Imaging at the inter-face of inflammation and angiogenesis by 18F-fluciclatide PET
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Molecular mechanisms underlying atherosclerotic plaque rupture are complex and unpredictable by any current imaging test. However, several key pathogenic processes known to increase the likelihood of an acute plaque event can be tracked in vivo using positron emission tomography (PET) imaging with specifically targeted tracers. In this issue of Heart, Jenkins et al.

[1] examine the utility of 18F-fluciclatide, an v3integrin binding PET tracer, for imaging atherosclerosis. This intriguing study adds great momentum in the push to identify novel methods for imaging molecular signatures of high-risk plaques, and raises several important broader considerations for the field of vascular imaging research.  
v3 has been extensively studied in a range of diseases, including atherosclerosis. Endothelial v3 is highly expressed during angiogenesis, where its interactions with extracellular matrix proteins and angiogenic cell surface growth factor receptors promote cell proliferation and mobility.[2] The histologic finding of neoangiogenesis is a well-characterised feature of high-risk atherosclerotic plaques.[3,4] Hypoxic stimuli deep within the plaque trigger new microvessel formation from both the adventitial vasa vasorum and the luminal surface. These new vessels are fragile and prone to haemorrhage. Intra-plaque haemorrhage, in turn, results in rapid necrotic core expansion, leading to the accumulation of free cholesterol from red cell membranes and intense inflammatory cell infiltration, destabilising the plaque and increasing its propensity towards rupture.[5] Endothelial v3 also acts as a mechanotransducer, mediating shear-stress induced pro-inflammatory signalling via NF-kB activation, which further contributes to the formation of high-risk plaques.[6] 
In macrophages, v3 helps regulate pro-inflammatory cytokine release, foam cell formation, and efferocytosis.[7,8] The v3 receptor is also expressed by a range of other cells involved in the pathogenesis of atherosclerosis and plaque rupture, including migrating smooth muscle cells, differentiating fibroblasts and platelets.[9] In oncology, while there is some evidence to support v3-targeted therapies for disrupting tumour-induced angiogenesis and tumour growth,[10] low concentrations of v3 inhibitors have been shown to paradoxically stimulate angiogenesis by altering v3 and vascular endothelial growth factor receptor-2 trafficking.[11] Its prominent role in the vasculature suggests that blockade of v3 signalling might in the future also prove to be an important pharmaco-therapeutic target in cardiovascular disease. Thus, v3 represents a promising molecular imaging target in atherosclerosis.
v3 integrin PET imaging in atherosclerosis
Imaging v3 receptors in vessels could help to identify high-risk atherosclerotic plaques. In a pilot study of the v3-binding PET tracer 18F-Galacto-RGD, which included 10 patients with high-grade carotid atherosclerosis scheduled for endarterectomy surgery, increased PET signals were observed in stenotic, compared to non-stenotic areas of carotid arteries, which were significantly correlated with ex vivo v3 plaque staining and autoradiographic signal intensity.[12] As an initial feasibility study, there was insufficient power to detect a difference between culprit and non-culprit carotid arteries. Localisation of v3 signals within atherosclerotic plaques has also been demonstrated using other nuclear imaging probes in preclinical studies,[13-16] and in excised human carotid endarterectomy specimens.[17] However, despite meaningful attempts to correlate imaging with histology, none of these previous studies could determine conclusively whether detectable vascular v3 signals originated from the activated endothelium, macrophages, or both. 
The data from 46 patients presented by Jenkins et al. represents the largest prospective cohort of patients with atherosclerosis imaged using an v3 tracer.

[1] In a related study, the group previously reported that 18F-fluciclatide could accurately identify areas of acute myocardial infarction, and that detection of these PET signals in impaired, but viable myocardium indicated an increased probability of subsequent recovery in left ventricular ejection fraction and regional wall motion.[18] In the current study focused on atherosclerosis, aortic 18F-fluciclatide signals were higher in patients with recent myocardial infarction, compared to stable cardiovascular disease. Aortic 18F-fluciclatide signals were also moderately correlated with both the total plaque volume and calcific burden in the aorta. To further validate the clinical findings of these two studies, ex vivo analyses of v3 receptor expression and PET ligand binding within myocardial biopsies and excised carotid arterial specimens were performed. 
