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Arterial thrombosis in the context of HCV-associated
vascular disease can be prevented by protein C

Philipp Blüm1,2,5, Joachim Pircher2,3,5, Monika Merkle1, Thomas Czermak1,2, Andrea Ribeiro1,
Hanna Mannell2, Florian Krötz2, Alexander Hennrich2, Michael Spannagl4, Simone Köppel1,
Erik Gaitzsch1,2 and Markus Wörnle1

Hepatitis C virus (HCV) infection is a major problem worldwide. HCV is not limited to liver disease but is frequently
complicated by immune-mediated extrahepatic manifestations such as glomerulonephritis or vasculitis. A fatal
complication of HCV-associated vascular disease is thrombosis. Polyriboinosinic:polyribocytidylic acid (poly (I:C)), a
synthetic analog of viral RNA, induces a Toll-like receptor 3 (TLR3)-dependent arteriolar thrombosis without
significant thrombus formation in venules in vivo. These procoagulant effects are caused by increased endothelial
synthesis of tissue factor and PAI-1 without platelet activation. In addition to human umbilical endothelial cells
(HUVEC), human mesangial cells (HMC) produce procoagulatory factors, cytokines and adhesion molecules after
stimulation with poly (I:C) or HCV-containing cryoprecipitates from a patient with a HCV infection as well. Activated
protein C (APC) is able to prevent the induction of procoagulatory factors in HUVEC and HMC in vitro and blocks
the effects of poly (I:C) and HCV-RNA on the expression of cytokines and adhesion molecules in HMC but not in
HUVEC. In vivo, protein C inhibits poly (I:C)-induced arteriolar thrombosis. Thus, endothelial cells are de facto able
to actively participate in immune-mediated vascular thrombosis caused by viral infections. Finally, we provide
evidence for the ability of protein C to inhibit TLR3-mediated arteriolar thrombosis caused by HCV infection.
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INTRODUCTION

Infection with the hepatitis C virus (HCV) is a major problem
worldwide. HCV infection is responsible for more than one
million deaths per year resulting from liver cirrhosis and
primary liver cancer.1 In addition, HCV infection is frequently
complicated by a variety of autoimmune processes with
extrahepatic manifestations, including glomerulonephtitis,2

cryoglobulinemia3,4 and vasculitis,3–6 which contribute signifi-
cantly to morbidity and mortality. A severe complication of
vasculitis is the occurrence of thrombotic blood vessel occlu-
sions. Many viral infections are associated with the increased
expression of procoagulatory factors, and direct or indirect
activation of the endothelium by viruses results in alterations of
the coagulation and the fibrinolytic systems.7 Thrombotic

capillary occlusions lead to an activation of inflammatory
processes, which in turn aggravate the course of vasculitis.
Severe organ damage may result in the areas supplied by the
involved blood vessels. Until now, therapeutic options have
been very limited.

Toll-like receptors (TLRs) are an essential part of the innate
immune system. TLRs recognize molecular patterns associated
with microbial pathogens and induce an immune response.8

TLR3 specifically binds double-stranded RNA (dsRNA) of viral
origin and polyriboinosinic:polyribocytidylic acid (poly (I:C)),
a synthetic analog of viral dsRNA.9 Here, we demonstrate that
activation of TLR3 causes arteriolar thrombosis in vivo. We
investigated the mechanisms underlying this observation by
analyzing the synthesis of procoagulatory factors in endothelial
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cells and platelet–endothelial interactions after stimulation with
poly (I:C) and HCV-RNA isolated from patients infected with
the HCV.

MATERIALS AND METHODS

Chemicals
Poly (I:C) was purchased from InvivoGen (San Diego, CA,
USA), Ceprotin 1000 I.E. from Baxter Deutschland GmbH
(Unterschlei�heim, Germany), APC and fluorescein isothiocya-
nate (FITC)-dextran from Sigma-Aldrich Chemie GmbH
(Taufkirchen, Germany), and Fluoresbrite YG Carboxylate
Microspheres 0.5 μm from Polysciences Europe GmbH
(Eppelheim, Germany). All antibodies were purchased from
BD Biosciences (San Jose, CA, USA): APC-Mouse anti-human
CD62P-IgG1, APC-Mouse-IgG1-Isotyp-Control, FITC-anti-
human PAC-1. ADP, thrombin-receptor activated peptide
(TRAP-6) and collagen were purchased from Roche Diagnostics
International (Risch-Rotkreuz, Switzerland). The cell culture
media were from Sigma-Aldrich Chemie GmbH and the salts
were from Applichem (Darmstadt, Germany).

