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Abstract

Objective

Atherosclerosis, a chronic inflammatory disease, arises from metabolic disorders and is

driven by inappropriate recruitment and proliferation of monocytes / macrophages and vas-

cular smooth-muscle-cells. The receptor for the urokinase-type plasminogen activator

(uPAR, Plaur) regulates the proteolytic activation of plasminogen. It is also a coactivator of

integrins and facilitates leukocyte-endothelial interactions and vascular smooth-muscle-cell

migration. The role of uPAR in atherogenesis remains elusive.

Methods and Results

We generated C57Bl6/J low-density lipoprotein receptor (LDL) and uPAR double knockout

(uPAR-/-/LDLR-/-) mice to test the role of uPAR in two distinct atherosclerosis models. In

LDLR-/- mice, hepatic overexpression following hydrodynamic transfection of soluble uPAR

that competes with endogenous membrane-bound uPAR was performed as an interven-

tional strategy. Aortic root atherosclerotic lesions induced by feeding a high-fat diet were

smaller and comprised less macrophages and vascular smooth-muscle-cells in double

knockout mice and animals overexpressing soluble uPAR when compared to controls. In

contrast, lesion size, lipid-, macrophage-, and vascular smooth muscle cell content of

guide-wire-induced intima lesions in the carotid artery were not affected by uPAR defi-

ciency. Adhesion of uPAR-/--macrophages to TNFα-stimulated endothelial cells was

decreased in vitro accompanied by reduced VCAM-1 expression on primary endothelial

cells. Hepatic overexpression of soluble full-length murine uPAR in LDLR-/- mice led to a
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reduction of diet-induced atherosclerotic lesion formation and monocyte recruitment into

plaques. Ex vivo incubation with soluble uPAR protein also inhibited adhesion of macro-

phages to TNFα-stimulated endothelial cells in vitro.

Conclusion

uPAR-deficiency as well as competitive soluble uPAR reduced diet-promoted but not guide-

wire induced atherosclerotic lesions in mice by preventing monocyte recruitment and vascu-

lar smooth-muscle-cell infiltration. Soluble uPAR may represent a therapeutic tool for the

modulation of hyperlipidemia-associated atherosclerotic lesion formation.

Introduction
Atherosclerosis is an inflammatory disease of the vessel wall characterized by monocyte
recruitment to lesion-prone sites and their dedifferentiation into foam cells.[1, 2] Macrophages
and vascular smooth muscle cells (VSMC) in the lesion release inflammatory mediators and
proteolytic activity driving lesion progression.[3] The receptor for the plasminogen activator of
the urokinase type (CD87, Plaur, uPAR), a GPI-anchored glycoprotein, regulates membrane-
bound proteolytic activity of uPA by increasing its efficiency for plasminogen cleavage.[4]
Proteolytic activity is thought to be associated with lesional cell migration and, through extra-
cellular matrix breakdown, reduced plaque stability.[5, 6] Hence, uPA overexpressing macro-
phages stimulate atherosclerosis.[7] uPAR is also a cofactor for beta-integrin-activation and
thus facilitates cell-cell interactions[4, 8] as well as transendothelial recruitment of neutrophils
[9] and macrophages.[10] uPAR is expressed in human atherosclerotic lesions, and its expres-
sion is associated with lesion progression.[11–14] However, its role during atherogenesis, the
underlying mechanisms thereof and its potential for therapeutic interventions remain largely
elusive. Using the low-density lipoprotein-receptor deficiency (LDLR-/-)-[15] and Western-
diet-induced model of dyslipidemia and atherosclerosis, we analysed the effect of uPAR-defi-
ciency on atherogenesis by comparing uPAR’s role for i) diet-induced spontaneous aortic root
atherosclerosis and ii) guide-wire injury (GWI) induced intimal hyperplasia in the carotid
artery. In addition, in a therapeutic approach, we investigated the impact of hepatic overexpres-
sion of soluble uPAR (suPAR) as competitive inhibitor of endogenous membrane bound uPAR
in diet-induced atherosclerosis in LDL-receptor-deficient mice.

