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Monocyte extravasation into the vessel wall is a key step in
atherogenesis. It is still elusive how monocytes transmigrate
through the endothelial cell (EC) monolayer at atherosclerosis
predilection sites. Platelets tethered to ultra-large von Willebrand
factor (ULVWF) multimers deposited on the luminal EC surface
following CD40 ligand (CD154) stimulation may facilitate mono-
cyte diapedesis. Human ECs grown in a parallel plate flow
chamber for live-cell imaging or Transwell permeable supports
for transmigration assay were exposed to fluid or orbital shear
stress and CD154. Human isolated platelets and/or monocytes
were superfused over or added on top of the EC monolayer.
Plasma levels and activity of the ULVWF multimer-cleaving pro-
tease ADAMTS13 were compared between coronary artery dis-
ease (CAD) patients and controls and were verified by the
bioassay. Two-photon intravital microscopy was performed to
monitor CD154-dependent leukocyte recruitment in the cremaster
microcirculation of ADAMTS13-deficient versus wild-type mice.
CD154-induced ULVWF multimer–platelet string formation on the
EC surface trapped monocytes and facilitated transmigration
through the EC monolayer despite high shear stress. Two-
photon intravital microscopy revealed CD154-induced ULVWF mul-
timer–platelet string formation preferentially in venules, due to
strong EC expression of CD40, causing prominent downstream
leukocyte extravasation. Plasma ADAMTS13 abundance and activ-
ity were significantly reduced in CAD patients and strongly facili-
tated both ULVWFmultimer–platelet string formation andmonocyte
trapping in vitro. Moderate ADAMTS13 deficiency in CAD patients
augments CD154-mediated deposition of platelet-decorated ULVWF
multimers on the luminal EC surface, reinforcing the trapping of
circulating monocytes at atherosclerosis predilection sites and pro-
moting their diapedesis.
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Atherosclerosis is a chronic inflammatory disease of middle-
sized and large conduit arteries. Formation of atheroscle-

rotic lesions starts in early life and progresses with advancing
age, gradually leading to arterial stenosis and occlusion. Typical
predilection sites for atherosclerotic plaques are bifurcations and
curvatures of conduit arteries where disturbed blood flow facil-
itates endothelial cell (EC) dysfunction, which in turn enables
the recruitment and diapedesis of circulating immune cells,
predominantly monocytes and T lymphocytes (1). Although ath-
erogenesis is a complex process comprising ECs, vascular smooth
muscle cells (SMCs), and a large variety of leukocytes, the critical
determinants of atherosclerotic lesion formation are considered to
be monocyte-derived macrophages (2). However, the process by
which monocytes enter the arterial vessel wall under arterial flow

conditions remains elusive. In particular, it is not known how these
leukocytes manage to adhere to the surface of the arterial EC
monolayer and transmigrate through it.
This process may be strongly facilitated by a CD40-dependent

mechanism. It is well known that the CD40–CD40 ligand (CD154)
interaction (3) is one of the major proinflammatory pathways in-
volved in atherogenesis. The CD40–CD154 receptor–ligand dyad
is known to be involved in all stages of atherosclerosis, as CD40
and CD154 are coexpressed by ECs, vascular SMCs, and macro-
phages in atherosclerotic plaques, most prominently in the shoulder
region (4). CD154-expressing activated platelets may orchestrate
the inflammatory CD40–CD154–dependent process in atheroscle-
rotic lesions, as platelets account for >95% of soluble CD154
(sCD154) in the circulation (5).
von Willebrand factor (vWF) is a multimeric plasma glyco-

protein produced by ECs and megakaryocytes that is involved in
both primary and secondary hemostasis. Normally, EC activation
or injury results in the release of these ultra-large vWF
(ULVWF) multimers, which have a much higher thrombogenic
potential than vWF monomers (6). CD154 binding to endothelial
cell CD40 induces the release of ULVWF multimers from
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Weibel–Palade bodies (WPBs) and their deposition on the EC
surface. This release from the WPBs is calcium mediated
through consecutive TRAF6, Src kinase, and PLCγ1 activation
both under static conditions and in response to arterial shear
stress (7).
Under physiological conditions, deposition of ULVWF mul-

timers on the EC surface is efficiently impaired by plasma
ADAMTS13, a protease that controls the length of ULVWF
multimers by cleaving them into smaller, less active fragments
3 to 15 μm in length that are released into the circulation (8).
However, under conditions of low plasma ADAMTS13 activity
ULVWF multimers may persist under flow and constitute a
thrombogenic EC surface (9). ADAMTS13 shows the highest
expression in ECs and hepatic stellate cells (10). Severe de-
ficiency in ADAMTS13 plasma activity results in thrombotic
thrombocytopenic purpura (TTP). During acute episodes of
TTP, both congenital and acquired ADAMTS13 deficiency lead
to a severe loss of ADAMTS13 protein or activity to <5% of
normal plasma values, hence causing disseminated microvascular
thrombosis followed by acute organ failure (6, 11).
Interestingly, deficiency in ADAMTS13 is not restricted to

TTP. Several lines of evidence indicate that moderate ADAMTS13
deficiency is associated with cardiovascular disease, but direct proof
that ADAMTS13 deficiency causes prolonged deposition of
ULVWF multimers on the luminal EC surface at atherosclerosis
predilection sites, and thus increased recruitment and trans-
migration of monocytes, is lacking. Therefore, we analyzed
whether CD154-induced EC release of ULVWF multimers fa-
cilitates platelet–monocyte interaction under flow conditions
resembling those occurring at atherosclerosis predilection sites in
vitro and the role that ADAMTS13 deficiency plays therein.
Moreover, we determined ADAMTS13 levels in the plasma of
patients with coronary artery disease (CAD) and related this to
its ULVWF multimer-resolving effect in the aforementioned
bioassay system. Finally, we studied ULVWF multimer–platelet
string formation in ADAMTS13-deficient mice by two-photon
intravital microscopy.

