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CHAPTER 1

ATHEROSCLEROSIS

In western society, cardiovascular disease is the principal cause of death. In 2005,
31.8% of all causes of death could be attributed to cardiovascular diseases in the
Netherlands (Centraal Bureau voor de Statistiek, Voorburg/Heerlen, The Netherlands). Clinically, these cardiovascular diseases are mainly manifested by
ischemic heart diseases and stroke, for which, in the majority of cases,
atherosclerotic plaque rupture and subsequent formation of an occluding
thrombus on the surface of the atherosclerotic plaque can be held responsible.
Healthy arteries consist of three different layers: the intima, formed by a small
layer of extracellular matrix (ECM) and covered by an endothelial monolayer; the
media, formed by elastic lamina and smooth muscle cells (SMC) interspersed
between these elastic fibers; and the adventitia, consisting of connective tissue,
fibroblasts and SMCs. During the initiation phase of atherosclerosis, hemodynamic forces at preference sites (branch points) act on the endothelial layer
leading to increased permeability of the endothelium to lipoproteins,
upregulation of leukocytes and endothelial adhesion molecules, and induction of
leukocyte migration into the arterial wall. During fatty streak formation, adherent
monocytes migrate into the subendothelial space and differentiate into
macrophages. When low density lipoproteins (LDL) become trapped in the arterial wall, they can undergo oxidation and can be internalized by macrophages via
scavenger receptors, such as CD36, leading to foam cell formation. As the lesion
progresses, lymphocytes and macrophages are stimulated to secrete both
pro-inflammatory cytokines, among which interleukin-6 (IL-6), interferon-g
(IFN-g), IL-1 and tumor necrosis factor a (TNF-a), and anti-inflammatory
cytokines, among which IL-10 and transforming growth factor-b (TGF-b).
Migrated SMCs proliferate and secrete ECM proteins that form a fibrous cap.
This fibrous cap covers a mixture of leukocytes, lipid and debris, leading to the
formation of a necrotic core and accumulation of extracellular lipid. Inflammatory cytokines activate macrophages and induce them to undergo programmed
cell death (apoptosis). Consequently, defective phagocytic clearance of apoptotic
macrophages promotes secondary necrosis, inflammation and thrombosis.
During the final stage of atherosclerosis, thinning of this fibrous cap results from
ECM degradation by proteolytic enzymes, such as matrix metalloproteinases
(MMPs) and cathepsins, secreted by macrophages. Weakening of this thin fibrous
cap can lead to plaque rupture which exposes blood components to tissue factor.
This leads to initiation of coagulation, adherence of platelets, and formation of a
thrombus. Finally, the artery may occlude which is responsible for many of the
clinical symptoms of atherosclerosis (reviewed in1-5).

GENERAL INTRODUCTION

Atherosclerotic lesions can be morphologically classified6. In this morphological
classification, atherosclerotic plaques are classified as an early or an advanced
lesion. We further subdivided the advanced lesions into stable lesions and lesions
containing a thrombus. The group of early lesions contains the following: 1.
intimal thickening (the normal accumulation of SMCs in the intima in the
absence of lipid or macrophage foam cells), 2. intimal xanthoma or ‘fatty streak’
(luminal accumulation of foam cells without a necrotic core or fibrous cap), and 3.
pathological intimal thickening (SMCs in a proteoglycan-rich matrix with areas
of extracellular lipid accumulation without necrosis). The group of stable lesions
contains 1. fibrous cap atheroma (well-formed necrotic core with an overlying
fibrous cap), 2. thin fibrous cap atheroma (a thin fibrous cap infiltrated by
macrophages and lymphocytes with rare SMCs and an underlying necrotic core),
and 3. fibrocalcific plaque (collagen-rich plaque with significant stenosis usually
containing large areas of calcification with few inflammatory cells; a necrotic core
may be present). The third group of lesions contains 1. ruptured lesions (disrupted
fibrous cap and a thrombus that is in contact with the necrotic core), 2. lesions that
show erosion (presence of a thrombus without signs of rupture), and 3. lesions
showing intraplaque hemorrhage.

ATHEROSCLEROSIS RESEARCH FROM SEVERAL PERSPECTIVES

Since most of the clinical manifestations of atherosclerosis are initiated when a
plaque becomes unstable and ruptures, it is important to gain more insight into
the molecular mechanisms underlying the transition of a stable to a ruptured
atherosclerotic plaque. During the last years our research lab made an attempt to
unravel part of these mechanisms, which were studied using different approaches
and techniques.
In 2001, Dhore used a biochemical approach to study differential expression of
bone matrix regulatory proteins in human atherosclerotic plaques7. Using
Western blot, immunohistochemistry, and in situ hybridization she found that
several inhibitors of calcification were expressed throughout plaque development, while activators of calcification were solely expressed in advanced
atherosclerotic lesions. In 2005, Donners also used proteomics to study differential expression in human atherosclerotic plaque progression8. She did not focus on
one single process in atherogenesis, but made an attempt to study the underlying
mechanisms of plaque rupture. She compared two-dimensional (2D) profiles of
whole-mount human advanced stable lesions with plaques containing a
thrombus. This analysis revealed the increased expression of one of six isoforms of
a1-antitrypsin (AAT) in plaques containing a thrombus.
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In 2005, Lutgens applied a genomics approach to study atherosclerosis. She used
microarray analysis to study murine gene expression in different stages of atherosclerosis9. Pathway analysis revealed an important role for genes involved in
inflammation and matrix degradation during atherosclerotic plaque progression.
Furthermore, she showed that small inducible cytokines mediate plaque progression and stability. In 2001, Faber used another large scale gene expression tool,
suppression subtractive hybridization (SSH), to study differential gene expression
between whole-mount human stable and ruptured plaques10. Two libraries were
generated, one containing 2,000 clones upregulated in stable plaques and one
containing 3,000 clones upregulated in ruptured plaques. Subsequent macroarray
analysis of 500 clones showed differential expression of 45 clones. Clone SSH6,
upregulated in ruptured plaques, was further validated by Bijnens in 200311. She
cloned and characterized this novel mRNA/protein and named it vasculin.
The final step in defining the role of selected genes is in vivo validation. Our lab
has extensive experience in the use of interventions and/or genetic modified
mice. In 2005, Donners assessed the role of the immuno-suppressive drug FK506
in collar-induced and spontaneous atherosclerosis in apoE-/- mice12. She found
that low-dose FK506 reduced plaque development and progression and induced
a more stable plaque phenotype. Lutgens validated the role of CD40-CD40L
interactions in atherosclerosis. In 1999, she showed that deficiency of CD154
(CD40L) in apoE-/- mice induced a stable plaque phenotype with a reduction in
T-lymphocyte/macrophage content13. In 2000, she further substantiated the role
for CD40L in atherosclerosis by showing that anti-CD40L antibody induced a
stable plaque phenotype in apoE-/- mice14. Furthermore, in 2002 Lutgens
revealed that inhibition of TGF-b using recombinant soluble TGF-b receptor II
(TGF-bRII:Fc) in apoE-/- mice decreased fibrosis and increased inflammation15.
Finally, in 2005 Schapira used apoE-/- mice to study the role of integrin a1b1.
Deficiency of integrin a1 or anti-a1 antibody treatment reduced atherosclerosis
and induced a stable plaque phenotype16.
As described, our lab was highly successful in defining the in vivo function of
several individual genes, such as CD40L, TGF-b and integrin a1. In the present
thesis, extensive in vivo and in vitro studies are described on another candidate
molecule in atherogenesis, cathepsin K. Furthermore, we also used large scale
gene expression studies to identify which genes are differentially expressed in
several stages of atherosclerosis. However, when validating differential expression of individual genes as identified by large scale gene expression studies, a
problem arises concerning the functionality of these differentially expressed
genes. Since it is a daunting task to study the function of each differentially
expressed gene individually in an in vivo model, an assay which facilitates early
selection of only the functional genes would be a welcome approach.

GENERAL INTRODUCTION

In conclusion, the before mentioned studies are a representative example of
research as performed in the field of atherosclerosis. We and others have challenged many techniques to study the molecular mechanisms underlying
atherosclerotic plaque transition: from large scale gene expression studies to identify possible candidates to validation of individual candidates and to the current
need for functional assays.

HYPOTHESIS AND OUTLINE

Large scale gene expression studies may contribute to the elucidation of the
molecular mechanisms underlying atherosclerotic plaque progression. A
powerful tool to perform large scale expression studies is suppression subtractive
hybridization (SSH). As described earlier in this chapter, we have used SSH to
study differential gene expression between whole-mount human stable and
ruptured plaques10. Based on that study, differentially expressed genes were categorized in three different categories: 1. known genes that were previously linked
to atherosclerosis, 2. known genes that were not previously linked to atherosclerosis, and 3. unknown genes/proteins involved in atherosclerosis with unknown
functions. One of the candidate genes we found and subsequently validated is
cathepsin K, which belongs to the second category.
Chapter 2 reviews the known functions of the cathepsin cysteine protease family,
including cathepsin K, in cardiovascular disease. Using SSH, cathepsin K was
found to be highly upregulated in stable lesions compared with lesions containing
a thrombus. Since cathepsin K exerts unique collagenolytic and elastolytic activities17-19, we hypothesized that cathepsin K contributes to atherosclerotic plaque
progression and destabilization. The first experimental chapter, chapter 3,
describes differential gene expression of cathepsin K in human atherosclerosis and
the effect of genetic disruption of cathepsin K on lesion development in an apoE
deficient atherosclerotic mouse model. Deficiency of cathepsin K and apoE
reduced plaque progression and atherosclerotic plaque area and increased
collagen content. However, it also increased macrophage size and aggravated
foam cell formation. Therefore we used microarray and subsequent pathway
analysis to further dissect the molecular mechanisms underlying this phenotype
(chapter 4).
Since cathepsin K deficiency exerted both beneficial and detrimental effects in
atherosclerosis, by reducing plaque progression and inducing a more stable
plaque phenotype and by aggravating foam cell formation, the use of cathepsin K
inhibitors for clinical purposes should be evaluated with this perspective. To
further assess the role of cathepsin K inhibition in ECM degradation and lipid
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metabolism in human macrophages we cultured both murine and human
macrophages and assayed these cells for protease activity, collagenolytic and
elastinolytic activity, and assessed the effects of cathepsin K inhibition on lipid
metabolism (chapter 5).
Deficiency of cathepsin K in apoE-/- mice also led to a decrease in the number of
elastin breaks in the media underlying advanced atherosclerotic lesions, which
may be attributed to the elastolytic properties of cathepsin K18,19. Based on these
findings we hypothesized that deficiency of cathepsin K reduces aneurysm formation. To assess the role of cathepsin K deficiency in aneurysm formation, we used
angiotensin II infused apoE deficient mice as a mouse model of aneurysm formation (chapter 6).
From the third category, unknown genes/proteins involved in atherosclerosis
with unknown functions, we concluded that one of the disadvantages of large
scale gene expression studies is the lack of functional assays early in the selection of
candidates. To circumvent the selection of non-functional candidates, we
hypothesized that it is possible to identify functional soluble mediators of inflammation, a key process in atherosclerosis. To test this hypothesis, we introduced a
new high throughput functional screening approach. In this approach we
combined differential gene expression with functional genomics to identify
novel mediators of inflammation (chapter 7). In chapter 8 the findings of the
experimental studies are discussed and future perspectives are given.
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CHAPTER 2

ABSTRACT

Extracellular matrix (ECM) remodeling is one of the underlying mechanisms in
cardiovascular diseases. Cathepsin cysteine proteases have a central role in ECM
remodeling and have been implicated in the development and progression of
cardiovascular diseases. Cathepsins also show differential expression in various
stages of atherosclerosis, and in vivo knockout studies revealed that deficiency of
cathepsin K or S reduces atherosclerosis. Furthermore, cathepsins are involved in
lipid metabolism. Cathepsins have the capability to degrade low-density lipoprotein and reduce cholesterol efflux from macrophages, aggravating foam cell
formation. Although expression studies also demonstrated differential expression
of cathepsins in cardiovascular diseases like aneurysm formation, neointima
formation, and neovascularization, in vivo studies to define the exact role of
cathepsins in these processes are lacking. Evaluation of the feasibility of cathepsins
as a diagnostic tool revealed that serum levels of cathepsins L and S seem to be
promising as biomarkers in the diagnosis of atherosclerosis, whereas cathepsin B
shows potential as an imaging tool. Furthermore, cathepsin K and S inhibitors
showed effectiveness in (pre) clinical evaluation for the treatment of osteoporosis
and osteoarthritis, suggesting that cathepsin inhibitors may also have therapeutic
effects for the treatment of atherosclerosis.

CATHEPSINS IN CARDIOVASCULAR DISEASE

INTRODUCTION

Remodeling of the extracellular matrix (ECM) is an important feature of many
physiological and pathological processes. The ECM consists of elastins, collagens
and proteoglycans and is largely synthesized by smooth muscle cells (SMCs). It
provides anchorage, support and structure to tissue. Proteolytic enzymes, such as
matrix metalloproteinases (MMPs) and cathepsin cysteine proteases, can degrade
the ECM and therefore contribute to (patho) physiological processes, like atherosclerosis, aneurysm formation, neointima formation, and neovascularization.
In vitro and in vivo studies have been performed to establish the contribution of
proteolytic enzymes to the etiology of cardiovascular disease. The contribution of
several MMPs to ECM degradation in cardiovascular diseases has been highlighted in several excellent reviews1-3. MMPs are not the only proteins required
for ECM degradation; other proteases like cathepsin cysteine proteases are
needed as well. Cathepsins of the cysteine protease family are localized in
lysosomes and endosomes, and degrade intracellular or endocytosed proteins.
These cathepsins have been proven to play an important role in cardiovascular
diseases4, 5. In this review we will focus on the role of the cysteine protease family
of the cathepsins in cardiovascular disease.

CATHEPSIN CYSTEINE PROTEASES IN A NUTSHELL

Proteases are enzymes that catalyze the irreversible hydrolysis of amide bonds6.
Different proteases catalyze this reaction with different strategies. These different
properties are used to distinguish four major groups of proteases: cysteine, serine,
aspartate, and metallo-proteases7. The cysteine proteases can be subgrouped into
several families including the family of enzymes related to interleukin-1b
converting enzyme (ICE), the calpain family, and the papain family7,8. The
cysteine proteinases of the papain family are the most abundant of all cysteine
proteases. The family consists of papain, related plant proteinases, and the
lysosomal cathepsins B, C, F, H, K, L, O, S, V, W, and X8,9. Cathepsin N and T
have also been described, but a detailed characterization is still lacking8. Most
cathepsins are endopeptidases8,10, although cathepsins B and H may also function
as a dipeptidyl carboxypeptidase11 and as an aminopeptidase12, respectively.
Cathepsin C is an aminodipeptidase8,10 and cathepsin X is a carboxy-mono or
-dipeptidase13. The activation process of cathepsins has been thoroughly
reviewed by Turk et al.9. In short, cathepsins are synthesized as preproenzymes.
Procathepsin is formed after removal of the prepeptide during the passage to the
endoplasmic reticulum. Subsequently, the active cathepsin can be produced after
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proteolytic removal of the propeptide in the acidic environments of late
endosomes or lysosomes. This last process is accompanied by the action of several
proteases, such as pepsin, neutrophil elastase, and various cysteine proteases. The
propeptide is described to serve several functions such as stability, proper folding,
targeting of cathepsins, and prevention of inappropriate protease activity9. Most
cathepsins like cathepsins B, F, H, K, L, and V are optimally active in acidic environments and are only weakly active at neutral pH9. In contrast, cathepsin S
activity is optimal at neutral pH9.
Cysteine protease inhibitors can be subgrouped in several superfamilies, of which
the cystatins are the most important14. The cystatin superfamily can be divided
into three groups. Type 1 cystatins are stefin A and B, also called cystatin A and B,
which are localized mostly intracellular. Type II cystatins, among which cystatin
C, act extracellularly. Type III cystatins comprise the kininogens, the circulating
proteins14,15. The function of these cystatins is to protect against lysosomal
proteins, such as cathepsins, which have accidentally escaped from lysosomes or
which are occasionally released during, for example, apoptosis or phagocyte
degranulation. Cystatin C shows the highest inhibiting properties to cathepsins L
and S, followed by cathepsins B and H16.
In humans, several cathepsin deficiencies have been described. A loss of function
mutation in the cathepsin C gene leads to Papillon-Lefèvre syndrome, an
autosomal recessive disorder characterized by palmoplantar hyperkeratosis and
severe early onset periodontitis17. Deficiency of cathepsin K leads to
pycnodysostosis, an autosomal recessive osteochondrodysplasia characterized by
osteosclerosis and short stature18. Cathepsin deficiencies have also been generated
in mice. Although a role for cathepsin B was suggested in antigen presentation,
the phenotype of cathepsin B deficient mice appeared normal compared with
wild-type littermates and antigen presentation was not affected19. Deficiency of
cathepsin F causes lysosomal storage defects (neuronal lipofuscinosis) and
late-onset neurological disease in mice20. An osteopetrotic phenotype with excessive trabeculation of the bone marrow space has been described for mice deficient
in cathepsin K21. Mice lacking cathepsin L develop periodic hair loss, with alteration of hair follicle morphogenesis and cycling as well as hyperplasia and
hyperkeratosis of the epidermis, which is attributed to hyperproliferation of hair
follicle epithelial cells and basal keratinocytes. Although cathepsin S deficient
mice have normal fertility and show no gross abnormalities or major developmental abnormalities in their lymphocytes, they demonstrate inhibition of
invariant chain (Ii) degradation, resulting in slow peptide loading by MHC class
II/Ii p1022,23. Ondr et al. reported no abnormalities for cathepsin W deficient
mice24.

CATHEPSINS IN CARDIOVASCULAR DISEASE

CATHEPSIN CYSTEINE PROTEASES: MECHANISMS OF ACTION ON A CELL
BIOLOGICAL LEVEL

In this section we highlight some of the mechanisms by which cathepsins influence ECM turnover, inflammation, and apoptosis on a cell biological level. By
influencing these processes cathepsin cysteine proteases may contribute to
cardiovascular diseases including atherosclerosis, neointima formation, and aneurysm formation.
ECM degradation by cathepsin cysteine proteases contributes to a variety of physiological and pathological conditions, including cancer, bone remodeling, and
cardiovascular disease4,5,7. Cathepsin cysteine proteases are folded into two relatively large globular domains surrounding a cleft that contains the active site residues. Cleavage is achieved by substrate entry into the cleft 9. Individual cathepsins
have specific substrate preferences. Cathepsin B and L have been described to
degrade rat collagen type II, IX, and XI at acidic pH values25. Cathepsin L was
somewhat more efficient than cathepsin B. Cathepsin K exerted strong elastolytic
activity and was once suggested to be the most potent elastase at neutral pH26 and
collagenase at acidic pH26,27. However, more recent findings indicate cathepsin V
as a more potent elastase than cathepsin K28. Cathepsin S was also shown to be a
strong elastase29.
Besides its role in ECM degradation, cathepsins are also involved in major
histocompatibility complex (MHC) class II antigen presentation. MHC class II
molecules are expressed on the surface of antigen-presenting cells (APCs); they
bind exogenous proteins and present them to CD4+ T cells. MHC class II ab
heterodimers assemble in the endoplasmic reticulum (ER) with the assistance of
the invariant chain (Ii). The Ii cytoplasmic tail targets the MHC class II-Ii
complex to the endosomal pathway and prevents early loading of antigenic
proteins on MHC class II with class II-associated invariant chain peptide (CLIP).
Maturation of the early endosome leads to activation of lysosomal enzymes,
including cathepsins, which degrade Ii. The invariant chain Ii is sequentially
degraded in IiP22, IiP10, and CLIP. After Ii degradation, the MHC class II
peptide binding groove remains occupied by CLIP, preventing premature
peptide loading. Removal of CLIP and loading of peptides is mediated by
MHC-like molecule HLA-DM in humans and H-2M in mice (reviewed in
refs.30,31). In professional APCs, cathepsin F (macrophages), L (cortical thymic
epithelial cells), and S (B cells, dendritic cells and macrophages) have been
described to degrade MHC class II-associated Ii23,32-35, while cathepsin B seems not
to play a pivotal role in antigen presentation19. Cathepsin S, but not L, also efficiently degrades MHC class II-associated Ii in nonprofessional APCs, such as
(intestinal) epithelial cells36, 37.
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Furthermore, cathepsin cysteine proteases are involved in apoptosis. Under physiological circumstances, cathepsins are located in the lysosomes. However,
lysosomal permeabilization due to exogenous oxidants (reactive oxygen species)
may induce lysosomal leakage leading to release of cathepsins into the cytoplasm38. In vitro studies using cultured macrophages showed that both
7b-hydroxycholesterol and oxidized LDL (oxLDL) induced lysosomal
destabilization, leading to leakage of cathepsins B and L to the cytoplasm, activation of caspases, and subsequent apoptosis. This suggests that cathepsins B and L
may act as cleaving enzymes during the apoptotic process39,40. Furthermore,
suppression of cathepsin B by serine protease inhibitor 2A (Spi2A, with
cross-reactivity to cathepsin B) inhibits the lysosomal apoptosis pathway and
protects cells from TNF-a induced apoptosis41. NF-kappaB can protect cells
from death after TNF receptor stimulation by reducing cathepsin B activity in the
cytosol, mediated by the up-regulation of Spi2A. Thus, NF-kappaB protects cells
from apoptosis by inhibition of cathepsin B activity.

CATHEPSINS IN ATHEROSCLEROSIS

More than a decade ago it was shown that human macrophages secreted active
cathepsins B, L, and S and showed elastolytic activity42. More recently, both
mRNA and protein levels of cathepsin cysteine proteases B, L and S were found
to be increased in murine atherosclerotic lesions. Cathepsin protein expression
was localized in macrophages and/or in lipid rich areas43. Cathepsin K and S were
the first cathepsins that were found to be expressed in human atherosclerotic
lesions44.
Below we will extensively describe the role of cathepsins in atherosclerosis and
therefore we have subdivided the paragraphs into segments describing the
expression, knockout models and ECM remodeling, shear stress, and lipid
metabolism and inflammation.

Cathepsins in atherosclerosis: expression
Expression patterns of cathepsins in atherosclerosis are summarized in table I.
Cathepsin B mRNA and protein levels were found to be increased in
atherosclerotic lesions of apoE-deficient mice, and cathepsin B immunoreactivity was highest in areas next to the lumen and in macrophages45. Cathepsin
F was only weakly expressed in normal human arteries, but in human
atherosclerotic lesions it was localized in macrophages devoid of intracellular lipid
and in SMCs and ECs but not in T-lymphocytes46. Protein levels of cathepsin L
were also increased in human atheroma. Cathepsin L was mainly localized in

Murine MΦ

Human MΦ,
SMCs, ECs

Human MΦ,
SMCs, ECs

Human MΦ,
SMCs, ECs

Human MΦ,
SMCs, ECs

-

catF

catK

catL

catS

catV

Expr.

catB

cys.

Cat./

collagenolysis and elastolysis

collagenolysis and elastolysis
collagenolysis and elastolysis

catK-/-/apoE-/- mice: ¯
plaque size, ¯ plaque
progression,  collagen
content, ¯ elastin breaks

-

catS-/-/LDLR-/- mice: ¯
plaque size, ¯ plaque
progression, ¯ collagen
content, ¯ elastin breaks ;

elastolysis

-

-

catS-/-/apoE-/- mice: ¯
elastin content, ¯ plaque size,
¯ plaque ruptures

-

ECM in vitro

-

ECM in vivo

-

Reduces cholesterol efflux by 50% due to
proteolysis of preβ-HDL and by ~100% due
to degradation of apoA-1

Degrades apoB-100 by 20%;

Relocates to cytoplasm upon modified LDL
stimulation

Cathepsin K deficiency reduces cholesterol
efflux by 20% and 15% (acceptors HDL and
apoA-1 respectively)

Reduces cholesterol efflux by 15% due to
degradation of apoA-1;

Degrades apoB-100 by 10%;

Cathepsin K deficiency increases modified
LDL uptake and storage;

Reduces cholesterol efflux by 50% due to
proteolysis of preβ-HDL and by 30% due to
degradation of apoA-1

Degrades apoB-100 by 60%;

Cathepsin B inhibition reduced LDL
degradation by 40%

Relocates to cytoplasm upon modified LDL
stimulation;

Lipid metabolism in vitro

28

4, 44, 46, 49, 50, 52, 59

47, 57

and
unpublished observations

27, 28, 44, 46, 48, 51, 53, 59

46, 59

45, 57, 58

Ref.

Table I. Cathepsin cysteine proteases in atherosclerosis. Summary of expression pattern, effect on ECM remodeling in vivo, ECM remodeling activity in vitro, and the role in lipid
metabolism in vitro of cathepsin cysteine proteases.
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ECM in vitro

cysC-/-/apoE-/- mice: 
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cysC-/-/apoE-/- mice: 
absence of cysC increases
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ECM in vivo
-

Lipid metabolism in vitro

Cat. = cathepsin, Expr. = expression pattern, Ref. = reference number and MΦ = macrophage.

cysC

cys.

Cat./
62, 63

Ref.

Table I. Cathepsin cysteine proteases in atherosclerosis. Summary of expression pattern, effect on ECM remodeling in vivo, ECM remodeling activity in vitro, and the role in lipid
metabolism in vitro of cathepsin cysteine proteases.
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SMCs, ECs, and macrophages in advanced atherosclerotic lesions47. Cathepsin K
expression in normal arteries is low. Early human atherosclerotic lesions showed
cathepsin K expression in the intima and medial SMCs. In advanced
atherosclerotic plaques, cathepsin K was localized mainly in macrophages and
SMCs of the fibrous cap. Cathepsin K protein levels were increased in
atherosclerotic lesions when compared with normal arteries, whereas cathepsin K
mRNA levels were similar in both atherosclerotic and normal tissues44. We
recently described that cathepsin K mRNA and protein levels were highest in
advanced but stable human atherosclerotic plaques compared with early
atherosclerotic lesions and lesions containing a thrombus. In these lesions,
cathepsin K was localized in SMCs and macrophages, and also in ECs48 (chapter
3). The most extensively described cysteine protease in atherosclerosis is
cathepsin S. Protein expression studies showed that normal human arteries
sparsely expressed cathepsin S. Early human atherosclerotic lesions, or fatty
streaks, showed cathepsin S expression in the intima and in medial SMCs. In
advanced human atherosclerotic plaques, cathepsin S was localized in
macrophages and SMCs of the fibrous cap44. ECs lining the lumen of the vessel
itself and the plaque microvessels also expressed cathepsin S4. Furthermore,
cathepsin S mRNA and protein levels were increased in human atheroma
compared with normal arteries44. Recently, cathepsin V was also found to be
expressed in human atheroma28.

