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Abstract

Aims Unstable atherosclerotic plaques have increased activity of myeloperoxidase (MPO). We examined whether molecular mag-
netic resonance imaging (MRI) of intraplaque MPO activity predicts future atherothrombosis in rabbits and correlates with
ruptured human atheroma.

Methods Plaque MPO activity was assessed in vivo in rabbits (n = 12) using the MPO-gadolinium (Gd) probe at 8 and 12 weeks after

and results induction of atherosclerosis and before pharmacological triggering of atherothrombosis. Excised plaques were used to con-

firm MPO activity by liquid chromatography—tandem mass spectrometry (LC—-MSMS) and to determine MPQO distribution
by histology. MPO activity was higher in plaques that caused post-trigger atherothrombosis than plaques that did not.
Among the in vivo MRI metrics, the plaques’ R1 relaxation rate after administration of MPO-Gd was the best predictor
of atherothrombosis. MPO activity measured in human carotid endarterectomy specimens (n = 30) by MPO-Gd—enhanced
MRI was correlated with in vivo patient MRI and histological plaque phenotyping, as well as LC-MSMS. MPO-Gd retention
measured as the change in R1 relaxation from baseline was significantly greater in histologic and MRI-graded American Heart
Association (AHA) type VI than type lll-V plaques. This association was confirmed by comparing AHA grade to MPO activity
determined by LC-MSMS.
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Conclusion We show that elevated intraplaque MPO activity detected by molecular MRI employing MPO-Gd predicts future athero-
thrombosis in a rabbit model and detects ruptured human atheroma, strengthening the translational potential of this ap-
proach to prospectively detect high-risk atherosclerosis.

Lay summary + Cardiovascular diseases, including heart attacks and strokes, are the leading cause of death worldwide. Most heart attacks and
strokes occur because of atherosclerosis, a chronic disease of the arteries caused by reduced blood flow to the heart and brain.
Atherosclerotic plaques are characterized by the accumulation of lipids and inflammatory cells. A type of atherosclerotic plaques
called ‘unstable plaque’ can suddenly rupture causing blood clots that abruptly block the arteries, and this can lead to loss of blood
supply to the heart and brain.
* In recent years, inflammation of the arteries has emerged as a key driver and therapeutic target for stroke and heart attack.
However, existing diagnostic methods and medical therapies do not specifically target inflammation so that residual inflammatory
risk remains untreated and undetected. Therefore, there is a clinical need to specifically identify patients with active inflammation
of the arteries who may benefit from targeted treatment. Recent findings have demonstrated that the inflammatory enzyme mye-
loperoxidase causes the formation of unstable plaque in animal models of the disease and is abundant in life-threatening human
atherosclerotic plaques that are at risk of rupturing. This identifies myeloperoxidase as a ground-breaking diagnostic tool and
therapeutic target. Similarly, the development of novel targeted therapies that inhibit myeloperoxidase has shown promising re-
sults in human studies and a capacity to treat unstable plagues in animal models.
This paper demonstrates the utility and application of imaging of myeloperoxidase activity by magnetic resonance imaging (MRI)
to identify/detect unstable atherosclerotic plaques non-invasively. It confirms the link between myeloperoxidase activity and
rupture of ‘unstable’ plaque and reports myeloperoxidase’s role as a novel non-invasive imaging biomarker for detecting life-
threatening plaques prior to a potentially fatal event.
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Molecular magnetic resonance imaging of myeloperoxidase activity selectively predicts future atherothrombosis in a preclinical model and detects ruptured
human atheroma.
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Introduction

Atherosclerosis remains the main cause of morbidity and mortality in
the western world.! Current non-invasive clinical imaging techniques
have improved the management and treatment of atherosclerosis by
identifying total plaque burden and severity of luminal stenosis.”
Nevertheless, stenosis alone is a poor predictor of future cardiovascu-
lar events, and the benefit of intervention based on luminal narrowing
alone is limited. Rather, overwhelming evidence shows that plaque
composition and biological activity are superior determinants of acute
events.®” Unfortunately, current imaging strategies provide only
surrogate markers of plaque instability or disease activity based on
structural determinants®® of plaque composition or non-specific im-
aging probes."®

Vascular inflammation is a key driver for destabilization and rupture/
erosion of atherosclerotic plaques.’" Although imaging of vascular in-
flammation and tracking the anti-inflammatory effects of therapeutics
have been achieved using magnetic resonance imaging (MRI),">"®
positron emission tomography (PET),'®"” and computed tomography
(CT),18 there are currently no clinically available imaging agents that
can specifically differentiate between disease-promoting and disease-
reparative inflammation.

