Open Access @

Journal of Molecular Biology and Molecular

Imaging ﬁustin Publishing croup

Review Article

Molecular Imaging of Angiogenesis in Cardiovascular
Diseases

Ziwei Huang!, Wei Du?, Zuo-Xiang He?, Zongjin

Lt Abstract

‘Department of Pathophysiology, Nankai University Cardiovascular diseases (CVD) are leading cause of mortality and morbidity
School of Medicine, China worldwide. Recent advances in molecular imaging provide invaluable tools for
*Department of Cardiac Nuclear Imaging, Fuwai Hospital, evaluating angiogenesis in CVD. It has been widely regarded that angiogenic
Peking Union Medical College & Chinese Academy of therapy is an attractive approach for treating ischemic heart disease; conversely,
Medical Sciences, China a variety of studies suggest that neovascularization contributes to the growth
*Corresponding author: Zongjin Li, MD, Nankai of atherosclerotic lesions and is a key factor in plaque destabilization leading
University School of Medicine, China to rupture. Moreover, angiogenesis is not only critical for atherosclerosis and

other cardiovascular diseases, but also for assessing the consequences of
therapeutic intervention. The developments of potential biological targets
for imaging angiogenesis and imaging tools have expanded our eyesight to
encompass many important components of the processes of angiogenesis,
either in physiological activities or pathological progressions. This review will
focus on recent advances on noninvasive approaches for direct evaluation of
the molecular events associated with angiogenesis in CVD, as well for prediction
responses and tracking therapeutic efficacy of angiogenic therapy.
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Molecular imaging aims at sensing specific molecular targets,
Vascular Endothelial Growth Factor

fundamental biological processes and certain cell types in living
Introduction subjects [2]. A number of methods are available to track molecular
events in vivo by molecular imaging [4] (Figure 1). The essence of
molecular imaging is the interaction between probes and targeted
markers. Initially, antigens on cell-specific surface or epitopes with

The concept and practice of molecular imaging, defined as the
in vivo characterization and measurement of biological processes at
cellular and molecular level within living organisms, has been present

for decades and originated with targeted nuclear imaging [1, 2]. Dtiiias
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processes in vivo, molecular imaging approaches will be critical for
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radio-labeled monoclonal antibodies are regarded as the beginning
of imaging methods. Often, the probes are associated with specific
molecular biological events in physiological or pathological
processes [3]. Successful molecular imaging relies on both probes
with high affinity, sensitivity, specificity and innovations of imaging
technologies. Positron emission tomography (PET) and single
photon emission tomography (SPECT) are two traditional main
nuclear modalities for imaging of molecular and cellular processes in
vivo. Besides the superior sensitivity, these two imaging systems also
have another important advantage of wide range of imaging probes
accessible for analyzing molecular processes in vivo. Ultrasound and
magnetic resonance imaging (MRI) also help to assess cardiovascular
diseases and therapeutic interventions. MRI has good spatial
resolution and tissue penetration and a high susceptibility to motion
artifacts; however, there are not as many probes available as PET and
SPECT.

There’s no imaging modality meeting all clinical needs optimally.
The choice of an imaging modality is depended on the reflection
that the therapeutic targets cast on the biological processes [3].
Moreover, the success of molecular imaging rests on the development
targeted biological markers of molecular and physiological processes,
development of new instruments with improved sensitivity and
resolution and the establishment of multidisciplinary teams of
experimental and clinical investigators with a wide range of expertise
[8]. Since the role of angiogenesis plays in the CVD is so controversial
that targeted imaging of the process is necessary. To make the goal
realizable, the developments of molecular imaging techniques and
imaging marker are essential. We expect that targeted imaging of
angiogenesis can contribute to improving translation of animal
research to the clinical applications in near future.

