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Aim of the thesis 
In 1989, Mosmann and coworkers first described a cytokine that was 

produced by T helper 2 (Th2) cell clones and inhibited interferon-γ synthesis in 

Th1 cell clones. This cytokine synthesis inhibiting factor is nowadays known as 

interleukin-10 (IL-10). IL-10 is produced by different cell types, such as T cells, 

monocytes, and B cells, after activation of these cell types by various stimuli. 

Endogenous IL-10 has potent anti-inflammatory activities. This endogenous IL-10 

attenuates inflammatory disease processes amongst other via downregulation of 

proinflammatory cytokines released by activated immune competent cells. In 

recent years, IL-10 has attracted much attention since several studies also 

demonstrated direct antifibrotic properties of endogenous IL-10. The potential 

effects of this endogenous cytokine to limit fibrosis have encouraged clinical trials 

with recombinant IL-10 to treat chronic diseases in various tissues including the 

kidney and the liver. However, the exogenous administration of IL-10 into the 

systemic circulation yielded inconsistent and even controversial results from one 

model to the other. A possible reason for these different effects may be due to a 

short plasma half-life when IL-10 was given intravenously as a daily single dose. 

This plasma half-life is only 2 minutes due to renal clearance of this low 

molecular weight protein. This creates problems to therapeutic use of this 

cytokine for chronic diseases because its activity on cells is usually most optimal 

after long exposure times. In addition, IL-10, just like many other cytokines, 

affects many cells leading to multiple actions in various tissues in vivo. These side 

effects often limit the use of cytokines as therapeutic agents. This is also true for 

IL-10 whose therapeutic application during liver fibrosis is limited by the systemic 

immunosuppressive effect, next to the low efficacy due to low uptake in target 

tissues. 

The aim of the thesis is therefore to modify IL-10 in such a way that an 

enhanced delivery to the site of action is achieved. The final aim is to test whether 

it is possible to use modified IL-10 as a therapeutic agent to treat liver fibrosis.  

First, we reviewed the therapeutic effects that have been described for IL-10 

in vivo.  All current clinical applications of IL-10 and the clinical trials that are 

ongoing with this cytokine are outlined in chapter 2.  

Secondly we assessed the pharmacokinetic profile of recombinant IL-10 

and the expression of IL-10 receptor in several organs including kidney and liver, 
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in normal rats and in rats with extensive liver fibrosis. Results show a short 

plasma half-life and a rapid clearance of this cytokine by the kidney within 

minutes (chapter 3). Although receptor expression is increased during liver 

fibrosis, receptor expression remains low and uptake of native IL-10 in this organ 

is low (chapter 3). 

Since the initial studies revealed high uptake of IL-10 in the kidney, we 

tested the anti-inflammatory and antifibrotic effects of this cytokine in the kidney 

during glomerulonephritis. Acute as well as more chronic effects of IL-10 in anti-

Thy 1-induced glomerulonephritis in rats were examined (chapter 4 respectively 

chapter 5). 

 In order to enhance the effectivity of this cytokine for the treatment of 

liver fibrosis, this cytokine has to be actively delivered to this organ to overcome 

the normal low uptake. We designed a modified form of IL-10 that rapidly 

accumulates in the liver in particular on hepatic stellate cells (chapter 6). These 

hepatic stellate cells are the most important target cells for antifibrotic therapies 

because this cell type is a major matrix-producing cell during liver injury and 

enhanced extracellular matrix deposition is the hallmark of liver fibrosis. The 

challenge is to modify IL-10 without destroying the biological activity of this 

bioactive compound. 

We designed mannose 6-phosphate IL-10 and tested its pharmacokinetic 

profile, its receptor binding activity in vivo and biological effects in vitro (chapter 

6). Subsequently, we tested the therapeutic effects of this modified cytokine 

during liver fibrosis induced by bile duct ligation in rats (chapter 7). 

The studies presented in this thesis describe the development of a liver-

selective form of a therapeutic cytokine, IL-10, from its synthesis and its 

characterization in vitro and in vivo to the testing of its biological activities in vitro 

and in an animal model of liver fibrosis. Since up till now, no antifibrotic drugs 

are approved due to safety problems, a potent antifibrotic effect of a liver-selective 

form of IL-10 during liver fibrosis may offer novel ways for the treatment of this 

chronic liver disease.  
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Abstract 

Cytokine-based research is revolutionizing the treatment of several diseases including cancer, 

inflammation, infectious diseases, obesity, haematological disorders and other diseases affecting 

the immune system. Many of the original cytokine treatments have given way to more refined 

approaches as the knowledge and discovery process concerning complex cytokine networks 

becomes further clarified. However, the classical problem with the clinical use of cytokines is that 

the administration of these proteins must be by injection, either intravenously or subcutaneously. 

In addition, cytokines often have short plasma half-lives, due to rapid renal excretion and 

proteolytic degradation in plasma, whereas their activity on cells is usually most optimal after 

long exposure times. As a consequence, they have to be administered frequently, which makes 

them very expensive as a drug. Another problem is that the proteins have to be produced by 

recombinant techniques, and these recombinant proteins can be immunogenic when 

administered frequently. But most importantly, the clinical use of many cytokines is limited 

because of their pleiotropism. Because their receptors are expressed in a number of cells and 

tissues, systemic application of the cytokines can easily result in undesired effects. Despite 

several obstacles, numerous therapies with cytokines are continuously emerging. This demands 

to use better engineered cytokines in order to enhance their therapeutic effectiveness and 

decrease undesired effects. Chemical modifications with soluble polymers as well as 

carbohydrates have been used to improve the pharmacokinetics of various cytokines and to 

protect the cytokines from proteolytic degradation.  A selective delivery of the cytokines to a 

specific organ or tissue is now also investigated. Chemical modifications of cytokines with specific 

carriers or receptor recognizing ligands could be a novel strategy to enhance the concentrations of 

the cytokines at the diseased target site, thus increase the potency of the cytokines, while 

reducing the concentration in the rest of the body thereby avoiding undesired effects. The current 

status of various cytokines and their modified forms as used nowadays in animal or patient 

studies to treat various diseases and the problems encountered with the therapeutic use of these 

proteins will be the subject of this review. 
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Cytokine and a concept of cytokine-based therapies 

Cytokines are extracellular signaling-proteins necessary for cell-to-cell 

communication throughout the body. They are transiently produced by most cell 

type, and act through binding to specific plasma-membrane receptors, thereby 

inducing signal transduction pathways, which leads to activation of effector 

mechanisms within the responding cells. Cytokine-signaling plays an important 

role in both health and disease states. It is crucial during prenatal development 

and postnatal growth, remodeling and maintenance of every tissue and organ, and 

essential for inflammatory and immune responses as well as for wound healing 

and tissue repair.[1-4]   

Cellular communication by cytokines may occur at very short distance, for 

instance between two cells that are attached to each other, at moderate distance, 

within a small tissue area or even at long distance, acting systemically throughout 

the entire organism. The majority of immune responses are local.[1,5] 

Cytokines constitute a complex network and the specificity of this network 

is influenced by several factors: the expression of receptors, cell-cell interaction, 

short half-life of cytokines, and the existence of cytokine antagonists. Moreover, 

the synergistic and antagonistic effects that cytokines have on each other 

contribute significantly to the specificity of the response.[5]  

Cytokines are a large group of molecules (at least over 30 different) which 

are grouped together according to which class of molecules they belong and 

include the interferons (IFNs), interleukins (ILs), various colony-stimulating 

factors (CSFs), the tumor necrosis factors (TNFs) and transforming growth factors 

(TGFs). The ability of these molecules to regulate the functions of cells has 

stimulated many researchers to investigate their potential as therapeutic agents. 

Current status of cytokines approved by Food and Drug Administration (FDA) for 

clinical application is described in table I. 
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Table I. Cytokines licensed for clinical applications 

Brand name 
 (generic name) 

Nature of agent Approved application 

Neupogen® (filgrastim) G-CSF Cancer patients receiving myelosuppressive 
chemotherapy; patients with acute myeloid 
leukemia receiving either induction or 
consolidation chemotherapy; cancer patients 
receiving bone marrow transplant; patients 
undergoing peripheral-blood-progenitor-cell 
collection and therapy; patients with severe 
chronic neutropenia 

Leukine® (sargramostim) GM-CSF Following induction chemotherapy in older 
adult patients with acute myelogenous 
leukaemia; and following transplantation of 
autologous peripheral-blood-progenitor cells; to 
accelerate myeloid recovery after allogeneic 
bone-marrow transplantation 

Roferon®  

Intron A® 

Interferon-α2a 

Interferon-α2b 

 

Hairy leukaemia, malignant melanoma, 
condylomata accuminata, AIDS-related 
Kaposi’s sarcoma, chronic hepatitis B, chronic 
hepatitis C, follicular (non-Hodgkin’s) 
lymphoma, chronic myelogenous leukemia 

Avonex® (interferon-β1b) 
Rebif® (interferon-β1a) 

Interferon-β Relapsing forms of multiplesclerosis 

Actimmune® Interferon-γ1b Chronic granulomatous disease, severe, 
malignant osteopetrosis 

Betaseron® Interferon-β1b Treatment of secondary progressive forms of 
multiple sclerosis 

Proleukin® IL-2 FDA approval for treatment in metastatic renal 
cell carcinoma (kidney cancer) in 1992, and for 
treatment in metastatic melanoma (a type of 
skin cancer) in 1998 

Neumega® Recombinant human 
IL-11 

Prevention of severe thrombocytopenia and to 
reduce of the need for platelet transfusions 
following myelosuppressive chemotherapy in 
patients with nonmyeloid malignancies who are 
at high risk of severe thrombocytopenia 

TenovilTM Recombinant human 
IL-10 

Phase I clinical trials for rheumatoid arthritis, 
Crohn’s disease, psoriasis treatments 

Axokine® Ciliary neurotrophic 
factor (CNTF) 

Phase III clinical trial for obesity treatment 

(original data from FDA, update: December 12, 2003) 
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Cytokine-based therapies 

An increasing number of investigations and knowledge about the cellular 

mechanism of diseases have opened opportunities to search for more refined and 

rational approaches of therapy. Cytokines and growth factors are suggested to be 

involved in all important biological processes and thereby important in the 

regulation of many diseases. The pathogenesis of immune system-affected 

diseases generally involves a number of stages: initiation, perpetuation, tissue 

damage, repair, remodelling, and restoration of tissue damage, each of which 

involves different cell and molecular interactions.[2-8] 

The realization that cytokines have an enormous therapeutic potential in 

treating a variety of clinical conditions has prompted wide-spread cytokine 

research during the past decade. Consequently, a large number of new cytokines 

have been identified, cloned, and characterized and their physiological and 

pathophysiological roles became topics of intense investigation. The cloning and 

mass production of recombinant cytokine proteins opened a new world of 

therapeutic possibilities.[9,10] Cytokines provide useful treatments of infections, 

and of cancer symptoms and diseases affecting the immune system.[2,3,11] The use 

of cytokines so far in those diseases, their mechanism of action and current 

status in the therapy both in experimental animal models and in patients will be 

described in this review. 

Cytokines used for cancer treatment 

In principal, cytokines which are able to control the proliferation, 

differentiation, survival and effector functions of progenitor cells are potential 

anticancer agents.[12] Many cytokines have demonstrated the ability to control 

these processes. These include IL-1, -2, -3, -4, -6, -7, -12, -18, tumor necrosis 

factor alpha (TNF-α), interferon (IFN) and granulocyte macrophage - colony 

stimulating factor (GM-CSF).[12-25] Cytokines that have been approved by the FDA 

for the treatment of cancer are interleukin-2 (IL-2) and IFN-α2b. Others, still 

under evaluation are GM-CSF, IL-12 and IL-18.[25] 

IL-2 is a powerful immunoregulatory lymphokine produced by T-cells in 

response to antigenic or mitogenic stimulation. IL-2 inhibits tumor growth 

indirectly by stimulating T-cells which recognize and kill the tumor. A therapy 
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involving IL-2 appears to be most suitable for metastatic melanoma, non-

lymphoblastic leukemia and renal cell carcinoma.[15,17,19,26,27] High dose (HD) bolus 

IL-2 received US FDA approval for metastatic renal cell carcinoma (1992) based on 

data that revealed durable responses in a small percentage of patients.[27] However, 

this regimen is associated with significant toxicity and costs, which has limited its 

application to highly selected patients treated at specialised centers. Several 

investigators have evaluated regimens with lower doses of IL-2 in an attempt to 

decrease toxicity. Attempts were also made to improve treatment efficacy by 

adding interferon alpha followed by 5-fluorouracil to low-dose IL-2 regimens. 

These regimens were reported to produce response rates and survival comparable 

to HD IL-2 with much less toxicity, but possibly fewer durable responses.[26-29] 

Based on positive preclinical data, other cytokines (e.g., IFN and IL-12) have also 

been given to patients with metastatic renal cell carcinoma but with limited 

success.[29,31] The efficacy and toxicity studies of IL-2 and other cytokines in 

patients with renal cancer are, at present, ongoing in phase III trials which can 

help to define the proper use of these agents in this disease. 

The IFNs have been found to produce a large array of molecular and 

cellular actions of potential relevance to their use in tumor.[32] The antitumor 

effects of the IFNs result from a combination of direct cytotoxicity to tumor cells 

and from stimulation of natural killer cells and macrophages. IFNs have 

demonstrated activity in a broad range of malignant disorders.[32-35] In recent 

years, their use in cancer chemotherapy has grown as FDA has approved the use 

of IFN-α2a and IFN-α2b for the treatment of AIDS-related Kaposi’s sarcoma, hairy 

cell leukemia and chronic myelogenous leukemia. In the treatment of other 

neoplasms it is still in the stage of clinical development. 

GM-CSF is a hematopoietic factor that stimulates the development of 

neutrophils and macrophages and promotes the proliferation and development of 

early erythroid megacaryotic and eosinophilic progenitor cells. GM-CSF has been 

approved for use in stem cell and bone marrow transplants, and has been 

suggested to be of use against melanoma through the stimulation of antigen-

presenting cells.[36-39] 

Recombinant human interleukin-18 (rHuIL-18), a newly identified 

cytokine (in 1995), is currently in clinical trials for treatment of cancer. Herzyk DJ 

et al[24,25] reported that results of preclinical toxicity and safety studies with rHuIL-
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18 in cynomolgus monkeys and recombinant murine IL-18 (rMuIL-18) in mice 

showed that rIL-18 was well tolerated at pharmacologically active doses in both 

monkeys and mice. 

Cytokines used for the treatment of autoimmune diseases  
Autoimmune diseases are receiving increasing attention in the 

pharmaceutical industry as progress is made in the understanding of underlying 

immune and inflammatory processes. The pathogenesis is generally initiated by 

the activation of peripheral T-cells. The activation of peripheral T-cells by foreign 

and self-antigens is under stringent control by different mechanisms, both thymic 

and peripheral, and a failure in their control mechanisms may lead to 

autoimmune diseases.[40,41] To interfere selectively with the activation of 

pathogenic T-cells, immunosuppressive therapy can be directed to three cellular 

targets: antigen-presenting cells, autoreactive T-cells and suppressor/regulatory 

T-cells, with the common goal to selectively inhibit the activation of pathogenic 

class II-restricted CD4+ T-cells.[40] Cytokine-based manipulation offers unique 

possibilities to interfere with autoimmune diseases and anti-inflammatory 

cytokines like IFN-β, TGF-β, IL-4 and IL-10 are being studied now.[40,41] The most 

common examples of autoimmune diseases such as multiple sclerosis, psoriasis, 

rheumatoid arthritis, inflammatory bowel disease, and insuline-

dependent/juvenile type I diabetes mellitus will be discussed briefly in this 

section. 

Cytokines used for multiple sclerosis treatment 

Multiple sclerosis (MS) is a chronic autoimmune disease of the central 

nervous system in which an abnormal immune response damages the myelin-

covered sheaths that surround and insulate nerve fibers in the brain and spinal 

cord. Immune responses are thought to contribute to the damaged myelin in 

people with MS.[42] The effects of MS can be debilitating and may severely affect a 

patient’s quality of life. In severe MS, patients have partial or complete paralysis 

on a permanent basis. Three interferon beta medications have been approved to 

date by the FDA for treating relapsing MS: IFN-β1a (Avonex® and Rebif®) and IFN-

β1b (Betaseron®)). IFN-β has multiple effects on the immune system, including 

increasing the activity of suppressor lymphocytes and inhibiting stimulation of 
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other immune cells.[40,43,44] The net effect of all these actions is an attenuation of 

the immune response thereby slowing the progression of this disease. 

 Cytokines used for psoriasis treatment 

Psoriasis has recently been established as an autoimmune disease, which 

means that T-cells of the immune system recognize an antigen in the skin and 

attack the areas where that antigen is found.[45] Infiltration of T-cells seems to be 

the primary event that precedes the keratinocyte hyperproliferation. It is 

suggested that systemic lymphocyte activation is followed by the local 

accumulation of specific CD4+ T-cells and subsequently by the activation of 

intradermal CD8+ T-cells. So far, it seems that CD4+ T-cells create an appropriate 

type-1 cytokine environment for CD8+ T-cells activation that eventually trigger the 

psoriatic cascade. Thus, T-cells are responsible for initiation and maintenance of 

psoriasis.[46-48] It is not fully understood what causes this immune response, but it 

could be triggered by a number of factors such as systemic infections, stress or 

hormonal changes, injury to the skin (sunburn or surgery incision), alcohol, 

smoking, obesity, poor diet, and certain medications.[49] As psoriasis is a chronic 

relapsing disease, intermittent treatment may span a lifetime.  

In the first clinical trials in patients with established psoriasis, IL-10 

showed moderate antipsoriatic effects and was well tolerated.[50] IL-10 can 

influence T1/T2 differentiation, antigen-presenting cell functioning, antigen-

presenting cell-mediated T-cell activation, and T-cell, B-cell, and mast cell growth 

and differentiation that is aberrant in various disease processes. A long-term 

application in psoriatic patients remission showed that IL-10 therapy decreases 

the incidence of relapse and prolongs the disease-free interval. The immunological 

effects observed during these clinical studies together with in vitro observations 

suggests that IL-10 exerts its antipsoriatic activity by effects on different cell 

populations including antigen presenting cells and T-cells (lasting type 1/type 2 

cytokine balance shift), but not through direct effects on keratinocytes.[51-54] 

Although IL-10 seems to have a major role in psoriasis, further investigations are 

still required to fully determine whether IL-10 application will become a 

successful anti-psoriatic therapy. 
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Cytokines used for rheumatoid arthritis treatment 

Rheumatoid arthritis (RA) is a chronic progressive inflammatory disease of 

multifactorial aetiology. This disease is one of the more common autoimmune 

diseases in the western society and difficult to treat.[55,56] This elicits a great deal 

of interest in the search for novel drugs to treat this condition. Because of the 

emerging acceptance of RA as an autoimmune disease, much of the current 

therapeutic research has focused on immune mediators associated with the 

development of persistence of this disease. One such mediator is TNF which is 

known to be one of the pivotal factors in initiating and maintaining the 

inflammatory cascade.[55-58] 

As potent mediators of immune response, the interleukins are also being 

considered as potential targets in RA treatment. IL-6, a cytokine with both pro- 

and anti-inflammatory actions, is involved in T-cell and B-cell growth. Recent 

research has shown that transcription of IL-6 genes may be regulated by IL-1 

suggesting a possibility to regulate IL-6 production in RA patients. Obviously, this 

production has to be controlled locally.[56]  

IL-4 and IL-10 are anti-inflammatory cytokines that suppress the release 

and block actions of TNF-α, IL-1 and IL-6.[58-60] Recombinant IL-4 and IL-10 are 

currently under investigation in clinical trials in RA treatment. IL-11 is also 

gaining some attention for the treatment of this disease. IL-11 has been shown to 

indirectly decrease production of TNF-α and enhance the production of IL-10 thus 

attenuating the inflammatory process.[61-63] Moreover, IL-11 has shown to reduce 

the activity of MMP-1 and MMP-3 which are collagenases responsible for the 

breakdown of joint tissues. 

Cytokines used for inflammatory bowel disease treatment 

Inflammatory bowel diseases (IBD), such as ulcerative colitis and Crohn's 

disease, result from an interaction between susceptibility genes, the host's 

bacterial environment, gut barrier defects, and immunological factors.[64] Recent 

evidence suggests that a pathologic activation of the mucosal immune system in 

response to antigens is a key factor in the pathogenesis of IBD. The pathogenesis 

of IBD is characterized by an imbalanced activation of Th1- and Th2-

lympocytes.[64-66] Several new therapeutic strategies are currently being tested in 

clinical practice, including recombinant anti-inflammatory cytokines (IL-4, IL-10, 
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IL-11 and IFN-α).[66-79] It has recently become apparent that these cytokines have 

better short-term effects than conventional drugs, and they could change the 

treatment strategy of IBD in the near future.  

IL-10 has a major role in the regulatory network of cytokines controlling 

mucosal tolerance, and it is, therefore, not surprising that this cytokine is 

proposed as a potent anti-inflammatory biological therapy in chronic IBD. The 

effectivity of IL-10 in animal models of colitis is quite promising.[67-72] In the in vitro 

system, IL-10 downregulates the enhanced proinflammatory cytokine release from 

lamina propria mononuclear cells isolated from patients with Crohn’s disease. 

Furthermore, clinical trials using recombinant human IL-10 (rhIL-10) for the 

treatment of patients with Crohn’s disease have been published. A double blind 

controlled trial to evaluate the safety and tolerance of rhIL-10, TenovilTM, for 12 

consecutive weeks indicated that this drug was safe and well tolerated.[68] The 

therapeutic effect of systemic administration of IL-10 in patients with IBD, 

however, has not been satisfactory. Despite the disappointing results of IL-10 

therapies so far, there is still enough rational for the use of IL-10 as an anti-

inflammatory biological drug in chronic IBD.[70-72] Therefore, some novel 

alternative approaches including improvement of the formulation technology and 

delivery systems of this cytokine are investigated in mouse models.[72] Other 

approaches including IL-10 gene therapy and the use of genetically modified 

bacteria are also under investigation. Both latter novel therapies have been shown 

to be successful in animal models of disease, and clinical testing is currently 

underway. 

A tissue-protective effect of IL-11 in the intestinal mucosa can be deduced 

from animal models for IBD as well. The clinical usefulness of this anti-

inflammatory cytokine is therefore currently investigated in patients with IBD.[75-76] 

 Cytokines used for immune-mediated or type I diabetes mellitus treatment 

Type 1 diabetes mellitus results from insulin deficiency caused by 

autoimmune destruction of the insulin-producing beta-cells in the pancreatic 

islets of Langerhans.[80] The autoimmune response against islet beta-cells is 

believed to result from a disorder in the immunoregulation. Th1 cell activation 

and cytokine production shift the balance between Th1 and Th2, favoring the up-
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regulation of proinflammatory activity that leads to destruction of insulin-

producing pancreatic beta cells in type 1 diabetes.[80-82]  

Administration of IL-10 prevents autoimmune diabetes in non-obese 

diabetic (NOD) mice.[83-84] A single systemic administration of adeno-associated 

viral (AAV) vIL-10 significantly reduced insulitis and prevented diabetes 

development in NOD mice. This protective effect correlated with sustained 

transgene expression and protein production. Moreover, splenocytes from the 

treated mice blocked diabetes transfer to NOD recipients, suggesting that vIL-10 

induces an active suppression of autoimmunity. In addition to the use of IL-10 for 

this disease, a therapy with IFN-α is also currently in clinical trial phase II.[85-86] 

IFN-α is able to enhance B cell survival and prolong the period in which the 

insulin need becomes minimal and glycemic control improves.  

Antiviral cytokines 

A family of cytokines which has an antiviral activity is the interferon 

family. The target of interferon is the cell rather than the virus itself. Through 

binding to specific receptors on the cell surface and subsequent activation of 

specific genes, interferons induce an antiviral state which makes cells less 

permissive for virus replication. The antiviral state is composed of various 

antiviral mechanisms which seem to act independently and show some specificity 

for different viruses. Translational control affecting viral protein synthesis may be 

the most common mechanism through which virus replication is inhibited. There 

is evidence that antiviral and antigrowth activities of interferons share similar 

mechanisms.[33,87-88] The use of cytokines as an antiviral therapy is described in 

this section. 

 Antiviral cytokines used for Human Immunodeficient Virus treatment 

The current understanding of the immunopathogenesis of human 

immunodeficient virus (HIV) disease and the deficiencies of highly active 

antiretroviral therapy (HAART)-induced immune restoration have formed a basis 

for the use of cytokines for HIV therapy.[89] This is due to the function of the 

cytokines, that is, enhance and preserve immunity, control mobilization of latent 

reservoirs as part of a viral-eradication strategy, potentiate vaccine-induced 

responses, and inhibit directly the HIV replication. 
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Antiviral cytokines used for hepatitis C virus infection treatment 

In the majority of cases hepatitis C virus (HCV) infection gives rise to an 

acute illness; 80% of such cases develop into chronic hepatitis. Almost all patients 

develop a vigorous antibody and cell-mediated immune response which fails to 

clear the infection but may lead to liver damage. Most flavivirus infections are 

cytopathic, but this has not been directly tested in the case of HCV since the virus 

cannot be cultured. Spontaneous resolution of chronic liver disease is very rare 

(<2%) and patients with chronic disease are at risk of developing liver cirrhosis 

and eventually hepatocellular carcinoma (HCC). The duration from the onset of 

acute hepatitis until the time of diagnosis of cirrhosis or HCC is about 20 to 30 

years. The acute phase lasts from the onset of disease until 2-3 years thereafter, 

and the silent phase which follows lasts for 10-15 years. Since so little is known 

about the biology of HCV, it is presently unclear how this RNA virus establishes a 

persistent infection.[102-103] 

At the present time, the only cytokine therapy with any demonstrated 

efficacy against HCV-induced liver disease involves the use of IFN-α, but this 

approach is not entirely successful. The current standard combination of 

interferon-based therapies and ribavirin is effective in only 50% of patients. In 

addition, this combination is expensive, requires lengthy periods of administration, 

and is associated with significant side effects.[104] Nevertheless, careful and timely 

management of side effects, which are experienced by all patients, may improve 

adherence to antiviral therapy and further improve response rates.  

Anti-inflammatory cytokines 

The anti-inflammatory cytokines are immunoregulatory molecules that 

control the proinflammatory cytokine response. Their physiologic and pathologic 

role in inflammation is increasingly recognized. Major anti-inflammatory cytokines 

include IL-1 receptor antagonist, IL-4, IL-6, IL-10, IL-11 and IL-13. 
[2,3,9,11,40,58,59,61,62,105,106]  
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Table II. Cytokines in HIV-infection: actions and stage of therapeutic development  
in HIV infection. 

Cytokine Potential therapeutic role in HIV Preclinical and phase I – III 
trial data 

Ref. 

IL-1 Enhances responses to IL-2 and IL-
15, reduction in HIV replication, 
reduced activation-driven T-cell 
apoptosis 

Preclinical 90,9 

IL-2 - Preservation of the CD4
+ T- 

  lymphocytes 
- Combined with protease  
  inhibitor to treat an early 
  HIV infection, combined   
  with anti- HIV agent treat 
  HIV positive patients 
- Combined with anti-HIV  
  agent to treat HIV infection in 
  children with weakened  
  immune system 

- Phase II data 
 
- Phase III  
 
 
 
 
- Phase I/II trials as a vaccine 
  adjuvant ongoing  
Phase I: vaccine adjuvant 

* 

IL-7 Reverses CD4
+  T-cell lymphopenia, 

enhances T-cell-based vaccine 
responses 

Primate studies using IL-7 as an 
immunotherapeutic and as an HIV 
T-cell vaccine adjuvant are 
ongoing 

92 

IL-12 - Combined with liposomal  
  doxorubicin for treating  
  Kaposi’s sarcoma in people 
  infected with HIV 

- Phase II * 

IL-15 Enhances CD8
+ T-cell function and 

HIV-specific immunity 
Preclinical, proposed phase I as a 
vaccine adjuvant 

93,94 

IFN-α and 
PEG IFN-α 

Enhances CTL responses; direct 
antiviral effect 

- Phase II pre HAART 
- [PEG]IFN-α2β, phase I/II  
  as an adjuvant to ART 
- Pilot study as monotherapy 
  in HAART-naïve HIV- 
  infected patients 

*, 95 
96 
 
 

IFN-γ Enhances CTL responses 
Improves phagocytic response to 
intracellular pathogens 

Phase II/III study performed pre 
HAART 

97 

GM-CSF Enhances macrophage function Phase II/III 98,99 

G-CSF Increases myeloid precursors, 
Enhances in vitro IL-2 production  
Increases CD4

+ T-cell level 

Phase II/III 100,101 

* Data were adopted from clinical trials inspired by National Institutes of Health, USA; website: 
www.clinicaltrials.gov 
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Anti-inflammatory cytokines used for asthma treatment 

Asthma is a complex inheritable inflammatory disorder of the airway in 

which the development of clinical disease depends on the environmental exposure. 

The recognition that several cytokines have inhibitory effects on allergic 

inflammation and that some of them might be deficient in patients with asthma 

suggest that they have the potential to provide new and more specific approaches 

for therapy.[107-110] 

It has been well established that T helper type 2 (Th2) lymphocytes and 

their cytokines have an important role in allergic asthma. IL-4 has the potential to 

play a key role in asthma through its ability to induce differentiation of naive Th0 

cells to Th2 lymphocytes, which express several cytokines including IL-5 

(eosinophil growth factor), IL-9 (induces mucus expression), and IL-13 (induces 

airway hyperreactivity).[111-114] Thus, inhibiting IL-4 would also inhibit additional 

cytokines expressed by Th2 cells.  

Preclinical studies in animal models demonstrate that IL-12 inhibits 

allergen sensitization, as well as allergen-induced inflammation. Studies in 

humans with mild asthma have demonstrated that intravenous infusion of IL-12 

was effective in inhibiting eosinophilic inflammation but not airway 

hyperreactivity.[115-117] A major action of IL-12 is to induce the development of Th1 

cells, while suppressing Th2 cells. It is likely that IL-12 plays a critical role in 

determining the balance between Th1 and Th2 cells, thereby inhibiting IgE 

synthesis and allergic inflammation. Other inhibitory cytokines such as IL-10 and 

IFNs also have been used in clinical trials for the treatment of chronic airway 

diseases like asthma. IL-10 and IFN-γ are considered as potential therapeutic 

agents for bronchial asthma in which eosinophil accumulation plays a major 

pathogenic role.[118-123] 

 Anti-inflammatory cytokines used for glomerulonephritis treatment 

Glomerulonephritis (GN) is a type of kidney disease caused by 

inflammation of the internal kidney structures (glomeruli). This disease may be a 

temporary and reversible condition, or it may be progressive. Progressive 

glomerulonephritis may result in destruction of the renal glomeruli and chronic 

renal failure and end stage renal disease. The disease may be caused by specific 

problems with the body's immune system, but the precise cause of most cases is 
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unknown. Current therapeutic approaches with conventional drugs are not 

satisfactory since long-term therapy induces side effects to non-target organs. 