Results
ULVWF Multimer Formation: Effects of Shear Stress. CD154-induced
ULVWF multimer formation and deposition on human ECs was
studied under low unidirectional shear stress (2.5–10 dyn/cm2),
as found in conduit arteries at atherosclerosis predilection sites.
ULVWF multimers were observed on the EC surface within
2 min of applying histamine (1 μmol/L) or bradykinin (0.1 μmol/L)
and became further elongated. They were oriented parallel to the
flow direction and reached a mean length of 190 μm. Platelets
specifically adhered only to ULVWF multimers but not to ECs,
forming beads-on-a-string structures. These were quite stable due
to the constant formation of new strings and elongation processes,
which attracted more circulating platelets to the ULVWF multi-
mers. On average, ULVWF multimer–platelet strings had a half-
life clearly exceeding 10 min (SI Appendix, Fig. S1).
Upon stimulation of human umbilical vein endothelial cells

(HUVECs) with 200 ng/mL soluble trimeric recombinant CD154
(sCD154) at 10 dyn/cm2, a prominent deposition of platelet-
decorated ULVWF multimers on the EC surface was observed
within 2 min, as shown in Fig. 1 A and B, which matched the
effects of bradykinin in both stability and length (183.4 ±
28.6 μm, mean ± SEM, n = 7). In some experiments, the length
of CD154-induced ULVWF multimer–platelet strings exceeded
700 μm. Immunofluorescence analyses further revealed a sCD154-
mediated intracellular clustering of WPBs similar to those induced
by bradykinin. This fusion of individual WPBs was not observed in
nonstimulated ECs exposed to unidirectional shear stress (SI
Appendix, Fig. S2A).
As activated platelets are known to present CD154 on their

surface immediately upon thrombin stimulation (12), they were

used as a source of membrane-bound CD154. Superfusion of
HUVECs with thrombin-activated platelets elicited a significant
threefold increase in ULVWF multimer release and deposition
on their surface similar in extent to that seen with sCD154 or
bradykinin stimulation. Again, the stability of these strings was
comparable, while the length and especially density of the teth-
ered platelets appeared to be more pronounced (SI Appendix,
Fig. S2 B and C). To demonstrate the specificity of platelet-
bound CD154 in string formation, a neutralizing anti-CD154
antibody (TRAP1) was employed, which essentially reduced
string formation to the level of the nonstimulated control (Fig. 1
A and B).

Effect of the CD40/CD154 Interaction on Monocyte Recruitment to ECs
and Extravasation in the Presence of Shear Stress. The addition of
human isolated and fluorescence dye-labeled monocytes to the
perfusion system resulted in their rapid arrest by ULVWF
multimer-bound platelets (SI Appendix, Fig. S3 A–G) and firm
tethering to the EC surface within the first 5–10 min post stim-
ulation with bradykinin (0.1 μmol/L). Occasionally, monocyte
rolling from one platelet to the next was observed. Monocytes
initially recruited to the platelet-decorated ULVWF multimers
started to firmly tether directly to the ECs. Even if the multimer
eventually detached from the EC surface, monocytes maintained
their relative position in the field of view (an example is shown in SI
Appendix, Fig. S3 G and H). Next HUVECs were stimulated with
200 ng/mL sCD154 or thrombin-activated platelets (2 × 106/mL),
and monocyte recruitment was monitored for 1 h. Both stimuli
led to prominent ULVWF multimer deposition on the EC sur-
face which persisted for the entire observation period. Moreover,
monocytes tethered rapidly to CD154-induced ULVWF multi-
mers (Fig. 2 A and B) by preferentially interacting directly with the
ULVWFmultimer-bound platelets (SI Appendix, Fig. S4 A and B).

A

B

Fig. 1. CD154-induced ULVWF multimer formation. HUVECs exposed to
10 dyn/cm2 were treated with 200 ng/mL trimeric recombinant sCD154,
thrombin-activated platelets (2 × 106 cells/mL), thrombin-activated platelets
treated with TRAP1 antibody, or 100 nmol/L bradykinin as a positive control.
For activation, platelets were treated with 0.25 U/mL thrombin for 10 min
and subsequently were incubated with 1 μmol/L hirudin for 10 min at room
temperature to inactivate thrombin present in the cell suspension. For
neutralization of membrane-bound CD154, activated platelets were in-
cubated with 40 μg/mL TRAP1 antibody for 90 min at room temperature.
(A) Quantification of ULVWF multimer formation and length. n = 4–9, *P <
0.05, **P < 0.01. (B) Representative snapshots from live-cell imaging. Plate-
lets are seen as green dots aligned into string-like structures on the EC
surface. (Scale bars: 50 μm.)
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SI Appendix, Fig. S4C shows a ULVWF multimer densely packed
with green fluorescent platelets on which several blue fluo-
rescent monocytes are trapped. Quantification of the monocyte–
platelet interaction revealed a marked (3.3-fold) increase following
exposure of the HUVECs to sCD154 and in particular to activated
platelets (Fig. 2 C and D). Pretreatment of the monocytes with a
neutralizing anti–PSGL-1 antibody (KPL-1) significantly reduced
monocyte recruitment by 72% (Fig. 2C), corresponding to the level
of the unstimulated control and indicating that PSGL-1 plays
a pivotal role in monocyte trafficking to the EC surface in this
model (13, 14).
Ranging from the untreated (48%) to the stimulated control

(74%), on average 60% of monocytes recruited to the ECs
showed direct interaction with ULVWF multimer-bound plate-
lets (Fig. 2C and SI Appendix, Fig. S3), while superfusion of
stimulated HUVECs in the absence of platelets strongly reduced
monocyte trafficking by 80%, indicating that platelets are di-
rectly involved in monocyte recruitment under arterial shear
stress conditions (10 dyn/cm2). Next, platelet–monocyte inter-
actions were visualized by reflection interference contrast mi-
croscopy (RICM). SI Appendix, Fig. S5 shows several adhesion
patterns of monocytes interacting directly with platelets aligned
onto ULVWF multimers. Monocytes interacted either with sin-
gle platelets (SI Appendix, Fig. S5C) or with densely decorated