The inflammatory enzyme myeloperoxidase (MPO) generates highly
reactive hypochlorite within the phagolysosome as part of the innate
immune response.'” However, up to 30% of neutrophil MPO can be
released into the extracellular space, where it causes tissue injury, in-
cluding atherosclerotic plaque destabilization.?>>* Molecular MRI of
MPO activity has been achieved using the MPO-selective probe
[gadolinium-bis-5-hydroxytryptamide  diethylenetriaminepentaacetic
acid (MPO-Gd)].* MPO-mediated oxidation of the phenol group of
the 5-hydroxytryptamide moiety forms MPO-Gd radicals that give
rise to probe oligomerization and probe—protein adduct formation.
This increases the probe’s relaxivity and retention in tissues with ele-
vated MPO activity giving rise to enhanced MRI signal. MPO-Gd MRI
was successfully used to image inflammation in rabbits with atheroscler-
osis.>> Moreover, in an animal model of plague instability, MPO activity
was higher in histologically unstable than stable plaque; MPO-Gd reten-
tion determined by molecular MRI correlated with plaque destabiliza-
tion; and genetic or pharmacological blockade of MPO activity
increased plaque stability,%'27 thus establishing MPO as causal to plaque
destabilization.

Despite these promising preclinical results, the value of
quantitative/direct measure of plaque MPO activity to non-invasively
predict clinically more relevant plaque disruption and thrombosis
remains unknown. We hypothesized that increased plaque MPO ac-
tivity predicts plaque destabilization and ensuing thrombosis, and
that MPO-Gd enables non-invasive detection of ruptured athero-
sclerotic lesions. We tested this hypothesis by assessing MPO activ-
ity using MPO-Gd-enhanced MRI and a validated method based on
liquid chromatography—tandem mass spectrometry (LC-MSMS)?8%?
in a rabbit model of controlled atherothrombosis and in human
plaques.

Methods

An established rabbit model of atherothrombosis was used for in vivo MRI
with MPO-Gd.>*?" Lesion-free arteries as well as stable and thrombosis-
prone plaques were excised and examined for MPO activity by LC-MSMS
and MPO protein by immunohistochemistry, and disease outcome re-
lated to MPO activity. MPO activity in human carotid endarterectomy
(CEA) specimens was evaluated by ex vivo MPO-Gd-enhanced MR, as
well as LC-MSMS. MPO activity was associated with plaque phenotypes
determined by both in vivo pre-surgical MRI and histology. Detailed ma-
terials and methods of this study are available in the Supplementary
material.

Results

Molecular imaging of arterial MPO activity
predicts trigger-induced atherothrombosis

All 12 rabbits developed atherosclerosis, and 5 advanced to
trigger-induced atherothrombosis (see Supplementary data online,
Figure STA). A total of 236 aortic segments were analysed pre-trigger
using 2D Ty-weighted black blood (T1BB), 3D inversion recovery
T1w (T1w-IR), and 3D T mapping images. These segments were
characterized as lesion-free artery (n=287) or containing plaques
(n=149) of various disease stages and trigger-induced outcomes
(see Supplementary data online, Figures S1B and C and S2). Of the
149 plaque-containing segments, 24 (16%) developed trigger-induced
thrombosis with the remaining 125 (84%) categorized as thrombosis-
resistant, stable plaques.

Representative in vivo rabbit MR images from the three groups of
aortic segments acquired at Week 12 are shown in Figure 1, with the
corresponding Week 8 images shown in Supplementary data online,
Figure S3. Prior to MPO-Gd administration, T1w-IR images showed
very low aortic signal intensity (Figure 1A), with comparable R1 values
for the aortic wall and paraspinal muscle (Figure 1B). Late MPO-Gd en-
hancement of patchy appearance was observed in all three groups, al-
though plaque-containing segments had higher signal intensity and R1
values compared with lesion-free segments.

Quantitative MRI analysis of the Week 12 pre-trigger images showed
similar aortic wall areas (P> 0.9) and late MPO-Gd-enhanced area
(P=0.2) in stable and thrombosis-prone plaques (Figure 2A and B).
However, thrombosis-prone plaques had significantly higher R1 values
than stable plaques (2.2 +0.2 vs. 1.6 +0.2s™", P < 0.0001; Figure 2C
and D), while stable plaques and lesion-free aortic segments had com-
parable R1 values (P =0.5). A similar pattern was observed at 8 weeks
(see Supplementary data online, Table S1, Figure S3).

Receiver operating characteristic (ROC) curves demonstrated that
following the administration of MPO-Gd, the pre-trigger R1 value
was the best predictor for trigger-induced atherothrombosis with
high sensitivity (100%) and specificity (86%), and by comparison, aortic
wall area and late MPO-Gd-enhanced area were poor indicators for
trigger-induced atherothrombosis (Figure 2E; Supplementary data
online, Table S2, Figure $4).

Increased MPO activity in

thrombosis-prone rabbit plaques

We next validated the results obtained with in vivo molecular MRI by
quantifying the MPO-specific product 2-chloroethidium (2-CI-E")
from added hydroethidine by LC-MSMS ex vivo. MPO activity was sig-
nificantly higher in thrombosis-prone than stable plaques (80.4 + 30.0
vs. 20.9 + 8.4 pmol/mgp, P=0.004) and lesion-free aortic segments
(20.7 + 6.9 pmol/mgp, P = 0.02; Figure 3A). Moreover, MPO activity de-
termined by LC-MSMS showed a positive correlation with R1 values
determined from the in vivo T4 maps (r = 0.62; Figure 3B). Finally, immu-
nohistochemistry (Figure 3C) showed that MPO protein was more
abundant in thrombosis-prone than stable plaques, with some/low ex-
pression in the media of lesion-free aortic sections. Areas of high MPO
expression co-localized with the spatial distribution of MPO-Gd en-
hancement seen on pre-trigger T1w-IR images.

