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Leukocyte Cathepsin S Is a Potent Regulator of Both Cell
and Matrix Turnover in Advanced Atherosclerosis

R. de Nooijer, I. Bot, J.H. von der Thüsen, M.A. Leeuwenburgh, H.S. Overkleeft, A.O. Kraaijeveld,
R. Dorland, P.J. van Santbrink, S.H. van Heiningen, M.M. Westra, P.T. Kovanen, J.W. Jukema,

E.E. van der Wall, Th.J.C. van Berkel, G.P. Shi, E.A.L. Biessen

Objective—A dysbalance of proteases and their inhibitors is instrumental in remodeling of atherosclerotic plaques. One of
the proteases implicated in matrix degradation is cathepsin-S (CatS). To address its role in advanced lesion composition,
we generated chimeric LDLr�/� mice deficient in leukocyte CatS by transplantation with CatS�/��LDLr�/� or with
LDLr�/� bone marrow and administered a high-fat diet.

Methods and Results—No difference in aortic root lesion size could be detected between CatS�/� and CatS�/� chimeras.
However, leukocyte CatS deficiency markedly changed plaque morphology and led to a dramatic reduction in necrotic
core area by 77% and an abundance of large foam cells. Plaques of CatS�/� chimeras contained 17% more
macrophages, 62% less SMCs, and 33% less intimal collagen. The latter two could be explained by a reduced number
of elastic lamina fractures. Moreover, macrophage apoptosis was reduced by 60% with CatS deficiency. In vitro, CatS
was found to be involved in cholesterol metabolism and in macrophage apoptosis in a collagen and fibronectin matrix.

Conclusion—Leukocyte CatS deficiency results in considerably altered plaque morphology, with smaller necrotic cores,
reduced apoptosis, and decreased SMC content and collagen deposition and may thus be critical in plaque stability.
(Arterioscler Thromb Vasc Biol. 2009;29:188-194.)
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Proteolysis is an important process in the pathogenesis of
atherosclerosis. Leukocyte transmigration through the

endothelium, smooth muscle cell (SMC) migration through
the elastic lamina, and intimal neoangiogenesis all rely on
degradation of the extracellular matrix (ECM).1–3 Proteolytic
enzymes like matrix metalloproteinases (MMPs) and cathe-
psins have been linked to ECM remodeling leading to arterial
enlargement, aneurysm formation, and plaque disruption.4–7

Moreover, by releasing matrix-bound cytokines, chemokines,
and growth factors, proteases actively participate in cell
turnover and inflammation.2,8

Cathepsins are enzymes with strong elastolytic and collageno-
lytic properties and form a distinct subgroup of atherosclerosis-
related proteases because their physiological actions not only
affect ECM degradation, but also directly modulate inflamma-
tion, immunogenic responses, and cellular behavior.9–12 In fact,
Cathepsin-B (CatB) has been shown to activate IL-1 converting
enzyme (caspase-1)13 and Cathepsin-S (CatS) processes the
invariant chain (Ii), a chaperone for MHC-II and -I, therewith
affecting antigen presentation and NKT-cell maturation.14–16

Furthermore, CatS inhibits HDL3 induced cholesterol efflux
from macrophages and several cathepsins (eg, D, F, S, and K)
are able to modify apoB100 in LDL, thereby inducing foam cell
formation.17–19 CatS expression is stimulated by the proinflam-
matory cytokines IL-1�, IFN-�, and TNF-�,20 all of which have
been linked to atherosclerosis.21,22

Because this enzyme can be expressed by all atheroma-
associated cells and both its expression and activity are
stimulated by a range of proinflammatory cytokines that are
highly expressed in atherosclerotic plaques, Sukhova et al
recently proposed the involvement of CatS in atherogene-
sis.20,23–25 Also, CatS expression by macrophages at the
shoulder regions was found to be increased, suggesting that
this enzyme is involved in plaque rupture.20 CatS deficiency
attenuates plaque growth in LDLr knockout (LDLr�/�)
mice26 and impairs intimal neovascularization,27 a process
that is thought to be of major importance in atherosclerotic
plaque progression and stability.28

As CatS can exert a wide spectrum of physiological actions
depending on its source, abundance, and microenvironment,
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it is important to dissect the cell-specific functions of this
enzyme to fully understand its role in atherogenesis. With the
present study we aimed to define the leukocyte-specific
function of CatS. Chimeric LDLr�/� mice deficient in leu-
kocyte CatS were generated by bone marrow transplantation
(BMT) of LDLr�/� � CatS�/� mice to irradiated LDLr�/�

mice. We found that leukocyte CatS deficiency leads to a
markedly altered plaque morphology and composition, which
could in part be attributed to fewer elastic lamina ruptures and
a higher resistance of macrophages to apoptosis and necrosis.

