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ABSTRACT

Aim: Although frequently identified during coronary angiography, the mechanisms by which
coronary collaterals develop, and their prognostic implications are, to date, unknown. This
body of work aims to determine the prevalence and predictors of coronary collateral
recruitment in the setting of ST elevation myocardial infarction (STEMI) and chronic total
occlusion (CTO) and to determine their prognostic impact. Furthermore, to identify
biochemical, cellular and haemodynamic processes by which collaterals are recruited and

mature, and influence haemodynamics in the coronary circulation.

Methods: Anatomical grading of collaterals using the Rentrop classification was performed in
a large cohorts of patients with STEMI and CTO to determine predictors, reproducibility and
prognostic implications of collaterals. Data linkage with other health parameters including a
history of obstructive sleep apnoea (OSA) and prior coronary artery bypass grafting (CABG)
was performed to determine impact of comorbidities and haemodynamic modulation on
collateral recruitment. Subsequent systematic reviews and meta-analyses were performed.
Invasive haemodynamic assessment of coronary blood flow and pressure in the presence and
absence of collaterals was correlated with endothelial, haematological, biochemical and

proteomic markers in both human and animal studies.

Results: The important and novel findings are;

- The presence of acutely recruited robust collaterals in the setting of STEMI are associated
with a reduction in mortality and improved left ventricular function.

- Inthe setting of a CTO, robust collaterals do not reduce mortality or risk of future

ischaemic events, but do increase likelihood of successful percutaneous revascularisation.



- Collateral maturation is driven by an elevation in shear stress, alterations in blood flow
and tissue ischaemia.

- The presence of collaterals results in a consistent increase in coronary blood flow in the
donor vessel, with resultant effect on both pressure and flow derived indices of ischaemia
assessment commonly used in clinical practice.

- Recruitment and maturation of coronary collaterals are associated with upregulation of
endothelial derived chemoattractant proteins, growth factors and transcription factors.

- Coronary artery bypass grafting to a donor vessel, results in poorer collateral recruitment,
likely driven by alterations in coronary blood flow and endothelial shear stress

- The presence of OSA is associated with more robust coronary collaterals in both the
setting of STEMI and CTO, however in more severe forms of OSA, characterised by

severe and prolonged hypoxia, collateral recruitment is attenuated.

Conclusions: Coronary collaterals impart significant prognostic implications in the setting of
acute and chronic coronary artery disease, recruited as a result of alterations in coronary
haemodynamics and tissue ischaemia with resultant downstream activation of growth factors,
chemokines and transcription factors. Ongoing research is necessary to determine whether
this prognostic advantage can be translated into meaningful therapeutic targets along with a

greater understanding of clinical implications of collaterals.
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Chapter 1: Introduction, Aims & Scope

This chapter includes material published as: Allahwala UK, Ward M, Brieger D, Weaver J,
Bhindi RiIndications for Percutaneous Coronary Intervention (PCI) in Chronic Total
Occlusion (CTO): Have We Reached a DECISION or Do We Continue to EXPLORE After
EURO-CTO?. Heart, Lung & Circulation. 28: 1484-1489.

https://doi.org/10.1016/j.h1c.2019.03.014 along with supplementary data for this thesis.
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A coronary chronic total occlusion (CTO) is a common finding during coronary angiography and is
associated with increased mortality and poorer cardiovascular prognosis. Technological developments in
percutaneous strategies for revascularisation have resulted in increased interest in this area. However, until
recently, there has been a paucity of robust scientific randomised data comparing the efficacy of medical
management with percutaneous strategies. Both observational data, and to a lesser extent, randomised data,
suggest that CTO percutaneous coronary intervention (PCI) should be considered in symptomatic patients.
However, in the absence of any randomised data, CTO PCI should not be performed for prognostic benefit.
Ongoing trials are needed to confirm these findings as well as to identify the optimal timing and strategy of
such interventions.

Keywords Chronic total occlusion ® Percutaneous Coronary Intervention e Interventional cardiology ® Coronary
artery disease ® Revascularisation

types, device technology and treatment approaches [1]. With

Introduction pe cete . cr APproat :
this increasing interest comes increasing scientific scrutiny. As

Coronary chronic total occlusions (CTO) are often referred toas
the final frontier in interventional cardiology owing to their
relative frequency and prognostic importance coupled with
the paradoxical low adoption of revascularisation. Having
been previously consigned to specialised operators in a few
select centres, CTO percutaneous coronary intervention (PCI)
isbecoming increasingly adopted and is of mounting relevance
to the wider cardiology community with advances in wire

a result, patient advocates, cardiologists and hospital admin-
istrators increasingly demand robust evidence for this often
resource intense procedure. In the last 2 years, three trials:

Percutaneous intervention for concurrent Chronic Total
Occlusion in patients with ST-Elevation Myocardial Infarction
(EXPLORE) [2]; A randomised multicentre trial to compare

revascularisation with optimal medical therapy for the treat-
ment of chronic occlusions (Euro-CTO) [3]; and DECISION-
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1.1 Coronary artery disease and collaterals in acute coronary syndromes and
chronic total occlusion

Coronary artery disease (CAD) is a pathological process characterised by atherosclerotic
plaque accumulation in the epicardial arteries, both obstructive or non-obstructive (1). CAD
remains the leading cause of morbidity and mortality in Australia, affecting 15% of people
over the age of 75 (2). The process often has long stable periods, but can also become
unstable, typically due to an acute thromboembolic event caused by plaque rupture or
erosion. This dynamic nature allows classification of the disease into either acute coronary
syndrome (ACS) or stable coronary disease, more recently termed chronic coronary

syndrome.

Coronary collaterals are preformed primitive anastomotic channels connecting a myocardial
territory supplied by 1 epicardial coronary artery, with that supplied by another vessel (3),
thereby providing an alternative source of blood supply to myocardium, in the setting of an
occluded coronary artery (4). Although often considered the hallmark of CAD, collaterals are
present in patients with normal coronary arteries (4,5), and have the ability to increase
capacitance following an increase in myocardial oxygen demand. Collaterals can be seen in
the setting of an ACS, where there is an abrupt epicardial coronary artery occlusion or in
stable coronary disease where there is more gradual luminal stenosis prior to eventual
occlusion. Although some previous studies have suggested that the presence of collaterals in
are associated with smaller infarct size and less ventricular aneurysm formation, improved
ventricular function (6), lower rates of future cardiovascular events (7) and improved survival
(8,9), not all studies have found a similar prognostic benefit (10,11). Therefore a considerable
controversy remains with respect to whether the presence of collaterals confers prognostic

benefit in the setting of an ACS.
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One of the other manifestations of severe CAD is a chronic total occlusion (CTO), which is
the complete or near-complete occlusion of a coronary artery, defined as Thrombolysis in
Myocardial Infarction (TIMI) grade O flow, present for greater than 3 months (12).
Angiographically this is appreciated as filling of the occluded vessel through collaterals from
either the ipsilateral vessel, or contralateral vessel (Figure 1.1). Whilst the precise timing of
an occlusion is difficult to determine, often the distinction is based upon the onset of
symptoms or a history of acute myocardial infarction (AMI) in the target vessel territory (13).
Coronary CTOs are commonly identified during angiography, with rates between 20-52%
(14,15) dependent on the indication for angiography, particularly higher in those patients

with previous coronary artery bypass grafting (CABG) (16).
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Figure 1.1: Coronary CTOs and Collaterals

SOURCE

NC

RECIPIENT

(A) A chronic total occlusion (CTO) of the right coronary artery (RCA) with no contrast
opacification of the vessel distal to the point of occlusion (5-point star). (B) Contrast
injection of the left coronary artery in the same patient shows contrast opacification of the
distal RCA (7 point star) via septal collaterals (white arrows) from the left anterior
descending artery (LAD). (C) Following RCA revascularisation there is contrast
opacification of the RCA, with filling of the septal collateral (white arrow) from the RCA,
suggesting bi-directional flow potential in collaterals. (D) Common types of collaterals;
septal (SE), atrial (AT), branch to branch within ventricular free walls (BR) and bridging
across the lesion from donor to recipient vessels (BL). Adapted from (17).
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The presence of a CTO is associated with higher mortality (16), greater recurrence of
ventricular arrhythmia (18) and ongoing anginal symptoms compared with other forms of
stable CAD. Similar to the situation with ACS, there remains considerable controversy with
respect to whether presence of robust coronary collaterals is associated with a prognostic
benefit. Previous studies have shown that despite collaterals perfusing the territory subtended
by an occluded vessel, these are insufficient to prevent ischaemia during increased demand
(19). Whilst it may be expected that more robust angiographically assessed coronary
collaterals would be associated with a lower degree of ischaemic myocardium, previous
studies have shown no correlation between angiographic assessment of collaterals and
invasively determined myocardial perfusion (20). Furthermore, well developed coronary
collaterals do not correlate with positron emitting tomography (PET) derived myocardial
blood flow (21), suggesting robust collaterals do not prevent ischaemia, and hence may not
sufficiently obviate the risk of subsequent mortality. Another paradoxical finding with
respect to angiographic collateral maturity is the finding of an increased risk of ventricular
arrhythmias in those patients with robust collaterals as compared to those with poorer
developed collaterals (18,22). This has been attributed to greater hibernating myocardium in
the peri-infarct zone with electrical instability especially in the border zone of partially

necrotic areas, and may explain the lack of benefit with robust collaterals.

Along with the significant controversy with respect to prognostic implications of the presence
and robustness of coronary collaterals, the mechanisms by which they are recruited and
develop are uncertain and remain incompletely understood. This process, termed
arteriogenesis, refers to the maturation and remodelling of pre-existing arterioles into
functional vessels. These arterioles of 30-50um internal diameter, can grow into small

arteries over 25-fold their original size (23). Although often attributed to hypoxia stimulating
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this growth, certain territories where arteriogenesis occurs, such as in the peripheral
vasculature (24), skeletal muscle (25) and the mesentery (26) are not hypoxic, other
territories where collaterals are also found, such as coronary arteries, are hypoxic, making a
clear distinction difficult. Furthermore, analogous to a CTO, stenoses which slowly progress
toward complete occlusion are often only minimally ischaemic, and yet this is the condition
where collaterals show maximal adaptation (27,28). Consequently, it appears that the
increase in fluid shear stress through arterioles, as a consequence of vessel occlusion and
resultant activation of endothelial cells is the predominant driver of arteriogenesis. However,
the mechanisms and mediators through which this mechanical input is transcribed into

vascular adaptation remains uncertain.

1.1.1 Revascularisation of CTOs

Despite the association between CTO and poorer clinical outcomes, whether patients with a
CTO should be revascularised, is an area of ongoing conjecture. Although a collateral
circulation is the angiographic hallmark of a CTO, >90% of patients with a CTO have
significant anginal symptoms of at least moderate severity, suggesting insufficient potential
to increase coronary flow with stress, and consequently, viable myocardium (16,19,29).
Observational data also suggests that the presence of a CTO is associated with higher
mortality (16) and greater occurrence of ventricular arrhythmia (18) above that of patients

with other forms of CAD.

Despite these apparent negative prognostic effects of the presence of a CTO, there is
significant geographic variation with respect to rates of revascularisation, with percutaneous
coronary intervention (PCI) for a CTO attempted in 6-9% of cases in North America (30),

while this number is significantly greater in Japan at 61.2% (31). Similarly, rates of surgical
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revascularisation of patients with a CTO remains low at 23% (16), with the vast majority of
patients (65%) being treated with guideline directed medical therapy (16). The hesitation to
adopt a more ubiquitous approach to revascularisation may be attributable to the neutral
results of recent randomised control trials - EXPLORE (32), Euro-CTO (33) and

DECISION-CTO (34), which compared PCI with optimal medical therapy (OMT).

In the Evaluating Xience V and left ventricular function in PCI on occLusiOns afteR STEMI
(EXPLORE) trial (32), patients undergoing PCI for ST elevation myocardial infarction
(STEMI), who were found to have a concurrent CTO in a non-infarct related artery were
randomised to either CTO PCI with OMT (n=150) or OMT alone (n=154) within 7 days of
the index presentation. The primary endpoint was cardiac MRI determined left ventricular
ejection fraction (LVEF) and left ventricular end diastolic volume (LVEDV) at 4 months.
Procedural success was 77% by operator adjudication but 73% by core laboratory
assessment. At 4 months, there was no difference in LVEF or LVEDV between the 2 groups,
although in a sub-group analysis, in patients with a CTO of the LAD, CTO PCI resulted in a
higher LVEF compared to OMT alone (47.2% vs 40.4%, p<0.05). Similarly, the longer term
follow up (median follow up 3.9 years) showed no difference in LVEF, cardiac death or

MACE, although freedom from angina was greater in the CTO PCI group (35).

