammation in uni-

lateral urethra ob-

struction in rats. 

Stronger effects than 

equivalent free drug. 
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 Rho-

kinase 

60 Lysozyme ---- Accumulation in kid-

ney. Inhibition of 

tubular damage, Rho-

kinase activation, 

inflammation and 

fibrogenesis after 

ischemia/reperfusion 

in rat kidney. Uncon-

jugated drug did not 

have beneficial ef-

fects. 

 

Cardio-

vascular 

diseases 

MAPK 63 RGD- 

albumin con-

jugate 

Binds to HUVEC. 

Inhibits expres-

sion and secretion 

of pro-inflamma-

tory cytokines in 

TNF-activated 

HUVEC. 

 

---- 

 

 c-Abl & 

PDGFR 

66 Nanoparticles Inhibition of cell 

proliferation and 

PDGFR phos-

phorylation. 

 

Reduction of neo-

intima formation after 

graft surgery. 

Malignant 

diseases 

PI3K 69 RGDS-

conjugate 

pAKT & pERK 

reduced in U937 

& endothelial 

cells. 

Accumulation in tu-

mor. Stronger reduc-

tion of tumor size in 

U87MG & PC3 tumor 

bearing mice than 

untargeted inhibitor. 

 

70 PEG-PE 

micelles, 

coupled to 

2C5 mAb 

Cytotoxic against 

U87MG, B16 & 

4T1 cells. 

 

 

 

---- 

71 Nanoparticles Inhibition of Akt 

phosphorylation in 

B16 melanoma 

cells. 

Inhibition of endothe-

lium proliferation and 

tubulogenesis in 

zebrafish xenotrans-

plant model. 
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 MAPK 72 Nanoparticles Cytotoxic against 

B16 melanoma & 

lung carcinoma 

cells. 

Inhibition of pERK 

in B16 cells. 

Stronger anti-tumor 

effect on B16-

melanoma-bearing 

mice than free drug, 

particularly when both 

are combined with 

cisplatin. 

 

 EGFR 75 PLGA micro-

spheres 

Inhibition of EGFR 

activity in fibro-

blasts & carcino-

ma cells. 

 

---- 

76 liposomes ----- 3-6 fold higher uptake 

of liposomal form 

than free drug in 

xenograft tumors. 

 

 VEGFR 78 RGD-albumin 

conjugate 

Binds to angio-

genic endotheli-

um. Inhibits 

VEGF-induced 

gene expression 

in HUVEC. 

 

---- 

79 APRPG-

targeted 

liposomes 

Inhibition of 

VEGF-induced 

endothelial cell 

proliferation. 

Inhibition of C26 

tumor size in mice 

and prolonged sur-

vival. Effects stronger 

than untargeted lipo-

somes with inhibitor. 

 

Table 1: Schematic overview of the studies into specific delivery of kinase 

inhibitors which are discussed in this review. PDGFR, platelet-derived growth 

factor-receptor; M6PHSA, mannose-6-phosphate human serum albumin; 

HSC, hepatic stellate cell; BDL, bile-duct ligation; α-SMA, α-smooth muscle 

actin; p38-MAPK, p38-mitogen-activated protein kinase; TGF, transforming 

growth factor; ALK5, activin-like kinase 5 (TGF-receptor type I); TNF, tumor 

necrosis factor; PI3K, phosphatidylinositol 3-kinase; ERK, extracellular-

signal regulated kinase; PEG-PE, poly-ethylene glycol-
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phosphatidylethanolamine; EGFR, epidermal growth factor receptor; PLGA, 

poly(lactic-co-glycolic acid); VEGF, vascular endothelial growth factor. 

 

3.1 Liver fibrosis 

Liver fibrosis is the outcome of almost all forms of chronic liver damage, 

including chronic hepatitis (type B and C), obesity-related fatty liver dis-

ease, alcohol abuse, auto-immune disorders, genetic disorders and oth-

ers (24). All these types of injury cause damage to hepatocytes, which 

results in the release of cytokines and cell debris, which activates other 

cell types in the liver. In the past few decades the hepatic stellate cell 

has been identified as the key cell type to drive the process of liver fi-

brosis, since this cell type produces large amounts of extracellular ma-

trix and pro-fibrotic cytokines after activation (25, 26). This leads to 

malfunctioning of the liver and ultimately to end-stage cirrhosis and 

possibly to hepatocellular carcinoma. 

 

The main target for cell-specific therapy in liver fibrosis is therefore the 

activated hepatic stellate cell (HSC), responsible for the majority of the 

production of extracellular matrix and pro-fibrotic cytokines (25). This 

cell-type overexpresses several receptors, a fact which has been used 

for the development of cell-specific carriers. One of these receptors is 

the mannose-6-phosphate / insulin-like growth factor II (M6P/IGFII)-

receptor, which is highly upregulated on activated HSC after liver injury 

(27). Inhibitors can be coupled to a modified albumin, mannose-6-

phosphate human serum albumin (M6PHSA), which binds to the 

M6P/IGFII-receptor (28-30). Previous studies with this carrier using 

non-kinase inhibitor drugs showed that use of this carrier results in im-

proved efficacy of the coupled drug, compared to the corresponding free 

drug (31, 32). 

 

3.1.1 PDGF receptor-β 

Platelet-derived growth factor (PDGF) is one of the most important pro-

fibrotic cytokines (13), which in liver fibrosis signals mainly via the PDGF 

receptor-β. This pathway can be inhibited by imatinib mesylate 

(Gleevec) and similar drugs (33, 34). However, these drugs have been 

linked to side-effects, as discussed above, so specific delivery is neces-

sary, especially during chronic treatment. A Gleevec-like drug, PAP19, 
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which inhibits the PDGF receptor-β, has been shown to reduce fibrotic 

markers in HSC in vitro and has been targeted successfully to HSC in a 

rat model of cholestatic liver injury using the M6PHSA carrier. Even after 

a single treatment, the conjugate was very effective in reducing HSC 

activation and collagen deposition in rat livers. Liver drug levels were 

high and were sustained at least until 48 h after injection of a single 

dose (35), while showing a slow release of the drug from the carrier, 

which is particularly relevant for the treatment of chronic diseases. In 

contrast to this, free drug accumulated in very low amounts in these 

livers and the drug was cleared rapidly, leading to low efficacy of this 

PDGF receptor inhibitor. 

 

3.1.2 Rho-kinase  

Rho-kinase is a downstream mediator of Rho-GTPase, an important reg-

ulator of contraction, migration and activation of HSC. Studies have 

shown that inhibition of Rho-kinase with the small molecule inhibitor 

Y27632 results in inhibition of HSC activation in vitro and in a reduction 

of fibrosis in vivo (36-42). Additionally, it may lead to a reduction in por-

tal hypertension, an important complication of severe cirrhosis. Howev-

er, this may be partly caused by the strong effects of Rho-kinase inhibi-

tion on vascular contraction and relaxation (43-45), which may also 

cause side-effects in the form of a decrease in systemic vascular ten-

sion, which is a serious adverse effect in cirrhotic patients characterized 

by a decreased systemic blood pressure and associated clinical compli-

cations. Cell-specific targeting of Y27632 may be a valuable strategy to 

reduce side-effects in vivo and to improve the efficacy of such drugs. 

 

After coupling Y27632 to M6PHSA, in the same system as described 

above, an improvement in the anti-fibrotic effect of the targeted conju-

gate compared to the free drug was shown in a chronic mice model for 

liver fibrosis (46). In an ex-vivo model it was shown that this conjugate 

did not affect vascular tone, while free drug at equimolar concentrations 

affected vascular tone severely. In an acute model for liver injury the 

biodistribution of the conjugate was studied, and it was shown that high 

drug concentrations were achieved in the liver relative to free drug and 

that the conjugate remained in the liver for at least 48 h. Free drug was 

still released from the conjugate 48 h after a single injection (47). 
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Again, this is a favorable pharmacokinetic profile for a drug used against 

a chronic disease. 

 

3.2 Kidney fibrosis 

Similar to liver diseases, in chronic kidney disease (CKD), proliferation 

and migration of fibroblasts to the site of injury is a key process in the 

pathogenesis of disease. Important causes for CKD are hypertension, 

diabetes and hyperlipidaemia (48), leading finally to glomerulosclerosis 

and/or tubulointerstitial fibrosis (49). Proximal tubular cells are activat-

ed and play an important role in inflammatory and fibrotic processes 

(50). A common endpoint for all chronic kidney diseases is tubulointer-

stitial fibrosis, which is influenced by several important cytokines, such 

as transforming growth factor-β1 (TGF-β1) and epidermal growth factor 

(EGF) (51). These cytokines all activate kinase-regulated pathways. 

Since these growth factor signaling pathways are present in many cell 

types, enhancing the accumulation of drug within the kidney could make 

for a more effective treatment. The low-molecular weight protein lyso-

zyme is preferentially taken up by proximal tubular cells, the key cell 

involved in the pathogenesis of tubulo-interstitial fibrosis, forming a nat-

ural targeting system (52). Uptake is mediated through the megalin re-

ceptor, which is abundantly present on proximal tubular cells, and regu-

lates protein re-absorption. Using this method, various kinase inhibitors 

were targeted to the diseased kidney and examined in vitro and in ani-

mal models. 

 

3.2.1 p38-MAPK  

p38-MAPK plays a pivotal role in the activation of proximal tubular cells, 

and also in the secretion of cytokines from these cells (53). MAPK inhibi-

tors however, also cause immunosuppression, raising worries over side-

effects (54). Coupling of the hydrophobic p38-MAPK inhibitor SB202190 

to lysozyme yielded a conjugate which was specifically taken up in tubu-

lar cells and reduced inflammation and fibrosis in rat kidneys (55). 

 

This paper also compares different coupling methods for the kinase in-

hibitor to the protein and concludes that conventional linkage via a car-

bamate linker resulted in a conjugate which rapidly released the drug in 

serum. A linkage via the novel Universal Linkage System (ULS) result-
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ed in a more stable conjugate. This linker - developed by Kreatech Di-

agnostics, Amsterdam, The Netherlands - is a platinum based linkage 

technology which facilitates the coupling of molecules directly to each 

other through the formation of a coordinative bond. The use of this link-

er was recently discussed in a review paper (56). 

 

3.2.2 TGF-β type I receptor (ALK5)  

Since TGF-β1 is one of the most important pro-fibrotic cytokines, inhibi-

tion of its signaling pathway is potentially a very promising treatment. 

However, inhibition of TGF-β signaling can also deregulate the immune 

system, since TGF-β plays a role in the maintenance of immune toler-

ance (57). One of the strategies to inhibit TGF signaling is the inhibition 

of its type-I receptor kinase, activin-like kinase 5 (ALK5). A small mole-

cule inhibitor of ALK5, TKI or LY-364947, conjugated to lysozyme, inhib-

ited extracellular matrix markers in HK-2 cells (58, 59). In an in vivo 

model of rats with a unilateral ureteral obstruction the conjugate inhibit-

ed activation of tubular cells and fibroblasts and reduced renal inflam-

mation more potently than an equimolar dose of free drug. The conju-

gate accumulated in tubular cells and formed an intracellular depot, re-

leasing drug for at least 3 days (59). 

 

3.2.3 Rho-kinase 

As in liver fibrosis, in kidney disease Rho-kinase can regulate the cyto-

skeleton and the activation of fibroblasts. Additionally, the infiltration of 

inflammatory cells can be reduced by inhibition of Rho-kinase. In a kid-

ney ischemia/reperfusion model in rats, lysozyme-conjugated Rho-

kinase inhibitor reduced tubular damage more effectively than free drug 

(60), both on the mRNA and the protein level. Inflammation and fibro-

genesis were also strongly inhibited by this conjugate, but not by free 

Y27632. 

 

 

3.3 Cardiovascular diseases 

Vascular endothelial cells play an important role in inflammatory diseas-

es, since activated endothelial cells produce chemokines and cytokines, 

which, in combination with adhesion factors, can influence leukocyte 

recruitment and infiltration, thus aggravating the inflammation. Activa-
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tion of endothelial cells is regulated by several kinase pathways (61). 

Addressing inflammation by targeting the endothelium has the added 

advantage that endothelial cells can be readily reached by macromole-

cules, since they are in direct contact with the bloodstream. Activated 

endothelium expresses αvβ3 integrins, which can be used for specific 

targeting of drugs to these cells (62). 

 

3.3.1 MAPK 

Because p38-MAPK can play an important role in inflammatory diseases, 

an inhibitor of p38-MAPK was targeted to activated endothelial cells, 

using an RGD-HSA macromolecular carrier (63). This carrier binds to the 

αvβ3 integrins which are abundantly expressed on inflamed endothelium. 

The study showed abundant uptake of the conjugate into endothelial 

cells in vitro and inhibition of TNF-α-induced inflammatory cytokine ex-

pression, showing that the drug was still active in its conjugated form. 

 

3.3.2 c-Abl & PDGF-receptor 

Neointima formation after vein graft operations can cause graft failure 

(64). PDGF plays a central role in this process, since it causes the acti-

vation of vascular smooth muscle cells and infiltrating monocytes (61). 

Imatinib mesylate (Gleevec), a multi-kinase inhibitor targeting the PDGF 

receptor signaling pathways and other kinases, has been shown to in-

hibit this process but only at doses above the usual clinical norm (65). A 

nanoparticle formulation of this drug was used to treat veins ex vivo 

before graft surgery. This treatment suppressed neointima formation 28 

days after grafting significantly, whereas the free drug did not. The na-

noparticle formulation inhibited cell proliferation in vitro and phosphory-

lation of PDGFβ-receptor in vivo (66). 

 

 

3.4 Malignant diseases 

By far the most active field of cell-specific drug delivery is the field of 

tumor targeting. Because of the high cytotoxicity of most conventional 

chemotherapies and lack of efficacy of some other drugs in certain tu-

mors, efforts have been made to target these drugs specifically to tu-

mors. Although kinase inhibitor based-therapies are often regarded as 

targeted therapy in the cancer field, since kinase inhibitors are generally 
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directed at a single kinase, or at least a limited number of targets, tu-

mor-targeted forms of kinase inhibitors are also studied. Some studies 

were mainly performed to improve poor pharmacokinetic characteristics 

of drugs by incorporation into micelles or nanoparticles. In vivo these 

particles were passively targeted to the tumor due to the enhanced 

permeability and retention effect in tumors, where due to ‘leaky’ vessels 

nanoparticles can penetrate more easily into tumor tissue and are re-

tained there because of passive entrapment, thus providing a mecha-

nism for local accumulation of the drug (67). Other studies have em-

ployed tumor-specific antibodies or other targeting ligands to enhance 

drug accumulation in the tumor even further. Unfortunately no work has 

been done as yet using kinase inhibiting monoclonal antibodies for tar-

geting small molecule inhibitors, so we will not discuss these antibodies 

further here. 

 

3.4.1 PI3-kinase 

Phosphoinositide 3-kinase (PI3-kinase) plays an important role in differ-

ent forms of cancer, since the pathway is prone to mutations that cause 

malignancies (68). As there are many different downstream pathways 

from PI3-kinase, its inhibition can have broad effects. A pan-PI3-kinase 

inhibitor is hypothesized to affect proliferation, migration, metastasis, 

apoptosis and angiogenesis (69). A vascular targeted prodrug of such an 

inhibitor was synthesized by coupling the drug LY294002 to an RGDS 

peptide, which binds to αvβ3 / α5β1 integrins. This targeted delivery sys-

tem resulted in a drug with much more favorable pharmacokinetics, 

which had stronger anti-tumor and anti-angiogenic effects in U87MG and 

PC3 tumors than control treatment with a sham-targeted drug (69). 

 

The PI3-kinase pathway has also been targeted using tumor-cell specific 

micelles (70). This study showed that inclusion of the poorly soluble PI3-

kinase pathway inhibitor DM-PIT-1 into micelles improved its solubility. 

By coupling these micelles to the 2C5 monoclonal antibody, which spe-

cifically binds cancer cell surface-bound nucleosomes, the pro-apoptotic 

effects of the drug were further enhanced. Coupling of TRAIL to the mi-

celle enhanced the pro-apoptotic effectivity even further. 
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A different study found that incorporation of a PI3-kinase inhibitor into 

nanoparticles, using an emulsion-solvent evaporation technique, result-

ed in nanoparticles capable of inhibiting Akt phosphorylation, down-

stream of PI3-kinase, in B16/F10 melanoma cells. Additionally the drug-

loaded nanoparticles were able to inhibit endothelial cell proliferation 

and tubulogenesis in vitro and angiogenesis in a zebrafish tumor xeno-

transplant model (71). 

 

3.4.2 MAPK 

The MAPK pathway consists of several different kinases (72), all of 

which can be deregulated in tumors. RAS and RAF are particularly asso-

ciated with gain of function mutations (73, 74), which can lead to malig-

nancy. Nanoparticles containing the MAPK-inhibitor PD98059, which in-

hibits mediators downstream of RAS and RAF, were found to inhibit tu-

mor cell proliferation in vitro in melanoma and lung carcinoma cells. In 

this study nanoparticles were engineered from a hexadentate-polyD, L-

lactic acid-co-glycolic acid polymer which was conjugated chemically to 

the inhibitor. The nanoparticles were PEGylated to avoid clearance by 

macrophages. Treatment of tumor-bearing mice with the nanoparticles 

proved to be more effective in reducing tumor size than treatment with 

the corresponding free drug. This enhanced effect could also be found in 

a combination treatment with the cytotoxic drug cisplatin (72). 

 

3.4.3 EGF receptor 

In contrast to some of the pathways discussed above, for the epidermal 

growth factor receptor (EGFR) pathway, two inhibitors, erlotinib and 

gefitinib, are currently approved for use in the clinic (75). Their use 

however, is associated with a high percentage of side-effects, and no 

specific delivery forms of these drugs are approved for use. 

 

A new inhibitor of EGFR, AG1478, which is not yet approved for use in 

the clinic, was encapsulated in poly(lactic-co-glucolic acid) micro-

spheres. The microspheres were capable of releasing drug during up to 

9 months in vitro, depending on the microsphere composition. The drug 

remained bioactive during this period and inhibited EGFR activity in sev-

eral cell types (75). This formulation could thus provide a slow-release 
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form of the drug, avoiding peak concentrations which can often cause 

side-effects. 

 

Overexpression of certain kinase pathways in tumors can also be ex-

ploited to use as a marker to monitor therapy. By using an EGFR-binding 

kinase inhibitor and conjugating it to a radiolabel, the expression of 

EGFR in tumors can be measured before, during and after therapy with 

EGFR inhibitors. By incorporating this conjugate into liposomes, the tu-

mor uptake was increased 3 to 6-fold (76), compared to tumor uptake 

of radiolabeled inhibitor alone, thus providing higher local concentrations 

of drug and label. 

 

3.4.4 VEGF receptor 

Inhibition of vascular endothelial growth factor receptor (VEGFR), which 

plays a crucial role in the development of new tumor vasculature, would 

be a potent way to target tumor angiogenesis. To improve efficacy and 

safety of these drugs, efforts have been made to target VEGFR pathway 

kinase inhibitors specifically to tumor vasculature. Tumor vascular endo-

thelium expresses αvβ3 (77), which can bind RGD-like peptides. Conju-

gation of VEGFR kinase inhibitor PTK787 to RGD-albumin with and with-

out PEG resulted in different conjugates which all bound to endothelial 

cells and inhibited activation markers in these cells (78). Another study 

found that liposomes equipped with the targeting peptide APRPG were a 

successful targeting mechanism for the VEGFR inhibitor SU1498 in vivo. 

Tumor microvessel density was decreased and survival time of tumor-

bearing mice prolonged, as compared to untargeted drug (79). 

 

 

4. Conclusions 

 

Kinase inhibitors have been seen as a promising new type of treatment 

for a broad spectrum of diseases for the last decades. This is a logical 

consequence of the fact that kinases are involved in many processes in 

health and disease, and inhibitors are relatively straightforward to de-

sign. However, to date new drugs have only been approved in the field 

of cancer in the 10 years since the first inhibitor. In this field as well, 

though kinase inhibitors are a break-through, there are problems asso-
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ciated with their use, such as development of resistance and side-

effects. 

 

Cell- or organ-specific delivery of kinase inhibitors has been shown to be 

a successful way of increasing local drug concentrations, leading to im-

proved effects in a variety of animal models in different diseases. This 

strategy thus provides a possible way to improve upon kinase inhibitors 

and solve the problems now occurring with their clinical use. This review 

shows that different delivery systems for kinase inhibitors have been 

tested extensively in vitro and in vivo, particularly liposomes, proteins 

and nanoparticles. From this fairly varied overview of models and meth-

ods it is not possible to draw a definitive conclusion about the relative 

benefit of one delivery system over the other. However, all studies to-

gether show that the field of kinase inhibitor delivery systems holds a 

great promise of improving the treatment of a variety of diseases with 

unmet medical needs. 

 

 

5. Expert opinion 

 

Up until now, the cell-specific delivery of kinase inhibitors has not been 

attempted as extensively as delivery of other drugs, perhaps because 

kinase inhibitors themselves were initially introduced as ‘targeted thera-

py’, as they were thought to inhibit only one specific target. Various 

specific inhibitors have since been shown to inhibit multiple targets, and 

of course, inhibition of even a specific target in a non-target cell can also 

cause side-effects. If kinase inhibitors are to be used in (chronic) non-

malignant diseases, even a mild side-effect profile might hinder their 

use. Targeted delivery of kinase inhibitors may be a valuable way to 

improve kinase inhibitors and to circumvent these problems. 

 

Although as yet there is no consensus on the best delivery strategy to 

target kinase inhibitors to specific tissues or cells, the literature re-

viewed in this paper gives an overview of the methods tried to date. 

This shows that most options give an improved delivery and pharmaco-

kinetic profile. However, not all options have also been studied in vivo, 

which makes assessing the results more difficult. In vivo studies of drug 
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delivery systems are essential to establish improved pharmacological 

and/or pharmacokinetic characteristics of the targeted drug versus the 

original drug. These characteristics cannot solely be determined in in 

vitro systems. 

 

Specific targeting, as opposed to passive targeting using unlabeled lipo-

somes or nanoparticles, seems to yield better results, regardless of the 

use of carrier. If kinase inhibitors are to be targeted to non-malignant 

diseases, further research into disease- or cell-specific targets might 

also be warranted, since unlabeled nanoparticles cannot be used for the-

se indications. 

 

Inclusion in liposomes or nanoparticles may be a way to circumvent the 

problems of finding a convenient method to couple kinase inhibitors to 

the carrier. Kinase inhibitors are difficult to couple due to a lack of suita-

ble functional groups in many inhibitors, so carrier systems which do not 

require covalent linkage of drug may be an advantage. However, suita-

ble linkers are also available for conjugation, such as the ULS system 

described in several papers reviewed here. In this way, even with the 

available knowledge in the drug delivery field cell-specific delivery of 

kinase inhibitors is achievable. Newer approaches will undoubtedly 

benefit this field. 

 

To obtain approval for a targeted form of a kinase inhibitor for clinical 

studies, the carrier system should be considered as well. Liposomes 

would in this case have the advantage of already being approved for 

clinical use, as for example Doxil. This might speed up the market ap-

proval of such a cell-specific targeted kinase inhibitor. 

 

Finally, there are several areas of research still open, or as yet incom-

plete. 1) As mentioned above, only part of all targeted inhibitors has 

been tested in vivo. This should be done, since it is very important to 

compare the benefit to side-effect ratio to the original free drug. 2) A 

further area that could be explored is a search for cell-specific or dis-

ease-specific kinases, i.e. kinases that are abundantly upregulated in the 

diseased area. These might then, in combination with specific delivery 

techniques be used as a diagnostic tool, as well as a possible treatment. 
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3) Also, further research into disease-specific receptors or other targets 

could strongly increase the possibilities for specifically targeted delivery 

of kinase inhibitors. An opportunity here would be the use of the mono-

clonal antibodies developed against some disease specific kinases, which 

might conceivably be used for targeting small molecule kinase inhibitors. 