Angiogenesis in Cardiovascular Diseases

Angiogenesis is generally defined as the sprouting of new
capillaries from pre-existing micro vessels, which is a complicated
process involving multiple cell types, numerous growth factors
and complex regulatory checks and balances orchestrated by both
stimulatory and inhibitory factors [9, 10]. During angiogenesis major
physiological stimulatory conditions known for certain include tissue
ischemia and hypoxia, inflammation and shear stress, et al [11]. To
now, a variety of local and circulating factors have been identified
to get involved in the angiogenesis process, including vascular
endothelial growth factor (VEGF), hypoxia-inducible factorloa (HIE-
la), transforming growth factor beta (TGF-f) and angiopoietins, in
which VEGF is the most critical mediator. Besides, the angiogenic
response is also modulated by the composition of the extracellular
matrix (ECM) and intercellular adhesions, including integrins [8].
Integrins are a family composed of 24 of heterodimeric cell adhesion
receptors capable of mediating the attachment of cells to the ECM or
the interaction between specialized cells. Particularly, the o B, integrin
is expressed in angiogenic vessels. Since allowing cells to interact with
the ECM and acting in the migration, proliferation, differentiation
and survival of cellular processes, the a 3, integrin is considered as
another significant novel target for imaging angiogenesis in addition
to the VEGF. As a result, the two factors remain as a focus for multiple
molecular imaging studies while diagnosing or treating diseases
characterized by angiogenesis. In addition, many factors controlling

and influencing angiogenesis including soluble growth factors,
membrane-bound proteins, cell-matrix and cell-cell interactions
and many interacting systems have been used as imaging targets for
angiogenesis [11].

Angiogenesis in atherosclerosis

The growing worldwide health challenge of cardiovascular
diseases (CVD) has caused a remarkable need for early diagnosis and
sequential treatment. The majority deaths nowadays can be accounted
for myocardial infarction and stroke resulting from atherosclerosis.
During the process, one of the major pathologic features of
atherosclerosis is atherosclerotic lesion. In fact, atherosclerosis is a
result of a series of highly specific molecular and cellular inflammatory
responses of the vessel wall. At first, the lesion appears as a reversible
fatty-streak state. Then it develops to a plaque containing foam cells,
mast cells, macrophages and other cells, forming a necrotic core.
Eventually, luminal stenosis happens, leading to myocardial ischemia
[12]. What’s more dangerous is that the atherosclerotic lesion can
sometimes rupture and form thrombus in the vessels.

With the burgeoning in the understanding of the molecular
pathways involved in atherogenesis and lesion progression and the
mechanisms underlying the complications of human atherosclerotic
plaques [13], new techniques and therapy methods are on the way to
help. Imaging methodologies are introduced to identify the lesions
in relevant vascular beds, which may then alter or guide current
therapies in patients with cardiovascular diseases. A large amount
of imaging targets for CVD have been reported [14], including
macrophages, annexin V, protease activity, angiogenesis, thrombosis,
fibrin and platelets, targeting the inflammation progression and
rupture (Figure 2).

Angiogenesis is one of the most leading candidates which promise
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Figure 2: Molecular imaging targets for cardiovascular disease. It introduces
some imaging targets using different imaging techniques or multimodality
imaging platforms. The set includings are monocytes (iron oxide
nanoparticles, T2-weighted MRI), myeloperoxidase (MPO-Gd, T1-weighted
MRI), proteases (FMT-CT), angiogenesis (integrin, PET-CT), myocyte death
(annexin V-decorated iron oxide nanoparticles), myofibroblasts (integrin,
fused SPECT/MR), collagen (MRI), transglutaminase (factor Xlll, SPECT-
CT). Among them, angiogenesis is one of the most characteristic targets
used in molecular imaging in monitoring and diagnosis. Reproduced with
permission from [14].
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to affect the clinical applications. Different from the tumor growth,
the role of angiogenesis in atherosclerosis is remained unsolved and
consensus cannot be reached on the problem. Debates surrounding
the pathogenic role of angiogenesis in cardiovascular diseases such as
atherosclerosis has been particularly energetic [15]. The controversy
to the problem shows that the pathological process of cardiovascular
diseases, particularly atherosclerosis is extensively complicated.
Koester noted the association between neovascularization and
atherosclerosis in 1876 [16], which was observed by others later. More
specific mechanisms are discovered in the following century and the
concept that angiogenesis is not just a bystander but a key player in
atherosclerosis is evidenced by mouse models of atherosclerosis [12].
Recent researches reveal that pathogenic angiogenesis often emerges
in the plaque of atherosclerosis, which promotes the development of
atherosclerosis or even triggers in traplaque hemorrhage and potential
complications [14]. However, the promotion of angiogenesis is an
attracting therapy on myocardial ischemia. Although more studies
are still on the way about the mechanisms, there is no doubt that
therapeutic angiogenesis is an exciting field of cardiovascular
medicine, filling some limitations that surgeries cannot break through.
As a result, it’s a highly contentious tissue whether angiogenesis is
a key causative factor in the pathogenesis of atherosclerotic plaque
formation or is a way to treat coronary heart disease [17].