In vivo experiments in mice
Animals and anesthesia. For animal experiments, we used
wild-type C57BL/6 mice and TLR3− /− mice, which were
purchased from Charles River, Sulzfeld, Germany. Short-term
anesthesia was initiated by a single i.p. injection of 5mg/kg
midazolam (Ratiopharm, Ulm, Germany), 0.05mg/kg fentanyl
(CuraMED Pharma, Karlsruhe, Germany) and 0.5mg/kg
medetomidine hydrochloride (Pfizer, Berlin, Germany; pro-
duced by Orion Pharma, Espoo, Finland) diluted in 0.9% NaCl
as described.10 The anesthesia was monitored by evaluating the
response to pain. All surgical procedures were performed under
these conditions. At the end of the experiments, the animals
were killed by an overdose (2 g/kg) of sodium pentobarbital
(Merial GmbH, Hallbergmoos, Germany). All experiments
were conducted in accordance with the German animal
protection law and approved by the district government of
Upper Bavaria (approval reference number AZ 55.2-1-54-2532-
172-13). The research conforms to Directive 2010/63/EU of the
European Parliament. All experiments were approved by the
University Ethics Review Board (Ethikkommission der Medi-
zinischen Fakultät der Ludwig-Maximilians-Universität).

Intravital microscopy and surgical procedures for the cremaster
muscle model. The cremaster muscle model was used to
investigate thrombus formation in microcirculation in vivo.
The surgery was performed as described previously.11 After
anesthesia of wild-type or TLR3− /− C57BL/6 mice, all surgical
procedures were conducted on a thermo-controlled plexi-glass
stage to maintain body temperature at 37 °C with microscope
cover slips. First, the left carotid artery was cannulated with a
plastic catheter (0.28mm ID, 0.61 mm AD; SIMS Portex,
Hythe, UK) for taking blood samples to measure blood counts
and for the application of several drugs and other solutions.
Intravital fluorescence microscopy was performed using a
modified microscope (Zeiss Axiotech Vario, Carl Zeiss

Microscopy GmbH, München, Germany). Images were
recorded with a digital camera (AxioCam HSm) and analyzed
with AxioVision Rel. 4.6 (Carl Zeiss Microscopy GmbH).

Intravital assessment of arteriolar thrombosis. The cremaster
muscle model was used to investigate arteriolar thrombosis
in vivo by initiating thrombus formation using the light dye
injury model.12 After the surgical procedures were finished, one
to two arterioles per cremaster with a diameter of ~ 60 μm were
chosen and the blood flow was measured by applying
fluorescent beads (Fluoresbrite YG Carboxylate Microspheres
0.5 μm). The mean blood velocity (V-mean) was calculated as
V-max/2 assuming laminar flow in the investigated sections of
the arterioles. The wall shear rate (γ) was calculated based on
the Newtonian definition: γ= 8V-mean/diameter. Then,
FITC-dextran (average mol. wt. 150 000 from Sigma-Aldrich
Chemie GmbH) at a concentration of 5% in PBS+ was
administered in doses of 1 μl/g mouse via the carotid artery
catheter to perform fluorescent microscopy. Light with a
wavelength of 450–490 nm was used to excite the fluorescent
dye, which led to the emission of fluorescent light and to a
release of reactive chemical molecules such as reactive oxygen
species that were responsible for the injury of the endothelial
cell layer. Two endpoints were defined: first, the onset of
thrombus formation and second the time until total cessation
of blood flow (occlusion time). The mice were treated 24 h
before the start of the experiment with poly (I:C) 200 μg i.p.
Ceprotin 1000 I.E. was administered via the carotid artery
catheter in a dose of 1 μl/g mouse 30min prior to initiation of
the light dye injury model.

Mouse blood cell counts. Mouse blood was collected via a
carotid catheter and EDTA used as an anti-coagulant. Blood
cell counts were measured using a Beckman Coulter Counter
(Beckman Coulter, München, Germany).

In vitro experiments in human endothelial and mesangial
cells
Cell culture. Human umbilical vein endothelial cells (HUVEC)
were isolated and cultured as previously described13 according
to the Declaration of Helsinki. The procedure was approved by
the University Ethics Review Board (Ethikkommission der
Medizinischen Fakultät der Ludwig-Maximilians-Universität).
Written informed consent for the collection and generation of
the cell lines was obtained. Human microvascular endothelial
cells (HMEC) were provided by Ades et al.14 and were cultured
in M199 media supplement with 10% fetal calf serum, 10%
endothelial growth media (PromoCell, Heidelberg, Germany)
and 1% penicillin/streptomycin as described previously.15

Human mesangial cells (HMC) were cultivated as described.16

Preparation of HCV RNA. HCV-RNA containing cryopreci-
pitates were isolated from a patient with a HCV-associated
mixed cryoglobulinemia with a high viral load during routine
plasmapheresis treatment and centrifuged as described
previously.17 The procedure was approved by the University
Ethics Review Board (Ethikkommission der Medizinischen
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Fakultät der Ludwig-Maximilians-Universität). Written
informed consent for the isolation of HCV-RNA-containing
cryoprecipitates was obtained. The concentration of HCV used
for stimulation was 100× 106 geq/ml, confirmed by reverse
transcription–PCR (RT–PCR). For HCV stimulation, confluent
HMECs in six-well plates were used; once the virus was added,
the plates were centrifuged at 1000g for 45min to allow for
efficient viral infection. Subsequent stimulation was performed
as indicated.