4) Comparative analyses of different carriers for targeting would provide 

insight on the best carrier system for a particular disease. 5) Further-

more, combination therapies of different kinase inhibitors using such 

systems should be exploited not only to improve the therapeutic effica-

cies but also to prevent resistance. 

 

In view of the revolution kinase inhibitors provided when they were first 

introduced, any further improvement could yield powerful therapeutic 

effects. As this review shows, several possibilities for the delivery of ki-

nase inhibitors have already been successfully explored, and many still 

remain open for further research, giving great opportunities for the de-

velopment of specifically targeted therapies. 
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Abstract 

 

Purpose 

Rho-kinase regulates activation of hepatic stellate cells (HSC) during 

liver fibrosis, but the ubiquitous presence of this kinase may hinder ex-

amination of its exact role and the therapeutic use of inhibitors. We 

therefore coupled the Rho-kinase inhibitor Y27632 to a drug carrier that 

binds the mannose-6-phosphate insulin-like growth factor II 

(M6P/IGFII)-receptor which is upregulated on activated HSC. 

 

Methods 

Y27632 was coupled to mannose-6-phosphate human serum albumin 

(M6PHSA) and in vitro experiments were performed on primary rat HSC. 

Biodistribution and effect studies were performed in an acute CCl4 model 

in mice. 

 

Results 

Y27-conjugate remained stable in serum, while drug was efficiently re-

leased in liver homogenates. Receptor-blocking studies revealed that it 

was specifically taken up through the M6P/IGFII-receptor on fibroblasts, 

and it inhibited expression of fibrotic markers in activated HSC. In vivo, 

liver drug levels were significantly higher after injection of Y27-

conjugate as compared to Y27632 and the conjugate accumulated spe-

cifically in HSC. After acute CCl4-induced liver injury, Y27-conjugate re-

duced the local activation of HSC, whereas an equimolar dose of free 

drug did not. 

 

Conclusions 

We conclude that specific targeting of a Rho-kinase inhibitor to HSC 

leads to enhanced accumulation of the drug in HSC, reducing early fi-

brogenesis in the liver. 
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Introduction 

 

Liver fibrosis is the final stage of various forms of chronic liver diseases, 

such as hepatitis, metabolic disorders or those caused by drug or alcohol 

abuse (1). Although some of the underlying causes of liver fibrosis can 

be treated, e.g. antiviral treatment in the case of hepatitis, at this mo-

ment there is no clinical treatment for end-stage liver cirrhosis (2). Liver 

fibrosis is one of the few diseases with an ever increasing incidence (3), 

which warrants further research for new strategies. Due to the increas-

ing prevalence of obesity and diabetes, nonalcoholic steatohepatitis 

(NASH) will give rise to more cases of severe liver fibrosis in the coming 

years (4). 

 

Hepatic stellate cells (HSC) play a key role in the pathogenesis of liver 

fibrosis (5, 6). In normal livers, they are quiescent, vitamin A-storing 

cells, situated near the hepatocytes in the space of Disse. In chronic 

diseases, stimuli from damaged hepatocytes or other liver cells lead to 

the development of an activated phenotype in HSC. These cells then 

become highly proliferative myofibroblast-like cells, which have a migra-

tory phenotype and synthesize large amounts of extracellular matrix 

proteins, such as collagens and fibronectin (5, 6). Activation of HSC is 

thus the crucial first step in the process that leads to the production of 

excess of extracellular matrix and eventually to end-stage liver failure in 

cirrhotic patients. One of the key problems in designing effective thera-

pies is the fact that the activation of fibroblasts is a common feature of 

matrix turnover and wound-healing in all tissues. Therefore, a cell-

specific targeted approach of this disease is required for effective treat-

ment. 

 

Rho-GTPase is an important regulator of cytoskeletal organization, mi-

gration and activation of HSC and myofibroblasts (7, 8). The effect is 

mediated through various downstream mediators, of which Rho-kinase 

is the most important (9-11). Inhibition of Rho kinase by the small mo-

lecular weight inhibitor Y27632 has previously been shown to reduce 

fibrotic parameters in primary HSC (12-16) and in several animal mod-

els of liver fibrosis (12, 17, 18). Apart from these anti-fibrotic effects on 

myofibroblasts, Rho-kinase inhibitors have other effects when adminis-
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tered systemically, such as a decrease in vascular smooth muscle tone 

(19, 20), leading to an acute drop in mean arterial pressure. This would 

further impair the low systemic blood pressure seen in cirrhotic patients 

and thus deteriorate vascular homeostasis. Also, other kinase inhibitors 

currently in clinical use have been shown to cause side-effects during 

treatment, which were not found during pre-clinical and clinical trials 

(20). In order to avoid these adverse effects and improve the effects of 

the Rho-kinase inhibitor, we coupled Y27632 to stellate-cell specific car-

rier mannose-6-phosphate human serum albumin (M6PHSA). This carri-

er is specifically taken up by HSC through the mannose-6-phosphate 

insulin-like growth factor II (M6P/IGFII)-receptor (21), which is highly 

and specifically upregulated on activated HSC during liver fibrosis (22, 

23). This multifunctional receptor traffics between the Golgi and the en-

dosomal-lysosomal network and also shuttles to the plasma membrane 

(24). After binding, the protein-receptor complex is taken up into the 

cell through endocytosis (21). The Y27-conjugate will therefore be tar-

geted to the liver and taken up specifically in HSC, increasing the drug 

dose in the target cell, whilst lowering it in non-target cells, thus reduc-

ing the chance of side-effects. 

 

In the present study we aimed to examine the feasibility of targeting the 

Rho-kinase inhibitor Y27632 to the key cells in fibrogenesis, the HSC. 

We prepared the construct Y27632-M6PHSA and tested it in vitro in pri-

mary HSC and in vivo in an acute mouse model of CCl4-induced liver 

injury, characterized by local HSC activation. Biodistribution and effect 

studies show that the targeted Rho-kinase inhibitor is effectively deliv-

ered to the HSC, leading to high local drug concentrations within the 

liver, and locally reduces fibrotic parameters in vivo. 

 

 

Materials and Methods 

 

Materials 

Y27632 was purchased from Tocris Bioscience (Bristol, UK). Primary 

antibodies used were mouse anti-α-smooth muscle actin and anti-

desmin (Sigma, St.Louis, MO), rabbit anti-human serum albumin 

(Cappel, Zoetermeer, Netherlands) and goat anti-M6P/IGFII-receptor 
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(Santa Cruz Biotechnology, Santa Cruz, CA). Species-specific HRP or AP-

coupled secondary antibodies were purchased from DAKO (Glostrup, 

Denmark). 

 

Synthesis of Y27632-ULS-M6PHSA 

The Universal Linkage System (ULS) - developed by Kreatech 

Diagnostics, Amsterdam, The Netherlands - is a platinum based linkage 

technology which facilitates the coupling of molecules directly to each 

other through the formation of a coordinative bond. The ULS 

technology has been proven to have important applications in the area 

of genomics, proteomics, diagnostics, and therapeutics. The linker was 

conjugated to Y27632 as previously reported (25). M6P28HSA was 

synthesized and characterized as described elsewhere (26). ULS-Y27632 

(2.1 µmol) was subsequently reacted with M6PHSA (0.14 µmol) in 20 

mM tricine buffer (pH 8.5) at 37 ˚C and the resulting conjugate was 

extensively dialyzed against PBS at 4°C and purified by size-exclusion 

chromatography using a Superdex 200 column on an Äkta System (GE 

Healthcare, Uppsala, Sweden) to isolate the monomeric form of the 

drug-protein conjugate. 

 

Characterization of Y27632-ULS-M6PHSA 

The amount of Y27632 coupled to M6PHSA was determined by HPLC 

analysis after chemically displacing the drug from the carrier by incuba-

tion with 0.5 M potassium thiocyanate (KSCN) at 80 ˚C. M6PHSA protein 

concentration was determined by Lowry assay (Bio-Rad, Hercules, CA). 

The release of drug from the Y27632-M6PHSA conjugate was deter-

mined after incubation in PBS, serum or liver homogenate until 24h at 

37˚C and after 1 to 2 freeze-thaw cycles. Extraction of the Y27632 re-

leased from the carrier was performed as reported previously (25). HPLC 

analysis was performed on a C18 reversed-phase SunFire column (Wa-

ters, Milford, MA) using a mobile phase of water-methanol-trifluoroacetic 

acid (86:14:0.1, vol/vol/vol; pH 2.0) at a flow-rate of 1 ml/min. Y27632 

was detected at 270 nm and eluted after circa 6.0 minutes. Quantitation 

of the drug was performed by analyzing peak areas using calibration 

curves prepared in the same media. The Y27-conjugate was further ana-

lyzed by size-exclusion chromatography and anion exchange chromatog-

raphy as described before (21). 
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In vitro assays 

NIH-3T3 fibroblasts were cultured in DMEM (Lonza, Verviers, Belgium) 

containing 10% fetal calf serum (FCS) and penicillin/streptomycin. For 

binding studies cells were incubated 2h with 0.1 mg/ml Y27-conjugate 

or control, where necessary preceded by a pre-incubation with 

M6P/IGFII-receptor antibody for 30 min. 

 

Primary HSC were isolated from livers of male Wistar rats (> 500 g, 

Harlan, Netherlands) according to previously published methods (27). 

After isolation, HSC were cultured on plastic for 10 days until activation 

and then used for experiments. 

 

Real-time PCR 

Total RNA was isolated from HSC using the Absolutely RNA Microprep Kit 

(Stratagene, La Jolla, CA). The amount of RNA was determined using a 

NanoDrop UV-detector (NanoDrop Technologies, Wilmington, DE). Syn-

thesis of cDNA was performed using the Superscript III first-strand syn-

thesis kit (Invitrogen, Carlsbad, CA) with random primers. All primers 

for real time quantitative PCR (Table 1) were purchased from Sigma 

Genosys (Haverhill, UK). Gene expression levels were measured by real-

time quantitative PCR on an ABI 7900HT apparatus (Applied Biosystems, 

Foster City, CA) with SYBR-Green PCR Master Mix (Applied Biosystems). 

The formation of single products was confirmed by analyzing the disso-

ciation step at the end of each PCR reaction. Data were analyzed using 

the SDS 2.3 software program (Applied Biosystems). The relative 

amount of product was calculated using the ∆∆Ct method, normalizing 

for the expression of the household gene GAPDH and related to the con-

trol treatment. 

 

Table 1: Primer sequences 

 

 

 

 Forward Reverse 

GAPDH cgctggtgctgagtatgtcg ctgtggtcatgagcccttcc 

α-SMA gacaccagggagtgatggtt gttagcaaggtcggatgctc 

TIMP-1 gagagcctctgtggatatgt cagccagcactataggtctt 
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Animal experiments 

All animal experiments were approved by the Animal Ethics Committee 

of the University of Groningen, the Netherlands. All animals were 

purchased from Harlan (Zeist, Netherlands) and kept at 12h light/12h 

dark cycles with ad libitum chow and water. 

 

CCl4 -induced acute liver injury 

For in vivo studies in the acute (72 h) model, male C57/Bl6 mice (20-22 

g) received a single intraperitoneal injection of 1 ml/kg CCl4 diluted in 

olive oil. Control mice received olive oil. The mice were divided into 5 

groups: 1) control + vehicle (PBS), 2) CCl4 + vehicle (PBS), 3) CCl4 + 

Y27632-M6PHSA (equivalent to 1.5 mg/kg/day Y27632 and 45 

mg/kg/day M6PHSA), 4) CCl4 + Y27632 (1.5 mg/kg/day), 5) CCl4 + 

M6PHSA (45 mg/kg/day). All treatment groups received 2 i.v. injections 

at 24 and 48 h after CCl4 and were sacrificed 24 h after the last 

injection. 

 

For biodistribution studies mice received a single i.v. injection of Y27-

conjugate or Y27632 at 24 h after CCl4 injection. At 15 min, 30 min, 60 

min, 3, 6, 24 and 48 h after i.v. injection of the compounds, mice were 

sacrificed (two mice per time-point) and liver and blood samples were 

collected for determination of drug levels through HPLC. 50 mg of liver 

tissue was homogenized in 1:10 (w/v) PBS, whereas plasma (40 µl) was 

diluted 1:5 in PBS. The samples were extracted as described above to 

determine the levels of free drug. For the total conjugate-associated 

drug levels, samples were incubated overnight with 0.5 M KSCN at 80 

˚C and then extracted as described above. 

 

Immunohistochemistry 

Immunohistochemistry was performed on 4 µm cryostat or paraffin sec-

tions. Periodic acid-Schiff's (PAS) staining was performed on 4 µm paraf-

fin sections. Stainings were visualized using 3, 3’-diamino-benzidine 

tetrahydrochloride or 3-amino-9-ethylcarbazole. Nuclei were counter-

stained with Mayer’s hematoxylin. Immunohistochemical stainings were 

quantitated using the Cell D computer program (Olympus, Hamburg, 

Germany). 
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Statistical analysis 

Results are expressed as the mean ± SD, unless otherwise specified. 

Statistical analyses were performed using Student’s t test or one-way 

ANOVA with post-hoc Bonferroni test. p < 0.05 was considered as the 

minimum level of significance. 

 

Results: 

 

Synthesis and characteristics of Y27-conjugate 

To create an HSC-specific conjugate, we coupled the Rho-kinase 

inhibitor Y27632 to M6PHSA using the Universal Linker System (ULS ). 

M6PHSA was previously found to bind specifically to the M6P/IGFII-

receptor which is abundantly present on activated HSC (21). The applied 

ULS-based method allows coupling of the aromatic nitrogen with sp2 

hybridization in the pyridine ring, a common functional group in many 

kinase inhibitors (28), to the histidine and methionine groups of the 

protein (Fig. 1a). 

 

Subsequently, the conjugate was characterized using anion exchange 

chromatography. Introduction of Y27-ULS groups shifted the peak left 

compared to M6PHSA (Fig. 1b), due to addition of positive charge 

provided by the amine group in Y27632, confirming the coupling of Y27-

ULS to the carrier. However, the resulting conjugate still retains an 

overall negative charge, since the Y27-ULS groups do not fully neutralize 

the negative charge introduced by 28 M6P groups. Size-exclusion 

chromatography showed that after purification approximately 90% of 

the Y27-conjugate was in the monomeric form (Fig. 1c).  

 

The average molar coupling ratio of drug to M6PHSA was 7 : 1. HPLC 

analyses showed that there was no free drug present in the final 

product. We subsequently analyzed the drug release properties of the 

conjugate in biological media and found that only 2% respectively 6% of 

Y27632 was released in physiological buffer and in serum at 37˚C within 

24 h. In contrast, in liver homogenates approximately 40% of the 

coupled Y27632 was released (Fig. 1d), demonstrating that Y27632 can 

be released from the carrier within the liver, without premature release 

in serum. 
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Fig. 1. Characteristics of the Y27632-ULS-M6PHSA conjugate. 

A Structure and diagram of the synthesis of the Y27632-ULS-mannose-6-

phosphate conjugate. B Results of the anion exchange chromatography of HSA, 

M6PHSA and Y27-conjugate. C Results of size exclusion chromatography of HSA, 

M6PHSA and Y27-conjugate. D Y27632 release from the conjugate at different 

time-points up to 24 h in PBS, liver homogenate and serum at 37˚C. Collectively 

the data show that the Y27-conjugate has a reduced negative charge and in-

creased molecular weight compared to M6PHSA. Significant release of drug from 

the carrier only occurs in liver homogenates. 
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Fig. 2. Binding of Y27-conjugate to M6P/IGFII-receptor. 

A Expression of the M6P/IGFII-receptor on NIH-3T3 fibroblasts. Left: control, 

right: M6P/IGFII-receptor staining. Original magnification 20×. B HSA staining 

showing the binding of Y27-conjugate to fibroblasts: control cells (left), 

conjugate-incubated cells (middle), and conjugate-incubated cells pretreated 

with a M6P/IGFII receptor-specific antibody (right). Note that blocking of the 

receptor with an antibody reduces the binding of the conjugate to the cells. 

Original magnification 20×. 

 

 

 
 

Fig. 3. Y27-conjugate inhibits activation of hepatic stellate cells. 

Effect of Y27-conjugate on the mRNA levels of fibrotic markers α-SMA and TIMP-

1 in isolated rat HSC after 48h incubation with 10 µM of Y27-conjugate or 

equivalent amounts of Y27632 or carrier. * p < 0.05 vs. control, ** p < 0.01 vs. 

control, *** p < 0.001 vs. control by Student’s t-test. 
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Binding of the conjugate to the target receptor was examined in 3T3 

fibroblasts, which express the M6P/IGFII receptor (Fig. 2a). Using anti-

HSA staining, we found that Y27-conjugate bound to the cells (Fig 2b), 

while unmodified HSA did not bind (26). Importantly, the binding was 

strongly inhibited by pre-incubating the cells with a M6P/IGFII-receptor 

specific antibody (Fig. 2b). These data demonstrate that the conjugate 

binds specifically to the designated target receptor. 

 

Y27-conjugate inhibits fibrotic parameters in activated HSC 

To assess the effects of free Y27632 and Y27-conjugate on activated 

HSC, we analyzed mRNA expression for α-smooth muscle actin (α-SMA) 

in cultures of primary isolated HSC. α-SMA is the key marker reflecting 

the transformation of quiescent HSC into an activated, contractile 

phenotype (29), which starts to occur spontaneously in primary HSC 

after at least 3 days of cultivation in vitro. Additionally we analyzed 

TIMP-1, which is also upregulated in activated HSC and inhibits 

breakdown of extracellular matrix (30). We found that the Y27-

conjugate significantly reduced the expression of α-SMA and TIMP-1 

(Fig. 3) in activated HSC. Effects of the targeted Rho-kinase inhibitor 

were similar to the effects of the untargeted inhibitor. The effects were 

not due to cell-death, as there was no effect on cell viability, as 

measured by alamar blue conversion through mitochondrial activity 

(results not shown). 

 

In vivo biodistribution of Y27-conjugate 

The biodistribution of the targeted conjugate was compared to that of 

the free drug in animals with CCl4-induced liver fibrosis 60 min after i.v. 

injection of the conjugate. In these livers M6P/IGFII receptor expression 

was already upregulated compared to control animals (Fig 4a). No 

positive staining for M6P/IGFII receptor could be detected in other 

organs (spleen, heart, kidney or lung) neither in control nor CCl4-treated 

animals. The conjugate was detected using anti-HSA staining, which was 

found only in fibrotic livers treated with Y27-conjugate, whereas at the 

same time-point, no staining could be detected in the heart, kidney or 

lung, and only weak staining was present in the spleen (Fig. 4a). 

Administration of normal unmodified HSA did not result in any organ-

specific staining (data not shown). Double-staining with HSC-marker 
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desmin within the liver showed that the intrahepatic staining for the 

conjugate (blue) co-localized with staining for desmin (red) (Fig. 4b), 

confirming uptake in the target cells within the liver. 

 

 

 
 

Fig. 4. Intrahepatic localization of Y27-conjugate. 

A Upper panel: Representative photomicrographs of M6P/IGFII-receptor staining 

(red) in spleen, heart, kidney, lung and liver of control and CCl4-treated mice. 

Lower panel: Representative photomicrographs of HSA staining (red) in spleen, 

heart, kidney, lung and liver of CCl4-mice treated with PBS (control) and Y27-

conjugate 1 h before sacrifice. Original magnification 20×. B Y27-conjugate 

localization in liver as determined by double staining for HSA (blue) and the HSC 

marker desmin (red) in mouse livers 1 h after injection of Y27-conjugate in CCl4-

treated mice. Original magnification 40×. 
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Drug levels were also measured within these livers using an HPLC 

method. Low levels (1-2 µg/g tissue) of free drug could be detected in 

the livers only up to 3 h after i.v. injection of free Y27632 (Fig 5a). In 

contrast, after injection of an equimolar dose of the conjugate, 

significantly higher levels (up to 15 µg/g tissue) of carrier-bound drug 

were found in the livers up to 48 h. We also determined the amount of 

free drug released from the conjugate in the livers after injection of the 

conjugate and found a slow and prolonged local release of the free drug 

at least up to 48 h after a single injection (Fig. 5a). 

 

Daily dosing led to a build-up of the drug concentration in fibrotic livers: 

while 1 injection led to a drug concentration of 10 µg/g liver, 3 injections 

with 24 h time intervals led to a concentration of 25 µg/g liver (Fig. 5b). 

These data indicate that Y27-conjugate remains in the liver after 

injection for more than 24 h and that free drug is slowly released, in 

accordance with the data presented in Fig. 5a. 

 

In addition to liver biodistribution we also examined distribution of the 

Y27-conjugate in plasma. The conjugate-bound drug could be detected 

in plasma up to 3 h after injection, whereas the free drug could only be 

detected up to 15 minutes after injection (Fig. 5c). 

 

The Y27-conjugate reduces Rho-kinase signaling and HSC activation in 

vivo 

Livers of CCl4-treated mice showed a strong, localized upregulation of α-

SMA in the central areas damaged by CCl4, representing activated, pro-

fibrotic HSC. Treatment with Y27-conjugate significantly reduced α-SMA 

staining, indicating inhibition of HSC activation (Fig. 6a), while 

untargeted Y27632 did not inhibit α-SMA staining in these areas at all 

(Fig. 6b). The Y27-conjugate did not affect the total number of HSC in 

the livers, as the amount of desmin staining, reflecting both activated 

and unactivated HSC, was not changed significantly after treatment (Fig. 

6c). These data show that the Y27-conjugate accumulated in activated 

HSC, thereby reducing their activity but not their number. 
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Fig. 5. Drug concentrations in vivo and release of Y27632 from the car-

rier. 

Drug concentrations in livers after i.v. administration of Y27632 or Y27-

conjugate to CCl4-mice. A HPLC analysis of liver extracts of CCl4-treated mice 

showing the biodistribution of Y27-conjugate vs. free Y27632 in livers up to 48 h 

after injection. B Accumulation of Y27-conjugate in livers of CCl4-treated mice, 

10 min after injection (1 injection) and after 3 injections, 48 h, 24 h and 10 min 

before sacrifice (3 injections). C HPLC analysis of plasma of CCl4-treated mice 

showing the biodistribution of Y27-conjugate vs. free Y27632 in plasma up to 6 

h after i.v. injection. Note that free Y27632 is only found in plasma at t=15 min 

in low amounts. 
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Fig. 6. Y27-conjugate reduces HSC activation in acute CCl4-induced 

liver injury. 

A Representative pictures of immunohistochemical staining for α-SMA on 

liver sections of mice, 72h after one injection of CCl4 (or olive oil in control) 

and treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier at t=24 

and 48 h. B  Quantitation of the area stained positive for α-SMA relative to 

the area stained positive in control CCl4 sections. Stainings were quantitated 

using the Cell D computer program, calculating the total stained area in 18-

24 fields per section at 20× magnification as a percentage of the stained 

area in the control CCl4 sections. Data shown are the mean of 6 animals per 

group. * p < 0.05 vs. CCl4-PBS by one way ANOVA with Bonferroni post-hoc 

test. C Quantitation of the relative area stained positive for desmin. 