Cathepsins in atherosclerosis: knockout models and ECM remodeling
The effects of cathepsin deficiency on ECM remodeling in in vivo mouse models
are summarized in table I. Deficiency of cathepsin S in LDL receptor deficient
mice resulted in a reduction in atherosclerotic plaque area (60% reduction after 12
weeks atherogenic diet), a reduction in plaque stage development, and a reduction in the number of elastin breaks and elastase activity49. Furthermore, cathepsin
S deficiency led to a reduction in SMC and collagen content, and fibrous cap
thickness. Cathepsin S-deficient macrophage showed reduced transmigration
through an EC monolayer and collagen type I and IV in vitro49. In another study
using cathepsin S-deficient apoE-/- mice, no differences in the number of elastin
breaks were found, although plaque elastin content was reduced by 49%50.
Cathepsin S deficiency reduced atherosclerotic plaque size by 46% (after 12
weeks atherogenic diet) and reduced the number of plaque ruptures (defined as
visible defects in the cap, accompanied by intrusion of erythrocytes into the
region below it) by 73%. In concordance with previous findings44, active
cathepsin S was found in extracts of human atherosclerotic lesions, but not in
normal arteries and cathepsin S expression in macrophages colocalized with areas
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of elastin fragmentation50. These data all point to a protective role of cathepsin S
inhibition in atherogenesis by decreasing degradation of ECM components.
Cathepsin K deficiency in apoE-/- mice resulted in a 42% reduction in
atherosclerotic plaque area; although the total number of plaques remained
unchanged, there was a relative increase in early lesions and a relative decrease of
the number of advanced lesions when cathepsin K was absent. Furthermore,
cathepsin K deficiency led to an increase in collagen content and macrophage
size, a decrease in elastin breaks and macrophage content, but unchanged
T-lymphocyte content and lipid core area. The increased macrophage size
resulted from an increase in lipid uptake in macrophages, which was stored in
lysosomes that had increased in size48 (chapter 3). Subsequent microarray and
pathway analysis suggested that cathepsin K deficiency altered plaque phenotype
not only by decreasing proteolytic activity, but also by stimulating
TGF-b signaling, and suggested a role for caveolin-1 and CD36 in the lipogenic
phenotype of cathepsin K-deficient atherosclerotic lesions51 (chapter 4). These
data suggest that cathepsin K deficiency may have a protective role in atherosclerosis by increasing fibrosis; however, cathepsin K deficiency also aggravates foam
cell formation, at least in mice, which may affect plaque stability.
Table I summarizes the effects of cathepsins on ECM remodeling activities in
vitro. It was shown that cathepsin V shows the highest elastolytic activity,
followed by cathepsins K, S, F, L, and B. However, in cultured macrophages
cathepsins K, S, and V contribute equally (20%) to elastolytic activity, of which
20% takes place intracellularly and 40% extracellularly28. Extracts from human
atheroma showed a twofold increase in elastolytic activity compared with normal
arteries, which could be inhibited up to 40% by a cysteine protease inhibitor
(E64). Cytokine-stimulated SMCs also showed elastolytic activity (in vitro),
which could be inhibited for >80% by a selective cathepsin S inhibitor (LHVS) or
a cysteine protease inhibitor (E64)44. Other studies demonstrated that cathepsin S
inhibition in (unstimulated) SMCs by either LHVS, E64, or the cysteine protease
inhibitor cystatin C reduced invasion through an elastin gel by about 90%, while
invasion through a collagen type I gel was reduced by only 30%. No effect on
adhesion and migration was found, indicating that cathepsin S could exert its
effect in atherosclerotic lesions via elastolysis52. Cathepsin S also exerted
collagenolytic activities although less potent than elastolytic activities. The
elastolytic and collagenolytic activity (type I) of cathepsin L in SMCs and ECs has
already been mentioned to increase after bFGF stimulation47. Cathepsin K not
only contributes to elastinolysis, although cathepsin L and S may take over when
cathepsin K is absent53, but also plays an important role in the degradation of
collagen type I, and therefore its collagenolytic activity is unique among
proteases27.
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Cathepsins: shear stress sensitive proteases
During the initiation phase of atherosclerosis, hemodynamic forces at branch
points act on the endothelial layer (shear stress) leading to increased permeability
of the endothelium to lipoproteins, expression of endothelial adhesion molecules, and induction of leukocyte migration into the arterial wall. Oscillatory
shear stress corresponds to atheroprone areas, while laminar shear stress corresponds to atheroprotected areas54. It was recently suggested that secreted cathepsin
L is a shear-dependent matrix protease55. Inhibition of cathepsin L by a cysteine
protease inhibitor or cathepsin L silencing RNA (siRNA) treatment inhibited
oscillatory shear stress-induced gelatinase and elastase activity by mouse aortic
ECs, but not laminar shear stress-induced activity55. This suggests that cathepsin L
is a shear-sensitive protease with potential importance in vascular remodeling and
atherosclerosis. The same researchers also showed that cathepsin K is shear stress
regulated, since cathepsin K siRNA reduced oscillatory shear stress-induced
gelatinase and elastase activity by mouse aortic ECs56. Thus, it can be suggested
that both cathepsin K and L activity is increased by oscillatory shear stress, which
leads to increased ECM remodeling and atherosclerosis.
Cathepsins in atherosclerosis: lipid metabolism and inflammation
The role of cathepsins in lipid metabolism is summarized in table I. If lipids are
oxidized, the resulting oxysterols, hydroxyperoxides, and their toxic carbonylic
fragments may affect lysosomal enzymes and membranes. Uptake of modified
(oxidized) LDL damages the lysosomal membrane and, as a result, the acidic
components will flow into the cytosol57. Modified LDL relocates cathepsins B and
L from the lysosome into the cytosol, probably as a result of disruption of the
lysosomal membrane. It also reduces overall cathepsin L activity, but induces the
relative cytoplasmic activity. Lysosomal cathepsins that are translocated to the
cytoplasm may act as cleavage enzymes during apoptosis39. These harmful effects
of modified LDL on lysosomal membrane damage and cathepsin L relocation and
inactivation can be partly prevented by high density lipoprotein (HDL) and/or
vitamin E57.
DiI-labeled modified (oxidized) LDL uptake studies showed an increased uptake
of modified LDL in cathepsin K-deficient apoE-/- bone marrow (BM)-derived
macrophages48 (chapter 3). Subsequent pathway analysis revealed that the
increased lipid uptake is mediated by both CD36 and caveolins51 (chapter 4). In
addition, cathepsin K-deficient apoE-/- BM-derived macrophages showed an
increase in cholesterol ester storage compared with apoE-/- BM-derived
macrophages, which was stored in large lysosomal compartments48 (chapter 3).
These data indicate that deficiency of cathepsin K aggravates foam cell formation.
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Cathepsins may also play a role in (modified) LDL degradation. Inhibition of
cathepsin B inhibited naturally occurring modified LDL degradation in human
aortic SMC lysates by 41% (pH 4.0 and pH 5.5). Decreased lysosomal degradation may lead to LDL accumulation in SMCs and subsequent foam cell formation58. In vitro studies showed that recombinant cathepsin F extensively degraded
apoB-100 (60% degradation at pH 6.0), while cathepsins K and S showed less
extensive degradation (10% and 20% respectively at pH 6.0)46. Increasing pH led
to a reduction in the degrading capacity of cathepsins F and K but affects cathepsin
S to a much lesser extent. Degradation (proteolytic modification) of apoB-100 by
cathepsin F, but not cathepsins K and S, led to aggregation and fusion of LDL
particles and increased the ability of LDL to bind proteoglycans, subsequently
leading to the accumulation of extracellular lipid droplets. These data suggest that
cathepsins B, F, K, and S contribute to extracellular lipid accumulation in the
arterial wall, a key feature of atherosclerosis.
Literature provides ample evidence that cathepsins are also involved in cholesterol efflux. Lindstedt et al. showed that cathepsins F and S reduced the ability of
cholesterol efflux from macrophages by 50% in vitro due to proteolysis of
preb-HDL59. Furthermore, cathepsin S totally (100%) degraded lipid-free
apolipoprotein A-1 (apoA-1) leading to complete loss of the ability of apoA-1 to
stimulate cholesterol efflux. Cathepsins F and K also partially degraded apoA-1
leading to a reduction of cholesterol efflux of 30% and 15% respectively 59. These
data suggest that reduction of cholesterol efflux by cathepsins F, K, and S mediated degradation of cholesterol acceptors may contribute to the preservation of
foam cells in the atherosclerotic lesion. In a recent study from our laboratory,
however, deficiency of cathepsin K in apoE-/- bone marrow derived
macrophages reduced both HDL and D37F (a specific apoA-1 mimetic peptide)
mediated cholesterol efflux by 20% and 15%, respectively, compared with
apoE-/- bone marrow derived macrophages (S. Lutgens, unpublished observations). Although our results contradict the results of Lindstedt et al., these findings
can be explained. Lindstedt et al. studied the extracellular capacity of cathepsin K
to reduce cholesterol efflux by degradation of preb-HDL and apoA-159.
However, by using cathepsin K-deficient apoE-/- bone marrow-derived
macrophages, we studied the intracellular effect of cathepsin K deficiency on
cholesterol efflux without prior degradation of the cholesterol acceptor by
cathepsins. Thus, extracellular cathepsin K reduces cholesterol efflux by
decreasing the amount of cholesterol acceptors, while intracellular deficiency of
cathepsin K reduces the reverse cholesterol transporting capacity independent of
cholesterol acceptor degradation.
The role of cathepsin cysteine proteases in lipid uptake, storage, and efflux has
been partly elucidated. However, the most important question of whether the
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role of cathepsins in lipid metabolism is atherosclerosis-stimulating or -protective
remains unanswered. Relocation of cathepsins B and L from the lysosome into
the cytosol, where they may act as cleavage enzymes in apoptosis, may eventually
contribute to the formation of the necrotic core and can be considered as an
atherosclerosis-stimulating role for cathepsins B and L. On the other hand, inhibition of cathepsin B reduced lysosomal degradation of modified LDL, thereby
inducing foam cell formation, which can be considered as an atherosclerosis-protective role for cathepsin B. A similar case can be made for the role of
cathepsin K in cholesterol efflux. Lindstedt et al. suggested a role for cathepsin K
in reducing cholesterol efflux (atherosclerosis-stimulating role for cathepsin K),
while we suggested that cathepsin K deficiency reduced cholesterol efflux (an
atherosclerosis protective role for cathepsin K).
Evidence for a role for cathepsins in the inflammation process in atherosclerosis is
sparse. Sukhova et al. showed that cathepsin S deficiency in atherosclerotic
apoE-deficient mice led to a reduction in macrophage and lipid content, in the
number of T-cells, and in IFN-g content49. We have already mentioned that
cathepsins F, L, and S can degrade MHC class II-associated Ii. However, data
defining the role of cathepsin cysteine proteases in antigen processing and presentation related to atherosclerosis are lacking. Besides a direct role for cathepsins in
inflammation, they can also play an indirect role via reducing TGF-b expression
levels. Inhibition of TGF-b in apoE-/- mice resulted in an inflammatory plaque
phenotype with an increased inflammatory cell content60. We recently showed
that deficiency of cathepsin K induced an increased expression of genes involved
in TGF-b signaling in atherosclerotic lesions of apoE-/- mice, suggesting that
cathepsin K deficiency may decrease inflammation by inducing TGF-b activity51.

ROLE OF NATURAL CATHEPSIN INHIBITORS IN ATHEROSCLEROSIS

The effects of cathepsins in atherosclerotic lesions are balanced by cystatin C.
Cystatin C protein levels decreased in human atherosclerotic plaques61.
Elastinolytic activity of IFN-g stimulated vascular SMCs was inhibited by cystatin
C. TGF-b1 stimulated SMC cystatin C secretion and subsequently blocked SMC
elastase activity61. Two groups studied the effects of cystatin C deficiency on
atherosclerosis in apoE-deficient mice, but found contradictory effects62,63(see
table I). One group studied the effect of cystatin C deficiency in female
apoE-deficient mice fed a high-fat diet (21% cocoa fat, 0.15% cholesterol, and 0%
sodium cholate) for 25 weeks. They observed an increase in plaque size at the
aortic root, whereas no effect on collagen content was observed. Lipid content
tended to be larger and total macrophage content increased in the absence of
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Table II. Cathepsin and cystatin mRNA and protein expression level in restenosis and neointima
formation.
Cat./cys.

Cathepsin expression in in vivo model

Ref.

catK

Rat balloon injury (carotid artery) 

66

catS

Rat balloon injury (carotid artery) 

66

catS

Rabbit balloon injury (iliofemoral artery) 

65

cysC

Rat balloon injury (carotid artery) =

66

cysC

Rabbit balloon injury (iliofemoral artery) 

65

Cat. = cathepsin, cys. = cystatin, Ref. = reference number.

cystatin C62. In the aortic arches of cystatin C deficient male apoE-/- mice fed a
“Western” type diet (20.1% saturated fat, 1.37% cholesterol, and 0% sodium
cholate) for 12 weeks, elastic lamina degradation, SMC, and collagen content
increased, indicating that disruption of the elastic lamina may facilitate SMC
migration. Lesion size did not differ between these cysC-/-/apoE-/- and
apoE-/- mice. Levels of cathepsin B, L, and S in aortic extracts were increased in
the absence of cystatin C. Cytokine or growth factor stimulated SMCs also
showed increased production of these cathepsins when cystatin C was absent.
Both aortic extracts and (stimulated) SMCs showed higher elastolytic activity in
the absence of cystatin C. Lipid content was reduced, while macrophage content
and T cell content were unchanged63. Although data from both studies are contradictory in some aspects, it seems that deficiency of cystatin C facilitates the
atherosclerotic process either by increasing plaque size or by increasing elastolytic
activity, and thus ECM degradation.

CATHEPSINS IN RESTENOSIS AND NEOINTIMA FORMATION

As mentioned, cathepsins contribute to ECM degradation, suggesting a possible
role for cathepsins in restenosis and neointima formation. After percutaneous
coronary intervention, luminal size may decrease as a result of constrictive
remodeling. Placement of a stent may induce neointima formation and
contribute to restenosis64. In a balloon injury model of restenosis in hypercholesterolemic rabbits, cathepsin S mRNA and protein expression was
increased. Protein expression was increased in SMCs and macrophages. Cystatin
C mRNA and protein expression were only minimally up-regulated65. A carotid
balloon injury model of restenosis in rats on a normal diet also showed increased
mRNA and protein levels of cathepsin S, but also cathepsin K, whereas cystatin C
mRNA and protein were not increased66. These studies imply that there is a relative larger increase in cathepsin activity than cystatin activity. In vitro studies
demonstrated that tissue extracts from whole-mount balloon injured carotid
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Table III. Cathepsin and cystatin mRNA and protein expression level in aortic abdominal aneurysm
(AAA) formation.
Cat./cys.

Cathepsin expression in
in vivo model

In vitro up () or
down (¯) regulated by

Ref.

catK

Human: expression 

-

61

catL

Human: expression 

 by bFGF, IFN-γ, TNF-α

47

catS

Human: expression 

 by IFN-γ

61

cysC

- Human: expression ¯

 by TGF-β1

61,63

- cysC-/-apoE-/mice: aortic arch circumference
and length 
Cat. = cathepsin, cys. = cystatin, Ref. = reference number.

arteries showed an increase in elastolytic and a minor increase in collagenolytic
activity66. Furthermore, it was demonstrated that cathepsin S degrades laminin,
fibronectin, and collagen type I and that SMC migration through an in vitro basement membrane matrix could be inhibited by a selective cathepsin S inhibitor65.
As summarized in table II, the increased expression level of cathepsins K and S
during neointima formation and the increased ECM degrading potential of
cathepsin S suggest that these proteases are involved in neointima formation.
Degradation of the ECM may facilitate the migration and invasion of SMCs and
macrophages, thereby contributing to the arterial remodeling as observed in
neointima formation and restenosis. However, until now in vivo intervention
studies using inhibitors or genetically modified mice to define the exact role of
these proteases in neointima formation have been lacking, nor had expression
patterns of cathepsin cysteine proteases been studied in human neointima formation.

CATHEPSINS IN ANEURYSM FORMATION

By their contribution to ECM remodeling and inflammation, cathepsins may
play an important role in aneurysm formation. Abdominal aortic aneurysm
(AAA) formation is characterized by ECM degradation and chronic inflammation of the aortic wall, accounting for high morbidity and mortality rates67,68. Risk
factors include male sex, history of atherosclerotic vascular disease, lower high
density lipoprotein (HDL) values, and higher LDL levels69. Compared with
normal arteries, human aortic aneurysms show increased protein levels of
cathepsins K and S, whereas cystatin C protein levels were decreased61 (see table
III). These data imply that the increase in cathepsin activity exceeds the increase in
cystatin activity. Cathepsins B, C, and L also showed increased activity in the
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aneurysm wall and thrombus of human aortic aneurysms when compared with
normal arteries70-72. Other in vitro studies showed that unstimulated vascular
SMCs do not express cathepsin S and show hardly any elastolytic activity, whereas
SMCs stimulated with IFN-g secrete active cathepsin S and show elastolytic
activity. This elastolytic activity could be inhibited by cystatin C44. TGF-b1, a
known inducer of protease inhibitors, was demonstrated to stimulate SMC
cystatin C secretion and subsequently block SMC elastase activity in vitro61.
Protein levels of cathepsin L were also increased in human AAA and atheroma47.
In vitro stimulation with the proinflammatory cytokines interleukin 1b, interferon g, and tumor necrosis factor a (IL-1b, IFN-g, TNF-a) and the growth
factors basic fibroblast growth factor and vascular endothelial growth factor
(bFGF, VEGF) increased cathepsin L mRNA and protein expression in SMCs
(induced by bFGF, IFN-g, TNF-a), endothelial cells (ECs) (similar induction as
SMCs), and macrophages (induced by IFN-g). Stimulation of both SMCs and
ECs with bFGF increased their elastolytic and collagenolytic (type I) activity. The
same was true for macrophages stimulated with IFN-g47. Furthermore, Sukhova
et al. examined the effect of cystatin C deficiency in an atherosclerotic apoE-deficient mouse model on aneurysm formation63. They found an increase in both
aortic circumference and length when cystatin C was absent.
The increased expression patterns of several cathepsins, including cathepsins K, L,
and S, suggest involvement of these proteins in aneurysm formation. Cathepsin
activity might be enhanced by inflammation, since cathepsin L and S protease
activity increases after stimulation with inflammatory cytokines. Until now, in
vivo intervention studies using inhibitors or genetically modified mice to define
the role of cysteine protease cathepsins in aneurysm formation have been lacking.

CATHEPSINS IN NEOVASCULARIZATION

Neovascularization is defined as the formation of new blood vessels, mediated by
progenitor and/or ECs. Subsequently, tube formation will take place, eventually
resulting in a stabilized new blood vessel. Cathepsin B and S have been described
to contribute to neovascularization by stimulating the formation of capillary-like
tubular structures73 or by stimulating angiogenic islet formation and cell proliferation74. The effect of these proteases on vessel formation has been studied extensively in tumors, but not in cardiovascular diseases.
ECs stimulated with bFGF developed capillary-like tubule structures, while
cystatin C and a selective cathepsin S inhibitor (LHVS) reduced this tube formation by 80% and 50%, respectively75. Although cathepsin S deficiency did not
affect proliferation or adhesion of mouse ECs, cathepsin S-deficient ECs showed
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reduced elastolytic and type IV collagenolytic activity and a reduced capacity to
invade matrigel or collagen type I gel membranes. Wounded skin shows
increased expression of cathepsin S in macrophages, T-lymphocytes, and
microvascular ECs. At the site of wound healing, cathepsin S-deficient mice
showed an 80% reduction in microvessels despite normal levels of the angiogenic
factors bFGF and VEGF75. These data suggest that cathepsin S plays an important
role in ECM degradation, thereby facilitating microvessel formation in physiological neovascularization (wound healing).
Attraction of endothelial progenitor cells (EPCs) to the ischemic tissue is also
thought to play a role in neovascularization76,77. Cathepsins H, L, and O were
recently found to be highly expressed in EPCs compared with mature ECs78.
Cathepsin L activity was higher in EPCs than in mature ECs (human umbilical
venous endothelial cells or HUVECs). Gelatin and collagen (type IV) degradation activity assays in EPC extracts and culture supernatants suggested that
cathepsin L was required for ECM degradation, and thus for the invasive capacity
of EPCs in vitro. Mice receiving EPCs pretreated with a cathepsin L inhibitor
showed impaired recovery after limb ischemia, decreased capillary density, and
decreased incorporation of EPCs into vascular structures. The same was evident
when mice received cathepsin L-deficient bone marrow-derived cells, indicating
that cathepsin L plays a crucial role in integrating EPCs into ischemic tissue. Irradiation of mice resulted in abolishment of cathepsin L activity, indicating that
cathepsin L activity was mediated by irradiation-sensitive cells that probably originated from the bone marrow. Finally, infusion of cathepsin L-transfected mature
ECs (HUVECs) increased the recovery of limb perfusion after ischemia78. In
addition, cathepsin G, although not a cysteine protease, may play a role in
neovascularization. EPCs may secrete cathepsin G to eventually promote early
CXCR2-dependent EPC arrest on denuded SMCs or adherent platelets79.
Although the role of neovascularization in atherosclerosis is not completely
unraveled, neovascularization is particularly prominent in complicated lesions.
Furthermore, neovascularization has recently been identified as a marker of
plaque vulnerability77,80-82. Together, these data indicate that cathepsins are
involved in neovascularization, but data defining the role of cathepsin cysteine
proteases in neovascularization related to atherosclerosis are lacking.

CATHEPSINS IN RELATION TO MMPS

In literature there is little evidence about the differential role of MMPs and
cathepsins in cardiovascular disease. Reddy et al. showed that human
monocyte-derived macrophages synthesize both elastinolytic MMPs (MMP-7
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and -9) and cathepsins B, L, and S. However, only the cathepsins were detected
extracellularly as processed, active enzymes. Inhibition of cathepsins L and S, but
not MMPs, almost completely blocked macrophage-mediated elastinolytic
activity, indicating that cathepsins are the most potent elastases secreted by human
macrophages42. The relative contribution of MMPs and cathepsins in bone
remodeling is studied more extensively. Cathepsin K-deficient mice showed an
osteopetrotic phenotype with excessive trabeculation of the bone marrow
space21, indicating that cathepsin K plays a major role in osteoclastic bone resorption. However, cathepsin K-deficient mice continued to grow, suggesting that
other proteases, such as MMPs, compensated for the loss of cathepsin K activity83.
It was suggested that osteoclasts lower the pH in the resorption area, after which
the bone matrix was first digested by cysteine proteases. Digestion by MMPs
followed at higher pH levels84. Site-specificity existed in relation to digestion of
the bone matrix by osteoclasts, since osteoclastic resorption of calvarial bone
(intramembranous bone) was dependent on both cysteine proteases and MMP
activity, whereas long bone (endochondral bone) resorption was only dependent
on cysteine protease activity85. Others suggested that resorption of scapular bone
(intramembranous bone) was more dependent on MMPs than cysteine proteases
whereas resorption of long bone (endochondral bone) was more dependent on
cysteine proteases than MMPs86. Recently, it was shown that calvarial osteoclasts
use other cysteine proteases in addition to cathepsin K and that long bone osteoclasts use MMPs in the absence of cathepsin K87. Deficiency of other cathepsins,
including cathepsins B and L, do not show osteoclast-related effects in bones. In
absence of cathepsin L activity, osteoclasts do not use MMPs for the resorption of
calvarial bone matrix, suggesting that cathepsin L plays a role in osteoclast-mediated bone matrix resorption by activating MMPs87.
Both MMPs (MMP-1, -2, -3, -7, -9, -11, -12, and -13) and TIMPs (TIMP-1 and
-2) have been extensively studied in atherosclerosis using both overexpression
and knockout studies1-3. For example, Johnson et al. studied atherosclerotic
plaque stability in apoE-deficient mice lacking MMP-3, -7, -9, or -12 and found
that members of the MMP family had differential effects on atherogenesis, some
having a protective role (MMP-3 and -9) and others having a stimulating role
(MMP-12), while deficiency of MMP-7 showed no apparent effect on
atherosclerotic plaque stability (MMP-7)88. The same group showed that
adenoviral infection of TIMP-2, but not TIMP-1, resulted in reduction of lesion
area and macrophage content and in an increase in SMC and elastin content89. For
the cathepsin cysteine protease family, only cathepsins K and S knockout studies
have been described. While recent studies in bone remodeling indicate that deficiency of cathepsin K is compensated for by MMP activity and that cathepsins and
MMPs show site specificity, more in vivo studies are needed to compare the rela-
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tive contribution and the differential role of MMPs and cathepsins in cardiovascular diseases.

CATHEPSINS AND CYSTATINS AS A DIAGNOSTIC TOOL IN VASCULAR
PATHOLOGY

Several studies have evaluated the use of serum cathepsin levels as a diagnostic tool
for AAAs. Using a DNA expression array, cathepsin H (30-fold up-regulated)
was found to be up-regulated in human AAAs compared with normal aorta90.
Further evaluation of a role for cathepsin H in the etiology of AAA, using genetic
linkage analysis, did not confirm a linkage for cathepsin H with AAA91. A comparison of serum levels of patients with AAA versus normal aorta revealed decreased
levels of serum cystatin C61, but no difference in serum cathepsins B and L levels
was found92. These data suggest that measurement of serum cystatin C levels may
be helpful in the diagnosis of AAA, but this requires further exploration.
Recently, the feasibility of the use of cathepsins as a tool in the diagnostic imaging
of atherosclerosis was explored. In vivo imaging of cathepsin B using a cathepsin
B imaging probe showed colocalization with cathepsin B immunoreactivity in
atherosclerotic plaques45. Several other studies have suggested that cathepsins
might be a useful diagnostic tool for atherosclerosis. Cathepsin L serum levels
were found to be increased in patients with >10% stenosis in at least one of the
coronary arteries when compared with patients without stenosis. This increase
persisted after adjustment for the confounders sex, smoking, age, and glucose
levels47. Serum cathepsin S levels were also increased in patients with
atherosclerotic stenosis in at least one of the coronary arteries when compared
with patients without stenosis93. Serum cystatin C levels were unchanged
between these groups. The increase in serum cathepsin S is further specified by
the finding that cathepsin S may serve as a marker for adiposity, a risk factor for
atherosclerosis94. In a recent study, higher serum cystatin C levels were found to
be associated with all-cause mortality, cardiovascular events and incident congestive heart failure among ambulatory persons with coronary heart disease, which
could not be captured completely by changes in kidney function95. Using
proteome scanning technology to identify new biomarkers for atherosclerosis,
cathepsins B, L, S, and X (in order of confidence) were found to be up-regulated
in THP-1 macrophages stimulated with modified (oxidized) LDL compared
with THP-1 macrophages stimulated with native LDL, while cathepsin H was
down-regulated. However, only cathepsin L was validated and confirmed to be
up-regulated96. Although the data are still rather preliminary, this indicates that
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Figure 1. Overview of cathepsin expression and activity in the atherosclerotic plaque. Cathepsins are
expressed in endothelial cells (EC), smooth muscle cells (SMC), and macrophages (MF). The ECM,
containing elastin and collagen, is degraded by cathepsins L, K, S, and V. Cathepsin S may even induce
plaque rupture. Cathepsins F and S contribute to macrophage foam cell formation by reducing cholesterol efflux, which is counteracted by cathepsin K as a result of increasing lipid uptake.

several cathepsins may serve as useful biomarkers or imaging tools in the diagnosis
of atherosclerosis.

THERAPEUTIC POTENTIAL OF CATHEPSINS K AND S

Over the past decade several pharmaceutical companies have become interested
in cysteine protease inhibitor development. Cathepsin K and S are considered to
be valuable therapeutic targets. To date, two cathepsin K-inhibiting compounds
have been enrolled in clinical trials to study their effect on osteoporosis and/or
osteoarthritis97,98. A phase II study of the cathepsin K inhibitor AAE581 for the
treatment of osteoporosis was reported in 2003. Preliminary results showed that
the compound was well tolerated, inhibited bone resorption, and improved bone
formation. The chemical structure of the compound was not disclosed. In 2002, a
phase I trial of SB-462795 (relacatib) for the treatment of postmenopausal osteo-
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porosis and osteoarthritis was reported. Recently, it was shown that relacatib
inhibited bone resorption in monkeys99,100. Until now, however, no data were
available on the effect of AAE581, SB-462795 (relacatib), or other cathepsin K
inhibitors in animal or human atherosclerosis. Currently, phase I and II clinical
trials are being performed to evaluate the effectiveness of cathepsin S inhibitors
for the treatment of psoriasis and osteoarthritis.

SUMMARY

Cathepsin cysteine proteases have been described to play a role in several cardiovascular diseases, including restenosis and neointima formation, aneurysm formation, and atherosclerosis. Many studies have investigated the role of cathepsin
cysteine proteases in atherosclerosis (Figure 1). Cathepsins B, F, K, L, S, and V are
mainly expressed in macrophages, but also in SMCs and ECs. In vivo knockout
studies revealed that cathepsins K and S are important in ECM degradation, since
deficiency of these cathepsins reduces plaque size, atherosclerotic plaque progression, and the number of elastin breaks. Deficiency of cystatin C shows opposite
effects on atherosclerotic plaque size and elastin breaks. Cathepsins also play an
essential role in lipid metabolism. Especially cathepsin F, but also cathepsins B, K,
and S, are important in the degradation of lipid. The role of cathepsins in cholesterol efflux seems to depend on the localization of cathepsins. Extracellular
cathepsins degrade cholesterol acceptors, thereby reducing cholesterol efflux and
increasing foam cell formation. Intracellular deficiency of cathepsin K also
reduces cholesterol efflux independent of cholesterol acceptor degradation. This
latter observation suggests a protective role for cathepsin K in foam cell formation, which is further substantiated by the increase in lipid uptake and storage by
macrophages when cathepsin K is absent.
Although to date no in vivo studies are available for the role of cathepsins in
neointima and aneurysm formation, changes in expression levels of cathepsins K,
L, S, and the natural inhibitor of cathepsins, cystatin C, in diseased arteries
strongly suggest a role for these proteins in both neointima and aneurysm formation. Degradation of the ECM by cathepsin cysteine proteases may facilitate the
migration and invasion of SMCs and macrophages, thereby contributing to
neointima formation. The inflammatory status as seen in aneurysms may
contribute to cathepsin activity, thereby increasing ECM degradation and
possibly contributing to the formation of aneurysms. Furthermore, both
cathepsins L and S have been described to play a role in neovascularization by
degradation of the ECM. However, in vivo data exploring the role of cathepsins
in relation to neovascularization in cardiovascular disease are still lacking.