Materials and Methods
A detailed description of the Methods is given in the supplemental
materials (available online at http://atvb.ahajournals.org).

Animals and Study Protocol
All animal work was approved by the regulatory authority of Leiden
University and performed in compliance with the Dutch government
guidelines. Female LDLr�/� mice (n�22) were obtained from our
in-house breeding stock and irradiated with an X-ray dose of 9 Gy as
previously described.29 Twenty-four hours after irradiation, mice were
injected intravenously with 1�107 CatS-deficient bone marrow–de-
rived cells obtained from CatS�/��LDLr�/� mice that were generated
as described previously.29 Bone marrow from CatS�/��LDLr�/�

littermates was used as control. Mice were placed on a high-fat diet
containing 0.25% cholesterol (Special Diet Services) for 12 weeks
starting 6 weeks after BMT. After a total of 12 weeks of diet feeding,
in situ perfusion-fixation was performed, after which the aortic root
lesions were analyzed. Bone marrow cells were obtained for geno-
typing to verify that recipient cells had been replaced by donor bone
marrow by flushing both femurs and tibias with PBS. Double
knockout genotypes were confirmed by PCR of genomic DNA as
described.10

Statistics
Differences in plaque size were statistically analyzed for significance
using the Mann–Whitney U test. Other plaque parameters and
constituents as well as differences in �Ct were compared using the
2-tailed Student t test. The incidence of elastic lamina rupture was
compared using the Yate corrected 2-sided Fisher exact test. Values
are displayed as mean�SEM. A level of P�0.05 was
considered significant.

Results
Bone Marrow Transplantation
Bone marrow transplantation was performed with freshly
isolated bone marrow cells from CatS�/��LDLr�/� mice or
their CatS�/��LDLr�/� littermates. Western-type diet feed-
ing resulted in a steady elevation of plasma cholesterol levels
(850�150 mg/dL to 1980�190 mg/dL) and bodyweight over
a period of 12 weeks during which both parameters did not
differ between groups.

To verify whether the transplantation was successful, CatS
genotyping was performed on genomic DNA from bone
marrow–derived cells after euthanization 18 weeks posttran-
plantation. This showed that CatS�/� BMT resulted in an
almost complete depletion of autologue bone marrow (data
not shown). Immunostaining revealed that the overall intimal
CatS content had been reduced by approximately 50%
(P�0.004) in CatS�/� transplanted animals, whereas CatS
protein levels were preserved in SMC rich areas, such as the
media and the fibrous cap (Figure 1A through 1C).

No Effect on Lesion Size, but a Remarkable
Change in Plaque Morphology
Advanced lesions developed within 12 weeks of high-fat diet
and did not display any differences in size between both
groups (Figure 2A). This study, however, aimed to analyze
the effect of leukocyte CatS deficiency on the stability,
morphology, and composition of advanced plaques, and this
revealed a marked change in plaque phenotype. Mice with
CatS deficient leukocytes tended to developed less pro-
gressed lesions compared to controls. Only 36% of the
plaques in the CatS�/� BMT group showed a cap-core
morphology compared to 82% in the control lesions (P�0.08,
Table). Instead, the majority of these lesions were phenotyp-
ically similar to large fatty streaks, containing a high amount
of macrophage derived foam cells, with few SMCs and little
collagen and lacking a necrotic core with an overlying fibrous
cap (Figure 2G).

Leukocyte CatS Deficiency Resulted in Decreased
SMC and Collagen Content
The observed changes in plaque morphology were confirmed
by quantification of several plaque constituents. Only limited
amount of fibronectin could be detected in lesions by immu-
nohistochemistry, but overall expression levels did not differ
between groups (data not shown). Intimal macrophage con-
tent however was slightly increased in lesions of the CatS�/�

chimeras (P�0.02), whereas SMC content was decreased by
a marked 62% (P�0.007, Figure 2B and 2C). In keeping,
intimal collagen was reduced as well (�33%, P�0.02), albeit
that the effect was smaller than that on VSMCs (Figure 2D).
In fact, the collagen:SMC-ratio increased from 2.0�0.3 in
controls to 6.2�0.8 in CatS�/� lesion (P�0.03), indicating
that, in addition to reduced collagen synthesis as a conse-
quence of decreased SMC numbers, collagen degradation
might be impaired as well in the absence of leukocyte CatS.
Alternatively, VSMCs present in plaques of CatS�/� chime-
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Figure 1. A, Transplantation of CatS-deficient bone marrow to
irradiated recipients resulted in a 50% reduction of CatS protein
levels within the atherosclerotic lesions. B, Mice that received
CatS�/� bone marrow cells ubiquitously expressed CatS (brown
staining as indicated by arrows) throughout the plaque, particu-
larly in macrophage rich areas. C, CatS�/� chimerism resulted
in strongly reduced intimal CatS levels. CatS expression was
preserved in SMC rich areas, such as the tunica media and the
fibrous cap.
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ras may produce more collagen, resulting in a disproportional
reduction in collagen content. To test this hypothesis, colla-
gen synthesis was determined by VSMCs in vitro in the
presence or absence of CatS inhibitors. Therefore, the selec-
tive CatS inhibitor CLIK6030 was synthesized and validated
for its inhibitory capacity (supplemental Figure IA). CatS
activity in RAW264.7 cells or peritoneal macrophages from
C57Bl/6 or LDLr�/� mice was completely repressed by the
specific CatS inhibitor CLIK60 at 10�6 mol/L. CatS inhibi-
tion by the general cathepsin inhibitor E64 as well as CLIK60
resulted in enhanced collagen synthesis, whereas Brefeldin A
and serum deprivation decreased collagen synthesis as ex-
pected (supplemental Figure IB). This suggests that indeed
plaque SMCs of CatS�/� chimeras may elaborate more
collagen than SMCs in littermate plaques.

Leukocyte CatS Deficiency Resulted in Decreased
Necrotic Core Development
Of the lesions in the CatS�/� chimeras, 64% did not develop
necrotic cores, whereas plaques that did have smaller areas of
necrosis. Necrotic core area was decreased by 77% from 22%
in controls to only 5% in plaques of CatS�/� chimeras
(P�0.001, Figure 2E). This effect was also observed when
excluding lesions that had not developed necrotic cores at all
(data not shown). Furthermore, leukocyte CatS deficiency led
to lesions that contained a higher amount of large macro-
phage foam cells (Type III), whereas control plaques en-
closed mainly small and medium sized macrophages and
macrophage derived foam cells (Type I & II lesions, Table).31

This is reflected by a 38% increase of average foam cell size
(P�0.0003, Figure 2F).

CatS Deficiency Impaired Elastolysis and
Attenuated Apoptosis
SMC content depends on a variety of factors like prolifera-
tion, migration, and ECM degradation. On stimulation SMCs
will transmigrate to the intima through the elastic lamina.
Degradation of the elastic lamina is vital for migration of
SMCs and is mediated by the action of various proteases,
such as MMP-8, CatK, and -S and to a lesser extent MMP-2
and -9. Indeed, leukocyte CatS deficiency led to a marked
decrease by 68% of elastic lamina ruptures per mouse
(P�0.02), which suggests that leukocyte-derived CatS is a

Figure 2. A, Total plaque size in the aortic root was not different between groups. B, Intimal macrophage content was moderately
increased with CatS deficiency. C, Plaque content of �–SM-actin (ASMA)–positive SMCs was found to be reduced by 62% after
CatS�/� bone marrow transplantation. D, Deposition of intimal collagen, as measured in trichrome stained sections, was reduced by
33% in the CatS�/� group. E, In line with the morphological features of the lesion, necrotic core area was significantly reduced after
CatS�/� BMT. F, Foam cell size was measured in a large number of cells representative of general foam cell size within the lesion.
Similar to the observed increase of foam cell type III lesions with CatS deficiency, average foam cell size was significantly increased.
Values are mean�SEM. G, Typical phenotypes stained with Masson trichrome for collagen (blue staining, upper panel) and with anti-
mouse macrophage antibodies (MOMA2) for macrophages (dark blue staining, lower panel). The distribution of each of these pheno-
types is displayed in the Table. In the control group an advanced plaque cap-core morphology, corresponding with AHA type IV-VI
lesions, could be observed in 82% of the plaques, whereas in the CatS�/� group this was the case in only 36%.

Table. Distribution of Plaque Phenotypes

CatS�/� CatS�/� P Value

Plaque phenotype (AHA/ACC)

Type II–III 2 7

Type IV–VI 9 4 0.08

Foam cell size (Kawano et al32)

Type I 6 0

Type II 5 7

Type III 0 4 0.006
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dominant elastolytic enzyme in elastic lamina disruption
(Figure 3A through 3C).

As intimal macrophage content and phenotype changed on
CatS deficiency and various studies have tentatively proposed
a role for cathepsins in cell death,7,12 lesions were TUNEL
stained to assess apoptosis. Most commonly, TUNEL-
positive staining was found in foam cell rich or necrotic areas,
principally indicating macrophage cell death. In accordance
with the decreased necrotic core area, apoptotic rate was
reduced by approximately 60% in lesions that contained CatS
deficient leukocytes (P�0.001; Figure 3D through 3F).

