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Objective—Thrombin signaling promotes atherosclerosis by initiating inflammatory events indirectly through platelet
activation and directly via protease-activated receptors. Therefore, endogenous thrombin inhibitors may be relevant
modulators of atheroprogression and cardiovascular risk. In addition, endogenous thrombin inhibitors may affect the
response to non—vitamin K-dependent oral anticoagulants. Here, the question was addressed whether the small leucine-
rich proteoglycan biglycan acts as an endogenous thrombin inhibitor in atherosclerosis through activation of heparin
cofactor II.

Approach and Results—Biglycan concentrations were elevated in the plasma of patients with acute coronary syndrome
and in male Apolipoprotein E-deficient (ApoE~") mice. Biglycan was detected in the glycocalyx of capillaries and the
subendothelial matrix of arterioles of ApoE~~ mice and in atherosclerotic plaques. Thereby a vascular compartment is
provided that may mediate the endothelial and subendothelial activation of heparin cofactor II through biglycan. ApoE and
Bgn double-deficient (ApoE~”/Bgn™) mice showed higher activity of circulating thrombin, increased platelet activation
and platelet adhesion in vivo, supporting a role of biglycan in balancing thrombin activity. Furthermore, concentrations of
circulating cytokines and aortic macrophage content were elevated in ApoE~/Bgn™ mice, suggesting a proinflammatory
phenotype. Elevated platelet activation and macrophage accumulation were reversed by treating ApoE~/Bgn™ mice with
the thrombin inhibitor argatroban. Ultimately, ApoE~/Bgn™ mice developed aggravated atherosclerosis.

Conclusions—The present results indicate that biglycan plays a previously unappreciated protective role during the
progression of atherosclerosis by inhibiting thrombin activity, platelet activation, and finally macrophage-mediated
plaque inflammation. (Arterioscler Thromb Vasc Biol. 2016;36:e41-e50. DOI: 10.1161/ATVBAHA.115.306973.)
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hrombin is crucially involved in clot formation and plate-

let activation. Furthermore, the direct cellular effects of
thrombin are mediated through activation of protease-activated
receptors that regulate the function of immune cells, smooth
muscle cells (SMC), and endothelial cells.!? Clinically, throm-
bin activity is targeted with heparins and heparinoids that act
as direct activators of anti—thrombin III and are of critical
importance to prevent and treat deep vein thrombosis. In addi-
tion, the coagulation cascade including thrombin is targeted

by vitamin K antagonists such as warfarin to prevent stroke
in patients with atrial fibrillation. Recently, new non—vitamin
K-dependent oral anticoagulants directly inhibiting activated
factors X and II have entered clinical practice to prevent deep
vein thrombosis and strokes in atrial fibrillation patients,
and—in case of rivaroxaban—even acute coronary syndrome.’
In addition to regulating hemostasis and thereby affecting the
rate of acute cardiovascular events, thrombin-stimulated plate-
lets promote neutrophil and macrophage-driven inflammation.
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Nonstandard Abbreviations and Acronyms
ACS acute coronary syndrome
DS dermatan sulfate
ETP endogenous thrombin potential
HCII heparin cofactor Il
IL interleukin
SMC smooth muscle cells

The former by platelet—neutrophil complexes* and the latter
by release of proinflammatory mediators from thrombin-acti-
vated platelets.’ Thereby, thrombin represents a central factor
in both the pathogenesis of atherosclerosis and the occurrence
of acute thrombotic events.

First, endogenous modulators of thrombin activity may
indirectly contribute to the cardiovascular risk and the event
rates.®” Therefore, given the critical importance of thrombin
activity in cardiovascular disease, endogenous mechanisms
controlling thrombin activity are of great importance. Second,
it may be hypothesized that the extent of endogenous thrombin
inhibition also affects the therapeutic efficiency of non—vita-
min K-dependent oral anticoagulants. Two important endoge-
nous thrombin inhibitors are known: antithrombin III activated
by heparin and heparin cofactor II (HCII) activated by derma-
tan sulfate (DS). HCII is generally activated by chondroitin
sulfate B (DS) and, in part, also by chondroitin sulfate, which
are attached to the core proteins of a variety of proteoglycans
such as versican and biglycan. Biglycan contains 2 N-terminal
DS side chains and has indeed been shown to activate HCIL?®

It is to date unclear where biglycan is localized to fulfill
its function to activate HCII and whether the localization is
subject to regulation during atherosclerosis. Biglycan is in
general synthesized by endothelial cells, SMCs, fibroblasts,
and macrophages.”!! Accordingly, vascular biglycan depo-
sition occurs in the neointima and the adventitia of arterial
blood vessels. In line with a critical function of biglycan in
the neointimal plaque matrix and hemostasis, biglycan was
found to be absent from the luminal layer of thrombosed-
eroded plaques.'” Therefore, the absence of biglycan from
the plaque surface might promote atherothrombosis.”> In
addition, endothelial cells express large amounts of bigly-
can and circulating biglycan has been detected in the plasma.
Therefore, with respect to atherosclerosis, it is of interest
whether biglycan is present in the glycocalyx and the suben-
dothelial matrix and whether the amount of circulating bigly-
can is altered during atheroprogression. Furthermore, it is to
date unknown whether biglycan as an endogenous thrombin
inhibitor also ameliorates thrombin-driven inflammation dur-
ing atheroprogression.

Another aspect of the biological function of biglycan is to
contribute to the stability of the fibrous cap in accordance with
the known function of biglycan in collagen fibrillogenesis.'?
However, the aforementioned potentially antiatherosclerotic
functions of biglycan are opposed by published findings dem-
onstrating that soluble biglycan promotes inflammation in
acute highly inflammatory diseases such as sepsis and non-
infectious renal injury™" and that it contributes to vascular
lipid retention. !¢

All considered, the effect of biglycan on atherosclerosis
in vivo and its underlying mechanisms can hardly be pre-
dicted because biglycan modulates both anti- and proathero-
sclerotic mechanisms. Therefore, the aim of this study was to
determine the vascular compartmentalization of biglycan in
a mouse model of atherosclerosis and to unravel the overall
effect of biglycan on thrombin activity, inflammation, and ath-
eroprogression using mice double-deficient in Apolipoprotein
E and Bgn (ApoE”/Bgn™ mice). This study seems to be of
translational interest because the extent of endogenous throm-
bin inhibition by biglycan/HCII may affect the response to
pharmacological thrombin/Xa inhibitors and may contribute
to the cardiovascular risk.

Materials and Methods

Materials and Methods are available in the online-only Data
Supplement.

Results

General Characteristics of ApoE~-/Bgn™" Mice

Basic characterization of ApoE~”~ and ApoE~/Bgn™ mice
detected no differences between genotypes with respect to
heart rate, diastolic and systolic blood pressure, total body
fat, and plasma concentrations of total cholesterol, low-den-
sity lipoprotein, very-low-density lipoprotein, high-density
lipoprotein, and insulin (Figure I in the online-only Data
Supplement). In addition, physical activity, food intake, mean
O, consumption, and mean CO, production were unchanged
(Figure II in the online-only Data Supplement).

Biglycan Circulates in Human and Murine

Plasma and Localizes to the Wall of Small

Blood Vessels in ApoE-Deficient Mice

DS (also called chondroitin sulfate B) is known to activate
HCII, thereby inhibiting thrombin activity in a similar man-
ner as the activated heparin—antithrombin III complex. Two
DS side chains are attached to the N terminus of biglycan. In
this study, it is considered that gagylated biglycan might serve
as an inhibitor of thrombin activity in ApoE-deficient mice. In
atherosclerosis, expression of biglycan has been demonstrated
in atherosclerotic plaques'>'® where it may confer local inhibi-
tion of thrombin. Here, it was investigated whether biglycan (1)
circulates, (2) is present in the glycocalyx, and (3) is deposited
in the subendothelial matrix. In line with these assumptions,
it was observed that biglycan circulates in human plasma and
was even higher in the plasma of patients with acute coronary
syndrome (Figure 1A and 1B) when compared with patients
without coronary heart disease. Importantly, patient groups
did not differ with regard to basal clinical characteristics,
risk factors and medication (Table I in the online-only Data
Supplement). Similarly, biglycan was detectable in plasma of
C57BL/6J wild-type controls and was increased in the plasma
of atherosclerotic ApoE~~ mice (Figure 1C and 1D). The vas-
cular staining of biglycan showed a difference in biglycan
localization between capillaries and arterioles. Capillaries
were defined by isolectin B4-positive cells forming lumina <10
pm. Biglycan was clearly detectable on the luminal surface
of capillary endothelial cells (Figure 1E) using fluorescence
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microscopy and apotome technology. To further validate the
presence of biglycan in the glycocalyx of capillaries, confocal
microscopy was performed. Figure III in the online-only Data
Supplement clearly demonstrates luminal biglycan deposition
in the glycocalyx of cardiac capillaries of ApoE-deficient mice.
Larger vessels such as arterioles and venules were defined by
isolectin- or CD31-positive cells forming lumina =25 pm. In
contrast to capillaries, biglycan was absent from the endothe-
lial glycocalyx of arterioles (Figure 1F). However, arterioles
were characterized by pronounced deposition of biglycan in
the subendothelial matrix (Figure 1F). In arterioles of ApoE~~/
Bgn™ mice, biglycan was not detected (Figure 1G). Thus, a
large biglycan-rich vascular compartment exists in ApoE~"~
mice that may mediate luminal and subendothelial activation
of HCII in addition to possible activation of HCII by soluble
circulating biglycan. Therefore, the vascular biglycan-rich
extracellular matrix of small vessels may counteract thrombin
activation and may function as an endogenous mechanism to
protect from exaggerated thrombin activation.