The Euro-CTO trial (33), was a prospective, randomised, multicentre, open-labelled control
trial comparing treatment between CTO PCI with OMT against OMT alone in a 2:1
randomised ratio in 396 patients. The primary endpoint was the change in health status as
assessed by the Seattle angina questionnaire (SAQ) at 12 months. OMT was defined as the
use of aspirin, an angiotensin converting enzyme inhibitor and a statin, along with at least 2

anti-anginals. Of note, complete revascularisation was mandated in the study, with 52.2% of
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patients undergoing DES to other vessels prior to randomisation of the CTO. Of the 259
patients randomised to PCI, 220 patients (86.6%) had procedural success. At 12 months, in
the intention to treat analysis, a greater improvement in SAQ subscales was seen in patients
undergoing PCI as compared to OMT. This corresponded with significantly lower angina
frequency, higher rates of freedom from angina and higher quality of life scores. Whilst not
powered for hard endpoints, there was a lower rate of ischaemia driven revascularisation in
the CTO PCI with OMT group compared to OMT alone (2.9% vs 6.7%, p<0.05), suggesting
a role for CTO PCI with respect to both symptoms, quality of life and clinically relevant
endpoints. However a criticism of this study was that patients and clinicians were not blinded

to the treatment type which may have impacted the treatment effect.

The Drug-Eluting Stent Implantation Versus Optimal Medical Treatment in Patients With
Chronic Total Occlusion (DECISION-CTO) trial (34) was also a prospective, open-labelled
randomised trial comparing CTO PCI with OMT against OMT alone (in a 1:1 fashion) with
respect to clinical endpoints. Inclusion criteria were patients with stable angina, acute
coronary syndrome (ACS) and silent ischaemia with the primary endpoint the composite of
all-cause mortality, AMI, stroke or repeat revascularisation. The study was stopped
prematurely after enrolment of 834 patients. Of the 459 patients randomised to PCI, the
success rate was 91.1%. In the intention to treat analysis, at 3 years they reported no
difference between the CTO PCI with OMT group compared to the OMT alone group with
respect to the cumulative primary endpoint (20.6% vs 19.6%, p=0.54). Similarly, no

difference in quality of life scores was observed between the groups.

However this study has had significant criticisms with respect to its design, with patients

having revascularisation of non CTO lesions following randomisation, meaning patients

29



SECTION |
Chapter 1: Introduction

within the OMT alone group had revascularisation of other lesions performed. Furthermore,
there was significant cross over within groups (18.1% in the OMT group underwent PCI
whilst 15.6% of the PCI group were only treated with OMT). When analysed based upon
treatment received OMT did not meet the pre-specified non-inferiority margin, suggesting a

symptomatic benefit with CTO PCI.

While these studies suggested symptomatic benefit with CTO PCI, no mortality or morbidity
advantage with revascularisation was observed. Importantly, no distinction was made in these
trials on the robustness, functionality and interaction with myocardium of the coronary
collaterals supplying the CTO. Specifically no distinction was made between those patients
who had apparently robust collaterals compared with those who had poorer collaterals. It is
thus imperative to have a detailed understanding of the hallmark of CTOs — coronary
collaterals, to be able to determine their prognostic effect and implications to further guide
treatment strategies in a cohort of patients in whom evidence based management is thus far,

lacking.

1.2 The Coronary Collateral Circulation

The coronary collateral circulation which is a preformed network of primitive anastomotic
connections between coronary arteries as detailed above, was first described in the 17" and
18" centuries (36). Collateral arteries or connections have also been identified in different
species, with considerable variation noted (36). Despite these early anatomical findings,
considerable controversy initially remained about whether these collateral connections were
found only in patients with pathological coronary disease, or were inherent and present in all

humans with the ability to be recruited to functional vascular conduits. However, this was
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largely put to rest by the seminal work of Fulton in the 1960s (37,38) using bismuth-
oxychloride-gelatin radiographic contrast medium containing uniformly sized particles of
0.5-2.0pm, who found numerous anastomoses in normal hearts and those with CAD, with
greater number and size of collaterals in those with CAD, suggesting collaterals are

recruitable and mature in response to changes in the vasculature (Figure 1.2).

Since this pioneering anatomical work, the focus has shifted towards understanding the
functionality of these collaterals as well as to determine their prognostic effects, and more
recently therapeutic approaches to stimulate their development for clinically meaningful

outcomes.
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Figure 1.2: Post Mortem Anatomical Assessment of Coronary Collateral Connections.

(A): Post mortem coronary angiogram of a normal heart with ligation of the LAD performed
prior to injection of contrast. The anastomotic connection was demonstrated by filling of the
LAD distal to the occlusion. (B) Subendocardial coronary anastomotic connections shown in
short axis of a patients with normal coronary arteries. (C&D) Coronary Angiogram and
subendocardial connections in a patient with severe CAD and post mortem LAD ligation.
Significantly greater numbers and size of connections noted compared with the patient with
normal coronary arteries. Adapted from (36-38)
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1.3 The Importance of understanding the Coronary Collateral Circulation in
Coronary Artery Disease.

The relatively high incidence and prevalence of functional coronary collaterals in patients
with CAD lends weight to the importance of understanding the interplay between these
vessels on coronary haemodynamics, perfusion effects, symptoms and outcomes. In
particular these vessels are not simple passive conduits, but capable of exerting effects on
multiple facets of coronary physiology. It is further important to understand the mechanisms
by which collaterals are recruited, mature and develop to consider potential future therapeutic
targets and options for patients with CAD, where current revascularisation strategies are not

suitable in approximately 20 - 30% (39).

1.4 Aims, Objectives and Scope of this Thesis

The ultimate aims of this body of work is to identify, summarise and synthesise, the
mechanisms by which coronary collaterals are recruited and transition from primitive
connections to larger functional vascular systems in both the acute setting, such as during an
ACS, as well as in the chronic setting. Furthermore, specifically identifying the biochemical,
mechanical and physiological changes required for collaterals to become functional, and
conversely the effect the collateral circulation has on coronary, endothelial and cardiac

function, particular the way it affects prognosis and clinical outcomes.

The specific aims of this work are;

- To determine the current understanding of arteriogenesis and recruitment and

maturation of the coronary collateral circulation.

33



SECTION |
Chapter 1: Introduction

- To identify the prevalence, predictors and prognostic implications of functional
coronary collaterals in patients presenting with an ACS.

- To identify the prevalence, predictors and prognostic implications of functional
coronary collaterals in patients with a CTO.

- To identify the effect of coronary collaterals on coronary haemodynamics with
respect to pressure and flow perturbations and how these correlate with symptoms of
ischaemia and angina in patients with native coronary circulation and prior CABG.

- To identify endothelial, haematological, biochemical and proteomic markers which
correlate with recruitment of the coronary collateral circulation in human and animal
studies .

- To identify the impact of intermittent hypoxia and intrathoracic cavity pressure
swings in the setting of obstructive sleep apnoea (OSA) on the coronary collateral

circulation in both the acute and chronic setting.

The experimental and research work includes epidemiological population studies,
observational cohort studies, invasive longitudinal clinical assessment as well as basic
cellular and biochemical assessment from both human as well as animals. This provides a
comprehensive body of work, which assesses many facets of the coronary collateral

circulation and its implications.

1.5 Significance of Research

As detailed above, there remains significant knowledge gaps with respect to the mechanisms
by which collaterals mature, and indeed what prognostic implications the presence or absence
of collaterals imparts on clinical outcomes. To date, the prognostic implications of the

presence and robustness of coronary collaterals in patients presenting with an ACS have not
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been definitively determined. In particular this has implications for prognostication and use
of health care resources, as well as determining future potential therapeutic options.
Similarly, whilst the poor prognosis in patients with a CTO has been well described, whether
the robustness of collaterals impacts on outcomes is uncertain. This has dramatic implications
for identifying which patients may benefit from conventional revascularisation, which has
consistently not been shown in randomised control trials including all-comers irrespective of
degree of coronary collaterals. By understanding the effects of flow and pressure changes in
the coronary arteries in patients with coronary collaterals, a greater understanding of the
process by which they mature will be gained, along with determination of which chemokines,
growth factors, transcription factors and others are implicated in this process. There has been
little research into the effects of OSA, which is known to be associated with cardiovascular
disease, on the coronary collateral circulation. This may be a key to understanding the

manner in which OSA can have effects systemically.

1.6 Ethics & Methodology

1.6.1 Collateral Robustness Assessment
A number of chapters in the subsequent thesis are based upon anatomical grading of coronary
collaterals as determined on coronary angiography with subsequent correlation with clinical
endpoints, physiological indices of coronary pressure and blood flow and systemic
biomarkers. Collateral robustness was assessed using the Rentrop classification(40) and the
Collateral Connection grade (CC)(20). The Rentrop classification grades collaterals into 4
categories; where grade 0 = no filling of any collateral channel; Grade 1 = filling of the side
branches of the infarct related artery; Grade 2 = Partial filling of the epicardial vessel of the

infarct related artery’ Grade 3 = complete filling of the epicardial vessel. For the analyses,
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unless otherwise states, patients were divided into those with poor collateral recruitment
(Rentrop grade 0 or 1) and robust collateral recruitment (Rentrop grade 2 or 3) as has been
done in previous studies (11,41-47). The CC grade is based on the size of collaterals, rather
than their ability to opacify the epicardial vessel, was also assessed, whereby grade 0 = No
continuous connection between donor and recipient artery, grade 1 = Continuous, threadlike
connections (diameter < 0.3mm) and grade 2 = Continuous, small, side-branch-like size of

the collaterals throughout its course (diameter >0.4mm).

All coronary angiograms were assessed by the author of this body of work with a subset of
patients having 2 blinded senior clinicians assessing collateral robustness to ensure a high
degree of interobserver correlation. This methodology was chosen as previous studies have
shown very low rates of interobserver or intraobserver variability for Rentrop grading

(20,48).

Ethics approval was gained for all data that was obtained at the patient level. A number of
different ethics approval was obtained for the purposes of the study. The following ethics

approval was gained for each of the published chapters.

1.6.2 Chapter 3, 4 & 14 Ethics Approval
For these chapters, patients included in the Angiographic Predictors of Outcomes in Patients
presenting with an ST Elevation Myocardial Infarction: The IMAGE MI Registry were
included. The IMAGE MI study was a single centre, non-randomised, retrospective registry
to evaluate clinical, biochemical and imaging outcomes in patients undergoing primary
percutaneous coronary intervention (p-PCl) for the treatment of an ST elevation myocardial

infarction (STEMI). Institutional ethics approval was obtained from the Northern Sydney
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Local Health District Human Research Ethics Committee (NSLHD HREC) prior to

commencing the project [Appendix | & I1].

1.6.3 Chapter 6,13, 15 & 16 Ethics Approval

Patients in the “Coronary Angiographic predictors of outcomes in patients presenting with
cardiovascular based symptoms: The CATH LAB Study”, were included in the study. The
CATH LAB study was a single centre non-randomised, retrospective registry to evaluate
clinical, biochemical and imaging outcomes in patients undergoing coronary angiography and
percutaneous coronary intervention (PCI). Institutional ethics approval was obtained from the
Northern Sydney Local Health District Human Research Ethics Committee (NSLHD HREC)
prior to commencing the project [Appendix Il & IV]. Concurrently, patients were also

included if they were recruited from the “A multicentre registry of percutaneous coronary

intervention (PCI) for chronic total occlusions (CTO) in patients with stable angina - The

AUSNZ CTO Registry”. The AUSNZ CTO Registry is a multi-centre, non-randomised,
single-arm, prospective registry to evaluate clinical and patient-centred outcomes, in patients
undergoing CTO PCI. Institutional ethics approval was obtained from the Northern Sydney
Local Health District Human Research Ethics Committee (NSLHD HREC) prior to

commencing the project [Appendix V & VI].

1.6.4 Chapter 9 and 10 Ethics Approval

Consecutive patients presenting for elective CTO PCI between June 2018 and October 2020
were approached to be included in the “A comprehensive evaluation of biochemical,
haemodynamic, structural and cellular of collateral function in human coronary arteries in
chronic total occlusions and coronary artery disease — The COLLATERAL CTO Study”.

This is a single centre, prospective observational study including patients presenting for
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elective CTO PCI as well as patients undergoing diagnostic angiography for stable coronary
artery disease. Institutional ethics approval was obtained from the Northern Sydney Local
Health District Human Research Ethics Committee (NSLHD HREC) prior to commencing

the project [Appendix VII & VIII].

1.6.5 Chapter 12 Ethics Approval

Ethics approval to use animals was obtained from the Northern Sydney Local Health District
Animal Ethics Committee (NSLHD-AEC), which conformed to the Australian code for the

care and use of animals for scientific purposes (49) (Appendix IX).
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Appendix I: IMAGE MI Study Protocol Cover Sheet

CONFIDENTIAL

Anglographic Predictors of QutcoMes in PAtients EresentinG with an ST

Elevation Myocardial Infarction

— The IMAGE MI Registry —

_ D
The IMAGE MI Registry
C "

CONFIDENTIAL

This document is confidential and the property of Dr Usaid Allahwala
No part of it may be transmitted, reproduced, published, or used without prior written
authorization from the institution.

