@ESC

European Society doi:10.1093/cvr/cvz162
of Cardiology

Cardiovascular Research (2019) 115, 1952-1962

INVITED REVIEW

Frontiers in positron emission tomography
imaging of the vulnerable atherosclerotic plaque

Mark G. MacAskill ® **, David E. Newby

1, and Adriana A.S. Tavares'?

"University/BHF Centre for Cardiovascular Science, University of Edinburgh, Edinburgh, UK; and *Edinburgh Imaging, University of Edinburgh, Edinburgh, UK

Received 31 January 2019; revised 16 April 2019; editorial decision 15 May 2019; accepted 19 June 2019; online publish-ahead-of-print 24 June 2019

Abstract

Rupture of vulnerable atherosclerotic plaques leading to an atherothrombotic event is the primary driver of myo-

cardial infarction and stroke. The ability to detect non-invasively the presence and evolution of vulnerable plaques
could have a huge impact on the future identification and management of atherosclerotic cardiovascular disease.
Positron emission tomography (PET) imaging with an appropriate radiotracer has the potential to achieve this goal.
This review will discuss the biological hallmarks of plaque vulnerability before going on to evaluate and to present
PET imaging approaches which target these processes. The focus of this review will be on techniques beyond
["®F]FDG imaging, some of which are clinically advanced, and others which are on the horizon. As inflammation is
the primary driving force behind atherosclerotic plaque development, we will predominantly focus on approaches
which either directly, or indirectly, target this process.
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1. Introduction

Cardiovascular disease is the number one cause of mortality globally,
representing 31% of all deaths. Of these deaths, 85% are due to myo-
cardial infarction and stroke. Atherosclerotic plaque rupture is present
in the majority of patients who have suffered a fatal myocardial infarc-
tion,2 and plays a major role in the onset of stroke.’ Therefore, a non-
invasive imaging approach, which is capable of identifying vulnerable
plaques is the ultimate goal for imaging in cardiovascular disease. It
should be noted that molecular imaging is being developed for all forms
of non-invasive imaging including single-photon emission computed to-
mography (SPECT), optical imaging, magnetic resonance imaging (MRI)
and ultrasound, although this review will focus on those in development
for positron emission tomography (PET) imaging only.

PET imaging is at the forefront of novel and non-invasive molecular
imaging modalities as it is based on the use of selective radiotracers tar-
geting specific biochemical processes in vivo.* The use of a radiotracer
permits exceptional target specificity and sensitivity at the molecular
level that cannot be accomplished with other imaging techniquess; allow-
ing the cardiovascular field to move beyond structural or perfusion imag-
ing into highly sensitive detection of molecular processes. However, a
disadvantage of PET imaging is the limited spatial resolution and poor an-
atomic context compared with other techniques, such as computed to-
mography (CT) and MRI, which are less sensitive but have higher spatial
resolution.’ In this regard, hybrid imaging systems combining PET with

CT or MRI have significant potential. PET/CT is the most widely used
dual modality of the two, with CT providing anatomical data to comple-
ment PET with or without blood contrast agents. More importantly, CT
is integral to attenuation correction of PET data, a major challenge which
is the subject of much research in PET/MRI’ However, PET/MRI has ex-
cellent soft tissue contrast which is a major advantage for cardiovascular
disease, in addition to potentially allowing the addition of various MRI
sequences such as T1-weighted direct thrombus imaging. Notwithstand-
ing, the justification of hybrid imaging system should be carefully consid-
ered based on the desired application, with a previous clinical study
demonstrating that multimodal imaging does not always improve diag-
nostic accuracy.8

Despite the advantages associated with the use of PET for molecular
imaging, other limitations in addition to low-spatial resolution must be
considered. PET is associated with relatively high scanning costs and de-
manding scanning pipelines compared with other imaging modalities,
such as SPECT, ultrasound, or CT, as it requires the production of a ra-
diotracer prior to initiating patient scanning,9 Access to selective radio-
tracers for clinical PET imaging has been a bottleneck to the wider
clinical use of this technique. However, with the advent of PET radionu-
clide generators, as well as the development of simpler and high yield
radiosynthesis methods, this bottleneck is likely to be overcome in the
near future. The ionizing radiation associated with PET imaging has also
stigmatized the widespread use of this imaging technique in the clinic, in
spite of the fact that radiation exposure from a whole-body PET scan
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(c. 6 mSv) is similar to one chest CT (c. 10 mSv)."® Therefore, there is a
need for the education of researchers, clinicians, and the general public
on the true risks of radiation while keeping patient benefit in mind. The
established, accepted and routine use of [18F]FDG in the clinical manage-
ment of cancer patients is a clear example that clinical PET imaging is fea-
sible. The soon-to-be commercially available total body PET scanner
brings further hope for widespread use of clinical PET imaging, as the ra-
diation dose can be reduced substantially while preserving a considerable
gainin sensitivity.11

PET imaging holds particular potential as we travel through the era of
personalized medicine. Oncology and neurology already use PET imaging
extensively as a biomarker for diagnosis, staging and treatment monitor-
ing."*"® Cardiology is the next field where PET imaging could thrive.
Despite challenges with heart motion and small size of arterial and ve-
nous networks, current PET imaging test—retest results are typically
around 15%."*"® The development of more selective radiotracers will
resolve the issues around undesirable uptake in cardiac muscle.
Moreover, standardization of multicentre PET imaging data is possible
for cardiovascular or other applications, as proven by several historical
and large quantitative brain PET studies (e.g. PPMI, NCT01141023, and
ADNI, NCT00106899).