Macrophage apoptosis was further assessed in vitro. Apo-
ptotic cell death was induced by 25 �g/mL Cu2�-oxidized
LDL or 10 �mol/L cisplatin. Inhibition of CatS activity did
not affect RNA expression of the apoptosis related genes
Bcl-2, Bax, P53, or Flip (supplemental Figure IIA). XIAP
expression tended to be increased by 70%, but this was not
significant (P�0.16). Spontaneous or oxLDL/cisplatin in-
duced apoptotic rate measured by flow cytometry analysis of
AnnexinV� cells was not affected by CLIK60 or E64
treatment, pointing to a more indirect role for CatS in
apoptosis (supplemental Figure IIB).

Matrix Degradation Products and Apoptosis
To test the hypothesis that elastin degradation products,
derived from CatS elastolytic activity, induced apoptosis,
oxLDL-treated peritoneal macrophages were incubated
with 10 �g/mL soluble elastin with or without 100 mmol/L

lactose, an inhibitor of the laminin/elastin receptor. Elastin
degradation products neither aggravated nor attenuated apo-
ptotic or necrotic cell death of peritoneal macrophages nor
did they affect macrophage proliferation (supplemental Fig-
ure IIC and IID).

Alternatively, CatS could effect a disruption of cell-matrix
interaction of macrophages in the surrounding ECM. To test
this, peritoneal macrophages were cultured on gelatin, colla-
gen type I, or fibronectin coated dishes and stimulated with
IFN-�, a powerful CatS inducer,20 and the effect of CLIK60
on apoptosis in this context was assessed by AnnexinV/PI
staining. Cells became progressively less viable when cul-
tured on a fibronectin or collagen matrix compared to those
that were cultured on gelatin. The amount of apoptotic cells,
however, remained at the level of the gelatin cultured cells,
when cells were treated with CLIK60 (Figure 4), suggesting
that CatS contributes to the increased apoptosis of fibronectin
or collagen attached macrophages.

Furthermore, macrophages that were exposed to fibronec-
tin displayed higher protein expression of focal adhesion
kinase (FAK) compared to control cells (P�0.01), which was
abolished when the macrophages were incubated with CatS-
induced degradation products of fibronectin (supplemental
Figure III). These data were confirmed by RT-PCR analysis,
demonstrating that fibronectin degradation by CatS tended to
reduce FAK mRNA expression compared to the expression in
fibronectin exposed macrophages (relative FAK expression
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Figure 3. A through C, Impaired SMC
content with leukocyte CatS could be
explained by the 68% reduction of elastic
lamina rupture (green fluorescent elastic
lamina are visualized in B and C) in
CatS�/� chimeras compared to control
mice. Arrows indicate lamina ruptures. D
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with TUNEL staining. Arrows indicate
brown-stained TUNEL-positive nuclei. Val-
ues are mean�SEM.
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Figure 4. Peritoneal macrophages were
cultured on gelatin, fibronectin, or colla-
gen type I coated coverslips and stimu-
lated with 400U IFN� overnight to induce
CatS expression. Apoptosis was assessed
by staining externalized phosphatidylser-
ine with AnnexinV. An increase in the
amount of annexinV-positive cells on
fibronectin or collagen type I coated
plates could be observed as compared to
cells cultured on gelatin coated dishes.
This increase of apoptotic rate was pre-
vented by selective CatS inhibition with
CLIK60. Values are mean�SEM.
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0.039�0.008 compared to 0.064�0.002, respectively;
P�0.09).

CatS Inhibition Increased Macrophage Cholesterol
Accumulation and Efflux
As foam cells from lesions of hematopoietic CatS�/� chime-
ras were larger in size than those of littermate controls, the
amount of cholesterol accumulation in macrophages was
determined in vitro in the presence of CLIK60. Indeed, free
cholesterol accumulation was more than 2-fold increased
when CatS was inhibited by CLIK60 (P�0.01; Figure 5A).
Because intracellular accumulation of free cholesterol has
been reported to be an important inducer of apoptosis,32 also
macrophage apoptosis was determined under these condi-
tions. As shown previously, CatS inhibition per se did not
affect macrophage apoptosis (Figure 5B).

Furthermore, the effect of CatS inhibition on the choles-
terol efflux capacity of peritoneal macrophages was studied.
CLIK60 dose-dependently increased cholesterol efflux, en-
hancing HDL-induced cholesterol efflux almost 2-fold
(P�0.001) at a concentration of 10�6 mol/L (Figure 5C).
CatS inhibition did not affect the expression of genes in-
volved in macrophage cholesterol metabolism, such as HMG-
CoA reductase, SR-A1, SR-B1, ABCA1, and ABCG1 (data
not shown). Thus, although CatS appears to be implicated in
the regulation of intracellular cholesterol metabolism, a direct
involvement of CatS in cholesterol-induced macrophage apo-
ptosis could not be established. Apparently CatS may act
proapoptotic in a cholesterol-independent indirect manner.