In vitro experiments on human platelets, whole blood and
PRP
Clotting assay. To assess the influence of prothrombotic
molecules, the clotting time (CT) of human whole blood after
the administration of cell lysate material was analyzed using
thromboelastometry (ROTEM delta, Tem Innovations GmbH,
München, Germany), as described.10 HMECs were stimulated
with poly (I:C) or tumor necrosis factor alpha (TNFα) (positive
control) as indicated, then the cells were lysed with 15 μM n-
Octyl-β-D-glucopyranosid and centrifuged at 1200g for 10min
at 4 °C. The supernatants were used as activators of coagula-
tion. Human whole blood samples were treated with 10% Na-
citrate to prevent coagulation. After administration of 20 μl
CaCl2 and 20 μl of cell lysate material, the time until clot
development (CT) was measured.

Platelet aggregation. To assess the platelet aggregation in
human platelet-rich plasma (PRP), we used the turbidimetric
method described by Born.18 Human PRP was isolated by
centrifugation of citrated whole blood samples of healthy human
volunteers at 150g. The procedure was approved by the
University Ethics Review Board (Ethikkommission der Medizi-
nischen Fakultät der Ludwig-Maximilians-Universität). Written
informed consent was obtained from platelet donors. For the
photometric assessment of platelet aggregation, a two-channel
aggregometer (ChronoLog 490-2D, Havertown, PA, USA) was
used. Platelet aggregation was initiated by the administration
of ADP, TRAP-6 and collagen under continuous stirring at
1000 r.p.m. at 37 °C. Written consent was obtained from the
platelet donors.

Assessment of plasmatic coagulation. Parameters of the plas-
matic coagulation were assessed by thromboelastometry.
According to the manufacturer’s instructions, 20 μl of
200 mmol/l CaCl2 for re-calcification and 20 μl of the respec-
tive activation reagent (recombinant tissue factor for the
extrinsic system and partial thromboplastin phospholipid made
of rabbit brain for the intrinsic system) were poured into the
pre armed reaction cups, which had been pre-warmed. Then,
300 μl of citrated (3.13% sodium citrate) mouse whole blood
was added. Measurements were recorded for at least 10min,
and the CT (time to onset of clot formation) and
clot-formation time (CFT; time from onset of clot formation
to a clot firmness of 20mm) were analyzed for both extrinsic
and intrinsic activation.

Real-time PCR analysis
Endothelial cells (HMEC, HUVEC) were incubated with poly
(I:C) as indicated. RNA isolation and real-time PCR was
performed as described previously.16 Commercially available
pre-developed TaqMan reagents were used for the human
target genes tissue factor, PAI-1, IL-6 and ICAM-1 (Applied
Biosystems, Waltham, MA, USA), and GAPDH was used as a
reference housekeeping gene. All measurements were per-
formed in duplicate.

FACS analysis
FACS analysis was used to measure the surface expression of
P-selectin and the activated fibrinogen receptor GPIIbIIIa, as
described previously.10 Human platelets were isolated from the
whole blood of healthy human volunteers. Whole blood
samples were treated with 10% Na-citrate for anti-
coagulation. After centrifugation at 150g for 15 min, the PRP
was separated and diluted in thrombocyte buffer at a ratio of
1:2. Iloprost at a ratio of 1:1000 was needed to inhibit platelet
activation ahead of schedule. A second centrifugation was
performed at 600g over 10 min. The platelet pellet was
resuspended in thrombocyte buffer ('washed platelets'). For
dyeing, the platelets were pooled and diluted to 25 000 platelets
per μl. Thrombin was used for platelet activation at a
concentration of 2 U/ml for 3 min. Incubation with antibodies
was performed for 20min at 37 °C. For the detection of
P-selectin, APC mouse anti-human CD62P-IgG1 (BD;
#550888) was used, and for the activated fibrinogen receptor
GPIIbIIIa, FITC anti-human PAC-1 (BD; #340507) was used.
An APC mouse IgG1 isotype control (BD; #555751) was used
as an isotope control. Prior to FACS analysis, the platelets were
fixed with 0.5% formalin for 15min at room temperature.
FACS analysis was performed with a BD FACScanto II flow
cytometer (BD Biosciences).

Statistical analysis
Statistical analysis of the data was performed using Student’s
t-test, one-way analysis of variance (ANOVA) or an ANOVA
on rank test as appropriate. The results are shown as the
means± s.e.m. As a cutoff for significance, an error probability
level of *Po0.05 and **Po0.01 was chosen.

