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General Discussion

Atherosclerotic disease includes complexities that characterize the lesion itself, as well 
as the downstream processes that encompass myocardial ischemia, a vast infiltration 
of monocytes, collateral vessel growth and remodeling. In this thesis we have aimed 
to address a number of the pillars of ischemic heart disease by developing novel 
diagnostic tools, understanding the inflammatory infiltrates, along with identifying 
novel therapeutic targets. Hereby I discuss our main findings in the context of current 
developments in this area and consider important questions that have arisen from our 
work.

Molecular imaging of atherosclerotic plaques
Traditional means of diagnosis of the severity of atherosclerotic disease has relied upon 
calculating the percentage of vessel stenosis using angiography. Unfortunately, this is an 
oversimplification characterizing plaques only as pathological lipid deposition within 
arteries. The complex molecular and cellular composition of the plaque is more inclusive 
of the attributes deeming a plaque vulnerable to rupture 1. Molecular imaging of matrix 
metalloproteinases (MMPs), particularly MMP2 and MMP9 (MMP2/9) subtypes, 
allows for the detection of lesions with active remodeling and matrix destabilization 2. 
These lesions are more susceptible to rupture, and would potentially remain unnoticed 
with other traditional imaging techniques.

In Chapter 2 we have developed a novel molecular imaging agent to successfully 
visualize atherosclerotic plaques with active matrix destabilization by targeting matrix 
metalloproteinases (MMPs) 2 and 9. We examined a panel of MMP subtype-selective 
inhibitors that could successfully target gelatinase subtypes, MMP2 and 9. The 
analogue with the highest inhibitory potency was radiolabeled with [123I], and shown to 
successfully target MMP2 and 9 in mouse atherosclerotic lesions. [123I] was selected as a 
suitable radioisotope such that the compound would be compatible with single photon 
emission computed tomography (SPECT). SPECT machines offer the advantage of 
wide availability. Furthermore, [123I] has a convenient physical half-life of 13.2 hours, 
eliminating the need for a dedicated on-site radionuclide production facility. 

In Chapter 3, we resynthesized the compound developed in Chapter 2 by radiolabeling 
with [18F], a radioisotope suitable for positron emission tomography (PET). This nuclear 
imaging modality offers the advantage of improved spatial resolution 3. The resynthesized 
compound demonstrated successful uptake in atherosclerotic lesions in mice as well as in 
humans, while retaining specificity towards MMP2 and 9. Biodistribution experiments 
in wild type mice revealed substantial uptake of the radiotracer in bone, deeming the 
compound in its current chemical form unsuitable for patient usage due to potentially 
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high radioactive burden. 

Relative to other MMP tracers, the molecular imaging tracers developed in Chapters 2 
and 3 offer the unique advantage of selectively targeting gelatinase MMPs (MMP2 and 
9) over MMP1. A high binding selectivity over MMP1 is important as it reduces the risk 
of interference with the normal biological activity of other MMPs. Both radiotracers 
demonstrated stabilization of the compounds in the circulation 1 hour after intravenous 
bolus injection. Future work involving the molecular imaging tracers developed in 
Chapters 2 and 3 must include the investigation of specificity towards additional MMP 
subtypes, metabolite generation, efficacy to target atherosclerotic lesions in other animal 
species, including atheroprone rabbits, as well as live imaging using animal SPECT and 
PET. In addition, chemical modifications to increase lipophilicity of the compounds 
should be investigated to diminish uptake in the bone. These steps are imperative for 
ultimate translation towards clinical use. 

Infiltrating monocytes in the ischemic myocardium
Travelling downstream of the lesion, progressive narrowing of a coronary artery can lead 
to ischemic damage in the myocardium. One of the first cellular infiltrates following 
myocardial ischemia onset are monocytes, contributing to myocardial healing and 
repair along with adverse remodeling. The balance between pro-inflammatory and 
reparative monocytes has been shown to be important for governing these therapeutic 
and pathological outcomes. 

Following myocardial ischemic damage due to acute or progressive coronary artery 
occlusion, an upregulation of chemokines in the myocardium attract circulating 
monocytes, which thereby infiltrate into the myocardium and differentiate into 
macrophages. In Chapter 4 we provide an overview of the factors that modulate monocyte 
polarization toward various macrophage phenotypes in the healing myocardium. 
Numerous studies, both pre-clinical and clinical, have demonstrated that modulation of 
macrophage subset polarization can influence myocardial healing after acute myocardial 
infarction (AMI). Clinical studies have also demonstrated a distinct spatiotemporal 
pattern of infiltrating monocytes in infarcted myocardium 4. Furthermore, prolonged 
presence of pro-inflammatory macrophages can lead to expansion of myocardial 
ischemic damage 5, 6. Thus, understanding the fate of monocyte subsets is imperative for 
ultimately developing therapeutic interventions.  