Stainings were quantitated at 10× magnification using the Cell D computer 

program as described above. Data shown are the mean of 6 animals per 

group. 
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Discussion 

 

In this study we have shown that HSC-targeted delivery of a Rho-kinase 

inhibitor is possible: Y27632 coupled to M6PHSA strongly accumulated in 

the liver, and immunohistochemical studies showed uptake of the 

construct in particular in the desmin-positive cells, reflecting 

accumulation in HSC. Y27632 was not released in serum, so staining for 

the conjugate in desmin-positive HSC, 1 h after its administration, 

reflects uptake of the drug in this cell type. 

 

Rho-kinase inhibitors have been used before in rat models of liver 

fibrosis and these studies have shown anti-fibrotic effects of the 

inhibitors (12, 17, 18). However, in these studies doses of 30 mg/kg of 

drugs were routinely used. Cell-specific delivery of Rho-kinase inhibitor 

may lead to a lower dose regimen. Indeed, we now have used doses of 

1.5 mg/kg drug in this study and established strong pharmacological 

effects. We are thus able to reduce the dose needed to obtain a 

significant effect, while this lower dose is specifically delivered to the 

target cells, increasing the concentration in the target cell compared to 

the concentration reached after systemic administration of free drug. 

This results in a two-pronged approach to avoid off-target effects and 

increase anti-fibrotic effects of a Rho-kinase inhibitor in the liver. 

Avoiding adverse effects is relevant for the treatment of patients, since 

the Rho-kinase pathway is found to play an important role in vascular 

homeostasis, and is deregulated in cirrhotic patients (31, 32). 

 

The Rho-kinase inhibitor was coupled to the targeted carrier system 

using ULS conjugation technology. This coupling method is based on 

coordination chemistry (33) and offers a rapid method for the coupling 

of proteins to drugs. It has been used in the past for the coupling of 

various kinase inhibitors to protein carriers (33-35), in particular when 

reactive groups in the drug are not available for conventional methods 

of conjugation. In addition, it provides a slow intracellular release of the 

drug in its active form from the carrier molecule during several days 

(34). This slow drug-release profile is particularly relevant for the 

treatment of chronic diseases such as liver fibrosis. 
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In vitro, the Y27632–M6PHSA conjugate was taken up by cells via the 

M6P/IGFII-receptor, as indicated by blockade of its uptake by IGFII-

receptor-specific antibodies. Coupling of the drug to the carrier does not 

affect interaction with its target receptor. The drug was released from 

the construct in a pharmacologically active form within the target cells 

as reflected by a significant reduction of HSC activation in vitro. We 

examined the effects of drugs and constructs in cultures of primary HSC 

in order to be able to examine the effect of Y27632 on spontaneous HSC 

activation. Primary, spontaneously activated HSC are an established in 

vitro model for the behavior of HSC in early fibrosis (36). Both the 

conjugate and the free drug significantly inhibited the expression of the 

activation markers α-SMA and TIMP-1 in primary HSC.  

 

In vivo as well, the Y27-conjugate attenuated α-SMA expression, 

confirming that Rho-kinase activity is involved in the transformation of 

HSC from a quiescent into an activated phenotype with contractile 

capabilities. Reduction of α-SMA by the Rho-kinase inhibitor is well-

known (12, 17, 18) and might also be achieved via a direct effect of 

Rho-kinase on the α-SMA promotor (37). Neither the Y27-conjugate, nor 

the free drug had any significant effect on the total number of HSC in 

the livers of CCl4-treated mice. In the past several groups have looked 

into the effect of Rho-kinase inhibition on apoptosis and proliferation of 

fibroblasts. Different studies found either a pro-apoptotic effect or no 

effect at all (15, 38, 39). We have also examined this effect of the Rho-

kinase inhibitor. In this study neither the free drug nor the conjugate 

affected HSC viability in vitro (data not shown), or in vivo, measured as 

the amount of desmin positive cells. 

 

Importantly, administration of the HSC-targeted Rho-kinase inhibitor led 

to a stronger reduction of HSC activation, as reflected by a reduced α-

SMA staining, than systemic treatment with the free Rho-kinase 

inhibitor. This shows the strength of our targeted approach, in 

accordance with previous papers examining cell-specific inhibition of 

fibrosis-related pathways in HSC using other drugs (35, 40, 41). Our 

biodistribution studies, showing elevated levels of the drug within the 

liver after treatment with the conjugate and a prolonged residence time 
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of conjugate-associated drug, also are consistent with these stronger 

effects in the liver. 

 

Drug concentrations in whole livers of mice receiving the targeted Rho-

kinase inhibitor were much higher than in mice receiving the free drug 

and concentrations remained high for a prolonged period of time. Based 

on the immunohistochemical data, it can be deduced that these high 

drug levels were concentrated in HSC, whereas the low liver uptake of 

free Y27632 reflects uptake by different cell-types, most likely the 

hepatocyte, since these cells are equipped to take up xenobiotics. Earlier 

studies from our group have shown that M6PHSA is rapidly endocytosed 

and degraded by the target cells, thus favoring intracellular drug release 

(26). In previous studies using this combination of carrier and linker in 

vivo (40, 41), we also found a pharmacokinetic profile characterized by 

high uptake of the conjugate in the liver and a slow release of free drug. 

Both distribution and degree of uptake of M6PHSA found in the present 

study were similar to these previous chronic studies.  

 

In conclusion, we report here the cell-specific delivery of a conjugate 

containing a Rho-kinase inhibitor to the M6P/IGFII-receptor on activated 

HSC. A cell-specific drug-conjugate needs to be evaluated on several 

important aspects. Accordingly, we present here data on the stability of 

the conjugate in plasma, release of the pharmacologically active 

compound in target cells and receptor-specific uptake of the conjugate. 

In vivo we found a pharmacokinetic profile with prolonged high drug 

levels in liver and localization of the conjugate within HSC, the key cells 

during fibrogenesis. The targeted Rho-kinase inhibitor reduced fibrotic 

parameters in vivo more effectively than the free drug. Our study shows 

the feasibility of a cell-specific delivery of kinase inhibitors, which 

represent an important group of new chemical entities for various 

serious diseases, including liver fibrosis. 
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Abstract  

 

One of the pathways activated during liver fibrosis is the Rho-kinase 

pathway, which regulates activation, migration and contraction of hepat-

ic stellate cells (HSC). Inhibition of this kinase by the Rho-kinase inhibi-

tor Y27632 has been shown to reduce fibrosis in animal models. Howev-

er, kinase expression is ubiquitous, so any inhibitor may affect many 

cell-types. We hypothesize that cell-specific delivery of a kinase inhibitor 

will be beneficial. Therefore we conjugated Y27632 to the carrier man-

nose-6-phosphate human serum albumin (M6PHSA), which is taken up 

specifically in activated HSC through the mannose-6-phosphate/insulin-

like growth factor II (M6P/IGFII) receptor. This conjugate decreased 

protein expression of phospho-myosin light chain (pMLC2) and vinculin, 

downstream of Rho-kinase, in activated primary HSC, as well as the 

migration and contraction of HSC. In an ex vivo model, free Y27632 de-

creased contractility of rat aortas whereas the Y27-conjugate did not, 

showing that the Y27-conjugate does not affect non-target tissue. In 

chronic CCl4-induced liver fibrosis, both free drug and conjugate reduced 

HSC activation, however, only the Y27-conjugate significantly reduced 

collagen deposition. Treatment with the Y27-conjugate, but not with free 

drug, reduced pMLC2 expression in livers 24 h after injection, demon-

strating prolonged inhibition of the Rho-kinase pathway. Conclusion: 

Rho-kinase inhibitor Y27632 can be specifically targeted to HSC using 

M6PHSA, decreasing its effects in non-target tissues. The targeted drug 

effectively reduced fibrotic parameters in vivo via the inhibition of the 

Rho-kinase pathway. 
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Introduction 

 

Liver fibrosis is the final stage of various forms of chronic liver disease, 

irrespective of the original cause of liver injury (1). During these 

pathological conditions, hepatic stellate cells (HSC) are activated and 

form a major source of myofibroblasts. These cells are responsible for 

the production of pro-fibrotic cytokines, such as TGF-β and PDGF, and 

extracellular matrix proteins, like collagen and fibronectin. Increased 

production and decreased breakdown of extracellular matrix lead to scar 

formation (2, 3), the hallmark of fibrosis. The disease can be induced by 

viral infections (hepatitis B and C), obesity (non-alcoholic steato-

hepatitis), toxic compounds like alcohol, cholestasis and genetic 

disorders (1). Although millions of people are at risk worldwide, no 

pharmacotherapy is available to attenuate fibrogenesis (4). 

 

Activation of HSC during fibrosis is induced by several growth factor-

mediated pathways, foremost among them are TGF-β and PDGF (3, 5, 

6). One of the points of convergence of these pro-fibrotic pathways is 

Rho-GTPase, which is activated by several of the cytokines produced 

during fibrogenesis. Rho-GTPase regulates cell migration, contraction 

and transdifferentiation of HSC to myofibroblasts through its control of 

cytoskeletal proteins (7, 8). Rho-associated coiled-coil-forming protein 

kinase (Rho-kinase) is the most extensively studied downstream 

mediator of Rho-GTPase (9-11). Rho-kinase regulates its downstream 

mediators, such as myosin light chain (MLC), through phosphorylation. 

The phosphorylation of MLC can be either a direct or an indirect effect 

(12). Phosphorylated myosin light chain (pMLC2) binds to actin and 

stabilizes the stress fibers necessary for migration and contraction. 

Inhibition of Rho-kinase reduces MLC2 phosphorylation and indirectly 

reduces vinculin recruitment to focal adhesions (13) thus regulating 

contraction and migration of fibroblasts. Rho-kinase inhibition also leads 

to decreased activity of the promotor for myofibroblast marker α-smooth 

muscle actin (α-SMA) (14). Rho-kinase inhibitors have been shown to 

reduce fibrotic parameters in activated HSC (15-19) and in rat models of 

liver fibrosis (18, 20, 21). 
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Kinase-regulated pathways are present in every cell-type of the body, so 

their inhibition in non-diseased organs may lead to serious side-effects 

(22). In order to elicit a strong and more specific effect, two different 

strategies are possible: inhibition of a kinase downstream in a particular 

pathway, to prevent inhibition of vital processes in non-target cells, or 

inhibition of an upstream kinase only in the target cell, using a cell-

specific carrier. The first approach might only inhibit a redundant 

downstream mediator and not affect the disease process. The second 

strategy does not have this disadvantage, but cell-specific carriers are 

not always available. However, we have developed a drug carrier, 

mannose-6-phosphate human serum albumin (M6PHSA), which is 

selective for the key cell type in fibrogenesis, the hepatic stellate cell. To 

explore the strategy of cell-specific inhibition, we coupled a Rho-kinase 

inhibitor to this carrier. M6PHSA binds specifically to the mannose-6-

phosphate/insulin-like growth factor II (M6P/IGFII) receptor. The 

receptor-ligand complex thus formed is taken up in the cell through 

endocytosis (23). The M6P/IGFII-receptor is a multifunctional receptor 

that traffics between the Golgi and the endosomal-lysosomal network 

and shuttles to the plasma membrane (24). It has also been associated 

with the activation of latent TGF-β to its active form (25, 26). Since the 

receptor is upregulated on the plasma membrane of activated HSC 

during liver fibrosis (25, 27), drugs coupled to M6PHSA will be taken up 

by activated HSC. 

 

We used the ULS conjugation technology to couple the Rho-kinase 

inhibitor Y27632 to M6PHSA. This offers a rapid coupling method, 

applicable to different kinase inhibitors (28), and a slow intracellular 

release of the active drug from the conjugate during several days (29). 

 

We compared the conjugate and the free Rho-kinase inhibitor in several 

in vitro systems. In vivo, we examined the intrahepatic distribution of 

the conjugate and its therapeutic effects in a CCl4-induced chronic liver 

injury mouse model. This model is characterized by HSC activation and 

extensive collagen deposition, resembling advanced fibrosis. We propose 

that cell-specific delivery will lead to a more effective inhibition of 

fibrosis by the HSC-targeted inhibitor. 
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Materials and Methods 

 

Materials 

Y27632 ((+)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecar-

boxamide dihydrochloride) was purchased from Tocris Bioscience 

(Bristol, UK), PDGF-BB from Peprotech (Rocky Hill, NJ) , TGF-β from 

Roche Diagnostics (Mannheim, Germany), latent TGF-β from R&D 

Systems (Minneapolis, MN) and Transwell plates from Corning Life 

Sciences (Lowell, MA). Primary antibodies were mouse anti-α-smooth 

muscle actin, anti-desmin and anti-vinculin (Sigma, St.Louis, MO), 

rabbit anti-human serum albumin (Cappel, Zoetermeer, Netherlands), 

goat anti-collagen I (Southern Biotech, Birmingham, AL) and mouse 

anti-pMLC2 (Ser19) (Cell Signaling Technology, Beverly, MA). Species-

specific HRP, TRITC or FITC-coupled secondary antibodies were 

purchased from DAKO (Glostrup, Denmark). 

 

Synthesis of Y27632-ULS-M6PHSA 

The Universal Linkage System (ULS) - developed by Kreatech 

Diagnostics, Amsterdam, The Netherlands - is a platinum based linkage 

technology which facilitates the coupling of molecules directly to each 

other through the formation of a coordinative bond. The ULS 

technology has been proven to have important applications in the area 

of genomics, proteomics, diagnostics, and therapeutics. The linker was 

conjugated to Y27632 as previously reported (30). M6P28HSA was 

synthesized and characterized as described previously (31). ULS-Y27632 

(2.1 µmol) was subsequently reacted with M6PHSA (0.14 µmol) in 

tricine buffer at 37˚C and the resulting conjugate was extensively 

dialyzed against PBS at 4°C and purified. 

 

Characterization of Y27632-ULS-M6PHSA 

The amount of Y27632 coupled to M6PHSA was determined by HPLC 

analysis as reported previously (30)  after incubation with 0.5 M 

potassium thiocyanate (KSCN) at 80˚C to chemically displace the drug 

from the carrier. The M6PHSA protein concentration was determined by 

Lowry protein assay (Bio-Rad, Hercules, CA). 
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In vitro assays 

HSC were isolated from livers of male Wistar rats (> 500 g, Harlan, 

Netherlands) according to previously published methods (32). After 

isolation, HSC were cultured on plastic for 10 days until activation and 

then used for experiments. For some experiments HSC were used that 

were cryopreserved on day 7, and thawed later for use in experiments. 

NIH-3T3 fibroblasts were cultured in DMEM (Lonza, Verviers, Belgium) 

containing 10% fetal calf serum and penicillin/streptomycin. 

 

rHSC contraction assay 

Hydrated collagen gels were prepared by mixing rat tail collagen I (BD 

Biosciences, San Jose, CA) with 1N NaOH, 10× PBS and 0.2 M Hepes to 

a final collagen concentration of 1.2 mg/ml. This was incubated for 1h at 

37 ºC in a humidified atmosphere to allow gelation. Isolated HSC were 

allowed to adhere to the gel for 3h, and then incubated with 10 µM Y-

27632, Y27-conjugate or M6PHSA in medium with 10% fetal calf serum 

to induce contraction. After 24 h, the gels were photographed and the 

total gel area was calculated and compared to controls. 

 

rHSC migration assay 

To examine the migration of HSC 6×104 cells per well were added to the 

upper compartment of a Transwell chamber, together with 10 µM 

Y27632-conjugate, free Y27632 (equimolar), or carrier. 20 ng/ml PDGF-

BB was added to the lower chamber to stimulate migration. The cells 

were then incubated for 24 h, fixed and stained with Mayer’s 

hematoxylin. Cells on both sides of the membrane were counted in five 

fields per membrane at 40× magnification. Migration was calculated as 

the percentage of cells on the lower side of the membrane relative to 

the total number of cells in each field. 

 

Animal experiments 

All animal experiments were approved by the Animal Ethics Committee 

of the University of Groningen, the Netherlands. All animals were 

purchased from Harlan (Zeist, Netherlands) and kept at 12h light/12h 

dark cycles with ad libitum chow and water. 
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Contraction of aorta rings 

For measurement of contractility of isolated rat aortic rings, freshly 

excised aortas from Wistar rats (200-300g) were used. Aortas were 

excised, cleaned of adherent and connective tissue, and cut in 3-4-mm-

wide rings. Rings were mounted for isometric recording in organ bath 

chambers filled with pre-gassed (95% O2 / 5% CO2) Krebs–Henseleit 

(KH) buffer maintained at pH 7.4 and 37°C with an outer water jacket. 

Passive tension was adjusted to 0.5 g. After 60 min equilibration, rings 

were contracted using increasing concentrations of phenylephrine (PE) 

(10-8 – 10-5 M) followed by washing. Finally, after re-equilibration in KH-

buffer, rings were contracted with 10-7 M PE. After 15 min equilibration, 

increasing concentrations (10-8 – 10-5 M) of Y27632, Y27-conjugate or 

M6PHSA were added and the relaxation of the pre-contracted aortas was 

monitored using a Grass FT03 transducer. 

 

Chronic CCl4 -induced liver fibrosis model 

For studies in the chronic model, male Balb/C mice (20-22 g) were 

injected twice a week intraperitoneally with increasing doses of CCl4 

diluted in olive oil (week 1: 0.5 ml/kg, week 2: 0.8 ml/kg, week 3-8: 1 

ml/kg). Control mice received olive oil. Drug administration was started 

in week 7 after the start of the CCl4 injections. The mice were divided 

into 5 groups: 1) control + vehicle (PBS), 2) CCl4 + vehicle (PBS), 3) 

CCl4 + Y27632-M6PHSA (equivalent to 1.5 mg/kg/day Y27632 and 45 

mg/kg/day M6PHSA), 4) CCl4 + Y27632 (1.5 mg/kg/day), 5) CCl4 + 

M6PHSA (45 mg/kg/day). All treatment groups received a total of 6 

injections of Y27632, Y27-conjugate or carrier on alternate days during 

2 weeks. Blood cell counts were performed and serum markers were 

determined according to standard clinical procedures by the University 

Medical Centre Groningen. 

 

Immunohistochemistry 

Immunohistochemistry was performed on 4 µm cryo- and paraffin 

sections. Stainings were visualized using 3, 3’-diamino-benzidine 

tetrahydrochloride or 3-amino-9-ethylcarbazole. Immunofluorescent 

staining in sections was visualized using a M.O.M.-kit (Vector 

Laboratories, Burlingame, CA) according to the manufacturer’s 

instructions. Cells were counterstained with phalloidin-TRITC (Sigma) in 
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immunofluorescent staining and nuclei were counterstained with DAPI or 

Mayer’s hematoxylin. Immunohistochemical stainings were quantitated 

using the Cell D computer program (Olympus, Hamburg, Germany) 

 

Statistical analysis 

Results are expressed as the mean ± SD, unless otherwise specified. 

Statistical analyses were performed using Student’s t test or one-way 

ANOVA with post-hoc Bonferroni test. p < 0.05 was considered as the 

minimum level of significance. 

 

Results: 

 

Synthesis and characteristics of Y27-conjugate 

Y27632 (Fig 1A) was coupled to M6PHSA using the ULS linker. The 

average molar coupling ratio of Y27632 to M6PHSA, calculated from 

HPLC analysis after chemical release of the drug (Fig. 1B), was 7 

molecules of drug per molecule of protein. HPLC analysis also showed 

that in the final conjugate no free drug was present (Fig. 1B). After two 

freeze-thaw cycles only 2% of drug was released, demonstrating the 

stability of the conjugate. 

 

 
 
Fig. 1: Characteristics of the Y27632-ULS-M6PHSA conjugate. 

A Structure of Rho-kinase inhibitor Y27632. B HPLC analysis of Y27-conjugate: 

free Y27632 (upper panel), Y27-conjugate without treatment to release drug 

(middle panel) and Y27-conjugate after treatment with 0.5 M KSCN to release 

the drug (lower panel). 
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Y27-conjugate inhibits fibrotic parameters in activated HSC 

Rho-kinase pathway activation is known to regulate the migration and 

contraction of HSC. Therefore, we examined the effect of our conjugate 

on the migration of primary isolated HSC in vitro using a two-chamber 

(Transwell) system. We found that treatment with free Y27632 or 

conjugate reduced PDGF-BB-induced cell migration by approximately 

50% (Fig. 2A). 

 

 

 
 
Fig. 2: Y27-conjugate inhibits activation of hepatic stellate cells. 

A Effect of Y27-conjugate on PDGF-BB-stimulated migration of primary activated 

rat HSCs. *** p < 0.001 vs. control, # p < 0.05 vs. PDGF treatment, ### p< 

0.001 vs. PDGF treatment by Student’s t-test. B Immunofluorescent staining for 

the focal adhesion marker vinculin (green). Cytoskeleton was stained using 

phalloidin-rhodamin (red). Scale bar represents 100 µm. C Effect of Y27-

conjugate on serum-stimulated contraction of isolated rat HSCs plated on 

hydrated collagen gels. * p < 0.05 vs. control by Student’s t-test. D 

Immunofluorescent staining for Rho-kinase downstream mediator 

phosphorylated myosin light chain (pMLC2). Scale bar represents 100 µm. 
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The expression of focal adhesion marker vinculin, involved in cell-

migration processes, was also inhibited (Fig. 2B). In parallel 

experiments, both free Y27632 and Y27-conjugate significantly inhibited 

the contraction of primary HSC seeded on collagen gels by 

approximately 60 and 20% respectively (Fig. 2C). The significant effects 

of the conjugate on both functionalities of HSC demonstrate that the 

conjugate is pharmacologically active within the target cell. 

 

To determine whether the effects seen with the conjugate were 

associated with inhibition of Rho-kinase, we examined the expression of 

the downstream mediator pMLC2. We found that pMLC2 was inhibited by 

both free Y27632 and the Y27-conjugate (Fig. 2D). The effects on HSC 

activation were thus paralleled by a decrease in Rho-kinase activity in 

HSC. 

 

Effects of the carrier on fibroblast activation 

Since the M6P/IGFII-receptor, the target receptor for our drug carrier, 

was reported to be involved in the binding and subsequent activation of 

latent TGF-β (25, 26), we examined whether inhibition of the M6P/IGFII-

receptor by M6PHSA leads to an anti-fibrotic effect through attenuation 

of the activity of latent TGF-β. We found that 0.2 mg/ml M6PHSA 

attenuated collagen production induced after incubation of fibroblasts 

with latent TGF-β (Fig. 3). 

 

 

 
 
Fig. 3: Effects of M6PHSA carrier on fibroblast activation. 

Collagen I staining on NIH-3T3 fibroblasts pre-incubated with 0.2 mg/ml 

M6PHSA or control medium for 30 min, and subsequently incubated with TGF-β 

or latent TGF-β for 24 h. Note that pre-incubation of cells with M6PHSA attenu-

ates collagen production induced after incubation with latent TGF-β. 
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In vitro contraction of rat aorta 

To test whether our construct has pharmacological effects in tissue that 

is responsive to Rho-kinase inhibition yet lacks the M6P/IGFII-receptor, 

we examined the effects of free and carrier-conjugated drug on vascular 

contraction. Y27632 is known to decrease vascular contraction (33). We 

used freshly prepared rat aortas and measured contraction using 

standard isometric recording. The M6P/IGFII-receptor was not 

expressed in this vascular tissue (data not shown). We incubated pre-

contracted rat aorta rings with increasing concentrations of free drug or 

conjugate and found that free drug strongly affected the vascular tonus, 

i.e. induced a decrease of phenylephrine-induced vascular contraction, 

while Y27-conjugate did not have any effect at all (Fig. 4). 