2. Atherosclerosis and plaque
vulnerability

The development of an atherosclerotic plaque is a dynamic process
which occurs throughout the adult lifespan, starting with intimal lesions
in early adulthood through to complex atherosclerotic plaques later in
life. These plaques occur within medium-large arteries and are the result
of a non-resolving chronic inflammatory process which occurs at sites of
blood flow disturbance.® Progression of plaque development is fuelled
by the accumulation of low-density lipoprotein (LDL) cholesterol within
the intima, leading to the infiltration of inflammatory cells which results
in a negative cycle of remodelling."” Based on post-mortem histological
studies, progressive atherosclerotic plaques can be grouped into several
categories (Table 1)."® These categories can describe both stable and vul-
nerable plaques, the latter of which are defined as an event prone pla-
que,19 i.e. prone to rupture. Symptomatic stable plaques can usually be
detected with angiography due to their luminal occlusive nature, al-
though vulnerable plaques are not as readily detectible and often clini-
cally silent prior to an event. Rupture of vulnerable thin fibrous cap
atheroma is the leading cause of occlusive thrombus formation, and the
identification of these plaques prior to an event is paramount.'”
Thickness of the fibrous cap is the best discriminator of plaque rupture,
with a cap thickness less than 55 um representing a critical threshold in a
post-mortem histological study.?® The following section of this review
will highlight some of the biological fingerprints of the vulnerable plaque
which also have potential as imaging targets as detailed later in the
review.

3. Biological fingerprint of the
vulnerable atherosclerotic plaque

The development and progression of atherosclerotic plaques is driven
by a balance between pro-inflammatory and anti-inflammatory pro-
cesses.”! Macrophage accumulation within the plaque is a major compo-
nent of atherosclerosis, although other immune cells, such as

monocytes, dendritic cells, lymphocytes, eosinophils, and mast cells, also
play an important role."®** Intimal macrophages differentiate into foam
cells following the scavenging of lipoprotein-derived cholesterol.”> The
presence of macrophages within the plaque is a significant risk factor for
r'upture.20 In addition, the balance of polarization between M1 and M2
macrophages can have a major impact on atherosclerotic progression.
A clinical post-mortem study demonstrated the presence of both sub-
sets of macrophages within developing and vulnerable plaques. Within
the latter, pro-inflammatory M1 macrophages dominated the rupture
prone shoulder regions of the fibrous cap, while the remainder of the
cap showed equal expression of M1 and anti-inflammatory M2 pheno-
types.”* This suggests that an imaging approach targeting M1 over M2
macrophages may provide some specificity towards vulnerable plaques.
However, due to the plasticity of these phenotypes and the abundance
of both within atherosclerotic lesions, this approach may be too restric-
tive. In addition, there is evidence to suggest that most foam cells express
an M2 phenotype.” Therefore, imaging approaches targeting M1, M2, or
pan-macrophage phenotypes all have potential and should be explored.

Inflammation is also a driver for a number of secondary hallmarks of
plaque vulnerability. Intraplaque calcification is initiated by inflammation,
and also thought to be part of a positive feedback mechanism which fur-
ther propagates the C)/cle.26'27

Intra-plaque angiogenesis is another key feature of vulnerable athero-
sclerotic plaques, responsible for the development of unsupported leaky
neovessels. This contributes to plaque instability through intra-plaque
haemorrhage and inflammatory cell infiltration.?® The abnormal pres-
ence of microvessels in the intima of atherosclerotic lesions relative to
healthy vessel intima was reported as early as 1936.%° However, in the
last few decades, this vulnerability risk factor has come to the fore.
While angiogenesis is through to play a role in early plaque develop-
ment,*® the presence of extensive intra-plaque neovessels in mature pla-
ques is closely associated with vulnerability.®" Intraplaque haemorrhage
in humans is increased in vulnerable plaques compared to erosion and
fibrocalcific lesions.'® Additionally, total microvessel density is increased
in ruptured plaques versus non-ruptured,®® and in lesions with severe
macrophage infiltration at the cap and the shoulders of the plaque.
Furthermore, expansion of the perivascular network termed the vasa
vasorum is also associated with plaque instability.>>** Therefore, the de-
tection of plaque angiogenesis presents another target for clinical diagno-
sis of at risk lesions. An alternative strategy is to directly target the
haemorrhage using activated platelet markers. Through the expansion of
leaky neovessels, deposition of activated platelets within the plaque di-
rectly stimulates inflammatory cell extravasation, contributing to plaque
progression.35 This target could also be useful downstream of plaque
rupture to target acute arterial thrombosis.