Materials and Methods

Animals
uPAR-deficient (uPAR-/-) mice[16] were crossbred with LDLR-deficient (Ldlr-/-) mice (Jackson
Laboratories, Bar Harbor, Maine) in the C57Bl/6J-background (>F10). The first double hetero-
zygous offspring were bred to obtain uPAR-/-/LDLR-/- and uPAR+/+/LDLR-/- control mice with
identical genetic background, which were perpetuated separately for 3–4 generations. Geno-
types were determined by polymerase chain reaction. Animals were fed a cholate-free high-fat
diet (1.4% cholesterol, 12% cocoabutter, 3% oil, TD95046-modified, Harlan, Germany). All
mice were housed under pathogen-free conditions. All animal experiments were performed in
accordance with protocols approved by the local animal research committee (Bezirksregierung
Münster, Az: 23.0835.1.0 (G 62/2000)) and in accordance with the Guide for the Care and Use
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of Laboratory Animals published by the National Academy of Science and all efforts were
made to minimize suffering.

Diet-induced atherosclerosis
For the diet induced atherosclerosis model 64 age- and gender-matched uPAR-/-/LDLR-/- and
uPAR+/+/LDLR-/- mice (6±0.5 weeks; 18±3.4 g) were maintained on the atherogenic diet. After
10 weeks on diet, animals were anesthetized with 1.5 Vol% Isoflurane in 100% oxygen. Follow-
ing a laparotomy the inferior caval vein was cannulated. Mice were exsanguinated and perfused
from a left ventricular puncture using 0.9% saline. The base of the heart with the aortic root
were harvested.[17]

Guide-wire injury induced intimal hyperplasia
After 6 weeks on diet we performed a GWI procedure as described previously[18, 19] in a sub-
group of 20 age- and gender-matched mice to induce intimal hyperplasia of the left carotid
artery. Endothelial denudation was achieved by introducing a 21-gauge guide-wire (Arrow
International, Reading, PA) three times from the left external carotid artery into the common
carotid artery as previously described.[18] For each animal the right carotid artery served as
sham control. The vessel was dissected likewise but no GWI was performed. Carotid arteries
were collected 4 weeks later.[17] 7μm thick cryosections were made and approximately 100
sections per mouse were analyzed through the whole injured artery.

Plasma lipid and lipoprotein analyses
Blood was drawn from the retro bulbar plexus under isoflurane anesthesia at 0, 3, 6, and 9
weeks to determine lipoprotein plasma levels. We measured plasma total cholesterol, HDL
cholesterol, and triglycerides photometrically using commercially available kits (Roche, Mann-
heim, Germany). LDL cholesterol was calculated by the Friedewald formula.