Activation of Thrombin and Platelets

in ApoE~-/Bgn™ Mice

Next it was tested, whether deletion of biglycan affected
thrombin generation in ApoE~~ mice. Thrombin generation
in plasma was determined with automated thrombography.
As shown in Figure 2, the endogenous thrombin potential
(ETP) was increased in ApoE”/Bgn™ mice, a finding indicat-
ing increased thrombin activation in the absence of biglycan
(Figure 2A-2C). The kinetics of thrombin formation was not
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Figure 1. Biglycan (BGN) circulates and is present

in the glycocalyx and subendothelial matrix. A and
B, Increased amounts of circulating BGN in human
plasma samples of patients with acute coronary syn-
drome (ACS) compared with patients without coro-
nary heart disease (w/o CHD) and with stable CHD.
A, Western blot of BGN core protein after chondroi-
tinase ABC digestion from human plasma samples
and (B) the respective quantification; n=7. C, West-
ern blot of circulating BGN from murine plasma
samples from Apolipoprotein E-deficient (ApoE~")
and C57BL/6 wild-type (WT) mice and (D) respec-
tive quantification; n=5. Recombinant BGN (0.3 png),
digested with chondroitinase ABC, is shown as a
standard. E-G, Immunohistochemical analysis of
BGN in cardiac tissue from ApoE~- and ApoE~-/Bgn"
mice. Representative staining of (E) BGN (magenta)
and endothelial cells (isolectin, green) in capillaries (F
and G) BGN (magenta) and endothelial cells (CD31,
orange) in arterioles of ApoE~-mice.

G, Absence of BGN in vessels of ApoE~-/Bgn"°
mice. Nuclear counterstaining was performed with
DAPI (4’,6-diamidino-2-phenylindole; blue). Arrows
indicate BGN in the glycocalyx and in the subendo-
thelial space in close proximity to the endothelial

cell layer. Data represent mean+SD. Scale bar,

10 um. L indicates vessel lumen. *P<0.05 vs w/o
CHD/stable CHD.

changed (Figure 2D and 2E). The direct causality was shown
by spiking the plasma of ApoE~/Bgn™ mice with DS causing
reduced ETP. In contrast, spiking the plasma with biglycan
core protein without DS side chains did not lead to reduc-
tion of increased ETP in ApoE~/Bgn™ mice. Furthermore,
DS-induced ETP-reduction was blunted after digestion of DS
with chondroitinase ABC, thereby underlining the importance
of DS side chains for the biglycan-mediated activation of HCII
(Figure 2F). Potential contamination of DS with heparins was
excluded by digestion of DS with heparinase I/IIl showing no
effect on DS-induced decrease in the ETP (Figure 2G and 2H).

Because the interaction between HCII and DS leads to
thrombin inhibition, the level of HCII/thrombin complexes
in plasma of ApoE- and ApoE/Bgn double-deficient mice was
determined. Figure 2I shows that HCII/thrombin was indeed
significantly decreased in ApoE/Bgn double-deficient mice.

Thrombin is an important activator of platelets. Therefore,
intravital microscopy of platelet adhesion was performed in the
uninjured A. carotis communis of either ApoE™~ or ApoE~~/Bgn™
mice. Indeed, ApoE™" platelets showed increased rolling on the
endothelium of ApoE/Bgn double-deficient mice (Figure 2J).
This effect was paralleled by increased surface expression of
CD62P in thrombocytes, as determined by flow cytometric anal-
ysis, indicating increased platelet activation (Figure 2K).

To identify a possible prothrombotic phenotype in ApoE~~/
Bgn™ mice, occlusive thrombus formation in a photochemical
model of arterial thrombosis with the photosensitizing dye
Rose Bengal and tail bleeding time were analyzed. However,
in both models, no hemostatic differences between ApoE~~ or
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Figure 2. Increased thrombin generation and platelet activation in mice double-deficient in ApoE and Bgn. Thrombin generation was
measured in plasma from 15-wk-old ApoE~- and ApoE~-/Bgn~"° mice by determining the endogenous thrombin potential (ETP). A and B,
Representative measurement of thrombin generation and respective endogenous thrombin potential (ETP). C-E, Peak height, lag time,
and time to peak are shown; n=4. F, Analysis of the ETP in ApoE~-/Bgn~"° plasma after incubation with dermatan sulfate (DS; 10 pg/mL),
biglycan (BGN) core protein (10 ung/mL) or chondroitinase ABC (0.02 U)-digested DS; n=3 to 4. G, Thrombin generation in ApoE-deficient
mice after treatment with heparin and dermatan sulfate and with heparinase I/lll-digested heparin and dermatan sulfate and (H) endog-

enous thrombin potential calculated as area under the curve; n=>5.

1, Heparin cofactor Il-thrombin (HCII-T) complex in plasma of ApoE~"~

and ApoE~-/Bgn~"° mice, n=11, 15. J, Intravital microscopy of platelet adhesion on the endothelium of ApoE~- and ApoE~'-/Bgn~"° mice.
Quantification of rolling platelets and representative images of the common carotid artery are shown. n=10, 14. K, Basal activation of
resting platelets was determined by flow cytometric analysis of CD62P expression; n=7, 8. Data represent mean+SD, *P<0.05 vs ApoE~"~
control mice or unstimulated ApoE~-/Bgn~"° control, #P<0.05 vs + heparin.

ApoE~"/Bgn™ mice were detectable (Figure IV in the online-
only Data Supplement).

Increased Macrophage-Mediated Plaque
Inflammation in ApoE~-/Bgn™" Mice

To determine possible consequences of increased thrombin and
platelet activation for atherosclerosis, flow cytometry was used
to analyze the immune cell populations in the aortas of 15-week-
old ApoE~/Bgn™ double-deficient mice and littermate con-
trols. This analysis revealed no differences in aortic weight and
yield of living cells (Figure VA and VB in the online-only Data
Supplement). Importantly, a higher macrophage content, as
evidenced by the number of CD11b*/F4/80* cells (Figure 3A
and 3B), was detected in ApoE”/Bgn™ mice. A representative
gating scheme is depicted in Figure VI in the online-only Data
Supplement. The numbers of total leukocytes, lymphocytes, B
cells, T cells, and neutrophils did not differ between the geno-
types (Figure VC-VG in the online-only Data Supplement).

To further corroborate the finding of increased macro-
phage presence in vascular lesions, the macrophage content
of atherosclerotic lesions at the aortic root was determined
by immunohistochemistry. During early atherosclerosis (in

Downloaded from http://atvb.ahgjournals.

mice aged 15 weeks), macrophage content, as indicated by
immunostaining of Mac-2 and F4/80, was strongly increased
in ApoE”/Bgn™ mice (Figure 3C-3F). In line with a proin-
flammatory macrophage-driven phenotype, the concentrations
of circulating monocyte chemotactic protein-1, monocyte
inflammatory protein-la, interleukin (IL)-2, and IL-3 were
higher in ApoE”/Bgn™ mice than in ApoE~~ mice. The con-
centrations of other cytokines, such as IL-4 and IL-6, showed
strong trends toward downregulation. The concentration of
tumor necrosis factor-o. was unaffected. In addition, anti-
inflammatory IL-10 was upregulated possibly as a part of a
counter regulatory adaptation (Figure 3G).

Increased Atherosclerosis in ApoE~/Bgn™ Mice

The extent of atherosclerosis was determined in mice aged 15
and 30 weeks. In line with enhanced thrombin generation and
macrophage-driven inflammation, both the plaque burden in
the aorta and the plaque size at the aortic root were signifi-
cantly higher in 30-week-old ApoE~/Bgn™ mice (Figure 4A—
4D). To corroborate the conclusion of a proatherosclerotic
effect of biglycan deficiency, mice double-deficient in Ld/
receptor and Bgn (Ldlr”-/Bgn™") were fed a Western-type diet

org/ a King's College London on May 3, 2016
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Figure 3. Increased macrophage content in aortas and aortic root plagues and elevation in circulating cytokines of ApoE/Bgn double-
deficient mice. A, Flow cytometric analysis of aortic CD11b*/F4/80* macrophages of ApoE~- and ApoE~-/Bgn~"° mice at 15 wk of

age; n=6, 4. B, Representative flow cytometric plots of CD11b*/F4/80* macrophages gated on living CD45* cells with percentages of
CD11b*F4/80* macrophages of living cells are shown. A representative gating scheme is provided in Figure VI in the online-only Data
Supplement. C and D, Immunohistochemical analysis detected Mac-2-positive cells in cross sections of the aortic roots of 15-wk-old
ApoE~"- and ApoE~-/Bgn~° mice; n=7, 8. E and F, Inmunohistochemical analysis of F4/80 as a marker of mature macrophages in 15-wk-
old ApoE~- and ApoE~-/Bgn~"° mice; n=4, 5. G, Circulating plasma concentrations of chemokines and cytokines were measured by
Q-Plex Mouse Cytokine-Screen IR; n=5, 3. Data represent mean+SD, *P<0.05 as compared with ApoE~~ control mice. Scale bar, 100 pm.
IL indicates interleukin; MCP, monocyte chemotactic protein; MIP, monocyte inflammatory protein; and TNF, tumor necrosis factor.

and analyzed. These mice develop severe aortic aneurysms as
previously shown by Tang et al."” Indeed, increased plaques at
the aortic root (Figure 4E) and increased macrophage-driven
inflammation were detected in these mice (Figure 4F). Thus,
the key finding of increased atherosclerosis and increased mac-
rophage-mediated inflammation in the absence of biglycan
was confirmed in a second model of murine atherosclerosis.