RESULTS

Poly (I:C) induces a TLR3-dependent arteriolar occlusion in
vivo
To test whether poly (I:C), a synthetic analog of viral dsRNA,
has an effect on thrombus formation in arterioles or venules
in vivo, C57Bl/6wt mice were systemically treated with poly
(I:C) (200 μg i.p.) or injected with a control treatment.
Intravital microscopy in a light dye injury model of the
cremaster muscle was used as described to determine the onset
of thrombus formation and the occlusion time. Thrombus
formation in arterioles of the poly (I:C)-treated group occurred
significantly earlier (at 9.33± 1.1min) than in the control
group (at 13.9± 0.8 min) (Figure 1a). In addition, the occlu-
sion time in the arterioles of the poly (I:C)-treated group was
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19.0±1.8min, which was significantly shorter than in the control
group, at 36.4±3.9min (Figure 1b). The observation of thrombus
formation in the venules yielded comparable results, but the
differences in the onset of thrombus formation (1.0±0.1min vs
1.9±0.4min; poly (I:C) vs control) and the occlusion time
(3.8±0.3min vs 4.7±0.5min; poly (I:C) vs control) were not
significant (Figures 1c and d). When the onset of thrombus
formation and the occlusion time were studied in the arterioles of
TLR3− /− mice, no significant difference was seen in the control
and the poly (I:C)-treated groups (Figures 1e and f).

In addition, the parameters of plasmatic coagulation were
assessed in an ex vivo/in vitro assay by thromboelastometry, as
described in the Materials and methods section. Poly (I:C)
treatment did not significantly affect the CT (the time from
stimulation to onset of clot formation), neither on activation of
the extrinsic nor on activation of the intrinsic coagulation
cascade, indicating no significant difference in the levels or
activity of the coagulation factors. However, blood from poly
(I:C)-treated animals showed a tendency toward a prolonged
CFT (the time for the formation of a solid clot), which can be
explained by the lower platelet count in poly (I:C)-treated
animals (see Table 1), as this parameter is dependent on
platelet number and function (Figures 1g and h).

Poly (I:C) increases the endothelial synthesis of
prothrombotic factors and accelerates clotting
To investigate the mechanism underlying poly (I:C)-induced
arteriolar occlusion in vivo, we tested whether poly (I:C) has an

effect on the endothelial production of prothrombotic mole-
cules. HMECs were stimulated with poly (I:C) (10 μg/ml) for
12 h and the expression of the prothrombotic factors tissue
factor and PAI-1 was analyzed by RT–PCR (Figures 2a and b).
To ensure that the prothrombotic molecules would be func-
tional, the clotting of human whole blood was investigated in
an endothelial-dependent clotting assay by thromboelastometry,
as described in the Materials and methods section. HMEC were
incubated for 24 h with poly (I:C) (10 μg/ml) and then lysed.
Afterwards, the cell lysates were used to initiate the clotting of
human whole blood and the time until beginning of clot
formation was measured. The CFT for the cell lysate material
treated with poly (I:C) was significantly shorter than the CFT
for the control group. TNFα was used as a positive control and
decreased the CT by an amount that was comparable to the
poly (I:C)-induced decrease of the CT (Figure 2c).

Figure 1 Poly (I:C) accelerated thrombus formation and the occlusion time in arterioles in vivo. C57/Bl6wt mice were treated with 200 μg
poly (I:C) i.p. About 24 h before the light dye injury model of the cremaster muscle was performed as described in the Materials and
methods section. The onset of thrombus formation and the occlusion time was measured in minutes in the arterioles (a and b) and venules
(c and d) in the poly (I:C)-treated and control (ct) groups (n=11–12, **Po0,01. Mean± s.e., statistics with t-test (sigma plot)). (e and f)
The onset of thrombus formation and the occlusion time was measured in the arterioles of TLR3− /− mice (n=4, **Po0.01. Mean± s.e.,
statistics with t-test (sigma plot)). The extrinsic (EXTEM) or intrinsic (INTEM) coagulation cascades were activated under control or poly
(I:C)-stimulated conditions as described in the Materials and methods section and the clotting time (g) and clot-formation time (h) were
analyzed. (n=4, statistics with t-test (sigma plot)). Comparable results were obtained in two series of independent experiments. Poly (I:C),
polyriboinosinic:polyribocytidylic acid.

Table 1 Baseline hematologic and hemodynamic parameters

Plt. count

103/μl

WBC,

103/μl

Arteriole shear

rate, s−1

WT+vehicle 1126±51 7.5±2.3 760±62
WT+vehicle+poly (l:C) 783±112 1.7±0.4 839±75
WT+protein C 1074±162 9.3±2.6 926±118
WT+protein C+poly (l:C) 751±227 0.7±0.3 796±71
TLR3− /− +vehicle 1389±153 8.6±4.4 649±95
TLR3− /− +poly (l:C) 828±115 0.7±0.1 807±72