Discussion
Since the presence of CatS in human atherosclerotic plaques
was first described,20 it has become increasingly clear that it
is a key actor in atherogenesis and other related vasculopa-
thies. Given its pleiotropic actions in inflammation, cell and
matrix turnover, and cholesterol trafficking, it is important to
carefully map the cell specific effects of this enzyme in
atherosclerosis. In this study, we specifically establish the
role of leukocyte CatS in atherosclerotic plaque composition.
Cellular and matrix composition of advanced plaques was
dramatically altered in mice that were transplanted with
CatS-deficient bone marrow, showing a 62% decrease of
SMC content, which could, at least in part, be explained by a
marked decrease in elastic lamina ruptures, pivotal for SMC
migration into the intima. The disproportional reduction of
intimal collagen by only 33% suggests that CatS may also be
directly involved in intimal collagen production and break-

down. Previous studies with CatS�/� mice already showed
impaired lamina degradation and reduced intimal SMC and
collagen content.26 Rodgers et al have recently demonstrated
that CatS contributes significantly to plaque progression as
demonstrated by a reduced plaque size and a reduced number
of fibrous cap ruptures in apoE/CatS double knockout mice.
Collagen levels and the number of elastic lamina ruptures
remained unaffected by CatS deficiency.33 The present study
establishes that leukocyte-, and not SMC-, derived CatS is
instrumental in the degradation of the inner elastic lamina,
which renders leukocyte CatS a potential target for plaque
stabilization. Elastin degradation products have previously
been reported to be able to promote SMC proliferation via the
elastin/laminin receptor.34 Conceivably, in our study, the
absence of the elastolytic CatS might have contributed to
impaired intimal SMC accumulation. However, no effect of
degraded elastin could be detected on macrophage prolifera-
tion, nor was there any effect of elastin degradation products
on apoptosis, either spontaneous or induced with oxLDL or
cisplatin.

Earlier studies demonstrated that systemic CatS deficiency
impairs monocyte transmigration through an endothelial bar-
rier.26 By contrast, monocyte infiltration was not repressed
and lesional macrophage staining area was even increased in
the absence of leukocyte CatS. Thus, whereas earlier studies
showed impaired monocyte transmigration through the endo-
thelium in CatS�/� mice,26 the present observations suggest
that endothelial cell–, and not monocyte-, derived CatS is
vital for leukocyte transmigration. The relative increase of
intimal macrophages and the observed higher abundance of
large foam cells could be explained by the vast reduction in
necrotic core formation and reduced susceptibility of macro-
phages to apoptosis in the absence of CatS.

Several studies show that lysosomal enzymes, including
Cathepsin B, D, and L, can directly induce apoptosis once
released from the lysosomal compartment.12,35–37 We now
show that CatS inhibition by CLIK60 did not directly affect
apoptosis or necrosis in macrophages that were stimulated
with oxLDL or cisplatin. Moreover, the expression levels of
several apoptosis-related genes remained unaffected by
CLIK60. Additionally, ECM constituents and degradation
products have been reported to be important regulators of cell
death.7,37,38 As mentioned earlier, soluble elastin degradation
products did not affect apoptosis or proliferation of macro-
phages in vitro. Interestingly, macrophages cultured on fi-
bronectin or collagen type I showed an increased apoptotic
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rate compared to macrophages that were cultured on gelatin.
Inhibition of CatS activity prevented this induction of apo-
ptosis and kept the rate of cell death at the baseline level of
gelatin cultured macrophages. In vivo, fibronectin levels may
be affected with reduced plaque CatS content, however only
limited amount of fibronectin was detectable in atheroscle-
rotic lesions and despite reduced lesional CatS content overall
plaque fibronectin did not differ between groups. However,
the in vitro data suggest that CatS may induce apoptosis by
mediating pericellular fibronectin and collagen type I break-
down and may thus be an important regulator of macrophage
apoptosis in vivo. These effects may be, at least partially,
attributable to loss of FAK expression induced after CatS
mediated degradation of fibronectin, resulting in detachment
of macrophages from the extracellular matrix.

Finally, free cholesterol is a potent inducer of apoptosis in
macrophages by triggering cytochrome C release and activat-
ing FasL.32,39,40 In line with earlier observations regarding the
inhibitory action of CatS on cholesterol efflux,17 CatS inhi-
bition was indeed found to potentiate both HDL and apoAI-
induced cholesterol efflux from peritoneal macrophages.
Intriguingly, CatS inhibition also led to enhanced free cho-
lesterol accumulation, which did not affect macrophage
apoptosis, pointing toward a more indirect role for CatS in the
regulation of apoptosis.

