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General Introduction

General Introduction

FIBROSIS
Fibrosis is associated with many diseases and is characterized by excessive

deposition of extracellular matrix (ECM) in tissue. Production of ECM is actually part
of a normal repair response after tissue damage and includes a clotting phase, an
inflammatory phase, a remodelling phase and a resolution phase, which will ultimately

lead to resolution of the damage and restoration of normal tissue architecture1.
However, persistent injury and/or inflammation of a tissue may lead to an imbalanced
regulation of ECM formation and resolution in this tissue.

Fibrosis can occur in many organs, including vital organs like liver 2, kidney3,

lung4, intestine5, heart6,7, and bone marrow8. The development of fibrosis in each organ
is associated with several persistent triggers and damage, as described in Table 1.

Viral and
bacterial
infections
Environmental
factors
Chronic
diseases
Adverse effects
of radiation and
chemotherapy4

Table 1. Triggers of organ fibrosis

Triggers of fibrosis development
Hepatitis B9 and hepatitis C10
Tuberculosis11, diphtheria12
Microbiota13
Cigarette smoke14, metal and silica dust4
Fat and alcohol15
Ischemic/hypertensive and diabetic nephropathy3
Hypertension and cardiomyophaty16,17

Organ affected
Liver
Lung
Liver & intestine
Lung
Liver
Kidney
Heart
Lung

An advanced stage of fibrosis often leads to organ failure and thus malfunction

of these vital organs and can ultimately cause the death of patients. To date there are
no possibilities to stop or reverse fibrosis, besides transplantation, and only a few
therapies are available that slow down the fibrotic process 7,18,19.

Late detection of fibrosis is one of the main reasons for the high mortality in

patients. In most patients, fibrosis is only detected when the organ is already severely
damaged and the fibrotic organ is not able to properly perform its normal functions

anymore. Several diagnostic tools have been applied to assess the stage of fibrosis,
including non-invasive imaging methods like magnetic resonance and transient

elastography9,20 and high-resolution computed tomography21,22 to assess fibrosis stage
10
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in liver and lung, respectively. However, it is still of paramount importance to have
reliable and easy-to-assess diagnostic methods and markers to detect the slow and

long-term progression of fibrosis in the earliest phase possible in order to prevent the

incurable end-stage of the disease. Furthermore, the markers may also be applied to
assess the response of fibrotic organs towards antifibrotic therapy, to determine

therapeutic effectiveness of antifibrotic drug candidates, and eventually be used as

surrogate endpoints in drug studies. In order to determine the reliability of candidate
fibrosis markers that can accurately diagnose fibrosis and therapeutic effectiveness, it

is necessary to understand how mechanisms, pathways, cell types, growth factors, and
cytokines interact in fibrosis development and resolution.
FIBROSIS-ASSOCIATED CELLS
Fibrosis is a complex condition, which involves many different cell types,

growth factors, and cytokines. Therefore, it is of utmost importance to understand

intercellular mechanisms and signalling pathways of fibrosis, to identify specific
targets for therapy and to establish reliable markers for detecting fibrosis and

evaluating therapy effectiveness. Extensive studies on those subjects will give more

insights on the progression of fibrosis, which will facilitate the development of effective
antifibrotic drugs.

Fibroblasts, including tissue resident (like hepatic stellate cells in liver) types

and circulating precursors i.e. fibrocytes, play key-role in fibrosis development.

Injury/damage of tissue leads to activation of fibroblasts into myofibroblasts. These
myofibroblasts secrete profibrotic cytokines and chemokines, initiate migration of
circulating fibrocytes and other profibrotic cells into the injured tissue/organ, induce

proliferation and differentiation of fibrosis-associated cells, promote tissue

contraction, and produce ECM1,2. Due to the central role of myofibroblasts in the

development of fibrosis, many studies aim to inhibit activation of fibroblasts into

myofibroblasts, e.g. by inhibiting the transforming growth factor beta (TGFβ)pathway23,24, the Wnt-pathway25 and the PI3K/Akt pathway26.

Beside fibroblasts, smooth muscle cells exhibit similar properties as fibroblasts

towards fibrosis stimulation27,28. Several studies have shown that smooth muscle cells

11
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can differentiate into myofibroblasts and secrete TGFβ 29 and platelet-derived growth
factor (PDGF) in lung30, and PDGF in intestine31.