Remodeling of Atherosclerotic

Plaques in ApoE~-/Bgn™ Mice

Alterations in the proteoglycan composition of the plaque
matrix were sought in an unbiased approach through mass spec-
trometry in mice aged 15 weeks. As expected, biglycan was not
detectable in aortas from ApoE~/Bgn™ mice. In addition, the
expression of decorin, perlecan, and versican was unchanged
(Figure 5; complete proteomic data sets in Tables II and III in
the online-only Data Supplement). Unexpectedly, the signal for
the chondroitin sulfate proteoglycan aggrecan, which is typical
of cartilage matrix, was increased. Furthermore, the expression
of the proteoglycan prolargin was decreased. Immunostaining
confirmed unaltered expression of decorin and versican and a
trend toward increased expression of perlecan. In line with mass

spectrometry, IHC staining of aggrecan detected an increase
in aggrecan expression. The expression of prolargin was only
slightly decreased in plaques at the aortic root (Figure SA-5C).

Interestingly, increased numbers of o-smooth muscle
actin—positive cells were detected in aortic root plaques from
ApoE”/Bgn™ mice (Figure 5D). Whether these cells origi-
nate from vascular SMC, macrophages, or pericytes cannot be
concluded from the present data.® There were no differences
between the genotypes in 5-bromo-2’-deoxyuridine incorpo-
ration (Figure 5E).

Lipid retention as evidenced by ApoB-48/100 retention
and Oil-Red-O staining in aortic root plaques was not changed
in atherosclerotic plaques of ApoE~/Bgn™ mice (Figure VII
in the online-only Data Supplement).

Pharmacological Thrombin Inhibition

Alleviates Platelet Activation and

Inflammation in ApoE~-/Bgn™" Mice

The findings presented to date suggest that biglycan plays a
role in balancing thrombin activity in ApoE-deficient mice
and thereby moderates the progression of atherosclerosis in
this model. This hypothesis was tested by treating ApoE~~ and
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Figure 4. Increased atherosclerosis in ApoE /Bgn- and Ldlr/Bgn double-deficient mice. The aortas of 15- and 30-wk-old old ApoE~- and
ApoE~"-/Bgn~"° mice were stained with Oil Red O, and the plague burden was quantified with Imaged software. A, Representative pictures
of Oil-Red-O-stained en face preparations of the aorta of 30-wk-old ApoE~- and ApoE~-/Bgn~"° mice. B, A strong increase in the athero-
sclerotic plaque score was detected in the 30-wk-old ApoE~-/Bgn~"° mice; 15-wk-old mice, n=12, 11; 30-wk-old mice, n=15, 16. C and
D, Plaque size at the aortic root was determined in 10 cross sections per animal from 15- and 30-wk-old mice; 15-wk-old mice, n=6, 8;
30-wk-old mice, n=8, 13. E and F, As a proof of concept, atherosclerotic plaque burden was also determined in male Ldlr/Bgn double-
deficient mice after 6 wk on a Western diet. E, Plaque score by aortic en face staining with Oil Red O. F, Increased Mac-2 staining in the
aortic root lesions. n=6, 7. Data represent mean+SD, *P<0.05 vs respective control mice. Scale bar, 100 um. AF indicates area fraction.

ApoE”/Bgn™ mice with the thrombin inhibitor argatroban
(0.6 mg/kg per day) or respective vehicle for 7 weeks. No arg-
atroban-mediated effect on circulating biglycan was detectable
in plasma of ApoE-deficient mice (Figure VIII in the online-
only Data Supplement). However, platelet activation, as evi-
denced by CD62P expression, was reduced in ApoE~/Bgn™
mice receiving argatroban (Figure 6A). Plaque size at the
aortic root was significantly decreased in ApoE”/Bgn™ mice
treated with argatroban when compared with the vehicle con-
trol group (Figure 6B). In addition, flow cytometric analysis of
the aorta (Figure 6C and 6D) revealed a significant decrease in
the numbers of aortic macrophages in response to argatroban.
These results strongly suggest that increased thrombin activity
was indeed the underlying cause of increased plaque inflam-
mation and subsequent atherosclerosis in ApoE~~/Bgn™ mice.

Discussion
This study found that genetic deletion of Bgn aggravates the
development of atherosclerosis. The increase in plaque burden

was seen in 2 models of atherosclerosis, ApoE”/Bgn™ mice
and Ldlr”-/Bgn™ double-deficient mice. Therefore, the cur-
rent findings add important new information about the role
of biglycan in atherosclerosis. To date, biglycan has been
suspected of contributing to atheroprogression. The results
of our studies showed that biglycan functions in athero-
sclerosis as a matrix-derived inhibitor of thrombin, thereby
decreasing total thrombin activity and subsequent down-
stream events such as platelet activation and inflammation.
This is based on the activation of HCII by the DS chains
of biglycan®'?* and, in turn, inactivation of active thrombin.
Importantly, biglycan-mediated thrombin inhibition does not
mediate hemostatic effects because no effects on bleeding
time and arterial thrombus formation were observed. From
a translational perspective, biglycan may thereby affect car-
diovascular risk and change the response to pharmacologi-
cal interventions and may itself be a (pleiotropic) target of
cardiovascular drugs. Specifically, it may be considered that
patients with low biglycan—as reported for patients with low
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HCII expression—and therefore higher thrombin activity
may be at a higher cardiovascular risk and that the response
to non-vitamin K-dependent oral anticoagulants might be
modulated by the level of endogenous thrombin inhibition.
Currently, the use of non—vitamin K-dependent oral antico-
agulants to treat acute coronary syndrome is being consid-
ered as an addition to single- or dual-antiplatelet therapy.?>>*
Furthermore, biglycan content is regulated by statins, angio-
tensin type 1 receptor antagonists, and likely other drugs that
are regularly used to treat patients at high risk of cardiovas-
cular events. 82326

No previous studies have addressed the question whether
biglycan circulates in patients with coronary heart disease or
in ApoE~~ mice. Interestingly, the current study found that cir-
culating concentrations of biglycan are increased in ApoE~"~
mice and in patients with acute coronary syndrome. Because
biglycan content is also regulated by different external fac-
tors as described above, possible confounding influences in
the analysis of human plasma samples by, eg, comorbidities
and medication, cannot be completely ruled out. However,
no obvious differences between the 3 patient groups were
observed. The biological function of circulating biglycan in
atherosclerosis has not yet been clarified, but in light of the
current results, it may be interpreted as an antithrombotic
counterregulation in the proatherosclerotic state. In addi-
tion, activated endothelial cells strongly express biglycan,”
and it is shown here that biglycan-rich extracellular matrix
is present as a part of the luminal glycocalyx of capillaries.

This may be of particular interest because it creates an enor-
mous surface for 2-dimensional interactions of circulating
HCII and DS-GAG chains of biglycan. This would be analo-
gous to the interaction of antithrombin III and the heparan
sulfate that also takes place in the endothelial glycocalyx?®
and adds a new mechanism for balancing hemostasis. In addi-
tion, it is shown here that biglycan is present in large amounts
in the subendothelial space in arterioles. Therefore, endothe-
lial cell-derived biglycan may provide a large compartment
that facilitates biglycan/HCII interactions and could thereby
inhibit thrombin activity and platelet function systemically.
Circumstantial evidence from published studies points toward
a local antithrombotic effect of vascular biglycan because the
fibrous cap of thrombosed human eroded plaques is devoid of
biglycan."

In human atherosclerosis, DS chains of biglycan are
thought to be altered in a way that HCII activation is reduced.®
Importantly, reduced HCII expression has been associated with
aggravated atherosclerosis in humans.?** Mechanistically,
this reduced expression of HCII may lead to increased throm-
bin-mediated activation of platelets, which in turn stimulate
macrophage-mediated inflammation.’** As shown here, the
absence of biglycan in ApoE~/Bgn™ mice causes increased
thrombin activity and subsequently increased plaque inflam-
mation. The extent of thrombin activation in ApoE~/Bgn™
mice did, however, not lead to changes in hemostasis or an
overt thrombotic phenotype. However, because thrombosis
models involve endothelial injury and denudation, this leads
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Figure 6. Argatroban reverses platelet activation and macrophage accumulation in ApoE~-/Bgn~"° mice. Mice were treated for 7 wk with
argatroban (0.6 mg/kg per day) and evaluated at 15 wk of age. A, Activation of platelets was determined by flow cytometric analysis of
CD62P expression; n=4, 3. B, The plaque size in the aortic root was calculated from 3 different sections in 15-wk-old mice; n=6, 3.