STATEMENT OF COMPLIANCE
This document is a protocol for a clinical research study. The study will be conducted in
compliance with all stipulations of this protocol, the conditions of ethics committee

approval, the NHMRC National Statement on Ethical Conduct in Human Research (2007) and

IMAGE MI Registry

the Note for Guidance on Good Clinical Practice (CPMP/ICH---135/95).

Version 2 dated 22™ June 2018
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Appendix Il: Northern Sydney Local Health District (NSLHD) Human Ethics
Research Committee Approval for IMAGE MI Study

Research Office N
. d
Kolling Building, Level 13 4!“ > Health
Royal North Shore Hospital S~y A
St Leonards NSW 2065 Northern Sydn_ey .
Tel (02) 9926 4590 Fax (02) 9926 6179 sovermnment | LOcCal Health District
5 July 2018
Dr Ravinay Bhindi

Department of Cardiology, Level 5 Acute Services Building
Royal North Shore Hospital, Reserve Road
St Leonards, NSW, 2065

Dear Dr Bhindi,

NSLHD reference: RESP/18/155
Study Title: Aniographic Predictors of Qutcomes in Patients presenting with an ST Elevation
Myocardial Infarction — The Image MI Registry -

Thank you for submitting a response, dated 22/06/2018 to the Northern Sydney Local Health District HREC
Executive Committee’s request for additional information/modification of the above study, which was first
considered at a meeting of the HREC Executive held 20/06/2018. Based on the information you have provided
and in accordance with the NHMRC National Statement 2007 and NSW Health Policy Directive PD2010_055
Ethical and Scientific Review of Human Research in NSW Public Health Organisations, this project has been
assessed as low/negligible risk and is therefore exempt from full HREC review.

This HREC has been accredited by NSW Ministry of Health as a Lead HREC under the model for single
ethical and scientific review and Certified by the NHMRC under the National model for Harmonisation of
Multicentre Ethical Review (HoMER).This lead HREC is constituted and operates in accordance with the
National Health and Medical Research Council's National Statement on Ethical Conduct in Human Research
and the CPMP/ICH Note for Guidance on Good Clinical Practice. No HREC members with a conflict of interest
were present for review of this project.

| am pleased to advise that the HREC, at a meeting of its Executive Committee held on 04/07/2018 has
granted ethical and scientific approval of the above single centre project. The HREC have determined that
this project meets the requirements of the National Statement.

You are reminded that this letter constitutes ETHICAL and SCIENTIFIC approval only. You must not
commence this research project at a site until a completed Site Specific Assessment Form and
associated documentation have been submitted to the site Research Governance Officer and
Authorised. A copy of this letter must be forwarded to all site investigators for submission to the
relevant Research Governance Officer.

The project is approved to be conducted at
+ Royal North Shore Hospital

If a new site(s) is to be added please inform the HREC in writing and submit a Site Specific Assessment Form
(SSA) to the Research Governance Officer at the new site.

The following documents have been approved:

Document Version Date
Protocol of Study 2.0 22/06/2018
HREA Form - -

The following documents have been noted:
+ Method of Payment Form

The Human Research Ethics Application reviewed by the HREC was HREA AU/1/DBD6312.

Please note the following conditions of approval:

Page 1 0of 2
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» HREC approval is valid for 5 years from the date of the HREC Executive Committee meeting and expires
on 04/07/2023. The Co-ordinating Investigator is required to notify the HREC 6 months prior to this date if
the project is expected to extend beyond the original approval date at which time the HREC will advise of
the requirements for ongoing approval of the study.

« The Co-ordinating Investigator will provide an annual progress report to the Institution beginning in August
2019 as well as a final study report at the completion of the project using the template available on the
Research Office website. An annual report is due every year on 30 August.

« The Coordinating Investigator will immediately report anything which might warrant review of ethical
approval of the project in the specified format, including unforeseen events that might affect continued
ethical acceptability of the project and any complaints made by participants regarding the conduct of the
project.

* Proposed changes to the research protocol, conduct of the research, or length of approval will be provided
to the HREC Executive for review, in the specified format.

o The HREC Executive will be notified, giving reasons, if the project is discontinued before the expected date
of completion.

« Investigators holding an academic appointment (including conjoint appointments) and students undertaking
a project as part of a university course are advised to contact the relevant university HREC regarding any
additional requirements for the project.

Should you have any queries about your project please contact the Research Office, ph: 9926 4590, email
NSLHD-Research@health.nsw.gov.au .

Please quote NSLHD reference RESP/18/155 in all correspondence.
The HREC wishes you every success in your research.

Yours sincerely

Jodi Humphries
Research Ethics Manager
Northern Sydney Local Health District

Page 2 of 2
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Appendix Ill: The CATH LAB Study Protocol Cover Sheet

Coronary Angiographic predicTors of outcomes in patients presenting witH
cardiovascuLArI Based symptoms

—The CATH LAB Study —

CONFIDENTIAL
This document is confidential and the property of Dr Usaid Allahwala
No part of it may be transmitted, reproduced, published, or used without prior written
authorization from the institution.

STATEMENT OF COMPLIANCE
This document is a protocol for a clinical research study. The study will be conducted in
compliance with all stipulations of this protocol, the conditions of ethics committee
approval, the NHMRC National Statement on Ethical Conduct in Human Research (2007) and
the Note for Guidance on Good Clinical Practice (CPMP/ICH---135/95).

The CATH LAB study 1
Version 2 dated 23@ March 2020
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Appendix IV: Northern Sydney Local Health District (NSLHD) Human Ethics
Research Committee Approval for The CATH LAB Study

no_reply@regis.health.nsw.gov.au 9 April 2020 2
2020/ETH00525: Application HREA - Approved
To: Usaid Allahwala

Date of Decision Notification: 09 April 2020
Dear Usaid Allahwala
2020/ETH00525: Coronary Angiographic predicTors of ot in pati ing witH cardiovascuLAr Based symptoms — The CATH LAB Study -

Thank you for your letter, dated 23 March 2020 responding to the Northern Sydney Local Health District HREC's request for additional information/modification for the above project, which was first considered by the HREC
Executive on 11 March 2020.

The application was assessed as a Low and Negligible Risk.

| am pleased to advise that the Full HREC at its meeting has granted ethical and scientific approval of the above single centre project on 6 April 2020. The Full Committee were satisfied that this project meets the requirements
of the National Statement on Ethical Conduct in Human Research, 2007 (updated 2018).

This project has been Approved to be conducted at the following sites:
Royal North Shore Hospital

The following documentation was reviewed and is included in this approval:
« Protocol, Version 2, Dated 23 March 2020
The Human Research Ethics Application reviewed by the HREC was:
Version: 2
Date: 21 March 2020
Application Documents - (Please note : Due to security reasons, this link will only be active for 14 days.)
Waiver of Consent
A Waiver of Consent has been granted for this project. It was approved at a meeting of the full HREC held on 06 April 2020. Please note, the approval is subject to fulfilling conditions a) to i) of Section 2.3.10 of the National

Statement on Ethical Conduct in Human Research (NHMRC, 2007) and is only valid for as long as these conditions can be met.

This email constitutes ethical and scientific approval only.
This project cannot proceed at any site until separate research governance authorisation has been obtained from the Institution under whose auspices the research will be conducted at that site.

This HREC is and op in with the i on Ethical Conduct in Human Research 2007 d 2018). The pr used by this HREC to review multi-centre research
proposals have been certified by the National Health and Medical Research Council. No HREC members with a conflict of interest were present for review of this project.

Please note the following conditions of approval:

HREC approval is valid for 5 years from the date of approval and expires on 06 April 2025. The Co-ordinating Investigator is required to notify the HREC 6 months prior to this date if the project is expected to extend
beyond the original approval date at which time the HREC will advise of the requirements for ongoing approval of the study.

The Co-ordinating Investigator will provide an annual progress report at the anniversary date of the project as well as a final study report at the completion of the project within the Research Ethics and Governance
Information System (REGIS).

The Co-ordinating Investigator will immediately report anything which might warrant review of ethical approval of the project in the specified format, including unforeseen events that might affect continued ethical
acceptability of the project and any complaints made by study participants regarding the conduct of the study.

Proposed changes to the research protocol, conduct of the research, or length of HREC approval will be provided to the HREC for review, in the specified format.

The HREC will be notified, giving reasons, if the project is discontinued before the expected date of completion.

Investigators holding an academic appointment (including conjoint appointments) and students undertaking a project as part of a university course are advised to contact the relevant university HREC regarding any
additional requirements for the project.

Please note it is the responsibility of the sponsor or the co-ordinating investigator of the project to register this study on a publicly available online registry (eg Australian New Zealand Clinical Trial Registry www.anzctr.org.au) if
applicable.

Please contact us if you would like to discuss any aspects of this process further, as per the contact details below. We look forward to managing this application with you throughout the project lifecycle.
Regards,

Vanessa Cooper

Research Ethics Manager

Research Office

Level 13, Kolling Building

Tel (02) 9926 7825 | vanessa.cooper @health.nsw.gov.au
NSLHD-Research@health.nsw.gov.au

43



SECTION |
Chapter 1: Introduction

Appendix V: The AUSNZ CTO Registry Protocol Cover Sheet

CONFIDENTIAL

A multicentre registry of percUtaneou$ coronary intervention (PCl) for

chronic total occlusions (CTO) in patients with stable angina.

The AUSNZ CTO Registry

CONFIDENTIAL

This document is confidential and the property of Dr Usaid Allahwala
No part of it may be transmitted, reproduced, published, or used without prior written authorization
from the institution.
I

STATEMENT OF COMPLIANCE
This document is a protocol for a clinical research study. The study will be conducted in compliance
with all stipulations of this protocol, the conditions of ethics committee approval, the NHMRC
National Statement on Ethical Conduct in Human Research (2007) and the Note for Guidance on
Good Clinical Practice {CPMP/ICH---135/95).

AUSNZ CTO Registry 1
Version 2 dated 20" March 2018
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Appendix VI: Northern Sydney Local Health District (NSLHD) Human Ethics
Research Committee Approval for The AUSNZ CTO Registry

L7\
Research Office . ‘ )
Kolling Building, Level 13 ‘(“” Health
Royal North Shore Hospital “Tonya
StLeonards NSW 2065 N Nortrlwern |S5|”1d Byt g
Tel (02) 9926 4590 Fax (02) 9926 6179 covemnnent | LOcal Health District
24 May 2018

Dr Usaid Allahwala

Dear Usaid,

NSLHD reference: RESP/17/364

Study Title: A multicentre registry of percutaneous coronary intervention (PCI) for chronic total
occlusions (CTO) in patients with stable angina

HREC reference: LNR/17/HAWKE/502

Thank you for submitting a response, dated 25 March 2018 to the Northern Sydney Local Health District
HREC Executive Committee’s request for additional information/modification of the above study, which was
first considered at a meeting of the HREC Executive held 18 December 2017. Based on the information you
have provided and in accordance with the NHMRC National Statement 2007 and NSW Health Policy Directive
PD2010 055 Ethical and Scientific Review of Human Research in NSW Public Health Organisations, this
project has been assessed as low/negligible risk and is therefore exempt from full HREC review.

This HREC has been accredited by NSW Ministry of Health as a Lead HREC under the model for single
ethical and scientific review and Certified by the NHMRC under the National model for Harmonisation of
Multicentre Ethical Review (HOMER) This lead HREC is constituted and operates in accordance with the
National Health and Medical Research Council’s National Staternent on Ethical Conduct in Human Research
and the CPMP/ICH Note for Guidance on Good Clinical Practice. No HREC members with a conflict of

interest were present for review of this project.

| am pleased to advise that the HREC, at a meeting of its Executive Committee held on 23 May 2018 has
granted ethical and scientific approval of the above single centre project. The HREC have determined that
this project meets the requirements of the National Statement.

You are reminded that this letter constitutes ETHICAL and SCIENTIFIC approval only. You must not
commence this research project until you receive notification of Site Specific Assessment
Authorisation from the Research Governance Officer. The LNRSSA submitted with this LNR
application has been forwarded to the NSLHD Research Governance Officer for review.

The project is approved to be conducted at

Royal North Shore Hospital

If a new site(s) is to be added please inform the HREC in writing and submit a Site Specific Assessment Form
(SSA) to the Research Governance Officer at the new site.

The following documents have been approved:

Document Version Date
HREA (AU/1/670333) 1.3 14/12/2017
CTO Registry Protocol — clean and tracked 2 20/03/2018
Participant Information Sheet and Consent Form — clean

and tracked 3 23/03/2018

The following documents have been noted:
CTO Registry Cover letter

The Human Research Ethics Application reviewed by the HREC was HREA AU/1/6700333.

Please note the following conditions of approval:

Page 1 of 2
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o HREC approval is valid for 5 years from the date of the HREC Executive Committee meeting and expires
on 23 May 2023. The Co-ordinating Investigator is required to notify the HREC 6 months prior to this date
if the project is expected to extend beyond the original approval date at which time the HREC will advise of
the requirements for ongoing approval of the study.