MPO-Gd activity as a marker of ruptured

plaques in humans

Demographics and characteristics of the clinical study population are
presented in Supplementary data online, Table S3. Patients were pre-
dominantly older Caucasian males on optimal medical therapy, with li-
pid profiles within guideline-directed ranges. Forty per cent of the
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Figure 1 In vivo pre-trigger MR images of rabbit aortic segments 12 weeks after induction of atherosclerosis. (A) T1w inversion recovery images
before and 1 h after injection of MPO-Gd. Scale bar 2 mm. (B) R1 relaxation maps before and 1.5 h after injection of MPO-Gd. Scale bars are 20
and 2 mm for main panels and insets, respectively. Ao, aortic wall; L, aortic lumen; M, paraspinal muscle.

cohort had symptomatic carotid disease with 30% having a confirmed
ipsilateral stroke on pre-surgical neuroimaging. In vivo carotid MRI data
are presented in Supplementary data online, Table S4. Twelve out of 30
patients underwent dedicated carotid MRI for plaque characterization
prior to CEA (see Supplementary data online, Figure S5), with most hav-
ing severe carotid stenoses by NASCET criteria. Most slices analysed by
MRI were mature American Heart Association (AHA) type V lesions,
and 17% had features of AHA type VI ruptured and destabilized pla-
ques. Interobserver discordance occurred with 24 out of 101 slices as-
signed an MRI-based AHA grade.

Following optimization of the ex vivo molecular MRI method using
MPO-Gd (see Supplementary material and Supplementary data
online, Figure S6), R1 relaxation rates relative to pre-contrast values
were deemed to be a reliable surrogate of specific MPO-Gd retention
in CEA sections 4 h after probe activation (see Supplementary data
online, Figure S7). First, T4 maps to quantify MPO-Gd retention/MPO
activity were compared with histological features (Figure 4A and B).
Areas of MPO-Gd retention co-localized to immunohistochemical
MPO staining, particularly in the shoulder regions of plaques. MPO ac-
tivity was higher in CEA specimens that contained ruptured than stable
plaques, as determined by the R1 relaxation rate (1.3 +0.1 vs. 0.8 +
025", P<0.0001) and AR1 values from baseline (49 +4 vs. 17 +
9%, P <0.0001; Figure 4C and D). Similarly, when comparing ex vivo
MPO-Gd retention in whole CEA samples to in vivo MRI-determined
AHA grade, probe retention corresponded to regions of MPRAGE hy-
perintensity and cap disruption in slices containing destabilized plaques

(Figure 5A and B). Following MPO-Gd activation, ruptured/destabilized
type VI plaques had significantly higher R1 values (1.2 +0.1s™") than
type Ill, IV, and V plaques (0.8+0.1, 0.8 +0.1, and 0.8+ 025", re-
spectively; P < 0.0001; Figure 5C). Similarly, type VI plaques had higher
AR1 (48 £ 6%) than type IlI-V plaques (16 +7, 17 £ 8, and 2 3 + 8%,
respectively; P < 0.0001; Figure 5D), indicative of increased MPO activity
in ruptured/destabilized plaques. MPO-Gd retention was similar for his-
tologically stable (AR1=17+9%, n=9) and MRl-graded type IlI-V
(AR1 =20+ 8%, n=19) plaques (P=0.8) and for histologically rup-
tured (49 + 4%, n = 8) and MRl-graded type VI (48 & 6%, n = 8) plaques
(P=0.6).

The validity of MPO-Gd to detect MPO activity in CEA sections was
confirmed by ex vivo LC-MSMS quantification of 2-CI-E*. MPO activity
was significantly higher in type VI plaques compared with histologically
defined type -V plaques (277 +338 vs. 7+6, 11+12, and 42 +
39 pmol/mgp, respectively; P = 0.0008; Figure 5E).

Discussion

We sought to determine the utility of MPO activity quantified by in vivo
molecular MRI in predicting atherothrombosis and detecting plaque
rupture. The results establish for the first time that elevated intraplaque
MPO activity detected by MPO-Gd discriminates between thrombosis-
prone and stable plaques and predicts future plaque disruption and
atherothrombosis in a rabbit model. The data also demonstrate
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Figure 2 Quantitative analysis of MPO-Gd-enhanced in vivo pre-trigger MR images in rabbits 12 weeks after induction of atherosclerosis. (A) Aortic
wall area (AWA) segmented from T1BB images. (B, C) Late MPO-Gd-enhanced (LGE) area and aortic tissue-to-muscle contrast ratio (TMCR) 1 h after
MPO-Gd administration using T1w-IR images. (D) R1 relaxation rate maps 1.5 h after MPO-Gd administration. (E) Receiver operating characteristic
(ROC) curves of the MRI metrics in predicting trigger-induced thrombosis. ¥¥*P < 0.001 and ns > 0.05.

increased MPO activity in ruptured compared with stable human ath-
erosclerotic plaques and that this can be detected by molecular MRI.
Our results are the first to demonstrate that molecular MRI of intrapla-
que MPO activity detects culprit lesions and can predict future suscep-
tibility to atherothrombosis and identify MPO activity as a promising
non-invasive strategy for the detection of high-risk plaque.