Upstream of angiogenesis, another feature of the vulnerable plaque is
hypoxia. Intraplaque hypoxia is the result of an expanding plaque, partic-
ularly with large areas of necrosis.2’ The extent of hypoxia within symp-
tomatic carotid plaques has been demonstrated in a clinical study using
the hypoxia marker pimonidazole, which was infused into patients prior
to carotid endarterectomy.*® The level of hypoxia within the lesions cor-
related with thrombus and angiogenesis, as well as being increased when
compared to early plaques. However, in this small clinical study, the level
of hypoxia was also increased within stable plaques. Preclinically, the
low-density lipoprotein receptor knockout (LDLR”") atherosclerosis
model has been used to demonstrate that hypoxia is causally related to
necrotic core expansion within plaques.®” It remains to be seen whether
targeting plaque hypoxia is specific enough to detect plaque vulnerability.



1954

M.G. MacAskill et al.

Table | Modified American Heart Association (AHA) classification of atherosclerotic lesions based on description’

AHA classification based on morphological description

Descriptions

Non-atherosclerotic intimal lesions

Intimal thickening

Intimal xanthoma, or ‘fatty streak’

Progressive atherosclerotic lesions

Pathological intimal thickening

With erosion

Fibrous cap atheroma

With erosion

Thin fibrous cap atheroma

Plaque rupture

Calcified nodule

Fibrocalcific plaque

The normal accumulation of smooth muscle cells (SMCs) in the intima in
the absence of lipid or macrophage foam cells.
Luminal accumulation of foam cells without a necrotic core or fibrous cap.

Based on animal and human data, such lesions usually regress.

SMGs in a proteoglycan-rich matrix with areas of extracellular lipid accu-
mulation without necrosis.

Luminal thrombosis; plaque same as above.

Well-formed necrotic core with an overlying fibrous cap.

Luminal thrombosis; plaque same as above; no communication of thrombus
with necrotic core.

A thin fibrous cap infiltrated by macrophages and lymphocytes with rare
SMCs and an underlying necrotic core.

Fibroatheroma with cap disruption; luminal thrombus communicates with
the underlying necrotic core.

Eruptive nodular calcification with underlying fibrocalcific plaque.

Collagen-rich plaque with significant stenosis usually contains large areas of

calcification with few inflammatory cells; a necrotic core may be present.

Absent

Absent

Absent

Thrombus mostly mural and infre-
quently occlusive

Absent

Thrombus mostly mural and infre-
quently occlusive

Absent; may contain intraplaque
haemorrhage/fibrin

Thrombus usually occlusive

Thrombus usually non-occlusive
Absent

However, this process clearly plays a major role in the progression of
atherosclerosis and therefore should not be discounted at this stage.

Apoptosis, the programmed death of cells, is another potential imag-
ing target in vulnerable plaques. Macrophages account for the majority
of apoptotic cells within atherosclerotic plaques.®® Preclinically, it has
been proposed that apoptosis of macrophages in early lesion develop-
ment is atheroprotective due to negative regulation of inflammation.
Whereas, in more developed lesions, macrophage apoptosis is proposed
to be proatherogenic due to the loss of these cells on the efferocytosis
process.>**® Perhaps more straightforward is the negative impact of en-
dothelial cell and vascular smooth muscle cell apoptosis, leading to in-
creased incidences of plaque erosion®" and destabilization of the plaque
cap,™ respectively.

As our understanding of atherosclerosis and plaque vulnerability
develops, there is an even greater need to develop novel imaging
approaches beyond those which are currently clinically available."” Figure
1 summaries the imaging approaches and targets which are discussed
within this review.

4. Inflammation

As atherosclerosis is the result of a non-resolving chronic inflammatory
process,'® the most common approach in vulnerable plaque imaging is
naturally the direct or indirect targeting of inflammation.

4.1 Glucose metabolism

To date, PET imaging of inflammation has largely been carried out by tar-
geting glucose metabolism using [18F]FDG. This can serve as a non-
specific surrogate for inflammation which relies on the highly metabolic
state of vascular macrophages where ["®FIFDG competes with

physiological glucose and becomes trapped within the cells.** There are
several recently published reviews which excellently summarize the use
of [18F]FDG in atherosclerosis,““(’ therefore, the main focus of this re-
view will be on alternative PET imaging approaches which are at an ear-
lier stage of investigation. The ability of ['|FIFDG to image
atherosclerotic plaque uptake was first shown by Rudd et al*’ in 2002,
demonstrating a 30% increase in carotid artery uptake in symptomatic
patients. In 500 patients devoid of a histology of cardiovascular disease,
["®F]FDG uptake in the ascending aorta was found to strongly predict
the development of cardiovascular disease beyond the predictive ability
of Framingham risk score.*® Studies have also identified a ['®F]FDG up-
take in macrophage-rich areas of human plaques,47’49 supporting the hy-
pothesis that [18F]FDG uptake is largely due to macrophages.