* The Co-ordinating Investigator will provide an annual progress report to the Institution beginning in August
2019 as well as a final study report at the completion of the project using the template available on the
Research Office website. An annual report is due every year on 30 August.

e The Coordinating Investigator will immediately report anything which might warrant review of ethical
approval of the project in the specified format, including unforeseen events that might affect continued
ethical acceptability of the project and any complaints made by participants regarding the conduct of the
project.

* Proposed changes to the research protocol, conduct of the research, or length of approval will be provided
to the HREC Executive for review, in the specified format.

» The HREC Executive will be notified, giving reasons, if the project is discontinued before the expected date
of completion.

* [nvestigators holding an academic appointment (including conjoint appointments) and students undertaking
a project as part of a university course are advised to contact the relevant university HREC regarding any
additional requirements for the project.

Should you have any queries about your project please contact the Research Office, ph: 9926 4590, email
NSLHD-Research@health.nsw.gov.au .

Please quote NSLHD reference RESP/17/364 in all correspondence.

The HREC wishes you every success in your research.

Yours sincerely

Jodi Humphries
Research Ethics Manager
Northern Sydney Local Health District
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Appendix VII: COLLATERAL CTO Study Protocol Cover Sheet
CONFIDENTIAL

A cOmprehensive evaluation of biochemical, haemodynamic, structural and cellular

predictors of collateral function in human coronary arteries in Chronic total Occlusions
and coronary artery disease

— The Collateral CTO Study —

COLLATERAL - CTO TKIAL

CONFIDENTIAL
This document is confidential and the property of Prof Ravinay Bhindi & Dr Usaid Allahwala
No part of it may be transmitted, reproduced, published, or used without prior written authorization
from the institution.

STATEMENT OF COMPLIANCE
This document is a protocol for a clinical research study. The study will be conducted in compliance

with all stipulations of this protocol, the conditions of ethics committee approval, the NHMRC
National Statement on Ethical Conduct in Human Research (2007) and the Note for Guidance on

Good Clinical Practice (CPMP/ICH---135/95).

COLLATERAL CTO Study

Version 1.3.1 dated 23" May 2018
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Appendix VIII: Northern Sydney Local Health District (NSLHD) Human Ethics
Research Committee Approval for COLLATERAL CTO Study

3 &.I-
Research Office
Kolling Building, Level 13 a“; Health
Royal North Shore Hospital T
St Leonards NSW 2065 NSW | Northern Sydney
Tel (02) 9926 4590 Fax (02) 9926 6179 covernment | LOcal Health District
27 August 2019

Professor Ravinay Bhindi
Department of Cardiology
Royal North Shore Hospital
St Leonards

NSW 2065

Dear Professor Bhindi,

NSLHD reference: RESP/18/086
Title: A comprehensive evaluation of biochemical, haemodynamic, structural and cellular of collateral
function in human coronary arteries in chronic total occlusions and coronary artery disease|

Thank you for submitting an application for authorisation of this project. | am pleased to advise that the
delegate of the Chief Executive for Northem Sydney Local Health District has granted authorisation for the
above project to commence at Royal North Shore Hospital.

The version of the SSA reviewed by NSLHD RGO was: AU/2/8C2536

Ethical approval for this study was granted by the Northern Sydney Local Health District HREC at a
meeting of the Executive Committee held on 23/05//2018.

The documents authonsed for use at this site are:

Document Version Date
Human Research Ethics Application (AU/1/4C25310) 1.3.01 23/05/2018
Protocol 3 25/02/2019
Participant Information Sheet and Consent Form — Master 3 25/02/2019
Participant Information Sheet and Consent Form — RNSH 1 19/08/2019
The Seattle Angina Questionnaire-7 No Version No Date
The NSLHD RGO Notes:
+ Risk Assessment
» Budget

+ Professor Figtree emailed dated 18 June 2019- Confirmation of access to Bio-heart.

Site authorisation will cease on the date of HREC expiry 23/05/2023

To comply with the NSLHD reporting requirements to the NHMRC Good Practice Program please

forward an email to NLSHD-Research@health.nsw.gov.au with the date of the first participant
recruited.

It is the responsibility of researchers from University of Sydney to ensure they comply with the University's
insurance policy to undertake clinical trials. For further details please contact the Clinical Trial Governance
Team on 02 8627 5078.

You are reminded that, in order to comply with the Guidelines for Good Clinical Research Practice (GCRF) in

Australia, and in accordance with additional requirements of NSLHD, the Chief Investigator is responsible for
ensunng the following:
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1. The HREC is notified of anything that might warrant review of the ethical approval of the project, including
unforeseen events that might affect the ethical acceptability of the project.

2. The HREC is notified of all Serious Adverse Events (SAEs) or Serious Unexpected Suspected Adverse
Reactions (SUSARS) in accordance with the Serious Adverse Event Reporting Guidelines.

3. Proposed amendments to the research protocol or conduct of the research which may affect the ethical
acceptability of the project, and are submitted to the lead HREC for review, are copied to the Research
Govemance Officer.

4. Proposed amendments to the research protocol or conduct of the research which may affect the ongoing site
acceptability of the project are to be submitted to the Research Govemance Officer.

5. The Institutional annual report for all Human Research is due to the NSLHD Research Office on the 30
August. In addition, annual report acknowledgment from the Lead HREC should be submitted to the
Research Govemance Officer.

Standard forms and additional guidance documents are available on the Research Office Website:
http://www.nslhd.health.nsw.gov.au/AboutUs/Research/Office

Yours sincerely

Natanya Hunt

Research Governance Officer
Research Office

Northem Sydney Local Health District

Page 2 of 2
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Appendix IX: Northern Sydney Local Health District (NSLHD) Animal Ethics
Research Committee Approval for Study

Northern Sydney Local Health District N W

Animal Ethics Committee “‘“"; Health

Research Office ﬁ "\A Northern Sydney )
Kolling Building, Level 13 covemment | LOcal Health District
Royal North Shore Hospital

St Leonards NSW 2065

Tel (02) 9926 4590 Fax (02) 9926 6179

3 April 2019

Professor Ravinay Bhindi
Kolling Institute, Level 12
Royal North Shore Hospital
St Leonards, NSW, 2065

Dear Professor Bhindi,

NSLHD reference: RESP/18/209
Study Title: Coronary Chronic Total Occlusion Model In A Rat Using Repetitive Occlusive Ischaemia

Species Rattus Norvegicus
Strain Sprague Dawley
Sex, Age and Weight Male, 11 weeks
Total number animals approved for | 40

use

Thank you for submitting a response, dated 11 March 2019 to the Northern Sydney Local Health District
Animal Ethics Committee’s (AEC) request for additional information/modification of the above study, which
was first considered at an AEC meeting held 19 July 2018. | am pleased to inform you that the AEC, at its
Executive meeting on 21 March 2019 has granted ethical approval for the above study.

In order to comply with the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, and in line with AEC requirements, you are reminded of the following conditions of approval:

1. AEC approval is valid for 3 years from the date of the AEC meeting and expires on 21 March 2022.

2. The Animal Research Authority will be granted yearly; subject to receipt of an annual progress report
submitted using the AEC standard reporting template. Note that the ethics approval dates and ARA
dates are not the same. Your ARA expires on 1 February 2020.

3. The Coordinating Investigator will imnmediately report, using the AEC standard reporting template,
anything which might warrant review of ethical approval of the project in the specified format, including
unforeseen events that might affect continued ethical acceptability of the project and welfare of
animals

4. All named investigators listed on the project application form must complete an acceptable animal
ethics course (either through the University of Sydney, or University of New South Wales) within 12
months of this approval. On completing the course, or if investigators have already completed the
course, please forward a copy of the course completion certificate to the Research Office.

5. Any cages/tanks/pens used by you in the Animal Houses are clearly labelled with the NSLHD study
reference number.

6. All monitoring records are kept in a location accessible to animal house personnel and AEC members.

7. Any proposed changes to the AEC-approved protocol must be submitted for review prior to
implementation. The AEC is notified as soon as possible of any changes to the protocol. This includes
notifying AEC of any changes to the staff involved with the handling of animals for this protocol,
procedures, animal numbers or source of animals.

Please quote NSLHD reference RESP/18/209 in all correspondence.
The AEC wishes you every success in your research.

Yours sincerely

Page1of 4
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Mr Ed Lidums
Chairperson
NSLHD AEC
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Northern Sydney Local Health District WA
Norhen Sydney LoceHest it AWls | Health
Research Office N- A Northern Sydney

Kolling Building, Level 13 covernvent | LOcal Health District
Royal North Shore Hospital

St Leonards NSW 2065

Tel (02) 9926 4590 Fax (02) 9926 6179

ANIMAL RESEARCH AUTHORITY

Name(s) of Authority Holder(s) (list all persons involved in protocol including
investigators and animal handlers):

Professor Ravinay Bhindi

Dr Usaid Allahwala

Dr Anisyah Ridiandries

Project Title :

Coronary Chronic Total Occlusion Model In A Rat Using Repetitive Occlusive Ischaemia
Project Summary (In Lay Terms) :

The aim of this study is to induce new blood vessel (collateral vessel) formation in the rat
heart in the presence of a blocked coronary artery. In the heart, collateral vessels grow from
pre-existing vessels in the event a blocked coronary artery. The collaterals form as an
alternate route to supply blood and oxygen to the blocked areas of the heart, preventing or
minimising the effects a heart attack. To achieve collateral formation in the rat heart, we will
achieve this by the process of repetitive occlusive ischaemia (ROI), whereby a balloon like
apparatus (pneumatic snare) is inflated intermittently atop the left anterior descending artery
(LAD) of the rat. The balloon is inflated intermittently to cause momentary occlusion of the
vessel. This cause reduced blood flow to the heart making it ischaemic (low oxygen), this
momentary ischaemia promotes formation of collaterals. After the protocol of 10 days, the
LAD will be blocked with a suture for 30 minutes. The suture will be removed after 30 minutes
and animals will be allowed to recover. After regular analgesia and close monitoring for 24
hours, animals will be euthanised.

Location at which the research is to be conducted:

Kolling Institute, Royal North Shore Hospital

For Office Use Only:

The NSLHD Animal Ethics Committee hereby approves the conduct of the above animal
research application.

Application/Protocol No: RESP/18/209

Date of Project Approval by AEC:

21 March 2019

Dates between which the Authority remains in force:
21 March 2019

to

ARA expiry 1 February 2020

Conditions:

In order to comply with the Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes, and in line with AEC requirements, you are reminded of the following
conditions of approval:

1. AEC approval is valid for 3 years from the date of the AEC meeting and expires on 21
March 2022.

2. The Animal Research Authority will be granted yearly, subject to receipt of an annual
progress report submitted using the AEC standard reporting template. Note that the ethics
approval dates and ARA dates are not the same. Your ARA expires on 1 February 2020.

3. The Coordinating Investigator will immediately report, using the AEC standard reporting
template, anything which might warrant review of ethical approval of the project in the
specified format, including unforeseen events that might affect continued ethical acceptability
of the project and welfare of animals

4. All named investigators listed on the project application form must complete an acceptable
animal ethics course (either through the University of Sydney, or University of New South
Wales) within 12 months of this approval. On completing the course, or if investigators have
already completed the course, please forward a copy of the course completion certificate to
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the Research Office.

5. Any cages/tanks/pens used by you in the Animal Houses are clearly labelled with the
NSLHD study reference number.

6. All monitoring records are kept in a location accessible to animal house personnel and AEC
members.

7. Any proposed changes to the AEC-approved protocol must be submitted for review prior to
implementation. The AEC is notified as soon as possible of any changes to the protocol. This
includes notifying AEC of any changes to the staff involved with the handling of animals for
this protocol, procedures, animal numbers or source of animals.

Approved Duration of the Project :

Three (3) years from initial approval

Establishment issuing ARA: Northern Sydney Local Health District Animal Ethics
Committee

Yours sincerely

Mr Ed Lidums
Chairperson
NSLHD AEC
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Chapter 2: Recruitment and maturation of the coronary
collateral circulation: Current understanding and perspectives in
arteriogenesis

This chapter is presented as the published work: Allahwala UK, Khachigian LM, Nour D,

Ridiandres A, Billah M, Ward M, Weaver J, Bhindi R. Recruitment and maturation of the
coronary collateral circulation: Current understanding and perspectives in arteriogenesis.