ULVWF multimers, where they were situated either at the up-
stream end (SI Appendix, Fig. S5D) or in the middle portion of
the ULVWF multimer–platelet string (SI Appendix, Fig. S5E).
Others were trapped in densely decorated ULVWF multimers,
being flanked by platelets in all directions (SI Appendix, Fig.
S5F). RICM images thus clearly demonstrate direct platelet–
monocyte interactions at the level of the ULVWF multimers.
RICM also allowed visualization of the EC monolayer at dif-
ferent levels and thus monocyte–EC interactions at different
stages of diapedesis (SI Appendix, Fig. S6), suggesting that
monocytes interacting with platelets were not solely bound to
ULVWF multimers but actively approached EC adherens junc-
tions and started to transmigrate.
Next, monocyte transmigration was evaluated and quantified

using a modified Boyden chamber. By imposing chronic multi-
directional orbital shear stress (3–4 dyn/cm2) (7, 15) on cultured
HUVECs, a marked release from and net-like formation of
ULVWF multimers on the EC surface was documented after
sCD154 stimulation; histamine served as a positive control (Fig.
3A). Confocal microscopy visualized platelets and monocytes
tethered to the ULVWF multimers released by the HUVECs
upon sCD154 stimulation (Fig. 3B). Moreover, stimulation with
sCD154 or histamine led to a significant three- to fourfold in-
crease in monocyte transmigration after 24 h (Fig. 3C).
As a proof of concept, ULVWF multimer–platelet string for-

mation through stimulation of CD40 on ECs and the subsequent
attraction of leukocytes was studied in vivo in cremaster venules
of wild-type and ADAMTS13-knockout mice (n = 6). Following
injection of fluorescent dye-labeled platelets in ADAMTS13-
knockout mice, the formation of ULVWF multimer–platelet
strings with an average length of 20.1 ± 9.7 μm (n = 3) could be
identified at a ratio of 0.9 ± 0.2 strings per venule (visualized in
5–10 venules per experiment). Topical application of recombi-
nant sCD154 significantly increased the number of strings to
2.2 ± 0.7 per venule (P < 0.01; n = 3) but did not significantly
alter their apparent length. During string formation leukocytes
started to attach to the platelets located on the strings, often
extending to adjacent sites without any labeled platelets. Leu-
kocyte attachment was followed by their extravasation, which
started in the vascular wall region where the ULVWF multimer–
platelet string had originally formed. Fig. 4 D and F show such a
string with the attachment of leukocytes and extravasation of two
leukocytes. In contrast, some (but significantly fewer) ULVWF
multimer–platelet strings were observed in wild-type control
vessels (Fig. 4 C and D) because of the presence of enzymatically
active ADAMTS13 in the blood.

ADAMTS13 Plasma Activity and Concentration in CAD. Finally, we
investigated whether there are differences in ADAMTS13
plasma levels between patients with CAD and healthy individ-
uals. To address this question, three groups of interest were de-
fined: a young control population (n = 41), a CAD patient cohort
(n = 70; the inclusion criterion was angiographic evidence
of ≥25% stenosis in a relevant coronary artery), and an age-
matched control group (n = 50). Table 1 shows the mean age
and gender distributions of the analyzed groups. Perfect age
matching of the CAD group and the aged control group with
documented absence of cardiovascular diseases proved to be
complicated because CAD prevalence in humans increases with
age (16). Thus, it was difficult to find a sufficient number of in-
dividuals without evidence of CAD in daily clinical practice. Pa-
tient baseline characteristics are summarized in Table 2. Control
individuals had no documented history of any cardiovascular
disease, were nonsmokers, and did not take any medication.
Plasma ADAMTS13 was quantified by measuring both

ADAMTS13 activity and protein using commercially available
kits with high interassay precision (SI Appendix, Table S1).
According to these analyses, patients with CAD had significantly

A

B

C

D

Fig. 2. CD154-induced monocyte recruitment to ULVWF multimers. HUVECs
were exposed to laminar shear stress and were treated with either sCD154 or
thrombin-activated platelets (green). Monocytes (blue) were added to the
superfusate. (A and B) Fluorescently labeled monocytes adhered to platelet-
decorated ULVWF multimers within the first 5–10 min of perfusion with
preferential binding of monocytes to ULVWF multimers. Shown are repre-
sentative images of sCD154 (A; n = 8) and activated platelets (B; n = 6) ex-
periments using blood cells from different donors. (Magnification: 20×.)
(Scale bars: 50 μm.) White arrowheads mark adhered monocytes.
(C) Quantification of monocyte recruitment to untreated HUVECs and to
HUVECs stimulated with sCD154 and activated platelets at 10 dyn/cm2. As
control, monocytes were incubated with PSGL-1 neutralizing KPL-1 antibody
and were perfused over sCD154-activated HUVECs. Black bars represent the
total number of recruited monocytes recorded in the defined time frame.
Gray bars represent the fraction of those monocytes showing direct platelet
interaction. White numbers on the gray bars represent the percentage of
monocytes with platelet interaction relative to the total number of mono-
cytes for each condition. n = 3–6, *P < 0.05, **P < 0.01, ***P < 0.001.
Monocyte–platelet interaction was defined as monocytes attached to at
least one platelet, as shown by arrowheads in D. (Magnification: 20×.) (Scale
bar: 50 μm.)
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reduced plasma ADAMTS13 activity and antigen levels compared
with both control groups (Fig. 5). A statistical data summary of all
analyzed groups is presented in Table 3. Overall ADAMTS13
activity in CAD patients was significantly reduced, by 23% and
10% compared with the young and aged controls, respectively.
Activity levels in all three groups correlated almost perfectly with
ADAMTS13 antigen levels (SI Appendix, Fig. S6). Since CAD
severity and coronary artery stenosis increase with the progression
of atherosclerosis, we investigated whether ADAMTS13 levels
depend on the stage of the disease, acute myocardial infarction
(AMI), or the T-786C SNP of the NOS-3 gene which increases the
relative risk of contracting CAD (17) by causing endothelial dys-
function. However, there was no statistically significant correlation
of either ADAMTS13 plasma activity or concentration with the
severity of CAD, acute coronary syndrome, or the T-786C SNP of
the NOS-3 gene (SI Appendix, Fig. S8 A–D).