C, Flow cytometric analysis of macrophages in the aortas of 15-wk-old ApoE~-/Bgn~"° mice and (D) representative plots of CD11b*F4/80*
macrophages gated on living CD45* cells. Shown are CD11b*F4/80+ macrophages as % of living cells; n=5, 3. Data represent mean+SD,

*P<0.05 vs placebo-treated mice.

to collagen exposure and therefore strongly activates both
platelets and the coagulation cascade. It is likely that such a
strong activation of the hemostatic cascade will overwrite the
lack of biglycan/HCII-mediated thrombin inhibition.

In line with a causal role of enhanced thrombin activity,
it was demonstrated here that argatroban treatment reduced
platelet activation and plaque inflammation in ApoE~/Bgn™
mice. In support of this hypothesis are findings indicating that
activated platelets and increased platelet adhesion contribute
to atheroprogression in the ApoE”~ model®* and that HCIIl/
ApoE double-deficient mice develop increased atherosclero-
sis.* From a translational viewpoint, ApoE~/Bgn™ mice are a
new model of systemic thrombin and platelet activation.

The current findings strongly suggest that increased
thrombin activity and plaque inflammation caused by the
absence of biglycan in the ApoE™ knockout background
account for the proatherosclerotic phenotype. A proinflam-
matory macrophage phenotype was evidenced by increased
concentrations of circulating cytokines and increased num-
bers of macrophages in atherosclerotic lesions. In addition,
it may be of importance that biglycan itself is an agonist of
toll-like receptor-2 and toll-like receptor-4.'> Therefore, the
absence of this abundant toll-like receptor ligand may render
macrophages hypersensitive to stimulation with other toll-like
receptor ligands, such as hyaluronan.*> Hyaluronan and the
hyaluronan-binding proteoglycan versican are also abundant
in atherosclerotic plaque® and were detected in atheroscle-
rotic lesions in the present study.

Previous studies have shown that Bgn knockout mice
exhibit a defect in bone formation and mineralization that is
accompanied by inflammation and that cumulates in an osteo-
arthritic/osteoporotic phenotype.’’* In our recent study, we
found that the infusion of angiotensin-II into Ldlr/Bgn dou-
ble-deficient mice causes severe abdominal aneurysms, a find-
ing that again suggests that biglycan plays a protective role
against maladaptive vessel remodelling."

Of note, the amount of lipid retention was unaffected
although biglycan has been considered to be a lipoprotein-
binding proteoglycan and to contribute thereby to the reten-
tion of lipoproteins.* Specifically, in vitro, in SMCs, it was
shown that overexpression of biglycan increases low-density

lipoprotein-binding.** This was confirmed by increased lipid
retention in Ldlr”~ mice after overexpression of biglycan in
SMCs.*' Furthermore, it has been shown that biglycan con-
tributes to the subendothelial accumulation of lipoprotein
during early intimal thickening in humans because bigly-
can is expressed at sites of subsequent lipid deposition and
macrophage accumulation.'® These findings clearly indicated
that biglycan can mediate low-density lipoprotein retention.
However, the present study shows that genetic deletion of Bgn
does not lead to reduced low-density lipoprotein-retention
and atherosclerosis, likely because of the availability of suf-
ficient negatively charged glycosaminoglycan chains from
other proteoglycans. This conclusion was based on the pres-
ent mass spectrometric and immunohistochemical analysis
of vascular proteoglycans showing that the amounts of ver-
sican, perlecan, and decorin did not differ in ApoE~/Bgn™
mice.'® Furthermore, upregulation of aggrecan was detected,
which may contribute additional negatively charged glycos-
aminoglycan chains to compensate for the deletion of bigly-
can. Therefore, it is concluded that biglycan is not the limiting
factor in intimal lipoprotein binding and that the other pro-
teoglycans substitute for biglycan by offering sufficient bind-
ing sides for lipoproteins at least in advanced atherosclerosis.
The conclusion that the absence of biglycan does not crucially
affect lipoprotein retention in atherosclerotic plaques is also
supported by the observation that chronic treatment with
statins dramatically increases the concentrations of biglycan
in atherosclerotic plaques without affecting the retention of
lipoproteins in late atherosclerosis.'® Comparing human ath-
erosclerosis-prone internal carotid arteries with atheroscle-
rosis-resistant internal thoracic arteries found no difference
in biglycan content.*> However, the current findings do not
rule out the possibility that biglycan contributes to the sub-
endothelial accumulation of lipoprotein during early intimal
thickening in humans because biglycan is expressed at sites of
subsequent lipid deposition and macrophage accumulation.'
In conclusion, this study provides clear evidence that
genetic deletion of Bgn is detrimental with respect to ath-
erosclerosis in mice. Biglycan circulates and is present in
the endothelial glycocalyx and subendothelial matrix and
is identified as a relevant endogenous inhibitor of thrombin
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generation in murine atherosclerosis. Specifically, the dele-
tion of Bgn increases thrombin activity and platelet activa-
tion without influencing hemostasis, but in turn contributes to
increased inflammation of plaques and more rapid progression
of atherosclerosis.
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Significance

Thrombin activates platelets and immune cells through protease-activated receptors and thereby stimulates vascular inflammation. States
of enhanced thrombin activity, such as atherosclerosis and diabetes mellitus, are associated with chronic low-grade inflammation. Biglycan
inhibits thrombin via its dermatan sulfate-rich side chains and activation of heparin cofactor Il. Here, it is shown that biglycan localizes to the
capillary glycocalyx and that plasma biglycan is elevated in Apolipoprotein E-deficient mice and in patients with acute coronary syndrome.
Importantly, genetic deletion of biglcyan enhances thrombin activity, platelet activation, and macrophage-driven inflammation and thereby
augments atherosclerosis in mice. Therefore, biglycan might counteract increased thrombin activation in atherosclerosis and thus mediates
anti-inflammatory and atheroprotective effects.
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SUPPLEMENTAL MATERIAL
Material and Methods
Atherosclerosis model

Bgn knock-out mice (Bgn™) on a C57BL/6J background were crossed into the Apolipoprotein
E-deficient (ApoE™) background. For the described experiments, a heterozygous breeding
strategy was applied, and male ApoE”/Bgn™ mice and ApoE™ littermates were used for the
experiments. Both genotypes of mice were fed with normal chow and were examined at the
age of 15 or 30 weeks. In addition, mice deficient in the low-density lipoprotein receptor (LdIr
") mice were crossed with Bgn™ mice® and were then compared with their male littermates
after 6 weeks of a Western-type diet. All animal care and experimental procedures were
performed in accordance with the guidelines for the use of experimental animals as outlined
in the Deutsches Tierschutzgesetz and were approved by the local Ethics Committee for
animal experimentation (Landesamt fir Natur, Umwelt und Verbraucherschutz NRW).
Subcutaneously implanted Alzet® miniosmotic pumps (model 2004; mean pumping rate of
0,25 pl/h; Alzet Corporation, Cupertino, CA, USA) were used to provide treatment with the
thrombin inhibitor argatroban (0.6 mg/kg/d; Mitsubishi Pharma Europe Ltd, London, United
Kingdom) or respective vehicle (saline solution 0,9% with 300 mg/ml sorbitol and 400 mg/ml
ethanol).

Isolation and semiquantification of biglycan from h uman and murine plasma

For analysis of circulating BGN, human plasma samples from patients without coronary heart
disease (CHD), stable CHD and acute coronary syndrome (ACS) were collected at the Klinik
fur Kardiologie, Pneumologie und Angiologie, Klinikum der Heinrich-Heine-Universitéat
Dusseldorf, Germany, with approval of the Human Ethics Commission of the Medical Faculty
of the Heinrich-Heine Universitat Dusseldorf (ethics vote 4739R) and informed consent of
donors. Furthermore, plasma samples from C57BL/6J wildtype (WT) mice and ApoE” mice
were analyzed.

Biglycan from plasma samples (murine samples were pooled from two animals each) was
semipurified, digested with chondroitinase ABC (Seikagaku Corporation) to remove
glycosaminoglycan chains, and subjected to polyacrylamide gel electrophoresis followed by
Western blotting as previously described.? For validation of the assay, graded known
amounts of intact biglycan (containing the protein core and glycosaminoglycan chains) were
processed in parallel and under the same conditions.” The biglycan contents in samples
were quantified after normalization to standard control.

Tissue processing

Mice were sacrificed at 15 or 30 weeks of age, respectively. For
immunohistochemical staining of the aortic root, hearts were perfused with PBS, fixed
in 4 % p-formaldehyde overnight, and either embedded in paraffin for 5 um paraffin-
sections or alternatively embedded in tissue-freezing medium (Tissue-Tek® O.C.T.
Compound, Sakura® Finetek, Alphen aan den Rijn, Netherlands) for 14 um cryosections.