In conclusion, our data suggest that leukocytic CatS
contributes to plaque growth and stability. Medial SMC
migration into the intima and subsequent proliferation and
collagen deposition heavily relies on the elastolytic properties
of macrophage derived CatS. Also, the critical contribution of
macrophage CatS to necrotic core expansion in advanced
plaques underpins its importance for plaque stability and
eventually acute ischemic events.
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Supplement Material 
 
 
Additional Figures 
 

Online Figure 1 

 

 

Online Figure 1.  A. The selective CatS inhibitor CLIK60 dose-dependently inhibited 

cathepsin S activity. CatS activity in RAW264.7 cells or peritoneal macrophages from 

C57Bl/6 or LDLr-/- mice was almost completely repressed by CLIK60 at 10-6M. B. 

Inhibition of CatS by 10-7 M CLIK60 or 10 µM E64 did not inhibit but enhanced 

collagen production by SMCs in vitro, while the controls Brefeldin A and serum 

deprivation resulted in reduced collagen levels in these cells. Values are mean ± SEM. 
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Online Figure 2 

 

Online Figure 2. A. Inhibition of CatS activity did not affect macrophage RNA 

expression of the apoptosis related genes Bcl-2, Bax, P53 or Flip, while XIAP expression 

tended to be increased. B. OxLDL or cisplatin induced macrophage apoptosis was not 
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affected by CLIK60. C, D. Elastin degradation products neither aggravated nor 

attenuated apoptotic or necrotic cell death of peritoneal macrophages nor did they affect 

macrophage proliferation, which were also not affected by CLIK60. Values are mean ± 

SEM. 

 

Online Figure 3 

 

 

Online Figure 3. Focal Adhesion Kinase (FAK) protein expression relative to tubulin, 

demonstrating that fibronectin enhanced FAK expression in the macrophage cell line 

RAW264.7, which does not occur when these cells were exposed to CatS derived 

degradation products of fibronectin. CatS conditioned medium, which was inactivated 

with 10% FCS before application to the cells, did not affect FAK expression, while also 

collagen and collagen degradation products were ineffective in altering FAK protein 

expression. 
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Expanded Materials and Methods 
 

Animals and study protocol 

All animal work was approved by the regulatory authority of Leiden University 

and performed in compliance with the Dutch government guidelines. Female LDL 

receptor deficient mice (LDLr-/-, n=22), 20-24 weeks of age, were obtained from our in-

house breeding stock and irradiated with an X-ray dose of 9 Gy as previously described1. 

Twenty-four hours after irradiation, mice were injected intravenously with 1·107 CatS 

deficient bone marrow derived cells obtained from CatS-/- x LDLr-/- mice that were 

generated as previously described1. Bone marrow from CatS+/+ x LDLr-/- littermates was 

used as control. Mice were placed on a high-fat diet containing 0.25% cholesterol 

(Special Diet Services, UK) for 12 weeks starting 6 weeks after BMT. Concentrations of 

plasma cholesterol were determined every 14 days by enzymatic procedures (Boehringer 

Mannheim, Germany). Precipath (standardized serum; Boehringer Mannheim, Germany) 

was used as an internal standard. After a total of 12 weeks of diet feeding, in situ 

perfusion-fixation was performed, after which the aortic root lesions were analyzed. Bone 

marrow cells were obtained for genotyping to verify that recipient cells had been replaced 

by donor bone marrow by flushing both femurs and tibias with PBS.  Double knockout 

genotypes were confirmed by PCR of genomic DNA as described2,3.   

 

Histological analysis 

Serial cryosections were prepared from OCT-embedded aortic roots (10 µm 

thickness) and routinely stained with hematoxylin (Sigma) and eosin (Merck), Oil-Red-O 

(Sigma) and with Masson’s trichrome (Sigma). Five Oil-Red-O stained sections per 
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mouse were selected for morphometry, digitized and analyzed as previously described4. 

Corresponding sections were stained with antibodies directed against mouse 

metallophilic macrophages (MOMA2; Sigma) and α-SM-actin (1A4; Sigma) and 

cathepsin-S2. CatS, Macrophage, SMC and collagen positive areas were determined by 

computer-assisted color-gated measurement, and related to the total intimal surface area 

(Leica QWin). Lesions were classified according to average foam cell size: Type I lesions 

contain no or small foam cells, Type II reflects plaques that mostly enclose small, but 

also few large foam cells, while type III lesions are mostly constituted of large foam 

cells5. Necrotic core was defined as the a-cellular, debris-rich plaque area as percentage 

of total plaque area, quantified with Leica QWin software. The elastic lamina was 

visualized by autofluorescence on Oil Red O stained sections and lamina degradation was 

expressed as number of ruptures per mouse. To assess intimal cell death, sections were 

subjected to TUNEL staining according to manufacturer instructions (Roche 

Diagnostics). TUNEL positive cells, showing cell shrinkage, membrane blebbing or 

nuclear condensation6, were counted and related to the total number of intimal cells. 