Interest has recently focused on anti-inflammatory cytokines such as IL-4, IL-10 

IL-13 and low dose of TGF-β.[124-125] In experimental models of auto-immune anti-

GBM nephritis, early administration of IL-4 or IL-10 reduces proteinuria, 

macrophage infiltration and crescent formations. In acute mesangial proliferative 

GN induced by antithymocyte antibody, transfer of a mutated gene that encodes 

active TGF-β suppresses mesangial cell proliferation. The potent effects of these 

cytokines in the deactivation of Th1 cells, macrophages and mesangial cells limit 

the progression of this disease.[124,126-128] 

Antifibrotic cytokines 

Fibrosis is a pathologic process, which includes scar formation and over 

production of many extracellular matrix components, as a response to chronic 

tissue  damage.[129] The fibrogenesis includes interaction between many cell types 

and cytokines, and when the balance becomes profibrotic, scar tissue formation is 

promoted.[129-134] Major profibrotic agents are type 2 CD4+ lymphocytes, CD40 

receptor and ligand interaction, and the following cytokines: IL-4, TGF-β and 

platelet derived growth factor (PDGF). Fibrosis is a reversible process, and is 

usually treated with anti-inflammatory and immunosuppressive agents. This kind 

of therapy is not proven successful in reversing the fibrotic process, but mostly 

focuses on the treatment of symptoms and complications and sometimes it harms 

more than it cures. Many patients suffer from fibrotic diseases and therefore, the 

development of antifibrotic agents which are targeted to the pathologic molecular 

processes are really required. The major antifibrotic cytokine that is being used in 

clinical trials is IFN-γ since it inhibits collagen synthesis in fibroblasts.[135] The 

effect of IFN-γ on collagen synthesis by arecoline-stimulated OSF (oral submucous 

fibrosis) fibroblasts in vitro and the effect of intra-lesional IFN-γ on the fibrosis of 

OSF patients has been investigated.[135,136] The results showed that IFN-γ exerts a 

positive effect in both conditions. The antifibrotic potential of IFNs on non-viral 

diseases has been tested in different experimental models of hepatic fibrosis.[137,138] 

These studies showed significant effects on the fibrotic process. 

Moreover, the use of IL-10 in patients with advanced fibrosis (HCV-related 

liver fibrosis) who had failed antiviral therapy with IFN is currently under 
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investigation.[139,140] The preliminary data revealed, that 50% of IL-10-treated 

patients showed a decrease on the inflammation and fibrosis score, which 

indicates that this cytokine is a promissing candidate as a therapeutic agent in 

this disease. However, since IL-10 also has an immunosuppressive action, the 

toxicity study of the long-term native IL-10 therapy for the treatment of HCV-

associated liver fibrosis is still required to determine whether IL-10 is applicable 

in this chronic disease.  

Problem of the use of cytokines as therapeutic 
agents 

The clinical use of cytokines is hampered partly because of common 

drawbacks of the use of proteins as therapeutic compounds. This creates 

problems with respect to the production, the stability, the purity and the route of 

administration. On top of that, the poor stability in vivo and short half-life of 

cytokines create problems because their activity on cells is usually most optimal 

after long exposure times. These proteins are however rapidly cleared from the 

blood by the liver, kidney and other organs. Clearance mechanisms include 

glomerular filtration, bile excretion, receptor binding and/or enzymatic 

degradation. Plasma proteases cause degradation and rapid loss of biological 

activity. Therefore, achieving a clinical effect is still a problem. In order to improve 

the efficacy of cytokines, they require repeated administration. Initially, 

continuous infusion (CI) was used to address this pharmacological deficiency. CI 

has the advantage of administrating drugs in a controlled manner and this is 

particularly appropriate when it is important to maintain constant plasma 

concentrations. However, the requirement for continuous venous access and the 

use of ambulatory pumps obviously limits their use. In addition, wider use of 

cytokines in the clinic has been hampered by the pleiotropic nature of such 

factors leading to marked toxicities following systemic administration. On the 

molecular level, this pleiotropism can be explained through an understanding of 

the receptor system specific for each cytokine and the cells on which they are 

expressed.[5,141,142] The receptors for most cytokines are distributed throughout the 

body, and found on many different cell types accounting for many non-related 

actions. Low targeting efficiencies to the site of action may thus be the most 

important clinical problem after systemic administration of exogenous cytokines. 
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In some cases, activities responsible for side effects have been attributed to 

discrete areas of the proteins and “structure driven design” can be used to 

generate novel cytokines with a better clinical profile. In other cases, structural 

alterations can enhance activity by improving the pharmacokinetic profile, 

proteolytic stability, and biodistribution.  

Mostly, cytokines used for therapeutic purposes are produced through 

recombinant technology which allows mass production. Therapeutic recombinant 

human cytokines currently in clinical use as listed in table I include interferons 

(IFN-α, IFN-β and IFN-γ), interleukins (IL-2, IL-10 and IL-12) and hematopoietic 

factors such as granulocyte colony-stimulating factor, granulocyte-macrophage 

colony-stimulating factor, erythropoietin and thrombopoietin. Their use as 

therapeutic agents has been challenging since the safety and efficacy of these 

products are complicated by immunogenicity issues as well.[143-145]  

Modification of cytokines 

Considering the many problems encountered in the use of cytokines for 

therapeutic purposes outlined in the previous section, several approaches that 

can enhance the therapeutic effectiveness of these compounds are being 

developed. Some of these strategies have been devised to retard the clearance of 

these cytokines by means of polyethylene glycol (PEG) coupling. To that end, these 

cytokines have been chemically modified by covalent attachment of PEG. Table III 

shows several cytokines with clearance-retarding modifications currently in 

clinical use. Other clearance-retarding modifications currently applied are 

coupling to biodegradable polymers[146,147], sugar chains[148] or protein-protein 

cross-linking.[149] Genetic modification has also been employed to fuse cytokines of 

interest with long-lived plasma these proteins.[150] The examples of cytokines 

modified with these techniques are described in more detail in the next sections.  

While all modifications may reduce the biological activity of the cytokines 

of interest or elicit antibody formation in recipient animals or patients, there are 

now sufficient experiences in this area to create an optimal clearance-extending 

strategy. With the explosive growth of genomic and proteomic information, an 

exponentially increasing number of engineered cytokines are likely to be 

developed. In addition to the modifications that change the pharmacokinetics 

and/or physicochemical properties of the molecule, modifications with selective 
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carriers or receptor recognizing ligands to deliver potential cytokines to the target 

site of disease have been developed as well. 

Modification to improve the physicochemical properties and the 
pharmacokinetic profile of cytokines 

 Pegylation 

Pegylation, the technology of polyethylene glycol (PEG) conjugation to 

proteins, holds significant promise in maintaining effective plasma concentrations 

of systemically administered cytokines that might otherwise be hampered in vivo 

by rapid elimination by the kidneys.[146,147]  

Table III. Pegylated-cytokines used in clinical application and their stage of development 

PEG-cytokine Indication for Status 

PEGASYS® (PEG-interferon-
α2b) 

Treatment of adults with 
chronic hepatitis C who have 
compensated liver disease and 
who have not been previously 
treated with IFN-α 

Patients with stage IV 
melanoma 

Combination therapy with 
Ribavirin, USP (Copegus), for 
the treatment of chronic HCV 
infection 

FDA approved in 2002 (on 
the market) 

 

 

 

Phase II 

 
FDA approved in 2002 (phase 
IV) 

PEG interferon alpha-2b* 
  

Metastatic kidney cancer 
  

Phase II 

PEG-Intron® (PEG-interferon-
α2b) 

Treatment of chronic hepatitis 
C in patients not previously 
treated with IFN-α who have 
compensated liver disease and 
are at least 18 years of age 

FDA approved in 2001 (on 
the market) 

PEG-IL-2* HIV positive patients Phase I 

PEG-IL-6 Enhancement thrombopoietic 
activity 

Animal trial 

PEG-TNF-α Anti-tumor activity Animal trial 

PEG-GM-CSF Mobilization hematopoietic 
stem cells 

Animal trial 

* National Institutes of Health - USA 
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Attaching PEG molecules without obstructing the active sites that are essential for 

the cytokine effects is a major challenge in pegylation.  

Current pegylation technology uses linkerless conjugation methods to 

allow coupling without added toxicity or immunogenicity, and to keep the innate 

surface charge of the pegylated molecule intact.[146,151] In addition to controlling 

the size and complexity of PEG molecules, the attachment site can be 

manipulated to avoid steric hindrance of the cytokine's active receptor-recognition 

or substrate-interaction site. A few pegylated cytokines have been engineered to 

have an improved pharmacokinetic profile with preserved bioactivity (table III). 

They often have prolonged steady–state plasma concentrations in vivo, thereby 

making a reduced number of doses possible. Maintaining drug concentrations at 

or near target cells for an extended period of time is often clinically advantageous, 

and is particularly useful in antiviral therapy (e.g.PEG-interferons), since constant 

antiviral pressure should prevent replication. This is particularly important to 

suppress the emergence of resistant variants. Additionally, PEG modification may 

decrease adverse effects caused by the large variations of plasma drug 

concentrations associated with frequent administration and by the 

immunogenicity of unmodified proteins.  

Modification of cytokines with another biodegradable polymer 

Development of polymeric molecules that can be useful as a drug delivery 

system, by regulating the characteristics of drugs in vivo is now also intensely 

investigated. Since the molecular structure of PEG does not readily allow the 

addition of new functions, other polymeric modifiers to which new functional 

groups can be attached are required.  Polyvinyl pirolydone (PVP) is a novel 

polymeric modifier for polymer-conjugated cytokines, and its efficiency and 

applicability as a drug delivery system (DDS) was evaluated.[152,153]  PVP has been 

used for covalent conjugation of IL-6 as well as TNF-α.[154,155] PVP-conjugated IL-6 

showed more than 50-fold greater thrombopoietic potency in vivo than native IL-6. 

No side effects, such as body weight loss, were observed in the M-PVP-IL-6 treated 

mice.[155] Likewise, conjugation of PVP-TNF-α was also able to increase the TNF-α 

half-life and to selectively increase antitumor potency of this cytokine in a mice 

model.[154] 
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 Carbohydrate modified-cytokines 

To improve the pharmacokinetic properties of recombinant IL-2, 

modification of this cytokine with various carbohydrate moieties (glycosylation) is 

currently also studied. The rIL-2 is glycosylated at least one of the lysine residues 

in rIL-2. The carbohydrate to be linked to rIL-2 is conveniently selected from the 

group consisting of monosaccharides and oligosaccharides. Various mono- and 

oligosaccharide-tether-conjugates have been attached chemically via an amide 

bond to the amino group of one or more of the 11 lysines in rIL-2. Glycosylated 

rIL-2 is chemically more stable relative to unglycosylated rIL-2. In addition, the 

recovered glycosylated rIL-2 was also significantly more soluble than native rIL-2 

while it retained its biological activity.  Surprisingly, several glycosylated rIL-2 

preparations which were prepared by this method lost most of their T-lymphocyte 

activating ability, while retaining most of their other biological activities, i.e., the 

ability to enhance  NK (natural killer) cell and LAK (lymphokine activated killer) 

cell (cells that kill tumor cells but not normal cells) activities. Carbohydrate-

modified rIL-2 as an antitumor agent is now being tested in phase I clinical 

trials.[Dupont Technology Bank, http://dupont.t2h.yet2.com/t2h/page/homepage] 

Modification of cytokines for targeting purposes  

Antibody-cytokine fusion protein  

Antibody-cytokine fusion proteins, which in common terms are called 

immunocytokines, are fusion proteins consisting of an antibody attached to a 

cytokine.[156] These molecules combine the specificity of an antibody with the 

powerful immune-stimulating features of cytokines. The use of antibody-cytokine 

fusion proteins represents a method for delivering therapeutic cytokines to 

specific sites. Immunocytokine constructs were firstly designed for tumor 

targeting. Immunotherapeutic approaches using monoclonal antibodies are based 

on the concept of targeting tumor-associated antigens that are expressed to a 

greater extent on the surface of tumor cells than on normal cells or tissues. This 

approach overcomes the problems that are associated with the individual uses of 

cytokines. First, the conjugation of the cytokine to the mAb enables localization to 

the tumor, thus avoiding high-dose systemic administration. Second, the large 

size and inherent stability of the mAb increases the half-life of the cytokine, 
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enabling it to exert its actions without rapid clearance.[157,158] Finally, the 

antitumor immune response elicited by the antibody itself is enhanced as a result 

of the enhanced local concentration of the cytokine. 

Immunocytokines do not cause the side effects of conventional 

chemotherapy. Most cancer chemotherapy agents kill dividing cells, both normal 

and cancerous, so that the immune system, the intestine and stomach, skin, and 

hair are damaged. One successful application of this construct in animal models 

is IgG anti-idiotype(Id)-IL-2 fusion protein. This chimeric fusion protein was more 

effective for the treatment of B-cell lymphoma in mice than a combination of anti-

Id Ab and IL-2. Additionally, co-administration of IL-2 with tumor-associated 

antigen (TAA)-specific mAbs has been demonstrated to enhance the anti-tumor 

response compared to either agent alone.[159,160] This has led to the development of 

antibody–cytokine fusion proteins as novel anti-tumor therapeutics, with the 

antibodies in these immunocytokines targeted against TAAs.[161] During the past 

decade, several groups have developed immunocytokines, including mAbs fused to 

TNF-α, IL-2, granulocyte macrophage colony stimulating factor (GM-CSF) and IL-

12.[162-165]  

Another immunocytokine is Ab-IL-12 fusion protein which may be an 

effective alternative to systemic administration of IL-12 for the treatment of 

metastatic breast cancer. Using the tumor-targeting ability of the Ab, it should be 

possible to achieve effective local IL-12 concentration at the sites of tumors and 

metastases with lower doses of IL-12, thus decreasing the risk of toxicity 

associated with IL-12 treatment. An anti-Her2/neu mAb has also had success in 

clinical trials for the treatment of Her2/neu-expressing metastatic breast 

cancer.[165] Fusion of a cytokine-like IL-12 that has anti-tumor and anti-metastatic 

properties to a Her2/neu-specific Ab may enhance its efficacy, particularly if it 

elicits a tumor-specific immune response. 

 Cytokine fusion proteins 

Fusion proteins are emerging as a promising approach for targeting 

cytokines to the target site of a disease in order to generate an effective response 

as well as to increase the half-life of these proteins.[166] The fusion cytokine 

approach has been developed for many cytokines: IL-10, IL-3, IL-2 and others.[167] 
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Interleukin-10 (IL-10) is a cytokine with immunoregulatory properties that 

could potentially be harnessed for the treatment of inflammatory disorders like 

septic shock, or as adjunct therapy to prevent graft rejection. An IL-10/Fc fusion 

protein has been investigated in murine models of these two clinical situations 

because of the rapid clearance and short duration of effect of unmodified IL-

10.[168,169] The Fc portion of the chimeric protein was mutated in order to eliminate 

its cytolytic properties by altering four specific residues in the complement 

binding and Fc receptor-binding pockets (designated Fc--). In vivo, the IL-10/Fc-- 

protein was as effective as unfused IL-10 in increasing the survival rate of mice 

when administered thirty minutes prior to endotoxin injection, and much more 

effective than unfused IL-10 when administered the day before endotoxin. 

However, the fusion protein appeared to accelerate allograft rejection in a murine 

transplant model. Thus, inactivating the Fc and reducing its role into a simple 

means of preventing glomerular loss of the cytokine was warranted in one 

situation, but not the other. For comparative purposes, further investigations of 

an IL-10/Fc fusion protein with full Fc effector functions are still required.[168] 

The novel fusion protein DT(388)IL3, composed of the catalytic and 

translocation domains of diphtheria toxin (DT(388)) fused with a Met-His linker to 

human interleukin-3 (IL-3), was tested for antileukemia efficacy in an in vivo 

model of differentiated human acute myeloid leukemia (AML).[170] DT(388)IL3 

fusion protein demonstrates in vivo antileukemia efficacy and warrants further 

preclinical development for treatment of chemo-resistant, IL-3 receptor positive 

AML patients.  

Another alternative strategy to improve the pharmacokinetic profile of 

cytokines is using human serum albumin (HSA) as a genetic fusion 

partner.[149,171,172] This approach recently has been studied to create a new drug 

with combined biological properties of IL-2 and HSA (albuleukin). Albuleukin, has 

a significantly extended half-life, has proved to be an effective agent for 

suppressing tumor growth in mice, and is currently being evaluated in a phase I 

study in patients with solid tumors.[173] The study performed recently supports the 

hypothesis that Albuleukin targets tissue where lympocytes residue to much 

greater extent than does IL-2, and suggests that Albuleukin may exhibit improved 

efficacy and reduce toxicity in the treatment of solid tumors. 
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Carrier/ligand-modified cytokines for selective delivery of cytokines 

Tissue selectivity of exogenous cytokines could be one of the stumbling 

blocks that hinder their clinical application. The specific delivery of these 

compounds to the target site, therefore, would be necessary to overcome such 

problems. The components which have been recognized to be tools for targeting 

purposes include receptors and ligands, where the receptors act as molecular 

targets or portals, and ligands, with receptor specificity and selectivity, are 

trafficked and routed to the target site. The use of carriers or bioligands to target 

therapeutic cytokines offers enormous options and opportunities through carrier 

construct engineering and could become a future reality in clinical practice.  

Recently, a novel hepatic targeting system by using artificial ligand [(Gal)3] 

for the asialoglycoprotein (ASGP) receptor has been developed for IL-2 to treat 

hepatic tumors in an animal model. This (Gal)3-IL-2 shows a great potential with 

improved targeting efficiency to the liver, while the IL-2 activities are preserved, 

and the endocytosis via the ASGP receptor is avoided. The (Gal)3 ligand increases 

the antitumor activity of IL-2 by enhancing its exposure to the surface of tumor 

cells in the liver.[174] 

Specific ligands-associated cytokines are also developed for TNF-α. An 

aminopeptidase N (CD13) or CNGRC peptide, a marker of angiogenic vessels, has 

been used for targeted delivery of TNF-α. This targeted system of TNF-α 

conjugated  to CNGRC peptide improved the therapeutic index of this cytokine in 

tumor-bearing mice.[175,176] In addition, a specific vascular delivery of TNF-α by 

conjugation to the ACDCRGDCFCG peptide, a ligand of v integrins, another 

marker of endothelial cells, is now also investigated. This ACGDRGDCFCG-mouse 

TNF conjugate showed an improvement of anti-neoplastic activities in tumor-

bearing mice as compared to native TNF-α.[176] Ligand-targeted therapeutics are 

successful means of improving the selective toxicity of anticancer therapeutics. 

For radioimmunotherapy, an immunotoxin and an immunoconjugate have 

received clinical approval and over 100 ligand-targeted therapeutics are currently 

in clinical trials as recently reviewed by Allen et al.[177] 

Currently, in our laboratory we are investigating a liver specific form of IL-

10 (M6PIL-10). We aim to target this conjugate to the liver for the treatment of 

liver fibrosis. This construct is targeted to the insuline-like growth factor 

II/mannose 6-phosphate (IGF-II/M6P) receptor which is highly expressed on 
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activated hepatic stellate cells. These myofibroblast-like cells are crucial cells in 

the pathogenesis of liver fibrosis and IL-10 appears to be able to attenuate the 

fibrogenesi activities of this cell type. However, systemic administration of IL-10 

caused unwanted effects. Our preliminary results show that the modified IL-10 

retains the pharmacological activities of IL-10 in in vitro systems. In addition, 

M6PIL-10 did not accumulate in non-target organs, in particular in the kidney, 

while the concentration on the target site within the liver was enhanced. These 

results give a hopeful perspective to prevent the drawbacks of the use of 

unmodified IL-10 for the treatment of HCV-associated liver fibrosis that previously 

have been reported.[139] 

Conclusion and future perspectives 

The use of recombinant gene technology to produce commercially available 

amounts of cytokines heralded an era of clinical uses of these agents. Although 

the response rates to cytokine therapies are modest and sometimes occur at the 

expense of great costs and toxicity, they are proof-of-principal that some serious 

diseases described in previous sections can be overcome by purely immune 

modulation. The interleukins and the interferons have been studied widely in 

various phases of clinical trials. Some trials are indeed still disappointing, 

because systemic administration of these cytokines causes the major problems 

induced by their short half-life and adverse effects.  

Structural modifications as well as novel delivery systems of these 

proteins are currently under development to combat the obstacles as encountered 

by the use of native cytokines or conventional delivery of these agents. Some 

modifications of these cytokines are already approved by the FDA and are 

available on the market. Eventually, carrier/ligand-mediated targeted cytokines, 

that deliver cytokines to the target site, should lead to even more effective and less 

toxic treatments. This strategy has been started in cytokine-based cancer therapy 

and will become a novel trend in the treatment of many other diseases in the 

future. 
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Abstract 

Since IL-10 seems a promising new antifibrotic drug, we investigated the pharmacokinetic and 

biodistribution profile of this potent therapeutic cytokine in rats with extensive liver fibrosis 

(BDL-3). IL-10 receptor expression was also determined in relation to these aspects.  To study the 

pharmacokinetic and biodistribution of IL-10, rhIL-10 was labeled with 125-Iodine. Plasma 

samples of 125IrhIL-10 were obtained over a thirty minute time period after administration of 

radiolabeled-cytokine to BDL-3 and normal rats. The tissue distribution was assessed 10 and 30 

min after iv administration of 125IrhIL-10. IL-10 receptor expression was determined by 

immunohistochemical staining and RT-PCR technique. The 125IrhIL-10 plasma curves followed 2-

compartment kinetics with a lower AUC in BDL-3 rats as compared to control. Plasma clearance 

and distribution volume at steady state were larger in BDL-3 rats. Tissue distribution analysis in 

normal rats showed that 125IrhIL-10 highly accumulated in kidneys. In BDL-3 rats, the liver 

content of 125IrhIL-10 increased by a factor 2, while kidney accumulation did not significantly 

change. Immunohistochemical staining and RT-PCR analysis showed that IL-10 receptor was 

clearly upregulated in BDL-3 rat livers. In conclusion, in normal rats, 125IrhIL-10 rapidly 

disappears from the circulation and the kidney is predominantly responsible for this. In BDL-3 

rats, the liver largely contributes to this rapid plasma disappearance, probably due to an increase 

in IL-10 receptor expression. The extensive renal clearance of IL-10 in vivo may limit a clinical 

application of this cytokine for the treatment of chronic liver diseases. To optimize the therapeutic 

effects of IL-10 in hepatic diseases, alternative approaches that either decrease renal disposition 

or that further enhance hepatic delivery should be considered. 
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Introduction 
Interleukin-10 (IL-10), an endogenous cytokine, was initially discovered in 

1989 and became known as a cytokine synthesis inhibitory factor for T 

lymphocytes.[1-3] IL-10 is produced by a number of cell types including Th0 and 

Th2 CD4+ T cell, CD5+ B cells, thymocytes, keratinocytes and macrophages.[1-7] In 

addition to the production by immune cells, other cell types in other organs can 

also produce IL-10. The liver is a major source of this cytokine during septic 

conditions. IL-10 can be synthesized by several cell types within the liver. 

Hepatocytes, Kupffer cells and stellate cells all have been reported to produce IL-

10 in response to various stimuli.[4-14] Because of its potent anti-inflammatory 

properties, IL-10 has been explored as an antifibrotic cytokine. A new treatment 

for this chronic disease could be quite relevant since, to date, no effective 

pharmacological treatment is available for this disease. Recent reports indicate 

that IL-10 is able to modulate hepatic fibrogenesis, normalize serum ALT, improve 

histology and reduce liver fibrosis in patient receiving treatment.[4,15,16] 

The pharmacokinetics of IL-10 during liver diseases, however, has not 

been evaluated yet. In healthy human volunteers, intravenous administration of 

this cytokine resulted in a rapid disappearance from the circulation. The kidney 

contributed significantly to this rapid elimination.[17-20] This rapid clearance of IL-

10 in vivo may obviously limit the clinical application of this cytokine. Moreover, 

the distribution to non-target tissues and its multiple effects in all these tissues, 

also strongly hamper the clinical application of IL-10. In order to optimize the 

effectivity of IL-10 for the treatment of chronic liver diseases such as liver fibrosis, 

it is essential to know more about the pharmacokinetic of this cytokine during 

this disease. In the present study, therefore, we determined the pharmacokinetic 

and organ distribution of IL-10 in rats with extensive liver fibrosis and compared 

it to normal rats. In addition to this, receptor expression profile determines the 

success of treatment with exogenous IL-10. Therefore, we also determined IL-10 

receptor expression in various organs and in particular in the diseased livers both 

at the protein and the mRNA levels. 
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Materials and Methods 

Animals 

Specific pathogen-free male Wistar rats, purchased from Harlan (outbred 

strain, Zeist, The Netherlands), were used in this study. The rats received a 

standard diet and were housed under standard laboratory conditions. To induce 

liver fibrosis, rats were subjected to bile duct ligation (BDL) as described by 

Kountouras et al [21], under anaesthesia with 40% O2:60% N2O combined with 

0.5% Isoflurane (Abbot Laboratories Ltd, Queensborough, Kent, UK). Three weeks 

after the ligation (BDL-3), rats were used for further experiments. Since previous 

studies did not reveal any difference between untreated animals and animals 

receiving a sham operation 3 weeks after surgery, we decided to use untreated 

animals as a control group. 

The study as presented was approved by the Local Committee for Care 

and Use of Laboratory Animals and was performed according to strict 

governmental and international guidelines on animal experimentation. 

Radiolabeling of rhIL-10 

Five microgram of recombinant human IL-10 (rhIL-10, PeproTech EC Ltd., 

UK) with a specific activity of about 5.105units/mg was labeled with 125-Iodine 

(125I) according to the method described by Mather and Ward.[22]  Prior to each 

experiment, free 125I was removed by gel filtration using a PD-10 column 

(Amersham Pharmacia Biotech), by eluting with phosphate buffer (0.2 M, pH 7.4) 

to obtain dosing preparation with less than 5% free 125I. 

Pharmacokinetic study 

Normal and BDL-3 rats were anaesthetised with 0.4 mL/kg intramuscular 

Hypnorm (Fentanyl/Fluonisone, Janssen Animal Health-UK) and diazepam (i.m. 2 

mg/kg). The carotid artery was cannulated for rapid blood sampling and the 

catheter was kept filled with heparin solution (5000 IE/mL) between samplings to 

prevent clotting. During experiment, the body temperature of animals was 

maintained at 37oC by placing them on a thermostatic pad. Each group of normal 
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or BDL-3 rats consisted of 4 rats, but during experiment one rat of BDL-3 group 

died and was excluded from the study. 

A single tracer dose (± 106 cpm) of 125IrhIL-10 was injected intravenously 

via the penis vein. The blood samples (0.5 mL per time point) were removed from 

the carotid artery and collected into 1.5 ml eppendorf vials containing 5 µL 

heparin (5000 IE/mL saline; Leo Pharma BV, The Netherlands) at the following 

time points after injection: 2, 5, 10, 15, 20 and 30 minutes. Blood samples were 

then centrifuged (7000 g, 5 min, at room temperature) to obtain plasma. 100 µL of 

plasma was treated with an equivalent volume of 20% trichloroacetic acid (TCA) 

solution and the mixture was vortexed and centrifuged for 5 min. By TCA 

treatment 125IrhIL-10 as well as non-radioactive rhIL-10 is precipitated, while 

radioactive iodine [125I] coupled to low molecular weight proteins or free 125I 

remains dissolved. The radioactivity in both TCA-precipitated pellets and 

supernatants was counted separately with a gamma-counter (Riastar Gamma 

Counting System, Packard Instrument Company, Meriden, CT). The radioactivity 

of TCA-precipitated pellet represented the IL-10-bound radioactivity (125IrhIL-10). 

The degradation product of 125IrhIL-10 or free 125I were indicated by radioactivity 

in the supernatant. The total radioactivity in the plasma was calculated from the 

total plasma volume. The total radioactivity within the TCA-precipitated pellet was 

plotted as a function of time to estimate the pharmacokinetic profile as well as all 

other pharmacokinetic parameters of 125IrhIL-10.  

Pharmacokinetic analysis 

Pharmacokinetic analysis of the plasma concentration versus time of 
125IrhIL-10 was performed using the computer program Multifit (version 8/2000, 

developed by Dr. J.H.Proost, University Center for Pharmacy, Groningen, The 

Netherlands). The plasma concentration curves of 125IrhIL-10 were fitted from 2 to 

30 minutes with the Marquardt algorithm and constant relative error variance 

model (weighting). An Iterative Two-Stage Bayesian population analysis was 

applied to obtain the population pharmacokinetic parameters of 125IrhIL-10 in 

normal and BDL-3 rats, using a separate analysis for both groups. This analysis 

results in estimates for the mean and standard deviation of each parameter. 

Initial estimates were obtained from a standard two-stage analysis. It was 

demonstrated that the final population pharmacokinetic parameters were 
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independent of these initial estimates.[23] In addition, the data were fitted to a one 

and a two-compartment model. The goodness of fit then was assessed by Akaike 

Information Criterion (AIC), examination of residual variances (CVres) and visual 

inspection. Visual inspection of the individual data was performed to check the 

validity of our population analysis. The goodness of fit was best for the 2-

compartment model, and the following scheme is proposed. 

 
Fig.1. Proposed 2-compartment pharmacokinetic model for IL-10 

The pharmacokinetic parameters calculated from the proposed model for 

distribution volume at steady state and plasma clearance are defined as: 

Vss = (Dose*AUMC0-∞)/[AUC0-∞]2 

Clp = Dose/[AUC0-∞], for this study the dose is set to 100% 

Biodistribution study 

BDL-3 and normal rats, under anaesthesia with 40% O2:60% N2O 

combined with 0.5% isoflurane, received a single tracer dose (±106 cpm) of 
125IrhIL-10 intravenously via the penis vein. Four rats per group were used for 

each biodistribution study. The organ distribution of 125IrhIL-10 was assessed at 

10 and 30 minutes after administration. At those times, rats were sacrificed and 

blood samples (± 1 mL) were taken by heart puncture and collected into 1.5 mL 

heparinized tubes. Concurrently, various organs were removed, rinsed with saline 

and weighed. Small pieces of these tissues were subsequently weighed and placed 

into special test tubes and radioactivity was measured. Plasma samples were 
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obtained as described above. The plasma level of 125IrhIL-10 was determined after 

adding an equal volume of 20% TCA. The amount of 125IrhIL-10 radioactivity in 

urine was also measured by collecting the urine that was present in the bladder 

by puncture of the bladder at the time of sacrifice. In this urine, total radioactivity 

as well as TCA-precipitated radioactivity was determined. The latter reflects 

protein-bound radioactivity. The radioactivity in each sample was counted using a 

gamma-counter. The total radioactivity per organ was corrected for the blood-

derived radioactivity in that organ. This correction factor was calculated from 

organ distribution studies with human serum albumin (HSA), a protein that 

remains in the blood during the time frame of this experiment.(24)  

IL-10 receptor expression 

Protein expression of IL-10 receptor 

The expression of IL-10 receptor in liver, lung, kidney and spleen of 

normal and BDL-3 rats was determined by immunohistochemical staining. The 

cryostat sections of these organs (4 µm) were fixed in acetone for 15 minutes. IL-

10 receptor was stained with rabbit polyclonal anti-IL-10 receptor antibody (Santa 

Cruz Biotechnology, CA, USA) diluted in PBS, overnight at 40C. Horseradish 

peroxidase-conjugated goat polyclonal anti-rabbit immunoglobulin (DAKO, 

Glostrup, Denmark) was applied as a secondary step (2 h, at room temperature). 

After washing, sections were stained with horseradish peroxidase-conjugated 

rabbit polyclonal anti-goat immunoglobulin (DAKO), 1 h at RT. The peroxidase 

activity was subsequently visualized with 3-amino-9-ethylcarbazole (AEC, Sigma, 

St.Louis, USA) for 20 minutes and sections were counterstained with hematoxylin 

(Fluka Biochemica) for 2 minutes. The sections then were mounted in Kaisers 

glyserin-gelatin (Merck KGaA, Darmstadt, Germany). 