What are the consequences of the moderately reduced plasma
levels of ADAMTS13 in the patients with CAD, i.e., are they still
sufficient to prevent the deposition and accumulation of adhe-
sive ULVWF multimers on the luminal surface of the ECs? To
answer this question, the established in vitro superfusion of
cultured HUVECs was employed as a bioassay system under
standardized conditions (10 dyn/cm2 unidirectional shear stress,
0.1 μmol/L bradykinin). First, titration experiments using serial
dilutions of selected platelet-poor plasma stocks were performed
to determine a cutoff value below which the ULVWF multimers
are no longer effectively cleaved. These stocks were prepared to
obtain defined ADAMTS13 concentrations (1,000, 750, 500, and
350 ng/mL) in the reconstituted blood solution that corre-
sponded to the range found in the patients and controls (350–
1,000 ng/mL). This was necessary because the activity of human
recombinant ADAMTS13 turned out to be too low.
As shown in Fig. 6, superfusing activated ECs with ADAMTS13

in decreasing concentrations enabled an exponential increase in
ULVWF multimer–platelet string formation on the surface of the
ECs due to reduced cleavage (cutoff value <600 ng/mL) that was
significantly more pronounced at ADAMTS13 concentrations
found in the plasma of patients with CAD than at the concen-
trations found in the two control groups. ULVWF multimer
lengths gradually increased from 14.9 ± 1.9 μm (1,000 ng/mL) to
81.3 ± 8.1 μm (350 ng/mL). Consistent with this, platelet adher-
ence was 10.2-fold higher at 350 ng/mL than at 1,000 ng/mL. The
arrows in Fig. 6 D and E indicate the measured mean ADAMTS13
concentrations in young controls (823.7 ng/mL) and in CAD pa-
tients (636.3 ng/mL) using the FRET assay, suggesting that plasma
obtained from patients with CAD will lead to an increased de-
position of ULVWF multimer–platelet strings on the surface of
the HUVECs under our assay conditions.
Therefore, pooled native plasma from patients with CAD (n =

24) and from young healthy donors (n = 20) was tested in the
bioassay. As shown in Fig. 7, there was a marked (fourfold) and
significant increase in platelet tethering to the ULVWF multi-
mers as well as in ULVWF multimer length when the plasma of
the patients with CAD was employed. When these values are
interpolated into the titration curves shown in Fig. 6 D and E, an
ADAMTS13 concentration resulted which was similar to the
average plasma activity and concentration previously measured
in patients with CAD and in healthy donors.
Finally, HUVECs were treated either with 200 ng/mL sCD154

or with thrombin-activated platelets and were superfused with a
reconstituted blood solution containing 350 ng/mL ADAMTS13.
As shown in SI Appendix, Fig. S9, there was prominent formation
of stable ULVWF multimer–platelet strings of intermediate
length (up to 40 μm) under these conditions, and monocytes
firmly adhered to the platelet-decorated ULVWF multimers, as
described above. This suggests that ULVWF multimer–platelet
strings formed in the presence of the pooled plasma from pa-
tients with CAD are stable enough to facilitate monocyte
recruitment.

Discussion
The current study investigated the atherogenic potential of CD40/
CD154 interaction by assessing the functional impact of CD154-
induced ULVWF multimer formation on platelet-dependent
monocyte recruitment. Our findings suggest that platelets attached
to ULVWF multimers facilitate the trapping of circulating mono-
cytes at sites of EC activation and promote their infiltration into
the vessel wall. Furthermore, the current study provides an answer to
the thus far unsolved question whether the moderate ADAMTS13
deficiency frequently reported in CAD patients is clinically rel-
evant by promoting ULVWF multimer formation and monocyte
recruitment.
Previous in vivo studies revealed that blocking CD40–CD154

signaling reduces atherosclerotic lesion size and the presence of

A

C

B

Fig. 3. Transmigration of monocytes under orbital shear stress conditions
upon sCD154 stimulation. (A) HUVECs were stimulated with sCD154 (200 ng/mL)
or histamine (5 μmol/L) or were sham-stimulated for 20 min under static
conditions or upon application of orbital shear stress (3–4 dyn/cm2), leading
to the formation of ULVWF multimers stained in red. (B) Confocal fluores-
cence microscopy images of platelets (CD42b) and monocytes (CD14) ad-
hering to ULVWF multimers. Shown are maximum projections of several
focal planes above the HUVEC layer (green = CD14, CD42b; magenta = vWF;
blue = DAPI). HUVECs were cultured on glass-bottomed dishes and were
stimulated with 200 ng/mL sCD154 combined with orbital shear stress ap-
plication. Note that some DAPI-positive nuclei, not associated with ULVWF
multimers, belong to the HUVECs. (C) Quantification of transmigrated
monocytes upon sCD154 (200 ng/mL), histamine (5 μmol/L), and sham (PBS)
stimulation. Stimuli and platelets (3 × 105) were removed after 10 min; then
fresh medium containing monocytes (1 × 106) was added, and orbital shear
stress (3–4 dyn/cm2) was applied. Transmigrated monocytes were quantified
using a Neubauer improved cell counting chamber after 24 h. n = 6, *P <
0.05, **P < 0.01.
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macrophages and T lymphocytes in the plaque (4, 18). This effect
has been attributed thus far to an increased expression of ad-
hesion molecules, cytokines, and chemokines by ECs. The pre-
sent study proposes a mechanism by which CD154 contributes to
monocyte recruitment under arterial shear stress conditions by
showing that CD154-induced ULVWF multimer–platelet strings
reveal high adhesive potential toward circulating monocytes even
at a shear stress of 10 dyn/cm2.
Strong vWF secretagogues induced the formation of ULVWF

multimers, which remained anchored to the activated endothe-
lium particularly under conditions of ADAMTS13 deficiency.
Under flow conditions platelets attached firmly to these ULVWF
multimers by an instant trapping mechanism without any rolling

movement, forming characteristic beads-on-a-string–like struc-
tures on the EC surface. These observations are consistent with
previous reports (19) and are known to be based on the high-
strength bonds between platelet GpIbα and the vWF A1 domain
(20). When ADAMTS13 is absent, ULVWF multimer–platelet
strings are remarkably stable despite arterial flow conditions and
even upon flow reversal remained anchored to the EC surface,
just reversing their orientation. This high stability toward shear
forces, which presumably is due to self-assembly of the ULVWF
multimers into net-like structures on the EC surface (21), may
allow such long (herein up to 1,800 μm) ULVWF multimer–
platelet strings to persist at atherosclerosis predilection sites as
well as in stenotic arterial segments (20). This conclusion is also
supported by our intravital microscopy observations on a high
number of strings in the ADAMTS13-deficient mice.
Our finding that platelet adherence to ULVWF multimers is

greater at arterial (10 dyn/cm2) than at venous (2.5 dyn/cm2)
shear stress is not unprecedented but reinforces the notion that
shear stress is a pivotal force triggering the transformation of
inactive globular vWF into hyperactive ULVWF multimers (SI
Appendix, Fig. S10) (22). However, the average length of the
ULVWF multimers remained the same. This shear stress-
dependent conformational transition of the ULVWF multimers
would counteract high hydrodynamic forces at sites of vascular
injury by causing increased exposure of platelet-binding sites on
the multimers, enabling platelet tethering even at high shear
rates (23).
Platelets account for 95% of circulating CD154, which they