35

36

CHAPTER 2

Recent findings also indicate a possible role for cathepsins as a diagnostic tool both
as imaging device and as biomarker. The current quest for cathepsins as diagnostic
tool seems a reasonable goal in atherosclerosis research. Furthermore, inhibitors
of cathepsins K and S have been evaluated in (pre) clinical evaluation for the use as
a therapy. Especially cathepsin K inhibitors show promising results in treating
osteoporosis and osteoarthritis. However, until now no data were available on the
effect of these inhibitors in atherosclerosis.
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ABSTRACT

Cathepsin K (catK), a lysosomal cysteine protease, was identified in a
gene-profiling experiment that compared human early plaques, advanced stable
plaques, and advanced atherosclerotic plaques containing a thrombus, where it
was highly upregulated in advanced stable plaques.
To assess the function of cathepsin K in atherosclerosis, catK-/-/apoE-/- mice
were generated. At 26 weeks of age, plaque area in the catK-/-/apoE-/- mice was
reduced (41.8%) owing to a decrease in the number of advanced lesions as well as a
decrease in individual advanced plaque area. This suggests an important role for
cathepsin K in atherosclerosis progression.
Advanced plaques of catK-/-/apoE-/- mice showed an increase in collagen
content. Medial elastin fibers were less prone to rupture than those of apoE-/mice. Although the relative macrophage content did not differ, individual
macrophage size increased. In vitro studies of bone marrow derived macrophages
confirmed this observation. Scavenger receptor mediated uptake (particularly by
CD36) of modified LDL increased in absence of cathepsin K, resulting in an
increased macrophage size because of increased cellular storage of cholesterol
esters, thereby enlarging the lysosomes.
A deficiency of cathepsin K reduces plaque progression and induces plaque
fibrosis but aggravates macrophage foam cell formation in atherosclerosis.
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INTRODUCTION

Proteases have been linked to the cascade of pathological alterations involved in
atherosclerosis. The lysosomal cysteine proteases, or cathepsins1, recently
received much interest in the vascular field2. Large scale gene expression studies
indicated differential expression of cathepsin B, L, S and H mRNAs in
atherosclerotic human and mouse arteries3-6. Cathepsin S, D, F, K, L, and V
proteins7-10 were present in human atheromata. Interestingly, cysteine proteases
account for 40% of the total elastase activity of human atheroma extracts7.
Genetic disruption of the cathepsin S gene reduced plaque progression in LDL
receptor deficient mice11 and inhibited angiogenesis12. Cathepsin L is required for
endothelial progenitor cell induced neovascularization13. In addition, a decrease
in cystatin C levels, the most abundant extracellular inhibitor of cysteine
proteases14, was frequently observed in patients with severe vascular disease15.
Apolipoprotein (apo) E-/- mice deficient in cystatin C developed atherosclerotic
plaques that were rich in collagen and smooth muscle cells (SMCs) and developed
progressive aortic dilatation16. These data indicate an important role in plaque
progression.
In a recent suppressive subtractive hybridization analysis of whole-mount human
atherosclerotic plaques that compared stable atherosclerotic plaques and plaques
containing thrombus, we identified upregulation of cathepsin K (catK) in
advanced stable plaques17. Cathepsin K is composed of a 15-residue N-terminal
signal peptide, a 99-residue propeptide, and a mature protein of 215 amino acids.
Cathepsin K is the most potent mammalian elastase yet described and harbors
unique collagenolytic activity18,19. Cathepsin K was originally identified in an
osteoclast cDNA library, but it has since been found to be expressed in many
tissues such as arteries, breast, ovary, stomach, and lung7,18,20-22.
In the present study, we show that cathepsin K mRNA and protein expression is
highly upregulated in advanced human atherosclerotic lesions. We further investigated the role of cathepsin K in atherosclerosis by studying mice deficient in
apoE (apoE-/-) and cathepsin K (catK-/-/apoE-/- mice). Here we show that a
deficiency of cathepsin K not only reduces plaque progression and induces
fibrosis but also affects macrophage foam cell formation.

METHODS

Tissue sampling
Atherosclerotic plaques were obtained from patients undergoing vascular surgery
(Department of General Surgery, Academic Hospital Maastricht, the Nether-
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lands) or at autopsy (Department of Pathology, Academic Hospital Maastricht,
the Netherlands). Vascular specimens were processed as described17 and classified
according Virmani et al.23.

Dot blot analysis
Five dot-blots containing cathepsin K cDNA (≈20 ng per spot) were hybridized
at high stringency with 32P-labeled (High Prime, Boehringer Mannheim)
SMART cDNA derived from pooled (n=3 per group) whole-mount human
vascular plaques17. Hybridization signals from (1) nondiseased arteries, (2) early
atherosclerotic lesions, (3) advanced stable plaques, (4) lesions containing
thrombus, and (5) veins were quantified by PhosphorImager analysis (Quantity
One, Bio-Rad) and normalized for the signals of RNA polymerase II and human
genomic DNA.
Reverse transcription-polymerase chain reaction
RNA was isolated from individual samples of veins (n=5), nondiseased arteries
(n=4), early atherosclerotic plaques (n=5), advanced lesions (n=10), and lesions
with thrombi (n=10) and reverse transcriptase-polymerase chain reaction
(RT-PCR) was performed for cathepsin K and glyceraldehyde 3-phosphate
dehydrogenase.
Western blot analysis
Blots were incubated with mouse monoclonal anti-cathepsin K antibody (5
µg/ml, Calbiochem) or phosphate-buffered saline, and horseradish
peroxidase-coupled rabbit anti-mouse antibody (1:1000, Dako). Specific antibody binding was visualized by enhanced chemiluminescence (Amersham
Pharmacia Biotech).
Animals
7ApoE-/- mice on a C57BL6 background were obtained from Iffa Credo (Lyon,
France) and backcrossed 5 to 7 times to catK-/- mice (C57BL6 background; P.
Saftig). During the experimental period, mice were fed a normal chow diet. At
the age of 26 weeks, male catK-/-/apoE-/- (n=7), apoE-/- (n=8) and catK-/(n=8) mice were humanely killed after an 8-hour fast. Blood was obtained, and
after in situ perfusion-fixation, the complete arterial tree was excised and fixed as
described previously24. The aortic arch including its main branch points
(brachiocephalic trunk, right and left common carotid arteries, and left subclavian
artery) were embedded longitudinally and cut into »40 sections. A series of
twenty 4-µm sections, which represented the central area of the arch with an

CATHEPSIN K IN ATHEROSCLEROSIS

intact morphology of the complete arch including branch points, was analyzed as
described previously24.

Lipid profile
For assessment of lipid profiles, standard enzymatic techniques, automated on a
Cobas Fara centrifugal analyzer (Hoffmann-La Roche), were used (kit Nos.
0736635, 543004, and 0148270, Hoffmann-La Roche; and kit No.
337-40A/337-10B; Sigma Chemical Co).
Evaluation of possible systemic effects
More than 20 organs were excised from 4 mice per group and analyzed by
microscopy of 4-µm sections stained with hematoxylin and eosin. Fluorescence-activated cell sorting (FACS) analysis of lymph nodes, blood, and spleen
was performed as described previously25.
Histology and morphometry of mouse plaques
For histological analysis and morphometry, 4 sections (20 µm apart) were stained
with hematoxylin and eosin, and 4 consecutive sections (also 20 µm apart) were
stained with Lawson solution to stain the elastic laminas. Sirius red staining was
performed to detect collagen. Morphometric parameters were determined as
described previously24,26. Atherosclerotic lesions were analyzed and classified
according to Virmani et al.23. Because the data among the initial plaque stages
(intimal thickening and intimal xanthomas) and among the advanced
atherosclerotic lesions (thin and thick fibrous cap atheromas and fibrocalcified
plaques) were similar, data are presented for these 2 groups: initial lesions and
advanced lesions.
Immunohistochemistry
(Double) immunohistochemistry and was performed as described before24, 25 with
the following antibodies: anti-cathepsin K antibody (mouse monoclonal, 50
µg/ml; Calbiochem), a-smooth muscle actin monoclonal antibody (1:500,
Sigma) as a marker for vascular SMCs and myo-fibroblasts; MAC3 rat monoclonal antibody (1:30, Pharmingen) to detect macrophages; CD3 polyclonal antibody (A0452, 1:200; Dako) to detect T lymphocytes; and CD36 27 and scavenger
receptor (SR)-A antibodies (chicken and rabbit-polyclonals, kind gifts of Prof de
Beer and Prof A. Daugherty, University of Kentucky, Lexington) to determine
SR immunoreactivity.
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Bone density measurements
Trabecular mineral density (mg/cm3), total bone area (mm2), cortical mineral
density (mg/cm3) and cortical thickness (mm) of the left femur were assessed in
cross section by peripheral quantitative computed tomography (model
XCT-960A Norland Stratec) with a voxel size of 0.08 mm and a threshold of
0.464.
BM derived macrophages
Bone marrow (BM) was flushed from the femurs and tibias of 20- to 25-week-old
apoE-/- and catK-/-/apoE-/- mice and cultured for 8 days RPMI medium
containing L-glutamine, HEPES, 10% fetal calf serum and 100 IU/ml penicillin/streptomycin with the addition of 15% L929 cell-conditioned medium
(LCM) to induce differentiation into macrophages27.
Migration assay
To determine transmigration of BM derived macrophages, BD Biocoat Matrigel
invasion chambers (BD Biosciences), serving as a reconstituted basement
membrane in vitro, were used. The transmigration assay was carried out at 37°C
for 24 hours (with monocyte chemoattractant protein) followed by toluidine
blue staining. Ten microscopic fields were randomly chosen to count transmigrated cells.
Trypan blue exclusion test
To determine the viability of both apoE-/- and catK-/-/apoE-/- BM derived
macrophages, a trypan blue exclusion test was performed. After incubation with
or without oxidized (ox)LDL for 24 hours, vital and nonvital (trypan blue
colored) cells were counted in 10 microscopic fields per sample.
LDL extraction and oxidation and uptake of oxLDL
Low density lipoprotein (LDL) was extracted from fresh human plasma by graded
ultracentrifugation. The LDL was oxidized by overnight incubation at 37°C with
CuSO4. OxLDL was labeled with the fluorescent lipid 1,1’-dioctadecyl3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes).
BM derived macrophages were incubated with 25 µg/ml DiI labeled oxLDL for
0.5, 1, or 3 hours. The SR inhibitor poly(I)lysine (20 µg/ml) was added 5 minutes
before the DiI labeled oxLDL incubation. OxLDL uptake was determined by
FACS (BD Biosciences).
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High-Performance Thin-Layer Chromatography
To determine the composition of lipid storage by BM derived macrophages, high
performance thin layer chromatography (HPTLC) was performed. Cells were
incubated with 25 µg/ml oxLDL for 24 or 48 hours. Cellular lipid accumulation
per mg protein was analyzed by HPTLC. Cholesterol acetate in chloroform (20
µg/ml) was used as an external standard.
Quantitative Real-Time PCR for SR-A and CD36
RNAs from aortic arches of 26-week-old catK-/-/apoE-/- mice (n=11) and
apoE-/- mice (n=11), were used for real-time PCR analysis. cDNA was diluted
to a concentration of 2ng/µl. The Bio-Rad MyIQ single-color real-time PCR
detection system with Optic system software version 1.0 was used for real-time
PCR. For each PCR, 10 ng cDNA, 2x universal PCR master mix, 300 nM
forward primer, 300 nM backward primer, and 200 nM Taqman probe were
added to a final volume of 25 µl. PCR amplification of the housekeeping gene
cyclophilin and of SR-A and CD36 was performed according to standard procedures (1 cycle at 50°C for 2 minutes, 1 cycle at 95°C for 10 minutes, followed by
50 cycles of 95°C for 15 seconds and 60°C for 1 minute). A standard curve was
generated for all experiments, and all assays were performed in duplicate. Relative
RNA copy numbers were calculated from standard curves that were obtained by
serial dilution of quantified template cDNA. The expression of each target gene
was normalized to the expression of the housekeeping gene cyclophilin.
Electron microscopy
For analysis of lysosomal compartments, BM derived macrophages were incubated with 25 µg/ml oxLDL for 24 hours at 37°C (5% CO2), fixed in 2.5%
glutaraldehyde, embedded in 10% gelatin blocks, postfixed in 1% OsO4 solution,
dehydrated, and embedded in epoxy resin. Ultrathin sections were mounted on
Formvar (1595 E, Merck)-coated 75 mesh copper grids and counterstained with
uranyl acetate and lead citrate before analysis in a Philips CM100 transmission
electron microscope. Ten electron microscopic fields for each condition were
measured. Individual lysosomal area was determined using ImageJ software
(http://rsb.info.nih.gov/ij/).
Statistical analysis
All data are expressed as mean ± SEM. Means between groups were compared by
the use of the nonparametric Mann-Whitney U test. Data were considered statistically significant at P<0.05.
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Figure 1. Cathepsin K mRNA expression in different stages of plaque development
A. Two sets of 5 identical dot blots containing cathepsin K cDNA were hybridized to pools of
32
P-labeled cDNA derived from human veins, nondiseased arteries, early lesions, advanced stable
lesions, and lesions with thrombus. Expression levels were normalized to the hybridization signals for
genomic (Gen.) DNA and RNA polymerase (pol.) II. B. RT-PCR analysis of mRNA isolated from
veins, nondiseased arteries, early lesions, advanced stable lesions, and lesions containing a thrombus.
GAPDH indicates glyceraldehydes 3-phosphate dehydrogenase.

RESULTS

Cathepsin K mRNA expression during human atherogenesis
Cathepsin K mRNA is expressed at a low level in human veins, nondiseased
arteries, and early atherosclerotic lesions (Figure 1A). Expression was upregulated
by 28-fold in advanced but stable lesions when compared with early lesions and
by 11-fold when compared with lesions containing a thrombus. In addition,
RT-PCR analysis of individual samples revealed no detectable cathepsin K
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Figure 2. Western blot analysis of cathepsin K expression in human atherosclerotic lesions.
A. Lanes 1 through 3, early lesions; lanes 4 through 6, advanced but stable atherosclerotic lesions; lanes 7
through 9, lesions containing a thrombus. B. Quantification of mature cathepsin K content, as judged
by densitometric scanning.

Figure 3. Cell type-specific cathepsin K expression.
Double immunohistochemistry for cathepsin K (blue) and (A) a-smooth muscle actin (ASMA; brown),
(B) CD68 (brown), and (C) CD34 (brown), revealing expression of cathepsin K in plaque SMCs,
macrophages, and endothelial cells (arrows).
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Figure 4. Localization of cathepsin K expression.
Photomicrographs show cathepsin K expression in various stages of human atherogenesis: (A) intimal
xanthoma, (B) a stable plaque, (C) a lesion containing a thrombus, and (D) at the actual site of plaque
rupture. E shows cathepsin K expression in an advanced lesion from an apoE-/- mouse, whereas F
shows the absence of cathepsin K staining in a catK-/-/apoE-/- murine advanced plaque (x 100).
Cathepsin K immunoreactivity is depicted in red (A–D) or in brown (E and F). M indicates media;
I,intima; L,lumen; LC,lipid core; T,thrombus; and FC, foam cell. The arrow (D) points toward the
actual site of plaque rupture.
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expression in veins and nondiseased arteries, whereas 20% of early lesions, 70% of
advanced lesions and 30% of lesions containing a thrombus tested positive (Figure
1B).

Cathepsin K protein expression
In lysates from individual early lesions, advanced stable lesions, and advanced
lesions containing a thrombus (n=3 per group), at least 3 cathepsin K protein
products were distinguished: the pre-proenzyme of 40 kDa, a proenzyme of 37
kDa, and the mature enzyme with a molecular weight of 27 kDa (Figure 2A).
Expression of mature cathepsin K was upregulated by >50-fold in stable lesions
when compared with early lesions and by 6.5-fold when compared with lesions
containing a thrombus (Figure 2B). In addition, we observed a >50-fold increase
in the expression level of an »20-kDa immunoreactive band, presumably representing a cathepsin K degradation product, in stable lesions when compared with
early lesions and a 4.5-fold increase when compared with lesions with a
thrombus.
In atherosclerotic plaques, cathepsin K was expressed in SMCs, macrophages and
endothelial cells (Figure 3A through 3C). In human veins, nondiseased arteries,
and early atherosclerotic lesions (Figure 4A), cathepsin K expression was low.
However, strong immuno-reactivity was present in stable lesions (Figure 4B).
The fibrous cap, shoulder region, and rim of the lipid core particularly showed
high levels of cathepsin K protein immunoreactivity. Lesions containing a
thrombus revealed intermediate levels of immunoreactivity, with a pattern
similar to that observed in advanced stable lesions (Figure 4C). Cathepsin K
protein was also expressed at the actual site of plaque rupture (Figure 4D).
Advanced lesions in apoE-/- mice showed high levels of cathepsin K expression
in the cytoplasm of vascular endothelial cells, neointimal and medial SMCs, and
macrophages. As expected, catK-/-/apoE-/- mice showed no expression of
cathepsin K (Figure 4E and 4F).
In vivo validation
Survival rates of catK-/-/apoE-/- mice, apoE-/- mice and catK-/- mice were
100% in all 3 groups. Body weights were similar. Autopsy (>20 organs) revealed
no macroscopic or microscopic abnormalities in sections stained with
hematoxylin and eosin, except for the increased trabecularization of long bones in
catK-/- and catK-/-/apoE-/- mice (Figure 5) when compared with apoE-/mice, as previously described28. The observed increase in bone trabecularization
was further substantiated by bone density measurements, showing a 2-fold
increase in trabecular bone density in catK-/- and catK-/-/apoE-/- mice when
compared with apoE-/- mice (Table I).
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Figure 5. Autopsy revealed no macroscopic or microscopic abnormalities.
Hematoxylin and eosin staining of the left femur (A and B), liver (C and D) and spleen (E and F) of
catK-/-/apoE-/- (A, C, and E) and apoE-/- mice (B, D, and F). CB indicates cortical bone; BM, bone
marrow; WP, white pulpa.
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Table I. Bone density.
catK-/-/apoE-/Trabecular mineral density

(mg/cm3)

catK-/-

apoE-/-

242 ± 15*

227 ± 24.5*

115 ± 18*

Total bone area (mm2)

1.8 ± 0.1

1.9 ± 0.1

1.8 ± 0.1

Cortical mineral density (mg/cm3)

1086 ± 7

1098 ± 10

963 ± 28

Cortical thickness (mm)

0.3 ± 0.03

0.3 ± 0.02

0.2 ± 0.05

Values are represented as mean ± SEM. *P<0.05 for the difference between apoE-/- mice and both
catK-/-/apoE-/- and catK-/- mice. Trabecular mineral density of catK-/-/apoE-/- and catK-/- mice
were similar.
Table II. Plasma cholesterol and triglyceride levels.
catK-/-/apoE-/-

apoE-/-

catK-/-

(n=7)

(n=8)

(n=8)

Total cholesterol, mg/dl

858 ± 97*

719 ± 155*

16 ± 4*

HDL cholesterol, mg/dl

3.9 ± 2.3*

11.2 ± 2.7*

54.9 ± 5.8*

LDL cholesterol, mg/dl

800 ± 93*

677 ± 139*

19 ± 4*

Total triglyceride, mg/dl

245 ± 35*

184 ± 70*

53 ± 4*

Free triglyceride, mg/dl

22 ± 3.0

21.8 ± 2.6

20.1 ± 0.9

Values are represented as mean ± SEM. *P<0.05 for the difference between catK-/- mice and both
catK-/-/apoE -/- and apoE -/- mice. Lipid levels of catK-/-/apoE-/- and apoE -/- mice were similar,
but catK-/-/apoE-/- showed a trend toward higher total cholesterol (P=0.12), LDL cholesterol
(P=0.15), and triglyceride levels (P=0.27), and lower HDL cholesterol levels (P=0.58).

FACS analysis revealed no differences in the amount of CD3-positive cells (T
cells), in the activation status of T cells between the groups (CD4 to CD8 ratio,
CD25+ T cells), and the amount of GR-1-positive cells (macrophages) in lymph
nodes, blood, and spleen, confirming the absence of extensive systemic effects of
cathepsin K deficiency on T-cell number and activation or macrophage number
(data not shown).
Although there was a trend toward higher total cholesterol, LDL, and triglyceride
levels and lower HDL levels in catK-/-/apoE-/- mice compared with apoE-/mice, these changes were not significant (Table II).

Plaque burden
CatK-/-/apoE-/- mice showed a 41.8% reduction of total plaque area (580.996
± 119.010 µm2/arch in catK-/-/apoE-/- mice versus 998.544 ± 81.665
µm2/arch in apoE-/- mice, P<0.05), whereas the total number of plaques per
aortic arch did not differ (6.3 ± 0.6 in catK-/-/apoE-/- mice versus 6.2 ± 0.8 in
apoE-/- mice, P<0.05). The decrease in total plaque area was due to a decrease in
the number of advanced atherosclerotic plaques (catK-/-/apoE-/-: 2.6 ± 0.5
versus apoE-/-: 4.4 ± 0.4; P<0.05; Figures 6A, 7A and 7B). In addition,
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Figure 6. Quantification of plaque characteristics of catK-/-/apoE-/- and apoE-/- mice.
Number of plaques per aortic arch (A), individual plaque area (B), collagen content (C), and individual
macrophage size (D) of initial and advanced lesions of catK-/-/apoE-/- and apoE-/- mice are shown.
Values are represented as mean ± SEM.

advanced plaques of catK-/-/apoE-/- mice were significantly smaller (Figure
6B), whereas the number of initial plaques was increased (Figure 6A). This
finding indicates an important role for cathepsin K in atherosclerotic plaque
progression.

Plaque composition
In addition to the decrease in plaque progression and plaque area, significant
differences in plaque composition between catK-/-/apoE-/- and apoE-/- mice
were observed. As expected, a deficiency of cathepsin K had a profound effect on
plaque extracellular matrix content. Collagen content increased significantly in
advanced plaques of catK-/-/apoE-/- mice (36.7 ± 2.5 % versus 31.5 ± 1.9 %;
P<0.05; Figures 6C, 7C and 7D). The number of elastin breaks in the media
underlying the atherosclerotic plaque was decreased in the advanced lesions of
catK-/-/apoE-/- mice (initial lesions: catK-/-/apoE-/-: 1.0 ± 0.2 versus
apoE-/-: 1.0 ± 0.6; P>0.05; advanced lesions: catK-/-/apoE-/- 1.0 ± 0.2 versus
apoE-/-: 1.8 ± 0.3; P<0.05; Figure 7E and 7F). The relative plaque macrophage
content showed a borderline significant decrease (Table III; initial lesions,
P=0.067; advanced lesions, P=0.092) in plaques of catK-/-/apoE-/- mice.
Interestingly, individual macrophage foam cells in the plaques were increased in
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Figure 7. Histological characteristics of atherosclerotic plaques of catK-/-/apoE-/- and
apoE-/- mice.
Hematoxylin and eosin (A and B) staining (x 100) reveals a decreased advanced plaque area in
catK-/-/apoE-/- mice. Sirius red (C and D) staining (x 100) shows increased collagen
content in plaques from catK-/-/apoE-/- mice. Lawson staining (E and F) shows extensive
disruption of medial elastin fibers in apoE-/- mice (arrows), which hardly occurs in
catK-/-/apoE-/- mice. SR staining (G and H; x 400) shows larger plaque macrophage foam
cells (arrows) in lesions from catK-/-/apoE-/- mice.
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Figure 8. Uptake of DiI labeled oxLDL (25mg/ml) by BM derived macrophages.
A and B. Increased DiI labeled oxLDL uptake after a 3 hours incubation in catK-/-/apoE-/macrophages compared with apoE-/- BM derived macrophages. C. Increased DiI-oxLDL uptake in
catK-/-/apoE-/- versus apoE-/- BM derived macrophages after 0.5, 1, and 3 hours of incubation
(P=0.0286). Addition of poly(I)lysine (20 mg/ml) reduced oxLDL uptake by 76 to 80% in both groups.
D. catK-/-/apoE-/- macrophages that were incubated for 24 hours (n=6) with oxLDL showed a 32%
increase in cholesterol ester (CE) levels compared with apoE-/- macrophages (P=0.004). Incubation
for 48 hours (n=3) showed the same trend but did not reach statistical significance (P=0.050). E, F and
G. Lysosomal area has increased in macrophages from catK-/-/apoE-/- mice. Note the increased
lysosomal area in catK-/-/apoE-/- mice in the electron photomicrographs.
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Table III. Cell types and characteristics.
apoE-/-

catK-/-/apoE-/-

T-lymphocyte content (%), initial lesions

0.2 ± 0.2

1.5 ± 0.5

T-lymphocyte content (%), advanced lesions

1.0 ± 0.5

1.0 ± 0.3

Macrophage content (%), initial lesions

72.8 ± 5.2

54.5 ± 6.5

Macrophage content (%) advanced lesions

48.1 ± 2.5

46.1 ± 5.6

Lipid core area (%), advanced lesions

26.5 ± 2.4

27.2 ± 1.9

Values are represented as mean ± SEM.

Figure 9. SR-A and CD36 expression in the absence of cathepsin K
A, B, and E. No difference in SR-A expression in atherosclerotic plaques from catK-/-/apoE-/- versus
apoE-/- mice. C, D, and E. Increased mRNA and protein expression from CD36 in plaques of
catK-/-/apoE-/- mice vs apoE-/- mice.
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size (initial lesions: catK-/-/apoE-/-: 398.2 ± 16.2 µm2/foam cell versus
apoE-/-: 221.7 ± 8.7 µm2/foam cell; advanced lesions: catK-/-/apoE-/-: 365.6
± 29.4 µm2/foam cell versus apoE-/-: 212.7 ± 15.1 µm2/foam cell; P<0.05;
determined in all lesions of all mice included), suggesting a role for cathepsin K in
foam cell formation (Figures 6D, 7G, and 7H).
T-lymphocyte content and lipid core area showed no significant differences in
both initial and advanced lesions between catK-/-/apoE-/- and apoE-/- mice
(see Table III).

Migration assay
Transmigration of BM derived macrophages was tested in a Matrigel matrix assay.
In both groups, large numbers of cells transmigrated (88 to 90%), without differences noted between apoE-/- and catK-/-/apoE-/- BM derived macrophages
(P>0.05). The trypan blue exclusion test showed no difference in cell death after
24 hours oxLDL incubation between both groups (P>0.05).
Mechanisms of foam cell formation: in vitro studies
Because disruption of the cathepsin K gene resulted in an increase of macrophage
size in atherosclerotic lesions of catK-/-/apoE-/- mice, macrophage size,
lysosomal area, oxLDL uptake, and subsequent storage of cholesterol esters were
quantified in BM derived macrophage foam cells in culture.
As our in vivo atherosclerosis data have already shown, macrophage area (as
determined by DiI-oxLDL-positive staining) in vitro increased significantly
(300%) in the absence of cathepsin K after 24 hrs of incubation with oxLDL
(Figure 8A and 8B). Furthermore, FACS analysis revealed increased uptake of
DiI labeled oxLDL in BM derived macrophages in the absence of cathepsin K
after 0.5, 1, and 3 hours (P=0.0286 at all three time points; Figure 8C).
Poly(I)lysine, a SR inhibitor, reduced oxLDL uptake by 76 to 80% at 3.0 hours in
both groups (Figure 8C), indicating that the increased oxLDL uptake was SR
mediated. To investigate which SRs were responsible for the enhanced foam cell
formation in catK-/-/apoE-/- mice, immunohistochemistry and real-time PCR
analysis for SR-A and CD36 were performed. Interestingly, both mRNA
expression and immunoreactivity for SR-A did not differ between plaque
macrophages of catK-/-/apoE-/- and apoE-/- mice (Figure 9). However, CD36
mRNA and protein expression was significantly increased in plaques lacking
cathepsin K (Figure 9), indicating that CD36 is one of the SRs responsible for the
increased foam cell formation in absence of cathepsin K.
HPTLC revealed that catK-/-/apoE-/- BM derived macrophages incubated for
24 hours with oxLDL showed a 53.7% (P=0.004) increase in cholesterol ester
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levels compared with apoE-/- BM derived macrophages (Figure 8D). No significant differences were seen in free cholesterol levels (data not shown).
Electron microscopy revealed an increase in lysosomal area in macrophages
(n=10) in the absence of cathepsin K (mean lysosomal size of n>1000 lysosomes
in catK-/-/apoE-/- mice: 0.44±0.02 µm2 versus in apoE-/-: 0.23±0.01 µm2 after
24 hours incubation with oxLDL; Figure 8E, F and G).
These data illustrate the increased SR mediated uptake of oxLDL, predominantly
by CD36, in catK-/-/apoE-/- BM derived macrophages, which results in
increased storage of cholesterol esters in large lysosomal compartments.