Gene expression of IL-10 receptor 

Total RNA isolation 

Total RNA was isolated from livers of normal and BDL-3 rats with TRIzol 

reagent according to a standard protocol of the manufacturer (Life Technologies, 

Carlsbad, CA). DNAse treatment was performed with the DNA-free kit (Ambion, 

Inc., Austin-USA). The quantity of RNA in the various samples was assessed with 
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the RiboGreen® RNA Quantitation Reagent and kit (Molecular Probes, Eugene, OR, 

USA) according to standard methods. Integrity of RNA samples was checked by 

electrophoresis on a 2% agarose gel and the absence of DNA from the samples 

was verified by running a PCR on the RNA samples using primers for GAPDH 

while omitting the reverse-transcriptase step. 

RT-PCR  

A reverse transcriptase reaction (Promega Inc., USA) was performed with 1 

µg of total RNA in 25 µL of reaction volume to obtain 25 µL cDNA. This 

synthesized cDNA was examined using the following set of primers: IL-10 receptor 

primers (GCCCAGAGACTCTCGATGAC and AAGACCCTTCCTTTCCCAGA), GAPDH 

primers (CCATCACCATCTTCCAGGAG and CCTGCTTCACCACCTTCTTG). PCR was 

performed in a volume of 25 µL containing 1.25 µL of cDNA, 50 mM MgCl2, 2.5 µL 

of 10 times concentrated Taq DNA polymerase buffer (Promega Co., Madison, 

USA), 10 mM dNTP, 0.5 unit of  Taq DNA polymerase (Eurogenetec, Belgium) and 

25 pmol of each primer. IL-10 receptor PCR was performed using the following 

protocol: 5 minutes 950C followed by 30 cycles 950C for 30 seconds, 560C for 30 

seconds and 72oC for 30 seconds, and finally 720C for 5 minutes. As a house 

keeping enzyme, we used GAPDH (glyceraldehyde-3-phosphate dehydrogenase). 

GAPDH PCR cycle conditions were 5 minutes 950C followed by 26 cycles 950C for 

30 seconds, 580C for 30 seconds and 72oC for 30 seconds, and finally 720C for 5 

minutes. 

PCR products were analysed on 2% agarose-gels stained with ethidium 

bromide. The signals from different samples were normalized for the expression of 

GAPDH and quantified with the QuantityOne quantification software (BioRad 

Laboratories, Hercules, CA).  

Statistical analysis 

All data are presented as mean ± SD. All data were subjected to an 

unpaired, two-tailed distribution student t-test. Differences were considered 

significant at p less than 0.01.   



Murine profile of recombinant human interleukin-10 

47 

Results 

Pharmacokinetic profile of 125IrhIL-10 

To assess the pharmacokinetic profile of IL-10, 125I-labeled rhIL-10 was 

injected and plasma levels were analysed for radioactivity after several time 

intervals. The log plasma concentration-time curves of 125IrhIL-10 after a single iv 

dose is shown in figure 2. The 125IrhIL-10 concentration-time profile for both 

studied groups exhibited a biphasic kinetic clearance pattern.  

Fig.2. Log plasma concentration-time plot of a tracer amount of 125IrhIL-10 after intravenous 
administration in normal (open circles) and BDL-3 rats (closed circles). Plasma levels of 125IrhIL-
10 were significantly lower (p<0.01) in BDL-3 rats as compared to normal rats at all time points 
examined.  

 

This was confirmed by analysis of the curves with the pharmacokinetic program 

Multifit. The Akaike Information Criterion (AIC) of a 2-compartment analysis was 

significantly lower than after fitting with 1-compartment. The AICs of normal and 

BDL-3 rats with 1-compartment analysis were –21 and –4 and with 2-

compartment analysis were –48 and –17, respectively.  The goodness of fit was 

also very good with 2-compartment analysis, based on the measurement that the 
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CVres for normal and BDL-3 rats was respectively 2.4% and 5.2% with a 2-

compartment analysis and was respectively 8.8% and 14.9% with a 1-

compartment analysis. The relatively lower CV% values for the 2-compartment 

analysis are indicative of good model performance. In this pharmacokinetic 

analysis, we performed a separate analysis for normal and BDL-3 rats assuming 

differences in liver function between both groups. The measurements of free 125I in 

plasma until the last time point (table I) showed that 125IrhIL-10 was stable in 

plasma and indicative of almost all of the cytokine was intact. In table II, the 

pharmacokinetic parameters of 125IrhIL-10 in both groups were shown. The 

biexponential pattern of 125IrhIL-10 disappearance from the circulation in normal 

and BDL-3 rats yielded a rapid initial disappearance rate corresponding to a half-

life (t1/2[1]) of 1.7 vs 2 minutes and a second slow one corresponding to a half-life 

(t1/2[2]) of 52 vs 75 minutes. These differences in t1/2 between normal and BDL-3 

rats however, were not statistically significant. In contrast, the calculated plasma 

clearance of 125IrhIL-10 in BDL-3 rats (fig.2) was significantly faster than in 

normal rats. In BDL-3 rats, 125IrhIL-10 disappeared from the circulation for more 

than 60% within 2 minutes, and only 34.7± 3.3% of the initial dose (ID) was 

retained in the circulation, whereas in normal rats, 48.4 ± 5.1% of the ID was still 

present in the circulation 2 minutes after injection.  

Table I. Concentration of free 125I in plasma relative to the total radioactivity in plasma at 
indicated time intervals after intravenous administration of a tracer amount of 125IrhIL-10  

to normal and BDL-3 rats 

Normal rats BDL-3 rats 
Minutes 

mean (%) SD (%) mean (%) SD (%) 

2 2.24 0 1.74 0.3 

5 2.13 0 1.45 0.2 

10 1.60 0.4 1.96 0.6 

15 2.18 0.6 2.73 2.1 

20 3.66 0.7 5.67 2.5 

30 6.32 0.8 9.11 4.5 

SD = standard deviation of four experiments (normal rats) and of three experiments  
(BDL-3 rats) 

The plasma disappearances of 125IrhIL-10 at 30 minutes after injection 

amounted to more than 75% in normal rats and 80% in BDL-3 rats. On the other 
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hand, the urinous output was very small (protein-bound radioactivity <0.05% of 

dose, data not shown).  

Table II. Pharmacokinetic parameters of IL-10 after intravenous administration of 125IrhIL-10  
to normal and BDL-3 rats 

Normal rats BDL-3 rats 
p-value p<0.01 

pk.parameters 
mean SD mean SD   

AUC0-∞ (min.%.ml-1) 390.36 37.9 279.98 67.2 0.0004 * 

t1/2[1] (min) 1.71 0.5 2.03 0.5 0.3865 - 

t1/2[2] (min) 52.01 10 75.06 28 0.1997 - 

V1(ml) 11.29 1.7 17.57 1.7 0.0012 * 

V2(ml) 7.46 1.8 19.53 7.5 0.0212 - 

Vss(ml) 18.77 3.1 37.43 8.2 0.0076 * 

Clp (ml.min-1) 0.26 0 0.38 0.1 0.0001 * 

Cl12 (ml.min-1) 1.78 0.4 3.03 0.8 0.0052 * 

k10 (min-1) 0.02 0 0.02 0 0.2577 - 

k12 (min-1) 0.16 0.1 0.17 0.1 0.4939 - 

k21 (min-1) 0.24 0.1 0.16 0.1 0.1467 - 

   SD = standard deviation of four experiments (normal rats) and of three experiments (BDL-3 rats). 
 

In addition, analysis of plasma levels of 125IrhIL-10 over a thirty minutes 

time period after administration showed a statistically significant decrease of AUC 

in BDL-3 rats compared to normal rats (280 ± 67 vs 390 ± 38). This decrease of 

AUC in extensive fibrotic rats corresponded with an increase (1.5-fold) of Clp (0.38 

± 0.1 vs 0.26 ± 0). The increase of Clp of 125IrhIL-10 in BDL-3 rats was 

proportional with an increase of V1 of 125IrhIL-10 in BDL-3 rats (1.6-fold). The 

greater V1 in this group was also confirmed by a higher ratio of k12/k21 in this 

group (1.06) as compared to normal rats (0.67). It follows that the Vss in BDL-3 

rats was larger as well, as shown in table II. 

Tissue distribution of 125IrhIL-10 

Figure 3 shows the tissue distribution of 125IrhIL-10, 10 and 30 minutes 

after intravenous administration of a tracer amount of 125IrhIL-10 in normal and 

BDL-3 rats.  
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A.  

B.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. (A) Organ distribution of 125IrhIL-10, 10 min after intravenous administration of a tracer 
amount of 125IrhIL-10 in normal (open bars) and BDL-3 (closed bars) rats. (B) Organ distribution 
of 125IrhIL-10, 30 min after intravenous administration of a tracer amount of 125IrhIL-10 in normal 
(open bars) and BDL-3 (closed bars) rats. *p<0.01. 
 

At 10 minutes after administration of 125IrhIL-10, about 70% ID disappeared from 

the circulation and was mainly found in kidney (23%) and secondly in the liver 
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(11%). The accumulation of 125IrhIL-10 in other tissues and in the urine was less 

than 5%. In BDL-3 rats, 80% ID of 125IrhIL-10 disappeared from the circulation 

and we found an increased accumulation of 125IrhIL-10 in the liver (25.43%) in 

comparison with normal rats, while the renal content did not change. At t=30 

minutes, a significant increase of hepatic accumulation was still observed. Thus, 

the liver content of 125IrhIL-10 in BDL-3 rats showed a significant increase at both 

indicated time points. In contrast, the renal content did not differ between both 

groups studied ( N = 4 per group).   

The IL-10 receptor expression 

The expression of IL-10 receptors in various tissues is shown in figure 4. 

Immunohistochemical staining showed a low constitutive expression of IL-10 

receptors in the kidney, liver, spleen and lung of normal rats. In the kidney, the 

expression of IL-10 receptor was seen in the glomeruli and on the spindle shaped 

cells around blood vessels. 

 
Fig.4. IL-10 receptor expression in spleen (1), kidney (2), lung (3) and liver (4) of normal (A) and 
BDL-3 (B) rats. The IL-10 receptor expression (red) is indicated by arrows. It can be seen that the 
expression of IL-10 receptor is strongly increased in BDL-3 rat livers as compared to normal rat 
livers (original magnification x200). 



Chapter - 3 
 

52 

In the liver, the expression of IL-10 receptors was observed on fibroblast-

like cells in the portal area, while in lung staining seemed to be associated with 

fibroblast cells. The IL-10 receptor in the spleen appeared to be expressed by B 

cells or T cells, by fibroblast-like cells in central vein and other cells of monocyte 

presumably macrophage cell-lineage. In BDL-3 rats, IL-10 receptor expression in 

livers (N = 4) was strongly upregulated, and this was predominantly observed on 

fibroblast-like structures which are present around the bile ducts.  

 

 

 
 
 
 
 
Fig.5A. mRNA levels of IL-10 receptor in BDL-3 (lanes A) and normal rat livers (lanes B). The IL-
10 receptor mRNA levels are strongly upregulated in BDL-3 rats (left panel). Right panel shows 
mRNA levels of GAPDH in BDL-3 (lanes A) and normal rat livers (lanes B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5B. Quantitative evaluation of the RT-PCR products. Note the significant increase of mRNA 
levels for the IL-10 receptor in BDL-3 rat livers compared to normal rat livers. *p<0.01. 

 

In contrast, an upregulation of IL-10 receptor expression was not observed 

in the other organs studied. The RT-PCR analysis for the IL-10 receptor as 

depicted in figure 5A and 5B, also showed a strong upregulation of this receptor 

in BDL-3 rat livers (3.21-fold) as compared to normal rat livers. 

B A 

IL-10R (203 bp) GAPDH (576 bp) 

A B 

*

0

1

2

3

4

5

normal BDL-3normal  BDL-3  

Fo
ld

 in
du

ct
io

n



Murine profile of recombinant human interleukin-10 

53 

Discussion 

IL-10 has been applied as a therapeutic cytokine in several inflammatory 

diseases because it has potent anti-inflammatory activities. In the last decade, 

studies have been initiated to explore the effects of this cytokine on fibrosis. 
(5,7,9,10,11,13,15) A recent study reported that a long-therm IL-10 therapy in chronic 

hepatitis C could decrease disease symptoms such as inflammation and fibrotic 

scores.(16) In the same study however, a flare-up of viral levels in the serum was 

noted, possibly due to the immunosuppressive effect of IL-10. This unwanted 

effect of the IL-10 therapy is a logical consequence of the pleiotropic activities of 

IL-10. IL-10 has anti-inflammatory effects on immune-competent cells and the 

anti-fibrotic effects on fibroblast-like cells. The IL-10 receptor expression found by 

us on both fibroblast-like cells and immune cells (fig.4) clearly reflects this 

pleiotropism. 

Since IL-10 seems to play an inhibitory role during the progression of liver 

fibrosis and since first attempts to use this cytokine as a therapeutic drug in liver 

disease are being explored now, we examined the pharmacokinetic profile of this 

promising cytokine. Although several studies about the pharmacokinetic profile of 

IL-10 have been reported, this was only examined in healthy individuals or in 

renal disorder models(17-20), and never related to receptor expression. These reports 

indicate that IL-10 is rapidly cleared from the circulation by the kidney. This was 

a non-saturable process, indicating excretion by glomerular filtration. Therefore, a 

renal dysfunction might largely influence the pharmacokinetic profile of this 

cytokine, and this requires adaptation of the dose regimen.  Yet, impairment of 

the function of liver and change in receptor expression may alter the overall 

pharmacokinetic profile of cytokines as well. In the present study, we evaluated 

the pharmacokinetic and organ distribution of 125IrhIL-10 in rats with extensive 

liver fibrosis and in normal rats, and also studied its receptor expression. In 

normal rats, 125IrhIL-10 rapidly disappeared from the circulation after iv 

administration and distributed mainly to the kidney which confirms the other 

studies.(17-20) The very low radioactivity which was measured in urine showed that 
125IrhIL-10 is poorly excreted into the urine. Since IL-10 is a low molecular weight 

protein (MW as a dimer = 37 kDa), this low urinary excretion suggests that 
125IrhIL-10 was rapidly cleared by glomerular filtration and reabsorbed through 

the renal tubuli. Again, this supports the conclusions from another study.(18) 
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However, since normal glomeruli express the IL-10 receptor, receptor binding may 

also account for the kidney uptake. This constitutive expression of IL-10 receptor 

did not change in BDL-3, and corresponded with an unchanged renal 

accumulation of 125IrhIL-10 (fig.3). Biological effects in the kidney may therefore 

be anticipated.  

In BDL-3 rats, we observed an altered pharmacokinetic profile of 125IrhIL-

10. In this group, the AUC decreased highly significant (p<0.01) compared to 

normal rats. The higher initial plasma disappearance rate (Clp) and distribution 

volume of 125IrhIL-10 may account for the decreased AUC in diseased rats. Organ 

distribution studies with 125IrhIL-10 revealed an increase in hepatic uptake in 

BDL-3 rats (2-fold). This demonstrated that during liver fibrosis, not only the 

kidney contributes to the rapid clearance of 125IrhIL-10 from the circulation but 

also the liver. The size of the liver is enhanced during fibrosis by a factor 2, 

although the number of hepatic cells may be actually decreased due to the 

excessive scar formation at this stage. Immunohistochemical staining of IL-10 

receptor in several organs revealed a strong upregulation of this receptor 

expression only in BDL-3 rat livers (fig.4). This hepatic increase in receptor 

expression was also found at the mRNA level (fig.5). So, the markedly elevated IL-

10 receptor expression in the livers may mediate the observed enhanced hepatic 

uptake of 125IrhIL-10. This higher uptake of 125IrhIL-10 in fibrotic livers may imply 

a beneficial effect of IL-10 during this disease. Yet, the high renal clearance of 
125IrhIL-10 even during liver fibrosis may limit the efficacy of IL-10 therapies; 

already 2 minutes after administration of a bolus dose, 80% has disappeared from 

the plasma. So, the biodistribution and pharmacokinetic profile of this cytokine 

seems inappropriate to treat a chronic disease like liver fibrosis. However, the 

biological half-life within the target cells is also important and this remains to be 

elucidated. In addition, the pleiotropic activities of this cytokine and the receptor 

expression found in non-target cells as shown in our study (fig.4) may account for 

adverse effects on the immune system and the kidney. 

To our knowledge, this study is the first report evaluating the 

pharmacokinetic and tissue distribution profile of IL-10 in an experimental model 

of liver fibrosis. This liver disease highly influences many pharmacokinetic 

parameters and distribution of IL-10 whereas receptor expression for this cytokine 

is affected as well. The strong influence of liver impairment on these parameters 
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was highly significant (table II, figs.: 2, 3A, and 5B). All these aspects in turn will 

influence the pharmacodynamic of IL-10. Our results provide an important 

background for the rational design of an IL-10 delivery system. A cell-selective 

delivery of IL-10 to treat chronic liver diseases such as liver fibrosis may further 

improve its efficacy and reduce its side effects. Apart from a liver-specific form of 

IL-10 that increases its hepatic anti-fibrotic effect, one may prevent the dominant 

renal disposition of the cytokine. Studies are in progress in our institute to 

address both aspects. 
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Abstract 
 

IL-10 is a well-tolerated anti-inflammatory cytokine and very effective in suppressing 

inflammatory processes in response to various stimuli. The rapid renal clearance of IL-10, 

however, prompted the question whether IL-10 might have a prolonged pharmacological effect. In 

the present study, we examined the effects of IL-10 after 24 h in a model of acute 

glomerulonephritis. One hour after the anti-Thy 1 antibody administration, a single iv dose of IL-

10 was administered to rats. Normal rats, control nephritic rats, and nephritic rats treated with 

IL-10, were sacrificed 24 h after administration of the antibody. Samples of urine, blood and 

organs were subsequently collected. The effects of IL-10 were studied by quantification of various 

inflammatory parameters at the protein level after immunohistochemical stainings and at the 

mRNA level by a quantitative real-time PCR technique. Nitric oxide and protein content were 

determined in serum and in 24 h-excreted urine, respectively. The inflammatory parameters were 

reduced in the IL-10-treated group: the increment in glomerular CD14, ICAM-1 and MMP-13 

staining induced by anti-Thy 1 injection was significantly attenuated by IL-10. In contrast, mRNA 

levels for CD14, IL-1β, TNF-α and MCP-1 were not different between IL-10-treated and control GN 

groups. In conclusion, a single iv dose of IL-10 suppresses the expression of several inflammatory 

parameters, 24 h after inducting of acute GN but at this time point mRNA levels of all parameters 

examined were not affected. Although its therapeutic efficacy needs further evaluation, anti-

inflammatory effects of this short-lived cytokine can be found one day after its administration. 
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Introduction 
 

Glomerulonephritis (GN) is the term applied to a group of diseases 

characterized by inflammatory changes in glomerular capillaries.[1,2] This disease 

is accompanied with signs and symptoms of an acute nephritis syndrom; 

particularly haematuria, proteinuria, and diminished renal function.[2] The 

causative agents in most forms of human GN are unknown yet. Several evidences 

indicate that an infectious challenge induces GN by triggering an autoimmune 

response that results in the formation of immune-complex deposits in glomeruli 

or elicits a cell-mediated immune response to antigens.[3-5] In response to this 

process, macrophages and neutrophils infiltrate into the glomeruli and play a 

pivotal role in mediating subsequent glomerular damage. Infiltrated macrophages 

and neutrophils in inflamed glomeruli are capable to produce a wide range of 

potentially cytotoxic products such as NO species, proinflammatory cytokines, 

chemokines, and proteolytic enzymes including matrix metalloproteinases 

(MMPs).[6-9]  

Glomerulonephritis is the leading cause of end-stage renal failure.[1,2,12] 

Because the development of acute glomerulonephritis is initiated by 

intraglomerular macrophage and neutrophil infiltration, depletion or blockage of 

this process or blocking endothelial/leucocyte adhesion interactions potentially 

represent targets for therapy. Some current therapeutic agents for 

glomerulonephritis such as corticosteroids, cyclophosphamide or cyclosporine A 

however are not satisfactory because long-term exposure to these drugs induces 

significant side effects.[10-12] Therefore, a specific and well-tolerated intervention is 

urgently required to optimize the therapy for this disease.  

IL-10 is a well tolerated cytokine that has a wide range of effects in 

controlling inflammatory responses.[13-15] It is very effective in suppressing 

macrophage functions and in inhibiting macrophage and neutrophil mediated 

injury in various experimental models of immune response including in the 

glomerulonephritis.[16,18-19] It has been reported that short-term multiple doses of 

IL-10 prevented glomerular injury through inhibition of proinflammatory cytokine 

production[16,19], mesangium cell proliferation[19], and macrophage 

recruitment.[16,18-19] In in vitro studies, IL-10 exhibited anti-inflammatory effects for 

several hours.[21-22] We previously observed that IL-10 inhibited LPS-stimulated 
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TNF-α release in a macrophage cell line in a dose-dependent manner. In addition, 

we showed that IL-10 was rapidly and predominantly distributed to the kidney 

after a single iv dose.[23] We also found that the IL-10 receptor is constitutively 

expressed in the glomeruli which could mediate the pharmacological actions of 

exogenous IL-10.[23] Taken together, we anticipated that IL-10 may have beneficial 

effects within the kidney. However, the short half-life in plasma of only 2 minutes 

elicited the question whether IL-10 might have effects 24 hour after its 

administration. Thus, the primary aim of this study is to determine effects of a 

single iv dose of IL-10 in the anti-Thy 1-induced glomerulonephritis model in rats. 

Materials and Methods 

Animals 

Specific pathogen-free male Wistar rats (200 – 250 g), purchased from 

Harlan (outbred strain, Zeist, The Netherlands), were used in this study. The rats 

received a standard diet and were housed under standard laboratory conditions. 

The study as presented was approved by the Local Committee for Care and Use of 

Laboratory Animals and was performed according to strict governmental and 

international guidelines on animal experimentation. 

Production, purification and affinity test of monoclonal anti-Thy 1 
antibody 

Production of anti-Thy 1 antibody was performed according to Bagchus 

WM, et al.[24] Briefly, monoclonal antibody (MAb) against Thy 1 (ER4) was 

produced in vitro by mouse hybridoma cells. IgG was collected from culture media 

and subsequently purified using HiTrapTM protein G column (Amersham 

Pharmacia Biotech AB, Upsala, Sweden). The specificity of this antibody was 

confirmed by immunohistochemical staining of mesangial cells in healthy rat 

kidneys.  

Induction of glomerulonephritis in rats 

To induce acute glomerulonephritis in rats, animals received a single iv 

dose of anti-Thy 1 IgG (5 mg/kg) via the penile vein, under anaesthesia with 40% 

O2:60% N2O combined with 0.5% isoflurane.  
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Experimental design 

Six rats per group were used in this study. To examine the acute effects of 

IL-10, a single iv dose (8 µg/kg) of this cytokine (Peprotech, UK) with a specific 

activity of about 5 x 105 unit/mg, was administered to the rats one hour after 

anti-Thy 1 injection. Control rats received only vehicle (PBS). Subsequently, rats 

were housed individually in metabolic cages to collect the urine during the 

experiment. Twenty four hours after anti-Thy 1 administration, rats were 

sacrificed and samples of excreted urine, serum and kidneys were collected.  

Immunohistochemical analysis 

Since the monoclonal anti-Thy 1 antibody was detectable by a 

RAMPO/AEC staining in all glomeruli, 24 h after its administration, all primary 

antibodies used in this study for immunohistochemical analysis were polyclonal 

antibodies. 

Detection of macrophage and neutrophil infiltrating the glomeruli by CD14 
staining 

Macrophage and neutrophil infiltration into glomeruli was determined by 

glomerular CD14 expression. CD14 is a glycosylphosphatidylinositol (GPI)-

anchored protein found on the surface of neutrophils and macrophages and can 

serve as a marker for these cell types.[25] The glomerular expression of CD14 was 

performed with a standard indirect immunostaining method, with amplification. 

Briefly, cryosections (5 µm) of kidney tissue were fixed in aceton. A goat polyclonal 

anti-CD14 (1:40, Santacruz Biotechnology, CA, USA) was applied as a primary 

antibody. A horseradish peroxidase (HRP)-conjugated rabbit polyclonal anti-goat 

(RAGPO 1:50, DAKO, Glostrup, Denmark) was used as a secondary antibody. To 

amplify the signal, a horseradish peroxidase (HRP)-conjugated goat polyclonal 

anti-rabbit (GARPO 1:50, DAKO) was subsequently added. The reaction was 

visualized with 3-amino-9-ethylcarbazole (AEC, Sigma, St.Louis, USA). 

Semiquantitative evaluation of the staining for CD14 was performed by scoring of 

the average of the staining in 40 glomeruli per kidney section per rat using the 

following score: 0 (no staining within glomeruli), 1 (1 - 25%), 2 (26 – 50%) and 3 (> 

50%) of total area/glomerulus.  
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Determination of glomerular ICAM-1 and MMP-13  

The expression of glomerular ICAM-1 and MMP-13 was also determined 

on cryosections of kidney tissue with standard immunostaining methods with 

amplification, as described for the CD14 staining. Antibodies used to detect these 

proteins were respectively goat polyclonal anti-ICAM-1 (1:40, Santacruz 

Biotechnology, CA, USA) and anti-MMP-13 (1:40, Santacruz Biotechnology, CA, 

USA). Semiquantitative evaluation of the staining was performed in 40 glomeruli 

per kidney section per rat with the same score procedure as used for CD14.  

Determination of nitric oxide (NOx) in serum 

Nitric oxide was determined in serum samples with a standard Griess 

reaction method.[26] The calculation of NOx levels was corrected to endogenous 

nitrite in the serum which was determined in each sample in a parallel reaction in 

which the enzymatic nitrate reduction step was omitted. 

Determination of urinary protein excretion 

Total protein was determined from 24 h-excreted urine samples using a 

standard Bradford method according to manufacturer’s instruction (Biorad kit 

protein assay, Biorad, Hercules, CA, USA). 

Determination of the mRNA levels for TNF-α, IL-1β, MCP-1 and CD14 

mRNA isolation from renal cortex 

Total RNA was extracted from tissue samples of the renal cortex with a 

mini column system according to the manufacturer’s instruction (RNeasy mini 

kit, Qiagen Sciencer, Maryland USA). RNA concentrations in all samples were 

determined with NanoDrop (ND-1000 UV-Vis spectrophotometer, NanoDrop 

Technology,USA). Integrity of mRNA samples was checked by electrophoresis on a 

2% agarose gel and the absence of DNA from the samples was verified by 

performing a PCR on the mRNA samples using primers for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) while omitting the reverse-transcriptase step. 

cDNA was prepared from 1 µg of total RNA in 25 µL with RT-PCR method 

according to the manufacturer’s method (Promega Inc., USA). 
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 Quantitative real-time RT-PCR (QRT-PCR) for TNF-α, IL-1β, MCP-1 and CD14 genes 

Quantitative real-time RT-PCR was performed with a high-throughput 

real-time PCR system (ABI 7900HT sequence Detection System, Applied 

Biosystems, CA, USA).  

The PCR mixture (20µL) contained 1.25 µL cDNA, primers (1 µM 

concentration of each primer, table I), and 2x SyberGreen master mix (Applied 

Biosystem). An initial denaturing step at 95°C for 10 minutes was followed by 40 

cycles of 95°C for 15 seconds, 56°C for 15 seconds, and 72°C (a measuring step) 

for 40 seconds. Each measurement was performed in three replicates. A single 

product was confirmed by checking the dissociation curve at the end of the PCR 

reaction. Data were analysed with the SDS software 2.1 (Applied Biosystems). The 

gene expressions were normalized to the signal of the house keeping gene β-actin.  

Table I. Rat oligonucleotide primers used for the analysis of genes  
by quantitative real- time RT-PCR 

Gene Nucleotide sequences 

Upstream: 5´-AGGCAGTGTCACTCATTGTG-3´ 
IL-1β  

Downstream: 5´-GGAGAGCTTTCAGCTCACAT-3´ 

Upstream: 5´-ATGTGGAACTGGCAGAGGAG-3´ 
TNF-α 

Downstream: 5´-GGCCATGGAACTGATGAGAG-3´ 

Upstream: 5´-CTTGTTGCTGTTGCCTTTGA-3´ 
CD14  

Downstream: 5´-CGTGTCCACACGCTTTAGAA-3´ 

Upstream: 5´-TTCCTTATTGGGGTCAGCAC-3´ 
MCP-1  

Downstream: 5´-TCCTCCACCACTATGCAGGT-3´ 

Upstream: 5´-GGCATCCTGACCCTGAAGTA-3´ 
β-actin 

Downstream: 5´-GGGGTGTTGAAGGTCTCAAA-3´ 

Upstream: 5´-CCATCACCATCTTCCAGGAG-3´ 
GAPDH 

Downstream: 5´-CCTGCTTCACCACCTTCTTG-3´ 

Statistical analysis 

Data were presented as mean ± SD. All data were subjected to an 

unpaired, two-tailed distribution student t-test. Differences were considered 

significant at p <0.05. 
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Results 

Effect of IL-10 treatment on the inflammatory responses in anti-
Thy 1-induced GN 

We examined the consequence of IL-10 treatment on inflammatory 

responses such as infiltration of inflammatory cells, expressions of adhesion 

molecules and matrix metalloproteinases, NOx levels, genes expression of TNF-α, 

IL-1β, CD14 and MCP-1, and on glomerular integrity reflected by proteinuria. 

Effect of IL-10 treatment on the intraglomerular infiltration of inflammatory 
cells 

Detection of macrophage and neutrophil infiltration into glomeruli was 

performed by CD14 staining (fig.1). As shown in figure 1A, CD14 was not 

expressed by resident glomerular cells. Twenty four hours after anti-Thy 1 

administration, this protein was markedly upregulated in the glomeruli. CD14 

expression in inflamed glomeruli was distributed throughout the glomeruli and 

occasionally expressed in the vascular pole. Staining was also detected to a lesser 

extent in the interstitium of kidneys. The expression of anti-Thy 1-induced CD14 

was clearly reduced in IL-10-treated nephritic group (fig.1.c). To quantify the 

effectivity of IL-10 on the reduction of this parameter, we used a score index as 

described in materials and methods section. According to this system, the effect of 

IL-10 on the glomerular CD14 expression, presented in figure 1B, revealed a 

reduction in score index from 2.5 ± 0.4 to 1.4 ± 0.2 (p<0.05). 
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B.  

 

 

 

 

 

 

 

 

 

 

 
Fig.1.The effect of IL-10 on the intraglomerular macrophage and neutrophil recruitment. (A) 
Infiltrated macrophages and neutrophils were detected by CD14 staining. CD14 is not 
constitutively expressed in the glomeruli (a).  This expression was markedly induced after anti-
Thy 1 administration (b), in particular around the vascular pole (arrow). Treatment with IL-10 
significantly reduced the staining (c). (B) Using a semiquantitative scoring system, 40 glomeruli 
per rat and 6 rats per group were analyzed according to the following score: 0 (no staining within 
glomeruli), 1 (1 - 25%), 2 (26 – 50%) and 3 (> 50%) of total area/glomerulus. Original 
magnification: 200x. *p < 0.05. 