[18F]FDG PET imaging has several disadvantages which hold back the
potential of this approach. Firstly, due to the non-specific nature of
[18F]FDG uptake, this radiotracer is taken up by other metabolizing cells.
This is a particular issue when studying the coronary arteries where
[18F]FDG uptake in the myocardium makes vascular localization difficult,
leading to the development of additional fasting protocols to improve
this issue.>® The indiscriminate nature of ['®FJFDG uptake also makes it
difficult to identify the true source of ['®FJFDG uptake in plaques, which
will inevitability compound the ability of this approach to distinguish be-
tween stable and vulnerable plaques®’ Other than inflammation,
["®F]FDG uptake has been shown to closely correlate with other cellular
events such as hypoxia.>* Additionally, pre-scan hyperglycaemia has
been shown to impact standardized uptake value outcome measures
from ['®F]FDG scans.>>

4.2 18 kDa translocator protein
After ["®F]FDG, the targeting of the 18 kDa translocator protein (TSPO)
is one of the most widely utilzed PET imaging approaches for
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Figure | Schematic illustration of imaging targets, along with their relevant radiotracers, targeting the vulnerable atherosclerotic plaque.



1956

M.G. MacAskill et al.

inflammation. TSPO, formally termed the peripheral benzodiazepine re-
ceptor,” is found on the outer membrane of the mitochondria where it
transports cholesterol for steroidogenesis.>® While TSPO is present
throughout the body, it is highly expressed in macrophages and can be
used as a biomarker for localized inflammation.>®>” Traditionally, TSPO
imaging has been developed to detect neuroinflammation across a num-
ber of disorders by targeting activated microglia.Ss'59 However, there are
several preclinical and clinical studies investigating this approach in ath-
erosclerosis utilizing radiotracers, such as [ 'C]PK11195—the archetypi-
cal TSPO ligand developed several decades ago.® In a murine
atherogenic model, [''CJPK11195 uptake is increased in inflamed
regions of the aorta.®' However, uptake is also present within healthy
aortas, with no difference in the overall binding compared with athero-
sclerotic aorta. This is likely due to the relatively high non-specific binding
which has limited the use of [""CJPK11195 in other areas.®> Newly de-
veloped alternatives to ["'CJPK11195 include ['®FJFEDAA1106, which
has been assessed using a constrictive cuff placed around the carotid ar-
tery of apolipoprotein E-deficient mice to induce atherosclerotic-like
lesions.”> ["®FJFEDAA1106 uptake was higher in the cuffed artery and
was more consistent with inflamed regions compared with ["®FJFDG.
Two other TSPO radiotracers have also been assessed in preclinical ath-
erosclerotic models, ['8F]-FEMPA®® and the more recent ['®F]GE-180.%°
Both have higher uptake in macrophage-rich areas but also failed to
show increased uptake in in atherosclerotic compared with healthy ves-
sels. A limited number of clinical studies have assessed [''C]PK11195.
First, using ex vivo human carotid endarterectomy specimens,
[MCIPK11195 uptake correlated with macrophage-rich regions,>” similar
to previous preclinical studies. Following this, another group was the first
to demonstrate the ability of [""C]PK11195 to identify culprit plaques in
a small clinical study of symptomatic patients.®® In this study, a sensitivity
of 78% and specificity of 74% was reported for the identification of symp-
tomatic patients with cerebrovascular events, providing a strong ratio-
nale to continue developing this imaging approach.

Over 80 radiotracers with high affinity for TSPO have been developed
and assessed.®” Despite this, there remains no widely accepted strategy
to image this target, in part due to conflicting outcomes from various
clinical trials. A seminal study published in 2012 revealed that a single hu-
man genetic polymorphism, rs6971, drastically changes the binding affin-
ity of TSPO ligands across the population,®® which might explain part of
the conflicting outcomes of previously reported TSPO PET clinical stud-
ies. The difference between high binders and low binders can be as large
as 50 times for ligands such as ['"C]PBR28.%% Interestingly, the only
TSPO ligand which is not effected by the genetic polymorphism is
[MCIPK11195.%8 Efforts within the TSPO radiotracer development field
are now shifting towards the discovery of a ligand which is insensitive to
the polymorphism, or is usable in low-affinity binders, and has improved
characteristics compared with [MCIPK11195. To date, one of the most
promising ligands is ["'CJER176 which is based on the structure of
[MCJPK11195 and has a low to high binding ratio of 3.”°