DISCUSSION

In the present study, we have shown that cathepsin K mRNA and protein are
predominantly expressed in advanced atherosclerosis and that cathepsin K is
involved in plaque progression. The elevated levels of cathepsin K mRNA and
protein in stable human lesions are in agreement with the observation of Sukhova
et al7 who reported high levels of cathepsin K in human atheromata. Moreover,
other closely related family members of the cathepsin family such as S, D, F, L, and
V, were also found in human and mouse atherosclerotic plaques3,7,9,10 as well as in
restenotic lesions of rabbits and rats29,30. Interestingly, when compared with
advanced stable plaques, cathepsin K mRNA and protein levels were decreased in
plaques containing a thrombus. We hypothesize that this decrease in cathepsin K
levels is due to the fact that plaque rupture, ie, an event associated with high
collagenolytic activity, has already taken place in lesions containing an organized
thrombus. Consequently, cathepsin K levels decrease. Plaques containing a
thrombus are in an ‘active wound-healing’ phase, which also requires deposition
of collagen rather than extensive collagen breakdown. Because cathepsin K levels
in plaques containing a thrombus are still higher compared with initial atherosclerotic lesions, we think that cathepsin K is also involved in the healing process
after plaque rupture.
In advanced atherosclerotic lesions of apoE-/- mice, a deficiency of cathepsin K
resulted in a highly fibrotic plaque phenotype. This phenomenon was not
observed in cathepsin S-/-/LDL-R-/- mice31. Although most cathepsin family
members show elastolytic and some collagenolytic activity, cathepsin K is the
most potent collagenase, capable of cleaving triple-helical collagens at multiple
sites32-34. The unique collagenolytic property of cathepsin K may explain the
fibrotic phenotype observed in catK-/-/apoE-/- mice. The fibrotic phenotype
was also observed in a model of bleomycin-induced lung fibrosis, in which
cathepsin K-/- mice exhibited significantly more fibrosis than did wild-type
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mice22. Moreover, a deficiency of cathepsin K reduced the number of elastin
breaks in the media underlying the plaque, indicating that aneurysm formation
might be prevented in the absence of cathepsin K. No true plaque ruptures or
intraplaque hemorrhages were observed in any of the groups.
The deficiency of cathepsin K in apoE-/- mice not only affected the extracellular
matrix component of atherosclerotic plaques but also had a profound effect on
macrophage foam cell formation. A deficiency of cathepsin K increased the SR
mediated uptake of oxLDL and increased storage of cholesterol esters in
macrophages. Moreover, electron microscopic analysis of macrophage foam cells
revealed an increased lysosomal size in the absence of cathepsin K. These
phenomena resulted in the large macrophage foam cells that were present in
plaques of catK-/-/apoE-/- mice and in our cell culture studies. Cathepsins D
and F are known inducers of foam cell formation that modify LDL, which
increases macrophage LDL uptake and facilitates the binding of modified LDL to
proteoglycans9. However, the exact mechanism by which cathepsin K induces
foam cell formation still needs to be investigated, although our data point toward a
SR mediated process with a role for CD36 in particular. Interestingly, reports on
the role of CD36 in atherosclerosis are somewhat ambivalent, with some claiming
a proatherogenic role for CD36 in plaque formation35,36 whereas others do not36.
However, regulation of the uptake of oxLDL of plaque macrophages is a complex
process with many players37, of which the cathepsin K-SR axis might be an
important one.
Cathepsins are also involved in the modulation of cholesterol efflux. At neutral
pH, cathepsin F but not K is able to partially degrade lipid-free apoA-I and
partially inhibit cholesterol efflux, whereas cathepsin S is capable of completely
inhibiting cholesterol efflux38. However, at pH 5-6, cathepsin K inhibits cholesterol efflux as well by inhibiting apoA-I induced efflux. Therefore, it might be
expected that deficiency of cathepsin K would increase cholesterol efflux.
However, because cathepsin K is only indirectly involved in the inhibition of
cholesterol efflux38, this increase in cholesterol efflux may not be sufficient to
compensate for the increase in foam cell formation in catK-/-/apoE-/- mice.
The present study shows a dual effect for cathepsin K in atherogenesis: absence of
cathepsin K induces extracellular matrix deposition and accelerates foam cell
formation. From an atherosclerosis treatment perspective, these effects seem
somewhat contradictory but can be explained. Cathepsins are predominantly
synthesized and targeted to the acidic compartments of the cell, lysosomes and
endosomes. In these compartments, pH is optimal for their activity, and it is here
that cathepsins degrade unwanted intracellular or endocytosed proteins such as
modified LDL. However, although cathepsins have a very narrow pH optimum
(pH 4 to 6), they have also demonstrated activity in media of cultured
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macrophages, endothelial cells and SMCs11,15,39,40. When macrophages make
contact with the extracellular matrix, a localized acidic environment is formed
that allows cathepsins to degrade the extracellular matrix40. In atherosclerotic
plaques, the microenvironment is somewhat acidic owing to inflammation and
hypoxia41, which facilitate the actions of cathepsins. A deficiency of cathepsin K
thus limits the degradation of modified LDL and at the same time, prevents degradation of the extracellular matrix, thereby inducing atherosclerotic plaques with
large macrophage foam cells and profound plaque fibrosis.
Our findings on the in vivo function of cathepsin K in apoE-deficient mice and its
expression profile in human atherosclerotic lesions identify cathepsin K as a
potential therapeutic target. Assuming similar effects in humans, inhibition of
cathepsin K activity could lead to decreased plaque progression and increased
plaque stability. In addition, inhibition of cathepsin K activity might be beneficial
in the treatment of osteoporosis, as cathepsin K deficiency, both in humans and in
mice, resulted in a significant increase in trabecular bone density. However, the
role of cathepsin K on foam cell formation and serum lipid levels should be taken
into account. Deficiency of cathepsin K aggravates foam cell formation that may
affect plaque stability. Moreover, catK-/-/apoE-/- mice showed a trend toward
increased serum cholesterol, LDL cholesterol, and triglyceride levels and
decreased HDL levels. Therefore, combination therapy using a cathepsin K
inhibitor and a lipid-lowering drug such as a HMG-CoA reductase inhibitor may
be preferable.
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ABSTRACT

Recently, we showed that cathepsin K deficiency reduces atherosclerotic plaque
progression, induces plaque fibrosis, but aggravates macrophage foam cell formation in the apoE-/- mouse.
To obtain more insight into the molecular mechanisms by which cathepsin K
disruption evoked the observed phenotypic changes, we used microarray analysis
for gene expression profiling of aortic arches of catK-/-/apoE-/- and apoE-/mice on a mouse oligo microarray. Out of 20,280 reporters, 444 reporters were
significantly differentially expressed (P-value of <0.05, fold change of ³1.4 or £
-1.4, and intensity value of >2.5 times background in at least one channel). Ingenuity Pathway Analysis and GenMAPP revealed upregulation of genes involved
in lipid uptake, trafficking, and intracellular storage, including caveolin-1, -2, -3
and CD36, and profibrotic genes involved in transforming growth factor b
(TGF-b) signaling, including TGF-b2, latent TGF-b binding protein-1
(LTBP1), and secreted protein, acidic and rich in cysteine (SPARC), in
catK-/-/apoE-/- mice. Differential gene expression was confirmed at the
mRNA and protein level. In vitro modified low density lipoprotein (LDL)
uptake assays, using bone marrow derived macrophages preincubated with
caveolae and scavenger receptor inhibitors, confirmed the importance of
caveolins and CD36 in increasing modified LDL uptake in the absence of
cathepsin K.
In conclusion, we suggest that cathepsin K deficiency alters plaque phenotype not
only by decreasing proteolytic activity, but also by stimulating TGF-b signaling.
Besides this profibrotic effect, cathepsin K deficiency has a lipogenic effect owing
to increased lipid uptake mediated by CD36 and caveolins.
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INTRODUCTION

Cathepsin K was first described in 1995 as a papain-like cysteine protease and has a
distinct extracellular matrix degrading potential; its elastase activity exceeds that
of all other elastases, and cathepsin K harbors a unique collagenolytic activity1-4.
Cathepsin K was originally identified to play a role in bone resorption, but is
expressed in many other tissues, including arteries, breast, ovary, stomach, and
lung2,5-9. Sukhova et al. showed expression of both cathepsins S and K in human
atheroma. Furthermore, cathepsin S was shown to be involved in atherosclerosis,
as cathepsin S deficiency reduced plaque size in low density lipoprotein (LDL)
receptor deficient mice10,11.
Recently, we reported upregulation of cathepsin K expression in advanced stable
human atherosclerotic plaques in comparison with early lesions and lesions
containing a thrombus12. In catK-/-/apoE-/- atherosclerotic lesions we showed
reduction of atherosclerotic plaque progression, induction of plaque fibrosis, but
aggravation of macrophage foam cell formation in comparison with apoE-/-12.
To unravel further the molecular mechanisms underlying the observed
phenotypic changes evoked by cathepsin K deficiency, we performed gene
expression profiling of plaque containing aortic arches of catK-/-/apoE-/- mice
and apoE-/- mice on a mouse oligo microarray.
Microarray analysis was performed in duplicate using dye swap hybridization and
data were validated by real-time polymerase chain reaction (PCR), immunohistochemistry, and western blot analysis. Pathway validation revealed an important role for caveolins and CD36 in increasing modified LDL uptake in the
absence of cathepsin K. This study suggests that the use of cathepsin K as a possible
therapeutic target for atherosclerosis has to be evaluated with care since cathepsin
K inhibition might lead to a profibrotic, but also to a more lipogenic plaque
phenotype.

METHODS

Mice and experimental protocols
ApoE-/- mice on a C57BL6 background were obtained from Iffa Credo (Lyon,
France) and were backcrossed 7-9 times to catK-/- mice on a C57BL6 background. Animal experiments were approved by the regulatory authority of the
University of Maastricht and were performed in compliance with the Dutch
government guidelines. Normal chow diet and water were provided ad libitum.
At the age of 26 weeks, catK-/-/apoE-/- and apoE-/- mice were sacrificed after
an 8 hour fast. The complete arterial tree was excised. Tissues of mice were used
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for RNA extraction (catK-/-/apoE-/- [n = 11], apoE-/- [n = 11]), histological
analysis (catK-/-/apoE-/- [n = 7], apoE-/- [n = 8]) or protein extraction
(catK-/-/apoE-/- [n = 5], apoE-/- [n = 4]). For RNA and protein extraction,
aortic arches including their main branchpoints were cleaned from fatty tissue,
excised, rinsed in ice-cold phosphate-buffered saline, snap frozen in liquid
nitrogen, and stored at -80°C until further use. For histological analysis, aortic
arches, including their main branch points, were processed as described previously13,14.

RNA isolation
Aortic arches were disrupted in lysis buffer using a beadmill, and total RNA was
isolated using the RNeasy kit (Qiagen). For microarray analysis, atherosclerotic
plaque containing aortic arches of both catK-/-/apoE-/- and apoE-/- mice were
pooled (n = 3 for both groups).
Microarray analysis
cRNA labeling, microarray hybridization, scanning and data extraction were
performed by ServiceXS (Leiden, The Netherlands) using the Mouse Development Oligo Microarray kit (G4120A; Agilent Technologies). This array contains
20,280 (60-mer) probes. Samples were cy3 or cy5 labeled using Agilent fluorescent linear amplification kit (G2554A; Agilent Technologies). In short, a primer
which contains poly dT and a T7 polymerase promoter sequence was annealed to
2 µg total RNA. cRNA was synthesized using T7 RNA polymerase, which
simultaneously incorporated cy3- or cy5-labeled CTP. cRNA was processed
using the in situ hybridization kit (5184-3568; Agilent Technologies). Briefly,
0.5 µg cRNA was applied to the hybridization chamber and incubated at 60°C in
a hybridization oven for 17 hours. Subsequently, arrays were washed and dried
using a nitrogen-filled air gun. Hybridization was performed in duplicate using a
dye swap.
(Statistical) analysis of microarray data
Array image acquisition and feature extraction were performed using the Agilent
G2565AA Microarray Scanner and Feature Extraction software version 5.1. Raw
intensity values for cy3 and cy5 were normalized to each other based on the mean
intensity of all reporters. Feature extraction results were entered into Spotfire®
DecisionSite 7.3 for Functional Genomics.
In Spotfire® DecisionSite, a t-test of z-scores normalized values for both experiments was performed. Subsequently, Unigene ID numbers, fold changes, t-test
p-values and intensity values were imported into the Ingenuity Pathway Analysis
software (Ingenuity Systems 2000-2005). SwissProt ID numbers or, if those were
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not available, Unigene ID numbers, fold changes, t-test p-values and intensity
values were imported to GenMAPP (Gene Map Annotator and Pathway
Profiler) version 2.0 (Gladstone Institutes 2000-2004, www.GenMAPP.org
using gene ontology database (www.geneontology.org): Mm-Std_20040824.
gdb and local mapps: Mm-contributed_20041216). Genes were only considered
significantly differentially expressed when they had a P-value of <0.05, a fold
change of at least 1.4, and an intensity value of at least 2.5 times background in at
least one channel.
Validation procedures

Real-Time PCR
Random primers were used for the preparation of cDNA from template RNA.
dNTP (5 µl; 10 mM), 2.5 µl random primer (20 µg/ml, Promega), 5.0 µl 5 x first
strand buffer (Invitrogen), and 11 µl template RNA were added, followed by
incubation at 72°C for 6 minutes and 37°C for 5 minutes. Then, 2.5 µl DTT (100
mM, Invitrogen), 0.5µl RNAsin (40U/µl, Promega), and 0.5 µl MMLV reverse
transcriptase (200 U/µl, Invitrogen) were added to a final volume of 25 µl,
followed by 1 cycle of 37°C for 60 minutes and 95°C for 5 minutes. cDNA was
diluted to a concentration of 2 ng/µl. Real-time PCR was performed as
described previously12 (For primers and probes, see Table I).
Human tissue sampling
Atherosclerotic plaques from the internal carotid artery were obtained from
patients undergoing vascular surgery (Department of General Surgery, Academic
Hospital Maastricht) or at autopsy (Department of Pathology, Academic Hospital
Maastricht) and were collected in compliance with institutional ethical guidelines
in accordance with the Helsinki Declaration of 1975, as revised in 1983. Vascular
specimens were processed as previously described15 and were classified according
Virmani et al.16.
Immunohistochemistry
(Double) immunohistochemistry was performed as described previously13,14 with
the following antibodies: caveolin-1 polyclonal antibody (1:800, Santa Cruz),
SPARC polyclonal antibody (osteonectin) (1:50, gift from Dr L Fisher, University Institute of Pathological Anatomy, Copenhagen, Denmark), a-smooth
muscle actin monoclonal antibody (1:500, Sigma) as a marker for vascular SMCs
and myofibroblasts, MAC3 rat monoclonal antibody (1:30, Pharmingen) to
detect macrophages, factor VIII von Willebrand (1:500, Dako) as a marker for
endothelial cells, and control mouse IgG (Dako) as a negative control. Caveolin-1
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CGGTTCCCAGTTTTTTATCTGCACTGCC

AGACGCAGCCTCCTTTCCACCTTTTG

TCCTCCTGTTGCTTTGCTGTAGATTCACG

GCTTCGCCTTTACAGGTCTGGGCCT

mCG13467, Applied Biosystems (AB)

mCG13470, AB

mCG128962, AB

mCG129417, AB

mCG16968, AB

mCG4895, AB

mCG120941, AB

mCG1436, AB

Cyclophilin

CD36

SR-A

ABCA1

Caveolin-1

Caveolin-2

Caveolin-3

APP

SR-B1

TGF-β2

LTBP1

SPARC

Probe

Gene

Table I. Probes and primers used for real-time PCR analysis.

AAAAGAATCTCAATGTCCGAGACTTT

TTCACCTTCCCAAAGACCACAT

Backward primer

GGACTTGGTAGGACGGAACCTT

ATCCTCATCCTCGTCATTCAAAG

CATACAGAAACACTGCATGTCAGAGT TTCTGCTGATACTTTGTACACACGTT

GCCAAGCTATTGCGACATGA

CAAATGCTGGACCAAACACAA

Forward primer
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and secreted protein, acidic and rich in protein (SPARC) staining of the
atherosclerotic plaque in the left subclavian artery branch were measured using
image analysis software (Leica Qwin) as the percentage of positive stained area to
total plaque area. Incubation with control mouse IgG or deletion of the primary
antibody did not show any staining.

Western blot
Bone marrow (BM) derived macrophages were obtained according to standard
procedures17. Blots were incubated with caveolin-1 polyclonal antibody (1:800,
Santa Cruz) or phosphate-buffered saline, followed by incubation with horseradish peroxidase-coupled anti-rabbit antibody (1:1500, Dako). Specific antibody binding was visualized with WestPico (Pierce, Perbio Science).
In vitro intervention assay using BM derived macrophages
LDL was extracted, oxidized, and labeled as described previously12. BM derived
macrophages were incubated with 25 or 50 µg/ml DiI labeled oxLDL for 3 hours.
Inhibitors were added 30 minutes before DiI labeled oxLDL incubation.
Methylbetacyclodextrin (2 mM and 10 mM, Sigma) was used to disrupt caveolae,
the smo antibody (monoclonal anti-CD36, 10 µg/ml, Ancell) as an inhibiting
antibody of CD36, fucoidan (10µg/ml, Sigma) to inhibit scavenger receptor
(SR)-A, and SR BI/II polyclonal antibody to inhibit SR-BI/II (1:100, Novus
Biologicals). OxLDL uptake was determined by fluorescence-activated cell
sorting (FACS; BD Biosciences).
Statistical analysis
All statistical analyses, except the array analysis in Spotfire®, were performed using
GraphPad Prism (GraphPad Software Inc.). All data were analyzed by the
nonparametric Mann-Whitney U test. Data are presented as mean ± SEM and
were considered statistically significant at P<0.05.

RESULTS

Microarray analysis
After normalization of microarray data and t-test analysis in Spotfire®
DecisionSite, 558 of 20,280 reporters were found to be differentially regulated
(P<0.05), while 444 reporters had a P-value of <0.05, a fold change of ³1.4 or £
-1.4, and an intensity value of >2.5 times background in at least one channel.
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Functions

27*

Cell and tissue development and interaction

Cell-to-cell signaling and interaction

Connective tissue development and function

(ACTA1ê, ACTA2é, ACTC, ACTG1ê, ACTG2é, COL1A1ê, COL1A2*é,
EGR1ê, ENG, FLI1*ê, FUBP1*é, GAP43ê, GTF2H1ê, HDAC5é, HIPK1*é,
HSPH1é, IL2é, MMP2é, MTPN*é, PDE4B*é, PTP4A1*é, RBBP6*ê, SAP30é,
SERPINE1, SMAD4ê, SOD2é, SP3*é, TAF1*ê, TGFB2*é, TGFBR1é,
TGFBR2*é, TGFBR3*é, THBS2*é, TP53*é, UBE2B*é) (APEX1é, BCL3ê,
BTRC*ê, CCL2é, COL1A2*é, COPS5é, CREB3, DDCê, DDX3Xé, DSIPIê,
GFERê*, GLG1*ê, HNRPA1ê, IGF1*ê, JUNé, KLHDC2é, LTBP1*é, MIF,
MTPN*é, NCOA2*é, NFKB2, NFKBIAê, NFKBIBê, NR3C1*é, NRIP1*é,
PIAS2*é, PPP5Cê, RNPC2*ê, SLMAPé, SPARC*é, SPP1ê, TNFé, TXN,
TXNIPé, UBE1é)

é

indicates upregulation in catK-/-/apoE-/-, ê indicates downregulation in catK-/-/apoE-/- and no arrow indicates that the gene was not present on the microarray.
Genes depicted in bold have a P-value <0.05, a fold induction of ≥1.4 or ≤-1.4, and an intensity value of at least 2.5 times background in one or two channels. Asterisks
indicate scores of P<10-11. Scores indicate the chance that the focus genes are in a network due to random chance. The network involved in matrix turnover is formed by 2
merged networks. Individual networks included are indicated by brackets ‘( )’.

Matrix
turnover

13*

15*

N Genes

APBA1*ê, APBB1ê, APP*é, ARHGDIBê, BACE1*ê, BCL2*ê, BID*é, CASP3ê, Lipid metabolism
CAV3é, DLDé, DLST*é, EIF5*é, ENAH*é, FMR1*é, GTF3C5ê, HSPA5*é,
Cell death
ITPR1*é, MADD*ê, NFYBé, OGDH*é, PAWR*é, PLA2G4A*é, PSEN2ê,
RAB3Aê, SET7*é, SF3B3*é, SSB, STK3*é, TAF10*é, TAF13*ê, TAF5Lé, TAF7é, Cellular assembly and organization
TAF7L*é, TAFII43, TBPé

Lipid
BENE, CAV1*é, CAV2é, CD151é, CD36é, CD47*ê, CD63ê, CISHé, CNTN2, Lipid metabolism
metabolism DNAJA3é, EPHA4*ê, FBLP-1*é, FLNB*ê, HSGP25L2G*é, IFNGê, IFNGR1é, Cell-to-cell signaling and interaction
IFNGR2ê, IL5RA, ITGA1, ITGA6é, ITGB1*é, ITGB4ê, JAK2*é, L1CAMê, LYN,
Immune response
MCPé, MME*é, PIK4CAé, PPP3CB*é, PRLR*ê, SLC3A2ê, SLC7A6*é,
SOCS3é, TMP21*é, TPPP

Networks

Table II. Ingenuity pathway analysis reveals networks involved in lipid metabolism and matrix turnover.
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Table III. GenMAPP reveals several processes and components involved in caveolae, actin cytoskeleton
and TGF-b signaling. GenMAPP not only confirmed pathways already found in Ingenuity Pathway
Analysis (lipid metabolism and matrix turnover), but also revealed an additional pathway involved (actin
cytoskeleton).
Process / Component

Genes

Z-score

Caveolae

CAVé, CAV2é, CAV3é

5.90

Actin cytoskeleton

ALCP7é, ACTA2é, ITGB1é,
ITGB5é, FLNCé, CAPZA1é,
PSTPIP1ê, TPM2é, TNCCê

4.61

TGF-b signaling

TGFBR3é, INHBAé, LTBP1é,
MADH1é, LIFê

1.46

Only differentially expressed genes are included. é indicates upregulation in catK-/-/apoE-/-, ê
indicates downregulation in catK-/-/apoE-/-. All genes depicted have a P-value <0.05, a fold induction
of ³ 1.4 or £ -1.4, and an intensity value of at least 2.5 times background in one or two channels.

Pathway analysis and functional clustering
To identify molecular and cellular pathways by which cathepsin K disruption
evoked the observed increased fibrosis and increased lipid storage in vivo, we
performed pathway analysis using both Ingenuity Pathway Analysis and
GenMAPP. Table II lists the most important differentially expressed networks
detected by Ingenuity Pathway Analysis.
Of special interest were two networks containing genes involved in lipid metabolism (Table II). A total of 15/35 (43%) and 13/35 (37%) genes included in these
networks were significantly up- or downregulated, with the majority (75%) of
genes being significantly upregulated in aortic arches derived from
catK-/-/apoE-/- mice. Another network of interest was the merged network
involved in matrix turnover (Table II). A total of 27/68 (40%) genes included
were significantly up- or downregulated. Again, the majority (75%) was significantly upregulated in aortic arches derived from catK-/-/apoE-/- mice.
To perform a complete pathway profiling, SwissProt ID or, if not available,
Unigene ID numbers of all genes meeting the above mentioned differential
expression criteria (a combined criterion consisting of fold inductions, P-values,
and intensities) were also forwarded to GenMAPP. The most significant pathways found in GenMAPP were pathways involving caveolae (Gene Ontology
(GO) based), TGF-b signaling (local MAPP), and actin cytoskeleton (GO). Table
III lists the most important networks of GenMAPP. Figure 1 shows a flowchart
depicting both Ingenuity Pathway and GenMAPP analysis.
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Figure 1. Flowchart depicting an overview of Ingenuity Pathway Analysis and GenMAPP. Global analysis genes indicate a biologically related interaction between genes, and Network focus genes (genes
eligible for networks) indicate a direct interaction between molecules. GO, Gene Ontology annotations; GenMAPP, Gene Map Annotator and Pathway Profiler.

Table IV. Fold changes identified by microarray analysis were confirmed on RNA level using real-time
PCR.
Gene

Fold change microarray

Fold change real-time PCR

LTBP1

4.3*

2.9 ± 0.7*

TGFB2

2.6*

3.0 ± 0.5*

SPARC

2.2*

2.5 ± 0.7*

Cav-1

6.0*

2.4 ± 0.2*

Cav-2

4.3*

1.6 ± 0.1*

Cav-3

2.2*

1.8 ± 0.3*

Matrix turnover

Lipid metabolism

CD36

1.9*

1.5 ± 0.1

APP

2.9*

1.4 ± 0.02*

SR-A

=

=

SR-B1

=

=

ABCA1

=

=

Asterisks indicate P<0.05 and data are presented as mean ± SEM. Cav indicates caveolin; ‘=’ indicates no
altered expression.
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Figure 2. Representative immunohistochemical staining showing that caveolin-1 (brown) was localized, especially in plaque macrophages and endothelial cells, in catK-/-/apoE-/- mice (A) in comparison with apoE-/- mice (B). Double immunohistochemistry showed that caveolin-1 was localized in
endothelial cells (C) caveolin-1 in brown and factor VIII in blue), only sporadically in SMCs (D)
caveolin-1 in red, a-smooth muscle actin in blue, indicated with black arrows), and in macrophages (E)
caveolin-1 in blue, MAC3 in brown). Atherosclerotic plaques of catK-/-/apoE-/- mice showed
increased caveolin-1 protein levels in comparison with apoE-/- (F). Asterisks indicate P<0.05, and data
are presented as mean ± SEM.
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Validation of microarray expression profiles at mRNA level
Upregulation in catK-/-/apoE-/- aortic arches was confirmed by real-time PCR
for caveolin-1, caveolin-2, and caveolin-3, APP, TGF-b2, latent TGF-b binding
protein-1 (LTBP1), and SPARC (Table IV). As reported earlier the increased
expression of CD36 was confirmed to be borderline significant (1.9 fold, P=0.05)
in real-time PCR12. Expression of SR-A, SR-B1 and ABCA1 was not altered in
both microarray and real-time PCR analysis.
Validation of microarray expression levels at protein level
Atherosclerotic plaques of catK-/-/apoE-/- mice showed increased caveolin-1
(Figure 2) and SPARC (Figure 3) protein levels in comparison with apoE-/mice. In both genotypes, caveolin-1 was localized in endothelial cells (Figure 2C)
and sporadically in SMCs (Figure 2D). However, in catK-/-/apoE-/- mice
caveolin-1 was also localized in plaque macrophages (Figure 2E). Positive
caveolin-1 stained area to total plaque area was 10.3 ± 4.7 % of total plaque area in
catK-/-/apoE-/- versus 1.4 ± 1.3 % in apoE-/-, P<0.05 (Figure 2F).
Immunohistochemical staining for SPARC showed positivity of chondroid-like
cells in both lesion types (Figure 3C). In addition, in catK-/-/apoE-/- lesions
SPARC protein was also localized in plaque macrophages (Figure 3D), while
incidentally also some endothelial cells showed SPARC protein expression. Positive SPARC stained area to total plaque area was 14.5 ± 7.6 % in
catK-/-/apoE-/- versus 2.0 ± 1.0 % in apoE-/-, P<0.05 (Figure 3E). We
reported previously that CD36 protein levels are increased in catK-/-/apoE-/aortic lesions in comparison with apoE-/-12. Furthermore, lysates from aortic
arches and BM derived macrophages showed increased levels of caveolin-1 in
catK-/-/apoE-/- in comparison with apoE-/-. Densitometry analysis showed a
significant increase in caveolin-1 protein expression in lysates from
catK-/-/apoE-/- aortic arches compared with apoE-/- (P<0.05; Figure 4).
Immunohistochemistry also revealed high levels of caveolin-1 protein in human
atherosclerotic plaques (Figure 5). Caveolin-1 protein expression was especially
localized in endothelial cells and macrophages of early lesions and stable advanced
lesions, when compared with lesions containing a thrombus.
In vitro pathway validation
Absolute uptake of DiI-labeled oxLDL uptake without inhibitors was increased
in catK-/-/apoE-/- BM derived macrophages as described previously12 and indicated in Figure 6A. Absolute inhibition of DiI-labeled oxLDL uptake by addition
of an inhibitor was related to absolute inhibition of DiI-labeled oxLDL uptake
without inhibitor using the following formula: ([Geomean without inhibitor –
Geomean with inhibitor] / Geomean without inhibitor) x 100 %. Figure 6B
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Figure 3. Representative immunohistochemical staining showing that SPARC (brown) was especially
localized in plaque macrophages and endothelial cells in catK-/-/apoE-/- (A) compared with apoE-/(B). SPARC staining showed positivity in chondroid-like cells in both lesion types (C). Double
immunohistochemistry showed that SPARC was localized in plaque macrophages especially (D)
SPARC in brown, MAC3 in blue). Atherosclerotic plaques of catK-/-/apoE-/- mice showed
increased SPARC protein levels in comparison with apoE-/- (E). Asterisks indicate P<0.05, and data
are presented as mean ± SEM.

shows that disruption of caveolae by methylbetacyclodextrin and inhibition of
CD36 by the inhibiting antibody smo lead to increased inhibition of modified
LDL uptake in catK-/-/apoE-/- BM derived macrophages in comparison with
apoE-/-. Inhibition of SR-A and SR-B by fucoidan and SR-BI/II inhibiting
antibody respectively did not lead to a significant inhibition of modified LDL
uptake.
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Figure 4. Western blot and densitometry analysis showing increased expression of caveolin-1 in
catK-/-/apoE-/- compared with apoE-/- aortic arches (A and B) and BM derived macrophages (C and
D). Asterisks indicate P<0.05. and data are presented as mean ± SEM.