immediately translocate to their surface upon activation and
release into the circulation as sCD154 (12). Thrombin-activated
platelets were therefore used as a physiological source of
membrane-bound CD154 in the present study. Elevated levels of
sCD154 are found in patients with coronary heart disease (24),
unstable angina (25), and AMI (26) and are believed to be a
marker of platelet activation and a possible predictor of adverse
cardiovascular events (27). Activated platelets are a common
phenomenon in patients with atherosclerosis (13). They are
thought to become activated by disturbed blood flow, by inter-
acting with activated endothelium, or by cytokines released
during thromboembolic events and from inflamed tissues in
systemic inflammation (28). These conditions commonly found
in cardiovascular disease may thus explain why platelets in ath-
erosclerosis express elevated levels of P-selectin and CD154.
Treatment of ECs with both recombinant sCD134 and

platelet-derived CD154 induced a prominent release and de-
position of ULVWF multimers to which circulating platelets
immediately tethered. sCD154 had an effect similar to that of
bradykinin, confirming it to be a potent vWF secretagogue (7),
and this effect was specific, as demonstrated by incubating
thrombin-activated platelets with TRAP-1, a commonly employed
neutralizing antibody (12). Monocytes firmly adhered to these
ULVWF multimers almost exclusively through interacting with
platelets rather than with vWF (29) or the cultured ECs. Platelets
thus seem to facilitate monocyte recruitment by forming a “sticky”
platform, which helps monocytes come to a complete arrest de-
spite the high shear rate. These findings are consistent with pre-
vious reports about circulating leukocytes interacting with platelet-
decorated ULVWF multimers both in vitro (30) and in vivo (31).
Since neutrophils are also known to interact with platelets (32–
34), it was crucial to confirm that the visualized cells were
monocytes. FACS analysis constantly revealed a monocyte purity
of 94%, and during live-cell imaging the fluorescent dye-labeled
cells revealed an ellipsoidal nuclear morphology or kidney-shaped
nuclei, which are characteristic of monocytes. Furthermore, an
artificial shift toward a certain monocyte subtype induced by
magnetic bead isolation could be excluded, since isolated mono-
cytes showed a normal subset distribution (35).

A B

C D

E F

Fig. 4. Two-photon intravital microscopy in wild-type and ADAMTS13-
knockout mice. Shown are representative images of a venule observed in
a wild-type control mouse (A, C, and E) and in a ADAMTS13-knockout
(ADAMTS13KO) mouse (B, D, and F) after 20 min of sCD154 stimulation
followed by platelet and leukocyte labeling. Platelets are depicted in green
(CFDA), leukocytes in red (CD45), and endothelium in magenta (CD31). A
and B are z-stacks of several optic sections taken over a total period of 30 s
showing comparable amounts of circulating/adhering platelets and leuko-
cytes during that period of time in both vessels. C and D show the presence
or absence of a permanent ULVWF multimer–platelet string in one focal
plane only (notice the formation of the ULVWF multimer-associated platelet
string in the ADAMTS13-deficient mouse in this particular vessel). E and F
present a merged image of all channels taken simultaneously in one focal
plane. In the ADAMTS13-deficient venule (F), the first signs of leukocyte
transmigration can be observed in the string area. The Inset shows extrav-
asation of leukocytes (white arrowheads). (Scale bars: 20 μm; 5 μm in Inset.)
Note that the leukocyte outside the large control vessel in A has not trans-
migrated but is located in a side branch (compare A with C and E).
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The trapping mechanism, in which monocytes rolling over the
platelet-decorated ULVWF multimers were observed only in-
frequently, deviates from the widely accepted multistep para-
digm for leukocyte recruitment to ECs observed in postcapillary
venules (14, 36). In contrast to other leukocytes, monocytes seem
to have a strong binding affinity to ULVWF multimer-bound
platelets, which results in their immediate arrest and not in a
rolling mechanism. It is conceivable that the rolling paradigm
does not apply to EC–monocyte interactions at sites of in-
flammation in conduit arteries, as here the shear rates are far
higher than in postcapillary venules, making the initial rolling
step barely possible. Another reason why monocyte binding to
platelets is so strong may be that this P-selectin–PSGL-1 in-
teraction (30) depends on the density of P-selectin on the
platelet surface, which is much higher than on ECs (37). In fact,
Kuligowski et al. (38) found that neutrophils come to an im-
mediate arrest on glomerular ECs in a P-selectin–PSGL-1–
dependent manner without showing any rolling motions.
Moreover, RICM and transmigration experiments allowed

detailed analysis of platelet–monocyte–EC interactions and
transmigration under flow. Within minutes after firm adhesion to
the platelets, monocytes changed their shape by building pseu-
dopodia, which might represent a first step toward transmigrating
through the EC monolayer. In fact, P-selectin–dependent plate-
let–monocyte interactions are known to induce monocyte activa-
tion by increasing the affinity of monocytic β1- and β2-integrins
toward VCAM-1 and ICAM-1 on the luminal EC surface (39).
Furthermore, platelets deposit chemokines such as RANTES,
CXCL5, and platelet factor-4 on the endothelium, which promote
leukocyte arrest and transmigration (40). Like van Gils et al. (41),
we observed that platelets dissociate from the monocytes once
they start to transmigrate through the EC monolayer, presumably
due to PSGL-1 redistribution and mechanical stress.
Using two-photon intravital microscopy, we could confirm in

vivo that CD40 activation leads to the enhanced formation of
ULVWF multimer–platelet strings. Although we could not
identify vWF filaments under the experimental conditions given,
we observed that the labeled platelets were forming pearl
necklace-like structures (their gaps supposedly filled with en-
dogenous platelets) which suggest their adhesion to and spatial
organization by a filamentous structure. Their apparent length
(defined only by platelets) was usually shorter than reported by
others for directly observed ULVWF multimers in vivo (20),
perhaps because labeled platelets did not always adhere to the
very ends of the filaments. In agreement with the in vitro studies,
stimulation of CD40 with sCD154 increased the number of such
strings significantly. Leukocytes attached preferentially and ini-
tially to these sites. In the microcirculation, this occurred mainly
in venules, the physiologic site of leukocyte extravasation. CD45,
which we used for leukocyte labeling, is not specific for mono-
cytes. Thus, our microcirculatory studies support a role for
endothelial cell CD40 in ULVWF multimer–platelet string for-
mation and subsequent leukocyte attachment in vivo.
In conclusion, the aforementioned findings suggest that CD154-