Current imaging techniques lack sufficient spatial resolution for detailed three-
dimensional (3D) depictions of infiltrating monocytes/macrophages relative to the 
vasculature on an entire organ level. In Chapter 5, we developed a novel method for 3D 
ex vivo imaging of infiltrating monocyte subsets relative to the entire coronary vascular 
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network in the myocardium 7. By employing the imaging cryomicrotome 8-11, we 
successfully visualized monocytes at μm resolution in relation to the detailed coronary 
microvascular network and developed methods to quantify infiltrating cells in various 
animal models We presented a proof of principle method to detect multiple populations 
of cells using multi-color fluorescence imaging. We further quantified their transmural 
distribution in ischemic myocardium following progressive coronary artery occlusion. 
Alternative methods of organ level visualization of monocytes and macrophages include 
clinical imaging modalities such as nuclear imaging along with magnetic resonance 
imaging (MRI). Molecular imaging agents for each respective imaging modality take 
advantage of the phagocytic activity of monocytes in order to easily label these cells, 
after which they have been re-infused into patients for the detection of monocyte 
infiltration in rheumatoid arthritis 12, atherosclerosis 13 and myocardial infarction 14. 
These methods offer the advantage of live in vivo imaging; however they are also limited 
by spatial resolution, signal decay as well as lack of concomitant vascular network 
visualization. The method we have described in Chapter 5, 3D episcopic fluorescence 
cyromicrotome imaging, is an appropriate method for validation of clinical imaging 
modalities. High-resolution visualization of monocyte subsets on a global organ scale 
in relation to vascular anatomy can help to follow the fate of these cells in relation to 
coronary neovascularization and myocardial ischemia.

We utilized the methods described in Chapter 5 to examine the transmural distribution of 
monocyte subpopulations in response to progressive coronary artery occlusion in Chapter 
6. In this study we revealed selective sub-epicardial localization of both inflammatory and 
reparative monocyte subgroups. We also confirmed the presence of angiogenic activity 
in the sub-epicardial and mid-myocardial regions, which were the regions displaying the 
largest infiltration of both monocyte subpopulations.  Collectively, these results suggest 
that myocardial tissue repair begins at the sub-epicardium. Heterogeneous transmural 
distribution of monocyte subsets may be attributed to divergences in perfusion, leading 
to differences in ischemic damage and dispersal of chemokines across the transmural 
myocardial regions. These divergences would ultimately mitigate the distribution of 
infiltrating monocytes. Future work should entail examination of the spatiotemporal 
pattern of ischemic repair relative to the infiltration of respective monocyte population, 
neovascularization as well as chemokine distribution. This understanding may reveal 
how each respective monocyte population contributes to vascular and left ventricular 
repair and remodeling. 

Genetic heterogeneity in collateral vessel growth
Progressive occlusion of coronary arteries due to atherosclerotic lesion expansion 
leads to a pressure drop in the downstream arterial network. This subsequent pressure 
gradient augments blood flow through pre-existing collateral arteries, which thereby 
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provide an alternative route to bypass the occlusion. A vast collateral network has 
been linked to better preservation of myocardial function and reduced susceptibility 
to adverse cardiac events in coronary artery disease (CAD) patients 15-17. Nevertheless, 
genetic heterogeneity in coronary artery disease patients predisposes some patients to 
poor prognostic outcome. 

In Chapter 7 we identified circulating microRNAs (miRNAs) that were differentially 
expressed in patients with low collateral capacity 18. Chronic total occlusion (CTO) 
patients with low collateral capacity demonstrated significantly elevated expression of 
miR423-5p, miR10b, miR30d and miR126. In addition, we determined that these 
select miRNAs could be utilized as circulating biomarkers to distinguish between 
patients with insufficient or sufficient collateralization. This is a valuable revelation 
in order to identify patients more susceptible to mortality as well as complications in 
the event of acute coronary events. At present, discrimination between patients with 
high and low collateral capacity relies on invasive intracoronary collateral flow index 
(CFI) measurements, or angiographic grading 19. The circulating miRNAs identified 
in Chapter 7 can be immensely valuable in characterizing patient collateralization by 
means of a simple blood sample. 

Based on the findings of Chapters 7, the causal link between the specified miRNAs 
and collateral vessel development remains indeterminate. In Chapter 7, we found no 
linear correlation between CFI and expression levels of these select miRNAs. This is 
supportive of previous findings, whereby a distinct gene expression profile was found 
in both CAD and CTO patients with high versus low CFI 20-22. This was the first study 
to link these select miRNAs to low collateral vessel function. However, it remains 
unclear whether these miRNAs play an active role in impeding collateral vessel growth, 
or whether they are up-regulated as a result of other molecular pathways that in turn 
prevent collateral vessel growth. These findings warrant future studies examining the 
utility of these miRNAs as biomarkers with a larger CTO patient cohort, along with 
examining their utility in CAD patients. It is important to recognize that the mean 
CFIp and frequency distribution of CFIp values across patient populations varies with 
coronary lesion severity. Thus, CTO patients and CAD patients display different CFI 
distribution.