Figure 5. Representative immunohistochemical staining of human atherosclerotic lesions. Caveolin-1
staining (brown) is localized in smooth muscle cells (white arrows) and macrophages (black arrows) in
early lesions (A) and stable advanced lesions (B), and to a lesser extent in lesions containing a thrombus
(C).
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Figure 6. In vitro inhibitor assay. Absolute uptake of DiI-labeled oxLDL uptake without inhibitors is
increased in catK-/-/apoE-/- BM derived macrophages (A). To relate the absolute inhibition of
DiI-labeled oxLDL uptake by addition of an inhibitor to DiI-labeled oxLDL uptake without inhibitor,
relative percentages of inhibition were calculated using the following formula: ([Geomean without
inhibitor – Geomean with inhibitor] / Geomean without inhibitor) x 100 %. B. Disruption of caveolae
by methylbetacyclodextrin (MBC) leads to increased inhibition of DiI labeled oxLDL in
catK-/-/apoE-/- in comparison with apoE-/- BM derived macrophages, and inhibition of SR CD36
by the CD36 blocking antibody smo also leads to increased inhibition of DiI labeled oxLDL in
catK-/-/apoE-/- in comparison with apoE-/- BM derived macrophages. Inhibition of SR-A and
SR-BI/II by fucoidan (fuco) and SR-BI/II inhibiting Ab, respectively, did not differ between the two
genotypes. Asterisks indicate P<0.05 and data are presented as mean ± SEM.

DISCUSSION

In the present study, microarray analysis comparing aortic arches of
catK-/-/apoE-/- with those of apoE-/- mice revealed upregulation of several
genes and pathways, including (1) lipid metabolism and caveolae, (2) actin
cytoskeleton, and (3) matrix turnover and more specifically TGF-b signaling.
The role of TGF-b is well known and has been described on many occasions13,18,19.
However, our finding that cathepsin K deficiency also increased lipid uptake and
storage by macrophages and aggravated subsequent foam cell formation was
unexpected12. Foam cell formation plays an important role in plaque
destabilization and given the current quest for cathepsin K inhibitors as a therapeutic modality for atherosclerosis, the role of cathepsin K in foam cell formation
needs further exploration. Therefore we mainly focused on the functional mechanisms by which cathepsin K deficiency leads to changes in lipid uptake and
storage.
Our study suggests a role for cathepsin K in lipid metabolism, since mediators
such as caveolin-1, -2, -3 and CD36 were significantly upregulated in cathepsin K
deficient atherosclerotic lesions. Caveolins have been shown to play a role in
atherosclerosis, especially in cholesterol metabolism20-26. However, the overall
effect is still unknown since both proatherogenic and antiatherogenic properties
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are attributed to caveolins8,27,28. In aortic arch atherosclerotic lesions of
catK-/-/apoE-/- mice, we found that both caveolins and CD36 were
upregulated, but other SRs, like SR-A and SR-B1, were not differentially regulated. This suggests that cathepsin K deficiency leads to increased lipid uptake
through a mechanism involving both caveolae and CD36, but not SR-A and
SR-B1. We reported earlier that cathepsin K deficiency leads to increased uptake
and storage of modified LDL by BM derived macrophages12. Here, we confirm
the role of caveolins and CD36 in increasing lipid uptake when cathepsin K is
deficient, since disruption of caveolae and inhibition of CD36 leads to increased
inhibition of modified LDL uptake by catK-/-/apoE-/- in comparison with
apoE-/- BM derived macrophages. SR-A, although playing an important role in
lipid uptake, does not seem to have an additional contribution to increasing lipid
uptake in cathepsin K deficient lesions, nor does SR-BI/II. The potential role for
CD36 in lipid uptake has been described earlier, but CD36 has not been previously associated with cathepsin K. Alternatively, our observations of increased
intracellular lipid storage could not only be the result of an increased lipid influx
but also the result of a decrease in lipid efflux. However, our data did not reveal
altered expression of the main efflux associated genes, including several ABCA
and ABCG transporters. This finding is supported by Lindstedt et al. who showed
that cathepsins F and S have an important role in cholesterol efflux and suggested
only a minor role for cathepsin K29. mRNA levels of the efflux associated gene
SR-B1 are also not altered in catK-/-/apoE-/- aortic arch atherosclerotic lesions.
The role of caveolin-1 in affecting this SR-B1 mediated cholesterol efflux is
uncertain30-32.
We demonstrated that caveolin-1 is not only present in murine atherosclerotic
plaques but also in human atherogenesis. Recently, Schwencke et al. already
showed that the proliferation of vascular SMCs in human atheromata is associated
with a decrease in caveolin-1 expression33.
Furthermore, we found upregulation of several genes involved in the actin
cytoskeleton. Caveolar endocytosis mediated by the actin cytoskeleton has been
described in the literature15,34-36. Several of the upregulated genes in this study are
related to caveolar endocytosis. Integrin beta-1 activates the internalization of
caveolae34,37, while the actin-binding protein filamin is a ligand for caveolin-138,
and microtubules are needed for transport of caveolar vesicles39. This suggests that
the increased lipid storage, as described earlier12, may be the result of increased
lipid transport mediated by the actin cytoskeleton.
We and others previously showed that disruption of TGF-b signaling led to a
decrease in fibrosis in atherosclerotic lesions13,18. Interestingly, Buhling et al. found
an increase in extracellular matrix deposition in lungs when cathepsin K was
disrupted7,8. Data from our own lab also showed that disruption of cathepsin K in
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Figure 7. Putative mechanism by which cathepsin K (catK) deficiency leads to a pro-fibrotic, but
also lipogenic plaque phenotype. In the cathepsin K deficient macrophage, lipid uptake is
increased. This increased lipid uptake is mediated by both CD36 and caveolins. Then, lipid is
transported, possibly via the actin cytoskeleton, to the interior of the cell and stored in lysosomes

apoE-/- mice resulted in an increase in collagen content in atherosclerotic
plaques12. This increase in collagen content was not reflected by an increase in
vascular SMC content (initial lesions: 0.8 ± 0.3 % of total plaque area in
catK-/-/apoE-/- versus 0.7 ± 0.2 % and advanced lesions: 0.7 ± 0.2 % in
catK-/-/apoE-/- versus 0.8 ± 0.2 % in apoE-/-, P>0.05). The upregulation of
genes involved in matrix turnover and TGF-b signaling suggests that cathepsin K
deficiency increases plaque fibrosis not only by decreasing proteolytic activity but
also by stimulating genes involved in matrix turnover and TGF-b signaling.
One question that remains to be answered here is the mechanism by which
cathepsin K deficiency leads to the induction of gene transcription and translation
of the differentially expressed genes as found in this study. Until now, caveolin-1
has been described as being involved in regulation, activation, and expression of
cathepsin B40. However, no such relation between cathepsin K and caveolin-1,
and more generally between cathepsin K and lipid metabolism, has been
described.
In view of the role of the lysosomal cysteine protease cathepsin K in foam cell
formation, we hypothesize that the increased lipid uptake and storage in enlarged
lysosomes in the cathepsin K deficient macrophage is the net result of increased
CD36 and caveolin-1 protein levels, which facilitate lipid uptake into the cell.
After transportation across the cell membrane into the cell, lipid is transcytosed
through the interior of the cell by the actin cytoskeleton and its associated
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proteins. Finally, lipid is stored, owing to the absence of the lysosomal cysteine
protease cathepsin K, in the enlarged lysosomes, eventually resulting in a
macrophage foam cell that contains more lipids compared with the ‘normal’
apoE-/- macrophages (summarized in Figure 7).
In conclusion, we suggest that cathepsin K deficiency not only induces a
profibrotic atherosclerotic plaque phenotype but also results in a lipogenic plaque
phenotype. Assuming similar effects for the human plaque phenotype, the use of
cathepsin K as a possible therapeutic target should be evaluated with care.
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ABSTRACT

In chapter 3, we showed that cathepsin K deficiency reduced atherosclerotic
plaque progression, induced plaque fibrosis, but aggravated macrophage foam
cell formation in apoE-/- mice. In in vitro cultured bone marrow derived
macrophages, genetic cathepsin K deficiency also displayed lipogenic effects
(chapters 3 and 4). In the present study we investigated the effect of pharmacologic inhibition of cathepsin K activity on both extracellular matrix turnover and
lipid metabolism.
Using recombinant murine and human cathepsin K as well as murine apoE-/bone marrow derived macrophages and human monocyte derived macrophages,
we assessed the effect of the cathepsin K inhibitor Org 29762 on the degradation
of a cathepsin K specific substrate, collagenase and elastase activity, and lipid
uptake and cholesterol efflux. Org 29762 showed a dose-dependent inhibition of
cathepsin K specific substrate degradation by both recombinant murine cathepsin
K and murine macrophages, and by both recombinant human cathepsin K and
human macrophages. Furthermore, incubation with Org 29762 inhibited
collagen type I and IV and elastin degradation by both murine and human recombinant cathepsin K and murine macrophages, but had no effect on lipid uptake.
Although further in vivo validation is required, these results showed that the
profibrotic and lipogenic effects of cathepsin K inhibition are differentially regulated and that it is possible to specifically target the profibrotic function, without
affecting the lipogenic function of cathepsin K.

PHARMACOLOGIC INHIBITION OF CATHEPSIN K

INTRODUCTION

Cathepsin K, a lysosomal cysteine protease was isolated from an osteoclast cDNA
library and expression was first considered to be confined to osteoclasts1-3. Over
the years, cathepsin K expression was also observed in many other tissues
including human atherosclerotic lesions4-8. In humans, deficiency of cathepsin K
causes pycnodysostosis, an autosomal recessive osteochondrodysplasia characterized by osteosclerosis and short stature9. Cathepsins are synthesized as pre-proenzymes. After removal of the pre-peptide during the passage to the endoplasmic
reticulum, pro-cathepsin is formed. Subsequently, the active cathepsin can be
produced after proteolytic removal of the pro-peptide in the acidic environments
of late endosomes and lysosomes10. Both nucleotide and amino acid sequences are
highly conserved between murine and human cathepsin K11,12. Amino acid
sequence alignment revealed 85% identity and 93% similarity between murine
and human amino acid sequences11.
Since cathepsin K exerts unique collagenolytic activities13 and is found to be
expressed in macrophages7, a role for cathepsin K in atherosclerosis was suggested.
Cathepsin K was first studied in atherosclerosis by Sukhova et al., demonstrating
that human non-diseased arteries showed low cathepsin K expression, while
advanced atherosclerotic plaques showed cathepsin K expression in the fibrous
cap and in regions of foam cell formation in the shoulders of the lesions8. Furthermore, extracts of human atheroma showed increased cathepsin K protein expression compared with non-diseased arteries8. Recently, we further substantiated
the role for cathepsin K in atherosclerosis14 (chapter 3). We showed that cathepsin
K is highly upregulated in advanced stable lesions when compared with early
lesions and lesions containing a thrombus. Disruption of cathepsin K in apoE-/mice resulted in an increase in collagen content and a decrease in the number of
advanced lesions and plaque area. Furthermore, an increase in macrophage size
was observed, which was due to an increase in modified LDL uptake and an
increase in cholesterol ester storage in enlarged lysosomes14. Microarray analysis
and pathway profiling revealed a role for both CD36 and caveolins in increasing
lipid uptake, thereby aggravating foam cell formation15 (chapter 4).
Cathepsin K inhibitors may have therapeutic potential in treating both osteoporosis and atherosclerosis. This assumes similar effects of cathepsin K in the murine
and human lipid metabolism and similar effects of genetic deficiency and pharmacologic inhibition. In the present study we use recombinant murine and human
cathepsin K, murine apoE-/- bone marrow derived macrophages and human
monocyte derived macrophages (further designated as murine and human
macrophages, respectively) to evaluate the effect of the cathepsin K inhibitor Org
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29762 on the degradation of a cathepsin K specific substrate, extracellular matrix
turnover, and lipid metabolism.

METHODS

Materials
Human pro-cathepsin K, active human cathepsin S (hcatS) and active mouse
cathepsin K (mcatK) were kindly provided by Organon Research Scotland
(Newhouse, United Kingdom). To activate cathepsin K, human recombinant
pro-cathepsin K was dialyzed for 16 hours using a Slide-A-Lyzer cassette (Pierce)
with a 10K MW cut-off against 50mM sodium acetate pH 4.0, 20mM L-cysteine
and 0.3M NaCl. After overnight incubation at 4°C, recombinant cathepsin K
was incubated at room temperature for 3 hours. Subsequently, protein concentration was determined and active recombinant cathepsin K protein (hcatK) was
stored in the presence of 10% glycerol at -80°C. The cathepsin K inhibitor Org
29762 was provided by Organon Research Scotland and was dissolved in 100%
DMSO. The inhibitor stock solution was subsequently diluted in assay buffer or
tissue culture medium, with a concentration of 0.01% DMSO. Assay buffer or
tissue culture medium containing comparable concentrations DMSO served as
negative controls.
Cells
To obtain apoE-/- and catK-/-/apoE-/- macrophages, bone marrow (BM) was
flushed from femurs and tibiae of apoE-/- and catK-/-/apoE-/- mice at the age
20-25 weeks and cultured for 8 days in RPMI medium containing L-glutamine,
HEPES, 10% FCS and 100 IU/ml penicillin/streptomycin with the addition of
15% L929 cell conditioned medium (LCM) to differentiate into macrophages16.
THP-1 cells (human monocyte cell line, ATCC TIB-202) were cultured in
phenol red free RPMI 1640 medium supplemented with 25mM HEPES and
L-glutamine (Gibco), supplemented with 10% fetal clone III (Hyclone) and 100
IU/ml penicillin/streptomycin (Gibco). During in vitro assays THP-1 cells were
grown in X-Vivo 15 medium (Cambrex) supplemented with 10% fetal clone III
and 100 IU/ml penicillin/streptomycin. For macrophage differentiation phorbol
12-myristate 13-acetate (PMA) was added (final concentration 120ng/ml) to the
medium. On day 3 medium was refreshed and cells were assayed on day 4.
For isolation of human monocytes, ‘buffy coat’ cell preparations from the buffy
coat derived from 500 ml whole blood were obtained from the Centre de Transfusion Sanguine, Liège, Belgium. Peripheral blood mononuclear cells (PBMC)
were collected after purification using a Leucosep tube (Greiner) as instructed by
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the manufacturer. The cell top layer (PBMCs) below the serum was collected and
washed three times with 2 mM EDTA in PBS. Subsequently, cells were once
more purified using Percoll (Sigma) as instructed by the manufacturer. The cell
top layer (monocytes) was collected and washed once in medium. Cells were
grown at a density of 0.5*106 monocytes per ml in RPMI supplemented with
10% FCS and 25 ng/ml M-CSF (R&D Systems) to differentiate monocytes into
macrophages. On day 5 medium was replaced and cells were assayed during day 6
to 9.

Cathepsin K assay
The enzymatic activity of hcatK, hcatS, and mcatK (3 nM) and cellular extracts (5
µg/ml) was determined essentially as described before17,18. In short, cell pellets
were resuspended in PBS containing 2.5 mM dithiothreitol (DTT) and sonicated
for 3 x 20s. The suspension was centrifuged at 1,000 g for 10 min at 4°C, and the
resulting supernatant was utilized as the cellular extract. Assays were performed at
room temperature in 200 µl 50 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer, pH 5.5, containing 2.5 mM ethylene-diamine tetraacetic acid
(EDTA), 2.5 mM DTT, 10% DMSO and 5 µM Cathepsin K Substrate I
(Calbiochem, Cat. No. 219390). Substrate hydrolysis was monitored over a
period of 60 min at room temperature and rhodamine fluorescence was detected
by excitation at 485 nm and emission at 530 nm with a cut-off value of 515 nm.
Collagenase and elastase assay
Assays were performed at room temperature in 200 µl reaction buffer containing
75-100 µg/ml DQ collagen I (D-12060, EnzChek, Molecular Probes), DQ
collagen IV (D-12052, EnzChek, Molecular Probes) or DQ elastin (E-12056,
EnzChek, Molecular Probes) and 100 nM recombinant protein (mcatK or hcatK)
or 50 µg/ml cellular extract of murine or human macrophages. Substrate hydrolysis was monitored at T = 0, 1, 2, 3, and 4 hours and fluorescence was detected by
excitation at 485 nm and emission at 530 nm with a cut-off value of 515 nm.
Modified LDL uptake
Oxidized LDL was purchased (Intracel) and labeled as described before14. Cells
were incubated with 25 µg/ml DiI labeled oxLDL for 3 hours. Inhibitors were
added 1 hour before DiI labeled oxLDL incubation. DiI labeled oxLDL uptake
was determined by FACS (BD Biosciences, San Jose, California, USA).
Cholesterol efflux assay
Cholesterol [1,2-3H(N)] (Perkin Elmer) was incorporated into acetylated LDL
(acLDL, Intracel). On day 1, BM derived macrophages were incubated with [3H]
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cholesterol labeled acLDL (final concentration 2.5 µCi/ml [3H] cholesterol and
50 µg/ml acLDL). On day 3 cholesterol acceptors were added. Org 29762 was
added 1 hr before addition of cholesterol acceptors. HDL was used at a final
concentration of 10 or 20 µg/ml and considered responsible for ATP binding
cassette transporter (ABC) G1 and scavenger receptor (SR)-B1 mediated cholesterol efflux19. D37F, a specific apoA-1 mimetic peptide, was used at a final
concentration of 7.5 µg/ml and considered responsible for ABCA1 mediated
cholesterol efflux19. D37K, an a-specific control peptide with a mutation in the
active site, served as a negative assay control. On day 4 both medium and cell lysate
were counted on a beta counter. The percentage of cholesterol efflux was defined
by the following formula: media value / (media value + cell lysate value) * 100.

Proteolysis of modified LDL by cathepsin K and S
Oxidized LDL (0.5 mg/ml) was incubated with 50nM hcatK, hcatS or mcatK in a
buffer consisting of 150 mM NaCl, 5 mM EDTA and 20 mM Pipes20,21. pH was
adjusted to 5.5 (hcatK and mcatK) or 7.0 (hcatS). Proteolysis was determined after
5 and 30 min incubation at room temperature by gel electrophoresis and subsequent Coommassie staining (BioRad).
Statistical analysis
All statistical analyses were performed using SPSS 13.0 and GraphPad Prism
(GraphPad Software Inc.). Data were analyzed by the nonparametric
Mann-Whitney U test when comparing 2 groups or Kruskal-Wallis when
comparing more than 2 groups. Data are presented as mean ± SEM and were
considered statistically significant at P<0.05.

RESULTS

Org 29762 is a potent inhibitor of both human and mouse cathepsin K
Using recombinant human and murine cathepsin K as well as murine and human
macrophages, we assessed the effect of Org 29762 on the degradation of a
cathepsin K specific substrate. Org 29762 showed a dose-dependent inhibition of
cathepsin K specific substrate degradation by recombinant murine cathepsin K
(Figure 1A) and recombinant human cathepsin K (Figure 1B). As expected,
recombinant human cathepsin S, which served as a negative control, did not
show cathepsin K specific substrate degradation. Furthermore, Org 29762
dose-dependently inhibited cathepsin K specific substrate degradation by murine
(Figure 1A) and human (Figure 1B) macrophages. Negative controls, without
inhibitor but containing comparable DMSO concentrations, showed no inhibi-
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Figure 1. Cathepsin K specific substrate degradation assay.
A. Org 29762 showed dose-dependent inhibition of cathepsin K specific substrate degradation by
recombinant murine cathepsin K (concentration required for 50% inhibition (IC50): 8.62*10-8M) and
by murine macrophages (IC50: 2.79*10-8M). B. Org 29762 showed dose-dependent inhibition of
cathepsin K specific substrate degradation by recombinant human cathepsin K (IC50: 7.74*10-8M) and
human (monocyte derived) macrophages (IC50: 1.29*10-6M).

tion of cathepsin K specific substrate degradation. As expected, the cellular
extracts of catK-/- murine macrophages did not show significant cathepsin K
specific substrate degradation. Also PMA differentiated THP-1 cells did not show
cathepsin K activity.
In conclusion, Org 29762 inhibited both murine and human cathepsin K activity.
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Figure 2. Collagen I, IV and elastin degradation assay.
Org 29762 was able to significantly inhibit A. collagen I (IC50: 1.79*10-6 (murine) and 7.39*10-9
(human)), B. collagen IV (IC50: 2.50*10-6 (m) and 1.17*10-8 (h)), and C. elastin (IC50: 2.12*10-6(m) and
1.70*10-8(h)) degradation by recombinant murine and human cathepsin K.
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Figure 3. DiIoxLDL uptake is increased in catK-/-/apoE-/- macrophages compared with apoE-/macrophages. Addition of Org 29762 to apoE-/- macrophages does not affect lipid uptake. Data are
presented as mean ± SEM. (Org = Org 29762 inhibitor).

Figure 4. Incubation of oxLDL (30 min) with murine recombinant cathepsin K (mcatK; pH 5.5),
human recombinant cathepsin K (hcatK; pH 5.5), and human recombinant cathepsin S (hcatS; pH 7.0)
did not result in oxLDL degradation (negative controls: oxLDL without addition of recombinant
cathepsin; pH 5.5 and 7.0).

Org 29762 significantly inhibited collagenolytic and elastinolytic activity of
recombinant murine and human cathepsin K and murine macrophages.
Since cathepsin K is known for its collagenolytic and elastinolytic activity13,22, we
tested the inhibitory potential of Org 29762 on degradation of collagen I and IV
and elastin by murine and human recombinant cathepsin K and the cellular
extracts of murine and human macrophages. As shown in figure 2 murine and
human recombinant cathepsin K and murine macrophages showed collagenase I
and IV and elastase activity, while human monocyte derived macrophages
showed no significant collagenolytic or elastolytic activity. Furthermore, Org
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Figure 5. Genetic disruption of cathepsin K significantly decreases HDL (10 or 20 mg/ml) and apoA-1
(D37F; 7.5 mg/ml) mediated cholesterol efflux. Org 29762 (concentration: 1*10-7 M) did not influence
HDL or apoA-1 mediated cholesterol efflux. The percentage of cholesterol efflux is defined by the
following formula: media value / (media value + cell lysate value) *100 %. Data are presented as mean ±
SEM.

29762 was able to significantly inhibit collagen I (Figure 2A), collagen IV (Figure
2B), and elastin (Figure 2C) degradation by recombinant murine and human
cathepsin K. Note that inhibition of both collagen and elastin degradation was
much stronger for recombinant human cathepsin K than for recombinant murine
cathepsin K. Org 29762 was also able to significantly inhibit collagen I and elastin
degradation by murine macrophages (Figure 2A and C).

Org 29762 did not increase DiIoxLDL uptake in murine macrophages
Since we reported earlier that cathepsin K deficiency in apoE-/- bone marrow
derived macrophages resulted in increased DiIoxLDL uptake15 (chapter 3 and 4),
we also examined the effect of cathepsin K inhibition on DiIoxLDL uptake. As
shown in figure 3, lipid uptake in apoE-/-/catK-/- bone marrow derived
macrophages increased significantly compared with apoE-/- macrophages.
However, Org 29762 did not influence DiIoxLDL uptake by murine or human
macrophages.
Since cathepsin K has strong proteolytic capacity, we assessed whether cathepsin
K has an effect on oxLDL integrity. Since neither human nor mouse recombinant
cathepsin K resulted in any oxLDL degradation (Figure 4), the observed increase
in DiI labeled oxLDL uptake is not simply the result of a reduction in oxLDL
degradation due to deficiency of cathepsin K.
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Table I Overview of effect of cathepsin K inhibition by Org 29762 on cathepsin K specific substrate
degradation, collagenase type I and IV activity and elastase activity, DiIoxLDL uptake, and cholesterol
efflux.
Substrate

cathepsin K
specific
substrate
degradation

Collagenase
type I activity

Collagenase
Elastase
type IV activity activity

mcatK

↓

↓

↓

↓

murine MΦ

↓

↓

↓

↓

hcatK

↓

↓

↓

↓

human MΦ

↓

DiIoxLDL
uptake

=

Cholesterol
efflux

=

=

Shaded cell means not applicable (MΦ indicates macrophage).

Genetic deficiency but not pharmacologic inhibition of cathepsin K in murine
macrophages results in reduced cholesterol efflux
As reported earlier, deficiency of cathepsin K in apoE-/- BM derived
macrophages aggravated foam cell formation as a result of increased lipid uptake
and cholesterol ester storage15. However, data on cholesterol efflux were still
lacking. Therefore a cholesterol efflux assay was performed showing that genetic
deficiency of cathepsin K significantly reduced both HDL (ABCG1 and SR-B1)
and apoA-1 (ABCA1) mediated cholesterol efflux of murine macrophages
(Figure 5). However, Org 29762 did not affect HDL or apoA-1 mediated cholesterol efflux.