Abbreviations: Plt, platelets; WBC, white blood cell; WT, wild type.
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Poly (I:C) does not influence platelet aggregation and
activation
To evaluate the direct effects of poly (I:C) on platelets, we
assessed platelet aggregation in vitro in human PRP using light
transmission aggregometry (the method by Born)18 as
described in the Materials and methods section. Incubation
of PRP with 10 μg/ml poly (I:C) did not affect the ability of the
platelets to form aggregates. ADP (10 μmol/l) was used as a
positive control (Figures 3a and b). When PRP was incubated
with poly (I:C) for different time intervals (10, 20, 30, 45min),
ADP-dependent platelet aggregation remained unchanged
(Figure 3c). In addition, there was no significant difference in
platelet aggregation when HMECs were incubated with poly
(I:C) for 15min in the presence of the known platelet activator
ADP at a low concentration (5 μM), ADP at a high concentra-
tion (10 μM), TRAP (20 μM) or collagen (10 μg/ml)
(Figure 3d). Because activated platelets usually have increased
surface expression of P-selectin and the activated fibrinogen
receptor GPIIbIIIa, human platelets were isolated, stimulated
with poly (I:C) and analyzed by FACS with a monoclonal
antibody against P-selectin and GPIIbIIIa as described in the
Materials and methods section. When the platelets
were incubated with poly (I:C) alone or in the presence of
the known platelet activator thrombin for different time
intervals (10, 60 min), no difference in the surface expression
of P-selectin and GPIIbIIIa was found (Figures 3e–h).

APC is able to reduce the expression of procoagulatory
factors in human endothelial and mesangial cells
Because we could demonstrate that poly (I:C) induces the
expression of procoagulatory factors, tissue factor and PAI-1 in
endothelial cells, and hypothesized that these effects were
responsible for thrombus formation and vessel occlusion
in vivo, possible therapeutic interventions were tested. HUVEC
were incubated with poly (I:C) (10 μg/ml) for 24 h in the
presence or absence of APC (100 nM), then the expression of
tissue factor and PAI-1 was measured by RT–PCR. APC had no
significant effect on the basal expression of tissue factor or
PAI-1. As expected, poly (I:C) significantly increased the
expression of both factors, which could be prevented by
simultaneous treatment with APC (Figures 4a and b). When
HUVECs were stimulated with HCV-RNA-containing cryo-
precipitates as described, PAI-1 expression was increased, and
this effect was as well-blocked by APC treatment (Figure 4c). In
addition to immune-mediated vascular disease, HCV infection
is frequently associated with glomerulonephritis. Therefore, we
also evaluated the effect of a stimulation with poly (I:C)- or
HCV-containing cryoprecipitates on the expression of tissue
factor and PAI-1 in HMCs. We previously demonstrated the
TLR3-dependent expression of proinflammatory cytokines,
chemokines and adhesion molecules in HCV-associated renal
disease.16,17,19 When HMC were stimulated with poly (I:C)
(10 μg/ml) for 24 h, the expression of tissue factor and PAI-1
was increased. APC alone had no effect on the basal expression

Figure 2 Effect of poly (I:C) on the endothelial expression of procoagulatory factors and clotting time. HMEC were stimulated with poly (I:C)
(10 μg/ml) for 12 h and the expression of tissue factor (a) and PAI-1 (b) was analyzed by RT–PCR (n=4, *Po0.05. mean± s.e., statistics with
t-test (sigma plot); rel. to ct, relative to control). Comparable results were obtained in two series of independent experiments. (c) HMEC were
stimulated with poly (I:C) (10 μg/ml) or TNFα (5 ng/ml) as a positive control for 24 h and then lysed. Whole blood samples were stimulated with
cell lysates and the clotting time was analyzed as described in the Materials and methods section (n=5–6, *Po0.05. mean± s.e., statistics
with t-test (sigma plot); rel. to ct, relative to control). Comparable results were obtained in two series of independent experiments. HMEC, human
microvascular endothelial cell; poly (I:C), polyriboinosinic:polyribocytidylic acid; RT–PCR, reverse transcription–PCR. **Po0.01.
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Figure 3 Poly (I:C) did not influence platelet aggregation and activation. Light transmission aggregometry (the method by Born)18 was
performed in platelet-rich-plasma (PRP) from healthy human volunteers, as described in the Materials and methods section. The percent
light transmission of platelet-rich plasma (PRP) was compared with platelet poor plasma (PPP) on stimulation with poly (I:C) (10 μg/ml) or
ADP (10 μM) (a and b). PRP was incubated with poly (I:C) (10 μg/ml) for different time intervals (10, 20, 30, 45 min) and ADP-dependent
(5 μM) platelet aggregation was analyzed (c). PRP was incubated with poly (I:C) (10 μg/ml) for 15 min in the presence of ADP at a low
concentration (5 μM), ADP at a high concentration (10 μM), thrombin-receptor-activated peptide (TRAP) (20 μM) or collagen (10 μg/ml)
and platelet aggregation was analyzed (n=4, P40.05, mean± s.e., statistics with t-test (sigma plot)) Comparable results were obtained in
two series of independent experiments. (d) Human platelets were isolated as described in the Materials and methods section. The platelets
were stimulated with poly (I:C) (10 μg/ml) for different time intervals (10, 60 min) alone or in the presence of thrombin (2 U/ml) and FACS
analysis with a monoclonal antibody against P-selectin (e and f) and GPIIbIIIa (g and h) was performed (n=3–4, P40.05, mean± s.e.,
statistics with one-way ANOVA (sigma plot)). Comparable results were obtained in two series of independent experiments. ANOVA, analysis
of variance; HMEC, human microvascular endothelial cell; poly (I:C), polyriboinosinic:polyribocytidylic acid.