Myofibroblasts, being the major producers of extracellular matrix, have been

the focus of fibrosis research for many years. However, in recent years, there is

increasing evidence that several other cell types also play an important role in fibrosis
development and resolution. Other cells that are involved in the development of
fibrosis, are described in Table 2.
Fibrosis-associated
cells
Fibroblasts1,32,33

(Profibrotic)
macrophages34,35

(Antifibrotic)
macrophages36–39
Fibrocytes 28,40,41
Th2 (Type 2 T
helper) cells 42

B cells43
Smooth muscle
cells29–31,44
Dendritic cells45–47

Table 2. Cells involved in fibrosis

Role in fibrosis

- produce profibrotic cytokines and chemokines
- initiate migration of circulating fibrocytes and other profibrotic
cells into injured tissues/organs
- induce proliferation and differentiation of fibrosis-associated
cells
- promote tissue contraction and produce ECM
- produce profibrotic mediators like TGF and PDGF that induce
proliferation and activation of fibroblasts
- produce CC chemokines that can attract profibrotic cells
- produce specific matrix metalloproteinases (MMPs) and other
proteolytic enzymes like cathepsins to degrade ECM.
- phagocytose pieces of degraded ECM
- produce tissue inhibitor of metalloproteinases (TIMPs)
- can develop into (myo)fibroblasts and produce connective tissue
proteins such as vimentin and collagens I and III
- produce profibrotic cytokines including interleukin-4 (IL4),
interleukin-10 (IL10), and interleukin-13 (IL13)
- produce growth factors (TGFβ, PDGF)
- produce IL-6, IL10, and TGF
- produce TGF and PDGF
- produce cytokines and chemokines
- produce matrix proteins, MMPs and TIMPs
- express integrins
- produce MMPs, including MMP2 and MMP7, and produce IL10
and TGFβ

Studies showed that Th2 cells42 and B cells43 also play role in producing

profibrotic cytokines (IL4, IL10 and IL13) and growth factors (TGFβ, PDGF) that can
12
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activate fibroblasts to produce ECM. Dendritic cells contributes to remodeling of tissue
by secreting MMPs, including MMP2 and MMP746 and producing IL10 and TGFβ47.

Macrophages play an important role in controlling ECM homeostasis, which is

dysregulated during fibrosis42,48. Several studies have shown that macrophages

promote fibrosis by producing profibrotic mediators like TGF and PDGF that induce
proliferation and activation of fibroblasts35,42 . However, other studies have shown that
macrophages also facilitate resolution of fibrosis by producing specific MMPs and

other proteolytic enzymes like cathepsins that degrade fibrotic ECM49,50. In addition,
macrophages have also been shown to express receptors that can phagocytose pieces

of degraded ECM48,51,52. Macrophages can also express/ produce membrane-type MMP

(MT-MMP) and TIMPs39 which can activate proteolytic activity of MMPs via proteinase
cleavage53,54. These studies thus reveal that macrophages behaviour is highly plastic.

The interaction and roles of fibrosis-associated cells are schematically

summarized in Figure 1. This scheme illustrates key players (including mechanisms,
pathways, cell types, growth factors, and cytokines) in fibrosis development and
resolution that may be studied in more detail for development of fibrosis markers and
targets of therapy.

Figure 1. The interactions and roles of fibrosis-associated cells

13
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FIBROSIS MARKERS
In several studies, possible fibrosis markers have been identified in various

organs. These markers can be classified as follows:
1. Fibrosis-associated

cells,

including

fibroblasts32,33,

fibrocytes28,40,

macrophages34,37,38, monocytes35, dendritic cells45–47, Th2 cells42, and B cells43 as
described in Table 2

2. Fibrogenesis-related cytokines, including TGFβ, connective-tissue growth factor
(CTGF), PDGF , IL13, tumor necrosis factor alpha (TNFα), vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF) and their receptors55

3. Profibrotic chemokines, including ligand of CXC chemokine-13 (CXCL13)56 and
ligand of CC chemokine-8 (CCL18)41,57,58

4. Fibrosis-associated proteins, including galectin-359,60 and klotho61

5. Markers of myofibroblast activation/ differentiation: α-smooth muscle actin
(α-SMA)62

6. Markers of ECM formation, including collagen, glycoprotein, hyaluronan, propeptide of collagen type III (PIIINP), pro-peptide of collagen type I (PINP), type IV
collagen, hydroxyproline, fibronectin, and plasminogen activator inhibitor 1
(PAI-1)63.

7. Collagen chaperones, including heat shock protein 47 (Hsp47) 64, FK506-binding
protein 10 (FKBP10)65

8. Markers of fibrolytic processes, including MMP-2, MMP-9, MMP-1363

9. ECM degradation products, including collagen type III, VI, I fragments generated by
MMP-2, 9, 1355,66,67

10. Epithelium-specific markers, including αvβ6 integrin68, integrin alpha 1169,
surfactant protein A, C, and D70, MMP-771–73 and MMP-374

Among the above-mentioned markers, fibrosis markers that can be detected in

serum/plasma (blood-based biomarkers) offer advantages in diagnosing fibrosis due

to their easier sampling procedure. Therefore, several blood-based (serum)
biomarkers, have been further developed to be applied in the clinical field. Maher et
al.70 for instance have shown that four serum biomarkers (surfactant protein D,
14
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MMP-7, carbohydrate antigen 19-9, and carbohydrate antigen 125) predict disease
progression in a cohort of patients with idiopathic pulmonary fibrosis (IPF).