Atherosclerotic lesion size and composition
Collected tissue was cryoembedded and stored at -80°C. Serial 7 μm sections were prepared
and stained for oil red-O to identify lipids. To control for gender bias, animals were also ana-
lyzed after stratification into male and female animals. On adjacent sections, macrophages
were stained (rat anti-mouse Mac-3 (clone M3/84), BD Pharmingen, Heidelberg Germany or
CD68 (rat anti-mouse antibody (clone FA-11), Serotec, Düsseldorf, Germany)). VSMC (clone:
1A4, Sigma, Taufkirchen, Germany) were stained using a mouse on mouse protocol. Secondary
antibodies for detection were: Cy3-coupled goat anti-mouse (Jackson ImmunoResearch, West
Grove, USA) and goat anti-rat IgG-Cy5 (Abcam, Cambridge, UK). A peroxidase coupled sec-
ondary antibody and DAB (Vectorstain, DAKO, Hamburg, Germany) as substrate was used
for detection of rat anti-mouse Mac-3. Double immunohistochemistry for CD68 and Prolifer-
ating Cell Nuclear Antigen (PCNA) was performed in aortic sinus lesions using a polyclonal
anti-PCNA antibody (Abcam, Cambridge, United Kingdom). To assess macrophage apoptosis
CD68/ cleaved caspase 3 (Cell Signaling, Danvers, MA) double staining was performed. In
carotid lesions we prepared a VSMC and PCNA double immunohistochemestry staining.
Images were acquired using an Olympus IX81 (Olympus, Hamburg, Germany) or Eclipse
TE300 (Nikon, Düsseldorf, Germany) microscope. A Retiga EXi camera (QImaging, Surrey,
British Columbia, Canada) and QCapture Pro (version 6.0.0.412, QImaging) or analysis (SIS,
Münster, Germany) software were used to capture and analyze images.
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Recombinant protein production and hepatic overexpression of soluble
full-length murine uPAR
Full-length uPAR was cloned in frame into the pPICZA vector, expressed in a Pichia pastoris
system and purified using a c-myc-tag (Life Technologies, Darmstadt, Germany). For in vivo
gene delivery the cDNA encoding full-length murine uPAR was subcloned into an expression
vector containing apoAI promotor and apoE enhancers.[20] For hydrodynamic transfection
[21] 50μg of plasmid DNA was dissolved in 0.9% saline and rapidly injected over 10sec. via a
26G tail vein catheter into 16 age and gender matched LDLR-/- mice (12.2±0.9 weeks, 23.6±2
g). Subsequently, the animals were started on the atherogenic diet for 10 weeks. Upon sacrifice,
transfection efficiency was proven by immunnohistochemstry of liver samples for uPAR.

Harvesting of peritoneal macrophages and cardiac endothelial cells
Mononuclear cells were elicited by intraperitoneal injection of 500μl 4% Brewer’s-Thioglycol-
late-Medium in C57Bl/6J mice as described.[10] Animals were sacrificed on day 3 and perito-
neal lavage was collected in ice-cold Hanks buffered salt solution (HBSS) free of Ca2+/Mg2+.
Leukocytes were counted and resuspended at 106/mL in HBSS. For isolation of primary murine
EC, uPAR-/- and WT animals were exsanguinated in isoflurane anesthesia and perfused from a
left ventricular puncture using 0.9% saline. Hearts were collected and the myocardium was
digested by collagenase. EC were harvested by magnetic cell sorting (MACS, Miltenyi Biotec,
Auburn, CA) using anti-CD31 antibody-coated magnetic beads according to the manufactur-
er’s instructions.

Cell culture
Cell culture materials were purchased from PAA (Coelbe, Germany). Immortalized murine EC
(f.End5)[22, 23] were grown in Dulbecco’s modified Eagle medium, macrophages were cul-
tured in RPMI-1640. Primary CD31-positive EC were plated in gelatin-coated culture flaskes
and grown in complete Endothelial Basal Medium-2 (EBM-2) (Lonza, Verviers, Belgien). Cells
were split at a 1:3 ratio. The purity of ECs was confirmed by immunofluorescent CD-31 label-
ing. All media were supplemented with 10% fetal bovine serum, L-glutamine, penicillin and
streptomycin.

Mononuclear cell adhesion
We studied endothelial adhesiveness for mouse peritoneal macrophages fromWT and uPAR-/-

mice in a parallel-plate flow-chamber model.[18] Thioglycollate-elicited peritoneal macro-
phages were labelled with Cell Tracker Green (Invitrogen, Karlsruhe, Germany) according to
the manufacturers instructions. Cells were perfused across fEnd.5 at 100s-1. We activated the
endothelium over 12 hours using 10 ng/ml tumor necrosis factor-alpha (TNFα) (Biosource,
Camarillo, CA). TNFα activation was performed in the presence or absence of 100μg/ml
suPAR to test uPARs therapeutic potential. We quantified firm adhesion on pictures taken
from 15 high-power fields captured after 3 minutes of cell perfusion followed by 3 minutes of
buffer wash using a confocal microscope (UltraView, Perkin Elmer, Juügesheim, Germany).