Microvascular Research. 132:104058. doi: 10.1016/j.mvr.2020.104058
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ARTICLE INFO ABSTRACT

Keywords: The coronary collateral circulation is a rich anastomotic network of primitive vessels which have the ability to
Chronic total occlusion augment in size and function through the process of arteriogenesis. In this review, we evaluate the current
Arteriogenesis understandings of the molecular and cellular mechanisms by which this process occurs, specifically focussing on
gzll:::::lkcirc\dation elevated fluid shear stress (FSS), inflammation, the redox state and gene expression along with the integrative,

parallel and simultaneous process by which this occurs. The initiating step of arteriogenesis occurs following
occlusion of an epicardial coronary artery, with an increase in FSS detected by mechanoreceptors within the
endothelium. This must occur within a ‘redox window’ where an equilibrium of oxidative and reductive factors
are present. These factors initially result in an inflammatory milieu, mediated by neutrophils as well as lym-
phocytes, with resultant activation of a number of downstream molecular pathways resulting in increased ex-
pression of proteins involved in monocyte attraction and adherence; namely vascular cell adhesion molecule 1
(VCAM-1), monocyte chemoattractant protein 1 (MCP-1) and transforming growth factor beta (TGF-$). Once
monocytes and other inflammatory cells adhere to the endothelium they enter the extracellular matrix and
differentiate into macrophages in an effort to create a favourable environment for vessel growth and develop-
ment. Activated macrophages secrete inflammatory cytokines such as tumour necrosis factor-a (TNF-a), growth
factors such as fibroblast growth factor-2 (FGF-2) and matrix metalloproteinases. Finally, vascular smooth
muscle cells proliferate and switch to a contractile phenotype, resulting in an increased diameter and func-
tionality of the collateral vessel, thereby allowing improved perfusion of the distal myocardium subtended by the
occluded vessel. This simultaneously reduces FSS within the collateral vessel, inhibiting further vessel growth.

1. Introduction

Despite advances in operative and percutaneous strategies for re-
vascularisation for coronary artery disease (CAD), these strategies are
not suitable in approximately 20-30% of patients (Zbinden et al.,
2005). A chronic total occlusion (CTO) is the complete, or near-com-
plete occlusion of an epicardial coronary vessel, present for at least
3 months, and is associated with poorer clinical outcomes compared to
other forms of stable CAD (Allahwala et al., 2019a). 50-60% of
symptomatic patients with a CTO are treated with medical management
rather than percutaneous coronary intervention (PCI) or coronary

artery bypass grafting (CABG) (Ramunddal et al., 2014), which is as-
sociated with poorer symptomatic relief (Werner et al., 2018).

The coronary collateral circulation is a preformed network of im-
mature anastomoses which connect the territory supplied by one epi-
cardial coronary artery with that supplied by another (Pitt, 1959). This
network has the potential to provide an alternative source of blood
supply to a myocardium subtended by an occluded vessel [Fig. 1]. An
understanding of the pathophysiological basis for the maturation of the
coronary collateral circulation is essential. In this review, we describe
the current understanding of the development of the coronary collateral
circulation through the process of arteriogenesis.
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Fig. 1. Chronic total occlusion of the right coronary artery.

(A) Coronary angiogram identifying CTO of the right coronary artery (RCA) (B) Angiogram of the left coronary artery showing retrograde filling of the distal RCA
(block arrows) through collateral arteries (narrow arrows) originating from the left anterior descending artery (LAD).

2. Development of the vasculature

The formation of blood vessels in the mature cardiovascular system
occurs through 3 distinct dynamic processes; vasculogenesis, angio-
genesis and arteriogenesis. These systems are influenced by a range of
factors including signalling and transcriptional control, soluble media-
tors and their receptors, biomechanical forces and hypoxia.

2.1. Vasculogenesis

Vasculogenesis, largely restricted to the embryonic phase, is the
initial formation of the immature vascular system, whereby meso-
dermal cells differentiate into hemangioblasts, which aggregate to form
primitive blood islands. Within this network, the inner cell population
differentiates into hematopoietic precursors and the outer cell popula-
tion gives rise to the primitive endothelial cells, which generate blood
vessels (Carmeliet, 2000). This vascular plexus subsequently develops
into a complex organised and interconnecting network. There is an
abundance of data that suggests that collateral arterioles are preformed,
and present at birth, with anatomical studies in neonatal hearts finding
the presence of coronary collaterals in 33-78% of hearts, more common
in those with longer gestational age and younger maternal age (Bloor
et al.,, 1966; Reiner et al.,, 1961). Similarly, in patients with angio-
graphically normal coronary arteries, 20-25% of patients have suffi-
cient collateral flow to prevent ischemia following balloon occlusion of
an epicardial vessel (Wustmann et al., 2003), suggesting the innate
presence of a functional, yet dormant coronary collateral circulation.
Whilst there is evidence that vasculogenesis may occur in adults, fa-
cilitated via local or bone marrow-derived stem cell populations (Luttun
and Carmeliet, 2003), this is not believed to play a significant role in
the maturation of the coronary collateral circulation (Koerselman et al.,
2003).

2.2. Angiogenesis

Angiogenesis is the process by which pre-existing capillaries pro-
liferate and form new capillary networks. Angiogenesis occurs naturally
during the menstrual cycle, and in pregnancy, and is the mainstay of
pathological processes, including malignancy and rheumatoid arthritis
(Carmeliet, 2000).

Hypoxia is an important stimulus driving angiogenesis, with
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decreased local oxygen tension initiating the expression of hypoxia-
inducible genes, including the transcription factor hypoxia inducible
factor-1 alpha (HIF-1a) (Kotch et al., 1999; Zelzer et al., 1998). Several
genes are under the transcriptional control of HIF-1a, most notably,
vascular endothelial growth factor (VEGF). VEGF is a potent mitogen
for endothelial cells, and binds to one of 2 main tyrosine kinase re-
ceptors; VEGFR1 (Flt-1) and VEGFR 2 (KDR/Flk-1) on endothelial cells.
This binding induces a complex response in endothelial cells including
the expression of endothelial nitric oxide synthase (eNOS) and matrix
metalloproteinases (MMPs) necessary for permeability of basal mem-
branes and surrounding matrix (Tammela et al., 2005). Endothelial
cells proliferate as solid sprouts and form lumina with neighbouring
cells (sprouted angiogenesis) or the capillary wall protrudes into the
capillary lumen to split the vessel in two (intussusceptive or splitting
angiogenesis) (Carmeliet, 2000). Given the timing of collateral vessel
appearance, particularly in the coronary system where visible col-
laterals are seen within hours of occlusion (Allahwala et al., 2020a),
angiogenesis, which relies on hypoxia, is believed to be too slow and
unlikely to contribute significantly to the process of coronary collateral
recruitment and maturation (Scholz et al., 2002).

2.3. Arteriogenesis

Arteriogenesis, refers to the maturation and remodelling of pre-ex-
isting arterioles into functional vessels. These vessels which are pre-
existing arterioles of 30-50 um internal diameter that can grow into
small arteries over 25-fold their original size (Scholz et al., 2001). In-
itial evidence from the surgical literature demonstrated that in response
to arterial occlusion, arteriolar anastomoses matured into larger vessels
(Fulton, 1965; Baroldi and Scomazzoni, 1967). Alterations in fluid
shear stress (FSS) are believed to be the predominant initial stimulus for
arteriogenesis (Carmeliet, 2000). However, there is a concurrent role of
inflammation and homeostatic oxidative and reductive environments,
which is required simultaneously with elevated FSS to create a fa-
vourable “arteriogenic environment”. The role of hypoxia on arter-
iogenesis, however, remains controversial, particularly whether it is
necessary as an initiating factor, or augments the process.

3. Fluid shear stress

In the setting of normal coronary anatomy, there is minimal flow
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In the resting state without significant epicardial stenosis, the primitive coronary collaterals are non-functional and not visible on coronary angiography. Flow
(indicated with arrows) is anterograde down the right coronary artery, left anterior descending artery and the left circumflex artery. With progressive epicardial
stenosis, as in the setting of a CTO or sub-total occlusion, there is increased flow from the donor vessel through these collaterals (in this case from the left anterior
descending artery to the right coronary artery through these collaterals as shown in arrows), resulting in elevation of FSS and downstream molecular and cellular
alterations. This results in increased collateral size, SMC proliferation and increased capacitance.

through these pre-existing anastomoses (primitive collaterals), due to
the high pressure in both distal circulations. However, following com-
plete occlusion of a vessel, there is a dramatic reduction in pressure
distal to the occlusion, and a resultant increased pressure gradient be-
tween the distal vessel and the donor vessel from which these primitive
collaterals originate. Consequently, there is increased flow along these
vessels, which results in an increase in FSS, the force per unit areal and
may be considered as pressure, frictional wall shear at the cell surface,
and tensile or compensatory forces acting to counter an externally ap-
plied force [Fig. 2]. Early studies using in vitro model systems defined
FSS as a modulator of endothelial structure, function and gene ex-
pression (Resnick and Gimbrone, 1995; Gimbrone et al., 1997).

Numerous animal studies have since implicated an elevated FSS as a
key driving stimulus for collateral maturation and arteriogenesis. In
peripheral porcine and rabbit models of a CTO (Pipp et al., 2004),
following occlusion and an increase in FSS, there is augmentation in the
size, function and number of collaterals, above and beyond that of an
occluded vessel without elevated FSS. In a similar study by Eitenmuller
et al. (Eitenmuller et al., 2006), an elevation in FSS was associated with
increased collateral blood flow, suggesting an elevated FSS is vital as an
initiator of arteriogenesis, although not the only factor.

4. Mechanoreceptors

A potent, although not solitary, stimulus for arteriogenesis is the
elevation in FSS as detected by endothelial cells. Whilst the precise
mechanisms by which this change in physical stimulus is firstly de-
tected, and then subsequently converted to downstream changes in
protein expression remain to be fully elicited, a number of cell-matrix
molecules, cell junction molecules, membranal structures and the en-
dothelial cell cytoskeleton have been proposed to function as FSS sen-
sors, or so-called “mechano-receptors”.

4.1. Cell-matrix and cell-cell junction molecules

4.1.1. Integrins
Integrins are the main receptor proteins that cells use to bind to and
respond to the extracellular matrix (ECM) (Alberts et al., 2002). These
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molecules act as signal transducers and modulators of transcriptional
regulation, capable of transducing mechanical stimuli into biochemical
signals (Schwartz and Ginsberg, 2002; Ingber, 1998). In vitro studies
have demonstrated the involvement of integrins in activation of IkB
(proteins which act to inhibit Rel/NF-kB transcription factors) when
exposed to shear stress (Bhullar et al., 1998), along with phosphor-
ylation of Flk-1 and its binding to the adaptor protein Shc by elevated
FSS (Chen et al., 2001). In vitro studies using human umbilical vein
endothelial cells, suggests that in response to FSS, the integrin beta 2
chain is involved in extracellular signal-regulated kinase (ERK1/2) ac-
tivation (Takahashi and Berk, 1996).

4.1.2. Cell-cell junction molecules

Platelet endothelial cell adhesion molecule-1 (PECAM-1) is ex-
pressed as a junctional adhesion molecule on endothelial cells (Tzima
et al., 2005). In response to elevated shear stress, there is rapid phos-
phorylation of PECAM-1, with associated binding of PECAM-1 cyto-
plasmic tail to the phosphatase SHP-2, as well as direct ERK activation
(Tzima et al., 2005; Osawa et al., 2002). There is subsequent down-
stream activation of NF-xB and NF-xB dependent genes. Conversely,
inhibition of PECAM-1 or SHP-2 expression abrogates activation of
ERK1/2 by shear stress (Fujiwara et al., 2001; Kano et al., 2000).

4.1.3. Adherens junctions

Adherens junctions provide important adhesive contacts between
neighbouring endothelial cells with its specialised transmembrane
proteins forming extracellular adhesive contacts between cells, and
intracellular links to the actin cytoskeleton and signalling pathways
including the regulation of gene transcription (Hartsock and Nelson,
1778). VE-cadherin is the major adhesive protein of the adherens
junction and is specific for vascular endothelial cells. It can transfer
information by interacting with the cytoskeleton via several anchoring
molecules including B-catenin (Dejana et al., 2001). Deletion or trun-
cation of VE cadherin impairs remodelling and maturation of the vas-
cular network and on the cellular level abolishes transmission of in-
tracellular signalling via VEGFR2 (Carmeliet, 1999). In endothelial cells
lacking VE-cadherin, shear-stress-mediated signalling events such as the
protein phosphorylation and gene induction are abolished, suggesting
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the involvement of the adherens junctions and VEGFR2 in FSS trans-
duction (Shay-Salit et al., 2002).

4.2. Membranous structures

4.2.1. Ion channels

Endothelial cells are not excitable, so they do not express high levels
of voltage-gated channels and do not show a propagated response to
depolarization or hyperpolarization like neurons or myocytes.
However, the ionic conductance regulated by shear stress could influ-
ence a broad range of endothelial cell and vascular functions. The
electrical coupling between endothelial cells and smooth muscle cells
(SMC) also means that endothelial cell ion channels could directly
control vascular tone (Emerson and Segal, 2000). A number of calcium,
chloride and potassium and sodium transporters as well as unknown
cation transporters have been implicated as critical mechanoreceptors
to elevated sheer stress (Gerhold and Schwartz, 2016; Ziegelhoeffer
et al., 2003).

4.2.2. Tyrosine kinase receptors

Elevated shear stress results in rapid, and transient tyrosine phos-
phorylation of Flk-1 and its concomitant association with the adaptor
protein Shc, along with clustering of Flk-1 (Chen et al., 1999). These
alterations of Flk-1 result in downstream chemical signalling via asso-
ciation with Shc, and gene transcription. Other studies have similarly
shown rapid translocation of Flk-1 in response to flow (Shay-Salit et al.,
2002).