DISCUSSION

As summarized in table I, murine and human recombinant cathepsin K, as well as
murine and human macrophage cell lysates showed cathepsin K specific substrate
degradation capacity, which could be inhibited by Org 29762. Furthermore,
both murine and human recombinant cathepsin K and murine macrophage cell
lysate showed collagen I and IV and elastin degrading activity, which could all be
inhibited by Org 29762. Human macrophages showed no significant collagen I
and IV and elastin degrading activity. To our knowledge, we are the first to
describe collagen IV degrading activity for murine macrophages and murine and
human recombinant cathepsin K.
In contrast to the inhibitory effect on ECM degradation, Org 29762 did not affect
oxLDL uptake and cholesterol efflux by murine and/or human macrophages.
Lindstedt et al. showed that cathepsin K partially degraded apoA-1 leading to a
reduction of cholesterol efflux of 15%21. This suggests that reduction of choles-
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terol efflux by cathepsin K mediated degradation of cholesterol acceptors may
contribute to the preservation of foam cells in the atherosclerotic lesion.
However, in this study we showed that genetic deletion of cathepsin K resulted in
a decrease in both ABCG1 and SR-B1 (HDL) and ABCA1 (apoA-1) mediated
cholesterol efflux by respectively 20% and 15%. Although our results seem rather
contradictory to the results of Lindstedt et al., these findings can be explained.
Lindstedt et al. studied the extracellular capacity of cathepsin K to reduce cholesterol efflux by degradation of preb-HDL and apoA-1. However, by using
cathepsin K deficient murine macrophages, we studied the intracellular effect of
cathepsin K deficiency on cholesterol efflux, without prior degradation of
extracellular cholesterol acceptors by cathepsins, resulting in a reduction of both
HDL and apoA-1 mediated cholesterol efflux upon cathepsin K deficiency.
Thus, extracellular cathepsin K reduced cholesterol efflux by decreasing the
amount of cholesterol acceptors, while intracellular deficiency of cathepsin K
reduced the reverse cholesterol transporting capacity independent of cholesterol
acceptor degradation.
Given the results of our earlier experiments, in which cathepsin K deficiency
resulted in a profibrotic but also lipogenic plaque phenotype, we previously stated
that the use of cathepsin K inhibitors should be evaluated with care. Our current
results indicate that pharmacological inhibition using Org29762 specifically
targets ECM turnover, without affecting the lipogenic function of cathepsin K,
opening new therapeutic options for pharmacological interventions affecting
cathepsin K activity.
The observed uncoupling of the effects of the cathepsin K inhibitor Org 29762 on
ECM turnover and lipid metabolism raises questions about the (molecular)
mechanism(s) by which Org 29762 can differentiate between both effects. We
hypothesize that the cathepsin K inhibitor Org 29762 directly influences the
proteolytic active site, resulting in decreased ECM degradation, without affecting
(in)direct effects of cathepsin K deficiency on the lipid metabolism15.
In conclusion, although further in vitro and in vivo validation studies are
required, our data show that the profibrotic and lipogenic effects of cathepsin K
inhibition using Org 29762 are differentially regulated and that it is possible to
specifically target the profibrotic function, without affecting the lipogenic function of cathespsin K.
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ABSTRACT

Although disruption of cathepsin K has been shown to reduce atherosclerosis and
induce plaque stability, its role in aneurysm formation still needs to be elucidated.
Since cathepsin K shows strong collagenolytic and elastolytic activity, we
hypothesized that cathepsin K deficiency reduces aneurysm formation. To test
this hypothesis we investigated the role of cathepsin K in a mouse model of angiotensin II induced aneurysm formation.
Aneurysm formation was induced by chronic subcutaneous angiotensin II infusion in male apoE-/- and catK-/-/apoE-/- mice (N=9 per group). Macroscopic
visible aneurysms were present in 56% of mice, with 3 thoracic and 3 abdominal
aneurysms in both genotypes. Lumen area of the abdominal aneurysms (126,031
± 43,317 µm2 in apoE-/- mice versus 117,985 ± 59,303 µm2 in catK-/-/apoE-/mice), abdominal aneurysm area (906,956 ± 119,330 µm2 versus 1,006,572 ±
165,874 µm2), and abdominal total vessel area (1,302,392 ± 156,146 µm2 versus
1,386,556 ± 89,619 µm2) were not different between both groups. Also the
medial collagen content of the abdominal aneurysms (42 ± 2 % versus 47 ± 18 %)
was not different between both groups. Histological analysis revealed two types of
adventitial response in the non-aneurysmatic, characterized by either a concentric and thickened adventitial layer consisting of cell rich, fibrotic tissue or focal
adventitial thickening in response to medial elastin breaks, which we both interpreted as early indicators of aneurysm formation.
In conclusion, although cathepsin K deficient mice lack an important protease
with potent collagenolytic and elastolytic activity, cathepsin K deficiency does
not lead to a decrease in angiotensin II infusion induced aneurysm formation.

CATHEPSIN K IN ANEURYSM FORMATION

INTRODUCTION

Abdominal aortic aneurysm (AAA) is a potentially lethal disorder. In general, the
prevalence of abdominal aneurysms with a diameter of 2.9 to 4.9 cm ranges from
1.3% for men aged 45 to 54 years to 12.5% for men aged 75 to 84 years. For
women these figures are 0% and 5.2% respectively1. Although a history of
atherosclerotic disease is essential for aneurysm formation, several other factors
are involved, including genetic predisposition, hemodynamic factors and structural remodeling of the extracellular matrix (ECM). Matrix metalloproteinases
(MMPs) and their inhibitors, the tissue inhibitors of metalloproteinases (TIMPs),
regulate the degradation of the ECM components elastin and collagen2-4.
Doxycycline, a broad spectrum MMP inhibitor, was shown to prevent angiotensin II induced aneurysm formation in hyperlipidemic LDL receptor deficient
mice5. Also other proteinases, like serine elastases and proteases (plasmin and
plasminogen activators) and cathepsins (cysteine proteases) take part in ECM
degradation3. Gacko and colleagues found elevated activity levels of cathepsin D
and cathepsin L in the human aortic aneurysm wall6. Protein levels of cathepsins
K, L, and S were also found to be elevated in the human aortic aneurysm wall
when compared with the normal artery wall, whereas the levels of the cysteine
protease inhibitor cystatin C were decreased7,8.
Currently several mouse models, either genetically or chemically induced, are
available to study aneurysm formation. The chemically induced models include
intraluminal infusion of elastase, periaortic incubations of calcium chloride and
subcutaneous infusion of angiotensin II9. Important characteristics of angiotensin
II induced aneurysm formation include its hemodynamic stability, the suprarenal
localization of aneurysms and the requirement of hyperlipidemia, since the incidence of aneurysms in C57BL/6 mice is much lower than in apoE-/- mice9,10.
In chapter 3, we showed that deficiency of cathepsin K in apoE-/- mice reduced
plaque progression and atherosclerotic plaque area and increased collagen content
and macrophage size11. Furthermore, the number of elastin breaks in the media
underlying the atherosclerotic plaque was decreased in advanced lesions of
cathepsin K deficient mice, compared with apoE-/- mice11. Together with the
previously reported increased cathepsin K protein expression in aneurysm
samples, these data suggest an important role for cathepsin K in aneurysm formation. We hypothesized that cathepsin K deficiency would protect against aneurysm formation and studied the effect of cathepsin K deficiency in an angiotensin
II infusion induced apoE-/- mouse model of aneurysm formation.
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METHODS

Animals and surgery
Male apoE-/- mice on a C57Bl6 background (n=9) were obtained from Iffa
Credo (Lyon, France) and were backcrossed at least 9 times to catK-/- mice on a
C57Bl6 background (n=9)12. Animal experiments were approved by the regulatory authority of the University of Maastricht and were performed in compliance
with the Dutch government guidelines. Mice were fed a normal chow diet
throughout the experiment.
Infusion of angiotensin II
Alzet mini-osmotic pumps (model 2004; ALZA Scientific products, Mountain
View, California, USA) were implanted into apoE-/- and catK-/-/apoE-/mice at 10 weeks of age. Pumps were filled with angiotensin II (Sigma Chemical
Co., St. Louis, Missouri, USA) dissolved in PBS, which delivered subcutaneously
1 µg/min.kg of angiotensin II for 28 days. Pumps were placed into the subcutaneous space in the neck of 2.5% isofluorane anesthetized mice through a small
incision that was closed using a silk suture (5-0).
Tissue harvesting and histological analysis
After an 8-hour fast at the age of 14 weeks, mice were sacrificed and the arterial
tree was perfused through a catheter inserted into the left cardiac ventricle with
PBS containing 0.1mg/ml nitroprusside (Sigma) and subsequently with 1%
paraformaldehyde. Aortic tissue of both sacrificed mice and mice which died
preliminary was removed from the ascending aorta to the aortic bifurcation, fixed
overnight in 1% paraformaldehyde and embedded in paraffin. Ten cross-sections
(4 µm thick) were cut at 200 µm intervals throughout the thoracic and/or abdominal aorta starting at the middle of the aneurysm. From each level, a cross-section
was stained with Elastica von Gieson (EvG), hematoxylin and eosin (HE) and
sirius red (SR). Elastica von Gieson stained cross-sections were used for
morphometric analysis of total vessel area and elastin band ruptures. Sirius red
stained cross-sections were used to measure medial collagen content.
Morphometric analysis was performed by one blinded investigator (SL,
intra-observer variability was <10%).
Statistical analysis
Values are expressed as mean ± SEM and a Mann-Whitney non-parametrical test
was used to compare individual groups of animals. Probability values of <0.05
were considered significant.
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RESULTS

Cathepsin K deficiency does not protect against angiotensin II infusion induced
aneurysm formation.
During removal of the aortas, aneurysms were visible in the thoracic and/or
abdominal area of the aorta in 56% (5 out of 9) of apoE-/- mice and 56% (5 out of
9) of catK-/-/apoE-/- mice. Two out of nine apoE-/- mice showed a thoracic
aortic aneurysm (TAA), two mice showed an abdominal aortic aneurysm (AAA),
and one mouse showed both a TAA and AAA. Of these five mice, one died
preliminary at day 24 due to rupture of a TAA. CatK-/-/apoE-/- mice showed
similar morbidity rates but an increased mortality rate since three out of five mice
with an aneurysm died preliminary. Unfortunately, two thoracic aortas were lost
to follow up and were excluded for further analysis. Figure 1 shows the survival
curve of mice with an aneurysm, indicating that more catK-/-/apoE-/- mice
(N=3) died due to rupture of an aneurysm than apoE-/- mice (N=1). All six
abdominal aneurysms and four out of six thoracic aneurysms could be analyzed
morphometrically. Two thoracic aneurysms (one apoE-/- and one
catK-/-/apoE-/-) were completely disintegrated upon rupture. There was no
difference between apoE-/- and catK-/-/apoE-/- mice concerning abdominal
lumen area (126,031 ± 43,317 µm2 versus 117,985 ± 59,303 µm2), abdominal
aneurysm area (906,956 ± 119,330 µm2 versus 1,006,572 ± 165,874 µm2), or
abdominal total vessel area (1,302,392 ± 156,146 µm2 versus 1,386,556 ± 89,619
µm2), as shown in figure 2A. There was also no difference in lumen area of the
thoracic aneurysms, thoracic aneurysm area, and thoracic total vessel area, as
shown in figure 2B. Note that the number of mice per group (3 mice per genotype for abdominal and 2 mice per genotype for thoracic aneurysms) is very small.
No difference in medial collagen content was observed between apoE-/- and
catK-/-/apoE-/- mice for abdominal aortas (29 ± 4% versus 37 ± 8%) nor for
thoracic aortas, neither was there a difference in medial collagen content between
both groups for abdominal (42 ± 2% versus 47 ± 18%) nor thoracic aneurysms.
Histological analysis revealed early features of aneurysm formation in both
genotypes
Histological analysis of ten cross-sections of the abdominal and thoracic aorta of
non-responders (mice without macroscopic signs of an aneurysm) revealed two
types of adventitial response. One type of adventitial reaction is represented by a
concentric and fairly symmetric (Figure 3C and D) or asymmetric concentric
(Figure 3E and F) thickened inner adventitia consisting of cell rich, fibrotic tissue
characterized by the presence of inflammatory cells, macrophages, and iron depositions. The other form is characterized by focal adventitial thickening in areas of
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Figure 1. Survival curve of mice with a microscopically confirmed aneurysm. Death of mice is caused
by rupture of a TAA or AAA.

Figure 2. Morphometric analysis of lumen area, aneurysm area and total vessel area of individual
abdominal (A) and thoracic (B) aneurysms. No difference between catK-/-/apoE-/- and apoE-/- mice
was observed concerning lumen area, aneurysm area, or total vessel area. Only 4 out of 6 TAAs are
shown, since 2 TAA segments were completely disintegrated upon rupture and could not be measured.

medial elastin breaks (Figure 3G and H). In figure 3I and J an aneurysm in the
adventitia with an intact artery is shown, while in figure 3K and L an aneurysm
with a complete medial break and dilation of the lumen is shown. Out of 10
analyzed microscopic cross-sections per artery, the thoracic or abdominal aortas
were classified according to the most “advanced” feature (asymmetric,
symmetric, focal) of aneurysm formation found. Table I gives an overview of the
distribution of either thoracic or abdominal arteries in the mentioned categories
and shows that cathepsin K deficiency did not alter the severity of early features of
aneurysm formation.
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Figure 3. Histological analysis (EvG and SR) of aortas. Figure 3A and B show normal aorta
morphology. Figure 3C-F shows symmetrical (C and D) or asymmetrical (E and F) hypertrophied inner
adventitial layer consisting of cell rich, fibrotic tissue. In figure 3G and H local adventitial hypertrophy
in response to medial elastin breaks is shown. Figure 3I-L shows an aneurysm in the adventitia with an
intact artery (I and J) and an aneurysm with a complete medial break and dilation of the lumen (K and
L).
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Table I. Overview of the distribution of either thoracic or abdominal arteries in the following categories:
I: normal, no obvious alterations, II: (a)symmetrical hypertrophied inner adventitial layer consisting of
cell rich, fibrotic tissue, III: adventitial hypertrophy in response to medial elastin breaks, IV: aneurysm in
the adventitial space with an intact artery or aneurysm with a complete medial break and dilation of the
lumen.
I

II

III

IV

AAA apoE-/- (N=9)

3

1

2

3

AAA catK-/-/apoE-/- (N=9)

3

-

3

3

TAA apoE-/- (N=9)

4

1

1

3

TAA catK-/-/apoE-/- (N=7)

2

1

1

3

AAA indicates abdominal aortic aneurysm and TAA indicates thoracic aortic aneurysm.

DISCUSSION

Abdominal aortic aneurysms are life-threatening conditions characterized by
chronic inflammation, degradation of the ECM, and increased expression of
proteases, like MMPs and cathepsins3,13. Two groups studied the effect of deficiency of the cathepsin cysteine protease inhibitor cystatin C in hyperlipidemic
mice and found opposite effects on aneurysm formation14,15. Bengtsson and
colleagues found no effect of cystatin C deficiency on aortic arch circumference
and aortic length in apoE-/- mice14, while Sukhova and colleagues found an
increase in both aortic circumference and length in apoE-/- mice15. These differences can be attributed to differences in length of high-fat diet (25 versus 12
weeks) and gender of the mice (female versus male).
Since cathepsin K exerts important elastolytic16,17 and collagenolytic18 functions,
we hypothesized that deficiency of this cysteine protease would decrease aneurysm formation in angiotensin II infused apoE-/- mice. Unexpectedly, we had to
reject our hypothesis, since cathepsin K deficiency did not reduce aneurysm
formation nor reduce the severity of early features of aneurysm formation. In
contrast, there may even be a stimulating role for cathepsin K deficiency in aneurysm formation, since slightly more animals in the apoE-/-/catK-/- group than
in the apoE-/- group died due to aneurysm rupture (3 versus 1 animal).
There are several possible explanations for the lack of effect of cathepsin K disruption on aneurysm formation. Firstly, Eagleton and colleagues showed that angiotensin II induces an increase in aortic MMP-2 and MMP-9 activity, peaking at 28
days19. This increase in angiotensin II induced MMP activity may overrule the
protective effect of cathepsin K deficiency in aneurysm formation. Also in other
mouse models of aneurysm formation (periaortic incubation of calcium chloride)
compensatory mechanisms of MMP activity have been shown. For example,
disruption of MMP-9 is accompanied by an increase in MMP-2 activity
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compared with wild-type mice, though this increase is not sufficient to overrule
MMP-9 deficiency induced reduction in aneurysm formation20. On the contrary,
deficiency of MMP-12 is not compensated by an increase in MMP-2 or MMP-9
activity21. However, additional zymography experiments are needed to define the
exact role of MMP-2 and -9 activity on aneurysm formation when cathepsin K is
deficient. Secondly, Tham and colleagues showed that subcutaneous infusion of
angiotensin II during 30 days causes arterial stiffening by increasing collagen
content and decreasing elastin content22. This may lead to higher wall stress,
which induces aortic dilatation and aneurysm formation. Assuming similar effects
of angiotensin II in our study, angiotensin II may overrule the collagenolytic
activity of cathepsin K in apoE-/- mice, thereby equalizing the collagen content
in apoE-/- and catK-/-/apoE-/- aortas. Alternatively, angiotensin II may further
increase the collagen content in cathepsin K deficient aortas, thereby increasing
arterial stiffening. Since we did not observe a difference in medial collagen
content between both genotypes, the latter explanation is less likely.
As already mentioned, collagen content increased in arteries of angiotensin II
infused apoE-/- mice, which is partly caused by increased collagen content in the
adventitia22. Other researchers also suggested involvement of the adventitia in
aneurysm formation. Daugherty et al. found that aneurismal regions were resistant to dissection of adventitial tissue in angiotensin II infused mice, while
adventitial tissue in vehicle infused mice was easily removed10. Furthermore,
angiotensin II infusion leads to adventitial thickening and to an accumulation of
macrophages in the adventitia of the thoracic and abdominal aorta10,23-25. These
data point to an important role for the adventitia in angiotensin II induced aneurysm formation. Given our observations of an adventitial response preceding the
actual aneurysm formation, the adventitia may even play a causative role in aneurysm formation in angiotensin II infused mice. We suggest that arterial stiffening
caused by angiotensin II induced collagen deposition in the adventitia (as
described by Tham et al.) may cause ruptures in medial elastic laminae, an early
characteristic of aneurysm formation. However, the current number of mice in
each group and the current experimental set-up are not sufficient to give a definite
answer on the question whether the adventitial response is a causal event in aneurysm formation. The recent developments in the field of ultrasound
biomicroscopy26 may help us to non-invasively follow lesion development in
mice over time in vivo.
In conclusion, deficiency of the collagenolytic protease cathepsin K in angiotensin II infused apoE-/- mice does not seem to reduce aneurysm formation,
which may be due to an increase in activity of other proteases, like MMP’s, in
absence of cathepsin K. Alternatively, angiotensin II may overrule the
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collagenolytic activity of cathepsin K in apoE-/- mice, thereby equalizing the
collagen content in apoE-/- and catK-/-/apoE-/- aortas.
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ABSTRACT

Since little is known about the mechanisms underlying the transition of stable to
ruptured atherosclerotic plaques we recently used suppression subtractive
hybridization (SSH) to identify genes differentially expressed between these
conditions. However, a disadvantage of large scale gene expression studies is the
lack of functional information. Therefore we developed a new high-throughput
functional genomics approach to identify soluble mediators of inflammation, a
key process in atherosclerosis.
To identify soluble mediators of plaque stability, the stable plaque SSH cDNA
library was recloned in mammalian expression vectors, cDNAs were chemically
transfected into HEK293 cells and their conditioned media were subsequently
transferred to PMA differentiated THP-1 cells, after which cytokine production
was assessed by ELISA.
Here we show the feasibility of our new functional genomics approach since an
initial screen resulted in the identification of several candidates inducing IL-6
production, including 70G7, encoding a unique 10AA peptide. Synthetic 70G7
peptide dose dependently induced IL-6 and IL-10 production by PMA differentiated THP-1 cells, while transfection of full length cathepsin K and S resulted in
increased IL-6 production.
In conclusion, we have shown proof of concept of our new functional genomics
approach to identify soluble mediators of inflammation, facilitating
high-throughput screening of large expression libraries.

FUNCTIONAL GENOMICS IN ATHEROSCLEROSIS

INTRODUCTION

In Western society, cardiovascular diseases lead to high morbidity and mortality
rates. Most of the clinical symptoms are initiated by rupture of a so-called vulnerable lesion, resulting in major organ complications such as myocardial infarction
and stroke (reviewed in1-3). Although the morphological differences between
stable and ruptured atherosclerotic plaques are well described4, relatively little is
known about the molecular mechanisms underlying this transition. Also insight
into the pathways that alter the phenotype of a stable atherosclerotic plaque to a
vulnerable plaque is sparse.
The balance between inflammation and fibrosis is considered to be a major factor
for the maintenance of a stable plaque phenotype1-3. We and others have shown
that regulators of extracellular matrix turnover and inflammation such as transforming growth factor b1 (TGF-b1), cathepsins, CD40L, IL-6 and -10 are able to
modulate plaque fibrosis and inflammation5-12. Although many cytokines can
have both pro- and anti-atherogenic properties, the cytokines IL-6 and CD40L
are generally considered to exert pro-atherogenic functions while the cytokines
IL-10 and TGF-b1 are considered to exert anti-atherogenic functions.
Large scale gene expression profiling may contribute to elucidate the molecular
mechanisms underlying the transition of stable to vulnerable and eventually
ruptured atherosclerotic plaques. Several studies compared gene expression
profiles of human non-diseased arteries versus human atherosclerotic arteries
using representational difference analysis (RDA) or microarray analysis13-15. Using
suppression subtractive hybridization (SSH) we have generated a large library of
genes containing 2,000 clones upregulated in human advanced but stable
atherosclerotic plaques and 3,000 clones upregulated in ruptured human
atherosclerotic plaques16. However, one of the drawbacks and potential pitfalls of
the use of large scale gene expression approaches such as SSH and microarray analysis is the lack of functional assays early in the selection of potential candidates. To
overcome this pitfall, we developed a high throughput functional screening
procedure to select for cDNAs involved in inflammation, a key process in atherosclerosis. Although the principle of functional screening of expressed cDNA
libraries has been applied successfully in the field of cancer and immunology
research17-19, we are the first to present a functional screening for soluble mediators
of inflammation, a key process in atherosclerotic plaque stabilization. In addition,
this study is the first to apply functional screening on differentially expressed
(SSH) cDNA clones, which makes it not a random quest, but a rational search for
functional candidates from a pre-selected library of genes upregulated in stable
atherosclerotic plaques. In this chapter, we show proof of concept of our new
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functional genomics approach and the identification of several potential and
novel soluble mediators that can induce inflammatory cytokine production.

METHODS

Generation of mammalian stable plaque enriched cDNA expression library
For construction of a mammalian stable plaque enriched expression library we
amplified the inserts of a suppression subtractive hybridization (SSH) library
containing >2000 cDNA clones upregulated in human advanced but stable
atherosclerotic plaques compared with plaques containing a thrombus, previously generated in our laboratory16, using primers containing EcoRI recognition
sites (sense: 5’-TCGAGCGGAATTCCGGGCAGGT antisense: 5’ AGCGT
GGTCGAATTCGAGGTAC). After digestion, PCR-products were gel-purified (divided in fragments <1000 and >1000 bp) and ligated into the mammalian
expression vectors pTargeT™ (Promega) and pcDNA4/HisMax© A, B, and C
(Invitrogen), also digested with EcoRI. Ligation mixtures were used to transform
Escherichia coli TG1 cells by electroporation and to obtain cDNA expression
libraries representing all possible internal ORFs and fusion proteins.
To assess the number of colonies with insert, insert length, and insert diversity,
single colonies were subjected to PCR amplification. The Amplitaq® DNA Polymerase kit (Applied Biosystems) was used to amplify inserts of the plasmid colonies. PCR amplification of inserts in pTargeT (M13 forward, 5’-CGCC
AGGGTTTTCCCAGTCACGGAC-3’; M13 reverse, 5’TTTCACACAGG
AAACAGCTATGA-3’) or pcDNA4/HisMax (pcDNA4 forward, 5’TAT
GGCTAGCATGACTGGT-3’; pcDNA4 reverse, 5’-TAGAAGGCACAGT
CGAGG-3’) was performed using standard conditions. The restriction enzyme
MBO1 (New England Biolabs®) was used to fingerprint the resulting PCR
product.
Plasmid isolation
For growth in 96-wells bacterial culture plates, single colonies were picked, inoculated in LB or 2xTY medium supplemented with ampicillin and cultured overnight at 37°C shaking at 250 rpm. After 24 hours of culture, colonies were stored
at -80°C as 15% glycerol stock. Afterwards, plasmids from glycerol stocks were
cultured in 1.3 ml medium for 48 hours and isolated using the R.E.A.L.® Prep 96
plasmid kit (Qiagen). Plasmid DNA concentrations were measured using a
Nanodrop spectrophotometer (NanoDrop Technologies) and stored at -20°C
until further analysis. Full length cathepsin K and S expression constructs were
kindly provided by Organon NV (Oss, The Netherlands).
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Cell culture
HEK293 cells (human embryonic kidney cells (epithelial cells), ATCC CRL1573) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum, Glutamax-1 and 100 IU/ml penicillin/streptomycin (Gibco). THP-1 cells (human monocyte cell line, ATCC
TIB-202) were cultured in phenol red free RPMI 1640 medium supplemented
with 25 mM HEPES, L-glutamine (Gibco), 10% fetal clone III (Hyclone), and
100 IU/ml penicillin/streptomycin (Gibco). During functional assays THP-1
cells were grown in X-Vivo 15 medium (Cambrex) supplemented with 10% fetal
clone III and 100 IU/ml penicillin/streptomycin.
Transfection
On day 0, 6.0*105 HEK293 cells were seeded in 6-wells format. Transfections
were performed on day 2 using Metafectene™ (Biontex). For transfection of
HEK293 cells, 2 µg cDNA of either a pool containing eight individual plasmids or
an individual plasmid was dissolved in 100 µl DMEM without supplements.
Subsequently, 16 µl Metafectene dissolved in 100 µl DMEM without supplements was added. After 30 minutes incubation at room temperature allowing
complex formation, the solution was added to the HEK293 cells. Transfection
efficiency was confirmed by transfection of pcDNA4/HisMax©/LacZ followed
by X-gal staining on day 4, resulting in efficiencies of 70-90%.
Functional assay
A schematic drawing of the functional screening is shown in figure 1. On day 0,
1*105 THP-1 cells were seeded in 96-wells format and differentiated into
macrophages by addition of PMA (phorbol 12-myristate 13-acetate, final
concentration 120 ng/ml). On day 3, the medium was replaced by fresh medium
without PMA. On day 4, the conditioned medium of transfected HEK293 cells
was harvested. Subsequently, PMA differentiated THP-1 cells were incubated
with HEK293 conditioned medium and standard X-vivo 15 medium in a 1:1
ratio. After 8.5 hours, media and cell lysates were collected and stored at -20°C
until analysis of cytokine production. Cytokine production in media was
measured by IL-6, IL-8, and Il-10 ELISA (Sanquin) according to the manufacturer’s protocol. Elastase and gelatinase activity in media and cell lysates were
measured by EnzChek® elastase and gelatinase assay kits (Molecular Probes).
Assay controls
Lipopolysaccharide (LPS) and b-amyloid (Biosource) and TGF-b1 proteins
(Promega) served as positive controls for cytokine production by PMA differentiated THP-1 cells20,21. Both b-amyloid and TGF-b1 plasmids were constructed
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Figure 1. Overview of functional screening procedure.

to serve as positive assay control for the functional assay. For b-amyloid(1-42),
amygdala (brain) from a human patient with Alzheimer’s disease (PCR Ready
First Strand cDNA, BioChain) was amplified using the Amplitaq DNA Polymerase kit (sense, 5’-GCCGCCACCATGGATGCAGAGTTCCGACATGA
CTCAGG-3, plus antisense, 5’-GATCACTCACGCTATGACAACACCGC
CCACC-3) and was performed using standard conditions. For TGF-b1, RNA
was isolated from cultured vascular smooth muscle cells using RNAzol/chloroform/isopropanol. CDNA was synthesized using SMART PCR cDNA
Synthesis kit (Clontech), amplified using the Amplitaq DNA Polymerase kit
(sense, 5’-GTTCGCGCTCTCGGCAGTGCC -3, plus antisense, 5’-GCGGG
ACCTCAGCTGCACTTG-3) and performed using standard conditions.
Amplified cDNAs were purified and ligated into pTargeTTM (see earlier in this
section) and inserts were completely sequenced. After transfection of the
constructs into HEK293 cells, production of b-amyloid and TGF-b1 was verified by ELISA (Biosource and Promega respectively), which was performed
according to the manufacturer’s protocol. Anti-sense b-amyloid construct and
empty vector (TGF-b1) served as negative assay controls.
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Sequencing
Cells were transfected in pools of 8 individual candidates. Positive pools were
forwarded to a second screening round to test the individual clones of the positive
pool. Individual positive candidates were sequenced using the BigDye® Terminator v3.1 Cycle Sequencing Kit on a ABI Prism® 3100 Genetic Analyzer with
the use of T7 (5’-TAATACGACTCACTATAGGG-3’) or M13 forward
(5’-CGCCAGGGTTTTCCCAGTCACGGAC-3’) primer under standard
conditions. Homology searches were performed by use of the advanced Blast
Program on the combined GenBank/EMBL nonredundant expressed sequence
tag (dEST), mouse EST, human EST, rat EST, Swiss protein, and human tagged
genomic sequence (htgs) databases (National Center for Biotechnology Information, www.ncbi.nlm.nih.gov/).
Peptide synthesis
70G7 peptide (Ac-GSSVVEFEVLRIFKISQ-NH2) and 70G7 scrambled peptide
(Ac-FQSFISVESVKLGRIEV-NH2) were prepared by manual solid phase
peptide synthesis (SPPS) on a 0.3 mmol scale using the in situ neutralization/
HBTU activation procedure for Boc chemistry essentially as previously
described22. Peptides were purified on reversed-phase C18 HPLC using a
semi-preparative column (2.5 x 25 cm). Bound peptides were eluted with linear
gradients of 90% acetonitril/water/0.1% TFA in water/0.1% TFA. Purified
peptides were lyophilized and stored at -20°C until use.
Statistical analysis
Values are expressed as mean ± SEM and a Mann-Whitney non-parametrical test
was used to compare groups. Probability values of <0.05 were considered significant.