4.3 Microcalcification

The formation of calcium within plaques is thought to be driven by in-
flammation leading to an actively regulated pathophysiologic process,
much like the formation of bone.”®”" Key proinflammatory cytokines de-
rived from macrophages, such as interleukin-6 and tumour necrosis fac-
tor-a, increase vascular smooth muscle cell calcification in a paracrine
manner.?’ Intraplaque calcification can be split into two different terms
depending on the size of the deposit. Macrocalcification describes the
largest deposits within a plaque, considered to be larger than 50 um,

with deposits smaller than 50 pm termed microcalcification.”’ In aortic
stenosis, microcalcified deposits lead onto the development of macrocal-
cification,’? which in atherosclerosis confers mechanical plaque stability
while microcalcification is considered a feature of plaque vulnerability.73
Macrocalcification can be readily detected by CT, with coronary artery
calcium scoring (CAC), and progression of CAC, already used as surro-
gate markers of atherosclerotic burden and cardiovascular risk.”*”> The
only non-invasive imaging approach able to reliably detect microcalcifica-
tion is PET imaging with [*®F]NaF, which is incorporated into deposits by
exchanging the hydroxyl ions of hydroxyapatite crystals with radiola-
belled fluoride to form fluorapatite.”®”” Additionally, ['®F]NaF may also
be able to detect areas of tissue necrosis as demonstrated in the in-
farcted heart,”®”” as well as correlating with peri-coronary adipose tissue
density which is another marker of vascular inflammation.®°

As ["®F]NaF has long been available in humans for other conditions,
the majority of studies investigating ['®F]NaF imaging have been clinical.
One of the first studies to demonstrate the feasibility of this approach
was carried out in 2010 using a retrospective dataset of 75 whole-body
PET scans to demonstrate the colocalization of mineral deposition with
arterial wall alterations.®" In a follow-up study in 269 oncologic patients
["®F]NaF accumulation in the common carotid arteries was investi-
gated,® with 34.9% of patients showing carotid ['®F]NaF uptake which
colocalized with CT measured calcification. Radiotracer uptake was as-
sociated with multiple cardiovascular risk factors including hypertension
and hypercholesterolaemia. One of the first prospective studies to inves-
tigate ["®F]NaF uptake in coronary arteries demonstrated a higher up-
take of radiotracer in patients with coronary atherosclerosis, and more
importantly, high ['®F]NaF uptake was associated with a higher rate of
previous cardiovascular events®® Additionally, ['®F]NaF uptake in
patients with myocardial infarction and stable angina have a higher
["®F]NaF uptake in culprit compared with non-culprit plaques, with
marked uptake at all carotid plaque ruptures®* Stable angina patients
with focal radiotracer uptake were associated with more high-risk fea-
tures on intravascular ultrasound. A seminal clinical study, the PRE'®FFIR
trial, is currently underway to determine the predictive potential of
["®F]NaF to predict recurring clinical events by identifying high-risk coro-
nary plaques (Clinical Trials No. NCT02278211).

With strong evidence for the use of ["®F]NaF in intraplaque microcal-
cification, a better understanding of the precise molecular mechanism of
vascular uptake is needed. Using a number of techniques, including micro
PET/CT, autoradiography and histology, carotid endarterectomy speci-
mens have been utilized to determine the nature of ['®F]NaF uptake.73
The outcome of this study demonstrated that ['8F]NaF was highly selec-
tive for areas of microcalcification over macrocalcification which, the
authors speculate, is due to the increased surface area within microcalci-
fied deposits. ['®F]NaF binding in a swine coronary artery disease model
has demonstrated the presence of microcalcification in early neointimal
lesions before the development of clinically significant lesions identified
by other modalities.®> This imaging approach is perhaps the most prom-
ising and clinically advanced of the options discussed within this review.
Moving forward, this target would greatly benefit from further preclinical
studies using models of atherosclerosis in order to understand the rela-
tion of microcalcification to the pathophysiology of atherosclerosis.

4.4 Chemokine receptor 4

Chemokines are a family of small molecules which exert chemotactic
effects on cells. CXC chemokine receptor 4 (CXCR4) is the receptor
for CXC Chemokine Ligand 12 (CXCL12) and is expressed on endothe-
lial and smooth muscle cells; as well as inflammatory cells such as
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monocytes, macrophages, and leucocytes.86 The exact role of CXCL12/
CXCR4 in atherosclerosis is not yet known, although several studies re-
port different functions dependent on cell type. CXCR4 expression in
smooth muscle cells may be beneficial in atherosclerosis as administra-
tion of CXCL12 in atherosclerotic mice results in a thicker fibrous cap
due to cell recruitment.®’ In endothelial cells, CXCR4 may also play a
positive role by stimulating the recruitment of endothelial progenitor
cells to the plaque.® Conversely, CXCR4 stimulation in macrophages
can lead to increased pinocytosis which may cause the accumulation of
oxidized LDL and therefore the formation of foam cells.®*® Due to the
role of CXCR4 in the atherogenic process, interest in targeting this re-
ceptor has increase over recent years with the advent of the highly selec-
tive radiotracer [*®Ga]pentixafor. Several studies have investigated this
approach in preclinical and clinical settings. In a rabbit atherosclerosis
model, [*®Ga]pentixafor uptake was increased in injured atherosclerotic
vessels compared with healthy controls.2” Additionally, autoradiography
experiments demonstrated ['*I]pentixafor uptake was located in mac-
rophage-rich regions within the plaques. One of the first clinical studies
to investigate arterial binding and clinical correlates of [*®Ga]pentixafor
uptake was carried out retrospectively in 51 patients who were scanned
for non-cardiovascular indications.”® Focal arterial radiotracer uptake
was seen in all individuals, with the levels of uptake correlating with calci-
fied plaque burden and cardiovascular risk factors. In the same year, a
similar retrospective clinical study was carried out in 38 patients, 34 of
which showed arterial uptake of [*®GaJpentixafor.”’ High levels of
[*®Ga]pentixafor uptake correlated with cardiovascular risk factors.
[*®Ga]pentixafor uptake in plaques of patients who have recently suf-
fered a myocardial infarction is higher in culprit lesions.”” The same study
used ex vivo cadaveric coronary artery specimens demonstrating
[*®Ga]pentixafor mainly colocalized with CD68™ inflammatory cells.

