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Removal of endothelial surface-associated D
von villebrand factor suppresses accelerate
datherosclerosis after myocardial infarction
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Abstract

Background Thromboinflammation involving platelet adhesion to endothelial surface-associated von Willebrand
factor (VWF) has been implicated in the accelerated progression of non-culprit plaques after MI. The aim of this
study was to use arterial endothelial molecularimaging to mechanistically evaluate endothelial-associated VWF as a
therapeutic target for reducing remote plague activation after myocardial infarction (MI).

Methods Hyperlipidemic mice deficient for the low-density lipoprotein receptor and Apobec-1 underwent closed-
chest Ml and were treated chronically with either: (i) recombinant ADAMTS13 which is responsible for proteolytic
removal of VWF from the endothelial surface, (i) N-acetylcysteine (NAC) which removes VWF by disulfide bond
reduction, (jii) function-blocking anti-factor XI (FXI) antibody, or (iv) no therapy. Non-ischemic controls were also
studied. At day 3 and 21, ultrasound molecular imaging was performed with probes targeted to endothelial-
associated VWF Al-domain, platelet GPIba, P-selectin and vascular cell adhesion molecule-1 (VCAM-1) at lesion-prone
sites of the aorta. Histology was performed at day 21.

Results Aortic signal for P-selectin, VCAM-1, VWF, and platelet-GPlba were all increased several-fold (p < 0.01)

in post-MI mice versus sham-treated animals at day 3 and 21. Treatment with NAC and ADAMTS13 significantly
attenuated the post-Ml increase for all four molecular targets by >50% (p < 0.05 vs. non-treated at day 3 and 21). On
aortic root histology, mice undergoing Ml versus controls had 2-4 fold greater plaque size and macrophage content
(p<0.05), approximately 20-fold greater platelet adhesion (p < 0.05), and increased staining for markers of platelet
transforming growth factor-31 signaling. Accelerated plaque growth and inflammatory activation was almost entirely
prevented by ADAMTS13 and NAC. Inhibition of FXI had no significant effect on molecular imaging signal or plaque
morphology.

Conclusions Plaque inflammatory activation in remote arteries after Ml is strongly influenced by VWF-mediated
platelet adhesion to the endothelium. These findings support investigation into new secondary preventive therapies
for reducing non-culprit artery events after MI.
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Background

Arterial plaque development in atherosclerosis is caused
primarily from vascular accumulation of certain modi-
fied lipoproteins (e.g. oxidized or dialylated low-density
lipoprotein [LDL]) which triggers an innate immune sys-
tem response with accumulation of monocyte-derived
cells [1, 2]. Other contributing pathways for atherogen-
esis include thromboinflammation where immune cell
recruitment is supported by platelet-endothelial interac-
tions, or abnormalities in the adaptive immune response
[3, 4]. Most of these processes are thought to be indo-
lent. However, there is evidence that ischemia-reperfu-
sion injury that occurs with myocardial infarction (MI)
may accelerate these processes. Early after MI, risk for
recurrent events in non-culprit territories is heightened
despite the advent of secondary preventive therapies [5].
The production, reprogramming, and release of innate
immune cells after MI contributes to this risk [6]. MI also
triggers the release of alarmins and an increase in circu-
lating biomolecules of the damage-associated molecular
pattern (DAMP) family [7, 8]. These factors are likely
involved in the post-MI accelerated growth and adverse
phenotypic change of non-culprit plaques that have been
observed by histology in animal models [6, 9], and by
serial intravascular ultrasound in patients after ST-eleva-
tion MI [10].

In vivo molecular imaging has previously provided
temporal information on the global pro-inflammatory
endothelial responses that occur after a focal ischemic
event. On molecular imaging of remote arteries after MI,
there is an early and sustained expression of the endothe-
lial cell adhesion molecules P-selectin and vascular cell
adhesion molecule-1 (VCAM-1) [9]. Sustained increases
in endothelial surface-associated von Willebrand fac-
tor (VWF) and secondary platelet adhesion beyond that
which occurs during indolent atherosclerosis has also
been detected on arterial molecular imaging [9, 11, 12].
Oxidative stress is thought to be an important contribu-
tor to excess platelet adhesion post-MI based on its ability
to impair the action of ADAMTS13 (A Disintegrin-like
and Metalloprotease domain with Thrombospondin type
I motifs) to remove VWF from the endothelial surface
after VWF is secreted from endothelial storage granules
[9, 13]. Because platelets are a rich source of pro-inflam-
matory cytokines and growth factors [14—16], it is likely
that thromboinflammation involving VWEF-mediated
platelet adhesion plays a major role in post-MI remote
plaque activation.