 

 

 
 
Fig. 4: Free Y27632, but not Y27-conjugate, reduces aorta con-

traction  

Rat aortas were pre-contracted with phenylephrine and then incubated with 

increasing concentrations of Y27632, Y27-conjugate or carrier while the 

tension was recorded. It can be seen that Y27632 significantly affected 

vascular tonus, whereas Y27-conjugate in the same concentrations or 

carrier alone did not affect the contraction at all. Data shown are the mean 

of 3 aortas per treatment, * p < 0.05 vs. Y27-conjugate by Student’s t-test. 
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Intrahepatic distribution of Y27-conjugate 

In order to examine the intrahepatic distribution of the Y27-conjugate, 

we studied the distribution of HSA within livers of CCl4-mice. Mice 

received a dose of Y27-conjugate just before sacrifice (10 min), thus 

excluding any pharmacological effect of the construct on the fibrotic 

process. HSA staining was found to co-localize with the staining for 

desmin (Fig. 5), a marker for HSC, reflecting uptake in our target cell. 

Additionally, staining for the Y27-conjugate was also seen within the 

sinusoids, which is in accordance with previous results on the 

pharmacokinetics of M6PHSA (23), showing that the construct is still 

present in the blood, 10 min after injection. PBS-treated mice did not 

show any positive staining for HSA. 

 

 

 
 
Fig. 5: Intrahepatic localization of Y27-conjugate in chronic CCl4-

induced liver fibrosis. 

Y27-conjugate localization in liver as determined by double staining for HSA 

(green) and the HSC marker desmin (red) in mouse liver 10 min after injection 

of Y27-conjugate (or PBS in control mice) in chronic CCl4-treated mice. Arrows 

denote cells double stained for both desmin and HSA, which are found around 

the fibrotic septa, next to the intravascular staining for HSA in the sinusoids. 

Scale bar represents 100 µm. 
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Y27-conjugate reduces chronic CCl4-induced liver fibrosis in mice 

Having demonstrated the pharmacological activities of our construct in 

vitro and its distribution pattern in vivo, we set out to examine the 

effects of Y27-conjugate in a chronic model of established liver fibrosis. 

In this model, fibrosis was induced by 8 weeks administration of CCl4. 

Treatments were started after 6 weeks of CCl4 treatment, that is, when 

extensive fibrosis was already present. Animals received i.v. injections, 

3 times a week for 2 weeks. No toxicity of treatment with Y27-conjugate 

was found by examination of the blood cell counts, although treatment 

with the carrier alone resulted in a slight reduction in platelet count 

(Suppl. Table 1). None of the treatments led to kidney toxicity, as 

measured by plasma creatinine levels (Suppl. Table 2). Treatments with 

Y27-conjugate and free drug both led to a decrease in ALT and AST, 

serum markers for liver injury (Suppl. Fig. 1). 

 

The anti-fibrotic effects of the conjugate were assessed by analysis of 

two important fibrotic parameters, α-SMA and collagen I, by performing 

immunohistochemical stainings (Fig. 6A&B). Treatment with the 

conjugate inhibited the activation of HSC, as determined by quantitation 

of α-SMA staining, to 61% (p < 0.01) of the PBS-treated group (Fig. 

6C). Free Y27632 also significantly inhibited the α-SMA expression to 

68% (p < 0.05). However, only the conjugate reduced the intrahepatic 

deposition of collagen to 68% (p < 0.05) compared to the PBS-treated 

group, whereas the free drug had no significant effect on this parameter 

(Fig. 6D). 

 

Furthermore, to examine whether the anti-fibrotic effects of the 

conjugate were related to inhibition of the Rho-kinase pathway, we 

examined the expression of pMLC2 in liver by immunofluorescent 

staining. We found an upregulation of pMLC2 in the fibrotic septa of 

CCl4-treated livers, as compared to control livers. The pMLC2 staining 

co-localized with the staining for the HSC-marker desmin (Fig. 7). This 

upregulation was blocked by Y27-conjugate. However, the free drug had 

no detectable effect on pMLC2 staining in any of the fibrotic livers (Fig. 

7). 
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Fig. 6: Effects of Y27-conjugate on activated HSC in the livers of chronic 

CCl4-treated mice. 

A Representative pictures of immunohistochemical stainings for α-SMA on liver 

sections of Balb/C mice receiving CCl4 for 8 weeks (or olive oil in control) and 

treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier in the last 2 weeks, 

B Representative pictures of immunohistochemical stainings for collagen I on 

liver sections of Balb/C mice receiving CCl4 for 8 weeks (or olive oil in control) 

and treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier in the last 2 

weeks, C Quantitation of the relative area stained positive for α-SMA, D Quanti-

tation of the relative area stained positive for collagen I. Stainings were quanti-

tated using the Cell D computer program, calculating the total stained area in 

18-24 fields per section at 20× magnification as a percentage of the stained area 

in the control CCl4 sections. Data shown are the mean of 5-7 animals per group. 

* p < 0.05 vs. CCl4-PBS treatment, ** p < 0.01 vs. CCl4-PBS treatment by one 

way ANOVA with Bonferroni post-hoc test. 
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Fig. 7: Effect of Y27-conjugate on Rho-kinase related signaling in chron-

ic CCl4-induced liver injury. 

Representative pictures of immunofluorescent staining for phosphory-lated 

myosin light chain (pMLC2, green) and the HSC-marker desmin (red) in livers of 

Balb/C mice receiving CCl4 for 8 weeks (or olive oil in control) and treated with 

vehicle (PBS), Y27-conjugate, Y27632 or carrier in the last 2 weeks. It can be 

seen that the targeted drug, i.e. Y27-conjugate, significantly reduces pMLC2 

staining in the fibrotic septa in livers, whereas the free drug or carrier alone do 

not affect this staining. Scale bar represents 100 µm. 

 

 

Discussion 

 

In this study we have shown that cell-specific inhibition of Rho-kinase in 

activated HSC leads to a reduction of liver fibrosis in mice. Cell-

specificity is conferred by coupling of the Rho-kinase inhibitor to a drug 

carrier in a reversible way. We found that the carrier-conjugate co-

localizes with desmin positive cells in the fibrotic liver, and that this is 

associated with a reduction in HSC activation. The conjugate reduced 

the most important parameter determining the extent of fibrosis, 

namely the deposition of collagen. Additionally, the use of conjugate 

could reduce the effects of Rho-kinase inhibitor on other tissues outside 

the liver, i.e. aorta. The strategy described here leads to a stronger 

reduction of fibrotic parameters than the use of an untargeted drug, as 

has been shown in previous papers examining cell-specific inhibition of 
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fibrosis-related pathways in HSC (28, 34, 35). Here we used a conjugate 

of Rho-kinase inhibitor Y27632 coupled to the HSC-specific carrier 

M6PHSA, which has been found to accumulate in HSC during liver 

fibrosis (23). 

 

The effect studies in primary HSC showed that the efficacy of the 

conjugate in vitro is comparable to that of an equivalent dose of the free 

drug, demonstrating that the drug is released from the conjugate in its 

active form. Both the conjugate and free drug inhibited pMLC2, which is 

a downstream target of Rho-kinase. In addition to this, we examined 

two functional parameters that represent key activities of activated HSC. 

We showed that the inhibition of Rho-kinase inhibitor-induced 

phosphorylated myosin light chain (pMLC2) staining is paralleled by an 

inhibition of HSC migration and HSC contraction. Previous reports stated 

that the effect of inhibition of Rho-kinase on the migrational ability of a 

cell is dependent on the concentration of the inhibitor and also on the 

cell type (36). Rho-kinase inhibition leads to reduced contraction of the 

cell, which inhibits migration, but also to reduced adhesion, facilitating 

migration (36). The final effect on migration depends on which of these 

opposite effects prevails in the cell type studied. In accordance with 

earlier papers studying the effect of Rho-kinase inhibition on HSC 

migration (6, 19), in our studies the Rho-kinase inhibitor strongly 

inhibited migration in primary HSC, as did the conjugate. 

 

The target receptor for our carrier is the M6P/IGFII receptor, which is 

highly upregulated on activated HSC (25, 27) and causes rapid 

endocytosis of the drug-carrier complex (23). The M6P/IGFII-receptor 

may also play a role in fibrogenesis: it binds latent TGF-β, thereby 

facilitating proteolytic cleavage and subsequent conversion of latent 

TGF-β into its active form (25, 26). This notion is supported by our in 

vitro studies, which show that blocking of the receptor by our carrier 

attenuated collagen production induced in fibroblasts after incubation 

with latent TGF-β. This effect may further add to the pharmacological 

effects of the drug-carrier complex in vivo, although no effect of the 

carrier alone was noted on protein expression levels of the parameters 

examined here, i.e. α-SMA or collagen I. 
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Kinase inhibitors represent highly relevant new options for treatment of 

liver fibrosis (37). Different pathways have been investigated in recent 

years and several have been shown to be an interesting target for 

treatment (38, 39). In the last decade, a key role of the Rho-kinase 

pathway in liver disease has been established, as it affects the 

activation, contraction and migration of HSC. The inhibition of Rho-

kinase has been shown to be a feasible way to reduce liver fibrosis in 

two different rat models (18, 20, 21), though not yet in mice. By 

targeting the drug specifically to HSC, one of the main cell types 

responsible for the production of extracellular matrix and pro-fibrotic 

cytokines can be selectively inhibited while using lower doses of drugs. 

Indeed, we now have used doses of 1.5 mg/kg drug in this study and 

established significant pharmacological effects. 

 

One of the most important side-effects to be expected of Y27632 is a 

decrease in vascular smooth muscle contractility (10, 33). This could 

lead to a further deterioration of the mean arterial pressure during 

cirrhosis. This effect of Y27632 has been described in cirrhotic rats (33), 

and was replicated by us in an ex vivo aorta model. However, in our 

studies, only free drug induced a relaxation in aortas, while Y27-

conjugate did not have any effect on aorta contraction. The conjugate 

therefore seems to have no effect in this non-target tissue, which lacks 

the M6P/IGFII receptor. In the mouse CCl4 model we did not detect any 

effects on pMLC2 expression in aortas, either from CCl4, or the 

treatments. However, since mouse aorta also lacks the M6P/IGFII 

receptor, we do not expect any effects of the conjugate in mouse aorta 

either. 

 

In the chronic liver injury model, which is a model of established 

fibrosis, protein levels for α-SMA, an activation marker for HSC, were 

inhibited by both the free drug and the conjugate, whereas only the 

conjugate induced a decrease in collagen deposition. Previously we 

found that the ULS linker between the drug and the drug carrier causes 

a slow release of the drug (29). Apparently, a prolonged inhibition of 

Rho-kinase activity by continuous release of the drug is necessary to 

reduce collagen production by HSC during fibrosis. In this context it is 

also striking that only the Y27-conjugate could reduce pMLC2 expression 
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in liver, whereas in Y27632-treated mice there was no inhibition of 

pMLC2 staining in the liver. This indicates that drug levels in livers of 

conjugate-treated mice were still sufficiently high to inhibit 

phosphorylation of MLC2 at the moment of sample collection, that is, 

24h after the last injection, while the direct effects of the free drug were 

not detectable anymore at this time point. The difference between the 

effect of free Y27632 on α-SMA and on pMLC2 can probably be 

explained by the fact that phosphorylation of proteins is rapidly 

reversible, whereas any effects on expression of proteins, in this case α-

SMA tends to last longer. 

 

In conclusion, we present here evidence that coupling of Rho-kinase 

inhibitor Y27632 to the HSC-specific carrier M6PHSA results in a 

conjugate that displays anti-fibrotic properties in vitro and in vivo. 

Targeted Rho-kinase inhibitor has a stronger anti-fibrotic effect than the 

free inhibitor in vivo in a mouse model of advanced liver fibrosis. This 

study shows the benefits of a cell-specific approach and it may open 

new opportunities for the treatment of liver fibrosis. 

 

 

Footnotes: 
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Supplemental material 

 

 
 

Supplemental Figure 1:  

ALT and AST levels in plasma of  Balb/C mice receiving CCl4 for 8 weeks (or olive 

oil in control) and treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier 

in the last 2 weeks. ** p < 0.01, *** p < 0.001 vs. CCl4-PBS treatment by one 

way ANOVA with Bonferroni post-hoc test. 

 
 
Supplemental table 1: 

White blood cell count (WBC), red blood cell count (RBC) and platelet count in 

whole blood of Balb/C mice receiving CCl4 for 8 weeks (or olive oil in control) and 

treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier in the last 2 weeks. 

 
 control CCl4 Y27-

conjugate 

Y27632 carrier 

WBC 6.7 ± 3.3 14.0 ± 3.4 * 9.2 ± 2.1 # 8.1 ± 1.8 # 8.0 ± 2.1 # 

RBC 9.4 ± 0.4 7.2 ± 1.8 8.0 ± 1.6 8.2 ± 1.3 8.4 ± 0.7 

platelets 1134 ± 124 1201 ± 65 1209 ± 185 1265 ± 105 888 ± 103 *# 

      

Data represent the mean ± SD of 5-7 animals per group. * p < 0.05 vs. control 

group, # p < 0.05 vs. untreated CCl4 group by one way ANOVA with Bonferroni 

post-hoc test 
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Supplemental table 2: 

Serum creatinine levels in Balb/C mice receiving CCl4 for 8 weeks (or olive oil in 

control) and treated with vehicle (PBS), Y27-conjugate, Y27632 or carrier in the 

last 2 weeks. 

 
 control CCl4 Y27-

conjugate 

Y27632 carrier 

creatinine 14.8 ± 7.1 13.6 ± 6.7 14.7 ± 3.3 17.5 ± 4.8 14.0 ± 2.6 

Data represent the mean ± SD of 5-7 animals per group. 
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Abstract  

 

Activation of the transforming growth factor-β-receptor on hepatic stel-

late cells leads to activation of these cells and the production of extra-

cellular matrix molecules during liver fibrosis. Inhibition of the type-I 

receptor (activin-like kinase 5) has been shown to effectively inhibit fi-

brosis in animal models. However, apart from its profibrotic effects, 

transforming growth factor-β also affects immunocompetent cells and 

hepatocytes, which limits the use of inhibitors. We therefore explored 

the cell-specific delivery of an activin-like kinase 5-inhibitor to hepatic 

stellate cells.  We synthesized a conjugate of the activin-like kinase 5-

inhibitor LY-364947 coupled to mannose-6-phosphate human serum 

albumin, which binds to the insulin-like growth factor II receptor on ac-

tivated hepatic stellate cells. The effectivity of the conjugate was evalu-

ated in primary hepatic stellate cells and in an acute carbontetrachlo-

ride-induced liver injury model in mice. In vitro, the free drug and the 

conjugate significantly inhibited fibrotic markers in hepatic stellate cells. 

Transforming growth factor-β-dependent signaling in hepatocytes was 

inhibited by free drug, but not by the conjugate, thus showing its cell-

specificity. In vivo,  the conjugate localized in desmin-positive cells in 

the liver and not in hepatocytes or immune cells. In the acute carbon-

tetrachloride-induced liver injury model in mice, the conjugate reduced 

fibrogenic markers and collagen deposition more effectively than free 

drug. We conclude that we can specifically deliver an activin−like kinase 

5-inhibitor to hepatic stellate cells using the mannose-6-phosphate hu-

man serum albumin carrier and that this targeted drug reduces fibrotic 

parameters in vivo, without affecting other cell-types.  
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Introduction 

 

Transforming growth factor β (TGF-β) is a major pro-fibrogenic cytokine, 

which activates hepatic stellate cells (HSC) and induces the production 

of extracellular matrix constituents after chronic liver injury (1, 2). TGF-

β binds to the TGF-β type-II receptor on the cell surface, which then 

heterotetramerizes with a type-I receptor, in most cases activin-like 

kinase 5 (ALK5) (3). The signal is further propagated by phosphorylation 

of Smad transcription factors (4). The translocation of phosphorylated 

Smad 2/3, together with co-transcription factors, to the nucleus, leads 

to transcription of pro-fibrotic genes. The most notable effects are the 

activation of HSC and the increased production of extracellular matrix, 

mostly collagens I and III and fibronectin (5). Furthermore, TGF-β in-

duces other pro-fibrotic factors, such as connective tissue growth factor 

(CTGF) (6), which in turn enhances the effects of TGF-β.  

 

The inhibition of TGF-β by small molecule inhibitors and via other strate-

gies has been investigated as a strategy for the treatment of liver fibro-

sis (7, 8). Since TGF-β is a key regulator of fibrogenesis, it has ever 

been an attractive target for anti-fibrotic treatments. The pathway can 

be inhibited on different levels. Inhibition of the type-I receptor is one of 

the most all-encompassing options, since it will inhibit both the Smad 

signaling pathway and some of the alternative signaling pathways down-

stream of the TGF-β receptor.  

 

Although inhibition of the TGF-β receptor seems a rational strategy, it 

might cause serious side-effects, since TGF-β signaling plays an im-

portant role in tumor suppression, immune regulation and many physio-

logical functions involving cell differentiation (9). For this reason we 

propose to deliver the ALK5-inhibitor specifically to the key fibrogenic 

cells, in this case the HSC in the liver. By coupling it to mannose-6-

phosphate human serum albumin (M6PHSA), specific uptake by activat-

ed HSC occurs during liver fibrosis (10).  

 

The M6PHSA-conjugate binds to the mannose-6-phosphate/insulin-like 

growth factor II (M6P/IGFII)-receptor and is taken up in the cell through 

endocytosis (10). The multifunctional M6P/IGFII-receptor traffics be-
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tween the Golgi and the endosomal-lysosomal network and also shuttles 

to the plasma membrane (11). A drug coupled to the carrier protein will 

be taken up preferentially by activated HSCs, since the receptor is highly 

upregulated on the plasma membrane of activated HSCs during liver 

fibrosis (12, 13).  

 

We hypothesize that coupling of the ALK5-inhibitor to M6PHSA will in-

crease its effectivity in HSC and prevent uptake in hepatocytes and im-

mune cells. To examine the feasibility of this approach, we have exam-

ined the characteristics of the conjugate, its in vitro effects and the ef-

fects of two different doses of conjugate in an acute model of CCl4-

induced liver injury. 

 

 

Materials and Methods 

 

Materials 

ALK5-inhibitor 3-(Pyridin-2-yl)-4-(4-quinonyl)]-1H-pyrazole, also known 

as LY-364947, was purchased from Calbiochem (Merck Chemicals, 

Darmstadt, Germany). Recombinant human TGF-β1 was purchased from 

Roche Diagnostics (Mannheim, Germany). Primary antibodies used are 

mouse anti-α-smooth muscle actin, mouse anti-β-actin, mouse anti-

fibronectin and mouse anti-desmin (Sigma, St.Louis, MO), rat anti-CD68 

(AbD Serotec, Oxford, UK), goat anti-human serum albumin and rabbit 

anti-human serum albumin (Cappel, Zoetermeer, Netherlands), goat 

anti-collagen I and goat anti-collagen III (Southern Biotech, Birming-

ham, AL), goat anti-phosphorylated Smad 2 (Ser 465/467) (Cell Signal-

ing, Beverly, MA) and goat anti-CTGF (L-20) (Santa Cruz Biotechnology, 

Santa Cruz, CA). Species-specific HRP or TRITC-coupled secondary anti-

bodies were purchased from DAKO (Glostrup, Denmark).  

 

Synthesis of LY-364947-ULS-M6PHSA (LY-conjugate) 

The Universal Linkage System (ULS) - developed by Kreatech Diagnos-

tics, Amsterdam, The Netherlands - is a platinum based linkage technol-

ogy which facilitates the coupling of molecules directly to each other 

through the formation of a coordinative bond. The ULS technology has 

been proven to have important applications in the area of genomics, 
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proteomics, diagnostics, and therapeutics. The inhibitor was conjugated 

to the ULS-linker as previously reported (14). M6P28HSA was synthe-

sized and characterized as described elsewhere (15). ULS − LY-364947 

(12,5 µmol) was subsequently reacted with M6PHSA (0,83 µmol) in tri-

cine buffer at 37˚C. After overnight reaction the conjugate was exten-

sively dialyzed and purified. 

 

Characterization of LY-conjugate 

The amount of LY-364947 coupled to M6PHSA was determined by HPLC 

analysis after chemically displacing the drug from the carrier by over-

night incubation with 200 mM sodium dithiocarbamate at 80˚C. M6PHSA 

protein concentration was determined by Lowry assay (Bio-Rad, Hercu-

les, CA). The stability of the LY-conjugate was also determined after 1 or 

2 freeze-thaw cycles. HPLC analysis was performed on a C18 reversed-

phase SunFire column (Waters, Milford, MA) using a mobile phase of 

water-acetonitrile-trifluoroacetic acid (91:9:0.1, vol/vol/vol; pH 2.0) at a 

flow-rate of 1 ml/min. LY-364947 was detected at 320 nm and eluted 

after circa 6.0 minutes. Quantitation of the drug levels was done by ana-

lyzing peak areas using calibration curves. 

 

Cell culture 

HSC were isolated from the livers of male Wistar rats (> 500 g, Harlan, 

Netherlands) according to previously published methods (16). After iso-

lation, HSC were cultured on plastic for 7 days until activation, and then 

used for experiments. HepG2 cells were cultured in DMEM (Gibco, Invi-

trogen, Carlsbad, CA) containing 10% fetal calf serum and penicil-

lin/streptomycin. For conjugate binding assays cells were incubated for 

2 h at 37°C with 0.1 mg/ml of the LY-conjugate, pre-incubation with 

antibody was 30 min. 

 

Animal experiments 

All animal experiments were approved by the Animal Ethics Committee 

of the University of Groningen, the Netherlands. All animals were pur-

chased from Harlan (Zeist, Netherlands) and kept at 12h light /12h dark 

cycles with ad libitum chow and water. 

 

 



Chapter 5 

98 
 

CCl4 -induced acute liver injury 

For in vivo studies in the acute (72 h) model, male C57/Bl6 mice (20-22 

g) received a single intraperitoneal injection of 1 ml/kg CCl4 diluted in 

olive oil. Control mice received only olive oil. The mice were then divided 

into 5 groups (n=4 per group): 1) CCl4 + vehicle (PBS), 2) CCl4 + LY-

conjugate (equivalent to 650 µg/kg/day LY-364947), 3) CCl4 + LY-

conjugate (equivalent to 1300 µg/kg/day LY-364947), 4) CCl4 + LY-

364947 (650 µg/kg/day), 5) CCl4 + LY-364947 (1300 µg/kg/day). All 

treatment groups received 2 i.v. injections, 24 and 48 h after CCl4 and 

were sacrificed 24 h after the last injection. A blood cell count was per-

formed and serum markers were determined according to standard clini-

cal procedures at the University Medical Centre Groningen. 

 

Real time RT-PCR 

Total RNA was isolated from HSC using the Absolutely RNA Microprep Kit 

(Stratagene, La Jolla, CA) and from tissue homogenates using the RNe-

asy Mini kit (Qiagen, Hilden, Germany). The amount of RNA was deter-

mined using a NanoDrop UV-detector (Nano Drop Technologies, Wil-

mington, DE). Synthesis of cDNA was performed using random primers; 

for isolated HSCs, the Superscript III first-strand synthesis kit (Invitro-

gen, Carlsbad, CA) was used, while for tissue samples AMV Reverse 

Transcriptase (Promega, Madison, WI) was used. All primers were pur-

chased from Sigma Genosys (Haverhill, UK). Gene expression levels 

were measured by real-time quantitative PCR on an ABI 7900HT appa-

ratus (Applied Biosystems, Foster City, CA) with SYBR-Green PCR Mas-

ter Mix (Applied Biosystems). The formation of single products was con-

firmed by analyzing the dissociation step at the end of each PCR reac-

tion. Data were analyzed using the SDS 2.3 software program (Applied 

Biosystems). The relative amount of product was calculated using a cali-

bration curve, normalizing for the expression of the household gene 

GAPDH and related to the control treatment. 