4.5 Somatostatin receptor subtype 2

The somatostatin receptor subtype 2 (SST2) is a G-protein-coupled re-
ceptor which is through to play a role in mediation of the immune sys-
tem via the nervous system through the release of immumopeptides.”®
Expression of SST2 is highly up-regulated in macrophages which are chal-
lenged by an inflammatory stimulus such as li|30|:)olysaccharides.94 The
SST2 selective radiotracer [®®Ga]DOTATATE was developed in 2002 in
order to identify SST2 expressing tumours,” and more recently has un-
dergone investigation in atherosclerosis. Using a murine atherosclerosis
model, ex vivo autoradiography revealed radiotracer uptake in aortic pla-
ques which correlated with macrophage-rich regions.”® A similar finding
was found in a later preclinical study also using mice where it was also
noted that the alternative SST2 radiotracer [ésGa]DOTANOC had a
higher aorta-to-blood ratio than [®*Ga]DOTATATE.”” In a retrospective
clinical study of 70 oncology patients [*®Ga]DOTATATE PET uptake
was detected in all subjects and correlated with the presence of calcified
plaques and prior vascular events.”® More recently, in a prospective clini-
cal study of 20 patients who had recently suffered a carotid event no dif-
ference was demonstrated between uptake in symptomatic compared
with contralateral asymptomatic plaques.”” This was due to a lack of
SST2 expression demonstrated in follow up endarterectomy specimens.
[*8Ga]DOTATATE uptake in 24 unstable patients who had recently ex-
perienced a clinical event successfully identified culprit plaques in the
coronary and carotid arteries.'® A mean of maximum tissue-to-blood
ratio >2.66 identified culprit segments with a sensitivity of 87.5% and a
specificity of 784%. In addition, [®®Ga]DOTATATE out performed
["®FIFDG in the coronaries where myocardial uptake of ['®F]FDG ren-
dered scans uninterpretable. These studies highlight the potential for

targeting SST2 in vulnerable plaques and warrant further large scale clini-
cal trials.

4.6 Folate receptor-p

The folate receptor-p (FRP) is a glycoprotein which is expressed on the
surface of activated macrophages, but importantly is absent from resting
macrophages and other inflammatory cells.'®' Endogenously this recep-
tor mediates the delivery of folic acid and its derivatives into the interior
of a small subset of cells within the body, thus making it an attractive tar-
get for therapeutic delivery in addition to imaging.102 To date, folate im-
aging has largely been carried out in cancer and rheumatoid arthritis,
although several studies have investigated this approach in atherosclero-
sis. Preclinical imaging in a murine atherosclerosis model using a SPECT
folate radiotracer termed [**™Tc]EC20 results in increased uptake of
the agent in the plaques of mice on a western diet."®® Following deple-
tion of macrophages and monocytes with clodronate liposome treat-
ment uptake of [*Tc]EC20 within plaques is significantly reduced,
demonstrating the macrophage-specific uptake of this approach. Using a
another folate SPECT agent [**™Tc]-folate, high levels of radiotracer ac-
cumulate in areas rich in M2-like macrophages within carotid endarter-
ectomy specimens.'® More recently, a study utilized atherosclerotic
plagues from mice, rabbits and humans to investigate the potential of the
PET agent ['®F]FOL relative to ['®F]FDG.'® ["®F]FOL colocalized with
FRB positive macrophages within carotid endarterectomy specimens
from patients who recently suffered an ischaemic event. In the athero-
sclerotic mouse model ["®F]FOL binding was significantly higher versus
healthy controls and correlated with macrophage density. In both mouse
and rabbit models [18F]FOL had a target to background ratio as high as
["®FIFDG, without the issue of high myocardial uptake.

4.7 Cyclooxygenase 1/2

Cyclooxygenase (COX) is the rate-limiting enzyme which converts ara-
chidonic acid into prostanoids in order to mediate an inflammatory re-
sponse. There are two forms of COX, COX-1 is the constitutively
active from of the enzyme responsible for homeostasis, while COX-2 is
the inducible form associated with proinflammatory responses.'®
Currently, COX imaging has yet to be explored in the field of atheroscle-
rosis; however, radiotracers for these targets are currently being devel-
oped."® For example, ['"C]PS13 targets COX-1 and has widespread
uptake in healthy rhesus monkeys. ["'"CJMC1 targets COX-2, and in the
same study, had no uptake within healthy subjects, in agreement with the
inducible nature of COX-2. COX-2 has been shown to play a role in ath-
erosclerosis by catalysing the production of Prostaglandin E2 which
causes up-regulation of matrix metalloproteinases leading to plaque de-
stabilization.'® Whether this approach is selective enough to be used to
detect vulnerable atherosclerotic plaques is yet to be shown.