Hepatitis C and thrombosis

P Blüm et al

991

Cellular & Molecular Immunology



of these factors but was able to block their poly (I:C)-
dependent induction significantly (Figures 4d and e). Further-
more, HCV-RNA-containing cryoprecipitates increased the
mesangial expression of tissue factor, which could also be
prevented by APC treatment (Figure 4f). We have previously
demonstrated a TLR3-dependent increase in the endothelial
expression of cytokines, chemokines and adhesion molecules
on treatment with poly (I:C) and HCV-RNA.20 To test whether
these effects could also be blocked by APC treatment, HUVECs
were stimulated with poly (I:C) in the presence or absence of
APC. APC alone had no effect on the basal expression of the
selected targets, IL-6 and ICAM-1. As expected, poly (I:C)
significantly increased the expression of IL-6 and ICAM-1, but
simultaneous treatment with APC did not prevent this effect
(Figures 4g and j). In addition, HCV-RNA-containing cryo-
precipitates increased the expression of IL-6, which again could
not be prevented by APC treatment (Figure 4f). In HMC, poly
(I:C) stimulation increased the expression of IL-6 and ICAM-1.
In contrast to the observation in HUVEC, APC treatment of
HMC was able to prevent the poly (I:C)-induced expression of
both IL-6 and ICAM-1 (Figures 4i and k).

Protein C is able to prevent poly (I:C)-dependent effects on
thrombus formation and vessel occlusion in arterioles
in vivo
As we could demonstrate that poly (I:C) leads to a TLR3-
dependent thrombus formation and arterial vessel occlusion
in vivo by increasing the endothelial production of procoagu-
latory factors without the activation of platelets, and the poly
(I:C)-dependent effect on the synthesis of procoagulatory
factors could be prevented by APC in vitro, we next tested
whether protein C could be able to prevent poly (I:C)-induced
vessel occlusion in vivo. Again, the light dye injury model was
performed as described. Treatment with poly (I:C) i.p.
significantly decreased the onset of thrombus formation and
the occlusion time in arterioles as expected. When protein C
(100 U/kg) was given i.a. 30min prior to injury application, the
onset of thrombus formation and the occlusion time were
significantly delayed. Protein C alone had no effect on basal
thrombus formation or the occlusion time (Figure 5).

We next analyzed the platelet count, white blood count and
arteriolar shear rate, as described in the Materials and methods
section. Poly (I:C) significantly decreased both the platelet count
in the WT (783×103/μl± 112× 103/μl vs 1126× 103/μl± 51×
103/μl; poly (I:C) vs control) and knockout mice (828× 103/
μl± 115× 103/μl vs 1389×103/μl± 153× 103/μl; poly (I:C) vs
control) and the white blood cell count in the WT (1.7× 103/
μl± 0.4× 103/μl vs 7.5× 103/μl± 2.3×103/μl; poly (I:C) vs
control) and knockout mice (0.7×103/μl± 0.1×103/μl vs
8.6 × 103/μl± 4.4× 103/μl; poly (I:C) vs control). The effects of
poly (I:C) on both the platelet and the white blood cell count
were comparable in the WT and knockout groups. When the
arteriolar shear rate was analyzed, no significant difference was
found between the groups. Protein C treatment had no
significant effect on the platelet count, the white blood count

or the arteriolar shear rate. Table 1 shows the baseline
hematologic and hemodynamic parameters.

DISCUSSION

In this study, we aimed to define the pathomechanism of
immune-mediated vascular thrombosis in viral infections and
to identify possible therapeutic approaches. Because HCV
infection is the most prevalent viral disease associated with
vasculitis, we performed in vivo experiments in mice using poly
(I:C), a synthetic analog of viral RNA and a ligand for the viral
receptor TLR3, and in vitro experiments in human endothelial
cells using HCV-RNA-containing cryoprecipitates.

For our in vivo experiments, we used the cremaster model of
vascular injury in mice. Application of poly (I:C), used because
of the species restriction of HCV, led to arteriolar thrombus
formation without affecting the venules. In TLR3− /− mice, this
prothrombotic effect of poly (I:C) was abolished. This observa-
tion suggests that the effect of poly (I:C) on arteriolar
thrombus formation could be directly mediated by receptor
activation of the innate immune receptor TLR3. Endothelial
cells are key regulators of coagulation; they are able to produce
and present the anti-coagulant markers thrombomodulin and
anti-thrombin, as well as procoagulant factors, including tissue
factor and PAI-1.21 Viremia leads to the activation of endothe-
lial cells, and a locally procoagulatory status can result.
In addition, both in vitro and in vivo studies have shown that
a variety of viruses with known prothrombotic effects are able
to directly infect endothelial cells.22–28 Several mechanisms may
be involved in converting endothelial cells from an anti-
coagulant to a procoagulant phenotype during viral infec-
tions:21 (i) a decrease in the heparin sulfate proteoglycan
synthesis and the expression of thrombomodulin leads to a
reduced activation of protein C;29 (ii) an increase in endothelial
synthesis of procoagulatory factors enhances platelet binding to
the activated endothelium;29 and (iii) an increase in binding
sites for inflammatory cells, such as granulocytes and platelets,
promotes a prothrombotic condition, as these cells produce
procoagulant cytokines.30,31 The impact of inflammation on
the coagulation system, which results in the stimulation of
coagulation and a simultaneously decreased synthesis of anti-
coagulants and suppression of fibrinolysis, is broadly
accepted.32 In particular, an increased expression of tissue
factor is found, which leads to the activation of the extrinsic
coagulation pathway, the downregulation of APC and the
inhibition of fibrinolysis.33 Furthermore, proinflammatory
cytokines such as IL-6 or TNFα are known to increase the
production of von Willebrand factor, finally resulting in platelet
activation.34–36