induced formation of platelet-decorated ULVWF multimers on
the luminal EC surface facilitates the trapping of circulating

monocytes from the circulating blood. The ULVWF multimer-
bound activated platelets bring the monocytes into close contact
with the EC surface despite the rather fast flow in these conduit
arterial blood vessels and promote their diapedesis. Our findings
therefore shed some light on the role of platelets in atherosclerotic
lesion formation in general and the functional impact of CD154–
CD40–mediated release and deposition of ULVWF multimers on
the luminal surface of ECs situated at atherosclerosis predilection
sites of the arterial tree.
Since ADAMTS13 deficiency is known to have a distinct

proinflammatory potential, we further investigated the extent to
which it promotes ULVWF multimer formation and monocyte
recruitment. Several case-control studies reported a possible
association between ADAMTS13 plasma levels and atheroscle-
rosis, as ADAMTS13 deficiency was found in patients with CAD
(42), AMI (43), and ischemic stroke (44). However, they do not
answer the question whether ADAMTS13 deficiency is a cause
or rather a consequence of such atherosclerosis-related cardiovascular
complications.
Our results showing a CAD-related but also age-dependent

decrease in plasma ADAMTS13 activity are in line with the
findings of other clinical trials (42, 45, 46). Among the patients
with CAD, 63% had ADAMTS13 activity values between 40–80%

Table 1. Age and gender distribution of CAD patients and control groups

n Mean age, y ± SD Minimum age, y Maximum age, y No. male (%) No. female (%)

Young controls 41 27.2 ± 9.9 20 48 23 (56.1) 18 (43.9)
Aged controls 50 63.1 ± 3.3* 58 71 34 (68.0) 16 (32.0)
CAD patients 70 70.3 ± 11.7** 36 90 45 (64.3) 25 (35.7)

Differences in gender distribution among groups were not statistically significant (P = 0.4914, χ2 test).
*P < 0.001 vs. young controls.
**P < 0.001 vs. aged controls.

Table 2. Patients’ baseline characteristics

CAD patients, n = 70

Age, y, mean ± SD 70.3 ± 11.7
No. male (%) 45 (64.3)
No. with hypertension (%) 63 (90)
No. with hypercholesterolemia (%) 39 (55.7)
No. with diabetes mellitus (%) 24 (34.3)
No. smoking (%) 26 (37.1)
No. with BMI >25 kg/m2 (%) 14 (20)
No. with ACS (%) 12 (17.1)

No. with STEMI (%) 2/12 (16.7)
No. with NSTEMI (%) 6/12 (50)
No. with UAP (%) 4/12 (33.3)

No. with elective procedure (%) 58 (82.9)
No. with PCI/stenting (%) 31 (44.3)
No. of vessels affected (%)

1 17 (24.3)
2 10 (14.3)
3 43 (61.4)

Maximal degree of stenosis (%)
25–49% 10 (14.3)
50–74% 15 (21.4)
≥75% 45 (64.3)

Hypertension and hypercholesterolemia were defined according to ESC
guidelines (68). Patients suffered from the following comorbidities: periph-
eral artery disease (4.3%), moderate or severe valvular disease (11.4%), atrial
fibrillation (10%), chronic renal failure (2.9%), and positive history for tran-
sient ischemic attack or stroke (4.3%). ACS, acute coronary syndrome; BMI,
body mass index; NSTEMI, non–ST-elevation myocardial infarction; PCI, per-
cutaneous coronary intervention; STEMI, ST-elevation myocardial infarction;
UAP, unstable angina pectoris.
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of normal activity, which also is consistent with previous reports
(45). Importantly, plasma ADAMTS13 activity levels matched
ADAMTS13 protein content in all three groups of patients and
controls, suggesting that the CAD-related decrease in activity is
not caused by expression of a dysfunctional protein by these in-
dividuals (e.g., as in patients with TTP) (47). Likewise, Bongers
et al. (45) did not find an association between genetic variations of
the ADAMTS13 gene and cardiovascular disease. What then
causes the decrease in ADAMTS13 protein in patients with CAD?
The cause might be endothelial dysfunction leading to enhanced
release of ULVWFmultimers, which causes depletion of ADAMTS13
plasma levels due to increased consumption (48). Owing to the
long (3-d) half-life of ADAMTS13 in plasma (49), the plasma
pool of ADAMTS13 after acute consumption due to endothelial
dysfunction may be refilled rather slowly, so that the transitory
ADAMTS13 deficiency becomes chronic. Furthermore, it is well
known that proinflammatory cytokines such as TNF-α, IFN-γ,
and IL-6 decrease ADAMTS13 expression and activity in ECs,
hepatic stellate cells, and tumor microvessels (50). An important
implication of these findings is that at sites of atherosclerotic
lesions, which typically are characterized by increased produc-
tion of these cytokines (51), ADAMTS13 production can be
locally inhibited, thus promoting ULVWF multimer–platelet
string formation.
Is the moderate decline in plasma ADAMTS13 activity in

patients with CAD clinically relevant? Is ADAMTS13 defi-
ciency directly involved in atherogenesis, or is it just a biomarker
associated with the degree of inflammation? Although not yet
determined for patients with cardiovascular disease, these are
rather pressing questions from a medical point of view (22).
Therefore we performed titration experiments with our cellular
bioassay system to determine whether there is a threshold below
which plasma ADAMTS13 activity would result in insufficient