4.2.3. Caveolae

Caveolae are flask-shaped invaginated structures present at the
surface of many cell types including endothelium (Bruns and Palade,
1968), which has been shown in animal studies to play an important
role in acute and longer term mechanotransduction (Yu et al., 2006)
through its effects on increasing protein-tyrosine phosphorylation,
eNOS activation, and coupling to the Ras/Raf/ERK MAPK pathway in a
cholesterol-dependent manner (Rizzo et al., 1998a; Schnitzer et al.,
1995; Rizzo et al., 1998Db).

4.2.4. G-proteins

G-proteins are transmembrane cell signalling proteins comprising a
receptor, a heterotrimeric G protein, and an effector (Wettschureck and
Offermanns, 2005). In vitro studies (Chachisvilis et al., 2006) have
suggested that when exposed to elevated shear stress, G protein-coupled
receptor activity increases with greater proportion of activated con-
formation. Regulator of G-protein signalling 5 (RGS5) has been im-
plicated in SMC activation (Arnold et al., 2014) whilst angiotensin II
type 1 receptor is also activated in response to mechanical stretch
(Wang et al., 2018).

4.3. The endothelial cytoskeleton

The endothelial cytoskeleton undergoes rapid changes in response
to flow, and is capable of binding directly, or indirectly to the shear
stress receptors mentioned above. Shear stress initiates a cytoplasmic
actin-remodelling response that is used for endothelial cell shape
change (Osborn et al., 2006). Computational modelling in Ingber's
Tensegrity model (Ingber, 2003) suggests physical deformation which
occurs through fluid shear stress, results in differing distribution of
force in the cytoskeleton, initiating gene transcription. Furthermore,
there is conformational change of the cytoskeleton in the activated and
proliferating endothelial cell phenotype (Cai et al., 2004a).

5. Intracellular effects following elevation in FSS

Signalling from the activated mechanoreceptors is coupled with
transcription factors, which regulate gene expression, through a
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number of pathways. One of the major signalling cascades downstream
of cell surface receptors is the ERK pathway (Eblen, 2018). Activation of
tyrosine kinase receptors results in receptor dimerization and autop-
hosphorylation on multiple tyrosine residues, generating binding sites
for adaptor and signalling proteins, which can recruit RAS proteins,
which in turn signal to the ERK pathway (Eitenmuller et al., 2006).
Similarly activation of cell surface receptors activities the Rho-pathway
(Wojciak-Stothard and Ridley, 2003) and the nitric oxide pathway
(Sriram et al., 2016). The early growth response-1 (EGR-1) transcrip-
tion factor, which is expressed in human and murine atherosclerosis
(McCaffrey et al., 2000), is rapidly induced following endothelial cell
activation or stress (Khachigian, 2016). EGR-1 overexpression via
adenoviral gene transfer results in a significant increase in arteriolar
density in the ischemic rat hind limb, whilst EGR-1 knockout mice have
decreased arteriogenesis (Sarateanu et al., 2006). Similarly, in a per-
ipheral mouse model (Thulasingam et al., 2019), diabetic mice had
smaller calibre collaterals, with a reduction in EGR-1 expression, which
could be reversed with insulin treatment, highlighting the important
role of this master regulator on arteriogenesis.

In-vivo animal studies, have suggested that protein kinase B (Akt),
p38 and Src play an important role in collateral growth (Reed et al.,
2009). Interestingly, Src appears to be redox dependent, resulting in
upstream effects on p38 and Akt activation, with differing results in
wild type or healthy animals as compared to metabolic syndrome
models. The tumour suppressor protein p53 has been shown to nega-
tively impact on collateral growth in in-vivo animal models (Pfaff et al.,
2018).

6. Mediators of arteriogenesis

In a favourable arteriogenic environment, mechanoreceptor acti-
vation and subsequent upregulation of intracellular regulatory path-
ways consequently results in increased expression of a number of en-
dothelial cell derived proteins, including vascular cell adhesion
molecule 1 (VCAM-1), intracellular adhesion molecule 1 (ICAM-1),
transforming growth factor beta (TGF-$) as well as cytokines such as
monocyte chemotactic protein 1 (MCP-1), and granulocyte macrophage
colony stimulating factor (GM-CSF). [Table 1].

6.1. Vascular cell adhesion molecule 1 (VCAM-1)

VCAM-1 is a protein expressed by endothelial cells, inducible by a
number of mechanisms including elevated FSS, inflammation and re-
active oxygen species (ROS) (Cook-Mills et al., 2011), all three of which
play a crucial role in arteriogenesis. A number of effects have been
associated with VCAM-1 expression on endothelial cells, with a primary
role of regulating inflammation associated vascular adhesion and the
transendothelial migration of leukocytes, such as macrophages and T-
cells (Kong et al., 2018). In a pig hindlimb occlusion model, elevated
FSS resulted in increased collateral flow and associated upregulation of
VCAM-1 levels (Pipp et al., 2004). In vitro experiments of rabbit en-
dothelial cells exposed to elevated FSS was associated with induction of
VCAM-1 within 2-6 h (Scholz et al., 2000).

6.2. Intracellular adhesion molecule 1 (ICAM-1)

ICAM-1 is a surface glycoprotein which is expressed on endothelial
cells, predominantly in response to inflammation, rather than by in-
creased FSS (Hubbard and Rothlein, 2000), which promotes the adhe-
sion of monocytes, neutrophils and lymphocytes (Nie et al., 1997;
Steeber et al., 1998). The role of ICAM-1 in arteriogenesis has been
illustrated in animal models. In a rabbit hindlimb model, administra-
tion of antibodies to endothelial ICAM-1 resulted in inhibition of ar-
teriogenesis, suggesting the adhesion, invasion and infiltration of
monocytes is essential in arteriogenesis (Hoefer et al., 2004). Another
mechanism by which ICAM-1 may be associated with the initiation of
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Table 1
Transcription factors, cytokines and growth factors associated with arteriogenesis.
Source Induction Role
Chemoattractant proteins
VCAM-1 (Pipp et al., 2004; Cook-Mills et al., 2011; Kong et al., EC FSS, inflammation and Monocyte attraction and adhesion to EC, activation of
2018; Scholz et al., 2000) ROS mechanosensory complexes which activate
intracellular changes in response to FSS
ICAM-1 (Hubbard and Rothlein, 2000; Nie et al., 1997; Steeber EC Inflammation and Monocyte adhesion to EC, activate intracellular
et al., 1998; Hoefer et al., 2004; Allahwala et al., 2019b) elevated FSS pathways
MCP-1 (Hoefer et al., 2004; Allahwala et al., 2019b; Deshmane EC Elevated FSS Monocyte binding to EC, activating intracellular

et al., 2009; Buschmann et al., 2003; Heil et al., 2004; Ito
et al., 1997; Voskuil et al., 2004; Heil et al., 2002; van Royen
et al., 2003)

TGF-f (Negishi et al., 2001; van Royen et al., 2002; Wahl et al.,
1987; Wiseman et al., 1988; McCartney-Francis et al., 1990)

Cytokines

TNF-a (Breese et al., 1994; Nilsen et al., 1998; Hoefer et al., 2002;
Grundmann et al., 2005)

Interleukins (Stabile et al., 2006; Latkovskis et al., 2012)

Growth factors

FGF-2 (Ziegler et al., 2010; Schaper, 2009; Poling et al., 2011;
Deindl et al., 2003; Yanagisawa-Miwa et al., 1992; Unger
et al., 1994; Yang et al., 1996; Quinkler et al., 1989; Schaper
and Scholz, 2003; Werner et al., 2004; Lazarous et al., 2000;
Lederman et al., 2002; Simons et al., 2002)

VEGF (Ishida et al., 2001; Heil et al., 2000; Clayton et al., 2008)

Colony Stimulating Factors (GM-CSF, G-CSF) (Becher et al., 2016;
Buschmann et al., 2001; Grundmann et al., 2006; Sugiyama
et al., 2011; Ripa et al., 2006; Seiler et al., 2001)

MMP (Cai et al., 2003; Dodd et al., 2011; Haas et al., 2007; Heil
and Schaper, 2004)

Numerous cells

EC, Macrophages,
VSMCs
Inflammatory cells,
ECs, VSMCs

Macrophages, VSMCs

Multiple cell types
Macrophages and
myeloid cells

Macrophages, EC,
VSMCs

Elevated FSS

Macrophage stimulation
from EC from FSS
?Elevated FSS

FSS, EC activation

Hypoxia and ?FSS
FSS

FSS, Hypoxia

pathway

Expression of cytokines (IL-1, TNF-a and FGF-f3)

Activates and adhesion of monocytes, secretion of
chemokines, direct arteriogenic effect
Uncertain

Proliferation of EC and SMCs, EC migration and
differentiation

SMC migration, monocyte chemotaxis
Prolongation of monocyte and macrophage life cycle,
amplifies effect of MCP-1

Proteolytic enzyme resulting in ECM remodelling,
stimulate EC proliferation

FGF-2 = fibroblast growth factor; EC = endothelial cell; FSS = fluid shear stress; ICAM-1 = intracellular adhesion molecule 1; IL-1 = interleukin 1; MCP-1:
monocyte chemoattractant protein 1; ROS = reactive oxygen species; SMC = smooth muscle cell; TGF-f = transforming growth factor beta; TNF-o = tumour
necrosis Factor-alpha; VCAM-1 = vascular cell adhesion molecule 1; VEGF = vascular endothelial growth factor; VSMC; vascular smooth muscle cells.

arteriogenesis, during its inflammatory stage, is through neutrophil
chemo-attraction (Lautz et al., 2018; Ohki et al., 2005). In the setting of
metabolic syndrome, ICAM-1 is associated with excessive neutrophil
attraction, which may impair collateral function (Joseph et al., 2017).
In human studies, we have shown that ICAM-1 levels are elevated in the
presence of collateral vessels, which reduces following regression of
collaterals (Allahwala et al., 2019b).

with the presence of coronary collaterals (Allahwala et al., 2019b).

6.4. Ephrins

The Ephrins comprise a family of membrane associated ligands that
bind to the largest family of receptor tyrosine kinases, the Eph re-
ceptors, with Ephrin B2 exclusive expressed by arterial endothelial cells
(Kullander and Klein, 2002). In vivo animal studies have illustrated that
an increase in shear stress results in increased expression of ephrin B2
which limits SMC migration and controls monocyte extravasation (Korff
et al., 2008).

6.3. Monocyte chemoattractant protein-1 (MCP-1)

MCP-1 is a member of the CC-chemokine family, which is a potent
chemotactic factor for monocytes (Deshmane et al., 2009). MCP-1 is
induced in the vascular endothelium by increase in fluid shear stress
(Shyy et al., 1994) and is involved in attracting and binding monocytes
(via B, integrins like Mac-1) that invade the intimal space (Buschmann
et al., 2003). Numerous animal studies have implicated MCP-1 in the
recruitment of collaterals. MCP-1 is upregulated in collateral arteries
with arteriogenesis significantly hampered in genetically altered mice
which lack this CC-chemokine receptor (Heil et al., 2004). Ito et al. (Ito
et al.,, 1997), infused MCP-1 into the growing collateral circulation
following femoral artery ligation in the rabbit, resulting in a significant
enhancement of collateral conductance. In MCP-1 deficient mice
(Voskuil et al., 2004) and mice deficient of CC-chemokine receptor-2
(CCR2), the major receptor for MCP-1 (Heil et al., 2002), there was a
reduction in monocyte accumulation as well as reduced flow restora-
tion following arterial ligation. Intravenous infusions of 10- and 100-
fold higher amounts of MCP-1 did not affect the growth of femoral
collaterals. This may be due to rapid binding of MCP-1 to erythrocytes
which prevents spill-over effects (Buschmann et al., 2003). Further-
more, genetic knockout or blockade of Mac-1 via antibody infusion
significantly reduces collateral artery formation (Hoefer et al., 2004). In
human studies, we have previously shown that MCP-1 is associated

6.5. Transforming growth factor beta (TGF-f3)

Transforming growth factor beta (TGF-f) is expressed by different
cells types under conditions of increased FSS (Negishi et al., 2001). It is
associated with arteriogenic properties, increasing the capacity of the
collateral vasculature (van Royen et al., 2002) and inducing MCP-1
expression (Wahl et al., 1987; Wiseman et al., 1988). TGF-f also in-
creases expression of IL-1, TNF-a and FGF-2 (McCartney-Francis et al.,
1990), as well as promoting the contractile phenotype of VSMC and
MMP production (Risinger et al., 2010). In an animal peripheral artery
disease model, TGF-f3 delivered via an endovascular drug delivery de-
vice was associated with an improvement in arteriogenesis
(Grundmann et al., 2007).