Our results show that molecular MRI with MPO-Gd has a high diag-
nostic value in selectively and prospectively detecting plaques that cause
thrombosis. This suggests that non-invasive imaging of plaque MPO

activity is a promising candidate for clinical translation to predict ad-
verse prognosis and guide treatment. This is supported by several lines
of evidence. Arterial MPO activity quantified in vivo by R1 relaxation
rates reliably predicted trigger-induced plaque disruption with high sen-
sitivity and specificity, and it positively correlated with MPO activity
measured by LC-MSMS. Immunohistochemistry showed that MPO
protein co-localized with sites of elevated MPO activity in thrombosis-
prone plaque. Strikingly, MPO activity was significantly elevated in
thrombosis-prone plaques as early as 8 weeks and remained high at



J. Nadel et al.

A B
160 " 3.07
I nS ek 1
= | o
120+ L U)_ 25 R
22 " x
= g’ o )
© 2 00
= 80 © 207 o
0¢ 2
o & - = o]
=2 —— 2 :
© 0{ o
40 8151 &9
= E}% 2 :
[ =% ]
-.:‘-
0 T T 1] 10 T T 1
Lesion-free Stable Thrombosis- 0 59 _ 100 150
artery  plague prone plaque MPO activity (pmol / mgp)
C
Lesion-free  Stable plaque = Thrombosis-prone plaque

MPO

>,

TAW-IR
(+) MPO-Gd

Figure 3 Ex vivo plaque MPO activity and correlation with in vivo MRl in rabbits. (A) Aortic segments containing thrombosis-prone plaques have in-
creased MPO activity. (B) Arterial MPO activity measured ex vivo correlates with that measured by MRI. (C) MPO protein assessed by immunohisto-
chemistry co-localizes with late MPO-Gd enhancement. Scale bars 2 mm. *P < 0.05, **P < 0.01 and ns > 0.05.

12 weeks. This suggests that plaque MPO activity may be an early diag-
nostic marker of plaque instability. The results in the rabbit model agree
with and extend previous findings in animal models showing that
MPO-Gd MRI can detect inflamed atherosclerotic plaques in rabbits*’
and selectively enhance histologically unstable plaque in mice.?8%
Importantly, however, these previous studies employed models in
which plaques do not disrupt to cause thrombosis, unlike the situation
in the present study and as is seen in most human cases resulting in car-
diac mortality.

Animal models that spontaneously develop plaque disruption leading
to thrombosis are lacking. In the rabbit model used in the present study,
plaque disruption is pharmacologically ‘triggered’ depending on an un-
stable plaque phenotype and is caused by both plaque rupture and ero-
sion,30'31 thereby resembling atherothrombosis in humans.®” As such,
the rabbit model offers the unique opportunity to image plaque activity
at precise time points prior to ‘triggering’ atherothrombosis, making it
clinically relevant and suitable to develop and test imaging strategies for
the detection of unstable plaque prior to cardiovascular events.

Three separate lines of evidence support our notion of increased MPO
activity in human ruptured plaque. First, using a highly specific LC-MSMS
method to directly determine the chlorinating activity that is specific for

MPO,”® we show that MPO activity is increased selectively in lesions
with fissure, intraplaque haemorrhage (IPH), and thrombus. Second,
MPO activity determined by ex vivo MPO-Gd retention resulted in R1
relaxation values significantly higher in ruptured compared with stable
plaques, the phenotype of which was confirmed by histology. Third, ex
vivo MPO-Gd retention correlated with AHA plaque classification on in
vivo carotid MRI, MPO localization, and histologically determined vulner-
able plaque features such as IPH and cap disruption/thinning. These obser-
vations extend the recent report of increased MPO activity in human
plaques at risk of rupture® to culprit lesions and demonstrate the poten-
tial clinical application of MPO activity by molecular imaging.