ULVWF multimer cleavage. In agreement with previous reports
(52),we found that the ULVWF multimer-cleaving capacity of
ADAMTS13 follows an exponential concentration–response
curve with a threshold around 600 ng/mL, below which the
protease is no longer capable of effectively cleaving the ULVWF
multimer–platelet strings deposited on the surface of the cul-
tured ECs. Superfusion of bradykinin-stimulated ECs with
pooled native plasma from 24 patients with CAD enabled the
formation of ULVWF multimer–platelet strings on the EC sur-
face, an effect that was not observed with the pooled native
plasma from 20 young healthy controls. This finding is highly
relevant, as it clearly demonstrates that plasma of patients with
CAD is unable to completely eliminate ULVWF multimers from
the EC surface under flow. This effect is most probably attrib-
utable to ADAMTS13, since it is the only specific vWF-cleaving
protease. However, other enzymes, such as leukocyte proteases,
cathepsin G, elastase, granzyme B, and proteinase-3 (53–55), are
also known to cleave vWF in vitro at fairly nonphysiological
concentrations (22).
Finally, superfusion of CD154-stimulated ECs with recon-

stituted blood containing only 40% of the normal ADAMTS13
plasma concentration (350 ng/mL, as frequently found in the
lowest quartile of the CAD cohort) enabled the formation of
platelet-decorated ULVWF strings which were stable enough to
subsequently trap circulating monocytes. In summary, these
findings provide strong evidence for our hypothesis that platelet
CD154-dependent monocyte recruitment and transmigration
at atherosclerosis predilection sites in patients with CAD are
reinforced by the release of ULVWF multimers from the
ECs and exacerbated by moderate ADAMTS13 deficiency in
the plasma.
It must be noted that the present study did not perform a

subgroup analysis for comorbidities, risk factor constellations,
and pharmacotherapy of CAD patients due to the small case
numbers. However, the large prospective clinical trial of Miura
et al. (42) showed that pharmacotherapy does not have an effect
on ADAMTS13 and vWF levels. They also found no correlation
with hypertension, smoking, or diabetes mellitus, suggesting that
medication and other CAD risk factors do not affect ADAMTS13
levels. Another study limitation is that the aged control group was
on average 7.2 y younger than the CAD group. This was due to
recruitment limitations of volunteers above 70 y of age without
cardiovascular disease, considering that the prevalence of car-
diovascular disease in this age group is very high (69.1% in men
and 67.9% in women aged 60–79 y) (56). Despite the statistically
significant age difference, it is rather unlikely that the observed
difference in ADAMTS13 between the two groups can be at-
tributed entirely to age.
These findings may have important implications for under-

standing the relevance of ADAMTS13 in the context of athero-
sclerosis and its sequelae. Recent studies using ADAMTS13-
knockout mouse models demonstrated a role for ADAMTS13
deficiency in atherogenesis (57) and in the development of acute

A B

Fig. 5. ADAMTS13 plasma activity and antigen concentration in patients
with CAD and healthy controls. ADAMTS13 activity and concentration levels
were determined in platelet-poor plasma collected from CAD patients (n =
70) and were compared with ADAMTS13 levels in plasma of young (n = 41)
and aged (n = 50) control groups with no history of CAD. Results are shown
as scatter plots of individual measured values, mean ± SD being indicated by
red bars. (A) Results of ADAMTS13 plasma activity as measured by a FRET
assay. (B) ADAMTS13 antigen levels determined by ELISA. *P < 0.05, **P <
0.01, ***P < 0.001.

Table 3. Statistical data for ADAMTS13 plasma activity and plasma concentration in young controls, aged controls, and CAD patients

n ADAMTS13 Mean ± SD Median 25th percentile 75th percentile Minimum Maximum

Young controls 41 Activity 823.7 ± 154.6* 823.5 696.3 949.8 511.4 1,140.0
Concentration 770.6 ± 146.0 786.0 640.2 881.2 514.0 1,026.0

Aged controls 50 Activity 709.4 ± 166.8** 694.3 600.1 779.4 414.0 1,415.0
Concentration 681.3 ± 127.7 668.1 601.9 763.9 462.2 1,124.0

CAD patients 70 Activity 636.3 ± 146.0 621.8 549.3 696.8 343.2 1,010.0
Concentration 586.7 ± 146.6 561.0 480.5 681.1 308.5 887.9

All values are expressed in nanograms per milliliter.
*P < 0.001 vs. ADAMTS13 activity in CAD patients.
**P < 0.05 vs. ADAMTS13 activity in CAD patients.
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cardiovascular events such as AMI (58) or ischemic stroke (59).
Herein we make this role tangible in patients with atherosclerosis
and related cardiovascular diseases. Blocking P-selectin may rep-
resent a more feasible approach to inhibit platelet–monocyte in-
teractions and to reduce atherosclerosis, as shown by several animal
studies (60, 61) and two recent clinical trials which tested the newly
developed anti–P-selectin antibody inclacumab (62, 63). In addi-
tion, platelet–vWF interactions can be blocked by specific anti-
bodies targeting vWF GpIb (caplacizumab) and platelet GpIb
receptor (anfibatide), which have recently been tested in phase I
and phase II clinical trials with very promising results (64, 65).
These not only would prevent thromboembolic complications upon
plaque rupture but also may potentially inhibit platelet-mediated
monocyte adhesion to ULVWF multimers deposited on the lu-
minal EC surface. Thus, our bioassay approach may become a
useful diagnostic tool to assess ADAMTS13 activity in the plasma
of such patients under appropriate simulation of arterial blood flow
conditions and seems to be more relevant than the conventional
static FRET-based assay method (66).

Materials and Methods
Cell Culture. HUVECs were freshly isolated and cultured as described pre-
viously (67). Details regarding seeding, stimulation, and harvesting protocols

are found in SI Appendix. For flow assays, HUVECs were seeded into ibidi
flow chambers (μ-Slides I 0.4 Luer ibiTreat, ibidi) and were cultured under
low oscillatory flow (±0.5 dyn/cm2) for 5 d until an intact monolayer was
formed. For application of orbital shear stress, HUVECs were grown in 12-
well plates or specialized glass-bottomed dishes (35-mm dish, 20-mm glass
diameter; MatTek) and were placed on top of an orbital shaker (100 rpm,
corresponding to ∼3 dyn/cm2) (7, 15).