Effect of IL-10 on the protein expression of glomerular ICAM-1 and MMP-13 

The immunostaining for glomerular ICAM-1 is shown in fig.2A. As can be 

seen, ICAM-1 was constitutively expressed in renal vascular endothelium and 

occasionally in the glomeruli at a very low level. A strong induction of the 

expression of glomerular, tubular and renal interstitial ICAM-1 was already 

detected 24 h after administration of anti-Thy 1 which is also reported by 

others.[27-29] The expression of ICAM-1 in particular in the mesangial area and in 

renal tubuli was clearly inhibited by IL-10 treatment. Semiquantitative evaluation 

of the effect of IL-10 on this expression, presented in figure 2B, revealed a 

reduction in score index from 1.9 ± 0.3 to 1.3 ± 0.2 (p<0.05).  
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A.         

            a (normal)                          b (anti-Thy1)                   c (anti-Thy1 + IL-10) 
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Fig.2. The effect of IL-10 on glomerular ICAM-1 staining. (A) Immunohistochemical staining of 
ICAM-1 in kidneys. ICAM-1 was expressed in the glomeruli at a very low level (a).  This expression 
was markedly induced after anti-Thy 1 administration (b). Treatment with IL-10 significantly 
reduced the staining (c). (B) Using a semiquantitative scoring system, 40 glomeruli per rat and 6 
rats per group were analyzed according to the following score: 0 (no staining within glomeruli), 1 
(1 - 25%), 2 (26 – 50%) and 3 (> 50%) of total area/glomerulus. Original magnification: x200.  
*p < 0.05. 
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A. 
             a (control)                            b (anti-Thy1)                c (anti-Thy1 + IL-10) 
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Fig.3. The effect of IL-10 on the glomerular MMP-13. (A) Immunohistochemical staining of MMP-
13 in kidneys. MMP-13 was expressed in the glomeruli at a very low level (a) and strongly around 
renal blood vessels (arrow).  This expression was markedly induced after anti-Thy 1 
administration (b), and expressed in the vascular loops of glomeruli and in the tubuli (arrow). 
Treatment with IL-10 significantly reduced the staining (c). (B) Using a semiquantitative scoring 
system, 40 glomeruli per rat and 6 rats per group were analyzed according to the following score: 
0 (no staining within glomeruli), 1 (1 - 25%), 2 (26 – 50%) and 3 (> 50%) of total area/glomerulus. 
The original magnification: x200. *p < 0.05. 
 

In addition to the glomerular ICAM-1 staining, glomerular MMP-13 

expression was determined. As shown in figure 3A, in normal rats, MMP-13 was 

highly expressed around renal blood vessels, and occasionally at a very low level 

in the glomeruli whereas the tubuli were negative. The glomerular and tubular 
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MMP-13 staining was however strongly enhanced 24 h after administration of 

anti-Thy 1 antibody. Expression of this protease was found around capillary loops 

of glomeruli, brush borders of distal and proximal tubuli and around renal blood 

vessels. Similar to the glomerular ICAM-1 staining, a reduced glomerular and 

tubular MMP-13 staining was seen in the IL-10-treated nephritic group. 

Semiquantitative evaluation of kidney sections revealed that IL-10 reduced the 

score index of this parameter from 2.1 ± 0.5 to 1.4 ± 0.5 (p<0.05, fig.3B). 

Effect of IL-10 on serum levels of NOx  

NOx is one of products of activated macrophages in response to various 

stimuli and is subsequently released into the circulation.  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig.4. The serum NOx levels after disease induction with anti-Thy 1 IgG. The serum NOx levels 
significantly increased in nephritic rats as compared to normal rats. *p <0.05. 
 

As shown in fig.4, the average serum NOx level in normal rats was 7.3 ± 1.3 µM, 

whereas 24 h after anti-Thy 1 injection, serum NOx levels rose to 23.9 ± 10.3 µM. 

In IL-10-treated nephritic rats, serum NOx levels felt to 16.3 ± 6.7 µM. This 

difference was not significant compared to untreated nephritic rats. 
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The effect of IL-10 on the urinary protein excretion 

Administration of anti-Thy 1 antibody to the rats resulted in a rapid onset 

of proteinuria within 24 h (113 ± 51.0 mg/24 h) compared to normal rats (21.0 ± 

9.2 mg/24 h). Urinary protein excretion in IL-10-treated nephritic rats was 76.6 ± 

59.4 (fig.5). This difference was not statistically significant as compared to 

untreated nephritic rats and also not significantly different from normal rats. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig.5. The urinary protein measurement, showing the development of proteinuria (mg/24 h) in 
anti-Thy 1 induced nephritic rats. *p <0.05. 
 

Effect of IL-10 treatment on the genes expression of TNF-α, IL-1β, MCP-1, 
and CD14  

We examined the mRNA levels for inflammatory parameters using 

quantitative real-time PCR techniques. mRNA levels for TNF-α and IL-1β were 

measured to assess proinflammatory activity, mRNA levels for CD14 were used as 

a marker for neutrophil and macrophage influx and MCP-1 mRNA levels were 

measured to assess chemotactic activity. β-actin expression was used as the 

house keeping gene. As shown in figure 6, all genes examined were significantly 

upregulated as compared to normal rats, in particular MCP-1 was substantially 
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increased. However, in IL-10-treated nephritic rats, expression of all these genes 

did not significantly change in comparison with the control nephritic group.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Fig.6. A quantitative real-time PCR of TNF-α, IL-1β, CD14, and MCP-1. A single shot injection of 
anti-Thy 1 IgG increased the mRNA levels for TNF-α, IL-1β, CD14, and markedly increased MCP-1 
gene expression level. The expression of these genes was not different between control GN and IL-
10-treated groups. *p <0.05 as compared to normal. 
 

Discussion 

IL-10 is an anti-inflammatory cytokine which suppresses the T helper 1 

immune response and downregulates macrophage and monocyte activities. 

Because of its potent anti-inflammatory properties, IL-10 is now being tested in 

the therapy of inflammatory diseases like inflammatory bowel disease, rheumatoid 

arthritis and psoriasis.[30] In addition, several studies reported that IL-10 

effectively prevented the development of glomerular damage both in acute and 

chronic nephritis models.[15,17-21] In a previous study, we found rapid 

accumulation of IL-10 in the kidney (30% of the injected dose within 10 min) and 

intraglomerular IL-10 receptor expression.[23] We therefore considered the 

possibility that IL-10 might be applicable for the treatment of in particular kidney 

diseases. However, the very short plasma half-life of approximately 2 minutes[23] 
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would not favour an IL-10-based therapy for chronic diseases. This rapid 

clearance of IL-10 from the plasma, prompted the question whether IL-10 might 

have a pharmacological effects after 24 h. For that reason we examined the effect 

of a single dose of IL-10 after 24 h in a model of acute GN.  

Anti-Thy 1 nephritis is caused by the binding of Thy 1 IgG to the 

mesangial cell surface, which results in complement-dependent glomerular 

damage. Within hours, a destruction of mesangial cells occurs which is 

accompanied by acute inflammatory reactions.[3-7] As we presented in this study, 

mRNA levels for IL-1β, TNF-α, CD14 and MCP-1 in the kidney clearly increase in 

response to this anti-Thy 1 deposition. mRNA levels for IL-1β, TNF-α and CD14 in 

nephritic rats were moderately increased at 24 h, while mRNA level for MCP-1 was 

very strongly upregulated at this time point (fig.6). The increase of these 

proinflammatory factors was accompanied by a marked intraglomerular 

recruitment of macrophages and neutrophils, as reflected by the CD14 staining 

(fig.1). We stained CD14, one of macrophage and neutrophil markers, to identify 

the glomerular infiltration of these cells. Because, especially after 24 h of the 

disease induction, MAb anti-Thy 1 antibody was still clearly present, utilization of 

all monoclonal antibodies to identify the cells was excluded.  

In this report, we demonstrate that a single iv injection of IL-10 

significantly attenuated CD14 and ICAM-1 expression, macrophage and 

neutrophil recruitment, and MMP-13 expression. Proteinuria was reduced to a 

level intermediate between diseased and normal rats (not significantly changed 

compared to either group).  So, the effect of IL-10 on proteinuria is yet 

inconclusive. In contrast to all this, we did not find any difference on the gene 

expression of CD14, IL-1β, TNF-α and MCP-1 between IL-10-treated and control 

GN groups. In particular for CD14, IL-10 attenuated this parameter at the protein 

levels but not at the mRNA level. We therefore conclude that the effect of a single 

injection of this short-lived cytokine is still notable after 24 h on many 

inflammatory parameters but at this time point the effect on the examined gene 

expression levels is not longer present.  

In addition to the inhibition of glomerular ICAM-1 and CD14, a reduced 

glomerular MMP-13 expression was also noted. MMP-13 is one of matrix 

metalloproteinases (MMPs) with high collagenolytic activity.[31,32] The expression of 

this matrix degrading enzyme is associated with inflammatory activity and tissue 
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destruction. It was also found that MMP-2, MMP-3 and MMP-9 were induced in 

both patients with glomerulonephritis and in rat models of experimental 

glomerulonephritis, indicating a role for these enzymes in this disease. 

Accumulating evidence indicates that their expression is regulated by 

proinflammatory cytokines such as IL-1β, TNF-α, TGF-β and also proinflammatory 

mediators like nitric oxide.[33,35]  Moreover, it has been reported that expression of 

the collagenase MMP-13, correlated with arthritis in patients and in experimental 

models.[36,37] To our knowledge, the induction of glomerular MMP-13 in rats with 

acute glomerulonephritis, reported here, is studied for the first time. MMP-13 is 

expressed around blood vessels in normal kidneys and in the glomeruli at very 

low level. Its high expression in anti-Thy 1 nephritic rats indicates a role in the 

pathogenesis of this disease. The mechanism underlying its upregulation in this 

model remains unclear, but previous studies showed that persistent 

accumulation of macrophages in the mesangium area resulted in 

glomerulosclerosis through expression and activation of MMPs[38], suggesting that 

infiltrated macrophages participate in this event. This is supported here by the 

glomerular CD14 expression.   

In view of the effects of IL-10 on macrophage recruitment, we determined 

serum NOx level as one of the products of activated macrophages. NO plays an 

important regulatory role in a variety of inflammatory conditions.[39] The 

generation of NOx in serum was observed after anti-Thy 1 administration, 

reflecting the development of disease. However, administration of IL-10 did not 

result in a significant reduction of NOx levels. Reduced macrophage recruitment 

by IL-10 seemed not to be associated with an effect of treatment on the NOx levels. 

In summary, this study demonstrates that despite its short plasma half-

life of only 2 minutes, a single iv dose of IL-10 can suppress inflammatory 

processes during acute glomerulonephritis induced by anti-Thy 1 after 24 h. A 

possible anti-inflammatory mechanism underlying this acute effect of IL-10 may 

occur via inhibition of glomerular ICAM-1 expression, resulting in reduced 

macrophage recruitment reflected by reduced CD14 staining. The reduced MMP-

13 after IL-10 treatment indicates that IL-10 may be beneficial to preserve 

glomerular integrity. This decrease of inflammatory parameters at the protein 

levels and the glomeruloprotective effect induced by IL-10 was however not 

associated with an effect of treatment on the mRNA levels for the parameters 
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examined. The effects of IL-10 demonstrated here call for further evaluation, but 

may indicate a role for this cytokine as a therapeutic compound during 

glomerulonephritis. In this framework, various dosage regiments should be 

investigated at different stages of the disease also using additional animal models. 

The anti-inflammatory effects of this short-lived cytokine found one day after its 

administration provide good perspectives for chronic applications. 
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Abstract 
 
The progression of chronic renal failure represents one of the major challenges in nephrology as it 

leads to end stage renal insufficiency and requires long-term treatments. Effective antifibrotic 

drugs are yet to be developed to solve this problem. Interleukin-10 is a cytokine with potent 

antifibrotic and anti-inflammatory properties and for this reason is extensively studied. However, 

most studies focused on its anti-inflammatory effects, and IL-10 has a very short plasma half-life 

in vivo. This prompted the question whether a short iv treatment might have a prolonged effect on 

a more chronic process like sclerosis. Glomerulosclerosis was induced by administration of anti-

Thy 1 IgG (5mg/kg) and normal rats received vehicle (PBS).  Four days after induction of the 

disease, an iv injection of either rhIL-10 (8 µg/kg/day) or PBS (control) was given for 3 

consecutive days. The animals were examined at day 7. Parameters of inflammation and fibrosis 

were assessed both at the protein levels by immunostaining and at the mRNA levels by real-time 

PCR techniques. Control rats, examined at day 7, showed many renal histopathological changes 

as compared to normal rats. Glomerular matrix expansion and inflammatory cell influx was seen 

and an increase in glomerular iNOS and α-SMA was found on the protein level, factors that were 

clearly attenuated by IL-10 treatment. In particular the decrease of MMP-13 levels between day 4 

and day 7 was completely prevented by IL-10. In contrast, administration of IL-10 did not 

significantly reduce the mRNA levels for procollagen α1(1), α-SMA, and TGFβ-1. In conclusion, a 

short-term treatment with rhIL-10 after induction of anti-Thy 1 nephritic rats attenuated 

intraglomerular inflammation, and at the protein level also influenced the parameters reflecting 

matrix deposition and degradation. Despite in fact that IL-10 was shown to be effective in the 

inhibition of matrix deposition, it had no beneficial effect on proteinuria. We conclude therefore 

that despite a rapid clearance by the kidneys, IL-10 may be applicable for the treatment of a 

chronic disease like glomerulosclerosis with prominent effects on renal inflammation and fibrosis. 
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Introduction 
Chronic glomerular diseases are accompanied by a number of 

characteristic features. Destruction of the glomerular integrity, followed by 

gradual decline in glomerular function, is most frequently associated with 

proliferation of resident glomerular cells and extensive matrix expansion. It is 

considered to be the final stage of several kidney diseases, leading to a progressive 

loss of renal function. The mechanism underlying this ECM accumulation is not 

fully understood yet. An imbalance between the synthesis and the degradation of 

ECM is the main cause of this process. Several components such as TGF-β, 

connective tissue growth factor (CTGF), reactive oxygen intermediates, matrix 

metalloproteinases and their inhibitors have been implicated in initiating or 

maintaining the sclerotic process.[1,2,3] 

At present, fibrotic diseases in various organs, including 

glomerulosclerosis, are treated with immunosuppressant and/or cytotoxic drugs 

that all have serious systemic adverse effects.[4] Recombinant human interleukin-

10 (rhIL-10) is a recently developed drug and it is intensively investigated as a 

therapeutic agent for chronic disease of different organs.[5-10] IL-10 exerts its 

antifibrotic activities either through direct effects on ECM modulating enzymes or 

through indirect effects by inhibition of the inflammatory process. A recent study 

reported that the administration of adenovirus-mediated IL-10 expression in the 

kidney could effectively prevent the development of glomerulosclerosis in animal 

models.[11,12] However, all these experimental treatments showed an effect after 

multiple injections or a prolonged IL-10 exposure following gene expression of IL-

10. The local effect of IL-10 on the fibrotic process can not be discerned from 

chronic immunosuppressive effects. In particular, since IL-10 has a short half life 

in plasma and is rapidly cleared via glomerular filtration and accumulates in 

proximal tubular cells, we wondered whether iv administered IL-10 would have a 

local effect on this chronic glomerular process. We therefore tested the effect of iv 

rhIL-10 on the progression of glomerulosclerosis. 

To induce glomerulosclerosis, we used anti-Thy 1 model in rats.[13] 

Intravenous injection of the anti-Thy 1 monoclonal antibody causes a severe 

mesangiolysis, complement activation and macrophage influx in the first day. This 

is followed by a marked mesangial repopulation, and severe extracellular matrix 

expansion which resembles human mesangial proliferative glomerulonephritis. 
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After 24 h, the influx of inflammatory cells already declines[14] and the 

accumulation of extracellular matrix in this model later on resolves, partly due to 

an increased expression of collagenases like MMP-13 and other proteases.[15] The 

progression of scarring, reflected by intraglomerular matrix expansion, in this 

experimental model peaks at day 10 and then very gradually decreases to normal 

levels.[16-19] Based on these reports we examined the effect of IL-10 administration 

from day 4 to day 6 on the fibrotic process and sacrificed the animals at day 7. In 

this time frame, initiation of disease has taken place, but the acute inflammation 

is already strongly diminished while, in contrast, the process of glomerulosclerosis 

is rapidly ongoing. In a previous study, IL-10 was administered before the onset of 

disease, and several studies have shown that progression of the disease can be 

prevented at the initiation phase.[14,20,21] We now focused on the phase following 

these events i.e. at the onset of glomerulosclerosis. The potential effects of IL-10 

were examined by studying inflammatory and fibrotic parameters both at the 

protein and at the mRNA levels.  

Materials and methods 

Animals 

Specific pathogen-free male Wistar rats (200 – 250 g), purchased from 

Harlan (outbred strain, Zeist, The Netherlands), were used in this study. The rats 

received a standard diet and were housed under standard laboratory conditions. 

The study as presented was approved by the Local Committee for Care and Use of 

Laboratory Animals and was performed according to strict governmental and 

international guidelines on animal experimentation. 

Gammacamera imaging of IL-10 in normal rats 

IL-10 was radiolabeled with 123I using a standard method.[22] [123I]IL-10 

(5.105 cpm/rat) was intravenously injected to normal rats via the penile vein. The 

distribution of this radiolabeled cytokine was dynamically recorded using a 

gammacamera from 0 – 90 minutes with a frame rate of one total body scan per 

minute.[23]  
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Production, purification and affinity test of monoclonal anti-Thy 1 
antibody 

Monoclonal antibody against Thy-1 was produced in vitro as described 

previously[13] from a hybridoma cell line kindly provided by Dr. W.W. Bakker 

(Dept.of Pathology, University of Groningen, The Netherlands). The binding of this 

antibody to its antigen was checked on cryosections of healthy rat kidneys with an 

immunohistochemical staining method.  

Induction of glomerulonephritis in rats 

To induce glomerulonephritis (GN), rats received a single iv dose of anti-

Thy 1 IgG (5 mg/kg), via the penile vein, under anaesthesia with 40% O2:60% N2O 

combined with 0.5% isoflurane.  

Experimental protocol 

The rats were divided into four groups: Group A was sacrificed at day 4 

after induction of anti-Thy 1 GN (N = 4) that is, at the onset of treatment.  Group 

B was treated with vehicle (PBS) from day 4 to day 6 and sacrificed at day 7 after 

induction of the disease (N = 6), and group C was treated with IL-10 from day 4 to 

day 6 and sacrificed at day 7 after induction of the disease (N = 6). Another 

control group of rats (group D, N = 4) received only PBS (normal rats). 

Recombinant human IL-10 (PeproTech EC Ltd., UK) was given as a single iv dose 

(8 µg/kg/day) via the penile vein for 3 consecutive days, starting at day 4 after the 

disease induction. 

Analysis of samples 

At day 7, all animals were sacrificed and blood, urine, serum and organs 

were collected. To study the pharmacological effects of IL-10 treatment, various 

parameters were examined using biochemical assays, immunohistochemical 

methods and quantitative real-time PCR (QRT-PCR) techniques.  

Biochemical assays      

Determination of nitric oxide levels in serum        

Nitric oxide was determined in serum samples with a standard Griess 

reaction method.[24] The calculation of serum NOx levels was corrected for 
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endogenous nitrite in the serum which was determined from the nitrite assay 

procedure.  

Determination of urinary protein levels 

Urine samples were collected from all rats at day 7 during the final 24 h of 

the experiment. Total urinary protein content was determined with a standard 

Bradford method according to the manufacturer’s instruction (Biorad kit protein 

assay, Biorad, Herculas, CA, USA), with bovine serum albumin as a reference.  

Renal morphology 
Tissues for light microscopy were fixed overnight in 4% formalin in PBS 

and dehydrated in 70% ethanol. The tissues were embedded in paraffin and 

subsequently the sections (4 µm thick) were routinely stained with 

hematoxylin/eosin (HE) and with the periodic acid-Schiff (PAS) reagents. 

Immunohistochemical staining 
Kidney samples were snap frozen into isopentane (-80oC) and 

immunostainings were performed on cryostat sections (5 µm thick). The following 

antibodies were used: mouse anti-ED1 IgG (Serotec, Oxford, UK), mouse anti-

Thy1 IgG (isolated from culture media of a hybridoma cell line), rabbit anti-

inducible Nitric Oxide Synthetase (iNOS, generous gift of Dr. H.Moshage, Univ. of 

Groningen) IgG, mouse anti-alpha smooth muscle actin (α-SMA) IgG (Sigma, 

St.Louis, USA) goat anti-collagen I, III, and IV IgGs (Southern Biotech, 

Birmingham, USA), and goat anti-matrix metalloproteinase-13 (MMP-13) IgG 

(Santacruz Biotechnology, CA, USA). Sections were routinely stained with 

peroxidase-conjugated rabbit anti-mouse IgG (RAMPO, Dako, Golstrup, Denmark) 

to check the presence of mouse anti-Thy 1 IgG that was administered to the rats. 

After fixation with aceton, sections were rehydrated in PBS and then 

incubated for 1 h at room temperature with the indicated primary antibody. To 

block the endogenous peroxidase activity, the sections were incubated with 0.1% 

H2O2 in PBS for 20 minutes. Subsequently, the secondary antibodies (Dako, 

Golstrup, Denmark) were applied for 30 minutes.  The immunoreactions were 

visualized with 3-amino-9-ethylcarbazole (AEC, Sigma Inc., St.Louis, USA) and 

sections were counterstained with hematoxylin (Fluka, Buchs, Switzerland). 
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Quantitation of immunostainings 
The number of intraglomerular macrophages was quantified by counting 

the number of ED-1 positive cells in at least 50 glomeruli per rat. The sum of ED-

1 positive cells was divided by the number of glomeruli counted.  

The glomerular MMP-13 staining was graded semiquantitatively from 40 

glomeruli of each rat using the following scale: 0 (no staining within glomeruli), 1 

(1- 25%); 2 (26 – 50%); and 3 (> 50% of total glomerular area is positive). The 

score index per section was then calculated with the following formula: 

Score index = [(n0% x 0) + (n1-25% x 1) + (n2-50% x 2) + (n>50% x 3)]/40 

(n = number of glomeruli)  

The glomerular iNOS staining was semiquantitatively graded. Sections 

which were positive for glomerular iNOS were marked as “+”, whereas sections 

without glomerular iNOS staining were marked as “-“.  

The glomerular α-SMA, staining of mesangial cells with anti- Thy 1 IgG, 

and type I, III, and IV collagen stainings were quantified with image analyzing 

software, ImageJ (National Institutes of Health, USA) for at least 40 glomeruli per 

rat. To measure the percentage of stained area per glomerulus in a digital picture, 

each glomerulus was outlined separately and the intraglomerular area positively 

stained for a particular parameter was measured and related to the total 

glomerular area. Greyscale (8 bit) and threshold (0/80 for stained area and 0/255 

for intraglomerular area) of stainings were kept constant for all stainings. For 

Thy1 (mesangium cells) staining, threshold was set up as 0/130 and 0/255. 

Quantitative real-time PCR 

The quantitative real-time PCR (QRT-PCR) was performed to assess the 

most important gene expression levels associated with the disease. 

mRNA isolation  

Total RNA was extracted from samples of the renal cortex with a mini 

column according to the manufacturer’s instruction (RNeasy mini kit, Qiagen 

Sciencer, Maryland USA). mRNA concentrations were determined with NanoDrop 

(ND-1000 UV-Vis spectrophotometer, NanoDrop Technology,USA). Integrity of 

mRNA samples was checked by electrophoresis on a 2% agarose gel and the 
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absence of cDNA in the samples was verified by performing a PCR on the mRNA 

samples using primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

while omitting the reverse-transcriptase step. cDNA was prepared from 1 µg of 

total RNA in a 25 µL of total volum with RT-PCR system according to the 

manufacturer’s instruction (Promega Inc., USA). 

 Real-time quantitative RT-PCR  

Real-time quantitative RT-PCR was performed with a high-throughput real-

time PCR system (ABI 7900HT sequence Detection System, Applied Biosystems, 

CA, USA).  

 
Table I. Rat oligonucleotide primers used for the analysis of genes by quantitative real time-PCR 

Genes Nucleotide sequences 

Upstream: 5´-GACACCAGGGAGTGATGGTT-3´ 
α-SMA 

Downstream: 5´-GTTAGCAAGGTCGGATGCTC-3´ 

Upstream: 5´-CAACAACGCAATCTATGACAAAA-3´ 
TGFβ-1  

Downstream: 5´-AGTAGTTGGTATCCAGGGCTCTC-3´ 

Upstream: 5´-AGCCTGAGCCAGCAGATTGA-3´ 
Procollagen α1(1)  

Downstream: 5´-CCAGGTTGCAGCCTTGGTTA-3´ 

Upstream: 5´-CCATCACCATCTTCCAGGAG-3´ 
GAPDH  

Downstream: 5´-CCTGCTTCACCACCTTCTTG-3´ 

 

 

The PCR mixture (total volume of 20 µL) contained 1.25 µL cDNA, primers (1 µM 

concentration of each primer, table I), and 2x SybrGreen master mix (Applied 

Biosystem). An initial denaturing step at 95°C for 10 minutes was followed by 40 

cycles of 95°C for 15 seconds, 56°C for 15 seconds, and 72°C (a measuring step) 

for 40 seconds. Each measurement was performed in triplicate. A single product 

was confirmed by checking the dissociation curve at the end of the PCR reaction. 

Data were analyzed with the SDS software 2.1 (Applied Biosystems). The 

calculation of gene expression levels was normalized to GAPDH as a house 
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keeping gene. The fold induction was counted relative to the mRNA levels of the 

indicated gene in normal kidneys. 

Statistical analysis 

Data were presented as mean ± SD of all rats per group or as individual 

data after real time PCR measurements. All data were subjected to an unpaired, 

two-tailed distribution student t-test. Differences were considered significant at 

p<0.05. 

Results 

In vivo distribution of IL-10  

Using a gammacamera technique, we recorded the biodistribution of 

[123I]IL-10 in normal rats after iv administration.  

  

 

 

 

 

 

 

 

 

Fig.1. A gammacamera analysis showed a high level of [123I]IL-10 in the kidneys (K) after iv 
injection of a tracer amount of radiolabeled IL-10. L: liver, H:heart. 
 

The result showed that immediately after injection, that is within one minute, 

high levels of IL-10 were found in the kidney and remained high up to the end of 

experiment (60 min).  

Analysis of renal histology 

Renal histology was examined on paraffin sections stained with PAS and 

HE. Glomerular changes were examined on day 4 and 7 after administration of 

anti-Thy 1 IgG. On day 4, mesangiolysis was seen in many glomeruli. In some 

glomeruli, the mesangiolysis led to capillary microaneurysmal baloon formation. 
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There was also marked mesangial hypercellularity and the beginning of mesangial 

matrix expansion. This result is in line with previous studies.[16,25] On day 7, 

microaneurysmal balooning was still present and mesangial cell proliferation was 

more evident as compared to day 4. There was a difference between IL-10-treated 

rats and rats receiving vehicle after the anti-Thy 1 injection. Mesangial matrix 

expansion in a focal and segmental pattern was found on day 7 in control 

nephritic rats, whereas in IL-10-treated rats this was slightly reduced. 

Occasionally, degeneration of complete glomeruli was seen, both in IL-10-treated 

and control nephritic groups. 

NO generation in serum after anti-Thy 1 IgG administration 

The serum NOx levels of normal rats were very low (7.3 ± 1.3 µM). Four 

days after induction of anti-Thy 1 GN, a significant increment in serum levels of 

NOx was observed (p<0.05, table II). These NOx levels did not further increase 

between day 4 and day 7 in all groups.  

Urinary protein excretion  

Proteinuria was markedly increased in control GN group as well as in IL-

10-treated group, as compared to normal rats. There was no significant difference 

observed between these two groups (table II). 

Table II. The effects of IL-10 treatment on serum NOx levels and protein in urine of rats after GN 
induction with anti-Thy 1 antibody 

Parameters Normal rats Group A* Group B Group C 

NO (µM) 7.27 ± 1.3 25.0 ± 10.1 32.9 ± 16.8 27.2 ± 17.6 

Proteinuria (mg/24 h) 20.2 ± 8.5 nd 137.4 ± 29.4 128 ± 31.1 

Group A: 4 days after GN induction; group B= 7 days after GN induction; group C= 7 days after GN 
induction and receiving IL-10 treatment. nd : not determined. Data are presented by mean ± SD of 
6 rats per group. *N = 4 

Studies on the effects of IL-10 administration on anti-Thy 1-
induced glomerulosclerosis 

The effects of IL-10 on anti-Thy 1-induced glomerulosclerosis were studied 

by examining the changes in glomerular proteins corresponding to inflammatory 

or fibrotic processes. Parameters reflecting the inflammatory process were ED-1 

and iNOS. In addition, changes in mesangial cell phenotype associated with the 
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disease such as proliferation, activation, and matrix modulation were assessed by 

staining for Thy 1, α-SMA, collagen I, III, and IV and matrix metalloproteinase 

(MMP-13), respectively. 

The effect of IL-10 on the number of glomerular ED1 positive cells 

Determination of ED-1 positive cells in glomeruli represents the number of 

intraglomerular macrophage infiltration. In normal rats, glomerular ED-1 staining 

was negative. Compared to normal rats, the average number of ED-1 positive cells 

per glomerulus showed a significant increase at day 4 (group A, 8.45 ± 1.57) and 

remained constant up to day 7 (group B, 7.63 ± 2.47). Treatment with IL-10 

significantly reduced the number of ED-1 positive cells within glomeruli compared 

to control nephritic rats at day 7 (3.48 ± 1.2, p<0.05). Surprisingly, the number of 

ED-1 positive cells after IL-10 treatment was even lower than in group A (fig.2, 

p<0.05).  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Fig.2. The effect of IL-10 treatment on the glomerular macrophage accumulation. The number of 
ED-1 positive cells within glomeruli was significantly reduced by IL-10 as compared to the 
untreated GN group at day 7 (D7) after anti-Thy 1 injection. The values are the means of four rats 
at day 4 (D4) and of six rats at day 7 (D7) ± SD. *p<0.05. 

The effects of IL-10 on the glomerular staining for iNOS, the messangial cell 
marker (Thy 1), α-SMA, MMP-13, type I, type III, and type IV collagen  

Inducible nitric oxide synthetase (iNOS), α-SMA, type I and type III 

collagen, and MMP-13 were not constitutively expressed in the glomeruli, except 

for collagen type IV which was present in normal glomeruli. At day 4 after 
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induction of anti-Thy 1 IgG, iNOS and type III collagen were not detected in 

glomeruli, whereas moderate increases in type I and type IV collagen, α-SMA and 

MMP-13 were found. At day 7 after induction of disease, however, a marked 

increase in iNOS, α-SMA, type I, III, and IV collagen was noted, while MMP-13 

staining was clearly reduced in comparison to nephritic rats at day 4.  

In particular for iNOS, expression was not present in all rats. Four out of 

six nephritic rats contained iNOS positive cells in the glomeruli. The iNOS staining 

was detected along the capillary loops of glomeruli (fig.3). In the IL-10-treated 

group, 2 out of 6 rats had iNOS positive in glomeruli and the staining was weaker 

than in the control nephritic rats at day 7. Despite this reduced glomerular iNOS 

expression, IL-10 this did not significantly influence the NOx levels in serum (table 

II). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. The effect of IL-10 on the glomerular iNOS staining in nephritic rats, 7 days after anti-Thy1 
injection. iNOS staining was not positive in the glomeruli (*) of normal rats (a) nor in nephritic 
rats at day 4 after induction of the disease (b). A marked increase of glomerular iNOS staining 
(arrow) was found in nephritic rats at day 7 after induction of the disease (c) and this was 
attenuated by IL-10 treatment (d). Original magnification: x200.  GN : glomerulonephritis. 
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A.  
           normal kidney       7 days  of GN                      7 days of  GN + IL-10 
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Fig.4. (A) Light microscopy of Thy 1 staining. At day 7 after injection of anti-Thy 1 IgG, the 
staining markedly enhanced (b) as compared to normal kidney (a), indicating mesangial cell 
repopulation.  Treatment with IL-10 attenuated the increment of Thy 1 staining (c). Original 
magnification: x200. (B) Quantification analysis of Thy 1 immunostaining as measured with 
ImageJ software from at least 40 glomeruli of each rat. IL-10 treatment caused a significant 
inhibitory effect on Thy 1 staining as compared to untreated rats (D7). *p<0.05; **p<0.01. 
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Assessment of mesangial cells proliferation, performed by Thy 1 staining, 

revealed an increase in this cell number in control nephritic rats at day 7 (group C) 

as compared to normal rats (fig.4). This increment was accompanied by an 

upregulation of α-SMA staining. 