There has been continued effort to establish non-invasive imaging strat-
egies to image inflammatory plaque activity that would enable reliable de-
tection of high-risk plaque.**° Plaque enhancement with non-targeted
MRI contrast agents associates with acute cardiovascular events, and
the dynamics of the contrast agent uptake correlates with plaque inflam-
mation.>® Nevertheless, enhancement can be influenced by other factors
that drive uptake of non-targeted contrast, such as plaque vascularity,
and it is therefore not specific to inflammation. Alternatively, ultra-
small superparamagnetic iron oxide (USPIO), a clinically approved
MRI contrast agent, can track and characterize macrophage infiltration,"*3”
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However, USPIO tends to accumulate in anti-inflammatory macro-
phages, which compromises its ability to detect detrimental inflamma-
tion.*® Moreover, unlike Gd-based MRI agents that can be imaged
within 1 h of administration, the typical 12-24-h time gap between
pre- and post-contrast injection MRI required for USPIO is impractical
clinically and may preclude the possibility of short-term follow-up with
other diagnostic MRI sequences.>”

PET tracers including '8F-fluorodeoxyglucose (*®F-FDG) and
®8Ga-DOTATATE have also been used to image inflammation.
"®FFDG-PET targets enhanced glucose uptake and can detect plaque
inflammation driven by the accumulation of macrophages. However,
it is non-specific,'® susceptible to changes in blood glucose concentra-
tions,*® generates signals with high heterogeneity,*" and cannot differ-
entiate M1/M2 subsets of polarized macrophages, which play
juxtaposing roles in the inflammatory cascade. ®®Ga-DOTATATE tar-
gets the somatostatin receptor subtype-2 but is limited by its inability
to distinguish beneficial from harmful inflammation.*?

Alternatively, molecular MRI using MPO-Gd provides selective and
direct information on detrimental plaque inflammation induced by
extracellular MPO. It detects pathologic plaque activity with high sensi-
tivity and resolution and can be coupled with established multi-contrast
MRI sequences, which characterize high-risk plaque components2*
enhancing our understanding of plaque vulnerability and providing a
more accurate risk stratification. The present study demonstrates
this synergy and further strengthens the potential of imaging MPO ac-
tivity to identify thrombosis-prone, culprit lesions.

Molecular imaging of MPO activity using MPO-Gd or its DOTA-MPO
analogue with superior safety and imaging profile** appears to be realistic
candidates for translational use to aid the clinical detection of vulnerable
plaques for treatment escalation, intervention, and surveillance. These
agents have good biocompatibility™ as their main chemical components

naturally occur in humans (5-hydroxytryptamine) or are already used in
clinical imaging (Gd-DTPA or Gd-DOTA). The imaging window (30—
90 min post-injection) and injected dose (0.1 mmol/kg, comparable to
that used in patients) make this approach suitable and practical for clinical
application. Moreover, our in vivo animal experiments were conducted on
a clinical scanner with vessel wall imaging protocols and quantitative T4
mapping sequences used in patients. Moreover, new accelerated image
acquisition and reconstruction methods further minimize the barrier
for clinical use of MRI for plaque imaging by reducing scan time and costs.
As gadolinium agents have higher r1 relaxivity at lower field strengths re-
sulting in a stronger signal, recent commercialization of clinical low-field
MRI scanners (0.55T) may further facilitate translation of molecular
MRI of MPO activity by reducing the injected dose.

Another avenue to expedite clinical translation is through the
utilization of a PET-based probe for the detection of MPO activity.
PET imaging probes face a less stringent pathway to human use gi-
ven the low concentrations of radiolabelled tracer administered,
their short half-life, and the comparative ease of probe development
to gadolinium-based agents. A fluorine-18-based PET imaging radiop-
robe (*®F-MAPP) has been validated for the selective detection of
MPO activity*® and is currently undergoing approval for human use
in the USA. Nevertheless, T8E_MAPP is cell permeable and therefore
measures total MPO activity rather than extracellular MPO activity
unlike the MRI probe used in this study. As such, work on the devel-
opment of a PET-based probe specific for the detection of extracel-
lular and hence pathological MPO activity continues.

Study limitations

In the rabbit model, plaque disruption does not happen spontaneously but
required exogenous triggers, although spontaneous atherothrombosis is
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Figure 5 Comparison between AHA grading determined by in vivo MRI and MPO activity assessed by ex vivo MPO-Gd retention and by LC-MSMS.
(A) In vivo carotid MRI shows a lipid-rich plaque with hyperintense IPH (asterisk) and fibrous cap thinning (arrowhead). (B) Ex vivo T1w and T4 map of
percentage recovery from baseline following MPO-Gd probe activation. Probe retention corresponds with the region of hyperintensity seen in vivo.
Scale bars 1 mm. (C, D) Following MPO-Gd activation, ruptured/destabilized type VI plaques have higher mean R1 and higher AR1 than type [II-V
plagues. (E) Type VI plaques determined histologically using AHA criteria have higher MPO activity than type IlI-V plaques. ¥*¥*P < 0.001.

very scarce in animal models of atherosclerosis.*” The rabbit model also
lacks plaque calcification and IPH, i.e. features common in human plaques
and that associate with lesion instability. Due to the nature of human tis-
sue collection, it was not possible to assess whether MPO activity predicts
plaque rupture in humans, though the rabbit data were specifically utilized
to support this hypothesis. Finally, it was not possible to assess MPO ac-
tivity in human tissue in vivo. As a result, the assessment of the probe in this
study was limited to ex vivo soaking, probe activation, and washing of CEA
specimens. Finally, despite our study being observational, the preclinical
data strongly support the predictive value of molecular imaging of plaque

MPO activity in detecting atherothrombosis. The clinical data are comple-
mentary and strengthen the case for future clinical translation.