In the case of liver fibrosis, several serum tests have been developed to diagnose

liver fibrosis, i.e. the European Liver Fibrosis test (ELF)™ using hyaluronic acid,

procollagen III N-terminal peptide and TIMP120, the FibroTest/Fibrosure using α-2macroglobulin, apolipoprotein A1, haptoglobin, L-glutamyltranspeptidase, and
bilirubin75, and the Coopscore using α-2-macroglobulin, apolipoprotein A1, AST,

collagen IV and osteoprotegerin. For the latter one, osteoprotegerin (OPG) was
included as an additional biomarker to increase the accuracy of liver fibrosis
diagnosis76.

A few other studies have shown that higher OPG serum levels are associated

with having liver fibrosis

77,78.

However, it is unclear whether higher OPG levels are

only associated with fibrosis of the liver or also of other organs. Moreover, the role of

OPG in fibrotic processes and how OPG is regulated during fibrosis are still unclear.
Therefore, the aim of this thesis is to elucidate the role of OPG in fibrosis and
investigate whether it is a general phenomenon or only associated with liver fibrosis.
OSTEOPROTEGERIN IN FIBROSIS
OPG is a secretory protein that belongs to the tumor necrosis factor (TNF)

receptor superfamily. It functions as a decoy receptor for several ligands including

receptor of nuclear factor B ligand (RANKL), TNF-related apoptosis-inducing ligand

(TRAIL) and glycosaminoglycan79,80. OPG is best known for its regulation of bone tissue
ECM by binding RANKL and blocking RANKL-RANK interactions, thus inhibiting

osteoclast activation and preventing bone ECM degradation 81. However, recent studies

have shown that higher OPG levels were not only detected in bone but also in fibrotic

lung82, heart83, and vasculature84of murine models as well as in fibrotic liver77,78,
epidural fibrosis85, and chronic kidney disease due to vascular damage 86, and
inflammatory bowel disease87 in humans.

Unlike markers that can only be detected in fibrotic organs, OPG is a soluble

protein and can be detected in blood and urine. Several studies have shown that higher

OPG serum levels correlate with fibrosis of the liver76,78, kidney88,89 and colon90. These
15
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results suggest that OPG could be a biomarker to assess organ fibrosis and may
possibly also be used to assess the effectiveness of antifibrotic therapy. Furthermore,

having a better understanding of the role of OPG in fibrogenesis in specific

cells/tissues/organs may even lead to new opportunities for OPG as a target for
antifibrotic therapy.

OPG was first discovered to be produced by osteoblasts 81 but recent studies

have shown that OPG is also produced by fibroblasts 91, smooth muscle cells92 and

epithelial cells93. OPG production was found to be stimulated by TGFβ, IL4, and IL17
and inhibited by interferon-γ (IFNγ)94. OPG itself could also induce the expression of

fibronectin, collagen type I, III, IV, and TGFβ184. The association with several types of

fibrosis and its production by key cells in fibrogenesis indicate that OPG may play role
in fibrosis, however, how OPG contributes to the development of organ fibrosis needs
to be further studied.

There are several hypotheses that could explain the role of OPG in fibrosis.

Firstly, OPG may bind TRAIL and avert TRAIL-induced apoptosis of myofibroblasts and

therefore myofibroblasts will continue to produce ECM84,95,96. Secondly, OPG may bind
RANKL thereby preventing interaction of RANKL with RANK-expressing macrophages,
which may lead to inactivation of MMP-producing macrophages and consequently to
inhibition of ECM degradation97. Key to these hypotheses is the assumption OPG is

produced locally in the fibrotic organ of study. However, in patients and animal models
of fibrosis OPG protein in serum or even the organ itself may originate from multiple

sources. Therefore, beside using patient material or whole animals, we need additional

methods to be able to study OPG regulation on the organ level. One such method is the
ex vivo method of precision-cut tissue slices. This technique offers advantages to
investigate OPG production and regulation in in specific organs without interference of
other organs in more details.

PRECISION-CUT TISSUE SLICES
To study fibrosis, many different models are being used, including in vitro and

in vivo models98,99. In vitro studies on fibrosis focus on how specific cell types respond
to fibrotic stimulation. However, fibrosis is a complex disease involving interactions
16
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between various types of cells and in vitro studies with only a single cell type cannot

comprehensively explain these complex mechanisms. On the other hand, in vivo studies
with animals provide better insight into the complex mechanisms between cells in the
fibrotic organ, but are sometimes overly complex and often require large numbers of
animals. In addition, animal models often do not accurately mimic human disease.

Over the years our lab has specialized precision-cut tissue slices as an in

between, alternative model to study chronic diseases such as fibrosis in lung, liver,
intestine and kidney100–104. Intercellular and cell-matrix interactions remain intact in

these tissue slices102 and therefore tissue slices allow study of multicellular processes
as the contain all the different cells in their original environment and their tissue

architecture. Precision-cut human tissue slices can also provide better prediction of

therapy success in clinical research since precision-cut human tissue slices enable
more accurate translation of preclinical studies into clinical studies because there are
no species differences. Therefore, an important part of this thesis has been generated

using the model of precision-cut tissue slices to study different aspects of fibrogenesis.
SCOPE OF THE THESIS
Several studies have shown that macrophages exhibit a “dual role” in fibrosis

35,38,42,105–107.