As monocytes play an integral role in the growth and maturation of collateral vessels, 
the miRNA profile of these cells is important in the ultimate degree of collateralization. 
In Chapter 8 we examined intracellular miRNAs associated with the degree of 
collateralization. Peripheral blood monocytes of CTO patients were acquired and divided 
into one of six monocyte/macrophage stimulation groups (freshly isolated monocytes, 
monocytes cultured without stimulant, or stimulation with lipopolysaccharide [LPS], 
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interferon gamma [IFNγ], interleukin 4 [IL4], or transforming growth factor beta-1 
[TGFβ1]). Next generation sequencing of all miRNAs expressed in these cell groups 
identified several miRNAs demonstrating differential expression in patients with high 
versus low collateral capacity. Validation of select targets by quantitative polymerase 
chain reaction revealed significantly decreased expression of miR339-5p in all 
stimulated monocyte/macrophage phenotypes (LPS, IFNγ, IL4 and TGFβ1) of patients 
with low collateral capacity. This differential expression pattern was not apparent in 
the extracellular space and limited to the intracellular environment of stimulated 
monocyte/macrophages. This suggests a cell intrinsic role of miR339-5p, and highlights 
the importance of macrophage polarization. Comparative ingenuity pathway analysis 
of differential messenger RNA expression data between high and low collateral capacity 
patients with predicted gene targets of miR339-5p revealed a significant association 
with the STAT3 pathway. In addition, a possible regulatory role for the STAT3 pathway 
was identified.

Previous studies have linked miR339-5p to ischemic injury, whereby upregulation of 
miR339-5p was seen in potentially salvageable apoptotic penumbra and not in necrotic 
brain tissue following stroke 23. Upregulation of miR339-5p was also seen in reaction 
to human left ventricular ischemia 24. Collectively, these findings suggest miR339-5p 
may be important role in tissue remodeling. As a result, we hypothesize that patients 
with limited collateralization may have hindered vascular remodeling capacity due to 
reduced levels of miR339-5p expression in their polarized macrophages. Integration 
of miR339-5p gene targets with messenger RNA (mRNA) expression data from high 
and low collateral capacity patients identified a common association with the STAT3 
pathway. The STAT3 pathway plays an important role in constricting toll-like receptor 
(TLR) signaling in macrophages, as well as limiting the adverse inflammatory response 
linked to M1 macrophage activation 25. Identification of a predicted regulatory role 
of STAT3 signaling is consistent with previous studies, whereby a STAT3 target type 
I interferons 26, 27, have shown differential expression in patients with high and low 
collateralization 20, 21. It is possible that insufficient miR339-5p expression may affect 
STAT3 signaling and ultimately limit arteriogenesis. 

In relation to the select miRNAs identified in both Chapters 7 and 8, future studies 
are imperative to determine whether these miRNAs play a direct role in collateral vessel 
growth, or whether they demonstrate differential expression in response to other active 
pathways. Silencing select miRNAs using antagomirs in animal models of hind limb 
ischemia may clarify these questions, and thereby provide insight on novel pharmaceutical 
interventions for either promoting collateral vessel growth or suppressing pathways that 
impede arteriogenesis.
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Conclusions
The studies described in this thesis have substantially contributed to our understanding of 
the monocytic response in chronic myocardial ischemia, genetic heterogeneity associated 
with collateralization, as well as novel diagnostic tools for identifying vulnerable patients. 
Atherosclerotic disease has numerous facets that ultimately deem one patient vulnerable 
to mortality while another patient may be asymptomatic. It is imperative to successfully 
identify patients at greater risk of mortality due to adverse cardiac events while utilizing 
minimally invasive methods where possible.  The studies presented in this thesis 
introduce novel tools targeted for patient stratification by molecular imaging modalities 
along with circulating biomarkers. Nuclear imaging of atherosclerotic plaques, using 
radiolabelled MMP inhibitors presented in this thesis, are a new avenue for detecting 
lesions with active remodeling promoting vulnerability to rupture. Furthermore, the 
findings presented in this thesis have substantially contributed to our understanding of 
the response of molecular and cellular players to myocardial ischemia due to coronary 
occlusion. 

Genetic predispositions resulting in limited collateral capacity warrant future studies 
intervening on the select miRNAs identified in thesis as well as their downstream targets. 
These efforts may in turn reveal novel methods to promote collateral vessel growth. The 
dangers of atheropotency must always be considered when investigating new methods to 
promote arteriogenesis. Integration of novel imaging modalities for collateral detection, 
combined with the use of pharmaceuticals tailored to the genetic heterogeneity of CAD 
patients are vital in the ultimate realization of therapeutic arteriogenesis.
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