4.8 Selectivity of inflammation imaging

targets for atherosclerosis

As discussed above, there is a wide array of imaging approaches under
development for detection of inflammation within atherosclerotic pla-
ques. However, comparison studies are needed to clarify the following
points: (i) what cell type, phenotype or process does each approach tar-
get, and (i) which approach is better at assessing plaque vulnerability? A
common experimental design so far has been to undertake comparison
studies relative to ['®F]FDG. Recently, a study using human leukocyte
subpopulations and polarized macrophages was conducted to determine
the suitability and specificity of a number of radiotracers.'””"'%® Of these,
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[18F]FDG had the highest uptake in macrophages, followed by a TSPO
targeted radiotracer (['®F]GE-180). ['®FIFDG and ['®F]GE-180
uptake was higher in M1 macrophages and monocytes versus other leu-
kocyte subpopulations, contrasting with the CXCR4 targeting
([*®Ga]pentixafor) which did not distinguish between M1/M2 or leuko-
cyte subpopulations. As improved radiotracers become available more
complex comparison studies, preclinical and clinical, are necessary.

5. Angiogenesis

There is a large overlap in expression of angiogenic biomarkers in endo-
thelial and inflammatory cells, e.g. CD31.'%? Furthermore, a number of

non-endothelial cell types, such as macrophages,110

play a major role in
the angiogenic response. Therefore, imaging biomarkers which target
specific molecular pathways of the angiogenic process, rather than cell
type-specific targets, can be advantageous to non-invasively assess vul-

nerable plaques.

5.1 aVp3 integrin

aVB3 is an integrin which is closely associated with sprouting endothelial
cells and is essential during angiogenesis.""""""? This integrin is also highly
expressed by macrophages and may play an important role in foam cell
formation.""® There are a number of radiotracers based on the RGD
peptide targeting oVP3 integrin. [18F]Galacto-RGD was among one of
the first RGD radiotracers to be explored in atherosclerosis.'™* In an
atherosclerotic mouse model, [18F]Galacto—RGD uptake was increased
within the aorta relative to control C57BI/6N mice. However, as is the
case with many murine atherosclerosis models, no intraplaque angiogen-
esis was present and therefore following ex vivo investigation the signal
was attributed to macrophage uptake. [18F]Galacto-RGD has also been
investigated in a small number (10) of human carotid arteries which had
a high-grade stenosis relative to contralateral arteries.'" Radiotracer
target to background ratios were significantly higher in stenotic com-
pared with non-stenotic areas, which correlated with aVB3 integrin ex-
pression but failed to correlate with macrophage or microvessel density.
While this study highlights the potential of ['®F]Galacto-RGD in athero-
sclerosis, the use of stenotic vessels which were not particularly vulnera-
ble limits the conclusions which can be drawn in terms of suitability for
identification of vulnerability.

Another aVB3 integrin radiotracer, [18F]Fluciclatide, has largely been
developed in an oncology setting where it has been used clinically to as-
sess tumour angiogenesis in response to therapeutic interventions.®
Recently, [*®F]-Fluciclatide has been used to demonstrate that its uptake
within the aorta is a highly reproducible marker of atherosclerotic burden
in 46 subjects with a mixture of ischaemic heart disease, aortic stenosis,
and healthy controls.""” It should be noted that this imaging approach
may also bind to areas of fibrosis, as demonstrated in the lungs, which
may account for some of the uptake within plaques.’"® Targeting inflam-
mation and angiogenesis in atherosclerosis when using this approach may
prove to be a major advantage if further studies are performed in more
suitable preclinical models and vulnerable human cohorts.

5.2 a7 Nicotinic acetylcholine receptor

The a7 nicotinic acetylcholine receptor (a7nAChR) is one subtype of a
number of nicotinic receptors, consisting of a pentameric ligand-gated
cation channel. a7nAChR expression is widely associated with both
central and peripheral neuronal cells" but is also expressed in

non-neuronal cells such as epithelial, endothelial, and immune cells.'°

The focus of this section is on a7nAChR, as opposed to the other sub-
types, as this is the mostly highly expressed on endothelial cells and plays
an essential role in angiogenisis.121 As is the case with avP3 integrin,
a/nAChR is also expressed within macrophages. This serves to promote
the survival of the pro-angiogenic M2 phenotype.'”? Conversely,
a7/nAChR activation increases LDL cholesterol uptake within macro-
phages, potentially contributing to the formation of foam cells.'”
Directly, the role of a7nAChR in atherosclerosis has been demonstrated
in multiple preclinical studies through pharmacological and genetic ma-
nipulation. The a7nAChR partial agonist varenicline aggravated aortic
atherosclerotic plaque development in atherosclerotic mice, which was
blocked by the a7nAChR antagonist methyllycaconitine.'** Additionally,
atherosclerotic mice which received a bone marrow transplant from
o7nAChR”” mice have increased systemic inflammatory status and plate-
let function; however, no differences in plaque formation are evident.'”
To date, no studies have manipulated a7nAChR in atherosclerotic mod-
els which have intraplaque angiogenesis.