The authors should be congratulated on these important additions to the literature. However, as the authors acknowledge, imaging patients prior to surgery would have permitted more direct comparisons with histological markers of plaque instability. As most experimental PET ligands tested in atherosclerosis, including 18F-fluciclatide, were developed initially for cancer imaging, re-purposing of these PET tracers outside their intended clinical indication requires careful consideration. While ligand binding experiments are often used to infer accuracy of PET tracers for marking an imaging target, histological validation of clinical imaging is challenging in atherosclerosis as no ex vivo technique can accurately replicate the local plaque environment in patients. Moreover, many commonly used histological markers, including CD68 for macrophages and CD31 for endothelial cells lack a high-degree of specificity for any individual cell type. Thus, identifying correlations between ex vivo ligand binding and selected histological markers of interest, while important, might not alone give the full answer. 
To more accurately resolve the question of what lies beneath clinical PET signals generated by novel ligands in atherosclerosis, where feasible, future studies should consider integration of quantitative genomic analyses that best describe the transcriptional and regulatory profiles of the heterogenous range of cells present within advanced atherosclerotic plaques. For example, a previous study demonstrated that gene expression markers of microvessel density and inflammation, but not neoangiogenesis, were significantly correlated with 18F-fluorodeoxyglucose (FDG) uptake in symptomatic atherosclerotic carotid artery plaques.[19] Here, the gene-expression data adds important insight to help understand the biological mechanisms that define the imaging target. Another highly instructive plaque imaging study identified differentially activated macrophage pathways, including interferon signalling, in symptomatic carotid plaques with high lipid content measured by T2 mapping MRI, using gene set enrichment analyses of microarray data from macrophages procured by laser capture microdissection.[20] Advances in methods for single-cell RNA sequencing and spatial transcriptomics will likely present further opportunities for this type of molecular imaging research. 
Precision imaging versus signal intensity 
When selecting a PET ligand for atherosclerosis imaging, a trade-off exists between those tracers with highly precise imaging targets, and those with greater signal intensity. While 18F-FDG is the most widely used PET tracer in clinical medicine, providing a strong, highly reproducible signal across multiple vascular beds in patients with atherosclerosis, as a glucose analogue this tracer is less specific for individual inflammatory cell types or pathological processes than other more targeted experimental tracers.[21,22] However, these more narrowly targeted tracers often provide lower signal intensity compared to background readings than 18F-FDG, as demonstrated in a study of the hypoxia tracer 18F-FMISO.[23] In the study by Jenkins et al., relatively low arterial 18F-fluciclatide signals compared to blood pool activity precluded accurate assessment of tracer uptake in the coronary arteries.
Untangling the intertwined pathological processes of inflammation, hypoxia and neoangiogeneis at play within high-risk atherosclerotic plaques with PET imaging might not be possible, or even beneficial. Robust signal intensity is crucial for baseline identification of high-risk plaques, where a blunt approach might better encompass the overall disease activity. In contrast, PET tracers that report on more precise molecular pathways might be favourable for tracking subtle longitudinal changes in the natural history of the disease, or monitoring treatment response.[24] Indeed, provided inter-scan signal reproducibility is confirmed, vascular 18F-fluciclatide PET imaging could open new avenues for testing the efficacy of novel anti-angiogenic therapies aimed to stabilise high-risk plaques in patients with cardiovascular disease.[25] 
Aortic imaging as a barometer of systemic atherosclerotic disease activity
By focusing on aortic imaging as a non-invasive barometer of systemic atherosclerotic disease activity, this approach has the potential to identify high-risk features at the patient-level, to complement more focal plaque-based assessments of anatomic, haemodynamic and morphologic disease severity. These focal disease measures, while essential for guiding everyday clinical management decisions in patients with symptomatic coronary or carotid artery disease, may be too heavily influenced by local plaque factors to give a balanced indication of overall disease activity. In fact, previous work has shown the ability of 18F-FDG to differentiate patients with acute coronary syndrome versus stable angina when measured in the ascending aorta and proximal left main stem, but not the proximal or mid left anterior descending artery.[26] 