α-SMA staining was weak in glomeruli of rats at day 4 after induction of 

disease (group A). In contrast, a significant staining was found at day 7 in a 

pattern corresponding to the anti-Thy 1 staining in group C. In IL-10-treated rats, 

staining for anti-Thy 1 at day 7 was reduced compared to control nephritic rats 

(fig.4). This was accompanied with a decrease in glomerular α-SMA positive cells 

(fig.5). Quantitative analysis of this staining with ImageJ software revealed a 

reduction of 32% ± 8.4% and 23% ± 11.2% (p<0.05) for Thy 1 and α-SMA 

respectively, as compared to rats receiving no treatment (fig.4 and 5). The amount 

of this α-SMA protein as determined by ImageJ software in the IL-10-treated 

group was similar to that in rats at day 4 after induction of the disease (group A). 

This indicates that IL-10 prevented the increment in α-SMA staining from day 4 to 

day 7 of nephritis. 

In normal rats, type IV collagen was found along the basement membrane 

of capillary loops and a small amount of this matrix protein was seen in the 

mesangial area. The staining intensity for type IV collagen was clearly enhanced 

at day 7 in untreated nephritic rats (fig.6). This enhancement was not seen in rats 

treated with IL-10. As shown in figure 7, IL-10 inhibited this deposition of this 

type of collagen by 32% ± 19% (p<0.05), and type IV collagen deposition at day 7 

in the treated group was similar to the staining at the onset of treatment (day 4). 

Type I collagen was clearly noted in mesangial hypercellular lesions of rats 

with Thy 1 nephritis both at day 4 and day 7 (fig.6), whereas type III collagen was 

only occasionally found in glomeruli. There was no significant effect of IL-10 on 

type I and type III collagen stainings. To study to what extent IL-10 influenced 

matrix remodelling, we also examined the glomerular expression of a matrix-

degrading enzyme. MMP-13, one of matrix metalloproteinases, is the most 

important MMP since it degrades fibrillar collagens (type I and III).[26] MMP-13 is 

expressed at a very low level in healthy glomeruli. Twenty four hours after 

induction of anti-Thy 1 nephritis, MMP-13 expression was clearly induced (data 

not shown). In contrast, MMP-13 expression in a later stage of the disease (day 4) 
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appeared to be low, corresponding with reduced matrix degradation activity.[26,27] 

This MMP-13 expression was slightly further declined at day 7. 
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Fig.5. (A) Light microscopy of alpha smooth muscle actin (α-SMA) staining in kidney sections. α-
SMA was not detectable in the glomeruli of normal rats and only observed in vascular muscle 
cells (a). At day 4 after induction of anti-Thy 1 nephritis, α-SMA was strongly expressed in the 
mesangial area and occasionally around periglomeruli (b). The glomerular α-SMA staining was 
markedly enhanced at day 7 of nephritis (c) and this enhancement was significantly attenuated 
by IL-10 treatment (d). Original magnification: x200. (B) A quantitative analysis with ImageJ 
software shows a significant reduction in the glomerular α-SMA staining in IL-10-treated rats as 
compared to untreated nephritic rats (D7). *p<0.05. 

0

10

20

30

40

50

60
* 

D4 D7 D7 + IL-10 

%
 p

os
iti

ve
 a

re
a 

of
 st

ai
ni

ng
re

la
tiv

e 
to

 g
lo

m
er

ul
ar

ar
ea

 (a
ve

ra
ge

 o
f 4

0 
gl

om
er

ul
i)



Chapter - 5 
 

94 

A.     
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Fig.6. (A) The effects of IL-10 treatment 
on the glomerular staining of type I, type 
III, and type IV collagen. At day 4 after 
anti-Thy 1 administration, type I and type 
IV collagen in the glomeruli increased, 
whereas type III collagen did not differ 
from normal rats. In contrast, at day-7, 
these collagens markedly increased in a 
focal and segmental pattern. The increase 
of these stainings was reduced by IL-10 
treatment. Original magnification x200. 
(B) Quantitative analysis of glomerular 
type IV collagen staining with image 
analyzing software, ImageJ, in at least 40 
glomeruli per rat. The level of glomerular 
type IV collagen increased from day 4 to 
day 7. IL-10 significantly attenuated this 
staining nearly to the levels of rats at day 
4 after the disease induction (D4). 
*p<0.05. 
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Fig.7. The effect of IL-10 on the 
glomerular staining of MMP-13 
(arrow).  (A) MMP-13 is expressed 
in low level in the glomeruli of 
normal rats (a). At day 4 after anti-
Thy 1 administration, glomerular 
MMP-13 staining significantly 
increased (b), but decreased at day 
7 (c). IL-10 increased the level of 
glomerular MMP-13 staining (d) as 
compared to untreated nephritic 
rats (c). Original magnification 
x200. (B) The scoring index of 
glomerular MMP-13 shows that IL-
10 significantly enhanced  
glomerular MMP-13  staining as 
compared to untreated nephritic 
rats (d versus c).*p<0.05.  
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Yet, the MMP-13 expression in the IL-10-treated rats did not significantly change 

in comparison to rats at day 4 but was significantly higher than in untreated 

nephritic rats at day 7 (fig.7). This result suggests that one mechanism by which 

IL-10 might suppress the progression of disease is through the preservation of 

glomerular MMP-13 level. 

The effect of IL-10 on gene expression for procollagen α1(1), α-
SMA and TGFβ-1 

We performed real-time PCR to analyze the expression of the most relevant 

genes during glomerulosclerosis, quantitatively. Real-time PCR was performed to 

analyze mRNA levels for procollagen α1(1), α-SMA, and TGFβ-1 (fig.8). As 

compared to normal rats, the mRNAs levels for most parameters studied, 

significantly increased after the disease induction. At day 7 of nephritis, the 

mRNAs levels did not increase any further compared to the mRNA levels at day 4. 

However, in IL-10-treated nephritic rats, expression of all these genes did not 

significantly change in comparison with the untreated nephritic group.  

 

 

 

 

 

 

 

Fig.8.  mRNAs expression of some genes in the renal cortex measured by quantitative real-time 
PCR techniques. Fold induction as depicted on the y-absis was calculated from mRNA level of the 
same genes in the normal renal cortex.  
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Discussion 

In this report, we demonstrate an effect of IL-10 on the process of 

glomerulosclerosis induced by anti-Thy 1 IgG. IL-10 is a small protein which is 

rapidly cleared by the kidney after iv injection, as reflected by our gammacamera 

imaging (fig.2). Immediately after injection, a high amount of [123]IL-10 distributed 

within one minute to the kidneys and remained present in this tissue up to the 

end of experiment (60 min). This may be beneficial when IL-10 is used to treat 

various diseases in the kidney, yet accumulation probably reflects uptake in 

tubular cells after glomerular filtration of this low molecular weight protein. So, 

we wondered whether a daily iv injection would have an effect on a chronic 

disease like glomerulosclerosis. In this study, we found potent effects of IL-10 

treatment in nephritic rats.  

Progressive glomerulonephritis (glomerulosclerosis) leading to renal 

insufficiency can be rapidly induced by a single iv injection of anti-Thy1 

monoclonal antibody.[13,14,28] A severe glomerular damage, characterized by a 

moderate focal and segmental pattern of microaneurysmal ballooning, followed by 

enhanced mesangial repopulation, and scar formation was already detected on 

day 4.  We used this model to study the effects of IL-10 on the development of 

glomerular fibrogenesis. We started treatment at day 4, to avoid any interference 

with the initiation phase of the disease. At this time point, mesangiolysis, 

complement activation and neutrophils influx has fully taken place and is already 

diminishing whereas the sclerotic process is rapidly ongoing. 

Histopathological analysis revealed that a progressive glomerular fibrotic 

process had occurred 7 days after anti-Thy 1 injection, as indicated by high 

expression of type I, III, and IV collagen, and α-SMA. This glomerular damage 

corresponded with persistent accumulation of macrophages as represented by 

ED-1 positive cells which remained high to day 7.  It is well known that 

intraglomerular macrophage accumulation is one of the crucial events during GN 

in animals and man.[29-32] Macrophages are able to produce high amounts of 

cytokines and growth factors that modulate mesangial cell proliferation and ECM 

production. It is reported that macrophages located in the mesangium participate 

in the progression of glomerulonephritis by inducing phenotypic changes of 

mesangial cells and enhancing the ECM production.[32] Our study shows that a 

short-treatment with IL-10 significantly reduces macrophage recruitment within 
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glomeruli. Considering the role of macrophage in the progression of disease, this 

is highly relevant.  

The inhibitory effect of IL-10 on the glomerular iNOS expression found in 

our study (fig.3) might be due to this suppression of macrophage accumulation, 

since macrophages in the kidneys are known to produce iNOS in vitro and in 

certain experimental models.[30,31] 

The disease is associated with an increased staining for Thy 1, reflecting 

mesangial cell proliferation at day 7. This increase was also inhibited by treatment 

with IL-10. This may be via indirect effects of IL-10 on intraglomerular 

macrophage accumulation or via direct effects on mesangial cells itself.[33] The 

ability of IL-10 to inhibit macrophage recruitment and activation in vivo was 

demonstrated in a macrophage-mediated passive anti-glomerular basement 

membrane antibody induced model of glomerulonephritis in rats.[30] Direct 

inhibitory effects of IL-10 on mesangial cell proliferation were also found in 

another study in the anti-Thy 1 model.[28] In vitro studies showed that IL-10 

inhibited both macrophage and mesangial cells, making it likely that both indirect 

and direct effects on mesangial cell occur in vivo.[34] The IL-10 receptor is present 

within the mesangial area within normal glomeruli[22] and also in anti-Thy 1 GN at 

day 7 (data not shown) and is supposed to mediate the pharmacological activities 

of exogenous IL-10.  

Induction of proliferation and activation of mesangial cells in this 

glomerular disease leads to enhanced α-SMA expression and an increase in the 

production of collagens, as also observed in the present study. Enhanced type I, 

III, and IV collagen expression was found within glomeruli, next to the α-SMA 

positive cells. This confirmed the result of Kaneko, et al.[35]  Consistent with a 

reduction in mesangial cell proliferation induced by IL-10, we observed a reduced 

expression of α-SMA, type I, III, and IV collagen at the protein level. Quantitative 

evaluation of sections revealed a significant reduction in these parameters. 

Staining intensity of IL-10-treated rats at day 7 was similar to the staining at day 

4, that is, at the onset of treatment. This indicates that IL-10 inhibited the 

progression of disease. The glomerular matrix expansion is likely to be a net result 

of an imbalance between synthesis and degradation of these components. In our 

study, an upregulation of type I, III, and IV collagen in glomeruli was not 

accompanied by an upregulation of glomerular MMP-13. MMP-13, an interstitial 
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collagenase-3, is a very potent enzyme involved in the degradation of interstitial 

collagens like type I and III collagen.[26] As compared to group A (day 4 after 

disease induction), levels of glomerular MMP-13 in group B (day 7 after disease 

induction) clearly decreased. However, in IL-10-treated rats, MMP-13 level did not 

decline but even increased above the level at day 4. Based on this observation, the 

reduction in the glomerular matrix expansion after IL-10 treatment may be partly 

due to an upregulation of MMP-13 expression, thereby increasing the 

collagenolytic activity.[36-38]  

A markedly increase in the mRNA levels for the most relevant genes 

associated with the fibrotic process at day 4 also clearly reveals that the 

progression of the disease had already started at this time point. At day 7, when 

further scarring took place, the mRNA levels for procollagen α1(1), α-SMA, and 

TGFβ-1 did not increase any further as compared to day 4. This persistence levels 

for these genes was also found in the IL-10-treated rats. We therefore conclude 

that the effect of the treatment of this short-lived cytokine is notable on many 

parameters at the protein level, but the effect on the examined gene expression 

levels is no longer present, 24 h after the last injection. 

In summary, in this study we demonstrate that a short treatment with 

recombinant human IL-10 is able to prevent the progression of glomerulosclerosis 

in the anti-Thy 1 model. Significant effects of IL-10 treatment on ED-1, iNOS, 

Thy1, α-SMA, type IV collagen, and MMP-13 stainings in the glomeruli indicate a 

role for IL-10 in controlling the most relevant factors involved in the glomerular 

disease process. Despite that IL-10 was effective as to almost all of the parameters 

that eventually attenuate matrix deposition, it had no beneficial effect on 

proteinuria. The inhibition of the fibrotic process evidently does not lead to 

attenuation of the damage of the glomerular filtration barrier. In conclusion, 

notwithstanding its rapid clearance by the kidneys, IL-10 may be considerable 

useful as a therapeutic protein to treat a chronic disease like glomerulosclerosis. 

The relevance of this result and applicability of IL-10 in this disease needs to be 

extended using various dose regiments as well as additional animal models. 
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Abstract 
IL-10 is a pleiotropic cytokine with anti-inflammatory and antifibrotic actions. Recently, IL-10 

therapy in patients with hepatitis C virus (HCV)-associated liver fibrosis seemed promising, but a 

flare-up of viral levels in serum was noted due to the immunosuppressive effect of this cytokine. 

This undesired effect is a logical consequence of the pleiotropic properties of IL-10. To circumvent 

this, we aimed to deliver this cytokine to its site of action i.e. hepatic stellate cells (HSCs) in the 

fibrotic liver. We modified IL-10 with mannose 6-phosphate (M6P), a specific ligand for the 

M6P/IGF-II receptor expressed on HSCs. Using Western blotting methods, successful conjugation 

of M6P to IL-10 (M6PIL-10) was confirmed. Addition of M6PIL-10 to LPS-activated RAW 264.7 cell 

cultures resulted in a dose-dependent inhibition of TNF-α release, almost equivalent to that of 

native IL-10. In addition, both the conjugate and IL-10 enhanced the mRNA ratio of MMP-

13/TIMP-1 and reduced type I collagen deposition in vitro. Biodistribution studies of radiolabeled-

M6PIL-10 and -IL-10 in normal rats and in rats with liver fibrosis revealed a rapid hepatic 

disposition of M6PIL-10, while IL-10 accumulated mostly in the kidney. Identification of the 

hepatic receptors that bound to M6PIL-10 in vivo using several competitive receptor blockers 

indicated binding to M6P-recognizing receptors, to scavenger- and most likely also to IL-10 

receptors. We conclude that IL-10 modified with M6P retains the biological activity of IL-10 in 

vitro. In vivo, M6PIL-10 is efficiently targeted to the liver in contrast to IL-10. The strategy to 

target IL-10 to the intrahepatic receptors ensures a rapid delivery of IL-10 to the liver, while 

avoiding non-target sites and thereby may eliminate the undesired effects as observed during 

long-term IL-10 therapy in patients with liver fibrosis.  
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Introduction 

Interleukin-10 is a potent cytokine with multiple actions in acute and 

chronic inflammatory processes. The receptors of this cytokine are constitutively 

expressed in nearly all tissues leading to many biological effects. Most of these 

effects are anti-inflammatory and lead to an immunosuppressive state. 

Antifibrogenic activities also gained attention in recent years[1-4] but the pleiotropic 

activities hamper the therapeutic applications of IL-10 as an antifibrotic agent. 

This may in fact be true for many, if not all, cytokines, that is in case that they 

are administered via the general circulation. All cytokines have multiple effects in 

vivo and have a short plasma half-life due to uptake in many organs. Previous 

pharmacokinetic studies revealed that IL-10 is rapidly cleared by the kidney, and 

handled to a lesser extent to the liver.[5] Based on these drawbacks, it can be 

deduced that a therapy with IL-10 in patients with liver disease may not yield an 

optimal clinical outcome. Thus, in order to increase the therapeutic efficiency of 

IL-10, prolongation of the plasma half-life, prevention of the renal clearance 

and/or an increase of uptake at the target site must be achieved. The latter 

strategy also separates the antifibrotic and immune-suppressive effects. Both 

these effects may oppose each other. 

Many studies in recent years indicate that IL-10 might function as a 

potent antifibrotic cytokine through extracellular matrix modulation both via 

downregulation of type I collagen and upregulation of matrix metalloproteinase-13 

(MMP-13) expression.[1,2,6-9] However, clinical studies with IL-10 attempting to 

reduce liver fibrosis in patients, failed due to the effects of IL-10 on immune cells, 

leading to an immune-compromised situation.[3] This resulted in a flare-up of 

underlying viral infections in patients. 

The rapid clearance of IL-10 by the kidney leads to a short plasma half-

life.[5] This may be avoided either by modifying the molecular weight of the 

cytokine (e.g. pegylation technique) or by modifying the charge, since the passage 

of proteins across the glomerular filtration barrier is regulated by their size and 

charge.[10,11] Basement membrane pores in the kidney are coated by fixed anionic 

charges, like glycosaminoglycans (GAGs), capable of restricting the passage of 

negatively charged proteins and increasing the negative charge of small proteins 

will therefore attenuate the renal clearance.[11] However, an even more powerful 
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way to improve the effectiveness of small proteins is by enhancing the 

accumulation at the target site based on the specific delivery to target receptors 

which are present at these target sites.[12,13] 

Mannose 6-phosphate (M6P) is a negatively charged molecule which is 

also a specific ligand for the mannose 6-phosphate/insuline-like growth factor II 

(IGF-II) receptor.[14] This receptor is highly upregulated on fibroblast-like cells 

such as hepatic stellate cells (HSCs) during liver fibrosis.[15-18] Coupling of M6P to 

albumin caused a cell-selective uptake of this modified albumin in HSCs during 

fibrosis presumably mediated by the M6P/IGF-II receptor.[14] Incorporation of M6P 

to IL-10 (M6PIL-10) may therefore change IL-10’s characteristics, including the 

charge, and may thus enhance the delivery of IL-10 to fibroblast-like cells via a 

receptor-mediated disposition. This may improve the therapeutic efficacy of this 

potent cytokine for diseases like liver fibrosis and it may even suppress the 

undesired effects during therapy, such as the immune suppressive effects. 

In the present study we describe a modified IL-10 which does retain the 

biological activity of IL-10 in vitro and has a profound improved organ and cellular 

distribution pattern in vivo. This may open new ways to use this cytokine in novel 

therapeutic approaches for the treatment of liver fibrosis. 

Materials and methods 

Cells and cell line  
Mouse embryonic macrophage cell line (RAW 264.7) 

RAW 264.7 cells (ATCC, number TIB-71) were cultured in a humidified 

atmosphere at 37°C and 5% CO2 in Dulbecco’s Modified Eagle's Medium (DMEM, 

Biowhittaker, Belgium) containing 10% fetal bovine serum (FBS, Biowhittaker, 

Belgium), 60 µg/mL of gentamicin (Gibco, Invitrogen), 2 mM of L-glutamin (Gibco, 

Invitrogen) and 0.48 M of L-arginine (Sigma, USA). The cells until passage number 

20 were used for experiments. 

Primary isolated rat hepatic stellate cells (HSCs) 

HSCs were isolated from livers of Wistar rats (> 400 g; obtained from 

Harlan, Zeist, The Netherlands). Briefly, normal livers were digested with pronase 

(Merck, Germany), collagenase P (Boehringer, Germany) and DNase (Boehringer) 
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by in situ perfusion to isolate HSCs. Isolated cells were subsequently subjected to 

Nycodenz (Nyegaard, Norway) gradient ultracentrifugation to collect a pure 

fraction of HSCs. The purity of isolated HSCs was examined by phase contrast 

microscopy and the viability by trypan blue exclusion. Purity of HSC suspensions 

always exceeded 95%. These cells were cultured in DMEM containing 10% FBS, 

100 U/mL penicillin/100 µg/mL streptomycin (Sigma, USA). After 7 days, the 

cells showed an activated phenotype as detected microscopically[19] and were used 

for experiments. 

Animals and the experimental model of liver fibrosis 
Specific pathogen-free male Wistar rats were used in this study. The rats 

received a standard diet and were housed under standard laboratory conditions. 

To induce liver fibrosis, rats weighing 250 – 300 g were subjected to bile duct 

ligation (BDL) as described by Kountouras et al[20], under anaesthesia with 40% 

O2:60% N2O combined with 0.5% Isoflurane (Abbot Laboratories Ltd, UK). Three 

weeks after the ligation (BDL-3) when extensive fibrosis is established, rats were 

used for further experiments. Parallel to this group, a control group did not 

receive this chirurgical procedure. 

The studies as presented were approved by the Local Committee for Care 

and Use of Laboratory Animals and were performed according to strict 

governmental and international guidelines on animal experimentation. 

Synthesis of M6P-modified IL-10 (M6PIL-10) 
Activated M6P was synthesized (fig.1) according to Roche AC, et al.[16] The 

products of each step were checked with thin layer chromatography (TLC). The 

activated M6P was subsequently coupled to 10 µg of recombinant human IL-10 

(activity of about 5.105units.mg-1, Peprotech EC Ltd., UK). The molar ratio 

(M6P:IL-10) of the reaction mixture was 400:1. The reaction was carried out in 

sodium carbonate buffer pH 9.5 at room temperature for 1 h and then at 4oC for 

24 h. Free M6P as well as all buffer components were removed by filtration with 

Nanosep® centrifugal devices (10 kDa, Omega, Pall corp., Michigan). The protein 

content of the product was determined with NanoDrop (ND-1000 UV-Vis 

spectrophotometer, NanoDrop Technology,USA) with a mini Bradford method 

according to the manufacturer’s instructions. The conjugate was further 
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characterized by Western blot analysis with a rabbit polyclonal  IL-10  antibody 

(1:200, Santa Cruz Biotechnology, USA)   as  a primary antibody and  horseradish 
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In vitro studies 

Anti-inflammatory effects of IL-10 and M6PIL-10  

RAW 264.7 cells (1.5×105 cells/well) were cultured overnight in 96 wells 

plates (Costar®, Corning Inc., USA). First, the cells were preconditioned for 1 h at 

37°C in 0.2 mL of FBS-free medium. After this, cells were preincubated for 30 

minutes with various concentrations of IL-10 or M6PIL-10 

(500;250;100;50;25;12.5;6.25;3.125;1.56;0.78 ng/mL) in 0.1 mL FBS-free 

medium containing 0.5% normal mouse serum. At t = 0 h, 25 ng/mL of LPS (E.coli 

K12, D31m4(Re), List Biological Laboratories, Inc., USA) was added to the wells. 

Control cells were incubated with the same concentration of LPS. At t = 6 h, TNF-

α levels in the culture media were determined with a sandwich TNF-α ELISA kit 

(BD PharMingen, USA). Assays were performed with two batches of M6PIL-10 and 

in triplicate for each batch.  

Antifibrotic effects of IL-10 and M6PIL-10  

To investigate the antifibrotic effects of IL-10 or M6PIL-10, HSCs at 6 days 

after isolation were cultured in 6 wells plates (2.5x105 cells/well) for 24 h in the 

conditions as described above. Prior to the experiments, the cells were 

preconditioned in FBS-free medium for 2 h. Subsequently, cells were 

preincubated with either 0.5 mL of IL-10 or M6PIL-10 (12.5 and 25 ng/mL) for 1 h. 

Control cells were preincubated with FBS-free medium. At t = 0 h, the cells were 

co-incubated with TGFβ-1 (5 ng/mL, Roche Diagnoctics corp.,USA) for 24 h. Then, 

mRNA was isolated from HSCs with a mini column according to the 

manufacturer’s instruction (RNeasy mini kit, Qiagen Sciencer, USA). mRNA 

concentrations were determined with NanoDrop. Integrity of mRNA samples was 

checked by electrophoresis on a 2% agarose gel and the absence of cDNA in the 

samples was verified by performing a PCR on the mRNA of the samples using 

primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) while omitting 

the reverse-transcriptase step.  

The effect of IL-10 and M6PIL-10 on the mRNA levels of MMP-13 and TIMP-1 

mRNA levels of MMP-13 and TIMP-1 were determined with reverse 

transcriptase-PCR techniques. An RT reaction (Sensiscript RT kit, Qiagen Benelux 
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B.V., Netherlands) was performed with 25 ng of total RNA in 20 µL of reaction 

volume to obtain 20 µL of cDNA. cDNA was examined with following primers: 

MMP-13 primers (5-AGGCCTTCAGAAAAGCCTTC-3 and 5-

GAGCTGCTTGTCCAGGTTTC-3), TIMP-1 primers (5-ACAGCTTTCTGCAACTCG-3 

and 5-CTATAGGTCTTTACGAAGGCC-3) and GAPDH primers (5-

CCATCACCATCTTCCAGGAG-3 and 5-CCTGCTTCACCACCTTCTTG-3). PCR for 

MMP-13 was performed in a volume of 25 µL containing 1.5 µL of cDNA, 50 mM 

MgCl2, 2.5 µL of 10x Taq DNA polymerase buffer , 10 mM dNTPs, 0.5 unit of  Taq 

DNA polymerase (Eurogenetec, Belgium) and 50 pmol/µL of each primer. PCR was 

performed with 30 cycles and an annealing temperature of 560C for 30 seconds, 

while GAPDH PCR was performed 26 cycles and an annealing temperature of 580C 

for 30 seconds. The band intensity of the PCR products was quantified with a 

computer program ImageJ (NIH Image software, USA). TIMP-1 gene was quantified 

by real-time PCR techniques with a high-throughput real-time PCR system (ABI 

7900HT sequence Detection System, Applied Biosystems, CA, USA). The PCR 

mixture (20µL) contained 1.25 µL cDNA, primers (1 µM concentration of each 

primer), and 2x SyberGreen master mix (Applied Biosystem). An initial denaturing 

step at 95°C for 10 minutes was followed by 40 cycles of 95°C for 15 seconds, 

56°C for 15 seconds, and 72°C (a measuring step) for 40 seconds. Each 

measurement was performed in three replicates. Data were analysed with the SDS 

software 2.1 (Applied Biosystems). The gene expressions were normalized to the 

signal of the house keeping gene GAPDH. 

The effect of IL-10 and M6PIL-10 on the protein level of type I collagen 

To study the effects of M6PIL-10 on type I collagen synthesis, HSCs were 

cultured (5 x 103 cells/well) in 8-well coverslip chamber slides (Lab-Teks, Nunc, 

Rochester, USA) for 24 h. Prior to the experiments, cells were preconditioned in 

FBS-free medium for 2 h. After this, cells were incubated with either 0.1 mL of IL-

10 or M6PIL-10 (12.5 ng/mL) for 24 h. Control cells were incubated with FBS-free 

medium in parallel wells. Type I collagen synthesis was examined with 

immunostaining methods using a goat polyclonal antibody against type I collagen.  
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Immunostaining for type I collagen 

Prior to the immunostaining protocol, cells were fixed in acetone:methanol 

(1:1) for 15 minutes at RT. Immunostaining of type I collagen was performed with 

a standard method using a goat polyclonal anti-collagen I antibody (1:40) as a 

primary antibody (Southern Biotechnology Associates Inc., USA) and a 

horseradish peroxidase-conjugated rabbit polyclonal anti-goat immunoglobulin 

(RAGPO 1:20, DAKO) as a secondary antibody.  The immunoreaction was 

visualized with 3-amino-9-ethylcarbazole (AEC, Sigma, USA). 

In vivo studies 
Radiolabeling of IL-10 and M6PIL-10 

The 125I-labeling of IL-10 and M6PIL-10 was performed with a standard 

chloramine-T method according to Greenwood FC.[21] Prior to each experiment, 

free 125I was removed by gel filtration using a PD-10 column (Amersham 

Pharmacia Biotech), by eluting with phosphate buffer (0.2 M, pH 7.4) to obtain a 

dosing preparation with less than 5% free 125I. 

Biodistribution and intra-hepatic uptake of [125I]IL-10 or [125I]M6PIL-10 in 
rats 

The biodistribution study of [125I]IL-10 or [125I]M6PIL-10 was carried out in 

normal and BDL-3  rats (N = 4). The hepatic uptake of [125I]IL-10 or [125I]M6PIL-10 

in the liver was assessed only in BDL-3 rats since M6P/IGF-II receptor expression 

is enhanced in fibrotic livers. In the latter study, 5 minutes prior to the iv 

injection of radiolabeled-proteins, 5 mg/kg of either succinylated human serum 

albumin (sucHSA, N = 6), M6P24HSA (N = 4) or a mixture of sucHSA and 

M6P24HSA (N = 4) was administered intravenously. Control animals received 

either vehicle (PBS) or HSA (5 mg/kg, N = 6) before injection of radiolabeled-

proteins. The biodistribution and intra-hepatic distribution of [125I]IL-10 and 

[125I]M6PIL-10 was determined 10 minutes after administration of a tracer amount 

of radiolabeled proteins.  The total radioactivity in each tissue was measured with 

a gamma counter (Riastar Gamma Counting System, Packard Instrument 

Company, Meriden, CT) and then corrected for blood-derived radioactivity in that 

tissue. This correction factor was calculated from biodistribution studies with 
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HSA, a protein that remains in the circulation during the time frame of this 

experiment.  

Statistical analysis 

Data were presented as mean ± SD. All data were subjected to an 

unpaired, two-tailed distribution student t-test. Differences were considered 

significant at p<0.05. 

Results 

Characterization of M6PIL-10  

Western blotting was performed to assess the coupling of M6P to IL-10 

(fig.2). Two bands of M6PIL-10 products were detected. The molecular weight 

(MW) of the bands, ± 20 kDa and ± 40 kDa respectively corresponded to 

monomeric and dimeric forms of the conjugate. IL-10 was also characterized by 

two bands representing a monomeric and a homodimeric forms. 
                             marker         IL-10          M6PIL-10        
 

 

 

 

 

 

 

 

 

 

Fig.2. Western blotting of M6PIL-10. Note the increase in molecular weight of both monomeric (± 
20 kDa) and homodimeric (± 40 kDa) forms of M6PIL-10 as compared to the monomeric and 
homodimeric forms of IL-10 (18.5 kDa and 37 kDa, respectively). 

TNF-α release by LPS-stimulated RAW 264.7 cells is inhibited by 
IL-10 and M6PIL-10 in a dose-dependent manner 

To study the anti-inflammatory effects of IL-10 and M6PIL-10, we used 

LPS-stimulated RAW 264.7 cells. In this study we observed a strong TNF-α 

dimer 

monomer 
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response induced by LPS and this response was inhibited by IL-10. Also, M6PIL-

10 attenuated LPS-induced RAW cell activation. Both IL-10 and M6PIL-10 

reduced TNF-α response in a dose-dependent manner and a maximal inhibition of 

60% was shown for both proteins at the highest dose used in this experiment 

(fig.3).   
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Fig.3. Effect of IL-10 or M6PIL-10 on RAW 264.7 cells. Cells were preincubated with various 
concentrations of IL-10 or M6PIL-10 30 min prior to the LPS challenge (25 ng/mL). Four hours 
after LPS addition, TNF-α levels in media were measured with a capture ELISA method. M6PIL-10 
showed an equivalent inhibitory effect in TNF-α release as IL-10 (60% inhibition at a 
concentration of 500 ng/mL). Values are expressed as mean ± SD. *p<0.05 compared to LPS-
stimulated control. 