In this study we applied molecular imaging to assess
remote plaque activation, and to mechanistically investi-
gate whether it can be inhibited by therapies that remove
VWF from the endothelial surface, either proteolytically
or through disulfide-bond reduction. In vivo contrast-
enhanced ultrasound (CEUS) molecular imaging of
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endothelial phenotype and histology of plaque size, con-
tent, platelet signaling were used in atherosclerotic mice
after MI to assess benefits from VWF-targeted inter-
ventions which included: (i) chronic administration of
recombinant ADAMTS13 which proteolytically removes
VWF from the endothelium, (ii) N-acetylcysteine (NAC)
which removes VWF by disulfide bond reduction [17], ,
and (iii) inhibition of the coagulation pathway serine pro-
tease Factor XI (FXI) which has been shown to cleave
ADAMTSI13 at the C-terminal domain [18].

Methods

Animal models

The study was approved by the institutional Animal Care
and Use Committee and conformed to guidelines in the
PHS Guide for the Care and Use of Laboratory Animals.
Mice with homozygous genetic deletion of both the low-
density lipoprotein receptor and the Apobec-1 mRNA
editing peptide for Apolipoprotein-B (LDLR” Apobecl”")
were studied and were fed a standard laboratory diet
(PicoLab 5LOD, LabDiet, Northlake, TX). These mice
develop reproducible and indolent age-dependent ath-
erosclerotic plaque at lesion-prone sites of the aorta on
standard diets [19], making them well-suited for studying
sudden interventions such as MI. Moreover, the deletion
of Apobec-1 results in greater similarity to humans with
respect to high circulating levels of ApoB100-containing
lipoproteins [20]. Mice entered into the study at 20-25
weeks of age and mice of either sex were used based on
the sex independent nature of disease development in
this strain [20]. For all procedures, mice were anesthe-
tized with inhaled isoflurane (1.0-2.0%) and kept euther-
mic. A jugular vein was cannulated for intravenous access
when required for CEUS molecular imaging.

Myocardial infarction

A closed-chest model of MI was used in order to mini-
mize the confounding effects of thoracotomy-related
inflammation on early post-MI molecular imaging stud-
ies [9]. At five to seven days prior to MI, mice were
anesthetized, intubated, and placed on positive pres-
sure mechanical ventilation. A left lateral thoracotomy
was performed through which an 8—0 nylon suture was
passed under the left anterior descending (LAD) coro-
nary artery but was not tied. The free ends of the suture
were exteriorized through the chest wall and left subcu-
taneously on layered closure. After 5-7 days, mice were
anesthetized, and tension was placed on the exterior-
ized sutures for forty minutes, during which ST-segment
elevation on electrocardiographic monitoring and wall
motion abnormalities on high-frequency transthoracic
two-dimensional echocardiography (Vevo 2100, Visual-
sonic Inc., Toronto, Canada) were used to confirm isch-
emia in the LAD territory. Non-ischemic sham-treated
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control animals had sutures placed without tightening
(n=25) and were studied at the same time intervals as
animals undergoing MI. Naive animals without surgical
intervention were also studied for the molecular imaging
component of the study (n=14).

Post-Ml interventions

Mice were randomized to receive either no therapy
or one of three therapies intended to reduce throm-
boinflammation. Recombinant human ADAMTS13
(rADAMTS13) was generated from Tet-On HEK293 cells
transfected with the pNBioSec vector [21], and adminis-
tered at a continuous rate of 2 pug/day for three weeks by
osmotic minipump (model 1004, Alzet, Cupertino, CA)
placed at the time of MI (n=19). NAC (Sigma Aldrich,
St. Louis, MO) was given orally for three weeks (600 mg/
kg/day) by supplementing the drinking water at a con-
centration calibrated to intake (z=19). FXI was inhib-
ited by intraperitoneal administration of a monoclonal
antibody (clone 14E11) (1 mg/kg) immediately after MI
and on post-MI days 3, 9, and 15 (n=4) [22]. Because of
the differences in administration routes and vehicles for
these therapies, non-treated mice undergoing MI did not
receive any sham therapies.