Angiogenesis in myocardial infarction

Angiogenesis plays an important role in infarct healing and left
ventricular remodeling following myocardial infarction and infarct
remodeling has important implications for the prognosis following
myocardial infarction [18]. Myocardial angiogenesis will help
treat cardiac disorders concerning ischemia. During the process
of angiogenesis, a number of cytokines and related cells can be
detected to help evaluate. Recently, a preliminary SPECT study of 10
acute myocardial infarction patients imaging integrin o, 3,-targeted
agent to predict left ventricular remodeling (***Tc-Nc 100692, GE
Healthcare, Oslo, Norway) [19]. Further analysis will also help allow
assessment in post-myocardial infarction patients.

Therapeutic angiogenesis

The consequences of cardiovascular disease are likely to be lethal
(eg, myocardial infarction, heart failure), even if multiple surgical
therapies are commonly used to help patients. In fact, ischemic
cardiovascular diseases are the number one cause of mortality in the
United States and a major cause of morbidity and health-care use
[20], which appeals for more effort on the better and more useful
treatments. As a result, stem cell therapy has appeared as a powerful
option and generated significant interest [21-23].

As mentioned before, angiogenesis can occur following many
physiologic and pathologic processes, for example, it is associated with
recovery from accidental or surgical wounds. With more bioassays
and pre-clinical experiments performed, progress in understanding
the relationship between cardiovascular diseases and angiogenesis
has created a new perspective on therapeutic angiogenesis. Previous
preclinical trials have already erected the concept that new vessels can
help the ischemia. However, the translation to the clinical application
is frustrating. Angiogenesis here is a kind of capillary proliferation
based on ischemia beds and hypoxia is the major driver. It’s not
already clear that whether it is sufficient to compensate for ischemia

MIBI

MIBI

Figure 3: Imaging of a B, integrin to monitor angiogenesis. Three weeks
after myocardial infarction, the patient was injected integrin o 8,-targeted
agent (*"Tc-NC100692). As arrow heads, in the infarct zone, focal signal
enhancement shows the expression of integrin a B,, which reflects the
condition of angiogenesis. A: the short-axis; B: long-axis. Reproduced with
permission from [19].

resulting from a proximal occlusion of a major arterial trunk, as is the
case with many patients with coronary or peripheral vascular disease
[24]. However, the host of stimulatory and inhibitory factors offers a
huge amount of targets for therapeutic interventions and molecular
imaging, which will promote a further understanding over the real
role of angiogenesis in cardiovascular diseases.

Molecular Imaging of Angiogenesis in
Cardiovascular Diseases

To help noninvasive observe the cardiovascular system, molecular
imaging tools and targets are two important fields to explore for the
availability to be used in clinical assessment [14]. Usually, techniques
are needed to image the vulnerable lesions in blood vessels and
myocardial ischemia condition. When diagnosing atherosclerosis,
the imaging of macrophages, annexin V, protease activity and
angiogenesis can help to define the disease stage. When diagnosing
thrombosis, imaging markers like fibrin and platelets are useful.
When diagnosing myocardial infarction, angiogenesis and stem cells
for regeneration are developed into the clinical application. As a
result, imaging angiogenesis can reflect the cardiovascular condition,
besides imaging specific targets in the activity indirectly means
cardiovascular imaging. As mentioned above, imaging techniques
like MRI, PET/SPECT are indispensable tools to help observe and
figure out the exact condition of cardiovascular system.