VSMCmigration
VSMC were harvested fromWT and uPAR-/- mice using an outgrowth assay.[24] For migra-
tion assays, VSMC in DMEM supplemented with 10% FBS were seeded in six-well plates. Sub-
confluent cells were starved for 72 hours in DMEM supplemented with 0.2% FBS. Cell migra-
tion was evaluated using a scratch wound assay.[24] The cell monolayer was scratched using a
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pipet tip. The remaining cells were washed twice with 0.2% FBS. After 24 hours closure of the
scratch was assessed as the distance migrated on 10 high-power fields (hpf) along the scraped
line.

Real-time RT-PCR
Total RNA was extracted from primary ECs by TRItidy reagent (Applichem, Darmstadt,
Germany). All reagents and primer were purchased from Eurogentec (Cologne, Germany).
cDNA was obtained by reverse transcription of 500ng RNA. The primer sequences were as
follows: mouse ICAM-1 forward, 5’-TCT-AAT-GTC-TCC-GAG-GCC-AGG-A-3’, reverse,
5’-GTT-ACT-TGG-CTC-CCT-TCC-GAG-A-3’; mouse VCAM-1 forward, 5’-ACT-CTA-
CTG-CGC-ATC-TTC-CTT-GGT-3’, reverse, 5’-AAT-GCA-TGG-CTT-GGT-TTG-TGG-
AGG-3’, mouse HPRT forward, 5’-TGA-TCA-GTC-AAC-GGG-GGA-CAT-A-3’, reverse,
5’-GCC-TGT-ATC-CAA-CAC-TTC-GAG-A-3’. Samples were run in duplicates on a real
time PCR cycler (Rotorgene 3000, Corbett Life Science, Hilden, Germany). Signals were gener-
ated by MESA-GREEN incorporation into the amplified DNA and normalized to GAPDH
expression.

Statistics
Data were analyzed using GraphPad Prism 5.0b (GraphPad Software, San Diego CA). Groups
were compared by Mann–Whitney U test or Kruskal-Wallis test with Dunn’s post-test. Spear-
man-Rho test calculated the correlation between lesion size and macrophage content. Data are
presented as mean±SEM. P<0.05 was considered significant.

Results

uPAR deficiency prevents macrophage recruitment and protects against
diet-induced atherosclerosis
No differences were observed for body weight, fertility, general health status, or dyslipidemia
(Table 1) between uPAR-/-/LDLR-/- and uPAR+/+/LDLR-/- mice receiving the high-fat diet.
After 10 weeks on this atherogenic diet gender matched uPAR-/-/LDLR-/- animals had devel-
oped smaller aortic root atherosclerotic lesions than control mice (Fig 1A and 1B). This effect
remained robust when we stratified animals for gender (Fig 1C). Lesion development in male
and female uPAR+/+ LDLR-/- mice did not differ significantly (p = 0.229).

In this diet-induced atherosclerosis model, reduced plaque size was accompanied by a
reduction in macrophage- and aSMA-positive area inside the lesions (Fig 2). Plaque size and
macrophage content correlated significantly (uPAR-/-/LDLR-/-: R = 0.825, P = 0.022; uPAR+/

+/LDLR-/-: R = 0.943, P = 0.0014), indicating that uPAR may have driven lesion formation via
monocyte recruitment. In addition, no relevant differences between the groups were observed
on CD68/PCNA or CD68/cC3 double-immunohistochemical stainings (Fig 2). Thus, neither
reduced macrophage proliferation nor enhanced apoptosis contributed significantly to the
observed difference in macrophage content.