Aortic molecular imaging

CEUS molecular imaging of the proximal thoracic aorta,
a remote atheroprone site, was performed at either day
3 or 21 after MI or sham procedure using microbubble
probes targeted to either the Al-domain of VWF, GPIba
as an indicator of platelet adhesion, or to the extracellu-
lar domains of P-selectin or vascular cell adhesion mol-
ecule (VCAM)-1. These probes were constructed from
biotinylated lipid-shelled decafluorobutane microbubbles
that were prepared by sonication of gas-saturated aque-
ous lipid suspension of distearoylphosphatidylcholine
(2 mg/mL), polyoxyethylene-40-stearate (1 mg/mL), and
distearoylphosphatidylethanolamine-PEG (2000) biotin
(0.1 mg/mL; Avanti Polar Lipids, Alabaster, AL). Biotinyl-
ated ligands were conjugated to the surface as described
previously using a streptavidin bridge [19]. Ligands used
for targeting were: dimeric recombinant murine VWF
Al domain (mature VWF amino acids 445 to 716) for
targeting platelet GPIba [9, 23]; a cell-derived biotinyl-
ated polypeptide representing the N-terminal 300 amino
acids of GPIba for targeting endothelial VWF; [23] and
monoclonal antibodies against the extracellular domain
of either P-selectin (RB40.34, BD Biosciences, San Jose,
California), or VCAM-1 (clone 429, BD Biosciences).
These targeted agents have been extensively validated
in previous experiments using flow chamber adhesion
to intended molecular targets, intravital microscopy
observation of targeted attachment, ex vivo observation
of aortic plaque attachment in shear flow, and targeted
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imaging in the absence and presence of specific inhibi-
tors, cleavage enzymes (for VWEF), and gene-targeted
knockout models [12, 19, 23-26]. Control microbubbles
were prepared with isotype control antibody (R3-34, BD
Biosciences). Microbubble concentrations and size dis-
tributions were measured by electrozone sensing (Multi-
sizer III, Beckman Coulter). CEUS was performed with
a linear-array transducer and power-modulation pulse-
inversion imaging (Sequoia, Siemens Medical Systems,
Mountainview, California). Imaging was performed
at 7 MHz, a dynamic range of 55 dB, and a mechanical
index of 1.0. Gain was set at a level that eliminated pre-
contrast background speckle and was kept constant. The
ascending aorta was imaged in long-axis gated to end-
diastole. Images were acquired 8 min after intravenous
injection of 1x10° targeted or control microbubbles per-
formed in random order. Animals were randomized to
receive three of the five microbubble agents according to
safety-based limits on injected volumes. Signal intensity
was measured using established protocols that differenti-
ate signal from adherent versus circulating microbubbles
[9, 19]. Regions-of-interest were standardized encom-
passing the aorta from the sinuses to the proximal arch.

Echocardiography

High-frequency (40 MHz) transthoracic echocardiogra-
phy (Vevo 2100, Visualsonics, Toronto, Canada) was per-
formed in all control mice and all post-MI mice within
10 min of reperfusion, and at post-MI days 3 and 21.
Parasternal long-axis and mid-ventricular short-axis
views were obtained to measure left ventricular (LV)
dimensions and volumes at end-systole and end-dias-
tole, LV ejection fraction (LVEF), and limited-view wall
motion score index. Stroke volume was calculated by the
product of the LV outflow tract cross-sectional area and
time-velocity integral on angle-corrected pulsed-wave
Doppler. Cardiac output was calculated as the product of
stroke volume and heart rate. Global longitudinal strain
(GLS) and circumferential strain (GCS) were calculated
using speckle-tracking echocardiography from mid-ven-
tricular parasternal short-axis view and a modified apical
view, and were quantified as the average of a six-segment
model.