Therefore, in Chapter 1, we discuss this elusive behaviour of

macrophages during the development of fibrosis in various organs and identify proand antifibrotic characteristics of macrophages to design strategies to suppress their
fibrotic nature and to stimulate the antifibrotic nature of macrophages.

We further continued our studies in Chapter 2, investigating whether OPG

plays a role in pulmonary fibrosis and to test our hypothesis that OPG has an effect on

fibrosis development through interactions with RANKL. To test this we treated mice
with silica-induced pulmonary fibrosis with RANKL to possibly activate antifibrotic
macrophages and we assessed fibrosis development after RANKL treatment.

In Chapter 3, we used precision-cut lung slices to study the regulation of OPG

in lung tissue during fibrogenesis in more detail using TGFβ-stimulated murine lung

slices and slices from human fibrotic lung tissue. In this chapter, we also investigated
whether pirfenidone and nintedanib, currently the only approved treatments for IPF,

17
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affect OPG production to assess whether OPG could potentially be used as a marker for
treatment effects.

One of the challenges of using precision cut tissue slices is that they can only be

used for short-term (2 days) experiments, while fibrosis is a chronic disease that
develops over several months/years. Therefore, it is important to have a marker that
can detect development of fibrosis in early stages as well as detect early changes after

antifibrotic therapy. In Chapter 4, we further explore OPG as marker of both early- and
end-stage fibrosis in lung, liver, kidney and intestine using murine and human tissue

slices. We further evaluated OPG as marker to assess treatment effect using a new drug
candidate: galunisertib, a TGFβ-receptor type I kinase inhibitor, which was previously
applied as an anticancer drug108–110.

To gain deeper understanding of OPG regulation in fibrotic organs, in Chapter

5, we further studied regulation of OPG in liver tissue after TGFβ- and IL13-stimulation.
Finally, in the General Discussion, we summarize our findings and discuss the

perspectives of the use of OPG as biomarker to detect fibrosis in early stages, to assess
therapy effectiveness of new drug candidates, and as target for antifibrotic therapy.
REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.

18

Wynn, T. Cellular and molecular mechanisms of fibrosis. J. Pathol. 214, 199–210 (2008).
Pellicoro, A., Ramachandran, P., Iredale, J. P. & Fallowfield, J. A. Liver fibrosis and repair: immune
regulation of wound healing in a solid organ. Nat. Rev. Immunol. 14, 181–94 (2014).
Duffield, J. S. & Duffield, J. S. Cellular and molecular mechanisms in kidney fibrosis Find the latest
version : Review series Cellular and molecular mechanisms in kidney fibrosis. 124, 2299–2306
(2014).
Wilson, M. S. & Wynn, T. A. Pulmonary fibrosis: Pathogenesis, etiology and regulation. Mucosal
Immunol. 2, 103–121 (2009).
Curciarello, R., Docena, G. H. & MacDonald, T. T. The Role of Cytokines in the Fibrotic Responses
in Crohn’s Disease. Front. Med. 4, 1–9 (2017).
Kong, P., Panagiota, ·, Nikolaos, C. · & Frangogiannis, G. The pathogenesis of cardiac fibrosis. Cell.
Mol. Life Sci 71, 549–574 (2014).
Fan, Z. & Guan, J. Antifibrotic therapies to control cardiac fibrosis. Biomater. Res. 20, 1–13 (2016).
Zahr, A. A. et al. Bone marrow fibrosis in myelofibrosis: pathogenesis, prognosis and targeted
strategies. Haematologica 101, 660–671 (2016).
Chon, Y. E. et al. Performance of Transient Elastography for the Staging of Liver Fibrosis in
Patients with Chronic Hepatitis B: A Meta-Analysis. PLoS One 7, 1–7 (2012).
Rizzo, L. et al. Comparison of transient elastography and acoustic radiation force impulse for noninvasive staging of liver fibrosis in patients with chronic hepatitis C. Am. J. Gastroenterol. 106,
2112–2120 (2011).

Osteoprotegerin in Organ Fibrosis: Biomarker, Actor and Target of Therapy?