Blood Collection and Plasma ADAMTS13 Quantification. Human whole blood
from CAD patients and healthy volunteers was collected into citrate tubes (S-
Monovette 10 mL 9 NC, 3.2% citrate; Sestet) by puncture of an antecubital
vein with a 21-gauge needle according to the approval of the local ethics
committee in Heidelberg (S-181/2013, S-689/2015). Seventy CAD patients
admitted to Heidelberg University Hospital (Heidelberg) and the German
Heart Centre (Munich) between August 2014 and April 2016 were eligible for
participation in this study (Table 1). All subjects signed an informed consent.
Samples were deidentified, and no identifiable personal information was
included in this study. CAD patients satisfied inclusion criteria when showing
angiographic evidence of ≥25% stenosis in a relevant coronary artery. Hy-
pertension and hypercholesterolemia were defined according to current
European Society of Cardiology (ESC) guidelines (68). Blood was drawn
shortly before starting the elective cardiac catheterization. Genotyping of
human blood for the T-786C NOS3 SNP was carried out as published previously
(17). The young control group (Table 1) and the aged control group (Table1)
consisted of healthy volunteers who had no history of cardiovascular diseases,
were nonsmokers, and did not take any medication. Citrated platelet-poor
plasma was obtained immediately by centrifugation (1,500 × g) and was
stored at −80 °C until being assayed. ADAMTS13 plasma activity was measured
in citrated platelet-poor plasma using a commercially available FRET-based
activity assay (ACTIFLUOR ADAMTS13 Activity Assay; Sekisui Diagnostics). An

A

B C

Fig. 7. Effect of CAD patient plasma on ULVWF multimer formation. Pooled
platelet-poor plasma collected from 24 CAD patients and 20 young healthy
controls was perfused in three independent experiments over HUVECs
treated with 100 nmol/L bradykinin at 10 dyn/cm2 using an erythrocyte
suspension containing green fluorescent-labeled platelets (2 × 106/mL).
Plasma samples were randomly selected from the groups recruited for
ADAMTS13 plasma measurements. (A) Representative images of platelet
adherence to ULVWF multimers on the endothelial cell surface upon per-
fusion with pooled plasma from healthy controls and from CAD patients.
(Scale bar: 100 μm.) (B and C) Quantification of ULVWF multimer formation
(B) and length (C) as observed during the first 10 min of perfusion; n = 3,
***P < 0.001.

A

B C

D E

Fig. 6. Effect of different ADAMTS13 concentrations on ULVWF multimer
formation and length. Titration experiments using different concentrations
of ADAMTS13 were performed in the established perfusion system. HUVECs
were superfused with an erythrocyte suspension containing serially diluted
plasma collected from three healthy donors and green fluorescent-labeled
platelets (2 × 106/mL) at 10 dyn/cm2. ULVWF multimer formation was in-
duced by stimulation with 100 nmol/L bradykinin. (A) Representative fields
of view showing ULVWF string formation using the indicated ADAMTS13
concentrations. (Scale bar: 100 μm.) (B and C) Quantification of platelet
adhesion (B) and ULVWF multimer length (C) at different ADAMTS13 con-
centrations. (D and E) Plotting of platelet count (D) and multimer length (E)
values against ADAMTS13 concentrations revealed an exponential increase
of these parameters and were approximated by exponential curves [R2 =
0.8887 (D) and R2 = 0.9838 (E )]. Arrows indicate the mean ADAMTS13
activity and concentration measured in CAD patient plasma and in
young healthy controls, as shown in Table 3; n = 5; *P < 0.05, **P < 0.01,
***P < 0.001.
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ELISA (Human ADAMTS13 Quantikine ELISA Kit; R&D Systems) was employed
to quantify ADAMTS13 plasma concentration.

Blood Cell Isolation. Human erythrocytes, platelets, and monocytes were
isolated from freshly drawn citrated blood of healthy volunteers (18–65 y old)
according to the approval of the local ethics committee. Erythrocytes were
isolated by density gradient centrifugation, and platelet suspensions were
prepared as described previously (69). A pure monocyte suspension was
obtained by negative magnetic bead selection using the commercially
available Pan Monocyte Isolation Kit (MACS; Miltenyi Biotec) as previously
published (7). Flow cytometry for analysis of monocyte purity and monocyte
and platelet labeling using fluorescent dyes are described in SI Appendix.

Flow Assay Setup. Confluent HUVECs cultured in flow chambers were exposed
to defined unidirectional laminar shear stress (2.5 and 10 dyn/cm2) using an
ibidi pump system (ibidi). HUVECs were superfused for up to 60 min using a
plasma-free reconstituted blood solution consisting of freshly isolated hu-
man erythrocytes (45% hematocrit), platelets (2 × 106/mL), and monocytes
(0.8 × 106/mL). A more detailed description is found in SI Appendix. ULVWF
multimer formation and platelet–monocyte interactions were analyzed in
real time using live-cell imaging and RICM. A detailed description of these
methods is found in SI Appendix.

Intravital Microscopy. The animal experiments were performed in accordance
with the German animal protection law and had been approved by the district
government of upper Bavaria. The investigation conforms to the European
Commission Directive 2010/63/EU. Cremaster muscles of ADAMSTS13-knockout
mice (stock: 007235; Jackson Laboratories) and C57BL/6J as wild-type control
mice were prepared for intravital microscopy as described before (70). The
endothelium of arterioles and venules was labeled by topical application of
Alexa Fluor 647-labeled CD31 antibody (BD Biosciences) for 1 h. Platelets from
C57/BL6 donor animals were washed and labeled ex vivo with carboxy-
fluorescein diacetate (CFDA) as described earlier (71). Two hundred-microliter

platelet suspensions corresponding to 8 × 106 platelets were injected into
the circulation. Circulating leukocytes were labeled by i.v. injection of a PE-
CD45 antibody (eBioscience). The cremaster blood vessels were stimulated
by adding 5 μg recombinant sCD40L dissolved in 50 μL of saline solution to
the supernatant for 20 min. Images were obtained for an observation pe-
riod of up to 120 min by two-photon excitation microscopy (TriM Scope;
LaVision BioTech). Images were stored and analyzed off-line using IMARIS
software (Bitplane).

Real-Time PCR, Western Blot, and Immunocytochemistry Analysis. Real-time
qPCR analysis of relative mRNA expression was conducted as described
previously (72). Western blot analysis was performed using standard pro-
tocols. PCR primer pairs and Western blot antibodies used for protein
quantification are listed in SI Appendix. Immunofluorescence staining of
fixed HUVECs was conducted as described previously (73) using antibodies
for vWF (F3520; Sigma-Aldrich) and VE-cadherin (sc-6458; Santa Cruz Bio-
technology). Perfused μ-slides were fixed under flow and subsequently
stained according to the standard protocol. Fluorescence intensity and the
number of nuclei were quantitated using ImageJ software (1.45r).

Statistical Analysis. Statistical analysis was performed using GraphPad Prism
6.0 software. Unpaired Student’s t tests were used for two-group compari-
sons, and one-sample t tests were used for values expressed as relative to a
control sample. For data encompassing three or more groups, one-way
ANOVA with Tukey’s multiple comparisons test was employed. P values
<0.05 were considered statistically significant.
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