 

The effects of IL-10 and M6PIL-10 on the gene expression of MMP-
13 and TIMP-1  

The antifibrotic effect of IL-10 and M6PIL-10 was subsequently studied in 

cultures of primary HSCs. We used 7 days cultured cells because these cells 

represent activated stellate cells as reflected by alpha smooth muscle actin 

staining (data not shown). These particular cells are the major producer of 

collagen during liver fibrosis and therefore the major target cells for antifibrotic 

therapies. We studied the expression of two key parameters which are important 

in the fibrogenesis: matrix degradation and synthesis. MMP-13, one of the most 

important ECM-degrading enzymes, has been detected in HSCs.[22,23] TIMP-1 as 
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one of the major MMPs inhibitors, is highly upregulated during fibrogenesis and is 

capable to block MMP-13 activity.[23] The expression of type I collagen  represents 

the matrix deposition. In this study, we used TGFβ-1, a fibrogenic cytokine, to 

induce the fibrogenesis to mimic the situation in vivo.[23,24] We investigated the 

effect of IL-10 and M6PIL-10 on mRNA expression for MMP-13 and TIMP-1 in the 

presence of TGFβ-1. The results are shown in figure 4 and 5. As displayed in 

figure 4, we found an effect of IL-10 and M6PIL-10 on the mRNA ratio of MMP-

13/TIMP-1. Quantification of PCR products with ImageJ software yielded an 

upregulation by 1.8-fold and 2.4-fold for IL-10 and 1.6-fold and 1.8-fold for 

M6PIL-10 at low and higher concentrations, respectively, as compared to TGFβ-1 

alone.  

 

 

 

 

 

 

 

Fig.4. Effect of IL-10 or M6PIL-10 on the mRNA levels of MMP-13 and TIMP-1 in primary isolated 
rat HSCs. mRNA ratio of MMP-13 to TIMP-1 was calculated with the mRNA data on MMP-13 and 
TIMP-1 after normalizing to the mRNA levels of GAPDH. Addition of IL-10 or M6PIL-10 in the 
presence of TGFβ-1 significantly enhanced mRNA ratio of MMP-13/TIMP-1 as compared to TGFβ-
1 only (control). *p<0.05; **p<0.01. 

Immunostaining of type I collagen on HSCs 

We also tested whether IL-10 and M6PIL-10 influenced collagen deposition 

in vitro. This deposition is the net result of matrix production and MMP-induced 
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cultures of HSC treated with IL-10 or M6PIL-10 with immunostaining methods. 

We observed type I collagen deposition in HSCs cultures at day-7 and this 

deposition was diminished by IL-10 (figure 5). M6PIL-10 at same concentration as 

IL-10 also reduced type I collagen deposition clearly.  

control                                   + IL-10   + M6PIL-10 

 

 

 

 

 

 

 

 

 
Fig.5. Type I collagen deposition in primary isolated rat HSCs as detected with immunostaining 
methods. Type I collagen is present on HSCs after 7 days in culture. Deposition of collagen is 
attenuated by IL-10 or M6PIL-10 at the same concentration (12.5 ng/mL). Original magnification: 
x200.  

Biodistribution and intra-hepatic accumulation of [125I]IL-10 and 
[125I]M6PIL-10 

We compared the biodistribution of [125I]IL-10 and [125I]M6PIL-10 in 

normal and BDL-3 rats.  
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Fig.6. Biodistribution of [125I]IL-
10 or [125I]M6PIL-10 in normal 
and BDL-3 rats, 10 min after iv 
injection of a tracer amount of 
radiolabeled-proteins. Values 
represent mean ± SD of 4 rats 
per group. *p<0.05 as compared 
to [125I]IL-10. 
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The liver accumulation of radiolabeled-IL-10 in BDL-3 rats increased 

approximately 2-fold as compared to normal rats while the distribution to the 

kidney did not change.   
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Fig.7. Intra-hepatic disposition 
of [125I]IL-10 (A) or [125I]M6PIL-10 
(B) in BDL-3 rats, 10 min after iv 
injection of a tracer amount of 
radiolabeled-protein. Five min 
before administration of these 
proteins, sucHSA or M6P24HSA 
were administered to show 
receptor specificity. HSA served 
as a control protein. Values 
represent mean ± SD of 2 rats 
(IL-10) or 4 rats (M6PIL-10).  
*p<0.05 as compared to HSA 
preadministration. 
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In contrast, the biodistribution of [125I]M6PIL-10 differed significantly from native 

IL-10. Approximately 55% of the injected dose of radiolabeled M6PIL-10 was found 

in the liver, both in normal and BDL-3 rats, whereas uptake in the kidney was 

significantly lower for M6PIL-10 compared to native IL-10 (fig.6). This was 

associated with reduced plasma levels of M6PIL-10 at 10 min compared to IL-10. 

From this result we conclude that in normal and BDL-3 rats, the liver is 

responsible for the uptake of M6PIL-10 and not the kidney, in contrast to IL-10 

itself. We hypothesize that the hepatic uptake of this conjugate is mediated 

through multiple specific receptors that are present in the liver. Several 

intrahepatic receptors might account for this uptake. Based on the characteristics 

of M6PIL-10, these are: IL-10 receptor, the scavenger receptor, and the M6P/IGF-

II receptor.[5,15,17] 

In order to identify the target receptor for M6PIL-10, we examined the 

intra-hepatic disposition of radiolabeled-conjugate in BDL-3 rats after co-

administration of several receptor blocking proteins. Co-administration of 

M6P24HSA was used to assess receptor-mediated uptake since non-specific 

uptake would not be blocked. HSA served as a control protein. As a scavenger 

receptor blocking protein, we used the negatively charged sucHSA molecule. 

Preadministration of M6P24HSA reduced the hepatic accumulation of [125I]M6PIL-

10 for approximately 50% (fig 7B). In addition, preadministration of sucHSA also 

reduced the intra-hepatic by 50%. However, blocking the hepatic uptake of 

[125I]M6PIL-10 by administration of a mixture of sucHSA and M6P24HSA did not 

reduce uptake any further. The hepatic accumulation of [125I]M6PIL-10 after 

blockade with sucHSA/M6P24HSA was almost equivalent to that of [125I]IL-10 in 

BDL-3 group. In contrast to [125I]IL-10, preadministration of either M6P24HSA or 

sucHSA did not influence the hepatic uptake of [125I]IL-10 (fig 7A). HSA did not 

have an effect on M6PIL-10 nor on IL-10 uptake in any of the organs tested. 

Discussion 

We prepared a liver-selective form of interleukin-10: M6PIL-10.  M6P is a 

specific ligand for M6P/IGF-II receptor.[14,25,26,27]  In the liver, the expression of this 

receptor is upregulated during liver injury, particularly by fibroblast-like cells, the 

major extracellular matrix-producing cell.[15,17] Previously, M6P-modified HSA 

(M6PxHSA) has been prepared and successfully delivered to HSC in vitro and in 
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vivo.[14]  We now designed M6PIL-10 for receptor-mediated delivery of IL-10 to the 

liver, as a new strategy to treat liver fibrosis. IL-10 is known as a cytokine 

synthesis inhibitory factor with potent anti-inflammatory and antifibrotic 

activities.[1-4,6-8] To date, IL-10 is investigated clinically for the treatment of HCV-

associated liver fibrosis in patients who do not respond to interferon-based 

therapy.[3,7] The preliminary results were promising but an immunosupressive 

action of this cytokine was also noted. This undesired effect during IL-10 therapy 

is a consequence of the pleiotropic activities of IL-10. The targeting of this 

cytokine to the liver is, therefore, one resolution to minimize this side effect while 

increasing its efficacy at the target site.  This is also necessary to prevent rapid 

clearance of IL-10 by the kidney within a few minutes which makes it quite 

unsuitable for the treatment of chronic liver diseases.[5] 

We report here the successful coupling of M6P to IL-10, which was 

confirmed by Western blot analysis. This activated sugar was coupled to lysine 

residues in IL-10. The monomeric IL-10 possesses 13 lysine residues (fig.1), and 

the lysines at position of 34 and 57 are predicted to be in contact with the IL-10 

receptor leading to IL-10-induced activities.[28] The blockade of this binding site by 

particular compounds might reduce or even block the biological activities of this 

cytokine. In our in vitro systems, we tested the biological activities of M6PIL-10 

and we observed that this conjugate retained much of the activities of IL-10 

(figs.3,4, and 5). First, we examined the effect of M6PIL-10 on RAW cells that 

constitutively express IL-10 receptors but have no M6P/IGF-II receptors. These 

cells are highly responsive to LPS, leading to their activation followed by the 

release of proinflammatory mediators. Inhibition of the release of these 

proinflammatory agents like TNF-α by M6PIL-10 (fig.3) was almost equivalent to 

that of IL-10. This result indicates that M6PIL-10 is pharmacologically active and 

binds to IL-10 receptor.  

Secondly, we tested the antifibrotic effect of this conjugate on the target 

cell, that is, the HSC. We isolated HSC from liver and tested the effect of cytokines 

on activated HSC. Relevant parameters in this study are TIMP-1, MMP-13 and 

type I collagen as they are key factors during fibrogenesis[2,22,23] and are produced 

by HSCs.[22] Liver fibrosis is a complex process resulting from an imbalance 

between matrix deposition and degradation.  In advanced liver fibrosis, the level 

and/or activity of MMP-13, the principal protease capable of cleaving native 
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fibrillar collagens, decreases, while TIMP-1 which blocks the MMP-13 activity is 

overexpressed.[22,29,30] Under conditions in which TIMP-1 is overexpressed or 

upregulated, there is increased accumulation of collagens in particular type I 

collagen as the most abundant fibrous matrix constituent. The imbalance between 

MMP-13 and TIMP-1 is commonly expressed as MMP-13/TIMP-1 ratio.[31] In 

several studies, it has been reported that IL-10 exhibits its antifibrotic action via 

the regulation of MMP-13 and TIMP-1 expression, thereby increasing the MMP-

13/TIMP-1 ratio.[2,6,8,31,32] In this study, we observed an effect of both IL-10 and 

M6PIL-10 on the induction of mRNA levels for MMP-13/TIMP-1 ratio. In addition, 

we found an effect of IL-10 as well as M6PIL-10 on the type I collagen deposition 

by HSCs cultures. This result indicates that M6PIL-10 is pharmacologically active 

and has antifibrogenic effects on activated HSC. 

In addition to the in vitro studies, in the present study we also report on 

the biodistribution of IL-10 and its modified form in rats. As previously reported, 

IL-10 was rapidly cleared by the kidney through glomerular filtration, in normal 

and BDL-3 rats, and some uptake by the liver was also found.[5] The hepatic 

accumulation of this cytokine seems to be mediated by IL-10 receptors, since 

there seems to be a correlation between upregulation of the IL-10 receptor in 

BDL-3 rats and  an increase of its hepatic accumulation in this group. As 

compared to [125I]IL-10, the hepatic uptake of [125I]M6PIL-10 in normal and BDL-3 

rats was markedly increased (fig.7), and associated with a significant reduction in 

the renal uptake. This can be explained by the size and charge selectivity of the 

glomerular basement membrane. IL-10 is a small protein (37 kDa as a dimeric 

form) and like most cytokines it will undergo a rapid renal clearance which is 

highly depended on glomerular filtration. Conversely, the charge barrier will 

restrict the filtration of negatively charged molecules like M6PIL-10 (molecular 

weight is slightly higher than IL-10, fig.2). Thus, the decrease of renal uptake of 
125IM6P-IL-10 seems to be due to a change in charge rather than in size, as 

confirmed by zeta potential measurements (data not shown). In addition to the 

decline in renal disposition, we also observed a significant decline in plasma half-

life of [125I]M6PIL-10 as compared to [125I]IL-10. This reflects rapid uptake of the 

conjugate elsewhere in the body i.e the liver. Indeed, within 10 minutes 55% of 

[125I]M6PIL-10 was found in this organ in contrast to unmodified IL-10 which 

accumulated for 11% (normal) and 25% of the dose (BDL-3) in the liver. Thus, by 
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modifying IL-10 with M6P, we could prevent the renal clearance of IL-10 while we 

markedly enhanced the level of this cytokine in the liver. 

As discussed above, the hepatic accumulation of IL-10 seems to be 

mediated by IL-10 receptors. As shown in figure 7, we found that hepatic 

accumulation of M6PIL-10 was probably mediated by three different receptors in 

the liver: M6P/IGF-II-, scavenger-, and most likely the IL-10 receptor. The 

blockade of hepatic accumulation of [125I]M6PIL-10 with either M6P24HSA or 

sucHSA clearly reflects the involvement of M6P/IGF-II[14] and scavenger receptors. 

Scavenger receptors, which can bind a variety of anionic macromolecules 

including M6PIL-10, are expressed on nonparenchymal cells of the liver 

(endothelial, Kupffer cells, and HSC).[33-35] As shown by others, highly succinylated 

albumins are extensively taken up by rat livers.[33] Most likely, the same scavenger 

receptor is responsible for the hepatic disposition of M6PIL-10 as well. Although 

M6P24HSA and sucHSA inhibited M6PIL-10 uptake, there was no additive effect 

when both proteins were combined. We inferred therefore that there must be 

another receptor involved as well. Since IL-10 receptors are present[5] and since 

our experiments with RAW cells indicate that M6PIL-10 also binds to this receptor 

(fig.3), this is a likely candidate for being also involved in the hepatic disposition of 

this conjugate. Further studies for instance after blocking the IL-10 receptor with 

an excess amount of IL-10 will be needed to prove this hypothesis, but these high 

concentrations can not be achieved in vivo. In figure 8 we propose a model that 

reflects the involvement of these three putative receptors, and propose several 

possibilities about how M6PIL-10 reaches its target receptor. Delivery of IL-10 to 

these different receptors creates a complex situation, because only the IL-10 

receptor is revealed for the biological effects. We argue that these other receptors 

may act accessory receptors. Contacts with neighbouring cells or membrane 

perturbations may lead to secondary interactions with the IL-10 receptors on HSC. 

Despite the increased expression of IL-10 receptors during fibrosis[5], the relative 

density of IL-10 receptor in diseased liver remains very low[36] compared to 

scavenger and M6P/IGF-II receptors density.[3,37] Thus, the delivery of relative high 

amounts of IL-10 to the vicinity of its receptor may therefore be quite relevant. A 

study of pharmacological effects of M6PIL-10 in vivo would clarify whether M6PIL-

10 binds effectively to its receptor. Additional studies are therefore necessary to 

prove this hypothesis. 
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Fig.8. Schematic representation of the binding of modified IL-10 to IL-10 receptor (fig A) or to 
accessory receptors (fig. B). Binding of M6PIL-10 to both receptors leads to a high cytokine 
density on the target cell. After binding of M6PIL10 to the accessory receptors, interaction with 
the IL-10 receptor may take place via 3 possible routes (fig C): [1] via receptor cross-talk in the 
fluid plasma membrane, [2] after membrane perturbations e.g. in the early endosomes, or [3] by 
activation of the neighbouring cell.   

 

In summary, we successfully prepared a novel liver-selective form of IL-10 

(M6PIL-10) that retains the biological activities of IL-10 in vitro. M6PIL-10 is 

efficiently targeted to the liver to M6P/IGF-II-, scavenger- and most likely to IL-10 

receptors.  The strategy to target a potent therapeutic cytokine, IL-10, to these 

receptors ensures a rapid delivery of this cytokine to relevant cell type in the liver, 
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while avoiding non-target sites thereby may eliminate the known adverse events of 

IL-10. Since activated HSCs play a key role during fibrogenesis, effective delivery 

of this antifibrogenic cytokine may be a new step in the design of a therapeutic 

protein to treat liver fibrosis. 
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Abstract 

IL-10 is a promising new drug to treat fibrotic diseases, because it exerts anti-inflammatory and 

antifibrotic activities. However, the use of IL-10 in antifibrotic therapies is confronted with the 

undesired systemic immunosuppressive effects, as noted in a flare-up of viral levels in patients 

with hepatitis C virus. IL-10 also has a short serum half-life with predominant elimination by the 

kidneys which limits the exposure time of this cytokine to liver cells. Therefore, the aim of this 

study was to develop a liver-selective form of IL-10 with significant distribution to hepatic stellate 

cells (HSC). IL-10 was modified with mannose 6-phosphate (M6P) to obtain a compound with 

affinity for M6P/IGF-II receptor which is highly present on activated HSC. The effects of M6PIL-10 

and IL-10 were studied in bile duct ligated rats. Treatment started four days after ligation for 3 

consecutive days with M6PIL-10, IL-10, and vehicle (PBS). With gammacamera imaging 

techniques, we showed a high distribution of radiolabeled-M6PIL-10 to the liver in contrast to 

radiolabeled-IL-10 which mostly accumulated in the kidney. As compared to the control group, 

rats treated with M6PIL-10 or IL-10 showed a clear reduction in several parameters associated 

with inflammatory and fibrotic processes. The average fibrosis-score went from 3.4 (BDL control) 

to 2.4 by IL-10 and to 2.2 by M6PIL-10. In conclusion, modified IL-10 efficiently reaches the 

target organ, the liver, with significant antifibrotic effects in vivo. This successful strategy to 

target a potent therapeutic cytokine, IL-10, to the liver offers good perspective opportunities to 

use M6PIL-10 for the treatment of liver fibrosis. 
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Introduction 

Chronic liver disease is responsible for over 1.4 million deaths annually 

and in the western world is among the top ten causes of death. Liver fibrosis, 

which is an outcome of persistent hepatic inflammation, if left unmanaged has 

serious long-term consequences for patient morbidity and mortality. Various 

factors such as viruses, toxins, alcohol abuse, autoimmune diseases, chronic 

biliary stasis, metabolic disorders can elicit the onset of this disease.[1] Persistence 

of profibrogenic factors will eventually lead to cirrhosis, the end-stage of liver 

fibrosis. Liver transplantation is currently the best option for patients with 

cirrhosis.[1-3] However, this treatment carries significant challenges. Many new 

drugs are being explored nowadays. So far, however, no drugs are approved as 

antifibrotic agents in humans for safety reasons.[4] Such therapies need to be 

efficient, safe and without long-term adverse effects within the liver or in other 

organs. 

Interleukin-10 (IL-10) is a potent anti-inflammatory cytokine released 

during diseases and is able to attenuate the severity of inflammatory diseases by 

downregulating the release of many proinflammatory mediators.[5-9] It has 

attracted much attention since several studies also demonstrated direct 

antifibrotic properties in HSCs.[10-15]  These potential effects have encouraged 

clinical trials with recombinant IL-10 to treat various chronic diseases including 

liver fibrosis.[16-20] Several studies showing beneficial effects of IL-10 therapies 

during various diseases in animal models as well as in clinical trials have been 

reported.[5-9,16-20] Other studies, however, demonstrated only a limited success of 

therapy with IL-10 or even showed disappointing results.[21-23] A possible reason 

for the variable efficacy might be due to the low dose of IL-10 which reaches the 

target sites. Recombinant IL-10 is a low molecular weight and nonglycosylated 

protein which is rapidly cleared from the circulation through glomerular filtration 

after iv administration. The plasma half-life is only 2 minutes. The ultimate local 

IL-10 concentrations at the site of action, therefore, could be too low to result in 

clear effects. Increasing the dose of systemically administered IL-10 is limited due 

to its inherent side effects.[16,17] In accordance with this, a recent study reported 

beneficial effects of long-term IL-10 therapy to treat HCV-associated liver fibrosis 

in patients but unfortunately this was accompanied by an immunosuppressive 
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action. This undesired immunosupressive effect during IL-10 therapy is a 

consequence of the pleiotropic property of this cytokine.[19] A liver-selective 

delivery of this cytokine is, therefore, absolutely necessary to circumvent such 

clinical problems and create biological effects within relevant cells. 

Previous studies from our laboratory reported HSC-selective uptake of 

human serum albumin modified with mannose 6-phosphate.[24] This M6P-

modified HSA may serve as a HSC-selective carrier for delivery of antifibrotic 

drugs via M6P/IGF-II receptor. Upregulation of this receptor during liver injury on 

HSC, the most relevant cell during liver fibrosis, offers an excellent target for 

receptor-mediated antifibrotic drug delivery. In the present study, we therefore 

modified IL-10 with M6P to selectively deliver this cytokine to its site of action i.e 

HSC. To demonstrate the utility of M6P ligand for hepatic homing, we performed 

biodistribution studies of radiolabeled-M6P-modified IL-10 using a gammacamera 

technique. Furthermore, we studied the pharmacological activities of this 

conjugate in rats at an early stage of liver fibrosis and compared this to the effects 

of unmodified IL-10. 

Materials and methods 

Animals 

Specific pathogen-free male Wistar rats (200 – 250 g), purchased from 

Harlan (outbred strain, Zeist, The Netherlands), were used in this study. The rats 

received a standard diet and were housed under standard laboratory conditions 

with free access to food and water. Each study was performed following the 

guidelines of the Local Committee for Care and Use of Laboratory Animals. 

Conjugation of mannose 6-phosphate (M6P) to IL-10  

M6P-modified IL-10 was prepared by reacting activated M6P[24] and IL-10 

at a molar ratio of 400:1. The reaction was carried out in 0.1 M of carbonate 

buffer pH 9.5, at room temperature for 1 h and then continued for 24 h at 4oC. 

The product was purified from free M6P with a nanosep centrifugal device (10 kDa, 

Omega, Pall corp., Michigan, USA). The protein content of the product was 

determined with NanoDrop (ND-1000 UV-Vis spectrophotometer, NanoDrop 

Technology, USA) with a mini Bradford method according to the manufacturer’s 
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instructions. Purified product was characterized with Western blotting using a 

rabbit polyclonal anti-IL-10 antibody (Santa Cruz Biotechnology, CA, USA). The 

immuno-reaction was visualized with DAB (3.3’-diaminobenzidine, Sigma, 

St.Louis, USA).  

Imaging study for determination of M6PIL-10 distribution with a 
gammacamera 

IL-10 and M6PIL-10 were labeled with Iodine-123 (123I, GE Health) using 

standard methods as previously described.[25] Prior to each experiment, free 123I 

was removed by gel filtration using a PD-10 column (Amersham Pharmacia 

Biotech), by eluting with phosphate buffer (0.2 M, pH 7.4) to obtain a dosing 

preparation with less than 5% free 123I.  

Rats with liver fibrosis (one week after the ligation of bile duct, N = 3) were 

used to study the distribution of IL-10 or M6PIL-10. Anaesthetized rats placed on 

a low-energy all-purpose collimator of a gammacamera were iv injected with a 

tracer amount of radiolabeled-proteins. The radioactivity was dynamically 

recorded from 0 to 30 minutes with a frame rate of one total body scan per 

minute.[26] 

 A study on the pharmacological effects of IL-10 and M6PIL-10 in 
a rat model of liver fibrosis 

To induce liver fibrosis, rats were subjected to ligation of the common bile 

duct (BDL). In the first week after this bile duct ligation procedure, rats were used 

to study the pharmacological effects of IL-10 and M6PIL-10. 

Experimental design 

Bile duct ligated rats were randomly divided into three groups: rats with 

liver fibrosis receiving only vehicle (PBS, N = 5), rats with liver fibrosis receiving 

IL-10 (N = 5) and rats with liver fibrosis receiving M6PIL-10 (N = 5). Untreated 

normal rats (N = 3) served as reference group. Treatments with a bolus iv dose (8 

µg/kg/day) of either IL-10 or M6PIL-10 were started at day 4 after BDL, for 3 

consecutive days. At day 7 after BDL, animals were sacrificed and samples of 

blood (heparinized) and various organs were taken. Liver function, 

immunohistopathological parameters, and mRNA levels of various parameters 
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were analyzed to study the effects of IL-10 and M6PIL-10 as compared this to 

vehicle-treated BDL rats. 

Assessment of liver function 

Indicators of liver damage such as alkaline phosphatase (AP), alanin 

transaminase (ALT), aspartate transaminase (AST), total bilirubin index (TBI), 

direct bilirubin index (DBI), and γ-glutamic transpeptidase (GGT) were measured 

in plasma samples. These enzymes were measured by routine clinical chemistry 

according to standard procedures. 

Immunohistochemical analysis of the livers 

Liver samples were snap frozen in isopentane (-80oC) and immunostaining 

was performed on cryostat sections (5 µm thick). Various parameters i.e. 

expression of α-SMA, Desmin/GFAP, type III collagen, iNOS, and IL-10 receptor 

were stained using indirect immunoperoxidase methods according to standard 

procedures. Briefly, sections were incubated for 1 h with anti-α-SMA (Sigma), and 

anti-desmin (Cappel, Ohio, USA), anti-GFAP (NewMarkers, CA, USA) IgGs, rabbit 

anti-iNOS (gift of Dr. H. Moshage, University of Groningen, Netherlands) and anti-

IL-10 receptor (Santa Cruz Biotech., USA) IgGs, goat anti-collagen III 

(SouternBiotech, USA) IgGs, respectively. Prior to 30 minutes incubation with 

peroxidase-conjugated secondary antibodies (DAKO, Golstrup, Denmark), sections 

were incubated with 0.1% H2O2 in PBS for 20 minutes to block endogenous 

peroxidase activity. The secondary antibody was visualized with 3-amino-9-

ethylcarbazole (AEC, Sigma).  

To detect ROS-producing cells in the liver, liver sections were stained with 

DAB (3,3-diamino benzidine, Sigma, USA) according to Poelstra et al.[27] Briefly, 

sections were washed in 0.1 N Tris-HCl buffer pH 7.6 and then incubated for 30 

min at 60oC in 0.1 N Tris-HCl containing 0.5 mg/mL DAB. The number of 

periductular DAB positive cells was counted in eight different portal areas per 

liver section.  

To assess total collagen deposition, cryosections were also stained with 

Sirius red according to standard methods.[28]  
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Quantitative evaluation 

To examine effects of treatment with IL-10 or M6PIL-10 on BDL-induced 

liver fibrosis, stainings for α-SMA, desmin/GFAP and Sirius red on liver sections 

were analyzed quantitatively with image analyzing software ImageJ (National 

Institutes of Health, USA). With this software, the positive area of each staining 

was measured on digital photographs. The positively stained area per picture was 

related to the total area of the picture and at least 6 pictures (magnification 40x) 

per liver section were analyzed.  

Staging of liver fibrosis 

To assess the effect of IL-10 and M6PIL-10 treatments on the fibrotic 

process, we graded the collagen III staining with a semiquantitative scoring 

system according to Histologic Activity Index-Knodell.[29] 

Analysis of gene expression 

The effects of IL-10 and M6PIL-10 treatments on the mRNA levels for TNF-

α, ICAM-1, MMP-13, procollagen α1(1) and α1(2), TGFβ-1, α-SMA, TIMP-1, and 

TIMP-2 were also examined. The mRNA levels for these parameters were 

normalized to the mRNA levels for glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Fold induction was calculated based on the mRNA levels for GAPDH 

mRNA in normal livers. 

RNA isolation 

Total RNA was extracted from tissue samples of the livers, snap frozen in 

liquid N2), using a mini column system according to the manufacturer’s 

instruction (Aurum Total RNA kits, Biorad, USA). RNA concentration in all 

samples was determined with NanoDrop (ND-1000 UV-Vis spectrophotometer, 

NanoDrop Technology, USA). Integrity of mRNAs was checked by electrophoresis 

on a 2% agarose gel and the absence of DNA from the samples was verified by 

performing a PCR on the mRNA samples using primers for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, table I) while omitting the reverse-

transcriptase step.  
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Table I. Rat oligonucleotide primers used for the analysis of gene expression by quantitative real 
time-PCR and conventional RT-PCR 

Genes Nucleotide sequences 

Upstream: 5’-ATGTGGAACTGGCAGAGGAG-3’ 
TNF-α 

Downstream: 5’-GGCCATGGAACTGATGAGAG-3’ 

Upstream: 5’-AGGTATCCATCCATCCCACA-3’ 
ICAM-1 

Downstream: 5’-GCCACAGTTCTCAAAGCACA-3’ 

Upstream: 5’-AGGCCTTCAGAAAAGCCTTC-3’ 
MMP-13 

Downstream: 5’-GAGCTGCTTGTCCAGGTTTC-3’ 

Upstream: 5’-GAGAGCCTCTGTGGATATGT-3’ 
TIMP-1 

Downstream: 5’-CAGCCAGCACTATAGGTCTT-3’ 

Upstream: 5’-AAGGACCTGACAAGGACATC-3’ 
TIMP-2 

Downstream: 5’-TGCATCTTGCCATCTCCTTC-3’ 

Upstream: 5´-GACACCAGGGAGTGATGGTT-3´ 
α-SMA 

Downstream: 5´-GTTAGCAAGGTCGGATGCTC-3´ 

Upstream: 5´-CAACAACGCAATCTATGACAAAA-3´ 
TGFβ-1  

Downstream: 5´-AGTAGTTGGTATCCAGGGCTCTC-3´ 

Upstream: 5´-AGCCTGAGCCAGCAGATTGA-3´ 
Procollagen α1(1)  

Downstream: 5´-CCAGGTTGCAGCCTTGGTTA-3´ 

Upstream: 5´-CTCTGGTACCGCTGGAGAAG-3´ 
Procollagen α1(2)  

Downstream: 5´-ACCAGCAGCTCCACTCTCAC-3´ 

Upstream: 5´-CGCTGGTGCTGAGTATGTCG-3´ 
GAPDH  

Downstream: 5´-CTGTGGTCSTGAGCCCTTCC-3´ 

Quantitative real-time PCR (QRT-PCR) and reverse-transcriptase  PCR 

cDNA was prepared from 1 µg of total RNA in 25 µL with reverse-

transcriptase methods according to manufacturer’s instructions (Promega Inc., 

USA). Quantitative real-time PCR was performed with a high-throughput real-time 

PCR system (ABI 7900HT sequence Detection System, Applied Biosystems, CA, 

USA). The PCR mixture (20 µL) contained 1.25 µL cDNA, primers (1 µM 

concentration of each primer, table I), and 2x SyberGreen master mix (Applied 

Biosystem). An initial denaturing step at 95°C for 10 minutes was followed by 40 

cycles of 95°C for 15 seconds, 56°C for 15 seconds, and 72°C (a measuring step) 

for 40 seconds. Each measurement was performed in three replicates. Data were 
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analysed with the SDS software 2.1 (Applied Biosystems). The gene expressions 

were normalized to the signal of the house keeping gene GAPDH.  

Conventional RT-PCR was performed to measure the mRNA levels for 

MMP-13 in the liver. RT-PCR was performed with condition of 5 minutes 950C 

followed by 30 cycles 950C for 30 seconds, 560C for 30 seconds and  72oC for 30 

seconds, and finally 720C for 5 minutes. As a house keeping enzyme, we used 

GAPDH. GAPDH PCR cycle conditions were 5 minutes 950C followed by 26 cycles 

950C for 30 seconds, 580C for 30 seconds and 72oC for 30 seconds, and finally 

720C for 5 minutes. PCR products were analyzed on 2% agarose-gels stained with 

ethidium bromide. The signals from different samples were normalized for the 

expression of GAPDH and quantified with image analysis software, ImageJ (NIH, 

USA).  

Statistical analysis 

Data were presented either as individual values or as mean ± SD. All data 

were subjected to an unpaired, two-tailed distribution student t-test. Differences 

were considered significant at p<0.05.  

Results 

Conjugation and characterization of M6PIL-10 

Using Western blotting methods, we detected a successful conjugation 

product of M6P and IL-10. As shown in figure 2 chapter 6, blots of unmodified 

recombinant human IL-10 yielded two bands corresponding to a molecular weight 

(MW) of 18.5 kDa and 37 kDa, representing the monomeric and the dimeric form 

of IL-10.[30]  Gel ectrophoresis and blotting of the newly prepared construct did 

reveal a shift in these bands: both bands had a higher molecular weight of 

approximately 20 kDa  and 40 kDa.  