Due to the important role the angiogenesis plays in many kinds of
diseases as mentioned above, angiogenesis is regarded as an exciting
frontier of therapy. Since the role of angiogenesis in atherosclerosis
and other CVD has emerged as a major unresolved issue [12], the
molecular mechanisms involved in angiogenesis need analyzing and
the observation through molecular targeted imaging is necessary.
Molecular imaging of reliable biomarkers to monitor the activity of
the angiogenic factors will flourish the development in this frontier.
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Imaging of a @, integrin

Vascular biology of atherosclerosis suggests several molecular
processes that can serve as imaging targets [13], including o f,
integrin and VEGF as angiogenesis markers, adhesion molecules in
endothelial activation, etc. They can be markers both for tracking
the process of atherosclerosis and for emerging therapeutic
interventions. The a, f, integrin is found abundant on the surface of
proliferating endothelial cells and known to modulate angiogenesis,
thus representing a main target for imaging. Advanced molecular
probes relevant to a B, integrin has been developed in PET and
SPECT imaging for assessing angiogenesis, thus multiple studies
are undertaken and confirm that increased a3, integrin activity is
present within the myocardium at both early and late time points
post-infarction [19, 25, 26] (Figure 3). The earliest research focused
on in vivo using magnetic resonance imaging targeted a,f, integrin
can be dated back to the noninvasive detection via a paramagnetic-
labeled monoclonal antibody examination. However, further studies
have been limited by the poor clearance of the antibody from the
blood. Then, Haubner et al focused on the Arg-Gly-Asp (RGD)
peptides, which are known to have high affinities for the a,f, integrin
[27]. Given these preliminary work, it is supported that radio labeled
targets of the o B, integrin for imaging of angiogenesis provide a
useful technique that can be applied to clinical researches.

Specifically, "'In-RP748 and*™Tc-labeled peptide (NC100692)
are further reported for in vivo imaging of myocardial angiogenesis.
It appears that "'In-RP748 has association with the activation of
the o, B, integrin in infarct region, additionally; trials of rats also
supported that regional myocardial retention of '"'In-RP748 related
to the focal uptake of a radio labeled nitroimidazole (BRU-5921) in
the reperfused infarcted region [28]. Therefore, the argument that
"In-RP748 is a targeted marker of angiogenesis is supported, which
is also a stimulator in myocardial hypoxia regions.

#mTc-labeled peptide is another technetirum-labeled cyclic RGD
peptide that has been used in a variety of studies to noninvasively
assess angiogenesis [29]. It was demonstrated by a group at Yale
University in rodent models of hind limb ischemia [5]. The result
was further confirmed by the close correlation of ex vivo tissue
analysis (gamma counting) and immune fluorescence staining [5].
In addition to these markers, promising targeted imaging of other
integrin like a 8, can be also taken into account. And the goals for
the years to come may covert the translation from experiment work
to visualization of these appealing biologic targets in humans. It
seems considerable challenges to bridge the gap between laboratory
experiments to the clinic.

Imaging of VEGF or VEGF receptors

Another indispensable target in angiogenesis is VEGF. The
close association of angiogenesis with the expression of VEGF and
VEGF receptors is well recognized, while the impact of VEGF on
atherosclerosis plaque is in vigorous debate. There are four known
isoforms of VEGF ligands, modulating the angiogenic effects by
binding to specific receptors. Thus the VEGF receptors (VEGFR-1,
VEGFR-2,VEGFR-3) are rational targets for imaging ischemia-
induced angiogenesis. It appears receptor dimerization and
subsequent intracellular signal transduction via tyrosine kinases
[30]. Varieties of researches have targeted imaging of angiogenesis

aVp, integrin]
Anti-aVB, antibody ‘
['"In]-Quinolone
[#*mTc]-NC 100692
RGD-liposome |
Y 4

Hypoxia and

. : VEGF/VEGFR |
ischemia .

| ["1In]-VEGF 21

| [#¥mTc]-scVEGF

| [$*Cu]-VEGF
Anti-VEGFR2 antibody

induced
angiogenesis

PDGF, aFGF/bFGF, TGF-B,
Eph-Ba/ephrin-B2, VE-cadherin,T
" angiopoietin, et al

Figure 4: Targets for molecular imaging angiogenesis. Resulting from
ischemia and hypoxia in the organs and tissues like heart, the expression
of an amount of molecular mediating angiogenesis are up regulated to
response. Imaging probe scan be developed for targeting those molecules.
Abbreviations: RGD peptide: Peptide Composed of Arg-Gly-Asp Sequence;
VEGF: Vascular Endothelial Growth Factor; VEGFR: Vascular Endothelial
Growth Factor Receptor; scVEGF: single-chain VEGF; PDGF: Platelet-
Derived Growth Factor; aFGF and bFGF: acidic and basic Fibroblast Growth
Factors; TGF-B: Transforming Growth Factor-§3.