7. Monocyte activation

Following attraction, adherence and activation of monocytes, they
differentiate into macrophages which stimulate arterial growth,
through production of inflammatory cytokines (Buschmann et al.,
2003), growth factors, and MMP (Cai et al., 2000).
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7.1. Cytokines

7.1.1. Tumour necrosis Factor-alpha (TNF-a)

TNF-a is a proinflammatory cytokine that plays a crucial role in
chronic inflammatory diseases, such as rheumatoid/psoriatic arthritis
and Crohn's disease. TNF-a, secreted in particular by cells of the
monocyte/macrophage lineage (Breese et al., 1994), evokes pleiotropic
immunomodulatory functions, including upregulation of cellular ad-
hesion molecules and secretion of chemokines, such as IL-8 and MCP-1
(Nilsen et al., 1998). A number of animal studies in peripheral occlusive
models suggests that TNF-a, directly upregulates arteriogenesis (Hoefer
et al., 2002), whilst inhibition with biological agents attenuates col-
lateral size and maturation (Grundmann et al., 2005).

7.1.2. Interleukins

Interleukins are inflammatory cytokines expressed by monocytes,
epithelial and endothelial cells (Hsing et al., 2006), which exert their
biological functions on multiple cells through activation of IL-20R1/IL-
20R2 or IL-22R1/IL-20R2 complexes (Blumberg et al., 2001). IL-20
appears to upregulate collateral formation through increased phos-
phorylation levels of JAK2/STATS5, Erk1/2, and Akt; activation of small
GTP-binding proteins Rac and Rho; and intracellular release of calcium
and subsequent endothelial migration and tubular formation (Tritsaris
et al., 2007). Whist animal studies have suggested IL-16 is implicated in
recruitment of CD4+ by CD8+ cells into the adventitia of collateral
vessels (Stabile et al., 2006), to date, there has been little research
looking at the role of interleukins in arteriogenesis. In human studies, a
specific haplotype of the interleukin cytokine was associated with the
presence of a CTO (Latkovskis et al., 2012).

7.2. Growth factors

7.2.1. FGF

Activated macrophages express FGF-2 (Ziegler et al., 2010) which
promotes proliferation of endothelial and vascular SMCs (Schaper,
2009; Poling et al., 2011) via activation of the FGF-receptor 1 (Deindl
et al., 2003). In a canine model of myocardial infarction (Yanagisawa-
Miwa et al., 1992), intracoronary infusion of FGF-2 after ligation of the
left anterior descending artery was associated with an increase in the
number of collateral arteries. Other animal studies have similarly sug-
gested an association with FGF-2 and arteriogenesis (Unger et al., 1994;
Yang et al., 1996). Contrastingly however, other studies have suggested
that it is the FGF receptor which is more important in arteriogenesis,
with a study in the pig heart suggesting no change in FGF expression
following progressive coronary artery occlusion (Quinkler et al., 1989).
However in a peripheral rabbit model, with occlusion of the femoral
artery, there was no change in transcription of FGF ligands 1 or 2, but
the FGF receptor 1 was upregulated at a critical stage of arteriogenesis,
although only for a brief window of time (Deindl et al., 2003; Schaper
and Scholz, 2003). In human studies (Werner et al., 2004), plasma
concentrations of FGF2 is strongly associated with collateral function as
higher concentrations in those with relatively “young” coronary CTOs.
Intra-arterial administration of FGF-2 in patients with peripheral artery
disease (Lazarous et al., 2000; Lederman et al., 2002), was associated
with an increase in walking time, although this did not translate into
improved outcomes in patients with coronary artery disease (Simons
et al., 2002).

7.2.2. VEGF

Whilst VEGF is one of the most potent mediators of angiogenesis,
there has remained controversy with respect to its role in arteriogen-
esis. VEGF has the ability to induce SMC migration (Ishida et al., 2001)
and induce monocyte chemotaxis (Heil et al., 2000). Furthermore,
knock-out mice to VEGF receptor or VEGF have decreased peripheral
collateral formation compared to wild type mice suggesting VEGF may
be a determinant of arteriogenesis (Clayton et al., 2008). Matsunga
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et al. (Matsunaga et al., 2000) showed in a canine coronary model that
VEGF expression peaked early in the process of collateral recruitment,
but decreased in the later stages of maturation, suggesting VEGF (and
ischemia's) role in the initiation of collateralisation. Toyota et al.
(Toyota et al., 2005) demonstrated the causal role of VEGF in this
manner. Specifically, neutralizing antibodies to VEGF prevented cor-
onary collateral growth. Thus, if the initiation of collateral development
is prevented, then shear-induced remodelling is of no consequence.

7.3. Colony stimulating factors

Granulocyte-monocyte colony stimulating factor (GM-CSF) and
granulocyte colony stimulating factor (G-CSF) are predominantly ex-
pressed by macrophages and other myeloid cells (Becher et al., 2016).
They appear to be involved in arteriogenesis, likely through prolonga-
tion of monocytes and macrophages (Buschmann et al, 2001;
Grundmann et al., 2006). The arteriogenic effect of G-CSF is suppressed
by monocyte depletion, suggesting G-CSF might share the same me-
chanism involved in monocyte mobilisation (Sugiyama et al., 2011).
Both intravascular (Buschmann et al., 2001) as well as subcutaneous
(Ripa et al., 2006) administration of GM-CSF have been shown to be
effective in stimulating arteriogenesis in animal models. In human
studies, Seiler et al. (Seiler et al., 2001), have suggested a correlation
between TNF-a levels and pharmacological stimulation of collateral
artery GM-CSF.

7.3.1. Matrix metalloproteinases

MMPs, secreted by macrophages are the primary proteolytic en-
zymes responsible for extracellular matrix remodelling. MMPs are
present in and around developing collateral arteries (Cai et al., 2003)
and are essential for collateral artery grown in a repetitive coronary
occlusion model (Dodd et al., 2011), as well as mesenteric arterial li-
gation model (Haas et al., 2007). A number of MMPs are known to be
expressed by macrophages, with experimental data suggesting that
MCP-1 locally augments MMP-1, MMP-2, MMP-3 and MMP-9 expres-
sion and activity (Heil and Schaper, 2004). These MMPs participate in
the digestion of the extracellular matrix and even of the skeletal muscle
cells to create additional space for the growing collateral vessel.

MMPs may also play a role in collateral formation through its effects
on anti-angiogenic peptides, including angiostatin and endostatin.
Angiostatin is produced by the effects of MMP on plasminogen, whilst
endostatin is a cleavage product of collagen, both of which are asso-
ciated with poorer coronary collateral formation in human studies
(Matsunaga et al., 2005; Panchal et al., 2004). In the setting of meta-
bolic syndrome, the increased expression of MMP-12 increases the
concentration of angiostatin and endostatin and may explain the poorer
degree of collateral formation observed (Dodd et al., 2013).

7.3.2. Nitric oxide

Endothelial nitric oxide synthase (eNOS) is moderated partly by
blood-flow induced mechanical factors such as FSS, and has been found
to be elevated in collateral arteries (Cai et al., 2004b). In animal
models, inhibition of the nitric oxide synthase did not change the dia-
meter or FSS detected by epicardial vessels, however in the micro-
circulation, nitric oxide inhibition abolished the effect of autoregula-
tion, thereby resulting in an increase in FSS with increasing flow (Stepp
et al., 1999). Therefore, it would appear that nitric oxide plays a strong
role in regulating FSS. Conditions which may interfere in nitric oxide
production such as metabolic syndrome and oxidative stress may im-
pact on FSS through nitric oxide mediated pathways (Tousoulis et al.,
2012).

7.3.3. Proteases

A number of candidate downstream proteases have also been im-
plicated in collateral formation. Inhibition of Endothelial-specific re-
duction of a disintegrin-and-metalloprotease-domain-10 (Adam10)
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increases collateral formation, consistent with its roles in VEGF-induced
Notchl activation and suppression of “pro-sprouting” signals.
Endothelial-specific knockdown of Adaml7 reduces collateral forma-
tion, consistent with its roles in endothelial cell migration and em-
bryonic vascular stabilization, but not in activation of ligand-bound
Notchl (Lucitti et al., 2012).

8. Role of inflammatory cells

A number of cells distinct from monocytes are involved in the
process of arteriogenesis, with an ever broadening understanding of
their roles, further implicating other simultaneous processes to elevated
FSS in the recruitment and maturation of arteriogenesis. Neutrophils, a
potent driver of inflammation is believed to play an important role in
the early, initiation phase of arteriogenesis. Their role in augmenting
arteriogenesis occurs through direct effects on endothelial cells through
binding to ALK, PI3K and resulting in NOS mediated vasodilation.
Furthermore, activated neutrophils through ICAM-1 amongst others,
are believed to secrete midkine, an inflammatory cytokine which
mediates VEGF expression and release (Lautz et al., 2018; Ohki et al.,
2005). Neutrophils are also a major source of ROS in the circulation
(Bagi, 2015). However, given the short half-life of neutrophils outside
of the circulation (1-2 days), as well as negative results of therapeutic
studies with neutrophils (Hoefer et al., 2005), the role of neutrophils
appears to be limited to the early initiation phase.

In mice deficient of macrophages, whilst there is a reduced arter-
iogenic response, it is not absent, suggesting other cells are involved in
arteriogenesis (Bergmann et al., 2006). In a study in ApoE deficient
mice (Couffinhal et al., 1999), which lack functional T-cells, following
femoral artery ligation, perfusion restoration was severely reduced.
Whilst macrophage accumulation in the adventitia was normal, there
was a reduction in VEGF, suggesting that T-Cell activation and sub-
sequent VEGF expression is vital for arteriogenesis. In the same study,
administration of VEGF achieved by adenoviral gene transfer, normal-
ised collateral flow. Similarly, in an ischemic hindlimb model in mice
lacking CD4+ T-cells (Stabile et al., 2003), there was significant re-
duction in the inflammatory response and collateral development,
which was reversed by infusion of spleen derived CD4+ T-cells. This
was also observed in mice lacking CD8 + T-cells (Stabile et al., 2006).
Further studies (van Weel et al., 2007) have suggested that NK-cells
play a role in initiation of arteriogenesis, whilst CD4 cells are involved
throughout, whilst NK T-cells do not seem to play a role in arter-
iogenesis. Interestingly, administration of lymphotactin, a lymphocyte
chemokine did not result in an increase in collateral development, de-
spite increased T-cell accumulation, suggesting an excess accumulation
of T-cells may result in an unfavourable environment for macrophage
attraction and activity (Hoefer et al., 2005).

Mast cells have been identified in the wall of growing collateral
vessels, which are believed to invade into the endothelium and release
MMP-9, which may be essential for the mast cell migration (Tanaka
et al., 1999; Kanbe et al., 1999). Mast cells may stimulate proliferation
of SMCs by releasing FGF-2 and TGF-f and may also support arter-
iogenesis indirectly by inducing monocyte chemotaxis and their dif-
ferentiation into macrophages through the release of inflammatory
cytokines MCP-1 and TNF-a (Qu et al, 1995; Reed et al., 1995;
Grutzkau et al., 1998; Norrby, 2002), and prolong monocyte survival
through release of GM-CSF (Buschmann et al., 2001; Norrby, 2002).
Furthermore, mast cells may stimulate monocytes/macrophages to re-
lease interleukins, particularly IL-1, which can stimulate production of
MMPs in a variety of cells, or else they may directly release MMPs or
serine protease capable of degrading ECM-components (Norrby, 2002).

9. Vascular remodelling

Following endothelial activation, the predominant cellular subtypes
activated are inflammatory cells and progenitor cells, with subsequent
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release of inflammatory cytokines and enzymes resulting in degradation
of the basement membrane and ECM. Endothelial cell mitosis appears
to precede that of SMCs, and growth factors are released from the
matrix and from monocytes at this time (Arras et al., 1998). These
growth factors along with direct mitogenic activity, also influence
transcription of secondary growth factors including FGF, inactivation of
the MMP inhibitor TIMP, and downregulation of the ECM component
elastin.

Vascular SMC (VSMC) phenotype switch from the adult, quiescent,
contractile phenotype to the synthetic, proliferative migratory pheno-
type with resultant proliferation and migration of the VSMCs into the
lumen of the pre-existing native collateral vessel (Hutcheson et al.,
2013). During this phase, a neointima forms composed of SMCs in
which, like in the earlier degradation of the internal elastic lamina,
MMPs are involved (Scholz et al., 2001; Scholz et al., 2000). The ability
of VSMCs to switch back to the contractile phenotype plays an im-
portant role in the formation of functional, mature collaterals. Experi-
mental data has suggested that this is mediated through miR-145,
which has downstream effects on a number of proteins (Hutcheson
et al., 2013). One such mechanism is the effect of low endogenous miR-
145 concentrations, as occurs in metabolic syndrome, which in turn
results in increase of 20-hydroxyeicosatetraenoic acid (20-HETE), pre-
dominantly from neutrophils, compromising endothelial cell survival
and function, leading to impaired coronary collateral formation (Joseph
et al., 2017).

Following increase in diameter of the vessel, and increased thick-
ness of endothelial wall by SMC proliferation, there is a reduction in
fluid shear stress and circumferential wall sheer stress, thereby pro-
viding a negative feedback and termination of the remodelling phase.
Consequently, the transformation of a small microvascular resistance
vessel into a large conductance artery is now completed. After a pro-
nounced proliferating and remodelling phase, the collateral artery is no
longer distinguishable from a normal artery, except for a slightly higher
collagen content between the SM layers (Wolf et al., 1998). [Fig. 3].