To analyze which of these mechanisms could actually be
responsible for virally induced thrombosis in our model, we
performed in vitro experiments in HMEC and HUVEC. For the
activation of the RNA-specific viral receptor TLR3, we used
poly (I:C), and we found increased endothelial expression of
the procoagulant tissue factor and PAI-1. Stimulation with
HCV-RNA-containing cryoprecipitates from patients with
HCV infection and cryoglobulinemia was also able to induce
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the expression of procoagulatory factors in endothelial cells.
Furthermore, both poly (I:C) and HCV-RNA enhanced the
expression of selected proinflammatory cytokines and the
adhesion molecule ICAM-1. The functional relevance of these
results was confirmed using an endothelial-dependent clotting
assay performed in human whole blood. Significantly

accelerated clot formation occurred when cell lysate material
from cells treated with poly (I:C) was used.

In addition to producing procoagulatory factors, endothelial
cells are also able to interact with platelets and thus induce
coagulation. Platelets mainly interact with the endothelium via
integrins or surface glycoproteins, such as P-selectin or

Figure 4 Activated Protein C reduces the expression of procoagulatory factors in human endothelial and mesangial cells. Human umbilical
vein endothelial cells (HUVEC) were stimulated without and with poly (I:C) (10 μg/ml) or HCV-RNA-containing cryoprecipitates (HCV)
as described for 24 h in the presence or absence of activated Protein C (APC) (100 nM) and the expression of tissue factor (a), PAI-1
(b and c), IL-6 (g and h) and ICAM-1 (j) was analyzed by RT–PCR. Human mesangial cells (HMC) were stimulated without and with poly
(I:C) (10 μg/ml) or HCV-RNA-containing cryoprecipitates (HCV) for 24 h in the presence or absence of activated protein C (APC) (100 nM)
and the expression of tissue factor (d and f), PAI-1 (e), IL-6 (i) and ICAM-1 (k) was analyzed by RT–PCR (n=4, *Po0.05. mean± s.e.,
statistics with t-test (sigma plot); rel. to ct, relative to control). Comparable results were obtained in two series of independent experiments.
RT–PCR, reverse transcription–PCR. **Po0.01.
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GPIIbIIIa.37 To evaluate the direct effects of poly (I:C) on
platelets, we assessed platelet aggregation in vitro using human
PRP. Stimulation of platelets with poly (I:C) neither increased
the platelet surface expression of P-selectin or GPIIbIIIa nor
activated endothelial–platelet interaction, as shown by func-
tional assays.

Therefore, in vitro experiments confirmed the induction of a
prothrombotic condition in human endothelial cells on the
activation of viral receptors, which is dependent on the
induction of procoagulatory and proinflammatory mediators
and not platelet aggregation or activation.

Immune-mediated glomerulonephritis is another relevant
complication of HCV infection in addition to virus-associated
vascular thrombosis or vasculitis. HMCs play a key role in the

pathogenesis of HCV-associated glomerulonephritis. We have
previously demonstrated that the activation of mesangial TLR3
by viral RNA-nucleotides increases the expression of cytokines,
chemokines and adhesion molecules, as well as PAI-1.16,17,19,38

In severe forms of proliferative or crescentic glomerulonephri-
tis, fibrin deposits are observed and correlate with the severity
of glomerular lesions, as well as the impairment of renal
function.39,40 The resulting glomerular sclerosis and tubuloin-
terstitial fibrosis ultimately lead to the loss of renal function
and progression toward end-stage renal failure.41 A disturbed
balance of fibrinolytic and procoagulatory factors is a char-
acteristic finding during these processes.42 Against this back-
ground, we here tested the effect of stimulation with poly (I:C)
and HCV-RNA from patients with HCV infection on the

Figure 5 Protein C is able to prevent the poly (I:C)-induced effects on thrombus formation and vessel occlusion in arterioles in vivo. C57/
Bl6wt mice were treated with 200 μg poly (I:C) i.p. for 24 h before the light dye injury of the cremaster muscle was performed as
described in the Materials and methods section. Protein C (100 U/kg) was given i.a. 30 min before the start of the injury. The onset of
thrombus formation (a) and the occlusion time (b) was measured in minutes in the arterioles (n=5, *Po0.05, mean± s.e., statistics with
one-way ANOVA (sigma plot)). (c) Representative images of thrombus formation in cremaster muscle arterioles on light dye injury. White
arrows indicate the sites where thrombus material hinders blood flow and leads to vessel occlusion. ANOVA, analysis of variance; poly (I:C),
polyriboinosinic:polyribocytidylic acid.
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mesangial expression of procoagulatory factors. Both induced
the expression of tissue factor and PAI-1.