Histology

Histology of the aortic root and the mid-ascending aorta
for LDLR”"Apobecl”" mice was performed 21 days after
MI or sham procedure. Blood was removed from the
arterial system by infusion of isothermic buffered saline
after which the aorta was perfusion-fixed. Trans-axial
sections of the aortic root at the level of the sinuses were
stained with Masson’s trichrome to assess the plaque
area within the internal elastic lamina, and collagen con-
tent. Immunofluorescence histology was performed with
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anti-mouse primary mAb against Mac-2 (M3/38, Invitro-
gen, Waltham, Massachusetts, USA) for monocytes/mac-
rophages, against CD41 (ab181582, Abcam, Cambridge,
United Kingdom) for platelets, and against matrix metal-
loproteinase-9 (MMP-9) (PA5-13199, ThermoFisher).
Staining for evidence of vascular cell signaling through
platelet-derived TGFpB1 was performed with mAb against
[-catenin (51067-2-AP, Proteintech, Rosemount, IL) and
phosphorylated SMAD2 (pSMAD2) (H.205.4, Invitro-
gen). Secondary staining was performed with species-
appropriate secondary polyclonal antibodies labeled with
ALEXA fluorochromes (Fluor-488, Fluor-568, or Fluor-
647) and observations were made by confocal fluores-
cent microscopy (TCS SP5, Leica Microsystems, Buffalo
Grove, IL). Spatial extent of plaque size, collagen con-
tent, or fluorescent staining area were quantified using
Image-]J.

Arterial NF-xB

For assessment of treatment-related changes in arte-
rial NF-«B, the proximal descending thoracic aorta was
obtained immediately after euthanasia, homogenized in
cell extraction solution, and incubated at 4° C for 20 min.
After centrifugation at 4 °C for 20 min, the supernatant
was stored at —80° C. Murine NF-«B transcription factor
complex p65 subunit was quantified by enzyme-linked
immunosorbent assay (SimpleStep NF-kB-p65, pS536,
Abcam). Data were normalized to tissue weight.

Statistical analysis

Data were analyzed statistically using Prism version 9.0
(GraphPad La Jolla, CA). Continuous variables that were
normally distributed are displayed as mean®SD unless
stated. Tests for normal versus non-normal distribution
were made using a Shapiro-Wilk test. A Student ¢ test
was performed for comparisons of normally distributed
data. For non-normally distributed data, Mann-Whitney
U test was used as appropriate according to experimen-
tal conditions and data were displayed using box-whisker
plots depicting median (bar), interquartile range (box),
and range (whiskers). For multiple comparisons, one-way
analysis of variance was performed for normally distrib-
uted data and a Kruskal-Wallis test was performed for
non-normally distributed data. Post-hoc individual com-
parisons were performed using Dunn’s test for multiple
comparisons. Differences were considered significant at
P<0.05.

Results

Acute myocardial ischemia

Myocardial ischemia was confirmed in all LDLR” Apo-
becl”” mice undergoing closed-chest LAD occlusion by
the presence of both acute ST-segment elevations on elec-
trocardiography and regional wall motion abnormalities
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on echocardiography (Supplemental Videos 1 to 4). These
findings were not observed in any of the sham-treated
animals. The severity and spatial extent of myocardial
injury were evaluated by quantitative echocardiography
performed immediately upon reperfusion. LV systolic
function by LVEE, stroke volume index, cardiac index,
wall motion score index, and single-plane averaged longi-
tudinal and circumferential strain were abnormal in mice
undergoing MI compared to sham-treated controls and
were similar between all post-MI groups irrespective of
therapy assignment (Fig. 1). These findings indicate that
the degree of myocardial ischemic injury used to stimu-
late remote plaque activation was similar between the
different groups undergoing MI. Animals treated with
anti-FXI, which had a similar degree of injury, were not
shown due to lack of beneficial response (below).

Molecular imaging of post-MI thromboinflammation and
VWF-targeted interventions

Aortic endothelial molecular imaging with CEUS and
probes targeted to endothelial surface-associated VWF
(Al domain), platelet GPIba, P-selectin, and VCAM-1
revealed a higher signal from these probes compared
to control non-targeted probe in both naive and sham-
treated mice (Supplemental Fig. 1). These findings indi-
cate that LDLR” Apobecl”” mice have an activated
endothelial phenotype manifest by surface adhesion mol-
ecule expression, VWF mobilization, and platelet adhe-
sion; and also demonstrate no further aortic endothelial
activation from surgical placement of an LAD ligature
5-7 days earlier in the sham group.