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Jarvela, J. R., Tuscano, L., Lee, H. & Silver, R. F. Pulmonary responses to pathogen-specific antigens
in latent Mycobacterium tuberculosis infection. Tuberculosis 96, (2016).
Sisson, T. H. et al. Targeted injury of type II alveolar epithelial cells induces pulmonary fibrosis.
Am. J. Respir. Crit. Care Med. 181, 254–263 (2010).
Seki, E. & Schnabl, B. Role of innate immunity and the microbiota in liver fibrosis: Crosstalk
between the liver and gut. J. Physiol. 590, 447–458 (2012).
King, T. E., Pardo, A. & Selman, M. Idiopathic pulmonary fibrosis. Lancet 378, 1949–1961 (2011).
Ellis, E. L. & Mann, D. A. Clinical evidence for the regression of liver fibrosis. J. Hepatol. 56, 1171–
1180 (2012).
Díez, J. Mechanisms of cardiac fibrosis in hypertension. J. Clin. Hypertens. (Greenwich). 9, 546–
550 (2007).
Khan, R. & Sheppard, R. Fibrosis in heart disease: Understanding the role of transforming growth
factor-β1 in cardiomyopathy, valvular disease and arrhythmia. Immunology 118, 10–24 (2006).
Caminati, A., Cassandro, R., Torre, O. & Harari, S. Severe idiopathic pulmonary fibrosis: What can
be done? Eur. Respir. Rev. 26, (2017).
Arakeri, G. et al. Current protocols in the management of oral submucous fibrosis: An update. J.
Oral Pathol. Med. 46, 418–423 (2017).
Fitzpatrick, E. & Dhawan, A. Noninvasive biomarkers in non-alcoholic fatty liver disease: Current
status and a glimpse of the future. World J. Gastroenterol. 20, 10851–10863 (2014).
Hunninghake, G. W. et al. Utility of a Lung Biopsy for the Diagnosis of Idiopathic Pulmonary
Fibrosis. 2–5 (2001).
Raghu, G., Weycker, D., Edelsberg, J., Bradford, W. Z. & Oster, G. Incidence and prevalence of
idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 174, 810–816 (2006).
Fernandez, I. E. & Eickelberg, O. The Impact of TGF-β on Lung Fibrosis. Proc. Am. Thorac. Soc. 9,
111–116 (2012).
Meng, X., Nikolic-Paterson, D. J. & Lan, H. Y. TGF-β: the master regulator of fibrosis. Nat. Rev.
Nephrol. 12, 325–338 (2016).
Akhmetshina, A. et al. Activation of canonical Wnt signalling is required for TGF-β-mediated
fibrosis. Nat. Commun. 3, (2012).
Kulkarni, A. A. et al. PPAR-γ Ligands Repress TGFβ-Induced Myofibroblast Differentiation by
Targeting the PI3K/Akt Pathway: Implications for Therapy of Fibrosis. PLoS One 6, e15909
(2011).
Maharaj, S. S. et al. Increased Fibrocytes In Patients Newly Diagnosed With Idiopathic Pulmonary
Fibrosis. in B28. EMERGING BIOMARKERS OF COMPLEX LUNG DISEASES A2655–A2655
(American
Thoracic
Society,
2012).
doi:10.1164/ajrccm-conference.2012.185.1_
MeetingAbstracts.A2655
Borie, R. et al. Alveolar Fibrocytes Are A Markers A Lung Fibrosis Severity. in B28. EMERGING
BIOMARKERS OF COMPLEX LUNG DISEASES A2656–A2656 (American Thoracic Society, 2012).
doi:10.1164/ajrccm-conference.2012.185.1_MeetingAbstracts.A2656
Xie, S. et al. Regulation of TGF-β1-induced connective tissue growth factor expression in airway
smooth muscle cells. Am. J. Physiol. Cell. Mol. Physiol. 288, L68–L76 (2005).
Chung, K. F. Airway smooth muscle cells: Contributing to and regulating airway mucosal
inflammation? Eur. Respir. J. 15, 961–968 (2000).
Speca, S., Giusti, I., Rieder, F. & Latella, G. Cellular and molecular mechanisms of intestinal fibrosis.
World J. Gastroenterol. 18, 3635–3661 (2012).
McAnulty, R. J. Fibroblasts and myofibroblasts: Their source, function and role in disease. Int. J.
Biochem. Cell Biol. 39, 666–671 (2007).
Lawrance, I. C. et al. Cellular and Molecular Mediators of Intestinal Fibrosis. J. Crohn’s Colitis
j.crohns.2014.09.008 (2015). doi:10.1016/j.crohns.2014.09.008
Barron, L. & Wynn, T. A. Macrophage activation governs schistosomiasis-induced inflammation
and fibrosis. Eur. J. Immunol. 41, 2509–2514 (2011).

19

General Introduction

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.