 

Western blot 

Collagen I expression in the livers of CCl4-mice and Smad phosphoryla-

tion in HepG2 cells were determined using Western blot analysis. Fifty 

µg of protein from each sample was applied on a SDS-PAGE gel en the 

proteins were transferred to a polyvinylidene fluoride membrane elec-
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trophoretically. Membranes were blocked with 5% nonfat milk in Tris-

buffered saline containing 0.5% Tween-20 and then incubated with pri-

mary antibody overnight at 4 °C. After washing horseradish peroxidase-

conjugated secondary antibody was applied for 2 h. Protein bands were 

developed with ECL detection reagent (Perkin-Elmer Life Sciences, Bos-

ton, MA) and quantified using the GeneSnap program (SynGene, Synop-

tics, Cambridge, UK). 

 

Immunohistochemistry 

Immunohistochemistry and immunofluorescence were performed on 4 

µm cryo- and paraffin sections. Immunocytochemistry was performed 

on cells fixated in methanol-acetone. Stainings were visualized using 3, 

3’-diamino-benzidine tetrahydrochloride or 3-amino-9-ethylcarbazole. 

When necessary, immunofluorescent staining in sections was visualized 

using a M.O.M.-kit (Vector Laboratories, Burlingame, CA) according to 

the manufacturer’s instructions. Nuclei were counterstained with Mayer’s 

hematoxylin or DAPI. Immunohistochemical stainings were quantitated 

using the Cell D computer program (Olympus, Hamburg, Germany). 

 

Statistical analysis 

Results are expressed as the mean ± SD, unless otherwise specified. 

Statistical analyses were performed using Student’s t test or one-way 

ANOVA with post-hoc Bonferroni test. p < 0.05 was considered as the 

minimum level of significance. 

 

 

Results 

 

Characteristics of LY- conjugate 

To confirm coupling of the ALK5-inhibitor LY-364947 (Fig. 1A) to the 

protein carrier, the concentrations of both protein and drug in the con-

jugate were determined. There were no major differences between dif-

ferent batches synthesized in the course of this study; the average ratio 

of drug to protein was 10 : 1. HPLC analysis showed that drug was re-

leased from the conjugate in release buffer (Fig. 1B), but there was no 

release after repeated freeze-thawing (results not shown) indicating the 

stability of the conjugate. 
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In vitro anti-fibrotic effects of the LY-conjugate 

In order to examine the anti-fibrotic properties of the LY-conjugate, we 

incubated primary isolated rat HSC with this conjugate. This resulted in 

a profound inhibition of both collagen type I and III deposition, compa-

rable to the effects of the free inhibitor (Fig. 2A). Parallel experiments 

demonstrated that at the mRNA level, two key markers of fibrosis, i.e. 

α-smooth muscle actin (α-SMA) and collagen 1A1 were significantly re-

duced both by the free drug and the conjugated drug (Fig. 2B). As ex-

pected, the free drug was more potent in this in vitro system as free 

drug enters the cell rapidly, providing high intracellular drug levels, in 

contrast to the targeted construct which enters through the receptor-

mediated endocytosis process. 

 

 
 
Fig. 1. Synthesis and characterization of LY-364947-ULS-M6PHSA. 

A Structure of LY-364947. B HPLC analysis of LY-conjugate: free LY-364947 

(upper panel), LY-conjugate without treatment to release drug (middle panel) 

and LY-conjugate after treatment with 200 mM sodium dithiocarbamate to re-

lease the drug from the carrier (lower panel). 
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Fig. 2. In vitro effects of LY-conjugate. 

A Collagen deposition by HSC incubated with 10 µM LY-conjugate, LY-364947 or 

carrier. Cells were stained for collagen I and III. Scale bar denotes 100 µm. B 

Effect of 10 µM LY-conjugate, free LY-364947 and carrier on the fibrotic markers 

α-SMA and collagen 1A1 in isolated rat HSCs after 48h incubation. * p < 0.05 

vs. control by Student’s t-test. C LY-conjugate and LY-364947 reduce luciferase 

expression under the Smad2 promotor in mink epithelial cells. *** p < 0.001 vs. 

TGF-β1 by Student’s t-test. 

 

 

Effects of LY-conjugate on TGF-β  signaling in vitro 

We also assessed whether the effects of our LY-conjugate were mediat-

ed via the TGF pathway. To that end, we examined the effect of the con-

jugate on the expression of luciferase in mink cells stably transfected 

with the luciferase reporter gene controlled by a promoter containing 

Smad-binding elements, and thus responsive to p-Smad 2/3 in combina-
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tion with Smad4. Both free LY-364947 and the conjugate significantly 

inhibited TGF-β1-induced Smad signaling, measured as luciferase activi-

ty (Fig. 2C), whereas the carrier itself did not have any effect. The re-

duction in luciferase expression was not due to toxicity of the drug or 

the conjugate (data not shown). 

 

Specificity of the LY-conjugate in vitro 

The binding of the conjugate to primary rat HSC was examined by im-

munofluorescent anti-HSA staining on cells incubated with the conju-

gate. The conjugate bound to activated rat HSC and this binding was 

strongly reduced by pre-incubation of the cells with an antibody against 

the M6P/IGFII-receptor, confirming that the conjugate binds specifically 

to its target receptor (Fig. 3A). 

 

The specificity of the conjugate was also determined by examining the 

effect of both free LY364947 and conjugate on HepG2 hepatocytes. The 

conjugate did not bind to these cells (Fig. 3B). In addition to this, we 

found that free drug could almost completely inhibit TGF-β-induced 

phosphorylation (96% reduction) in hepatocytes, whereas the conjugate 

did not have a significant effect on phosphorylation levels in these cells 

(Fig. 3C). 

 

Biodistribution of the LY-conjugate in vivo 

We furthermore examined whether the LY-conjugate accumulated into 

the target cells in vivo. The intrahepatic distribution of the LY-conjugate 

was determined 60 minutes after systemic administration in CCl4-treated 

mice. The HSA-staining (green) localized to desmin-positive HSC (red) 

in the liver (Fig. 4A). There was no co-localization of HSA (green) and 

CD68-positive (Kupffer) cells (red) (Fig. 4B) and no staining for HSA was 

observed at all in hepatocytes (Fig. 4A&B). To demonstrate organ-

specificity, we performed an anti-HSA-staining in other major organs. 
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Fig. 3. Binding of LY-conjugate and effect in hepatocytes. 

A HSA staining showing the binding of LY-conjugate to HSC: control cells (left), 

LY-conjugate-incubated cells (middle), and LY-conjugate-incubated cells pre-

treated with a M6P/IGFII receptor-specific antibody (right). Note that blocking of 

the receptor reduces binding of the conjugate to the cells. Scale bar denotes 100 

µm. B HSA staining showing the binding of LY-conjugate to HepG2 cells: control 

cells (left), LY-conjugate incubated cells (right). C TGF-β1-induced phosphoryla-

tion of Smad2/3 in HepG2 cells after incubation with LY-364947, conjugate and 

carrier. Representative western blot (left) and quantitative analysis of blot densi-

ty (n=3), ** p < 0.01 vs. TGF-β1 by Student’s t-test. 
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The staining showed no accumulation of conjugate in heart, kidney or 

lung 60 min after injection, whereas there was a small amount present 

in the spleen (Fig. 4C), where it was confined to the marginal zone. No 

staining was found in the red or white pulpa. 

 

 

 
 

Fig. 4. Localization of LY-conjugate in liver. 

Representative photographs of LY-conjugate uptake in liver as determined by 

double staining for A HSA (green) and the HSC marker desmin (red). Scale bar 

denotes 100 µm. B HSA (green) and the Kupffer cell marker CD68 (red) in 

mouse livers 60 min after injection of LY-conjugate in CCl4-treated mice. Scale 

bar denotes 100 µm. C LY-conjugate localization as determined by HSA-staining 

(green) in heart, kidney, lung, spleen and liver 60 min after injection of LY-

conjugate in CCl4-treated mice. Scale bar denotes 100 µm. 
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Effects of the LY-conjugate in vivo 

Effectivity of the free drug and the HSC-specific conjugate was subse-

quently examined in vivo in an acute CCl4-induced liver injury model. 

We tested two different doses of unmodified LY-364947 and equimolar 

doses of LY-conjugate. Collagen I expression, as assessed by western 

blot (Fig. 5A) was significantly decreased by both the low and the high 

dose of conjugate, while the free drug had less effect on collagen I ex-

pression. Stainings for other extracellular matrix molecules showed fur-

ther differences between free drug and conjugate. Deposition of both 

collagen III and fibronectin was significantly inhibited by the high dose 

of LY-conjugate but not by the free drug (Fig. 5B & C). These effects 

were not due to a difference in CCl4-induced damage, since all treatment 

groups displayed a similar amount of damage, as reflected by the PAS-

staining and ALT and AST levels (data not shown). 

 

In order to study whether these reductions in extracellular matrix depo-

sition coincided with a decrease in TGF-β induced pro-fibrotic cytokines, 

mRNA levels of the downstream mediator CTGF were measured in mice 

livers. Both free LY-364947 and the HSC-specific conjugate significantly 

reduced CTGF mRNA levels in liver (Fig. 5D). Immunohistochemical 

stainings showed that CTGF expression was localized in the portal areas, 

and was strongly inhibited by the conjugate, but not by free LY-364947 

(Fig. 5D). 
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←←←← Fig. 5. LY-conjugate reduces collagen deposition in livers of CCl4 mice. 

A Western blot analysis of collagen I expression in livers of C57Bl/6 mice, after 

one injection of CCl4 and treated with vehicle (PBS), LY-conjugate (low and high 

dose) or LY-364947 (low and high dose). Figures show representative blots and 

quantitative analysis of western blots, n=3-4 per group. * p < 0.05 vs. CCl4-

PBS by one way ANOVA with Bonferroni post-hoc test. B Representative pictures 

and quantitation of immunohistochemical stainings for collagen III on liver sec-

tions of C57Bl/6 mice, after one injection of CCl4 and treated with vehicle (PBS), 

LY-conjugate (low and high dose) or LY-364947 (low and high dose). Stainings 

were quantitated using the Cell D computer program, calculating the total 

stained area in 18-24 fields per section at 10× magnification as a percentage of 

the stained area in the control CCl4 sections. Data shown are the mean of 3-4 

animals per group. * p < 0.05 vs. CCl4-PBS by Student’s t-test. C Representa-

tive pictures and quantitation of immunohistochemical stainings for fibronectin 

on liver sections of C57Bl/6 mice, after one injection of CCl4 and treated with 

vehicle (PBS), LY-conjugate (low and high dose) or LY-364947 (low and high 

dose). Quantitation of the relative area stained positive for fibronectin was per-

formed as described above. D Representative pictures of immunohistochemical 

staining for connective tissue growth factor on livers of C57Bl/6 mice, after one 

injection of CCl4 and treated with vehicle (PBS), LY-conjugate (high dose) or LY-

364947 (high dose). Original magnification 40×. Expression levels of connective 

tissue growth factor mRNA in livers of C57Bl/6 mice, after one injection of CCl4 

and treated with vehicle (PBS), LY-conjugate (low and high dose) or LY-364947 

(low and high dose). * p < 0.05 vs. CCl4-PBS by Student’s t-test. 

 

 

Discussion 

 

In the present study we demonstrated that local inhibition of TGF-β re-

ceptor type I in HSC using our cell-specific targeting approach in vivo 

strongly inhibits the early liver fibrogenesis. Selective inhibition of ALK5 

in HSC is of high interest as prolonged ALK5 inhibition elsewhere in the 

body or even in other cell types in the liver may induce severe adverse 

effects, such as tumorigenesis or immune system deregulation. To 

achieve cell-selective delivery we conjugated an ALK5 inhibitor LY-

364947 to HSC-targeting carrier M6PHSA. The LY-conjugate specifically 

accumulated into the target cells in vivo. Within HSC, it blocked the 

ALK5 activity and induced a strong anti-fibrotic effect compared to 

equivalent doses of the free drug. These data show that selective block-
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ing of ALK5 in HSC using our technology may result in a potent anti-

fibrotic therapeutic strategy. 

 

Many experimental drugs that were very effective in vitro or in experi-

mental animal models failed in subsequent studies (17) and for that rea-

son we have targeted several drugs to the HSC (18, 19, 19-21). Explo-

ration of drug effects after a cell-specific approach is important to exam-

ine why drugs fail to have the expected effect. Failure in a (pre)-clinical 

setting may be caused by several factors, ranging from impaired deliv-

ery in diseased tissue to dose-limiting side-effects, and these can be 

prevented by a cell-specific delivery. If targeted drugs are not effective 

in this setting, the target pathway within the target cell is of minor im-

portance. In this study we have shown that TGF-β-signaling via the 

ALK5-receptor in HSC is of great importance in early liver fibrogenesis. 

 

In the current study we have shown specific targeting of the LY-

conjugate to HSC both in vitro and in vivo. In vitro the LY-conjugate was 

taken up by the primary rat HSC, while blocking of the uptake with a 

specific antibody showed the specificity to the receptor. The conjugate 

was fully biologically active as it inhibited the spontaneous activation of 

primary HSC and it reduced Smad signaling profoundly. Even though the 

conjugate has been proven to be active in HSC, it did not inhibit Smad 

phosphorylation in hepatocytes, consistent with the fact that the conju-

gate did not bind to this cell-type. The fact that there is no effect on 

TGF-β signaling in hepatocytes, nor binding (in vitro or in vivo) implies a 

reduced risk of pro-tumorigenic effects (22) of targeted ALK5 inhibition. 

 

In vivo, specific localization of the conjugate in HSC but not in other cell 

types in the liver or in other organs, as demonstrated by double immu-

nofluorescent staining, showed the accumulation of the conjugate. It 

was not possible to directly measure concentrations of this drug within 

the liver after treatment due to rapid metabolism of the released drug, 

but previous studies with a similar kinase inhibitor-conjugate have 

shown up to 7× higher levels of drug in the liver after treatment with 

conjugate as compared to treatment with free drug (23). Furthermore, 

studies in kidney fibrosis using the same drug and linker have shown 

sustained high levels of drug within the target organ (14). 
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In vivo the targeted ALK5-inhibitor significantly reduced the deposition 

of extracellular matrix constituents, that is, collagens I and III and fi-

bronectin. Previous experiments have shown no effects of the M6PHSA 

carrier in this in vivo model (23), so the anti-fibrotic effects are due to 

targeted ALK-5 inhibitor. Furthermore, the expression of a TGF-β de-

pendent cytokine CTGF was inhibited by the conjugate, indicating a TGF-

β inhibiting activity of the conjugate. Immunohistochemistry showed 

that CTGF protein expression was localized near portal tracts. Previous 

studies on the expression of CTGF in acute fibrogenesis have found ex-

pression of CTGF in portal tract fibroblasts (24). Since CTGF protein ex-

pression was reduced by HSC-specific ALK5-inhibitor, but not by free 

drug, it seems reasonable to assume that this is because CTGF was ex-

pressed in portal fibroblasts in this study as well. 

 

Inhibition of ALK5 has been shown to be a valuable antifibrotic strategy 

in animal models for fibrosis in different organs (7, 14, 25, 26), since 

TGF-β plays a crucial role in most fibrotic diseases. Despite the anti-

fibrotic effects of TGF-β inhibitors the use of TGF-inhibitors is considered 

unsafe due to critical side-effects (9, 22, 27). TGF-β is an important 

regulator of the immune system (mice lacking TGF-β1 die from a multi-

organ inflammatory syndrome) (9) and deregulation of the immune sys-

tem in immune-compromised cirrhotic patients or patients with viral 

hepatitis poses a risk for the patient. Furthermore, TGF-β is a suppres-

sor of early tumor growth (22). Pre-clinical evidence suggests that inhi-

bition of ALK5 in rats predisposed to developing renal cell carcinoma 

may elicit tumor development (28). Since cirrhosis patients are at a 

higher risk for hepatocellular carcinoma (29) the use of ALK5-inhibitors 

for the treatment of liver fibrosis might therefore pose an extra risk. In 

this study we showed that there is no effect of the targeted conjugate in 

hepatocytes or uptake of the conjugate in Kupffer cells, thus reducing 

the chances of interfering with TGF-β signaling in other hepatic cell 

types. 

 

In conclusion we now have shown that targeted delivery of an ALK5-

inhibitor to HSC is a novel and promising concept to be explored in fur-

ther studies. It reduces activation of HSC in vitro and in vivo and inhibits 

extracellular matrix deposition by HSC in vivo, where conjugation to our 
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drug carrier is associated with an increased effectivity of the drug in 

HSC. Our results also show that uptake of the drug in other organs and 

in neighboring parenchymal cells can be prevented by coupling to our 

drug carrier, thus preventing side-effects in pivotal cells.  
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Abstract 

 

The use of kinase inhibitors as a treatment for liver fibrosis has been 

studied extensively during the last decade. Activation of hepatic stellate 

cells (HSC), a key event in fibrogenesis, is induced by several growth 

factors that signal via multiple kinase pathways. Inhibition of multiple 

targets might therefore increase the effect of kinase inhibitors. We 

therefore investigated the effects of inhibitors of ALK5 and PDGF-

receptor β (PDGFRβ), which regulate important pro-fibrotic pathways, 

separately and in combination. The effects of these inhibitors were ex-

amined in human and rat primary hepatic stellate cells and in vivo in an 

CCl4-induced acute model for liver fibrogenesis in mice. We showed that 

both receptors were upregulated in cirrhotic patients as compared to 

normal controls. In primary human hepatic stellate cells the combination 

of both inhibitors resulted in a stronger inhibition of α-smooth muscle 

actin (α-SMA) mRNA expression and collagen protein expression than 

the separate drugs. We evaluated other fibrotic markers, such as α-SMA 

protein expression and migration of rat hepatic stellate cells and also 

found an increased effect of both inhibitors together. In vivo, the combi-

nation of inhibitors reduced extracellular matrix deposition and α-SMA 

expression, while each drug separately at the same dose only reduced 

α-SMA expression. Because we found ubiquitous expression of the TGF-β 

type I receptor, we also examined an HSC-specific conjugate of the 

ALK5 inhibitor. This conjugate, in combination with the PDGFRβ-

inhibitor, also strongly inhibited extracellular matrix deposition and HSC-

activation in vivo and in human HSC. 

 

Conclusion: The combined treatment with an ALK5-inhibitor and a 

PDGFRβ-inhibitor is more effective than the individual treatments in in-

hibiting the activation of hepatic stellate cells in vitro and early fibrogen-

esis in vivo. 
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Introduction 

 

Liver injury can arise from various causes, such as inflammation (e.g. 

hepatitis B and C), metabolic diseases, alcohol abuse or genetic diseas-

es. All these pathogenic processes can initiate a common pathway: liver 

fibrosis, in which an excess of extracellular matrix is produced, impairing 

the function of the liver. Ultimately fibrosis may lead to cirrhosis with 

end-stage liver failure, and giving rise to a variety of co-morbidities such 

as portal hypertension and a higher risk for hepatocellular carcinoma 

(1). The incidence of liver fibrosis is increasing world-wide, however, 

there is no therapy to inhibit the development of the fibrotic process 

itself (2, 3).  

 

The key cell type in this process is the hepatic stellate cell (HSC), which 

is activated as a result of liver damage (4). These cells then proliferate 

and produce large amounts of extracellular matrix molecules and cyto-

kines. The deposition of extracellular matrix leads to a progressive loss 

of the normal liver architecture and functioning. This process is strongly 

regulated by the overexpression of several growth factors, which signal 

through a variety of kinase pathways. Two of the most important pro-

fibrotic growth factors in this respect are transforming growth factor-β1 

(TGF-β1) and platelet derived growth factor (PDGF) (5, 6). TGF-β1 is an 

important factor in the activation of HSC, inducing the production of ex-

tracellular matrix molecules and release of other pro-fibrotic cytokines, 

while PDGF induces HSC proliferation and migration. The kinase activity 

of their respective receptors, the TGF-receptor type I (activin-like ki-

nase-5, ALK5) and PDGF-receptor β (PDGFRβ), can be inhibited by small 

molecule inhibitors (7-9). The inhibition of kinase signaling pathways 

may be an attractive therapy to attenuate liver fibrosis. 

 

Although kinase inhibitors can reduce fibrosis in experimental settings, 

the inhibition of just one particular kinase signaling pathway may not be 

enough to fully inhibit the fibrotic process. Since the introduction of the 

first kinase inhibitor as a treatment for chronic myeloid leukemia in 

2001, the field has been searching for ever more and better kinase in-

hibitors. Increasingly, especially in the field of cancer treatment it is be-

coming clear that treatment with a single kinase inhibitor may not be 
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sufficient (10). In other fields as well, for instance viral infections (e.g. 

HIV infections), a combination therapy, although not with kinase inhibi-

tors, is standard. It is most likely that this is also the case for a complex 

multicellular process like liver fibrosis, where many different kinases 

pathways are activated by parallel processes. There are several multi-

kinase inhibitors available but their use is associated with side-effects 

(11, 12). Also, in developing a multi-kinase inhibitor, one runs the risk 

of suboptimal inhibition of some targets, because of dose-limiting side-

effects due to the inhibition of another target. However, inhibition of 

multiple targets by using a combination of specific inhibitors yields the 

advantage that each drug can be titrated to its optimal dose individually. 

To that end, key targets need to be identified and the validity of a par-

ticular combination of inhibitors needs to be examined. 

 

Since TGF-β and PDGF signaling pathways regulate different activation 

processes of fibrosis, we examined the effect of a combination treatment 

of an ALK5-inhibitor and a PDGFRβ inhibitor, and compared it to the ef-

fect of each inhibitor alone. Because systemic inhibition of these potent 

cytokines could potentially elicit unwanted side-effects, especially in the 

case of the ubiquitously expressed ALK5-receptor, we have also exam-

ined whether the combined effect of these inhibitors was still present 

when they were specifically targeted to HSC. In order to make the ALK5 

inhibitor stellate cell-specific, we coupled this inhibitor to mannose-6-

phosphate human serum albumin (M6PHSA), which is a drug carrier to 

target activated HSC (13). 

 

 

Materials and Methods 

 

Materials 

The ALK5-inhibitor 3-(Pyridin-2-yl)-4-(4-quinonyl)]-1H-pyrazole, also 

known as LY-364947, was purchased from Calbiochem (Merck 

Chemicals, Darmstadt, Germany). VI83, which inhibits PDGFRβ, was a 

kind gift from Vichem Laboratories (Budapest, Hungary). PDGF-BB was 

purchased from Peprotech (Rocky Hill, NJ) and Transwell plates from 

Corning Life Sciences (Lowell, MA). Primary antibodies used were mouse 

anti-α-smooth muscle actin, mouse anti-β-actin and mouse anti-
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fibronectin (Sigma, St.Louis, MO), goat anti-collagen I (Southern 

Biotech, Birmingham, AL), goat anti-phospho-PDGFR (Tyr857), goat 

anti-PDGFRβ and goat anti-phospho Smad 2/3 (Ser433/435) (Santa 

Cruz Biotechnology, Santa Cruz, CA) and anti TGF-receptor type I 

(Abcam, Cambridge, UK). Species-specific HRP or FITC-coupled 

secondary antibodies were purchased from DAKO (Glostrup, Denmark). 

 

Patient samples 

For analysis of TGF type I receptor and PDGFRβ gene expression and 

phosphorylation of Smad 2/3 and PDGF-β receptor expression, liver 

samples from patients with chronic hepatitis C (n=6) and alcoholic hepa-

titis (n=6) were obtained. Moreover, samples from healthy controls 

(n=4) matched for age, sex, and body mass index with patients were 

collected. Hepatic gene expression was assessed in liver specimens ob-

tained by a transjugular approach from patients with alcoholic hepatitis 

and by a percutaneous approach in patients with chronic hepatitis C. 