When comparing the sham-surgery and MI groups,
control microbubble signal on CEUS was uniformly low
in all groups at day 3 and day 21 (Fig. 2A and B). In com-
parison, mice undergoing MI without VWFE-targeted
therapy had two- to four-fold higher molecular imaging
signal for VWF, platelets, P-selectin, and VCAM-1 at day
3, which persisted until day 21 post-MI (Fig. 2C and J).
Interventions targeted to reduce endothelial-associated
VWE with either NAC or rADAMTSI13 significantly
attenuated the post-MI markers of remote plaque acti-
vation on CEUS at both day 3 and day 21 (Fig. 2C and
K). At the earlier time interval (day 3), rADAMTS13
had a somewhat greater inhibitory effect than NAC, and
entirely suppressed the post-MI activation response for
all targets, whereas the two therapies had equal effect
at day 21. Treatment with anti-FXI antibody had mini-
mal effect on suppressing the post-MI arterial activation
response on CEUS molecular imaging (Supplemental
Fig. 2).
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Fig. 1 Left ventricular dimension and function by echocardiography after ischemia-reperfusion injury and in sham-treated dko mice. Mean (+SEM)
values are shown for: (A) left ventricular (LV) end-diastolic volume, (B) LV end-systolic volume, (C) LV ejection fraction (LVEF), (D) stroke volume, (E) car-
diac index, (F) wall motion score index (WMSI), (G) single-plane averaged longitudinal strain, and (H) single-plane averaged circumferential strain. Data
shown are for mice undergoing sham suture placement, closed-chest Ml, and closed-chest MI with treated with NAC or ADAMTS13. (I) Example of m-
mode echocardiography taken from the mid-LV cavity parasternal short-axis plane from a DKO mouse (untreated) at baseline (left) and after Ml (right).
(J) Example of circumferential strain illustrating abnormal strain in the anterior-lateral segments on parasternal short-axis imaging. *p <0.05 (by ANOVA

corrected for multiple comparisons)

Suppression of Post-MI Remote plaque progression by
VWEF-targeted interventions

At day 21, aortic root plaque size, plaque area positive for
Mac2 on macrophages and phenotypically-transformed
smooth muscle cells, and MMP9 protease in the necrotic
core were all greater in animals undergoing MI versus
sham controls, whereas the percentage of plaque area
positive for Mac2 was similar (Fig. 3A and H). Treatment
with either NAC or rADAMTS13 attenuated the increase
in plaque size, Mac2 staining, and MMP9 after MI. Com-
pared to sham controls, mice undergoing MI without
VWE-targeted therapy had less collagen as a proportion
of total plaque size only (Fig. 3I and J). Anti-FXI therapy
tended to have much less of an effect on plaque size and
markers of inflammation than other therapies (Supple-
mental Fig. 3). These data confirm that MI stimulates
remote plaque rapid growth with attendant expansion

of the necrotic core, all of which can be suppressed by
VWE-targeted therapies.

Evidence for pro-atherogenic platelet signaling

To corroborate CEUS molecular imaging findings, we
performed aortic root histology for platelet CD41 at day
21. Compared to sham controls, mice with MI demon-
strated a marked increase in platelets associated with
plaque which were observed not only adhering to the
endothelial surface but also in the plaque core (Fig. 4A
and D, Supplemental Fig. 4). Enhanced platelet CD41
staining associated with plaques in the post-MI mice was
almost entirely suppressed by NAC and rADAMTS13.
Staining was performed for pSMAD2 as an activation
marker of the TGFB1 canonical signaling pathway which,
despite its reparative and anti-inflammatory profile [27],
can also be pro-inflammatory in atherosclerosis when
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Fig. 2 Contrast-enhanced ultrasound molecular imaging of the proximal aorta. Molecular imaging data (mean +SEM) from day 3 and 21 are shown
for animals undergoing sham surgery, MI, or Ml treated with either N-acetylcysteine (NAC) or rADAMTS13 (AD13). CEUS data was performed with (A, B)
control non-targeted microbubbles, or microbubbles targeted to: (C, D) VWF A-1 domain,, (E, F) platelet GPIba, (G, H) VCAM-1, or (I, J) P-selectin. *p < 0.05;
**p<0.01 (by ANOVA corrected for multiple comparisons). Data shown are for mice undergoing sham suture placement, closed-chest MI, and closed-
chest MI with treated with NAC or ADAMTS13. (K) Examples of background-subtracted color-coded CEUS molecular imaging of platelet GPIba of the
thoracic aorta (long-axis) from LDLR™~Apobec1~~ mice from each group at day 21. Targeted MB signal often appears in the“lumen”due to volume averag-
ing that occurs when beam elevation dimension exceeds the aortic diameter. The location of the aortic sinuses (A40S) and origin of the brachiocephalic