RESULTS

cDNA library construction and quality control
To generate the mammalian stable plaque enriched cDNA expression libraries, a
stable plaque SSH library was re-cloned into the mammalian expression vectors
pTargeT™ and pcDNA4/HisMax© A, B, and C. Using these vectors, the SSH
cDNA fragments are expressed starting from an internal ATG (pTargeT) or as a
fusion protein (pcDNA4/HisMax). Each of the resulting 8 libraries (4 different
vectors containing either fragments <1000 or >1000 bp) consisted of 60,000 to
120,000 individual clones. PCR amplification showed insert sizes ranging from
150 to over 1,500 base pairs. More than 98% of plasmids contained an insert,
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Figure 2. Fingerprinting (MBO1 digestion) of PCR amplification products, showing
high diversity of fragments. B = pcDNA4HisMax© B, C = pcDNA4HisMax© C and
pT = pTargetTM.

while fingerprinting by MBO1 digestion of the amplified inserts showed high
diversity (Figure 2).

Optimization functional read-out of PMA differentiated THP-1 cells
To study the optimal conditions for a reliable read-out of THP-1 macrophage
induced cytokine production, we examined LPS induced IL-6, IL-8, and IL-10
cytokine production in PMA stimulated THP-1 cells. LPS was used at concentrations of 1, 10, 100, and 1000 ng/ml and showed a dose dependent increase in the
production of all three cytokines. As shown in figure 3A, IL-6 cytokine production by unstimulated THP-1 macrophages was low on day 1 to 6 ranging from 10
to 60 pg/ml. Cytokine production significantly increased after addition of 1
ng/ml LPS to 350 and 700 pg/ml on day 4 and 6. On the contrary, IL-8 cytokine
production by unstimulated THP-1 macrophages was high on day 1 to 4, ranging
from 1,800 to 2,300 pg/ml, but decreased significantly on day 5 and 6. Addition
of 1 ng/ml LPS on day 4 and 6 significantly increased IL-8 cytokine production
again to 2,300 pg/ml (Figure 3B). IL-10 cytokine production by THP-1 cells was
low on day 1 to 6 ranging from 0 to 3 pg/ml. Cytokine production slightly, but
significantly, increased after addition of 1 ng/ml LPS to 6 pg/ml on day 4 and
increased even more to 100 pg/ml on day 6 (Figure 3C).
Proof of concept of our functional screening protocol
b-amyloid and TGF-b1 proteins have been described to induce cytokine
production20,21. First, we confirmed that both b-amyloid and TGF-b1 recombinant protein were able to induce IL-6 cytokine production in THP-1
macrophages (data not shown). Subsequently, both b-amyloid and TGF-b1
plasmids were constructed. Transfection of either of the constructs in HEK293
cells resulted in quantifiable production of the encoding protein (data not
shown). Subsequent addition of transfected HEK293 cells conditioned medium
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Figure 3. IL-6, -8, and -10 cytokine production by unstimulated or LPS stimulated (1ng/ml) PMA
differentiated THP-1 cells. Data are represented as mean ± SEM.

to THP-1 macrophages resulted in a significant increase in IL-6 cytokine production by these macrophages (Figure 4A). Transfection of the b-amyloid expression
plasmid led to IL-6 cytokine levels of 92.2±3.2 pg/ml compared with 15.3±3.9
pg/ml for the antisense b-amyloid construct. Transfection of the TGF-b1
expression plasmid resulted in IL-6 cytokine levels of 91.6±6.6 pg/ml compared
with 19.7±6.8 pg/ml for the empty pTargeT™ vector. During the functional
screening of candidates, both b-amyloid and TGF-b1 constructs served as positive assay controls for IL-6 cytokine production, while TGF-b1 construct served
as positive assay control for IL-10 cytokine production. Transfection of the
TGF-b1 expression plasmid resulted in low, but significant, IL-10 cytokine
production of 6.2±1.0 pg/ml compared with 0.1±0.03 pg/ml for the empty
pTargeT™ vector (Figure 4B). These data showed proof of concept of our
screening strategy since transfected HEK293 cells produced soluble mediators
which induced inflammatory cytokine production by human macrophages.

Candidate screening
Figure 5 shows representative results of a functional screening on IL-6 cytokine
production. In figure 5A, the functional screening of 36 pools, containing 288
clones, is shown. This screen resulted in the identification of several highly positive pools, indicated by the black bars. Figure 5B shows the screening of the individual clones from the four highest positive pools from figure 5A. This resulted in
the identification of several highly positive individual candidates, again indicated
by the black bars. In total we screened approximately 1,200 clones for IL-6
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Figure 4. Proof of concept of functional screening: b-amyloid and/or TGF-b plasmid tranfection in
HEK293 cells and subsequent addition of conditioned medium to PMA differentiated THP-1 cells
resulted in increased IL-6 (Figure 4A) and IL-10 (Figure 4B) cytokine production compared with the
negative controls (antisense b-amyloid and/or empty pTargeTTM vector). Data are represented as mean
± SEM.

Figure 5. Figure 5A shows the screening on IL-6 cytokine production of 3 different 96-wells plates,
which resulted in several highly positive pools, indicated in black. Figure 5B shows the screening of the
individual clones from the highly positive pools, indicated with arrows in figure 5A. This resulted in the
identification of several highly positive candidates, again indicated in black. White bars represent negative controls. Full length cathepsin K and S expression plasmids were tranfected into HEK293 cells and
the subsequent addition of conditioned medium to PMA differentiated THP-1 cells resulted in
increased IL-6 (Figure 5C) cytokine production compared with the negative controls (empty
pTargeTTM vector). Data are represented as mean ± SEM.
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cytokine production, resulting in the identification of 21 highly positive candidates (2%). ‘Highly positive’ are those pools or individual candidates that stimulate the cytokine production more than 5-fold compared with the negative
controls (Figure 5A and B). Table I shows the sequencing results and corresponding annotation of IL-6 inducing candidates. We also screened approximately 600 clones for IL-10 cytokine production, but no highly positive IL-10
inducing pools and clones were identified.
Since both cathepsin K and S cDNA fragments were also present in the stable
plaque SSH library16 and both enzymes were shown to play an important role in
atherosclerotic plaque stabilization7,23, we also tested whether full length cathepsin
K and S constructs had an effect on IL-6 cytokine production. Transfection of the
cathepsin K expression plasmid resulted in IL-6 cytokine levels of 580.2±5.4
pg/ml compared with 19.9±2.2 pg/ml for the empty pTargeT™ vector, while
transfection of the cathepsin S expression plasmid resulted in IL-6 cytokine levels
of 568.3±8.0 pg/ml (Figure 5C).

Validation of candidate 70G7
Sequence analysis of candidate 70G7 (candidate 1 in Table IA) revealed almost
100% homology to fibronectin-1 on the nucleotide level. Individual transfection
of the 70G7 plasmid DNA in HEK293 cells and subsequent addition of the
conditioned medium of these transfected cells to THP-1 macrophages resulted in
IL-6 cytokine production of 69.2±4.5 pg/ml by THP-1 macrophages (Figure
6A). Bioinformatic analysis revealed a 10 AA ORF (EVLRIFKISQ) which was in
another reading frame than the fibronectin protein, showing homology (80%) to
arylamine acetylase 2. For further validation both synthetic 70G7 peptide
(Ac-GSSVVEFEVLRIFKISQ-NH2, including 5 amino acids derived from the
pcDNA4/HisMax C vector (GSSVV) and 2 amino acids (EF) from the modulated EcoR1 site) and the corresponding scrambled peptide were directly added
to PMA differentiated THP-1 cells. Addition of synthetic 70G7 to PMA differentiated THP-1 cells, resulted in dose dependent IL-6 cytokine production
(Figure 6B), indicating a direct effect of 70G7 on PMA differentiated THP-1
cells, while the scrambled peptide had no effect on IL-6 production. Additional
experiments also revealed dose dependent IL-10 cytokine production (Figure
6C) induced by the 70G7 peptide, while again the scrambled peptide had no
effect on IL-10 production. Furthermore, the 70G7 peptide did not induce
gelatinolytic or elastolytic activity by PMA differentiated THP-1 cells (not in
media neither in cell lysate, data not shown).
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cDNA acc no

CDNA (% homology)

U71088.1

AC093193.11

BC032657.1

X80910.1

AL832648.1

BC016754.1

NM_003107.2 SRY–box 4 (SOX4) (97%)

4

5

6

7

08

9

10

AAH16966.1

NP_000006.1

Protein acc no

NP_001735.1

NP_001012393.1 Opioid binding protein/cell adhesion molecule-like isoform b preproprotein
(76%),

PPP1CB (99%)

DKFZp451M0318 (98%)

CAD66565.1

Q9UKX3

Tousled-like kinase 1 (100%)

Karyopherin alpha 4 (importin
alpha 3) (99%)

AAU81930.1

BAC RP11-607K23 (95%)

GSSVVEFRAGT

no human significant similarity found,

GSSVVEFRAGTKRTLYKVAHCRKSCAFPFEHKCCMNNSLL

Unnamed,

GSSVVEFRAGTALLFITE

GSSVVEFEVPDQVYCSLSFPISFF

Calcium/calmodulin-dependent protein kinase IV (75%),

GSSVVEFEVQLGKSLNRQMTKPNFVQRF

Myosin-13 (71%),

GSSVVEFEVLNHTFTFYS

RTN3-A1 (77%),

GSSVVEFCRRYPAQWRPLESRGPVLNPLNQPRLCLSSCQPSVVLPLP
RAFLDPGRCHSHCPFPNKMRKLHRIV

unnamed (69%),

BAC87630.1

GSSVVEFRAGTPLK

TSR1 PROTEIN (83%),

GSSVVEFEVLFFFFFFFGRKKEKPLYLGNTKSFCLQKILLLKLHNSFS

ANGEL2 (100%),

GSSVVEFEVLRIFKISQ

Arylamine acetylase 2 (80%),

Protein with highest homology

MAP kinase MEK5c (97%)

BAC RP11-549B23 from 2 (99%) AAH19090.2

AC064833.6

(98%)

3

BAC

AL109758.3

2

R-873E2

1
NM_212476.1 Homo sapiens fibronectin 1
(FN1) (99%)
(70G7)

Clone

Table 1A. Detailed characteristics of IL-6 inducing candidates.
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AK025307.1

NM_001101.2 ACTB (93%)

13

14

GSSVVEFEVPQMQNQSSRKKVSAIILSLKKILNHCYLKTP

ABC A13 (40%),

Protein with highest homology

NM_006135.2 Capping protein (CAPZA1) (97%) CAI17830.1

NM_080927.3 Discoidin (DCBLD2) (100%)

16

17

NM_080927.3 Discoidin (DCBLD2) (100%)

NM_018993.2 Ras and Rab interactor 2 (RIN2) AAH09520.1
(99%)

NM_016072.2 Golgi transport 1 homolog B
(GOLT1B), (99%)

19

20

21
NP_659437.2

NP_055413.1

U71088.1

18

MAP kinase kinase MEK5c (100%) BAC87630.1

AAH90345.1

BC012045.1

AAH28049.1

NP_065164.1

NP_079467.2

GSSVVEFEVLWLLKCFPTSTAKAVTSCKTKENSYFLLSNNQQRWKK
TTFFLVPCS

hypothetical protein LOC202151 (53%),

GSSVVEFRAGTITCFCNYLC

C19org20 protein (76%),

GSSVVEFRAGTFLFFFFFFLLHLYV

suppressor of cytokine signalling 7 (52%),

GSSVVEFCRYPAQWRPLESRGPV

unnamed (80%),

GSSVVEFTIS

no human significant similarity found,

GSSVVEFRAGTFFFFFFFFEQNRYISIRLPDTEDSVVWMDSMKDK

No homology to any known eukaryotic protein

GSSVVEFRAGTPPPPPPPPPPDNFLLNEKTTFKMCFKTKRN

Protein phosphatase 3 (formerly 2B) (85%),

GSSVVEFRAGTFLFCFGFFFLA

Transmembrane protein 63c (81%),

GSSVVEFRAGTCPRGVIRVLSV

ER degradation-enhancing alpha-mannosidase-like 3 (87%),

GSSVVEFEVQLNKTFLCVLFFFFFFFFYTNIFY

XP_001104310.1 no human significant similarity found,

AAP13576.1

Protein acc no

15

Protein phosphatase 1 (95%)

Mitochondrial carnitine
palmitoyltransferase I (100%)

BC000144.1

12

Capping protein (actin filament)
muscle Z-line, alpha 1 (97%)

NM_024665.3 TBL1XR1 (99%)

11

CDNA (% homology)

cDNA acc no

Clone
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Figure 6. Individual transfection of the 70G7 plasmid in HEK293 cells and subsequent addition of the
conditioned medium of these transfected cells to PMA differentiated THP-1 cells resulted in increased
IL-6 cytokine production by THP-1 cells compared with the empty pcDNA4/HisMax C vector
(Figure 6A, 1 representative assay out of 3 comparable assays is shown). Addition of the 70G7 synthetic
peptide directly to PMA differentiated THP-1 cells, revealed dose dependent IL-6 cytokine production
(Figure 6B, 1 representative assay out of 3 comparable assays is shown). Addition of the 70G7 synthetic
peptide directly to PMA differentiated THP-1 cells, revealed dose dependent IL-10 cytokine production (Figure 6C, 1 representative assay out of 2 comparable assays is shown). Data are represented as
mean ± SEM.
Table 1B. 70G7 shows homology to several proteins.
Protein acc no

Protein

NP_000006.1

Arylamine acetylase 2 (identities 8/10 = 80%),
EVLKNIFKIS

NP_055178.2

Sacsin (identities 8/11 = 72%),
EVLSRIFKNSE

NP_473447.1

olfactory receptor, family 5, subfamily AC, member 2 (identities 6/9 = 66%),
EILQLFKIS

NP_005550.2

laminin, alpha 1 precursor (identities 6/7 = 85%),
RIFKESQ
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DISCUSSION

In this study we developed a new functional genomics approach to screen large
expression libraries and to identify soluble mediators that induce inflammatory
cytokine production. This functional genomics approach is based on a SSH
library of genes containing 2,000 clones upregulated in stable human
atherosclerotic plaques. Several other research groups also compared gene
expression in healthy versus diseased cultured cells or whole-mount tissue, using
differential display, serial analysis of gene expression (SAGE), RDA or microarray
analysis13-15,24,25. These large scale gene expression studies proved to be very useful
in the field of cardiovascular research26. Differentially expressed genes can be categorized in three groups concerning their function. The first category of genes or
proteins contains those that were previously linked to atherosclerosis. The second
category contains known genes or proteins with known function but unknown
for their role in atherosclerosis. The third category contains unknown genes or
proteins with unknown functions. Especially this latter category reveals one of
the disadvantages of large scale gene expression studies which is the lack of functional assays early in the selection of candidates, especially in the case of unknown
genes or ESTs without significant homology to known proteins. To circumvent
the problem of validating non-functional candidates we developed a new functional genomics approach in which differential gene expression is combined with
early functional screening. Consequently, only those genes with a specified function will be identified and selected for further validation.
The principle of functional screening has been applied before in the field of cancer
research. Li et al. used mouse fibroblasts (NIH 3T3) transduced with a hairpin
ribozyme gene library to select for functional ribozymes that promote cell transformation. They identified the transforming ribozyme Rz007 with mTERT
(telomerase reverse transcriptase) as a potential gene target17. Whitehead et al.
used retroviral transfer of cDNA libraries to select for cDNAs which induce
oncogenic transformation (loss of contact inhibition of proliferation) of mouse
fibroblasts (NIH 3T3) and found several known oncogenes, known genes not
previously known for their transforming activities, and unknown cDNAs with
transforming activities18. Nonetheless, our study is the first to present a functional
screen for soluble mediators of atherosclerotic plaque stabilization based on
differentially expressed (SSH) cDNA clones, which makes it a non-random functional screen, and is the first applied in the field of atherosclerosis research.
In the current study we effectively re-cloned a stable plaque cDNA library in
mammalian expression vectors, representing all possible reading frames and
resulting in high diversity of inserts. Subsequent transfection of mammalian cells
showed high and consistent transfection efficiencies. To facilitate the
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high-throughput process of our functional screening we decided to screen pools
before refining our screen to individual candidates. This effort accelerated our
functional screening since we were able to detect one single positive candidate in
a pool containing eight individual plasmids, although there may be a risk of
loosing a positive candidate in the noise of the pool. In this study, we showed that
transfection of human cells with cDNA expression constructs, that are known for
their ability to induce cytokine production (b-amyloid and TGF-b120,21), resulted
in the production and secretion of these known soluble mediators. These soluble
mediators were subsequently able to induce human macrophages to produce
inflammatory cytokines, making them appropriate positive controls. Furthermore, we showed that also cathepsins K and S induced inflammatory cytokines
production by human macrophages. Cathepsin K is one of the genes that was
found to be differentially expressed in our SSH experiment comparing expression
profiles of advanced but stable lesions and lesions containing a thrombus16.
Expression profiling experiments suggested that deficiency of cathepsin K leads to
a more stable plaque phenotype not only by decreasing proteolytic activity, but
also by stimulating TGF-b signaling27. However, cathepsin K deficiency also
resulted in increased macrophage foam cell formation due to increased lipid
uptake mediated by CD36 and caveolins27 (chapter 4). The present study shows
that cathepsin K and S also have an effect on cytokine production by PMA differentiated THP-1 cells. Moreover, by applying this method to unknown expression constructs that are known to be upregulated in stable human atherosclerotic
plaques, we were able to identify several new candidate soluble mediators such as
70G7. Transfection of the 70G7 plasmid resulted in IL-6 cytokine production.
Addition of synthetic 70G7 directly to PMA stimulated THP-1 cells dose
dependently induced IL-6 and IL-10 cytokine production while the scrambled
peptide had no effect. Thus the present data show that this new high-throughput
functional genomics approach is a reproducible and easy to use method to identify
soluble mediators of inflammation, a key process in atherosclerosis.
The observation that a peptide, such as 70G7 peptide in our case, induces both
pro-inflammatory (IL-6) and anti-inflammatory (IL-10) cytokine production
seems contradictory, but has been described before. For example, prostaglandin
E2 upregulates the levels of both IL-6 and IL-10 by activated murine
macrophages, although via different pathways28. Furthermore, we showed that
LPS and TGF-b1 construct induce the production of both IL-6 and IL-10
cytokines by human macrophages. De Waal Malefyt et al. already showed that
LPS induces IL-10 cytokine production by human monocytes peaking after
24-48 hours and that this IL-10 production may even inhibit the production of
earlier produced pro-inflammatory cytokines, such as IL-629.
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Although we succeeded in the identification of several functional peptides, one of
the pitfalls of our study is that none of the identified functional peptides was
homologous to the proteins naturally encoded by the inserted cDNA fragments.
An explanation for this pitfall is given by the fact that cDNAs can be ligated into
the pcDNA4/HisMax vector in 3 different reading frames and in 2 directions,
resulting in 6 possible fusion proteins from one single cDNA. Only 1 of these 6
possibilities represents the correct reading frame, while the other 5 possibilities
represent alternative reading frames which may result in functional but
non-physiologic proteins. Thus, although the identified proteins were functional
(positive in functional assays), we have no information on differential expression
of the resulting functional peptide, since an alternative reading frame was used.
The phenomenon of peptide mimetics might explain why these proteins are
functional without being in frame with the natural protein transcribed from the
inserted cDNA. A peptide mimetic is a peptide that biologically mimics active
determinants on hormones, cytokines, enzyme substrates, viruses or other
bio-molecules, and may antagonize, stimulate, or otherwise modulate the physiological activity of the natural ligands. Thus the 70G7 peptide might be a peptide
mimetic of a protein that induces human macrophages to produce IL-6 cytokine
(for example b-amyloid). Arylamine acetylase 2 (N-acetyl tranferase 2), the
protein to which 70G7 showed 80% homology, plays a role in detoxification and
activation of numerous therapeutic drugs and carcinogens30. Polymorphisms of
the two N-acetyl transferase (NAT) enzymes, NAT1 and NAT2, result in rapid
or slow acetylator phenotypes, which are associated with increased risk of developing urinary bladder, colorectal, breast, head and neck, lung and non-Hodgkin
lymphoma31,32. NAT2 slow acetylator genotypes are associated with increased risk
of bladder cancer33, 34, while NAT2 rapid acetylator genotypes are associated with
colorectal cancer35. However, to our knowledge, this protein has not been related
to inflammation or atherosclerosis before. At present, however, it is impossible to
predict whether or not 70G7 is a peptide mimetic of arylamine acetylase 2 as for
both peptides key amino acids are not yet identified. Moreover, 70G7 also shows
relatively high homology to several other proteins (Table IB). Noteworthy, as
indicated in table I, each protein sequence starts with GSSVVEF (5 amino acids of
the pcDNA4/HisMax C vector (GSSVV) and 2 amino acids (EF) from the
modulated EcoR1 site). This may suggest that this short sequence is responsible
for IL-6 cytokine production. However, this is not likely since many other clones
starting with the same deduced amino acid sequence did not induce IL-6 nor
IL-10 cytokine production.
Although initially regarded as a strength, starting off our functional screening with
an expression library enriched for differentially expressed cDNAs might even
have become a drawback of our study. One explanation for the identification of
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peptide mimetics might be the use of the relatively short SSH derived differentially expressed cDNA fragments (150 to 1500 bp, mean length 500 bp) as starting
material. As an alternative, a full length cDNA library could be subjected to functional screening. However, even when using full length cDNAs there may be a
selection for smaller cDNAs. This is encountered by the findings of Fiscella et al
who transfected full length cDNAs (identified by a bioinformatics tool) into cells
and added the conditioned media to T-cells19. A positive clone encoding a
membrane-anchored protein of at least 612 amino acids was found, which also
showed no homology to any known protein.
In conclusion, we have shown proof of concept of our new functional genomics
approach since known soluble mediators (b-amyloid and TGF-b1) produced by
HEK293 cells induced inflammatory cytokine production by human
macrophages. Furthermore, the combination of differential gene expression and
functional genomics is a potent and effective screening approach to identify novel
and functional soluble mediators (including cathepsin K and S, and 70G7) that
induce inflammatory cytokine production by human macrophages. This
approach could facilitate high-throughput functional screening of large expression libraries.
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Although the morphological differences between stable and ruptured
atherosclerotic plaques are well described1, relatively little is known about the
molecular mechanisms underlying this transition. The balance between inflammation and ECM deposition is considered to be a major factor for the maintenance of a stable plaque phenotype2-4. By in vivo interventions in atherosclerotic
mouse models, we and others have shown that individual extracellular matrix
turnover and inflammator regulators such as TGF-b1, cathepsin S, CD40L, IL-6
and -10 are able to modulate plaque fibrosis and inflammation status5-12. These in
vivo intervention studies are examples of the single gene approach, in which the
role of a candidate gene in the disease of interest is studied. An alternative for this
candidate approach is the pathway approach which can provide insight into the
molecular regulations underlying plaque progression. Figure 1 gives a schematic
overview of several approaches to study plaque stabilization, including the candidate gene approach, candidate pathway approach, and the functional genomics
approach.

Figure 1. Schematic overview of several approaches to study plaque stabilization, including the most
important advantages of these approaches.

Candidate gene approach
The decision to study a specific candidate gene for its role in atherosclerosis can be
based on (1) the gene’s involvement in other physiological or pathological
processes, (2) the role of a family member of the concerning gene in either atherosclerosis or related physiological or pathological processes, or (3) the selection of
this gene in a screening assay such as suppression subtractive hybridization (SSH)
or microarray analysis. Our interest in cathepsin K originated from a large scale
gene profiling study, in which cathepsin K was found to be highly upregulated in
human advanced but stable atherosclerotic lesions when compared with lesions
containing a thrombus13. Once a specific gene has been selected, several tools are
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available to study its role in the disease of interest, including (1) mRNA and
protein expression studies in various organs, disease stages and species, (2) in vitro
(intervention) studies using RNA interference, inhibiting antibodies,
(ant)agonists, and knock-in and knock-out strategies, and (3) in vivo intervention
studies using inhibitors, blocking antibodies, (ant)agonists, and transgenic,
knock-in and knock-out animal models.
As illustrated in chapter 4, a second round of microarray analysis in combination
with pathway profiling was very useful to gain more insight into the molecular
mechanisms by which the gene of interest, cathepsin K, exerted its function.
Microarray analysis of cathepsin K deficient atherosclerotic lesions showed differential expression of several genes and pathways, among which the anticipated
identification of genes and pathways involved in the induction of fibrosis and
aggravation of foam cell formation. In addition, differential expression of a set of
genes related to cell death and apoptosis was identified (bcl2, bid, casp3, etc.,
chapter 4). This observation was in close agreement with earlier observations by
Chen et al. who showed that cathepsin K deficient osteoclasts of mice on a 129/Sv
background, but not on a C57Bl6 background, lacked normal apoptosis and
senescence14. On a 129/Sv background, cathepsin K deficiency caused osteoclasts
to re-enter the cell cycle, whereas forced expression of cathepsin K resulted in
senescence.
In early atherosclerotic lesions, efficient phagocytic clearance of apoptotic cells by
macrophages appears to be protective against atherosclerosis progression. In
advanced (late) atherosclerotic lesions however, phagocytic clearance of
apoptotic macrophages is defective, leading to secondary necrosis and a
proinflammatory response, and contributing to plaque destabilization15.
Assuming similar effects of cathepsin K deficiency in plaque macrophages as in
osteoclasts and given the observation that cathepsin K levels are higher in
advanced lesions, cathepsin K deficiency may reduce apoptosis and thereby
promote plaque stability. Unfortunately, no data on a possible role of cathepsin K
in phagocytic clearance are currently available.
Normally, cathepsins are located in the lysosomes. However, upon stimulation or
cell damage, both cathepsin B and L were shown to be released to the cytoplasm
leading to subsequent apoptosis16-18. Furthermore, inhibition of cathepsin L
resulted in decreased caspase-3 activation19, while inhibition or deficiency of
cathepsin S led to a decrease in interferon-g induced DNA injury and apoptosis in
a murine pulmonary emphysema model20. Also these data show that cathepsin
cysteine proteases, including cathepsin K, may promote apoptosis, thereby
reducing plaque stability.
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Candidate pathway approach
Microarray analysis and pathway profiling can be used to gain more insight into
the molecular mechanisms by which a certain gene/pathway exerts its function.
In addition, these techniques can also be used to find ‘novel’ pathways involved in
atherogenesis. Bijnens et al. recently made an overview of gene expression
profiling studies in both murine and human atherosclerosis21. The next paragraph
briefly summarizes some of these studies.
Lutgens et al. used microarray analysis to study gene expression during
atherosclerotic plaque progression in whole mount aortic arches of apoE-/mice22. Time-related expression clustering and functional grouping of differentially expressed genes revealed upregulation of genes involved in inflammation
and matrix degradation, generally considered as major factors for the maintenance
of a stable plaque phenotype. King et al. used microarray analysis to study gene
expression during atherosclerotic plaque progression in whole mount human
lesions23. They found that early disease was characterized by increased expression
of genes involved in smooth muscle cell (SMC) differentiation, regulation or activation, suggesting that loss of differentiated SMC gene expression is the primary
expression signature of disease progression in atherosclerosis. In another set of
experiments, cell-type specific gene expression profiles were compared. Dai et
al.24 used microarray analysis to study specific gene expression of human endothelial cells (ECs) subjected to ‘athero-prone’ or ‘athero-protective’ shear-stress in
vitro. ECs exposed to athero-prone shear-stress acquired a proinflammatory
phenotype, expressing several important chemokine/chemokine receptors and
elicited a dysregulation of the expression and organization of cytoskeletal and
junctional proteins. Alternatively, the use of laser capture microdissection (LCM)
enabled researchers to study gene expression of specific cell types during different
stages of atherogenesis in vivo25. For example, using the LCM technique we
found that the oxidative phosphorylation pathway was differentially regulated
between macrophages derived from early lesions and advanced lesions26. Next to
studying gene expression profiles of individual cells in different atherosclerotic
plaque stages, gene expression profiling of subpopulations of a specific cell type
can give insight into the phenotype of that cell type during plaque progression.
To prevent variations in expression profiles between patients, Papaspyridonos et
al. compared the gene expression profiles of stable (intact fibrous cap) and
unstable (defined as a disrupted fibrous cap or surface thrombus or hemorrhage)
segments of human carotid plaques in a single patient27. Matrix metalloproteinase
9 (MMP-9), cathepsin B, and legumain, a potent activator of MMPs and
cathepsins, were found to be associated with plaque instability. Finally, using a
comparable experimental set-up, gene expression profiles of atherosclerotic
lesions located in different vascular beds may be compared. Such intra-patients
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comparisons may result in an enormous increase in statistical power. Thus,
microarray analysis can be used to study atherogenesis from several perspectives,
comparing whole mount, cell-type-specific, plaque component-specific,
patient-specific and site-specific gene expression profiles. The use of microarray
analysis to study cell-type-specific and site-specific gene expression profiles in
atherosclerosis will be described and discussed in more detail in an upcoming
thesis by colleague Kisters, entitled ‘Heterogeneity in human atherosclerotic
gene expression profiles: from man to macrophages’.
In conclusion, microarray analysis has been widely used to study the underlying
mechanisms of atherosclerosis (reviewed in21). A major advantage of the
microarray analysis and subsequent pathway profiling approach is the fact that
hundreds of differential expressed genes can be studied at once. Pathway profiling
programs are available to convert these multiple data points into comprehensible
information, providing insight into the molecular mechanisms of the disease of
interest.