Immunohistochemistry of the endothelial glycocalyx in cardiac tissue

Native hearts were cut in 10 (confocal images) or 20 um cryosections. Slides were
directly transferred to fixation buffer (70% MeOH, 5% acetic acid, 3.7% formalin in PBS),
fixed for 20 minutes at 4C, and then blocked for 1 h (10% FCS, 10% 10x TBS, 1% BSA in
Aqua dest.). Polyclonal antiserum against murine biglycan (1:200, rabbit, LF159; kindly
provided by Larry Fisher, National Institute of Dental and Cranofacial Research, National
Institutes of Health, Bethesda, MD, USA) detected with a fluorophore-conjugated



secondary antibody (1:200, Alexa Fluor 647 goat-anti-rabbit 1gG, Life Technologies GmbH,
Darmstadt, Germany or anti- rabbit Alexa Fluor 568), Isolectin B4 Alexa Fluor 488
(2:1000, Invitrogen Life Technologies Corporation, Eugene, Oregon, USA) and anti-CD31
staining (1:20, abcam, Cambridge, UK), detected with secondary Rhodamine Red-X-
conjugated antibody (1:100, Rhodamine Red-X-conjugated anti-rat 19G, Jackson
Immunoresearch, West Grove, PA, USA) were used for analysis of vascular BGN
deposition. Sections were mounted in Roti-Mount FluorCare DAPI (Carl Roth GmbH,
Karlsruhe Germany). Representative pictures were taken at 630 fold magnification.
For confirmation of BGN expression in the glycocalyx of cardiac capillaries Laser-
scanning confocal microscopy was performed using a Zeiss LSM 510 META Laser
Scanning Microscope.

Calibrated Automated Thrombography

Blood was collected from the retro-orbital plexus and anticoagulated with trisodium
citrate (final concentration 0.38 %). Platelet free plasma (PFP) was generated by
centrifuging twice for 10 minutes at 21 000 x g at room temperature. PFP was stored at -
20<C for later analysis.

Thrombin generation in murine plasma was measured by using Calibrated Automated
Thrombography as described by Tchaikovski et al. with slight modifications® *. PPP-
Reagent, Thrombin Calibrator and FluCa-Kit were purchased from Diagnostics Stago
S.A.S (Asnieres sur Seine, France). PPP-Reagent was diluted with PBS to reach a final
concentration of 5 pM tissue factor in the assay. In some experiments alternatively
negatively platelet membranes and recombinant human tissue factor (rhTF;
Innovin®, Dade Behring, Germany) were used instead of PPP Reagent. Thrombin
Calibrator was used in the same dilution as PPP- Reagent. Murine PFP was stimulated
with dermatan sulfate (DS; Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) or
recombinant human biglycan (R&D Systems, Minneapolis, MN, USA) at a final
concentration of 10 pg/ml or heparin (Enoxaparin; Clexane 40 mg/0,4ml, Sanofi Aventis,
Frankfurt, Germany) at a final concentration of 3 pg/ml. For chondroitinase digestion, DS
was preincubated with 2 mU/ml chondroitinase ABC (from Proteus vulgaris; Sigma
Aldrich) for three hours at 37 T prior to stimulat ion; for digestion with heparinase, DS or
heparin were preincubated with 100 mU/ml heparinase (heparinase I/lll blend from
Flavobacterium heparinum; Sigma Aldrich) for 24 hours at 37 <C prior to sti mulation.
Thrombin generation was measured in triplicates. 15 ul PFP were incubated with 25
pl diluted PPP-Reagent or diluted Thrombin Calibrator for 10 minutes at 33 C. The
reaction was started by adding 20 ul FluCa buffer. The fluorescent signal was measured
at 33T for 30 minutes using a Fluoroskan Ascent microplate reader (excitation: 390 nm,
emission: 460 nm; Thermo Labsystems, Finland). Automatical data analysis was
performed using Thrombinoscope™ Software.

Intravital microscopy of the carotid artery

Prior to the experiments, 8 x 10°platelets from donor mice were stained with 5-
carboxyfluorescein diacetate succinimidyl ester (4.48 mM). ApoE/Bgn-double deficient mice
were anesthetized with Ketamin (Ketavet®, Pfizer, 100 mg/kg) and Xylazin (2 %
Bernburg, medistar, 5 mg/kg) by intraperitoneal (i.p.) injection. The common carotid artery
was dissected free up to the bifurcation and the stained donor platelets were administered
slowly intravenously. The interaction of the fluorescently labeled platelets and the vessel
wall (rolling platelets) was visualized by intravital microscopy of the carotid artery near
the bifurcation using a Leica microscope (20x water immersion objective, W20x/0,5;
Leica DM2500MH). Rolling platelets were counted at three different positions near the
bifurcation per mm?.

Platelet activation



EDTA-anticoagulated blood was washed twice, and diluted 1:10 in Tyrode’s buffer. Blood
suspension was then incubated with fluorescein isothiocyanate—conjugated CD62P (P-
selectin) monoclonal antibody (EMFRET Analytics, Eibelstadt, Germany). Samples were
analysed using a Gallios Flow Cytometer (Beckman Coulter Inc.). Data analysis was
performed with Kaluza Flow Analysis Software (Beckman Coulter Inc.).

Mass spectrometry of aortic extracellular matrix

Extracellular components of aortas from ApoE™ mice and from ApoE”/Bgn™ mice were
extracted and analyzed as previously described.>® Briefly, after being harvested, each aorta
was rinsed with ice-cold phosphate-buffered saline for removal of contamination with blood
constituents. The ECM proteins of the aorta were solubilized in 4 M guanidinium chloride, 50
mM sodium acetate (pH 5.8) in the presence of proteinase inhibitors, and 25 mM
ethylenediaminetetraacetic acid (EDTA) for 48 hours at room temperature. Data from mass
spectrometric detection of proteins were expressed as spectral counts.

Flow cytometric analysis of aortic immune cell comp osition

Flow cytometric analysis of the aortas was performed as previously reported’. Briefly, for
flow cytometric analysis, the aorta was dissected, and periaortic tissue was removed. The
aortic wall was cut into small pieces and digested for 60 minutes at 37 in a solution
of collagenase Il (600 U/ml, Worthington Biochemical Corporation, Lakewood, USA)
and DNase | (60U/ml, Roche Applied Science, Mannheim, Germany) as previously
described.® To avoid unspecific binding isolated and suspended cells were incubated
with Fc blocking agent (anti-mouse CD16/32 antibody, BioLegend, San Diego, CA,
USA) before staining with the LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen
Life Technologies Corporation, Eugene, Oregon, USA) and the following antibodies:
anti-CD3-APC/Cy7 (17A2), anti-CD11b-Pacific Blue™ (M1/70), anti-CD19-PacificBlue™
(6D5), anti-F4/80-Alexa Fluor® 488 (BMS8), anti-Ly-6G-Pacific Blue™ (1A8) (all from
BioLegend, San Diego, CA, USA), anti-CD45-PE (13/2.3, Beckman Coulter Inc, Krefeld,
Germany) and anti-CD11b-PE (M1/70, BD Biosciences, Franklin Lakes, NJ USA).
Absolute cell concentrations were determined using Flow-Count™ Fluorospheres
(Beckman Coulter Inc., Krefeld, Germany). Samples were measured on a Gallios™ Flow

Cytometer (Beckman Coulter Inc., Krefeld, Germany). Data were analysed using Kaluza®

Flow Analysis Software (Beckman Coulter Inc., Krefeld, Germany). Isotype control staining
and fluorescence minus one (FMO)-staining were performed for each tissue. After
exclusion of doublets, dead cells and cell debris, macrophages were detected in the
CD45" leukocyte fraction by expression of CD11b and F4/80. Neutrophils were identified
as CD11b*/Ly-6G" cells. B and T cells were analyzed as CD19" (B cells) or CD3" (T
cells) in the CD45" lymphocyte population. The amount of immune cells is expressed as
number of cells per aorta.

(Immuno-)histochemistry

Histochemical and immunohistochemical (IHC) staining of the aortic root for the detection of
macrophages and the analysis of plaque composition was performed as previously
described.” ? In detail, (immuno-)histochemical characterization of atherosclerotic lesions
was performed in paraffin and frozen sections of the aortic root. Invasion of macrophages
into atherosclerotic plaques was detected using an antibody against Mac-2 (1:1000,
Cedarlane, Burlington, Canada) and a horseradish peroxidase (HRP)-conjugated secondary
antibody (1:1500, goat-anti-rat IgG2a HRP, NB7126, novus biologicals, Littleton, CO,
USA) and a monoclonal antibody against F4/80 (1:100, abcam, Cambridge, UK) and
secondary HRP-conjugated antibody (1:200, goat-anti-rabbit IgG HRP, SantaCruz
Biotechnologies, Dallas, TX, USA).



To investigate the fraction of smooth muscle cells (SMC) within the atherosclerotic
lesion, paraffin sections were stained using a primary antibody against a-smooth
muscle actin (1:300, abcam, Cambridge, UK) and a HRP-conjugated secondary antibody
(1:400, goat-anti-rabbit IgG HRP, SantaCruz Biotechnologies, Dallas, TX, USA).