Conclusion

In vivo imaging of MPO activity using an MPO-Gd molecular probe pre-
dicts future atherothrombosis in a preclinical model, and MPO-Gd is re-
tained selectively in ruptured human atherosclerotic plaque. These
results highlight the specific role of MPO activity and its potential
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application as a molecular target in the detection of high-risk athero-
sclerotic plaque. Future in vivo human trials confirming the novel find-
ings of this study are warranted.

Supplementary data

Supplementary data are available at European Heart Journal — Imaging
Methods and Practice online.

Acknowledgements

We acknowledge the support of the Heart Research Institute mass
spectrometry facility and the University of New South Wales
Biological Resource Imaging Laboratory.

Funding

JN.is supported by scholarships from the National Health & Medical Research
Council of Australia, National Heart Foundation, Royal Australasian College of
Physicians and European Association of Cardiovascular Imaging. This work was
supported by a NSW Department of Health grant and a National Health &
Medical Research Council of Australia Program Grant 1052616 and Senior
Principal Research Fellowship 1111632 to RS. and by British Heart
Foundation Project Grant PG/2019/34897 to A.P. RS. and A.P. have received
in-kind support from AstraZeneca related to the development of MPO
inhibitors.

Conflict of interest: None declared.

Data availability

Raw data involved in this study are available from the corresponding
authors upon reasonable request.

Lead author biography

James Nadel is a cardiologist and cardio-
vascular researcher from Australia with
interest in non-invasive cardiovascular
imaging and its application in athero-
sclerosis. His PhD focused on exploring
the role of myeloperoxidase in vulner-
able plaque and its potential applications
as an imaging biomarker. He has pre-
sented and published research on this
topic internationally and was the recipi-
ent of the European Association of
Cardiovascular Imaging Young
Investigator Award in 2023.

Dr Xiaoying Wang is a research associ-
ate at King’s College London, specializ-
ing in medical imaging and drug testing
for cardiovascular disease. Her current
focus is on innovative MRI and treat-
ment strategies for atherosclerotic pla-
ques by targeting myeloperoxidase
activity. Dr Wang earned her PhD
from Clemson University, USA, where
her research centred on the application
of nanotechnology to develop targeted
CT contrast for risk stratification and a
drug delivery system for the treatment
of abdominal aortic aneurysms. Her research has resulted in numerous
publications and presentations at international conferences,

underscoring her dedication to advancing cardiovascular health through
cutting-edge techniques.

References
1. Tsao CW, Aday AW, Almarzooq ZI, Anderson CA, Arora P, Avery CL et al. Heart dis-
ease and stroke statistics—2023 update: a report from the American Heart
Association. Circulation 2023;147:€93-621.

. Rodriguez-Granillo GA, Carrascosa P, Bruining N, Waksman R, Garcia-Garcia HM.
Defining the non-vulnerable and vulnerable patients with computed tomography cor-
onary angiography: evaluation of atherosclerotic plaque burden and composition. Eur
Heart | Cardiovasc Imaging 2016;17:481-91.

. Ambrose JA, Tannenbaum MA, Alexopoulos D, Hjemdahl-Monsen CE, Leavy J, Weiss
M et al. Angiographic progression of coronary artery disease and the development of
myocardial infarction. / Am CollCardiol 1988;12:56—62.

. Giroud D, Li JM, Urban P, Meier B, Rutishauser W. Relation of the site of acute myo-
cardial infarction to the most severe coronary arterial stenosis at prior angiography.
Am | Cardiol 1992;69:729-32.

. Halliday A, Harrison M, Hayter E, Kong X, Mansfield A, Marro ] et al. 10-year stroke pre-
vention after successful carotid endarterectomy for asymptomatic stenosis (ACST-1):a
multicentre randomised trial. Lancet 2010;376:1074—84.

. Davies M), Thomas A. Thrombosis and acute coronary-artery lesions in sudden cardiac
ischemic death. N Engl | Med 1984;310:1137—40.

. Fisher M, Paganini-Hill A, Martin A, Cosgrove M, Toole JF, Barnett HJ et al. Carotid pla-
que pathology: thrombosis, ulceration, and stroke pathogenesis. Stroke 2005;36:253—7.

. Choudhury RP, Fuster V, Badimon JJ, Fisher EA, Fayad ZA. MRl and characterization of
atherosclerotic plaque: emerging applications and molecular imaging. Arterioscler Thromb
Vasc Biol 2002;22:1065-74.

. Lloyd-Jones D, Adams R}, Brown TM, Carnethon M, Dai S, De Simone G et al. Heart
disease and stroke statistics—2010 update: a report from the American Heart
Association. Circulation 2010;121:e46-215.

10. Daghem M, Bing R, Fayad ZA, Dweck MR. Noninvasive imaging to assess atherosclerotic
plaque composition and disease activity: coronary and carotid applications. Cardiovasc
Imaging 2020;13:1055-68.