Functional genomics approach
As already mentioned in the preceding two paragraphs, the molecular mechanism
underlying the transition of a stable atherosclerotic plaque to an unstable
atherosclerotic plaque can be studied as a ‘candidate gene approach’ or as a ‘candidate pathway approach’. In this thesis, the role of cathepsin K in atherosclerosis
was studied in a candidate gene validation approach (chapter 3) and pathway analysis was used to further unravel the underlying regulatory mechanisms by which
cathepsin K led to the observed phenotypic changes (chapter 4). An alternative is a
functional genomics approach in which differentially expressed genes between
stable lesions and lesions containing a thrombus are subjected to a functional
screen. The feasibility of such a functional screening approach was illustrated in
chapter 7. Cathepsin K expression was shown to be highly upregulated in stable
lesions when compared with lesions containing a thrombus and cathepsin K was
shown to have a function in atherosclerotic plaque progression (13 and this thesis).
Transfection of a full length cathepsin K expression plasmid into human cells
stimulated these cells to produce soluble mediators in the supernatant which
subsequently induced human macrophages to produce inflammatory cytokines.
Also cathepsin S, which was also known to be an important regulator of plaque
progression8,10,28, was able to evoke inflammatory cytokine production.
Several variations are applicable on the functional genomics approach as
presented in chapter 7. Firstly, a dysregulation of inflammation and matrix turnover is considered to be essential for the progression to a vulnerable plaque
phenotype2-4. In the functional screening assay presented in chapter 7, we evaluated the effect of soluble mediators on inflammatory cytokine production by
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Figure 2. Functional genomics. On the left, the screening procedure for extracellular soluble mediators
as performed in chapter 7 is depicted. On the right, the replacing steps of the screening procedure for
intracellular effectors are shown.

human macrophages. Alternatively, these extracellular soluble mediators may
also be evaluated for their effect on matrix degradation (gelatinase, collagenase,
and elastase activity) and lipid metabolism. Secondly, although macrophages are
considered to be an important cell type in plaque progression, other cell types,
such as SMCs and inflammatory cells, can also be used to investigate the effect of
soluble mediators on inflammation, matrix turnover, and lipid metabolism in
atherosclerosis. Thirdly, in the functional screening approach as presented in this
thesis. we studied the effect of extracellular soluble mediators on inflammatory
cytokine production by human macrophages. Alternatively, the effect of
intracellular effectors on inflammation and matrix turnover can be evaluated, by
direct transfection of effector cells, such as macrophages, SMCs, and inflammatory cells (Figure 2). However, we were unsuccessful in transfecting human
macrophages, since both primary macrophages and macrophage cell lines showed
low transfection efficiencies and low cell viability when using non-viral
transfection methods. Similar difficulties were reported by other laboratories29.
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Cathepsin (K) in relation to other protease activities
Cathepsin K was first cloned from a rabbit osteoclast cDNA library and called
OC-230. Later the human equivalent was cloned and designated cathepsin K31.
Deficiency of the human cathepsin K protein resulted in pycnodysostosis, an
autosomal recessive osteochondrodysplasia characterized by osteosclerosis and
short stature32. Cathepsin K deficient mice showed an osteopetrotic phenotype
with excessive trabeculation of the bone marrow space33, indicating that cathepsin
K plays a major role in osteoclastic bone resorption. However, cathepsin K deficient mice continued to grow, suggesting that other proteases, such as MMPs,
compensated for the loss of cathepsin K activity34. It was suggested that osteoclasts
lower the pH in the resorption area after which the bone matrix was first digested
by cysteine proteases. Secondly, digestion by MMPs followed at higher pH
levels35. Site-specificity existed in relation to digestion of the bone matrix by
osteoclasts, since osteoclastic resorption of calvarial bone (intramembranous
bone) was dependent on both cysteine proteases and MMP activity, while long
bone (endochondral bone) resorption was only dependent on cysteine protease
activity36. Others suggested that resorption of scapular bone (intramembranous
bone) was more dependent on MMPs than cysteine proteases while resorption of
long bone (endochondral bone) was more dependent on cysteine proteases than
MMPs37. Recently, it was shown that calvarial osteoclasts use other cysteine
proteases in addition to cathepsin K and that long bone osteoclasts use MMPs in
the absence of cathepsin K38.
In atherosclerosis, or other cardiovascular diseases, neither a relation between the
ECM degrading activity of cysteine proteases and MMPs nor a site-specificity has
been described. Microarray analysis of cathepsin K deficient atherosclerotic
lesions (chapter 4) did not show differences in expression of MMPs. Only
TIMP-2 and ADAM-17 (a desintegrin and metalloproteinase) were found to be
differentially expressed between apoE-/-/catK-/- and apoE-/- aortic arches.
Thus, the relative contribution of cysteine proteases and MMPs to ECM degradation in atherosclerosis still remains to be elucidated.
Diagnostic potential of cathepsin K
In both oncology and atherosclerosis research, molecular and cellular imaging
aims to visualize biological properties of the disease in vivo39-41. Visualization of
the atherosclerotic plaque may help to detect high-risk plaques and could also
attribute to evaluation of effectiveness of therapy41. Near infrared (NIR) smart
probes are a class of imaging probes that change their physical properties after
specific molecular interaction. These probes are optically silent in their quenched
state and become highly fluorescent after enzyme-mediated release of
fluorochromes, resulting in signal amplification. Interestingly, cathepsin B has
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been used as NIR smart probe. Several in vivo studies have shown the feasibility
of the use of a smart probe of this protease in near infrared fluorescence (NIRF)
imaging, such as in breast carcinoma42,43, lymph nodes44, (osteo-) arthritis45,46, and
lung carcinoma47. Recently, it was also shown that murine osteoclast activity
could be measured in vivo using a cathepsin K activated near infrared imaging
probe48. Furthermore, using a cathepsin K-activatable NIRF imaging agent it was
shown that cathepsin K enzyme activity could be imaged in ex vivo human
(endarterectomy specimens) and in vivo apoE-/- atherosclerotic lesions49. The
NIRF signal correlated with macrophages and SMCs expressing immunoreactive cathepsin K. Based on these data, cathepsin K may be a promising
imaging tool in atherosclerosis research.
Besides the use of a gene/protein with a potential role in atherosclerosis as an
imaging tool, such genes/proteins may also have value as (circulating) biomarkers. During the past years several authors provided evidence for the diagnostic value of circulating biomarkers, including C-reactive protein (CRP),
IL-6, oxidized low density lipoprotein, type II secretory phospholipase A2,
MMPs and soluble CD40 ligand50. Although the levels of several of the above
mentioned circulating markers were elevated in patients with unstable cardiovascular disease, they were at best moderate (odds ratio at max 4.2) predictors for
future cardiovascular disease in individual patients and none could be recommended to physicians for routine clinical use. Even a set of 10 contemporary
biomarkers (the multimarker approach), added only moderately to standard risk
factors in assessing risk in individual persons51. These data indicated the limitations
of the use of biomarkers as prognostic tool for the individual patient52, and the
importance of evaluating new biomarkers to complement the existing ones.
Cathepsins L and S were both found to be increased in serum of patients with
significant stenosis in at least one of the coronary arteries when compared with
patients without coronary stenosis53,54. These data indicate that cathepsins L and S
may serve as useful serum biomarkers in the diagnosis of atherosclerosis. Although
cathepsin K serum levels have been shown to serve as a marker for nontraumatic
fractures and bone-mineral density55, there are no data available about cathepsin K
serum levels in relation to cardiovascular disease.

Therapeutic potential of cathepsin K
Knowing the important role of cathepsin K in bone resorption, cathepsin inhibitors are considered promising therapeutic agents for the treatment of osteoporosis
and arthritis and possibly atherosclerosis. The use of cathepsin K inhibitors should
however be evaluated with care since genetic disruption of cathepsin K showed
dual effects on matrix turnover and lipid metabolism. Although our data are still
preliminary and the molecular mechanism are unclear, it seems to be possible to
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develop an inhibitor that only affects the fibrotic and not the lipogenic effects of
cathepsin K. To date, two cathepsin K inhibiting compounds have enrolled clinical trials to study their effect on osteoporosis and/or osteoarthritis56,57. A phase II
study of the cathepsin K inhibitor AAE581 for the treatment of osteoporosis was
reported in 2003. Preliminary results suggested that the compound was well
tolerated, inhibited bone resorption and improved bone formation. The chemical structure of the compound was not disclosed . In 2002, a phase I trial of
SB-462795 (relacatib) for the treatment of postmenopausal osteoporosis and
osteoarthritis was reported. Recently, it was shown that relacatib inhibited bone
resorption in monkeys58,59. However until now, no data are available on the effect
of either AAE581, SB-462795 (relacatib) or other cathepsin K inhibitors in
animal or human atherosclerosis.

Limitations of the study
In chapter 3 we described differential gene expression levels of cathepsin K in
human atherosclerosis and the effect of genetic disruption of cathepsin K on
lesion development in apoE deficient mice. In chapter 4 we studied the underlying mechanisms by which cathepsin K deficiency led to the observed
phenotypic changes. We found that deficiency of cathepsin K alters plaque
phenotype not only by decreasing proteolytic activity, but also by stimulating
TGF-b signaling. Besides this profibrotic effect, cathepsin K deficiency has a
lipogenic effect owing to increased lipid uptake mediated by CD36 and
caveolins. In chapter 5, we assessed the role of a new cathepsin K inhibitor on
ECM turnover and lipid metabolism and found that it was possible to isolate
profibrotic effects of cathepsin K inhibition. However, a limitation of this chapter
was that we could not evaluate the effect of this cathepsin K inhibitor in vivo,
since this inhibitor had low biological availability due to immediate clearance by
the kidneys.
The role of cathepsin K deficiency in aneurysm formation was assessed in chapter
6. Unexpectedly, deficiency of the collagenolytic protease cathepsin K in angiotensin II infused apoE-/- mice did not reduce aneurysm formation This finding
raised several hypotheses, which pointed to a central role for angiotensin II.
Firstly, we hypothesized that angiotensin II induces MMP activity, which may
overrule the protective effect of cathepsin K deficiency in aneurysm formation.
Secondly, we hypothesized that angiotensin II may overrule the collagenolytic
activity of cathepsin K in apoE-/- mice, thereby equalizing the collagen content
in apoE-/- and catK-/-/apoE-/- aortas. Thirdly, angiotensin II may further
increase the collagen content in cathepsin K deficient aortas, thereby increasing
arterial stiffening. These hypotheses may imply that the angiotensin II infusion
model is not the most appropriate model to study aneurysm formation in
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Figure 3. Summary of the effects (upper dashed boxes) of cathepsin K deficiency or inhibition on
various cardiovascular diseases (upper closed boxes). The lower part represents future perspectives
concerning cathepsin K.

cathepsin K deficient mice. However, the current data and number of animals are
insufficient to test these hypotheses. Using zymography experiments, the exact
role of angiotensin II induced MMP activity in cathepsin K deficient mice can be
defined. Additionally, to circumvent the possible effect of angiotensin II induced
collagen synthesis, other chemically induced models are available to study aneurysm formation, including intraluminal infusion of elastase and periaortic incubations of calcium chloride60.
In chapter 7, we showed proof of concept of our new functional genomics
approach. Both known (b-amyloid and TGF-b1) and unknown (70G7) soluble
mediators produced by HEK293 cells induced inflammatory cytokine production by human macrophages. A limitation of this high-throughput functional
genomics screening procedure was the fact that none of the identified peptides
was in frame with the natural protein transcribed from the corresponding cDNA
insert. Expanding the functional screen, either with the current SSH library or a
full length cDNA library, may lead to the identification of additional candidates
with a role in inflammation and extracellular matrix turnover. This may eventually lead to the identification of candidates which can be examined for their clinical relevance as imaging-tool or biomarker.
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Concluding remarks and future perspectives
This thesis provided important insights into the role of cathepsin K in cardiovascular diseases, including atherosclerosis and aneurysm formation and further
revealed a new functional genomics approach to identify novel and soluble regulators of inflammation, a key process in atherosclerosis. However, the role of
cathepsin K in other cardiovascular diseases like neointima formation and
neovascularization still needs to be determined. As described in chapter 2,
increased expression patterns of cathepsins K and S during neointima formation
in animal models and the increased ECM degrading potential of cathepsin S
suggest that these proteases are involved in neointima formation61,62. However,
we can only speculate on their exact role since in vivo studies are still lacking.
Based on the sequence and functional homology between cathepsin K and S, we
hypothesize that deficiency of cathepsin K reduces degradation of the ECM,
thereby decreasing the migration and invasion of SMCs and macrophages which
prevents arterial remodeling and subsequent neointima formation and restenosis.
In chapter 3 and 4 we evaluated the effect of cathepsin K deficiency in an in vivo
atherosclerotic mouse model and showed a role for cathepsin K in fibrosis and
lipid metabolism. In chapter 5, the effect of pharmacologic cathepsin K inhibition
was evaluated on ECM turnover and lipid metabolism. We found that it is
possible to isolate profibrotic effects of cathepsin K inhibition. From these 3 chapters we concluded that cathepsin K inhibitors may also be useful for treatment of
atherosclerosis. However, before entering clinical trials these cathepsin K inhibitors need to be tested in animal models for their effectiveness and safety in the
treatment of atherosclerosis. As mentioned earlier in this chapter, two cathepsin K
inhibiting compounds have already entered clinical trials for evaluation in the
treatment of osteoporosis and osteoarthritis, but not in atherosclerosis related
diseases.
In conclusion, as summarized in figure 3, this thesis provides interesting new
insights in the role of cathepsin K in atherosclerosis. Genetic disruption of
cathepsin K reduces lesion progression, induces plaque fibrosis, but aggravates
macrophage foam cell formation. Detailed expression profiling suggested that
cathepsin K deficiency alters plaque phenotype not only by decresing proteolytic
activity but also by stimulating TGF-b signaling. Cathepsin K deficiency also has
a lipogenic effect due to increased lipid uptake mediated by CD36 and caveolins.
Furthermore, it was shown that the profibrotic and lipogenic effects of cathepsin
K inhibition are two different entities and that it is possible to specifically target
one of these functions. However, further research is needed to address if
cathepsins, including cathepsin K, may function as possible biomarkers or
imaging tools. A potent biomarker should not only be able to predict plaque
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destabilization, rupture and clinical complications in longitudinal studies, but also
has to be able to predict risks for the individual patient.
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Summary

In Western society, cardiovascular diseases, such as myocardial infarction, stroke,
and peripheral artery disease, are the principal cause of death. The underlying
cause of these cardiovascular diseases is atherosclerosis. The early stages of
atherosclerotic lesions, which do not cause clinical problems, usually arise during
the first decennia of life. More advanced, but stable lesions, may cause clinical
manifestations, such as angina pectoris. Most serious life-threatening complications arise when a stable lesion becomes unstable and ruptures. Exposure of lesion
components to the blood causes thrombus formation, which may completely
occlude the blood stream. Occlusion of the coronary arteries may result in
myocardial infarction and occlusion of cerebral arteries may result in stroke. The
exact mechanisms by which a stable plaque becomes unstable and ruptures are
largely unknown. However, extracellular matrix remodeling is known to play a
role in plaque stabilization and is affected by several proteases, including
cathepsins.
In this thesis, we showed that the cysteine protease cathepsin K is differentially
expressed between stable lesions and lesions containing a thrombus. Furthermore, by genetic deficiency and inhibiton, we investigated the role of cathepsin K
in two cardiovascular diseases, atherosclerosis and aneurysm formation. In addition, we used a functional genomics approach to identify new genes/peptides that
play a role in atherosclerotic plaque (de)stabilization.
The role of various cysteine proteases (cathepsins) in cardiovascular diseases has
been summarized in chapter 2. Although the in vivo role of both cathepsins K and
S in atherosclerosis has been extensively described, little is known about the in
vivo role of other cathepsins of the cysteine protease family. Until now, no data
are available about the in vivo role of cathepsins in aneurysm and neointima
formation. However, given the expression patterns of cathepsins in diseased
arteries, cathepsins may also play an important role in aneurysm and neointima
formation. Cathepsins also play a role in the lipid metabolism, for example by
degradation of lipids.
The effect of cathepsin K (deficiency) on atherosclerosis has been described in
chapters 3 and 4. In vivo, deficiency of cathepsin K led to a reduction in the
number of atherosclerotic lesions, a reduction in lesion size, more collagen and
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less elastin breaks, all characteristics of plaque stabilization. However, deficiency
of cathepsin K also resulted in increased macrophage size in the atherosclerotic
lesion. In vitro experiments showed that this increased macrophage size resulted
from increased lipid uptake and increased cholesterol ester storage in cathepsin K
deficient macrophages, leading to macrophage foam cell formation (chapter 3).
To further unravel the molecular mechanisms underlying the observed
phenotypic changes evoked by cathepsin K deficiency, we performed gene
expression profiling of aortic arches of catK-/-/apoE-/- and apoE-/- mice on a
mouse oligo microarray. Microarray analysis suggested a role for CD36 and
caveolins in the lipid metabolism. In vitro validation experiments confirmed that
both CD36 and caveolins contributed to foam cell formation in cathepsin K deficient macrophages. Furthermore, the microarray analysis suggested that
cathepsin K deficiency not only alters plaque phenotype by reducing proteolytic
activity, but also by increasing TGF-b signaling (chapter 4).
There is increasing interest of pharmaceutical industries for the use of cathepsin K
inhibitors for the treatment of osteoporosis and osteoarthritis. These cathepsin K
inhibitors may also be useful in the treatment of atherosclerosis. In chapter 5 we
studied the in vitro effect of a cathepsin K inhibitor on both extracellular matrix
degradation and lipid metabolism in murine and human macrophages. The
cathepsin K inhibitor reduced degradation of the extracellular matrix components collagen I and IV and elastin by recombinant murine and human cathepsin
K and in cell lysates of murine macrophages. Pharmacological inhibition of
cathepsin K had no effect on lipid metabolism, including lipid uptake and cholesterol efflux in murine macrophages. However, absence of cathepsin K led to
increased lipid uptake (chapter 3) and reduced cholesterol efflux (chapter 5) in
murine macrophages. Thus, the profibrotic and lipogenic effects of cathepsin K
inhibition can be separated.
In chapter 6, we described the in vivo effect of cathepsin K deficiency on angiotensin II-induced aneurysm formation. Despite the absence of a protease with
strong collagenolytic and elastolytic activity, deficiency of cathepsin K did not
result in an increase in angiotensin II-induced aneurysm formation. Additional
research to clarify why cathepsin K deficiency did not reduce aneurysm formation in this in vivo model is needed.
An important characteristic of the current techniques to study differentially
expressed genes, is the lack of a functional assay early in the selection of candidates.
In chapter 7, we introduced a new functional genomics approach to identify
genes that are involved in inflammation, one of the key factors in plaque stabiliza-
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tion. This screening approach led to the identification of several candidates which
were further validated in vitro, including 70G7. This approach showed that
combining differential gene expression and functional genomics is a potent and
effective screening approach to identify novel and functional soluble mediators
that induce inflammatory cytokine production by human macrophages. This
approach could facilitate high-throughput functional screening of large expression libraries.
In chapter 8 the findings of the five experimental chapters are discussed. Various
approaches to study differential gene expression between stable and ruptured
atherosclerotic plaques are placed into perspective: the candidate gene approach,
the candidate pathway approach, and the functional genomics approach. Besides,
the role of cathepsins is compared with the role of MMPs concerning their
protease activity. Finally, the use of cathepsins as a therapeutic target and as a diagnostic tool is discussed.
From the studies described in this thesis, we concluded that deficiency of
cathepsin K induced atherosclerotic plaque stabilization, but also contributed to
plaque destabilization by inducing foam cell formation. It was possible to reduce
collagenolytic and elastolytic activity of macrophages by pharmacological inhibition of cathepsin K, without affecting the lipid metabolism. Furthermore, we
showed that cathepsin K deficiency did not lead to an increase in angiotensin
II-induced aneurysm formation. Finally, we introduced a new approach to facilitate high throughput functional screening of large expression libraries.
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Samenvatting

In de Westerse wereld zijn hart- en vaatziekten (cardiovasculaire aandoeningen),
zoals hartinfarct, herseninfarct en perifeer arterieel vaatlijden, de belangrijkste
oorzaak van overlijden. De onderliggende oorzaak van deze hart- en vaatziekten
is atherosclerose. De vroege stadia van atherosclerotische laesies (plaques), die
overigens geen klinische verschijnselen veroorzaken, ontstaan gewoonlijk gedurende de eerste decennia van het leven. De meer gevorderde (stabiele) laesies
kunnen wel klachten zoals pijn op de borst veroorzaken. Het merendeel van de
klinische complicaties ontstaat echter als een laesie onstabiel wordt en openscheurt (ruptuur). Door blootstelling van de inhoud van een opengescheurde
laesie aan het bloed, ontstaat een bloedprop (trombus) die een bloedvat volledig
kan afsluiten. Afsluiting van een kransslagader kan leiden tot een hartinfarct,
terwijl afsluiting van een bloedvat in de hersenen kan leiden tot een herseninfarct.
De precieze mechanismen die ertoe leiden dat een stabiele laesie onstabiel wordt
zijn grotendeels onbekend. Echter, de betrokkenheid van verscheidene proteases, inclusief cathepsines, in de afbraak van extracellulaire matrix componenten
is uitgebreid beschreven.
In dit proefschrift hebben we laten zien dat het cysteine protease cathepsine K
differentieel tot expressie komt tussen stabiele laesies en laesies met een thrombus.
Ook hebben we, door middel van genetische deficiëntie en inhibitie, de rol van
cathepsine K in twee cardiovasculaire aandoeningen, atherosclerose en aneurysma vorming, onderzocht. Daarnaast hebben we een functionele screeningsmethode gebruikt om nieuwe genen/peptiden, die mogelijk een rol spelen in
atherosclerotische plaque (de)stabilisatie, te identificeren.
De rol van verschillende cysteine proteases (cathepsines) in cardiovasculaire
aandoeningen is beschreven in hoofdstuk 2. Hoewel de in vivo rol van cathepsine
K en S in atherosclerose uitgebreid is beschreven, is er nog weinig bekend over de
in vivo rol van de overige cathepsines van de cysteine protease familie. Ook over
de mogelijke betrokkenheid van cathepsines in aneurysma en neointima vorming
zijn geen in vivo data bekend. Maar gezien hun expressie patronen in de aangedane vaten zouden cathepsines ook in deze aandoeningen een rol kunnen
spelen. Naast een rol in extracellulaire matrix degradatie, spelen cathepsines ook
een rol in het vetmetabolisme, onder andere door degradatie van lipiden.

SAMENVATTING

In de hoofdstukken 3 en 4 is het effect bestudeerd van cathepsine K deficiëntie op
atherosclerose. In vivo heeft deficiëntie van cathepsine K enerzijds geleid tot een
kleiner aantal atherosclerotische laesies, kleinere laesies, meer collageen en
minder elastine breuken, allen kenmerken van plaque stabilisatie. Anderzijds
heeft cathepsine K deficiëntie tot grotere macrofagen in de atherosclerotische
laesies geleid. In vitro experimenten hebben laten zien dat deze toegenomen
macrofaag grootte het gevolg is van toegenomen vetopname en toegenomen
cholesterol ester opslag in cathepsine K deficiënte macrofagen (hoofdstuk 3). Om
de onderliggende mechanismen verder te bestuderen, hebben we de gen
expressie profielen van aortabogen van catK-/-/apoE-/- en apoE-/- muizen
vergeleken met behulp van een microarray analyse. De gevonden expressie
profielen onthulden een mogelijke rol voor CD36 en caveolines. In vitro validatie experimenten hebben vervolgens de bijdrage van CD36 en caveolines aan
schuimcel vorming in cathepsine K deficiënte macrofagen bevestigd. Daarnaast
suggereerden de expressie profielen dat cathepsine K deficiëntie niet alleen via
een vermindering van de aanwezige proteolytische activiteit, maar ook als gevolg
van stimulering van TGF-b signaal transductie tot een stabiel plaque fenotype zou
kunnen leiden (hoofdstuk 4).
In de farmaceutische industrie is er een toenemende interesse voor het gebruik
van cathepsine K remmers voor de behandeling van osteoporose en osteoartritis.
Deze cathepsine K remmers kunnen mogelijk ook gebruikt kunnen worden voor
de behandeling van atherosclerose. In hoofdstuk 5 hebben we het in vitro effect
van een cathepsine K remmer op extracellulaire matrix degradatie en het vetmetabolisme in muizen beenmerg macrofagen en humane macrofagen bestudeerd.
Toevoeging van deze cathepsine K remmer resulteerde in verlaagde afbraak van
de extracellulaire matrix componenten collageen I, IV en elastine door recombinant muis en humaan cathepsine K en in cellulaire lysaten van muizen macrofagen. Farmacologische inhibitie van cathepsine K had echter geen effect op het
vetmetabolisme voor zover dat vetopname en cholesterol efflux in muizen
macrofagen betrof. Deficiëntie van cathepsine K heeft wel geleid tot meer vetopname (hoofdstuk 3) en minder cholesterol efflux (hoofdstuk 5) in muizen macrofagen. De effecten van cathepsine K op de extracellulaire matrix en het
vetmetabolisme kunnen dus losgekoppeld worden.
In hoofdstuk 6 hebben we het in vivo effect van cathepsine K deficiëntie op angiotensine II geïnduceerde aneurysma vorming beschreven. Ondanks de afwezigheid van een protease met sterke collagenase en elastase activiteit, heeft cathepsine
K deficiëntie niet tot een toename in angiotensine II geïnduceerde aneurysma
vorming geleid. Verder onderzoek is nodig om aan te tonen waarom deficiëntie
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van cathepsine K niet leidt tot verminderde aneurysma vorming in dit in vivo
model.
Een belangrijk kenmerk van de huidige technieken om differentiële genen te
bestuderen, is het gebrek aan een vroege screening naar de functie van de betreffende genen. In hoofdstuk 7 hebben we een methode beschreven waarbij differentiële genen, gedefinieerd als genen die verhoogd tot expressie komen in de
stabiele laesie, al in een vroege fase op functie geselecteerd kunnen worden. De
differentiële genen zijn gescreend op een functie in inflammatie (ontsteking), een
belangrijke factor in plaque stabilisatie. Deze nieuwe screeningsmethode heeft
geleid tot de identificatie en in vitro validatie van enkele kandidaten, waaronder
peptide 70G7. Onze proefopzet heeft dan ook laten zien dat het combineren van
een differentiële gen expressie studie en het onderzoek naar de functie van genen
een effectieve manier is om nieuwe en functionele genen, die humane macrofagen aanzetten tot de productie van inflammatoire cytokines, te identificeren.
Deze benadering kan de functionale screening van grote expressiebanken
vergemakkelijken.
In hoofdstuk 8 hebben we de bevindingen uit de vijf experimentele hoofdstukken in een breder perspectief geplaatst. De verschillende methodes om genen
die differentieel tot expressie komen tussen stabiele laesies en laesies met een
thrombus nader te bestuderen zijn hier bediscussieerd: de kandidaat gen benadering, de kandidaat genexpressie benadering, en de benadering waarin onderzoek
gedaan wordt naar de functie van genen. Daarnaast hebben we in dit hoofdstuk de
rol van de cathepsines met betrekking tot hun protease activiteit vergeleken met
de rol van MMP’s. Tenslotte is hier ook het gebruik van cathepsines voor therapeutische doeleinden en als diagnostische marker geëvalueerd.
De studies zoals beschreven in dit proefschrift hebben aangetoond dat deficiëntie
van cathepsine K enerzijds bijdraagt aan atherosclerotische plaque stabilisatie
door middel van toegenomen fibrose, maar anderzijds ook leidt tot plaque destabilisatie als gevolg van toegenomen macrofaag grootte. Verder blijkt het mogelijke om, door middel van farmacologische inhibitie van cathepsine K, collageen
en elastine afbraak door macrofagen te remmen, zonder daarbij het vetmetabolisme te beïnvloeden. Daarnaast hebben we aangetoond dat cathepsine K deficiëntie niet leidt tot een toename in angiotensine II geïnduceerde aneurysma
vorming. Tot slot hebben we een nieuwe methode geïntroduceerd om grote
differentiële expressie banken op een snelle manier functioneel te screenen.
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