by radio labeling (**I and '*I) angiogenic receptors in animal models
to identify ischemia tissue. A recombinant human form of VEGF
associated with antibodies is examined in initial studies of VEGF.
However, the preclinical applications of these approaches are partly
limited by the total VEGF,,, receptor density and the slower than usual
clearance rates of these antibodies. Then evolution in new probes
comes into existence. Marina V Backer et al described single-chain
VEGF-based probes [31], which makes investigations more efficient
and helps monitor the up regulation of VEGF during angiogenesis.
There is also “Cu-6DOTA-VEGF , imaged as the tracer in a rat
model of myocardial infarction for angiogenesis [32].

The development of VEGF receptor imaging raises the hope
for applications in clinical intervention and the evaluation of
therapeutic angiogenic strategies. In cardiovascular disease and other
peripheral vascular diseases, the identification of VEGF receptors
contributes to the option of sites for local injection of angiogenic
treatments. Moreover, various angiogenesis-stimulating factors like
platelet-derived growth factor (PDGF), fibroblast growth factors
(aFDF and bFGF), TGF-f, Eph-B4/ephrin-B2, VE-cadherin and
angiopoietin can be used for angiogenesis imaging (Figure 4).
Furthermore, several molecular processes involved in the vascular
biology of atherosclerosis, such as the leukocyte adhesion molecules
in endothelial dysfunction, activated macrophage and ongoing
leukocyte recruitment in inflammatory activation, can shed light on
the imaging targets of angiogenesis.

Multimodality imaging

As mentioned, imaging techniques are expected to supply
anatomic, structural, functional, molecular and genomic information
for the diagnosis and therapy while none of them can meet all the

clinical needs currently. As a result, multimodality imaging has
gained appeal for having the advantage of harnessing the strengths
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"F-FDG PET

PET/CT

Fusion

Figure 5: Multimodality imaging of angiogenesis in a rat model of MI. Micro CT (up left) image provides the anatomic landscape for localizing and PET (up/down
right) generates the functional and molecular data. The fusion in the middle is an example explored in multimodality molecular imaging. There is increased uptake
in surgical wound area (arrowheads) in both PET images and the fusion images. Reproduced with permission from [32].

#Cu-DOTA-VEGF,,, PET

of different imaging methods [32] (Figure 5). Often, CT and MRI
possess high anatomic resolution while SPECT/PET can provide high
detection of sensitivity. Thus optical modalities and radionuclide
methods can be combined to furnish synergistic and complementary
information clinically. With the appearance of the first commercial
PET/CT system, the approach was rapidly embraced by increasingly
medical professions. There are also some outstanding issues though
including partial volume effect, lesion segmentation, reconstruction
timing and protocol workflows, which restrict the acceptance to
increase in clinical assessment. In addition to further developments
of PET/CT system, PET/MRI system is on the way. However, more
challenges exist and many troubles need solving. Multimodal probes
are another important field for multimodality imaging, which can
be divided into two categories: (1) probes that enable multiple in
vivo imaging molecular readouts and (2) probes that enable in vivo
imaging and concomitant targeted therapy [33]. Nanoparticles
platform is promising for multimodality imaging in vivo [3].

Translational Prospects

Treatment of patients with cardiovascular diseases increasingly
incorporates molecular and cellular markers of disease into
management algorithms [2]. Various imaging approaches that can
visualize molecular targets have limitations from many aspects.
Before using in human, one clinical-grade material, especially probes
and agents, require extensive toxicological testing in trials. Another
important issue is the practicality, for example, the use of MRI in the
coronary circulation is impeded by the cardiac and respiratory motion
where plaque rupture is likely to have considerable clinical impact on
the organ [34]. As for the signal, imaging techniques should satisfy
the requirements for spatial and temporal resolution, which means
high sensitivity and penetration to guarantee the signal strength.
Though molecular imaging is still in the infancy, it shows promise for
providing biological details of atherosclerosis, myocardial infarction
and others.
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