11. Libby P. Inflammation during the life cycle of the atherosclerotic plaque. Cardiovasc Res
2021;117:2525-36.

12. Soehnlein O, Libby P. Targeting inflammation in atherosclerosis—from experimental in-
sights to the clinic. Nat Rev Drug Discov 2021;20:589-610.

13. Kooi ME, Cappendijk V, Cleutjens K, Kessels A, Kitslaar P, Borgers M et al. Accumulation
of ultrasmall superparamagnetic particles of iron oxide in human atherosclerotic pla-
ques can be detected by in vivo magnetic resonance imaging. Circulation 2003;107:
2453-8.

14. Trivedi RA, Mallawarachi C, U-King-Im JM, Graves M), Horsley |, Goddard M| et al.
Identifying inflamed carotid plaques using in vivo USPIO-enhanced MR imaging to label
plaque macrophages. Arterioscler Thromb Vasc Biol 2006;26:1601-6.

15. Van Heeswijk RB, Pellegrin M, Flogel U, Gonzales C, Aubert J-F, Mazzolai L et al. Fluorine
MR imaging of inflammation in atherosclerotic plaque in vivo. Radiology 2015;275:
421-9.

16. Tarkin JM, Joshi FR, Rudd JH. PET imaging of inflammation in atherosclerosis. Nat Rev
Cardiol 2014;11:443-57.

17. Senders ML, Calcagno C, Tawakol A, Nahrendorf M, Mulder WJ, Fayad ZA. PET/MR
imaging of inflammation in atherosclerosis. Nat Biomed Eng 2023;7:202-20.

18. Hyafil F, Cornily J-C, Feig JE, Gordon R, Vucic E, Amirbekian V et al. Noninvasive detec-
tion of macrophages using a nanoparticulate contrast agent for computed tomography.
Nat Med 2007;13:636-41.

19. Parker H, Albrett AM, Kettle A}, Winterbourn CC. Myeloperoxidase associated with
neutrophil extracellular traps is active and mediates bacterial killing in the presence of
hydrogen peroxide. | Leukocyte Biol 2012;91:369-76.

20. Daugherty A, Dunn L, Rateri DL, Heinecke JW. Myeloperoxidase, a catalyst for lipopro-
tein oxidation, is expressed in human atherosclerotic lesions. | Clin Invest 1994;94:
437-44.

21. Hazell L, Arnold L, Flowers D, Waeg G, Malle E, Stocker R. Presence of hypochlorite-
modified proteins in human atherosclerotic lesions. | Clin Invest 1996;97:1535—44.

22. Nadel}, Jabbour A, Stocker R. Arterial myeloperoxidase in the detection and treatment
of vulnerable atherosclerotic plaque: a new dawn for an old light. Cardiovasc Res 2023;
119:112-20.

23. Nadel J, Tumanov S, Kong SM, Chen W, Giannotti N, Sivasubramaniam V et al.
Intraplaque myeloperoxidase activity as biomarker of unstable atheroma and adverse
clinical outcomes in human atherosclerosis. JACC Adv 2023;2:100310.

24. Querol M, Chen |JW, Bogdanov AA |r. A paramagnetic contrast agent with
myeloperoxidase-sensing properties. Org Biomol Chem 2006;4:1887-95.

25. Ronald JA, Chen JW, Chen Y, Hamilton AM, Rodriguez E, Reynolds F et al.
Enzyme-sensitive magnetic resonance imaging targeting myeloperoxidase identifies ac-
tive inflammation in experimental rabbit atherosclerotic plaques. Circulation 2009;120:
592-9.

N

w

EN

wv

o

~N

focl

0


http://academic.oup.com/ehjimp/article-lookup/doi/10.1093/ehjimp/qyae004#supplementary-data

10

J. Nadel et al.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rashid I, Maghzal GJ, Chen Y-C, Cheng D, Talib J, Newington D et al. Myeloperoxidase is
a potential molecular imaging and therapeutic target for the identification and stabiliza-
tion of high-risk atherosclerotic plaque. Eur Heart | 2018;39:3301-10.

Chen W, Tumanov S, Kong SM, Cheng D, Michaélsson E, Bongers A et al. Therapeutic
inhibition of MPO stabilizes pre-existing high risk atherosclerotic plaque. Redox Biol
2022;58:102532.

Maghzal GJ, Cergol KM, Shengule SR, Suarna C, Newington D, Kettle A et al.
Assessment of myeloperoxidase activity by the conversion of hydroethidine to 2-
chloroethidium. J Biol Chem 2014,289:5580-95.

Talib J, Maghzal G, Cheng D, Stocker R. Detailed protocol to assess in vivo and ex vivo
myeloperoxidase activity in mouse models of vascular inflammation and disease using
hydroethidine. Free Radic Biol Med 2016;97:124-35.

Phinikaridou A, Hallock KJ, Qiao Y, Hamilton JA. A robust rabbit model of human ath-
erosclerosis and atherothrombosis. | Lipid Res 2009;50:787-97.