Whole body distribution of IL-10 and M6PIL-10 

To test whether the construct had a different body distribution from native 

IL-10, the distribution of [123I]M6PIL-10 was studied with a gammacamera and 

compared with the distribution of [123I]IL-10. The results showed that already 2 

minutes after iv injection of radiolabeled proteins, high levels of [123I]M6PIL-10 
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were found in the livers, using a gammacamera, and very low levels were found in 

the kidneys. Hepatic levels remained high for at least 30 minutes. In contrast, 

native [123I]IL-10 rapidly accumulated in the kidneys with low accumulation in 

livers (fig.1), which is in agreement with previous studies.[25,31] These data show a 

clear shift in distribution of IL-10 from the kidney to the liver after modification of 

the protein.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. A gammacamera image of [123I]IL-10 and [123I]M6PIL-10 distribution in BDL-1 rats, from 20 
– 30 min after iv injection of radiolabeled-proteins. The images show a high accumulation of 
[123I]M6PIL-10 in the liver (L) in contrast to [123I]IL-10 which is mostly distributed to the kidneys 
(K). 

Effects of IL-10 and M6PIL-10 in vivo 

To study whether IL-10 and modified IL-10 displayed pharmacological 

effects within the liver in vivo, we treated bile duct ligated (BDL) rats with these 

proteins. Treatment consisted of a daily iv injection of IL-10 or M6PIL-10 from day 

4 to day 6 after bile duct ligation. Control rats received PBS. Parameters reflecting 

liver function, intrahepatic inflammation and fibrogenesis were analyzed. 

Effect of IL-10 and M6PIL-10 on liver function 

We measured various plasma levels of markers reflecting liver injury and 

cholestasis in fibrotic rats 1 week BDL (BDL-1) and in BDL rats receiving 

treatment with IL-10 or M6PIL-10. The plasma levels of these enzymes in BDL-1 

rats receiving IL-10 or M6PIL-10 treatments were not significantly different from 

BDL rats receiving no treatment (table II).  

[123I]M6PIL-10 [123I]IL-10 

L 
K K 
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Table II. Plasma levels of markers reflecting liver injury and cholestasis in fibrotic rats one week 
(BDL-1), and in BDL-1 rats receiving IL-10 or M6PIL-10 treatment 

Parameters 
BDL-1 rats 

(PBS-treated) 
IL-10-treated rats M6PIL-10-treated rats 

AP (U/L) 493.8 ±  71.2 476.2 ± 53.8 450.6 ± 16.13 

AST (U/L) 350.0 ± 166.6 354.0 ± 118.8 301.0 ± 109.64 

ALT (U/L) 92.2 ± 27.44 90.2 ± 24.9 84.0 ± 17.0 

TBI (µmol/L) 191.2 ± 43.13 231.6 ± 21.9 194.8 ± 68.6  

DBI (µmol/L) 154.0 ± 20.8 175.4 ± 12.4 156.4 ± 39.9 

GGT (U/L) 65.0 ± 56.0 74.0 ± 75.95 34.8 ± 23.34 

Values represent the mean ± SD of 5 rats per group.  

Anti-inflammatory effects of IL-10 and M6PIL-10 

The effect of treatment with either IL-10 or M6PIL-10 on the hepatic 

inflammatory responses were examined by staining for iNOS and ROS-producing 

cells. In addition, IL-10 receptor expression was examined. In BDL-1 rats, iNOS 

staining was detected in inflammatory cells localized around the portal areas, in 

occasional groups of hepatocytes in the liver parenchyma and in cells 

surrounding necrotic areas. The number of ROS-producing cells reflected by DAB-

positive cells was high around necrotic areas and in the portal areas in untreated 

rats. Treatment with either IL-10 or M6PIL-10 strongly attenuated the staining for 

ROS-production, in particular the staining localized in the portal areas was 

reduced (fig.2). Quantitative evaluation of DAB-staining, reflecting macrophages 

and neutrophil influx, by counting the number of positive cells per area showed 

that rats receiving treatment with IL-10 had a reduction in DAB staining of 35% ± 

17% compared to untreated BDL-1 rats (p<0.05), whereas the number of DAB-

positive cells per area in M6PIL-10-treated rats was reduced by 74% ± 10% 

compared to untreated rats (p<0.05). It can be concluded that both IL-10 and 

M6PIL-10 exert anti-inflammatory effects within the liver and M6PIL-10 is 

superior in this respect. 
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Staining for IL-10 receptor expression on liver section from BDL-1 rats 

showed  positive  staining  on  spindle-shaped  cells  around  the  proliferated  bile  

ducts  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Effect of IL-10 and M6PIL-10 treatment on the number DAB positive cells. Both treatments 
significantly reduced the number of DAB positive cells in the portal area of the livers. 
 *p<0.05; **p<0.01. 
 

and around the  hepatic arteries. Positive staining for IL-10 receptor was also seen 

on round-shaped cells in the portal areas. In BDL-1 rats receiving treatment with 

IL-10, IL-10 receptor expression was reduced, in particular the round-shaped 

cells in the portal areas were negative (fig.3). In contrast, in BDL-1 rats receiving 

M6PIL-10, IL-10 receptor expression was still observed although slightly reduced 

compared to control BDL-1 rats.  

Antifibrotic effects of IL-10 and M6PIL-10 

Using immunohistochemical techniques, we studied the effects of IL-10 or 

M6PIL-10 treatment in rats with liver fibrosis. Various parameters associated with 

fibrosis were examined i.e. α-SMA, desmin/GFAP and collagen deposition. 
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Effect on α-SMA staining  

Alpha smooth muscle actin staining of liver was used to demonstrate 

activated hepatic stellate cells (HSCs). Staining for α-SMA positive cells in the 

normal livers was observed in vascular smooth muscle cells around arteries in 

portal areas (data not shown). One week after BDL, positive staining for α-SMA 

was highly increased in cells around portal ducts, and in fibrotic septa. IL-10 and 

M6PIL-10 clearly diminished α-SMA staining. Particularly the staining localized in 

fibrotic septa and around the proliferated bile ducts was reduced by both 

cytokines (fig.4A). Quantitative evaluation of this staining using ImageJ software, 

as presented in figure 4B, shows a significant reduction by 54% ± 17% and 33% ± 

19% after treatment with IL-10 or M6PIL-10, respectively (p<0.05).  
 

 control BDL-1                        BDL-1 + IL-10                       BDL-1 + M6PIL-10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig.3. iNOS and IL-10 receptor stainings (arrow) in fibrotic livers. iNOS staining in BDL-1 livers is 
strongly present around the inflamed area (*) but less in rat livers after treatment with IL-10 or 
M6PIL-10. Both treatments also reduced IL-10 receptor staining in the portal areas (arrow). 
Magnification x200 (iNOS) and x100 (IL-10 receptor). 
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A.  
        control BDL-1                          BDL-1 + IL-10                       BDL-1 + M6PIL-10 
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Fig.4. Effect of IL-10 and 
M6PIL-10 treatments on 
desmin/GFAP, α-SMA, and 
Sirius red stainings in 
fibrotic livers. (A) An excess 
amount of the stainings 
around the portal area of 
BDL-1 livers was clearly 
reduced by the treatments 
with IL-10 and M6PIL-10. 
(B) A quantitative evaluation 
of the stainings using 
ImageJ software shows a 
significant reduction by IL-
10 and M6PIL-10 treatment, 
only for the α-SMA staining. 
*p<0.05. 
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Effect on desmin/GFAP staining 

Development of fibrotic lesions was also examined by staining for desmin 

and glial fibrillary acidic protein (GFAP), both well known markers for HSCs. As 

shown in figure 4A, desmin/GFAP positive staining was detected in perisinusoidal 

areas and in fibrotic lesions in the portal areas around the proliferated bile ducts. 

A clear reduction in positive staining for desmin/GFAP was observed in rats 

receiving IL-10 or M6PIL-10 (fig.4A). Quantitative evaluation as presented in figure 

4B shows a reduction by 28% ± 24% and 22% ± 28% after treatment with IL-10 or 

M6PIL-10, respectively.  

Effect on matrix deposition 

Deposition of fibrous tissue was assessed by immunostaining for type III 

collagen and by histochemical staining with Sirius red.  The latter staining reflects 

total collagen. In normal rat livers, the staining was mainly seen in the portal 

areas and the arterial walls (data not shown). The staining was strongly enhanced 

in diseased rats compared to the normal rats. The portal to portal fibrosis bridging 

was already apparent in the untreated group. In rats treated with IL-10, however 

the portal-portal and portal-central fibrous bridges were occasionally observed in 

only one out of five rats and this bridging was not seen in any of the M6PIL-10-

treated rats. The matrix deposition around the portal areas was clearly declined 

by the treatments compared to untreated group (fig.5A). 

Quantitative analysis of fibrotic lesions 

Using a quantitative imaging analysis technique, we evaluated the effects 

of treatment with either IL-10 or M6PIL-10 on the deposition of fibrous tissue. The 

results, as presented in figure 4B and 5B, show that treatment with IL-10 yielded 

a reduction in Sirius red staining by 20% compared to control BDL-1, while 

M6PIL-10 treatment reduced the liver area stained for collagen by 23%. In 

addition, grading of the fibrotic process by the HAI Knodell’s index revealed a 

reduction of the fibrotic index from 3.4 in untreated BDL-1 rats to 2.4 and 2.2 

(p<0.01) in rats receiving IL-10 and M6PIL-10, respectively (fig.5B). 
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A.  
         control BDL-1                             BDL-1 + IL-10                         BDL-1 + M6PIL-10 
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Fig.5. Effect of IL-10 and M6PIL-10 on intrahepatic type III collagen deposition. (A) An excess 
amount of type III collagen deposition with a portal to portal fibrosis and portal-central fibrous 
bridges were observed in livers at the first week after BDL procedure. Treatment with IL-10 or 
M6PIL-10 clearly reduced the collagen deposition and the portal-central fibrous bridges. (B) A 
grading of the fibrotic process with a modified Knodell’s index revealed a reduction of the fibrotic 
index from 3.4 to 2.4 by IL-10 and to 2.2. by M6PIL-10 treatments. *p<0.01. 

The effects of IL-10 and M6PIL-10 on the mRNA levels for genes 
associated with the disease 

Expression of 9 selected genes, mainly genes associated with the early 

development of fibrosis in the liver (BDL-1) was examined to assess the effects of 

IL-10 and its modified form. The mRNA levels were quantified by real time RT-PCR 

and in the case of MMP-13 by conventional RT-PCR. Compared to non-diseased 
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livers, the mRNA levels for TNF-α ware the most dramatically increased 

inflammation associated parameter with 4.5-fold induction (fig.6), followed by 

mRNA levels for ICAM-1 (4-fold) and mRNA levels for MMP-13 (2-fold). In rats 

receiving treatment with IL-10, the mRNA levels for TNF-α, ICAM-1, and MMP-13 

were not significantly different from untreated BDL-1 rats, only mRNA levels for 

ICAM-1 were significantly lower in both IL-10 and M6PIL-10 treated rats as 

compared to control (p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.6. mRNAs expression of inflammatory genes from livers as measured by quantitative real-time 
PCR techniques. Fold induction as depicted on the y-absis was calculated from mRNA levels of 
the indicated genes of normal livers. As can be seen in this figure, rats treated with IL-10 (I) or 
M6PIL-10 (M) had reduced ICAM-1 mRNA levels, compared to BDL-1 rats (C). *p<0.05. 
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Fig.7. mRNAs expression levels of genes involved in the fibrotic process as measured by 
quantitative real-time PCR techniques. Fold induction as depicted on the y-absis was calculated 
from mRNA levels of indicated genes of normal livers. At the first week after BDL-1 (C), the mRNA 
levels for most relevant genes involved in the fibrotic process were induced, except TIMP-2 gene. 
No significant effects of IL-10 and M6PIL-10 were found on these parameters. 
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revealed very strong increases in expression levels for most of these genes. In 

particular mRNA levels for TIMP-1 were enhanced by a factor 50 compared to 

normal rats, whereas TIMP-2 mRNA levels were not increased one week after bile 

duct ligation.  Treatment of diseased animals with either IL-10 or M6PIL-10 did 

not significantly alter the expression levels of any of these genes (fig. 7). 

Discussion 

This study demonstrates the hepatic targeting and pharmacological effects 

of a novel liver-specific form of recombinant human IL-10, i.e. M6PIL-10, in a rat 

model of liver fibrosis. M6P is a specific ligand with a high affinity for the 

M6P/IGF-II receptor. This M6P/IGF-II receptor is highly upregulated in HSC 

during liver diseases.[32,33] Upregulation of this receptor on HSC during liver 

fibrosis yields an excellent target for receptor-mediated antifibrotic drug delivery, 

since HSC is a major target cell for therapies for liver fibrosis.[34-36] The delivery of 

antifibrotic drugs via M6P-containing ligands to the most competent cell type in 

the liver is a rational and new approach to treat this chronic disease.  

To test the targeting efficiency of our conjugate, a gammacamera imaging 

experiment as presented in this study was performed. The result indicates a 

preferential hepatic homing of modified cytokine. The shift in biodistribution of IL-

10 from the kidney to the liver after coupling of M6P is in accordance with the 

high liver uptake found in earlier studies with HSA as the core protein. These 

studies showed receptor-mediated uptake of M6PHSA in HSC.[24]  

In addition to the examination of the hepatic homing of the conjugate, we 

addressed the question whether this conjugate is pharmacologically active in vivo. 

Mannose 6-phosphate residues were coupled to the e-amino-groups of lysine 

within the protein. It is known that lysine-groups are present at the receptor-

binding site of IL-10[30] and attachment of M6P residues to these particular lysine 

groups might therefore affect the biological activities of the construct. However, 

previous studies have indicated that M6PIL-10 binds to the IL-10 receptor in vitro 

and in vivo (publication submitted) and that it is pharmacologically active in vitro. 

To test whether M6PIL-10 has antifibrotic effects in animal with liver fibrosis, we 

performed the in vivo studies described here. In these in vivo studies, we 

scheduled a treatment for 3 consecutive days with either IL-10 or M6PIL-10 (iv 

injection of 8µg/kg/day) starting at day 4 after the BDL procedure. So, the 
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treatments were given at an early stage of the disease yet after the initiation of 

fibrotic process. At 4 days after obstruction, the inflammatory activities and the 

fibrogenic process are rapidly ongoing.[37] In addition, M6P/IGF-II receptor 

expression is also enhanced at this time point (data not shown). We found 

significant effects of IL-10 as well as M6PIL-10 on various parameters associated 

with progression of the disease. We examined inflammatory parameters such as 

the number of ROS-producing cells, iNOS expression, IL-10 receptor expression at 

the protein level by immunostaining methods and TNF-α, ICAM-1 and MMP-13 

expression at the mRNA level by RT-PCR techniques. The induction of all these 

proinflammatory mediators in the first week after the BDL procedure 

demonstrates that hepatic inflammation is evident at this stage, confirming 

previous reports.[37-41] The enhanced influx of inflammatory cells was associated 

with an enhanced intrahepatic staining for ICAM-1 expression (data not shown) 

and enhanced levels of mRNA for ICAM-1 (fig.7). During the first week after bile 

duct ligation an upregulation of IL-10 receptor expression was also noted. 

Upregulation of this receptor during disease may be of significance in view of the 

antifibrotic effects of IL-10 described in several studies.[15,25,42] 

Treatment with either IL-10 or M6PIL-10 had significant effects on the 

parameters associated with the inflammatory activity within the liver. A significant 

reduction (p<0.05) of the mRNA levels for ICAM-1 induced by IL-10 and M6PIL-10 

was seen as well as a significant decrease in the number of DAB-positive cells and 

iNOS stainings. These data indicate that M6PIL-10 is pharmacologically active in 

vivo. Based on the number of inflammatory cells, its effect may even be superior 

to native IL-10. This can be explained by the increased hepatic homing of M6PIL-

10 as compared to IL-10.  

Of particular interest is the reduction in IL-10 receptor expression after 

treatment with IL-10. The downregulation of the target receptor during treatment 

was unexpected and is quite relevant for IL-10-based therapies. This effect may 

contribute to the lack of effectiveness of such therapies. M6PIL-10 also did reduce 

IL-10 receptor expression, although to a lesser extent than IL-10. This difference 

can not be explained.  

Next to the anti-inflammatory effects of IL-10 and M6PIL-10, we studied 

the effects of these proteins on fibrogenesis, by examining their effect on various 

parameters reflecting HSC functioning such as activation, transformation, 
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proliferation, and scar formation. Immunohistochemical analysis of α-SMA, 

desmin/GFAP, collagen type III revealed a marked increase of these proteins in 

BDL rats as compared to normal rats. These proteins were all abundantly 

expresed around the portal areas indicating the establishment of hepatic 

fibrosis[35-38] at this time point. Quantitative analysis of these stainings showed a 

reduced fibrogenesis in groups receiving IL-10 or M6PIL-10, but only α-SMA 

staining was significantly different compared to control BDL-1 rats.  

We also observed enhancement of parameters associated with the fibrotic 

process at the mRNA level. Induction of the mRNA levels for procollagen α1(1), 

procollagen α1(2), TGFβ-1, α-SMA, and TIMP-1 was very high. IL-10 nor M6PIL-10 

modified mRNA levels for all these parameters. The lack of effectiveness on mRNA 

levels for various genes was also seen in previous studies from our lab 

(publication submitted). This may indicate that IL-10 does not affect mRNA levels 

at all, and exerts its effect only through modulation of post-translational protein 

levels but it may also be related to the time of sacrifice of the animals. Rats were 

sacrificed 24 h after the final injection of IL-10 or M6PIL-10, and within this time 

frame mRNA levels might easily have returned to pre-injection levels. 

A reduction in the HAI-Knodell’s index, reflecting the severity of fibrosis 

within the liver, showed that the fibrotic score went from 3.4 to 2.4 and 2.2 by IL-

and M6PIL-10, respectively also confirms the antifibrotic effect of both treatments 

(p<0.01 for M6PIL-10).  

In summary, bile duct ligation leads to a strong intrahepatic inflammatory 

response, accompanied by the activation of the fibrogenic process within the first 

week. IL-10 and M6PIL-10 both significantly reduce some parameters of the 

inflammatory and the fibrogenic processes within the liver. Both proteins affect 

the same parameters and the potency of IL-10 and modified IL-10 was near equal 

in many cases, but the effects of M6PIL-10 on neutrophil activation and the HAI-

Knodell index was superior to IL-10 itself. Further dose-response studies are 

required to establish whether modified IL-10 is superior to IL-10. To our 

knowledge, this is the first report demonstrating a successful hepatic targeting of 

a therapeutic cytokine which is pharmacologically active in vivo during liver 

fibrosis.  

Several modifications of cytokines have been explored to enhance the 

residence time in plasma, thereby increasing the pharmacological effects of INF, 
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IL-2, IL-6 or TNF-α (for a review see Rachmawati et al), but this usually refers to 

passive targeting. Pegylation prevents the rapid renal clearance but no active 

delivery to the desired site of action is achieved. Only for IL-2, a cell-specific 

delivery to hepatocytes was achieved, but this cell may not be relevant in many 

cases. The very profound enhancement in pharmacological effects achieved by 

passive targeting of some cytokines indicates the benefits of targeting and stresses 

the importance of exploring a cell-selective delivery of these potent bioactive 

compounds. As indicated, cell-selective delivery of IL-10 to HSC is quite relevant 

during the process of fibrogenesis, since this cell type plays a key role in the 

progression of this disease.[35,36]  Also the choice of IL-10 to test the possibility and 

effects of cell-selective delivery of cytokines is relevant since many reports have 

shown that endogenous IL-10 plays a pivotal role in the control of inflammatory 

and fibrogenic processes within the liver.[5,6,9,10,11,13] In fact, these studies have 

elicited clinical trials with IL-10 in patients with liver fibrosis.[16,17] These studies 

yielded variable results most likely caused by the very unfavorable 

pharmacokinetic profile of this molecule,[25]  leading to rapid plasma elimination 

and uptake by tissue other than the liver. The array of biological effects of IL-10 

subsequently leads, analogue to many other cytokine-based therapies, to serious 

adverse effects that block further dose-escalation studies. Although not the 

subject of the present study, our targeting approach may attenuate the adverse 

effects of IL-10-based therapies. 

In conclusion, a targeting system for IL-10 using a liver specific ligand, 

M6P, is an attractive approach to deliver therapeutic proteins to treat chronic liver 

diseases like liver fibrosis. IL-10 conjugated with M6P efficiently reaches the liver 

and still binds to the IL-10 receptor, reflected by the pharmacological activities of 

this conjugate in vivo.  So, this successful strategy to target a potent therapeutic 

cytokine to the liver may offer a new tool for therapeutic applications of this 

cytokine for the treatment of liver fibrosis. 
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Summary 

In this thesis we have explored a hepatic targeting system for a 

therapeutic cytokine, IL-10, for the treatment of liver fibrosis. To date, no 

pharmacotherapy for this disease is available and removing the causative agent is 

the only effective therapy to stop or reverse liver fibrosis. Therefore, the 

development of effective antifibrotic therapies represents a challenge for modern 

hepatology.  

Liver fibrosis, a chronic inflammatory disease in the liver, is a worldwide 

health problem. This disease is characterized by an excessive amount of matrix 

deposition in the liver as a net result of an imbalance between matrix synthesis 

and degradation. In the past decade, great advances have been made in the 

understanding of the cellular and molecular mechanisms underlying liver 

fibrogenesis. The identification of activated hepatic stellate cells (HSCs) as the 

major fibrogenic cell type in the injured liver,[1-6] as well as the recognition of key 

cytokines involved in this process,[7-12] have facilitated the design of promising new 

antifibrotic therapies. Most of these therapies aim at inhibiting the accumulation 

of activated HSCs at the sites of liver injury and preventing the deposition of 

extracellular matrix. Although many of these approaches are effective in 

experimental models of liver fibrosis, their efficacy and safety in humans is 

generally low.[13] 

IL-10 is in recent years recognized as an antifibrotic cytokine, which 

downregulates HSC activities and attenuates matrix deposition, two hallmarks of 

fibrosis.[14-16] A potential antifibrotic activity of this cytokine has been reported in 

patients with HCV-associated liver fibrosis.[17,18] However, an undesired 

immunosuppressive effect during a prolonged therapy with this cytokine was also 

observed, leading to a flare-up of the viral hepatitis.[18] This is a logical 

consequence of pleiotropic activities of IL-10. An enhancement the delivery of IL-

10 to the target organ i.e. the liver is required to increase the effectiveness of 

therapy and to eliminate undesired side effects. This can be achieved by designing 

a liver-selective delivery system for IL-10.  

In this study we described the successful preparation of a modified form of 

IL-10. IL-10 modified with mannose 6-phosphate efficiently reached the target 

organ i.e the liver, in contrast to unmodified IL-10 which highly distributed to the 
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kidney. The conjugate was pharmacologically active in vitro and was also effective 

in vivo. It reduced liver fibrosis induced by bile duct ligation in rats.  

Before designing a targeting system for IL-10, an essential factor to know 

is the pharmacokinetic profile of IL-10 during liver fibrosis. As described in 

chapter 3, the pharmacokinetic and biodistribution profile of IL-10 was studied in 

fibrotic rats induced by bile duct ligation and compared with normal rats. The 

results show that within 2 minutes, IL-10 was rapidly cleared from the circulation 

by the kidney. The kidney was the most predominant tissue for uptake of IL-10; 

10 minutes after iv administration of IL-10 in normal rats, 30% of the injected 

dose accumulated in this organ. The liver was the second organ contributed to the 

plasma clearance of IL-10 (11% uptake after 10 min). Impairment of liver function 

induced by bile duct ligation highly influences several pharmacokinetic 

parameters and distribution of IL-10 (chapter 3). The area under the plasma 

concentration-time curve (AUC), plasma clearance (Clp), and distribution volume 

(Vd) of IL-10 all significantly changed compared to normal rats. In particular 

hepatic uptake of IL-10 in rats with liver fibrosis increased by approximately 2-

fold as compared to normal rats, while kidney uptake did not change. A study of 

IL-10 receptor expression revealed an enhancement of this receptor in fibrotic 

livers both at the protein and at the mRNA levels as compared to normal livers, 

indicating an involvement of this receptor in the hepatic uptake of IL-10. However, 

although the liver contributed to the uptake of IL-10, the kidney remained a major 

target organ for this cytokine. Expression of IL-10 receptor in normal glomeruli 

may account for the biological activities of exogenous IL-10, but most likely this 

uptake reflects tubular uptake after glomerular filtration of this low molecular 

weight protein. 

Since tubular uptake of IL-10 is not expected to yield biological effects, we 

tested beneficial effects of IL-10 at the renal site. We studied acute and more 

chronic effects of IL-10 in a rat model of glomerulonephritis (chapter 4 

respectively chapter 5). We used anti-Thy 1 antibody to induce glomerular 

disease. Anti-Thy 1 nephritis is caused by the binding of Thy 1 IgG to the 

mesangial cell surface, resulting in complement-dependent glomerular damage.[19-

23] Within hours, a destruction of mesangial cells occurred and this was 

accompanied by acute inflammatory reactions. As described in chapter 4, we 

demonstrate that despite the short half-life, a single iv dose of IL-10 suppresses 
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inflammatory processes during acute glomerulonephritis induced by anti-Thy 1 

after 24 h. A possible anti-inflammatory mechanism underlying this acute effect of 

IL-10 may occur via inhibition of glomerular ICAM-1 expression, resulting in 

reduced macrophage recruitment as reflected by reduced CD14 staining (chapter 

4). The reduced MMP-13 and proteinuria after IL-10 treatment indicates that this 

action of IL-10 is beneficial to preserve glomerular integrity. However, despite 

decrease in inflammatory parameters at the protein levels and the 

glomeruloprotective effects in IL-10-treated rats, an effect of IL-10 on the 

expression of many genes was not found in the time frame studied in this 

experiment.  

In a subsequent study we examined the effects of IL-10 in advanced 

glomerulonephritis in rats (chapter 5). A high amount of IL-10 accumulated 

within one minute in the kidney and remained present in this tissue up to 60 

minutes (gammacamera results), yet this accumulation probably reflects uptake 

in tubular cells. So, in view of the short plasma half-life, we assessed the effect of 

a daily administration of IL-10 on a chronic process like glomerulosclerosis. We 

administered IL-10 from day 4 to day 6 and sacrificed the animals at day 7. In 

this time frame, initiation of disease has taken place, and acute inflammation is 

already strongly diminished but the process of glomerulosclerosis is still rapidly 

ongoing.  As presented in chapter 5, we found potent effects of IL-10 treatment in 

this model. IL-10 interfered with almost all of the parameters that eventually 

affect matrix deposition. However, the inhibition of the fibrotic process evidently 

did not lead to attenuation of the glomerular damage; proteinuria was not reduced 

by IL-10 treatment. IL-10 treatment did also not affect the mRNA levels for various 

examined genes in the time frame defined in this experiment. 

In view of the results presented in chapter 4 and chapter 5, we can 

conclude that IL-10 exerts acute and more chronic effects in vivo within the 

kidney.  The extensive renal clearance of IL-10, however limits a clinical 

application of this cytokine for the treatment of chronic liver diseases like liver 

fibrosis. In order to enhance the effectivity of this cytokine for the treatment of 

liver fibrosis, this cytokine has to be delivered to this organ to overcome the 

normal low uptake. We designed a modified form of IL-10 with a specific ligand for 

the M6P/IGF-II receptor. This receptor is highly expressed on activated HSC. The 

coupling reaction of mannose 6-phosphate (M6P) to IL-10 was performed with 
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micrograms of protein. Characterization of the product is therefore a major 

challenge since this limited amount of protein does not allow the use of classical 

methods. Determination of mannose 6-phosphate groups in the conjugate was 

unsuccessful with classical sugar assays and with classical phosphate assays. 

Determination of a successful coupling with a mass spectrophotometry also failed 

due to the limited amount of the coupling products. Western blotting method was 

therefore used to characterize the conjugate because of its sensitivity and its 

specificity. Using this method, two bands of M6PIL-10 representing a monomeric 

and a dimeric conjugate were detected. Also native IL-10 was characterized by a 

monomeric and a dimeric form, of which only the latter is bioactive.[24] In addition 

to immunodetection, we also performed bioassays to assess the activity of the 

conjugate in vitro. In this in vitro system, we used RAW cells which constitutively 

express IL-10 receptors but have no M6P/IGF-II receptors and primary isolated 

HSC which expresses both IL-10 and M6P/IGF-II receptors. The inhibitory effect 

of M6PIL-10 on the release of TNF-α by LPS-stimulated RAW cells was almost 

equivalent to that of IL-10, indicating that pharmacological activity of IL-10 on an 

important inflammatory parameter is preserved in the modified-IL-10. In addition, 

the inhibitory effect of the conjugate on the collagen deposition and on the 

induction of MMP-13/TIMP-1 mRNA ratio in HSC (two crucial parameters of 

fibrogenesis) was also almost equivalent to that of IL-10. The effectivity of the 

conjugate on HSC reveals a binding capacity of the conjugate to the IL-10 receptor. 

The improvement of drug concentration at the desired site of action is a 

major goal in designing targeted drug delivery systems. We describe in chapter 6 

respectively chapter 7, the preferential hepatic homing of M6PIL-10 in normal 

rats and in rats with liver fibrosis (BDL). By coupling M6P to IL-10, the 

biodistribution profile of IL-10 clearly shifted from the kidney to the liver. A study 

on the acute effects of M6PIL-10 in nephritic rats induced by anti-Thy 1 IgG, 

yielded an absence effect of the conjugate (data not shown), in contrast to 

unmodified IL-10. This result confirms the biodistribution data, that is, M6PIL-10 

concentration is too low within the kidney to exhibit a biological effect in this 

model of kidney disease. 
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In this study, we could not identify a cell-selective delivery of the 

conjugate using standard double immunostaining methods. This is due to the fact 

that high concentrations of IL-10 can not be achieved in vivo. We therefore 

performed an in vivo study to identify the target receptor for M6PIL-10. 

Radiolabeled IL-10 and M6PIL-10 was administered to rats together with several 

agonists for the putative target receptors for M6PIL-10. Competitive hepatic 

uptake between M6PIL-10 and various receptor blocking proteins indicated that 

three different receptors in the liver i.e. the M6P/IGF-II, the scavenger and most 

likely the IL-10 receptors contributed to the hepatic uptake of our conjugate 

(chapter 6). The blockade of hepatic accumulation of [125I]M6PIL-10 with either 

M6P24HSA or sucHSA clearly reflects this involvement of M6P/IGF-II and 

scavenger receptors. In contrast, preadministration of either M6P24HSA or sucHSA 

did not influence the hepatic uptake of [125I]IL-10. Although M6P24HSA and 

sucHSA inhibited M6PIL-10 uptake, there was no additive effect when both 

proteins were combined. Since IL-10 receptors are present in the liver (chapter 3) 

and since our experiments with RAW cells indicate that M6PIL-10 also binds to 

this receptor (chapter 6), IL-10 receptor is most likely also involved in the hepatic 

disposition of this conjugate. Blocking the IL-10 receptor with an excess amount 

of IL-10 is needed to prove this hypothesis, but these high sustained 

concentrations can not be achieved in vivo due to the rapid clearance of IL-10. 

As three different receptors are responsible for the hepatic uptake of the 

conjugate, a complex interaction between M6PIL-10 and the target cell is 

anticipated. To illustrate this complexity, a proposed model is depicted in chapter 

6 (fig.8). The accessory receptors depicted in this figure are the M6P/IGF-II 

receptor and the scavenger receptor. 