Guide-wire-induced carotid artery intimal hyperplasia was not affected
by uPAR deficiency
Within four weeks of endothelial denudation mice developed complex atherosclerotic plaques in
the left carotid artery that was subjected to GWI. Lesions in sham vessels were small, did not dif-
fer between genotypes, and could be neglected compared to lesions after GWI. (Fig 3). Also, in
this model no uPAR dependent differences were detected with respect to lipid-, macrophage-, or
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VSMC-content (Fig 3). Only very few VSMCs stained positive for PCNA and no major differ-
ences were observed between uPAR wild-type and knockout mice (Fig 3H).

uPAR-/—macrophages display reduced adhesiveness to EC
We assessed monocyte adhesion and migration as prerequisite for recruitment into atheroscle-
rotic plaques in ex vivo assays. In the parallel-plate flow chamber assay macrophages, isolated
from wild-type mice, showed increased adhesion when EC were stimulated with TNFα. This
effect was abolished when uPAR-/--macrophages were tested (Fig 4).

VSMCmigration on collagen is governed by uPAR
uPAR deficiency enhanced VSMC migration in the scratch assay regardless whether collagen
coated or uncoated dishes were used. The difference on collagen-coated dishes was more prom-
inent (Fig 4B).

uPAR deficiency affects VCAM-1 expression
We tested whether uPAR deficiency would affect the expression of the canonical adhesion mol-
ecules ICAM-1 and VCAM-1 that both play a critical role for macrophage adhesion and
VSMC migration. VCAM-1 mRNA expression was lower in EC from uPAR knock out mice
compared to wild-type cells. For ICAM-1 expression we found a numerical difference that was
however not statistically significant in our experiments (Fig 4C).

Table 1. Lipoprotein profiles. The cholesterol rich diet induced hyperlipidemia in uPAR wild-type and knockout mice in the LDLR-/- background. Within
three weeks total and LDL-cholesterol were significantly increased along with triglycerides. No uPAR-dependent differences between the cohorts were
observed. HDL-cholesterol increased along with the atherogenic lipoproteins and triglycerides.

Lipoprotein Week uPAR-/- / LDLR-/- uPAR+/+ / LDLR-/- P value

Total cholesterol, mg/dl 0 129 ± 3.2 165 ± 4.5 n.s.

3 782.5 ± 52.8 914 ± 67.2 n.s.

6 1198 ± 395.8 1143 ± 65.0 n.s.

9 1012 ± 60.5 1156 ± 52.5 n.s.

HDL cholesterol, mg/dl 0 6.6 ± 4.4 84.2 ± 3.6 n.s.

3 242.3 ± 13.5 279.4 ± 13.6 n.s.

6 287 ± 44.4 292 ± 8.1 n.s.

9 269 ± 7.7 306 ± 8.7 n.s.

LDL cholesterol, mg/dl 0 44.6 ± 4 63.2 ± 3.2 n.s.

3 500.4 ± 41.3 594.9 ± 53.5 n.s.

6 841 ± 319.6 777 ± 50.1 n.s.

9 693 ± 49.5 804 ± 42.3 n.s.

Triglycerides, mg/dl 0 74.8 ± 9.2 88.3 ± 8.3 n.s.

3 199.4 ± 20 199.9 ± 12.2 n.s.

6 347 ± 164.9 365 ± 55.7 n.s.

9 250 ± 42.1 232 ± 24.3 n.s.

Mean±SEM, n = 10. n.s. = not significant, HDL: high-density lipoprotein, LDL: low-density lipoprotein.

doi:10.1371/journal.pone.0131854.t001
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Overexpression of soluble full-length murine uPAR reduced diet induced
atherosclerotic lesion formation
Hepatic over-expression of uPAR in mice that underwent hydrodynamic transfection with
cDNA encoding full-length murine uPAR was proven by immunohistochemistry (Fig 5A).
suPAR led to a significant reduction in diet-induced aortic root atherosclerotic lesion size (Fig
5B and Fig 5C) indicating that suPAR competes endogenous membrane bound uPAR. Lesional
macrophage- but not VSMC-content was reduced in mice overexpressing suPAR as compared
to mice treated with control vector (Fig 5). Next we sought to test the relevance of suPAR for
monocyte adhesion in vitro.

suPAR prevents monocyte adhesion to activated endothelium
Macrophages from wild-type mice did not show increased adhesion to TNFα stimulated EC
when EC were activated in the presence of suPAR. The magnitude of the effect mediated by
suPAR was comparable to the adhesion deficit observed for macrophages from uPAR-/--ani-
mals (Fig 6).