Abela GS, Picon PD, Friedl SE, Gebara OC, Miyamoto A, Federman M et al. Triggering of
plaque disruption and arterial thrombosis in an atherosclerotic rabbit model. Circulation
1995;91:776-84.

Dweck MR, Aikawa E, Newby DE, Tarkin JM, Rudd JH, Narula | et al. Noninvasive mo-
lecular imaging of disease activity in atherosclerosis. Circ Res 2016;119:330—40.
Dweck MR, Maurovich-Horvat P, Leiner T, Cosyns B, Fayad ZA, Gijsen FJ et al.
Contemporary rationale for non-invasive imaging of adverse coronary plaque features
to identify the vulnerable patient: a position paper from the European Society of
Cardiology Working Group on Atherosclerosis and Vascular Biology and the European
Association of Cardiovascular Imaging. Eur Heart | Cardiovasc Imaging 2020;21:1177-83.
Saam T, Hetterich H, Hoffmann V, Yuan C, Dichgans M, Poppert H et al. Meta-analysis
and systematic review of the predictive value of carotid plaque hemorrhage on cerebro-
vascular events by magnetic resonance imaging. | Am Coll Cardiol 2013;62:1081-91.
Chan JMS, Jin PS, Ng M, Garnell ], Ying CW, Tec CT et al. Development of molecular
magnetic resonance imaging tools for risk stratification of carotid atherosclerotic dis-
ease using dual-targeted microparticles of iron oxide. Trans/ Stroke Res 2022;13:245-56.
Kerwin WS, O'Brien KD, Ferguson MS, Polissar N, Hatsukami TS, Yuan C. Inflammation
in carotid atherosclerotic plaque: a dynamic contrast-enhanced MR imaging study.
Radiology 2006;241:459—68.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Metz S, Beer A, Settles M, Pelisek J, Botnar RM, Rummeny EJ et al. Characterization of
carotid artery plaques with USPIO-enhanced MRI: assessment of inflammation and vas-
cularity as in vivo imaging biomarkers for plaque vulnerability. Int | Cardiovasc Imaging
2011;27:901-12.

Zini C, Venneri MA, Miglietta S, Caruso D, Porta N, Isidori AM et al. USPIO-labeling in
M1 and M2-polarized macrophages: an in vitro study using a clinical magnetic resonance
scanner. | Cell Physiol 2018;233:5823-8.

Tang TY, Muller KH, Graves M}, Li ZY, Walsh SR, Young V et al. Iron oxide particles for
atheroma imaging. Arterioscler Thromb Vasc Biol 2009;29:1001-8.

Li X, Rosenkrans ZT, Wang ], Cai W. PET imaging of macrophages in cardiovascular dis-
eases. Am | Trans| Res 2020;12:1491-514.

Chaker S, Al-Dasuqi K, Baradaran H, Demetres M, Delgado D, Nehmeh S et al. Carotid
plaque positron emission tomography imaging and cerebral ischemic disease. Stroke
2019;50:2072-9.

Tarkin JM, Joshi FR, Evans NR, Chowdhury MM, Figg NL, Shah AV et al. Detection of
atherosclerotic inflammation by ®8Ga-DOTATATE PET compared to ["®FIFDG PET
imaging. | Am Coll Cardiol 2017;69:1774-91.

Dai Y, Lv P, Lin J, Luo R, Liu H, Ji A et al. Comparison study between multicon-
trast atherosclerosis characterization (MATCH) and conventional multicontrast
MRI of carotid plaque with histology validation. | Magn Reson Imaging 2017;45:
764-70.

. Wang C, Cheng D, Jalali Motlagh N, Kuellenberg EG, Wojtkiewicz GR, Schmidt SP et al.

Highly efficient activatable MRI probe to sense myeloperoxidase activity. | Med Chem
2021;64:5874-85.

Rodriguez E, Nilges M, Weissleder R, Chen JW. Activatable magnetic resonance imaging
agents for myeloperoxidase sensing: mechanism of activation, stability, and toxicity. | Am
Chem Soc 2010;132:168-77.

Wang C, Keliher E, Zeller MWG, Woijtkiewicz GR, Aguirre AD, Buckbinder L et al. An
activatable PET imaging radioprobe is a dynamic reporter of myeloperoxidase activity in
vivo. Proc Natl Acad Sci USA 2019;116:11966—71.

Ouweneel AB, Verwilligen RAF, Van Eck M. Vulnerable plaque and vulnerable blood:
two critical factors for spontaneous atherothrombosis in mouse models. Atherosclerosis
2019;284:160—4.



	Molecular magnetic resonance imaging of myeloperoxidase activity identifies culprit lesions and predicts future atherothrombosis
	Introduction
	Methods
	Results
	Molecular imaging of arterial MPO activity predicts trigger-induced atherothrombosis
	Increased MPO activity in thrombosis-prone rabbit plaques
	MPO-Gd activity as a marker of ruptured plaques in humans

	Discussion
	Study limitations

	Conclusion
	Supplementary data
	Acknowledgements
	Funding
	Data availability
	Lead author biography
	References