Therapeutic options in vascular complications of viral
infections to date are limited to supportive measures. APC is
an endogenous protein that is able to modulate both inflam-
mation and coagulation. Protein C is synthesized in the liver,
circulates as an inactive protease precursor and is activated by
the thrombin–thrombomodulin complex to form APC on
endothelial cells.43 APC is able to promote fibrinolysis mainly
through the inhibition of PAI-1 activity. In addition, APC
inactivates factor Va and factor VIIa, thus reducing thrombin
generation. Furthermore, anti-inflammatory properties result
from the inhibition of neutrophil chemotaxis by suppression of
TNFα, IL-6 and IL-8 production.43–45 The recombinant human
APC (rhAPC; also called drotrecogin alfa) promotes fibrinolysis
and inhibits thrombosis.46 As it modulates both the procoa-
gulant and inflammatory responses, which are believed to
contribute to multisystem organ dysfunction, it was hypothe-
sized to have beneficial effects in patients with sepsis.45

However, rhAPC has not been confirmed to improve survival
in patients with severe sepsis or septic shock. For these reasons,
drotrecogin alfa was withdrawn from the market.47,48 However,
as we hypothesized that the increased endothelial production of
procoagulatory factors such as tissue factor and PAI-1 are the
main cause of TLR3-mediated thrombus formation, we
expected APC to have beneficial effects on the procoagulatory
status resulting from the activation of viral receptors. For our
in vivo experiments in mice, we used protein C instead of APC,
as it is expected to be activated to APC by endogenous
thrombin as soon as it is injected in the blood circulation.
Protein C significantly reduced the poly (I:C)-induced onset of
arteriolar thrombus formation and occlusion. When protein C
was given alone, no effect on thrombus formation or the
occlusion time was observed. For in vitro experiments, we had
to use APC instead of protein C because of the inherent lack of
thrombin. APC was able to block both the poly (I:C)- and the
HCV-RNA-dependent induction of the endothelial expression
of procoagulatory factors. Similarly, the poly (I:C)- and HCV-
RNA-induced increase in procoagulatory factor expression
could be reduced by APC in HMC.

Because of the known ability of APC to suppress proin-
flammatory cytokines in immune cells,49,50 we tested whether
APC could also prevent the poly (I:C)-dependent induction of
cytokines and chemokines in endothelial cells. As expected,
stimulation with both poly (I:C) and HCV-RNA increased the
expression of selected cytokines and chemokines in HUVEC.
However, in contrast to the effects of APC on the poly (I:C)-
and HCV-RNA-induced expression of procoagulatory factors
in HUVEC, APC was not able to suppress the poly (I:C)- and
HCV-induced expression of cytokines and adhesion molecules
in endothelial cells. Only in HMC, APC was able to block the
poly (I:C)-dependent induction of cytokines and adhesion
molecules.

From these results, we infer that protein C has the ability to
prevent thrombosis in the setting of viral infection by
suppressing endothelial-derived procoagulant mediators.

Beyond that, APC might have an additional beneficial effect
in the prevention of virally induced glomerulonephritis, as it is
able to reduce the inflammatory response of mesangial cells.

There are two significant differences between our experi-
mental approaches in immune-mediated thrombosis and the
protocols used in the anti-inflammatory and fibrinolytic
treatment of patients with sepsis. The advantage of the
application of protein C instead of APC is the preserved
regulation of protein C by the endogenous thrombin–throm-
bomodulin system. In the clinical setting, a lower risk of
bleeding should result.

In summary, we observe the induction of a TLR3-dependent
arteriolar thrombosis in mice treated with poly (I:C) as an
analog of viral RNA. In vitro studies in endothelial cells suggest
that prothrombotic effects depend on the increased expression
of procoagulatory factors on poly (I:C) treatment. The clinical
relevance of the data is corroborated by experiments performed
with HCV-RNA-containing immune precipitates from a
patient with HCV infection and cryoglobulinemia. Our results
demonstrate that there is no significant involvement of platelet-
derived factors. Protein C in vivo and APC in vitro are able to
prevent arteriolar thrombosis due to their inhibitory effect on
the endothelial production of procoagulatory factors such as
tissue factor and PAI-1.

Because APC reduced the poly (I:C)- and HCV-RNA-
induced mesangial synthesis of both procoagulatory and
proinflammatory factors, and HMCs play a key role in the
pathogenesis of immune-mediated glomerulonephritis, further
studies should be performed to evaluate the possible therapeu-
tic benefits of protein C treatment in virus-associated
glomerulonephritis.
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