Fig 1. uPAR-deficiency reduces atherosclerotic lesion size in LDLR-/- mice. (A) Oil red-O staining of
aortic valve cryosections. (B) Atherosclerotic lesion size was assessed as % total aortic sinus lumen area
occupied. (C) Quantification of lesion size in uPAR-/- LDLR-/- (n = 12) and uPAR+/+ LDLR-/- (n = 13) mice was
performed on oil red-O stainings. Lesion development between male and female mice did neither differ in
uPAR-/- LDLR-/- (female: n = 6; male; n = 6) nor in uPAR+/+ LDLR-/- mice (p = 0.229; female: n = 7; male:
n = 6). Mean±SEM. *P<0.05, ***P<0.001.

doi:10.1371/journal.pone.0131854.g001
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Discussion
We here demonstrate for the first time that genetic deficiency for uPAR prevents monocyte
recruitment and reduces development of diet induced aortic arch atherosclerotic lesions in
Western-diet fed LDLR-/- mice. In addition, we established a gene therapeutic strategy of

Fig 2. Macrophage and VSMC accumulation is reduced in uPAR-/-/LDLR-/-. (A) Representative Mac-3 immunostaining and (B) %-Mac-3-positive lesion
per lesion area. (C) Representative anti-SMC immunostaining and (D) % anti-SMC-positive lesion per lesion area. (E) PCNA/CD68 double staining excludes
differences in macrophage proliferation in the lesions. (F) Macrophage apoptosis was not responsible for the differences in macrophage content as
evidenced by cleaved caspase 3 staining. Mean±SEM, n = 8. *P<0.05, **P<0.01, ***P<0.001. A/C: Bar = 250 μm, E/F Bar = 100μm αSMA: alpha smooth-
muscle-actin, PCNA: Proliferating-Cell-Nuclear-Antigen, cC3: cleaved caspase-3, DAPI: 40,6-Diamidin-2-phenylindol.

doi:10.1371/journal.pone.0131854.g002
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Fig 3. Guide-wire injury induced intimal hyperplasia.Mice were subjected to guide wire injury of the internal carotid artery after hypercholesterolemia had
been induced. (A) Representative Micrographs of carotid artery lesions in the injured and the contralateral artery. GWI induced concentric lesions did not
differ in (B) size or (C) lipid content. (D) Macrophage recruitment did occur, but (E) differences between uPAR-deficient and uPAR-wild-type lesions were not
observed in this model. Additionally, no differences between uPAR+/+ and uPAR-/- animals were observable with respect to (F-G) VSMC content of the
lesions. No relevant lesion formation was observed in the contralateral sham vessels. (H) Proliferating cells in atherosclerotic lesions are mainly non-VSMC.
The amount of proliferating VSMC appears similar for the two genotypes. A, D, F: Bar = 250μm, H: Bar: 50μm, mean±SEM, n = 8. n.s.: not significant, αSMA:
alpha smooth-muscle-actin, DAPI: 40,6-Diamidin-2-phenylindol, GWI: guide-wire injury, L: left, R: right, PCNA: Proliferating Cell Nuclear Antigen.

doi:10.1371/journal.pone.0131854.g003
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hepatic overexpression of soluble full-length murine uPAR as an effective intervention to
reduce lesional macrophage content and attenuate plaque development.