Immunohistochemical detection of the proteoglycans aggrecan, perlecan, and prolargin
was performed in paraffin sections after previous antigen retrieval for 30 minutes with
citrate buffer. Regarding the staining of aggrecan, perlecan, and versican pre-treatment
with chondroitinase (chondroitinase ABC from Proteus vulgaris, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) for one hour was used to expose the epitopes of the core
proteins. Polyclonal antibodies were used to stain aggrecan (1:100, abcam, Cambridge,
UK), prolargin(1:50, abcam, Cambridge, UK) and versican (1:200, abcam, Cambridge,
UK). Detection was performed using HRP-conjugated secondary antibody (1:200, goat-anti-
rabbit IgG HRP, SantaCruz Biotechnologies, Dallas, TX, USA). Perlecan was stained using
a monoclonal antibody (1:25, Seikagaku, Tokyo, Japan) and HRP-conjugated secondary
antibody (1:200, anti-goat-anti-rat 1gG2a, novus biological, Littleton, CO, USA) in
paraffin sections. Nuclei were detected using hematoxylin (Mayer's hemalum solution,
Merck Millipore, Darmstadt, Germany). 3,3’-diaminobenzidine (DAB) (Zytomed, Berlin,
Germany) was used as chromogen for detection.

To assess the proliferation index, 50 mg/kg of the antimetabolite 5-bromo-2'-
deoxyuridine (BrdU, Sigma-Aldrich, St. Louis, MO, USA) were injected intraperitoneally
(i.p.) 24 h and 1 h before sacrifice. Proliferating cells in atherosclerotic lesions were
detected using primary antibody directed against incorporated BrdU (1:50, abcam,
Cambridge, UK) and secondary antibody (1:200, Rhodamine Red-X-conjugated anti-rat
IgG, Jackson Immuno Research, West Grove, PA, USA). Nuclei were counterstained
using DAPI (Roti-Mount FluorCare DAPI, Carl Roth GmbH & Co. KG, Karlsruhe,
Germany). Proliferation rate in lesions of the aortic root was expressed as BrdU positive
cells per total nuclei.

Pictures were taken at 100 fold magnification. ImageJ software (ImageJ 1.37v software,
NIH) was used to quantify positive stained area.

Cytokine and chemokine concentrations

Q-Plex Mouse Cytokine — Screen IR (Quansys Biosciences, Logan, UT, USA) was used to
determine the concentrations of circulating chemokines and cytokines.

Analysis of circulating Heparin Cofactor (HC)Il -t  hrombin complex

The amount of HCIl/thrombin complex in EDTA-anticoagulated plasma of ApoE-KO and
ApoE/Bgn DKO mice was determined using a HCII-thrombin mouse ELISA (CatNo. 27739,
Bio-Medical, Peking, China) according to the manufacturer’s protocol.

Determination of atherosclerotic plaque burden of t he aorta and the aortic root

At the indicated time points lipid staining (Oil Red O, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) of the aorta and the aortic root was performed as described
previously.’

Proteomic analysis of the aortic extracellular matr iX

Aortic extracellular matrix proteins were extracted from mouse aortas using a three-
step extraction method described previously.®> Aortas from 15 week-old male ApoE-KO
and ApoE/Bgn DKO mice were used for the experiment. In the ApoE-KO group (n=5), 5
pools of two aortas and in the DKO group (n=4), three pools of two aortas and one sample
containing a single aorta were used. The aortas were cut into two halves, washed three
times with ice-cold PBS containing 25 mM EDTA and 1% v/v protease inhibitors (P8340,



Sigma-Aldrich). In the first extraction step, the aortas were incubated with 0.5 M NacCl, 10
mM Tris-HCI, pH 7.5 supplemented with 25 mM EDTA and 1% v/v protease inhibitors
(P8340, Sigma-Aldrich) with gentle shaking for 1 h at room temperature with a buffer to
sample ratio of 10:1 (10 pl buffer per mg sample). In a second extraction step, the
aortas were incubated in 0.08% SDS containing 25 mM EDTA and 1% v/v protease
inhibitors (P8340, Sigma-Aldrich) for 2 h at room temperature with gentle shaking (10 pl
buffer per mg sample). Finally, the aortas were extracted with 4 M guanidine
hydrochloride, 50 mM sodium acetate, pH 5.8, 25 mM EDTA, 1% v/v protease inhibitors
(P8340, Sigma-Aldrich). To facilitate the disruption of the extracellular matrix, the samples
were vigorously vortexed for 72 h at room temperature (5 pl buffer per mg sample). For the
proteomic analysis, the guanidine extracts were deglycosylated as described previously.®
25 g proteins per sample were separated on a 4-12% Bis-Tris discontinuous
polyacrylamide gradient gel (NUPAGE, Life Technologies). After silver staining, each lane
was cut into 8 gel pieces which were subjected to in-gel tryptic digestion overnight on a
robotic digestor (ProGest, DigiLab). Tryptic peptides were separated on a nano-flow HPLC
system (RSLC 3000, PepMapl100 C18 column, 25-cm length, 75-um internal diameter, 3-
pm particle size, Thermo Fisher Scientific) and eluted with a 40 min gradient (10-25%
B in 35 min, 25-40% B in 5 min, 90% B for 10 min and 2% B for 20 min where A= 2%
ACN, 0.1% formic acid in HPLC H20 and B = 80% ACN, 0.1% formic acid in

HPLC H,0). The eluted peptides were directly analyzed by a high mass accuracy tandem
mass spectrometer (LTQ Orbitrap XL, Thermo Fisher Scientific) using full MS scan
mode over the range of m/z 400-1600. MS/MS was performed on the 6 most abundant ions
in each MS scan with dynamic exclusion. Raw files were searched against a mouse
database (UniProt/Swiss-Prot 2012_03, 16520 entries) using Mascot 2.3.01 (Matrix
sciences). Carboxyamidomethylation of cysteine was chosen as fixed modification and
hydroxylation of lysine and proline as well as oxidation of methionine were selected as
variable modifications. The mass tolerance was set at 10 ppm for the precursor ions and
at 0.8 Da for fragment ions. Two missed cleavages were allowed. Scaffold (version 3.6.2,
Proteome Software) was used to calculate the spectral counts and to validate MS/MS
based peptide and protein identifications. The following peptide thresholds were applied:
peptide probability > 95.0%, protein probability > 99.0% with at least 2 unique peptides.

Metabolic measurements and lipid profile

Analysis of body composition was determined by using the Minispec mq7.5 NMR
analyzer (Bruker Corporation, Billerica, Massachusetts, USA). Lean mass and total body
fat content were determined by nuclear magnetic resonance (NMR) spectroscopy
(Bruker minispec, Bruker, Daltonik, Bremen, Germany) as previously described.*

Indirect calorimetry and physical activity were measured in a TSE cage system with a
calorimetry module and infrared sensor frames. Animals were adapted to the cages 2-3
days before measurement. Parameters of indirect calorimetry and locomotor activity
were measured for 72 h and analyzed over a period of 24 hours (CaloSys V2.1,
ActiMot2, TSE Systems, Inc., Chesterfield, Missouri, USA) as described previously.™

The plasma concentrations of total circulating cholesterol, low densiy lipoprotein

(LDL), very low density lipoprotein (VLDL), high-density lipoprotein (HDL) (Cholesterol
Quantitation Kit, BioVision, Milpitas, CA, USA), and insulin (Ultra Sensitive Rat Insulin
ELISA Kit, Chrystal Chem, Downers Grove, IL, USA) were determined.

Thrombosis measurement

The laser-injury induced thrombosis measurement in the carotid artery was performed as
described previously*" *?. Briefly, an ultrasonic flow-probe (Transonic, Ithaca, NY, USA) was
placed under the right common carotid artery below the bifurcation. The blood vessel was
irradiated with a 540-nm green laser (Melles Griot Carlsbad, CA, USA) in direct proximity to



the flow probe. Endothelial injury and subsequent occlusive thrombus development were
induced by injection of Rose Bengal (Acros Organics, Geel, Belgium) at a dose of 50 mg-kg™
through a catheter placed in the left jugular vein. Determination of time to first and stable
occlusion was conducted as previously defined™®.

Bleeding time

Mice were anesthetized and the tail was cut with a scalpel at a defined diameter. Bleeding
time was assessed by measuring time from the incision to the cessation of bleeding™.

Statistical analysis

Data are presented as mean = SD unless otherwise stated. Normal distribution was assumed
and parametric testing was performed. Statistical analyses were performed with GraphPad
Prism software (La Jolla, CA, USA) using either one-way analysis of variance (ANOVA) with
Dunnett’s post hoc test or Student’s t-test, as appropriate. Statistical significance was set at
the level of P<0.05.
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Characterization of basic cardiovascular and metabolic functions revealed no overt
differences between the genotypes.

A, Heart rate, B, C, diastolic and systolic blood pressure of 15-week-old male ApoE- and
ApoE/Bgn-deficient mice was determined by tail cuff plethysmography. n=4, 6. D, Total body fat
mass relative to lean mass as determined by nuclear magnetic resonance (NMR) spectroscopy of
15-week-old male ApoE”’ mice and ApoE’/Bgn’ mice; n=8. E, Total cholesterol, low-density
lipoprotein (LDL), very low density lipoprotein (VLDL), and high-density lipoprotein (HDL). F,
Plasma concentrations of insulin in 15-week-old mice; n=8, 6. Data represent means + SD.
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Basic physical activity, food and water intake and respiratory activity were not affected by the
genetic deletion of Bgn.