Normal liver specimens were obtained from fragments of resections of 

colon metastases before the vascular clamping as described. The study 

protocol conformed to the ethical guidelines of the 1975 Declaration of 

Helsinki and was approved by the Ethics Committee of the Hospital Clí-

nic of Barcelona. All patients gave informed consent. 

 

In vitro assays 

Primary rat HSC (rHSC) were isolated from livers of male Wistar rats (> 

500 g, Harlan, Netherlands) according to previously published methods 

(14). After isolation, HSC were cultured on plastic for 10 days until acti-

vation and then used for experiments. 

 

Human hepatic stellate cells (hHSC) were isolated from fragments of 

normal livers obtained from resections of liver metastasis of colon can-

cer as described previously in detail (15). Cells were cultured in stand-

ard conditions in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, 

St. Louis, MO) containing 15% fetal bovine serum, non essential amino 

acids, glutamine, sodium pyruvate and antibiotics. The protocols were 

approved by the Investigational Review Board of the Hospital Clínic of 

Barcelona. 
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rHSC migration assay 

To examine the migration of rHSC, 6×104 cells per well were added to 

the upper compartment of a Transwell chamber, together with 10 µM 

LY-364947 or VI83. 20 ng/ml PDGF-BB was added to the lower chamber 

to stimulate migration. The cells were then incubated for 24 h, fixed and 

stained with Mayer’s hematoxylin. Cells on both sides of the membrane 

were counted in five fields per membrane at 40× magnification. 

Migration was calculated as the percentage of cells on the lower side of 

the membrane relative to the total number of cells in each field. 

 

Real-time PCR 

Total RNA was isolated from rHSC using the Absolutely RNA Microprep 

Kit (Stratagene, La Jolla, CA) and from hHSC using Trizol. The amount 

of RNA was determined using a NanoDrop UV-detector (NanoDrop Tech-

nologies, Wilmington, DE). Synthesis of cDNA was performed using the 

Superscript III first-strand synthesis kit (Invitrogen, Carlsbad, CA) with 

random primers. All primers for real time quantitative PCR on cells were 

purchased from Sigma Genosys (Haverhill, UK). Primers for real time 

quantitative PCR on human patient samples were purchased from Ap-

plied Biosystems (Foster City, CA). Gene expression levels were meas-

ured by real-time quantitative PCR using an ABI 7900HT apparatus (Ap-

plied Biosystems) with SYBR-Green PCR Master Mix (Applied Biosys-

tems). The formation of single products was confirmed by analyzing the 

dissociation step at the end of each PCR reaction. Data were analyzed 

using the SDS 2.3 software program (Applied Biosystems). The relative 

amount of product was calculated using a calibration curve, normalized 

for the expression of the household gene GAPDH and related to the con-

trol treatment. 

 

Animal experiments 

All animal experiments were approved by the Animal Ethics Committee 

of the University of Groningen, the Netherlands. All animals were 

purchased from Harlan (Zeist, Netherlands) and kept at 12h light/12h 

dark cycles with ad libitum chow and water. 

 

CCl4 -induced acute liver injury 

For in vivo studies in the acute model, male C57/Bl6 mice (20-22 g) 
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 received a single intraperitoneal injection of 1 ml/kg CCl4 diluted in 

olive oil. Control mice received olive oil. To examine the effect of 

treatments, the mice were divided into 6 groups: 1) control + vehicle 

(PBS) (n=4), 2) CCl4 + vehicle (PBS) (n=4), 3) CCl4 + LY-364947 

(1mg/kg/day) (n=4), 4) CCl4 + VI83 (1 mg/kg/day) (n=6), 5) CCl4 + 

LY+VI83 (1 mg/kg/day each) (n=6), 6) CCl4 + LY-conjugate (equivalent 

to 1 mg LY/kg/day) + VI83 (1 mg/kg/day) (n=4). All treatment groups 

received 2 i.v. injections at t= 24 and t= 48 h after CCl4 and were 

sacrificed 24 h after the last injection. 

 

Immunohistochemistry 

Immunohistochemistry was performed on 4 µm cryostat or paraffin sec-

tions. Stainings were visualized using 3, 3’-diamino-benzidine tetrahy-

drochloride or 3-amino-9-ethylcarbazole. Nuclei were counterstained 

with Mayer’s hematoxylin or DAPI. Immunohistochemical stainings were 

quantitated using the Cell D computer program (Olympus, Hamburg, 

Germany). 

 

Western blot 

Collagen I and fibronectin expression in the livers of CCl4-mice and in 

human HSCs were determined using Western blot analysis. Fifty µg of 

protein from each sample was applied on a SDS-PAGE gel and the pro-

teins were transferred to a polyvinylidene fluoride membrane electro-

phoretically. Membranes were blocked with 5% nonfat milk in Tris-

buffered saline containing 0.5% Tween-20 and then incubated with pri-

mary antibody overnight at 4 °C. After washing, horseradish peroxidase-

conjugated secondary antibody was applied for 2 h. Protein bands were 

developed with ECL detection reagent (Perkin-Elmer Life Sciences, Bos-

ton, MA) and quantified using the GeneSnap program (SynGene, Synop-

tics, Cambridge, UK). 

 

Synthesis of LY-364947-ULS-M6PHSA (LY-conjugate) 

The Universal Linkage System (ULS) - developed by Kreatech Diagnos-

tics, Amsterdam, The Netherlands - is a platinum based linkage technol-

ogy which facilitates the coupling of molecules directly to each other 

through the formation of a coordinative bond. The ULS technology has 

been proven to have important applications in the area of genomics, 
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proteomics, diagnostics, and therapeutics. The inhibitor was conjugated 

to the ULS-linker as previously reported (16). M6P28HSA was synthe-

sized and characterized as described elsewhere (17). ULS − LY-364947 

(12,5 µmol) was subsequently reacted with M6PHSA (0,83 µmol) in tri-

cine buffer at 37˚C. After overnight reaction the conjugate was exten-

sively dialyzed and purified. 

 

Characterization of LY-conjugate 

The amount of LY-364947 coupled to M6PHSA was determined by HPLC 

analysis after chemically displacing the drug from the carrier by over-

night incubation with 200 mM sodium dithiocarbamate at 80˚C. M6PHSA 

protein concentration was determined by Lowry assay (Bio-Rad, Hercu-

les, CA). HPLC analysis was performed on a C18 reversed-phase SunFire 

column (Waters, Milford, MA) using a mobile phase of water-acetonitrile-

trifluoroacetic acid (91:9:0.1, vol/vol/vol; pH 2.0) at a flow-rate of 1 

ml/min. LY-364947 was detected at 320 nm and eluted after circa 6.0 

minutes. Quantitation of the drug levels was done by analyzing peak 

areas using calibration curves. 

 

Statistical analysis 

Results are expressed as the mean ± SD, unless otherwise specified. 

Statistical analyses were performed using Student’s t test or one-way 

ANOVA with post-hoc Bonferroni test. p < 0.05 was considered as the 

minimum level of significance. 

 

 

Results 

 

Expression of TGF-β1 and PDGF-pathways in human cirrhosis patients 

We first investigated the PDGFRβ and ALK5 expression and their activa-

tion in cirrhotic livers from patients to determine if both signaling path-

ways are active simultaneously at the same stage of the disease. We 

found an upregulation of the mRNA expression levels of both receptors, 

although inter-patient variation was high (Fig. 1A).  

Using Spearman’s non-parametric correlation we found a trend towards 

a correlation between the expression of both receptors in patients with 

alcoholic hepatitis (p=0.0583), but not in patients with cirrhosis induced 
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by other causes (p=0.0833) (Suppl. Fig.1). Furthermore, immunohisto-

chemistry showed that the phosphorylation of both PDGFRβ itself and 

ALK5 downstream transcription factor Smad 2/3 was increased in cir-

rhotic livers vs. normal livers (Fig. 1B). 

 

 

 
 
Fig. 1. Expression of PDGF and TGF-ββββ pathways in human patients. 

A mRNA levels of PDGFRβ and TGF-β type I receptor in normal liver tissue, tis-

sue from alcoholic hepatitis and cirrhotic patients. B Representative pictures 

showing the phoshorylation of PDGFRβ and TGFβ downstream mediator Smad 

2/3 in normal liver tissue and cirrhotic liver. 
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Fig. 2. Effect of PDGF and TGF inhibition in human hepatic stellate cells. 

A mRNA levels of pro-fibrotic markers α-smooth muscle actin and collagen 1A1 

after treatment with ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor VI83. B 

Western blot analysis of collagen I expression in human hepatic stellate cells 

after treatment with ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor VI83. 

*** p < 0.001 vs. control, ** p < 0.01 vs. control, * p< 0.05 vs. control treat-

ment by Student’s t-test. 

 

 

Effect of TGF and PDGF inhibition in human hepatic stellate cells 

To study the effect of TGF and PDGF receptor inhibitors in HSC, we used 

primary human HSC that were activated in culture to mimic activated 

HSC in the cirrhotic liver. At the mRNA level, the ALK5-inhibitor (LY-

364947) had no effect on α-SMA expression, whereas the PDGFRβ-

inhibitor (VI83) reduced α-SMA expression significantly (Fig. 2A). The 

combination of both inhibitors also strongly reduced α-SMA expression, 



Combined inhibition of TGF and PDGF receptor 

 
 

125 

C
h
a
p
te
r 
6
 

even at a 10-fold lower concentration than the single drugs. The inhibi-

tors did not affect collagen 1a1 mRNA expression, neither separately nor 

in combination with each other. However, at the protein level, collagen I 

was significantly reduced by treatment with both the single drugs and 

the combination in these cells (Fig. 2B). 

 

Effect of TGF and PDGF inhibition on stellate cell activation 

To further study the effect of inhibiting TGF-β and PDGF receptors on the 

activation of HSC, we used primary rat HSC. Similar to human HSC, the-

se cells also displayed a significant reduction in α-SMA expression after 

treatment with each inhibitor (Fig. 3A). The combination of both inhibi-

tors again was effective at a 10-fold lower concentration than the single 

drugs. These results correlate with α-SMA protein expression: immuno-

fluorescence staining showed that the combination of both inhibitors 

reduced α-SMA expression most effectively (Fig. 3B).  

 

Since activation state and cytoskeleton changes influence the migration 

of cells, we studied the effect of the inhibitors on the migration and the 

wound healing process of HSC. We found that inhibition of PDGFRβ, but 

not ALK5 inhibition, reduced both processes. However, when the ALK5-

inhibitor was combined with the PDGFRβ-inhibitor the effects of the 

PDGFRβ inhibitor were enhanced (Fig. 3C and D). Collectively these data 

demonstrate that the PDGFRβ inhibitor has the most significant effects in 

cultures of HSC, but the combination of both inhibitors is more effective 

in vitro. 

 

Effect of TGF and PDGF inhibition in vivo 

To assess the added value of a combined inhibition of TGF-β and PDGF 

receptor activity in fibrogenesis in vivo, we studied the effect of the in-

hibitors as a single treatment and in combination with each other in 

mice with an early fibrotic response. We found a strong inhibition of ex-

tracellular matrix deposition, that is, collagen I and fibronectin expres-

sion, by the combination treatment only as determined by immunohisto-

chemistry (fig 4A), or Western blot analyses (Fig. 4B and C). Neither 

drug alone was capable of inhibiting extracellular matrix deposition at 

the same dose. These data suggest that the use of two key inhibitors 

together has an additive effect on the reduction of the hallmark of fibro-
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sis, the amount of extracellular matrix. To quantify α-SMA expression 

level, we performed morphometric analysis, as high expression around 

large blood vessels interferes in the Western blot analysis. We found 

that α-SMA expression was inhibited by all treatments (Fig. 4D). None of 

the treatments affected liver injury, measured as ALT levels, or the 

amount of inflammatory infiltrate in the livers (data not shown). 
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←←←← Fig. 3. Effect of PDGF and TGF inhibion in rat hepatic stellate cells. 

A mRNA levels of fibrotic marker α-SMA after treatment with ALK5 inhibitor LY-

364947 and / or PDGFRβ inhibitor VI83. B Representative immunofluorescence 

staining showing expression of α-SMA in culture-activated rat hepatic stellate 

cells after treatment with ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor 

VI83. C Migration assay, showing PDGF-induced migration of HSC after treat-

ment with ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor VI83. D Wound 

healing assay, showing wound induced proliferation and migration after treat-

ment with ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor VI83. Upper pan-

el: t=0 h, lower panel: t=48 h. *** p < 0.001 vs. control, ** p < 0.01 vs. con-

trol, * p< 0.05 vs. control treatment by Student’s t-test. 

 

 

Effect of HSC-specific inhibition of TGF and PDGF 

To determine whether inhibition of TGF-receptor type I and PDGFRβ 

would affect other organs beside the liver, we examined the expression 

of these receptors using immunohistochemistry in several key organs 

(Fig. 5A). We found expression of PDGFRβ in CCl4-damaged areas in 

livers, and a low level of expression in blood vessels in kidneys. High 

expression of TGF-receptor type I was found in livers, kidneys and 

lungs. TGF-receptor type I expression was also found in heart and 

spleen, albeit to a lower level. Inhibition of this receptor would thus 

most probably affect other physiological processes at these sites apart 

from the effects in fibrotic areas. Therefore, we decided to also test a 

cell-specific form of the ALK5-inhibitor, by conjugating the inhibitor to 

HSC-specific carrier M6PHSA (LY-conjugate). The conjugated ALK5-

inhibitor will thus selectively be taken up in activated HSC (13, 18). In 

vivo, in the same model as used for analysis of the effect of the free 

drugs, the combination of LY-conjugate and free PDGFRβ-inhibitor 

strongly reduced protein expression of both collagen I and α-SMA (Fig. 

5B&C), showing that HSC-specific targeting of an ALK5-inhibitor com-

bined with the PDGFRβ inhibitor results in an inhibition of early fibrogen-

esis which is similar to the combination of free drugs.  
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Fig. 4. Effect of PDGF and TGF inhibition in early fibrogenesis in mice. 

A Representative pictures of collagen I, fibronectin and α-SMA expression in the 

livers of mice given one injection of CCl4 and treated with LY-364947 and / or 

VI83. B Western blot analysis of collagen I expression in the livers of mice given 

one injection of CCl4 and treated with LY-364947 and / or VI83. C Western blot 

analysis of fibronectin expression in the livers of mice given one injection of CCl4 

and treated with LY-364947 and / or VI83. D Quantification of the area stained 
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positive for α-SMA in the livers of mice given one injection of CCl4 and treated 

with LY-364947 and / or VI83. *** p < 0.001 vs. control, ** p < 0.01 vs. con-

trol, * p< 0.05 vs. control treatment by one way ANOVA with Bonferroni post-

hoc test. 

 

 

Furthermore, we also applied the HSC-specific targeting approach for 

the PDGFRβ inhibitor by conjugating it to the M6PHSA carrier. Then we 

examined the effects of the targeted constructs of both PDGFRβ and 

ALK5 inhibitors in primary human HSC. We found that the combination 

of both conjugated drugs significantly reduced mRNA levels of fibrotic 

markers α-SMA and collagen 1A1 (Fig. 5D). Thus, it can be concluded 

that both conjugated drugs are pharmacologically active in human he-

patic stellate cells as well. 

 

 

Discussion 

 

This study shows that the simultaneous inhibition of two important re-

ceptors for pro-fibrotic cytokines, i.e. ALK5 and PDGFRβ, in hepatic stel-

late cells results in stronger anti-fibrotic effects than the inhibition of a 

single target. These pathways are both strongly upregulated in human 

cirrhotic patients ((19, 20), Fig. 1). Both pathways are known to control 

different disease-inducing mechanisms through their downstream medi-

ators, emphasizing the relevance of a study of the effect of inhibiting 

these receptors during early fibrosis. In vivo only the combined inhibi-

tion resulted in reduced deposition of extracellular matrix in a mouse 

model of fibrogenesis and HSC-activation, which was also seen when the 

ALK5-inhibitor was specifically targeted to HSC and combined with the 

free PDGFRβ-inhibitor. Cell-specific targeting of these inhibitors to HSC, 

a key cell type in the development of fibrosis, might be an effective way 

to make this combined therapeutic approach more disease-specific. 
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Fig. 5. Effect of HSC-specific inhibition of PDGF and TGF in vivo. 

A Upper panel: expression of PDGFRβ in liver, kidney, heart, lung and spleen of 

mice given one injection of CCl4. Lower panel: expression of TGF-receptor type I 

in liver, kidney, heart, lung and spleen of mice given one injection of CCl4. B 
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Representative pictures of collagen I and α-SMA expression in the livers of mice 

given one injection of CCl4 and treated with LY-conjugate and VI83. C Western 

blot analysis of collagen I expression in human hepatic stellate cells after treat-

ment with HSC-specific conjugates of ALK5 inhibitor LY-364947 and / or PDGFRβ 

inhibitor VI83. D mRNA levels of pro-fibrotic markers α-smooth muscle actin and 

collagen 1A1 in human stellate cells after treatment with HSC-specific conju-

gates of  ALK5 inhibitor LY-364947 and / or PDGFRβ inhibitor VI83. *** p < 

0.001 vs. control, ** p < 0.01 vs. control, * p< 0.05 vs. control treatment by 

Student’s t-test. 

 

 

Since the cytokines TGF-β1 and PDGF are potent pro-fibrotic mediators, 

the kinase signaling pathways initiated by them are obvious targets in 

experimental liver fibrosis research. Several studies have shown the 

benefit of the inhibition of these pathways by small molecule kinase in-

hibitors ((7-9, 21), M.van Beuge, submitted), while some studies have 

also looked at the effect of combined inhibition by a multi-kinase inhibi-

tor (9, 22). To date, no study has directly compared the use of single 

inhibitors to the combination of the inhibitors, as we have done here, to 

examine whether the combination therapy is superior to the single 

drugs. All these studies show an anti-fibrotic effect of the inhibition of 

these pathways. Any redundancy in the signaling cascade, created by 

multiple pro-fibrotic mediators in the diseased area, might however limit 

the effectivity of a kinase inhibitor that is specific for one particular ki-

nase.  

  

In this study, inhibition of TGF-β1 and PDGF signaling in human HSC 

resulted in downregulation of fibrotic markers α-SMA and collagen. In 

vitro, the combination of inhibitors was effective at a 10-fold lower dos-

age than the separate drugs, showing the increased effect of combina-

tion treatment. Activation of the PDGF and TGFβ receptors inhibited by 

the drugs examined in this study may lead to HSC proliferation, migra-

tion and extracellular matrix production (4-6). PDGF has also been 

shown to be a powerful chemoattractant for HSC (23, 24) and inhibition 

of PDGFRβ has been shown to inhibit this migration (24). In accordance 

with these data, the PDGFRβ inhibitor was the most potent inhibitor of 

HSC migration in our experiments as well.  
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In vivo, the inhibition of receptors for two of the most potent pro-fibrotic 

cytokines simultaneously led to a reduction of fibrotic parameters that 

could not be achieved by using each inhibitor separately at this relative-

ly low dose. The combination of drugs attenuated the expression of the 

marker for activated HSC, i.e. α-SMA, during early fibrogenesis in vivo, 

as did both single drugs. However, in contrast to the single drugs, the 

combination of drugs also inhibited expression of extracellular matrix 

components collagen I and fibronectin in vivo. Since the excessive depo-

sition of extracellular matrix is the major hallmark of fibrosis, this shows 

that the combination treatment inhibits early fibrogenesis more potently 

than the inhibitors of the TGFβ or PDGF receptors separately. These re-

sults may reflect redundancy in the signaling cascades that leading to 

increased extracellular matrix deposition during fibrosis, whereby inhibi-

tion of one pathway may be bypassed by upregulation of other pro-

fibrotic pathways, operating parallel to each other. A previous study has 

found that stimulation with TGF-β1 can result in upregulation of PDGFRβ 

on HSC (25). Furthermore, ALK5 stimulation may result in activation of 

the non-canonical signaling pathway, e.g. MAPkinase, which can also be 

activated by PDGF signaling (26, 27).  

 

In contrast to PDGFRβ which is relatively specific for activated fibro-

blasts, for example in liver and kidney fibrosis (28), expression of the 

TGFβ-type I receptor is widely present in many organs (Fig. 5A). Off-

target effects of the ALK5-inhibitor may therefore be anticipated in 

many organs. In order to localize the effects of this inhibitor, we used 

the HSC-specific M6PHSA carrier, which binds to the mannose-6-

phosphate insulin-like growth factor II (M6P/IGFII)-receptor (13, 17). 

This receptor is specifically upregulated on activated hepatic stellate 

cells during liver fibrosis (18, 29). Receptor-protein conjugates are en-

docytosed after binding, thus making it possible for any attached drug to 

be released inside the target cell, in this case the activated HSC. HSC-

specific inhibition of ALK5, in combination with PDGFRβ inhibition, was 

shown to be at least as effective as equivalent doses of both free drugs. 

Additionally, it was shown that the HSC-specific conjugates are also ef-

fective in human HSC. Previous studies have shown the binding of 

M6PHSA to non-parenchymal cells in human cirrhotic liver slices (13), 
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but effective downregulation of fibrotic markers in human cells by a 

M6PHSA-drug conjugate has not been reported before. 

 

In conclusion, in this paper we show that the combination of an ALK5-

inhibitor and a PDGFRβ inhibitor reduces the activation of human HSC in 

vitro stronger than any of the inhibitors alone. More importantly, in vivo, 

the combination treatment inhibited both extracellular matrix deposition 

and HSC activation, whereas the single drugs could not inhibit the extra-

cellular matrix deposition at the same dose. In addition, we provide the 

possibilities to convert these inhibitors into conjugates specific to HSC 

while retaining the combination treatment approach. This study thus 

provides evidence for the beneficial effects of multiple kinase inhibition 

in liver fibrosis which may circumvent the redundancy in the systems 

controlling excessive matrix deposition during early liver fibrogenesis. 
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Supplemental information 

 

 
 

Supplemental figure 1: correlation between ALK5 and PDGFRββββ fold in-

duction 

Fold induction of ALK5 (TGF-β receptor type I) and PDGFRβ in patients with al-

coholic hepatitis (left panel, Spearman r coefficient 0.8286, p=0.0583),  and 

cirrhosis (right panel, Spearman r coefficient 0.9000, p=0.0833) compared to 

normal liver. 
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Summary and discussion 

 

Cell-specific delivery of kinase inhibitors to hepatic stellate cells (HSC) in 

liver fibrosis is a promising way to improve efficacy and specificity of 

these potent drugs. Liver fibrosis develops in response to chronic injury 

to the liver, which may be caused by chronic inflammation (i.e. hepatitis 

B or C), metabolic or genetic disorders, or drugs or alcohol abuse (1). In 

some cases the cause of injury can be taken away or treated, but at this 

moment there is no treatment for the fibrotic process resulting from the 

injuries (2). Independent of the cause, the chronic liver injury leads to 

the production of stimuli from damaged hepatocytes or other liver cells 

which in turn induce an activated phenotype in HSC. Activated HSC are 

highly proliferative myofibroblast-like cells with a migratory phenotype, 

which are capable of synthesizing large amounts of extracellular matrix 

proteins (3, 4). The activation of these cells is thus the key starting 

point in a process that leads to fibrosis and end-stage cirrhosis. Activa-

tion of HSC is induced by cytokines like transforming growth factor-β1 

(TGF-β1) and platelet derived growth factor-BB (PDGF-BB), which are 

produced by different cell types in the damaged area. These mediators 

activate a signaling cascade within HSC that regulates an array of intra-

cellular events leading to different physiological responses, such as cell 

transformation, proliferation, extracellular matrix production and migra-

tion. Kinase inhibitors can inhibit these events by inhibiting pro-fibrotic 

signaling pathways, in which protein kinases often function as key regu-

lators. However, kinases also play an important role in physiological 

processes in most cells of the body, and inhibition of these processes 

could potentially lead to adverse effects. The broad applicability of ki-

nase inhibitors and the key processes regulated by several kinases are 

the reason why kinase inhibitors are the focus of many research activi-

ties in academia and the pharmaceutical industry but also the reason 

why adverse effects may easily occur. 