Previous studies demonstrated an association of enhanced uPAR expression in atherosclerotic
lesions with the severity of atherosclerosis[11] and with the frequency of plaque rupture in symp-
tomatic carotid atherosclerosis.[12] In a mouse atherosclerosis model uPAR expression in mac-
rophages is associated with lesion progression.[13] We could recently demonstrate that uPAR
induces differentiation of mesenchymal stems cells into osteoblasts and thus promotes vascular
calcification.[14] Another important contribution to the field comes from Farris and colleagues.
They report that macrophage overexpression of urokinase plasminogen activator (uPA) aggra-
vates atherosclerosis independently of uPAR.[7] By oil red-O en face staining of the whole aorta,
they also demonstrate that uPAR knockout mice develop smaller atherosclerotic lesions. The
effect demonstrated in their paper is smaller than the one found in our study. This can easily be
explained by the different experimental settings. In their experiments a different diet was used,
mice were younger when started on the atherogenic diet, and they were fed the diet twice as long.
However, we are also the first to report that uPAR promotes a direct effect on monocyte adhesion
and recruitment. In addition, the therapeutic potential of soluble full-length murine uPAR for
prevention on lesion development has not been reported previously. To the best of our knowl-
edge an in depth analysis of the direct involvement of uPAR in atherosclerotic lesion formation
and the therapeutic potential of targeting uPAR have not been reported to date.

uPAR-/-/LDLR-/- mice developed smaller aortic root atherosclerotic plaques than their wild-
type littermates. Previous studies investigating vascular lesions in uPAR-/- animals did not
report lipoprotein plasma levels.[13, 14] In our model, we could not identify alterations in the
lipoprotein plasma levels that would explain the observed differences in lesions size. However,
protection from lesion development was accompanied by reduced macrophage content—a
phenomenon that could be explained by alterations in recruitment, proliferation, or apoptosis.
In vivo, apoptosis and proliferation of macrophages in atherosclerotic plaques were compara-
ble between groups. Our evidence for a contribution of uPAR-dependent monocyte-endothe-
lial cell interaction[9] to macrophage accumulation has been additionally supported using an
in vitro approach. In contrast to macrophages isolated from wild-type mice uPAR-/-macro-
phages did not show increased adhesion to TNFα-stimulated endothelium. These findings sug-
gest that uPAR-deficiency slows lesion progression by reducing monocyte adhesion and
recruitment.

In vitro studies recapitulated the previously reported uPAR-dependent VSMC- migration
on collagen.[25] We expected that this phenomenon would affect VSMC content in our in vivo
model. Several previous studies describe alterations of VSMC migration in vitro,[25, 26] in ves-
sel explants[25] or in a rat vessel injury model[27] that are mediated or associated with uPAR
expression. However, to the best of our knowledge these observations have never been tested in
the light of atherosclerotic lesion development. Our observations regarding enhanced VSMC
migration of uPAR-deficient cells in vitro and VSMC content in uPAR-deficient mice are con-
troversial. The reduction of VSMC content, observed in aortic sinus lesions of uPAR knock-
out animals cannot be explained by our in vitro results. In our GWI model, we could not detect

Fig 4. Macrophage adhesion and VSMCmigration are dependent on uPAR.Macrophages were
subjected to a low shear adhesion assay on murine EC. A. Macrophage adhesion to resting and activated
endothelium in vitro is reduced if macrophages are harvested from uPAR-deficient animals. B. The capability
of uPAR-/--VSMC to migrate into a scratch was assessed in vitro and revealed increase in the migrated
distance. C. mRNA expression of VCAM but not ICAM in primary murine ECs is reduced in uPAR deficient
animals (n = 6) compared to controls. Mean±SEM, n = 5–8. *P<0.05, **P<0.01. Bar = 250 μm. hpf: high-
power fields, WT: wild-type, TNFα: tumor necrosis factor-alpha, VSMC: vascular smooth muscle cells.

doi:10.1371/journal.pone.0131854.g004
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a significant difference for VSMC content between knock out and control animals nor could
we find evidence for an uPAR mediated impact on VSMC proliferation. We cannot exclude