20

Gibbons, M. A. et al. Ly6Chimonocytes direct alternatively activated profibrotic macrophage
regulation of lung fibrosis. Am. J. Respir. Crit. Care Med. 184, 569–581 (2011).
Brancato, S. K. & Albina, J. E. Wound macrophages as key regulators of repair: Origin, phenotype,
and function. Am. J. Pathol. 178, 19–25 (2011).
Huang, W. C., Sala-Newby, G. B., Susana, A., Johnson, J. L. & Newby, A. C. Classical macrophage
activation up-regulates several matrix metalloproteinases through mitogen activated protein
kinases and nuclear factor-κB. PLoS One 7, (2012).
Boorsma, C. E., Draijer, C. & Melgert, B. N. Macrophage Heterogeneity in Respiratory Diseases.
Mediators Inflamm. 2013, 1–19 (2013).
Laquerriere, P. et al. MMP-2, MMP-9 and their inhibitors TIMP-2 and TIMP-1 production by
human monocytes in vitro in the presence of different forms of hydroxyapatite particles.
Biomaterials 25, 2515–2524 (2004).
Quan, T. E., Cowper, S. E. & Bucala, R. The role of circulating fibrocytes in fibrosis. Curr.
Rheumatol. Rep. 8, 145–150 (2006).
Prasse, A. & Müller-Quernheim, J. Non-invasive biomarkers in pulmonary fibrosis. Respirology
14, 788–795 (2009).
Barron, L. & Wynn, T. A. Fibrosis is regulated by Th2 and Th17 responses and by dynamic
interactions between fibroblasts and macrophages. Am. J. Physiol. Gastrointest. Liver Physiol. 300,
G723-8 (2011).
Hasegawa, M., Fujimoto, M., Takehara, K. & Sato, S. Pathogenesis of systemic sclerosis: Altered B
cell function is the key linking systemic autoimmunity and tissue fibrosis. J. Dermatol. Sci. 39, 1–
7 (2005).
Black, J. L., Burgess, J. K. & Johnson, P. R. A. Airway smooth muscle—its relationship to the
extracellular matrix. Respir. Physiol. Neurobiol. 137, 339–346 (2003).
Rahman, A. H. & Aloman, C. Dendritic cells and liver fibrosis. BBA - Mol. Basis Dis. 1832, 998–
1004 (2013).
Tort Tarrés, M. et al. Role of dendritic cells in pulmonary fibrosis in mice. in 1.5 Diffuse
Parenchymal Lung Disease 48, PA3891 (European Respiratory Society, 2016).
Lu, T. T. Dendritic Cells: Novel Players in Fibrosis and Scleroderma. doi:10.1007/s11926-0110215-5
McKleroy, W., Lee, T.-H. & Atabai, K. Always cleave up your mess: targeting collagen degradation
to treat tissue fibrosis. Am. J. Physiol. Cell. Mol. Physiol. 304, L709–L721 (2013).
Cabrera, S. et al. Overexpression of MMP9 in macrophages attenuates pulmonary fibrosis
induced by bleomycin. Int. J. Biochem. Cell Biol. 39, 2324–2338 (2007).
Fonović, M. & Turk, B. Cysteine cathepsins and extracellular matrix degradation. Biochim.
Biophys. Acta - Gen. Subj. 1840, 2560–2570 (2014).
Atabai, K. et al. Mfge8 diminishes the severity of tissue fibrosis in mice by binding and targeting
collagen for uptake by macrophages. J. Clin. Invest. 119, 3713–22 (2009).
Popov, Y. et al. Macrophage-mediated phagocytosis of apoptotic cholangiocytes contributes to
reversal of experimental biliary fibrosis. Am. J. Physiol. Liver Physiol. 298, G323–G334 (2010).
Ra, H.-J. & Parks, W. C. Control of matrix metalloproteinase catalytic activity. Matrix Biol. 26, 587–
596 (2007).
Morrison, C. J. et al. Cellular activation of MMP-2 (gelatinase A) by MT2-MMP occurs via a TIMP2-independent pathway. J. Biol. Chem. 276, 47402–10 (2001).
Liu, T., Wang, X., Karsdal, M. A., Leeming, D. J. & Genovese, F. Molecular Serum Markers of Liver
Fibrosis. Biomark. Insights 7, BMI.S10009 (2012).
Vuga, L. J. et al. C-X-C motif chemokine 13 (CXCL13) is a prognostic biomarker of idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 189, 966–974 (2014).
Zhang, Y., Kaminski, N. & Simmons, R. P. Biomarkers in idiopathic pulmonary fibrosis. (2012).
doi:10.1097/MCP.0b013e328356d03c
Zissel, G. et al. Serum CC-Chemokine Ligand 18 Concentration Predicts Outcome in Idiopathic
Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 179, 717–723 (2009).

Osteoprotegerin in Organ Fibrosis: Biomarker, Actor and Target of Therapy?