Fibronectin staining was performed as follows. Sections were blocked with Vector 

Vectastain rabbit-kit for 30 minutes, after which the slides were incubated overnight at 

4oC with a rabbit-anti-mouse fibronectin (Sigma F3648) antibody 1:100 in 3% normal 

goat serum in PBS. Subsequently, the sections were incubated with a biotinylated 

secondary antibody from Vectastain kit for 30 minutes, and fibronectin visualized by 

incubation with ABC-reagent for 40 minutes and AEC (3'amino-9'ethylcarbatsole) for 8-

10 minutes. Sections were couterstained with Mayer's hematoxylin.  

 



Synthesis of CLIK60 and CatS activity assay 

To inhibit CatS activity, the selective CatS inhibitor CLIK60 was prepared 

according to procedures described by Katunuma et al. and had nuclear magnetic 

resonance, infrared and mass spectra consistent with the structure of the compound7. The 

purity was determined to be >97% by HPLC analysis. CLIK60 has been reported to 

inhibit 100% of CatS activity at 10-6 M and 86% at 10-7 M and shows virtually no 

inhibition of other cathepsins7. 

Cathepsin S activity was measured using the internally quenched fluorogenic 

peptide substrate Z-Phe-Val-Arg-AMC. Cell lysate samples were 10-fold diluted in CatS 

buffer (200 mM Na Acetate buffer pH 5.5, 4 mM EDTA, 8 mM DTT in 0.1% CHAPS). 

Conversion of the substrate was assessed in presence or absence of 10 µM E64, a general 

cathepsin inhibitor, or various concentrations of CLIK60. The initial rate of substrate 

conversion was used as a measure of cathepsin S activity. AMC release was measured in 

real-time for 30 min at 28°C using a fluorescence plate reader. 

 

Cell culture 

Peritoneal macrophages were isolated from C57Bl/6 mice, as described 

previously8. Briefly, mice were injected intraperitoneally with 1 mL sterile 3% (w/v) 

Brewer’s thioglycollate. On day 5, peritoneal cells were harvested, washed, and 

resuspended in standard medium (Dulbecco’s modified Eagle’s medium, PAA, Cölbe, 

Germany) containing 20 mM HEPES, 4 mM glutamine, penicillin-streptomycin solution 

and 10% FCS. Cells were seeded into 0.1% gelatin-coated 24-wells tissue-culture plates 
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(5.0·105 cells/well) and incubated at 37°C for 4 h to allow cells to adhere. Non-adherent 

cells were removed, and remaining cells were re-fed with standard medium.  

The murine macrophage cell line RAW 264.7 and primary vascular smooth 

muscle cells (vSMCS), isolated from mouse aortas as described previously9, were 

cultured in DMEM containing 10% Fetal Bovine Serum (FBS), 2 mmol/L l-glutamine, 

100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified atmosphere (5% CO2) 

and at 37°C.  

 

Apoptosis and proliferation experiments 

After an 8h pre-incubation with soluble elastin (1-10 ng/mL) +/- lactose (100 

mM), an inhibitor of the elastin receptor10, or with CLIK60 (10-6/10-7 M), peritoneal 

macrophages and RAW264.7 cells were incubated for 18h - in the presence of above 

mentioned vehicles - with 10 µM cisplatin or 25 µg/mL oxLDL to induce apoptosis. To 

assess cell death, cells were gently washed with PBS/1 mM EDTA, brought into 

suspension and washed once more in standard medium. Externalized phosphatidylserine 

was labeled (15 min at 0°C) with AnnexinV (1 mg/mL; Santa Cruz) in AV buffer (10 

mM HEPES, 145 mM NaCl, 5 mM KCl, 1.0 mM MgCl2, 1.8 mM CaCl2; pH 7.4).  

Propidium iodide (3.3 µM) in AV buffer was added 1 min before analysis by flow 

cytometry on a FACScalibur (Becton Dickinson). Similarly, RAW264.7 cells were 

incubated for 18 hours with 25 µg/mL oxLDL with or without 10-7 M CLIK60, after 

which the rate of apoptosis was measured as described above. In addition, IFNγ (400 U) 

stimulated peritoneal macrophages were incubated for 48 h with or without 10-6 M 

CLIK60 on gelatin (0.1%), collagen type I (0.1%) or fibronectin (0.1%) coated cover 



slips. Cells were visualized with Hoechst 33258 and Annexin V by fluorescence 

microscopy.  

To examine the effect of CatS inhibition on proliferation, RAW264.7 cells were 

cultured in 24-well dishes, synchronized by culturing in serum-free media overnight and 

in standard culture media for an additional day. Proliferation rate was quantified by 

adding 1 µCi 3H-thymidine per mL culture medium and measuring uptake over 5 h.  