Overall, the evidence for the use of a7nAChR as an imaging target to
investigate the vulnerable plaque is convincing, and there are a number
of radiotracers currently under development as recently described in a
detailed review.'*® As of yet, none of these radiotracers have been
assessed in atherosclerosis. ['®FJASEM is an example of an a7nAChR an-
tagonist based radiotracer which has suitable properties for imaging the
human brain.'*”"? Since there is no evidence to suggest whether an ag-
onist or antagonist based approach is most suitable in atherosclerosis, al-
ternative agonist-based radiotracers such as [''CJNS14492'% and
["®FINS14490"° should also be considered. ['®FJNS14490 selectively
targets a7nAChR in mice, as well as having high metabolic stability."*
Interestingly, ['°FINS14490 also displays high uptake within vascular
structures of the healthy pig brain, eluding to its potential for cardiovas-

L 131
cular imaging.

6. Intraplaque haemorrhage

One of the most promising targets for intraplaque haemorrhage is glyco-
protein (GP) lib/llla complex, a receptor which is expressed on the surface
of activated platelets and is essential for platelet aggregation.'*
Histologically, GP lIb/llla is upregulated in unstable angina pectoris
patients,’> and is the target of novel ultrasound imaging agents targeting
high-risk plagues in murine atherosclerosis.”>* GP lIb/llla can be targeted in
PET imaging using ["®F]GP1, a recently developed radiotracer which has
high affinity for this target.”® ["®F]JGP1 has also been through a phase 1
clinical trial, demonstrating that it could identify acute arterial thrombus
across a number of cardiovascular pathologies, in addition to being safe for
use with a favourable biodistribution/kinetic profile."* With further pre-
clinical and clinical investigation, ['®F]GP1 could have significant potential.

1. Hypoxia and apoptosis

While hypoxia and apoptosis are distinct processes, they are also
strongly interlinked in atherosclerosis through hypoxia-induced release
of HIF-1at leading to stimulation of apoptosis.®® ["®F]FMISO is a radio-
tracer which becomes reduced and trapped within hypoxic cells."” In a
rabbit atherosclerosis model, aortic ['®F]FMISO uptake increased with
time on atherosclerotic diet and was 2.5 times higher than non-
atherosclerotic controls."® Hypoxia was histologically confirmed and
shown to localize in macrophage-rich areas. Clinically, one of the first
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studies to investigate [18F]FMISO in atherosclerosis demonstrated in-
crease uptake in symptomatic carotid plaques relative to asymptom-
atic>® A similar pattern was observed with ['®F]FDG suggesting that
hypoxia is responsible for a significant component of FDG signal within
plaques. More recently the radiotracer [18F]HX4 was developed which
has a similar uptake mechanism as ['®FJFMISO, but with an improved

37 ["®F]HX4 was used to demonstrate a correlation

metabolic profile.
between hypoxia and plaque burden in eight patients with a history of
cardiovascular events, where the maximum radiotracer to background
ratio was higher in plaque segments."®

The radiotracer ["®F]ML-10 binds to cell membranes within apoptotic
cells in a manner similar to the apoptosis probe annexin V."* ["8F]ML-
10 has been successfully used to detect apoptosis in a rabbit model of
atherosclerosis, with localization of the radiotracer and apoptotic cell
membranes confirmed by ex vivo histology and autoradiography.™° The
specificity of this approach for vulnerable atherosclerotic plaques has yet

to be explored.

8. Concluding remarks

There are a number of potential molecular imaging targets and
approaches which remain relatively unexplored in atherosclerosis. Even
further potential could be unlocked through the complementary use of
multiple radiotracers. Inflammation and calcification have been clinically
assessed in atherosclerosis using a dual radiotracer approach,141 a strat-
egy which has also been utilized in tumour imaging."** The use of more
advanced preclinical models, as well as a careful targeted clinical ap-
proach has great potential to identify an imaging approach which can
have a major clinical impact in the treatment of atherosclerosis. So far, a
vulnerable plaque targeted approach with the currently available diag-
nostic tools has yet to be realized."* The merits of this approach have

14314 and should continue

been discussed extensively in recent reviews,
to be further investigated; particularly as more imaging approaches be-
come available. Should the field shift towards a pan-vascular tree ap-
proach to diagnose at risk patients,'™ the same imaging options
developed to target individual vulnerable plaques will be applicable and
key to the success of this alterative strategy. Overall, it is the authors
opinion that ['®F]NaF imaging holds the most promise for the immediate
future in PET imaging of vulnerable atherosclerotic plaques. Over the
longer term, more specific approaches targeting inflammation, perhaps
via TSPO, and intraplaque angiogenesis’haemorrhage are most likely to
be successful in the identification of high-risk patients.
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