 

As stated in chapter 1, in this thesis we have explored the possibility of 

cell-specific delivery of kinase inhibitors. We have examined the phar-

macokinetic and pharmacological aspects of a targeted delivery of ki-

nase inhibitors to HSC in fibrotic livers. Several HSC-specific conjugates 

have been synthesized and examined both in vitro and in vivo, together 
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with the corresponding free inhibitors, in order to determine whether 

specific targeting yields improved effects as compared to administration 

of the free drug. 

 

In chapter 2 we have summarized the existing literature on the specific 

delivery of kinase inhibitors in both malignant and non-malignant dis-

eases. Specific delivery of kinase inhibitors is as yet largely unexplored, 

possibly because kinase inhibitors were initially introduced as targeted 

therapy, since they were thought to inhibit one or a limited number of 

kinases. However, the effect of most kinase inhibitors now appears not 

to be limited to one kinase and one particular process and certainly not 

limited to one particular cell type or organ. Kinases play a pivotal role in 

many homeostatic processes in different cell types and this type of drug 

may therefore greatly benefit from cell-specific targeting. So far, efforts 

to make kinase inhibitors organ- or cell-specific using different drug de-

livery approaches have been shown to be very promising. We have re-

viewed several techniques, primarily the use of protein carriers (i.e. ly-

sozyme to the kidney and mannose-6-phosphate human serum albumin 

(M6PHSA) to the HSC in liver), liposomes and nanoparticles. All these 

approaches resulted in an improved uptake and/or improved effect of 

targeted inhibitors, although not all carriers have been tested in vivo 

yet. 

 

One of the kinases shown to be in important in liver fibrosis is Rho-

kinase, an important regulator in the development of liver fibrosis (5-8). 

We have examined a Rho-kinase inhibitor – ULS – M6PHSA conjugate in 

a model for early liver fibrogenesis (Chapter 3). In general, the chemi-

cal structure of kinase inhibitors may complicate chemical coupling to a 

drug carrier, since conventional groups for coupling are often not pre-

sent in the molecule. Therefore we used a new technology, the Universal 

Linkage System (ULS), which enables coupling of an aromatic nitrogen 

group to a protein. Previous results indicate that coupling of the inhibitor 

to the protein carrier using this linker yields a stable conjugate that 

gradually releases the drug at the target site (9, 10).  

 

This conjugate was very stable in vitro under physiological conditions, 

yet still released the drug slowly within the liver during at least 48 h 
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after a single i.v. injection. In vitro tests showed that the drug was re-

leased efficiently from the conjugate in liver homogenates, while there 

was only a small amount of drug released in serum. The long half-life of 

the conjugate in vivo may be very advantageous when using these con-

jugates in the treatment of chronic diseases. The modified albumin 

M6PHSA ensures very rapid and specific uptake of the drug in the target 

cell (11), where the drug is subsequently released slowly from the ULS-

linker, as indicated by the prolonged presence of the drug itself within 

the liver. Immunohistochemical analysis of in vivo studies showed that 

the conjugate was taken up by non-parenchymal cells in the liver, main-

ly HSC. HPLC-analysis further showed that the total concentration of 

drug in the liver was approximately 7× higher in the liver after injection 

of conjugate compared to injection of free drug. These results indicate 

targeted delivery to the liver, and within the liver targeting to the HSC. 

The elevated concentrations of drug in the liver led to a stronger reduc-

tion of fibrotic markers in the animal model, such as activation of hepat-

ic stellate cells, than the injection of an equimolar dose of free drug. 

 

The protein carrier itself cannot be detected anymore in the target cells 

24 h after injection, which is in accordance with the rapid process of 

receptor-mediated endocytosis and subsequent lysosomal degradation 

of the protein. This leads to the conclusion that the linker and the drug 

may be retained within the target cell longer than the carrier. In which 

compartment of the cell the drug and the linker are retained has not 

been addressed in these studies. Some redistribution of the free drug to 

other cells in the liver might be possible after release of the drug from 

the carrier. However, no drug could be detected in plasma 3 h after in-

jection of the conjugate, which argues against redistribution into the 

blood stream. The ULS-linker may bind to intracellular proteins after its 

release from the carrier, and gradually this will cause release of the 

drug, possibly through replacement with glutathione or similar electron 

donors available within the cell. Replacement of the drug with thiol-

containing substances has been shown to be a strong inducer of drug 

release in vitro (12) and glutathione (containing thiol groups) is abun-

dantly present within intracellular compartment. So, ULS-containing 

constructs are associated with a long residence time within the target 
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cell (10, 13) which may be due to a slow release of the drug from the 

ULS-linker by intracellular thiol-containing substances. 

 

The pharmacological effects of the Rho-kinase inhibitor – ULS – M6PHSA 

conjugate were further explored in primary HSC and in a mouse model 

for chronic liver fibrosis (Chapter 4). Both the conjugate and the free 

drug reduced fibrotic markers in primary rat HSC in vitro. Since in vitro 

uptake of the drug is not enhanced by the targeting moiety, relative to 

the free drug that can diffuse readily into the cell, the conjugate did not 

yield better effects. However, these experiments did show that the con-

jugated drug retained its biological effectivity. In vivo, we found accu-

mulation of the carrier in HSC, similar to the results seen in the acute 

liver fibrogenesis model. An ex-vivo experiment was performed to as-

sess the side-effects of the free drug compared to the conjugate in rat 

aortas. An acute decrease in vascular smooth muscle contractility and 

mean arterial blood pressure is a known side-effect of Rho-kinase inhibi-

tor therapy (14, 15). Such a side effect is clinically very critical since 

liver cirrhosis is associated with an abnormal haemodynamic homeosta-

sis (16) and a further drug-induced decline in arterial pressure is there-

fore not tolerable. In our model, the conjugate did not affect aorta con-

traction, while the free drug caused a dose-dependent decrease in con-

traction of rat aortas.  

 

The anti-fibrotic effects of the conjugate were subsequently examined in 

a chronic liver fibrosis model, where it effectively decreased fibrotic 

markers, such as collagen deposition and HSC activation, whereas the 

untargeted Rho-kinase inhibitor only affected HSC activation. These ef-

fects were attributed to the long lasting action of the conjugate as the 

phosphorylation of a downstream mediator of Rho-kinase, myosin light 

chain, was found to be inhibited at least until 24 h after the last injection 

of conjugate, while the free drug had no effect anymore at that time 

point. This provides additional proof for a long half-life of the conjugate 

within the liver and the presence of active drug for a prolonged period of 

time in the diseased organ. These data show that the prolonged resi-

dence time of the drug in the liver seen in the acute model is similar to 

the profile during chronic treatment and leads to improved effects of the 

conjugate compared to the free drug. This prolonged effectivity is, next 
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to its increased accumulation in the key target cells, a valuable asset for 

a treatment against a chronic disease such as liver fibrosis. Protein ki-

nases are continuously activated during fibrosis, which means that 

phosphorylation of downstream mediators may be resumed immediately 

once the inhibitor is removed from the kinase, degraded or otherwise 

cleared from its site of action. Continuous inhibition of these kinases is 

necessary for strong inhibition of this kind of process and this may be 

provided by a slow-release conjugate. 

 

One of the major pro-fibrotic cytokines is TGF-β1, which activates the 

TGF-type I (ALK5)-receptor during liver fibrosis, leading primarily to 

increased extracellular matrix production. Inhibition of the kinase activi-

ty of this receptor has been shown to have anti-fibrotic effects (17). We 

examined the HSC-specific inhibition of this receptor by delivering an 

ALK5- inhibitor specifically to these cells using a M6PHSA carrier (Chap-

ter 5). The ALK5-inhibitor conjugate was found to be significantly more 

effective than the free drug at equivalent doses in inhibiting deposition 

of extracellular matrix, i.e. collagens and fibronectin, during early liver 

fibrogenesis in mice. Although direct determination of drug levels in the 

liver was not possible, the intrahepatic distribution of the conjugate in 

the livers of mice treated with CCl4 was examined. We established that 

there was abundant uptake of the conjugate in desmin-positive (HSC) 

cells, but not in CD68-positive (Kupffer) cells. In vitro, we established 

that the conjugate did not inhibit TGF-β1-induced Smad phosphorylation 

in hepatocytes, in contrast to the free drug, which inhibited Smad phos-

phorylation almost completely. These findings are important since TGF-β 

signaling affects the homeostasis of the immune system (18) and re-

presses early tumorigenesis (19), which may be highly relevant in pa-

tients with a higher risk of hepatocellular carcinoma. The conjugate was 

taken up specifically in HSC, and did not have any effects on hepato-

cytes, thus avoiding causing side-effects in other liver cells. The circum-

vention of these relevant adverse effects by a cell-specific delivery might 

open the way for a clinical use of TGFβ-receptor kinase inhibitors. 

 

Many diseases are driven by multiple growth factor pathways, and 

therefore the inhibition of a single kinase may not be sufficient for 

treatment of these diseases. This view is already gaining support in the 
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treatment of malignant diseases with kinase inhibitors (20). In cancer 

treatments and in antiviral therapies it is common use to apply a multi-

drug therapy to achieve effective therapeutic effects and it is quite 

probable that this is also essential for the treatment of fibrosis. Liver 

fibrosis is a complex process, where multiple growth factor pathways are  

involved, and redundancy of pathways is quite common. Therefore, inhi-

bition of multiple targets simultaneously may represent a far more effec-

tive therapy than the blocking of a single target. We examined whether 

a combination of kinase inhibitors would yield a stronger effect than the 

use of a single inhibitor. TGF-β1 and PDGF are both considered key me-

diators that play an essential role in fibrogenesis but studies of inhibitors 

of each of these mediators in vivo have not yet led to the development 

of new therapeutic drugs. We now found that the combination of a 

PDGFRβ kinase inhibitor and an ALK5-inhibitor yielded stronger anti-

fibrotic effects than either drug as a single treatment both in vitro and in 

vivo (Chapter 6). The combination potently inhibited the deposition of 

extracellular matrix, whereas neither single drug at the same dose 

could. More importantly, this combined stronger effect was still seen 

when the ALK5-inhibitor was targeted to HSC in vivo, and the PDGFRβ 

inhibitor was administered as a free drug. Since the TGF-type I receptor 

proved to be ubiquitously expressed in several major organs, this may 

be an important fact in the prevention of side effects. The conjugated 

forms of both drugs were also effective in vitro in primary human HSC. 

These studies therefore also show for the first time a reduction of fibrot-

ic markers in human HSC with M6PHSA conjugates, since previously 

only binding of M6PHSA to human cells had been established (11). 

 

 

Conclusions and future perspectives 

 

The studies summarized above demonstrate the possibilities provided by 

HSC-specific targeting of kinase inhibitors. Using the data from the stud-

ies presented here, we can assess the role of three major pro-fibrotic 

pathways in HSC, i.e. Rho-kinase, and the TGF-β - and PDGF- signaling 

pathways. Although inhibition of all three pathways leads to an inhibition 

of fibrotic markers in vivo, the Rho-kinase inhibition and the PDGFRβ 

inhibition lead primarily to a reduced activation of HSC (measured as α- 
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Figure 1: Schematic overview of the kinases discussed in this thesis. TGF, 

transforming growth factor; GFR, growth factor receptor; PDGF, platelet-derived 

growth factor; PI3K, phosphatidylinositol 3-kinase; MEK, MAPK/ERK kinase; 

ERK, extracellular-signal regulated kinase. 
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SMA expression), whereas the ALK5-inhibition (i.e. inhbibition of TGF-β 

signaling) leads primarily to inhibition of extracellular matrix deposition. 

This reflects the differences in downstream mediators in the pathways 

involved, since PDGF-BB is known to be more effective in inducing HSC 

activation and TGF-β1 is the more potent activator of extracellular ma-

trix synthesis (3). The Rho-kinase pathway can be activated by PDGF-

BB- and TGF-β1 signaling pathways (3, 21, 22, Fig.1). Prolonged inhibi-

tion of the Rho-kinase pathway, i.e. in the chronic model, also leads to 

inhibition of HSC activation and extracellular matrix deposition (Chapter 

4), although this latter effect might also be a secondary effect of the 

reduction in HSC activation. These considerations show that cell-specific 

drug delivery may provide innovative strategies for therapy and that 

cell-specific elimination of a particular kinase may also provide infor-

mation on the exact role of this kinase in vivo. The in vivo data confirm 

the in vitro data on the role of PDGF and TGF-β in HSC but also show the 

limited role of both kinases during a complex process like fibrosis. 

 

Previous studies targeting kinase inhibitors to specific cells have shown 

that specific delivery improves their efficacy significantly in a number of 

model systems for kidney diseases and tumors (10, 23, 24). Targeting 

of a p38-MAPK inhibitor, an ALK5-inhibitor or a Rho-kinase inhibitor to 

the kidney in an ischemia/reperfusion model using lysozyme as a target-

ing strategy to proximal tubular cells, resulted in improved therapeutic 

effects and a decrease in side-effects (10, 23, 24). Specific targeting of 

kinase inhibitors to tumors also increased their effect considerably in in 

vivo models (25-29). In addition, a previous study examining HSC-

specific delivery of a kinase inhibitor, showed anti-fibrotic effects in a 

bile-duct ligation (BDL) model in rats (9). Thus, the studies presented in 

this thesis support and extend findings from earlier studies proving that 

it is possible to improve the effect of kinase inhibitors by targeting them 

specifically to the diseased area or cell. Compared to earlier studies in 

the liver, we have added more extensive pharmacokinetic studies, and 

used different in vivo models, i.e. CCl4-induced liver fibrosis in mice vs. 

BDL in rats to examine the effects in vivo. Also, as shown in Chapter 6, 

we have for the first time demonstrated the effects of a M6PHSA conju-

gate in human HSC. 
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The results presented in this thesis point to several important topics that 

should be addressed in further studies. First, in view of the large num-

ber of kinase pathways involved in the fibrotic process, the ideal kinase 

inhibitor or combination of inhibitors, still remains to be determined. To 

facilitate this process, more data are needed on the kinase pathways 

that are important in human disease, which may also differ from the 

pathways activated in experimental animal models (30, 31). A direct 

comparison of several promising inhibitors would be very valuable. A 

second point to explore is the side-effect profile of specifically targeted 

kinase inhibitors. If possible this should be investigated in parallel with 

the search for the optimal kinase inhibitor(s) to be used therapeutically 

in liver fibrosis, since these topics are closely related. The studies in this 

thesis have yielded some information on the reduction of side-effects by 

specific targeting of kinase inhibitors, but we focused more on the 

pharmacokinetics and in vivo anti-fibrotic effects of the newly synthe-

sized constructs in acute and chronic models of liver fibrosis. More work 

needs to be performed to characterize the off-target or adverse effects 

after cell-specific delivery of drugs during liver fibrosis. Extensive chron-

ic studies in particular might yield more information on the prevalence of 

side-effects after prolonged administration of compounds. Thirdly, stud-

ies have found that not only hepatic stellate cell-derived myofibroblasts, 

but also myofibroblasts derived from other sources, e.g. circulating cells 

or portal fibroblasts, play a role in liver fibrosis (32-34). Therefore, it is 

important to determine whether all these myofibroblast express the 

M6P/IGFII-receptor, or whether other targeting systems might be more 

useful in reaching these cells. So far, from the studies presented here, it 

seems that targeting to the M6P/IGFII-receptor ensures uptake of the 

active drug in activated desmin-positive cells which represent a signifi-

cant proportion of the fibroblast-like cells to achieve significant antifi-

brotic effects of the drugs. However, this may be dependent on the liver 

fibrosis model used, and furthermore still needs to be validated in pa-

tients as well. Finally, cell-specific targeting may also provide a promis-

ing way to improve diagnostics, for instance by replacing the drug with a 

fluorescent or radio-active tracer. This strategy has already been exam-

ined in tumor models (28). So far it has not been employed in the liver 

fibrosis field, but it might yield new opportunities, especially since there 

is an urgent need for biomarkers in the liver fibrosis field (30, 35). Liver 
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fibrosis is a chronic disease which may progress for 10 to 30 years be-

fore clinical symptoms become evident, which is mostly in the final stage 

of disease. This results in a situation where drugs are only applied in the 

end-stage of disease when disease activity might be irreversible. When 

patients are treated with (experimental) drugs at an earlier stage, it 

may take many years to establish any effectivity of the drug, which is a 

major stumbling block for the start of any clinical trial in this area. So, 

both for the patients and the set-up of clinical trials the development of 

early diagnostic markers to monitor disease activity is essential, yet 

lacking. Targeting tracers to the activated HSC, which reflect the extent 

of liver fibrosis, might provide such a diagnostic tool. 

 

In conclusion, this thesis shows that the anti-fibrotic effect of several 

kinase inhibitors, which inhibit key processes in liver fibrosis, can be 

strongly increased by targeting these drugs to hepatic stellate cells with-

in the fibrotic liver. Kinase inhibitors are the subject of many studies in 

different areas of disease and a major focus of the pharmaceutical in-

dustry nowadays, so our studies add relevant information to the kinase 

research. The studies in this thesis also show the role of three major 

pro-fibrotic pathways in HSC activation and fibrotic process. Further-

more, the data provide confirmation of the fact that activated HSC play 

a central role in fibrogenesis, at least in mouse models, since HSC-

specific inhibition of these pro-fibrotic pathways leads to significant re-

duction of the fibrotic process in the liver. The use of the novel ULS 

system provided a feasible way of conjugating drugs which do not pos-

sess functional groups for conventional coupling to the protein carrier. 

Furthermore, this linkage method yielded a conjugate with a prolonged 

drug release in the target cells, which might be very useful in the treat-

ment of chronic disease where kinases are continuously activated. These 

concepts show the potential of this technique for future use, both in the 

design of safer and more effective therapies, and as a tool to determine 

the importance of single pathways in a specific cell-type in vivo. 
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Samenvatting  

 

Kinases zijn enzymen die een fosfaatgroep aan eiwitten kunnen koppe-

len, waardoor de doeleiwitten in- of uitgeschakeld kunnen worden. Kina-

ses zijn belangrijk voor de homeostase, dus voor het goed functioneren 

van een organisme. Sommige kinases kunnen tijdens een ziekteproces 

uitgeschakeld of juist overmatig geactiveerd worden. Dit maakt dat ki-

nases interessante onderwerpen zijn voor de ontwikkeling van nieuwe 

geneesmiddelen. In het menselijk genoom zijn tot nu toe 518 kinase 

sequenties gevonden, maar de exacte functie is nog maar van een deel 

van deze kinases bekend. Doordat iedere kinase een bepaald eiwit of 

groep eiwitten in- of uitschakelt, speelt deze groep enzymen een be-

langrijke rol bij het functioneren van cellen en dus van een organisme. 

In de afgelopen decennia zijn verschillende kinase remmers ontwikkeld, 

waarvan de eerste (Gleevec) in 2001 goedgekeurd werd als behandeling 

voor chronische myeloide leukemie. Sindsdien zijn er nog vele andere 

remmers ontwikkeld, die gebruikt worden voor de behandeling van ver-

schillende vormen van kanker. Doordat de verschillende kinases qua 

structuur erg op elkaar lijken, blokkeren veel kinase remmers tegelijker-

tijd verschillende kinases. Bovendien is het mogelijk dat een kinase in 

één cel het ziekteproces bevordert, maar in een ander celtype een es-

sentiële rol vervult in het goed functioneren van het organisme. Deze 

oorzaken kunnen ieder apart, of gezamenlijk, leiden tot ernstige bijwer-

kingen bij het gebruik van deze remmers.  

 

Eén van de ziektes waarin kinases een rol spelen is leverfibrose. Deze 

ziekte is het gevolg van verschillende chronische leverziekten, bijvoor-

beeld veroorzaakt door chronische hepatitis, metabole afwijkingen of 

drugs- of alcoholmisbruik. Leverfibrose leidt uiteindelijk tot levercirrhose 

en geeft een verhoogde kans op levertumoren en op co-morbiditeiten 

zoals portale hypertensie. Leverfibrose ontstaat wanneer tijdens een 

chronische  beschadiging van de lever de hepatocyten (cellen die essen-

tieel zijn voor de functie van de lever) beschadigd worden of doodgaan. 

Hierbij komen stimuli vrij die andere levercellen, zoals de hepatische 

stellaatcel, activeren. Dit celtype produceert na activatie een groot aan-

tal groeifactoren, prolifereert sterk en maakt bindweefsel aan, zoals col-

lagenen en fibronectine. Dit leidt ertoe dat de lever niet meer goed kan 
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functioneren omdat de normale bloedvoorziening belemmerd wordt. De 

laatste jaren is gebleken dat leverfibrose, anders dan vroeger werd ge-

dacht, wel omkeerbaar is wanneer de oorspronkelijke stimulus wegge-

nomen wordt. Bij succesvolle behandeling van hepatitis bijvoorbeeld, is 

gebleken dat de leverfibrose (deels) genezen kan worden. Het proces 

van leverfibrose zelf kan echter nog niet succesvol behandeld worden, 

ondanks vele decennia onderzoek naar mogelijke geneesmiddelen. 

 

De zoektocht naar effectieve geneesmiddelen tegen leverfibrose wordt 

voornamelijk gehinderd door twee grote problemen: geneesmiddelen die 

in diermodellen zeer succesvol leken, hadden geen effect in patiënten of 

geneesmiddelen die in diermodellen veilig leken, gaven in patiënten te-

veel bijwerkingen. Een ander probleem is het feit dat het hierboven be-

schreven proces van fibrose in mensen vaak meerdere decennia duurt 

en daardoor grote verschillen vertoont met de meest gebruikte diermo-

dellen, waarbij onderzoekers dit proces in een aantal weken tot maan-

den proberen te simuleren. Een mogelijke oplossing die zou kunnen hel-

pen bij de zoektocht naar nieuwe geneesmiddelen, is het specifiek afle-

veren van geneesmiddelen in de hepatische stellaatcel. Deze cel speelt 

een centrale rol bij het ontstaan van leverfibrose. Een aantal jaren gele-

den is vastgesteld dat het koppelen van een geneesmiddel aan een ge-

modificeerd eiwit, mannose-6-fosfaat humaan serum albumine 

(M6PHSA), zorgt voor specifieke opname van het eiwit en het daaraan 

gekoppelde geneesmiddel in de stellaatcel. Hierdoor kan de geneesmid-

del-concentratie in de doelcel sterk verhoogd worden, terwijl de andere 

cellen gespaard worden. In dit proefschrift hebben wij deze techniek 

gebruikt om kinase remmers specifiek in de stellaatcel af te leveren. 

Omdat veel kinase remmers echter geen chemische groepen bezitten 

voor traditionele koppelingsmethoden aan eiwitten, hebben wij in deze 

studies gebruik gemaakt van het Universal Linkage System (ULS), dat 

wel de mogelijkheid biedt om kinase remmers aan eiwitten te koppelen. 