59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

de Boer, R. A. et al. The fibrosis marker galectin-3 and outcome in the general population. J. Intern.
Med. 272, 55–64 (2012).
Darabantiu, D., Pilat, L., Lala, R. I., Puschita, M. & Lungeanu, D. Galectin-3 as a marker for clinical
prognosis and cardiac remodeling in acute heart failure. Herz 43, 146–155 (2017).
Nitta, K. et al. Reduced Klotho expression level in kidney aggravates renal interstitial fibrosis.
Am. J. Physiol. Physiol. 302, F1252–F1264 (2012).
Brenner, D. A. et al. Origin of myofibroblasts in liver fibrosis. Fibrogenes. Tissue Repair 5, 2–5
(2012).
Liu, T., Wang, X., Karsdal, M. A., Leeming, D. J. & Genovese, F. Molecular serum markers of liver
fibrosis. Biomark. Insights 7, 105–117 (2012).
Ishida, Y. & Nagata, K. Chapter 9 - Hsp47 as a Collagen-Specific Molecular Chaperone. Biol. Serpins
499, 167–182 (2011).
Staab-Weijnitz, C. A. et al. FK506-binding protein 10, a potential novel drug target for idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 192, 455–467 (2015).
Jenkins, R. G. et al. Longitudinal change in collagen degradation biomarkers in idiopathic
pulmonary fibrosis: an analysis from the prospective, multicentre PROFILE study. Lancet Respir.
Med. 3, 462–472 (2015).
Crooks, M. G. & Hart, S. P. Biomarkers in idiopathic pulmonary fibrosis: picking the winners for
trials. Lancet Respir. Med. 3, 421–422 (2015).
Saini, G. et al. Αvβ6 Integrin May Be a Potential Prognostic Biomarker in Interstitial Lung Disease.
Eur. Respir. J. 46, 486–494 (2015).
Bansal, R. et al. Integrin alpha 11 in the regulation of the myofibroblast phenotype: implications
for fibrotic diseases. Exp. Mol. Med. 49, e396 (2017).
Maher, T. M. et al. An epithelial biomarker signature for idiopathic pulmonary fibrosis: an
analysis from the multicentre PROFILE cohort study. Lancet Respir. Med. 5, 946–955 (2017).
Rosas, I. O. et al. MMP1 and MMP7 as potential peripheral blood biomarkers in idiopathic
pulmonary fibrosis. PLoS Med. 5, 0623–0633 (2008).
Richards, T. J., Kaminski, N. & Gibson, K. F. Plasma proteins for risk prediction in idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 185, 1329–1330 (2012).
Chu, J. et al. Validation of the prognostic value of MMP-7 in idiopathic pulmonary fibrosis.
Respirology 22, 486–493 (2016).
Yamashita, C. M. et al. Matrix metalloproteinase 3 is a mediator of pulmonary fibrosis. Am. J.
Pathol. 179, 1733–1745 (2011).
Salkic, N. N., Jovanovic, P., Hauser, G. & Brcic, M. Fibro test/fibrosure for significant liver fibrosis
and cirrhosis in chronic hepatitis B: A meta-analysis. Am. J. Gastroenterol. 109, 796–809 (2014).
Bosselut, N. et al. Including osteoprotegerin and collagen IV in a score-based blood test for liver
fibrosis increases diagnostic accuracy. Clin. Chim. Acta J.L. Bosson; A. Paris; ANRS L. Allain, Paris.
Methodol. Hospices Civ. Lyon. M-C. Gelineau, B. Poggi 415, 63–68 (2013).
Yilmaz, Y. et al. Serum levels of osteoprotegerin in the spectrum of nonalcoholic fatty liver
disease. Scand. J. Clin. Lab. Invest. 70, 541–546 (2010).
García-Valdecasas-Campelo, E. et al. Serum osteoprotegerin and rankl levels in chronic alcoholic
liver disease. Alcohol Alcohol. 41, 261–266 (2006).
Baud’huin, M. et al. Osteoprotegerin: Multiple partners for multiple functions. Cytokine Growth
Factor Rev. 24, 401–409 (2013).
Kuźniewski, M. et al. Osteoprotegerin and osteoprotegerin/TRAIL ratio are associated with
cardiovascular dysfunction and mortality among patients with renal failure. Adv. Med. Sci. 61,
269–275 (2016).
Boyce, B. F. & Xing, L. Functions of RANKL/RANK/OPG in bone modeling and remodeling. Arch.
Biochem. Biophys. 473, 139–146 (2008).
Brass, D. M. et al. Fibroproliferation in LPS-induced airway remodeling and bleomycin-induced
fibrosis share common patterns of gene expression. Immunogenetics 60, 353–369 (2008).

21

General Introduction

83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.

100.
101.
102.
103.
104.