The pharmacological activities of M6PIL-10 that we demonstrated in this 

thesis indicate that M6PIL-10 binds to IL-10 receptors. Even an improvement of 

the therapeutic effectiveness of the conjugate in BDL-1 rats, as compared to 

unmodified IL-10 was noted on some parameters (chapter 7). This can be 

explained by an enhanced concentration at the target cell (chapter 7, fig.1). Since 

IL-10 receptor density is low, even after its upregulation during disease[24,25], a 

sustained increased concentration of IL-10 around the target cell is important for 

the biological activity. In the in vivo studies, liver fibrosis in rats was induced by 
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ligation of the bile duct. This procedure leads to inflammatory responses in the 

liver and proliferation of bile ducts.[26-28] These processes are subsequently 

followed by proliferation of HSC and portal fibroblasts and a large production of 

matrix components by this cell type. Positive stainings for α-SMA, desmin/GFAP 

and type III collagen around the portal areas reveal this fibrogenesis process, 

whereas induction of iNOS, IL-10 receptor, and DAB staining in the portal area 

and around the necrotic area reveals the hepatic inflammatory activity. Induction 

of the mRNA levels for TNF-α, MMP-13, ICAM-1, procollagen type I, TGFβ-1, α-

SMA, and TIMP-1 compared to normal liver also clearly reflect the fibrogenesis in 

the first week after ligation.  Treatment with either IL-10 or M6PIL-10 was given 

for 3 consecutive days from day 4 to day 6 after induction of the disease. In this 

time frame, both IL-10 and M6PIL-10 suppressed liver inflammation and fibrosis 

reflected a reduction in several parameters examined. IL-10 and M6PIL-10 

significantly reduced DAB positive staining in the portal area and M6PIL-10 

showed slight superior effect than IL-10 on some of the parameters. In particular, 

the superior effect of M6PIL-10 on the reduction of collagen deposition as 

compared to IL-10 (chapter 7, fig.5) might indicate that a liver-selective delivery of 

IL-10 improves the therapeutic efficiency of this cytokine.  However, additional 

dose-response studies are required to address this issue. No significant 

differences on the mRNA levels for various genes between untreated and treated 

groups were seen. The data for IL-10 and M6PIL-10 were similar in this respect.  

Conclusion 

The studies presented in this thesis describe all activities in designing a 

targeting system for a therapeutic cytokine, from the documentation of the 

potential effects of this cytokine in various diseases, the synthesis of a cell-

selective form of IL-10, the pharmacokinetic and organ distribution profile 

including receptor interactions in vivo, to the testing of the targeted cytokine in 

diseased animals. Cytokine-based research is revolutionizing the treatment of 

several diseases including liver fibrosis. However, the classical problem with the 

clinical use of cytokines is that the administration of these proteins must be by 

injection, either intravenously or subcutaneously. In addition, cytokines often 

have short plasma half-lives, due to rapid renal excretion and proteolytic 

degradation in plasma, whereas their activity on cells is usually most optimal 
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after long exposure times. As a consequence, they have to be administered 

frequently, which makes them very expensive as a drug. The clinical use of many 

cytokines is also limited because of their pleiotropism. Because their receptors are 

expressed in a number of cells and tissues, systemic application of the cytokines 

can easily result in undesired effects. The strategy to target the cytokine to its 

receptor ensures a rapid delivery of the cytokine to the site of action, while 

avoiding non-target sites and thereby may eliminate undesired effects mostly 

observed during long-term cytokine therapies. This can be achieved by coupling a 

receptor-selective ligand to the cytokine. Using mannose 6-phosphate (M6P), we 

selectively delivered a potent antifibrotic cytokine, IL-10, to the liver. The 

conjugate is pharmacologically active in vitro and in an animal model of liver 

fibrosis in vivo.  

A short-term daily single dose of M6PIL-10 during liver fibrosis induced by 

bile duct ligation revealed potent effects of the conjugate in controlling the 

inflammatory and the fibrotic processes. IL-10 and its modified form influenced 

several parameters associated with the fibrotic process, and eventually affected 

the deposition of fibrous tissue in the liver. We even found some beneficial effects 

of M6PIL-10 in controlling these processes as compared to unmodified IL-10. This 

result indicates that an efficient delivery of IL-10 to the target cell in a diseased 

organ is possible after its modification with a HSC-selective ligand. 

Future perspectives 

Many types of endogenous proteins, such as cytokines, are produced and 

released to act locally in the body, thus exhibiting the desired activity among their 

multiple functions. However, the exogenous administration of such proteins into 

the systemic circulation may result in serious side effects due to their low 

targeting efficiencies to the site of action. This could be one of the stumbling 

blocks that hinder their clinical application. A selective delivery of the proteins to 

the site of action is therefore necessary to overcome such problems. As described 

in this thesis, IL-10 exerts potent antifibrotic effects both in vitro and in a model of 

liver fibrosis in rats. The hepatic targeting system for IL-10 using a HSC-selective 

ligand, M6P, shows great potential for future therapeutic applications for the 

treatment of liver fibrosis. Since up till now, no antifibrotic drugs are approved 
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due to safety problems, a potent antifibrotic effect of a liver-selective form of IL-10 

during liver fibrosis offers great new opportunities.  

In addition to this liver-selective form of IL-10, another interesting strategy 

to achieve a local sustained high level of IL-10 during hepatic fibrogenesis is now 

ongoing in animal experimentations.[29-31] IL-10 gene transfer has recently been 

proposed to have potential therapeutic applications since local gene expression 

can yield high local protein level for a prolonged period of time (up to months). 

This sustained IL-10 expression within the liver may also be a promising strategy 

for the treatment of chronic liver diseases like liver fibrosis. In particular liver 

fibrosis, where systemic effects of drugs often oppose the therapeutic effects 

within the liver, may benefit from such a cell-selective delivery of drugs. 
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Leverfibrose: oorzaak en behandeling 

Lever fibrose is een chronisch ziekteproces dat ontstaat als gevolg van een 

langdurige schadelijke prikkel. Deze prikkel kan variëren van infectie met een 

hepatitis virus (hepatitis A of C), vetzucht, bepaalde genetische defecten waardoor 

toxische afvalstoffen zich ophopen in de lever, tot chronisch alcohol misbruik, of 

gebruik van een hepatotoxisch geneesmiddel. Het zijn vooral de hepatocyten, die 

meer dan 80% van de levermassa vormen, die hierdoor beschadigd raken en als 

gevolg hiervan treedt (zoals altijd na weefselschade) een wondgenezingsproces op. 

Dit proces in de lever is vergelijkbaar met de littekenvorming in bijvoorbeeld de 

huid. Het wondgenezingsproces is uiteraard nuttig om de functie van het orgaan 

te behouden, maar als dit proces herhaald en langdurig optreedt, kan het zichzelf 

in stand houden, ook nadat de oorzaak ervan geheel is weg genomen. De 

excessieve bindweefsel vorming kan uiteindelijk leiden tot een volledige verstoring 

van het functioneren van de lever. Bij het proces van leverfibrose ontstaat de 

littekenvorming door activatie van de zogenaamde ‘hepatische stellaat cellen’. 

Geactiveerde stellaat cellen kunnen op hun beurt weer andere celtypen op vele 

manieren activeren. Zo kan het proces zichzelf in stand houden waardoor het 

ziekteproces vaak jarenlang kan doorgaan. De ziekte wordt meestal pas in een vrij 

laat stadium ontdekt omdat de patiënt in het begin geen klachten heeft. Zo kan 

na een hepatitis C besmetting het 10 tot 15 jaar duren voordat er klinische 

symptomen optreden. Het eindstadium, gekenmerkt door een ernstig leverfalen 

heet cirrhose en is in principe lethaal. Tot op heden is er geen effectief 

geneesmiddel beschikbaar dat het excessieve fibroseproces kan tegen gaan. Een 

lever transplantatie is thans de enige mogelijkheid voor herstel van de patiënt. 

Door al de eerder genoemde factoren wordt geschat dat ongeveer 1% van de 

populatie in de VS aan lever fibrose lijdt (in dit land is vetzucht, althans nu nog, 

een groter probleem dan in Europa). In de gehele westerse wereld is dit 

ziekteproces doodsoorzaak nummer 8.  

Het is dus van groot belang een effectief geneesmiddel te vinden voor lever 

fibrose. In principe is littekenvorming een onomkeerbaar proces (net zoals de 

littekens in de huid niet verdwijnen) maar de meest recente mening hierover is dat 

leverfibrose in een vrij laat stadium toch nog omkeerbaar is indien men 

therapeutisch ingrijpt. Het herstelvermogen van de lever is groot. Parallel hieraan 
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is het van belang dat ook betere diagnostische middelen gevonden worden voor 

een vroege detectie van het ziekteproces om de kans van slagen van een therapie 

te verhogen. 

 

 

 

 

 

 

 

      normale lever     fibrotische lever 

Er zijn een aantal redenen aan te wijzen waarom er nog geen effectief 

geneesmiddel voor leverfibrose gevonden is. Ten eerste is het opbouwen en 

afbreken van bindweefsel een algemeen proces dat na weefselbeschadiging in 

ieder orgaan en op ieder willekeurig tijdstip optreedt. Remming van dit algemene 

proces leidt dus tot schadelijke bijeffecten in het hele lichaam. Ten tweede neemt 

de lever vele geneesmiddelen op maar deze opname gebeurt vaak door de 

hepatocyten die hiervoor goed uitgerust zijn en nauwelijks door de cellen die de 

ziekte veroorzaken; de hepatische stellaat cellen. Tot slot is levercirrhose een zeer 

langzaam voortschrijdend proces dat pas in een vergevorderd stadium ontdekt 

wordt. Ten vierde is er een grote groep al ontwikkelde geneesmiddelen niet 

inzetbaar omdat deze in de lever wellicht wel een nuttig effect hebben, maar 

daarbuiten zeer schadelijk kunnen zijn voor de patiënt. Voorbeelden hiervan zijn 

vasoactieve stoffen en immuunsuppressieve middelen. Vooral geneesmiddelen die 

de bloeddruk in de lever en in het aanvoerende vat (de vena porta) reguleren zijn 

zeer nuttig omdat leverfibrose gepaard gaat met een verhoogde lokale bloeddruk 

als gevolg van de hoge weerstand in de aangetaste lever. Buiten de lever is er 

echter vaak sprake van een verlaagde bloeddruk. Daar heeft een bloeddruk 

verlagend middel dus een schadelijk effect. In de lever is ook sprake van een 

chronische ontsteking, maar een immuunsuppressief middel kan vaak niet zonder 

gevolgen voor de patiënt langdurig worden ingezet, zeker als een hepatitis virus 

infectie de onderliggende oorzaak is. Zelfs een reactivatie van de virus replicatie     
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kan dan worden waargenomen. Ook in de lever zelf kan een geneesmiddel 

tegengestelde werkingen hebben. Voorbeelden hiervan zijn cyclo-oxygenase 

remmers, apoptose-inducerende en cytostatische geneesmiddelen en 

corticosteroïden. Een cyclo-oxygenase remmer heeft bijvoorbeeld via remming van 

de ontsteking een anti-fibrotisch effect in Kupffercellen, maar in hepatische 

stellaat cellen werkt het pro-fibrotisch door een stimulatie van de groei van dit 

celtype. Het netto resultaat van farmacotherapie is dan ook weinig optimaal. 

Op grond van al deze redenen denken wij dat het selectief sturen van een 

geneesmiddel naar bepaalde doelcellen (‘drug targeting’) in de lever een goede 

strategie is om het proces van leverfibrose te remmen en dus een belangrijke 

eerste stap kan zijn naar een effectief en veilig geneesmiddel voor deze ziekte.  

De doelcel 

Zoals eerder genoemd is primaire schade aan hepatocyten vaak een 

cruciale factor in het ontstaan van leverfibrose. Toxische stoffen, metabolieten en 

virussen beschadigen rechtstreeks de hepatocyten maar ook de hierop volgende 

activatie van het immuunsysteem in de lever leidt vaak weer tot indirecte schade 

aan deze cellen. Celbeschermende stoffen (o.a. anti-oxidantia) of anti-virale 

middelen dienen dus selectief in dit celtype terecht te komen. Om het herstel van 

de lever te bevorderen en de ontstane “gaten” te dichten zou de groei van 

hepatocyten ook bevorderd kunnen worden. De schade aan de hepatocyten 

veroorzaakt op zijn beurt weer een activatie van de lever macrofagen (‘Kupffer’ 

cellen) en endotheelcellen. Deze twee celtypen reguleren de immuunreactie 

hetgeen op zich zeer nuttig is voor het opruimen van toxische stoffen, bacteriën, 

viruspartikels of celpuin. Maar een chronische activatie van het immuunsysteem 

stimuleert helaas de bindweefselvorming weer sterk. Ontstekingsremmers kunnen 

wel anti-fibrotisch werken en Kupffer cellen en endotheelcellen zijn daarbij de 

voornaamste doelcellen. Activatie van hepatocyten, endotheelcellen en Kupffer 

cellen leidt namelijk tot afgifte van allerlei producten zoals groeifactoren en 

cytokines die de hepatische stellaat cellen in de lever activeren. 

In de normale lever slaan hepatische stellaat cellen vooral vitamine A op 

en heten daarom ook wel ‘fat-storing cell’. Na activatie stoten deze cellen echter 

hun vitamine A uit, nemen ze zeer sterk in aantal toe (proliferatie), en verkrijgen 

ze geheel andere eigenschappen. In hun cytoplasma komen vanaf dat moment 
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bijvoorbeeld contractiele elementen voor (α-smooth muscle actin) waardoor ze 

kunnen samentrekken en zo sterk bijdragen aan de verminderde 

bloeddoorstroming door de fibrotische lever. Bovendien gaan hepatische 

stellaatcellen bindweefsel (collagenen) en andere extracellulaire matrix eiwitten 

maken die het uiteindelijke litteken vormen dat bij overproductie ervan de 

architectuur en bloedvoorziening verstoord. Tevens zetten deze cellen andere 

celtypen aan tot actie waardoor het proces in een cirkelgang versterkt door kan 

gaan. Het zijn met name de hepatische stellaatcellen die verantwoordelijk zijn voor 

het uiteindelijke leverfalen. Dit celtype is dan ook de belangrijkste doelcel voor 

potentiële geneesmiddelen die de collageen productie remmen en ook voor 

vasoactieve middelen. Ook geneesmiddelen die de stellaatcel proliferatie remmen 

of die apoptose ervan induceren dienen aan te grijpen op dit celtype. Bij voorkeur 

dienen deze middelen geen effect te hebben in hepatocyten. 

Ons onderzoek heeft zich dan ook vooral gericht op het afleveren van anti-

fibrotische middelen naar de hepatische stellaatcellen tijdens leverfibrose. 

Het geneesmiddel 

In het hierboven staande zijn een aantal geneesmiddelen en strategieën 

genoemd die gebruikt kunnen worden om het proces van leverfibrose te remmen. 

In de studies beschreven in dit proefschrift hebben we gekozen voor het sturen 

van een cytokine naar de stellaat doelcel. Cytokines zijn endogene regulatoren van 

de immuunrespons en het wondgenezingsproces. Het zijn veelal potente stoffen 

die een scala aan activiteiten bezitten en aangrijpen op vele verschillende celtypen. 

Juist vanwege het gebrek aan selectiviteit zijn ze vaak moeilijk therapeutisch 

inzetbaar.  

Interleukine-10 (IL-10) is een cytokine dat een belangrijke rol speelt bij de 

regulatie van het leverfibrose proces. Hepatische stellaat cellen bezitten receptoren 

voor Il-10 en in vitro bleek IL-10 een remmend effect te hebben op de activatie, 

groei en eiwitproductie van deze cellen. Muizen waarbij het gen voor IL-10 was 

uitgeschakeld zijn ook gevoeliger voor fibrotische stimuli en laten een versneld 

fibroseproces zien. Bovendien remde de toediening van IL-10 aan ratten met nier- 

of leverfibrose het ziekte proces significant. Om deze redenen is het anti-

fibrotische effect van IL-10 uitgebreid getest in “clinical trials” bij patiënten met 

leverfibrose. De resultaten waren in sommige studies redelijk goed, in andere 
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echter veel minder. Bovendien kregen sommige patiënten problemen met hun 

afweer waardoor virale infecties (die juist de oorzaak waren van de problemen) 

weer de kop opstaken. 

Deze problemen zijn zeer waarschijnlijk het gevolg van het afweer-

onderdrukkende effect van IL-10 als gevolg van binding aan andere cellen dan 

hepatische stellaat cellen. Bovendien is IL-10, net als de meeste cytokines, een 

klein eiwit dat snel uit het bloed wordt geëlimineerd via de nier. Om een effect vast 

te stellen moet  het frekwent en in hoge dosis  worden gegeven en dan komen de 

bijwerkingen ook sterker tot uiting. Zeker bij chronische ziekten is dit een 

probleem.     

Interleukine-10 is vanwege deze eigenschappen een uitermate geschikt 

therapeutisch eiwit om selectief af te leveren in of bij de doelcel. Bij het begin van 

ons onderzoek waren er geen studies bekend om IL-10 selectief af te leveren in 

organen of doelcellen. Voor een aantal andere cytokines waren dergelijke pogingen 

echter wel ondernomen (TNF-α, IL-2, IL-6, en IL-12). Pogingen om de effectiviteit 

van cytokines te verhogen hadden vooral betrekking op een verlenging van de 

plasma halfwaardetijd door een koppeling van het cytokine aan macromoleculen 

(bijv. PEG) waardoor de  expositie tijd toeneemt. Het is echter zeer moeilijk 

gebleken om een eiwit gericht te sturen naar de juiste cel zonder de activiteit van 

dat eiwit te verliezen door dergelijke manipulaties. Bovendien zijn specifieke 

receptoren die gebruikt kunnen worden voor het selectief afleveren van 

geneesmiddelen vaak niet bekend. 

Drug targeting naar de hepatische stellaat cel. 

In de afgelopen jaren is binnen het laboratorium van de Farmacokinetiek 

& Drug Delivery van de RuG veel werk verricht aan het sturen van eiwitten naar 

doelcellen in de lever. In de meeste gevallen werd hierbij humaan serum albumine 

(HSA) gebruikt als geneesmiddel drager (‘drug carrier’). Er worden in het algemeen 

zeer verschillende carriers voor drug targeting doeleinden gebruikt. Meestal 

worden polymeren, liposomen of antilichamen hiervoor ingezet. In ons 

laboratorium is in het verleden kozen voor albumine omdat het de juiste grootte 

heeft, gemakkelijk verkrijgbaar is en bovendien goed modificeerbaar is. Albumine 

is bovendien een endogeen eiwit in het bloed en blijft daar ook na inspuiting 

langdurig aanwezig. De lading en de suikersamenstelling van HSA kan zodanig 
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worden gemodificeerd dat het specifiek wordt herkend door bepaalde receptoren 

op doelcellen. Op deze wijze kon het albumine selectief naar Kupffer cellen, 

endotheel cellen of hepatocyten in de lever gestuurd worden. Tot een aantal jaren 

geleden was het onmogelijk om de hepatische stellaat cel op deze wijze te bereiken, 

maar in 1998 zijn in ons laboratorium een aantal gemodificeerde albumines 

ontwikkeld die selectief werden opgenomen door dit celtype. Hiermee openden we 

de weg voor de selectieve     beïnvloeding van deze cel. 

Een van de gevonden mogelijkheden was het koppelen van mannose-6-

fosfaat aan het eiwit. Wanneer een bepaalde hoeveelheid van dit suikermolecuul 

aan albumine werd gekoppeld werd een leveropname van ongeveer 70% van de 

dosis verkregen (voor ongemodificeerd albumine is dat < 5%), waarbij ongeveer 

2/3 deel van de lever-inhoud door de hepatische stellaat cel bleek te zijn 

opgenomen. Het eiwit werd vooral opgenomen door geactiveerde stellaat cellen 

omdat deze cellen na activatie de receptor voor Mannose-6-Fosfaat/Insuline-Like 

Growth Factor II in hoge mate tot expressie brengen. Deze receptor speelt een 

belangrijke rol tijdens het ziekteproces maar bleek voor ons een effectieve poort 

om het Paard van Troje binnen te smokkelen. Het gemodificeerde albumine kan 

vervolgens gebruikt worden om er een geneesmiddel aan te koppelen maar het is 

natuurlijk ook mogelijk om het albumine te vervangen door een ander eiwit. In het 

huidige onderzoek is albumine vervangen door het therapeutische eiwit IL-10.  

Het doel van dit onderzoek was het onderzoeken of het mogelijk is IL-10 

zodanig te manipuleren dat het selectief door de hepatische stellaatcellen in 

de lever wordt opgenomen en te testen of dit gemodificeerde cytokine 

biologisch actief is in vitro en in vivo. Er is in deze studies gekeken naar de 

therapeutische effecten van mannose-6-fosfaat-IL-10 in gekweekte cellen en in 

ratten met leverfibrose geïnduceerd door ligatie van de galgang. Dit experimentele 

model kenmerkt zich door een zeer snelle en massieve fibrose in de lever binnen 3 

weken. Ook zijn de anti-fibrotische effecten van IL-10 onderzocht in een model 

van nierfibrose omdat het ongemodificeerde IL-10 daar accumuleert.  

Het onderzoek 

Allereerst hebben wij een literatuurstudie gedaan naar het succes van 

“clinical trials” met cytokines en de problemen die daarbij naar voren komen. 

Daarnaast hebben we alle modificaties van cytokines die zijn uitgevoerd om het 
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therapeutisch effect van deze eiwitten te verhogen of de bijwerkingen te 

verminderen op een rijtje gezet. Deze literatuurstudie is samengevat in een review 

over het gebruik cytokines en gemodificeerde cytokines als therapeutisch middel 

(Hoofdstuk 2). Het blijkt dat er veel pogingen zijn ondernomen met verschillende 

cytokines, maar dat het succes zeer wisselend is. Er zijn veelal problemen door 

een lage effectiviteit en een scala aan bijwerkingen. Sommige trials zijn echter zeer 

succesvol waarbij het vooral gaat om de gemodificeerde cytokines. Gepegyleerd 

Interferon α bijvoorbeeld is een zeer succesvol middel en is ook al op de markt 

verkrijgbaar als middel tegen hepatitis C. “Clinical trials” met IL-10 kennen vele 

problemen maar modificaties van dit cytokine zijn nog niet uitgevoerd. Het doel 

van ons onderzoek was om IL-10 te modificeren met mannose-6-fosfaat-groepen 

en wel zodanig dat een accumulatie in de hepatische stellaat cellen in de lever kan 

worden verkregen zonder daarbij de therapeutische effecten van IL-10 te verliezen 

(Hoofdstuk 1). 

Vervolgens hebben we gekeken naar het gedrag van IL-10 in vivo in 

gezonde ratten en in ratten met leverfibrose evenals naar de expressie van de IL10 

receptoren tijdens deze ziekte. Het farmacokinetisch profiel van natief IL-10 is 

beschreven in hoofdstuk 3. IL-10 blijkt een plasma halfwaarde tijd te hebben van 

slechts 2 minuten waarbij het vooral door de nieren wordt opgenomen. De 

verdeling naar de lever is daarentegen laag maar neemt iets toe tijdens 

leverfibrose. Dit laatste is geassocieerd met een toename in IL-10 receptor 

expressie in de lever in ratten met leverfibrose, hoewel deze receptor expressie ook 

dan niet erg hoog is.     

Omdat IL-10 vooral in de nier accumuleerde hebben we de anti-fibrotische 

eigenschappen van IL-10 eerst onderzocht in een experimenteel model van 

nierfibrose bij de rat (anti-Thy 1 model). De ophoping van IL-10 in de nier zegt nog 

niets over een mogelijke therapeutische effectiviteit, omdat de accumulatie van dit 

laagmoleculaire eiwit waarschijnlijk alleen in de tubuli optreedt, waar kleine 

eiwitten normaliter worden weggewerkt. Anti-Thy 1 nephritis kenmerkt zich door 

een acute ontsteking in glomeruli binnen 24 uur gevolgd door een meer chronisch 

fibrotisch proces (glomerulosclerose) waarbij de acute ontsteking snel minder 

wordt. In deze processen kunnen we ook onderscheid maken tussen de anti-

inflammatoire en de anti-fibrotische effecten van IL-10. Er werden duidelijke anti-

inflammatoire effecten van IL-10 waargenomen in de nier tijdens een acute 
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ontstekingsreactie in de glomeruli van de nier (Hoofdstuk 4). Dus, ondanks het 

feit dat IL-10 een halfwaardetijd heeft van slechte enkele minuten in plasma, had 

een enkele intraveneuze injectie een sterk remmend effect op de infiltratie van 

ontstekingscellen in glomeruli, 24 uur na toediening van dit IL-10. 

Normaliter wordt IL-10 geproduceerd door de cellen in of rondom het 

ontstoken weefsel. Deze productie is lokaal hoog en constant gedurende een 

langere tijd en dus is de korte halfwaardetijd in plasma geen probleem. Wij 

vroegen ons dan ook af of enkele herhaalde intraveneuze injecties voldoende 

waren om een chronisch fibrose proces te remmen. In de literatuur was het effect 

van IL-10 in dierexperimentele modellen onderzocht met viraal getransfecteerde 

cellen en met name in studies waarbij direct vanaf het begin van de ziekte 

regelmatig IL-10 werd geïnjecteerd. Dan is er sprake van een constante productie 

door de viraal geïnfecteerde cel, terwijl in andere gevallen niet kon worden 

vastgesteld of het antifibrotisch effect kwam door het wegnemen van de oorzaak 

(het ontstekingsproces) dan wel of het fibrose proces zelf werd geremd. Daarom 

hebben wij proeven gestart waarbij we ratten met experimentele glomerulosclerose 

behandelden middels een eenmalige dagelijkse intraveneuze injectie met IL-10 in 

een fase van het ziekteproces waarbij de inductiefase (d.w.z. het ontstekingsproces) 

al was afgelopen. In hoofdstuk 5 worden de effecten van IL-10 beschreven op het 

fibrose proces in glomeruli na een dagelijkse intraveneuze injectie 4  tot  7 dagen 

na de inductie van glomerulosclerose. De resultaten van deze studie tonen aan 

dat een intraveneuze behandeling met IL-10 duidelijke effecten heeft op diverse 

parameters die het fibroseproces weerspiegelen. Ondanks de korte halfwaardetijd 

van IL-10 heeft dit cytokine dus wel degelijk effect op een chronisch proces.  

De volgende stap in het onderzoek betrof de modificatie van het IL-10. Er 

werd mannose-6-fosfaat gekoppeld aan humaan recombinant IL-10. Problemen 

hierbij waren dat IL-10 in tegenstelling tot albumine een klein eiwit is, niet 

goedkoop in grote hoeveelheden verkrijgbaar is en zijn biologische functie na eiwit 

modificatie kan verliezen. Het bleek chemisch mogelijk om mannose-6-fosfaat te 

koppelen aan recombinant humaan interleukine en dit gemodificeerde IL-10 bleek 

biologische activiteit te vertonen in vitro, vergelijkbaar met IL-10 (Hoofdstuk 6). 

Als parameter voor de anti-inflammatoire activiteit gebruikten we de mate van 

activatie van een macrofaag cellijn en voor de het meten van de anti-fibrotische 

activiteit van gemodificeerd IL-10 bepaalden we de matrix modulerende activiteit, 
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d.w.z. de ratio van mRNA spiegels van collagenase (MMP-13) en collagenase-

remmers (TIMP-1) evenals de collageen depositie in cultures van primaire 

hepatische stellaat cellen in vitro. Door de kleine hoeveelheid eiwit die we in 

handen hadden konden we het eiwit moeilijk volledig karakteriseren maar we 

konden wel een duidelijke verandering van het gedrag in vivo vaststellen: het 

gemodificeerde eiwit accumuleerde in tegenstelling tot natief IL-10 in de lever 

(60% van de dosis versus 25% voor IL-10 zelf). Deze lever opname bleek rembaar 

met mannose-6-fosfaat-HSA en met negatief geladen HSA waardoor we indirect 

konden vaststellen dat in vivo naar alle waarschijnlijkheid een mannose-6-fosfaat 

herkennende receptor en een scavenger receptor bij de lever opname waren 

betrokken. Daarnaast is waarschijnlijk een andere receptor betrokken die het 

conjugaat specifiek herkende maar niet rembaar was door beide eiwitten: 

hoogstwaarschijnlijk de IL-10 receptor. Uit de literatuur en onze eigen studies was 

bekend op welke cellen deze receptoren zich bevinden en zo konden we indirect 

vaststellen dat het gemodificeerde IL-10 werd opgenomen door Kupffer cellen, 

endotheelcellen en de hepatische stellaat cellen. Een directe detectie van het 

cytokine in de lever bleek niet mogelijk omdat de kleine hoeveelheid eiwit zich in 

vivo verdeelt over een groot aantal cellen.  

In hoofdstuk 7 hebben we tenslotte bestudeerd of het mannose-6-fosfaat 

gemodificeerde IL-10 therapeutische effecten bezit in vivo in een diermodel voor 

leverfibrose. Via een gamma-camera konden we een snelle opname van dit IL-10 

in fibrotische levers visualiseren en vervolgens zijn we een behandeling gestart. 

Ratten met leverfibrose geïnduceerd door galgangligatie werden gedurende drie 

achtereenvolgende dagen behandeld met natief of gemodificeerd IL-10. Daarna 

werd de ontstekingsactiviteit en het fibrotische proces in de lever gemeten aan de 

hand van diverse parameters. De resultaten toonden aan dat zowel IL-10 als 

mannose-6-fosfaat-IL-10 een ontstekingsremmend effect hadden in de lever; er 

waren minder ontstekingscellen in de lever aanwezig dan in de behandelde 

groepen. Ook bleken zowel IL-10 als het gemodificeerde IL-10 de activatie van 

hepatische stellaat cellen te remmen (minder α-smooth muscle expressie) en de 

collageen depositie te verminderen (o.a. minder collageen depositie). Een dag na 

injectie van de laatste dosis was er geen effect (meer) op de mRNA niveaus van 

diverse parameters die het ontstekingsproces dan wel het fibrose proces 

weerspiegelden. Uit deze data werd geconcludeerd dat IL-10 na modificatie met 
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mannose-6-fosfaat snel door cellen in de fibrotische lever wordt opgenomen en 

daar farmacologisch actief is. Hoewel mannose-6-fosfaat IL-10 op enkele punten 

beter scoorde dan natief IL-10 kan nog niet met zekerheid worden vastgesteld dat 

het gemodificeerde IL-10 ook effectiever is dan IL-10 zelf. Hiervoor zullen nog 

additionele dosis-response studies moeten worden uitgevoerd. Ook de 

bijwerkingen van natief en gemodificeerd IL-10 zullen nog nader vergeleken 

moeten worden. Feit blijft dat deze studies een eerste hepatische stellaat cel-

selectieve cytokine hebben opgeleverd. Deze studies openen nieuwe wegen voor 

het therapeutisch gebruik van IL-10 en mogelijk ook voor het therapeutisch 

gebruik van cytokines in het algemeen. Gelet op de effecten van IL-10 in onze en 

andere studies, biedt dit onderzoek ook nieuwe kansen voor het vinden van een 

effectief geneesmiddel tegen leverfibrose (Hoofdstuk 8). 
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AUC    : area under the plasma concentration-time curve 
ALT : alanin transaminase 
AP : alkaline phosphatase 
AST : aspartate transaminase 
cDNA : complementary deoxyribonucleat 
Cl12  : clearance from central to peripheral compartment 
Clp : plasma clearance 
DBI : direct billirubin index 
ELISA : Enzyme-linkage immunosorbent assay 
ICAM-1 : intracellular adhesion molecule-1 
Ig : immunoglobulin 
k10 : elimination rate constant from the central compartment 
k12 : rate constant of transfer from central to peripheral 

compartment 
k21 : rate constant of transfer from peripheral to central 

compartment 
LPS : lipopolysacharide 
MCP-1 : monocyte chemotactic protein-1 
mRNA : messenger ribonucleat 
PBS : phosphate buffer saline 
PCR : polymerase chain reaction 
TBI : total billirubin index 
TGFβ-1 : transforming growth factor-1 
Thy 1 : thymocyte 1 
TIMP-1 : tissue inhibitor metalloproteinase-1 
V1 : volume of distribution in compartment one 
V2 : volume of distribution in compartment two 
Vss : volume of distribution at steady state 

 