artery (BC) are shown in the sham-treated animal

endothelial-derived [28]. Staining for pSMAD2 was
greater in animals undergoing MI compared with sham
controls, and was suppressed in post-MI animals by NAC
and rADAMTSI13 (Fig. 4A and B, and 4E; Supplemental
Fig. 4). In untreated post-MI mice, dual staining revealed
that pSMAD2-positive cells were often co-localized
with or in close association with platelets (CD41 posi-
tive). Staining was also performed for B-catenin, which
influences endothelial activation status through canoni-
cal WNT signaling and can be either induced (TGFpP1)
or inhibited (Dickkopf-1) by platelet-derived factors
[28-30]. Staining for B-catenin was increased in animals

undergoing MI and was suppressed by both NAC and
rADAMTS13 (Fig. 4C and F). Staining for B-catenin
was localized almost entirely to endothelial cells with-
out convincing co-localization with CD41. Aortic NF-kB
(P65 subunit) concentration at day 21 as a marker of pro-
inflammatory activation was significantly higher for post-
MI than sham-treated controls, and entirely suppressed
post-MI by NAC and rADAMTS13 (Fig. 4G).
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Fig. 3 Histologic evidence for post-mi remote plaque activation. (A to D) Aortic root plaque histology from LDLR”~Apobeci™~ mice at day 21 from each
of the treatment groups including Masson’s trichrome (left panels) for plaque size and collagen, Mac2 staining (middle panels), and MMP9 (right panels)
with DAPI counterstaining (blue) for nuclei. Scale bars=100 um for Masson’s and Mac 2; and 200 um for MMP9. Quantitative histology data (mean +SEM)
are shown for (E) plaque area, (F) plague area positive for Mac-2, (G) percent of plaque area positive for Mac-2, (H) plague area positive for MMP9, (1) plaque
collagen area, and (J) percent of plague area positive for collagen. *p <0.05, **p < 0.01 (by ANOVA corrected for multiple comparisons)

Discussion
This study was designed with two main goals. The first
aim was to assess whether molecular imaging of throm-
boinflammatory processes that occur at the blood-endo-
thelial interface provides valuable information on the
underlying processes responsible for non-culprit RPA
after MI. The second goal was to apply this information
to understand how therapies that suppress endothelial-
associated VWF can be used to prevent remote plaque
activation. Our results indicate that CEUS molecular
imaging can quantify VWF-mediated platelet adhesion
and subsequent endothelial pro-inflammatory activation
that drive accelerated plaque growth after MI. It also pro-
vided a readout for responses on a molecular and cellu-
lar level to therapeutic interventions intended to prevent
rapid plaque progression in non-culprit vessels.
Thromboinflammation and the specific role of plate-
let-endothelial adhesion in indolent forms of atherogen-
esis has been a topic of interest based on the potential
to identify novel treatments. Studies, including those
using CEUS molecular imaging, have consistently

demonstrated the presence of excess endothelial-asso-
ciated VWF and platelet adhesion at very early stages
of disease [12, 31, 32]. In murine models of hyperlipid-
emia, the subsequent development of atherosclerotic
lesions can be slowed either by inhibiting GPIba, the
platelet ligand for VWE, or by genetic deletion of VWF
[31, 33]. Moreover, atherosclerosis is accelerated and
adhesion molecule expression is increased with genetic
deletion of ADAMTS13 which cleaves VWF at the A2
domain and removes it from the endothelial surface [3,
34]. Combined, these findings suggest a role for VWE-
mediated platelet adhesion and paracrine signaling in
atherogenesis.

Because molecular imaging provides a non-inva-
sive temporal assessment of plaque phenotype, CEUS
molecular imaging has been used to also study remote
plaque activation after MI. These studies were the first to
establish that accelerated growth of non-culprit plaques
after MI was associated with a sudden increase in not
only endothelial adhesion molecular expression, but
also endothelial-associated VWF and platelet adhesion
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Fig. 4 Aortic plaque platelet adhesion, platelet signaling, and inflammatory activation. (A-C) Examples of aortic root plaque histology for platelet CD41
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mice undergoing MI without VWF-targeted therapy. Insets at the upper right

illustrate higher magnification of the areas within the dashed lines. Counterstaining for nuclei was performed with DAPI. Scale bar =100 pm. Quantitative
histology results (mean + SEM) are shown for plague area positive for: (D) CD41 staining, (E) pPSMAD?2, and (F) 3-catenin. (G) Descending aorta NF-kB P65
component concentration by ELISA. *p <0.05, **p <0.01 (by Kruskal-Wallis corrected for multiple comparisons). Examples forimmunofluorescent staining

from other groups are provided in Supplemental Fig. 4

[9]. These markers of remote plaque activation were
sustained in mice with hyperlipidemia, which can be
explained by recent data that indicate that LDL choles-
terol enhances the self-association and therefore adhesive
capacity of VWF [35].