A, Activity over X-, Y- and Z axis. B, Food, water intake, and weight. C, mean O2 consumption and CO,
production at day and night. D, Respiratory exchange ratio (RER) as indicated in 15-week-old mice,
n=8,6. Data represent means x SD.
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Supplemental Figure Ill
Bgn is localized in the glycolayx of cardiac capillaries.

Representative confocal images of BGN (red) and isolectin B4 (green) staining of small cardiac
capillaries of ApoE-deficient mice. Nuclei are counterstained with DAPI. Scale bar represents 10 um.
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Deficiency of BGN does not influence bleeding time and thrombus formation in ApoE-
deficient mice

A, Tail bleeding assay was performed. Time to cessation of bleeding is shown, n=5,6. B,C
Thrombosis measurement in ApoE- and ApoE/Bgn-deficient mice after laser-induced injury of the
endothelium in the right common carotid artery. B, Time to first occlusion and C, stable occlusion
are depicted; n=13,8. Data represent means + SD.
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Flow cytometric analysis of immune cells in the aortic wall of ApoE”’- and ApoE”/Bgn”°

mice.

A, Aortic weight is shown. B, Numbers of living cells, C, CD45* leukocytes, D, lymphocytes, E,
CD45*/CD19* B cells, F, CD45*/CD3* T cells, and G, CD11b*Ly6G* neutrophils were analyzed.
Absolute cell numbers per aorta are shown. n=11,8 (A-C), n=8,5 (D), n=6,4 (E,F), n=8,4 (G).
Data represent means + SD,
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Supplemental Figure VI
Flow cytometric gating strategy for macrophage analysis.

Representative flow cytometric analysis of the aortic wall of 15-week-old ApoE"- and ApoE"-/Bgn°

mice. Macrophages (CD11b*F4/80* cells) were gated from living CD45* leukocytes. FSC, forward
scatter; SSC side scatter.
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Supplemental Figure VIi
Apolipoprotein B-48/100 expression and staining of total lipids.

A, Immunohistochemical analysis of aortic root plaques found no difference in apolipoprotein (Apo)
B-48/100 deposition in aortic root plaques between ApoE”/Bgn’® and ApoE” mice. B, Quantitative
analysis of ApoB-48/100; 15-week-old mice, n=3, 4; 30-week-old mice, n=10, 12. C, Staining of
aortic root plaques from 15- and 30-week-old mice with Oil Red O found no differences in total lipid
accumulation between the two genotypes at any time point as shown by quantitative analysis with
ImageJ software; 15-week-old mice, n=15; 30-week-old mice, n=9, 12. Data represent means *
SD. Scale bar: 100 pm.
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Supplemental Figure VIlI

Circulating BGN in plasma of ApoE-deficient mice is not affected by treatment with
argatroban.

A, Western blot analysis of circulating BGN core protein in plasma of male ApoE-deficient mice
treated with argatroban or vehicle after chondroitinase ABC digestion. B, Quantification of biglycan
content in plasma, n=4. Data represent means * SD.



Supplemental Table |

age (years) 73.4+£2.2 74.7+£2.9 78.9+2.8
sex (male/female) 5/2 5/2 5/2
BMI 264+1.6 296+1.4 285+ 2.2
smoking 1/7 2/7 0/7
total cholesterol 172.8+21.5 137.2 £ 23.2 175.4+24
(mg/dl)

diabetes mellitus 4/7 4/7 4/7
hypertension 4/7 6/7 4/7
prior Ml 0/7 3/7 5/7

Hb 13.6+1 12.2+0.5 12.5+0.9
WBC 81+1.2 6.1+0.8 7.1+£0.9
Hct (%) 404+ 2.4 37.1+1.2 36.9+2.3
Plt 181.6 +12.3 242.4 + 46.7 221.3+13.6
ACEI/ARB 3/7 2/7 2/7
statins 4/7 3/7 4/7
heparin 1/7 0/7 0/7
ASA 2/7 5/7 6/7

Supplemental Table |

Baseline patient characteristics and medication. MI, myocardial infarction; Hb, hemoglobin; WBC,
white blood cells; Hct, hematocrit; PIt, platelets; ACEI, angiotensin-converting-enzyme inhibitor,
ARB, angiotensin Il receptor blocker; ASA, acetylsalicylic acid



Supplemental Table Il

Average
Total Total total Average total

Accession Unique Unique Max % Total spectra spectra
Identified Proteins (65) Number  UniProt Name MW (kDa) peptides spectra coverage spectra (ApoE”) (ApoE”/Bgn®)
Adiponectin Q60994 ADIPO_MOUSE 27 31 33 15.8 90 9.6 10.5
Aggrecan core protein Q61282  PGCA_MOUSE 222 27 29 3.8 43 1.4 9
Agrin A2ASQ1  AGRIN_MOUSE 208 20 20 1.95 32 2.4 5
Alpha-1-antitrypsin 1-1 P07758 A1AT1_MOUSE 46 10 12 245 68 3.2 13
Alpha-1-antitrypsin 1-2 P22599 A1AT2_MOUSE 46 1 1 10.7 13 0 3.25
Alpha-1-antitrypsin 1-4 Q00897 A1AT4_MOUSE 46 13 13 23 97 9.2 12.75
Alpha-1-antitrypsin 1-5 Q00898  A1AT5_MOUSE 46 1 1 7.99 7 0 1.75
Apolipoprotein A-l Q00623  APOA1l_MOUSE 31 2 2 9.09 3 0.6 0
Apolipoprotein A-IV P06728 APOA4_MOUSE 45 4 4 11.4 6 0 1.5
Asporin Q9I9MQ4 ASPN_MOUSE 43 2 2 7.77 4 0.8 0
Basal cell adhesion molecule Q9R069 BCAM_MOUSE 68 59 60 21.7 137 18 11.75
ﬁ:;::::r:u?;;"z::‘:(;;‘;iz:ccme protein Q05793  PGBM_MOUSE 398 204 331 107 1080 1182 122.25
Beta-2-glycoprotein 1 Q01339 APOH_MOUSE 39 76 93 37.7 148 17.6 15
Biglycan P28653 PGS1_MOUSE 42 27 28 225 117 23.4 0
Cell surface glycoprotein MUC18 Q8R2Y2 MUC18_MOUSE 72 17 17 6.94 35 3.2 4.75
Chondroitin sulfate proteoglycan 4 Q8VHYO0 CSPG4_MOUSE 252 3 3 1.68 5 0 1.25
Chymase P21844 CMA1_MOUSE 28 2 3 10.9 4 0 1
Collagen alpha-1(1) P11087 CO1A1_MOUSE 138 360 488 42 2218 233.4 262.75
Collagen alpha-1(Il) P28481 CO2A1_MOUSE 142 8 9 4.71 38 3.4 5.25
Collagen alpha-1(Ill) P08121 CO3A1_MOUSE 139 255 303 37.8 843 87.4 101.5
Collagen alpha-1(1V) P02463 CO4A1_MOUSE 161 6 6 1.74 9 1.8 0
Collagen alpha-1(V1) Q04857  CO6A1_MOUSE 108 37 38 6.24 78 9 8.25
Collagen alpha-1(XV) 035206 COFA1_MOUSE 140 8 8 2.12 11 1 1.5
Collagen alpha-1(XVIll) P39061 COIA1_MOUSE 182 63 65 5.02 124 11 17.25
Collagen alpha-2(l) Q01149 CO1A2_MOUSE 130 358 473 53.6 2277 233,8 277
Collagen alpha-2(1V) P08122 CO4A2_MOUSE 167 11 11 2.58 15 1.8 15
Collagen alpha-2(V1) Q02788  CO6A2_MOUSE 110 2 2 1.74 3 0 0.75
Connective tissue growth factor P29268 CTGF_MOUSE 38 3 3 9.2 3 0 0.75
Decorin P28654 PGS2_MOUSE 40 153 221 50 1045 108 126.25
Dermatopontin Q9QZz6 DERM_MOUSE 24 22 22 20.4 43 6 3.25
Elastin P54320 ELN_MOUSE 72 2 2 3.72 2 0.4 0
EMILIN-1 Q99K41 EMIL1_MOUSE 108 4 4 2.06 4 0 1
Extracellular matrix protein 1 Q61508 ECM1_MOUSE 63 53 53 14.7 125 15.4 12
Extracellular superoxide dismutase [Cu-Zn] 009164 SODE_MOUSE 27 70 105 41 363 44.2 35.5
Fibrillin-1 Q61554 FBN1_MOUSE 312 2 2 0.906 3 0 0.75
Fibronectin P11276 FINC_MOUSE 273 427 555 233 3136 343 355.25
Galectin-1 P16045 LEG1_MOUSE 15 18 22 25.9 39 58 2.5
Hepatoma-derived growth factor P51859 HDGF_MOUSE 26 22 24 31.6 35 4.4 3.25
Hepatoma-derived growth factor-related protein 3 Q9IMG7 HDGR3_MOUSE 22 8 8 11.9 11 2.2 0
Hyaluronan and proteoglycan link protein 1 Q9QUP5  HPLN1_MOUSE 40 2 2 6.18 3 0 0.75
Insulin-like growth factor-binding protein 7 Q61581 IBP7_MOUSE 29 84 111 55.5 188 17.6 25
Kininogen-1 008677 KNG1_MOUSE 73 12 12 8.62 18 1.2 3
Laminin subunit alpha-2 Q60675 LAMA2_MOUSE 344 14 14 2.31 22 1.8 3.25
Laminin subunit alpha-4 P97927 LAMA4_MOUSE 202 18 18 3.52 26 3 2.75
Laminin subunit beta-1 P02469 LAMB1_MOUSE 197 18 18 3.47 29 2.6 4
Laminin subunit beta-2 Q61292 LAMB2_MOUSE 197 69 71 5.78 143 11.4 21.5
Laminin subunit gamma-1 P02468 LAMC1_MOUSE 177 68 69 9.83 135 10.8 20.25
Latent-transforming growth factor beta-binding protein 4 Q8K4G1  LTBP4_MOUSE 179 209 220 10.9 590 71.6 58
Leukocyte elastase inhibitor A Q9D154 ILEUA_MOUSE 43 2 2 6.6 3 0 0.75
Lumican P51885 LUM_MOUSE 38 59 73 16 291 32.6 32
Mast cell protease 4 P21812 MCPT4_MOUSE 27 36 39 37.8 60 5.2 8.5
Mimecan Q62000 MIME_MOUSE 34 9 9 111 15 2.6 0.5
Neural cell adhesion molecule 1 P13595 NCAM1_MOUSE 119 31 34 8.34 50 4.6 6.75
Nidogen-1 P10493 NID1_MOUSE 137 19 19 3.94 32 3.2 4
Peptidase inhibitor 15 Q8BS03 PI115_MOUSE 29 10 10 11.6 17 3.4 0
Periostin Q62009 POSTN_MOUSE 93 27 27 6.32 42 5.2 4
Prolargin Q9JK53 PRELP_MOUSE 43 36 36 10.3 116 20 4
Prolow-density lipoprotein receptor-related protein 1 Q91ZX7 LRP1_MOUSE 505 4 4 0.594 5 1 0