Systemic inflammation measured in the aorta has also been linked with cardiovascular risk in patients with psychological stress and increased 18F-FDG activity in the amygdala and bone marrow.[27] In patients with chronic systemic inflammation due to psoriasis, aortic 18F-FDG uptake is highest in patients with non-calcified coronary artery disease, and in those with low attenuation plaques indicating the presence of large lipid-rich necrotic cores.[28] In patients presenting with non ST-segment elevation myocardial infarction, aortic 18F-FDG uptake also appears to be associated with an increased number of lipid-rich coronary plaques identify by three-vessel intravascular optical coherence tomography, but not thin-cap fibroatheromas.[29] 
However, the bigger question is whether sufficient data exists to advocate changes in clinical management from experimental measures of aortic atherosclerosis? Although the comparisons between 18F-fluciclatide uptake and aortic wall thickness or calcification are interesting, these aortic imaging endpoints are not currently recognised as clinical markers that would themselves prompt treatment for atherosclerosis. Increased aortic wall thickness could reflect structural changes in the vascular wall arising from chronic hypertension rather than a direct measure of atherosclerosis per se, given the close correlation between systolic blood pressure in intima medial thickness.[30] Dense circumferential calcification of the aortic medial layer arising in patients with diabetes mellitus and chronic kidney disease also often coincides with the more patchy neointimal calcification of typical atherosclerosis.[31] 
Moreover, while thoracic aortic calcification has been identified as an independent risk factor for stroke and all-cause mortality at the population-level,[32] measurement of aortic calcification has not reliably demonstrated incremental benefit for prediction of coronary events over traditional risk factors;[33,34] thus screening with a primary purpose to identify thoracic aortic calcification is not recommended.[31] While molecular imaging of aortic disease activity could be superior for predicting future coronary events to conventional assessments of disease severity, including calcification, in this study there was no statistically significant relationship observed between aortic 18F-fluciclatide uptake and presence of coronary heart disease in stable patients. This finding might in part be explained by differing angiogenic responses or macrophage content in aortic compared to coronary plaques.
It is also not clear whether having a recent myocardial infarction would lead to significant increases in aortic microvessel formation, or indeed whether these changes are likely to occur within 1 to 3 weeks post infarct; although it does seem probable that v3 is acting as an activation antigen with its expression induced. These important questions suggest, in this clinical scenario, that 18F-fluciclatide might be reporting predominately on systemic inflammation rather than endothelial cell proliferation. In future studies, direct comparison of 18F-fluciclatide to MRI-based markers of inflammation and neoangiogenesis, for example using combined PET/dynamic contrast enhanced-MRI,[35] could help to further examine these initial observations. 
Future role (and challenges) of PET imaging for cardiovascular risk prediction 
While there are many good clinical methods for imaging atherosclerosis, accurate risk prediction remains challenging.[36] The major hurdle for any new imaging method when predicting cardiovascular risk is to demonstrate significant incremental benefit over established measures of disease severity that are often easier and quicker to perform, more widely accessible to patients, and more economical for healthcare systems. However, unlike these conventional imaging targets in cardiovascular disease, PET imaging can provide unique markers of disease activity, such and inflammation and neoangiogenesis, which are central to the pathogenesis of disease. The article by Jenkins et al. eloquently demonstrates the use of aortic 18F-fluciclatide imaging for this purpose. In a new era of targeted lipid-lowering and anti-inflammatory therapies for cardiovascular disease, the primary role of PET imaging of disease activity remains as a research tool to study disease mechanisms and test novel therapies. In the future, this approach could also be applied in the clinic to inform the management of certain high-risk cardiovascular patients. The next step for the translation of novel PET tracers such as 18F-fluciclatide for cardiovascular risk prediction in the clinic is to perform larger, collaborative long-term clinical outcome studies in selected high-risk cohorts where there is a realistic expectation that PET imaging could have a true clinical benefit for guiding advanced therapies to alter the course of the disease. 
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