In the current study, using a closed-chest model of MI
and CEUS molecular imaging in hyperlipidemic mice, we
again demonstrated sustained endothelial VWE, plate-
let adhesion, and inflammatory activation at a remote
plaque site which was associated with a 2- to 3-fold
increase in plaque size and macrophage content when
assessed 3 weeks after MI. Both rADAMTS13 and NAC
not only suppressed the post-MI increase in plaque VWF
and platelet adhesion, but also endothelial P-selectin and
VCAM-1. VWEF-targeted therapies also prevented the
post-MI accelerated plaque growth, inflammation, pro-
tease activity, and NF-«B activation. These data impli-
cate VWE-mediated platelet adhesion as a key event for
stimulating adverse remote plaque morphologic changes
in non-culprit vessels after MI. On molecular imaging,
rADAMTS13 had a greater effect than NAC at reduc-
ing plaque thromboinflammation only at the early time
point (day 3), likely owing to its parenteral administration

and greater early bioavailability. This advantage of rAD-
AMTS13 was not sustained and the two therapies were
equally effective at preventing remote plaque growth.
While inhibition of FXI did not show beneficial effect, the
data from this group are useful for linking plaque phe-
notypic response on CEUS molecular imaging to mor-
phologic outcomes. The molecular imaging studies also
strongly suggest that the appearance of endothelial-sur-
face VWF is a proximal event in the rapid progression of
remote plaques because its removal from the endothelial
surface also prevented later expression of VCAM-1 and
P-selectin and other manifestations of plaque progres-
sion. Prior studies have indicated that these events are
not reflected by circulating levels of VWF [36], thereby
requiring molecular imaging of events on the endothelial
cell surface.

Plaque histologic staining was performed for -catenin
and pSMAD2. These studies were not intended to impli-
cate these pathways in atherogenesis, which is contro-
versial. Rather they were simply used as evidence for
platelet signaling through TGFP1 and were elevated
post-MI and suppressed by therapies that were effective
at reducing endothelial VWF and thromboinflammation.
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An interesting finding that has been noted previously
was that platelet staining was observed not only on the
plaque surface, but also in the plaque interior, suggest-
ing a mechanism for internalization of platelet material
since this murine model is not characterized by plaque
hemorrhage.

Study limitations

There are limitations of the study to highlight. With
respect to mechanism, the platelet-derived pathways
responsible for plaque activation were not investigated.
Also, reasons why benefit was seen with administration
of exogenous rADAMTS13 beyond that which naturally
occurs in mice is not entirely clear. However, studies
have indicated that high oxidative stress, which occurs in
hypercholesterolemia and MI, can impair ADAMTS13
activity and removal of VWF from the endothelial sur-
face [9, 13, 37], providing an explanation for the effects
of additional enzyme. We selected a single time point
to evaluate accelerated plaque growth, although previ-
ous studies have indicated that remote plaque activa-
tion continues for up to 3 months [9]. The study was not
performed in the context of standard secondary preven-
tion therapies routinely given after MI. Yet recent data
using serial invasive assessment of non-culprit coro-
nary plaques in patients indicates that standard ther-
apy, including intensive lipid lowering, has very modest
effects at improving plaque volume or lipid core burden
when used after recent MI [38], indicating a possible role
for new approaches. Finally use of murine models, and in
this case small numbers of animals, to represent a human
condition is always a limitation.

Conclusions

In summary, CEUS molecular imaging in this pre-clinical
model of MI was able to characterize novel and modifi-
able thromboinflammatory processes that are responsible
for remote plaque activation after a focal ischemic event.
Multi-target imaging in conjunction with therapies to
enhance removal of endothelial surface-associated VWF
revealed that plaque inflammatory activation is strongly
influenced by VWF-mediated platelet adhesion to the
endothelium. These findings support investigation into
new secondary therapies for reducing non-culprit artery
events after MI, and the use of molecular imaging in
hypothesis testing for new therapies in atherosclerotic
disease.
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