22

Liu, W. et al. Osteoprotegerin/RANK/RANKL axis in cardiac remodeling due to immunoinflammatory myocardial disease. Exp. Mol. Pathol. 84, 213–217 (2008).
Toffoli, B. et al. Osteoprotegerin promotes vascular fibrosis via a TGF-β1 autocrine loop.
Atherosclerosis 218, 61–68 (2011).
Sen, O. et al. The relation between serum levels of osteoprotegerin and postoperative epidural
fibrosis in patients who underwent surgery for lumbar disc herniation. Neurol. Res. 27, 452–455
(2005).
Yilmaz, M. I. et al. Osteoprotegerin in Chronic Kidney Disease: Associations with Vascular
Damage and Cardiovascular Events. Calcif. Tissue Int. 99, 121–130 (2016).
Sylvester, F. A., Draghi, A., Bausero, M. A., Fernandez, M. L. & Vella, A. T. 1149 Osteoprotegerin
Expression is Upregulated in the Colon of Children With Active Inflammatory Bowel Disease.
Gastroenterology 142, S-209 (2012).
Montañez-Barragán, A. et al. Osteoprotegerin and kidney disease. J. Nephrol. 27, 607–617 (2014).
Bernardi, S. et al. Circulating osteoprotegerin is associated with chronic kidney disease in
hypertensive patients. BMC Nephrol. 18, 1–9 (2017).
Draghi, A., Ramanarasimhaiah, R., Fernandez, M. L., Vella, A. T. & Sylvester, F. A. Sa1165 Colonic
Osteoprotegerin: Higher Expression in Children With Ulcerative Colitis Than Crohn’s Disease.
Gastroenterology 146, S-217 (2014).
Adhyatmika, A. et al. Osteoprotegerin is more than a serum marker in liver fibrosis. J. Hepatol.
66, S147–S148 (2017).
Zhang, J. et al. PDGF induces osteoprotegerin expression in vascular smooth muscle cells by
multiple signal pathways. FEBS Lett. 521, 180–184 (2002).
Vidal, K. et al. Osteoprotegerin production by human intestinal epithelial cells: a potential
regulator of mucosal immune responses. Am. J. Physiol. Gastrointest. Liver Physiol. 287, G836-44
(2004).
Tunyogi-Csapo, M. et al. Cytokine-controlled RANKL and osteoprotegerin expression by human
and mouse synovial fibroblasts: Fibroblast-mediated pathologic bone resorption. Arthritis
Rheum. 58, 2397–2408 (2008).
McGrath, E. E. et al. Deficiency of tumour necrosis factor-related apoptosis-inducing ligand
exacerbates lung injury and fibrosis. Thorax 67, 796–803 (2012).
Vitovski, S., Phillips, J. S., Sayers, J. & Croucher, P. I. Investigating the Interaction between
Osteoprotegerin and Receptor Activator of NF-κB or Tumor Necrosis Factor-related Apoptosisinducing Ligand. J. Biol. Chem. 282, 31601–31609 (2007).
Meng, H., Bai, X., Yu, H., Wang, Z. & Guo, A. Osteoprotegerin Promotes Cell Growth by Regulating
Matrix Metalloprotease-13 in Chondrocytes. J. Biomater. Tissue Eng. 7, 257–260 (2017).
Chua, F., Gauldie, J. & Laurent, G. J. Pulmonary fibrosis: Searching for model answers. Am. J. Respir.
Cell Mol. Biol. 33, 9–13 (2005).
Molina-Molina, M., Pereda, J. & Xaubet, A. Experimental models for the study of pulmonary
fibrosis: current usefulness and future promise. Arch. Bronconeumol. 43, 501–507 (2007).
Hansen, N. U. B. et al. Tissue turnover of collagen type I, III and elastin is elevated in the PCLS
model of IPF and can be restored back to vehicle levels using a phosphodiesterase inhibitor.
Respir. Res. 17, 1–10 (2016).
de Graaf, I. A. M. et al. Preparation and incubation of precision-cut liver and intestinal slices for
application in drug metabolism and toxicity studies. Nat. Protoc. 5, 1540–1551 (2010).
Westra, I. M., Oosterhuis, D., Groothuis, G. M. M. & Olinga, P. Precision-cut liver slices as a model
for the early onset of liver fibrosis to test antifibrotic drugs. Toxicol. Appl. Pharmacol. 274, 328–
338 (2014).
Iswandana, R. et al. Organ- and species-specific biological activity of rosmarinic acid. Toxicol. Vitr.
32, 261–268 (2016).
Poosti, F. et al. Precision-cut kidney slices (PCKS) to study development of renal fibrosis and
efficacy of drug targeting ex vivo. Dis. Model. Mech. 8, 1227–1236 (2015).

Osteoprotegerin in Organ Fibrosis: Biomarker, Actor and Target of Therapy?

105.
106.
107.
108.
109.
110.

Stout, R. D. et al. Macrophages sequentially change their functional phenotype in response to
changes in microenvironmental influences. J. Immunol. 175, 342–349 (2005).
Duffield, J. S. et al. Selective depletion of macrophages reveals distinct, opposing roles during
liver injury and repair. J. Clin. Invest. 115, 56–65 (2005).
Pesce, J. T. et al. Arginase-1–Expressing Macrophages Suppress Th2 Cytokine–Driven
Inflammation and Fibrosis. PLoS Pathog. 5, e1000371 (2009).
Fujiwara, Y. et al. Phase 1 study of galunisertib, a TGF-beta receptor I kinase inhibitor, in Japanese
patients with advanced solid tumors. Cancer Chemother. Pharmacol. 76, 1143–1152 (2015).
Herbertz, S. et al. Clinical development of galunisertib (LY2157299 monohydrate), a small
molecule inhibitor of transforming growth factor-beta signaling pathway. Drug Des. Devel. Ther.
9, 4479–99 (2015).
Yingling, J. M. et al. Preclinical assessment of galunisertib (LY2157299 monohydrate), a first-inclass transforming growth factor-β receptor type I inhibitor. Oncotarget 9, 6659–6677 (2018).

23

General Introduction

24