 

Collagen synthesis assay 

To measure collagen synthesis, 24-well dishes were incubated for 20 minutes with 

1 mg/mL collagen type I, after which vSMCs were plated at a density of 1*106  cells/well. 

After adherence, cells were exposed to CLIK60 (0.1 and 1 µM), E64 (10 µM) or 

Brefeldin A (1 µM). As negative control, cells were serum deprived. [3H]-proline (1.0 

µCi/well) and ascorbic acid (50 µg/mL) were added as well and cells were incubated 

overnight at 37°C. Next, cells were washed with PBS and with 20 mM Tris-HCl 

(pH=7.6), after which they were suspended in 500 µL 20 mM Tris.HCl/0.36 mM CaCL2 

(pH=7.6) and sonicated for 45 seconds. The samples were incubated with collagenase 

(100 U/mL) for 2 hours at 37°C, after which non-collagen proteins were precipitated with 

100 µL 50% TCA. Supernatants were measured for radioactivity. 

 

Expression analysis 

Peritoneal macrophages were incubated with CLIK60 (10-6 M) for 18h and RNA 

was isolated using the TRIZOL method (Invitrogen, Netherlands) according to the 

manufacturer's instructions. Purified RNA was reverse transcribed (RevertAid M-MulV) 
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according to the protocols provided by the manufacturer. Quantitative gene expression 

analysis was performed on an ABI PRISM 7700 machine (Applied Biosystems, Foster 

City, CA) using SYBR Green technology. Primers were designed for murine Bax, Bcl-2, 

XIAP, Flip, p53, SRA, SRBI, ABCA1, ABCG1 and HMGCoA using PrimerExpress 1.7 

(Applied Biosystems) and validated for identical efficiencies. Target gene mRNA levels 

were expressed relative to that of the housekeeping gene (36b4) and calculated by 

subtracting the threshold cycle number (Ct) of the target gene from the Ct of 36b4 and 

raising two to the power of this difference. 

To assess the effects of CatS mediated matrix degradation on the expression of 

Focal Adhesion Kinase (FAK), collagen type 1 (1 mg/mL) or fibronectin (5 µg/mL) were 

incubated overnight at 37°C in serum-free medium in the presence or absence of 500 

ng/mL CatS (human spleen, VWR). The next day, CatS was inactivated by addition of 10 

% FCS and the conditioned medium was applied to RAW264.7 cells (100.000 cells/well) 

and incubated overnight at 37°C. The next day, cells were either lysed for protein or for  

mRNA analysis. Protein expression was analyzed by Western blotting using mouse anti-

FAK, clone 4.47 (Upstate Biotech, Charlottesville, VA, USA) primary antibody and 

rabbit anti-mouse-HRP (Dako) secondary antibody.  

Total RNA was extracted and FAK gene expression was analyzed by quantitative 

real-time PCR as described above and the following primers were used: forward 

5’GAGAATCCAGCTTTGGCTGTT3’, reverse 5’GGCTTCTTGAAGGAACTTCT3’. 

Hypoxanthine-guanine phosphoribosyltransferase (HPRT, forward: 5’TTGCTCGA-

GATGTCATGAAGGA3’, reverse: 5’AGCAGGTCAGCAAAGAACTTATAG3’) was 

used as house-keeping gene. 
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Cholesterol accumulation and efflux 

To assess whether CatS inhibition affected cholesterol accumulation, 1*105 

RAW264.7 cells were incubated for 18 hours with 25 µg/mL oxLDL with or without 10-7 

M CLIK60. Cells were lysed with 0.1 M NaOH, after which free cholesterol levels were 

determined by enzymatic procedures (Boehringer Mannheim). Precipath (standardized 

serum; Boehringer Mannheim) was used as an internal standard. 

Peritoneal macrophages were stimulated with 400U IFNγ and incubated with or 

without CLIK60 (10-6/10-7 M) throughout the experiment. After an 18 h incubation, cells 

were loaded with 3 mg/mL cholesterol and 1 mg/mL 3H-cholesterol (0.5 µCi/mL) in 

standard culture medium containing 10% BSA during the next 24 h and equilibrated in 

cholesterol-free media for another 24 h. Cholesterol efflux was induced by addition of 

human HDL (50 µg/mL) or ApoAI (5 µg/mL) or BSA as a control. Total amount of 

efflux was measured by LCS analysis of cell lysate and supernatant after 24 h. 

 

Statistics 

 Differences in plaque size were statistically analyzed for significance using the 

Mann-Whitney U test. Other plaque parameters and constituents as well as differences in 

∆Ct were compared using the two-tailed Student’s t-test. The incidence of elastic lamina 

rupture was compared using the Yate’s corrected two-sided Fisher exact test. Values are 

displayed as mean ± SEM. A level of P<0.05 was considered significant. 
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