Supplemental Table Il

Extracted ECM proteins identified in isolated aortas from ApoE’ and ApoE’/Bgn”® mice at 15
weeks of age. n=5,4 .
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Average Average
normalised normalised

spectra spectra p-value
Identified Proteins (65) UniProt Name MW (kDa) ApoE™  ApoE™/Bgn™ (t-test)
Adiponectin ADIPO_MOUSE 27 9.2+3 10.7+4.6 0.57
Aggrecan core protein PGCA_MOUSE 222 1.2+16 9.4+4.8 0.0084
Agrin AGRIN_MOUSE 208 23+17 43+15 0.097
Alpha-1-antitrypsin 1-1 A1AT1_MOUSE 46 294 10.8+3.2 0.015
Alpha-1-antitrypsin 1-2 A1AT2_MOUSE 46 00 24+48 0.29
Alpha-1-antitrypsin 1-4 A1AT4_MOUSE 46 8.3+1.2 10.6 +3 0.16
Alpha-1-antitrypsin 1-5 A1AT5_MOUSE 46 00 1.3+26 0.29
Apolipoprotein A-l APOA1_MOUSE 31 09+19 0+0 0.41
Apolipoprotein A-IV APOA4_MOUSE 45 0+0 12+25 0.29
Asporin ASPN_MOUSE 43 0.9+19 0+0 0.41
Basal cell adhesion molecule BCAM_MOUSE 68 16.5+2.5 10.2+3.5 0.016
Basement membrane-specific heparan sulfate proteoglycan core protein PGBM_MOUSE 398 128.9 +13.4 125.5+18.6 0.76
Beta-2-glycoprotein 1 APOH_MOUSE 39 158+1 12.6 +3.6 0.094
Biglycan PGS1_MOUSE 42 23.6+9.8 0+0 0.0021
Cell surface glycoprotein MUC18 MUC18_MOUSE 72 35+28 4.6+3.1 0.57
Chondroitin sulfate proteoglycan 4 CSPG4_MOUSE 252 00 1.2+2.4 0.29
Chymase CMA1_MOUSE 28 00 0.7+15 0.29
Collagen alpha-1(1) CO1A1_MOUSE 138 2456 £9.9 264.1 £59.8 0.51
Collagen alpha-1(ll) CO2A1_MOUSE 142 35+3.6 5.6+6.3 0.55
Collagen alpha-1(lll) CO3A1_MOUSE 139 104.6 £155 118.6 +31.6 0.41
Collagen alpha-1(IV) CO4A1_MOUSE 161 15+14 0+0 0.068
Collagen alpha-1(VI) CO6A1_MOUSE 108 11.7+4.2 10515 0.61
Collagen alpha-1(XV) COFA1_MOUSE 140 11415 15+1.8 0.7
Collagen alpha-1(XV1l) COIA1_MOUSE 182 10.2+3.5 14.8+2.3 0.061
Collagen alpha-2(1) CO1A2_MOUSE 130 243.8 £17.7 272.6 +64.7 0.37
Collagen alpha-2(1V) CO4A2_MOUSE 167 1.8+17 17+21 0.96
Collagen alpha-2(V1) CO6A2_MOUSE 110 00 09+18 0.29
Connective tissue growth factor CTGF_MOUSE 38 00 0.6+1.2 0.29
Decorin PGS2_MOUSE 40 112.4+12.4 1247 +10.8 0.16
Dermatopontin DERM_MOUSE 24 7.7+3.6 4.4+3.3 0.2
Elastin ELN_MOUSE 72 0.6+1.2 0+0 0.41
EMILIN-1 EMIL1_MOUSE 108 00 1+1.2 0.11
Extracellular matrix protein 1 ECM1_MOUSE 63 14+2.8 10.4£2.3 0.081
Extracellular superoxide dismutase [Cu-Zn] SODE_MOUSE 27 40.9+6.1 29.7+8.4 0.053
Fibrillin-1 FBN1_MOUSE 312 00 0.7+15 0.29
Fibronectin FINC_MOUSE 273 332.9+27.1 320.5+29.8 0.53
Galectin-1 LEG1_MOUSE 15 7.5+£3.5 29+35 0.091
Hepatoma-derived growth factor HDGF_MOUSE 26 48+1.8 36+3 0.47
Hepatoma-derived growth factor-related protein 3 HDGR3_MOUSE 22 2+1.3 00 0.019
Hyaluronan and proteoglycan link protein 1 HPLN1_MOUSE 40 00 0.7+1.4 0.29
Insulin-like growth factor-binding protein 7 IBP7_MOUSE 29 16 £3 20.3+4.6 0.14
Kininogen-1 KNG1_MOUSE 73 1.1+16 25+22 0.31
Laminin subunit alpha-2 LAMA2_MOUSE 344 2+4.4 3.4+43 0.63
Laminin subunit alpha-4 LAMA4_MOUSE 202 3.9+25 3+3.6 0.69
Laminin subunit beta-1 LAMB1_MOUSE 197 3.1+4.4 4.1+47 0.75
Laminin subunit beta-2 LAMB2_MOUSE 197 10.7 £5.6 18.2+7.5 0.13
Laminin subunit gamma-1 LAMC1_MOUSE 177 13.5+6.7 21.9+8.1 0.13
Latent-transforming growth factor beta-binding protein 4 LTBP4_MOUSE 179 68.8 £5.9 51.6 £11.9 0.025
Leukocyte elastase inhibitor A ILEUA_MOUSE 43 00 0.7+1.4 0.29
Lumican LUM_MOUSE 38 31.6+4.6 30+4.2 0.61
Mast cell protease 4 MCPT4_MOUSE 27 48+15 6.8+ 1.6 0.094
Mimecan MIME_MOUSE 34 3.2+3.4 0.6+1.2 0.19
Neural cell adhesion molecule 1 NCAM1_MOUSE 119 4.6 +4.9 59+2.6 0.64
Nidogen-1 NID1_MOUSE 137 3.2+2.6 3.1+3.6 0.96
Peptidase inhibitor 15 P115_MOUSE 29 3.1+£18 0+0 0.013
Periostin POSTN_MOUSE 93 75+2 55+17 0.14
Prolargin PRELP_MOUSE 43 21.1+8.2 4.7+33 0.0072
Prolow-density lipoprotein receptor-related protein 1 LRP1_MOUSE 505 1.3+1.9 00 0.2
Sclerostin SOST_MOUSE 23 3.3+0.8 2+1.4 0.12
Serine protease HTRA1 HTRA1_MOUSE 51 0.6+1.2 0.7+1.4 0.89
Serine protease inhibitor A3K SPA3K_MOUSE 47 0+0 0.7+1.4 0.29
Serine protease inhibitor A3N SPA3N_MOUSE 47 0+0 1.2+24 0.29
Serpin B6 SPB6_MOUSE 43 00 0.7+1.4 0.29
SPARC SPRC_MOUSE 34 0+0 1+£19 0.29
Versican core protein CSPG2_MOUSE 367 23+24 3+24 0.68

Supplemental Table Il

Differentially regulated extracted ECM proteins in isolated aortas from ApoE” and ApoE"/Bgn®
mice at 15 weeks of age. n=5,4.