Fig 5. Hepatic overexpression of soluble full-length uPAR inhibits atherosclerotic lesion development
andmacrophage accumulation in LDLR-/- mice. A, Immunostaining for the c-myc-tag revealed expression
of soluble uPAR in the livers of mice after hydrodynamic transfection. Bar = 100 μmB. Oil red-O staining of
aortic valve cryosections. Bar = 250 μmC. Atherosclerotic lesion size was assessed as % total aortic sinus
lumen area occupied. D, Representative CD68 immunostaining and E. % CD68-positive lesion area. F,
Representative anti-αSMC immunostaining and G. % anti-αSMA-positive lesion area. Bar = 250 μm, Mean
±SEM, n = 6/8. *P<0.05, **P<0.01, ***P<0.001. αSMA: alpha smooth-muscle-actin, DAPI: 40,6-Diamidin-
2-phenylindol

doi:10.1371/journal.pone.0131854.g005
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that in other models or at a different time point uPAR deficiency might be more relevant for
VSMC recruitment or proliferation.

Interestingly, in contrast to the diet-induced model of atherosclerosis, also other aspects of
vascular remodelling in guide-wire-induced intimal hyperplasia in the carotid artery[17, 18]
remained unaffected by the lack of uPAR. Neither plaque size, nor macrophage content were
influenced. The reasons for this discrepancy have not been systematically investigated in this
study. However, the interesting observations we made for uPAR deficient VSMCs in the con-
text of vascular remodelling call for a separate, more detailed investigation. Guide-wire-
induced intimal hyperplasia in hypercholesterolemic mice is driven by VSMC proliferation as
well as monocyte recruitment.[28] In our experiments, attenuated monocyte adhesion was
observed in vitro and likely accounts for the low macrophage content in the diet induced aortic
sinus lesions. However, uPAR knock-out mice were not protected against adverse vascular
remodelling after GWI. In this model monocyte recruitment might be less relevant as the endo-
thelium in carotid arteries is denuded and effects other than endothelium dependent monocyte
recruitment might come into play. However, also proliferation of VSMC seemed to be unaf-
fected in vivo. In addition, the results of the guide-wire experiments might depend on the age
of the mice. Our animals were started on the atherogenic diet at the age of six weeks. We can-
not exclude that results might be different in older animals. Finally, lesions were only investi-
gated four weeks after GWI. It is possible, that differences could have been uncovered at a
different time point.

To corroborate our finding that uPAR specifically contributes to macrophage driven athero-
sclerotic lesion formation and to test its utility for therapeutic intervention we established a gene
therapeutic strategy. We used hepatic overexpression of soluble full-length murine uPAR in
Western-diet fed LDLR-/- mice acting as a decoy receptor for uPAR ligands and competing
endogenous membrane bound uPAR. This intervention reproduced findings pertaining to lesion
size and monocyte recruitment that we made in the knockout animals. However, while the com-
plete lack of uPAR protein led to reduced VSMC plaque content this was not observed in our

Fig 6. Soluble uPAR reducesmacrophage adhesion to TNFα activated murine endothelial cells.Wild-
type macrophage adhesion to resting and activated endothelium is significantly reduced in the presence of
soluble uPAR in vitro. Mean±SEM, n = 4/5. **P<0.01. TNFα: tumor necrosis factor-alpha, suPAR: soluble
urokinase-type plasminogen activator receptor.

doi:10.1371/journal.pone.0131854.g006
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gene therapeutic intervention. This observation indicates that with hepatic overexpression of sol-
uble uPAR the signalling via endogenous membrane-bound uPAR is not fully silenced. Remain-
ing endogenous uPAR activity thus explains the lack of effect on VSMC content after gene
therapy.

In conclusion, both uPAR-deficiency and soluble full-length murine uPAR overexpressed in
the liver and acting as a decoy receptor protect against atherosclerosis development in LDLR-/-

mice. These findings highlight the crucial role of uPAR in facilitating hyperlipidemia-induced
plaque formation due to augmented lesional macrophage recruitment in addition to the
recently postulated mechanisms underlying adverse effects of uPAR during atherogenesis.[7]
In contrast, uPAR had no effect on neointimal hyperplasia after GWI of carotid arteries. Thus,
uPAR may represent a promising therapeutic target to reduce hyperlipidemia-associated ath-
erosclerotic lesion formation.
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