9.1.1. Redox stress

Through the above described in-vitro, in-vivo and animal models, it
is apparent that other processes, distinct from elevated FSS are im-
plicated in the recruitment and maturation of collaterals. One such
factor is the effect of redox stress on arteriogenesis. Reactive oxygen
species (ROS) including superoxide (O, ™), hydrogen peroxide (H,0-)
and hydroxyl radical (OH) are derived from a number of sources, in-
cluding mictochondria, xanthine oxidase, uncoupled nitric oxide syn-
thesases and NADPH oxidase (Ho et al., 2013). There is increasing
evidence that they play a pivotal role in many cardiovascular pathol-
ogies, including atherosclerosis and ischemia-reperfusion injury
(Sugamura and Keaney, 2011). In the setting of coronary revascular-
isation (and reperfusion), an influx of ROS results in cellular destruc-
tion, leading to stunning and necrosis of tissue mediated by the effects
of ROS on cell death by lipid peroxidation, interruption of survival
signalling pathways by protein modification, and DNA damage
(Erdogan et al., 2006).

Perhaps surprisingly, despite the apparent deleterious effects of
ROS, their presence is necessary for coronary collateral growth.
Ischemic pre-conditioning, whereby brief, intermittent ischemia to an
organ, renders it tolerant to subsequent ischemia and reperfusion, is
mediated, in part through promotion of collaterals (Chen et al., 1995).
Repetitive ischemia in a rat model (and subsequent collateral recruit-
ment) resulted in induction of O, ~ and H,0,, whilst blockade of O~
resulted in a reduction of coronary collaterals (Rocic et al., 2007). Si-
milarly, Treatment with an ROS scavenger, N-acetyl cysteine in a ca-
nine model reduced coronary collateral development (Gu et al., 2003).
Consequently, through shifting from an oxidative state to a reductive
milleu there is depletion of ROS, and hence a reduction in ROS
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Fig. 3. Mechanisms of collateral recruitment and development.

Following occlusion of an epicardial vessel, there is an immediate increase in flow through the primitive collateral vessels, resulting in elevated fluid shear stress,
which is detected by mechanoreceptors on the endothelial cell (EC) surface. In a favourable “redox window” with associated hypoxia, this EC activation results in
increased expression of proteins necessary for monocyte attraction and adherence including vascular cell adhesion molecule 1 (VCAM-1), monocyte chemoattractant
protein 1 (MCP-1) and transforming growth factor beta (TGF-f3). The monocyte subsequently enters the extracellular matrix (ECM), differentiates into a macrophage
and secretes inflammatory cytokines, including tumour necrosis factor-a (TNF-a), growth factors such as FGF-2 and matrix metalloproteinases. These create a
favourable environment for SMC proliferation which in turn results in increased diameter of collateral vessels, allowing increased perfusion. There is also associated

alterations in gene expression, mediated through effects of microRNA.

mediated cellular processes of survival, proliferation and migration.

However, in the setting of spontaneously elevated oxidative stress,
such as with metabolic syndrome and diabetes (Tuttle et al., 2002), as
well as experimentally elevated redox stress, there is inhibition of the
ability to mature and develop collaterals (Rocic et al., 2007). In ex-
perimental rat models, alterations in redox state through administration
or antagonism of angiotensin II resulted in either inhibition or aug-
mentation of collateral growth depending on the baseline degree of
oxidative stress (Reed et al., 2008).

Consequently, there is an emerging theory of a so called “redox
window” (Yun et al., 2009) whereby some degree of ROS is required for
collateral growth, although a state of oxidative stress is detrimental. In-
vitro experiments have suggested this redox-window, whereby VEGF
mediated endothelial cell tubular formation was inhibited by both ad-
ministration of agents to block ROS formation and shift the redox state
to a reductive environment and agents which shift the redox state to
oxidative stress (Rocic et al., 2007). This in-vitro data was confirmed
with in-vivo animal studies where administration of either agent simi-
larly reducing collateral flow.

The mechanisms by which redox stress influences collateral growth
remains an area of ongoing research. One proposed mechanism is
through ROS mediation inhibition of p38 MAP kinase, which is acti-
vated when VEGF binds to FLk-1 (Rocic et al., 2007). Furthermore,
signalling of VEGF is partially mediated by production of O,"~ by NAD
(P)H oxidase (Ushio-Fukai et al., 2002). One of the rationales cited for
the disappointing results of growth factor trials to improve collateral
growth has been a disregard for the redox state. Animal studies have
shown that correction of the redox state results in significantly im-
proved VEGF mediated collateral growth (Hattan et al., 2007). As such,
future clinical studies aiming to stimulate the coronary collateral
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circulation should ensure that the effect of the redox state is taken into
consideration for therapeutic trials.

The effect of angiotensin II in vascular growth is controversial, with
angiotensin receptor blockers associated with inhibition of vascular
growth in hindlimb ischemia (Ebrahimian et al., 2005) and poorer
coronary collaterals in patients presenting with myocardial infarction
(Allahwala et al., 2020b), whilst ACE inhibition increased angiogenesis
in vivo (Walther et al., 2003). One explanation for these conflicting
findings may be the background redox state. Angiotensin increases the
production of O, ~ by activation of NAD(P)H oxidase, in a variety of
cell types in the vascular wall, including smooth muscle, adventitial
fibroblasts, and endothelial cells (Hanna et al., 2002; Harrison et al.,
2003). In a rat model of coronary collateral growth, animals analogous
with metabolic syndrome in humans, had higher levels of oxidative
stress than wild type animals. Administration of angiotensin receptor 1
(ATR1) blockade in high oxidative states increased coronary collateral
flow, whilst in wild type rats treatment with ATR1 blockade reduced
collateral flow (Reed et al., 2008). Furthermore, the effect of treatment
appeared to be dose responsive with possibly varying degree of super-
oxide production. An appreciation of the redox state and its effect on
the arteriogenic environment, simultaneous with elevated FSS and
downstream cell signalling pathways is vital for future exploratory and
therapeutic research.

10. The role of hypoxia in arteriogenesis

Whilst hypoxia remains the predominant promoter of angiogenesis,
mediating its effects through upregulation of hypoxia-inducible factor-
la (HIF-1a) (Rey and Semenza, 2010), its role in arteriogenesis is less
well established. Whilst certain territories where arteriogenesis occurs,



SECTION II
Chapter 2: Arteriogenesis

U.K. Allahwala, et al.

such as in the peripheral vasculature (Heil et al., 2006), skeletal muscle
(Mac Gabhann and Peirce, 2010) and the mesentery (Walker, 2009) are
not hypoxic, other territories where collaterals are found, such as cor-
onary arteries, are hypoxic, making a clear distinction difficult. Ste-
noses which slowly progresses toward complete occlusion are often
only minimally ischemic, and yet this is the condition where collaterals
show maximal adaptation. In his seminal paper using radio-opaque
bismuth-oxychloride-gelatin to create 3-dimensenionals casts of cor-
onary arteries, Fulton (Fulton, 1965) showed that the origin of col-
laterals in the human coronary circulation occurs in normoxic tissue,
driven instead by elevated FSS. In the peripheral artery disease setting,
it is particularly apparent that collateral vessels mature at the site of
occlusion, which is generally proximal to the area of hypoxia as has
been demonstrated in animal studies (Scholz et al., 2002). Furthermore,
as arteriogenesis predominantly occurs in territories which do not tol-
erate hypoxia for any extended period of time (the coronary and cer-
ebral circulation), it appears unlikely that hypoxia would play the
predominant role in its development. Indeed during acute myocardial
infarction, 20% of patients display visible coronary collaterals on an-
giography, which whilst occurring around the site of ischemia must be
formed prior to infarction to salvage the myocardium (Allahwala et al.,
2020b). Whilst some animal studies have shown an upregulation of
VEGF, hypoxia is not the stimulus for this, as this is expressed by the
endothelium of growing collaterals, an area, by definition constantly
perfused by well oxygenated blood (Schaper, 2009). In some animal
models of peripheral arteriogenesis, there is upregulation of VEGF or
hypoxia induced genes (Deindl et al., 2001), whilst other animal studies
have similarly shown no association of hypoxia and arteriogenesis
(Gray et al., 2007).

However, one of the issues with animal models of arteriogenesis is
in isolating FSS from ischemia, as invariably vascular occlusion results
in both elevation in shear stress and ischemia. Chillian et al. (Chilian
et al., 1990) attempted to isolate the role of ischemia by administration
of embolized microspheres into the microvasculature of the left cir-
cumflex in dogs, showing that whilst some collateral flow was observed,
this was less than would be expected, suggesting that whilst ischemia
plays a role in arteriogenesis, elevation in sheer stress greatly augments
this process. Adding further evidence to the perhaps overarching role of
FSS was the finding of increased collaterals between the left anterior
descending artery and the right coronary artery following progressive
occlusion of the left circumflex artery, clearly showing collateral
growth in non-ischemic territories (Scheel et al., 1976; Scheel et al.,
1977).

Consequently the presence of ischemia may augment, or be involved
in the initiation of arteriogenesis and may also be dependent on the
area at risk and the effect of underlying redox state. Further research is
required to delineate the effects of ischemia an arteriogenesis.

10.1. Gene expression

MicroRNAs (miRNAs) are a class of non-coding RNAs which play
important roles in regulation of gene expression. They are transcribed
from DNA sequences and, in most cases interact with the 3’ un-
translated region (3’ UTR) of target mRNAs to induce mRNA degrada-
tion and translational repression (O'Brien et al., 2018). A number of
miRNAs have been implicated with coronary collateral growth and
maturation, including miR-21, which has been associated with in-
creased and inappropriate cell proliferation in the latter stages of col-
lateral formation (Hutcheson et al., 2014). In animal models of per-
ipheral arteriogenesis, miR-146a is associated with a reduction in
collateral formation (Heuslein et al., 2018). However, the downstream
effects remain uncertain, as in clinical studies, elevated miR-146a was
associated with greater maturation of coronary collaterals (Wang et al.,
2016), In an animal model of peripheral collaterals (Guan et al., 2017),
miR-352 was downregulated with increasing FSS, and negatively cor-
related with collaterals.
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10.2. Implications with atherogenesis

Whilst the correlation of the above discussed proteins, growth fac-
tors and cytokines with development of arteriogenesis is of ongoing
research, there is a significant overlap with pathophysiology with
atherosclerosis, and as such as significant implications for potential
therapeutic applications. For example, both MCP-1 and ICAM-1 are
markers of coronary artery disease (Hwang et al., 1997; Tang et al.,
2007), whilst MCP-1 infusion results in increasing neointima formation
and a change in plaque composition toward an unstable phenotype (van
Royen et al., 2003) in pre-existing lesions.

This further underpins the fact that animal studies, which cannot
replicate the background environment of established coronary artery
disease will have this inherent limitation with respect to mechanistic
research as well as future potential therapeutic agents. The significant
overlap of the process of arteriogenesis and atherosclerosis underpins
inherent limitations to future studies on the subject. Whether the pre-
sence of collaterals in the coronary circulation is associated with col-
laterals in other vascular beds is uncertain. Patients with developed
coronary collaterals undergoing coronary artery bypass grafting, had
less cognitive decline, suggesting possibly better developed cerebral
collaterals (Dieleman et al., 2009), however the broader implications of
this remain to be determined.

11. Conclusions

Arteriogenesis is the mechanism by which pre-existing, primitive
arteriolar connections between arterial beds can quickly and efficiently
increase in size and capacity, to allow perfusion to the myocardial bed
distal to an occluded vessel.

These collaterals mature and develop as a result of increased fluid
shear stress in the setting of an optimized redox state with probable
hypoxia induction (Fig. 4). This series of events activate endothelial
cells and creates an initial cascade of inflammatory cells to accumulate
at the site of pre-existing arteriolar connections. There is subsequent
activation of a multitude of downstream transcription factors, chemo-
kines and growth factors resulting in endothelial cell and vascular
smooth muscle cell proliferation and functionality. With increasing size
and calibre as well as amelioration of hypoxia, there is negative feed-
back to this loop resulting in cessation of further molecular alterations.
Whilst an understanding of the core signalling pathways by which these
vessels mature is emerging, further specific cell signalling, genomic and
proteomic pathways remain to be identified and specific interaction
with redox signalling and hypoxia induced factors remain to be an-
swered.
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Fig. 4. Factors involved in arteriogenesis.

The process of arteriogenesis is mediated through simultaneous and integrated processes following arterial occlusion, namely elevated fluid shear stress, in-
flammation and redox stress, mediated through alterations in gene expression. These four factors are exquisitely linked and necessary to create a favourable
arteriogenic environment. These factors mediate their effect through of activation of a multitude of downstream transcription factors, chemokines and growth
factors, as shown, resulting in endothelial cell and vascular smooth muscle cell proliferation and functionality. The precise role of tissue hypoxia on arteriogenesis
remains uncertain, although may augment the role of the key factor involved in arteriogenesis.
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