 

Het doel van dit proefschrift (hoofdstuk 1) is te onderzoeken wat de 

mogelijkheden en problemen van cel-specifieke kinase remming zijn in 

hepatische stellaat cellen. Het proefschrift beschrijft het ontwerp, de 

synthese en de analyse van nieuwe cel-specifieke geneesmiddel-

conjugaten, alsmede de in vitro farmacologische testen, en in vivo stu-
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dies die het farmacokinetische profiel en de anti-fibrotische effecten on-

derzoeken. De resultaten van deze studies geven nieuwe informatie over 

het belang van kinase eiwitten in stellaatcellen en in experimentele le-

verfibrose modellen en de therapeutische effecten van kinase remmers. 

 

Hoofdstuk 2 geeft een overzicht van het onderzoek dat reeds gedaan is 

naar het gericht afleveren van kinase remmers bij verschillende ziektes, 

zoals leverfibrose, nierziektes en tumoren. Dit onderzoek is deels in vitro 

verricht, maar in een aantal gevallen ook in diermodellen. Uit het over-

zicht blijkt dat er nog niet veel onderzoek is verricht op dit gebied, wel-

licht omdat kinase remmers in eerste instantie werden gelanceerd als 

specifieke geneesmiddelen die geen bijwerkingen zouden vertonen. 

Hierdoor had de ontwikkeling van mogelijkheden voor een celspecifieke 

afgifte van deze geneesmiddelen, in vergelijking met de traditionele 

chemotherapie, misschien minder prioriteit. Uit alle geciteerde studies 

blijkt echter dat er veel verbetering behaald kan worden met specifieke 

afleveringsvormen, bijvoorbeeld door het koppelen van het genees-

middel aan eiwitten of nanodeeltjes. Vooral op het gebied van in vivo 

studies is er echter nog veel onderzoek te verrichten, aangezien veel 

studies in vitro zijn verricht terwijl een specifieke toedieningsvorm nooit 

alleen in vitro beoordeeld kan worden. 

 

Hoofdstuk 3 behandelt de specifieke aflevering van een Rho-kinase 

remmer in een acuut model voor leverfibrose in muizen. Rho kinases 

zijn recent in de belangstelling komen te staan omdat ze geactiveerd 

zijn in stellaat cellen tijdens het ziekteproces en vele pro-fibrotische ef-

fecten lijken te hebben. De Rho-kinase remmer werd via de ULS-linker 

aan M6PHSA gekoppeld. Het geneesmiddelconjugaat dat zo gevormd 

werd, was stabiel in vitro in buffer en in serum, maar het geneesmiddel 

ontkoppelde snel in een leverhomogenaat. Dit duidt erop dat het conju-

gaat zeer stabiel is na toediening in vivo, maar in het doel-orgaan wel 

efficiënt geneesmiddel kan afgeven. In muizen met een leverbeschadi-

ging leidde injectie van het conjugaat tot een 7× hogere concentratie 

van de kinase remmer in de lever, vergeleken met injectie van het vrije 

geneesmiddel. 48 uur na injectie van het conjugaat bleek er bovendien 

nog steeds geneesmiddel aanwezig in de lever, hoewel het vrije ge-

neesmiddel al na 3 uur niet meer gedetecteerd kon worden. Zo kan met 
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één injectie voor langere tijd een werkzame concentratie geneesmiddel 

naar de lever gebracht worden. Met immuno-histochemische technieken 

konden wij bovendien bepalen dat het conjugaat specifiek in de stellaat-

cellen afgeleverd werd. Dit resulteerde in een verlaging van het aantal 

geactiveerde stellaatcellen in de levers van muizen met een acute lever-

beschadiging terwijl het vrije geneesmiddel geen effect had. De ver-

hoogde concentratie geneesmiddel in de stellaatcellen in de lever lijkt zo 

dus te leiden tot een groter anti-fibrotisch effect. 

 

In hoofdstuk 4 hebben wij vervolgens het effect van de geconjugeerde 

Rho-kinase remmer onderzocht in hepatische stellaatcellen en in een 

chronisch model voor leverfibrose. Het conjugaat en het vrije genees-

middel hadden vrijwel hetzelfde effect op de stellaatcellen in vitro, zoals 

een verlaging van pro-fibrotische parameters, contractie en migratie van 

de cellen. Hoewel in vitro geen toegevoegd effect van het specifiek afle-

veren van een geneesmiddel kan plaatsvinden, er zijn immers geen an-

dere cellen aanwezig, konden wij zo wel vaststellen dat het koppelen 

van het geneesmiddel de effectiviteit niet had aangetast. Daarnaast 

hebben wij gekeken of het geconjugeerde geneesmiddel minder bijwer-

kingen zou hebben. Een belangrijke bijwerking van Rho-kinase remmers 

is een algehele bloeddrukverlaging, wat bij levercirrhose patiënten zeer 

gevaarlijk kan zijn. Uit onze studie bleek dat in een ex-vivo model het 

vrije geneesmiddel wel, maar het conjugaat niet de contractie van aorta 

ringen verminderde, duidend op een mogelijke vermindering van bijwer-

kingen in weefsels waarin de doelcellen niet aanwezig zijn. Het anti-

fibrotische effect van het geneesmiddel werd onderzocht in vivo, in mui-

zen met een chronische leverfibrose. Dit model lijkt meer op de klinische 

situatie, aangezien eerst fibrose opgewekt wordt gedurende een aantal 

weken, voordat de behandeling gestart wordt. In dit model deed alleen 

het geneesmiddelconjugaat, en niet het vrije geneesmiddel, de hoeveel-

heid bindweefsel, gemeten als afzetting van collagenen, in de lever ver-

minderen. De verhoogde concentratie van geneesmiddel in de stellaat-

cellen van de lever leidde hier dus tot een sterker antifibrotisch effect. 

Dit is de eerste studie waarbij het effect van cel-specifieke aflevering 

van een kinase remmer in een chronisch model van lever fibrose werd 

getest en de resultaten laten een positief beeld zien.  
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In hoofdstuk 5 hebben wij het effect onderzocht van een andere kinase 

remmer: een TGF-β1 receptor (ALK5) remmer. Ook deze werd specifiek 

in de stellaatcel afgeleverd door middel van onze geneesmiddel-drager. 

TGF-β1 is één van de belangrijkste pro-fibrotische groeifactoren, die 

zorgt voor overmatige aanmaak van bindweefsel tijdens leverfibrose. 

Door het blokkeren van de kinase activiteit van ALK5, de receptor van 

TGF-β1, kan dit mogelijk voorkomen worden. Omdat TGF-β1 echter ook 

een belangrijke rol speelt in de homeostase van het immuunsysteem en 

mogelijk ook het ontstaan van kanker zou kunnen remmen, is het ge-

vaarlijk om deze receptor in het hele lichaam te blokkeren. Daarom 

hebben wij de effecten van een geconjugeerde ALK5-remmer in verschil-

lende celtypen getest. Uit onze studies bleek dat het stellaatcel-

specifieke conjugaat van de ALK5-remmer de aanmaak van collagenen 

in stellaatcellen significant remde, terwijl het geen effect had op de TGF 

signaal-transductie route in hepatocyten, dit in tegenstelling tot het vrije 

geneesmiddel. Dit is een belangrijke bevinding omdat leverkanker in de 

hepatocyten ontstaat, en het dus belangrijk is om ALK5 in die cellen niet 

te remmen. Ook zagen wij geen opname van het geneesmiddelconju-

gaat in de immuuncellen in de lever in muizen. In vivo, in een acuut 

model voor leverfibrose, remde het conjugaat de aanmaak van collage-

nen en fibronectine sterker dan het vrije geneesmiddel. Een cel-

specifieke aflevering van een TFGβ remmer in stellaat cellen is dus zeer 

goed mogelijk en het leidt tot een verbeterde effectiviteit van het ge-

neesmiddel in vivo. 

 

In het huidige geneesmiddelonderzoek wordt het steeds duidelijker dat 

het remmen van één eiwit of één signaal-transductie route waarschijn-

lijk niet genoeg effect heeft om een ziekte te genezen, vooral in com-

plexe processen zoals kanker of fibrotische ziektes. Daarom hebben wij 

in hoofdstuk 6 onderzocht wat het effect is van het simultaan remmen 

van twee belangrijke pro-fibrotische routes, namelijk de TGF-β1 receptor 

(ALK5) en de PDGF-receptor β (PDGFRβ). Zowel TGF-β1 als PDGF zijn 

belangrijke pro-fibrotische groeifactoren, waarbij TGF zorgt voor de 

aanmaak van bindweefsel en PDGF voor de proliferatie en activatie van 

stellaatcellen. In deze studie hebben wij gekeken naar het effect van 

een dubbele remming in humane stellaatcellen. Hierbij bleek dat de ge-

combineerde remming leidde tot een grotere afname in collageen verge-
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leken met het effect van elke remmer apart. In rat stellaatcellen was er 

een sterke vermindering van α-smooth muscle actine, een maat voor de 

activatie van stellaatcellen. In vivo, in het acute model voor stellaat cel 

activatie en verhoogde bindweefsel productie, verminderde de combina-

tiebehandeling de collageendepositie, waarbij geen van beide genees-

middelen apart dit effect had in dezelfde dosis. Omdat de ALK5-receptor 

algemeen voorkomt in verschillende organen (wij konden de receptor 

bijvoorbeeld aantonen op bijna elke cel in de lever en in nier, hart en 

miltweefsel), in tegenstelling tot de PDGFRβ, die alleen in hoge mate 

voorkwam op geactiveerde stellaat cellen, hebben wij het effect van de 

combinatie van de geconjugeerde ALK5-remmer (specifiek afgeleverd in 

de stellaat cel) met de PDGFRβ-remmer getest. Deze combinatie ver-

minderde ook significant de aanmaak van collageen in vivo. Omdat het 

nog niet onderzocht was of deze conjugaten ook op menselijke cellen 

werkzaam zijn, is ook de combinatie van de geconjugeerde ALK5-

remmer en de geconjugeerde PDGFRβ-remmer op humane stellaatcellen 

getest. Ook hier bleek deze combinatie een sterke vermindering van 

anti-fibrotische parameters te geven. Deze studie geeft aanwijzingen dat 

het blokkeren van de receptoren van twee belangrijke pro-fibrotische 

eiwitten een sterker effect geeft dan het blokkeren van één eiwit.  

 

Hoofdstuk 7 van dit proefschrift geeft tenslotte een samenvatting van 

het verrichte onderzoek en enkele aanbevelingen voor toekomstige  stu-

dies. Zo zou er nog meer onderzoek verricht moeten worden om te on-

derzoeken welke kinases het meest belangrijk zijn tijdens het fibrotische 

proces, en daarnaast wat de bijwerkingen zijn van de remming van deze 

kinases, al dan niet specifiek op de stellaatcel gericht. Ook is verder on-

derzoek nodig naar de rol van geactiveerde stellaatcellen in het fibrose-

proces, aangezien ook andere cellen een rol spelen in dit proces en het 

dus ook nuttig kan zijn om bepaalde kinase remmers in die cellen af te 

leveren. Een andere mogelijkheid is om naast geneesmiddelen ook tra-

cers, zoals fluorescerende of radioactieve stoffen, specifiek af te leveren 

in de stellaatcel. Dit zou artsen een nieuwe mogelijkheid kunnen geven 

om de mate van fibrose te onderzoeken. Hieraan is op dit moment erg 

veel behoefte omdat de ernst van de ziekte met de huidige methodes 

moeilijk te bepalen is en daarmee een vroege diagnose of het bepalen 

van de klinische effecten van nieuwe geneesmiddelen zeer moeizaam is. 
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Samengevat laten de studies in dit proefschrift zien dat het anti-

fibrotische effect van verschillende kinase remmers, die belangrijke pro-

cessen in leverfibrose remmen, sterk verhoogd kan worden door deze 

remmers specifiek in de stellaatcel af te leveren. Kinase remmers staan 

op het moment sterk in de belangstelling van zowel het academisch on-

derzoek als de industrie. Dit proefschrift voegt nieuwe, relevante infor-

matie toe aan de studies die al bekend waren, doordat wij andere mo-

dellen hebben gebruikt en doordat wij de enigen zijn die specifieke afle-

vering van deze geneesmiddelen tijdens fibrose processen bestuderen. 

Daarnaast hebben wij laten zien dat de drie signaalroutes die hier on-

derzocht zijn, een belangrijke rol spelen in de stellaatcel tijdens leverfi-

brose. Opnieuw blijkt ook de centrale rol van de stellaatcel, omdat spe-

cifieke aflevering in deze cel voldoende was voor het remmen van het 

fibrose in vivo in de hele lever, hoewel een totale blokkade van het ziek-

te proces niet werd verkregen. De oorzaak hiervan moet mogelijk ge-

zocht worden in het feit dat remming van één route niet voldoende is, 

zoals ook bleek uit onze studies. Dit proefschrift laat de potentiële toe-

passingen van de specifieke aflevering van geneesmiddelen zien, zowel 

bij het ontwerpen van veiligere en effectievere behandelingen en als bij 

het bestuderen van specifieke processen in een bepaald celtype in vivo. 
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List of abbreviations 

 

α-SMA, α-smooth muscle actin 

ALK5, activin-like kinase 5 

ALT, alanin transaminase  

AST, aspartate transaminase 

BDL, bile duct ligation 

CKD, chronic kidney disease 

CTGF, connective tissue growth 

factor  

DMEM, Dulbecco’s Minimal Es-

sential Medium 

DNA, deoxyribonucleic acid 

EGF, epidermal growth factor 

EGFR, epidermal growth factor 

receptor 

ERK, extracellular signal-

regulated kinase 

FCS, foetal calf serum 

GAPDH, glyceraldehyde 3-

phosphate dehydrogenase  

GFR, growth factor receptor 

HPLC, high performance liquid 

chromatography 

HSA, human serum albumin 

HSC, hepatic stellate cell 

HUVEC, human umbilical cord 

vein endothelial cells 

M6PHSA, mannose-6-phosphate 

human serum albumin 

M6P/IGFIIR, mannose-6-

phosphate/IGFII receptor 

MLC, myosin light chain 

NASH, non-alcoholic steatohepa-

titis 

p38-MAPK, p38-mitogen acti-

vated protein kinase 

PCR, polymerase chain reaction 

PDGF, platelet derived growth 

factor 

PDGFRβ, platelet derived growth 

factor receptor β 

PE, phenylephrine 

PEG, poly-ethylene glycol 

PI3-kinase, phosphoinositide 3-

kinase  

PLGA, poly(lactic-co-glycolic 

acid) 

pMLC2, phospho-myosin light 

chain 

RNA, ribonucleic acid 

TGF-β1, transforming growth 

factor-β1 

TIMP-1, tissue inhibitor of met-

alloproteinase-1 

TKI, tyrosine kinase inhibitor 

TNF, tumor necrosis factor 

ULS, Universal Linkage System 

VEGFR, vascular endothelial 

growth factor receptor 
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Dankwoord 

 

Ok, het is bijna af... 

Het zijn een aantal drukke en veelbewogen jaren geweest, waarin ik 

veel heb geleerd op allerlei vlakken. In mijn beleving heb je voor onder-

zoek passie, intelligentie, geluk en vooral koppigheid nodig, dat laatste 

vooral om het proefschrift af te ronden. En het belangrijkste ingrediënt 

zijn goede collega’s, familie en vrienden. Hoe rationeel de wetenschap 

ook is, uiteindelijk is het persoonlijke nog veel belangrijker.  

 

Allereerst wil ik Klaas, mijn promotor, ontzettend bedanken voor je be-

geleiding gedurende de afgelopen 4, inmiddels bijna 5 jaar. Ik heb veel 

van je geleerd, vooral over het formuleren en presenteren van resulta-

ten. Soms kost het wat tijd om de juiste woorden te vinden, maar uit-

eindelijk wordt het wel een mooi verhaal. Daarnaast werkt je enthousi-

asme altijd aanstekelijk. My co-promotor, Jai, thank you for sharing 

your expertise on drug targeting, and for your thorough and conscien-

tious checking of my presentations, abstracts and papers. I know that 

once you have corrected something, all the details have been checked. 

Also many thanks for the good talks, both work-related and others, that 

we had over the years. Mijn andere co-promotor Leonie, jou wil ik vooral 

bedanken voor je hulp met het beoordelen van coupes, en je enthousi-

aste en kundige discussies. Je was minder in detail bij mijn onderzoek 

betrokken, maar juist daardoor kon je zeer rake commentaren geven, 

wanneer ik zelf een tekst te vaak had gezien en niet meer wist wat er-

mee gebeuren moest. 

 

Aan de leden van de leescommissie, prof. Meurs, prof. Frijlink en prof. 

Hennink, hartelijk dank voor het snelle lezen en het goedkeuren van het 

manuscript.  

 

Mijn mede-AIO’s: we hebben als groep geweldig samengewerkt, altijd 

gezellig en het was goed te weten dat we elkaar altijd konden helpen. 

Marlies, heel veel succes met het afmaken van je onderzoek en het was 

ontzettend goed om jou als kamergenootje te hebben. Adriana, I hope 

you’ll finish writing soon, and that you’ll enjoy your new job as well. Ma-

rianne, op het moment dat ik dit schrijf is de kleine nog in aantocht, ik 
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hoop dat je heel erg gaat genieten van je gezin en dat je een mooie 

nieuwe baan gaat vinden. Ruchi, I wish you all the best, both in your 

research and with your family. We had the best times at conferences 

and I had a great time visiting you, Jai and Ishaan in Stockholm. I’ll be 

there the 27th to cheer you on at your defence! Aan Carian & Christina 

(The New Generation!): veel succes! For all of you: thank you so much 

for your friendship and the good times we had together!! 

 

Zonder de analisten was dit proefschrift natuurlijk nooit afgekomen. Ca-

tharina, als eerste, ontzettend bedankt voor al je hulp met de experi-

menten de afgelopen jaren en voor de momenten dat ik bij jou even kon 

binnenlopen als ik goed of slecht nieuws kwijt moest. Ik ben blij dat je 

als paranimf mij ook het laatste stukje nog wil helpen. Eduard, zonder 

jou waren die dierproeven nooit zo gelukt, of in ieder geval waren er een 

hoop minder gezellige (lees: soms bizarre) gesprekken geweest. Het 

verhaal van muis Okke ga je mijn broertje op het feest vast zelf nog 

vertellen. Alie, dank voor je expertise voor de kleuringen, voor je eeuwi-

ge glimlach en je goede raad. Marieke, wat leuk om jou opeens weer 

tegen te komen, jaren na een gezamenlijk bijvak, toch weer samen bij 

FKDD. Edwin, kamergenoot voor een jaar, het was gezellig! 

 

Daarnaast zijn en waren er natuurlijk nog vele anderen bij FKDD: Jan, 

dank voor je hulp bij het regelen van van alles en nog wat, en je advie-

zen voor de HPLC. Geny, dank voor je kritische, maar altijd opbouwende 

vragen bij presentaties. Gillian, voor je hulp bij het regelen van post, 

versturen van pakketten, organiseren van reizen enzovoort veel dank. 

Ook alle andere mensen die de afgelopen jaren kortere of langere tijd 

collega’s waren: Frits, Hans, Barbro, Magdalena, Venkatesh, Martin, 

Mackenzie, Marina, Marjolijn, Inge, Inge, Xiao Yu, Sylvia, Na, Miriam, 

Sylvia, Ansar, Anne-miek, Bert, Patricia, Christa, Paul, Marieke, en alle 

anderen, hartelijk dank, thank you so very much for working with you. 

 

To all the members of the DIALOK project, thank you for the cooperati-

on during the last four years. I have learned a lot, working with you and 

attending the meetings twice a year. Robbert-Jan, veel dank voor al het 

organiseren en voor je opbouwende kritiek en ideeën tijdens alle verga-

deringen. Marie, a special thanks to you for synthesizing all the ULS-
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conjugates, sometimes on too short notice, for which my apologies. 

Ramón, muchas gracias por la oportunidad de trabajar en tu lab en Bar-

celona. También muchas gracias a Pau, Cristina, Uri, Jose, Sylvia, Kari-

na, Daniel y Javier por vuestra hospitalidad y ayuda con los experimen-

tos con células humanas. 

 

En toen, na vier jaar bij FKDD, was het schrijfwerk natuurlijk nog niet 

af: to the CAVAREM group and all others at Medical Biology, thank you 

for your help with the new research and your moral support while I was 

finishing my thesis. 

 

Soms, als je veel op het lab bezig bent, vergeet je bijna dat er nog een 

wereld daarbuiten bestaat, en dat er mensen met andere dingen bezig 

zijn. Op dat soort momenten is het goed vrienden te hebben die je er-

aan helpen herinneren dat er ook nog andere dingen zijn in het leven. 

Iedereen heel veel dank daarvoor, ik ga geen namen noemen, want ik 

ben veel te bang dat ik iemand vergeet. Tevens veel dank aan alle men-

sen die altijd weer vol interesse vroegen hoe mijn onderzoek liep, ook al 

waren de antwoorden soms iets te technisch. Alsnog mijn excuses daar-

voor. 

 

Okke, ook al zijn we in sommige opzichten nog zo verschillend, ik heb 

de laatste jaren heel veel gehad aan jouw steun, en ik ben heel erg blij 

dat je ook mijn paranimf wil zijn. Google nog even wat je ook al weer 

moet doen als paranimf, dat werkt vast heel verhelderend... 

 

Als laatste, een open deur, maar zonder thuisfront lukt zoiets als dit 

natuurlijk nooit. Lieve mama en papa, ik weet niet hoe ik jullie ooit ge-

noeg kan bedanken voor al jullie steun, begrip en alle andere dingen die 

ik niet eens kan opnoemen, en ik hoop dat jullie dat weten.  

 

Mijn dank aan iedereen is, als altijd, groot, 

 

Marike 
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1. Het feit dat een remmer één specifieke kinase remt, betekent niet dat deze 

remmer specifiek alleen het ziekteproces beïnvloedt. 

 

2. Louter in vitro testen van een afleveringsmethode kunnen nooit genoeg data 

opleveren over de specificiteit van het desbetreffende conjugaat. 

 

3. Het complexe samenspel van factoren tijdens fibrose leidt ertoe dat 

gecombineerde remming van verschillende kinases meer mogelijkheden biedt dan 

het focussen op het vinden van de meest specifieke remmer. 

 

4. Specifieke aflevering van kinase remmers verhoogt de anti-fibrotische 

effecten, maar data over de bijwerkingen van cel-specifieke conjugaten zijn altijd 

moeilijker te verkrijgen. 

 

5. Gezien de urgente behoefte aan meer betrouwbare en minder invasieve 

biomarkers voor leverfibrose, zou er meer onderzoek naar het gebruik van 

stellaatcel-specifieke aflevering van tracers gedaan moeten worden. 

 

6. Het bijwonen van halfjaarlijkse consortiumvergaderingen kan voor een 

beginnende AIO zowel een intimiderende als een ontnuchterende ervaring zijn. 

 

7. De nieuwste ronde bezuinigingen op het hoger onderwijs maakt dat men zich 

afvraagt wat de politiek bedoelt met  “Nederland kenniseconomie”. 

 

8. Van de goede gewoonte degenen die een significante bijdrage aan de 

totstandkoming van een proefschrift geleverd hebben naar voren te halen, dient de 

laboratoriummuis niet uitgesloten te worden. 

 

9. Doing research is like climbing a mountain in more aspects than one: during 

both activities you should keep your eyes on the path to know where you’re going, 

but also look around once in a while to keep motivated. 

10. In science, as in fantasy literature, it was said that the world was made up of 

four elements: Earth, Air, Fire and Water. This is a fact well known … It's also wrong. 

There's at least a fifth element, and generally it's called Surprise. (vrij naar Terry 

Pratchett) 
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